UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
Better ribozymes for trans-splicing and triphosphorylation

Permalink
https://escholarship.org/uc/item/6rm4n2qg5

Author
Dolan, Gregory F.

Publication Date
2015

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6rm4n2g5
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO

Better ribozymes for trans-splicing and triphosphorylation

A dissertation submitted in partial satisfaction of the requirements for the degree
Doctor of Philosophy

Chemistry

by

Gregory F. Dolan

Committee in charge:

Professor Ulrich F. Muller, Chair
Professor Simpson Joseph
Professor Clifford P. Kubiak
Professor Jens Lykke-Andersen
Professor Navtej Toor

2015



Copyright
Gregory F. Dolan, 2015

All rights reserved.



The Dissertation of Gregory F. Dolan is approved, and it is acceptable in quality
and form for publication on microfilm and electronically:

Chair

University of California, San Diego

2015



Table of Contents

SIGNALUIE PAGE... . e ittt e e e e e e e e e e ee e aaaaa——— iii
Table of CONENES........cooeeeeee e s iv
LiSt Of FIQUIES ... e e e e e e aees Vi
] ] = o] L= S viii
ACKNOWIEAGEMENTS ... e e e e e e e aa e iX
Y4 = PP Xi
Abstract of the Dissertation ... Xii
Chapter 1 INtrodUCLION ..........oiiiiiie et eeans 1
1.1 Discovery of Catalytic RNA: a Brief Historical Perspective ....................... 1
1.2 Group LINIrONS.....coviiieceeeece e e e eeae 2
1.3 Trans-splicing Group | INtronS ...........oooiimiiiiiicee e 7
1.4 Azoarcus Group | INtron ........coooommiiiiic e 12
1.5 The RNAWOII ..o 15
1.6 Prebiotic Triphosphorylation & the Triphosphorylation ribozyme ............ 23
1.7 Goals of this Dissertation ............cccccoeiiiiiiiiieee e 27
1.8 REfErENCES ... oo 28
Chapter 2 Trans-splicing with the group | intron ribozyme from Azoarcus....... 41
2.1 ADSIrACE ... e e e e —————- 41
Y2 |11 o T [ 1o 1o o S 42
2.3 RESUILS ... 46
P S B 1= o0 111 o] [P 64
2.5 Materials and Methods ..........coooiiiiiiiii e 69
2.6 Acknowledgements .......cooouiiiiiiiii 74
2.7 Supporting INformation ...........ccoooeeeiiiiiii e 76
2.8 REFEIENCES ... .o e 82
Chapter 3 Ribozyme catalyzed triphosphorylation at low trimetaphosphate
(oTo] ple=T o] (=1 (o] o 1< RUPPTT 88
3.1 ADSIrACT ... e a e ————- 88
G T2 [ 11 o T [ 1o 1o o SR 89
3.3 RESUILS ... 90
T S B 1T o1 111 o] [T 99
3.5 Materials and Methods ............cooiiiiiiiiiii e 103
3.6 Acknowledgements ..........uuueuiiiiiiii e 108
3.7 Supporting INformation ............cccooeeeeiiiiiii s 109
3.8 REFEIENCES ... 112
Chapter 4 Discussion & Future DIirections ...........cccceeeviviiiieiiiiiiiiiiie e, 115



4.1 Trans-splicing with the Azoarcus Ribozyme...............cccoiiriiiiiiinnnn.
4.2 Triphosphorylation RIbOzymes ...

4.3 References



Figure 1.1:
Figure 1.2:

Figure 1.3:

Figure 1.4 :

Figure 1.5:

Figure 1.6:
Figure 1.7:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure S2.1:

List of Figures

Cis-splicing mechanism of group lintrons............ccooevviiiiciiennnn. 3
Secondary structure of Tetrahymena and Azoarcus ribozymes... 5
First trans-splicing group | intron design............cooviiiiiiiiciiieenn. 7
Summary of cis-splicing vs. 3’ trans-splicing ...............ovvvceeeeeennn. 9

Glycosidic bond formation between nucleoside and 5-

phosphoryibosyl 1-pyrophosphate..........cccccoooiiiiiiiii 19
5’ triphosphorylation of nucleosides with trimetaphosphate ....... 25
Secondary Structure of TPRT......oovmmiiiiiiiiie s 26

Secondary structure representations of trans-splicing group |
INtroN NDOZYMES ..o 44

Experimental comparison of favored splice sites and trans-
splicing efficiencies between Tetrahymena and Azoarcus ......... 49

‘Classical design’ for trans-splicing group | intron ribozymes ..... 53

'P1 extension design' for the trans-splicing Azoarcus
FDOZYME ... 55

Effect of the 'anticodon stem design' on the in vitro
trans-splicing efficiency with Azoarcus ribozymes...................... 57

Comparison of all three designs for the in vitro trans-splicing
efficiency with the Azoarcus ribozyme on short substrates ........ 60

Cis-splicing efficiency of ribozyme constructs in E. coli cells...... 64

Secondary structures of ‘classical designs' for ribozyme 5’-
terminal interactions...........oooviiiiiiiiii 76

Vi



Figure S2.2:

Figure S2.3:

Figure S2.4:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure S3.1:

Figure S3.2:

Figure S3.3:

Figure S3.4:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Secondary structures of 'anticodon stem designs' for trans-
splicing Azoarcus ribozyme ..o 77

Secondary structures of designed short substrate Azoarcus
trans-splicing iNteractions ...........c.ociiiiiiiiiiiiii e 78

Cis-splicing with the Azoarcus ribozyme testing the influence
of the anticodon stem and the P10 helix interactions.................. 79

Proposed secondary structures for the two central
triphosphorylation ribozyme variants in this study ...................... 91

Triphosphorylation kinetics of central ribozyme variants in this
STUAY e eaaes 93

Base covariation experiments to test the formation of
(o (U] ] (23 = OO 95

Triphosphorylation kinetics of TPR1e under different
(o70] o [ (o] 1S SR 97

Determination of optimal TPR1e triphosphorylation
(o70] o 11 (o] 1S SR 99

Diagram of doped selection performed...............cceeeeviiiiinnnnnnns 109

Identification of mutations in isolated ribozyme clone 11
that are necessary and sufficient for full activity ....................... 110

Position of mutations in the 58 clones isolated from the
selection that had at least the same activity as the parent
NbozymMe TPR ..o e 111

Mutational load in the pool before and after selection .............. 112

Preferred Trans- and Cis-splicing Structural Contacts made
by the Azoarcus ribozyme ............ooovmmmiiiiiiiiiei e, 116

RNA and Analogue Structures............cccoovvvvviiiiiiiciciiee e, 124

Fluorescent Ligation Assay to measure triphosphorylation
ACHIVILY oo ———— 126

Vii



Table 2.1:

Table 2.2:

List of Tables

Positions of all splice sites shown in Figure 2A ..........................

Ribozyme exon sequences at the splice sites 97, 177, and
258, for the three design prinCiples...........cccoovvviiiiiiiiiicccceee e

viii



Acknowledgements

| would like to thank my family, friends, and co-workers who’ve been with
me through this journey. In particular, I'd like to thank my soon to be wife, Kristin
Matulich. Although there are too many things to list, I'd like to thank her for both
her encouragement in my moments of self-doubt and support through my
sometimes long hours of work. There is not a doubt in my mind that | could not
have achieved what | have over the last five plus years without you. Thank you.

Mom & Dad. Support, unbridled love, and encouragement only begins to
describe everything you’'ve done for me. To this day, you both continue to be my
role models. | love you.

To my family, thank you for being the constant in my life. | gain so much
strength and self-confidence through the love you’ve always shown me.

A special thanks to my PI, Uli. Your dedication to science and
investigation made it a pleasure to work in your lab. Thank you for your
thoughtful mentorship through the years.

To all members of the Muller lab (past or present) Karen, Janina, Dario,
Chengguo, Zhaleh, and Logan. Thank you for the helpful conversations, advice,
and comic relief. | enjoyed working with all of you. May you all reach your
personal and professional goals.

To the Toor, Joseph, and Yang Labs, thank you for the kind sharing of

your lab equipment and supplies. The assistance was greatly appreciated.



Chapter 2, in full, is a reprint of the material as it appears in RNA Journal.
Dolan, GF & Miiller, UF (2014). Trans-splicing with the group | intron from
Azoarcus. RNA 20(2):202-13. The dissertation author is the first author on this
paper.

Chapter 3, in full, is currently being prepared for submission for publication
of the material. Dolan, GF; Muller, UF. The dissertation author is the first author
on this paper.

The research was funded in part by the Hellman Family Foundation and

NASA. The support of the funding agencies is greatly appreciated.



Vita

University of California, Santa Barbara

2009 Bachelor of Science in Biochemistry

University of California, San Diego

2011 Master of Science in Chemistry
2015 Doctor of Philosophy in Chemistry
PUBLICATIONS

Meluzzi, D, Olson, KE, Dolan, GF, Arya, G & Muller, UF (2012). Computational
prediction of efficient splice sites for frans-splicing ribozymes. RNA 18(3):590-
602.

Olson, KE, Dolan, GF & Mdller, UF (2014). In vivo Evolution of Catalytic RNA
couples trans-splicing to translation. PLoS One 9(1):e86473.

Dolan, GF & Miiller, UF (2014). Trans-splicing with the group | intron from
Azoarcus. RNA 20(2):202-13.

Xi



Abstract of the Dissertation

Better ribozymes for trans-splicing and triphosphorylation
by
Gregory F. Dolan
Doctor of Philosophy in Chemistry
University of California, San Diego, 2015

Professor Ulrich F. Muller, Chair

Catalytic RNAs (ribozymes) are RNAs that can catalyze a chemical
reaction without the use of protein cofactors. This dissertation centered on
improving the activities for two different ribozymes: a trans-splicing group | intron
ribozyme and a triphosphorylation ribozyme. Trans-splicing group | intron
ribozymes can be used in gene therapy and synthetic biology applications, and
this work focused on improving the trans-splicing activity of the group | intron
ribozyme from Azoarcus, a small and robustly folding ribozyme located in the
intervening sequence of pre-tRNA"®. These results showed that although the
trans-splicing Azoarcus ribozyme could not mediate a growth phenotype in E. coli

cells, the Azoarcus ribozyme is indeed capable of catalyzing the in vitro trans-

Xii



splicing reaction as efficiently as other frans-splicing ribozymes previously tested.
The most efficient trans-splicing Azoarcus ribozymes contained secondary
structural contacts that mimicked the contacts made by the natural cis-splicing
ribozyme, suggesting that the natural splicing interactions are the preferred trans-
splicing interactions for the Azoarcus ribozyme. The second ribozyme improved
in this dissertation is the triphosphorylation ribozyme, a ribozyme that
triphosphorylates the 5’-hydroxyl of RNAs using trimetaphosphate as a substrate.
This ribozyme’s activity is important in the context of the RNA world and in the
origin of life because RNA polymerization is an energetically unfavorable process
in an aqueous environment, and the 5’-triphsophate can supply the energetic
driving force for RNA polymerization. A previous graduate student in the Muller
laboratory performed an in vitro selection identifying the first triphosphorylation
ribozymes. The work herein improved the activity of one of the most active
original triphosphorylation ribozymes by performing a ‘doped selection." A ‘doped
selection’ is a method to identify sequence variants with higher activity by
selecting for the best ribozymes from a partially randomized pool consisting of
sequence variants of the original ribozyme. This selection yielded a ribozyme
with seven mutations and a catalytic rate that was 24-fold higher then the first
generation ribozyme. Unlike the original ribozyme, this new ribozyme has
measurable activity at prebiotically relevant trimetaphosphate concentrations and

has a catalytic rate of 6.8 min™ at optimal conditions.
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Chapter 1

Introduction

1.1 Discovery of Catalytic RNA: a Brief Historical Perspective

The understanding of the biological functions of RNA has grown
dramatically since the 1950s. In 1958, Francis Crick, while discussing his ideas
about protein synthesis and the molecules involved in their production,
speculated that there “should be at least two types of RNA in the cytoplasm” (7).
This statement captures the state of knowledge about cellular RNA at this time:
that it was involved with protein synthesis. The details of protein synthesis were
just beginning to be revealed, and to this point the intimate role that RNA plays
was not yet appreciated, let alone the idea of RNA catalyzing the reaction.
Indeed, Crick’s prediction was correct; there are at least two types of RNAs, for it
is now known that there are three main types of RNA molecules involved in
cellular protein synthesis, mMRNA, tRNA, and rRNA. The role of RNA as a cellular
intermediary chiefly involved in protein synthesis remained the paradigm for
much of the next decade. It wasn'’t until the late 1960s that the idea of RNAs
potentially possessing catalytic properties first appeared in the literature. Woese
(1967), Orgel (1968), and Crick (1968) each hypothesized that an RNA world
pre-dating our current protein based biology where RNAs acted as both the

genome and the only genome-encoded catalyst could have existed (2-4). The



idea of catalytic RNAs remained a hypothesis until the work of Cech (1982) and
Altman (1983) in the early 1980s which demonstrated that RNAs are capable of
catalyzing enzyme-like reactions. Tom Cech showed that an intervening
sequence in the 26S pre-rRNA of Tetrahymena thermophila, now known to
belong to a class of catalytic RNAs (ribozymes) called group | introns, was
capable of catalyzing its own removal from the primary transcript, while Sydney
Altman showed that the RNA component of RNase P, a riboprotein complex that
removes 5’ terminal nucleotides from pre-tRNA molecules, is responsible for
catalysis (5, 6). The term ‘ribozyme’ was coined to describe the enzyme-like
activity of these catalytic RNAs. Since the discovery of these two ribozymes, a
total of nine additional, natural ribozymes has been discovered: The
hammerhead ribozyme, hairpin ribozyme, group Il intron, the spliceosome, the
HDV ribozyme, the VS ribozyme, the ribosome, the GImS ribozyme, and the
Twister ribozyme (7-17). In addition, synthetic ribozymes have also been
developed using in vitro methods, furthering the breadth of reactions and

functionalities that ribozymes cover (18-20).

1.2 Group l introns
Cis-splicing

Group | introns are catalytic RNAs (ribozymes) that can catalyze their own
removal from a primary transcript and ligate the flanking sequences. This cis-

splicing reaction is achieved by catalyzing two successive transesterification



reactions, and is the natural activity of group | introns. The cis-splicing reaction is
summarized below (Figure 1.1). The reaction begins with an exogenous G
binding into the G binding pocket of the properly folded group | intron and the 3’-
hydroxyl of the exogenous G nucleophilically attacking the scissile phosphate at
the 5’exon—intron junction (Figure 1.1A and 1.1B). Next, a conformational
change places the omega G, a universally conserved nucleotide for all group |
introns that is the final nucleotide of the intron sequence, into the G binding
pocket (Figure 1.1C). This aligns the 3’exon—intron junction for nucleophilic
attack from the 3’-hydoxyl of the 5’ exon. This sequence of reactions separated
by a conformational change results in the ligation of the two exons and the

removal of the intron (Figure 1.1C and 1.1D).

B 3 C
5 \ 5
= ‘ HO\ G ‘ HO®
(o]
1st Step Conformational
Change

Figure 1.1: Cis-splicing mechanism of group | introns. See text for description of
steps. 5’ and 3’ exons are in red, ribozyme is in black, exogenous G is in orange, omega
G is in blue, ® represents bridging phosphates at the 5’ and 3’ splice site, and G-binding
pocket is show as semi circle with three dashed arrows to the bound G.
Genetic Distribution & Intron Mobility

Group | introns are parasitic genetic elements that have been identified
across many branches of the trees of life including prokaryotes, plants, genomes

of unicellular eukaryotes, and organellar genomes (21, 22). Notably, they have



only rarely found in metazoan mitochondrial DNA and have yet to be identified in
archaea (22). Propagation of group | introns predominantly occurs through
vertical genetic transfer, however, mechanisms for the horizontal genetic transfer
of group | introns (intron mobility) have been proposed: homing and reverse
splicing. The homing mechanism allows group | introns to integrate themselves
into the identical segment of intronless alleles using a homing endonuclease
gene, a special type of restriction enzyme that is present as an open reading
frame in some group | introns that cleaves DNA at site specific locations (23).
After the homing endonuclease cleaves the DNA of the intronless allele (recipient
allele), the group | intron gene (from donor allele) integrates into the recipient
allele using a DNA recombination mechanism (24, 25). Indeed, the spread of
group | introns via the homing pathway has been experimentally observed (26).
The second mechanism for group | intron mobility, reverse splicing, has been
shown to occur on the RNA level, but the complete pathway to permanent
integration into the host DNA has not yet been demonstrated (27, 28). Despite
the lack of experimental validation for the second mechanism, these two
processes describe the current understanding of the mobility and spread of group
| introns (21).
Common Structural Elements

Self-splicing group | introns have little primary sequence conservation, but
share a set of common core secondary structural elements (29, 30). They are
partitioned into 10 different subclasses based on their sequence homologies and

common paired regions (37). The Tetrahymena group | intron is the most well



studied group | intron and its secondary structure is shown for reference
highlighting the paired regions is shown in Figure 1.2A. This figure also identifies
additional paired regions labeled as P2.1, P5a, P5b, P5c, P9.1, and P9.2.
Additional paired regions differ between group | introns (see Azoarcus secondary

structure in Figure 1.2B), but can be important for full activity (32).
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Figure 1.2: Secondary structure of Tetrahymena and Azoarcus ribozymes. The
Tetrahymena ribozyme (A) is 414 nucleotides in length, while the Azoarcus ribozyme (B)
has only 205 nucleotides. Paired regions are labeled P1-9 in black & bold. Note the lack
of additional paired regions present on the smaller Azoarcus ribozyme (ex: no P9.1,
P9.2, P2.1, etc.). The internal guide sequence on P1 that defines the 5’ splice site is in
black and bold, while corresponding paired sequences are in red. Remainder of 5’ exon
and 3’ exon are shown in red dashed lines. The red arrowhead indicates the 5’ splice
site and the black arrowhead indicates the 3’ splice site. The Tefrahymena and Azoarcus
ribozyme secondary structures shown are modified representations from (33) and (34),
respectively.

There are two main helical domains in group | introns, P4-P6 and P3,P7-
P9 (referred to as P3-P9) (37). The P4-P6 domain, consisting of P4, P5, and P6
forms part of the active site at the interface with P3-P9 and is essential for group

| intron folding. In the well-studied Tetrahymena ribozyme, the P4-P6 has been



shown to be self-folding and to act as a structural scaffold on which the rest of
the ribozyme folds (35, 36). The self-folding and scaffolding function of the P4-P6
domain, however, has not held true for all group | intron ribozymes (37). The P3-
P9 domain, consisting of paired regions P3, P7, P8, and P9 forms the other part
of the active site at the interface with P4-P6 and also contains the G binding
pocket, located in P7 of all group | introns, a region essential for catalytic function
of the ribozyme (317, 38, 39). P1 is also an essential paired region in all group |
introns because it contains the base pairing that delineates the 5’ splice site,
termed the internal guide sequence (IGS) (40). The base pairing in P1 places the
splice site junction adjacent to the G binding pocket within the active site (47).
The internal guide sequence is not a conserved length in all group | introns (see
bold nucleotides in P1 of Figure 1.2A and Figure 1.2B), and the only sequence
identity requirement in this segment is a universally conserved G at the 5’
terminus of the IGS that forms a wobble base pair a U at the 5’ splice site (see
red arrow in Figure 1.2A and 1.2B) (42). P2, on the other hand, is a paired region
that is not completely conserved in all group | introns and studies have shown
that the P2 can be removed from some group | intron ribozymes without
removing activity (43). Another notable universal feature of group I introns is their
3’ terminal G, also called the omega G. This G binds into the G binding pocket
after the first step of splicing and aligns the scissile phosphate delineating the 3’
splice-site junction for nucleophilic attack from the 5’ exon (see black arrow in

Figure 1.2A and 1.2B) (41).



1.3 Trans-splicing Group | Introns
Initial Use

The first intermolecular, trans-splicing group | intron reaction reported was
in 1986 with using Tetrahymena ribozyme when exploring the catalytic potential
of group | intron ribozymes (44). In this report the 5’ exon and first few
nucleotides of the intron were truncated, disrupting normal base pairing in P1 and
leaving the internal guide sequence free to bind with an exogenous substrate
(Figure 1.3, compare to Figure 1.2A). The reaction with the ‘L-19’ ribozyme, as it
was called, was initiated by providing a short RNA substrate in frans. This
truncated ribozyme, or a close derivative, has been used in multiple subsequent

explorations of the kinetic and functional properties of the Tetrahymena ribozyme
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Figure 1.3: First trans-splicing group | intron design. Note the truncation of the 5’
portion of the Tetrahymena ribozyme and lack of 3’ exon. The trans substrate is shown
in red with a red arrow indicating the splice site. The Tetrahymena ribozyme secondary
structures shown is a modified representation from (33).



Gene Therapy Applications, and Reaction Improvements

In 1994, Bruce Sullenger used the trans-splicing Tetrahymena ribozyme to
target and repair the 3’ end of a defective mRNA molecule both in vitro and in E
coli. cells (61). This reaction was chemically analogous to the previously reported
trans-splicing reactions, but had two major differences. First, instead of using a
short RNA as the substrate, a full length mRNA was used. And second, instead
of using a short or no 3’ exon, as done previously, a 3’ exon was used that when
spliced at the correct splice site encoded a proper copy of the remainder of the
targeted gene, thus repairing the targeted defective mRNA. A summary of the 3’
mMRNA repair trans-splicing reaction scheme is shown in Figure 1.4A (compare to

the cis-splicing reaction in Figure 1.4B).
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Figure 1.4 : Summary of cis-splicing vs. 3’ trans-splicing. (A) Trans-splicing diagram
showing the exogenous targeted RNA bound to the frans-splicing ribozyme (left), and
the final reaction products showing the chimeric targeted RNA and the removed 3’
portion of the targeted RNA (right). Targeted RNA is in red, 3’ exon is in blue, 5’ EGS of
ribozyme is in green, group | intron is in black and represented with ‘Rz.’, and “X” on 3’
portion of targeted RNA represents defective portion that can be removed with this
reaction. (B) Cis-splicing diagram showing the primary transcript (left) and the final
reaction products showing the linked flanking sequences and excised intron (right). The
flanking sequences are red, while the group | intron is black and represented with ‘Rz.’
(C) EGS design principles used for first trans-splicing ribozymes. This is a more detailed
view of the trans-splicing summary shown in (A). The structural features of the EGS
include pairing regions comprising an P1 extension (P1ex), a P10 (base pairing between
EGS and 3’ exon adjacent to 3’ splice site), an internal loop between mRNA and EGS,
and a 5’ duplex to increase substrate binding and specificity. Actual lengths of P1ex,
P10, loop region, and 5’ duplex varied between different constructs tested. Coloring
scheme is the same as in (A). Open boxes represent positions of possible nucleotide
variability.

Further studies of 3’ mRNA repair trans-splicing group | intron ribozymes
tested the potential of the Tetrahymena group | intron ribozyme to target other

MRNAs and trans-splice in mammalian cells (52-54). A limiting factor in these

works was the low efficiency of the trans-splicing ribozyme in cells. Kohler et al.
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in 1999 demonstrated that the addition of an extended guide sequence (EGS) to
the 5’ terminus of the trans-splicing Tetrahymena ribozyme improved the
efficiency by increasing both substrate binding and target specificity (see green
sequence in Figure 1.4A and 1.4C) (565). The extended guide sequences used
were designed to emulate the structural contacts made in the cis-splicing
reaction of the Tetrahymena ribozyme. It consisted of a P1 extension, an internal
loop, a P10 interaction (base pairing between the EGS and the 3’ exon, Figure
1.4C). Additionally, the EGS included a 5’ terminal duplex of variable length that
increased substrate binding (Figure 1.4C). These design principles, although a
useful starting point, did not consistently result in highly active trans-splicing
ribozymes with reported trans-splicing efficiencies between 1.2% and 10-50%
(56, 57). Notably, splicing efficiencies above 10% were seen only when the
ribozymes were expressed from very strong promoters. Strong promoters yield
high expression levels of ribozyme that are not conducive to normal cellular
function; thus, high ribozymes expression levels would not be useful in therapy or
as a tool in cellular research. More recently, an alternative approach to extended
guide sequence design of the Tetrahymena ribozyme has been developed where
the extended guide sequence is randomized in a pool of frans-splicing
ribozymes, and the pool is subjected to multiple rounds of in vivo selection
eliminating non-productive designs and enriching for useful designs (568). This
work used a weaker promoter that lowers ribozymes expression levels and was
able to increase trans-splicing from 1% to 4%. Despite these improvements, the

efficiency of group | intron 3° mMRNA repair reaction remains a limiting factor, and



11

alternative strategies need to be developed before it can be a consistent, useful
tool in gene therapy or as a tool in research.
Additional Trans-splicing Reactions

Expanding beyond the 3' mRNA repair reaction, other group | intron
mediated frans-splicing reactions have been reported. In a different form of the 3’
trans-splicing reaction, cytotoxic peptides are introduced using the same
fundamental reaction as the 3' mMRNA repair reaction to kill targeted cells. Instead
of the 3’ exon encoding a repaired message, the 3’ exon encodes a cytotoxic
peptide (59, 60). Expression of the trans-spliced RNA leads to cell death. This
could be a useful tool for the treatment of cancer cells, which typically display a
much higher expression level of hTert mMRNA than other cell types, and to Kkill
virally infected cells, which are the only cells in the body expressing viral RNAs
(59, 61). The other types of repair reactions reported include a 5° mRNA repair
reaction where instead of replacing the 3’ portion of the substrate, the 5’ portion
of the substrate it replaced, a trans-insertion reaction where nucleotides are
inserted within a targeted sequence, and a trans-excision reaction, where
nucleotides are removed from a targeted sequence (62-64). Most recently, an
extension of the previously reported trans-excision reaction has been reported
where instead of removing only 28 nucleotides, up to 100 nucleotides can be
removed (65). These 'spliceozymes' may find use in the repair of splicing
diseases. Between 10% and 60% of all mutations that cause a genetic disease
act via aberrant splicing, where the spliceozymes could convert incompletely

spliced pre-mRNAs to translatable mRNAs (66, 67).
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Other Group I Introns Tested

Since the initial report on 3' MRNA repair frans-splicing, many studies
have sought to improve this reaction. Notably, the Tetrahymena ribozyme has
been used for almost all of these works. In fact, a surprisingly low number of
group | introns have been tested for this activity, despite there being over 1,600
known group | introns (68). Prior to this work only four different ribozymes had
been tested (Didymium ribozyme (DiGIR2), two Fuligo ribozymes (Fse.L569,
Fse.L1898), and the Tetrahymena ribozyme (Tth.L1925)), and besides the
Tetrahymena ribozyme, none had been tested for in vivo activity (69, 70). Of the
four ribozymes tested, all used the same EGS principles initially designed for the
Tetrahymena ribozyme. Identifying design principles that could make different
classes of group | introns useful for trans-splicing applications could be an

important step in obtaining a frans-splicing ribozyme with improved activity.

1.4 Azoarcus Group | Intron

The Azoarcus group | intron ribozyme was first isolated and identified in
the anticodon stem loop of pre-tRNA" from Azoarcus sp. BH72 in 1992 (71). In
this initial report, the small size (205nt) and high GC base pair content (65%)
were immediately identified (77). The small size of the ribozyme is due to the
absence of many additional paired regions on top of the core P1-P9, and is about
half the size of the Tetrahymena ribozyme (compare Tetrahymena in Figure 2A

with Azoarcus in Figure 2B). The high GC content, along with two identified
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tetraloop-receptor interactions between P9-P5 and P2-P8 gives the ribozyme
high temperature tolerance, as its optimal temperature is 70-75°C in vitro (34). A
subsequent crystal structure of the Azoarcus ribozyme confirmed the predicted
tetraloop-receptor interactions, and also showed that it was a tightly packed
structure with extensive, elongated interactions at the interface of the coaxially
stacked P4-P6 and P3-P9 domains (417).

Aside from the crystal structure, extensive structural and kinetic probing
experiments have been performed on the Azoarcus ribozyme. The compactly
folded Azoarcus ribozyme has an internal guide sequence of only 3 nucleotides,
compared to six nucleotides for the Tetrahymena ribozyme. As expected, this
results in significantly weaker substrate binding for the Azoarcus ribozyme, but
measured binding values are 10°-10° stronger than expected if only simple base
pairing were involved, demonstrating that tertiary contacts within the tightly folded
core of the ribozyme increase stabilization and compensate for the shorter
internal guide sequence (72-74). The weaker substrate binding due to the shorter
internal guide sequence of the Azoarcus ribozyme was not expected to be a
hindrance in trans-splicing reactions because of the extended guide sequence
that will increase substrate specificity and binding. One of the most explored
areas of the Azoarcus ribozyme is its folding kinetics and that is one the main
reasons the Azoarcus ribozyme was selected for this work.

Azoarcus Ribozyme Folding
The kinetic folding studies of the Azoarcus ribozyme showed that unlike

the Tetrahymena ribozyme, whose P4-P6 domain is independently folding and
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acts as a folding scaffold, the two helical domains of the Azoarcus ribozyme (P4-
P6 and P3-P9) formed cooperatively in a single thermodynamic transition (35-
37). Careful dissection of the folding kinetics of Azoarcus ribozyme has shown
that successful folding is dependent on the tertiary interactions formed between
the tetraloop-receptors, and slight perturbations will strongly increase the amount
of ribozyme that folds (75, 76). Initial folding kinetics indicated that the ribozyme
completely folded within milliseconds, but more recent results coupled to activity
of the ribozyme show that like many structured RNAs, a portion of Azoarcus
ribozyme population gets stuck in kinetic folding traps (37, 77, 78). These studies
revealed that ~50% the Azoarcus ribozyme population directly folds into the
active state, while the remaining misfolded population folds into the active state
within minutes (77, 78). This is compared to the Tetrahymena ribozyme where
~25-30% of the population directly folds into its active conformation and it takes
hours for the misfolded population to resolve (77, 79). Since a higher population
of properly folded ribozymes yields more opportunity for successful trans-
splicing, the folding kinetics of the Azoarcus ribozyme make it a promising
candidate for improved trans-splicing characteristics.
Previous Trans-Splicing Azoarcus Reactions

The Azoarcus ribozyme has been used in frans-splicing reactions
previously, although none have used it towards a gene therapy or biological tool
applications. The previous trans-splicing reactions the Azoarcus ribozyme has
performed are trans-ligation reactions and include an RNA polymerization-like

reaction where short oligonucleotide fragments are sequentially added to one
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another, and a recombination reaction where the 3’ portion of strand A replaced
the 3’ portion of strand B (80-82). The recombination reaction has been built
upon to show that the Azoarcus ribozyme can catalyze its own self-assembly
from four separate RNA fragments and can also catalyze the formation of an
active ligase ribozyme from two separate inactive oligos (83-85). Two other
notable works involving trans-splicing Azoarcus ribozymes look at (1) how self-
assembled, self-replicating Azoarcus ribozyme fragments spontaneously formed
a cooperative network from sequence fragments with randomized substrate
recognition sequences (using the recombination reaction), and (2) how RNA
populations with cryptic genetic mutations, giving no selective advantage to the
natural reaction, can better adapt to a new environment requiring catalyzing a
non-native reaction (using the reverse of second step of splicing) (86, 87).
Collectively, the smaller size, previously demonstrated catalytic plasticity,
robust folding, and X-ray crystal structure elucidating high levels of structural
detail make Azoarcus ribozyme a prime candidate for testing its 3’-mRNA trans-
splicing potential. In chapter 2 of this dissertation | describe the results of this

work.

1.5 The RNA World
The term 'RNA World' was first introduced by Walter Gilbert in 1986 (88).
It describes a time pre-dating the current DNA — protein based world where RNA

acted as both the genome and the only genome-encoded catalyst. This was not
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the first time RNA as a catalytic, potentially primordial molecule was
hypothesized. As mentioned, in 1967-68 Orgel, Crick, and Woese had each
discussed the idea of the potential for RNA to precede DNA —protein based life
(2-4). Several strong pieces of evidence give credence to this hypothesis. Among
those are the discovery of RNAs with catalytic properties, the discovery that the
ribosome is a ribozyme (the active site is completely composed of RNA), and the
discovery that in the synthesis of nucleic acids in modern cells ribonucleic acids
(RNA) are made first and deoxyribonucleic acids (DNA) are made by modifying
the RNAs (5, 6, 14, 15, 89). The growing number of non-natural catalytic RNAs
identified in the lab by in vitro selection also supports the hypothesis. The RNA
World is an umbrella term possibly covering a vast time in history and
encapsulating many different areas of research. Since this dissertation
introduces improvements to a recently in vitro selected triphosphorylation
ribozyme, a potentially important metabolic ribozyme in the RNA world, the
discussion herein will briefly introduce two processes closely linked to the
triphosphorylation of nucleosides: (1) the synthesis of nucleosides and
nucleotides, and (2) RNA polymerization both from the prebiotic milieu and in an
RNA world.
Prebiotic Synthesis of Nucleosides and in an RNA World

The synthesis of nucleosides within a prebiotic milieu has long been a
question in Origin of Life research, and several different hypotheses have been
proposed. One line of thought is that the ribose and nucleobase moieties were

synthesized separately and then coupled together; however, most coupling
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reactions have low yield (90-92). The synthesis of ribose, similar to the coupling
reaction, has also proved to be a more difficult reaction. Enantiomeric purity,
stability, and excessive side products hamper current known methods of prebiotic
ribose synthesis (93-95). Enantiomeric purity of ribose is important because
racemic mixtures of activated nucleosides (containing both D and L ribose) inhibit
non-enzyme/ribozyme polymerization reactions (96). The presence of borate or
lead (I1) (Pb**) has been shown to increase the formation and stability of ribose in
possible synthesis models, but do not address the enantiomeric purity problem
(97, 98). Progress towards enantiomeric purity (as well as stability) of ribose has
been shown in a reaction with cyanamide. In this reaction cyanamide reacts
quickly with ribose forming a bicyclic product that spontaneously crystallizes with
several regions within the crystal containing only the D- or L- enantiomer of
ribose, creating enriched pockets of enantiomerically pure ribose (99). In this
pathway, however, it is unclear how the sequestered ribose would be re-
introduced into the synthesis of nucleosides. Despite these works, their remains
no clear path to the prebiotic formation of enantiomerically pure D-ribose. The
formation of nucleobases, unlike ribose and the coupling reaction, has been
successful. A prebiotically plausible synthesis of each nucleobase has been
reported (700-102). Adding an additional level of complexity, the differing
chemistries between ribose and nucleobase formation introduce the difficulty of
the two being synthesized in the same environment (703). Together, this line of

work demonstrates that under the current understanding of the potential
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conditions in prebiotic world, the formation of ribose and nucleobases, as well as
the coupling reaction to form nucleosides would be difficult.

An alternative to the coupling of ribose and nucleobase synthesis is the
idea of a direct synthesis of nucleosides that simultaneously build the ribose and
nucleobase moieties. Recently, there has been great success in regioselectively
synthesizing pyrimidine nucleosides using prebiotically plausible starting
materials (704). Additionally, a partial synthetic route using similar aqueous
chemistry has been shown that could lead to the synthesis of purines (705).
Although the final steps of the purine synthesis have not been shown and there
are remaining questions about the necessary purity of reactants and necessity
for highly controlled conditions in some of the synthetic steps in both pyrimidine
and purine pathways, these works still demonstrate a step forward in prebiotic
chemistry and the thinking of how nucleosides were formed. These are two of the
leading hypothesis on how nucleosides could be formed in an RNA world.

In an RNA World a faster and more efficient synthesis of nucleosides
would have been required. Work towards identifying a ribozyme that can
synthesize the components of nucleosides (ribose and nucleobases) has not
been reported, but there has been a report of a ribozyme can that catalyze the
glycosidic bond formation between nucleobase and ribose (7106, 107). In this
reaction, 5-phosphoryibosyl 1-pyrophosphate reacts with a nucleobase to form a
nucleoside 5" monophosphate (a 5’ phosphorylated version of a
nucleoside)(Figure 1.5). Currently, the reaction has been shown for both a purine

(G) and a pyrimidine (U), but has only been reported when the 5-phosphoryibosyl



19

1-pyrophosphate is tethered to the 3’ end of the ribozyme, indicating that the
ribozyme is unable to bind the free 5-phosphoryibosyl 1-pyrophosphate and
eliminating any multi-turnover potential. Regardless, the demonstration that a
ribozyme is capable of catalyzing the coupling of a ribose derivative and a
nucleobase is further evidence for the potential existence of an earlier RNA
world. The continued discovery and improvement of additional metabolic
ribozymes necessary for an RNA world organism will further delineate how an

RNA world could have functioned.
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Figure 1.5: Glycosidic bond formation between nucleoside and 5-phosphoryibosyl
1-pyrophosphate. The reaction diagram shown is a modified version from (107).

Prebiotic Polymerization & The Polymerase Ribozyme

Current polymerase enzymes require 5’ triphosphorylated nucleosides as
a starting material and use 3’-5’ linkages between nucleotides. How replication
was achieved before protein based enzymatic polymerization is unknown
because there is no identified polymerase in the modern biological world that isn’t
composed of amino acids. The RNA world hypothesis predicts an RNA based
RNA polymerase ribozyme that predates modern enzymes polymerases and

catalyzes the RNA polymerization reaction using 3’-5’ linkages and 5’
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triphosphorylated nucleosides. A pre-RNA world scenario which minimizes
necessary changes and conserves biologic complexity is one where RNAs are
polymerized without an enzyme or ribozyme catalysis using 3’-5’ linkages and &’
triphosphorylated nucleosides as well. Nucleoside 5’ triphosphates, however, are
relatively inert at moderate temperatures in solution (708). Nucleoside 5’
triphosphates are so unreactive that most studies on non-enzymatic
polymerization have used imidazolide phosphate analogs as the leaving group in
place of triphosphates to perform experiments (709, 110). These analogs, while
improving the timeframe of experiments for laboratory settings, are not the most
likely prebiotic molecules, and generate a mixture of 3’-5" and 2’-5’
phosphodiester linkages between monomers (1711, 112). The most successful
reaction with nucleoside 5’ phosphorimidazolides monomers to form
predominantly 3’-5’ linkages (although some 2’-5’ linkages remain) have come in
the presence of mineral clay surfaces (montmorillonite), specific divalent metal
ions, and eutectic phases (772-715). Minimal 2’-5’ linkages in RNA polymers
would not necessarily be disastrous because previous work has shown that
ribozymes can tolerate a portion of 2’-5’ linkages and still maintain catalytic
function (716). Importantly though, none of the reactions described above can
generate polymers with the necessary nucleotide distribution to form the complex
structural motifs necessary for ribozyme function (117).

Previous biochemical studies have shown that desired characteristics and
activities can exist and be selected for in a pool of random sequences (termed in

vitro selections) (118-120). The non-catalyzed polymerization of nucleoside 5'-
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phosphate derivatives under the appropriate conditions demonstrates there is a
possible scenario where short strands of RNAs could have been formed
prebiotically. In vitro selections, however, have many differences from the
demonstrated non-catalyzed polymerization reactions. For example, in vitro
selections generally use longer sequences for selection of activity, and desired
traits are selected using carefully controlled experimental conditions. Prebiotic
non-templated polymerization, on the other hand, has not been shown to not
create sequences longer than 40 nucleotides and would not be selected for using
carefully regulated conditions (7217). These differences highlight remaining gaps
in our current knowledge and demonstrate challenges of how early chemically
activated nucleosides could have polymerized and how a ribozyme of a desirable
catalytic activity could have emerged from the random sequences formed.
Indeed, the substantial body of work on potential prebiotic polymerization of
nucleosides catalogs the difficulty of a self-replicating RNA to emerge from a pool
of random nucleotides, and this observation has been well documented (7717,
122).

The central requirement for the RNA world hypothesis is the existence of
an RNA-dependent RNA polymerase ribozyme capable of self-replication. As
mentioned, there is no known non-protein polymerase ribozyme identified in
nature, but by using in vitro selection, an RNA-dependent RNA polymerase
ribozyme has been isolated in the laboratory (723). The initially isolated
polymerase ribozyme could only polymerize 14 nucleotides of a single templated

sequence. Subsequent improvements including the addition of an accessory
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domain improved polymerization to 20 nucleotides and the addition of a
template-binding region increased polymerization to 95 nucleotides of a
repeating nucleotide sequence (7124, 125). Using the template-binding region on
a polymerase ribozyme adapted for polymerization in eutectic phases of ice,
polymerization of up to 206 nucleotides of a repeating sequence has been
achieved at ambient temperatures (726). Despite being able to polymerize up to
206 nucleotides of a single repeating template, the polymerase ribozyme is still
not capable of self-replication due to its strong template dependence. Other work
has focused on decreasing template dependence, rather than maximizing
polymerized sequence length (727). More recently, a new approach selected a
polymerase ribozyme that performs a “cross-chiral” reaction where the template
and substrate are the opposite enantiomer of the ribozyme (728).
Enantiomerically opposite nucleotide polymers cannot form stable duplexes
through Watson-Crick base pairing, forcing substrate/template recognition to
operate via tertiary, non-Watson-Crick interactions (729, 130). This is the likely
reason why the cross-chiral ribozyme did not show any pronounced dependence
on template sequence. This ribozyme can both polymerize the addition of single
nucleotides to a template and ligate oligonucleotides, and through a series of 11
ligations and polymerizations it can produce a full-length copy its sequence. It will
be interesting to see if in future work the ribozyme is capable of polymerizing
exclusive single nucleotide additions without sequence dependence to an excess
of its length (83 nucleotides). In doing so it could be the first reported ‘self-

replicating’ polymerase ribozyme (the polymerized sequence would be of the
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opposite enantiomer, which also acts as a functional ribozyme). Overall, the
identification of RNAs capable of catalyzing RNA-dependent RNA polymerization
and the recent improvements in catalytic activity shows steady, although

arduous, progress towards the identification of a self-replicating ribozyme.

1.6 Prebiotic Triphosphorylation & the Triphosphorylation ribozyme

The 5’ triphosphorylation of nucleosides is an intermediate step between
their synthesis and use in biological polymerization reactions. Chemical
activation of the 5’-phosphate of nucleosides is required because polymerization
in aqueous solution is a thermodynamically unfavorable process. Assuming the
prebiotic synthesis of nucleosides, a prebiotic world would have needed a
chemical capable triphosphorylating the 5’ hydroxyl of nucleosides before they
could participate in polymerization reactions. A possible prebiotic source of
soluble phosphate that could act as a triphosphorylating agent of nucleosides is
trimetaphosphate.
Prebiotic Sources of Trimetaphosphate

Trimetaphosphate could have been formed prebiotically in three different
plausible mechanisms. The first is the heating of mineral calcium phosphate
[ Caz(PO,)2 ] in volcanic magma (>1,200°C) to yield low percentages of
trimetaphosphate (737). The second is the heating of ammonium dihydrogen
phosphate [ NH4H>PO, ] with urea in the range of 85°C to 100°C yielding multi-

length linear polyphosphates, some of which converts to trimetaphosphate (7132).
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The third method, and apparently the most plausible, is the corrosion of the
phosphide mineral schreibersite [ (Fe,Ni)sP ] in water (733). Phosphide minerals
are found in iron meteorites and corrode completely in water between 1-10*
years (7134). The corrosion of phosphide minerals is a multistep process that
results in various soluble phosphates and a large amount of phosphites (735).
Phosphites can be readily oxidized into phosphates and polyphosphates
including trimetaphosphate in the presence of an oxidizing agent such as a
hydroxyl radical (736). Phosphite deposits have been identified in carbonate
samples from the Archean eon indicating that soluble phosphites were present in
pre-biotic oceans around 3.5 Ga (737). Prebiotic estimates of soluble
polyphosphates, of which trimetaphosphate would be a component, in seawater
range from 10nM to 10uM, and as high as 1mM in areas of localized
concentrations (tide pools) (736). Collectively, these three possible synthesis
mechanisms show that trimetaphosphate was a likely prebiotic molecule.
Non-Enzymatic 5’ Triphosphorylation of Nucleosides using Trimetaphosphate
The 5’ triphosphorylation of nucleosides using trimetaphosphate occurs by
the 5’ hydroxyl group nucleophilically attacking one of the phosphates in the
cyclic trimetaphosphate molecule (see Figure 1.6 for desired reaction diagram).
Trimetaphosphate as a potential triphosphorylation agent has been studied in
several reports in the non-enzymatic/ribozyme catalyzed reaction. Two different
conditions have been tested. In the first condition the reaction was in solution, but
efficient 5’ triphosphorylation wasn’t observed until a pH > 12, an inhospitable

environment for RNA polymers (738). A second condition tested was under
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conditions where the solutions were allowed to dry out, effectively concentrating
the samples. This was done with different metal ion catalysts and produced
measurable amounts of trimetaphosphate, with Ni being the best, but reaction
times were on the order of weeks and yields were still low (~13%) (739). The
results of the wet dry cycles, however, are not highly reliable because the pH of
the reaction was not carefully controlled and no replicates were reported. Further
complicating both of these non-enzymatically catalyzed reactions is the
difference in pK, between the 5’ and 2’-3’ diol of ribose (~15 and ~12,
respectively), so as the pH increases the 2’-3’ diol is phosphorylated before the &’
hydroxyl (140, 141). The pH requirements, slow reaction times, and poor
specificity of the non-enzymatically catalyzed reaction make it a difficult reaction
to complete, and suggests that if trimetaphosphate were used to triphosphorylate

the 5’ hydroxyl of nucleosides in the RNA world, it would likely be catalyzed by a

ribozyme.
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Figure 1.6: 5’ triphosphorylation of nucleosides with trimetaphosphate.

Ribozyme Catalyzed 5’ Triphosphorylation of Nucleosides using

Trimetaphosphate
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Recently in this laboratory, a ribozyme has been isolated from a
randomized pool that uses trimetaphosphate to triphosphorylate the 5" hydroxyl
of nucleosides using an in vitro selection (142). This is the first ribozyme to report
this activity. The ribozyme, named TPR1, is 96 nucleotides in length (Figure 1.7),
and catalyzes the reaction under near neutral pH conditions (pH 8.3) at a
measure rate constant of 0.013min™" converting ~90% of starting material into
product within hours. TPR1, however, requires 50mM trimetaphosphate for this
reaction kinetic, beyond any predicted prebiotic availability and is unable to
catalyze the 5’ triphosphorylation of free nucleosides. In chapter 3 of this

dissertation | will describe my efforts to improve the reactivity of this ribozyme.
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Figure 1.7: Secondary Structure of TPR1. This is the secondary structure of the 96
nucleotide long TPR1. The 5’ terminal G is the site of triphosphorylation. Secondary
structure representation is a modified version from (742).
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1.7 Goals of this Dissertation

In this dissertation | aimed to improve two different catalytic RNAs. The
first is the trans-splicing Azoarcus group | intron ribozyme. The trans-splicing
reaction is useful in the reprogramming of targeted exogenous RNA molecules
and can be useful in gene therapy applications as well as a biochemical tool. The
Azoarcus ribozyme has never been tested for this activity and is an attractive
candidate because of its small size, previously demonstrated catalytic plasticity,
robust folding, and X-ray crystal structure elucidating high levels of structural
detail. Very few ribozymes have been tested for frans-splicing activity and the
testing of new ribozymes has been noted as an important contribution to the field
(743). The goal of this project was to optimize the Azoarcus trans-splicing
reaction by identifying structural contacts that maximized splicing efficiency and
to make them viable in a cellular system.

The second ribozyme improved in this dissertation is the
triphosphorylation ribozyme, a ribozyme that was very recently developed in the
Muller lab. This ribozyme triphosphorylates the 5’-hydroxyl group of an RNA
using trimetaphosphate. This or a related reaction could have been important in
an RNA world, and variants of this ribozyme could have provided the chemically
activated substrate required by early polymerases. The goal of this project was to

increase the activity of the initially isolated triphosphorylation ribozyme as well as
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to increase its prebiotic relevance by testing for activity of the improved ribozyme

at more prebiotically plausible trimetaphosphate concentrations.
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Chapter 2

Trans-splicing with the group | intron ribozyme
from Azoarcus

2.1 Abstract

Group | introns are ribozymes (catalytic RNAs) that excise themselves
from RNA primary transcripts by catalyzing two successive transesterification
reactions. These cis-splicing ribozymes can be converted into frans-splicing
ribozymes, which can modify the sequence of a separate substrate RNA, both in
vitro and in vivo. Previous work on frans-splicing ribozymes has mostly focused
on the 16S rRNA group | intron ribozyme from Tetrahymena thermophila. Here
we test the trans-splicing potential of the tRNA" group I intron ribozyme from the
bacterium Azoarcus. This ribozyme is only half the size of the Tetrahymena
ribozyme and folds faster into its active conformation in vitro. Our results showed
that in vitro, the Azoarcus and Tetrahymena ribozymes favored the same set of
splice sites on a substrate RNA. Both ribozymes showed the same trans-splicing
efficiency when containing their individually optimized 5'- terminus. In contrast to
the previously optimized 5'-terminal design of the Tetrahymena ribozyme, the
Azoarcus ribozyme was most efficient with a trans-splicing design that resembled
the secondary structure context of the natural cis-splicing Azoarcus ribozyme,

which includes base pairing between the substrate 5'-portion and the ribozyme
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3'-exon. These results suggested preferred trans-splicing interactions for the
Azoarcus ribozyme under near-physiological in vitro conditions. Despite the high
activity in vitro, however, the splicing efficiency of the Azoarcus ribozyme in E.

coli cells was significantly below that of the Tetrahymena ribozyme.

2.2 Introduction

Group | introns are catalytic RNAs (ribozymes) that do not require the
spliceosome for their removal from primary transcripts. Instead, these ribozymes
fold into catalytically active structures that undergo two successive
transphosphorylation reactions, facilitating their own excision and the ligation of
the two flanking exons ((7); for review see (2)). These natural cis-splicing
ribozymes can be converted into frans-acting ribozymes by removing their 5'-
exon and modifying the ribozyme 5'-terminus. In this format, frans-acting group |
intron ribozymes can cleave a substrate RNA (3), insert or remove one or several
nucleotides (4, 5), replace the 3'-portion of the substrate RNA with the 3'-exon of
the ribozyme (3, 6), or replace the 5'-portion of the substrate RNA with the 5'-
exon of the ribozyme (7). These replacement reactions may be useful for
therapeutic applications by either repairing the sequence of genetically mutated
mMRNAs (6) or by inserting the coding sequence for a toxic peptide into substrate
mRNAs that indicate a disease state (8, 9). Most previous work has focused on
the reaction that replaces the mRNA 3'-portion; this reaction is also the focus of

the present study.
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Trans-splicing group | intron ribozymes recognize the target site on the
substrate RNA by base pairing, forming the P1 helix with the ribozyme's 5'-
terminus (Figure 2.1). The only sequence requirement in this helix is that a uracil
at the splice site of the substrate is base paired to a guanine in the ribozyme, the
5'-terminal nucleotide of the internal guide sequence (IGS) (70). Factors that
affect the efficiency of the trans-splicing reaction include the accessibility of the
target site in the substrate RNA, and the strength of the base pairing interaction

between ribozyme IGS and substrate RNA (11, 12).
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Figure 2.1: Secondary structure representations of trans-splicing group | intron
ribozymes from (A) Tetrahymena and (B) Azoarcus. The 5'-terminus of the frans-
splicing ribozymes (black) is truncated at or near the splice site G:U base pair (filled
circle) such that the P1 helix (P1) is formed between the ribozyme 5'-terminus and the
target site on the substrate (red). This helix is extended on the Azoarcus ribozyme
construct by a P1 helix extension (P1ex) to facilitate a similar ribozyme-substrate
complex stability as with the Tetrahymena ribozyme. A 5'-terminal guanosine was added
for better in vitro transcription yields. Filled triangles indicate the 5'-splice sites, while
empty triangles denote the 3'-splice sites. Empty squares denote nucleotides that differ
between splice sites. (C) Schematic of a trans-splicing reaction. The colors for substrate
and ribozyme 3'-exon are as in (A) and (B), while sequences are denoted by solid lines
(with exception of the splice site G:U pair), and the ribozyme is denoted by a solid black
line. During the frans-splicing reaction the ribozyme 3'-exon (blue) replaces the 3'-portion
of the substrate.

The efficiency of the frans-splicing reaction can be improved by increasing
the substrate-ribozyme interaction via an extended guide sequence (EGS). The
EGS is an elongation of the 5' terminus of the frans-splicing ribozyme, and has

been tested on the group | intron ribozymes from Tetrahymena thermophila (sub-
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group IC1), Didymium (sub-group IE), and Fuligo (sub-group IC1) (13-16).
Despite the improvements mediated by the EGS, the trans-splicing efficiency
remains a limiting factor for potential therapeutic applications of these ribozymes
(77). Notably, all of these previous studies employed the same EGS design
principle, which was originally developed for the Tetrahymena ribozyme.
Because different group | introns may prefer different EGSs, it may be possible to
obtain higher trans-splicing efficiencies by optimizing the EGSs for ribozymes
other than the Tetrahymena ribozyme.

To date, only four different group | introns have been tested for their trans-
splicing potential replacing the substrate 3'-portion (6, 16, 18), compared to the
more than 16,000 known group | introns (79). Of these four, the Tetrahymena
ribozyme achieved the highest trans-splicing efficiencies in vitro, is understood at
the most detailed biochemical level, and remains the only group | intron tested for
mMRNA repair / replacement trans-splicing in vivo (20-24). Therefore, to achieve
efficient trans-splicing, it is promising to analyze group | intron ribozymes from
different species and identify specific designs that increase their respective trans-
splicing efficiencies.

The group | intron ribozyme from Azoarcus BH72 is an attractive
candidate for trans-splicing experiments. It belongs to the IC3 group | intron
family and is located in the anticodon stem-loop of tRNA" (25). With a length of
205 nucleotides, it is about 2-fold smaller than the Tetrahymena ribozyme (Figure
2.1A, B). The Azoarcus ribozyme folds into its active conformation faster than the

Tetrahymena ribozyme in vitro (26-29), and it can mediate trans-ligation
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reactions at high concentrations of magnesium, ribozyme, and at elevated
temperature (30-32). The structure of the Azoarcus ribozyme is known at the
highest detail of all group | intron ribozymes, for different stages of the splicing
pathway (33-35). Due to its fast folding kinetics and its ability to react in trans, the
Azoarcus ribozyme is a promising candidate to test its potential for frans-splicing
under near-physiological in vitro conditions and in cells.

Here we characterize the trans-splicing potential of the group | intron
ribozyme from Azoarcus at near-physiological in vitro conditions and in E. coli
cells. The results show that in vitro, the Azoarcus ribozyme favors the same
splice sites on a model substrate mMRNA as the Tetfrahymena ribozyme. When
both ribozymes are designed with their preferred secondary structure interactions
they achieve similar trans-splicing efficiencies in vitro. Importantly, the favored
secondary structure context of the Azoarcus ribozyme is different from that of
previously established trans-splicing ribozymes, and reflects the natural cis-
splicing context of the Azoarcus ribozyme. These results suggested how the
Azoarcus ribozyme could be used for trans-splicing reactions under near-
physiological in vitro conditions. In E. coli cells, the trans- and cis- splicing
activities of the Azoarcus ribozyme were significantly lower than the

Tetrahymena ribozyme activities.

2.3 Results

To analyze the potential of the Azoarcus ribozyme for trans-splicing
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applications we proceeded in three steps. First, we compared the pattern of
favored splice sites on a model mRNA between trans-splicing Azoarcus and
Tetrahymena ribozymes. Second, we searched and identified an efficient
secondary structure design for ribozyme-substrate interactions of trans-splicing
Azoarcus ribozymes, which is different from that of the Tetrahymena ribozyme.

Third, we tested the activity of trans-splicing Azoarcus ribozymes in E. coli cells.
Splice site preferences by trans-splicing Azoarcus and Tetrahymena ribozymes

To test whether the Azoarcus ribozyme could access the same splice sites
as the Tetrahymena ribozyme, we determined the accessible splice sites on a
model substrate mMRNA, the chloramphenicol acetyl transferase (CAT) mRNA.
Splice sites were identified using an RT-PCR assay that specifically amplifies
trans-splicing products from a reaction with ribozymes containing a randomized
substrate recognition sequence (77). The randomized substrate recognition
sequence enabled the pool of ribozymes to splice at any accessible U in the
substrate RNA because the phylogenetically conserved GeU pair in the P1 helix
is the only requirement for ribozyme activity (70). The P1 helix of the Azoarcus
ribozyme was elongated by 3 nucleotides beyond the splice site such that both
Azoarcus and Tetrahymnena ribozymes formed similarly stable six-base-pair P1
duplexes with the substrate (Figure 2.1B). After RT-PCR, cloning and
sequencing of trans-splicing products, the identified splice sites for 56 trans-
splicing events of the Azoarcus ribozyme were mapped on the CAT mRNA and

compared to 56 frans-splice sites of the Tetrahymena ribozyme, in experiments
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conducted side-by-side (712) (Figure 2.2A). Overall, the splice site patterns of the
Azoarcus and Tetrahymena ribozymes were very similar. The region between
position ~200 and ~400 reported few splicing events for both ribozymes. To
identify additional splice sites in this region we modified the assay by using a
nested 5'-PCR primer (gray symbols in Figure 2.2A). Comparison of all splice
sites between both ribozymes showed no significant difference in the profile,
suggesting that the Azoarcus and Tetrahymena ribozymes share the same splice

site preference pattern.
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Figure 2.2: Experimental comparison of favored splice sites and trans-splicing
efficiencies between Tetrahymena and Azoarcus. (A) Patterns of splicing events
along the sequence of CAT mRNA substrate (horizontal line) between positions 1 and
657. The events detected for the Azoarcus ribozyme (above the line; open triangles) are
compared to the events recorded for the Tefrahymena ribozyme (below the line; closed
triangles; from (72)). Open and closed triangles denote splicing events that were
detected with RT-PCR primers covering the entire length of the CAT mRNA. Gray
triangles denote splicing events that were detected with a nested 5'-PCR primer to
identify splice sites at least 200 nucleotides downstream of the 5'-terminus of the CAT
mRNA. All identified splicing products are reported here, which includes ten non-U splice
sites for the Azoarcus ribozyme and seven non-U splice sites for the Tetrahymena
ribozyme. The positions of all individual splice sites are listed in table S1. (B)
Comparison of trans-splicing efficiencies of Azoarcus ribozymes (white columns) and
Tetrahymena ribozymes (black columns) when targeted to six specific splice sites on
CAT mRNA.

The previous assay reported the pattern of favored splice sites but not the
relative reaction efficiencies of both ribozymes. To estimate the relative
efficiencies of the two trans-splicing ribozymes, they were reacted at equimolar

concentrations in the same reaction vessel, with an excess of CAT mRNA.
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Therefore, the number of splicing events detected for each ribozyme revealed
the relative reaction efficiency of the two ribozymes (Figure 2.2B). The splicing
products of the two ribozymes were discriminated by introducing a single point
mutation into one of the ribozyme 3'-exons, 26 nucleotides downstream of the
splice site. Because this mutation became part of the product, the sequence of
the trans-splicing products reported which of the two ribozymes had generated
the product. Six representative splice sites were chosen, some of which were
favored by the Tetrahymena ribozyme in the previous assay, while others were
favored by Azoarcus ribozyme (see Table S1). To target these six splice sites,
the IGSs of the ribozymes had six specific sequences complementary to the six
target sites on the CAT mRNA. After the trans-splicing reaction, reverse
transcription, and cloning, 10-13 splicing products from each of the six reactions
were sequenced. At all six splice sites, at least 10 sequences reported splicing at
the targeted splice site (>80%), and at most 2 sequences (<20%) reported mis-
splicing at a different splice site. For both ribozymes, a total of three mis-splicing
events were detected, suggesting a similar, low error rate under these conditions
(~9%). Importantly, the Tetrahymena ribozyme gave rise to more splicing
products than the Azoarcus ribozyme on all six tested splice sites (Figure 2.2B).
This outcome was not due to the point mutation in the ribozyme 3'-exons,
because the result was the same when the point mutation in the ribozyme 3'-
exon was switched between the ribozymes. These results indicated that the
Tetrahymena ribozyme trans-spliced more efficiently than the Azoarcus ribozyme

in the absence of optimized ribozyme-substrate contacts.
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Design of optimal ribozyme-substrate contacts for the Azoarcus ribozyme

The extended guide sequence (EGS) is an extension of the ribozyme 5'-
terminus that can improve the trans-splicing efficiency and specificity. This was
originally demonstrated with the group | intron ribozyme from Tetrahymena (13),
where the optimal design of the EGS includes an extension of the P1 helix by 2-4
base pairs (P1 extension), followed by an internal loop, and a duplex with at least
5 base pairs between the ribozyme 5'-terminus and the substrate RNA. The
internal loop region of the EGS may also form a P10 duplex with the 3'-exon,
which can benefit the trans-splicing efficiency (713-15) (Figure 2.3A). Subsequent
studies found that this 'classical design' also increases the frans-splicing
efficiencies of the group | introns from Fuligo and Didymium (16, 18). To test
whether the 'classical design' of ribozyme-substrate contacts also increases the
trans-splicing efficiency of the Azoarcus ribozyme, we generated Azoarcus and
Tetrahymena ribozyme variants that formed a P1 extension, an internal loop, and
a 5'-duplex (Figure S2.1). Because the formation of a P10 duplex does not
always increase trans-splicing efficiency (15), we tested several constructs for
each ribozyme and splice site with either a strong, a weak, or no predicted P10
duplex. Three splice sites were tested on the CAT mRNA (sites 97, 177, and
258, with position 1 being the A of the AUG start codon) to reduce a possible
bias from the choice of splice sites. These variations in splice site, P10 duplex,
and P1 extension length generated seven reaction contexts for each of the two
ribozymes. Three of the seven Tetrahymena ribozyme constructs gave by far the

highest trans-splicing efficiency, with a conversion of ~20% substrate to product,
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all on splice site 258 (Figure 2.3B). In contrast, the three most efficient reactions
of the Azoarcus ribozyme achieved efficiencies only up to 7%. The low efficiency
of trans-splicing with all Azoarcus ribozyme constructs compared to the
Tetrahymena ribozyme constructs suggested that the 'classical design' was not

well suited for the Azoarcus ribozyme.
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Figure 2.3: ‘Classical design’ for trans-splicing group | intron ribozymes. (A)
Secondary structure of the Azoarcus ribozyme (black) with a 5'-terminal extended guide
sequence (EGS; green), and 3'-exon (blue), formed with a pre-mRNA (red). The
positions of the P1 helix (P1), P1 extension (P1ex), internal loop, and 5'-duplex are
indicated. Each empty square symbolizes a position where nucleotide identities change
between splice sites, while maintaining the secondary structure. Individual constructs
differ by nucleotide insertions, deletions, and mutations (see figure S1). (B)
Autoradiogram of 5'-radiolabeled frans-splicing products separated by denaturing 5%
polyacrylamide gel electrophoresis. The targeted splice site (97, 177, or 258) and the
designed number of base pairs (bp) in the P10 helix (bp in P10) are indicated on top of
the autoradiogram. The side of the autoradiogram indicates the size of markers in the
first and last lane (M), which correspond to full-length CAT mRNA substrate (Sub), the
expected frans-splicing product (Prod), and the 5'-fragments produced by the first step of
splicing (5'-Frag), at splice sites 97, 177, and 258. The length of the trans-splicing
products is the same for all splice sites because the length of the ribozyme 3'-exons was
co-varied with the splice sites. The quantitations of trans-splicing efficiencies are shown
below the autoradiogram, as percent of substrate converted to product. Columns for the
Azoarcus ribozyme (white) and the Tetrahymena ribozymes (grey) are in the same order
as the lanes in the autoradiogram. Error bars denote standard deviations from three
experiments.
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An alternative design for trans-splicing Azoarcus ribozymes is a simple
elongation of the P1 duplex past the splice site, termed the P1 extension (Figure
2.4A). We expected that the length of this P1 extension had an optimum because
lengthening the P1 extensions would not only increase the strength of the
ribozyme-substrate duplex but would also reduce the splice site specificity (36)
and may prevent conformational changes of the ribozyme between the two
catalytic steps of splicing (37). To test this design principle and identify optimal
P1 extension lengths, we analyzed a total of 32 Azoarcus ribozyme constructs
with P1 extension lengths between 3 base pairs and 63 base pairs, at the three
splice sites 97, 177, or 258 (Figure 2.4B). Again, none of these constructs
exceeded a trans-splicing efficiency of 7%. Although there was no clear optimal
length of the P1 extension, the most robust trans-splicing appeared at a P1
length of 16-18 base pairs, where all constructs had a frans-splicing efficiency
between 3.5% and 7%. Because these efficiencies were significantly below the
trans-splicing efficiencies achieved with the classic design principle on the
Tetrahymena ribozyme, these results suggested that elongated P1 helices alone
(the 'P1 extension design') are not sufficient to generate efficient trans-splicing

Azoarcus ribozymes.
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Figure 2.4: 'P1 extension design' for the trans-splicing Azoarcus ribozyme. (A)
Secondary structure of the Azoarcus ribozyme (black), with a 5'-terminal extension of
variable length (green). Depending on the length of this 5'-extension, the P1 extension
helices (P1ex) are formed with corresponding lengths, stacked upon the P1 helix (P1).
The ribozyme 3'-exon is in blue. (B) Autoradiogram of 5'-radiolabeled trans-splicing
products separated by denaturing polyacrylamide gel electrophoresis. The targeted
splice site (97, 177, or 258) and the number of base pairs in the P1 extension are
indicated above the autoradiogram. Size markers in the first and last lane indicate the
position of full-length CAT mRNA substrate (Sub), the expected frans-splicing product
(Prod), and the 5'-fragments produced by the first step of splicing (5'-Frag), at splice
sites 97, 177, and 258. The length of the trans-splicing products is the same for all splice
sites because the length of the ribozyme 3'-exons was co-varied with the splice sites.
The quantitations of trans-splicing efficiencies are shown below the autoradiogram, as
percent of substrate converted to product. The scale is the same as in figures 3 and 5 to
facilitate comparison. Error bars denote standard deviations from three experiments.

In a third design, we tested whether frans-splicing Azoarcus ribozymes
would benefit from a secondary structure context similar to their native structural
context near the splicing junction, the anticodon stem of tRNA"® (25, 29, 34)

(Figure 2.5A). This anticodon stem contains five base pairs between the 5'-exon
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and the 3'-exon, three nucleotides distant from the 5'- and 3'-splice site,
respectively. In the context of trans-splicing Azoarcus ribozymes, this means that
a sequence in the 3'-exon of the ribozyme needs to form base pairs with the 5'-
portion of the substrate. In addition to the anticodon stem, the natural cis-splicing
context of the Azoarcus ribozyme also forms a P1 extension helix before the first
step of splicing (34). Because the optimal length of the P1 extension helix for the
trans-splicing reaction was unclear, three to four different P1 extension lengths
were tested for each splice site (97, 177, 258). The choice of these P1 extension
lengths was based on the highest efficiency in the previous experiment, with a
preference for short P1 extensions (Figure 2.4B). Satisfyingly, two of the 11
constructs resulted in trans-splicing efficiencies of ~20%, similar to the best
trans-splicing efficiencies of the Tetrahymena ribozyme with the 'classical design’
(Figure 2.3B). This suggested that the 'anticodon stem design' is a promising
strategy to improve frans-splicing by the Azoarcus ribozyme. Because both the
Tetrahymena ribozyme with the 'classical EGS' and the Azoarcus ribozyme with
the 'anticodon stem design' showed high activity for only one splice site (see
Figure 2.3B and Figure 2.5B), we suspected that the sequences flanking the
splice sites might inhibit trans-splicing on other splice sites, which has been
observed for the Tetrahymena ribozyme (12). This inhibition could have been
masking the general trend that the Azoarcus ribozyme favors the 'anticodon stem

design'.
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efficiency with Azoarcus ribozymes. (A) Schematic for the secondary structure, with a
focus on interactions between substrate mMRNA (red), ribozyme 5'-extension (green), and

ribozyme 3'-exon (blue). The secondary structure is based on the model describing the

Azoarcus ribozyme crystal structure (34). The positions of the P1 helix (P1), P1
extension (P1ex), and anticodon stem are indicated. (B) Autoradiogram of 5'-

radiolabeled frans-splicing products separated by denaturing polyacrylamide gel
electrophoresis. The targeted splice site and the designed number of base pairs in the
P1 extension (P1ex) are indicated for each ribozyme variant. Size markers in the first

and last lane indicate the position of full-length CAT mRNA substrate (Sub), the
expected frans-splicing product (Prod), and the 5'-fragments produced by the first step of

splicing (5'-Frag) at splice sites 97, 177, and 258. The length of the trans-splicing

products is the same for all splice sites because the length of the ribozyme 3'-exon was
co-varied with the splice sites. The quantitations of trans-splicing efficiencies are shown
below the autoradiogram, as percent of substrate converted to product. The scale is the
same as in figures 3 and 4 to facilitate comparison. Error bars denote standard

deviations from three experiments.
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To test the 'anticodon stem design' for frans-splicing Azoarcus ribozymes
without interference from flanking sequences, the trans-splicing reactions were
repeated with short substrate RNAs (30 nt) and short ribozyme 3’ exons (10 nt)
(Figure S2.3). The three short substrate RNAs that were used corresponded to
the three splice sites tested on the full-length RNAs (97, 177, and 258). These
RNAs were long enough to establish the structural elements used by all three
design principles (P1 extensions, internal loops, 5'-duplexes, P10 duplexes,
anticodon stems) but short enough to minimize potentially inhibitory secondary
structure formation with the flanking sequences. For each of the three substrates
and for each of the three design principles, two ribozyme constructs were chosen
that showed the highest trans-splicing efficiency with full-length CAT mRNA
substrates, and whose P1 extension lengths were short enough to fit on the short
substrates. In general, the trans-splicing efficiencies were higher with these short
substrates than with the full-length CAT mRNA, confirming that the flanking
sequences reduced the trans-splicing efficiency on the full-length constructs
(Figure 2.6; compare to efficiencies in Figures 2.3, 2.4, and 2.5). Importantly, the
'anticodon stem design' generally resulted in the highest frans-splicing
efficiencies (Figure 2.6). Specifically, all 6 constructs with the 'anticodon stem
design' showed efficiencies of 19 - 82%, while only 2 / 6 constructs mediated
efficiencies above 4% for both the ‘classic design' and 'P1 extension design'. In
only one case did the 'classical design' generate a higher trans-splicing efficiency
than the 'anticodon stem design'. This specific construct (splice site 177, P10

length of 3 base pairs) had an advantage over all other constructs because it was
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previously optimized by an in vivo selection procedure (75). Note that on each
splice site, the two 'P1 extension' constructs had the same length of the P1
extension as in the two 'anticodon stem' constructs. Comparison between these
six pairs of constructs confirmed the beneficial effect of the anticodon stem
interaction. Together, these results confirmed that the 'anticodon stem design' is

the design of choice for trans-splicing Azoarcus ribozymes.
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Figure 2.6: Comparison of all three designs for the in vitro trans-splicing
efficiency with the Azoarcus ribozyme on short substrates (30 nt) and short
ribozyme 3'-exons (10 nt). For secondary structure schematics of all individual
constructs see figure S3. Shown is an autoradiogram of 5'-radiolabeled trans-splicing
products separated by denaturing polyacrylamide gel electrophoresis. The targeted
splice sites and the ribozyme designs are indicated on top of the autoradiogram.
Ribozyme designs were the classical design (Class.), the P1 extension design (P1ex),
and the anticodon stem design (Antic.). For each design the number of base pairs in the
P10 helix (classic design) or the P1 extension (P1ex design and Antic. design) are
indicated. For each splice site, the lane on the left shows unreacted substrate and the
lane on the right shows an alkaline hydrolysis ladder. The position of full-length substrate
(Sub), the expected frans-splicing product (Prod), and the 5'-fragments produced by the
first step of splicing (5'-Frag), are indicated on the left. The length of the frans-splicing
products is the same for all splice sites because the location of the splice site is the
same on all short substrates. Note that the 5'-fragments (12 nucleotides) migrate
corresponding to a length of 13-14 nucleotides because they contain a 3'-hydroxyl
terminus while all other labeled RNAs carry a 2'-3' cyclic phosphate at their 3'-terminus,
due to their synthesis method. Note that the 5'-fragments at splice site 258 are shifted up
relative to those of splice sites 97 and 177, and that the trans-splicing products with the
anticodon stem design are shifted up relative to the other two designs, due to a higher
purine content in their sequence. The quantitations of trans-splicing efficiencies are
shown below the autoradiogram, as percent of substrate converted to product. The scale
is larger than in figures 3, 4, and 5 due to the higher frans-splicing efficiency with short
substrates. Error bars denote standard deviations from three experiments.
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In vivo activity of the Azoarcus ribozyme in E. coli cells

The efficiency of trans-splicing Azoarcus ribozymes in E. coli cells was tested
by expressing them from plasmids that encoded the trans-splicing ribozyme
construct and its substrate, the chloramphenicol acetyl transferase (CAT) mRNA.
The CAT mRNA was inactivated by a frameshift mutation and the ribozyme 3'-
exon was designed to repair this mutation, such that only cells expressing an
efficient trans-splicing ribozyme were able to grow on medium containing
chloramphenicol (15). Despite testing more than twenty constructs covering all
design principles described in the in vitro portion of this study, no trans-splicing
Azoarcus ribozyme facilitated growth on medium containing chloramphenicol
(data not shown). In contrast, the Tetrahymena ribozyme with the 'classical
design' mediated efficient growth. To quantify the frans-splicing efficiency in cells,
we measured the abundance of spliced CAT mRNA using an RT-qPCR assay
(data not shown). The results paralleled the observed chloramphenicol
resistance phenotypes: In E. coli cells the trans-splicing efficiency of the
Tetrahymena ribozyme using the ‘classical’ EGS was ~10% while it was <0.1%

for all Azoarcus ribozyme constructs tested.

To identify the cause for the low in vivo efficiency of the Azoarcus
ribozyme, several cis-splicing constructs of Azoarcus and Tetrahymena
ribozymes were designed and tested for activity in E. coli cells (Figure 2.7). Four
of these constructs expressed CAT pre-mRNAs with the respective ribozymes

inserted at splice sites 97, 177, or 258. The Tetrahymena ribozyme was inserted
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only at splice site 177 as a positive control. Only the Tetrahymena ribozyme
construct mediated chloramphenicol resistance of E. coli cells, while none of the
Azoarcus ribozyme constructs did. Quantitation of the cis-splicing efficiency by
RT-gPCR confirmed the observed chloramphenicol resistance phenotype,
showing that ~60% of the pre-mRNAs containing the Tefrahymena ribozyme
were converted to product, whereas <2% of the pre-mRNAs containing the
Azoarcus ribozyme were spliced (Figure 2.7, top four constructs). In vitro,
however, the same cis-splicing Azoarcus ribozyme constructs that were inactive
in cells, were similarly active as the Tetrahymena ribozyme (Figure S2.4). The
low activity of the Azoarcus ribozyme in E. coli did not seem to be caused by a
higher RNA turnover rate because the total CAT pre-mRNA levels as measured
by RT-qPCR were at least 2.5-fold higher than with the Tetrahymena ribozyme
constructs. Cis-splicing Azoarcus ribozyme constructs also failed to mediate
chloramphenicol resistance in E. coli cells at elevated growth temperatures of
40°C and 42°C, closer to the optimal temperature of the Azoarcus ribozyme (38,
39). Similarly, no chloramphenicol resistance was seen when the E. coli growth
medium was supplemented with 5 mM magnesium ions, the same concentration
that led to efficient cis- and trans-splicing in vitro. These results indicated that the
low trans-splicing activity of Azoarcus ribozymes in E. coli cells was not due to

their trans-splicing context or increased turnover.

To test whether the native flanking sequences of the Azoarcus ribozyme
could facilitate Azoarcus ribozyme activity in E. coli cells, the construct

CisAzoCAT _177 was modified by positioning the two halves of the complete 79-
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nucleotide long native tRNA"® sequence (29) at the flanks of the Azoarcus
ribozyme, thereby replacing the corresponding CAT sequence (Figure 2.7,
construct CisAzoCAT_tRNA). No significant cis-splicing activity was detected in
E. coli cells by RT-gPCR. Because the Azoarcus ribozyme is naturally expressed
as a non-coding RNA, we tested whether the translational apparatus in E. coli
interfered with cis-splicing activity. To do that, the ribosome binding site and the
start codon were mutated (construct CisAzoCAT_tRNA -RBS). Again, no
significant activity was detected. The remaining CAT sequence was removed to
test whether the exons of the CAT mRNA inhibited the Azoarcus ribozyme in E.
coli cells (construct CisAzo_tRNA). Here, the cis-splicing efficiency of the
Azoarcus ribozyme construct reached 3.8%, the highest in vivo activity of the
Azoarcus ribozyme found in this study. When the promoter of this construct was
changed from its constitutive promoter to the IPTG-inducible trc1 promoter
(construct CisAzo_tRNA_T1), the cis-splicing activity dropped to ~1% (the total
CAT pre-mRNA level was increased 9 -fold with the frc1 promoter). This raised
the possibility that the transcription complex itself might influence the activity of
the cis-splicing Azoarcus ribozyme. In summary, the most significant hint as to
why the Azoarcus ribozyme was inefficient in E. coli cells came from the
comparison of different sequence environments for the cis-splicing construct,
where the cis-splicing efficiency in E. coli cells varied by ~200 -fold between
different sequence contexts (0.018% - 3.8%), and the highest efficiency in the

sequence context was closest to its natural environment in pre-tRNA'"®.
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Figure 2.7: Cis-splicing efficiency of ribozyme constructs in E. coli cells. The name
of each construct is given on the left, a schematic representation of the construct is
given in the middle, and the observed cis-splicing efficiencies, measured by RT-qPCR,
are given on the right. The names of the constructs ("Cis...") include the ribozyme ("Tet"
for Tetrahymena, and "Azo" for Azoarcus), the sequence flanking the ribozyme (CAT,
CAT_tRNA, and tRNA), the splice site in the CAT mRNA contexts (177, 97, 258), the
mutation inactivation of the ribosomal binding site and the start codon (-RBS) and the
use of a different promoter (T1). Note that the three constructs CisAzoCAT_97,
CisAzoCAT_177, and CisAzoCAT_258 contained mutations in their 3'-exon immediately
downstream of the 3'-splice site to facilitate anticodon stem interactions; the construct
CisAzoCAT_97 additionally contained mutations in the P1 loop to generate a P10 helix.
For more details on these designs see figure S4. The schematics include the promoter
(gray or black boxes with angled arrow), the ribosome-binding site and start codon (RBS
& AUG,; black triangles), the CAT exons (orange), the ribozymes (green), the flanking
tRNA" sequences (blue), and transcription terminators (purple). A second blue box
indicates an extended pre-tRNA" context. The position of each element in the pre-
mMRNA is given on a scale below the schematics, relative to the transcription start site.
Note that the numbering of splice sites (97, 177, 258) was from the AUG start codon
instead. The percentage of cis-spliced mRNA is given on the right, with errors as
standard errors from three biological replicates.

2.4 Discussion
In this study we explored the trans-splicing properties of the Azoarcus

group | intron ribozyme. In the absence of a 5'-terminal extended guide sequence
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(EGS) the ribozyme favored the same splice sites as the Tetrahymena ribozyme
on a given substrate mRNA in vitro. While none of the 'classical design'
constructs worked well for the Azoarcus ribozyme on the full-length mRNA
substrate, we found that a different design, which mimicked the natural cis-
splicing context of the Azoarcus ribozyme (the anticodon stem of tRNA"™), led to
improved trans-splicing efficiencies in vitro, as high as the Tefrahymena
ribozyme. In contrast, the efficiency in E. coli cells of cis- and trans-splicing

Azoarcus ribozymes was much lower than those of the Tetrahymena ribozyme.

The accessibility of splice sites on our model substrate, CAT mRNA, was
similar between frans-splicing Azoarcus and Tetrahymena ribozymes (Figure
2.2). This was consistent with a previous, less extensive comparison of splice
site accessibility on a different mRNA substrate, between the group | intron
ribozymes from Tetrahymena, and the myxomycetes Fuligo and Didymium (16).

Here, the three ribozymes also recognized mostly the same splice sites.

When the substrate-ribozyme interactions were optimized for the
Azoarcus ribozyme constructs, they achieved similar in vitro frans-splicing
efficiencies as the best Tetrahymena ribozyme constructs on the full-length CAT
mRNA (compare Figures 2.5B and 2.3B, respectively). The results suggested
that the Azoarcus ribozyme preferred a different design principle than the
Tetrahymena ribozyme. The Tetrahymena ribozyme achieved up to ~20% trans-
splicing efficiency on full-length CAT mRNA with the 'classical design', which

includes a short P1 extension, an internal loop that may form a P10 helix, and a
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5" duplex with the substrate (Figure 2.3) (13-15, 18, 40). The Azoarcus ribozyme
also achieved up to ~20% trans-splicing efficiency but with the 'anticodon stem
design' (Figure 2.5). This design mimicked the native secondary structure
environment of the cis-splicing Azoarcus ribozyme in the anticodon stem loop of
tRNA", and outperformed two other tested design principles on the short
substrate RNAs (Figure 2.6). A similar finding was made for the Anabaena group
| intron ribozyme, where the anticodon stem also stabilized the very short P1
helix and possibly also prevented the formation of inhibitory interactions in a cis-
splicing context (47). The failure of the P1 extension and classical designs to
mediate efficient splicing indicated that the Azoarcus ribozyme, like the
Anabaena ribozyme, required specific additional contacts immediately adjacent
to the splice site. These contacts, comprising the anticodon stem, were not
present in either the P1 extension or classical design principles (compare Figures
2.3A, 2.4A, and 2.5A). These results suggested a more general framework for
designing efficient trans-splicing ribozymes from group | introns from different
species: No single design at the splice site works well for all trans-splicing group |
intron ribozymes. Instead, the secondary structure designs for group | intron
ribozymes from different species should try to mimic the natural secondary

structure context of each ribozyme.

The in vitro trans-splicing conditions of this study had two important
differences from the trans-reaction conditions of previous in vitro studies with the
Azoarcus ribozyme. Previous studies used high Mg?* concentrations (10 - 100

mM) and high temperature (48°C - 60°C, with the optimum around 60°C) (28, 32,



67

38, 39, 42-44). Under these conditions, the Azoarcus ribozyme is able to catalyze
an impressive variety of frans-reactions. By repetitively splicing a substrate the
Azoarcus ribozyme can cause an effect like RNA polymerization (32, 42). By
trans-ligating RNA oligomers the Azoarcus ribozyme can create active ribozymes
from inactive ribozyme fragments (43). The latter even allows for the covalent
self-assembly of ribozymes from four different fragments (30) and the
spontaneous emergence of self-replicating sets from pools of ribozyme
fragments with randomized substrate recognition sequences (45). In contrast, our
study aimed to find designs for Azoarcus ribozymes that allowed for efficient
trans-splicing at near-physiological magnesium concentrations (5 mM) and
temperature (37°C). Our results identified such a design, described above. This
design can now be used for trans-splicing reactions with the Azoarcus ribozyme

under near-physiological in vitro conditions.

The trans-splicing efficiencies of Azoarcus ribozyme constructs in E. coli
cells were much lower than the frans-splicing efficiencies of Tetrahymena
ribozymes in E. coli cells of 1-10% (6, 15), and this study. Similarly, no cis-
splicing Azoarcus ribozyme construct mediated chloramphenicol resistance in E.
coli cells or achieved cis-splicing efficiencies above 5%, while a cis-splicing
Tetrahymena ribozyme construct mediated chloramphenicol resistance and
achieved ~60% cis-splicing efficiency in cells (Figure 2.7). For the Azoarcus
ribozyme constructs, the 200-fold variation of cis-splicing efficiencies between
different flanking sequences (0.018% - 3.8%) suggested that the Azoarcus

ribozyme was quite sensitive to flanking sequences in E. coli cells, while the
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same constructs were much less sensitive to flanking sequences in vitro (Figure

S2.4).

The Azoarcus ribozyme’s increased sensitivity to flanking sequences in E.
coli could have been mediated by a number of different factors in the E. coli
cellular environment, including (i) factors associated with the transcription
complex, (ii) RNA chaperones, and (iii) RNA-binding proteins. First, the fourfold
effect of different RNA polymerase promoters on cis-splicing efficiency (Figure
2.7, compare constructs CisAzo tRNA and CisAzo tRNA _T1) hinted that
different factors interacting with the transcription complex in E. coli might have
influenced the co-transcriptional folding such that portions of the Azoarcus
ribozyme would be more prone to interactions with its flanking sequences.
Second, one of the many RNA chaperones in E. coli cells (46) such as S12 (47),
and StpA (48) could have unfolded portions of the Azoarcus ribozyme to make
them accessible to inhibitory interactions with the flanking sequences. Third,
proteins that bind to the group I intron ribozymes such as the tRNA-binding
tyrosyl-tRNA synthetase Cyt-18 from Neurospora crassa (49, 50), CBP2 from
S.cerevisiae (51), or I-Anil from Aspergillus nidulans (52) could have stabilized
the Azoarcus ribozyme in a conformation that would be prone to interact with the
flanking sequences. While the studies cited above investigated protein
interactions that increase group | intron activity, the same proteins could have
inhibited the Azoarcus ribozyme, because specific proteins can increase or
decrease group | intron splicing efficiency depending on the identity of the group |

intron ribozyme (53). It is currently unclear which, if any, of the three discussed
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possibilities made the Azoarcus ribozyme more susceptible to interference from

flanking sequences in E. coli cells.

2.5 Materials and Methods
Plasmids and sequences

The sequence for the Azoarcus ribozyme (GenBank DQ103524.1) was
custom synthesized (Genscript) and used as PCR template for subsequent
cloning steps. The sequence encoding the chloramphenicol acetyltransferase
(CAT) was derived from the plasmid pLysS (Invitrogen), including its constitutive
promoter. The assay for the identification of splice site preferences on the CAT
mMRNA used ribozyme 3'-exons that were the first 57 nucleotides of the same a-
mannosidase sequence used previously (72, 16). Constructs were cloned into
the plasmid pUC19 and sequenced. Exceptions were variants of the 5-EGS
sequence for in vitro splicing reactions and partially randomized pools for the
identification of accessible splice sites on CAT mRNA to add the ribozyme 5'-
terminus NNNGNN (for Azoarcus) and GNNNNN (for Tetrahymena). In these
cases, the ribozyme 5'-terminus was modified during PCR by using 5-PCR
primers that carried the modified sequence, to generate the templates for
transcription. The ribozyme 3'-exons for CAT mRNA repair at splice sites 97,
177, and 258 were added to the ribozyme sequences by introducing restriction
sites near the 3'-splice site (BsrGl for splice site 97 and 258, and EcoRl for splice

site 177) and ligating the PCR products of both fragments appended with the
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same restriction sites. Introduction of the restriction sites required mutations in
the 3'-exon that were silent with exception of splice site 177, where EcoRI was
already present in CAT sequence. The resulting 3'-exon sequences are shown in
supplementary table S2. To generate the cis-splicing constructs, the ribozyme 5'-
exon sequences were linked to the ribozyme sequences by PCR of the two
fragments with two 5'-phosphorylated primers, and blunt end ligation. The
promoter driving the expression of frans-splicing ribozymes in E. coli, trc1, was a
down-regulated version of the frc promoter as described previously (75), while
the cis-splicing ribozymes used the promoter of CAT in the plasmid pLysS. The
frameshift inactivation of the CAT gene for all in vivo experiments was a deletion
of nucleotide 322 downstream of the translation start site, generated by site-

directed mutagenesis.

RNAs for in vitro experiments

All RNAs for in vitro trans-splicing experiments were prepared essentially
as described previously (712, 54), by in vitro run-off transcription with T7 RNA
polymerase. Template DNA was generated by PCR and transcribed by T7 RNA
polymerase at 37°C for 60 minutes in 40 mM Tris/HCI pH 7.9, 2.5 mM
spermidine, 26 mM MgClz, 5 mM DTT, 0.01% Triton X-100, and 2 mM of each
NTP. For some trans-splicing ribozyme constructs the incubation time was
reduced to 30 minutes to reduce self-cleavage at the 3'-splice site. Transcription
reactions for cis-splicing constructs were performed with only 6 mM MgCl, and 2

mM Spermidine (55), [a->*P]JUTP at 37°C for 1.5 hours to reduce self-cleavage.
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Ribozymes containing truncated (10nt) 3'-exons were transcribed with
hammerhead ribozymes appended to their 3'-ends to reduce 3'-end
heterogeneity (see legend to Figure 2.6). All transcripts of ribozymes and
substrate were purified by denaturing polyacrylamide gel electrophoresis. The

concentrations of purified RNAs were calculated from their absorption at 260 nm.

Identification of accessible splice sites

The accessible splice sites on CAT mRNA were determined as described
previously (72, 56). GTP and substrate RNA were pre-incubated separately from
the ribozyme at 37°C for 10 minutes in 50 mM MOPS pH 7.0, 5 mM MgCl,, 135
mM KCI, and 2 mM spermidine. The two solutions were mixed for a final
concentration of 100 nM substrate, 10 nM ribozyme, and 200 uM GTP, and
incubated at 37°C for 1 hour. Reaction products were reverse transcribed using
AMV reverse transcriptase. After RNA hydrolysis (90°C for 10 minutes in 200 mM
sodium hydroxide), the reverse transcription products were PCR amplified using
primers that bind to the 5' end of the CAT mRNA and the ribozyme 3' exon,
nested from the primer of reverse transcription. The PCR products were cloned
into pUC19 and sequenced to identify the splice sites. All of the splice sites found
for the Tetrahymena ribozyme (Figure 2.2A) were reported previously (72) but
the current study used only the sub-set of previously reported splice sites that
was determined side-by side with the splice sites for the Azoarcus ribozyme in
this study. These were 56 splice sites for both ribozymes on the full-length CAT

mRNA and an additional 12 (Azoarcus) and 10 (Tetrahymena) splice sites using
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a 5'-nested PCR primer, which annealed to positions 183 - 206 in the CAT mRNA
sequence. The reactions with both Azoarcus and Tetrahymena present in the
same reaction mixture were performed the same, except that each ribozyme had

a final concentration of 5 nM.

In vitro splicing reactions

To generate a gel shift between substrates and trans-spliced products on
the full-length CAT mRNA, the 3'-exons of trans-splicing ribozymes were
truncated, generating a uniform product size for all splice sites (3'-exons were
239 nt for splice site 97, 159 nt for splice site 177, and 78 nt for splice site 258).
The sequences for short substrates (Figure S2.3) consisted of a 28 nucleotide
excerpt from the CAT mRNA at the splice sites 97, 177, or 258, and two 5'-
terminal G's for higher in vitro transcription efficiency. The ribozyme 3'-exons for
the short substrates contained seven nucleotides from the ribozyme 3'-exon used
with the full-length CAT mRNA that were mutated for the anticodon stem
designs, and a 3'-terminal AUC. Incubation conditions for the trans-splicing
reactions were the same as for the splice site identification assay, with exception
of final RNA concentrations (~60 nM 5'-[**P]-labeled CAT mRNA, 1 uM ribozyme,
and 200 yM GTP), and incubation times (24 hours for the full-length substrate
and 8 hours for the minimal substrate). The cis-splicing reactions were incubated
for 24 hours and contained ~30 nM internally [*?P]-radiolabeled RNA and 200 uM
GTP. Splice sites of the trans- and cis- splicing constructs (splice site 97, 177,

and 258 with and without anticodon stem design) were confirmed by reverse
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transcription of the reaction products using AMV reverse transcriptase, PCR
amplification, cloning into pUC19, and sequencing. Each frans-splicing construct
showed the correct splicing product in one out of one sequencing reactions. Each
cis-splicing construct, with the exception of splice site 258 without anticodon
stem design were also correct in three out of three sequencing reactions. The
cis-splicing Azoarcus construct targeting splice site 258 without the anticodon
stem design included the omega G of the Azoarcus ribozyme in the splicing
product of all three sequencing reactions. Radiolabeled samples from the splicing
reactions were separated on 5% denaturing polyacrylamide gels for full-length
CAT mRNAs and 12.5% denaturing polyacrylamide gels for short substrates. The
product bands for splice site 177 in Figures 2.3, 2.4, and 2.5 appear to migrate
slightly faster because the product co-migrates with the ribozyme of the same
length (control experiments not shown). Bands were quantified on a
phospholmager (PMI, Bio-Rad) using the software Quantity One with the "lanes"
method. The percentage of product formed in the in vitro trans-splicing reactions
was calculated based on the fraction of the total radioactivity in the lane. The
percentage of product formed in the in vitro cis-splicing reactions was calculated
based on the normalized fraction of radioactivity in the lane. This normalization
for cis-splicing reactions was necessary to account for the number of

radiolabeled nucleotides in each internally labeled RNA fragment.

Quantitation of splicing in E. coli cells
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All E. coli experiments used electrocompetent preparations of E. coli
DH5a (Invitrogen). Total RNA was extracted from E. coli cells logarithmically
growing with 1 mM IPTG using the Nucleospin RNA 1l kit (Machery-Nagel). Total
RNA was reverse-transcribed using Superscript Il (Invitrogen). Reverse
transcription products were directly used as template for quantitative PCR
reactions with the Applied Biosystems gPCR master mix on the Fast 7500 RT-
PCR machine (Applied Biosystems), essentially as described previously (75).
The abundance r of substrate, ribozyme, and product and mRNA was calculated

)V, where N is the experimentally determined threshold

using the equation r = (0.5
cycle of the gPCR. The percentage of spliced substrate, X, was calculated for
each construct by using the equation X =100 * (P / (S + P)), where S and P are
the abundances of substrate and product, respectively. To differentiate
stringently between CAT mRNA substrate and spliced product, sixteen mutations
were introduced into the ribozyme 3'-exon, starting 79 nucleotides downstream of

the 3'-splice site. None of the used primer pairs showed significant amount of

cross-amplification.
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Figure S2.1: Secondary structures of ‘classical designs’ for ribozyme 5’-terminal
interactions at splice site 97 (A), 177 (B), and 258 (C). Three designs were tested for
splice site 258 due to similar base pairing between P1 extension and P10 formation. The
unextended ribozyme 5'-terminus is shown in black, the ribozyme 3’ exon is in blue, the
ribozyme 5'-extension is in green, and the substrate is red. The predicted strength of the

P10 helix is (A) 5 and 1 base pairs, (B) 5 and 3 base pairs, and (C) 4, 3, and 0 base

pairs (always left to right).
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Figure S2.2: Secondary structures of 'anticodon stem designs' for trans-splicing
Azoarcus ribozymes targeted to splice site 97 (A), 177 (B), and 258 (C). The
schematic and rearrangement were adapted from Adams and Strobel, 2004. The bold
blue nucleotides in the 3’ exon represents the mutated nucleotides to optimize these
designed interactions. The internal guide sequence (IGS) of the ribozyme is shown in
black, the ribozyme 3’ exon is in blue, the ribozyme 5'-extension is in green, and the
substrate is red. To the left of each bold arrow, the expected structure before the first
catalytic step of splicing is formed. To the right of each bold arrow, the expected
structure after the conformational change and before the second step of splicing is
shown. As comparison, the sequence without these mutations and their predicted base
pairing is shown for splice site 97 (D), 177 (E), and 258 (F). Note that individual
constructs may have different P1 extension lengths; the P1 extensions in this figure
serve to illustrate the lower end of the P1 extension helix.

The trans-splicing reactions shown in figure 2.7 correspond to the secondary structures
in this figure S2: sub-figure (A) for splice site 97, sub-figure (B) for splice site 177, and
sub-figure (C) for splice site 258.
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Figure S2.3: Secondary structures of designed short substrate Azoarcus trans-
splicing interactions at splice site 97 (A), 177 (B), and 258 (C). On the left of each

subfigure is the 'Classic design', the middle structure is the 'Pi extension design' and on

the right is the 'anti-codon stem design'. The ribozyme 5'-terminus is shown in black, the
3' exon in blue, the ribozyme 5'-extension in green, and the substrate is in red. Bold blue
characters in the 3' exons represent the mutated nucleotides to optimize the designed

interactions. After the designed interactions the terminal three nucleotides of the 3' exon
are the same across all structures and splice sites, to avoid potential biases due to
different base pairing of the 3'-exon with the 5’ terminus of ribozyme or substrate.
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Figure S2.4: Cis-splicing with the Azoarcus ribozyme testing the influence of the
anticodon stem and the P10 helix interactions predicted by Adams & Strobel,
2004. A, Secondary structure that illustrates the anticodon stem interaction between the
5'-exon (red) and the 3'-exon (blue). B, Secondary structure that illustrates the design of
a perfect P10 interaction, after the first catalytic step of splicing between the 3’ exon
(blue) and the Azoarcus ribozyme (black). Note that this structure partially competes with
the anticodon stem interaction shown in (A). C, Autoradiogram of a denaturing
polyacrylamide gel separation of cis-splicing products with an internally radiolabeled
substrate. The text above the autoradiogram indicates whether the Azoarcus (Azo) or
the Tetrahymena ribozyme (Tet) was used, into which splice site of CAT mRNA the
ribozyme was inserted (97, 177, or 258), and which structural elements were designed
into the construct: No designed interactions (-/-), only the anticodon stem interaction (—
/+), or the anticodon stem interaction together with the P10 interaction (mutations in the
Azoarcus P1 ex to make all P10 bp interactions) (+/+). Markers (M) label the position of
unspliced CAT pre-mRNA substrate (Sub), spliced CAT mRNA product (Prod), and 5'
cleavage fragments (5'-Frag), which are different for each splice site. The column graph
below the gel shows the percentage of substrate that was converted to product. Error
bars are standard deviations from three experiments. D, Sequences of tested cis-
splicing Azoarcus ribozyme constructs. In all cases, the total length of the construct was
883 nt (=678 nt (CAT mRNA) + 205 nt (Azoarcus ribozyme)). The color scheme is the
same as in (A), the IGS is underlined. Bold letters indicate mutations made to facilitate
the designed interactions. Note that the three CisAzoCAT constructs tested in E. coli
cells (figure 7) correspond to the three most efficient constructs shown above, with Azo
97 (-/-) corresponding to CisAzoCat_97, Azo 177 (-/+) corresponding to
CisAzoCAT_177, and Azo 258 (-/+) corresponding to CisAzoCAT_258. The construct
Azo 97 (-/-) instead of Azo 97 (+/+) because the latter contained a stop codon, and the
efficiency of both constructs was the same within experimental error.
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Table 2.1: Positions of all splice sites shown in Figure 2A, including the number of
times they were identified. The numbering of splice sites on the CAT mRNA is relative
to the A of the AUG start codon. Note that several splice sites tolerate a nucleotide
different from U at the splice site. (A) Splice sites identified with a 5'-PCR primer
annealing at the 5'-terminus of the CAT mRNA sequence. (B) Splice sites identified with
a 5'-PCR primer annealing at positions 175-206 of the CAT mRNA sequence, thereby
identifying splice sites only at positions >200.
Number of Occurrences Number of Occurrences
A Splice Site | Tetrahymena| Azoarcus B Splice Site | Tetrahymena Azoarcus
G6 0 T U270 0 1
A8 U277
1?194 U248
T8 U264
79 C268
T30 U270
U32 U277
U33 U273
ggl U370
U327
i
T U384
073 U399
Us3 U405
U499
C646

us7
C88
U93
C95
Uo7
U99
U110
U111
U131
U133
U153
C159
U164
U165
U166
U175
U176
utrr
U179
U180
C183
A184
U189
C196
U197
U356
U405
U448
U473
U496
U497
U499
C505
U573
U611
U639
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Table 2.2: Ribozyme exon sequences at the splice sites 97, 177, and 258, for the
three design principles. Residues that were mutated from the wild type CAT sequence
are shown in lower case. Restriction sites are underlined. The nucleotides in bold show
the last five nucleotides of the ribozyme at its 3'-splice site.

Splice site 97

Original cat sequence: ATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAA
Pl and Tet design: ACCGG/AcAAtcaGACtGTaCAGCTGGATATTACGGCCTTTTTAAA
Anticodon stem design: ACCGG/AatAttgGACtGTaCAGCTGGATATTACGGCCTTTTTAAA

Splice site 177

Original cat sequence: ATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTC
Pl and Tet design: ACCGG/ATcCAtATctTaGCaCGCtTaATGAACGCaCACCCGGAATTC
Anticodon stem design: ACCGG/AaTtggATctTaGCaCGCtTaATGAAcCGCaCAcCCGGAATTC

Splice site 258

Original cat sequence: AGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTG
Pl and Tet design: ACCGG/tcTGTaCAtCCgTGCTAtACCGTgTTtCATGAGCAAACTG
Anticodon stem design: ACCGG/AagtaTCAtCCgTGcTAtACCGTgTTtCATGAGCAAACTG
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Chapter 3

Ribozyme catalyzed triphosphorylation at low
trimetaphosphate concentrations

3.1 Abstract

In support of the RNA world hypothesis, previous studies identified
trimetaphosphate (Tmp) as a plausible energy source for RNA world organisms.
In one of these studies, catalytic RNAs (ribozymes) that catalyze the
triphosphorylation of RNA 5'-hydroxyl groups using Tmp were obtained by in vitro
selection. The reaction kinetics of these ribozymes, however, appeared too slow
to be useful for an RNA world organism. Here, the previously characterized
triphosphorylation ribozyme, TPR1, is improved by a doped selection. The
resulting ribozyme, TPR1e, contains seven mutations relative to TPR1, displays
a previously unidentified duplex that constrains the ribozyme's structure, and
reacts at a 24-fold faster rate than the parent ribozyme. Under optimal conditions
(150 mM Tmp, 650 mM MgCl,, 40°C), the triphosphorylation rate of TRP1e
reaches 6.8 min™'. In synthetic seawater at a prebiotically plausible Tmp
concentration of 1 mM and at 40°C the rate is 0.24 h™. These results are

discussed with respect to the origin of life.
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3.2 Introduction

The RNA world hypothesis states that an early stage in the evolution of life
used RNA as the genome and as the only genome-encoded catalyst (7-3). This
hypothesis has gained support from several directions, including the findings that
RNA molecules can indeed catalyze reactions (4), that the ribosome is a catalytic
RNA (5, 6), and that deoxyribonucleotides are synthesized in cells from
ribonucleotide precursors (7). To find out how an RNA world organism could
have functioned several laboratories are trying to generate an RNA world
organism in the laboratory. An important part of producting an RNA world
organism is the generation of catalytic RNAs (ribozymes) that could support a
self-replicating and evolving ribozyme system. Since the invention of in vitro
selection (8, 9) and the demonstration that novel catalytic RNAs can be isolated
from randomized RNA pools (710), several types of ribozymes with possible
involvement in an RNA world organism have been isolated (77), most importantly
a ribozyme that catalyzes RNA-dependent RNA polymerization (72). The
substrates for this ribozyme are nucleoside 5’-triphosphates, perhaps the most
prebiotically plausible, chemically activated nucleotide (73). Nucleoside 5'-
triphosphates can be generated from nucleosides and trimetaphosphate (Tmp)
(74). Tmp likely existed prebiotically, as suggested from the finding of large
amounts of its chemical precursor in 3.5 billion year old marine sediments (75,
16). However, the uncatalyzed triphosphorylation of nucleosides with Tmp occurs
efficiently only at pH values above 12 (14), which would quickly hydrolyze the

RNA polymers of an RNA world organism. We previously showed that the
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triphosphorylation of RNA 5'-hydroxyl groups is possible at neutral pH, with
ribozymes that were obtained by in vitro selection (17).

The only triphosphorylation ribozyme that was previously characterized in
some detail, TPR1 (Figure 3.1A), displays single-exponential reaction kinetics
with a rate of 0.013 min™" at 50 mM trimetaphosphate and 100 mM MgCl, at pH
8.3 (17). Because this appears too slow to be useful in an RNA world organism,
we searched here for sequence variants of TPR1 that display faster reaction
kinetics and work at lower concentrations of trimetaphosphate using in vitro
selection. The most active ribozyme identified in this study, TPR1e, contains
seven activity-enhancing mutations (Figure 3.1B). Under optimal conditions, the
triphosphorylation rate of TPR1e reaches 6.8 min™ while the rate in synthetic
seawater with 1 mM Tmp reaches 0.004 min™'. The implications for an RNA world

scenario are discussed.

3.3 Results

A 'doped selection' was performed to identify more active sequence
variants of the previously isolated triphosphorylation ribozyme TPR1 (Figure
3.1A). A partially randomized library was generated that contained the sequence
of TPR1 at each position with a frequency of 76% while containing each of the
other three nucleotides at that position with a frequency of 8%. With a total of 82
nucleotides being partially randomized, this made sure that around 10° wild-type

sequences would be contained in a library of 10" sequences (0.76%% * 10" ~
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1,700). The selection was performed as described previously (17) and started
with an effective complexity of 7.0 « 10" sequences. After two rounds of
selection the number of PCR cycles required to amplify the reverse transcription
product dropped from 15 to 6. Such a drop was previously found to be a good
indicator that active clones dominated the library (77). Additional rounds of
selection were performed under higher selection pressure during the incubation
with Tmp (shorter incubation time, lower Tmp concentration, or higher incubation
temperature; Figure S3.1) in an effort to select for the most active ribozymes.
After three or four rounds of selection, a total of eighty-three clones were isolated
and analyzed for triphosphorylation activity (see materials and methods for

details on how many clones were tested from each condition/round).
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Figure 3.1: Proposed secondary structures for the two central triphosphorylation
ribozyme variants in this study. (A) TPR1, the parent ribozyme that served as starting
point for the present study. (B) TPR1e, the most active ribozyme developed in this study
that contains seven beneficial mutations relative to TPR1.

Of the eighty-three sequences assayed for triphosphorylation kinetics,

fifty-eight displayed triphosphorylation kinetics at least as fast as the parent
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ribozyme TPR1. The six fastest ribozyme clones contained the same set of two
mutations (G37C, A38U), and five of them contained the mutation C86A. The
fastest ribozyme was clone 11, with 16 mutations relative to TPR1 and a rate of
0.21 + 0.02 min™ under selection conditions (50 mM Tmp, 100 mM MgCl,, 50
mM Tris/HCI pH 8.3) (Figure 3.2). This ribozyme was isolated from the selection
line with decreased Tmp concentration. To identify the mutations in clone 11 that
were necessary for improved triphosphorylation kinetics, all 16 mutations were
individually reverted to the parent sequence (Figure S3.2). Eleven mutations
showed decreased activity. Six of these eleven mutations were within the long
central duplex of the ribozyme (P5), and four of the mutations appeared to
extend the P5 duplex. Clone 11 contained destabilizing mutations in this duplex,
and we hypothesized that these six mutations were only necessary in the context
of additional mutations in clone 11’s destabilizing P5 duplex. To test this
hypothesis we separately analyzed three of the four stem-extending mutations in
the context of a fully complementary P5 duplex (i.e. without the destabilizing
mutations) for effects on activity. None of the mutations had an effect. With this
knowledge the number of mutations necessary for full activity in ribozyme clone
C11 was reduced to five mutations (U28C, G37C, A38U, C86A, A90C), leading
to ribozyme TPR1_II. This ribozyme showed a rate of 0.25 + 0.03 min™" (Figure
3.2 and Figure S3.2).

In addition to the mutations in clone 11, the analysis of all 83 sequences
suggested that an additional six mutations were statistically enriched in the 59

clones that were at least as active as the parent TPR1 (Figure S3.3). Each of



93

these mutations was individually inserted into TPR1_II to test whether TPR1_I
could be improved further. Two of the six additional mutations (A26U and G46U)
showed a statistically significant increase in the rate. When both mutations were
combined and inserted into TPR1_II the rate was 0.309 + 0.017 min™', 24-fold
faster than TPR1 (Figure 3.2). This variant was declared the 'winner' of the
doped selection study. It contained seven mutations (A26U, U28C, G37C, A38U,

G46U, C86A, A90C; Figure 3.1B) and was termed TPR1e (e for 'evolved").
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Figure 3.2: Triphosphorylation kinetics of central ribozyme variants in this study.
The starting point of the doped selection was the ribozyme TPR1 (empty circles). It has
a kogs of 0.013 min™' under selection conditions (100 mM MgCl,, 50 mM
trimetaphosphate, 50 mM Tris/HCI pH 8.3). The most efficient isolate from the doped
selection was a 16 mutation variant called clone 11 (filled triangles, kogs of 0.21 min'1).
After removal of unnecessary mutations a 5 mutation variant called TPR1-Il resulted
(open squares, kogs of 0.26 min™'). Two separately selected mutations were inserted to
yield TPR1e (filled squares), a 7 mutation variant with a kogs of 0.31 min™'. Error bars
denote the standard deviations from triplicate experiments.

The mutations in TPR1e suggested the existence of a previously
unrecognized duplex P4 (Figure 3.3A). This duplex would be expected to form

eight base pairs between the RNA segments G31 to A39 and U84 to C92. To
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test whether this duplex formed, base covariation experiments were conducted at
two positions in the expected duplex, testing for base pairs between G33 and
C90 and between G35 and U84. No base covariation was observed with the
mutations of G33C and C90G (Figure 3.3B), suggesting that these bases were
not involved in the duplex or that their contribution to duplex stability was not
necessary for full activity of the ribozyme. In contrast, the drop in activity by
mutations G35C and C88G was rescued by the double-mutation (Figure 3.3C),
suggesting that at least a portion of the P4 duplex formed in the active ribozyme.
Interestingly, two of the most important activity-enhancing mutations (G37C and
C86A) led to a C:A pair in the proposed P4 duplex, which may have an important
role in catalysis. The newly identified P4 duplex brings the number of duplexes in
the 96-nucleotide long ribozyme to five (Figure 3.3A), generating strong structural
constraints and suggesting a very compact three-dimensional structure for the

ribozyme.
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Figure 3.3: Base covariation experiments to test the formation of duplex P4. (A)
Proposed secondary structure for ribozyme TPR1e with proposed paired regions labeled
P1-P5. The ribozyme fragments participating in the tested duplex P4 are indicated with a
thick grey line, and contain a C-A pair (grey dot) that gave rise to a large increase in
activity. Nucleotides that were varied in the covariation experiments are labeled and
indicated by arrows. Note that the duplexes P1 and P2 are formed in trans because
covariation experiments were performed using the trans reaction. (B) and (C) Observed
rates of the mutated ribozyme in the base covariation experiment of G33 and C90 (B)
and G35 and C88 (C). Error bars are standard deviations of triplicate experiments.

The parent ribozyme TPR1 did not show detectable triphosphorylation of
free nucleosides (77). To test whether TPR1e was able to triphosphorylate free
nucleosides, *C labeled guanosine was incubated with eight different variants of

TPR1e. Because the architecture of the active site and potential steric hindrance
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from the 5'-terminus of the ribozyme is unknown, the eight ribozyme variants
tested were truncated at different points of the 5'-terminus (full length, -1, -2, -3, -
6, -18) or differed in the 5'-terminus functional group of the -1 construct (5'-
hydroxyl, 5'-phosphate, or 5'-triphosphate) to allow for binding of the free
guanosine. Unfortunately, no triphosphorylation of guanosine could be detected
for any of the constructs (data not shown). We assume that the
triphosphorylation ribozyme does not establish a sufficient number of contacts to
the 5'-terminal guanosine to position it tightly at the catalytic site. This may not,
however, prevent TPR1e from being a useful component of an RNA world
organism because the triphosphorylation of RNA 5'-hydroxyl groups can result in
RNA polymerization in 3'- to 5'-direction if RNA 5'-hydroxylation alternates with
nucleoside addition (11, 17).

The experiments described above used a reaction buffer containing 50
mM Tmp. To test whether TPR1e showed RNA triphosphorylation activity under
prebiotically more plausible conditions the triphosphorylation reaction was
performed in synthetic seawater with 1 mM Tmp (Figure 3.4A). The concentration
of 1 mM Tmp was considered to be in the upper range of prebiotically plausible
concentrations (76). The synthetic seawater contained 470 mM Na*, 550 mM CI’,
28 mM S0.%, 54 mM Mg?*, 10.5 mM Ca**, 10.1 mM K*, 2 mM HCOs', and 0.3
mM COs* (18, 19). The triphosphorylation rates under these conditions were
0.085 hour™" at 22°C and 0.24 hour™ at 40°C. The rate in synthetic seawater,
which contains 54 mM MgCl,, can be compared to the rate with 54 mM MgCl; in

the absence of the other components of synthetic seawater. At Tmp
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concentrations between 0.1 mM to 3 mM, the rate was consistently about 15-fold

lower in synthetic seawater (Figure 3.4B). The contribution of sodium chloride in

this inhibition (470 mM in synthetic seawater) is about 2-fold (dashed line in

Figure 3.4C). This shows (i) that TPR1e is inhibited by several components of

synthetic seawater, and (ii) that the evolved ribozyme TPR1e is able to

triphosphorylate with a rate of 0.24 hour™ under prebiotically plausible conditions.
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Figure 3.4: Triphosphorylation kinetics of TPR1e under different conditions. (A) At
a Tmp concentration of 1 mM, the triphosphorylation kinetics are shown for synthetic
seawater at 22°C (black triangles, kogs = 0.0014 min™', max = 93%), and at 40°C (empty
squares, Kogs = 0.0039 min™', max = 97%). For comparison, the reaction kinetics are
shown for 54 mM MgCl, in Tris/HCI pH 8.3 at 22°C (black circles, kogs = 0.020 min™,
max = 93%). This latter condition lacks all other seawater components besides Mg. Error
bars are standard deviations from triplicate experiments, and are smaller than the
symbols if not visible. Curves are single-exponential fits to the data. (B) Titration of the
Tmp concentration in the reaction at 22°C, in synthetic seawater (black triangles) and in
54 mM MgCl, with 50 mM Tris/HCI pH 8.3 (empty circles). The offset between the linear
fits (grey lines) is 15-fold, on average. (C) Titration of sodium chloride into a
triphosphorylation ribozyme reaction containing 50 mM Tmp and 140 mM MgCl,. The
grey line is a single-exponential fit to the data (with offset) and identifies a 1.9-fold
reduction in kogs at 470 mM [NaCl], the same NaCl concentration as in synthetic
seawater (dashed line). Error bars are standard deviations from triplicate experiments,
and are smaller than the symbols if not visible.

To identify the rate of the evolved ribozyme, TPR1e, under optimal

conditions, the influence of temperature, Tmp concentration, and magnesium
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concentration were analyzed sequentially. First, the temperature was varied
between 5°C and 60°C, and an optimum at 40°C was determined (Figure 3.5A).
At 40°C, the optimal Tmp concentration was at 150 mM (Figure 3.5B), and the
optimal concentration of free Mg®* at 150mM Tmp was at 500 mM (Figure 3.5C).
Interestingly, the dependence on the Tmp concentration at these high Mg
conditions and high temperature showed a cooperative effect, with a significantly
higher rate at 100 mM Tmp (5.7 min™") than what would results from doubling the
rate at 50 mM Tmp (2 * 0.96 min™ = 1.92 min™"). This shows that a second
molecule of trimetaphosphate binds to the ribozyme and/or the first
trimetaphosphate molecule and increases the reaction rate. The mechanism of
the cooperative effect is unclear. Notably, the effect did not appear at more
modest Mg?* concentrations and 22°C, where a linear correlation between Tmp
concentration and reaction rate was observed (Figure 3.4B). At the optimal
conditions (40°C, 150 mM Tmp, 650 mM total MgCl,, 50 mM Tris/HCI pH 8.3) the

cooperative effect allowed to reach a reaction rate of 6.8 min™.
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Figure 3.5: Determination of optimal TPR1e triphosphorylation conditions. (A)
Observed triphosphorylation rate as function of the temperature, at 50 mM Tmp, 100 mM
MgCl,, and 50 mM Tris/HCI pH 8.3 (B) Influence of the trimetaphosphate concentration
on the observed reaction kinetics at 40°C, and with an excess of 400 mM MgCl, over
Tmp. (C) Influence of the free Mg?* concentration on the triphosphorylation rate at 40°C
and 150 mM Tmp. The free Mg?* concentration is the total Mg?* concentration minus the
concentration of Tmp. The grey arrows indicate the optimum condition for each series of
experiments. Note that the scale in (A) is different from the scale in (B) and (C). Error
bars are standard deviations of triplicate experiments.

3.4 Discussion

In the present study, a ribozyme catalyzing the triphosphorylation of RNA
5'-hydroxyl groups with Tmp was subjected to a doped selection, which resulted
in the improved ribozyme TPR1e. TPR1e shows triphosphorylation kinetics of 6.8
min™ under optimal conditions. In synthetic seawater with 1 mM Tmp at 40°C, a
triphosphorylation rate of 0.24 hour™ was measured.

The usefulness of the reaction rate of 0.24 hour™ in synthetic seawater at
1 mM and 40°C depends on the specific role of the triphosphorylation ribozyme

in the RNA world organism. Because TPR1e did not show detectable
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triphosphorylation of free nucleosides, the role of the ribozyme could be to
participate in polymerization by alternating triphosphorylation of the RNA 5'-
hydroxyl group and nucleotide addition (77). In this case, the rate of only a few
triphosphorylation events during the short Hadean / Archaean day of less than 15
hours (20) would require dozens of triphosphorylation ribozymes for the
polymerization of one ribozyme product per day. Because this rate is well above
the uncatalyzed triphosphorylation rate, this ribozyme could be useful to an RNA
world organism, but there is an alternative that appears more promising: an RNA
world organism existing in an area of increased Tmp. The concentration of 1 mM
Tmp was used in these experiments because it seems to be in a reasonable
range based on the prebiotic steady-state estimation of polyphosphate
concentration of 10 nM - 10 uM in the mixed zone of the ocean, with localized
concentrations across the surface of the Earth in excess of 1 mM (76). The
concentration of Tmp in evaporation pans on early Earth, however, may have
been significantly higher than 1 mM. If an RNA world organism existed in an
evaporation pan containing enriched levels of Tmp, the resulting increase in rate
would correspond with an increase in the usefulness of TPR1e.

Also limiting the usefulness of TPR1e is its inhibition by the components of
synthetic seawater (Figure 3.4). While one could speculate that the composition
of prebiotic seawater may have been more favorable to TPR1e (719), it is obvious
that RNA world organisms would have selected for triphosphorylation ribozymes
that are not inhibited by the local environment. Within 10 random RNA N1so

sequences, there exist at least dozens (and probably >100) of different
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triphosphorylation ribozymes (717). This means that although TPR1e is inhibited
by the components of synthetic seawater, there are likely several
triphosphorylation ribozymes that are not inhibited and are capable of fast
triphosphorylation within a prebiotically plausible setting.

A higher doping ratio would not have improved the probability of
identifying TPR1’s local fitness peak. The doping ratio used in this work (76% for
the wild type sequence) together with the complexity of the pool (7 + 10'°)
showed that sequence space of single, double, and triple mutants of the parent
ribozyme TPR1 was sampled completely, quadruple mutants were sampled to
~77% (P=1-(1-0.76"®« 0.08")A(7 » 10"°) = 0.77), pentuple mutants to ~14%, and
sextuple mutants to ~1.6%. Five beneficial mutations were identified in the fittest
clone of the selection (Figure S3.2), and two additional beneficial mutations were
identified from their enrichment in other isolated clones (Figure S3.3). The
number of mutations in the fittest clone and the calculations of mutational
sequence space coverage suggest that a higher doping rate might help identify
ribozymes with more beneficial mutations. An increased rate of doping, however,
may actually reduce the rate of active clones in the selection pool. Two
observations support this idea. First, the most active ribozyme from the selection
contained several mutations that destabilized stem P5, and required additional
mutations elongating and re-stabilizing the stem to overcome the destabilizing
effects. This suggests that a higher mutational load in a pool (i.e. a higher doping
ratio) leads to more inhibitory mutations and overall, less active ribozymes.

Second, the number of mutations per ribozyme was an average of 19.8 in the
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starting pool (based on 10 sequences) while the selected ribozymes displayed an
average of 12.2 mutations per ribozyme (based on 82 sequences; Figure S3.4).
This indicates that ribozymes with fewer total mutations were preferentially
selected for and more likely to maintain activity. Unfortunately, the comparison
between pre- and post-selection distributions can only be done after a doped
selection experiment. The observations in this study and in previous work (217),
however, can guide the pool design for future doped selection experiments.

To further scale the TPR1 fitness landscape, selection techniques beyond
a doped selection are required. A previous study found that newly selected
kinase ribozymes, which were improved in their rate by about 40-fold in a doped
selection (22), could be improved a further 30-fold by selection from a pool with
unbiased randomization of specific, critical nucleotides in the ribozyme (23). This
additional, 30-fold enhancement can be explained by the cooperative nature of
nucleotides in the three-dimensional nucleotide interaction network of ribozymes
(23): In a doped pool, a given position shows a majority of the wild type
sequence (76% in our case) and a small fraction (8% in our case) of any mutated
nucleotide. Correspondingly, when specific double mutations are necessary to
identify improved sets of cooperative mutations the frequency decreases to
0.64% for double mutations, 0.05% for triple mutations, and 0.004% for
quadruple mutations. Because the networks of interacting nucleotides can easily
exceed seven (23), a doped pool does not appear appropriate to identify the tip
of the fitness peak. The pool of choice for this purpose would contain an

unbiased randomization of specific, critical nucleotides. For the case of TPR1
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these critical nucleotides could be chosen from those that are mutated in the
most efficient clones in this study, and additionally several nucleotides that show
statistically significant enrichment (Figure S3.3). Beneficial mutations would be
identified much easier after a selection from such a 'shuffled' pool compared to a

doped pool because all variants occur in similar frequency in the starting pool.

3.5 Materials and Methods
Design of the doped pool

The doped pool was generated from a 113 nucleotide long DNA
oligonucleotide (Sigma-Aldrich) based on the original TPR1 sequence (77). The
composition of bases at each position of TPR1 was the original sequence to 76%
and the other three nucleotides to 8% each. The first 14 nucleotides of TPR1
were kept constant and an additional 12 nucleotides were added to the 3' end to
be used as 5' and 3' primer binding sites during the selection. Hand mixed
phosphoramidites were used by Sigma at each partially randomized position to
ensure the desired 76% to 8% ratio (confirmed by sequencing of 10 clones; data
not shown). The hammerhead ribozyme and T7 promoter necessary for
performing the selection procedure had the same sequence as previously (77),

and were added as 5'-primer during PCR.

Selection
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The initial pool for the selection contained an effective population size of
7+10" unique sequences. The protocol of the selection was identical to our
previous selection (717).During the first round of the selection the incubation with
Tmp lasted 3 hours, in the presence of 50 mM Tmp, 100 mM MgCl,, and 50 mM
Tris/HCI pH 8.3, at a temperature of 22°C. Subsequent rounds of the selection
were split into three lines with different selection pressures (Figure S3.1). In line
one the incubation time with Tmp was decreased from 3 hours, to 2 minutes,
then 20 seconds. In line two the concentration of Tmp was decreased from 50
mM, to 5 mM, then 1 mM. In line three the incubation temperature was increased
from 22°C, to 42°C, then 50°C. A total of eighty-three ribozymes were then tested
for activity, with 53 clones from line 1 round 3, ten clones from line 1 round 4, ten
clones from line 2 round 3, and ten clones from round 3 round 3. The six fastest
ribozyme clones were identified from all lines but line 3 (increased temperature).
The fastest clone, clone 11, came from line2 round 3 (lowered Tmp selection

conditions).

Kinetic analysis of cis-triphosphorylation reactions

Initial isolates of the selection were cloned into pUC19, downstream of a
hammerhead ribozyme and T7 promoter. After PCR amplification of this
ribozyme cassette, ribozymes were obtained by run-off transcription from PCR
products using T7 RNA polymerase. Ribozymes were internally labeled using
small amounts of a[*’P]-ATP during T7 transcription. The hammerhead ribozyme

cleaves co-transcriptionally and generates a 5'-hydroxyl group on the
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triphosphorylation ribozymes. The ribozymes were separated by denaturing
polyacrylamide gel electrophoresis (PAGE), excised by UV shadowing, eluted in
300 mM NaCl, ethanol precipitated, dissolved in 10mM TriseHCI pH 8.3 and their
concentration mesured by the Ageso. All isolates were initially tested with the
additional 12 nucleotides used as a 3'-PCR primer binding site during the
selection. Subsequent experiments with clone 11 to identify the functional
mutations also employed this protocol with the exception that the 12 3'-terminal
nucleotides were removed.

The activity assay was performed as described previously (77). In short, 8
MM ribozyme was incubated with 50 mM Tmp, 100 mM MgCl,, and 50 mM
TriseHCI pH 8.3. Small aliquots were taken at different time points and quenched
with an excess of Na,EDTA. DNAzyme reactions to separate the 8 5'-terminal
nucleotides of the ribozyme were initiated by addition of DNAzyme to a final
concentration of 1.6 uM and a 24-nucleotide long DNA oligonucleotide to a final
concentration of 1.6uM. The 24-nucleotide long DNA oligonucleotide anneals
immediately downstream of the DNAzyme to the triphosphorylation ribozyme and
assists in DNAzyme binding and cleavage as well as inactivating the
triphosphorylation ribozyme. Note that for the faster ribozymes of this study the
quenching required perfect complementarity between the 24 nucleotide
oligonucleotide and the corresponding sequence of the ribozyme. After heat
renaturation (2'/80°C) MgCl, was added to a final concentration of 100 mM to
allow DNAzyme catalysis. Aliquots of the DNAzyme reaction were quenched in

formamide and Na,EDTA then run on a 22.5% denaturing PAGE gel to separate
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the triphosphorylated and unreacted 8-nucleotide fragments resulting from the
DNAzyme reaction. Bands were imaged on a PMI phosphoimager (BioRad) and

quantified using the Quantity One software.

Kinetic analysis of trans-triphosphorylation reactions

All experiments with TPR1e used the trans-triphosphorylation protocol and
performed essentially as shown (77). In the trans-triphosphorypation experiment,
a radiolabeled 14-nucleotide RNA oligomer with a 5’ hydroxyl group was used as
substrate. The 5’ portion of the ribozyme was truncated to anneal to the 14-
nucleotide substrate via the P1 and P2 helices and position the substrate 5'-
hydroxyl group at the active site. Ribozymes were transcribed using T7 RNA
polymerase without radioactive label and purified as described above. The
substrate oligonucleotide was prepared essentially as previously (77). Briefly, a
PCR product was generated that encoded a T7 promoter, and the substrate
flanked by hammerhead ribozymes at their 5'- and 3'-terminus. The hammerhead
ribozymes were used to generate the 5'-hydroxyl group and to ensure
homogeneity at the 3'-terminus of the substrate. T7 transcription was performed
with a->2P-ATP. T7 transcripts were purified as described for the ribozymes
above. No concentration measurement was made; trace amounts were used in
each reaction.

The triphosphorylation experiment was set up similar to the cis- reaction,
where ribozyme and substrate were mixed with Tmp, MgCl,, and TriseHCI pH 8.3

(or other components as given in the text). Samples were taken by adding a
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small aliquot from the reaction into formamide and EDTA. The trans-reaction was
quenched efficiently with the addition of formamide. Reaction products were run
on a 20% PAGE gel to separate the triphosphorylated from unreacted 14-
nucleotide substrate.

The trans-reaction was used in the covariation, simulated seawater, NaCl

titration, and optimal conditions experiments.

Mutagenesis for the identification of beneficial mutations, and base
covariation experiments

Two strategies were used for generating the different ribozymes
constructs, PCR mutagenesis and quickchange site-directed mutagenesis.
Mutations reverting the sequence of clone 11 to the wild type sequence were
achieved with site-directed mutagenesis for the 12 internal mutations while the
four mutations near the ribozyme 3'-terminus were introduced with a 3'-PCR
primer. Internal mutations in TPR1_Il and its variants were introduced by
overlapping PCR primers that contained the necessary mutations. PCR products
were then cloned into pUC19 and sequenced. The six mutations inserted into
TPR1_Il were introduced using quickchange site directed mutagenesis. For the
covariation experiment, positions G33C and G35C were introduced using
quickchange site directed mutagenesis, positions C90G and C88G were

introduced via a 3'-PCR primer.
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3.7 Supporting Information

Line 1 — Shorter Times

RO Pool % R1 Pool | R2 L1 Pool ¥ R3 L1 Pool | R4 L1 Pool

Standard Standard 2 min. 20 sec.

Line 2 — Lower Tmp concentration

— R2 L2 Pool ——¥ R3 L2 Pool

5mM Tmp 20 sec.
55mM MgCl, 1mM Tmp
51mM MgCl,

Line 3 — Increased Temperature

— R2 L3 Pool —{ R3 L3 Pool
42°C 50°C

Figure S3.1: Diagram of doped selection performed. Boxes represent pools of RNA
and arrows represent rounds of selection. From the initial pool (RO pool, left), round 1
was performed using the ‘standard’ reaction conditions. ‘Standard’ describes the
incubation conditions that were used in the previous selection, with an incubation time of
3 hours, an incubation temperature of 22°C, a ribozyme concentration of 100nM, a Tmp
concentration of 50mM, and MgCl, concentration of 100mM and 50mM Tris/HCI pH 8.3.
For selection steps under different conditions, only those conditions that differed from
the standard condition are noted below the arrow. Round 2 was performed using three
separate conditions (lines) as indicated by the branching of the R1 pool. Line 1
maintained ‘standard’ conditions in round 2, while Line 2 lowered the Tmp concentration
while maintaining the same free Mg®* concentration (5mM TmP / 55mM MgCl,, as
indicated under the arrow), and Line 3 used ‘standard’ conditions at an elevated
temperature (42°C, as indicated under the arrow). In subsequent rounds each line was
kept separate & exposed to the conditions indicated below the arrows. Blue indicates
pools where individual ribozymes were cloned, isolated, and tested for activity.
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Figure S3.2: Identification of mutations in isolated ribozyme clone 11 that are
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necessary and sufficient for full activity. (A) Proposed secondary structure for clone

11, which contains 16 mutations relative to the parent ribozyme TPR1 (labeled with
arrows). (B) Observed single-exponential rates of triphosphorylation kinetics with

ribozyme variants of clone 11 in which the indicated mutation is reverted to the parent

sequence. Error bars are standard deviations of triplicate experiments. (C) Observed

amplitudes of the single-exponential reaction kinetics of the same clones. Error bars are

standard deviations of triplicate experiments. (D) Proposed secondary structure of
ribozyme variant TPR1_Il, which contains the five necessary mutations of clone 11.
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Figure S3.3: Position of mutations in the 58 clones isolated from the selection that
had at least the same activity as the parent ribozyme TPR1. The number on the x-
axis denotes the nucleotide position in the ribozyme. The columns are coded according
to the nucleotide to which the position was mutated: dark grey: mutation to C; white:
mutation to U; black: mutation to G; light grey: mutation to A. White triangles denote the
16 mutations present in clone 11. Grey triangles denote additional mutations that were
tested for benefits by inserting them into ribozyme variant TPR1_II. Black triangles
indicate the seven mutations of TPR1e. The illustration below the graph shows the
secondary structure elements in the ribozyme.
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Figure S3.4: Mutational load in the pool before and after selection. The clones
identified in the doped selection were binned according to their number of mutations
(including deletions). The number of mutations is given on the x-axis; the number of
clones per bin is given on the y-axis. Clones isolated from the pool before selection are
represented in black columns. Clones isolated after selection are shown in grey
columns. The average number of mutations in clones before the selection is 19.8; after
the selection it is 12.2.
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Chapter 4

Discussion & Future Directions

4.1 Trans-splicing with the Azoarcus Ribozyme

The results of chapter 2 in this dissertation provide a framework for
designing trans-splicing Azoarcus ribozymes for efficient trans-splicing in vitro.
The trans-splicing Azoarcus ribozyme is most active when contacts are formed
that closely mimic the structure of its natural cis-splicing interactions (Figure 4.1).
In this structural context, trans-splicing Azoarcus ribozymes are as efficient as
trans-splicing Tetrahymena ribozymes using their preferred structural context.
This study, unlike previous works with non-Tetrahymena trans-splicing group |
intron ribozyme, tested unique EGS and structural designs, rather than strictly
applying previous EGS design principles. Therefore, the outcome of this study in
a larger picture is that trans-splicing group | intron EGS designs should be
individualized to take into account the structural contacts that each ribozyme

forms when performing the splicing reaction.
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Figure 4.1: Preferred Trans- and Cis-splicing Structural Contacts made by the

Azoarcus ribozyme. (A) Cis-splicing diagram of the Azoarcus ribozyme showing the

structural contacts made before the first step (left) and second step (right) of splicing.

The anti-codon stem formed between the 5" and 3’ exon (left) and P10 formed between

the P1 extension and the 3’ exon (right) are highlighted. 5’ exon is in red, ribozyme is in
black, and 3’ exon is in blue. (B) Trans-spicing diagram of the Azoarcus ribozyme

showing the preferred structural contacts made before the first step (left) and the second
step (right) of splicing. Notice the similarity of anti-condon stem formation (left) and the

P10 formation

) between cis- and trans-splicing. The color scheme is the same as

(right

in (A) except the extended guide sequence, which is in green. Open boxes represent

possible variable nucleotide sequence.
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The second goal of this project was to obtain a highly efficient Azoarcus
ribozyme that was active in vivo. Unfortunately, trans-splicing activity with the
Azoarcus ribozyme was not detectable in E. coli cells. Surprisingly, when
switching to the cis-splicing reaction and inserting the ribozyme into different
sites along the chloramphenicol acetyl transferase (CAT) mRNA sequence, the
Azoarcus ribozyme was also unable to support a growth phenotype. Further
experiments testing the cis-splicing Azoarcus ribozyme with only its natural
flanking sequences yielded the most efficient construct measured in E. coli cells,
but the splicing product was only ~4% as determined by RT-qgPCR.
Comparatively, the Tetrahymena ribozyme produced ~60% cis-splicing product
even without its natural flanking sequences. The low splicing activity of the
Azoarcus ribozyme suggests that: (1) some component of the E. coli cellular
machinery, be it a chaperone protein or otherwise, could be interacting with and
inhibiting the function of the Azoarcus ribozyme, or (2) there could be a specific
splicing cofactor that is present in Azoarcus sp. BH72 that helps the ribozyme
fold into its active conformation. Indeed, RNA-protein interactions have
previously been found in vitro to alter the splicing activity of various group | intron
ribozymes. Therefore, it is possible that one of the many RNA chaperone
proteins in E. coli could have inhibited the Azoarcus ribozyme (71-4). (See
Chapter 2, section 2.4 for a discussion of other possible components of E. coli
that could have inhibited Azoarcus’ activity.) Considering the other option,
however, there is no known cofactor in Azoarcus sp. BH72 that aids in the

splicing reaction of the Azoarcus group | intron ribozyme. Despite this, previous
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studies have shown that some in vitro self-splicing group | introns still require
protein cofactors for efficient splicing in vivo (5-7). Accordingly, it is possible that
the Azoarcus group | intron may require a splicing cofactor for activity in
Azoarcus sp. BH72. Future experiments could address both of these options.

An experiment to possibly address both of these options (whether the
Azoarcus ribozyme is inhibited by a factor in E. coli cells or whether it requires a
cofactor found in Azoarcus cells) would be to insert the cis-splicing Azoarcus
ribozyme in the analogous gene (tRNA"®) of other organisms like yeast or even
mammalian cells and determine if the ribozyme is capable of efficiently splicing.
A similar approach has been used with the Tetrahymena ribozyme to probe
potential in vivo protein facilitation of ribozyme folding and activity (8). If the
Azoarcus ribozyme efficiently splices in other organisms, it would suggest that
the observed inhibition in E. coli is organism specific and would provide evidence
that efficient in vivo splicing of the Azoarcus ribozyme is not strictly dependent on
a cofactor within Azoarcus sp. BH72. Once activity is established in the cells, it
would be possible to test the trans-splicing reaction employing the defined EGS
and structural principles for the Azoarcus ribozyme. There is reason to be
hopeful that testing the Azoarcus ribozyme in other cellular contexts would
succeed because recent in vitro work suggests that the Azoarcus ribozyme
folding and activity improves in the presence of known RNA helicases from other
organisms (9). In this report both CYT-19 and Mss116p, two RNA helicases from
Neurospora crassa and Saccharomyces cervisiae, increased the percentage of

Azoarcus ribozyme that folded into its native conformation. It is unclear from this
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report if the observed in vitro improvement would translate to increased in vivo
activity; thus, it is necessary to perform the experiment. If the ribozyme were
inactive in other cellular systems, however, then it could indicate that the cellular
machinery of multiple organisms (and not just E coli. cellular machinery) can
inhibit the ribozyme, or alternatively, it would further suggest that a specific
splicing cofactor in Azoarcus sp. BH72 is necessary for full activity.

In another approach, the low activity of the Azoarcus ribozyme could be
improved in an in vivo evolution. This allows for successive rounds of introducing
mutations and selection to enrich for the most active sequence variants. The
motivation for this approach is two-fold. First, the optimal temperature for the
Azoarcus ribozyme is 60-75°C (10, 11). By performing an in vivo evolution in E.
coli cells, it would encourage the emergence of sequence and structural
modifications that could shift the optimal temperature toward 37°C (growth
temperature of E. coli) and improve the splicing activity. The Muller lab has prior
experience with in vivo evolutions of group | intron ribozymes in E. coli cells, and
is well suited to perform these experiments (72, 13). Second, a necessary
starting point for any evolution is that the parent ribozyme (the starting point of
the evolution) shows a basal level of activity that mediates a growth phenotype.
This is required for the selection step in the evolution procedure. Since the best
cis-splicing Azoarcus ribozymes (flanked by their native sequence) had some
activity (1-4%), it is likely that such starting constructs can be generated with the
Azoarcus ribozyme. Once the evolution system is set up it is likely that sequence

variants of the Azoarcus ribozyme would possess improved splicing activity. With
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improved in vivo activity of these cis-splicing Azoarcus ribozyme constructs,
future trans-splicing experiments can be performed using the secondary
structural principles found in this work.

For future trans-splicing studies in cells targeting previously untested
group | intron ribozymes, this dissertation made another important finding. Not all
in vitro self-splicing group | intron ribozymes are necessarily active in a foreign in
vivo environment. Since this is the case, the first step in testing any new trans-
splicing ribozyme should be to ensure that the cis-splicing reaction is functional in
vivo. Once this is confirmed (and possibly optimized in an evolution experiment),
trans-splicing constructs can be generated and tested for their level of trans-
splicing activity in cells.

The disparity between known group | introns and those tested for frans-
splicing activity is still large. Azoarcus is just the fifth group | intron to be tested
and only the second to be tested in vivo. This is compared to the more than
16,000 group | intron ribozymes known (74). By continuing to test other group |
intron ribozymes, more will be understood about their catalytic potential, and
there is the possibility of identifying a more efficient trans-splicing ribozyme than
the Tetrahymena ribozyme. Thus, the testing of more group | introns for trans-
splicing activity remains an important contribution to the advancement of the

field.



121

4.2 Triphosphorylation Ribozymes

The doped selection of TPR1 yielded a ribozyme with seven mutations
(called TPR1e) that is ~24-fold faster under ‘standard’ conditions (22°C, 50mM
trimetaphosphate, 100mM M92+, and pH 8.3; ~0.31min'1) and under optimal
conditions reacts at a rate of ~6.8min™". At optimal conditions it was estimated
that TPR1 was able to catalyze the 5’ triphosphorylation rate ~1x10” times faster
than the uncatalyzed reaction (75). Now, TPR1e boasts a rate that is ~2x10°
times faster. Because of the sigmoidal nature of the trimetaphosphate titration
kinetics at the conditions tested, accurate kq./Km values cannot be reported,
making comparisons with other in vitro selected ribozymes difficult.

Besides enhancing the catalytic rate, another goal of this project was to
also obtain a ribozyme that was active at more prebiotically plausible
trimetaphosphate concentrations. To test TPR1e under more prebiotically
plausible conditions, the ribozyme was tested in simulated seawater with TmM
trimetaphosphate, a prebiotically plausible concentration (76-78). At 22°C the
measured triphosphorylation rate was 0.0014 min™ and at 40°C it was
0.004 min™'. The measured rate at 22°C with the same Mg?* and
trimetaphosphate concentrations without the other components of the synthetic
seawater was ~15-fold faster than with all seawater components. This showed
that at least one of the components in synthetic seawater inhibited the ribozyme.
A subsequent experiment titrating NaCl, a large component in seawater, into
standard reaction conditions (Mg?*, trimetaphosphate, and Tris pH 8.3) showed

that NaCl inhibits the ribozyme, and at the concentration levels present in
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seawater, NaCl is responsible for a 2-fold reduction in rate. Another likely
inhibitory component in synthetic seawater is Ca?*, which may compete with
Mg?* ions important for structure and/or catalysis by the ribozyme. Such an
inhibition by Ca®* has been observed for other ribozymes previously (19).
Overall, this demonstrates the activity of TPR1e at prebiotically plausible
trimetaphosphate concentrations and shows that several components of
seawater including NaCl inhibit the functionality of the ribozyme.

Another step in improving the prebiotic relevance of this ribozyme would
be to identify a variant that can triphosphorylate a free nucleoside. To this end, a
series of experiments were set up to test TPR1e’s ability to triphosphorylate a
free guanosine. Because the architecture of the active site is unknown, multiple
constructs of TPR1e containing different 5’ truncations were tested for
triphosphorylation activity of a free guanosine; the idea being that a portion of the
5’ structure might interfere or sterically hinder the binding of the free guanosine.
Unfortunately, none of the tested constructs showed any measurable of activity.

Although TPR1e could not triphosphorylate a free nucleoside, both TPR1
and TPR1e are capable of a trans reaction where a short oligonucleotide with a
5" OH can be triphosphorylated. This reaction is achieved through base pairing
between the short oligonucleotide and the ribozyme, but as the oligonucleotide is
shortened and the base pairing decreases, activity of the ribozyme drops. It
seems that the current triphosphorylation ribozyme does not bind a free
guanosine nucleoside well enough to perform the reaction. Thus, substrate

binding must improve to triphosphorylate free nucleosides.
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To better understand the architecture and catalytic mechanism of this
ribozyme, further biochemical and structural analysis is necessary. A crystal
structure of this ribozyme showing 2-4 angstrom level resolution of the active site
could greatly aid in experimental design of improving the trans reaction. Indeed,
efforts are underway to crystallize this ribozyme. SHAPE structural probing, a
technique that identifies flexible and pared regions of RNAs, looking at the
triphosphorylation ribozyme with and without trimetaphosphate would also
provide information about the dynamics of the ribozyme, specifically how the
presence of trimetaphosphate alters ribozyme folding. Knowing about ribozyme
dynamics and a potential binding location of trimetaphosphate can improve
construct design for the trans reaction.

Further biochemical experiments should focus on TPR1e’s means of
substrate binding. If substrate recognition depends on base pairing, then
triphosphorylating the other three canonical nucleosides (A, T, C) would most
likely result in lowered or no activity. A known example of ribozyme base
specificity required for binding of a free nucleoside/nucleotide is the group |
intron’s G binding pocket. It contains a G-C pair that forms a base triple with the
binding G, and is unable to efficiently accommodate the binding of any other
nucleotides (20). If the pair is switched to a C-G it can then only accommodate
an A (21). Notably, previously in vitro selected ribozymes catalyzing the
glycosidic bond between the ribose and the nucleobase have shown nucleoside
specificity (22, 23). Potential nucleotide specificity of TPR1e would reduce its

prebiotic usefulness because if this ribozyme existed in an RNA world, more than
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one triphosphorylation ribozyme would have been required to triphosphorylate
the various nucleosides necessary to carry meaningful genetic information.
Testing short oligonucleotides with a 5’ terminal base comprising A, T, or C
would be a quick way to test potential nucleotide specificity.

If substrate recognition does not depend on base pairing or nucleobase
identity, then the ribose moiety would be responsible. To understand which
portions of the ribose are used in recognition and binding, substituting ribose
analogs could elucidate which contacts are necessary. It would be interesting to
see if TPR1e can triphosphorylate a DNA moiety, which would mean the 2’
hydroxyl of the ribose is not needed for binding or catalysis. Other analogues like
altritol nucleic acid (ANA) could also give insights to how substrates are bound

and recognized by the active site of the ribozyme (Figure 4.2).

A B C

Base

T
O—P—O Base
o

OH

Figure 4.2: RNA and Analogue Structures. (A) The chemical structure of a ribonucleic
acid (RNA) polymer. (B) The Chemical structure of a deoxyribonucleic acid (DNA)
polymer. Note the absence of the 2’ hydroxyl. (C) The chemical structure of an altriol
nucleic acid (ANA) polymer. Note the additional carbon in the ring structure and the
corresponding shift in conformation.
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Other future work with the triphosphorylation ribozyme should focus on
isolating, and characterizing additional ribozymes from the initial selection. Upon
measuring their catalytic rate and determining their secondary structure,
interesting questions can be addressed such as: determining how many different
structures (or classes) of ribozymes can catalyze this reaction, ascertaining
which structural motifs are possible, and establishing which structures are the
most common.

One difficulty with testing many ribozymes is the effort required to
measure the activity. A possible time saving step in this protocol would be using
a fluorescent probe to detect activity rather than using a radioactively labeled
oligonucleotide and running a gel. The proposed design of the fluorescent probe
assay can be seen in Figure 4.3. It is a variation of the ligation assay used in
previous works to preliminarily detect activity of isolated ribozymes. The probe is
designed in a hairpin conformation with a fluorophore on one end and a
quencher on the other end, such that when the probe is free in solution the 5’ and
3’ ends will be adjacent to one another and no signal will be detected (Figure
4.3B). The probe sequence is the reverse complement of the 5’ end of the
ribozyme and the short oligonucleotide . After an active ribozyme with a &’
triphosphate is successfully ligated to a short oligonucleotide B using the ligase
ribozyme (Figure 4.3A) and is heat renatured in the presence of the probe, the
complete complementarity between the probe and the 5’ end of the active
ribozyme allows for hybridization. This separates the fluorophore and quencher

resulting in increased fluorescence (Figure 4.3B). Preliminary experiments are
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necessary to determine the optimal length of the hairpin stem loop and optimal
length of B/B’ sequence to minimize background and false positives. The use of
the fluorescent probe will eliminate the necessity for radiolabeling an
oligonucleotide and running a gel, saving hours of work and increasing the total

number of ribozymes easily tested.
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Figure 4.3: Fluorescent Ligation Assay to measure triphosphorylation activity. (A)
Active ribozymes are ligated to short oligonucleotides using the ligase ribozyme (top),
while inactive ribozymes will not react, maintaining a 5’ hydroxyl (bottom). The ligase
ribozyme contains sequence complementarity to bind with the constant 5’ region of the
triphosphorylation ribozyme (a) and sequence of the short oligonucleotide (B). ®
represents a phosphate group. (B) Ribozymes are then heat renatured in the presence
of a fluorescent probe. The fluorescent probe is designed as a hairpin and contains a
fluorophore on one end ((®) and a quencher (@) on the other end. The probe is the
reverse complement of the constant 5’ region of the triphosphorylation ribozyme (a) and
the short oligonucleotide (8) (o’ and 8’). Free in solution the hairpin probe will no emit
fluorescence. After heat renaturation, the probe will hybridize with complete
complementarity to active ribozymes that contain both 3 and a on their 5’ terminus, but
will not hybridize efficiently with the inactive ribozymes contain only a on the 5’ terminus.
Thus, active ribozymes will show an increase in fluorescence due to the spatial
separation between the fluorophore and the quencher in the liner hybridized form, while
inactive ribozymes will now show fluorescence, the probe preferring the hairpin
conformation.
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