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Lay Abstract 

The biology of modern life is complex and diverse, to such an extent that 

our origin is a mystery. There are, however, underlying themes of life which 

provide clues to our origin. Based on modern life’s reliance on RNA polymers to 

carry out vital cellular roles, the origin of life likely passed through an RNA world. 

A time in which life was simpler and dependent on RNA as a genetic material and 

a catalyst. Due to the great uncertainties surrounding Earth’s history, and the 

current inability to recreate an RNA organism in a laboratory, we turn to 

computational modeling. While still in its infancy, computational modeling has the 

power to let us explore times, conditions, and chemistries which are currently 

unreachable. In this thesis, we utilize computational modeling to provide insight 

and find solutions to the problems which plague the replication of RNA in an RNA 

world. 
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Abstract 

The biology of modern life predicts the existence of an ancient RNA world. 

A phase of evolution in which organisms utilized RNA as a genetic material and a 

catalyst. However, the existence of an RNA organism necessitates RNA’s ability 

to self-replicate, which has yet to be proven. In this thesis, we utilize computational 

modeling to address some of the problems facing RNA replication. In chapter 2, 

we consider a polymerase ribozyme replicating by the Qβ bacteriophage 

mechanism. When bound to a surface, limited diffusion allows for survival so long 

as the termination error rate is below an error threshold. In Chapter 3, we consider 

the replication of short oligomers through an abiotic mechanism proposed in 

prebiotic experiments. When limited by substrate availability, competition results 

in the emergence of uniform RNA polymers from a messy prebiotic soup 

containing nucleotides of different chirality and sugars. In chapter 4, we consider 

the possibility of an RNA world lacking cytosine. Without cytosine, the ability of 

RNA to fold to complex secondary structures is limited. Furthermore, G-U wobble 

base pairing hinders the transfer of information during replication. Nevertheless, 

we conclude that an RNA world lacking cytosine may be possible, but more 

difficult for the initial emergence of life. In chapter 5, we analyze abiotic and viral 

mechanisms of RNA replication using known kinetic and thermodynamic data. 

While most mechanisms fail under non-enzymatic conditions, rolling-circle 

replication appears possible. In chapter 6, we extend our analysis of the rolling-

circle mechanism to consider the fidelity of replication. Due to the thermodynamic 

penalty of incorporating an error, rolling-circle replication appears to undergo error 

correction. This results in highly accurate replication and circumvents Eigen’s 

paradox. Rolling-circle replication therefore presents an appealing option for the 

emergence of RNA replication in an RNA world. 
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Chapter 1: Introduction 

Great uncertainty remains regarding the origin of life on Earth. The leading 

theory is founded on the idea of an “RNA world”, a time in which primitive 

organisms used RNA as a genetic material and a catalyst (Gilbert 1986; Bernhardt 

2012; Robertson and Joyce 2012; Higgs and Lehman 2015). The existence of an 

ancient RNA world is heavily supported by the biology of modern life. However, 

research into the emergence of life into an RNA world has faced great difficulty, 

both in the synthesis of the RNA building blocks and the replication of RNA 

polymers. 

The introduction of this thesis is laid out as follows. In section 1.1, we 

consider the time interval for the origin of life, which attempts to constrain the 

‘when’ part of the origin of life question. After which, we focus on the ‘how’ of the 

origin of life. In section 1.2, we consider a top-down approach, using what we know 

about modern life to predict our origins. From this, the idea of an ancient RNA 

world emerges. In section 1.3, we consider how prebiotic chemistry could lead to 

the emergence RNA nucleotides, RNA polymers, and RNA replication, the 

fundamental building blocks of the RNA world. In section 1.4, we review the use 

of computational modeling as it relates to RNA replication. Lastly, in Section 1.5, 

we conclude the introduction and discuss how chapters 2-6 of this thesis build upon 

current origins of life research. 

1.1 Time Interval for the Origin of Life 

To determine the ‘when’ of the origin of life question we will consider the 

astrophysical constraints and biological signatures which constrain the time interval 

for the origin of life. The astrophysical constraints are those which determine when 

the emergence of life on Earth is possible. For instance, to have life on Earth, there 

first needs to be an Earth. Additionally, the crust of the Earth needs to be 

sufficiently stable such that a habitable environment exists to host the emergence 

of life. The biological signatures are the historical evidences of past life. For 
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instance, when evidence of life is found within a rock, there is reasonably 

confidence that the emergence of life occurred sometime prior to the formation of 

the rock. This includes the fossilized remains of organisms, but also the chemical 

traces that life leaves behind even after it is gone. By combining the astrophysical 

constraints and the biological signatures, a time interval for the origin of life is 

proposed. A summary of the astrophysical constraints and biological signatures is 

provided in Figure 1.1, which is taken from a review paper authored by myself and 

others at the Origins Institute at McMaster University (Pearce et al. 2018) 

 

Figure 1.1.1: Time interval for the origin of life as predicted by the astrophysical 

constraints and biological signatures. Due to uncertainty regarding the existence 

and severity of the late heavy bombardment, the astrophysical constraints are 

uncertain, as given by the broad habitability boundary. Figure is taken from Pearce 

et al., (2018), in accordance with the terms defined by creative commons 4.0. 
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Based on the astrophysical constraints, a habitability boundary ranging from 

4.52 Ga to 3.9 Ga is inferred. This is the predicted time interval in which the Earth 

became sufficiently habitable such that the emergence of life was possible. The 

earliest time of 4.52 Ga is based on the Earth becoming habitable just after the 

Moon forming impact (Jacobson et al. 2014; Barboni et al. 2017) and fast cooling 

of the crust (Lebrun et al. 2013; Monteux et al. 2016). Even if the Moon forming 

impact occurred later, and cooling took longer, zircon crystals suggest a stable 

hydrosphere and liquid surface water at 4.32 Ga (Cavosie et al. 2005; Harrison 

2005). The presence of which is taken to be convincing evidence that the surface 

of the Earth was sufficiently stable such that the emergence of life could occur. The 

last astrophysical constraint is based on the cratering record of the Moon which 

predicts a “Late Heavy Bombardment” of meteorites, abbreviated LHB, at roughly 

3.9 Ga (Zahnle et al. 2007). Depending on its severity, the LHB may have sterilized 

the surface of the Earth and delayed the emergence of life. However, it is not clear 

whether the LHB occurred (Zahnle et al. 2007; Spudis et al. 2011; Boehnke and 

Harrison 2016), and even if it did occur, life may have been able to survive the 

impacts since sterilization events would be localized (Abramov et al. 2013). 

Therefore, if the LHB did occur, and it was sterilizing, then life would have had to 

emerge after 3.9 Ga. Whereas without the LHB, life could have emerged as early 

as 4.52 Ga.  

The biological signatures of past life can be used to form a biosignature 

boundary, marking the most recent time at which the emergence of life could have 

occurred on Earth. Starting with the least controversial evidence, microfossils 

dating to 3.43 Ga have been discovered in western Australia (Wacey et al. 2011). 

These fossils have been analyzed with electron microscopy, as well as mass 

spectrometry, and the remains of their cell lumina and cell walls have been 

confirmed. The 3.7 Ga date which marks the biosignature boundary is constrained 

by the discovery of layered rock structures resembling modern stromatolites 

(Nutman et al. 2016), as well as isotopic evidence of light carbon which is 
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indicative of decomposed organic matter (Rosing 1999; Ohtomo et al. 2014). 

Potential evidence of life has also been found in zircon crystals dating to 4.1 Ga 

(Bell et al. 2015) and 4.25 Ga (Nemchin et al. 2008). These, however, are highly 

speculative and difficult to confirm given the rarity of zircon crystals and the harsh 

conditions under which they form. Therefore, the biosignature boundary is 

currently placed at 3.7 Ga, based on the joint evidence of stromatolites and carbon 

isotope dating. 

When combined, the habitability boundary and the biosignature boundary 

constrain the emergence of life to a time interval ranging from 4.52 Ga to 3.7 Ga. 

This is a relatively broad time interval, but importantly, it shows just how ancient 

life is on Earth. More recently, a narrow time interval for the emergence of life at 

4.36 ± 0.1 Ga has been proposed (Benner et al. 2020). This is based on the 

hypothesis that the Earth was hit by a second large impactor, named Moneta, after 

the Moon forming event. The Moneta impactor would have been roughly the size 

of the Moon, sterilized the Earth on impact, then left a shortly lived reducing 

atmosphere to kick-start the RNA world. The evidence in support for such an 

impactor, however, is limited. Furthermore, this narrow time interval is based on 

the hypothesis that a reducing atmosphere is required to produce the material 

necessary for the RNA world which is still under debate and will be discussed in 

section 1.3.1. 

Due to the ancient origins of modern life, and the sparse rock record of the 

Hadean Earth, there is limited knowledge about the environmental conditions 

which led to the emergence of life. Furthermore, since the most ancient biological 

signatures are isotopic differences in rock and rock structures, there is limited 

information about the organisms which left them. Due to these limitations, origins 

of life research typically follow a bottom-up or top-down approach. The bottom-up 

approach starts with chemistry and tries to build up towards simple life. Whereas 

the top-down approach starts with the complexity of modern life and attempts to 

work backwards. Where these approaches meet is the RNA world. 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

5 

 

1.2 Evidence for an Ancient RNA world 

The time interval for the origin of life discussed previously was based on 

the geological record of the Earth and the greater solar system. We will now shift 

our focus to the biological record found within modern life. By rewinding the 

evolutionary clock, we can take a top-down approach to the origin of life and 

acquire information of our ancestral origins. We will start by considering the tree 

of life which shows how all life on Earth diverged from a common ancestor, LUCA, 

the Last Universal Common Ancestor, roughly 4 billion years ago. We will then 

consider the unifying traits of life, with a particular emphasis on the role of RNA 

in modern life. Since these traits are universal, they were likely present in LUCA 

and subsequently conserved throughout evolution. These unifying traits of modern 

life therefore provide a glimpse of what life was like ~4 billion years ago. Lastly, 

we will consider the important role in which RNA appears to have played in LUCA, 

and from this, the idea of an ancient RNA world. 

1.2.1 The Tree of Life 

With the advent of modern sequencing, the evolutionary relationships 

between organisms has been reimagined. Instead of the traditional five kingdom 

view (Monera, Protista, Fungi, Plantae, and Animalia), life is now separated across 

three domains: Archaea, Bacteria, and Eukaryota (Woese 1987; Woese et al. 1990). 

The rational for the latter being the result of phylogenetic reconstruction studies of 

the tree of life (Woese 1987; Hug et al. 2016). In the phylogenetic tree of life, the 

three domains are connected, with Eukaryotes being closer related to Archaea than 

bacteria. LUCA, the ancestor to the three domains is thought to be somewhere 

between the Bacteria and the Archaea-Eukaryote branches. As of now, there is still 

debate as to whether the three domains branch directly from LUCA, or whether 

Eukaryotes are a branch within Archaea (Williams et al. 2013; Raymann et al. 

2015). Regardless of this distinction, the tree of life provides great utility to origins 

of life research. Since all modern life is related, we can look at the unifying traits 

of modern life and be reasonably confident that these were also present in LUCA. 
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This is important as it allows us to set an appropriate end goal for origins of life 

research. 

1.2.2 Universal Traits of Life 

Modern life as we know it depends on the central dogma of molecular 

biology (Figure 1.2.1). This simply states that the genetic information of life is 

stored in nucleic acids, and that information can be transferred to proteins, but the 

reverse information transfer never occurs (Crick 1970). In modern life, DNA stores 

the genetic information of the cell, and can be transcribed into RNA. The 

transcribed RNA can then be translated into proteins, which carry out the necessary 

enzymatic catalysis within the cell. As such, the information stored in DNA is 

converted to information stored in proteins, yet the information stored in proteins 

is never converted back into DNA. Since this is a universal trait to life, LUCA is 

expected to have also followed the central dogma of molecular biology. In the 

canonical interpretation of the central dogma, RNA plays an intermediary role 

which appears secondary to the roles of DNA and protein. Upon closer inspection 

we find that RNA is much more important than it first appears, being vital in the 

translation of proteins, the replication of DNA, and the metabolism of a cell. 

 

Figure 1.2.1: Central dogma of molecular biology. DNA can be replicated to form 

more DNA, with the help of DNA polymerase proteins. DNA can be transcribed 

into RNA by RNA polymerase proteins. And RNA can be translated into proteins 

by the ribosome. Information flows from nucleic acids to proteins, and never from 

proteins to nucleic acids. 
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To translate RNA into protein, modern life requires mRNA, tRNA, and 

ribosomes, all of which are composed primarily of RNA. The ribosome is 

particularly impressive due to its size and ability to catalyze protein synthesis, 

despite not being a protein enzyme. Instead, the ribosome is a universally conserved 

RNA enzyme, or ribozyme for short, utilizing RNA in its active site to catalyze 

protein synthesis (Ban et al. 2000; Cech 2000; Nissen et al. 2000; Moore and Steitz 

2002). In addition to the ribosome, RNase P is a second universally conserved 

ribozyme. RNase P is also critical for translation as it catalyzes cleavage of the 

RNA backbone in the maturation of tRNA (Lai et al. 2010). Without RNA acting 

in this enzymatic capacity, the synthesis of proteins in modern life would not be 

possible. 

The importance of RNA is also observed during the process of DNA 

replication. To initiate the replication of DNA, protein polymerases require a 

primer. However, life has yet to discover a way to synthesize a DNA primer. 

Instead, all DNA replication starts by first synthesizing an RNA primer (Frick and 

Richardson 2001; O’Donnell et al. 2013). This appears to be rather 

counterproductive. Firstly, the RNA primer becomes incorporated into an 

otherwise dsDNA helix and requires removal by additional protein enzymes. 

Secondly, the reliance on RNA primers prevents replication at the ends of linear 

DNA chromosomes since protein polymerases are unidirectional. As such, with 

every round of genome replication, linear chromosomes shrink in length (Watson 

1972). To combat the ever-decreasing size of genomes, even more protein enzymes 

are required to extend the linear genomes with non-coding information (Greider 

and Blackburn 1985; Blackburn et al. 2006). These additional complexities could 

be avoided with the use of a DNA primer, yet life appears to be stuck with RNA 

primers. The utilization of RNA primers shows not only the ancestral importance 

of RNA in DNA replication, but also the limited capacity of evolution. 

Delving deeper into the process of DNA replication, the de novo synthesis 

of DNA nucleotides first requires the synthesis of RNA nucleotides. This is perhaps 
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not surprising given the similarity between the two molecules. In terms of chemical 

structure, there are only minor differences between an RNA nucleotide and a DNA 

nucleotide. This first of which is the replacement of the 2’ hydroxyl group of ribose 

with a hydrogen atom, resulting in deoxyribose. In modern life, this requires a 

rather complex reduction reaction which is catalyzed by a ribonucleotide reductase 

protein (Poole et al. 2002; Lundin et al. 2015). For adenosine, guanosine, and 

cytidine, this is the only difference between an RNA nucleotide and a DNA 

nucleotide. To synthesize thymidine, a uridine nucleotide is first converted to 

deoxy-uridine, which is then methylated to form the thymidine nucleotide. 

Therefore, before modern life can even begin the process of DNA replication, it 

must first convert RNA nucleotides into DNA nucleotides, with the help of 

proteins. 

The importance of RNA is also observed when considering the metabolism 

occurring within a cell. Nearly all chemical reactions within a cell are catalyzed by 

protein enzymes. However, within these protein enzymes there an abundance of 

RNA derived coenzymes, including NADH, NADPH, FADH2, CoA, SAM-e, and 

ATP. These are molecules which are derived from RNA nucleotides and are 

required for the activity of the enzyme. The rational for the abundance of RNA 

derived coenzymes is that they are the ancient remains of ribozymes. Through 

evolution, these ribozymes were replaced by their modern protein enzyme 

counterparts through a stepwise takeover process which passed through an RNA-

protein enzyme intermediate (White 1976; Benner et al. 1989; Jeffares et al. 1998; 

Raffaelli 2011). Since the active site is vital for enzymatic activity, it is most 

difficult to replace and thus remained, whereas the surrounding RNA was slowly 

replaced by protein. This evolution of ribozymes to protein enzymes is consistent 

with the modern ribosome and RNase P which have both incorporated proteins. 

In addition to the role of RNA in active sites, RNA nucleotides are also 

abundant in cell signalling pathways, in particular, the cyclic forms of AMP 

(Nelson and Breaker 2017). It is important to note that most, but not all, of the 
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previously mentioned coenzymes and signalling molecules do not depend on the 

chemistry of the 2’ hydroxyl group of the RNA nucleotide. In theory, these 

coenzymes and signalling molecules could be derived from DNA nucleotides. The 

fact that they are not may reveal something important about their evolutionary 

history. 

1.2.3 The Ancient RNA world 

Based on the universal traits of life, LUCA is expected to have been a 

relatively complex organism or “progenote” (Woese 1987; Doolittle 2000; Di 

Giulio 2011). Minimum genome studies suggest that LUCA likely contained at 

least 500-1500 genes, comparable in size to some modern organisms (Koonin 2003; 

Ouzounis et al. 2006). LUCA also followed the central dogma of biology, using 

DNA or perhaps RNA (Poole and Logan 2005) as its genetic material, proteins to 

catalyze its chemical reactions, and RNA as the intermediate for translation. 

Additionally, LUCA is thought to have used RNA extensively in the production of 

coenzymes and as signalling molecules for metabolism. Looking past LUCA, 

towards the origin of life, requires dissecting the complexity of the central dogma. 

Since the central dogma of molecular biology relies on the cooperation of 

DNA, RNA, and proteins, it is too complex to emerge spontaneously. Instead, the 

central dogma is likely a product of evolution. If this is true, then one of the three 

key polymers likely emerged first, with the others arriving later. Based on the 

importance of RNA discussed previously, it is currently thought that RNA preceded 

the emergence of DNA and protein. Intuitively, this seems to be a rational idea. To 

synthesize proteins, RNA is required to act as mRNA, tRNA, ribosomes, and even 

RNase P. Similarly, RNA is required to replicate DNA, both in the synthesis of 

primers and in the de novo synthesis of DNA nucleotides. In which case, the 

possible orderings of emergence are RNA → proteins → DNA and RNA → DNA 

→ proteins. 
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The order of emergence of DNA and proteins is still uncertain. If RNA is a 

poor catalyst, then proteins likely preceded DNA since proteins are required by 

modern life to synthesize DNA nucleotides and replicate DNA. However, it is still 

within the realm of possibility that DNA emerged prior to proteins. In which case, 

ribozymes, with the help of their coenzymes, catalyzed the early replication and 

synthesis of DNA nucleotides, which were then replaced by proteins. Regardless 

of the ordering, the emergence of RNA first appears to explain the critical role that 

RNA plays in metabolism and DNA replication. For instance, the reason many 

coenzymes and signaling molecules are derivatives of RNA, and not DNA, may 

simply be due to the absence of DNA at that time in evolution. Similarly, the de 

novo synthesis of DNA nucleotides was likely an addition to the already present 

synthesis of RNA nucleotides. And the use of RNA primers in DNA replication 

may be a remnant of a time in which RNA acted as the genetic polymer. 

If RNA did precede the emergence of DNA and proteins, then life at one 

time was dependent on RNA to act as both a genetic polymer and a catalyst. Such 

a time is commonly referred to as the RNA world (Bernhardt 2012; Robertson and 

Joyce 2012; Higgs and Lehman 2015), which will be discussed more extensively 

in the next section. However, let us first consider the likelihood of RNA acting as 

a genetic polymer and a catalyst based on modern biology. While RNA is not used 

as a genetic material in any known life, it is used extensively in the viral world 

(Cameron et al. 2009; Hulo et al. 2011). RNA viruses utilize RNA as a genetic 

material and store the information required for protein synthesis. The viral world 

also contains viroids and satellite RNAs. These viral agents are infectious like 

viruses, except they are smaller, unprotected, and do not encode for proteins. 

Interestingly, viroids, satellite RNAs, and some viruses encode for self-cleaving 

ribozymes which they require for genome replication (Flores et al. 2011). The 

utilization of RNA genomes and ribozymes thus make the viral world attractive 

from an origins of life perspective (Diener 1989; Flores et al. 2014; Diener 2016; 

Berliner et al. 2018; Maurel et al. 2019). Based on the extensive use of RNA 
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genomes in the viral world, and the importance of RNA to modern life, it seems 

reasonable to assume that life at one time could have used RNA as a genetic 

material.  

As a catalyst, some RNA polymers are known to act as ribozymes to 

catalyze chemical reactions. In addition to the ribosome and RNase P mentioned 

previously, modern life is also known to utilize self-splicing ribozymes to parse 

mRNA (Cech 1987; Valadkhan 2007) and self-cleaving ribozymes are found 

extensively in genomes from all three domains of life (Perreault et al. 2011; 

Hammann et al. 2012). All of the naturally occurring ribozymes catalyze the 

cleavage or ligation of the RNA backbone, the sole exception being the ribosome 

(Doudna and Cech 2002; Talini et al. 2009). As such, the chemical repertoire of 

RNA catalysis appears limited. However, with the help of coenzymes and 

cofactors, RNA may have been able to perform the catalysis required for a primitive 

metabolism. The next section will further elaborate on the abundance of ribozymes 

discovered through in vitro evolution experiments. 

1.3 From chemistry to an RNA world 

In this section, we will discuss the chemistry which could have given rise 

to an RNA world. We will start with the origin of metabolism and the synthesis of 

RNA nucleotides both from a top-down and a bottom-up perspective. From there, 

we will consider how these RNA nucleotides can be ligated to form RNA polymers. 

And lastly, we will consider how these polymers could replicate non-enzymatically, 

or with the help of ribozymes. When combined with the previous section, the top-

down and bottom-up approaches provide us a comprehensive view of the RNA 

world. 

1.3.1 The Origin of Metabolism 

To reach an RNA world, RNA nucleotides are essential, however, the 

mechanism which led to their synthesis remains unknown. There are currently two 

domains of thought on this topic resulting from top-down and bottom-up 
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approaches. From the top-down perspective, modern metabolism is argued to be a 

blueprint for prebiotic RNA nucleotide synthesis (Ralser 2018). In this scenario, 

the origin of RNA nucleotides for the RNA world mimics that in modern life, 

except that it is initially occurring under non-enzymatic conditions. The bottom-up 

perspective argues that modern metabolism is too complex to emerge 

spontaneously and is instead a product of evolution (Orgel 2004; Benner et al. 

2019). In which case, the original metabolism which gave rise to the RNA world is 

different than that used by modern biology. Here, we will attempt to summarize 

some of the main finding on each side. 

In modern life, the proteins which catalyze metabolic reactions differ across 

the three domains of life, however, the general method of RNA nucleotide synthesis 

is universal, likely existing in LUCA (Weiss et al. 2016; Ralser 2018). This is 

intriguing from an origins of life perspective as it implies that modifying one’s own 

metabolism through evolution is exceedingly difficult. When this reasoning is 

extended to times prior to LUCA, one expects that the ancestor to LUCA also 

contained the same metabolism. Rewinding the clock even further would imply that 

modern metabolism existing in some primitive form, under non-enzymatic 

conditions. Recent research suggests that such a primitive metabolism may indeed 

be possible non-enzymatically. In the presence of Fe(II), which is expected to be 

abundant prebiotically (Rouxel et al. 2005; Busigny et al. 2014), a non-enzymatic 

glycolysis and pentose phosphate system emerges (Keller et al. 2014; Keller et al. 

2016). Similarly, portions of the Krebs cycle are catalyzed by iron and sulfur 

species (Keller et al. 2017), as well as UV light (Zhang and Martin 2006), and other 

reactive metal species (Muchowska et al. 2017). Even gluconeogenesis (Messner 

et al. 2017), and the synthesis of SAM-e (Laurino and Tawfik 2017) appear to be 

possible non-enzymatic. These non-enzymatic pathways are not highly refined as 

they are in modern life, but the interconversions between chemical species are 

there. In principle, this could allow for the non-enzymatic synthesis of RNA 

building blocks from simpler species. Once the RNA world is reached, ribozymes 
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could refine the network and enhance the rate of RNA nucleotide synthesis. In this 

scenario, ribozymes are not inventing new chemistry. Instead, they are merely 

binding onto inorganic catalysts and enhancing the rate and or specificity of the 

chemical reactions (Ralser 2014). 

In contrast to the top-down approach, the bottom-up approach attempts to 

synthesize RNA nucleotides from simpler chemical precursors, which are typically 

different than those used by modern life. The inspiration for such approaches dates 

back to Butlerow’s synthesis of sugars from the formose reaction (Butlerow 1861), 

Stanley Miller’s synthesis of amino acids from reducing gases (Miller 1953), and 

Oro’s synthesis of purines from ammonium cyanide solutions (Oró 1960). For a 

historical review of prebiotic synthesis experiments, see Orgel, 2004. Here, we will 

focus on the recent advances in the synthesis of RNA nucleotides. In addition to 

synthesizing amino acids,  the Miller-Urey reducing atmosphere has been shown to 

also result in the synthesis of nucleobases (Ferus et al. 2017). Borate minerals have 

also been shown to preferentially stabilize ribose sugars formed from the formose 

reaction (Ricardo et al. 2004; Grew et al. 2011). In combination, these reactions 

could have been producing the required nucleobases and sugars for an RNA world. 

Additionally, carbonaceous meteorites have been shown to contain both ribose 

sugars (Furukawa et al. 2019) and nucleobases (Callahan et al. 2011; Pearce and 

Pudritz 2015), leading to a  second possible source of RNA nucleotide precursors. 

If these nucleobases and sugars can be combined, then RNA nucleotide synthesis 

may be possible. Under aqueous conditions, this addition is difficult (Fuller et al. 

1972), however, wet-dry cycling make RNA nucleotide synthesis possible (Becker 

et al. 2019). Alternatively, the synthesis of RNA nucleotides can avoid free ribose 

and nucleobase entirely. Staring with cyanamide, glycolaldehyde, and other simple 

reactants, the synthesis of phosphorylated RNA nucleotides has been shown 

(Powner et al. 2009). The appeal of the bottom-up synthesis reactions is their 

simplicity in starting reagents, such that one could imagine synthesis occurring 

without the help of an experimenter of complex biology. And from this simplicity, 
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life emerged, which through the complexity of evolution, led to the complexity of 

modern metabolism. 

 

 

Figure 1.3.1: The prebiotic clutter of RNA nucleotide synthesis. Since the synthesis 

of RNA nucleotides results in many alternative sugars and nucleobases, the number 

of possible nucleotides is exceptionally large. Figure is taken without alteration 

from Joyce, (2002), with permission from Springer Nature. 

 

Regardless of the mechanism of RNA nucleotide synthesis, there are some 

inherent problems which have yet to be overcome. The first is the messy nature of 

chemical reactions which results in a prebiotic clutter, see Figure 1.3.1 (Joyce 

2002). Without protein enzymes (or ribozymes), chemical reactions produce an 

abundance of side products, whereas the desired product is typically rare. Forming 

RNA nucleotides is thus difficult given the many alternative combinations of sugars 

and nucleobases which are also formed in the same reaction mixture (Joyce 2002; 

Cleaves and Bada 2012; Krishnamurthy 2015). A further problem of RNA 

nucleotide synthesis is that ribose is a chiral molecule, existing in both right-handed 

and left-handed forms. While life only utilizes right-handed ribose, prebiotic 
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chemistry is expected to produce both left and right-handed forms at equal 

abundance. Since chiral isomers have identical chemical properties, separating 

them is non-trivial. For an RNA world to exist, these problems of RNA nucleotide 

synthesis need to be solved. 

1.3.2 The Formation of RNA Polymers 

To reach an RNA world from chemistry, RNA nucleotides need to 

polymerize into RNA polymers. The types of RNA polymerization can be broken 

down into three classes (Higgs 2019). In the first class, RNA polymers are 

generated through the spontaneous ligation of nucleotides or oligomers. The 

polymers resulting from this type of synthesis have random sequences. In the 

second class, polymerization occurs while RNA nucleotides or oligomers are 

aligned on a template. In which case, the new polymer has a sequence which is 

complementary, or near complementary, to the template. In the third class, 

polymers are generated by the same mechanism as the second, except in this case, 

the reaction is catalyzed by a ribozyme. The second and third classes of RNA 

polymerization are important for RNA replication as they enable the transfer of 

information from a template to a new polymer. Here, we will focus on the first class 

of polymerization in which polymers form from spontaneous ligation of RNA 

nucleotides or oligomers. 

Spontaneous polymerization of nucleotides has been considered under a 

variety of conditions, including aqueous solution, on (or within) clay minerals, 

within multilamellar lipids, and with wet-dry cycling. We will start our discussion 

with the expected equilibrium distribution of polymerization based on the 

thermodynamics of the process. If the process of polymerization is reversible, the 

resulting distribution of polymer lengths is expected to follow the geometric Flory-

Shultz distribution (Higgs 2016; Spaeth and Hargrave 2020). This simply means 

that the ratio of concentrations between a polymer or length 𝑛, and a polymer of 

length 𝑛 + 1, is a constant: 
𝐶𝑛+1

𝐶𝑛
=

𝐾𝐶𝑡𝑜𝑡

1+𝐾𝐶𝑡𝑜𝑡
, where 𝐾 is the equilibrium constant  and 
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𝐶𝑡𝑜𝑡 is the total concentration of nucleotides in solution. Since this ratio is less than 

unity, long polymers are expected to be exceedingly rare, especially when the 

equilibrium constant 𝐾 is small. Intuitively, this makes sense. When bond 

formation is not favorable, 𝐾 < 1, polymers are expected to be rare, as the theory 

predicts. To form long polymers in appreciable concentrations, bond formation 

needs to be favorable or the concentration of nucleotides needs to high. 

Under aqueous conditions, the polymerization of RNA from nucleotide 

monophosphates, either 2’-phosphate, 3’-phosphate, or 5’-phosphate, is not 

detected in appreciable amounts (Giovanna et al. 2009). This is to be expected since 

phosphodiester bond formation is predicted to thermodynamically unfavorable 

(Dickson et al. 2000), which makes polymerization unfavorable, and nearly all 

nucleotides remain in the monomeric state. To achieve RNA polymerization in 

water, activated RNA nucleotides are required. Starting with nucleoside 2’,3’-

cyclic phosphate, the detecting of short oligomers is possible (Giovanna et al. 

2009). In this case, the opening of the cyclic phosphate is thermodynamically 

favorable (Rudolph et al. 1971), which coupled to bond formation, allows 

polymerization to occur. Nucleoside 3’,5’-cyclic phosphate also polymerize in 

aqueous solution, and to a greater extent, forming chains of at least 25 nucleotides 

(Giovanna et al. 2009; Costanzo et al. 2012; Costanzo et al. 2016). The longer 

lengths resulting from the increased energy liberated from opening the cycle 

(Rudolph et al. 1971). 

As an alternative to aqueous conditions, some researchers have proposed 

polymerization with clay, lipid, or other minerals which contain localized 

environments that make bond formation favorable. In these localized environments, 

the nucleotides are free to polymerize. When the polymers are then released into 

the bulk solvent, they are out of thermodynamic equilibrium. Nevertheless, they  

persist in the aqueous phase since they are kinetically trapped. In short, the rate of 

polymer generation by the local environment is faster than the destruction in the 

aqueous environment, such that the normal aqueous equilibrium cannot be reached. 
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For clays, polymers of 30-50 nucleotides in length can be detected (Ferris 2002; 

Huang and Ferris 2006; Jheeta and Joshi 2014). This, however, still relies on 

activated nucleotides, and the specificity of the clay is worrying (Aldersley et al. 

2017). In lipid environments, wet-dry cycling appears to generate polymers of 25-

100 nucleotides from unactivated nucleoside 5’-monophosphates (Rajamani et al. 

2008). In this case, the lipids act as an ordering agent in the dry phase to drive the 

polymerization of RNA. Under similar wet-dry conditions with salts, polymers up 

to 300 nucleotides are observed (Da Silva et al. 2015). In this case, the salt 

crystalizes upon drying allowing it to act as an ordering agent in the same way as 

the lipids. 

It is important to state here that any of the previously discussed conditions 

could generate RNA polymers sufficiently long for an RNA world. The difference 

is the amount of time required. For example, polymerization under aqueous 

conditions resulted in the detection of 25-mers. Longer oligomers are expected to 

be present, but these were likely not detected because their concentrations were 

below the detection limit of the experimental setup. Therefore, if emerging life 

requires a specific 200-mer polymer, it may simply take longer in an aqueous 

environment, as opposed to a clay of lipid environment. Given that the time scale 

for the emergence of life is on the order of hundreds of millions of years, not the 

days to weeks typical of experimental research, this difference may not be crucial. 

In addition to time, it is also important to consider space. While wet-dry cycling 

environments outperform all others in terms of polymerization, these environments 

are also expected to be relatively rare compared to aqueous environments. What 

aqueous environments lack in efficiency, they may make up for in abundance. 

1.3.3 The Emergence of RNA Replication 

For the next step in the emergence of life, the RNA polymers created from 

spontaneous polymerization, or a subset of them, must be able to replicate. The 

replication of RNA polymers is key to the emergence of life as it allows for the 

transfer of information from a parent polymer to an offspring polymer. Which when 
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combined with selection, allows for the evolution of RNA polymers and an increase 

in complexity. Experimentally, the replication of RNA polymers has proven 

difficult under both non-enzymatic and ribozyme catalyzed conditions and remains 

an active area of research. 

Under non-enzymatic conditions, an RNA polymer (or for convenience a 

DNA polymer) is used as a template to synthesize a new polymer from monomers 

or oligomers. While template directed synthesis of the RNA polymers has been 

shown many times (Orgel 1995; Kozlov and Orgel 2000; Prywes et al. 2016; He et 

al. 2017), it has proven difficult to separate the resulting dsRNA duplex as required 

for successive round of replication. This is commonly referred to as the product 

inhibition problem of RNA replication, which is just one of eight unresolved 

problems facing non-enzymatic RNA replication (Szostak 2012). Under non-

enzymatic conditions, multiple rounds of replication have only been achieved a few 

times and has been restricted to very short templates containing 4 bases (Zielinski 

and Orgel 1987), 6 bases (von Kiedrowski 1986; Achilles and von Kiedrowski 

1993; Sievers and Von Kiedrowski 1994), and 24 bases (Edeleva et al. 2019). The 

longest of which requires the utilization of temperature cycling to drive strand 

separation. 

 Alternatively, it is possible that RNA replication is only achievable 

enzymatically through catalysis by ribozymes. In which case, most spontaneously 

generated RNA polymers would be “dead”, and replication would only start with 

the discovery of a specific ribozyme. Through in vitro evolution, ligases have been 

discovered which catalyze replication of themselves when given the two sequence 

specific fragments (Paul and Joyce 2002; Kim and Joyce 2004; Lincoln and Joyce 

2009). A self-assembling ribozyme has also been engineered, which utilizes 

recombination reactions to make itself from a set of sequence specific oligomers 

(Draper et al. 2008; Hayden et al. 2008; Jayathilaka and Lehman 2018). Since the 

substrates in both cases are long sequence-specific oligomers, they are expected to 

be rarely formed from spontaneous polymerization. Unless these substrates can also 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

19 

 

replicate, the self-replication or self-assembly of these ribozymes under prebiotic 

conditions would likely not be possible. Furthermore, it is unclear how these 

ribozymes would allow for the maintenance of additional ribozymes as required for 

emerging life to increase in complexity and expand its RNA genome. 

Great effort has also been put forth in the discovery of polymerase 

ribozymes which mimic the catalysis of modern protein polymerases. Current 

polymerase ribozymes trace their origins back to the in vitro evolution experiment 

by Bartel & Szostak, (1993) which found sequences with ligation activity from a 

starting pool of random sequences. Subsequent experiments improved on these 

sequences to generate the Class 1 ligase (Ekland et al. 1995; Ekland and Bartel 

1995), which had a catalytic turnover rate of 100/min, comparable to modern 

protein polymerases. The Class 1 ligase, however, is limited to primer extension of 

sequences covalently attached to itself. Upon further modification, the round-18 

polymerase was created which could bind onto generic RNA templates (Johnston 

et al. 2001). At its time, the round-18 polymerase was impressive, capable of 

extending a primer 14 times within 24 hours. However, this activity falls short of 

protein polymerases. Particularly problematic is its weak affinity to the template-

primer duplex, and poor processivity, which makes synthesis slow (Lawrence and 

Bartel 2003). Nevertheless, the round-18 polymerase has served as a valuable 

starting point for the engineering of superior polymerase ribozymes (Lawrence and 

Bartel 2005; Zaher and Unrau 2007; Wochner et al. 2011; Attwater et al. 2013; 

Horning and Joyce 2016; Attwater et al. 2018). While none have reached the level 

of self-replication, as product inhibition remains a key issue (Cheng and Unrau 

2010), the improvements made thus far provide hope that self-replicating 

polymerase ribozymes may be discovered in the near future. 

1.4 Computational Modeling of RNA replication 

Due to the experimental problems facing RNA replication, computational 

modeling may be of great utility as it can provide insight into what is to come and 
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guide experimental research down a productive path. In RNA replication research, 

computational models tend to fall into one of two classes, which will be referred to 

as abstract models and realistic models. Abstract models take a high-level 

theoretical approach and consider just a few parameters which capture the dynamics 

of the simulation. These models provide a theoretical framework and can guide the 

long-term direction of experimental research. In contrast, realistic models attempt 

to build directly on experimental data to provide short-term direction to 

experimental research. While both classes of models have utility in RNA 

replication research, current literature is dominated by abstract models. 

Many abstract computational models have considered self-replicating 

polymerase ribozymes, or more generally “replicases”, within a larger ribo-

organism (reviewed by Szilágyi et al., 2017). The utility of these abstract models is 

that they can determine the fidelity requirements of replication, as well as the the 

genome organization of a ribo-organism, even though self-replicating ribozymes 

have yet to discovered. Once self-replication of RNA is achieved experimentally, 

these models may provide a guide for the development of a more complex ribo-

organism. Abstract models have also been used to consider the evolution of 

complexity, for instance, how a second ribozyme could emerge alongside a 

polymerase ribozyme (Kim and Higgs 2016). Abstract models can also consider 

the advantages and disadvantages of replication environments, such as replicators 

bound to the surface of a rock,  or replicators trapped inside a protocell (Takeuchi 

and Hogeweg 2009; Shah et al. 2019). In doing so, these abstract models attempt 

to determine the environment constraints for the emergence of life. For instance, if 

protocells are determined to be a requirement for replicator systems, then further 

research into the emergence of life should focus on environments which provide 

lipids in addition to nucleotides. In this thesis, chapter 2, and to a lesser extent, 

chapter 3, rely on abstract computational model. 

In contrast to abstract computational modeling, realistic computational 

models attempt to build directly on the experimental research. In these models, 
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chemical kinetics and thermodynamics often determine the rules of the simulations, 

whereas experimental data provides reference values for the parameters. The 

strength of realistic models is the interpretability of the model results, such that 

experimentalists can use the results to guide their short-term research. Besides those 

covered in chapters 4, 5, and 6 this thesis, the use of realistic computational models 

for RNA replication research is currently lacking in the literature. However, this 

trend appears to be changing as the amount of experimental data increases.  

1.5 Aims of this Thesis 

The aim of this thesis to use computational modeling to understand the 

emergence of RNA replication in an RNA world. For ease of discussion, the 

following chapters are listed in order of completion and not as a chronological story 

of the origin of life in an RNA world. One will notice that the early chapters utilize 

abstract computational models, whereas the later chapters utilize realistic 

computational models. This transition from abstract towards realistic modeling is 

one which should be encouraged in future RNA world research. With the increasing 

amount of experimental data, in conjunction with greater computational power, 

realistic models of RNA replication are expected to become a powerful tool in RNA 

world research. 

In chapter 2, we consider the replication of hypothetical RNA polymerase 

ribozymes which are confined to a surface environment which limits diffusion. This 

chapter builds on previous work from our group (Shay et al. 2015; Kim and Higgs 

2016) and incorporates the poor processivity observed in known polymerase 

ribozymes. We find that survival of polymerase ribozymes is still possible on a 

surface so long as the termination error rate, which is related to its processivity, is 

below a termination error threshold. 

In chapter 3, we switch from the replication of polymerase ribozymes to the 

replication of short RNA oligomers. In this chapter, we show that template-directed 

replication can result in the emergence of uniform RNA polymers from a messy 
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prebiotic soup. This emergence of uniform RNA is the result of the faster rate at 

which uniform polymers are predicted to replicate (Joyce et al. 1984; Bolli et al. 

1997; Gavette et al. 2016; Kim et al. 2020). 

In chapter 4, we consider the possibility of an RNA world lacking cytosine, 

as predicted by the absence of cytosine in carbonaceous meteorites (Pearce and 

Pudritz 2015) and the fast deamination of cytosine to uracil (Levy and Miller 1998). 

Using RNA folding software (Lorenz et al. 2011), we consider the likelihood of 

random polymers lacking cytosine being ribozymes. We also consider the 

replication of these polymers using a mutational model which incorporates the 

importance of G-U wobble pairing. While we cannot rule out the possibility of an 

RNA world lacking cytosine, it seems unlikely given the statistics of folded 

structures and the difficulty of maintaining ribozyme information.  

In chapter 5, we turned our focus to the mechanism of non-enzymatic RNA 

replication. We start by considering the mechanisms of RNA replication used in the 

viral world and in prebiotic experiments. Due to product inhibition problem, long 

RNA polymers are only able to achieve sustained exponential growth via the 

rolling-circle replication found in modern viroids and viruses. 

In chapter 6, we extended our analysis of non-enzymatic rolling-circle 

replication to consider the fidelity of RNA synthesis. Based on the kinetics of 

toehold-mediated displacement, rolling-circle synthesis is predicted to undergo a 

thermodynamically driven error-correction mechanism. The product sequences 

generated from this error-correction have extremely high fidelity and Eigen’s 

paradox is avoided. When combined with the results from chapter 5, a case can be 

made that the emergence of life likely started with an RNA polymer capable of 

undergoing non-enzymatic rolling-circle replication. 
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Chapter 2: Error Thresholds for RNA replication 

The contents of this chapter were published in Journal of Theoretical 

Biology in September 2017 (corresponding reference below). The manuscript, 

figures, and tables in this chapter are used with permission from the publisher 

Elsevier. 

Paul Higgs and I contributed to the design of the model and the writing of 

the manuscript. I wrote the computer programs to run the simulations, accumulated 

the data, and made the corresponding figures. Paul Higgs wrote the paired-site 

approximation and corresponding program discussed in the appendix. 

 

Tupper, A. S., & Higgs, P. G. (2017). Error thresholds for RNA replication in the 

presence of both point mutations and premature termination errors. Journal 

of theoretical biology, 428, 34-42. 
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Chapter 3: Templating and the Emergence of RNA 

The contents of this chapter were published in a special issue of Life in 

October 2017 titled The RNA World and the Origin of Life (corresponding reference 

below). The manuscript, figures, and tables in this chapter are used with permission 

from MDPI, in accordance with the MDPI Open Access Policy. 

Paul Higgs and I conceived of and designed the experiments. Kevin Shi and 

I wrote the computer programs to perform simulations and analyzed the data. Paul 

Higgs wrote the manuscript. 

 

Tupper, A. S., Shi, K., & Higgs, P. G. (2017). The role of templating in the 

emergence of RNA from the prebiotic chemical mixture. Life, 7(4), 41. 
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Chapter 4: Can the RNA world Function without cytidine? 

The contents of this chapter were published in Molecular Biology and 

Evolution in September 2019. The manuscript, figures, and tables in this chapter 

are used with permission from the publisher, Oxford University Press. 

Ralph Pudritz provided the initial inspiration and idea for the project. Paul 

Higgs and I contributed to the design of the models and the writing of the 

manuscript. Ralph Pudritz helped edit the final manuscript. I wrote the computer 

programs to determine the statistics of RNA secondary structures, accumulate the 

data, and make the corresponding figures. Paul Higgs wrote the two-step model of 

RNA replication which incorporates G-U wobble base pairing. 

 

Tupper, A. S., Pudritz, R. E., & Higgs, P. G. (2020). Can the RNA World Still 

Function without Cytidine?. Molecular Biology and Evolution, 37(1), 71-

83. 
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Chapter 5: Rolling-circle Replication in an RNA world 

The contents of this chapter are unpublished and constitute a manuscript in 

preparation. Paul Higgs and I both contributed to the design of the replication 

schemes and the writing of the manuscript. 
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Chapter 6: Error-correction in an RNA world 

The contents of this chapter are unpublished and constitute a manuscript in 

preparation. I developed the model, implemented the computer simulations, and 

wrote the manuscript. Paul Higgs provided guidance throughout the research proc 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

93 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

94 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

95 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

96 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

97 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

98 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

99 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

100 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

101 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

102 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

103 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

104 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

105 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

106 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

107 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

108 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

109 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

110 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

111 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

112 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

113 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

114 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

115 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

116 

 



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

117 

 

  



 

 

Ph.D. Thesis - A. Tupper  McMaster University - Biochemistry and Astrobiology 

118 

 

Chapter 7: Discussion 

The aim of this thesis was to utilize computational modeling to further our 

understanding about the emergence of RNA replication in an RNA world. The 

results of chapter 2 have shifted the research direction of our research group, and 

hopefully others as well, from surface environments towards protocell like 

environments. Follow up research has further bolstered this shift by directly 

comparing surface and protocell environment  (Shah et al. 2019). In chapter 3, we 

proposed that RNA could have emerged from a prebiotic soup due to its superior 

ability to act as a template for replication. Recent experimental research now 

supports this, and the authors of the study make a very similar claim (Kim et al. 

2020). While chapter 4 was only recently published, we are hopefully that it will 

renew interest in Earth-based sources of nucleotides for an RNA world, as opposed 

to meteoritic sources of organics. We are also hopeful that chapters 5 and 6 will 

persuade researchers to consider the rolling-circle mechanism of replication, both 

under non-enzymatic and ribozyme-catalyzed conditions. 

7.1 Remaining Problems in RNA replication 

Despite being a focus of research for the better half of a century, many 

problems with RNA replication persist. In Szostak’s 2012 review, eight outstanding 

problems with non-enzymatic RNA replication are discussed, and are copied below 

for easy reference (Szostak 2012). 

1. Regiospecificity: chemical template copying generates complementary 

strands with a heterogeneous backbone containing randomly interspersed 

2'-5' and 3'-5' linkages. 

2. High Tm of long RNA duplexes: because of the high melting temperature 

of RNA duplexes, the accurate copying of an RNA template will generate 

a dead-end duplex product. 
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3. Fidelity of template copying chemistry: the accuracy of chemical 

replication is insufficient to allow for the propagation of functional 

genetic information. 

4. Rate of template copying chemistry: chemical template copying occurs on 

the same timescale as template and substrate degradation. 

5. Reactivation chemistry: the efficiency of template copying is limited by 

substrate hydrolysis, but current means of re-activating hydrolyzed 

substrates lead to damaging side reactions that would destroy both 

templates and substrates. 

6. Divalent metal ions: the high concentrations of divalent cations required 

for RNA template-copying reactions catalyze RNA degradation and are 

incompatible with known vesicle replication systems. 

7. Primer-independent RNA replication: replication based on primer-

extension is incompatible with a protocell model system, because 

protocells cannot take up exogenous primers. 

8. Strand reannealing: the reannealing of separated strands prevents template 

copying, but the rate of strand reannealing is orders of magnitude faster 

than current copying chemistry. 

In chapter 5, we investigated and provided a theoretical foundation for 

problem #2, referred to here as the product inhibition problem. To do so, we 

considered the mechanisms of RNA replication found in the viral world, as well as 

the abiotic mechanisms proposed in the literature. Starting with viral mechanisms 

of replication seemed intuitive, given that we know viruses replicate exponentially 

and have overcome the product inhibition problem. Based on currently understood 

reaction kinetics, we found that rolling-circle replication may work non-

enzymatically, resulting in exponential growth and solving the product-inhibition 

problem. Furthermore, since the rolling-circle template is dsRNA, the fast strand 

reannealing problem (#8) is avoided. And interestingly, the “problem” of fast strand 

reannealing allows rolling-circle replication to become primer-independent at 
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protocell-like concentration, thus solving problem #7. In chapter 6, further 

investigations predict that non-enzymatic rolling-circle synthesis undergoes error-

correction, solving the problem of poor fidelity of RNA synthesis (#3), and likely 

the regiospecificity problem (#1). Therefore, by simply changing the mechanism of 

replication, five of the eight problems of non-enzymatic replication appear to be 

solved.  

Due to the nature of the remaining problems (#4, #5, #6), it seems unlikely 

that they will be solved by rolling-circle replication. These problems appear to stem 

from the relatively fast rate of RNA hydrolysis. Instead of trying to enhance the 

rate of replication, e.g. using highly activated nucleotides, it may be beneficial to 

consider ways in which RNA is stabilized. In modern life, RNA can be chemically 

modified through methylation of the 2’-hydroxyl group. This is known to be a 

universally conserved trait of life and it likely emerged pre-LUCA (Jeffares et al. 

1998; Poole et al. 2000; Rana and Ankri 2016). For the emergence of life, this 

methylation may be critical as it greatly enhances the stability of RNA. With 

methylated-RNA, the problem of fast template hydrolysis may therefore be solved 

(#4), in addition to the problem of template susceptibility to divalent cations (#6). 

Furthermore, slower template hydrolysis may also allow the simpler NTP’s to be 

used, thereby solving the activation chemistry problem (#5).  

In this scenario, life would have emerged in a methylated-RNA world  

(Poole et al. 2000), likely undergoing rolling-circle replication. Once life achieved 

sufficient complexity such that DNA was discovered, there would be little 

evolutionary benefit to maintaining highly methylated RNA genomes. RNA 

methylation then decreased in prominence but remained in critical areas such as 

within the ribosome, where it remains in modern life (Jeffares et al. 1998). The 

strength to scenarios such as this one is that it adds minimal complexity to the origin 

of life. No new chemistry, nor mechanisms, have been invented. The emergence of 

methylation needs to be explained, this scenario simply assumes that methylation 

emerged earlier than previously thought, likely originating non-enzymatically. 
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7.2 The Search for Life 

In addition to understanding the origin of life on Earth, the study of RNA 

replication may have profound implications for the search for life elsewhere in the 

universe. When attempting to determine the number of intelligent civilizations in 

the universe, or our own galaxy, the Drake equation predicts an abundance of life 

(Frank and Sullivan 2016; Engler and von Wehrden 2019). However, the apparent 

silence of these neighbors has led to the idea of a “Great Filter” (Hanson 1998; 

Haqq-Misra et al. 2020). The idea that there are incredibly difficult hurdles in the 

origin and evolution of complex life which reconcile this discrepancy. This filter, 

in essence, decreases the likelihood that a planet would allow for the emergence of 

complex life. The contents of this thesis contribute to a different, but equally 

important, type of filter for the origin of life, one which decreases the diversity of 

life as complexity increases. 

If we consider these thesis chapters in their order for the emergence of life, 

as opposed to the order in which they are presented, we find that each chapter 

decreases the diversity of the resulting life. For instance, in Chapter 3, we 

considered a pool of nucleotide precursors which were polymerizing into random 

polymers, and then through replication, were selected for fast replication. The result 

of which was a decrease in complexity of the solution and the emergence of uniform 

RNA polymers. If true, this suggests that RNA was selected from the prebiotic soup 

due to its ability for short polymers to replicate fast. Would a similar prebiotic soup 

on a distant world result in similar selection for an RNA-like polymer? 

Continuing our story, Chapters 5 and 6, considered the mechanisms of non-

enzymatic replication. Once again, despite the numerous possibilities, only one 

mechanism appears to work non-enzymatically, that being rolling-circle 

replication. Since self-cleavage is a necessity for rolling-circle replication, any 

polymers which are unable to self-cleave would be unable to replicate, and thus a 

second filter is observed. In Chapter 4, we considered smaller nucleotide alphabets, 
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in particular those which lack cytosine. Once again, we observe a filter. Without 

cytosine, the emergence of life appears highly improbable due to the limited 

complexity of folded structures. Lastly, in Chapter 2, we considered the replication 

of a hypothetical polymerase ribozyme and found that high processivity is vital for 

survival. As each new filter is applied, the diversity of polymers which could give 

rise to complex life decreases. The implication being that if we do find life 

elsewhere, it will likely look similar to us. 

If the existence of diversity filters is real, then the search for life elsewhere 

becomes the search for viruses, viroids, and life as we know it. In some ways, this 

is good news since Earth life has been well documented and continues to be an 

active area of research. It is also convenient that viroids and viruses, the simplest 

replicators on Earth, appear to resemble the first life on Earth. Such entities may 

therefore have been present throughout most of Earth’s history and may be 

abundant on distant worlds regardless of its stage of evolution. Furthermore, if it is 

true that life has passed through many filters, then the genetic material of these 

viruses and viroids should be remarkably similar to our RNA and DNA, and thus 

should be easily detectable. 

However, such diversity filters also imply something far grimmer, that these 

other worldly viruses may be compatible with Earth life. In which case, exploration 

of distant worlds may bring the possibility of mutually assured destruction, and thus 

contribute to the “Great Filter”. Does the curiosity of complex life, which provides 

the tools to search for extraterrestrial life, also lead to its own destruction? 
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