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Abstract

The RNA World hypothesis describes a period of time during the origins of life in
which RNA molecules performed all catalysis and were the only form of information
storage. A great deal of evidence has been obtained in support of this hypothesis,
however a few key demonstrations are lacking. The first demonstration is of a
molecule capable of self-replication that could have plausibly arisen from the prebiotic
soup. Previously in the Lehman Laboratory, a 198-nucleotide RNA was discovered
that could be fragmented into as many as four pieces ranging from 39 — 63 nucleotides
in length. When these pieces were incubated together in a test tube, they re-formed the
necessary covalent bonds to regenerate the full-length 198-nucleotide RNA.
Furthermore, the full-length RNAs were catalytically active and made copies of
themselves from the remaining pieces in solution, providing a model system of self-
replication. 1 was able to remove >10% of the total length of the RNA, which
substantially reduced the catalytic activity of the full-length molecule. 1 discovered
several mutations that restored catalytic activity by improved folding and increased
catalytic rates using in vitro selection. A subset of these mutations was found to aid in
the assembly of the shortened full-length RNA from smaller fragments than were
possible in the original system, enhancing the prebiotic relevance of this system. A
second demonstration to bolster the RNA World hypothesis would be showing that

RNA is capable of harvesting energy from its environment by performing oxidation
i



and reduction reactions. Again using in vitro selection, | have completed five rounds
of selection geared towards identifying a ribozyme that reduces benzoic acid to
benzaldehyde using Zn®* and NADH. Results to date suggest the selection is working
and it should be continued for another five to ten generations. Finally, | have
discovered an RNA sequence that forms knots during transcription, a phenomenon
heretofore undocumented in RNA. This new topology has implications for RNA
stability by rendering RNA more resistant to hydrolysis, and could impact catalysis
through formation of more complex, knotted active sites. Taken together, these
findings have improved our understanding of RNA folding and catalysis, and the

plausibility of the RNA World.
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Chapter 1. Introduction.

Note: This chapter is adapted from Burton and Lehman (2009).

The RNA World hypothesis postulates that there was a period during the origins of
life on Earth when RNA molecules encoded all of the genetic information and
performed all the catalytic functions necessary for a ribo-organism to replicate and
evolve (Rich 1962; Woese 1967; Orgel 1968; Crick 1968; Kuhn 1972; Gilbert 1986;
Orgel 1986; Joyce 1991, 1998, 2002). This idea is supported by several lines of
evidence. The first is that many of the cofactors that modern protein enzymes use for
catalysis are derived from RNA nucleotides, including but not limited to NADH,
FADH,, coenzyme A, and S-adenosylmethionine (White 1976; Jeffares et al. 1998).
The idea is that RNA-based metabolism evolved to where RNA enzymes (ribozymes)
depended on these cofactors, such that when a given protein evolved to replace a
specific ribozyme the protein had to retain the nucleotide-based cofactor employed by
each ribozyme. The second line of evidence is that the catalytic portion of the protein
making machinery, the ribosome, is composed of RNA (Ban et al. 2000; Nissen et al.
2000). In the words of Thomas Cech (2000), “The ribosome is a ribozyme.” Given
that ribozymes are generally much poorer catalysts than are proteins, there is no
evolutionary reason for the ribosome to be made of RNA unless ribozymes preceded

the use of protein as a catalyst. A third line of evidence for the RNA world pertains to
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the use of RNA polymers for information storage prior to the advent of DNA. In
modern biology, DNA nucleotides are made from RNA nucleotides immediately prior
to DNA replication, and DNA polymerization is initiated from RNA primers. Because
RNA polymers are less stable than their DNA counterparts, these observations support
the conclusion that information was indeed stored in RNA before DNA, and that DNA
evolved as a superior method for information storage, although some viruses still have

genomes composed only of RNA.

While the RNA World is generally accepted as a period during the origins of life, our
understanding of specific reactions and interactions that would have been necessary
for metabolism and replication during this period is incomplete. The work contained in
this thesis supports the RNA World hypothesis by enhancing the prebiotic relevance
of a self-replicating set of RNAs (Chapter 2), by demonstrating that ribozymes can
catalyze difficult oxidation / reduction reactions important for metabolism (Chapter 3),
and by the discovery that RNA molecules can fold into knotted conformations that
impact RNA stability, and may have implications for catalysis and information
transfer (Chapter 4). | have also explored the nature of evolution from the RNA World
to the modern system where DNA, RNA, and proteins are present (Burton & Lehman

2009). This is discussed below.



An interesting but unresolved question stemming from the RNA World hypothesis is
the order in which proteins and DNA arose (Figure 1). Both transitions would be
beneficial to the viability of an organism—proteins catalysts offer greater reaction
rates and specificities, while the increased stability of a DNA genome (relative to one

made of RNA) expands the maximum possible genome size of said organism..

A key argument against DNA preceding protein revolves around ribonucleotide
reduction (Freeland et al. 1999; Poole et al. 1999). The chemistry performed by
ribonucleotide reductase proteins invariably involves a free-radical mechanism
(Reichard 1993; Sun et al. 1993), which ribozymes have not yet been shown to
catalyze. Furthermore, these radicals are manipulated by sulfhydryl groups, a
functionality to which naturally occurring RNAs would have no access unless sulfur-
containing cofactors were employed. However, ribozymes identified in nature and
through in vitro selection have demonstrated a diverse catalytic repertoire, including

redox chemistry (Tsukiji et al. 2003, 2004), so it seems premature to declare RNA
incapable of ribonucleotide reduction. In fact, it may prove that devising an effective
in vitro selection scheme for a ribonucleotide reductase ribozyme is more difficult
than the mechanism such a ribozyme ends up catalyzing. Moreover, it should not be
assumed that a ribozyme would be required to utilize the same mechanism as protein
ribonucleotide reductases; for example, alkane hydroxylation (essentially the reverse
of ribonucleotide reduction), as catalyzed by methane monooxygenase protein
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enzymes, proceeds via a concerted two-step mechanism without the generation of a
free radical (Yoshizawa 1998). This raises the possibility that a ribozyme could
perform ribonucleotide reduction through a relatively simple radical-free mechanism.
More importantly, the enzymatic route to DNA nucleotides need not have begun with
ribonucleotide reduction. The protein enzyme D-2-deoxyribose-5-phosphate aldolase
catalyzes the formation of this product from acetaldehyde and D-glyceraldehyde-3-
phosphate by the aldol condensation reaction (Heine et al. 2001). Because RNA can
also catalyze aldol condensation chemistry (Fusz et al. 2005) as well as phosphate
transfer (Lorsch & Szostak 1994), and acetaldehyde and D-glyceraldehyde can be
formed abiotically, aldol reactions present an alternative route for the enzymatic
synthesis of deoxyribose prior to the evolution of a ribonucleotide reductase.
Potentially, the synthesis of deoxyribonucleotides could share many of the catalytic
steps (and enzymes, perhaps) needed for the production of ribonucleotides (Figure 2).
It has already been demonstrated that, within the context of double-stranded DNA, 2'-
5’-phosphoester-linked ribose can be made as a consequence of the aldol condensation
of phosphoglyceryl- and phosphoglycoaldehyde-terminated  oligonucleotides
(Oberhuber & Joyce 2005). It is likely that RNA can catalyze this reaction as well.
Artificial ribozymes have been discovered that are capable of attaching purine and
pyrimidine bases to activated ribose (Unrau & Bartel 1998; Lau et al. 2004; Lau &
Unrau 2009), so all that remains is to confirm the ability of RNA to catalyze DNA-
forming aldol reactions, find a ribozyme for activating ribose and deoxyribose for

4



nucleobase addition (which presumably had to exist to make ribonucleotides), and
verify that nucleotide synthase ribozymes can act on deoxyribose. While not trivial,
these feats seem well within the catalytic repertoire of RNA, given the diversity of
ribozymes discovered to date. Thus, at least two discrete chemical paths exist for the
RNA-catalyzed formation of DNA: ribonucleotide reduction and synthesis from small

molecules.

It has been noted that deoxyribose is unlikely to have been sufficiently abiotically
available to have arisen prior to its enzymatic synthesis. It should be remembered that
this same argument is made for ribose. Recent research has presented myriad abiotic
routes from formaldehyde and its oligomers to nucleosides (Powner et al. 2009).
Analogous routes could potentially exist for increased production of
deoxyribonucleosides relative to other molecules, which simply have not yet been
found. Indeed, having one less chiral center should reduce stereochemical complexity.
The question is, regardless of whether its source is abiotic or RNA-catalyzed, how
much DNA does an organism need? Cells generally have only a single copy of their
genome in DNA. When expression occurs, multiple copies of RNA are made, and
multiple proteins can be made per mRNA template. In a putative RNA-DNA organism
that consists of one DNA copy of each gene and several RNA gene products per DNA
gene, the deoxyribonucleotide demand would have been much smaller than that of
their ribonucleotide counterparts, which must have been sufficiently available for the
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RNA World to have been a reality. Adding in the greater stability of DNA relative to
RNA, the demand for deoxyribonucleotides was reduced even further. Thus, the
required efficiency of DNA synthesis might have been significantly less than that

needed for RNA production.

It has already been demonstrated that ribozymes are capable of acting on DNA. Group
Il introns have been demonstrated to be capable of DNA “polymerization,” generating
longer DNA oligos via successive transesterification reactions, as well as DNA
ligation (Hetzer et al. 1997). In addition, a minimal number of mutations allow RNA
enzymes to perform catalysis on either RNA or DNA (Beaudry & Joyce 1992). It is
conceivable then that existing RNA-acting ribozymes could have evolved to catalyze
reactions on DNA substrates. Transitioning to an RNA-DNA World could have
occurred with the development of as few as three ribozymes in the all-RNA World: (1)
a DNA-producing catalyst; (2) an RNA-dependent DNA polymerase to convert the
RNA genomic molecules into a more permanent storage form; and (3) a DNA-
dependent RNA polymerase ribozyme to enable gene expression. The latter two, at
least, would have had significant evolutionary head starts in RNA-dependent RNA
polymerase ribozymes, and all three would have head starts if aldolase catalysts were
responsible for ribose production. Thus, the advent of DNA was within evolutionary

reach of the RNA World.



The advent of protein synthesis by translation was one of the most challenging
evolutionary transitions in the history of life. In its simplest modern form, the
ribosome itself has three or more rRNAs and >60 proteins, ~40 tRNAs are charged
with amino acids by 18-20 amino-acyl tRNA synthetases, and 7-8 translation factors
are required; thus a total of ~130 discrete genes are needed for translation (Wolf &
Koonin 2007). A minimal translation system would require at least one ribosome
ribozyme to catalyze peptide bond formation, and one tRNA (or equivalent structure
for amino acid recognition) per amino acid, assuming all tRNAs were self-charging.
Even with a primitive version of the genetic code that used 5-10 amino acids, this
minimal set would have required at least 6-11 genes, without even considering the
protein-coding genes themselves. It has been hypothesized that the minimum number
of nucleotides a ribo-organism would need in its genome was at least 10,000-15,000
prior to the advent of translation (Jeffares et al. 1998). Estimations of maximum
genome size are based on polymerase fidelity. Because ribozymes can tolerate some

mutations as truly neutral, they may not strictly fit the Eigen (1971) model where
every mutation from the master sequence is considered deleterious (Kun et al. 2005);
(Takeuchi et al. 2005). The possibility remains, however, that the riboorganism
genome had reached the maximum allowed by the fidelity of RNA polymerase
ribozymes (Johnston et al. 2001; Zaher & Unrau 2007). Space constraints would
further complicate the evolution of proteins, as translation-related genes would have to
replace only non-essential genes. Any increase in maximum genome size would

7



certainly make this evolutionary step easier. One solution to genome size constraints
could be achieved through the development of error correction in RNA polymerase
ribozymes, but ascertaining whether RNA can perform this function will be a
formidable task. Alternatively, information could be stored in a more stable genomic
polymer, which would also increase the genomic length maximum. For example,
Poole et al. (2000) proposed a model by which RNA genomes could be stabilized
through methylation of certain 2’-hydroxyls. However, any such methylation would
have had to occur shortly after the molecule was synthesized, as the hydroxyls most in
need of protection, by definition, would be the ones that promoted the fastest self-
cleavage. Polymers of DNA are not faced with this same pressure and confer
additional advantages to a primitive organism. Early RNA genomes were likely
double stranded, as this duplication of information allows for longer informational
polymers; it is almost certain, then, that DNA-containing genomes were double
stranded as well. The most advantageous way of incorporating DNA would have been
in duplexes composed of one strand of RNA and one of DNA. In addition to the
improved stability of DNA relative to RNA, the lack of 2’'-OHs in the template strand
clearly identifies it as such, which allows the information in that strand to be
selectively used for gene expression. Prior to DNA, this discrimination could have
been based on primitive sequence recognition or perhaps never occurred. This affords
a side benefit of resource conservation, as unnecessary genome copies would not be
made during the course of normal gene expression. The reduced number of hydroxyls

8



also limits the complexity of structures that DNA can adopt, making it easier to keep
the DNA in a double-stranded state and, thus, easier from which to extract
information. Another improvement in fidelity granted by DNA stems from the
spontaneous deamination of cytidine to uridine. If this occurs in the context of dsSRNA,
it is impossible to know whether the strand containing the guanosine originally paired
to the C or the U resulting from the deamination is correct. Methylation of uridines in
ribozymes would add steric hindrance, which would compromise catalytic activity but
not affect the structure of typical double-stranded helices. Thus, the advent of DNA
allows increased genome size by exploiting multiple facets of subtle chemical
differences from RNA. The extra genomic space and stability granted by this

transition would allow the more difficult evolution of translation to occur.

The RNA-DNA World was, at the very least, a possible stage on the road to life, a
possibility largely overlooked because of the difficulty of ribonucleotide reduction.
The 2'-OH of RNA is clearly a two-edged sword—while facilitating the adoption of
catalytically active tertiary structures, it also renders RNA much more susceptible to
hydrolysis. Chemistries newly observed in nucleic acid catalysts have outlined a
plausible path by which DNA could be made by RNA, with no requirement for amino
acid cofactors. Employing DNA makes gene expression more efficient, as it is now
clear which molecules are genotypes and which are phenotypes. In addition, the
increased stability of DNA polymers relative to RNA improves the lifespan of a

9



genomic molecule and allows for larger overall genome size. The ability to store more
genetic information allows for the inclusion of more genes, an important advance for
an organism operating at or near its Eigen error threshold; indeed, this ability may
have been essential for the development of translation and protein-coding genes. The
RNA-DNA World model presented here will be bolstered by the demonstration of a
few catalytic feats: showing that the aldolase ribozyme can assemble deoxyribose,
confirming that nucleotide synthase ribozymes can attach bases to deoxyribose, and
demonstrating that in ribozyme catalysis RNA can serve as a template for DNA
synthesis or vice versa. Because all these demonstrations begin with known
ribozymes, however, they do not appear to be intractable. A plausible scenario for the

ancient relationships among RNA, DNA, and proteins may be within reach.
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and deoxyribonucleotides can be synthesized by the same chemistries and, possibly,
the same enzymes simply by changing the initial abiotic molecules. The kinase,
aldolase, and nucleotide synthase ribozymes have already been discovered; the ribose
cyclization does not necessarily require a catalyst; the pyrophosphate kinase and

ribonucleotide reductase ribozymes have yet to be discovered.
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Chapter 2. Enhancing the Prebiotic Relevance of a Set of Covalently Self-
Assembling, Autorecombining RNAs Through in Vitro Selection.

Note: this work is adapted from Burton & Lehman (2010).

Abstract

An in vitro form of the self-splicing group | intron interrupting the Azoarcus tRNA"®
was shortened by ~10% with the removal of helix P6a. This deletion reduced the
reverse-splicing activity of the ribozyme about ten-fold. Through in vitro selection,
this activity was restored in several low-error mutants. A number of mutations were
found that improved reverse-splicing activity through both increased ko,s and better
folding. The deletion mutant could be fragmented into as many as three discrete
pieces, which, when incubated together, were capable of covalent self-assembly
through  energy-neutral  transesterification  reactions, a process called
autorecombination. A subset of the mutations identified through in vitro selection for
reverse-splicing were exaptations in that they were also shown to augment the
autorecombination reactions, leading to higher yields of covalently self-assembled

products, making this the smallest such system yet discovered.

Introduction
The RNA World hypothesis describes a time during the origins of life, prior to the

advent of DNA and proteins, when RNA served as both catalyst and informational
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molecule. A great deal of evidence has been obtained in support of this hypothesis
(Rich 1962; Kuhn 1972; Orgel 1986; Joyce 1991, 1998, 2002; Szostak & Ellington
1993; Gesteland et al. 2006; Boussau et al. 2008). Current research is focused on
finding self-replicating RNA systems. A number of advances have been made towards
an RNA replicase molecule based on RNA-dependent RNA polymerization (Johnston
et al. 2001; McGinness & Joyce 2003; Zaher & Unrau 2007). Unfortunately, the
polymerase ribozymes discovered to date are able to copy less than 1/4 of their total
length. In addition, the molecules created by these polymerases are complementary
copies of their targets, meaning that two complete copies have to be made for each
replication event. These limitations have led to the exploration of other ribozyme
chemistries for self-replicating RNA systems, including simple trans-esterification,
which can be used to build up longer RNA molecules through recombination (Gilbert

1986; Burke & Willis 1998; Lehman 2003; Striggles et al. 2006).

Group | introns are a class of structurally conserved RNAs that catalyze their own
excision from nascent transcripts. These self-splicing ribozymes ligate the exons they
interrupt via consecutive trans-esterification reactions, the first employing exogenous
guanosine as a nucleophile to free the 5'-exon, followed by attack of the 3’-hydroxyl of
the now-free 5’-exon on the 3'-splice site. The two trans-esterification steps have been
extensively studied for several group | introns. Because the trans-esterification
reactions swap one 3'-5' phosphoester bond for another, they are essentially energy-

14



neutral, and therefore, readily reversible. The reverse of the second step of splicing
reaction, ligation of the 3'-exon to the 3'-end of the ribozyme, has been exploited for in
vitro selection of ribozymes with altered catalytic properties, such as the ability to use
Ca®" ions instead of Mg?" ions for catalysis (Lehman & Joyce 1993; Burton &

Lehman 2006).

The reversibility of the second step of splicing has also been used to achieve the
recombination of exogenous substrates. To date, the Tetrahymena, Azoarcus, Candida,
and Pneumocystis ribozymes have been shown to catalyze recombination in vitro (Bell
et al. 2002; Riley & Lehman 2003; Dotson et al. 2008). The Azoarcus ribozyme
specifically has demonstrated the ability to make products ranging from essentially
non-structured, short RNAs to a ~200-nucleotide group I intron, from as many as four
smaller substrate pieces (Riley & Lehman 2003; Hayden et al. 2005; Hayden &
Lehman 2006). Furthermore, the ribozyme itself can be fragmented into as many as
four pieces ranging from 39-63 nucleotides that are able to generate full-length,
covalent ribozymes by performing recombination reactions as a non-covalent trans
assembly. The recombinant ribozymes are active in the milieu in which they are made,
and generate additional full-length ribozymes by recombining the remaining non-
covalently bonded pieces of themselves (autorecombination). Because these
autorecombinases make identical copies of themselves, they actually perform
autoreplication.

15



The aforementioned system provides an energy-neutral mechanism for the build-up of
genetic information from smaller fragments and for molecular replication (Lehman
2008). Formation of the substrates for recombination, however, almost certainly
required some sort of activating agent, perhaps as nucleotide triphosphates,
imidazolates, or phophoramidates. Although it has been demonstrated that RNA
polymers up to 50-60 nucleotides long can be generated by polymerization of
activated monomers on clay minerals, the bulk of the products generated were 20-30
nucleotides in length (Ferris 2002). Clearly, then, smaller would have been better for
any self-replicating system, both from an availability-of-materials standpoint and
requirements for replication fidelity in light of Eigen’s paradox (1971): no enzyme
without a large genome, and no large genome without enzymes. To that effect, we
have removed about 10% of the length of the autorecombinase form of the Azoarcus
group | intron (Figure 3). This decreased the trans-splicing activity of the ribozyme by
an order of magnitude, which we restored through in vitro selection. We were thus
able to identify and characterize truncated Azoarcus ribozyme mutants capable of

covalent self-assembly and autoreplication by autorecombination.

Results and Discussion

Evaluation of potential deletion sites for a shorter autorecombinase

We considered several deletion sites to reduce the size of the autorecombining form of
the Azoarcus ribozyme (Figure 3A). Two constructs contained deletions in P9, the first
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removing nucleotides 181, 182, and 197-201 (AP9.;); the second removing
nucleotides 181-187 and 192-201 (AP9.17). Because the tetraloop in L9 is involved in
a tertiary interaction with P4, we expected both of these deletions to reduce the
reverse-splicing activity of the ribozyme, which they did (Figure 4). Unexpectedly, the
AP9.17 form retained more activity than the AP9.; form despite containing all of the
deletions in AP9.7. It may be that removing the bulged region of P9 still allows the L9-
P4 tetraloop-receptor interaction to take place but alters the overall conformation of
the ribozyme, while the further deletions in AP9.17 spare the correct global fold at the
expense of the L9-L4 interaction. We also made a construct with nucleotides 98-118
deleted (AP6aRC, Figure 3B) that also resulted in a ribozyme with reduced activity.
Because the AP9 forms were less active than the AP6aRC version and formation of the
trans recombination complex is likely to be heavily dependent on the L9-P4 tetraloop
interaction, we chose the AP6aRC form as the starting point for the smaller

autorecombinase.

In vitro selection to improve catalytic activity

The four-piece self-construction reactions demonstrated previously (Hayden & Niles
Lehman 2006) require that the RNA be separated into fragments that contain the
complement (5'-CAU-3’) to the internal guide sequence of the Azoarcus ribozyme (5'-
GUG-3"). When we placed the CAUs in L5, L6 and L8 of the AP6aRC ribozyme to
make the autorecombining form AP6aRC (Figure 3B), the reverse-splicing activity of
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the covalent ribozyme was reduced roughly seven-fold (Figure 4). As a means to
restore this activity, we generated a pool of ribozymes mutagenized at 10% per
position by PCR and selected for reverse splicing ability under optimal
autorecombination conditions (48°C in 100 mM MgCl, and 30 mM EPPS (pH 7.5),
keeping selection pressure constant by allowing 15 minutes for folding and reaction
for every round. We started a more stringent selection line, based on the generation 6
population, that was incubated at 48°C for just 2 min, but this line was unable to

accommodate the selection criteria.

Genotyping of selection population

After ten rounds of selection, we cloned and determined the sequence of 23
individuals from the Gy population (Figure 5). Six genotypes were identical to that of
the initial AP6aRC ribozyme, which was not unexpected given that it possesses some
catalytic activity. Yet two mutations were observed with moderate frequency: U44C
and G150A (five times each, Figure 6). We transcribed and assayed for reverse-
splicing ability those genotypes that contained either of these mutations (Figure 5). We
chose the two most active of these: a four-error mutant (U44C/U97A/U159G/G163C,
referred to as 4EM hereafter) and a single-error mutant (G150A), for further
characterization alongside the full-length wildtype Azoarcus ribozyme, and two less
active variants, the AP6aRC starting molecule and a two-error mutant (U44C /
G150A).
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General characterization of selection mutants

To investigate how the most-active ribozymes adapted to the selection conditions, we
determined kqps values for each ribozyme through single-turnover kinetics and the
maximum fraction of ribozymes able to adopt a catalytically active fold by incubation
in the presence of excess substrate (Table 1). The decrease in reverse-splicing activity
between the wildtype ribozyme and AP6aRC is apparently not due to a difference in
Kops. Instead, the reduced catalytic ability of AP6aRC is likely a consequence of a
lessened propensity to fold into a catalytically active conformation. This phenomenon
has been seen before in the behaviors of other pairs of related functional RNAS
(Schmitt & Lehman 1999; Huang et al. 2009). Following incubation with excess
substrate in 100 mM MgClI, and 30 mM EPPS (pH 7.5) for the time allowed in
selection process, 15 minutes, only 61% of AP6aRC have reacted, compared to 89%
of the wildtype ribozyme molecules. After 60 minutes, those percentages increase to
73% and 93%, indicating that the AP6aRC population folds more slowly and less
completely than the wildtype ribozyme, which has nearly reached full reactivity after

just 15 minutes.

The selection mutants seem to exploit both folding and kinetic improvements to
accommodate the selection criteria; G150A, U44C/G150A, and 4EM adapted to the
selection through improved kinetics, increasing their kqps values by 3-fold, 1.4-fold,
and 1.6-fold respectively, over that of the wildtype ribozyme. The mutants all fold
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better than the AP6aRC form, although none reaches the same fraction of correctly-
folded molecules as the wildtype ribozyme. These kinetic enhancements would be
sufficiently large to drive a population towards fixation rapidly. Assuming, in the case
of the G150A mutant, that a three-fold kinetic enhancement gives a three-fold
selection advantage to that mutant, then we can approximate the number of
generations it would take for that mutation to become the dominant sequence

according to basic population-genetic theory of haploids:

In(ﬂj = In(l_—'uj +tinw
Q; M

where p; and q; are the frequencies of wildtype and mutants at generation ft,
respectively, W is the mutation rate to the mutant allele, and w is the relative fitness
disadvantage that the wildtype has to the mutant. If we assume a 10% mutation rate
per position per generation, not unreasonable in prebiotic conditions, then the G150A
mutation would occur in ~3.3% of progeny molecules. In this scenario, with minimal
epistatic effects, over 99% of the species present would contain the G150A mutation

after only eight generations of direct competition.

Analysis of the selection-derived mutations
Perhaps the most interesting mutant is the G150A molecule because it is the
kinetically fastest ribozyme identified through the selection and folds the most

quickly, reaching its reaction equilibrium by 15 minutes. This mutation is in the P8
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tetraloop receptor and G150 has been identified as a monovalent metal ion binding site
(Basu et al. 1998). Considering that we performed the selection in much higher Mg
concentrations than occur in vivo and in the absence of any monovalent ions, this
mutation likely stabilizes formation of the L2-P8 tetraloop / receptor interaction,
aiding faster and more accurate folding. Extra stabilization here may also help counter
the detrimental effects of losing a portion of the P4-P6 fast folding domain. Less
intuitive, however, is how this mutation provides such a dramatic improvement to Kgps,
although presumably the new L2-P8 interaction may have long range effects that

stabilize the active site in the presence of elevated Mg?*.

The most active overall mutant, 4EM, contains a suite of mutations
(U44C/U97A/U159G/G163C). One, U159G, may have a similar effect as G150A, as it
lies directly opposite G150 and may allow access to conformations more applicable to
Mg?*-binding or stacking with A148 and A149. A second mutation, U97A, reverses
the A97U mutation we introduced in the AP6aRC variant to make it
autorecombination-compatible. Perhaps the resulting AAAA L6 is more stable than
the original AUAA loop. Alternatively, the mutation could be essentially neutral. The
remaining mutations, U44C and G163C, appear to work together to prevent
misfolding. Because nucleotides 139-142 (P3) and 143-146 (P8) are both 5-CACC-
3’, their corresponding base-pairing partners (40-43 and 162-165, consisting of 5'-
GGUG-3"), have the potential to incorrectly base-pair. In general, formation of the P3-
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P7 pseudoknot is a limiting step in group | intron folding (Zarrinkar & Williamson
1994; Pan & Woodson 1998; Sclavi et al. 1998; Pan et al. 2000; Treiber &
Williamson 2001; Zhang et al. 2005). Native P3 formation is bolstered by the U44C
mutation, which trades the UsG wobble for a C-G basepair. Both the non-native “P3”
(162-165 base-pairing with 139-142) and native P8 are destabilized by G163C. Both
effects combine to allow the critical P3-P7 pseudoknot to form more frequently,
helping to offset the loss of part of the P4-P6 fast-folding domain and result in a better

folding ribozyme population.

Covalent self-assembly is improved by incorporating selection-derived mutations

The mutations identified through in vitro selection improved the reverse-splicing
ability of the AP6aRC ribozyme. However, reverse-splicing ability is only one of
several properties required for covalent self-construction and autorecombination as
observed in the Azoarcus ribozyme. The necessary fragments must also be able to fold
correctly, both individually and in conjunction with their cognate pieces to form the
trans autorecombinase, and then perform both forward- and reverse-splicing reactions.
We thus turned a rational eye towards which of the selection mutations would actually
benefit the self-construction process. Within 4EM, three of the four mutations were
deemed to be deleterious to covalent self-assembly: U97A because it removes the L6
CAU recombination tag and both U159G and G163C because they almost certainly
would destabilize the necessary trans complex formation. Instead, we chose to focus
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on the two mutations that were the most common during the selection: G150A, which
had the largest effect on reverse-splicing kinetics, and U44C, which would likely

enhance trans complex formation.

To test this hypothesis, we first attempted simple two-piece self-construction reactions
with W + heAXAYZ and Wyuc + heAXAYZ to verify that the shortened system was
still active (Figure 7). Surprisingly, the AP6aRC construct was as active as the U44C
version in this context, despite its drastically lower reverse-splicing ability. This parity
was not maintained, however, in three-piece self-construction reactions. We tested two
different connectivities, W + heAX + heAYZ and W + heAXAY + heZ, with drastically
different results. For the first connectivity set, the effects of the U44C and G150A
mutations are roughly additive, giving a robust yield of ~8.5% after six hours, equal to
or greater than the sum of either mutant alone, and about 10-fold greater than the
AP6aRC. (The recombinant product from Wyasc + heAX + heAYZ was excised from
the gel and genotyped to confirm it was the correct molecule.) The second set,
however, was only capable of detectable self-construction with the G150A mutation,
and was rendered essentially inactive with the AP6aRC, U44C and U44C/G150A
double-error mutant molecules. One factor for the difference in activities observed
between these two connectivity groups may be a lack of trans recombinase enzymes
resulting from difficulty in forming the native non-covalent AY-Z interaction,
something overcome to a minor extent by the G150A mutation. Additionally, it is
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possible that one or both parts of the AY-Z junction (the 3'-end of AY or the 5’-end of
heZ) are poor substrates for recombination, and the reaction is limited by the reactivity
at this junction. Both factors probably play a role, because only ~1.4% of
WAXAY 1504 IS Obtained after 6 hours, compared to WAX vyields of 7-9% in the W +
heAX + heAYZ system (depending on which mutations are included). Four-piece self-
construction reactions, W + heAX + heAY + hZ were attempted, but no full-length
ribozymes—and only trace amounts of WAXAY (in any of the AP6aRC or mutant

systems)—were obtained (data not shown).

Conclusion

Using strictly Darwinian in vitro selection techniques, it is not obvious how one could
directly improve autorecombinase ability—the majority of the full-length products
from a randomized pool of RNA fragments that cooperate to perform covalent self-
assembly would tend to be the best recombination substrates, not the best catalysts.
We thus performed in vitro selection to improve the reverse-splicing activity of the
Azoarcus AP6aRC deletion mutant with the idea that some of the mutations enhancing
catalytic ability would also augment self-construction activity. The selection-isolated
mutants were able to regain some of the catalytic ability lost by the deletion of P6a by
improving both their kinetic parameters and overall folding efficiency, to varying
degrees. Some of the reverse-splicing mutations were in fact exaptations (Gould &
Vrba 1982), helping to restore self-construction ability in three-piece reactions despite
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not being evolved for that specific purpose. Our attempt to improve the
autorecombination system described above highlights the unique difficulty of
evolution in an RNA World context in that mutations that improve or expand the
catalytic activity of a ribozyme must not too severely hamper its ability to be acted
upon as a substrate and vice versa. Our findings underscore the requisite for
multifunctionality in primordial genetic molecules; the ability of RNA or an RNA-like
molecule to acquire self-replication required selection to favor catalysis, structure, and

cooperation simultaneously prior to the advent of purely selfish genomes.

Materials and Methods

Construction of G selection population

DNA oligonucleotides were purchased from IDT. The DNA template for the AP6aRC
form (Figure 3B) of the ribozyme was generated by recursive gene synthesis as
described (Engels & Uhlmann 1988; Rydzanicz et al. 2005; Hayden & Lehman 2006).
The initial mutant population was generated by mutagenic PCR (Cadwell & Joyce
1992; Vartanian et al. 1996) to give a mutation level of 10% per position, as described
previously (Burton & Lehman 2006). RNAs were synthesized by run-off transcription

and gel-purified on 8% polyacrylamide / 8 M urea gels prior to selection.
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In vitro selection
For selection generations 0—4, reactions contained 5 UM mutagenized Azoarcus
AP6aRC RNA, 2.5 uM S9 substrate RNA (5'-AACAU*CCAAUCGCAGGCUCAGC-

60’..77

3’; selection is effected because the portion 3’ of the is appended only to the ends
of active ribozymes upon reaction), 100 mM MgCl, and 30 mM EPPS buffer (pH 7.5)
in a total volume of 20 pL. In generations 5-10, ribozyme and substrate
concentrations were halved to 2.5 and 1.25 pM, respectively. Solutions containing
ribozyme and substrate RNAs were heat-denatured at 80°C for 5 min, after which the
reaction buffer was added and reactions were incubated at 48°C for 15 min. Reactions
were quenched by adding 4 pL 0.5 M EDTA and diluting sample volumes to 500 pL
with water. Substrate molecules and salts were removed by concentrating the sample
to < 10 pL in a Nanosep 10K column. An additional 500 pL of water were added and
the sample was concentrated again. Active ribozymes were selectively amplified in
reverse transcription reactions that used all of the desalted and concentrated RNA, T9
primer DNA (5-GCTGAGCCTGCGATTGG-3"; complementary to the S9 tail and
present in a 2:1 molar ratio relative to total ribozymes), 10 mM MgCl,, 5 mM
dithiothreitol, 50 mM Tris-HCI (pH 7.5), 0.2 mM dNTPs, and 15 U AMV reverse
transcriptase (USB) in 20 pL volumes at 37°C for 1 h. Double-stranded DNA
templates containing the T7 promoter sequence were generated by standard PCR using
T21a (5'-CTGCAGAATTCTAATACGACTCACTATAGTGCCTTGCGCCGGGAA-

3') and T20a (5-CCGGTTTGTGTGACTTTGCC-3').
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Genotyping of selection population

PCR products of the Gy population were cloned into the vector pJET1.2 (Fermentas)
and transformed into E. coli Top 10 competent cells (Invitrogen). Individual colonies
were picked as templates for PCR reactions using the primers pJET1.2-F and pJET1.2-
R (Fermentas), which generate products of ~325 bp (= the insert size of 205 bp plus
120 bp). Products of the correct size were genotyped using BigDye (v.3) cycle

sequencing chemistry.

Assay of selection population and mutants

Colony PCR products containing frequently occurring mutations were diluted and
amplified by PCR using primers T21a and T20a to regenerate dsDNA templates for
transcription. Following run-off transcription and gel purification, 2.5 uM ribozymes
were incubated with 1.25 uM 3'-a**P-dATP-radiolabeled S9a (Huang & Szostak
1996; Burton & Lehman 2006) in 100 mM MgCl,, 30 mM EPPS (pH 7.5). Reactions
were quenched by adding an equal volume of an 3:1 solution of denaturing gel loading
buffer and 0.5 M EDTA, respectively. Products were separated on 15% / 8 M urea or
20% polyacrylamide / 8 M urea gels and visualized by phosphorimaging. Ribozyme

activities were calculated using ImageQuant software (v.5.2, GE Health Sciences).

For the most active mutants, values for ko,s for reverse-splicing were obtained under
single-turnover conditions. Ribozymes were heat-denatured at 80°C for 5 min, then
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allowed to fold for 5 min at 48°C in the reaction buffer (final concentrations of 100
nM ribozymes, 100 mM MgCl,, and 30 mM EPPS (pH 7.5)). Reactions were initiated
by the addition of 3'-radiolabled S9a (~0.1 nM) and quenched with an equal volume of
3:1:: 2X denaturing loading dye: 0.5 M EDTA. Products were separated on 15%
polyacrylamide / 8 M urea gels. Values for Kk.s were estimated by non-linear
regression according to the equation, F = A(1 — e~*) where F is the fraction of
substrate appended to the ribozymes, and A was set as 0.204, the regression-estimated
limit of reverse splicing under these conditions for the fastest mutant, G150A. Values

for kops varied by less than 50% on different days.

For this same set of mutants, the fraction of ribozymes capable of catalysis (i.e.,
correctly folded) was determined by allowing the reverse splicing reaction to approach
equilibrium with 60-fold substrate excess. Reactions contained 0.5 pM ribozyme and
30 UM S9a substrate. RNAs were heated at 80°C for 5 min, and the reaction initiated
by addition of the selection buffer. Aliquots of the reaction were quenched after 15
min (matching the selection conditions) and 60 min (near equilibrium) at 48°C. These
aliquots of the reaction were quenched and separated on a denaturing 8%
polyacrylamide / 8 M urea gel. Products were visualized by SYBR green | staining
using the fluorescence mode on the Typhoon scanner and quantified using

ImageQuant software.
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Covalent self-assembly assays

RNA fragments as partitioned in Figure 3B were either purchased from IDT or
synthesized via run-off transcription. Fragments other than W contained a five-
nucleotide 'head’ (h) of 5'-GGCAU-3’, with the CAU serving as the recombination tag.
Reactions contained 2 pM of each fragment in 100 mM MgCl,, 30 mM EPPS (pH
7.5), using 5'-radiolabeled W molecules. RNAs were heated at 80°C for 5 min prior to
the addition of buffer, then immediately placed at 48°C. Aliquots were quenched with
an equal volume of 3:1 :: denaturing loading buffer: 0.5 M EDTA. Products were

separated on 8% polyacrylamide / 8 M urea gels and quantified by phosphorimaging.

RNA 5'-radiolabeling

To prepare for radio-labeling, RNAs were dephosphorylated in a 10 pL reaction
containing 50 mM Tris (pH 8.5) and 1 mM EDTA with 1 U calf intestine alkaline
phosphatase (Roche) for 1 h at 37°C. The phosphatase protein was removed by
diluting the reaction to 80 pL and performing two phenol-chloroform extractions (pH
4.5), and one chloroform extraction. Radiolabeling reactions were performed for 1 h at
37°C. Reactions were 100 uL and contained 3 pL y-**P+ATP (MP Biomedicals), 10 U
Optikinase (USB / Affymetrix) in 50 mM Tris (pH 7.5), 10 mM MgCl,, and 5 mM
DTT. The reactions were quenched by addition of an equal volume of stop solution
containing urea and a stoichiometric excess of EDTA. Products were purified as
described (Burton et al. 2009).
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Table 1. Catalytic parameters of 4zoarcus nbozyme variants.

Ribozyme genotype Frobs (min™) fraction correctly folded

(15 min / 60 min)

Wildtype 0.079 0.89/0.93
APGaRC 0.080 0.61/0.73
G150A 0.24 0.79/0.79
U44C / G150A 0.11 0.77/0.85
AEM 0.13 0.85/0.9
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Figure 3. Secondary structures of the Azoarcus ribozyme autorecombinase. Fragments
are separated at the end of each colored portion. Names and sizes are listed next to
each fragment. The internal guide sequence of the each ribozyme is boxed; the
interaction between substrate and ribozyme is indicated. A) The 198-nucleotide
ribozyme contains CAUs at L5, L6, and L8 that enable it to be autorecombined.
Potential deletion sites in the Azoarcus ribozyme are outlined by dotted lines. The
resulting covalently attached ribozymes were assayed for reverse-splicing ability. B)
The 176-nucleotide AP6aRC ribozyme. Light gray arrows pointing from nucleotides
44, 97, 159 and 163 represent mutations present in the four-error mutant, 4EM. The
dark arrow shows the mutant G150A.
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Figure 4. Reverse-splicing activity of Azoarcus ribozyme variants. Ribozymes (2.5
uM) were incubated with radiolabeled substrate S9a (1.25 uM) ratio for 0-30 min at
48°C in 100 mM MgCI2 and 30 mM EPPS (pH 7.5). Products were separated on 15%
polyacrylamide / 8 M urea gels. The fraction of substrate reverse-spliced was
calculated using ImageQuant software. Dashed lines represent pre-selection
ribozymes. Open triangles, open rectangles, open diamonds and open circles represent
the wildtype Azoarcus, AP9-17, AP9-7, and AP6aRC ribozymes, respectively. Solid
lines represent the two most active selection-derived mutants from the AP6aRC pre-
cursor. Closed squares and circles represent the 4EM (U44C/U97A/U159G/G163C)
and G150A ribozymes, respectively.
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Figure 6. Mutation frequency in the G10 population. Mutations with an asterisks (*)
above them were characterized further. Those listed at decimal positions represent
insertions into the DP6aRC sequence, between the two flanking integers (i.e., 69.5 U
is an insertion of U between nucleotides 69 and 70). The nucleotide numbering in Fig.
1 has been retained for clarity.
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Figure 7. Effects of selection-derived mutations on the self-construction activity of
the Azoarcus AP6aRC ribozyme. Self-construction reactions contained 2 uM of each
fragment and were reacted at 48°C in 100 mM MgClI2 for 6 hours. The number and
breakpoints of the fragments are listed below the reactions. Products were separated
on 8% polyacrylamide / 8 M urea gels. W-fragments were 5'-radiolabeled, and the
percent of WAXAYZ was calculated as the ratio between full-length molecules to the
sum of all W-containing (radiolabeled) molecules.
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Chapter 3. In Vitro Selection of a Benzoic Acid Reductase Ribozyme.

Abstract

An RNA population composed of 45 fixed and 65 randomized nucleotides has
undergone five generations of in vitro selection for the ability to reduce benzoic acid
to benzaldehyde using NADH and Zn%**. The selection has been designed such that
RNA molecules capable of performing the intended reduction were labeled with biotin
and separated from inactive molecules based on the interaction between biotin and
streptavidin. It appears that the population has responded to a selection pressure
because it has evolved to migrate faster during electrophoresis. This increased
mobility is likely the result of a deletion event occurring during the selection, and
suggests the selection process is working. Although catalytic activity has not yet been
observed, the most prominent several alternative explanations for the observed
selection results have been eliminated. Consequently, the selection is well-positioned
for another 5-10 generations of selection, at which point the population should be
assayed again. If activity is detected at that stage, the RNA population should be
genotyped and kinetically characterized. If no activity is observed at that point, the

selection will be restarted, under different conditions.
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Introduction

A hallmark of life is the ability of an organism to extract energy from its environment
and to couple that extraction with the synthesis of necessary components for
reproduction. Hence, for the RNA World to have been a reality, ribozymes must be
able to perform these feats as well (Chen et al. 2007). To date, RNA enzymes have
been shown to be capable of catalyzing a number of reactions involved in energy
transfer (Lorsch & Szostak 1994; Kumar & Yarus 2001; Saito et al. 2001; Coleman &
Huang 2002; Jadhav & Yarus 2002; Li & Huang 2005). Ribozymes have also
demonstrated biosynthetic proficiency using activated leaving groups (Ekland &
Bartel 1996) Lohse & Szostak 1996; Wiegand et al. 1997; Zhang & Cech 1997;
Unrau & Bartel 1998; Zhang & Cech 1998; Johnston et al. 2001; Sun et al. 2002; Lau
et al. 2004; Zaher & Unrau 2007; Lau & Unrau 2009). However, only one group of
ribozymes capable of transferring electrons from one molecule to another is currently
known (Tsukiji et al. 2003). Because modern organisms acquire and utilize energy by
oxidation / reduction (redox) reactions, these types of reactions are our best guesses of
what “riboenergetics” may have looked like in the RNA World. Thus, there is a need
to more fully explore the range of redox reactions that ribozymes are capable of

catalyzing.

To this end, we have performed in vitro selection on a randomized population of RNA
molecules to identify ribozymes capable of reducing benzoic acid to benzaldehyde
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(Figure 8). The provided electron source was NADH. We have also included Zn®" in
the reaction buffer to serve potentially as a cofactor. These conditions were chosen by
analogy to the reaction catalyzed by the carboxylic acid reductase class of proteins,
which are dependent on both Zn** and NADH (He et al. 2004; Venkitasubramanian et
al. 2007). However, the protein enzyme also uses ATP to activate the carboxylic acid
prior to forming a covalent intermediate with its associated phosphopantatheine
coenzyme. This coenzyme is a functional group to which natural RNA sequences do
not have access, suggesting that ribozymes capable of this performing this reaction

may have to use an alternative mechanism.

Each round of selection begins with the transcription of a dSDNA template to generate
RNA. The benzoic acid substrate is then covalently attached to the RNA, followed by
incubation in the reaction buffer. Active molecules will reduce their benzoic acid
groups to benzaldehyde, which provides a ‘handle’ by which the active molecules can
be separated from inactive ones. The active RNAs are then converted back to DNA
and amplified, completing one generation of selection. Five rounds of selection have

been completed to date; the results are described below.
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Results and discussion

In vitro selection

Our selection method was based on that employed in the Suga lab for their selection of
a ribozyme that oxidized benzyl alcohol to benzaldehyde (Tsukiji et al. 2003). In their
work, they covalently attached their benzyl alcohol substrate to their RNA population.
A subset of these RNAs were able to convert the alcohol group to the aldehyde. The
aldehyde could react with biotin hydrazide and then be fished out using streptavidin
beads. In our case, we wanted to select for reduction of the carboxylic acid to the
aldehyde, and then separate the active molecules using biotin and streptavidin. A
number of steps were required each generation to facilitate this selection (Figure 9).
First, RNA was transcribed in the presence of guanosine monophosphate, resulting in
a pool of RNAs that were 5’-monophosphorylated. The monophosphate was then
covalently linked to the nitrogen of the intended substrate, 4-AMBA (4-
[aminomethyl]benzoic acid), by nucleophilic substitution using EDC (1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride) as an activating agent. After
purification, the derivatized RNAs were incubated in reaction buffer containing Mg*",
Zn?*, and NADH. The amount of reaction time allowed was progressively decreased
to increase the stringency of selection (from 3 h in round 1 to 15 min in round 5).
Active benzoic acid reductase molecules would have reduced their carboxylic acid
moieties to aldehydes; this served as the ‘tag’ for the selection, identifying winners
from losers. To exploit this tag, the RNA population was desalted and then incubated
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with biotin hydrazide, which reacts with aldehydes but not carboxylic acids. Following
biotinylation, the active ribozymes (winners) were separated from the inactive
ribozymes (losers) by exploitation of the high-affinity interaction between biotin and
streptavidin. In this case, magnetic beads with covalently-attached streptavidin were
incubated with the RNA population, and then washed twice under denaturing
conditions to remove any RNAs not attached to the streptavidin beads by biotin (the
losers). Bead-bound RNAs were then washed twice with 0.1 mM EDTA to remove
residual urea and rehydrated in 0.1 mM EDTA. The beads themselves were then added
to a reverse transcription reaction to generate DNA copies, which were subsequently

amplified by PCR.

To date, we have completed five generations of selection, after which we evaluated the
ability of the population to perform benzoic acid reduction (Figure 10). RNA from the
Go and Gs populations was transcribed and 5'-radiolabeled, and then derivatized with
4-AMBA. The derivatized RNAs were incubated in the selection conditions for up to
three hours, then desalted and incubated with fluorescein thiosemicarbazide (FTC),
which, like biotin hydrazide, will react with an aldehyde but not a carboxylic acid.
Thus, any active molecules will be able to acquire a FTC moiety, causing them to
migrate more slowly through a polyacrylamide gel than their inactive counterparts.
This is an indirect assay, however, because an RNA molecule has to both reduce its
carboxylic acid to an aldehyde and react with FTC. We chose FTC for the assay rather
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than the biotin hydrazide used in the selection for two reasons: 1) FTC is larger and
more bulky than biotin hydrazide (Figure 11), meaning it will cause a greater mobility
difference; 2) any RNAs that acquire the FTC tag almost certainly are reacting with
the thiosemicarbazide group, rather than through an unintended selection mechanism
involving biotin hydrazide (explained further below). We did not detect any addition

of FTC in either the Gy or Gs populations (Figure 10).

Evidence that the selection is succeeding

While the Gs population has not yet shown the desired catalytic activity, we do
observe evidence of molecular evolution. It can be observed that the electrophoretic
mobility of the RNA population has increased during the course of the five
generations (Figure 10), presumably through the deletion of several nucleotides
somewhere between the PCR primer binding sites, indicating that some form of
molecular evolution is occurring. Likely explanations for the lack of observed
catalytic activity, then, are either that the selection is working, but the population has
not been sufficiently enriched for activity to be detected, or the RNA population has

found a way to circumvent the selection.

RNAs do not seem to be ‘cheating’
One way that non-catalytic RNAs could circumvent the selection would be by
remaining bound to the streptavidin beads after the denaturing washes (Figure 9, step
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4), despite not having a covalent linkage to biotin. To test this hypothesis, we
incubated separately 5'-radiolabeled, 4-AMBA-derivatized Gp, and Gs RNAs in
binding buffer with streptavidin beads for 15 min. We collected the beads using a
magnetic separator, and retained the supernatant. Then we tested the efficacy of the
two denaturing washes by incubating the beads for 5 min at 50°C in the denaturing
buffer, collecting the beads and retaining the supernatant each time. Finally, the beads
were incubated for 5 min at 90°C in 8M urea, which should remove any remaining
RNA (if an RNA cannot be removed under these conditions, which are more extreme
than experienced prior to reverse transcription, then it is essentially impossible for that
RNA to become reverse transcribed and survive the selection). Each fraction was
loaded in its entirety on a polyacrylamide gel, and the amount of RNA in each band
was quantified (Figure 12). If we were selecting for streptavidin-binding RNAs, it
would be expected that the Gs population would have a higher affinity for the
streptavidin beads than does the G, population. However, it can be seen that for both
populations, more than 99% of the RNAs were removed after the two denaturing
washes (Figure 12). It is unlikely, then, that we are selecting for streptavidin binders.
We cannot completely rule out the possibility, however, that we are simply amplifying
the <1% RNAs that are separated from the streptavidin beads during the 8 M urea /
90°C wash, although the 0.1 mM EDTA washes used in the selection are much less

likely to remove these from the magnetic beads.
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While non-specific streptavidin binding may be the most probable means for RNAs to
circumvent the designed selection, there are a few other possibilities. One is that the
RNA population may catalyze the addition of biotin hydrazide to itself. An example of
internal addition would be nucleophilic substitution of the hydrazide group at the
phosphoramidate linkage between 4-AMBA and the RNA or at an internal
phosphodiester bond. The probability of either of these reactions being catalyzed by
the RNA is very low, however, because the biotinylation reaction takes place in a
solution of minimal ionic strength (no divalent metals, ~1 — 2 mM Na®) that should
minimize the ability of RNA to fold into a catalytically active structure. Furthermore,
if the phosphoramidate bond was sufficiently activated for non-catalyzed nucleophilic
substitution to occur, then this should have been revealed in the assay with FTC. Each
reaction timepoint would be expected to produce FTC-labeled RNA, including the O hr
reaction, if phosphoramidate activation was the mechanism by which biotin or FTC
were reacting with the RNA population. We do not observe this, allowing us to

discount this possibility.

Conclusion

We have generated a population of randomized RNA molecules composed of 45 fixed
nucleotides and 65 nucleotides of random composition. We have also developed a
method for covalently attaching the targeted selection substrate, 4-AMBA, to the RNA
population using EDC activation. After five rounds of selection, the RNA appears to
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have grown shorter as evidenced by its increased electrophoretic mobility. We have
indirectly assayed the population for its ability to reduce the carboxylic acid group of
4-AMBA to the aldehyde using FTC, although no catalytic activity was observed. This
was not entirely unexpected, however, because in vitro selections can often require six
or more generations of selection before catalytic activity can be observed (Joyce 1998;
Burton & Lehman 2006). We have discounted several possible ways by which
members of the selection population could possibly circumvent the selection criteria,
such as by evolving to the ability to bind streptavidin. As a result, the Gs population is
well-situated as a starting point for further selection. Another five to ten generations
could be sufficient to determine if the RNAs we have selected for so far are
catalytically active. If it can then be determined that the RNAs can reduce benzoic
acid to benzaldehyde, they will be genotyped and characterized. However, if it is
determined that the RNA is inactive after the additional selection rounds, the selection
process should be restarted using different reaction conditions. In particular, it may be
prudent to try different molecules to serve as the reductant, such as FADH, or
sulfhydryl-containing molecules such as DTT or glutathione, as the reducing power of

NADH may be insufficient for this task.
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Materials and methods

Generation of Gy population

A family of ssDNA oligonucleotides containing the sequence 5'-
TCTCGGACGCTAACC-Ng—GCCTGATAACTTTTCCCTCC-3" (RONL-65; Ngs
denotes 65 positions with an equal probability of A, G, C, or T at that site) were
purchased from Operon. These molecules were made double-stranded and the T7

promoter sequence added by PCR using primers 5-TAATACGACTCACTATAGAG

CTCTTGAGGAGGGAAAAGTTATCAGGC-3" (ONL-35; the T7 promoter sequence
is underlined) and 5-TCTCGGACGCTAACC-3" (ONL-31). A randomized RNA
population was made by runoff transcription of the dsDNA at 37°C for 16 h in 25 mM
MgCl;, 30 mM EPPS (pH 7.5), 5 mM dithiothreitol, 1 mM spermidine, 2 mM each of
rATP, rGTP, rCTP and rUTP, 10 mM GMP (to prime transcripts for subsequent
derivatization), and 400 U of T7 RNA polymerase (Ambion) in 400 pL total volume.
Following transcription, 3 U of DNAse | (Fermentas) were added, and the reaction
incubated at 37°C an additional 2 h. A two-fold excess of EDTA was added to the
reaction, and the RNA was extracted with phenol-chloroform and chloroform to
remove proteins and DNA. The RNA was then ethanol precipitated and gel-purified
on an 8% polyacrylamide / 8 M urea gel. Transcription products were visualized by
UV-shadowing, and eluted from the gel matrix overnight with shaking in 10 mM Tris
(pH 7.5) and 200 mM NaCl. The RNA was separated from polyacrylamide fragments
and concentrated using Nanosep MF and 10K spin columns, and prepared for
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derivatization by washing with water and then 20 mM 4-(aminomethyl)benzoic acid
(4-AMBA; pH 6.0). The selection substrate, 4-AMBA, was covalently attached using
carbodiimide chemistry, which activates the phosphate of GMP-primed RNAs for
attack by the primary amine of 4-AMBA. Newly transcribed RNA (~1 nmol) was
incubated in 400 uL 20 mM 4-AMBA (pH 6.0) with 1 mg of EDC*HCI (1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride; Thermo Scientific) at 37°C for 2 h
in the dark (this reaction time yielded the most derivatized RNA while limiting
polymerization of 4-AMBA because EDC activates the carboxylic acid moiety of 4-
AMBA in addition to the RNA monophosphate). The unreacted 4-AMBA and EDC
were removed from the reaction by spinning through a Nanosep 10K column to a
volume <10 uL followed by addition of 500 uL H,O (a >50-fold dilution). This

process was repeated twice more, to give a >125,000-fold dilution of the 4-AMBA.

In vitro selection for benzoic acid reduction

Derivatized RNAs (19 pL, 400 — 500 pmol) were heat-denatured in water at 80°C for
5 min. Following heating, 8 pL of 5X buffer (containing 30 mM HEPES (pH 7.3), 100
mM MgCl,, and 0.5 mM ZnCl, at 1X) were added and the RNA was allowed to cool
to room temperature for 5 min on the benchtop. The reaction was started by the
addition of 13 pL 150 mM NADH (final concentration of ~50 mM), and was
incubated at 22°C. The RNAs were allowed 3 hours to react for the first round of
selection; the selection stringency was increased through subsequently decreasing
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reaction times to 90 minutes (generations one and two), 30 minutes (generation three)
and finally 15 minutes (generation four). The reaction was quenched by adding a
slight excess of EDTA relative to Mg?*. RNAs were serially desalted as described
above. Successful ribozymes would have reduced their benzoic acid groups to
benzaldehyde. To identify these molecules, the population was incubated in 100 pL
MEB buffer (30 mM MOPS pH 6.5, 1 mM EDTA, 5 mM biotin hydrazine (Sigma)) at
room temperature for 2 h. Unreacted biotin was removed by serial filtration as
described above. RNAs were incubated with 100 pL (10 mg / mL) Dynabeads M-270
Streptavidin-coated magnetic beads (Invitrogen) in binding buffer (10 mM Tris pH
7.5, 1 mM EDTA, 100 mM NacCl) for 15 min at room temperature with occasional
mixing to allow the biotin-streptavidin binding to take place. Prior to the addition of
RNA, the beads were twice incubated for 2 min with 0.1 M NaOH per the
manufacturer’s instructions to remove any potential contaminating RNAses. The
suspension was placed into a magnetic particle separator (Roche) to collect the
magnetic beads at the bottom of the tube and the supernatant removed. To remove
RNAs that bind to streptavidin or the magnetic beads by some means other than
through biotin we used denaturing washes. The tube was removed from the magnetic
separator and the beads were washed (twice) by adding UTE buffer (4 M urea, 10 mM
Tris (pH 7.5), 1 mM EDTA) and incubating the suspension at 50°C for 5 min,
followed by magnetic separation and removal of supernatant. The beads were
resuspended in 100 pL 0.1 mM EDTA. In order to proceed with the selection, the
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remaining RNA molecules (putatively active benzoic acid reductases) were reverse
transcribed at 37°C for 2 h in a 50 pL reaction containing 50 mM Tris (pH 8.3), 8 mM
MgCl;, 50 mM NaCl, 1 mM DTT, 400 pmol of ONL-31a, and 7.5 U AMV reverse
transcriptase (USB / Affymetrix). The reaction was stopped by the addition of 5 pL of
0.1M EDTA. The resulting DNA was amplified by PCR using ONL-35 and ONL-31a,
and the next generation of RNA was formed by transcription as described above, but
with reagents and total reaction volume halved because less RNA is generally needed

after the first round of in vitro selection.

RNA 5'-radiolabeling

The Gp and Gs populations were transcribed as described above. To prepare for radio-
labeling, 400 pmol of RNA were dephosphorylated in a 10 pL reaction containing 50
mM Tris (pH 8.5) and 1 mM EDTA with 1 U calf intestine alkaline phosphatase
(Roche) for 1 h at 37°C. The phosphatase protein was removed by diluting the
reaction to 80 pL and performing two phenol-chloroform extractions (pH 4.5), and
one chloroform extraction. Radiolabeling reactions were performed for 1 h at 37°C.
Reactions were 100 pL and contained 3 pL y-**P-ATP (MP Biomedicals), 10 U
Optikinase (USB / Affymetrix) in 50 mM Tris (pH 7.5), 10 mM MgCl,, and 5 mM
DTT. The reactions were quenched by addition of an equal volume of stop solution
containing urea and a stoichiometric excess of EDTA. Products were purified as
described (Burton et al. 2009).
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Benzoic acid reduction assay

RNAs from Gy and Gs were radiolabeled and derivatized with 4-AMBA as described
above. Assay reactions were 40 pL total in volume, and prepared as described above
at the beginning of the in vitro selection section. After 0, 1, 2, and 3 h, 9 pL aliquots
were removed and transferred to Nanosep 10K spin columns containing 500 uL H,O
and 2 uL 0.5 M EDTA. The solutions were spun through the columns at 5,000 g until
the volume was < 10 pL. An additional 500 puL of H,O was added, and the process
repeated. To the desalted RNA, 10 pL 2 mM fluorescein thiosemicarbazide (FTC) was
added. The resulting solution was allowed to incubate at room temperature for 1 h in
the dark. A positive control for the labeling was performed by incubating radiolabeled,
derivatized RNA with FTC in the presence of EDC (1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride). After 1 hr of incubation, 15 pL of
urea-containing loading dye was added (8 M urea, 10 mM EDTA, 0.1% W/V
bromophenol blue), and the products were separated on an 8% polyacrylamide / 8 M

urea gel. The gel was then visualized by phosphorimaging.

Streptavidin-binding assay

To assess the degree to which the RNA population is able to bind streptavidin, 20
pmol of the radiolabeled, derivatized Gy and Gs RNAs were incubated with 100 pg of
streptavidin-coated Dynabeads for 15 min in 20 pL of binding buffer (10 mM Tris (pH
7.5), 100 mM NacCl, and 1 mM EDTA). After separating the magnetic beads from the
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solution using the magnetic separator, the supernatant was removed and added to 20
ML of urea-containing loading dye. The beads were then incubated for 5 min with 20
ML of denaturing UTE buffer (4M urea, 10 mM Tris (pH 7.5), and 1 mM EDTA), and
the supernatant again collected following bead separation. This process was repeated
once more, and then 40 uL of 8 M urea-containing loading dye were added directly to
the streptavidin beads and incubated for 5 min at 80°C. Each of the wash fractions was
separated on an 8% polyacrylamide / 8 M urea gel, with the products visualized by
phosphorimaging. The amount of radiolabeled RNA in each lane was determined, and
the fraction of RNA in each lane of the four-wash series (supernatant from binding

buffer, UTE 1, UTE 2, and 8 M urea) was determined.
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Figure 8. Balanced equation for the reduction of benzoic acid to benzaldehyde. The in
vitro selection performed herein is designed to identify ribozymes capable of
catalyzing this reaction.
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Figure 9. In vitro selection procedure used to select for a benzoic acid reductase
ribozyme. Steps in each selection cycle are numbered 1-5 and are connected by solid
black arrows. The chemical reaction to be catalyzed by the RNA population is boxed.
Gray arrows indicate stages in which RNAs can fail the selection criteria, by one of
the following: not acquiring the 4-AMBA molecule, failing to reduce the benzoic acid
group to benzaldehyde, failing to acquire biotin tag, or not binding to the streptavidin
beads. The bold arrow (step 4) indicates the stage at which RNAs that fail the
selection (the losers) were removed. Only those RNAs that reach step 5 (reverse
transcription/PCR) were be carried forward to the next generation.
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Figure 10. Assay for benzoic acid reduction in the Go and Gs populations. Following
incubation in conditions identical to those performed during in vitro selection, the
radiolabeled RNAs were desalted and incubated with fluorescein thiosemicarbazide
(FTC). Molecules that have reduced their carboxylic acid groups to aldehydes will be
capable of acquiring the FTC molecule, which will reduce their gel mobility (as seen
in the positive control lane (+) where EDC was included in the reaction mixture). The
numbers above each lane indicate the incubation time in hours. While no activity is
detectible in this assay, it can be seen that the Gs population migrates noticeably faster
than the Go population, through the polyacrylamide gel, indicating it is responding to
some sort of selection pressure.
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Figure 11. Aldehyde-reactive molecules used for in vitro selection (biotin hydrazide)
or the assay of benzoic acid reduction ability (FTC). The biotin portion of biotin
hydrazide interacts strongly with the streptavidin proteins coating the magnetic beads
used in the selection, allowing biotinylated RNAs to be separated from their non-
biotinylated counterparts. FTC reacts with aldehyde-containing RNAs (those that are
catalytically active) and adds bulk to the derivatized RNA, assisting in their separation
on a polyacrylamide gel.
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Figure 12. Assay of streptavidin-bead binding by the Gy and Gs RNA populations. 5'-
radiolabeled RNA molecules derivatized with 4-AMBA were incubated with
streptavidin beads in binding buffer for 15 min. The supernatant was removed (super).
The beads were then washed twice with the washing buffer used in the selection with
the supernatant retained each time (UTE 1 and UTE 2). Finally, the beads were
washed with 8 M urea at 90°C to remove any remaining RNA (beads). The entire
contents of the supernatant and each wash fraction were separated on a
polyacrylamide gel and the amount of radioactivity in each fraction was determined.
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Chapter 4. Knotted RNAs Are Formed During in Vitro Transcription of the
Chlorella Virus Pyrimidine Dimer-Specific Glycosylase Intron.

Abstract

In vitro transcription of the 98-nucleotide, A+U-rich intron found in the Chlorella
PBCV-1 virus pdg locus always produces, as 10-20% of the total RNA vyield, at least
one slower-migrating species in addition to the expected transcript. Characterization of
these slower-migrating products suggests that they are knotted RNA molecules, which
we call knRNAs. The knRNAs convert to the linear form in aqueous salt solutions but
not in the presence of denaturants; the linear form cannot adopt a knRNA
conformation. Knotting appears to be the result of co-transcriptional misfolding that
allows the 3’-end of an intron to become threaded through an internal loop during
formation of a pseudoknotted structure. Based on the parameters of high A+U content
and a secondary structure predicted to contain a pseudoknot involving its 3'-end, we
identified an A+U-rich intron in the Tetrahymena cnjB locus that also appears to form
knots during in vitro transcription. Because the Tetrahymena intron has just 57%

sequence identity with the Chlorella intron, knotting in RNA may be widespread.

Introduction
The structures of RNA, DNA and proteins are often approximated by the shapes of
their backbone, whether they are chains of phosphoester-linked sugars or amide bonds.

In all cases, the resulting shape is rope-like, where the length of the polymer is usually
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far greater than its diameter. Yet higher-order topologies, particularly knots, can be
induced in ropes by simply placing them in a box and then shaking (Raymer & Smith
2007). 1t should come as no surprise, then, that knotting has been discovered in
polymers of both DNA and proteins (Liu et al. 1981; Ménissier et al. 1983; Shishido
et al. 1987; Takusagawa & Kamitori 1996). In the case of DNA, knotting affects gene
expression by making the encoded information much less accessible (Portugal &
Rodriguez-Campos 1996). This inhibition is significant enough that topoisomerase
enzymes exist to unravel knotted — as well as excessively supercoiled — DNA. In
proteins, on the other hand, knotting can actually be a beneficial phenomenon. For
example, alkaline phosphatases contain a trefoil knot, which has been shown to
increase thermal stability and may provide protection from proteases (King et al.
2007). Proteins such as tRNA methyltransferases even have knots in their active sites

(Elkins et al. 2003; Lim et al. 2003).

Given that both DNA and proteins are subject to knotting, it seems likely that RNA is
as well. Pseudoknots, elements of secondary structure where a single-stranded loop
region of an RNA hairpin forms base-pairs with a complementary region outside the
hairpin, are well known (Redland 2006). The knotting we refer to here, however,
requires one end of the macromolecular strand to be threaded through an internal loop
making an open knot, a phenomenon heretofore undocumented in RNA (Figure 13).
However, this is still not a true knot by the mathematical definition, which requires
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that the ends of the molecule be joined together. An RNA with an open knot RNA is a
topological isomer of its linear form and should have unique physical properties that

make detection and characterization possible in vitro.

Herein we describe two distinct RNA sequences that form topological isomers during
in vitro transcription. One of the RNAs derives from the highly conserved intron
interrupting the pyrimidine dimer-specific glycosylase (pdg) locus of the Chlorella
PBCV-1 virus. The near 100% sequence similarity in all known natural isolates
suggests that it serves a functional or structural purpose (Sun et al. 2000; Figure 14A
and 14B). The second RNA sequence is found in the Tetrahymena thermophila
conjugation-specific gene (cnjB; Martindale & Taylor 1988; Csank et al. 1990). We
predicted that topological isomers will be formed during transcription of this gene
based on certain similarities with the Chlorella pdg sequence. The present study
explores the conditions that lead to the formation of the topological isomers, a
phenomenon we argue is the result of knot formation, and outlines the path by which
the isomers interconvert to the expected linear product. We have performed enzymatic
and chemical tests to rule out other possible topologies and conclude that these
topological isomers are in fact knotted RNAs or knRNAs. Finally, we propose a

possible mechanism by which the knots form during transcription.
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Results and Discussion

Observation of knotted RNA formation

In vitro transcription of the Chlorella virus pdg intron invariably produces at least two
discrete products: the expected RNA transcript, and one or more products of reduced
electrophoretic mobility (Figure 15). Typically, 10-20% of the total transcription yield
is slower-migrating products, which we propose are knotted RNA molecules
(knRNAs; the two predominant species have been labeled here as knRNAs | and 11).
Formation of kKnRNAs only occurs co-transcriptionally; renaturation of the full-length
linear RNA does not yield detectible levels of knots (data not shown). The commercial
source of viral RNA polymerase had no effect on knRNA formation. Furthermore, use
of E. coli RNA polymerase to transcribe the pdg intron also gave knRNAs in addition
to the linear transcript (data not shown). The knRNAs show consistent denaturing-gel
electrophoretic mobilities from transcription to transcription, but migrate differently
than linear standards depending on the polyacrylamide concentration. With 5%
polyacrylamide, knRNAs | and Il migrate slower than, and at the same rate as, a 197-
nucleotide RNA, respectively (Figure 15). Yet on a 15% gel, both knRNAs migrate
faster than that same 197-mer RNA. This variable mobility is a hallmark of nucleic
acids with a higher order topology such as a branch, a lariat, a circle or a covalently-
closed knot (Coppins & Silverman 2004; Wasserman et al. 1985; Wang et al. 1993;
Wang et al. 1996; Vogel et al. 1997). To illustrate how extreme the gel mobility shifts
can be as a consequence of these higher order topologies, we have included a circular
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98-mer (generated by intramolecular ligation of the linear transcript) on the gels in
Figure 15. We then endeavored to assign each of these topologies, as well as a few

others, to the knRNAs (Figure 16).

knRNAs are not linear artifacts

T7 RNA polymerase is known to add untemplated nucleotides at the 3’-end of nascent
transcripts (Chamberlin et al. 1979; Dunn & Studier 1983). It has also been shown that
a growing RNA chain can form a hairpin that allows the transcribed RNA to act as its
own template (Cazenave & Uhlenbeck 1994). The variable gel mobility described
above, however, indicates that the knRNAs are not linear, allowing us to discount the

hypothesis that the kKnRNAs are overextension products.

knRNAs are not RNAs with persistent secondary structure

A number of nucleic acid structures are known to persist even in high concentrations
of urea or formamide, such as the pseudoknotted structure of the HDV ribozyme and
G-quartets (Sen & Gilbert 1988; Williamson et al. 1989; Wadkins & Been 2002).
These structures cause the molecules to have anomalous electrophoretic gel mobilities,
and could potentially explain the mobility shifts of the knRNAs. To rule out this
possibility, we made rigorous attempts to denature gel-purified knRNAs. Glyoxal
treatment, which covalently modifies the base-pairing surface of guanine nucleobases,
has been shown to denature RNAs that maintain secondary structure elements in urea
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and / or formamide (Huang et al. 2009). Gel-purified knRNAs were treated with
glyoxal according to the supplier instructions (Ambion) and electrophoresed through
polyacrylamide gels both with and without urea (Figure 17). Based on the large gel-
mobility shifts of the kKnRNAs on the non-denaturing gel, it is clear that glyoxylation
is sufficient to denature the RNA, even in the absence of urea (Figure 17A).
Denaturation of the kKnRNAs, however, does not convert them to linear molecules. We
also attempted to unknot the knRNAs using formamide. Incubating the knRNAs in
95% formamide at 99°C for up to two hours, followed by electrophoresis at 50°C
through an 8% polyacrylamide / 8M urea / 40% v/v formamide gel does not result in
conversion to the linear product, although degradation occurs (Figure 18A).
Additionally, we tried heating the knRNAs in 95% formamide at 99°C for 5 min,
along with up to three iterations of incubations for 5 min at room temperature and 5
min at 99°C, followed by electrophoresis at 50°C on an 8% polyacrylamide / 8M urea
/ 40% v/v formamide gel. We still do not observe any conversion of knRNAs to the
linear form, although some bands of slightly faster mobility than the starting knRNAs
appear (Figure 18). We conclude that we are in fact denaturing the knRNAs, and that
denaturation does not alleviate the gel mobility differences observed in the knRNAs.

Therefore, the kKnRNA phenomenon is not due to persistent secondary structure.
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knRNAs are not branched molecules

Branched and circular RNAs have been observed in nature and studied extensively in
vitro. These molecules migrate much slower than linear molecules with the same
number of nucleotides and show varying electrophoretic mobilities relative to linear
standards depending on polyacrylamide gel composition (Semancik et al. 1973,
Dickson et al. 1975; Grabowski et al. 1984; Padgett et al. 1984; Ruskin et al. 1984). A
branched molecule, whether in a Y-shape from an intermolecular trans-esterification
or a lariat from an intramolecular trans-esterification, necessarily contains a nucleotide
with both 2'-5" and 3'-5' linkages. To investigate the possibility of branching, the
knRNAs were incubated with yeast RNA lariat debranching enzyme (Dbr 1), which
cleaves the 2'-5' phosphoester linkage in branched RNA molecules (Ruskin & Green
1985; Jacquier & Rosbash 1986; Chapman & Boeke 1991). This enzyme has no effect
on the mobility of the knRNAs, allowing us to discount branches and lariats as the

cause of the knRNA gel mobility shifts (Figure 19).

knRNAs are not circles

Circular RNAs both migrate slower than their linear counterparts on denaturing
polyacrylamide gels and experience mobility shifts during gel electrophoresis
depending on the polyacrylamide content of the gel (Wang et al. 1996). The knRNAs
we observe, however, respond differently than a 98-mer circle (Figure 15; the circle
was generated by ligation of the 98-mer linear molecule). The observation that the
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circle can migrate either faster or slower than the knRNAs allows us to rule out the

possibility that the knRNAs are circular RNAs.

knRNAs do not contain phosphotriester bonds

It has been demonstrated that RNAs are capable of making phosphotriester bonds
(Valadkhan & Manley 2001, 2003). The RNAs containing a phosphotriester bond
exhibit gel mobility shifts and persist through multiple rounds of gel electrophoresis.
However, this class of bonds was demonstrated to be particularly base labile, with a
half-life of ~3.5 min at pH 12 at 50°C (Valadkhan & Manley 2001). When the
knRNAs were incubated at pH 11.3 at 50°C, however, the degradation pattern of the
RNA was a smear (Figure 20) rather than direct conversion to the linear RNA or an
intermediate, as was seen with the phosphotriester bond (Valadkhan & Manley 2001).

We thus ruled out base-labile covalent bonds, including RNA phosphotriesters.

knRNAs are not the result of photo-crosslinked bonds

Carbon-carbon bonds could potentially be formed between two bases as seen in photo-
crosslinking experiments, although this seems unlikely given that knRNAs are formed
even when transcriptions are performed in the absence of light. To test this first
possibility, we subjected linear and knRNA molecules to 254 nm light under

conditions that should favor reversal of any bonds resembling photo-crosslinked
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products (Zhirnov & Wollenzien 2003). This treatment had no effect on the mobilities

of the knRNAs, discounting this explanation (data not shown).

knRNAs do not contain phosphoramidate bonds

An amino group on a nucleobase could perform nucleophilic attack on one of the
phosphoester bonds, as was proposed for the mechanism of an RNA capping ribozyme
(Zaher & Unrau 2006). This would require the formation of a phosphoramidate bond,
which has been shown to be labile under acidic conditions (Letsinger et al. 1972). To
explore this possibility, 5'-radiolabeled knRNAs were incubated at room temperature
for 21 hrs in solutions containing 30 mM Na" ions, and various buffers at 30 mM
[Tris (pH 8.0), PIPES (pH 6.0), and acetate (pH 5.2)] or 0.1 mM HCI (pH 4).
Products were separated by electrophoresis on an 8% polyacrylamide / 8M urea gel
(Figure 21). While conversion between knRNAs and to the linear molecule is
observed, this process is not noticeably enhanced by lower pH, and may in fact be
hindered. Some degradation of the knRNAs can also be observed below the linear
conversion product, generally corresponding to the degradation products observed
from the linear starting molecule, indicating that these molecules are of the same

sequence.
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knRNAs convert to linear during incubation in mild salt solutions

When the individual products were eluted from gel slices at room temperature with
agitation in 300 mM sodium acetate (pH 5.2) we observed time-dependent
interconversion in the order: knRNA I — knRNA II — Linear (Figure 22A). This
interconversion pathway is also observed in a solution containing 15 mM MgCl,, 50
mM EPPS (pH 7.5), 5 mM dithiothreitol, 2 mM spermidine (Figure 22B). We have
not detected conversion from Linear — knRNA I, Linear — knRNA II, or knRNA II
— knRNA [, suggesting that knRNA Il is a conformational intermediate on the path
from knRNA 1 to the linear molecule (based on Figure 22B there appears to be more
than one intermediate). The observation that the knRNAs are unraveled in mild salt
solutions but not under severely denaturing conditions lies in stark contrast to a recent
report of an RNA sequence that is able to form two distinct topological isomers during
transcription (Huang et al. 2009). This RNA is an aptamer that inhibits the AMPA-
specific receptor, and the two conformers generated during transcription cannot be
interconverted; furthermore, when that RNA sequence was synthesized using solid-
phase phosphoramidate chemistry, it did not adopt either of the conformations
achieved by the transcribed RNAs. Unlike the knRNAs we observe in the Chlorella
virus intron, however, the mobility differences between the two transcription-mediated
folds of the AMPA aptamer were relieved by glyoxal treatment. The authors thus
concluded that the topological isomers they observed were not the result of knots, but
instead most likely due to persistent secondary structure (Huang et al. 2009).
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Proposed mechanism for knot formation

To explore how knot formation could occur, it is helpful to consider tying a knot in a
rope. In order to make the simplest knot, one has to make a loop in the rope, cross the
free ends, and thread one of those ends through the loop so that it goes both over and
under the loop, as seen in the open knot in Figure 13. To make more complex knots,
one increases the number of nodes, or times the free ends wrap around each other prior
to threading one of the free ends through the loop. Within the context of RNA, almost
every stem-loop that is formed provides an opportunity for knot formation. Because an
A-form helix completes a turn every ~11 base-pairs, the ‘free ends’ cross twice in this
distance, or once every ~5.5 base-pairs. For the threading event to lead to knot
formation, it must add at least two strand crossings. Pseudoknot formation between a
free end and an internal loop may make this possible (Figure 23). This is easiest to
envision in molecules containing pseudoknots where either the 5’- or 3'-terminus base-
pairs with an internal loop of the molecule because the end of the strand must pass
through the loop to lead to a knot. Complete threading becomes more and more
disfavored as the length of the RNA to be passed through the internal loop increases,
until only slipknot arrangements can occur, wherein the nucleotides involved in
pseudoknot basepairing extrude and then return through the loop. However, it has
been shown that the addition of fast-folding, non-native protein domains to the N- and
C-termini of knot-containing proteins does not preclude knot-formation (Mallam et al.
2008). Still, many RNA molecules contain pseudoknots at or near their termini
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(Radland 2006) and none have yet been identified as forming knots, thus this cannot
be the only requirement for knotting. Considering that the full-length linear molecules
do not fold into their knotted counterparts, there must be one or more co-
transcriptional folding intermediates that lead to knot formation. Because pseudoknots
require the formation of two helical domains, knot formation by pseudoknotting could
occur by one of two routes (Figure 23). In our case, the main helix could be formed
first, followed by formation of the pseudoknot by the 3’-end. Conversely, the helix
involving the 3’-end could form first, followed by threading of the 5’-end through the
resulting loop, driven by the formation of a large number of base-pairs. Either of the
routes depicted in Figure 23 might be assisted by the high A+U content of the pdg
intron, which would presumably keep the loops more open and flexible by weakening

adjacent helices.

knRNA formation in another intron

To test the premise that RNA sequences with both a high A+U content and the
potential to make pseudoknots involving their 3’-end are susceptible to knotting, we
made a dsDNA template of the 95-nucleotide intron found in the Tetrahymena
thermophila cnjB locus (Figure 24A). The corresponding RNA is 87% A+U, has only
57% sequence identity with the 83% A+U Chlorella virus pdg intron, and the RNA-
folding software we used predicted it to form a pseudoknotted structure involving its
3’-end (Figure 24B). In vitro transcription of this molecule did in fact produce
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knRNAs (Figure 24C and Figure 25) supporting our assertion that knotting is aided by

high A+U content and 3'-end pseudoknot formation.

In order to further explore regions of the Chlorella pdg intron critical for knotting, we
introduced a series of mutations to the DNA sequence prior to transcription (Figure
25, sequences in Table 2). Mutations in the last 18 nucleotides have the greatest
impact on knRNA formation. Changing 16 of these nucleotides (81-98) virtually
eliminates knot formation. Mutating the last nucleotide, either individually or in
conjunction with the last three (G98U or 96-98, respectively) reduces knotting
significantly. Deleting the last one or four nucleotides (L-1 and L-4, respectively) also
reduces kKnRNA formation quite effectively, in agreement with our hypothesis that an

interaction involving the 3’-end is important for knotting.

How unknotting might occur

The conversions from knRNA I — knRNA II — Linear RNA that we describe above,
apparently requiring metal ions, are consistent with the unraveling of an open knot.
Higher ionic strength would provide more shielding of the phosphate backbone. This
enhanced shielding makes it easier for the negatively charged phosphate groups to
slide past each other, allowing the knot to unravel. In the absence of such charge
minimization, the electrostatic repulsion of the phosphate backbone may trap the RNA
in a knotted conformation. The denaturing treatments to which we subjected the
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knRNAs may not facilitate unknotting because they all rely on low ionic strength. This
highlights fundamental differences between denaturation and unknotting. For
denaturation, attractive base-pairing interactions between nucleotides must be
disrupted, either chemically or thermally, and phosphate backbone shielding is
undesirable because it promotes secondary structure stabilization. In order to allow
strand passage for unknotting, repulsive electrostatic forces between approaching
phosphate groups must be minimized. It is no surprise, then, that the use of
denaturants does not lead to unknotting. In the case of the glyoxal-treated RNA, the
bulky adducts formed between glyoxal and the guanine moieties might actually hinder

unknotting by increasing the size of the strand that must be passed through the knot.

Significance of knRNAs

Knot formation — and removal — in DNA are mediated by resolvases and
topoisomerases via recombination events (Wasserman et al. 1985). The possibility of
knRNA in biology is bolstered by the observation that at least one of the DNA knot-
resolving enzymes, Escherichia coli topoisomerase Ill, is capable of removing
covalently closed knots from synthetic, circular RNAs in vitro (Wang et al. 1996). In
the present study, with the caveat that we are not transcribing under cellular
conditions, the observation that the pdg intron appears to knot during in vitro
transcription with both T7 and E. coli RNA polymerases suggest that it may also form
knots in vivo. The knots resulting from the wildtype sequence may allow regulation of
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gene expression by preventing splicing of the intron, which contains numerous in-
frame translational stop codons, serving to down-regulate PDG production through
early translation termination, or by preventing the pre-mRNA from binding to the
spliceosome at all. Variations in knotted conformation, observed in even single-error
mutants, might inhibit such regulation mechanisms, also supporting the high degree of

sequence similarity observed.

The formation of knRNAs provides a striking example of the effects of different
folding pathways on RNA molecules of the same sequence. This difference between
co-transcriptional and post-transcriptional folding pathways has been observed
previously with large RNAs (Pan et al. 1999; Heilman-Miller & Woodson 2003) and a
small RNA (Huang et al. 2009). The study of knRNA folding may offer insights to
how RNAs can adopt complex topologies. The large, persistent mobility shift
conferred by knotting allows easy detection of knotted products by denaturing
polyacrylamide gel electrophoresis. Thus, the effects of mutations can be readily
observed on such gels if they change the extent or complexity of the resulting knots,

making this system worth further exploration.
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Materials and methods

Sources of oligonucleotides and DNA

DNA oligonucleotides were purchased from Integrated DNA Technologies. A dsDNA
template of the native intron with the T7 promoter sequence was constructed by
recursive gene synthesis (Engels & Uhlmann 1988; Rydzanicz et al. 2005). The E. coli
promoter sequence (5'-CGAAAAACAGGTATTGACAACATGAAGTAACATGCA
GTAAGATACAAATCG-3) and the various mutations were introduced during

recursive gene synthesis by changing the appropriate oligonucleotide(s).

In vitro transcription

Transcription reactions generally contained ~20-30 absorbance units of PCR-
amplified DNA template in 15 mM MgCl,, 50 mM EPPS (pH 7.5), 5 mM
dithiothreitol, 2 mM spermidine, 2 mM of each rNTP, and 50-200 U of T7 RNA
polymerase (Fermentas or Ambion) in a volume of 10, 20, 50 or 200 uL for the
specified time. Radiolabeled RNAs were generated by including 10-20 uCi of a-
2P« ATP (for internally labeled molecules), or 50-100 pCi of y-**PGTP (for singly,
5'-radiolabeled RNAs; MP Biomedicals) in the transcription reaction. Following
incubation, reactions were typically treated with 3 U DNase | (Fermentas) for 30—60
min at 37°C, quenched by adding EDTA to a final concentration of 20 mM, acid-
phenol / chloroform extracted, and ethanol precipitated. Products were separated on 5,
8, or 15% polyacrylamide / 8 M urea gels and visualized by phosphorimaging.
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Radiolabeled products were purified by phosphorimaging using Dip-N-Dot (Burton et
al. 2009). All gel-purified products were eluted from their gel slices in 200 mM NaCl /
10 mM Tris (pH 7.5) / 0.5 mM EDTA, and desalted and concentrated using Nanosep
MF and 10K columns. Quantifications were performed using ImageQuant software on
images obtained from a Typhoon scanner (GE Health Sciences). E. coli RNA
polymerase transcription reactions generally contained ~40-60 absorbance units of
PCR-amplified DNA template (containing the T7 A2 promoter; Chamberlin et al.
1979; Dunn & Studier 1983) in 10 mM MgCl,, 50 mM KCI, 40 mM Tris (pH 8.0), 5
mM dithiothreitol, 50 pg / mL BSA, 300 uM each NTP, and 4 U of E. coli RNA
polymerase sigma-saturated holoenzyme (EPICENTRE) in a volume of 20 pL and
were incubated for 90 minutes at 37°C. Radiolabeled RNAs were generated by
including 10-20 pCi of a-**P*ATP in the transcription reaction. Reactions were

terminated, visualized, and quantified as above.

Glyoxal and formamide denaturing of knRNAs

To verify that the knRNAs were not caused by persistent secondary structure, they
were chemically denatured with glyoxal. Roughly 1-5 pmol of 5'-radiolabeled knRNA
or linear molecules (10 puL volume) were added to 10 pL of glyoxal loading dye
(Ambion), and incubated for 60 min at 50°C. Products were separated on either an 8%
polyacrylamide / 8M urea gel or a 6% polyacrylamide non-denaturing gel without urea
and without EDTA in the running buffer. Gel-purified, 5'-radiolabeled knRNA | and
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linear molecules were also incubated in 95% formamide solutions (Ambion) for 10,
60, and 120 min at 99°C and separated by electrophoresis through 8% polyacrylamide
/ 8 M urea / 40% v/v formamide gels at 50°C. A step-wise denaturation process was
also performed in which 5'-radiolabeled knRNAs | and 1, and the linear RNA, were
incubated in 95% formamide solutions at 99°C for 5 min, or 5 min followed by one,
two, or three cycles of 5 min at 99°C and 5 min at room temperature. The products
were separated on 8% polyacrylamide / 8 M urea / 40% v/v formamide gels by
electrophoresis at 50°C. Samples were loaded while they were at 99°C and submitted

to electrophoresis between sample loadings.

Incubation of knRNAs with debranching enzyme

To verify that the topologically-altered mobility was not due to lariat formation with
an internally branched nucleotide, radiolabeled topological isomer knRNA was gel-
purified and incubated with yeast debranching enzyme (Dbr I, a generous gift from
Jay R. Hesselberth and Stanley Fields at the University of Washington, Seattle, WA).
Because this enzyme requires a “tail” of ~8 nucleotides beyond the branch site, a form
of knRNA that contained the first 19 nucleotides of the 3’-exon was also incubated
with this enzyme (its mobility was not altered by the enzyme; data not shown).
Reactions contained 5 pmol of knRNA and ~50 ng Dbr I in 30 mM EPPS (pH 7.5),
0.5 mM MgCl;, 4 mM MnCl,, 100 mM KCI, and 1 mM dithiothreitol. Products were
visualized by phosphorimaging. As a positive control, Dbr | successfully cleaved the
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2'-5" linked portion of the branched RNA formed by the 7S11 DNAzyme (Coppins &

Silverman 2004).

Alkaline hydrolysis reactions

Partial alkaline hydrolysis was performed by incubating 1-10 pmol of gel-purified, 5'-
radiolabeled RNA in 50mM K,PO,4 (pH 11.3) at 50°C for 0-10 min, alongside RNA
incubated at 50°C for 10 min in 50 mM EPPS (pH 7.5). Products were separated on a

denaturing 8% polyacrylamide / 8M urea gel and visualized by phosphorimaging.

UV-photocrosslinking reversal experiments

Gel-purified, 5'-radiolabeled linear and knRNA molecules in open 200 puL PCR tubes
were exposed to 254 nm light from a hand-held Spectroline ENF-240C UV lamp (310
MW / cm? at a distance of 15 cm) positioned 2 cm above the samples for 10 min.
Linear RNA molecules were folded for 10 min at 37°C in the T7 RNA polymerase
transcription buffer and irradiated for 0—20 min using the same UV light source and
set-up. Products were separated on an 8% polyacrylamide / 8 M urea gel and

visualized by phosphorimaging.

Unknotting of knRNAs
In an attempt to relieve the slower migration of the knRNAs, we incubated gel-
purified, 5'-radiolabeled kKnRNAs and the linear transcription product were incubated
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in 300 mM sodium acetate (pH 5.2) or 15 mM MgCl, / 50 mM EPPS (pH 7.5) / 5 mM
dithiothreitol / 2 mM spermidine at room temperature for up to 62 hours, with or
without gentle shaking. The products were separated by electrophoresis through a 5%

polyacrylamide / 8 M urea gel, then visualized and quantified by phosphorimaging.

RNA structures
RNAs were folded using the ILM web server (Ruan et al. 2004). Predicted structures
were drawn and manipulated wusing the XRNA software found at

http://rna.ucsc.edu/rnacenter/xrna/xrna.html; accessed 2/01/2008).
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Table 2. Sequences of molecules tested for knRNA formation. Wildtype sequences
are in plain text. Mutations are listed in italics. Nucleotides within mutated regions
which are not mutated are listed in bold.

GUAUGUAAAUAUUAAUAAUCACAAACUUAAUAAUUCAUAAUCACAAACUU

Wildtype AAUUAUAUUCUUUAUUUAUUAAAAUUUCGAUUUGUAAUGUUUUUGCAG
C96A Wildtype sequence with C96 mutated to A

A97U Wildtype sequence with A97 mutated to U

G9sU Wildtype sequence with G98 mutated to U

96-98 CAG mutated to AUU

81-98 UUUGUAAUGUUUUUGCAG mutated to ACCAGUCGGACUCCCAUU

L-1 Wildtype sequence minus G98

L-4 Wiltdtype sequence minus nucleotides 95 — 98

;ermophila GUAUUUAUUUCUGAAUAAUUUAUUAUUUCUCAAAAGCUUCUUUUUCAUGA
enjB intron AAAUAAUUUUAAAUAUUAAUGAAUAAUUCAUUUUUUUAAAAUUAG
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Pseudoknot Open knot

L J

Figure 13. Distinction between a pseudoknot (left) and an open knot (right).
Pseudoknots are elements of RNA secondary structure which are capable of being
represented in two dimensions, and consist of RNA strands folded back on each other.
An open knot cannot be represented in two dimensions, and requires one end of the
molecule to be threaded through an internal loop.
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Figure 14. Chlorella virus PBCV-1 pdg intron location and structure. A) Many
isolates have a pdg locus that is interrupted by a highly conserved intron of either 81
or 98 nucleotides. Of the 19 intron-containing isolates, 15 possess the 98-nucleotide
intron (upper sequence), which is 100% conserved, while the other four contain the
81-nucleotide intron; the sole mutation among those four sequences is G5A (red
nucleotide in the lower sequence). Capitalized nucleotides in the bottom sequence are
conserved between the two introns while lowercase nucleotides are not. Dashes
represent deletions from the longer sequence. B) Proposed secondary structure of the
98-nucleotide pdg intron that putatively leads to knotting. The structure was
determined using a combination of a predicted structure and empirical data.
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Figure 15. Formation of topological isomers (knRNASs) during in vitro transcription of
the Chlorella virus pdg intron. A transcription reaction of the pdg intron DNA in the
presence of 0-2P«GTP was treated with DNase I, phenol extracted, and ethanol
precipitated. Transcription products (trx) were electrophoresed on denaturing gels (8
M urea), with either 5% (left) or 15% (right) polyacrylamide alongside linear RNA
molecules of 100 and 197 nucleotides (stds), and a 98-nucleotide circular molecule
generated from the 98-nucleotide linear transcript (circle). The predominant kKnRNAs
have been labeled as | and I1.
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None

knRNAs persist after glyoxal
treatment, incubation in 95%
formamide at 99°C or cycles in
95% formamide at 99°C and room
temperature followed by
electrophoresis on 8 M urea / 40%
formamide polyacrylamide gels

Migration rate changes relative to
linear standards on gels of
differing acrylamide composition

The mobilities of the knRNAs on
denaturing gels of different
polyacrylamide composition does
not match that of the 98-
nucleotide circular control

knRNAs are unaffected by yeast

lariat debranching enzyme (Dbr 1)

knRNAs are unaffected by Dbr |

knRNAs are unaffected by Dbr |

knRNAs were not be reversed by

3exposure to UV light
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Figure 16. Possible topological explanations for the mobility shifts observed in the
knRNAs. All of the listed possibilities were evaluated experimentally. All listed
hypotheses other than open knotting were discounted.
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Figure 17. Gel electrophoresis of glyoxyal-treated linear and knRNAs alongside their
non-glyoxylated counterparts. A) A non-denaturing 6% polyacrylamide gel
demonstrating the effect of glyoxal on knRNAs. The ability of glyoxal to denature the
linear and knRNA molecules is demonstrated based on the extreme mobility shifts
observed for each knRNA form in the absence (-) or presence (+) of glyoxal, which
chemically modifies the RNA base-pairing surface. Note that no conversion between
the kKNRNA forms and the linear is observed in the presence of glyoxal, indicating that
the knRNAs are not due to persistent secondary structure in the linear form. B)
Chemical denaturing of knRNAs with glyoxal. The knRNAs were either treated with
glyoxal loading dye at 50°C for 60 min (G) or urea-containing loading dye at 90°C for
5 min (U), prior to loading on an 8% polyacrylamide / 8M urea gel.
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Figure 18. Denaturing gels of knRNAs with formamide. A) knRNA | was incubated
at 99°C for the designated time in 95% formamide, then electrophoresed on an 8%
polyacrylamide / 8M urea / 40% formamide gel at 50°C. B) knRNAs | and Il and the
linear molecule were subjected to 5 min at 99°C (1) followed by cycles of 5 min at
room temperature and 5 min at 99 °C (2-4). The 8% polyacrylamide / 8M urea / 40%
formamide gel was run continuously between cycles.
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knRNA | knRNA I
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Figure 19. Debranching assay of knRNAs. Gel-purified 5'-radiolabeled knRNAs |
and Il were incubated with yeast debranching enzyme (Dbr I). The reaction products
were separated on a 20% polyacrylamide / 8M urea gel alongside the unreacted linear
molecule. To verify that the Dbr | was active, a 37-nucleotide branched RNA was also
treated (three left-most lanes). The branched molecule has been denoted by the
sideways "Y' and the linear as "'
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Figure 20. Alkaline hydrolysis of knRNAs to check for base-labile bonds. 5'-
radiolabeled knRNAs were incubated at 50°C for up to 10 min in either 50 mM Tris
(pH 7.5) or 50 mM K,PQ, buffer (pH 11.3). The time and pH of the reaction are
indicated above each lane. Products were separated by electrophoresis through a 5%
polyacrylamide / 8M urea gel.
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Figure 21. Acid hydrolysis of kKnRNAs to check for the presence of acid-labile bonds.
The pH of each reaction mixture is listed above the respective lane. 5'-radiolabeled
knRNAs and the linear molecule were incubated at room temperature for 21 hrs in
solutions containing 30 mM Na" ions, and 30 mM of buffer [Tris (pH 8.0), PIPES (pH
6.0), acetate (pH 5.2)] or 0.1 mM HCI (pH 4). Products were separated by
electrophoresis on an 8% polyacrylamide / 8M urea gel.
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Figure 22. Unknotting versus denaturation of knRNAs. A) Incubation of the knRNAs
in 300 mM sodium acetate (pH 5.2) at room temperature with agitation leads to
unknotting of the knRNAs, in the order: knRNA I — knRNA II — Linear molecule.
The time in hours is listed above each lane. B) Interconversion is also achieved when
the knRNAs are incubated at 37°C in the presence of transcription buffer (pH 7.5).
The time in hours is listed above each lane.
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5"-helix domain forms first

N

Nascent or growing RNA chain

Remaining domain folds,

/ leading to knotting

3'-pseudoknot interaction forms first

Figure 23. Proposed folding pathways leading to knotting by pseudoknot formation.
Basepairing is modeled from the predicted secondary structure. From a nascent
unfolded state, either of the two helical domains involved in the pseudoknot can form
(top and bottom routes). In an A-form helix, every ~5.5 basepairs causes a crossing of
the two RNA strands; hence, either depicted path leads to the same knotted structure
with four strand crossings. While strand threading is likely disfavored entropically and
electrostatically, the resulting basepairs provide an energetic offset, potentially to
allow knotting.
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Figure 24. The 95-nucleotide intron found in the Tetrhaymena thermophila cnjB locus
is susceptible to knotting. A) Sequence alignment of the 95-nucleotide Tetrahymena
RNA (top) with the 98-nucleotide Chlorella pdg RNA (bottom). Identical nucleotides
are marked with a "*’. B) Secondary structure of the Tetrahymena intron as predicted
by the ILM web server. The RNA is predicted to form a pseudoknot involving its 3'-
terminus, which appears to be an important factor for knRNA formation. C) In vitro
transcription of the 95-nucleotide Tetrahymena intron (right) produces knRNA that
have similar mobilities as those formed during transcription of the intron found in the
Chlorella virus pdg locus (left).
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Figure 25. Effects of 3’-end mutations on knRNA formation. The wildtype and listed
mutant sequences were transcribed in the presence of y-**PGTP and separated by
electrophoresis through 8% polyacrylamide / 8M urea gels (transcription reactions of
the wildtype sequence and 5 mutants are shown on the gel at the bottom). The 81-98
and 96-98 lanes contain mutations to those nucleotides in the RNA sequence; L-1 and
L-4 RNAs have the last one and four nucleotides removed from their DNA templates.
The fraction of kKnRNA for each reaction was determined; this value was then divided
by the amount formed by the wildtype sequence to give relative knRNA (chart at the
top); for comparison, the amount of knRNAs formed by the Tetrahymena cnjB intron
has been included.
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