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ABSTRACT

An abstract of the dissertation of Eric John Hayden for the Doctor of Philosophy in
Chemistry presented September 3, 2008.

Title: The original build up of genetic information by RNA recombination

This research demonstrates chemical reactions of RNA molecules that allow them to
increase in length, from non-catalytic oligomers to complex RNA enzymes. The
purpose of this research was to explain the origin of large RNA polymers required for
life to begin in the proposed "RNA World". To do this, the Azoarcus group I ribozyme
was engineered to catalyze phosphodiester exchange reactions that result in the
recombination of short oligomer substrates marked by 5 CAU3 recognition tags.
To demonstrate the ability to produce catalytic RNA sequences through
recombination, substrate oligomers were synthesized that could produce ribozymes if
large portions of each sequence were recombined into a single molecule. The results
demonstrated: i) complex structures, such as the class I ligase ribozyme, can be
constructed through the recombination of shorter substrates by the Azoarcus ribozyme,
ii) that the Azoarcus ribozyme itself can be constructed through recombination of
shorter substrates, Hi) the "substrates" alone can catalyze the production of the
Azoarcus ribozyme by forming non-covalent ribozyme complexes, iv) the construction
of the Azoarcus ribozyme from shorter substrates leads to autocatalysis, and v) low

level mutants of the Azoarcus ribozyme are the most likely to be assembled into
covalent ribozymes when starting from a pool of mutated "substrates". These results
demonstrate that large RNA molecules can arise from shorter oligomers through
recombination. Moreover, complex phenotypes can spontaneously emerge from
groups of RNA molecules giving rise to selection at the chemical level.

2

DEDICATION
To my parents Lorna Marie Migliavacca and John "Butch " Bern Hayden

ACKNOWLEDGMENTS
Dr. Niles Lehman
committee members:
Dr. Michael Bartlett
Dr. Dirk Iwata-Reuyl
Dr. Susan Masta
Dr. Reuben Simoyi
Dr. Prof. Giinter von Kiedrowski for SimFit
and for showing the way to the next whiskey bar
Lehman Lab members
The Department of Chemistry at Portland State University
Dr. Elizabeth J. O. Atkinson
my family and friends
my beautiful wife Bryn

11

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

ii

LIST OF TABLES

v

LIST OF FIGURES

vi

CHAPTER 1. INTRODUCTION

1

CHAPTER 2. RECOMBINATION OF A CLASS I LIGASE RIBOZYME
Abstract

10

Introduction

11

Results and Discussion

14

Materials and Methods

20

CHAPTER 3. A SELF-ASSEMBLING RECOMBINASE RIBOZYME
Abstract

33

Introduction

33

Results and Discussion

36

Materials and Methods

42

CHAPTER 4. EVIDENCE FOR AUTOCATALYSIS IN A RECOMBINATION
NETWORK
Abstract

53

Introduction

54
iii

Results and Discussion

56

Conclusions

60

CHAPTER 5. EVOLUTION OF A NETWORK OF RECOMBINING RNA
Abstract

69

Introduction

70

Results And Discussion

73

Conclusions

80

Materials and Methods

81

References

89

Appendix: Discussion of Modeling

94

IV

LIST OF TABLES
Table 1.

Oligonucleotides used in the recombination of class I ligase
ribozymes.

31

Table 2.

Kinetic characterization of class I ligase ribozymes in 10
mM MgCb, 5 mM CaCb, and 30 mM EPPS (pH 7.6) at
22°C.

32

Table 3.

Results of kinetic modeling of the self-assembling network.

66

Table 4.

Analysis of cloned and sequence W'X'Y'Z-sized molecules
as a function of time.

88

v

LIST OF FIGURES
Figure 1

The two-step process of group I intron self-splicing in vivo.

7

Figure 2

The Azoarcus group I ribozyme.

8

Figure 3

Recombination by the Azoarcus ribozyme.

9

Figure 4

The secondary structure and 3D model of the class I ligase
ribozyme.

26

Figure 5

Schematic of the recombination of a class I ligase and its
subsequent ligation.

27

Figure 6

Time course of the production of B1619RC ligase ribozyme
upon recombination of SL-5 and SL-6 by the Azoarcus
ribozyme.

28

Figure 7

Recombination and ligation in a single reaction mixture.

29

Figure 8

Effects of temperature and buffer on the recombination and

30

ligation reaction network.
Figure 9

Two-piece self-assembly of the Azoarcus ribozyme.

46

Figure 10

Three-piece self-assembly.

47

Figure 11

Four-piece self-assembly.

48

Figure 12

Native gel electrophoresis of combinations of the four-piece

49

fragments.
Figure 13

The pathway of four-piece self-assembly.

50

Figure 14

W#X«Y»Z product formation over time.

51

Figure 15

The linear dependence of initial rate on initial product
concentration [P]i.
The anabolic autocatalytic reaction network formed from the
four fragments of the Azoarcus ribozyme.

52

Figure 16

vi

62

Figure 17

Initial rate of W'X*Y*Z formation as a function of the initial
concentration of W*X»Y«Z for the three component reactions
of the network where W#X»Y»Z is formed in a single step.

63

Figure 18

A typical denaturing polyacrylamide gel used to determine

64

product concentration over time.
Figure 19

Kinetic modeling of the system.

65

Figure 20

Time course showing the effect of W'X and W»X»Y on their
own production.
The effect of W»X»Y on the rate of W consumption and W«X
formation.

67

Figure 21

Figure 22

Distribution of £-error mutant types in the initial pools of

68

85

RNAfragments.
Figure 23

Time points of mutagenic self-assembly.

86

Figure 24

Histogram showing the probabilities of mutant classes.

87

vn

CHAPTER 1. INTRODUCTION

The RNA World is a proposed period in the early evolution of life when genetic
information was stored and replicated by RNA molecules (Orgel, 1968; Crick, 1968;
Gilbert, 1986). This hypothesis is popular, in part, because it simplifies the molecular
biology necessary for the first living entities, eliminating the need for protein enzymes
and DNA genomes. In fact, in its most simple interpretation, all that is strictly required
for the RNA World is an RNA enzyme (ribozyme) that can replicate other RNA
molecules, including itself.
Recombination is the swapping of genetic information between two sources. In
contemporary organisms, recombination produces genetic diversity, the maintains
high-fitness genotypes, and repairs damaged genetic material. Recombinase proteins,
such as RecA, usually carry out this critical process. The mechanism of these enzymes
involves breaking and re-ligation of phosphoester bonds, resulting in the swapping of
large portions of two strands of DNA. The resulting recombinant DNA possesses a
mosaic-sequence derived from the original strands.
The RNA World could benefit from recombinase enzymes for the same
reasons as contemporary organisms. In fact, it has been argued that the RNA World
may be implausible without recombination as a consequence of several compounding
factors (Lehman, 2003). For example, the hostile environment of the early Earth,
combined with the relative instability of RNA compared to DNA, would have
mandated more frequent repair of damaged genetic material. Also, RNA World
1

replicase ribozymes would likely be more error prone than modern protein
polymerases, which, without recombinases, would have lead quickly to the loss of
high-fitness genotypes.
A critical aspect of recombination specific to the RNA World, and one that
bears directly on the research described here, is the potential to build up rapidly the
length of genetic polymers. Complexity and specificity of catalytic RNA tends to
increase in correlation with sequence length (Kumar and Ellington, 1995; Johnston et
al. 2001). However, there is a considerable gap in demonstrable prebiotic chemistry
leading to RNA molecules long enough for biological function, such as
phosphoanhydride bond utilization. RNA polymers have been synthesized under
prebiotic conditions using template-directed, clay-mineral catalyzed, or ribozymedirected methods to catalyze monomer condensation (e.g., Wu and Orgel 1992; Ferris
et al. 1996; Johnston et al. 2001, respectively). Molecules over 50 nt long were
demonstrated in the clay catalyzed experiment. However, these experiments all
employ high concentrations of energy-rich monomers and necessarily result in an
overabundance of shorter products, suggesting that these methods do not favor the
accumulation of biologically meaningful polymers.
In contrast, recombination could quickly lead to the build up of longer
polymers, especially if supplied with an abundance of short polymers from reactions
like those just mentioned. For example consider the production of a 66-nt molecule
from the extreme heterologous recombination of 10-mers and their products:
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10-mer + 10-mer —> 18-mer + 2-mer
18-mer + 18-mer —»• 34-mer + 2-mer
34-mer + 34-mer —> 66-mer + 2-mer . . . etc.
In only three steps, a molecule is produced that is larger than those produced in the
other prebiotic reactions. In an RNA world, this could mean the quick advent of
catalytic functions that would not have developed without recombination. These new
catalytic molecules could provide a selective advantage to collections of RNA
molecules with recombination as compared to those without. Taken together, the
preceding arguments suggest that recombination needed to be involved early in the
origin of the genetic material required for life to begin.
One way to achieve recombination in the RNA world is through recombinase
ribozymes. The chemistry carried out by group I introns make them a good model for
RNA world recombinases. These catalytic RNA molecules splice themselves out of
RNA transcripts in vivo, by a mechanism that involves two consecutive
transesterification reactions (Figure 1). The transesterifications occur with a AG near
zero, and result in the displacement of a RNA phosphoester bond from one
dinucleotide site to another. This reaction has much in common with that of protein
recombinases, where transesterification reactions lead to the swapping of phosphoester
bonds between DNA strands.
To explore the ability of group I introns to function as recombinase ribozymes,
the exons were removed, and the sequence was shortened at the 5' end so that it begins
with the internal guide sequence (IGS). The guanosine nucleophile required in the
second step of group I catalysis (coG) was left on the 3' end of the ribozyme. These
3

shortened introns can act on any exogenous substrate that contains a sequence
complementary to the IGS, and can turnover, acting as true enzyme (Zaug and Cech
1986, Riley and Lehman 2003). The recombinase form of the group I intron from the
tRNAlle of the purple bacterium Azoarcus BHZ23 is shown in Figure 2 (adapted from
Riley and Lehman 2003). The IGS sequence is 5 GUG3, which binds any substrate
containing the sequence 5 CAU3.
This Azoarcus ribozyme has been shown to be an extremely proficient
recombinase, catalyzing the general reaction A#B + O D <-> O B + A»D, where A, B,
C, and D are RNA sequences, and the dot indicates a scissile phosphate following a
CAU trinucleotide sequence. The mechanism of recombination involves a reverse
splicing step (cleavage), followed by a forward splicing step (recombination), with the
exchange of the 5' portion of two substrates in between (Figure 3). The ribozyme
binds the first substrate (say A»B) by base pairing between the IGS and the CAU
trinucleotide, and catalyzes a transesterification that results in the covalent attachment
of the 3' portion of the substrate to the 3' end of the ribozyme. The 5' portion of the
substrate can release, and when the 5' portion of a different sequence is bound, a
second transesterification results in a recombinant RNA molecule. When substrate
stoichiometrics were varied to favor recombination, the Azoarcus ribozyme was able
to convert as much as 78% of substrate into recombinant RNA in a single reaction
vessel (Riley and Lehman 2003). The rate of the second step of self-splicing by the
Azoarcus ribozyme is not limited by product release, contributing to its ability to
perform recombination (Kuo et al. 1999). Also, its unusually high number of GC base
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pairs (71%) and strong tertiary contacts between P9/P5 and P2/P8 have allowed
demonstration of catalysis up to 80 °C (Tanner and Cech, 1996).
In order for recombination to have relevance to the RNA World, the
recombinase ribozymes must have the ability to cope with structural constraints
presented by the substrates and products of recombination. Before a mode of
translation had been established in the RNA World, the RNA molecules themselves
must have adopted catalytic folds in order to express their phenotype. If recombination
is going to promote genetic diversity, repair genetic material, and catalyze the build up
of genetic material in the RNA World, it must do so in the context of RNA secondary
and tertiary structure. However, all previous group I ribozyme-mediated
recombination has been demonstrated on very small and/or unstructured RNA
substrates (Zaug and Cech 1986; Sullenger and Cech 1994; Bell et al. 2002; Riley and
Lehman 2003). The recombination of substrates with secondary and tertiary structures
can allow the construction of RNA molecules with function, thereby demonstrating
the viability of recombinase ribozymes to catalyze the build up genetic information
that is biologically relevant. It would also allow the formation of networks of RNA
catalysis, with alternative chemistries occurring in the same environment, providing a
more complex and realistic model for the study of catalysis in the RNA World.
The origin of recombinase ribozymes must also be addressed. If recombination
is required to produce biologically relevant RNA molecules, yet the recombinase
ribozymes are themselves such molecules, a chicken-or-the-egg problem exists. A
mode for the emergence of recombinase ribozymes from non-catalytic RNA
molecules would fill a large void in our understanding of the production of
5

biologically relevant RNA molecules in a prebiotic environment, and greatly increase
the likelihood that recombination had an important role in the origins of life.
The research discussed herein was designed to assess the relevance of
recombination in the RNA World. More specifically, it addresses the ability of
recombination to facilitate the build up of biologically significant genetic information,
i.e., the construction of complex ribozymes from simpler fragments, and thus help
explain the origin of ribozymes that are required for the RNA World. In the second
chapter, the ability of a recombinase ribozyme to generate sequences with complex
structure is demonstrated by the recombination of class I ligase ribozymes. The third
chapter demonstrates a possible origin of recombinase ribozymes through a reaction
where the Azoarcus ribozyme spontaneously self-constructs from its component
fragments. The potential of this system to propagate through autocatalytic feedback is
confirmed and described in Chapter 4. Finally, Chapter 5 demonstrates the ability of
this type of system to evolve from a mutated population of RNA oligonucleotides.
Taken together, this research helps fill in the gap between the short RNA polymers
resulting form known prebiotic chemistry and the more complicated ribozymes
envisioned in most RNA world scenarios.
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Figure 1. The two-step process of group I intron self-splicing in vivo.
The first step is the nucleophilic attack by the 3'-OH of an exogenous guanosine
cofactor, resulting in the covalent attachment of the guanosine to the 5' end of the
intron and a free 3'-OH of the 5'-exon (red). The second step is the nucleophilic attack
by this newly exposed 3'-OH, resulting in joined exons and a liberated intron.
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P8a
Figure 2. The Azoarcus group I ribozyme. The secondary structure is presented as in
Zaug and Cech (1994). Paired regions (P) are numbered as they appear 5' to 3' in the
primary sequence. This ribozyme has the first 8 nt removed so that it begins with the
internal guide sequence (IGS), which has the sequence GUG. It binds the RNA
substrate (lower case letters and curved black line) that contains the sequence CAU,
which is complimentary to the IGS (box). Nucleophilic attack by G205 results in
cleavage of the substrate directly after the "cau", and the 5' portion of the substrate
(curved black line) becomes covalently attached to the 3'-end of the ribozyme,
forming the covalent intermediate necessary for recombination. Solid black lines in
the ribozyme structure indicate 5'—>3' connectivity with no missing nucleotides.
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Figure 3. Recombination by the Azoarcus ribozyme. First, free Azoarcus ribozyme
(lower left) binds an RNA substrate A»B (left). The first transesterification is
equivalent to the reverse of the second step of in vivo self-splicing, and the 3' portion
of the substrate, B, becomes covalently attached to the 3'-end of the ribozyme. When
the 5'-portion of the substrate, A, is released, the 5'-portion a second substrate, C,
produced by the cleavage of O D , can bind. The second transesterification is
equivalent to the second step of self-splicing, and results in a recombinant RNA
molecule, O B and a ribozyme that is free to turnover.
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CHAPTER 2. THE RECOMBINATION OF CLASS ILIGASE RIBOZYMES

Abstract
RNA-directed recombination can be used to catalyze a disproportionation reaction
among small RNA substrates to create new combinations of sequences. But the
accommodation of secondary and tertiary structural constraints in the substrates by
recombinase ribozymes has not been explored. Here, it is shown that the Azoarcus
group I intron can recombine oligoribonucleotides to construct class I ligase
ribozymes, which are catalytically active upon synthesis. The substrate
oligonucleotides, ranging in size from 58 to 104 nucleotides (nt), along with the 152-nt
ligase ribozymes they reconstitute, can contain significant amounts of secondary
structure. However, substrate recognition by the Azoarcus ribozyme depends on the
existence of a single accessible CAU triplet for effective recombination. A biphasic
temperature reaction profile was designed such that the sequential
recombination/ligation events could take place in a thermocycler without human
intervention. A temperature-dependent pH shift of the reaction buffer contributes to
the success of the net reaction. When the substrate for the ligase ribozyme is
introduced into the reaction mixture, as much as 11% can be observed being converted
to product by the recombined ligase in the same reaction vessel. Recombination
followed by ligation can also occur under isothermal conditions at 37 °C. Tertiary
structure formation of the ligase upon construction can provide some protection from
cleavage by the Azoarcus ribozyme when compared to the constituent substrates.
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These data suggest that RNA-directed recombination can, in fact, articulate complex
ribozymes, and that there are logical rules that can guide the optimal placement of the
CAU recognition sequence.

Introduction
The recombination of RNA molecules may have been a central feature in the evolution
of life that relied entirely on RNA, i.e., in the RNA World (Crick 1968; Orgel 1968;
Cech, 1985; Gilbert, 1986; Lehman 2003). This recombination may have been carried
out by RNA-recombinase ribozymes, providing the RNA World with a function
similar to the role of recombinase proteins in modern cells. However, these
recombinase ribozymes would need to accommodate the various secondary and
tertiary structures encountered in the RNA World. These structures could be quite
diverse, considering the most extreme views of the RNA world, with a multitude of
complex ribozymes carrying out various metabolic processes. Even in a very minimal
RNA World, the recombination of RNA replicases, and their associated structural
constraints, would need to be achieved.
Group I intron ribozymes have been shown to act as recombinase ribozymes,
catalyzing the general reaction A»B + O D <-> O B + A«D (Figure 3). However, their
ability to accommodate secondary and tertiary structural constraints has not been
explored. The Azoarcus group I ribozyme has been shown to be especially proficient
at catalyzing the recombination of short RNA oligonucleotides, generating as much as
78% of an RNA substrate into recombinant product in <30 min (Riley and Lehman
2003). These substrates ranged from 15 to 26 nt in length, and lacked any significant
11

secondary structure. In another experiment, the recombination of two short substrates
by the Azoarcus ribozyme produced a simple ribozyme, a 33-nt hammerhead
ribozyme, which could immediately bind and cleave its own substrate in the same
reaction vessel (Riley and Lehman 2003). The construction of other ribozymes
through RNA-directed recombination provides a demonstration of the ability to build
up biologically relevant genetic polymers via recombination. It also provides an
opportunity to analyze the ability of RNA to form reaction networks, acting as both
substrates and enzymes, mimicking events useful to the origins of life during the RNA
World.
Class I ligase ribozymes have special significance to the RNA World because
they catalyze the chemistry necessary for RNA replication. These ribozymes were
originally isolated from random pools of RNA based on their ability to catalyze the
attack of a 3'-OH on an anhydride bond of a 5'-triphosphate moiety (Bartel and
Szostak 1993). This chemistry was chosen because it is the exact chemistry used today
by protein RNA polymerases, thus ligases may model putative RNA World replicases.
In fact, through ribozyme engineering and in vitro evolution, variants of class I ligases
have been discovered that can act as RNA polymerases, catalyzing the templatedirected addition of nucleotide triphosphates to the 3'-OH of an RNA primer, with a
processivity up to 20 nt (Johnston et al. 2001, Zaher and Unrau 2007).
Because of its potential as a primordial RNA replicase, the class I ligase
represents an ideal target for the demonstration of the build up of biologically relevant
genetic information by recombination. It is also a good test of the ability of the
Azoarcus ribozyme to accommodate strong secondary structure. The class I ligase
12

ribozyme is structurally complex, possessing a double-nested pseudoknotted structure
(Fig. 4) that can form multiple folded conformations (Ekland and Bartel 1995; Wright
and Joyce 1997; Schmitt and Lehman 1999). The length of the required RNA
substrates (50 - 100 nt) was not expected to be an issue because previous experiments
demonstrated the Tetrahymena group I ribozyme can catalyze the cleavage of RNA
substrates greater than 500 nts, albeit without considerable secondary structure
(Woodson and Cech 1989; Sullenger and Cech 1994; Bell et al. 2002). The high
reaction temperature and short three-nucleotide IGS of the Azoarcus ribozyme make it
a better recombinase than the Tetrahymena group I ribozyme, increasing its potential
to accommodate long substrates and substrates with complex structure.
To test whether the Azoarcus ribozyme can construct structurally complex and
potentially active RNA molecules through recombination, a reaction scheme was
designed that allows the construction of variants of class I ligase ribozymes by
recombination of RNA substrates. Mutants of the B16-19 ligase were engineered so
they possessed a single CAU triplet that would allow them to be spliced together by
the Azoarcus ribozyme. A 3D model of the class I ligase (Bergman et al. 2004) helped
in placing this CAU in various secondary and tertiary structural environments
including an exterior region of the molecule, far from the active site (Figure 4). This
model is of the originally selected b 1-207 ligase, but structural homology is expected
because the B16-19 ribozyme was evolved in vitro from the El00-3 molecule, which
was in turn derived from the b 1-207 ligase. The recombination strategy was designed
with the intent that the Azoarcus ribozyme could bind two relatively long (50-110 nt)
oligonucleotides, and catalyze their recombination despite considerable steric
13

constraints imposed by secondary and tertiary structure in both the substrate and
product RNA (Figure 5). Further, if the ligase ribozymes are active upon
recombination, then introduction of the substrate for the ligase allows the two most
biologically important nucleic acid chemistries to occur in the same test tube. The
analysis and optimization of a reaction network containing both recombination and
polymerase-like chemistry provides important information for shaping RNA world
scenarios.

Results and Discussion
Ligase ribozytne designs
The mechanism of recombination by the Azoarcus ribozyme requires that the
recombinant product, in this case the ligase ribozyme, have a single CAU triplet,
which is the compliment to the IGS (Figure 3). To allow recombination by the
Azoarcus ribozyme, this sequence needed to be placed in a region of the ligase that
leaves it solvent accessible in both of the substrates (A»B and OD), and not involved
in base pairing (Figure 5). Ideally, this site would become protected in the full-length
ligase, but this was not requisite. The 3D-model that exists for the class I ligase
suggests that the 9-nt loop corresponding to nt 91-100 in the B16-19 ligase should
meet these requirements (Figure 4). Two mutations, G98 —> A and A99 —> U were
designed to create a CAU triplet at positions 97-99. However, two other CAU triplets
needed to be removed from the B16-19 sequence to prevent unwanted side reactions.
Three additional mutations were conceived to achieve this. The mutation of Al 1 —> G
eliminated the CAU at positions 10-12, and a transposition of the G57:G68 base pair
14

eliminated the CAU at positions 57-59, while maintaining the integrity of this paired
region. The combination of these five mutations would be the molecule named B1619RC (Recombination Competent). A second recombination competent ligase was
designed, E100-3RC, based on the less catalytically proficient El00-3 sequence. This
molecule required a transposition of the A7:U119 basepair from the B16-RC
sequence. Finally, removing only the CAU at position 10-12 from the El00-3
sequence and leaving the intrinsic CAU at position 57-59 made a third molecule
named E1003-nRC, with the CAU buried within a relatively strong stem-loop. The
substrate oligos needed to construct these ligase variants by Azoarcus mediated
recombination are listed in Table 1.

Recombination ofRNA substrates to produce ligase ribozymes
In order to demonstrate construction of ligase ribozymes by recombination, the
Azoarcus ribozyme was incubated with the 53 nt SL-5 and the 104 nt 5'-labled SL-6.
The formation of 152 nt product can be seen after 10-min incubation time, indicating
the swapping of the 5' part of SL-6 with the 3' part of SL-5 (Figure 6). At 90 min 17%
of labeled SL-6 has been recombined into B16-19RC. The recombination is clearly
Azoarcus ribozyme dependent, because no 152 nt product is seen when SL-5 and SL-6
are incubated in the absence of ribozyme (Fig. 6, lane 3). Further, the 152 nt product is
not seen when SL-6 is incubated alone with Azoarcus RNA (Fig. 6, lane 2). The band
seen at -130 nt is caused by an intrinsic CAU within the sequence of the Azoarcus
ribozyme, which resulted in a recombination of the sequence 3' of this CAU and the 5'
portion of SL-6.
15

Recombination with ligation
In order to assay for ligation activity of the newly recombined ligase
molecules, a thermal profile was designed to produce favorable conditions for
recombination followed by favorable conditions for ligation. Data from Figure 6
indicated that recombination at 60 °C for 45 minutes was sufficient to produce near
maximal recombinant product formation. The El00-3 and B16-19 ribozymes should
be active in recombination buffer containing 10 mM MgCi2, but are optimal near room
temperature. Hence, initial RNA network simulations were single 20 uL reaction
volumes containing Azoarcus ribozyme, an SL-odd and an SL-even substrate, and 5'labeled ligase substrate (S163). The reaction was placed in a thermal cycler
programmed to incubate at 60 °C for 45 min, then immediately to 22 °C for 60 min.
Because only S-163 was radiolabeled, only ligase ribozymes that could successfully
perform catalysis after recombination could become visible by denaturing gel
electrophoresis.
In Figure 7, four ligase ribozymes where tested for their ability to be
recombined and then react: ElOO-nRC, E100-3RC, B16-19RC and a hybrid between
the last two that generates a C-C mismatch in the first base pair of the P2 stem. These
reaction mixtures can indeed form an RNA network with recombination and ligation
in the same vessel. This is evident by the bands migrating at 187 nt, corresponding to
ligase ribozymes, resulting from recombination, that then catalyze the covalent
attachment of their 35 nt substrates. The B16-19RC molecule clearly exhibits the
greatest amount of ligation activity, but only a modest 0.87% of the S-163 becomes
16

covalently bound under these conditions. Still, the B16-19RC reaction is threefold
greater than the E100-3RC, which is in turn much greater than the E100-3nRC and the
hybrid, which both only exhibit trace activities of <0.02%.
The negative controls indicate that no 187 nt product was formed when the
reaction lacked Azoarcus RNA, or when one or both of the recombination substrates
were left out of the reaction (Fig. 7, lanes 1-7). No reaction was detected when 15 mM
CaCl2 was supplied as the only divalent metal (lane 12), demonstrating the magnesium
dependence of the reaction. Further, RT/PCR and sequencing analysis of the 187 nt
bands from lanes 9 and 10 confirmed the nucleotide sequences, through the splice site,
of E100-3RC and B16-19RC, respectively (e.g., Fig. 7, inset).
There was a small amount of shortened ligation product visible in the SL-3 X
SL-4 and SL-5 X SL-6 reactions, whether or not Azoarcus ribozyme was present (Fig.
7, lanes 3, 4, 9 and 10). This is the result of a weak trans reaction, where the two
"halves" of the ligase ribozyme can form a catalytic entity through base pairing and
tertiary interactions, and perform ligation without being covalently attached. The
product migrates at about 140 nt, as is expected from the ligation of the 104-mer SL-4
or SL-6 to the 35-mer SI 63. The intensities of the bands resulting from these trans
reactions are approximately one tenth the intensity of the full-length recombined ligase
products in their respective lanes. However, this does suggest the possibility that RNA
catalysis could be achieved by the cooperation of shorter fragments that are
individually inactive, possibly providing a mode for the original advent of catalytic
complexity.
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Ligase Kinetics
The B16-19 sequence is the result of a stringent in vitro evolution scheme, and
mutations from this sequence should decrease the catalytic rate of the ribozyme.
Single-turnover kinetics were performed to determine the deleterious effect of the
mutations made to the recombined ligase molecules. The kcat of both the un-mutated
and the recombinant competent ribozymes are listed in Table 2.

The effects of temperature and buffer
Various temperature and pH conditions were explored in order to optimize the
recombination/ligation reaction network (Figure 8A). Performing the recombination
portion of the reaction at 50 °C increased the amount of S-163 converted to ligated
product to 6% (Fig. 8A, lanes 1 and 4). In Figure 7, all reactions were buffered with 30
ffiM EPPS (4-(2-hydroxyethyl)piperazine-l-propanesulfonic acid) that had a room
temperature pH of 7.6. However, the pH of buffered solutions can change quite
dramatically with temperature, usually becoming more acidic as temperature rises. For
EPPS, the reported ApH/AT is -0.0116 pH units/°C in 100 mM KC1 (Fukada and
Takahashi 1998). Because of this, the dramatic temperature profile used during the
reaction network causes a pH change that should favor both phases of the reaction.
Recombination at 60 °C should be favored at the lower pH resulting at this higher
temperature. This is because the lower pH prevents hydrolysis of the covalent
intermediate in the recombination mechanism (Fig. 3). Ligation, on the other hand, is
favored at the higher pH values that are obtained upon returning to 22 °C (Bergman et
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al. 2000). Because the temperature profile of the reaction produces a favorable pH
change, it was predicted that a buffer system with a greater ApH/AT would have a
greater enhancement on the overall reaction. This hypothesis was tested using Tris
(tris(hydroxymethyl)aminomethane) buffer with a nominal pH of 8.0. Tris buffer has a
much sharper ApH/AT of between -0.0280 and -0.0340 pH units /°C, one of the least
stable of the common buffers in this regard (Bates and Robinson 1973; Remette et al.
1977). It was anticipated that the Tris buffer would reach approximately the same pH
as EPPS at 60 °C, but return to a higher pH at 22 °C and therefore be more favorable
for ligation. This corresponds with the results observed in Fig. 8A (lanes 1 vs. 3, and
lanes 5 vs. 6). To demonstrate the buffers were in fact behaving as predicted, the pH
variation of the two buffers as a function of temperature was determined in a
simulated reaction environment (Figure 8B). When the Tris buffer was used in
conjunction with 50 °C recombination temperature, 11.2% of the S-163 was converted
to ligated product, an order of magnitude improvement over Fig. 7 (lane 5).
Finally, for a stringent test on the ability of the Azoarcus ribozyme to perform
recombination despite structural constraints, the recombination/ligation reaction
network was carried out isothermally at 37 °C. This is an arduous demand considering
that ligases retain high activity at 37 °C and therefore must be able to assume an active
conformation (Wright and Joyce 1997, Schmitt and Lehman 1999). Further, Azoarcus
activity should be diminished nearly 100 fold at this temperature compared to 60 °C
(Kuo et al. 1999). Amazingly, recombination with ligation was still possible at this
temperature (Figure 8A, lanes 6-8). The yield of ligated product continued to increase
over time, up to 0.68% at 6 h.
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Materials and Methods
Construction ofRNA substrates and ribozymes
The DNA template for the Azoarcus ribozyme was contained in a gene cloned into a
pUC19 plasmid, and was received as a generous gift from Luis Kuo (Lewis and Clark
College, Portland OR). This clone was missing the two 3' terminal guanosines at
positions 204 and 205. These two nucleotides were restored to the molecule by PCR
amplification using the primers TPM: 5'-TAATACGACTCACTATAG-3' (which
creates a promoter for the T7 RNA polymerase) and T20a:
5'CCGGTTTGTGTGACTTTCGCC3' (which adds G204 and G205 via the underlined
nucleotides). The source of the ligase ribozymes B16-19 and E100-3 was PCR DNA
derived from plasmid preparations as described previously (Schmitt and Lehman
1999). The B16-19RC and E100-3RC ribozymes, along with their recombination
substrates (Table 1), were transcribed from double stranded DNA templates prepared
by recursive PCR gene synthesis (Engels and Uhlmann 1988). Transcription of
ribozymes and oligonucleotide substrates was carried out in reaction mixtures
containing 1 X transcription buffer (15 mM MgCl2, 25 raM Tris pH 7.5, 5 mM DTT, 2
mM spermidine), 2 mM rNTPs, 10 uL ten-fold concentrated PCR DNA, and 1200 U
T7 RNA polymerase (Ambion) in a 200 [iL volume for 4-12 h at 37 °C. The resulting
RNA was purified on a 6% polyacrylamide/8 M urea gel. DNA oligonucleotides were
purchased from Operon. The DNA/RNA chimeric ligase substrate S-163 (Table 1)
was purchased from IDT.
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RNA-directed RNA recombination
Single reaction vessel recombination of A«B and O D RNA oligonucleotides
was mediated by the Azoarcus ribozyme at 60 °C following the general protocols
reported earlier (Riley and Lehman 2003b). For initial investigations of the efficacy of
Azoarcus RNA to recombine large substrates into a 152-nt ligase molecule, the SL-3 3
SL-4 and SL-5 3 SL-6 crosses were performed to obtain the El00-3RC and B1619RC molecules, respectively. Here, 15 pmol of Azoarcus RNA was incubated with 2
pmol each of A»B and O D substrates in a 10-mL reaction volume. The odd-numbered
substrates were envisioned as the A«B substrates, while the even numbered substrates
were envisioned as O D to aid in representation of recombination as diagrammed in
Figure 2. Prior to the addition of the substrate oligonucleotides, the Azoarcus RNA
was first preheated in the presence of water to 80 °C for 2 min.

Immediately

thereafter, 2 \iL of a 5X buffer was added and the resulting solution was allowed to
cool to room temperature. At IX strength, all buffers used contained 30 mM of a pH
buffer, either Tris or EPPS, and 0-50 mM divalent cation dichloride. Magnesium,
calcium, and mixtures of the two salts were used in various experiments. The pH value
was variable (see below). To start the recombination reaction, the A»B and O D
substrates were added, in that order, and the reaction was brought to 60 °C in a PTC100 thermocycler (MJ Research) with a heated lid. After an appropriate incubation
time, reactions were quenched with 10 \xL of a solution containing 1 volume of 0.5M
EDTA and 9 volumes of 2% polyacrylamide gel loading dye containing formamide
and urea. The resulting products were size partitioned by 8% polyacrylamide/8 M urea
gel electrophoresis. Typically the O D substrate would have been previously 5'-end21

labeled by T4 polynucleotide kinase and [y P]»ATP, allowing for visualization of C,
O B , and O D products by phosphorimaging.

Recombination with Ligation
Recombination reactions with subsequent ligase-catalyzed phosphoester-bond
formation were performed as follows in 20-uL final volumes in thin-walled 600-uL
centrifuge tubes. Thirty picomoles of Azoarcus RNA were first heat denatured in
water at 80 °C for 2 min, followed by the immediate addition of 5X buffer that would
be 10 mM MgCl2, 5 mM CaCl2, and 30 mM Tris or EPPS at IX concentration. As in
the recombination reactions described above, the solution was allowed to cool to room
temperature. Then 4 pmol each of A»B, O D , and the ligase substrate S-163 were
added to the reaction, in that order. In these experiments, radiolabel was not present in
either the A»B or the O D oligonucleotides, only in the SI63, which had been
previously 50-end-labeled by T4 polynucleotide kinase and

[Y 32 P]*ATP,

gel purified,

and diluted 1:10 with gel-purified but unlabeled SI63. Once all the components of the
reaction had been added, the tubes were capped and placed into a thermocycler with
the heated lid activated. The thermocycler was programmed to heat to 60 °C for 45
min, then cool to 22 °C for 60 min, and then cool to 4 °C, at which time the reactions
were removed and quenched. Isothermal reactions were incubated at 37 °C without
interruption for varying lengths of time. The migration of the S-163 was then assayed
by electrophoresis on an 8% polyacrylamide/8M urea gel followed by overnight
exposure to a phosphor screen and phosphorimaging.
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Genotypic analysis
To determine whether the recombination and ligation reactions had indeed proceeded
as depicted in Figure 2, bands corresponding to the recombined/ligated molecule (187
nt) were excised from the gel following phosphorimaging. The RNA was eluted from
the gel by osmosis, and purified and concentrated on a Nanosep 3K size-exclusion
filter (Pall Gelman). One-half of the sample was then subject to RT-PCR using
primers that would only amplify successfully ligated full-length ribozymes (primer 1 =
primer for reverse transcription as well = 5'-GCTGAGCCTGCGATTGG-3' primer 2
= 5'-CTTGACGTCAGCCTGGA-3') (Wright and Joyce 1997; Schmitt and Lehman
1999). The resulting PCR DNA was purified on QIAquick spin columns (Qiagen) and
subjected to cycle-sequence analysis by BigDye (v. 3) chemistry and capillary
electrophoresis on a 3100 Avant automated sequencer (ABI).

Kinetic analysis
Formal kinetic analyses of the full-length ligase ribozymes were performed
after the conclusion of the recombination experiments using RNAs transcribed from
either plasmid DNA or recursively amplified PCR DNA as described above (i.e., not
from recombined RNA). The kcat parameter was estimated for the E100-3, E100-3RC,
B16-19, and B16-19RC ribozymes by the y-intercept of modified Eadie-Hofstee plots
of the observed rate of reaction (&0bs) as a function of &0bs/[ribozyme]. The &0bs values
of the ligation reaction were determined under ribozyme excess conditions of 5 nM 5'[y32P]-labeled SI63 substrate and 0.5^1.0 \iM ligase ribozyme at 22 °C. Six time
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points ranging between 5 sec and 60 min were taken when the ribozymes were
incubated in buffer
containing 10 mM MgC12, 5 mM CaC12, and 30 mM EPPS (pH 7.6). The extent of
reaction was quantified as the fraction of total RNA in the ligated form after
electrophoresis through 5% polyacrylamide/8 M urea gels. Single-turnover selfligation &0bs values were obtained for each ribozyme concentration by an exponential
curve fit to the equation/= A(l - exp(-£0bs * 0)> where f is the fraction of substrate
reacted at time t, and A is the asymptote (projected maximum J). Only A;0bs values from
individual time series where the half-time of the reaction was 10 sec or greater were
utilized.

pH dependence
Because both the Azoarcus ribozyme transesterification activity (Kuo et al.
1999) and the ligase ribozyme phosphodiester bond formation activity (Bergman et al.
2000) are pH dependent, the initial recombination trials were performed using Tris and
EPPS buffers at nominal (i.e., room temperature) pH values ranging from 7.0 to 8.5.
To measure the empirical ApH/ °C behaviors of these buffers, 30 mL solutions were
prepared containing 30 mM of either buffer at selected pH values at 22 °C (295 K),
along with 10 mM MgCb, 5 mM CaCl2, and a generic DNA oligonucleotide at a
concentration that mimicked that of the total nucleic acids in recombination/ligation
(2.3 \\M). The solutions were covered with parafilm and heated gradually from 22 °C
to 75 °C and cooled back down again while pH values were measured every 1-2 °C.
Corrections for electrode dependence on temperature can be made with the Nernst
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equation and were accomplished using pHact = pH0bs • (295/T), where pHact is the
actual pH value, pH0bS is the pH value indicated by the electrode, and T is the
temperature in Kelvin of the electrode. Values of Kw (here, a symbol to represent the
pH of neutral water) as a function of temperature were obtained from the CRC
Handbook of Chemistry and Physics.
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Figure 4. The secondary structure and 3D model of the class I ligase
ribozyme.
(A) The secondary structure (left) of the B16-19 class I ligase ribozyme,
which catalyzes the ligation of its substrate, S-163 (lowercase, black letters),
to its own 5'-end via the attack of a 3'-OH on a triphosphate moiety (dashed
line). Mutations to make the B16-19RC construct are circled. Mutations from
this sequence to the E100-3RC variant are in grey, except the A7:U119 pair
(parenthesis) remained in the B16-19 form for all because it removes a CAU.
The grey box indicates the engineered IGS complement sequence for B1619RC and E100-3RC, the grey bar indicates its location in E100-3nRC. The
red portion is derived from the O D recombination substrate, and the blue
portion is from the A«B recombination substrate. (B) A three-dimensional
model of the b 1-207 class I ligase rbozyme (Bergman et al. 2004). This
ribozyme was the ultimate starting point for the in vitro evolution of the other
ligase molecules, and should accurately predict the tertiary environment of
the IGS compliment sequence, CAU, although in this 3D model, the C is an
adenine and the U is a cytosine. The colors correspond to their recombinant
source, as before.
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Figure 5. Schematic of the recombination of a class I ligase and its
subsequent ligation
Recombination of RNA substrates A»B and O D occurs at 60 °C, due to the
high temperature optimum of the Azoarcus ribozyme. The substrates are
designed to produce a ligase ribozyme, which exhibits optimal activity at a
lower temperatures, and cooling the reaction to 22 °C allows ligation to
occur. Thus, incubation of Azoarcus RNA, A»B and O D substrates, and the
ligase substrate provides the opportunity for ribozyme catalyzed
transesterification and new ribonucleotide phosphester bond formation in a
single aqueous environment.
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Figure 6. Time course of the production of B1619RC ligase ribozyme
upon recombination of SL-5 and SL-6 by the Azoarcus ribozyme. Only
the 5'-end of SL-6 (table 1) is radiolabeled initially, except in lane 15,
where a radiolabeled ligase ribozyme is provided as a 152 nt marker. (Lane
1) Incubation of SL-6 only. (Lane 2) A negative control with Azoarcus
RNA, SL-6, but no SL-5. (Lane 3) A negative control with SL-5 and SL-6,
but no Azoarcus RNA. (Lane 4-14) Time course with Azoarcus RNA, SL-5
and SL-6 incubated at 60 °C. The fraction of label appearing as 152 nt
product reached a maximum of 17% at 90 min. All reactions were carried
out in 10 mM MgCl2, 5 mM CaCl2, and 30 mM EPPS (nominal pH 7.6).
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Figure 7. Recombination and ligation in a single reaction mixture.
Here, the ligase substrate, SI63 (Table 1), is 5' radiolabeled. A positive
control of B16-19RC RNA incubated with substrate, provides a 187 nt
marker (lane 13). Lanes 1-7 are negative controls. (Lane 1) Azoarcus
RNA and S-163. (Lanes 2-5) Ligase halves and S-163 without
Azoarcus ribozyme: lane 2, SL-1 and SL-2; lane 3, SL-3 and SL-4; lane
4, SL-5 and SL-6; lane 5, SL-4 and SL-5. (Lane 6) SL-6 and Azoarcus
(Lane 7) SL-5 and Azoarcus.

Lanes 8-11 contain all necessary

components for recombination and ligation, but differ in SL-even and
SL-odd substrates: lane 8, SL-1 and SL-2; lane 9, SL-3 and SL-4; lane
10, SL-5 and SL-6; lane 11, SL-5 and SL-4. (Lane 12) Same as lane 10,
but with 15 mM CaCl2, but no MgCl2.
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and ligation reaction network. (A) The gel shows only the slower
migrating products from the recombination of SL-5 and SL-6 and
subsequent ligation by nascent B16-19RC. The buffers used in each
reaction, and their nominal pH are indicated (top). The reaction
temperatures (above line) and their respective incubation times (below
line) are listed. Lane 1 is equivalent to lane 10 from Figure 7. (B)
Actual change in buffer pH with temperature as measured under
simulated reaction conditions (cooling from 70 °C to 20 °C).
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RNA

Sequence

Length

SL-1

GGCAU-CUUCGGAUGCAGGGGAGGCAGCUCCCGAUGG
AAGUGACGAGCCAGCGUUCUCAACGUAUUGACUGAAC
CUAAAAGCCAAUCGCGGCUCAGC

98

SL-2

AGAACAAUACGUUAUAGUGACCAGGAAAAGACAAAUCU
GCCUCAGAGCUUGAGAACAU-AAAUA

64

SL-3

GGCAU-GCCAGCGUUCUCAACAGUAUUGACUGAACCUA
AAAGCCAAUCGCAGGCUCAGC

58

SL-4

AGAACAAUACGUUAUAGUGACCAGGAAAAGACAAAUCU
GCCCUCAGAGCUUGAGAAGAUCUUCGGAUCCAGGGGA
GGCAGCUCCCGAUGGAAGUGACAOAAAUA

104

SL-5

GGCAU'ACCAGCGUUCUCAACAGUAUUCACUGAACCUU
AAAGCCAAUCGCAGGCUCAGC

58

SL-6

AGAAGAAUACGUUAUAGUGACCAGGAAAAGACAAAUCU
GCCCUUAGAGCUUAGAGCUUGAGAAGAUCUUCGGAUC
CACGGGAGGCAGCUCGCGAUCCAAGUGACAU-AAAUA

104

S-163

d(CTTGACTCAGCCTGGACTAATACGACTCA)UAUA

35

Table 1. Oligonucleotides used in the recombination of class I ligase ribozymes.
Underlinded region is sequence complementary to the IGS of the Azoarcus group I
ribozyme. Dots (•) indicate expected cleavage and transesterification sites. All SLoligos are written 5'-head»tail-3' (e.g., A»B). Ligase ribozymes produced upon
recombination are as follows: SL-1 X SL-2 = E100-3nRC; SL-3 X SL-4 = E100-3RC;
SL-5 X SL-6 = B16-19RC. The chimeric DNA/RNA oligonucleotide S-163 is the
substrate for ligase ribozymes.
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Ribozyme

Origin

kcat (min" )

El 00-3

evolved"

4.4

B16-19

evolvedb

3.6

E100-3RC

engineered for recombination

0.034

B16-19RC

engineered for recombination

0.033

Table 2. Kinetic characterization of class I ligase ribozyraes in 10 mM MgCh, 5
mM CaCl2, and 30 mM EPPS (pH 7.6) at 22 °C.
a

Wright and Joyce, 1997.

b

Schmidt and Lehman, 1990.
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CHAPTER 3. A SELF-ASSEMBLING RECOMBINASE RIBOZYME

Abstract
The Azoarcus group I ribozyme was broken into as many as four fragments, 39-63
nucleotides long, that can self-assemble into covalently contiguous ribozymes via
RNA-directed recombination events. The fragments have no activity individually yet
can cooperate through base pairing and tertiary interactions to produce stable trans
complexes at 48°C. These complexes can then catalyze a sequence of energy-neutral
recombination reactions utilizing other oligomers as substrates, assembling covalent
versions of the ribozyme. Up to 25% of the original fragments are converted into -200
nucleotide products in 8 hr. Assembly occurs primarily by only one of many possible
pathways, and the reaction is driven in the correct and forward direction by the burial
of key base pairing regions in stems after recombination. Autocatalysis, and hence
self-replication, is inferred by a reaction rate increase upon doping the reaction with
full-length RNA.

Introduction
The origins of life required the emergence of molecules that had the capacity to
maintain genetic information and to evolve new phenotypes. The RNA World scenario
exploits RNA's duality of genotype and phenotype in proposing that RNA-like
molecules could have been Earth's first living entities (Joyce and Orgel, 2006).
However, this model lacks a plausible explanation for how chains of ribonucleotides
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long enough to support catalytic activity relevant to evolutionary progression could
have emerged from pools of random oligomers. Several methods for the production of
short RNA polymers from activated nucleotides have been demonstrated under
prebiotic conditions (e.g. Wu and Orgel 1992; Ferris et al. 1996; Johnston et al. 2001).
The polymerization on clay mineral surfaces is especially promising, generating RNA
molecules in excess of 55 nts long, with mostly 3'-5' linkages (Ferris et al. 1996).
Recombination of short oligonuclotides could quickly lead to longer chains,
and even produce new catalytic activity (Hayden et al, 2005). In the RNA World, this
could have been achieved by recombinase ribozymes. However, the Azoarcus
recombinase ribozyme, derived from the smallest known group I intron, is nearly 200
nucleotides in length (Fig. 2). The accumulation of molecules of this length without
recombination is very unlikely. However, it is also unlikely that the smaller molecules
that have been produced under prebiotic conditions would be able to catalyze complex
reactions, such as recombination.
To address these problems, a mechanism is proposed by which a complex
recombinase ribozyme can self-assemble from a collection of smaller RNA fragments.
Previous studies have demonstrated the ability of ribozymes to work in trans,
maintaining catalytic function despite being broken into two pieces. It has even been
shown that the Tetrahymena and sun Y group I ribozymes can be broken into as many
as three pieces and still retain catalytic activity by forming secondary and tertiary
interactions without a covalently continuous RNA backbone (Doudna et al. 1991;
Doudna and Cech 1995). These group I intron trans complexes catalyzed the cleavage
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and splicing of exogenous substrates, and even spliced together fragments
complimentary to the ribozymes themselves.
The mechanism proposed here is different, and uses the idea of these trans
complexes to carry out RNA recombination. It should be possible to design
oligonucleotide substrates that can be recombined to generate group I ribozymes
themselves. If these substrates can associate through base-pairing and tertiary
interactions to form catalytic trans complexes, they should be able to catalyze the
construction of single-chain ribozymes when none are initially present. In this way,
covalently contiguous group I recombinase ribozymes should be able to "selfassemble" from smaller RNA fragments. The term "self-assemble" is used here to
mean the formation of covalent ribozymes as catalyzed by their trans complexes.
A unique and intriguing aspect of this design is the potential for autocatalysis.
Autocatalysis results when the product of a reaction accelerates its own production.
The product of this self-assembly scheme is a group I ribozyme, and it should be able
to catalyze the very same reactions that lead to its production. If this happens, the
system can be termed "self-replicating" because the ribozymes catalyzes the
production of sequences identical to their own. This process should be autocatalytic if
the assembled ribozymes can assume an active conformation following recombination.
The question of self-replication and autocatalysis will be addressed more completely
later. The experiments discussed here focus on the process of ribozyme self-assembly
as a means for the prebiotic origin of RNA molecules with complex phenotype.
The Azoarcus group I ribozyme was chosen as a candidate for self-assembly
because of its small size, temperature stability, and recombinase proficiency. The
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Azoarcus ribozyme will now be the product of recombination, and as such it will be
necessary to engineer CAU trinucleotides into its sequence. These CAU sequences, as
in the recombination of the ligase ribozyme, must be amenable to recombination in the
substrate oligos. However, these "substrates" will now be performing catalysis as well,
and the CAU sequences cannot be too detrimental to the catalytic proficiency of the
trans complex or the covalent ribozyme. Therefore, the design began by engineering a
single CAU in the sequence, and self-assembly was attempted from two RNA
fragments. A second and third CAU were engineered to allow self-assembly from
three or four smaller RNA fragments. The four piece self-assembly is especially
challenging because a group I ribozyme has never been shown to retain activity when
its sequence is broken into four pieces.

Results and Discussion
Self-assembly form two RNA fragments
A recent crystal structure of the Azoarcus ribozyme was used to identify a place to
engineer a CAU trinucleotide that would allow the ribozyme to be recombined from
two substrate oligos. The loop region at the end of the P6b element (L6) was identified
as an optimal location for several reasons (Figure 9). First, this region is solvent
accessible and removed from the active site of the molecule, analogous to the location
allowing recombination of the ligase ribozyme. Second, generating a CAU here would
only require the single insertion of an adenosine residue, extending the loop from four
to five nucleotides, which was not likely to affect catalytic activity. An additional
reason for choosing this location was the fact that the sun Y ribozyme was shown to be
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active in trans with its sequence broken at the equivalent location (Doudna et al.
1991). Two oligonucleotides were designed, one corresponding to the 5' portion of the
ribozyme through the CAU, and a second corresponding to the 3' portion after the
CAU. These oligos were named WX and h»YZ (h» = GGCAU that was added to the 5'
end of the second oligo in order to make it a substrate for recombination). Selfassembly from these substrates results in the producet WX»YZ, which will be called
the Azoarcus RCL6 ribozyme (Figure 9).
When these two oligos were incubated at 60 °C in a buffer containing 100 mM
MgCb, self-assembly of a single molecule Azoarcus RCL6 ribozyme was observed
(Figure 9C). In fact, the reaction is extremely robust, and over 65% of the W*X
fragment is converted to WX»YZ product in 8 hr. The high yield supported the notion
that the ribozyme could be partitioned further.

Self-assembly from three andfour RNA fragments
With the success of the engineering of the CAU trinucleotide into L6 of the ribozyme,
a similar strategy was employed at L5 and L8 to break the molecule into three and
four fragments (Figures 10 and 11). The L2 and L9 regions were also possibilities, but
were not chosen because they make known tertiary structural contacts with P8 and P5,
respectively. The Azoarcus RCL6L8 ribozyme (Figure 10) was designed first, because
creating a CAU at L8 required only a single mutation, A154—>U. The fragments
required for three-piece self-assembly (WX, h«Y and h»Z) were made, and the results
of the reaction can be seen in Figure 10B. The reaction yielded approximately 20%
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WX«Y»Z in 8 hr under the same conditions as the two-piece reaction (48°C, 100 mM
MgCl2).
With the success of the three-fragment self-assembly, the Azoarcus
RCL5L6L8 ribozyme was designed, and the four RNA fragments W, h»X, h»Y, and
h»Z necessary for the four-piece self-assembly were made (Figure 11). Surprisingly,
the four-piece self-assembly still yielded approximately 17% W»X»Y»Z in 8 hours
under the same reaction conditions (Figure 11C). The four-piece self-assembly is
complicated by the fact that W»Y»X»Z should be an equally likely product of
recombination because h«X and h»Y both start and end in CAU. To determine the
amount of each Azoarcus sized product that was formed, the full-length product band
was gel excised and subjected to RT/PCR. The resulting DNA was cut with restriction
enzymes and its genotype was determined by batch nucleotide sequencing analysis.
No W»Y»X»Z was observed within the detection limits of these two techniques,
suggesting that the reaction was being selectively driven toward the "correct" product.
No product was detected when any one of the four fragments was left out of
the reaction, indicating that the reaction was catalyzed, at least initially, by the
tetramolecular trans complex (Figure 11C, lanes 2-5). This was supported by the
direct observation of the trans complex on a native gel. To capture the trans complex
before any covalent product could form, W (5'-32P labeled), h#X, h»Y and h»Z were
incubated in only 10 mM MgCb for only 10 minutes before loading on a 10%
polyacrylamide gel containing 10 mM MgCb (Figure 12). The gel was run at a
constant temperature of 48 °C, and an estimated 4.6% of W was in the form of the
trans complex (Fig. 12 land 5). For a more accurate estimation of the amount of trans
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complex formed under reaction conditions, the fragments were also incubated in 100
mM MgCh for 10 minutes, yielding 16% trans complex (Figure 12, lane 9).
Moreover, when the fragments were allowed to react for 2 hr prior to loading on the
gel, a slight gain in mobility was seen (Figure 12, lane 10). This is expected if the
covalent ribozymes formed are less impeded without the three "h»"s that are cleaved
off the X, Y and Z fragments upon recombination.

Pathway to the self-assembled recombinase ribozytne
The high yield of W#X*Y»Z in the four-piece reaction was surprising, given the many
possible side reactions, (such as those leading to W»Y»X»Z). In fact when W is 5'-32P
labeled, there are no major side products, and the "correct" products (those leading to
W»X»Y»Z) are the dominant bands on the gel (Figure 11). The ?ra«sesterification
reactions should all be energy neutral, and the discrete product distribution suggests
that some other force, such as hydrogen bonding or autocatalysis, is shifting the
equilibrium. In this experiment, only a single fragment is visible, which could be
biasing this observation. To avoid this possible bias, and to better understand the
pathway of the intermediates on the way to the fully covalent ribozyme, a time course
of the four-piece reaction was repeated with a 32 P [ATP]-body-labeled W, X, Y, and Z
fragments (Figure 13).
When either W or X is labeled, it can be seen that the dominant pathway goes
in the 5'-3' direction, i.e., W«X -» W«X«Y -» W«X-Y«Z. The 3'-5' direction should
also possible, i.e., Y«Z -> X«Y«Z -» W«X»Y«Z. In fact, when X, Y or Z is labeled the
intermediate h»X»Y»Z can be seen, but it is a much less populated intermediate. Also,
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this intermediate appears concomitantly with the full-length product, suggesting that
this pathway does not contribute much to the production of W»X*Y«Z. The only nonproductive side reactions visible are h»Y»Y, which can be seen when Y is labeled, and
W»Z, which can be seen when either W or Z is labeled. The multiple bands in the Zlabeled lanes are deceptive because the mechanism of recombination creates covalent
intermediates between h»Z and other fragments, such as h«Z»X, h»Z»Z, and h»Z»Y»X
which become separated from the trans complex during denaturing gel
electrophoresis. It should also be noted that the band intensities are not stoichiometric
because of the different number of adenosine residues in each fragment. Importantly,
in this technique molecules such as h»Y»Y and h»Z»Z are double labeled.
This experiment also reveals that the major products of the reaction can be
attributed to recombination events between adjacent RNA regions in the intact
ribozyme (W «-> X ** Y ** Z). This observation can be explained by the accessibility
of the CAU recombination tags. The W»X»Y»Z molecule buries all of its CAU triples
in stems and short loops, and this phenomenon can prevent further recombination
(Hayden et ah, 2005) Through this mechanism, the "correct" recombination pathway
benefits from a reduction in reversibility, indicating that base pairing in the products
indeed favors pushing the overall equilibrium to the final product.

Autocatalyic Potential of the System
A critical aspect of this system is that it has the potential to demonstrate strong
autocataytic behavior. When no product RNA is originally present in the reaction, the
assembly of covalent ribozymes permits the products themselves to enhance the rate
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of their own synthesis. Logically, if this reaction pathway is catalyzed by a
noncovalent trans complex, then it should also be catalyzed by a covalently
contiguous ribozyme, provided that these ribozymes fold correctly upon
recombination.
The system described here is a multi-step reaction network, where the
W«X«Y*Z product can potentially feed back and catalyze any and all of the reactions
leading to its own production. Further, any covalent products in the pathway, such as
W*X or W»X»Y, can participate in catalytic trans complexes comprised of fewer than
four molecules, and potentially catalyze their own production. Consequently, this
system may be better described as an autocatytic network, provided that any or all
intermediates of the system can be demonstrated to enhance their own production.
Here, only one aspect of autocatalysis is addressed, namely the ability of the fully
covalent product W»X«Y»Z to increase its own production.
One indication that a reaction may be autocatalytic would be a sigmoidal shape
of the four-piece reaction profile. However, the complex multi-step nature of the
reaction may contribute to a sigmoidal shape through time lags. In fact, although many
autocatalytic reactions do display sigmoidal production profiles, such a result is not
sufficient to demonstrate autocatalysis (Sievers etal, 1994). Moreover, the basic
sigmoidal or logistic equations are strictly applied to a single-step reaction of the type
A -» B, where B is the autocatalyst. Nevertheless, the reaction time profile data do in
fact fit sigmoidal functions derived from an autocatalytic rate law for A -> B with R2
values of 0.99 (Figure 14).
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Fitting the data to a sigmoidal function is a statistical test of little power,
because alternative functions may fit the data nearly as well. A more robust test of
autocatalysis is a demonstration of a rate increase upon the addition of product.
Therefore, the four-piece reaction was repeated but with the addition of product RNA
prior to initiating the reaction. Product RNA was made by the transcription of the RTPCR product of the -200 nt gel extract of a previous reaction to ensure that the RNA
used for these doping experiments was identical to the reaction products. The results
showed that the intial rate of W»X«Y*Z formation does in fact increase linearly with
the initial concentration of this product (Figure 15).
In conclusion, the results deomonstrate that complex catalytic RNA molecules
can spontaneously self-assemble from coordinated oligomers. These RNA oligomers
are of the size previously demonstrated to be synthesized under prebiotic conditions.
Thus, this reaction system represents a mode for the original advent of complex
phenotypes. The information transfer in this system is manifest in the CAU
recombination tags, the matching base pairs among the fragments of the system, and
the formation of catalytic pockets by tertiary structure contacts. The confirmation of
autocatalysis in the system should allow a means for evolution to and from the
assemblage demonstrated here.

Materials and Methods
RNA synthesis
RNA fragments of the Azoarcus ribozyme were prepared by T7 RNA polymerase runoff transcription from double—stranded DNA templates made by a PCR based
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synthesis technique (Engels and Uhlmann 1988). All RNA was gel purified prior to
experiments to ensure length homogeneity. Radiolebaled fragments were either
labeled on the 5' end after frvmscription using polynucleotide kinase and [y- P]»ATP,
or internally labeled using [a-32P]»ATP in the transcx'vption.

Self-assembly reactions
RNA fragments of the Azoarcus ribozyme were mixed in water in amounts that would
allow a final concentration of 2.0 uM. Only the 5' end of the oligo corresponding to
the 5' end of the Azoarcus ribozyme was labeled with 32P. The reaction was initiated
by adding buffer with a final concentration of 100 mM MgCl2 and 30 mM EPPS (pH
7.5) and were immediately incubated at 48°C. At the desired times, aliquots of the
reaction mixture were removed and quenched with a gel loading dye containing urea,
SDS, and sufficient EDTA to chelate all Mg2+. Radiolabeled products were separated
on an 8% denaturing polyacrylamide gel and viewed by phosphorimaging. For native
gel electrophoresis, 2 uM fragments were incubated in EPPS buffer (pH 7.5)
containing either 10 mM or 100 mM MgC^ for 10 minutes at 48°C. One-fifth volume
of prewarmed 40% sucrose was added and the samples were immediately loaded onto
a 10% polyacrylamide gel containing 10 mM MgCi2 but no urea. The gel was run at a
constant temperature of 48 °C for approximately 1000 V»hr.
For the alternatively labeled self-assembly reactions, all four fragments were
internally labeled by the addition of [a32P]»ATP to the /raracription reactions. The
fragments were gel purified to ensure length homogeneity prior to reactions. Reactions
were carried out as described previously, and aliquots were removed and quenched
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with EDTA at 30, 60, 120 and 180 min prior to electrophoresis on an 8% denaturing
polyacrylamide gel. The identities of the bands were confirmed in a separate
experiment where pair-wise combinations of oligos were recombined with wild-type
Azoarcus RNA (Figure 16).

Genotyping
Bands from the self-assembly reaction were excised from the polyacrylamide gel and
eluted by the crush and soak method. The extracted RNA was subject to RT-PCR
amplification with a RT primer (5'-CCGGTTTGTGTGACTTTGCC-3')
complementary to the 3' end of the Azoarcus ribozyme and a second primer (5'CTGCAGAATTCTAATACGACTCACTATAGTGCCTTGCGCCGGAA-3') for the
PCR that was complimentary to the 5' end of the Azoarcus ribozyme plus a promoter
sequence for T7 RNA polymerase. Amplification with these primers yields an -230 bp
PCR product. This product was cut with AM, Hindlll, and Hhal and the RFLP
patterns were analyzed. The PCR produced DNA (-10%) was also subjected to batch
nucleotide sequence analysis on an ABI 3100 automated sequencer.

Autocatalytic Analysis
The quaternary W (5'-radiolabeled), h»X, h»Y and h»Z mixture (2 piM each) was
incubated in 100 mM MgCb. These incubations were performed in the absence of any
covalently contiguous ribozyme, as above, or in the presence of 0.5 fxM or 1 uM RNA
resulting from the RT-PCR and /nmscription of gel-excised W»X»Y»Z product. The
RNAs were incubated for 0.5, 1, 2, 3, 4, 6 and 8 h at 48 °C. The percentage of full44

length product as a function of time was quantified by electrophoresis and
phosphorimaging. The initial velocity was measured as the slope of the percent
product vs. time curves at 30 min, at which point reactions had produced detectable
W»X»Y«Z RNA, but had achieved <8% of their maximal yields. At this time point,
this calculation of initial velocity was identical to a differential method suggested by
others for autocatalytic reactions where rate constants cannot be easily modeled
(Mata-Perez and Perez-Benito, 1987). Data corresponding to no added W»X»Y»Z
RNA were fit to sigmoidal functions of the form:
y = (A0 + B0)/l + [A0/B0]exp[ - (A0 + B0) x kx]
using a user defined function in KaleidaGraph software.
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Figure 9. Two-piece self-assembly.
(A) Secondary structure of the two
piece self-assembling design. The
grey box indicates the adenosine
insertion to create a CAU. (B)
Model of the trans complex derived
from the crystal structure of the
Azoarcus intron (Adams et al.
2004). (C) Gel showing selfassembly from two pieces. Only the
WX fragment is initially 32P labeled
on its 5' end. The -YZ lane, contains
incubated WX only. The other lanes
are a time course from 0 to 8 hours.
All reactions were incubated at
48°C, in 100 mM MgCl2 and 30 mM
EPPS (pH 7.5).
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Ternary (3-ptece) reaction;
*WX + h*Y + frZ -#^W»X*¥»Z
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Figure 10. Three piece self-assembly. (A) Secondary structure of the threepiece design. Grey boxes indicate CAU locations. Mutations from the wildtype Azoarcus sequence are indicated with circles with an arrow to the
mutation. (B) This gel shows self-assembly from three-pieces. Only the
W»X fragment is labeled initially. Negative controls include the -Y and - Z
lanes, which lack h»Y and h»Z respectively. The other lanes are a time
course from 0 to 8 hours. All reactions contain 100 mM MgCl2 and 30 mM
EPPS (pH 7.5).
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Figure 11. Four-piece self-assembly. (A) Secondary structure of the fourpiece design. Grey boxes indicate the location of each CAU. Mutations from
wild-type Azoarcus RNA are circled. (B) Three dimensional model of the
four-piece trans complex derived from the crystal structure of the Azoarcus
group I intron (Adams et al. 2004). (C) Gel showing the self-assembly from
four fragments. Only W was 5'-end labeled with 32P initially. (Lane 1) 5'radiolabeled Azoarcus RNA. (Lanes 2-5) Negative controls with one or more
of the fragments left out as indicated at the top of the lane. The remaining
lanes (8-13) are a time course from 0 to 10 hours as indicated. All reactions
contained 100 mM MgCl2, 30 mM EPPS (pH7.5), and 2 uM each indicated
oligo.
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Figure 12. Native gel electrophoresis of combinations of the four-piece fragments.
RNA species contained in each reaction are indicated at the top of the lane by a +.
The arrow indicates a higher molecular weight assemblage corresponding the the
trans complex. The right two lanes contain the same MgCl2 as the self-assembly
reaction (lOOmM), and the other lanes contain only 10 mM MgCl2. The far right
lane was incubated long enough to expect the formation of covalent W»X»Y»Z. The
10% polyacrylamide gel contained 10 mM MgCl2, as did the running buffer, and
the gel was run at a constant temperature of 48 °C
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Figure 13. The pathway of four-piece self-assembly.(A) Alternative
labeling of each fragment (W, h«X, h»Y, and h»Z) indicating major products
in each reaction. Each group of experiments is a time course from 0 to 180
minutes as indicated at the bottom of the h»Z labeled reaction. (B) The most
populated pathway to assembly of full length products, as determined by the
above gel. Black arrows indicate recombinations to dominant products visible
on the gel. Dashed lines indicate less populated yet observable
recombinations. The grey arrows from h»X and h»Y indicates an expected
recombination that was not observed.
50

0.08-1
0.07
0.06H

SI
X

0.05-

g

0.04-

g

0.03-

a
0.020.01-

ft

•
4

0-

6

8

10

Time (hr)

Figure 14. W^X^Y^Z product formation over time. This self-assembly
reaction was done in 25 mM MgCl2, with 1 uM each fragment. Data points
indicate the fraction of W converted to W«X«Y«Z at that time point. The
curve is a least squares fit of the integrated rate law for the product
formation of the autocatalytic reaction A -» B, with a rate = fc[A][B].
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Figure 15. The linear dependence of initial rate on initial product
concentration [P]j. The initial rate of W»X»Y»Z product formation was
determined for 0 uM, 0.5 uM or 1 uM [P]j. Self-assembly reaction
conditions are 2 uM each substrate, 100 mM MgCl2). Initial rates were
calculated at 30 minutes. The curve is a least-squares linear fit. The data
points represent a single replicate.
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CHAPTER 4. EVIDENCE FOR AUTOCATALYSIS IN A RECOMBINATION
NETWORK

Abstract
Autocatalysis can be considered molecular self-replication because it occurs when the
product of a chemical reaction catalyzes its own formation. An autocatalytic system
was constructed form four fragments of the Azoarcus ribozyme, which can selfassemble into four-piece non-covalent ribozyme complexes, and catalyze the anabolic
construction of unimolecular, completely covalent Azoarcus ribozymes. The system
creates a complex reaction network where autocatalysis is possible at multiple points,
because the products can feed back and catalyze each and every reaction that leads to
their own production. Here, component reactions of the system were isolated and the
rate of production of Azoarcus ribozyme increased linearly with its own concentration,
confirming autocatalysis. In the most efficient reaction, the rate of production
increased 2.5 fold per \xM of Azoarcus ribozyme. To estimate the entire contribution
of autocatalysis to the system, a kinetic model was developed and fit to experimental
data, demonstrating that 66% of Azoarcus ribozyme production is the product of
autocatalytic feedback. Intermediates on the path to the Azoarcus ribozyme can also
catalyze their own production, leading to an increase in autocatalysis as larger
molecules are formed. Autocatalysis in this system demonstrates a way for groups of
RNA molecules to cooperate and produce a selective advantage over non-autocatalytic
molecules.
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Introduction
Autocatalysis is a kinetic phenomenon that occurs when the rate of a chemical reaction
is increased by product formation. Autocatalysis has been demonstrated for a wide
range of chemical reactions from relatively simple organic molecules (Tjivikua et at,
1990; Terfort and von Kiedrowski, 1999) to more complex biological polymers based
on nucleic acids (Sievers and von Kiedrowski 1994, Paul and Joyce, 2002) and
polypeptides (Lee et at, 1996).
Autocatalytic reactions are an important component of many origin-of-life
theories. Containment-based theories invoke a dependent relationship between
polymers and encapsulated catalysts. The catalysts increase the production of the
encapsulating polymers, which then go out and encapsulate more catalysts (Ganti,
2003; Luisi, 2006). The result is an autocatalytic growth of cell-like compartments.
Metabolic theories on the origin of life suggest that autocatalysis was involved in the
emergence of chemical cycles that eventually became involved in the metabolism of
modern life forms (Morowitz et at, 1991). Genetic theories on the origin of life
suggest that information containing polymers could replicate through a templating
autocatalysis, and then evolve into the genetic foundation for life (Orgel, 2000).
Autocatalysis is systematically evoked in these different theories because it
allows a typically biological phenomenon to occur at the chemical level. An
autocatalytic product, by definition, is a molecule capable of self-replication because it
catalyzes its own production. When located within a complex reaction network, an
autocatalyst has the potential to divert reagents away from side reactions, and increase
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its own production. If reactions are competing for the same starting materials,
competition arises at the molecular level. Autocatalytic products will win the chemical
competition for reagents, and become more prominent in the reaction mixture. More
efficient (and specific) autocatalysts, as they appear by random chemical events, will
come to dominate previous autocatalysts, and in this way chemical systems can
evolve. As in the case of biological evolution, this chemical evolution dramatically
increases the probability that a molecule of a given complexity will arise because it
can evolve from a similar, but less complex molecule. Chemical evolution requires
autocatalysis.
The RNA world scenario requires the transition from simple chemical
precursors to RNA macromolecules that can catalyze their own production. This
necessarily requires two types of reaction pathways: 1) the anabolic formation of
larger macromolecules and 2) the autocatalytic feedback by certain products to
enhance their own production. The production of larger molecules is necessary to
reach RNA polymers long enough to catalyze reactions other than self-cleavage
(Kumar and Ellington, 1995). The asymmetric recombination of short RNA oligomers
can provide the required anabolic reaction and produce longer RNA polymers
(Hayden et al, 2005). However, efficient recombination seems to require catalysis by
rather complex ribozymes. A reaction system that merges anabolic processes with
autocatalysis would increase the probability of the emergence of more complex
ribozymes necessary for life to begin, and support the hypothesis of the RNA World.
The self-assembling recombinase system derived from the Azoarcus ribozyme
is an anabolic reaction that produces complex ribozymes. The four fragments of this
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ribozyme (W, X, Y and Z) form a multi-step reaction network when they are simply
incubated together (Figure 16). This network demonstrates a spontaneous path to the
formation of a single catalytic molecule from four individually inactive
oligonucleotides. Once formed, the covalently assembled ribozymes have the
opportunity to act as autocatalysts by enhancing the rates of each of the reactions
leading to their own production (Figure 16, curved arrows). The research presented in
this chapter is designed to evaluate the autocatalytic capacity of this system. It also
aims to describes how autocatalysis contributes to the reaction network, directing
intermediates toward the production of more complex molecules, culminating in the
fully assembled ribozyme. The confirmation of autocatalysis in this system would
demonstrate a type of reaction that increases the probability of the emergence of
ribozymes necessary for the RNA World, and provide the opportunity to develop the
first evolving system comprised entirely of RNA.

Results and Discussion
To simplify the kinetics of the system, the fragments of the Azoarcus ribozyme were
slightly altered so they all could be joined through the same tRNA-like splicing
mechanism (Figure 16b) (Draper et ah, 2007). This mechanism is enhanced by the
base-pairing between the two "substrates" (Zaug et ah, 1993). This allows the
reactions mechanism to be conceptualized as a single step reaction, provided that
catalysis is rate limiting. This is a reasonable assumption because of the rapid
formation of the non-covalent complex that is the initial catalyst of the system
(Hayden and Lehman, 2006).
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To confirm autocatalysis in this system, three component reactions of the
system were isolated for direct kinetic analysis. The following reactions were chosen
because they have the potential for the autocatalytic production of WXYZ in a single
step:
W + X'Y»Z -» W»X»Y»Z

(1)

W»X + Y«Z -» W ' M ' Z

(2)

W-X-Y + Z -» W'X-Y'Z

(3)

Autocatalysis was studied in each reaction by doping with W^X'Y'Z to observe the
effect on the initial rate of its own production (Figure 17). In all cases, when 1 uM of
both fragments was reacted, the initial rate of W*X»Y»Z formation increased linearly
with the initial concentration of W*X*Y*Z up to 2 |xM. The positive slopes of the plots
demonstrate autocatalysis in each reaction. In fact, the linear increase in the initial rate
of W*X'Y»Z formation indicates a potential for exponental growth (von Kiedrowski et
ah 1991). The data can be fit to lines of the form: ratet = ^[W'X'Y'Z] 1 + k\» For this
system, k\, (y-int) is interpreted as the rate exhibited in the absence of covalent
W*X»Y*Z, and k& (slope) as the autocatalytic rate constant. Reaction (3) demonstrates
the highest rate contributions for both the non-autoctalytic and autocatalytic pathways.
However, by taking the ratio ka/kb for each reaction, the autocatalytic efficiencies (e =
kjkb) can be compared, which quantify the effect the autocatalyst has relative to the
non-autocatalytic rate (von Kiedrowski et ah, 1991). It should be noted that this
treatment of the data is a simplification that ignores the concentration of non-covalent
complexes in each reaction, and the binding efficiencies of each catalyst, but provides
a convenient way of comparing each autocatalytic path. When juxtaposed in this way,
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reaction (2) demonstrates the highest e, while reaction (3) is actually the lowest. The
lower autocatalytic efficiency of reaction (3) is a result of it having the highest rate in
the non-autocatalytic channel. This is likely due to the stability of the non-covalent
complex in this reaction, which retains in a single molecule (W«X»Y) the bulk of the
structural integrity of the native ribozyme (Rangan et al, 2003).
Many other feedback reactions are imaginable within this system (Figure 16,
solid curved arrows). In addition to the proximal autocatalytic steps described above,
there are distal autocatalytic steps, where W*X* Y»Z catalyzes a reaction that produces
an intermediate of the network. To evalutate the total contribution of autocatalysis in
the system, in the context of the entire reaction network, a kinetic model was
developed and fit to time course data using the computer program SimFit (Terfort and
von Kiedrowski, 1992) (Table 3).
Reactions a-c account for the formation of the non-covalent complex WXYZ,
which is the system's initial catalyst. The model then allows for five (reversible)
covalent-bond-forming reactions to be catalyzed by both the non-covalent complex
(reactions d-h), and by the fully covalent product W#X»Y»Z (reactions i-m).
Reactions d-f and i-k account for a pathway to W*X»Y*Z through intermediates W*X
and W'X'Y, which are all observable on a denaturing gel when W is 5'-radiolabeled
(Figure 18). However, because the concentration of W»X»Y»Z quickly surpasses that
of W»X« Y, and because the production of W#X» Y does not pass through a maximum,
there is at least one other significant pathway to W»X*Y»Z. From previous
experiments it was determined that X»Y is not a populated intermediate (Hayden and
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Lehman 2006). Thus g, h, 1 and m were chosen to account for a path to WOOY'Z that
does not go through W»X»Y.
This model attempts to explain the data through the following simplifications:
(1) there exists true reversibility between covalent bonds formed, (2) the products
reach equilibrium through catalysis, (3) catalysis occurs by either a termolecular noncovalent complex (substrate) or a completely covalent unimolecular product, and (4)
catalytic steps are rate limiting. Consequently the model sacrifices mechanistic detail
to highlight the different contributions of initial catalysis and product catalysis in the
observed rates of reaction components.
The model was fit to time-course data of the observables W*X, W#X» Y and
W'X'Y'Z obtained from denaturing PAGE of a reaction starting with 1 ^M each of
W, X, Y and Z (Figure 19a). The model fits well to the experimental data, with an
RMS value of 3.5%. Models that did not include autocatalysis, but only catalysis by
non-covalent complexes, did not give a satisfactory fit to the data, with an RMS of no
less than 13% (e.g., Figure A6). Removing the autocatalytic rate parameter after fitting
gives a visual image of the extent of autocatalytic feedback in the reaction network
(Figure 19b). From this model, non-covalent catalysis can only account for -33% of
the W'X'Y'Z formed after 240 minutes. Autocatlytic feedback is responsible for the
remaining -66%.
The model predicts that the sigmoidal shape of W#X formation (Figure 20a,
dashed curve) is from strong distal autocatalysis by W'X»Y'Z. This suggests the
hypothesis that seeding the reaction with W*X»Y»Z should increase the initial rate of
W*X formation and decrease the lag phase of the reaction profile. When the reaction
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was repeated, but seeded with 1 \iM W'X'Y'Z, the experimental results confirmed the
hypothesis formed from the model (Figure 20a, upper solid curve).
Other intermediates within the system also have the potential to act as
autocatalysts to enhance their own production through participation in non-covalent
complexes such as W'XYZ and W'X'YZ (e.g., Figure 16, grey arrow). To
characterize this aspect of autocatalysis, the reaction was repeated with 1 \iM each W,
X, Y, and Z, but now seeded with either 1 ^M W'X or 1 \iM W'X'Y. The initial rate
of WX formation is only slightly altered by the addition of W'X, indicating that this
intermediate shows very limited autocatalytic potential (Figure 20a). The intermediate
W»X'Y however, shows a noticeable increase in the rate of its own production (Figure
20b). In fact, this intermediate seems to specifically catalyze its own production over
other intermediates because it does not dramatically increase the rates of either W'X
production or W consumption (Figure 21). This is consistent with the component
kinetic data (Figure 17), which shows a large non-autocatalytic rate constant for
reaction (3), confirming the catalytic prowess of W'X'Y when in the non-covalent
trans complex W'X'YZ. These data rank order autocatalysis as W'X < W'X'Y <
W'X* Y*Z, meaning that the total autocatalysis of the network increases as longer
molecules are produced. Hence, W'X'Y'Z is the most effective autocatalyst in the
system, further increasing our confidence in the parameterization of the model.

Conclusions
This system demonstrates the emergence of autocatalysis from a self-organizing
anabolic reaction network involving four individually non-catalytic RNA molecules.
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Despite the simplifications made, the parameters found through kinetic modeling are
in qualitative agreement with the results from initial-rate measurements of subsystems.
The model supports the basic claim that autocatalysis is a dominant component of the
reaction network. This is true despite a strong non-autocatalytic route that is important
for the initial anabolic reactions leading to the autocatalytic species. Although much of
the autocatalysis by W»X»Y»Z is non-specific, the incremental increase in
autocatalysis by larger molecules provides a way for he system to divert side reactions
and bootstrap itself toward greater complexity. This system provides an example of
predicted missing links (Levy and Ellington, 2003) between the first self-replicating
nucleic acid templates and a more complex RNA World. The strength of the nonautocatlaytic route is promising in this regard because it suggests that the system could
still function if mutation is introduced. This would allow the opportunity to construct
the first evolving system comprised entirely of RNA, which uses autocatalysis as a
selection criterion.
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Figure 16. The anabolic autocatalytic
reaction network formed from the four
fragments of the Azoarcus ribozyme. a) A
scheme of covalent bond (•) forming reactions
from the four fragments, through a series of
non-covalent intermediates, to the fully
covalent ribozyme W*X»Y»Z. Double-sided
arrows indicate reversible phosphodiester
bond formation, which is catalyzed initially by
the non-covalent complex. Curved arrows
indicate feedback by W«X»Y*Z to catalyze its
own production in a single step (solid), or by
catalyzing the production of an intermediate
(dashed). Intermediates can also catalyze their
own production as indicated by the grey
curved arrow, b) Proposed secondary structure
of non-covalent intermediates, and diagram of
the tRNA-like splicing mechanism, which
occurs in the active site of another catalyst.
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Figure 17. Initial rate of WO^Y'Z formation as a function of the initial
concentration of W«X»Y»Z for the three component reactions of the network
where W»X»Y»Z is formed in a single step. Reactions containing 1 \xM of the
oligonucleotides (1) W + X-Y-Z, (2) W»X + Y»Z, or (3) W»X»Y + Z were incubated
with 0, 1, or 2 \iM W'X^Y^Z. Data points represent the average of three independent
trials, and lines are linear fits to the data. The autocatalytic efficiencies (e) are the ratio
of the slope to the y-intercept for each line.
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Figure 18. A typical denaturing poly aery lamide gel used to determine product
concentration over time. Here is shown a reaction of lpiM each X, Y, Z and 5'[ 32 P]labeled W, which allows visualization of W, W»X, W»X«Y and W«X»Y«Z at each
time point using phosphorimaging. In order to control for variation in the total amount
of material loaded in each lane, the bands were quantified as a fraction of the total
radiolabel in that lane, then converted to concentration.
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Figure 19. Kinetic modeling of the system, a) Concentrations of observables W»X,
W»X«Y and W»X«Y»Z as a function of time. Open circles represent experimental data
obtained from denaturing PAGE and autoradiography (Fig. 18). Curves are a best fit
of the model to the kinetic data using the program SimFit. c) Result of removing the

autocatalytic rate constants from the model after fitting.
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a
b
c
d
e
f
g
h
i
J
k
1
m

type

reaction

AN
AN
AN
NC
NC
NC
NC
NC
AC
AC
AC
AC
AC

W+X«WX
WX + Y « WXY
WXY + Z <~ WXYZ
WXYZ + WXYZ ** W«XYZ + WXYZ
W'XYZ + WXYZ <H> WX-YZ + WXYZ
W'X'YZ + WXYZ ^ W'X'Y'Z + WXYZ
W«XYZ + WXYZ ^ W'XY-Z + WXYZ
W«XY-Z + WXYZ <-» WX-Y'Z + WXYZ
WXYZ + W«X«Y«Z ** W'XYZ + W'X'Y'Z
W-XYZ + W«X«Y«Z ** W'X'YZ + W'X'Y'Z
W'X'YZ + W«X'Y-Z *» W-X-Y'Z + W-X-Y-Z
W'XYZ + W'X'Y«Z ~> W«XY«Z + W«X«Y«Z
W'XY'Z + W'X'Y-Z ** WX-Y'Z + W»X«Y«Z

fcforward

1.0E6 (fixed)
1.0E6 (fixed)
1.0E6 (fixed)
(1.9±0.41)E2
(7.6 ± 2.0)E2
(2.3 ± 0.63)E2
(2.3 ± 0.63)E2
(7.6 ± 2.0)E2
(2.2 ± 1.1)E4
(5.9 ± 4.6)E2
(1.6 ± 1.5)E3
(1.6 ± 1.5)E3
(5.9 ± 4.6)E2

^reverse

(9.7 ± 1.5)E-3
(9.7 ± 1.5)E-3
(9.7 ± 1.5)E-3
(1.1 ± 1.7)E3
(6.6 ± 7.8)E3
(8.2 ± 4.7)E2
(8.2 ± 4.7)E2
(6.6 ± 7.8)E2
(3.5 ± 1.7)E4
(1.2 ± 0.34)E2
(6.8 ± 5.8)E3
(6.8 ± 5.8)E3
(1.2 ± 0.34)E2

Table 3. The reaction model and calculated rate parameters. Catalysis is
represented by the catalyst appearing on both sides of the reaction equation. AN =
assembly of non-covalent complex, NC = non-autocatalytic catalysis, AC =
autocatalysis.
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Figure 20. Time course showing the effect of W»X and W»X»Y on their own
production. All reactions initially contained l\iM each W, X, Y, and Z. a)
Concentration of W»X as a function of time with no products added (dashed curve,
open circles) or in the presence of either 1 [iM W«X (open squares) or 1 ^iM
W»X«Y«Z (closed circles), b) Concentration of W»X»Y as a function of time with no
products added (dashed curve, open circles) or in the presence of either of 1 ^M
W»X»Y (open squares) or 1 ^M W»X»Y»Z (closed circles). Curves are for visual aid
only.
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Figure 21. The effect of W«X»Y on the rate of W consumption and W»X
formation, a) The rate of W consumption in a reaction starting with 1 \iM each of W,
X, Y, and Z (dashed line) and with the addition of 1 ^M W»X»Y (open squares) or 1
^M W«X»Y»Z (closed circles), b) The rate of W»X formation in the same reactions.
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CHAPTER 5. EVOLUTION OF A NETWORK OF RECOMBINING RNA

Abstract
The nucleotide sequence of the Azoarcus riboyzme can be physically broken into four
fragments that can autocatalytically "self-assemble" back into unimolecular,
completely covalent ribozymes through the formation of three specific phosphodiester
bonds. Here, pools of mutant fragments were constructed by introducing random
mutations into these four oligonucleotides. These mutated fragments were allowed to
"self-assemble" to determine if certain sequences can display a selective advantage
within the system and if the product distribution of the system can change over time.
RNA products the size of the Azoarcus ribozyme (-200 nt) were cloned and
sequenced, revealing that low-level mutants of the ribozyme (k < 5) were
preferentially constructed over sequences with a greater number of mutations,
indicating a selective advantage. Newly formed phosphodiester bonds that were
incorrect (with respect to the production of Azoarcus ribozymes) were reshuffled to
produce correctly connected fragments, providing the system with a type of
proofreading mechanism. The overall amount of correctly constructed Azoarcus
ribozyme, within the -200 nt RNA population, increased from 30% at 2h, to 50% at
6h, and to 74% at 21h. The results demonstrate a change over time in the frequencies
of genetic sequences in an autocatalytic system comprised entirely of RNA. The
system leads to an increase in the production of ribozymes with stronger catalytic
activity, which can be viewed as a type of non-Darwinian evolution.
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Introduction
Darwinian evolution requires the propagation of heritable information to preserve
phenotypes by natural selection. In biological organisms, this is achieved by the
replication of nucleic acid templates through the enzymatic polymerization of
mononucleotide triphosphates. It has been argued that the life began in an "RNA
World" when this enzymatic activity first appeared, in the form of RNA polymerase
ribozymes, because this activity allows the transition from chemical change to
biological change (Joyce and Orgel, 2006). However, polymerase enzymes (RNA or
protein) are highly complicated molecular machines, and are thus better explained as
the product of evolution. RNA polymerase ribozymes are not known to be extant in
nature, and ones of very limited activity have only been discovered as the result of
rational engineering and extensive in vitro evolution (Johnston et ah, 2001, Zaher and
Unrau, 2007). To reach the complexity necessary for the innovation of polymerase
enzymes, and thus the origin of Darwinian evolution, it may be necessary to evoke
modes of selection that due not require the enzymatic polymerization of mononucleotides.
Autocatalysis provides a selection pressure that does not necessarily rely on
polymerization. Autocatalytic molecules, or groups of molecules, can increase the rate
of their own production, and thus out-compete other reactions that use the same
starting materials. Thus, the appearance of autocatalytic molecules can change the
product distribution of a reaction mixture, a process that can be called chemical
evolution. It has been argued that the lack of specificity in simple autocatalytic
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reactions would prevent the increase in complexity and thus limit evolution of such
systems (King 1982). Specificity in modern organisms is achieved by enzymatic
catalysis, and a system that produces autocatalytic enzymes could overcome this
specificity problem. It has also been proposed that this problem could be overcome by
the group selection of cooperating autocatalysts that are spatially confined (Szathmary
and Maynard Smith, 1997). Many hypotheses on autocatalysis-based evolution have
sat dormant because of the lack of experimental systems that can be used to test them.
To address prebiotic evolution prior to polymerization, systems have been
designed that accomplish self-replication based on the templating effects of small
organic molecules (Tjivikua et ah, 1990; Terfort and von Kiedrowski, 1999),
oligonucleotides or analogs (Sievers and von Kiedrowski 1994, Paul and Joyce, 2002)
or peptides (Lee et ah, 1996). These systems self-replicate through autocatalytic,
cross-catalytic or reflexively autocatalytic template production. The reaction can be
generalized to the form A + B -* T, where T is a template that promotes the catalytic
ligation of A and B to produce copies of itself (or a cross-catalytic partner). Some of
these systems have even demonstrated the selective amplification of specific
sequences over others (Achilles and von Kiedrowski, 1993; Kim and Joyce, 2004; Lee
et ah, 1997; Ashkenasy et ah, 2004). Product inhibition is a major problem of these
systems because autocatalysis is only achieved when newly formed templates become
free from the previous template. An increase in complexity is conceivable, in that
longer templates could be employed. However, in these systems longer templates lead
not only to greater product inhibition, but also to lower specificity, suggesting that
these systems have limited applicability to prebiotic evolution (Szathmary, 2000).
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The previously described self-assembling recombinase system (Chapter 3;
Hayden and Lehman, 2006) provides an alternative approach to non-polymerase based
selection. In this system, fragments of the Azoarcus ribozyme (termed W, X, Y and Z)
form a recombination network that produces covalently continuous ribozymes,
W'X'Y'Z (Figure 16). Products in this system have the ability to demonstrate catalytic
feedback and increase the rate of their own production (Chapter 4; Hayden et al,
2008). This autocatalysis increases as products get longer, such that the autocatalysis
by W'X < W*X*Y < W*X*Y*Z. The autocatalysis in this system is the result of
ribozyme activity, and high specificity is achieved by the identification of CAU
recombination tags. Product release is not limiting, that thus the system does not suffer
from product inhibition.
In the following research, mutation is introduced into the system. Mutagenic
pools of RNA were constructed by blurring the "wild-type" oligonucleotide fragments
into sequence space. This provides the opportunity to observe the ability of
autocatalytic feedback to contribute to the selective amplification of certain sequences
and thus change the distribution of products over time.
The introduction of mutation into the system also provides the opportunity for
cooperation and competition, where covalently contiguous molecules of a given
sequence can be viewed as individuals. At the initial fragment level, individuals do not
have the ability to perform catalytic activity, but can cooperate with other individuals
in the form of non-covalent complexes and perform catalysis. Once in these catalytic
complexes, or when assembled into covalently contiguous ribozymes (W*X«Y*Z),
cooperation can occur through the covalent assembly of other molecules to produce
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similar ribozymes with slightly different sequences. Competition can arise because the
covalent bonds formed are reversible. Thus, covalently assembled sequences can still
be used as substrates for the production of different product sequences. Feedback
catalysis by the most active products can result in the recombination of less active
sequences, leading to a combinatorial approach to the discovery of the most active
ribozymes.

Results and Discussion
Initial populations of fragments
The amount of mutation expected in the starting pool of each RNA fragment
can be calculated from multinomial probability theory (e.g., Breaker and Joyce 1994).
The actual mutation rate achieved through the mutagenic PCR procedure was
experimentally determined to be 6.0 ± 0.85% (see Materials and Methods). From this
mutation rate, the probability of eachfc-errorclass can be calculated for the four RNA
fragments (W, X, Y, and Z), where k indicates the number of mutations different from
the "wild-type" sequence (k= 0) (Figure 22). The statistical distribution also depends
on the length of the mutated sequence n, and is therefore slightly different for each
fragment. However, some general trends can be noticed. In all cases, the wild-type
sequence represents less than 15% of each population. The 1-error, 2-error, and 3-error
mutant classes are all more likely than the wild-type sequences. In fact, the 4-error
mutants are also more likely than the wild-type sequence in all initial pools except that
of Z. In the reaction size used (120 pmol), these probabilities translate to a saturation
of sequence space up to the 7-error mutant class. This means that all possible mutants
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of each class up to and including the 7-error type were present in multiple copies. The
wild-type sequence was still the most common single sequence because there are so
many individuals belonging to the other mutant classes.

Self-assembly from mutated fragments of the Azoarcus ribozyme
The self-assembly reaction requires the formation of non-covalent catalytic
complexes, WXYZ, which are the initial catalysts of the system (Figure 16). Selfassembly from mutated fragments is challenging due to the low concentration of wildtype sequence, the probable lowered activity of mutant species, and the possible
interference by inactive sequences. The self-assembly reactions were carried out with
2 \\M of RNA from the starting pool of each fragment. Given the distribution of
mutant types in Figure 20, the expected concentrations of "wild-type" fragments was
0.12 \xM W, 0.18 uM X, 0.12 pJVI Y, and 0.31 pJVI Z. Most mutations are expected to
be deleterious, and mutations in many conserved group I intron sequence elements
should be lethal to activity (Adams et al. 2004b, Burton and Lehman, 2006; Hougland
et al, 2006). Further, the active sequences could become stuck in non-covalent
interactions with inactive sequences, creating an even more challenging environment
for the expression of self-assembly activity.
Nevertheless, when 2 \xM of RNA from each fragment pool were combined
under self-assembly conditions, the formation of higher molecular weight species was
observed (Figure 23). The mutagenesis should introduce new 5 CAU3 recombination
tags into the fragments, which have the potential to produce a greater distribution of
product sizes through recombination. However, the results show a discrete banding
74

pattern corresponding to two-fragment products (e.g., W»X), three-fragment products
(e.g., W»X»Y), and products the size of the fully covalent product W»X»Y»Z. The
yield of W»X»Y»Z-sized product increases from 0.53% at 2 h to 1.3% at 6 h, and
continues to increase to 3.3% at 21 h. Compared to the purely wild-type system, which
results in over 25% W»X*Y*Z in only 4 h, there is a dramatic decrease in the rate and
overall yield in the mutated system, as expected.

Non-specific recombination products are corrected through recombination
To begin to analyze the population dynamics as a function of time within the
system, a reaction in which 120 pmole of each fragment was initiated, and ~l/3 of the
reaction were quenched at 2 h, 6 h, and 21 h. The W#X»Y»Z-sized bands at these time
points were gel-purifed to ensure length homogeneity (Figure 23) and subjected to
RT-PCR to produce dsDNA. This dsDNA was then cloned to allow the genotyping of
individual sequences from the population. It should be noted that the RT-PCR
procedure produces only molecules that begin with W and end in Z. Despite this bias,
at 2 h only 30% of the molecules analyzed from the W»X'Y'Z-sized band were in fact
RNAs with the fragment order W'X'Y^Z. This is understandable because similar sized
RNAs can be produced from other fragment orders beginning with W and ending with
Z. This result indicates that the introduction of mutations into this system allows a
high level of non-specific recombination early in the reaction. Most of the incorrect
molecules are W*Z*N*Z (44%) or W* Y*N*Z (9%), where N represents any of the four
fragments. Interestingly, the percentage of RNA with the correct fragment order of
W*X'Y»Z increases over time to 50% at 6 h, then to 74% at 21 h. This indicates that
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as correct W»X»Y»Z molecules are formed, the specificity of the system increases,
producing a higher percentage of correct W»X» Y»Z products.
Focusing on the individual junctions formed reveals another contribution to the
increase in the fraction of correct W*X*Y»Z products. Whether or not a molecule is
entirely in the correct order, it is possible to distinguish between correct junctions
(W*X, X»Y, and Y»Z) and the many possible incorrect junctions (e.g., W»Z, X»X,
Y»X, etc.). Analysis of the W»X»Y»Z-sized products reveals that the number of correct
junctions increases dramatically from 40% at 2 h, to 71% at 6 h, and to 85% at the 21
h time point. These data reveal that the correct junctions also increase in frequency,
and do so faster than the apperance of completely correct W#X»Y»Z molecules. This
suggests that the incorrect junctions are actually reshuffled through recombination to
produce the correct products. Further evidence for this reshuffling is observed from
the disappearance over time of the band just above "W»X", which was previously
demonstrated to be mostly W»Z (Hayden and Lehman, 2006). This band is prominent
at 2 h, but nearly gone at 21 h (Figure 23). Because more W»Z is not present in the
WXYZ-sized products at 21 h, it can be concluded that these shorter incorrect
products are being reshuffled as well.
The reshuffling of incorrect products provides the system with a type of
proofreading, or editing mechanism. This mechanism is possible because catalytic
feedback in the system allows the recombination of molecules with less stable
secondary structures by more stable products. The correct products form stem-loop
structures that partially bury the 5 CAU3 recombination tags in secondary structure
elements. This phenomenon was previously shown to decrease recombination by the
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Azoarcus ribozyme (Hayden et al, 2005). Further, the catalysts of the system contain
the correctly folded molecules because a correct secondary structure is a prerequisite
for the correct catalytic fold. Incorrectly joined fragments are more likely to remain
unfolded, and are thus susceptible to further recombination by the correctly folded
products. This dynamic process favors the formation of correct junctions, ultimately
leading to an increase in W*X»Y*Z products.

W*X*Y*Z product molecules with a low mutation level have a selective advantage
The previous analysis focused on the ordering of fragments in the WXYZsized products, distinguishing between W*X* Y*Z molecules and other products of the
system. The frequencies and types of specific nucleotide mutations within the
population of correct W*X» Y»Z molecules can also provide valuable information
regarding the selection processes at work in this system. These full-length and
correctly ordered molecules are especially interesting because they probably contain
the strongest catalysts in the system. These molecules produce the most catalytic
feedback in the network, and provide the potential for autocatalysis and cross catalysis
(Hayden and Lehman, 2008).
To analyze the dynamics within the population of W»X*Y*Z molecules, point
mutations compared to the wild-type sequence were identified and counted for each
individual sequence. Each sequence was then put into a class, and the probability of
each error class was calculated (Figure 24, grey bars). When clones from all time
points are considered together, the distribution of mutant types is centered roughly
near the 3-error class, and most individuals (83%) have fewer than five mutations.
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This distribution is clearly outside of the expected distribution for a molecule the size
of WOC'Y^Z in = 160) calculated from the starting pool mutation rate of 6.0 ± 0.85%
(Figure 24, black bars). The expected distribution is centered near the 9-error class,
and not many individuals (3.4%) are expected to have fewer than five mutations.
The disjunction between the two distributions demonstrates a selective
advantage for W*X*Y*Z molecules with few mutations. Two mechanisms, which are
not mutually exclusive, could lead to this advantage: 1) these molecules could be more
resistant to recombination once formed, and/or 2) these molecules could be outcompeting other catalysts. Both mechanisms rely on the reversibility of the newly
formed junctions. As with the reshuffling of incorrect junctions, the molecules with
the fewest mutations may form the most stable secondary structures, and thus be the
most resistant to further recombination. A sequence with a more stable secondary
structure is probably a more active catalyst and should be able to bind and recombine
other less active catalytsts. However, the effect of individual point mutations can be
quite dramatic on enzymatic activity of group I ribozymes (Lehman and Joyce, 1993,
Burton and Lehman, 2006). Thus, molecules with fewer mutations are more likely to
have the same structure as the wild-type, but may have a different catalytic activity.
Further, the self-assembly reaction is not identical to self-splicing activity, and it is
possible that some errors are beneficial to the self-assembly process. This is supported
by the higher occurrence of 2-, 3-, and 4-error mutants compared to the wild type
sequence in the sampled W»X*Y»Z population.
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Recurrent mutations in the GU wobble receptor motif: Parasites or altruists?
Recurring mutations in this system are surprising because, unlike typical in
vitro selection experiments, there are not repeated rounds of amplification and
selection that can cause the fixation of specific mutations. Analysis of the 59
W»X»Y»Z individuals reveals a common mutation site. In 18 of these individuals
(31%), a mutation occurs in the 5 AAA3 sequence that lies in the J4/5 region of the
Azoarcus secondary structure (Figure 2). Of these mutations, there are 10 GAA, two
AGA, two AAG, one ATA, and three have an insertion giving AAAA. This region lies
at the catalytic core of the ribozyme. It constitutes a "GU wobble receptor" motif that
recognizes the 5'-splice site in vivo and is known to effect reaction specificity and
product release (Adams et al, 2004a, Hougland et ah, 2006). The precise catalytic
consequence of these mutations in the self-assembly reaction are not known, but two
main possibilities are imaginable. The mutations could be deleterious or even lethal to
catalytic activity. In this case, these molecules would represent a type of molecular
"parasites" of the system because they use starting materials, are assembled by others,
but do not reciprocate assembly. Alternatively, the mutations could be beneficial to the
specific catalytic activity required for the assembly of W#X*Y»Z molecules. In this
case, these individuals could be considered a type of molecular "altruists" if they
provide much of the catalysis required for the assembly of W*X«Y»Z molecules, and
assemble other molecules more frequently than they get assembled. This could occur,
for example, if these mutations cause an acceleration of product release and thus
increase the enzymatic turnover of these ribozymes. Enzymatic studies would provide
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valuable insight in distinguishing the role of these mutants within the reaction
network, and should be carried out in the future.

Conclusions
The preferential assembly of low error mutants is a result that demonstrates selection
within this system. Although fragments with fewer mutations are more likely to fold
correctly into non-covalent complexes and provide the initial catalysis of the system,
an individual non-covalent complex cannot catalyze the covalent assembly of its own
fragments intramolecularly, but must rely on another enzymatic complex. Therefore,
early in the reaction, molecules with little or no catalytic activity are expected to act as
substrates, and catalytic molecules as enzymes. This relationship is apparent in the
high amount of incorrectly assembled products at the 2 h time point. These
misassembled products are "parasites" of the system, because they can only act as
substrates, and not enzymes. On the other hand, some fragments do become correctly
assembled, and then have the ability to act as enzymes, and contribute to self-assembly
activity through autocatalytic feedback. Assembled molecules are better catalysts than
non-covalent complexes (Draper et al., 2007, Hayden and Lehman, 2008), and those
with few errors are likely to be the strongest and most specific catalysts of the system,
providing the most feedback catalysis. These molecules no longer act as substrates,
but only as assembling enzymes, which explains their predominance in the population.
In this way, the distribution of WXYZ-sized products evolves via a non-Darwinian
mechanism from a pool of semi-randomized polymer fragments, to a preponderance of
incorrectly assembled parasites, to a proliferating coalition of cooperative ribozymes.
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The results demonstrate the ability of a cooperative phenotype to emerge from a
mutated pool of individually inactive RNA fragments and a way for this phenotype to
persist over time.

Materials and Methods
Construction of mutagenic pools of RNA fragments
DNA templates for each fragment were constructed by recursive PCR gene synthesis
using Vent polymerase (NEB, 15 U/uL). The T7 promoter sequence was designed at
the 5'-end of each template (sense strand) to allow in vitro transcription by T7 RNA
polymerase (Fermentas 200U/uL). This sequence was also used as a primer binding
sequence during mutagenic PCR. An additional primer sequence was designed at the
3'-end to allow mutation of the entire RNA template during mutagenic PCR (the
primer sequences themselves are fixed). For W, this primer sequence was designed to
allow cleavage by a restriction enzyme {Hpy99T) after PCR. The restriction enzyme
recognition sequence was contained in the primer binding sequence allowing complete
digestion. For X, and Y, the 3'-primer sequence was an HDV ribozyme sequence
which self-cleaved during transcription. For Z, the last 21 nucleotides were fixed.
Mutagenic PCR was achieved in 100 \\L reactions containing <lpmol DNA
template, 20 pmol each primer, 10 \xL 10X PCR buffer, 1.5 mM MgCl2, 0.5 mM
MnCl2, and 5U of Taq DNA polymerase (Fermentas) and dNTPS with a ratio of 100:3
for TTP:ATP and GTP:CTP. Reactions were carried out in a previously optimized
PCR program with 50 cycles of 93 °C for 1 min, 50 °C 45 sec, and 72 °C for 10 sec.
Typically, four such PCR reactions were combined, ethanol precipitated, and
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rehydrated in 40 \xL H2O. The template for W was subsequently digested for four
hours with 10 units of Hpy99l (New England Bio-labs) to remove the 3'-primer
sequence. A portion of each DNA template was set aside for RFLP analyis to
determine the actual mutation rate achieved. The remaining DNA was transcribed with
T7 RNA polymerase (Fermentas, 200 U/pJL). To facilitate HDV-cleavage, the X and
Y reactions were subsequently incubated for 10 cycles of 65 °C for 3 minutes, then 25
for 3 minutes. To ensure size homogeneity, the resulting RNA was gel purified on an
8% polyacrylamide gel containing 8 M urea. Bands of the correct size were excised
from the gel and extracted by the crush and soak method. HDV-cleaved molecules
were incubated with 10 U of polynucleotide kinase (USB) in the supplied buffer at 37
C for at least 4 h to resolve the resulting 2'-3'cyclic phosphate.

Determination of actual mutation rate of mutagenic PCR
Mutagenic PCR DNA was subject to restriction digest in 10 ^L reactions
containing 1 pX 10-fold concentrated PCR DNA, 1 pX 10X reaction buffer from the
enzyme supplier, and 0.5 \xL restriction enzyme (units varied), which were incubated
at 37 °C for at least 2 h. The per nucleotide mutation rate (%MF) was determined from
the %uncut DNA using the equation %MF = 1 - (1 - /^uncut)17", where n is the
number of nucleotides in the template strand of the DNA that are recognized by the
restriction enzyme. The %uncut was determined from quantitation of fluorescence of
bands on an ethidium stained agarose gel using a phosphorimager (Typhoon). The
%uncut from an unmutated PCR reaction was subtracted to control for incomplete
digestion by the restriction enzyme. The mutated DNA template for W was digested
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two times with Ddel, and two times with ScrFl. The mutated template for X was
digested two times with Hindlll, two times with Hhal, and two times with Mspl. The
mutated template for Y was digested four times with Hhal, two times with Alw26l,
and once with HpyAV. The mutated template for Z was digested once with HpyAV,
once with PJ1MI, and three times with Mspl. Replicates with the same enzyme were
performed with DNA from a different mutagenic PCR reaction. The %uncut in each
restriction digest reaction was treated as an independent data point in determining the
actual mutation rate of the mutagenic PCR reaction.

Self-assembly reactions from mutated fragments
Mutagenic self-assembly reactions were carried out in 60 ^L volumes containing 2
\xM of RNA from each fragment pool. Reactions were initiated by the addition of
buffer (30 mM EPPS pH 7.5, 100 mM MgCl2 at IX) and immediate incubation at 48
°C. At desired time points, aliquots of the reaction mixture were removed and
quenched with EDTA equimolar to MgCi2. The reaction products were separated on
8% polyacrylamide gels with 8 M urea. After visualization by phosphorimaging, the
band migrating at -200 nt were excised from the gel and eluted over night in 500 \\L
nuclease free water (Ambion). The eluted RNA was concentrated with a 3K size
exclusion column (Nanosep). Reverse-transcription used 50% of the resulting RNA
with 15 U AMV-RT (USB) and 20 pmoles of a primer complementary to the 3' end of
Z (T20a). Subsequently, 4% of the resulting cDNA was used as a template for PCR
with the same primer as RT, and an additional primer complementary to the 5'-end of
W (Tas 2.1a). The resulting PCR product was ethanol precipitated, rehydrated, and
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cloned (CloneJet, Fermentas) into chemically competent E. coli cells (Top 10,
Invitrogen). Correct sized insertion products were confirmed by PCR screening. Bands
corresponding to -350 bp (-200 bp from RT product + 147 bp of flanking plasmid)
were sequenced with the dideoxy method (ABI BigDye v3.1).
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Figure 22. Distribution of &-error mutant types in the initial pools of RNA
fragments. The multinomial distributions are dependent on the per nucleotide error
rate achieved in the mutagenic PCR procedure (6.0 ± 0.85% ) and the length of the
sequence n that was actually mutated.
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Figure 23. Time points of mutagenic self-assembly.
Denaturing gel (8% polyacrylamide, 8M urea) where the 5'-end of W is 32Pradiolabeled, allowing the visualization of larger molecular weight products that
contain this fragment. The reaction started with 120 pmoles of each fragment.
Reaction conditions were 48 °C, 100 mM MgCl2, 30 mM EPPS buffer (pH 7.5).
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categoiy
total sequences
W#X»Y»Z sequences (%)
total junctions
correct junctions (%)

2h
41
30%
115
40%

6h
44
50%
117
71%

21h
38
74%
111
85%

Table 4. Analysis of cloned and sequenced W«X»Y»Z sized molecules
at different time points in the reaction.
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APPENDIX
Discusion of Modeling
The modeling experiments were well outside the expertise of Dr. Niles Lehman and
myself, and were only possible with the help of Dr. Prof. Giinter von Kiedrowski of
the Rurh Universitat in Bochum, Germany. The goal of the modeling was to
distinguish between initial catalysis and autocatalysis in the system. The model allows
the independent variation for the rates of covalent bond formations between W and X,
X and Y, and Y and Z, which is supported by the component kinetics in Figure 17. We
assumed that the formation of a given junction is affected primarily by its secondary
structure, but not by the state of the other junctions in the substrate. For example, the
rate of Y«Z formation in W»X»YZ -» W»X»Y»Z is the same as in W«XYZ -»
W»XY»Z. The dot (•) represents a covalent bond. We also allow the reverse rate to be
different than the forward rate, which is supported by previously reported results
(Hayden et al. 2005).
We attempted to limit the number of iterable rate constants when possible.
More complicated models could be imagined, for example with independent binding
and product release steps such as: WXYZ + WXYZ ** WXYZWXYZ -» WXYZ +
W»XYZ. This would result in two additional rate constants, in effect doubling the
number of iterable constants for the model. This would improve the fit, but would
increase the number of assumptions being made.
The reactions are referred to as recombination because two substrate molecules
give rise to two new product sequences, each with a part of the former substrates. In
this system, the recombination has been engineered to be highly asymmetric, where
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one resulting product sequence is a single guanosine molecule from the 5' terminal of
one of the substrate molecules. This has implications for the modeling of the reverse
reactions. We do not explicitly model the G in the reverse reaction because the
concentration of guanosine nucleotide free in solution and the modest binding affinity
(Kd = 15 \iM) for it by the Azoarcus ribozyme make its contribution negligible. Also,
there is a second reversible mechanism involving the G residue at the 3' end of the
ribozyme, which can act as the nucleophile for the reverse reaction. Finally, there is a
small contribution of hydrolysis to the breaking of the newly formed bonds. The rates
observed by denaturing gel electrophoresis are affected by all of these processes. We
chose not to deconvolute these rate constants at the expense of adding more
complexity to the model, and we do not attempt to infer more from these rates than is
warranted.
A model that fully mapped all expected reaction mechanisms, intermediates,
and species would be intractably complex. It is acknowledged that the kinetic
treatment of even a simplified version exhibiting the given level of complexity has its
natural limitations. The model described was however the most parsimonious we were
able to find from a series of tested models, some of which explicitly assumed no
autocatalysis (Figure A6).
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Figure Al. Detailed depiction of an alternative recombination mechanism that
can occur at the three junctions of the four piece self-assembly reaction. Each
junction was designed such that the two joining fragments can base pair for a portion
of their lengths, but leave a CAU trinucleotide free to base pair with the IGS of a
catalytic complex. Also, a two-nucleotide 5'-GG overhang exists in the eventual
downstream fragment, and the 5'-G of this can dock into the G-binding pocket of the
catalyst. Covalent bond formation occurs when the catalyst induces a cross-strand
transesterification reaction leading to the covalent joining of the two substrate RNA
fragments and the releas of free guanosine. This reaction occurs diring self-splicing of
tRNA introns (Zaug et al. 1993) and can occur diring spontaneous Azoarcus ribozyme
self-assembly as described previously (Hayden and Lehman 2006; Draper et al. 2008).
This mechanism leads to the insertion of a CAU or a GCAU, depending on which G
binds to the G-binding pocket of the catalytic complex. The X-Y junction is the same
in all chapters, but the W-X and Y-Z junctions above
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Figure A2. Native gel showing the pair-wise interactions between
starting components of the system. The indicated molecules were mixed
together at 48 °C in buffer containing 100 mM MgCl2, then loaded on a
native 8% polyacrylamide gel containing 10 mM MgCL, and run at a
constant temperature of 48 °C. The running buffer also contained 10 mM
MgCl2. Notably, X shows two folded states, only one of which interacts
with W. This suggests that the other folded state is a non-native state that
could interfere with the formation of catalytic complexes when X is not
covalently linked to W and/or Y. Thus, the covalent linkage of X in the
W«X»YZ non-covalent complex of reaction (3) could help to explain its
strong activity.
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Figure A3. Example time course data of W»X»Y»Z formation for the three
different direct autocatalytic component reactions. Initial rates reported in the main
text were determined independently from at least three trials each. Here is shown the
reactions carried out at 48°C, in EPPS pH 7.5 buffer containing 100 mM MgCb, and
with 1 \xM of each required RNA oligonucleotide: "WX" = W + X«Y»Z; "XY" =
W«X + Y»Z; "YZ" = W«X«Y + Z.
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Figure A4. "Scanplots" of the rate parameters produced from the model. These
are RMS on log-log maps for each pair of rate parameters. The RMS of the parameters
found (3.5%) are in the center of the boxes. To the right, the parameters are multiplied
by 1.1N where N goes from 0 to 20, to the left they are divided by these factors. The
same holds for the vertical axis. From Table 3 in the main text: kl = a,b,c; k2 = d
forward; k3 = d reverse; k4 = g and f forward; k5 = g and f reverse; k6 = e and h
forward; k7 = e and h reverse; k8 = i forward; k9 = i reverse; klO = 1 and k forward;
kl 1 = 1 and k reverse; kl2 = j and m forward; kl3 = j and m reverse. The plots for kl
show that this rate parameter has little effect on the other rate parameters, i.e. it is not
critical for the model. This rate corresponds to the dissociation of the non-covalent
complex, suggesting that a more detailed description of this process is not warranted.
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t/min
Figure A5. A plot of the concentrations of system components versus time, as
predicted by the model. Although W»X*Y»Z is a better catalyst, its concentration
only surpasses that of the non-covalent complex WXYZ at about 70 minutes.
Sigmoidal concentration profiles are visible at time points less than 30 minutes. Only
some of this can be attributed to a small time lag for the non-covalent assembly of
WXYZ. At later time points, rates are limited by the consumption of non-covalent
WXYZ, the linear portion of which extends to only 30 minutes.
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Figure A6. The best fit of a model that did not include autocatalysis. The model
fitting of the model to the experimental data gave an RMS of-13%. To allow the
same number of variable parameters as the model that included autocatalysis, each
reaction catalyzed by the non-covalent complex was allowed two different rate
constants. While the model produces a reasonably good fit, it is not as good as the
autocatalytic model, and requires a more complicated explanation. Notably, the model
fails to predict the sigmoidal character of the product concentration time courses. This
is despite the fact that the rate of trans complex dissociation was allowed to vary
during fitting, which could conceivably achieve sigmoidity through a time lag.
A model without autocatalysis, but equal number of parameters
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction

reaction
reaction
reaction
reaction
reaction
reaction
reaction
reaction

W + X --> WX)
WX --> W + X)
WX + Y --> WXY)
WXY --> WX + Y)
WXY + Z --> WXYZ)
WXYZ --> WXY + Z)
WXYZ + WXYZ --> WXYZ + W.XYZ])
WXYZ + W.XYZ --> WXYZ + WXYZ;)
WXYZ + W.XYZ --> WXYZ + W.XY.Z])
WXYZ + W.XY.Z --> WXYZ + W.XYZ])
WXYZ + W.XYZ --> WXYZ + W.X.YZ])
WXYZ + W.X.YZ --> WXYZ + W.XYZ;[)
WXYZ + W.XY.Z --> WXYZ + W.X.Y.Z])
WXYZ + W.X.Y.Z --> WXYZ + W.XY.Z])
WXYZ + W.X.YZ --> WXYZ + W.X.Y.Z;')
WXYZ + W.X.Y.Z --> WXYZ + W.X.YZ]!)
WXYZ + WXYZ --> W.XYZ + WXYZ;
[)

constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant

W.XYZ + WXYZ --> W.XY.Z
W.XY.Z + WXYZ --> W.XYZ
W.XYZ + WXYZ --> W.X.YZ
W.X.YZ + WXYZ --> W.XYZ
W.XY.Z + WXYZ --> W.X.Y.Z
W.X.Y.Z + WXYZ --> W.XY.Z
W.X.YZ + WXYZ --> W.X.Y.Z
W.X.Y.Z + WXYZ --> W.X.YZ

constant
constant
constant
constant
constant
constant
constant
constant

W.XYZ + WXYZ - > WXYZ + WXYZ;5
;

+ WXYZ'.)
+ WXYZ;'.)
+ WXYZ;'.)
+ WXYZ')
+ WXYZ;
'.)
+ WXYZ
:)
+ WXYZ;
'.)
+ WXYZ
.)

1, 1.00000E+7)
2, 9.88944E-3)
3, 1.00000E+7)
4, 9.88944E-3)
5, 1.00000E+7)
6, 9.88944E-3)
7, 4.94665E+2)
8, 4.82079E+1)
9, 7.59766E-1)
10, 4.49278E+2)
11, 4.44126E+2)
12, 1.94114E-1)
13, 4.44126E+2)
14, 1.94114E-1)
15, 7.59766E-1)
16, 4.49278E+2)
17, 1.57079E+2)

constant 18, 1.28463E+0)
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19,
20,
21,
22,
23,
24,
25,
26,

3.22320E+3)
8.68654E+2)
1.63735E+2)
8.34645E+1)
1.63735E+2)
8.34645E+1)
3.22320E+3)
8.68654E+2)

