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Lay Abstract

The origin of life is a topic that many people are inherently curious about. How-
ever, science is only just making progress towards an answer. The first organisms
must have been able to replicate. Modern organisms use proteins, DNA, and RNA
to do this, however it is unlikely these three molecules could have co-ordinated at
the origin of life. A simpler model for replication uses only RNA, which can be
both a gene and a catalyst. Here we propose some computational models which
study RNA replication. These models simulates strands undergoing rolling circle
replication, a method of replication some viruses use which has been suggested to
be sustainable at the origin of life. We show that rolling circle replication can cre-
ate long strands which can have new helpful sequences of RNA. This mechanism
could have helped the first organisms achieve better replication and evolution,

which is a key characteristic of life.
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Abstract

The origin of life is one of the most captivating and difficult questions that sci-
ence has yet to answer. Several different questions remain, including how genetic
replication may have begun. Replication is a fundamental property of life that
allows for evolution and the long-term survival of life. Non-enzymatic replication
should have been present at the origin of life. The RNA world theory proposes
that because it can act as both an enzyme and gene, RNA could have performed
the function of a replicator at the origin of life. Abiotic chemistry for RNA nu-
cleotides is known, as well as mechanisms for simple but random RNA sequence
synthesis. However non-enzymatic replication of RNA sequences which might hold
functions, has only achieved mild success. This is in no small part because of
replication infidelity between RNA bases, and product inhibition during template
directed replication. The rolling circle mechanism found in viroids and some RNA
viruses, is a likely way to avoid these issues in the RNA World. Here we present a
summary of key topics to origins of life and the RNA world, a deterministic model
for rolling circle replication, followed by an original computational model for gene
fixation in rolling circle replication. In these simulations we observe the dynamics
of populations of protocells, each containing multiple copies of rolling circle RNAs
that can replicate non-enzymatically. Selection for speed of replication tends to
reduce circles to a minimum length. However, errors provide a natural doubling
mechanism that creates strands multiple times the length of the minimal sequence.
We show that if a beneficial gene appears in this new space, the longer sequence
with the beneficial function can be selected, even though it replicates more slowly.

This provides a route for the evolution of longer circles encoding multiple genes.
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Chapter 1

Introduction

1.1 Motivation and structure of thesis

Understanding the origin of life (OOL) would be an outstanding scientific achieve-
ment. The origin of life brings together our knowledge of the abiotic and biological
worlds providing a connection between every living thing and the physical space
they inhabit. Very few topics capture the imagination, our collective heritage, and
a challenging appreciation for all physical sciences as well as the question of how
life started. Befitting such a lofty goal, OOL is also a challenging, messy disci-
pline with no clear-cut answers. There are many scenarios to consider and so few
examples of life in the universe that OOL requires the use of ever major scientific

principle in some way.

Bringing together all this disparate knowledge is perhaps the greatest challenge
which faces OOL, though it can also be seen as an exciting opportunity for coop-
eration and innovation. Researchers of OOL often hope that discovering how life

is created may uncover new ideas which can help us understand how life fits into
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the world it inhabits. However for now, OOL is still trying to figure out how the
characteristics of life could have come from a non-living world. The goal of this
thesis is to contribute to our understanding of the origins of genetic replication,
which is crucial to life. Specifically, we will argue that genetic replication may
have started with a hammerhead ribozyme (HHRz), a small self cleaving catalyst
that can improve its own reproduction and long-term stability while allowing for

novel catalysts to emerge.

To accomplish this the thesis is split into several chapters. Chapter 1 is used to
introduce concepts in origins of life research which are important to our discussion.
In this summary we mention the strengths of the RNA world theory which forms
the basis for our hypothesis and aims to place RNA as the first functional and
genetic molecule of life. We then discuss the difficulties that face the RNA world
hypothesis (as well as OOL as a whole) and draw on prior work in the literature
to show that a hammerhead ribozyme could alleviate some of these. We also
discuss in some detail recent advances in computational models of the origins of
life and give a brief description of how our model fits into the literature. Chapter
2 discusses a model for rolling circle replication which expands on work done by
prior lab members. Chapter 3 contains a version of a paper currently under peer-
review which makes the bulk of the work that has been done throughout 2 years of
a Masters degree. The paper has been modified to fit into this thesis. Specifically,
some of the introduction in chapter 1 contains portions of the introductory material
from the paper, and an extra graph has been added to this thesis that was not
present in the paper. Citations have been made to agree between the paper and

introduction. Chapter 4 briefly describes how the model discussed in chapter 3
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can be modified to explore the linking of different genes on a rolling circle, which

is an important step towards the creation of life’s first genome.

1.2 Basics of life

Finding a definition for life which encompasses the diversity we see, while excluding
other complex natural phenomenon turns out to be a surprisingly difficult task
[1]. Though not perfect, most widely accepted definitions of life tend to focus on
what life can do, often defining life by its ability to self-replicate, and undergo
Darwinian evolution [1-3]. OOL research is centered on the assumption that the
first organisms shared these core functions with modern life, and often aims to

understand how these behaviors could have begun in an abiotic world.

Today, life replicates using DNA and proteins. DNA acts as a blueprint from
which catalytic proteins used for metabolism are made [4]. Metabolism is a broad
term which often is undefined in the context of OOL, here we will use it to describe
the chemical processes life use to maintain a steady state and grow. In any case,
Individual metabolic proteins are made from individual segments of DNA called
genes, which are translated into an RNA code by a protein, and read by an RNA
catalyst called the ribosome that physically joins amino acids into proteins. Genes
can be passed down to successive generations of closely related individuals which
can share genetic material during reproduction. These organism form species,
and the genetic variability within them forms the basis of evolution. Different
genes create differences in proteins, and these differences impact the ability of
individuals to reproduce in relation to each other. More successful organisms pass

on their genes more often than others and over time this changes the overall genetic


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca//

Master of Science— Felipe RIVERA-MADRINAN; McMaster University—
Department of Physics and Astronomy

pool of a species. Mutations and statistical fluctuations related to how genes are
passed on can also influence the genetic pool of a species [2]. Many details and
complexities surround the methods of protein synthesis and evolution which we
have just described. The consensus is that for life to have started, some simpler

method of replication, self-preservation and evolution should have been available

[5].

1.2.1 The molecules of life and prebiotic chemistry

To understand how these processes could have started, we must first look at the
molecules which facilitate them in modern life. As mentioned before, proteins
composed of amino acids perform the majority of metabolic actions in cells [6],
DNA and RNA nucleotides made from a common nucleobase alphabet mediate
their creation [7,8]. Membranes composed of fatty acid chains also perform the
important secondary task of keeping all the components of life together [9]. These
three molecules are the basic materials from which all life is made, however it is
not clear if they would have been available in a prebiotic earth. Considerable work
has been done to find ways to make these molecules of life without prior biological
cells or molecules. The famous Urey-Miller experiment is often considered the first
modern publication in this topic, which is often called prebiotic chemistry [10]. The
experiment aimed to create biomolecules by simulating lighting passing through
the atmosphere of a prebiotic earth. To do this, a gaseous sample of water vapour,
methane, ammonia, and hydrogen was shocked with electricity. The experiment
succeeded in creating detectable amounts of 5 different amino acids [11] in less
than a day. Though the experiment was monumental, it was not the first inorganic

synthesis of amino acids. As far back as the 1800’s chemist Adolph Strecker had
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discovered a reaction which could make amino acids from aldehydes, ammonia,
and hydrogen cyanide, in fact the same reaction is thought to be the source of

amino acids in the Urey-Miller experiment [12].

The real impact of Urey-Miller was to conceptualise a procedure which applied
concepts of inorganic chemistry to scenarios which might have been possible in a
prebiotic earth. The concept invigorated discussion about the type of chemistry
possible before life, and inspired experiments which up to today have proposed
abiotic pathways for the creation of lipids [13], nucleobases [14-16] and sugars [17]
(an important component of DNA, RNA and various other molecules), as well
as some 20 amino acids used in life [18-21]. Progress has also been made in the
creation of DNA and RNA nucleotides, which had previously been difficult due to
the need to join a sugar, a phosphate and a nucleotide under the right conditions
[22]. The field of prebiotic chemistry has even come so far as to leave behind
its founding experiment, with most prebiotic-chemist now believing Urey-Miller

experiment to be improbable in an early earth [23-26].

In recent years amino acids, nucleobases and fatty acids have also been observed
to be present in several astronomical objects like meteorites and interplanetary
dust [27,28]. These are now expected to have been an important source of organic
molecules in a prebiotic earth. Topics in prebiotic chemistry continue to be debated
and explored, but overal there is agreement that evidence points towards some
possible synthesis of the building blocks of life on a prebiotic earth. However these
components by themselves do not constitute a living system, and the question of

how they could have come together to create life remains unanswered.
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1.2.2 Theories for the origin of life

A mechanism for open-ended self-replication, which many agree would constitute
life, would probably look different than what is seen in modern cells. DNA and
proteins, the two most central molecules today, depend too heavily on each other
to have spontaneously began working together in a prebiotic world. That being
said, the genetic functions represented by DNA and the metabolic abilities shown
by proteins each provide a foundation for the two most accepted theories for the

origin of life.

The metabolism first theory proposes that self-replicating networks of small
molecules provided a basis for metabolic activities from which life emerged. This
theory tends to place the origin of life in hydrothermal vents where redox reactions
like serpentinization can occur [29]. On the other hand, the RNA World theory
proposes that life started from the catalytic and genetic capabilities of RNA [30,31].
This claim is bolstered by the plethora of catalytic RNA that has been found in
recent years and the role of RNA in protein synthesis, these are considered evidence

that an RNA world existed before the use of DNA or proteins by life.

The work performed for this thesis focuses mostly on the beginning of genetic
inheritance and supports the RNA world theory. Though some questions still
need to be answered by the RNA world hypothesis, several advancements have
been achieved in recent years. On the other hand very little experimental evidence
exists for the existence of small molecule replicating networks, or the ability of
such molecules to evolve and become inheritable. Even if these did exist there is
no hypothesis explaining how the modern apparatus for genes and protein syn-

thesis could have emerged from these metabolic networks. Some recent work has
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advocated for a mixed model [32], and though we agree that some components of
metabolism first may have aided in the beginning of life (such as in the synthesis
of nucleotides) these ideas have little impact on the issue of replication. In other
words, we are confident that genetic inheritance is a key step to life that started
in an RNA world. While metabolic-like mechanisms may have been present before
or during the RNA world, once enough nucleotides were available (from either
metabolism or direct chemistry) RNA replication could begin and become the key
method through which life could appear. The source of nucleotides does not im-
pact the issues facing RNA replication, therefore we assume in the model we will

present that we start in an environment where nucleotides are available.

Before continuing, we should also note that there are several less studied the-
ories of the origins of life which study the non-enzymatic replication of different
molecules. For example, the lipid world hypothesis [33] argues that non-genetic,
compositional information can be passed on by growing protocells. This is based
off the observation that lipid membranes inherit some of the characteristics of the
membranes they were created from. This shares the assumption with the RNA
world, that life began with some of the molecules it uses today, however some
believe that life can be created without much resemblance to life around us today,
or even the processes that created life on earth to begin with [34]. In this thesis
we will limit our discussion to the origin of life on earth as opposed theories of
how any life may begin in general. Though these two ideas overlap, keeping our
discussion to the context of what was possible in a prebiotic earth and what is

most studied will ensure a more grounded approach to our arguments.
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1.3 The RNA World

The RNA world theory suggests that instead of a complex system comprised of
DNA and proteins, early life used ribonucleic acid (RNA) as the primary molecule
of life [30,31]. As mentioned above, the capacity of RNA to act as both a cata-
lyst and genetic carrier in modern life is most prominent during protein synthesis,
where RNA acts as a messenger between DNA and the ribosome, a catalytic RNA
complex which assembles proteins according to the RNA messenger. The existence
of the ribosome lends significant validity to the RNA world hypothesis, specially
given that the peptide bond between amino acids appears to be completely catal-
ysed by ribosomal RNA [35]. This suggests that RNA preceded proteins in the

development of life.

Though RNA is quite similar to DNA, the use of an RNA primer in DNA
synthesis of some species [36], and the ubiquitous use of the RNA sugar ribose as
a precursor to the deoxyribose sugar in DNA, suggests RNA may be more ancient
[30,37]. RNA also maintains the polymeric structure of DNA, using three of the
same nucleobases as monomers. This allows RNA to function as a genetic code,
with some viral genomes even being entirely composed of RNA [38]. The similarity
of the two polymers also allows for hybridization and translation to occur between
them, providing a possible route from the RNA world to the modern DNA genome
[39]. The presence of secondary and tertiary structures in single stranded RNA also
allows some sequences to be catalytic, these sequences are know as ribozymes[40].
Though catalytic DNA has also been observed [41], it has been hypothesised that
the presence of the hydroxyl group which differentiates RNA from DNA may make

it a better catalyst [40,42]. However, little is actually known about the mechanism
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of nucleic acid catalysts and some work suggests that the perceived edge of RNA

over DNA as a catalyst is unfounded [43].

Other ribozymes have also been discovered. The first ribozyme ever identi-
fied was a self-cleaving sequence discovered from a protozoan genome in 1982 by
Thomas Cech [44]. This discovery, as well as a supporting paper on RNA capable
of cleaving in trans the next year [45], received a Nobel prize for its implications to
health sciences and the origin of life [46]. Since then, several other classes of cleav-
ing ribozymes like the hammerhead ribozyme [47,48] have been identified. Various
ribozymes capable of synthesizing a host of functions like nucleotide synthesis [49],
amide bond formation [50], aminoacylation [51], Acetyl-CoA synthesis [52], RNA
capping (used in the creation of mRNA) [53], as well as a handful of ribozymes
with dual functions [54,55] have also been found, or made in labs. Notable amongst
advancements in synthetic ribozymes is the considerable progress that has been
made in the development of an RNA polymerase [56-59], which would be key in
an RNA world.

Though the large number of different ribozymes found suggests many functions
were possible in the RNA world, there is still no ribozyme capable of universal or
self replication. Such a universally replicating polymerase would be able to repli-
cate itself along with a whole repertoire of ribozymes held in an RNA genome.
Proponents of the RNA world theorem hope that if possible, such a cycle of self-
replication would fulfill all the requirements for life and allow an organism to
freely replicate and evolve. However before the advent of a polymerase, strands
from which ribozymes can emerge need some way of being made and it seems

likely that some form of non-enzymatic polymerization and replication would be
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required. Simple random polymerization of RNA nucleotide has already been
demonstrated in a plethora of environments [60-62]. RNA polymerization oc-
curs through a condensation reaction which forms phosphodiester bonds between
a phosphoric acid and a hydroxyl group of two separate nucleotides. Because of
this requirement non-enzymatic RNA polymerization in aqueous environments can
only occur favourably with activated RNA. These are RNA oligomers which are
modified to provide or lower the activation energy required for polymerization.
Different modifications exists, including the addition of a circular phosphate be-
tween the 2’and 3’ carbons in ribose [63] and the addition of Imidazole to the

phosphate group attached to the 5’ carbon in ribose [64].

However polymerization of non-activated RNA has been shown to occur within
lipid-nucleotide solutions undergoing dehydration [61]. Under these conditions,
lipids form multilamellar matrices which restrict RNA to a two dimensional space
[65]. In this confirmation entropic effects are decreased, and the phosphodiester
bond can be created spontaneously. Other forms of RNA trapping have also been
reported in laboratory, including within clay and salts [62]. These experiments
demonstrate that polymerization of RNA is possible in the prebiotic world. Some
strands created in this fashion even exceed the length of some ribozymes, opening

the possibility that catalytic RNAs could appear under prebiotic conditions.

However strands made through free end-to-end polymerization are random. The
process of polymerization does lead to replication of sequences, just the creation
of a random pool of strands. For life to occur, ribozymes create through random
polymerization must be inheritable and copiable, allowing a beneficial sequence

to be passed on. Watson-Crick pairing between a template and monomeric, or

10
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oligomeric nucleotide strands (which we call nmers) has been proposed as a po-
tential way to achieve inheritable replication in a non-enzymatic world [66]. If
several nmers attach to a template through Watson-Crick pairing, polymerization
can occur between nmers which are next to each other on the template. The
result is a complimentary copy of the template, which may be fully or partially
complete depending on how many of the Watson-Crick pairs on the template were
filled. Though several advances in this template directed non-enzymatic repli-
cation have been achieved [39,67-71] many issues remain. Polymerization rates
between annealed nmers remain low and even the use of activated nucleotides has
only achieved replication of less than 10 base pairs [66,72]. Replication fidelity is
also problematic, mismatching in Watson-Crick pairing commonly causes errors in

replication [73].

Non-enzymatic synthesis of a complementary strand on a template also leads to
formation of a double strand. Double strands are stable under conditions in which
the templating reaction occurs. This suggests that a temperature cycling process
is required to separate the double strands and allow further cycles of replication.
However, on cooling, reannealing of existing strands is rapid compared to synthesis
of new complementary strands, therefore replication driven by temperature cycling
is blocked by reannealing. In a very simple model dealing with replication of a
single type of plus and minus strand, reannealing inhibits replication at a very
low strand concentration [75]. However, the possibility remains that in a diverse
mixture of random sequences, reannealing of partially matching strands can lead
to configurations in which productive primer extension and ligation can continue

to occur [76]. It is known that functional ribozymes can be assembled by ligation

11
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in sequence mixtures that contain all the required fragments of the ribozymes
[77,78] and it was suggested [76] that sequence information could be encoded in
a mixture if the fragments formed a virtual circular genome. However, recent
computer simulations of non-enzymatic synthesis in mixtures of RNA fragments
[78] show that functional sequences become scrambled, even in the limit of zero

mutational error, and that sequence information cannot be passed on.

Some experimentalists have proposed the use of different nucleic acid polymers
generically referred to as XNAs to aid in template copying. There are several
of these polymers, each differing from RNA in their base or sugar configuration.
Some XNAs have been observed to increase the replication of RNA templates and
may also interact with DNA and proteins [74]. Though this makes XNAs useful to
an RNA world, it is unlikely that an XNA could replace RNA as the more likely
first molecule of life as some have suggested. To date no XNA has been observed
to perform catalytic functions in the absence of RNA, and no examples of XNAs
in life exist. Therefore it seems unlikely life would create an XNA world, pass all

functions to DNA,RNA and proteins, then leave no traces of XNAs in modern life.

1.4 Rolling circles and viroids

Considering the issues facing RNA replication, work done by Andrew Tupper
within our group has suggested that the rolling circle mechanism is a likely way to
get replication started in the RNA World [75]. In rolling circle replication, multiple
copies of a complementary strand are synthesized by repeatedly going around the
same template strand. The growing strand contains a self-cleaving hammerhead

ribozyme (HHRz) which cleaves the tail off the growing strand at a set position

12


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca//

Master of Science— Felipe RIVERA-MADRINAN; McMaster University—
Department of Physics and Astronomy

within the template. The linear strands produced by the cleavage have the ability
to re-circularlize and reinitiate rolling circle replication. Thus rolling circles are not
inhibited be annealing such as with linear strands. In chapter 2 we present some
original work, which expands on the model presented [75]. The primary difference
is the addition of annealing between linear segments and an explicit differentiation
between linear and circular strands. Ordinary differential equations are used to
show that even with the added mechanism of annealing between linear strands,
exponential growth of strands occurs in rolling circle replication within realistic

concentrations.

The smallest replicating RNAs in modern biology are viroids that use the rolling
circle mechanism [79]. Though viroid replication depends on protein polymerases,
ribozyme-driven replication on circular templates has also been shown in the lab-
oratory [58,80]. Non-enzymatic strand displacement has also been shown to some
extent in the laboratory, but is very slow [81]. Rolling circle replication does not
require temperature-cycling to melt double strands, because the old complemen-
tary strand is gradually displaced from the template at the same time the new
strand is synthesized. If non-enzymatic replication via the rolling circle mecha-
nism can be achieved, as was proposed [75], this would be a likely point of origin
of RNA replication, because there would be a direct pathway of evolution from
non-enzymatic mechanisms to ribozymes and eventually to protein polymerases.
This scenario is supported by recent experiments [82] showing that circular strands

can arise during random polymerization of nucleotides.

Many types of self-cleaving ribozymes are known [42,48,83-86] but we are most

interested in the hammerhead ribozyme because of its use in naturally-occurring

13
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viroids, and because it is short and simple. The hammerhead is thought to have
arisen multiple times in evolution and arises relatively easily from random RNA
pools in in vitro selection experiments [87]. If circular strands could be replicated
non-enzymatically, then we would argue the first kind of ribozyme that would
be required in the history of life would be a hammerhead, which would be much
easier to evolve than the more complicated polymerase ribozyme. Because of the
limitations of experimental RNA replication, a theoretical model is required to

provide support for this hypothesis.

1.5 Theoretical models for gene replication in an
RNA world

In chapter 3 we discuss a computational model which assume that non-enzymatic
replication of small circles containing a hammerhead ribozyme is possible. We
ask whether ribozymes of some beneficial function can be encoded on such circles.
The beneficial function could be a polymerase ribozyme which increases the rate of
replication above the non-enzymatic rate, or a nucleotide synthetase ribozyme that
increases the availability of monomers, or a ribozyme involved in lipid synthesis
that increases the availability of membrane lipids. We will call the complimentary
sequence of such a ribozyme a gene because it holds the information to make
catalytic molecules. We understand that since these coding RNA sequence do not
need to be translated like DNA genes they are different, but will refer to them as
genes for simplicity. Several computational models for the cooperation of genes of
these types have already been studied [88-91]. These models are the latest in a

line of theoretical models for replication that started with Manfred Eigen in 1971

14
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92).

Eigen postulated that low single unit replication fidelity in non-enzymatic repli-
cation would limit the information that could be passed down before the origin of
life. The lower the fidelity, the smaller the sequence which could be maintained
without disappearing, and the simpler the enzymatic molecule that could be made
from it. Though this applies to any method of replication which relies on sepa-
rate information transfer and enzymatic activity molecules, in the context of the
RNA world this “error threshold” limits the maximum RNA sequence size which
can be maintained by a population. Two issues can arise from this depending on
the severity of replication infidelity. The first and most problematic, occurs when
fidelity is so low that only very short sequences can be replicated. In this limit
single ribozymes cannot be maintained in the population because most exceed
dozens of base pairs in length. Unless several polymerases appear from random
polymerization at the same time and can act on each other to achieve replication
(which is very unlikely), there can be no sustained replication of ribozymes and

the RNA world is near impossible.

It has been argued this first scenario would not occur in the RNA world. Ri-
bozyme function is determined by secondary and tertiary structures which can of-
ten be fulfilled by a variety of similar sequences [93]. Base-pair mispairing caused
by low fidelity can therefore lead to neutral or benign mutations which do not
affect or simply lower the activity of a ribozyme. Studies of these “phenotypic”
error thresholds depend on the structure of specific ribozymes and have been found
to be encouragingly high in some cases [94]. However, knowledge of the structure

and stability of a ribozyme is needed to accurately predict individual thresholds
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and only a few ribozymes are well studied enough to judge.

However replication fidelity could still be an issue if it is high enough to produce
individual ribozymes, but too low to reproduce a long genome containing several
[92]. This scenario may lead to fatal competition between ribozymes, in which
only one ribozyme or non-coding sequences may survive. FEigen believed that
this issues could be avoided by the implementation of hypercycles: a network of
molecules which could catalyse each other’s formation. In the context of RNA
world, replicators can be sets of ribozymes which depended on each other for
replication however, replicators are mostly treated as mathematical objects within
a complex set of differential equations which compose the hypercycle, and rarely
hold any characteristics unique to specific molecules. Despite some interesting
qualities, hypercycles have been seen to only succeed if networks of replicators
are small. Issues also arise through mutations, since hypercycles are only stable
if replicators only catalysed the creation of one other replicator in the network
[95]. This means that mutations which could create sequences not included in the
hypercycle could disrupt the cycle. Furthermore this limits the use of a polymerase
ribozyme in hypercycle models, since polymerases would need to be able to catalyse
the replication almost any sequence, not just a select number of sequences in a

cycle, to be useful in the RNA world.

The promiscuity of RNA polymerase also highlights the need for stochastic,
instead of deterministic, simulation of replicative processes. In stochastic models,
reactions occur randomly from a distribution which is determined from some ap-
propriate algorithm (which we will discuss later). Though stochastic models can

give similar results to differential equations, there is no master equation guiding
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the concentrations of reactants. Instead, each reaction has a chance of occurring
at any given point proportional to its rate and the sum of other rates in the near
vicinity. Reactions are carried out between ribozymes and other non enzymatic
molecules available in a vicinity. This is useful because at a molecule-to-molecule
level polymerases act on strands which are closeby, meaning there is a spatial
limit to the effect they can have in a population. This is important because we
expect that new ribozymes are rare and only appear a few at a time. Therefore
with something like a polymerase only some places within a solution would benefit
from increased replication at the beginning. This introduces a level of chance re-
garding the success of the polymerase. For example if polymerases find themselves
far from their complimentary sequences, they will act on other strands around
them and forgo replicating themselves. This has been shown to kill off replication
polymerases in computer models, where short non-coding sequences act as par-
asites [97,98]. These models have shown the importance of spatial clustering or

compartmentalization to the survival of ribozymes like the polymerase [99].

In our own model shown in chapter 3 we use a simple stochastic model to show
how errors during rolling circle replication can provide an environment for new
ribozymes to spread. We use a Gillespie algorithm to determine the distribution
which guides our stochastic model. In the Gillespie algorithm every reaction in a

vicinity has a probability of occurring which is given by:

1.1
> q (1.1)

Where a; is the rate of the j reaction and >j a; is the sum of all reactions. A
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random number z on the interval [0,1] is chosen and the smallest j’ reaction which

satisfies:

!
Ty a; <> a; (1.2)
j 1

Is chosen to occur. Given that reactions are chosen randomly we can apply the

Monte-Carlo probability p for a reaction j over a time interval 7 :

p(j,7) = aje_TEiaj (1.3)

We can re-arrange this to get the time to a next reaction:

(1.4)

where % can be taken to be a random number on the interval [0,1]. This
algorithm is particularly suited for modeling a set of interconnected reactions where

fluctuations can have an impact [100].

In our simulation, we suppose that circles are contained in lipid vesicles (pro-
tocells) that can divide when the RNA strands are multiplying within them. Ben-
eficial genes that increase the rate of RNA replication by some means will also
increase the rate of cell growth and division and will hence be selected. This is
because of evolutionary protocell models which show that genes with beneficial

functions can be selected in protocells, whereas they would not be selected in a
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well-mixed system without compartments [99]. In chapter 3 we use this model
to argue that rolling circle replication, through use of the HHRz, can aquire and

maintain beneficial mutations.

Experiments exploring the stochastic replication of ribozymes in space, are
closely related to a class of models called “stochastic correctors” which were pro-
posed in the late 80’s [96]. These models (in the context of the RNA world)
simulate prebiotic cells filled with a variety of RNA sequences which divided as
the number of sequences inside them grow. Enzymatic and non-enzymatic reac-
tions occur stochastically and as cells divide, their contents are partitioned ran-
domly between two daughter cells. These models are useful in exploring how gene
co-operation can overcome issues with replication fidelity and may lead to the
creation of genenome. Even though ribozymes can compete within each cell in
stochastic corrector models, cells containing a variety of sequences can sometimes
divide faster and become dominant in a population. This does not occur through
a cycle where ribozymes act on each other, but from the added benefits of dif-
ferent ribozymes contributing to different functions [94]. Overall, these models
are better at capturing the random nature of replication at small concentrations
than the differential equations used in hypercycles. They can properly explore the
evolutionary path of protocells by simulating new ribozymes and may also model
spatial effects which can impact replication as previously mentioned [97,98]. In
particular recent stochastic corrector models have focused on the relationship be-
tween ribozymes with unrelated functions. One paper focusing on lipid synthesis
and RNA polymerization [88] showed that compartmentalization in protocells was

important for the survival and co-operation between different ribozymes. This
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paper showed that diffusion and concentration can disrupt the ability of different
ribozymes to benefit from each other, but the effects can be mitigated by encap-
sulation in protocells. Stochastic models have also been used to simulate the use
of rolling circles as replicators of a diverse set of ribozymes [91] and as a means
of encoding several ribozymes on a singular genome [89]. In chapter 4, we explore
how the model proposed in chapter 3 can be used to show wether rolling circles
can aid in genome creation. Before this in chapter 2, we will talk about a basic
deterministic model which expands on the work done in [75]. This work shows that

annealing does not impede exponential growth of rolling circles in a bulk solution.
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Chapter 2

Deterministic Model for Growth

Rate of Rolling Circle Replication

Non-enzymatic replication of RNA is a requirement for the creation and propa-
gation of ribozymes in the RNA world. Current methods of non-enzymatic RNA
replication use linear templates and have experienced some success. However tem-
perature cycling is required to separate linear templates from products, and long
strands made in this way will anneal quickly to templates once separation temper-
atures are relaxed. This imposes a limit on the length of strands created by linear
templation. Tupper and Higgs [75] show with a mathematical model that this
inhibition problem causes strand concentration to grow non-exponentially above a
certain concentration of strands. This is important because failure to grow expo-
nentially condemns strands to become diluted out or degrade to extinction. Tupper
and Higgs [75] propose that this can be avoided through the use of rolling circle

replication, in which a circular template is replicated through strand displacement.
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This forgoes the need for temperature cycling and avoids product inhibition. Cir-
cular templates may also begin replication anywhere and avoid end degradation.
We present a slightly more complex version of the work done in [75] which solidifies

the claim rolling circles can avoid being slowed critically be strand inhibition.

2.1 Simple equations for rolling circle replication

In [75], Tupper and Higgs propose a simple ordinary differential model for the
concentration of strands undergoing replication through strand displacement. The

system of equations they propose is:

dP 1
— = — P+ —RysD — PM 2.1
dt Rsyn + 2Rdzs Rann ( )
dM 1
~ = —RyyuM + =R4;,D — Ropn PM (2.2)
dt 2
dD
= Run(P+ M) + Ry PM (2.3)

where P is the concentration of positive strands, M is the concentration of

minus strands and D is the concentration of double strands. The rates are:

1. Rgy,: rate at which RNA monomer addition and polymerization occurs on

circular templates
2. Rgnn: rate at which strands (measuring 100bp) anneal to each other.

3. Rgs: rate of linear strand displacement from a rolling circle by toe-hold

interactions
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Higgs and Tupper propose that when annealing is negligible the concentration

of D = D e increases proportional to:

Rsyn 4Rdis
= —1 1 t 2.4
= o (1 ) 2.4)

If we take a first order approximation:

b
VT b~ at o (2.5)

Where a =1 and b = %‘;ij then the above equation can be simplified to:

Y= Rdis (26)

On the other hand when annealing is not negligible Tupper and Higgs propose

the concentration grows proportional to:

1

Which is smaller than before but unlike models of linear templated growth
without displacement, is still exponential. Linear templates undergoing strand
displacement have a high likelihood of not completely copying a template. Tupper

and Higgs argue that on a linear template, new strands will constantly be displaced
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by the tail end of the old strand as replication occurs. This is caused by re-
annealing of the old strand, which is more favourable than the annealing of the
displacing strand due to possessing more base pairs. Tupper and Higgs suggest
that this does not occur for displacement on a circular strand, because the growing
end is part of the old strand. On a circular template displacement does not push
the old strand out, just exposes it into a hanging tail. In rolling circle replication

this tail is cleaved off by the hammerhead to create a new strand.

2.2 Expanded equations

We expanded on the equations above by more closely applying characteristics of
rolling circle replication. To do this we differentiate between linear and circular
strands and allow annealing between all kinds of strands. Annealing between
a circle and a line creates a circle which can undergo rolling circle replication,
annealing between two lines creates a strand which can no longer replicate. We
want to see if annealing between the lines causes replication to stall below an
exponential level. The system of ordinary differential equations describing rolling

circle replication is therefore as follows:

dL,

% = Qdeis + CpRcle—l— - LpRcirc—l— - OmLpRann - LmLpRa’rm (28)
dL,,
W = Qdeis + C1pRcle— - Lchirc— - CmeRann - LmLpRa’rm (29)
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Wb Ly Reves — Cyl(Rate + Reyn) = Gyl Ban (2.10)
dzn = Ly Reire — Co(Rete- + Rugn) — Con Ly R (2.11)
Yo Oyt Oyl B (2.12)
D Byt Ol B (2.13)

Here, L refers to single linear strands, C to single circular strands and Q to double
strands undergoing rolling circle replication. This model makes the distinction
between plus and minus strands labeled with a subscript p for plus and m for
minus. Furthermore several rates are defined below. Strands are expected to
measure around 100bp which is taken into consideration for the annealing rate

used.

1. Reiret/Reire—: rate at which linear plus/minus strands fold into their circular

form through end ribozymes

2. Ryey/Ree—: rate at which the ribozyme in a circular plus/minus strand

cleaves into their linear form

The specific values of these constants becomes relevant because certain numbers

allow us to simplify the solutions to these equations. The values used are provided
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Rsyn [106]

Rdis [81]

Rann [107]

Reire(+/-)

Rele(+/-)

10 2hr—1

107 4hr—!

10177~

10~ 2hr~t to 10hr~1

10~ 2hr~—t to 100hr—!

TABLE 2.1: Values for constant rates used. Ry, is given for a RNA
strand on the order of 100bp which is a suitable length containing
two complimentary hammerhead rybozymes needed for rolling cir-
cle replication. Also notice that the R... and R, values are the
same for the plus and minus strands, there are no known cleaving
and cricularising rates for the rybozyme we have proposed, as such
a range of possible values from literature is used

in table 2.1, Ruy. and Ry are given as possible ranges. Ry is taken from [81]

and Ry, from [106]. Ry, is taken from [107]. From our chosen values we can see

that Rys << Rge & Rgyn, which means the displacement of the linear component

of the rolling circle is the limiting step in the process of creating linear strands

from rolling circles. With this assumption the creation of linear strands is driven

by the term Q,,Rg;s. We also assume that annealing can only happen between a

pair of linear strands or a pair of linear and circular strands. We do not include a

term for the annealing of two fully circular strands.

2.3 Simplified equations

In order to analyse the growth that this model might suggest we simplify equations

(2.8-2.13) by combining terms for plus and minus strands. Specifically:

1. Rci’rc—i— = Rcirc— =

Rcirc

2. Rcle+ = Rclef = Rcle
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6. C=0C,+C,, (or C = 2Cy,)
7. Qp:Qm
8. Q:Qp+Qm (OrQZQQm)

which allows us to ruduce our equations to:

dL 1 1
E = QRdis + C1}%cle - L(Rcirc + Rsyn) - §OLRa'rm - §L2Ra’rm - LRhyd (214)
dC 1
% - LRcirc - C(Rcle + Rsyn) - §CLRann - CRhyd (215)
d 1
dcf = CRgyn + §CLRa,m — Rypss@ (2.16)

notice that for the addition of the (), L, Roynyn and Cp Ly, Royy terms we have

27


http://www.mcmaster.ca/
http://www.physics.mcmaster.ca//

Master of Science— Felipe RIVERA-MADRINAN; McMaster University—
Department of Physics and Astronomy

CmLpRann + CmeRann = Rann(CmLp + Cme)

= Ron(Lim(Cy + Cy))
(2.17)

= Rann (Lm C)

1
= —LCRunn
2

similarly for L, L,Rupn, and LyL, Ry,

LmLPRann + LmeRann = Ra?’m(LmLP + Lme)
= Rann(QLmLp)
— Rann(2L72n> (2.18)
2

- *LQRann
4

1
= 7L2Rann
2
We can simplify the equations further by combining the C' and L states into a new
state S comprising all single strands, within this state there is some probability an

S strand is linear and a probability an S strand is circular. Specifically L = f;,(5)
and C = fcirc(s) while flin =1- fcirc-

using these parameters we can write eq (2.14) + (2.15) and (2.16) as:

ds

1
E = RdisQ - RsynS - fcircflinRannS2 - iflzinRannS2 (219)
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cilCtQ = feireRoynS + ;fcircflinRannSZ (2.20)
From these equations we can approximate the rate of growth of the strands in
three separate phases, and the product concentrations at which there is transition
between them. Generally speaking, the characteristics of these phases are con-
trolled by the three negative terms in eq (2.19). In the first phase occurs when
the concentration of strands is low. In this case the S? annealing terms are too

small to contribute to growth, and can be ignored. Here Ry, dominates and we

can simplify equations (2.19, 2.20) to:

as

— R..O — 2.21
i RiisQ — RsynS (2.21)
o = SRupfairc (222

We can solve this system of differential equations to find the approximate growth

rate in this non-annealing phase. In matrix form this system looks like:

_SRsyn Rdis
SRgynfcire 0

the determinant is:

_SRsyn - A Rdis
SRgynfcire  —\

which gives the solution:
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0= (_Rsyn - )‘)(_)\) - RdisRsynfcirc

= )\2 + Rsyn>\ - RdisRsynfciTC

1 (2.23)
>‘ = 5(_Rsyn + \/(Rsynfcirc)2 + 4RdisRsynfcirc)
Rs nfcirc -1 4Rdi5
A= ( +4/1+ )
2 fcirc Rsyn fcirc

We take the positive value of A to be the growth rate of linear and rolling circle

strands in the solution of the form:

Q = Qe (2.24)

S = Spe (2.25)
When the concentration of strands is below some critical concentration where
annealing is negligible.

In the case that Ry, feire >> 4Rais, which is likely when f.,. ~ 1, the equation

for A can be simplified using the Taylor series approximation:

2 3

xr ¥ =z
—1 1 ~ - — — 4+ — 2.2
+vi+z 5 8+16 (2.26)

In which case:
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“) = Rais (2.27)

This is similar to the approximation for the growth proposed in [75] which we

showed in equation (2.6) for a double strand.

2.4 Critical concentration

Transition to the second phase of growth occurs when the annealing terms are
no longer negligible. From equation (2.20) we can see the annealing term grows
quadraticaly while the synthesis term grows linearly with S. We can define a point

of equilibrium for the annealing and synthesis term:

1
3 S?Runn Jiin feire = S Rsyn
Rsyn

Sfr=2—
Rann flin fcz'rc

(2.28)

Where 5* is the critical concentration of single strands where the growth of rolling
circles and linear strands goes from being synthesis dominated to annealing dom-

inated. In order to approximate this concentration in terms of () we can write:
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S Ruas
Q A+ Ry
_ Rais
" Ry

(2.29)

Which lets us modify (2.21) into:

B RdisRannflinfcirc ‘

Because our equations assume that the rolling circle replication process is limited
by the displacement rate and not the cleaving of the hanging strand from the
rolling circle, fi;, = 0 is not a value that is within our model since we will always

have 0 < fin.

2.5 Growth during the annealing dominated phase

At the critical concentration defined in equation (2.30) the annealing between
single strands is no longer negligible, and we can drop the synthesis terms and add

a constant term for simplicity to get:

d
df = RuisQ — aS® (2.31)
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dQ 5
= 2.32
pral (2.32)
where
1
a = (fcz'rc + Eflin)flinRann (233)
1
/8 = iflinfcircRann (234)

We can approximate the equations for @), S and S? as a series of exponentials:

Q= Ae"(1+ qie + que " + ) (2.35)
S = Be%t(l + 516 + spe 7 + ) (2.36)
S% = B (1 + 25177 +..) (2.37)

For this approximation to work we only need the first two terms and drop the rest.

The derivative for () and S in this exponential form are therefore:

d ~t
dct? — A(f}/e’yt + q1%€7) (238)
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— = B(=ez +0) (2.39)

The first two terms of (2.35) and (2.4) can be substituted into (2.31) and (2.32)

to get expressions for % and % in terms of v,¢, A and B. We can then equate

these expressions to (2.38) and (2.39) to get the equations:

A(yer + qlge%t) = BB2(1 4 2516 ¥) (2.40)

B%e%t = —aB*" (1 + 23167%) + Ragis A(e" + qle%t) (2.41)

From here we can rearrange to solve for the coefficients that precede the €’ and

e* terms in both equations and solve the resulting system of equations for ~:

- BRdis
’y =
a
_ fciTcRdis (242)
2fcirc + flin
as well as writting out a relationship between B and A:
ARdis

B = (2.43
\J flin(fcirc + %flin)Rann )
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Now we can write a leading term approximation for the concentration of rolling

circles and single strands in the annealing dominated phase:

Q = Ae" (2.44)

S = Be? (2.45)

Notice that if we make A the critical concentration equation (2.30) then we can
get a full model approximation of the strands up to the point where annealing
dominated growth transitions into the next phase of annealing impeded growth.
Furthermore if we take the limit where all strands go to circles fi;, =0 feire = 1,
then v = § we get the results from equation (2.7) for ). This makes sense because
the model proposed in [75] does not take into account linear fragments and has

the limit described above.

To determine the concentration at which the annealing rate of linear strands be-
comes dominant and impedes exponential growth, we look at when the LR...
term becomes smaller than the %LZRGM term in equation (2.14). By equating and

rearranging the terms we can see this concentration is:

2Rcirc

L=
Rann

(2.46)

Since we are still near a point of constant change, the number of linear strands is

proportional to the number of rolling circles meaning;:
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£2 ~ Rdis

~ Rann
@ o, (2.47)
Q - Rananis’

Above this concentration the annealing rate of linear strands to each other is
greater than the rate of circularisation. This effectively removes the ability of our
linear strands to transition between lines and circles resulting in the disequilibrium
of these two states. The effect of this is that the growth of the strands is no longer

exponential meaning degrading forces could make the circles disappear.

we do not explore the phase where linear strand annealing become relevant, because
it requires very high concentrations which exceed the concentrations of modern

cells.

2.6 Results

We can use these equations to show and approximate the solutions to a system
of rolling circles. Equations (2.19) and (2.20) where approximated using numeri-
cal model to find the concetrations of () and S. A Radau implicit Runga-Kutta
method was used for this numerical solution because it dealt with the large differ-
ence in constants we used. A scenario was modeled using parameters as described
in Table 1 with a logarithmic y-axis. The simulation also used R =1 Ry = 1.
The concentration given by the numerical solution are shown in black for ) and
red for S. For each graph eight other lines are included. The black boxes labeled

"non-annealing", "annealing" and "sub exponential growth" show phases described
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by equations (2.30) and (2.47) these points show were the phase changes discussed
above happen. Each graph also has four diagonal dotted lines, these show the
expected exponential rate of growth that we approximated in equations (2.27) and

(2.42) for @ and S.

This graph shows a similar conclusion to the work done in [75], which postulated
that exponential growth occurred in rolling circle replication even at high concen-
trations. Here we have shown that even with a slightly more complex model which
takes into account linear and circular strands as well as annealing between linear
strands, exponential growth still occurs below expected prebiotic concentrations.
Specifically we can see from the three graphs that in all combinations of circu-
larisation and linearisation, the transition of Qs into the third non-exponential
phase occurs above a concentration of 107% which is a concentration that is only
expected in modern cells. Because of this it seems likely that rolling circles could

have experienced exponential growth at prebiotc concentrations.

In this chapter we have proposed a deterministic model for rolling circle repli-
cation without mutations. Our goal was to determine if annealing would impede
the replication of strands, our findings suggest that this only becomes an issue
at concentrations too high to expect at the origin of life. In the next chapter we
present a stochastic model for rolling circle replication, we use it to explore how
a gene can become fixed in a population cells containing rolling circles which are
allowed to mutate. Since the conclusions of this chapter show annealing is not an

issue, we exclude it from the model in the next chapter.
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FI1GURE 2.1: Graphs showing the growth of rolling circles. Growth
is always exponential for circles Q unles concentration rises past
10~* which is higher than what we think is possible in an RNA

world
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Chapter 3

Rolling Circles as a Means of
Encoding Genes in the RNA
World

3.1 Summary

The case of ribozymes on circular chromosomes was studied in [89], where it was
argued that circular chromosomes have advantages over linear chromosomes be-
cause replication can start at any point in the sequence and because the ends of
linear chromosomes tend to degrade. Our own reasons for favoring circular chro-
mosomes are somewhat different. Others in our group have argued in the past
that temperature cycling mechanisms to separate double strands are not efficient,
either because they are inhibited by reannealing [75], or they cannot replicate se-
quence information [78], and therefore, that a strand displacement mechanism is

required that does not require temperature cycling. The work done by Tupper
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and Higgs [75], showed that strand displacement from a linear template is very
difficult because the short growing complementary strand is repeatedly displaced
by the pre-existing complete complementary strand before it can reach completion.
Replication on a circular template avoids this problem. Therefore, in the model
we will show, we assume that only circular strands can replicate. Linear strands
which are cleaved from the rolling circle have some probability of re-circularizing
and becoming templates and some probability of forming folded structures that

cannot replicate, but which can be functional ribozymes.

Selection for rapid replication tends to reduce template length to the minimum,
and therefore acts against encoding beneficial genes, as in previous models [88,89].
However, we show that this is countered by an inherent mechanism in rolling circles
that leads to length doubling. Cleavage of the tail from a rolling circle can only
occur if the sequence of the hammerhead ribozyme is correctly copied from the
template. If a sequence error occurs during copying of this ribozyme, the tail grows
longer until the same point is reached on the subsequent cycle. This time, if the
sequence is correctly copied, a double-length strand is released, which can form
a double-length circle. We firstly show results from a paper under review which
investigates the distribution of sequence lengths expected under the action of this
doubling mechanism. The paper then discuss the requirements for a longer circle

containing a beneficial gene to become fixed within a population.
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3.2 Methods

3.2.1 Basic mechanism of rolling circle replication

We simulate a population of RNAs with differing lengths and sequences. Rather
than store full RNA sequences at the single base level, we represent sequences as
strings of characters where each character represents an RNA section of length
roughly 25 bases. The hammerhead ribozyme (HHRz) is represented as two char-
acters AZ, where A and Z are the 5" and 3’ parts of the ribozyme that are formed
when it cleaves. A HHRz is typically 50 nucleotides long; hence our choice of 25

* character to indicate

for the length represented by one character. We use the
an RNA section with no particular sequence or function. Any sequence, such as
AR AZ** which contains the AZ motif can cleave between the A and the Z. The
HHRz is able to re-ligate, leading to the formation of a new circular strand [48].
In our model, any sequence, such as Z*******A " with Z at its 5" end and A at
its 3’ end can circularize. Copying A and Z motifs creates their complementary
sequences, denoted by a and z. Copying a and z recreates A and Z. Replication
proceeds in the reverse direction (3’ to 5" on the template), therefore the com-
plement of AZ is za. We assume that za is not itself a HHRz, but it encodes a
sequence that is complementary to the ribozyme. For repeated replication to oc-

cur, the sequence must contain both AZ and za; therefore, the minimal replicating

circle has sequence ZzaA.

If we begin copying the template at z and proceed in the reverse direction around
the circular template, then we generate a complementary sequence ZzaAZzaAZ-

zaA.... which can cleave at each occurrence of the AZ motif to give multiple copies
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of ZzaA. This can re-circularize and continue replication. This is illustrated in
Figure 3.1. The ZzaA sequence is self-complementary at the level of the character
representation, but it need not be at the single nucleotide level. For example, there
may be two HHRz sequences, A1Z1 and A272 with equivalent function but differ-
ent base sequences. In this case, there would be plus and minus strands Z1z2a2A1
and Z2z1alA2, illustrated by blue and green strands in Figure 3.1. Copying each

of these gives rise to the other.
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FI1GURE 3.1: Mechanism of non-enzymatic rolling circle replication.
Blue and green strands are complimentary plus and minus strands,
each of which contains a ribozyme unit AZ and its complement za.
After one circuit around the template, a double strand is created.
After another circuit, a tail is produced. When the AZ motif is
exposed in the tail, cleavage occurs, creating a linear strand that
can circularize and begin the cycle anew.
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3.2.2 Model details

Each RNA strand in the model is stored as a string of characters, as described
above. A rate r; is assigned to each sequence i in the model, which is the rate of
the next event that can happen to that sequence. Events are of different types
but there is always only one possible next event for each sequence. The method of
Gillespie [99] is used to simulate the stochastic occurrence of events as described

in chapter 1.

A strand may either be linear or circular. A linear strand is able to fold to a
structure at rate Rjqq; therefore we set the rate r; to be Ryyq for linear strands.
For a linear strand that begins with Z and ends with A, the folding event brings
the two ends together in the appropriate arrangement for ligation. When this
event occurs, the linear strand becomes a single-stranded circle. A linear strand
that does not have both Z and A at its ends cannot form a circle. When folding
of such a strand occurs, it forms a folded linear strand that does not undergo any

further events. In this case, we set r; = 0, so it is never selected for further events.

The rate r; for a single stranded circle is set to Ry, , the rate of synthesis
of a single character in the complementary strand. When this event occurs, a
random position is chosen on the template circle and a complementary sequence is
initiated with the character that is complementary to the template character. An
example is shown in Table 3.1, Event 1. The sequence before the colon denotes
the template and the sequence after the colon denotes the complementary strand.
The variable last is used to store the position on the template of the last character
added. In this case the A that has been synthesized is complementary to the a in

the template, which is at position 3 in the template; therefore last = 3.
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TABLE 3.1: Example of a series of events occurring on a circular
template. Sequences before the colon are template circles. Se-
quences after the colon are complementary strands. Underlined
sequences in the complement are single-stranded tails.

Event From state Last | To state Last | Rate
1 ZzaA - ZzaA:A 3 Ry,
2 ZzaA:A 3 ZzalA:AZ 2 Rsyn,
3 ZzaA:A7 2 ZzalA:AZz 1 Ry,
4 ZzaA:AZz, 1 ZzaA:AZza 4 Ry,
5 ZzalA:AZza 4 ZzaA:AZzaA 3 Rais
6 ZzaA:AZzaAZ 2

cleavage Zzal:AZzall 3 A + ZzaA:ZzaAZ 2 Fais
7 ZzaA : ZzaAZzaAZ 2

cleavage Zzal:ZzalZred | 3 ZzaA + ZzaA:ZzaAZ | 2 Fais

When the complementary strand is shorter than the length of the template
circle, we suppose that synthesis of the next complementary character occurs at
the same rate r; = Ry,. When this event occurs, an extra character is added to
the complementary sequence, as in Event 2 in Table 3.1. As synthesis goes in the
reverse direction on the template, last is decreased by 1. If last was 1 prior to the
event, then it is set to the length of the template (because the template is circular).
Synthesis can proceed by several events until the length of the complementary

strand reaches the length of the template circle (Events 3 and 4).

At this point, further addition to the 3’ end of the growing strand requires
displacement of the 5" end. We set the rate to r; = Rgis in this case. We assume
that the rate of synthesis involving strand-displacement, Rgy;s, is slower than the
rate of synthesis on an unobstructed single strand, Ry, as discussed by Tupper
and Higgs [75]. The complementary strand produced after Event 5 has a single-
stranded tail emerging from the circle. This is the initial A at the 5 end of

the complementary sequence (underlined in Table 3.1). After one further event,
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the tail has grown to AZ. We assume that the ribozyme cleaves instantaneously
whenever the AZ motif arises in the free tail. In this case a single A is cleaved off.
This A is a linear strand which cannot circularize. It will fold to form a folded
linear strand that plays no active role. The complementary strand on the circle
can continue to grow by strand displacement. After several more steps, Event 7
will occur, which leads to cleavage of a complete ZzaA, which will circularize and

initiate replication. Thus the cycle is complete.

The first sequence to be cleaved off is usually an incomplete fragment that
cannot circularize, as with the single A in this case. The length of this fragment
will depend on the position at which the first synthesis event occurs on a new circle.
Only if the new strand is initiated with the Z will the first sequence formed be
complete. However, once one fragment is released, subsequent sequences cleaved

will always be complete (i.e. equal length to the template).

3.2.3 Mutations

In the above examples, we assumed perfectly accurate sequence replication, so
that each character in the template always created its complementary character
in the complementary strand. However, in the simulations below, we allow dele-
terious mutations to occur with probability u per character. Characters A, a, Z,
and z represent specific sequences with structure and function. Each of these is
accurately replicated to its complementary character with probability 1—u. With
probability u, a deleterious mutation occurs. The new character is *, which rep-
resents a sequence with no function. If the template character is *, this is always

copied to another *. We ignore mutations that create functional characters from
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* because they are expected to be much rarer than deleterious mutations.

Mutations in the hammerhead motifs can create strands that have interesting
properties. Suppose we are copying the template ZzaA, and a mutation occurs
when either the z or the a is being synthesized. The resulting sequence is a 4-mer
Z*aA or Zz*A. Both of these sequences can circularize because they have intact
Z and A. However, if replication begins on these templates, the complement will
not contain the AZ motif, therefore the tail will never cleave. Thus if a mutation
occurs in the za motif, this leads to circles whose tails can never cleave. We call

these non-cleaving circles (as shown in Figure 3.2).

On the other hand, if a mutation occurs when the AZ motif is being synthesized,
this produces ZzaA* or Zza*Z in the growing tail. These tails do not cleave at the
appropriate point because they do not contain AZ, however if there is no mutation
on the next time around the circle, then we arrive at a tail such as ZzaA*zaAZ,
which cleaves to give ZzaA*zaA. This is a double-length strand (an 8-mer) that
can circularize. It contains only one functional AZ motif but two za motifs. We call
this a halving circle (see Figure 3.2), because if replication begins on this 8-mer,
it will cleave in two places, producing two 4-mers. If no further mutations occur,
replication of ZzaA*zaA will produce the intact 4-mer ZzaA, and the non-cleaving

sequence Z*aA.

If a second mutation occurs during replication of the halving sequence, then
one of the two cleaving motifs can disappear. This produces an 8-mer such as
Zza*Z*aA, that can accurately replicate, because it contains one AZ and one za.

This sequence could also have been produced if two mutations occurred at once
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FIGURE 3.2: Mutations when copying minimal length circles give
three kinds of strands with different behavior. A mutation in the za
motif (either z* *a, or **)gives a non-cleaving circle which produces
a complementary strand that can never cleave. A mutation in the
AZ motif creates a halving circle which goes on to produce circles
of half its own length. A mutation in both motifs produces a circle
of double the original length that can stably replicate.

during replication of the initial 4-mer. The remaining half motifs in the 8-mer will
soon disappear by further mutation because there is no longer any selection acting
on them. This would yield Zza****A. We see that mutations in the hammerhead
motifs give a built-in mechanism by which longer-length rolling circles can be
created. All possible multiples of the original 4-mer can be made. For example,
12-mers can be made directly from a 4-mer if there are mutation two passages

around the circle but not on the third. 16-mers can be made by doubling an 8-mer,

and so on. A minimal length 4-mer encodes only the ribozyme motifs necessary for
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its own replication. However, if longer sequences arise containing non-functional *
regions, it is possible for beneficial functional sequences to eventually arise in these
regions by de novo mutation. This means that the initial 4-mers could evolve from
simple minimal replicators to chromosomes that encode genes that are of useful
function to the cell that contains them. We investigate the possibility of encoding
beneficial genes further below, after first considering replication of circles without

any other function.

3.2.4 Protocell compartments

We consider a system in which circles are replicating inside protocell compart-
ments. Monomers are supplied from outside. The protocell membranes are as-
sumed to be permeable to monomers but not RNA strands. Cell division is cou-
pled to replication of the rolling circles. When the number of strands in any one
cell reaches a maximum Sy, the cell divides in two, with strands distributed ran-
domly between the two daughter cells. There are N memory slots defined for cells,
which allows up to N cells to be present in the population. When a cell division
occurs, one of the daughter cells remains in the memory slot of the parent, and
the other one is placed in a random memory slot, overwriting whatever was in
that slot. This insures that cells compete for limited resources. There is also a
small loss rate Rj,ss at which cells become empty at random. We include this loss
rate in addition to maintaining the limit of N cells in order to ensure that cells
that cannot replicate are destroyed eventually. This guarantees the existence of an
error threshold, i.e. a maximum mutation rate above which the whole population

of cells dies out because the average cell division rate becomes slower than ;.
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Compartments are often introduced into models of RNA replicators as a means
of preventing the invasion of parasitic sequences. In models for polymerase ri-
bozymes, parasites will destroy the polymerases in a well-mixed system, but the
polymerases survive when replication occurs in compartments [31,98,100]. Selec-
tion at the level of compartments selects for cooperatively replicating sequences
which enable rapid cell growth and division. This can overcome selection at the
level of individual sequences, which favors rapidly replicating parasites. In the
current model, however, we are assuming that replication is non-enzymatic, and
it does not depend on cooperative polymerase ribozymes. A population of rolling
circles replicating non-enzymatically would survive even in a well-mixed system,
if the mutation rate were not too high to prevent replication of the hammerhead
ribozyme. However, we are also interested here in the possibility of selection for
beneficial genes encoded on the rolling circles. These genes cannot survive in a
well-mixed system because any benefit they create would be diluted across the
whole system and would give a very small benefit to all sequences equally, whether
or not they encoded the beneficial gene. If protocell compartments are present,
then the effects of a beneficial gene apply only to sequences in the same cell. The
presence of a beneficial gene therefore benefits the sequence that encodes the gene
relative to sequences in other cells that do not possess the gene. As the existence
of protocells is essential for the evolution of beneficial genes, we will introduce

protocells into this model right from the beginning.

The model was run with parameters shown in Table 3.2. We used values re-

ported in the literature to approximate the orders of magnitude between Ry and
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TABLE 3.2: Standard values for model parameters

Reaction | Rate Description
I L1 Rate of copying a single character when
dis strand displacement is required
_, | Rate of copying a single character when

Rgyn 100hr o . . .
synthesis is possible without strand displacement

Rjoua 100771 Rate at which a linear strand folds into its
secondary structure

Rioss 10=3hr~—! | Rate at which a cell dies from lack of materials

N 200 Number of protocells in population

S, 20 Maximum number of strands per protocell

Rsyn. The rate of non-enzymatic addition of a 25-base character with strand dis-

1 and

placement, Ry, was defined as our point of reference with a value of 1hr~
we assumed that the Ry, rate (which does not require strand displacement) is
100 times faster. When probing for an error threshold in Figure 3.4, the rate of
cell death Ry, is defined as 1073hr~!, about 100 times less than the rate of cell
reproduction observed later in Figure 3.6. This corresponds to one cell death for
every 100 new cells created, which is reasonable for a healthy population. Ry, is
otherwise set to 0 when w is small and we are not close to an error threshold be-
cause replication is much faster than Rj.s. Similarly, we expect folding of a strand
into its secondary structure to be a relatively fast event, so we also set Ryqq to
100hr—t. We do not aim to create a time-accurate model with our parameters but
aim to correctly identify fast and slow steps. Though we use hours as our time

unit for simplicity, it is only the relative size of the rates that effects the outcome

of our model.

We begin with a single circular ZzaA sequence per cell. After allowing the

system to reach a steady state, the mean number of strands per cell of each length
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and type was counted and averaged over time. Strands are classified as one of four
types, indicated by colours in Figure 3.3. Reproducing strands are those which
have one complete AZ motif and one complete za. Non-Cleaving strands have one
complete AZ motif and no za. Halving strands are those which have one complete
AZ and more than one complete za. Fragments are those which do not have Z and

A at the ends, and which therefore cannot circularize.
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FiGURE 3.3: Mean number of strands of each length per cell.
Colours indicate reproductive strands (green), non-cleaving strands
(magenta), halving strands (blue), and non-circular fragments (yel-
low). (A) mutation probability v = 0. (B), mutation probability
u = 0.15. (C) mutation probability v = 0.3. (D( mutation prob-
ability © = 0.45. Distribution above length 20 too small to show.
Uindel = 0 for all graphs.

As the mutation probability increases as shown in Fig 3.3C (u = 0.3) and
Fig 3.3D (u = 0.5), the number of reproductive circles decreases and the relative

proportion halving and non-cleaving strands increases until the system meets an
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error threshold where replication can no longer keep up with the loss rate, as
shown in Figure 3.4. At this point, all types of strands disappear, because they
cannot be maintained without continued replication of the reproductive circles.
The observed error threshold of u = 0.6 is the probability of a deleterious mutation
in a single character (A, Z etc). As each character represents a length roughly 25
bases,u = 25Uper—pase fdet, Where Uper—pase i the point mutation rate per base, and
faer is the fraction of mutations that are deleterious, i.e. the fraction of mutations
within the structural region of the hammerhead that destroy the function of the
hammerhead. This region contains loops whose sequence may not be important
and paired regions in which compensatory changes may occur. Thus, fz,; may be
considerably less than 1. If we assume fg4; = 0.5, then an error threshold of 0.6
in u corresponds to a threshold of 0.048 in pe,—pase, Which is not unreasonably
small. The threshold value of 0.6 is dependent on the loss rate of cells, and would

be higher if the loss rate were lower.

3.2.5 Insertions and deletions

The 4-mer ZzaA is the shortest sequence having both the hammerhead and its
complement. It is therefore the most rapidly replicating type of circle in this
model. There is no reason why the self-cleaving ribozymes should initially appear
on a minimal length sequence. However, we expect there to be strong selection
for speed of replication; therefore if the hammerhead motifs initially appear on a
longer circle, we expect relatively quick evolution toward the minimal-length circle
due to deletions of the non-functional parts of the circle. Insertions and deletions
(indels) can occur via the slipped-strand mispairing mechanism [101]. This tends

to produce short tandem repeats which are often seen in viral genes [101,102].
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FIGURE 3.4: Mean number of strands per cell of the four types as a
function of mutation probability u. Colours indicate reproductive
strands (green), non-cleaving strands (magenta), halving strands
(blue), and non-circular fragments (yellow). Strands of different
lengths of each type are combined.

Indels are introduced into the model in the following way. Each time a char-
acter is copied, an insertion occurs with probability u;,q4;, & deletion occurs with
probability w;,4e;, or neither with probability 1—2u;,4.. In the case of an insertion,
a * character is inserted in the growing sequence after the character that was just

copied. In the case of a deletion, the character that was just copied is deleted, but

the position of growing end on the template (indicated by last) still advances by

one.

Figure 3.5 considers a case where the first replicating circle that arises happens
to be an 8-mer Zza****A. Each cell in the population begins with one copy of this

8-mer. The mutation rate is v = 0.15 and the indel rate is w4 = 0.015. After
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a relatively large number of time steps in the Gillespie algorithm 7' = 2 x 104,
shown in Fig 3.5A, 7-mers have evolved from this by deletion, and double-length
circles have arisen from both the 8-mer and the 7-mer by the doubling mechanism
described above. After a much longer number of steps T = 22 x 10°, shown in
Figure 3.5B, reproducing circles of lengths 4, 5 and 6 have also evolved by deletion.
The length distribution converges to a state in which the 4-mers are most frequent,
together with multiples of the 4-mer created by the doubling mechanism, and small
numbers of 5, 6, and 7-mers which are replenished by the insertions occurring in
the 4-mer. In the case where u;,4, << u, the 5, 6 and 7-mers will be much less
frequent than the 4-mers because selection favours rapid replication. In this case,
the length distribution will consist of the minimal-length 4-mer and its multiples

that arise via the doubling mechanism, as was already shown in Figure 3.3B.
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FIGURE 3.5: Mean number of strands of each length per cell, begin-
ning from a single 8-mer per cell, including point mutations with
probability v = 0.15 and indels with probability ;e = 0.015.
Colours indicate reproductive strands (green), non-cleaving strands
(magenta), halving strands (blue), and non-circular fragments (yel-
low). (A) Simulation steps elapsed T = 2 x 10* (B) Simulation
steps elapsed T = 2 x 106.

Although we do not know with any certainty the rates of the mutation and

selection processes that would have applied in the RNA World, we expect that
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point mutation rates associated with non-enzymatic replication would be quite
large, as measured experimentally [39,67]. On the other hand, indel rates might
be much smaller than this. We expect selection for increased replication rate to
be strong, and therefore to operate on a short time scale of a few cell divisions.
Under the assumption that insertions and deletions were rare and occurred with
roughly equal frequency, then rare deletions would spread rapidly due to selec-
tion, whereas rare insertions would be eliminated by selection as fast as they could
originate. This would result in a population dominated by minimal-length circles,
which would have no additional non-coding regions that might evolve to encode
beneficial genes. In order for a substantial numbers of longer sequences to be main-
tained in the population (with space available for beneficial genes), there must be
a mechanism of lengthening circles that operates sufficiently rapidly to counter
selection for rapidly-replicating, minimal-length circles. The doubling mechanism
that we have seen here, does indeed work rapidly, because it occurs on the time
scale of single point mutations that render the HHRz non-functional. Thus, we ar-
gue that the doubling mechanism is important for creating a population containing

circles substantially longer than the minimum length.

3.2.6 Beneficial genes

Up to this point, we have only considered circles that replicate but encode no
additional function. We now introduce a ribozyme with beneficial function for the
cell, represented by character B. Copying B gives its complement b, and vice versa.
Mutations may occur with probability u to give a non-functional character *. We
assume the B ribozyme is functional only when it is in a folded linear strand. It is

not functional when it is part of a circular strand being used as a template, or part
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of the complementary strand that is being synthesized on a rolling circle. The b
character is also assumed to be non-functional. The simulation keeps track of the
number of functional ribozymes np in each cell (i.e. the number of occurrences
of the B character in folded linear sequences). Each functional ribozyme gives an
increase in the rates of polymerization. For a cell with ng ribozymes, the rate of
strand-displacement is increased to Rg;s(1+ fnp).We are assuming that beneficial
ribozyme speeds up polymerization by contributing in some way to the metabolic
reactions in the cell. Replication of all strands in the cell is benefitted equally, not
just the strand on which the B gene is present. The B ribozyme does not represent
a polymerase that binds to one specific template at a time, and it does not require

to bind to a template in order to give the beneficial effect.

With the rules of the model as specified above, when a new linear strand is
cleaved from a rolling circle, it folds at a rate Ryyq4. Cleavage can only occur be-
tween the A and Z characters. Therefore every sequence ends with A. If the strand
begins with a Z character (arising from the previous cleavage or from starting syn-
thesis with this character), then the strand can circularize. We have assumed that
folding of the sequence represents formation of the structure that brings to two
ends together and allows circularization. A strand beginning with Z always forms a
circle. A fragmentary strand not beginning with Z cannot form a circle and always
forms a folded linear strand. When B genes are not present in the model, a folded
linear strand plays no role, but when B genes are included, a folded linear strand
becomes a beneficial ribozyme whenever it contains a B character. Thus with
these rules of the model, the B gene can only have a useful function if it arises in a

fragmentary sequence produced from the first incomplete cycle of a rolling circle.
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B genes in complete copies of the circle, always end up as new circular templates

without contributing to the function of the cell.

This suggests that we need a new kind of hammerhead ribozyme whose rate of
circularization is tunable. We represent the tunable ribozyme by the characters
AY, and their complement ya. Whenever AY appears in the tail of a rolling circle,
cleavage of the strand is assumed to be immediate (as with AZ). This produces
an unfolded linear strand. Folding of all linear strands occurs at the same rate
Ryoq. If the strand begins with Y, then when folding occurs, a circle is produced
with probability f.... and a folded linear strand with probability 1 — f.;... Strands
beginning with Z always form a circle (fr. = 1). Fragmentary strands that begin

with neither Y nor Z always form a folded linear strand (f;. = 0).

Adding the f.;,. parameter introduces a trade-off between circularization, which
produces a new template, and folding to a linear strand, which allows the expres-
sion of a beneficial ribozyme if it is present on the sequence. A wide variety of
hammerhead ribozymes are known with various distinct configurations, sequences,
and rates [103]. Metallic ion concentration has also been suggested to change cat-
alytic activity in the HHRz [84]. Thus it is likely that such tunability is evolu-
tionarily possible. As a minimal-length 4-mer without B genes will always benefit
from forming a circle, there should be strong selection for rapidly circularizing
ribozymes on minimal circles. Therefore we began with Z-type ribozymes (with
feire = 1) on the minimal circles. Y-type ribozymes (with f.;.. < 1) can only be

beneficial when B genes also exist.

We now wish to determine the range of parameters for which the presence of
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a B gene increases the reproduction rate of the cells which contain it. The most
common type of sequence arising, other than the minimal 4-mer is the double-
length 8-mer. Therefore we suppose that the B gene arises initially on an 8-mer
with sequence YzaB***A, which we call a plus strand because it encodes a func-
tional B ribozyme. The complementary minus strand (accounting for circularity)
is Zya***bA. The minus strand always benefits from circularization; therefore, we
assume a Z-type ribozyme on the minus strand. The plus strand has a trade-
off between circularization and expression of the B genes; therefore, we assume a

Y-type ribozyme on the plus strand.

We ran simulations in which each cell began with one copy of the 4-mer plus
strand. After reaching a steady state, the simulation was run for a period of 10°
simulation steps and the average number of divisions per cell per unit time was
measured. This is shown in Figure 3.6. For comparison, we also measure the
division rate of cells that begin with the minimal 4-mer ZzzA (shown as a dashed
line in Fig 3.6). The mutation and indel probabilities u and w;,4e Were set to zero
in these simulations, so the only replicating sequences that arise are the 8-mers or
4-mers that we begin with, and there is only one type of replicating sequence in

each cell.

When there is no benefit of the B gene ( = 0 in Fig 3.6A), cells containing
the 8-mers always reproduce more slowly than cells containing the 4-mers. In this
case, the division rate of the 8-mer cells is maximum when f.;,.. is 1. There is no
advantage to not forming a circle if the B gene does not produce a benefit to the
cell. When (8 > 0, there is an optimal value of f.;,. in the range 0.3 to 0.5 for the

parameters shown. The trade-off favors increasing the expression of the B gene at
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FiGURE 3.6: Comparison of reproductive rates of cells containing
8-mers with a beneficial gene and cells containing minimal-length
4-mers. The reproduction rate of the 8-mer cells depends on the
size of the beneficial effect, 3, and the circularization probability of
the hammerhead, f.;... There is no mutation in this Figure: u =0
and ujnge; = 0. (A) shows lower values of 3, where the reproduction
rate of the 8-mer cells is comparable to that of the 4-mer cells, or
less. (B) shows higher values of /3, where the reproduction rate of
the 8-mer cells is much higher than the 4-mer cells.

the expense of reducing the number of templates. For g = 0.2, the division rate of

the 8-mer cells remains lower than the 4-mer cells across the whole range of f...
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For g = 0.4, the division rate of the 8-cells just exceeds the 4-mer cells when f.;,..
is close to its optimal value. For 0.6, the division rate of the 8-cells exceeds the
4-mer cells across most of the range of f.;,.. Higher values of 5 are shown in Fig
3.6B. For g > 1, the 8mer cells reproduce much faster than the 4-mer cells. It
can also be seen that even when f.,. = 1 (when a Y gene always circularizes), the
division rate of the 8-mer cells still increases with 3. So there is some benefit given
by the B genes even when the only functional B ribozymes are on the incomplete

fragments.

3.2.7 Spread of a beneficial gene

So far we have shown that cells containing double-length circles with a beneficial
genes can sometimes out-compete cells containing minimal-length circles. How-
ever, we assumed above that the longer circle with the beneficial gene was already
established in a separate cell from the cells containing minimal 4-mers. More real-
istically, the beneficial gene is likely to first arise as a single copy inside a cell that
also contains minimal 4-mers. The longer circle is at a disadvantage relative to
minimal 4-mers in the same cell because it replicates more slowly. Spread of the
beneficial 8-mer requires the selection at the cell level to exceed the disadvantage

at the molecular level.

After introduction of the single B gene, we track how many cells contain circles
with the B gene or its complement b. Cells can be divided into four types: those
with the beneficial genes, B or b, and no 4-mers, those with 4-mers and no beneficial
gene, those with both, and those with neither. 8-mer circles without B or b will

arise from duplication of the 4-mers or mutation of B and b characters to *. These
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circles are counted as having neither a 4-mer or a beneficial 8-mer. Multiples of
the 8-mer which have a B gene will arise by duplication of the 8-mers, and strands
with the benefit smaller than 8 can arise from u;,4.;, these are included as having

a benefit but no 4-mers.

100
]

* 4-mers only

* beneficial gene and 4-mers
T * beneficial gene no 4-mers
no beneficial gene no 4-mers
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FiGURE 3.7: Graph showing number of cells in a 100 cell popula-
tion divided into those with beneficial genes and no 4-mers, those
with 4-mers and no beneficial gene, those with both, and those
with neither. Time is in simulation hours. The first arrow shows
the point at which the beneficial gene was added with 8 = 5. The
second arrow shows the point at which the first cell appears contain-
ing beneficial 8-mers but no 4-mers. v = 0.15 and ;4 = 0.015 in
this graph,

The results of such a simulation are shown in Figure 3.7. The first arrow (at
time close to 40h) shows the point at which the single B gene was added with 5 = 5.
Cells which contain both 4-mers and beneficial 8-mers remain rare for a long time
after this. The second arrow (at time close to 50h) shows the point at which the
first cell containing beneficial 8-mers and no 4-mers appears. The appearance of
the first cell of this type requires a cell-division event in which all beneficial 8-mers

from a mixed cell segregate to one daughter cell while all 4-mers segregate to the
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other daughter. This is relatively rare, but once cells of this type are created, they
rapidly multiply. In Figure 3.7, cells containing only beneficial 8-mers become
the dominant type by about time 90h. Mixed cells disappear at around time 90h
because they are out-competed by the cells with only beneficial 8-mers. However,
this simulation also includes indels occurring with rate w;,q; = 0.05; therefore
4-mers can also be created by deletions occurring in 8-mers. This recreates mixed
cells later in the simulation (around time 100h), however these mixed cells do
not take over the population, because selection against them is quite strong. The
scenario seen in Fig 3.7 shows how a beneficial gene arising on a longer sequence can
eventually spread to a high frequency in the population. This requires the creation
of a cell that contains only beneficial 8-mer circles without any minimal circles,
which is relatively rare. It is more likely that the beneficial 8-mers will disappear
whilst they are still rare in the population, either due to deleterious mutations
in the B gene or due to death of the mixed cells containing the B genes. If the
beneficial 8-mers disappear before the creation of a cell containing only beneficial
8-mers, then they will not spread through the population. More examples of this

scenario are given in Figure 3.8.

We measured how often this occurs by running our simulation multiple times.
In each run, a single B gene was introduced on an 8-mer. The simulation was
continued until one of two stop criteria was reached: either (i) the beneficial gene
disappeared completely; or (ii) the number cells containing beneficial 8-mers and
no 4-mers reached at least 90% of the population. The percentage of runs in which
the beneficial 8-mer cells spread to high frequency is plotted against mutation

probability u in Figure 3.9 for different values of the benefit parameter 3.
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Only a small percentage of the runs lead to spread of the beneficial gene, and
high values of 3 are required in order to get appreciable probabilities of spread.
For 8 = 5, the maximum probability of spread is only about 2.3%. In comparison
with Figure 3.6B, we see that the reproduction rate of 8-mer cells with § =5 and
feire = 0.3 is approximately 8 times higher than for a 4-mer cell. A beneficial gene
that gave an immediate 8-fold increase in fitness would have a very high probability
of fixation in the usual approximation for the fixation rate used in population
genetics [104]. However, the usual theory for the fixation probability does not
apply in our case, because there are multiple strands in each cell. The reproduction
rate of a cell depends on the mixture of genetic strands that it contains and also on
the number of copies of folded ribozymes, which is variable. Mixed cells containing
both 4-mers and 8-mers with the B gene do not spread to high frequencies. The
spread of the B gene only occurs if a cell is established that contains the beneficial
gene but no 4-mers (as shown in Figure 3.7). For this reason, the probability of
spread is quite small, even when the benefit is large. To check that the B gene
cannot spread due to spread of mixed cells, we ran additional simulations in which
the run was stopped on three separate conditions: either (i) the beneficial gene
dies out; (ii) cells containing the B gene and no 4-mers reach 90% of total; or (iii)
mixed cells with both the B gene and 4-mers reach 90%. It was found that the
runs never stopped due to criterion (iii). Thus, it was never observed that mixed

cells reach high proportion.

For each value of 3 in Figure 3.9, a peak occurs in the probability of spread at
around v = 0.15. When u is very low, the 4-mers replicate accurately. There are

few 8-mer (or longer) circles created. If a B gene arises on an 8-mer, it is in a cell
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that contains almost entirely 4-mers. It therefore has a low chance of spread. As
u increases, replication of the 4-mers is less accurate, and most of the cells also
contain significant numbers of 8-mers and longer circles. If a B gene arises on an 8-
mer in this case, it has fewer 4-mers to compete with, and it is less likely to die out
before the creation of a cell that contains only beneficial 8-mers. Thus the spread
probability of the B gene is larger. If u is too high, however, B genes disappear
due to deleterious mutations. We assumed that the mutation probability u of B

to * is the same as that of A and Z.

The results in Figure 3.7, 3.8 and 3.9 have zero indel rate, u;,qe = 0. We sup-
posed that the B gene arises on an 8-mer because 8-mers are the most common
type of longer sequence. However, if u;,q4¢; is not zero, then shorter circles contain-
ing the beneficial gene can also arise by deletion. If the initial beneficial 8-mer is
YzaB***A, as before, then deletions of the * characters can occur, giving 7-mers
and 6-mers and, eventually, the 5-mer YzaBA. The B gene can also be deleted,
giving the original minimal 4-mer YzaA. Thus, the long-term survival of the B
gene depends on competition of the 5-mer and the 4-mer. We investigated this
case by beginning with a population of cells each containing the 8-mer YzaB***A |
and allowing the simulation to reach a steady state. When the indel rate is small
(winger = 0.015) and the benefit is fairly large (5 = 5), 5-mers YzaBA become
dominant, alongside multiples of the 5-mer which also contain B genes (shown in
Fig 3.10A). If the indel rate is too large, however, or if the benefit is too small, the
minimal 4-mers arise. Figure 3.10B shows the final steady-state distribution when
Uinger = 0.015 and S = 1. The B gene has been lost, and we have a distribution of

the 4-mer and its multiples.
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In summary - in order for the B gene to survive, it has to maintain itself against
deleterious mutations, deletions and selection favoring shorter sequences. These
results show that this is fairly difficult, and it by no means occurs every time.
However, at least sometimes, a beneficial gene becomes established. Thus, there
is a route that leads from minimal, non-functional replicators towards replicating

strands that encode beneficial functions.

3.3 Discussion

We have shown that the rolling circle mechanism is a feasible way of maintaining
replication of RNA strands in a population of protocells. Rolling circles have the
unusual property that point mutations that prevent the operation of the HHRzs
give rise to doublings of lengths of the circles, and yet the ribozyme is not elimi-
nated by the mutation because there is a second chance of correctly copying the
same template on the next passage of the circle. Under the assumption that these
point mutations are more frequent than short deletions that eliminate non-essential
parts of the circles, then we expect a broad distribution of sequence lengths to arise,
whereas in absence of this doubling mechanism, we would expect small deletions
plus selection for rapid replication to lead to almost entirely minimal length cir-
cles. We have assumed that beneficial genes can occasionally arise in non-coding
regions of circles. But the de novo appearance of beneficial genes is presumably
very rare, so a mechanism is required that maintains appreciable frequencies of

circles that are significantly longer than the minimal length.

As argued in the introduction, our principal reason for considering circular

templates is that we require a strand displacement mechanism to avoid product
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inhibition and this is only likely to work on a circular template. But this leads to
several other points that are relevant for the evolution of chromosomes carrying
useful genes. We assumed that the first circuit of the rolling circle occurs at a more
rapid rate than subsequent circuits because the first one does not require strand
displacement, whereas subsequent circuits do. For this reason, a circular template
is almost always in a double-stranded state. This has important consequences for
the stability of the genetic molecule, because it is known that double stranded
RNAs are much less prone to degradation than single strands. Another advantage
of circular strands as templates might be increased processivity of polymerase
ribozymes. Recently developed polymerases have a clamp domain that wraps
around the template [58]; hence if the template is circular, the polymerase can

proceed multiple times around the same template.

In RNA World models there is always an apparent conflict between the need
of a sequence to act both as a gene and a ribozyme. Presumably the folding of
a strand to a functional ribozyme structure prevents its operation as a template.
The rolling circle mechanism leads to an immediate distinction between double-
stranded circles that are used as templates and folded linear single strands that
function as ribozymes. We have pointed out that the relative rate of formation
of folded strands to new circular templates is a tunable, evolvable property of the
HHRzs (modelled by the f.;,. parameter). If the circle does not encode beneficial
genes, then it should always re-circularize as fast as possible (f. = 1). The same
is true for the negative strand of a circle encoding a beneficial ribozyme. But the
positive strand requires a balance between folding and re-circularizing, meaning

that there is an optimal value of f..., as shown in Fig. 3.6. The independent
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evolution of f.;.. on plus and minus strands allows the relative numbers of plus and
minus circles and folded ribozymes to be optimized to increase overall replication
rate. The division of labour between template and catalyst has been discussed
previously in the context of the origin of DNA [105], but in the current model this
arises naturally in the RNA World without the need for a second kind of genetic

polymer.

In the current paper, we have only considered circles with a single beneficial
gene, but rolling circles could in principle encode multiple types of beneficial genes,
as proposed in [89]. Placing multiple genes on a chromosome strand is beneficial
from the point of view of coordinating gene replication, but it introduces the need
for a mechanism to allow folding of functional ribozymes on separate linear strands
—i.e. a need to distinguish transcription of a single ribozyme from replication of a
chromosome. In the rolling circle mechanism, different beneficial genes on the same
strand could be separated by copies of HHRzs, which would allow some strands to
be cleaved into separate single folded ribozymes while other strands re-circularize
and become templates. This might avoid the need to evolve separate transcrip-
tional start and stop signals for each gene. We suspect that this would only work
for a relatively small number of genes, however, because it will be necessary at
least sometimes to complete replication of the whole circle before cleavage occurs
at intermediate positions. This problem would increase the advantage of separate

smaller circles encoding a single gene relative to longer circles with multiple genes.

In a single cell, shorter circles always replicate faster than longer ones. When
considering the origins of the 8-mer circles containing the beneficial gene in Fig

3.7, we showed that the longer circle only spreads after it eventually manages to
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get into a cell that does not contain any 4-mers. A similar issue would arise when
considering competition between separate circles containing one beneficial gene

each and longer circles with multiple genes.

In summary, the occurrence of circles in abiotic RNA polymerization [82], the
ease with which self-cleaving ribozymes arise de novo [87], the ability of polymerase
ribozymes to copy circular templates [58,80], and the natural occurrence of circular
viroids [79] all point to the importance of circular templates in RNA replication.
Developments in experimental methods for non-enzymatic and ribozyme-catalyzed
replication may soon make it possible to study the evolution and replication of
circular templates in experiments and potentially advance our understanding of

the origins of life.
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FIGURE 3.8: Graph shows the same conditions as Figure 3.7. (A)
looks almost identical to 3.7 (B) shows a situation where the ben-
eficial cells beat a mixed 4-mer/mutant population (C) shows a
simulation where only 3 types of cells survive till the very end.
These highlight how under different circumstances the benefit still
has to end up in a cell with no 4-mers to spread
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FiGURE 3.10: Steady state distribution of lengths beginning from
8-mer sequences YzaB***A, with w;pqe; = 0.015 and u = 0.15. (A)
g =5. (B) 8 =1. Colours indicate reproductive strands (green),
non-cleaving strands (magenta), halving strands (blue), and non-
circular fragments (yellow).
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Chapter 4

Next Steps: A model for a

Genomic Rolling Circle

4.1 Models for gene co-operation

RNA cells need to grow in complexity in order to progress towards the organisms
we see in modern life. Several ribozymes are required for this however it is unclear
whether they could co-exists in the RNA world. This is because if more than
one gene was held within the same cell, their different sequences may compete for
limited nucleotides during replication or get separated during cell division. Some
of this might be mitigated through the co-operation of genes, a process in which
selective pressures choose cells which have a variety of genes instead of just a
few. This only works if co-operation can overcome the cost of maintaining several
genes, such as the increased need for nucleotides or the the tendency of each gene to
acquire mutations. Another solution is the linking of genes in a genome, genes held

together on one strand are more likely to be replicated together and be inherited
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together. However there are some challenges which complicate the existence of
a genome in the RNA world. First off, the benefits of holding genes together
would need to outweigh the increase in replication time associated with having
a longer genomic strand. Furthermore, unlike modern genomes where replication
and expression of the genes is separate (i.e. DNA replication is separate from DNA
translation into mRNA which initiates expression of the genes) an RNA genome
has the same mechanism for expression and replication. In other words, any time
the genome is replicated, its contents must either become ribozymes or part of
the genome template which will continue to be replicated. Here we discuss how
the model proposed in chapter 3 would need to be changed in order to account
for gene co-operation, and improve on past models for genomes involving rolling

circles.

The model in chapter 3 concerned itself with the replication of a single rare
beneficial mutation within a system of rolling circles. This mutation could be
considered a gene in the context of the RNA world. We argue minimal sequences
cannot co-exist with long strands containing a gene, and separation must occur in
cells for the gene to spread. This is ok because the short strands in this model are
undesired because they benefit off the gene, but do not contribute to the long-term
improvement of the population. However, the issue of strand co-existence becomes

important and nuanced when more than one beneficial sequence is present.

Past models have shown that spatial separation, allows individual genes to ben-
efit from each other and spread together [88,90,91]. In these models, ribozymes
from separate genes contribute to different functions, like lipid synthesis, RNA

polymerisation or nucleotide synthesis. Clusters which contain a host of different
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functions replicate faster than those that don’t contain any, or only some of the
genes. Therefore, spatial clustering provides a method of selection on the popula-
tion. The stronger the clustering (for example through the use of a protocell) the
better the co-operation between genes [88]. This is not the same as our results in
chapter 3, in which B genes could not spread without the HHRz and co-operation
was therefore required. In that case compartmentalization in cells provided pro-

tection from stifling minimal sequence, not an incentive for co-operation.

Two papers have looked at the use of rolling circles in scenarios of gene co-
operation and concluded that rolling circles may aid in decreasing degradation of
genes and the formation of genomes [89,91]. In these papers, genes are held on
the same [89] or separate [91] strands, and code for ribozymes with non-related
functions. One of these models [89], proposes the use of rolling circles as a means
of linking separate ribozymes in a genome. This is beneficial because genes in a
genome get passed on together, increasing the chances for co-operation and al-
lowing for new functions to be picked up. In this model, several ribozyme-coding
sequences exist on an antisense strand, which constitutes a genome. Complimen-
tary HHRz sequences separate each ribozyme on this strand. This allows separate
ribozymes to be created through cleavage when the sense strand is replicated.
Sometimes cleavage does not occur between the ribozymes and the whole sense
strand replicates. From here, it can circularise, become a template, and continues
the cycle of rolling circle replication. The cleavage rate between ribozymes there-
fore determines whether a genome is expressed or replicated. If HHRzs cleave too
fast, the compliment to the genome will break into ribozymes and not become

a template for further replication of the genome. However if HHRzs cleave too
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slowly, ribozymes are not produced and the benefits of keeping all genes together
does not outweigh the cost of having a long genome. This model is good but fails
to consider the dynamic diversity which rolling circles experience. Particularly by
only allowing the fully replicated genome to circularise and continue rolling circle

replication, the model introduces a bias towards maintaining a genome.

In Figure (3.2) we describe how different mutations can give rise to differently
cleaving circles of equal length. Depending on the position of HHRzs and their
compliments, different strands will be made in subsequent replications. To illus-
trate why this is important we will discuss the model proposed in [89] within the
language established in chapter 3, and show that this model only explores the

easiest way to maintain a genome on a rolling circle.

We introduce a second beneficial mutation C which performs some catalytic
function when present in a folded linear strand. The compliment to a C is c. If we
restrict the genome proposed in [89] to two genes for simplicity, its sequence could
have a variety of configurations. We discuss 3 possibilities, ZzabzacA, ZzabAZzacA

and ZzabzaczaA.

4.2 Diversity in genomic sequences leads to dif-
ferent expressed ribozymes

The first strand, ZzabzacA, is the simplest. Its compliment is ABZACazZ. Us-
ing the | symbols to denote where cleavage can occur we see that some of the
different strands that can occur in ABZ|ACazZ are ABZ, ACazZ and the func-

tional compliment ABZACazZ. Table 4.1 has a summary of this. Of the possible
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strands created, ABZ and ACazZ are able to become ribozymes. One concern in
this replication might be that the difference in length might cause differences in
folding strengths. Though this would also be dependant on the folding affinity
of each individual ribozyme it may constrain which kinds of ribozymes can be
encoded in C. Furthermore the sequence ACazZ has the capacity to circularize,
and can continue to undergo rolling circle replication because of the az motif. The
sequence ABZ can also circularise but will not become an independently replicat-
ing rolling circle because it lacks an az. This provides the C ribozyme a pathway
to become separated from B, effectively breaking up the genome. In the model
proposed in [89] only the functional compliment ABZACazZ can circularise and

continue rolling circle replication, avoiding the issue altogether.

Other sequences may be proposed to alleviate some of these problems, but
themselves run into issues. For example, the sequence ZzabAZzacA adds a AZ
motif between both ribozymes. The strands ABazZ and ACazZ can now be cre-
ated, and have an equal advantage, but both can now replicate separately. This
makes it less likely one ribozyme will outcompete another, but further decreases
the chances of linking all genes on a genome. As a final example, the sequence
ZzabzaczaA can also hold a genome. Here the ribozymes can only be made as ABZ
and ACZ strands. This avoids genes becoming separate rolling circles however, the
sequence AazZ also appears and introduces the issues we discuss in chapter 3 into

the system.

One solution would be to propose that each HHRz can only circularize with
the pair it cleaves with. Using a number notation to show pairs, this would look

like Zzja1bzea5cA. Replication of this strand gives A;BZ, and A;CazZ; which
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TABLE 4.1: Example of strands which might make a genomic
rolling circle and the strands they produce. The | symbol repre-
sents places on the strand where cleavage can occur

Genome Sequence | Exact Compliment | Possible Strands

ZzabzacA ABZ|ACazZ ABZ, ACazZ, ABZACazZ,
ZzabAZzacA ABazZ|ACazZ ABzaZ, ACazZ, ABazZACazZ
ZzabzaczaA ABZ|ACZ|AazZ ABZ, ACZ, AazZ, AazZABZACZ

cannot circularize because the A and Z at each end come from different pairs. This
would give us a model equivalent to that shown in [89], because only the functional
compliment Ay BZsA;CazZ; can circularize. Given that the results of [89] show
a genome can be maintained on a rolling circle, we hypothesize that on the limit
where circularisation between misspaired HHRzs is 0, rolling several genes can be

encoded on the same ribozyme.

4.3 Modified stochastic model for gene co-operation
in rolling circles

However it is unclear how likely this scenario is and it would be worth exploring
if a genome can be maintained in scenarios where circularisation between mis-
spaired HHRzs is reduced but not 0. Furthermore, the problems we have pre-
sented above raise a lot of questions about how co-operation between genes might
behave in a genomic rolling circle. For example, in the solution we gave using
Ay1BZyandAsCazZy, one ribozyme has an inherent difference in size. One inter-
esting question is how this might impact expression of a ribozyme or the addition
of new ribozymes. Genes on a longer strand may be at a disadvantage if it takes

longer to replicate, or if the extra unused sequences impact its ability to fold and
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function. We have also shown that several different sequences are possible for a
genomic rolling circle, but are not sure if these sequences can be achieved through
mutations (as shown in Figure 3.2) or mechanisms like deletion and insertion. Fur-
thermore, if two ribozymes exist which can each independently cleave, but cannot
re-circularize with each other (i.e. Z3AjandZ;As) it might be assumed their rates
would differ. It would be interesting to see how this might impact the expression

of the genes they help replicate.

These questions could be explored with a modified version of the model pro-
posed in chapter 3. In this new model the basic method of replication would
stay the same, however we would incorporate a method of distinguishing between
paired HHRz as shown by the subscript system above. In the prior model, cleavage
always occurred at a HHRz, however the cleavage of each HHRz would need to
become a rate, because sometimes cleavage should not occur between genes to get
full replication of the genome. This also allows us to explore different cleavage
rates for different HHRzs and compare how this impacts co-operation. The rate
of different HHRz pairs could also be modeled, for example having a slow or zero
rate between mismatching pairs (like Z3A; and Z3A;). Finally, more ribozyme
functions would need to be defined in the model, as opposed to a generic ben-
efit to displacement. New ribozymes like C could function on the stability of a

proto-membrane, or the abundance of nucleotides in a cell.

These next steps would allow us to better explore how rolling circles could have
contributed to the genetic maturity of early life. These findings might be useful
in motivating more work in the replicative characteristics of circular RNA which

has been gaining attention recently. Though we may find that this model does not
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account for many of the properties of rolling circles that such work might discover,
it may highlight some key difficulties in creating genomes and encourage others to

propose novel ways to achieve gene replication in the RNA world.
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