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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.



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 QP 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)

R m—

| T T | | |
A'STROPH‘YSK*AL CON%TRJMNTS ‘ ‘ | | ‘ ‘ BIOLOQlCAL SIGNATURES

Ga 46 44 42 40 3.8 3.6 34 3.2 3.0 2.8

| Jl—Ha‘bitallJility" Bm.!mdau BiosiglnatTe Blounc‘iary| | | ‘ l

24-2.3

H

4
&

~——— &

~— = /"’\\
? Oxidation ©

K

&
G S
(‘/@St M iCI‘OﬁOs

a,

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
436 £ 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.

4
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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.

5
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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.

DNA Replication

Transcription Translation

W/qumm

DNA RNA Proteins

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

7
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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, FADH,, 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

8
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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

10
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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

11
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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(Il), 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 (Oré 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.
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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

: o KC
length n + 1, is a constant; -2+ = tot

———, where K is the equilibrium constant and
Cn  1+KCtot
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Cto¢ 1s 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 dsSRNA 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
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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 Szilagyi 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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We consider a spatial model of replication in the RNA World in which polymerase ribozymes use neigh-
bouring strands as templates. Point mutation errors create parasites that have the same replication rate
as the polymerase. We have shown previously that spatial clustering allows survival of the polymerases
as long as the error rate is below a critical error threshold. Here, we additionally consider errors where a
polymerase prematurely terminates replication before reaching the end of the template, creating shorter
parasites that are replicated faster than the functional polymerase. In well-known experiments where Qf
RNA is replicated by an RNA polymerase protein, the virus RNA is rapidly replaced by very short non-
functional sequences. If the same thing were to occur when the polymerase is a ribozyme, this would
mean that termination errors could potentially destroy the RNA World. In this paper, we show that this
is not the case in the RNA replication model studied here. When there is continued generation of par-
asites of all lengths by termination errors, the system can survive up to a finite error threshold, due to
the formation of travelling wave patterns; hence termination errors are important, but they do not lead
to the inevitable destruction of the RNA World by short parasites. The simplest assumption is that par-
asite replication rate is inversely proportional to the strand length. In this worst-case scenario, the error
threshold for termination errors is much lower than for point mutations. We also consider a more realis-
tic model in which the time for replication of a strand is the sum of a time for binding of the polymerase,
and a time for polymerization. When the binding step is considered, termination errors are less serious
than in the worst case. In the limit where the binding time is dominant, replication rates are equal for
all lengths, and the error threshold for termination is the same as for point mutations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

ribozyme however is not perfect and has a fidelity of 97.4% (accu-
racy of base additions) and processivity of 97.5% (probability of se-

The transition from chemistry to life on Earth may have oc-
curred in an RNA World (Bartel and Unrau, 1999; Gilbert, 1986;
Joyce, 2002; Higgs and Lehman 2015), with RNA taking the central
role as both genetic storage and enzymatic function in the first or-
ganisms, Central to this idea is the existence of a polymerase ri-
bozyme capable of synthesizing a complementary sequence from a
template, thereby forming a self-replicating chemical system. Sup-
port for such a ribozyme has come from in-vitro evolution ex-
periments which have made significant progress in recent years
(Attwater et al., 2013; Johnston et al, 2001; Lawrence and Bar-
tel, 2005; Wochner et al.,, 2011; Zaher and Unrau, 2007). In the
most recent case, a polymerase ribozyme was created that is ca-
pable of synthesizing 206 nt extensions which are approximately
the same length as itself (Attwater et al., 2013). This polymerase

* Corresponding author.
E-mail address: higgsp@mcmaster.ca (P.G. Higgs).
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quential nucleotide addition prior to dissociation with the template
strand).

During polymerase-mediated replication, a point mutation er-
ror is the incorporation of an incorrect nucleotide into the grow-
ing product strand, whereas a termination error is the premature
termination of replication before reaching the end of the tem-
plate, which creates an incomplete sequence that is shorter than
the template, Both kinds of errors create non-functional template
strands that have the potential to overrun the replicating sys-
tem if the error rates are too high, Following Eigen et al. (1988),
we will use the term ‘error threshold’ to describe the maximum
error rate for which the replicating system can survive without
being overrun by mutations. The fidelity of replication in the
point-mutation case is a well studied question, but the termina-
tion problem has received much less attention. Here we consider
these two kinds of error in the same model. Spatial lattice mod-
els have been used extensively to study replicating RNA systems
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(Szab6 et al, 2002; Konnya et al., 2008, 2013; Ma and Hu, 2012;
Ma et al,, 2010a,b, Ma et al., 2007a,b; Takeuchi and Hogeweg, 2012;
Walker et al., 2012; Wu and Higgs, 2012; Shay et al., 2015; Kim
and Higgs, 2016; Colizzi and Hogeweg, 2016a,b). Here we consider
a spatial model designed to more accurately represent the process
of strand replication by allowing for termination errors as well as
point mutations.

The standard error threshold theory (Eigen et al., 1988) deals
with peint mutations. This theory considers a well-adapted 'master
sequence’, e.g. a wild-type RNA virus, in competition with all the
mutant sequences that surround it in sequence space. The mutant
sequences have a lower replication rate than the master sequence,
but they are generated by continual mutations from the master
sequence. The concentration of master sequences in the mixture
is found to go to zero at a critical value of the point mutation
rate called the error threshold. The value of the error threshold
depends on the ratio of replication rates of the master sequence
and the mutant sequences, and this can be calculated fairly easily
(Eigen et al., 1988).

We have previously studied point mutations for an RNA poly-
merase in the RNA World (Kim and Higgs, 2016; Shay et al., 2015).
In this case, the polymerase is an RNA and the polymerase se-
quence is mutating, whereas in the standard theory, the poly-
merase is a protein that is not subject to mutation. The sim-
plest assumption for the RNA World model is that sequences with
point mutations are non-functional as catalysts but are equally
good templates as the polymerase., This means that the mutant
sequences are parasites of the polymerase. In the well-mixed ver-
sion of this model, the polymerase is overrun by parasites for any
non-zero error rate. Survival of the polymerase at finite error rate
requires cooperating groups of polymerase sequences, either in a
surface-based model with slow diffusion, or in a protocell model
with group selection (see Higgs and Lehman, 2015, and references
therein). We have shown by simulation (Kim and Higgs, 2016) that
there is an error threshold in the two-dimensional surface-based
problem, and that spatial clustering allows survival of the poly-
merase for error rates below this threshold. Calculation of the er-
ror threshold for the spatial lattice model is not easy because it
depends on spatial correlations of the states of neighbouring sites,
which cannot be determined exactly. In the appendix of this pa-
per, we give a paired-site approximation to the lattice model that
explains the error threshold behaviour of this model at least qual-
itatively.

The main aim of this paper is to compare termination errors
with point mutations. The strands generated by premature termi-
nation are shorter than the template and therefore replicate faster.
The simplest assumption is that the replication rate of a strand
is inversely proportional to its length. Hence there will be selec-
tive pressure for parasites of shorter lengths. This selective pres-
sure was shown in well-known experiments with Q8 RNA, which
shrunk its genome by 83% after many rounds of selection, causing
it to replicate 15 times faster (Mills et al., 1967). The QB example
uses a protein polymerase that does not evolve in the experiment,
whereas a polymerase ribozyme in the RNA World would have to
compete with the short parasites generated by premature termi-
nation. The worry that motivates this paper is that parasites might
evolve to shorter and shorter lengths until they inevitably destroy
the polymerase, If this were true, this would essentially rule out
the idea of an RNA World that depended on an RNA polymerase
ribozyme. However, the central result that we show here is that,
while short parasites are indeed lethal to the polymerase when
alone, termination errors generate a mixture of parasites of differ-
ent lengths, and this mixture is not always lethal. The polymerase
survives in the presence of the mixed parasites up to a finite error
threshold.
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2. Methods

The model used is an extension of that in Kim and Higgs (2016).
We use a square lattice in which each site can either be vacant
or occupied by a single RNA strand. A strand is either a poly-
merase (P), the complement to a polymerase (C), or a parasite
(X). Lengths of strands are measured in numbers of nucleotides.
Polymerases and complements have a fixed length Lp,. Parasites
may have any length up to and including Lp,. We assume that the
surface environment limits diffusion, thus preventing strands from
moving between lattice sites. The model allows only polymerase-
catalysed replication and assumes that non-enzymatic template-
directed replication is negligible. For a similar model that incorpo-
rates both kinds of replication, see Wu and Higgs (2012) and Shay
et al. (2015). Polymerases replicate neighbouring template strands
at rate k(L), where L is the length of the template. The simplest
case, which was also used by Kim and Higgs (2016), is to assume
that k(L) is inversely proportional to L. It is convenient to write

Lot

L
where kpy is the replication rate constant for a strand of length
Ly~ We also introduce a cutoff length, Ley, which is the minimum
length of template that can be replicated. This is motivated by ex-
periments with QS replicase, where the optimum RNA strands for
replication have a length much shorter than the full virus RNA,
but must be long enough to have a secondary structure that is
recognized by the Qf replicase protein (Biebricher and Luce 1992,
1993). For all the simulations in this paper, we have L, =100 and
Leue = 10. For simplicity, we assume that one strand occupies one
lattice site, irrespective of its length. However, if strands shorter
than Lg,; are generated by termination errors, these strands are too
short to be replicated again, and they are also assumed to be too
short to take up a lattice site. These very short strands are simply
ignored because they play no role in the model. The form for k(L)
in Eq. (1) is the worst-case scenario for survival of the polymerase,
because it gives the short parasites the maximum advantage. Later
in the paper we will consider more realistic forms for k(L) in which
the replication rate is less strongly length dependent.

The model also incorporates loss of strands. Strand sites are
turned into vacancies at a rate that is assumed constant for all
lengths, and is set to 1, This provides a scale for comparison of the
other rates in the model. The loss rate represents either the escape
of a strand from the surface or the breakdown of a strand back to
individual monomers.

The simulations proceed in time steps of length 4t. In one time
step, we visit every strand in a random order and give it a chance
to be a template. For each strand, we select one of the eight neigh-
bouring sites at random from the Moore neighbourhood. If this
site is occupied by a polymerase, the template is replicated with
a probability k(L)5t. Only strands next to polymerases can be repli-
cated. The new strand is the complement of the template: a P cre-
ates a C, and a C creates a P. Note that C strands are non-functional,
but they are necessary for replication of the polymerases. If a point
mutation occurs, a parasite of length Ly, is generated, instead of a
P or C. If a termination error occurs, a parasite of a length less
than Ly is generated (further details below). If the template is a
parasite of length L, accurate replication creates another parasite
of the same length. Since all parasites of a given length are equiv-
alent in this model we do not keep track of their plus and minus
forms. Point mutations are not relevant to parasites for the same
reason. Premature termination of replication of a parasite can gen-
erate shorter parasites.

When a new strand is created, we select a second random
neighbour site of the template strand different from the site occu-
pied by the polymerase. If the second neighbour site is a vacancy,

K(L) = kpy (1)
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the new strand is placed on this site. If the second site is already
occupied by a strand, the new strand is eliminated and no change
occurs. After giving each strand a chance to replicate, we again go
through each strand in a random order and give it a chance to be
lost/broken down. This occurs with a probability &t, because the
loss rate is defined as 1, This completes one time step §t.

We now discuss errors in more detail. For point mutations, we
assume an error probability mp.;,, per nucleotide. The probability
of at least one point mutation occurring during replication of a se-
quence of length L is

ML) =1 - (1 - Mpoin). (2)

P and C sequences have length L,,. Hence, when a P or C is
replicated, there is a probability M(L,,) that the new strand is a
parasite of length Ly,

For termination errors, we assume that there is a probability
Mrerm Of premature termination at each nucleotide. Let p(l) be the
probability of generation of a new strand of length [ from a tem-

plate of length L.

p() = (1 = Merm)'Meerm (for0 <1 < L — 1)

pL) = (1 — Mperm)* (accurate replication) (3)
This is normalized so that Z}_Dp(f)z 1. There is a subtlety

here regarding the replication rate. The rate of production of the
new strand should depend on its own length, I, not on the length
of the template, L. Hence, when a template is about to be repli-
cated, we first determine the length of the product [ as a random
value from the distribution p(l). If [ < L, the probability of the repli-
cation occurring is k(1)8t, rather than k(L)t. In simulations that in-
clude both kinds of error, we first check for premature termination,
then if the strand is accurately replicated according to Eq. (3), we
check for point mutations according to Eq. (2).

All results reported here are from simulations using a square
lattice of size 1024 x 1024 with periodic boundaries to limit edge
effects. The time step is §t=0.001 in all cases, except for runs with
very high polymerization rates (kp = 1000), in which case it was
necessary to decrease the time step to §t=0.0001.

3. Polymerase survival with point mutation errors

We will first consider the simplest case with only point mu-
tations and no termination errors. Due to the clustering of poly-
merases that arises in this spatial model, it is less likely for a para-
site to be adjacent to a polymerase ribozyme than for a polymerase
to be adjacent to another polymerase or complement. This means
that parasites have a disadvantage, and they die out if there is no
continued mutation (M, = 0). For moderate myqp, there is coex-
istence of the parasites with the polymerase and complement. An
example of this situation is shown in Fig. 1(a). For the correspond-
ing animation see Video S1.

Fig. 2 shows the time averaged strand concentrations as a
function of mp,j,, when all other variables are fixed. The error
threshold is close to My, =2.5 x 10-3 for these parameters, which
means the mutation probability per strand is M=0.22 for a strand
of length Ly, =100. If the error threshold occurs at M of order 1,
then the maximum per-base error rate is Mgy Of order 1/Lyy. This
is a similar conclusion to the usual error threshold in the master-
sequence landscape. Eigen et al. (1988) showed that the minimum
fidelity in that case is Q= 1/o g, where o is the relative replication
rate (superiority parameter) of the master sequence to the mu-
tants. In our case, however, the polymerase survives not because of
a replication rate advantage, but due to an advantage arising from
spatial clustering.

The example in Fig. 2 is calculated for kpy=25. Fig. 3 shows
the way the error threshold in mp,,, depends on kyy (with Ly
fixed at 100). Firstly, we note that, even in absence of errors, there
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is a minimum value of the replication rate necessary for the sur-
vival of the polymerase. This is close to 8.6. Below this, the rate
of loss/breakdown of strands is faster than the multiplication rate.
The error threshold in Fig. 3 is therefore zero below k. =8.6.
Above this, the error threshold increases as ky, increases, because
speed partially compensates for accuracy. If the replication rate
is larger, then the number of accurate copies produced from one
strand in its lifetime is larger, which helps the survival of the poly-
merase, even if mutant copies are also produced. However, Fig.
3 shows that the error threshold begins to decrease again very
slowly at very high replication rates above kp, = 50. This is because
the spatial structure of the model breaks into very small clusters
of polymerase and complement that are effectively "walled-in" by
parasites. The parasites stop the polymerase clusters from growing,
even though the parasites cannot spread. The concentration of the
polymerases actually decreases with kj,, over this range, and the
error threshold also decreases slightly in consequence.

We do not have an exact calculation of strand concentrations or
the error thresholds for this model. An approximate solution can
be found using a pair approximation that considers correlations in
the states of pairs of neighbouring sites but ignores correlations
beyond two sites. This calculation is shown in the Appendix, and
the strand concentrations as a function of my,;,, are shown in Fig.
Al. The result is qualitatively similar to Fig. 2, although the value
of the error threshold found from the approximation is substan-
tially higher than that found from simulation of the lattice model.

4. The existence of lethal parasites

As pointed out in the previous section, parasites of the same
length as the polymerase have a disadvantage due to spatial clus-
tering of the polymerases. Therefore, these parasites die out unless
they are continually created by mutation. However, shorter para-
sites have an advantage due to faster replication which can over-
come the disadvantage due to clustering. We already gave exam-
ples (Kim and Higgs, 2016) where short independent parasites co-
exist with the polymerase, and where very short parasites destroy
the polymerase entirely. Here, we investigate how short the para-
sites need to be in order to be lethal.

A simulation of just P and C sequences was allowed to reach
a steady state without mutations or parasites of any kind, A small
number of parasites of a fixed length L was then added in order
to see if these parasites could invade the replicating system. The
mutation rates were kept at zero, so the only parasites present are
copies of the initial few that were added.

Three outcomes are possible, depending on L. For L > Lygy, the
parasites die out, For Ly, <L < Lmax, the parasites coexist with the
polymerase and complement. For L < L;,, the parasites destroy the
polymerases and everything dies out. Fig. 4 shows the time aver-
aged concentrations of the strands as a function of L. For these pa-
rameters, where kyo =25 and Ly, =100, we estimate Ly, = 14 and
Lmax = 76. This problem can also be studied approximately using
the pair approximation shown in the Appendix. The results shown
in Fig. A2 are qualitatively similar to those in Fig. 4.

In contrast to the case of point mutations (Fig. 1a), the spa-
tial dynamics in the case of coexisting parasites and polymerases
without mutations gives rise to travelling waves (Fig 1b and 1c).
Polymerases and complements form the leading edge of the waves
while parasites survive on the trailing edge. Travelling waves in
similar models to this have been observed previously (Takeuchi
and Hogeweg, 2012; Colizzi and Hogeweg, 2016a,b). For the longest
parasites in the range Ly, <L < Lmay, the traveling waves are small
and constantly colliding (Fig. 1b) whereas shorter parasites result
in larger traveling waves (Fig Ic). The large scale travelling waves
for the shorter parasites are only possible if the lattice size is
large enough, ie. short parasites are more lethal if the lattice size
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Fig. 1. Snapshots from simulations, where polymerases are shown in red, complements in orange, and parasites in black. In all cases kpy =25 and t=0.001. (a) Small
clusters are seen in the case of point mutation rate mpgn = 1.6 x 10-* and no termination errors. (b) Small chaotic waves emerge when parasites of fixed length 45 coexist
with polymerases and complements and no replication errors are allowed. (c) Large travelling waves are seen when parasites are shortened to length 15 under the same
constraint of no replication errors. (d) When termination errors occur with My, = 1.0 x 10-°, small waves emerge which constantly collide, split, and die. Parasites are
coloured according to length, from black (short) to long (light blue). “(For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)".

0.5

0.3 \

0.2 w,

Concentration (strands/site)

01 .

x10™
%5 10 20 30 40

Mpgint (hucl™)

Fig. 2. Concentrations of polymerase, complements, and parasites are shown as a
function of My, with kyy =25 and 8t=0.001. The point mutation error threshold
occurs around 2.5 x 10~ where the average polymerase population goes to zero,
All simulations were run until =1000 and repeated 100 times for each value of
Myoine Shown, Each data point represents time and simulation averaged strand con-
centration if at least 5% of the trials had a surviving polymerase population, and 0
otherwise.
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Fig. 3. The point mutation error threshold is shown as a function of kyy. For each
value of kyy, simulations were run until =1000 and repeated 100 times for in-
creasing values of my,;,. Each data point represents the largest value of my,, for

which at least 5% of the trials had a surviving polymerase population.
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Fig. 4. Equilibrium concentrations of polymerase, complements, and parasites are
shown as a function of parasite length. Coexistence of polymerases and parasites
is possible when parasites have lengths in the range 14-76 nucleotides. All simula-
tions were initialized with a small population of parasites with fixed length added
to a polymerase population, and no point mutations or termination errors were
allowed. Each simulation was run until r=1000 and repeated 100 times for each
length of parasite shown. Each data point represents time and simulation averaged
strand concentration if at least 5% of the trials had a surviving polymerase popula-
tion, and 0 otherwise. Common parameters used are k,, =25 and §t=0.001.

is smaller. Animations of these cases are also available. Video 52
shows the case where L < L, where introduction of a few short
parasites is lethal. Videos S3 and S4 show travelling waves.

The existence of short, lethal parasites is unsettling, as termi-
nation errors will inevitably generate parasites with L < L;,. One
solution to this problem would be to evolve a polymerase that
does not bind to templates that are too short. As we discussed in
the introduction, this does seem to be the case for RNA replication
by the Qf replicase protein (Biebricher and Luce 1992, 1993). This
feature is included in our model via the cutoff length Ly, which
is the minimum length template strand that can bind to the poly-
merase and be replicated. It is clear that if we set L, larger than
Lyin, the parasites that are short enough to be lethal cannot be
replicated, which eliminates the problem of lethal parasites imme-
diately. However, the main aim of this paper is to look at the case
of termination errors, which continually generate parasites of a
mixture of lengths. We will now show that the short parasites are
not lethal when present in this mixture, and that the polymerase
can coexist with the mixture of parasites, even if Ly > Leut.

5. Polymerase survival with termination errors

In this section, we consider simulations with termination er-
rors but no point mutations. Parasites are generated of all lengths
shorter than the template, with a probability distribution p(I) as
described in the Methods section. When parasites of all lengths are
present, a new equilibrium emerges in which competition between
parasites of varying lengths prevents the lethality of short strands.
This stable state (Fig 1d) is visually distinct from the previous cases
(Figs 1a-c), in that small traveling waves arise that are separated
by large amounts of empty space. The wave structures are rather
irregular and can split to generate new waves. Waves also collide
sometimes, which tends to lead to death of the colliding waves be-
cause they are surrounded by parasites on all sides. For animations
of polymerases surviving with termination errors see Videos $5-57.

For the parameters in this example, L, = 14, and Ley = 10. This
means that potentially lethal parasites in the range L=10-13 can
be replicated. Nevertheless, the system survives. Fig. 5 shows the
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Fig. 5. Concentrations of polymerase, complements, and parasites are shown as a
function of Myerm, with kyy =25 and §t=0.001. The termination error threshold oc-
curs around 1.5 x 10-%, a factor of 100 times smaller than the point mutation er-
ror threshold. All simulations were run until t=1000 and repeated 100 times for
each value of My, shown. Each data point represents time and simulation aver-
aged strand concentration if at least 5% of the trials had a surviving polymerase
population, and 0 otherwise.

concentration of polymerase and complement as well as the to-
tal concentration of parasite strands of all lengths as a function
of Meerm. These simulations were done in the following way. For
each value of Mg, simulations were run until t=1000 and re-
peated 100 times. Each data point represents the time and simula-
tion averaged parasite concentration of all simulations which had
a surviving polymerase population. Common parameters used are
kpor =25 and 8t=0.001.

It can be seen in Fig. 5 that the system survives with non-
ZEr0 Mygrm UP to a critical error threshold, in a similar way as for
point mutations. The reason for this seems to be the fragmentary
structure of the travelling waves. Since medium-length parasites
coexist with polymerases in a traveling wave, the emergence of a
short parasite is no longer lethal as it now has to compete for va-
cant sites with all non-lethal parasites present on the wave edge.
We also observed occasions where enough short parasites accumu-
lated to encapsulate and destroy a wave. However, since waves are
widely separated from each other, the death of an individual wave
does not result in the death of the entire polymerase population.
Wave death is offset by the formation of new waves, which occurs
when a wave splits due to the emergence of an internal parasite, or
the escape of a polymerase from the trailing edge of the wave. This
is an example of multi-level evolution acting at the higher level of
the wave as well as the lower level of the single molecule (see also
Takeuchi and Hogeweg, 2012; Colizzi and Hogeweg, 2016a,b).

The key point up to now is that the system with continued
creation of parasites of all lengths by termination errors is stable
up to a finite error threshold, even though the system with only
very short parasites would be unstable, even with zero mutation
rate. We can therefore be satisfied that the RNA World is not in-
evitably destroyed by the existence of termination errors. Never-
theless, comparison of Figs. 2 and 5 shows an important point. The
error threshold for termination errors is two orders of magnitude
smaller than for point mutations for the parameters we investi-
gated (Meerm = 1.5 x 107> in comparison to My, = 2.5 x 10-3). This
is not surprising, since termination errors result in parasites with
a larger replication rate than those resulting from point errors. It
does raise a substantial worry as to whether such low values of
Meerm could be achieved by the earliest ribozymes.
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Fig. 6. The termination error threshold is shown as a function of point mutation
rate. The shaded gray area corresponds to the combinations of point mutation and
termination error rates for which the polymerase survives. For each value of My,
simulations were run until t=1000 and repeated 100 times for increasing values
of mem. Each data point represents the largest value of M, for which at least 5%
of the trials had a surviving polymerase population. Common parameters used are
kpot =25 and 5t =0.001.

Another difference between Figs. 2 and 5 is that, for the ter-
mination errors, the concentration of parasites approaches a non-
zero constant as M, tends to zero, whereas for point mutations,
the concentration of parasites tends to zero as mp,, tends to zero.
This is because medium length parasites coexist with the poly-
merase when there is no mutation, whereas parasites of length
Lyo do not coexist with the polymerase in absence of continued
mutation. All simulations reported here were initialized with 15%
polymerases, 15% complementary sequences, and 15% parasites of
random lengths. The point at Meerm =0 in Fig. 5 appears at a non-
zero parasite concentration because parasites were initially present
and medium length parasites coexist with the polymerase indefi-
nitely, even without mutation (as we showed in Fig. 4). Clearly, if
we began with no parasites, the parasite concentration would re-
main zero when mgerm =0. In contrast, in the point mutation case
in Fig. 2, it doesn’t matter whether a few parasites are present ini-
tially or not, because parasites of length L,, would disappear any-
way when Mg = 0.

6. Polymerase survival with point and termination errors

Now that we have shown polymerase ribozymes can survive
in the presence of each type of error separately, we will consider
the case in which both errors are possible, While it would seem
that combining point mutations and termination errors would in-
evitability result in a new error threshold that is lower than either
individually, this is not the case. The presence of a certain amount
of point mutations in fact increases the termination error thresh-
old by a factor of more than 2 in the best cases relative to the case
with only termination errors (Fig. 6). Increasing the point error rate
results in a new source of long parasites that limit the replicative
advantage of short parasites that are competing for vacant sites on
the trailing edge of a wave. This competition hinders short par-
asites, thereby allowing the polymerase population to survive for
higher termination error rates.

7. Distinguishing binding and nucleotide addition steps

So far, we supposed that the replication rate was inversely pro-
portional to the strand length. This is the worst-case scenario, be-
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Fig. 7. The termination error threshold is shown as a function of the binding vari-
able b. For each value of b, simulations were run until r=1000 and repeated 100
times for increasing values of mym. Each data point represents the largest value
of myerm for which at least 5% of the trials had a surviving polymerase population.
Common parameters used are ky, =25 and 5r=0.001.

cause it gives maximum advantage to short parasites. Here we
consider a slightly more realistic model of replication that distin-
guishes an initial step of binding of the polymerase to the tem-
plate and a step of nucleotide addition. Let Tp be the mean time
for binding. We assume that this time is the same for templates of
all lengths of at least Ly, and that templates shorter than Ly can-
not bind at all. Let Ty be the mean time for adding one nucleotide.
The mean time for copying a polymerase sequence of length L,
is Tpo = Tg + Tyl . The fraction of time spent in the binding step
is b= Tg/Tpy, while the fraction spent in the nucleotide addition
steps is (1 —b) = TyLpg/Tpe. We will keep the model simple by
treating replication as a single effective step with a rate that is the
inverse of the mean time. Hence for the polymerase, the rate is k,y

=1/T,q, and for a strand of length L, the rate is
1 Lol
k(L) = =k L : 4
O =5 7 Lot + (1 — )L @

If we set b=0, there is no time spent on binding, and we are in
the worst case (same as Eq. (1)). If we set b=1, the time for nu-
cleotide addition is negligible compared to the binding time. In this
case, all strands replicate at rate ky, irrespective of their length.
For an intermediate value of b, k(L) increases for shorter parasites,
but less drastically than in the worst case.

Fig. 7 shows results of simulations in which the replication rate
follows Eq. (4) with different values of b. Termination errors occur
at rate M, and no point mutations are included. The termination
error threshold is shown as a function of the binding proportion
b. When b=0, the error threshold is equivalent to our previous
case of termination errors (Fig. 5). As the binding proportion in-
creases, the termination error threshold increases by two orders of
magnitude, i.e. when b= 0, the system is much more tolerant of
termination errors than in the worst possible case, and short par-
asites are much less dangerous. When b=1, all parasites have the
same replication rate, and their length is not important. Hence ter-
mination errors are equivalent to point mutation errors, and the
error threshold for mMwrm when b=1 in Fig. 7 is the same as the
error threshold for myg, in Fig. 2. These results highlight the im-
portance of the binding step, as even a 10% binding proportion is
enough to increase the termination error threshold by a factor of
10.



Ph.D. Thesis - A. Tupper

40
8. Discussion

Parasites are likely to be important in the RNA world as it is
easy for a sequence to be a template and difficult for it to be a
polymerase. We have presumed that mutations that prevent the
function of the polymerase will produce sequences that are still
viable templates. Therefore, no special adaptation of the template
sequence is required for it to act as a parasite. Nevertheless, selec-
tion on parasites will tend to increase their replication rate, and
decreasing the template length is an easy way to do this with-
out requiring any special adaptation. Hence, termination errors will
provide a constant source of shorter and shorter parasites. Using
our computational model we have shown that survival of a poly-
merase ribozyme is possible in a surface model when both point
mutations and termination errors are considered. Hence, the ten-
dency for selection of shorter parasites does not inevitably kill the
polymerases.

In both the cluster patterns that arise in the point mutation
case and the travelling wave patterns that arise in the termina-
tion error case, the polymerases are more likely to be next to other
polymerases and complements and less likely to be next to par-
asites than they would be in the well-mixed case. This gives an
advantage to the polymerases that allows them to survive up to a
finite error threshold, whereas the polymerases are destroyed by
parasites in the well mixed case for any non-zero error rate, There
are several other models that show that spatial pattern formation
can allow the survival of polymerases in the presence of para-
sites (Takeuchi and Hogeweg, 2012; Colizzi and Hogeweg, 2016a,b).
These models also show travelling wave patterns similar to ours.
These models allow the rate parameters of the parasites to evolve
without explicitly considering the length of the template. Including
the length as a parameter in our case makes the comparison possi-
ble between the termination errors and point mutations, We have
also investigated the factors that affect the error threshold, which
was not done previously.

We showed in Section 3 that the error threshold in the per-
sequence error rate M that is achievable by spatial clustering can
be relatively large, but this still implies a per base error rate that
must be very small and varies inversely with the length of the
template. The value of the error threshold depends on many de-
tails, including whether the functional sequence is maintained by
replication rate advantage or by clustering (as in this paper), the
presence of neutral networks in the fitness landscape (Reidys et al.,
2001; Wilke 2001; Takeuchi et al., 2005; Szilagyi et al.,, 2014) and
the possibility of recombination (Santos et al., 2004). While these
factors make quantitative differences, they do not really change
the nature of the problem: replication must be accurate in order
to sustain an RNA World. Szilagyi et al. (2014) calculate the phe-
notypic error threshold, and conclude that known ribozymes of
lengths up to about 200 could be successfully replicated by cur-
rently known polymerases with per-base error rates of a few per-
cent (Johnston et al,, 2001; Wochner et al,, 2011). However, they
assume that there is a very large replication rate advantage to the
sequences with the correct secondary structure, and that fitness
only depends on the secondary structure. Furthermore, they as-
sume that the polymerase is fixed, and is not itself subject to repli-
cation, whereas in the RNA World, the polymerase has to repli-
cate other copies of itself, so a mechanism such as spatial clus-
tering or compartmentalization is required to prevent the invasion
of parasites. Hence, the conclusions of Szilagyi et al. (2014) seem
somewhat optimistic to us. Nevertheless, we do not wish to ar-
gue against the RNA World hypothesis. In our view, there is a lot
of evidence that supports the existence of an RNA World in the
early stages of life on Earth (Higgs and Lehman, 2015), and theo-
retical treatments demonstrate that small per-base error rates are
required for this to work. Therefore it becomes an experimental
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problem to demonstrate that sufficiently accurate polymerase ri-
bozymes are possible. Work on error rates in non-enzymatic repli-
cation is also relevant here (Rajamani et al., 2010), which demon-
strates that stalling of replication after an error slows down the
replication of sequences with errors, giving an advantage to cor-
rectly copied sequences and an increase in the error threshold. This
same effect could also occur in ribozyme catalysed replication.
We would like to summarize several important points that
emerge from our studies in this paper. Short parasites are clearly
lethal in this model when they are introduced into a connected
system of polymerases and complements. Nevertheless, when par-
asites of all lengths are present, as is the case for termination er-
rors, the lethality of short parasites is prevented because the sys-
tem is broken up into separate fragments, and the lethal parasites
cannot travel through the whole system. Our model allows us to
compare the error thresholds from point mutations and termina-
tion errors. In general termination errors are more dangerous than
point mutations because they create faster replicating parasites.
Hence The error threshold in mr, was found to be two orders
of magnitude less than that for myy, in the worst case, where
replication rate varies inversely with template length. Competi-
tion between parasites of different lengths was further extended
to the case in which we considered both errors simultaneously
and showed that the addition of a point mutation rate in fact in-
creased the termination error threshold above that which occurs
with termination errors alone. This is again because the presence
of non-lethal, long parasites created by point mutations changes
the spatial pattern in which the shorter parasites evolve. An in-
teresting factor that we did not yet consider is that point muta-
tions are likely to impose a stalling effect on a polymerase similar
to the stalling effect seen in non-enzymatic replication (Rajamani
et al, 2010), and this might lead to an increase in the termina-
tion likelihood, Lastly, we showed that when a binding step was
incorporated in the replication process, termination errors become
much less dangerous than in the worst case because the relative
advantage of the short parasites is reduced. We found that the ter-
mination error threshold approaches the point mutation threshold
if the binding step is long compared to the polymerization step.
This paper therefore supports the idea that a polymerase ri-
bozyme replicating on a surface may have supported the early
stages of life. However, one limitation that should be borne in
mind, is that in the present paper, there is no diffusion of strands
across the surface. We already showed in the case with point mu-
tations only (Kim and Higgs, 2016) that the incorporation of strand
diffusion benefits parasites and reduces the error threshold. An al-
ternative mechanism that prevents parasites from destroying poly-
merase systems is to place the replicators in protocells, in which
case group selection at the cell level can overcome individual se-
lection at the strand level (Takeuchi and Hogeweg, 2009; Higgs
and Lehman (2015) and references therein). In an interesting re-
cent experimental realization of the protocell case (Matsumura et
al,, 2016), it was also found that parasites of high replication rate
do not inevitably destroy the system. Thus, both spatial surface
models and protocell models agree that polymerase systems can
survive, although it is still not clear which of these two factors
was more important in actual evolutionary history, and whether
there were surface-based replicating systems prior to the origin
of cells. Another important question for early life is how a system
with a single kind of functional ribozyme could evolve additional
functions. Kim and Higgs (2016) showed that an unlinked strand
functioning as a nucleotide synthetase can coexist and cooperate
with the polymerase in some cases. We suggested that building
up a metabolism controlled by many ribozymes might be easier in
a proto-cell model than a surface based model, although this has
not yet been fully tested. It will be also interesting to consider the
relative sizes of error thresholds in proto-cell and surface based
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models in future. Computational models provide a useful way to
test ideas about the origin of life and early evolution. Here we
attempted to solve just one piece of the puzzle by showing that
short parasites are not lethal to a polymerase population even if
there is a selective pressure for faster replication.
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Appendix. Paired-site approximation

Spatial correlations in the states of neighbouring sites are es-
sential in this model. An exact mathematical treatment of the spa-
tial model is not possible, but it is possible to qualitatively explain
some of the results in the simulations by using a paired site ap-
proximation. Let X; and X, be the concentration of the polymerase
and complement and X3 be the concentration of one kind of para-
site. The concentration of vacancies is Xp =1 — X; — X3 — X3. In ab-
sence of spatial correlation, the following mean field equations ap-
ply:

dX;
@ = kooXoXiXa(1 = Mpo) —Xo (A1)
dX;
a = RooXoXf (1= Mp) — %o (A2)
dX;
= ksXoX1 X3 + MpgikparXoXi (X1 +X2) — X3 (A3)

Here, ks is the rate of replication of the parasite, For the case
in Section 3, the parasite is a point mutation, so ks =kp,, and
Moo = 1= (1 — mpgine)'0. For the case in Section 4, the parasite
is an independent shorter parasite with k3 =k(L) and there is no
mutation (Mpy =0). The mean field equations do not explain the
behaviour seen in the lattice simulations in either case, because
the point-mutation parasite always destroys the system if M > 0,
and the independent parasite can only coexist with the polymerase
if it has exactly the same replication rate (k3 = kyq).

The simplest approximation that accounts for correlations in
the states of neighbouring sites is to consider pairs of sites in the
following way. Let C; be the frequency with which the first site is
in state i and a random neighbour site is in site j. We are working
with the Moore neighbourhood where there are 8 neighbouring
sites. In this approximation there is no distinction between a hor-
izontal/vertical neighbour and a diagonal neighbour. In the equa-
tions below, we will distinguish the order of the indices, although
it is clear by symmetry that Cj =Cj;. The concentrations of the sin-
gle sites can be obtained from the pair frequencies: X; = >iGij
where the sum goes over states 0 to 3. The deterministic differ-
ential equations for the pair frequencies are as follows.

dG;

G = CoRoyy + GojRoyiy ~26;  (wheni%0and j£0)  (A4)
dc; i
T['G = GooRooio — Cio »_ Riojj — Go+ »_Cij (wheni#0) (AS5)
Jj#0 J#0
dc
?uo =—_ CooRovjo— _ CooRoo.0j + Y Go+ 3 Coj (AB)
i#0 J#0 i#0 j#0

Roo, ip is the rate at which an i is synthesized in a 00 pair, and
Ry;, jj is the rate at which an i is synthesized in a 0j pair. We will
first consider these replication terms in absence of mutation. We
will use a “prime”, R, to denote that the rate is in absence of mu-
tation. Then we will write the full rates, R, in terms of the R’ As
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an example, consider Ry, ,,. As a type 1 strand is being formed, the
template must be a type 2 strand. The type 2 strand must be on
one of the 7 neighbours of the vacancy other than the second site
in the pair. The expected concentration of 2s on the neighbours us-
ing the paired-site approximation is Cpy/Xp. From the definition of
the lattice model, each template chooses two random neighbours,
the first of which must be a polymerase, and the second of which
must be a vacancy. There is a probability 1/8 that the second site
chosen is the vacancy in the pair under consideration. The first site,
on which the polymerase must be found, is a different neighbour
of the template. The expected frequency of polymerases (type 1)
on neighbours of type 2 sites is (y/X;. Putting these factors to-
gether, we obtain

R Tkpoi C2 G
010= g X XKy
It follows that Rf,, ,; = Ry, o, as long as j is not a template of 1.

If j=2 (the template of 1), then there is one neighbour where we
know there is a template, in addition to the 7 neighbours where
there might be a template, In this case

Coz ) Cn

KXo/ Xz
As another example, consider Ry, 3. This case the template of
a 3 must be a 3. This template must be a neighbour of the 0 site.
There must also be a polymerase (type 1) as a neighbour of the
template 3. Hence
7Kpot Co3 Gt
8 Xo X3
By similar logic,
Co3\ Cn

, k
Phegom %"(1 2 770) -

In order to account for mutations, we note that replication rates
involving ribozymes and their complements are reduced by factors
1M, and rates involving mutant sequences are increased by the
corresponding amount. For example:

Roo,10 = Rgp,10(1 = M)

) Kpar
Rip 1 = %"(1 5

RBI}.BO =

Cn

Roo,20 = Ry 20 (1 = Mpat)

Roo,30 = Ryg 30 + Mpat (Rog 10 + Rop20)

All the other R functions can be obtained using the same
method.

We found the stable values of C; by numerical simulation of
the paired-site Eqs. (A.4-A.G), and hence determined the concen-
trations X;. Fig. Al shows the point-mutation case as a function of
the point mutation rate for the same parameters as Fig. 2, The ap-
proximation qualitatively predicts the shape of this curve, although
the predicted error threshold is considerably larger than in the lat-
tice simulation.

We also used the approximation to calculate the frequencies of
the three types of strand when an independent parasite is coex-
isting with the polymerase and complement in absence of muta-
tion. Fig. A2 is similar to Fig. 4. The approximation correctly pre-
dicts that there is a length Lyex above which the parasite dies, and
a length L, below which the parasite destroys the system. The
predicted values are not particularly close to the ones obtained in
the lattice simulation, and the approximation considerably over-
estimates the parasite concentration in the region where coexis-
tence occurs.

Better approximations could be obtained by accounting for cor-
relations over more than two sites, but the paired site approxima-
tion already does a reasonable job at explaining the qualitative be-
haviour of the model.
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Fig Al. Error threshold as a function of mutation according to the paired-site ap-
proximation. Polymerase P=X;, Complement C=X;, Parasite X=X.
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Abstract: Biological RNA is a uniform polymer in three senses: it uses nucleotides of a single
chirality; it uses only ribose sugars and four nucleobases rather than a mixture of other sugars and
bases; and it uses only 3'-5' bonds rather than a mixture of different bond types. We suppose that
prebiotic chemistry would generate a diverse mixture of potential monomers, and that random
polymerization would generate non-uniform strands of mixed chirality, monomer composition,
and bond type. We ask what factors lead to the emergence of RNA from this mixture. We show that
template-directed replication can lead to the emergence of all the uniform properties of RNA by the
same mechanism. We study a computational model in which nucleotides react via polymerization,
hydrolysis, and template-directed ligation. Uniform strands act as templates for ligation of shorter
oligomers of the same type, whereas mixed strands do not act as templates. The three uniform
properties emerge naturally when the ligation rate is high. If there is an exact symmetry, as with the
chase of chirality, the uniform property arises via a symmetry-breaking phase transition. If there is
no exact symmetry, as with monomer selection and backbone regioselectivity, the uniform property
emerges gradually as the rate of template-directed ligation is increased.

Keywords: RNA world; non-enzymatic template-directed replication; chirality; regioselectivity;
prebiotic chemistry; symmetry breaking

1. Introduction

An important feature of life is that it makes frequent use of a well-defined set of molecules, but it
does not use many other kinds of molecules that have rather similar chemical properties. This has been
called the “lego principle’ [1], and it has been proposed that this feature could be used as a signature
of life on other planets. This principle applies to amino acids, where the set of possible amino acids
is much larger than the 20 used in biological proteins [2], and to nucleotides, where there is a huge
diversity of sugars [3] and nucleobases [4,5] that could potentially form polymers similar to RNA and
DNA. Non-living chemistry is governed by thermodynamics and reaction kinetics. Similar molecules
will have similar free energies of formation and will undergo similar reactions; hence, they will be
produced in similar quantities. Living biochemistry is autocatalytic. A subset of molecules is able to
catalyze formation of more of the same set of molecules that it requires for growth and reproduction.
Because there is continued flow of energy and matter into a living system, the relative frequencies of
different molecules can be maintained far from what would be found in thermodynamic equilibrium.

One example of the way autocatalysis maintains biased sets of molecules is the homochirality
observed in nucleic acids and proteins [6]. Theoretical models assume that the formation of molecules
of a given enantiomer (D or L) is catalyzed by molecules of the same handedness. In the simplest
model of Frank [7], monomers are autocatalytic; however, more complex models have been studied
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in which the catalysts are dimers [8] or polymers [9,10]. All these models share the feature that it is
the monomer synthesis reaction that is catalyzed (i.e., the synthesis of ribose or ribonucleotides, if we
apply this to RNA). Here we consider the alternative that the asymmetric autocatalysis comes from
template-directed synthesis of complementary oligomers, rather than from the catalysis of nucleotide
synthesis. We assume that oligomers of uniform chirality (either D or L) are efficient templates for the
ligation of shorter oligomers of the same chirality, whereas oligomers of mixed chirality are unable
to act as templates. We show that if the template-directed reaction rate is fast, a symmetry-breaking
phase transition occurs in which one or other enantiomer dominates the system.

Biological nucleic acids show two other kinds of uniform properties in addition to chirality. Firstly,
biology uses a uniform set of monomers, rather than a mixture of many other similar molecules
with different sugars, different bases, or both. Only four nucleotides are used in genetic information
storage and transcription in DNA and RNA (although many modified nucleotides are used in specific
positions in structural RNAs, such as tRNAs). We refer to the question of why these particular
nucleotides are used as the monomer selection problem. Secondly, biology uses regular 3'-5' bonds
between ribose sugars rather than a mixture of 3'-5’ and 2’-5' bonds. We refer to this as the backbone
regioselectivity problem. The central point of this paper is that the monomer selection and backbone
regioselectivity problems are similar problems to the chirality problem, and we may use a similar
theory to explain all three. Our theory depends on two propositions: (1) that uniform oligomers of one
kind are templates that catalyze synthesis of further oligomers of the same kind (i.e., the same chirality,
the same monomers, or the same bond type); and (2) that uniform oligomers are good templates,
but mixed oligomers (i.e., mixed chirality, mixed monomers, or mixed bond types) are not. These two
propositions are supported by experiment in several ways, as we will now discuss.

In the case of chirality, Bolli et al., [11] studied template-directed ligation of tetramers of
pyranosyl-RNA, and showed that the ligation of the homochiral tetramers is faster by at least two orders
of magnitude than the ligation of tetramers in which one of the nucleotides has the opposite chirality.
In this example, both propositions are clearly satisfied. With standard RNA, Joyce et al. [12] studied
the polymerization of G monomers using a poly(C) template of the D enantiomer, and showed
that template-directed synthesis of G oligomers is efficient when the G monomers are also of the D
enantiomer, and not when they are of the L enantiomer. When a racemic mixture of D/L monomers was
used, the L monomers inhibited the growth of the G oligomers to some extent, but the template-directed
reaction was still an improvement over the case with no template at all. The chiral inhibition effect was
presented as a problem for theories of the origin of life in [12], however we see this effect as part of the
solution, in the sense that some kind of chiral inhibition is necessary to drive the symmetry breaking
between D and L. Without this, we would expect the two systems to mix and coexist.

The two propositions also apply with regard to the monomer selection problem. Oligomer
duplexes of RNA and DNA have been studied in many combinations [13]. It is found that duplexes of
pure RNA or pure DNA have higher melting temperatures than hybrid duplexes (in which one strand is
pure RNA and one is pure DNA) and mixed duplexes (in which strands are mixtures of ribonucleotides
and deoxyribonucleotides). RNA and DNA are rather similar in structure, and hybridization between
the two is clearly possible. Hybridization between the two allows for transcription in today’s organisms,
and is also essential for the transfer of information from RNA to DNA that is proposed to occur at the
end of the RNA World. Scenarios have also been proposed in which DNA arose concurrently with
RNA, rather than as a late successor [13]. However, the essential point here is that, even with two
very similar kinds of monomers, each has a preference for its own kind, and this will tend to drive
separation between the two, as we will see in the theoretical models below.

Several other alternative nucleic acid-like polymers have been studied that differ more
substantially in structure from RNA. Melting temperatures of duplexes of these polymers differ
significantly, and may be either higher or lower than for RNA duplexes [14]. This suggests that
RNA may be optimized for the conditions in which replication was originally occurring [15,16].
Some alternative nucleic acids can form hybrid duplexes with RNA, and some cannot. For example,
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Schoning et al. [17] studied four pairs of complementary oligomers, each made with TNA
(x-threofuranosyl nucleic acid), RNA, and DNA backbones, and measured the melting temperatures of
the 24 possible hybrid duplexes. They found a general tendency to favour uniform duplexes, although
the results are complex, and we will return to them in the discussion section.

Monomer selection also involves a choice between nucleotides that differ in bases but have the
same backbone. It is clear that strands made from the standard ACGU ribonucleotide alphabet are
effective as templates for strands of the same alphabet. Non-enzymatic, template-directed synthesis of
RNA and DNA has been studied [18], particularly with regard to the fidelity of sequence replication.
A good monomer alphabet for genetics should allow little mismatch pairing. The possibility of GU
pairing in the ACGU alphabet of RNA, and the absence of this possibility in the ACGT alphabet of DNA,
is a potential reason for the transfer of information from RNA to DNA during evolutionary history [18].
Furthermore, a number of other base pairs have been studied that can be used as an extension of
the coding repertoire of RNA and DNA [19,20]. These bases are ‘orthogonal’ to the standard bases,
i.e., there should be little or no pairing between them and the standard bases. This means that
sequences made of either the standard alphabet or the alternative alphabet would be templates for
complementary sequences in the same alphabet, which is our proposition 1. However alternative
pairs that are compatible with the RNA or DNA helix may not satisfy proposition 2, because the
mixed sequences may still be good templates in this case. Studies of template-directed synthesis [21]
have shown that the rate of nucleotide addition after a mismatch is much lower than after a match.
This illustrates a close parallel between the monomer selection problem and the chirality problem,
where the addition of a monomer of the wrong chirality can slow down the growth of an oligomer [12].
Although these effects cause slower average growth of oligomers, they actually increase the degree
of uniformity of the longer oligomers. Mismatch inhibition increases the overall fidelity of RNA
replication [21], and we expect that chiral inhibition would increase the enantiomeric excess of longer
oligomers for the same reason.

Early studies on oligomerization of activated guanosine nucleotides using poly(C) templates [22,23]
found that G-G bond formation is regioselective with a majority of 3'-5' bonds, i.e., the template
favours formation of the same bond type in the complementary strand (proposition 1 above). It was
additionally shown [24] that the A structure of the nucleic acid helix is important in bringing the
nucleotides together in the correct conformation for 3'-5' bond formation. Furthermore, there have
been several experimental studies that look at the effects of mixing 2-5' and 3'-5' bonds. When regular
3'-5’ strands are used as templates, the template-directed synthesis of the complementary strand is
regioselective for 3'-5" bonds [25]. The duplex melting temperature is found to decrease systematically
by around 15 °C as 2’-5' bonds are added to the regular 3'-5' structure [26,27]. This also suggests that
strands of uniform bond type should be better templates than mixed strands (proposition 2). If 2/-5/
bonds and 3'-5' bonds are similar with respect to rates of formation and hydrolysis, then the possibility
arises that that strands of uniform bond type can be selected by symmetry breaking, as we discuss
in this paper. However, it is already known that 2’5" bonds may be much less stable to hydrolysis
than 3/-5' bonds [28], hence, there is no true symmetry in this problem, and it is possible for one bond
type to be more frequent than the other without there being a symmetry-breaking transition. A recent
experimental study has shown that iterative degradation and repair of bonds gradually converts 2/-5'
bonds to 3'-5' bonds [29] because bond formation in the context of the existing helix is regioselective.
This effect is included in the model of backbone regioselectivity given here.

The aim of this paper is to present a simple computational model that is able to treat the problems
of chirality, monomer selection, and backbone regioselectivity in the same way. We propose that all
three types of order emerge when the rate of non-enzymatic template-directed synthesis is high, due to
the fact that uniform strands are templates for their own kind, and that uniform strands are better
templates than mixed strands. This mechanism is likely to occur at the level of oligomers, and does
not require the synthesis of strands that are long enough to function as specific ribozymes.
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2. Materials and Methods

2.1. Reaction Schemes

The reaction schemes used in this paper are summarized in Figure 1. For the chirality problem,
we begin with equal concentrations of monomers of the two enantiomers D and L. These monomers
can react to form oligomers of all possible sequences. Uncatalyzed polymerization is controlled by
a reaction rate constant ky,. Leti and j represent any two oligomers or single monomers, and let
ij represent the longer oligomer formed by joining these two (see example in Figure 1i). Let C;, C;,
and C;; be the concentrations of these three oligomers. The rate of formation of ij by uncatalyzed
polymerization is k,,C;C;. The reverse hydrolysis reaction occurs at rate ky,;C;;. Hydrolysis of if can
also occur at any other point in the sequence. For simplicity, we suppose that the same rate constant
kpor applies for joining any two oligomers and that the same rate constant ky,,; applies for hydrolysis at
any point in any sequence.
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Figure 1. Reaction schemes for synthesis of RNA oligomers, involving uncatalyzed polymerization, kyyr;
hydrolysis, khy,,-; and template-directed ligation, k;,-g. (i,ii) the chirality problem; (iii,iv) the monomer
selection problem; (v,vi) the backbone regioselectivity problem.

In addition to polymerization and hydrolysis, we suppose that uniform strands can act as
templates for template-directed ligation of two shorter oligomers of the same kind. Thus, in Figure 1ii,
an LLLLL pentamer can be a template for the ligation of LL and LLL to make another LLLLL. The same
also applies for uniform D sequences. In order for the reaction to be template-directed, we suppose
that both short oligomers i and j must be fully uniform (only D or only L this case) and that the
template must contain a uniform sequence at least as long as the concatenated ij sequence. Thus,
the sequence DLLLLLLDDD is also a template for joining LL and LLL. For simplicity, we suppose
that all strands that possess a uniform sequence of the minimum required length are equally good

templates. Template-directed ligation is controlled by rate constant kj;,. The rate of ligation of i and j

by templating is k;,-ngC}-Cf;mp, where C:,E'"p is the total concentration of all strands that are templates

for formation of #j, using the rules above. The templating reaction is treated as a single-step reaction.
We do not keep track of duplex states and we assume that ij separates immediately from the template
once formed. It would be possible to add separate steps of duplex formation and separation to the
model, but initially we are aiming for the simplest possible model.

A final feature of the chirality model is that it must be possible to convert monomers from one
enantiomer to the other in some way. The model is initialized with equal concentrations of L and D.
If no interconversion is possible, then no chiral symmetry breaking can occur. Direct racemization
of sugars and nucleotides is extremely slow, but breakdown of a monomer to achiral precursors can
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also occur, as well as synthesis of monomers of both enantiomers from the precursors. We do not
include precursors in this model. We assume that interconversion of L to D and D to L can occur by
an effective single-step reaction at rates k;,,,C; and k;,;Cp, respectively. Only single monomers can be
interconverted; monomers contained in oligomers cannot be changed until they are hydrolyzed back
to single monomers. Including interconversion in this simple way means that the total concentration of
nucleotides (including those in oligomers) is fixed, but the concentrations of D and L can each increase
or decrease.

For the monomer selection problem, we consider two monomers R and X, where R represents
a ribonucleotide, and X represents an alternative nucleotide. The simplest case for the monomer
selection problem is identical to the chirality problem, except that the labels D and L are replaced by
R and X (see Figure 1iii,iv). We are assuming that formation of mixed RX sequences is possible by
uncatalyzed polymerization, but that only uniform R or X sequences can be joined by templating.
In the chirality case, there is complete symmetry initially between D and L; hence, the reaction rate
constants should be equal for oligomers of D and L. This is not necessarily true for R and X because
they are chemically different. Therefore, in the results section, we will consider cases in which one or
other type of monomer is a better template than the other. For simplicity, we allow the interconversion
between R and X to occur in a single effective step, although breakdown and re-synthesis of could be
included in a more complex model. The interconversion rate constants in the two directions need not
be equal in this case.

The backbone regioselectivity problem requires a few small modifications to the model. There is
only one kind of monomer, which we denote N for nucleotide, and two kinds of bonds. We have
coloured the bonds red and black in Figure 1v, representing 2'-5' and 3'-5' bonds, respectively. Joining
two oligomers can occur via either type of bond formation, leading to two longer oligomers with
different bond sequences. In the simplest case, we suppose the rate constants ky,,; and ky,; are the same
for the two bond types, but this can be relaxed. The templating reaction occurs only if the two short
oligomers are of uniform bond type, and only formation of the bond of the same type is catalyzed
by the template (Figure 1vi). To be a template, the templating sequence must contain a uniform
sequence of bonds at least as long as the sequence of bonds that is formed by the ligation reaction.
Thus, in Figure 1vi, the pentamer formed has four black bonds, so the template must have at least four
black bonds. There is no equivalent of the interconversion reaction in the regioselectivity problem
because there is only one type of monomer. When a dimer with one kind of bond is hydrolyzed,
the two monomers can be rejoined with either bond type, so the number of bonds of each type is
not fixed.

2.2. Computational Methods

In this paper, we study the three theoretical models described above using two kinds of computer
simulations: reaction kinetics and Monte Carlo. In the reaction kinetics method, we keep track of the
concentration of each monomer and oligomer species as a function of time, and solve the deterministic
reaction kinetics equations by iterating forwards in small time steps of length ét. The change in
concentration of oligomer ij due to formation from i and j and hydrolysis back to i and j is:

6Cii = (kpoiCiCj + kisgCiCiCy™ — knyaCi) 8t (1)
There is an equal and opposite change in concentration of i and j from these reactions:
8C; = 6C; = —5C;j (2)

We consider each possible pair i and j and sum up the total concentration changes of all molecules
from all possible reactions. The concentration of the template in Equation (1) is different for each i and j.
The template concentration does not change in the reaction for which it is a template, but templates
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are made by equivalent reactions involving other oligomers. Additionally, there is a change of the two
monomer concentrations due to the interchange reaction described above:

dCL = —6Cp = kini(Cp — Cp )t (3)

A slight modification is required for Equation (1) for the case of backbone regioselectivity. Whereas
there is only one way to link two oligomers for the chirality and monomer selection problems, there are
two ways to do this for the backbone regioselectivity problem. We therefore change the first term of
Equation (1) so that each of the two reactions occurs at rate %ngC iC;. The total rate of linking i and j is
still k;,y; C;C;, which means that the distribution of lengths of oligomers is still the same as the other
two models when there is no ligation term (See Appendix A). On the other hand, only one of the two
kinds of bonds is catalyzed by the template-directed reaction. Therefore, the rate of this term remains
a k[,-gC,-Cij.;mp, as with the other two models.

In the reaction kinetics method, we deal with all possible reactions deterministically; therefore,
it is necessary to specify a maximum possible length, /., of oligomers that can be formed, in order
to keep the number of possible sequences finite. If i and j have a total length greater than [y,
this polymeration reaction is not permitted to occur. For the results presented here, we set [0y = 6.
Thus the reaction system consists of 2° hexamers, plus all the oligomers shorter than 6. We specified
the total monomer concentration as Cy,; = 10 monomers per unit volume (arbitrary units). The rate
constants for polymerization and hydrolysis were fixed at k,,;; = 1 per unit time per unit concentration
and kpys = 1 per unit time. The behaviour of the model was studied for different values of ki,

In the Monte Carlo method, we begin with a finite total number of nucleotides, Ny, and follow
individual joining and hydrolysis reactions, keeping track of the sequences of all the oligomers that
are formed. In this case, the computation is finite because of the finite number of molecules; therefore,
it is not necessary to specify a maximum strand length. The oligomers are assumed to be reacting in
a well-mixed solution of volume V. Reactions occur randomly with probabilities such that the expected
rates are the same as the reaction kinetics method. We set Njo; = 100,000 and V =10,000; hence C;, = 10,
as in the reaction kinetics method.

The Monte Carlo program also proceeds in small time steps of length dt. In each time step,
each current strand is given a possibility of hydrolysis. For a strand of length n nucleotides, there are n
— 1 bonds. Hydrolysis occurs with probability

Phya = (1 — D)kyyadt (4)

and one of the n — 1 bonds is chosen at random.

Let Nyjyy45 be the number of strands in the simulation (counting single monomers as a strand).
Netrands varies during the simulation and must be calculated at each time step, whereas the total number
of nucleotides, Niot, is fixed. In each time step, each current strand is given a possibility to participate
as the ‘left’ oligomer of a polymerization reaction (i). One of the Ng,4s — 1 other strands is chosen to
be the ‘right” oligomer (j). The probability of the polymerization reaction occurring is

N. -1
oo = Drants ~ Dy gy G

If the reaction occurs, the new strand ij is formed by linking i and j.

The i + j reaction can also occur via a template-directed reaction. There are N4 — 2 other
strands that could be the template. If all strands were templates, the probability of this reaction
occurring would be:

N, —1)(N, -2
Pir'g - ( strands ‘)/(2 strands )k;,-gﬁf (6)

For each strand i, a second strand j is chosen at random, and a third strand k is chosen to be
a potential template. If k is a template for the i + j reaction (as defined by the rules in Section 2.1),
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then the new strand ij is formed by the ligation reaction with probability pj;,. If k is not a template,
this reaction does not occur. At the beginning of the simulation, when all nucleotides are single
monomers, N4/ V can be larger than 1. Also, we need to consider cases where k;,-g is much larger
than 1 in order for the symmetry breaking to occur. Therefore, we begin with a very small 8t (5 x 10~°)
to ensure that py;, is a probability that is less than 1. As the simulation proceeds, the number of strands
decreases, and it is possible to make &f larger, to increase the efficiency of the program. We adjust 6t so
that pj;, remains close to 5%, or so that p,, is close to 5% in cases where ppo > pijg.

The interchange reaction is straightforward in the Monte Carlo simulation: each single monomer
has a probability k;,, 5t of switching from D to L or vice versa.

3. Results

3.1. Chirality

The parameters in the results shown here are Crot = 10, kpot = 1, kpya = 1, kjpy = 1, and Ly = 6,
as described above. Figure 2 shows the faction of nucleotides ¢p, ¢, and ¢y, at equilibrium.
The fraction of nucleotides contained in uniform D oligomers is

1
p==—3 mG @)
¢ Cror ZI" a
where #; is the number of nucleotides in sequence i, C; is the concentration of sequence 7, and the sum
is over all sequences that are uniform-D oligomers (dimers and longer). Similarly, we can define the
fraction of nucleotides in uniform-L oligomers, ¢, and in mixed oligomers, ¢;. In the latter case,
the sum is over all sequences that contain at least one D and one L.
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Figure 2. Fractions of nucleotides ¢p, ¢, and ¢y, in uniform D and L strands and in mixed strands.
Smooth lines are calculated from reaction kinetics. Symbols are from Monte Carlo simulations.
Below the phase transition, D and L are equal. Above the phase transition, there is a chiral bias
in favour of D. An equivalent solution with the bias in the other direction is also possible.

When kj;; = 0, a majority of nucleotides end up in mixed oligomers. The fraction of nucleotides in
uniform D and L oligomers are both low, and equal to one another (Figure 2). There is a symmetry-breaking
phase transition close to kj;, = 4.6 in this example. Above this point, the fraction of monomers in one
kind of uniform oligomers is much higher than in the other kind (in this case ¢p > ¢ ), and the fraction
in mixed oligomers also decreases rapidly.
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Symmetry breaking occurs because the symmefric mixture is unstable when ky;, is large.
The simulations demonstrate this by beginning with a small bias towards D monomers—Cp = 0.505C;
and C;, = 0.495C;,;. When k,g,-g is low, the bias disappears, and the equilibrium solution is perfectly
symmetric. When ki, is high, the bias increases, and the equilibrium has a large excess of D over L.
There is an equivalent equal-and-opposite solution with an excess of L over D, which is reached if
we began with a slight bias towards L. In any real case, there is a finite volume with a finite number
of molecules, and small fluctuations are bound to create a slight asymmetry one way or the other.
This asymmetry is magnified to a large excess of either L or D because the reaction system is inherently
unstable. The prediction is that the system will become biased towards L or D with equal probability if
it begins with equal concentrations of the two. It is not necessary to begin with any source of initial
asymmetry. On the other hand, if the reaction system begins with a slight bias one way for other
reasons (as is apparently observed for organic molecules in meteorites [30]), the autocatalytic reaction
amplifies the asymmetry in the direction that is previously specified (theoretical examples of this are
given in [10]).

As a further check that our simulations have reached an equilibrium, we also started simulations
where Cp = Ciy and Cp, = 0. These simulations were run for a long time with no interchange reaction
permitted, so that a distribution of uniform D strands was created. The interchange reaction was
then turned on, and the simulation was continued to equilibrium. For low ki, the same symmetric
solution was reached as before, and for high kg[g, the same chirally biased solution was reached as
before. This shows that the biased solution can be reached either by amplifying a very small initial
bias, or by allowing a system with a 100% chiral bias to relax to the equilibrium state.

We also used the Monte Carlo simulation to study the same case. The points in Figure 2 are from
Monte Carlo, and the lines are from the reaction kinetics. These two methods give identical results,
which is an important check on validity of both methods. In the Monte Carlo case, we calculate time
averages of quantities once equilibrium has been reached. We can begin with exactly equal numbers of
D and L monomers (N /2 = 50,000 of each type). It is not necessary to begin with a small bias in one
direction, because the interchange reactions allow fluctuations of these numbers to arise. If kj; is above
the phase transition, the fluctuations are amplified and the system shifts to a state with either high D
or high L with equal probability. For the purposes of comparison with the reaction kinetics method in
Figure 2, we plotted the higher concentration as D and the lower one as L in each case, but the labeling
of D and L is arbitrary because there is a true symmetry in this problem and the symmetry breaking
can go either way.

The reactions for hydrolysis, polymerization, and template-directed ligation are unimolecular,
bimolecular, and trimolecular, respectively. Thus, the relative rates of these reactions depend on the
concentration. The importance of templating is increased when the concentration is high. Figure 3
shows the nuclotide fractions as a function of total monomer concentration, C;,;, with k;,-g =10, kpo, =1,
kyya =1, and Ky = 1. At low concentration, D and L are equal, and chiral symmetry breaking occurs as
Ciot is increased. If this is repeated for different k,,-g rates, the concentration at which the symmetry
breaking occurs is roughly inversely proportional to kj;,.

Figures 2 and 3 were done with maximum strand length [;,0x = 6, in order to allow comparison
of results between the two simulation methods. Using the Monte Carlo program, we repeated the
simulation with I, = 10, and with no maximum length restriction (lyay = o). The results are similar
to the case with [z = 6, although the phase transition occurs at a higher value of kr,-g. This is shown in
Figure 4 in terms of enantiomeric excess, ee. The e is defined as the difference in concentrations of
the two enantiomers relative to the sum: ee = (D — L)/(D + L). Figure 4 shows the ee for nucleotides
incorporated into oligomers (length 2 or above). There are two equal and opposite solutions when
kiig is high. In our model, there is direct interchange between single monomers of D and L. Therefore,
the concentrations of the two single monomers remain equal. For this reason, the e¢ of single monomers
is always zero, even above the phase transition, whereas the ee of the nucleotides in oligomers becomes
non-zero above the phase transition. The main point of Figure 4 is that the bifurcation point shifts to
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slightly higher ki as the lyay is shifted from 6 to 10, to oo, but there is no qualitative change. Imposing
the maximum length restriction simplifies the simulations slightly, but states of biased chirality arise
whether or not there is a maximum length. The equilibrium distribution of lengths of oligomers for
these cases is discussed in the Appendix of this paper.
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Figure 3. Fraction of nucleotides ¢p, ¢1, and ¢ps, in uniform D and L strands and in mixed strands
as a function of concentration. Smooth lines are calculated from reaction kinetics. Symbols are from
Monte Carlo simulations.
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Figure 4. Enantiomeric excess (ee) of nucleotides contained in oligomers. The cases of ¢ = 6, 10,
and eo are very similar, but the chiral symmetry breaking occurs at slightly higher kj;; when lyax
is larger. The ee is zero below the phase transition, and can either be positive or negative once the
symmetry is broken.

42



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

Life 2017, 7,41 100 18

For the results shown above, we considered D and L nucleotides without specifying the base
sequence. In order to deal more explicitly with complementary sequence pairing, we also considered
a case in which there are eight kinds of nucleotides: A, U, G, and C bases, each of D and L form.
Polymerization and hydrolysis reactions occurred at equal rates independently of the base and the
chirality. For template-directed reactions to occur, both the oligomers i and j had to be of uniform
chirality, and the same chirality as each other, but they could have any base sequence. A third sequence
could be a template if it contained a uniform sequence of the same chirality as i and j, with a base
sequence that was complementary to the ij sequence that is formed by ligation. Only AU and GC
pairs were permitted when checking for complementarity. The results of this case, shown in Figure 5,
are very similar to Figure 2, except that the phase transition occurs at kj; close to 40 rather than 4.6 in
Figure 2. The main effect of introducing the detailed requirement of complementary pairing is to reduce
the concentration of strands that can be catalysts for any two oligomers being ligated. As a result,
higher values of kj;, are required in order for the symmetry-breaking effects of the template-directed
reaction to become apparent. However, the essential symmetry-breaking effect is the same as in the
simpler model.
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Figure 5. Fractions of nucleotides ¢p, ¢, and ¢y, in uniform D and L strands and in mixed strands for
the case where A, C, G, and U bases of both enantiomers are explicitly included and complementary
pairing is enforced between templates and oligomers being ligated.

3.2. Monomer Selection

In this problem, R represents a ribonucleotide and X represents an alternative nucleotide. If the
rate constants for the two nucleotides are the same, the problem is identical to the chirality problem.
The symmetry between R and X is broken as kj;, is increased. In Figure 6, we also considered the case
where the ligation rates for the two types of polymer are slightly different: kj;ox = 0.9kj;,r. This means
that R has an advantage over X because the ligation rate of uniform X sequences is less than that for
uniform R sequences. It can be seen that the phase transition is ‘rounded out” when there is no exact
symmetry between R and X. When ki;, is far above or far below the phase transition, the concentrations
of R and X are close to that for the symmetric case.

Figure 6 also shows a second solution at high kj;,x where the symmetry is broken in the opposite
direction, i.e., X dominates even though it has a lower ligation rate than R. This solution only exists
above a minimum ligation rate (close to 6 in the figure), whereas the solution where R dominates exists
for all values of kj;og. The two solutions are obtained by beginning with monomers of all R or all X and
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allowing a steady state to be reached before the interchange reaction is turned on. The interchange
reaction is then turned on and the simulation is then continued to equilibrium. For ligation rates where
there is only one solution, the same solution is reached starting from both extremes. When there are
two solutions, these are reached from the two different starting points. It should be remembered that,
even in the simplest case in Figure 2, there are two solutions when ky;, is above the transition point.
As these are equal and opposite, only one set of curves appears in Figure 2, but the two opposite
solutions are visible in the ee graph (Figure 4). In Figure 6, the two solutions are not equal and opposite;
therefore, two sets of curves are visible.
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Figure 6. Comparison of the monomer selection problem with the chirality problem. Red points:
uniform R strands; Blue points: uniform X strands; Violet points: mixed strands. Circles show the
solution in the case where there is perfect symmetry between R and X (This is identical to Figure 2).
Triangles and squares show the two possible solutions in the case where kjjgx = 0.9k;¢r.

A second way in which R and X can differ is by their frequency in the monomer mixture prior
to polymerization. If the rate constants for interchange from X to R and from R to X are k;;;;xg and
kintrx, respectively, then the frequencies of monomers at equilibrium under the interchange reaction,
in absence of any polymerization will be unequal:

Cx  kimrx
== 8
Cr  kimxr

Figure 7 shows the case where there is a two-fold advantage to X in terms of equilibrium
monomer frequencies (Cg = %C x = %Cf@t); but a two-fold advantage to R in terms of ligation rates
kiigx = 0.5kjigr. In this case, the solution where X dominates exists over the whole range of ligation
rates, and a second solution where R dominates exists only for high ligation rates. Thus, the frequency
of the monomers in the reaction mixture is a major factor that determines which type of monomer
dominates when templating occurs.

The number of monomer types in the mixture need not be limited to only two. In Figure 8,
we consider the case where there are two alternatives, X; and X», in addition to R. We assume
that all the interchange rates are equal, so all three types have equal average concentration in the
monomer mixture (Cgr = Cx, = Cx, = %Cmf), and we give R a small advantage in the ligation rate
(kiigx, = kiigx, = 0.9kj;gr). In this case, it is the solution where R dominates that is possible over the
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full range of ligation rates, and the two solutions where the other monomer types dominate exist only
at high ligation rates.
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Figure 7. Two possible solutions in the monomer selection problem where Cx = 2Cr and kjjox =
0.5k; i¢r- Red points: uniform R strands; Blue points: uniform X strands; Violet points: mixed strands.
Triangles: solution where X dominates; Squares: solution where R dominates.

1.0

I“r

E

09Ff

P i
pos

0.8

Nucleotide Fraction
o (=] o o o
o = o o
S
=
&

o
[

0.1 1‘0.
s O G, P
i e A e e - - = = TN
o 5 10 15 20 25 30
Kigr

Figure 8. Possible solutions in the case where there are three kinds of nucleotides, R, X1, and X3,
with equal monomer frequency and kjjox, = kiigx, = 0.9kj;¢r. Triangles: solution where R dominates;
Squares: two equivalent solutions where either X; or X, dominates.

3.3. Regioselectivity

If we assume a complete symmetry between 3'-5' bonds and 2'-5' bonds, then the regioselectivity
model behaves similarly to the chirality model. There is a symmetry-breaking phase transition
qualitatively similar to Figure 2, in which one or other of the two bond types dominates when Kk, is

45



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

Life 2017, 7, 41 13 of 18

high. We do not show this case, because there are many ways in which these two bond types might
differ in practice, and there is no reason to suppose perfect symmetry. In Figure 9, we suppose the major
difference in the two bond types is that the uniform 3’-5' oligomers have a higher ligation rate than the
uniform 2'-5' oligomers (kjjgo = 0.9kjj43). It is seen that there is a solution where 3'-5" strands dominate
that is possible over the full range of ligation rates, and a solution where 2/-5’ strands dominate that is
possible only at high ligation rates. The other rate parameters, ky, and ky,4, are assumed to be equal
in this example, but are likely to be different in an experimental system. Which of the bond types
dominates will be a function of the rates of all these parameters for both bond types.
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Figure 9. Concentration of nucleotides in uniform 3'-5" and 2'-5' strands and in mixed strands for
the case where kjjg» = 0.9kj;g3. Red points: uniform 3-5' strands; Blue points: uniform 2’-5' strands;
Violet points: mixed strands. Triangles show the solution where 3'-5' strands dominate and squares
show the solution where 2/-5' strands dominate.

4, Discussion

In the introduction, we reviewed the experimental evidence that oligomers with uniform chirality,
monomer composition, or bond type are effective templates for the growth of complementary strands
with the same chirality, monomer composition, or bond type, and that oligomers that are mixed in any
of these properties are less effective templates than uniform oligomers. The computational models
studied in this paper incorporate these features, and show that, when template-directed ligation is fast
compared to random polymerization without a template, we expect that uniform biopolymers will
emerge, and that they are homochiral, use a restricted monomer set, and have a highly regioselective
backbone. We thus argue that these essential properties of biological nucleic acids have emerged as
a result of the importance of template-directed reactions in the early stages of evolution. Although
models for the emergence of homochirality have been widely studied previously, the link between
chirality, monomer selection, and regioselectivity has not been emphasized in the past. The present
theory therefore contributes by showing in a simple way why these three problems are very similar.
These results lead us to expect that RNA with the three uniform properties seen in biology could emerge
from a prebiotic chemical mixture before the origin of life, in the sense that the proposed mechanism
requires only the existence of short oligomers that can undergo template-directed replication, but it
does not require the existence of specific sequences that would act as catalysts (ribozymes).
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The mechanism we discuss here depends on the ability of nucleic acids to be templates; hence,
it applies to RNA and polymers with similar structures, but not to other kinds of biomolecules that are
also chiral in today’s organisms but cannot be templates. The ability of nucleic acids to be templates
is, of course, a prime argument in favour of some kind of RNA World scenario for the origin of
life. In an origins scenario where RNA replication arises early, and where ribozymes are the initial
biological catalysts, it is possible to explain the transfer of chirality from RNA to other biomolecules
by the fact that chiral RNAs catalyze the synthesis of the other molecules. In particular, if protein
synthesis depended on chiral tRNAs and rRNAs, then amino acids of the appropriate chirality could
be charged onto tRNAs, and protein sequences of uniform chirality could be synthesized. This would
be true, even if the mixture of single amino acids were completely racemic, because amino acids of the
wrong enantiomer would not be recognized by the ribozymes. On the other hand, if the amino acids
were already chiral for some other reason at the time of the invention of protein synthesis, the early
ribosome would simply make use of the existing supply of chiral amino acids.

Related to this is the possibility that the transfer of chirality was in the other direction: from
amino acids to sugars and nucleotides. Several studies have shown [31,32] that chiral amino acids can
catalyze the synthesis of chiral glyceraldehye and other sugars. There is also evidence for a moderate
enantiomeric excess in amino acids found in meteorites [30], which is presumed to originate by
an abiotic mechanism outside the Earth, such as chirally biased degradation under the influence
of circularly polarized light. We have previously considered the way that a small extraterrestial
chiral bias can contribute to scenarios involving the emergence of homochirality [10]. Understanding
the direction of chiral transfer will require a more detailed picture of the full network of reactions
involving biomolecules of all kinds at the time of the origin of life. The template-based mechanism
presented here is not in conflict with other studies showing transfer of chirality from one molecule to
another, whichever the direction of transfer, and it is quite possible that more than one mechanism
jointly contributed to the creation of a biology in which several kinds of chiral biopolymer are
inter-dependent. Nevertheless, we maintain that templating must have been an essential part of
this process. Life requires the copying of sequence information that occurs via the template-directed
synthesis of complementary strands of nucleic acids. A mixture of small molecules (whether chirally
biased or not) that did not possess a mechanism of sequence replication would not yet constitute life,
in our view. Templating is a straightforward mechanism that ‘purifies’ biopolymers at the level of
chirality, chemical composition, and regioselectivity, as we have shown. The point of this paper is to
show that templating alone can provide a mechanism for the emergence of all these properties, even in
absence of other sources of asymmetry. If other sources, or other mechanisms, exist, then templating
magnifies these effects to a much greater extent.

The mechanism for the emergence of RNA discussed in the present paper is an example of what
we have termed chermical evolution [33]. The main distinctions between chemical evolution and biological
evolution, as defined in [33], are (1) that, for chemical evolution, the major part of the sequence
diversity on which natural selection acts is provided by random polymer synthesis, rather than by
mutations occurring during replication of previously existing sequences; and (2) that selection is acting
on physicochemical properties possessed by all short oligomers (like ligation and hydrolysis rates)
rather than on encoded function of long sequences (such as ribozymes) that are only possessed by
a small number of sequences in a large sequence space. If RNA can emerge directly from a prebiotic
mixture by chemical evolution, as envisaged here and previously [15,16], then it is not necessary to
consider more complex pathways requiring the evolution of biological function in some pre-RNA
polymer and the subsequent transfer of sequences and function to RNA, as has sometimes been
proposed [34].

The monomer selection problem is probably the most complex and least understood of the three
problems considered in this paper. It is clear that the real world is much more complicated than the
simple model we have studied. For example, hybrid duplexes of RNA, DNA, and TNA were studied
experimentally [17], and it was shown that the details of the nucleotide sequences and backbone
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structures significantly affect the melting temperatures (T,) of helices, and presumably also affect the
rates of polymerization, hydrolysis, and ligation. Table 2 of [17] illustrates how complex this problem
is. There are 14 cases where the hybrid duplex has a lower Tp, than the uniform duplexes of both
polymers, 8 cases where the hybrid has a T, in between the two uniform duplexes, and 2 cases where
the hybrid has a Ty, higher than both the uniform duplexes. The latter two cases are surprising, but the
effect only works one way round: if the sequences are switched, the hybrid has a lower Ty, than both
uniform duplexes. Although the thermodynamic details are rather complex, there is a general tendency
to favour uniform duplexes, which is the essential point that we assume in our model. The case where
both uniform duplexes are good templates and the hybrids are weak corresponds to the case studied
here. There is an approximate symmetry between the two uniform polymers that is broken when the
template-directed reaction is fast. If the hybrid is intermediate between the two uniform duplexes,
then there will be a straightforward selection for the better of the two uniform systems. The monomer
selection problem does not require symmetry breaking in that case.

We hope to continue this work to consider important details not included in the present paper,
including differences in thermodynamic properties and rate constants between different base sequences
with the same backbone, and adding separate steps for helix formation and melting, rather than
combining them into a single effective ligation step. The simple model presented here is sufficient to
demonstrate the similarity between the problems of chirality, monomer selection, and regioselectivy,
and to establish the relevance of symmetry breaking transitions in all three cases.
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Appendix A

Here we consider the distribution of lengths of oligomers and the effect of template-directed
reactions on this distribution. In most models of polymerization in which rates of linking and
breaking monomers are independent on the lengths of the oligomers, e.g., [35], the equilibrium
distribution of lengths is exponential, and it is often simple enough to be calculated exactly. If there is
no templating (k;;; = 0), the model in this paper is almost the same as that discussed in [35], and the
length distribution can be calculated in the same way. Let C, be the total concentration of oligomers
of length n. At equilibrium, the rates of polymerization and hydrolysis must balance for each pair of
lengths 1 and m:

kpoicncm = ki;ydanrm (Al)

This means that the solution is of the form
= Oy{Ee (A2)

where C; is the equilibrium concentration of single monomers, and K =k / kpy4- The total nucleotide

concentration Cyy is fixed; hence
Imax

Z nCy = Cror (A3)
n=1
Substituting (A2) into (A3), we obtain the following equation, from which the solution for C; can
be found numerically.

Cr (1 + Imax (KC1)! ™+ — (lpna + 1) (KC1)'™)
(1-KGy)?
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To illustrate the shape of the strand length distribution, it is useful to plot the fraction of
nucleotides in strands of length n—this is f;, = nC,,/Cjo. Figure Ala shows the theoretical curve
calculated from Equations (A2) to (A4), together with simulation results. The fact that these are equal
confirms that our simulation results are accurate in the case we can calculate analytically. Figure Alb
shows the length distribution for kj, = 20, which is the largest rate considered in Figure 4. The addition
of templating shifts the length distribution towards longer lengths. However, the length distribution
always decays exponentially for long lengths, even when ki, is high and when I,y = c0. The shapes of
the length distributions in similar models to ours that include templating have also been considered
by other authors [36,37].

0.25 0.40
(a) ® |nax=6 (b) ® lhax=6
A g =10 B i A g =10
020} ® lpay =0 . ¢ lpay =20
c 0.30f
B
©
©o.15
w
@ L
8 0.20 PR
go.10 S
©
= A
Z F Y
0.10}
0.05} oa 0%,
. ae
B .
e. "tes
ey
¢ g ary : Aaaaiaaa TIPS ®90s0annaa
0.00 ~ 0.00
5 10 15 20 25 30 0 5 10 15 20 25 30
Sequence Length Sequence Length

Figure Al. Fraction of nucleotides, f,, in strands of length . (a) No templating, kj;; = 0. Points = simulation.
Lines = analytical calculation from Equations (A2) to (A4). (b) High templating rate, kg,-g = 20. Points
= simulations.

References

1.  McKay, C.P. What is life—And how do we search for it in other worlds? PLoS Biol. 2004, 2. [CrossRef]
[PubMed]

2. Meringer, M.; Cleaves, H.].; Freeland, S.J. Beyond terrestrial biology: Charting the chemical universe of
c-amino acid structures. J. Chem. Inf. Model. 2013, 53, 2851-2862. [CrossRef] [PubMed]

3. Benner, S.A.; Kim, H.J.; Kim, M.J.; Tocardo, A. Planetary organic chemistry and the origins of biomolecules.
Cold Spring Harb. Perspect. Biol. 2010, 2. [CrossRef] [PubMed]

4. Cleaves, H.J.; Bada, ].L. The prebiotic chemistry of alternative nucleic acids. In Genesis—In the Beginning;
Seckbach, J., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 22, pp. 3-33.

5.  Cafferty, B.J.; Hud, N.V. Was a pyrimidine-pyrimidine base pair the ancestor of Watson-Crick base pairs?
Insights from a systematic approach to the origin of RNA. Isr. |. Chem. 2015, 55, 891-905. [CrossRef]

6.  Plasson, R.; Kondepudi, D.K.; Bersini, H.; Commeyras, A.; Kouichi, A. Emergence of homochirality in
far-from-equilibrium systems: Mechanisms and role in prebiotic chemistry. Chirality 2007, 19, 589-600.
[CrossRef] [PubMed]

7. Frank, F.C. On spontaneous asymmetric synthesis. Biochim. Biophys. Acta 1953, 11, 459-463. [CrossRef]

8.  Islas,].R; Lavabre, D.; Grevy, ]JM.; Lamoneda, R.H.; Cabrera, H.R.; Micheau, ].C.; Buhse, T. Mirror-symmetry
breaking in the Soai reaction: A kinetic understanding. Proc. Natl. Acad. Sci. USA 2005, 102, 13743-13748.
[CrossRef] [PubMed]

9. Sandars, PG.H. A toy model for the generation of homochirality during polymerization. Orig. Life Evol. Biosph.
2003, 33, 575-587. [CrossRef] [PubMed]

49



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

Life 2017, 7, 41 17 of 18

10.  Wu, M.; Walker, S.I; Higgs, P.G. Autocatalytic replication and homochirality in biopolymers: Is homochirality
a requirement for life or a result of it? Astrobiology 2012, 12, 818-829. [CrossRef] [PubMed]

11.  Bolli, M.; Micura, M.; Eschenmoser, A. Pyranolsyl-RNA: Chiroselective self-assembly of base sequences by
ligative oligomerization of tetranucleotide-2',3'-cyclophosphates (with a commentary concerning the origin
of biomolecular homochirality). Chem. Biol. 1997, 4, 309-320. [CrossRef]

12.  Joyce, G.F; Visser, G.M.; van Boeckel, C.A.A.; van Boom, ].H.; Orgel, L.E.; van Westrenen, J. Chiral selection
in poly(C)-directed synthesis of oligo(G). Nature 1984, 310, 602-604. [CrossRef] [PubMed]

13.  Gavette, ].V.; Stoop, M.; Hud, N.V,; Krishnamurthy, R. RNA-DNA chimeras in the context of an RNA world
transition to an RNA/DNA world. Angew. Chem. 2016, 55, 1-7. [CrossRef] [PubMed]

14. Eschenmoser, A. Chemical etiology of nucleic acid structure. Science 1999, 284, 2118-2124. [CrossRef]
[PubMed]

15.  Krishnamurthy, R. RNA as an emergent entity: An understanding gained through studying its non-functional
alternatives. Synlett 2014, 25, 1511-1517. [CrossRef]

16. Krishnamurthy, R. On the emergence of RNA. Isr. ]. Chem. 2015, 55, 837-850. [CrossRef]

17.  Schéning, K.U,; Scholz, P.; Guntha, S.; Wu, X.; Krishnamurthy, R.; Eschenmoser, A. Chemical etiology of
nucleic acid structure: The a-threofuranosyl-(3'-2") oligonucleotide system. Science 2000, 290, 1347-1351.

18. Leu, K.; Obermayer, B.; Rajamani, 5.; Gerland, U.; Chen, I.A. The prebiotic evolutionary advantage of
transferring information from RNA to DNA. Nucleic Acids Res. 2011, 39, 8135-8147. [CrossRef] [PubMed]

19. Malyshev, D.A.; Romesberg, F.E. The expanded genetic alphabet. Angew. Chem. 2015, 54, 11930-11944.
[CrossRef] [PubMed]

20. Benner, S.A ; Karalkar, N.B.; Hoshika, S.; Laos, R.; Shaw, R.W.; Matsuura, M.; Fajardo, D.; Moussatche, P.
Alternative Watson-Crick synthetic genetic systems. Cold Spring Harb. Perspect. Biol. 2016. [CrossRef]
[PubMed]

21.  Leu, K; Kervio, E.; Obermayer, B.; Turk-MacLeod, R.; Yuan, C.; Luevano, J.-M.; Chen, E.; Gerland, U;
Richert, C.; Chen, . A. Cascade of reduced speed and accuracy after errors in enzyme-free copying of nucleic
acid sequences. |. Am. Chem. Soc. 2013, 135, 354-366. [CrossRef] [PubMed]

22.  Bridson, PK.; Orgel, L.E. Catalysis of accurate poly(C)-directed synthesis of 3'-5'-linked oligoguanylates by
Zn*, |. Mol. Biol. 1980, 144, 567-577. [CrossRef]

23. Inoue, T; Orgel, L.E. Oligomerization of (guanosine 5'-phosphor)-2-methylimidazolide on poly(C). J. Mol. Biol.
1982, 162, 201-217. [CrossRef]

24.  Kozlov, LA;; Politis, PK.; Van Aerschot, A.; Busson, R.; Herdewijn, P.; Orgel, L.E. Nonenzymatic synthesis
of RNA and DNA oligomers on hexitol nucleic acid templates: The importance of the A structure. J. Am.
Chem. Soc. 1999, 121, 2653-2656. [CrossRef] [PubMed]

25. Rohatgi, R; Bartel, D.P; Szostak, ].W. Monenzymatic, template-directed ligation of oligoribonucleotides is
highly regioselective for the formation of 3'-5' phosphodiester bonds. J. Am. Chem. Soc. 1996, 118, 3340-3344.
[CrossRef] [PubMed]

26. Engelhart, A E.; Powner, M.W,; Szostak, ].W. Functional RNAs exhibit tolerance for non-heriTable 2'-5'
versus 3'-5' backbone heterogeneity. Nat. Chem. 2013, 5, 390-394. [CrossRef] [PubMed]

27.  Shen, F; Luo, Z.; Liu, H,; Wang, R.; Zhang, S.; Gan, ].; Sheng, J. Structural insights into RNA duplexes with
multiple 2-5-linkages. Nucleic Acids Res. 2017, 45, 3537-3546. [CrossRef] [PubMed]

28. Usher, D.A.; McHale, A.H. Hydrolytic stability of helical RNA: A selective advantage for the natural 3'-5'
bond. Proc. Natl. Acad. Sci. USA 1976, 73, 1149-1153. [CrossRef] [PubMed]

29. Mariani, A.; Sutherland, J.D. Non-enzymatic RNA backbone proofreading through energy-dissipative
recycling. Angew. Chem. 2017, 56, 6563—-6566. [CrossRef] [PubMed]

30. Glavin, D.P; Dworkin, .P. Enrichment of the Amino Acid L-Isovaline by Aqueous Alteration on Cl and CM
Meteorite Parent Bodies. Proc. Natl. Acad. Sci. USA 2009, 106, 5487-5492. [CrossRef] [PubMed]

31. Breslow, R.; Chen, Z.-L. L-amino acids catalyze the formation of an excess of D-glyceralidehyde, and thus
of other D sugars under credible prebiotic conditions. Proc. Natl. Acad. Sci. USA 2010, 107, 5723-5725.
[CrossRef] [PubMed]

32. Hein, J.E.; Blackmond, D.G. On the origin of single chirality of amino acids and sugars in biogenesis.
Acc. Chem. Res. 2012, 45, 2045-2054. [CrossRef] [PubMed]

33. Higgs, P.G. Chemical evolution and the evolutionary definition of life. J. Mol. Evol. 2017, 84, 225-235.
[CrossRef] [PubMed]

50



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

Life 2017, 7, 41 18 of 18

34.

35.

36.

37.

Hud, N.V;; Cafferty, B.].; Krishnamurthy, R.; Williams, L.D. The origin of RNA and “my grandfather’s axe”.
Chem. Biol. 2013, 20, 466—-474. [CrossRef] [PubMed]

Higgs, P.G. The effects of limited diffusion and wet-dry cycling on reversible polymerization reactions:
Implications for prebiotic synthesis of nucleic acids. Life 2016, 6, 24. [CrossRef] [PubMed]

Derr, ].; Manapat, M.L.; Rajamani, S.; Leu, K.; Xulvi-Brunet, R.; Joseph, I.; Nowak, M.A.; Chen, L.A. Prebiotically
plausible mechanisms increase compositional diversity of nucleic acid sequences. Nucleic Acids Res. 2012, 40,
4711-4722. [PubMed]

Tkachenko, A.V.; Maslov, S. Spontaneous emergence of autocatalytic information coding polymers. J. Chen. Phys.
2015, 143. [CrossRef] [PubMed]

—~ ® ] © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ e article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

51



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

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.

52



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

Can the RNA World Still Function without Cytidine?

Andrew S. Tupper,’ Ralph E. Pudritz,” and Paul G. Higgs*’
"Origins Institute and Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton, Ontario, Canada
Origins Institute and Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada

*Corresponding author: E-mail: higgsp@mcmaster.ca.
Associate editor: Sergei Kosakovsky Pond

Abstract

Most scenarios for the origin of life assume that RNA played a key role in both catalysis and information storage. The A, U,
G, and C nucleobases in modern RNA all participate in secondary structure formation and replication. However, the
rapid deamination of C to U and the absence of C in meteorite samples suggest that prebiotic RNA may have been
deficient in cytosine. Here, we assess the ability of RNA sequences formed from a three-letter AUG alphabet to perform
both structural and genetic roles in comparison to sequences formed from the AUGC alphabet. Despite forming less
thermodynamically stable helices, the AUG alphabet can find a broad range of structures and thus appears sufficient for
catalysis in the RNA World. However, in the AUG case, longer sequences are required to form structures with an
equivalent complexity. Replication in the AUG alphabet requires GU pairing. Sequence fidelity in the AUG alphabet is
low whenever G’s are present in the sequence. We find that AUG sequences evolve to AU sequences if GU pairing is rare,
and to RU sequences if GU pairing is common (R denotes A or G). It is not possible to conserve a G at a specific site in
either case. These problems do not rule out the possibility of an RNA World based on AUG, but they show that it wouldbe
significantly more difficult than with a four-base alphabet.

Key words: RNA World, cytosine deamination, RNA secondary structure, error threshold, ribozyme.

Introduction

The RNA World theory for the origin of life postulates that
the first life, or a very early stage of life, utilized RNA to store
genetic information and catalyze chemical reactions
(Robertson and Joyce 2012; Higgs and Lehman 2015).
Skeptics of this theory have cited the difficulty of forming
RNA prebiotically and have proposed simpler polymers
deemed pre-RNA and a corresponding pre-RNA World which
predates the RNA world (Lazcano and Miller 1996; Hud et al.
2013). One difficulty of forming RNA prebiotically is the in-
stability of cytosine nucleobases. Cytosine undergoes a deam-
ination reaction to form uracil with a half-life on the order of
~100 years at 37 °C, as opposed to the ~2,500 years half-life
for adenine and guanine, and ~250,000 years half-life for ura-
cil {Levy and Miller 1998). Cytosine nucleobases are also ab-
sent from samples of carbonaceous chrondrites, whereas
many other organic compounds, including adenine, guanine,
and uracil, are found (Pearce and Pudritz 2015). The instability
of cytosine and its absence from meteorites suggests that
prior to biological innovation the first genetic polymers
were deficient in cytosine. C to U deamination also occurs
in modern organisms and is one of the “fastest” and most
frequent forms of mutation (Lewis et al. 2016). This is not a
problem, because all mutations are “slow” on the time scale of
replication of modern organisms. However, if we are relying
on slow processes of prebiotic nucleotide synthesis, or the
gradual accumulation of nucleotides delivered from meteor-
ites and/or dust, then the shorter lifetime of C becomes im-
portant. Therefore, we ask whether it is possible that an AUG

alphabet could have operated prior to the AUGC alphabet in
modern RNA.

Previous experimental studies show that sequences
formed from three-letter and two-letter alphabets can have
enzymatic activity. A ligase ribozyme derived from the AUG
alphabet was shown to catalyze its reaction 10°-fold faster
than the uncatalyzed reaction (Rogers and Joyce 1999).
Similar ligase ribozymes have also been discovered in the
DUG and DU alphabets, where D is the nonstandard 2-6
diaminopurine nucleobase (Reader and Joyce 2002). These
alternative alphabets have some enzymatic activity, although
it is not yet clear how well they could catalyze the diverse
chemical reactions required by early life in comparison to the
standard four-letter alphabet.

In addition to enzymatic activity, the first genetic polymer
must be able to efficiently transfer sequence and structure
information upon replication. In canonical RNA, Watson—
Crick base pairing of A to U and G to C allows information
to be transferred between strands during the two stage rep-
lication process; plus to minus, followed by minus to plus.
Mispairing of bases leads to errors in sequence replication.
G-U pairing is of particular interest because, in replication of
AUGC sequences, G-U pairing is the dominant form of error
under both nonenzymatic (Leu et al. 2011) and enzymatic
conditions (Johnston et al 2001; Attwater et al. 2013).
However, for an AUG alphabet, G-U pairing is essential for
replication of G nucleobases, as G lacks a Watson—Crick com-
plement. Thus, the ability of RNA to form G-U pairs is ad-
vantageous in allowing flexible structure formation but is a

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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hindrance to accurate replication, and this conflict is partic-
ularly relevant in the AUG alphabet.

The aim of this article is to assess the ability of an AUG
alphabet to perform both the structural and genetic roles
necessary for early life. RNAs fold to stem-loop secondary
structures by base pairing between matching regions in dif-
ferent parts of the sequence. The ViennaRNA folding routine
(Lorenz et al. 2011) can be used to find the minimum free
energy (MFE) secondary structure for a given sequence. If
base-pairing energies are weak, if there are few matching
bases, or if the temperature is too high, the MFE structure
may be unfolded (no base pairing) or something very simple
like a single hairpin loop. To be functional structurally, we
assume that the sequence must form a stable stem-loop
secondary structure similar to those of known ribozymes
and biological RNASs, that is, it should form a structure with
several different stems and loops, and the structure might be
branched, or composed of several domains.

The statistics of structures formed by AUGC sequences,
and also by two-letter sequences (either GC or AU), have
been considered previously (Fontana et al. 1993) using the
ViennaRNA folding routine. The method makes use of exper-
imentally measured thermodynamic parameters (Turner and
Mathews 2010), and it produces structures that are similar to
those of real RNAs, even though three dimensional informa-
tion is not used (Higgs 2000). We thus assume that this
method is useful as a means to survey the statistical proper-
ties of structures formed by large numbers of sequences, even
though it does not give fully accurate secondary structure
predictions for every real sequence. Statistical properties of
structures of AUG sequences have not been studied previ-
ously. Here, we ask whether the structures formed by AUG
sequences are qualitatively similar to those of AUGC sequen-
ces. If the AUG alphabet is able to form a variety of relatively
complex secondary structures then it may be sufficient in the
structural role for the origin of life.

To test the genetic role of the AUG alphabet, we devel-
oped a computational model of RNA replication that
includes essential features that are usually ignored in models
of nucleic acid evolution. Typical models of gene sequence
evolution, such as those used in molecular phylogenetics
(Higgs and Attwood 2005; Posada 2008), use a four-letter
model for replication of double-stranded DNA in which ac-
curate replication of a functional (plus) strand produces an-
other plus strand. However, replication of single-stranded
RNA is a two-step process in which a complementary (minus)
strand is copied from a plus strand, and a new plus strand is
copied from a minus strand. Theoretical evolutionary models
for RNA replication (Eigen et al. 1988; Reidys et al. 2001; Kun
et al. 2005; Takeuchi et al. 2005; Takeuchi and Hogeweg 2012;
Szilagyi et al. 2014) often ignore the minus strands and treat
the two steps as a single step, although minus strands can also
be included (Shay et al. 2015). None of these previous models
captures the importance of G-U pairing in AUG sequences.
For the present study, we used a novel model that describes
the two steps separately and includes parameters for rates of
G-U pairing relative to Watson—Crick pairing and to other
types of mismatches.

72

For the AUG alphabet to be viable genetically, it must
allow the functionality of molecules to be inherited during
replication. Early models of RNA replication, such as the qua-
sispecies theory (Eigen et al. 1988), demonstrate that replica-
tion accuracy is a key factor for survival of replicating RNAs.
The simplest case considers a single master sequence repli-
cating at a high rate ry, in competition with all possible mu-
tant sequences that replicate at a lower rate ry. The sequence
fidelity, Q, is the probability that the master sequence is rep-
licated without sequence error. The net rate of accurate rep-
lication is Qrp, and the theory shows that the master
sequence only survives if this rate is faster than r,. The con-
centration of master sequences falls to zero at the error
threshold, where Q = ry/ry. Subsequent theories assume
that RNA function depends on secondary structure, and con-
sider the case where all sequences folding to the same speci-
fied secondary structure replicate at the same rate, while all
sequences folding to a different structure replicate more
slowly. In this case, we can define a structural fidelity, which
is the probability that a sequence with the correct structure
gives rise to an offspring sequence with the same structure.
There is a phenotypic (or structural) error threshold in these
models, where the fidelity becomes too low to maintain the
functional structure {Reidys et al. 2001; Kun et al. 2005;
Takeuchi et al. 2005; Szilagyi et al. 2014).

Here, using our two-step model for RNA replication, we
determine the average sequence fidelity and structure fidelity
for sequences in the AUG and AUGC alphabets. We show
that sequence fidelity is an unavoidable problem in the AUG
alphabet, unless G bases are excluded, or are interchangeable
with A bases.

Results

Comparison of Secondary Structures Formed with
Different Nucleotide Alphabets

In this section, we assess the ability of AUG sequences to fold
to the kinds of structures that would be required in the RNA
World. We show that a wide range of structures is possible in
AUG sequences, although folding is slightly more difficult
than for AUGC sequence.

Following (Fontana et al. 1993), we define the stickiness, S,
of an alphabet as the fraction of two-base combinations that
form an allowed pair in the secondary structure. The sticki-
ness is lower for alphabets with larger numbers of nucleotides
(see table 1). The other important property is the strength of
hydrogen bonding and stacking interactions of base pairs in
helices. Table 1 shows the mean nearest-neighbor free energy
AG,, for each alphabet using the “Turner 2004 thermody-
namic model (Turner and Mathews 2010) assuming all pos-
sible nearest-neighbor pairs occur randomly. Alphabets that
include GC pairs have stronger stacking (more negative
AG,,) than alphabets that exclude GC pairs. The AUG alpha-
bet is the weakest-pairing alphabet (least negative AGy,). It is
weaker than the AU alphabet because it includes GU pairs,
which are less stable than AU pairs in most configurations.

We generated 10° random sequences for each length L in
the range 1-100 nucleotides and determined the MFE
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Table 1. Comparison of Properties of Alphabets with Differing
Numbers of Nucleotides.

Alphabet Allowed Pairs Stickiness S AGpn (kcal/mol)
AUGC AU, UA, GC, CG, GU, UG 3/8 =159
AUG AU, UA, GU, UG 4/9 —0.76
AU AU, UA 1/2 =1.05
GC GC, CG 12 -3.10

structure of each sequence using the ViennaRNA folding
software (Lorenz et al. 2011). Figure 1a shows the probability
that the MFE structure was a folded structure of any kind (i.e,
at least one base pair present in the MFE structure). This
probability tends to 1 for all alphabets if the sequences are
sufficiently long. For short sequences, the folding probability is
strongly dependent on AG,,. The alphabets with strongest
base pairs (GC and AUGC) have high probabilities of folding
to secondary structures even when sequences are short,
whereas the more weakly pairing alphabets (AU and AUG)
require longer sequences before folding becomes common.
With 20-mers, for example, almost all GC sequences are
folded in some way, but only 6% of AUG sequences are
folded. With 50-mers, almost all sequences in the GC
AUGC, and AU alphabets are folded, whereas only about
80% of AUG sequences are folded.

Figure 1b—d shows the probabilities of formation of struc-
tures of increasing complexity. In figure 1b, we consider all
structures that contain at least two hairpin loops; in figure 1c,
we consider all structures with at least two separate domains
(see Materials and Methods); and in figure 1d, we consider all
structures with at least one multibranched loop. These prob-
abilities are always lower for the AUG alphabet than any of
the others. Multibranched loops (as in fig. 1d) are particularly
rare in the AUG alphabet, even for the longest sequences we
considered (L=100). This does not mean that complex
structures are impossible in the AUG alphabet. It merely
shows that there are fewer AUG sequences that fold to com-
plex structures, and that longer sequences will typically be
required for forming structures of a given degree of
complexity.

In figure 2, we consider the probability of formation of
specific secondary structures, rather than the combined prob-
abilities of structures of different types. For any structure with
a specified base-pairing pattern, we define Py as the proba-
bility that a random sequence folds to an MFE structure with
exactly this pattern, and Pcomp as the probability that a ran-
dom sequence is compatible with the structure (ie, it has
allowed base pairs in all the required places). These probabil-
ities are calculated in Materials and Methods. A compatible
sequence does not necessarily fold to the correct structure
because an alternative structure may be more stable.

Figure 2 shows the calculated Py for two series of struc-
tures, one with three helices and one with four. The number
of base pairs per helix, fyirs /e is the same in each helix. The
structure is shown for A heix = 3 in each panel of figure 2.
In each series, when R heix is increased, we keep the num-
ber of bases in the single-stranded regions constant. The total
length of the sequence is L = 11 + 6npirs/heiix for the series of

structures with three helices, and L = 16 + 8Nirs fheix for the
series with four helices. The detection limits are also shown in
figure 2 (see Materials and Methods). When no symbol is
shown, the structure is too rare to be detected in the sample
we analyzed.

For each alphabet there is a minimum npa/heix for which
each structure is detected in our sample. This minimum
length is shorter for strongly pairing alphabets than weakly
pairing alphabets. The three-helix structure in figure 2a is
detectable for nprs/heix > 3 in the GC and AUGC alphabets
(meaning L > 29), whereas it is only detectable for Ppsairs/heix
> 7 in the AU and AUG alphabets (L > 53). Similarly, the
clover-leaf structure in figure 2b is detectable if Npairs helix > 3
in the AUGC alphabet (L > 40), whereas it is only detectable
for Mgirs/heix = 6 in the AUG alphabet (L > 64).

Similar curves for two other example structures are shown
in figure 3. These structures have several helices but no multi-
branched loop, whereas the structures in figure 2 contain a
multibranched loop. These results in figures 2 and 3 show
similar behavior for all the structures. Longer sequences are
required in the AUG alphabet in order to form complex
structures, and complex structures with short helices are so
rare that we cannot detect them. The requirement for longer
sequences in the AUG alphabet relative to the AUGC alpha-
bet is a significant disadvantage, because longer sequences are
more difficult to make by chemical means and they require a
higher replication accuracy per base in order to replicate
without error.

It can also be seen in figures 2 and 3 that Py, approaches
the limit of Peomp @8 Apairsheiix iNCTeases, because when there
are many pairs in a helix, it is almost certain that the helix is
stable and that there is no other structure that is more stable.
As Peonp increases with the stickiness, and as stickiness
increases as we move from four- to three- to two-letter alpha-
bets, we find that Py, is lowest in the four-letter alphabet.
However, the number of possible sequences that fold to the
given structure is Ny, = B*Pyy, where B is the number of
bases in the alphabet. Figure 2c and d shows that Ny
increases for larger alphabets. Thus, there are many more
possible sequences that form a given structure in the larger
alphabets. Formation of the correct secondary structure is a
minimal criterion for ribozyme function, but it is likely that
not all sequences with the correct secondary structure are
functional, and that not all function equally well. The larger
the number of sequences with the correct secondary struc-
ture, the greater will be the diversity of sequences with high
enzymatic activity, and the higher the level of activity of the
best ones is likely to be. This is another advantage of the four-
letter alphabet over three- and two-letter alphabets.

From this section, we conclude that it is possible to form
structures of a wide range of types with all four of the alpha-
bets considered. Therefore, from structural considerations, we
do not rule out the possibility that AUG sequences could
have been possible in an early RNA World. Nevertheless,
the AUG alphabet has several disadvantages: 1) complex
structures with short helices are not possible, 2) longer
sequences are required for complex structures, making abi-
otic synthesis more difficult and error-free replication less
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Fic. 1. (a) Probability of forming a folded structure of any kind, (b) probability that the minimum free energy (MFE) contains at least two hairpins,
(c) probability that the MFE contains at least two separate domains, and (d) probability that the MFE contains at least one multiloop.

likely, 3) the diversity of functional sequences for a given
structure is lower, and 4) the enzymatic activity of the best
sequences is likely to be lower.

The Fidelity of Sequence Replication

We now assess the ability of AUG sequences to replicate in
comparison to AUGC sequences. We are interested in under-
standing the conditions in which long sequences can be ac-
curately replicated. We therefore want to determine the
fidelity of sequence replication per base, and the overall fidel-
ity of replication of the whole sequence.

When we look at alignments of RNAs with conserved
function, we often find that the secondary structure is con-
served, and that there are also particular sites in the molecule
where the sequence is conserved. However, large amounts of
sequence variation is possible at many other sites, and the
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number of sites that need to be conserved may be much
smaller than the total length of the molecule. In this article,
therefore, we consider a functional sequence to be one pos-
sessing a specified secondary structure and a specified set of
conserved bases at particular positions. We consider replica-
tion as a two-step process from plus strand to minus, then
from minus strand to plus. Beginning with a functional se-
quence that possesses the correct structure and required
conserved bases, we define the sequence fidelity, Qsoq as
the probability that an offspring sequence formed by the
two-step replication process still possesses the required con-
served bases, and we define the structural fidelity, Qs,,, as the
probability that the offspring still folds to the correct second-
ary structure.

In this section, we consider the sequence fidelity. We define
the one-step probability matrix p; as the probability that base
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Fic. 2. (g, b) Data points show the probabilities Py, that a random sequence folds to the structures shown, as a function of the number of pairs
Npairsshelix i each helix. The structures are illustrated with npirs/hei = 3. Dashed lines show the probability that a random sequence is compatible
with the structure, and dotted lines show the detection limits. (c, d) Data points show the number N, of random sequences that fold to the same

structures. Dashed lines show the number of compatible sequences.

iin the template leads to base j in the complementary strand
(where i and j=A, U, G, or C). For a two-step cycle, the
probability that base i in the initial plus strand becomes
base j in the descendant plus strand is g = Y pi Py
The diagonal elements g; are the fidelities of replication of
each base. Consider a sequence with numbers na, ny, ng, and
nc sites of each base that are required to be conserved. The
sequence fidelity is Queq(na; U, Mg, Nc) = Grrdliidceace:
When this fidelity is low, sequences cannot be maintained
by selection in a population. The minimum fidelity required
for replication depends on the replication rates of functional
and nonfunctional sequences, as described above. We do
not wish to consider specific values of the replication rates
here, we simply wish to demonstrate that the fidelity of
sequences containing G bases is extremely low in the AUG
alphabet.

Accurate replication in each of the two steps means that a
base gives rise to its complementary base in the opposing
strand (A — U, G — G etc.). In experiments (Johnston et al.
20071; Leu et al. 2011; Attwater et al. 2013), it is observed that

the most likely complementary base is the Watson—Crick
base, and that all the other bases can be added to the com-
plementary strand with smaller probabilities. It is also ob-
served that the most significant probabilities of the non-
Watson—Crick bases are for the “wobble” pairs G — U and
U — G. Here, we consider a model where the relative rates of
addition of Watson-Crick, wobble, and mismatch bases are
T:w:y, wherev < w < 1. "Mismatch” refers to any
combination of base pairs that is not a Watson—Crick or a
wobble pair. For simplicity, we suppose all mismatch combi-
nations occur at the same relative rate v. If sequences are
repeatedly replicated under this mutational model without
any selection acting the frequencies of the bases in the
sequences will converge to steady-state frequencies f. The
steady-state frequencies and the fidelities of each base are
given in Materials and Methods.

For the AUGC alphabet, A and C are equivalent, and U and
G are equivalent in our model. Therefore, the fidelities and
base frequencies are only shown for A and U in figure 4. We
calculate quantities as a function of the wobble rate w,
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structures. Dashed lines show the number of compatible sequences.

assuming that the mismatch rate v varies in proportion to
w with a fixed ratio r = v/w. We chose r=0.25 in this ex-
ample, following out expectation that this ratio will be sub-
stantially <1. However, the value of r does not change the
qualitative conclusions below. The fidelities gyy and ggg are
equal and are slightly greater than gaa and gcc. The station-
ary frequencies f; and fg are slightly higher than f, and fc. This
occurs because, when w > v, U and G bases are incorporated
into sequences at a slightly higher rate than A and C, even
though the four bases are assumed to be available as mono-
mers at equal frequencies. For the accurate replication of long
sequences, we require both v and w to be small. In the limit
where v and w tend to zero with fixed ratior = v/w, figure 4a
shows that f; — 0.25 and figure 4c shows that g; — 1 forall
bases. The four-letter AUGC alphabet is “well-behaved,” in
the sense that it has high fidelity and unbiased base compo-
sition when the error rate is low.

In contrast, the three-letter AUG alphabet is not well-
behaved in the above sense. Figure 4b and d shows the
base frequencies and fidelities in the AUG alphabet as a
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points show the number Ny, of random sequences that fold to the same

function of w, keeping the ratio r =0.25. There is a very large
difference in the stationary frequencies fa, fu, and fc. Even
though we have assumed that the three bases are of equal
concentration in the monomer mixture, the rate of incorpo-
ration into sequences is significantly different. The rate of
incorporation of G depends on the rate w. When w and v
both tend to zero, f; tends to zero, meaning that the G
bases are excluded from sequences that evolve under
this mutational model. The AUG alphabet becomes a two-
letter AU alphabet under conditions where the error rate is
small.

Figure 4d also shows that the fidelities are significantly
different for the three bases. Although gaa and gyy tend to
1 when the error rate is small, ggg is very low for all values of
w and actually decreases when w tends to zero. In Materials
and Methods, it is shown that geg = r’/(1-+2r)” in this
limit, which is always very small for all possible values of r < 1.
This means that G bases cannot be maintained in a conserved
position in the sequence in the AUG alphabet. Another case
worth considering is where either of the two purines, A or G,
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Fic. 4. Stationary base frequencies (a, b), and single-base fidelities (c, d), as a function of wobble rate, w, for the AUGC alphabet (left) and the AUG

alphabet (right). The ratio r = v/w =025 in all cases.

would do equally well in a sequence, and it is simply necessary
to distinguish U from a purine (R denotes a purine, A or G).
Figure 4c and d shows that the purine fidelity ggg is high in
both alphabets, as we discuss further below.

As an example, in figure 5, we consider several sequences in
which there are N = 8 conserved sites in total, and the num-
ber of conserved A, U, G, and C sites is specified. Three
examples were chosen with different numbers of A and G
bases. In the AUGC alphabet, the sequence fidelity Q is only
very slightly different for the three sequences, because gaa
and ggg are almost equal for these parameters. All three
sequences have a high fidelity when the error rate is low;
hence these can be maintained in the population by selection
if @ > Quin- In contrast, in the AUG alphabet, the sequence
fidelity is very strongly dependent on the number of G'sin the
sequence. Addition of even a single G, makes the fidelity
extremely low. The sequence AAAGUUUU, with a single G,
has Q <5% over the whole range of w, and the sequence with
two G's is hardly visible on this scale. Thus, sequences with
even a single required G are almost bound to be beyond the
error threshold, whatever the value of w and whatever the
replication rate ratio r/ro.

We have seen that the AUG alphabet becomes a two-
letter AU alphabet when w is small, and that only sequen-
ces without G’s have a high fidelity. However, if A and G
bases are alternatives as regards function and structure,
the AUG alphabet is effectively a two-letter RU alphabet.
In this case, the ratio of A to G in the sequence depends
on w, and G's are still present in the sequence inter-
changeably with A’s. The fidelity for a single R base,
grr, is given in the Materials and Methods, and plotted
in figure 4d. This tends to 1 when the error rate is
small. The sequence fidelity in the RU alphabet is
Qseq(r,Nu) = qRraUy- I figure 5b, all three AUG
sequences reduce to RRRRUUUU in the RU alphabet.
The RU sequence fidelity is high (blue line). Thus, the
AUG alphabet could work when w is high, but only if A
and G bases are interchangeable. It would not be possible
to specify either an A or G separately. In a similar way,
using Y=U or C to denote a pyrimidine, the AUGC al-
phabet might reduce to a two-letter RY alphabet, if U and
C were interchangeable. The fidelity in the RY alphabet
would be Qseq(ng, Ny) = qrygyy- This is shown for the
sequence RRRRYYYY in figure 5a.
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Fic. 5. The sequence fidelity of three example sequences with varying composition of conserved bases is shown in the AUGC and AUG alphabets as
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the AUGC alphabet, the sequences have almost the same fidelity. (b) In the AUG alphabet, the fidelity depends strongly on the number of G's in the
sequences, and is very low, unless G's are completely absent. At the purine~pyrimidine level, fidelities are high if we work with RU or RY sequences.
(c, d) The average sequence fidelity and structure fidelity are shown in the 2 alphabets for sequences of length 50.

From this section, we conclude that accurate three-letter
replication is not possible. Either G's are excluded, or G's are
used interchangeably with A’s. Thus it is not possible to
specify a G alone as a required base for function if there are
no C's present.

Structural Fidelity

We now consider the structural fidelity, Qs which is the
probability that an offspring strand after the two-step repli-
cation has the same secondary structure as the parent strand.
Rather than calculate this for many individual structures, we
determined the average structural fidelity of typical sequen-
ces/structures that evolve in a given alphabet. We considered
10° sequences of length 50 nucleotides replicating indepen-
dently such that their base frequencies reach their stationary
frequencies as defined previously. We then determined the
MFE structure of each of these. Sequences whose MFE struc-
ture contained exactly ten base pairs were retained, in order
to give a representative sample of alternative structures with
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a typical number of base pairs in comparison to the sequence
length. These sequences were folded and replicated one fur-
ther time in order to determine the probability that the off-
spring has the same structure as its parent. This probability is
the average structural fidelity of typical structures of length 50
containing 10 base pairs.

In figure 5¢ and d, the average structure fidelity of the AUG
and AUGC alphabets are shown as a function of w with fixed
v/w =0.25. In the limit of w — 0, structure fidelities of
both alphabets approach 1, meaning that structure can be
accurately passed on in both alphabets, As w increases, struc-
ture fidelities of both alphabets decrease exponentially, with
the AUG alphabet having an advantage over the AUGC al-
phabet for all values of w. The average sequence fidelities of
the same sequences are also shown assuming that all 50 sites
have required bases.

When the GU pairing rate w is small, both alphabets have
high sequence and structure fidelity. The fact that the average
sequence fidelity of the AUG alphabet in figure 5d tends to 1,
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when w — 0 may seem surprising, given that we have shown
in figure 5b that sequence fidelity is very low, even if there is
only one G in the sequence. The reason is that typical sequen-
ces do not contain G's when w is small! This is because G's are
excluded by the mutation process, as is shown by our muta-
tional model above. Thus, the AUG alphabet effectively
becomes a two-letter AU alphabet. The two-letter AU alpha-
bet is well behaved, with a high fidelity if the error rate is small.

The concept of structural fidelity arises in “neutral
network” models of RNA replication in which the function
depends only on the secondary structure and there is a large
set of sequences of equal fitness that all fold to this same
structure (Reidys et al. 2001; Kun et al. 2005; Takeuchi et al.
2005; Szilagyi et al. 2014). To assume that the sequence is not
important is an oversimplification, but it is nevertheless useful
in explaining why RNAs such as tRNAs and rRNAs can evolve
substantially in sequence while maintaining the same struc-
ture (Savill et al. 2001). In reality, some elements of sequence
will be important too, in addition to maintaining the struc-
ture, but this is still far from the other oversimplified case
where there is only a single master sequence that is functional,
and every mutation is deleterious. Here, we have measured
the two types of fidelity separately in order to distinguish
them. We conclude that, if a structure occurs with apprecia-
ble frequency in the AUG alphabet, then its structural fidelity
will be reasonably high, and comparable to the structural
fidelity in the AUGC alphabet. Structural fidelity is therefore
no more of a problem for the AUG case than for the AUGC
case. The serious problem for the AUG case is the sequence
fidelity, as we showed in the previous section, where it is
difficult to maintain even very small numbers of conserved
bases.

Discussion

We have asked the question of whether the RNA World could
be possible in absence of C bases. Combining the conclusions
from our studies of structure and replication, we conclude
that this possibility is not entirely ruled out, but there are
several factors that make an AUG alphabet less suitable for an
RNA World than an AUGC alphabet.

The GU pairing rate plays an important role in the analysis
in this article. It is worth remembering that GU pairing is a
large source of errors in experimental studies of RNA replica-
tion (Johnston et al. 2001; Leu et al. 2011; Attwater et al. 2013)
when A, U, G, and C are all present. The fact that GT mis-
pairing in DNA is less frequent than GU mispairing in RNA is
one major advantage of DNA over RNA as a genetic polymer
(Leu et al. 2011), and this is consistent with the idea that there
was a genetic take-over of information by DNA from RNA.
The large GU error rate is an important factor that would
limit the fidelity of replication and the maximum sequence
lengths that are sustainable in the usual AUGC RNA World.
This article shows that this problem would be substantially
greater if the RNA World depended on the AUG alphabet. It
is perhaps intuitive that something goes wrong with replica-
tion of G's in an AUG alphabet, but it would not be obvious
what would happen without doing a quantitative analysis.

Our article makes it clear that two things happen when rep-
lication happens with the three-letter alphabet. If the wobble
rate is low, the G's disappear and it becomes a two-letter AU
alphabet. If the wobble rate is high, it becomes an RU
alphabet.

Details of nonenzymatic replication are complicated. Leu
et al. (2013) show that the occurrence of a first mismatch
slows down the rate of subsequent additions and increases
the probability of a second error occurring. The net result of
this is to slow down the overall replication rate but to reduce
the frequency of errors in sequences that are completed. It
also increases the diversity of sequences generated (Derr et al.
2012). Speed and accuracy of primer also depend on the
presence of downstream binding oligonudleotides on the
other side of the base that is being added (Kervio et al.
2010; Prywes et al. 2016), and the possibility of primer exten-
sion via addition of dimers and trimers, rather than single
nucleotides, has also been studied (Sosson et al. 2019).

From structure formation considerations, we showed that
secondary structures with short helices are difficult to form in
the AUG alphabet, because the base-pairing interactions are
weaker. If all helices in the structure are quite long then a
range of structures is possible with AUG sequences that is
comparable to that with AUGC. The computational folding
algorithm we have used cannot tell us whether these struc-
tures are functional, but we see no reason to suppose that
there could not be at least some AUG sequences with
stable structures that are also functional. The shapes of these
structures might be a liwle different from those of
AUGC sequences. It is important however, that to reach a
structure of a given degree of complexity (ie, a given
number of loops, branches, or domains), we need a longer
sequence in the AUG case because each helix has to be longer.
This poses greater problems for prebiotic synthesis, where
equilibrium sequence concentration is likely to decrease ex-
ponentially with length (Higgs 2016) and for replication,
where the per-base error rate has to decrease inversely with
the length in order to beat the error threshold (Eigen et al.
1988).

One limitation of the above argument is that it is temper-
ature dependent. We have only considered a temperature of
37 °C, which is the default temperature of ViennaRNA.
Colder temperatures would increase the thermodynamic sta-
bility of smaller helices in the AU and AUG alphabets, and
would probably make it easier to find complex structures
with shorter sequences.

Accurate replication of both sequence and structure is an
essential requirement for the RNA World, whatever alphabet
is used. We have shown that structural fidelity can be high in
cases where sequence replication is accurate, for both AUG
and AUGC alphabets. Figure 5c and d shows mean structural
fidelities for typical sequences/structures that evolve in the
given alphabet. The sets of structures will be different, as is
shown by the first half of this article, but the structural fidel-
ities of the structures that are formed are comparable. In fact
the average structural fidelity in the AUG case is somewhat
higher than the AUGC case because the stickiness S is higher,
so the likelihood of remaining compatible after a mutation is
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higher. We conclude that structural fidelity is not a particu-
larly difficult problem for the AUG alphabet.

The serious issue for the AUG alphabet is that it is not
possible to replicate sequences containing G's with high se-
quence fidelity. Thus it is not possible to use a G in a position
where it is a required base. If the wobble rate w is low, then
replication of AUG sequences leads to the exclusion of G's.
Thus the AUG alphabet is really just an AU alphabet. If w is
high, then G’s get incorporated as alternatives to A's. If a
purine, either A or G, is equally good in the sequence, then
this is a viable possibility, and we have an RU alphabet
However, in this case the G is not really doing anything
and we might as well just have an AU alphabet. The conclu-
sion is that G's are not much help in the RNA World unless
C's are also present.

Therefore, if cytidine was not present at the time of the
origin of life, G nucleobases could not play any critical role in
ribozymes and life would have to start with an AU alphabet. If
a source of cytidine were later discovered, for example, if life
invented the pathway of cytidine synthesis, the AU/AUG al-
phabet could evolve into the canonical AUGC alphabet.
There would be an evolutionary advantage to incorporating
the additional GC pair because it would allow greater versa-
tility of structure formation, greater diversity of sequences
folding to any specified structure, and improved sequence
fidelity.

The other possibility is that we are being misled by the low
frequencies of C in meteorites and in equilibrium thermody-
namics calculations (Pearce and Pudritz 2015). The half-life of
C is much shorter than for the other bases because of deam-
ination of C to U (Levy and Miller 1998), but it could still be
very long compared with the time of replication of an RNA.
Cytidine deamination is relevant only if we are relying on
gradual accumulation of nucleotides from an external source,
such as delivery by meteorites. In that case, the C will not
accumulate. If there is a source of continued nucleotide syn-
thesis on Earth (as there must be at some point fairly early in
the history of life, or even prior to the origin of life), then C can
be created alongside other nucleotides, and the RNA World
can make use of it in a replication process that is must faster
than the deamination. As we noted in the introduction, C to
U deamination in modern organisms (Lewis et al. 2016) is not
a problem, because synthesis and replication is fast. Although
it is possible that the supply of organic molecules for the
origin of life may have come from meteorites (Pearce et al.
2017), the results in the present article concerning the diffi-
culties of an AUG alphabet might also suggest that there
must have been a reliable and renewable abiotic source of
all four nucleotides on Earth prior to the origin of life. In this
case, the RNA World would have begun with four bases from
the outset.

We have concentrated on the differences between the
three-letter and four-letter alphabet in this article; however,
there are also arguments in favor of two-letter alphabets over
four-letter alphabets. Hanle and Richert (2018) showed that
nonenzymatic replication of GC sequences in the presence of
G and C monomers is much less error prone than replication
of AUGC sequences in the presence of all four monomers.
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This makes sense, as the only possible errors in the two-base
system are GG and CC, neither of which is a frequent kind of
mismatch, whereas many other types of errors are also pos-
sible in the four-base system. However, if a sequence of only
G’s and C's were replicated in the presence of all four bases,
the other error types would also occur. So it is not clear
whether there is much advantage for using only two letters
in the sequence if the diversity of available bases is greater
than two. We do not have a clear idea of what kinds of
nucleotides and similar molecules were available prebiotically.
The mixture could well have included a very high diversity of
molecules differing in both backbone unit and pairing unit.
Selection of the genetic alphabet must have occurred in such
a mixture, and the best set of monomers would depend on
their frequency in the mixture as well as the accuracy and
speed of their replication. We have previously considered
simulations of nonenzymatic replication in mixtures of ribo-
nucleotides and alternative nucleotides, showing that the sys-
tem moves to a stable state in which the monomers used are
almost all of one backbone type (Tupper et al. 2017). This is
similar to the way that either left- or right-handed homochiral
molecules emerge in a situation that is initially racemic.
Returning to the issues in the current article, the two-letter
GC alphabet and the two-letter AU alphabet would both be
feasible from the folding point of view and from the replica-
tion point of view. For two-letter alphabets, the frequency of
structures (Py,) with large numbers of base pairs is higher
than for four-letter alphabets because the stickiness is higher
(eg. fig. 2a), but the number of possible sequences (Ny) is
much lower (eg, fig. 2¢). The stronger pairing of GC versus
AU makes it easier to find shorter sequences with complex
secondary structures, which is an argument favoring GC over
AU. Of course, this argument is to no avail if there was no C
present in the mixture.

This article focuses on the choice of nucleotide alphabet
for the RNA World and the relative instability of cytosine.
Another key stability problem is the rate of replication relative
to hydrolysis of strands. If RNA replication is to be main-
tained, then the rate of polymerization (either by a polymer-
ase/ligase or by nonenzymatically) must be faster than the
rate of hydrolysis of the backbone. So either there must be a
polymerase ribozyme with a fast rate or we must find con-
ditions where nonenzymatic replication is fast. Clearly, a
much more detailed evolutionary model could be considered
that incorporates hydrolysis explicitly, including the possibil-
ity of different rates of hydrolysis for nucleotides in single-
stranded and helical regions. These questions are important,
but they are essentially independent of the questions about
the nucleotide alphabet that are studied here. The first cata-
lysts have to arise within a chemical system that is abiotic. The
question of which nucleotides are supplied abiotically is a key
one. If suitable monomers are not supplied by chemistry, we
need a ribozyme to make them. It does not seem reasonable
to propose a scenario for the origin of life where we require
two different kinds of catalysts to appear simultaneously. The
simplest scenario is where the first catalysts catalyze replica-
tion, using a set of monomers that is already present abiot-
ically. The issue of which nucleotides were available and
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whether sequences composed of these nucleotides can be
functional is therefore important. On the other hand, if non-
enzymatic replication was fast enough, then polymerase ribo-
zymes may not have been necessary initially, and the first
catalysts could have been nucleotide synthetases, as discussed
in our previous work {(Kim and Higgs 2016; Higgs 2019). The
question would then arise as to what kind of nucleotides were
used by the nonenzymatic replication system within which
the synthetases evolved. This article addresses important
issues concerning the choice of nucleotide alphabet that
are relevant whether the initial replication process was via a
polymerase ribozyme or nonenzymatic. The conclusions re-
garding the ability of AUG sequences to fold and the prob-
lems associated with replication in the AUG alphabet are
equally relevant whether replication is ribozyme catalyzed
or nonenzymatic.

Materials and Methods

Definition of Secondary Structures and Domains

A secondary structure is a set of base pairs formed within a
given sequence, such that the paired nucleotides are allowed
pairs in a given alphabet (as in table 1), and such that all the
specified pairs can be formed at the same time. If pseudo-
knots are excluded, as is usually the case with RNA folding
algorithms (Higgs 2000), secondary structures can be repre-
sented by nested sets of brackets. For example, the notation
(({(- . ..)0) represents a hairpin loop with a stem of four-base
pairs and five unpaired bases in the loop. A domain is defined
as a region of structure enclosed by a base pair that is not
nested within any other base pair. The structure
(GG - M- -000)) s a single domain containing two
hairpin loops within a multibranched loop. The structure
L~ - -00). has two separate domains, each of which
is a single hairpin.

Method of Estimation of Structural Frequencies

We wish to calculate the probability P, that a random se-
quence folds to a particular structure denoted by a given
bracket notation. A minimal criterion for folding is that a
sequence should be compatible with the defined structure,
that is, there must be an allowed base pair at each pair of sites

indicated by the bracket notation. If a sequence is not com-
patible, it cannot form the correct structure; therefore, it is
only necessary to fold compatible sequences in order to cal-
culate Pg;. It is possible to generate compatible sequences by
choosing one of the allowed base pairs at random for each
pair of brackets in the structure, and choosing one single base
at random for each unpaired site. This method generates all
compatible sequences with equal probability, assuming that
the frequency of each of the nucleotides in the alphabet is
equal.

To determine Py, we used the relationship
Par = Psgr | compPeomps Where Peomy is the probability that a
random sequence is compatible, and Py | comp is the condi-
tional probability that a sequence folds to the specified struc-
ture, given that it is compatible. Peomp can be calculated
exactly from the stickiness: Pcomp = S"%, where npais is the
number of specified pairs in the bracket notation. For each
specified structure, we generated 10° compatible sequences.
Pstr | comp is the fraction of these sequences that folded to the
correct structure according to the ViennaRNA package. If at
least one correctly folding sequence was found, our estimate
of the frequency of the structure is Per = Pytr | comp Pomp-
Where no correct structure was found, Py, is below our limit
of detection, that is, Py < Plimic, Where Pimir = 107 %Peomp-
By making use of compatible sequences, it requires fewer
calculations to get an accurate estimate of Pyy. If we simply
folded 10° random sequences without requiring them to be
compatible, the detection limit would be 1075 and most
structures would be undetectable in a sample of this size.

A Two-Step Model of RNA Replication

The probability matrix for a single step (from plus to minus
strand) is the probability p; that base i in the template gives
rise to base j in the complementary sequence. We suppose
that the relative rates of addition of Watson—Crick, wobble,
and mismatch bases are 1 : w : v. The rates are also propor-
tional to the concentrations, ¢;, of the four nucleotides in the
surrounding mixture. The p; matrix is obtained by normaliz-
ing the rates of the possible pairs for each template base so
;hat Zj p; = 1. With row and column ordering A:U:G:C, we

ave

& viha by v vehe T
dutv(datdctdc) dutv(datdetde) dutvidatdotde) byt v(dat do+ o)
Pa vipy wog Ve
B Patwhe +v(dy+dc) Ga+whe +v(dy+ e} P+ wie+v(dy+dc) Pa+wie +v(dy + dc)
7N wey v $c
b +wiy +v(da+dg) P Hwdy +v(dat+de) b+ why +v(da+de) b+ why +v(da + dg)
v, vy dc vie
L g +v(a+dy+dc)  do+v(da+dy+dc) P +v(Pat+dyutdc) b+ v(datdy+ o) |
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For the AUGC alphabet, if we assume equal concentra-
tions of the four bases in the mixture of monomers, we have

v 1 v v
1+3 1+3w 1+3 143
1 v w v

T+w+2v 1+w+2v 1+w+2v T+w+2v

v w v 1
T+w+2v 1+w+2v 1+w+2v T+w+2v

v v 1 v
1+ 3w 1+3v T+ 1+3v

For a complete two-step replication cycle, the probability
that base i in the initial plus strand becomes base j in the
descendant plus strand is g; = >, pipy. The diagonal ele-
ments g; are the fidelities of replication of each base i. In this
case, we have

o 14+ 2’
M= I =T twr) | (1430
o 1+ Vi w?
quu = 9ec (+3(+w+v) (1 +w+2v)2 :

If sequences are repeatedly replicated under this mutational
model without any selection acting the frequencies of the
bases in the sequences will converge to the steady-state fre-
quencies f; that satisfy f; = Z‘Jf,qﬂ In this case, we have

1+ 3v
== o
T+w+2v
fo=fo= o

For the AUG case with equal concentrations of A, U, and G
in the monomer mixture, but no C, the replication probability
matrix reduces to a 3 X 3 matrix

v 1 v
14 2v 14+ 2v 14+ 2v
_ 1 v w
P=l Trwrv T+wrv 1+w+v
v w v
w+2v w+ 2v w+ 2v

The key difference from the AUGC case is that there is no
unit rate for Watson—Crick pairing in the denominator of the
G row of the matrix. This makes the behavior of the model
significantly different from the four-base model. The fidelities
and the steady-state frequencies are

- 1 ’ 2
Aan = Ggm(iewes) T (1:29)’ + G iy

s 1 w?
AW = e (1wtv)? + Ty

- 2 w? v
4cc = Guraneran + wiw T w20
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fa= v
Tawtsy
—
fo=s5mtt
— 421
fo= z+wzw+l-’5¢
If we combine A and G bases as purines, R=A or G, in
either the AUG or AUGC alphabet, then

fra=fa+fo,

arr = fa(gaa + dac) +fo(doc + goa)-

If we combine U and C bases as pyrimidines, Y =Uor G, in
the AUGC alphabet, then

f=futfe,

avy = fu(quu + quc) +fe(dec + geu)-
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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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Rolling-Circle and Strand-displacement Mechanisms for
Non-enzymatic Replication in the RNA World

Abstract

It is likely that RNA replication began non-enzymatically, and that polymerases were later
selected to speed up the process. We consider replication mechanisms in modern viruses and ask
which of these is possible non-enzymatically, using mathematical models and experimental data
found in the literature to estimate rates of RNA synthesis and replication. Replication via
alternating plus and minus strands is found in some single-stranded RNA viruses. However, if this
occurred non-enzymatically it would lead to double-stranded RNA that would not separate. With
some form of environmental cycling, such as temperature, salinity, or pH cycling, double-stranded
RNA can be melted to form single-stranded RNA, although re-annealing of existing strands would
then occur much faster than synthesis of new strands. We show that re-annealing blocks this form
of replication almost entirely. Other kinds of viruses synthesize linear double strands from single
strands and then make new single strands from double strands via strand-displacement. This does
not require environmental cycling and is not blocked by re-annealing. However, under non-
enzymatic conditions, we expect the incomplete new strand to be almost always displaced by the
tail end of the old strand through toehold-mediated displacement. A third kind of replication in
viruses and viroids is rolling-circle replication which occurs via strand-displacement on a circular
template. Rolling-circle replication does not require environmental cycling and is not prevented
by toehold-mediated displacement. Rolling-circle replication is therefore expected to occur non-
enzymatically and is a likely starting point for the evolution of polymerase-catalysed replication.

Introduction

Current origin of life research is founded on the idea of an RNA world and the ability of
RNA polymers to act as both genes and catalysts (Robertson and Joyce 2012; Higgs and Lehman
2015). In the RNA World, it is envisaged that RNA replication was catalyzed by RNA polymerase
ribozymes. Although there are no natural polymerase ribozymes in biology today, there has been
continued progress in development of such ribozymes in the laboratory (Attwater et al. 2013;
Horning and Joyce 2016; Attwater et al. 2018; Wachowius and Holliger 2019). The best
polymerases to date are able to synthesize strands of length ~200 nucleotides, although they are
still not at the level of self-replication. Before the origin of polymerases, it seems likely that non-
enzymatic template-directed replication was occurring, at least for oligomer sequences, and
eventually for strands that were long enough to be able to function as ribozymes. Non-enzymatic
replication would generate a mixture of short sequences that functioned as templates without
necessarily having any other encoded function. Natural selection would operate on the
physicochemical properties of such sequences, such as melting temperatures and stabilities against
hydrolysis or UV damage. We have termed this phase Chemical Evolution (Higgs 2017),
emphasizing that this is an important step between random chemical synthesis without replication,
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and fully-fledged Biological Evolution of long strands with a function, such as being a ribozyme.
If non-enzymatic replication were occurring, then strands arising in the mixture that had
polymerase ability could be selected to improve the efficiency of the non-enzymatic replication
process that was already there.

Non-enzymatic replication of nucleic acid polymers in the laboratory has been observed
for very short templates containing 4 and 6 bases (von Kiedrowski 1986; Zielinski and Orgel 1987;
Achilles and von Kiedrowski 1993; Sievers and Von Kiedrowski 1994), and 24-mers formed by
ligation of 12-mer oligomers has also been observed (Edeleva et al. 2019). Single-step synthesis
of much longer templates formed by ligation of several 32-mers has also been achieved in the lab
(He et al. 2017, He et al. 2019). Naturally occurring ribozymes contain 40 - 2600 bases (Doudna
and Cech 2002), and polymerase ribozymes contain ~150-200 bases (Attwater et al. 2013; Horning
and Joyce 2016; Attwater et al. 2018; Wachowius and Holliger 2019). Repeated replication of
strands of this length has not yet been observed in cases where synthesis occurs one nucleotide at
a time.

The focus of this paper is to understand the mechanism by which non-enzymatic replication
might have occurred in the RNA World. Important clues are available by examining the
mechanisms of protein-catalyzed RNA replication that occur in modern RNA viruses and viroids.
We will consider which of these mechanisms might have occurred non-enzymatically prior to the
origin of ribozymes and protein catalysts. If the catalyzed mechanism is possible non-
enzymatically as well, then a smooth transition from non-enzymatic to catalyzed replication could
have occurred.

The conceptually-simplest form of RNA replication, shown as Scheme I in Figure 1, is via
alternating plus and minus strands, where each strand is a template for the other. Some RNA
viruses, including the well-studied QP bacteriophage, do replicate in this way. Importantly, the Q
polymerase protein has a mechanism of separating the new strand from the template while it is
being synthesized (Takeshita and Tomita 2012). The two strands leave the protein polymerase
through separate channels, thus avoiding the formation of double stranded RNA. We have included
in Scheme I the possibility of annealing of two single strands to form a double strand. The double
strand is a dead end that cannot be replicated in this scheme. In our calculations below, we show
that there is a critical strand concentration C* at which annealing becomes dominant. This reaction
scheme gives exponential growth for strand concentrations below C* and replication is inhibited
when C* is reached.

Although Scheme I works for some viruses, it would be impossible in the absence of a
polymerase because a double stranded helix would be bound to form during the template-directed
strand synthesis. Therefore, we consider Scheme II, where the synthesis step leads to double
stranded RNA formation, and a melting step is required to separate the strands. Long double
strands are extremely stable; hence the separation of the strands will hardly ever occur if the
reaction conditions are constant (based on the kinetics of annealing from Rauzan et al. 2013 and
stacking energies from Xia et al. 1998). This is commonly referred to as the product inhibition
problem of RNA replication (Szostak 2012). To overcome the stability of double stranded RNA,
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many groups have proposed some form of environmental cycling, such as temperature (Kreysing
et al. 2015; He et al. 2017; Edeleva et al. 2019; He et al. 2019), salinity (Lathe 2004; Lathe 2005;
Ianeselli et al. 2019), or pH cycling (Mariani et al. 2018) to drive the melting of double stranded
RNA and allow for continuous RNA replication. In the synthesis phase, the single strands are used
as templates to form new double strands. In the subsequent melting phase, the double strands are
forced to melt by changing the reaction conditions, thereby freeing up the single strand templates.
By cycling the reaction conditions between the two phases, replication of RNA polymers may be
possible. We consider the kinetics of Scheme Il in this paper, both at constant reaction conditions,
and with cycling. Exponential replication is possible if cycling occurs, but only for low strand
concentrations C < C*. Once C* is reached, reannealing of existing strands occurs faster than the
synthesis of new strands. Below, we estimate that reannealing results in product inhibition at an
extremely low strand concentration.

An alternative approach to non-enzymatic RNA replication is to consider the possibility of
a strand displacement mechanism, in which a double strand is used as a template to synthesize a
new single strand. By coupling the synthesis of a new strand to the displacement of an old strand,
the product inhibition problem is avoided (Bartel 1999; Miiller 2006; Cheng and Unrau 2010; Zhou
et al. 2019). Strand displacement occurs in both ssSRNA and dsRNA viruses (Hulo et al. 2011). In
ssRNA viruses, the virus capsids contain single strands, but these are converted to double strands
inside the host cell, and strand-displacement then creates further single strands, as in Figure 1,
Scheme III. In this paper, we consider the possibility of non-enzymatic replication via strand-
displacement, and we argue that this is more likely than non-enzymatic replication via melting
(Scheme II). We note that in Scheme III, melting is not required; hence Scheme I1I is possible at
constant reaction conditions and does not require cycling. Reannealing is still relevant in Scheme
II1, but we show that Scheme III allows exponential replication even when reannealing is very fast.
In this latter case, single strands made by strand-displacement are converted almost immediately
to new double strands, but this does not inhibit replication because continued synthesis is possible
from the double strands.

However, non-enzymatic replication via strand-displacement faces one further problem
that we have not yet considered. If a new complementary strand is partially complete, as in Figure
2(a), it is possible for the growing strand to come off the template, at which point the two tails can
move in either direction rather easily because there is little energetic barrier to overcome (Radding
etal. 1977; Green and Tibbetts 1981; Srinivas et al. 2013). If the branch point migrates to the left,
the growing strand is lost. This is known as toehold-mediated displacement. This is not a problem
during virus replication because the virus polymerase ensures the new strand remains bound to the
template. Whereas, in recent experiments on non-enzymatic strand-displacement (Zhou et al.
2019), toehold-mediated displacement is prevented by using a tail strand which is non-
complementary to the template. However, if there is no mechanism of preventing toehold-
mediated displacement, our calculations below show that strand synthesis through displacement
will almost always be prevented before the new strand is complete.
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At this point, we take one further clue from looking at virus replication mechanisms. The
rolling-circle mechanism shown in Figure 2(b), is common to viroids, satellite RNAs, and some
viruses (Flores et al. 2011; Flores et al. 2014). The mechanism of primer extension is the same as
in strand displacement, except for the fact that it occurs on a circular template. Synthesis of the
complementary strand can continue indefinitely, and new product strands are created when the tail
is cleaved. Cleavage would occur eventually by random hydrolysis, however, some viroids,
satellite RNAs, and viruses replicating by this mechanism contain self-cleaving ribozyme
sequences that ensure cleavage occurs rapidly at a specific position. The linear strand formed after
cleavage is then able to circularize and begin a new round of rolling circle replication. The key
difference between linear strand-displacement and rolling-circle replication is that flipping of the
two tails in the circular case does not lead to the loss of the growing strand (Figure 2b).

While both linear strand-displacement and rolling-circle mechanisms of RNA replication
are clearly viable in modern viruses and viroids which utilize protein polymerases, they have
received relatively little attention under non-enzymatic conditions. The aim of this paper is to show
(i) that some form of strand-displacement mechanism is likely to be more viable in the RNA World
than a mechanism relying on melting, and (ii) that the rolling-circle mechanism is likely to be more
viable than strand-displacement on a linear template. As the rolling-circle mechanism should be
possible non-enzymatically, a smooth pathway of evolution from chemical evolution to the RNA
world is possible by selecting for polymerase sequences that increase the rate of the non-enzymatic
rolling-circle mechanism, without requiring a change in the mechanism.

Results

Comparison of Three Reaction Schemes for RNA Replication

In this section, we give simple rate equations for the three reaction schemes in Figure 1.
Rgyn is the rate of synthesis of a complementary strand from a single strand. In Scheme L, the
complementary strand is assumed to be separated immediately. In Schemes II and III, the
complementary strand forms a double strand with the template. R;;; is the rate of strand synthesis
via strand-displacement, in which case the old complementary strand becomes a single strand.
Rnerir is the rate of melting of double strands to single strands, and R, is the rate of annealing of
complementary plus and minus strands to form double strands. Cp and C; are the concentration of
plus and minus single strands, and Cj, is the concentration of double strands.

SchemeI: = = RyynCy — RannCrCu
dac
'd_:l = RsynCP = RgnnCpCy
dc,
d_:) = RynnCpCuy.

It is clear that the single strands grow exponentially in proportion to exp(Rsynt) if annealing is

. . . . R .
negligible. However, there is a concentration of single strands C* = Rsy" where the annealing term

ann

balances the synthesis. Growth of single strands is blocked entirely by annealing when the
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concentration approaches this limit. If both plus and minus strand concentrations begin at Cy,;;,
the exact solution of the above equations is

C C C"bexp(Rsynt)
P "M Ty fbexp(Rsynt)
Cinit/C”

1-Cinit/C*
For today's viruses, synthesis is rapid and annealing is unlikely to be a problem because strands
are always infecting new hosts. However, for prebiotic non-enzymatic replication, synthesis would
be slow, and annealing would be very fast relative to synthesis, meaning that C* would be
exceedingly small. We give numerical examples later in the paper in the section on Rate Estimates.

We now consider Scheme II, where synthesis leads to formation of a double strand. It is
necessary to include melting here because this is the only way that single strands can be reformed.

where § = The concentration of single strands tends to the limit of C = C* at long times.

Scheme I:  =£ = —RyynCp + RmeiCp — RannCrCu
dac
d_:q = _RsynCM + RieicCp — RannCrCy
dCp

N5F = Rsyn(Cp + Cup) — Rine1tCp + RgnnCpCy
If there is no annealing (R.,, = 0) both single and double strands grow exponentially as
exp(Lperrt) where

[ __ (RsyntRmeit) ol e 4RsynRmelt
mels 2 (Rsyn+Rmer)? /)

If Rmeir K Rgyn, then Lyee & Ry, i.e. the growth rate is limited by melting. In reality, melting

will be extremely slow because the reaction conditions must favor stable helix formation in order
to get the templating reaction to work (a numerical example is given below). Hence, we expect
non-enzymatic replication by Scheme II to be impossible in constant reaction conditions because
of slow melting, even if there is no annealing. If annealing is added too, the situation is even worse,
because annealing will become dominant for a very low concentration C*, as in Scheme I. If the
reaction conditions cycle through synthesis and melting phases, as discussed in the Introduction,
then Scheme II is more viable than with constant conditions, although annealing limits strand
concentrations to very small values. A numerical example of Scheme IT with temperature cycling
is given later in this paper.

We now consider Scheme III, in which replication can occur from double strands via
strand-displacement. In this case, we ignore melting because it is extremely slow and it is not
required for exponential growth if strand displacement is possible.

Scheme I: =2 = —R ., Cp + > RuisCp — RannCpCy
dc 1
d_:l = _RsynCM + ERdiSCD - RannCPCM
dac
d_tD = Rsyn(CP + Cy) + RannCpCy

If annealing is negligible (Rg,, = 0) the single and double strand concentrations grow
exponentially as exp(44;st), where
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Agis = 222 (—1 + }1 + —‘;':::) .

During this exponential growth, the two single-strand concentrations are equal, and are
proportional to the double strand concentration:

1
Cp ERdis . _Rdis
Cp AgistRsyn  2Rgym’
If the annealing rate is non-zero, then there comes a point where the rate of production of double

strands by annealing is equal to that by synthesis: Ry, Cp = Rnn C2. This occurs when Cp =~ C* =

R : : ;
Rsﬂ and Cp = ZRSZyn/(Rananis). When the concentrations are greater than this, annealing
ann

dominates, and the single strands are converted almost immediately to double strands. However,
even in this limit, double strands continue to grow exponentially in proportion to exp(1/2R ;t).
In other words, exponential growth of double strands is still possible even when annealing is fast,
and even when the concentration of strands becomes larger than C*. For higher concentrations,
single strands become negligible in comparison to double strands, but they still increase.

Rates of Template-Directed RNA Strand Synthesis

In order to give quantitative examples of the behavior of these reaction schemes, we need
to consider the processes at a more detailed level in order to determine the expected rates of strand
synthesis. As defined previously, Ry, is the rate of synthesis of a complementary strand on a

single-stranded template. We will assume that synthesis starts by annealing of a primer, which is
then repeatedly extended by single nucleotides (monomers) to produce a new complementary
strand (Fig. 3).

If the primer is of length [ and the total template length is [ 4+ L, such that L nucleotides
must be added to complete the strand, then the mean time for synthesis of the complementary
strand is 1/Ry, = 1/koy + L/Kexs, Where k,p, is the net rate of primer binding and k., is the
rate of primer extension. For simplicity, we will assume throughout this discussion that the
annealing of primers is not rate limiting, such that Rgy, = ke /L. If primers were rare
prebiotically, then the net rate of synthesis would be even slower. We are therefore considering a
best-case scenario, which is still problematic due to product inhibition.

In the introduction to this paper, we argued that replication from circular templates via the
rolling-circle mechanism may be important in the RNA World. Therefore, we also wish to estimate
Rsyn for circular templates. We expect the process of primer extension to be very similar for
circular and linear templates. For primer binding, there may be a slight advantage for the circular
template because a primer could bind anywhere on the circle rather than just at the beginning of
the linear strand. However, if a primer could be extended in both directions, then a primer could
also bind in the middle of a linear strand. In any case, we are assuming that primer extension is the
limiting factor, not primer binding. Thus, we conclude that Rgyy, = Ky, /L for circular templates,
equal to the rate for linear templates of the same length.
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We now calculate the rate, R ;;,, of synthesizing single strands via strand-displacement. In
this case, there is a significant difference between linear and circular templates, as shown in Fig.
4. We will summarize the key points here and provide the details of the calculation in the Materials
and Methods section. We assume that a primer can bind to the end of one of the strands of the
duplex at a net rate of k;, due to partial unzipping of the duplex, and that this is not the rate
limiting step. We assume that there is a rate k., of extension of the primer by one nucleotide
whilst the old complementary strand is being displaced. This rate is expected to be slower than the
rate k., of primer extension on a single strand, but not so slow as to prevent synthesis entirely.
During strand displacement from a linear strand, it is possible for the two tails to flip as in Fig 2(a),
in which case the growing strand is lost, and synthesis has to begin again from a new primer. This

tail flipping occurs at a rate of ky,;;,, which is expected to be fast compared to k¢,,. The probability

{ 4
Kext

Kexe+Kflip
at any of the intermediate states of synthesis of the new strand (as in Figure 4). For complete
synthesis of the growing strand, there must be L extensions before the flipping occurs once. The
rate of complete strand displacement is therefore proportional to P%,. The calculation in the
Materials and Methods section shows that Ry; = k), PE,,. As we expect P,,; < 1, we expect Ry,
to be vanishingly small for linear templates more than just a few nucleotides long unless there is a
polymerase, or some other mechanism, that prevents the tail flipping.

The situation is more optimistic for strand-displacement from a circular template, as occurs
in the rolling-circle mechanism. For starters, no primer annealing step is required as one (or both)

that one monomer is added before the flipping occurs is P,y = ( ) Tail flipping can occur

I
Fext

2L
factor of 2 comes from the assumption that growth occurs from one end of the strand, and that the

growing end is annealed on the template roughly half the time. Since the rate of synthesis is
independent of tail flipping, the rolling-circle mechanism is more likely to occur non-
enzymatically than strand-displacement on a linear template. For rolling-circle, the rate of

ends of the annealed strand could act as a primer. Here, we estimate that Ry;; = ==X, where the

synthesis is therefore inversely proportion to length, the same as in the case of strand synthesis on
a single strand template.

Rate Estimates and Numerical Examples of RNA Strand Replication

In this section, we use experimentally measured rate constants from the literature to
estimate the rates of the processes in the three reaction schemes. We then show numerical examples
of concentrations as a function of time in several cases.

The rate constant for RNA primer annealing, k,,;, has been measured to be in the range
2 — 24 mM~" s~ for tetramers to octamers, depending on sequence and temperature (Craig et al.
1971; Rauzan et al. 2013). Similar values of 0.3 — 11 mM ! s~ ! have been also been reported for
DNA hexamers (Williams et al. 1989). This is roughly 10 M~* A~1. Assuming a primer
concentration, Cpy;, of 107% M, we would therefore expect k,, =~ 10* h™!, meaning that annealing
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of a primer would take on average less than a second to complete. As long as the resulting duplex
is sufficiently long, the primer is stable on the timescale of RNA synthesis.

In comparison, the rates of primer extension observed by Leu et al. 2011 and Walton et al.
2019 using activated nucleotides are around 1 h™! and 20 h™" respectively at mM concentrations
of nucleotides. For the examples here, we will take ko, = 1 h™" as an estimate of what might be
achieved by non-enzymatic replication under prebiotic conditions. This is much slower than the
rate of primer annealing, so our simplification that synthesis is rate limited by extension appears
justified. For comparison, we will also consider overly optimistic rates of non-enzymatic extension
based on known ribozymes and enzymes. As of now, the fastest ribozyme polymerase extends a
primer at a rate of roughly 72 h™! (Horning and Joyce 2016), which for convenience, we will
round up to 100 h~1. Whereas protein polymerases can extend a primer multiple times per second,
which will be taken as roughly 10,000 A~ (Schwartz and Quake 2009; Olsen et al. 2013). In the
examples here, we will consider a sequence of length L = 100 nucleotides; therefore, the rate of

Kext
L

~
=

strand synthesis on a single strand template under non-enzymatic conditions is Ry, =
0.01 A~

The annealing rate constant for octamers and shorter oligomers was estimated above to be
10%% M~ k=1, This rate is known to increase slowly with sequence length, appearing to scale as
the square-root of polymer length (Wetmur and Davidson 1968). For a sequence of length 100, the
annealing rate constant should be at least 10'® M~1 =1, The single strand concentration at which
annealing dominates strand synthesis is therefore C* = Ry /Rynn = 1072 M. Thus, we expect
annealing to prevent replication in scheme [ at a very low strand concentration. Figure 5 shows the
single strand concentration as a function of time, with the estimated values of Ry, = 0.01 B
and Rgp, = 101 M~*h™! under non-enzymatic conditions. For comparison, we also show the
optimistic cases of Ry, based on the extension rates of known ribozyme and protein polymerases.
Even when non-enzymatic synthesis is as fast as a modern protein polymerase, the strand
concentrations still saturate at very low values. For reference, the volume of a typical bacteria cell
is roughly 1 um?’; therefore a concentration of 1 strand per cell is roughly 10~ M. The critical
concentration, C~, is therefore unreasonably small based on the experimentally measured
annealing and extension rates. Thus, annealing is a serious inhibiting factor on replication by
Scheme 1.

It should be remembered that Scheme I is only possible if there is a mechanism of
separation of strands at the same time as synthesis, and this seems unlikely for non-enzymatic
replication. Therefore, it is necessary to consider Scheme II, where synthesis leads to double-strand
formation. Replication is then dependent on double-strand melting, which is predicted to be very
slow for long double strands. For example, at 37°C an alternating AU sequence of 40 nucleotides
would anneal to its complement with a standard free energy of AGP,,;, = —40 kcal/mol (Turner
and Mathews 2009). Assuming an annealing rate of 10'°M k™!, and a thermal energy RT of
0.616 kcal M™* at 37°C, we would therefore predict a melting rate of k,pp =~

10 exp (—M";—;m) h™' =~ 6 * 107"k, In other words, the average time required to melt this
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duplex would be =~ 10*® hours, which is much longer than the current age of the universe at ~
10* hours. Longer sequences would take even longer to melt and adding GC pairs would only
make the helix more stable and even slower to melt. For a sequence of length 100, the melting rate
would be vanishingly small if the reaction conditions were held constant. In order for Scheme II
to be viable, there needs to be cycling between a synthesis phase and a melting phase.

The cycling case of Scheme Il can be solved exactly by assuming that no melting is possible
in the synthesis phase, and that no synthesis is possible in the melting phase. Suppose the
concentration of double strands at the end of one synthesis phase is C,,4 and the synthesis has
gone to completion, such that no single strands remain. In the melting phase, these double strands
are rapidly separated, so the concentration of each of the two single strands after melting is Cpyq-
Thus, the initial value of the single strand concentrations at the beginning of a synthesis phase,
which we call Cj,;¢, are equal to the final value of the double strand concentration at the end of the
previous synthesis phase. The differential equations for the synthesis phase are:

Scheme II (synthesis phase): dstP = —RsynCp — RagnnCpCy

dc

d_;w = _RsynCM = RannCpoCy

dac

d_tD = Rsyn(CP + CM) + Ry CrCy

These have an exact solution:
= _ Caexp(-Ryynt)
Cp(t) - CM(t) - 1-aexp(—Rsynt)

Cp(t) = C* (L - : +1n (1‘“e“p('RSY“‘)))

1-a  1-aexp(—Rgsynt) 1-a

Cinit/C”
1+Cinie/C*
Cena = €* (= +In(=2)) = Cinse + C7In(1 + “28)
end 1-a 1—a init cr /°
If the initial concentration Cy,; << C*, then Cgpy = 2Cin;e, i-e. the concentration doubles each
cycle at low concentrations where annealing is not important. If the initial concentration Cy;; >>
C*, then annealing dominates, and most single stranded polymers find their complement to form
double stranded polymers. However, as time progresses within a cycle, the single strand

where a = . At the end of the synthesis phase, the double strand concentration is

concentration eventually drops below C* and then synthesis dominates. From the previous
equation, we find that above the critical concentration, C,nq = Cinit + C*In(Cipie /C™), i.e. the
concentration each cycle increases by roughly C* due to the log scaling on Cj,;. For example,
when (Cinit/C") = 103, Copg = Cinie + 7C*. Increasing (Cinie/C*) to 10° results in only
marginally increased strand growth: C,p,g = Cipie + 14C*.

Figure 6 shows the double strand concentration as a function of time for a single cycle
assuming the three different Ry, rates for non-enzymatic, ribozyme, and protein catalysis. The
initial concentration is C;,;; = 10~?M, which corresponds to roughly one strand in the volume of
a bacterial cell. For the fastest synthesis rate, the concentration almost doubles by the end of the
cycle. For the non-enzymatic synthesis rate, there is almost no increase since annealing dominates.
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In order to show the expected increase in double strand concentration over many cycles,
we simply plot a point at the concentration C,,4 at the end of each cycle (see Figure 7). We begin
at a very low concentration in order to illustrate the possibility of exponential growth that occurs
when Cipir < C*. When Ciyyp ~ C7, the curve switches to slower than exponential growth. Hence
replication by this kind of cycling becomes extremely slow once the concentration reaches C*.
Note that the time in Fig 7 is in number of cycles, not in hours. In order to allow the synthesis
phase to go to completion, the length of the phase must be long compared to the inverse of the
synthesis rate. For example, assuming the non-enzymatic synthesis rate of Ry, = 0.01 h™%, a
cycle time in excess of 100 h™" is required for synthesis to complete. As long as the synthesis
phase is sufficiently long, the multiplication factor achieved per cycle is independent of the cycle
time. If the cycle time is faster (e.g. a daily cycle), then the reaction does not go to completion with
this choice of Ry, and the multiplication factor achieved per cycle is less. The case shown in Fig.
7 is a best possible case, and our conclusion is that cycling is not very effective even in the best
case.

Lastly, we will consider Scheme III and show that it allows continued exponential growth
at high strand concentrations, in contrast to the other schemes, which are all severely limited by
annealing. For Scheme III, we need to estimate the rate of synthesis with strand displacement.
From the arguments in Materials and Methods, we estimated k.,; = Koxt/Kstqcr- For strand
displacement from rolling-circle, we estimated Ry;s = k'gy./2L, which means that R, =
Rgyn/2Kgpqcr- Stacking free energies depend on base sequence, but typical values would give
2Kgtacr = 100. We have used Rgyp, = 0.01 h~1 in the previous non-enzymatic examples, which
means that Ry;; = 10™* h™1. Figure 8 shows exponential replication with scheme TIT with the three
different values of Ry, and assuming Rgis = Rgy,/100. Even in the non-enzymatic case,
exponential growth is observed even at micromolar to millimolar concentrations. Whereas faster
synthesis rates simply change the time scale for replication. At low concentrations, growth is
exponential at rate Ag;s. At concentrations above C*, where annealing is rapid, growth is still
exponential at a slower rate R;;;/2. The essential point is that when strand displacement occurs,
exponential growth is still possible even when annealing dominates. The growth rate is slower at
high concentrations because Rg;s/2 < A4;5. In fact, when Ry;¢ < Rgyp, we can show that A4 =
Rgis- Thus, the effect of annealing in this scheme is simply to slow growth by a factor of two,
rather than to inhibit exponential growth altogether, as in the previous schemes.

Discussion

In this paper we considered several mechanisms of RNA replication and asked which of
these could occur under non-enzymatic conditions relevant to the origin of life. Based on currently
known reaction rates, the rolling-circle mechanism common to viroids is uniquely qualified for
non-enzymatic replication in the RNA world. We are not the first to consider the importance of
viroids, rolling-circle replication, or circular RNA’s at the origin of life. Viroids have already been
argued to be important to the RNA world due to their simplicity and encoding of ribozymes (Diener
1989; Flores et al. 2014; Diener 2016). Rolling-circle replication has also been considered in
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theoretical models of polymerase ribozyme replication in an RNA world (Ma et al. 2013). And
circular RNA chromosomes have been considered an important bridge between the RNA world
and DNA world (Soslau 2018). In this paper, we build on these ideas and argue that rolling-circle
replication should be possible under non-enzymatic conditions, whereas the other mechanisms fail
due to product inhibition and toehold-mediated displacement. As such, the rolling-circle
mechanism is a likely starting place for non-enzymatic replication of RNA which predated the
emergence of polymerase ribozymes.

The rolling-circle mechanism described here relies on primer extension coupled to strand-
displacement to synthesize a new RNA polymer. Although this is expected to be slower than
synthesis on a single strand without strand displacement, i.e. Rg;s << Rgyp, it is not expected to be
so slow as to prevent synthesis entirely. In this paper, we argued based on thermodynamics that it
may be ~100 times slower. Recent experiments show that with the addition of oligomers, the rate
of primer extension with displacement on a double strand can be comparable to primer extension
on a single strand (Zhou et al. 2019), i.e. Rgis = Rgyn. In which case, our assumption here may be
overly pessimistic, with the addition of oligomers further bolstering the exponential rate of
replication. Furthermore, when comparing the rates of synthesis, it is important to consider the
rate of template hydrolysis. The hydrolysis rate of a double stranded RNA template is predicted to
be roughly 1000x slower than the hydrolysis of a single stranded RNA template (Rohatgi et al.
1996; Soukup and Breaker 1999), which may also compensate for the slower rate of RNA
synthesis.

For rolling-circle replication to begin in an RNA world there needs to be a process which
is generating circular templates, and the template itself must encode for a self-cleaving ribozyme.
Rolling-circle replication therefore has more prerequisites than the other mechanisms described in
this paper. This, however, does not make it an unlikely route for the origin of life. For starters, any
process which is randomly polymerizing RNA monomers into single stranded RNA or double
stranded RNA polymers will inevitably generate circular polymers. The ligation of the 3° end of
an RNA polymer to the 5’ end of the same polymer is an intramolecular reaction as opposed to
polymerization which is an intermolecular reaction. Since the former is concentration independent,
it likely occurs at a much faster rate than polymerization. Furthermore, the circular templates
required for rolling-circle replication need not be exceedingly long. Viroids and satellite RNAs
have typical sizes of ~220-400 bases (Flores et al. 1997; Collins et al. 1998; Flores et al. 2012).
Whereas rolling-circle synthesis of ssDNA has been shown for much shorter templates containing
13-74 bases (Fire and Xu 1995; Liu et al. 1996; Frieden et al. 1999). Circular templates capable of
undergoing rolling-circle replication may therefore be abundant under the conditions relevant to
the origin of life

In our calculation of rolling circle replication, we assumed that there is a self-cleaving
ribozyme that cuts the growing strand at a particular bond. Due to the abundance of these
ribozymes, this does not appear to be restrictive. Self-cleaving ribozymes are already found in
viroids and some viruses (Ferré-D’ Amaré and Scott 2010), and have been detected in the genomes
from every domain of life (Perreault et al. 2011; Hammann et al. 2012). Since these ribozymes
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have emerged at least a few times in natural evolution, their emergence in an RNA world seems
plausible. Self-cleavage ribozymes also tend to be very short sequences and are thus likely to be
generated within a pool of chemically synthesized random sequences. For instance, the
hammerhead ribozyme is ~50 nucleotides long and has relatively few restrictions on catalytic
activity (Ruffner et al. 1990). The required level of catalytic activity is also not restrictive. To be
effective, the self-cleaving ribozyme needs to operate on a timescale which is faster than
hydrolysis, such that cleavage consistently occurs in a single location. Assuming each bond in
single stranded RNA hydrolyzes at a rate of ~10~7 A~ (Li and Breaker 1999), a polymer of 100
bases would break at a net rate of ~10~> h™!. In comparison, hammerhead ribozymes cleave at a
rate of ~10% h™? (Hertel et al. 1994), a rate which is ~107-fold faster than necessary. Even a poor
hammerhead ribozyme is likely sufficient at this stage of the origin of life.

A further benefit of the rolling-circle mechanism is that it becomes primer-independent at
high strand concentrations. When annealing of strands is fast, as is expected under conditions
which favor RNA synthesis, single-stranded RNA is immediately converted to double stranded
RNA which can undergo further rolling-circle synthesis without the need of a primer. This may be
of great importance to the origin of life as primers are expected to be rare under prebiotically
relevant conditions. For instance, if we assume that random polymerization of RNA monomers is
generating 10-mers at a concentration of 1M, then the concentration of a sequence-specific 10-
mer primer would be ~1pM as there are 41° possible 10-mers. Primers would also be very slow
to regenerate from random polymerization when consumed, which would severely limit the rate
of replication. Further compounding the problem is that primer-length polymers are incompatible
with known protocells as the lipid bilayer prevents diffusion of oligomers across the membrane
(Mansy and Szostak 2009; Szostak 2012). Therefore, even if the environment is providing an
abundance of sequence specific primers, they are unable to pass into a protocell. For the rolling-
circle mechanism, these problems are avoided, and replication can proceed with only monomers
as a food source. Since monomers are able to diffuse into and out of protocells, rolling-circle
replication is also compatible with protocells.

Based on the findings in this paper, as well as the supporting literature, we propose that the
first non-enzymatic RNA replication occurred through a rolling-circle mechanism. The properties
of which should allow for exponential growth of RNA polymers under plausible prebiotic
conditions while avoiding the problems of product inhibition, toehold-mediated displacement, and
primer dependence. Given sufficient time, a polymer replicating by this mechanism could explore
sequence space and discover more complex ribozymes. The discovery of polymerase ribozymes
would enhance the rate of replication without necessarily changing the mechanism of replication.

Materials and Methods
RNA synthesis by strand-displacement on a linear double strand

Details of the calculation of the strand displacement rate Rg;, are given in this section.
When primer extension occurs by strand displacement, one nucleotide must be peeled back from
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the displaced strand for every new monomer that is added. If the equilibrium constant for pealing
back a single nucleotide is KL, then the net rate of primer extension would be:

B e ( CnuclKnucI/Ksmck ) k
= li
ext 1+ CnuciKnucl/Kstack &

We note that the thermodynamic association constant for monomer binding, K., has been
measured to be somewhere between 2 M~! and 66 M~ depending on the nucleobase for a
monomer bound to the end of primer (Izgu et al., 2015). In this case, we have CpyciKnuct/Kstacr <K
1, as long as the monomer concentration is not too high. Hence k'oyr = ChycrKnucikiig/ Kseack»
whereas the extension rate on a single strand would be Koy = ChyciKnucikiig- Hence keyy =
kext/Kstack-

During primer extension, it is possible for the tail of the displaced strand to flip up, as in
Figure 2(a) which can lead to the removal of the growing strand. In the first step, a branch point is
formed. After which, the branch point migrates left or right through a random walk process. If the
random walk reaches the left boundary before the right, then the primer is removed. If the random
walk reaches the right boundary before the left, then the primer is not removed during this branch
formation. However subsequent branch formation events can still result in primer removal. We
suppose that tail flipping results in primer removal at a net rate of ky;;;,. Based on the biophysical
analysis of the process (Srinivas et al. 2013), the net rate of tail flipping is roughly:

b L 1 +l—1_1
A _l kfirst kbm

Where kf;,; is the rate at which the branch point forms, Ky, is the rate of branch migration, and

 is the length of the primer. Based on experimentally measured rates, kg = 1.1 % 10 h~" and
kpm = 6.5 % 107 h~' (AEL model of Srinivas et al. 2013). For a primer of length 20, keip =~ 4 *
10* h™*. Increasing the primer length to 100 would decrease kg, to roughly 4 * 10% h~*. For
simplicity, we assume that the net rate of flipping is constant throughout synthesis.

The linear template can exist in several states as shown in Figure 4. In state L, with
concentration Cp, there is a fully synthesized complementary strand and no primer. In state 0, with
concentration Cy, a primer is bound, but there is not yet any monomer extension. In state n, with
concentration C,, the primer is bound and has been extended by n nucleotides, where 1 < n <
L — 1. After L extensions, the growing strand is complete, the old strand is displaced, and the
template is once again in state L, which is the initial state. However, if flipping of the tail occurs
at any of these intermediate stages, the incomplete new strand is lost, and the template returns to
the initial state without synthesis of a new strand. From Fig 4, we find the following equations for
the rates of change of the concentrations.

dc, r I

dto = konCp, — (kext + kflip)co

dCy ' '

T = kit Cng — (koxe + kp1ip)Cp forl<n<L-1
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dac -
d_tL = _k:mCL + kéxtcl.—l + ft:%) kftipcn

In the stationary state, all the double strand concentrations are constant, and we obtain:

cn=cL(k,"'+") no for0<n<l-—1

exttkrlip
Here, Py = (ﬁ) is the probability that a single nucleotide is ligated to the primer before
ext™ " flip
the flip occurs. Extension of the primer by n nucleotides requires n nucleotides to be added without
a flip occurring. Therefore, the concentrations decrease exponentially in proportion to P;. The
total concentration of double strands in all these states is
] k}

Crot = €1+ Sheh Co = Cu(1 + (322) (1 - Pho))
Complete single strands are being created by displacement whenever the final nucleotide is added
to state L-1. The quantity we are trying to calculate in this section is R ;;, which we define to be
the rate of synthesis of single strands per double strand template:

Kt CL— kflipkon
R_:extl-‘l:( flip )PL.
dis Ctot kpuip+kon(1-PLe)/ &%

If flipping is fast compared to k.., Rgis & konPL.. This rate is extremely small because of the

factor PL.,. For the estimated parameter values, kfiip > Kexts Pext < 1, and therefore, Ry is

vanishingly small. Even if kg, = kgye, we still have a factor of (1/2)" in the rate, therefore
synthesis via strand displacement is still extremely slow unless the sequence is very short. The
only way that strand synthesis from a linear template can occur at an appreciable rate is if Lkg;, <
k¢.t» such that the flipping reaction hardly ever occurs even once during the synthesis of the whole
sequence. In this limit, P&, = 1 — Lkgy /Kby, and

R . kﬂipk:m o L kﬂip . k:mk;xt
dis =~ o K .

kru k. exttLE}
r p
kflip*'kon(LTCrL) ext ext on
ext

If we further assume that the primer addition rate k,,, is fast compared to extension rate, this
equation simplifies to Ry;s = kg,:/L, which is comparable to the rate of synthesis from a single
strand, Rgyp, = ket /L.

Synthesis by strand-displacement on a circular double strand

For circular templates, RNA synthesis can occur via a rolling-circle mechanism (Fig. 2 and
Fig 4). In this mechanism, a break is present in one of the strands of the circle. One end of this
strand acts as a primer to be repeatedly extended while displacing the tail end of the same strand.
The slow annealing of a primer to a linear double strand (k;,) is thus avoided. During rolling-
circle replication in viruses and viroids, when the tail cleaves itself free from the circle due to the
presence of a hairpin, hammerhead, or similar self-cleaving ribozyme within the strand (Ferré-
D’ Amaré and Scott 2010; Flores et al. 2011). For our calculation, we assume that this self-cleavage
occurs immediately when the tail gets to the full length of the template.
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The model for calculation of the rate of rolling-circle replication in shown in Fig 4. State
0 is a circular double strand with a nick in one strand but no additional strand growth. State n has
n nucleotides added to the growing strand, with 1 £ n < L. We will assume that growth is only
possible when the 3' end is down and the 5' end is in the tail. We also assume that flipping of the
tail backwards and forwards occurs rapidly in comparison to the extension reaction, such that the
growing end is annealed to the template half the time. The rate of growth is therefore k. /2 when
n = 1, and k;,, when n = 0. For simplicity, we assume that growth cannot occur beyond length
L because cleavage occurs rapidly. Hence the equations for the concentrations in this model are

dCy _ f

dt kcleaveCL - kextCD

aci _ 1, kext

dt kextCO - > Cl

dc, k, K}

d_::%fcn_l— ezx‘Cn, for2<n<L-1
dCy _ kext

a2 CL—l = kcieaveCL-

In the stationary state
C,=2C;, fori1<n<L-1,

C —_ k;xt C
L — k 0+
cleave

and the total double strand concentration is
!
Ceor = Co (1+2(L — 1) + 2521,

cleave

The rate of production of single strands per double stranded template is therefore:

Ruts = Ketogoe () = —Hot—
dais cleave Ceot . k:?xt .
cleave
; : ; g o K ;
When cleavage is rapid compared to extension, and L > 1, this is simply Ry;s = zei" If rolling-

circle replication were catalyzed by a polymerase that prevented the tail flipping, the factor of two
would be removed (and the extension rate k;,, might be faster as well), but the polymerase is not
essential in the rolling-circle case.
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mechanism (a), but not for the rolling circle mechanism (b).
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Fig 3: Mechanisms of RNA synthesis on linear (a) and circular (b) ssRNA templates. When primer
extension is rate limiting, the net rate of RNA synthesis is inversely proportional to the number of
extension reactions required (L).
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Fig 4: Mechanisms of RNA synthesis from a linear (a) or circular (b) dsRNA template. The
extension rate in this case, kg, is different from that of a ssSRNA template, k... For a linear
template, the competing tail-displacement reaction, kg, results in RNA synthesis being
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comparable to that of RNA synthesis on a single stranded template: Ry, =
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assumes an Ry, = 100 h~". For all curves Rgpp = 10" M™h™" and Cppyye = 1075 M.
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Fig 8 - Replication via Scheme IIl. Non-enzymatic curve assumes an Ry, = 0.01 h~1, ribozyme
polymerase assumes an Rgy, = 1 h™", and protein polymerase assumes an Ry, = 100 h~". For
all curves Rgis = Ryyn/100, Rapnn = 10" M~'h™", and Cipee = 107" M. The upper dashed
curves indicate exponential growth proportional to exp(A4;st). The lower dashed curves indicate
exponential growth proportional to exp(1/2R4;st). Note that different time scales are used in each
plot.
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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
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Non-enzymatic Rolling-circle Synthesis and the

Possibility of Error Correction in the RNA world
Abstract:

The poor fidelity of non-enzymatic and ribozyme-catalyzed RNA synthesis poses a
significant obstacle to the RNA world theory for the origin of life. When the fidelity of synthesis
is poor, errors accumulate with each generation and an error catastrophe ensues, resulting in the
loss of any encoded ribozymes. In this paper, we consider a simple model of non-enzymatic
rolling-circle synthesis based on the current kinetic and thermodynamic data found in the literature.
We find that there are two important limits for rolling-circle synthesis corresponding to slow and
fast tail-flipping, which is analogous to the process of toehold-mediated strand displacement.
When tail-flipping is slow, the 3° end of the primer remains annealed to the template and fidelity
of synthesis is poor. This is the limit in which viroids and viruses appear to occupy due to their
reliance on a protein polymerase. When no polymerase is present, the experimental data predicts
fast tail-flipping. In which case, the template flips between a 3 end annealed state and a 5” end
annealed state. In the fast limit, incorporated errors are removed through a thermodynamically
driven error-correction mechanism. We investigate this error-correction and find that under
mundane prebiotic conditions, the resulting fidelity of product sequences is sufficient to prevent
an error catastrophe. Non-enzymatically replicating templates would therefore be free to discover
complex ribozymes. Interestingly, the presence of this error-correction provides a selective
advantage for ribozymes which further enhance the fidelity of primer extension, or alternatively,
enhance the rate of error-correction through nuclease activity. The evolution of a complex
polymerase ribozyme would therefore by driven by selection on fast replicating templates.

1. Introduction:

The RNA world hypothesis states that life began from a relatively simple RNA polymer
which was capable of replication (Joyce 2002; Higgs and Lehman 2015). Initially, this replication
would have occurred under non-enzymatic conditions, prior to the advent of ribozyme catalysts.
At this stage, the non-enzymatically replicating templates would undergo natural selection based
on their physiochemical properties, such as stability against hydrolysis or UV damage (Higgs
2017). Through replication, these templates would explore sequence space and discover
ribozymes. Any ribozyme which enhanced the rate of replication could also be selected for, even
if the initial rate enhancement were minor. Through further replication and stepwise refinement, a
complex ribozyme such a polymerase could have emerged. The discovery of a polymerase
ribozyme would have greatly enhanced the rate of replication and allowed for larger RNA genomes
and the continued evolution of the RNA organism.

The fatal flaw to stories such as this one is the poor fidelity of RNA replication. Without
accurate replication, any polymerase ribozyme discovered would be inevitably lost through the
accumulation of mutations. To maintain complex ribozymes, and long RNA genomes, accurate
replication is a necessity. Eigen’s error threshold theory quantifies this relationship between the
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accuracy of replication and the maximum genome length by considering a population of master
and mutant sequences. Master sequences contain all the information of the RNA organism,

whereas mutants are created through inaccurate replication of the master sequences. According to

Eigen’s theory, the maximum genome length of an RNA organism is L* = %, where o is the

rate superiority of the master sequence, and q is the per-base fidelity of replication (Eigen et al.
1988). While the value of ¢ is an unknown, it is typically assumed to be roughly e such that the
numerator is unity. This corresponds to a relatively small replicative advantage of the master
sequence over the mutant sequences.

Using Eigen’s theory, we can determine the minimum fidelity required to maintain a
genome of a given length. For instance, known polymerase ribozymes contain roughly 200 bases
(Attwater et al. 2013; Horning and Joyce 2016; Attwater et al. 2018) and would therefore require
a fidelity of ¢ = 0.995 to be maintained. To leave the RNA world, an RNA genome of ~10,000
bases is required for protein synthesis (Jeffares et al. 1998), corresponding to a minimum fidelity
of g = 0.9999. In contrast, the experimentally measured fidelity of RNA synthesis under non-
enzymatic and ribozyme catalyzed conditions is at best g = 0.99 (see Table 1). This corresponds
to a maximum genome length of roughly 100 bases, which is insufficient to maintain a polymerase
ribozyme, let alone an RNA organism capable of primitive protein synthesis. With this fidelity,
emerging life would be stuck at the non-enzymatic stage of evolution since maintaining complex
ribozymes is not possible. This problem of poor RNA fidelity is commonly referred to as Eigen’s
paradox (Kun et al. 2015) or the catch-22 of the origin of life (Smith 1983).

The phenotypic error threshold theory builds on Eigen’s theory and incorporates the
possibility of neutral mutations (Takeuchi et al. 2005). With neutral mutations, the maximum
In(o)
—in(q+(1-g)A)
neutral. Based on the naturally occurring hairpin and Neurospora VS ribozymes, A values of 0.22
and (.26 have been inferred respectively (Kun et al. 2005). Incorporating neutral mutations relaxes
the fidelity constraints slightly. For instance, to maintain a polymerase ribozyme of 200 bases, a
minimum fidelity of 0.993 is required, as opposed to 0.995 without neutral mutations. Similarly,
to maintain a genome of 10,000 base pairs would require a fidelity of 0.99986 as opposed to
0.9999. This, however, is assuming that the probability of neutral mutation for complex
polymerase ribozymes or an RNA organism is the same as the relatively simple hairpin or
Neurospora VS ribozymes. Furthermore, even when ¢ is optimistically increased to ~350, a
fidelity of 0.999 is still required for the last RNA organism (Kun et al. 2015). Therefore, there is
still a disconnect between the fidelity of RNA synthesis observed in experiments and that which

is required for replication in an RNA world.

genome length scales as: L* = , where A is the probability that a point mutation is

In experiments on non-enzymatic synthesis of RNA, it is observed that the fidelity of full-
length product sequences tends to be higher than incomplete fragments. This is due to the stalling
of primer extension after an error is incorporated. Since sequences which have incorporated an

error are slower to replicate, the error threshold is relaxed. With primer stalling, the maximum

In(o+(g-1)(1-q)Ss)
1-q

(Rajamani et al. 2010). Under non-enzymatic conditions § = 100 (Rajamani et al. 2010), resulting

genome length is expected to scale as: L* = , where § is the stalling factor
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in a minimum fidelity of 0.993 to maintain a polymerase ribozyme. Whereas the fidelity to
maintain the last RNA organism remains unchanged at 0.9999. While the effect of stalling
increases the average fidelity of product sequences, it also drastically decreases the rate of
synthesis. For long polymers, the incorporation of at least one error is more or less guaranteed.
The problem with primer stalling is that further primer extension after the error has abysmal
fidelity, g =~ 0.38 (Leu et al. 2013). In some cases, the most likely extension is no longer the
Watson-Crick complement, i.e. the extension fidelity becomes worse than random chance. If the
primer is unable to correct itself, then the net rate of product synthesis becomes orders of
magnitude slower. This could be disastrous given the fast rate of template degradation from
hydrolysis.

In this paper, we extend our previous work and consider a more realistic model of rolling-
circle synthesis based on the experimentally known kinetics and thermodynamics found in the
literature. Remarkably different results are found depending on the net rate of “tail flipping”, which
is analogous to the process of toehold-mediated displacement. When the rate of tail flipping is
much faster than primer extension, as is expected under non-enzymatic conditions, rolling-circle
synthesis undergoes a thermodynamically driven error correction cycle. This error correction
results in product sequences with average fidelities in excess of 0.9999. Eigen’s paradox is thus
avoided entirely when tail-flipping is fast. At the other extreme, when tail-flipping is prevented,
such as due to the presence of a processive polymerase, no error correction is observed. Therefore,
the same model which predicts error correction under non-enzymatic conditions also predicts the
poor fidelity of rolling-circle replication by viroids and viruses.

2, Results:

2.1 Model of non-enzymatic rolling-circle synthesis

In this section, we describe the model of rolling-circle synthesis utilized in this paper. This
model is intentionally minimalistic and designed to show the importance of tail-flipping during
rolling-circle synthesis. Despite its simplicity, the model is consistent with the current
understanding of reaction kinetics and thermodynamics, and references to the experimental values
will be discussed throughout this section. For ease of discussion, the two limits of slow and fast
tail-flipping are illustrated in Figure 1.
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Figure 1: Two limits of rolling-circle synthesis: (a) when tail-flipping is much slower than primer
extension, and (b) when tail-flipping is much faster than primer extension. In both cases, the dashed
blue box on the right represents one hypothetical state of a simulation. In the slow-flipping limit,
the next reaction to occur is either hydrolysis of the 5° tail or primer extension of the 3 annealed
end. In the fast-flipping limit, the template flips between a 3’ end annealed and 5’ end annealed
state. In this case, hydrolysis of the 3’ tail is also possible.

Primer extension in this model is assumed to occur at a constant fidelity, g.,;. Table 1
provides some experimental reference values. Depending on the reaction conditions, the fidelity
of RNA primer extension varies between roughly 0.83 — 0.99. Under non-enzymatic conditions,
the fidelity of primer extension is highest when a downstream oligomer contributes an additional
stacking interaction with the incoming nucleotide (Prywes et al. 2016; Tam et al. 2017). During
rolling-circle synthesis, the displaced tail would contribute a similar downstream stacking
interaction and would likely have a similar primer extension fidelity. We will start by assuming a
fidelity of qgxr = 0.99 for our model, but will later consider fidelities ranging from 0.9 to 0.9999
to illustrate the influence this has on the dynamics of the model.
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Template Nucleotide — Product Nucleotide
Polymer | Catalysis Reference
C-G G—C A-U(T) | U(T)—A AVG
RNA Non- 1 49917 | 09435 | 08397 | 05515 | 0.8316 | leuetal
enzymatic 2011
DNA Non- 1 (9939 | 09487 | 09058 | 08471 | 09288 | Leuetal
enzymatic 2011
RNA Non- 1 49997 | 09994 | 09843 | 09479 | 0.9828 | Prywesetal
enzymatic 2016
. Attwater et
RNA | Ribozyme | 0.992 | 0997 | 0996 0948 | 0983 o 5043
. Horning and
RNA | Ribozyme | 0990 | 0991 | 0974 0913 | 0967 | 016

Table 1: Non-enzymatic and ribozyme-catalyzed fidelities of primer extension. The fidelities listed
for Leu et al. 2011 were determined with non-equimolar concentrations; the concentration of U
(or T) was 4x greater than the others nucleotide. The fidelities listed for Prywes et al. 2016 are for
primer extension with a downstream oligomer. The fidelities listed for Horning and Joyce 2016
are for the wild type polymerase ribozyme, the 24-3 polymerase ribozyme has worse fidelity.

During rolling-circle synthesis, primer extension results in RNA synthesis and an
increasing tail length. For simplicity, this primer extension is assumed to occur at a constant rate
of k.y: in the 5° to 3” direction on a circular template of length L. Table 2 provides experimental
reference values under non-enzymatic, ribozyme, and protein enzyme catalyzed conditions. While
the focus of this paper is on non-enzymatic synthesis, the rates of ribozyme and protein enzymes
provide a valuable reference to the range of possible extension rates. Under non-enzymatic
conditions, the extension rates can be as fast as 27 ™! using activated nucleotides at millimolar
concentrations and a downstream oligomer (Walton et al. 2019). Whereas using triphosphate
activation results in ligation rates of roughly 9 * 10> h~! (Rohatgi et al. 1996a). Since this latter
value was determined for a bound oligomer, the net rate of primer extension by single nucleotides
would be even slower. Ribozyme polymerases are able to significantly enhance the rate of
triphosphate-based ligation to achieve primer extension rates of roughly 72 h™! (Horning and
Joyce 2016). In comparison, protein polymerases achieve primer extension rates of 72,000 h™1 at
a fraction of the nucleotide concentration (Olsen et al. 2013). In terms of prebiotic chemistry, faster
primer extension is less plausible than slower primer extensions as it requires harsher activation
chemistry and higher nucleotide concentration.

97



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

Polymer | Catalysis Nucleotide [Nucl] | pH | Extension rate Reference
Non- o _ T Rohatgi et
RNA s 5'-triphosphate 7.8 9.0E —5h al. 19964
RNA Non- ) 5 -ph(')sphgrlmldazollde 1w0mM | 7 11 -1 Leuetal.
enzymatic 3’-amino group 2011
Non- 5'-phosphorimidazolide 1 Walton et al.
RbA enzymatic | 3’-downstream stacking R, 8 4k 2019
RNA | Ribozyme 5"-triphosphate amM | 83 3.9 K1 Atwateret
al. 2013
; . . Horning and
. 1
RNA Ribozyme 5'-triphosphate 4mM | 83 72 h Joyce 2016
DNA | Enzyme 5'-triphosphate 10uM | 7.8 | 7.2E+4h1 015;318; al.

Table 2: Non-enzymatic, ribozyme, and enzyme-catalyzed rates of primer extension. Rates for Leu
et al. 2011 are average primer extension rates for G and C extension. The rate listed for Rohatgi et
al. 1996a is the 1}, for ligation based on a bound oligomer at saturating concentrations. Primer
extension rate for Horning & Joyce 2016 is for the 24-3 ribozyme polymerase. Note:
concentrations of Mg** and K*, and temperature, vary between experimental setups.

Competing with the process of tail growth from primer extension is random hydrolysis and
site-specific cleavage. Random hydrolysis is assumed to occur at a constant rate of ky,4 per bond
in all ssRNA. Table 3 provides experimental reference values for ssSRNA, dsRNA, and ssDNA at
varying pH. At neutral pH, each bond in ssSRNA breaks at a rate of kp,q ~ 1.8 * 10~*h"1,
corresponding to a per bond half-life of roughly 5 months. When the pH is increased to pH 9, the
hydrolysis rate increases to kpyq = 160 * 10™* h~1, corresponding to a per bond half-life of
roughly 2 days. In contrast to ssRNA, dsRNA appears to be incredibly resistant to hydrolysis.
While the rate of ssRNA hydrolysis increases two orders of magnitude between pH 7 and pH 9,
the rate of dsRNA hydrolysis remains below detection levels (Rohatgi et al. 1996b). At pH 9,
dsRNA appears to be at least 1000x more stable than ssSRNA. A value which appears to be
corroborated by the variability in hydrolysis rates of bonds found within folded RNA structures
(Soukup and Breaker 1999). Due to the predicted stability of dsSRNA bonds over ssRNA bonds,
the hydrolysis of the dsRNA template is ignored in this model. For reference, the hydrolysis rate
of ssDNA is also provided in Table 2. While DNA is unlikely under prebiotic conditions, we
should not omit the possibility that the first non-enzymatic replication occurred with a polymer
more stable than RNA.
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Polymer pH Hy&i?ﬁ;;;te (p}l:lf;::[i;;) Reference
ssRNA 7 18E —4h? 5.4 months Li and Breaker 1999
ssRNA 8 17E — 4 h? 2.4 weeks Li and Breaker 1999
ssRNA 9 160E —4h™? 1.8 days Li and Breaker 1999
dsRNA ) <02E—-4h? > 4.0 years Rohatgi et al. 1996b
dsRNA 8 <02E—-4h > 4.0years | Rohatgietal. 1996b
dsRNA 9 <02E—4h? > 4.0 years Rohatgi et al. 1996b

Radzicka and
ssDNA 7 6.1E —10h! 130,000 years Wolfenden 1995

Table 3: Hydrolysis rates and half-lives of RNA and DNA polymers at pH 7-9. All ssRNA and
dsRNA rates and half-lives are based on a [Mg?*] of 100 mM, [K*] of 50 mM, at 37°C. The rate
of dsRNA hydrolysis reported by Rohatgi et al. 1996b was below detection limits regardless of
pH. Therefore, hydrolysis rates for dSRNA are maximum, and half-lives are minimum possible
values based on instrument sensitivity. Single stranded DNA hydrolysis rate was approximated by
Radzicka and Wolfenden 1995 at [Mg?*] of 0mM, [K*] of 100 mM, and 23°C, using an analogous
chemical compound.

In addition to random cleavage of ssRNA by hydrolysis, the presence of a self-cleaving
ribozyme can specifically enhance the rate of hydrolysis for a single bond within ssRNA. The
specificity of this cleavage is important in rolling-circle replication since it allows the newly
formed linear fragment to circularize and undergo further rolling-circle synthesis. In viroids, this
cleavage is catalyzed by hammerhead ribozymes which are roughly 50 nucleotides in length and
cleave at a rate of roughly K egve = 60 — 6000 h~1 (Hertel et al. 1994; O’Rourke and Scott
2018). For simplicity, we will assume that there is a contiguous set of 50 nucleotides in the
template which encode for a hammerhead ribozyme. When this ribozyme is synthesized without
error, the ribozyme cleaves itself in half. However, when errors are incorporated, we will assume
that the ribozyme has lost its ability to self-cleave. While a more accurate model of self-cleaving
could be incorporated, the specifics of cleavage are not of importance for this paper. The important
bit is that when the ribozyme is present, it can cleave to generate new product sequences to undergo
further rolling-circle synthesis.

At this point, we have introduced three important rates: K jeqpe, Kext, and Kpyq. Since these
rates tend to vary by many orders of magnitude, we can introduce a simplification. For RNA
replication to be productive, the rate of primer extension must be faster than the rate of hydrolysis,
kext > kpyq. If this was not the case, then synthesis of RNA would not occur past a few
nucleotides and replication would not be possible. Based on the rate of hammerhead ribozyme
cleavage, it also seems likely that cleavage is faster than extension, K joqpe = Kexe. In this case,
we can assume that whenever the self-cleaving ribozyme is present in a ssSRNA tail, then it instantly
cleaves. If primer extension is slow, as it is predicted to be based on non-enzymatic experiments
and ribozymes, then this is a close approximation since any self-cleaving ribozyme will likely
cleave before a single primer extension event occurs. Therefore, we will let k ;.40 = 0, and are
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now left with the important ratio R = Kgy¢/kpyq. This simply means that the rate of hydrolysis
sets the timescale of replication, whereas R controls the dynamics of replication. As an example,
if the rate of non-enzymatic primer extension was k,,; = 72 h~1 (fastest polymerase ribozyme),
and hydrolysis was kpyq = 17 * 10~* h~! (ssRNA hydrolysis rate when accounting for pH), then
R =~ 40,000. Alternatively, if the rate on non-enzymatic primer extension was kg = 9 *
1075 h~! (non-enzymatic triphosphate ligation), but hydrolysis was 6.1+ 1071 h~1 (ssDNA
hydrolysis rate), then R = 150,000. To give a comprehensive overview of these possibilities, we
will consider a wide range of R values between 1 and 102,

Lastly, and perhaps most importantly, we need to consider the relative rate of tail-flipping.
When flipping is slow, the model simplifies to the top scheme in Figure 1, which will be referred
to hereafter as the slow-flipping limit. In the slow-flipping limit, primer extension occurs at a
constant rate of k,,; since the 3’ end of the product strand is always annealed to the template.
Modern rolling-circle replication is expected to follow this limit since primer extension is
catalyzed by a protein polymerase which prevents the tail flipping. At the other extreme, when
flipping is fast, the template flips between the 3’ end annealed state and the 5’ end annealed state
many times before primer extension occurs. This will be referred to as the fast-flipping limit of the
model. In the fast-flipping limit, the fraction of time the template spends in these two flipped states
is determined by their difference in free energy. If we let AGY be the standard free energy of the
3’ annealed state, and AG? be the energy free energy of the 5° annealed state, then the probability
of being in the 3’ annealed state, P3, can be approximated as:

_ _exp(—(AGS-AG2)/kpT)
3 7 1+exp(- (AGS-AGD)/kpT )’

where ky is the Boltzmann constant, and T is the temperature. In the fast-flipping limit, the net
extension rate is therefore k., * P; as opposed to the slow-flipping limit which is always kgy;. A
further consequence of this equilibrium of flipped states if that each bond in the 5 tail hydrolyzes
at a net rate of ky,,q * P3, and each bond in the 3’ tail hydrolyzes at a net rate of kpyq * (1 — P3),
which contrasts to the non-flipping model in which only the 5’ tail hydrolyzes at a net rate of kj,4
per bond.

In this paper, we will approximate the free energy parameters AG3 and AGS based on the
nearest-neighbor stacking energy rules between the template and the annealed product sequence
(Turner and Mathews 2009). For simplicity, we will ignore the sequence dependence of stacking
energy and instead assume that all adjacent Watson-Crick base pairs contribute a constant stacking
energy of AGY, .. and all errors contribute a stacking energy of 0 kcal /mol. In which case, AGY =
N3AG Y gee» and AGY = ngAGS ., Where ny and ng are the number of stacking interactions present
in each state respectively. Under these assumptions, the probability of being in the 3” end annealed
state is:

= exp(— ("3‘“5)*A6.gtack/k37')
1+exp( — (N3—ng)*AGL ok /KBT )

3
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When no errors are present in the product strand, n; = ng, and P; = 0.5, implying that the
template spends half of its time with the 3” end annealed to the template. When an error is present
in the 3” end annealed state, then ny = ng — 2, i.e. two stacking interactions are lost. In which
case, P; =~ 0.001 (assuming AGY,. = —2 kcal/mol, T = 37°C), and the template spends most
of its time in the 5° end annealed state. In the fast-flipping limit, the fraction of time spent in the
3’ end annealed state changes drastically when errors are incorporated. In this paper, we will
assume a constant temperature of 37°C and an average stacking energy of AGo,.x =

—2 kcal/mol.

The primer purpose of this paper is to show that the rate of tail flipping has a dramatic
impact on the fidelity of product synthesis. As such, it is critical to know the relative rate of tail
flipping in relation to the other reactions. Based on experimental data, Srinivas et al. 2013
developed a theoretical model for the process of flipping which matches the experimental
observations. According to this theory, the process of flipping has two main phases. In the first
phase, a branch point forms when the annealed end lifts of the template and the tail replaces the
lost base-pair. This occurs at a rate kg After branch point formation, the branch point migrates
through a random walk process at a rate of kj,, per step. If the random walk reaches the left
boundary, then tail flipping has occurred. If the random walk reaches the right boundary then tail
flipping has not occurred, and we must wait for another branch formation event to occur. Based
on this process, the net rate of tail flipping is predicted to be:

-1
1 1 -1
kﬂip T (ffﬁrst £y kbm) ’

Where [ is the length of the tail. While these rate constants for RNA are unknown, for DNA they
are estimated to be: ki = 1.1 % 10° h™" and kpy,, = 6.5 * 107 h™" (Srinivas et al. 2013). As an
example, let us consider a tail length of 10 nucleotides. With this tail length, the rate of flipping is
predicted to be kg, = 10° h™1. For a tail length of 100 nucleotides, the rate of flipping slows

down to kg, =~ 4 * 10 h™', which is still ~50x faster than primer extension by polymerase
ribozymes. It is not until tail lengths approach 1000 nucleotides that the rate of flipping becomes
slower than polymerase ribozymes. Based on these parameters, the fast-flipping limit appears to
be relevant under prebiotic conditions whereas the slow-flipping limit is where modern viroids and
viruses replicate.

2.2 Modeling the Dynamics of Tail Length, Hydrolysis, and Cleavage

In this section, we will begin to uncover the key differences between the slow-flipping and
fast-flipping limits of rolling-circle synthesis. Using the previously defined model, we
implemented a simple Gillespie algorithm (see Materials and Methods) which tracks the synthesis
of RNA on a single template undergoing rolling-circle RNA synthesis.
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Figure 2: Tail length as a function of Gillespie algorithm steps for the (a) slow-flipping and (b)
fast-flipping limits for a template containing 200 base-pairs. Dashed horizontal lines are shown at
lengths of 225, 425, and 625 bases corresponding to cleavage events resulting in unit-length, 2x
unit-length, and 3x unit-length products, respectively. In the slow-flipping limit, hydrolysis events
are rare and genome duplication or triplication events are observed. In the fast-flipping limit,
hydrolysis events are frequent, and no genome duplication events are observed. Parameters used:
AGouex = —2 keal/mol, T = 37°C, goy; = 0.99, and R = 10°.

‘We will start our analysis by considering a specific set of parameters and illustrate how the
length of the ssRINA tail changes as a function of time. In figure 2, tail length is shown as a function
of Gillespie algorithm steps in the specific case of R = (%::i) = 10%, goyr = 0.99, and a template
of length 200. In the slow-flipping limit (top panel), a regular pattern of tail growth and cleavage
is observed. Under this set of parameters, hydrolysis of the tail is rare, and most tail cleavage
events correspond to ribozyme activity. Ribozyme cleavage is observed to occur at a tail length of
225 nucleotides, immediately after the synthesis of a self-cleaving ribozyme. This corresponds to
the unit-length template of 200 bases, and half of a self-cleaving ribozyme at 25 bases. After
cleavage, a unit-length product of 200 nucleotide is formed, and 25 nucleotides are left in the tail,
corresponding to half of the self-cleaving ribozyme. We also observe ribozyme cleavage at lengths
of 225 + 200n, where n is any integer greater than 0. The extended lengths of these products are
the result of errors incorporated into self-cleaving ribozymes which prevented their cleavage.
When considering a more complete model of replication, these products could result in whole
genome duplication and be an important mechanism of increasing genome size and complexity.

In the fast-flipping limit, the time evolution of the tail length is strikingly different than the
slow-flipping limit, despite the same set of parameters being used (Figure 2, bottom panel). The
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first observable difference is the highly “jagged” nature of the tail length resulting from random
hydrolysis events. To be clear, this is not due to an increase in the rate of hydrolysis, but
conversely, is due to the decrease in the net rate of primer extension. In the fast-flipping limit, the
net rate of primer extension is P; * k.., where P; is the probability that the template is in the 3’
end annealed state. Prior to the incorporation of any errors, P; = 0.5, and thus the extension is
only marginally slower than the slow-flipping limit. However, after incorporation of an error, P;
drops precipitously. By flipping into the 5” end annealed state, the incorporated error is forced into
the 3’ tail and two stacking interactions are recovered. The result of which is a P; = 0.001, and a
500-fold reduction in the net rate of primer extension. If additional errors are added, P; further
decreases, and primer extension grinds to a halt. The result of which is an increased likelihood of
hydrolysis as opposed to further primer extension.

The second observable difference is the absence of tail lengths greater than 225
nucleotides. The reason for this difference is simply due to the removal of all errors before they
reached the 5° tail, and thus all self-cleaving ribozymes maintained their cleavage activity. To
illustrate this, let us consider what is occurring at the Gillespie algorithm step following the error
(see Figure 3). Assuming P; = 0.001, as calculated previously, we can determine the probability
of primer extension, hydrolysis of the 5” tail, and hydrolysis of the 3’ tail being the next reaction.
If we let the length of the tail, Ly, be 100 nucleotides after the error is incorporated, then the
probability that the next reaction is primer extension is:

R+P3; 0.5

Pr(primer extension) = =
R*P3+Ly

whereas the probability of 5° tail hydrolysis is:

Lp*Pg

Pr(5’' tail hydrolysis) = S — D005,
*F3tlr

and the probability of 3’ tail hydrolysis is:

K . Ly*(1-P3)
Pr(3' tail hydrolysis) = B 0.495.

With near equal probability, the next reaction will be either primer extension by one nucleotide or
hydrolysis of the 3’ tail. Since the error is located at the end of the 3’ tail, any hydrolysis event
occurring in the 3’ tail will remove the error, resulting in error correction. Therefore, in a single
step, the probability of error correction is Pr(3’ tail hydrolysis) =~ 0.5. Even if the next reaction
is primer extension, these probabilities remain nearly unchanged for subsequent steps. The
probability of this error surviving for N extensions is therefore ~0.5", which becomes vanishingly
small for large N. In contrast to the fast-flipping limit, the slow-flipping limit cannot undergo error
correction as the 5° end annealed state is unreachable. In the slow-flipping limit,
Pr(3' tail hydrolysis) = 0, hydrolysis cannot remove the error, and thus no error-correction
occurs.

Based on the equations from this example, we would predict that the extent of error-
correction is dependent on both R and the length of the template. When R is small, error correction
should be more likely. Whereas in the limit of R — co, no error correction is possible as only
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primer extension can occur. Similarly, as the template length increases, the length of the tail must
also increase. When the tail is short, the net rate of hydrolysis is slower, and thus error-correction
is less likely. Whereas when the tail is long, the net rate of hydrolysis is faster, and error-correction
is more likely.

(4) No error

(1) Error
KextQext / . Incorporated
————— — = = e el e

O kext(1 — Qext) N kext O@
—> —

| I
! ! I
I ! |
| ' 4 [
| : ]
! E I
I : 1,. (2) Template spends
' Khya «"" 1 mosttimein the lower
i '/ : , energy flipped state
[ 1
_________ - L T

. (3) Hydrolysis
removes error

Figure 3: Simplified diagram illustrating the error-correction cycle. After an error is incorporated
(1), the template preferentially spends most of its time in the lower energy flipped state (2). This
difference in energy is due to the thermodynamic penalty of having the error E annealed to the
template. From the lower energy state, hydrolysis of the 3 tail becomes more likely. In which
case, the error is removed (3) and the template is once again in the unbiased non-error state. Further
extension can then result in correct incorporation (4), or incorrect incorporation (1), in which case
the error-correction cycle is repeated.

2.3 Non-enzymatic Error Correction

In this section, we will expand our focus and determine the extent of error-correction as a
function of R, .y, and template length. Since we are primarily interested in showing that this
error-correction avoids Eigen’s paradox, we will report our results in terms of the per-base product
fidelity, Gproq- When no error-correction is present, gproq = Gext» i.€. the fidelity of product
sequences is the same as the fidelity of extension. Whereas error correction results in gproq >
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Gext» 1.€. errors are removed before incorporation into a product sequence. To get an accurate
measurement of the per-base product fidelity, gp;.,q, We restrict our analysis to unit-length product
sequences, particularly those bases which are not part of the self-cleaving ribozyme. These bases
are free to mutate and thus do not bias our measurement of per-base product fidelity.

1.000 A
0.999
0.998
o 0997 |-
o L
[e N
S 0.996 |-
> -
g 0.995 |—
iT -
D 0.994 —
_g L fast—flip (L =800)
DE_’ 0.993 |-
= fast—flip (L =400)
0.992
i I fast—flip (L =200)
— fast—flip (L =100)
- slow-flip (L =100, 200, 400, 800)
0.989
| Il ‘ ‘ IIlILI\‘ 111 \HIIU\] Ll l i
10° 10° 10° 10° 10" 10" 10'®

Relative Extension Rate: R (Kexi/Knyd)

Figure 4: The per-base product fidelity, gp,yoq, is shown as a function of R, the ratio of extension
rate to hydrolysis rate. In the slow-flipping limit, the per-base product fidelity is the same as the
extension fidelity, proq = qext- In the fast-flipping limit, the per-base product fidelity in greater,
Qprod > Gext- When R is small, e.g. primer extension is slow, gproq & 1. In this regime, error-
correction dominants. When R is large, e.g. primer extension is fast, .4 approaches q,y.. The
extent of error-correction is also observed to be dependent on template length, with longer
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templates achieving higher g;,,4 than shorter templates. Error bars represent the standard error in
the mean. Parameters used: AGS, ., = —2 kcal/mol, T = 37°C, and G, = 0.99.

In Figure 4, the per-base fidelity of product sequences, qproq., is plotted as a function of
increasing R, assuming a constant extension fidelity of g,,; = 0.99. In the slow-flipping limit, the
per-base product fidelity is the same as the per-base extension fidelity, and is independent of
template length, i.€. gproq = qexe- This is to be expected as there is no error-correction occurring
in the slow-flipping limit. Note that for small values of R, complete synthesis of unit-length
product sequences becomes unlikely due to the relatively fast rate of hydrolysis. As such, the error
bars for our measurements are higher in this regime, and for longer templates, an accurate value
cannot be measured. The net rate of product synthesis will be discussed later.

In the fast-flipping limit, the per-base fidelity of product sequences is dependent on both R
and template length (Figure 4), as was predicted from the example in the previous section. When
R is small (R < 10°), e.g. primer extension is slow, nearly all incorporated errors are removed by
error correction. For reference, experimental rates of ribozyme-catalyzed extension result in R =
10* — 10°, and thus fall within this Gproa = 1 regime. Therefore, if prebiotic synthesis were
occurring at a similar rate, we would expect highly accurate synthesis. When plotted on a log axis,
we actually observe a maximum fidelity of gproq = 0.99999 — 0.999999, and a decrease in gpr0q
for very small values of R (Figure S1). This decrease is due to the complex way in which an
incorporated error modifies P;, and provides a slight benefit to the synthesis of product sequences
containing an error. However, even when R is very small, gp.oq > 0.9999, and thus any error
catastrophe would be easily avoided. As R increases, e.g. primer extension becomes faster, gproq
decreases but always remains higher than Gey;, i.€. Qprod > qexe- In the limit of R — oo, the
simulations verify that qp,,q = qex: (data not shown). This limit of R approaching infinity,
however, has no basis in the chemistry of RNA. For all prebiotically and biologically relevant
values of R, error-correction is predicted, and thus qproq > Gext-

106



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

0.999999 F- fastflip (R = 10°)
0.99999 fast-flip (R = 10°)
N [
5 . fast—flip (R=10")
& : ast-flip (R=
5, 09999
F_J L
:E? <
i -
B =
>S5 0.999
©
o i
o "
0.99 slow—flip (R=10°, 105, 10)
0.9 E—
JJIIJII 1 |IJIIIII 1 ‘\IIJI] 1 | |I

0.9 099 o 0.999 0.9999
Extension Fidelity: Qgyt

Figure 5: The per-base product fidelity, gp.oq, is shown as a function of the per-base extension
fidelity, q.y;. for a fixed template length of 200 nucleotides. In the slow-flipping limit, the per-
base product fidelity is the same as the extension fidelity, Qprod = Gext- Tegardless of the value of
R. In the fast-flipping limit, the per-base product fidelity in greater, qpyoq > qex:. For reference,
fidelity in experiments is measures at ey ~ 0.99, and R =~ 10* — 10° for the faster known

polymerase ribozyme. Error bars represent the standard error in the mean. Parameters used:
kcal

AGorack = =2~ T = 37°C, and L = 200.
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We also considered alternative values of q.,; ranging from 0.9 to 0.9999, for a fixed
template length containing 200 bases (Figure 5). In the slow-flipping limit, no error correction is
observed and Gproq = ey regardless of ey and R. In the fast-flipping limit, increasing qoy¢
results in proportionally higher gpyoq. Note that for extremely high gq,,;, the curves appear to
abruptly end. This is due to the simulations providing a gy, estimate of 1 which cannot be plotted
on these log axes. Decreasing gy, results in lower gp-oq Since error-correction struggles to keep
up with the enhanced rate of error incorporation. Nevertheless, even with poor extension fidelity,
Gprod = Gext- When considering the experimental estimate of gy = 0.99 and R = 10* — 10°,
Gproa 18 expected to be sufficiently high to avoid an error catastrophe.

The error-correction described here for the fast-flipping limit relies on hydrolysis to
remove the error. Since this hydrolysis can be relatively slow, the net rate of product synthesis
differs in the two limits of slow and fast-flipping. In the slow-flipping limit, the rate of product
synthesis, kpr,4, is expected to be proportional to the rate of primer extension: Kproq & Koyt /L.
Or equivalently, the relative rate of product synthesis, Ry,,4. is proportional to R: Ry,,.qq % R/L.
In figure 3, the relative rate of product synthesis, Rpy,4, is plotted as a function of increasing R.
When R is large, hydrolysis is comparatively rare, and this relationship is observed. Note that even
in the limit of R — o, R,,,4 < R/L since poor extension fidelity limits the formation of a unit-
length product. When R is small, the rate of product synthesis becomes limited by hydrolysis. If R
is too small, then the rate of product synthesis becomes too slow to measure accurately, and thus
the curves appear to end abruptly.
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Figure 6: The relative rates of product synthesis, R;,.,4, are shown as a function of R for the slow
and fast-flipping limits. In both limits, the rate of product synthesis approaches zero when R is
small due to the relatively fast rate of hydrolysis. In the slow-flipping limit, the rate of product
synthesis scales linearly with extension rate for large R. In the fast-flipping limit, the rate of
product synthesis increases slowly with R since error correction and incorporated errors slow
primer extension. Error bars represent the standard error in the mean. Parameters used: AGY, ., =
—2 kcal/mol, T = 37°C, and gzyp; = 0.99.
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In contrast to the slow-flipping limit, the rate of product synthesis in the fast-flipping limit
is more complex. When R is small, the rate of product synthesis in the fast-flipping limit is similar
to the slow-flipping limit. In this regime, hydrolysis is fast, and error-correction is not rate limiting.
In this regime, the observed difference in product synthesis rates stems from the 2x slowdown in
the extension rate by the factor P;. When accounting for this difference, the slow and fast-flipping
limits converge to the same values. As R increases, error-correction becomes rate limiting as
hydrolysis events are comparatively slow. When R is sufficiently high (R > 10°), error-correction
is unable to efficiently remove incorporated error. In this regime, the average rate of primer
extension, K., * P3, increases very slowly since P; tends to decrease with increasing K.
Interestingly, in the fast-flipping limit, increasing the fidelity of primer extension provides a
relatively large rate enhancement to product synthesis (Figure 7). For instance, at qo,; = 0.99,
increase R by a factor of a 10, increases Ry,q roughly 2-fold. Whereas, decreasing the error rate
by a factor of 10, equivalent to increasing the extension fidelity from g, = 0.99 to qgyy = 0.999,
results in a ~20-fold increase in the rate of product synthesis. Therefore, if tail-flipping is fast, a
ribozyme which enhances the fidelity, as opposed to the rate of primer extension, may provide a
much larger replicative advantage for a template.
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Figure 7: The relative rate of product synthesis, Ry,4, is plotted as a function of gy, the fidelity
of primer extension. In both limits, the rate of product synthesis increases with fidelity due to the
higher probability of synthesizing an intact self-cleaving ribozyme. In the fast-flipping limit, the
rate of product synthesis is limited by the process of error-correction. In this limit, increasing the
fidelity of extension, ey, has a much greater impact on R,,,q than increasing R. Error bars
represent the standard error in the mean. Parameters used: AG Y, = —2 kcal/mol, T = 37°C,
and L = 200.
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3. Discussion

The model used in the paper is simplistic and designed to show the importance of tail-
flipping during rolling-circle synthesis. Even with this simplicity, there are vast variations in the
parameter set which were not thoroughly explored due to computation constraints. In the figures
shown here, we assumed a constant AGS,, . of -2 kcal/mol, which is consistent with stacking
energies in the nearest neighbor model (Turner and Mathews 2009). Under prebiotic conditions,
the value of AGS,., would depend on the sequence identity of the template, with a larger GC
content resulting in a higher AGY,.,. We also tested smaller and larger values of AGQ, ., With
predictable results. Since AGJ,,;, only changes the value of P; after incorporation of an error, it
has no impact on the slow-flipping limit. In the fast-flipping limit, a large AG_gmck results in more
error correction and thus higher product fidelity. Conversely, smaller values of AGS, result in
less error-correction and worse fidelity. Even for smaller values of AGS,,., the resulting product
fidelity appears to be sufficiently high to avert an error catastrophe when R is small. Similar to
AGY, o> changing the temperature would also change the value of P; and the extent of error-
correction. With high temperatures providing less error-correction than cold temperatures.
However, changing the temperature would also change the rates of primer extension, fidelity,
hydrolysis, and tail-flipping. As such, the simple model used here is unable to capture the
importance of temperature.

We also tested a more complex version of the model which included the experimentally
observed stalling and poor fidelity after the incorporation of an error (Rajamani et al. 2010; Leu et
al. 2013). These additions are not essential for error-correction in the fast-flipping limit; however,
they are beneficial. After an error is incorporated, the value of R is artificially smaller and thus
error-correction is more likely. In essence, product synthesis proceeds faster due to the higher R,
while achieving the enhanced fidelity of a smaller R. Similarly, the poor fidelity after an error
enhances the likelihood two adjacent errors being incorporated. Since this introduces an additional
stacking penalty in the 3° end annealed state, P; is even smaller, and error correction is likely to
remove both errors with one hydrolysis event. Therefore, the poor fidelity after incorporation of
an error can paradoxically increase the synthesis fidelity.

There are likely to be prebiotic conditions which prevent tail-flipping, and thus prevent
error correction. However, these conditions should not detract from the conditions which allow
fast tail-flipping. If the prebiotic conditions make tail-flipping slow, then emerging life would be
evolutionarily stuck due to the poor fidelity of replication and Eigen’s paradox. Whereas life
emerging under fast-flipping conditions would be free to evolve and find new ribozymes without
succumbing to an error catastrophe. As such, it is critical to understand the conditions which allow
for fast tail-flipping. Currently, our estimate for the rate of tail flipping rate is based on the
measurements of toehold-mediated strand displacement and its underlying theory (Zhang and
Winfree 2009; Srinivas et al. 2013; Sulc et al. 2015). These measurements, however, are based on
relatively short tail lengths without errors. Presumably, the observed rate of tail-flipping would be
faster immediately after incorporation of an error due to the lower free energy penalty of branch
point formation. In which case, the rate of tail-flipping may be faster than assumed here, and thus
the fast-flipping limit may be more likely. However, the experiments on toehold-mediated strand
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displacement also omit folded structures. Presumably, the rate of tail-flipping would decrease with
length if the sequence can adopt a folded structure. In an extreme case, the folded structure could
be so stable to prevent flipping entirely. However, these folded structures would also be unlikely
to act as a template for further replication. At this stage of evolution, there may be a selective
pressure against folded structures as they hinder replication, unless of course, the folded structure
catalyzes a reaction which enhances replication.

Polymerase ribozymes are often considered to be an important early ribozyme, in the hope
that they can mimic the speed and fidelity of modern protein polymerases. Modern protein
polymerases, however, are highly complex enzymes, often catalyzing both primer extension as
well as nuclease activity to remove incorporated errors. If the fidelity of replication under non-
enzymatic conditions is high, as it appears to be in the fast-flipping limit, then the slow emergence
of a complex polymerase through refinement of structure may be possible. Based on the results
of the fast-flipping limit, we find that there would be relatively little benefit of evolving an
exceedingly fast polymerase as this prevents error-correction and provides little enhancement to
the net rate of product synthesis. Whereas the evolution of a polymerase which enhances the
fidelity of primer extension, which in turn, enhances the rate of replication, would be of much
greater benefit. Through this evolutionary path, the fidelity of replication continues to increase,
while the need for error-correction decreases. When the extension fidelity becomes sufficiently
high, the error-correction from flipping is no longer needed, and the slow-flipping limit is
survivable,

Interestingly, the presence of error-correction appears to allow for the emergence of
completely different type of ribozyme. Instead of enhancing the rate or accuracy of bond
formation, the new ribozyme could enhance the rate of bond breaking. Since the newly
incorporated error is always on the 3° end, any ribozyme which specifically cleaves the 3’ end will
enhance the rate of error-correction. This would decouple the error-correction’s reliance on
hydrolysis and would enhance the net rate of product synthesis. We should not be quick to dismiss
the existence of such a ribozyme as it parallels the modern RNase P, which is one of the two
universal conserved ribozymes in modern biology. If such a ribozyme emerged, then its continued
evolution could have allowed it to remove the error while the error is still annealed to the template.
In which case, tail-flipping would no longer be required to maintain a high replication accuracy.
This evolutionary path would be akin to the emergence of the nuclease activity of a polymerase
prior to the emergence of its primer extension activity.

Regardless of the evolutionary path which emerging life took, the error-correction present
in the fast-flipping limit would have circumvented Eigen’s paradox. Initially, the emerging life
would have been replicating with high fidelity under non-enzymatic conditions due to error-
correction. With high fidelity replication, the emergence of a complex ribozyme could have been
a gradual process where ribozyme activity is slowly improved and refined over time. Importantly,
any ribozyme which prevented the error-correction, without first increasing the fidelity of
replication, would be lost due to the inevitable error catastrophe. In this scenario, the emerging life
is trapped in a state of high-fidelity replication. Mutant lineages lacking error-correction are lost
due to the ensuing error catastrophe. Whereas mutant lineages which enhance the fidelity of
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replication, and indirectly the rate of replication, tend to become fixed in the population. The result
of which is a population of RNA organisms which are evolutionarily driven towards high fidelity
replication.

4. Materials and Methods

The simplicity of this model allows it to be easily implemented according to the Gillespie
algorithm (Gillespie 1977). At each algorithm step, the length of the tail sequence was determined,
and in the fast-flipping limit, the number of stacking interactions for each flipped state. Based on
the reaction rate parameters, and the current state of the template, each reaction was given a
probability of occurring in proportion to its rate and one was chosen at random. When the next
reaction was determined to be primer extension, a subsequent random number determined whether
the added nucleotide was correct or incorrect. For instantaneous self-cleaving of synthesized
ribozymes, the reaction rate was set to be infinite such that if self-cleavage could occur, it would
always be the next reaction to occur.

Simulations were run for a total of 1 billion Gillespie algorithm steps and the product
strands generated were analyzed for fidelity and the simulation time at which synthesis completed
was recorded. Average fidelity was then calculated by summing the errors found in all unit-length
product strands, omitting the region containing the self-cleaving ribozyme. This provides a
simulation estimate of product fidelity. Similarly, the average rate of product synthesis was
calculated by summing the inverse of times between product synthesis events. To avoid biasing
our measurements, the first product strand produced was ignored as its fidelity is unknown. If the
product was the result of annealing, it would have fidelity g,.,q, whereas if it was synthesized de
novo it would have fidelity of q,,;. The results shown assumed that the initial product annealed to
the template was synthesized with fidelity of unity. However, the same results are observed when
starting with a product of fidelity q.,;. This provides reasonable confidence that the reported
results are independent of the starting conditions. Each set of simulation parameters were
replicated 10 times and the reported value is the average of simulation estimates, with error bars
corresponding to the standard error in the mean.
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Figure S1: The per-base product fidelity, gpoq, is plotted on a log axis as a function of R, the
ratio of extension rate to hydrolysis rate. In the slow-flipping limit, the per-base product fidelity is
the same as the extension fidelity, gprog = Gexe- In the fast-flipping limit, the per-base product
fidelity in greater, Qprog > Qext- When R is small, a maximum @p,,q is observed which is
dependent on the template length. Error bars represent the standard error in the mean. Parameters
used: AGY .. = —2 kcal/mol, T = 37°C, and g,y = 0.99.
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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;
Haqqg-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 RN A 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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