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An Aminoisoxazole-Based Proto-RNA

Felix Xu*,” Stefan Wiedemann*,” Jonas Feldmann,” " Sidney Becker,” and

Thomas Carell*™

The RNA world hypothesis predicts that life started with the
development of replicating and catalytically active RNA, which
evolved in a process of molecular evolution to increasingly
complex chemical structures. RNA is, however, so complex that
it has most likely formed from a precursor (proto-RNA) that was
more easily accessible in a prebiotic world. Recently, 3-amino-
isoxazoles (103) were identified as building blocks that can form
under prebiotic conditions and can rearrange to give the
nucleoside cytidine (C). The present study shows that the

Introduction

RNA plays a central role in our concepts of how life has started
because the molecule is capable of catalyzing reactions, and
has the potential for self-replication.”” These two character-
istics likely served as the foundation for the development of
increasingly complex molecules and chemical systems through
chemical evolution, ultimately paving the way for the emer-
gence of life as we know it."® The difficulty with the concept is
that the prebiotically plausible reaction pathways that have
been postulated to give the canonical RNA nucleosides, as the
key building blocks for RNA, are complex and it is hard to
conceive how RNA could have formed in the first place.® It is
consequently a major scientific goal to find molecular proto-
RNA structures that could have preceded RNA and to inves-
tigate how such structures could have evolved into RNA.'*™
We recently introduced the concept of urea-RNA, in which
ribofuranose with a triuret, connected to the C1-position of
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constitutional isomer 5-aminoisoxazole (I05) can undergo the
same reaction to give uridine (U). Both compounds (I03 and
105), if embedded in RNA, react selectively to C and U, which
are the main pyrimidine nucleosides of the genetic system.
Importantly, the stereochemical outcome of the 105 reaction in
RNA depends on the neighboring bases. If they are pB-
configured RNA nucleosides, the reaction proceeds with high
selectivity to give exclusively the B-configured U RNA base
(anomeric control).

ribose, acts as a proto-RNA. In these nucleosides, the triuret unit
was able to establish productive H-bonds with the counter base
guanin." In addition, we showed that 3-aminoisoxazoles (103),
connected via a urea linkage to the Cl-atom of ribose are
highly efficient precursors of cytidine (C). The needed N-
isoxazol-3-yl-urea was shown to be readily accessible under
prebiotically plausible conditions.'”” The compound embedded
as a riboside in RNA was able to perform the cascade reaction
to C (Figure 1A)."® Although this chemistry provides access to
C, the second important pyrimidine nucleoside of the genetic
code U is in this scenario only available via the hydrolysis of C.
This, however, is a slow reaction particularly if the C is
embedded in RNA."92”

In order to solve this problem and to find a common
prebiotically plausible route to both pyrimidines C and U, we
investigated the starting point of the 10-based chemistry,
namely the reaction of cyanoacetylene (1) with hydroxylamine
(2) in greater detail. As previously shown, 3-aminoisoxazole
could have formed by reacting cyanoacetylene (1) with
hydroxylamine (2) under strongly basic (pH > 14) conditions or
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Figure 1. A) Prebiotically plausible formation of cytidine (C) and uridine (U)
following the reaction of cyanoacetylene (1) with hydroxylamine (2) by
reaction with the O-nucleophile of hydroxylamine (bottom)"” and by
reaction with the N-nucleophile of hydroxylamine (top). B) Putative cascade
reaction that allows 105 to react to uridine.
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with hydroxylurea under slightly basic conditions (pH~10)."”
The reaction of 1 (considered to be a prebiotically plausible
starting material®’%) with 2"7? under strongly basic condi-
tions, favours the reaction of the O-atom of 2 with 1, which
then starts the chemical trajectory to C via 3-aminoisoxazole
(Figure 1A). If, however, the reaction is performed at ambient
pH-values, we reasoned that it might allow the N-atom of 2 to
react first which could open a pathway to U (Figure 1A) by a
cascade reaction shown in Figure 1B.

The beauty of this concept lies in the possibility that both
canonical pyrimidine nucleosides C and U could be traced back
to the same starting materials, with just the pH-value of the first
reaction dictating whether C or U is formed. This would provide
conceptually ideal conditions for the prebiotic origin of the
genetic code with a focus on the pyrimidine nucleosides.

Results and Discussion
Formation of uridine from 5-aminoisoxazole

In order to investigate the concept, we reacted cyanoacetylene
(1) with hydroxylamine (2) at pH-values below 14, particularly at
slightly basic pH values of around pH=9-10. Indeed, under
these conditions we observed exclusively the nucleophilic
attack of the amino group of 2 with 1. The reaction was
performed in water (1 eq. NaHCO;, 25°C, 24 h). Upon dry down
precipitation of the pure 5-aminoisoxazole (3) may occur,
because it is a solid material in contrast to 3-aminoisoxazole,
which was found to be a liquid. Washing of the remaining
material with water provided NMR-pure 3 (Figure 2A). This
reaction is easily conceivable in a connected pond model with
one wet-dry cycle and rain showers,”®*" which would have
allowed the washing away of residual 1 and 2 along with
potential side products (Figure 2B). Next, we treated the
precipitated material 3 with cyanate,”®*>” which might have
flooded into the pond from a second pond. We now detected a
clean and exclusive formation of N-isoxazol-5-yl-urea (4), which
again precipitated upon drying down. Another rain shower may
have again washed away residual cyanate. Inflow of an aqueous
solution of ribose® ¥ from a third pond into the reaction pond
followed by another dry-down step leads to the reaction of 4
with ribose. When we performed the reaction, we indeed
detected the clean formation of all four expected reaction
products namely the two a- and B-ribopyranosides (o-/-5) and
the two a- and B-ribofuranosides (a-/p-6) as a mixture . Under
our conditions the a-furanoside «-6 was formed as the
dominant reaction product with a yield of 39%. When we
started the envisioned cascade cyclization reaction (Figure 1B)
by addition of a thiol (DTT) and catalytic amounts of Fe?* to the
obtained a- and -6, we indeed detected efficient reductive
N—O-bond cleavage followed by a clean cyclization®” to give
the U-ribopyranosides (a-/B-7) and the U-ribofuranosides (a-/f-
8, B-8=VU). To our surprise, we noted that now the B-furanoside
was by far the dominating product. The yield of the reaction is
with 31% for all ribosides and with 25% for the B-furanoside U
(B-7) astonishingly high, given the simplicity of the reaction
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Figure 2. A) The reaction sequence that generates the pyrimidine U via the
10 pathway with the corresponding HPL-chromatographic analyses of the
reaction outcome showing clean conversions. B) Depiction of the dry-down
connected pond model for the putative prebiotic formation of the 105-
ribosides.

sequence. The high yield of the B-furanoside U together with
the remarkable stereoselectivity of the reaction make us believe
that the 10-pathway to C and U provides a good model of how
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the pyrimidine nucleoside could have formed under Early
Earth’s condition. As hypothesized, in this scenario, it is the pH-
value of the initial step that determines whether the pathway
delivers the C- or the U-nucleoside.

Formation of C and U from isoxazoles directly in RNA

We recently showed that the nucleoside C can form directly in
RNA from embedded 103 ribofuranosides, which allowed us to
show that 103-precursor RNAs are an extant model for a proto-
RNA that could have preceded canonical RNA."™® In order to
investigate if this direct “in-RNA” transformation is also possible
with 105 to generate U and to study if C and U can form
simultaneously from 103 and I05-containing proto-RNA, we
prepared the 103-phosphoramidite building blocks for solid
phase RNA synthesis. This was achieved following a synthetic
pathway outlined in Scheme 1A. The starting point of the
reaction was the well-known 3'-5'-protected riboside-azide 9,
which we reacted with 5-aminoisoxazole (3) in a Pd-catalyzed
CO insertion reaction to directly give the 105 riboside 10 as a
mixture of the a- and the [B-anomers. The anomers were
subsequently separated by flash column chromatography. Next,
we proceeded separately with the a- and the p-isomers.
Deprotection of the 5-3' silyl protecting group with HF in
pyridine gave 11, followed by dimethoxy-tritylation of the 5’OH
group to 12. Subsequent conversion of 12 into the phosphor-
amidite 13 furnished the needed building block for solid phase
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Scheme 1. A) Synthesis of the 105 phosphoramidite and conditions B) HPL-
chromatogram and MALDI-TOF mass spectra of an oligonucleotide synthe-
sized with the 105 phosphoramidite $-13 shown as an example.
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oligonucleotide chemistry. Because we performed the reactions
with the two anomers in parallel, we obtained both phosphor-
amidites f-13 and a-13.

We subsequently used the building blocks - and a-13 to
perform and optimize the RNA synthesis. We found that both
building blocks (0.1 M in THF) are best incorporated into RNA
using an elongated coupling time (600s) and shortened
detritylation time (40 s). Deprotection was first achieved with
ammonium hydroxide (55°C, 5h) followed by a second
deprotection step with TEA-3HF (65°C, 2.5 h). The result of the
synthesis of an RNA strand having B-13 incorporatetd is
depicted in Scheme 1B. The HPL-chromatogram of the purified
strand 5-CUUAC-;510-CUGA-3" and the corresponding MALDI-
TOF mass spectrum are depicted in Scheme 1B. The data proves
the structural integrity of the RNA strand with the embedded
105 nucleoside.

To study the “in-RNA” N—O-bond cleavage and cyclization
of 105 to U and to learn about the stereochemical outcome of
the reaction, we prepared the RNA strand 5-CUAAC-;|05-CUGA-
3" using B-13 (Figure 3A). This oligonucleotide was digested to
the nucleoside level and the obtained nucleoside composition
was analyzed by HPLC-MS which revealed the presence of all
expected nucleosides B-C, B-U, B-G, B-A and of the additional
unit B-105. Next, we treated the oligonucleotide with DTT and
catalytic amounts of Fe’*. This led to the formation of a new
oligonucleotide with a slightly changed retention time. Diges-
tion of this oligonucleotide provided the expected nucleoside
mixture, but now without the B-I05 nucleoside, arguing that
the conversion of B-105 to uridine had happened as expected in
the RNA strand.

We next investigated if two -105 nucleosides would also be
converted to U and in addition we wanted to get better proof
for the conversion of B-105 to U and about the stereoselectivity.
To answer these questions, we prepared the U-and |05-only
RNA strand using a mixture of a-13 and B-13 and we isolated
the RNA strand with exactly one B-I05 and one o-105 (Fig-
ure 3B). Digestion of this RNA strand provided as expected one
signal for B-U and one each for the a- and B-I05 nucleoside.
Upon treatment with DTT and Fe?", a new strand with a shifted
retention time was again formed in a clean reaction. Upon
digestion, this strand gave only one signal for -U, showing that
both compounds a- and B-IO5 had reacted to the correspond-
ing B-configured U nucleoside. The stereochemical information
of the RNA strand obviously directs the outcome of the
reaction, like we have previously shown for the 103 nucleoside.
This leads to a conversion of also the a-configured 105 to -
configured U.

Finally, we wanted to examine if a proto-RNA strand
containing both 103 and 105 nucleosides would react upon
treatment with DTT to give C and U simultaneously. For this
experiment, we prepared the oligonucleotide 5-CC-O3-
CU-5l05-UU-3’ using the corresponding B-configured phosphor-
amidites (Figure 3C). Digestion of the strand generated signals
for B-C, B-U and as expected for B-IO3 and B-IO5. Again,
treatment of the strand with DTT and Fe?* cleanly generated a
new strand with a different retention time. Upon digestion only
two signals were obtained: One for B-C and one for B-U,
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life could have emerged on the Early Earth because of the
molecule’s potential to encode information and to catalyze
reactions. It therefore effectively combines genotype with
phenotype. The RNA molecule, however, is so complex that it
most likely formed from a simpler precursor proto-RNA
molecule that already had potentially information encoding
properties. Current concepts of how RNA may have evolved are
based on the formation of canonical nucleosides that got
phosphorylated at some point and then oligomerized to yield
RNA strands. This, however, requires the prebiotic formation of
the canonical nucleosides.
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RESEARCH ARTICLE

Prebiotically plausible isoxazole nu-
cleosides are shown to be excellent
candidates for proto-nucleosides and
proto-RNAs. Formation 3- and 5-ami-
noisoxazole can be traced back to the
same starting materials. After incorpo-
ration into RNA the proto-nucleosides
selectively rearrange to cytidine and
uridine. The stereochemical outcome
of this reaction at the anomeric center
is controlled by the neighbouring
bases.
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