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Abstract
Before life became confoundingly complex it must have been simpler. In modern biology,
polymerase enzymes leverage the molecular recognition of nucleic acids through Watson-Crick
base pairs to efficiently synthesize genomic material. Templated RNA synthesis could have
supported early life by enabling genomic replication in the absence of enzymatic catalysts. Despite
encouraging early results, the model still has severe shortcomings: only some sequences are
copied efficiently, multiple regioisomers are formed and RNA degradation is as fast as its
synthesis. In my thesis work I show that 2-aminoimidazole, the leaving group used in non-
enzymatic RNA copying, can be obtained prebiotically in similar conditions to those in which RNA
is synthesized, suggesting a common origin for RNA synthesis and activation. 2-Aminoimidazole
activated ribonucleotides enable faster RNA synthesis through the formation of an imidazolium
bridged intermediate. I then show that the poor regioselectivity of RNA synthesis is overstated:
fast reactions, in which the reactive intermediate can bind through Watson-Crick base-pairs to
the template produce only the correct regioisomer. To further optimize the reaction, I set out to
determine its mechanism. To this end, I developed a high-throughput assay for templated RNA
synthesis and investigated the role of nucleic acid structure and of catalytic metal ions. I found
that RNA is particularly adept at templated synthesis because of its preference for a specific
conformation and that Mg ions catalyze RNA synthesis by forming a reactive anion. Lastly, RNA
degradation is mitigated by templated synthesis, giving rise to a novel biopolymer: pyrophosphate
linked RNA. My work adds additional support to the RNA world hypothesis while also revealing
fundamental aspects of nucleic acid chemistry and developing the synthesis of alternative
biopolymers. These findings point towards a mechanism of chemical selection that explains why

RNA, and not its analogs, is present four billion years later.
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1. The Recent Past and Near Future of Non-Enzymatic RNA

Replication
1.1 Introduction

The origin of life on Earth is one of the most important problems chemists are tasked with solving.
The RNA world model assumes that modern biochemistry was predated by an earlier stage in
which cells relied on RNA to store genetic information and carry out cellular processes. Prior to
the evolution of ribozymes or enzymes, these first cells would have had to rely on non-enzymatic
RNA replication to grow, replicate and evolve in a Darwinian sense. Cycles of non-enzymatic RNA
replication would have eventually generated a ribozyme that provided a selective advantage to the
protocells encoding it. At this point, the evolution of a replicase ribozyme would allow more
efficient and accurate replication of ribozymes. This would generate a feedback loop where a
replicase would sustain the replication and evolution of more ribozymes, which would in turn

drive the evolution of more sophisticated replication machinery.

Despite 60 years of research, an experimental demonstration of continuous cycles of non-
enzymatic RNA replication has yet to be achieved. One of us previously summarized the topic nine
years ago and outlined eight major blockades for non-enzymatic RNA replication. Three of these
hurdles stem from the inefficiency of the template copying chemistry; the template-directed
synthesis of RNA proceeds with poor fidelity and regioselectivity and the rate of copying is not
fast enough. Additional issues arise when considering the prerequisites for a second round of
copying. The high melting temperature of the RNA duplexes generated by the copying of a
template traps the two strands generating dead ends. Even provided that the two strands can be
separated, they reanneal too quickly to allow the further rounds of copying. Additionally, multiple

1



rounds of copying require a constant supply of activated ribonucleotide species. Without a

suitable activation chemistry that is compatible with the template-copying step, the activated

species will hydrolyze and generate inhibitors. Finally, two major hurdles arise from the

limitations of the protocellular model of RNA replication. Although divalent metal cations are

required for the efficient copying of templates, they destroy the lipid envelopes of the protocells.

Furthermore, these lipid envelopes are impermeable to oligonucleotides longer than trimers,

which have been extensively used in experimental models of RNA copying. In this review we will

survey recent progress in developing plausible prebiotic chemistry that brings us closer to non-

enzymatic RNA replication, along with a perspective on future developments that could finally

explain how RNA replication occurred during the origin of life.

1.2
Experimental approaches to RNA
replication have wused the primer

extension model. A complete cycle of
replication involves a first copying event
in which a double stranded RNA duplex is
formed. This duplex then separates, and
new primers anneal to the two strands,
which will both serve as templates in
subsequent copying steps. The copying
step formally employs three different
components: the primer, which contains
the nucleophilic 3’ moiety, the template,
and the incoming electrophilic species

(Figure 1.1). Pioneering research from

How does RNA replication operate?
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Figure 1.1. The primer-extension model for non-enzymatic RNA
replication. (A) The formation of an imidazolium bridged
intermediate from 5’-phosphoroimidazolides. (B) Two-step
model for the copying of the template through an imidazolium
bridged intermediate. (C) A side-by-side view of the classical
monomer pathway and the imidazolium bridged dimer mediated
primer extension.
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Leslie Orgel’s lab introduced 5-phosphoroimidazolides as the reactive electrophilic species.
These species were proposed to bind to the template through Watson-Crick base-pairing and react
with the 3’-OH group of the terminal nucleotide on the primer via an in-line nucleophilic

displacement reaction.

Early reports showed that the rate of ligation is considerably lower than the rate of polymerization.
Considering that oligonucleotides bind stronger to the template than mononucleotides, it did not
make sense that the rate of extension using a trimer or tetramer would be lower than the rate of
polymerization of activated monomers. Additionally, Orgel’s lab discovered that in the case of
polymerization, the copying of the last nucleotide of the template was much slower than expected.
These two observations suggested that our understanding of the reaction mechanism was
incomplete. Kinetic studies from the Richert group suggested that the existence of a dimeric,
imidazolium bridged reactive intermediate and invoked it as an explanation for the burst kinetics
observed in the primer extension reaction!. Our lab then characterized this intermediate and
showed that it is formed from the reaction of two 5°-phosphoroimidazolides2. We further showed
that the contribution to the rate of the reaction by monomers is negligible compared to the dimeric
intermediate2. The template copying reaction can then be understood by using a two-step model
which involves a reversible binding step of the reactive species to the pre-formed template-primer

duplex, followed by the nucleophilic displacement of the leaving group.

The unusual structure and connectivity of the imidazolium bridged dinucleotide raised the
question whether it can bind to the template in a productive fashion. Our lab first obtained a
crystal structure of a primer-template duplex with a non-hydrolyzable, isosteric analog of the
dinucleotide where the imidazolium bridged is replaced by a phosphate groups. This crystal
structure demonstrated that a 5’-5” connected dinucleotide is capable of binding to the template
via Watson-Crick base-pairs, and the primer 3’-OH is aligned to attack the phosphate atom closest

to the primer. Although this structure suggests that the bridged dinucleotide analog is organized
3



upon binding to react with the primer-template duplex via a nucleophilic displacement reaction,
it does not confirm the imidazolium bridged intermediate as an intermediate in the primer-
extension reaction. In a follow-up study using time resolved X-ray crystallography, the same
primer-template construct used previously was crystallized and soaked with activated
mononucleotides4. Upon diffusing into the crystal, the activated mononucleotides bind to the
template and react to form the imidazolium bridged dinucleotide. The dinucleotide then reacts
with the 3’-terminus of the primer, and the primer is extended by one nucleotide, unambiguously
proving the involvement of the imidazolium bridged dinucleotide in the primer extension

reaction.

The intermediate needs to be stable enough to accumulate in appreciable quantities, but also
reactive enough that when it is bound it extends quickly. Our lab discovered that if 2-
aminoimidazole is used as the leaving group the imidazolium bridged intermediate is stabilized
by the electron-donating exocyclic amine group. This extra stability increases the rate of the

reaction considerably when compared to the previously used leaving groupss.

1.3 Main Body

1.3.1 Fidelity

Mutations introduced in the genetic material of organisms allow them to evolve novel features
and adapt better to their environment. Evolution relies on a specific error thresholde. If the
mutational rate is too high, newly acquired beneficial functions cannot transmitted to
descendants. Polymerase enzymes display an exquisite control of fidelity through multiple
mechanisms. The active site architecture favors binding of the correct nucleotide in a Watson-
Crick fashion, reducing the binding affinities for incorrect modes. If an incorrect nucleotide binds
in the active site of the enzyme, the copying chemistry is considerably slowed down giving the

nucleotide time to dissociate. The copying is either faster or slower than the association-



dissociation process. In contrast, for the uncatalyzed process polymerization is always slower than
dissociation, regardless of orientation. The only catalyst available for the non-enzymatic version
is the template. The template will favor the incorporation of the correct nucleotide to a certain
extent. However, non-canonical base-pairing and wobble pairs will introduce mutations.
Polymerases as catalysts have become very adept at amplifying the chemical bias towards the
incorporation of correct nucleotides. Template directed non-enzymatic chemistry uses a different
trick. When a wrong nucleotide is incorporated, the rate of the next addition is 10-100 times
slower?. If a certain amount of time is allocated to the copying process, then the full-length
products obtained will be much more homogenous that the fidelity of a single step would predict.
The Chen lab has shown that such a mechanism of copying would explore the sequence space
through large leaps rather than isolated point mutations. Again, the mechanism of RNA copying
selects for the correct products. However, this improvement in fidelity comes at the cost of overall

rate of the copying.

A complementary approach to improve the fidelity of the templated synthesis of RNA is to use
prebiotically available non-canonical nucleotides with enhanced Watson-Crick base pairing. For
example, replacing uridine with prebiotically available 2-thiouridine® improves the rate of the
reaction as well as its fidelity. The reaction is less error prone due the destabilization of the G:U
wobble pair by the presence of the sulfur atom. Additionally, the pre-organization of the 2-
thiourdine nucleotide in the 3E (C3’-endo) conformation leads to an increase in rate. Conversely,
the prebiotically plausible 8-oxo-purines? have been found to be highly mutagenic when present
in the template strands©. Both 8-oxo-guanosine and 8-oxo-adenosine are inferior templates,
which discriminate poorly between the four canonical activated nucleotides. However, inosine
supports fast and faithful template copying and could potentially replace guanosine in the early

stages of evolution.



Our lab has recently developed a deep-sequencing assay for the primer extension reaction which
allows for the simultaneous survey of a large number of template sequences'. Using this assay,
we were able to examine the influence of the four canonical nucleotides and the 12 imidazolium
bridged dinucleotides that can be formed, on the error frequency'. The fidelity of the primer
extension reaction was found to be determined by the competition between the activated
mononucleotides and bridged dinucleotides. Reaction conditions that favor activated
mononucleotides generate more errors than conditions that favor the bridged dinucleotides,
suggesting that primer extension through mononucleotides is the main source of errors.
Considering that the bridged dinucleotides hydrolyze to a 5-monophosphate and an activated
mononucleotide, a continuously operating activation process that would convert the hydrolyzed

mixture back to the bridged dimer would then also increase the fidelity of the reaction.

In modern biology, if the wrong nucleotide is incorporated proofreading enzymes can backtrack
and hydrolyze the terminal phosphodiester bond using an exonuclease domain. Although such a
feature is unavailable to non-enzymatic RNA replication, it could potentially be available. After a
misincorporation there are three types of phosphodiester bonds in the primer-template complex.
Most of the bonds will be incorporated in the helical duplex while others link the resides in the
non-hybridized region of the template. The phosphodiester bond between the mis-incorporated
residue is in a different chemical environment than the other two types. Because phosphodiester
hydrolysis is known to be susceptible to changes in geometry around the bases!s and the sugars
the three different bonds will hydrolyze at different rates through different transition states.
Therefore, a small molecule catalyst such as a peptide or a metal ion complex could facilitate the
hydrolysis of the bond connecting the misincorporated nucleotide without touching the other two
types of phosphodiester bonds. The phosphodiester bond will be cleaved by intramolecular attack

of the 2’-OH generating a cyclic phosphate which will hydrolyze further to a roughly equimolar



mixture of 2’ and 3’ phosphates. These ends could potentially be recycled and incorporated into a

growing strand; however, a non-enzymatic proofreading process has not been discovered yet.
1.3.2 Regioselectivity

Almost all of RNA molecules in extant biology are 3’-5° linked. When RNA is polymerized
biochemically, the polymerase active sites control the regioselectivity of the reaction by
positioning the 3’-hydroxyl of the primer next to the 5-monphosphate of the incoming nucleotide,
generating a 3’-5’ phosphodiester bond. The ribose 2’-OH is intrinsically more reactive than the
3’-hydroxyl, therefore in the absence of enzymes a mixture of regioisomers is expecteds. Although
a modest percentage of 2’-5’ linkages are tolerated by catalytic RNA species, and the presence of
the unnatural linkages in RNA duplexes leads to lower melting temperatures?®, the 2’-5’ linkage is
a hydrolytic liability?”. Thus, a copying process that generates large proportions of unnatural
linkages would not be suitable for a primitive organism which relies on RNA to store its genomic
information. Surprisingly, work from our laboratory has shown that a templated RNA copying
process that proceeds through the bridged imidazolium intermediate generates almost exclusively
3’-5" linkages*8. Our biochemical observations were explained by following the reaction taking
place in a crystal. As soon as the imidazolium dimer is formed and bound to the template the 3’-
OH of the primer is approximately 2.0 A closer to the activated phosphorus atom of the
imidazolium dimer4. The unnatural 2’-5° linkage is formed only in cases where Watson-Crick
base-pairing of the bridged dimer to the template is not possible, as in the case of incorporation
of a wrong nucleotide. The rate of copying in such cases is low and will therefore lead to stalled
products. Additionally, primers with a terminal 2’-5’ phosphodiester linkage react slower than
their fully natural counterparts. When present in the templating region, a 2’-5’ linkage is not
heritable and directs the formation of 3’-5" products exclusively. However, the problem of
regioselectivity still persists when copying long tracts of adenosine or uridine residues, for which

the extension rate is still slow. A possible solution to this issue invokes the use of non-canonical
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bases. Replacing uridine with 2-thiouridine in the template resulted in a dramatic increase in the
regioselectivity of the reaction, suggesting yet another benefit of considering an expanded genetic

alphabet.

If 2’-5° linkages cannot be avoided, can they be corrected? The Sutherland lab capitalized on the
hydrolytic instability of the unnatural linkages as an entry into a cyclic mechanism that mutates
2’-5’ linkages into 3’-5’ linkages®. A double stranded RNA duplex with an internal 2’-5’ linkage
hydrolyses when incubated at slightly alkaline pH and 50 mM Mg2+. The hydrolysis proceeds
through a cyclic phosphate intermediate which then is converted to an equimolar mixture of 3’-
and 2-monophosphates. After acetylation of the monophosphates, the addition of an activating
reagent selectively ligates the 3-monophosphate to the 5°-hydroxyl of the other fractured end,
transforming the half of 2’-5 linkages into 3’-5 linkages. Fortunately, the same conditions that
hydrolyze the unnatural linkage also deacetylate the 2’-hydroxyl group and produce native RNA.
The unacetylated 2’-phosphate regenerates the cyclic phosphate following activation. Mariani
showed that after multiple cycles of hydrolysis, acetylation, and ligation, the natural 3’-5’ linkages

are enriched.

Despite their hydrolytic instability, 2’-5’ linkages could prove useful for RNA replication. Because
of the high melting point of RNA duplexes, product inhibition is a major obstacle before a
complete cycle of replication can be achieved. Our lab has shown that introducing 2’-5’ linkages
in an RNA duplex considerably lowers its melting point. More importantly, the presence of 2’-5’
linkages are surprisingly well tolerated by ribozymes and aptamers, which can function even with

25% of all their phosphodiester bonds being 2’-5’.

Fast and efficient template copying chemistry generates mostly 3’-5° linkages and backbone
proofreading enriches them even further. Folded RNAs with a small proportion of 2’-5’ linkages

have decreased melting temperatures and can access multiple conformations easier than their



fully 3’-5’°congeners2c. Considering that template directed oligonucleotide ligation produces 3’-5°
linkages almost exclusively?* and that functional RNAs tolerate up to 25% 2’-5  linkages, the

regioselectivity of non-enzymatic RNA copying is of more minor concern that initially anticipated.
1.3.3 The rate of the reaction

A major problem associated with RNA copying through polymerization is the poor copying of
sequences containing adenosine and uridine residues. Unlike the copying of stretches of
guanosine and cytosine residues, which is completed in minutes, the copying of A/U stretches is
slower than the hydrolysis of the activated intermediates. For imidazole-based substrates, the 12
possible imidazolium bridged intermediates can bind the template through either 4, 5, or 6
hydrogen bonds. Additionally, stacking interactions2223 also contribute to determine the strength
of binding of the imidazolium bridged intermediate. Therefore, a dinucleotide intermediate with
poor stacking and 4 hydrogen bonds like UU will achieve a maximal rate at much higher
concentration than an intermediate that forms 6 hydrogen bonds and has good stacking (GG). At
saturating concentrations, the A-U base-pairs should position the imidazolium bridged
intermediates in a similar fashion as G-C base-pairs presumably leading to similar rates of primer
extension. If there are no reactivation cycles operating, the initial amounts of dimers formed by
mixing activated monomers will be sufficient to achieve maximal rates for only a subset of the
possible 16 intermediates. This explains why tracts of guanosine or cytosine residues are copied
quickly, while adenosine and uridine tracts lag. In the case of NP-DNA the rate of the primer
extension reaction is much faster than for ribose, resulting in efficient copying even at sub-
saturating concentrations. In the case of ligation reactions, poor binding is less of a problem, for
example a tetramer reaches saturating concentrations at ~40 uM concentration. However,
ligation reactions need an organocatalyst to reach comparable rates to primer extension through

imidazolium bridged intermediates.



A strategy to enhance the rate of RNA copying for Entropic catalysis:
any sequences is to improve the affinity for the
template of poorly binding monomers or
intermediates. In an early example, the Richert

group managed to copy through two adenosine

residues24 by conducting the reaction at low
Covalent catalysis:

temperatures and using a downstream helper
oligonucleotide24. This helper nucleotide hybridizes
downstream of the primer, leaving one binding site
empty for the incoming nucleotide. The helper
organizes the templating region into a helical
geometry, facilitating the binding of the activated ff’fﬁ’erfe;ciof ownstream binders enhance the rate
ribonucleotide. In addition, the helical geometry is pre-organized to react, reducing the entropic
costs of the primer extension reaction2s (Figure 1.2). Our group took this methodology even
further by using 5’-phosphorimidazolide trimers as a helper2¢. Changing a 5’-phosphate or a 5-
hydroxyl to a 5’-phosphoroimidazolide dramatically increased the rate. Although this finding
preceded the imidazolium bridged monomer, it became clear that the helper and the incoming
nucleotide can react to form an imidazolium bridged tetramer, a superior electrophile. The
imidazolium bridged oligonucleotides react even faster than the imidazolium bridged dimers,
benefiting from the pre-organization conferred by the downstream binding region.
Crystallographic studies using a non-hydrolyzable analog of the imidazolium bridge show that the
bridged oligonucleotides bring the 3’-OH of the primer and the a-phosphorous atom of the bridge
in closer proximity and at a better angle when compared a similar analog of the dimer. By

combining activated trimers and mononucleotides, we have managed to copy mixed sequences in

solutions, as well as inside model protocells27.
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A drawback of the method is that it requires 256 imdiazolium-bridged tetramers to copy an
arbitrary sequence. However, in a system where longer RNA strands are available there will
invariably be higher concentration of trimers. This is because the product distribution of all
prebiotic methods of obtaining ssRNAs are heavily biased towards shorter sequences. The trimers
can also permeate lipid vesicles, so it is reasonable to think they will be around in the
environment. Interestingly, the Holliger group has shown that ribozyme mediated primer
extension using trimers instead of monomers leads to an increase in the fidelity of the reaction,

due to system-wide interactions between the activated trimers2s.

Even for efficient systems, like NP-DNA, a ladder of products is formed. What background process
is responsible for capping these sequences? Dinucleotide pyrophosphates form abundantly when
activated ribonucleotides react with monophosphates in the absence of templates29:3°.
Additionally, they are the major by-products of the Sutherland isocyanide activations'. Our
crystallographic studies have shown that pyrophosphate linked nucleotides mimic the
dinucleotide intermediate, binding to the template but not reactings. These species could be
competitive inhibitors of templated RNA synthesis. If that were the case, exploiting the hydrolytic
instability of the pyrophosphate bond should lead to better yields and higher rates in the primer

extension reaction.

1.3.4 High melting temperatures of RNA duplexes

To have ongoing replication you first need to copy genetic material through some mechanism and
then remove the product so that the turnover number of the template is larger than one. In any
scenario of templated directed replication, the product of the copying step needs to fall off the
template to allow the next round of replication. In the examples of nucleic acid replicators
experimentally investigated, the rate-limiting step of the replication is the dissociation of the

product from the template. If the product is too strongly bound to the template, then exponential

11



growth is not possible. Unlike exponential growth which supports Darwinian evolution and
selection of the fittest, sub-exponential growth enables survival of everyones2. In the Darwinian
view of evolution of self-replicators, the fastest replicator will out-compete the slower ones in the
fight over resources, and it will be selected fors334. Sub-exponential growth does not allow for
selection, it enables the coexistence of all templates, albeit at different concentrations. This
behavior changes when catalytic RNA species are involved. Exponential replication of ligase
ribozymes has been shown by Joyce and co-workersss:3¢. The key to achieving exponential growth
in non-enzymatic systems is to destabilize the product-template interface, while maintain the
starting materials-template interface. Interestingly, small nucleic acids analogs containing
unnatural linkages have been found to display this kind of behaviors738. Unfortunately, the
opposite is true for RNA. A longer oligonucleotide (the product) binds the template stronger than

the shorter starting materials.

Template directed RNA copying generates complementary nucleotides that are a barrier towards
subsequent rounds of replication. The double stranded RNA molecules that are the final product
of the copying chemistry have such high melting temperatures that make liberating functional
RNA molecules difficult. If the simplest mechanism for strand separation, thermal denaturing, is
not available, different strategies must be employed. Three groups have taken three different
approaches to solve this problem, by tweaking three different variables: ionic strength, pH, and
solvent viscosity. The Sutherland group observed that
when the pH is reduced to 3 the melting point of the
duplex is reduced by approximately 30 °C, regardless of
the number of base pairs or GC content39. Similarly, the
Braun group showed that a thermal gradient in porous

rocks induce a microscale liquid-gas cycle in the

solution4° (Figure 1.3). The condensation of the water gjgure 1.3. pH and salt driven strand
separation.
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droplets and subsequent reentry into solution reduces the local NaCl concentration at the liquid-
gas interface#, which is where most of the nucleic acids localize in such a scenario. The nucleic

acid duplexes dissociate under these low salinity conditions.

However, the various cycling methods (thermal, pH, salt, etc.) are all limited to short RNAs that
can be denatured and none solves the fast-reannealing problem. Both the Sutherland and Braun
methods destabilize Watson-crick base pairs, which limits ribozyme function and primer
reannealing. As soon as the external stimuli are removed and Watson-Crick base pairing is
allowed, the two strands will reanneal. Therefore, all these approaches only work if replication is
via multiple ligation reactions with oligonucleotides that are long enough to bind and stay bound

during the reannealing phase.

The cycling methods shown so far are thermodynamic switches for base-pairing, but a kinetic
switch is needed to discriminate between the annealing of long and short oligonucleotides. Hud
and coworkers have shown that by changing solvent viscosity a kinetic barrier is introduced for
duplex formation42. In their system, long nucleic acid duplexes (>300 bp) are subjected to high
temperature, and the single strands are liberated. As the solution is cooling, Watson-Crick base
pairs reform. The increased viscosity of the solvent slows the diffusion rate of large single-
stranded nucleic acids and favors intramolecular pairing. Because the sequences used are of a
sufficient length, they will invariably have some degree of self-complementarity. This however
means that this method will drastically reduce the sequence space of short oligonucleotides.
Considering that the oligonucleotides that have intra-strand interactions are less likely to act as
catalysts, perhaps this culling is beneficial in weeding out parasites. Bimolecular processes are
affected more strongly by the viscosity since they involve diffusion of species through solution.
Therefore, a hairpin folds at the same rate in water of in glycholine, while a 32 base-pair duplex
forms considerably slower. Thus, the long strands fold instead of annealing. The intramolecular

contacts kinetically trap the duplex, which prevents the double stranded RNA formation, and it
13



allows the annealing of smaller oligonucleotides on exposed regions. Over time, the smaller
strands will invade the self-complementary regions of the templates, provided the correct
combination of sequences is available in solution. A ligation step then delivers two new duplexes
(Figure 1.4). The Hud lab has recently shown that genetic information from both strands of a gene
length duplex (>300 base-pairs) can be copied using repeated heat cycles in glycholine4s.
Additionally, the same conditions can be used to synthesize and liberate a ribozyme from a duplex

and allow its folding and functioning.
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Figure 1.4. Viscosity mediated strand separation followed by short oligonucleotide annealing and enzymatic ligation.
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The Hud lab use deep eutectic solvents (DES) for these replication studies. A deep eutectic solvent
is usually composed of two different solid components, which when combined have a lower
melting point than the individual components. Deep eutectic solvents are a new class of ionic
liquids, composed of large unsymmetrical ions with low lattice energy (quaternary ammonium
salts) and a hydrogen bond donor (such as urea or glycerol). These eutectic solvents not only have
increased viscosity but also support folding and catalysis of multiple classes of biopolymers.
Although deep eutectic solvents are attractive alternative to aqueous solvents for the reasons
outlined above, their prebiotic provenance is questionable. Wet-dry cycles promote evaporation

and concentration and can generate concentrated solutions of formamide or urea, but the desired
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properties of deep eutectic solvents come from their quaternary ammonium salts. The prebiotic
synthesis of these salts is more problematic as of now. Additionally, only enzymatic copying of
genetic information has been shown in eutectic solvents. To enable cycles of non-enzymatic RNA
replication, a chemical ligation method should be used instead of enzymatic ligation. While it has
not been tested whether aqueous methods of chemical ligation would perform as well in DES,
intuitively it should be easier for the condensation reaction between an alcohol and a phosphate

to occur in non-aqueous environments.

1.3.5 Strand displacement synthesis

Nature does not use any of these cycling methods. At no point in an organism’s life cycle is
Watson-Crick base pairing disabled globally. When any living organism is heated, put in low pH
or low salt condition, it does not revert to a similar state after the stimulus has been removed. The
organism dies. Nature uses an energy dissipative cycle to unwind DNA, using molecular machines
called helicases. These enzymes are highly complex, multimeric units that use ATP hydrolysis to
unzip base-pairs. As soon as the duplex is unzipped, the chemical copying proceeds at the dizzying
speeds of polymerases. Thus, local destabilization of Watson-Crick base pairs coupled with fast
primer extension enables strand displacement synthesis. The complex architecture of the multi-
protein complexes that carries out this transformation hints at the difficulty of performing the
task non-enzymatically. However, Szostak and Zhou demonstrated an impressive solution to this
problem, enabling strand displacement synthesis in a non-enzymatic fashion#4. The local
destabilization of base-pairs achieved by helicases is mimicked by non-enzymatic toehold
migrations, using RNA oligonucleotides. The experimental setup is as follows: you have a primer
annealed to a template. The positions downstream of the primer are occupied by a blocker

oligonucleotide (Figure 1.5).
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For RNA synthesis to continue, the

blocker needs to come off so that the

e
] invader Ll ]

imidazolium bridged intermediate

can bind and react. The blocker has

an extraneous 5-region overhang, 12§|' %

«— «—
«— | Ll

which can be used to promote its
Figure 1.5. Strand-displacement synthesis mediated by invader
oligonucleotides. Blue: blocker strand. Grey and Orange: Invader

dissociation. Oligos complementary strands

to this region and the template region, invaders are then added. The system can then exist in two
states: an open state where the blocker is still bound to the template, or a closed state where the
invader has displaced the blocker liberating the template. Because either state contains the same
number of Watson-Crick base pairs, they are occupied to roughly the same extent. Only the later
state is conducive to primer extension. The occupancy of the open state and the rate of copying
determines the efficiency of non-enzymatic strand displacement synthesis. As soon as an extra
nucleotide is added to the primer, the equilibrium between states is disturbed, as the blocker
cannot bind to the template with the same efficiency. At this point, the initial invader is replaced
by a downstream invader that again partitions the system between an open and closed state. This
process can then repeat iteratively until the entire template is copied. Therefore, to copy a
sequence of length L you will need L-k+1 invader, where k is the length of the invader. The less
invaders are required, the more prebiotically plausible the process is. However, as the invaders
get longer, the on/off rates for invader binding and dissociation decrease. This hinders the
establishment of the open/closed equilibrium in turn hindering RNA copying. The authors
demonstrated efficient strand displacement synthesis using hexamers. However, RNA performed
poorly when asked to a longer, mixed sequence. This result was expected, as RNA requires
downstream binders for efficient extensions, and these species cannot bind in the presence of the

blocker. Considering that RNA copying with downstream binders is far more efficient, if invaders

16



uncover multiple positions on the template, then a monomer bridged to a di- or trinucleotide

could bind to the template and react quickly enough with the primer.
1.3.6 Primer independent replication

Despite the usefulness of the primer extension model for experimental studies, its prebiotic
plausibility is questionable. In a prebiotic environment where multiple oligonucleotides of various
lengths coexist, many different pairings can occur. Therefore, our simplified experimental
approach in which template copying starts at a defined position in the context of an RNA duplex
is not an accurate representation. Most realistically, both activated and non-activated short
nucleotides will anneal at different positions on the template, leaving gaps in between4s. These
gaps offer binding positions for imidazolium bridged dinucleotides so that the copying of the
template can be initiated at these nucleation spots. A combination of polymerization and ligation
events will then lead to a double stranded product. Furthermore, for multiple cycles of replication
to happen, primers need to be constantly supplied to the protocell. However, oligonucleotides
longer than four cannot permeate the membranes of the protocells. If longer nucleotides were to
participate in the replication cycles, they would need to be generated inside the vesicles. The
prebiotic synthesis of nucleic acids generates a reservoir of nucleotides, which can then be
activated. These activated nucleotides have been shown to generate single stranded nucleic acids
under harsh conditions which involve either freezing4¢ or evaporation47 of the solution. If either
of these protocols could be adapted such that lipid vesicles could tolerate the conditions, then the

longer oligomers could be produced inside vesicles.

An additional issue with the primer-extension model is the difficult copying of the last nucleotide
of the template. The imidazolium bridged intermediate cannot bind to the template with only one
position available. The last nucleotide will then be copied via an activated mononucleotide, which

will be slow, inaccurate and proceed with low regioselectivity. We have recently proposed an
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alternative way in which the genome of primordial organisms could have been structured, as a

virtual circular genome (Figure 1.6).
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Figure 1.6 The virtual circular genome as an alternative to the primer extension model. (A) A complete cycle of
replication in the primer extension model, showing the templated synthesis of double stranded RNA and strand
separation of the final product. (B) In the virtual circular genome all possible combinations of oligonucleotides
corresponding to the virtual circular genome shown in black are present in solution. These oligonucleotides can
participate in ligation and primer extension reactions to drive the replication of the genome.

This virtual circular genome is composed of multiple short RNA oligonucleotides that begin and
end at all possible positions on either strand of a virtual circular sequence. These oligonucleotides
can anneal in numerous ways, forming a collection of dynamic, interconvertible configurations.
We have shown that under these conditions the copying of the genome can occur by the extension
of only one nucleotide, obviating the need for copying long sequences. Additionally, since all
possible oligonucleotides corresponding to a single genome are present, all invaders and helpers
needed for strand displacement synthesis and downstream binder promoted copying are always
available. Therefore, the virtual circular genome is a promising alternative to the primer extension

model, but experimental investigations are needed to confirm its usefulness.

1.3.7 Reactivation chemistry
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The formation and replication of any kind of self-assembling complex requires kinetic barriers
that prevent it from decaying into equilibrium48. RNA oligomers are thermodynamically unstable
with respect to their monomers; the free energy of hydrolysis of a internucleotidic phosphodiester
bond is -5.3 kcal/mol49. The condensation of ribonucleotide monomers into oligomers is
therefore an unfavorable, endergonic process and requires a coupled form of chemical activation.
In Nature, polymerase enzymes use the transesterification of phosphoanhydride bonds to form
internucleotidic phosphodiester bonds. A fast-copying reaction requires activated ribonucleotides
(monomers, dimers, oligomers etc.) that are high in energy. For non-enzymatic polymerizations,
hydrolysis of the activated species is a major side reaction. Water is only a slightly weaker

nucleophile than a secondary alcohols° and it is present in 56M concentration.

How does then an activated ribonucleotide react rapidly with a secondary alcohol but not with
ubiquitous water? Nature has solved this problem by using nucleoside triphosphates. Although
high in energy, these monomers are kinetically stable towards hydrolysis, and require the exact
positioning enforced by an enzyme to react. The triphosphate moiety becomes activated only
when bound to a primer-template-enzyme complex. In the absence of these partners, it is almost
inert to nucleophiles. Prebiotic chemistry cannot access such specialized tools from the onset, so
it must rely on kinetically labile monomers such as phosphoroimidazolides. Unfortunately, these
monomers hydrolyze quickly enough to push the system towards equilibrium. Therefore, a
continuous supply of chemical energy is required to convert the monophosphates back into the
imidazolides. 2-Aminoimidazole is a privileged molecule: its 2’-amino group is particularly adept
at stabilizing the imidazolium intermediate, it can be easily obtained prebiotically5' and it bears

striking resemblance to two other azoles involved in RNA synthesis and maintenance5253.
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An initial foray into the synthesis of ribonucleotide phosphorimidazolides was undertaken by the
Fahrenbach lab, in which sodium hypochlorite and cyanide combine with imidazole to give
diimidazole imine, which subsequently converts 5’-monophosphates to phosphoroimidazolidess+.
The Sutherland lab recently developed a multi-component reaction, in which an isocyanide,
aldehyde and an imidazole moiety convert a nucleotide monophosphate to the activated

phosphoroimidazolidess! (Figure 1.7).
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Figure 1.7. Prebiotically plausible multi-component pathway for the activation of 5-mononucleotides.

All four canonical nucleotides react in good yields to form the desired 2-aminoimidazolides
selectively with no modifications on the base being observed. Multiple cycles of reactivations are
possible in the same vessel, a feature which is particularly useful for non-enzymatic

polymerization.

Our lab has found that replacing acetaldehyde with 2-methylbutyraldehyde increases the yield of
phosphoroimidazolides, minimizing the yield of the Passerini side-productss. The reaction
unfortunately requires high concentrations of imidazole to generate the activated species, but
imidazole breaks down the bridged imidazolium intermediate, inhibiting the copying reaction.
Replacing the imidazole with an activated phosphoroimdazolide in the activation reaction
generates the imidazolium bridged dimer in good yieldss. Interestingly, the activation conditions
improve the reaction of two 5’-phosphoroimdazolide nucleotides, suggesting an unknown

mechanism operates in which methylisocyanide reacts directly with a 5-phosphoroimidazolide.
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Unfortunately, the current conditions employed for the generation of imidazolium bridged dimers
do not support non-enzymatic RNA copying inside simple fatty acids vesicles. The carboxylate
head groups are also activated by isocyanide and once they are modified the vesicles fall apart.
The second-generation activation chemistry from the Sutherland lab circumvents this problem by
using carboxylic acids instead of aldehydes as a partner for isocyanides. In these acidic activation
conditions nucleotide monophosphates are activated in the presence of vesicles, with minimal
damage to the lipid componentss6. However, template directed RNA synthesis displays strong pH
dependence, performing best at slightly alkaline pH 8. Additional efforts are required to enable
continuous activation and RNA replication in fatty acid vesicles. However, it is perfectly
reasonable to assume that even in a tight pH window and with the right kind of prebiotic additives,

a phosphate can be activated in the presence of a carboxylate.

1.3.8 Divalent metal cations

RNA synthesis, folding and function is mediated by divalent metal ions. The rates of all these
processes are sometimes drastically affected by the concentration of free metal ions in solution.
Divalent cations are also critical to non-enzymatic templated RNA synthesis. Unfortunately, this
requirement clashes with the prospect of RNA replication in fatty acid vesicles. Since fatty acid
vesicles are formed by alternating carboxylates and carboxylic acids headgroups, which interact

with Mg2+, their stability depends on the abundance of metal ions in solution. Simple fatty acid

a b
vesicles cannot tolerate the concentrations : %ﬁ

ot . . . :
of Mg2*+ at which RNA copying is feasible. ] JL\ : |l W/O\l
. L Figure 1.8. The involvement of magnesmm in the primer
Our group circumvented this issue by extension reaction. (A) Putative structure for the Mg-citrate
chelate. (B) Mg-alkoxide formed at the 3’-terminus of the
using a chelator, citrate, to carry out non- primer. (C) A possible chelating agent on the 2’-OH of the
terminal nucleotide of the primer.
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enzymatic RNA copying inside fatty acids vesicless’. Citrate binds Mg2*, presumably in a
tricoordinate fashion, leaving three empty sites of coordination on the octahedral Mg2*ion (Figure
1.8). The empty sites can then participate in catalyzing the non-enzymatic copying reaction. This
form of chelated Mg is also tolerated by the fatty acid vesicles, maintaining their permeability.
Interestingly, similar catalytic assistance has since been observed with ribozymes and chelated-
Mg. Yamagami and Bevilacqua reported that both amino-acid magnesium chelatess® and nucleic
acid magnesium chelates58 improve the rates of ribozymes in physiological conditions. Similarly,
the capacity of chelated magnesium to catalyze is linked to its available coordination sites. As
noted by the authors, these interactions signal a catalytic role for these molecules in cellular
conditions and possibly prebiotic conditions, where they could act as cofactors. Indeed, modern

cofactors have been postulated to be remnants of the RNA world more than forty years agos°.

In the absence of a prebiotic pipeline for citrate production and since the rate of RNA copying is
reduced by chelation of the magnesium, a more plausible way of protecting vesicles is needed. A
possible approach is to change the chemical composition of the lipids. Cyclophospholipid vesicles
are more resistant to metal ions® and are prebiotically available through the cyclization of
glycerol-phospholipids®. Other types of compartments have also been explored by Poudyal and
collaborators who have also carried out non-enzymatic RNA synthesis inside coacervates®2, small
liquid droplets of two immiscible liquid phases that have been proposed as an alternative to lipid
vesicles®s. Although most studies on non-enzymatic RNA copying use magnesium, other metals
could have potentially catalyzed the process. Our lab has shown that ferrous iron, present in large
quantities on the anoxic early earth, can replace magnesium as a catalyst®4. Iron (II) was shown
to outperform magnesium in the ligation and polymerization reaction of nucleotides activated
with 2-methylimidazole at neutral and acidic pH values. Divalent manganese, which has a similar
radius to Fe2* and Mg2* but is a stronger Lewis acid could potentially improve the reaction even

further. However, both Fe2* and Mn2* are likely to be incompatible with lipid vesicles.
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A better understanding the role of divalent cations in the non-enzymatic copying reaction would
provide avenues to lower cations concentration requirements below the limit tolerated by fatty
acid vesicles. Recent experiments from our lab suggest that the metal interacts with the primer
through its inner sphere of coordination. The working hypothesis is that the metal assists the
deprotonation of the 3’-hydroxyl through an inner sphere contact (Figure 8b), but such
interactions are yet to be observed in crystal structures of the copying reaction. Kinetics data
shows that reaction rates at pH values can be rescued by increasing Mg2* concentration,
suggesting that Mg2* is assisting with the deprotonation of the 3’-hydroxyl®. Additional studies
are required to clarify the role of the divalent cations. Fatty acid vesicles could be protected by
increasing the local concentration of magnesium near the 3’-hydroxyl but lowering the overall
concentration in solution. Polymerase enzymes use peptides with negatively charged residues to
bring Mg close to the reaction center. A similar mechanism could potentially be operating in non-
enzymatic RNA copying. If a magnesium chelating group were attached reversibly to the primer
it could bring the cation close to the reaction center, while maintaining a low concentration in
solution. An ester linkage at the 2’-hydroxyl (Figure 8c) is a particularly attractive idea since it
strongly resembles the termini of charged tRNA and it suggests a link between coded protein
synthesis and non-enzymatic RNA synthesis. However, this in turn raises the challenge of
chemically synthesizing that linkage prebiotically. Alternatively, ribozymes are capable of
aminoacylation, but they require magnesium concentrations above the ones tolerated by fatty acid
vesicles. The Sutherland lab has extended their activation chemistry to enable a phosphate relay
of amino acids to the 2’-hydroxyl of terminal nucleotides in RNA oligomers. Using this chemistry,
this type of conjugates can be accessed and investigations into the birth of translation could be

asked.

1.4 Conclusion and Outlook
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The work reviewed above shows that over the last ten years the non-enzymatic replication of RNA
has seen considerable improvements. The incorporation of an incorrect nucleotide leads to a
stalling in copying, guaranteeing that if a longer copying product is generated it is unlikely to
contain mismatched nucleotides, effectively raising the fidelity of the process. The regioselectivity
of the reaction is excellent when the correct activated imidazolium bridged intermediate can bind
to the template, consistent with the observation that the rate of the reaction and the
regioselectivity are strongly correlated. Although the copying of adenosine and uracil residues is
generally slow, when a downstream binder can assist the reaction proceeds smoothly, opening
new sequence space for non-enzymatic copying. The strand inhibition problem can now be
circumvented by environmental fluctuations in salt concentrations and acidity, and by using
solvents that can form eutectic phases. Additionally, strand displacement synthesis can occur if
complementary oligonucleotides are available in the environment. Most importantly, a new mild
activation chemistry that improves the yield and rate of non-enzymatic RNA copying has been
discovered and can potentially work alongside lipid vesicles. Although the role of Mg is not clear,
the discovery of simple chelators has shown that the non-enzymatic synthesis of RNA is

compatible with lipid vesicles.

Despite all these advances, the copying of long RNA strands is still a difficult process and cycles
of RNA replication have yet to be demonstrated experimentally. The virtual circular genome is an
attractive alternative to the classical primer extension model especially because the genome can
be replicated without having to copy long stretches of a linear template. This is enabled by the
constant reshuffling of oligonucleotide arrangements, triggered by fluctuations in reactions
conditions (pH, salt, temperature). Environmental conditions and their plasticity are crucial for
the success of non-enzymatic RNA replication. Although most of the issues discussed in this
review have potential solutions, these solutions need to be mutually compatible for RNA

replication to take place. Therefore, identifying an environment that supports copying, strand
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separation and activation simultaneously inside a lipid compartment is the greatest challenge on
the way to achieving non-enzymatic RNA replication. For example, is it necessary to constantly
deliver activated nucleotides to the reaction medium or is it advantageous to start with a fixed
reservoir of nucleotides and constantly deliver methylisocyanide to the reaction? A microfluidic
platform would allow such question to be answered and would provide a more realistic
experimental setup. Additionally, the virtual genome model also imposes some analytical

challenges that will bring about new ways of examining this process.
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2. A common and potentially prebiotic origin for precursors of

nucleotide synthesis and activation

Reproduced with permission from Fahrenbach, A. C. et al. Common and Potentially Prebiotic
Origin for Precursors of Nucleotide Synthesis and Activation. J. Am. Chem. Soc. 139, 8780—-8783

(2017). Copyright 2017 American Chemical Society.

Imidazoles are thought to have played® important roles in prebiotic chemistry prior to their
current biological significance as components of the histidine residues in proteins, where they
function as, for example, charge-relay agents in catalytic triads®”. One of the most important
potential roles of imidazoles in prebiotic chemistry came to light through the efforts of Orgel and
coworkers®®-7°, who demonstrated that nucleoside 5’-phosphoro-imidazolides, and especially
nucleotides activated with 2-methylimidazole, allow for nonenzymatic template-directed7»72 RNA
synthesis yielding predominantly the canonical 3’-5" phosphodiester linkage. These phosphoro-
imidazolides are more reactive than nucleoside triphosphates as a result of their labile P-N
bonds73 and their propensity to form a reactive imidazolium-bridged7+ dinucleotide. In addition
to prebiotic activation chemistry, imidazoles have also been suggested to play catalytic roles7s,
assisting in the oligomerization of amino acids’®, phosphates777¢ and nucleotides?9-8°, and a
number of plausible mechanisms for the prebiotic synthesis of imidazoles have been
reported®®:7581-85 (further discussion in SI).  Other than prebiotic chemistry, compounds
containing imidazole motifs, including 2-aminoimidazole and 2-thioimidazole, are known for

their medicinal propertiess®.

We became interested in finding a prebiotic synthesis of 2-aminoimidazole (2NH.Im), because
we recently demonstrateds” that ribonucleoside 5’-monophosphates activated with 2NH.Im
offer a 10-100-fold enhancement in the rate of nonenzymatic template-directed RNA primer

extension compared to those activated with 2-methylimidazole, i.e., in this context 2NH.Im is
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the most effective leaving group known to date. Furthermore, the conjugate base of 2NH,Im is
isosteric and isoelectronic with 2-aminooxazoles8 (2NH.Ox) — a key intermediate in the prebiotic
synthesis of cytidine and uridine 2’,3’-cyclic phosphates, as reported by Sutherland and
coworkersss. The prebiotic synthesisss of 2NH.Ox is known, and begins with the addition of
glycolaldehyde and cyanamide, followed by a series of steps that are facilitated by inorganic
phosphate acting as both a pH buffer and as a general base catalyst. In this pathway, cyanamide
first undergoes addition to the carbonyl of glycolaldehyde. Next, an intramolecular general-base-
catalyzed attack of the glycolaldehyde-derived hydroxyl on the cyanamide-derived nitrile carbon
leads to a five-membered ring. General-base catalysis by phosphate also likely accelerates C-H

deprotonation in the following dehydration step leading to the aromatic 2NH.Ox.

Given their structural similarities, we wondered

N
NH
whether 2NH.Im and 2NH.Ox could share a Ib | NH, )\ 2
- : : N7 O == NH; ==—p N7 “NH
common prebiotic synthetic pathway (Figure \/ P + = \—/
[ [
2.1). Previously reported (non-prebiotic) 2NH,Ox O\\ /OH 2NH,Im

syntheses of 2NH.Im make use of the dimethyl- Figure 2.1. Common Prebiotic Synthetic Pathway for 2-
Aminooxazole (2NH-0x) and 2-Aminoimidazole
or diethyl-acetal of a-aminoacetaldehydeso-91, (2NHaIm)
which presumably stabilizes the amino group by preventing enolization and subsequent exchange
with water. We reasoned that in order to synthesize 2NH.Im, we would need to find a plausible
route for the synthesis of a-aminoacetaldehyde. We hypothesized that simply adding a sufficiently
high concentration of an ammonium salt to the mixture of glycolaldehyde, cyanamide and
inorganic phosphate, would lead to the formation of at least some of this intermediate at
equilibrium through an Amadori-type enol-mediated exchange mechanism (Fig. 2.2a, Figure
S2.1). Alternatively, exchange of the glycolaldehyde-derived hydroxyl to an amine could take

place after the addition of cyanamide to glycolaldehyde. To test this hypothesis, we carried out

reactions with aqueous solutions of cyanamide and glycolaldehyde in the presence of 1 M
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phosphate at varying concentrations of

a) I I
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HO HO
(Fig. S2.2), as expected based on previous b)
reports by Sutherland et als388. The
addition of 1 M NH,CI (Fig. 2.2b) resulted Tj 6 7' 68 6.4

2
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in the appearance of another resonance in __ ) o )
Figure 2.2. a) Possible mechanistic pathway for the synthesis

) ) of 2NH-0x and 2NH.Im. The initial formation of a-

the aromatic region of the proton NMR aminoacetaldehyde from glycolaldehyde and ammonia is

thought to be a potential intermediate on the path to 2NH-Im,

spectrum. Addition of an authentic although this exchange reaction may also occur after addition of

cyanamide. Following intramolecular cyclization, dehydration

leads to the final products. b) Partial 1tH NMR spectrum (400

MHz, D20) showing the H4/Hs5 aromatic resonances for

2NH:0x (red) and 2NH.Im (blue) after reaction of

resonance arises from the H4 and Hpj glycolaldehyde, cyanamide, sodium phosphate and ammonium
chloride, all at 1 M, for 3 hours at pH 77 and 60 °C.

standard of 2NH.Im confirmed that this

protons of 2NH.Im. Increasing the

concentration of NH,CI to 5 M resulted in the almost exclusive formation of 2NH.Im. It seemed
possible that 2NH.Ox was formed first and then converted to 2NH.Im in the presence of
ammonium ions. However, when we treated 2NH.Ox with ammonium chloride under identical
conditions, we did not observe the formation of 2NH.Im (Fig. S2.3). Quantification of the yield
was carried out using a calibrated solution of 5’-cytidine monophosphate (CMP), which was added
directly to the NMR tube; we used its H5 and H6 resonances as standards for integration. After
one hour, the reaction was complete, and the yield was determined to be 15%. Although this yield
is not as high as that previously reportedss for 2NH.Ox (>80%), it is important to note that no

other major products could be observed in the *H NMR spectrum.

Understanding how the ratio of 2NH.Im to 2NH.Ox varies under different pH regimes and

ammonium ion concentrations is important for evaluating the reaction in the context of potential
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geochemical scenarios. We systematically examined INH,CI]/ M

100 005 1 ]213] 415/

the reaction at pH 4, 5.5, 7 and 8.5 with NH,Cl =
concentrations of 0, 0.5, 1, 2, 3, 4 and 5 M. All % 104
reactions were monitored by *H NMR after one, two é
and three hours, and the ratios of 2NH.Im to E '3
2NH.Ox were measured by resonance integration %0‘1 -
(Table S2.1). The ratios after three hours are plotted
pH 4 5.5 7 8.5

in Figure 2.3. For all pH values the ratio of 2NH.Im

Figure 2.3. Bar graph displaying the ratios of
to 2NH.Ox increases with increasing NH,Cl, while 2NH.Im to 2NH.Ox at varying pH and NH,Cl
concentrations. All ratios were determined by 'H
NMR spectroscopy from reactions that were carried
out at 60 °C with 1 M sodium phosphate and
monitored over a period of 3 h. The ratio reaches a
least part of this effect of pH can be explained by the maximum at pH 5.5 and 5 M NH,CL

mildly acidic pH also tends to increase this ratio. At

fact that increasing acidity does not tend to favor dehydration of the 4-hydroxy intermediate of
2NH.Ox, a minor species which can be detected under the acidic conditions tested. A maximum
ratio of [2NH.Im]/[2NH.Ox] = 56 was obtained at a pH value of 5.5 with 5 M NH,CI after 3
hours. For most cases, the ratios tended to increase over time. The reason for this increase is not
the increase in concentration of 2NH.Im after one hour, but rather the decrease in the yield of
2NH.Ox (Table S2.1). This decrease in the yield observed over time for most conditions tested
is likely a reflection of the greater reactivity of 2NH.OX, possibly forming a distribution of side-
products most of which are not easily identified by *H NMR. Similar yields for both 2NH.Ox and
2NH.Im were obtained when either 100 or 50 mM concentrations of the starting materials were
used. We carried out a preparative scale reaction for the synthesis of 2NH.Im at a pH of ~5.3
employing 1 M NH,H.PO, and 5 M NH,HCO, and obtained a 41% isolated yield (Figure S2.4).
Given the general mechanistic features of the above synthetic reactions, we anticipated that the
prebiotic formation of imidazoles may be rather general. We set out to make 2-thioimidazole (Fig.

S2.5). Heating a 1 M solution of NH,SCN and glycolaldehyde at pH 4 in 4 M NH,CI at 60 °C for
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24 hours led to the formation of 2-thioimidazole with no other major products observable by *H

NMR, although the yield was relatively low at 6.2%.

In order to gain more insight into the distribution of products formed during the formation of
2NH.Im and 2NH.Ox, we monitored the reactions by Q-TOF LCMS (positive mode) using the
same conditions as shown in Figure 2. First, the yields and ratios of [2NH.Im]/[2NH.Ox]
determined by LCMS are consistent with those determined by NMR (Table S2.2). Other than the
m/z values arising from 2NH.Im and 2NH.Ox, we also observed a major peak at m/z = 145.06
(Fig. S2.6), and a minor peak at m/z = 144.08 (Fig. S2.7), consistent with the addition products
of glycolaldehyde with 2NH.Ox and 2NH.Im, respectively. These potential addition products
could be either the hemiaminal obtained from the attack of the exocyclic amines of 2NH.Ox or
2NH.Im, or glycols formed by the nucleophilic attack of the C5/C4 carbons on the carbonyl group

of glycolaldehyde.

Knowing that 2NH.Ox and 2NH.Im can be made in the same reaction flask in approximately
equimolar ratios at pH 7 and ~1 M NH,Cl, we asked whether these two compounds would display
sufficiently different reactivities such that 2NH.Ox could be channeled towards nucleotide
synthesis, while 2NH.Im would be preserved for later nucleoside 5’-phosphate activation. The
next step on the pathway from 2NH.Ox to the cytidine and uridine cyclic phosphates involves a
cycloaddition reaction with glyceraldehyde, which generates a mixture of ribo- and arabino-
furanosyl aminooxazoliness3 as the major products. For 2NH.Im to be preserved for subsequent
nucleotide activation, it would have to be significantly less reactive with glyceraldehyde than
2NH.Ox. To address this question, we reacted a 1:1 mixture of 2NH.Ox and 2NH.Im with
glyceraldehyde at 40 °C in the presence of inorganic phosphate for 24 hours while monitoring the
reaction mixture by high-resolution LCMS (Fig. 2.4). The mixture of pentose aminooxazolines
was detected in the reaction even after only ~10 minutes of reaction time, and their concentration

reached a maximum after approximately three hours (Fig. S2.8). After 24 hours, nearly all the
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Figure 2.4. Selective cyclization of rac-glyceraldehyde with 2NH=Ox in the presence of 2NH.Im. The reaction was
carried out at 1 M of each component and was monitored by high-resolution (Q-TOF) LCMS using a Cis column. All
traces are extracted ion chromatograms for m/z values that correspond to the [M + H]* ions for 2NH-0x (red),
2NH-.Im (blue) and the mixture of aminooxazoline stereoisomers (green). All chromatograms were extracted with a
tolerance +0.1 Da. The 24 h chromatograms have been displayed offset by ~10 s for clarity.

2NH.Ox had been depleted from the reaction mixture, while ~80% of the 2NH.Im remained.
Analysis by 'H NMR spectroscopy confirmed this result (Fig. S2.9). We also detected lesser
amounts of a product with an m/z of 174.05, a value which is consistent with the [M + H]* mass
of the analogous product but cyclized with 2NH.Im. Although it would appear that the 2NH.Im
can also react with glyceraldehyde, based on the initial rates measured from control experiments
reacting 2NH.Im and 2NH.Ox with glyceraldehyde individually in separate solutions, we
estimate that the reaction with 2NH.Ox is about an order of magnitude faster. Indeed, the
reaction of 2NH.Im with glyceraldehyde is sufficiently slow such that the reaction stops after the
consumption of only ~20% of 2NH.Im. The likely reason for this effect is that the isomerization
of glyceraldehyde to dihydroxyacetone is a competing process occurring at a similar rate,
preventing the reaction from going to a completion. We suspect that the slower reaction kinetics
of 2NH.Im compared to 2NH.Ox are at least in part a result of the greater aromatic stability of

2NH.Im, the greater nucleophilicity of 2NH.Ox, or both. We also examined the case of a “one-
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pot” reaction, in which a solution of 1 M cyanamide, glycolaldehyde, glyceraldehyde, ammonium
chloride and sodium phosphate at pH 7 was heated to 40 °C and monitored by LCMS over time.
Analysis of the data (Fig. S2.10) reveals an initial rapid increase in the concentration of 2NH.Ox,
which reaches a maximum around 1.5 hours, and thereafter slowly decreases. The 2NH.Im, on
the other hand, shows a slower initial accumulation which levels out after about 5 hours — no
subsequent decrease in concentration is observed. In addition, ribose and arabinose
aminooxazolines are still obtained under these conditions. These results provide additional
evidence that the greater stability of 2NH.Im allows it to persist and potentially accumulate for

later activation chemistry.

Finally, we demonstrate that N-cyano-2-

NH
)N\Hz N Me,CO )N\HZ )\2

+ 7
. : N7 NH ) NH
aminoimidazole (2NH.ImCN) is capableof N~ ' gy RT/15min N\ ) \__/
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reports in the literature suggesting that N- OH OH

L. Figure 2.5. Synthesis of Cytidine-5’-phosphoro-(2-
cyanoimidazole can serve9>9 as an aminoimidazole) Making Use of N-cyano-2-aminoimidazole

activating agent for the formation of phosphodiester bonds. 2NH.ImCN appeared attractive as
a potentially prebiotic activating agent, because it represents one of the simplest possible
extensions of the chemistry reported here, i.e., oxidative coupling with hydrogen cyanide. We
formed 2NH.ImCN by reacting’ 2NH.Im with cyanogen bromide in acetone at room
temperature for 15 min (Fig. S2.11). The reaction was concentrated to near dryness, at which point
an aqueous solution of CMP with 10% D.O was added and the pH adjusted between 5.5 and 6.
After about ten minutes at room temperature, 3'P NMR spectroscopic analysis revealed ~20%
conversion to 2NH.ImpC (Fig. S2.12 and S2.13). A maximum of about 40% conversion was

obtained after 1.6 hours. By addition of another freshly prepared batch of 2NH.ImCN, a final
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conversion of ~75% was achieved. While the prebiotic synthesis of 2NH.ImCN has not yet been
achieved, this synthesis of 2NH.ImpC serves as a proof of concept, highlighting the potential

usefulness of N-cyanoimidazoles as prebiotic activating agents.

In summary, we have demonstrated a prebiotically plausible synthetic pathway for 2-
aminoimidazole that shares a common origin with the synthesis of 2-aminooxazole. Recently,
Powner et al. showed that 2-aminothiazole can be efficiently synthesized in a similar fashion as
2NH.Ox and 2NH.Im, starting from cyanamide and (-mercaptoacetaldehydes2. — 2-
Aminothiazole forms stable crystalline aminals with aldehydes, but not with ketones, allowing for
the concomitant accumulation and purification of reactive aldehydes, and the chemical selection
of proteinogenic aminoacids. Remarkably, all three compounds in the series 2-amino-
oxazole/imidazole/thiazole seem to have important potential prebiotic roles. In the shared
pathway for 2NH.Ox and 2NH.Im production, the relative yield of each species depends on the
pH and ammonium chloride concentration, with higher ammonium ion concentrations and
mildly acidic pH favoring 2NH.Im. At neutral pH, this proposed pathway for the prebiotic
synthesis of 2NH.Im requires high concentrations of aqueous ammonia, on the order of 1 M to
generate comparable amounts of 2NH.Im and 2NH.Ox. There are several scenarios in which
ammonium ions could have been generated in a concentrated form within an ancient aqueous
reservoir. In one scenario proposed by Sutherland%, cyanide produced in the atmosphere rains
out and is captured by ferrous ions as ferrocyanide; salts of ferrocyanide then precipitate and
accumulate over long periods of time. Subsequent thermal processing of deposits of magnesium
ferrocyanide by magma or impacts would generate magnesium nitride, which upon moistening
would hydrolyze, releasing ammonia. At the same time, calcium ferrocyanide generates calcium
cyanamide upon heating, which in the presence of water releases cyanamide. Other pathways to
ammonia sources have also been suggested (See SI). Finally, the greater stability/slower

reactivity of 2NH.Im in comparison to 2NH.Ox suggests that the former could accumulate over
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time even as the latter is continuously processed into intermediates on the path to nucleotide
synthesis. Having a mechanism for the simultaneous production of 2NH.Im and 2NH.Ox
suggests the tantalizing prospect of an ancient prebiotic reaction network that could have led to
both nucleotide synthesis and to the subsequent chemical activation of those nucleotides in a
manner suitable for efficient nonenzymatic template-directed replication. While we have shown
that N-cyano-2-aminoimdazole can serve as an activating agent, one of the great challenges ahead
is understanding how such an activating agent, or another mechanism altogether for the prebiotic

activation of nucleoside 5’-monophosphates, could have arisen from such a network.
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3. A Mechanistic Explanation for the Regioselectivity of Non-

Enzymatic RNA Primer Extension

Reproduced with permission from Giurgiu, C., Li, L., O’Flaherty, D. K., Tam, C. P. & Szostak, J.
W. A Mechanistic Explanation for the Regioselectivity of Nonenzymatic RNA Primer Extension.

J. Am. Chem. Soc. 139, 1674116747 (2017). Copyright 2017 American Chemical Society.
Introduction

Elucidating a pathway from prebiotic chemistry to Darwinian evolution is a fundamental problem
in chemistry. Darwinian evolution requires a replicator that can propagate genetic information9,
and RNA is an promising candidate for such a task. RNA stores information in its sequence of
four bases, and folds into complex three-dimensional structures capable of catalysis and
molecular recognition. In 1968 Crick, Orgel and Woese proposed that all life on Earth started from
RNA, a scenario which later became known as the “RNA World”97-99. In this scenario, early life
forms had an RNA genome that encoded RNA enzymes!©°. The original RNA world hypothesis
suggested that genomic replication would be a RNA catalyzed process, executed by a polymerase
ribozyme. Despite recent progressi©-°2, major improvements in the accuracy and efficiency of
such ribozymes are needed to permit self-replication. A plausible mechanism through which a
RNA-based system could have evolved efficient polymerase ribozymes is through cycles of non-
enzymatic RNA replication.13 Over the last 50 years, considerable effort has gone into achieving
non-enzymatic RNA replication in the laboratory, with little success. These attempts have
highlighted several major issues that must be understood to enable genetic replication in an RNA
world setting°3. One such problem is the poor regioselectivity of the template directed-synthesis
of RNA: the phosphodiester bond connecting the ribonucleotides can form between the 5’

phosphate group of one nucleotide and the hydroxyl group on either the 2’ or 3’ carbon atom of
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the next nucleotide. In biology, templated RNA synthesis is performed by polymerase enzymes,
which exclusively form 3’-5’ phosphodiester bonds. In the absence of strict steric constraints

imposed by enzyme active sites, a mixture of products is obtained04-15,

The formation of 2’-5” linkages was long considered a fatal flaw of template-directed RNA
synthesis because it was thought that linkage heterogeneity would impede the evolution of
functional RNA molecules©s. However, our group has shown that nucleic acids with non-heritable
backbone heterogeneity can generate nucleotide binding aptamers through in vitro evolution?®.
Furthermore, some RNA aptamers and ribozymes containing up to 25% 2’-5" linkages retain
molecular recognition and catalytic propertiest®. These recent findings suggest that the poor
regioselectivity of non-enzymatic RNA primer extension is not an insurmountable hurdle to
chemical RNA replication. On the contrary, backbone heterogeneity assists with another difficult
challenge, the strand separation problem. RNA duplexes of over 30 base pairs are unlikely to
thermally denature in conditions compatible with the copying chemistry. Therefore, a primer-
template complex that is efficiently extended inhibits further rounds of template-directed
synthesis. Backbone heterogeneity lowers the melting point of RNA duplexes, allowing strands to
separate at lower temperatures'©07. In addition, 2’-5’ linked RNA strands retain templating
abilities. Switzer and colleagues have shown that primer extension proceeds in high yield, but with
a lower rate, on a 2’-5’ linked template'o8. As a result, backbone heterogeneity potentially assisted

the evolution of function in the early stages of the RNA world.

The regioselectivity of the reaction is affected by the metal catalyst'©9, the leaving group on the
activated monomers° and by using activated oligomers instead of monomers2'. Despite extensive
efforts, it is not known precisely how these factors operate.

Our recent discovery of a superior leaving group for RNA primer extension8” and of an alternative
mechanism for the reaction74 has prompted us to revisit the regioselectivity problem. In this
mechanism, two monomers react with each other to form an imidazolium-bridged dimer, which
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then presumably binds to the template at two adjacent sites. Here, we examined the influence of
the leaving group, nucleobase and of the templating sequence on the regioselectivity of chemical
RNA primer extension. Surprisingly, fast and efficient reactions preferentially formed 3’-5’
linkages. In all instances where we observed high 3’-5’ regioselectivity the following two criteria
were invariably met: (1) Watson-Crick base pairing was observed at the extension site and at the
adjacent upstream and downstream positions and (2) the downstream binding nucleotides had a
leaving group on their 5’ end. Unnatural 2’-5" linkages are formed in RNA primer extension
during the copying of the last base of the template, through mismatched copying, and when
multiple adenosine or uridine monomers are added sequentially. The relatively low frequency of
such events potentially leads to a proportion of 2’-5’ linkages that lowers the melting temperature
of the RNA duplex, without preventing the evolution of functional RNA sequences. This leads us
to consider that the backbone heterogeneity arising from chemical RNA primer extension was not

an issue in the origin of life.

Results

We have adapted Orgel’s well established method of quantifying the regioselectivity of templated
non-enzymatic RNA primer extension'. In this method, the RNA primer was extended by the
templated addition of 5’-phosphorimidazolide monomers (Figure 3.1a). The reaction products
were then treated with either RNase T1 (Figure 3.1b) or RNase A (Figure 3.1c), endoribonucleases
that specifically cleave 3’-5" linkages to 3’-phosphates after guanosine residues, and pyrimidine
residues, respectively. The sequences of the primers were designed such that the enzymes cleave
at a single site, after the first bond that is formed during the primer extension reaction. Thus, if
the first added residue is connected through a 3’-5’ linkage, the primer would be cleaved. In
contrast, if the first residue is connected through a 2’-5’ linkage the extension products would be
insensitive to cleavage. The RNase T1 digestion assay can detect as little as 6%, while the RNase
A assay can detect as little as 2% 2’-5’ linkages (Figures S3.1 and S3.2).
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Figure 3.1. An assay for determining the percentage of 2’-5’ linkages in an oligonucleotide. (a) Templated RNA primer
extension forms either a 2’-5’ linkage (cyan pathway) or a 3’-5’ linkage (magenta pathway). Endoribonucleases
selectively cleave 3’-5’ linkages; NB stands for nucleobase. (b) Top: sequence of the primer-template duplex used in the
RNase T1 assay — if the red bond indicated by the arrow is a 3’-5’ linkage it will be cleaved by the enzyme. Bottom:
PAGE analysis of the enzymatic digest confirms that a 2’-5’ extended primer is not cleaved by the enzyme at any of the
concentrations tested, while the 3’-5’ linkage is fully cleaved at high RNase concentration. Standard refers to the
synthetically obtained 3’-phosphate primer. Assay dynamic range and detailed experimental conditions can be found
in the supplemental information. (c¢) Top: sequence of the primer-template duplex used in the RNase A assay, notations
identical to panel (b); Bottom: PAGE analysis of the RNase A assay, analogous to panel (b) bottom.

We first examined how the nucleobase on the incoming monomer affects the ratio of 2’-5" to 3'-
5’ linkages (Figure 3.2). Our group has previously identified 2-aminoimidazole activated 5’-
nucleotide monophosphates (2-AImpN) as the most efficient monomers for RNA polymerization
to date®”. Primer extension with 2-AImpG 2a and 2-AlmpC 3a monomers was fast and
regioselective, and the proportion of 2’-5’ linkages formed was below the detection limit of the
assays. In addition, the regioselectivity of the reaction was identical over a wide range of

concentrations of the activated monomer 2a (Figure S3.3).

However, 2-AImpA 1a and 2-AImpU 4a additions were considerably slower and formed 17% and

46% 2’-5’ linkages respectively. A and U pair through two hydrogen bonds while G and C pair
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pair stability is important, the greater thermodynamic stability of the s2U:A base pair compared
to the canonical A:U pair should decrease the proportion of 2’-5” linkages. The s2U activated

monomer 5a formed no detectable 2’-5 linkages, supporting this hypothesis.

The regioselectivity of chemical RNA primer extension depends on the imidazole leaving group
usedso2, For example, reactions using imidazole activated monomers are biased towards the
formation of 2’-5" linkages's, whereas the 2-methylimidazole group is selective for 3’-5’
linkagess°. We examined how the leaving group influences the regioselectivity of the reaction

when using different guanosine monomers. The proportion of 2’-5" linkages obtained correlates
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Figure 3.3. Leaving group influence on regioselectivity.

Enzymatic digestion was carried out with RNase A. The imidazole, produced 6% 2’-5’ linkages
percentages represent the proportion of 2’-5’ linkages

formed and were obtained from four independent )
experiments. (Figure 3.3).

The nature of the leaving group does not have as large an influence on the regioselectivity as on
the rate of the reaction. Although there is a 7-fold difference in reaction rates between 2a and 2e,
both leaving groups form less than 10% 2’-5’ linkages. The identity of the nucleobase seems to be

the main determinant of regioselectivity. Thus, the recognition of the monomers by the template
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is crucial for a regioselective reaction. However, the Orgel group has shown that the Pb2+ catalyzed
polycytidilic acid templated oligomerization of guanosine monomer 2e produces 2’-5’ linked
polyguanylic acid with remarkably fast rates.141:5 The difference in regioselectivity observed
between our experiments and the Orgel experiments presumably arises from the use of a different

metal catalyst and possibly the formation of RNA triplex structures in the latter.
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Figure 3.4. Mismatches lead to decreased 2-methylimidazole activated 5’-guanosine
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enzymatic digestion of G and A monomers, and RNase phosphorimidazolide 2b on a G template results in

T1 was used for C monomers. The nucleotides N; and
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experiments. No extension products were observed

when the s*U monomer was added across a templating  jncorporation, using 2-aminoimidazole activated
cytosine residue. *The value was obtained from three

independent experiments.

nucleotide monophosphates (Figure 3.4). The
regioselectivity of the reaction decreased when compared to the case of canonical base pair
formation. Purine-purine mismatches form the highest percentages of 2’-5’ linkages we have
observed in any condition tested. Pyrimidine-pyrimidine mismatches form approximately 3-fold
less 2’-5’ linkages. A possible explanation for this phenomenon is that the template can form a
one nucleotide loop when the first templating nucleotide is a pyrimidine, and the products
obtained are the result of frameshift mutations. Interestingly, the 2-thiouridine monomer 5a adds
to the primer in poor yields in all three cases examined (no addition vas observed when the

templating nucleotide was cytosine), but with high 3’-5’ regioselectivity.

The rate of non-enzymatic primer extension decreases in the absence of activated downstream

binding nucleotides'®. To investigate the effect of downstream binding on regioselectivity, we
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designed a primer-template combination in which a single nucleotide is available to template the
extension (Figure 3.5). In this case all three nucleotides (A, G, C) formed between 15 to 49% of 2’-
5’ linkages. Similar to the experiments presented in Figure 2 the regioselectivity did not differ
greatly between the 2-methylimidazole and 2-aminoimidazole leaving groups, for any given
nucleobase. However, for the imidazole derivative 2e, twice the fraction of 2’-5" linkages formed

when compared to the faster and more efficient 2a and 2b monomers.

Copying of the last nucleotide of a template also resulted in 5'-Cy3- T LpI\IJ2
. .. C . . 3'- —N._-5
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Alternatively, two activated monomers can interact Figure 3.5. Copying of the last nucleotide

generates backbone heterogeneity. For G
covalently to form an imidazole-bridged dimer74, and the and A monomers enzymatic digestion was
carried out with RNase A; for the C
monomers RNase Ti was used. The
percentages represent the proportion of 2’-
5’ linkages formed and were obtained from
two base pairs could influence regioselectivity. To better four independent experiments.

conformational constraint resulting from the formation of

understand how this interaction influences the regioselectivity of the reactions, we varied the
leaving groups on the adenosine monomers and on the downstream binding guanosine helpers
when copying a UCCC template (Figure 3.6a). Unexpectedly, almost all of the combinations of
imidazole activating groups we have tested formed 3’-5’ linkages exclusively. When the adenosine
monomer was omitted, the rate, yield and regioselectivity of the reaction decreased dramatically,
suggesting that the correct monomer is added (Figure S3.4). Additionally, when the reaction was
carried out with a mixture of all four canonical nucleotides, all of the products were 3’-5’ linked.

Considering that the mismatch addition opposite a templating uracil residue formed at least 13%
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of 2’-5” linkages, and that the incorporation of a mismatched nucleotide causes a sharp decrease

in rate’, we conclude that the fidelity of the reaction was high.

The regioselectivity suffered when no leaving group was present on the downstream binding
nucleotides 2g, or when a non-hydrolysable analogue of 2-methylimidazole 2f was used. Leaving
groups on neighboring nucleotides could interact via m-stacking, through the formation of
hydrogen bonds between a protonated imidazole group and an adjacent unprotonated one, or
through a cation-n interaction between two such groups (Figure S3.5). Although the 2-
methylimidazole analogue 2f can participate in these interactions, it forms 29% of 2’-5" linkages
when used as a helper. In fact, there is little difference in the proportion of 2’-5’ linkages formed

between the analogue 2f and guanosine monophosphate 2g. Thus, hydrogen bonding and

42



stacking interactions between leaving groups do not fully determine the regioselectivity of the

reaction.

Downstream binding 5’-activated oligonucleotides can enhance the rate and fidelity of primer
extension2®, especially in troublesome A and U rich regions. Having determined that activated
downstream monomers induce the formation of 3’-5’ linkages we tested whether an activated
oligonucleotide would similarly affect the regioselectivity of the reaction. In the presence of the
5’-phosphorimidazolide trimers, both A and U monomers added without forming any 2’-5’

linkages (Figure 3.6b). Furthermore, the highly regioselective addition of 2-AImpC is unaffected
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Figure 3.6 a) Downstream binders improve the regioselectivity. In all cases RNase A was used for enzymatic digestion.
The percentages represent the proportion of 2’-5’ linkages formed in the reactions using the A monomer on the left in
combination with the G monomer above the numeric value. The values were obtained from four independent
experiments. b) Trimer-assisted primer extension. RNase T1 was used for enzymatic digestion of the U and C
monomers, while RNase A was used with the A monomer. The percentages represent the proportion of 2’-5" linkages
formed and were obtained from four independent experiments. The electrophoretogram of the primer extension
reaction and subsequent enzymatic digestion when 2-AImpU was used together with 2-AImpAGC. Control refers to the
omission of the enzyme; Standard refers to the 3’-phosphate primer. ¢) Primer template wobble pair moderately affects
regioselectivity. The dashed line in the primer-template duplex represents the wobble-pair formed between G and U.
The electrophoretogram shows the results of the primer extension and RNase A enzymatic digestion. Control refers to
omission of the enzyme; standard refers to the 3’-phosphate primer. The percentage value represents the proportion of
2’-5’ linkages formed and was obtained from four independent experiments.
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by the presence of the trimer. Thus, downstream binders not only enhance the rate of the copying

reaction for A and U rich regions, but also favor the formation of 3’-5’ internucleotide linkages.

We next investigated the effect of a fraying base pair at the 3’ end of the primer. This situation
appears in RNA primer extension when a mismatched nucleotide is added to the primer. The rates
of reaction post-mismatch are an order of magnitude slower?, which lead us to hypothesize that
the regioselectivity of the reaction should decrease concomitantly. Introducing a C/A mismatch
at the 3’-end of the primer significantly reduced the regioselectivity of 2AImpG 2a addition; 2’-
5’ linkages were formed in 40% yield (Figure S3.6). Replacing the C/A mismatch with a G/U
wobble pair improves the regioselectivity of the reaction. The reaction was slower than in the case

of a G/C canonical pair, but the regioselectivity was similar (Figure 3.6¢). Only 11% of 2’-5’

linkages are obtained, 4-times less than in 5-Cy3- LpG Lp(|3 Lp? Lp(|3
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shown that primer extension on a template Q/N_g

that has four consecutive 2’-5’ linkages immediately after the primer annealing site proceeds 17
times slower than on the fully 3’-5’ linked template. The reaction produces an equal mixture of
2’-5" and 3’-5’ linkages'°8. We examined the effect of a single 2’-5’linkage immediately after the
primer annealing site (Figure 3.7). Although the reaction is 5.5 times slower than with the 3’-5’

linked template, the regioselectivity is high: no detectable 2’-5’ linkages were formed. Therefore,

. , 1 .

a smgle 2'-5 hnkage in the template does Figure 3.7. A 2’-5’ linkage in the template is not heritable.
The electrophoretogram shows the results of the primer

not get passed on to the daughter strands, extension RNase A enzymatic digestion. Control refers to
omission of the enzyme; standard refers to the 3’-phosphate
primer. The percentage value represents the proportion of 2’-
5’ linkages formed and was obtained from four independent
replicates.
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and is lost after a round of chemical RNA primer extension.
Discussion

The mechanism of template directed primer extension
with 5’-phosphorimidazolide substrates was assumed to
involve the binding of the activated monomer to the
template, followed by a nucleophilic attack by either the 2’

or 3’ ribose hydroxyl on the phosphate group of the

Figure 3.8. The imidazolium bridged dimer
monomer. Our group recently suggested that an presumably binds to the template through

Watson-Crick base pairs at two adjacent sites.
alternative mechanism is potentially operating7+. In this The imidazolium core is highlighted in red.
mechanism, two monomers react with each other to form an imidazolium-bridged dimer, which
then binds to the template, presumably at two adjacent sites (Figure 3.8). Our experiments show
that Watson-Crick base pairing at both the reaction site and the site immediately downstream is
required for 3’-5' regioselectivity, a result consistent with the binding of an imidazolium-bridged
dinucleotide intermediate. Therefore, the poor regioselectivity observed with A:U base pairs was
surprising, since a dinucleotide intermediate binding to the template by two Watson-Crick base
pairs would be expected to give the same constrained geometry as a C-C or G-G intermediate,
thus high regioselectivity. Possibly, the weak stacking interactions between two adjacent U
nucleotides in either the imidazolium bridged intermediate or the template lead to a disordered
geometry of the reaction center. Conversely, the high regioselectivity of the 2-thiouridine
monomer (5a) can be explained by its enhanced pre-organization in the 3’-endo conformation?7,
which leads to a more rigid geometry of the reaction center. The poor regioselectivity and
reactivity of the A and U monomers could stem from a common cause: poor conformational
constraint of the reaction center. Indeed, we were able to observe a strong correlation between

the yield of a reaction and its preference for the formation of 3’-5’ linkages (see Figure S3.7 for a

detailed discussion). This explanation is also consistent with the loss of reactivity and selectivity
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observed with other perturbations such as mismatches. Although not sufficient for a regioselective
reaction, the formation and binding of an imidazolium bridged dinucleotide intermediate pre-
organizes the reaction center, and increases the proportion of 3’-5” linkages formed. For example,
in cases where the formation of a heterodimer intermediate is required (Figure 6a), we see a
marked increase in the proportion of 2’-5’ linkages formed when one of the monomers cannot
participate in the dimer formation reaction. Thus, when 2-AImpA is used together with guanosine
monophosphate 2g, or the non-hydrolyzable analogue 2f, only the AA bridged dimer can be
formed, but not the AG dimer that would correctly pair with the template. Consequently, the
regioselectivity of the reaction decreases considerably compared to the cases in which the AG

dimer is easily formed.

The nature of the internucleotide linkage formed in non-enzymatic primer extension is
determined in part by the relative reactivity of the ribose 2’ and 3’ hydroxyl groups. Two
independent studies looked at the distribution of 3’-5’ and 2’-5’ internucleotide linkages when 5’-
phosphorimidazolide monomers reacted with phosphate-capped mononucleotides, in the
absence of a template!s18, In these studies, the 2’-hydroxyl group was more reactive than its 3’-
counterpart across all nucleotide and imidazole leaving group combinations. We find that the
reactivity of the hydroxyl groups is reversed when the nucleophile is contained in a RNA duplex.
Presumably in the primer-template duplex the accessibility towards electrophiles of the 3’-OH
group is increased at the expense of the 2’-OH group. Additionally, our current findings show that
the leaving group of the activated monomers has little influence on the regioselectivity of the
primer extension. This result agrees with a previous study from our group2* which shows that the
RNA-templated ligation of activated oligonucleotides displays a strong preference for 3’-5’
linkages, even when the leaving group was inorganic pyrophosphate. Presumably, the high
regioselectivity of templated ligation and primer extension reactions is a consequence of the

reactions occurring in a pre-organized extended Watson-Crick duplex.
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Prakash and Switzer showed that primer extension on a fully 2’-5’ linked template forms an equal
mixture of 2’-5’ and 3’-5’ linkages'8. Here we show that fast reactions on a 3’-5’ linked template
proceed with high 3’-5’ regioselectivity. Additionally, we show that a single 2’-5’ linkage in the
template does not affect the high 3’-5’ regioselectivity of the reaction. These two results suggest
that a 2’-5’ linkage is not heritable, while for efficient reactions, 3’-5" linkages will carry over to
the daughter strands. Furthermore, since the extension across a 2’-5’ linkage is 5-fold slower than
for 3’-5” linkage, the fully 3’-5’ templates will outcompete the linkage heterogeneous ones. These
observations are important to the origin of life, because all known processes through which RNA
monomers polymerize in the absence of a template form a considerable proportion of 2’-5’
linkages+6-47.119. Consequently, after multiple rounds of non-enzymatic RNA primer extension, the

3’-5’ linkages will be enriched whereas the 2’-5’ linkages will be depleted.

The Sutherland group recently demonstrated a mechanism for enriching 3’-5’ linked RNA
starting from a pool of RNAs containing mixed linkages®9. The 2’-5’ linkage is more hydrolytically
labile than the 3’-5’ linkage's. Acetylation of a mixture of 2’ and 3’ terminal RNA phosphates is
selective for the 2’ hydroxyl groups and subsequent templated ligation then forms 3’-5" linked
RNA=°, If the hydrolysis and ligation processes are coupled in an energy dissipative cycling
process'2!, they yield a plausible mechanism for the enrichment of 3'-5 linkages. We show here
that simple copying chemistry inherently favors 3’-5’ linkages. However, considering the
difference in hydrolytic stability between the 3’-5" and 2’-5’ phosphodiester linkages, a RNA
duplex containing multiple 2’-5’ linkages in each strand would be hydrolyzed during the repeated
heating-cooling cycles presumably required to enable multiple rounds of primer extension. The
recycling chemistry of Sutherland et al. could enable the repair of such hydrolytic damage, while
simple copying chemistry would be unable to do so. There is also the possibility that hydrolysis is
slow, for example at low Mg*2 levels. Additionally, if strand displacement synthesis is possible,

the need for temperature cycling is alleviated. Under such conditions, our results suggest that
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cycles of replication would lead to the depletion of 2’-5’ linkages. Of course, the two approaches

are not mutually exclusive and may both have operated to some extent.

Backbone heterogeneity will be generated in the event of a mismatch or when a terminal
nucleotide is copied. The ligation of such oligonucleotides will form long RNA strands with
interspersed 2’-5" linkages, which could evolve function and have lower duplex melting
temperature than the canonically linked isomers. Thus, the balance of the two opposing selection
forces i. e. fast replication and ease of strand displacement, will determine the percentage of 2’-5’

linkages in a pool of RNA molecules.
Conclusion

We observe that the rate and yield of chemical RNA primer extension are correlated with its
regioselectivity. The reactions that rapidly proceed to completion contain mostly 3’-5’ linkages.
Both the high reactivity and the regioselectivity of the reaction have a common origin: a properly
pre-organized geometry in the reaction center. In all instances of fast and regioselective reactions
the RNA monomers can form Watson-Crick base pairs with the template at the extension site and
the adjacent downstream position. In addition, the downstream binding nucleotide must have a
leaving group on its 5’ phosphate. Our results are consistent with a reaction mechanism involving
a 5’-5’ imidazolium bridged intermediate formed between the incoming monomer and a
downstream monomer or an oligonucleotide. Reaction conditions that would perturb the binding
of the intermediate to the template lead to a simultaneous decrease in reaction rate and

regioselectivity.
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4. A Fluorescent G-quadruplex Sensor for Chemical RNA Copying

Reproduced with permission from Giurgiu, C., Wright, T. H., O’Flaherty, D. K. & Szostak, J. W. A
Fluorescent G-Quadruplex Sensor for Chemical RNA Copying. Angew. Chemie Int. Ed. 57, 9844—
9848 (2018). Copyright 2018 Wiley.

The RNA world hypothesis is a central concept in origin of life research. First proposed by Orgel,
Crick and Woese?97-99 and then elegantly enunciated by Gilbert'o°, the hypothesis states that early
life forms relied on RNA for both catalysis and the transmission of genetic information. In this
context, the primitive RNA genome was hypothesized to be replicated by an RNA enzyme, a
replicase. However, the evolution of an effective RNA replicase is thought to have required an
initial phase of chemical RNA replication. Chemical RNA replication starts with the binding of
activated ribonucleotides to an RNA template through Watson-Crick base pairing. The
ribonucleotide monomers react with each other to form a double-stranded RNA duplex;
subsequent amplification may then require separation of the strands, so that they can then act as
templates for further copying rounds. Multiple rounds of copying would lead to an exponential
increase in the population of RNAs, and selective pressures for more efficient replication would
eventually give rise to catalytic RNAs. Although significant progress in reconstructing the initial
steps of such a process has been made over the last 50 years®, several problems persist, including
the poor rate and fidelity of non-enzymatic copying, the difficulty of achieving multiple rounds of

replication, and incompatibility with prebiotically plausible cellular membranes°s.

A useful laboratory model for the T
T, o= T, — T

study of templated RNA Binding ' Copying =
Y p Scheme 1. Template directed RNA synthesis. Activated ribonucleotide

] ) . monomers are represented in yellow.
synthesis is  non-enzymatic

primer extension (Figure 4.1). The reaction is performed by adding activated ribonucleotide
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monomers to a pre-formed primer-template duplex, after which the product distribution is
analysed by various methods. Conventional methods used to measure the rate of and to
characterize the products of templated RNA synthesis include high performance liquid
chromatography (HPLC), polyacryl-amide gel electrophoresis (PAGE), and mass spectrometry,
all of which are cumbersome and low throughput. The current methods of analysis are often
denaturing and do not provide information about the folding ability of the RNA strand that is
generated in the copying process. The folding ability of the RNA strands is crucial if RNA
replication is hypothesized to have given rise to RNAs with structure and function. As such, a
quick and facile assay for RNA copying that also informs on the structural integrity of the newly
synthesized RNA strand is needed. Such an assay would accelerate the discovery of catalysts and
conditions for the template directed chemical synthesis of RNA. Here we present a high-
throughput fluorescence assay which enables the screening of multiple reaction conditions in a
fraction of the time required by conventional methods. The assay relies on the formation of a
correctly folded RNA G-quadruplex, which is, in turn, conditional on the success of the primer

extension reaction.

We set out to adapt a previously reported assay for enzymatic primer extension developed by
Kankia and colleagues.'22123 The assay is based on a DNA primer that contains the fluorescent
adenine analog 2-aminopurine.’24 2-aminopurine fluoresces when exposed to the solvent, but is
quenched when incorporated in a double-stranded duplex. Starting with a primer-template
duplex, the addition of two guanosines at the 3’ end of the primer by a polymerase enzyme in the
presence of K* removes the primer from the template to form a parallel G-quadruplex structure.
In this structure, the 2-aminopurine nucleobase is exposed to the solvent, resulting in a 9o-fold
increase in fluorescence.’2s We hypothesized that changing the template and primer from DNA to
RNA would not affect the formation of the secondary structure since RNA is known to form stable

parallel G-quadruplexes.’2¢ Furthermore, instead of using a polymerase and nucleoside
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Figure 4.2. (a) Non-enzymatic RNA primer extension using =2-aminoimidazole activated guanosine
phosphoroimdazolide (2AImpG) followed by a heating step liberates a fluorescent G-quadruplex. The red squares
represent the 2-aminopurine residues (b) The P-GG oligonucleotide forms a G-quadruplex that contains two solvent
exposed 2’-deoxyribose 2-aminopurine residues (highlighted in red and labelled dA*). (c) Incubation of P with 2AImpG
for 3 hours results in similar levels of fluorescence to identically treated P-GG (positive control). In the second column
2AImpG was replaced by an equal amount of guanosine monophosphate (GMP). In the third column 20 mM EDTA was
added to ensure that trace Mg2+ is chelated. Data are reported as the mean + the standard error of the mean from
triplicate experiments.

triphosphates to extend the primers, we used 5’-phosphorimidazolide guanosine monomers
(Figure 4.2a). Our group has previously demonstrated that non-enzymatic primer extension can
be correlated with an increase in fluorescence of the malachite green aptamer'27. Here we opted
to use mononucleotides activated with 2-aminoimidazole (2-Al), since the reaction proceeds
quickly and in high yield®7, and a potentially prebiotic synthetic path to 2AI has been reported

recentlys:.

We began by synthesizing the RNA sequence corresponding to the fully extended primer with two
2-aminopurine residues (P-GG), which is expected to form a parallel G-quadruplex (Figure 4.2b).

We reasoned that having two 2-aminopurine residues would improve the signal intensity and thus
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the sensitivity of the assay. In the presence of K+, the oligonucleotide forms a G-quadruplex, as
shown by its characteristic circular dichroism spectrum?25, as well as UV-melting data (Figure
S4.1). In addition, we observed a significant shift in the melting temperature of the duplex formed
by P-GG and its complementary strand in the presence of KCl, which is not observed in the case
of P (Figure S4.1), as previously reported for the DNA analogues?5. The different behaviour of the
two duplexes suggested that only P-GG might form a fluorescent G-quadruplex following
denaturation, and that conversion of P to P-GG could therefore be monitored by a fluorescence
assay. To test this idea, pre-annealed P duplex was incubated with guanosine 2-
aminophosphorimidazolide (2AImpG), in the presence of 50 mM Mg2*, in a model primer
extension reaction. The reaction was then quenched by adding EDTA, and the mixture was heated
in the presence of KCl. The measured fluorescence was identical to that of the identically treated
P-GG duplex (Figure 4.2¢). In contrast, when guanosine monophosphate (GMP) was used instead
of 2AImpG, we observed a 40-fold lower fluorescence intensity relative to P-GG. Most previous
work on non-enzymatic primer extension has been carried out in the presence of > 0.1 M Mg2*
concentration©s. At lower concentrations, the reaction rate decreases considerably. When no
divalent cations were present during the reaction, the fluorescence was similar to the GMP
reaction, as expected. Taken together, these results show that the increase in fluorescence is

consistent with primer extension.

To validate the assay, we synthesized a modified P primer that contains an orthogonal fluorescent
label (6-FAM) at its 5" end. The modified primer enabled us to simultaneously monitor a copying
reaction by 2-aminopurine fluorescence and PAGE (Figure 4.3). We observed an increase in 2AP
fluorescence over the time course of the reaction which was strongly correlated with the extension
of the primer by at least 2 nucleotides (Figure S4.2a). To show that the +1-extended primer does
not contribute to the fluorescence, we synthesized the P-G primer and showed that it fluoresces

similarly to the unextended primer P (Figure S4.2b). We confirmed that the assay is suitable for
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high-throughput screening given its Z’-factor of 0.90'28. The Z’-factor is a statistical parameter
developed to measure the reproducibility of an assay for high-throughput screening by
determining the separation between positive and negative controls. A Z’ of 1 is ideal, while a value

below 0.5 is considered inadequate for high-throughput screening.
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Figure 4.3. Results from the fluorescence assay for primer extension are consistent with the standard PAGE assay for
primer extension (a) A primer extension reaction was carried out with a dually labelled primer, with two internal 2-
aminopurine residues and an additional 5’-fluorescein modification (FAM). (b) 2-aminopurine fluorescence was
measured at different times for the primer extension reaction. Data points are reported as the mean + s.e.m. from
triplicate experiments. (c) Electrophoretogram showing the primer extension of the FAM labelled primer. The primer
extension reaction was carried out at pH 8.0 in the presence of 50 mM Mg2*, using 10 mM of 2AImpG.

Non-enzymatic RNA synthesis of homopolymeric G and C stretches has been shown to be
relatively quick and high yielding'29. In contrast, copying mixed sequences or homopolymeric A
and U stretches is slow and often results in a mixture of truncated products and unreacted primer.
The poor efficiency of mixed sequence copying precludes sequence general RNA replication and
the generation of catalytic RNAs. To examine the copying of mixed sequences we removed the 3’-
UG sequence of the primer P. When the resulting oligonucleotide is used as a primer in a copying
reaction, extension by three nucleotides is required to generate a fluorescence signal. We then
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examined primer extension on templates
designed to give products containing both
purine and pyrimidine nucleotides (CGGG
and UGGG). In comparison to the
homopolymeric G extension, which is
complete in 1 hour, the synthesis of the CGG
moiety plateaus after 3 hours, reaching 80%
of its maximum fluorescence level (Figure
4.4a). In contrast, the UGGG extension,
although as efficient as the CGGG extension,
requires 24 hours to plateau (Figure 4.4b).
When the activated pyrimidine nucleotides
are  replaced by the  respective
monophosphates, the reaction rate and
efficiency is drastically reduced. However, a

significant increase in fluorescence is
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observed when 2AImpG and UMP are incubated with the primer-template complex for extended

periods of time, presumably due to the formation of a mismatched product through G-A

mispairing or through a strand slipping process3°, in which the template forms a mononucleotide

loop, excluding the adenosine residue from the templating region.

Divalent metal cations are known to catalyze the chemical copying of RNA, but the mechanism of

catalysis remains incompletely understood.
A potential mechanism by which divalent
cations increase the rate of primer extension

is by presenting a coordinated hydroxide to

Figure 4.4. Monitoring copying of mixed sequences. (a)
Fluorescence time course of the copying reaction on a GCCCC
template. Reactions were initiated by adding 2AImpG and
2AImpC (black) or CMP (red) (b) Fluorescence time course of
the copying reaction on a ACCCC template. The reactions were
initiated by adding 2AImpG and 2AImpU (black) or UMP
(red). All data points are reported as the mean + s.e.m. from
triplicate experiments. Fluorescence was normalized with
respect to the identically treated P-GG duplex.
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the rate-determining step. We therefore looked Figure 4.5. (2) Mg outperforms Ca®* as a catalyst of

. . . non-enzymatic primer extension. Reactions were
at how different concentrations of two different incubated for 135 minutes at room temperature.

Fluorescence values were normalized with respect to a 25

cations (Mg2+ and Ca>*) and 2AImpG affect the mM 2AImpG, P-GG replicate for each of the different
metal concentrations. (b) Non-enzymatic RNA primer

. . ) extension works best at higher pH values and higher Mg2+
rate of primer extension. Using our assay, We concentrations. Values were normalized with respect to
the control incubated at each of the Mg2* concentrations.

surveyed 84 different reaction conditions in a The numerical values of the normalized fluorescence
represent the conditions referred to in the main text

single experiment. At all metal concentrations,

Mg?2* is a better catalyst than Ca2* for the primer extension reaction, and more P- GG is formed
(Figure 4.5a).The difference in pK, values of the hexaaquaions, [M(OH,)s]2*, of the two metals!3!
(pKa =11.2 for Mg2* and 12.7 for Ca2*) show that Mg2* is more efficient in promoting the
deprotonation of a coordinated water molecule relative to Ca2*. If a similar mechanism is
operating in the primer extension reaction, higher pH values should relieve the metal dependence
of the reaction. To test this hypothesis, we conducted a two-dimensional screen of pH values and
different Mg2* concentrations. The reaction fails at low pH values (<7.1), or at low Mg2*
concentrations (<4 mM). However, at intermediate metal concentrations the yield of the reaction
is rescued by increasing the value of the pH. For example, increasing the pH from 7.4 to 8.9 at a

fixed concentration of 4 mM Mg2* generates similar amount of P-GG product as increasing the

concentration of Mg2* from 4 mM to 16 mM at a fixed pH of 7.4 (Figure 4.5b). This result supports
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the hypothesis that the divalent cations help in the deprotonation of the ribose secondary hydroxyl
groups. Incubating the primer-template duplex at the highest pH value and Mg2* concentration,
in the absence of 2AImpG, does not lead to an increase in fluorescence (Figure S4.3). This result
confirms that values measured in the two-dimensional screen correspond to successful primer
extension and not to any other processes that might increase the fluorescence, such as hydrolysis
of the primer-template duplex. Further investigations into the role of divalent metals in the

primer extension reactions are currently being carried out in our laboratory.

The templated chemical copying of RNA is one of many hypotheses that aims to explain the
transition from inanimate, chemical matter to self-replicating entities capable of Darwinian
evolution. Although encouraging early results have sustained research in the area for over 50
years, considerable advances are still required to achieve continued cycles of nonenzymatic RNA
replication. To address the remaining hurdles, we developed a fluorescence-based assay for non-
enzymatic copying of RNA. Under conditions in which RNA copying proceeds quickly and in good
yield, a large gain in signal is observed that is strongly correlated with the formation of a
fluorescent RNA G-quadruplex. We have shown that the method can be used to measure the
kinetics of the copying reaction. In addition, the assay can be used in high-throughput screens of

the parameters affecting the copying process.

An ideal fluorescence assay for chemical RNA copying would be able to measure the extent of
copying for any given template sequence in real-time. Our assay relies on the formation of a G-
quadruplex and is therefore limited to generating guanosine-rich RNA strands. Additionally, after
the copying is concluded a heating step is required to liberate the G-quadruplex from its
complementary strand. However, a simple heating step is more amenable to highly parallel
screening than traditional PAGE assays or mass spectrometry, which typically require lengthy
sample preparations. However, mass spectrometry can identify mismatched copying, as well as

the identity of the mismatched nucleotide, while PAGE, despite being laborious, is sensitive and
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versatile, and remains the gold standard for quantification. Our newly developed fluorescence
assay complements mass spectrometry and PAGE with its much higher throughput. The parallel
nature of the assay enabled us to observe the combinatorial effects of multiple variables such as
the concentration of activated monomer, the pH of the reaction, as well as the concentration and
the nature of the divalent metal cations on the efficiency of the copying reaction. In addition, the
assay is not limited to RNA, and could potentially work for any nucleic acid that can form G-

quadruplexes.

Prebiotic synthetic pathways to biomolecules have benefited greatly in recent years from adopting
a systems chemistry approach32. The chemical routes to the different classes of biomolecules
(nucleic acids, lipids, amino acids) have been evaluated by taking into consideration the possible
interactions between the starting materials, the types of chemistries and the nature of the reagents
used. As a result, more robust pathways, common to all three classes of biomolecules, have been
uncovered%. The same approach has not yet been used to explore superior routes to chemical
RNA replication. The non-enzymatic assay developed herein should facilitate a systems approach

to the long-standing problem of chemical RNA replication.
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5. Prebiotically Plausible ‘Patching’ of RNA Backbone Cleavage

Through a 3'-5’ Pyrophosphate Linkage

Reproduced with permission from Wright, T. H. et al. Prebiotically Plausible “Patching” of RNA
Backbone Cleavage through a 3’—5’ Pyrophosphate Linkage. J. Am. Chem. Soc. 141, (2019).

Copyright 2019 American Chemical Society.
Introduction

The RNA world hypothesis proposes an early stage in the evolution of life in which RNA was
responsible for both catalysis and genetic inheritance%800.133134, In existing biology,
ribonucleotide monomers are joined to form polynucleotides in a template-directed process by
the enzyme-catalyzed reaction of 3’-hydroxyl groups with nucleoside 5’-triphosphates, forming a
3’-5" phosphodiester-linked backbone. Before the evolution of protein enzymes, a replicase made
of RNA may have catalyzed RNA synthesis, a possibility explored by the in vitro selection and
evolution of ribozymes with ligases5 and polymerase28101.136 activity. A more challenging problem
is how these ribozymes could have emerged from a non-enzymatic process of chemical RNA
replication. Chemical RNA replication starts with the binding of energy-rich activated
ribonucleotides to an RNA template through Watson-Crick base pairing. The ribonucleotide
monomers react with each other to form phosphodiester bonds, leading to a double-stranded
RNA duplex; subsequent amplification requires separation of the strands, so that they can act as
templates for further cycles of copying. Mechanistic studies which revealed the critical role of 5'-
5’ imidazolium-bridged dinucleotides as the active species in primer extension74, and the
discovery of 2-aminoimidazole as a superior 5’-phosphate activating groups-87, have recently
enabled the copying of short mixed sequence RNA templates within vesicle models of early cells?s7.
Despite this progress, the chemical copying of RNA is not currently able to produce RNA products

of the length and complexity necessary to sustain ribozyme evolution®s-103,
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Any model proposing RNA or RNA-like
polymers as early -carriers of genetic
information must also account for cleavage of
the phosphodiester backbone8, which
competes with copying chemistry. The
cleavage of RNA strands results in a mixture
of 2” and 3’ phosphate terminated strands via
an initial transesterification reaction followed
by hydrolysis of a cyclic phosphate
intermediate (Figure 5.1a). Cleavage of RNA
strands is greatly accelerated by divalent
metal cations, such as magnesium, that are
also required for the copying chemistry to
proceed at a reasonable rate. This
degradation pathway constrains plausible

rates of non-enzymatic RNA synthesis and
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Figure 5.1 RNA strand cleavage and possible recovery of
genetic information via pyrophosphate bond formation. (a)
The cleavage of 3'-5” phosphodiester-linked RNA leads to a
mixture of 2’ and 3’ monophosphate terminated strands, via
a cyclic phosphate intermediate. (b) Non-enzymatic primer
extension starting from a 3’-monophosphate leads to 3’-5’
pyrophosphate-linked RNA, a possible mechanism for
salvage of truncated RNA strands.

would result in a net loss of material, and thus information, from a primordial genetic system if

there were no mechanism for recycling of the phosphate-terminated strands8. 2’,3’-cyclic

phosphate terminated strands can participate in templated ligation reactions!s9-140, albeit with

slow rates and poor regiospecificity, largely yielding 2’-5’ linked products. The Sutherland lab

has demonstrated a prebiotically plausible cycle of backbone repair that converts 2’-5’ to 3’-5’

phosphodiester linkages via iterative cycles of strand cleavage and repair, in which a 3’ phosphate

plays a central role as a substrate for ligation chemistry. The identification of complementary

pathways for RNA salvage or repair following strand cleavage'9:2°, or the discovery of additional
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functions for phosphate-terminated strands4!, could further strengthen the case for RNA as the

earliest carrier of genetic information.

Consideration of potentially prebiotic nucleoside phosphorylation reactions provides further
motivation for studying terminally phosphorylated RNA. Phosphorylation of nucleosides typically
gives varying mixtures of 5’-, 3’- and 2’-phosphorylated products as well as the 2’,3"-cyclic
phosphate. Although regioselective 5’-phosphorylation has been demonstrated, specific
conditions such as the addition of borate minerals42 or the use of gas-phase reactions are
required4s. The diversity of pathways to nucleoside phosphorylation suggests that a mixture of
phosphorylation states may have been likely at the monomer level. Heterogeneity of
phosphorylation state at the 2’ and 3’ position of nucleotide monomers could therefore be
incorporated into RNA strands via templated copying or non-templated reactions, in addition to

the hydrolytic pathway.

Considering this implied presence of terminal phosphates in any ‘RNA world’ scenario and
bearing in mind the greater nucleophilicity of phosphate relative to hydroxyl groups, we became
interested in exploring whether phosphate-terminated RNA primers could participate in RNA
copying chemistry. We hypothesized that the reaction of terminally phosphorylated primers with
incoming nucleotides could lead to a mechanism for preservation of genetic information via
formation of a pyrophosphate linkage (Figure 5.1b). Early work from Schwartz and Orgel
demonstrated that 3’-phosphorylated, 2’-deoxy, imidazole-activated nucleotides efficiently
polymerize on DNA templates to form 3’-5’ pyrophosphate-linked oligomers44. In turn, the 3’-5’
pyrophosphate-linked oligomers could be used as templates for further synthesis, again
employing activated 3’-phosphate, 2’-deoxy monomers, indicating that a pyrophosphate-linked
backbone may not preclude cycles of non-enzymatic replication4s. Unfortunately, these early

results were never extended to RNA-like systems.
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Here, we report the results of our initial investigations into the behavior of phosphate-terminated
RNA primers in non-enzymatic primer extension. We confirm that terminally phosphorylated
RNA primers participate in primer extension reactions, leading to RNA polymers containing a
pyrophosphate linkage. We have undertaken a thorough study of the stability of a single
pyrophosphate linkage embedded within an RNA strand, which revealed pronounced lability
towards cleavage reactions in the presence of magnesium ions. However, similarly to ‘native’
RNA, the pyrophosphate linkage is protected from strand cleavage in the context of a duplex and
in the presence of magnesium chelators. These observations enabled us to survey the kinetic
parameters of primer extension from phosphate-terminated primers and following incorporation
of a pyrophosphate bond. We further demonstrate that pyrophosphate-linked RNA can function
as a template to direct the polymerization of canonical ribonucleotides, pointing towards a

possible non-enzymatic salvage pathway for primordial RNA.
Results

We first synthesized RNA primers terminated with either a 2’ or 3 monophosphate, using a solid
phase approach (SI Figure 1a). Using strong-anion exchange chromatography9, we confirmed the

regioisomeric purity of the individual primers; no contamination with the alternative terminal
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Figure 5.2. Efficient non-enzymatic copying of RNA commences from a primer with a terminal 3’-monophosphate.
The time course of primer extension with guanosine 2-aminophosphorimidazolide (2AImpG) and uridine-2-
aminophosphorimidazolide (2AImp-U) monomers was monitored using polyacrylamide gel electrophoresis (PAGE).
All reactions were performed at pH 8.0, 200 mM HEPES, 50 mM Mg2*+ and 200 mM citrate, with 10 mM each of
guanosine 2-aminophosphorimidazolide and uridine-2-aminophosphorimidazolide.
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phosphate was observed in either case (Figure S5.1b). We therefore tested the 2’ and 3’
phosphorylated primers in a primer-extension assay (Figure 5.2), employing a templating region
with the sequence 3’-CCCA-5’, which can be extended efficiently by addition of activated
guanosine and uridine ribonucleotide monomers. Citrate-chelated magnesium was used in these
assays as it enables RNA copying chemistry to proceed within vesicles composed of fatty acidss7,
which are the most likely candidates for protocell membranes but are destabilized by Mg2+ at low
millimolar concentrations4. The two phosphorylated primers, and a non-phosphorylated
control, were annealed separately with the template, incubated with 50 mM Mg2+, 200 mM citrate
and 10 mM of both guanosine 2-aminophosphorimidazolide (2AImpG) and uridine-2-
aminophosphorimidazolide (2AImpU) and monitored over the course of 24 hours. All three
primer-template duplexes were extended, although extension in the case of the 2’-phosphate
terminated primer was very poor. Surprisingly, the 3’ phosphate-terminated primer gave
comparable extension to that obtained in the 3’-hydroxyl system, with 81% of +3 products after

24 hours (cf. 87% of +3 product for 3’-hydroxyl).

We hypothesized that extension of the cees cee 5
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incoming monomer. However, we aimed to
Figure 5.3. Confirmation of 3’-5’ pyrophosphate linkage b
enzymatic digestion assays. (a) PAGE analysis of RNAse
treatment. RNAse A treatment of a primer extension reaction
. commenced from a primer bearing a terminal 3'-
reaction proceeds through the non- monophosphate leads to regeneration of the primer. (b)
PAGE analysis of calf intestinal phosphatase (CIP) treatment
; ; of primer extension reaction mixtures. ‘P’ refers to primer
phosphorylated hydroxyl, as chemical primer and ‘R’ refers to reaction mixture derived from primer
. L. extension. Lanes 1 and 2: 3’-phosphorylated primer
extension can proceed via either the 2’ or 3’ standard. Lanes 3 and 4: Reaction mixture from extension of
the 3’-phosphorylated primer with (Lane 3) and without
hydroxyl group. To confirm the presence of (Lane 4) CIP added. Lanes 5 and 6: Non-phosphorylated
RNA primer. Lanes 7 and 8: Reaction mixture from extension
of the same RNA primer.
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a pyrophosphate linkage in the reaction products derived from the 3’-phosphorylated primer, we
made use of the fact that RNAse A is known to cleave pyrophosphate bonds'4” while leaving 2’-5’
phosphodiester linkages intact® (Figure 5.3a). The primer utilized was designed so that it is
cleaved by RNAse A at a single site, after the first bond-forming step of the primer extension
reaction. Thus, for the 3’-terminal phosphate reaction, we expected cleavage if the addition of the
first monomer occurs through the 3’ phosphate and no cleavage if the reaction instead proceeded
through the 2’ hydroxyl. Treating a primer extension reaction mixture with increasing
concentrations of RNAse A resulted in cleavage of the +1 to +3 bands and the appearance of a
band with the same gel mobility as the original primer. As RNAse A requires a free 2’-OH for
cleavage and should lead to regeneration of the 3’- monophosphate, this result rules out formation
of a 2’-5’-phosphodiester bond during primer extension and strongly suggests the presence of a
3’-5’-pyrophosphate linkage.

If primer extension proceeded from the free terminal hydroxyl and not from the terminal
phosphate group, a phosphate monoester internal to the RNA chain would remain in the +1 and
higher extension products. To test this hypothesis, we treated the reaction mixtures with calf
intestinal phosphatase (CIP), which has been shown to cleave internal phosphate monoesters!48
(Figure 5.3b). For reaction mixtures derived from the 3’-phosphorylated primer, gel bands
corresponding to extended products were not affected by CIP treatment. Taken together, these
results obtained from enzymatic digestion support formation of a pyrophosphate linkage during
primer extension initiated from a terminal phosphate and rule out the alternative possibility of a

2’-5’ phosphodiester-linked structure.

To further investigate the properties of pyrophosphate-linked RNA, we required a method to
generate pure, single-stranded RNA containing site-specific pyrophosphate linkages, for use both
as primers and as templates in downstream studies. Notably, there exist no synthetic or enzymatic

routes to produce RNA containing defined 3'-5' pyrophosphate linkages. We thus devised a
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Figure 5.4. Synthetic strategy to access RNAs containing a single, defined pyrophosphate linkage. An RNA primer
containing a terminal 3’-phosphate monoester is annealed to a chimeric DNA/RNA template. Primer extension with
activated guanosine monomers generates a 3’-5’ pyrophosphate linkage. Digestion of the DNA residues of the template
with Turbo DNase generates a ssRNA containing a terminal pyrophosphate linkage. Alternatively, T4 RNA ligase 2 can
be used to ligate an RNA oligonucleotide downstream in excellent yields (>95%). The same DNase treatment can then
be used to generate ssRNA containing an internal pyrophosphate linkage. Grey: RNA, Black: DNA. See the Supporting
Information for detailed experimental procedures.

strategy that enabled us to generate pure (>95% by PAGE analysis) RNA strands containing a
single pyrophosphate linkage (Figure 5.4). Our approach begins with a primer extension reaction
using a 3’-phosphate terminated primer and a mixed sequence template which allows us to
control the number and identity of added nucleotides simply by adjusting the reaction times or
adding/removing nucleotide phosphorimidazolides from the reaction mixture. Critically, we use
a DNA-RNA hybrid template in which the region to be copied is RNA but the remainder of the
template is DNA, to allow for DNase digestion of the template which facilitates recovery of the
modified primer. Incubation of the primer template duplexes with 2-aminoimidazole activated
monomers leads to robust conversion of the primer to extended products in which the +1
nucleotide is connected to the RNA primer by a pyrophosphate linkage. Following desalting to
remove unreacted monomer, a 5’-phosphorylated ligator RNA oligonucleotide is annealed and
ligated to the pyrophosphate-containing primer by T4 RNI2 ligase. The ligation step combined
with design of the primer and template sequence allows for the generation of essentially any RNA

sequence in the final product. After ligation, treatment of the reaction mixture with DNase
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followed by gel purification affords reasonable yields (typically 20-30%, based on known input of
primer) of high purity (>95% by PAGE analysis), single stranded ‘pyrophosphate-containing
RNA’. To produce ssRNA species containing a terminal pyrophosphate (Figure 4), a template
containing only a single binding site for the activated G-G dinucleotide intermediate is employed
using a 5'-CC-3’ templating region and the ligation step is omitted. The +1 primer extension
product, bearing a terminal pyrophosphate linkage, can be isolated directly following DNase
digestion. Although a recent report detailed the synthesis of pyrophosphate-linked DNA via a
solid-phase synthesis approach49, our method represents the first route to RNA containing

defined pyrophosphate bonds.

We were interested in exploring the relative stability of the pyrophosphate linkage within RNA,
to determine whether it could support the chemical replication of genetic information, and
whether it could in principle enable ribozyme function. We prepared two single-stranded RNAs
containing either an internal (AAGGGAAGAAGC-pp-GGGCUAGCAUGAC 1) or terminal
pyrophosphate linkage (AAGGGAAGAAGC-pp-G 2), using the strategies outlined above. The
pyrophosphate-RNAs were then incubated at 22 °C in a pH 8.0 solution (conditions typical for
primer extension reactions) in the presence or absence of magnesium, which was included as

either the free cation or in citrate-chelated form (Table 5.1).

Table 5.1. Hydrolytic half-life of a single 3’-5’ pyrophosphate linkage within RNA*

ssRNA dsRNA Stabilization

Internal pyrophosphate

Mg+ 0.12 + 0.01 690 + 20 5500 + 200

Mg-citrate 3.7+0.1

Citrate 301

EDTA 390 + 20
Terminal pyrophosphate

Mg2+ 0.20 + 0.01 26 £ 1 130 + 10

Mg-citrate 3.7+ 0.2

*The half-life values are presented with the standard error of the mean and reported in hours.
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We included citrate as it protects both RNA and fatty acid vesicles from magnesium-induced
degradation, while still allowing RNA copying reactions to proceed, albeit at a reduced rates”. In
the presence of 1 mM EDTA, which should chelate trace divalent cations, the pyrophosphate
linkage was relatively stable, with a half-life of 16 days. In contrast, incubation with free
magnesium (50 mM) led to rapid cleavage of the pyrophosphate bond, with a half-life measured
to be on the order of minutes for both internal and terminal pyrophosphate linkages. Even at low
millimolar concentrations of magnesium ions, the half-life of the pyrophosphate bond was only
extended slightly (Table S5.1). The product of strand cleavage was determined by LC-MS (SI
Figure 5.2a) and CIP digestion (Figure S5.2b) to be the 2’-3’-linked cyclic phosphate, consistent
with a mechanism in which the o-phosphorus atom is subject to nucleophilic attack by the
adjacent 2’-hydroxyl group. Incubating the pyrophosphate-RNA with magnesium citrate afforded
modest protection, extending the half-life of the linkage from minutes to hours. Notably, the
reduction in the rate of cleavage afforded by citrate chelation is much larger than the effect of
chelation on the rate of the copying chemistrys”. Duplex formation has been shown to protect 3’-
5’ linked phosphodiester bonds in RNA from strand cleavage, while promoting cleavage in the
case of 2’-5" bonds®32'. This observation has been used to explain the ultimate ‘selection’ of the
canonical 3’-5" linkage in extant RNA. We therefore examined the effect of duplex formation on
the rate of cleavage of the pyrophosphate linkage, to determine whether pyrophosphate bonds,
once formed, could be retained in RNA duplex structures and ultimately serve as components of
templates for further copying cycles. For the RNA 25mer 1 containing an internal pyrophosphate,
addition of the complementary strand ‘buries’ the pyrophosphate bond in an extensive duplex
region. Incubating this duplex with free Mg2+ revealed a significant stabilization effect, with the
half-life of the pyrophosphate bond increased from minutes to 28 days; a stabilization factor of
5500. Protection in the case of the terminal pyrophosphate was far more modest, consistent with

reduced helicity at the primer terminus.
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Together, our degradation studies constrain the conditions under which the pyrophosphate
linkage could support the storage and propagation of early genetic information. Pyrophosphate
retention is possible within a duplex but is strongly disfavored in single-stranded RNA in the
presence of Mg2+*. The fate of a pyrophosphate bond at the terminal end of a duplex will depend
on the relative rates of downstream extension or ligation reactions and strand cleavage and is thus

expected to also depend on the RNA sequence (see Discussion below).

A critical factor determining the proportion of pyrophosphate-containing RNAs within a prebiotic
population of polynucleotides would be the relative rates of reaction of phosphate and hydroxyl
terminated primers with activated nucleotides. We were therefore interested in comparing the
kinetics of primer extension for the initial reaction step. We measured the rates of primer
extension on a template designed to provide a single binding site for C*C dimer (5'-5’
aminoimidazolium-bridged cytidine dinucleotide), the reactive species in primer extension using
2-aminoimidazole activated cytidine ribonucleotides (Figure 5.5). Using varying concentrations
of C*C, we obtained Michaelis-Menten parameters for reactions using primers terminated in
either a hydroxyl or monophosphate group at the 3’ position. We performed these experiments

with magnesium-citrate, which protects against pyrophosphate degradation on the time-scales
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Figure 5.5. Michaelis-Menten analysis of non-enzymatic copying from 3’-hydroxyl and 3’-monophosphate
terminated primers, and for a 3’-hydroxylated terminus following a pyrophosphate bond. Left: Schematic
representation of the primer-template duplexes analyzed. Right: Michaelis-Menten curves and obtained kinetic
parameters. Plotted is kobs (h™) against the concentration of C*C dimer. All reactions were performed at pH 8.0, 200
mM HEPES, 50 mM Mg2+ and 200 mM citrate.
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examined. Notably, we observed both higher viax (14.1 h vs. 4.4 h obtained for hydroxyl) and
Kwm values (62.6 mM vs. 8.4 mM for hydroxyl) for the phosphate-terminated primer (Figure 5.5).
The observed binding defect could be due to either charge repulsion between the negatively
charged phosphate and the dimer species or to steric hindrance. The rate enhancement may be
rationalized by consideration of the active nucleophile in each case. The actual nucleophilic
species in primer extension with ‘native’ RNA is likely a Mg-bound alkoxide, which is poorly
populated at pH 8%. The nucleophile for the 3'-phosphorylated primer is most likely a phosphate
monoester dianion, which is more highly populated at pH 85°. The difference in the population
of these two nucleophiles under primer extension conditions may therefore explain the observed

rate difference.

Previous reports have demonstrated a stalling effect on primer extension following the
incorporation of mismatched bases's* and certain non-canonical nucleotides°. Our examination
of the stability of the +1 extended product indicates that downstream extension is required to
afford protection against cleavage of the newly formed pyrophosphate bond. We therefore sought
to quantify the relative rates of reaction for primers in which the terminal 3’ nucleotide is joined
by either a pyrophosphate or phosphodiester bond (Figure 5.5). The kinetic parameters for
incorporation of the next nucleotide were almost identical for the pyrophosphate and
phosphodiester linked systems (vmax of 4.8 h following a pyrophosphate linkage vs. 4.4 h?
obtained for phosphodiester-linked). Importantly, the defect observed for binding of the
imidazolium bridged dimer intermediate C*C to the 3’ phosphate terminated primer was almost
completely ameliorated (Ky 9.6 mM vs. 8.4 mM for phosphodiester-linked). This result implies
that after the initial pyrophosphate linkage formation, the downstream steps in primer extension

proceed essentially as if the primer contains only native RNA.

To better understand how RNA can accommodate the 3’-5’ pyrophosphate linkage during primer

extension, we turned to crystallography. A 14mer self-complementary RNA strand containing a
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Figure 5.6 (a-e). Crystal structure of RNA containing a pyrophosphate linkage. (a) Schematic of the RNA-monomer
complex used for crystallization. Green: RNA/LNA duplex. Italics represent LNA. Orange: pyrophosphate linkage
connecting the +1 G nucleobase, and G monomer at +2 position. (b) Overall structure of the RNA-monomer complex.
(c) The local structure of the pyrophosphate linkage and the extended guanosine, which forms a Watson-Crick pair
with the template methylcytidine. The 2F,-F. omit map (counter level of 1.0 o) indicates the pyrophosphate linkage
and guanosine are ordered. (d) Superimposed structures of the pyrophosphate-containing RNA and the native RNA-
GMP complex (PDB 5L00). Red: pyrophosphate-RNA. Black: native RNA. (e) Local structural comparison of the
pyrophosphate linkage and the phosphodiester linkage.

terminal 3’-monophosphate (5'-»CnCCGACUUAAGUCG,-3’, italic: locked methylcytidine
nucleotides, Figure 5.6a) was incubated with 2-AImpG under primer extension conditions (10
mM MgCl,, 10 mM Tris pH 8.0, 8 h). The extension product was crystallized, and the complex
structure determined to 1.6 A resolution. The duplexes are slip-stacked with one another in an
end-to-end fashion, as observed in our previous structure of RNA-GMP complexes's? (Figure
5.6b). The crystal structure clearly indicates extension of the 3’-phosphorylated RNA by one
guanosine nucleotide via pyrophosphate bond formation at both ends of the duplex (Figure 5.6c¢).
The newly incorporated guanosine and the pyrophosphate linkage are well ordered. Canonical
Watson-Crick base pairing is observed between the pyrophosphate-linked terminal 3’-guanosine
and the templating methylcytidine and the guanosine sugar pucker is in the 3’-endo
conformation. Both canonical base pairing and the 3’-endo conformation are favored for non-
enzymatic primer extension, suggesting a structural rationale for the correspondence of reaction
rates we observed for extension of phosphodiester-linked and pyrophosphate-linked RNA (Figure

5.5). To afford a more detailed comparison with phosphodiester-linked RNA, we superimposed
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the pyrophosphate-RNA structure over the native RNA-GMP structure (PDB 5L00) we obtained
previously (Figure 5.6d). The two structures possess strikingly similar geometry, again suggesting
that the pyrophosphate group does not cause significant structural perturbation to the reaction
center. Due to the flexibility of the phosphodiester backbone and the accommodating capacity of
the RNA major groove, the pyrophosphate moiety is accommodated with only a slight structural
shift (Figure 5.6€).

If pyrophosphate-linked RNA can act as a template for primer extension with canonical, 3’-
hydroxyl containing ribonucleotide monomers, a mechanism for re-enrichment of
phosphodiester-linked RNA could operate over cycles of replication, as the altered backbone
structure will not be passed on to daughter strands. We were therefore curious whether a single
3’-5" pyrophosphate linkage internal to an RNA template influences the ability of the template to
direct monomer incorporation. For these experiments, we prepared 20mer ssRNA 3
(AUCGAAGGGppGGCAACACGAC), which contains a single pyrophosphate linkage, as the
template strand. The template was designed to contain a stretch of guanosine residues 5’-
GppGGG-3’ such that we could directly compare the kinetic parameters of template-copying
across different systems using the same C*C dimer employed in our previous kinetic experiments.
We examined three cases that differ only in the position of the primer strand relative to the
pyrophosphate bond within the template (Figure 5.7). In the first case, the pyrophosphate bond
joins the two nucleotides of the dimer binding site (Figure 5.7a). In the second case, the
pyrophosphate bond is located after the primer annealing site, such that the expected distance
between the primer 3’-hydroxyl and the 5’-phosphate of the incoming dimer is greater than in the
case of phosphodiester-linked RNA (Figure 5.7b). Finally, in the third case examined the primer
is ‘clamped’ over the pyrophosphate linkage, rendering it internal to the primer-template duplex
structure (Figure 5.7¢). Using varying concentrations of C*C, we evaluated initial rates of primer

extension and determined Michaelis-Menten parameters for the three cases using hydroxyl-
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terminated primers and either the pyrophosphate-containing template or a fully RNA template of
the same sequence. For all three situations, extension could be observed, and rates determined,
for concentrations of imidazolium bridged intermediate as low as 2 mM. This result indicates that
pyrophosphate-linked RNA can indeed act as template for the incorporation of canonical
ribonucleotide monomers (Figure 5.7). Binding of the imidazolium-bridged C*C dimer to the
template was only strongly affected when the pyrophosphate linkage directly connects the two
bases of the binding site (~7-fold increase in Ky observed, Figure 6a). However, in all three cases,

the maximum rate (vmax) values obtained were lower for the pyrophosphate-linked templates.

When comparing the three cases, the observed rates of copying across the pyrophosphate
template were higher, and the difference in maximum rate between RNA and pyrophosphate
templates was less pronounced, when the primer ‘clamps’ over the pyrophosphate linkage (Figure
6¢). This may imply that conformational distortion in the ternary complex of primer: template:

bound dimer due to the pyrophosphate bond becomes less significant as the linkage is buried

within an RNA duplex.
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Figure 5.7. (a-c) Michaelis-Menten analysis of non-enzymatic copying across 3'-5' pyrophosphate-linked template 3,
compared with phosphodiester-linked control. Top: Schematic representation of the primer-template duplexes
analyzed, showing the binding site for the C*C dimer in each case. Bottom: Michaelis-Menten curves and obtained
kinetic parameters. Plotted is kobs (h™?) against the concentration of C*C dimer. All reactions were performed at pH 8.0,
200 mM HEPES, 50 mM Mg2* and 200 mM citrate. Further experimental details and data analysis procedures can be
found in the Supporting Information.

Discussion
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We have found that RNA strand cleavage and hydrolysis is not a dead-end for primitive, RNA-
based genetic systems. Instead, the 3’-phosphorylated RNAs that result can participate in non-
enzymatic primer extension when supplied with activated nucleotides. Upon reaction of
phosphate-terminated primers with incoming nucleotides, a 3’-5’ pyrophosphate linkage is
formed. By surveying the kinetic parameters for both the synthesis and degradation of this
linkage, we have been able to place reasonable constraints on the likelihood of pyrophosphate-

linked RNA playing a role in early systems of genetic inheritance.

The kinetic stability of the phosphodiester linkage is a critical feature enabling the storage and
use of genetic information'ss. In an RNA world dependent on ribozymes for catalysis, the rate of
cleavage of the phosphodiester bond should also determine the lifetime, and thus biosynthesis
requirements, of the functional machinery of the protocell's®. In the transition from prebiotic
chemistry to the first genetic polymers, the phosphodiester linkage may have been ‘selected’ from
a range of alternative backbones that were feasible from the standpoint of chemical reactivity but
were not stable enough or for other structural or kinetic reasons were unable to support the long-
term storage and transmission of genetic information or the functioning of ribozymes. Using only
canonical ribonucleotide monomers as precursors to primitive RNA oligonucleotides, four
principal backbone linkages can be considered which are derived from either templated copying
reactions or the cleavage pathways discussed in this manuscript: 3’-5’ and 2’-5’ phosphodiester
linkages and the 3’-5’ and the 2’-5” pyrophosphate linkages explored here. Other linkages, such
as 5'-5' pyrophosphate linkages29154, have been observed in non-enzymatic polymerization of
activated nucleotides. These linkages can disrupt information transfer by interfering with the
directionality of copying chemistry. Our initial primer extension results suggest that 2’-5’
pyrophosphate linkages were unlikely to play a significant role in early forms of RNA-based
genetics, as initiation of copying chemistry from a 2’-phosphate is strongly disfavored. In

contrast, copying from 3’-phosphate terminated primers is robust and comparable to extension
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from 3’-hydroxyl groups. When considering degradation reactions, the rate of cleavage of a 3'-5’
pyrophosphate linkage within single-stranded RNA in the presence of magnesium ions is orders
of magnitude greater than that of either a 2’-5" or 3’-5’ phosphodiester linkage!3-2:. However,
duplex formation protects 3’-5’ phosphodiester-linked bonds from cleavage, by constraining RNA
in a helical conformation that disfavors attack on the phosphodiester unit by the adjacent 2’-
hydroxyl. We observed a similar effect for 3’-5’ pyrophosphate linkages, suggesting a similar
mechanism of protection. In the case of 2’-5” phosphodiester linkages, duplex formation has the
opposite effect, promoting attack by the 3’-hydroxyl and leading to more rapid cleavage. We
expect a similar effect to operate for 2’-5’-linked pyrophosphate bonds, although the inefficiency
of primer extension from 2’-phosphates has prevented us from directly testing this hypothesis.
The observation of enhanced stability for the 3’-5" phosphodiester linkage in duplex structures
has previously been used to support the idea of ‘selection’ over time for the more stable 3’-5’
linkage in the context of genetic inheritance!s. Our results suggest that susceptibility to strand
cleavage in the presence of magnesium ions, which are required for RNA folding and catalysis,
could explain why biology does not currently employ 3’-5" pyrophosphate linkages in the RNA
backbone. However, before the emergence of enzymatic mechanisms for synthesis and proof-
reading of genetic polymers, pyrophosphate linkages could have been tolerated as part of duplex

structures and thus have contributed to the transmission of primitive genetic information.

We have shown that pyrophosphate linkages in template strands do not block template-directed
primer extension. This result suggests pyrophosphate linkages may have been tolerated in
primordial RNA-based genetics and raises the prospect of a non-enzymatic ‘salvage’ and proof-
reading cycle for cleaved RNA (Figure 5.8). Following a cleavage(which could take place in a single
strand or within a duplex structure), a cyclic phosphate terminus results and is further hydrolyzed
to a mixture of 2’ and 3’ terminal phosphates, with the latter being slightly favored:ss. If a 3’-

phosphorylated RNA is bound by a template strand, reaction with activated monomers could
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Figure 5.8. A non-enzymatic pathway for the recovery of genetic information via a pyrophosphate ‘patch’. (From top
left) Following a cleavage event, a cyclic phosphate terminus is formed which hydrolyzes to a mixture of 3’ and 2’
monophosphate-terminated strands. Primer extension from a 3’-monophosphate terminus leads to duplex RNA
containing a single 3’-5’ pyrophosphate linkage. Strand displacement and templated copying with canonical
ribonucleotides leads to re-enrichment of ‘native’, 3’-5’ phosphodiester-linked RNA over multiple cycles of replication.
The unreactive 2’ monophosphate-terminated strands can be reactivated to the cyclic phosphate and re-enter the cycle.

‘patch’ the cleaved strand via formation of a pyrophosphate linkage. This would result in a duplex
structure bearing a single pyrophosphate linkage, the lifetime of which depends on the relative
rate of pyrophosphate cleavage compared to primer extension or ligation reactions. Cleaved
pyrophosphate bonds can simply re-enter the cycle while those sequences able to extend
efficiently (or undergo rapid ligation reactions) will ‘bury’ the labile pyrophosphate bond within a
duplex structure, affording some protection from cleavage. 2’-phosphorylated RNA will not form
pyrophosphate linkages in appreciable quantities but can re-enter the cycle as a 2’,3" cyclic

phosphate upon activation and cyclization®.
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For regeneration of the original phosphodiester-linked RNA strand, strand separation and
copying of the pyrophosphate-linked RNA (now acting as template) is required. If only canonical
ribonucleotide monomers are available, we have demonstrated that copying over pyrophosphate
linkages is feasible, albeit slower than for purely phosphodiester-linked RNA. Non-enzymatic
separation of RNA strands and multiple cycles of copying (replication) have yet to be
demonstrated experimentally39:103, Assuming such a cycle, phosphodiester bond formation over a
pyrophosphate template would re-enrich canonical RNA in a crude, non-enzymatic form of
backbone proof-reading. The extreme susceptibility of pyrophosphate linkages to metal-ion
catalyzed cleavage in single-strands renders this pathway unlikely under a model of non-
enzymatic replication that requires temperature cycling, as this promotes a fully single-stranded

state under conditions likely to promote cleavage.

However, if a strand displacement synthesis is possible, temperature cycling is not required, and
the salvage pathway may be feasible. Mariani et al.*9 have demonstrated a different cycle of
backbone repair that converts 2’-5’ to 3’-5" phosphodiester linkages via iterative cycles of strand
cleavage, 2’-acetylation and non-enzymatic RNA ligation2°. Such a cycle provides a pathway for
the repair of genetic information that also relies on the formation of a 3’-phosphate as the critical
intermediate. In conditions that promote the chemical activation of phosphate groups, ligation
with a 5’-hydroxyl is thus a complementary pathway to that described in this manuscript. Under
such activating conditions, if a 5’-phosphate is present on a bound ligator, pyrophosphate
formation should also occur. Hydrolysis of a 3’-5" pyrophosphate linkage produces such a 5’-
phosphate on the downstream cleaved fragment, which could feed back into the system as an
input for repeated ligation with a 3’-phosphate or ligation to an oligo bearing a 3’-hydroxyl. A
network of interconnecting salvage pathways for RNA may therefore operate under non-
enzymatic conditions, all of which depend on the unique reactivity of 3’-phosphates generated

upon hydrolytic cleavage.
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Acetylation of the vicinal 2’-hydroxyl group of a terminal 3’-phosphate before primer
extension9-120 should render the resultant pyrophosphate linkage stable to strand cleavage as the
2’-hydroxyl would be incapable of transesterification. Such prebiotically plausible ‘protection’
could greatly enhance the retention of pyrophosphate linkages within a population of RNAs and
bolster the chances of repair by enhancing the kinetic stability of pyrophosphate-containing
templates. As a proof of principle that protecting the 2’-hydroxyl would not inhibit primer
extension from a terminal 3’-monophosphate, while reducing the problem of strand cleavage, we
synthesized a primer with a 2’-OMe, 3’- phosphorylated terminus and compared its activity with
our original 2’-OH, 3’-phosphorylated primer in a primer extension assay with free magnesium
cations (Figure S5.3). Over 18 hours, both primers were extended up to +6 products, with a
slightly greater yield of +6 products observed for the 2’-O-methylated primer. Pleasingly, minimal
remaining primer (5%) was observed for the 2’-O-methylated system during the course of the
assay. In contrast, the reaction with a free 2’-hydroxyl yielded 22% of a product that co-migrates
with the original primer band, consistent with cleavage leading to a cyclic phosphate terminated
strand (evidence for the co-migration of our 3’-phosphorylated primer and its derived cyclic
phosphate is presented in Figure S5.2b). The fraction of remaining primer observed for the 2’-O-
methylated system correlates with that observed in identical reactions conducted with non-
phosphorylated RNA, in which native phosphodiester bonds are formed that do not appreciably
cleave on this time scale. This result suggests that prebiotically-plausible 2’-OH protection could
indeed facilitate the increased retention of pyrophosphate bonds in early RNA polymers and
perhaps expand potential roles for such linkages in the RNA world. Work towards this end is

currently underway in our laboratory.

This study examined primer extension using only canonical ribonucleotides reacting with
phosphate groups introduced to the 3’ ends of primers by solid-phase synthesis. A remaining

question is the efficiency of primer extension using 2’ or 3’-phosphorylated monomers. Schwartz
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and Orgel have shown that 3’-monophosphate, 2’-deoxy modified monomers can polymerize on
DNA templates to form 3’-5’ pyrophosphate-linked oligomers44. Isolated pyrophosphate-linked
oligonucleotides could also be used as templates for further polymerization, employing the same
activated monomers's. These results imply that a full cycle of non-enzymatic replication may be
possible in a system composed of phosphorylated monomers and pyrophosphate-linked genetic
polymers. Here, we examined the consequences of a single pyrophosphate linkage in the context
of RNA copying. Primer extension using 3’-phosphorylated ribonucleotide monomers, or in a
system containing monomers with a mixture of phosphorylation states, should introduce multiple
pyrophosphate linkages. The implications of multiple pyrophosphate bonds for the function of

RNA, as both genetic material and catalyst, remain to be explored.
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6. Structure-activity relationships in nonenzymatic template-

directed RNA synthesis

The catalytic synthesis of sequence defined polymers is a hallmark of biology. Organisms devote
considerable resources to the template-directed synthesis of DNA, RNA, and proteins, which
coordinate to carry out all cellular processes. These interrelated synthetic programs may have
originated some four billion years ago when life first appeared on Earth. According to the RNA
World hypothesisto, life started with self-replicating protocells that stored their genetic
information in RNA and carried out cellular processes with the help of RNA enzymes. A possible
prebiotic pathway to primordial self-replicating RNA is through the template-directed
nonenzymatic synthesis of RNA. In this process, a strand of RNA directs the synthesis of its
complement by bringing the necessary components together through Watson-Crick base-pairs.
Considerable effort from multiple research groups has gone into understanding and optimizing
this process in the past decades, but substantial problems remain unsolved°3.156, For example, the
rate and fidelity of chemical RNA replication are not high enough to sustain the reproduction and
evolution of a primitive cellular organism, and the relevant reaction mechanisms are still poorly
understood. A deeper understanding of the mechanism of RNA copying and the factors that
contribute to fast and high-yielding reactions is necessary to improve nonenzymatic RNA

replication.

We use nonenzymatic primer extension as a laboratory model for prebiotic RNA replication
(Figure 6.1). Two RNA strands, a primer and a template, anneal to form a duplex which contains
a 5’-overhang. Chemically activated nucleotides bind to this overhang and the primer is extended
one nucleotide at a time. We have recently shown that chemically activated phosphoroimidazolide

mononucleotides do not participate directly in the reaction, but instead form an imidazolium-
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bridged dinucleotide, which is the reactive
electrophilic species’4. The imidazolium-
bridged dinucleotide, once bound to the
template through Watson-Crick base pairing,
reacts quickly with the 3’-end of the primer to
generate extension products. Understanding
the structure and reactivity of the
electrophile’# has  helped rationalize
previously  unexplained results and
contributed to developing an improved RNA
copying process®”. Unfortunately, the
participation of the 3’-OH nucleophile and
the catalytic metal ion are less well
understood. Previous reports hint that the

active nucleophilic species is a 3’-alkoxide,

Figure 6.1. Primer extension occurs via two sequential
reactions. (A) Formation of the imidazolium-bridged
dinucleotide intermediate, the reactive species in
nonenzymatic RNA primer extension. (B) The imidazolium-
bridged intermediate anneals to the primer-template duplex
and reacts with the 3’-end of the primer.

generated with the aid of a Mg2* cation®. It has also been known for decades that the reaction

works best when the sugar ring of the terminal primer nucleotide is in the 3E (C3’-endo)

conformation?s7158, but the reasons for this preference are not understood. Besides the

conformational effects that might be at play, the acidity of the reacting hydroxyl could affect the

rate. A more acidic 3’-OH group is easier to deprotonate and thereby generate the reactive

alkoxide species. However, a better understanding of the transition state of the reaction is

required before the differences in rate can be adequately interpreted. For example, if the O-H

bond is broken in the rate determining step of the reaction, then the rate will be strongly

influenced by the acidity of the 3’-OH. Conversely, if the rate limiting step is the attack of the

previously formed alkoxide on the adjacent phosphate of the imidazolium-bridged dinucleotide,
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then steric congestion surrounding the hydroxyl group will strongly affect the energy of the

transition state and the rate of the reaction.

In this report we combine kinetic and structural studies to determine the prerequisites for

efficient templated nonenzymatic synthesis of nucleic acids. We show that the rate limiting step

of the reaction involves the nucleophilic attack of a Mg-alkoxide and therefore the reaction is

insensitive to differences in hydroxyl acidity. However, because the rate limiting step involves an

increase in steric bulk around the nucleophilic hydroxyl group, the steric environment around the

hydroxyl moiety strongly influences the rate.
Results

We set out to determine the structure-activity

relationships for nonenzymatic primer
extension using a set of primers with
modified guanosine nucleotides at their 3’-
termini. The set of nucleotides includes
several potentially prebiotic alternatives to
ribonucleotides (threose, arabinose and
deoxyribose nucleotides), as well as several
synthetic modified nucleotides that serve as
probes for the mechanism of the reaction. We
used X-ray crystallography to determine the
conformation of each of these sugar-modified
G nucleotides when present at the end of an
oligoribonucleotide, base-paired to a
template strand, and adjacent to a template

bound GpppG (Figure 6.2a), an isosteric,
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Figure 6.2. Constructs used to correlate structure and
reactivity. (A) Self-annealing oligonucleotide construct used
or X-ray crystallography studies. Blue: locked nucleic acid
(LNA) residues; mC is 5-methyl-cytosine. The
crystallography studies are focused on the 3’-terminal
nucleotide of the primer, in red. The inset shows a 2Fo-Fc
omit map contoured at 1.5 o of the structure of this terminal
nucleotide for the all-RNA primers. The GpppG analog is
green on the sequence diagram and its structure is shown
below the inset. (B) Fluorescently labelled primer-template
duplex used for kinetic measurements. The imidazolium-
bridged dinucleotide is in green. FAM is 5(6)-
carboxyfluorescein.
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unreactive analog of the imidazolium-bridged dinucleotides. A similar construct was used to
determine the primer extension reaction rates for each modified G nucleotide. In each case a
primer-template duplex reacts with a saturating concentration? (20 mM) of the imidazolium

bridged dinucleotide (Figure 6.2b).

The modified primers we studied display a wide range of reactivities in a standard primer
extension reaction, with differences of at least two orders of magnitude between the most reactive
and least reactive modifications of the 3’-terminal primer nucleotide (Figure 6.3). In an effort to
explain these rate variations, we looked for correlations between rate and sugar conformation.
Five membered rings avoid an unstable planar conformation by puckering in two different ways:
one atom is out of the plane of the other four, resulting in an envelope conformation (E), or two
atoms can be above and below the plane of the other three, resulting in a twist conformation (T).
In theory, furanoses can adopt multiple twist and envelope conformations that are energetically
similar2°; in practice, decades of structure determination by crystallography and NMR have
shown that 2’-deoxyribonucleotides prefer the 2E (2’-endo) conformation in which the C2’ carbon
atom is above the plane of the other four atoms, whereas ribonucleotides prefer the 3E (3’-endo)
conformation in which the C3’ carbon atom is above the plane of the other four atoms. Most
modifications we tested crystallize in the 3E conformation, except for the arabino-modifications
FANA and ANA (Figure 6.3) which crystallized in the °T, and 2E conformations. Interestingly, the
arabino-modifications are the slowest reacting species, especially arabino-G, for which we could
not measure the rate of extension. Since the crystal construct is a symmetric self-annealing
duplex, each crystal structure contains two of the 3’ modifications. The crystal structure of the
arabinose modified primer is the only one that crystalizes in two different conformations. On one
end, the imidazolium bridged dinucleotide analog is disordered and forms a non-canonical base-
pair at the position downstream of the primer. The same structure has previously been observed

in a construct with guanosine monophosphates instead of the imidazolium bridged
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Figure 6.3. Conformational landscape of the primer 3’-terminal nucleotide modified sugars. Left side: conformation
of each of the 3’-terminal sugars from crystal structures of modified primer/template/GpppG complexes. Since the
crystal construct is symmetric, each modification is represented twice. Each point on the polar plot corresponds to a
value of the phase angle (0°-180°) and the amplitude of the pucker (0-60). Five representative envelope conformations
are shown, each corresponding to a 36° shift in phase angle. Right: chemical structure of each modification, its
extension rate relative to that of the RNA primer, and the experimentally determined pKa value of the nucleoside. The
phase angle and puckering amplitudes are listed for each nucleotide. For the modifications that crystallized
symmetrically only one pair of values were shown. The complete list of structural parameters is presented in
Supplementary Table S5. The reaction rates were determined in triplicate and the standard error of the mean is reported
*The pKavalue of the arabinose nucleoside (ANA) is from reference 13.

dinucleotides9. The arabinose sugar is in the 2E conformation and there is a putative hydrogen
bond between its 2’-OH and the N7 atom of the guanosine moiety of the imidazolium bridged
dinucleotide analog (Figure S6.1). In this conformation no reaction is possible, since the O3’-P
distance is almost 12 A. At the other end of the duplex, the imidazolium bridged dinucleotide
analog is well-ordered, forms canonical Watson-Crick base-pairs with the template, and the
arabinose sugar is in the °T, conformation. Here the O3’-P distance is 5.14 A; while this distance
is longer than for all other analogs, the difference is small and may not fully account for the

extremely slow reaction rate.
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Although the sugars that crystallize in the 3E conformation react considerably faster than the ANA
and FANA analogs, the reasons for this difference cannot be deduced solely from the structural
parameters (Table S6.1). For example, the two fluoro-modifications, FRNA (3E) and FANA (°T,),
have their 3’-hydroxyls at a similar distance to the adjacent phosphate (4.5A and 4.9A
respectively), as well as similar angles between 3’-OH and the bridging P-O bond of GpppG (133°
and 138°), but FRNA reacts 250 times faster. Although the 0.5A difference could potentially
explain the difference in reactivity, the 3’-OH of the LNA modification is 0.9A closer to the
adjacent phosphate when compared to FRNA, but LNA reacts 5-time slower than FRNA.
Additionally, FRNA, RNA, DNA and 2’-OMe have very similar distances and angles of approach

but the fastest (FRNA) reacts 25-times faster than the slowest (DNA).

Since structural parameters such as nucleophile-electrophile distance and the angle of approach
of the 3’-OH group towards the P-N bond of the electrophile do not by themselves account for the
measured differences in rate we asked the whether the acidity of the 3’-OH group of the primer
correlates with the rate of the primer extension reaction. There are two possible ways in which the
acidity of the hydroxyl group could have an impact on the rate of the reaction. First, when
comparing rates at constant pH values, if the modifications lead to various extents of 3’-OH
deprotonation, the differences in rate will reflect the degrees of deprotonation rather than the
inherent reactivities of the alkoxides. Second, the inherent reactivities of the alkoxides should
correlate with the acidity of the alcohols. An alkoxide that is more difficult to form is also more
reactive. Provided all other steric and electronic factors are identical, the rate of phosphate
transfer should increase as the pKa of the attacking nucleophile increases when the reaction is
carried out at pH values where the alcohol is fully deprotonated. This has indeed been observed

by Piccirilli for RNA analogs in trans-esterification reactions?°.
We therefore determined the 3’-OH pKa values of the modified mononucleosides by 1tH NMR

using the method of Chattopadhyaya®¢'. Because the acidity of the 3’-OH in most nucleotides is
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low, only a handful of pKa values could be determined in aqueous solution. For example, only a

lower bound of 13.5 could be estimated for the 3’-OH pKa of 2’-deoxy and 2’-OMe derivatives.

Interestingly, the acidities of the 3’-OH in RNA, FRNA and FANA are identical within

experimental error. Although FRNA and FANA lack the 2’-OH which can stabilize the anion

through a hydrogen bond, the inductive effect of the fluorine atom appears to be equally well

suited to stabilizing the negative charge of the O3’ alkoxide. Because the inductive effect of the

fluorine atom is transmitted through bonds,

the spatial orientation of the 2’-substituent is

irrelevant, thus FANA and FRNA have identical acidities.

The fact that the nucleoside 3’-OH pKa values do not reflect the trends in reactivity suggests that

under reaction conditions the deprotonation of the primer 3’-OH is quite different. Although the

3’-hydroxyl group in RNA is very weakly
acidic, it is expected to be a much stronger acid
when coordinated with Mg2*. Because of the
inherent technical difficulties associated with
determining the pKa of the 3’ -OH of the
primer in a duplex and in the presence of Mg2+
by the NMR method used for the nucleosides,
we used a kinetic method of determining the
pKa. We determined a pH-rate profile for most
of the modifications, by measuring the reaction
rate at pH values ranging from 7-10. Because
the reaction rates at high pH were too fast to
accurately measure with the initial
experimental setup, we changed the template

so as to create a binding site for a di-adenosine
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Figure 6.4. Determination of the 3’-OH pKa for five
modified nucleotides. (A) The construct used for the primer
extension experiments. The oligonucleotide in red is a
downstream binder which pre-organizes the duplex®9 and
increases the affinity of the template for the imidazolium
bridged intermediate. (B) pH-rate profiles for primer
extension with primers containing five distinct 3’-terminal
residues. Each reaction was carried out in triplicate, and
only the mean values were used to fit the data. The table
contains the pKa and Vmax, determined from the pH-rate
profiles. The right most column shows pKa values
determined by 'H NMR in the absence of Mg2+.
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imidazolium bridged intermediate, which reacts more slowly that its cytosine analog (Figure
6.4a). Despite the absolute differences in rate between the two constructs, the relative rates of the
modifications follow the same trend. The rates increase linearly with pH until a plateau region is
reached. The pKa values are then determined by assuming that only the Mg-alkoxide reacts and
then fitting the data to the Henderson-Hasselbalch equation. Considering that the nucleosides
have different acidities depending on the C2’ substituent, it was somewhat surprising that for all
the modifications the kinetically determined pKa values were very similar, converging around 9.1
(Figure 6.4b). Although the kinetically determined pKa values for the primer modifications
appear to be identical, they need to be interpreted carefully since kinetic measurements carried
out at pH values over 9 may be affected by deprotonation of the imino protons of the uracil and
guanine moieties of U and G, which have a pKa of ~10. Once the nucleobases are deprotonated,
they cannot engage in Watson-Crick base-pairing. Therefore, it is difficult to distinguish whether
the reaction rate plateaus because of complete deprotonation of the 3’-OH or whether the
primer/template/imidazolium-bridged dinucleotide complex begins to dissociate because of
nucleobase deprotonation. Additionally, for the slower reacting modifications such as FANA, the
imidazolium-bridged dinucleotide hydrolyzes on a comparable time scale, making it impossible
to measure the rate. However, the pH dependence of the reaction changes drastically when
replacing Mg+2 with Ca+*2, suggesting that the kinetically determined pKa values do indeed

correspond to deprotonation of the 3’-OH®s.

Since the kinetically determined acidity constants fail to explain the differences in reactivity
between the different modifications, other factors must be at play. However, interpretations of
steric and electronic effects in the primer extension reaction hinge on the identity of the rate

determining step.
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We therefore asked whether deprotonation of the 3’-hydroxyl was rate limiting by measuring
solvent kinetic isotope effects (SKIE), which can be used to determine whether or not the breaking
of an O-H bond is involved in the rate-limiting step of a reaction. In the case of primer extension,
measuring the SKIE will determine whether the reaction mechanism involves the formation of
magnesium alkoxide prior to the rate-limiting step or whether the deprotonation of the 3’-OH is
the rate determining step of the reaction. If the former is correct, then no SKIE is expected since
the O-H bond is broken prior to the rate limiting step. If the deprotonation of the 3’-OH is the
rate determining step, then a large SKIE is expected, since the zero-point energy of an O-H bond
is different from that of an O-D bond. Alternatively, the deprotonation and nucleophilic attack

could be concerted, in which case an intermediate SKIE is expected.

Deprotonation: Nucleophilic attack:
To determine where deprotonation of the 3’-
: : . : HIr(ﬁo NB Hf{o NB
OH lies on the primer extension reaction 0 O
- _ - .03 OH
pathway, we determined the pL-rate profiles Mg "My \\O
(where pL is either pH or pD) in both H.O and | C:eu | O:P,‘\O@
‘035
D,O (Figure 6.5). Between pH values of 7 and H,N (N
o/
8.5 the slope of the pH rate profile is close to nd,
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value of 9.8 for the 3’-OD. A shift in acidity Figure 6.5. The kinetic solvent isotope effect for non-

enzymatic template directed RNA primer extension. (A)

Two mechanisms representing limiting cases for the rate

determining step of the reaction. (B) Graph showing pL-

rate profiles for primer extension in H.O and D-O. Rates

expected because of the lower zero-point energy were determined in triplicate. The mean value and its 95%
confidence interval are shown on the graph.

between the two solvents of this magnitude is
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of the O-D bond compared to the O-H bond, and it mirrors results reported for the hammerhead
ribozyme¢2, In the linear section of the pL-rate profile the rates in H,O are roughly three times
higher than the rates in D.O and converge at higher pL values as the deprotonation of the 3’-OH
becomes complete. Considering that the 3’-OD is a weaker acid in heavy water than the 3’-OH in
light water, the difference in rates at any given pL value can be explained by the different degrees

of deprotonation of the hydroxyl group.

After correcting for pKa differences, the rates in H.O and D.O are virtually identical. The absence
of a SKIE suggests that there is no O-H bond breaking in the rate limiting step. This implies that
the reactive species, the Mg-alkoxide, is formed before the rate limiting step and therefore, the
rate limiting step of the reaction is the nucleophilic attack of the Mg-alkoxide on the adjacent
phosphate of the imidazolium-bridged dinucleotide. Any stereoelectronic effects that facilitate

this step will therefore lead to an acceleration in rate.

Considering that the FANA and FRNA modifications have identical pKa values, similar distances
between the 3’-OH and the adjacent phosphate group of the substrate, as well as similar O-P-N
angles of attack, what is the reason for their 250-fold difference in reactivity? The reasons for this
difference can be deduced by examining the crystal structures of FANA and FRNA, specifically
the differing environments around the 3’ -OH groups. In the 3E conformation adopted by FRNA,
the reacting 3’-OH group is pseudo-equatorial, with the molecule adopting staggered
conformations along the C3’-C4’ bond and the C3’-C2’ bond. On the other hand, the °T,
conformation of FANA forces an eclipsed arrangement of the substituents along the C3’-C4’ and
C3’-C2’ bonds. This results in the reacting OH, which is now pseudo-axial, being eclipsed by the
H2’ and H4’ atoms, as well as a pseudo-axial 1-3 interaction with the H1’ (Figure 6.6). A reaction
occurring on the 3’-OH is retarded by steric bulk when the rate determining step involves
increasing bulk. Because in the transition state of the primer reaction the alkoxide approaches the

scissile P-N bond there is an increase in bulk around the nucleophile. When the two reactants are
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approaching each other, the 1,2 and 1,3
eclipsing interactions in the °T, conformation
will destabilize the reacting complex.
Therefore, a pseudo-axial alcohol reacts more
slowly than its pseudo-equatorial analogue
because its transition state is more strongly
destabilized. Similar behavior was first
observed by Barton for sterols, where an
equatorial alcohol is easier to esterify than its

axial isomer?63.

Even for the modified nucleotides that adopt
a 3E sugar conformation there is a 25-fold

difference in rates, revealing that

FRNA - °E FANA - °T,
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Figure 6.6. Crystal structures of the sugar moiety of 2’-
fluoro guanosine and 2’-fluoroarabino guanosine. Hydrogen
atoms are represented in white, oxygen in red, fluorine in
green and nitrogen in blue. The bottom of the figure shows
the Newman projections across two different bonds for the
two modifications.

conformation is not the sole determinant of reactivity. Considering that the kinetically determined

pK. values for these five modifications are virtually identical, what then is the reason for the

different reactivities? Strikingly, there is a strong correlation between the rates of the reactions

and the electronegativity of the 2’ substituent amongst the five modifications (Figure 6.7). This

correlation suggests that the reaction is affected by either a stereoelectronic or an inductive effect

that stems from the 2’ substituent. For a stereoelectronic effect to directly stabilize the transition

state, suitable overlap is required between the orbitals of the forming P-O bond and the C-X bond,

where X is the 2’ substituent. However, in the 3E conformation the dihedral angle between these

two bonds is closer to a perpendicular orientation of the orbitals than to the preferred parallel
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170 . . .
we used the value reported by Bratsch?7°. reaction is the negatively charged 3'-

alkoxide. A more electronegative 2’ substituent will have a larger nearby partial negative charge,
which more strongly destabilizes the alkoxide, raising the energy of the ground state of the
reaction. In the transition state the 3’-OH group pivots closer to the adjacent phosphate of the
imidazolium bridged intermediate, possibly through an increase in the amplitude of the sugar
pucker, and the electrostatic repulsion between the 2" and 3’ groups is presumably reduced. Thus,
an electronegative substituent alters the energy of the ground state more strongly than the energy
of the transition state, resulting in an increase in rate. For DNA, where the 2’ substituent is the

hydrogen atom, this effect does not operate and therefore it reacts the slowest.

An alternative potential explanation for the influence of the electronegativity of the 2’ substituent
on rate in this series of modifications arises from the relationship between reaction rate and the
puckering amplitude of the furanose rings. The rate of the reaction and the puckering amplitude
are correlated with the electronegativity of the 2’ substituent for four of the five 3E modifications.

Only the conformationally constrained LNA diverges from this correlation (Figure S6.2).

Considering that conformational preferences are dictated by the strength of the gauche effects in

furanose rings'®4, and that a more electronegative substituent induces a stronger gauche effect:¢s,
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FRNA is as expected the most strongly puckered of the unconstrained nucleotides. A similar effect
is observed in the conformational preferences of mononucleotides in solution, where an
electronegative substituent in the 2’ position biases the conformational equilibrium towards the
3E conformation®¢. If the conformational dynamics from the ground state to the transition state
involve enhanced sugar puckering in order to allow the 3’-OH to approach the phosphorous atom,
then a modification that is pre-organized by a stronger puckering will require less energy to reach
the transition state and therefore will react faster. Therefore, the stereoelectronic effect generated
by the 2’ substituent pre-organizes the ground state of the reaction. The conformationally
restricted LNA is limited in the ways the ring can rearrange and reacts more slowly than expected
based on its puckering amplitude. Ultimately, a more detailed knowledge of the structure of the
transition state of the primer extension reaction is needed to decide on the merit of these two

alternative explanations.

Having unearthed the factors that govern the reactivity of the 3’-OH in the furanose series we
expanded our investigation to include sugar derivatives that cannot form the canonical 3’-5’
phosphodiester bond. Threose nucleic acids (TNA) have been proposed as prebiotically plausible

alternatives to RNA by Eschenmoser and colleagues'¢7.

We have synthesized a primer terminating in a TNA residue and measured the extension rate
(Figure 6.8). Surprisingly, the TNA primer reacts only 6-times slower than RNA, suggesting that
the 2’-OH of the threose moiety is a competent nucleophile in the primer extension reaction. To
rationalize this result, we have determined the crystal structure of the TNA terminated primer
together with the analog of the imidazolium-bridged dinucleotide. The threose sugar crystallizes
in a 4E (C4’-exo) conformation, in agreement with our previously determined structure!¢8. The
threose nucleotide is linked to the primer through a 3’-3” phosphodiester bond which results in

the rotation of the sugar so that the TNA C2’-OH is relocated to the same position where the RNA
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a RNA TNA 3-dG b

;{oj o_ Gua g{o/o Gua S{O o. Gua
H OH iH iH

Rel. Rate 1.00 0.14 =0
HO-P Distance (A) 4.4 3.9 6.2
O-P-0 Angle (°) 131 118 114

Figure 6.8. Primer extension with three different terminal nucleotides. (A) The relative rates and structural
parameters for the TNA and 3’-deoxyguanosine modifications as determined from the crystal structures. Each rate has
been determined in triplicate. (B) Top-view of the superimposed RNA (gold) and TNA (cyan) structure showing the
rotation of the TNA ring.

C3’-OH resides. This rotation brings the TNA 2’-OH close to the adjacent phosphate group of the

imidazolium-bridged dinucleotide analog. However, because the TNA sugar is in a ,E

conformation, the TNA 2’-OH is eclipsed by the TNA H1’. This steric congestion is likely to be
responsible for the decrease in rate between TNA and RNA. These results agree with our recent
report on the reactivity of threose nucleotide systems8. On the other hand, a primer terminating
in a 3’-deoxyguanosine residue is completely unreactive in the primer extension reaction. The
crystal structure of 3’-deoxyguanosine containing complex is identical to that of the all-RNA
complex, apart from the absence of the 3’-OH. Therefore, the 3’-deoxyguanosine 2’-OH is far
from the phosphate group and cannot react to form a 2’-5" phosphodiester bond. Furthermore,
the 3’-deoxyribose is in the 3E conformation, in which the 2’-OH fully eclipsed by its neighboring

H-atoms.
Conclusion

Modifying the 3’-terminus of the primer has a large impact on the rate of the primer extension
reaction and the fastest reacting modifications all crystallize in the 3E conformation. We first
showed that the rate of the reaction is surprisingly independent of the acidity of the 3’-OH, since
in the presence of Mg2+ all modifications have very similar acidities. We then determined that the
rate-limiting step of the reaction is the attack of the Mg-alkoxide on the adjacent phosphate group

of the imidazolium bridged intermediate by measuring the solvent kinetic isotope of the reaction.
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Since the transition state of this state increases in steric bulk compared to the ground state, the
steric environment of the nucleophile strongly affects the rate of the reaction. When the terminal
nucleotide on the primer is in the 3E conformation the steric congestion around the 3’-OH group
is relieved and thus the reaction is faster. In addition, a higher puckering amplitude of the ring in
the 3E conformation results in a shorter 3’-OH - phosphate distance, as can be seen from the
crystal structure of LNA (Figure 6.3 and Table S6.1). Finally, having an electronegative
substituent at the 2’ position speeds up the reaction, presumably by destabilizing the ground state
through a field-effect. This effect, alongside its preference for the 3E conformation, explains why
RNA outcompetes its alternatives (including potentially prebiotic alternatives such as ANA and

TNA) in the template-directed copying of nucleic acids.
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