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SUMMARY

The origin of life on Earth is a poorly understood phenomenon. All extant life
evolves by Darwinian evolution, which requires an informational, hereditary polymer, such
as DNA or RNA. The emergence of nucleic acids, or primitive inébional polymers
resembling nucleic acids, is therefore a central theme in prebiotic chemistry. The influential
RNA world hypothesis states that, at some early stagee evolutionof life, before the
establishment of the genetic code, RNA was the sole (or primapgliproer, performing
both informational and catalytic functions. In some interpretations of the RNA world
hypothesis, RNA is the first polymer to arise from prebiotic chemical procétsesver,
the prebiotic synthesis of RNA is problematic: forming theowes components of RNA
selectively and covalently linking them is prebiotically difficult. For these reasons, it has
been hypothesized that RNA is the product of evolution. In this view of the origin of nucleic
acids, RNA is the penultimate member in aolationary series of nucleic acids, starting
with the first informational polymer to arise on the early Earth: the protteic acid. The
chemical components of the pratacleic acid, and of prfBNAs, are not necessarily the

same as those in RNA, bugethfunctions were similar.

In this dissertation, | describe efforts to elucidate general physical organic
principles that dictate the spontaneous prebiotic emergence of-nud&c acids.
Candidate protmucleic acid components,uch as noncanonical neobases and
noncanonical backbone motifs, are described, and criteria to judge their candidacy, such as
chemical reactivity and propensity fofigomerization andselfassembly in water, are

discussedAlthough the chemical space of informational polyniersast, the principles

Xvili



arrived at greatly reduce the size of this space by ruling out inviable chemical motifs. This
work culminates with the introduction of a new class of informational polymer that is
considered a strong candidate for pfBISA. Important general principles for the

evolution of protenucleic acids and prBNAs are also discussed.

XiX



CHAPTER 1. INTRODUCTION

1.1 The Origin of Life on Earth

All life on Earth stores hereditary information in the informational polymer
deoxyribonucleic acid (DNA). DNA ian informational polymer that can be replicated in
a templatedirected manner by protein enzymes. In order to implement the instructions in
DNA, itis transcribed into a related polymer, ribonucleic acid (RNA), by protein enzymes.
The instructions in a mesenger RNA are then translated into proteins by the ribosome, an
RNA enzyme. This flow of molecular information, known as the Central Dogma of
Molecular Biology [1], is evolutionarily sophisticated. Unlike common descent, which is
apparent from the univebty of the Central Dogma, the chemical processes through which
life began are not at all obvious. Because the biosyntheses of DNA and protein are
interdependent, it appears that some informational molecular system must have preceded

them.

1.2 The RNA World Hypothesis

Unlike DNA and proteins, which exclusively fill information storage and functional
(i.e., catalytic, structural, signaling, etc.) roles, respectively, RNA is capable of filling both
roles. This is evident from the Central Dogma: messenger RNi#fasmational, being
synthesized from a complementary DNA strand and being translated into a specific amino
acid sequence, while ribosomal RNA is functional, catalyzing peptide bond formation.
Because of this versatility of RNA, it has been hypothesizatchimearly state of evolution

existed in which RNA was the sole polymer of life [2]. Thiscsal | ed ARNA wo



hypothesi so can be interpreted in several
only the immediate predecessor of DNA, but the fidymer of life to arise directly from

prebiotic chemical processes on the early Earth [3].

1.2.1 Problems with the Spontaneous Prebiotic Emergence of RNA
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Figure 1.1. The chemical structure of ribonucleic acid (RNA). RNA is an
informational polymer with a regular ribose (black) phosphate (orange) backbone

and four possible nucleobase substituents: adenine (a purine, shown in blue), uracil

(a pyrimidine, shown in red), guanine (a purine, shown in green), and cytosine (a
pyrimidine, shown in magenta). Uracil is slown with systematic pyrimidine

numbering. Adenine is shown with systemizc purine numbering. The 5Nj r i bose
shown with systematic sugar numbering.

There are a number of problems associated with the spontaneous prebiotic

emergence of RNA. First, the glycosidic bond that links the ribose moiety to a canonical



nucleobase is difficult to form undelapisibly prebiotic conditions: it does not form from

a direct reaction with ribose and the canonical nucleobases in water [4]. It can be formed,
for exampl e, i f position 1N (the anomeric
that can serve aslzetter leaving group than water [5]. However, the formation of these
activated forms of ribose invokes the presence of hydrolytically unstable and potentially

depletable chemical activating agents.

Second, the ribose sugar present in RNA is difficult tonfeelectively in a
pl ausi bly prebiotic manner. Ri bose is a
oligomer of formaldehyde, with its carbon atoms having a net oxidation state of zero.
ATypical 06 sugars can be s whchis eftenizvekddas n t he
their prebiotic source. However, the formose reaction is inherentlyselective,
producing literally hundreds of sugar products, with no special preference for ribose [6].
Syntheses have been developed that attempt to surnin@set two initial difficulties by

building the ribose moiety and nucleobase moiety simultaneously [7, 8], but the prebiotic

robustness of these syntheses has been questiofhéd [9

Third, the phosphodiester backbone linkage of RNA is difficult to form unde
plausibly prebiotic conditions [12]. The esterification of phosphate in water is kinetically
and thermodynamically unfavorable. This is thermodynamically obvious, as esterification
of phosphate requires the expulsion of an equivalent of water. Kingtiesdérification of
phosphate typically requires phosphate to act as an electrophile; however, except under
rather acidic conditions (pH < 2), phosphate is anionic, which greatly diminishes its
electrophilicity by preventing the attack of a nucleophileel@gtrostatic repulsion [13]. A

number of prebiotic chemical routes to phospho(di)esters have been proposed. Activated



forms of phosphate, such as trimetaphosphate [14, 15] and diamidophosphate [16], can act
as phosphorylating agents, but the prebiotienfition of these activated species is not
firmly established. Furthermore, these activated forms of phosphate, like the activated
forms of ribose mentioned above, are hydrolytically unstable and potentially depletable.
Phosphorylation of nucleosides suchatenosine with unactivated phosphate has been
accomplished in ureach media, such as molten (or semolten) urea [17], or muki
component solvents that contain urea, such as formaumngdemixtures [7], or ammonium
formatewaterurea mixtures [18]. Hwever, these ureach media would seriously
interfere with the initial formation of nucleosides, as nitregeh chemical species react
destructively with ribose and other sugars [19], raising the question of how nucleosides
could be formed and subseqtlgnphosphorylated in a single environment (although
geochemical scenarios have been proposed to circumvent this problem [20]). It should also
be noted that phosphate, if present on the early Earth, is thought to have been primarily
sequestered in insolbiminerals such as apatite [12]. Sources of phosphorus in lower
oxidation states, such as phosphites [21], or the meteoritic mineral schreibersite [22], have
been shown to produce phosphoesters when reacted with alcohols in water. However, these
phosphoryhtion reactions emphatically require the presence of an oxidizing agent. Water
has been suggested as the oxidizing agent in scheibaesiiated phosphorylation,

liberating hydrogen gas to form pentavalent phosphorus species [23].

In addition to these pblems of chemical reactivity, there are a number of questions
on the origin of RNA related to processes of selection. As alluded to above, the chemical
reactions usually invoked for the prebiotic synthesis of sugars argetextive, producing

ribose inaddition to other sugars [6]. Why, then, is only ribose (or deoxyribose) present in



extant nucleic acids, rather than any other possible sugar? Assuming that the sugar present
in a nucleic acid, for reasons of chemical reactivity that will be discussgdrtaist be an

aldose, and must be able to adopt a cyclic hemiacetal structure, there are two tetroses and
four pentoses that could have served as trifunctional connectors in the backbone of a
nucleic acid. Was the selection of ribose a result of cherdi@rminism from some
hitherto unknown (or undeappreciated) selective synthesis of ribose (or ribonucleotides),

or was ribose fichosendo through some proces

A related problem is the chemical configuration of ribase t#ne phosphodiester
linkage in the backbone of RNA. Ribose in its native state is present in four cyclic
hemiacetal forms and, to a small extent, one linear aldehydic form. Of the four possible
cyclic forms, why is the beturanoside form the one fouma extant RNA? Furthermore,
why does the phosphodiester nkage of RNA preSHnktiekabgeasiwv
t han -5tNpel i2ZnNfage (especially cowrnsectei@rimerng t ha
extensions of RNA produce both types of linkages [24, 25])? Studies have been published
thataddress hes e | ssues, <dummdosysfarrg g ebsse is ophnzalkfor theh e b
functions of RNA [26]. This may suggest that it was arrived at through an evolutionary

optimization process.

As a digression, it is interesting to note that the cis configura n  e3fNj tdhieo | 2 N;j
moiety of RNA allows for a mechanism of spontaneous strand scission {tadlexbin
line cleavage mechanism) that would not be possible for other hydroxyl group orientations
in other sugars. Although this degradation reactiong#ly thought of as a detriment to
the prebiotic viability of RNA, could it have been necessary for the recycling of RNA in

early forms of life (before the evolution of nucleases), perhaps to turn over ribozymes, or



because selfeplicating systems thabuld turn over monomers could evolve more rapidly

than those that could not?

To further complicate matters, the canonical nucleobases of RNA, adenine,
guanine, uracil, and cytosine, are produced prebiotically among many other related
heterocyclic compouds [27], and it is not immediately obvious why only this set of four
was chosen for the informatigransducing functions of RNA. On the grounds of chemical
stability, these bases seem superior to others [28, 29]. However, on the grounds of chemical
reactvity to form nucleosides, these bases are approximately equal to some noncanonical

nucleobases, but inferior to others, as will be shown.

1.3 Proto-Nucleic Acids and the Origin of RNA

Given the many problems associated with producing RNA abiotically, it seems
reasonable that RNA, rather than being produced directly from prebiotic chemical
processes, is the product of evolution [30]. In this view of the origin of nucleic acids, RNA
is the penultimate member in an evolutionary series of informational polyméng, be
preceded by more primitive, but more prebiotically viable, pratdeic acids, and being
succeeded by DNA. The predecessors of RNA, orRNMAs, resembled RNA in
functionality, but not necessarily in chemical structure (Figure 1.2). They are exfzected
be selfassembling and informatietmansducing by Watse@rick-like hydrogen bonding
associations between heterocyclic recognition units, and they are expected to be polymeric,
with a trifunctional moiety to append the recognition units to, and a (aelyatcharged
moiety to maintain solubility. The canonical chemical components of extant RNA (ribose,

phosphate, and the canonical nucleobases, adenine, guanine, uracil, and cytosine) were not



necessarily present in pRNAs. In heredityfirst models of he origin of life, the
primordial informational polymer, or protoucleic acid, must have been produced from
totally abiotic processes; therefore, for the reasons stated above concerning the prebiotic
difficulty in forming RNA, it may be that few or noné the canonical components were

present in the protaucleic acid.

/'-3 o
/

IL TC RU 7"

-o" \RUO bﬂw ATC \RU ¢ o ?—«\.

proto-RNA pre-RNA; pre- RNAk

Figure 1.2. The AGrandfatheroés Axeo0 model
composed of three structural elements: the recognition unit (RU), trifunctional
connector (TC), and the ionzed linker (IL). More primitive nucleic acids, which may

have been the ancestors of RNA, had these same structural elements, but the exact
chemical identities may have been different. Sequential substitutions of these
elements eventually furnished RNA andNA. Adapted with permission from [30].

If any preRNAs did exist, they have left no trace in extant life. RNA itself is
perhaps the ol dest remaining molecular dAfo
the ribosome, which is conserved acrosglathains of life [31]. However, just because
RNA is oldest chemical component of extant life, this emphatically does not mean that is
was the first. Still, with no molecular evidence left from a-RMNA world, how do we

begin to decipher the chemical natofeorotonucleic acids?

For both the recognition units and the backbone of grRN@, chemical

reactivity is a useful parameter to start with. Recall that the canonical nucleobases of RNA



are not sufficiently reactive to form ribosides in water with timated ribose, and that
phosphorylation is also a difficult reaction to accomplish. It is important to note, however,
that chemical reactivity is not a unidimensional parameter: although sufficient reactivity is
important to consider, the manner of reatyi in terms of nucleophilicity/electrophilicity,

hardness/softness, valency, and reversibility, is equally important.

Another parameter that is especially relevant to chemical evolution is the
propensity for setassembly. Selassembly in nucleic acdis necessary for template
directed replication, but is also important for its general property of inhibiting hydrolysis
[32]. This inhibition is entropic in nature: in order to undergo hydrolysis, a hydrolysable
bond must sample conformational states thi@ close to the transition state of, for
example, nucleophilic attack of water. In an assembled state, oligomers are
conformationally restricted, and are therefore less likely to occupy states close to the
hydrolysis transition state. In an oligomeripatsystem using reversible bonds, chemical
evolution can favor the formation of s@§sembling oligomers by recycling monomers of

oligomers that do not assemble.

The process of selissembly of extant nucleic acids is facilitated by WatSook
base paing between the canonical nucleobases, and emerges only on the oligomer level,
i.e., mononucleotides of the canonical bases do not spontaneousigssetible [33](with
the exception of guanosine in G tetrads). However, this limited extent afsselmbf is
not necessarily the case for nucleosides or nucleotides of certain noncanonical nucleobases

[34, 35].



Seltassembly of a candidate pratacleic acid must also be permitted by the
geometry of the backbone. Therefore, even if a candidate monomeraisiecap seH
assembly, it may be disqualified on structural grounds of its corresponding polymer.
Candidate backbones can also be evaluated by their repeat unit lengths. DNA, RNA, and a
number of synthetic nucleic acid analogues, such as PNA, all haten6(or 6bond)
repeats [36]. Threose nucleic acid (TNA) [37] and glycol nucleic acid (GNA) [38]
successfully undergo sedssembly withafat om r &fNp RINA, 2 Nn i somer
3-8jNj RNA, f or ms -atom pepeatxathait withimucdh lowrermal stability
t ha#® NJSRNA [ 39]. Pol ymeric sequences that ¢

considered less likely to successfully form supramolecular assemblies.

1.3.1 Noncanonical Nucleobases

Given that many noncanonical nitrogenous heterocydmpounds capable of
molecular recognition and sedssembly [35, 4@2] are produced in model prebiotic
reactions [43] and detected in meteorites [44], there is no strong reason to assume that the
earliest genetic polymers necessarily contained only thenieal bases. In addition to
pyrimidines and purines, several other heterocyclic classes of compounds may be
prebiotically relevant, including pteridines [45], triazines [43], pyrazines [46], imidazoles
(including hydantoins) [47], and triazoles [48]. Adugh this chemical space is vast, the
number of viable candidates can be reduced based on certain chemical principles. As
mentioned above, appropriate chemical reactivity and propensity feassgbly are
important criteria (both of which are affectied the choice of backbone, as differences in
reactivity may be necessary to append nucleobases to a candidate backbone, and as

differences in backbone geometry may favor or disfavor different modes-asselinbly).



Another simple but important criterios aqueous solubility. Although large heterocyclic
compounds, such as pteridines, might assemble more efficiently than smaller ones due to
a larger hydrophobic stacking surface, this same chemical properties greatly reduces their

solubility in water, preveting them from participating in monom&rming reactions.

Assuming that the protoucleic acid, or some p#eNA, was composed of
glycosides (as a generalization of ribonucleosides), then one of the most pertinent criteria
for the viability of a candidatancestral nucleobase is the ability to react with ribose and
other sugars in water without the use of activated intermediates. This restricts the space of
nucleobases to those that contain nucleophilic exocyclic amino groups, protic methylene
groups, oelectronrich methine groups, as only these functionalities can react with sugars
in water (for reasons that will be elaborated on in later sections). However, if the candidate
ancestral backbone is formed from a different type of electrophilic trifuradtcamnector,

this constraint can be modified or relaxed.
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Figure 1.3. The melaminecyanuric acid supramolecular assembly system. Top: The
melamine-cyanuric acid crystal lattice, with a hexad highlighted in cyan (melamine)
and magenta (cyanuric acid). Bttom: Monosubstituted derivatives of melamine and

cyanuric acid spontaneously selassemble in water.
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Seltassembly by complementary hydrogen bonding of nitrogenous heterocycles
can give complexes with different cardinalities (i.e., whether the complexduplex,
tetraplex, hexaplex, etc.). Although extant nucleic acids typically form duplexes (with
triplexes and tetraplexes occasionally observed), this does not necessarily mean that proto
nucleic acids or priRNAs must also have seraxclusively formediuplexes. In fact, due
to the larger hydrophobic stacking surface area associated with larger complexes (such as
hexaplexes), these higheardinality complexes form at much lower monomer
concentrations than duplexes [49]. The most commonly encountetapléve motifs are
based off of the melamirgyanuric acid crystal lattice, which is formed from the hexad
substructure containing three melamine units and three cyanuric acid units arranged
according to complementary hydrogen bonding (Figure 1.3) [50if ®hje or both of these
triazines is derivatized on one hydrogen bonding face, then isolated hexads can be formed
in solution [50, 51]. If the derivitization confers a peripheral charge, then hexad assemblies
of this type can be formed in water [34, 4Bhe hexad, once assembled, presents a very
large hydrophobic stacking surfacepproximately 1.6 nAi to the aqueous solvent. To
sequester this large hydrophobic surface, the individual hexads stack on each other,
forming noncovalent fibers that can ®usands of hexads in length. In addition to the
triazines melamine and cyanuric acid, hexads with the same hyebogedning motif can
be formed from the pyrimidines barbituric acid [35] and 2d@ninopyrimidine (TAP)

[34, 49]. With the exception of AP, all of these compounds have been formed in model
prebiotic reactions [43]. Furthermore, these compounds possess the appropriate chemical
moieties to react with sugars. Melamine and TAP possess exocyclic amino groups that

could potentially condense withldehydes of aldose sugars. TAP also possesses an

12



electronrich, nucleophilic methine group. Barbituric acid possesses a protic methylene
group that can easily be deprotonated to give the nucleophilic barbiturate anion. Cyanuric
acid, unlike the other nlenbases, does not possess the proper chemical moieties to react
with aldehydes; however, anticipating that it possesses the appropriate mode of reactivity
to form alternative protaucleic acid monomers, it will remain in consideration. For these
reasonsthis set of four nucleobases (Figure 1.4), and close relatives thereof, will serve as

our candidates for the primordial recognition units of praioleic acids.
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Figure 1.4. The hexadforming noncanonical nucleobases, annotated with systematic
numbering and pKa values (of conjugate acids for TAP and melamine).
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1.3.2 Noncanonical Backbones

Because of the prebiotic difficulty in forming merand diesters of phosphate, and
because of the inability to form ribose selectively, it is worthwhile to consiggnatives
to the canonical RNA backbone for the earliest genetic polymers. Like the- proto
nucleobases, the chemical space of candidate-pratieic acid backbones is vast. In order
to reduce the size of this chemical space, two approaches can be takehwdnch is

reminiscent of a topplown approach, and the other of a bot@mapproach.

In a topdown manner, it can be inferred from the extant nucleic acids that, at some
stage in chemical evolution, sugars were selected as the trifunctional conbhbemheen
suggested that threose, a Asimplero sugar
atom than ribose, may have served as an early trifunctional connector to form threose
nucleic acid (TNA) [52]. This hypothesis has some merit in that Tibiins stable
duplexes, but does not truly address the problem of sugar selection, since it still leaves the
guestion of the mechanism of selection una
ribose, it is still not produced selectively by model poéibireactions. The evaluation of
the reactions of noncanonical nucleobases with a large set of sugars may provide some
insight into the selection mechanism, as it may have been that selection occurred by the
propensity to form stable glycosides (i.e., camonical nucleosides). Still, this would not
satisfactorily address the problem of back
only one electrophilic moiety, to which the nucleobase must be appended. Therefore, in
order to oligomerize a noncanoriicacleoside, a delectrophilic moiety must be installed.
Of course, if a sugar derivative is used, such as a uronic acid, then oligomeric species may

be able to form.
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Assuming that the original chemical bond that formed the backbone of the proto
nucleicacid was not an ester of phosphate, what chemical bonds could have taken its place?
This question can be attacked with a botgonthought experiment. Consider a set of
plausibly prebiotic electrophilic moieties, and a set of plausibly prebiotic nucleophi
moieties. From these two sets, a matrix of chemical bonds can be constructed, and each
bond can be evaluated individually (Figure 1.5). To constrain this chemical space further,
we will consider only bonds that form by condensatiehydration; i.e., ¢&nds that form
with the concomitant liberation of an equivalent of water. These bonds are convenient to

consider because they allow for monomer recycling by hydrolysis (see § 1.2.1 and § 1.3).
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Figure 1.5. Matrix of candidate backbone linkages formé from prebiotic
nucleophiles (left axis) and prebiotic electrophiles (top axis). Nucleophilic atoms and
their protic hydrogen atoms are shown in red, and electrophilic atoms and their
hydroxide leaving groups are shown in blue. The formal dehydration redon of a
general nucleophile with a general electrophile is shown below the matrix.

To emphasize that the linkage moieties considered are condertbeattiparation
linkages, the sets of prebiotic nucleophiles and electrophiles are shown in formalestuctur
with nucleophilic atoms and their protic hydrogen atoms highlighted in red, and with
electrophilic atoms and their formal hydroxide leaving groups highlighted in blue. These
forms do not necessarily represent the exact nucleophilic or electrophitonea
intermediates. Furthermore, some of these linkages might be formed from the fusion of

two nucleophilic moieties with one-giectrophilic moiety; e.g., the phosphodiester or the
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acetal, but in the set of formal electrophiles, are represented witiuole®philic element
already appended to the-eliectrophilic element. Finally, this matrix is not exhaustive; it
is intended only to demonstrate that a systematic survey and elimination of candidates can

be performed.

From this matrix of possible backibe linkages, we seek one that can be formed
with a low kinetic barrier under certain prebiotic conditions, but can persist for long
enough, perhaps under some different set of conditions, to supportassatibling
system. In this regard, the acetal/k¢kagure 1.5, row C, column 1) has been considered
because of its ease of formation and cleavage under acidic conditions and its kinetic
resistance to hydrolysis under basic conditions [53]. Glyoxylic acid (CI®QH) has been
shown to form acetdinked thymidine dimers under drying conditions with a magnesium
Lewis acid [54]. However, a yield of only 1% was observed for all dimer isomers
combined. Although this does not disqualify glyoxylate acetals as ionized linkers in pre
RNAs, there are perhaps othsond types that could form more easily under prebiotic

conditions to form the first nucleic acid.

In the context of protgolypeptide formation, it has been recognized that, along
wi t-amiUn o -ydioxy acjds dte also produced in model prebiotic reactions [55],
and by a similar mechanism [55, 56]. Malic acid, the hydroxy acid analogue ofi@spart
acid, was found to readily oligomerize by esterification from a drying aqueous solution at
acidic pH [57]. Furthermore, it was recently shown that mixtures of amino acids and
hydroxy acids, when dried from an aqueous solution at acidic pH, can foripejajute
oligomers, containing both amide (Figure 1.5, row B, column 3) and ester (Figure 1.5, row

C, column 3) bonds [58]. The mechanism of depsipeptide formation seems to be initiated

18



by acidiccatalyzed esterification (i.e., Fischer esterificationhm dry state, followed by

ester aminolysis to form amides. Because of this ease of formation of esters from a
plausibly prebiotic hydraticdehydration cycle, the ester bond (and perhaps the amide
bond as well) presents itself as a strong candidate fdratidbone linkage present in the

earliest genetic polymers.

1.4 Outlook

In this dissertation, | will describe efforts to elucidate general physical organic
principles of the spontaneous emergence ofassde&mbling, informational oligomers (i.e.,
proto-nucleic acids) that could hay@ausibly occurred on the eafBarth. Previous work
has established the strong candidacy of certain noncanonical nucleobases as components
of ancestral pr&RNAs, primarily on the grounds of propensity for setsembly in water
[27]. The research described herein on praioleobases is primarily concerned with the
chemical principles dictating their reactivity with candidate pRMA trifunctional
connectors. Depending on the choice of trifunctional connector moiety (or choice of
electrophilic moiety in general), the suitability of a given candidate nucleobase varies.
Consequences for selssembly are also observed. Chapters 2, 3, and 4 describe these
investigations, and the implications for the emergence of {ibtA and the evioition of

pre-RNAs are also discussed.

A number of studies have been also conducted to identify-gii# backbone
candidates. These studies also revealed important principles in chemical reactivity and in
the propensity for selhissembly. Some candidag® ruled out, while others are found to

be most suitable for intermediate PR&As. Ultimately, a new class of prebiotic
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compound, depsipeptide nucleic acid, is found to be a strong candidate for theyateto

acid. Chapters 5 and 6 describe thesgestigations.

The thesis concludes with a broad discussion of general physical organic principles
that dictate the formation of pretwicleic acids. Additionally, comments are made on the
possible modes of early evolution of pratocleic acids that areonsistent with the

chemical principles elucidated from this body of research.
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CHAPTER 2. THE AQUEOUS SYNTHESIS AND SELF
ASSEMBLY OF NONCANONICAL NUCLEOSIDES AND

NUCLEOTIDES

2.1 Introduction

The study of noncanonicaluc| eosi des in a prebiotic cont
synthesis of inosine from ribose and hypoxanthine in the presence of magnesium chloride
and sodium trimetaphosphate in the dry state at 100°C [1, 2]. Although the authors state
that the formatio of phosphorylated derivatives does not seem to be necessary, no inosine
was produced in the absence of trimetaphosphate. The first deliberate prebiotic synthesis

of a noncanonical nucleoside in water that occurred explicitly without the use of a chemical
activating agent was of urazole ribosides by Kolb and Miller in 1994 [3]. The reaction of
urazole (1,2,4riazolidine3,5d i one) wi t h r i-lacsdpyréaposidesland ed t |
furanosi de gpyranosidetptoduded ia thé greatest yield. Althougih for

explicitly prebiotic research purposes, glycosides of barbituric acid (pyrimidine
2,4,6(1H,3H,5Hitrione, or 6hydroxyuracil) were produced from the aqueous reaction of

barbituric acid with glucose and other hexoses by Gonzalez and coworker$ if#]L98

The conspicuous ability of certain potentially prebiotic noncanonical nucleobases
to react with ribose and other sugars (where the canonical nucleobases fail to react)
supports the hypothetical existence of nucleic acid ancestors of RNA that arereasily
formed from prebiotic processes, or in early stages of the evolution of life. This hypothesis

was further advanced by Hud and coworkers in 2013 when it was a found that another
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noncanonical nucleobase, 2 4riminopyrimidine (TAP), was able t@act with ribose
without chemical activation to prod€uce a
ribofuranoside (designated TARC) produced in the greatest yield [5]. It was found that
TARC, in the presence of borate, could spontaneouslyaseémblen water with a
complementary heterocycle, cyanuric acid, to form midemgth stackedhexad

supramolecular assemblies.

In this chapter, syntheses are described for various glycosides of barbituric acid,
melamine, and TAP. The mechanism of glycosylai®mliscussed. The sedssembly

properties of some glycosides are described.

2.2 Experimental Procedures

2.2.1 Materials

Melamine, barbituric acid, 2,4#@iaminpyrimidine, and cyanuric acid were
purchased from Acros Organic:Ribose5-phosphate disodium salt;itbose, Bglucose,
D-glucosamine hydrochloride,-Blucose6-phosphate disodium salt,-glucuronic acid,
and Dgalacturonic acid were purchased from Sigma Aldrich. All compounds were used

as received.

2.2.2 Sample Preparation

Unless otherwise noted, supramolecalssemblies were formed by combining the
pairing compounds in water, either in the form of the parent heterocycles, corresponding
glycosides, or both forms, at 50 mM in each heterocycle total. Because of the high yielding

synthesis of th€-BMP (between 8®5% yield), the crude reaction mixture was used for
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spectroscopic analysis without purification. Solutions wereagdjdsted by the addition of
NaOH or HCI. All solutions gelled within minutes upon mixing complementary molecules
and adjusting pH, except fahe assemblies formed from MMP and barbituric acid.
Experiments evaluating the assemblies of MMP and barbituric acid involved first

incubating the assemblies at 5°C overnight at pH 5. After this time, a hydrogel was present.

2.2.3 Analytical Techniques

Spectrosopic analysis of the supramolecular assemblies was performed using
circular dichroism (CD) anéH NMR. CD analysis was carried out on a Jas@@Qd CD
spectrometer equipped with a six cell Quantum NorthWelsier temperature controller.
Strain free 0.0Inm demountable cells from Starna were used. NMR sp&etecollected
on a Bruker DRX500 MHz NMR spectrometeand were the sum of 32 transients. All
molecules were ED-exchanged and lyophilized prior to analysis wODwith an internal

standard of TSPtd.11 mM.

Uv-LC/ MS analysis of glycosyl ation react
XBridge amide column running knear gradient of 90% MeCN/10%H4OAc buffer 10
mM pH 9 to 60% MeCN/40% N¥DAc buffer 10 mM pH 9 over a pemoof 7 minutes

with a flow rateof 0.5 mL/min.

2.2.4 Glycoside Synthesis

C-BMP: Barbituric acid (2.5 mmol) and ribogephosphate (2.5 mmol) were dissolved in
5 mL of O and the pH was adjusted to 9.0 withOH The solution was stirred for 24

hours at 20°C. This solution was théaded onto a gravity column containing QAE
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Sephadex A5 anion exchange media and eluted with a gradient @SB3 buffer from

50 mM to 0.5 M. The fractions containing product were combined. The maximum yield of
CBMP was -GBMFP (2l6CABMP B4%). HRMS (neg. m/z): El1oN2010P 1

t heoretical mass: 339 .-OGBMPSH NMRESOQUMHE, DO)a s s: 3
U 4.94 (d, 4.2 Hz, H1'); 3.85 (dd, 4.2, X I
3.59 M, H5'a); 3.46 (m, H5'b}3C NMR (126 MHz, D2O0O) U 167.1
85.5 (C5); 79.5 (d, 8.2 Hz, C4'); 76-.1 (cC1
BMP:'H NMR (500 MHz,RO) & 4.51 (d, 5.7 Hz, HR ): 4.
Hz, H3'); 3.54 (m, H4"); 3.58 (m, H5'a); 3.46 (m, H5¢ NMR (126 MHz, RO) & 166 . 4
(C4/C6); 153.1 (C2); 85.7 (C5); 80.8 (d, 7

63.8 (d, 4.6 Hz C5).

MMP: Melamine (1 mmol) and ribosgphosphate (1 mot) were dissolved in 5 mL of

H20 and the pH was adjusted to 5.0 wHEl. The solution was stirred at 65°C for 24

hours. This solution was then loaded onto a gravity column containing SP Sepha@dex C

cation exchange media and eluted with4®Ac buffer, 50 mM, pH 4.31. The fractions
containing product were lyophilized, redissolved in water, and pooled. The maximum yield

of MMP wa-BMIMB 5 %6 (MMB,28.686). HRMS (neg. m/z): &Bl1aNeO7P T
theoretical mass: 337 .-0MP6HNMRa(500 MHz,|ROMNa sis: 3
5.46 (d, 4.1 Hz, H1'); 3.97 (dd, 4.7, 1.9 Hz, H3'); 3.94(dd, 4.7, 4.1 H2'); 3.74 (m, H4"); 3.64

(m, H5'a); 3.55 (m, H5'b}3C NMR (126 MHz,RO) U 164. 4 (C2); 164.
(C1Y; 79.5 (d, 8.2 Hz, C4'); 70.0 (C3);694.9C2"' ) ; 63 . 4MNRIHN®BR 3, C5'

(500 MHz, O) & 5.25 (d, 6.6, H1'): 3.89 (dd, 5
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H2'); 3.75 (m, H4"); 3.49 (m, 3.54, H5'a,BC NMR (126 MHz,RO) U 165. 1

(C3/C4); 84.2 (C1; 82.3 (d, 8.0 HZ4"); 73.1 (C2); 70.5 (C3"); 64.2 (d, 4.5 Hz, C5").
All other compounds were synthesized as described.

2.3 Formation and Supramolecular Assemblyof Complementary Noncanonical

Nucleotides in Water

TAP 5 | | ! E
PKy=7 | | | N,J*NH@’ | N%N e
HQNJ\)\NHQ HQN’K)\NHQ
| | | A
cyanuric acid | : ; ' HNJ\NH ; HNJ\N@
pK, =7 . . i i "
E i i i O)\N/&O i OA\N/&O
- - - - H . H
, ' NH, ; NH,
melamine , ' NJ‘\‘NHG) ' N*\N
PKa=5 | ] o
5 EHZN)\N/ NH, | HQN)\N/)\NH2
! o E 0 E
barbituric acid | HN)i ' HNJT '
PKa=4 OJ\N o O)\N o
: H : H :
| | | | | |
3 4 5 6 7 8
pH

Figure 2.1. Charge states of the sedssembling noncanoniclanucleobases according
to pH. TAP and cyanuric acid, with the same pks value of 7, are expected to pair most
strongly at pH 7 where a significant amount okachnucleobase is neutral. Melamine,
with a pKa of 5, is expected to pair well with cyanuric acidderivatives in the large
range of pH 57, where both are found matly in their neutral states. Barbituric acid,
with a pKa of 4, is expected to have weak pairing with melamine around pH 4.5, where
some of eacmucleobase is still neutral. Barbituric acidand TAP are not expected to
pair, as there exists no pH where both are found in their neutral state in significant

amounts.

Al t hough the pr el i mi n&wigofurandsided of TAPS

demonstrated that supramolecular associations of a prelmoti@nonical nucleoside with

(C2)

TARC

a complementary heterocycle at the monomer level were possible, it could not be expanded
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to a twenucleotide system in a prebiotically realistic scenario due to the insufficient
reactivity of cyanuric acid. However, barbituricié the pyrimidine analogue of cyanuric
acid, has been known to react with sugars in water to form glycosides. Utilizing glycosides
of barbituric acid, however, introduces a new problem of ipgompatibility. The pK
values of TAP and barbituric acid afend 4, respectively. This means that there exists no
pH value that TAP and barbituric acid would both exist in their neutral forms in an
appreciable quantity; a condition thought to be required for hexad formation in[@jater
This problem can, to an extent, be alleviated by the substitution of TAP for melamine. In
the pH vicinity of 45, mdamine (pka=5) and barbituric acid will both exist in their neutral
states to some extent, allowing for base pairing. These pH considerations are summarized
in Figure 2.1. Unlike TAP, melamine is not expected to form glycosides linked directly to
the coe heterocycle, but rather through it®eyclic amino groups (see 8§ 213 The use

of a barbituric acignelamine system is also attractive for its prebiotic plausibility, as these

heterocycles are formed from urea in the same model prebiotic re@gtion
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2.3.1 Prebiotic Syntheses of Nucleotides of Barbituric Acid, Melamine, and TAP

C-BMP
m/z (- H*) = 339

barbituric acid
m/z (- H) = 127

| J\' ﬂ pH 11
__ [N -
/\-} pH 7
ﬂNﬂLg pH 5

/\f\\ pH 3

1 2 3 4 5 6 7 8
Retention Time (min)

Absorbance @ 260 nm (arb. units)

w0 -

Figure 2.2. UV-LC/MS chromatograms of the reaction of barbituric acid (0.5 M) with
ribose-5-phosphate (0.5 M) at room temperature for four hours at variable pH. An
offset in the horizontal axis of 0.5 min was used for clarity.

The reaction of barbituric acid witkugars in water has been describgds, 9]
Base is added in order to generate the active nucleophile, the barbiturate anion. The reaction
of barbituric acid with ribose or ribogephosphate in water was studiander different
pH conditions to optimize yield (Figure 2.2). Unsurprisingly, the reaction proceeds to a
greater yield at higher pH values. After reaching pH 10 (by the addition of sodium
hydroxide), however, the solubility of barbituric acid beginseordase, possibly due to
the insolubility of the disodium dianion salt. Therefore, reactions of barbituric acid were
performed at pH 9 (by the addition of sodium hydroxide). Room temperature was found to
be sufficient for reactivity without leading to utémded side products. The maximum

yield achieved in the synthesis of the nucleotide of barbituric acid (referredCt® &>,
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Figure 2.4A) from barbituric acid and ribeSephosphate was 82%, with about 70% of the

product f oanoneed(detersnindohyhROEIY NMR spectroscopylo].

melamine
m/z (+ H*) =127

)

=]

=

£

©

- MMP

g m/z (+ H*) =339

3

o~ pH9
®

3 pH 7
c

g H5
A S . :
n

9

< pH 3

1 2 3 4 5 6 7 8 9 10 11
Retention Time (min)

Figure 2.3. UV-LC/MS chromatograms of the reaction of melamine (0.2 M) with
ribose-5-phosphate (0.2 M) at 65°C for 24 hours at variable pH. An offset in the
horizontal axis of 0.5 min was used for clarity.

Melamine is expected to react with sugars via a Schiff base intermediate; a process
which is known to be acidatalyzed. A pH optimurof 5 (achieved by the addition of HCI)
was found for the reaction of melamine with ribose (Figure 2.3); this pH value was also
influenced by the solubility of melamine, which is limited at higher pH values. In order for
the reaction to proceed quickly, erperature of 65°C is required. The maximum yield
achieved in the synthesis of the nucleotide of melamine (referred to as MMP, Figure 2.4B)
from melamine and ribosgphosphate was 55%0]; however, yields were typically in
the vicinity of 3%. The reaction i niti aahomgr(6p%)ddiuces
this equilibrates to 45% after purification. Tie®merizations probably due to a Curtin

Hammett effect. The reaction of melamine with ribégghosphate can also proceed at
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room temperature ifl@wed to react for several weeks; an inconvenient amount of time

for laboratory purposes, but a relatively short amount of time for prebiotic chemistry.

Purification ofC-BMP and MMP was achieved by ion exchange chromatography.
MMP, with its basic melamie moiety, was purified by cation exchange chromatography.
C-BMP, with several acidic sites, was purified by anion exchange chromatography;

however, this purification was not robustly reproducible.

During the initial investigation of these noncanonicaleotides, the glycosylation
of TAP by ribose5-phosphate to form the nucleotide, pTARC, was also investigated.
Unlike the drydown reaction that was used to form TARC, solution phase reactions were
investigated for pTARC. In these reactions, a mixtur&l-@xocyclic andC-endocyclic
nucleotides were formed. It was found that @&ucleotide could be formed almost
exclusively (obtained as both anomers) if the reaction is performed at pH 1 (Figure 2.4C).
This was rationalized by considering the mechanisnisrofation and reversion of th&
andN-nucleotides, and concluding that the reversion of#micleotide to the sugar and
base would proceed much more slowly than the reversion df-thecleotide. It was also

found that the anomers could be separayeckltion exchange chromatography.
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Figure 2.4. The optimized syntheses of the noncanonical nucleotidesfofbarbituric
acid, B. melamine and C. TAP.
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2.3.2 The Mechanism of Aqueous Glycosylation of Noncanonical Nucleobase

RO HO™ RO HO OR

Figure 2.5. The mechanism ofjlycosylation of several noncanonical nucleobases with
ribose (R = H) or ribose5-phosphate (R = PQ@H2). A. The acidcatalyzed
glycosylation of urazole proposed by Dworkin and Miller. B. The acietatalyzed C-
glycosylation of TAP, first described by Chen eal. C. The acidcatalyzed N-
glycosylation of TAP (X = CH) or melamine (X = N). D. The baseatalyzed
glycosylation of barbituric acid. E. The failed glycosylation of cyanuric acid.

The ability of some noncanonical nucleobases to react with riboseen watl the
inability of the canonical nucleobases to do so, raises the question of the chemical
mechanism of ribosylation. Dworkin and Miller offered a mechanism for the condensation

of urazole with ribose that invokes the linear, free aldehydic formu(€ig.5A)[11].
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Assuming that attack of urazole on this aldehyde was thelimdteng step of
glycosylation, Dworkin and Miller showed that the rate of addition of urazole to various
sugars at pH 4.5 correlates limgith the amount of free aldehyde measured by different

means, supporting the proposed mechanism.

A similar mechanism is probably operative for the addition of TAP (Figure 2.5B),
melamine (Figure 2.5C), and barbituric acid (Figure 2.5D) to ribose &ed ugars. For
the basic noncanonical nucleobases TAP and melamine, glycosylation is probably acid
catalyzed and initiated by protonation of the free aldehyde of ribose. (This is supported, for
example, by the optimum pH of 5 observed for the additiomeamine to ribosé-
phosphate.) Acting as &-nucleophile, the glycosylation of TAP is reminiscent of
electrophilic aromatic substitution. Attack by C5 of TAP generates an intermediate that
temporarily breaks aromaticity, but is stabilized by the threetmrdonating amino
substituents. After a solventediated proton transfer, aromaticity is restored, and then
temporarily broken again to eliminate water, forming a Knoeveradgeintermediate.
Cyclization by internal nucleophilic attack by one of thyelroxyl groups of ribose gives

the nucleoside product.

The mechanism is similar for condensation with an exocyclic amino group (Figure
2.5C) of TAP (X = CH) or melamine (X = N). In an adadtalyzed manner, an iminium
intermediate is generated with thelease of water, which then cyclizes to give the

nucleoside.

Glycosylation of barbituric acid, unlike the previous examples, probably occurs in

a basecatalyzed manner (Figure 2.5D), as the reaction tends to proceed more efficiently at
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higher pH values. Bprobnation of barbituric acid giwgthe nucleophilic barbiturate anion,
which attacks the free aldehyde of ribose and proceeds to a Knoevenagel intermediate in a

manner reminiscent of TAE-glycosylation.

In all examples shown so far, the formationaotdoublebonded intermediate,
formed by the condensation of the nucleobase with the free aldehyde of ribose, is crucial
to nucleoside formation. It is for this reason that cyanuric acid (and the canonical
nucleobases) fails to react with ribose in wategfe 2.5E). The hypothetical double
bonded intermediate for cyanuric acid would be highly destabilized, as the lone pair of the

glycosidic nitrogen atom is withdrawn by the adjacent oxo groups.

The importance of this glycosylation mechanism, and othecharesms of
appending nucleobases to candidate pmaicieic acid backbones, will be discussed in

further detail in Chapter 4.

2.3.3 Supramolecular Assembly of Noncanonical Nucleotides

The supramolecular assembly of heterocycles to form hexameric rosettegrnn wat
is often accompanied by hydrogelation [6, 10, 12]. Therefore, the first assessment of
whether or not these nucleotides could assembly with a pairing partner was attempts at
hydrogel formation. It was found that purified MMP, when incubated with baibeard
at 50 mM in each monomer, pH 4.5, 300 mM NacCl, at 4°C overnight, forms a hydrogel.
C-BMP, whether crude or purified, easily forms gels with melamine at pH 4.5, but also,
unexpectedly, at pH 7. As the pléf the parent heterocycle barbituric aciddisand
assuming that the piloes not significantly change by glycosylation, the recognition unit

of C-BMP is expected to be negatively charged, which is thought not to be able to assemble.

38



When purified GBMP and MMP are combined, no hydrogel formati®olbserved at any

pH.
0 .
g 57
©
E
2 =104
O
a
L_lJ ‘15 ~ 50C
— 40°C
20 —— 5°C after heating

| | | I I I I |
230 240 250 260 270 280 290 300
Wavelength (nm)

Figure 2.6. CD analysis of a solution containin@-BMP and melamine. CD spectra of

a solution (50 mM in each molecule; 1 M NacCl; pH 4.5), ranging in temperatures
between from 5 to 40°C, and at 5°C after being heated twice to 40°Coss of signal

when heated to 40°C and return of signal when cooled to 5°C illustrates the non
covalent nature of the assemblies formed b§-BMP and melamine. Note that change
in intensity with heat cycling is due to the kinetic behavior of supramolecular
assembly nucleation and growth, which results in variations in the amount of chiral
assembly formed for the same sample when cooled to 5°C after heating.

These early hydrogelation assays were supplemented with circular dichroism (CD)
measurements to detemei whether or not supramolecular assembly was occurring
without any associated hydrogelation. CD spectra were collected for the GABNP
system, the MMP/barbituric acid system, and @BMP/melamine system (Figure 2.6).
While all systems gave enhancedrsils with respect to their isolated chiral monomers,

the shape of the spectra were not reproducible in general.
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2.3.4 Attempts at Polymerization of the Noncanonical Nucleotides by Chemical

Activation

When the noncanonical nucleotides assemble in water, the firened are often
micrometer length (as detected by atomic force microscopy), corresponding to tens of
thousands of ordered monomégi®]. This assembly could be used to polymerize the
monomers with condensing agents. While the prebiotic plausibility condensing agents is
dubious (the ones tested, such asydnoimidazole, are not prebiotically plausible, but
others, suchsacyanoacetylenfl3] and dicyandiamid¢l4], may have been transiently
present onhe early earth), the demonstration of the ability to form polymers from a

noncovalent assembly is nevertheless a milestone in arfdife research.

Polymerization was first attempted by cyanogen bromide on the MMP/barbituric
acid andC-BMP/melamine sytems. Chemical activation by cyanogen bromide is expected
to proceed by nucleophilic attack of phosphate, followed by elimination of bromide to form
a phosphateyanate mixed anhydride. This activated phosphate is then attacked by a
hydroxyl groupofangdacent nucl eotide (at the 2N or
cyanate to form a phosphodiester. The reactions were performed by forming hydrogels (pH
5) and adding a freshly prepared concentrated solution of cyanogen bromide. Controls were
performedwith the unassembled nucleotides in solution without a pairing partner. A DNA
ligation positive control with 1-ner tiling system was also performed at pH 7.5 and pH 5.
All reactions were performed in PCR tubes 4 #vernight. DNA ligation was observed
only in the pH 7.5 sample, and no oligomerization was found in either hydrogel sample.
However, brominated barbituric acid was detected by mass spectrometry in both hydrogel

reactions, suggesting a side reaction that produced cyanide. The gel propergoitibn
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was also lost during the course of the reaction, and the pH was found to have dropped to

2.5, probably due to hydrolysis of cyanogen bromide to form hydrobromic acid. A similar

set of reactions was prepared using the condensing aggantimiczole; however, no

ligation or oligomerization was observed.

2.4 Barbituric Acid Glycosides

A & H
)L HO 0 O~ _N._.O
HNONH OH " Na,C0;05eq.  HO— g b
oo 0T NHPG® HO.s T, @\ eNH
barbituric acid glucosamine 10 hours HO NH3 O
0.25M hydg.);gl&rlde BA-GIcN
B O
0 o~ 1.0”Na® o. 1.0 H
J_L @ \ O_P\ Na® HO N O
HN” NH Na¥ O Q oy TEO-pHE.H Na® o | Y
OMO HO 24 hours HO NH
barbituric acid e OH HO QR N
05M glucose&ﬁép&osphate BA-Glc6P

Figure 2.7. Examples of glycosylation reactions of barbituric acid. A. The reaction of

barbituric acid wi t h

glucopyranoside, BAGIc6P.

gl uc os ami n@glupopyadoside eBAGIENhER b
The reaction of barbituric acid with glucose6-p hosphat e

pr€duces

The reaction of sugars with barbituric acid in water is facile and proceeds to high

yields. Barbituric acid is a relatively strong carbon acid {pK4) due to the aromatic

stabilization of the barbiturate anion. Barbiturate is a carbon nucleophile, readily

participating in Knoevenagel reactions in water.

One particularly interesting reaction tise glycosylation of barbituric acid with

glucosamine (Figure 2.7A). Like other glycosylation reactions of barbituric acid, this
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reaction is baseatalyzed. This reaction has been described in the litefdfuréhe main
product is theC-b-glucopyranoside (denoted B@&IcN), which is expected to be
zwitterionic at neutral pH. Consistent with this, it has a low solubility in water; a common

property for zwitterionic compounds. Inctait is purified by recrystallization in water.

Unlike barbituric acid, TAP and melamine fail to react with glucosamine under
nearneutral pH conditions. Instead, the reaction rapidly browns, presumably by the
reaction of glucosamine with itself: two feoules of glucosamine condense to form a
dihydropyrazine moiety, which can possibly be oxidized by air to give pyrazine products
that may undergo further elimination reactions to produce conjugated, insoluble tars with
high extinction coefficient$15]. Presumably, of the noncancal nucleobases studied,
only barbituric acid is a strong enough nucleophile to capture glucosamine before it

decomposes.

The compound BAGIcN, when dissolved with melamine in water at 50 mM each,
at pH 4.5, forms a hydrogel, indicative of fibrous stakkexad supramolecular assembly.
To date, BAGIcN is the only compound that successfully forms soluble hexad assemblies
with a peripheral positive charge (endowed by the protonated amino group of
glucosamine); all other molecules that successfully assefwite an underivatized

complementary heterocycle) have a peripheral negative charge.

Barbituric acid also reactswith ot her glucose de-ri vat.i
glucopyranosides, a number of which have also been previously deddrilge®] This
selectivity for sugar conformation, while not absent in @aertgher sugars, is especially

pronounced for glucose and its derivatives, and is exemplified well by the reaction of
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barbituric acid with different sugars. For example, the gluconucleotide of barbituric acid
(formed from the reaction of gluco$ephosphag with barbituric acid) is produced
exclusivelya s  tplranosifie (Figure 2B). However, the ribonucleotid€{BMP) is
produced as aa nndfurdioside anonoefs (Figlree2.44). (Pyranoside forms

are not possible for ribogephosphate.) TiB selectivity in glucose is attributable to the
stereochemical configuration of the substituents of glucopyranose, which all occupy
equatorial positions (except for the allowed variability in at the anomeric position). The
substitution of the anomeric pien with a sterically large group, such as barbituric acid,
frustrates t h-pyrahosidemaaalogongito teefsubstituton o cyclohexane

with a tertbutyl group, the steric bulk of an endocydlienucleobase substituent prevents

it from ocwpyi ng an axi al position. Therefore
glucopyranoside of barbituric acid to exist, a chair flip must occur to bring the barbituric

acid moiety to an equatorial position; however, this places all other glucose substituents in

ax al positions, which i s al s oglusopyamosidesa | |y
also has important consequences for glycosidic bond cleavage. In practice, it is observed
that purification ofC-BMP is complicated by nucleotide degradation by ghgioond

cleavage. However, the analogous gluconucleotide of barbituric acid does not suffer from

the problem.

The ability of barbituric acid glycosides to assemble with melamine is somewhat
paradoxical with respect to empirically determined rules tmk&dhexad supramolecular
assembly. The two rules in question are that 1) the assembling heterocycle must not be
charged, and 2) the assembling heterocycle must be planar. For the most prevalent tautomer

of barbituric acid, the keto tautomer, meeting éhéso criteria simultaneously seems
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impossible, because the C5 position of barbituric acid is tetrahedral when barbituric acid
is protonated and neutral. It may be, however, that glycosylation ameliorates this problem
by presenting the endocyclic oxygemwrmatof the sugar as a hydrogen bond acceptor that
stabilizes the planar enol form of a neutral barbituric acid moiety. The requirement of the
enol tautomer of barbituric acid for supramolecular assembly is also supported by the
observation that the formaticof supramolecular assemblies by underivatized barbituric
acid and MMP (the nucleotide of melamine) is slow. Unlike other systems studied, which
form hydrogels within several seconds when both assembling components are present in
solution at the approptiea concentration and pH, hydrogels of barbituric acid and MMP
only occur after a solution of the two has been incubated at 4°C overnighasSethbly

of barbituric acid may shift the tautomeric equilibrium in favor of the enol, but reaching

this new equibrium has arappreciablectivation barrier.

2.5 Melamine Glycosides

Of the hexadorming noncanonical nucleobases that successfully form glycosides,
melamine is the least reactive (i.e., its reactions with sugars tend to proceed only to low
yields). This is not syprising, as it is less electraich than TAP or the barbiturate anion.
While isoelectronic with TAP, the replacement of the CH moiety of the pyrimidine to the
N moiety of the triazine makes the heterocyclic ring more eleetthrdrawing; therefore,
theexocyclic amino groups are less nucleophilic. Additionally, melamine is poorly soluble
in water at pH values above 5 (the qo¢f melamine). Even at pH 5, melamine can be
dissolved in water to only about 0.2 M at 65°C. The poor nucleophilicity and lowilgglub

of melamine both contribute to the typically low yields (< 50%) of glycosylation reactions.
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The reaction of melamine with certain sugar derivatives can also be complicated by
co-precipitation. Melamine, when protonated, tends tp@ipitate withoxyanions; e.g.,
phosphates, sulfates, and carboxylates. For example, the reaction of melamine with
glucuronic acid in water (0.2 M each, with no pH adjustment) is complicated by-the co
precipitation of melamine with glucuronic acid. Interestingly, thetiea of melamine
with galacturonic acid (the-@ epimer of glucuronic acid) proceeds very differently. The
solubility of melamine in solutions containing galacturonic acid is anomalously high.
When present in equimolar amounts, melamine can be fullyldtssat 1 M with heating.

Upon cooling, this concentrated solution forms a thick, clear hydrogel with a pale pink

color.

2.6 Introduction to TAP Glycosides

The reaction of 2,4:&iaminopyrimidine (TAP) with sugars is more complicated
than the reactions of nahine or barbituric acid due to the presence of three
distinguishable nucleophilic sites on TAP: the exocyclic amino group at position 2, the
exocyclic amino group at position 4/6 (equivalent by symmetry), and the endocyclic carbon
atom at position 5 (sda@gure 1.4). The amino groups at positions 4 and 6 are expected to
be more nucleophilic than the amino group at position 2, as the amino group at position 2
is ortho to two endocyclic, electrewithdrawing nitrogen atoms, while the amino groups
at positiors 4 and 6 arertho to only one endocyclic nitrogen atom. Substitution of TAP
at position 5 (by electrophilic aromatic substitution) is predicted to be kinetically slow.
This can be inferred by the rate of proton exchange of the hydrogen atom at position 5
when TAP is dissolved in deuterated water@D after TAP is dissolved, all of the amino

group protons are rapidly exchanged, and cannot be seen fid thdVIR spectrum.
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However, the proton at position 5 exchanges slowly enough at neutral and basiaogsH val

that a peak can be detected in #HeNMR spectrun{16].

The site of glycosylation of TAP is dependent on the mode of the reaction (solution
phaseor dry-down), the pH of the reaction, and the identity of the sugar. For example,
when TAP is reacted with ribose by drying from an aqueous solution at 35°C with an initial
pH of approximately 8, a mixture dF andC-ribosides are formed, with TARC (tlfoeC-
ribofuranoside of TAP) being produced in the highest yE&ldSimilarly, if TAP is reacted
with ribose5-phosphate in water at 0.5 M in each reactant, pH 7, at 65°Clfoo@'s, a
mixture ofN- andC-nucleotides are formed. However, if this reaction is performed at pH
1, tahnedCitbuc | eot i-d e dpTARC).ae produstd aimost exclusively (see

§ 23.1 and Figure 2.4).

A o NH,
ek O._.OH N,
P HO H20, pH 7 HN—  NH®
N| N —> 0 0
A HO' > “oH  24hours OH  NH,
HoN NH,
TAP OH ©0
05M glucuronic acid HO OH
05M TAP-N-GIcA
B
NH»
kG i O ,OH N=(
P HO H,0, pH 7 HN—Q NH®
) o™
'u 24 hours
HZNJ\%NHZ HO OH “IOH  NH,
TAP OH
05M galacturonic acid OH
05M TAP-C-GalA TAP-N-GalA

Figure 2.8. Glycosylation reactions off AP with uronic acids. A. The reaction of TAP

with glucuronic adigldcoppranosde) dARN-GItAh B. THe
reaction of TAP with gal aeCguwoopymnoside dAR d
C-Gal A, a-A-N-glucdpgrandside, TARN-GalA.
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Like the reactions of melamine with uronic acids, the reactions of TAP with uronic
acids is complicated by the formation of insolublepcecipitates. When equimolar
amounts of solid TAP and glucuronic acid or galacturonic acid are suspended in water to
produce a 0.5 M solution (in each component), the two components will briefly form a
solution (with heating and vortexing), but then rapidly form a white, amorphous co
precipitate. Further heating at approximately 95°C (on a heating block) will eventually
bring the two components into solution, and after adjusting the pH to 7, leaving this
solution at 65°C for 24 hours will produce a new precipitate which is the zwitterionic
uronosi de(s) of TAP. For the reac#Non of
glucuronoside (i.e., the glucuronopyranoside of TAP where TAP is substituted at the
exocyclic amino group at position 4, denoted T&IcA) was found in this precipitate
(Figure 2.8A). However, the reaction of TAP with galacturonic acid, under the same
condii ons, pr od uidNeggaactbronbside (dencded DPARGal A) amd t he
C-galacturonoside (denoted TARGalA) in a 1:1 ratio in the precipitate (Figure 2.8B).
Interestingly, when pure TAR-GIcA is dissolved in water at 50 mM at pH 7 with one
equivalent of cyanuric acid, gelation does occur. Instead, a precipitate is formed,
presumably from both components, as TIRISICA is expected to be anionic (rather than
zwitterionic) at this pH. However, the mixture of TARGalA and TARC-GalA, when
dissolvedin water at 50 mM (approximately 25 mM in each glycoside) at pH 7 with one

equivalent (i.e., 50 mM) of cyanuric acid, a hydrogel is formed.

These eccentricities in the reactivity of TAP with different sugars and in the
propensity of these glycosides torh soluble assemblies may provide criteria for the

selection of sme preRNA monomers over others.
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CHAPTER 3. GLYCOSYLATION OF 2,4 ,6-

TRIAMINOPYRIMIDINE ( TAP) WITH NON -RIBOSE SUGARS

3.1 Introduction

Unlike the canonical nucleobases of RNA, 2#i@minopyrimidine (TAP) has the
ability to react with ribosg1], and other sugarf], in water to form glycosides.
Furthermore, TAP and itderivatives have the ability to undergo supramolecular assembly
in water with a complementary heterocycle, such as cyanuric acid, to form #@ogih
stackedhexad fibers that resemble nucleic acids in their morphdlog@}. For this reason,

TAP is considered a strong candidate-Ri¢A nucleobase.

3.2 Experimental Procedures

3.2.1 Materials

2,4,6 Triaminopyrimidine (TAP) and Bnannose were purchased from Acros
Organic. DGalactose was purchased from Alfa AesaRibuloe was purchased from
ZuChem. All other chemicals were purchased from Sigma Aldrich. All chemicals were

used as received.

3.2.2 Reactions of TAP with Sugars

In a 1.5 mL microcentrifuge tube, 125 mg TAP (1 mmol) and 1 mmol of sugar were
added. The solution wasdirdissolved in the appropriate amount of 5 M HCI to bring the
solution to pH 7 or pH 1, and then deionized water was added to bring the total volume to

1 mL. The tubes were then sealed hrdted in an oven at 85 for 24 hours.
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3.2.3 Analytical Techniques

NMR analysis: The crude reaction productS 8P with each sugar was first centrifuged

to pellet any insoluble precipitates for me:
the supernatant and lyophilized. The samples were then redissolvgd and lyophilized

again. The samples werethends ol ved in 600 &L of 20, sodi u
200 mM, pD 12, containing TSP 1 mM as an internal standard, and analyzed on a Bruker

800 MHz NMR spectrometer.

UV-LC/MS: A completed crude reaction of TAP with a sugar was first centrifuged to pellet

any insoluble precipitates formed during the reaction. A sampletakes and diluted
1:1000 for LCMS anal ysi s. 2 eL samples were inje:
column running a linear gradient of 90% MeCN/10%40Ac buffer 10 mM pH 9 to 60%

MeCN/40% NH4sOAc buffer 10 mM pH 9 over a period of 7 minutes with a flow rate of

0.5 mL/min.

3.2.4 Purification of TAP Glucosides

The crude reaction mixtures Nfacetylglucosamine and glucose were purified on
a Teledyne Isco CombiFlash Rf+ flash chromatography systng a Teledyne Isco
C18Aq column with a 100% 2@ eluent and a 100% MeCN column wash after product
elution. Fractions containing only the product masses (as determined {3 Svere
lyophilized and combined. The crude reaction mixture of TAP with gii6gshosphate
was purified using SP Sephadex28& cation exchange resin with an isocraticsaNAc
elution buffer, 50 mM, pH 4.3. Fractions containing only the product masses (as

determined by ESMS) were lyophilized and combined.
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3.3 Possible Prebiotic Synthes of TAP

A
NH3 N HoN = HN
//// — \/\\\N S V\\\N
HCN N=———=N
N N N
s CNH SN
HCN
!
\\\N
NH; x H,N . __NH NN
/// — \|& — |
HoN NH, |-|2N)\/\NH2

Figure 3.1. A possible prebiotic synthesis of TAP, originally suggested by Trinks and
Eschenmose(8]. A. Formation of malononitrile from ammonia, cyanoacetylene, and
cyanogen. B. Formation of guanidine from ammonia and cyanamide. C. Formation
of TAP from malononitrile and guanidine.

Neither a prebiotic synthesis nor detection in carbonaceous meteorites has been
reported for TAP. TAP and its derivatives can be synthesized by conventional means by
the reaction of guanidine with malononitrile (or detives thereof]4, 5]. In particular,

C5 derivatives of TAP can be synthesized by exploiting the nucleophilicity of the conjugate
base of mal opositior of malomoeitrile iFahweeak dcid with a4 11 in

water. Upon deprotonation, malononitrile can be monogutesd or disubstituted at this
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position. Monosubstituted derivatives of malononitrile can then be fused with guanidine to

give 5subtituted TAP compounds.

Guanidine and malononitrile have been invoked in prebiotic syntheses of
substituted pyrimidines b§arell and coworker6, 7]. A hypothetical prebiotic synthesis
of malononitrile has been suggested by Trinks and EschennjB8kem which
cyanoacetylene reacts with ammonia to foran@noacrylonitrile, which tautomerizes and
eliminates acetonitrile with the concomitant formation of hydrogen cyanide. The reaction
of acetonitrile with cyanogen gives malononitrile with the release of hydrogen cyanide
(Figure 3.1A). Details of the mechanisni this reaction are not given, but would
presumably require an acid or base catalyst, or high temperatures, as might be found in
atmospheric processes under UV radiation. Guanidine could be produced prebiotically
from the reaction of ammonia with cyanam(&&ure 3.1B). The fusion of guanidine with

malononitrile yields TAP (Figure 3.1C).

100
NH
80— 2 NH
2 A,
2 HN™ "NHy N7 XNH®
8 0o |—" _ |
c guanidinium J\)\
¢ m/z = 59 /HZN NH»
5 40 TAP-H+
& miz = 126
20—
0 L I\___AJ\__» N N~
IIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II[I|IIII|
60 80 100 120 140 160 180 200

m/z (Positive lon Mode)

Figure 3.2. Mass spectrum, positive ion mode, of crude reaction mixture of
malononitrile and guanidinium chloride 2:1, neat, 145°C, 15 hours. The 2,4,6
triaminopyrimidin e product is seen in relatively high abundance at m/z = 126.

When a 1:2 solid mixture of guanidinium chloride and malononitrile are melted at
145°C for 15 hours, TAP is formed and detected by mass spectrometry (Figure 3.2).

Although the compounds in thixgeriment were pure and concentrated, an analogous
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nitrogenrich prebiotic environment might also be able to produce TAP and related
heterocycles. As mentioned previously, the selection for TAP over other nucleobases in
preRNA may have occurred due to iehanced reactivity towards sugars and the

propensity of its derivatives for supramolecular-ssiembly.

3.4 The Reactions of TAP with a Suite of Sugars

The lack of selectivity observed for prebiotic sufiaming reactions, such as the
formose reactiof9], and the ability of melamine (8 2.5), barbituric acid (8§ 2.4), and TAP
(8 2.6, and sebkelow) to react with sugars other than ribose, suggests that the selection for
ribose in RNA was not the result of a prebiotic predisposition based on chemical reactivity.
To further reinforce this important principle, a study was conducted in which TasP w
reacted with seventeen different sugars in water. In addition to the relevance of this study
to prebiotic chemistry, we were interested to learn if the glycoside structural selectivity
observed in reactions of TAP with ribose would also be exhibiteath®r sugars. These
observations include chemoselectivity in the substitution of TAP (i.e., C5 versus exocyclic
amine substitution), selectivity in the formation of either furanosides or pyranosides, and
stereoselectivity in the orientation of TAP at tm@@eric position of the sugar (either the
U o r -cobfiguration). Structural characterization of glycosides formed by the reaction of
TAP with glucose, glucosé-phosphate, and-acetylglucosamine, confirm that glycoside
formation by TAP is not limited taibose or ribose derivatives. Evidence of TAP
glycosylation by several other hexose and pentose sugars, basedld®/MS8 and*H
NMR analyses, indicate that TAP reacts with a wide range of sugars to form aldosides.
These observations have implications rdgay the variety of glycosides (including

nucleosides and protaucleosides) potentially present on the prebiotic Earth.
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3.4.1 Selection of Sugars and Reaction Conditions

Hexoses
D-glucose D-galactose D-glucuronic acid D-galacturonic acid D-glucose-6-phosphate
O._,.OH Oo._,.OH 0 HO O
HO HO g
O .OH Ps o .OH
. . . HO HO™ O
HO' ‘OH HO ‘OH . . '
OH OH HO “OH HO" “OH
OH OH OH
D-mannose D-fructose D-glucosamine N-acetyl-D-glucosamine
OH
o .OH (0] Oo._ .OH Oo._ .OH
HO LfH HO HO /g
HO™ OH HO" ™ ~OH HO" “NH, HO" “N7T0
OH OH OH on H
Pentoses Tetroses
D-ribose D-arabinose D-ribose-5-phosphate D-threose L-erythrose
HO HO o
K@wOH o) OH HO\F’)/\ A@N.OH o OH o OH
HO  ©OH HO  ©OH HO  ©OH HO OH HO OH
D-xylose D-lyxose L-ribulose

HO HO
HO  ©OH HO OH H

Figure 3.3. Sugars investigated in the currentstudy for their reactivity with TAP.
Note that hexoses are shown in their pyranose forms and pentosestheir furanose
forms, but most sugars in solution exist in equilibriumbetween bothring forms and
their open-chain aldehyde/ketone forms Adapted with permission from [2].

o OH
OH
o

o H

Five aldopentoses, one ketopentose, eight aldohexosesketohexose, and two
aldotetroses were investigated for their potential to glycosylate TAP (Fig)r&\ath the
exception of ribos&-phosphate (R5P), ribulose, erythrose, and threose, all sugars tested
can adopt both furanose and pyranose ringttres, albeit in different proportions. Four
of the sugars tested contain acidic ionizable groups, and one contains a basic group
(glucosamine). We previously reported that TAP reacts with ribose to form glycosides in
the dry state at 35°C, and more slpwi aqueous solution at 59@]. In the present study,

the reactivity of TAP (at 1 M) with various sugars (at 1 M) was investigated in aqueous
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solutions at pH 1 or pH 7 thatere held at 85°C for 24 hours. This reaction temperature
was selected following preliminary experiments which revealed that glycosidic bond
formation between TAP and some sugars (primarily hexoses) in water gave good yields
(greater thai0%)at 85°C after 24 hours, wherdagher temperatures caused some sugars

to rapidly degrade. A 1:1 molar ratio of sugar and TAP was selected to favor-singly
glycosylated TAP, though previous work indicated single ribosylation of TAP at even
higher ratios of ribosfl]. Reactions at pH 7 were investigated because neutral pH is more
plausibly prebiotic than strongly acidic or basic conditifii¥, which require invoking
special geochemical environments. Reactions at pH 1 were carried out to pf®mote
glycoside formation based on preliminary studies that showed enhanced production of the
b-C-ribofuranoside when TAP reacts with R5P at low pH. Solution state reactions were
selected because dsyate model prebiotic reactions can exhibit substantial tiargin
yields[11], which could complicate the comparison of yields between sugaes. \iith

these unoptimized conditions, analyses of reaction products bBy@MS andH NMR
spectroscopy indicate that all sugars tested react with TAP to form glycosides. As an
example of one such analysis, Wwibnitored LC/MS chromatograms altdl NMR specta

of the crude products from the reactions of TAP with glucose are shown in Figure 3.
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Figure 34. Example analyses of crude products resulting from the reaction of TAP (1
M) with glucose (1 M) at 85°C for 24 hours at pH 1 and pH 7. A. U\LC/MS
chromatograms monitored by absorbance at 272 nm, with m/z values associated with
peaks as indicated. DAHP is diaminohydroxypyrimidine, a hydrolysis product of
TAP. B. *H NMR spectra of the same crude products for which chromatograms are
shown in A. Spectra were aquired in DO at 20°C. Adapted with permission from

2].
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3.4.2 Detailed Analysis of Glucose,-Acetylglucosamine, and GluceéPhosphate

Glycosides

Because previous studies of TAP glycoside formation were performed with ribose
(a pentose) and our initial analysis revealed strong evidencgaufsge formation with
glucose (a hexose), we decided to perform a detailed structural analysis of tg@tase
reaction products. Additionally, to assess the impact of sugar modifications on TAP
glycosylation, we performed the same structural analysiproducts formed in TAP

reactions with glucosé-phosphate (BGlc6P) andN-acetylglucosamine (I5IcNAC).
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Figure 35. 'TH NMR spectra of glycosides isolated from the products of the TAP
glucose, TARGIcNAc, and TAP-GIc6P reactions performed at pH 1. Speca were
acquired at 20°C with DO as the solvent. Resonance assignments are based'dn
COSY spectra. Procedures used for purification are described in 8§ 3.2.Adapted

with permission from [2].
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The main products resulting from the reactions of TAP with glucosalcbP, and
D-GIcNAc at fH 1 were isolated and the information gained from their structure
determination was used to characterize the products of the pH 7 reactions, as well as
additional products in the pH 1 reactions that were not isolated. Several lines of evidence,
based on UM.C/MS and'H, 3C NMR spectroscopy, were used to confirm the structures
of the purified glycosidestH NMR spectra of the isolated products showed that the
reactions of TAP with glucose and GIcNAc each produced two glycosides as major
products that celuted when purified by preparative reverse phase chromatography
(Figure 35). In contrast, the reaction of TAP with GIc6P produced only one major
glycoside product that was isolable by cationhexme chromatography (Figure 8.5
Before analysis by NMR speoscopy, the purified reaction products were deuterium
exchanged and dissolved in a basi©phosphate buffer, pD 12, to avoid acatalyzed
hydrolysis of glycosides. The spectra of the T@lBcose products and the TAFCNAC
products both showed two shasinglets around 5.2 ppm that slowly decrease in intensity
over time. The parent heterocycle TAP shows a similar diminishing resonane®,ia®
the aromatic proton at position C5 exchanges slowly in protic solvents. Thus, the
observation of exchangeaigprotons in théH NMR spectra of the TARlucose and TAP
GIcNAc isolated products indicate that the two products in both sampliisglyeosides.

No such diminishing resonance was observed in the spectrum of the isolatesldoRP

product, consistent W aC-glycoside of TAP (see below).

1D ROE analysis of the anomeric (H1Nj
glucose, TAPGIcNACc, and TARGIc6P reactions indicate that all five isolated glycosides

are@ybanosi des, dH@ilpoupiing censtantswfiaround 9HHz iNjall cases
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(Figure 3.9. Due to the symmetry of TAP, substitutions at the amino groups of positions
4 and 6 are equi v alNepgranpsidds lare possible foeboth BARI y t v
glucose and TARSICNAC (substituted at pation 2 or position 4/6 of TAP), which are the

two observed (see Figuresy.

Confirmation of the glycoside structures was provided by 2D heteronuclear NMR
spectra. HMBC analysis of the single isolated TBR6P glycoside revealed coupling of
the anomerigroton to a relatively upfield signal at 84 ppm not assigned to any sugar
carbon atom by HSQC. This resonance is also close in chemical shift to C5 of the parent
TAP heterocycle. These througpond correlations an®C chemical shift provide further
evidence that the isolated TABIC6P product is &-glycoside. Additionally, the upfield
chemical shift of the anomeric proton of TAHRC6P (i.e., 4.46 ppm) is consistent wih
substitution of TAP when compared to otleglycosideq1], and dissimilar to the more
downfield chemical shifts dfl-glycosides (i.e., TARjlucose, 4.9 ppm and 5.1 ppm; TAP

GIcNAc, 5.0 and 5.2 ppm).

While only N-glycosides were isolated from the reactions of TAP with gluaosge
GIcNAc, resonances are present intHANMR spectra of the crude reaction mixtures that,
due to the more upfield chemical shift of their putative anomeric resonances, suggested the
presence of-glycosides. Similarly, although@glycoside was isolat from the reaction
of TAP with Glc6P, more downfield resonances in tHeNMR spectrum of the TAP

GIc6P crude reaction mixture suggested Mrglycosides were also formed.

To obtain additional structural information about these unpurified TAP glycosides

the crude reaction products of the pH 1 and pH 7 reactions were spiked with the TAP
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glycosides isolated from their corresponding pH 1 reactions. This process allowed
assignment of the purified glycoside anomeric resonances within the-pmaaigcts
specta. Interestingly, all of the glycosides isolated from the pH 1 reactions were also
present in the corresponding pH 7 reactions. Spiking of these samples with the reactant

sugar also allowed identification of unreacted sugar resonances.

The presumed anomeresonances in the NMR spectra of the crude products that
were not assigned to a purified glycoside or parent sugar were analyzed by acquiring 1D
ROE spectra. As mentioned above, in both the pH 1 and pH 7glu&aBse reactions, one
major product resonaaavas present upfield of the water peak, indicative@ijycoside
(Figure 34). 1D ROE analysis of this signal produced a spectrum similar to the 1D ROE
obtained for the purified TARSIC6P product (determined to beCaglycoside), with
throughspaceirtr acti ons from the anomeric proton
sugar 3N and 5Nj protons, and pronounced TO
pyranosi de. Il n these spectra, the 2Nj proto

thanin the spectra of purified TABlucose (determined to iéglycosides).

The!H NMR spectrum of the TA®ICNAC pH 7 reaction products did not exhibit
any anomeric proton resonances upfield of the water peak, suggesting no app@ciable
glycoside formationTheH NMR spectrum of the TARSIcNAc products from the pH 1
reaction did exhibit a resonance with a chemical shift in the range expected for an anomeric
proton of aC-glycoside. However, the 1D ROE transfers associated with this resonance

were not indica i v e -Ceglycosade. b
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Additional anomeric resonances are observed itHhEMR spectra of the crude
reaction mixtures of TAP with GIc6P (from whiclCaglycoside was isolated). In the pH
7 reaction, two of these resonances are located downfield whtbke peak, consistent with
the formation oiN-glycosides. Furthermore, one peak is characteristically broad, and the
other sharp, similar to the anomeric resonances djlgcosides isolated from the TAP
GIcNAc and TARglucose reactions. 1D ROE analysf these TAFGIC6P reaction
products also exhibit magnetization transfers similar to those of thegiutBse and TAP
GIcNAc N-glycosides, reinforcing th&l-gl ycosi de assi gnment and
pyranosides for these unpurified products of the pH 7 -GM®P reaction. Similar
resonances are also present in the spectra of the pH AGIg8IP reaction mixture, but

were too weak for 1D ROE analysis.

Taken tagether, our analyses of purified glycosides and crude reaction products
indicate that the reactions of TAP with glucose at either pH 1 or 7 produce the two possible
b-N-pyr anosi des an é&-pyrdnesideo(Rigure ).oTkesreadtions of DAP
withGl ¢ NAc at either pH 1 or 7 apgpwanesiddsl vy pr o
The reactions of TAP wipyrdnosi@d, muitpredomihasitly theg r o d u

b-C-pyranoside, especially at pH 1 (Figuré)3.
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Figure 3.6. Chemical structuresof the TAP glycosides identified among the products
of the TAP-glucose, TARGIcNAc, and TAP-GIc6P reactions. Note that all glyosides
ar e o dpyrandseeform. The three possible glycosides of this form were identified
among the TARglucose and TARGIc6P reaction products. TheC-glycoside was not
detected among the TAPGICNAC reaction products. Adapted with permission from

[2].

It is intriguing that all eight of the glycosides identified among the reaction products
of TAP with gl ucose, G-pycahbsecfqgrm. RravasstGliesd P ar e
model protenucleobase reactions with ribose have also revealed a preference for the

f or mat i eann conie rt hcanamellt, 12 U
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3.4.3 The Mechanism of Glycosylation of TAP

L
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Figure 3.7. The possible aciecatalyzed mechanisms of glycosylation of TAP. A.
Electrophilic activation of a sugar may occur through endocyclic protonation,
followed elimination of the hydroxyl group and subsequent attack of the aldehyde
oxocarbenium moiety (green path), or through exocyclic protonation, followed by
elimination of water and attack of the cyclic oxoarbenium moiety (red path). B. For
glucose derivativesN-glycosylation by attack of a protonated aldehyde will disfavor
t he f or ma-pyfamosidesobly 1,3llylic strain in the intermediate, and
corresponding 1,3diaxial interactions in the transition state, leading to the product.
C. C-Glycosylation of TAP by attack of the protonated aldehyde requires the
formation of a Knoevenagellike intermediate with severe 1,3allylic strain. D. C-
Glycosylation of TAP by attack of the cyclic oxocarbenium moiety wald kinetically
favor t he f eyranesidds,owhichoafe ndi observedAdapted with
permission from [2].
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The possible mechanisms of TAP glycosylation are shown in Figui&. 3.
Glycosylation in water is expected to be acadalyzed, and may proceed either by
protonation of the endgclic oxygen atom, followed by endocyclic@ bond cleavage to
give a protonated aldehyde electrophile (as an acfaim sugar, green path), or by
protonation of the exocyclic anomeric hydroxyl group, followed by exocycki@ kbnd
cleavage to give an okarbenium electrophile (as a cyelarm sugar, red path). Previous
studies on aqueous glycosylation of heteroaromatic compolir®]ssupported the
endocyclic (green) mechanism that proceeds by attack of theopbdie heterocycle on
the protonated aldehyde of an acyébem sugar. However, for pyranosides (glucose
present s -amadpyrénoses i svatdd), solvolysis generally follows the exocyclic
(red) oxocarbenium mechanism, suggesting that the rexemsgon, glycosylation, also

follows this mechanisrfi4].

The dominant mechanism in the glycosylation of TAP by glucose and its
derivatives is unclear. The acyclic path is reasonable for thenfa t i -N+pyramdsides,
first proceeding through Schiff base formation with an exocyclic aminé\Bf Tollowed
by attack of the Bjydroxyl group on the protonated Schiff base to form the glycosylamine.
Because of allylic strain in the Schiff baseemmediate, and corresponding diaxial strain
in the transiti opyrammdida,tthes prbdech id nobh @senven (Figuree
3.7B) . H o w e -C-pyranoside dormatfmn through an acyclic sugar, a Knoevenagel
condensatioitype intermediate muselformed which would have severe-J§/lic strain
(Figure37C) . The f erpyremasides is nobamelibrated through the cyclic path,
which, through consideration of the most stable -ba#ir conformation of the

oxocarbenium species, is expected g-pyvaeosidds (Figure AD), which are not
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observed. A more quantitative computational analysis of the possible mechanisms may

demonstrate which path is more likely.

Although anchimeric assistance by the acetamido group of GICNAc is expected to
erh a n csebstifution, the formation of this more stabilized cation may not provide
sufficient electrophilicity to incite electrophilic aromatic substitution of TAP, thus

preventing t heCpyranosdati on of the b

3.4.4 Survey of TAP Glycoside Formation widither Sugars

Our confirmation of glycoside formation by TAP with glucose and two glucose
derivatives in the current study, and with ribose in a previous study [1], suggest that TAP
glycosylation may be possible with a wide variety of sugars. Indeed,@/MS and'H
NMR spectroscopic analyses of crude reaction mixtures indicate that all of the sugars
shown in Figure 3 produce TAP glycosides at pH 7. These reactions were carried out
with the same conditions used for the F4lacose/GIcNAc/GIc6P reactionsd.,, 1 M

TAP, 1 M sugar, 24 h, 85°C, pH 1 or pH 7).

The thorough characterization of the TAP glucosides enables the preliminary
assessment of the formation of a variety of glycosides from TAP by analysis of the UV
LC/MS chromatograms and 111 NMR spectraof crude reaction mixtures. Specifically,
the number of new anomeric resonances observed Hthd/IR spectra and the number
of product peaks observed by LC/MS are reported as an estimate of the number of unique
glycosides formed by TAP with a given sudd&able3.1). The integrated intensities of
these'H resonances (Table 1) and Wibnitored chromatogram peaks were likewise used

to estimate glycoside yields. For comparison, the -BARose reaction produced
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glycosides in 31% and 44% yield of total remag TAP/glucose for the pH 1 and pH 7
reactions, respectively. These yields are typical of most of the sugars tested, which
generally produce TAP glycosides with estimated yields that range from 20 to 50% (Table
3.1). Integration of UV absorption peakgeaf HPLC separation was used as a second
means to estimate glycoside yields, with coincident mass spectral analysis used to identify
peaks corresponding to TAP glycosylated by a single sugar. Although yields based on UV
HPLC absorption peak integration dnigher for most sugars compared to yields obtained

by 'H NMR resonance peak integration, there is a positive correlation between yields
measured by the two techniques (Figu&® Jhus, while these yields may be affected by
formation of insoluble productthese values provide reliable relative propensities for these

seventeen sugars to glycosylate TAP.
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Table 3.1. Estimated Number of Glycosides and Yields for the Reaction of TAP with
Various Sugarg

Sugar pH AnomericH ProductPeaks (LC/MS Product Yelds (estj Unreacted
SugaPf
Hexoses
Glucose 1 8 6 31% 43%
7 10 8 44% 29%
GIcNAc 1 10 8 28% 63%
7 4 2 5% 28%
Glc6P 1 4 2 27% 41%
7 5 2 22% 25%
Fructosé& 1 2 2 2% NA
7 3 3 12% NA
Galactose 1 8 6 35% 34%
7 7 5 48% 19%
Galacturonic Aid 1 12 12 40% 0%
7 8 6 53% 14%
Glucosamine 1 6 4 10% 40%
7 2 2 15% 0%
Glucuronic Acid 1 10 8 42% 18%
7 5 3 24% 11%
Mannose 1 3 1 20% 30%
7 5 3 13% 18%
Pentoses
Arabinose 1 7 4 61% 43%
7 7 5 55% 13%
Lyxose 1 4 2 20% 25%
7 6 4 40% 11%
Ribose 1 11 7 28% 24%
7 8 7 31% 3%
R5P 1 4 4 11% 0%
7 4 4 8% 0%
Ribulosé& 1 3 3 3% NA
7 11 11 31% NA
Xylose 1 7 5 27% 28%
7 9 7 34% 9%
Tetroses
Erythrosé& 1 1 3 <1% 0%
7 3 3 17% 0%
Threosé& 1 7 3 3% 0%
7 2 3 2% 0%

A. Unique product species estimated by number of nogsugar resonances in anomeric
region of 'H NMR spectra and product peaks in LC/MS chromatograms. Estimated
product yields and amounts of unreacted sugars provided are based on integrated
intensities of anomeric resonances lative to an internal standard. Not all product
anomeric signals identified are necessarily TAP glycosides. Estimated product yields
based on integration of U\Vmonitored LC-MS chromatograms are provided in ESI.
B. TSP was used as an internal concentratiostandard in NMR samples. The
exclusion of insoluble products from solutiorstate NMR analysis can cause the
estimated product yields and unreacted sugar concentrations to not always sum to
100% of the original sugar concentration. It is well known that sugr degradation can

l ead t o i n §lBlonsbrheazation taa déf@ent sugar, leading to products
not closely associated with the parent sugar. C. Estimated yields for fructose and
ribulose are based on integration of anomeriéH resonances, which would be limited
to TAP glycosides formed with aldose sugars that resultdm fructose and ribulose
isomerization, respectively. D. Dissolving threose or erythrose in the NMR buffer (pD
12) results in rapid degradation. Thus, the NMR samples used to determine amounts
of unreacted sugar may give values with large errors for thessvo sugars.Adapted
with permission from [2]/
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Figure 3.8. Plot of estimated TARglycoside yields based on integrated absorption at
272 nm of peaks observed in UMXC/MS chromatograms with m/z values
corresponding to single sugar conjugates of TAP versus estimated TAfycoside
yields bagd on integration of new (i.e., excluding unreacted sugar) resonances in the
anomeric regions of'H NMR spectra. UV-LC/MS-based yields are relative to total
integrated intensity of peaks with absorption at 272 nm (i.e., total recovered TAP and
TAP conjugates).'H NMR -based yields are determined by comparison of integrated
intensities to the integrated intensities of the resonances of an internal standard of
known concentration. Adapted with permission from [2].

Inspection of the estimated glycoside yields provided in Table 1 does notaaveal
obvious pattern for either the pentoses or the hexoses. Nevertheless, the products of TAP
incubation with a given sugar can, in some cases, be understood from the known properties
of the sugar. For example, the reaction of TAP with ridfeplosphateR5P) appears to

not produce a noncanonical nucleotide. This may be due in part to the rapid degradation of
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R5P, which has an estimated Hig# of only one hour at 85°Q16]. Similarly, the
propensity of two glucosameé molecules to react and spontaneously form 2,5
dihydropyrazines in a Maillartike reaction may limit the formation of TAP glycosides

with glucosamind17]. The degradation rate of a sugar is, of course, only one of several
factors expected to govern TAjkcoside yields. The ratat which a given sugar
glycosylates TAP is also expected to be an important determinant of glycoside vyield, as
glycoside formation greatly reduces (or even eliminates) the amount that an aldose sugar
exists in equilibrium with its opeaohain free aldehy&lform, and the equilibrium amount,
which strongly correlates with its degradation fa#&]. In this context, the low yields of

TAP glycosylation by erythrose and threose could be, in part, due to these sugars being
degradated more rapidly than other sugars (prior to protection by glycoside formation with
TAP), as the fraction that these tetrose sugars exist in theiobaémaldehyde form is ca.

20-fold greater than that of ribose and ca.-4@ld greater than thatf glucosg18, 19]

The reaction of TAP with uronic acids was complicated by the formation of low
solubility salts (see § 2.6). Specifically, when TAP and galacturonic acid or glucuronic acid
were dissolved in wat, ceprecipitates rapidly form, which can be-gelubilized by
heating at 100°C with frequent and rapid stirring. Once solubilized, the components remain
in solution at 85°C, pH 1 and pH 7, with the apparent formation of glycosides in relatively
good yidds (Table 1). For these samples in particular, the quantity of unreacted sugar
reported in Table 1, which is based %t resonance integration, may be significantly
underestimated due to the reprecipitation of unreacted starting materials during NMR

sampé preparation.
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Finally, characterization of the products formed by the reaction of TAP with
fructose and ribulose B4 NMR spectroscopy is complex because glycosides formed with
these ketoses lack the anomeric proton resonances that are useful foimndegifcosides
formed with aldose sugars. Peaks in-UR/MS chromatograms with m/z values matching
TAP hexosides and TAP pentosides with fructose and ribulose, respectively, were detected
among the pH 7 reactions products, and to a lesser extent ampirfyttineaction products.
The 'H NMR spectra of crude reaction products of TAP with fructose and ribdidse
contain anomeric resonances, suggesting that these ketoses may have isomerized to
aldoses. Isomerization of fructose can lead to glucose and neamioke isomerization of
ribulose can lead to ribose and arabinf&®23], which may react with TAP to form
glycosides. Thus, it is possible that, in pH 7 solutions of TAP with either fructose or
ribulose, genettabase catalysis by TAP (pke 7) may give the corresponding aldoses,
which then react with TAP to form glycosides. Integration of theRI\PC peaks indicate
similar yields of TARsugar conjugates as determined by integration of anomeric
resonances ifH NMR spectra. Thus, although formation of TAP glycosides with ketose

sugars cannot be ruled out, it appears that the aldose glycosides are formed in greater yields.

The formation of TARibosides in reactions that start with ribulose as the only
sugar is anntriguing observation from an origird-RNA perspective, as the chemical
instability and lack of a robust prebiotic synthesis of ribose has been stimding
conundrum for prebiotic chemisf$6]. Benner and cow&ers have argued that borate
could have aided ribose formation and survival on the prebiotic E2¥{l25] However,
the prebiotic existence of borate minerals has been quesikBje&ibulose, on the other

hand, can be synthesized from dihydroxyfumarate and glyceraldehyde in reasonably good
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yield (ca. 20%)[27]. This plausible prebiotic synthesis of ribulose, combined with our
previous demonstration that TAP readily forms bitglycosides andC-glycosides with
ribose in good yieldfl], and the current finding that ribulose will isomerize in the presence
of TAP, presents an attgative possibility for a prebiotic origin of ribosides that involves

the isomerization of a ketose sugar.

73



3.5 Formation of Supramolecular Assemblies with TAP Glucosides

X N-H o R1
X

1,2,3,4,5

H Cyanuric Acid

Figure 39. A. Chemical structure of TAP-cyanuric acid supramolecular assembly
with glycosidestructures shown explicitly in Figure 3.6the structure of cyanuric acid,
CyCo6, and proposed hexad and stacked hexad assemblies. B. AFM images of
assemblies formed by the crude products of the TARIc6P reaction when mixed with
cyanuric acid (50mM total TAP/GIc6P, 50 mM CA, pH 7, and ca. 0.1 M NaCl from
pH adjustment by addition of NaOH). Gelation was observed prior to deposition on
mica surface. C. AFM image of assemblies formed by purified TAglucose glycosides
(from pH 1 reaction) when mixedwith CyCo6 (50 mM in total TAP species, 50 mM,
CyCo6, pH 7, and ca. 0.3 M NaCl from pH adjustment with NaOH). No gelation or
precipitation was observed prior to deposition. D. AFM images of purified TAP
GIcNAc glycosides formed when mixed with CyCo6 (50 M total TAP species, 50
mM CyCo6, pH 7, and ca. 0.3 M NaCl from pH adjustment with NaOH). No
precipitation or gelation was observed prior to deposition. Scale bar is 100 nm in all
AFM images. Adapted with permission from [2].

We assessed the propensity for the glycosides formed by glucosis derivatives
to form supramolecular assemblies in water with cyanuric acid or a charged derivative of

cyanuric acid (i.e., CyCo06,23 cyanuric acid substituted with hexanoic acid, Fi§ure 3.
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Such assemblies are relevant to our working hypothedisdmaovalent assemblies with
WatsonCrick or WatsorCrick-like base pairs were critical for the prebiotic synthesis of
the first nucleic acidg8, 29] Such assemblies could have facilitated pRMA synthesis

by locally organizing, concentrating, and segregatiegltases of protBNA from other
heterocycles that do not have the ability to base pair. As illustrated in Fi@&eTAP

and TAP with pendant groups (e.g., sugars) can form hexads with cyanuric acid and

cyanuric acid derivatives that assemble into calastacks in water.

With a peripheral ionizable phosphate group, we expected the-GlegP
glycosides to have the greatest propensity to form soluble assemblies, as an electrostatic
charge is important for maintaining the solubility of stacked TA&nuricacid hexad§3].

Indeed, mixing the crude TABIc6P reaction products with cyanuric acid did result in the
appearance of the expected assemblies, as revealed by AFM imaging (F&)rdr.
contrast, and unexpextly, the purified TAFGIc6P glycoside formed insoluble
precipitates when mixed with cyanuric acid (reminiscent of the precipitation of@la®R

with cyanuric acid; see § 2.6).

Linear assemblies are observed by AFM for the purified -GAfeose glycosides
when mixed with CyCo6 (Figure &). In contrast, insoluble precipitates of irregular
structure were observed when the purified products of-gWPose reaction were mixed
with CyCo6. Similarly, linear structures were formed when purified -TAENAc was
mixed with CyCo6 (Figure 9D), but mixing crude TARGIcNAc with CyCo6 did not.
These results suggest that the steric determinants ofcyaRuric acid assembly into

linear structures in water are not trivial. Work isgwing to understand the effects of the
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crude versus the purified products, as well as sugar species, on the propensity for TAP

glycosides to form soluble assemblies.

3.6 Conclusions

Scenarios for the prebiotic origin of nucleic acids often assert (explicitly or
implicitly) some mechanism for thed ect i v e p-ribofdranosides@ver othdér D
gl ycosi des. However, a robust and prebioti
ribofuranosides is still lacking, and even the selective synthesis of ribose remains a
challenge. Sugar formation isherently norselective, as the products of reactions that
produce sugars can also act as substrates for further homologation. Therefore, it is
important to assess whether or not a reactive, and potentially inforrta@tremfierring
heterocycle, such as PA has the ability to react with a variety of sugars in the same
manner that it does with ribose. Even under theamimized reaction conditions used in
this study, TAP apparently reacts with all sugars surveyed, at pH 7, to give glycosides in
moderate d good yields. These results call into question the assumption that prebiotic
nucleotide selection occurred at the monomer level, since, in a prebiotically realistic
scenario, reactive heterocycles would have not likely discriminated between the different
sugars of a complex mixture, and therefore a variety of glycosides would be present.
Organic chemists have demonstrated that some sugars are able to substitute for ribose in
the backbone of RNA without disrupting the ability to form duplexes with Wa@ack
base pair$30]. Here we have also shown that different glycosides of TAP show different
propensities towards sedssembly wh a pairing heterocycle (e.g., cyanuric acid). These
observations suggest that if there was a wide variety of nucleosides on the prebiotic Earth,

higherorder structures may have influenced prBfdA monomer selection.
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CHAPTER 4. THE REACTIONS OF CAN ONICAL AND
NONCANONICAL NUCLEOB ASES WITH MODEL PREB IOTIC

ELECTROPHILES

4.1 Introduction

The reactions of noncanonical nucleobases with sugars img|uzlit not limited to,
ribose and its derivatives, is an exercise is agnosticism: the knowledge of the structure of
extantinformational polymers (i.e., the nucleic acids) should not bias our investigations
into theprebiotic formation of informational plymers [1]. While maintaining the stance
that the first informational, seleplicating polymers used nitrogenous heterocyclic
compounds capable of Wats@rmick-like hydrogerbonding recognition for information
storage and transfer [2, 3], this agnosiitsan be made more sincere by investigating the
general trends in reactivity of several heterocyclic compounds with a variety of types of
electrophiles that may have been present on the early Earth. In doing so, we gain
information about what types of linges could possibly have formed between heterocyclic
compounds and candidate protacleic acid backbone components, which furthers

constrains the enormous chemical space of possible-pucteic acids.

Nucleobases and their chemical relatives are, meigé, nucleophilic. When a
purine or pyrimidine is substituted with amino groups, these substituents either act as
electrondonating groups, enhancing the nucleophilicity of endocyclic sites (as is the case
for the C5 position of TAP; see 8§ 223, or actas nucleophiles themselves. When a purine

or pyrimidine isformally substituted with hydroxyl groups, the keto tautomer dominates,
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and the imidic endocyclic sites become mildly acidic (as does the methylene group at
position 5 of barbituric acid; see 83.Upon deprotonation, these imidate (or enolate)
sites become nucleophilic. The same principles apply to other classes of heterocycles, such
as triazines (e.g., melamine and cyanuric acid), triazoles (e.g., urazole), and imidazoles
(e.g., hydantoin). Couerexamples of this principle of nucleophilicity exist, but are rare.
Alloxan, the fully oxidized form of pyrimidine (with oxo substituents at positions 2,4,5,
and 6), acts as an electrophile at position 5, and, to a lesser extent, at position 4, most
notably with 1,2diaminosubstituted systems to form flavin derivatives [4]. Substitutions

of nitrogenous heterocycles with electwithdrawing groups are also possible, but are

typically not detected in model prebiotic reactions or in meteoritic samplés [5

Because nitrogenous heterocyclic compounds are usually nucleophilic, it follows
that the means by which they are appended to ymatteic acid backbones must be
through some electrophilic moiety. Therefore, a survey of reactivity between modael prot
nucleic acid nucleobases (canonical or noncanonical) and model prebiotic electrophiles
should give insight into what types of pratacleic acids are prebiotically feasible. This
immediately raises an important question: what qualifies a class of elat#s as

plausibly prebiotic?

To answer this question, it is perhaps easiest to start with criteria that immediately
disqualify a candidate electrophile. Electrophiles that are profoundly sensitive to
hydrolysis, or are formed from reagents that arequiodly sensitive to hydrolysis, such
as acyl chlorides, are almost certainly not prebiotically viable. This might also seem to
apply to carboxylic acid anhydrides; however, anhydrides may be formed fredowary

reactions of carboxylic acids at elevatednperatures. If a solid residue containing
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anhydrides is quickly rehydrated with an aqueous solution containing a nucleobases that is
a better nucleophile than water, it may be possible to capture the anhydride before

hydrolysis. Therefore, the anhydridelMae considered in this analysis.

Another important disqualifying criterion is ease of prebiotic formation. For
example, alkyl halides, although incredibly useful in conventional organic synthesis, are
probably not produced in significant quantities glpotic chemical processes (in fact,
such compounds have been considered atmospheric biosignatures [7]); therefore, they will

not be considered.

With these disqualifying criteria in mind, we can being to populate our set of
candidate prebiotic electrophiles. Carhgl electrophiles are commonly invoked in
prebiotic syntheses. For example, aldehydes act as the substrates for both the Strecker
synthesis of amino acids [8] and the sufgaming formose reaction [9]. Carboyxlic acids
are also common [10], but are tydlgaoor electrophiles in water due to deprotonation to
form relatively inert carboxylates. However, certain carboxylic acid derivatives may serve
as effective electrophiles. Esters, for example, can be formed fredodny reactions of
carboxylic acids ashalcohols [11]. Thioesters have also been commonly noted as important
for the emergence of life [12]. Amides, as the most stable carboxylic acid derivatives, will
not be considered. However, imides, which are less eleattion may react with
sufficiently strong nucleophiles. Finally, Michael acceptors have often been invoked in
prebiotic syntheses, for example, in the synthesis of certain amino acids [13] and
nucleobases, such as the syntheses of aspartic acid [14] and cytosine [15] from
cyanoacetyleneAdditionally, the reactions of nucleobases with the Michael acceptor

acrolein have also been explicitly investigated [16].
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4.2 Experimental Procedures

4.2.1 Materials

Barbituric acid, cyanuric acid, 2,4taminopyrimidine (TAP), and cyanuric acid
were purchased dm Acros Organics and used as received. Adenine, uracil, and 5
aminouracil were purchased from Millipore Sigma and used as received. 2,4,5,6
Tetraaminoyrimidine (TetAP) sulfate was purchased from Millipore Sigma. Prior to use,
TetAP sulfate was recrystaled from 2 M NaOH under an inert atmosphere to give TetAP
free base. Ribose, Dylyceraldehyde, succinic anhydridd;methylsuccinimide, ethyl
acetédtue yrol act on e, -butytothigldctone, land anethyeving ketone o
were purchased from Miphore Sigma and used as received. Glycolide was purchased from

Millipore Sigma. Prior to use, glycolide was recrystallized from ethyl acetate.

4.2.2 Reactions of Nucleobases with Electrophiles

The reactions of nucleobases with electrophiles were all carried sedled glass
vials with stir bars at 0.5 M in each reactant in water on a 0.5 mL scale in an oil bath at
65°C for 24 hours. The reactions of TAP and TetAP were set up by first preparing 0.5 M
aqueous stock solutions of the nucleobase, distributingttiod in 0.5 mL aliquots into
vials, and then adding 0.25 pmol of electrophile to the vial. The reactions of barbituric acid
and cyanuric acid were set up by first preparing 0.5 M aqueous stock solutions of the
nucleobase with 1 eq. of triethylamine, diaaiting the stock in 0.5 mL aliquots into vials,
and then adding 0.25 umol of electrophile to the vial. The reactions of adenine, uracil,
melamine, and-aminouracil were prepared by adding 0.25 pmol of nucleobase to the vial,

adding 0.5 mL of water, anthén adding 0.25 pumol of electrophile to the vial. Once the
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electrophile was added, the vial was immediately sealed and immersed in an oil bath. After
the reactions were completed, aliquots were taken feL. ONMS analysis. If the reactions
presented as auspension after 24 hours, the mixtures were vortexed rapidly before

sampling the suspension. Aliquots were diluted 1:50 forlld/MS analysis.

4.2.3 Analytical Techniques

After dilution, 2 €L samples were injec
running a linear gradient of 90% MeCN/10% M¥Ac buffer 10 mM pH 9 to 60%
MeCN/40% NHOAc buffer 10 mM pH 9 over a period of 7 minutes with a flow rate of

0.5 mL/min.

4.3 Experimental Selection of Model Nucleobases and Model Electrophiles

4.3.1 Selection of Model Nucleobases

The hexadorming noncanonical nucleobases (TAP, melamine, barbituric acid,
and cyanuric acid, Figure 1.4) were previously considered strong candidates fer proto
nuclec acid recognition units based on their propensities to react with ribose and other
sugars and on their propensities for ss§embly [1719]. For these reasons, they are
included in the set of nucleobases to be tested. These noncanonical nucleobases can
partitioned into two distinct families based on their hydregending patterns: the donror
acceptordonor famiy, (or the adeninéike family), and the acceptatonoracceptor
family (or the uracHlike family). Because these nucleobases are expectael fimrward
compatible with adenine and uracil, these canonical nucleobases themselves are also

included.
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Another notable class of nucleobases are taenopyrimidines. Amino groups
at position 5 of a pyrimidine are more nucleophilic than amino groupssétons 2, 4 or
6 [20], as the latter amino groups are somewhat depleted in electron density by the
withdrawing effect of the endocyclic nitrogen atoms by resonance. This is not the case for
amino groups at position 5. Furthermore, substitutiorarhimopyrimidines with electron
donating substituents at positions 2, 4, or 6 greatly enhance the nucleophilicity of position

5. This can be rationalized with a molecular orbital argument.

As an example, consider an isolated fragment of-alidsinopyrimidire molecule
that consists of carbons 4 and 5 and their substituent amino groups (i.e; a 1,2
diaminoethylene fragment). Among these four atoms, there are six pi electrons. By
constructing molecular orbitals from a basis set of the p orbitals that are giey&nto
the molecular plane of these four atoms, we find that the highest occupied molecular orbital
(HOMO) of this system is antibonding (Figure 4.1). The result is the same when a 2,5
diaminopyrimidine system is considered. For adisubstituted etylene system (where
the substituents are electrdonating), this phenomenon is described asvihglogous

alpha effect
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diaminoethylene /=—\ 9 .
H,N NH. 8 8 8 D basis set

fragment
558

antibonding 8 8 8 8 %

bonding 8 8 8 8 4|

5660

Figure 4.1. A demonstration of the vinylogous alpha effect for the 1,2
diaminoethylene fragment of a 4,5iaminopyrimidine.

o

Becausenembers of this class of pyrimidines are expected to be especially reactive,
two specific examples are included in this survey: 2,4&/@minopyrimidine (TetAP)
and 5aminouracil (5AU). TetAP was chosen for its obvious analogy to TAP. The
correspondinganalogue of barbituric acid, uramil -@ninobarbituric acid), was not
selected due to its profound insolubility in water. 5AU is sparingly soluble, but would

perhaps be driven into solution as it is consumed.
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Figure 4.2. The set of nucleobases assessethis study sorted according to hydrogen
bonding pattern. Left: the donor-acceptordonor (D-A-D), or adeninelike family.
Right: the acceptordonor-acceptor (A-D-A), or uracil -like family.

4.3.2 Selection of Model Electrophiles

As was explained above, the algidh, anhydride, ester, imide, thioester, and
certain Michael acceptors are all considered plausibly prebiotic electrophiles. However,
different compounds that contain the same functional groups may display different patterns
of reactivity. Therefore, for@ne electrophilic functional groups, more than one compound

was tested.

Aldehydes, for example, are implicated in the reactivity of aldose sugars [21, 22].
However, for aldoses of four carbon atoms and greater, cyclic hemiacetal forms dominate
over the fee aldehyde [21]. For this reason, two test aldehydes were chosen:
glyceraldehyde, a triose, which cannot adopt a cyclic form, and ribose, a pentose, which

adopts four cyclic forms that dominate over the free aldehyde form.
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