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Chapter 1: Introduction

The transition from chemistry to biology, resulting in the origin of life, still remains an intriguing
mystery. Based on our understanding of extant biochemical processes, the existence of
information carrying molecules is thought to have been indispensible for the formation of the
living entity. In this regards, ‘RNA’ is deemed suitable as the first genetic polymer due to its
peculiar structural and functional abilities. The widely accepted ‘RNA World’ hypothesis
presumes that the fundamental roles of catalysis and information transfer were performed by
RNA molecules, during the origin and early evolution of life on prebiotic Earth (Gilbert, 1986).
This hypothesis is supported by the presence of modern molecular relics such as RNA viruses (in
which RNA acts as the genetic polymer), rRNA in the core of the ribosome (in which RNA acts as
the catalytic molecule) etc. Given this, chemically driven processes, such as oligomerization of
monomers, along with accurate nonenzymatic replication of the encoded information, are
thought to have been crucial for the formation and propagation of primitive ribozymes in a

putative RNA World.

For the past half century, prebiotic chemists have exploited different means, such as use of
metal ions (Orgel, 2004), cyclic nucleotides (Costanzo et al., 2009), ice-water eutectic phases
(Kanavarioti et al., 2001), clay minerals (Ferris, 2006) and alternate cycles of dehydration-
rehydration (Rajamani et al., 2007), for obtaining nucleic acid oligomers without the aid of

enzymes. Once the oligomers are formed, the subsequent step would have been faithful
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replication, in order to retain the information and thus the function of these oligo-/polymers.
Early studies in this area of research, involved understanding the template-directed
oligomerization of the activated (Inoue and Orgel, 1981; Tohidi et al., 1987) and non-activated
(Olasagasti et al., 2011) monomers, to get the complementary nucleic acid strands.
Nonenzymatic template-directed primer extension has also been widely studied using activated
monomers (Orgel, 2004; Stiitz et al., 2007). Information has been copied from both
homopolymeric (Zhang et al., 2013a) and heteropolymeric templates (Zhang et al., 2013b).
Further, the rate of template-copying was found to get enhanced in the presence of
downstream helper oligomers (Li et al., 2017). While understanding the fidelity associated with
such enzyme-free copying reactions, it was found that addition of incorrect nucleotides during
nonenzymatic replication stalls the process (Rajamani et al., 2010). The initial mismatch further
leads to a cascade of mismatches (Leu et al., 2013), giving advantage to the faithfully replicating

sequences.

However, in all aforementioned studies, a crucial aspect, which is of the inherent complexity of
the prebiotic environment, has not been factored. Prebiotic soup would have been replete with
different kinds of molecules as a result of a plethora of products and by-products obtained from
the relevant syntheses, processes and the exogenous delivery of mixtures of different chemical
entities. Hence, the studies carried out in the absence of any background molecules might not
be necessarily prebiotically realistic. Therefore, in the present investigation, we set out to
understand the role of prebiotically relevant co-solutes on nonenzymatic processes, using

template-directed RNA primer extension reactions as our study system.

Chapter 2: Effect of co-solutes on template-directed nonenzymatic copying of RNA

In order to increase the complexity of our reaction milieu in a step-wise manner, lipid vesicles
and polyethylene glycol (PEG) were used as co-solutes. The presence of co-solutes or
background molecules in the heterogeneous prebiotic soup would have resulted in effects
similar to that of molecular crowding. Presence of co-solutes and molecular crowding agents is
very relevant in extant biology and is also known to affect the kinetics of many protein- and

nucleic acid-based biochemical reactions (Ellis, 2001; Nakano et al., 2014). In our study, the lipid
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vesicles were chosen as a co-solute due to their relevance in the formation of boundary
conditions of the protocell (Szostak et al., 2001). On the other hand, PEG is routinely used as a
molecular crowding agent in many biochemical analyses. Its use also served as a proxy for the
presence of nonspecific polymers that might have resulted from the polymerization of
monomers other than the RNA monomers (Mamajanov et al., 2014; Mungi and Rajamani,
2015). Using imidazole-activated nucleotides, the rate and accuracy of the nonenzymatic
template-directed RNA primer extension reactions was systematically studied in the presence

of individual and admixture of these co-solutes.

Upon analysis of the rate of monomer addition for all possible 16 combinations (viz. 4 matched
additions and 12 mismatched additions), it was observed that the rate of primer extension
decreased in presence of individual co-solutes in those reactions, which involved a ‘matched’
addition of a purine across its cognate template base. This effect was further enhanced in the
presence of the admixture of both the co-solutes. The rate of addition of ‘G across C’ and ‘A
across U’ was found to be lowered by almost 55% in the presence of both the co-solutes as
compared to the control conditions. The rates of all the other addition reactions were not
notably affected in the presence of either the individual or admixture of co-solutes. The
differential effect of the presence of the co-solutes on the rate of purine based matched

addition reactions, was further confirmed using statistical analysis.

As a result of the decrease in the rate of two of the four matched addition reactions, the fidelity
of our RNA based nonenzymatic copying system decreased in the presence of co-solutes. An
overall increase in the misincorporation frequencies against ‘C’ and ‘U’ template bases was
observed. Specifically, the misincorporation frequency of the addition of ‘G across U’ was found
to have particularly increased in the presence of co-solutes. Furthermore, the overall mutation
rate was found to have increased to 26.6 + 4.4% in the presence of both the co-solutes as
opposed to that of 19.8 + 0.5% in control conditions. When the individual template bases were
considered, a prominent increase in mutation rate was observed for the ‘C’ (3.6 £ 0.3 % in the
control condition vs. 9.6 £ 1.6 % in the presence of both the co-solutes) and ‘U’ (31 +4.6 % in

the control condition vs. 51.7 + 3.5 % in the presence of both the co-solutes) template bases.
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In absence of co-solutes In presence of co-solutes
Random

co-solute
molecules

A schematic depicting the possibility for greater sequence space exploration in the presence of co-
solutes. Different colors of strands indicate different sequences.

To analyze the effect of presence of background molecules on the nonenzymatic RNA
replication over several cycles, simulation studies were also undertaken in collaboration with
Dr. Julien Derr from Paris Diderot University, France. Experimentally generated reaction rates
were used to understand in silico RNA template replication over multiple cycles. A strong ‘GC’
bias was observed in the replicated sequences, both in the absence and the presence of the co-
solutes. Upon further analysis, higher numbers of new sequences were found to have been
generated in the presence of co-solutes. Such effect would have led to a faster exploration of
the sequence space in a heterogeneous prebiotic soup. In general, this study highlighted the
importance of accounting for prebiotic heterogeneity; it might have directly affected the origin
and evolution of functional nucleic acid polymers on prebiotic Earth. A part of this study has
been published. Ref: “Bapat, N. V, and Rajamani, S. (2015). Effect of Co-solutes on Template-

Directed Nonenzymatic Replication of Nucleic Acids. Journal of Molecular Evolution 81, 72—-80.”

Chapter 3: Characterization of mechanism underlying co-solute based reactions

The presence of lipid vesicles and PEG was found to prominently decrease the rate of addition
of ‘G across C’ and ‘A across U’ reactions, during nonenzymatic RNA copying (Bapat and
Rajamani, 2015). Hence, we wished to further analyze the underlying mechanism for this
differential effect observed in these reactions. Presence of co-solutes could, in principle, affect
the behavior of monomers or of the RNA primer-template complexes itself. PEG, which was
used as one of the co-solutes, is known to affect the diffusion of the reactant molecules by

causing crowding effect (Ellis, 2001). Additionally, nucleic acid-lipid interactions are also known
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to occur (Kuvichkin, 2002). Therefore, we analyzed the effect of presence of co-solutes on two

phenomenon, that of monomer stacking as well as potential RNA-lipid interaction.

Nuclear Magnetic Resonance (NMR) spectroscopy was chosen as the method of analysis for
estimating the diffusion and the size of the monomer/monomer clusters, in the absence and
presence of PEG. This is mainly because no molecular tagging is required for this method, an
advantageous situation for us as tagging could potentially affect the stacking properties of the
monomers. The NMR analysis was carried out in collaboration with Harshad Paithankar and Dr.
Jeetender Chugh, from the Chemistry department at [ISER, Pune, India. The diffusion constants
were estimated using DOSY NMR. In the absence of PEG, an increase in the diffusion time was
observed for all the nucleotides; the extent of this increase was greater for the purine
monomers as opposed to the pyrimidine nucleotides. However, in the presence of PEG, no clear
trend could be established, possibly due to the substantial increase in the viscosity of the
solution. Therefore, to further estimate the relative size of the molecular clusters, **C-T;
relaxation NMR was carried out. These set of experiments reveled comparatively greater
stacking tendencies for purine monomers in the presence of PEG. Highly stacked purine
nucleotides in PEG would result in lesser availability of these monomers in the reaction milieu
to facilitate primer extension. Thus, observations from these NMR experiments explain, at least
in part, the reason behind differential decrease in the rate of purine based matched addition

reactions in the presence of co-solutes.

We further analyzed RNA-lipid interactions using fluorescence imaging, as the primer used in
our studies is Cy3-tagged at its 5'-end. DLPC lipid was used for the analysis, as role of this
particular phospholipid as a co-solute had been analyzed in previous experiments (Bapat and
Rajamani, 2015). We used silica beads coated with excess lipid reservoir (SUPER templates), and
supported lipid bilayer (SLB), for our assays. These were carried out in collaboration with
Soumya Bhattacharyya and Dr. Thomas Pucadyil from the Biology department at IISER, Pune,
India. However, using these assay systems, no significant interactions were observed between
the 20-mer RNA primer and DLPC lipid. This might be due to the very small size of primer RNA,

or the absence of effective net charge on DLPC at neutral pH. We envisage that systematic
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studies involving variation of both, the length of the RNA, and the composition of the lipid
bilayer, would shed more light on the role of these factors in RNA-lipid interactions, under our

reaction conditions.

Chapter 4: Template-directed replication using nucleoside- 5'-monophosphate monomers
under DH-RH conditions

Next, we wanted to analyze the plausibility of template-directed RNA primer extension, using
prebiotically realistic ‘non-activated” monomers. Studies carried out using activated monomers
have substantially advanced our knowledge of nonenzymatic oligomerization and replication
processes. Nonetheless, the presence of highly concentrated and stable pools of such
monomers on prebiotic Earth remains arguable. Even though the oligomerization of non-
activated nucleoside-5'-monophosphate monomers has been demonstrated (Rajamani et al.,
2007; Mungi and Rajamani, 2015), enzyme-free information copying using these non-activated
monomers remains largely unexplored. Only a single study to date has attempted information
copying from ssDNA strand, using 5'-dNMPs under alternate dehydration-rehydration (DH-RH)
reaction regimen (Olasagasti et al., 2011). To the best of our knowledge, the current study is

the first to report information copying in RNA based system, using non-activated 5'-NMPs.

We carried out template-directed RNA primer extensions using 5'-NMPs in the presence of
lipids as co-solutes, under repeated cycles of DH-RH. Alternate cycles of DH-RH, which are also
prebiotically relevant, facilitate bond formation between two monomers by providing the
requisite energy and by reducing water activity in the reaction environment. The lipids form
multilamellar liquid crystalline matrices under the dehydrated conditions, further concentrating
the reactants and facilitating the phosphodiester bond formation (Deamer, 2012; Toppozini et
al., 2013). Reduced degradation of RNA primer over multiple DH-RH cycles was indeed
observed when lipid was included in the reaction mixture. However, upon gel analysis, the
extended RNA primer product was found to run in between the level of the staring 20-mer
primer and that of an intact 21-mer extended RNA product. Generation of an abasic site on this
extended primer product is suspected as the main reason for the aforesaid observation. The

loss of base was persistent despite lowering the temperature at which the DH-RH cycles were
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carried out, and even after changing the nature of the monovalent ion used in the starting
reaction mixture. Furthermore, lowering the amount of the acid in the rehydration solution or
variation in rehydrating agent also did not circumvent the loss of base during the extension of
the RNA primer using 5'-NMPs. Deglycosylation has been previously reported for
oligomerization reaction using 5'-AMPs that was carried out under similar DH-RH conditions
(Mungi and Rajamani, 2015).From our observations, we envisage the loss of base being
potentially coupled to the chemical addition of the incoming monomer on the pre-existing RNA

monomer/oligomer.

NH, NH,
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Schematic representation of generation of an abasic site (indicated by red arrow) during RNA primer

extension under DH-RH, carried out at low pH and high temperature, using 5'-NMPs as monomers

Since the extended primer product contained a plausible abasic site while using 5'-NMPs as
monomers; we next investigated the extension of the RNA primer using ribose-5'-
monophosphate (5'-rMP), which lacks the nitrogenous base. Long streaks resulting possibly
from multiple additions of 5'-rMP to the RNA primer were observed upon gel analysis. Such
hybrid oligomers might have played a crucial role of sampling different information carrying
moieties during the early stages of emergence of primitive informational polymers (Hud et al.,
2013). Significantly, the extension product obtained from the addition of a single 5'-rMP
monomer was found to be running at a similar level on a denaturing gel, to the band that was

obtained when 5'-AMP was used as monomer. This indirectly confirmed the loss of base during
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the addition of 5'-NMP to a pre-existing RNA primer, in our reactions. Furthermore, in
preliminary mass analysis, the formation of a covalent bond, between the 5'-rMP monomer and
a nucleoside resembling the 3'-terminal monomer of the RNA primer, was confirmed. This was
carried out in collaboration with Dr. Yayoi Hongo at the Earth Life Science Institute (ELSI) at
Tokyo, Japan. In general this study highlighted the importance of analyzing pertinent
nonenzymatic reactions in prebiotically realistic scenarios. Part of this chapter has recently
been accepted for publication. Ref: “Bapat, N. V, and Rajamani, S. (2018). Templated
Replication (or Lack Thereof) under Prebiotically Pertinent Conditions. Scientific Reports,

accepted.”

Chapter 5: Summary

The work carried out as part of this thesis emphasizes the importance of the following
considerations while discerning prebiotic processes pertinent to our understanding of the origin
of life on early Earth: 1) the prebiotic heterogeneity, 2) availability of the reactant moieties and,
3) prebiotically pertinent reaction conditions that might have prevailed. We found that the rate
and accuracy of enzyme-free RNA copying decreases in the presence of background molecules.
Furthermore, the presence of crowding agent was found to selectively enhance the stacking
tendencies of the purine monomers. Additionally, when information copying from ssRNA
template was attempted using non-activated 5'-NMPs, a persistent loss of the informational
moiety on the extended primer product was seen. These studies thereby importantly
demonstrate that the nonenzymatic reactions carried out in buffered conditions, using high
concentrations of activated reactants, might not result in a similar set of product/s when

studied under prebiotically realistic conditions.
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1.1 The ‘Origin of life’ conundrum

A very fundamental question that has intrigued scientists and philosophers alike for centuries
pertains to deciphering how life might have originated on our planet. Decades of research has
gone into hypothesizing and predicting the steps that might have led to the formation of the
first living cells. Based on recent discoveries, the tentative time-line indicates that during the
4.5 billion years old history of Earth, the origin of life might have taken place around 3.6 to 4
billion years ago. The earliest available record of life, found in the form of biogenic graphite in
Labrador, Canada, dates back to 3.95 billion years ago (Tashiro et al., 2017). Another early
evidence for life comes from Nuvvuagittug belt in northeastern Canada in the form of fossilized
microorganisms, which date back to a minimum of 3.77 billion years (Dodd et al., 2017).
Biosignatures in the form of stromatolites, preserved gas bubbles etc., have also been
uncovered in the ca 3.5 billion year old hot spring deposits in Pilbara craton, Western Australia
(Djokic et al., 2017). Stromatolites are the layered deposits caused by the growth of
Cyanobacteria, an early unicellular microbial life form. Microorganisms are the simplest
unicellular life known to us. However, this microbial life is complicated enough to have arisen
on its own from an admixture of chemicals. The real challenge, therefore, lies in understanding
the process of transition from chemistry to biology, for which no fossil records might be

available.

The first ideas about the abiotic origin of life on Earth came from J.B.S. Haldane and Alexander
Oparin. In the 1920s, these two scientists independently proposed that the organic molecules
necessary for life could be formed from inorganic materials, in the presence of an external
energy source, and in an atmosphere that was reducing. This ‘primordial soup’ theory (a term
coined by Haldane) gained popularity amongst the scientific community and was significantly
supported by the famous Urey-Miller experiment, which set the stage for the emergence of the
field of prebiotic chemistry. In a Science article from 1953, Stanley Miller and Harold Urey
successfully demonstrated the formation of organic molecules from a mixture of water,
methane, ammonia and hydrogen, in the presence of electric discharge as the source of
external energy (Bada and Lazcano, 2003). They identified five amino acids including a large

qguantity of Glycine. This piece of work came shortly after another seminal discovery of double
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helical nature of DNA by Watson and Crick. Recent re-analysis of the original samples from the
Urey-Miller experiment has shown that many more significant organic molecules were formed
in the original spark discharge experiment, albeit in smaller quantities. This study, which was
carried out using modern day analytical techniques like HPLC and mass analysis, has identified
22 different amino acids and five amines (Johnson et al., 2008). Although the Urey-Miller
experiment successfully demonstrated the synthesis of complex organic molecules from simple
inorganic components, the correct assembly of these molecules to give rise to living cells
remains largely elusive. Almost 65 years later, opinions still remain divided and there are a lot
of theories which have been proposed to explain the processes that might have occurred during

the origin and early evolution of life on Earth.

This chapter describes a few important theories put forth (the ‘Many World’ hypotheses), for
explaining the origin of life and the reasons behind the widespread acknowledgment of the
‘RNA World’ hypothesis in the Astrobiology community. In the later sections, the prebiotically
pertinent synthesis of nucleotide monomers has been discussed. This is followed by a
discussion on their nonenzymatic oligomerization and related replication reactions, which are
required for the synthesis of functional RNA molecules, deemed essential for a putative RNA
World. In the last segment, the fidelity associated with nonenzymatic replication processes has
been elaborated on; this would have been essential to preserve the sequence and thus the

function of the RNA molecules.

1.2 Plausible routes to ‘Origins of life’

It might not be possible to discern the precise order of events that would have led to the origin
of the first cells. However, depending on our knowledge of extant chemical and biological
systems, and some understanding about the atmospheric and geochemical conditions that
might have been prevalent on the early Earth, there have been multiple hypotheses proposed
to explain the probable route for the transition from chemistry to biology. A few of the

important and relevant hypotheses are discussed below.
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1.2.1 RNA World hypothesis

This is currently the most widely accepted hypothesis in the field. It revolves around ribonucleic
acid (RNA) being a crucial molecule and its central role in the origin and early evolution of life
on Earth. It was originally proposed almost 50 years ago by Francis Crick, Carl Woose and Leslie
Orgel (Robertson and Joyce, 2010). However, it wasn’t until the unexpected discovery of
ribozymes in the early 1980s by Cech’s group that the widespread discussions about the crucial
role of RNA on prebiotic Earth were taken seriously. This ultimately gave rise to the term “RNA
World”, which was coined by Gilbert in his famous Nature article (Gilbert, 1986). This concept
mainly states that RNA molecules would have acted, both, as a genetic material (a function
performed mostly by DNA in extant biology), and also as a catalyst (a function performed
mostly by proteins in extant biology), during the origin and early evolution of life on Earth (Fig
1.1). In other terms, it presumes the existence of catalytic RNAs which were capable of both,
storing and propagating genetic information. This idea falls under the ‘replication-first’ concept
of the origin of life, which suggests that the self-replicating genetic material might have

preceded the evolution of complex metabolic networks.

Information storage Information storage/  Function
Information transfer

Modern World M = Qg\' > O

DNA RNA Proteins
RNA World Q&‘ —> Q 3
RNA RNA

Figure 1.1: Conceptual representation of the ‘RNA World” hypothesis. This hypothesis
states that during origin and evolution of early life, RNA played an active role in both
genetic information transfer and catalysis.
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The ability of RNA to base pair with another RNA strand makes it a good candidate for the
transfer of genetic material. The peculiar secondary structure forming capability of this single
stranded molecule makes it a good candidate for facilitating catalysis as well. Thus, instead of
requiring two different kinds of molecules, namely protein and DNA, to carry out two core
functions, RNA could have facilitated both, simultaneously. The fact that we have evidences of
RNA acting as a genetic material (in RNA viruses), and as a catalyst (core of the ribosome, self-
splicing RNA introns etc.), even in modern biology, largely supports the ‘RNA World’ hypothesis.
The use of RNA as the genetic material by certain viruses, like polio virus, influenza virus etc., is
well known. Such viruses are also thought to be a vestige of the prebiotic RNA World (Forterre,
2005). On the other hand, the first discovery of catalytic RNAs came independently from the
labs of Sidney Altman and Thomas Cech ( Kruger et al., 1982; Guerrier-Takada et al., 1983), for
which they were awarded the Nobel Prize in Chemistry in 1989. The ‘smoking gun evidence’,
however, is the presence of RNA in the core of the contemporary ribosome’s structure. No
amino acid side chain is observed within the 18 A® active site of the ribosome core, indicating
that the peptide-bond formation is catalyzed by RNA (Nissen et al., 2000). Furthermore,
functional RNA molecules, like different aptamers and ribozymes, can also be selected for in the
laboratory using a methodology called SELEX (Systematic Evolution of Ligands by Exponential
Enrichment). Such experimental evidence makes RNA a favorable contender for explaining the
origin of life, as it is argued that molecular evolution might have preferred a minimalistic
approach in terms of the number of ‘functional innovations’ required for the formation of first

living entities.

1.2.1.1 Pre-RNA world hypothesis

Although RNA is a favorable candidate as the foremost molecule important for life’s origin, the
structure of RNA molecule itself is very complicated and seems very difficult to have gotten
assembled on its own from a mixture of prebiotic entities. De novo synthesis of long RNA
strands capable of catalysis has proved to be very difficult, and has been termed as the
‘Molecular biologists’ dream’ (Orgel, 2004). Hence, there has been an opinion in the field that

considers RNA itself to have resulted from a process of molecular evolution that was predated
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by other, possibly related, simpler informational polymers. It has been suggested that other
types of nucleic acids, such as glycol nucleic acid (GNA), threose nucleic acid (TNA), peptide
nucleic acid (PNA) or alanyl nucleic acid (ANA) (Fig 1.2A) (Robertson and Joyce, 2010), probably
formed first, and later got replaced by the more efficient RNA molecules (Hud et al., 2013). The
structure of RNA itself might have also evolved from pre-RNA polymers that used other simpler
alternatives for sugar, phosphate backbone and the nitrogenous bases (Fig 1.2B, Hud 2013).
Recent findings related to nucleoside and nucleotide formation, using non-canonical bases,

further strengthens this hypothesis(Chen et al., 2014; Kim and Benner, 2015; Mungi et al.,

2016).
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Figure 1.2: RNA as a result of molecular evolution (A) Chemical structures of alternate
nucleic acids (adapted from Robertson & Joyce, 2010) (B) Plausible prebiotic
evolutionary pathway from proto-RNA to RNA to DNA. IL (ionized linker), TC
(trifunctional connecter) and RUs (recognition units) denote the three main parts of the
RNA molecule (reproduced form Hud et. al., 2013).
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1.2.2 Metabolism-first hypothesis

An alternate concept suggests that self-reproducing and evolving proto-metabolic networks,
consisting of simple organic molecules, might have preceded the self-replicating genetic
material(s) during the origin of life (Fig 1.3) (Trefil et al., 2009). In other words, this hypothesis
states that the earliest stage(s) of life comprised of a self-sustaining chain of chemical reactions
potentially associated with mineral surfaces, wherein the genetic information was not an
essential part of life (Bada and Lazcano, 2002). The primitive metabolic life might have
comprised of autocatalytic reactions based on organic compounds made from simpler
constituents like CO,, CO etc. A primitive type of reductive citric acid cycle (rTCA), in which the
input is chemical energy, water and CO, and the output is a set of complex organic molecules, is
often cited as a model to support this concept (Trefil et al., 2009; Kitadai et al., 2017). The
advantage of this concept is that it does not invoke the need to explain the very complicated
synthesis of, both, monomeric and polymeric RNA, which is required for the putative RNA
World hypothesis or the replication-first scenario. However, this small molecule approach
would also require the presence of relevant niche parameters, like an external energy source, a
driver reaction coupled to this energy source, compartments etc., in order to thrive and evolve

(Shapiro, 2007).

Different metabolically pertinent reactions, like the formose reaction, reverse TCA cycle,
autocatalytic peptide assemblies etc., have been tried and tested to support the notion of self-
sustaining reaction networks that might have kick-started the origin of life. However, none of
these reactions thus far have been proven to be completely autocatalytic (Orgel, 2008). This
remains one of the major critiques of this concept. Therefore, it is generally considered that the
autocatalytic-reaction based life could not have evolved in the absence of genetic replication
system/s as it would have been difficult for them to maintain heredity and evolution otherwise

(Bada and Lazcano, 2002).
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v,' 4'.

* Prebiotic pool
* of molecules
[

/\/\ ® ’\
)

o
Replication-first : RNA World Metabolism-first

Figure 1.3: lllustration depicting two different views of origins of life that exists in the
field. The replication-first scenario presumes formation of genetic material from the
prebiotic pool of chemicals for origin and sustenance of life. On the other hand, the
metabolism-first scenario conceptualizes formation of self-maintaining proto-metabolic
networks for the origin and sustenance of life.

1.2.2.1 Iron-sulfur World

This idea was proposed by Gunter Wachtershauser in the late 1980s, and is aimed at explaining
the metabolism-first hypothesis. The key point to consider in Wachtershauser’s idea is the site
of occurrence of these primordial metabolic cycles. He suggested that the proto-metabolic
networks occurred on iron sulfide (mainly pyrite) mineral surfaces. Such interaction would be
dependent on the anionic binding of the ligands on the positively charged mineral surfaces and
thus would eventually select for polyanionic molecules like polyanionic coenzymes, peptides
and nucleic acids (Wéachtershauser, 1988). His view of the first life was that of two-dimensional
surface chemistry (acellular life) rather than the assembly of organic molecules into a primitive
cell. A few of the early experimental support for this idea include formation of acetic acid using

(Ni, Fe)S under hydrothermal vent like conditions (Huber and Wachtershauser, 1997), and the
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synthesis of pyruvate using catalytic iron sulfide under high pressure and temperature
conditions (Cody et al., 2000). More recent research in this direction involves the synthesis of
iron-sulfur clusters using ultraviolet light (Bonfio et al., 2017), and the demonstration of

nonenzymatic, metal-catalyzed steps involved in the rTCA cycle (Muchowska et al., 2017).

This idea of ‘Iron-sulfur World’ was further expanded by Michael Russell, who suggested that
life might have originated in iron sulphide bubbles (probotryoids) near alkaline and highly
reduced hydrothermal vents (Russell et al., 1994). According to him, proto-metabolism was
preceded by the formation of iron sulphide membranes, which might have precipitated on the
sea floor between sulphidic, alkaline, and highly reduced hot spring waters, and the acidic,
mildly oxidized, iron-bearing Hadean ocean. The hydrothermal vent could have been a source
of chemical energy via H,/CO, chemical potential and also would have concentrated the
reactants in sufficient quantities in their microporous internal structures (Russell et al., 2007).
The CO, reducing geochemistry at these vents, thus, might have supported the origin of first
autotrophic organisms and the present day vent microorganisms might contain the biochemical

pathways that are relics of these early microbial communities (Martin et al., 2008).

1.2.3 RNA-protein World

Another prevalent idea about early life is that of simultaneous presence, and even possible co-
evolution, of RNA and proteins/peptides. Presence of RNA at the core of the proteinaceous
ribosome structure strengthens this alternate hypothesis about life’s origin. Recent studies on
phylogenetic analysis of ribosomal RNA and proteins (Harish and Caetano-Anollés, 2012), and
the accretion model of ribosome evolution (Petrov et al., 2015), hint at the presence of a
putative ribonucleoprotein (RNP) World. The peptidyl-tRNA complex, which plays an important
role during extant protein synthesis, is also considered as a relic from this putative RNP World.
In its primitive format, the RNA-peptide and/or RNA-amino acid complex/s might have served
as the enzyme-coenzyme complex (Guerrier-Takada et al., 1983). A related hypothesis, namely,
“tRNA core hypothesis’ considers the proto-tRNA to have played an important role during

proto-translation system, thus connecting the RNA World to the RNP World (de Farias et al.,
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2016). A parallel concept of a protein world has also been proposed, wherein glycine, alanine,
aspartic acid and valine (GADV-protein world hypothesis) are thought to have been the main

players that led to the eventual origin of the genetic code (lkehara, 2005).

1.2.4 Lipid World

All the living cells that we observe today are membrane bound. These membranes protect the
cellular contents from the outer environment, while allowing for selective movement of
molecules in- and out- of the cell. It is very important to keep the content, both the replicating
entity and the metabolic networks, within a boundary, in order to achieve Darwinian evolution.
The primary job of primitive encapsulating membranes would have been to shield the genetic
material and metabolic networks from the outer environments, and sequestering it from
random parasitic entities. The ‘Lipid World’ hypothesis states that amphiphilic molecules must
have played an important role in demarcating this boundary condition in the primitive cells. It
gains main support from the fact that amphiphiles can self-assemble and form supramolecular
structures, such as micelles and vesicles, resulting in membranes wherein solutes can be
encapsulated. It was first proposed by Segre et al. in 1999 (Segre et al., 1999) and was
revitalized by work from the Szostak group, who emphasized the importance of encapsulation

of genetic material for the formation of protocells (Szostak et al., 2001).

It is generally accepted that the protocellular membrane would have been made of simpler
molecules due to the lack of elaborate machinery that is required for the synthesis of complex
lipid molecules. Given this, fatty acids, which are the simpler amphiphilic counterparts, are
thought to have been more likely a component of protocellular membranes, as against complex
phospholipids. It is now well established that fatty acids of chain lengths C8 to C18, with varying
degree of unsaturation in their alkyl chain, can self assemble to form vesicles above the critical
bilayer concentration, and at pH around the pKa of their head group (Monnard and Deamer,
2003). Prebiotically plausible Fisher-Tropsch Type (FTT) synthesis, resulting in fatty acid
formation has been demonstrated (McCollom et al., 1999).Furthermore, membrane-like

structures are also found to be formed from non-polar molecules that were extracted from
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Murchison, a carbonaceous meteorite (Deamer, 1985). Significantly, the presence of boundary
condition, like that of fatty acid membranes, seems essential for, both, replication-first and

metabolism-first approaches to the origin of life on prebiotic Earth.

Apart from the major hypotheses mentioned above, other ideas like clay-world hypothesis, PAH
(polycyclic aromatic hydrocarbons) world hypothesis etc., have also been proposed. Amongst
all these ‘many worlds’ hypotheses, the RNA World hypothesis remains the most popular
amongst several scientists who work in the area of Astrobiology. The presence of probable
‘molecular relics’ from RNA World, which can be seen in extant biology in the form of RNA
viruses, ribosomes etc, has prompted greater scientific enquiry towards understanding the
events pertaining to the RNA World. A lot of efforts are ongoing to decipher the probable route
from the mixture of prebiotic chemicals to the formation of a functional RNA molecule. A few of

these important achievements are summarized in the next sections.

1.3 The RNA World hypothesis

Although the idea that RNA-based life preceded extant DNA/protein-based biochemistry
remains speculative, it is largely supported by the fact that experimental models can be
constructed to figure out the pathway for the origin and evolution of functional RNA molecules.
For the formation of long enough RNA molecules that are also capable of self-replication, e.g. a
replicase enzyme, it is important that we find out prebiotically plausible ways of synthesizing
the relevant monomers and ways to get them linked together to have polymers of significant
length, and so on. Subsequently, to achieve the formation of primitive cells and to study the
role of Darwinian evolution on them, faithful replication of informational molecules and the
encapsulation of these replicating entities, would have been crucial steps (Fig 1.4). These
processes that are thought to have set the stage for the transition from non-life to life on the

early Earth are discussed here.
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1.3.1 Abiotic synthesis of monomers

For the formation of reasonable length functional RNA molecules, chemical synthesis of the
monomeric units would have been the first crucial step. The ribonucleotides, i.e. the monomers
of RNA, consist of three major parts viz. ribose, phosphate and the nucleobase. Hence,
historically, scientists have tried to synthesize the RNA monomers by chemically joining these
three different parts. Ribose can be synthesized as one of the products of Butlerow’s formose
synthesis (Orgel, 2004). This synthesis is usually carried out using alkaline solutions of
formaldehyde, in the presence of simple mineral catalysts. The starting material first
polymerizes to give glycolaldehyde under such conditions. It is later converted into
glyceraldehyde and further into different tetrose, pentose and hexose sugars. Additionally,
work from Eschenmoser’s group has shown the formation of ribose-2, 4-diphosphate as one of
the major products when using monophosphates of glycoaldehyde and glyceraldehydes in the
formose synthesis (Orgel, 2004). More recently, considerable amount of ribose, along with

other pentose sugars, was obtained by irradiating interstellar ice analogs (Meinert et al., 2016).

Phosphate group, which imparts the negative charge to the RNA backbone, might have been
available in the mineral form on prebiotic Earth. The list of Haeden phosphate minerals
described by Robert Hazen mainly includes the minerals from meteorite and lunar samples, and

other phosphate minerals that are formed by metamorphism (Hazen, 2013). Exogenous
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delivery by meteorites seems like the most prominent route of phosphorous accumulation on
the prebiotic Earth. Four minerals, namely apatite, struvite, luneburgite and schreibersite are
considered important as prebiotic phosphorylating agents for organic molecules (Pasek et al.,
2017). Among them, luneburgite and schreibersite have been shown to be capable of
phosphorylating nucleosides (Gull et al., 2015; Kim et al., 2016). Recently, diamidophosphate
(DAP) has been demonstrated as an efficient (amido)phosphorylating agent for not only ribose
and contemporary nucleosides, but also for amino acids and lipid precursors in aqueous

environment (Gibard et al., 2017).

As far as nucleobase synthesis is considered, the first major research came from Juan Oré and
his coworkers. They were able to synthesize adenine in considerable amounts, by refluxing a
solution of ammonium cyanide (Oré and Kimball, 1961). Adenine and guanine can also be
recovered from the dark solid material resulting from hydrogen cyanide (HCN) polymerization
(Orgel, 2004). Adenine can also be obtained from eutectic freezing solutions of HCN (Miyakawa
et al., 2002). HCN tetramer is considered as the important intermediate in both of these
aforementioned reactions. Furthermore, adenine can also be obtained by directly heating
formamide solution (Saladino et al., 2001). On the other hand, pyrimidines like cytosine have
been shown to form from cyanoacetylene or its hydrolysis product cyanoacetaldehyde. Uracil
can subsequently be formed by the hydrolysis of cytosine (Orgel, 2004). Recent research has
also demonstrated the synthesis of all four RNA nucleobases in electric discharge experiments,
under reducing atmosphere containing ammonia and carbon monoxide (Ferus et al., 2017). A
plethora of nucleobases and nucleobase analogues have also been identified in carbon-rich
meteorites (Callahan et al., 2011), suggesting that exogenous delivery might have been an
important source of such nucleobases as well during the prebiotic era. Furthermore,
nucleobases and nucleoside formation has been observed from liquid formamide in the
presence of powdered meteorites and irradiation (Saladino et al., 2015). Thus, synthesis of all
three individual parts of the RNA monomer has been demonstrated, albeit under varied

reaction conditions.
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The attachment of ribose to the nucleobase, however, has proven to be exceedingly difficult so
far and is famously known as ‘the nucleoside problem’. Direct heating of adenine with B-D-
ribose results in only 3% of B-D-adenosine (Fuller et al., 1972; Orgel, 2004). Importantly, no
nucleoside formation was observed when cytosine or uracil was used instead of adenine in this
reaction. The ribosylation of nucleobase is low yielding, probably due to the presence of many
forms of ribose (a/ B, furanose/ pyaranose etc), and many different tautomeric forms of the
nucleobase, which are all present in the solution at any given time. This problem can be further
enhanced for pyrimidines, due to the lack of a strong nucleophilic centre at the N1 position
(Sutherland, 2010). This weak link in the formation of the RNA monomer is still largely
unanswered and has prompted the idea of RNA World being predated by other pre-RNA
World(s).

John Sutherland’s group has taken an alternative approach towards achieving the synthesis of
nucleosides. Sutherland and co-workers began with the synthesis of pentose amino-oxazolines
(Anastasi et al., 2006), an intermediate that they later used in the successful synthesis of -
ribocytidine-2',3'-cyclic phosphate. They were also able to convert this molecule to B-
ribouridine-2',3'-cyclic phosphate by using photochemistry (Powner et al., 2009). The same
group also showed formation of a similar intermediate for purine nucleotide synthesis (Powner
et al., 2010), however the exact chemical pathway to the actual purine nucleotide using this
intermediate still remains elusive. Recent research from Steven Benner’s group has used
phosphorylated carbohydrates for demonstrating prebiotically plausible synthesis of
nucleotides (Kim and Benner, 2017). An alternate prebiotic pathway for purine synthesis using

formamidopyrimidines has also been suggested (Becker et al., 2016, 2018).

Although all these above mentioned syntheses have considerably advanced our knowledge in
the field of prebiotic chemistry, a few of the daunting problems are yet to be addressed. The
yield of a lot of these reactions is very low. Only those reactions, which are usually carefully
tinkered to give the expected product(s), seem to yield the required form of the expected
canonical nucleotide in considerable amounts. However, it is unclear whether the precise

pathways described for these chemical reactions, are actually prebiotically plausible. The next
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unanswered question is that of the specific selection of ribose, phosphate and the canonical
nucleobases for the construction of the RNA monomers. We still don’t have a clear
understanding of how and why these three components were selected amongst the vast
repertoire of related prebiotically available organic molecules. Therefore, researchers have
recently started exploring the chemical space of plausible alternate nucleobases that might
have resulted in primitive informational polymers of the pre-RNA World. Recent studies have
have demonstrated the addition of non-contemporary bases, like barbituaric acid, melamine, 6-
aminouracil etc., to ribose or ribose monophosphate , at both ambient conditions (Cafferty et
al., 2016) and at high temperature regimes (Kim and Benner, 2015; Mungi et al., 2016). This has
led to a renewed focus on re-understanding the steps that might be involved in the molecular
evolutionary pathway, which would have allowed for the transition from the prebiotic starting

soup to an RNA World.

1.3.2 Nonenzymatic oligomerization

Given a prebiotic pool of desired monomers in sufficient concentrations, the next step would be
to chemically link these monomers to yield RNA oligomers. Nucleotide polymerization is an
uphill reaction. Phosphodiester bond formation between two monomers requires removal of a
water molecule and hence does not occur spontaneously in bulk water phase. Either pre-
activation of the monomers, or a source of external energy, may increase the rate of this
otherwise slow reaction. Different strategies have been tried so far in order to improve the
yield of nonenzymatic RNA oligomerization reactions, some of which are described below. The
pioneering work in this area of research came from Leslie Orgel’s group. They started using
activated nucleotides to carry out enzyme-free polymerization reactions (please refer to section
1.4.1 for details on activation chemistry). Orgel and coworkers began with studying the
polymerization of activated nucleoside 5'-phosphorimidazolides (ImpNs) in solution. They found
that such reactions yield a mixture of short, linear and cyclic oligomers, containing both 2'-5'
and 3'-5' phosphodiester linkages. The role of metal ions as catalysts in such reactions was also
studied, amongst which Pb?* was identified as being one of the best (Lohrmann et al., 1980;

Orgel, 2004). The same group also analyzed the polymerization potential of nucleoside cyclic -
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2', 3'- monophosphates for the first time. They carried out dry-state polymerization of cyclic 2',
3' AMP (cAMP) in the presence of different catalysts like amines, imidazole etc. Polymers up to
6-mers were observed (Verlander et al., 1973). Polymerization efficiency of cyclic nucleotides
was further studied mainly by Ernesto Di Mauro’s group. Di Mauro and coworkers have
explored the self-polymerization capability of cyclic-3', 5' GMP (cGMP) and cyclic-3', 5' AMP in
water. They found that the cyclic-3', 5' GMP forms longer RNA oligomers amongst the two

monomers (Costanzo et al., 2009, 2016).

Polymerization of RNA monomers is also achievable in eutectic solutions. Metal-catalyzed
polymerization of imidazole-activated nucleotides has been demonstrated in ice-water eutectic
phase solutions, at the temperature of around -18.4° C (Fig 1.5A) (Kanavarioti et al., 2001;
Monnard et al., 2003). Oligomers up to 17-mers have been observed in these polymerization
reactions, which were carried out in the absence of any template. Mg?* and Pb** ions have been
shown to act as catalysts in these reactions too. The monomers, along with other solutes such
as salts, get concentrated in the brine channels at and below the eutectic point, thus increasing
the chances of bond formation between two monomers. Higher yield of oligomers during the
eutectic phase polymerization is thought to be promoted due to the preservation of the
activated monomers at these lower temperatures, lesser degradation rates of the resultant

oligomers and more inter-nucleotide interactions.

Another method that has been explored mainly by James Ferris’s group is the clay-catalyzed
oligomer formation from monomers. Ferris and coworkers have used montmorillonite, a clay
mineral, as a surface catalyst, to concentrate the reacting monomers and facilitate bond
formation between them. They first studied the polymerization of 5'- AMP in the presence of
carbodiimide as condensing agent (Ferris et al., 1989) and later, more successfully, the
polymerization of phosphorimidazolide monomers using Na*-montmorillonite as a catalyst
(Ferris and Ertem, 1992). They were able to form oligomers up to 11-mers using ImpA as the
monomer. The predominant link between the two monomers was observed to be that of a 3/,
5'-phosphodister bond (Ferris and Ertem, 1993). Later, they could achieve polymerization of up

to 40-50 mer length molecules using 1-methyladenine-activated monomers and
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montmorillonite clay as catalysts, with considerable regioselectivity for the 3', 5'-phosphodister
bond (Fig 1.5B) (Huang and Ferris, 2003, 2006). Clay surfaces can facilitate the aforementioned
enzyme-free polymerization by concentrating the monomers, and the ions adsorbed on the clay
surface can also act as catalysts in these reactions (Ferris, 2006). X-ray diffraction studies
suggests the presence of stacked nucleotides on the clay surface as is signified by the peak

distance of 3.4 A’ in the observations (Himbert et al., 2016).
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Figure 1.5: Different means of achieving nonenzymatic oligomerization (A) ImpU
oligomerization in eutectice ice phase as visualized using acridine orange staining of the
oligomers, scale bar =26.7um (adapted from Kanavarioti et al., 2001) (B) Anion exchange
HPLC chromatogram showing montmorillonite clay catalyzed formation of oligomers up
to 50-mers from adenine-5'-phosphoro-1-methyladeninium (reproduced from Huang &
Ferris, 2006).

Nonenzymatic polymerization of the more prebiotically pertinent non-activated nucleic acid
monomers has also been studied, under fluctuating environments such as alternate cycles of
dehydration and rehydration (DH-RH). Such cycles are thought to have been prevalent on the
prebiotic Earth and might have resulted due to the temperature fluctuations occurring during
day-night cycles or seasonal variations. Dehydration would have served as a means to
concentrate the starting monomers. This phase can also promote bond formation between the

monomers due to the higher temperatures involved in these reactions that promotes
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condensation. The first demonstration of polymerization of nucleoside- 5'- monophosphate
monomers, under such DH-RH conditions, came from David Deamer’s group. The researchers
observed formation of 50-75-mer long RNA-like polymers, when the 5'-NMPs were subjected to
alternate DH-RH cycles at high temperature, and in the presence of phospholipids (Rajamani et
al., 2007). Lipids are known to form liquid-crystalline matrices under dehydrated conditions,
facilitating the concentration of the starting reactants (e.g. nucleotides) within the inter-layers
of the resultant multilamellar structures (Toppozini et al., 2013; Himbert et al., 2016). Lipids are
also thought to protect the growing oligomers from hydrolysis that is prevalent under these
harsh reaction conditions. A follow-up study from our laboratory later also showed the
polymerization of sugar-phosphate backbones under similar reaction conditions (Mungi and

Rajamani, 2015).

1.3.3 Nucleic acid replication

Along with the nonenzymatic polymerization of abiotically synthesized monomers, it would
have been necessary to correctly replicate the encoded information so as to maintain the
sequence, and thus the function of the resultant RNA polymers. Life can be said to have
originated only when the replication of information began to occur (Chen and Nowak, 2012). In
this context, a self-replicating ‘replicase’ like ribozyme is considered to have been of prime

importance for the evolution of the RNA World (Robertson and Joyce, 2010).

1.3.3.1 RNA mediated RNA replication

Copying the information from a template can, in principle, be achieved by the ligation of two
template-bound RNA molecules. In 1993, Bartel and Szostak for the first time evolved class |
RNA ligase ribozyme from a random pool of around 10™> RNA oligomers (Bartel and Szostak,
1993). This ligase was able to generate the 3'-5' phosphodiester bond at a rate that was 10’
times faster than the uncatalyzed reaction. Gerald Joyce’s lab has also extensively worked on
ribozymes pertinent to the RNA World. Earlier studies from this group involved the successful

formation of ‘R3C’ ligase ribozyme (Rogers and Joyce, 2001), which was further evolved to
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ligate the daughter strands to produce more copies of the ribozyme itself (Paul and Joyce,
2002). This self-replicating R3C ligase was later evolved into a cross-catalytic variant for self-
sustained replication of the ribozyme (Kim and Joyce, 2004; Lincoln and Joyce, 2009). Another
efficient ligase came in the form of an improved DSL ligase ribozyme, achieved by continuous in
vitro evolution, and was found to be approximately 10° times better catalyst than the original
DSL ribozyme (Voytek and Joyce, 2007). Recent advances in this area of research include: a) the
formation of a self-replicating ribozyme by the ligation of three shorter RNAs, establishing
cooperative networks in an RNA population (Vaidya et al., 2012), b) evolution of ligase
ribozymes capable of joining substrate RNAs of opposite chirality (Sczepanski and Joyce, 2014)
and c) assembly of active ribozymes from oligonucleotides no longer than 30-mers, using

freeze- thaw cycles (Mutschler et al., 2015), to name a few.

The evolutionary potential of ligase ribozymes, however, could be limited as they can only carry
out the assembly of comparatively longer stretches of RNA. On the other hand, RNA
polymerase ribozymes can copy the information in the template using nucleoside
triphosphates, leaving greater room for evolution due to higher possible chances of mutations
during copying (Martin et al., 2015). The first ribozyme-catalyzed RNA polymerization was
reported almost 22 years ago, wherein an evolved variant of the above-mentioned class | ligase
ribozyme (Bartel and Szostak, 1993) was engineered to extend a primer by six nucleotides
(Ekland and Bartel, 1996). Another landmark discovery from the same group was the in vitro
evolution of the ‘round 18 (R18) ribozyme’ from the aforementioned study, which facilitated
templated-primer extension of up to 14 nucleotides (Johnston et al., 2001). This R18 ribozyme
was further evolved into a variant named B6.61, for promoting a truly trans- primer-template
extension of up to 20 nucleotides (Zaher and Unrau, 2007). The efficiency of the R18 ribozyme
was found to have increased when the primer-template complex and the ribozyme was co-
localized on a micelle by means of attached hydrophobic anchors (Miiller and Bartel, 2008). On
the other hand, Holliger’s group has been trying to increase the efficiency of polymerase
ribozymes by evolving them at sub-freezing temperatures (Attwater et al., 2010, 2013). Starting
from the R18 sequence, the group has been successful in evolving a more general RNA

polymerase ribozyme that was able to synthesize RNAs up to 95 nucleotides long (tC19
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ribozyme), and was also able to transcribe information of another active ribozyme (tC19Z
ribozyme) (Wochner et al., 2011). Joyce’s lab recently has evolved a more efficient polymerase
ribozyme capable of copying complex functional RNA sequences (Horning and Joyce, 2016), as
well as another ribozyme capable of performing reverse transcription (Samanta and Joyce,

2017).

Although we now have an array of these ligase and polymerase ribozymes, none of them really
fulfill the task of total self-replication. Also, most of the above-mentioned ribozymes are
sequence specific when it comes to their catalytic activity. Furthermore, these ribozymes are
fairly long in length, which is not trivial to achieve simply by chemical polymerization. To evolve
functional ribozymes it would have been fundamental to have short RNA sequences, which self-
replicated without the help of any enzyme, simultaneously undergoing random ligations and
mutations during replication. This process would have been crucial in spanning a considerable
sequence space for the evolution of a long enough RNA molecule with catalytic activity.
Therefore, it is important to first consider nonenzymatic replication of informational polymers;
a vital step prior to the evolution of functional ribozymes. The advent in the research area of
nonenzymatic replication of nucleic acids, in the context of an RNA World, is encapsulated in

the next section.

1.4 Nonenzymatic replication

During the emergence of life, the template required for information copying could have been
obtained using different prebiotically plausible means of nonenzymatic oligomerization as
illustrated in section 1.3.2. Depending on the availability of relevant primer/s, this enzyme-free
template-directed polymerization could have been achieved in three different ways (Fig 1.6). In
the absence of any primer, the information from the template can be copied via assembling the
cognate monomers against the templating bases (Fig 1.6A). When another complimentary short
oligomer binds to the template and acts as a primer, the information copying can be achieved
by extension of this pre-existing primer (Fig 1.6B). Also, when multiple complementary

oligomers bind to the same template, the copying can be achieved by inserting the monomers
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between two complementary oligomers to obtain the longer stretch of the copied strand (Fig
1.6C). This section describes the abovementioned means of attaining nonenzymatic replication.

It also discusses the fidelity of replication associated with such reactions.
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Figure 1.6: Nonenzymatic template-directed information copying by (A) alignment of the
monomers against the template (B) primer-extension (C) primer-extension in the
presence of downstream helper oligomer (adapted from Kaddour & Sahai, 2014).

1.4.1 Template-directed polymerization

In this approach, the polynucleotide is incubated with the monomers or short oligomers in
order to get the complementary strand via ligation driven reaction/s (Fig 1.6A). Along with the
studies on nonenzymatic polymerization; pioneering work in this area of nonenzymatic
template copying also came from Leslie Orgel and his co-workers. The first experiments
pertaining to the transfer of information from an RNA template have used carbodiimide as
activating agent. A mixture of oligomers was obtained when either polyuridylic acid or
polycytidylic acid were used as templates (Sulston et al., 1968, 1969). These reactions were not
as efficient and/or regiospecific. To obtain the product strand yield in higher quantities, and
with a specific phosphodiester bond joining the two adjacent nucleotides, researchers have
since used ‘activated nucleotides’ (Fig 1.7). The nucleotides pre-activated with
phosphoramidate chemistry on the 5'-phosphate group, mainly phosphorimidazoles, have been

widely used to study template-directed copying processes (Orgel, 2004). However, it is to be
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noted that the plausible synthesis of such nucleotides prebiotically, and, especially, in sufficient
guantities, has not been conclusively demonstrated to date. A very recent study reported the
formation of imidazole-activated ribonucleotides by means of a prebiotically viable method (i
et al., 2018). Nonetheless, another important aspect for consideration is that of the long-term
stability of such monomers. Their intactness over a prolonged period remains questionable due
to their high intrinsic energy. Despite these drawbacks, the reactions involving activated
monomers have shed light on many basic principles and processes involved in chemical
polymerization and copying, since these reactions are very difficult to achieve using canonical
nucleotides. The knowledge accrued from these studies has given important insights into
pertinent set of reactions that might have occurred during molecular evolution on prebiotic

Earth.
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Figure 1.7: Selected leaving groups used in activated monomers (i) imidazole (ii) 2-
methylimidazole (iii) 2-aminoimidazole (iv) oxyazabenzotriazole. ‘B’ represents the
nucleobase (B= A/U/G/C).

In the first set of experiments that used imidazole-activated nucleotides to copy the
information from a nucleic acid strand, the researchers used guanosine-5'-
phosphorimidazolides to synthesize oligo-G strands against the poly-C template, in the
presence of metal ions. Different metal ions tested had different specificity towards the

formation of 2'-5' vs. 3'-5' phosphodiester bond. For example, use of Pb** and Mg?* resulted in
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higher percentage of the 2'-5' phosphodiester bond in the resultant products (Lohrmann et al.,
1980). When the activation group was replaced from imidazole to 2-methylimidazole (i.e. when
using 2-MelmpG instead of ImpG), the resultant products predominantly contained the
canonical 3'-5' phosphodiester bond (Inoue and Orgel, 1981). The 2-methylimidazole activation
chemistry seems superior as longer oligomers were obtained even in absence of any metal ions
(other than Mg2+). Interestingly, the activated nucleotides 2-MelmpG and 2-MelmpC were also
able to copy a mixed sequence of poly (CG) (Joyce and Orgel, 1986). It was also seen that the
templates that adopted an A-type helical structure were better copied using 2-methylimidazole
activated monomers. Hence, RNA and other modified nucleic acids, like HNA (Hexitol Nucleic
Acid) and ANA (Altritol Nucleic Acid), proved to be better templates than DNA for these
reactions (Kozlov and Orgel, 2000). Additionally, to enhance the regiospecificity and efficiency
of the reaction, Orgel and his colleagues also modified the 2'- or 3'- hydroxyl terminal of the
nucleotide with an amino group, which being more nucleophilic, enhanced the rate of bond
formation between two monomers. As far as template-directed oligomer formation was
considered, modifying the 2'/3'-hydroxyl terminal with amino group gave similar results as that
of replacing the ‘Imp’ group with ‘2-Melmp’ on the 5'- phosphate end of the nucleotides
(Zielinski and Orgel, 1985, 1987). This strategy has been later used widely in analyzing the
template-directed primer extension reactions and the results are summarized in the following

subsection.

Notably, template copying, using non-activated nucleotides, remains largely unexplored. Thus
far, only a single proof-of-concept study has been demonstrated by David Deamer’s group,
albeit using a DNA-based system. They carried out information transfer from a DNA template,
under repeated cycles of dehydration and rehydration, at low pH and high temperature. The
product yield was around 0.5%, with an ascertained misincorporation rate of 9.9%, as analyzed
by sequencing (Olasagasti et al., 2011). To the best of our knowledge, no RNA-template based

information transfer study, using nucleoside-5'-monophosphates, has been reported yet.
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1.4.2 Template-directed primer extension

The role of a pre-formed primer, in template copying reactions, was first evaluated using
oligomers capable of forming hairpin structures. This provides a pseudo primer-template
complex as the oligomer folds upon itself to form the specific secondary structure (Fig 1.8A).
Using 2-MelmpNs as monomers in this system, researchers found out that the cognate copying
of ‘C’ template was most efficient while copying of the ‘A’ template base was the least efficient.
More importantly, the presence of two consecutive ‘A’ residues in the template region, almost

always halted the replication (Wu and Orgel, 1992a, 1992b, 1992c).

Other significant contribution to the field of nonenzymatic nucleic acid replication has come
from Jack Szostak’s group. In a first of its kind study, the group demonstrated template-directed
primer extension, using 2'-amino-2', 3'-dideoxy-5'-phosphorimidazolide monomers (2'-NH,-
ImpddN), for both homopolymeric (Mansy et al., 2008) and heteropolymeric (Schrum et al.,
2009) templating regions. The rate of the extension was enhanced due to the 2'-amino
modification on, both, the incoming nucleotide, and the 3'-terminal nucleotide of the primer
(Fig 1.8B). As stated before, the amino group is a better nucleophilic group than the canonical
hydroxyl group. Amongst the different templates used, the researchers observed maximum
extension efficiency for the RNA and LNA templates, highlighting the importance of A-type
helical structure for nonenzymatic copying reactions (Schrum et al., 2009). Use of the
aforementioned activation chemistry typically resulted in oligomers linked by 2'-5'
phosphodiester bonds, and not the canonical 3'-5' phosphodiester bonds. However, the
presence of 2'-5' phosphodiester bonds in the oligomers, has been suggested to be useful for
strand separation, thus being advantageous for facilitating repeated cycles of nonenzymatic
replication. Furthermore, the presence of up to 25% of 2'-5' phosphodiester bonds, has also
been shown to be tolerated by a functional ribozyme, suggesting the possibility of the presence
of such mixed linkage backbones during early evolution of functional polymers (Engelhart et al.,

2013).
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Figure 1.8: Template-directed enzyme-free primer extension using

(A) 2-methylimidazole activated monomers and oligomers capable of forming hairpin
structure (that provides the templating region) (B) 3'-amino modified primer and 2' or
3'-amino modified imidazole activated monomers.

Richert and colleagues have been contributing to these studies using different activation
chemistry, namely 1-hydroxy-7-azabenzotriazole (HOAt) (Fig 1.7). Using this non-
phosphoramidate activating group, and 3'-amino terminated primers, the group has been able
to achieve faster rates of replication (Stiitz et al., 2007). They have also achieved DNA copying
in both 3'- and 5'-direction, by alternating the amino and -OAt activation chemistry, on the 5'
and 3'end of the nucleotide (Kaiser et al., 2012). On the other hand, Monnard’s group has
analyzed PbZJ'/Mg2+ catalyzed template-directed primer-extension, under eutectic ice-water
mixture conditions, using imidazole or 2-methylimidazole activated monomers. Although the
resultant products contained higher percentage of the non-canonical 2'-5' phosphodiester
linkages, enhanced copying of otherwise difficult to copy sequences, viz. ‘AA’, ‘AU’ and ‘AG’,
was achieved (Loffler et al., 2013). The synthesis of template-directed 3'-5' linked DNA (3'-NP-
DNA) has also been demonstrated, using phosphoramidate activated 3'-amino-2', 3'-
dideoxyribonucleotides, on both homopolymeric (Zhang et al., 2013a) and heteropolymeric
templates (Zhang et al., 2013b) (Fig 1.8B). The cyclization of 3'-amino activated monomers is a
considerable side-reaction in such cases. However, due to the faster rate of template-directed
polymerization, the synthesis of the daughter strands was obtained in detectable yields, despite
the competing monomer cyclization. The 3'-amino activated monomers also performed better

while copying all the four canonical nucleotides, as opposed to the previously studied 2'-amino
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activated monomers, which were able to copy ‘G’ and ‘C’ nucleotides to a greater extent than
the ‘A’ and ‘U’ nucleotides (Zhang et al., 2013a). A new phosphoramidate-based activation
group viz. 2-aminoimidazole (Fig 1.7) was recently used to activate the monomers, and was
found to be better than the 2-methylimidazole leaving group in promoting enzyme-free RNA
copying. Both, the rate and the yield of primer extension was enhanced due to the higher

reactivity of this new activation group (Li et al., 2017).

Further, it is important to understand the replication of membrane encapsulated template-
primer complex as it would considerably help in the construction of a viable protocell. A
seminal work published in 2008 , reported for the first time the enzyme-free DNA template-
directed primer extension inside a model fatty acid vesicle using activated monomers (Mansy et
al., 2008). RNA copying, using similar activation chemistry, however, requires considerable
amounts of Mg>* ions. Nonetheless, this high a concentration of magnesium is not compatible
with fatty acid vesicles, which are known to get destabilized under higher ionic concentrations
(Monnard et al., 2002). This poses a remarkable conundrum while integrating the RNA
replication system inside the fatty acid vesicle, which is thought to have constituted the initial
boundary structures. The ’Mg2+ problem’ was solved by Szostak’s group, at least partially, by
using citrate to chelate the Mg®" ions effectively. This allowed for the protection of the fatty
acid vesicles while allowing chemical copying of a homopolymeric template to occur inside
these vesicles (Adamala and Szostak, 2013). The same group also recently achieved copying of a
heteropolymeric RNA template inside fatty acid vesicles using citrate-chelated Mg2+ ions and 5'-

phosphoro-2-aminoimidazol-activated monomers (O’Flaherty et al., 2018).
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Figure 1.9: Proposed mechanism for imidazolium-bridged dinucleotide intermediate
mediated template-directed primer extension. Along with the formation of extended
primer product (A), the bridged dinucleotide also results in regeneration of the second
activated monomer (B) (reproduced from Walton & Szostak, 2016).

As far as the underlying mechanism for enzyme-free template-directed primer extension goes,
for a long time it was thought to include an initial binding of a monomer to its cognate base on
the template. This was thought to be followed by the attack of a 3' (or 2') hydroxyl group,
present on the extending end of the primer, on the 5'-phosphate of the incoming monomer
(Sn2 type reaction), subsequently resulting in primer extension. However, a recent study
suggests that two 5'-phosphoryl-2-methylimidazole-activated monomers (2-MelmpNs), react
with each other to form an imidazolium-bridged dinucleotide intermediate, prior to binding to
the template. The following attack of the 3'-hydroxyl of the primer on this dinucleotide, leads to
displacement of an activated nucleotide as the leaving group, and results in primer extension by
one nucleotide (Fig 1.9) (Walton and Szostak, 2016). This proposed mechanism was further
supported by X-ray crystallographic studies of an RNA template-bound analogous triphosphate-
bridged dinucleotide (GpppG). It reveled that the dinucleotide tightly binds to the template via
Watson-Crick pairing and forms a highly ordered structure, conducive for the attack of 3'-
hydroxyl of the primer (Zhang et al., 2017). In addition, the factors that would result in

perturbation of the pre-organized geometry of this reaction centre, such as mismatched base
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pairing, were shown to reduce both the rate, and the regiospecificity of the nonenzymatic

primer extension (Giurgiu et al., 2017).

1.4.3 Template copying using multiple short oligomers

The early experiments on template-directed ligation of oligomers, involved the formation of T4,
oligomer from two Tg oligos, using a dA;, template and carbodiimide as the condensing agent
(Orgel, 2004). Template-directed ligation of phosphorimidazole-activated short
oligonucleotides has been analyzed by Orgel and coworkers, and was found to be inefficient
(Ninio and Orgel, 1978). The longer oligonucleotides, activated at 5'-end with triphosphates,
showed better ligation competence, resulting in a higher yield of the canonical 3'-5'
phosphodiester linked products (Rohatgi et al., 1996). When compared to prior studies of
template copying using activated monomers, the oligomer ligation proved to be better, mostly

due to the improved Watson-Crick base pairing between the template and long oligomers.

In addition to the use of a primer, downstream ‘helper oligonucleotides’ have also been used to
improve nonenzymatic template-directed primer extension. Richert and co-workers first
adopted this approach in order to enhance the rate of template-directed reactions, using -OAt
activation chemistry. Using a downstream binding pentadecamer, the researchers were able to
copy a purine template base, which is otherwise difficult to achieve (Vogel et al., 2005). The
terminal nucleotide of the template is known to replicate at a much slower rate than the one in
the internal part of the template. With the help of downstream binding oligomers, the last
template base can be pseudo-internalized, thus resulting in enhanced rate of the copying (Stiitz
et al., 2007). Using this strategy, and immobilized RNA strands, the group also achieved copying
of all four templating bases in high yields as analyzed by MALDI-TOF (Deck et al., 2011).
Immobilized RNA used in this study, helped in replacing the spent activated monomers, which
otherwise compete for the template binding and result in an overall reduction in the rate of the
reaction. Recently, Szostak’s group has also used downstream helper oligos in their reaction,
along with phosphoramidate-based activation chemistry. They have reported use of activated

downstream helper trimers to enhance the copying of a heteropolymeric RNA template, with 2-
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aminoimidazole activated nucleotides (Li et al., 2017). While probing the thermodynamics using
NMR and ITC, these researchers found that binding of 5'-GMP to the template was increased by
about two orders of magnitude in the presence of tightly bound downstream oligomers (Tam et
al., 2017). Additional structural analysis revealed better pre-organization of the monomer on
the primer-template complex in the presence of the helper oligomer, thus favoring the reactive
conformation that allowed for the in-line attack of the 3'-hydroxyl group of the primer (Zhang

et al., 2018).

1.4.4 Fidelity of the nonenzymatic replication

In order to conserve the function of RNA, it would have been essential to conserve its
secondary structure, which is usually sequence dependent. To conserve the sequence, faithful
replication of RNA would have played a crucial role. Given the lack of any specific error-
correction machinery, nonenzymatic template-directed replication would have been a highly
error-prone process. Nevertheless, there is a limit to the number of misincorporations that can
be tolerated while propagation of information to subsequent generations. This concept, which
is popularly known as the ‘error threshold’ problem, was originally put forth by Manfred Eigen
in 1971. In simple terms, it states that the maximum genome information that can be carried in
a sequence is inversely proportional to its mutation rate (Eigen, 1971). This would provide an
intrinsic advantage to correctly replicating sequences, over its competitors, in a given pool of
replicating sequences. Although such ‘superiority’ might be limited to short periods of time,
especially due to the emergence of novel variants of the sequence, it would at least be
advantageous for the initial selection of efficiently replicating sequences, from a pool of not-so-
efficient RNA replicators. Such scenarios might have been evolutionarily important in
promoting the overall fidelity associated with a self-replicating system. Thus, the maintenance
of a high accuracy of replication would have played a crucial role, not only for an elevated
propagation of the correctly replicating sequences, but also for increasing the size of the
genome during the origin and early evolution of life. It is estimated that in order to conclusively
establish an RNA-based living system, a fidelity rate of 99% is required, which can maintain a

genome size of around 100 nucleotides (Robertson and Joyce, 2010).
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In the experimental set-up, however, it has been excruciatingly difficult to achieve high fidelity
rates in the context of nonenzymatic replication of nucleic acid sequences. This is mainly due to
the fact that none of the four contemporary DNA/RNA nucleotides, while acting as a template
base, get nonenzymatically copied with the requisite rate and accuracy. Early work in this
regard from Orgel and his colleagues, uncovered that the incorporation of ‘G across C’ was the
most efficient amongst the lot, while that of ‘U across A’ was the least efficient. The other two
cognate additions occurred with moderate efficiency. In general, it has been very difficult to
copy ‘AU’ rich sequences, and the presence of two consecutive ‘A’ residues usually was
observed to halt the replication process (Orgel, 2004). The wobble pairing of ‘G across U’ was
noted to be the most frequently occurring mismatch, such that a highly ‘GC’ rich template
would not be able to propagate itself faithfully through subsequent cycles of replication. The
different activation chemistries (as elaborated above, Fig 1.7) used to enhance the rate of
nonenzymatic copying reactions, have not contributed significantly to increasing the accuracy
of these reactions. The observed frequency of the incorrect incorporations remained close to
20%, thus limiting the size of the correctly replicating genome, to merely a 5 nucleotides long
sequence in length (Hagenbuch et al., 2005). A study has suggested that the transition from
RNA to DNA might have helped in increasing the genome size in general, as enzyme-free DNA

replication was found to be less error-prone than its RNA counterpart (Leu et al., 2011).

The original ‘error threshold’ calculations presumed that template-directed polymerization
would proceed at a similar rate regardless of any misincorporation that might take place during
the process. However this doesn’t seem to be the case. A pioneering study carried out by Irene
Chen’s group demonstrated that the rate of template-directed primer extension in a DNA-
based system slowed by up to two orders of magnitude post a mismatched addition (Fig 1.10A).
This might help in increasing the genetic information content despite comparatively higher
intrinsic mutation rate, as the correctly replicating templates tend to complete their replication
faster than the mutated sequences due to post-mismatched stalling (Rajamani et al., 2010). A
follow-up study from the same group showed that an initial mismatch during enzyme-free
template copying is likely to be followed 54-75% of the time by another mismatched addition.

Although, the addition of subsequent cognate nucleotides restored the rate of the reaction, the
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researchers found that a cascade of mismatches considerably slowed the rate of the incoming
nucleotide addition, thus further favoring the correctly replicating sequences (Fig 1.10B).
Simultaneously, simulation experiments revealed that an initial error was likely to be followed
by several consecutive mutation events, thus taking larger steps through the sequence
landscape. Such events might have helped in rapid exploration of the sequence space, while
simultaneously conferring ‘superiority’ to the correctly replicating template-primer complex/s
(Leu et al., 2013). Both these studies underline the importance of a matched primer-template

terminus in order to achieve efficient primer extension.
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Figure 1.10: Rate of nonenzymatic copying slows down post mismatch/s. (A) Addition of
the next matched nucleotide is stalled by up to two orders of magnitude after a
mismatch in RNA primer-template system. The X-axis indicates the template base and
the primer indicates the 3'-terminal base on the primer (reproduced from Rajamani et
al., 2010) (B) Rate of addition of ‘G across C’ in RNA primer-template system decreases
drastically with each consecutive mutation (reproduced from Leu et al., 2013).

Szostak’s group, on the other hand, has adopted the strategy of using modified nucleotides in
order to increase the fidelity of enzyme-free replication of nucleic acid sequences. About five
years ago, the group reported the use of 2-thio modified thymidine nucleotide in order to
suppress the G:T and A:C wobble-pairing, during enzyme-free replication in a DNA system. They
showed an increase in, both, the rate and fidelity of copying 3'-NP-DNA template, when using 2-

thiothymidine instead of a thymidine nucleotide (Zhang et al., 2013b). Similar results were
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obtained when using 2-thio-U (s*U), while copying of RNA template (Heuberger et al., 2015).
Structural insights into the RNA heptamer duplex containing s°U revealed that the presence of
this modified nucleotide stabilized U:A base pairing likely via the increased stacking interaction
and a more constrained the sugar conformation, without any apparent structural perturbation
(Sheng et al., 2014). Furthermore, thermodynamic studies using ITC and UV thermal
denaturation revealed that RNA duplexes containing internal s°U:A base pair, are better
stabilized and the stabilization is of an entropic origin (Larsen et al., 2015). In general, the 2-
thiolation is now established to better stabilize the C3'-endo conformation, similar to what is
seen in structured RNA, thus resulting in higher rate and fidelity of nonenzymatic copying

reactions.

1.5 Summary

The emergence of life on Earth remains an intriguing mystery. Many scientific hypotheses have
been proposed to delineate the plausible steps towards the formation of first living entities,
from a pool of prebiotic chemicals (Krishnamurthy, 2017). Amongst these, the hypothesis of
‘RNA World’ is most widely accepted due to the presence of possible relics, such as the
ribosome core, self-splicing ribozymes, RNA viruses etc., in extant biology. This hypothesis
presumes the existence of catalytic RNAs, which were also capable of storing and propagating
genetic information (Robertson and Joyce, 2010). The initial formation of such catalytic RNA
molecules must have been preceded by chemically driven oligomerization and replication
reactions during the origin and early evolution of life. Extensive experimental and in silico
studies have been undertaken to better understand enzyme-free monomer formation, and
their subsequent oligomerization and replication (Kitadai and Maruyama, 2018). Using different
strategies like activated molecules, confinement, eutectic phases of water-ice mixtures, helper
oligonucleotides, alternate cycles of dehydration and rehydration etc., researchers have been
able to obtain nucleic acid polymers chemically (Wachowius et al., 2017). However, the rate
and accuracy of these reactions still remains a topic of concern for prebiotic chemists. Another

important consideration here is the fact that almost all of these reactions discussed are usually
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carried out in prebiotically ‘not-so-realistic’ scenarios, such as in buffered solutions, starting
with high concentrations of pure and activated chemicals. Although, knowledge accrued from
such experiments is crucial to our understanding of abiotic formation of life, the reactions
themselves might not have proceeded in a similar way in a complex prebiotic milieu. To
summarize, despite this large body of existing work, we substantially lack the understanding of

progress of pertinent nonenzymatic reactions in prebiotically realistic scenarios.

1.6 Scope of the thesis

Before the advent of a functional ‘replicase’ like ribozyme, nonenzymatic replication reactions
would have played a crucial role in a putative RNA World. Several studies carried out to date
have analyzed and tried to improve the rate and accuracy of such reactions (as detailed above).
However, almost all these studies have been carried out in a chemically simplistic system, which
is mostly not prebiotically realistic. Understanding RNA-based enzyme-free copying, under
prebiotically pertinent set-up, will actualize our knowledge related to discerning the transition

from chemistry to biology on prebiotic Earth.

Chapter 2: In order to incrementally increase the complexity of the starting reaction mixture,
we used lipid molecules and polyethylene glycol as co-solutes. Nonenzymatic template-directed
primer extension reactions were used as a proxy to understand the effect of ‘random’ co-
solutes, and molecular crowding agents, on pertinent prebiotic reactions of a putative RNA
World. Fidelity and mutation rates were calculated for this system, both, in the absence and
presence of co-solutes. Furthermore, computer simulation studies were undertaken in
collaboration with Dr. Julien Derr at Paris Diderot University, France. These studies allowed us
to analyze these experiments under aforementioned conditions, over multiple replication
cycles; a scenario which is otherwise experimentally limited due to the intrinsic issues
associated with our study system (e.g. Strand-separation for subsequent replication cycle, RNA

hydrolysis over prolonged periods).

Chapter 3: To understand the underlying mechanism of the effect of lipid vesicles, and/or PEG,

on enzyme-free RNA copying reactions using activated monomers, we carried out few
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biophysical studies. The effect of presence of PEG on the RNA monomers was analyzed using
NMR technique. DOSY NMR and T relaxation time measurements were used (undertaken in
collaboration with Harshad Paithankar and Dr. Jeetender Chugh, Dept. of Chemistry, IISER,
Pune) to estimate the diffusion time and molecular size of the nucleotide clusters at different
concentrations, in the absence and presence of PEG 8000. On the other hand, the plausible
RNA-lipid interactions were examined using fluorescence imaging using SUPER template and
SLB assay systems (carried out in collaboration with Soumya Bhattacharyya and Dr. Thomas

Pucadyil, Dept. of Biology, IISER, Pune).

Chapter 4: To understand the prebiotic plausibility of the fundamental reactions discussed in
Chapter 2, we also carried out RNA template-based copying, using prebiotically pertinent non-
activated nucleotides. To our knowledge, such studies have not been reported to date. Towards
this, templated-replication reactions were carried out under repeated cycles of dehydration
and rehydration at high temperatures, in the presence of lipids as co-solute molecules. The
efficiency of the reaction was analyzed under varying conditions to evaluate the role of
parameters like temperature, the nature of the rehydration solution and role of monovalent
cations on templated-replication of RNA using nucleoside 5’-monophosphates. Furthermore,
we also carried out primer extension reactions using sugar-phosphate monomers, resulting in
hybrid polymers. Preliminary mass analysis was carried out in collaboration with Dr. Yayoi
Hongo, Earth Life Science Institute (ELSI), Tokyo, Japan. Our results add to the new body of
literature that is shining light on the plausibility of having hybrid polymers, which are thought to
have been important for the molecular evolution process that eventually would have led to the

formation of RNA World from primitive informational polymers.
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Effect of co-solutes on template-directed nonenzymatic copying of RNA
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2.1 Introduction

The assembly of a replicase-like enzyme in the context of ‘RNA World’ poses considerable
challenge. This is because it implies the construction of a long enough functional RNA molecule
from monomers, which needs to also faithfully replicate its own information to maintain
heredity. As elaborated in section 1.4 in Chapterl, nonenzymatic polymerization and
replication, which can lead to formation of such molecule/s, is an error prone process, which is
further compounded by the lack of correction machinery. Initial studies aimed at
understanding enzyme-free template-directed primer extensions, have characterized the rate
and accuracy of such replication processes (Kervio et al., 2010; Rajamani et al., 2010; Leu et al.,
2011, 2013). On a positive note, it appears that faithfully replicating sequences do have an
advantage even in the absence of an elaborate enzyme-based error correction system, as the
mismatches that occur during enzyme-free replication tend to stall their own course (Rajamani

et al.,2010; Leu et al., 2013).

However, all of the above mentioned reactions were carried out using highly pure starting
materials and homogeneous, buffered reaction mixtures. To state this in another way, most if
not all the nonenzymatic replication reactions studied in the context of ‘RNA World’ thus far,
have been carried out in ‘pure systems’ devoid of any co-solutes or background molecules. This
scenario is not very likely to be prebiotically plausible as the ‘prebiotic soup’ would have been a
mixture of many different molecular species rather than being a homogeneous solution
containing only certain kinds of molecules. These different molecular species could result from
various prebiotic syntheses pathways, and it is known that the outcome of almost all such
reactions is a mixture of products. For e.g., the formose synthesis reaction, which results in a
mixture of 4 to 6 carbon containing sugar molecules, never exclusively yields the ribose sugar
(Zweckmair et al., 2014). Along with D-ribose, which is a part of the RNA molecule, this reaction
also yields a plethora of other sugars such as erythrose, xylose, arabinose, glucose, mannose etc
(Fig 2.1A). The Fischer-Tropsch synthesis pathway, which is considered as the prebiotically
viable means of synthesis of longer carbon chain compounds from carbon monoxide and
hydrogen, is also known to yield a wide range of products. For example, the GC-MS analysis

depicted in Fig 2.1B shows the range of products obtained from just heating oxalic acid in a
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sealed steel tube at 174 °C (McCollom et al., 1999). Similarly, only a fraction of product from

Ord’s synthesis is the canonical adenine nucleobase (Orgel, 2004). On the other hand, the

meteorites that would have fallen on the prebiotic Earth, during the ‘Heavy bombardment

period’ must have also carried a mixture of compounds. All the aforementioned examples

clearly indicate that the early Earth would have been replete with different kinds of molecules

that would have been present together in the prebiotic soup. Hence, any prebiotically pertinent

reaction might not have taken place in a clean buffered condition unless it was completely

isolated by some means.
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Figure 2.1: Prebiotic syntheses yield a mixture of products (A) LC-UV chromatogram for

the products obtained from formose reaction initiated with glycoladehyde. The red

arrow indicates the peak for ribose (reproduced from Zweckmair et al., 2013) (B) GC-MS

analysis of the total chloroform extract obtained from FTT synthesis obtained from

aqueous solutions of oxalic acid (reproduced from McCollam et al., 1999).
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The existence of these molecular entities (co-solutes (or) background molecules) would have
resulted in a complex prebiotic milieu, which in turn might have given rise to certain inherent
properties like molecular crowding. Presence of co-solutes, and the resultant phenomenon of
molecular crowding, are known to affect both the kinetics and equilibrium of several
biochemical reactions (Ellis, 2001). Furthermore, macromolecular crowding has been shown to
affect not only protein folding, stability and the rates of the enzymatic reactions that they
catalyze (Minton, 2001; Zhou et al., 2008), but also impact reactions involving nucleic acids
(Nakano et al., 2014). A few studies have also shown the effect of molecular crowding on
prebiotically relevant molecules like ribozymes. For example, catalytic RNAs are known to get
stabilized under crowded conditions (Kilburn et al., 2013; Desai et al., 2014). In addition, it has
also been reported that the activity of ribozymes increase in the presence of co-solutes
(Nakano et al., 2009; Kilburn et al., 2013; Strulson et al., 2013; Desai et al., 2014). Increase in
the rate of self-cleavage (by up to 70-fold) was observed for hammerhead ribozyme in an
aqueous-two phase system comprising of polyetheyelne glycol (PEG) and dextran, which is
usually used to mimic intracellular compartmentalization and macromolecular crowding
(Strulson et al., 2012). Crowding has also been shown to improve the catalytic activity of
ribozymes at physiologically relevant ionic strengths (Strulson et al., 2013), which has
implications for stability of protocells under such circumstances (Chen et al., 2005; Adamala

and Szostak, 2013).

Despite its implicit relevance, the heterogeneity of the prebiotic soup is usually not considered
when discerning prebiotic processes like the nonenzymatic formation of catalytic RNA
molecules. Hence, characterizing enzyme-free copying reactions in prebiotically relevant
scenarios becomes important as they might not advent in a chemically complex environment in
the same manner as they would in a chemically simpler set-up. Scenarios where the reaction
rates might be affected pronouncedly due to the presence of co-solutes would have had a
bearing on the efficiency of successive transfer of genetic information. This is fundamental for
the persistence and evolution of catalytic RNAs in an RNA World. Therefore, in this chapter, we
have studied the effect of presence of co-solutes on nonenzymatic template-directed RNA

primer extension reactions. Poly Ethylene Glycol (PEG) and a double chain surfactant lipid were
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used as co-solutes in these reactions. In the presence of these co-solutes, both in isolation and
in conjunction, the rate and fidelity of these enzyme-free copying reactions were characterized.
Additionally, computer simulation studies were also carried out to analyze the potential effect

on multiple consecutive replication cycles.

2.2 Materials and Methods

2.2.1 Chemicals

Analytical grade Trizma base (Tris- hydroxymethyl- aminomethane), sodium chloride,
polyethylene glycol (PEG) 8kDa, boric acid and ethylenediaminetetraacetic acid (EDTA) were
purchased from Sigma-Aldrich. The double chain surfactant lipid used in the reactions, namely
1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), was purchased from Avanti Polar Lipids Inc.,
Alabama, USA. Adenosine-5'-phosphoimidazolide (ImpA), guanosine- 5'-phosphoimidazolide
(ImpG), cytidine- 5'-phosphoimidazolide (ImpC) and uridine- 5'-phosphoimidazolide (ImpU)

were purchased from GLSynthesis Inc. , MA, USA and used without further purification.

A 20-mer length RNA primer and four different 29-mer length RNA templates were used in the
reactions, the sequences for which are mentioned below. The templating base is highlighted in

bold:

Name Sequence (5'->3')

Primer Amino G GG GAU UAA UAC GAC UCA CUG-NH,

Template Misinc_C AGU GAU CUC CAG UGA GUC GUA UUA AuC CC

Template Misinc_G AGU GAU CUG CAG UGA GUC GUA UUA AUC CC

Template Misinc_A | AGU GAU CUA CAG UGA GUC GUA UUA AUC CC

Template Misinc_U | AGU GAU CUU CAG UGA GUC GUA UUA AUC CC

The RNA primer (Primer Amino G), which was acquired from Keck laboratory, Yale, USA, is

terminated with 3'-amino-2', 3'-dideoxynucleotide (Metkinen, Finland). This modification was
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done to ensure effective addition of the incoming nucleotide onto the primer, as amino group is
known to be a better nucleophile than the canonical hydroxyl group. The primer was labelled
with Cy3 fluorescent tag on the 5' end for enabling its detection upon polyacrylamide gel
electrophoresis (PAGE) analysis. The acquired primer was first deprotected using triethylamine
trihydrofluoride (TEA.3HF) to remove the 2'-TBDMS protection groups. The deprotecetd RNA
primer was then gel purified prior to using it in the reactions. The RNA templates were acquired
from Thermo Scientific (Dharmacon). The 2'-ACE protection was removed using deprotection
buffer (100mM acetic acid adjusted to pH 3.8 using TEMED) following the manufacturer’s

protocol. The templates were then used without further purification.

2.2.2 Methods

2.2.2.1 Setting-up the enzyme-free primer extension reactions

DLPC vesicles were prepared by first drying the required volume of the 25mg/ml chloroform
stock in a clean glass vial. The dried film was then re-suspended in nanopure water. It was
followed by vortexing to get the lipid stock of desired concentration. This lipid stock was
extruded through a 100 nm membrane using a mini extruder (Avanti Polar lipids Inc., USA), to
get small unilamellar vesicles. These uniform-sized vesicles were then used as co-solute in the
reactions. For PEG, which was the second co-solute, a 50% w/v working stock was prepared by
dissolving required amount of PEG in nanopure water. The RNA stock solutions were made in
10mM Tris buffer (pH 7.0) and their concentrations were estimated by UV spectroscopy (UV-

1800 UV/Vis spectrophotometer, Shimadzu Corp., Japan).

In a typical reaction, 0.325uM of primer and 1.3uM of one of the templates were annealed to
each other in RNase free water (Sigma), by heating at 95°C for 5 minutes, followed by cooling at
room temperature (RT) for another 5 minutes. Appropriate volumes of 1M Tris (pH 7.0) and 4M
NaCl were added to this annealed primer-template (P-T) complex to a final concentration of
100mM and 200mM, respectively. The co-solutes, viz., DLPC and PEG 8000, were added in the

reactions to a final concentration of 5mM and 18% w/v, respectively. The primer extension
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reactions were initiated by addition of, typically, 10 mM final concentration of Imp A/G/C or 40

mM final concentration of Imp U (Rajamani et al., 2010; Leu et al., 2011).

2.2.2.2 Analysis of primer extension reactions

The time points for the primer extension reactions (including a zero minute ‘control’ time point,
which was collected before the addition of activated monomer) were collected in Tris-Borate-
EDTA (TBE) buffer (10.8 gm Trizma base, 5.5 gm boric acid, 4ml of 0.5M EDTA in 1000 ml of
distilled water), containing 8 M urea and additional 100 mM EDTA (gel loading buffer).
Typically, 1ul of the reaction time point was collected in 19l of gel loading buffer. Competitor
RNA, with a sequence similar to that of Primer Amino G (5' GGG AUU AAU ACG ACU CAC UG),
was added in up to 10-20 times excess to the reaction time points. This was done to ensure
complete separation of the fluorescently tagged primer from their respective templates. These
time point samples were then heated at 95°C for 5 minutes, cooled at RT for 5 minutes and
briefly centrifuged, before loading onto 17cm X 15cm 20% denaturing PAGE gel containing 8M
urea (SequaGel- UreaGel system, National diagnostics, USA). 1X TBE buffer was used as the gel
running buffer. Bromophenol blue and xylene cyanol were used as tracker dyes to estimate the
progress of the of the RNA primer bands during gel electrophoresis. The gels were scanned
using Typhoon Trio plus imager (GE Healthcare) at 550 PMT and 200 micron resolution, to
detect the presence of fluorescently labeled (excitation laser: 532nm) primer and the extended
product. The scans were analyzed using ImageQuant v5.2 software (GE healthcare). The
extension of the primer over time was calculated by dividing the intensity of unreacted primer
by sum of the intensities of both extended and unreacted primer, for a particular time point.
This was plotted on the ‘Y’ axis and the time (in minutes) was plotted on the ‘X’ axis. The initial
rate of the reactions, wherein the reaction is estimated to follow pseudo-first order kinetics,

was calculated by fitting a linear equation to several early data points.
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2.2.2.3 Calculation of error rates

The frequency of incorporation (fy n) of a specific nucleotide (ImpN) across a particular
template base was calculated by dividing the rate of addition of that nucleotide by sum of the
rates of addition of all nucleotides across the same template base in the P-T complex. For
example, incorporation frequency of ImpG across ‘C’ template base (fcg) can be calculated by
using the equation (fce=rce/(rcet reat reut rec)). Mutation rate for a given template base (py)
was calculated by adding the frequencies of incorrect incorporations across that base. The
average mutation rate was calculated by considering all mutation rates of all the template
bases in a particular system (Havg= 0.25 *(pa+ Met Mct+ Hu)). Equal contribution from A, G, Cand
U in the template was assumed for the calculation of average mutation rates. Mutation rates

for genomes composed of equal parts of G+C or A+U were also calculated in a similar manner.

2.2.2.4 Computer simulation for template-directed polymerization

To analyze the effect of co-solutes on template-directed polymerization over multiple
replication cycles, we simulated the process using the Gillespie algorithm. ‘Misinc_C’ sequence
was selected as the template for these simulations and the monomers were incorporated in a
stepwise fashion in the absence of any primer (similar to the depiction in Fig 1.6A, Chapter 1).
No stalling factor or boundary conditions were invoked for these initial simulation trials. The
simulation was started with 2000 (N) identical template sequences and the polymerization
process was followed for t=500 hrs, with predetermined replication cycle times. The replication
cycle time denotes the number of hours for which the in silico replication was allowed to
continue without strand separation. All the polymers had an equal chance to form a reverse
complementary strand by the stochastic addition of monomers, which depended upon
experimentally calculated rate constants. If the in silico replication of a said sequence was
complete before the stipulated cycle period, no more nucleotides were added. After a
predetermined replication cycle period was complete, all template strands were separated
from their complementary strands. The incomplete daughter strands were discarded and the
full complements of the templates were retained (n). This resulted in a new pool of sequences

containing a total of N+n strands, out of which N strands were chosen randomly for the next
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cycle of replication. The two main observables recorded were (a) the total number of diverse
sequences generated and (b) the GC content of the sequences for each replication cycle. This

work was carried out in collaboration with Dr. Julien Derr at Paris Diderot University, France.

2.3 Results

2.3.1 Gel analysis of the extended primer product

The progress of the template-directed RNA primer extension reactions, under control and
experimental (in presence of co-solutes) conditions, was analyzed using 20% denaturing
polyacrylamide gel electrophoresis (containing 8M urea). Tracking dyes (mainly xylene cyanol)
were used to standardize the approximate gel running time, so as to get a good separation
between the fluorescently tagged primer (20-mer RNA) and the extended primer (21-mer).
Adequate separation between the original and extended primer was essential to achieve, as the
rate of the reaction was calculated by determining the fraction of the original primer remaining
over time, using image analysis software. To achieve this, the standardization of the gel running
protocol was carried out till there was a clear one nucleotide length resolution between the
bands. Figure 2.2A shows a typical gel image depicting the progress of the RNA primer
extension reaction, and the graph therein depicts the fraction of the original primer remaining
over time. The apparent first-order rate of addition of all matched as well as mismatched
nucleotides, against the four different template bases, were determined for the control
conditions and in the presence of co-solutes (a total of 64 different reaction combinations).
This was undertaken to characterize reaction rates of such nonenzymatic replicating systems in

the presence of background molecules.
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Figure 2.2: (A) Incorporation rate of cognate nucleotide ‘Imp A’ across the template base
U of the ‘Misinc_U’ template, in the presence of both DLPC vesicles and PEG. The gel
image shows extension of the primer over time (initial rate = 0.509/h) (B) Rate of
incorporation of ‘ImpG’ across ‘Misinc_C’ template, in presence of different
concentrations of PEG 8000.

2.3.2 Effect of individual co-solutes on the template-directed primer extension reactions

We have used a double chain surfactant lipid (DLPC) and PEG 8000 as co-solute molecules in
our nonenzymatic replication system. To begin with, the effect of presence of the individual co-
solute, on nonenzymatic replication, was studied. Firstly, the rate of template-directed addition
of a ‘correct (cognate)’ nucleotide was estimated in individual reactions, i.e. the addition of
ImpG/ImpC/ ImpA/ ImpU nucleotides, against C/G/U/ A template base, respectively.. The
corresponding control reactions were carried out in buffered solution, without the addition of
any background molecules (comparable to the nonenzymatic RNA replication reactions in Leu
et. al, 2011). Interestingly, the rate of addition of ‘G across C’ (addition of ImpG across ‘C’
template base) was found to have reduced from 1.58 + 0.17 per hour in the control condition,
to 1.09 £ 0.1 per hour in the presence of DLPC (p < 0.05, Student’s t test), and to 0.79 £ 0.26 per
hour in presence of PEG (p < 0.05, Student’s t test) (Table 2.1). The standard deviation was
calculated from three independent reaction replicates. The decrease in the rate of addition of
‘G across C’ was further found to be dependent on the percentage of PEG polymer used in the

starting reaction mixture (Fig 2.2.B). In the case of addition of ‘A across U’ (i.e. rate of addition
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of ImpA across ‘U’ template base), the rate of the reaction did reduce in the presence of co-
solutes when individual replicates were considered. However, the absolute rates varied
between the three replicates, giving rise to the large standard deviation in all the three reaction
sets (0.92 + 0.37 per hour in the control condition, 0.73 £ 0.24 per hour in the presence of DLPC
and 0.57 £ 0.33 per hour in the presence of PEG) (Table 2.1). Due to this large deviation from
the mean value, the decrease in the rate of this cognate addition reaction in the presence of co-
solutes was not found to be statistically significant using the Student’s t test. In general, the
rate of those cognate addition reactions wherein the incoming monomer was a purine
nucleotide was found to have reduced in the presence of individual co-solutes (Fig 2.3). When
the rate of the other two cognate addition reactions, i.e. ImpU across ‘A’ template base and
ImpC across ‘G’ template base, was calculated in the absence and presence of co-solutes, no
apparent difference was observed (Fig 2.3). Furthermore, the other 12 ‘mismatched’ addition
reactions were also carried out under aforementioned conditions. No significant effect on the
rate of mismatched additions was observed in the presence of co-solutes, even for those

reactions wherein the incoming non-cognate base was a purine nucleotide (Table 2.1).
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Figure 2.3: Rate of primer extension reactions for addition of a cognate nucleotide
across the corresponding template base, in the absence or presence of co-solutes. Error
bars indicate standard deviation calculated from experimental triplicates.
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Table 2.1: Experimental rates for nonenzymatic primer extension reactions (hr) under

control reaction conditions and in the presence of either or both of the co-solutes.

o denotes standard deviation from experimental replicates.
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Reaction Control With DLPC With PEG8000 |With DLPC and
No. PEG8000
Template | ImpN | Rate/hr | 0 o\ Rate/hr | O op Rate/hr | 0, [Rate/hr| o«
1 C G 1.58 0.17 1.09 0.1 0.79 0.26 | 0.69 | 0.08
2 C u 0.021 | 0.002 | 0.022 | 0.004 0.02 0.002 | 0.022 | 0.005
3 C C 0.022 | 0.002 | 0.014 | 0.008 | 0.022 | 0.004 |0.028 [0.0004
4 C A 0.017 | 0.006 | 0.026 0.01 0.018 | 0.006 | 0.027 |0.008
5 G C 9.03 0.55 8.42 1.22 8.97 0.86 [ 891 | 0.6
6 G U 0.48 0.28 0.40 0.17 0.71 0.16 | 0.55 | 0.27
7 G G 0.16 0.06 0.18 0.04 0.11 0.04 | 0.18 | 0.11
8 G A 0.04 0.02 0.048 0.02 0.048 | 0.008 | 0.03 |0.003
9 A U 0.53 0.17 0.54 0.1 0.49 0.08 | 0.53 | 0.19
10 A G 0.17 0.05 0.17 0.01 0.17 0.06 0.2 | 0.14
11 A C 0.08 0.001 0.09 0.007 0.11 0.006 | 0.11 |0.007
12 A A 0.07 0.03 0.056 0.03 0.053 | 0.007 | 0.024 |0.006
13 u A 0.92 0.37 0.73 0.24 0.57 0.33 | 0.43 | 0.22
14 U U 0.12 0.07 0.047 0.02 0.058 0.02 (0.074 | 0.03
15 U C 0.017 | 0.001 | 0.018 | 0.002 | 0.023 | 0.002 | 0.03 |0.014
16 U G 0.38 0.03 0.24 0.09 0.23 0.03 [ 0.49 | 0.06

Rows indicated in green show the experimental rates of addition of a purine monomer across its cognate

template base while those indicated in yellow show the experimental rates of addition of a pyrimidine

monomer across its cognate template base. n=3 for all matched addition reactions, n=2 for all mismatched

addition reactions.
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2.3.3 Effect of admixture of co-solutes on the template-directed primer extension reactions
We then decided to experimentally increase the complexity of the reaction mixture, by adding
both of the co-solutes together to the reaction. The combined effect of presence of DLPC and
PEG 8000 was studied on all four cognate addition reactions as well as twelve mismatched
addition reactions. Since there was a reduction in the rate of cognate purine addition reactions
even in the presence of individual co-solutes, a similar effect was hypothesized for these
reactions when a combination of both the co-solutes was used as well. As expected, the rate of
addition of ‘G across C’ was clearly observed to have reduced from 1.58 + 0.17 per hour in the
control condition, to 0.69 + 0.08 per hour in the presence of the admixture of DLPC and PEG
8000 (p < 0.05, Student’s t test) (Fig 2.3, Table 2.1). For the addition of ‘A across U’, around 55%
decrease in the rate of the reaction was observed in presence of both the co-solutes as
compared to the control reaction rates, for each of the three replicates of this reaction.
However, the variation in the absolute rates of the individual replicates was again large, giving
rise to higher deviation from the mean (0.92 £ 0.37 per hour in the control condition vs. 0.43
0.22 per hour in the presence of DLPC plus PEG 8000) (Fig 2.3, Table 2.1). Nonetheless, for both
of these matched purine addition reactions, the combined effect of presence of both the co-
solutes was more pronounced than the effect seen when only individual co-solutes were
present. No apparent effect was observed on the rate of the remaining fourteen reactions (two
cognate pyrimidine-based addition reactions, and twelve non-cognate addition reactions), in

the presence of both the co-solutes, as compared to the control reactions (Table 2.1).

2.3.4 Statistical analysis

The difference observed between the rates of the reactions, in the presence of both the co-
solutes vs. in the control conditions, was further subjected to methodical statistical analysis to
evaluate the significance of these observations. This was accomplished by analyzing the A Rate
(A Rate = rate of control reaction minus the rate of reaction in presence of both the co-solutes)
on a two-dimensional plot where the A Rate was plotted on the X-axis and the A Rate
normalized to the control rate was plotted on the Y-axis (Fig 2.4). The A Rate was calculated

within each replicate for all combinations of incoming monomer—template base (total 16
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combinations). To mitigate the differences in the absolute rates between the replicates, the
normalized values were plotted on the Y-axis. Thus, on this plot, only those points which are
distant from both the axes would point at a significant difference between the rates of the
reactions for control vs. that for the experimental condition (in this case the combined effect of

both the co-solutes).
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Figure 2.4: The ‘A Rate normalized by the initial control rate’(Y axis) is plotted against
the ‘A Rate’(X axis) for each reaction. The ‘A Rate’ is significantly different from zero for
addition of 'G across C’ (point C/G) and addition of 'A across U’ (point U/A), indicated as
red diamonds. The green diamonds indicate the remaining two matched addition
reactions. All mismatched addition reactions are indicated as blue diamonds. Error bars
indicate the standard error. n=3 for all cognate addition reactions and n=2 for all
mismatched addition reactions.

A Rate for only two reactions out of the sixteen studied, namely addition of ‘G across C’ and ‘A
across U’ (points ‘C/G’ and ‘U/A’, respectively, indicated in red), was found to be significantly
different from the zero cluster (Fig 2.4). The variation between the replicates can be visualized
as the larger error bars along both the axes, which are normalized on the Y-axis. A few reactions
e.g. addition of ‘C across G’, for which the rate of the reaction itself was high, larger error bars
were observed along the X-axis. However, the normalized value on the Y-axis is close to zero,
suggesting no significant difference between the rates of the reaction in the absence and

presence of the co-solutes. On the other hand, for some of the slowest reactions (e.g. addition
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of ‘Cacross U’), spurious error bars were observed on the Y-axis, as the rate of the control
reaction (for such combinations) of incoming monomer—template base itself is very close to
zero. Therefore, apart from ‘A Rate’ for purine cognate addition reactions, all other points are

consistent with the zero cluster.

Subsequently, to determine the difference between the base level of A Rate and the deviation
of the two points (namely, ‘U/A’ and ‘C/G’) from the same, robust iterative statistical analysis
was carried out. This analysis, using three times standard deviation (99.5%), yielded 14 points
with a mean =-0.005, and standard deviation = 0.054.The point for A Rate of addition of ‘G
across C' (‘C/G’) was excluded from this zero cluster at a confidence level of 99.5% (a = 0.005).
Similarly, the point for A Rate of addition of ‘A across U’ (‘U/A’) was excluded from this zero
cluster at confidence level of 97.5% (a = 0.025). This further confirmed that two out of the 16
possible reaction combinations in our nonenzymatic template-directed RNA primer extension
system, were affected in the presence of both the co-solutes in the reaction mixture. Notably,

both these reactions were addition of a purine monomer, across its cognate template base.

2.3.5 Estimation of the error rates

Previous experiments have indicated that for a nonenzymatic nucleic acid replication system,
the observed misincorporation frequencies are much higher for ‘A" and ‘U’ as template bases,
as opposed to ‘G’ and ‘C’ as template bases (Orgel, 2004; Rajamani et al., 2010). Additionally,
G: U wobble pair is, in general, the most commonly observed misincorporation in the
nonenzymatic replication system (Orgel, 2004). The estimation of the misincorporation
frequencies for our template-directed RNA primer extension system was consistent with these
previous results. Amongst the different incorrect incorporations studied, the addition of ‘G
across U’ was the most prominent misincorporation. Importantly, the frequency of this
mismatched addition was found to have considerably increased in the presence of both the co-
solutes (Fig 2.5A vs. Fig 2.5B). This, predominantly stemmed from the decreased rate of
addition of the cognate base (ImpA) across ‘U’ template base. On the other hand, the frequency

of addition of ‘U across G’ was not affected significantly in the presence of co-solutes. This is
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due to the fact that the rate of the cognate addition, that of ImpC across G, was not affected
due to the presence of the background molecules. In general, we observed an overall increase
in the misincorporation frequencies against ‘C’ and ‘U’ template bases, in the presence of co-

solutes as opposed to the control condition (Fig 2.5).
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Figure 2.5: Incorporation frequencies for addition of cognate and non-cognate bases
(A) In the absence of any co-solutes (B) In the presence of DLPC plus PEG8000 as co-
solutes.

Furthermore, the error rates associated with our nonenzymatic replication system, in the
absence and presence of the co-solutes, were also calculated. Two independent experimental
replicates were considered for this calculation, wherein the rates of all possible sixteen
combinations of reactions were experimentally determined, under control and co-solute
conditions. For the control condition reactions, the mutation rate was estimated to be 19.8
0.5% for a genome comprised of equal parts of A, U, G and C. In the case of the reactions
where both of the co-solutes were present, the mutation rate was found to be 26.6 + 4.4%
(p=0.159, Student’s t test) (Table 2.2). In the case of reactions with only the individual co-

solutes added, the mutation rate in the presence of only DLPC was found to be 18.9 £ 0.2 %,
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and that in the presence of only PEG 8000 was found to be 20.7 £ 0.4 %. Interestingly, the
mutation rate for a putative GC-only genome increased from 5.3 £ 0.7 % in the control
reactions, to 8.6 £ 0.3 % in the presence of both the co-solutes (p<0.05, Student’s t test). The
mutation rate for a putative AU-only genome was found to have increased from 34.3+0.2 % in
the control reactions, to 44.4 £ 9 % in the presence of both the co-solutes. The higher standard
deviation for the mutation rate of AU-only genome in the presence of both the co-solutes
stems from the inherent low fidelity of copying associated with A and U template bases (Orgel,
2004). When we considered only the individual template bases, the mutation rates for ‘G’ (6.8 £
2.1 %) and ‘C’' (3.6 + 0.3 %) bases was found to be lesser than ‘A’ (37.5+4.9 %) and ‘U’ (31+4.6
%), in the control condition. In the presence of both the co-solutes, the most prominent
increase in the mutation rate, of almost 20%, was observed for the ‘U’ template base (31 + 4.6
% in the control condition vs. 51.7 £ 3.5 % in the presence of both the co-solutes). The next
template base that was most affected was the ‘C’ template base, for which the mutation rate
increased from 3.6 £ 0.3 % in the control condition vs. 9.6 + 1.6 % in the presence of both the
co-solutes. Statistically significant increase was not observed in the mutation rates for ‘G’ and
‘A’ template bases in presence of both DLPC and PEG, as opposed to the control conditions. It is
to be noted that, the mutation rate has significantly increased for both the pyrimidine template
bases as the rate of addition of cognate purine bases against them showed significant reduction

in the presence of the co-solutes.
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Table 2.2: Experimental mutation rates for nonenzymatic RNA primer extension, in the
absence and presence of co-solutes. Standard deviation is calculated from experimental

replicates.
For control reactions For reactions in
presence of DLPC plus
PEG
Overall Mutation rate 19.8% + 0.5% 26.6% + 4.4%
Mutation rate for GC-only 5.3% +0.7% 8.6% £ 0.3%
Mutation rate for AU-only 34.3% £ 0.2% 44.4% + 9%
Mutation rate for ‘G’ template 6.8% +2.1% 7.6%+1.1%
Mutation rate for ‘C’ template 3.6% +0.3% 9.6% + 1.6%
Mutation rate for ‘A’ template 37.5% + 4.9% 37.2% + 17.6%
Mutation rate for ‘U’ template 31+46% 51.7+35%

2.3.6 Computer simulations for multiple replication cycles

To understand the impact of reduction in the rate of certain nonenzymatic matched addition
reactions in the presence of co-solutes, over multiple cycles of replication, stochastic
simulations were carried out using the Gillespie algorithm. The simulations were done using the
‘Misinc_C’ sequence as the template, and the experimentally generated rate constants for
addition of all four nucleotides against all the four template bases, both, in the absence and the
presence of co-solutes (essentially 64 combinations were used, Table 2.1). The data generated
for replication cycle periods of 8hr, 16hr and 24 hr was analyzed. AlImost negligible full-length
copying of the templates was observed when the replication cycle time was set at 8hr (Fig2.6A).
However, as the replication cycle period was increased to 16 hr, higher number of full-length
(or intact) replications of the templates was seen, primarily in the control condition (Fig 2.6B,
indicated in blue). However, due to the lowered rate of addition of purines against their
cognate bases in the presence of co-solutes, longer duration of replication cycle period (viz.
24hr) was required to obtain significant in silico replication of the templates, in the presence of

the co-solutes (Fig 2.6C, indicated in orange (DLPC), green (PEG) and red (both)).
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Figure 2.6: Analysis of in silico replication of the ‘Misinc_C’ RNA template, using

experimental rates obtained for nonenzymatic copying. The extent of full-length

copying of the templates increases with increase in the replication cycle time (A, B, C).

Higher numbers of diverse sequences are observed in the presence of co-solutes as the

replication cycle time is increased (D, E, F). The replicated sequences show higher GC-

bias in the presence of co-solutes (G, H, I). The blue trace indicates in silico RNA

replication in control conditions. The orange, green and red traces indicate the in silico
RNA replication in presence of DLPC, PEG and both DLPC plus PEG, respectively. The
time (in hrs) is indicative of the replication cycle time.
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Furthermore, the total number of new sequences generated during these simulations was
characterized. For the 8hr replication cycle period, very low numbers of new sequences were
observed, which is concurrent with the lower number of full-length replications that were
observed during this short replication duration (Fig 2.6D). Higher number of diverse sequences
was observed in the presence of co-solutes over multiple generations of replication, if sufficient
time was provided for completion of every replication cycle (Fig 2.6E, F). When the GC content
of the resultant sequences was analyzed, GC bias was observed very early on during the
replication cycles (Fig 2.6G). This might be due to the higher rate of incorporation of G and C
nucleotides as against the A and U nucleotides, in general. The ‘GC’ enrichment was observed
to be taking place at an even faster rate in the presence of co-solutes. In almost all the cases,
when enough time was provided for the replication cycle to generate significant number of full-

length daughter sequences, a GC bias of close to 85-90% was evident (Fig 2.6 H, 1).

2.4 Discussion

Prebiotic milieu would have been replete with a mixture of many different molecular species.
This heterogeneity might result from a mixture of products produced during prebiotic
syntheses, in addition to the plethora of compounds that were potentially delivered to the
Earth by exogenous bodies (e.g. meteorites and asteroids). However the existence of this
inherent complexity is usually overlooked in studying pertinent nonenzymatic reactions, while
delineating the transition from chemistry to biology. In these particular set of experiments, the
effect of presence of DLPC and PEG 8000 as co-solutes, on template-directed RNA primer
extension reactions, was characterized. DLPC is a phospholipid, which forms the main fraction
of the modern cellular membranes. Phospholipids are the contemporary counterparts of the
simpler amphiphiles like fatty acids, which have been implicated in the formation of
protocellular membranes. The prebiotic pool is thought to have contained sufficient amounts of
amphiphiles, as they could be synthesized using prebiotically viable FTT synthesis (McCollom et
al., 1999). Additionally, organic components from certain carbonaceous chondrites have also

been shown to form membrane like structures (Segre et al., 1999). Therefore, we wanted to
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analyze the effect of this important co-solute on the rate and efficiency of a prebiotically
relevant, nonenzymatic copying system. Another important component of the prebiotic soup
would have been different kinds of polymers. A few of them would have eventually evolved to
form essential functional polymers. However, a lot of non-specific polymers that would have
resulted from polymerization of chemical entities like malic acid, lactic acid, ribose-5'-
monophosphate etc. (Harshe et al., 2007; Mamajanov et al., 2014; Mungi and Rajamani, 2015)
would have also existed in the same milieu, as background molecules. Furthermore, a study has
indicated a prebiotically possible mechanism for selective enrichment of longer nucleic acid
polymers (Kreysing et al., 2015), which would have further added to the complexity of the
prebiotic milieu. PEG was used as a proxy for all such non-specific polymers, which collectively
would have had a pronounced crowding effect. PEG is also routinely used for simulating volume
exclusion effects in many experimental biochemical reactions. In our reaction set-up, the
primer-template complex was pre-annealed before starting the reaction. The template was
used in four times excess to ensure efficient primer-template complex formation, which is
crucial as the aim of the study was to understand the effect of co-solutes on prebiotically

relevant information transfer processes.

2.4.1 Effect of presence of co-solutes on nonenzymatic copying reactions

The rate of two of the fast matched addition reactions decreased in the presence of
background molecules in the reaction mixture. This effect was seen in the presence of
individual as well as the admixtures of DLPC and PEG 8000. However, background literature
survey predicated an increase in the overall rate of information copying in our nonenzymatic
RNA replication system that would result from volume exclusion effect/s. For example, the
catalytic reaction rate for, both, protein- and nucleic acid-based reactions, is usually known to
increase under crowded conditions due to volume exclusion (Ellis, 2001; Nakano et al., 2014).
Interestingly, in our experimental system, the rate of only those matched addition reactions
was found to have decreased wherein the incoming nucleotide was a purine (ImpG or ImpA).
This effect might potentially be due to enhanced stacking interactions of the purine nucleotides

in solution, as opposed to pyrimidine nucleotides. This feature is largely attributed to the
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double-ring structure of purines vs. the single ring seen in pyrimidines. Such stacking could
potentially result in the reduction of the diffusion of the monomers due to the formation of
pseudo-oligomers under crowded conditions, like in the case of reactions that were carried out
in the presence of co-solutes. This could further lead to the unavailability of monomers in such
diffusion-limited, template-directed primer extension reactions, especially when involving a
cognate purine addition. Interestingly, reduction in the purine addition across its template base
was specially enhanced in the presence of both the co-solutes as opposed to the presence of

just the individual co-solute (Table 2.1).

The addition of ‘C across G” and that of ‘U across A” was not found to have been affected in the
presence of co-solutes. This might again be due to better availability of the pyrimidine
monomers, even in the presence of co-solutes, due to their lower stacking tendency.
Furthermore, the additions of mismatched monomers were also not significantly affected in the
presence of DLPC and/or PEG, even though the incoming nucleotide was a purine. General
observations indicate that the rate of nonenzymatic mismatched addition reactions is usually
very slow, sometimes up-to two-orders of magnitude slower than the matched addition
reactions (for e.g. addition of ‘C across G’ vs. addition of ‘A across G’, Table 2.1). Due to their
inherently slow kinetics, the rate of these reactions might not be affected to a similar extent
even if there was potentially a reduction in the mobility of stacked purine monomers, in the

presence co-solutes.

2.4.2 Fidelity of nonenzymatic copying reactions in the presence of co-solutes

The nonenzymatic addition of a cognate nucleotide against a template base occurs at faster
rate than that of non-complementary nucleotides. Due to the reduction in the rate of two out
of these four reactions in the presence of DLPC and/or PEG, a concurrent decrease in the
accuracy of replication was likely under similar conditions. In general, an increase in the
mutation rates for the pyrimidine template bases (i.e. ‘C’ and ‘U’) was observed in the co-solute
scenario. This can be explained by observed decrease in the rates of cognate purine additions in

the presence of co-solutes vs. in their absence. As mentioned in the ‘Results’ section, the
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addition of ‘G across U’ was the most frequently observed misincorporation, the frequency of
which was further enhanced in the presence of DLPC and PEG. To begin with, the addition of ‘A
across U’ is an error prone reaction (Orgel, 2004). The rate of this addition reaction was further
found to have decreased by almost 55% in the presence of co-solutes. On the other hand, the
rate of wobble addition of ‘G across U’ did not get affected in the presence of co-solutes. This
resulted in the very pronounced reduction of accuracy of copying of the ‘U’ template base
(mutation rate of 31 + 4.6 % in the control reaction vs. 51.7 £ 3.5 % in the presence of both the

co-solutes, p<0.05, Student’s t test), as compared to the other three template bases.

Amongst the four matched addition reactions, nonenzymatic addition of ‘G across C’ and vice
versa is observed to be faster than the addition of ‘A across U’ and vice versa. Furthermore, due
to increase in the error rates for copying of the ‘U’ template base in the presence of co-solutes,
the complexity inherent to a prebiotic chemical environment could have adversely affected the
copying of ‘AU’ rich genomes to a greater degree than that of ‘GC’ rich genomes. As
hypothesized, the mutation rate for a ‘GC’ only genome was affected to a lesser extent (5.3 =
0.7 % in the control reactions vs. 8.6 + 0.3 % in the presence of both the co-solutes) as opposed
to the ‘AU’-only genome (34.3 £ 0.2 % in the control reactions vs. 44.4 + 9 % in the presence of
both the co-solutes)(Table 2.2). The observed standard deviation for the mutation rate of AU-
only genome, in the presence of co-solutes, was due to the greater intrinsic variability of the
extension rates of the two reaction replicates for the addition of ‘G across U’ and that of ‘G
across A’. Such high mutation rates for the copying of ‘A’ and ‘U’ template bases will bias the
genome composition towards a more GC-rich one, which has been suggested earlier for a

nonenzymatic replication system (Leu et al., 2011).

2.4.3 Effect of co-solutes over multiple cycles of nonenzymatic replications

Experimental realization of simultaneously occurring addition reactions, over multiple
nonenzymatic replication cycles is difficult to achieve. This is mainly due to the limitation of
handling a highly complex set of reactions, and side reactions, along with the intrinsically slower

reaction rates of nonenzymatic replication, compounded further by problems related to strand
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separation. Therefore, stochastic simulations were carried out in order to understand the effect
of presence of co-solutes for multiple nonenzymatic replication cycles. Using ‘Misinc_C’ as the
template and experimentally generated reaction rate constants, no significant in silico
replication was observed for a replication cycle period of 8 hrs. This is due to the overall low
rate of nonenzymatic incorporation of monomers across the template sequences, as even the
best possible experimentally observed rate for any addition (for incorporation of ‘C across G’),
in control conditions, was 9.03+0.55 per hr (Table 2.1). Every other cognate addition was 5 to
17 times slower than the aforementioned rate. However, given enough replication cycle time,
considerable number of replications are seen in, both, the absence and the presence of co-

solutes.

Additionally, to understand the fidelity of this in silico replication, the total number of ‘new’
sequences generated was analyzed over cycles. Due to the lower replication rate, not many
sequences were generated when each replication cycle time period was set to 8hrs. However,
when sufficient time was provided for every replication cycle (viz. 16 hrs or 24 hrs), higher
number of newly generated sequences were observed for the co-solute scenario, as compared
to the control condition. This is probably due to the greater mutation rate observed in the
presence of co-solutes as opposed to the control condition. Consequently, there is a higher
chance of generating a different sequence than the cognate complement, for the templates, in
the co-solute scenario and this is reflected in the graphs presented in Fig 2.6E, F. This is also
indicative of the possibility that the presence of co-solutes in the prebiotic milieu might have
helped in greater exploration of the sequence space. Given enough time, generation of point
mutations will occur with greater frequency due to the higher chances of addition of incorrect
nucleotides in the presence of co-solutes. This effect could be further enhanced as it has been
demonstrated that the addition of one mismatch during enzyme-free copying, is usually
followed by a cascade of mutations (Leu et al., 2013). Also, while analyzing the ‘GC’ content for
these replication cycles, a strong GC bias was observed, both, in the absence and the presence
of co-solutes. The rate at which this bias was attained, was however, higher in the case of the
co-solute scenario. This was mostly due to the reduction in the rate of cognate purine

additions, which was further compounded by an increase in the G:U wobble pairing in these
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scenarios. This suggests that the intrinsically higher mutation rates associated with
nonenzymatic replication systems would in general result in a genome composition enriched
for ‘GC’ content (Leu et al., 2011). This effect could potentially be more pronounced in a

complex prebiotic milieu, as suggested by the current study.

2.5 Conclusion

In general, our studies revealed the effect of prebiotic complexity on pertinent nonenzymatic
reactions. This effect could arguably be context dependent and could be more pronounced for
a certain set of reactions. In our system, even a seemingly ‘step-wise’ increase in the complexity
of the reaction mixture, led to a decrease in the rate of certain nonenzymatic primer extension
reactions. This strongly implies that a mixture of co-solutes, similar to what might have
comprised a realistic prebiotic soup, could have had a pronounced role to play as far as the rate
and accuracy of nonenzymatic replication is concerned. The simulation studies reveal that this
effect gets enhanced over multiple generations of nonenzymatic replication. According to the
in silico replication experiments, more varied sequences are generated in the presence of co-
solutes, as opposed to the control conditions. This would lead to rapid exploration of the
sequence space in a heterogeneous prebiotic milieu. However, this would also have posed a
considerable challenge for information transfer and could have directly affected the process by
which a functional molecule evolved under ‘realistic’ conditions. Therefore, to prevent
functional polymers from undergoing such random mutations, it would have been crucial to
encapsulate them, as also has been suggested previously (Szostak et al., 2001). Encapsulation
has further been shown to play a favorable role in group selection of templates (Fontanari et

al., 2006), as well as selection of replicases (Bianconi et al., 2013) in certain in silico studies.
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Characterization of mechanism underlying co-solute based reactions
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3.1 Introduction

The prebiotic solution would have been replete with different kinds of molecules as the
products of prebiotically relevant syntheses are usually highly diverse. The exogenous delivery
of material via meteoritic and other possible sources would have further added to this vast
repertoire of molecules. Our effort to better understand the role of prebiotically relevant co-
solutes in our reaction regimen resulted in us increasing the complexity of the reaction mixture
using relevant co-solutes. This resulted in the decreased rate in two of the sixteen possible
combinations tested in the context of nonenzymatic template-directed RNA primer extension
reactions. It is peculiar to note that both of these reactions were purine based cognate addition
reactions. This effect was evident even when the individual co-solute was used, with a more
pronounced effect seen when using the admixture of both the co-solutes (Bapat and Rajamani,
2015). One of the co-solutes which was used, i.e. PEG, is known to affect the rate of
contemporary biochemical reactions by facilitating crowding effect (Ellis, 2001). On the other
hand, the other co-solute, i.e. the phospholipid, is also known to interact with nucleic acids in
certain biological contexts (Kuvichkin, 2002). Nevertheless, it was perplexing as to why only the
rate of two specific nonenzymatic reactions was prominently reduced in the presence of co-

solutes, under our reaction set-up.

The inside of a typical cell is a crowded environment due to the presence of large amounts of
molecules that exclude up to 20-40% of the available space (Ellis, 2001; Miyoshi and Sugimoto,
2008). This affects the way biochemical reactions occur inside a living cell vs. in a test tube. In
order to simulate the molecular crowding observed inside the cell, many in vitro biochemical
studies have extensively used water-soluble polymers like Ficoll, Dextran, PEG etc. These bulky
inert polymers limit the volume of solvent available for other solutes in the reaction mixture by
occupying significant amount of space. The presence of molecular crowding agents like PEG is
known to affect various aspects of a protein, including its shape, folding, the enzymatic activity,
and its interactions with other proteins etc. (Kuznetsova et al., 2014; Rivas and Minton, 2016).
Their presence in the reaction milieu is known to affect nucleic acid-based reactions as well
(Nakano and Sugimoto, 2017). Different sized PEG molecules are commercially available,

making it easier to analyze the size-dependent effects of this crowding agent.
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One conceivable way of explaining the effect crowding agents have on macromolecule-based
reactions is the possible alteration in diffusion, caused by the presence of the bulky co-solute
polymers. Crowding agents are known to reduce the diffusion coefficient (D) of both small and
large molecules (Ellis, 2001). If the D is reduced, molecules would take much longer time to
travel the same distance, thus resulting in reduced chances of encountering neighboring
molecules or their interacting partners. Hence, if the reaction is diffusion-limited, its rate would
decrease in the presence of co-solute polymers (Ellis, 2001). We envisage that in our template-
directed RNA primer extension reactions, the presence of co-solutes is affecting the diffusion of
monomers, thus resulting in the observed reduction in the rate of certain purine-based addition
reactions. Interestingly, the purine nucleobases are better known for their greater n-stacking
ability than the pyrimidine nucleobases (Sigel et al., 2014), which might result in longer stacks
(pseudo-oligomers) of purine monomers. Furthermore, the diffusion coefficient, D, has been
shown to be dependent on the number of nucleotides present in the ssRNA (Werner, 2011).
The presence of PEG, therefore, might affect the stacking of purine pseudo-oligomers to a
greater extent than the pyrimidine monomers, ultimately resulting in lesser availability of the

purine monomers in a given reaction.

The other possible interaction in our reaction set-up containing co-solutes is that between RNA
and lipid vesicles. The interaction between DNA and cationic liposomes has been known for a
long time, mainly due to their importance as a gene delivery system (Lasic et al., 1997). Just like
DNA, RNA is also known to bind liposomes (Marty et al., 2009). Significantly, Michael Yarus’s
group has also undertaken studies to discern RNA-lipid interactions in the context of an RNA
World. Using the selection-amplification technique, this group found eight distinct RNA
sequences of around 95-mer, which were able to bind and modulate the membrane
permeability of liposomes comprised of phosphatidylcholine and cholesterol (Khvorova et al.,
1999). Later, a heterotrimeric complex was described by the same group that could bind and
modulate the permeability of liposomes consisting of only phosphatidylcholine, under
physiologically relevant conditions (Vlassov et al., 2001). These interactions were also visualized
using AFM and fluorescence microscopy (Janas and Yarus, 2003). This binding of RNA to

liposomes showed a positive correlation between the affinity of RNA and the phospholipid
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bilayer order (Janas et al., 2006). Additionally, binding of RNA is also known to result in the
aggregation of larger vesicles, amongst a mixed population of different sized vesicles, indicating
specific interactions between a particular RNA and the lipid in question (Thomas and Luisi,
2005). Similar interactions between DLPC lipid vesicles and RNA, under our reaction set-up,
could potentially make the primer-template terminus unavailable for the extension, resulting in
the observed decrease in the rate of nonenzymatic copying reactions, in the presence of co-

solutes.

In this chapter, we have tried to delineate the underlying mechanism behind the observed
effect of presence of PEG and/or DLPC vesicles, on nonenzymatic replication, in our RNA
primer-template system. The extent of nucleotide stacking, in the absence and presence of
molecular crowding agents, was estimated using Nuclear Magnetic Resonance (NMR)
spectroscopy technique and is detailed in the first section of this chapter. Simultaneously, the
RNA-lipid interaction was evaluated using fluorescence microscopy and is discussed in the latter

half of the chapter.

3.2 Analysis of nucleotide stacking using NMR

3.2.1 Introduction

Historically, diffusion of nucleotides has been studied in the context of its role in
macromolecular signaling in biological systems. Understanding the diffusion of second
messenger molecules, like cAMP and cGMP, has helped unravel, for e.g., their crucial role in
important biological functions like chemotactic response in Dictyostelium discoideum cells
(Loomis, 2014), and meiosis in mouse ovarian follicles (Shuhaibar et al., 2015), respectively.
Different techniques have been employed to understand this process. Early attempts of
understanding the diffusion of nucleotides e.g ATP, cAMP etc., in plain solution, made use of
simple diffusion cells (Bowen and Martin, 1964; Dworkin and Keller, 1977). Researchers have
also used infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS) setup in order to
analyze the thermal diffusion of cAMP and cGMP in aqueous solution (Wang et al., 2012).

Fluorescence correlation spectroscopy (FCS) is yet another technique that can be used to
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understand the mobility of fluorescently tagged nucleotides or the interactions between
nucleotides and fluorescent tags in solution (Ranjit and Levitus, 2012). More sophisticated
methods have been used for analyzing nucleotide diffusion in biological context. A study
published in 2001 used 2'-Cy3 tagged cAMP, in order to follow the diffusion of ligand-receptor
complex in Dictostellium cells, using real-time epifluroscence microscopy imaging (Ueda et al.,
2001). Another study, aimed at understanding second messenger trafficking in mammalian
oocytes, used FRET analysis to track cGMP diffusion through gap junctions (Shuhaibar et al.,
2015). However, tagging the nucleotides with such bulky fluorescent dyes might in itself affect

the diffusion of the nucleotides.

Another efficient way of analyzing nucleotide diffusion without the need of either fluorescence
tagging or complex biological machinery is by using Nuclear Magnetic Resonance (NMR)
spectroscopy. The pulse sequences required for calculating the diffusion constants using this
non-invasive NMR technique were proposed as early as 1965 (Cohen et al., 2005). The early
aggregation studies included analysis of self-aggregation of the mononucleotides AMP, CMP,
and UMP, in the presence of Mg®*, using the Fourier transform NMR pulsed-gradient spin-echo
multicomponent-self-diffusion technique (Stokkeland and Stilbs, 1985). The diffusion data from
this study showed no observable aggregation tendency for the pyrimidine nucleotides. An
important technical advent in the field of diffusion related NMR came in the early 1990s in the
form diffusion ordered spectroscopy (DOSY) (Johnson, 1999). DOSY is a technique which
monitors the translational diffusion of the molecules, which is a function of molecular size,
shape, solvent temperature and viscosity. In DOSY NMR, pulse field gradients are used to
spatially label the molecules in solution. If a molecule moves in a defined diffusion time after
the application of the first gradient, then its new position can be monitored by application of
the second gradient. The signal is detected as the average intensity over all the molecules in the
sample tube. The signal modulation is achieved by varying the strength of the applied field
gradient (Stejskal and Tanner, 1965; Johnson, 1999). Fitting of the collected intensities against
the applied field strength allows determination of the diffusion constant. These diffusion
constants can help to understand the aggregation behavior of nucleic acids, in the absence and

presence of co-solutes.
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Apart from DOSY, another way of estimating the molecular size using NMR is by tracking a
molecule’s rotational motion. The rotational motion of molecules can be studied by monitoring
the nuclear spin relaxation time. The nuclear spin relaxation processes involve spin-spin
relaxation as well as spin-lattice relaxation. The spin-lattice relaxation is the process of
reestablishing the equilibrium population of the spin states after application of the radio
frequency pulses, which lead to attenuation in these populations. The spin-lattice relaxation
time, also known as longitudinal or T, relaxation time constant is a temperature dependent
guantity. The T, relaxation time follows a parabolic function passing through a minimum with
respect to molecular size (Fig 3.1). For small molecules, increasing the sample temperature
enhances the random thermal fluctuations, thus resulting in an increase in the T, relaxation
time. However for larger molecules, or in the presence of viscous liquids, increasing
temperature reduces the T, relaxation time. This property can be used to determine stacking
and diffusion of nucleotides, under different experimental conditions. We have used both the
aforementioned methods, namely DOSY NMR and estimation of T; relaxation time, in order to
estimate the extent of nucleotide stacking in our reactions. The work mentioned in this section
was carried out in collaboration with Harshad Paithankar and Dr. Jeetender Chugh from the

Chemistry department at IISER, Pune, India.
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Figure 3.1: T, relaxation time as a function of molecular size as affected by temperature
(reproduced from Spin dynamics by M H Levitte).
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3.2.2 Materials and methods

3.2.2.1 Chemicals

The disodium salts of all four 5'-nucleoside monophosphates (5'-NMPs), viz. adenosine 5'-
monophosphate (AMP), guanosine 5'-monophosphate (GMP), uridine 5'-monophosphate
(UMP) and cytidine 5'-monophosphate (CMP), were purchased from Sigma Aldrich and used
without any further purification. Analytical grade PEG 8000 and D,0 were also purchased from

Sigma.

3.2.2.2 Methods

3.2.2.2.1 Sample preparation

The nucleotide stocks were prepared in nanopure water and the concentrations were
estimated using UV spectroscopy (UV-1800 UV/Vis spectrophotometer, Shimadzu Corp., Japan).
50% w/v stock solution was prepared for PEG 8000 by dissolving the required amount of
powder in nanopure water. Three different concentrations of nucleotides viz. 10mM, 50mM
and 100mM were used to record the DOSY NMR data. For T4 relaxation time measurements,
the data was recorded at 10mM, 40mM and 100mM nucleotide concentration. The final
concentration of PEG 8000 in the analyzed samples was maintained at 18% in order to keep it
comparable to the amount that was used for the experiments mentioned in Chapter 2. 300ul of
1.1 times concentrated samples were first prepared and 10% D,0 was added to these samples

for field locking before recording the NMR data.

3.2.2.2.2 NMR data acquisition

All the NMR relaxation experiments were recorded on Acsend ™ Bruker 600 MHz NMR
spectrometer, furnished with quadruple (*H/**c/*N/3'P) resonance cryoprobe equipped with X,
Y, Z- gradient. DOSY experiments were recorded for the nucleotides in the presence and
absence of PEG 8000. For each sample, the diffusion time and the gradient length was
optimized to get 5-10% residual signal at 95% gradient strength. Sixteen data points with 8

scans for each point were recorded, with strength of the gradient ranging between 2-95%.
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For 1‘D’C-Tl relaxtion time measurement, 3¢ signals were excited and detected on the attached
protons via polarization transfer. *C data was recorded by providing six inversion recovery
delay (5 delay points and a repeat point for error estimation) in the range of 100 to 800 ms, so
as to get 70% reduction in the signal intensity. For all the samples (i.e. control samples as well
as those containing 18% PEG 8000), the T; relaxation data was recorded at two temperatures

viz. 10°C (cold) and 25°C (hot).

3.2.2.2.3 Data analysis

The collected data was processed using SimFit algorithm as explained in standard Bruker DOSY
data processing manual (Kerssebaum, R., DOSY and Diffusion by NMR, in User Guide for
XWinNMR 3.5, Version 1.0; Bruker Buospin GmbH: Rheinstetten, Germany, 2002). The
intensities extracted by SimFit algorithm were fit using the following two parameter mono-
exponential equation in OriginPro 8.5.0 to get the diffusion constant for the solute molecule in

the solvent used in the study:
)
I = I,exp [—Dy2g262 (A - 5)]

where, | is the observed intensity, Iy is the reference or un-attenuated intensity, D the diffusion
coefficient, y the gyromagnetic magnetic ratio of the observed nucleus, g the gradient strength,

6 the length of the gradient pulse, and A the diffusion time.

13C.T, relaxation data was processed and extracted as separate 1D corresponding to each
recovery delay time, t. Peak picking was done in TopSpin3.2 (Bruker, Inc). The intensity data
was then fitted using Mathematica v5.2 script (Spyracopoulos, 2006) to the following mono-

exponential decay function, to get the longitudinal relaxation time constant (T,):
I=lyexp(-t/T,)

The error in the T, time was obtained as fit error to the above equation from the Mathematica

script.



3.2.3 Results
3.2.3.1 DOSY NMR analysis

Table 3.1: Diffusion constants for different nucleotides in the absence and presence of

molecules, in the presence and absence of PEG.

18%PEG 8000 using DOSY NMR.

Chapter

To begin with, the DOSY data was recorded for the nucleotide samples in the absence of PEG.
The diffusion constants (D) obtained for these samples are listed in Table 3.1. Concentration
dependent increase in D was observed for all four nucleotides (Table 3.1, Fig 3.2). However, the
DOSY data recorded for nucleotide samples in the presence of PEG did not show any clear
trend. This could be due to effect of presence of PEG on the diffusion of the nucleotides. Hence,

B3¢-T, relaxation experiment was further used as a tool to compare the relative sizes of the

Concentration of
Nucleotide (in mM)

Diffusion constant (1*E')
(m?%/s) Without PEG

Diffusion constant (1*E™')
(m?/s) With PEG

5'-AMP

10

5.08E1%+ .77

1.756° + 1,182

50

4.84E° + 1,31

1.62E° + 0.68E"?

100

451E° + 2,23

1.64E° + 0.43E"?

5'-GMP

10

498 0+ 2 18"

1.93° + 2,202

50

4570 + 2 421

1.60E° + 0.94E 2

100

4.2971° + 0.60E

1.44E° + 0.4512

5'-CMP

10

5.53E° + 1.84F 12

1.44E° + 50512

50

5.29E° + 0.62E?

1.98E%+ 1.022

100

5.06E° + 1,452

1.96E° + 0.40E 2

5'-UMP

10

5.57E1% + 4,222

1.87E°+ 503"

50

5.38E° + 1,592

1.99° + 2 1512

100

5.03E1%+ 1,292

2.02E1%+ 0,192
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Figure 3.2: DOSY NMR measurements for nucleotide diffusion constants. The diffusion
constants were measured at different concentrations, in the absence (indicated by
circles), and in the presence of PEG (indicated by squares), for all four nucleotides viz.
5'AMP (indicated in black), 5'GMP (indicated in red), 5'CMP (indicated in green) and
5'UMP (indicated in blue). The X-axis indicates the three different concentrations at
which the data was recorded.

3.2.3.2 T, relaxation analysis for nucleotides in the absence of PEG

T, relaxation data was recorded for all four 5'-NMPs at three different concentrations. The
comparison of T, relaxation times for all these samples showed an increase with increase in the
temperature from 10°C to 25°C (Fig 3.3, Table 3.2). This suggested that the nucleotides behaved
as small molecules under our analytical conditions. However, as the concentration of
nucleotides was increased from 10 to 100mM, a significant decrease (~150ms at 25°C and
~100ms at 10°C) in T, relaxation time was observed for purine monomers (5'-AMP and 5'-GMP).
However, in the case of pyrimidine monomers (5'-UMP and 5'-CMP), no such significant change
was observed. This might stem from the fact that the stacking ability of purine monomers is

higher than the pyrimidines, in general (Sigel et al., 2014).
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Table 3.2: T; relaxation time data for different nucleotides in the absence and presence

of 18%PEG 8000.

Concentration Without PEG With PEG

of Nucleotide | 1, (ms)at 10°C | T, (ms)at25°C | T, (ms)at10°C | T, (ms) at 25°C
(in mM)

5'-AMP

10 468.48 +11.92 | 580.62+14.94 | 271.54+13.63 | 338.48 + 10.87
40 361.69+7.63 | 510.30+8.26 | 287.24+6.15 | 338.86+3.57
100 326.10+6.48 | 431.74+4.39 | 271.16+6.95 | 309.71%12.16
5'-GMP

10 383.65+22.77 | 469.11+3.26 | 317.14+15.44 | 280.72 +21.94
40 340.42+4.87 | 429.74+15.62 | 244.62+7.48 | 323.08+4.67
100 297.11+2.90 | 369.39+2.98 | 253.91+6.78 | 315.45%7.27
5'-CMP

10 391.23+11.70 | 531.67+5.75 | 289.84+6.20 | 342.47 +18.37
40 380.12+3.01 | 520.03+6.81 | 284.39+1.19 | 365.06+6.87
100 361.04+2.90 | 493.06+4.55 | 271.92+197 | 351.37 +4.49
5'-UMP

10 384.18£5.39 | 547.65+6.17 | 272.89+6.57 | 385.46+15.27
40 378.79+2.81 | 522.71+4.02 | 292.04+6.19 | 369.22 +10.55
100 368.43+2.04 | 506.53+5.27 | 280.27+1.94 | 370.59+5.05

3.2.3.3 T; relaxation analysis for nucleotides in the presence of PEG

In presence of PEG 8000, the T, relaxation time for the nucleotides was observed to be lower at
10°C than what was observed at 25°C (except 10mM GMP in the presence of PEG) (Fig 3.3,
Table 3.2). This suggested that the nucleotides behaved as small molecules, for most part, even
in the presence of PEG. The recorded T, values were in general lower in the presence of PEG, as
compared to those obtained in its absence. The size of the nucleotide cluster/pseudo-
oligomers, however, was bigger in the presence of PEG, as suggested by lesser difference in the

recorded T; values at the two different temperatures.
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Figure 3.3: T; relaxation time data for different concentrations of (A) 5'’AMP (B) 5'GMP
(C) 5'UMP (D) 5'CMP. The data was recorded for the nucleotides in the absence (black
trace: T at 25°C, red trace: T; at 10°C) and in the presence of PEG (blue trace: T; at 25°C,

green trace: T;at 10°C).

3.2.4 Discussion

In our previous experiments, the presence of co-solutes, namely PEG and lipid vesicles, were

found to affect the rate and fidelity of template-directed nonenzymatic RNA copying reactions

(Bapat and Rajamani, 2015). Given the fact that PEG’s role as a molecular crowding agent is

widely known, its effect on the diffusion of the reactants was suspected as one of the

underlying mechanisms behind the aforementioned observations. NMR analysis was used to

probe the effect of presence of PEG on nucleotide stacking, and thereby its role in affecting

nucleotide diffusion in our reaction scheme. Along with being a non-invasive method, NMR also



Chapter |3||Page |87

bypasses the need to tag the nucleotides in order to track their movements, which is hugely
advantageous. This is because, the attachment of any fluorescent tag would increase the
effective nucleotide size as well as would most likely affect their stacking properties, and
thereby their diffusion. Two different methods viz. DOSY NMR and T, relaxation time were

used to estimate the diffusion constant of the nucleotides, and their molecular size.

To begin with, DOSY NMR was chosen as the method for analysis as one can have direct
estimation of diffusion constants for molecules under different solution conditions. In the
absence of PEG in the solution, the diffusion coefficients showed an increase with the
concurrent increase in the concentration, for all the four nucleoside-5'-monophosphates. This
suggested formation of higher order aggregates for all the four nucleotides. However the
extent of aggregate formation was observed to be higher for purine based monomers than for
pyrimidine monomers, as suggested by the extent of increase in the diffusion constants. For
example, for 5'-AMP, the diffusion constant at 100mM was recorded to be 4.51E° while it was
observed to be 5.03E*° for 100mM 5'-UMP. This is most likely due to better stacking efficiency
of the purine nucleobases. Due to m-stacking, larger aggregates/pseudo-oligomers can be
formed in the case of purines, which would result in the decrease of overall diffusion at higher
concentrations. However, this trend was not observed in the presence of PEG. Although the
diffusion constants observed in the presence of PEG were higher in general, than those
observed in its absence, no concentration dependent increase was observed. This might be due
to the overall effect of PEG on the viscosity of the solution as well as the nucleotide stacking,
such that no observable differences were detected in the diffusion constants at different

concentrations.

Since diffusion constants calculated from DOSY could not provide the differential size
estimation for the various nucleotide concentrations studied in the presence of PEG, T,
relaxation time was subsequently recorded. This was done to get more detailed insights of the
molecular size changes that could occur from the formation of pseudo-oligomers in crowded
conditions. T; relaxation, which is also known as spin-lattice relaxation time, is a temperature-

dependent function of the molecule and hence can be used to estimate its size. The diffusion
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properties can then be further estimated from the molecular size estimation. When the T, data
was recorded for three different concentrations of nucleotides in the absence of PEG, an
increase in the T; value was observed for concurrent increase in the temperature from 10°C to
25°C. Therefore, according to the molecular behavior depicted in Figure 3.1 for small vs. large
molecules, it was clear that the nucleotides acted as small molecules under this experimental
set-up. However, a notable and concentration dependent increase in T4, with increase in
temperature, was observed only for purine (5'-AMP and 5'-GMP) monomers. This suggests a
concentration dependent increase in the molecular size for purine monomers as compared to
the pyrimidine monomers. This stems from better mt- stacking properties exhibited by the
purines, which might then lead to the formation of pseudo-oligomers, ultimately resulting in
larger molecule size at higher concentrations. This larger molecular size would result in a
concurrent decrease in diffusion, such that the stacked purine monomers might be less
available for the diffusion-limited reactions, as compared to the pyrimidine monomers. This

effect could further get enhanced at higher concentrations of the nucleotides.

In the presence of PEG, the T, relaxation time was observed to have decreased for all
nucleotides at all concentrations in general, as compared to those samples analyzed in the
absence of PEG. This is primarily due to increase in the viscosity of the solution in the presence
of bulky PEG polymers. When the data was analyzed closely, it was noted that the overall
decrease in the T values at 25°C, to those observed at 10°C, was lower for the purine
nucleotides as compared to those obtained for pyrimidine nucleotides. For example, the T, for
100mM 5'-AMP at 25°C was found to be around 310ms and that at 10°C was ~ 270ms (the
difference being that of ~40ms). On the other hand, the T, relaxation time for 100mM 5'-UMP
at 25°C was found to be 370ms and that at 10°C was 280ms (i.e. the difference of ¥90ms). The
reduction in the T, value from higher temperature to the lower temperature would be less for a
molecule/molecular cluster that is comparatively of larger size (Fig 3.1). Thus, this variation in
the difference is suggestive of higher size of molecular clusters/pseudo-oligomers for purine
monomers in the presence of PEG, than that for pyrimidine monomers. PEG might facilitate
higher degree of stacking for purine monomers, resulting in the sequestration of the monomers

into these pseudo-oligomeric structures.
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Another peculiar thing that was observed for the relaxation data recorded in the presence of
PEG was the T, values for 5'-GMP. For 10mM of 5'GMP, the recorded T relaxation time was
higher at 10°C than at 25°C, in the presence of PEG (Table 3.2). This indicated the presence of
large nucleotide aggregates (Fig 3.3). This meant that in the presence of PEG, at lower
concentration, 5'-GMP acted as a large molecule, as estimated by the T; relaxation data.
However at the higher concentrations of 40mM and 100mM of 5'-GMP, the recorded T; values
in the presence of PEG were again found to be lower at 10°C (Table 3.2). This indicated that at
higher concentrations, the 5'-GMP cluster acted as small molecules as compared to that at
10mM concentration. The molecular crowding induced by PEG is known to promote formation
of non-canonical G-quadruplex structures that result from the formation of non-Watson-Crick
interactions between guanine (Miyoshi et al., 2006). We therefore suspect that, in the presence
of PEG, 5'-GMP might be forming G-quadruplex-like structures at higher concentrations,
resulting in the compaction of the nucleotide clusters and thus yielding a T, relaxation time
trend characteristic of a small molecule. To analyze this phenomenon further, 'H NMR analysis
was carried out to confirm the presence of G-quadruplex-like structures at higher
concentrations of 5'-GMP in the presence of PEG. The formation of hydrogen bonds in G-
guadruplexes results in the stabilization of exchangeable hydrogen, which can be observed as
peak at ~10-12 ppm on *H NMR. The peak corresponding to the presence of G-quadruplex was
observed at 40mM 5'GMP concentration and was absent at 10mM 5'GMP concentration (Fig
3.4). This observation supported the T, data by confirming the formation of compact G-
guadruplex like structures at higher GMP concentration, as compared to the looser stacks

present at lower GMP concentrations.

In summary, both the DOSY NMR and T; relaxation time data indicates a higher propensity for
stacking of the purine monomers as against the pyrimidine monomers. Furthermore, the T,
data also indicated that this stacking tendency increased in the presence of PEG 8000. Effect of
molecular crowding on m-stacking might result in the formation of pseudo-oligomers to a
greater extent in the presence of PEG, as opposed to in plain agueous solution. This would
result in the sequestration of higher percentage of purine monomers in these aggregates.

These results explain, at least in part, the observed reduction in the rate of purine based
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cognate nonenzymatic addition reactions in the presence of PEG. Similar NMR studies will be
carried out for analyzing the effect of the other co-solute viz. DLPC vesicles, and also for the
admixture of both the co-solutes (viz. PEG 8000 and DLPC vesicles), on the nucleotide stacking
behavior. Depending upon our NMR analysis, we suspect that comparable results might be
observed for other molecular crowding agents as well, further highlighting the importance of
accounting for prebiotic heterogeneity while studying pertinent nonenzymatic copying

reactions.

40mM GMP 10°C

40mM GMP 25°C

10mM GMP 10°C
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Figure 3.4: 'H NMR profile indicating the presence of G-quadruplex like structure at
higher concentration of 5'GMP. A peak near 10 ppm which was observed only for 40mM
5'GMP is characteristic of formation of G-qudrplex structure.

3.3 Analysis of RNA-lipid interaction using imaging

3.3.1 Introduction

Different techniques have been utilized to understand the interactions between lipid vesicles
and nucleic acids. Lasic et al. have analyzed DNA-lipid vesicle interactions using structural
analysis tools such as small angle X-ray scattering (SAXS) (Lasic et al., 1997). Fourier transform
infrared (FTIR), UV-visible, and circular dichroism spectroscopic methods have been used to
analyze the lipid binding site, binding constant and tRNA secondary structure in lipid-RNA
adducts (Marty et al., 2009). Another technique namely, differential scanning calorimetry (DSC),
has been used widely to understand the thermodynamic and kinetic parameters for membrane-
nucleic acid interactions (Giatrellis and Nounesis, 2011). Nonetheless, microscopy remains as

one of the popular techniques for direct visualization of nucleic acid binding to lipids. Electron
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microscopy (EM), including cryo EM, has been used widely to understand nucleic acid-lipid
binding (Junquera and Aicart, 2016). On the other hand, Yarus’s group has used atomic force
and fluorescence microscopy techniques to analyze the binding of in vitro selected and evolved
RNAs, to liposomes (Janas and Yarus, 2003; Janas et al., 2006). Since the RNA primer used in our
studies was tagged with a fluorescent dye at the 5'-end, it was in principle, suitable to use
fluorescence imaging based analysis to characterize the RNA-lipid interactions that might be

facilitated under our reaction set-up.

The microscopy analysis for RNA-lipid interactions that was carried out by Yarus and his
coworkers mainly used giant lipid vesicles (Janas and Yarus, 2003; Janas et al., 2006). However,
the co-localization of lipid vesicles and RNA might become difficult to visualize due to drifting of
vesicles in solution. To stabilize the lipid component and minimize the drifting while imaging, a
new technique was used in our experiment. The lipid vesicles were fused with silica beads in
order to form SUPER (supported bilayers with excess membrane reservoir) templates (Pucadyil
and Schmid, 2010). These coated beads with excessive membrane reservoir, which mimic
vesicular structures, were then used to understand the binding of RNA to the lipid membrane.
Another possible way of analyzing lipid-RNA interactions is to study binding of RNA to
supported lipid bilayers. A recent study reports the characterization of ‘supported membrane
tubes (SMrTs)’ for their utilization in understanding membrane fission process (Dar et al., 2017).
The advantage of working with these systems is that the drifting while image acquisition is
minimum as the membrane is supported on a passivated glass coverslip. Therefore, this
protocol was used to generate supported DLPC lipid bilayers, which was then used to study the
potential binding of RNA to this lipid. The work mentioned in this section was carried out in
collaboration with Soumya Bhattacharyya and Dr. Thomas Pucadyil from the Biology

department at IISER, Pune, India.
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3.3.2 Materials and methods

3.3.2.1 Chemicals

The lipid used in this study, namely 1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), was
purchased from Avanti Polar Lipids Inc., Alabama, USA. A 20-mer primer Amino-G was used in
this study, the details of which are given in section 2.2.1. The Cy3 and DiO dyes were acquired
from Glen research, USA and Thermo Fischer Scientific, USA, respectively. Uniform sized plain
silica beads (of 5.2um size) were purchased from Corpuscular Inc., NY, USA. Other chemicals
used for analysis, such as BSA, NaCl, NaOH, PEG etc. were of analytical grade and purchased

from Sigma-Aldrich.

3.3.2.2 Methods

3.3.2.2.1 Preparation of small unilamellar vesicles (SUVs)

The glass tube in which the lipid was aliquoted was first cleaned with 1% SDS, followed by
methanol and then chloroform. The remnant of chloroform was air dried. To prepare 500ul SUV
solution containing 1ImM DLPC lipid, 12.5ul of 25mg/ml chloroform stock was then aliquoted
into the clean glass tube using a Hamilton syringe. DiO dye was added to a final concentration
of 0.01mol%, wherever required. The lipid solution was then dried under a gentle stream of air
by swirling the tube. This ensured the formation of an even thin layer of lipid on the inner
surface of the glass tube. The tube was subsequently kept under vacuum for 30 minutes to
ensure the complete removal of chloroform. 500ul of nanopure water was added to the tube,
which was then incubated at 50°C for 30 minutes to facilitate swelling of the lipid. The tube was
then briefly vortexed followed by sonication (Sonics Inc., CT, USA). The sonication of the lipid
mixture was carried out for 5 minutes at 2 sec burst and 3 sec wait time, at 30% amplitude. The
suspension was then transferred to a low-binding microcentrifuge tube prior to centrifugation
at 100,000g for 20 minutes at room temperature. The supernatant containing the SUVs was

used for further processing. This suspension can be stored at 4°C for up to a week.
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3.3.2.2.2 SUPER template preparation

The SUPER templates were prepared using a previously reported protocol (Pucadyil and
Schmid, 2010). In brief, 70ul of nanopure water was added to a low-binding microcentrifuge
tube. 0.2ul of 5M NaCl solution, 20ul of 1 mM SUV suspension and 10ul of plain silica bead
stock (5.2um) were added to the tube, in the mentioned order. The mixture was vortexed
briefly before incubation in dark for 30 minutes, at room temperature. 1ml of nanopure water
was added after this incubation and the resultant mix was mildly vortexed. It was then
subjected to a spin in a swinging bucket rotor, at 90 g for 2 minutes at RT. This wash step was
repeated thrice. After the last wash step, 1ml of the supernatant was removed and the particles
were re-suspended in remaining 100ul of volume by gently tapping the tube. This suspension

was then used to visualize the RNA-lipid interaction.

3.3.2.2.3 Incubation of RNA with SUPER templates and imaging

The SUPER templates and the fluorescently tagged 20-mer RNA were incubated in a LabTek
chamber (Nunc, USA) to study the binding of the RNA to the lipid. The 8-well chamber was first
treated with 1M NaOH solution for 15 minutes. The well surfaces were then passivated using
1mg/ml solution of Bovine Serum Albumin (BSA). To the passivated chamber, nanopure water,
RNA (or dye) stock solution and SUPER template suspension was added, in that order. Typically
10ul of the SUPER template suspension was added to each well and various concentrations of
either the RNA, or the fluorescent dye, was added to analyze concentration dependent binding
process. The final volume of the incubated samples was maintained at 200ul. The samples were
incubated in dark for a stipulated time before imaging using Olympus IX71 inverted microscope
through a 100X, 1.4 NA oil-immersion objective. The fluorescent tags were excited using LED
light source (Thorlabs). The signals were collected using single band pass filters (Semrock) with
excitation/emission band pass of 482 + 35 nm/536 * 40 nm for DiO probe, and of 532 + 35 nm
/570 + 40 nm for the Cy3 tag on an Evolve 512 EMCCD camera (Photometrics). The acquired

images were analyzed using ImagelJ software (NIH, USA).
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3.3.2.2.4 Preparation of supported lipid bilayer (SLB)

The SLB was prepared using a previously reported protocol (Dar et al., 2017). Briefly, a very
small quantity of chloroform stock containing 1mM of DLPC lipid, along with 0.01mol% of DiO
dye, was spread on a PEGylated coverslip. The chloroform was evaporated completely before
assembling the coverslip in a flow cell (Bioptechs, PA, USA). The flow cell was filled with filtered
and degassed buffer (150mM KCI, 20mM HEPES, pH 7.4), and the subsequent controlled flow of
this buffer (using a peristaltic pump) caused the formation of SMrT templates. The SLB was

observed near the source where the chloroform stock was originally spotted.

3.3.2.2.5 Incubation of RNA with SLB and imaging

The SLB, along with the preformed SMrT templates, was first equilibrated in filtered and
degassed buffer containing 150mM KCl and 20mM HEPES at pH 7.4. 200ul of primer Amino-G,
in buffer, was added and incubated with SLB for 45 minutes in the chamber. Excess of RNA was
then rinsed using 1ml of the buffer. The RNA binding was assessed using fluorescence imaging,
the details of which are mentioned in the section ‘Incubation of RNA with SUPER templates and

imaging’ (section 3.3.2.2.3).

3.3.3 Results

3.3.3.1 Assay using SUPER templates

The RNA-lipid interaction could be visualized clearly using GUVs and fluorescence microscopy.
However, the drifting of the GUVs hindered efficient imaging in our preliminary analysis.
Therefore, SUPER templates were chosen to avoid drifting of the lipid vesicles (Fig 3.5A). The
RNA binding interactions were assessed using three different concentrations of Cy3 labeled 20-
mer RNA viz. 10nM, 40nM and 100nM. A free form of ‘Cy3’ dye was used as a control at similar
concentration levels. After 45 minutes of incubation, we observed a concentration dependent
binding for the Cy3 labeled RNA (indicated by the red trace in Fig 3.5B). No such significant
trend was observed for the free Cy3 dye as indicated by the black trace in Fig 3.5B. The average

fluorescence intensity obtained for RNA binding was greater than that obtained for Cy3 binding,
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at any given concentration. However, RNA was also found to be binding to the silica beads,
which were not coated with DLPC (indicated by green point in Fig 3.5B). This deemed the SUPER
template system unreliable to assess the potential interactions between the Amino-G primer

and the DLPC lipid.
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Figure 3.5: (A) Fluorescence microscopy image showing binding of Cy3 labeled RNA to
the DLPC coated silica beads (B) Binding of Cy3 alone (black trace) and Cy3 labeled RNA
(red trace), to the DLPC coated silica beads at different concentrations. RNA was found
to be binding to the uncoated silica beads as well, as indicated by the green point. The
error bars represents S.E. (N=50 beads).

3.3.3.2 SLB assay

Since the RNA was found to bind to even those silica beads that were not coated with DLPC
lipid (Fig 3.5B), a different assay system was used to analyze the binding of the RNA to the lipid.
Herein, a supported lipid bilayer consisting of DLPC, along with the DiO dye, was obtained on a
PEGylated coverslip. Formation of the stable bilayer, which ensured minimization of out-of-
focus movements in solution, was confirmed using fluorescence microscopy (Fig 3.6, upper
panel images). Two different concentrations of Cy3 labeled RNA viz. 100nM and 1uM were used
in order to check for RNA binding. The RNA (in buffer solution) was incubated with the SLB for

45 minutes to ensure enough interaction time. However, no RNA binding was observed at both
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these concentrations as was evident by lack of any fluorescence signal in the corresponding

channel (Fig 3.6, lower panel images).

Before incubation Afterincubation with Afterincubation with
with RNA 100nM RNA 1M RNA

DiO labeled membrane

Cy3 labeled RNA

Figure 3.6: SLB assay for RNA-lipid binding analysis. Supported bilayer formation was
observed using DiO labeled lipid (upper panel). No fluorescence signal was obtained
after incubation of the Cy3 labeled 20-mer RNA with the SLB (lower panel).

3.3.4 Discussion

As detailed in Chapter 2, presence of lipid vesicles in the starting reaction mixture was found to
lower the rate of certain enzyme-free template-dependent primer extension reactions (Bapat
and Rajamani, 2015b). Previous studies from Michael Yarus’s group have demonstrated the
interaction between RNA oligomers and lipid vesicles (Janas and Yarus, 2003; Janas et al.,
2006). However, the length of the RNAs used for these studies was at least 80 nucleotides long.
To check whether stable RNA-lipid interactions are observed even with a smaller length RNA
such as the 20-mer RNA primer used in our experiments, binding experiments were carried out.
The use of GUVs is prevalent for studying nucleic acid—lipid vesicle interactions. However,

drifting of the GUVs could hamper simultaneous imaging of the fluorescently tagged lipids and
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nucleic acids. Hence, two newer methods of microscopic analysis were used to assess the

potential interactions between the Cy3 tagged 20-mer RNA and DLPC lipid.

To begin with, the binding of RNA to curved membranes was analyzed using silica beads coated
with DLPC. The phospholipid DLPC was specifically used as the effect of this particular lipid as a
co-solute has been previously analyzed in prebiotic context (Bapat and Rajamani, 2015). To
achieve this coating, a previously reported protocol to obtain SUPER templates was followed
(Pucadyil and Schmid, 2010). This method exploits charge based interactions for the formation
of excess lipid bilayer on the silica beads. With these SUPER templates, concentration
dependent binding of the Cy3 tagged RNA primer to the beads, likely coated with the DLPC, was
observed (Fig 3.5). To analyze whether this binding was observed due to potential charge-based
interactions, or due the partitioning of the Cy3 dye in the lipid phase, parallel ‘control’ binding
assays were carried out with free Cy3 dye. No concentration dependent binding of the Cy3 dye
was apparent (Fig 3.5B, as indicated by black trace), hinting at a charge based interaction
between negatively charged RNA backbone and the SUPER templates. However, to our
surprise, similar interaction was also observed between RNA primer and the silica beads that
were not coated with any lipids (Fig 3.5B, as indicated by green point). This indicated
inefficiency in the formation of SUPER templates, when using DLPC alone for this process. Since
DLPC is neutral at physiological pH, it might not be able to form the excess bilayer on the silica
beads by itself. This might also be the reason behind the absence of concentration dependent
binding of the Cy3 to the beads. Previous studies have actually indicated the partitioning of the
Cy3 dye in the lipid phase (Hughes et al., 2014). Furthermore, it is suspected that the RNA
binding that was observed, might be due to the electrostatic interactions between the
uncoated/partially coated silica beads and the backbone of the RNA. The issue of the binding of
DLPC to the silica beads can be possibly mitigated by using 10-15% of phosphatidylserine-based
lipid/s as a dopant, which would enhance the electrostatic interactions between the lipid stock
and the silica beads. It is of our interest to standardize the SUPER template assay further for its

utility in analyzing the RNA-lipid interactions.
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To analyze the binding of small RNA to the supported flat bilayer, SLB assay was used. SLB was
obtained near the source of the lipid, when the protocol for the formation of SMrT was
followed (Dar et al., 2017). Use of SLB is advantageous as the bilayer is fully supported, thus
overcoming any issues related to the drifting of lipid vesicles during imaging. However, no RNA
binding to the lipid bilayer was observed using this assay system, even at RNA concentration as
high as 1uM of (Fig 3.6). This also indicated that the Cy3 did not partition into the flat DLPC
bilayer. Importantly, the absence of RNA binding in this case might also be due to the smaller
size of the RNA used in our study as compared to the previous studies, wherein longer RNAs
were used to demonstrate RNA-lipid binding as visualized using fluorescence imaging (Janas

and Yarus, 2003; Janas et al., 2006).

In summary, no significant binding was observed between the 20-mer RNA and the DLPC lipid,
using either SUPER template assay or SLB assay. This could be due to the absence of effective
electrostatic interactions between the RNA and the lipid. It is suspected that, in addition to the
smaller size of the RNA, the presence of no effective charge on the DLPC lipid at neutral pH,
could have contributed towards the observations recorded in aforementioned assay systems.
Systematic studies involving variation of both, the length of the RNA, and the composition of
the lipid bilayer, would shed further light on the role of these factors during the RNA-lipid
binding.

3.4 Conclusion

Understanding the effect of prebiotic heterogeneity on pertinent enzyme-free reactions
remains poorly explored to date. Our initial studies regarding increasing the complexity of the
reaction milieu of nonenzymatic template-directed primer extension reactions, revealed the
effect of co-solutes on certain enzyme-free replication reactions. As detailed in Chapter 2, in
the presence of PEG or/and DLPC lipid vesicles, the rate of those matched addition reactions
was found to have decreased wherein the incoming nucleotide was a purine monomer (Bapat
and Rajamani, 2015). In the present study, we attempted to delineate the underlying

mechanism of this observed effect. The presence of co-solutes could potentially affect the
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monomers or the RNA primer-template complexes themselves. Using NMR based techniques,
the stacking tendency of the purine monomers were found to have increased in the presence of
PEG. Increased stacking, primarily caused due to n-stacking interactions, would result in higher
chances of sequestration of the monomers into pseudo-oligomers. As PEG was one of the co-
solutes used in our reaction mixture, this observation at least in part, explains the decrease in
the rate of only the purine based nonenzymatic matched addition reactions. On the other hand,
no significant RNA-lipid binding was observed using the SUPER template assay or SLB assay. This
also suggests that the decrease in the rate of certain nonenzymatic RNA primer extension
reactions in the presence of DLPC as a co-solute, might stem from the effect the lipid vesicles
have on the monomers, as opposed to our hypothesis based on RNA-lipid binding. In
preliminary experiments undertaken in a collaborator’s lab, direct interaction of the nucleic
acid monomers has been observed with the lipid bilayer (personal communication with Dr. V.
Raghunathan at RRI, Bangalore, India). Further characterization of such interactions under our
reaction conditions would be helpful in understanding their fundamental implications for the

emergence of early cellular life.
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4.1 Introduction

Activated nucleotides are routinely used while studying nonenzymatic reactions pertinent to
prebiotic chemistry. Several different activation chemistries, including imidazole, 2'-
methylimidazole, 1'-methyladenine, 2'-aminoimidazole (Orgel, 2004; Li et al., 2017),
oxyazabenzotriazole (Deck et al., 2011) etc., have been explored thus far to successfully
demonstrate enzyme-free oligomerization and copying reactions. This is mainly done to
achieve the formation of the phosphodiester or phosphoramidite bond/s on laboratory time
scale and also to have detectable yields of products. The formation of a phosphodiester bond,
being an uphill reaction involving the removal of a water molecule, is otherwise very difficult to
achieve in solution. However, a key point to note here is that, presence or existence of
significant amounts of most of the aforementioned activated nucleotides, on the prebiotic
Earth, is largely arguable. There have hardly been any studies on the demonstration of
prebiotically plausible routes for the synthesis of large quantities of activated nucleic acid
monomers. One recent study demonstrated a probable route for the synthesis of imidazole
activated ribonucleotides. This particular study had used an in situ generated cyanogen chloride
to form diimidazole amine from imidazole, which in turn activates the 5'-NMPs to their 5'-
phosphorimidazolides (Yi et al., 2018). However, the long term stability of such activated
monomers still remains questionable. Due to their high intrinsic energy, these monomers tend
to lose their activation group quickly while in the solution. The activated monomers can also
undergo intramolecular cyclization to yield cyclic monomers (Fig 4.1). Such ‘spent monomers’
usually compete with the activated monomers and are thought to result in the decrease of the

rate of the enzyme-free copying or extension reactions (Kervio et al., 2014).

Nevertheless, possible prebiotic routes for the synthesis of non-activated nucleotides and their
precursors have been demonstrated. John Sutherland’s group started with the synthesis of
precursor pentose amino-oxazolines and finally achieved the synthesis of cyclic pyrimidine
nucleotides (Powner et al., 2009). This alternate way of synthesizing non-activated nucleotides
has already been elaborated in section 1.3.1 in Chapter 1. Very few studies, however, have
demonstrated oligomerization reactions using prebiotically plausible non-activated nucleoside

monophosphate monomers (Rajamani et al., 2007; DeGuzman et al., 2014). Only a single study
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to date has actually characterized the chemical nature of the products formed in such reactions
(Mungi and Rajamani, 2015). Almost all of these polymerization studies have employed
alternate cycles of dehydration and rehydration (DH-RH) at elevated temperature, in order to
achieve the polymerization of these non-activated moieties. This is because the formation of
phosphodiester bond, which is essentially a condensation reaction, is very difficult to achieve at
room temperature in bulk water. Polymerization from 5'-NMP is also a slow reaction due to lack
of a good leaving group (such as an oxyazabenzotriazole moiety) on the phosphate.
Dehydration at higher temperature enhances the loss of water, promoting bond formation by
facilitating the condensation reaction. Dehydration also concentrates the monomers, thus
increasing the chances of bond formation between them. The subsequent rehydration phase
helps in re-distribution of the monomers and oligomers, consequently increasing the overall
efficiency of the reaction. Terrestrial geothermal fields and inter-tidal pools are some of the
probable prebiotic niches where such alternate DH-RH cycles would have existed. These
geological features are thought to have been prevalent on the early Earth. The DH-RH cycles at
these niches might have been facilitated by diurnal cycles, seasonal variations etc. Interestingly,
similar reaction regimen has also been used to obtain polymers from malic acid (Mamajanov et
al., 2014) and lactic acid monomers (Harshe et al., 2007), highlighting the relevance of such

niches in promoting prebiotically pertinent reactions.
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Figure 4.1: Spontaneous degradation of the activated monomers yields either non-
activated monomers (by hydrolysis) or cyclic monomers (by internal cyclization).
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On the other hand, the nonenzymatic copying reactions involving the use of non-activated
nucleotides remains a largely unexplored area of research. In fact, to the best of our
knowledge, only a single study thus far has attempted prebiotically relevant information
transfer reaction using non-activated nucleotides. In this particular study, which was reported
by David Deamer’s group, the authors tried to copy the information present in a ssDNA strand,
using 2'-deoxyribonucleoside 5'-monophosphates, under alternate cycles of dehydration and
rehydration (DH-RH), in the presence of phospholipids (Olasagasti et al., 2011). Lipids are
known to form fluid lamellar matrices under anhydrous conditions, facilitating the
concentration of the starting reactants (e.g. nucleotides) within the inter-layers of the resultant
multilamellar structures (Deamer, 2012) (Fig 4.2A). The reaction yield was estimated to be
0.5%, which was calculated based on the starting concentration of the template (Fig 4.2B). The
misincorporation frequency for this DNA based system was observed to be 9.9%. However, no
experiments have been reported thus far, for the information transfer from an RNA template
using non-activated nucleotides, under prebiotically plausible environmental conditions. Given
the importance of RNA molecules in a putative RNA world, it becomes important to gain an

insight into this crucial process.
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Figure 4.2: (A) Formation of multilamellar structures by phospholipids in dehydrated
condition (reproduced from Deamer, 2012) (B) The information from ssDNA could only
be copied in the presence of phospholipid in DH-RH reaction regimen at high
temperature and low pH, as indicated in the lane 5 (reproduced from Olasagasti et al.,
2011).
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In this particular chapter, we have studied lipid-assisted template-directed RNA primer
extension under prebiotically relevant DH-RH reaction regimen, using relevant non-activated
monomers. To obtain the yields of the extended primer in detectable yields, 3'-amino-2', 3'-
dideoxynucleotide terminated primer was used. Furthermore, using this primer also makes it
easier to compare and analyze our reactions with other nonenzymatic copying studies that
have been carried out using the similar primer sequence but with various activated nucleotides
(Rajamani et al., 2010; Leu et al., 2013; Bapat and Rajamani, 2015). The effects of different
parameters like temperature, rehydration solution etc., on these reactions, have also been
systematically characterized. Importantly, the extension of a pre-existing RNA primer, using 5'-
ribose monophosphate (5'-rMP), a sugar-phosphate monomer, was also undertaken that
resulted in hybrid polymers. Such hybrid polymers have been hypothesized to have played an
important role in sampling a variety of bases, during the formation and evolution of primitive
information polymers of pre-RNA World(s). Furthermore, preliminary attempts were made to
characterize the products obtained from a reaction between the aforementioned RNA

monomer and 5'-rMP.

4.2 Materials and Methods

4.2.1 Chemicals

The disodium salts of all four 5'-nucleoside monophosphates (5'-NMPs), viz. adenosine 5'-
monophosphate (5'-AMP), guanosine 5'-monophosphate (5'-GMP), uridine 5'-monophosphate
(5'-UMP), cytidine 5'-monophosphate (5'-CMP), and ribose 5'-monophosphate (5'-rMP), were
purchased from Sigma-Aldrich and used without further purification. 3'-amino 2', 3'-dideoxy
adenosine (3'-NH,-ddA) was acquired from Metkinen, Finland, and used without further
purification. Analytical grade Trizma base (Tris- hydroxymethyl- aminomethane), sodium
chloride, boric acid, ethylenediaminetetraacetic acid (EDTA), and all the mineral and organic
acids used in the reactions were also purchased from Sigma-Aldrich. The double chain
surfactant lipid used in the reactions, namely 1, 2-dilauroyl-sn-glycero-3-phosphocholine

(DLPC), was purchased from Avanti Polar Lipids Inc., Alabama, USA.
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Two 20-mer long RNA primers and four different 29-mer long RNA templates were used in the
reactions, the sequences for which are mentioned below. The templating base has been

highlighted in bold:

Name Sequence (5'->3')
Primer Amino G GG GAU UAA UAC GAC UCA CUG-NH,
Primer Hydroxyl G GG GAU UAA UAC GAC UCA CUG

Template Misinc_C AGU GAU CUC CAG UGA GUC GUA UUA AuC CC

Template Misinc_G AGU GAU CUG CAG UGA GUC GUA UUA AUuCCC

Template Misinc_A AGU GAU CUA CAG UGA GUC GUA UUA AuC CC

Template Misinc_U AGU GAU CUU CAG UGA GUC GUA UUA AuC CC

The RNA primer (Primer Amino G), which was acquired from Keck laboratory, Yale, USA, is
terminated with a 3'-amino-2', 3'-dideoxynucleotide (procured from Metkinen, Finland). This
modification was done to ensure the addition of the incoming nucleotide to the primer, and
using amino group facilitates this more efficiently than the canonical hydroxyl group, as the
former is a better nucleophile. A control RNA primer (Primer Hydroxyl G), terminating in the
canonical 5'-guanosine monophosphate, was also used. The primer Amino G was labeled with
‘Cy3’, and Primer Hydroxyl G was labeled with ‘DY547’ fluorescent tags, on the 5' end, for
enabling their detection upon polyacrylamide gel electrophoresis (PAGE) analysis. Amino G
primer was first deprotected using triethylamine trihydrofluoride (TEA.3HF) to remove the 2'-
TBDMS protection groups. The deprotecetd RNA primer was then gel purified prior to using it in
the reactions. The Hydroxyl G primer and the RNA templates were acquired from Thermo
Scientific (Dharmacon). The 2'-ACE protection was removed using deprotection buffer (100mM
acetic acid, adjusted to pH 3.8 using TEMED) and following the manufacturer’s protocol. These

RNA oligos were then used without further purification.
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4.2.2 Methods

4.2.2.1 Setting-up the primer extension reactions

The RNA oligomer stock solutions were made in 10mM Tris buffer (pH 7.0) .The nucleotide
monomer stock solutions were made in nanopure water. The concentrations for these reaction
components were estimated by UV spectroscopy (UV-1800 UV/Vis spectrophotometer,
Shimadzu Corp., Japan). A typical reaction was set up by annealing 0.65uM of the primer and
1.3uM of the template to each other, in RNase free water (Sigma), by heating at 95°C for 5
minutes and followed by cooling at room temperature (RT). 200mM Tris (pH 7.0) and 200mM
NaCl were then added to the annealed primer-template complex. DLPC vesicles were prepared
by first drying the required volume of the 25mg/ml chloroform stock in a clean glass vial. The
dried film was then resuspended in nanopure water. It was subsequently vortexed to get a lipid
stock of the desired concentration. The lipid stock was extruded through a 100 nm membrane
using a mini extruder (Avanti Polar lipids Inc., USA), to get small unilamellar vesicles. DLPC
vesicles and 5'-NMPs were added to the reaction mixture at a final concentration of 5mM and
10mM, respectively, unless otherwise specified. The reaction mixture (typical final volume of
10ul) was then allowed to dry at elevated temperature, and was held at the same temperature
for a total of 30 minutes (including the drying time), unless otherwise specified. The dried
mixture was then rehydrated using the rehydration solution. After allowing rehydration for 5
minutes, the procedure was repeated in a similar manner for multiple DH-RH cycles. A sample
aliquot was removed for analysis post the rehydration phase, at predetermined time intervals.
The sample volumes were adjusted to a standardized amount to compensate for the
degradation of RNA primer that occured over multiple DH-RH cycles. Typical volumes

withdrawn as aliquots, at different DH-RH cycle intervals, are mentioned in the following table:

DH-RH cycle | Volume of sample
number withdrawn

Cycle 0 0.5 ul

Cycle 3 1l

Cycle 5 1.5 ul

Cycle 7 3ul

Cycle 10 4 ul
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4.2.2.2 Reaction products analysis

As detailed above, the necessary samples were collected in TBE buffer (10.8 gm Trizma base,
5.5 gm boric acid, 4ml of 0.5M EDTA in 1000 ml of distilled water) containing 8M urea and
100mM EDTA, at the aforementioned time intervals during the course of the DH-RH reaction. A
competitor RNA, which did not have a fluorescence tag, and which has a sequence that is
exactly similar to that of the tagged primer, was used (5' GG GAU UAA UAC GAC UCA CUG). This
was added in at least 10 time excess to the reaction samples, to successfully separate the
fluorescent primer in question from the template, for unhindered gel analysis. After the
addition of the competitor RNA, the samples were heated at 95°C for 5 minutes, cooled at RT
for 5 minutes and briefly centrifuged, before loading on the gel. The extended primer products
were analyzed on 20% denaturing PAGE containing 8M urea as denaturant (SequaGel-UreaGel
system, National diagnostics, USA) (Gel size : 17 X 15 cm). 1X TBE buffer was used as the gel
running buffer. Bromophenol blue and Xylene cyanol were used as tracker dyes to estimate the
progress of the RNA primer bands during gel electrophoresis. The gels were imaged on a
Typhoon Trio plus imager (GE Healthcare) at 550PMT and 100 micron resolution setting, using
the 532nm excitation laser. This allowed for the efficient detection of the fluorescently labelled
primer and the resultant extended products. The gel images were subsequently processed
using ImageQuant v 5.2 software (GE healthcare), to minimally adjust the contrast and also for

guantifying the band intensities in certain reactions.

4.2.2.3 Mass analysis of reaction products

To understand the nature of products formed by the addition of 5'-rMP to the pre-existing RNA
primer, a proxy reaction was set up with just the monomers. The reaction was set up with
10mM each of 3'-NH,-ddA and 5'-rMP in nanopure water. The pH of the reaction mixture was
set to 2 using sulphuric acid. This mixture was subjected to five consecutive cycles of DH-RH at
90°C. The sample was collected at the end of the DH-RH cycles and the different products
were purified using semi-preparative HPLC. Chromatography was carried out using an Agilent
1260 chromatography system (Agilent Technologies, Santa Clara, CA, USA) and DNAPac PA200

column (9 x 250 mm) from Dionex (now Thermo Scientific, Sunnyvale, CA, USA). Samples were
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analyzed with a linear gradient of NaClO4 in 2 mM Tris buffer at pH 8, using a flow rate of 3
mL/min. The collected samples were lypophilized. The mass analysis for these samples was
carried out in collaboration with Dr. Yayoi Hongo from Earth Life Science Institute (ELSI), Tokyo,
Japan. For this, Acquity UPLC+ system from Waters, with a CORTCES UPLC C18 column (1.6um,
2.1 x 50 mm) was used with a water/acetonitrile gradient containing 0.1% trifluoroacetic acid.
Mass determination was carried out in the positive ion mode with XEVO G2-XS QTof Mass

Spectrometry.

4.3 Results

The polymerization of non-activated monomers (5'-NMPs) has been demonstrated under
multiple cycles of DH-RH, at low pH and high temperature (Rajamani et al., 2007; Mungi and
Rajamani, 2015). It was observed that the reaction rate was further enhanced in the presence
of phospholipid molecules. This could have been facilitated by the entrapment of the
monomers in the multiple lipid layers that are formed under dehydration conditions (Toppozini
et al., 2013; Himbert et al., 2016). We wanted to analyze whether similar reaction regimens
would also support the template-directed information transfer involving an RNA template-

primer complex and non-activated nucleotides.

4.3.1 RNA primer extension under DH-RH condition

The preliminary reactions were carried out by subjecting the mixture of RNA primer-template
complex (0.65uM of primer and 1.3 uM of the template) and 10mM of nucleotide, to alternate
DH-RH cycles at 90°C. 1mM H,S0O4 was used as rehydration solution to ensure the low pH of the
reaction over the cycles. 5mM of 1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) lipid was
used in the starting reaction mix. DLPC vesicles were extruded prior to adding to the reaction
mixture in order to obtain vesicles of uniform size. As mentioned in the methods section, the
samples for analysis were collected at regular intervals and were eventually run on a denaturing
PAGE gel containing 8M urea. The denaturing gel analysis was employed to avoid occurrence of
any extra bands potentially arising from the formation of RNA secondary structures such as

primer dimers. Upon gel analysis, a band indicating the extension of the RNA primer appeared
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in increasing intensity over multiple DH-RH cycles. However, this new band did not run at the
same level as that of an intact 21-mer primer (Fig 4.3, right panel). A 21-mer standard RNA
control was obtained by addition of a single nucleoside-5'-phosphoimidazolide monomer to the
Amino G primer (the reaction was carried out as detailed in section 2.2.2.1, Chapter 2) and run
on one of the lanes in the gel for comparison. The extended primer band from our reactions ran
at a level that was in between that of the starting 20-mer RNA primer band, and the
aforementioned control 21-mer RNA band (compare ‘N+1 lane’ and ‘Cyc 7 lane’ in Fig 4.4A).
This observation held true when any one of the four RNA monomers were used in the starting
reaction mixture (i.e. for 5'-NMPs, N=A/G/C/U). We suspect the generation of an abasic site is
occurring in the extended primer product. This is supported by a previous study in which the
abasic sites were generated during polymerization of nucleotide monomers under similar
reaction conditions (Mungi and Rajamani, 2015). In a parallel study, we also analyzed template-
directed information transfer for Hydroxyl G primer under the same reactions conditions. This
primer is not activated at the 3'-terminal and ends in a canonical 5'-GMP. Very low amount of

the extended primer product was observed for this primer over multiple DH-RH cycles (Fig 4.3,

left panel).
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Figure 4.3: Extension of RNA primer ending with a canonical ribonucleotide (left panel)
and a 3'-amino-2', 3'-dideoxynucleotide (right panel), over multiple cycles of DH-RH at
90°C, in the presence of Misinc_U template, 5'-AMP (monomer) and lipid, using 1mM
H,S0, as rehydrating agent. The red arrow indicates the extended primer product,
which is more apparent from Cyc 7 in the image on the right panel, as against the image
on the left panel. ‘N’ indicates the 20-mer RNA primer, ‘N+1’ indicates intact extension
of the primer by one nucleotide.
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4.3.1.1 Role of lipids

To analyze the role of lipids in the above mentioned primer extension reactions, similar
reactions in the absence of lipid molecules were also carried out. Higher degradation of the
RNA primer was observed in the absence of the lipids (Fig 4.4B). This suggests a protective role
stemming from the multilamellar layers that are formed by the lipids during the dehydration
stage. Furthermore, another longer chain-length phospholipid, namely 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), was also tested to compare how it fared in comparison to
DLPC. Similar results were observed in the POPC experiments too. The degradation of RNA
primer, over multiple cycles of DH-RH, was somewhat lower in the presence of POPC. However,
the extended primer product still did not run at a similar level as that of an intact 21-mer RNA,
again most likely due to the loss of the nitrogeneous base during the extension of the primer.
Since the stability of the RNA primer was found to be better in the presence of lipids under our
reaction conditions of high temperature and low pH, DLPC was used in the starting reaction
mixtures for the rest of the reactions that were carried out under similar conditions. In
addition, since the primer Amino G was found to be more efficient in terms of the observed
primer extension, all the reactions mentioned henceforth have been carried out using this

primer.
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Figure 4.4: (A) Extension of the RNA primer using Misinc_U template and 5'-AMP as the
monomer, in the presence of lipid, over repeated cycles of DH-RH. The reactions were
carried out at 90°C with 1mM H,SO,4 as the rehydrating agent. The red arrow indicates
the extended product. In the control lane, ‘N’ indicates the 20-mer RNA primer while
‘N+1’ indicates extension of the primer by one nucleotide. (B) Stability of the RNA
primer over multiple DH-RH cycles, when performed in the absence of lipid (left panel)
and in the presence of lipid (right panel) in the starting reaction mixture. The black
vertical lines in the above two panels have been used to demarcate two reaction sets

that were run on the same gel (Panel b). In Panel a, the black line demarcates a reaction
set from the control lane, both of which were analyzed on the same gel.

4.3.2 Effect of temperature and rehydration solution on primer extension

The glycosidic bond, which links the nitrogeneous base to the sugar phosphate moiety in a
nucleotide, is known to be susceptible to hydrolysis under low pH and high temperature
conditions (Rios et al., 2015). Since the template-directed primer extension reactions, using
non-activated monomers under the aforementioned reaction conditions, resulted in an
extended primer product with a possible abasic site, DH-RH cycles were performed at lower
temperatures to see if this could mitigate the deglycosylation problem. The cycling reaction was
carried out at a lower temperature of 80°C and, subsequently at an even lower temperature of
50°C. Since the reaction temperature was reduced, the time taken for the dehydration of the
reaction mixtures actually increased. Especially for the reactions that were carried out at 50°C,
each dehydration phase lasted for a total of 90 minutes due to slower evaporation rates. Figure
4.5 shows the addition of 5'-AMP across the Misinc_U template, at different temperatures.

Primer extension was indeed observed at both of these lower temperatures. However, upon gel
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analysis, the extended primer product was still found to have been running at an intermediate

level corresponding to a length in between that of a 20-mer and a 21-mer RNA.
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Figure 4.5: Extension of RNA primer in the presence of Misinc_U template, 5'-AMP (as
monomer) and lipid, at different reaction temperatures. The red arrow indicates the
extended primer product. ‘N’ indicates the 20-mer RNA primer and ‘N+1’ indicates
intact extension of the primer by one nucleotide.

Next, the effect of different rehydrating agents on the efficiency of RNA primer extension under
DH-RH cycles was characterized at 90°C. As in the previous reactions, sulphuric acid was used as
the rehydration solution but the strength of the acid used was varied. 0.05mM to 2mM acid
was used to rehydrate the reaction mixtures. As shown in Figure 4.6, at lower strengths of acid
no primer extension was observed. The optimum concentration for facilitating extension was
found to be 1mM of acid, amongst the experimental variants that were tried. When higher
concentrations of H,SO4 were used, the RNA broke down rapidly over the course of the DH-RH

cycles. This might be due to excess amount of acid that accumulated over the cycles.
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Figure 4.6: Extension of RNA primer over multiple cycles of DH-RH at 90°C, in the
presence of Mislnc_U template, 5'-AMP (monomer) and lipid, using different
concentrations of sulphuric acid as the rehydrating agent. The red arrow indicates the
extended primer product. ‘N’ indicates the 20-mer RNA primer while ‘N+1’ indicates
intact extension of the primer by one nucleotide. The black vertical lines on the gel
images are used to demarcate different reactions and control lanes.

Subsequently, the acid that was used for rehydration was also varied. In total, four different
mineral acids and two different organic acids were used as the rehydration solution. The
concentration of the mineral acids was kept at 1ImM. To compensate for lower acidity of the
organic acids in general, 10mM of organic acids was used. Amongst the mineral acids that were
used viz. HCl, HNOs, H3PO4 and H,S0q4, the primer extension was observed when sulphuric acid
and phosphoric acid were used as the rehydrating agent (Fig 4.7, upper panel). Primer
extension was observed when 10mM HCl was used instead of 1ImM HCI. However in the
presence of higher amounts of HCI, the RNA broke down very rapidly, thus decreasing the

overall efficiency of the reaction. Amongst the organic acids used viz. HCOOH and CH3COOH,
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RNA primer extension was observed when formic acid was used for rehydration of the reaction
mixture (Fig 4.7, upper panel). However, the extended primer continued to run slower than an

intact N+1 (21-mer) product. No significant primer extension was observed for the other acids

when used as rehydration agent (Fig 4.7, lower panel).
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Figure 4.7: Extension of RNA primer in the presence of Misinc_U template, 5'-AMP as
monomer and lipid, using different acids as rehydration solution. The red arrow

indicates the extended primer product. ‘N’ indicates the 20-mer RNA primer and ‘N+1’
indicates intact extension of the primer by one nucleotide.

4.3.2.1 RNA primer extension at lower concentration of H,SO4 and monomer

Since the loss of base persisted during template-directed RNA primer extension under DH-RH
cycles, despite varying the type and concentration of rehydration solutions, the concentration
of the acid in the starting reaction mixture was reduced to see if this might prevent the

potential generation of an abasic site. Towards this, sulphuric acid was added in the starting
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reaction mixture at a final concentration of 1mM to bring down the pH of the reaction to
around 3.5. Nanopure water was subsequently used to rehydrate the dehydrated reaction
mixture after every DH-RH cycle. The primer extension was indeed observed even in these
scenarios, however the yield of the extended primer product was lower when 1mM H,SO4 was
used as the rehydrating agent (Table 4.1). Importantly, using this strategy, primer extension
was demonstrated using as low as 1mM of nucleotides and lipid in the starting reaction mixture
(Fig 4.8). However, upon denaturing gel analysis, the extended primer product continued to run
somewhere in between the starting 20-mer primer and the known 21-mer extension product,

even at this low effective concentration of the acid in the reaction mixture.
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Figure 4.8: Extension of the RNA primer using 1ImM 5'-AMP with 5mM lipid (left panel)
and 1mM 5'-AMP with 1mM lipid (right panel), in the starting reaction mixture. Red
arrows indicate the extended RNA primer product. ‘N’ indicates the 20-mer RNA primer
while ‘N+1’ indicates intact extension of the primer by one nucleotide.
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Table 4.1: Semi-quantitative yields of the extended primer product over multiple DH-RH

cycles.
Yield of extended | Yield of extended
Concentration of Rehydrating solution | primer product primer product
5'-AMP after 7 DH-RH after 10 DH-RH
cycles cycles
10mM 1mM H,SO, 8.5%% 1.6% 2.4%% 0.2%
1ImM Nanopure water 1.8%+ 0.07% 1.4%+ 0.07%

The reactions were carried out at 90°C, using Misinc_U template, 5’-AMP as the nucleotide monomer, in
the presence of 5mM lipid. The starting monomer concentration and the rehydrating agent were varied in
order to vary the amount of acid in the reaction mixture. Yields are calculated with respect to the intact
20-mer primer band intensity (at cycle 0) from two independent experiments, and are represented as
mean = S.D. The reaction mixture with 1mM H,SO, as rehydration agent had 60nmoles of H,SO, at the
end of 7th DH-RH cycle and 72nmoles of H,SO, at the end of 10th DH-RH cycle. While, the reaction
mixture with nanopure water as rehydration agent contained 10 nmoles of H,SO, throughout all the DH-
RH cycles.

4.3.3 Effect of monovalent ions

A study published in 2015 from David Deamer’s group demonstrated the oligomerization
reactions of non-activated nucleotides in salty environments (Da Silva et al., 2015). The
researchers demonstrated the base pairing capacity of the resultant oligomers using ethidium
bromide, which is an intercalating dye. They noticed that maximum yield for longer oligomers
was obtained when ammonium chloride was used in the starting reaction mixture. Since an
extended primer product with a potential abasic site was observed in all of the above-
mentioned reactions that we had carried out, the presence of ammonium ions in the reaction
mixture was evaluated to test if it might result in an intact extended primer product under DH-
RH conditions. To analyze this, NH4Cl was added to the reaction to a final concentration of
200mM. However, the presence of NH,4", either alone, or along with Na®, did not improve the
efficiency of the reaction in terms of the retention of the base on the extended RNA primer.
The resultant product band continued to migrate in between that of a known 20-mer and 21-
mer RNA on the denaturing gel (Fig 4.9). Interestingly, the use of ammonium ions also resulted

in higher amounts of RNA degradation over the course of DH-RH, as opposed to when only
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sodium ions were present in the reaction mix (Compare lane ‘Cyc 7’ in Fig 4.9 vs. lane ‘Cyc 7’ in

Fig 4.4A).
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Figure 4.9: Extension of RNA primer, over multiple cycles of DH-RH, in the presence of
Mislnc_U template, 5'-AMP (monomer), lipid, and 200mM NHA4CI. The red arrow
indicates the extended primer product, which is quite faint in this image. As in previous
images, ‘N’ indicates the 20-mer RNA primer while ‘N+1’ indicates intact extension of
the primer by one nucleotide.

4.3.4 Extension of RNA primer using ribose-5'-monophosphate (5'-rMP)

Since, in all of the aforementioned reactions, the product was an extended primer with a
potential abasic site, RNA primer extension was carried out using 5'-rMP under the DH-RH set-
up. Ribose-5'-monophosphate (5'-rMP) is a monomer containing a phosphate moiety and the
ribose sugar, but lacks any nitrogenous base on the 1'-position of the sugar. The reaction was
carried out using 5'-rMP instead of 5'-NMP as monomer, under DH-RH cycles at 90°C, and 1mM
H,S0,4 was used as the rehydration agent. Upon denaturing gel analysis, long streaks of
products were observed above the 20-mer primer band (Fig 4.10A, right panel). These
extension products were observed starting from the first DH-RH cycle. Such primer extension
was also observed in the absence of any template in the starting reaction mixture (Fig 4.10A,
left panel). The smudge observed on the top of the primer band in the gel is potentially
indicative of multiple additions to the RNA primer. Similar results were observed when 1mM of

5'-rMP was used in the reaction along with 1mM H,S04, and nanopure water was used as the
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rehydration solution. Surprisingly, similar primer extension product/s were also observed when

the Hydroxyl G primer was instead of Amino G primer (Fig 4.10B).
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Figure 4.10: (A) Extension of the Amino-G RNA primer using 10mM of 5'-rMP, in the
absence (left panel), and the presence (right panel) of the template in the reaction. (B)
Extension of the Hydroxyl-G RNA primer using 10mM of 5'-rMP. Reactions were carried
out at 90°C, in the presence of 5mM lipid and 1mM H,S0,4 was used as rehydrating
agent. Red arrows indicate extended RNA primer product/s. ‘N’ indicates the 20-mer
RNA primer while ‘N+1’ indicates intact extension of the primer by one nucleotide.

In a parallel reaction, the 5'-rMP was cycled in the absence of the template-primer complex. No
detectable fluorescent signal was observed upon scanning the gels using 532nm laser or even
after staining the gel with SyBr gold dye. Significantly, the extension product obtained from the
addition of a single 5'-rMP to the RNA primer was found to be running at a similar level to what
was obtained when 5'-AMP was used as the monomer (Figd.11). This gave an indirect
confirmation about the loss of base that was occurring during the addition of 5'-NMP to a pre-

existing RNA primer, under our experimental DH-RH reaction conditions.
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Figure 4.11: Extension of RNA primer over multiple cycles of DH-RH, in the presence of
Misinc_U template, lipid, and 5'-AMP as monomer (left panel) or 5'-rMP as monomer
(right panel). The inset shows the selected (boxed) part of the gel with the contrast
enhanced for clearer visualization. The red arrow indicates the extended primer
product. The extended primer products from both the reactions were observed to be
running at the same level. The reactions were carried out at 90°C, using 1mM H,SO4 as
rehydrating agent. ‘N’ indicates the 20-mer RNA primer and ‘N+1’ indicates intact
extension of the primer by one nucleotide.

4.3.5 Addition of 5'-rMP to 3'-NH,-ddA

To further analyze the addition of 5'-rMP to the pre-existing RNA primer, mass analysis of the
extended primer products was undertaken. However due to the low yield of the reaction in
general, along with the degradation of the RNA template and primer at high temperature, it
proved to be very difficult to get clean mass data. Hence, as a proxy, a reaction between a
monomer analogous to the 3'-end of the RNA primer viz. 3'-NH,-ddA, and 5'-rMP was carried
out under similar DH-RH reaction conditions at low pH and high temperature (Fig 4.12A). The
RNA-like monomer viz. 3'-NH,-ddA was chosen to be without any phosphate group, to avoid
any self-polymerization of this monomer. The products were purified from the unreacted
reactants using ion-exchange chromatography. The purified peak (as indicated by red arrow in
Fig 4.12B) was further subjected to mass analysis using LC-MS. This purified peak showed mass
number corresponding to addition of one 5'-rMP to 3'-NH,-ddA (Fig 4.12C, Table 4.2). This
confirmed, albeit indirectly, the formation of a covalent bond between the incoming 5'-rMP

monomer and the pre-existing RNA primer in reactions mentioned in section 4.3.4. Surprisingly,
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we also observed a mass number corresponding to that of 5'-AMP (Table 4.2), hinting at the
possibility of addition of a free adenine (breakdown product of 3'-NH,-ddA) to the 5'-rMP,

under our reaction conditions.

Table 4.2: Mass numbers observed in MS analysis of reaction between 5'-rMP and
3'-NH,-ddA carried out at high temperature and low pH, under DH-RH conditions.

Chemical species Expected mass Observed mass
Adenine + H* 136.0623 136.0635
5'-AMP + H" 348.07 348.06

Dimer of 5'-rMP and 463.1342 463.1343
3'-NH,ddA + H*
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Figure 4.12: (A) Scheme for reaction between 5'-rMP and 3'-NH,-ddA under DH-RH
conditions. The two monomers can get linked between two alternate linkages as

depicted (B) HPLC chromatogram of ‘Cycle 5’

from the reaction showed presence of a

dimer product of 5'-rMP and 3'-NH,-ddA, as indicated by red arrow. The blue arrow
indicates the excess 3'-NH,-ddA and the breakdown product (adenine nucleobase). The
green trace indicates the gradient of salt that was used (C) Mass spectrum of the

purified peak (indicated by red arrow in B).
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4.4 Discussion

Phosphodiester bond formation between two nucleoside monophosphate monomers is a
kinetically uphill reaction. Hence, chemically driven oligomerization and template-directed
ligation/replication reactions, using non-activated nucleotides, do not occur spontaneously.
Therefore, to understand the principles that underlie enzyme-free polymerization and copying
reactions, prebiotic chemists have mostly used activated nucleotides. As elaborated in
Chapter 1, activation chemistries, including but not limited to imidazole, 2-methylimidazole,
oxyazabenzotriazole etc. (Fig 1.7, Chapter 1), have been developed and studied. They have
contributed extensively to our current understanding of nonenzymatic reactions, especially in
the context of emergence of functional polymers on the prebiotic Earth. However, in all of
these reactions, a high concentration of the monomers has been used to achieve the products
in detectable yields. The existence of such concentrated pools of activated monomers on the
early Earth still remains to be unequivocally determined, as not many studies have conclusively
demonstrated their prebiotically plausible syntheses. Furthermore, the stability of such

activated monomers for prolonged time periods also remains to be addressed.

On the other hand, few studies to date have been carried out to demonstrate the
polymerization of non-activated RNA monomers. To accelerate the process of phosphodiester
bond formation in these reactions, the researchers used alternate dehydration-rehydration
(DH-RH) cycles at elevated temperature(Rajamani et al., 2007; Mungi and Rajamani, 2015).
These conditions are not only prebiotically pertinent but they also provide the requisite
temperature and chemical fluxes that facilitate uphill polymerization reactions such as RNA
oligomerization. Similar strategy has also been used to achieve oligomer formation from other
non-nucleic acid monomers (Harshe et al., 2007; Mamajanov et al., 2014). The dehydration step
involved in the DH-RH cycles help in concentrating the monomers, thus enabling
phosphodiester bond formation (Deamer, 2012). The elevated temperature also reduces the
water activity, thereby facilitating the bond formation by excluding water from the reaction
mixture. The subsequent rehydration phase helps in redistribution of, both, the monomers and
the resultant oligomers. The alternate DH-RH cycles help in trapping the polymers in a kinetic

trap, wherein the rate of polymer formation exceeds the rate of polymer degradation, thus
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ultimately resulting in oligomers that form from the monomers present in the starting reaction
mixture. Furthermore, these reactions have been observed to work most efficiently at lower pH
(Mamajanov et al., 2014; Mungi and Rajamani, 2015). A suggested mechanism, similar to that
of acid-catalyzed esterification, hypothesizes the role of protonation of the nucleotide at lower
pH, thereby facilitating the formation and accumulation of oligomers over multiple DH-RH
cycles (Fig 4.13A)(Olasagasti et al., 2011). Presence of lipids in the DH-RH reactions was found
to reduce the breakdown that occurs during these reactions, resulting in an increased yield of
the oligomers over cycles (Mungi and Rajamani, 2015). Under dehydrated conditions, the lipids
are known to form alternate hydrophilic and hydrophobic layers or liquid crystalline matrices.
X-ray diffraction and neutron scattering studies have revealed that the nucleotide monomers
get aligned in these alternate hydrophilic layers, increasing the chance for phosphodiester bond
formation between the two monomers (Fig 4.13B)(Toppozini et al., 2013; Himbert et al., 2016).
Specifically, in the neutron scattering studies, the peak at 3.4 A° was evident of such alignment
as opposed to the peak observed at 4.6A°, which signifies randomly distributed nucleotides.
Furthermore, the oligomers that form in the dehydration phase can arbitrarily get encapsulated
in the lipid vesicles during the subsequent rehydration phase. Such encapsulated nucleic acid
polymers are reminiscent of the earliest cells or protocells, which are considered a crucial step

during the origin of early life.
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Figure 4.13: (A) Proposed mechanism for phosphodiester bond formation during lipid-
assisted nonenzymatic polymerization (reproduced from Olasagasti et al., 2011).

(B) Ordered arrangement of monomers in dehydrated lipid bilayers (adapted from
Toppozini et al., 2013, and Himbert et al., 2016).
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The reactions discussed above, and other related reactions, would have resulted in nucleic acid
polymers. However, faithful replication of these polymers under similar conditions would have
been important for them to have acted as catalysts for multiple generations (e.g. ribozymes).
To the best of our knowledge, only one relevant study to date has reported information
transfer from a ssDNA template, under DH-RH reaction conditions, in the presence of
phospholipids at low pH and at elevated temperature of 90°C (Olasagasti et al., 2011). The
authors estimated that the reaction yielded a total of 0.5% of the copied strands, with a copying
accuracy of 91.1% as compared to the starting template concentration. However, no study thus
far has reported the transfer of the information from a template RNA strand, using relevant
RNA monomers, under prebiotically plausible DH-RH conditions. As discussed in Chapter 1, the
emergence of DNA is thought to have been preceded by an RNA World due to RNA’s capability
of carrying out, both, catalytic and information transfer functions (Gilbert, 1986). Therefore, it
becomes pertinent to understand RNA template copying under prebiotically relevant DH-RH

conditions, specifically using prebiotically relevant non-activated nucleotides.

4.4.1 RNA template copying using non-activated monomers

To begin with, the extension of a pre-existing RNA primer (Amino-G) was analysed using
contemporary 5'-NMPs in the starting reaction mixture. The RNA primer-template was pre-
annealed like in the previous scenario. The starting template concentration was maintained
twice as much as that of the primer to ensure efficient formation of primer-template
complexes. The amino group modification on the 3'-end of the Amino-G primer ensures
competent attack from this more efficient nucleophilic group (as against the canonical hydroxyl
group) on the incoming monomer, yielding an extended primer product in detectable yields.
Not surprisingly, when the Hydroxyl G primer, which terminates in a canonical RNA nucleotide,
was used instead in the starting reaction mix, very low amounts of the extended primer product
was visible upon denaturing-PAGE analysis (Fig 4.3). This is due to the lower ability of the
hydroxyl group as compared to the amino group to nucleophilically attack the phosphate group
of the incoming monomer. We observed the extension of the primer over multiple cycles of DH-

RH, when the reaction was carried out at 90°C, and when 10mM of the nucleotide and 5mM of
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DLPC was used in the starting reaction mixture (Fig 4.4A). 1mM H,SO,4 was used as the
rehydration solution for these reactions, as comparable oligomerization reactions of these non-
activated nucleotides have been reported to work optimally at low pH (Mungi and Rajamani,
2015). The lipid in the reaction mixture showed protective effect in terms of limiting the RNA
primer degradation that is typically seen over multiple cycles of DH-RH, especially when carried
out at low pH and high temperature. We observed lesser RNA primer degradation in the
presence of lipids (Fig 4.4B), conceivably due to the seclusion of the RNA in the multilamellar
liquid crystalline matrices that are formed by these lipids under dehydrated conditions (Fig

4.2A).

However, the extended primer product was observed to not run at the same level as that of an
intact extension product like in a known 21-mer RNA. The intact 21-mer primer control was
obtained by the single addition of an activated nucleotide (ImpN), to the Primer Amino G. In
this reaction there is an assured formation of a phosphoramidite bond between the
penultimate and the new (incoming) nucleotide, resulting in an intact 21-mer extended primer
product. This is important to consider as even under our reaction conditions, the bond that
would form between the incoming monomer and the 3'- end of the pre-existing RNA primer,
would be a phosphoramidite bond (and not a phosphodiester bond) due to the amino
modification on the 3'-end of the primer. This way, any differences in the charge on the 21-mer
RNA control and the reaction products that might potentially arise due to the disparity in the
kind of covalent bond (phosphoramidite vs. phosphodiester) are taken care of. The extended
primer product from the reaction was observed to run somewhere in between that of the
starting 20-mer RNA primer and the known 21-mer RNA control. A previous study from our lab,
which aimed at characterizing the products obtained from oligomerization of 5'-AMP under
similar DH-RH conditions, has demonstrated the presence of abasic site/s on the resultant
oligomeric products (Mungi and Rajamani, 2015). Our results are the first of its kind to
demonstrate that even the template-directed primer extension reactions are probably prone to
the generation of abasic site on the extended primer product. The potential base stacking
arising from the RNA template sequence, along with the otherwise stabilizing near-neighbour

interactions, seem to play no significant role towards the prevention of potential base loss on
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the incoming monomer, during the primer extension reactions. The 3'- end of the primer seems
to be more susceptible for the nitrogenous base loss. The 5'-end of our RNA primer is tagged
with Cy3 for enabling its detection upon gel analysis, and if this end of the primer happened to
undergo degradation, it would not be possible to detect the RNA primer (and primer product/s)
on the gel. To confirm this, we also subjected the known 21-mer RNA control to repeated cycles
of DH-RH under similar reaction conditions. It was observed that the 21-mer primer degraded
to a 20-mer oligomer, which corresponded to the starting primer length, over multiple DH-RH

cycles (Fig 4.14).

CycO
Cyc3
Cyc5
Cyc7
N+1 control

Figure 4.14: Degradation of the intact 21-mer primer (indicated by green arrow) over
multiple cycles of DH-RH, in the presence of lipid. The reaction was carried out at 90°C,
using 1ImM H,S0O, as the rehydrating agent. The 21-mer primer breaks down to the 20-
mer primer over time, with no intermediate band observed between the N and N+1
bands. ‘N’ indicates the 20-mer RNA primer and ‘N+1’ indicates intact extension of the
primer by one nucleotide.

The detection of the 20-mer band clearly indicates that the 5'-end of this primer was still intact.
Importantly, no intermediate band was also observed in these reactions, which laid between
the bands corresponding to a 20-mer (starting primer) and a 21-mer (extended product) length
RNA. This strongly suggests that the loss of the base seen in our 5'-NMP reactions, potentially
occurs just before or during the addition of the monomer to the pre-existing primer. It is very
unlikely that the 20-mer primer gets extended to 21-mer primer and then the nitrogenous base

on only the 3'-terminal nucleotide is selectively lost. Since, even the templating effect is unable
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to prevent the generation of the abasic site, it might potentially result from a chemical reaction
that takes place during the addition of the incoming nucleotide on to the primer. Collectively,
from the above described observations, it is speculated that the extension of the primer and

the loss of the base on the incoming monomer could potentially be coupled to each other.

4.4.2 Variation in the reaction parameters

To check whether the loss of base on the extended RNA primer product can be ameliorated,
different reaction conditions, like temperature of the reaction, rehydration solution, nature of
monovalent cations etc, were systematically varied. To begin with, the reaction temperature
was lowered, as the glycosidic bond in the nucleotides is known to be susceptible to breakage
at high temperature (Rios et al., 2015). The DH-RH reactions were carried out at temperatures
of 80°C and 50°C, respectively. The RNA degradation was observed to have reduced at the
lower temperature (50°C) than when the reaction was performed at the higher temperature
(80°C). The extension of the primer at these low temperatures, using 1mM H,SO, as the
rehydration solution, was indeed observed. However, the apparent loss of base persisted at

temperature even as low as 50°C (Fig 4.5).

Subsequently, the nature of the rehydration solution was varied in order to assess its effect on
the potential loss of base during primer extension, under our reaction conditions. Firstly, the
concentration of sulphuric acid that was used as the rehydration solution was altered. Amongst
the different variations tested from 0.5mM to up to 2mM of acid, 1mM of H,SO, was found to
be the optimum rehydration concentration, in terms of the extended primer product yield, as
visualized on the gel. Lower concentrations of the acid probably were insufficient to bring down
the pH to the desired level, thereby resulting in no detectable primer extension. On the other
hand, repetitive addition of higher concentration of sulphuric acid resulted in excessive
degradation of the RNA primer, such that no significant amount of the starting 20-mer primer
was available after first few DH-RH cycles. This again underlines the importance of maintaining

the optimum pH for achieving the addition of RNA monomer to the pre-existing RNA primer,
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under DH-RH conditions. This also indicates the facilitation of an acid-catalysed esterification

type reaction during the primer extension, as suggested earlier (Fig 4.13A).

Additionally, instead of sulphuric acid, different mineral and organic acids were also tested as
rehydrating agents. Amongst the mineral acids used, primer extension was observed only when
either sulphuric acid or phosphoric acid was used to repeatedly rehydrate the reaction mixture.
This might be attributed to the fact that other two acids viz. HCl and HNO3 are thermally labile
and the temperature during the dehydration phase for these reactions was maintained at 90°C.
It is also interesting to notice that H,SO4 and H3PO4 have better dehydration capabilities than
HCl and HNOs. Typically, 1ImM of mineral acid and 10mM of the organic acid was used as
rehydration agent. The higher concentration of the organic acid was selected to compensate for
the lower strength of the organic acids in general. Among the two organic acids evaluated,
detectable RNA primer extension was visible only when formic acid was used. This can be
attributed to higher acidic strength of formic acid than that of acetic acid, which might enable
bringing down the pH of the reaction mixture more effectively (in HCOOH) over the cycles of
DH-RH. Significantly, despite varying the nature of the acid used for rehydration, the extended
primer product continued to run in between the level of the starting 20-mer primer and that of
a 21-mer RNA control, on the denaturing gel. This again points at the possibility of loss of base
on the incoming monomer, during RNA primer extension at low pH, in the DH-RH reaction

regimen.

Furthermore, the nature of the monovalent ion that was added to the reaction mixture was
altered to analyze whether this change might prevent the generation of the potential abasic
site on the extended primer product. The role of ammonium ions in this context was specifically
checked as a previous study had demonstrated the formation of oligomers from non-activated
RNA monomers in salty environment, under DH-RH regimes (Da Silva et al., 2015). Among the
different salts used in their study (viz. NH4Cl, NaCl, LiCl and KCI ), ammonium chloride was the
most efficient salt that seemed to promote oligomer formation when 1:1 mixture of 5'-AMP
and 5'-UMP were cycled under DH-RH reaction conditions at 85°C. The researchers also claimed

to have observed oligomers in their reaction that were capable of base pairing, as was evident
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from EtBr staining of the reaction products. However in our reaction set-up, use of NH," alone,
or along with Na*, did not prevent the apparent loss of base during the primer extension

reactions (Fig 4.9).

4.4.3 RNA primer extension using sugar-phosphate monomer

Despite varying multiple parameters that potentially influenced the reaction, the apparent loss
of the base on the extended RNA primer product persisted. Therefore, whether the RNA primer
could get extended with just the sugar-phosphate unit was analyzed. A previous study from our
lab has demonstrated the polymerization of this monomer under similar DH-RH reaction
regimen (Mungi and Rajamani, 2015).Towards this end, 5'-rMP, which consists of only the
ribose sugar and a phosphate (but lacks any informational moiety), was used as the monomer
in the starting reaction mixture. Upon analysing the reaction products on a denaturing gel, long
streaks of products were observed above the starting 20-mer RNA primer band. These resultant
products were observed at the end of the first DH-RH cycle itself (Fig 4.10A 'Cyc 1' lane). This
indicated a higher polymerization efficiency for 5'-rMP than the 5'-ribonucleotides (discussed in
detail in result sections 4.3.1 to 4.3.3). The long streaks that resulted from the products formed
suggested multiple additions of the sugar-phosphate monomers to the RNA primer. These 5'-
rMP are known to form multiple linear and cyclic oligomers under these DH-RH conditions of
low pH and high temperature, as was reported in previous work from our lab (Mungi and
Rajamani, 2015). It is suspected that in our reaction set-up, the pre-existing RNA primer
possibly is getting extended by a mixture of linear and cyclic products, resulting in poor

resolution of the product oligomers during gel analysis.

Furthermore, we wanted to confirm that the streaks of the products observed on top of the
RNA primer was due to a covalent linkage between 5'-rMP and the 3' terminal of the primer
used in the reaction, and not because of oligomerization that resulted from 5'-rMP alone. To
address this, 5'- rMP molecules were cycled alone without the primer-template complex and
analysed using gel electrophoresis. No fluorescence signals were obtained upon scanning the

gel at 532nm wavelength (at which the signals from ‘Cy3’ are usually obtained). No products
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were observed upon staining the gel with SyBr gold as well, due to lack of any intercalating
bases on 5'-rMP oligomers. This indirectly confirmed that the 5'-rMP monomer and/or
oligomers were covalently linked to the pre-existing RNA primer in the reaction mixture, and
thus resulted in the poorly resolved smudge of products observed on the gel. Surprisingly
similar streaks of products were also observed when using Hydroxyl G primer (Fig 4.10B). This
again might be an indicative of better polymerization competence of the sugar-phosphate

monomers than contemporary nucleotides.

To further confirm the covalent linkage between the 5'- rMP monomers/polymers and the pre-
existing RNA primer, mass analysis was undertaken. However, despite multiple efforts, clean
mass data could not be obtained for the extended primer products. This was mainly due to the
low yield of the reaction products. This limitation was further compounded by other factors
including the degradation of RNA over multiple DH-RH cycles, multiple peaks observed in
MALDI-TOF analysis due to the inherent complexity of the unpurified reaction material, and
considerable loss of the products during gel purification to obtain the purified products.
Therefore, to circumvent this problem, a proxy reaction was set up with a nucleotide analogous
to the 3'-end of the RNA primer viz. 3'-NH,-ddA, and 5'-rMP, under DH-RH reaction conditions.
As mentioned above, previous study from our lab has shown generation of oligomers with basic
sites when 5'-AMP was subjected to similar reaction conditions. Addition of single or multiple
5'-rMP molecules to the nucleotide monomer would, in principle, result in similar polymers
containing abasic site/s. Hence, 3'-NH,-ddA was chosen to have no phosphate group, so as to
avoid its self-polymerization, and generation of possibly similar reactions products as those that
might be obtained from addition of 5'-rMP to this nucleotide monomer (i.e. addition of 5'-rMP
to 3'-NH,-ddA-5'-monophosphate). In other words, this strategy ensured that the resultant
products were only due to the addition of 5'-rMP to 3'-NH,-ddA. The reaction product was
purified using ion exchange HPLC (indicated by red arrow in Fig 4.12B), for further mass
analysis. Since this product eluted out in the salt-gradient on the ion-exchange column, it would
have a phosphate group. Additionally, since it was detected using DAD detector (absorbance:
260 nm), it would also have a nucleobase attached to it. Therefore, it was suspected that the

purified fraction contained a product with addition of a single 5'-rMP to a 3'-NH,-ddA molecule.



Chapter |4||Page |133

The mass analysis confirmed this suspicion (Table 4.2), as the exact mass for a dimer of 5'-rMP
and 3'-NH,ddA was obtained. This dimer is suspected to have two prominent covalent linkages
as indicated in Fig 4.12A. The nature of the covalent linkage needs further confirmation using
NMR analysis. To our surprise, a mass number corresponding to that of 5'-AMP was also
obtained (Table 4.2). This hints at the addition of adenine nucleobase (a possible breakdown
product from 3'-NH,-ddA, indicated by blue arrow in Fig 4.12B), to the pre-existing 5'-rMP
molecule under the DH-RH conditions. Presence of at least two isomers, namely the canonical
5'-AMP and N6-ribosylated isomer of the AMP, is suspected for this observed mass number. It is
of our interest to pursue this reaction further in order to find out the exact chemical structure

of the 5'AMP (like) molecule obtained.

Under our reaction regimen, addition of sugar-phosphate monomers to the RNA resulted in the
formation of hybrid oligomers. Such hybrid oligomers have the potential to sample multiple
nitrogenous bases/informational moieties. They have been hypothesized to have played an
important role in exploring a vast chemical space of nitrogenous bases that might have
populated a pre-RNA World, ultimately giving rise to modern RNA from pre-RNA informational
polymers, in a process facilitated by molecular evolution (Fig 1.2B, Chapterl) (Hud et al., 2013).
This transition from pre-RNA to RNA molecules has gained support from the recent
experimental demonstrations of addition of non-canonical nucleotides, to pre-existing ribose or
ribose monophosphate molecules. A nucleobase analogue, namely 6-aminouracil, was shown
to form the corresponding nucleoside under dry heating conditions (Kim and Benner, 2015).
2,4,6-Triaminopyrimidine (TAP) is yet another nucleobase analogue capable of forming TAP-
ribose conjugates under prebiotically plausible conditions (Chen et al., 2014). A previous study
from our lab has also reported formation of a nucleotide by the incorporation of barbituric acid

(BA) to 5'-rMP, under high temperature DH-RH regimens (Mungi et al., 2016).

4.4.4 RNA primer extension using lower monomer concentration
In order to try and retain the informational moiety on the extended primer, we also used lower

amounts of acid in the starting reaction mixture. This was done as the glycosidic bond in the
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nucleotide monomers is known to be susceptible to hydrolysis at higher temperatures and low
pH. However, maintaining the pH in the acidic range seemed important for addition of the
monomer to the pre-existing monomer/oligomers (results from Mungi and Rajamani, 2015, and
from this study, respectively). Therefore, we added sulphuric acid to the starting reaction
mixture to a final concentration of only 1mM and then used nanopure water for rehydration.
Since the sodium salt of the monomer has been used in the reactions (the pH for this monomer
stock solution is near 8), its amount was reduced to up to 1mM in order to maintain a low
enough pH. Surprisingly, primer extension was observed even at this low concentration of
monomer. This was true for both the nucleoside-5'-monophosphate and ribose-5'-
monophosphate, when they were used as the starting monomer in the respective reaction
mixtures. We believe that this result is of importance as the existence of highly concentrated
pools of reactants on the prebiotic Earth remains questionable. Additionally, the yields of most
prebiotically pertinent reactions are usually really low, which might result in availability of very
low amounts of the reactants at any given time. Therefore, it is really crucial to analyze
prebiotically pertinent reactions using lower “realistic” concentrations of the starting chemicals,

as has been done in this study.

4.5 Conclusion

Certain niches like acidic geothermal pools, present at the edges of volcanic sites, have argued
to be the most plausible site for the origin of life on prebiotic Earth. In this study, the feasibility
of information transfer process, which is essential for the emergence of functional nucleic acids,
was assessed in such environments, under prebiotically pertinent DH-RH reaction regimes. Our
studies reveal that, although the RNA primer could get extended using non-activated 5'-NMPs
as monomers, the information moiety is lost under these reaction conditions of high
temperature and low pH. Presence of lipid in reaction mixture plays a protective role as far as
RNA degradation is considered. The loss of base can, however, not be prevented even after
changing pertinent reaction parameters such as temperature, rehydration solution and the
nature of monovalent cation. This strongly hints at a possible loss of nucleobase, being coupled

to the RNA primer extension, in these reaction regimens. In general, this set of experiments
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highlight the importance of systematically characterizing prebiotically pertinent reactions in
simulated laboratory conditions, to better understand how they might advent in niches that are
thought to have supported the origin of life. Particularly, these findings have important
implications for discerning relevant mechanisms in such niches that would have eventually
enabled the transition from chemistry to biology on the early Earth. Furthermore, the
formation of hybrid polymers in our 5'-rMP based reactions, strengthens the likelihood of pre-
RNA World hypothesis. Also, the possibility that the same sugar phosphate backbone can
potentially sample both contemporary as well as alternate nucleobases, is indicative of the
important role such mixed backbones might have played in the transition from a putative pre-

RNA World to an RNA World.
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Summary

From time immemorial, the formation of first living entity from a mixture of chemicals has
intrigued scientists. Researchers have put forth different theories for drawing out the potential
path for this non-trivial transition from ‘nonliving’ chemistry to ‘living’ biology. Since the
presence of genetic material is deemed indispensable for living beings, most of the ‘origin of
life’ related research has been focused on understanding the formation and evolution of
functional genetic polymer(s). ‘RNA’ has been the most favored candidate in this regard, due to
its capability to store information and its potential to act as a catalyst (Robertson and Joyce,
2010). This widely acknowledged ‘RNA World’ hypothesis gains considerable support from the
presence of modern day evidences, such as RNA viruses (wherein RNA acts a genetic material)
and self-splicing introns (wherein RNA acts as a catalyst). The ‘smoking-gun’ evidence, however,
is the presence of rRNA in the core of the extant ribosome, which indicates a key role of RNA in
the catalysis of peptide-bond formation. Additionally, the availability of experimental models to
demonstrate nonenzymatic construction of RNA polymers has further fueled research in

understanding RNA-based early life.

Substantial amount of experimental work in the past 50 years has explored enzyme-free
formation of nucleic acid monomers, and their subsequent polymerization and replication
(Orgel, 2004; Robertson and Joyce, 2010; Wachowius et al., 2017; Kitadai and Maruyama,
2018). The fidelity of these enzyme-free reactions has also been characterized to some extent
(Orgel, 2004; Rajamani et al., 2010; Leu et al., 2013). However, during our literature survey, we
noticed that almost all of these prebiotically pertinent reactions were carried out without
considering the inherent heterogeneity of the prebiotic milieu. The prebiotic soup must have
contained different kinds of chemicals as a result of a plethora of products and by-products
obtained from relevant synthesis pathways like FTT synthesis, formose reaction etc. The
exogenous delivery of mixtures of different chemical entities would have further compounded
the complexity of the prebiotic milieu. Hence, it is imperative to analyze relevant prebiotic
processes in the presence of background molecules. The parallel in extant biology includes
studies wherein the effect of co-solutes and molecular crowding, on various biochemical

processes, has been well documented (Nakano et al., 2014; Rivas and Minton, 2016). Therefore,
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for the present investigation, the effect of prebiotic heterogeneity on nonenzymatic reactions
was systematically analyzed. We selected the ‘enzyme-free template-directed RNA primer

extension’ system as a model prebiotic reaction for this analysis.

To begin with, the complexity of the reaction mixture was increased in a step-wise manner,
using DLPC vesicles and PEG as co-solutes. The lipid vesicles were chosen as a co-solute due to
their relevance in the formation of protocellular boundary structures (Szostak et al., 2001). On
the other hand, PEG is routinely used as a molecular crowding agent in many biochemical
analyses. Its use also served as a proxy for the presence of nonspecific polymers that might
have resulted from the polymerization of other non-RNA monomers that would have also been
present in the milieu (Mamajanov et al., 2014; Mungi and Rajamani, 2015). The rate and
accuracy of nonenzymatic template-directed RNA replication was analyzed in the presence of
either the individual or the admixture of these co-solutes, using imidazole-activated monomers.
We found that the rate of purine based matched addition reactions decreased in the presence
of individual co-solutes. This effect was found to get enhanced in reactions where the
admixture of both these co-solutes was used. On the other hand, no significant change in the
rate of addition was noted for the other two matched additions, along with all the mismatched

additions, in the presence of either the individual co-solute or in the admixture of lipid and PEG.

We envisaged that greater n-stacking ability of the purine monomers might underlie these
observed effects. In order to analyze this further, we estimated the diffusion constants and the
size of the molecular cluster/s of nucleotide monomers using NMR. By estimating DOSY NMR
and Ty relaxation constants for different concentrations of monomers in the absence and
presence of the PEG, greater stacking tendency for purine monomers, especially in the
presence of PEG, was confirmed (as opposed to what was seen when pyrimidine monomers
were used). Elevated stacking of purine nucleotides in the presence of PEG would mean the
sequestration of the free monomers into these pseudo-oligomeric entities, and thus lesser
availability of these monomers for primer extension in the reaction milieu. Observations from
our NMR experiments explain in part, the reason behind the differential decrease seen in the

rate of purine based matched additions under our reaction setting.
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Due to a decrease in the rate of two out of four of the fast matched addition reactions, the
overall fidelity of nonenzymatic RNA replication was also found to have decreased under our
experimental conditions. The mutation rate was found to be 19.8 + 0.5% in control condition,
which increased to 26.6 + 4.4% in the presence of both the co-solutes. The frequency of
incorrect addition of ‘G across U’ considerably increased, resulting in almost 20% rise in the
mutation rate for the ‘U’ template base in the presence of DLPC and PEG (31 + 4.6 % in the
control condition vs. 51.7 £ 3.5 % in the presence of both the co-solutes). We further analyzed
the effect of presence of co-solutes on enzyme-free RNA replication for several replication
cycles, using in silico studies which were parameterized based on experimentally generated
reaction rates. The simulation studies revealed strong GC-bias in the daughter sequences,
which might stem from the inherent low fidelity of copying ‘A’ and ‘U’ template bases (Orgel,
2004). Greater sequence space exploration was observed in the case of RNA template-directed
polymerization that occurred in the presence of co-solutes, as was interpreted from the
generation of higher number of new sequences under these conditions. Taken together,
presence of background molecules was found to directly impact the propagation of genetic

information in our prebiotically pertinent experimental conditions.

Going forward, we also wanted to analyze the feasibility of template-directed RNA primer
extension, using prebiotically realistic non-activated monomers. These experiments were
carried out in the presence of lipids as co-solutes, and under a reaction regimen of alternate
DH-RH cycles at low pH and high temperature, to promote the bond formation between the
incoming monomer and the RNA primer. Although RNA primer extension was observed under
these conditions, the extended primer product contained a plausible abasic site. The loss of
base on the extended RNA primer persisted despite changing various parameters including the
temperature of the reaction, the nature and amount of acid used for rehydration, and the
identity of the monovalent cation used in the reaction mixtures. We hypothesize that the loss
of base is potentially coupled to the chemical addition of the incoming monomer on to the pre-

existing RNA oligomer.
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Since the extended primer product contained a plausible abasic site while using 5'-NMPs as
monomers, we also went ahead and investigated the extension of the RNA primer using ribose-
5'-monophosphate (5'-rMP; this monomer lacks the nitrogenous base). Long streaks resulting
from, possibly, multiple additions of 5'-rMP to the RNA primer were observed upon gel analysis.
Such hybrid oligomers of RNA and sugar-phosphate backbones is argued to have played a
crucial role in sampling different information carrying moieties, during the early stages of
emergence of the informational polymer (Hud et al., 2013). Significantly, the extension product
obtained from addition of a single 5'-rMP monomer was also found to be running at a similar
level as the band that was obtained when 5'-AMP was used as monomer. This indirectly

confirmed the loss of base during the addition of 5'-NMP to a pre-existing RNA primer.

In conclusion, the investigations detailed in this thesis highlight the importance of
understanding the progress of prebiotic reactions under realistic prebiotic niche conditions. Our
studies reveal that nonenzymatic reactions that are carried out in buffered conditions, using
high concentrations of the starting reactants, might not result in a similar set of product/s when
subjected to prebiotically realistic scenarios. This is an important consideration as studies like
ours, will allow for a better understanding of the mechanisms underlying the transition from
chemistry to biology on early Earth. Importantly, it has crucial implications for helping in the

reconstruction of the ‘origin of life’ in a test-tube, using the bottom up approach.
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Abstract The widely acknowledged ‘RNA world’ theory
pertains to how life might have chemically originated on
early Earth. It presumes the existence of catalytic RNAs,
which were also capable of storing and propagating genetic
information. Substantial research has gone into under-
standing how enzyme-free reactions of nucleic acids might
have led to the formation of such catalytic RNA polymers.
However, most of these studies involved reactions that
were performed in aqueous systems devoid of any “back-
ground” molecules. This scenario is not a true represen-
tation of the complex chemical environment that might
have been prevalent on prebiotic Earth. In the present
study, we analyzed the effect of co-solutes (“background”
molecules) on the rate and accuracy of template-directed
nonenzymatic replication of RNA, in a putative RNA
world. Our results suggest that presence of co-solutes in the
reaction affects the addition of purine monomers across
their cognate template base. Reduction in the rate of these
‘fast’ cognate addition reactions resulted in an apparent
increase in the frequency of mismatches in the presence of
co-solutes. However, reactions that involved the addition
of a mismatched base were not notably affected. Such a
scenario could have led to an accrual of mutations during
the propagation of functional sequences on early Earth,
unless the relevant sequences were separated from the bulk
reaction milieu by some limiting boundary structure (e.g., a
membrane). In general, our results suggest that the pres-
ence of co-solutes could have affected certain prebiotic
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reaction rates to a larger extent than others. Even modest
changes in nonenzymatic replication reaction rates could
have eventually resulted in the accumulation of greater
variation in RNA sequences over prolonged time periods.
It, therefore, is pertinent to account for the chemical
complexity intrinsic to prebiotic environments while
studying relevant nonenzymatic reactions.

Keywords Origin of life - Prebiotic complexity - RNA
world - Nonenzymatic replication - Co-solutes

Introduction

Last few decades of research has enabled delineating the
workings of many contemporary life processes. On the
contrary, the abiotic origin of life continues to be a fasci-
nating and challenging mystery. The concept of ‘RNA
world’, a widely accepted hypothesis, pertains to a time in
the early history of life’s origin when RNA molecules are
thought to have acted, both, as a genetic material and a
catalyst. This hypothesis assumes that the RNA world was
populated by oligomeric RNA molecules that propagated
their genetic information by virtue of self-replication
(Gilbert 1986). To evolve a functional ribozyme capable of
self-propagation, a crucial first step in the process would
have involved the generation of RNA molecules and their
subsequent replication by chemical means. A significant
amount of work has enabled delineating the chemical
synthesis of nucleic acid monomers and characterizing
plausible routes by which they would have polymerized
under different prebiotically relevant conditions (Orgel
2004; Robertson and Joyce 2011). However, for an RNA
molecule to act as its own replicase, it would have been
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crucial that this reasonably long functional molecule
replicated its information with high efficiency.

Previous studies have demonstrated that purely chem-
istry-based, enzyme-free templated primer extension reac-
tions are usually highly prone to mismatched base additions
(e.g., G:U pairing) due to the unavailability of an error cor-
rection machinery (a function carried out by proteins today).
In addition, if the frequency of errors is high, propagation of
information over successive generations is hampered as
maximum information that can be carried in a replicating
genome is known to be inversely proportional to the muta-
tion rate (Eigen 1971). It has previously been shown that the
mismatched addition of nucleotides during nonenzymatic
replication not only stalls the process (Rajamani et al. 2010),
but also leads to a cascade of mismatches after the initial
misincorporation (Leu et al. 2013), giving advantage to the
faithfully replicating nucleic acids in such scenarios. The
reaction kinetics and error rates for such enzyme-free primer
extension reactions have been characterized. However, in
these cases, the starting reactants used were usually very pure
and the reaction mixtures were homogenous (Stiitz et al.
2007; Rajamani et al. 2010; Leu et al. 2011). In other words,
the systems studied thus far are what can be referred to as
“pure systems” devoid of any co-solutes; a scenario that is
prebiotically not realistic. It is pertinent to evaluate the
aforementioned reaction variables in the presence of co-so-
lutes as their presence is known to affect both the kinetics and
the equilibrium of several biochemical reactions (Ellis
2001). Macromolecular crowding, a phenomenon facilitated
in reactions with co-solutes, has been shown to not only
affect protein folding and its stability, but also the rates of the
enzymatic reactions that they catalyze (Minton 2001; Zhou
et al. 2008). Such crowded conditions are also known to
influence reactions involving nucleic acids (Nakano et al.
2014). For example, catalytic RNAs are known to get sta-
bilized under crowded conditions (Kilburn et al. 2013; Desai
et al. 2014). In addition, it has also been reported that the
activity of certain ribozymes increases in the presence of co-
solutes (Nakano et al. 2009; Kilburn et al. 2013; Strulson
et al. 2013; Desai et al. 2014) and in aqueous two-phase
systems, another system used to facilitate crowded condi-
tions (Strulson et al. 2012). Interestingly, crowding improves
the catalytic activity of ribozymes at physiologically rele-
vant ionic strengths (Strulson et al. 2013), which is advan-
tageous in reactions containing fatty acid protocells that are
generally not very stable at higher ionic strengths (Chen et al.
2005; Adamala and Szostak 2013).

The prebiotic soup would have been a composite mix-
ture of many different molecular species rather than being a
homogenous solution of only certain kinds of ‘interesting’
molecules. Therefore, the phenomena of, both, molecular
complexity and crowding are pertinent to prebiotic chem-
ical environments. Nonetheless, studies involving the

characterization of nonenzymatic replication reactions of
nucleic acids in the presence of other chemical entities
have not been reported so far. Characterizing enzyme-free
copying in prebiotically relevant scenarios is important as
they might not advent in a chemically complex environ-
ment in the same manner as they would in a chemically
simpler scenario. The presence of other molecules could
have subtle to pronounced effects on several aspects of
nonenzymatic replication, which could potentially influ-
ence the overall fidelity of template-directed primer
extension reactions. In scenarios wherein the reaction rates
might be affected pronouncedly, this could also have a
bearing on the efficiency of successive transfer of genetic
information, which is imperative for the persistence and
evolution of catalytic RNAs in an RNA world.

To the best of our knowledge, this study reports for the
first time the effect of the presence of co-solutes on
nonenzymatic template-directed primer extension reac-
tions. We used Polyethylene Glycol (PEG) and a double-
chain surfactant lipid as co-solutes in our reactions. Com-
partmentalization of the replicating genetic material is
considered to have played a fundamentally important role
during the origin and evolution of primitive life on early
Earth (Szostak et al. 2001). Double-chain surfactant lipids
are the contemporary counterparts of prebiotic amphi-
philes, which are thought to have promoted the formation
of protocellular membranes. We, therefore, wanted to
understand the role of this important co-solute on error
rates of nonezymatic replication. PEG, on the other hand,
has been extensively used in facilitating volume exclusion
effects in several biochemical experiments. In our reac-
tions, PEG is also representative of other random non-
specific polymers which might have been present in the
prebiotic soup. In the present study, we characterized the
effect of the aforementioned co-solutes, both, in isolation
and in conjunction, to gain an understanding of the plau-
sible role of co-solutes in prebiotic replication reactions.

Materials and Methods
Materials

RNA primer (Primer Amino G), terminated with 3’-amino-
2/, 3'-dideoxynucleotide (Metkinen, Finland), was acquired
from Keck laboratory, Yale, USA and used after gel
purification. The primer was labeled with Cy3 on the 5’ end
for enabling its detection upon polyacrylamide gel elec-
trophoresis (PAGE) analysis. The RNA templates were
acquired from Thermo Scientific (Dharmacon) and were
used without further purification. The sequences of the
primer and templates used are as follows (the template base
is indicated in bold):
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Primer Amino G: 5 GG GAU UAA UAC GAC UCA
CUG-NH,

Template MisInc_C: 5 AGU GAU CUC CAG UGA
GUC GUA UUA AUC CC

Template MisInc_G: 5 AGU GAU CUG CAG UGA
GUC GUA UUA AUC CC

Template MisInc_A: 5 AGU GAU CUA CAG UGA
GUC GUA UUA AUC CC

Template MisInc_U: 5 AGU GAU CUU CAG UGA
GUC GUA UUA AUC CC

The double-chain surfactant lipid used in all the reac-
tions was 1, 2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC) and was purchased from Avanti Polar Lipids Inc.
Nucleoside 5’-phosphoimidazolides (ImpNs) were pur-
chased from GLSynthesis Inc. All other reagents used were
of analytical grade purchased from Sigma-Aldrich.

Methods
Reaction Conditions

0.325 puM of primer and 1.3 uM of template were annealed
to each other by heating at 95 °C for 5 min, followed by
cooling at room temperature (RT) for another 5 min. Tris
(pH 7.0) and NaCl were added to the reaction to a final
concentration of 100 mM and 200 mM, respectively.
DLPC vesicles were prepared by resuspending the dried
film of lipid in nanopure water, followed by vortexing. The
vesicles were then extruded through a 100 nm membrane
using a mini extruder (Avanti Polar lipids Inc), before
adding them to the reaction mix. DLPC was added as a co-
solute to the reaction mixture at a final concentration of
5 mM. PEG 8000 was added as a co-solute in the reactions
to a final concentration of 18 %. The primer extension
reactions were initiated by addition of nucleoside 5'-
phosphoimidazolides (ImpNs). Typically, 10 mM final
concentration of Imp A/G/C and 40 mM final concentra-
tion of Imp U were used in the reactions (Rajamani et al.
2010; Leu et al. 2011).

Analysis of Primer Extension Reactions

The time points for the primer extension reactions were
collected in TBE buffer containing 8 M urea and 100 mM
EDTA. Competitor RNA, with a sequence similar to that of
Primer Amino G (5’ GG GAU UAA UAC GAC UCA
CUG), was added in up to 10 times excess to the reaction
time points, prior to loading them onto the gel. This was
done to ensure complete separation of the fluorescently
tagged primer from their respective templates. The time
points were then run on 20 % denaturing PAGE. The gels
were scanned using Typhoon Trio plus imager (GE
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Healthcare) to detect the presence of fluorescently labeled
primer and the extended product. The scans were analyzed
using ImageQuant v 5.2 software. The extension of the
primer over time was calculated by dividing the intensity of
unreacted primer by sum of the intensities of both reacted
(extended) and unreacted primer. The initial rate of the
reactions was estimated by fitting a linear equation to
several early data points (Rajamani et al. 2010; Leu et al.
2011).

Calculation of Error Rates

The frequency of incorporation of a specific nucleotide
(ImpN) across a particular template base was calculated by
dividing the rate of addition of that nucleotide by sum of
the rates of addition of all nucleotides across the same
template base in the primer-template complex. Mutation
rate for a given template base (un) was calculated by
adding the frequencies of incorrect incorporations across
that base. For the calculation of average mutation rates in a
system, we have assumed equal parts of A, G, C, and U in
the template. The average mutation rate was calculated by
taking the average of mutation rates of all the template
bases in a particular system (fave = 0.25 *(ua + pg +
Uc + uy)). Mutation rates for genomes composed of equal
parts of G4C or A+U were calculated in a similar manner.

Results

To study the effect of co-solutes on enzyme-free copying
of RNA templates, we used DLPC and PEG8000 as co-
solutes in our reactions. We analyzed the individual effects
of these co-solutes, as well as the combined effect of the
admixture of these co-solutes, on template-directed primer
extension reactions by following the reaction over a course
of time. We determined the apparent first-order rate of
addition of matched as well as mismatched nucleotides in
the aforementioned scenarios, against the different tem-
plate bases, to characterize potential changes in the reac-
tion rates of such nonenzymatic replicating systems

(Fig. 1).

Effect of Individual Co-solutes on Nonenzymatic
Replication

We studied the effect of the presence of DLPC or PEG8000
as co-solutes, individually, on nonenzymatic replication
reactions by studying the rate of template-directed addition
of a single activated nucleotide to the fluorescently labeled
primer. These reactions were carried out for the ‘correct’
incorporation of a cognate base against all four template
bases i.e., addition of ImpG, ImpC, ImpA, and ImpU across
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Fig. 1 Incorporation rate of cognate nucleotide ‘Imp A’ across the
template base U of the ‘MisInc_U’ template, in the presence of both
DLPC vesicles and PEG. The gel image shows extension of the
primer over time (initial rate = 0.509/h)

C, G, U, and A template bases, respectively. The rates of
addition were compared to those obtained for control
reactions which were carried out in buffer, without the
addition of any co-solutes (comparable to reactions carried
out in Leu et al. 2011). Interestingly, the rate of addition of
‘G across C’ (where C is the template base) was clearly
slowed down in the presence of either of the co-solutes. In
case of addition of ‘A across U’ (where U is the template
base), the individual co-solutes did seem to slow down the
rate of extension in each of the three individual replicate
sets analyzed under different reaction conditions (control
vs individual co-solute-based reactions). However, the
absolute rates varied between the experimental replicates
leading to the observed large deviation from the mean
values (Table 1). In other words, the rate of primer
extension was reduced when the incoming cognate
nucleotide was a purine (rates indicated in green in
Table 1). Furthermore, we also studied the effect of the
presence of the aforementioned co-solutes on ‘incorrect’ or
misincorporation rates (mismatched additions) against all
four template bases i.e., a total of twelve mismatched
addition reactions. We observed no significant effect on the
rate of mismatched additions, even when the incoming
non-cognate base was a purine (Table 1).

Effect of Admixture of Co-solutes on Nonenzymatic
Replication

As the presence of individual co-solutes was observed to be
affecting the rate of some of the primer extension reactions,
we decided to study the combined effect of the presence of
both DLPC and PEG 8000 on all the matched and mis-
matched primer extension reactions, against all four tem-
plate bases. This was done to experimentally increase the
complexity in the starting reaction mixture. As suspected,
the rates of addition of ‘G across C’ were clearly affected

in these scenarios too (Table 1). For the addition of ‘A
across U,” we saw an effect similar to aforementioned
individual co-solute-based reactions. In each of the three
replicate sets, the admixture of co-solutes did reduce the
absolute rate of addition of ‘A across U’ but the error
between experiments was again large. Nevertheless, the
reduction in the rate observed for each replicate of the
aforementioned admixture-based reactions was, on an
average, close to 55 % in comparison to that of the cor-
responding control reaction rate. To analyze whether this
change in the rate is significant, we compared the differ-
ence in the rate (A Rate = rate of control reaction minus
the rate of reaction in presence of both the co-solutes)
within individual replicates for all combinations of ‘in-
coming nucleotide-template base’ (Table 1). The variations
in the rate between the replicates for the same reaction can
be mitigated to some extent by using the normalized value
(A Rate/Rate of control reaction). However, this procedure
will (spuriously) amplify the A Rates and their dispersion
when rate of control reaction itself is very small. This issue
can be resolved by analyzing the data for difference in the
rates of control reaction and that in presence of both the co-
solutes on a 2-dimensional plot with ‘A Rate’ along one
axis and ‘A Rate/Rate of control reaction’ along the other
(Fig. 2). Only those points which are substantially distant
from both the axes have a A Rate value significantly dif-
ferent from zero.

Figure 2 shows that the ‘A Rate’ for two reactions i.e.,
‘G across C’ and ‘A across U’ (points ‘U/A’ and ‘C/G’,
indicated in red) are the only ones distant from both the
axes. The large difference in their error bars along the two
axes suggests variation from one replicate set to the other,
which has been compensated by the normalization. This is
also particularly evident for the difference in the rates for
addition of ‘C across G’ (green point along the x-axis)
which has large error bars along the x-axis but the nor-
malized value is at zero. On the other hand, some of the
reactions whose rate of control reactions are close to zero
(e.g., addition of ‘C across U’) show the expected (though
spurious) large error bars along the y-axis. In summary, all
the data points, excepting points ‘U/A’ and ‘C/G’ (indi-
cated in red), are consistent, with zero difference between
rate obtained for control reaction and that in presence of
both the co-solutes. Furthermore, we used an iterative
robust statistical procedure to determine the base level of
the difference in the reaction rates (A Rate) and the sig-
nificance of the deviation of the two values from the same
(i.e., the A Rate for addition of ‘G across C” and ‘A across
U’). Robust analysis using 3 times the standard deviation
(99.5 %) as the cut-off for deviants yielded N = 14 points
with mean = —0.005 and standard deviation = 0.054.
This analysis indicates that the A rates for addition of ‘A
across U’ and that of ‘G across C” were both excluded from
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Table 1 Experimental rates for nonenzymatic primer extension reactions (h ") under control reaction conditions and in the presence of either or

both of the co-solutes (Color table online)

Reaction Control With DLPC With PEG8000 With DLPC and
No. PEG8000
Template | ImpN | Rate/hr | 0 o Rate/hr | 0 on Rate/hr | 0 o Rate/hr | 0.
1 C G 1.58 0.17 1.09 0.1 0.79 0.26 0.69 0.08
2 C U 0.021 0.002 0.022 0.004 0.02 0.002 0.022 0.005
3 C C 0.022 0.002 0.014 0.008 0.022 0.004 0.028 0.0004
4 C A 0.017 0.006 0.026 0.01 0.018 0.006 0.027 0.008
5 G C 9.03 0.55 8.42 1.22 8.97 0.86 8.91 0.6
6 G U 0.48 0.28 0.40 0.17 0.71 0.16 0.55 0.27
7 G G 0.16 0.06 0.18 0.04 0.11 0.04 0.18 0.11
8 G A 0.04 0.02 0.048 0.02 0.048 0.008 0.03 0.003
9 A U 0.53 0.17 0.54 0.1 0.49 0.08 0.53 0.19
10 A G 0.17 0.05 0.17 0.01 0.17 0.06 0.2 0.14
11 A C 0.08 0.001 0.09 0.007 0.11 0.006 0.11 0.007
12 A A 0.07 0.03 0.056 0.03 0.053 0.007 0.024 0.006
13 V) A 0.92 0.37 0.73 0.24 0.57 0.33 0.43 0.22
14 U U 0.12 0.07 0.047 0.02 0.058 0.02 0.074 0.03
15 U C 0.017 0.001 0.018 0.002 0.023 0.002 0.03 0.014
16 U G 0.38 0.03 0.24 0.09 0.23 0.03 0.49 0.06

o denotes standard deviation from experimental replicates

Rows indicated in green show the experimental rates of addition of a purine monomer across its cognate template base while those indicated in
yellow show the experimental rates of addition of a pyrimidine monomer across its cognate template base. n = 3 for all matched addition

reactions, n = 2 for all mismatched addition reactions.

A Rate/Control rate

A Rate

Fig. 2 The ‘A Rate normalized by the initial control rate’(Y axis) is
plotted against the ‘A Rate’(X axis) for each reaction. The ‘A Rate’ is
significantly different from zero for addition of ‘G across C’ (point
C/G) and addition of ‘A across U’ (point U/A), both indicated as red
diamonds. The green diamonds indicate the remaining two matched
addition reactions. All mismatched addition reactions are indicated as
blue diamonds. Error bars indicate the standard error. n = 3 for all
cognate addition reactions and n = 2 for all mismatched addition
reactions (Color figure online)
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this “zero” cluster at significance levels of alpha = 0.025
and 0.005, respectively (i.e., at confidence level 97.5 and
99.5 %).

It is to be noted that the combined effect of the presence of
more than one chemical entity (or co-solute) was more
pronounced than when only one of these was added to the
reactions wherein the incoming cognate nucleotide was a
purine (indicated in green in Table 1). Additionally, the
kinetics of the other two matched reactions i.e., ‘U across A’
and ‘C across G’, wherein the incoming cognate nucleotide
is a pyrimidine base (indicated in yellow in Table 1),
seemed unaffected by the presence of any of the co-solutes,
either individually, or when the admixture of co-solutes was
used (Fig. 2; indicated by green diamonds). The rates of
misincorporation reactions were also not found to have been
significantly affected (Fig. 2; indicated by blue diamonds).
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Estimation of Experimental Error Rates
in the Presence of Co-solutes

Our results indicate that the misincorporation frequencies
are higher for A and U than that of G and C template bases,
consistent with previous results (Rajamani et al. 2010; Leu
et al. 2011). The prominently observed misincorporation
was the addition of ‘G across U,’ the frequency of which
considerably increased in the presence of both the co-so-
lutes as compared to the control reaction (Fig. 3). This was
a consequence of the decrease in the rate of cognate base
addition across ‘U’ template base in the presence of the co-
solutes as compared to the control condition (Reaction 13
as indicated in Table 1). However, misincorporation fre-
quency of ‘U across G’ was not considerably affected in
the presence of the co-solutes apparently due to the faster
rate of the corresponding cognate base addition across G
(i.e., ‘C across G’) than of that across U (i.e., ‘A across U’).
The mutation rates were calculated from two independent
reaction sets wherein we calculated the rates for all pos-
sible matched and mismatched addition reactions. The
overall mutation rate for a genome comprising equal parts
of A, U, G, and C was 19.8 &+ 0.5 % in our control reac-
tions, which were devoid of any co-solutes. The mutation
rate in the presence of only DLPC as co-solute was found
to be 18.9 + 0.2 % and that in the presence of only PEG as
co-solute was found to be 20.7 = 0.4 %. The observed
mutation rate increased to 26.6 & 4.4 % in the reactions,
which had both PEG and lipid vesicles as co-solutes.
However, this change was not found to be statistically
significant (p = 0.159, Student’s t test). Nonetheless, this
effect on mutation rate becomes prominent for copying of
GC-genomes (mutation rate of 5.3 £ 0.7 % in control
reaction vs. 8.6 = 0.3 % in the presence of both the co-
solutes, p < 0.05) as compared to that of AU-genomes

Template base

(mutation rate of 34.3 &+ 0.2 % in control reaction vs.
444 4+ 9 % in the presence of both the co-solutes,
p > 0.05). Larger error bars associated with the mutation
rates of AU genomes might stem from the inherent low
efficiency associated with the copying of A and U template
bases (Orgel 2004).

Discussion

Chemical environments on prebiotic Earth, that are thought
to have supported the origin of biologically relevant
molecules, would have been replete with several different
kinds of molecules rather than being a preferentially con-
centrated solution of only specific types of moieties. In this
study, we wanted to discern the effect of the presence of
co-solutes on the rate of template-directed nonenzymatic
replication reactions. Lipid vesicles and PEG were used as
co-solutes in our reactions. Lipids are a crucial part of
contemporary cell membranes. Extant/modern lipids are
modified versions of simpler amphiphiles like fatty acids,
which are suggested to have formed membrane boundary
structures around the earliest forms of cells (protocells).
Fatty acid molecules are thought to have been formed on
prebiotic Earth by Fischer—Tropsch synthesis like reactions
(McCollom et al. 1999). Moreover, organic hydrocarbon
components of certain carbonaceous meteorites have also
been shown to form membrane like structures (Segré et al.
1999). It therefore is conceivable that prebiotic pools could
have contained sufficient amphiphilic molecules. For these
preliminary studies, we used DLPC, a modern counterpart
of prebiotic amphiphiles, to study the effect of amphiphiles
on nonenzymatic replication reactions. PEG, on the other
hand, is a known molecular crowding agent and has been
used extensively in various studies to simulate volume
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exclusion effects. The prebiotic soup would have been
populated by oligomers that would have resulted from
parallel polymerization reactions involving other chemical
moieties such as lactic acid, malic acid, and ribose-5’-
monophosphate (Harshe et al. 2007; Mamajanov et al.
2014; Mungi and Rajamani 2015). In addition, a very
recent study also demonstrated a possible route for selec-
tive survival of longer nucleic acid strands in a prebioti-
cally relevant context (Kreysing et al. 2015). The use of
PEG in our reactions is to simulate the presence of these
other random polymers in order to study their collective
volume exclusion effects.

Based on observations from previous background liter-
ature, our original hypothesis was that the overall reaction
rates of all the co-solute-based reactions might actually
increase due to the volume exclusion effect that is facili-
tated under such conditions. It is known that in crowded
conditions, catalytic rates of biomolecular reactions gen-
erally tend to increase. This is mostly attributed to con-
centration-related volume exclusion effects (Minton 2001;
Zhou et al. 2008). Interestingly, our results indicated that in
the presence of co-solutes only the rates of those fast
matched addition reactions were altered wherein the
incoming cognate nucleotide was a purine. We speculate
this might be driven by the fact that purines can stack better
in solution as compared to pyrimidines. Importantly, such a
property could affect the availability of purine monomers
in reactions wherein the presence of co-solutes facilitate
volume exclusion, leading to concentration-related effects.
Previous studies have shown that crowded conditions tend
to affect the diffusion of biomolecules (Banks and Fradin
2005; Kuznetsova et al. 2015). Moreover, crowding is also
known to affect the diffusion of small molecules to a
considerable extent (Dauty and Verkman 2004). For this
reason, we envisage that in our reactions volume exclusion
could be affecting the kinetics of matched reactions
involving the addition of a purine and this potentially might
stem from reduced diffusion of stacked purine monomers
in comparison to that of the free monomers. The purine
monomers, therefore, might not be readily available for
primer extension, which in turn could be altering the rate of
this subset of fast matched reactions of the primer-template
complex. This effect was especially enhanced in those
reactions where a combination of co-solutes was used to
increase the complexity in our reaction mix (rates indicated
in green in Table 1). Mismatched reactions, on the con-
trary, are known to occur at a much slower rate than that of
the matched reactions; some of them up to two orders of
magnitude slower. Due to the inherent slow kinetics of
mismatched reactions, alteration in the diffusional mobility
of potentially stacked purine monomers (in the presence of
the co-solutes), does not seem to affect their rates to a
similar extent in our reactions. Consequently, the rate of
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mismatched reactions is not obviously affected in the
presence of co-solutes even if the incoming nucleotide is a
purine.

Although the rate of mismatched reactions was not
altered much in the presence of co-solutes, the reduction in
the rate of two of the otherwise fast cognate addition
reactions resulted in a small decrease in the fidelity of
nonenzymatic template-directed primer extension reactions
in our co-solute-based scenarios. In general, the presence
of co-solutes led to an increase in the mutation rates for
those reactions wherein a pyrimidine nucleotide was the
template base. As stated earlier, the misincorporation fre-
quency of ‘G across U’ was more pronounced in the
presence of co-solutes (Fig. 3). G: U wobble pairing is
known to be one of the most commonly observed mis-
matches during nonenzymatic reactions (Schrum et al.
2009; Leu et al. 2011). The rate of correct incorporation of
‘A across U’ was altered in the presence of co-solutes in all
experimental replicate sets despite the absolute rates within
each replicate set showing variation (~55 % reduction in
rate was observed). Additionally, incorporation of ‘G
across U’ was not affected much, which resulted in an
overall reduction of fidelity of copying of the ‘U’ template
base. Therefore, the mutation rate of enzyme-free copying
of ‘U’ template base was observed to have increased in the
presence of co-solutes (mutation rate of 31 £ 4.6 % in
control reaction vs. 51.7 & 3.5 % in the presence of both
co-solutes, p < 0.05), and this was more than in compar-
ison to any other template base.

Addition of ‘C across G’ and that of ‘G across C’ were
two of the fastest cognate base copying reactions observed
in our study, consistent with previous results (Leu et al.
2011, 2013). However, due to the inherent low rate of
cognate additions of ‘A across U’ and vice versa, and an
increase in the frequency of G:U wobble pairing in the
presence of co-solutes, the complexity inherent in a pre-
biotic chemical environment would have adversely affec-
ted the copying of ‘AU’ rich genomes to a greater degree
than that of ‘GC’ rich genomes. Interestingly, the standard
deviation obtained for fidelity calculation of ‘AU’ rich
genome in the presence of co-solutes was somewhat larger
than usual (refer “Estimation of experimental error rates in
the presence of co-solutes” section under “Results” sec-
tion). This is because the two reaction replicates for the
addition of ‘G across U’ and that of ‘G across A’ reactions
had an intrinsically greater variability in their extension
rates. We speculate that this might potentially stem from
random variability in the stacking interactions of G
monomers in the presence of co-solutes. The overall
reduction in the fidelity of enzyme-free copying, as we had
hypothesized, was observed to be higher for an ‘AU’
genome than a ‘GC’ genome in the presence of both the co-
solutes. This would tend to bias the genome composition
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toward being more GC-rich, as was also suggested in the
earlier study (Leu et al. 2011). In general, our results suggest
that increasing the complexity of the prebiotic soup could
lead to alterations in nonenzymatic reaction rates in a context
dependent manner. Importantly, this underlines the need to
factor in prebiotic complexity while quantifying reactions
that are relevant to understanding the chemical origins of
life. Even a step-wise increase in the starting complexity led
to changes in the reactions rates of certain nonenzymatic
replication reactions, suggesting the possibility that the
presence of various co-solutes in the starting mix, like in a
realistic prebiotic milieu, could have had more pronounced
effects on similar reactions. Consequently, the presence of
such chemically complex reaction mixtures would have
posed a considerable challenge for the efficient replication of
any functional polymer due to the aforementioned and pos-
sibly other reasons. Therefore, it would have been crucial to
compartmentalize the functionally significant polymers
during evolution, as has been previously suggested (Szostak
et al. 2001). Interestingly, in certain in silico studies,
encapsulation has been shown to be advantageous for group
selection of templates (Fontanari et al. 2006) as well as for
the selection of replicases (Bianconi et al. 2013).

In conclusion, our study highlights the importance of
accounting for the complexity that was prevalent in the
chemical environments of prebiotic Earth as it could have
significant implications for the origin of functionally
important molecules. Importantly, these results also
underline the significance of compartmentalization very
early on in order to minimize the error rates of nonenzy-
matic replication during evolution of functionally compe-
tent nucleic acids.
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Published online: 09 October 2018 . Accurate replication of encoded information would have been crucial for the formation and propagation

. of functional ribozymes during the early evolution of life. Studies aimed at understanding prebiotically

pertinent nonenzymatic reactions have predominantly used activated nucleotides. However, the
existence of concentrated pools of activated monomers on prebiotic Earth is debatable. In this study,
we explored the feasibility of nonenzymatic copying reactions using the more prebiotically relevant
5’-nucleoside monophosphates (5/-NMP). These reactions, involving a 20-mer primer, were performed
in the presence of amphiphiles, under volcanic geothermal conditions. Interestingly, the extended
primer was not comparable to the expected full length 21-mer product. Our results suggest loss of
the nitrogenous base in the extended primer. This phenomenon persisted even after lowering the
temperature and when different rehydration solutions were used. We envisage that the loss of the
informational moiety on the incoming 5/-NMP, might be occurring during addition of this monomer to
the pre-existing oligomer. Significantly, when 5’-ribose monophosphate was used, multiple additions
to the aforementioned primer were observed that resulted in hybrid polymers. Such hybrid oligomers
could have been important for exploring a vast chemical space of plausible alternate nucleobases, thus
having important implications for the origin of primitive informational polymers.

A widely accepted hypothesis pertaining to the existence of a putative ‘RNA World’ presumes that RNA mole-
cules played a central role during the emergence and evolution of early life on Earth. Central to this hypothesis
is the notion of an ‘RNA replicase’ enzyme (a ribozyme) that is capable of total self-replication'. However, prior
to the advent of ribozymes that could catalyze reactions efficiently, it is thought that enzyme-free propagation of
genetic information would have been a fundamentally crucial step. Inspired by this line of thought, studies have
been undertaken in the last few decades to characterize nonenzymatic polymerization and information transfer
reactions of nucleic acids. Most of these aforementioned studies have involved the use of activated nucleotides,
and in some cases chemically modified primers, in order to facilitate the formation of either phosphodiester or
phosphoramidite bond and, to also, obtain products in detectable yields. Several different activation chemistries,
including imidazole, 2-methylimidazole, 1-methyladenine, 2-aminoimidazole*?, oxyazabenzotriazole® etc., have
been explored thus far to successfully demonstrate enzyme-free oligomerization and copying reactions. Although
a recent finding demonstrates a plausible route for the synthesis of imidazole activated ribonucleotides®, the
presence or existence of significant amounts of most of the aforementioned activated nucleotides on the prebiotic
Earth, is still arguable. On the other hand, possible prebiotic routes for the syntheses of nucleotides, and of their
precursors, have been demonstrated in previous studies?®8. Very few reports, however, have demonstrated and
characterized the products resulting from the oligomerization of non-activated monomers such as nucleoside-5'-
monophosphates®!!. Importantly, the kinetics and fidelity of enzyme-free template-directed primer extension
reactions of oligomers, in a putative RNA World, using non-activated nucleotides, still remains largely unex-
plored. Therefore, it becomes pertinent and important to study the feasibility of nonenzymatic information trans-
fer and related processes, using non-activated nucleotides, which are prebiotically relevant in comparison to their
activated counterparts.

Phosphodiester bond formation between an existing nucleic acid polymer and an incoming 5'-NMP is a slow
reaction due to lack of a good leaving group such as an imidazole moiety on the phosphate. Furthermore, polym-
erization is essentially a condensation reaction involving the loss of a water molecule. Therefore, the rate of this
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reaction cannot be enhanced in the presence of bulk water. Not surprisingly, alternating cycles of dehydration and
rehydration (DH-RH cycles) at elevated temperatures, have been shown to promote the polymerization of nucleic
acid monomers'? as well as alpha hydroxy acids'® and malic acid monomers'. Dehydration at high temperatures
not only results in concentration of the reactants, it also enhances the loss of water molecules, facilitating con-
densation and, thus, promoting bond formation. Such alternate DH-RH cycles would have been facilitated on
the prebiotic Earth by diurnal cycles, seasonal variations etc. For e.g., dehydration in relevant niches might have
been facilitated by high temperatures, which is followed by rehydration that results due to condensation of water
at lower temperatures. It is thought that such alternate DH-RH cycles would have been abundant in terrestrial
geothermal fields and in inter-tidal pools, geological features that are thought to have been prevalent on the early
Earth. In a related study, researchers studied the copying of information from a single-stranded DNA, using
deoxyribonucleotide monomers, in the presence of lipids, under DH-RH conditions*. Lipids are known to form
liquid-crystalline matrices under dehydrated conditions, facilitating the concentration of the starting reactants
(e.g. nucleotides) within the inter-layers of the resultant multilamellar structures'®!’. This has previously been
shown to facilitate the polymerization of 5'-NMPs, under DH-RH conditions and in the presence of phospholip-
ids®!'. However, to our knowledge, no study has been reported to date wherein information transfer using RNA,
and prebiotically relevant non-activated nucleotides, has been systematically evaluated especially under prebiot-
ically relevant volcanic geothermal conditions. These RNA based studies are crucial as they pertain to a molecule
whose relevance to the emergence of early life has been demonstrated in multiple lines of studies.

In this particular study, we aimed to discern phospholipid-assisted template-directed primer extension reac-
tions, under DH-RH regimes and at elevated temperatures. As indicated earlier, this is likely the first study where
in template-directed information transfer from RNA has been attempted using non-activated 5-NMP nucle-
otides. As in previous comparable studies, we used the 3’-amino-2/, 3’-dideoxynucleotide terminated primer
(Amino-G primer), to study pertinent reactions, as it will enable the detection of the extended product, which is
known to form in observable yields!®-°. The effects of various parameters on these reactions have also been sys-
tematically characterized. Importantly, we also report the extension of a pre-existing RNA primer using 5’-ribose
monophosphate (5'-rMP), a sugar-phosphate monomer, that resulted in hybrid polymers. Such hybrid polymers
could have potentially been significant in sampling different bases during the emergence of primitive functional
polymers on the early Earth!!.

Results

Previously, few studies reported the polymerization of 5'-NMPs under DH-RH regimens, at low pH and in a
range of high temperatures®!!. Furthermore, the presence of lipid molecules in the starting reaction mixture was
shown to enhance the polymerization process. This is because lipids are known to form multilamellar structures
under dehydrated conditions, allowing for the entrapment of the nucleotide monomers, thus facilitating their
polymerization. Therefore, we set out to study whether template-directed extension of an existing RNA primer
was also possible under similar conditions, using non-activated nucleotides.

Extension of RNA primer under DH-RH regimen.  In preliminary reactions, 1, 2-dilauroyl-sn-glycero-3
-phosphocholine (DLPC) lipid vesicles and 5'- NMPs were added to a final concentration of 5mM and 10 mM
respectively, to the pre-annealed RNA primer-template complex. This mixture was subjected to repeated
cycles of DH-RH at 90°C, and 1 mM H,SO, was used as rehydration solution in these reactions to facilitate an
acid-catalyzed esterification type reaction that has been demonstrated previously'*!>. Upon analysis using dena-
turing gel electrophoresis, a band for the extended primer product was observed over increasing DH-RH cycles.
However, this new band was not comparable to the expected 21-mer product (i.e. one nucleotide addition to the
original 20-mer primer). In fact, the newly formed band did not run to the same extent as an intact 21-mer band
would have, on the 20% denaturing urea gel that was used for analyzing the progress of the reaction (first lane of
Fig. 1a, intact 21-mer band indicated by a blue arrow). The band obtained was actually found to be somewhere in
between that of a 20-mer and 21-mer RNA (indicated by a red arrow in ‘Cyc 10’ lane of Fig. 1a). This was true for
all of the 5'-NMP-based reactions (N = A/U/G/C), irrespective of which one was used as the starting monomer
in a given reaction. We suspect that the extended product in these reactions might have an abasic site, a result
that has previously been reported for comparable concatenation reactions that were carried out under similar
conditions'!. Furthermore, we observed higher degradation of the fluorescently-labelled RNA primer over mul-
tiple cycles of DH-RH, when similar reactions were carried out in the absence of lipid (Fig. 1b left panel vs right
panel). Comparable results were also observed when a longer chain-length phospholipid, namely 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), was used instead of DLPC, in the starting reaction mixture, sug-
gesting a protective role for the lipids under these harsh prebiotically pertinent conditions. Additionally, in com-
plementary studies, we also performed the aforementioned main experiment i.e. attempted templated-replication
in the presence of amphiphiles, using a canonical hydroxyl terminated RNA primer (Hydroxyl-G primer). Since
hydroxyl group is known to be less nucleophilic than an amino group, we did not see the formation of prominent
amount of the extended primer product (Fig. S1).

Effect of temperature and rehydrating solution on primer extension. Loss of the nucleotide base
is known to occur under high temperature and low pH conditions as the glycosidic bonds are susceptible to
hydrolysis in such conditions?"?2. Given that the extension of the primer at 90°C, under DH-RH conditions,
resulted in a product with a possible abasic site, the efficiency of the extension reaction was tested at lower tem-
peratures. All the reactions mentioned henceforth were carried out using Amino-G primer, and in the presence
of lipids. Extension of the Amino-G primer was observed at lower temperatures, including at 80 °C and at 50°C
(Fig. 2a, middle and left panels respectively). It is to be noted that lowering of the temperature led to an increase
in the dehydration time for each cycle. For e.g., the dehydration time at 50 °C increased to up to 90 minutes (from
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Figure 1. (a) Extension of the RNA primer using MisInc_U template and 5- AMP as the monomer, in the
presence of lipid, over repeated cycles of DH-RH. The reactions were carried out at 90 °C with 1 mM H,SO, as
the rehydrating agent. The red arrow indicates the extended product. In the control lane, ‘N’ indicates the 20-
mer RNA primer while ‘N + 1” indicates extension of the primer by one nucleotide®. (b) Stability of the RNA
primer over multiple DH-RH cycles, when performed in the absence of lipid (left panel) and in the presence
of lipid (right panel) in the starting reaction mixture. The black vertical lines in the above two panels have
been used to demarcate two reaction sets that were run on the same gel (Panel b). In Panel a, the black line
demarcates a reaction set from the control lane, both of which were analysed on the same gel.
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Figure 2. Extension of RNA primer in the presence of MisInc_U template, 5'-AMP as monomer and lipid (a)
at different reaction temperatures (b) using different rehydrating agents. The red arrow indicates the extended
primer product. The black vertical lines in the Panel b gel image have been used to demarcate reactions sets run
on the same gel. Additionally, the black line has also been used to demarcate reactions from the control lane. ‘N’
indicates the 20-mer RNA primer and ‘N + I’ indicates extension of the primer by one nucleotide.

30 minutes at 90 °C) due to slower evaporation rate. Importantly, the resulting extension product still ran lower
than the intact 21-mer primer product that was used as control on the gel.

Furthermore, we also assessed the effect of different rehydrating agents on the potential loss of base during
primer extension reactions, under DH-RH cycles at 90 °C. To begin with, different concentrations of H,SO,, vary-
ing from 0.05mM to 5 mM, were used, amongst which 1 mM H,SO, was found to be the optimum concentration.
Higher concentrations of acid led to huge degradation of RNA during the cycling reactions whereas at lower con-
centrations of acid, no primer extension was observed (Fig. S2). Subsequently, different types of acids were also
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Figure 3. Extension of the RNA primer using (a) 1 mM 5-AMP with 5mM lipid (left panel) and 1 mM 5'-
AMP with 1 mM lipid (right panel), in the starting reaction mixture. The reactions contained 1 mM H,SO, and
nanopure water was used as the rehydrating agent. (b) 10mM of 5’-rMP, in the absence (left panel), and the
presence (right panel) of the template in the reaction. Reactions were carried out at 90 °C, in the presence of
5mM lipid and 1 mM H,SO, was used as rehydrating agent. The black vertical lines in the Panel b gel image,
demarcates two different reactions run on the same gel. Red arrows indicate extended RNA primer product/s.
‘N’ indicates the 20-mer RNA primer while ‘N + 1 indicates extension of the primer by one nucleotide.

investigated as rehydrating solutions to check if any of them could prevent the possible loss of base during primer
extension, under aforementioned conditions. Amongst the different mineral and organic acids that were tested,
the extended primer product was detected when phosphoric acid and formic acid were used as rehydrating agents
(Figs 2b and S3). However, the extended primer continued to run lower than an intact N+ 1 (21-mer) product
(bands indicated by red arrows in Fig. 2b).

Consequently, the concentration of the acid in the reaction mixture was kept low to see if this might prevent
what seemed like the generation of an abasic site. Towards this attempt, sulphuric acid was added to the starting
reaction mixture to a final concentration of 1 mM (to maintain the requisite pH) and nanopure water was used as
rehydrating agent for the remainder of the DH-RH cycles. Using this approach, the extended primer product was
observed at a starting concentration of 5-NMP that was as low as 1 mM, albeit at a lower efficiency (Table S1).
Furthermore, the extension was also observed at a lower concentration of the lipid (as low as 1 mM) in the start-
ing reaction mixture (indicated by a red arrow in Fig. 3a). However, even at this low concentration of acid in the
reaction mixture, the extended primer product still did not run at a level similar to that of a known 21-mer RNA
control.

Effect of monovalent cations. A recent study from Da Silva et al. reported the formation of oligomers
from 5'-NMPs in salty environments, and under cycling conditions at high temperatures®. Interestingly, the
RNA-like oligomers formed in their reactions were shown to have base-pairing ability, as was evident by the
ethidium bromide staining of the resultant products. Amongst the different salts that they had used, ammonium
chloride was found to be very efficient in promoting the formation of oligomers. To analyze whether the presence
of NH,* ions might result in the formation of an intact extended primer product, NH,Cl was added, either in
isolation or along with NaCl, to the reaction mixtures. The final concentration for each of the salt was maintained
at 200 mM. However, the presence of NH,ClI did not improve the efficiency of our primer extension reactions
in terms of resulting in an intact N+ 1 extended primer. The resultant product band continued to migrate in
between that of a known 20-mer and 21-mer RNA on the denaturing gel (Fig. S4). We also observed higher
amounts of RNA degradation during the course of DH-RH reactions in the presence of ammonium ions, as
opposed to when only sodium ions were present in the reaction (Compare Fig. S4 vs. Fig. 1a).

RNA primer extension using 5’-ribose monophosphate. 5’- ribose monophosphate (5'-rtMP) is a
monomer which contains a sugar and a phosphate entity but lacks any information carrying nitrogenous base
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(which is otherwise present in 5-NMPs). Earlier studies indicate that 5'-rMP polymerizes readily under fluctu-
ating DH-RH conditions, to potentially result in linear and cyclic sugar-phosphate backbones''. However, the
addition of such a backbone onto a pre-existing RNA oligomer has not yet been evaluated. Towards this, primer
extension reactions were carried out under DH-RH regimes at 90 °C, using 5/-rMP as monomers as against the
5/-NMPs (used in the earlier reactions). Denaturing gel analysis showed the presence of a long smear of products,
even in as early as the end of the first DH-RH cycle. The smudge (as opposed to a clear single extension product
band), observed on the top of the RNA primer band, is suggestive of possible multiple additions to the primer.
Interestingly, this was seen, both, in the presence and absence of the RNA template (control reaction) in the start-
ing reaction mixture (Fig. 3b right vs left panels). Similar results were also observed when using as low as 1 mM
of 5'-rMP in the starting reaction mixture, along-with 1 mM sulphuric acid and nanopure water as rehydration
agent (data not shown). In contrast, in a parallel reaction wherein only 5'-rMP was cycled under aforementioned
conditions, no detectable fluorescent signal was obtained upon gel analysis. Significantly, the primer extension
product from the addition of a single 5'-rMP monomer, and that obtained when using 5'-AMP as monomer (dis-
cussed in previous results), were found to be running at the same level upon gel analysis (Fig. S5). This provided
an indirect confirmation of the possibility that in our main reactions involving 5'-NMPs, the addition of an abasic
nucleotide was resulting in the primer extension band that did not run to the same length as an intact 21-mer
product.

Discussion

Chemically driven oligomerization and nonenzymatic template-directed reactions are uphill processes as the
formation of phosphodiester bonds between the non-activated nucleotides is not a spontaneous reaction. In
order to demonstrate polymer formation from non-activated nucleoside monophosphates, previous studies
have reported the use of alternate DH-RH cycles at elevated temperatures, to facilitate the aforementioned pro-
cesses” 1115, The dehydration phase helps in concentrating the monomers, thus increasing the chances of bond
formation between them'?. Subsequent rehydration helps in the random re-distribution of, both, the monomers
as well as the resultant oligomers. This increases the probability of formation of longer oligomers over multiple
wet-dry cycles. Therefore, by trapping the polymers in a kinetic trap, wherein the rate of polymer formation
exceeds the rate of polymer degradation, alternate DH-RH cycles ultimately help in yielding polymers from the
starting monomers. The elevated temperature of the reaction decreases water activity, thus favouring the forward
reaction by overcoming the energy barrier for the phosphodiester bond formation. Furthermore, the efficiency of
these reactions has been found to be higher at low pH. A suggested mechanism, similar to that of acid-catalyzed
esterification, hypothesizes the role of protonation of the nucleotide at lower pH, thus facilitating the formation
and accumulation of oligomers over repeated DH-RH cycles'®. Previous studies have also characterized the use
of lipids in such reactions, which reduces the unfavourable back reaction and results in an apparent increase in
the yield of oligomers®. Phospholipids are known to form multi-lamellar sandwiches of alternating hydrophilic
and hydrophobic layers in the dehydrated phase of the reaction. Studies have shown the nucleotide monomers
to get confined in the hydrophilic layers, thus increasing their chance of participating in a phosphodiester bond
formation'®'’. Significantly, during the subsequent rehydration phase, some of the oligomers that form in the
dehydration phase could get encapsulated in the lipid vesicles, a step that is considered crucial for the emergence
of protocells.

Faithful replication of any functional (catalytic) polymer that would have resulted from the aforementioned
polymerization reactions under DH-RH scenarios, would have been a crucial step for them to have consistently
acted as a catalyst. Only one study has been reported so far, where nonenzymatic replication reactions have
been attempted under similar DH-RH reaction regimens. The authors of this study, however, used a mixture of
2/-deoxyribonucleoside 5'-monophspahtes and a single stranded DNA, as template, to look at nonenzymatic
replication’®. We, therefore, set out to test if the DH-RH conditions would also support template-directed primer
extensions using RNA monomers, which is directly pertinent to the ‘RNA World hypothesis, with imminent
implications for the emergence of early life.

To begin with, the extension of a pre-existing RNA primer (Amino-G primer) was analyzed. The 3’- amino
group, present at the primer’s extending terminus, acts as a better nucleophile than the contemporary hydroxyl
group, thus yielding detectable amounts of the extended product (Fig. S1). Extension of the Amino-G primer
was observed upon multiple cycles of rehydration and dehydration. The presence of lipids in the reaction mix-
ture seemed to confer some protection under our experimental conditions. This might potentially result from
sequestration of the RNA within the hydrophilic layers of the multilamellar structures that are formed during
the dehydrated phase'®. The newly formed product’s retention time on the denaturing gel, however, was found
to be in between that of the unreacted primer (20-mer) and that of known 21-mer control RNA (Fig. 1a). This
is indicative of the product possibly having an abasic site as the charge on the product seems to be more than
that of the 20-mer primer from our gel analyses. Previous results have demonstrated the formation of RNA-like,
depurinated oligomers from non-activated 5'- AMP, upon multiple DH-RH cycles'!. Our results suggest that even
template-directed primer extension reactions are potentially susceptible to base loss during bond formation. This
seems to be more prevalent on the 3’-end of the growing polymer, because if the 5'-end of the RNA primer used
in this study happened to be degraded, it cannot be visualized on the gel as the Cy3 fluorescent tag is attached
to the 5'-end of the primer. To further confirm the aforementioned, we subjected the 21-mer intact primer to
similar reaction conditions. We observed that the 21-mer primer degraded directly to a 20-mer oligomer (cor-
responding to the starting primer length), over multiple DH-RH cycles (Fig. S6). Additionally, no intermediate
product was observed in between the bands corresponding to a 20-mer (starting primer) and 21-mer (extended
product) length RNA. This strongly hints at the potential loss of a base on the incoming 5'-NMP ribonucleotide.
This possibility could occur just before or during the addition of the incoming nucleotide, onto the pre-existing
primer, during the course of our DH-RH reactions. During template-directed primer extension, the template is
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thought to stabilize the incoming base via near neighbour interactions. However, templating effect does not seem
to be able to prevent the potential loss of base in our reactions, further suggesting that it could result from the
chemical reaction that takes place during the actual bond formation between the incoming nucleotide and the
primer. Additionally, the temperature at which the DH-RH cycles were carried out was reduced systematically to
check for any effect on this phenomenon. However, the apparent loss of the informational entity seemed to persist
even at temperatures as low as 50 °C. Therefore, it seems that the low pH of the reaction might possibly be the
predominant reason for this effect in our reactions.

We also tried different rehydrating agents other than sulphuric acid to study their effect on template-directed
primer extension reactions using 5'-NMPs. In total, four mineral acids (viz. H,SO,, HCl, HNO;, and H;PO,)
and two organic acids (viz. formic acid and acetic acid) were evaluated. Typically 1 mM of mineral acid was used
while up to 10mM of organic acids had to be used to compensate for their lower intrinsic strength. Among the
mineral acids used, we observed the extension of the primer only when either sulphuric acid or phosphoric acid
was used as the rehydration agent. This might potentially be due to the thermally labile nature of the other min-
eral acids that we tried, as the reactions were carried out at 90 °C. Among the organic acids that were used, we
observed primer extension only when formic acid was used. This might be attributed to the fact that formic acid
is a stronger acid than acetic acid, and hence might be more efficient in bringing down the pH of the reaction.
Significantly, the extended product’s retention time on the gel continued to not correspond to that of the expected
intact N 4 1 nucleotide extension. Furthermore, we checked whether addition of ammonium cations to our reac-
tion might facilitate efficient template-directed primer extension as was observed in a previous study?. However
the presence of NH,*, either alone or along with Na* ions, did not result in an apparent increase in the efficiency
of the extended product formation (Fig. S4). Furthermore, the presence of ammonium ions in the reactions mix-
ture, also lead to greater RNA degradation under our DH-RH reaction regimen.

Finally, to analyze whether the repeated addition of sulphuric acid after every DH-RH cycle, was causing
what seemed like an apparent base loss, due to higher concentrations of acid in the reaction, nanopure water was
used instead as the rehydrating agent. In these reactions, sulphuric acid was added to the starting mix to reduce
the pH to around 3.5 and was kept at a constant 1 mM throughout the course of the DH-RH cycling. Even upon
reduction in the amount of acid in the reaction mixture, the extended product continued to run lower than the
expected intact N + 1 primer product (Fig. 3a). Interestingly, the extension of the RNA primer continued to occur
even while using as low as 1 mM of the monomer. We believe this result is significant, as the existence of highly
concentrated pools of nucleotides on the prebiotic Earth is not considered very likely.

Despite varying several parameters of the reaction scheme, including pH, temperature, nature and strength
of the rehydration solution, and that of the monovalent cations, the extended primer product had a retention
time on the gel that was lower than that of a known 21-mer control. This indicated a strong probability of a
base loss over the reaction course and it seemed that the primer was getting extended by the addition of only a
sugar-phophate moiety. Given this possibility, we also analysed whether ribose-5'-monophosphate (5'-rMP) by
itself could extend the pre-existing RNA primer. Oligomer formation from 5'-rMP monomers, under alternate
DH-RH conditions, has been previously reported!!. Upon cycling the RNA primer with 5'-rMP, long streaks were
observed on the denaturing gel. These resultant products were observed even at the end of the first DH-RH cycle
itself (Fig. 3b ‘Cyc 1’ lane). This seemed to indicate a higher polymerization potential for the rMP monomers in
comparison to contemporary ribonucleotides. Also, the presence of long streaks on the denaturing gel indicated
possible multiple additions of rMP to the RNA primer. Both linear and cyclic oligomers of rMP have been pre-
viously reported to result upon multiple DH-RH cycles'!. We suspect that the RNA primer is possibly getting
extended by a mixture of, both, linear and cyclic rMP molecules, and this, in turn, resulted in poor resolution
of these polymers on the denaturing gel. Furthermore, as a control, 5’- rMP molecules were cycled alone (in the
absence of the primer and template) and analysed using gel electrophoresis. No streaks were observed upon flu-
orescence imaging of the gel, and even upon SyBrGold staining (due to lack of bases), confirming the possibility
that the rMP oligomers were most likely covalently linked with the RNA primer in the test reactions involving
5’-rMP. This is significant as such hybrid molecules are hypothesized to have been important for exploring a vast
chemical space of plausible alternate nucleobases that might have resulted in the formation of primitive informa-
tion polymers of a pre-RNA World?*. This hypothesis has gained support from recent studies that have demon-
strated the addition of non-contemporary bases to ribose or ribose monophosphate, at both ambient conditions?
and at high temperature regimes®*?’.

In conclusion, this study highlights the importance of systematically characterizing prebiotically pertinent
reactions in simulated laboratory conditions to better understand how they might advent in niches that are
thought to have supported the origin of life on prebiotic Earth. These findings particularly have important impli-
cations for discerning relevant mechanisms in such niches that would have eventually enabled the transition from
chemistry to biology on Earth. Furthermore, the formation of hybrid polymers in our 5-rMP based reactions,
strengthens the likelihood of pre-RNA World hypothesis. Also, the possibility that the same sugar phosphate
backbone can potentially sample both contemporary as well as alternate nucleobases, as discussed above, is indic-
ative of the important role such mixed backbones might have played in the transition from a putative pre-RNA
World to an RNA World.

Material and Methods

Materials. The disodium salts of all four 5’-NMPs viz. Adenosine 5'-monophosphate (AMP), Guanosine
5'-monophosphate (GMP), Uridine 5'-monophosphate (UMP), Cytidine 5’-monophosphate (CMP), and ribose
5’-monophosphate (5’-rMP) were purchased from Sigma-Aldrich and used without further purification. The
RNA primers used in this study are Amino-G (acquired from Keck laboratory, Yale, USA) and Hydroxyl-G
(acquired from Thermo Fisher Scientific, USA) primers. Both these primers had fluorescence labels on their
5’-end for facilitating their detection on polyacrylamide gel electrophoresis (PAGE). The Amino-G primer
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terminates with a 3’-amino-2/, 3/-dideoxynucleotide (Metkinen, Finland) while the Hydroxyl-G primer termi-
nates in a canonical ribonucleotide. The sequences of the primers and templates are as given below, with the
template base indicated in bold:

Primer Amino-G: 5’ GG GAU UAA UAC GAC UCA CUG-NH,.

Primer Hydroxyl-G: 5 GG GAU UAA UAC GAC UCA CUG.

Template MisInc_C: 5" AGU GAU CUC CAG UGA GUC GUA UUA AUC CC.
Template MisInc_G: 5 AGU GAU CUG CAG UGA GUC GUA UUA AUC CC.
Template MisInc_A: 5 AGU GAU CUA CAG UGA GUC GUA UUA AUC CC.
Template MisInc_U: 5 AGU GAU CUU CAG UGA GUC GUA UUA AUC CC.

The phospholipid used in this study, namely 1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) was
purchased from Avanti Polar Lipids Inc. All other reagents used were of analytical grade purchased from
Sigma-Aldrich.

Methods. Reaction setup. A typical reaction was set up by annealing 0.65 M of primer and 1.3 pM of tem-
plate to each other by heating at 95 °C for 5 minutes, followed by cooling at room temperature (RT). 100 mM Tris
(pH 7.0) and 200 mM NaCl were then added to the annealed primer-template complex. A suspension of DLPC
vesicles was prepared in nanopure water by hydrating the dried film of lipid, followed by extrusion of the vesicles
through a 100 nm membrane using a mini extruder (Avanti Polar lipids Inc). DLPC vesicles and 5'-NMPs were
added to the reaction mixture at a final concentration of 5mM and 10 mM, unless otherwise specified. The reac-
tion mixture was then allowed to dry at elevated temperature. The dried mixture was typically rehydrated after
30 minutes. After allowing the rehydration for 5 minutes, the procedure was repeated for several DH-RH cycles.
A sample for analysis was removed in the rehydration phases at regular intervals.

Analysis of reaction products.  The samples were collected in TBE buffer containing 8 M urea and 100mM EDTA.
The sample volumes were adjusted to a standardized amount to compensate for the degradation of RNA primer
that occurs over multiple cycles of DH-RH. A competitor RNA, without any fluorescence tag and with a sequence
that is exactly similar to that of the tagged primer, was used (5’ GG GAU UAA UAC GAC UCA CUG). This was
added in at least 10 times excess to the reaction samples, to successfully separate the fluorescent primer in ques-
tion for unhindered gel analysis. The extended primer products were analyzed on 20% denaturing PAGE and
the gels were imaged with a Typhoon Trio plus imager (GE Healthcare) at 550PMT and 100 micron resolution
setting, using the 532 nm excitation laser. All the gels were scanned by setting the region of interest (ROI) in the
image acquisition software to the lower half of the gel region in the 17 x 15 cm gel, which typically has all bands
pertinent to our reaction. This allowed for the efficient detection of the fluorescently labelled primer and the
resultant extended products. The gel images were subsequently processed using ImageQuant v5.2 software to
minimally adjust the contrast and also for quantification purposes in some cases.

Data Availability Statement
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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