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ABSTRACT OF THE DISSERTATION

Design and Evolution of Trans-Splicing Group | Intron Ribozymes

by
Zhaleh N. Amini
Doctor of Philosophy in Chemistry
University of California San Diego, 2015

Professor Ulrich Muller, Chair

Group | introns are catalytic RNAs (ribozymes) capable of catalyzing their
self-excision from precursor RNAs through two consecutive transesterification
reactions. Although the ribozyme has evolved to perform this cis-splicing
reaction in nature, man-made modifications to the 5’ end of the ribozyme have
allowed it to catalyze a trans-splicing reaction, in which it is able to replace the 3’
portion of a substrate RNA with it's own 3’ tail. The trans-splicing group | introns
used in this thesis were variants of the Tth.L 1925 IC1 group | intron ribozyme
found in Tetrahymena thermophila. The work contained in this dissertation aims

to both utilize trans-splicing group | introns to further understand principles of
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RNA evolution, as well as develop and optimize a new trans-splicing variant of
the ribozyme for future use in therapy.

In the first study of this dissertation, a frans-splicing group | intron was
used as a model system to examine the effect of selection pressure and
recombination on evolving populations of RNA in a cellular environment. Four
parallel evolutions were completed, two employing a low selection pressure, and
two employing a high selection pressure. Ribozyme populations with higher
efficiency, measured by cellular growth conferred by the ribozyme, resulted from
evolutions performed at a low selection pressure. It was found that this increase
in fitness was the result of a set of four mutations acting cooperatively. Fitness
profiles of evolutionary intermediates revealed that a low selection pressure can
increase the accessibility of evolutionary paths leading to the evolution of
cooperative mutations. This finding not only adds to the understanding of natural
RNA evolution, but also aids in the design of more efficient evolutions of RNA
species.

In the second study of this dissertation, a new trans-splicing variant of the
group | intron was developed, capable of catalyzing the removal of internal
sequences from pre-mRNA and joining the two flanking sequences, thereby
generating a functional RNA. This group | intron has been termed the
‘spliceozyme’ because its action is analogous to that of the spliceosome. The
action performed by the spliceozyme give this system the ability to repair certain
types of diseases caused by mis-splicing and therefore, the potential to be used

therapeutically. To increase the efficiency and therapeutic potential of this

Xiv



system, the spliceozyme was evolved in E. coli cells, challenging it to more
efficiently catalyze the removal of internal sequences. The most efficient variant
contained a set of mutations resulting in increased product formation and
decreased side product formation. This observed effect was seen in vitro,
suggesting that this effect may increase spliceozyme efficiency in a range cell
types. Future work will move this system into mammalian cells and optimize the
spliceozyme for use in a mammalian system, thus developing it as a therapeutic

tool.
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Chapter 1: Introduction

1.1 Discovery and Cis-Splicing of the Group | Intron Ribozyme

In 1968 Carl Woese, Leslie Orgel and Francis Crick proposed that RNA
could act to both store genetic information as well as catalyze chemical reactions
(1-3). It wasn’t until 1982 that this hypothesis came to fruition when researchers
from the laboratory of Thomas Cech discovered the ability of the group | intron
from Tetrahymena thermophila to catalyze it's own self-excision from precursor
rRNA, thus demonstrating an RNA acting as a catalyst (4). It was discovered
than the intron was able to be spliced out of the precursor rRNA in vitro with only
guanosine as a cofactor (4,5). Around the same time, the laboratory of Sidney
Altman made the discovery the RNA portion of E. coli RNAse P functioned as a
catalyst (6). These findings, showing that the RNA portion of could act as a
catalyst, constituted a major breakthrough that paved the way for RNA catalysis
as a new field of study.

It is now known that group | introns are able to catalyze their self-excision
from precursor RNA and the joining of the two flanking exons by two sequential
transesterification reactions (Figure 1.1) (4,7,8). During the first step of this cis-
splicing reaction, an exogenous guanosine (or GMP, GDP or GTP), termed
‘exoG,’ binds in the guanosine binding site in the catalytic core of the ribozyme,
acting as a nucleophile and attacking the 5’ splice site. The guanosine is then

bound to the 5’ end of the group | intron, leaving behind a 3° OH at the 5 splice



site. After a conformational rearrangement, the exoG exits the active site,
allowing the last nucleotide of the intron, termed ‘wG,’ to take its place. In this
conformation, the 3’'OH of the 5’ exon is able to act as a nucleophile, attacking
the 3’ splice site. This results in ligation of the two flanking exons, and

dissociation of the group | intron from the mRNA (4,7-9).

(\

[
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%

Figure 1.1 Cis-splicing reaction of the Tetrahymena thermophila Tth.L 1925 IC1 group |
intron ribozyme. During cis-splicing, the ribozyme (black) catalyzes its own self-excision
and the joining of the two flanking exons (red) through two successive transesterification
reactions.

1.2 Structure of the Group | Intron

Early structural information about the group | intron was gained through
phylogenic comparison, energy minimization models and structural probing
experiments (10-13). Data collected in these experiments led to a 3D model
prediction (13), most of which was later confirmed by X-ray crystallography
(Figure 1.3). Crystal structures of Tetrahymena IC1, Azoarcus IC3 and Twort I1A2
group | introns have now been solved at different stages along the splicing
pathway (14-17). It is now understood that the group | intron is comprised of
coaxially stacked P3-P9 and P4-P6 helical domains that make up the conserved

core and contain the active site. The conserved core of different group | introns



show a high degree of structural similarity. Peripheral helices, which vary in
number depending on the class of group | intron, wrap around the ribozyme core
(13,18-20). Although many of the peripheral domains can be deleted while still
maintaining catalytic function, it is believed that these domains assist in
stabilizing the structure of the ribozyme (20).

Important insight regarding the architecture of the active site of the group |
intron was gained, in part, from the crystal structures of group | introns. These
structures reveal that guanosine is able to bind in the guanosine-binding site
through a base triple interaction with the G264-C11 base pair, as well as stacking
between two additional base triple interactions (14,16,21). To understand how
the group | intron is able to act as catalyst while not containing functional groups
with pKa values near neutrality, many focused on possible interaction with metal
ions. Metal ion rescue experiments, paired with thermodynamic fingerprint
analysis have shown interaction with Mg*? ions that have the effect of stabilizing
the attacking group by lowering its pKa, stabilizing the developing negative
charge leaving group and positioning the structure for an in-line attack (14,22—

26).



Figure 1.2 3D model of the cis-splicing Tth.L 1925 IC1 group | intron from Tetrahymena
thermophila (13). The ribozyme conserved core, consisting of the P4-P6 domain (blue),
P3-P8 domain (purple) and wG (yellow), and peripheral domains (grey) are shown,
along with the last 6 nucleotides of the 5’ exon and first 8 nucleotides of the 3’ exon
(red).

1.3 Phylogenetic distribution and Classes of Group | Introns

The distribution of group | introns are phylogenetically widespread with
approximately 1500 group | introns having been identified in nature, ranging in
length from 250 to 500 nucleotides (27). Of these, 1400 have been found in
eukaryotic genomes; 800 of which are located in DNA contained within the
nucleus, 220 in mitochondrial genes and 370 in plastid DNA. Within the nucleus
of eukaryotes, the group | intron has been found at 47 sites in the small subunit
rRNA and 44 sites in the large subunit rRNA. With the exception of sea
anemone and coral, the group | intron has not been identified in animals. In

contrast to the dispersion of group | introns in eukaryotes, only 50 group | introns



have been identified in bacteria, at 9 insertion sites within tRNA, rRNA and recA
genes. Even more infrequent is the distribution of group | introns in virus and
phage DNA. In Archaea group | introns have not yet been identified (27).
Interestingly, the evolution of group | introns shows evidence of both horizontal
and vertical transmission, with group | introns from distant organisms being
closely related. This occurrence makes it difficult to study the natural
evolutionary history of group | introns.

Structural and sequence distinctions have allowed group | introns to be
separated into five main groups, termed IA-E, and further classified into several
distinct subgroups (28-30). Group | introns found in the nucleus are classified
into the 1B, IC1 or IE groups, with the group | intron from Tetrahymena
thermophila being a member of the IC1 group (27,31,32). Conserved in all group
| introns are two sets of helices, termed the ‘P3-P8 and ‘P4-P6’ domains, that
comprise the ribozyme core. The presence of other peripheral helices varies
among group | intron subgroups (18-20). Although group | introns contain
conserved secondary and tertiary structural features, very little sequence
conservation is observed in primary sequences comparisons (20,30,31,33,34).
The diversity of group | intron primary sequences has provided information
regarding of the positions at which nucleotide co-variation is tolerated or
conservation is necessary. In addition, this suggests that a large sequence space

can be explored during artificial evolutions of group | introns.



1.4 Evolution of the Group | Intron

Sporadic distribution of group | introns, paired with the observation that
introns from homologous sites appear to be closely related, even when found on
distantly related organisms, supports the cyclical gain and loss model of group |
intron evolution (Figure 1.3) (27,35). Group | introns often encode a homing
endonuclease gene (HEG), capable of lateral transfer of intervening sequences
(introns or inteins) into homologous alleles that lack the sequence. During this
process, the homing endonuclease catalyzes a double strand break after
recognizing a short, 14-40 nucleotide, target sequence, resulting in duplication of
the intervening sequence into the cleaved allele by double strand break repair
(36). Being encoded in self-splicing sequences ensures the propagation of the
HEG without harm to the host. The cyclical gain and loss model of group | intron
evolution proposes that introns are horizontally transferred into an intronless site
via homing, resulting in an intron with a functional HEG becoming fixed in a
population. Once fixed in a population there is no selective pressure for the HEG
to remain functional; it is therefore subsequently degraded and lost. This is

followed by loss of the intron in the population, allowing the cycle to repeat (35).



Horizontal
Transmission
by HEG
Containing
Intron

Degeneration Intron Fixed

of HEG in Population

Figure 1.3 Cyclical gain and loss model of group | intron evolution proposed by Goddard
and Burt (35).

Select group | introns, like other cellular RNAs, have evolved to utilize
cellular proteins for stability or as chaperones (37-39). The few cases in which a
group | intron appears to have been strictly vertically inherited for long periods of
time allows for the study of the loss of secondary structure elements, and
concurrent loss of independent splicing ability (40). The paucity of group | introns
that have undergone long term strictly vertical inheritance, leaves a lack of
knowledge regarding evolutionary intermediates, as well as evolutionary
conditions that facilitate the recruitment of host proteins by the group | intron.
Knowledge regarding the evolution of not only group | introns, but also RNA more
broadly, is important for our understanding of RNA interactions with cellular

factors including proteins, and for future directed evolutions of RNA.



Artificial evolutions, conducted under controlled conditions, are able to
provide more insight into principles guiding the evolution of RNA. Notable
previous RNA evolution studies have been conducted in vitro and have
demonstrated that evolutionary adaptation of an RNA enzyme is enhanced by
higher genetic diversity in the starting population (41), the co-evolution of distinct
ribozymes can lead each to occupy separate niches (42) and that high mutational
loads can lead to extinction of small populations of RNA enzymes, but
recombination can act to reduce this mutational load (43). Although in vitro
studies do provide insight into important principles in RNA evolution, there is still
a lack of studies investigating RNA evolution in a cellular environment, in which
RNA species can interact with a host of cellular factors. It is still unclear how
proteins are recruited by RNA species and the evolutionary conditions that
encourage or discourage the formation of RNA-protein complexes. One recent
study evolving a group | intron in E. coli cells demonstrated the evolution a new
RNA-protein interaction in which the evolution of four mutations resulted in
recruitment of the transcription termination factor Rho by the group | intron.
Interestingly, the evolved group | intron did not show evidence of improved frans-
splicing efficiency, but instead resulted in more efficient translation of the splicing
product (44). The group | intron provides an excellent model system to further
study RNA evolution because it acts as a reporter system on the evolution of
many structural and functional properties. Group | introns are highly structured

RNAs that undergo a conformational change, catalyze two reactions and the



trans-splicing variants require binding two species (an RNA substrate and a
nucleotide) (9,14,20,34,45,46).
1.5 Group |l Intron Trans-Splicing

Although the group | intron evolved in nature to catalyze a cis-splicing
reaction, alterations to the ribozyme have allowed it to catalyze several non-
native reactions. Sequence alterations to the 5’ end of the group | intron have
allowed the ribozyme to catalyze the splicing reaction in trans, on an exogenous
substrate RNA (Figure 1.4). By removing the 5 exon and modifying the
sequence at the 5 end of the ribozyme, this region is able to serve as a
recognition sequence, termed the internal guide sequence (IGS) allowing the
ribozyme to hybridize to a target substrate. Once bound, the ribozyme is able to
replace the 3’ portion of the substrate RNA with the its own 3’ exon (47,48). This
reaction can be widely applied to a range of RNA substrates, as the only
sequence requirement for frans-splicing is the presence of a U to serve as the 5’
splice site. Similarly, the group | intron has also been modified to allow it to
catalyze the replacement of the 5’ portion of a substrate RNA in frans. During
this reaction, the ribozyme 3’ sequence is modified to serve as a recognition
sequence for an exogenous substrate. Once bound, the ribozyme is able to

replace the 5’ end of the substrate with it's own 5’ exon (49).
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Cis-Splicing
—_—

& Trans-Splicing

Figure 1.4 Cis- and trans-splicing reaction of the Tetrahymena thermophila Tth.L 1925
IC1 group | intron shown using secondary structure representations of the ribozyme. (A)
Cis-splicing reaction in which the ribozyme (black) is able to catalyze its own self-
excision and the joining of the two flanking exons (red). (B) The group | intron (black)
can be converted into a trans-splicing format through sequence modifications to its 5’
EGS (green). In this format, the group | intron is able to bind to an exogenous RNA
substrate (red) and subsequently replace the 3’ end of the substrate with it's own 3’ tail
(blue) in a reaction analogous to the cis-splicing reaction.

v

The ability of the group I intron to replace a portion of substrate RNA has
the potential for a wide range applications in both therapy and research (50).
Replacing a portion of a mutated cellular mRNA with a wild type sequence could
be used to treat genetic disorders. Studies have shown repair of sickle beta-
globin mRNAs and trinucleotide repeat expansions, among others (47,51,52).
This method of treatment has the benefit of maintaining endogenous patterns of
gene expression while replacing a mutated protein with a functional one. In

addition to repair of mutated mRNA, trans-splicing ribozymes can selectively
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induce apoptosis in diseased or virally infected cells by splicing a sequence
encoding a toxic peptide into virus or cancer specific mMRNAs (53-56). In
addition to the therapeutic potential of the trans-splicing group | intron, this
system can also be used to splice a tag onto target RNA species in vivo. This
allows for detection of the target RNAs through various methods including
molecular imaging (57,58).

Despite the potential to be used in both therapy and research, the use of
trans-splicing group | introns have been limited, in part, by low efficiency.
Splicing efficiencies of 50% have been observed when using ribozyme
concentrations too high for clinical purposes. When using ribozymes at clinically
relevant concentrations, splicing efficiencies of 10% or less have been observed
(47,50,59-62). Low efficiency may be caused by a number of factors, one of
which being ribozymes folding into non-native states. The distribution of
ribozymes folding into native and non-native states is dependent on a number of
factors including flanking exons, promoters (63,64) and the presence or lack of
specific protein interactions that serve to stabilize or destabilize the ribozyme
(65-67). Depending on the nature of mis-folding, ribozymes must undergo local
or global rearrangements before assuming the native conformation allowing for
splicing to occur(68).

In addition to mis-folding, weak interaction between ribozyme and
substrate can also lead to low efficiency. This phenomenon can be attributed to
lack of stability between the ribozyme IGS and its target substrate or

inaccessibility of splice sites due to the nature of secondary structures formed by
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the substrate. It has also been observed that the IGS often interacts with cellular
RNA species other than its target substrate, leading to non-specific splicing (69).
These issues have been partially overcome by adding an extended recognition
sequence on the 5’ end of the ribozyme, termed the extended guide sequence
(EGS), thus providing greater complementarity between ribozyme and substrate.
Increased splicing efficiency has been observed from the addition of this EGS
region, and in some circumstances, adjustments to the recognition sequence to
allow for formation of the P10 helix (61,70). In addition, a useful trans-tagging
assay has been developed to identify accessible splice sites in the substrate
mRNA, (71). Although this method has proven to be valuable, a far less time
consuming method, involving the computational prediction of binging free
energies between ribozyme and substrate RNA, has aided in the selection of
efficient splice sites with a higher accuracy than the trans-tagging assay (72).

Selection and evolution are two techniques that can also be employed to
improve ribozyme efficiencies in cells. A method was developed for in vivo
selection of group | intron ribozymes with randomized sequences that can be
used for identification of ribozymes with greater trans-splicing efficiencies (61).
An additional method, relying on many of the same principles, was also
developed that allows for the in vivo evolution of group | intron ribozymes through
successive rounds of mutagenesis or recombination, followed by selection. This
method allows for the optimization of ribozymes in cells (44).

In addition to the need for improved frans-splicing efficiency, lack of an

effective clinical delivery method is another obstacle faced by the group | intron
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as well as other therapeutic RNA. Common current approaches for RNA delivery
include the use of liposomes, nanocapsules and viral vector delivery systems, as
well as chemical modifications that improve RNA stability in vivo (73-77). Work
is still needed, however, to develop a safe and effective method of delivery or
RNA therapeutics.

1.6 Trans-excision

The Tetrahymena thermophila Tth.L 1925 IC1 group | intron has been
modified previously to perform an additional non-native reaction, termed a frans-
excision reaction (78). In this reaction, the group | intron is able to excise internal
fragments of substrates, resulting in joining of the two flanking sequences and
the excised fragment attached to the 3’ end of the ribozyme (79). In a cellular
environment, this system has been able to excise single nucleotide fragments,
with an estimated splicing efficiency of 0.6-12% (80). In vitro, fragments of up to
28 nucleotides in length have been removed (78). Like the trans-excision
reaction, the group | intron has also been shown to be able to catalyze a trans-
insertion reaction in which fragments of up to six nucleotides in length were able
to be inserted into a substrate RNA (81).

Similar to the frans-splicing reaction, the frans-excision and frans-insertion
reactions could be developed for use in the therapy of genetic diseases.
Changes in sequences recognized by the spliceosome and cellular splicing
factors often leads to mis-splicing of pre-mRNA transcripts. These events can
result in complete or partial exon skipping, pseudoexon inclusion, intron skipping

and a change in alternative splicing patterns (82). It is estimated that 10-60% of
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all disease causing mutations result in aberrant splicing events (82,83).
Techniques that are able to repair or reduce mis-splicing events could be
developed to treat a wide range of diseases.

In order to be used clinically, the reported reaction efficiencies of the
trans-excision reaction of 0.6-12% in a cellular environment would likely need to
be improved. The ability of excising fragments greater than one nucleotide in
length would have a wider range of therapeutic applications. In addition, due to
the nature by which this reaction proceeds, multiple turnover is not possible with
the trans-excision reaction (79). Like the trans-splicing group | intron, an effective
delivery method would need to be developed and optimized before use in a
clinical setting.

1.7 Goals of the Dissertation

Despite the many potential therapeutic applications of trans-splicing group
| introns, ribozymes with improved efficiency and high splicing specificity are still
needed before the system can be used for clinical applications. Evolution is a
promising and powerful tool that may increase the trans-splicing efficiency and
specificity of these group | introns. It is currently unclear, however, what
evolutionary parameters are best to optimize these ribozymes. The following
chapters detail the study of principles governing RNA evolution in a cellular
environment and the application of these principles in the evolution and
optimization of a novel variant of a trans-splicing group | intron with therapeutic

applications.
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Chapter 2: Low Selection Pressure Aids the Evolution of Cooperative
Ribozyme Mutations In Cells

Understanding the evolution of RNA species in cells provides insight into
the natural evolution of RNA, and helps the design of more efficient directed RNA
evolution experiments. In this study, the effects of two evolutionary parameters,
selection pressure and recombination, were studied in an evolving population of
trans-splicing group | intron ribozymes in cells. It was found that the emergence
of a set of cooperative mutations was facilitated more efficiently when a low,
rather than high, selection pressure was applied. This finding not only enhances
the understanding of RNA evolution in biology, but is also applicable to the
development of more efficient frans-splicing group | intron for use in therapy as
well as the design of more efficient evolutions of other RNA species.

Chapter 3: Spliceozymes: Ribozymes that Remove Introns from Pre-
mRNAs in Trans

In this study, a new variant of the trans-splicing group | intron ribozyme
was developed, and is termed the ‘spliceozyme’. The spliceozyme is able to
catalyze the removal internal sequences from pre-mRNA substrates in frans, and
the joining of the two flanking exons, thereby generating a functional mRNA.
Although a similar ‘trans-excision ribozyme’ has previously been developed, this
system was only shown to be able to catalyze the removal of fragments one
nucleotide in length in cells, and design principles prevented this system from the
potential to perform multiple turnover reactions. The spliceozyme system,

employing different design principles, has been shown to be active both in vitro
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and in cells, in which it is able to remove a wide variety of 100 nucleotide long
fragments. In addition, the spliceozyme design allows for multiple turnover
reactions and can be designed to target a variety of splice sites, thus having
many potential applications in both research and therapy.

Chapter 4: Decreased Side Product Formation in Evolved Group |
Intron Spliceozymes

In order to increase the efficiency of the spliceozyme, and subsequently
the potential applications of the system, an evolution was performed in cells. In
this evolution, the spliceozyme was challenged to more efficiently remove
internal sequences from substrate pre-mRNA. Characterization of one of the
fittest clones resulting from this evolution identified necessary mutations in both
the conserved core and peripheral domains of the ribozyme.  This set of
mutations results in greater product formation, as well as decreased side product
formation, qualities that may increase the therapeutic potential of the
spliceozyme.
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Chapter 2: Low Selection Pressure Aids the Evolution of

Cooperative Ribozyme Mutations in Cells

2.1 Abstract

Understanding the evolution of functional RNA molecules is important for
our molecular understanding of biology. Here we tested experimentally how two
evolutionary parameters - selection pressure and recombination - influenced the
evolution of an evolving RNA population. This was done using four parallel
evolution experiments that employed low or gradually increasing selection
pressure, and recombination events either at the end or dispersed throughout the
evolution. As model system, a trans-splicing group | intron ribozyme was evolved
in E. coli cells over 12 rounds of selection and amplification, including
mutagenesis and recombination. The low selection pressure resulted in higher
efficiency of the evolved ribozyme populations, while differences in
recombination did not have a strong effect. Five mutations were responsible for
the highest efficiency. The first mutation swept quickly through all four evolving
populations, while the remaining four mutations accumulated later and more
efficiently under low selection pressure. To determine why low selection pressure
aided this evolution, all evolutionary intermediates between the wild type and the
5-mutation variant were constructed, and their activities at three different
selection pressures were determined. The resulting fitness profiles showed a

high cooperativity between the four late mutations, which can explain why high
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selection pressure led to inefficient evolution. These results show experimentally
how low selection pressure can benefit the evolution of cooperative mutations in
functional RNAs.
2.2 Introduction

Catalytic RNAs (ribozymes) are essential in all life forms, playing
important roles in gene expression and regulation. Natural ribozymes include the
ribosome (1,2), RNase P (3), the spliceosome (4,5), group | (6) and group I
introns (7), and six small, self-cleaving ribozymes (8-13), most of which are
variants of ancestral ribozymes that originated more than a billion years ago. The
spliceosome, for example, appears to share a common ancestor with self-
splicing group Il introns (14,15), RNase P evolved into RNA-protein particles with
different sets of proteins in bacteria, archaea and eukarya (16), and group |
introns appear to follow an evolutionary round of invasion, degeneration, and loss
(17). The correlation of sequences for group | intron ribozymes that were
vertically inherited over hundreds of millions of years has provided insight into
their loss of secondary structure elements and the concomitant loss of splicing
activity (18). The comparison of biological sequences, however, cannot
recapitulate their evolution because the evolutionary parameters, and
evolutionary intermediates, are lost to history. In contrast, controlled evolution
experiments in the lab are a powerful tool to understand the parameters that
shape RNA evolution.

Previous experimental studies have elucidated several central features of

RNA evolution in vitro. These studies showed that genetic diversity of a starting
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population increases the rate of adaptive evolution (19) that recombination can
benefit an evolving population by reducing mutational load (20), and that two
distinct, coevolving ribozymes can diversify such that each ribozyme dominates a
different niche (21). In contrast to these RNA evolution studies in vitro and RNA
selection experiments in cells, according to our knowledge, no experimental
studies have addressed RNA evolution in cells. Evolution differs from selection
by the repeated application of mutagenesis between multiple selection steps, an
important difference that facilitates the successive optimization of sequences.
Because nature optimizes RNA sequences by evolution it is desirable to
understand the parameters affecting RNA evolution in cells. The dynamics of
RNA evolution in cells are likely affected by the cellular environment, in which
RNAs may be able to recruit and utilize cellular factors. This study utilizes an in
vivo evolution system that allows studying the evolution of functional RNAs in E.
coli cells (70).

As a model system for RNA evolution in cells we utilize group | intron
ribozymes, which are able to excise themselves from pre-mRNAs in vitro and in
vivo (6). To do this, the introns fold into three-dimensional structures and
catalyze two transesterification reactions. This results in the excision of the intron
sequence and the joining of the flanking exons. These group | intron ribozymes
can be converted to a trans-splicing format by removing the 5'-exon and adding a
short substrate recognition sequence to the new ribozyme 5'-terminus (22,23)
(Fig. 2.1A). In this new format the ribozyme can specifically recognize a target

site on a substrate RNA and replace the substrate 3'-portion with its own 3'-
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terminus. Group | intron ribozymes show frans-splicing activity in vitro (22,23), in

bacterial cells (23,24) and in mammalian cells (25,26).
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Figure 2.1 Trans-splicing ribozyme variant of the Tefrahymena group | intron that was
used as parent construct for the evolutions. (A) Secondary structure of the ribozyme
(black) with its 5'-terminal extended guide sequence (EGS; green) base paired to the
target site on the substrate (red). The ribozyme 3'-exon is in blue. The 5'-splice site is
marked by a black triangle, the 3'-splice site with an open triangle. The 5'-duplex, P1
helix, the P1 extension helix, and the P10 helix are labeled. The EGS used in this
secondary structure is sequence 8 from sub-figure (B). (B) Sequences of 12 designed
EGSs that were tested on the ribozyme 5'-terminus. For each sequence, the predicted
number of base pairs in the P1 helix and the P10 helix are given on the right. The
underlined portion corresponds to the predicted 5'-duplex and the P1 extension helix, the
bold portion to the P10 helix. The asterisk denotes a sequence where three base pairs
could be formed in the P1 extension helix but are not predicted to form due to a self-
structure of the EGS. (C) Ability of the 12 different EGSs to increase E. coli growth rates
in the presence of chloramphenicol due to the repair of CAT pre-mRNA in the cells. The
doubling time of E. coli cells is given for all 12 constructs, in LB medium containing 2
pg/mL chloramphenicol (open squares) and 6 ug/mL chloramphenicol (filled squares).
Note that the symbols are slightly offset to clarify the error bars. EGS variant 10 did not
mediate measurable growth. Note that low doubling times correspond to high ribozyme
efficiencies. EGS variant 8 was chosen for the parent ribozyme of the evolution.
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Trans-splicing ribozymes could be useful for therapeutic applications (for
review see (27)) to correct genetic mutations on the mRNA level (25,26,28,29),
and specifically kill virus-infected cells (30,31) or cancerous cells (32).
Therapeutic applications are currently limited by inefficient delivery of the
ribozymes into cells, and by the low frans-splicing efficiency of the ribozymes in
cells. The frans-splicing efficiency in cells has exceeded 10% only in exceptional
cases (26). Efficiency is dependent upon on the choice of the splice site (33), the
design of a 5'-terminal extension of the ribozyme sequence, the extended guide
sequence (EGS; (24,26,34), and, importantly, on the sequence of the ribozyme
itself. While the ribozyme sequence evolved in nature for cis-splicing as opposed
to frans-splicing, experimental evolution could be used to adapt it to frans-
splicing. Therefore, the evolution of frans-splicing ribozymes in cells serves two
purposes. First, the evolution itself allows determining and quantifying the factors
that guide RNA evolution in cells, through controlled experiments in the lab.
Second, the products of the evolution experiments - more efficient trans-splicing
ribozymes - could be useful tools in research and therapy.

This study analyzed the effects of selection pressure and recombination
on the evolution of trans-splicing group | intron ribozymes in E. coli cells. Four
lines of evolution were conducted that differed in the application of selection
pressure and recombination. The evolution of the fittest phenotype, which relied
on five mutations, was most efficient under low selection pressure. Analysis of
the sequences during evolution, and of the evolutionary intermediates between

parent ribozyme and the most efficient ribozyme, found that four highly
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cooperative mutations resulted in two disadvantages for evolution under high
selection pressure.
2.3 Experimental procedures

Library plasmid

The library plasmid expressed a trans-splicing variant of the group | intron
ribozyme from Tetrahymena, and the chloramphenicol acetyl transferase (CAT)
pre-mRNA as described previously (24). The expression of the ribozyme was
driven by a downregulated version of the IPTG-inducible frc promoter (35), and
the ribozyme carried a 3'-terminal hairpin transcription terminator. The CAT pre-
MRNA was encoded in the opposite direction, and its expression was driven by
the constitutive promoter derived from its parent plasmid pLysS (Novagen). It
carried the frameshift mutation AG322 (counted with the A of the start codon as
position 1), which abolished CAT activity.

In vivo evolution

The in vivo evolution was done essentially as described’ but with careful
control of the population sizes during the selective step, the rate of mutagenesis,
and the selection pressure. Briefly, electrocompetent E. coli DH5a cells (NEB)
were transformed with library plasmids containing pools of ribozyme sequences,
plated on LB plates containing 100 ug/mL ampicillin, and incubated at 37 °C for
~17 hours. The complexity of viable cells in each pool was estimated using
dilution series plated on medium containing 100 uyg/mL ampicillin. These E. coli
libraries were then washed from the plates with LB medium, the ODsgg of the

resulting cell suspension was measured, and the suspension was diluted to an
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ODgoo of 0.015. Each cell suspension was induced with a final concentration of
1mM IPTG and shaken for 1 hr at 37°C. One million cells that contained plasmids
with ribozyme inserts (as determined by colony PCR) were then plated on
medium  containing the appropriate  chloramphenicol  concentration.
Chloramphenicol concentrations for evolutionary lines |, and Il were determined
by plating each selection on plates containing 3 different concentrations of
chloramphenicol. The concentration corresponding to ~10% of plated clones
forming visible colonies, was then used for selection. After incubation at 37 °C for
~17 hours, plasmids were isolated from the grown colonies, then the ribozyme
genes were subjected to mutagenic PCR (36) or recombination using the
staggered extension process (StEP) (37), and re-cloned into new library
plasmids. The rate of mutagenesis was ~2.4 mutations per ribozyme
corresponding to 10 rounds of mutagenic PCR (36). Five to ten plasmids were
randomly selected from each population after the selective step of evolution, to
determine ribozyme sequences and monitor the progress of the evolution.

Construction of ribozyme variants

The design of variants in EGS at the ribozyme 5'-termini (see figure 2.1)
used the mfold algorithm (38) to predict the structures formed by the EGS with
the substrate and the ribozyme 3'-terminus. Ribozyme variants with modifications
in the 5'-terminal EGS were generated by PCR with 5'-PCR primers that inserted
the sequence mutations using PrimeSTAR DNA polymerase (TaKaRa).
Ribozyme variants with internal mutations were constructed by site directed

mutagenesis (39). Briefly, each 50 pL reaction contained 1.25 pmol forward
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primer, 1.25 pmol reverse primer, 2.5 nmol of each dNTP, 10uL 5x PrimeSTAR
GXL Buffer, 2.5 units of PrimeSTAR GXL Polymerase, and 2 ng of template
plasmid. After PCR (5 min/95°C, then 18 rounds of 50 sec/95°C, 50 sec/60°C, 4
min 45 sec/68°C and a final 7 min/68°C), 20 units of Dpnl were added and the
mixture was incubated at 37°C for 1 hour. Reactions were purified using the DNA
Clean and Concentrate kit (Zymogen) and transformed into E. coli DH5a cells by
electroporation.

Measurement of cell growth in liquid medium

The measurement of doubling times in liquid culture was done essentially
as described (24). Briefly, fresh overnight cultures of E. coli DH5a cells with the
library plasmid and the respective ribozyme variant in LB medium containing 100
pMg/mL ampicillin were induced with 1 mM IPTG and shaken for one hour at 37°C.
Each culture was diluted to an ODeggo of 0.05 with LB medium containing 1 mM
IPTG and the indicated concentration of chloramphenicol, and shaken at 37°C.
The OD600 of each culture was measured every 30 minutes until it had
exceeded 1.0. Growth rates were determined by least squares fitting.

Measurement of cell growth on LB-agar plates

Fresh overnight cultures in LB medium containing 100 pg/mL ampicillin
were diluted to an ODggo of 0.0025, induced with a final concentration of 1 mM
IPTG, and shaken at 37°C for 1 hour. Of each culture, 0.1 mL (~50,000 viable
cells) was plated on one LB agar plate containing 100pg/mL ampiclliin and one
LB agar plate containing the noted concentration of chloramphenicol and IPTG at

a concentration of 1 mM. Cells were grown at 37°C for 16 hours and then each
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plate was washed with 1.6 mL PBS. The ODggo of each suspension from plates
containing chloramphenicol was measured and normalized by the ODggg from
plates containing ampicillin. For most experiments the growth was measured on
plates because the selection was done on plates, and the aim of measuring the
growth of individual clones was to draw conclusions about their behaviour during
the evolution.
2.4 Results

To analyze the effect of evolutionary parameters on ribozyme evolution in
cells we used an in vivo selection system developed for the evolution of frans-
splicing group | intron ribozymes (24). The core of this system is a plasmid
encoding a gene for a frans-splicing variant of the Tetrahymena group | intron
ribozyme, and an inactivated gene of chloramphenicol acetyl transferase (CAT).
When both the inactivated CAT mRNA and the ribozyme are expressed, the
ribozyme is able to repair the CAT mRNA using trans-splicing, allowing the
translation of functional CAT enzyme. The CAT enzyme uses acetyl-CoA to
acetylate the antibiotic chloramphenicol (40), which abolishes binding of
chloramphenicol to the ribosome (41) and mediates resistance to
chloramphenicol. Repair of the inactivated CAT mRNA was facilitated by the
trans-splicing ribozyme, containing a 3'-exon designed to repair the 3'-terminus of
the mutated CAT mRNA (Fig. 2.1A). Repair of CAT mRNA by the trans-splicing
group | intron ribozyme facilitated growth of E. coli cells on medium containing
chloramphenicol, allowing the selection of efficient trans-splicing ribozymes in E.

coli cells. The number of cells from the E. coli library that was plated on selection
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medium in each round of the evolution was maintained at 10°. Increasing the
concentration of chloramphenicol in the selection medium raised the selection
pressure, to select for increased ribozyme efficiency. Mutations were introduced
into the ribozyme genes by mutagenic PCR (42), and recombination events were
generated by the PCR-based StEP technique (37). Repeated rounds of
mutagenesis (or recombination) and selection allowed evolving successively
more active ribozyme variants '. This in vivo evolution system was used to study
the influence of selection pressure and recombination on the efficiency of the
resulting ribozyme population, while keeping other evolutionary parameters
constant including the rate of mutagenesis, the rate of recombination, and the
population size.

As starting point for the evolution, a frans-splicing ribozyme was designed
that recognizes splice site 97 on the CAT mRNA, differing from a previous
evolution on splice site 177 '. Because each splice site requires its own
optimized ribozyme &'-terminus (the extended guide sequence, or EGS
(24,26,30,34)) 12 different EGS sequences were designed and tested, to identify
a 5'-terminus that could mediate efficient growth of E. coli cells in medium
containing chloramphenicol (Fig. 2.1B, C). The constructs differed in several
aspects of the EGS design: the absence and presence of a P10 helix, the length
of the P1 extension (3 or 4 bp), three different registers of the internal loop, and
the specific sequence of the internal loop. The sequences of these constructs
were designed such that the predicted back-folding energy of the EGS was

weaker than -0.9 kcal/mol because self-structure formation of the EGS would
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have prevented the EGS from base pairing with the target site on the CAT pre-
mRNA. The 12 constructs were measured for their ability to mediate
chloramphenicol resistance due to the repair of CAT mRNA (Fig. 2.1C).
Construct 8, which was predicted to form a 4-base pair P1 extension helix and a
strong P10 helix, showed the best growth at two different chloramphenicol
concentrations, and was chosen as the starting point for the evolutionary study.
To investigate the influence of selection pressure and recombination on
the evolving ribozymes, four lines of evolution were performed in parallel,
systematically varying the application of selection pressure and recombination
(Fig. 2.2A). The first three rounds of evolution were performed as one single
population, after which the population was divided into four lines, I-IV. In two of
the four lines, | and Ill, high selection pressure was applied by successively
raising the concentration of chloramphenicol from a level of 10 pug/mL in round 3,
to 240 pg/mL in round 12 of the evolution (Fig. 2.2B). The chloramphenicol
concentration was chosen in each cycle such that ~10% of the ribozyme
population formed visible colonies. In the two other lines, Il and IV, a low
selection pressure was applied, by maintaining the chloramphenicol
concentration at 10 uyg/mL. Under this low selection pressure, approximately 30%
of the population formed visible colonies (average for evolution rounds 8 to 12).
Recombination events were applied in three of the first 12 rounds of evolution, for
all four lines (Fig. 2.2A). In lines | and I, the recombination events were clustered
in the last three rounds, whereas in lines Ill and IV they were evenly distributed

throughout the 12 rounds. The progress of the evolution was followed by
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sequencing 5-10 individual clones of the library for each line of evolution, during
each round. The average number of mutations per ribozyme increased steadily,

by about 1 mutation per ribozyme during each round of evolution (Fig. 2.2C).
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Figure 2.2 Evolution of the trans-splicing ribozyme under four different conditions (I -
IV), which differed in selection pressure and recombination. (A) Schematic for the 12
rounds of evolution for the four separate lines. Nine rounds with mutagenesis (M, blue)
and three rounds with recombination (R, red) were followed by two rounds without
mutagenesis or recombination (E, black). (B) Selection pressure over the course of the
evolution, given as the concentration of chloramphenicol in selection medium. The
selection pressure for the lines | (white) and Il (dark grey) increased with the activity of
the pool, while the selection pressure for the lines Il (light grey) and IV (black) was kept
low, never exceeding 10 pg/mL chloramphenicol concentration. The selection pressures
in rounds 13 and 14 were at the same high levels for all four lines, to select the most
active ribozymes from each population. (C) The average number of mutations per
ribozyme is plotted as a function of the evolution rounds, for line | (white), Il (light grey),
[l (dark grey), and IV (black). Each value is the average from 5-10 sequences, with error
bars denoting the standard error of the mean. Note that the symbols are slightly offset to
clarify the error bars. (D) Activities of ribozyme pools after evolution round 14, measured
as cell growth on plates containing 350 ug/mL chloramphenicol. The cell growth was
normalized for growth on medium with ampicillin. Error bars are standard deviations of
three experiments.
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To identify the lines of evolution that generated the most efficient
ribozymes, all four lines of evolution were subjected to two rounds of evolution
under high selection pressure (round 13 and 14), at chloramphenicol
concentrations of 300 and 350 yg/mL (Fig. 2.2A, B). These two rounds did not
contain mutagenesis or recombination events so that only sequences were
enriched that evolved in rounds 1-12. After these two rounds of enrichment the
activity of the four populations was quantified by determining the fraction of cells
that grew on plates with 350 ug/mL of chloramphenicol (Fig. 2.2D). Surprisingly,
the two populations that had evolved under the lowest selection pressure showed
the highest activities. The differences in recombination did not cause a significant
difference between the four lines of evolution.

The mutations that generated the advantage for the two populations
evolved under low selection pressure were identified by comparing sequences
from lines Il and IV (low selection pressure) with lines | and Ill (high selection
pressure) (Fig. 2.3). Ten ribozymes were sequenced from each of the four
populations, after evolution round 14. Mutations near the ribozyme 5'-terminus
were common, with the mutation GOU dominating all four lines. Similarly, all four
lines showed several mutations in the P9.2 helix. In contrast, four mutations in
the P6b stem-loop clearly differentiated lines | and Ill from lines Il and IV: U236C,
U238C, U239C, and U241A. All four mutations were present in 18/20 sequences
from populations Il and IV, but in 0/20 in lines | and lll. Three of the four
mutations were in 20/20 clones from lines Il and IV, and in 3/20 clones from lines

| and Ill. Conversely, 17/20 clones from lines | and Il had none or one of the four
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mutations. Therefore, the increased fitness in evolutionary lines Il and IV was

correlated with the appearance of the four mutations in the P6b loop.
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Figure 2.3 Secondary structure representations of the mutations identified after 14

rounds of evolution in each of the four lines. Note that these mutations reflect the most
active ribozymes after two rounds of enrichment at high selection pressure (rounds 13

and 14). The line (I - IV) is given for each secondary structure. For each structure, 10
sequences were analyzed. The color of the nucleotide corresponds to the frequency with
which the nucleotide was found mutated. Red: 10-8 mutations; Green: 7-5 mutations;
Blue: 4-2 mutations; Black: 1-0 mutation. See figure 2.1 for explanations on the

secondary structure. The positions of the P6b stem-loop, P9.2 stem-loop, and the 5'-

duplex are indicated. Note that the mutations in the P6b loop are highly enriched in lines

Il and IV but not in lines | and IlI.
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To test whether the emergence of the four clustered mutations in the P6b
loop might have been helped by an uneven coverage of mutations over the
length of the ribozyme we analyzed 128 mutations in 30 sequences generated by
the mutagenic PCR protocol used during the evolution (Fig. 2.4). No clustering of
mutations and no significant deviation from random distributions was detected.
As expected, the types of mutations showed a significant bias among the six
possible mutations (figure 2.4C). The two types of mutations that were necessary
to generate the clustered P6b mutations (U to C and U to A) were the two most
frequent types of mutations obsered. Therefore, the emergence of the P6b loop
mutations was likely not aided by an uneven distribution of mutations over the

ribozyme but benefitted from a mutational bias in the mutagenic PCR method.
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Figure 2.4 Analysis of mutations generated by PCR mutagenesis. (A) Distribution of
128 mutations generated by mutagenic PCR (blue) over the 414 nucleotide positions of
the Tetrahymena ribozyme. The green rectangle shows the position of the P6b stem-
loop mutations (positions 236-241). (B) Frequency of multiple mutation occurrences at
the same position. Of the 414 positions, the number of positions is shown with 0, 1, 2, 3,
and 4 mutations (blue). Five data sets with a random distribution are shown as
comparison (black). (C) Mutational bias in the type of mutations. For each of the six
types of mutations, their number of occurrences (total = 128) and their relative
frequencies are shown. One insertion and 12 deletions were also detected (not
included).

As a more rigorous way to identify the individual mutations that gave rise
to high activity, the 40 clones isolated after round 14 of the evolution were
screened for chloramphenicol resistance. In a semi-quantitative assay for growth
on medium containing 100 pg/mL chloramphenicol, four ribozyme clones were
found to mediate the most efficient growth, all of which contained the four
mutations in the P6b stem-loop (data not shown). One of these clones, clone V-

12-10, was chosen for further analysis. Using site-directed mutagenesis, each of
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the 11 point mutations present in ribozyme 1V-12-10, was individually reverted to
the wild-type sequence, and the resulting ribozymes were tested in growth
assays (Fig. 2.5A). Four mutations were necessary for maximum growth of clone
IV-12-10 (G9U, U236C, U238C, and U239C). To test whether these four
mutations alone were sufficient to mediate the same chloramphenicol resistance
as clone 1V-12-10, they were inserted into the sequence of the parent ribozyme,
generating clone M4. While the four mutations in clone M4 alone were not
sufficient, a fifth mutation (U241A) completed the motif, generating clone M5,
which was able to mediate growth at the level of IV-12-10 (Fig. 2.5B). These five
mutations were identical to the mutations identified from the comparison of 40
sequences between evolutionary lines I-IV (see above), suggesting that the
emergence of these 5 mutations in lines Il and IV gave the fitness advantage to

these lines.
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Figure 2.5 Identification of mutations that increased ribozyme activity, among the 11
mutations in clone 1V-12-10. (A) Activity of clone IV-12-10 variants that carried single
reversion mutations towards the parent ribozyme. Activity was measured as growth on
LB-agar containing 200 pg/mL chloramphenicol. Note the logarithmic scale that shows
the growth as measured as OD600. Growth of the parent ribozyme is shown as
comparison, and a horizontal dashed line is shown for comparison with clone 1V-12-10.
The red arrow indicates a mutation reversion with >10-fold effect (G9U); the blue arrows
indicate mutation reversions with < 10-fold effect. (B) Five mutations were necessary to
mediate full activity. A ribozyme containing only the four mutations identified in sub-
figure A (ribozyme variant M4) did not mediate full activity compared to the IV-12-10
variant. Three additional candidate mutations were added to ribozyme M4 and measured
for growth in the presence of 200 pg/mL chloramphenicol. Mutation U241A, in
combination with the four mutations identified in sub-figure A, was found to be necessary
and sufficient for full activity observed in the 1V-12-10 variant. Secondary structure of the
ribozyme with the positions of beneficial mutations indicated. Color-coding is as in (A).
The helices containing these mutations are labeled as 5'-duplex, and P6b.

If the five M5 mutations were responsible for the difference in fitness
between the four evolutionary lines, it might be possible to detect their
evolutionary precursors in lines Il and IV, before the enrichment for the most
efficient ribozymes, i.e. before round 13. To do this, the co-occurrence of M5
mutations in 80 sequences of evolution rounds 10-12 was used to identify
specific evolutionary intermediates (Fig. 2.6). The majority of sequences in all
four lines contained the GOU mutation, consistent with its dominance after round

14. The difference between the lines of evolution with regard to the M5 mutations
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was again correlated with high and low selection pressure: In lines | and Il (high
selection pressure), only single mutations were detected in addition to GOU (M2).
In contrast, in lines Il and IV (low selection pressure) ribozyme sequences also
with two and three additional mutations (M3 and M4) were found. At this point in
the evolution, M5 mutants did not dominate their populations likely because the
evolutionary lines had not experienced the strong selection pressure to enrich for
the most efficient ribozymes, which was applied in evolution rounds 13 and 14.
The increased frequency of M3 and M4 evolutionary intermediates during rounds
10-12 suggested that low selection pressure (lines Il and V) allowed a more
efficient exploration of M5 mutations. A more detailed analysis of the

accumulation of M5 mutations during evolution is given in Fig. 2.8.
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Figure 2.6 Accumulation of evolutionary intermediates of the M5 ribozyme in rounds 10-
12 of the evolution. For each of the four lines of evolution (I, Il, Ill, 1V), all 32 evolutionary
intermediates are shown, with each intermediate represented as one box. The individual
mutations are listed inside. Parent ribozymes (M0O) are shown on the left, and the 5-
mutant ribozymes (M5) on the right. Colors illustrate the frequency with which the
specific evolutionary intermediates were identified among 20 clones for each line of
evolution. Light blue: 1-2 clones; blue: 3-10 clones; dark blue: 11-20 clones.

To understand how low selection pressure could have aided the evolution

from the parent ribozyme to the M5 ribozyme we constructed all 30 evolutionary

intermediates between the wild type ribozyme and the M5 ribozyme (see Fig.

2.6). The activities of these evolutionary intermediates were quantified using the

same conditions as were used during the evolution (Fig. 2.7). Bacterial growth

was measured on plates containing

three different concentrations of

chloramphenicol, corresponding to low selection pressure (10 pg/mL; Fig. 2.7A),
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medium selection pressure (100 pg/mL; Fig. 2.7B), and high selection pressure
(200 pg/mL; Fig. 2.7C). The resulting fitness profiles confirmed that the first step
of evolution, from parent ribozyme (MO) to the GO9U mutant, was of large fithess
benefit at low and medium selection pressure. This was consistent with the
observation that mutation G9U quickly swept through all four evolving

populations (Fig. 2.8).
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Figure 2.7 Fitness profile of all evolutionary intermediates from the parent ribozyme
(MO) to the M5 ribozyme (M5), at three selection pressures. Intermediates are labeled
according the their number of M5 mutations (M1, M2, M3, M4). The selection pressures
correspond to chloramphenicol concentrations of (A) 10 ug/mL, (B) 100 pg/mL, and (C)
200 pg/mL. The fitness was measured as growth on medium containing the respective
chloramphenicol concentration. The two M1 ribozymes that display significant growth are
labeled (GO9U and U239C). All evolutionary intermediates with the G9U mutation are
shown in blue or green, and connected by blue lines. Green symbols highlight the
'gatekeeper' intermediates (see text). The values for all intermediates at all selection
pressures are given in figure 2.9. Error bars are standard deviations from three biological
experiments. The corresponding heat maps are displayed in (D) 10 pg/mL, (E) 100
pg/mL, and (F) 200 ug/mL. The arrangement of evolutionary intermediates is the same
as in figure 2.6. Colors denote fitness values larger than 0.6 (red), 0.6-0.3 (orange), 0.3-
0.1 (yellow), and smaller than 0.1 (white).
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In contrast, the remaining four mutations in the P6b stem-loop acted highly
cooperatively because when they were added to the GOU mutation (blue lines in
figure 2.7) they did not mediate a fitness increase for any one, two, or three
additional mutations (M2, M3, and M4, respectively). Only when all four
mutations were combined in the M5 ribozyme was there a strong increase in
activity. The M2, M3, and M4 intermediates even appeared to show a slight
reduction in fitness relative to the G9U single mutant (Fig. 2.7B). In addition,
several of the M4 evolutionary intermediates mediated only weak growth or no
growth, such that at low and medium selection pressure, the remaining three and
two evolutionary intermediates acted as 'gatekeepers' on the path from the M3
intermediates to the M5 ribozyme (green symbols in figure 2.7 A, B). Lastly, the
high cooperativity of the mutations resulted in very low activity of all evolutionary
intermediates at high selection pressure (Fig. 2.7C). This means that the M1-M4
evolutionary intermediates would not allow access to the M5 ribozyme at high
selection pressure, which corresponded to the final 2-5 rounds of evolution for
the evolutionary lines | and Ill (200 pg/mL; Fig. 2.2B).

The fitness of all evolutionary intermediates (Fig. 2.7 D,E,F) outlines the
evolutionary paths that were accessible at different selection pressures. They
can be used to explain why specific evolutionary intermediates were enriched
during the evolution of the four strains (figure 2.6). Only two evolutionary
intermediates in line IV did not appear to follow this pattern: 239/239 and
238/239/241. Both could be explained by recombination events: Intermediate

238/239 could have been generated by recombinational loss of mutation at
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position 9 from the detected intermediate 9/238/239. Intermediate 238/239/241
could have been generated similarly from intermediate 9/238/239/241. In both
cases, the large distance to position 9 made these transitions likely. In summary,
the high cooperativity of the four mutations in the P6b stem-loop generated
several constraints on the emergence on this motif that were exacerbated under
high selection pressure, giving an advantage to their evolutionary emergence
under low selection pressure.

2.5 Discussion

To study the effect of evolutionary parameters on RNA evolution in vivo
we evolved four ribozyme populations, systematically varying the selection
pressure and the pattern of recombination events. Lower selection pressure led
to ribozyme populations with higher fithess. To determine the cause for this
behavior, the ribozyme sequences were compared between the evolutionary
lines. Five mutations (M5) mediating high activity were identified, and all 30
evolutionary intermediates between the parent ribozyme and the M5 ribozyme
were constructed and tested for activity. Four mutations in the P6b loop of the
ribozyme were highly cooperative, suggesting an explanation for the success of
the evolutionary lines under low selection pressure.

Our study identified two factors that appear to have contributed to low
selection pressure aiding the evolution of the four highly cooperative P6b stem-
loop mutations. First and most importantly, increased selection pressure strongly
reduced the survival of all evolutionary intermediates (Fig. 2.7). High selection

pressure (200 ug/mL chloramphenicol) dramatically reduced the growth of all
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evolutionary intermediates, with exception of the M5 ribozyme (Fig. 2.7C,F). This
made the M5 ribozyme evolutionarily inaccessible at high selection pressure. At
intermediate selection pressure (100 ug/mL chloramphenicol), the fithess profile
generated a slight valley in the fitness landscape for the evolutionary
intermediates M2, M3, and M4 relative to the M1 intermediate G9U (Fig. 2.7B,E).
Such a valley generates a disincentive for the population to enter these
pathways, and larger drops in activity can even prevent populations from
crossing the fitness valleys (43). In other words, if the evolving ribozyme
populations |, and lll had not reached the M5 ribozyme in evolution round 7, it
would have become unlikely to traverse to the M5 ribozyme, and at the
evolutionary round 11 the evolution of the M5 ribozyme would have become
nearly impossible (Fig. 2.2B).

The second, but probably less important advantage of low selection
pressure was in the larger population sizes at low selection pressure. Under high
selection pressure, only ~10% of the cells formed visible colonies, whereas this
fraction was ~30% under low selection pressure. This generated ~3-fold larger
effective population sizes at low selection pressure. Large population sizes were
important to evolve the four clustered mutations due to their high cooperativity,
which required sampling the four-mutation sequence space without fitness
benefit for any three of the four mutations. Because the ribozyme had a length of
414 nucleotides, this sequence space (414 + 413 « 412 « 411 ~ 10"°) was
significantly larger than the population size of 10° cells that were plated in each

selection step. The mutations, therefore, had to successively accumulate over
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multiple rounds of evolution, and the effective population sizes became limiting
factors in the accumulation of the mutations. This constraint was strengthened by
the low activity of several M4 intermediates under low and intermediate selection
pressure, which reduced the number of possible evolutionary pathways to only
two or three M4 'gatekeeper' intermediates that could lead from M3 intermediates
to the M5 ribozyme (green symbols, Fig. 2.7). Therefore, the characteristics of
the fitness profiles under different selection pressures generated a requirement
for large population sizes, which was satisfied better at low than at high selection
pressure.

Why did the four P6b stem-loop mutations act cooperatively? The same
four mutations were identified in a previous study to increase the ribozyme
efficiency in E. coli cells ', These four mutations did not increase the in vitro
trans-splicing efficiency of the ribozymes. Instead, they specifically bound the
transcription termination factor Rho (in E. coli cell lysate), and increased the
assembly of polysomes and the translation of the frans-spliced mRNA. Because
Rho regulates the expression of many RNAs (44) these data suggested that the
four P6b stem-loop mutations evolved to modulate the expression of its splicing
product, the CAT mRNA. The mutations in the P6b stem-loop could have
recruited Rho because Rho binds (C); and (C)s sequences with micromolar
affinity (45), poly(C) acts inhibitory to Rho function (46), and three of the four P6b
mutations in the M5 ribozyme (U236C, U238C, and U238C) generated a (C)s
oligomer (Fig. 2.5). The fourth mutation (U241A) may make the (C)s sequence

more accessible for interaction with Rho because it is predicted to increase the
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size of the P6b loop (70). This model is consistent with a cooperative behavior of
the four P6b stem-loop mutations because the lack of any of these mutations
could reduce the accessibility of the loop or reduce the length of the oligo(C)
sequence, and thereby drastically reduce the affinity to Rho due to the length
dependence of Rho binding to oligo(C) sequences (45).

Recombination did not show a strong effect on the outcome of the
evolution. After enriching for the most active ribozyme variants in rounds 13 and
14 of the evolution, the activities of lines | and Ill were not significantly different,
as were the activities between lines Il and IV (Fig. 2.2D). Similarly, the mutations
of the M5 motif that were explored in line | were almost identical to those of line
Il (Figs. 2.3 and 2.6). The lack of an effect by recombination on the ribozymes
with the M5 mutations can be explained by the omnipresence of the G9U
mutation (if all sequences contain the same mutation then recombination cannot
generate a difference), and by the clustering of the four mutations in the P6b loop
within six nucleotides (recombination is unlikely between closely spaced
mutations).

The 12 designed 5'-terminal extended guide sequences (EGSs) showed
very different activities in cells, highlighting that the design principles for an EGS
of trans-splicing ribozymes are not yet fully understood (24,26,34). EGS 8, which
showed the highest activity and was chosen as the starting point for the
evolution, was predicted to form a P10 helix with 6 base pairs, which was
consistent with earlier studies (26,34) and supports the interpretation that the

benefit of a P10 helix is dependent on the splice site (24). Interestingly, the
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evolved, strongly beneficial mutation GO9U truncates the 5'-duplex from 8 base
pairs to 6 or 7 base pairs and may increase the size of the adjacent internal loop.
These results suggested that currently the most reliable way to identify the
optimal EGS for a given splice site is by a combined approach between design
and an in vivo selection procedure (24).

Previous in vitro evolution studies used high selection pressure to
generate more efficient catalytic RNAs, which stands in contrast to the central
finding of our study. High selection pressure is expected to help enriching the
most efficient phenotype because it efficiently removes less active phenotypes
from the population. This is especially clear for selection experiments, where all
sequence diversity is contained in the starting population, and the task is to
identify the most efficient sequence of that population, with selection steps as
stringent and as few as possible (47-49). In contrast, evolution experiments
usually do not contain the fittest phenotype in the starting population, and it is
necessary to accumulate multiple mutations over successive cycles of
mutagenesis - selection - amplification in order to access the fittest individual (50-
53). Therefore, in evolution studies the fithess of evolutionary intermediates and
the roughness of the fithess landscape become important. In a smooth fithess
landscape, when each successive mutation increases fitness until the fitness
peak is reached, high selection stringency helps a fast climb to the peak.
However, at least some RNA fitness landscapes are rough (54), where high
selection pressure would doom a population with low diversity to extinction (55).

A larger genetic diversity speeds up the evolution of ribozymes (19) but the
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mutational load that is used to generate this diversity can lead to the extinction of
populations, especially at small population sizes (20). This illustrates that a
combination of several evolutionary parameters determines the benefit of low or
high selection pressure. Our evolution in E. coli cells combined several factors
that could present an obstacle for evolution at high selection pressures: The
effective population sizes (~100,000 - 300,000) were several orders of magnitude
lower than those of most in vitro experiments, the mutagenic rate was only 3-fold
below a level that previously led to extinction (70), and the cooperativity of the
four P6b stem-loop mutations required the exploration of a four-mutation
sequence space without gain in activity for the ribozymes with 1-4 mutations.
Future experiments in different evolution model systems and under varying
conditions are necessary to determine more generally when low selection
pressure benefits the evolution of fitter phenotypes.

Previous studies selected RNAs in cells (56-60) but did not include the
multiple rounds of mutagenesis and selection. In contrast to selection
experiments, evolution experiments require multiple rounds of mutagenesis,
selection, and amplification, such as in the current study. The experimental
system employed in this study evolved a single RNA molecule inside cells, in a
constant genetic background. This setup allowed a stringent control of the
evolutionary parameters, the application of high mutation rates, and a relatively
simple analysis and interpretation of the results. In contrast, the sequencing of
complete genomes made it possible to analyze mutations in E. coli populations

that evolved under experimental conditions for 2,000 generations in the lab
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(61,62). Here, the identification of the mutations that cause the improved
phenotype is quite laborious (63), creating an obstacle for experiments that
evolve the complete genome. The simpler approach described in this study
allows answering specific questions that can be addressed by following the
evolution of specific macromolecules in cells.

Trans-splicing group | intron ribozymes were originally developed for the
possible use in therapeutic applications (23). These ribozymes could be
employed for the treatment of genetic disorders by repairing the mutations on the
level of mMRNAs (25,26,28,29), and for the selective killing of cancerous or virally
infected cells by splicing toxin-eoncoding RNA sequences into hTert mRNA or
viral RNAs, respectively (30-32). The evolution experiments described here did
not directly generate ribozymes that could be used in therapy because the most
efficient ribozymes appear to rely on interactions with the bacterial protein Rho ',
which does not exist in human cells. However, similar evolution experiments can
now be carried out in human cell lines. The results of the current study suggested
that this would be done most efficiently by evolution experiments under low
selection pressure, to allow for the enrichment of highly cooperative mutations.

Studies of protein evolution have resulted in several findings that can be
compared to our study of RNA evolution. One study focused on the evolution of
bacterial R-lactamase, in which a 5-mutation variant mediated resistance to the
antibiotic cefatoxin (64). By testing all 32 evolutionary intermediates between the
wild type and the 5-mutation variant, it was found that only a fraction of the

evolutionary paths were accessible under the used conditions, mirroring the
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results in our study (Fig. 2.7). However, the epigenetic interactions that
generated these paths were pleiotropic effects such as increased protein
aggregation and reduced thermodynamic stability, in contrast to the cooperativity
of RNA mutations in our study, which was probably caused by a single factor,
binding to the Rho protein (70). Other studies found that catalytic promiscuity can
help in the evolution of a new function both in proteins (65,66) and in RNAs (67).
Currently the most powerful experimental system to study macromolecular
evolution appears to be phage-assisted continuous evolution (PACE) (68). Here
the evolving molecule, usually T7 RNA polymerase, is repeatedly selected for
high activity inside E. coli cells, allowing for the completion of hundreds of
evolution rounds within a few days. With this technique, populations that were
evolved under low selection stringency followed by high selection stringency
reproducibly arrived at different sets of mutations than when evolution was done
at high stringency alone, similar to the results of our study (69). Additionally, low
selection stringency generated larger genetic diversity, which appeared to be the
case in our study as well. Future studies will show to what extent the different
chemistries of RNAs and proteins cause different evolutionary behavior.
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Figure 2.8 Accumulation of evolutionary intermediates for the five mutations of the M5
ribozyme. The figure separates the accumulation in lines I- IV. All 32 evolutionary
intermediates are shown for three intervals of the evolution, representing cycles 3-5
(left), cycles 7-9 (middle), and cycles 10-12 (right). For each 32 evolutionary
intermediates, the parent ribozyme is shown on the left and the 5-mutant ribozyme on
the right. Each box represents one evolutionary intermediate, with the individual
mutations listed inside. Colors represent the frequency with which the evolutionary
intermediates were observed. Red: 51-100%; green: 11-50%; Blue: 1-10%; No color:
<1%.
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10ug/mL cam 100ug/mL cam 200ug/mL cam
Mutation Average StDev Average  StDev Average StDev
Parent 0.0303 0.0217 0.0012 0.0005 0.0005 0.0004
M9 0.9016 0.2750 0.4154 0.0549 0.0169 0.0116
M236 0.0172 0.0069 0.0017 0.0005 0.0012 0.0004
M238 0.0136 0.0031 0.0031 0.0019 0.0025 0.0016
M239 0.4239 0.0892 0.0830 0.0218 0.0065 0.0041
M241 0.0071 0.0006 0.0018 0.0011 0.0012 0.0005
M9/236 0.7896 0.3140 0.2014 0.1373 0.0065 0.003%
M9/238 0.8830 0.0957 0.2959 0.0959 0.0171 0.0103
M9/239 0.6872 0.0778 0.2553 0.0742 0.0145 0.0041
M9/241 0.9888 0.1640 0.2938 0.0384 0.0024 0.0017
M236/238 0.0112 0.0028 0.0014 0.0008 0.0011 0.0002
M236/239 0.0104 0.0009 0.0015 0.0015 0.0005 0.0002
M236/241 0.0054 0.0032 0.0009 0.0002 0.0009 0.0002
M238/239 0.0163 0.0058 0.0051 0.0049 0.0047 0.0011
M238/241 0.0071 0.0023 0.0013 0.0004 0.0016 0.0008
M235/241 0.0151 0.0048 0.0026 0.0027 0.0014 0.0007
M9/236/238 0.6198 0.3173 0.2050 0.1275 0.0099 0.0020
M9/236/239 0.7624 0.2431 0.3012 0.0834 0.0101 0.0014
M9/236/241 0.9211 0.3458 0.2273 0.1152 0.0034 0.0011
M9/238/239 0.6308 0.2315 0.1906 0.0782 0.014% 0.0018
M9/238/241 0.9022 0.2634 0.2450 0.1271 0.0033 0.0005
M9/239/241 0.9143 0.0687 0.2840 0.1063 0.0021 0.0005
M236/238/239 0.0162 0.0057 0.0048 0.0026 0.0029 0.0010
M236/238/241 0.0058 0.0018 0.0024 0.0021 0.0015 0.0002
M236/239/241 0.0016 0.0004 0.0028 0.0014 0.0021 0.0006
M238/239/241 0.0046 0.0001 0.0011 0.0004 0.0015 0.0007
M9/236/238/239 0.7129 0.1573 0.3212 0.1512 0.0354 0.0169
M9/236/238/241 0.9725 0.1658 0.1780 0.0585 0.0020 0.000%9
M9/236/239/241 0.0087 0.0012 0.0058 0.0005 0.0015 0.0006
M9/238/239/241 0.8869 0.1506 0.0509 0.0634 0.0010 0.0000
M236/238/239/241 0.0079 0.0045 0.0011 0.0008 0.0016 0.0007
M9/236/238/239/241 1.1242 0.1053 0.6015 0.0332 0.3860 0.0878

Figure 2.9 Values for the growth of E. coli cells on LB medium containing
chloramphenicol, mediated by all evolutionary intermediates between the parent
ribozyme and the M5 ribozyme (M9/236/238/239/241). Values were obtained by growing
cells on LB-agar plates, washing the plates, and measuring the OD600. Each value was
normalized for the respective clone's growth on LB medium containing 100 pg/mL
ampicillin. Details are given in the legend of figure 6 and the materials and methods.
Standard deviations are from three biological replicates.
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Chapter 3: Spliceozymes: Ribozymes that Remove

Introns from Pre-mRNAs in Trans

3.1 Abstract

Group | introns are pre-mRNA introns that do not require the spliceosome
for their removal. Instead, they fold into complex three-dimensional structures
and catalyze two transesterification reactions, thereby excising themselves and
joining the flanking exons. These catalytic RNAs (ribozymes) have been modified
previously to work in trans, whereby the ribozymes can recognize a splice site on
a substrate RNA and replace the 5'- or 3'-portion of the substrate. Here we
describe a new variant of the group | intron ribozyme from Tetrahymena that
recognizes two splice sites on a substrate RNA, removes the intron sequences
between the splice sites, and joins the flanking exons, analogous to the action of
the spliceosome. This 'group | spliceozyme' functions in vitro and in vivo, and it is
able to mediate a growth phenotype in E. coli cells. The intron sequences of the
target pre-mRNAs are constrained near the splice sites but can carry a wide
range of sequences in their interior. Because the splice site recognition
sequences can be adjusted to different splice sites, the spliceozyme may have
the potential for wide applications as tool in research and therapy.
3.2 Introduction

Group | introns are intervening sequences in pre-mRNAs that do not
require the spliceosome for their removal (1). Instead, they fold into three-

dimensional structures and catalyze two transphosphorylation reactions resulting

66



67

in their excision from the primary transcript and the joining of their flanking exons
(1,2,3). The biochemistry of group | intron ribozymes has been studied
extensively (for review, see (4,5)) and crystal structures have been reported for
group | introns from three different species (6,7,8).

Group | intron ribozymes have been engineered to catalyze several non-
native reactions. For example, they can be converted from the natural cis-splicing
format into a trans-splicing format, by removing the ribozyme 5'-exon and
replacing it with a short substrate recognition sequence (9,10). This substrate
recognition sequence base pairs to a complementary target site on the substrate
RNA, thereby specifying the splice site (11,12). In the subsequent reaction, the
ribozyme replaces the 3'-portion of the substrate RNA with its own 3'-exon; this
has been demonstrated in vitro and in bacterial and mammalian cells (10,13,14).
In addition to replacing the substrate 3'-portion by the ribozyme 3'-exon, group |
intron ribozymes are also able to replace the substrate 5'-portion by the ribozyme
5'-exon. In this case, the recognition of the splice site is more complicated, using
the concerted action of the ribozyme 5'-terminus and 3'-terminus (15,16).

When the two types of reactions - replacement of the substrate 3'- and 5'-
portion - are combined, group | intron ribozymes can facilitate trans-excision
reactions - the removal of an internal RNA segment and the joining of the
flanking exons (17). This frans-excision reaction relies upon three recognition
sequences, consisting of the formation of the P1, P9.0, and P10 helices between
substrate and ribozyme (16,18). These trans-excision ribozymes were shown to

excise fragments of up to 28 nucleotides from short substrates in vitro (17), and
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remove single nucleotides from full-length mRNA in E. coli cells (19). No
evidence has indicated that longer fragments can be excised in cells. To obtain
ribozymes that can efficiently excise long internal substrate fragments from full
length mRNAs under physiological conditions, a different splice site recognition
principle was used here to recognize the 5'- splice site and the 3'- splice site with
two separate structural elements, the P1 and P9.2 helix, respectively.

Here we demonstrate that a new variant of the group | intron from
Tetrahymena can remove introns from a full-length mRNA in frans. The ribozyme
differs from the described frans-excision ribozymes by using its 3'-terminal P9.2
helix for recognition of the 3'-splice site (figure 3.1), which leads to the efficient
excision of introns with a length of 100 nucleotides. The excision is accurate in
vitro and in E. coli cells, and tolerates many sequences within the intron. We
termed this RNA 'spliceozyme' because it is a ribozyme that functions like a
spliceosome. After further developments, the spliceozyme may serve as a
versatile tool to remove internal RNA sequences for applications in research and

in therapy.
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Figure 3.1 Secondary structure of the spliceozyme, based on the group | intron
ribozyme from Tetrahymena. (A) Before the reaction, the substrate consists of two exons
(red) and an intervening intron (blue). The spliceozyme (black) uses its 5'-terminus to
form the P1 duplex, the P1 extension (P1ex), and the 5'-duplex to position the substrate
5'-splice site (filled triangle). The ribozyme 3'-terminus forms the P9.2 duplex and the
P9.0 duplex to position the substrate 3'-splice site (empty triangle). (B) After two
transphosphorylation reactions the 5'-exon and the 3'-exon of the substrate are joined.
The 5'-terminus of the intron is capped by an exogenous G (black) and the 3'-terminus of
the intron is liberated. The sequences correspond to the removal of an intron from splice
site 258 of the CAT pre-mRNA used in this study. The internal sequence of the intron is
drawn as a bold blue line. Note that a hairpin terminator is added to the 3'-terminus for
all reactions in cells. The secondary structure of the ribozyme is based on (58) with the
alteration that the P4-P6 domain was positioned on the right side for clarity.

3.3 Results
Design of the Spliceozyme

The spliceozyme described here is based on the group | intron ribozyme
from Tetrahymena (figure 3.1). For recognition of the 5'-splice site, the substrate
sequence immediately adjacent to the splice site was recognized by forming the
P1 helix and the P1 extension helix, followed by an internal loop and a duplex at
the ribozyme 5'-terminus (12,13,20,21). The ribozyme design with only a P1
duplex was labeled P1; the design with a P1 duplex and a P1 extension was

labeled P1ex, and the design that included all elements of the extended guide
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sequence (P1 helix, P1 extension, internal loop, and 5'-duplex) was labeled EGS.
For recognition of the substrate 3'-splice site, the P9.2 helix was designed to form
in trans, and was truncated to 9 base pairs. The substrate for the trans-splicing
reactions described here was the 678-nucleotide long mRNA encoding the
enzyme chloramphenicol acetyl transferase (CAT), with an intron of 64 or 100
nucleotides in length inserted at position 258.
Spliceozyme activity in vitro

To test whether the spliceozyme could function in vitro, the CAT pre-
mMRNA was radiolabeled internally and incubated with spliceozymes targeting the
two exon / intron junctions of a 100-nucleotide long intron. Reaction conditions
used near-physiological conditions, including 5 mM MgCl, at 37°C, 100 nM CAT
pre-mRNA, and spliceozyme concentrations of 100 nM and 1 pM. Splicing
products of the correct size were detectable after only a few minutes of reaction
time (figure 3.2, upper panels). Quantitation of the signals showed that within five
minutes, 3-7 % and 23-36 % of the pre-mRNA were converted to a splicing
product of the correct size by 100 nM and 1 pM spliceozyme, respectively (figure
3.2, lower panels). The ribozyme with a P1 5'-terminus reacted approximately
2.5-fold faster than the other ribozymes (0.25 min™ versus 0.09-0.12 min™,
respectively), each with a P9.2 duplex length of 9 base pairs (compare figures
3.2A, B, and C). This suggests a possible inhibitory role of extensions at the 5'-
terminus in the P1ex and EGS constructs, and is consistent a previous
suggestion that the ribozyme 5'-structure could indeed be partially inhibitory for

trans-splicing (22).
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Figure 3.2 Influence of the spliceozyme 5'-terminus design on the reaction in vitro. The
ribozyme 5'-terminus ends in (A) a P1 duplex, (B) a P1 extension, or (C) a 5'-duplex (see
figure 3.1). The corresponding constructs are labeled as 5' P1, 5' P1ex, and 5' EGS,
respectively. The top panels show autoradiograms of internally radiolabeled splicing
products after separation by denaturing polyacrylamide gel electrophoresis. The marker
(M) shows the position of pre-mRNA (778 nt), mRNA (678 nt), and 5'-exon (278 nt). The
3'-exon and the intron had a length of 400 nt and 100 nt, respectively. For each
spliceozyme construct, two splicing reactions are analyzed with spliceozyme
concentrations of 100 nM and 1 uM. Samples were taken at reaction times between 0
and 60 minutes. A schematic of the substrates and reaction products is shown to the
right of the image, with exons in red and the intron in blue. Bottom panels show the
quantitation of the disappearance of the CAT pre-mRNA (triangles) and the appearance
of the CAT mRNA (squares). Empty symbols correspond to 100 nM spliceozyme, while
filled symbols correspond to 1 uyM spliceozyme concentration. Grey lines show single-
exponential curve fits to the products and double-exponential curve fits to the reaction
products. Error bars are standard deviations from three experiments.
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To determine if the products contained the correct splicing junction, the
reaction products were subjected to RT-PCR, specifically amplifying sequences
that contained both the 5'-exon and the 3'-exon of the CAT mRNA. Cloning and
sequencing showed the correct exon junction sequence in ten out of ten frans-
splicing products (data not shown). These results demonstrated that a
spliceozyme using its 5'-terminus for recognition of the 5'-splice site and its 3'-
terminus for recognition of the 3'-splice site via formation of the P9.2 helix was
able to efficiently and accurately remove the intron from a pre-mRNA in vitro.

Between 8% and 46% of the substrate molecules lost their 5'-exon and
were thereby converted to side products within one hour (figure 3.8A). The
differences were correlated with two factors: spliceozyme concentration and
design of the spliceozyme 5'-terminus. First, a spliceozyme concentration of 1
mM led to approximately 4-fold greater release of the 5'-exon compared to the
same constructs at a ribozyme concentration of 100 nM, likely a result of more
reaction events generating more side reaction events. Second, in constructs
differing in the ribozyme 5'-terminus (all with a P9.2 duplex length of 9 base
pairs) approximately two-fold higher 5'-exon release was observed in the
absence of a P1 extension duplex (construct P1) compared to the other two
constructs that contained a P1 extension duplex (P1ex, EGS). One possible
explanation for this behavior is that the ribozyme 5'-terminus forming the P1
extension helps position the 3'-splice site at the catalytic site by forming the P10
helix (23); this helix formation may therefore shorten the time between the first

and the second catalytic step of splicing, during which the 5'-exon can escape
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from the spliceozyme. At 1 mM spliceozyme concentration additional side
products are detectable in figure 3.2; the identity of the corresponding side
products is currently unclear.
Influence of the P9.2 duplex length on spliceozyme activity in vitro
Truncation of the P9.2 helix from 9 base pairs to 8, 7, or 6 base pairs did
not significantly affect spliceozyme efficiency (figure 3.3A). Only when the length
of the P9.2 helix was reduced to 5 base pairs was a lower fraction of substrate
converted to product than ribozymes with a P9.2 helix of six to nine base pairs
(31% versus 45%-58%, respectively). This is consistent with the finding that
duplexes shorter than 7 base pairs are below the optimal length for the specific
recognition of target sites (24). The length of the P9.2 duplex did not strongly

influence the amount of 5'-exon release (figure 3.8B).
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Figure 3.3 Effect of substrate recognition sequences on product formation. (A) Kinetics
of spliceozyme splicing in vitro, measured as the molar percentage of the initital
substrate concentration (CAT pre-mRNA) converted to product (CAT mRNA). The
reactions were analyzed as in figure 3.2. Data from spliceozymes with a 3'-terminal P9.2
helix of 9 base pairs are shown with filled symbols, including spliceozyme 5'-termini of a
5'-duplex (triangles), P1 extension helix (circles), and P1 helix (squares). Empty symbols
denote results from spliceozymes terminating in a P1 helix at the 5'-terminus, and the 3'-
terminal P9.2 helix truncated to 8 base pairs (diamonds), 7 base pairs (squares), 6 base
pairs (triangles), and 5 base pairs (circles). Error bars correspond to standard deviations
from three experiments. (B) Sequences of splicing junctions resulting from RT-PCR,
cloning and sequencing of trans-splicing products from the reaction with a P9.2 helix of 5
base pairs and a P1 helix at the 5'-terminus. Note that the wild type sequence (WT)
differs from the splicing products in three silent mutations (empty triangles), which
confirmed that the sequences were splicing products and not a contamination by the wild
type gene. Nine out of ten sequences showed the sequence expected from correct
splicing at the 3'-terminal G, whereas one sequence indicated that the guanosine four
nucleotides downstream of the intended 3'-splice site was used instead. The sequence
participating in the P1 helix is underlined, containing the 5'-splice site (filled triangle).

To estimate the effect of truncating the P9.2 helix on splicing accuracy, ten
splice site junctions were determined by reverse transcription, cloning and

sequencing of the splicing products resulting from a P1 helix of 6 base pairs and
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a P9.2 helix with 5 base pairs (figure 3.3B). Nine out of ten splice site junctions
had the correct sequence. One sequence gave evidence for an event of aberrant
splicing, in which the guanosine four nucleotides downstream of the correct
guanosine was chosen as 3'-splice site. In contrast, ten out of ten sequences
showed the correct product when the 3'-splice site was recognized by a 9 base
pair helix (data not shown). This suggested that a P9.2 duplex length of 5 base
pairs may be too short for reliable recognition of the correct 3'-splice site,
consistent with earlier considerations on substrate recognition helices (24).
Together, the truncation experiments at the ribozyme 5'- and 3'-terminus
suggested that a P1 extension at the 5'-splice site reduced the loss of 5'-exons,
and that the 3'-splice site required a P9.2 duplex with at least 6 base pairs.
Spliceozyme activity in cells

To assess the activity of the spliceozyme in cells, a plasmid encoding the
spliceozyme and a CAT pre-mRNA with a 64-nucleotide long intron was
generated, and transformed into E.coli cells (figure 3.4A). In order for bacterial
resistance to chloramphenicol to be conferred, it is necessary for the
spliceozyme in the cells to process CAT pre-mRNA to CAT mRNA, which is then
translated to the CAT enzyme. The CAT enzyme acetylates chloramphenicol with
acetyl-coA as acetyl donor (25), rendering chloramphenicol unable to inhibit the
ribosome (26), thereby allowing E. coli cells to grow in the presence of
chloramphenicol. Indeed, E.coli cells transformed with the spliceozyme construct
were able to grow on medium containing 8 ug/mL chloramphenicol (figure 3.4B;

grey columns), at levels similar to the growth mediated by CAT mRNA without an
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intron (figure 3.4B, black column on the left). To test whether this growth was a
result of spliceozyme-mediated catalysis, the catalytic center of the spliceozyme
was inactivated by mutations. A mutation at the guanosine binding site (G264A)
was found previously to strongly reduce ribozyme activity while maintaining the
overall ribozyme fold (27,28,29). Because the remaining weak activity appeared
to generate some bacterial growth (data not shown) the ribozyme was further
inactivated with a total of six mutations (A261U, C262A, A263G, G264A, A265U,
and C266A). The modified construct did not mediate detectable bacterial growth
(figure 3.4B, white columns) above the background level of the assay (figure
3.4B, black column on the right), approximately 1/1,000 of the signal from the
functional spliceozyme. Two different introns in the pre-mRNA resulted in similar
levels of growth with active spliceozyme and no growth with inactive spliceozyme
(constructs 64-SiC2 and 64-SiC3; figure 3.4B). Note that these two intron
sequences were not arbitrarily chosen but were the result of a selection (see
below). To estimate the splicing accuracy of the spliceozyme in cells total RNA
was isolated and used to determine the sequence of splice junctions in the CAT
MRNA as described for the in vitro reaction. Ten out of ten trans-splicing
products had the correct sequence (data not shown). These results
demonstrated that catalysis by the spliceozyme removed the intron from a pre-
mRNA in E. coli cells, and did so accurately and efficiently enough to generate

an antibiotic resistance phenotype.
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Figure 3.4 Spliceozyme activity in E. coli cells. (A) Schematic of the plasmid used for the
expression of spliceozyme (Sz; black) and CAT pre-mRNA (CAT; red) containing an
intron (blue) in E. coli cells. Restriction sites used in cloning of the plasmid are indicated.
(B) Quantitation of E. coli cell growth on LB-agar plates containing 8 pg/mL
chloramphenicol, by measuring the A600 of cell suspensions from washing the plates
after incubation. The black column on the left shows the A600 from cells that express the
wild type CAT gene without intron. Grey columns denote the A600 resulting from
plasmids containing a CAT gene with an intron and wild-type spliceozymes. White
columns denote the A600 from the same constructs as in the grey columns but with six
mutations in the catalytic core of the spliceozymes. The black column on the right
denotes the A600 resulting from cells containing the pUC19 plasmid without
spliceozyme or CAT gene. Two different intron sequences with a length of 64
nucleotides were inserted into plasmid pUCSz2 for this assay (64-CiC2 and 64-SiC3;
note that both of these introns were selected for their efficient removal by the
spliceozyme; see materials and methods). Note the logarithmic scale for the A600. Error
bars are standard deviations from three biological samples.

Sequence requirements of the intron

To determine whether the spliceozyme required specific sequences within
the intron of the CAT pre-mRNA, two selection experiments were performed with
a 100-nucleotide long intron. In the first selection experiment, the internal region
of the intron between the substrate recognition sequences was randomized (Nea;
figure 3.5A; clone names contain an i for '‘internal'). A library of plasmid
constructs was generated that was identical to the construct described above but

differed in the length of the intron (100 nucleotides) and the randomization of the
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64 internal nucleotides of the intron sequences. E. coli cells were then
transformed with this plasmid library. Ten randomly chosen clones from this E.
coli library were tested for growth on LB plates with chloramphenicol (10 pg/mL).
Eight out of ten clones mediated detectable growth, and three of them mediated
moderate growth (figure 3.5B, white columns; clone names contain an L for
'library') with efficiencies similar to an additional ten clones that were selected
from the library for efficient growth on LB-chloramphenicol medium (figure 3.5B,
grey columns; clone names contain an S for 'selected'). When the sequences of
all 20 introns were correlated with the mediated chloramphenicol resistance, no
sequence pattern could be identified that was associated with increased activity,
based on a comparison of their sequences, predicted secondary structures, and
predicted self-folding energies (30) (figure 3.5C). A similar selection was
performed with a 64-nucleotide long intron containing a randomized sequence of
28 nucleotides. This experiment also gave rise to highly efficient introns, and
similarly did not reveal favored patterns for the intron sequences (data not
shown). Although neither of these experiments covered the complete sequence
space of the randomized Ngs and Nys sequences, this was not necessary to
estimate the frequency of beneficial intron sequences within random libraries.
The results revealed that the spliceozyme efficiency varied significantly with the
internal sequence of the pre-mRNA intron, and that approximately 30% of
sequences from a random library constituted a favorable internal intron sequence

for processing by the spliceozyme.



79

A A‘c& B 15 T
g Before selection | After selection T
My - i
Egg FiE £ 10 |
\:LJ\AE _2 A g :
WOl Bl s s
d TH AR L Sos |
5. uw‘:a y/;r E:?‘. E S
cmisl, 12 B B ﬂﬂ
SN g:; ' G0
LM = = 5388885 600383885885
ﬁf‘_,\tﬁ ﬁzs SE{ o Y o i i 101/ 117 11 112151
v e 88888888888888888888
C

100-SiC10 GUUCCUGGGAAGGCCUUCGGGUCACAGUAAACUGAGAGGCUUUGGUGUAAGCUCUCCCCUUGCA 1.0£04
100-SiC9 AAGGUGCUAGCUUGACUACAGUUCGGUUAUUUGGCUCGGUUAUUUAGGUCACACCAUGGCCUGC 0.9 x0.4
100-SiC4 UAAUGACUAGACGGUUCCAAAUUCGAGCUGCGGUCCGGCCGGCAAGAAUACCUAUGCUUAUGC 0702
100-SiC8 AGCUACGUAGGGUCAGAUAUGCGACCGCGACGUGGUAGGCCCGGGCGGCCUAAGGUUGGCAUGU 0.67 £0.11
100-SiC2 GGUGUUUGUCCAGUGCGCGCUAACCGGGUCGAACUCCAAGGCCGCACGAGAGUCCAGCUUUUAA 0.62 £0.07
100-SiC3 GUUGACGUUGAUGUGCCCUUCUCUAACGACCACGGCGACGGCGUGGAAGAUAGUAGGAGGCACU 0.58 +0.06
100-LiC8 GAUCCAAGGUAGGGGUAGCAUCUUCCGAUUAGAGGGUAGCGCCCCACCGUUACGUGUUGGGUAA 0.53 £0.09
100-SiC5 CCUUGGAAUCAGUUCGGAGGGUGAGUCACAGAGGUGUAGGAUAUUGAUGCAGUCAAUCGGUCAC 0.310.07
100-SiC1 ACAGACCUUUUCGGGAUCGCUCUGAGCCCCCUCAUGAGGGCUUCUAGCGUGCUUAAGGCGAUC 0.30 £0.15
100-SiC6 UAAAAACAGUUGGCAGUCUCUACUUUCAAGGUCUGCUGGUAGGUUGCACCCUGGAACCUAUGUC 0.28 +0.04
100-LiC9 UACUACGCGUGAUCGAUAGCCGUGUGUCCCUAAAAAUAGGGCCAUGCCCGGCGCCCGGAAUGGC 0.20 £0.05
100-SiC7 UUAAACUGGAUAGCUUAUGCGCAGGUGUCGUUGCGCUAGGGGCGCCAUGCAUCAGGCGCGCCAU 0.183 £ 0.001
100-LiC12 ACCUGCCAGGCCAAUCCGGAGCCCGGUGACGUGUAGCCCUUCUCCUAACUGCAGGAGGGACCGC 0.18 £0.00
100-LiIC1 UAACGGGUCGUUGCUCCGUGUAAGGCAGGAGCGCGCUCAGGGAGAGACGCAUCCGGGAUCGCGG 0.05 +0.04
100-LiC4 AGAUCGUAACGCUGAGUGUGGGGCUGACGUAGUGCGAGCGUCCGGCCAGUAGUGAAGGGUUACG 0.04 £0.02
100-LiC7 UUGAAGAGGCGCUCUCUGUCAUUUUUCGCGUUUCUAUGGGUUCUAGGGUAUUUAUGCGAUGCGG 0.029 £0.019
100-LiC11 UGAUGAUUCAUUCUAUUCUGCGGCGGUAGCCGGCAAUUUCUACCGCAGGGAGGGUGUCGAAGCA 0.016 £ 0.008
100-LiC6 GGGGCGGCAGCUCGGCGUUCUUUAAUACUUUCAAUUGCGCUCGGAUGAGCGUUGUGCUUUGUCU 0.011 £0.006
100-LiC10 GAAAAGUACGCACGCGACUGAUGGCAACUGCGACGACGCGUGUGGCCUUACACGCCUUACGUGC 0.0006 + 0.0002
100-LiC5 CCUUGGAAUCAGUUCGGAGGGUGAGUCACAGAGGUGUAGGAUAUUGAUGCAGUCAAUCGGUCAC 0.0005 +0.0009

Figure 3.5 Effect of the internal intron sequence on spliceozyme activity in E. coli cells.
(A) Secondary structure of the spliceozyme (black), with the substrate exons in red and
the position of the randomized N64 sequence indicated in the internal region of the
intron (blue). (B) Quantitation of E. coli cell growth on LB-agar plates containing 10
pg/mL chloramphenicol. The resulting A600 is given for 20 clones, ten of which were
chosen before selection on LB-chloramphenicol plates (white columns), and ten of which
were chosen after this selection step (grey columns). The name of each clone is given
below, with 'L' indicating clones from the unselected library and 'S' indicating selected
clones, 100 denoting the length of the intron, the letter i indicating that the internal region
of the intron was randomized, and the number after 'C' denoting the clone number. Error
bars are standard deviations from three experiments. (C) Sequences of 20 cloned intron
sequences, sorted according to their activity in cells. The left column lists the clone
names, using the same nomenclature as in (B). The middle column shows the internal
sequence of that clone that resulted from the N64 library, which was inserted between
the constant regions of the intron (see (A)). The right column shows the growth activity,
measured as A600 of cell suspensions that resulted from washing LB-growth plates
containing chloramphenicol, relative to growth on medium without chloramphenicol.
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The second selection experiment with an intron of 100 nucleotides tested
the sequence requirement for the ten nucleotides between the 3'-splice site and
the P9.2 helix (N1o; figure 3.6A). These ten nucleotides were randomized similar
to the previous selection, and the corresponding plasmid library was transformed
into E.coli cells. When ten randomly chosen clones from this E.coli library were
tested for growth on medium containing 10 pg/mL chloramphenicol, none
showed detectable growth (figure 3.6B, clone names contain an L for 'library").
Growth was also measured for ten clones selected from the small fraction of the
library that mediated growth on LB-chloramphenicol medium (figure 3.6B, clone
names contain an S for 'selected'). When the sequences of these clones were
sorted according to the level of mediated growth a correlation between splicing
activity and the identity of nucleotides 1, 2, and 10 within this region became
apparent (figure 3.6B, right). The five most efficient sequences (figure 3.6B,
column graph) were used to characterize the sequence requirement in this
region. At position 1, four of these five sequences carried a U, consistent with the
wild type ribozyme sequence (compared to 3 / 10 sequences from the selected
library). At position 2, all five sequences carried a G, consistent with the wild
type, and in contrast to the pre-selected pool (4 / 10 sequences). This is
consistent with the role of nucleotide 2 in base pairing to a C adjacent to the P9.0
helix (31) in the wild type ribozyme. At position 10, all active sequences carried a
C or a U, consistent with the wild type C, and different from the pre-selected pool
(6 / 10 sequences). This is consistent with the role of nucleotides 9 and 10 in

forming the P9.0 helix (32,33,34). At position 9, the presence of four U's in the 7
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most active clones would be consistent with a weak selection at this position. No
significant enrichment was observed at other positions. Together, these results
suggested that the 10-nucleotide sequence between the P9.2 helix and the 3'-

splice site was constrained to specific nucleotides in at least 3 positions.
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Figure 3.6 Effect of the 3'-terminal intron sequence on spliceozyme activity in E. coli
cells. (A) Secondary structure of the spliceozyme (black), with the substrate exons in
red, and the position of the randomized N10 sequence in the 3'-terminal region of the
intron (blue). The helices P9.0 and P9.2 are labeled. (B) List of 20 analyzed clones,
sorted according to the resulting activity in cells. The clone name is given on the left, the
growth on LB-agar plates containing chloramphenicol is shown as horizontal columns,
and the N10 sequence is given on the right. Clone names containing ‘L' indicate the
unselected library, while 'S' indicates a selection step with chloramphenicol. The letter '}’
denotes that the randomized region is located near the 3'-terminus of the CAT mRNA
intron. The growth was measured on plates containing 10 ug/mL chloramphenicol and
normalized to growth on medium without chloramphenicol. The sequence at the top
(WT) corresponds to the wild type sequence of the Tetrahymena ribozyme. Nucleotides
that are identical with the wild type sequence are colored in blue. The position 10
tolerates a U, which is consistent with its base-pairing role, and is colored in red. Errors
are standard deviations from three experiments.

Efficiency of the spliceozyme in cells

To obtain a measure for the efficiency of the spliceozyme in E. coli cells
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the amount of active CAT enzyme in E. coli cell extract, the formation of which
requires the correct processing of CAT pre-mRNA, was quantified (figure 3.7A).
CAT activity was measured by an assay utilizing Acetyl-CoA and DTNB (5,5-
Dithio-bis(2-nitrobenzoic acid)) (35). Four constructs expressing spliceozyme and
CAT pre-mRNA with introns that had previously mediated efficient growth on
chloramphenicol containing medium resulted in CAT levels between 0.004 and
0.010 units of CAT per ODgno Of cells (grey columns). This corresponded to 3.3%
and 7.2% of the activity generated by a construct expressing CAT mRNA without
an intron, in the absence of spliceozyme expression (0.13 units of CAT per ODgoo
of cells; black column on the right). In contrast, three constructs expressing
spliceozyme and CAT pre-mRNA introns that mediated only poor growth or no
growth showed significantly lower CAT activity in the bacterial extract (white
columns). This confirmed that spliceozyme-facilitated CAT activity mediated the

bacterial chloramphenicol resistance observed in the previous experiments.
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Figure 3.7 Quantitation of CAT enzyme activity, CAT RNA level, and plasmid level in E.
coli cells. (A) Units of CAT activity detected in E. coli cell extract, containing different
plasmid constructs, as indicated below the column graphs. No detectable CAT activity
was found when E. coli cells contained the plasmid pUC19 (left black column; -0.00045
+ 0.00053 units per OD600). Grey columns show the CAT activity of constructs
expressing a spliceozyme and a CAT pre-mRNA containing an intron that mediated
efficient bacterial resistance to chloramphenicol. White columns show the CAT activity
mediated by introns that led to poor or no bacterial resistance to chloramphenicol.
Construct names starting with 64 or 100 label the length of the intron in the CAT pre-
mRNA gene, 'S' denotes that the clone was selected for activity on medium with
chloramphenicol, 'L' denotes that the clone was chosen from an un-selected library, "'
denotes that the library for this selection was randomized in the internal region of the
intron, and the number after C is the clone number. CAT WT denotes a construct without
spliceozyme, and in which the CAT gene did not contain an intron, resulting in 0.13 +
0.01 units of CAT activity per OD600. The percent of CAT activity relative to the CAT WT
construct is noted above each column. (B) Level of CAT RNAs estimated by RT-gPCR
of the CAT RNA 3'-exon. This assay measures the sum of CAT pre-mRNA and CAT
mRNA. (C) Molar amount of plasmid isolated from logarithmically growing E. coli cells.
Note that the unit OD600 is used as an absolute value, corresponding to the cells in a
volume of 1 mL cell suspension with OD600 = 1. For all graphs shown in figure 3.7, error
bars denote standard deviations from three biological replicates.
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To test whether the variation in CAT activity between different intron
sequences was mediated by changes in the CAT pre-mRNA/MRNA expression
level, total RNA was isolated from each of the bacterial constructs, and CAT pre-
MRNA/MRNA 3'-exons were quantified by RT-qPCR (figure 3.7B). Resulting 3'-
exon levels indicated that RNA expression levels were not higher for efficient
introns (grey columns) than for inefficient introns (white columns), thereby
excluding the possibility that the CAT activity differences were caused by
differences in the CAT RNA expression levels. Similarly, plasmid expression
levels (figure 3.7C) of efficient introns (grey columns) were not higher than those
of inefficient introns (white columns), excluding the possibility that these introns
acted by affecting the plasmid copy numbers. It is interesting to note that the
lowest plasmid copy number was observed with pUC19 (no expression of pre-
MRNA or spliceozyme), with a slightly higher expression for the construct that
expressed the CAT mRNA, and even higher copy numbers for plasmids that
expressed both CAT pre-mRNA and spliceozyme. This finding, however, does
not affect the conclusion regarding modulation of plasmid copy numbers or RNA
expression levels the CAT pre-mRNA intron sequences.

Together, these results confirm that catalytic activity of the spliceozymes
mediated bacterial resistance to chloramphenicol by processing CAT pre-mRNA
to CAT mRNA, thereby facilitating the translation of active CAT enzyme in
bacterial cells. Future improvements may result in spliceozymes that process a
larger portion of substrate RNAs, and with less intron sequence dependence, for

possible uses as tools in research and therapy.
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3.4 Discussion

In this study we demonstrated that variants of the Tetrahymena group |
intron ribozyme can remove introns in frans from pre-mRNAs by using their 5'-
terminus and 3'-terminal P9.2 helix for recognition of 5'- and 3'-splice sites,
respectively. These spliceozymes can accurately remove 100-nucleotide long
introns from a pre-mRNA, in vitro and in E. coli cells, thereby facilitating the
expression of functional protein and mediating an antibiotic resistance
phenotype. The spliceozymes require specific recognition sequences near the 5'-
and 3'-splice sites but tolerate many sequences in the internal region of the
intron.

Two short substrate recognition elements in the spliceozyme of five to
nine base pairs were sufficient to specify the location of pre-mRNA splicing in E.
coli cells despite the fact that in principle, any uridylate residue among the many
RNAs in E.coli cells that is flanked by the complementary sequences could serve
as substrate (11,12). This observation, however, is consistent with the finding
that only a small fraction of all possible splice sites can be used efficiently by
trans-splicing ribozymes. This fraction is in the range of ~3% for the CAT mRNA,
as estimated by the computation of the total free energy of substrate binding, a
good predictor of splice site efficiency (22). The fraction of efficient splice sites in
a cellular environment may be even lower for highly structured and chemically
modified RNAs such as the ribosome and tRNAs, which constitute the bulk of
cellular RNAs. The precise frequency of off-target effects with the spliceozymes

is currently unclear.
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Quantitation of CAT activity in E. coli cell extract suggested that
approximately 5% of the CAT pre-mRNA were converted to functional CAT
mMmRNA by the spliceozyme, when compared to CAT mRNA lacking an intron
(figure 3.7A). This efficiency is similar to the estimated 3-4 % of CAT mRNA
repaired in a similar bacterial system by a trans-splicing group | intron using only
a single splice site (21,36). This suggests that the spliceozymes described in this
study were similarly efficient as the previously used trans-splicing ribozymes.

Spliceozymes could potentially be employed for several applications in
research and therapy. Research applications could include the use of
spliceozymes to create and study different splicing isoforms and phenomena
such as alternative splicing, exon skipping, or recursive splicing (37,38,39,40).
Spliceozymes could also be used to model specific biochemical steps in the
evolution of the spliceosome, which likely originated from a common ancestor
with group Il intron ribozymes (41,42,43,44,45,46). It is currently unclear how the
spliceosome recruited proteins during its evolution, fragmented into multiple
RNAs, and developed multiple turnover reactions. The current spliceozyme could
therefore serve as a model system to study analogous steps in the evolution from
a ribozyme to a dynamic RNP.

Spliceozymes may also have applications in therapy, for example in the
correction of aberrant splicing. At least 10% but perhaps 60% of all disease-
causing genetic mutations result in aberrant splicing (47,48,49). It may be
possible to use spliceozymes for the treatment of these genetic disorders by

processing incompletely or incorrectly spliced pre-mRNAs to functional mRNAs.
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The procedure for this approach would be similar to that envisioned for trans-
splicing ribozymes for the replacement of RNA 3'-portions in human cells
(13,50,51,52,53,54,55). For this application to be feasible it would first be
necessary to improve the delivery (or in situ expression) of spliceozymes, their
efficiency in cells, and minimize potential off-target splicing effects
(10,13,21,51,56).
3.5 Materials and methods
Construction of spliceozyme / CAT pre-mRNA expression plasmids

The plasmid expressing the spliceozyme and the CAT pre-mRNA (figure
3.3A) was based on the previously described pUC19-based expression system
(21), which includes a multiple cloning site with Sacl, BamHlI, Sphl and Hindlll.
The ribozyme expression cassette was inserted between restriction sites Sacl
and BamHI, and the CAT expression cassette between Sphl and Hindlll, in three
steps. First, the CAT gene was PCR amplified from the plasmid pLysS
(Novagen) as described (21), and prepared for the insertion of an intron at
position 258 by introducing three restriction sites through PCR mutagenesis.
Specifically, the 3'-PCR primer for amplifying the 5-exon of the CAT gene
introduced the silent mutations G243A and G246A to generate a Spel restriction
site, and added a 3'-terminal Xmal site near position 258. The 5'-PCR primer for
amplifying the 3'-exon introduced the silent mutation T264A to generate the
BsrGl site, and added a 5'-terminal Xmal site near position 258. The PCR
products of the two exons were digested with Sphl and Xmal (5'-exon) and

Hindlll and Xmal (3'-exon), then both fragments were ligated into the Sphl /
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Hindlll cassette of pUC19b (21) to create plasmid pUCSz1. The sequence with
the silent mutations is visible in the sequence of the correctly spliced products
(figure 3.6B).

Second, the spliceozyme cassette, including the frc2 promoter (57) and a
hairpin terminator, was generated in successive PCR reactions analogous to
another trans-splicing ribozyme (21). By successively modifying the 5'-terminus
of the Tetrahymena group | intron gene with 5'-PCR primers, the ribozyme 5'-
recognition sequence was adjusted to the new splice site 258 (see figure 3.1A),
and the frc2 promoter and a BamHI restriction site were added. By successively
modifying the 3'-terminus by 3'-PCR primers, the 3'-end of the spliceozyme was
truncated (see figure 3.1A), a hairpin terminator (5'-

GCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG-3"; stem

underlined) was added, and a Sacl restriction site was added. The PCR products
were then cloned into the BamHI - Sacl sites of pUCSz1 to generate pUCSz2.
Third, the intron sequences were inserted into pUCSz2 using the Spel and
BsrGl restriction sites introduced into the CAT sequence. Oligonucleotides 5'-
gaactagtgatatgggat AGTGTTCACTAGAAGG - Nos -
GATTAGTTTTGGAGTACTCG  agtgtacacc-3' and  5'-gaactagtgatatgggat
AGTGTTCACTAGAAGG - Ngs - GATTAGTTTTGGAGTACTCG agtgtacacc-3'
were converted to double strands by PCR, digested with Spel and BsrGl, and
inserted into the corresponding sites of pUCSz2 (exon sequences are in lower
case, intron sequences in upper case, restriction sites are underlined). This

created introns with a total length of 64 and 100 nucleotides, and randomized
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regions of 28 and 64 nucleotides, respectively. These two plasmid libraries were
used in selections for efficient internal intron sequences.

For the selection of intron sequences between the P9.2 helix and the 3'-
terminal guanosine (G414), plasmid libraries with ten randomized nucleotides
were generated by PCR amplification with a primer that carried the randomized
sequence. As PCR template, a clone with an intron length of 100 nucleotides
(100-SiC10, figure 3.5C) was used. The 3'-PCR primer (5'-ccttgtacactc - Nqo -
AAACTAATCTGCAAGGGGAG-3') randomized the region of interest, and added
the BsrGl site (underlined). All other steps were analogous to the selection of
internal intron sequences.

Mutagenic inactivation of the spliceozyme at positions 261-266 was
completed by site-directed mutagenesis, using two oligonucleotides that covered
19 bases on each flank of the mutated sequence. The resulting mutations were
A261U, C262A, A263G, G264A, A265U, and C266A. The procedure used
PrimeSTAR GXL DNA Polymerase (Invitrogen) and the QuickChange™ site-
directed mutagenesis protocol developed by Stratagene (La Jolla, CA).
Selection of efficient intron sequences

Plasmid libraries containing partially randomized introns were transformed
into electrocompetent E. coli DH5a cells, and the cells were plated onto LB-agar
containing 100 pg/mL ampicillin. After incubation at 37°C for 16 hours, the plates
were washed with LB medium to generate the bacterial libraries, which could be
frozen as glycerol stocks. Bacterial libraries were diluted to an Aggp of 0.015 with

liquid LB medium, and induced with 1 mM IPTG by shaking for 1 hour at 37°C.
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For the selective step, 100 pL of this culture were plated onto LB-agar plates
containing chloramphenicol of the noted concentration, and allowed to grow for
16 hours at 37°C. Individual colonies were selected and analyzed for the
sequences and efficiencies of individual introns.
Spliceozymes and pre-mRNAs for in vitro reactions

Spliceozymes and the CAT pre-mRNA substrate were generated by run-
off in vitro transcription from PCR products with T7 RNA polymerase, essentially
as described (22). The template for PCR of the spliceozyme, and of CAT pre-
mMRNA, was the plasmid clone pUCSz2_100-SiC10. The PCR of the spliceozyme
used 5'-primers that contained the T7 RNA polymerase promoter and truncated
5'-recognition sequences, and 3'-primers that truncated the spliceozyme 3'-
termini, as shown in the figures. For PCR amplification of the template for T7
transcription of CAT pre-mRNA, the 5 primer

GCGTAATACGACTCACTATAGCAGGAGCTAAGGAAGCTAAAATG and the 3'-

primer CGCCCCGCCCTGCCACTCATC were used (the T7 promoter is
underlined). Transcriptions were performed at 37°C for 3 hours in 40 mM
Tris/HCI pH 7.9, 26 mM MgCl,, 5 mM DTT, 0.01% Triton X-100, 2.5 mM
spermidine and 2 mM of each NTP. The transcription of CAT pre-mRNA
substrates additionally included a(*P)-ATP for internal radiolabeling. Transcribed
spliceozyme and substrate CAT pre-mRNA were purified by 7 M urea 5%
polyacrylamide gel electrophoresis (PAGE), eluted in 0.01% (w/v) SDS and 300
mM NaCl, ethanol precipitated, and redissolved in water. RNA concentrations

were measured by their absorption at 260 nm.
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In vitro reactions

In vitro reactions were done essentially as described (22). The final
spliceozyme concentration was 1 yM or 100 nM, as noted, and CAT pre-mRNA
substrate concentrations were 100 nM. Reactions were incubated in 5 mM
MgCly, 135 mM KCI, 50 mM MOPS/NaOH pH 7.0, 20 uM GTP, and 2 mM
spermidine, at 37°C, in reaction volumes of 20 pyL. Spliceozyme and substrate
were pre-incubated separately in the reaction buffer for 10 minutes at 37°C
before combining the solutions to start the reaction. Samples were taken in 2 yL
aliquots after reaction times of 0, 1, 2, 5, 10, 20, 30, and 60 minutes. /n vitro
reaction products were separated on 7 M urea 6% PAGE and visualized by
phosphoimaging. Bands were quantified on a phosphorimager (PMI, Bio-Rad)
using the software Quantity One. The background was substracted using the
rolling disk method, with two different methods to minimize artifacts. To quantify
substrate and products, disk sizes were set such that the background-signal
flanking each peak was contacted by the background subtraction line. To
quantify the signal of the 5'-exon side product, the disk size was chosen larger
such that the peaks of substrate and product were not separated. The signal
strengths were then normalized for two factors: to take into account that each
internally labeled fragment contained a different number of A’s, the signal
strengths of each fragment were divided by their number of A’s. To account for
gel loading errors, signals were also normalized for the total radioactivity per
lane. This resulted in the molar fraction of substrate converted to product, which

was reported in the figures. The time courses of the signal intensities were fitted
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for least-squares differences in Microsoft Excel using the Solver tool. All signals
of products were fit well by single-exponential functions; all signals of substrates
required double-exponential functions.
Activity measurements in E.coli

Fresh overnight cultures of E. coli cells in LB medium containing 100
pug/mL ampicillin were diluted with LB medium to an Aggo of 0.025, induced with
IPTG at a final concentration of 1 mM, and shaken at 37°C for 1 hour. Growth
was then measured on LB-agar plates instead of LB liquid culture because plates
prevented single false-positive clones from overtaking the population (21).
Hundred pL of each IPTG-induced liquid culture were plated on one LB agar
plate containing 100 pug/mL ampicillin. The same volume from the same cell
suspension was plated on one LB agar plate containing the noted concentration
of chloramphenicol and 1 mM IPTG. Plates were incubated at 37°C for 16 hours.
Each plate was washed with 1.6 mL 1xPBS, and the A600 of each cell
suspension was measured. The Agyp obtained for LB-ampicillin plates was
divided by the Asyp from the corresponding LB-chloramphenicol plates to
normalize the growth in the presence of chloramphenicol for the number of viable
bacteria. The two introns used for the first activity measurements in E. coli cells
(figure 3.4B) were two clones resulting from the selection with 28 random
nucleotides in the internal sequence of the intron. These two Ng sequences were
5-GGCCACAGGCCCCGCGTCGCGGTGGGGCL-3" (clone 64-SiC2) and 5'-
ATTCTTGATACTTTATTATTCAATTGTT-3' (clone 64-SiC3).

RT-PCR, sequence analysis, RT-qPCR, and plasmid yield
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For the sequence analysis of in vitro splicing reactions, RNA was obtained
by ethanol preparation after 60 minutes of incubation. For the analysis of in vivo
splicing reactions, total RNA was isolated from logarithmically growing E. coli
cultures using the Nucleospin RNA |l kit (Machery-Nagel). In reaction volumes of
20 pyL, RNA from the in vitro reaction containing 2 pmol CAT pre-mRNA and 20
pmol spliceozyme, or 3.2 pg of total RNA were incubated with 200 units of
Superscript Il reverse transcriptase (Invitrogen), for 60 minutes at 55 °C, using
the primer 5'-ccgtaacacgccacatc-3' complementary to the CAT 3' exon. DNA
sequences were amplified by PCR with primers 5'-cggcctttattcacattct-3' and 5'-
gtgtagaaactgccggaa-3'. A nested, second PCR introduced restriction sites EcoRI
and BamHI using primers 5'-gcatgaattccgcctgatgaatgctcat-3' and 5'-
gcatggatccgtattcactccagagcgat-3' (restriction sites underlined). The products
were cloned into plasmid pUC19b (21) and 10 clones were sequenced for each
reaction.

To quantify the amount of CAT RNA 3'-exons in total RNA, reverse
transcription products (see above) corresponding to 20 pg of total RNA were
amplified in a volume of 10 mL wusing the two primers 5'-
CCGTAACACGCCACATC-3' and 5-TGTTACACCGTTTTCCATGAG-3', both of
which anneal in the 3'-exon of the used CAT pre-mRNA sequence. The gPCR
reactions were incubated with the Applied Biosystems qPCR master mix on the
Fast 7500 RT-gPCR machine (Applied Biosystems), as described previously
(21). Only a single PCR product was observed in melting profiles.

Plasmid vyields were determined by isolating plasmids from 2 mL of



95

logarithmically growing E. coli cultures with an ODgoo of 0.5, using the Nucleospin
plasmid kit (Macherey Nagel). This was in the linear range of the assay, in which
the plasmid yield from 2 mL bacterial culture correlated linearly with ODgoo values
in the range from 0.0 to 1.0 (data not shown).
CAT activity assays

The CAT activity in E. coli cell lysate was determined essentially as
described (35) but used a 4-fold higher number of cells per assay to obtain a
strong signal. Cells from fresh overnight cultures were induced for one hour with
1 mM IPTG, diluted to an Aggp of 0.02, and grown to an Agoo of 0.20. Note that the
promoters for CAT pre-mRNA and CAT mRNA were the same. Cells from two
mL of culture were concentrated to 200 pL and frozen. After thawing, the
suspensions were mixed with 200 pL of 200 mM Tris/HCI pH 7.8, 10 mM
NaEDTA, and 4 pL of toluene. Fifteen pL of this solution were diluted 10-fold
with a buffer to obtain final concentrations of 1 mM DTNB, 0.2 mM Acetyl-CoA,
and 0.2 mM chloramphenicol. The absorption at 412 nm was recorded in 15-
second intervals. The slope of increase in the absorption at 412 nm was
determined by linear least squares fitting to the readout between 6 minutes and
15 minutes. The lysate of cells expressing CAT mRNA without intron was diluted
10-fold to stay within the linear range of the assay. Units of CAT activity were
determined using the extinction coefficient of 13,600 M cm™ for the reaction
product, and the definition of one CAT unit, which corresponds to the acetylation

of 1 umol chloramphenicol per minute (35).
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Figure 3.8 Fraction of 5-exon side products during the in vitro reaction of the
spliceozyme. The fraction is shown as the molar fraction of the CAT pre-mRNA at the
start of the reaction (see Figure 3.2). (A) Influence of spliceozyme concentration and
design at the ribozyme 5'-terminus. At the concentration of 1 mM (filled symbols) the 5'-
exon was released 4-fold faster than at 100 nM (empty symbols). When the spliceozyme
5'-terminus ended in the P1 helix (squares) the release of the 5-exon was 2-fold faster
than when the spliceozyme 5'-terminus ended in the P1 extension (circles) or the 5'-
duplex (triangles). (B) Influence of the length of the P9.2 duplex at the ribozyme 3'-
terminus, with a 5'-terminal P1 duplex. The lengths of the P9.2 helix had no or a minor
influence on the release of the 5-exon, as judged by the comparison between P9.2
helices with a length of 9 base pairs (empty squares), 8 base pairs (empty diamonds), 7
base pairs (empty circles), 6 base pairs (empty triangles), and 5 base pairs (filled
squares). Error bars show standard deviations from the average of ftriplicate
experiments.
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Chapter 4: Decreased Side Product Formation in

Evolved Group | Intron Spliceozymes

4.1 Abstract

The group | intron ribozyme from Tetrahymena was recently re-
engineered into a frans-splicing variant that is able to remove 100-nucleotide
introns from pre-mRNA, analogous to the spliceosome. These spliceozymes
were improved in this study by evolution in E. coli cells over ten rounds of
evolution. One clone with strongly increased activity in E. coli cells was analyzed
in detail. Three of its 10 necessary mutations extended the substrate binding
duplexes, which led to increased product formation and reduced cleavage at the
5'-splice site. Mutation U271C in the conserved core of the spliceozyme led to a
further reduction of cleavage at the 5'-splice site but an increase in cleavage side
products at the 3'-splice site. The latter were partially reduced by the six
additional mutations. These results show the generation of an improved
spliceozyme and provide deeper insights into the interdependent function of
nucleotides within group | intron ribozymes. Implications for the possible use of
spliceozymes as tools are discussed.
4.2 Introduction

Group | introns are catalytic RNAs (ribozymes) that are encoded as
intervening sequences in pre-mRNAs. In contrast to most introns, group | introns
do not require the spliceosome for their removal from pre-mRNA. Instead, they

fold into structures that catalyze their own excision from the pre-mRNA, and the
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joining of the flanking exons (1). Group | introns from different species have a
conserved structure around the catalytic site, but differ in the peripheral regions
(2-4). The most detailed biochemical characterization is available for the group |
intron from Tetrahymena thermophila (5-7). This ribozyme is very robust with
regard to sequence modifications, and is active in vitro, in bacteria, and
eukaryotes including yeast, mouse and human cells.

Variants of group | introns have been engineered that use the same
catalytic mechanism as the native ribozymes but show different functions due to
conversion from the natural cis-action to trans-action at the two splice sites.
Group | introns that act in frans at their 5'-splice site are able to bind to a
substrate RNA and replace the substrate's 3'-terminus with the ribozyme’s own
3'-exon (8). Similarly, trans-activity at the 3'-splice site allows replacement of the
substrate 5'-terminus with the ribozyme's 5'-exon (9). Trans-splicing at both
splice sites allows the removal of single nucleotides of a substrate RNA in cells,
and up to 28 nucleotides in vitro (10,11). Using a different design principle for the
substrate recognition at both splice sites in trans, a Tetrahymena group | intron
was recently shown to excise 100-nucleotide long introns from pre-mRNAs in
vitro and in bacterial cells, efficient enough to mediate antibiotic resistance (12).
These ribozymes were termed 'spliceozymes' because their action is analogous

to that of the spliceosome (Fig. 4.1).
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Figure 4.1 Secondary structure of spliceozyme used as parent in the evolution. The
spliceozyme (black) base pairs with the CAT pre-mRNA (red/blue) by forming duplexes
P1 and P9.2. (A) Before the splicing reaction, the pre-mRNA contains the 5'-exon (red),
a 100- nucleotide intron (blue), and the 3'-exon (red). (B) After the splicing reaction, the
5'-exon and 3'-exon are joined to form CAT mRNA (red), and the intron (blue) is excised.
The 5'- splice site is indicated by a filled triangle; the 3'-splice site is indicated by an
open triangle. Note that the intron 5'-terminus is extended by an external guanosine
during the reaction.

Spliceozymes may have the potential for applications as tools in therapy
and in research. This system could be used to correct mis-splicing resulting from
aberrant splicing diseases, to switch between splicing isoforms for the study of
spliceosomal splicing, and as a model system to study the biochemical steps that
likely occurred in the evolution of the spliceosome from a ribozyme ancestor. For
the use of spliceozymes as tools, however, several hurdles need to first be
overcome. For use in therapy, efficient delivery methods need to be developed.
There are current efforts to develop adeno-associated virus vectors (13), cationic
peptides (14), nanoparticles (15,16), and modified Salmonella strains (17,18) as

delivery vehicles, yet improvements to minimize toxicity and immune responses
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and increase delivery to target tissues are still needed. Additionally, for the use
as a tool in therapy or research, improvements are required to increase splicing
efficiency in cells, and reduce off-target effects. Currently, however,
spliceozymes are able to serve as model systems to study the biochemical steps
in the evolution of the spliceosome. While the spliceozyme evolved from a
common ancestor with group Il introns, group | introns can be used as analogs
for the same biochemical steps. The existing trans-splicing group | intron
spliceozymes show that cis-splicing ribozymes can make the evolutionary step to
trans-splicing ribozymes (12), analogous to perhaps the first step in the evolution
of the spliceosome from a cis-splicing ancestor. Among the steps still required to
obtain an analog of the spliceosome, the existing spliceozymes need (i) an
increase in splicing efficiency, (ii) a reduction in side products and off-target
effects, (iii) the ability to recognize different splice sites, (iv) the recruitment of
proteins for structural and catalytic roles, and (v) fragmentation into multiple
RNA-protein particles.

Here we show the improvement of spliceozymes by directed evolution in
E. coli cells. Over ten rounds of evolution, spliceozymes were challenged to
remove an intron from the pre-mRNA of chloramphenicol acetyltransferase (CAT)
under increasingly stringent conditions. Analysis of one of the fittest
spliceozymes, containing 10 mutations relative to the parent spliceozyme,
showed increased frans-splicing efficiency and reduced side product formation.
Three mutations extended the substrate recognition sequences, resulting in

increased product formation and reduced side product formation. Additionally, a
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mutation in the conserved core of the spliceozyme (U271C) appeared to adjust
activity at 5'-splice 3' splice sites, resulting in reduced activity of the 5'-splice site
and increased activity at the 3'-splice site. A structural model is presented for a
possible mechanism of this core mutation. A number of additional mutations were
able to mitigate the increase in side product formation resulting from increased
activity at the 3’ splice site. The implications for possible uses of spliceozymes as
tools and as model systems for ribozyme evolution are discussed.
4.3 Results

To improve the function of spliceozymes in cells, this system was
subjected to directed evolution in E. coli cells (Fig. 4.2) using an evolution system
established in earlier studies (19,20). As starting points for the evolution, two
spliceozyme libraries were generated by mutagenic PCR, using as template
either a single spliceozyme gene (Fig. 4.1; (12)) or a pre-evolved library that
already contained genetic diversity, which, in some circumstances, can increase
the speed of evolution (21). The spliceozyme libraries were cloned into the
spliceozyme expression cassette of a library plasmid that also contained the
expression cassette of the pre-mRNA of chloramphenicol acetyl transferase
(CAT). After transformation into E. coli cells, the cells were plated on medium
containing chloramphenicol. Only cells expressing functional spliceozymes, able
to remove the intron from the CAT pre-mRNA, generated functional CAT
enzyme, and formed colonies. The plasmids from these colonies were isolated to

complete one round of evolution.
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A low selection pressure was applied for the first five rounds of evolution,
improving the sampling of sequence space (22). Selection pressure was
successively increased over the last five cycles of evolution to isolate the most
efficient ribozyme variants generated (Fig. 4.2B). Sequencing of 5 -10
spliceozyme clones in each evolution round, for each of the two lines of
evolution, showed that the number of mutations increased by ~1 mutation per
spliceozyme per evolution round (Fig. 4.2C). Four mutations were highly
enriched (Fig. 4.2D, 4.2E): Two mutations at the spliceozyme 5'-terminus
(AAS'CU), one mutation in the core of the ribozyme (U271C), and one mutation
at the ribozyme 3'-terminus (A3'C). Interestingly, enrichments of the U271C and
5’-terminus mutations were observed concurrently, both being enriched above
20% by round 4 or 5, while equivalent enrichment of the 3’ terminus mutation
was not observed until round 8 (Fig. 4.10). The enriched U271C mutation in the
conserved core of the ribozyme was surprising; mutations in this region generally
lead to severe functional deficiencies (5).

To identify the most active sequences resulting from the evolution, the
spliceozyme genes of 20 clones were re-cloned and tested for their ability to
mediate bacterial growth on medium containing chloramphenicol (data not
shown). Of the two clones mediating most efficient growth, one clone (termed
W11) contained the central U271C mutation and was analyzed in more detail.
Clone W11 originated from the line of evolution that started with an individual
sequence, and contained 10 mutations relative to the parent spliceozyme. To

identify the mutations necessary for maximum activity, each mutation was
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individually reverted to the parent sequence and the resulting activity was
measured (Fig. 4.3). Surprisingly, all ten mutations were necessary for full
activity. The strength of effects correlated with the enrichment during evolution:
The strongest effects were mediated by the spliceozyme mutations at the 5'- and
3'-terminus (which extend the substrate recognition duplexes by two and one
nucleotide, respectively) followed by the mutation U271C. The six additional
mutations were also required for full activity (C37U, G175A, 234Gins., A286G,
A334G, and G368D). These six mutations were not specifically enriched during
the evolution (Fig. 4.2D) or associated with other mutations (data not shown). To
simplify the analysis of mutations, these six mutations (termed ‘helper mutations’)

were grouped together and studied in combination.
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Figure 4.3 Identification of mutations necessary for full activity in the evolved
spliceozyme W11. (A) Growth of E. coli cells expressing different spliceozyme variants
on plates containing chloramphenicol. In addition to the parent ribozyme and the evolved
ribozyme W11, variants of W11 with mutations reverted to the parental sequence were
analyzed. The mutations are given below the graph, with AA5'CU describing the
mutation of two 5'-terminal nucleotides to CU, and A3'C describing the mutation of the 3'-
terminal nucleotide to C. The OD600 was measured from growth on plates, and was
normalized to the OD600 from plate cultures containing ampicillin (i.e. viable cells
containing plasmid). Error bars are standard deviations from biological triplicates. (B)
Secondary structure of the evolved spliceozyme W11, with evolved mutations indicated
in green and with green circles. New base pairs created by the mutation are highlighted
in green, and base pairs deleted by the mutation are highlighted in red.
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To analyze the effect of the three groups of mutations on activity in cells,
two assays were performed (Fig. 4.4). Bacterial growth on plates containing
chloramphenicol was increased dramatically with the &'- and 3'-terminal
mutations present (Fig. 4.4A). While the addition of the U271C mutation or the
six helper mutations individually led to a decrease in growth, their combined
addition led to maximum growth, showing that U271C acted cooperatively with at
least a sub-set of the helper mutations. To test whether the improved growth of

the evolved ribozyme W11 on chloramphenicol containing medium was due to an
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increased production of the enzyme chloramphenicol acetyl transferase (CAT)
the activity of this enzyme was measured in bacterial extract (Fig. 4.4B).
Surprisingly, the U271C & helper mutations did not mediate an increase in CAT
activity over the spliceozyme variant with only 5'- and 3'-terminal mutations. To
reconcile the improved growth in the presence of chloramphenicol with reduced
CAT activity, we hypothesized that in addition to facilitating CAT synthesis,
spliceozyme activity may also impose a burden on the cell that reduces growth.
The evolved mutations may have reduced this burden to mediate improved
growth, possibly by a change in the pattern of product and side product

formation, thereby reducing the production of and interference by nonfunctional

RNA.
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Figure 4.4 Activities of evolved spliceozyme mutations in E. coli cells. (A) Growth
mediated by the spliceozyme variants in E. coli cells on medium containing 100 ug/mL
chloramphenicol. Error bars are standard deviations from three experiments. (B) CAT
enzyme activity of bacterial extract. The units correspond to 10'? cells. Error bars are
standard deviations of three experiments.
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Two experiments were conducted to determine whether spliceozyme
variants produced an effect on cellular growth independent of the antibiotic
resistance mediated by splicing. First, bacterial growth in liquid culture was
measured in the absence of chloramphenicol (Fig. 4.11). Indeed, growth
inhibition was observed in bacterial cells expressing both the cat pre-mRNA and
either the parent spliceozyme, spliceozyme with 5-" and 3’-terminus mutations or
spliceozyme with 5-" and 3’-terminus and helper mutations, as compared with
cells expressing only the spliceozyme constructs. Similar growth inhibition was
not observed in cells expressing the evolved W11 spliceozyme. Second, the
splicing pattern of the parent and evolved W11 spliceozymes were compared
when incubated with three essential E. coli mMRNAs in vitro (Fig. 4.12). Although
no significant difference in the amount of cleavage products was detected, a
modulation of cleavage patterns was observed. It is therefore currently unclear
whether the effect of the spliceozyme is mediated by the cleavage of CAT pre-

MRNA, off target cleavage of endogenous E. coli mRNA, or both.
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Figure 4.5 Effect of evolved spliceozyme mutations on the product pattern of in vitro
splicing reactions. Shown is a phosphorimage of radiolabeled splicing products with two
different spliceozymes, separated by denaturing polyacrylamide gel electrophoresis. The
left time course shows the products from the parent spliceozyme; the right time course
shows the products from the evolved spliceozyme W11. The time points are 0, 1, 2, 5,
10, 20, 30, and 60 minutes. The identity of the bands is given on the right. Unknown side
products were labeled as 'side X'.

To test whether side product formation was reduced by the evolved
spliceozyme, we performed in vitro splicing reactions with radiolabeled substrate
RNA. Splicing products were separated by denaturing polyacrylamide gel
electrophoresis (Fig. 4.5A) and the pattern of product bands was quantified (Fig.

4.5B). One striking difference between the parent and evolved spliceozyme was
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the consumption of substrate; while the parent spliceozyme consumed ~80% of
substrate within 10 minutes of reaction time, the evolved spliceozyme W11
reacted only with 46% of substrate during the same time. Importantly, formation
of the major two side products of the splicing reaction formed by cleavage at the
5'-splice site, was significantly lower with the evolved spliceozyme (blue and red
in Fig. 4.5B). Four additional unidentified bands were observed as side products
during the in vitro reaction (side 2, 3, 4, and 6). Side products 2 and 3 were
increased in the evolved spliceozyme W11 while bands 4 and 6 were decreased.
The helper mutations did not produce a significant effect when combined with the
5'- and 3' mutations alone (compare 5'3' with 5'3' + helper in Fig. 4.5B). In
contrast, the helper mutations caused a significant reduction of side product 2
when added to the U271C mutation (compare 5'3' + U271C with 5'3' + U271C +
helpers in Fig. 4.5B). This is consistent with the cooperative effect between
U271C and the helper mutations observed in the growth of E. coli on
chloramphenicol containing medium (Fig. 4.4A, 4.4B). Similarly, the amount of
product formation in vitro correlated well with the amount of active CAT enzyme
produced in E. coli cells (Fig. 4.6). This suggested that the observed changes in

splicing product patterns could be used to understand the phenotype in E. coli.
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Figure 4.6 Effect of evolved mutations in the spliceozyme on the product pattern of in
vitro splicing reactions. The percentage of radioactivity in specific bands is plotted as a
function of the reaction time. Unreacted pre-mRNA (grey) is converted to mRNA (black).
Cleavage products at the 5'-splice site are colored in red (5'-exon) and blue (3'-exon with
intron). Additional side products are Unk1 (purple), Unk2 (green), Unk3 (orange), Unk4
(light blue), and Unk6 (brown). The values are the averages of three reactions. Error
bars were not included for clarity and are given in Fig. 4.11 in plots of individual
products.
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To identify the RNA fragments that caused the observed changes in
splicing product patterns in vitro (Fig. 4.5A), an RNase H assay was performed
(Fig. 4.7). RNase H digests only RNAs that form double strands with DNA (23).
Products of the splicing reaction with radiolabeled substrate were annealed with
DNA oligonucleotides designed to base pair with segments along the length of
the CAT pre-mRNA and incubated with RNase H. When these digestion
products were separated by denaturing PAGE alongside undigested splicing
products (Fig. 4.7A), the bands that contained sequences complementary to the
DNA oligonucleotides shifted down or disappeared. By employing more than a
dozen DNA oligonucleotides, it was possible to identify the location of side
products 2, 3, 4, and 6 along the length of the CAT pre-mRNA (Fig. 4.7B). Side
product 2 consisted of the 5'-exon connected to the intron, therefore
corresponding to the 5'-fragment of cleavage at the 3'-splice site. Side product 3
contained the 5'-exon and a portion of the intron, corresponding to the 5'-
fragment of a cleavage event within the intron. Side products 4 and 6
corresponded to two complementary fragments of the 5'-exon.

The limits of the RNase H assay, however, do not allow for single
nucleotide resolution. To identify the cleavage sites with single nucleotide
resolution, truncated 5'-radiolabeled substrates were generated, incubated with
the spliceozyme, and analyzed by denaturing PAGE (Fig. 4.7C). As marker, the
same radiolabeled substrates were incubated with DNAzymes (24) designed to
cleave the substrates near the expected spliceozyme cleavage site. The results

of this single-resolution assay confirmed that side product 2 was cleaved
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precisely at the 3'-splice site, side product 3 had a 3'-terminus within the intron
between nucleotides 317/318, and side products 4 and 6 were cleavage products
of the 5-exon between nucleotides 129/130, with perhaps a minor cleavage

product at position 140/141 (see labels below Fig. 4.7B).
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Figure 4.7 Correlation of product formation in vitro with CAT activity in E. coli cells. None
of the other in vitro products was correlated similarly well with CAT activity or cell growth
on chloramphenicol containing medium. Error bars are standard deviations from three
experiments.

These results suggested that the mutations at the spliceozyme 5'- and 3'-
terminus, which extended the substrate recognition duplexes, reduced premature
release of cleavage products at the 5'-splice site by 6.1-fold (after 1 hour of
splicing in vitro) and increased product (CAT mRNA) formation 3.5-fold. Cleavage
products at the 5'-splice site were further reduced 2.0-fold by mutation U271C,
which also increased cleavage at the 3'-splice site by 2.3-fold (side product 2).
The six helper mutations reduced cleavage products at the 3'-splice site back by
2.1-fold. The overall effect of the evolved 5-° and 3’-terminus and U271C

mutations was that of a re-balancing of activity between the 5'-splice site
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(reduction) and 3'-splice site (increase), with additional 'helper' mutations to

mitigate side effects from the increase in 3’-splice site activity.
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Figure 4.8 Identification of side products from the in vitro splicing reaction. (A)
Phosphorimage of a denaturing PAGE separation of spliceozyme reaction products with
internally 3P labeled CAT pre-mRNA. After the reaction, the products were annealed
with DNA oligonucleotides and treated with RNase H. The disappearance of a band
showed that the DNA oligonucleotides had complementarity to the band's RNA. The
positions covered by seven representative DNA oligonucleotides are shown above the
gel image. These positions extend over the entire intron sequence. (B) Schematic of
CAT pre-mRNA with the position of DNA oligonucleotides indicated. Effects of the DNA
oligonucleotides on side product bands side2, side3, side4, and side6 are indicated by
filled rectangles (band disappears) or empty rectangles (band is unaffected). Grey
rectangles indicate partial disappearance. The position of 5'-exon, intron, and 3'-exon in
the pre-mRNA are indicated on top. The nucleotide position is given on the bottom. The
two splice sites are denoted by black triangles and grey, vertical lines. Cleavage sites
with single nucleotide resolution (see (C)) are given on the bottom. (C) Identification of
the cleavage sites at single nucleotide resolution, using short substrate fragments with
5'-radiolabel. Each short substrate was incubated with an excess of spliceozyme to
generate the cleavage products. Note that hydroxyl ladders and the marker created by a
DNAzyme carry 3'-phosphates. This difference to the 3'-hydroxyl groups created by the
spliceozyme makes the spliceozyme cleavage products migrate slower, corresponding
to ~0.4 nucleotides. The sequences at which cleavage occurred are shown on the right,
with triangles denoting cleavage sites by the spliceozyme and circles denoting the
cleavage position by the DNAzyme to generate the Marker. The resulting cleavage sites
are annotated at the bottom of sub-figure (B).
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4.4 Discussion

The activity of group | intron spliceozymes was improved by evolution in E.
coli cells. Three types of mutations were identified that improve their performance
in cells. First, mutations extending the substrate recognition helices (P1 and
P9.2) increased product formation and decreased side product formation.
Second, mutation U271C in the conserved core of the spliceozyme further
reduced side products generated by cleavage at the 5'-splice site but increased
side products generated by cleavage at the 3'-splice site. Third, a group of six
'helper' mutations reduced the increase in side products from increased activity
at the 3'-splice site by mutation U271C. Together, the resulting spliceozymes
show stronger product formation and weaker side product formation.

The effect of mutations extending the 5-substrate recognition sequence
can likely be explained by previous observations that extending the P1 helix can
increase trans-splicing efficiency, possibly through an improved conformational
change between the two catalytic steps (19,25). Similarly, it is expected that
mutations at the 3’ terminus, resulting in extension of the P9.2 helix, lead to
better retention of the splicing intermediates due to increased duplex stability.

It is interesting that the U271C mutation, located in the conserved core of
the group | intron, resulted in beneficial effects because mutations in the
conserved core usually have detrimental effects of group | intron activity (5). The
crystal structure of the Tetrahymena group | intron (2), provides a possible
explanation as to how this mutation may have led to a decrease in activity of the

5'-splice site and an increase in activity of the 3'-splice site. This crystal structure



123

shows nucleobase U271 stacked upon the end of the P3 helix, oriented towards
A103 at the same end of the helix (Fig. 4.8A). This crystal structure, however,
lacks the substrate recognition helix P1 and therefore the 5'-splice site. The P1
helix is present in the crystal structures of two related group | introns from the
species Azoarcus and Twort (Fig 4.8B, C) (3,4). Here, the nucleobases
analogous to U271 are flipped out of helix P3 and stack upon a G in the junction
J7/8. The junction J7/8 is important for binding the substrate recognition helix P1
through ribose zipper interactions and positioning the 5'-splice site to the catalytic
site (26). The P1 helix is known to flip in and out of the active site frequently (27),
therefore influences on stabilizing the P1 helix to the catalytic site can be
expected to have a strong influence on 5'-splice site activity. In summary,
modulation of splice site activity by mutation U271C may have been caused by
an indirect effect on positioning of the P1 substrate recognition helix into the

catalytic site.
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Figure 4.9 Crystallographic structures of group | introns that suggest a model for the
function of mutation U271C. Shown are small portions of the structure that include the
core helix P3 onto which U271 stacks. (A) The structure of a group | intron from
Tetrahymena (1X8W) was made in the absence of the P1 helix. The nucleobase U271
(green spheres) is stacked onto helix P3 (black spheres) and points away from
nucleotide G303 (purple spheres). The latter resides in the junction J7/8, which is known
to assist the positioning of helix P1 into the catalytic site. (B) The structure of a group |
intron from Twort (1YOQ) was made in the presence of helix P1 (grey spheres). Here,
the nucleotide analogous to U271 is stacked onto the nucleotide analogous to G303. (C)
Similarly, the structure of a group | intron from Azoarcus (1ZZN) shows the stacking of
the nucleobase analogous to U271 onto the base analogous to G303, in the presence of
the P1 helix.

Two of the six 'helper mutations', A334G and G368D, are located at the
base of the P9.2 helix at the entry point of the substrate intron into the catalytic
site (Fig. 4.3B). It is possible that these two mutations serve to modulate the
effect of increased activity at the 3'-splice site from the U271C mutation, thereby
potentially explaining the cooperative effect between U271C and the helper
mutations (Fig. 4.4A). The mechanism of the four remaining helper mutations is
less clear. These mutations reside in the periphery of the spliceozyme, and not
close to the catalytic site, the substrate binding sites, or the U271C mutation
suggesting that these four mutations may exert their effect via long-distance
interactions. The evolved spliceozymes may therefore be a good model system

to study how long-range interactions are able to modulate the function of catalytic
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RNAs.

It may be possible to develop spliceozymes that can treat certain types of
mis-splicing disorders including intron and pseudoexon inclusion. In addition,
certain disorders caused by mutations leading to premature termination or out of
frame transcripts, can be treated by removal of non-essential portions of the
mRNA; these too could be targeted by the spliceozyme. The evolved
spliceozymes may be one step closer to possible applications in therapy because
they now display an increase in product formation and decreased level of side
product formation. The observation of these effects in vitro suggests that these
results are not dependent on E. coli specific cellular factors, and therefore may
be applicable to a broad range of cell types. A safe and effective delivery
method is still needed before this system could be applied clinically.

Evolution experiments of spliceozymes in cells can also be seen as model
system for the evolution of specific biochemical steps in the evolution of the
spliceosome, which appears to have evolved from a common ancestor with
group Il intron ribozymes (28). While the 'group | spliceozyme' model system is a
long way from resembling the spliceosome's impressive ability to recognize with
high precision and very low error rate thousands of different splice sites, the
results shown here are encouraging that at least some of the biochemical steps
in the evolution of the spliceosome could be recapitulated by the further evolution
of these trans-splicing group | intron ribozyme variants.

4.5 Materials and methods

Library plasmid
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Library plasmid was constructed essentially as described (22) and
expressed the indicated spliceozyme variant and the chloramphenicol
acetyltransferase (CAT) pre-mRNA with a 100 nucleotide intron inserted at
position 258. Spliceozyme expression is driven by the trc2 promoter is inducible
with IPTG, while the CAT pre-mRNA expression is driven by the constitutive
promoter derived from the pLysS plasmid (Novagen). Both the spliceozyme and
CAT pre-mRNA contain a 3’ hairpin terminator sequence.

Evolution of spliceozymes in E. coli cells

The evolution was completed essentially as described (19) Briefly,
spliceozyme constructs were randomized by mutagenic PCR and cloned into
library plasmid. Library plasmids containing spliceozyme sequences were
transformed into E. coli cells, plated on LB agar medium containing 100pg/mL
ampicillin (amp) and incubated at 37°C for 16 hours to create pools. LB agar
plates containing pools of E. coli cells were washed using liquid LB medium. The
resulting medium was diluted to an OD600 of 0.0015, induced with IPTG to a
final concentration of TmM and shaken at 37°C for 1 hour. E. coli cells were
then plated on LB agar medium containing the indicated concentration of
chloramphenicol (cam) and incubated at 37°C for 16 hours to select for
spliceozyme constructs able to mediate antibiotic resistance. LB agar plates
were washed using liquid LB medium and plasmids were isolated by miniprep (5
Prime). 5 or 10 plasmids were chosen for sequencing from each round of
evolution.

Generation of spliceozyme constructs by site directed mutagenesis
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Internal mutations were inserted into spliceozyme constructs by site
directed mutagenesis (29). Briefly, each 50uL reaction contained 8 ng template
plasmid, 1.25 pmol forward primer, 1.25 pmol reverse primer, 2.5 nmol each
dNTP, 2.5 units PrimeSTAR GXL DNA Polymerse (Takara), and 1x PrimeSTAR
GXL buffer. PCR consisted of 5:00/95°C,18 cycles of 0:50/95°C, 0:50/60°C,
4:45/68°C, followed by 7:00/68°C. After PCR 20 units of Dpnl restriction enzyme
were added, the reaction was incubated at 37°C for 1 hour then purified
(Zymogen DNA Clean and Concentrate). Reactions were transformed into DH5a
by electroporation.

PCR mutagenesis

Mutations were randomly introduced into spliceozyme sequences using
PCR mutagenesis (30). Each 100uL reaction contained 25ng template, 1uM
forward primer, 1uM reverse primer, 10mM Tris-Cl pH 8.3, 50mM KCI, 7mM
MgCl;, 0.05% gelatin, 0.2mM dATP, 1.0mM dCTP, 0.2mM dGTP, 1.0mM dTTP,
0.5mM MnCl; and 1yL Taq polymerase. PCR consisted of 0:30/94°C,and 10
cycles of 0:30/94°C, 0:30/50°C, 1:00/72°C.

Measurement of bacterial growth on LB agar plates

Measurement of bacterial growth on LB agar plates was completed
essentially as described (22). 5mL of liquid LB medium containing 100ug/mL
ampicillin was inoculated and grown at 37°C for 5 hours. The OD600 of each
culture was measured, diluted to an OD600=0.0025, induced with IPTG to a final
concentration of 1mM and incubated, shaking at 37°C for 1 hour. 100pL of each

culture was plated on an LB agar plate containing the indicated chloramphenicol
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concentration and an LB agar plate containing 100pug/mL ampicillin. Plates were
incubated at 37°C for 16 hours then washed with 1.6 mL liquid LB medium. The
OD600 of each wash was measured; measurements from ampicillin plates were
used for normalization. Experiments were completed in triplicate.
Measurement of bacterial growth in liquid culture

Measurement of bacterial growth in liquid culture was completed
essentially as described (19). Overnight cultures of E. coli containing the library
plasmid with the indicated spliceozyme variant were induced with IPTG to a final
concentration of 1mM and incubated at 1 hour shaking at 37°C. Each culture
was diluted to an OD600 of 0.05 with LB medium containing 100 pg/mL
ampicillin, induced with IPTG to a final concentration of 1mM and incubated,
shaking at 37°C. OD600 measurements were taken after 1 hour, and every
following 30 minutes until an OD600 of 1.0 was reached. Doubling times were
determined by least squares fitting.
Assay for CAT activity from E. coli extracts

The measurement of CAT activity from E. coli extracts was completed
essentially as described (31). Briefly, overnight cultures of E. coli containing the
library plasmid with the indicated spliceozyme variant were induced with IPTG to
a final concentration of 1mM and incubated 1 hour shaking at 37°C. Each culture
was diluted to an OD600 of 0.02 with LB medium containing 100 pg/mL
ampicillin, induced with IPTG to a final concentration of 1mM and incubated,
shaking at 37°C. When the OD600 reached 0.20, 2.0 mL of cells were

concentrated to 200uL and frozen. During the reaction, cells were thawed and



129

mixed with 200 yL 200mM Tris-Cl pH 7.8, 10mM NazEDTA and 2uL toluene. 15
ML of this solution was diluted with 135 pL buffer to a final concentration of 0.2
mM chloramphenicol, 0.2 mM Acetyl-CoA and 1mM DTNB and A4 was
measured every 15 seconds. The extinction coefficient of the reaction product
(13,600 M~' cm™) was used to determine the units of CAT, with one unit of CAT
being able to acetylate 1umol chloramphenicol/minute. Note that measurements
from cells containing wild type CAT used only 200uL of cell culture.
In vitro trans-splicing assays

In vitro trans-splicing assays were completed essentially as described
(12). Spliceozyme and CAT pre-mRNA transcripts were generated by run off
transcription of PCR products and purified by PAGE. CAT pre-mRNA transcripts
were internally labeled with a(*’P)-ATP. 20 uL Splicing reactions contained 1uM
spliceozyme, 100 nM CAT pre-mRNA, 5 mM MgClz, 50 mM MOPS-NaON pH
7.0, 2 mM spermidine, 135 mM KCI, and 20 yM GTP. Spliceozyme and CAT
pre-mRNA were incubated separately for 10 minutes at 37°C then combined and
incubated at 37°C. 2uL samples were taken at 0, 1, 2, 5, 10, 20, 30 and 60
minutes and separated by 6% PAGE. Gels were imaged on a phosphoimager
(Bio-Rad) and bands were quantified (Quantity One). Signal strengths were
normalized by the number of A’s contained within each sequence and total
radioactivity per lane.
Identification of in vitro splicing side products by RNase H (Fig. 4.7A)

In vitro trans-splicing reactions were run for 60 minutes (as described

above) and quenched with EDTA to a final concentration 1.2 fold higher than
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MgCl,. 8 pL of each reaction was added to 2uL of the indicated DNA
oligonucleotide, to a final concentration of 1 yM. The oligonucleotide was
allowed to anneal to the products of the splicing reaction by heating to 80°C for 2
minutes, followed by cooling to 25°C. 2 yL MgCl, was added to the reaction in
stoichiometric equivalent to the EDTA present. 50 pyL RNase H reactions
contained the 12 pL annealing reaction, 1x RNase H Reaction Buffer and 2.5
units RNase H (New England Biolabs) and were incubated at 37°C for 1 hour.
Reactions were purified by ethanol precipitation and separated by 6% PAGE.
Gels were imaged on a phosphoimager (Bio-Rad). DNA oligonucleotides were
designed to bind to the following nucleotide postions along the CAT pre-mRNA:
35-68, 81-108, 112-139, 117-144, 122-149, 127-154, 132-162, 147-177, 153-
182, 158-190, 162-194, 191-221, 245-276, 279-307, 290-316, 315-341, 321-350,
330-359, 341-370, 350-378, 360-391, 370-401, 380-411, 385-416, 390-421, 487-
516, 624-653, 739-770.

Identification of in vitro splicing side products with single nucleotide
resolution (Fig. 4.7C)

Substrate RNA oligonucleotides (below) that contained the suspected
splice sites as shown by the RNAse H assays, were generated by run off
transcription and purified by 10% PAGE. Substrates were dephosphorylated at
37 °C for 1 hour. 10 yL dephosphorylation reactions contained 2ng substrate
oligonucleotide, 1X Antarctic Phosphatase Reaction Buffer and 5 units Antarctic
Phosphatase (New England Biolabs). Substrates were then 5’ radiolabeled at 37

°C for 1 hour. 20 pL labeling reactions consisted of 20 pmol RNA substrate,
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20uCi y(**P)-ATP, 1x T4 Polynucleotide Kinase Reaction Buffer and 10 units T4
Polynucleotide Kinase (New England Biolabs). Radiolabeled substrates were
purified by PAGE.  DNAzymes (below) were designed to cleave substrate
oligonucleotides between the underlined AG position to create markers. 20uL
DNAzyme reactions consisted of traces of labeled substrate oligonucleotides,
1uM DNAzyme, 150mM NaCl, 100mM MgCl, and 50mM Tris-Cl pH 8.3.
Reactions were heated to 80°C for 2 minutes, then incubated at 37 °C for 1 hour.
The addition of MgCl, and Tris-Cl was after reactions reached 37 °C. Reactions
were separated by 6% PAGE and gels were imaged on a phosphoimager (Bio-
Rad). The following oligonucleotide and DNAzyme sequences were used:

Side 2 oligonucleotide:
GGUGUAAGCUCUCCCCUUGCAGAUUAGUUUUGGAGUACUCGAGUGUACA
CCCUUGUUACACCGUUUUCCAUGAGCAAACUGAAA

Side 2 DNAzyme: AACAAGGGTGTACACTCCGAGCCGGACGAGAGTACTC
Side 3 oligonucleotide:
GAAGGGUUCCUGGGAAGGCCUUCGGGUCACAGUAAACUGAGAGGCUUUG
GUG

Side 3 DNAzyme: CACCAAAGCCTCTCCGAGCCGGACGAAGTTTACT

Side 4 and side 6 oligonucleotide:
AGUUGCUCAAUGUACCUAUAACCAGACCGUUCAGCUGGAUAUUACGGCCU
UUUUAAAGACCGUAAAGAAAAAUAAGC

Side 4 and 6 DNAzyme:

AAAAAGGCCGTAATATCCGAGCCGGACGACAGCTGAA
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In vitro splicing reactions on three essential E. coli mRNAs (Fig. 4.13)

E. coli genomic DNA was prepared by proteinase K digest of the cell pellet
from a logarithmically grown culture, and two consecutive ethanol precipitations.
The desired gene fragments were amplified from this preparation of genomic
DNA by PCR. Transcripts of the first 602, 586, and 633 nucleotides of E. coli EF-
Tu, Pyruvate Dehydrogenase Subunit E2, and DNA Polymerase Ill Subunit a
genes, respectively, were generated by run off transcription from PCR products
and purified by PAGE. The nucleotides GGGAG were added to the 5’ end of
each substrate to enhance transcription efficiency. Transcripts were internally
labeled with a(32P)—ATP. Splicing reactions with a volume of 20 yL contained
1uM spliceozyme, 100 nM of the indicated RNA substrate, 5 mM MgCl,, 50 mM
MOPS-NaOH pH 7.0, 2 mM spermidine, 135 mM KCI, and 20 pM GTP.
Spliceozyme and RNA substrate were incubated separately for 10 minutes at
37°C then combined and incubated at 37°C. Samples with a volume of 2uL were
taken at 0, 1, 2, 5, 10, 20, 30 and 60 minutes and separated by 6% PAGE. Gels
were imaged on a phosphoimager (Bio-Rad) and bands were quantified
(Quantity One). Signal strengths were normalized by the total radioactivity per
lane.
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4.7 Supporting Information
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Figure 4.10 Enrichment of key mutations during evolution. Shown is the percentage of
spliceozyme clones that were mutated at a given position. Data from the line starting at a
single sequence are in blue; data from the pre-evolved line are in red. Mutations at the
two 5'-terminal positions are labeled as open triangles, the U271C mutation is labeled
with filled squares, and mutations at the two 3'-terminal positions are shown as open
circles. In rounds 1-9 of the evolution, five clones were sequenced; in round 10, ten
clones were sequenced.
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Figure 4.11 Growth inhibition of E. coli via the expression of spliceozyme variants and
CAT pre- mRNA. Growth was measured by the increase in ODgQQ in liquid medium in
the absence of chloramphenicol. Six spliceozyme variants were tested, in the presence
(left) or absence (right) of CAT pre-mRNA. The spliceozyme variants are labeled below
the graph. Error bars are standard deviations from biological triplicates.
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Figure 4.12 Off-target effects of the spliceozyme on three essential MRNAs in E. coli.
(A) Phosphorimage of internally radiolabeled RNAs after incubation with spliceozyme.
The sequences are from the mRNAs of E. coli elongation factor Tu (EF-Tu), E. coli
pyruvate dehydrogenase sub-complex E2p (Dehy.), and E. coli DNA polymerase 3
(Pol.). The black triangles illustrate increasing incubation times (0 min., 5 min., 20 min.,
and 60 min.) with parent spliceozyme (Sz) or evolved spliceozyme. (B) Quantitation of
the cleavage activity of DNA polymerase mRNA. The intensity of all bands visible for the
parent spliceozyme (empty circles) and the evolved spliceozyme (black squares) is
plotted as a function of incubation time with the spliceozyme. Error bars are standard
deviations from three experiments.
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Chapter 5: Future Directions

5.1 Introduction

The work in this dissertation has used trans-splicing group | introns to
move forward in two distinct, yet related, areas of research. First, the group |
intron was used as a model system to study the effect of evolutionary parameters
on evolving populations of RNA in cells. This study, which compared high vs.
low selection pressure applied in a controlled lab evolution experiment, found
that low selection pressure is able to aid the evolution of cooperative mutations,
while high selection pressure inhibits the emergence of cooperative mutations.
In order to understand this observation, investigation of the fitness landscape
connecting the parent clone to the evolved clone, containing the set of
cooperative mutations, was conducted. It was shown that low selection pressure
facilitates greater genetic diversity by allowing the survival of variants that would
be prevented at a higher selection pressure.

The second body of work contained in this dissertation involved the
development and evolutionary improvement of a new variant of the trans-splicing
group | intron, termed the ‘spliceozyme’. Sequence alterations to both the 5’ and
3’ end of the group | intron allow the intron to catalyze the removal of internal
sequences from pre-mRNA substrates in frans, analogous to the reaction
performed by the spliceosome. This reaction was found to be efficient both in
vitro and in cells, and could be applied to a wide variety of internal sequences.

The evolutionary improvement of the spliceozyme performed in E. coli cells led to

139
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a spliceozyme construct with increased product formation and decreased side
product formation. The detailed analysis of this effect was done in vitro,
suggesting that the observed effect is not dependent on E. coli specific cellular
factors.
5.2 Future Spliceozyme Applications

It is estimated that 10-60% of disease causing mutations result in aberrant
splicing (1,2); spliceozymes could be designed to treat certain cases of aberrant
splicing, including intron inclusion or pseudoexon inclusion. Niemann-Pick
disease is one example of a disease involving pseudoexon inclusion, resulting in
a premature termination codon and, subsequently, transcript degradation (3). In
addition, certain mis-splicing events leading to out of frame transcripts or
premature termination codons can be treated by removing non essential
segments of the mRNA (1); these too could be targeted by the spliceozyme. One
example of such a disorder is Duchenne muscular dystrophy (DMD) is a disease
caused by mutations and deletions in the dystrophin gene, leading to out of
frame transcripts and premature termination codons, depending on the exact
mutation. Removing certain portions of the mRNA allows the protein to retain
most of its function, thus lessening the severity of DMD. In order for the
spliceozyme to be used in a clinical setting, it is necessary that the spliceozyme
be able to efficiently remove internal fragments in mammalian cells, and that an
effective and safe delivery method to be developed.

Optimization in a mammalian system. The spliceozyme evolution

performed in E. coli cells was an excellent system for initial experiments and
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optimization of the system owing to a previously established, time efficient
evolutionary scheme (4). This evolution in E. coli cells resulted in of increased
product formation and decreased side product formation that does not appear to
be dependent on E. coli specific factors. Several long term natural evolutions of
group | introns, however, have resulted in dependence upon proteins specific to
the particular cell type. Examples of this include the dependence on the Cbp2
protein by the bl5 group | intron found in Saccharomyces cerevisiae (5) and the
dependence on tyrosyl-tRNA synthetase in group | introns found in Neurospora
Crassa (6). In addition, an artificial evolution of a group | intron in E. coli resulted
recruitment of the transcription termination factor Rho (4). The cellular
environment, including available proteins, differs greatly between E. coli and
mammalian cells. In order to be implemented clinically, further optimization of
the spliceozyme should be completed in a mammalian environment to ensure
that the spliceozyme is able to efficiently catalyze intron removal in this
environment and does not develop a dependence on factors specific to E. coli
cells. Experiments in mammalian cells could challenge the spliceozyme to
remove an intron from the puromycin resistance gene, selecting for ones capable
of conferring growth of cells in puromycin containing growth media. This concept
could be applied to an evolution, as is likely that the spliceozyme would benefit
from further optimization to increase efficiency and specificity in mammalian
cells. Once activity has been established and enhanced through evolution in
mammalian cells, the spliceozyme could then be designed to repair clinically

relevant mis-splicing events or mutations in mRNA substrates.
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Multiple turnover spliceozymes. Although a spliceozyme variant has
been evolved with higher product formation and lower side product formation,
evidence of performing multiple turnover reactions has not yet been observed.
Unlike several other trans-splicing group | intron variants, the spliceozyme is not
limited by design to single turnover reaction as it does not transfer its own exon,
nor is its sequence modified, during the splicing reaction. The possibility of
multiple turnover reactions therefore still remains. The ability to perform multiple
turnover reactions has the potential to not only increase product formation, but to
also decrease the necessary cellular concentration of spliceozyme, which may
serve to reduce adverse side effects of spliceozyme expression in cells.
Evolution in the presence of shorter 5 and 3’ recognition sequences or
decreased promoter strength may help develop a ribozyme capable of
performing multiple turnover reactions. E. coli cells would be an excellent system
to use for such an evolution because the evolutionary scheme has already been
established and has been used several times. In addition, one round of evolution
in E. coli cells takes approximately 4 days, which makes this system much more
time efficient than an evolution in mammalian cells. One drawback of performing
an evolution in E. coli, however, is that the spliceozyme may evolve to utilize
cellular factors specific to E. coli. This would not be applicable for use
therapeutically in a mammalian system.

Methods for clinical delivery. In addition to developing and further
improving spliceozyme efficiency in a mammalian system, a safe and effective

method for clinical delivery must also be developed before the spliceozyme can
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be used therapeutically. Delivery could come in the form of sustained expression
or periodic administration but must be able to achieve tissue specific delivery
while minimizing immune responses and other deleterious side effects. Several
RNA delivery systems are currently being developed, with viral vectors,
liposomes and nanocapsules being a few of the most common approaches.
Lentiviral and adenoviral vector delivery systems have been explored as
potential options for delivery of therapeutic RNA. Adeno-associated viral vectors
are attractive option with the potential to transduce dividing and quiescent cells,
genomes that can persist in episomal form or integrate into specific sites and low
immunogenic responses (7,8). Despite the potential advantages of adeno-
associated viral vectors, deleterious effects of genomic integration, as well as
unwanted immune responses have been observed for these and other viral
vectors and have limited the their clinical use (7-9). Although methods to
improve adeno-associated viral vectors are being developed, these harmful side
effects have led to an increased interest in many non-viral delivery vehicles
including liposomes and nanocapsules, requiring periodic administration.
Liposomes, able to fuse with cell membranes and release compounds
contained within their core or attached to their surface, are potential delivery
vehicles for therapeutic RNA. Neutral liposomes offer the advantage of low
toxicity, but also come with the disadvantage of low cellular uptake. Cationic
liposomes have the advantage of more efficiently facilitating cellular uptake of
therapeutic RNA. An advantage conferred by both types of liposomes is the

ability to protect RNA from degradation before entering the cells (10).
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Immunoliposomes, liposomes with antibodies attached to the surface targeting
cell specific receptors, are being developed to deliver RNA to targeted tissues
(11,12). Unfortunately, potential negative side effects of liposomes have been
observed, including aggregation in the blood and inflammatory reactions (13).
Several nanomaterials have demonstrated low toxicity, as well as
favorable biological degradation profiles, and are therefore another promising
candidate for clinical RNA delivery (9). In addition, nanospheres have the ability
to cross the blood-brain, blood-testicle, and placental barriers and have shown
fast cellular uptake (14-16). Like liposomes, nanoparticles containing peptides
for targeting specific tissues are being developed (17). As it currently stands,
however, the biosafety of nanoparticles remains unclear; research has shown
that nanoparticles may be taken up by the phagocytic system leading to their
accumulation in various organs (18,19). Unfortunately the transfection efficiency
of non-viral delivery methods is lower than that of viral vectors. In order for these
non-viral approaches to be used in a clinical setting, modifications are still
necessary to increase cellular uptake and minimize toxic side effects (20).
Administration to target organs is another factor that must be taken into
account with RNA based therapeutics. For most diseases, therapy must either be
administered systemically and have the ability to target specific tissue types, or
employ an effective local delivery method (21,22). The accessibility of target
tissues, however, greatly impacts the ease of delivery. For the lungs, therapeutic
delivery through inhalation of aerosols or intranasal installation, has proven to be

a promising non-invasive method often with little systemic exposure (22-24).
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When using this delivery method, factors such as size, flow rate, charge and
density must be optimized to allow aerosols to avoid clearance from the lungs,
efficiently access target cells and avoid systemic absorption (25,26). Direct
injection is a method being developed for several organs, with methods including
intravitreal injection for treatment of ocular diseases (22,27,28),
intracerebroventricular, intrathecal and intraparenchymal injection for diseases of
the nervous system (28-31) and intratumoral injection in oncological diseases
(22,28,32,33).

In contrast to direct delivery methods, intravenous systemic delivery has
been used to target blood cells, certain tissues that are not easily accessible, or
diseases that require systemic application, such as metastasized cancer.
Studies have applied systemic delivery methods for the treatment of pulmonary,
oncological, liver and joint diseases (23,28,34). Although many of these delivery
methods are being tested for RNAI therapies, they hold promise for clinical
delivery of frans-splicing group | introns as well.

In addition to the development of delivery vehicles and methods, chemical
modifications to RNA have been used to reduce immune responses, increase
cellular stability and reduce the dose required, which in turn can also reduce
biological toxicity (35). Phosphorothioate and boranophosphonate modifications
have been made to the RNA backbone (36), along with a number of alterations to
the ribose sugar (37) and terminal nucleotide (9). Chemical modifications may
also prove to be a useful tool when developing the spliceozyme for clinical

applications.
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5.3 Future Applications for the Analysis of Evolutionary Parameters

High throughput sequence analysis. Much can be learned about RNA
evolution from experiments conducted in a lab, because, in contrast to those
occurring in nature, evolutionary parameters can be carefully measured and
controlled and evolutionary intermediates can be analyzed. These evolutionary
studies can provide insight into how RNA can evolve to recruit host proteins, how
ribonucleoprotein complexes develop, the process by which RNA develop new
structures with novel functions, and the effect on sequence space exploration by
differing evolutionary parameters. In studying the effect of evolutionary
parameters on an evolving population of trans-splicing group | introns, 5-10
clones were sequenced during each round of evolution from each evolutionary
line. This data was used to describe the path taken by evolving ribozyme
populations in each evolutionary line, but was quite limited in sample size. High
throughput sequence analysis could be performed on each round of evolution
and would allow for a quantitative measurement of the specific paths and sets of
mutations that were explored under specific evolutionary parameters. Future,
longer-term evolutions of trans-splicing ribozymes, including the spliceozyme
could potentially result in the development of novel structural features, the ability
to perform multiple turnover reactions, or recruitment of other cellular proteins.

Applications of our results on low selection pressure in future RNA
evolution experiments. The finding, that a low selection pressure can be
beneficial to the evolution of populations of RNA, has been applied to the

evolution of a more efficient spliceozyme and can also be applied to the evolution
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of other RNA species. There have been several attempts to utilize a frans-
splicing group | intron for therapeutic purposes (38—-43), yet these have been
limited, in part, by low efficiency. Although this study did not generate ribozymes
with increased therapeutic potential, due to the recruitment of the E. coli
transcription termination factor Rho, evolutions performed in human cells under
the appropriate conditions would aid in developing group | introns capable of
more efficiently catalyzing these trans-splicing reactions in specific contexts.

In addition, selections of several RNA species have been performed in
cellular environments. Selections of randomized ribozymes have been used to
identify ribozyme targets in HIV (44), construct artificial riboswitches in bacteria
(45), and identify efficient cis-cleaving hammerhead ribozyme variants (46). With
very short RNA species, sequence randomization may allow for all possible
sequence combinations to be contained within the starting population and
employing a high selection pressure allows for the selection of the fittest species.
For many RNA species, however, the length of the RNA does not allow for all
possible sequence combinations to be contained within an initial pool, and
optimization through successive rounds of mutagenesis and selection is
necessary to sample a greater sequence space. The application of low selection
pressure in future evolutions of RNA species may be beneficial to allow a
population to sample a greater sequence space therefore yield more efficient

RNA species.
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