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Mechanistic studies of cation catalysis in nonenzymatic RNA primer extension

Abstract

The origin of life is believed to have centered around RNA acting as both genetic
information and catalyst. Several decades into research around the RNA world hypothesis,
however, life has yet to be created synthetically. This is in part due to the difficulty of
transitioning from the prebiotic synthesis of RNA monomers to RNA oligonucleotides, and the
subsequent replication of RNA. Only once RNA can undergo replication nonenzymatically and
react to the lengths of ribozymes can the full potential of this theory be evaluated. While much
has been learned mechanistically about nonenzymatic RNA copying in the last several years, a
particular gap in knowledge surrounds the role of metal ion catalysis in nonenzymatic RNA
primer extension, due to the weak and transient nature of this catalytic interaction.

This dissertation aims to characterize the nature of the interactions of cations in primer
extension. In Chapter 1, the history of prebiotic chemistry is reviewed, as is what is known about
RNA-cation interactions. In Chapter 2, I describe the metal ion, kinetics, and binding studies that
support the model of 3’-OH nucleophilic activation from an inner-sphere contact with a catalytic
cation. I additionally show the sequence, structural, and cation dependent effects of metal ion
interactions in primer extension. I further support the previously published evidence shown
indicating the 3’-OH is deprotonated before the rate-limiting step through kinetic isotope effects,
and exclude the role of a metal-bound hydroxide species. Lastly, I measure the relative binding
of metal ions as affected by the distance of the reacting bridged dinucleotide, suggesting an
interaction with an oxygen of the bridged dinucleotide and the catalytic metal ion. In Chapter 3, I
further validate this metal-bridged dinucleotide interaction as being relevant for primer extension

through thiophosphoroimidazolide studies and metal rescue. We show that only one product is

il



observed in the presence of Mg?* in crystallo, regardless of starting material identity. Due to
racemization of the starting material over the time scale of crystallography, this observation
supports that only one diastereomer is reactive for primer extension, supporting a metal ion
interaction with one specific prochiral oxygen on phosphorous, and an Sx2-like mechanism for
primer extension. Through this mechanistic understanding, the stereochemistry of the
diastereomers can be assigned, and the coordination geometry of the catalytic metal ion is
proposed, allowing chelation development to be performed intelligently. In Chapter 4, we
address the possibility of Mn?" as a prebiotically plausible catalyst in the RNA world, and find it
improves ligation, primer extension rates (homo-polymeric and mixed template), and reaction
yields, despite an increase in hydrolysis of reacting bridged dinucleotide. However, the increase
in reactivity in the presence of Mn?" results in a loss in fidelity at comparable concentrations of
metal ion used for Mg?*, likely due to increased competition of activated monomers (which react
with lower fidelity), supporting pre-existing hypotheses on fidelity for nonenzymatic primer
extension.

In sum, the results in this dissertation show the importance of metal ions in nonenzymatic
primer extension, provide experimental results to support a model of cation catalysis, and
provide a scaffold for designing co-catalysts to better enable metal ion-RNA interactions to

improve nonenzymatic primer extension.
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Chapter 1

From the early Earth to the RNA world: a tale of cations and nucleic acids in

the origin of life



Past and current approaches to studying the origin of life

Throughout human history, society, culture, and religion have attempted to answer the
question of how life began. Only since the Scientific Revolution has the scientific community
begun to address how life may have begun with rigor. The discovery that compounds made by
life, such as urea, can be made by abiotic processes arguably resulted in the downfall of vitalism
and spurred the beginning of the search to create life de novo.!> It took another century before
Miller and Urey discovered that amino acids could be made from simple compounds and
electrical discharge, and although the atmospheric composition they assumed for the early Earth
was likely incorrect, it inspired substantial subsequent research that brings us to modern prebiotic
chemistry.*> Additionally, the discovery of prebiotically relevant compounds in space, on
meteorites, and formed through relatively simple chemical feedstocks supports that the formation
of some of the necessary compounds for life is possible in a number of different conditions.
While much is still unknown about the early Earth and what conditions definitively led to life,
constraints exist to favor certain hypotheses over others. This dissertation will address chemical
reactions of the RNA world and the benefits of cationic catalysts, which can be reconciled with
the likely geochemistry of the early Earth. The compatibility of past chemical environments and
relevant chemical reactions for life is one means to narrow down the many theories of how life
was created and to approach creating life in the laboratory.

It is often debated if defining life is necessary in order to create or identify life
elsewhere.” The full analysis of the definitions of life is outside the scope of this thesis, but
considering life as having a series of specific characteristics is helpful for understanding the
purpose of studying nonenzymatic RNA primer extension, the focus of this thesis. It is also

important to consider that definitions of life tend to be biased towards the fields of those who



write the definitions, whether focusing on the physical, evolutionary, or chemical properties we
have observed in Earth life. In terms of viewing life as a transition between chemistry and
biology,” NASA, through the guidance of Gerald Joyce, had life defined as a self-sustaining
chemical system capable of Darwinian evolution,'® but when this was achieved with an ribozyme
catalyzing its own replication, it did not satisfy the notion for life for the scientific
community.!"!? Chemical systems can evolve and not be much like known life— there are more
characteristics to meet in order to be considered “alive”. Living organisms are characterized by
having information systems that chemically or physically encode the chemical reactions the
organisms are capable of (metabolism), are capable of responding to their environments in the
short-term through metabolism or long-term through Darwinian evolution, and are somehow
separated from their environment physically so that the benefits of their reactions and variability
through evolution can provide fitness to the individual. For the earliest forms of life, this
competition for resources in the prebiotic milieu likely drove much of the earliest evolution of
chemical reactions. A final consideration, as a chemist, is that life is out of equilibrium, and
maintains homeostasis through a series of chemical reactions (and thus is a chemical system).'!
An important caveat to all these considerations is that life on other planets may look different
than life on Earth, in addition to the fact that life when it first began may look different than life
does now. As we delve further into the origin of life in this chapter, we will primarily focus on
the information storage and transfer as was necessary at the advent of life, and how that
interrelates to the types of chemical reactions preceding life and would have been advantageous

for fitness of a protocell.

The study of the origin of life is approached in two main fashions: “top-down”, and

“bottom-up”.!>!* The “top-down” approach aims to narrow conditions for the origin of life and



the basic reactions of early life using information from biology and evolution, particularly by
understanding the biochemistry and genetics of the last universal common ancestor (LUCA)
shared between all domains of extant life.!>!® However, LUCA is a product of extensive
evolution from the earliest instances of life— LUCA is a complex single cellular organism that
does most of the chemistry that modern cells are capable of today, and evolution would have
honed this sophisticated biomolecular machinery. The top-down approach also includes the
synthetic biology community, which aims to create a “minimal” cell containing only genes
essential for life.!” However, whether this minimal cell is contingent on the particular form of
life that exists on Earth and if it is contingent on the evolutionary history of the cells studied act
as caveats in this path of study, and is unlikely to inform on Earth’s earliest cells. The “bottom-
up” approach, on the other hand, relies on looking at the conditions that existed on the early
Earth and tries to reconcile the types of chemistry that would have been possible in the Hadean
environment with reactions the field believes are necessary for life: compartmentalization,
information storage, energy production, and catalytic capacity.'® Here, we consider the “bottom-
up” approach to the origin of life, and rely on chemistry and Earth history to inform our

understanding of the reactions relevant for creating life.

Earth history and life history

19-21 and

Earth accreted from the planetary disk of our solar system approximately 4.5 bya,
the conditions of its cooling and progression towards stable oceans and possible habitats for life
are integral for narrowing the possible date of the origin of life. Our Earth and Sun were
dominated by different chemical conditions 4.5 bya, and understanding these differences is

important for determining conditions that are prebiotically plausible. Evidence from zircons

suggests oceanic bodies proliferated at least 4.2 bya,?** but the period of extraterrestrial impacts



known as the Late Heavy Bombardment (3.8-4.0 bya) may have affected the presence of these
oceans and the stability of different habitats in which life could have formed.?5-* However, these
impacts also could have served as a means to deliver chemical nutrients to the young
planet.?>3%3! The presence of a stable hydrosphere is likely necessary for early life on Earth,

although the extent to which this stability needed to be global or local is unknown.

The atmospheric composition is also an important consideration for early Earth
chemistry. Volcanic outgassing would be the main source of early volatiles, with our current
understanding supporting a mildly-reducing atmosphere, although the extent of the presence of
hydrogen is frequently debated.?*** Earth’s early atmosphere was CO» and N rich, with the most
notable difference from the modern atmosphere being the low concentration of oxygen.?>33-37
Oxygen did not proliferate until after photosynthetic organisms outproduced the oxygen sinks of
the early Earth, and the lack of oxygen, while an important molecule in multicellular life, was
likely important to the chemistry of early life, as oxygen can poison many reaction mechanisms
with its reactivity.*®>° Another consequence of the lower concentration of atmospheric oxygen is
that more UV light would reach the surface of the Earth due to the lack of an ozone layer, which
would notably affect the stability of compounds and the reactions possible on the surface.*’ In
sum, life would have been unable to begin too early into the accretion and cooling process of
Earth. The role of impactors could either prevent life or be necessary for prebiotic chemistry,
depending on the models considered. Most members of the field would agree that life began
between 4.4-3.7 bya,**? but this does not narrow geochemical conditions substantially. This is a
large period of time, with great variation of geological conditions—if we understand what

reactivity is and is not necessary for life, we can perhaps reconcile the past with our hypotheses

for how life began.



Another constraint on the date of the origin of life is the existence of micro/nanofossils,
however, these are often highly contested and debated evidence of early life. The oldest potential
fossil evidence of cellular life dates to ~3.8 bya, with more conservative fossil evidence dating to
3.5bya.**-*" However, the dates determined with the fossil record are conservative estimates
towards the origin of life— the cellular forms found in these fossils are likely closer to in
composition and functionality to LUCA than the original wisps of cellular life. The lack of many
unaltered samples of Earth’s oldest rocks also means that life could have existed earlier and not
been recorded or preserved— the lack of fossil evidence in a time period does not confirm or
deny any suppositions about life. Assuming this earlier date in the fossil record is convincing
evidence, that means life would have been evolving throughout the late Hadean eon. The Late
Heavy Bombardment is believed to have persisted through the beginning of the Archaean eon,
which would imply impacts are not incompatible with life and did not sterilize the Earth at this
point.?%* Since life today is much more complex than what is imagined to be the earliest life on
earth, or even LUCA, and the rate of early evolution of life is unknown, this results in more than
half a billion year range of time in which life could have possibly arisen. Nevertheless, there
were some constants during this period, in terms of planetary abundances, on the atmospheric
level, and with microenvironments that would be present. Depending on when in the Late Heavy
Bombardment life arose, differing amounts of volatiles and chemicals would have been delivered
to the planet, and the requirements for this early chemistry is one question prebiotic chemists aim
to address. Ultimately, neither the top-down or bottom-up approaches towards studying the
origin of life are mutually exclusive. In fact, a major effort of the top-down approach is to
reconcile gaps in the bottom-up approach by studying LUCA and the history of current life on

Earth through evolution.



In considering the environment that would lead to life, looking at the gene contents of the
last universal common ancestor provides a possible source of constraints. For example, the
temperature that earliest life evolved in would be incredibly useful for prebiotic chemists. The
temperature range for the origin of life has serious implications for the types of chemistry
involved in early life, the time-scales of that chemistry, and the environments that are compatible
with the temperature constraints. Whether early life was psychrophilic, mesophilic, or
thermophilic can be assessed in a few ways from our tree of life. A few things are not debated
about LUCA, mainly being that it is a DNA- and protein-based organism, with complex
regulation of its genome, and an anaerobic metabolism.!® The nucleic acid and amino acid
content of early life would likely reflect the temperature in which LUCA existed due to the
intrinsic intermolecular interactions that differ between A, C, G, T/U, and the ability of different
amino acids to support stable protein structures. However, all of this information about LUCA is
obfuscated by years of evolution and statistical analysis. While projected G/C content, the
evolution of the protein reverse gyrase, and inferred amino acid content of LUCA support a
mesophilic environment for the proliferation of life,!> other evolutionary analyses support a
thermophilic LUCA.!® These analyses, regardless of which is correct, may still not inform on the
environment of earliest life, depending on the time and extent of diversification from the origin
of life until LUCA. Trying to reconcile top-down and bottom-up approaches ultimately leaves
many questions on the environment of early life, so much of prebiotic chemistry relies on
assumptions and ultimately will not be further constrained until life is created in the laboratory or
discovered elsewhere in the universe.

Earth today is filled with numerous microcosms of environments of different pH,

temperature, and mineral/chemical composition. Due to this diversity of geochemical scenarios,



it is hard to use them as means to rule out any prebiotic chemistry. However, different scenarios
have been proposed and can be assessed according to their likelihoods and tested empirically
with regards to the chemistry believed to be necessary for life (depending on which theory is
prescribed). Ultimately temperature, pH, inorganic species concentration and presence of
organics are the main considerations for each possibility as a creche for life. For example,
hydrothermal vents are often proposed as a possible location for the creation of life— there is
often a carbon source, other nutrients, and possible concentration and charge gradients to be used
as a source of energy.**-° On the other hand, hydrothermal vents exist at temperature, pressure
and pH extremes, which leads to the degradation of many biomolecules.’!-*? Darwin’s “warm
little ponds™ are another commonly assessed environ for life’s creation, allowing for periodic
concentration and dilution of reactants, with relatively mild temperature and pressure ranges.>?
Whether this provides enough of an energetic and chemical input for early life to be formed and
sustained upon is unknown, however. More exotic scenarios can also be proposed, such as life
forming in the compartments/pockets of minerals, which could be made compatible with either a
hydrothermal or mesophilic geochemical scenario, or life forming in the pockets of liquid
between ice in its eutectic phase.’?>*%¢ Considering these environments in the context of the
origin of life is only useful when a particular series of chemical reactions are being assessed. The
list of possible chemical reactions that could be of interest for the origin of life is varied and
extensive, but for the purpose of this thesis will be limited to RNA-forming and RNA
propagation reactions, which are necessary for information transfer and metabolism in the RNA
world theory in the origin of life.

RNA world hypothesis



All extant life follows the “central dogma”, with information being stored in DNA,
transcribed into RNA, and then translated into proteins that do the work of life.’” When
considering how life started, it is paramount to consider the synthesis and interactions of these
biomolecules and how that intersects with conditions on the early Earth. Making nucleotides
(DNA/RNA) prebiotically is possible, albeit limited.”® Amino acid monomers, on the other hand,
are synthesized readily in prebiotic conditions.**-** The next key consideration is if these
biomolecules can become biopolymers, as this is what their function hinges on in cells (either for
information storage or catalysis), and if these polymers are heritable and can be reproduced.
While proteins do much of the catalysis in extant cells, they cannot be synthesized without the
aid of DNA/RNA in cells, and their information is not heritable without DNA/RNA, suggesting
nucleic acids were central in early life. With the discovery that RNA can act as a catalyst in
addition to an information carrier,®>¢! RNA became a strong candidate as the main biomolecule
of interest at the origin of life— the genetic carrier and catalyst for early life, independent of
DNA and protein.®> The RNA world hypothesis was contributed to by Crick, Gilbert, Orgel, and
Woese,®* and is further supported by alleged remnants of a time where RNA was more important
in biological history that remain in cells today. For example, much of cellular metabolism relies
on cofactors with RNA-based scaffolds that do not play a catalytic role. Cofactors such as SAM,
ATP, coenzyme A, NAD, and FAD all have a nucleotide as a part of their chemical structure,
with the “functional” moiety for catalysis elsewhere in the molecule.**% A number of ribozymes
are found throughout biology, such as the self-splicing introns, the spliceosome, and perhaps
most importantly, the catalytic core of the ribosome.®® Synthetic ribozymes have also been
evolved through laboratory selection to perform many types of reactions, even those that are

outside of biology (Diels-Alder) and to bind many small molecules (aptamers).®®¢” The potential



of RNA sequence-space is promising for the RNA world hypothesis, but this hypothesis is not
without flaws. Without protein enzymes around, the RNA world, with polymers made only of
four nucleobases with limited chemical reactivity, has a limited reaction scope. No native
nucleobases are redox-active, and the nucleobase pKa range is fairly limited for acid-base
catalysis, especially in comparison to peptides. Thus, the RNA world likely necessitated the use
of a number of environmental cofactors, such as minerals, metal ions, and small peptides. This is
a major consideration for the types of environments the RNA world could have occurred in.
Additionally, of the main biomolecules in cells, RNA is the least stable. The presence of the 2'-
OH in RNA makes it incredibly prone to hydrolysis, which is worse at high temperature and pH
extremes.’! When considering the RNA world in the context of LUCA, since LUCA was a fully
DNA-RNA-protein based organism, it must have preceded LUCA in a sufficient amount of time
for the evolution of the chemistry that would allow the synthesis of DNA and protein for
information carrying and catalytic roles, respectively, and the corresponding loss of much of the
RNA-based catalytic functions and genomic role. It is not possible to extrapolate an RNA-based
genome from LUCA, as there are no appropriate outgroups alive or preserved to base the
phylogeny on. Therefore, much of the history between LUCA and the RNA world, if it existed,
is lost.

With the RNA world as a promising lead for creating life, environmental conditions that
favor RNA synthesis, reactivity, and stability are integral constraints for prebiotic chemists.
While it took decades for a prebiotically plausible synthetic route to RNA to be elucidated, part
of this issue was due to the assumption that the nucleobase would be added to the ribose through
nucleophilic attack, which is essentially negligible due to the low nucleophilicity of the aromatic

nucleobases of RNA/DNA and poor leaving group ability of hydroxide.®*-"* Additionally,
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synthesizing RNA exclusively, and not any other stereoisomers of the sugar/base is difficult in a
prebiotic chemical milieu. The stereoselective synthesis of single diastereomers of sugars
remains a difficulty on the early Earth. However, the synthesis of complex mixtures is not as
much of an issue as anticipated,”! and can be honed by chemical selection to favor the
propagation of RNA.!617-73.74 Nevertheless, while the cyanosulfidic synthesis of nucleotides
proposed by Sutherland et al. brings the prebiotic synthesis of RNA into the realm of possibility,
there are still a number of caveats. Currently, the only RNA species that can be made through
this pathway are pyrimidines— ribocytidine and ribouridine—with purine synthesis limited to
DNA, specifically deoxyriboadenine and deoxyriboinosine.*®”*> Considering the nucleic acid
alphabet utilized in biology of A, C, T/U, and G, there are clearly still some gaps to be figured
out in what the RNA world alphabet may have consisted of. Having a reduced or different
alphabet raises issues in what led to the subsequent selection of different nucleobases, or what
happened to any alternate nucleobases before the evolution of LUCA. The nucleobases are
incredibly important to the subsequent copying chemistry exhibited by RNA monomers into
polymers, which we will delve into in Chapter 2, as is the sugar composition of ribose versus an
isomer of it. The UV stability of nucleobases, polymers of nucleic acids, and their synthetic
precursors is also another consideration that is being currently studied, as the early Earth would
have been broadly exposed to the solar spectrum, including UV, due to the lack of ozone
layer.!>2276 At times this can be a useful fact for prebiotic chemistry, allowing C and U to be
interconverted,”>”” but ultimately the interaction of UV with nucleotides is often detrimental
through the creation of photo-radicals. The interaction of nucleotides with UV leads to mutation
and cancer in extant cells, and would likely play a considerable role in the mutation rate of early

RNA copying. Too high of a mutation rate, and information cannot persist. This necessitates a
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certain amount of protection against UV in a prebiotic environment for successful information
propagation.’®7

One means of protection of nucleotides from their environment is through
compartmentalization. Compartmentalization also ensures that when sequences are capable of
creating some fitness benefit, that only the sequence that is responsible for said benefit reaps it.
However, RNA, a polyanionic molecule, poses some difficulties in encapsulation and in ensuring
appropriate exchange of chemical feedstocks from what is being synthesized environmentally
and what is encapsulated. Membranes will need to have sufficient permeability for some
exchange with the environment, but also to retain competitive sequences.'®* The most traditional
form of compartmentalization imagined prebiotically is a lipid bilayer of some sort, mimicking
that seen in modern life, known as a protocell.®® Alternate compartmentalization theories involve
coacervates, eutectic spaces between ice, and mineral surfaces/compartments.'*!> However,
these alternate forms of compartmentalization then leave the issue of how our current form of
encapsulation evolved. Thus, short, single-chain fatty acids are proposed as sufficiently
prebiotically plausible membrane components, due to their increased permeability compared to
glycerol-based lipids of current life, and are found in the interstellar medium.!? Another
important issue to consider with these fatty acids is their tendency to interact with positively
charged ions, especially metal ions. These interactions can cause precipitation and aggregation,
and membranes leak in the presence of high concentrations of metal ions, which becomes an
issue with RNA in terms of both its structure and catalysis.®! This is a major motivation for the
work described in the subsequent chapters of this thesis. Oligomers of RNA need cation
stabilization to be neutralized, and cations are also integral in the catalysis of RNA

polymerization. Without a stable protocell, the benefit of encapsulation is irrelevant.

12



In order for the RNA world to be a valid hypothesis, there must be a period of time in
which, once RNA is synthesized in the prebiotic milieu, that it is able to polymerize into longer
strands, and then be copied in a template-directed (information-encoding) manner with enough
fidelity to retain information in absence of any enzymatic scaffolds. Even though RNA can act
catalytically, it needs to achieve a long enough length in order to have a potentially useful three-
dimensional fold. One of the largest differences in prebiotic RNA copying is that it may have
occurred with different leaving groups than observed in modern cells. Nucleoside triphosphates
(NTPs) are incredibly kinetically stable (the half-life of hydrolysis of alkyl phosphate dianions is
1.1 x 10'? years, and NTP reactivity for nonenzymatic ligation is on the scale of decades),’*%?
but hydrolytically exothermic. Activation of phosphates is necessary to drive the endothermic
formation of phosphodiester bonds.?* This balance of thermodynamic favorability and kinetic
stability is important for modern metabolism, and is exploited to drive endothermic reactions. In
absence of enzymes, however, NTPs hardly react with each other to form oligonucleotides.
Therefore, it has been proposed that early life may have used alternate activation to
triphosphates.”® In the context of the cyanosulfidic synthesis of nucleotides, nucleo-5'-
phosphoroimidazolides are prebiotically plausible.®>3¢ In fact, the formation of 2-
aminoimidazole activated nucleotides requires simple chemical feedstocks that could be
delivered through impacts on the early Earth in the Late Heavy Bombardment.?>** However,
even with this improved activation chemistry, it is difficult to make native RNA oligomers
through templated polymerization of substantial length.”®%” In order to improve this reaction, it
has been important to study the mechanism of RNA oligomerization, as has been done over the
last sixty years, with recent substantial progress.

Review of the mechanism of nonenzymatic primer extension
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For the context of this thesis, the pre-RNA world is referring to the period of time after
RNA monomer synthesis but before the chemical capability to copy the length of ribozymes
consistently and before RNA replication.?? Replication refers specifically to when an RNA
sequence is able to be copied, and then the daughter strand is also able to be copied, making a
copy of the original parent sequence, and not just the complement. Current progress in
nonenzymatic RNA replication is limited by poor RNA copying chemistry.?’

The use of phosphoroimidazolides as an alternative to NTPs was first proposed by Orgel,
as a means of better studying nonenzymatic RNA reactions at a reasonable time scale compared
to NTPs.% 2-methylimidazole activated nucleotides (2MelmpN) were used as the primary
phosphate activation form until 2015.87-%° While the use of nucleotide-phosphoroimidazolides
improved nonenzymatic RNA copying chemistry compared to polymerization of NTPs, there are
several issues that prevent pre-RNA world reactions from occurring efficiently in our current
understanding of RNA phosphoroimidazolide chemistry. One instance is the formation of RNA
primers and templates through random oligomerization of RNA monomers.’*** Without a
diverse set of initial oligomers, templated sequencing is biased from the start, and accessing the
full sequence space of RNA is impossible. One notable observation is that there is a metal
dependence of nonenzymatic untemplated polymerization, and that the regioselectivity of the
polymerization often favors 2'-5' phosphodiester bonds,”* which are non-native. While these can
be isomerized over time, it takes energetic input.”> For the purpose of this thesis we assume
diverse, primarily 3'-5" connected oligomers are accessible for templated extension known as
nonenzymatic RNA primer extension.

Once oligomers are formed, templated nonenzymatic primer extension is a key hurdle in

the progress towards the origin of life. Having a template helps the polymerization of
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complement oligomers substantially, increasing the rate 20-fold compared to untemplated
extension.”®?” Some of the best copying chemistry observed is 2MelmpG on a poly-C template,
leading to oligomers from monomers in an 80% yield with primarily 3’-5' phosphodiester bonds,
and the maximum length of a 50mer.%® While promising, homo-polymeric sequences on the early
Earth are not only unlikely, but also not functionally useful. Additionally, in attempting RNA
replication of this sequence, 2MelmpC does not copy as well on a poly-G template, and thus
replication cannot occur in this system.”® Semi-conservative replication requires that no one
nucleotide be more than 50% of the template, and with this data, it is difficult to reconcile how
RNA could achieve Darwinian evolution in this model system.”® Sequence effects show that C
and G act as the best copying nucleobases, with A and U much worse,'®° making diverse
sequences even more difficult to synthesize nonenzymatically. Mixed sequences are incredibly
difficult to extend— on a G template, A and T can inhibit copying, and even a C in the otherwise
homo-polymeric template make the reaction less efficient.!?! Side reactions abound, with the
formation of pyrophosphate occurring at low pH with the activated monomers,?’ and these side
products can act as inhibitors of primer extension. Nevertheless, much was learned about what
benefits nonenzymatic primer extension through these model systems, and primer extension has
been improved through careful study.

Many of the outstanding issues surrounding the RNA world as imagined at the origin of
life have been addressed in the last decade.!?? Regiospecificity refers to the extension of the
native 3'-5" linkage over the nonnative 2'-5" linkage, which is a notable issue with RNA, as it has
two adjacent nucleophilic hydroxyls available for reactivity. This connectivity can be biased by
ambient metal ions, with Pb?* resulting in 2’-5' linkages, while Zn** predominantly 3'-5".102

Lower temperature conditions favor more of 3'-5' formation, and efficient primer extension also
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favors the correct connectivity.!® The connectivity in this position affects the three-dimensional
structure of RNA,!% and is also external to heritability. While this was a major concern, it was
discovered that the heterogeneity of templates can be tolerated, and even the 3'-5' linkage can be
generated from a 2'-5' linkage through dissipative energy-cycling.”>!941% This requires iterative
degradation and re-reaction, and requires both a phosphate activating agent and acylating agent
as an energy source.” The actual extent of a problem these heterogenous templates and primers
have is not clear— it is possible the heterogeneity actually addresses another issue had during
nonenzymatic primer extension, of the high melting temperature of RNA duplexes once fully
copied.!?” This thermodynamic trap becomes a difficulty in the ability of RNA to undergo
replication, but is not insurmountable. This also can be circumvented through strand
displacement and occasional temperature cycling.!?” Strand-reannealing does remain faster than
copying chemistry, but with sufficient splint sequences, this may be sufficient to allow
replication.!?’

The prominent issue of A and T/U stymying primer extension served as a severe
limitation to the RNA world for decades.!®® TT, GT, and TG serve as partial sequence barriers,'”
and AT, TA, AA, GA, and AG as total barriers of primer extension with methylimidazolides.'?
However, it turns out that this can be overcome with better phosphate activation.” In fact, this
sequence issue can also be worked through with cold temperature reactions favoring better
binding of the reactants, multiple monomer additions, and helper displacement.”® The discovery
of better phosphate activation helped move the field forward by enabling more thorough
mechanistic probing of primer extension through kinetics.?”-119-112 The current best performing
leaving group is 2-aminoimidazole, which has the additional benefit of having a prebiotically

plausible synthesis, and can facilitate mixed-template copying up to seven nucleotides.?” This is
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partly facilitated by activated helper oligomers (even as small as trimers), which improve primer
extension substantially with high enough fidelity to encode functioning ribozymes.®®!!3 This
does require that all the relevant trimers for a given sequence exist in solution and are also
activated, however. The benefit of helper oligomers is in part due to increased formation of the
imidazolium-bridged dinucleotide, which we will discuss shortly,!!* as well as pre-organizing the
bridged dinucleotide for primer extension, bringing the phosphate closer to the 3'-OH of the
reacting primer, and in aiding binding of the reactants to the template.!!>-117
Re-contextualizing mechanistic knowledge of nonenzymatic primer extensionwith the

imidazolium-bridged dinucleotide

A primer helper  Scheme 1. Nonenzymatic primer extension and relevant compounds.

template . . . . . . .
(A) Nonenzymatic primer extension is the extension of a primer in a

B | . . .
o5 K e template directed manner, one nucleotide at a time. A downstream
L helper oligomer, which may be activated, improves the rates of
C K/N_»_o o ] echess
L - . _— o . .
primer extension' ° (B) Nonenzymatic primer extension requires an
o Il Nuceobsse . . . .
D _E [ activated phosphate in order to occur. In biological systems, the
«—e]
ML leaving group (LG) is a pyrophosphate. (C) The activated monomer

relevant for this dissertation: 2-aminoimidazole activated nucleotides,
abbreviated as either 2AIpN or *pN. (D) The imidazolium-bridged dinucleotide is the reactive
species in nonenzymatic primer extension with imidazole activation. This compound is
abbreviated as Np*pN.
Through the detailed kinetic studies, the understanding of the mechanism of
nonenzymatic primer extension with phosphoroimidazolides was recently revolutionized. It was

discovered that instead of the activated monomer being the functional species in nonenzymatic
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primer extension, it was instead an imidazolium-bridged dinucleotide that forms in equilibrium
with the activated monomer (Scheme 1).!'%118:119 The bridged dinucleotide forms both in

solution and on-template,!10:117:118

and it has been determined that the bridged dinucleotide reacts
much faster than the activated monomer, accounting for the majority of the observed rate.'?° In
fact, the activated monomer inhibits primer extension and increases error rate.!?!2! In addition
to studying the role of the bridged dinucleotide, efforts have focused on thoroughly
characterizing the structural and electronic requirements for efficient nonenzymatic RNA primer
extension.

Structurally, A-form helices have been known to be better for the rates of nonenzymatic
primer extension,'?? and recent mechanistic studies have ascertained this is due to the fact that
C3'-endo conformation is a better reaction geometry for nonenzymatic primer extension.’*!23
This accounts for some of the poor reactivity of DNA and ANA, which gives a prebiotic scenario
for the selection of RNA out of other nucleotide species.”>’* Additionally, upon binding, RNA
activated nucleotides demonstrate conformational switches from C2'-endo to C3’-endo, an
important benefit of templated extension.!? In addition to these conformational effects, systems
that have higher kinetics also correlate with the native phosphodiester linkage formation (3'-5"),
but for inefficient extension of nucleobases such as A and U, 2'-5' linkage formation is a more
significant issue.!* The reason behind the slower reaction with A and U at saturating bridged
dinucleotide concentrations is not fully understood, although is likely contributed to by the fact
A/U has one fewer hydrogen bond than G/C Watson-Crick base pairs. However, the ability of a

bridged dinucleotide to react does not necessarily indicate that it extended correctly (although

once an incorrect base has added, subsequent extension is often slower).!*
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Electronically, the 3-OH requires activation for efficient primer extension. This explains
why the presence of Mg?* is essential for primer extension.!?> Additionally, solvent kinetic
isotope effect studies have shown that the 3'-OH is deprotonated before the rate-limiting step of
primer extension, likely due to lowering of the pKa of the 3-OH by an associated Mg?*.7+!17
There additionally appears to be a steric benefit to the presence of Mg?”, as it has been shown
that the presence of Mg?"* favors extension over hydrolysis for template-bound reactants, likely
through exclusion of water.!!” In spite of this knowledge, much remains to be ascertained in the
interactions of metal ion catalysts in primer extension, particularly the necessary contacts
between the catalysts and the reacting RNA, and is the primary focus of this dissertation,
particularly in Chapter 2 and Chapter 3. Unfortunately, the level of divalent cations for efficient
primer extension exceeds the concentration compatible with stable fatty acid vesicles.!?® Many
outstanding issues prevent efficient primer extension of RNA, which we will discuss first by
considering nonenzymatic primer extension of alternate genetic systems.

The term “XNA” refers to alternate nucleic acid systems outside of RNA or canonical
nucleobases observed in life today. Some of the origins field believes there was a “pre-RNA”
world of another sort, where instead of RNA undergoing nonenzymatic chemistry in order to
reach the RNA world, another nucleic acid or genetic material existed before RNA and acted as a
genetic material and catalyst to form RNA for an RNA world, or bypassed it altogether towards
the creation of life as we know it.%%°% This raises many questions on the evolutionary history of
life, and defies the logic of Occam’s razor. Nevertheless, much has been learned through
studying alternate genetic systems. For example, NP-DNA, where instead of a 3'-OH, a 3’-NH>»
group is present, outperforms RNA in nonenzymatic primer extension universally.!27-128 NP-

DNA has the benefit of having a more nucleophilic nucleophile (-NH: versus -OH), indicating
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the reactivity in nonenzymatic primer extension relies substantially on the nucleophilic activation
at the 3’ position. In fact, the presence of other better nucleophiles, such as (prebiotically
plausible) phosphate, can react more quickly than the native 3'-OH, forming pyrophosphates

instead of phosphodiester linkages.!?

If free phosphates are available to react at the ends of
oligomers, they act as inhibitors, however their pyrophosphate products are tolerable to an extent
in the template for subsequent copying.!3® Not all XNA is problematic for prebiotic study— the
non-biological NP-DNA outperforms the prebiotically plausible reactions, and NP-primer
extension of mixed activated nucleotides can be performed for sequences up to 25mers, inside
vesicles. There is no metal dependence for NP-DNA due to the innate nucleophilicity of amines
compared to hydroxyls.!?’ The stepwise yield is 96-97% in NP- systems, something that RNA
has yet to approach non-enzymatically.'?” However, NP-DNA is not observed in any biological
systems, and the difficulty of evolving enzymes to work with these alternate nucleic acids makes
developing selections more labor-intensive, although not impossible. Studying NP-DNA in this
way may allow us to learn more about the RNA world by circumventing the low reactivity that
RNA has, but ultimately, if RNA were to be a major component in the origin of life, it needs to
be determined what conditions lead to its efficient copying and Darwinian evolution. Studies of
alternate nucleobases in RNA also fall under this type of work, because it is uncertain yet what
the prebiotic cadre of nucleobases was, and how it transitioned to those present in life today. The
inability to synthesize ribo-G (or deoxyribo-G), prebiotically poses a major issue, as G is one of
the most efficient copying nucleobases in the arsenal of nonenzymatic primer extension.>® While

inosine can act as an alternative, there are no other 8-oxo purines that function well in primer

extension.3! Issues with A and U extension can be diminished with the substitution of 2-thio-
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U,"*! but ultimately the greater deviations from life as we know it creates more questions than
answers on what the origin of life looked like.

Another prominent issue that remains in the understanding of nonenzymatic RNA primer
extension as leading to the RNA world is that of fidelity. It is imperative for sequences to be
correctly copied to maintain information, although some mutation is also integral for
evolution.”®121:132 Currently, error rates of primer extension as we understand it to have occurred
are too high for conservative replication.'?! Bridged dinucleotides increase fidelity in primer
extension compared to activated monomers, likely in part due to the fact two nucleobases need to
bind the template in order to react instead of just one.!?!132 As observed in the case of rates, the
use of 2-thio-U can help with fidelity by avoiding some wobble error,'? but the wobble base
pairing between G and U remain a significant issue with RNA.!33 Ultimately, error rates are a
complex consideration in the evolution of early functional sequences. The extent of tolerance of
error will depend not only on the individual sequence and its structural robustness, but also in
how much relative fitness it holds compared to other sequences present.”® Nonetheless, this is not
the most pressing issue, as copying long sequences is still a rate-limiting aspect of the pre-RNA
world models as we work with them today.

A major issue of RNA copying chemistry and its inability to copy sequences longer than
seven mixed nucleotides is the fact that much of copying chemistry is on the same timescale as
substrate degradation.?” For example, the “limiting concentration” of reactant, in which the initial
monomer concentration equally undergoes oligomerization and hydrolysis for 2MelmpG is 1.7
mM at 37 °C, 0.36 mM 1 °C with 50 mM poly-C template (expressed as monomer
equivalents).!3* These concentrations may even be difficult to reach depending on the

geochemical scenario, however, there are a few means for which this issue could have been
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worked around prebiotically. One possibility is that long sequences were not actually necessary
to be copied, that instead shorter oligomers were be synthesized and ligated together to
functional sequences.®®!3 However, ligation chemistry is even worse than primer extension, '3
although it has been successfully used to make functional ribozyme sequences.®® Having the
correct sequences made and associated together to become functional ribozymes is statistically
difficult, and the sequestration for this correct combination of oligomers becomes a problem for
the prebiotic soup. Perhaps this localization issue is a means of early selection, but this is yet to
be experimentally exhibited. Another alternative along this vein is that the genome of early life
could be many overlapping short oligonucleotides. No particular oligomer would contain all the
information, but together, information would be encoded (this is known as the virtual circular
genome aka VCG).!% The plausibility of this hypothesis is currently being experimentally
evaluated.

Another consideration to favor primer reactivity over degradation by hydrolysis is
through better catalysis of primer extension through exclusion of water through directed
reactivity. Being in an aqueous solution makes it hard for a low concentration, weak nucleophile
such as the 3’-OH to react with the reactant, compared to the 55M solvent H>O.!?? The presence
of a template helps in raising the local concentration of the 3'-OH, and Mg?* helps favor
extension over hydrolysis.!!” RNA outcompetes other nucleic acids by increasing
preorganization of the reactant for primer extension on the template,’*!?2 but further activation of
the nucleophile to outcompete water would be another means for improving primer extension
fitness in the prebiotic soup.!?? An alternate means to counteract the issue of the intrinsic rates of
reaction and hydrolysis is to counter hydrolysis of activated nucleotides by continuous

reactivation.®® Sutherland and coworkers have proposed a prebiotically-plausible activating
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agent, methyl isocyanide®¢ as a solution to this issue, and it is compatible with vesicles, primer
extension, and can be used to favor bridged dinucleotide formation. !

Progress towards the RNA world is ongoing, although limited by these aforementioned
difficulties in making the best RNA copying chemistry compatible with vesicles for protocells.
Even with the best RNA copying chemistry, the formation of functional ribozymes capable of
self-replication and Darwinian evolution starting from only nonenzymatic primer extension has
not been exhibited. However, we believe our system of phosphate activation is consistent with
downstream RNA world activities. RNA ligases have also been evolved with 2-aminoimidazole
activated oligomers, showing the compatibility of 2-aminoimidazole with the RNA world as
well.!3? The compatibility of these ribozymes and their reactivity with protocells is important,
because this will allow for some protocells to have increased fitness compared to others and lead
to Darwinian evolution.!3 A major goal in nonenzymatic primer extension is to find ways to
chemically minimize the concentrations of metal ions required for primer extension, which may
ultimately involve an RNA polymerase capable of utilizing 2-aminoimidazole activated
monomers. The focus of this dissertation is to understand the role of divalent metal ions with
RNA chemistry, particularly nonenzymatic RNA primer extension, with this ultimate goal in
mind.

RNA polymerization in biology

Nonenzymatic primer extension and its efficiency remains an issue in the big picture of
transitioning to the RNA world. The formation of a phosphodiester bond requires the reaction
between the 3'-OH of RNA and the phosphate of an activated nucleotide, expelling its leaving
group. The 3’-OH gets deprotonated at some point along its reaction coordinate. Catalysis of

phosphodiester bond formation could involve activating the 3’-OH nucleophile through
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deprotonation or stabilization of the deprotonation product, by stabilizing the leaving group of
the reactant, and by organizing the various reactants for in-line attack. This type of catalysis can
occur enzymatically and nonenzymatically, and by understanding the enzymatic mechanism, we
can learn about the possible forms of chemistry that were harnessed by enzymatic scaffolds in
evolutionary history. RNA polymerases are the proteins evolved to do this chemistry. The
predominant theory of DNA and RNA polymerase catalysis centers on a two-metal ion
mechanism.!4%14! This involves nucleophilic activation of the 3’-OH and charge stabilization of
the pyrophosphate leaving group.!#? Since the leaving group in nonenzymatic primer extension is
differently charged than pyrophosphate, this already informs us that two metal ions may not be
necessary nonenzymatically in our understanding of the pre-RNA world. The amount of metal
ions involved enzymatically is somewhat contested, with some models involving additional
outer- sphere metal ions involved in the mechanism. At its core, however, Mg?" is key in the
phosphodiester bond formation, and is used to orient the 3’-OH for in-line nucleophilic attack of
dNTPs.!* This is key for an Sx2 mechanism, having the nucleophile and leaving group oxygen
at apical positions in a trigonal bipyramidal transition state.!** The Mg?* ions involved in this
catalysis have inner-sphere interactions with carboxylate amino acids side groups.'*> These metal
ions also help stabilize the electronegative transition state, as RNA is not capable of stabilizing
this on its own, due to its moieties primarily being neutral and negatively charge at neutral pH.!'#*
This is an objective benefit of protein catalysis, as a full range of acid and base moieties are
present in enzymes, but ribozymes would be dependent heavily on metal ion co-catalysts and
cofactors. 46147 Ribozymes, being long, negatively-charged oligomers, require metal ions such as
Mg?* in order to overcome intramolecular repulsion and have three-dimensional folds. In the

Group I intron, mutations that eliminate core Mg?" binding eliminates domain structure!®. These
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core metal ion interactions have been proposed to be the RNA counterpart of hydrophobic
core.!*® Additionally, metal ions are key for ribosome structure and function, although not
sufficient for catalysis.!*’ Therefore, understanding the role of metal ions nonenzymatically in
primer extension is key for understanding its mechanism of reactivity and how to improve it.
Metal ion interactions with nucleic acids

In order to understand the roles of metal ions in nonenzymatic RNA primer extension, it
is important to understand the possible modes of metal ion interaction with RNA. At the core of
this is the type of coordination observed with the metal ion.!*® Broadly, metal ion coordination
occurs on a spectrum between inner-sphere and outer-sphere interactions. Inner-sphere
coordination involves the direct contact between the metal ion and a ligand, not mediated by
solvent.!>® The extent of electronic interaction observed between main group cations and their
ligands is less so than in transition metal inorganic complexes, but still has important effects on
the chemical behavior of the coordinated species. Outer-sphere interactions are mediated through
a cation-solvent sphere, and primarily contribute hydrogen bond stabilization or electrostatic
stabilization. Outer-sphere specific reactions can be rescued by exchange-inert complexes and
high concentrations of monovalent ions, as observed with the hammerhead ribozyme.!>!:152
Cobalt hexammine mimics the same network of hydrogen bonds that a fully hydrated

153 albeit with a slight decrease in hydrogen-bonding capacity,'>

magnesium cation can provide,
and if a catalytic mechanism requires inner-sphere catalysis, these exchange inert species can
potently inhibit a reaction.!>*

A more detailed way of categorizing metal ion interactions with substrates along the

inner-sphere/outer-sphere spectrum is through a continuum characterizing an ion as between

diffuse and site-bound as defined by Bowman et al.!>> This is a key consideration in catalysis as
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it determines where a metal ion is in a reaction coordinate, and its transience or continuity in the
mechanism. A fully diffuse ion can be characterized as “free”. A free ion has no ligands, and
diffuses freely in all dimensions, and acts primarily in contributing electrostatic stabilization to
an RNA duplex, but not specifically to structure.!> These thermodynamic contributions are
necessary, but the identity of the metal ion elementally is exchangeable as long as ionic strength
can be maintained. Some diffusive ions can be found localized to general structures in RNA,
with monovalent ions often localizing to the major groove of B-form DNA,!*¢ and divalent ions
observable in the minor groove in DNA.!%%157 Ultimately these interactions are dominated by the
electrostatic field produced by the nucleic acid. The ion atmosphere is affected by the charge
density of the ion, with divalent ions having tighter associations than monovalent ions and are
key in neutralizing the nucleic acid.!*8

A slightly more associated ion would be characterized as “condensed”.!*> These ions can
have up to six RNA ligands, and are usually sodium or potassium ions.!*> Despite their
connectivity to ligands, they are not structurally relevant. “Glassy” ions have up to four RNA
ligands, and are not very diffusive.!>> For Mg?" ions, these would be inner-sphere ligands. A
classic example of this type of ion would be a Mg?" clamped in a 10-membered ring,'!>> and can
have some diffusivity/transience. Chelated ions are the most restricted in motion, and are very
associated with their ligands, such as in a G-quadruplex. These contacts are also held in place to
a specific location through electrostatics.!>® Along the continuum from diffusive to chelated,
there are energetic tradeoffs to be made. It costs energy to dehydrate metal ions, and there is an
entropic deficit, but this is balanced with an electrostatic benefit depending on the ligand.!>
Depending on the balance of these features, an interaction between a metal ion and a ligand will

have varying transience. The ability to study these ions depends on the strength of these ligand
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interactions and their dynamics. It is possible to measure binding (interactions more restricted
than a free ion) using >Mg NMR, EPR, or ITC depending on experimental setup, but all require
strong (sub-millimolar) interactions with a measurable thermodynamic benefit to be
observed.!%%16! Nevertheless, a binding site can still exist with weaker interactions. For this
dissertation, a binding site is defined as having a defined set of contacts, and saturates at integral
stoichiometries, following a mass action law.!>® The binding of metal ions in nonenzymatic RNA
primer extension will be addressed thoroughly in Chapters 2 and 4. With these metal-ligand
interactions defined, we will now discuss more RNA-cation interactions and their possible
effects in nonenzymatic primer extension.

Much of the variety in metal ion interactions with RNA depends on the elemental
properties of the ion.!6? Size and charge density influence the “hardness” and “softness” of a
metal ion. These are on a spectrum with one another, with hard ions being smaller and charge
dense, and soft ions being larger and polarizable in their charge density.!®* Hard ions interact
best with other hard charges, and the same can be said about soft ions. This helps predict which
atoms an ion interacts with most strongly (Mg-O, Cd-S for example). These effects are key to the
studies in Chapter 3. The hardness or softness of an ion dictates where it will interact with
primarily on a nucleic acid. Harder ions prefer the electrostatic localization to phosphate
oxygens, while softer ions will interact and intercalate with nucleobases, disrupting stacking and
helicity of a duplex, preventing stable structures.!#® Cation-pi interactions are favored with softer

ions. !4

During heating and cooling, transition metals such as Cu?" and Zn*" maintain
interactions with the nucleobases, favoring rewinding of DNA duplexes.!® Metals in between

these on the hardness/softness scale, such as Co?*, Ni**, Mn?" only partially unwind/rewind

helices.!% Interestingly, Mn?* acts to much improve duplex stability until it reaches a Mn**(DNA
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base-pair) ratio of 1.5, and beyond this point duplex stability drops, due to interactions with the
nucleobases.!® Harder ions are better at stabilizing ribozyme folds, likely due to preferred
interactions with the phosphodiester backbone.!%® Hardness and softness correlate with the level
of ionic vs. covalent character a metal-ligand interaction has, which additionally correlates with
how mobile vs. fixed said ion is in a structure.

These structural effects aren’t the only properties of metal ions with nucleic acids. Lewis
acidity is another characteristic to consider, and is reflected by the pK. of an inner sphere water
of an ion. The lower the pK,, the more Lewis acidic, and the more metal-hydroxo species present
at a given pH, possibly favoring hydrolysis of RNA oligomers and reactants.'®”-1% However,
metal-hydroxo species are not all equivalently soluble, which poses an issue of metal identity if a
reaction is dependent on hydroxo-species for catalysis. M(OH)* species are more nucleophilic
than water, but less nucleophilic than free hydroxide,” which could possibly be taken advantage
of as a catalyst if the ion has a higher local concentration to the reactants than free hydroxide.
More Lewis acidic ions can stabilize negative charges more readily, and activate nucleophiles
more readily as well. The Lewis acidity likely has an optimum for a given RNA reaction,
between being active enough to aid in catalysis, but not too active that it destroys the RNA and

163 Tn the case of observed RNA reactions, metal ions can activate water

the necessary reactants.
or ribose nucleophilic hydroxyl by withdrawing electrons and facilitating deprotonation through
these Lewis acid effects.!** In addition to these effects, transition metals additionally have the
possibility to donate or accept electrons through redox chemistry, which is key in metabolic
reactions. However, radical reactions that often correspond with single electron redox are

incredibly high energy, and can be destructive to RNA.!# All of these catalytic capacities

described in this section require inner-sphere interactions, and are incredibly dependent on the
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other ligands present in the inner-sphere. Chelation of an ion by certain ligands may have been
integral in certain prebiotic reactions, either through improving local concentration or by
mitigating the side reactivity of hydrolysis for an ion. For example, citrate mitigates RNA
degradation by Mg>".8! However, too many coordination contacts through chelation can prevent
reactivity (such as the case with M**-EDTA), especially if induced intramolecularity through
inner-sphere coordination of reactants is important in a reaction mechanism.!%® This is observed
in phosphodiester formation in enzymes, and is a possibly important feature of catalysis in
prebiotic nonenzymatic RNA primer extension.

Magnesium and RNA are intricately involved with one another in cellular life, and it is
unknown if this has always been the case or is a product of evolutionary pressures after the great
oxygenation event removed oxygen sensitive cations from the ocean.!> It is possible it was
prebiotically important as well, as it is the most abundant non alkali earth metal, at 2% of the
crust.!>> Mg?* is highly soluble at near neutral pH ranges, but also at alkaline pH, which is not the
case for many transition metals.!>> Mg?* exists in aqueous solutions as an octahedral hexa-aqua
species,'® and with biological molecules is primarily found with oxygen and nitrogen ligands,
and never with sulfur ligands.!¢® Water, carboxylates, and alcohols are the preferred inner-sphere
ligands for Mg?*.!”® When undergoing ligand exchange, Mg?" tends to undergo a dissociative,
Sn1-like intermediate, with this 5 membered species only 5-10 kcal higher in energy than its
octahedral configuration.!¢%!7! Mg?* compared to other ions undergoes relatively slow ligand
exchange, as a result of its high enthalpy of hydration.!>>!72 Nevertheless, the on and off rates for
Mg?* inner-sphere contacts is on the order of 108 M-!s"!, which is incredibly fast compared to the
time-scale of the experiments in this thesis.!! In general, Mg?"* binds weakly to proteins, with a

K.< 10° M1, which may in part be related to the relatively high cellular concentrations of 0.5

29



mM.!72173 This may have been the case in prebiotic scenarios as well, as Mg?* would have had a
high oceanic concentration, and therefore not have as much of a selection to bind tightly.
Common analogs for Mg?* include Mn?*, Zn>" due to similar size, hydration, and charge density,
and inert Cr and Co complexes if explicitly trying to mimic the fully-hydrated magnesium
species.!”> 174 In biological systems, Mn?" tends to bind tighter and catalyze faster reactions,'’?
likely due to both the stronger Lewis acidity of Mn?* and its 100-fold faster inner-sphere
exchange rates.!” The benefits of Mn?* in the RNA world will be explored in Chapter 4.
Metal ions and nonenzymatic primer extension

The key issue with metal ions in the RNA world is that in order to have fast enough
primer extension rates compared to hydrolysis, dozens of millimolar of metal ion are required, if
not hundreds of millimolar. Some metal ions induce precipitation of fatty acid components
involved in vesicles due to strong association with carboxylates. High concentrations (>5mM) of
Mg?* induces vesicle leakage.!?® Citrate can stabilize fatty acid vesicles in the presence of Mg,
but there is a catalytic cost to primer extension rates.8! It is unclear if this is due to less free
Mg?*, or if the tridentate-bound Mg?* is less catalytically efficient for nonenzymatic primer
extension. It is additionally possible to offset the leakage of vesicles due to high concentrations
of metal ions by linking an enzymatic/ribozymatic activity to producing more membrane
components, which could be an important early source of fitness and Darwinian evolution. '
Ultimately, in nonenzymatic primer extension, the 3'-OH needs to be deprotonated during the
reaction coordinate. The bridged dinucleotide that is the main reactant for primer extension does
not need leaving group stabilization as NTPs do in polymerization, as the leaving group is a
neutral species. It was recently determined that the deprotonation of primer 3’-OH occurs before

rate-limiting step,’* and it is suspected that the metal ion aids in this deprotonation by lowering
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the pKa of the 3’-OH to 9.1.7* Additional questions about the contacts of the metal ion during
nonenzymatic primer extension motivated research direction in this dissertation. Chapter 2
describes the kinetic and binding studies performed to elucidate the contacts involved between
metal ions and cations in nonenzymatic primer extension.

In Chapter 3, we address the mechanism nonenzymatic primer extension occurs through
and further elucidate the interactions in the reaction center, as determined using 5'-
thiophosphoro-2-aminoimidazolides and metal rescue experiments. Previously, the mechanism
of nonenzymatic primer extension has only been studied through hydrolysis models, and often
phosphoryl transfer mechanisms are very sensitive to the moieties attached to the oxygens. It is
unclear if nonenzymatic primer extension occurs through a concerted, associative, or dissociative
substitution mechanism, and how it compares to the enzymatic Sx2 mechanism of primer
extension.!*+1% Previous computational studies report the hydrolysis of phosphoroimidazolides
follows a loose transition state with extensive scissile bond cleavage , and inversion of
configuration at the phosphate,!’® and our experiments support the hypotheses proposed from
these studies.

Chapter 4 uses the application of the understanding of the mechanism of cation catalysis
in nonenzymatic primer extension to study the prebiotic plausibility of Mn**as a substitute for
Mg?*, and its effects on ligation, mixed sequence primer extension, and fidelity.

In sum, this thesis aims to study weak and transient metal ion-nucleic acid interactions
that are integral for pre-RNA world reactions, with the ultimate goal of informing of possible co-
catalysts and binding scaffolds that can improve nonenzymatic primer extension to allow

progression towards sequence replication and ribozyme synthesis.
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Abstract

Nonenzymatic template-directed RNA primer extension is a crucial component of the
RNA world hypothesis of the origin of life. However, nonenzymatic primer extension is fairly
slow, often within an order of magnitude of hydrolysis of reactants, preventing formation of long
RNA sequences. The presence of cations improves the rate of primer extension, but at the
concentrations for optimal primer extension, is incompatible with encapsulation by protocells. It
is of interest to understand the mechanism of metal ion catalysis in nonenzymatic primer
extension to enable future development of co-catalysts to improve primer extension and
minimize total metal ion concentration. We find through kinetic analysis of primer extension in a
variety of sequence and cation conditions that divalent ions activate the 3’-OH through inner-
sphere contacts. We additionally show a metal bound-hydroxide does not aid substantially in
catalyzing nonenzymatic primer extension. Lastly, we find that the binding of magnesium ions is
improved when the 3'-OH and the reacting phosphate are closer together, suggesting the metal
ion interacts with the phosphate oxygen of the reacting imidazolium-bridged dinucleotide. The
sum of these contacts provides a potential scaffold for prebiotic co-catalysts for nonenzymatic

primer extension.
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Introduction

The RNA world hypothesis, which relies on the dual capacity of RNA as a carrier of
genetic information and as a catalyst, is a strongly supported early stage in the evolution of life.!
However, the evolution of ribozymes must have been preceded by an earlier period during which
functional RNA polymers were assembled chemically, without the aid of enzymatic machinery.
Small RNA oligonucleotides can be made non-specifically in the absence of enzymes,>” but for
information to be copied, such oligonucleotides must act as templates for copying chemistry.
Based on our current understanding, nonenzymatic primer extension with native RNA cannot
extend accurately beyond seven nucleotides on mixed sequence templates.® However, while the
smallest ligase ribozyme has a catalytic core of 18 nucleotides, its full-length scaffold is closer to
40 nucleotides.” A better understanding of the process of nonenzymatic RNA primer extension is
needed to explain how genomic sequences long enough to encode useful ribozymes could have
been replicated prior to the evolution of RNA replicases.

Ribozyme polymerases that utilize nucleotide triphosphates (NTPs) as reactive building
blocks have been evolved in laboratory evolution experiments!® but NTPs are effectively
unreactive in the context of nonenzymatic reactions due to their kinetic stability. Therefore, more
highly activated nucleotide species would have been required for prebiotic reactions; Orgel first

ek

suggested the use of nucleoside-5'-phosphoroimidazolides (*pN, = the imidazole moiety,
“N” is the nucleoside) as reactive monomer species in the late 1960s, ultimately determining 5'-
phosphoro-2-methylimidazolides were an optimal active species.!!'!* Recent studies have
identified 2-aminoimidazole (2Al) as a prebiotically-plausible activation group for

ribonucleotides that improves the rate and yield of nonenzymatic RNA primer extension.®!*

Mechanistic studies of primer extension have demonstrated that 2Al-activated monomers react to
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form a 5'-5" imidazolium-bridged dinucleotide (Np*pN, Scheme 1) which subsequently binds to
the template via two Watson-Crick base-pairs, and reacts with the primer, which
then becomes extended by one nucleotide.!>!¢ The imidazolium-bridged dinucleotide can
form both in solution and on the template, and its formation has been shown to be critical for
efficient primer extension by 2Al-activated monomers.!>~!7 A recent crystallographic study
shows that the imidazolium-bridged dinucleotide is preorganized for primer extension.!® As in
all previous crystallographic studies for nonenzymatic primer extension, magnesium has not
been observed interacting with either the 3'-OH or the adjacent phosphate of the imidazolium
bridged dinucleotide. However, the failure to observe the catalytic metal ion by crystallography
may simply reflect its weak or transient binding to the reaction center, and does not rule out any
specific role for the ion in phosphoryl transfer.!%°

Divalent cations are known to be important co-catalysts for RNA and enzyme-catalyzed
phosphoryl transfer reactions.>® Metal ions have been screened for their catalytic effects in
nonenzymatic RNA polymerization,®!*-22 RNA-activated monomer and oligomer hydrolysis, and
RNA ligation.?* Optimal nonenzymatic RNA primer extension with 5’-phosphoro-2-
methylimidazolides requires a high concentration of magnesium ions.?** However, these
previous studies assumed that the primer reacted directly with an activated monomer, whereas
we now know that the primer reacts with a template-bound imidazolium-bridged dinucleotide.
This new understanding of the mechanism of primer extension requires a re-examination of the
role of divalent cations in catalysis. In principle, metal ions could affect the equilibrium between
activated monomers and the bridged dinucleotide, either by modulating rates of formation of the
bridged dinucleotide or its hydrolysis, or even through differential binding effects of the

activated monomer or bridged dinucleotide to the template (Scheme 1).!%-26 Here we seek to
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eliminate these confounding factors, and to focus our mechanistic studies directly on the reaction
of the primer with the adjacent bridged dinucleotide. We have recently shown that Mg?* ions
promote primer extension (i.e. attack of the primer 3’-OH on the adjacent phosphate of the
bridged dinucleotide) over hydrolysis of the bridged dinucleotide (i.e. attack of water or
hydroxide on the bridged dinucleotide).>!7*” However, the exact mechanism by which Mg?*
specifically catalyzes primer extension remains unknown. While previous works and chemical
logic have long suggested a role for the catalytic metal ion in facilitating the deprotonation of the
primer 3'-OH, 8- our study specifically focuses on the role of cations on the chemical step of
primer extension, i.e. the attack of the primer 3'-OH on the phosphate of the imidazolium-

bridged dinucleotide.

y | B
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Scheme 1. Possible roles of Mg?" in the activated monomer-bridged dinucleotide equilibrium
and on nonenzymatic RNA primer extension. The equilibrium between states A and B is that of
the formation and decay of the bridged dinucleotide from the activated monomer. C and D are
the processes of the activated monomer or bridged dinucleotide binding the primer/template
complex, and E is the state of the extended primer, which only the bridged dinucleotide can

access on the timescales of study.?!
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Scheme 2. Potential modes of metal ion catalysis in nonenzymatic primer extension (1)
Electrostatic stabilization of primer/template duplex (2) Bound-hydroxide deprotonation of 3'-
OH or stabilization of reaction geometry by hydrogen bonding (3) Inner-sphere Lewis acid
interaction of a metal ion with O3’ with facilitation of deprotonation/ nucleophilic activation of
the 3'-OH (4) Dual-coordination of both O3’ and a non-bridging phosphate oxygen optimizing
the distance and angle of attack, or electrophilic activation of the phosphorus. Other catalytic
possibilities not visually depicted could involve outer-sphere catalysis through hydrogen bonds,
or local electrostatic stabilization of negative charge build-up in the transition state.

There are a number of possible mechanisms by which Mg?" and other cations could
potentially catalyze primer extension (Scheme 2). Determining whether inner-sphere or outer-
sphere interactions dominate the role of metal ions as catalysts for primer extension is an
important mechanistic distinction. For example, the waters in the innermost coordination sphere
must exchange to gain an inner-sphere contact with a ligand such as the primer 3'-OH,? while
outer-sphere contacts would not require these dynamics. Inner-sphere interactions of an ion not
only restrict its motion (Scheme 2, interaction 3 and 4), but also can affect the nucleophilicity of
the atoms in contact with the metal ion (Scheme 2, interaction 3). Divalent cations are Lewis

acids, which results in the polarization of water and other acids in their inner-sphere, making
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protons easier to remove from the associated compounds.*? Additionally, more Lewis acidic
metals have more bound-hydroxide present in solution, which could act as a base to deprotonate
the 3'-OH, or stabilize binding of the metal ion through hydrogen bonding to directly facilitate
3’-OH deprotonation (Scheme 2, interactions 2 and 3). However, distinguishing between each of
these interactions is difficult. We expect Lewis acidity and some form of acid/base catalysis to be
important in primer extension, since the deprotonation of the 3’-OH is necessary during
phosphoryl transfer. This could be conferred through an inner-sphere contact. Inner-sphere
coordination of Mg?* with the primer 3’-OH occurs in polymerases,®* and we aim to address if it
also occurs in nonenzymatic primer extension.

Outer-sphere contacts are mediated by metal-coordinated water molecules and rely on
hydrogen bonding and electrostatic interactions. Cations that interact with a ligand solely by
outer-sphere contacts can diffuse readily. Catalysis of primer extension by ionic stabilization of
the duplex conformation via outer sphere contacts (Scheme 2, interaction 1) would not be
expected to exhibit strong metal ion specificity, and any ion with similar or increased charge
density should have similar effects.>*3® Whether the interactions between RNA and Mg?" (or
similar metal ions) are responsible for the cation-dependent rate acceleration is unknown, but the
simplest and least unique way that Mg?* could facilitate nonenzymatic primer extension would
be via stabilizing duplex formation or by stabilizing the binding of the bridged dinucleotide to
the primer/template complex.>?7 Cobalt hexammine has long been used to probe if an
interaction is outer-sphere, due to its exchange-inert nature.*3-*> We utilize cobalt hexammine in
our studies to probe if the benefit of a metal ion catalyst is indeed through direct chelation or

through a second-shell solvent interaction.
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Here we use kinetic studies in different sequence and conformational contexts to explore
the role of the catalytic metal ion in nonenzymatic primer extension. We additionally probe a
number of different cations and pH conditions to ascertain precisely the mode of catalysis. The
rate of primer extension is enhanced by two orders of magnitude at saturating concentrations of
Mg?*. We focused primarily on Mg?* in these studies due to its prevalence in use for primer
extension reactions, and its prebiotic plausibility is invariant to the geochemical conditions
studied as it is soluble across a wide range of pH. However, the high concentrations for divalent
metal ions (tens to hundreds of millimolar) required suggests that the catalytic interactions are
very weak and transient. The exchange-inert cobalt hexammine only enhances the rate of primer
extension by two-fold, suggesting that the majority of the rate acceleration for primer extension
is through inner-sphere contacts. We observed an increase in cation binding affinity for the
reaction center with increased pH, which supports the role of Mg?" in lowering the pK, of the 3'-
OH. Furthermore, compaction of the geometry of the primer extension reaction center by a
downstream “helper” oligonucleotide leads to increased affinity for the metal ion, supporting the
hypothesis of an interaction between the bridged dinucleotide and the metal ion.!” Our results are
consistent with the hypothesis that the catalytic metal ion interacts with both the primer 3'-
hydroxyl and the adjacent reactive phosphate, and aids primer extension through inner-sphere
contact mediated deprotonation of the primer 3'-hydroxyl.

Results and discussion

Effect of cations on the affinity of the reactive bridged dinucleotide Cp*pC for the

primer/template complex

To distinguish between specific metal ion catalysis of primer extension and indirect

effects on the affinity of the reactive bridged dinucleotide Cp*pC for the primer/template
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complex (Scheme 1), we measured the rate of primer extension at different Cp*pC
concentrations under a range of metal ion conditions.

In absence of any added divalent metal cations, primer extension rates saturate at 0.29 +
0.02 hr'!, with a Km for Cp*pC of 7.4 + 1.3 mM (Figure 1.0A). Upon addition of 5 mM Mg?*,
the Km for Cp*pC decreases to 5.0 + 1.7 mM, and the Vmax increases to 3.0 = 0.28 hr'!. Further
increasing the Mg?* concentration to 50 mM decreases the Cp*pC Ky further to 2.1 + 1.7 mM
(Figure 1.0B). This trend continues at 90 mM Mg?*, with the published Cp*pC Kwm as 1.06 +
0.12 mM.3! This increase in binding affinity across Mg?* concentrations is likely due to
neutralizing charges in the primer/template complex, as oligomers have been desalted and the
Cp*pC is synthesized as the triethylamine salt, and there are no free metal ions in the buffer
solution (Tris HCI).

Given the beneficial effect of Mg?" on the Km of Cp*pC in the primer extension reaction,
we asked whether the increase in affinity was due to the increased ionic strength of the solution
or due to the inner-sphere binding capability of Mg?*. We therefore measured the effect of two
additional cations, neither of which are able to be involved in inner-sphere interactions, on the
Kwm of Cp*pC (Figure 1.0C). In the presence of 1M NaCl, the Km for Cp*pC decreased 5-fold
from 7.4 + 1.3 mM (no added Na*) to 1.3 £ 0.6 mM (1M added Na"). Similarly, when 50 mM
cobalt hexammine was added to the primer extension reaction mixture, the Km for Cp*pC
dropped to 1.8 = 0.6 mM. As expected, the affinity of Cp*pC for the primer/template complex is
improved by increasing the ionic strength of the solution, independently of the ability of cation to

engage in inner-sphere interactions with either the primer or the Cp*pC bridged dinucleotide.
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Figure 1.0. Cp*pC binding to primer/template complex is improved in presence of cations (A)
Plot of primer extension rate at different concentrations of Cp*pC in absence of added metal
ions. Line represents the saturation binding curve fit to empirical determinations of k and
effective Km. Error bars indicate + SD (n>3, independent experiments). Cp*pC binding in
presence of 1uM primer, 1.5 uM template, 100 mM Tris HCl pH=8. Vmax= 0.29 + 0.02 hr'!, with
a Ky for Cp*pC of 7.4 = 1.3 mM. (B) Cp*pC primer extension saturation curve, in the presence
of 0, 5, and 50 mM Mg?*. Line represents the saturation binding curve fit to empirical
determinations of k and effective Kym. Error bars indicate = SD (n>3, independent experiments).
Data for 0 mM Mg?* is the same as in part A. At 5 mM Mg?*: Cp*pC Knv= 5.0 + 1.7 mM, and
Vimax= 3.0 £ 0.28 hr'!. At 50 mM Mg?": Cp*pC Ky= 2.1 + 1.7 mM and Viax= 13.55 = 1.82 (C)
Cp*pC primer extension saturation curve in presence of 1M NaCl or 50 mM cobalt hexammine.
With 1M NaCl: Ky= 1.3 £ 0.6 mM, and Viax= 0.37 £ 0.02 hr''. With 50 mM cobalt hexammine

Ky= 1.8 £ 0.6 mM, and Vimax= 0.2 + 0.01 hr.
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Nevertheless, in order to avoid confounding effects on occupancy of the primer/template
complex by the reactive bridged dinucleotide, we therefore used saturating concentrations of
Cp*pC (20 mM) in all subsequent primer extension experiments.

To ensure the benefits of cobalt hexammine were not due to contamination of free Co(III)
ions due to degradation of the complex over time (the solution was observed to form a film and
some precipitate on long time scales), we additionally performed Cp*pC binding curves with
different concentrations of cobalt hexammine with and without EDTA, which would bind any
ions present that are capable of inner-sphere interactions (Figure 1.1, Table 1.1). At low
concentrations of cobalt hexammine, minute amounts of contamination improved the maximum
rates and binding affinity of Cp*pC to the primer/template. This effect diminishes as the
concentration of cobalt hexammine increases, with the rates and binding converging in the 10
mM cobalt hexammine samples with and without EDTA. This effect is expected to hold in
Figure 1.0C, and contaminants of cobalt hexammine in experiments are diminished with fresh
stock solutions and added 100 mM EDTA. Outside of the impurity effect, by 10 mM cobalt
hexammine the binding of Cp*pC to the primer/template is comparable with the results in
Figure 1.0C, showing that the binding affinity plateaus with differing ionic concentrations
between Mg?*, NaCl, and cobalt hexammine, but they all converge upon the same tightest
binding value for Cp*pC and the primer/template of approximately 1 mM, likely corresponding
to full electrostatic stabilization of the primer/template/bridged dinucleotide system. In order to
ensure the effects with Cp*pC and metal ions was not unique to the G/C Watson Crick pair, we
additionally tested the effects of cations on aiding the association of Ap*pA with the

primer/template.
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Figure 1.1. Cp*pC binding to primer/template complex with cobalt hexammine affected by
impurities at low concentrations, but stabilizes in presence of EDTA. Lines represents fit to a
saturation binding curve. Error bars indicate = S.D. (A) Rates of primer extension vs. Cp*pC
concentration in presence of 100 uM cobalt hexammine with and without 100 mM EDTA (B)
Rates of primer extension vs. Cp*pC concentration in presence of 1 mM cobalt hexammine with
and without 100 mM EDTA (C) Rates of primer extension vs. Cp*pC concentration in presence

of 10 mM cobalt hexammine with and without 100 mM EDTA.
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Conditions  Viax (hr!) Ky (mM) Fit (R?)
100 uM Co(NH3)s* | 0.25 = 0.03 0.94 £ 0.7 0.7

100 uM Co(NH3)s** + | 0.33 +£0.02 5512 0.72
EDTA

1 mM Co(NH3)6’" | 0.21 £0.02 1.05 £0.6 0.94

1 mM Co(NH3)s** + | 0.25£0.02 24408 0.98
EDTA

10 mM Co(NH3)s>" | 0.28 £0.01 1.3+04 0.94

10 mM Co(NH3)6>" | 0.27 £0.02 1.6 £0.5 0.93
+EDTA

Table 1.1. Maximum rates and binding affinity of Cp*pC to primer/template complex from
saturation binding curve fit of data in the presence of cobalt hexammine with and without 100
mM EDTA, corresponding to data in Figure 1.1.

Cation-dependent binding effects not observable in Ap*pA in the metal concentrations sampled

We additionally asked if the effect observed on Cp*pC binding affinity with metal ions
was due to its identity, and performed similar experiments with Ap*pA (Figure 1.2). In addition
to being a purine instead of a pyrimidine, which would have different stacking effects, we cannot
rule out that the effects observed in Figure 1.0 are independent of the G/C Watson-Crick base-
pairing process. Ap*pA does not react appreciably in absence of Mg?*, so we were unable to
measure the Kn of Ap*pA for the primer/template in those conditions. We determined that the
binding affinity for Ap*pA and the primer/template complex remains the same between 5 mM
Mg?* and 50 mM Mg?". This could be due to the fact that the benefit of Mg?" has been saturated

by 5 mM for Ap*pA, and because of the lack of reactivity in absence of Mg?" for much of the
y pp
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Ap*pA concentration range, we cannot ascertain the benefit in binding with and without Mg?".
We propose the lack of reactivity with Ap*pA in absence of Mg?* is due to its much weaker
binding with the primer/template complex (which we expect compared to G/C) and not due to
electrostatic differences since the charge satiation of the negatively charged primer/template and
the net-negative Np*pN is the same regardless of nucleobase. Nevertheless, the saturation of
binding between 5 and 50 mM Mg?* with Ap*pA suggests that G/C base pairs are more sensitive
to the presence of ions in the context of Np*pN binding. This is consistent with N7 interactions
that have been observed in crystallo with G,* although not specifically with the bridged
dinucleotide. Nevertheless, these binding effects are controlled for in our following studies by
utilizing saturating concentrations of Ap*pA and Cp*pC that hold across the full concentration
ranges of Mg?*. With binding of the bridged dinucleotide accounted for, we proceeded to study

the effects of metal ions on the bridged dinucleotide and activated monomer equilibrium.

5 mM Mg
—®— 50 mM Mg>*

0 50 100
[Ap*pA] (mM)

Figure 1.2. Ap*pA binding does not change with increasing Mg?* in concentration range
sampled. Plot of primer extension rate at different concentrations of Ap*pA at 5SmM Mg?* and 50
mM Mg?". Error bars indicate = SD (n>3, independent experiments). Line represents fit to a

saturation binding curve equation of Ap*pA in presence of 1uM primer, 1.5 uM UUU template,
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100 (Figure 1.2 continued) mM Tris HCl pH=8. For the 5SmM Mg?>* experiment, Vmax= 0.025 +
0.002 hr!, with a Kv for Ap*pA of 1.05 + 0.55 mM. For the 50 Mg?* mM experiment, Vmax=
0.70 + 0.06 hr!, with a Km for Ap*pA of 1.14 £ 0.65 mM.

Effects of MgZ" on the rates of formation and hydrolysis of Cp*pC

We also studied whether Mg?* could affect the free Cp*pC concentration by influencing
either the formation Cp*pC, or its decay into *pC (Scheme 1). We observed no significant effect
of Mg?* on the rate of formation of Cp*pC from *pC as monitored by *!P NMR (Figure 1.3,
Table 1.2). The reaction of one net negative activated monomer and one net neutral activated
monomer to the net negative bridged dinucleotide is not expected to benefit by metal ion
stabilization, so this is not surprising. At much higher metal ion concentrations, it is possible that
the rate of hydrolysis of *pC increases in competition with forming Cp*pC, decreasing the
overall formation of Cp*pC, but this would not provide any benefit to nonenzymatic primer
extension. In fact, if this was the case, we would anticipate a decrease in rate of primer extension
at high metal ion concentrations, but the opposite is observed. Therefore, the effect on bridged
dinucleotide formation is negligible to the observed rate enhancement of Mg?" to primer
extension.

0.050 —
- 50 mM Mg?"

0.048 - - 0mM Mg?*

1/[*pC] (mM1)
e o
[—] [—]
= =
T 7
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0.040 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

time (hr)

Figure 1.3. Bridged dinucleotide formation does not increase in presence of Mg?*. Analysis of

*pC signal decay by 3'P NMR to form Cp*pC at pH=8, 25 mM initial *pC, with and without
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(Figure 1.3 continued) MgCl. The reaction is done in 100% H20O with a DO insert. The second
order rate plot is shown, and fit to a linear regression as expected by a second order reaction for
the formation of Cp*pC from *pC. Refer to Table 1.2 for values of k. Error bars indicate + SD
(n>3, independent experiments).

0 mM Mg** 50 mM Mg**

k (hr''mM') | 0.0026 + 0.00073 0.0025 + 0.00077

Table 1.2. Cp*pC formation under different Mg?* conditions (from 1/[*pC] vs. time, slope=2k)
In contrast to bridged dinucleotide formation, increasing concentrations of Mg?* linearly
increases the rate of hydrolysis of Cp*pC (Figure 1.4A). There is slight deviation from linearity
due to pyrophosphate formation in addition to hydrolysis. The observed effects of Mg?* on
hydrolysis are expected and have been studied with phosphoroimidazolides extensively, but not
in the context of the bridged dinucleotide that is relevant for the observed rates of nonenzymatic
primer extension.* The hydrolysis of Cp*pC is slower than primer extension across the range of
Mg?* sampled, but the half-lives of extension and hydrolysis begin to converge at high
concentrations of Mg?" (Figure 1.4B). To avoid the issue of Cp*pC hydrolysis in the extension
of multiple nucleotides, we adjusted the time points taken for kinetics across Mg?*
concentrations to better suit the first-order linear regime for rates, and avoid significant
hydrolysis of Cp*pC (Table A.2, Appendix A). Nevertheless, the role of metal ions in
hydrolyzing the reactants for primer extension would not explain the observed benefits of Mg?*

in primer extension.
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Figure 1.4. Dimer hydrolysis increases linearly with increasing Mg?* concentration and
approaches the half-life of primer extension at high Mg?* concentrations (A) kobs of Cp*pC
hydrolysis fit to a line (R?>=0.98). kobs determined monitoring diminishment of peak at -12.94
ppm in 3'P NMR (Cp*pC), with an internal standard of OP(OMe)3 at pH=8, 10% D»O and
various Mg?" conditions. Bars shown are SD + (n=3 independent experiments). Quantification of
hydrolysis by first-order kinetic plot of intensity of peak integration normalized to total peak
integration intensity. NMR peak assignments at 0 mM Mg?*: +3.03 ppm, +0.49 ppm (CMP), -
2.97 ppm (phosphodiester linkages), -11.37 ppm (*pC), -12.94 ppm (Cp*pC). (B) Half-lives of
hydrolysis and primer extension as a function of Mg?" concentration and fit to a first order
nonlinear decay curve using GraphPad Prism.

Saturable binding of Mg?" to the reaction center observed at high concentrations

To assess the affinity of Mg?* for the reaction center, we measured the rate of primer
extension at saturating Cp*pC on a GGG template, as a function of Mg?* concentration (Figure
2A). We find that Mg?* binds weakly, but saturably, with a Km of 181 + 13 mM (Figure 2B).
The Vmax= 74 £ 2 hr'!, which is ~300 times faster than in absence of added divalent cations (k=
0.21 +0.004 hr!). We also observe the binding of Mg?" in the Ap*pA primer extension system is

comparable, if not slightly better (Figure 2.1A, Ky for Mg?*is 117 + 17 mM with saturating
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Ap*pA), although the maximum rate of extension is much lower when extending with Ap*pA
than with Cp*pC (Vmax=1.02 + 0.06 hr!). Surprisingly, changing the identity of the last
nucleotide of the primer from G to A has a large effect on the Ky of Mg?* for primer extension,
which increases 4-fold from 181 + 13 mM to 725 + 122 mM (Figure 2.1B). This is likely due to
the difference in stability between G/C and A/U base pairing, and increased fraying of the end of
the primer with the weaker A/U base pair, especially at lower concentrations of added metal
ions. All subsequent experiments were performed using the G-terminated primer to improve the
affinity of the primer/template complex for Mg?".

We additionally studied Mg?* binding in the Gp*pG extension system (Figure 2.1C), as
we were interested in if the N7 interaction with G could potentially recruit metal ions to the
reaction center, or acts as an additional binding site stabilizing the interaction of Gp*pG with the
primer/template. Due to the inability to fit the binding curve to a higher hill slope, it is unlikely
that if there is an additional metal ion binding at the N7 that it is catalytically relevant. Oddly,
while Gp*pG confers a similar maximum rate in primer extension to Cp*pC, Mg?" binds in the
Gp*pG system much less tightly. We suspect this is due in part to the vast amount of
precipitation observed in the reactions above 100 mM Mg**. Gp*pG is much more limited in
solubility than other Np*pN, which is not surprising due to the ability of G to form higher order
complexes, especially with metal ions.*® We suspect this increase in Ky for Mg?* is due to Mg?*-
Gp*pG complexes being removed from solution, and due to the vast excess of Gp*pG to
primer/template we still have a saturating amount interacting with the primer/template (20 mM
compared to 1uM) but not an accurate representation of Mg?* concentration. Therefore, the
saturation observed is likely at a lower Mg?" concentration, due to the in-situ precipitation of

Mg?* decreasing the effective concentration. When using MgSOs, the issue of solubility with
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Gp*pG is mitigated, but the rate data is within error of the MgCl at low concentrations of Mg?".
Due to the lower absolute solubility of MgSOs in water compared to MgClo, a sufficiently
concentrated stock solution to enable a full binding curve at high Mg?* is not accessible and the
binding curve cannot be performed. We cannot fully ascertain the binding of Mg?" accurately in
this system due to these experimental constraints. Precipitation between Gp*pG and Mg?" may
be an important consideration for prebiotic chemistry, although it is unlikely that the
concentrations in which this effect occurs would be reached on the early Earth. Nevertheless,

regardless of Np*pN, Mg?* vastly increases primer extension rates and saturably binds to the
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Figure 2. Metal ion dependence for the rate of primer extension at saturating Cp*pC
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concentration (A) Rate of primer extension as a function of Mg?* concentration, at constant 20
mM Cp*pC and pH 8. Line represents fit to a saturation binding curve for Mg?* binding to
primer/template complex. The Vimax= 74 £ 2 hr'! and Ky = 181 + 13 mM. Error bars indicate +
(Figure 2 continued) SD (n>3, independent experiments). (B) Rate of primer extension vs.
concentration of cobalt hexammine at pH 8, without any superimposed linear or nonlinear
equations. (C) Rate of primer extension as a function of NaCl concentration at pH 8. Line
represents fit to a saturation binding curve for Na* binding to primer/template complex. Error

bars indicate + SD (n>3, independent experiments). Vimax= 0.42 £ 0.02 hr'!, K= 38 + 10 mM.
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Figure 2.1. Primer extension in other sequence contexts is also sensitive to Mg?* (A) Primer

extension on UUU template, using 27.5 mM Ap*pA dimer. Line represents fit to a saturation
binding curve for Mg?" binding to primer/template complex. Error bars indicate = SD (n>3,
independent experiments). Vimax = 1.02 + 0.06 hr! and Ky= 117 &+ 17 mM. (B) Primer and

template as shown in Table I in Materials and Methods, the only sequence difference being the
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last nucleobase of the primer, and the corresponding nucleotide on the complement template.
Line represents fit to a saturation binding curve for Mg?* binding to primer/template complex.
Error bars indicate +£ SD (n>3, independent experiments). G-end primer is a reproduction of the
(Figure 2.1 continued) curve from Figure 2A, A-end primer has Vimax= 121 £ 15 hr'! and Kv=
725 + 122 mM. (C) Primer extension on CCC template using 20 mM Gp*pG. Line represents fit
to saturation binding curve for Mg?* binding to primer/template complex. Error bars indicate +
SD (n=6, independent experiments). Vimax = 86.4 + 9.6 hr'! and Ky= 600.4 + 137 mM. Large
amounts of white precipitate were observed above 100 mM Mg?*,

With it established that Mg?" confers a large increase in the rate of primer extension and
saturably binds the primer/template in a variety of sequence contexts, we now aim to disentangle
the effects of inner-sphere coordination from outer-sphere or ionic strength effects through
studying additional metal ions and complexes.

Tonic strength and outer-sphere effects do not account for divalent metal ion catalysis of primer

extension

As noted in Chapter 1, cobalt hexammine is incapable of making inner-sphere contacts
because its six ammonia ligands are not exchangeable on the timescale of our experiments. This
metal-ligand complex is therefore commonly used to distinguish between inner- and outer-sphere
interactions in catalysis. Here we used cobalt hexammine in an effort to distinguish between
nucleophilic activation of the 3'-OH or electrophilic activation of the reactive phosphate by
direct inner-sphere contacts, and indirect interactions through secondary or outer-sphere
coordination, as well as general effects on ionic strength. NaCl functions similarly for our
determinations, as Na" ions are strongly hydrated, and the inner shell of bound waters is less

likely less to exchange and allow for direct inner-sphere interactions with either the 3'-OH or the
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reactive phosphate. In addition, Na* is much less Lewis acidic.*® We therefore measured the rate
of primer extension in the presence of saturating Cp*pC, as a function of NaCl or cobalt
hexammine. For both NaCl (Figure 2.2A) and cobalt hexammine (Figure 2.2B), we find a
maximum increase in reaction rate of only ~2 fold compared to the background rate, as opposed
to the 300-fold increase in rate conferred by saturating concentrations of Mg?*. The simplest
interpretation of these observations is that Mg?*-catalysis is mediated by inner-sphere contacts
with the primer and/or reacting bridged dinucleotide; however, we will discuss alternative
possibilities as well. The small rate increase observed with outer-sphere cations is likely due to
electrostatic stabilization of the primer/template complex.

While ionic strength of the solution is unlikely to be the sole determinant of primer
extension rate in light of our cobalt hexammine or NaCl results, we performed an additional
experiment to explicitly address this concern (Figure 2.2A). The ionic strength of the reaction
mixture was controlled by adding NaCl while varying the Mg?*. While the maximum reaction
rate was not statistically significantly affected, the Km for Mg?* increased from 181 + 13 mM to
386 = 57 mM (Figure 2.2A). This increase in Ky is likely due to competition for the reaction
center between the catalytic Mg?* and the fully hydrated sodium, which would be incapable of
aiding in deprotonation or stabilization of deprotonated 3'-OH. We verified that a vast excess of
sodium (1M) can interfere with primer extension conferred by Mg?* (Figure 2.2C)— both the
Vmax and binding affinity for Mg?" decreased. The increase in observed Ku for Mg?" in the
presence of 1M NaCl agrees with our hypothesis that an inner-sphere Lewis acid is necessary for
primer extension to occur, and Na* can compete for that site. The decrease in Vimax may be due to

a conformational effect on the duplex, with the 1M NaCl leading to a conformation of the RNA

77



less conducive for primer extension*’. Smaller amounts of NaCl added to primer extension did
not have a substantial effect (100 mM, not shown).

Since cobalt hexammine was observed to stabilize binding of the bridged dinucleotide to
the template as well as Mg?" at fairly low concentrations, we decided we could circumvent
possible structural effects in studying ion competition by using small amounts of cobalt
hexammine in primer extension in addition to Mg?*. Cobalt hexammine is more charge dense
than Mg?*, and is expected to interact more strongly through electrostatics. Primer extension the
presence of 100 uM cobalt hexammine increased the K for Mg?" to 368 = 57 mM (Figure
2.2B), without significantly changing Vmax, which directly suggests competitive inhibition. Using
this data, we are able to calculate the extent of inhibition of primer extension by the presence of
cobalt hexammine using Lineweaver-Burk analysis (Figure 2.3, Table 3). The calculated K; of
96 uM is close to the concentration we chose to sample, and cobalt hexammine proves to be a
potent inhibitor of Mg?*-catalyzed primer extension. These observations support that both Na*
and cobalt hexammine can occupy the same site as the catalytic Mg?* ion, but that neither Na*
nor cobalt hexamine have a significant catalytic effect when present in the reaction center. The
inability of these ions to support catalysis of primer extension strongly supports the hypothesis of
primer extension being catalyzed through inner-sphere interactions with a cation. Therefore, the
role of these inner-sphere interactions was further probed to determine if the catalysis is through
deprotonation of the 3'-OH through a bound hydroxide or solvent, stabilization of the negatively

charged and deprotonated 3'-O, or another mechanism.
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Figure 2.2. Outer-sphere ions compete with Mg?* in primer extension (A) Primer extension
conditions are the same as in Figure 2A, except in the constant ionic strength curve, [=1200 is
maintained by a combination of MgCl, and NaCl. Lines represent fit to a saturation binding
curve equation for Mg?* binding to primer/template complex. Error bars indicate + SD (n>3,
independent experiments). The Mg?* curve from Figure 2.0A is reproduced here. Constant ionic
strength: Vimax= 102.5 = 9 hr'!, K= 368 + 57 mM (B) Mg?* curve reproduced from Figure 2A.
Mg?* + cobalt hexammine experiments are the same except with addition of 100 uM
Co(NH3)6Cl3 in all samples. Line represents fit to saturation binding curve for Mg?* binding to

primer/template complex. Error bars indicate + SD (n>3, independent experiments). In (Figure
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2.2 cont.) presence of cobalt hexammine, Vimax= 78.5 £ 7 hr'!, Kn= 368 + 57 mM. (C) The Mg**
curve from Figure 2.0A is reproduced here for comparison. Mg?* + 1M NaCl experiments are the
same except with addition of 1M NaCl in all samples. Line represents fit to saturation binding
curve for Mg?" binding to primer/template complex. Error bars indicate = SD (n>3, independent

experiments). Vmax= 57.5 + 6.6 hr'!, Ky= 252 + 93 mM.

L5 5 == 100 uM Co(NH,) > +Mg2*
- Mg2+
1.0
=
o
0.5 -
0.0 L] L] L] L] L |
0.0 0.1 02 03 04 05

1/ [Mg*']

Figure 2.3. Lineweaver-Burk plot supports competitive inhibition of Mg?*-catalyzed primer
extension by cobalt hexammine. Data from Figure 2.2B is reanalyzed as a double reciprocal plot.
Error was propagated by the following equation:  8(1/z) = v/(6z/2)2  The K calculated
assuming competitive inhibition is 96 pM (Ki= Km[1]/ (Kwm, apparent-Km), where Ky is the Ky of

the uninhibited reaction).

Condition  Slope Intercept
Mg®* | 2.02 +0.06 0.038 +0.01
Mg?*+ 100 uM Co(NH3)s*" | 3.03 £0.08 0.02 +0.01

Table 3. Lineweaver-Burk linear regression data used to calculate K; (Fits for Figure 2.3).
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The catalytic effects of Mg?*, Mn?" and Ca?* correlate with their Lewis acidity

If an interaction between the catalytic metal ion and the 3'-OH of the primer is important
for primer extension, we would expect the rate of primer extension to be sensitive to the Lewis
acidity of the metal ion. The Lewis acidities of Mn?*, Mg?" and Ca®" are reflected in the pK, of
their bound water, which are 10.6 , 11.42 and 12.7 respectively (Table 4).*¢ Thus direct
coordination of these ions with the primer 3’-OH could facilitate its deprotonation, leading to a
catalytic effect that correlates with the metal ion Lewis acidity. Lewis acid trends would also
hold if the 3'-OH is deprotonated before the rate-limiting step,*® as it correlates with the ability of
an ion to stabilize charge. Due to the decreasing pK. of bound waters, a more Lewis acidic cation
would also have more bound-hydroxide at a given pH. Similarly, inner-sphere coordination with
one of the non-bridging oxygens of the reactive phosphate of the Cp*pC bridged dinucleotide
should withdraw electron density from the phosphate oxygen leading to electrophilic activation
of the phosphorus, again correlating with the metal ion Lewis acidity. Distinguishing between
these subtle, but different causes for Lewis acid trends is difficult, but first requires that a Lewis
acid trend is observed. Thus, we repeated our measurements of the rate of primer extension as a
function of the concentration of Mn?* and Ca?" (Figure 3). The maximum rates measured for
three metal species (Table 4) correlate with their Lewis acidity (Mn?" > Mg?* > Ca?*), while
their binding affinities show no apparent trend (Mn?" >> Ca?* > Mg?"). The Lewis acidity trend
also holds in a comparison with the catalytic efficiency (Vmax / Kwm), with Mn?" having by far the
highest catalytic efficiency and Ca?" the lowest (Table 4). These trends are also not exclusive to
Cp*pC, and extend to Ap*pA (Figure 3.1). These observations support the hypothesis that the
catalytic metal ion interacts directly with either the primer 3’-OH and/or one of the non-bridging

oxygen atoms of the adjacent reactive phosphate.
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In order to address if the reaction proceeds due to a bound-hydroxide interaction, we
would expect the differing rates of Vimax to correspond to the relative amount of bound-hydroxide
found for each ion in the reaction conditions. This can be complicated by size and coordination
differences inherent to these ions, but this method has been previously successful for other
nonenzymatic RNA reactions.*” At pH=7.5, there is 6-fold more Mn(OH)* than Mg(OH)*,
however we observe only a 2-fold difference in maximum rate. Considering binding affinities,
Mn?* is 24.5 times better at catalyzing primer extension than Mg?* in these conditions.
Additionally, we would expect Mg?* to perform 19 times better than Ca?* if primer extension
catalysis is due to bound-hydroxide, yet we observe a ~4-fold difference in their maximum rates
and 2-fold difference in catalytic efficiencies. The inability to correspond the difference in rates
does not conclusively rule out the possibility of bound-hydroxide catalysis, but it also does not

support this hypothesis, and instead suggests inner-sphere coordination with the 3’-OH is the

cause.
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Figure 3. Maximum rate of primer extension with different metal ions correlate with Lewis
acidity. Line represents fit to saturation binding curve for M?* binding to primer/template

complex. Error bars indicate = SD (n>3, independent experiments). Due to the insolubility of

82



(Figure 3 continued) Mn(OH): species which are generated at higher pH, and increased
oxidation at high concentrations, binding curves for this assay were are all performed at pH=7.5

in an anoxic environment. See Table 4 for Vmax and Ky values.

Metal ion  Viax (hr!) Ky (mM) Catalytic First pK, of
Efficiency [M(H>0),]*
(M's™)
Ca’" | 8+0.5 217 +£29 1.0x 10* 12.7
Mg>t | 31+2 417 + 54 2.0 x10* 11.42
Mn?* | 64+£2.8 36 £6.5 4.9x103 10.6

Table 4. Kinetic values of primer extension of Cp*pC on GGG template at pH 7.5 at saturating
concentrations of Ca?*, Mg?" and Mn?" corresponding saturation binding curve fits from Figure

3.

Ap*pA Ca?*

. Ap*pA Mg2+
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Figure 3.1. Maximum rate of primer extension trends with Lewis acidity with Ap*pA system.
Rates of primer extension with Ap*pA and varying concentrations of Mg?* and Ca?". Line
represents fit to saturation binding curve for Mg?* binding to primer/template complex. Error
bars indicate + SD (n>3, independent experiments). Primer extension was performed on a UUU
template with Ap*pA at pH=8 with Ca** and Mg?*. Mn?" was not studied because the hydrolysis

of the bridged dinucleotide with Mn?" is on the same timescale as primer extension with Ap*pA.
g p pp
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The Mg?* curve is reproduced from Figure 2.1A. With Ca?", Viax=0.74 £ 1.1 hr'!, K= 257 +
499 mM.

Primer extension rates with other highly Lewis acidic transition metals depends on the balance

between extension and hydrolysis of Np*pN and duplex stability

Increasing Lewis acidity does not increase primer extension rates universally. The
simplest reason for this is that there are two competing reactions in our system of nonenzymatic
primer extension: extension, which is desired, and hydrolysis of the reactants, which is not.
Metal hydroxo-species are known to increase hydrolysis of RNA, so this is not surprising these
effects would extend to the bridged dinucleotide.’!->> We initially found Co** a promising cation
candidate, as at 20 mM it outperforms Mg>* (Table 4.1). Co?" is ten times more acidic than
Mn?*, yet has a maximum observed primer extension rate almost 5x slower than Mg?" at
saturating amounts of metal ion (Figure 3.2, Figure 2A). At higher concentrations of Co?",
clearly hydrolysis outperforms extension, leading to this lower maximum rate. This is not the
sole contributor to why Co?" performs poorly (see Chapter 4), and is also likely due to increased
interaction with the nucleobases and destabilization of the primer/template complex at higher
Co?" concentrations.>® The observed primer extension rate would likely begin to decrease at high
enough Co?* concentrations if hydrolysis of Cp*pC is the cause of low Vmax, but due to solubility
issues of Co?*, we were unable to verify this. Ni?* performs poorly as well (Table 4.1), and this
is independent of Np*pN composition. We tested our hypothesis of increased Np*pN hydrolysis
with Co?*, and this proves to be true (Figure 3.3). Co*" hydrolyzes Cp*pC 3.6 times faster than
Mg?* in the same conditions. This is likely not the only effect that causes the lower maximum
rates of Co?" and Ni?" compared to Mg?*— comparative hardness and softness of the ions leads

to different association with the phosphates of the backbone versus the nucleobases, and can
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cause different structural conformations for duplexes.’”>® Co?" and Ni** are very prone to
interacting with nucleobases compared to Mg?", and at higher concentrations could increase
duplex fraying and other conformational changes unfavorable for primer extension.

We additionally studied Eu**, another highly Lewis acidic ion, which we would expect to
perhaps similarly hydrolyze Np*pN. However, Eu*" was primarily more active than Mg?* in the
pH ranges sampled, although there was an odd pH dependence to this, with Mg?* outperforming
Eu’* at pH=7, and Eu*" performing better at pH=6 and 8 (Table 4.2). Eu*" Lewis acidity is
incredibly sensitive to first and second coordination shells, and it is possible during this pH range
it is interacting either with *pN impurities or Np*pN in addition to the primer/template which
could explain these results. Nevertheless, Eu** is very low in abundance in the crust, and is
unlikely to be relevant prebiotically. The increase in rate was not enough to sustain longer
extension, which would have been a reason to warrant further study, therefore we abandoned

Eu’* based primer extension.
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Figure 3.2. Dependence of Cp*pC primer extension on Co(II)Cl,. Primer extension performed
under standard conditions and fit to a saturation binding curve (R?=0.98) Error bars indicate +

SD (n>3, independent experiments). Vmax= 18.5 £ 1 hr'"» Ky= 16.6 + 3 mM.
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Bridged dinucleotide  kyg/kcom kng/kni

Cp*pC | 0.63 5.75
Ap*pA | 5.5 12.7
Table 4.1. Relative primer extension rates of 20 mM Mg?*: 20 mM M?" in both Cp*pC and

Ap*pA extension (9 timepoints)
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Figure 3.3. Cp*pC hydrolyzes faster in the presence of Co?" than Mg?*. Hydrolysis of Cp*pC
was measured using analytical HPLC as described in the methods in the presence of 10 mM
Co(II)Clz, MgClz and in absence of added metal ions .The rate of hydrolysis was determined
monitoring diminishment of the peak that corresponds with Cp*pC elution at 17 minutes.
Quantification of hydrolysis by first-order kinetic plot of intensity of peak integration normalized
to total peak integration intensity, and depicted relative to initial concentration of solution
determined by Azso measured by NanoDrop. The rates of hydrolysis are as follows: kco is 0.3790

+0.036 hr!, with a t<°1,=1.83 hrs. The kg is 0.104 + 0.02 hr'!, with a t™#,,=6.64 hrs.
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pH 6 pH7 pH 8

kew/kug | 2.58 0.50 4.9
Table 4.2. 5 mM Europium chloride primer extension rates relative to Mg?" in the same
conditions across pH 6-8

Different cations may have different requirements for catalysis in primer extension

The cations sampled, in addition to different Lewis acidities, also have different sizes and
charge densities, all of which are interrelated. However, the reactive center for primer extension
has a particular geometry and defined optimal distances between the 3'-OH and the reactive
phosphate of Np*pN bound to the template. Mn?* is slightly larger than Mg?*, with more flexible
coordination geometry, yet it binds more tightly to the primer/template complex. Calcium is
larger than both Mn?* and Mg?* but binds intermediately to the two. In attempting to measure the
inhibition of calcium catalyzed primer extension in presence of cobalt hexammine (Figure 3.4),
it is evident that cobalt hexammine inhibition is more complicated than simple competitive
inhibition in this system. The Vmax in presence of cobalt hexammine nearly doubles, instead of
decreasing or remaining the same. However, the Ku also increases for Ca®* substantially,
supporting the two ions competing for the same site. While this is not within the scope of this
chapter, these differences in catalytic requirements depending on the metal ion are important to

consider in selection of metal catalysts on the early earth.
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Figure 3.4. Cobalt hexammine and calcium catalyzed primer extension. Primer extension was
performed with calcium chloride at pH=8, with and without 100 uM Co(NH3)s**. Lines represent
the fits to a saturation binding curve for calcium binding the primer/template complex. Error bars
indicate + SD (n>3, independent experiments). The red curve, corresponding to calcium in the
presence of cobalt hexammine: Vinax=29 + 1.9 hr!, Ky= 178 + 26.4 mM. The black curve
depicts primer extension in the presence of only calcium chloride, Vimax= 15.6 £ 1.8 hr'!, K= 52
+15.2 mM.

Miscellaneous attempts in metal chelation and probing of the inner-sphere contacts in primer

extension

All of the metal ions sampled thus far have had their entire coordination spheres either
available (all waters) or blocked for use (cobalt hexammine, as well as any ion in complex with
EDTA). A future goal of this work is to understand the coordination geometry required for metal
catalysis of primer extension in order to search for prebiotically plausible chelators or co-
catalysts to localize metal ions in favorable conformations for primer extension, increase
compatibility with protocells and prevent hydrolysis of Np*pN. Magnesium citrate has been

explored previously,> and has been found to improve Mg?" compatibility with protocells, but it
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also decreases the rate of Mg?*-catalysis of primer extension. It is unclear if this is due to steric
effects of the Mg-citrate complex with the primer/template, if the Mg-citrate geometry is not the
favored geometry for the metal ion to interact with the primer 3’-OH and phosphate oxygen of
Np*pN, or an electronic effect of the citrate bound to the Mg?" making Mg?* less Lewis acidic.
One way to look into these coordination requirements is through probing primer extension
systematically with metal complexes with different exchangeable sites open in their first
solvation shell.*® This requires a fair amount of inorganic synthesis due to lack of commercial
availability, but we were able to synthesize Co(NH3)sOH>** (Figure B.1, Appendix B) and

probe its ability to catalyze primer extension.
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Figure 3.5. Effect of Co(NH3)sOH?* on Cp*pC primer extension. Co(NH3)sOH?" was made from

Co(NH3)sCl1?" using established literature protocols and verified by spectroscopy (See Appendix
B). Due to limited solubility, this was the concentration range that was able to be sampled for
primer extension. Lines represent the fits to a saturation binding curve(R?>=0.37) for the metal
complex the primer/template. Error bars indicate + SD (n>3, independent experiments). Vmax=

0.17 £0.01 hr'!, Ky=0.0017 £ 0.001 mM.
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We observed this complex has no benefit to primer extension across the ranges with
which it is soluble in water (Figure 3.5). The ion itself should be sufficiently Lewis acidic to
improve primer extension if it was able to form the correct coordination contacts. Therefore, one
open coordination site is likely not sufficient for metal ion catalysis of primer extension. The
inner-sphere water of the cobalto- species should be deprotonated at pH=8 (pK.=6.2), and
despite a possible bound-hydroxide, without inner-sphere coordination this is not sufficient for
primer extension catalysis.® This species is also known to effect DNA conformation at low
concentrations, through tight binding to the DNA, which may also account for the observed lack
of benefit.! Looking into complexes with 2 open coordination sites in cis- and trans- positions
would be of interest for future study (Scheme 3), but is beyond the scope of this dissertation.
Examining similar tridentate complexes to Mg-citrate would also be of interest, but unfortunately
Mg?* affinity for different complexes is limited in scope. Therefore, transition metal complexes
would be of interest for future study, perhaps with Mn?* due to its improved catalysis of primer

extension and facile complex formation.
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Scheme 3. Alternate inner-sphere geometries possible for Mg?* with 3’-OH of primer, reacting

bridged dinucleotide, and possible bound-hydroxide
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Due to the weak binding affinity of Mg?* for the primer/template compared to enzymatic
systems of polymerization, one can imagine a selective benefit for protocells that synthesize or
sequester compounds that can selectively localize Mg?* for primer extension. One possible
means for this would be the reversible complexation of the 2'- or 3’-OH with an aldehyde that
has possible ligands for a metal ion (Scheme 4). The idea is similar to SHAPE chemistry but
instead of acylation, hemiacetals are formed, and the process would be reversible.®? The
equilibrium between hemiacetal and free aldehyde as opposed to the hydrate is a substantial

barrier to the formation of these complexes, and is also very pH dependent, however.

NH,
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Ho\)\éo ,'o OH
MQZM
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0
Scheme 4. Proposed transient hemiacetal formation with RNA as a possible Mg?" chelator

We chose to look into glycolaldehyde and glyceraldehyde and measure if there was any
benefit to their presence with low concentrations of metal ions. These aldehydes are also
important in reactivation chemistry, so their compatibility with primer extension is additionally
relevant to establish. What we found is that there is no benefit in the catalysis of primer
extension with the presence of these aldehydes, even in concentrations that should favor the
formation of the hemiacetals (Table 4.3 and 4.4). This was independent of Mg?* concentration,
although these complexes would mainly be of interest if they improved rates at low
concentrations of Mg?*. This is not incredibly surprising given the poor affinity of Mg?" for

alcohols, or the issues of ion geometry that may arise with a covalently linked chelator. The lack
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of selectivity for the 2'- vs. 3'-hydroxyl would also prove to be an issue for this form of

localization, and would possibly harm the regioselectivity of primer extension if the reversible

covalent chelators were successful. Although this attempt at in sifu metal ion localization failed,

this form of increasing local concentration of metal ions at the reaction center for primer

extension was likely an early focus of evolution in ribozyme polymerases. Optimistically for the

compatibility with reactivation chemistry, the presence of these aldehydes also does not

substantially harm primer extension.

Relative concentration of Relative rate of reaction (kg

glycolaldehyde to primer

Mk

10x
100x
1000x

10,000x

Table 4.3. Comparison of rates of varying concentrations of glycolaldehyde with 5 mM Mg?* in

0.81

0.78

0.76

0.71

primer extension with Mg?* alone.

Relative concentration of Relative rate of reaction (kg

glyceraldehyde to primer

Me/knig)

10x
100x
1000x

10,000x

Table 4.4. Comparison of rates of varying concentrations of glyceraldehyde with 5 mM Mg?* in

primer extension with Mg?* alone. Rates shown are relative to the same conditions (5mM Mg?")

0.79

0.77

0.77

0.66
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(Table 4.4 cont.) in absence of the aldehyde. Experiments were performed to ensure that
preincubation of the aldehyde with the primer/template had no effect (not shown).

Solvent effects on metal ion interactions

It has been previously shown in ribozymes that the presence of ethanol can improve
structural stability and A-form helix formation, as well as improve electrostatic interactions by
lowering the dielectric constant of the solution.®® In the case of nonenzymatic primer extension,
since there is no specific structural core, however, the addition of ethanol does not enhance
primer extension, and instead mildly decreases the maximum rate (Figure 3.6) . Additionally,
with the amount of ethanol used (10%), it was not sufficient to increase Mg?" association. It is
possible with these weak binding affinities a substantial change in dielectric constant would be
required to specifically increase the local concentration of Mg?* at the positions relevant for
primer extension.

801 —- 10% EtOH

- HZO
60 -

40 4

k(hr!)

20 -

200 300 400
Mg (mM)
Figure 3.6. Mg?* binding unaffected in alternate solvent composition- 10% EtOH. The H,O

0 100

curve is reproduced from Figure 2A, and the 10% EtOH curve is at pH=8 with 10% v/v ethanol
in the final volume of the reaction. Lines depict the fit of the data to a saturation binding curve

for Mg?" binding to the primer/template complex. Error bars indicate + SD (n>3,
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(Figure 3.6 continued) independent experiments). For the 10% EtOH curve, Vimax= 57.5 £ 5.1
hr! and Ky = 178.0 + 34.8 mM.

Apparent pK, measured through kinetics supports the stabilization of the negatively charged 3'-

OH being key for catalysis of primer extension

The pH dependence of primer extension can illuminate mechanistic information
regarding rate-limiting deprotonations for the reaction, and can also depict if the metal ion
catalyst plays a role in the deprotonation of the 3’-OH. Regardless of its position on the reaction
coordinate, the 3'-OH needs to lose a proton at some point during the reaction. It has been
established that this deprotonation is not rate-limiting, and the following data supports this
hypothesis.?® Primer extension rates increase with increasing pH, and fit to a sigmoidal curve
representing the deprotonation of the 3'-OH (Figure 3.7).We observed that with increasing
concentrations of Mg?*, apparent pKa decreased. This effect supports a number of our proposed
hypotheses regarding primer extension, which would be dependent on occupancy of Mg?" at the
reaction site. This effect of decreasing pKa in presence of increasing Mg?* concentration holds in
presence of free cobalt hexammine as well, although the initial pKa is much lower with the
nonspecific ionic stabilization (Figure 3.8).

The pK. of the 3'-OH is sensitive to the Lewis acidity of the cation present (Figure 3.9),
with the pK, trending Ca** > Mg?" > Mn?*, with Mn?" substantially decreasing the pKa to 7.5
from 9.32 in absence of metal ions. While the fact that the slope is near one in the pH
dependence of log(k) supports the proton inventory of one deprotonation step occurring en route
to the transition state (Figure 3.10),* there are notable limitations to measuring pKa utilizing this
kinetically rooted method. Rates above pH 9.5 are not reliable due to the deprotonation of G and

destabilization of the primer/template duplex that results from this. Unless much of the pH curve
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plateaus before this pH, it can be difficult to reliably determine the pKa, which is the case for
measuring the pK, at 0 mM Mg?* (literature values suggest the pK, of the 3'-OH is 12.6).2® This
clear discrepancy in pKa determination led us to examine other means of looking into the pH

dependent effects of metal ion catalysis in primer extension.

200
= 0mM
150 - X
& 50 mM Mg?"
& I <& 200 mM Mg**
<= 100-
=<
50 -
0
5 6 7 8 9 10

pH

Figure 3.7. Mg?*concentration affects apparent pK, in primer extension system. The rate of
primer extension was measured across different pH using MES (5.5-7), Tris (7-9), CHES (9.5-
10) as described in Appendix B. Rates were measured across the above pH range and fit to an
allosteric sigmoidal curve, the logEC50 corresponding to predicted pKa of the rate limiting
deprotonation. For 0 mM Mg?" this value corresponds to 9.32 + 0.3, the pKa for 50 mM Mg?

=8.8 +0.07, and for 200 mM Mg?" = 8.5 + 0.03. Error bars indicate + SD (n>3, independent

experiments).
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Figure 3.8. Effect of pH on primer extension at constant Mg?* with 100 uM Co(NH3)s**. Rates
were measured across the above pH range (using buffers as described in Appendix B) and fit to
an allosteric sigmoidal curve, the logEC50 corresponding to predicted pKa of the rate limiting
deprotonation. The predicted pKa for 0OmM Mg?* in presence of cobalt hexammine is 8.3 + 0.04,
and in the presence of 200 mM Mg?" is 8.17 + 0.09. (B) is the closeup of the 0 mM pH curve.

Error bars indicate + SD (n>3, independent experiments).

150 -
== 10 mm Mn?*
125 4
= 200 mM CaZ"
100 4
e — 200 mM Mg**
S 751
<
50 -
25 -
0 " L] L] L
5 6 7 8 9 10

pH

Figure 3.9. Apparent pK. of primer extension decreases with increasingly Lewis acidic cations.
The rate of primer extension was measure across different pH using buffers as described in
Appendix B. Rates above 9.5 are not included due to extensive off-template extension and

known dissociation of the helix due to G deprotonation above this pH. Primer

96



(Figure 3.9 continued) extension rates were measured across the above pH range and fit to an
allosteric sigmoidal curve, the logEC50 corresponding to predicted pKa of the rate limiting
deprotonation. The Mg>" curve is reproduced from Figure 3.6. The Mn?* concentration was
chosen to minimize precipitation across the pH range. The apparent pK. in the presence of 10
mM Mn?"= 7.5 £+ 0.13, and in the presence of 200 mM Ca?* pK, = 8.8+ 0.04. Error bars indicate
+ SD (n>3, independent experiments).

2.5

2.0 1

1.5 1

logy(K)

1.0 1

0.5 1

0-0 L] L] L] 1
7.0 7.5 8.0 8.5 9.0

pH

Figure 3.10. pH dependence of log(kobs), 200 mM Mg?*. Analysis of log(k) vs. pH from Fig 3.7.
The data is fit to a line with a slope of 0.76 £0.03 and R?>=0.988. Reactions were performed at
room temperature using 0 mM Mg?* and Tris buffer. Error bars indicate = SD (n>3, independent
experiments).

Solvent isotope effects in primer extension

Solvent isotope effects inform on rate limiting steps of reactions, and have been studied
in detail in a recent publication from our group for nonenzymatic primer extension.?® The
following experiments were performed independently from this publication. Our results agree
with the published conclusions, and support the hypothesis that the deprotonation of the 3'-OH is
not the rate-limiting step for primer extension. For example, the apparent pK. differences

between the pD and pH experiments (Figure 3.7 and Figure 4) can be accounted for simply by
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the change in the solvent acidity between H>O and D>O. This hypothesis is further supported by
the comparison in rates in the linear-regime of the pL curve. At pL=8, the rate difference of
primer extension in H>,O and D,O is not significant (2.9 without Mg?*, 1.3 in presence of Mg?"*,
Figure 4.1).°*%° Due to the lack of deprotonation in the transition state, we cannot use the

solvent kinetic isotope effect to assess the presence or absence of a catalytically relevant metal

hydroxo-species.®¢

150 1 - OmMMg2+ 10 1
== MgZ* 8-
100 4
o o 6
i b
£ =)
< = 4
50 4
2 -
v
0+ 0-
6 8 10 6 8 10
pD pD

Figure 4. pD of primer extension with and without 200 mM Mg?*. Primer extension reactions
were performed in entirely D>O solutions, with deuterated buffers, and anhydrous magnesium
chloride dissolved in D>0O, and pH adjusted using DCI and NaOD. (B) Inset of the 0 mM MgCl,
curve. The apparent pK, in absence of Mg?" was pD=10.3 + 0.11, and in presence of 200 mM

Mg?* =9.04 £ 0.08. Error bars indicate + SD (n>3, independent experiments).
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Figure 4.1. Solvent kinetic isotope effect in primer extension with and without 200 mM Mg**
across different D>O: H20 ratios (A)The kinetic isotope effect over different % of D,0O in
absence of Mg?*. kf20/kP20= 2 9+ (.2 (B) The kinetic isotope effect over different % of D,O in
presence of 200 mM Mg?" kH20y,/kP2Oy;, = 1.38 +0.18. Error bars indicate + SD (n>3,
independent experiments).

Mg2* binds the reaction center more tightly as pH increases

As we attempted further experimentation across different pH ranges with different
cations, it arose that Mg?* may not be saturably bound to the primer/template across the pH
ranges sampled for the pKa curves. Therefore, we decided to measure the binding affinity of
Mg?* at pH=6, 7.5, 8, and 9 to address this concern (Figure 5). We found this Mg?* is not
equivalently associated with the primer/template across this pH range, adding another layer of
difficulty to the pK, curves, as there is no constant concentration of Mg?* that would be
saturating across the full pH range measured (pH=6 would require >1M Mg?*, which would
result in too much degradation and too fast of rates at higher pH). This would result in an
underestimation of rates at lower pH in our constant Mg?" pK, measurements, which in worst
case the pKa determination of the metal-bound 3’-OH would also be underestimated. This
necessitates for us subsequent measurement of the pKa through non-kinetic means, although this

will not be addressed in this thesis.
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We asked if we could explain if this increase in Mg?* binding affinity with the
primer/template. There are two notable differences across the pH range. First is the substantial
change in Vmax— this is not surprising, as deprotonation is required for primer extension to
occur, and the rate of primer extension is proportional to the amount of free hydroxide
concentration. At a given pH the concentration of hydroxide is much larger than the amount of
primer/template, and is ignored in our pseudo-first order approximation. The uncoordinated 3'-
OH has a pKa. of approximately 12— assuming no metal ion interaction we would expect a
negligible change in charge density and therefore no change in binding affinity. There would
also be negligible amounts of magnesium-hydroxide species in the pH range we examined (up to
pH 9.5), which has a pK, of 11.42 (Table 4). However, a Mg?* ion directly coordinated with the
primer 3’-OH could potentially lower the pKa of the 3’-OH substantially (Figures 3.7, 3.8, 3.9).28
Our results show that that Mg?* binds more tightly at higher pH: at pH=9, the Km for Mg?* is 107
mM, while at pH=6, it is 940 mM (Figure 5, Table 5). As Mg?"interacts with the 3’-OH, if it
lowers the pK. of the 3'-OH, we would expect in the pH range sampled that there would be a
greater amount of negative charge build-up as pH increases. If the catalytic metal interacts
directly with the 3'-OH, the electrostatic interaction of the +2 charge of the metal ion with the
partial negative charge on the 3’-OH should become stronger as the 3’-OH becomes increasingly
negatively charged. Given our previous results with the maximum rate contributions of
differently Lewis acidic metals (Figure 3), we believe these results are not consistent with
increase in metal bound hydroxide and instead are consistent with expectations for a transient
inner-sphere coordination with the 3'-OH. Taken together with the failure of cobalt hexamine to
exhibit any catalytic effect beyond that attributable to ionic strength, the effect of pH on binding

of the catalytic metal ion supports a model in which the catalytic metal ion stabilizes the
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deprotonated 3'-OH through a direct inner-sphere interaction throughout the reaction coordinate,
with Mg?" interacting more strongly with the deprotonated 3’-OH. However, we first wanted to

ensure there weren’t other notable deprotonations that could be occurring in the primer extension

reaction across the pH range sampled.

100 1 1.5+
80 4 - pH=z
H=

~ 60 P _ Lo+
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[Mg?] (mM) [Mg**] (mM)

Figure 5. Mg?" binding affinity improves with increasing pH. Primer extension performed under
different buffer conditions: pH 9, 100mM CHES; pH 8 and 7.5, 100 mM Tris-Cl; pH 6, 100 mM
MES. pH 7.5 and 8 curves are reproduced from plots in Figure 2A and 3. Lines depict the fit of
the data to a saturation binding curve for Mg?* binding to the primer/template complex. Error
bars indicate £ SD (n>3, independent experiments). (B) pH=6 at a scale where the curvature is

visible (0-2.5M MgCl).

pH Vinax (]’ll"_]) Ku (mM)
6 1.1+0.18 940 + 284

75 131£2 417 £ 54
81 74+2 181 +13
91 116.7+8.4 107 +21

Table 5. Mg?" binding and rate parameters at different pH for primer extension of saturating

Cp*pC on GGG template (Figure 5).
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pH effects are not due to deprotonation of Cp*pC

To ensure that the previous pH curves and increase in metal binding affinity are not due
to another deprotonation event outside of the 3’-OH, we examined the other acidic protons
present in the primer extension reaction. The only other proton that may be relevant in affecting
the reaction is that of the exocyclic amine of the imidazole in Cp*pC, where the negative charge
can be stabilized through symmetric hydrogen bonding. We determined the pK. of this by
measuring the *'P NMR signal of Cp*pC across a wide range of pD (Figure 5.1). The
phosphates are very acidic and deprotonated in the pH ranges sampled,®”-%® so any change to the
phosphorus signal (which would be affected by any change in electron density in the imidazole),
can be correlated to the deprotonation of the exocyclic amine. While we observed this
deprotonation occurring, it did not occur until above pH*=11.8 or pD=12.2,%7° outside of any
pH range sampled experimentally for primer extension. The deprotonated amine would not exist
appreciably in solution in our experiments. It has not been measured if this is affected by the
presence of metal ions, or through association with the primer/template complex, however. Mg?*
has fairly weak association with nitrogen without significant structural organization and we have
not observed any association of Mg?" with the bridged dinucleotide by NMR at pH ranges
relevant for primer extension. Another possibility to rule out is that the observed lower binding
affinity of Mg?" at lower pH could be due to other effects on the rate of primer extension, such as

increased hydrolysis of Cp*pC at lower pH.
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Figure 5.1. pD titration of Cp*pC studied by *'P NMR shows a high pD deprotonation (A)
Scheme of possible deprotonations visible through *'P NMR that would be of interest to primer
extension. Blue protons represent the proton being removed in the subsequent deprotonation
step. (B) In pure D0, Cp*pC was adjusted from high pD to low pD using DCI and the *'P NMR
measured, no buffers present. pD is calculated from pH*+ 0.4, with pH* being the pH meter
measurement of the sample in pure D>O. Spectra shown is zoomed into relevant region for
phosphorus in the bridged dinucleotide. External P(OMe); standard was utilized to normalize the

measurements.
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Observed pH effects independent of Cp*pC hydrolysis

Another consideration for interpreting the increase in rate and Mg?* binding with
increasing pH is to ensure that Cp*pC is not being stabilized substantially from hydrolysis in the
sampled ranges, or increasingly hydrolyzed. We find that while Cp*pC is increasingly
hydrolyzed at low and high pH, with greatest stability in neutral to mildly alkaline pH (Figure
5.2), this difference in rate is too small to account for the previously observed effects in Figure
5. The half-life of Cp*pC is substantially longer than the experimental times sampled regardless
of the pH (Table 5.1), and therefore has no effect on the previously discussed results, although

the kinetics of hydrolysis are measured in absence of added Mg?".

0.07 -

® ®
0.04 -
0.03 1 1 1 1 1
5 6 7 8 9 10
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Figure 5.2. pH dependence of hydrolysis of Cp*pC. Hydrolysis of Cp*pC was measured using
analytical HPLC as described in the methods. The rate of hydrolysis was determined monitoring

diminishment of the peak that corresponds with Cp*pC elution at 17 minutes. Error (Figure 5.2
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continued) bars shown are + SD (n=3). Quantification of hydrolysis by first-order kinetic plot of

intensity of peak integration normalized to total peak integration intensity.

pH Cp*pC half-life (hr.)

5.37+0.15 | 13.5+0.86

6.71 £0.13 | 16.6 £0.34

7.93+0.13 | 15.9 £0.28

9.54+0.02 | 11.5+0.77

Table 5.1. Half-life of Cp*pC at different pH as measured by analytical HPLC (Figure 5.2).

Mg2" binds the reaction center more tightly when 3’-OH-phosphate distance is decreased

An additional potentially catalytic role for Mg?* involves coordination with one of the
non-bridging oxygens of the reactive phosphate of the imidazolium-bridged dinucleotide. Thus,
the catalytic metal ion could potentially interact simultaneously with both the 3’-OH and a
phosphate oxygen (Scheme 2). Such a dual interaction could bring the two reactive groups closer
together, and/or could serve to correctly orient the 3’-OH for in-line attack on the phosphate. In
previous crystallographic studies, we have found that the presence of a downstream helper
oligonucleotide diminishes the distance between the 3'-OH and the phosphorus of the adjacent
phosphate of the imidazolium-bridged dinucleotide.!® We hypothesized that if the catalytic metal
ion does indeed interact with both the primer 3’-OH and the adjacent phosphate, the diminished
3’-OH to P distance might facilitate binding of the catalytic metal ion. We therefore measured the
Kwm for Mg?* in a primer extension reaction in which the reactive Cp*pC bridged dinucleotide
was sandwiched between the primer and a downstream helper oligonucleotide (Figure 6A). We
find that the Ky for Mg?* decreased from 366 + 33 mM in the absence of the downstream

oligonucleotide to 195 + 14 mM in the presence of the downstream oligonucleotide (Figure 6B).
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This is consistent with the hypothesis that Mg?" interacts with the 3’-OH and the phosphate
oxygen of the bridged dinucleotide— however it does not give us information on if this
interaction with the bridged dinucleotide is inner-sphere or outer-sphere in nature. Given the
previous results with the cobalt pentaamine hydroxide, it is likely this interaction is also inner-
sphere (Figure 3.5). The presence of the downstream oligonucleotide does not appear to affect
the maximum rate of primer extension, although this is difficult to fully verify due to difficulty
measuring high Mg?* concentrations in the helper system due to the concentration of
oligonucleotides used and their subsequent solubility. Thus, a decreased 3'-OH to P distance
facilitates binding of the catalytic Mg?", but does not appear to affect the geometry of the
reaction center in a catalytically significant manner for this particular system. This is surprising,
as we would anticipate that the presence of a downstream helper should improve the overall
conformation of the RNA helix enough to increase the overall rate of primer extension compared
to the freely rotating template sans helper.* However, the short length of helper sampled (6mer)

is likely too transient/flexible in its binding to substantially order the template in the RNA-only

system.
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Figure 6. Presence of a downstream helper oligonucleotide increases Mg?* binding affinity.

Primer extension reactions were performed using the same primer, but a longer template was
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(Figure 6 cont.) used to accommodate the downstream helper oligonucleotide (see Table A.1 in
Appendix A for oligonucleotide sequences). Primer extension reactions were performed with 2
uM primer, 5 uM template, 20 mM Cp*pC, and when present, 10 pM helper oligomer. 100 pM
CoHex was used to stabilize primer and helper binding to the template. (A) Schematic of
primer/template/Cp*pC complexes with and without helper oligonucleotide. The primer and
helper oligonucleotides flank the Cp*pC which binds in a two-nucleotide gap (B )The lines
shown are fits of Mg?" binding to the primer/template complex from a saturation binding curve.
Error bars indicate = SD (n>3, independent experiments). In the absence of the helper, Vimax=98
+ 5.4 hr'! and Knm=366 + 33 mM. In the presence of the helper, Vimax is 99+ 3.4 hr!, and Km=195
+ 14 mM.

Additional conformational effects on Mg?" binding

Reactivity in primer extension is a function of the conformation of the duplex, in addition
to the intrinsic reactivity of the 3'-OH as a result of said conformation. RNA and A-form helices
are ideal for primer extension catalysis in terms of geometry of the 3'-OH relative to the reacting
phosphate.?® Locked nucleic acids are trapped in A-form conformation. We found LNA, when
present in the template beyond the primer, produced comparable maximum rates with saturating
Mg?* to RNA, but exhibited much tighter metal ion binding, likely due to this conformational
trapping (Figure 6.1, Table 6). If the full primer and template were constructed of LNA we
likely would have observed a rate enhancement in addition to this increase in Mg?* binding
affinity. We were also interested in the effects of helical conformation combined with the
difference in reactivity when the 2'-OH is absent. We utilized an RNA primer and template, but
the last base of the primer was a deoxyribonucleotide (“DNA-ended RNA”). When DNA is the

reactant in an otherwise A-form helix (DNA-ended RNA), we found metal binding matched that
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of RNA-only complexes, which suggests there is not a detriment to losing the 2’-OH for metal
interactions, verifying its lack of involvement in Mg?" binding as necessary for primer extension.
We tested the converse, with a DNA primer and template, with the last base of the primer a
ribonucleotide (“RNA ended DNA”). With the reacting 3'-OH of the RNA in an otherwise B-
form helix, Mg?* binding is worse, and overall reactivity is worse. The conformation of the helix
is important in ordering the primer/template in an optimal geometry for primer extension,

especially in the case of Mg?" binding. In A-form like complexes, Mg?" binds better, and rates
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501 -=- RNA-ended DNA I
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are improved.

Figure 6.1. Mg?* binding is sensitive to conformation of nucleotide duplex (A) Mg?* binding
experiments with the same sequence, but using an LNA template construct (with LNA template
in the nucleobases beyond the primer/template binding), all RNA construct with one DNA at the
end of the primer (“DNA ended RNA”) , all DNA construct with one RNA at the end of the
primer (“RNA-ended DNA”) (see Table A.1 in Appendix A). Lines depict the fit of the data to
a saturation binding curve for Mg?* binding to the primer/template complex. Error bars indicate
+ SD (n>3, independent experiments). (B) Inset of DNA-ended RNA and RNA-ended DNA

constructs (k= 0-6 hr'!).
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Construct  Viax (hr!) Ky (mM)

LNA | 62.97 +2.56 91.79 £ 10.85
DNA-ended RNA | 6.02 +1.16 179.5£71.95
RNA-ended DNA | 2.41 +0.61 268.2 £ 122.7

Table 6. Saturation binding curve fit for Figure 6.1

Helper oligomer improves binding and rate in LNA-containing systems

While not a pure LNA construct, the “LNA helper system” contains a longer stretch of
LNA in the template (all the nucleobases past the end of the primer), overlapping not just the
area of extension but also the helper binding region. The sequence composition is otherwise the
same as in Figure 6. The primer and helper in this system are still made of RNA, but the helper
should interact more strongly with this template.”!’* In contrast to what is observed in Figure 6,
adding a downstream helper does increase the maximum rate of primer extension with LNA in
addition to aiding in Mg?" binding (Figure 6.2). In the case of the rigid LNA template, the
presence of a downstream helper is less transient and more ordered, which is likely why the rate
benefit is observable.”!”* Additionally, the decrease in Ky of Mg?" observed in this system
further supports the interaction between Mg?" and the oxygen of the reacting phosphate of

Np*pN.
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Figure 6.2. Presence of downstream helper in an LNA system aids in Mg?* binding and rate. The
same oligomer system as in Figure 6A was utilized for primer extension but instead was entirely
constructed of LNA. Lines depict the fit of the data to a saturation binding curve for Mg?*
binding to the primer/template complex. Error bars indicate + SD (n>3, independent
experiments). In absence of helper, Vimax= 82.5 + 11.9 hr'!, K= 336.8 + 79.8 mM. In presence of
helper, Vimax= 138.8 £ 12.1 hr'!', Ky= 197 + 33.5 mM.
Conclusions

We have measured the effects of a series of metal ions on the kinetics of nonenzymatic
template-directed RNA primer extension reactions, under different pH and ionic conditions, and
in the presence and absence of a downstream RNA helper oligonucleotide. Our observations
support a model in which the catalytic metal ion interacts with both the primer 3’-OH and one of
the non-bridging oxygens of the adjacent phosphate of the reactive imidazolium-bridged
dinucleotide (Figures 3, 5, 6, 6.2). In contrast, nonspecific ionic effects confer at most a two-fold
rate enhancement attributable to outer-sphere contacts (Figure 2C), and no interactions with the
2'-OH are necessary for primer extension (Figure 6.1A).

The correlation between the Lewis acidity of the catalytic metal ion is consistent with an

inner-sphere interaction with either the primer 3’-OH or the reactive phosphate, or both. The pKa,
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of the inner-sphere waters are each about one pH unit apart with Mn?* <Mg?*< Ca**. While
naively would lead us to expect rate differences of about 10-fold different between each, which
is greater than the Vmax differences observed, since the deprotonation step is not rate-limiting for
nonenzymatic primer extension (Figure 4.1),? these will not correlate in such a straightforward
manner. Additionally, a bound-hydroxide is unlikely to play a major role in the catalysis of
primer extension based on the relative rates expected from expected [M?*(OH),] at pH=7.5
(Figure 3) and the observed solvent kinetic isotopic effects (Figure 4.1). While this may not
account for the majority of observed catalysis, due to the overall disorder of the reaction center
and weak affinity for metal ions, multiple modes of catalysis may contribute to the observed
rates.

Another aspect of evidence for an inner-sphere interaction of the catalytic metal ion with
the 3’-OH is our observation that increasing pH leads to a decreased Km for Mg?" in the primer
extension reaction. Our rationale for this observation is as follows: The pK, of the Mg?*
coordinated inner shell water molecules is 12.3,°° which is 5.4 pH units lower than the pK, of
unbound bulk water. Corrected for the statistical effect due to the fact that six waters are bound,
Mg?* coordination lowers the pK, of a bound water by 4.8 pH units. If Mg?* coordination to the
primer 3'-OH had the same effect, the pK, should decrease from ~ 12.3 to roughly 7.5 when
Mg?* is bound. This would require a stable interaction throughout the reaction coordinate, so it is
likely this effect is more modest, and Mg?*-3'-OH is predicted to have the pKa of 9.1.28 Even a
more modest effect should lead to substantial deprotonation when Mg?" is bound, and the
resulting partial negative charge on O-3' should therefore lead to stronger Mg?" binding to the
reaction center because of the favorable electrostatic interaction with the positive charge on the

metal ion. Our observation of a lower Ky for Mg?* at higher pH is consistent with this
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expectation, and provides support for a direct interaction of the catalytic Mg?" ion with the
primer 3'-OH. However, the final proton acceptor in primer extension remains undefined, and
could be bulk water, one of the non-bridging oxygens of the adjacent reactive phosphate, or even
an ionized water bound to the Mg?* ion itself; in addition, the 3’-OH proton could be transferred
stepwise via the 2'-OH to a different final acceptor.

The observation of an improvement in Mg?* binding affinity in the presence of a
downstream helper additionally strongly supports an interaction with the reacting bridged
dinucleotide and the metal ion (Figures 6, 6.2). With the simultaneous interaction with the 3'-
OH, a clear prebiotic reactive site is present, and one can imagine how prebiotic catalytic
cofactors could aid in supporting this reaction geometry.

Despite the major mechanistic differences between nonenzymatic and enzyme-catalyzed
primer extension, i.e. reaction of the primer with an imidazolium-bridged dinucleotide vs.
reaction with a monomeric nucleoside triphosphate, our experiments suggest a common
mechanistic role for the catalytic metal ion resulting from interactions with both the primer 3'-
OH and the adjacent reactive phosphate. We know the existing interactions within modern
polymerases often use aspartate for the orientation of Mg?" in their active sites.” The synergy
between small molecules and RNA catalysis would provide a means for early selective pressure
in the prebiotic soup. Additionally, the relatively low intrinsic affinity of Mg?* for the
primer/template is beneficial to an extent, as too high of an affinity and these interactions would
be difficult for processive primer extension, would possibly favor RNA hydrolysis over
extension, and could lead to insoluble RNA aggregates.?”’® The extremely weak binding of the
catalytic metal ion to the reaction center makes it difficult to detect and define the relevant

interactions by physical methods. However, it may be possible to monitor the deprotonation of
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the primer 3'-OH in the presence of Mg** by NMR methods, and to define catalytically relevant
interactions with the reactive phosphate by classical phosphorothioate/thiophilic metal rescue
experiments.”’

In the context of the prebiotic RNA world, the weak binding of the catalytic metal ion to
the reaction center is a major difficulty. The need for high concentrations of divalent cations in
order to achieve reasonable rates of RNA template copying creates many problems, including the
hydrolysis of activated nucleotides, the degradation of RNA, and the destruction of fatty acid
vesicles.? The use of citrate as a Mg?" chelator mitigates these issues, but the availability of high
concentrations of citrate does not seem to be prebiotically plausible. One potential solution to
this conundrum would be the identification of a simple small molecule, oligonucleotide or
peptide that could chelate Mg?* bring it to the reaction center much as larger ribozymes and

protein enzymes do,>”

enabling efficient primer extension at much lower metal ion

concentrations. Any protocells containing RNAs capable of catalyzing the synthesis of such

molecules would have had a strong selective advantage in low Mg?" environments. Indeed, the

ability to bind and make use of divalent cations may have been one of the strongest selective

pressures acting on primordial protocells during the origin of life.
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Further elucidation of the mechanism of nonenzymatic primer extension through

phosphorothioate substitution and metal rescue
Pazienza, L; Fang, Z; Zheng, W; Kim, LJ; Tam, CP; Kim, C; and JW Szostak.
[LTP wrote the text, synthesized materials, and performed experiments; ZF, WZ, and LJK did
crystallographic studies, CPT developed the synthesis route, CK did computational studies, and
experimental planning was shared with LP, JWS, CPT, and ZF. This manuscript will be
submitted in an extended form for peer review and open-access publication]
Abstract

Nonenzymatic primer extension is believed to be an important step in progressing from
RNA monomers to RNA oligomers of functional lengths in the RNA world hypothesis.
However, the rates of nonenzymatic primer extension are often competitive with hydrolysis of
reactants, and when maximally catalyzed by metal ions, incompatible with vesicles.
Understanding the role of metal ions in primer extension remains a hurdle in the optimization of
primer extension, although it has been previously established that inner-sphere contacts with
metal ions are integral for catalysis. Here we utilize sulfur substitutions in 2-
aminophosphoroimidazolides to better probe metal ion contacts during primer extension, and to
probe the stereochemical requirements of metal ion catalysis. We further verify the interaction
with the reacting bridged dinucleotide and the catalyzing metal ion. We find evidence that primer
extension proceeds through a stereospecific pathway, with only one phosphorothioate reactant
being reactive in the presence of oxophilic cations suggesting a particular catalytic geometry is
required for metal ion mediated inner-sphere catalysis. The opposite diastereomer is active in the
presence of thiophilic cations, which further supports this hypothesis. The constraints ascertained

through these studies further aid our understanding of catalysis and mechanism in nonenzymatic
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primer extension, and enable future development of chelators or co-catalysts to better enhance

primer extension rates.
Introduction

On the early earth, a milieu of chemicals and elements would have been available to seed
life. However, which elements and compounds and precisely how they would be combined to
create life is unknown. One of the major theories for how life began, the RNA world,
hypothesizes that life began with RNA acting as an informational and catalytic polymer.! An
important consideration in this hypothesis is that RNA, a polyanionic species, would be
intimately associated with cations.? Before RNA was able to replicate itself, RNA would need to
have been assembled and propagated nonenzymatically through native chemical reactions, and
metal ions are integral in catalyzing these reactions nonenzymatically.>* Nonenzymatic primer
extension is the mechanism for templated RNA polymerization off of a short primer oligomer.®
We believe this would have proceeded using RNA activated with a different leaving group than
pyrophosphate, instead with an imidazolium species in which the monomers form bridged
dinucleotides, increasing fidelity and rates for this nonenzymatic reaction.>’

The use of the bridged dinucleotide and its affects with metal ions have been previously
studied, establishing the extent of catalysis (Chapter 2), that Mg?" affects the partitioning of
hydrolysis vs. extension for the bridged dinucleotide,® and that the catalytic metal ion associates
through an inner-sphere contact with the 3'-OH. What is known thus far is only a fraction of the
overall mechanistic picture, however, and while there is experimental evidence of an interaction
of the catalytic cation with the reacting bridged dinucleotide (Chapter 2, Figure 6, 6.2), it is
unclear if this is through an inner-sphere or outer-sphere contact. Understanding the inner-sphere

vs. outer-sphere contacts of the catalytic cation helps narrow down chelation possibilities for

127



ribozymes and co-catalysts that may enhance reactivity of primer extension and diminish
undesirable side effects of membrane leakiness and hydrolysis of the reacting bridged
dinucleotide and subsequent oligomers. In order to determine the exact interactions with the
bridged dinucleotide, we chemically modified the bridged dinucleotide to probe which contacts
are necessary and if there are inner-sphere contacts.

The chemical probing in focus for this chapter has been thoroughly utilized in the field of
biochemistry, and involves substituting an oxygen for a sulfur in the phosphorus of an RNA
compound.’ Our study is unique in doing this substitution in RNA phosphoroimidazolides
instead of native triphosphates, monophosphates or phosphodiester linkages. Due to different
elemental properties of polarizability and charge density, oxygen and sulfur interact
preferentially with other atoms with matching hardness/softness. Oxygen is charge dense and
hard, and interacts most strongly with other small, charge dense atoms, while sulfur with its d
orbitals is more polarizable and diffuse, and able to interact with higher order transition metals
more strongly.!%!? In order for this atomic substitution to be informative, it needs to be involved
near the chemical step of interest, but not perturb the reaction coordinate substantially.® The
same ground to transition state pathway must be maintained.!® We hypothesize the catalytic
metal ion for primer extension has an inner-sphere interaction with only one of the reacting
phosphate oxygens, stabilizing the geometry for the reaction, and stabilizing charge buildup on
the phosphate.

The addition of the sulfur to the phosphorus makes the phosphorus chiral, and we are
interested in the steric requirements for primer extension, if there are any, and if the phosphate
stereochemistry is inverted or retained upon attack with the 3’-OH. Traditionally, phosphoester

transfer is considered to go through either a dissociative (proceeding through a metaphosphate
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intermediate) transition state, or associative mechanism (proceeding through a phosphorane
intermediate), or a concerted Sn2 like mechanism (Sn2(P)) and phosphoesters are incredibly
sensitive to electronic conditions of their substituents in terms of which mechanism proceeds. !
Racemization of products is predicted with a purely dissociative, Sx1-like mechanism.!® Sx2-like
reactions at a phosphorus center occur much like Sn2 reactions at a carbon center, with inversion
of configuration observed.!'? Previous computational and experimental studies of the hydrolysis
of the phosphoroimidazolide monomer suggest that hydrolysis occurs with extensive P-N bond
breaking in the transition state, but not to the extent of metaphosphate formation, and is therefore
Sn2-like, ! but this has not been verified experimentally for nonenzymatic primer extension. The
difference of the nucleophile as the 3'-OH and the leaving group being not just the imidazole
group, but a phosphoroimidazolide, may affect the mechanistic progression in nonenzymatic
primer extension compared to the hydrolysis computational system. The recent determination
that the 3'-OH is deprotonated before the rate-limiting step of primer extension must also be
considered— a less dissociative transition state is predicted with increasing basicity of the
nucleophile through Hammond effects.!® The mechanism of phosphoester exchange has been
heavily studied and debated, and further elucidation and validation of this in our system is
important for fully understanding the reactivity of nonenzymatic primer extension.!”

We propose that only one of the phosphate prochiral oxygens is important for catalysis,
and by substituting oxygen with sulfur, a loss of catalysis will be observed with this stereoisomer
with an oxophilic metal ion, and a restoration of reactivity will be observed with a thiophilic
metal ion such as Cd** or Mn?*. This effect would be expected only with an inner-sphere contact
with the catalytic cation. Additionally, the different chemical nature of phosphorothioates is

ultimately informative to our understanding of nonenzymatic primer extension. The presence of
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the sulfur in the reacting bridged dinucleotide affects the electrophilicity of the phosphate, and
the effect of this substitution on the overall rates of the system will allow us to further assess the
dissociative or associative nature of the transition state of primer extension. Thio-substitutions
have been shown to increase rates in phosphate ester reactions with dissociative transition states
and decrease rates in reactions with associative transition states.!® However, with
phosphoroimidazolides, the P-N bond is weaker and the phosphorus is more electrophilic,
making direct comparison of these previous studies less definitive.!® We predict that the
presence of a sulfur in a phosphoroimidazolide would stabilize the phosphorus, making it less
electrophilic and decrease reactivity rates. If the reaction coordinate does not involve a
metaphosphate, this stabilization would instead make the thiophosphoroimidazolide less reactive
for nucleophilic attack. Additionally, we do not expect the presence or absence of metal ion to
affect the associative/dissociative/concerted nature of the transition state.!® We also would expect
inversion of configuration at the phosphate if the reaction indeed proceeds through a concerted
mechanism, which can be ascertained through structural determination of our compounds and
their reaction products. By further understanding how nonenzymatic primer extension occurs, we
can better determine compatible conditions and possible prebiotic catalysts that may enable more
efficient primer extension.

Metal-rescue studies have been used extensively to study ribozyme and RNA reaction
mechanisms. *-!1%-25 One caveat to this technique is that phosphorothioate substitution can
significantly change the reaction coordinate and structure of RNAs.!%26 In our particular system,
there is no significant tertiary structure, just an A-form helix between the primer and template,
and the sulfur substitution is in the substrate, not these oligomers. However, the sulfur in the

bridged dinucleotide may affect the stable conformations most frequently sampled, especially

130



due to possible interactions with the exocyclic amine in the imidazole hydrogen bonding to the
phosphate oxygens. Additionally, there is likely some flexibility in compensating for loss of
contacts in nonenzymatic primer extension, as the reaction site geometry is not strongly
maintained by an enzymatic scaffold. The interaction with the 3’-OH is very important for
catalysis, which will likely result in an observed diminishment of rate with thiophilic cations. P-S
bonds are also longer than P-O bonds (1.9 vs 1.5 A), which will likely loosen some of the
geometric constraints of the metal ion coordination.?® We will assess if this is significant enough
to interfere with our mechanistic studies. It has been shown that the addition of a sulfur isn’t
sufficient to create a new metal ion contact,'®2” so the substitution of S in the bridged
dinucleotide is unlikely to recruit a metal ion not previously involved in the reaction coordinate.

Another consideration is the effect of thiophilic metal ions on RNA structure. Cd*" is
known to aggregate DNA due to interactions with the nucleobases, particularly with cytidine.?®
Cd*" is still able to interact with oxygen, it just has a lower preference for oxygen compared to
sulfur, which will allow the 3'-OH to still interact with it for primer extension.?® Mg prefers O vs.
S by a factor of 31,000, so the partitioning of reactivity with the different diastereomers will be
very telling mechanistically.

In this chapter, we will describe the synthesis and purification of diastereomerically pure
thiophosphoroimidazolides, their use to study metal ion interactions in nonenzymatic primer
extension, and their structural characterization using X-ray crystallography.?’ We find a
stereospecific coordination of metal ions for the catalysis of nonenzymatic primer extension, and

that the observed data is consistent with the reaction proceeding through Sx2(P).

Results and Discussion
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Scheme 1. Synthesis of guanosine thiophosphoroimidazolide (AlpsG (7)). Reaction conditions:
(a) Acetonitrile, PSCI3, 2,6-lutidine; (b) methylimidazole 0 °C then 500 mM TEAB; (c) NH4OH,
MeOH, 65°C for 3 hours; (d) Hydrolysis for 1 day at 4°C and then (¢); (¢) 2-aminoimidazole in
water, overnight.

Synthesis of guanosine thiophosphoro-2aminoimidazolides (AlpsG)

Our synthetic strategy (Scheme 1) began with N2-isobutyryl-2',3'-diacetylguanosine (1),
which we then thiophosphorylate with PSCI; (a), and nucleophilically exchange the chlorides
with methylimidazole to form the labeled guanosine-5'-thiophosphoromethylimidazolide (2). We
subsequently deprotect the ribose under high temperature basic conditions (¢), and then exchange
the methylimidazole with 2-aminoimidazole in water (e) (See Appendix C, Tables C.1-C.3,
Figures C.1-C.12 for characterization of compounds). The subsequent separation of the
diastereomers in the racemic product took considerable optimization and only the monomers of
these species are separable by chromatography- the bridged dinucleotides are not. The bridged
dinucleotides, which are established as the reactive species for nonenzymatic primer extension,
were then selectively synthesized as a mixed thiophosphoro/phosphoro-imidazolium-bridged

dinucleotide with different nucleobases to selectively localize the sulfur on the phosphorus to the
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+1 position of the primer (Gps*pC- Scheme 2). This was done through a stereo-retentive reaction
as verified through NMR (Appendix C, Figures C.13-C.24, Tables C.4, C.5, no change in
NMR signal at phosphorus), in which the thiophosphoro-2-aminoimidazolide monomer acts as
the nucleophile and reacts to form the bridged dinucleotide with an OAt-activated cytidine
monomer, which can only react as an electrophile. The maintenance of the stereochemistry at the
phosphorus at this step is critical, for significant racemization would cause subsequent

purification difficulties.
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Scheme 3. (R)- and (S)- thiophosphoro-2-aminoimidazolides depicted to show potential for
intramolecular hydrogen bonding with exocyclic amine of 2-aminoimidazole. Hydrogen bonding
expected only in (R)-diastereomer.

Computational predictions of stable conformations for phosphorothioate dinucleotides
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The stereochemistry of the (R)- and (S)- diastereomers of the thiophosphoro-2-
aminoimidazolide are shown in Scheme 3 (the formation of the bridged dinucleotide does not
affect the absolute stereochemistry of the mixed bridged dinucleotide). The differing
diastereomers are predicted to have different ground state energies due to the variation in
possibilities for intramolecular hydrogen bonding as predicted chemically (Scheme 3) and
through DFT simulations with and without dispersion corrections of Gps*pG (Figure 1.1 and
1.2). We do not anticipate the nature of the nucleobases to substantially affect the energetic
differences observed in the molecules as calculated, although naturally there is less pi stacking
between GC and GG, since the comparisons computationally are within GG, these effects should
cancel out, and while the absolute energies may be incorrect, the trends will remain. The
possibility for two intramolecular hydrogen bonds confers greater stability to the (R)-
diastereomer than the (S)- diastereomer, due to the differing abilities to hydrogen bond with N-H
between oxygen and sulfur. However, this effect is not highly significant, only contributing to a
1.39 or 1.17 kcal/mol benefit to the (R)- diastereomer at room temperature. We do not expect the
majority of rate difference between the two diastereomers to be due to the difference in stability
of the native conformation of the bridged dinucleotides, although there will likely be a small rate
difference from this effect. Thus, if a substantial rate difference is observed, it will be due to the
difference in reactivity as a result of thio-rescue. These simulations neglect to measure how these
conformational differences are impacted by metal ions, although we expect the main kinetic
difference with the metal ion interactions to be due to conformational organization of the reactive

site, possible electrophilic activation of the phosphorus, and nucleophilic activation of the 3'-OH.
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Figure 1.1. Computational predictions of stable conformations for mixed Gps*pG without
dispersion corrections. See Appendix C for conditions of simulation (A) O-NH Energy=-
3664.289723 ], ground state, (R)-diastereomer (B) alternate view of (R)-diastereomer (C) S-NH

E=-3664.287508 J (+1.39 kcal/mol above ground state), (S)- diastereomer

Figure 1.2. Computational predictions of stable conformations for mixed Gps*pG with
dispersion corrections (A) S-NH E=-3664.506886 (1.17 kcal/mol above GS), (S)- diastereomer

(B) O-NH E= -3664.508749 J, ground-state, (R)-diastereomer
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Scheme 4. Predicted interactions of the mixed thiophosphoro/phosphoro-2-aminoimidazolium-
bridged dinucleotide diastereomers and thio-reactivity. Ri= primer ribose, R,= guanosine
nucleoside, R3= cytidine nucleoside. The green dashed lines indicate the bonds forming and
breaking during the transition state of nonenzymatic primer extension, the blue dashed lines
indicate hydrogen bonding, and the dashed lines coming out of the metal ion sphere indicate
possible inner-sphere contacts. The yellow dashed lines indicate predicted thio-reactivity, and the
red dashed lines indicate predicted oxophilic reactivity. A and B depict alternate reactivity
predictions depending on metal binding mode. (a) equatorial binding (b) axial binding.

Given the stable conformations predicted computationally, we expect the (R)-
diastereomer to have more native intramolecular hydrogen bonds stabilizing it than the (S)-
diastereomer. Additionally, given the expected conformation, we hypothesize it would be more
sterically favorable for the catalytic metal ion to interact with the position coming out of the page
(equatorial) in Scheme 2 than the position in line with the exophilic amine (axial) (Scheme 4A).
Therefore, we predict that the (R)- diastereomer would be reactive with the thiophilic metals, and

the (S)-diastereomer with the oxophilic metal ions. However, if the metal ion interacts with the
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primer and the ordered oxygen interacting with the exophilic amine, we expect the opposite
reactivity (Scheme 4B). Previous work on phosphorothioate oligonucleotide purification
suggests that the (R)- diastereomer tends to elute first,>* which assuming the same trends hold
with thiophosphoryl-2-aminoimidazolides would suggest diastereomer 1 (D1) is the (R)-
diastereomer. Structurally, these compounds both contain charged sulfurs and P(V) phosphorus,
with the major difference in connectivity in the fourth position of the phosphorus being the
nitrogen of an imidazole instead of the oxygen of another nucleotide ribose. However, due to
these chemical differences, we additionally were interested in verifying this structural
assignment through crystallographic methods.

Making enough purified bridged-dinucleotide for dozens of kinetics experiments was
limiting for our studies, so for our magnesium-binding experiments we instead formed the
bridged-dinucleotide in situ on template with the AlpsG diastereomers reacting to form Gps*pC
in the reaction. The formation of the bridged-dinucleotide under these conditions is fairly rapid
(Figure A.13-A.15) and unaffected by the phosphorothioate stereochemistry. We observed that
AlpsG diastereomer 2 was more innately reactive with Mg?" than AlpsG diastereomer 1 (Figure
2.0), which would match expectations for the aforementioned stereochemical assignments of (S)-
and (R)- respectively in Scheme 4A. Diastereomer 2 has a higher reaction rate and binds the
metal ion more tightly, suggesting that the phosphorus oxygen is in the correct position to have

an inner-sphere contact with diastereomer 2 with an oxophilic metal ion.

137



0.6 -
- Alp G DI

- —n == AlpGD2

k(hr)

0.0 | | | n
0 100 200 300 400

[Mg?*] (mM)

Figure 2.0. Effect of Mg?" on primer extension with different phosphorothioate diastereomers.
Primer extension reaction performed with in situ formation of Gps*pC through 20 mM AlpsG
and 20 mM CpOAt at pH=8. Diastereomer 1 (D1, black): Vimax= 0.181 £ 0.05 hr!, K= 250
+132.7 mM. Diastereomer 2 (D2, red): Vimax= 0.51 +0.04 hr!, Ky= 28 + 8.8 mM. Error is + 95%
CL

Despite the fact the bridged dinucleotide should not form differently in solution
depending on the starting diastereomer, we additionally wanted to study primer extension with
an authentic standard of each Gps*pC diastereomer (Table A.4, Figures A.16-A.19, A.22). We
selectively ensured the phosphorothioate was the reacting phosphate of the bridged dinucleotide
through the sequence setup in Figure 3A, and then performed the reaction in absence of metal
ions, and in presence of oxophilic metal ions (Mg?", Mn**) and thiophilic metal ions (Cd*"). We
additionally measure the rates in these conditions for the purely phosphate Gp*pC as a control.
We observe that both phosphorothioate species are natively ten times slower than the oxygen

system in absence of metal ions. This decrease in rate is as predicted earlier. The results from the
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in-situ experiment are corroborated in Figure 3B, as D1 remains less active than D2 in presence
of Mg?*. While Mn?* is sometimes used for metal rescue experiments as a thiophilic ion, we
observe in our system that it is still sufficiently oxophilic so as to interact with D2, but D1 also
increases in rate and is in the same order of magnitude of rate as D2. Mn?* interacts with both O
and S, so these results are not surprising, especially in a system where geometry for the reaction
site is not carefully constrained by a chemical or enzymatic scaffold.?®132 In the presence of
Cd?*, a much softer, more thiophilic ion, we observe a metal rescue, and D1 increases in rate
compared to D2 by an order of magnitude. We calculated the thio-effect subsequently, which
accounts for the relative rate due to the substitution of the oxygen for sulfur in addition to the
metal ion swap. We observe D1 has a thio effect of 582, compared to 5 for D2, a case of
substantial rescue and favorability for D1 over D2. This supports our geometric hypothesis of the
catalytic ion interacting with the equatorial position of the phosphate, which is not hydrogen
bonding simultaneously to the exocyclic amine of the imidazole through an inner-sphere contact
of the metal ion. In conjunction with the inner-sphere interaction with the 3'-OH, the cation is
ordering the active site for effective primer extension, in addition to the electronic activation of

the nucleophile and electrophile.
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Figure 3.0. Metal rescue of primer extension with phosphorothioate analogs. (a) Sequence setup
for primer extension of phosphorothioate dimer. Blue=template, black=primer and regular
phosphate connections. Yellow=sulfur substituted nucleotide connectivity. (b) Kinetic results of
primer extension with 1 pM P, 1.5 uM T, 20 mM intermediate, 100 mM Tris pH=7.5, 50 mM
M2*Cl,. Gp*pC is the control, and is the bridged dinucleotide for regular oxophilic extension.
Error is + standard error (c) Thio-effect calculations for each diastereomer.
Structural determination of stereochemistry for phosphorothioate diastereomers

The observation and assignment of the activated monomer and bridged dinucleotide
stereochemistry, and subsequent product structures, are critical for not only understanding the
appropriate metal ion binding geometry between the primer 3'-OH and the phosphate oxygen of
the reacting bridged dinucleotide, but also in verifying the nature of the mechanism of
nonenzymatic primer extension (associative or dissociative). We obtained the product structures
from reactions with both diastereomers of 2Melmp,G (Figure 5.1, 5.2), 2AmImpsG (Figure 5.3,

5.4) and D1 of Gps*pA (Figure 5.5). The Gps*pA dinucleotide system was chosen due to its
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complementary hairpin templates having existing crystallization protocols, and issues with
crystallization with the CG hairpin template. Surprisingly, regardless of starting reactant
stereochemistry (>85% pure diastereomer monomer), the same product is observed in all 5
structures. This is less surprising in the case of the activated monomer reactions, as the bridged
dinucleotide needs to form in sifu in order to react. In this case, there will always be one side of
the bridged dinucleotide of one stereochemistry, and the opposite stereochemistry on the other
side. It appears that regardless of the conditions, the same stereoisomer is the one reacting in
presence of Mg?", which is what is present in the product structure crystallization conditions.
Cd?>* was attempted for crystallization but has not yet produced successful product structures as a
result of gel and precipitate formation during the primer extension reaction. We would anticipate
the opposite stereochemistry product to be observed in the presence of Cd?>* conditions. This
effect is independent of the imidazole leaving group utilized in the complex. Additionally, when
using a Gps*pA, a dimer preformed and purified for the reacting complex, we observe the same
product structure. However, the primary impurity observed in Gps*pA D1 samples is the
activated monomer (D1), which on the time scale of crystallization (but not for primer extension
kinetics) would lead to racemization (Figures C.13-C.15, C.20- C.22, C.24).

We need to consider several hypotheses for the cause of the same stereochemistry in the
product structures of all collected crystal structures. If the mechanism was dissociative, we
would expect that the products would be racemized, not solely one stereochemical product— in
fact we would not anticipate to see a notable electron density difference in the positions on the
phosphate, and the bond length would be intermediate between P-O and P-S. An Sx2(P) reaction,
which primer extension is expected to undergo as predicted computationally,'® would produce

products of the opposite stereochemistry, but should not have a preference innately for the
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starting reactant stereochemistry if the metal ion is not important for catalysis. We propose that
in the presence of Mg?*, only one diastereomer is reactive at an appreciable rate, and the same is
true for the opposite diastereomer with Cd**. Small impurities and racemization over time would
lead to the buildup of the reactive species, regardless of the starting material. Given the single
stereoisomeric product, we propose that primer extension with the thiophosphoroimidazolides
proceeds through a concerted Sx2(P) mechanism, with a trigonal bipyramidal transition state
with extensive bond breakage for the leaving group. Given that the product observed in the
presence of Mg?" is the (R)-diastereomer, and inversion of configuration occurs in the Sx2(P)
mechanism, the reacting diastereomer is predicted to be the (S)-diastereomer (D2), which
matches our geometric predictions in Scheme 4A and our experimental observations in Figures

2 and 3 for the oxophilic diastereomer.
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Table 1. Parameters for X-ray data collection and structural refinement

Entry 1 2 3 4 5
PDB code 7U87 7U88 7U89 7TUSA 7U8B
RNA duplex
1 1 1 1 1
per asymmetric unit
41.67- 42.95- 28.56- 41.42- 34.16-
Resolution range (A)
1.70 2.14 1.65 2.10 1.73
Number of
8558 4411 9696 5254 8832
reflections
Rwork (%) 18.8 21.4 21.6 19.9 19.4
Rfree (%) 24.0 29.2 28.2 28.2 24.8
Bond length R.M.S.
0.033 0.018 0.021 0.038 0.024
(A)
Bond angle R.M.S. () 3.26 2.60 2.98 2.71 2.96
Average B-factors
15.89 22.40 15.20 23.63 22.65

(A%)
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RNA incubated with iastereomer
1. Primer extend by +1.

RNA incubated with diastereomer +1 pbsition
2. Primer extend by +1.

Figure 5.1. Product structures from reactions with 2Melmp;G, 14mer (a) +1 extension with
MelmpsG D1 in the 14mer self-complementary primer complex (b) Density map and model of
+1 position from (a). (c) 1 extension with MelmpsG D2. (d) Density map and model of +1

position from (c).
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RNA incubated with diastereomer +1 position
1. Primer extend by +1 and +2.

RNA incubated with diastereomer +1 position +2 position
2. Primer extend by +1 and +2.

Figure 5.2. Product structures from reactions with 2Melmp;G, 13mer (a) +1 extension with
MelmpsG D1 in the 13mer self-complementary primer complex (b) Density map and model of
+1 position from (a). (¢) +2 extension with MelmpsG D1 in the 13mer self-complementary
primer complex (d) +1 extension with MelmpsG D2. (e) Density map and model of +1 position

from (d). (f) +2 extension with MelmpsG D2 in the 13mer self-complementary primer complex
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RNA incubated with diastereomer

RNA incubated with diastereomer
2. Primer extend by +1.

1. Primer extend by +1.

2AlIpsG DI in the 14mer self-complementary primer complex, PDB ID 7U89 (b) Density map

Figure 5.3. Product structures from reactions with 2AmImpsG, 14mer (a) +1 extension with
and model of +1 position from (a). (c) 1 extension with 2AlIpsG D2, PDB 7U8A. (d) Density

map and model of +1 position from (c).
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RNA incubated with diastereomer
1. Primer extend by +1 and +2.

Figure 5.4. Product structures from reactions with 2AIpsG, 13mer (a) +1 extension with 2AIpsG

D1 in the 13mer self-complementary primer complex, PDB ID 7U87 (b) Density map and model
of +1 position from (a). (c) +2 extension with 2AIpsG D1 in the 13mer self-complementary
primer complex (d) +1 extension with 2AIpsG D2, PDB ID 7U88(e) Density map and model of

+1 position from (d). (f) +2 extension with 2AIpsG D2 in the 13mer self-complementary primer

complex
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RNA incubated with diastereomer
1. Primer extend by +1.
+1 position B
side

Figure 5.5. Product structures from reactions with Gps*pA D1, 14mer (a) +1 extension with
Gps*pA D1 in the 14mer self-complementary primer complex PDB ID 7U8B (b) Density map
and model of +1 position from (a), one side of the self-complementary complex (d) Density map
and model of +1 position from (a), opposite side of self-complementary complex.

Primer extension occurs through an Sx2(P) reaction as supported by the reactivity of
thiophosphoroimidazolides as phosphoroimidazolide analogs. Only one stereoisomeric product is
observed regardless of starting materials, but given the difficulty of separating the diastereomers
of the activated monomers and bridged dinucleotides from one another, the presence of
contaminating reactive diastereomer serves to produce product in all conditions. The mechanistic
predictions are consistent with the metal binding modes posed in Scheme 4A, and with
previously published computational studies.'® With our understanding of the mechanism of
primer extension expanding, we are able to better design scaffolds that favor the reactive
geometry of metal ion binding and improve the activity of primer extension and its compatibility

with protocellular membranes.
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shared with all authors. A version of this text will be submitted for peer review and open-access
publication]

Abstract

Metal ion catalysis is integral in nonenzymatic primer extension in the RNA world.
However, not all prebiotically relevant catalysts have been thoroughly assessed in context of the
RNA world. We find that Mn?" is a prebiotically plausible cation that increases nonenzymatic
primer extension and ligation rates compared to Mg?*. We additionally find Mn?* improves
yields of random sequence primer extension compared to Mg?*. Additionally, Mn?" maximally
catalyzes primer extension and ligation at much lower concentrations than Mg?*, and interacts
with oligomers more effectively for catalysis. However, Mn?" increases errors in random-
sequence primer extension. We find that the decrease in fidelity due to Mn?* correlates with the
increase in hydrolysis of bridged dinucleotides to activated monomers, supporting previous
theories of error in nonenzymatic primer extension. We hypothesize error due to hydrolysis

could be mitigated in a system of continuous re-activation of reactants in future studies.
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Introduction

In the RNA world hypothesis, RNA is proposed to be central to the origin of life due to
its ability to store information and act as a catalyst!. In this hypothesis, however, RNA must first
be assembled chemically into oligomers and through template-dependent methods before it can
reach lengths in which it would be able to catalyze its own polymerization and other metabolic
reactions®. This nonenzymatic copying chemistry in RNA is dependent on metal ion catalysis, as
was discussed in Chapters 2 and 3. The identity of the metal ions affects rates of extension and
hydrolysis, and affects the regioselectivity of extension—therefore knowing how different ions
could function in the RNA world is a relevant consideration for the evolution of RNA into life.>*

In comparison to bodies of water in our present atmosphere, we anticipate a different
solution environment would have existed at the advent of life. Oxygen was not a major
component of the atmosphere until after oxygenic photosynthesis evolved, so on the early Earth,
reduced forms of transition metals would be more commonly found.® Thus far, Mg?* and Fe?*
have dominated studies as prebiotically relevant cations.®’ Fe?" is often considered as a
progenitor prebiotic cation that could have preceded the dominance of Mg?*, which is proposed
to have grown in prevalence due to the Great Oxygenation Event (GOE) diminishing the Fe?*
accessibility for life.®” Whether iron is more prebiotically plausible than magnesium remains up
to debate, however. Magnesium is an order of magnitude more abundant than iron in our crust,
and would have been a substantial competitor for interactions with RNA, although its solubility
in the presence of phosphates acts as an issue in prebiotic systems.®!%!! Arguments in favor of
iron as a prebiotic catalyst focus on the fact that Fe?** is capable of enabling native RNA folding
and often improves reaction rates when substituting for Mg?* and has been shown to function

better in nonenzymatic primer extension than Mg?* at pH 7.>® Of note is that these primer
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extension experiments have only been successfully completed with Fe?" and 2-
methylimidazolides, as precipitation is a major issue with iron and the 2-aminoimidazolides and
2-methylimidazolides are not as prebiotically plausible as 2-aminoimidazolides.!? Additionally,
in order for Fe?* to be a prebiotically likely catalyst, early life reactions would have needed to
occur at neutral to acidic pH. Alkaline pH, as would be the case in many hydrothermal vents,
would be incompatible with iron catalysis. In fact, at high pH, the presence of Fe?* inhibits Mg?*
catalysis of primer extension.® Under alkaline conditions, Fe**-hydroxide species would
dominate, and while Fe**-hydroxide species adsorb polynucleotides, they do not positively or
negatively affect template-directed polymerization.'* There may be a benefit from the interaction
of these species in terms of longer-term protection/ local concentration of nucleotides, but this
effect has yet to be observed.

One substantial argument favoring iron as a prebiotic catalyst is its ability to substitute
for Mg?" in enzymes and ribozymes, but it is not unique in this ability— other cations, such as
Mn?* also improve reactivity compared to Mg?*.7-'4 Because the ionic composition for the
prebiotic soup would depend heavily on the pH of the solution, and abundance in the crust is not
the only consideration for how these solutions would be distributed, we must consider additional
cations for their prebiotic relevance. In modern sea water, the concentration of Mn?* is 0.0001M,
and has been available in its +2 form throughout Earth’s history, unlike Fe**, which is much less
stable in solution in the modern atmosphere.!%!> While Mn?" is less abundant than Fe?" in the
crust and universe,!! depending on the pH, it can be more prevalent in solution due to the
differing solubilities of their respective metal-hydroxo species.®!® For example, at pH 7 and 100
uM metal ion, Mn(OH), will be primarily dissolved, while Fe(OH): is near its solubility

constant.!! If the bodies of water had more sulfide dissolved in them, MnS would be sparingly
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soluble under the same conditions, while FeS would be completely insoluble.!! Although FeS
complexes are key in redox catalysis for life, they are not known to be substantial catalysts of
RNA nonenzymatic primer extension or ligation. Soluble catalysts are believed to be key in
nonenzymatic primer extension, although some catalysis through adsorption onto solids has been
recorded.!”!® An additional consideration is that although Fe?* is more Lewis acidic than Mn?",
there is a fine balance between activating the primer for primer extension or ligation and in
activating hydrolysis, which destroys the reactants.!”

In order to consider the role of Mn?" as a prebiotically relevant cation, we need to
consider its elemental properties. Mn?* differs from Mg?* in a number of chemically relevant
ways— it has a larger ionic radius, is more Lewis acidic, binds water less tightly and has a more
flexible coordination geometry, in addition to being capable of redox reactions.!*° Mn*" and
Fe?* are able to interact well with O, N, and S, while Mg?" interacts most strongly with O (and in
some instances with N).2!?2 The balance between hardness and softness for diverse chemical
interactions is why transition metals may have been useful in the origin of life even though they
were less abundant than alkaline earth cations. Like Fe?*, Mn?* can substitute for Mg?" in
enzymes and ribozymes, and often increases reaction rates.!*2%-232* However, Mn** negatively

25,26

affects fidelity of polymerization in DNA polymerases, which may additionally be the case in

the nonenzymatic reaction. For example, fidelity goes from 1 error out of every 1400 nucleotides
to 1 error every 600 nucleotides when swapping Mn?* for Mg?* in enzymatic systems.267
Increasing reaction rates may not be the only goal in optimizing primer extension, but also
ensuring the right conditions for high fidelity information transfer. While it has been shown

nonenzymatic primer extension proceeds much more slowly after a mismatch, it is unclear if this

trend holds with different catalytic metal ions.?®?’ In addition to changes in fidelity, a change in
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regioselectivity is also a possibility in the presence of “noncanonical” metal ions.?® Nevertheless,
a mix of 2’ and 3’ linkages in RNA can be tolerated to an extent by ribozymes and in primer
extension, so this may not result in as much of an issue as anticipated.®! Tons can substantially
change the structure of oligonucleotides, however. Mn?" has been shown to effect the
conformational state of DNA helices in the molar ratio of 0.1 to 1.5 Mn?**/DNA-phosphates,
through hydrogen bond breaking between base pairs and through DNA aggregation.*?
Additionally, Mn?** can induce H bonds between the N7 atoms of G and phosphates.?*3* These
structural affects may not necessarily have negative consequences, however. Mn?* is known to
lower the melting temperature of oligonucleotides,*> and considering that a major hurdle in
achieving RNA replication is the separation of fully-extended RNA duplexes, perhaps this
melting temperature depression could be of use in prebiotic systems.

From our understanding of nonenzymatic primer extension through the studies in
Chapters 2 and 3, we expect cations relevant for catalysis of primer extension to interact with
both the 3’-OH and the equatorial oxygen of the phosphate in the reacting bridged dinucleotide.
Mn?* was observed in Chapter 2 (Figure 3) to vastly improve the rate of homo-polymeric primer
extension of Cp*pC bridged dinucleotides at pH=7.5, and to interact the most tightly with the
primer/template complex of the metal ions sampled (36 + 6.5 mM compared to several hundreds
of millimolar for Mg?"). We expect that Mn?** will improve the rates of other nonenzymatic
reactions that benefit from Lewis acid catalysis, and that its lower saturation concentration could
be beneficial for vesicle compatibility. In this chapter, we will explore the reactivity of Mn?" in
nonenzymatic ligation and mixed template primer extension, and study the effects of Mn?* on the
fidelity of primer extension. We additionally look at the effect of Mn?" on bridged dinucleotide

hydrolysis and formation to evaluate the cause of the high observed error rate in Mn?*-catalyzed

159



primer extension. While high concentrations of Mn?* are likely to be detrimental in prebiotic
systems, we propose that at more prebiotically relevant lower concentrations of Mn?* that the
cation would be beneficial in improving yields of pre-RNA world reactions, and aid in complex
systems by lowering oligonucleotide melting temperatures.

Results and Discussion

Nonenzymatic ligation with Mn?* is faster than with Mg?*

In addition to nonenzymatic primer extension, ligation serves as an important reaction
during the RNA world, enabling several shorter templates to be connected into longer templates,
as opposed to extending a primer one nucleotide at a time. However, ligation is much slower
than primer extension under the same conditions, with hydrolysis as a significant competing
reaction®®. Therefore, improving the rates of nonenzymatic ligation, especially at lower
concentrations of metal ion, would be beneficial to reactions in the RNA world. In the presence
of Mn?*, we observe a rate increase in ligation compared to when using Mg?* (Figure 1).
Ligation rates with Mg?* under the same conditions saturate at approximately 0.1 hr! compared
to the maximum rate with Mn?" saturating at ~0.25 hr'! at much lower concentrations.*® This
increase in rate (~2.5 fold) is modest, but Mn?* ligation approaches saturation around 100 mM
versus 1.6 M in the case of Mg?*, which is a much more accessible prebiotic concentration. The
mechanistic aspects of ligation are outside of the scope of this chapter, but it is notable that this
catalytic benefit is less than one would expect if ligation was mediated through a metal bound-
hydroxide,?” although the maximum rates observed in this system may be hindered by Mn(OH);
solubility and oxidation at pH=8. However, the rates of ligation at lower pH favorable for Mn?*
solubility are substantially slower and make comparison of the systems difficult with kinetic

studies. In addition, we observe that Mg?* competes with Mn?*, decreasing the binding affinity of
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Mn?* for the ligation reaction center while maintaining a comparable maximum ligation rate. In
conjunction with the results from Chapter 2, Figure 3, it is apparent that Mn?" poses a rate

benefit to both primer extension and ligation, and is of interest as a prebiotic catalyst.
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Figure 1. Ligation in the presence of varying Mn?" and constant background Mg?* conditions.
Ligation at pH=8, in conditions described in Appendix D, with sequence shown- note the
activation is 2-methyl imidazole, not 2-aminoimidazole, as it is the best activating group for
nonenzymatic ligation. In the presence of Mn?* alone (No Mg?"), Vinax=0.249 hr'!, Kn= 25.9
mM. In the presence of Mn?* and 10 mM Mg?* , Vimax= 0.268 hr! | K= 34.5 mM. In the
presence of Mn?" and 100 mM Mg?" , Vima= 0.2420 hr'! , Kn= 43.6 mM. Error bars indicate +

SD (n>3, independent experiments).
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Since previous studies (Chapter 2) of primer extension with Mn>* were only of homo-
polymeric extension, which serves as an ideal model system for primer extension, it was also of
interest to study Mn?" in catalyzing mixed template extension of longer oligomers. The longest
extension performed with 2-aminoimidazole activated nucleotides and trimers is utilizing the
sequence system from Li et al, and allows propagation out to +7.>® We were interested in
comparing Mn?* to these results, but due to the pH sensitivity of primer extension, we performed
the experiments at pH=7.5 and additionally replicated the Mg?" conditions under anoxic pH=7.5
as well (Figure 2). Both Mg?* and Mn?" produce the desired product (+7) within 5 hours.
Despite the faster rates with Mn?* in a homopolymer, Mn?* catalyzes less formation of the
desired +7 product than Mg?* (13% +7, Mn?* vs 31% +7 Mg?" or 39% primer remaining, Mn?"
vs. 21% primer remaining, Mg>"). The lower percentage of desired product with Mn?* is in part
due to overextension off-template compared to Mg>". Nevertheless, Mn?* tends to saturate in
reaction rate at lower concentrations (Chapter 2, Figure 3), and perhaps could be just as
efficacious in long extension at lower metal ion concentrations compared to Mg?*. Additionally,
the reaction performed in Figure 2 begins with activated monomers and trimers, and requires the
formation of the reacting bridged dinucleotides to occur in situ. The effect of Mn?* on the
equilibrium between activated monomers and bridged dinucleotides has not been previously
studied. While it does not vastly outperform Mg?" in terms of yield under these conditions, Mn?*
is certainly a plausible cation for successful primer extension in these conditions. The over-
extension of the primer is of interest, as the amount of off-templated extension observed is
surprising— off-templated extension is often much slower than templated extension.>® Given the

issue with extension at the end of long templates, there could be benefit to the presence of Mn?*
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in catalyzing last base addition. With this, we asked if Mn?" has the same mechanistic constraints
as Mg?" holds in primer extension

Previously, a downstream helper was used to ascertain interactions between the catalytic
metal ion and the reacting bridged dinucleotide (Chapter 2, Figure 6). In Mg?*-catalyzed
extension, a statistically significant difference in binding affinity was observed when the bridged
dinucleotide was pushed closer to the reacting 3'-OH with the aid of a downstream helper
oligonucleotide. Given the coordination flexibility and slightly larger size of Mn?*, we wondered
if this same effect would be observed with Mn?* (Figure 3). Unlike in the Mg?* system, there is
no substantial change in binding affinity of Mn?" with the presence of a downstream helper. This
does not rule out any contacts between Mn?* and the reacting bridged dinucleotide, but does
suggest that the benefit of pre-organization of the primer-template and distance between 3'-OH
and metal ion is less important for Mn?"-catalyzed primer extension. This could be due in part to
the coordinative flexibility and larger size of Mn?*, which can interact similarly even in
conditions with the bridged dinucleotide 0.5 angstrom further from the 3'-OH. Another
possibility is since Mn?" is more Lewis acidic than Mg?*, and is more activating of the 3’-OH at
the same concentrations, a more reactive nucleophile could have more lenient conformational
standards than a less reactive nucleophile. There is a benefit observed to having the downstream
helper in the presence of Mn?*, however, notably increasing the maximum rate of primer
extension— clearly the Mn?*-catalyzed primer extension reaction benefits from improved
structural organization of the duplex. These results are compatible with our understanding of the
metal ion catalysis of nonenzymatic primer extension. With what we have observed thus far, a
few questions remain: does Mn?" based primer extension have comparable fidelity to Mg?'-

catalyzed primer extension? Are yields of primer extension in the presence of Mn?" substantially
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affected due to a change in the equilibrium of activated monomers and bridged dinucleotides?

We address this subsequently.

Time (h) 0 0.080.1705 1 2 5 24

0008017051 2 5 24 Time (h)

Figure 2. Mixed-template primer extension at pH=7.5 over 24 hours. Primer extension
performed as described in Appendices A and D. Image is a composite of 2 gels, with t=1, 2 hours
for Mn?" from another replicate due to low sample concentration in quench mixture. Mixed
template extension with 50 mM MnCl; and MgCl> shown. The template ends after C7- any
additional higher molecular weight bands are a result of over-extension. Reactions were

performed in triplicate, with representative primer extension shown in this gel.
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Figure 3. Mn?* binding and primer extension reaction rates in presence of downstream helper
oligomer. Primer extension was performed at pH 7.5 in an anoxic environment. Without the
helper, Vimax=49 + 2 hr!, K= 26.5 + 4 mM. In the presence of helper, Vimax=74.5 + 3 hr'! , Ky=
33 + 5 mM. Error bars indicate = SD (n>3, independent experiments).

Using previously developed methodology for nonenzymatic primer extension sequencing
(NERPE-Seq),* we attempted primer extension of random sequences over the course of 24
hours and subsequently sequenced the products (Figures. 4.1, 4.2). Compared to previously
published conditions of 50 mM Mg?* at pH=8, we observe in the presence of 50 mM Mn*" at
pH=7.5 that more products are observed across the length distribution of products at 24 hours,
supporting the previous kinetic results of Mn?* catalyzing faster primer extension. In addition,
this system begins with the mix of activated monomers, and shows Mn?" has increased extension
products compared to Mg?* in random sequences, so the effect shown in Figure 2 may be to an
extent sequence-dependent. However, we also observe that the error-frequency of primer

extension doubles in the Mn?* primer extension conditions (Figure 4.1). This is not likely to be
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due to the pH change (hydrolysis at pH=7.5 of the bridged dinucleotide is at its slowest, Chapter
2 Figure 5.2), so the error frequency must in part be due to Mn?*. Whether the error frequency is
unique to Mn?* catalyzed primer extension, or due to the increase in activated monomer to

bridged dinucleotide ratio as previously proposed is of interest for us to ascertain.*!

A 50 mM MgCl, pH=8 B 50 mM MnCl, pH=7.5
0.4 0.4

n=7.9x10° n =4.6x10*
03 = mismatch 03 1 = mismatch

B = complementary
Error freq. =20.5%

[l = complementary
Error freq. = 10.8%

Frequency
o
N
Frequency
o
N

o
=

0.1

Position Position

Figure 4.1. Primer extension in the presence of Mn?" produces more products but is also more
error prone. Frequencies of complementary and mismatched nucleotide incorporations (20 mM
2AIrN, 24 h; n = unextended hairpins + total nucleotide incorporation events). Note precipitation
was observed in the Mn?* catalyzed system, and the products were redissolved in the presence of
EDTA for subsequent processing (A) 50 mM MgCl,, pH=8 reproduced from Duzdevich et al*'.
(B) 50 mM MnCl, pH=7.5 (ambient oxygen conditions).

While an increase in error frequency would be greatly problematic during the RNA
world, Mn?**—catalyzed primer extension vastly flattens out the sampled sequence landscape in
the oligomers it forms (Figure 4.2). While Mg?" holds a bias for G/C containing products, Mn>*

diminishes this bias substantially, especially over increasing extension position. This is further
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supported by the results with the inferred bridged dinucleotide extension (Figure 4.2C and D).
Except for Up*pU, and Ap*pU, there is greater sampling of possible sequence combinations
across all bridged dinucleotides. Lower concentrations or chelation of Mn?** may confer similar
yield benefits and bias reduction due to the stronger interaction with the reaction center of primer
extension, but possibly reduce error. Since Mn?* is less abundant than Mg?* anyways, the
synergy between these two ions could be of benefit in the RNA world. First, we will attempt to
narrow the source of error in Mn?*-catalyzed primer extension before studying Mn?*-catalyzed

extension further.

50 mM MgCl, pH=8 50 mM MnCl, pH=7.5
Freq. Freq.
g A 08 27 0.8
£c 06 5C 06
é G 04 é G 0.4
oy 0.2 oy 0.2
0 T T T T 0
1 2 3 4 1 2 3 4
Position Position
Freq.
C v D
o UG )
2 ue 05 2
gua 3
o G'U S
Z G'G 0.4 2
O G'Cc [a)
T G'A
$ou 03 E’
2ca bl
o cc ]
s o 0.2 3
= AU =
2 aG |l 0.1 2
-_— A.c . -—
A'A 0
1234 1234
Position Position

Figure 4.2. Primer extension in the presence of Mn?" flattens the sequence landscape to a more

even distribution of extension products (A) Position-dependent base frequencies of
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(Figure 4.2 continued) complementary products, 50 mM Mg?*, pH=8, reproduced from*' (B)
Position-dependent base frequencies of complementary products, 50 mM Mn?*, pH=7.5 (C)
Position-dependent frequencies of inferred bridged dinucleotides generating complementary
products, 50 mM Mg?*, pH=8, reproduced from*! (D) Position-dependent frequencies of inferred
bridged dinucleotides generating complementary products, 50 mM Mn?*, pH=7.5

Mn?* is more Lewis acidic than Mg?* by about 1 pKa unit, which would lead us to expect
increased hydrolysis of reactants in addition to increased extension. We observe extension is not
as fast as would be expected from the Mn(OH)" species being the active catalyst (Chapter 2,
Figure 3). While the kinetics experiments were performed on a timescale much faster than the
hydrolysis of the reactant, the experiments for sequencing and mixed template extension were
not, and would be subjected to a buildup of inhibitors of primer extension over time. Although
this allows us to consider Mn?" in its full context as a catalyst in the prebiotic milieu, it creates
difficulty in determining the source of error in Mn?*-catalyzed primer extension. Therefore, we
aim to characterize the effect Mn?" has on hydrolysis and formation of the bridged dinucleotide
to better parse the source of the error rate. Because Mn?" interacts strongly with G and large
concentrations of activated monomers and dinucleotides, we limited these studies to a model
system with Cp*pC and *pC, which were soluble with Mn?>* at pH=7.5 across the concentrations
sampled. We do not anticipate the effects of hydrolysis and bridged dinucleotide formation to be
dependent on nucleobase substantially, and although we could imagine that G would be hindered
by the precipitation in the presence of Mn?, this does not appear to reflect itself in the
sequencing results (Figure 4.2).

Beginning with 24 mM *pC, it is evident that hydrolysis substantially occurs in the

resence of Mn?". By the time the reaction is analyzed, the amount of *pC has more than halved
p y y p
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(Figure 5.1). Over time, Cp*pC builds up in concentration, and not much more CMP forms over
the course of 2 hours (the time period expected to reach the maximum ratio of *pC :Cp*pC from
previous studies).*! At the point of maximum bridged dinucleotide concentration, there is 6 mM
*pC and 0.6 mM Cp*pC (with 17 mM CMP) (Figure 5.1). Previously, the ratio of bridged
dinucleotide to activated monomer correlates with the error rate observed in nonenzymatic
primer extension. The presence of 10x excess activated monomer is likely a major contributor to
the error observed in Mn**-catalyzed primer extension. The Ky of monophosphates for the
primer/template is near 20 mM, which in these conditions would be competitive for binding.*>*}
The role of monophosphate in error is not as clear, although this competition for binding and
inhibition of primer extension rate is likely to be a contributor to error similarly to *pC in the

sequencing conditions.

A

oo}

20 10

-~ CMP - *pC
15_1(.,.—011’_,/,_‘ -= *pC 8-1 -+ Cp*pC
-+ Cp'pC

Concentration (mM)
s
1
Concentration (mM)

E—— S A A * —
0 1 T T 1 0 T T T

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (hr Time (hr

Figure 5.1. Cp*pC formation from *pC in the presence of 50 mM Mn?*, pH= 7.5, measured
using analytical HPLC (B) Y axis scale without CMP, same conditions as (A). Error bars
indicate + SD (n>3, independent experiments). Concentration range for these reactions was
chosen for comparison to published kinetics experiments.*?

The difference in amounts of activated monomer and bridged dinucleotide are
additionally clear when comparing the bridged dinucleotide formation with 50 mM Mg?* at

H=8 (Figure 5.2). While beginning with the same amount of *pC, there is much less hydrolysis
p g
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of the activated monomer, and more bridged dinucleotide is able to form (although still ~10 fold
less in absolute concentration). However, given the Ky of the bridged dinucleotide for the
primer/template ranging between hundreds of micromolar to low millimolar, there is much more
occupation of the primer/template in the Mg?* system with the reactive bridged dinucleotide. The
Kuwm for the activated monomer is competitive in these conditions, and would contribute to
inhibition.** The ratios of activated monomer: bridged dinucleotide may be relevant assuming
enough reactant is present, but since the amount of possible reactants is about half of what is
possible in the Mg?* system in the presence of Mn?", it is still impressive the sheer amount of

primer extension is able to occur over 24 hours.

25—

s —— *pC 50 mM Mg?*, pH=8
% 20- -=- Cp*pC 50 mM Mg2*, pH=8
= 154 *pC 50 mM Mn2*, pH=7.5
§ Cp*pC 50 mM Mn?*,
g 10+ pH=7.5
=
S 51

[ ] n—H - " .

0 ': T T T 1
0.0 0.2 0.4 0.6 0.8
Time (hr)

Figure 5.2. Comparison of *pC, Cp*pC concentrations under sequencing conditions. Mn**
experiment performed with analytical HPLC as described in Appendix D, Mg?" experiments
using NMR as described in Appendix D. All *pC experiments were performed with the same
starting aliquot of *pC from the same synthetic batch. Error bars indicate + SD (n>3,

independent experiments).
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Hydrolysis of the bridged dinucleotide can be elucidated more readily than that of the
hydrolysis of *pC, since *pC is always forming Cp*pC at pH=7.5 and 8 as a competing reaction.
Therefore, we can have a better sense of the half-life of the system by looking at the hydrolysis
of Cp*pC. We find the rate of hydrolysis is 0.64 hr! +0.07 hr'!, which is ~6x faster than Cp*pC
hydrolysis at pH=8, 50 mM Mg>* (the other sequencing condition, Chapter 2, Figure 1.4). With
this Knydrolysis, we expect the half-life of bridged dinucleotides to be approximately an hour,
compared to nearly 7 hours in the Mg?*-sequencing conditions. Mn?" must additionally increase
the reactivity of the activated monomer in addition to the bridged dinucleotide to account for the

increased overall yield of extension under these conditions.

(I TR RS TR PRS PRI

i& -0.5
[e¥
) _
) -1.0-
*Q«
5 ®
S 154
=
'20 1 1 1 _I_ 1
0.0 0.5 1.0 1.5 2.0 2.5

time (hr)
Figure 6.1. First order hydrolysis of Cp*pC with 50 mM Mn?*, pH=7.5. Log of normalized
concentrations over time measured by analytical HPLC. Error bars indicate = SD (n>3,
independent experiments).
It is possible to measure the rate of primer extension with the activated monomer by
using excess free 2-aminoimidazole to push the equilibrium of bridged dinucleotide and

activated monomer towards the activated monomer side.** Beginning with concentrated aliquots

171



of activated monomer means likely contamination with the bridged dinucleotide. In Figure 6.2,

we look at the effect of differing Mn?* concentration on the rate of extension of inferred
activated monomer. The presence of free 2-aminoimidazole forms precipitates with increasing
concentrations of Mn?*, although precipitate is not incompatible with subsequent analysis of the

primer extension products. While the rates observed are much slower compared to the primer

extension rates at the same concentration of Mn?* with bridged dinucleotide (Chapter 2, Figure
3), these are measurable rates , which are not achievable with Mg?*-catalyzed primer extension.*’
At pH=8 with 90 mM Mg?*, but the same amount of 2Al, the rate of extension observed is only

0.38 hr'!, which is accounted for by bridged dinucleotide formation in those conditions.*

Bridged dinucleotide formation in the Mn?* conditions at pH=7.5 cannot account fully for the

observed maximum rate shown in Figure 6.2, and supports increased reactivity of activated

monomers in presence of Mn?*,

2.0 1
1.5+

1.0 -

k(hr)

0.5 1

400

200 300

0.0 r
100
Mn2*

0
Figure 6.2. Mn?* dependence of primer extension of *pC, pH=7.5 on a GGG template . Primer

extension is performed in presence of 100 mM 2-aminoimidazole, which minimizes

concentration of free Cp*pC. However, copious precipitation was observed across the

concentrations sampled, likely due to complexes between Mn?* and free 2-aminoimidazole.

Error bars indicate + SE.
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While the bridged dinucleotide will outcompete the reaction of the activated monomer on
short timescales, the competition between the two reactants is substantial for affecting the
fidelity of primer extension on longer timescales. Mismatches are less likely to happen with the
bridged dinucleotide, as both nucleotide positions need to be well ordered enough to interact
with the primer/template for primer extension. This increase in activated monomer reactivity
likely accounts for the observed error, and this is all a product of the increased hydrolysis of the
bridged dinucleotide in the Mn**-catalyzed extension conditions. While the hydrolysis is an
important influence when the source of bridged dinucleotide is from discrete influx of chemical
nutrients, when there is chemical re-activation to favor a constant amount of bridged
dinucleotides, we hypothesize the issue of fidelity in Mn?* catalyzed primer extension would be
less significant. The benefits of Mn?*-catalyzed primer extension in increasing sequence space
sampling and yield show it could be a beneficial prebiotic catalyst, even more so if it’s
hydrolytic ability is attenuated through chelation (as hydrolysis is conferred by metal-bound
hydroxides). Mn?* forms a number of stable coordination complexes, more so than Mg?* due to
the fact it’s a transition metal, and is a promising candidate for searching for prebiotic scaffolds
to aid in primer extension catalysis. Mn?* remains an important catalyst in life today, and it is
likely this arose early in the evolution of life, and is independent of the presence of oxygen in our
atmosphere. Similarly, Mn?" is actually compatible with the 2-aminoimidazolide system, which
Fe?* primarily results in precipitation and degradation. Since 2-aminoimidazole is more
prebiotically plausible than 2-methyl imidazole, this could favor the use of Mn?" compared to
Fe?*, although in actuality the prebiotic milieu likely was a mixture of a number of different

cations all contributing to the necessary reactions in proportion to their concentration. Only upon
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subsequent fitness benefit from the cation interacting with a compound which can specifically

bind it and localize it for reactions would selection begin to occur for these cations.
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Appendix A
General Materials and Methods

All reagents were purchased from Sigma-Aldrich unless otherwise specified and were
used without further purification. 2-Aminoimidazole HCI was purchased from Combi-Blocks,
Inc. Deuterium oxide was purchased from Cambridge Isotope Laboratories, Inc. Bis-cyanoethyl
N-,N-diisopropyl CED phosphoramidite was purchased from Chemgenes. Acetone and diethyl
ether were from ThermoFisher Scientific, 2,2'-dipyridyl disulfide was from Chem-Impex
International. Tris-HCI solutions (pH =7.0, 7.5, 8.0) and nuclease-free water were purchased
from Fisher Scientific/Ambion. RNA oligonucleotides were purchased from Integrated DNA
Technologies (IDT), RNA/LNA oligonucleotide was purchased from Exiqon/Qiagen. Cy3-
labeled IDT oligonucleotides are desalted and HPLC purified (triethylamine as counter-cation).
No inorganic salts are present in the oligonucleotide stock samples used for primer extension
reactions.

All reactions were completed in oven-dried round-bottomed flasks with rubber septa and
anhydrous Aldrich SureSeal™ solvents to minimize the presence of water. Reaction progress
was monitored by low-resolution electrospray ionization ion-trap mass spectrometry on a Bruker
Daltonics Esquire 6000 mass spectrometer (Billerica, MA). Reverse phase flash chromatography
post-synthesis was performed on a Teledyne Isco CombiFlash Rf system (Lincoln, NE) on a C18
Aq column (30g or 50g depending on scale of synthesis).

Concentrations for all RNA/DNA-based compounds were calculated using predicted
extinction coefficients at 260 nm as determined by OligoAnalyzer software provided by

Integrated DNA Technologies (version 3.1, Coralville, IA)!? and measured absorbance across
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serial dilutions at 260 nm using Thermo Scientific Nanodrop 2000c spectrophotometer
(Waltham, MA).

A.2 Synthesis of activated nucleotides (2-aminoimidazole/ hydroxy-7azabenzotriazole activated)

Synthesis of activated nucleotides was performed using existing protocols.>* Activated
monomer synthesis was favored in the presence of 2-aminoimidazole through excess 2-
aminoimidazole compared to NMP, and larger reaction volumes. Due to the inability of HOAt to
form bridged dinucleotides, these reaction considerations were not applicable for HOAt
reactions. Note that HOAt activated monomers are fluorescent yellow depending on
lyophilization pH, compared to the white solids produced from imidazole activation. If activated
2-aminoimidazolides are colored in their product form, it is due to free 2-aminoimidazole
contamination and were be re-purified or discarded. Activated monomers were stored at -80
degrees Celsius in their solid form, and prepared into fresh stock solutions for each experiment.

A.3 Synthesis, purification, and characterization of 2-aminoimidazolium bridged dinucleotides

Synthesis and purification of 2-aminoimidazolium-bridged dinucleotides was performed
as previously described,>”’ but using 2-aminoimidazole HCI instead of the hemisulfate salt.
Mixed dinucleotides (N1p*pN>) were synthesized using published methods.* Post precipitation in
NaClOy saturated 2:1 acetone: ether and subsequent desiccation, solid samples were dissolved in
10-20mL H>O and subjected to flash chromatography (0-10% acetonitrile 0-10 min, 10-50% 10-
14 min, 50-100% 14-16 minutes). 20 mM triethylamine bicarbonate buffer pH=7.5 was utilized
as solvent A only when purifying compounds containing G, otherwise MilliQ water was utilized.
Purified products were characterized by NMR (Varian INOVA 400 MHz NMR spectrometer)
and mass-spectrometry (Esquire 6000 mass spectrometer from Bruker Daltonics, operated in

negative ion mode). Sample purity was greater than 85% bridged dinucleotide for all primer
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extension experiments, with residual 2-aminoimidazole activated monomer present at less than
15% as determined by 3'P NMR. Samples were additionally checked for presence of free 2-
aminoimidazole, and if present, are discarded from use (ESI, '"H NMR, visual inspection). The
extinction coefficients for the bridged dinucleotide are double the theoretical extinction
coefficient of the monomer as determined by OligoAnalyzer software provided by Integrated
DNA Technologies (version 3.1, Coralville, IA).!? Samples were stored as either solids or
concentrated stock solutions (>300 mM), and were flash-frozen using N»(1) if being saved for
future use. As long as samples are stored on ice and flash-frozen, minimal degradation to
activated monomers from bridged dinucleotides was observed over time.

A.4 Nonenzymatic primer extension reactions and analysis

We carried out primer extension experiments with previously reported methods using the
oligonucleotides in Table A.1.78 All primer extension reactions contained a final concentration
of 100 mM buffer (Tris-HCI for pH=7-8.5; CHES for pH 9+, MES for below pH 7). MES and
CHES buffers were made from the solid compound and adjusted using minimal HCI and NaOH.
Buffers were chosen to minimize presence of external Na*ions. The primer extension solutions
had a final concentration of Cp*pC and Gp*pG dimer at 20 mM, and Ap*pA dimer, 29.7 mM in
accord with binding curves (Chapter 2: Figure 1.0A, Figure 1.2). Other added compounds are
specified in the figure legends. Cobalt hexammine solutions were pH adjusted to 7.5 before use.
Time points for kinetics varied depending on the concentration of metal ion, and on whether
imidazolium-bridged dinucleotide used was Ap*pA or Cp*pC due to substantial differences in
rate in Cp*pC- versus Ap*pA- driven primer extension. In Cp*pC-driven primer extension, it is
necessary to sample more frequently to accurately represent the initial rate (Table A.2). We

measured the pH before and after all primer extension reactions using an Orion™ 9863BN
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needle-tip Micro pH Electrode at 25 °C to verify that there was no effect on the pH due to the
addition of bridged dinucleotide stock or concentrated metal ion stocks. Primer extension was
initiated by Cp*pC/Ap*pA dimer addition, and all reactions were at 25 °C. Quench conditions
for reaction are as previously reported.” We performed MnCls reactions in a Coy Laboratory
vinyl anaerobic chamber(N> atmosphere with 2.5 to 3% H») due to oxidation and formation of
manganese oxide precipitates in the pH range sampled. Reaction mixtures were prepared using
degassed nuclease free water, with quench solutions run through the vacuum purge-fill cycle
with the caps open (because these solutions were less than 10 pL). Reactions were not run at

greater than 100 ppm oxygen as measured by a CAM-12 detector.

183



Sequence Sequence (5" 2 3’) Source
Name

Primer | /5Cy3/rGrCrGrUrArGrArCrUrGrArCrUrG IDT

GGG | rArGrGrGrCrArGrUrCrArGrUrCrUrArCrGrC IDT
Template

UUU | rArUrUrUrCrArGrUrCrArGrUrCrUrArCrGrC IDT
Template

A-end Primer | /5Cy3/rGrCrGrUrArGrArCrUrGrArCrUrA IDT

2 Gap | tGrArGrUrUrArGrGrGrCrArGrUrCrArGrUrCrUrArCrG  IDT
Template | tC

Helper | rCrUrCrArArUrG IDT
1 Gap | rGrArGrUrUrArGrGrCrArGrUrCrArGrUrCrUrArCrGrC  IDT
Template
A-end | tArGrGrGrUrArGrUrCrArGrUrCrUrArCrGrC IDT
template
LNA template | A+G+G+G+CrArGrUrCrArGrUrCrUrArCrGrC Exiqon/Qiagen

LNA 2 gap | GtA+G+T+T+A+G+G+G+CrArGrUrCrArGrUrCrUrAr
template | CrGrC

RNA pre- | rCrUrCrCrArG In-house
primer
B3C primer | rCrUrCrCrArGr3C In-house
DNA template | GAGGTCGCCGCTGGAG In-house
DNA helper | CGACCTC In-house
GC | rArArArGrCrCrArGrUrCrArGrUrCrUrArCrGrC IDT
extension
template
Li primer | [56-FAM/CrGrCrUrCrGrArCrUrG IDT
Li template | rGrCrGrCrCrUrCrArUrCrArGrUrCrGrArGrCrG IDT
Li | CGCTCGACTGATGAGGCGC IDT
complement
Ligation /5Cy3/tArGrUrGrArGrUrArArCrGrC IDT
primer
Ligation rUrCrArGrGrCrGrUrUrArCrUrCrArCrU IDT
template
Ligator 2MelmprCrUrGrA In-house

Activated | All2AT activated: GAG, AGG, GGC, GCG,CGC,UGA  In-house

trinucleotide
s for Li
template

Table A.1. Oligonucleotide sequences used for experiments. (+) LNA, (r) RNA, otherwise DNA.
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All quenched primer extension reaction samples were run on TBE-Urea 20% PAGE and
analyzed with an Amersham Typhoon gel imager and quantified using the accompanying

ImageQuant™

software. Bands were chosen using the peak picking tool and verified by eye, and
we used the “Rolling Ball” subtraction to normalize each lane. Bands that migrated further than

the primer are due to RNA degradation under the metal ion conditions, and were not included in
quantification of the primer decay. Each lane was normalized to itself for calculating the

percentage of primer remaining.

Kinetic Analysis

We determined the pseudo-first order reaction rate for each condition from the slope of linear fits
of the natural logarithm of the ratio of the amount of unreacted primer remaining at a given time
point to the initial amount of primer, plotted versus time. Each rate is calculated from the slope
of three to five timepoints from one experiment. Only rates with R? over 0.8 for the linear fit
were accepted for subsequent analysis, otherwise the reaction was repeated. Each experimental
rate was then averaged together with three or more experimental replicates. Manual sampling at
high metal ion concentrations was limited by human ability, with timepoints in the linear region
of the burst phase at less than 10 seconds apart. These binding curves were fit using Prism non-
linear fit (Michaelis-Menten type, single binding site) using entered mean, SD, and n. Standard
deviations and means were calculated from experimental replicates, which were fit using
Microsoft Excel.

The following kinetic scheme was used

Kpind

Primer-template complex + free Mg?t —== M g?**-bound primer-template complexM) P+1

The primer-template complex is the RNA primer bound to the template saturated with

imidazolium-bridged dinucleotide.
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kl on
Kyind = ﬁ"— Equation 1

The on/off rate for Mg?* (10 s1)!? is much faster than the reaction step for primer extension,
allowing us to fit to the following saturation binding curve.
ko»s = primer extension rate=[primer/template complex]oﬁ% Equation 2

kntg.off+kea .
Ky = "Moot f+Reat Bayation 3

kJ\Ig on

A.5 NMR characterization of small molecules and oligonucleotides

All spectra were obtained using a Varian INOVA 400 MHz NMR spectrometer at 25 °C.
When spectra were collected to determine purity, samples were dissolved in pure D>O, and
referenced to external 85% H3POs or internal OP(OMe); for *'P NMR, and HOD for '"H NMR,
and MeOD, acetone, or triethylamine for *C NMR. All spectra were analyzed using the MNova
software.

A.6 High resolution liquid chromatography-mass spectrometry (LC-MS) characterization of

small molecules and oligonucleotides

The monoisotopic mass (m/z) and purity for all synthesized RNA oligonucleotides and
small molecules were assessed using an Agilent 1200 HPLC system equipped with a Waters 100
mm XBridge C18 column connected to an Agilent 6230 time of flight mass spectrometer as
previously described.®!! This LC-MS system was equipped with a solvent degasser, auto-
sampler, column oven, diode-array detector, and dual electrospray ionization source. All runs
were performed with 50-100 pmole of samples. Negative ion mode was exclusively used due to
the negatively charged nature of all the RNA compounds synthesized. The column utilized was a
Waters 100 mm XBridge C18 column, 1 mm i.d., 3.5 pm particle size (Waters Corporation,

Milford, MA) with the following solvent conditions: 200 mM HFIP, and 1.25 mM TEAA
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at pH 7.0. Solvent B was methanol, and was ramped from 2.5% to 20% over 30 min at a flowrate
of 0.1 mL/min.!?

A.7 Solid phase RNA oligonucleotide synthesis, deprotection, and purification

RNA oligonucleotides were synthesized at the 50 umol scale by solid-phase
phosphoramidite polymerization chemistry on a MerMade 6(BioAutomation) RNA/DNA
oligonucleotide synthesizer as previously described.!! Purification using both C18 and anion-
exchange preparative HPLC was also performed as previously described,!! and then samples
were washed with acetone and desiccated until pellet stopped shrinking to remove excess
NaClOs. Purity of oligonucleotides was assessed liquid chromatography-mass spectrometry (LC-
MS) in negative mode as described in A.6.

A.8 Metal stock solution preparation

For metal concentration series, stock solutions of 4M and 2.5 M MgCl, were made from the solid
anhydrous salt (note: these reactions are exothermic and care must be taken), and serial dilutions
were performed to prepare the necessary concentrations for the experiments. Serially diluted
working stocks were prepared fresh from the high concentration stocks for every experiment.
MnCl; and CaCl, (Fisher/Alfa Aesar) were both purchased as 1M stock solutions and
subsequently serially diluted. A 250 mM stock solution of Co(NH3)sClz was made from the solid
and pH adjusted. Cobalt chloride hexahydrate (Alfa Aesar) was made into a 250 mM stock

solution from the solid and pH adjusted to 7.0 by addition of NaOH.

187



Table A.2: Quench

times
Concentrations (mM) MgpH=8 MnpH=75 CapH=75 MgpH=75 MgpH=6 MgpH=9 Helper No Helper  NaCl CoHex Constant lonic Strength ~ AA Aend LNA helper ~ Mn no helper ~ Mn helper
0-5 315,30,51m 3,15,30,45m  3m30m,1.5h2h 3,30m,1,1.5h 3m,1,2,3h 3,10,30,45m 3,15,30,60m 1,2,3,15m  35m211523h 3m,1,2,3h  3,15,45,90m 1,23,4hr  330m115h 3,154560m 3,14,30,455m 3,10,20,30m %
10 thru 60 1,235m 1235m 3,30m,1,1.5h  3,15,30,45m 330m,211.5h 1,2,3,10m 1,2,3,5m 1,2,3,5m 35m,1,1.52,3h 3m,1,2,3h  1,2,3,5m 1,152535123,5m 1235m 1,235m 30,6090,120s  —i
80- 200 3060901205 30,60,90,120s 3,1530,45m 12,3,10m  3,10,30,60m 30,60, 1205 30,60,90,120 0.5,1,1.5,2m 35m1L523h 3m,1,2,3h  30,60,90,120s 0.75, 1.5,2,3 306090,120s 30,60,90,120s 30,60,90,120s  30,6090,120s
250-400 306090,120s 30,60,90,120s 1,2,3,5m 1,2,3,5m 1,2,330m 306051205 30,609 120s 0.5,1,15, 2m 35m1,1523h 3m,1,2,3h  30,60,90,120s 0.75,1,1.5,2 306090,120s 30,60,90,120s 30,60,90,120s  30,6090,120s
500+ 30,60, 90, 120s 30,60,90,120s  1,2,3,32min 15,25, 35,605 3,30m,1.5,2h

Reaction times ultimately chosen after long time point reaction series were performed to have more than 50% of primer left in first
time point if possible (not the case in 500+ mM), so as to obtain accurate initial rates. Rates have been obtained in other time
frames as well and verified to be the same as those in the final figures.
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Appendix B
Methods

Refer to Appendix A for general methods involved in these studies. Specific methods used in
Chapter 2 are further elaborated here.

Primer extension with varying pH

For pH curves, the following buffer conditions were used: MES (5.5-6.5), Tris (7-9), CHES (9.5-
10). At the edge of buffer conditions, the two buffers that could reach that pH were tested in
primer extension at the same pH and the reaction pH was measured before and after the
experiments. The buffer that led to the least change in pH throughout primer extension was
utilized at that pH.

Solvent kinetic isotope effects in primer extension

Primer extension is performed as described in Appendix A, but all buffers, salts and oligomers
are dissolved in D>O and lyophilized down three times to ensure full deuterium exchange of
exchangeable protons.

NMR determination of Cp*pC formation and hydrolysis

All hydrolysis spectra were obtained using a Varian INOVA 400 MHz NMR spectrometer at 25
°C in 90% H>0, 10% D-0. Bridged dinucleotide formation spectra were collected in 100% H>O
in a Shigemi tube with a DO insert. All spectra were analyzed using the MNova software.
Quantifying the decay and formation of the bridged dinucleotide in presence of metal ions
performed in triplicate by taking *'P spectra with 256 scans every 7.5 min. Each sample
contained external 85% H3PO4 (8 = -3.3 ppm) for 3P (161 MHz) reference. For kinetics, the
concentration of the molecule of interest was normalized over the total area under the curve of all

phosphate peaks. Concentration was then determined using calculated starting concentration
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from Nanodrop and calculated extinction coefficients, and multiplied by the fractional
normalized amount of the molecule of interest.!*

Analvytical HPLC analysis of bridged dinucleotide hydrolysis

Samples were analyzed using an Agilent 1100 series HPLC system with a 4.6mm x 250 mm, 6
um Varitide C18 column, autosampler, solvent degasser and automatic fraction collector.
Absorbance of samples were monitored at 254 nm, with a reference at 360 nm under a gradient
of 20 mM triethylamine bicarbonate buffer (pH 7.5) versus acetonitrile (3% ACN from 0-7
minutes, 3-50% from 7-27 minutes, 50-100% ACN from 27-29 min, 100% from 29-33 min, 100-
3% from 33-34 min, 3% from 34-40 min). To monitor the decay of Cp*pC over time, elution
profiles for standards of CMP (7 min), the pyrophosphate CppC (7.5-8 min), Cp*pC (17
minutes), *pC (10 minutes) were established under the gradient conditions. The absorbance at
254 nm was then utilized to calculate the concentration through the following procedure. The
area under each peak from a given run was calculated using Agilent ChemStation software.
Then, each peak was normalized to the total measured area, and the first order decay kinetics
were calculated using the normalized decay of Cp*pC with timepoints taken roughly every 2
hours by the autosampler (between each data run was a blank run).

Synthesis and characterization of [Co(NH3)sOH>]**Cls

Cobalt pentaamine chloride was obtained from Sigma Aldrich and dissolved in water for three
weeks at room temperature until a color change (purple to red) was observed.? Although the
species exist in equilibrium, the vast excess of water favored the formation of the cobalt
pentaamine hydroxo species over several weeks. The solution was then characterized in a Icm
cuvette using a Nanodrop 2000c Spectrophotometer. Peaks were observed at 344 and 490 nm,

corresponding to the published values of the complex (500 nm). The chloride complex absorbs at
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535 nm, and was not observed to have substantially changed the profile of the spectra.

200 220 240 260 280 300 320 240 260 380 400 420 440 450 430 500 520 540 560 SE0 600 620 640 660 €60 700 720 740 750 78D 80D

Wavslength [nm

Figure B.1. UV-VIS Spectrum of [Co(NH3)sOH2]**Cl; solution.
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Appendix C

Supplemental Materials for Chapter 3
Methods

Synthesis and purification of *psG and Gps*pC

1 mmol of N2-isobutyryl-2’,3'-diacetylguanosine was charged into a flask with positive
pressure Ar (g) in a Schlenk line setup. Anhydrous acetonitrile was used to dissolve the white
solid completely. 288 uL of 2,6 lutidine was subsequently added to the mixture, and then a slow,
drop-wise addition of 101 uL. PSCI3 (caution: TOXIC) with an Ar(g) headspace in the needle.
White vapor formation was observed in this process. This process was repeated until the solution
when measured by ESI-MS of reaction aliquots showed the masses for the product (2 Cl
addition, m/z= 569, one OH/one Cl m/z=551) and reactant depletion (m/z=437). This usually
took between 3 and 6 PSCIs/ 2,6-lutidine additions. The reaction mixture was then cooled to 0°C
using an ice bath and solid 2-methyl imidazole was added in excess (985.2 mg). The reaction
was then stirred at room temperature for 15 minutes, forming some white solid, and re-cooled
with the ice bath to add 10 mL 500 mM triethylammonium bicarbonate solution and minimal
acetonitrile to re-dissolve any solid, bubbling observed. The solution was then re-exposed to air
and degassed via sonification. The sample was split into several injections and diluted with water
for flash chromatography. The mobile phase was 20 mM triethylammonium bicarbonate at
pH=7.5, and the organic phase was acetonitrile. The organic phase gradient was 0-40% over 20
column volumes. The fractions that corresponded to the masses for compounds 2 and 3 (Scheme
1) (m/z=596 and 661 respectively). The fractions of 2 and 3 were rotovapped separately to form
beige-white solids. 3 was subjected to hydrolysis in a refrigerator for one day to remove the

additional methylimidazole added to the phosphorus and form 2. 2 was dissolved with minimal
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methanol in a heavy-walled round bottom pressure flask, and 20 mL NH4OH was added. The
vessel was closed tightly and reacted for 3 hours in a 65 °C oil bath. After the 3 hours, the
reaction vessel was equilibrated to room temperature for 30 minutes to an hour. The reaction was
then carefully rotary evaporated, and resuspended in 10 mL 250 mM TEAB, and filtered through
a cotton plug. This solution was flash purified using reverse phase flash chromatography over 20
CV with an organic gradient 0-15%. The desired product was collected around 10CV (m/z=
442), and lyophilized at room temperature overnight. The sample is then re-dissolved in water
and exchanged with excess 2-aminoimidazole hydrochloride for 1 day at pH=7.5, and purified
using the previous flash chromatography conditions. The weight of desired product 7 is 444. This
synthetic protocol also applies to creating cytidine 2-aminothiophosphoroimidazolides, however
the diastereomers of the cytidine species are unable to be resolved by chromatography, and
therefore were not of further interest for our studies. All products at this stage were racemic, and
diastereomers were subsequently purified of 7 using preparative HPLC. Separation of the
diastereomers was near-baseline, but often took 2-3 purification cycles to completely remove all
of the opposing diastereomer from the samples.

Due to the different diastereomers of *psG having the same mass, purity is measured by
3P NMR exclusively, with peak assignments (Tables C.1, C.2, C.3). Diastereomer 1 and 2 are
denoted as such due to their order in elution through preparative chromatography- Diastereomer
1 elutes 1%, diastercomer 2 elutes 2™, and this is robust to elution conditions as verified through
NMR.

Gps*pC (D1 and D2) syntheses were performed with a 1:4 molar ratio of the
diastereomerically pure AlpsG: CpOAt in water at pH=8 (as adjusted using minute amounts of

NaOH and HCI) for 1 hour at room temperature.! This procedure was also utilized to make
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Gp*pC standards. The reaction was purified by preparatory HPLC on an Agilent Eclipse XDB
C18 column (250 mm, 21.2 mm i.d., 7 um particle size). The aqueous mobile phase was 20 mM
aqueous triethylammonium bicarbonate buffer at pH 7.5, and the organic mobile phase was
acetonitrile. The gradient of the organic mobile phase was 5% to 5.5% 0-18 min, 5.5-6% 18-24
min, 6-25% 24-55 min at 10 mL/min flow rate. Gps*pC eluted at 7-8% acetonitrile, 35 min, and
flash-frozen using liquid nitrogen and placed on lyophilizer until a dry, fluffy white solid.
Products were verified by ESI-MS before lyophilization in each purification.

Characterization of thiophosphoroimidazolides

Samples post lyophilization are dissolved in 400uL DO, and put in a Smm Shigemi tube
with relevant external reference inserts. '"H and proton-decoupled '*C and 3'P NMR spectrum
were collected on a Varian Inova 400 MHz spectrometry equipped with a broadband PFG (z-
gradient) probe (161 MHz for *'P). Proton, carbon, and phosphorus chemical shifts are reported
in parts per million (ppm) on the  scale. The proton spectrum is referenced to DHO (6=4.79
ppm).2 Phosphorus spectra are referenced to external phosphoric acid (85%), carbon to internal
MeOD or triethylamine shifts. All NMR spectra were collected at 25° C. Data are reported as
follows: chemical shift, multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet,
br=broad), and integration. Refer to tables for assignment of peaks to compounds.

Computational studies GpAlpsG

Models were initiated from crystal structure (PDB 6CS8E), both diastereomeric oxygens
were substituted for S, and conformational searching performed, followed by DFT on stationary
points at the B3LYP/6-31G(d) level of theory in PCM (water) with and without D3BJ dispersion
correction.?

Structural characterization of AlpsG through crystallization
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With limited solubility (and immediate precipitate formation) in organic and polar
solvents, AlpsG posed a difficulty for conventional small molecule crystallography. Therefore,
less conventional methods were sought in order to characterize their stereochemistry at the
phosphate. MicroED was attempted extensively with solid applied to grids in a number of
different ways. While some crystals resulted in solutions from direct methods, none resulted in
structures that made chemical sense. Additionally, for crystallography, soaking conditions did
not lead to ordered structures of the monomers, so only product structures were collected.

1 mM RNA sequences (Sequences are listed in Table C.6) were mixed with 50 mM
phosphorothioate G monomer or 20 mM phosphorothioate GA dimer at 1:1 ratio. The samples
were heated up to 90 °C for 2 min and then slowly cooled to room temperature. Then magnesium
chloride was added at the final concentration of 20 mM. The sample was incubated at room
temperature for 72 hours before screening. Crystal Screen HT, Index HT, Natrix HT (Hampton
Research, Aliso Viejo, CA) and Nuc-Pro HTS (Jena Bioscience, Jena, Germany) were used to
screen crystallization conditions at 20 °C using the sitting-drop vapor diffusion method. An NT8
robotic system and Rock Imager (Formulatrix, Waltham, MA) were used for crystallization
screening and monitoring the crystallization process. Optimal crystallization conditions are listed
in Table C.7.

Data collection, structure determination and refinement

Diffraction data were collected at a wavelength of close to 1 A (exact values are in Table
A.8) under a liquid nitrogen stream at 98 K on Beamline 822 at the Advanced Light Source in
the Lawrence Berkeley National Laboratory (USA) or Beamline 23-ID-B at the Advanced
Photon Source in the Argonne National Laboratory (USA). The crystals were exposed for 1s per

image with a 1 A oscillation angle (CCD) or 0.2 s per image with a 0.2 A oscillation angle
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(Pilatus). The distances between detector and the crystal were set to 180-300 mm. The data were

processed by HKL2000. The structures were solved by molecular replacement by PHASER

using structure of 6C80 as the searching model. All structures were refined by Refmac. After

several cycles of refinement, some water molecules and metal atoms were added in Coot. Data

collection, phasing, and refinement statistics of the determined structures are listed in Table C.8

and Table 1 in Chapter 3.

Table C.1. 2Melmp;G racemate

'H

13C

31P

ESI-MS

'H NMR (400 MHz, d>0) § 7.27 (dt, J= 6.7,
2.0 Hz, 1H), 6.74 (q, J= 1.7 Hz, 1H), 5.85
(dd, J = 6.0, 2.8 Hz, 1H), 4.68 (dt, J=17.5,
5.6 Hz, 1H), 4.39 (dd, J= 6.1, 2.9 Hz, 1H),
425 (td, J=3.8, 2.1 Hz, 1H), 4.03 (dtd, J =
10.1, 6.7, 3.3 Hz, 2H), 2.89 (q, J= 7.3 Hz,
16H), 2.41 (s, 3H), 1.09 (t, J = 7.3 Hz, 24H).
13C NMR (101 MHz, d20) & 167.96, 152.63,
136.37, 136.29, 126.46, 126.35, 123.33,
123.26, 118.48, 87.39, 87.36, 74.51, 74.44,
71.70, 71.54, 47.25(TEAH+), 15.49, 15.46,
9.53(TEAH+).

3P NMR (162 MHz, d»0) 6 44.1, 44.04, -3.3
H3PO4 85% external reference).
Exact mass (442.07), Observed mass (442)
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ppm

Figure C.1. '"H NMR spectrum of 2MelmpsG racemate. Excess triethylamine is observed from

purification procedure. Refer to Table C.1 for peak assignments.
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Figure C.2. °C NMR spectrum of 2Melmp,G racemate. Excess triethylamine is observed from

purification procedure. Refer to Table C.1 for peak assignments.
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Figure C.3. 3'P NMR spectrum of 2MelmpsG racemate. Spectrum of 2MelmpsG racemate post
flash chromatography purification with full spectrum and inset displaying the two peaks of the

different diastereomers. Refer to Table C.1 for peak assignments.
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Table C.2. 2AmImpsG Diastereomer 1

'H H NMR (400 MHz, d»0) & 7.96, 6.81, 6.80,
6.51, 6.50, 5.90, 5.89, 4.83, 4.79, 4.53, 4.52,
4.51,4.50, 4.32,4.21,3.21 (qd, J=7.4,2.1

Hz, 1H), 1.29 (td, J= 7.4, 2.1 Hz, 1H).

B3C BCNMR (101 MHz, d20) 8 218.02(acetone),
162.18, 140.11, 118.71, 118.64, 89.84, 86.00,
85.90, 76.03, 73.12, 68.22, 68.15,
49.24(TEAB+), 32.81, 10.81(TEAB+).

3Ip 3P NMR (162 MHz, d»0) & 43.84, -3.3
(H3PO4 external reference)

ESI-MS Exact mass (443.07), Observed mass (443)
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Figure C.4. '"H NMR spectrum of 2AmImp,G diastereomer 1. Refer to Table C.2 for peak

assignments.
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Figure C.5. °C NMR spectrum of 2AmImp,G diastereomer 1. Refer to Table C.2 for peak

assignments.
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Figure C.6. *'P NMR spectrum of 2AmImpsG diastereomer 1. Refer to Table C.2 for peak

assignments.
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Table C.3. 2AmImpsG Diastereomer 2

'H

13C

31P

ESI-MS

'"H NMR (400 MHz, d20) & 7.96 (d, J=2.1
Hz), 6.81 (q, /J=2.2 Hz), 6.51 (q, /=2.2 Hz),
5.89(dd,J=5.2,2.1Hz),4.79 (s, 5H), 4.52
(q,/=3.4Hz),4.32(s), 4.24 - 4.16 (m),
3.21(qd, J=7.4,2.1 Hz, TEA+), 1.29 (td, J =
7.4,2.1 Hz, TEA+).

BCNMR (101 MHz, d»0) 4 160.78, 152.14,
138.35,116.96, 116.42, 116.37, 88.16, 83.72,
83.62, 73.80, 70.87, 66.50, 47.19(TEA+),
8.74(TEA+).

3P NMR (162 MHz, d»0) & 43.67, -3.3 ppm
(H3PO4 external reference)

Exact mass (443.07), Observed mass (443)
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Figure C.7. 'H NMR spectrum of 2AmImp,G diastereomer 2. Refer to Table C.3 for peak

assignments.
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ppm

Figure C.8. °C NMR spectrum of 2AmImp,G diastereomer 2. Refer to Table C.3 for peak

assignments.
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Figure C.9. 3'P NMR spectrum of 2AmImpsG diastereomer 2. Refer to Table C.3 for peak

assignments.
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Figure C.10. Comparison of 'H NMR spectra of diastereomer 1 and 2. Diastereomer 1 (black

trace) and diastereomer 2 (red trace). Refer to Tables C.2 and C.3 for peak assignments.
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Figure C.11. Comparison of '3C NMR spectra of diasterecomer 1 and 2. Diastereomer 1(red

trace) and diastereomer 2 (black trace). Refer to Tables C.2 and C.3 for peak assignments.
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ppm

Figure C.12. Comparison of >'P NMR spectra of diasterecomer 1 and 2. Diastereomer 1(red

trace) and diastereomer 2 (black trace). Refer to Tables C.2 and C.3 for peak assignments.

Synthesis and characterization of mixed thiophosphoro/phosphoro-2-aminoimidazolium-bridged

dinucleotides

The mixed thiophosphoro/phosphoro-2-aminoimidazolium-bridged dinucleotides were
synthesized in water, at pH=8 with a ratio of 1:4 AlpsG: CpOALt. The reactions were stirred
continuously from 1-48 hours, and analyzed by NMR for reaction products. Synthesis for pure
diastereomeric products must begin with the diastereomerically pure AlpsG, due to inability of

the racemic Gps*pC to separate by C18 column purification.
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Figure C.13. Formation of racemic Gps*pC monitored by 3'P NMR

AlpsG

CpOAt

Day 0 Gps*pC reaction

Day 2 Gps*pC reaction

I AL
Day 4 Gp¢*pC reaction
1 M\M ]
Day 6 Gps*pC reaction L
6IO 5'5 50 45 4‘0 3‘5 3;0 2L">

ppm

Figure C.14. Formation of racemic Gps*pC monitored by 3'P NMR downfield (65-25 ppm)
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ppm

Figure C.15. Formation of Gps*pC monitored by *'P NMR upfield (6 to -24 ppm)

Table C.4. Gps*pC diastereomer 1

'H 'HNMR (400 MHz, d»0) & 8.02, 7.98, 8 7.56
(d, J=7.4 Hz), 6.92, 6.77, 6.02 — 5.94 (m)
5.88 — 5.84 (m), 5.82, 4.79(HOD) 4.47, 4.25,
4.18, 4.13, 3.21(m), 2.60, 1.29 (m).

31p 31p NMR (162 MHz, d,0) & 44.48, -12.87.

ESI-MS Exact mass (748.11), Observed mass (748)
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9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Figure C.16. '"H NMR spectrum of C18 purified Gps*pC diastereomer 1. HOD and

triethylamine are observed from purification. Refer to Table C.4 for peak assignments.
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Figure C.17. 3'P NMR spectrum of C18 purified Gps*pC diastereomer 1. Refer to Table C.4 for
peak assignments.

Table C.5. Gps*pC diastereomer 2

5
'H 'HNMR (400 MHz, d20) & 7.94, 7.55(d),
7.53,7.01, 6.82, 5.98(d), 5.87(d), 5.79,
4.79(HOD) 4.47, 4.26, 4.17, 4.15, 3.22
(q)TEA, 1.29 (t) TEA.
31p 3P NMR (162 MHz, d10) 8 43.75, -12.80.

ESI-MS Exact mass (748.11), Observed mass (748)
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Figure C.18. '"H NMR spectrum of C18 purified Gps*pC diastereomer 2. Refer to Table C.5 for

peak assignments.
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Figure C.19. 3'P NMR spectrum of Gps*pC diastereomer 2. Refer to Table C.5 for peak

assignments.
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Figure C.20. Hydrolysis of AlpsG over the course of 16 hours *'P NMR (superimposed 38.5-50

ppm). 16 hours (red trace), 0 hours (blue trace).
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CCLLCCCClCCLCCCLCCCCCCCLCCCCCClCCCCCCCCCCCCCCCCCCCCiCll

Figure C.21. Hydrolysis of AlpsG over the course of 16 hours *'P NMR (stacked 38.5-50 ppm).
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Figure C.22. AlpsG hydrolysis, 3-week timepoint (37-58 ppm). *'P NMR (162 MHz, d»0)
d(ppm) observed include 51.25, 44.35, 44.23, 43.75(D1), 43.54 (D2), 40.11, 13.43. Identity of

remaining peaks are unknown. Peaks at 44 ppm show growth from Figure C.11.
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Figure C.23. Overlay of Gps*pC D1 and D2. D1 (black trace) and D2 (red trace).
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Figure C.24. Gps*pC D2 synthesis mixture, 3-week timepoint,>'P NMR. Very little of Gps*pC
remains, hydrolysis and phosphodiester products observed. Re-formation of activated monomers

and formation Gps*spG relevant on longer time scales.
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X-ray crystallography

Table C.6. RNA primer sequences for crystallography.

Primer Sequence
Pl 5’-mCmCmCGACUUAAGUC-3’
P2 5’-mCmCmCGACUUAAGUCG-3’
P3 5’-TmCmCGACUUAAGUCG-3’

Italics: locked nucleic acid (LNA). mC:5-methyl cytosine.

Table C.7. Optimized conditions for crystallization of phosphorothioate extension products.

Phosphorothioate
Entry | Primer Optimized crystallization conditions
Substrate
G Monomer 0.2 M Ammonium acetate, 0.1 M BIS-TRIS pH 6.5,
1 P1
Diastereomer 1 45% v/v (+/-)-2-Methyl-2,4-pentanediol.
G Monomer 1.5 M Lithium sulfate, 50 mM TRIS pH 8.5, 5% w/v
2 P1
Diastereomer 2 Glycerol.
G Monomer 20 mM Magnesium chloride, 50 mM MOPS pH 7.0,
3 P2
Diastereomer 1 2.0 M Ammonium sulfate, 0.5 mM Spermine.
50 mM PIPES pH 7.0, 65 mM Magnesium chloride, 1
G Monomer
4 P2 mM Cobalt (III) Hexamine chloride, 26% v/v (+/-)-2-
Diastereomer 2
Methyl-2,4-pentanediol.
GA Dimer 1.7 M Lithium sulfate, 50 mM HEPES pH 7.0, 50 mM
5 P3
Diastereomer 1 Magnesium sulfate.
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Table C.8. Data collection statistics.

Entry 1 2 3 4 5
PDB code 7U87 7U88 7U89 7USA 7U8B
23-ID-B
Beamline 8.2.2(ALS) 8.2.2(ALS) 8.2.2(ALS) 8.2.2(ALS)
(APS)
Wavelength
1.000034 1.000034 1.000034 1.000034 1.033167
(A)
Space group P321 P321 P321 P321 P321
Unit cell 42.74,42.74, 42.72,42.72, 43.20,43.20, 42.87,42.87, 43.46,43.46,
parameters 83.28, 85.82, 85.64 82.76, 81.12,
A,°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Resolution 50-1.70 50-2.14 50-1.65 50-2.10 50-1.73
range (A) (1.73-1.70)  (2.18-2.14) (1.68-1.65) (2.14-2.10) (1.76-1.73)
Unique
10188 (474) 5344 (229) 11662 (553) 5553 (273) 9404 (474)
reflections
Completeness
99.9 (98.8) 99.2 (88.8) 99.6 (98.9) 99.9 (100) 96.3 (98.5)
(%)
Rmerge (%) 8.9 (34.8) 7.7 (40.2) 8.6 (26.0) 7.9 (52.7) 9.3 (49.9)
<l/o(1)> 19.4 (2.7) 24.2 (2.2) 21.0 (5.6) 25.9 (4.2) 13.8 (4.8)
Data
9.9 (6.5) 9.5(5.7) 10.1 (7.8) 10.2 (9.9) 5.0 (4.8)
redundancy
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Appendix D

Methods

Primer extension: Mixed template primer extension is performed as previously described in
Appendix A and using the sequence from Figure 4D in Li et al. with activated monomers and
trimers,! except with 100 mM pH=7.5 Tris-HCI, and 50 mM MnCl; in anoxic conditions.
Reaction quenching was performed with 29 pL urea-acrylamide mixture as previously described
with 75 uM DNA complement.? Samples were heated to 90 degrees Celsius before 20%
acrylamide denaturing PAGE. Subsequent analysis occurs as described in Appendix A.4.
Ligation:
Ligation experiments were performed as described in 3 except with MnCla.
Sequencing
NERPE-Seq protocol was followed as previously described except at pH=7.5 and in the
presence of 50 mM MnCl, *° Before spin-column purification, the samples were quenched with
100 mM EDTA.
Analysis of Cp*pC formation and hydrolysis in presence of MnCl: with analytical HPLC
Due to the paramagnetic nature of Mn?*, continuous experiments measuring the
concentration of activated monomers and dimers through 3'P NMR were not accessible as when
using MgCl,. Therefore, at discrete time points of the hydrolysis of Cp*pC (50 mM Tris pH=7.5,
20 mM Cp*pC, 50 mM Mn?"), 1 uL was removed from the reaction mixture, and quenched with
500 mM EDTA (10 pL). Each time point was flash-frozen, and kept on ice until analysis by
analytical HPLC (same gradient, protocol, and analysis as in Appendix B). First order kinetics
were assumed for rate calculations for hydrolysis experiments. For Cp*pC formation from *pC,

24 mM *pC, 50 mM Mn?*, 50 mM Tris pH=7.5 was kept at room temperature and discrete time
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points were removed in the same manner as for hydrolysis. Second order kinetics were assumed

for rate calculations for bridged dinucleotide experiments

Bibliography

(M

)

3)

Q)

6))

Li, L.; Prywes, N.; Tam, C. P.; O’Flaherty, D. K.; Lelyveld, V. S.; Izgu, E. C.; Pal, A;
Szostak, J. W. Enhanced Nonenzymatic RNA Copying with 2-Aminoimidazole Activated
Nucleotides. Journal of the American Chemical Society 2017, 139 (5), 1810-1813.
https://doi.org/10.1021/jacs.6b13148.

Walton, T.; Szostak, J. W. A Kinetic Model of Nonenzymatic RNA Polymerization by
Cytidine-5'-Phosphoro-2-Aminoimidazolide. Biochemistry 2017, 56 (43), 5739-5747.
https://doi.org/10.1021/acs.biochem.7b00792.

Zhou, L.; O’Flaherty, D. K.; Szostak, J. W. Template-Directed Copying of RNA by Non-
enzymatic Ligation. Angew. Chem. Int. Ed. 2020, 59 (36), 15682—15687.
https://doi.org/10.1002/anie.202004934.

Duzdevich, D.; Carr, C. E.; Ding, D.; Zhang, S. J.; Walton, T. S.; Szostak, J. W.
Competition between Bridged Dinucleotides and Activated Mononucleotides Determines
the Error Frequency of Nonenzymatic RNA Primer Extension. 11.

Duzdevich, D.; Carr, C. E.; Szostak, J. W. Deep Sequencing of Non-Enzymatic RNA

Primer Extension. 13.

228



