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Abstract

Life on Earth in its full complexity could not exist without the ability to replicate and maintain its
essential genetic and metabolic functions. The question of “how” and “when” life emerged, is
one of the biggest unsolved mysteries of humankind. We can follow the evolution of living
species by analysing the fossils excavated by scientist around the globe, but tracing back the
beginnings of life to understand the transition from abiotic Earth to living matter is a much more
difficult riddle to address. Modern life is based on the interactions between the nucleic acids
(DNA and RNA) and the proteins, also known as the “central dogma of molecular biology”.
One of the most important processes of contemporary biology is the translation, which can be
seen as a link between the genotype and phenotype. In this process, the genetic information
is decoded and translated into a chain of amino acids, which, upon folding, forms catalytically
active proteins. The translation itself poses a chicken-and-egg conundrum, since it involves
both nucleic acids and proteins in form of tRNA and the ribosome (a nucleic acid-protein
hybrid). The RNA-world hypothesis suggests that initially the RNA molecule carried the dual
function of being the keeper of genetic information as well as a catalyst. It is suspected that
this versatility was supported by the presence of an extended genetic alphabet of modified
nucleosides. Interestingly, a collection of modified nucleosides such as t°A, m®SA and
(m)nm°U, which may be considered to be “molecular fossils”, can be found in close proximity

of the anticodon loop of modern tRNA.

Another burning question in the prebiotic science field is the emergence and maintenance of
biological homochirality. Modern life, with the complex protein folding and specific interactions,
would not be able to maintain its functions if the building blocks were composed of mixed
diastereomers. Life requires the molecules of life to be homaochiral, with RNA built exclusively

out of D-ribose and the proteins out of L-amino acids.

In this work, | address the chicken-and-egg problem, postulating an RNA-peptide world, in
which RNA can self-decorate with peptides. | show that the nucleoside-amino acid hybrid
structure (m®)aa®A, (analogous to (m®)téA), can be formed by loading an amino acid onto Né-
methylurea adenosine under prebiotically plausible conditions. The modified nucleosides
(m®)aa®A and (m)nm®°U can be incorporated into RNA, forming strands that can act as a donor
and an acceptor, respectively. The complementary oligonucleotides hybridise through
hydrogen bonds, which brings the modified nucleosides into close proximity and facilitates
peptide bond formation after prior activation of the amino acid (Figure 1). Subsequently, the
formed RNA-peptide hairpin strand can be thermally cleaved at the urea moiety, releasing the
amino acid-loaded acceptor strand. Upon encounter with another amino acid-carrying donor

strand, the cycle can be repeated and the peptide will grow longer. This iterative cycle can be

Vii



conducted under one-pot conditions, imitating a prebiotic world where the separation of the
intermediates was not required. | present results with a range of different amino acid and

various activation methods, leading to the formation of up to decapeptides on RNA.

| demonstrate in my thesis that the peptide coupling reaction in RNA, but also in DNA, exhibits
high stereoselectivity towards the naturally occurring L-amino acids. | report that the close
proximity of the amino acid to RNA has strong influence on the stereoselectivity, which
indicates that the D-ribose sugar present in RNA induces the L-homochirality of peptides. This
stereochemical preference is based on the kinetic rather than thermodynamic aspects of the
reactions, since the rate constants are the highest for the L-L amino acid coupling. The transfer
of di- and tri- peptides is also possible with clear preference for homochirality. | also show a
temperature-driven one-pot peptide synthesis with clear selectivity to form the homo-L-
peptides.

This thesis provides data that suggests a plausible alternative to the RNA world, namely the
RNA-peptide world, in which RNA can self-decorate with peptides and these hybrids can then
perform a peptide synthesis cycle, selectively transferring L-amino acids. The repetition of this
cycle leads to the growth of longer peptides and can be a considered a prototype of a prebiotic,

primitive, stereoselective translation mechanism, leading to homochiral peptides.
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Figure 1. The RNA-peptide synthesis cycle.
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1. Introduction

Modern life is based on processes sustained by the crucial biopolymers: ribonucleic acid
(RNA), deoxyribonucleic acid (DNA) and proteins. Nucleic acids and amino acids are the basic
building blocks of life without which no living organisms could exist in the form as we know

them today.

1.1 Nucleic acids, proteins and the central dogma of molecular biology

The structure of DNA was first described by James D. Watson, Francis H. C. Crick™ and
Rosalind Franklin®?! in 1953. This was one of the first steps to the basic understanding of the
structure and function of our genetic material. The nucleic acids, DNA and RNA, are
responsible for storage and transfer of genetic information. They are comprised of nucleotides,
connected via phosphodiester bonds at the 3’- and 5’- hydroxy groups, with each nucleotide
being built out of three units: a (deoxy)ribose sugar, a phosphate group and a nucleobase. The
nucleobases are divided into purine (adenine, guanine) and pyrimidine bases (cytosine and
thymine (in DNA) or uracil (in RNA)) (Figure 2a). Due the ability to form hydrogen bonds, the
nucleotides create Watson-Crick base pairs (A-T/U and C-G) between two complementary

strands of DNA/RNA to form an antiparallel nucleic acid duplex (Figure 2b).
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Figure 2: a) Structure of the nucleobases and general structure of a nucleoside. b) Base pairing between A-U and
G-C bases. ¢) Secondary structure of nucleic acids: A- and B-form (adapted from Cerreta 2013)!

The pentose ring, present in RNA (as ribose) and DNA (as deoxyribose) is twisted out-of-plane
(sugar pucker), rather than being a planar structure. This changes the relative orientation and
thus reduces the steric interactions between the sugar substituents.”! The DNA adopts the
C2’-endo sugar pucker, while the RNA prefers the C3’-endo pucker — more favourable due to
the gauche effect caused by the presence of the 2’0OH group. The sugar puckering has impact
on the secondary structure of the double-helix formed by these nucleic acids, leading to a B-

form DNA and A-form RNA structure (Figure 2c).®! Due to the chiral nature and optical activity




of nucleic acids, their secondary structure and spatial conformation can be examined by
circular dichroism (CD) spectroscopy, involving circularly polarized light (CPL). In a typical CD
spectrum of the A-form, a strong negative band appears around 210 nm and a strong positive
band at around 260 nm. The B-form causes a characteristic negative signal at ca. 245 nm and

a positive one at 280 nm.[®

Besides the nucleic acids, the other key players of contemporary biology are proteins, which
exhibit a very wide range of structural features and thereof resulting functions. Proteins are
built of long polymeric chains of a-amino acids, occurring naturally in the L- configuration. The
20 types of proteinogenic a-amino acids differ in the structure of their side chains (R), which
have impact on their functional properties (Figure 3a). Currently there is a consensus of 11
amino acids being considered “prebiotically plausible”, such as glycine (Gly), alanine (Ala),
valine (Val), leucine (Leu), isoleucine (lle), serine (Ser), cysteine (Cys), threonine (Thr), proline
(Pro), aspartic acid (Asp) and glutamic acid (Glu) (Figure 3b).l"M811 The structure of proteins
can be divided into primary (sequence), secondary (folding of the peptide chain), tertiary (three-

dimensional) and quaternary (assembly of subunits, as in Figure 3c) structure.
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Figure 3: a) General structure of an amino acid, R = side chain; b) amino acids considered to be prebiotically
plausible;"MBLE and ¢) the quaternary crystal structure of a ribosome (adapted from Noller 2005).[1%

The modern biology requires a very complex machinery, reliant on the multifaceted processes
of replication, transcription and translation — involving the macromolecules DNA, RNA and
proteins. The functions and interdependences between these molecules of life were
summarized by F. H. C. Crick in 19581 and are nowadays known as the “central dogma of
molecular biology”.!? It describes the information flow from the genomic DNA, through RNA,
into proteins (Figure 4) — in other words the transition from genotype (keeper of genetic
information) into phenotype (the expression of this gene and thereof resulting structural and
catalytic functions). The DNA, which mainly functions as a storage of genetic information and
can be replicated with the help of DNA polymerase, is then transcribed into messenger RNA
(mRNA) by enzymes called RNA polymerases. The mRNA serves as a template for the protein

synthesis and is translated into a chain of amino acids, that then folds into higher order




structures to yield proteins. Even though the process is not entirely unidirectional (RNA can be
reverse-transcribed into DNA), an information transfer from proteins back into nucleic acids

has not been found.'!

The modern translation is aided by the ribosome® (consisting of ribosomal RNA (rRNA) and
proteins) with the help of another type of RNA, the transfer RNA (tRNA). Ergo, the process of
making proteins involves a protein-containing machinery (ribosome) itself as a catalyst for the
peptide bond formation. This chicken-and-egg conundrum was noted by Dr. A.L Dounce in

19564 and is the subject of contemporary research ongoing in the field of nucleic acids.
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Translation

DNA RNA peptide
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Figure 4: Central dogma of molecular biology describing the flow of information from DNA to RNA to peptides.

1.2 Ribosomal translation

For a long time, the understanding of the mechanism of ribosomal translation was limited.
Therefore, the thorough examination of this process as well as its key players, the transfer
RNA (tRNA) and the ribosome, has been of utmost importance in the past few decades.

The transfer RNA (tRNA) is a molecule of 76-90 nucleotides length.*® Its secondary structure,
resembling a cloverleaf, can be divided into five distinct sub-structures: the D arm, the
anticodon arm, the variable loop, the TWC arm, and the acceptor stem.!*s! The nucleotide triplet
(anticodon) in the anticodon loop of the tRNA dictates which amino acid will be attached to the
tRNA. The tRNA folds into an L-shaped tertiary structure, that is crucial for proper fitting into

the ribosomal binding site.¢!

The first step of translation is the aminoacylation, during which the amino acid is attached via
an ester-bond to the 3’ end of the acceptor stem of the cognate tRNA by aminoacyl-tRNA
synthetases (aaRSs).['”l The activation of the amino acids occurs by the reaction with
adenosine triphosphate (ATP).8 The resulting aminoacyl-tRNA acts as an adapter molecule,
responsible for recognition and decoding the mRNA sequence by anticodon-codon
interactions!*® in the second step of the translation (peptidyl transfer), which takes place at the

peptidyl transferase centre (PTC) of the ribosome.%




The ribosome is a highly complex moiety, therefore it took many years to elucidate the X-ray
crystal structure of the full ribosome macromolecule,*%211221 which was necessary for better
understanding of its function and the mechanism of translation. The ribosome is a
ribonucleoprotein hybrid structure, built of ribosomal RNA (rRNA) and ribosomal proteins. It
can be divided into two distinct subunits: the small and the large subunit, each of them
containing three tRNA binding sites.*Sl20231 The smaller subunit controls the fidelity of
translation by facilitating the interactions between the codon of the mRNA and the anticodon
of the aminoacyl-tRNA, while the large subunit, containing the PTC, is responsible for catalysis
of the peptide bond formation on the acceptor arm of the tRNA.!*I The translation proceeds on
the mRNA in 5 — 3’ direction, binding the complementary anticodon of the tRNA bearing the

cognate amino acid.

It has been demonstrated that the PTC is an all-RNA site, so the ribosomal proteins are not
indispensable for the actual peptide formation.?y These results suggest that the PTC can be
seen as a ribozyme® and a potential remnant of proto-ribosomal peptide synthesis.?® Next
to catalysing peptide bond formation, the ribosome is also protecting the base-labile ester bond
from hydrolysis and by this preventing deacylation,?” therefore alternative, more stable
linkages in form of nucleoside modifications should be considered in the context of a prebiotic

translation mechanism.

1.3 Nucleoside modifications of the tRNA and their properties

Nucleoside modifications are highly abundant in the tRNA, with the greatest variety found in
the anticodon loop.*®! They contribute to the maintenance of correct structural conformation
and functionality,*® thermal stabilization of the tRNAP®! as well as diversification of the genetic
code and aiding the decoding process.?? Inside and in immediate proximity of the anticodon,
a rich variety of hypermodified nucleosides like m3C, kC, agm?C, iA, m®A, tSA, m®SA, nm°U,

mnm°®U, cmnm®U, 2’0-methylations (Figure 5) can be found.[5130L311.[32}(33]

Some of these modifications are of particular interest to us due to their functionalities, such as
for example the prebiotically plausible modifications (m)nm®Us, at the Wobble position 34 and

(m®)t%A37 at position 37 of the anticodon loop of the tRNA.

The modified uridines like nm®U, mnm®U or cmnm®U all contain a reactive amino group at the
residue connected to the nucleobase. They play a role in decoding and contribute to binding
specificity to the mRNA.B® Bacteria and archaea contain modified cysteine residues lysidine
(kC or L)B4 and agmatidine (agm?C or C*)B at position 34, respectively, which aid codon

recognition and increase decoding efficiency in tRNA"® 36171




Interestingly, the tSA or m8t8A modifications, essential for codon recognition,® are nucleoside-
amino acid hybrids, containing an amino acid connected to the nucleobase via a urea bridge.
The urea linkage is characterised by high stability in aqueous solution both at basic and acidic

pHE and by thermal cleavability. [0 41

One of the most common modifications, highly abundant in rRNA, are methylations. 2’0OMe
nucleotides increase the stability of the RNAM243 by reducing the phosphodiester backbone
hydrolysist*¥ and preventing base excision by blocking the nucleophilic attack at C1’. The
modification m®A, adenosine methylated at the N8-position of adenine, is thought to be involved
in MRNA processing and gene expression.[*!1461147] Both methylations are thought to be

prebiotically plausible.

The above mentioned non-canonical nucleotides are conserved in tRNAs and rRNAs across
almost all kingdoms of life*®! and are therefore considered ‘living molecular fossils’ that

represent relics of an RNA world.[491550
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Figure 5: Schematic representation of a cloverleaf structure of tRNA and the location of selected non-canonical
modification at the anticodon loop.

1.4 Complexity of life and the last universal common ancestor

How to define life in the first place? Especially for the first form of life, the line between being
a bunch of atoms and coming alive is a particularly thin one. The National Aeronautics and
Space Agency (NASA) adopted the definition of life originally suggested by Joyce in 1994:
“Life is a self-sustained chemical system capable of undergoing Darwinian evolution”.5 Even

though this is now an accepted scientific consensus, the definition faces criticism.®? In




particular due to the inclusion of the term “Darwinian evolution”, which should be considered a
consequence, rather than the requirement for the formation of minimal life.®"! For the prebiotic
research field, more important than the exact definition of life, is the understanding of how the
transition from chemistry to biology happened.®® Life requires a general mechanism for self-
replication, resistant to environmental changes and structural variations, with a net excess of

creative over degradative processes.

The early, primitive life was naturally different from the highly complex life forms existing today.
It is believed that the origin of all species can be traced back to the Last Universal Common
Ancestor (LUCA), a theoretical model organism that existed ca. 3.5 — 3.8 billion years ago,®
which with time differentiated and evolved, ultimately leading to the broad variety of species
that we know today (Figure 6). It is suggested that some features of contemporary biology
must have developed at a very early stage in the history of life, due to the necessity of
continuous evolution from one organism to the next one.® LUCA is believed to have used
DNA for genetic information storage, polymerases to copy DNA and ribosome to make
proteins, all surrounded by a cell membrane.®”! Phylogenetic studies endeavour to trace back
the genetic and evolutionary connections of organisms.® The classification of organisms into
three “domains” of life (Archaea, Bacteria and Eukarya),®® is now being superseded by the
theory that Eukaryotes in fact originated from Archaea and Bacteria, reducing the “tree of life”
of LUCA to two branchesl. This archaebacterial origin is hypothesized due to the analysis of
the small subunit of ribosomal RNA, and suggests that the eukaryotic cell components evolved
later from the more primitive, but already diversified prokaryotic cell.®® The biggest number of
essential genes preserved in all domains of life are related to translation®! and they can be
seen as a relic of LUCA.621[63164] |t has been reported that the minimal cell can function with

less than 300 genes, and more than half of them are connected to translation. !




Figure 6: A representation of the phylogenetic tree of life, evolving from a common ancestor around four billion
years ago. Picture taken by the author at the Natural History Museum in Oxford, UK.

Yet, the appearance of LUCA is not marking the emergence of life, but rather the development
of an already complexified prokaryotic organism,®! with features, more resembling a primitive
form of modern life, than what we could consider first life.’ LUCA, which is by definition too
complex to emerge spontaneously, is believed to have been preceded by a simpler molecular
self-replicator, like the hypothesised “initial Darwinian ancestor” (IDA).[%8 IDA could have been
a nucleopeptide replicator consisting of amino acids and nucleosides — biological building
blocks present on Early Earth.[% But what preceded IDA, at what point did the transition from

non-living matter to life happen?

1.5 Prebiotic chemistry and origin of life research

The exact date of the formation of first primitive life is subject of a substantial scientific
argument — some scientists claim that life could be around 3.5 billion years old" or older!",
while others criticize these findings due to strong metamorphism/recrystallization of the found
carbonaceous inclusions during the geological periods following their formation.[’? The “when”
of life formation cannot be predicted with full certainty, neither does the “where”. The place
must have been protected from the harsh, inhabitable conditions that were prevalent on the
Earth at that time. Geothermal sites!”®! are potential places where first molecules of life could
have assembled due to the chemically favourable conditions as well as the beneficial spatial
separation of non-orthogonal reactions. The components could have formed in wet/dry
cyclesl’4%1 in separated rivers, that eventually merged into each other and flowed into ponds.




On the way, they were exposed to sunlight irradiation, which caused evaporation of water
leading to dry-down process. Various mineral surfaces may have aided the reactions.["®
Hydrothermal vents could have been the source of elevated temperatures of up to ca. 350°C
required for some reactions.[’”l Another option are freezing-thawing cycles,” in which the
reactants were exposed to concentration increase in the interstitial spaces of ice crystals under
eutectic conditions, and then dilution through the thawing of the ice.l’® Current research
confirms the possible presence of frozen areas on early Earth.® Due to reduced solubility of
CO: inice, the eutectic conditions could have also been beneficial for the regulation of the pH
of the prebiotic reaction mixtures.Y Generally, variations in temperature could have been
caused by the day-night cycle, volcanic eruptions or the impact of meteorites on the Early
Earth.[2183]

But before answering the big question of how the inhabitable place, that our planet was at its
beginnings, brought forward first self-sustaining organisms, one has to examine the plausible
formation pathways of the building blocks of life from the abiotic environment present on Early
Earth.

Eschenmoser pointed out, that “the origin of life cannot be ‘discovered’, it has to be ‘re-
invented”.®4 The questions of reinvention of the mechanism of biogenesis are being
addressed by researchers in the field of prebiotic chemistry, pioneered by the contemporaries
A. |. Oparin®l, J. B. S. Heldane®® and S. L. Miller®” in the 20" century, examining possible
pathways of how the life on Earth has started from the “primordial soup” of building blocks of
life. The common approaches are either the geochemical “bottom up” or biological “top down”
approach — either trying to decipher how the inorganic compounds turned into molecules of life
(transition from inanimate to animate matter), or how to reduce biology to the most primitive
version of itself, in order to build a hypothetical model of a most primitive living organism. !

Both approaches are difficult to address.

The concept of a “primordial soup”® as the prebiotic source of the first molecules of life has
been coined, assuming that the compartmentalization is a later aspect of biology. Early on, in
mid-19" century, the well-known abiotic Strecker synthesis®®® of alanine has been
demonstrated, followed by the formation of ribose from formaldehyde in the autocatalytic
process known as the formose reaction.®?% The problem of low stability of ribosel® has been
alleviated by stabilization with borate minerals.[®® Later on, Stanley Miller demonstrated with
the Miller-Urey experiment, that in an electrical discharge experiment under conditions
considered prebiotically plausible at that time, various amino acids can be produced from CHya,
NHs, H,O and H..[81 Eventually, it was shown that also the nucleobases®7%81991100]  ang

finally nucleotides!’#1011[102[103.1104] can he produced under primordial conditions, for example




through HCN chemistry.[1%11%] The nucleotides can then assemble into oligonucleotide chains
by thermal gradient*°”! or on glass surfaces.*%®! Further, the spontaneous formation of peptides
from amino acids on mineral surfaces has been reported,* leading to the abiotic synthesis
of proteinoids (protein-like molecules) synthesised via thermal condensation reactions under
the removal of water (evaporation).1%111 Eventually, the enzyme-free replication of RNA on
RNA template could be shown.[1121113]

In addition to the terrestrial synthesis pathways, the extra-terrestrial source of organic
molecules4115] cannot be excluded. Meteorites like the Murchison meteorite*6+117 gre
sources of amino acids, providing a composition of amino acid similar to those produced in

spark discharge experiments.*€l

It has been demonstrated how amino acids, nucleobases and sugars can be formed from
inorganic precursorsi*'® and then assembled into peptides and oligonucleotides under
prebiotically plausible conditions. The next step is to understand how these molecules could
have gained self-replicative and catalytic abilities and how these processes were linked to an

evolutionary circuit.

1.6 “RNA world” hypothesis

As pointed out before, the mechanism of modern translation represents a chicken-and-egg
conundrum. Today, we see that RNA makes protein and proteins make RNA. To solve this
chicken-and-egg puzzle it was hypothesized that the early predecessors may have consisted
of one component only.™?% Supported by the discovery of the catalytic properties of RNA by
Cech and Altman, 211122 g5 well as the fact that the PTC — which is the core of translation —
contains exclusively RNA, the “RNA world” hypothesis has been proposed. It is suggesting
that at the prime of life ca. 4.2 — 3.6 billion years ago,*?® the abiotically synthesized RNA,
which is even in modern biology a highly versatile molecule,!?? could have acted both as
storage of genetic information and as metabolic catalyst.[t29M561112511126] |n that scenario, the
predecessor of modern protein-based enzymes were ribozymes (RNA enzymes), RNA

structures with catalytic properties.251127]

As suggested by Gilbert in 1986,12°1 the RNA building blocks would first assemble from a
nucleotide soup into oligonucleotides, which would then develop into self-replicators by
recombining and mutating its own structure through intron splicing (as the first stage of
evolution). With the aid of simple cofactors, they would exhibit a range of primitive enzymatic
functions and finally start to synthesize proteins.*?¢l Eventually, the proteins would then evolve
into better, more efficient catalyst than the RNA counterparts, even though the range of the

available functions would be analogous to those of the ribozymes.*?? The function of storage
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of genetic information would be later transferred to DNA, likely due to the fact that DNA is
generally more stable against hydrolytic cleavage!*?® and is less prone to secondary structure
formation by self-folding, compared to RNAM which simultaneously makes DNA a worse

candidate for catalytic properties.

Ribozymes can therefore be seen as molecular fossils, a remainder of the autocatalytic
function of RNA.*Y They have been described to catalyse the formation of nucleotides from
the prebiotically accessible ribose and nucleobases,!'*2133134 the aminoacylation of the
tRNA[ZSHIELI3€] and to mediate the peptide bond formation. [t37:1138111391[140] Thyjs is important in
the light of the origin of translation, as they could have served as a primitive version of the

peptidyl transferase centre.[*4%

The RNA-catalysed replication of RNA is one essential requirement for the existence of the
RNA world, but also a simple form of metabolism is thought to have accompanied this process,
providing a source of the feedstock molecules.®¥ Equally important is the aspect of prebiotic
compartmentalization and molecular organization. Some form of a primitive cell (protocell)
might have existed, forming vesicles needed to provide packaging and therefore protection of
the molecules of life as well as the increase of reagent concentration.5131 |t could have been
an hydrothermally formed abiotic, inorganic compartment®*4?l or a form of acellular organization
by the RNA, based on covalent or non-covalent interactions.*4¥l A membrane formation from

a self-complementary peptide has also been shown.44

The “RNA world” is not an implausible theory,*?®! although it has its shortcomings related to
the difficulty of the continuous evolution and the transfer of the catalytic abilities to proteins at
a later stage of evolution. The catalytic abilities of RNA are limited due to low substrate affinity
and rather non-specific interactions, so the feasibility of RNA forming a universal, substrate-
independent replicase or polymerase, without presence of any protein is difficult to believe.
Also, the “RNA world” theory is focusing on canonical nucleosides only, excluding the rich
variety of the hypermodified nucleosides, which could have had significant influence on the
functionality of the RNA. It is believed that the RNA could have co-existed with cofactors, which
would assist the RNA-catalysed reactions, enhancing their functionality.** These cofactors
could have been either inorganic molecules like metal ions or Fe-S clusters, or organic
cofactors, some of which could have been synthesised under prebiotically plausible
conditions.**8! Recent studies suggest the possibility of a “DNA-first” model,*4” with DNA being
the first carrier of genetic information or alternatively a coevolution of RNA with DNA into a
“heterogenous nucleic acid genetic system”**® characterised by higher stability against

hydrolysis.[*2%
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The “RNA world” hypothesis is accompanied by the theory of having a hybrid “RNA-protein
world”, where the RNA and proteins would share the functions of the catalysis and heredity.
The RNA would be able to catalyse peptide bond formation,**® and then co-evolve with the
peptidest® into an “RNA-peptide world” of improved functionality. This system could provide
a continuous evolution without the need to transfer the catalytic functions from RNA to proteins

on the way to the contemporary DNA-RNA-protein system.[®4

Despite its structural complexity, RNA is assumed to have been able to arise prebiotically.[5
However, the presence of chiral centres, which are necessary for the duplex formation,
complicates the stereoselective prebiotic formation of RNA significantly.l*>?! Going one step
back, it is hypothesized that the RNA could have been preceded by more primitive, non-chiral
predecessor.® A potential candidate is the glycol nucleic acid (GNA),[** or peptide nucleic
acid (PNA), consisting of N-(2-aminoethyl)glycine units.[*>1 A more complex alternative is the
threose nucleic acid (TNA) made of a-L-threofuranosyl building blocks.*®! All of these
polymeric structures have the advantage of a greater degree of simplicity compared to the
ribofuranosyl analogue, while being able to maintain the correct base pairing, forming stable
duplexes with itself and with RNA. They are possible candidates as templates for the assembly

of ribonucleotides into polymeric RNA structures.

1.7 Chirality

Chirality is a property of molecules, already observed by Louis Pasteur in 1848 on sodium-
ammonium salt of tartaric acid crystals,[*57}!%8 |ater, in 1894, described by Lord Kelvin**% and
subsequently specified by Cahn, Ingold and Prelog.*¢® The requirement for chirality is the
presence of a chiral centre, which creates two mirror images that are non-superimposable.
Even though the physical and chemical properties of the enantiomers are identical,**4 their
way of interacting with other molecules might differ.1¢1 All amino acids (except for the achiral
glycine) contain an asymmetric carbon centre, so they exist in two different enantiomeric forms,
named historically with the stereo descriptors L- (left-handed) and D- (right-handed) in the
Fischer projection.'®? Even though the CIP-nomenclature® is more commonly used in
stereochemistry nowadays, the L- and D- nomenclature remains still the more prevalent for

amino acids.

The measure for the purity of a mixture of enantiomers is the enantiomeric excess (ee) (or
diastereomeric excess (de) for a mixture for diastereomers). By definition, a pure enantiomer

has the ee of 100%, while a racemic mixture has none (0%).
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1.8 Theories on the origin of biological homochirality

Life, as we know it, is homochiral, with proteins compiled of L-amino acids and nucleic acids
of D-(deoxy)ribose. This property influences the folding into structures of higher order and their
functionality.[**® Homochirality is particularly crucial for the proper folding of DNA and RNA,
due to the requirement of complementarity.*¥ Traces of b-amino acids, which are thought to
be molecular markers of the aging process, have been found in living organisms, %! although

not in any of the functional molecules.

The study on how these molecules of life became homochiral (homochirogenesis)™®® has been
of increasing interest over the past decades. The fact that the homochirality is a property of all
kingdoms of life, is a supporting argument for the existence of a common ancestor of all
species. Itis of great interest to know the mechanism through which the enantiomeric bias was
created. The work of Breslow et al. showed that in the formose reaction L-amino acids are able
to promote excess formation of D-glyceraldehyde,**) and Levine et al. report prebiotically
plausible enantiomeric amplification of amino acids. %! Despite these promising results, we
know, that prebiotic reactions do not display particularly good diastereoselectivity, usually
producing a mixture of enantiomers. It is assumed that at the prebiotic stage, the primordial
soup consisted of roughly equal amounts of L- and D-enantiomers, with only a minimal
enantiomeric excess if at all,**% or that the mixture was entirely racemic. In that case, the
enantiomeric bias, that eventually led to homochiral biomolecules, would have emerged at a
later stage and would have been amplified over the course of evolution. 41707 Haying
enantiopure solution of monomers is particularly important when it comes to the process of
assembling higher-order structures. Joyce reported that the presence of the opposite
enantiomer obstructed the process of template-directed homochiral polymerization of nucleic

acids,™ also referred to as “enantiomeric cross-inhibition”.[*72

The path to biological homochirality starts with ways to produce enantiomeric enriched
mixtures of biomolecules of the “correct” chirality. There is a range of possible chemical®*”3
and physical*"# 75 mechanistic models for chiral amplification and enantiomeric enrichment,

both of terrestrial and extra-terrestrial origin (Figure 7).1276
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Figure 7: Possible impacts on the formation of biological homochirality.

On Earth, the autocatalytic amplification of one enantiomer could have taken place in
hydrothermal vents.[”® There are examples of spontaneous chiral amplification of serine by

sublimation™’” or enantioselective adsorption on calcite crystalsi*’® or quartz.*"

There are theories that the initial enantiomeric imbalance came from outside our planet, 8181
with models indicating possible induction of a slight enantiomeric excess of one enantiomer
through circularly polarized light (CPL),182181081 or UV photodecomposition®®®  with
subsequent amplification through autocatalytic processes. Also sublimation is a plausible
process,!*% even though this claim is criticized for being based on experiments carried out
under out-of-equilibrium conditions,*®”) not really suitable as a prebiotically plausible
explanation. Traces of enantiomeric excess of L-amino acids has been found on
meteorites, 188181 which could have been a basis for initial imbalance of enantiomers. Some
mathematically-physical approaches link the emergence of homochirality to parity
violation, 831191 due to a very small energy difference between the two enantiomers.®Y These

theories discuss the possible source of the initial enantiomeric imbalance, but they do not
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explain the emergence of a reliable amplification mechanism, which is a requirement for the

maintenance of the obtained homochiral bias.2

The alternative scenario would be, that the homochirality emerged and gained relevance at
the level of polymers, where the structural uniformity would stipulate the functionality.*931261]
Not only the origin of homochiral properties, but even more the amplification and the
maintenance thereof are crucial. Every enantiopure compound is with time subjected to
racemization, so the question is, how the biomolecules circumvented this problem. Theories,
like the Frank model,**¥ suggest that processes like autocatalysis and mutual antagonism

could have started and then helped maintaining enantiomeric imbalance.*6%

1.9 RNA-mediated peptide synthesis and chirality in the context of translation

The question of prebiotically plausible peptide formation and its stereoselectivity has been

addressed by several research groups, focusing on different stages of translation.

The group of Lacey has focused on the first step of translation (aminoacylation) and examined
the stereoselective formation of bis(a-aminoacyl)esters of 5-AMP, as potential intermediates
in the protein synthesis in the prebiotic context.***! N-Ac-L-Phe or N-Ac-D-Phe 1 was activated
with carbonyldiimidazole CDI to form a mixed anhydride 2, which then degraded
spontaneously to give the imidazolide of N-Ac-Phe 3 upon CO: release (Scheme 1a). The
imidazolide 3 was then reacted with the commercially available 5’-AMP 4, to give a mixture of
3’- and 2’- monoesters of 5-AMP 5 + 6 (Scheme 1b). The reaction was quenched with
hydrochloric acid to decompose the unreacted excess imidazolide 3. Lowered pH also

prevented the degradation of the formed ester and its migration between the 2’ and 3’ positions.
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Scheme 1. a) Synthesis of N-Ac-Phe imidazolide from N-Ac-Phe; b) Reaction of 5-AMP with the N-Ac-Phe
imidazolide to give a mixture of 2’- and 3’- monoesters of 5’-AMP.

It has been observed that the amino acid was continuously migrating between positions 2’ and
3’ at neutral pH, with the L-amino acid favouring to 65% the 3’ position (which is the relevant
position in the process of translation), while for the D-amino acid did not show significant
preference for either position.'%! Since it has been reported, that the esterification
preferentially takes place at the 2’ position, [’ one can suspect that the L-Phe monoester which
has 65% of free 2’0OH groups, will react faster to form a bis(a-aminoacyl)ester than the D-
counterpart. To examine this hypothesis, the mixture of N-Ac-L-Phe or N-Ac-D-Phe monoesters
of 5-AMP was reacted in a competition reaction with either L- or D-Phe imidazolide. The
outcome was evaluated by monitoring the disappearance of the monoesters via integration of
HPLC signals. Kinetic studies have shown, that the L-, L- bis(a-aminoacyl) ester was formed
2.7 times faster than the D-, D- bis(a-aminoacyl) ester.[*%

Additionally, it was shown that at pH 5 the amino acid in an adenylate anhydride (5’-aminoacyl-
AMP) migrated spontaneously from the 5’-phosphate group to 2’ or 3’-OH group of the ribose.
The L-amino acids were transferred nearly quantitatively, while the b-amino acids formed the
ester in only 50% yield.'®® The synthesis of 5-aminoacyl phosphate mixed anhydrides is
described to be accessible with prebiotic activation methods.'*® Previously, it was
demonstrated that amino acids could be transferred to the 2°/3’-OH of a ribonucleotide strand
in an imidazole catalysed reaction.’?°? The question of peptide bond formation has not been

addressed in this work.

Researchers from the Richert group have reported the formation of phosphoramidates from
ribonucleotides and amino acids in a condensation buffer.?°Y] These so called “amino acidyl

nucleotides” are prepared by reaction of 2-methylimidazolide of AMP and free amino acid and
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analysed by nuclear magnetic resonance (NMR) spectroscopy.?°? A variety of L-amino acids,
and also their non-naturally occurring D-counterparts was used to create a library of amino
acidyl nucleotides. These amino acidyl nucleotides could be transformed into dipeptide
compounds by coupling with amino acid methyl esters in an aqueous PIPES condensation

buffer at pH 7.5, containing MgCl, and EDC as activator, at 0 °C.[2%

With these compounds in hand, they questioned the diastereoselectivity of the dipeptide
forming reactions. For this purpose, an equimolar mixture of the L- and D-amino acid methyl
ester (7 and 8) was prepared and incubated with L- (Scheme 2) or D- (Scheme 3) amino acidyl
nucleotide (9 or 12) under the described condensation conditions for 72 h to yield a mixture of
diastereoisomers (10+11 or 13+14). The diastereomeric ratio could be determined from the
integration of the *H, 3!P or COSY NMR peaks in the spectrum of the crude reaction mixture.
The limiting factor, impeding the quantification in the analysis, was the occasional lack of peak

separation. %
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Scheme 3: Chirality competition reactions with b-amino acidyl nucleotide by Doppleb et al.[?°]

A consistent preference for the formation of the homochiral D/D or L/L dipeptide product was
reported, among a range of amino acids (in particular for valine and tryptophan). Interestingly,

the D/D homochiral product was in more cases formed with a higher diastereomeric excess
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over the L/L product. Control coupling reactions with amino acid methyl esters and acetyl
protected L-amino acids were performed. As expected, these coupling reactions exhibited no
diastereoselectivity, indicating that the homochiral preference is prompted by the D-ribose of
the nucleoside. These results suggest, that the nucleotide plays a crucial role in the induction

of the stereoselectivity of the peptide bond formation.

Similar levels of diastereoselectivity were observed by the researchers from Pascal lab,
working with the 5(4H)-oxazolones!?°Y — prebiotically plausible analogues of activated a-amino
acid — which are known for their fast epimerisation and therefore the loss of stereochemical
information. They demonstrated a kinetic preference for adapting the homochiral oxazolone
form through the C-terminal epimerization of a dipeptide in presence of EDC. The reaction of
the oxazolone with a nucleophilic amino group of another amino acid yielded a preferential
formation of the homochiral product. The diastereomeric ratios (determined by integration of
HPLC peaks) of homo- vs. heterochiral products were growing with increasing length of the
peptide chain leading to the enrichment of homochiral structures. 2%

Tamura and Schimmel have worked on selective aminoacylation of an RNA minihelix with acyl
phosphate mixed anhydrides.[206:12071.12081.1209112101 They designed an RNA minihelix (that can be
considered a potential forerunner of the amino acid attachment site in tRNA?Y) containing
naturally occurring D-ribose moieties, with the ability to form a hairpin structure through self-
complementarity. The minihelix contained a four-nucleotide single-stranded overhang at the 3’
end, which could hybridize to a duplex of a bridging oligonucleotide and a 5 aminoacyl
phosphate oligonucleotide through Watson-Crick base pairing (Scheme 4). The binding led to
a spontaneous aminoacylation (energetically a downhill reaction?*®) of the minihelix in 15%
yield with a stereochemical preference for L-Ala over D-Ala of ca. 4:1 (determined by denatured
polyacrylamide gel electrophoresis).?°! The same level of preference could be shown for
leucine and phenylalanine. Exchanging D-ribose by L-ribose building blocks in the RNA caused
selectivity for D-amino acids with a reciprocal preference of 1:3.6.12%6.2081 |t has been suggested
that the homochirality of amino acids was established at the step of aminoacylation, dictated

by the chirality to the RNA.[2%7]
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Scheme 4: Stereoselective aminoacylation of an RNA minihelix with an aminoacyl phosphate oligonucleotide.
Scheme adapted from Tamura and Schimmel (2004).[206]
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John Sutherland’s group follow-up research emphasized the shortcomings of this model from
the evolutionary perspective, such as the missing rationale for the length and sequence of the

chosen 3’-overhang, or the explanation of the chemoselectivity of the aminoacyl transfer.!?1?

To address these issues, the researchers first envisioned a screening experiment through
various lengths and sequences of the 3’-overhang. They changed the experimental setup by
removing the “superfluous” bridging oligonucleotide and instead performing the aminoacyl
transfer directly in between two complementary RNA strands forming a nicked loop (Scheme
5).121% Due to lower stability of the aminoacyl phosphate mixed anhydride over the aminoacyl

ester, the reaction occurred spontaneously.

Their next step was the examination of stereoselectivity of the inter-strand aminoacyl transfer
in RNA using L- and p-amino acids.?*381 Depending on the sequence of the overhang, a
stereoselectivity of up to 10:1 in favour of the transfer of the L-amino acid over the b-amino

acid was obtained.

.
o © Non-enzymatic HO, 1

, 3 aminoacy! transfer | 3,
11111111 * Immmm 7 °

Scheme 5: Schematic representation of the nicked loop amino acyl transfer.

The downside of this amino acyl transfer strategy is that the aminoacyl-RNA mixed anhydride
is unstable and susceptible to decomposition in presence of CO,.BY As an alternative,
Sutherland’s group employed the use of RNA-amino acid phosphoramidates, that could react
with the 2'/3’-OH of canonical oligonucleotides. Upon activation of the carboxylic acid, the ester
formation could take place and subsequently the phosphoramidate could be cleaved under
mildly acidic conditions (Scheme 6). When L- and D-Ala phosphoramidates were used, a
significant stereoselectivity of 9.5:1 in favour of the L-amino acid was noted. The reaction was
repeated with a range of amino acid and the preference for the L-amino acid was consistent.
Interestingly, yields and stereoselectivity were greater when the reaction was performed under
eutectic conditions. Under these conditions, they could observe the stereoselectivity towards

L-Val of 48:1 compared to b-Val was observed.®!
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Scheme 6: Schematic representation of the nicked loop phosphoramidate transfer.
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In summary, it has been shown that the RNA, or more specifically the D-ribose dictates the
stereoselectivity of either the aminoacylation or the peptide coupling step. This preference for
the L-amino acids over D-amino acids is a universal observation and indicates an

interdependence between the stereochemistry of the nucleic acid sugar and the amino acids.
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2. Aim of the project

Nucleoside modifications are highly abundant in parts of the tRNA and rRNA, playing an
indispensable role in structural folding and the maintenance of functionality. Even though the
exact moment of their appearance during evolution is unknown, many of them are considered
to be “molecular fossils”, due to their suspected presence in the prebiotic world. Nucleosides
bearing an amino acid bound to their nucleobase via a urea bridge (e.g. t°A), are found in close
proximity of the anticodon loop of the tRNA. These nucleoside-amino acid hybrids, an
intersection point between genotype and phenotype, are a basis for possible concepts of RNA-
peptide co-evolution. Not only are these conjugates relevant in the aspect of the origin of life,
but also in the context of the origin of biological homochirality, due to the fact that they consist
exclusively of D-ribose and L-amino acids. The requirement of homochirality is predominant
across all biology, in order to ensure proper base-pairing and helix formation in nucleic acids

and proper folding of proteins into functional higher order structures.

The aim of the work was first to show how the amino acids could have been linked to the
nucleobase or RNA strand under conditions, that are compatible with the environment
prevalent on the primordial Earth. Once this modified nucleoside could be formed under
prebiotically plausible conditions, we were planning to incorporate it into RNA oligonucleotides.
For pragmatic reasons, phosphoramidite chemistry and solid-phase oligonucleotide synthesis
should be employed to produce these RNA-amino acid hybrid strands in sufficient quantity.
Our next goal was to establish a model of RNA-templated amino acid (or further even peptide)
transfer, with the amino acid bearing strand acting as a “donor” strand, able to transfer the
amino acid onto a complementary “acceptor” strand. In order to eventually release the amino
acid from the donor strand and to ensure full amino acid transfer between strands, we were

planning to take advantage of the thermolytic properties of the urea linkage.

Furthermore, we aimed to explore the questions of homochirality and its prebiotic origin,
particularly in regard to the RNA-peptide synthesis. We were interested in how the amino
acid/peptide transfer would be influenced by an exchange of the L-amino acid by the D-
counterpart. The idea was to subject the L- vs. D-amino acid modified RNA to direct competition
in peptide bond formation between donor and acceptor strands. The thermodynamic and
kinetic aspects of this reaction should be examined and also the impact of increased length of
the peptide. Finally, we were interested how the stereoselectivity would change if we reacted
dipeptides of mixed stereoselectivity or if the RNA was exchanged for DNA. Eventually, the
RNA-peptide coupling/cleavage chemistry could be combined with the stereochemical

competition reactions into a prebiotically plausible, temperature-driven one-pot reaction cycle.
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3. Published results

3.1 A prebiotically plausible scenario of an RNA-peptide world
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Summary

The RNA-world theory is the central concept in the origin of life research, although it does not
provide a rationale for the origin of the ribosome and the mechanism of evolution of the
translational machinery. Considering the peptide-decorated nucleoside modifications found in
the contemporary transfer RNAs (tRNAs), we developed a cycle consisting of a donor/acceptor
RNA strand hybrid, able to transfer single or multiple amino acids between the oligonucleotide
strands, by forming a hairpin-type intermediate and subsequent thermal urea bond cleavage.
The transfer of longer peptides allowed formation of up to a decapeptide on an 11lmer
oligonucleotide. With this, we were able to perform consecutive one-pot cycles with up three

peptide couplings as a model for a primitive peptide-forming machinery.
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The RNA world concept'is one of the most fundamental pillars of the origin of life
theory?*.It predicts that life evolved from increasingly complex self-replicating RNA
molecules**. The question of how this RNA world then advanced to the next stage, in
which proteins became the catalysts of lifeand RNA reduced its function predominantly

toinformationstorage, is one of the most mysterious chicken-and-egg conundrumsin
evolution®>. Here we show that non-canonical RNA bases, which are found today in
transfer and ribosomal RNAs®’, and which are considered to be relics of the RNA world® 2,
areabletoestablish peptide synthesis directly on RNA. The discovered chemistry creates
complex peptide-decorated RNA chimeric molecules, which suggests the early existence
of an RNA-peptide world® from which ribosomal peptide synthesis** may have
emerged™'. The ability to grow peptides on RNA with the help of non-canonical vestige
nucleosides offers the possibility of an early co-evolution of covalently connected RNAs
and peptides™"*, which then could have dissociated at a higher level of sophistication to
create the dualistic nucleic acid—protein world that s the hallmark of all life on Earth.

A central commonality of all cellular life is the translational process,
in which ribosomal RNA (rRNA) catalyses peptide formation with the
help of transfer RNAs (tRNA), which function as amino acid carrying
adapter molecules'*'**, Comparative genomics® suggests that ribo-
somal translation is one of the oldest evolutionary processes'>'¢?%,
which dates back to the hypothetical RNA world"*. The questions of
how and when RNA learned to instruct peptide synthesis is one of the
grand unsolved challenges in prebiotic evolutionary research®>,

Theimmense complexity of ribosomal translation'* demands a step-
wise evolutionary process™. From the perspective of the RNA world, at
some point RNA must have gained the ability to instruct and catalyse
the synthesis of, initially, just small peptides. This initiated the tran-
sition from a pure RNA world!into an RNA-peptide world®. In this
RNA-peptide world, both molecular species could have co-evolved to
gainincreasing ‘translation’ and ‘replication’ efficiency".

To gaininsight into the initial processes that may have enabled the
emergence of an RNA-peptide world"™, we analysed the chemical prop-
erties of non-canonical nucleosides®’, which can be traced back to the
last universal common ancestor and, as such, are considered to be
‘living molecular fossils’ of an early RNA world® 22,

This approach, which can be called ‘palaeochemistry’, enabled us
tolearnabout the chemical possibilities that existed in the RNA world
and, therefore, sets the chemical framework for the emergence of life.
In contrast to earlier investigations of the origin of translation®?’,
we used naturally occurring non-canonical vestige nucleosides and
conditions compatible with aqueous wet-dry cycles**>.,

Peptide synthesis on RNA

Inmodern tRNAs (Fig. 1a), theamino acids that give peptides are linked
tothe CCA 3’ terminus via alabile ester group®. Some tRNAs, however,

contain additional amino acids in the form of amino acid-modified
nucleosides, for example, g°A (ref. ), t°A (ref. **) and m°t®A (ref. %),
which are found directly next to the anticodon loop at position 37.
Other non-canonical vestige nucleosides often present in the wobble
position 34 are nm°U and mnm®U (refs. 3¢738),

Closeinspection of their chemical structures (Fig. 1b) suggests that if
they arein close proximity (step 1), an RNA-based peptide synthesis may
beabletostart (step2), which would create, viaa hairpin-type interme-
diate, apeptide attached by a urealinkage to the nucleobase (m®)aa®A.
Cleavage of the urea®*° (step 3) would furnish RNA with a peptide con-
nected toa (m)nm’U (step 4). Subsequently, strand displacement witha
new (m®)aa®A strand may finally enable the next peptide elongation step.

To investigate the potential evolution of an RNA-peptide world,
we synthesized two complementary sets of RNA strands, 1a-1j and
2a-2c (Fig. 2). The first set contained various m®aa®A nucleotides*
at the 5’ end (1a-1j) as RNA donor strands. The complementary RNA
acceptor strands were prepared with an (m)nm°U nucleotide at the 3’
terminus (2a-2c). Figure 2a shows the reactions between 1a and 2a.
The analytical data are presented in Fig. 2b. We hybridized 1a with 2a
and activated the carboxylic acid of 1a using reagents such as EDC*/
Sulfo-NHS*, DMTMM:-CI** or methylisonitrile** (pH 6,25 °C). Inall cases
we observed high yielding product formation (Fig. 2c).

Akinetic analysis shows that the nature of the amino acid affects the
couplingrate (Fig.2d). Forexample, G (in1a) couplesto2cwithanapparent
rate constant (k,,,) of 0.1 h™. FortheaminoacidsL (in1d), T (inle) and M
(in1h) afourfold higher rate constant (=0.4 h™*) was determined, and the
highest rate was measured for F (in1g) with k,,, > 1h™. These differences
establish a pronounced amino acid selectivity in the coupling reaction,
probably as a result of distinct pre-organizations. We next reduced the
length of the RNA donor strand to five, and finally to three, nucleotides
(Supplementary Information). We detected coupling even with a trimer
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Fig.1|Conceptofhow nucleoside relics of the RNAworld enable RNA-based
peptidesynthesis. a, tRNA structure showing selected ribose and nucleobase
modifications. The 3-amino acid-acylated adenosineis located at the CCA3’

endincontemporary tRNAs. 5-Methylaminomethyl uridine, mnm°U, is found in

RNA donor strand, although it required duplex-enforcing high salt and
lowtemperature conditions (1MNaCland O °C). Theinteraction of three
nucleotides onthe donorwith the corresponding triplet onthe acceptor
seems to be thelower limit for productive coupling. Interestingly, thisisthe
size of the codon-anticodoninteractionin contemporary translation'®,

We nextinvestigated coupling of the nitrile derivative of 1a (m°g\°A
1j) with the different acceptors 2a-2c under the recently described
prebiotically plausible thiol activation conditions* (DTT, pH 8,25 °C).
Here also, the coupling products were obtained within a few hours
(Fig. 2¢). For example, the combination of nm°U 2b with 1a gives cou-
pling yields of 64% and 66% using EDC/Sulfo-NHS or DMTMM-CI,
respectively. Coupling of 1a and 2a, featuring a secondary amine,
afforded 3ain16% and 33% yields. The nitrile of 1j afforded yields of
up to 65% after thiol activation coupling.

We next measured the stability of the hairpin-type intermediates. For
the hairpin 3a (Fig. 2a), a melting temperature (T;,) of approximately
87 °C was determined, which in comparison to the starting duplex
(approximately 30 °C for 1a-2a, see Supplementary Information),
provesthat the peptide formation reaction generated thermally more
stable structures. This could have been an advantage during wet-dry
cycling under early Earth conditions.

The discovered concept also enabled the synthesis of longer pep-
tides. Whenwe used 3-vmnm®U-RNA-5' 2c as the acceptor, we observed,
onreaction with 1a-1j, peptide bond formation with up to 77% yield
(Fig.2c, d and Fig. 3a).

We next studied the cleavage of the urealinkage and found that this
reaction was possible at elevated temperatures (90 °C) inwater at pH 6
(Fig.2a,b). After 6 h, the products, m°A-containing RNA 4 and RNA 5a
were formed already with ayield of 15%.

Longer peptide structures onRNA

We next investigated how the length of the generated peptides influ-
ences the coupling reaction (Fig. 3 and Extended Data Fig. 1). For this
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study we used synthetic 3’-peptide-mnm°U-RNA-5" acceptor strands
as starting materials (Supplementary Information). The synthesized
acceptor strands were hybridized to the donor strand 1a. After carbox-
ylic acid activation, rapid formation of elongated hairpin-type inter-
mediates with yields between 40% and 60% was observed (Fig. 3b). We
foundthatthe couplingyields did not drop substantially with increasing
peptidelength, suggesting that other factors, such as the RNA hybridi-
zationkinetics, are rate limiting. Inall cases, the subsequent urea cleav-
age (pH 4, 90 °C) affords dipeptide- to hexapeptide-decorated RNAs
in10-15% yield. These modest yields are the result of substantial RNA
degradation, driven by the pH and temperature conditions that were
used. The decomposition of RNA, however, canbe overcome by using
2’-OMe nucleotides (see 'Stepwise growth of peptides on RNA'), which
are also vestiges of the early RNA world*.

During urea cleavage we detected competing formation of hydan-
toin side products*, depending on the pH and temperature (Fig. 3a).
Under mildly acidic conditions (pH 6,90 °C), exclusive formation of the
hydantoin product, cyclic-5¢, was observed. Reducing the temperature
and ashift to higheracidity (pH 4, 60 °C) led to the preferential forma-
tion of the peptide product, 5¢ (approximately 7:1 5c:cyclic-5c ratio).

Fragment coupling on RNA

Weinvestigated whether longer peptides canalso be generated by frag-
ment coupling chemistry with RNA donor strands containing an already
longer peptide (m°peptide®A). This is essential because an RNA-peptide
world, withinitially low chemical efficiency, might have been limited to
the synthesis of smaller peptides. We found that the required adenosine
nucleosides, containing a whole peptide attached to the N®-position,
are available if the peptides that are produced by RNA degradation
of the RNA-peptide chimeras, for example, can react with nitrosated
N¢-methylurea adenosine (Fig. 4a). When we treated N®-methylurea
adenosine with NaNO, (5% H;P0O,) and added the solution to triglycine
(pH 9.5), we obtained the peptide-coupled adenosine nucleoside gggA
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in approximately 65% yield. Incorporation of (m®)ggg®A into RNA and
hybridization of this donor strand with a 3’-ggvmnm*U-RNA-5’ acceptor
strand furnished, after coupling and urea cleavage, the RNA-peptide
chimera 3’-gggggvmnm?’U-RNA-5’ (53% coupling, approximately 10%
cleavage; Fig. 4b, left). We could also directly transfer longer pep-
tides. When we hybridized the 5-m°®gaggg®A-RNA-3’ donor with the
3’-agggvmnm’U-RNA-5 acceptor, 3’-gagggagggvmnm’U-RNA-5’ was
obtained as the product (56% coupling, approximately 9% cleavage;
Fig. 4b, right). These experiments suggest the possibility of generat-
ing highly complex RNA-peptide chimeras with just a small number
of reaction steps*®.

Multiple peptide growth on RNA

We next investigated whether peptide growth is possible at different
RNA positions simultaneously. To this end, we examined the simul-
taneous binding of different donor strands to one or two acceptor
strands. We hybridized two donor strands (7-mer: 5’-m°g°A-RNA-3’ and
10-mer:5-m°v®A-RNA-3’) to asingle RNA acceptor strand (21-mer) with
a central gmnm®U and a 3’ terminal nm°U (Fig. 5a, left). On activation
of the carboxylic acids, a GG-dipeptide was synthesized in the centre
of the RNA, whereas a valine amino acid was attached to the 3’ end of
the acceptor strand. In a different experiment, we hybridized an RNA
donor strand (22-mer), containing both a 3-m°g°A and a 5’-m°v°A, to
two different acceptor RNAs, containing a central ymnm?®U (21-mer)
and a 3’ terminal vmnm®U (11-mer) (Fig. 5a, right). On activation, we
observed formation of a central GV- and a terminal VV-dipeptide.

different donorsla-liand acceptors2a,2c, and apparentrate constants (k,,,)
of selected coupling reactions with 2c. All coupling reactions were carried out
using a concentration of 50 uM for 1a-1jand 50 pM for 2a-2¢ (100 mM NaCl,
25°C).?50 mM EDC/Sulfo-NHS (100 mM MES buffer pH 6,24 h).°50 mM
DMTMM:-CI (100 mM MES buffer pH 6, 24 h).°50 mM MeNC (50 mM DCI buffer
pH 6,5 days). 50 mMDTT (100 mM borate buffer pH 8, 24 h).“The two yields
with1i(aa, D) describe thereaction of the asparticacid a-COOH and of the side
chain COOH. An assignment was not performed. RT, room temperature; ND,
notdetermined.

Effect of base pairing

Toinvestigate theimportance of sequence complementarity, we added
two RNA donor strands of different lengths (7-mer: 5-m°g°A-RNA-3’
and 11-mer: 5-m°v®A-RNA-3’) to an acceptor strand with avmnm®U at
the 3’ end (11-mer: 2¢) (Fig. 5b, left). On the basis of the melting tem-
peratures of the two possible duplexes (approximately 30 °C for the
7-mer-11-mer and 59 °C for the 11-mer-11-mer, see Supplementary Infor-
mation), only formation of the VV-dipeptide RNA conjugate, derived
from the thermodynamically more stable duplex, was observed. Finally,
we mixed two RNA donor strands of identical length (7-mer). The first
contained a5’-m°l°A and the second a 5’-m°g°A, together with two mis-
matches. We added this mixture to an RNA acceptor strand (11-mer:
2c¢) with a 3’-vmnm®U nucleotide (Fig. 5b, right). In this experiment,
exclusive formation of the LV-dipeptide was found, generated from
the fully complementary strands and thus the more stable duplex.
Collectively, these results support that full complementarity is needed
for efficient peptide synthesis.

Stepwise growth of peptides on RNA

Wefinally investigated whether one-pot stepwise growth of a peptide
onRNA s possible (Fig.5¢). Toincrease the stability of the RNA towards
phosphodiester hydrolysis, as needed for this experiment, we used
the RNA acceptor strand 2g, in which the contemporary canonical
bases were replaced by the non-canonical 2’-OMe nucleotides: A,,, C,,
G,,and U,,. The strand 2g was equipped with an additional 3’-mnm°U
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Fig.3). HPLC chromatograms show the crude mixtures of the coupling
reactions. The RNA signals are coloured: donorinblue; acceptorinred; and
hairpin-typeintermediate in purple. MALDI-TOF data (negative mode) are
shown for theisolated products, together with the 5-m°A-RNA-3’strand 4 and
the hydantoinside product (cyclic form) in the case indicated.
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(Extended Data Fig. 2) enabled us to obtain the productin an overall
yield of about 18%. A final, third coupling reaction with the 5-m°f°A
donor strand 1g furnished the FGG-hairpinintermediate 8g in approxi-
mately 10% overall yield (Fig. 5¢, right).

We nextstudied fragment condensation with the 5’-m°ggg®A-RNA-3’
donor strand and the complementary 3’-aggmnm’U-RNA-5" acceptor
strand, consisting only of 2’-OMe nucleotides. Here, coupling with
approximately 50% and urea cleavage with approximately 85% gener-
ated the product 3’-gggaggmnm?’U-RNA-5’, together with some of the
hydantoinside product (Supplementary Information). Together these
datashow that, with the help of 2’-OMe nucleotides, peptides cangrow
onRNAinastepwise fashion and viafragment condensation to gener-
ate higher complexity.

Discussion

The plausible formation of catalytically competent and self-replicating
RNA structures without the aid of proteins is one of the major chal-
lenges for the model of the RNA world" . Itis difficult to imagine howan
RNA world with complex RNA molecules could have emerged without
the help of proteins and it is hard to envision how such an RNA world
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and performed under one-pot conditions with intermediary filtration to
remove the remaining activator (coupling: DMTMM-ClI, see reaction condition
binFig.2; cleavage:100 mM acetate buffer pH 4,100 mM NaCl, 90 °C, 24 h; MES
buffer pH 6 was used in the first cleavage reaction). HPLC chromatograms show
the crude mixtures of the coupling and cleavage reactions. Peaks of RNA
strands are coloured asin thereaction scheme. MALDI-TOF data (negative
mode) of theisolated productsare given.

transitions into the modern dualisticRNA and protein world, in which
RNA predominantly encodes information whereas proteins are the
key catalysts of life.

We found that non-canonical vestige nucleosides® 2, whichare key com-
ponents of contemporary RNAs®’, are able to equip RNA with theability to
self-decorate with peptides. This creates chimericstructures,inwhichboth
chemicalentities can co-evolveinacovalently connected form®, generat-
ing gradually more and more sophisticated and complex RNA-peptide
structures. Although, inthis study, we observe peptide couplingonRNAin
goodyields, the efficiency will certainly improve if we allow optimization
of the structures and sequences of the RNA-peptides by chemical evolu-
tion. The simultaneous presence of the chemical functionalities of RNA
andaminoacids certainly increases the chance of generating catalytically
competentstructures. Thestabilization of RNAby incorporation of2-OMe
nucleotides significantlyimproved the urea cleavage yield.

Interestingly, in the coupling step we observed large differences in
therate constants, which suggests that our system has the potential to
preferentially generate certain peptides. We also found that peptides
cansimultaneously grow at multiple sites on RNA on the basis of rules
determined by sequence complementarity, whichis theindispensable
requirement for efficient peptide growth.
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Allthese data together support the idea that non-canonical vestige
nucleosidesin RNA have the potential to create peptide self-decorating
RNAs and hence an RNA-peptide world. The formed RNA-peptide
chimeras are comparatively stable, and so it is conceivable that some
of these structures learned, at some point, to activate amino acids
by adenylation* and to transfer them onto the ribose OH groups® to
capture the reactivity in structures that were large and hydrophobic
enough to exclude water. This would then have been the transition
from the non-canonical nucleoside-based RNA-peptide world to the
ribosome-centred translational process that is a hallmark of all life on
Earth today.
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Methods

General method for the peptide coupling reactions

The RNA donor and acceptor strands (1:1ratio, 5 nmol of each strand)
were annealed with NaCl (5 pl from a1 M aqueous solution) by heat-
ingat 95 °C for 4 min, followed by cooling down slowly to room tem-
perature. After that, MES buffer pH 6 (25 pl from a400 mM aqueous
solution) and NaCl (5 pl from a1l M aqueous solution) were added
to the oligonucleotide solution. Finally, carboxylic acid or nitrile
activator/s (10 pl of each component from a 500 mM aqueous solu-
tion) and water (100 pl of total reaction volume) were added to the
solution mixture. The peptide coupling reaction was incubated at
25°Cfor 24 h. The crude reaction mixtures were analysed by HPLC
and MALDI-TOF mass spectrometry.

General method for the urea cleavage reactions

The hairpin-typeintermediate (0.5 nmol) was diluted with MES buffer
pH 6 or acetate buffer pH 4 (12.5 pl from a400 mMaqueous solution),
NaCl (5 plfromalMaqueoussolution) and water (50 pl of total reacion
volume). The urea cleavage reaction was incubated at 60-90 °C at
different time intervals. The crude reaction mixtures were analysed
by HPLC and MALDI-TOF mass spectrometry.
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Extended DataFig.1|Analytical dataofthe growth oflonger peptideson
RNA. a, HPLC chromatograms show the crude mixtures of the coupling
reactions (100 mM MES buffer pH 6,100 mM NaCl, 50 mM EDC/Sulfo-NHS,
25°C,24 h) between 5-m°g°A-RNA-3’1aand RNA-peptide acceptor strands.
b, MALDI-TOF mass spectra (negative mode) are shown for theisolated
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products obtained after the cleavage reactions (100 mM acetate buffer pH 4,
100 mM NacCl, 90 °C, 6 h) of the coupled compounds. In the HPLCs, the RNA
strands are coloured: donorin blue; acceptorinred and hairpin-type
intermediatein purple.
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Extended DataFig.2|RNA-peptide synthesis cyclesusinga2’-OMe
acceptorstrand. a, Two RNA-peptide synthesis cycles inwhich the product of
eachstepwasseparated and added into the next reaction (coupling conditions:
100 mM MES buffer pH 6,100 mM NaCl, 50 mM DMTMM-Cl, 25°C, 24 h;

cleavage conditions: 100 mM acetate buffer pH 4,100 mM NaCl, 90 °C, 24 h).
b, HPLC chromatograms show the crude mixtures of the coupling and cleavage
reactions. Inthe HPLCs, peaks of RNA strands are coloured asin the reaction
scheme. The product 3-ggmnm®U-RNA-5’ 7g was obtained in = 6% overall yield.



3.2 Loading of Amino Acids onto RNA in a Putative RNA-Peptide World

Authors

Johannes N. Singer*, Felix M. Muller*, Ewa Wegrzyn, Christina H6lzl, Hans Hurmiz, Chuyi Liu,
Luis Escobar® und Thomas Carell®

Angew. Chem. Int. Ed., 2023, 62, €202302360

DOI: https://doi.org/10.1002/anie.202302360
Supplementary Information included in the Appendix Il

* These authors contributed equally ° corresponding authors
Summary

We have previously shown the relevance of non-canonical nucleotides in the context of RNA-
based peptide synthesis. The RNA can self-decorate with peptides through an RNA-templated
transfer on amino acids, but in order to be able to perform this reactions, amino acid modified
nucleosides have to be present. In this work, we show a prebiotically plausible pathway of
attaching amino acids to N®-methylcarbamoyl adenosine, which would represent the donating
part in the peptide synthesis cycle. We show that a variety on amino acids can be loaded onto
a nucleoside or even onto RNA. We make use of fluctuating temperatures and pH values,

providing an efficient way to create those amino acid-RNA hybrids.
Personal contribution

Synthesis of Lys compound and measurement of the calibration curve, participation in the

writing of the supporting information and proofreading of the manuscript.

33



@ (LIRS LN TN Hot Paper

GDCh
=

Research Articles

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2023, 62, €202302360
International Edition:  doi.org/10.1002/anie.202302360

German Edition: doi.org/10.1002/ange.202302360

Loading of Amino Acids onto RNA in a Putative RNA-Peptide

World

Johannes N. Singer®, Felix M. Miiller', Ewa Wegrzyn, Christina Holzl, Hans Hurmiz,

Chuyi Liu, Luis Escobar,* and Thomas Carell*

Abstract: RNA is a molecule that can both store genetic
information and perform catalytic reactions. This ob-
served dualism places RNA into the limelight of
concepts about the origin of life. The RNA world
concept argues that life started from self-replicating
RNA molecules, which evolved toward increasingly
complex structures. Recently, we demonstrated that
RNA, with the help of conserved non-canonical nucleo-
sides, which are also putative relics of an early RNA
world, had the ability to grow peptides covalently
connected to RNA nucleobases, creating RNA-peptide
chimeras. It is conceivable that such molecules, which
combined the information-coding properties of RNA
with the catalytic potential of amino acid side chains,
were once the structures from which life emerged.
Herein, we report prebiotic chemistry that enabled the
loading of both nucleosides and RNAs with amino acids
as the first step toward RNA-based peptide synthesis in

a putative RNA-peptide world. )

Introduction

The essential biological process of translation converts a
genotype into a phenotype. It is based on information-
encoding messenger RNA (mRNA), the ribosome as the
catalytic entity, and transfer RNAs (tRNAs) that carry
specific amino acids and bind to the information-encoding
units on the mRNA.["? The attachment of an specific amino
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acid to its cognate tRNA (aminoacylation) requires the
activation of the amino acid as an adenylate®! and a
dedicated aminoacyl tRNA synthetase,® which transfers
the amino acid to the 3'-CCA end of the tRNA by catalyzing
the formation of an ester bond. Although tRNAs are
considered to be highly conserved structures,”' the
emergence of this complex process is still one of the main
unsolved questions in origin of life research.

The main problem for chemical evolution is that
complex chemical structures, such as mRNAs, ribosomes
and amino acid loaded tRNAs, are required to generate a
machinery that can efficiently form peptide bonds. But how
could such complex systems have evolved in the absence of
efficient peptide synthesis machines? To solve this chicken-
and-egg conundrum, we recently postulated that RNA-
amino acid conjugates could have been a starting point for
evolving more complex systems.'!! We learned that RNA
was capable of self-decorating with peptides with the help of
non-canonical nucleosides,? that is, N°-methylated deriva-
tives of glycine- and threonine-modified N°-carbamoyl
adenosine, 1a (g°A)!" and 1b (t°A).1 In addition, 1a-b are
found in contemporary tRNAs in all three kingdoms of
life™!! as potential relics of an early RNA world."”*® In
aqueous solution, these compounds exhibited a good
stability over a wide pH range at moderate temperatures
due to the urea bond.'”? In the presence of a second non-
canonical nucleoside, namely, 5-methylaminomethyl uridine
(mnm°U),?"# and when both nucleosides were placed in
close proximity by RNA hybridization,™ we observed the
formation of peptides. This RNA-templated reaction estab-
lished a primitive peptide synthesis cycle that afforded
RNAs decorated with peptides. Although our system is far
away from a translational machinery, it showed that RNA-
peptide chimeras, having, in principle, information-encoding
properties and an expanded repertoire of functional groups,
could have existed in a prebiotic world.

We would like to emphasize that the obtained RNA-
peptide chimeras are not considered by us to be the direct
precursors of the contemporary ribosome. In this regard,
seminal works by other research groups showed that amino
acids could be connected to 5'-phosphate groups as acyl
phosphate mixed anhydrides® or phosphoramidates,>!
and transferred to the ribose 27/3’-hydroxy groupt™ of
terminal nucleotides in RNAs.*)

The first step of the described peptide growth on RNA,
however, required the efficient loading of amino acids onto
NP-carbamoyl adenosine nucleotides. Previously, we re-
ported that amino acids, namely, Gly and Thr, could react

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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with methylisocyanate (MIC) affording N-methylcarbamoyl
amino acids in quantitative yields (Scheme 1a).*! After
nitrosation of the N-methylcarbamoyl amino acids, the
obtained N-nitroso derivatives decomposed at pH 8 and
70°C to give N-isocyanates, which reacted with adenosine to
provide the required amino acid modified N-carbamoyl (1a
and 1b) and O-carbamoyl nucleosides. While this chemistry
rested on prebiotically plausible starting materials, it had the
drawback that the yields were sensitive to the exact reaction
conditions and fairly low.

Herein, we show that a prebiotically more plausible
loading of amino acids is possible with N°-methylcarbamoyl
adenosine 2 (Scheme 1b). The loading reaction was so
efficient that it was also possible when 2 was embedded in
RNA strands. The reported chemistry could be expanded to
N:-methylcarbamoyl guanosine 3 and N*-methylcarbamoyl
cytidine 4. The obtained results suggest that the loading of
amino acids onto RNAs constitutes an additional property,
along with information-encoding, which needs to be consid-
ered in the context of prebiotic chemistry.

Results and Discussion

Prebiotically Plausible Synthesis of N°-Methylcarbamoyl
Adenosine

Initially, we investigated the formation of the urea-modified
adenosine 2 from either 1,3-dimethylurea (DMU) or meth-
ylisocyanate (MIC) under prebiotically plausible reaction
conditions (Scheme 1b). Both DMU and MIC are prebioti-
cally plausible starting materials. MIC could be generated
from CH, and HNCO by vacuum-UV light irradiation at
20 K. Moreover, MIC was detected in the comet 67P/
Churyumov-Gerasimenko™! and in the protostar TRAS
16293-2422.#41 Tn turn, DMU was formed by continuous
flow plasma discharge experiments from gas mixtures (N,/
CO/CO,/H,)."™ 1t is also possible that DMU was produced

Research Articles
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by the combination of MIC with methylamine, which was
also present on the above-mentioned comet.*!

In a 0.4 M HCI aqueous solution at 0°C, the reaction of
DMU with 1equiv of NaNO,**! gave its N-nitroso
derivative in 98 % yield."® Subsequently, the addition of
adenosine to a formamide® ™ or an aqueous solution,
containing 50 equiv of the N-nitroso derivative of DMU,
followed by heating at 70°C afforded the N°-carbamoylated
adenosine 2 in up to 2 % yield. The high-performance liquid
chromatography —mass spectrometry (HPLC-MS) analyses
of the crude reaction mixtures showed the formation of 2, as
well as other adenosine derivatives having either methyl or
N-methylcarbamoyl substituents, or both (Figure Sla-b).
Most likely, the isomeric products of 2 had the N-meth-
ylcarbamoyl substituent at one of the ribose hydroxy groups,
that is, O-methylcarbamoyl adenosine derivatives. In for-
mamide solution at room temperature (r.t.), the reaction of
adenosine with 5.5 equiv of MIC yielded 2 in a maximum
amount of 9% (Figure S2). Taken together, these results
showed that two prebiotically plausible synthetic pathways
could provide the urea-modified adenosine 2.

Next, we probed the stability of the N°-methylcarbamoyl
adenosine 2 at 70°C in aqueous solution at different pH
values within the range 6-9.5. Under all these conditions,
the HPLC-MS analyses, after 24 h, indicated that 2 was
stable in aqueous solution. Thus, heating at 70°C the above
obtained crude reaction mixtures for 24 h in 50 mM borate
buffer pH9.5 led to the hydrolysis of some of the O-
methylcarbamoyl adenosine derivatives, whereas 2 persisted
in the aqueous solution (Figure S3).

Prebiotic Loading of Amino Acids onto Nucleosides

Based on our previous study on the prebiotic synthesis of
amino acid modified N°-carbamoyl adenosine 1 from N-
methylcarbamoyl amino acids (Scheme 1a),*!! we envisaged
that the analogous nitrosation of the urea-modified adeno-
sine 2, followed by its conversion into the corresponding N°-

a) Prior work R
R HN/\N/'\COOH
3 1. NaNQ3, 10% AcOH L H
HzN" ~COOH R 0°C, 4 h 4 N
LA g U
MIC R = aa side chain H H 2. Adenosine, Ni**
[¢]
10% NaOH N-methylcarbamoyl aa pH 8, 70°C, 17 h 10H
0°C—rt,3h 99% 5
OH traces
b) This work OH
1. NaNQ,, 0.4 M HCI
0°C,2h s
ME\N/ R HN .
H 2. Adenosine N = 1. NaNO, acid
Formamide or water ¢ J 0°C —-20°C 1
DMU 70°C, 24 h NN = n 61-84%
Adenosine o
MIC “OH HZN/'\COOH
Formamide 2 basic pH, r.t.
rt,2h oH ©H 1-9%

Scheme 1. Prebiotic synthesis of amino acid modified N°-carbamoyl adenosine nucleosides (1) from: a) N-methylcarbamoyl amino acids and

b) N°-methylcarbamoyl adenosine (2). aa=amino acid.
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isocyanate could also lead to the formation of 1 (Sche-
me 1b). First, we optimized the conditions for the reaction
of 1 with Gly using HPLC-MS analyses (Table1 and
Tables S1-S4). In the first reaction step, we performed the
nitrosation of 2 with 12.5 equiv of NaNO, in an acidic
aqueous solution. Among the acids tested, 5% H;PO,P! in
water gave the best results, indicating that the formation of
the N-nitroso derivative of 2 required rather harsh acidic
conditions (pH < 1.5). Next, we investigated the reaction
under freezing conditions, and we found that the yield
strongly improved at —20°C for 22 h. Most likely, under
these conditions, the reactants were excluded from the
growing ice crystals and concentrated in the interstitial
(eutectic) phase.”>! In the second reaction step, the thawed
aqueous solution, containing initially 2 and NaNO,, was
adjusted to near neutral or basic pH. At r.t. and in the
presence of 10 equiv of Gly, the loading of the amino acid
onto 2 was very efficient at pH 9.5,°% affording 1a (g°A) in a
remarkable 84 % yield. When the amino acid was added in
the first step, the nitrosation reaction, the amino acid
modified N°-carbamoyl adenosine was also obtained, yet in
lower yield (Figure S6 and Table S5). Note that the prebiotic

Table 1: Optimization of reaction conditions using N°-meth-
ylcarbamoyl adenosine (2) and Gly.
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formation of 1a required dramatic changes in the pH of the
aqueous solution. In this respect, it is worth mentioning that
the second reaction step, coupling of the amino acid, also
occurred under slightly acidic conditions in 5% yield
(Table 1). We also attempted the loading of Gly using the
N®-methylated version of 2. However, under the optimized
reaction conditions, the yield of the expected nucleoside
product (m*g°A) was reduced to 8 % (Figure S9).

To evaluate the scope of the prebiotic synthesis of amino
acid modified N°-carbamoyl adenosine nucleosides 1, we
carried out the reaction with a series of L-amino acids,
having aliphatic (Ala, Pro), aromatic (Phe), neutral polar
(Thr) and ionizable (Asp, Lys) side chains (Table 2).F")
Under the reaction conditions optimized above for 1a (g°A),
we observed, in all cases, the formation of the nucleoside
products 1b-g in yields between 61-78 % (Figures S4-S5).
We also detected, in all cases, the presence of ca. 10 %
adenosine and the remaining starting material 2 (Figure 1a).
Interestingly, the reaction of 2 with Lys, with its o- and e-
amino groups, provided a selectivity of 80:20 for the product
a-1f (k°A) versus e-1f.

Next, we studied the loading of an amino nitrile onto N°-
methylcarbamoyl adenosine 2. Amino nitriles were sug-
gested as  prebiotically plausible precursors  for

Table 2: Amino acid scope using N°-methylcarbamoyl adenosine (2)
and RNA oligonucleotide (ON2).

HN™ HN’"‘ﬂ/\COOH -
1. NaNO-, acid
N = - N i
N o — -20°C. ti N
¢ I: 0°C, 0.5h —-20°C, tme ¢ ]| ) HNANJ\COOH
N7 ™y 5 oI N 1. NaNO,, 5% HzPO. i o H
Kb ICO0H o 0°C,05h—-20°C, 22h o N
“OH pH,rt,1h “OH - 2
2 R b
2 ! 1a d
H 07N,
on OH oH © HoN /'\COOH OH
R = aa side chain C) "
Reaction step 1 Reaction step 2 pH9.5 rt, 1h CH B
Yield [%]! 2R =H 1R =H
Acid Freezing time [h] pH ON2; R' = AAAAAAAAAA-3 ON1; R'= AAAAAAAAAA-3
neat acetic acid n.d. Amino Nucleoside Yield RNA Yield
acid product [%]® product [%]125!
neat formic acid 18
Gly 1a (g°A) 84 ON1a 18
1M HCI 22 9.5 78
Thr 1b (°A) 61 ON1b 18
1 M H2804 64
Phe 1c (PA) 78 ON1c 23
5% H3PO,4 84
Pro 1d (p°A) 74 ON1d 15
0 4
Asp 1e (d°A) 64 ONfte 10
5% HaPO4 3 9.5 42
a-1f (k°A) 70 a-ON1f 10
22 84 Lys
&-1f 18 £-ON1f nd.
6.2 5
Ala 1g (a°A) 75 ON1g 16
7.4 34
5% HaPO, 25 Glyen 1h (gen®A) 26 ON1h n.d.
8.6 60
o5 o4 [a] Yields determined by HPLC analysis using the calibration curves of
) reference compounds (Figures S10 and S19). [b] Reactions performed

[a] Yields determined by HPLC analysis using the calibration curve of
1a (Figure S10). n.d. =not detected.
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in the presence of GdmCl. [c] The structure of the Gly derivative
contained a nitrile group instead of a carboxylic acid. A=adenosine.
n.d.=not detected.
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Figure 1. HPLC chromatograms of the crude reaction mixtures of Ala
with: a) 2 and b) ON2. In b, inset shows enzymatic digestion of ON1g.
A=adenosine and A;; =5-AAAAAAAAAAA-3'.

peptides.'** Indeed, the reaction of 2 with the nitrile
derivative of Gly, that is, Glycy, generated the nucleoside
product 1h (gey°A) in 26 % yield (Table 2).

Encouraged by the reaction of 2 with amino acids, we
explored the loading of Gly with other urea-modified
nucleosides: N*-methylcarbamoyl guanosine 3 and N*-meth-
ylcarbamoyl cytidine 4 (Table 3). We found that the addition

Table 3: Base scope using different nucleosides and RNA oligonucleo-
tides.

& P
HN HN"N"COOH
\ 1. NaNOs, 5% H3PO,4 | H
Base 0°C, 0.5 h— -20°C, 22 h B
o] . 2. HZN/\COOH 5 §
OH pH 95, rt, 1h OH
oH Or on O
24,R'=H 1a, 56 R'=H
ON2'-4; R' = AUCGCUGUAC-3' ON1a', 5.6' R' = AUCXCUXUAC-3'
Yield Yield
Base | Nucleoside Product [n:]m RNA Product [ %:;[a!bl
A 2 1a (g°A) 84 ONZ  ON1a’ 18
G 3 5(g°G) 78 ON3  ON5 35
c 4 6(g°C) 58 ON4  ON6 5

[a] Yields determined by HPLC analysis using the calibration curves of
reference compounds (Figures S10, S11 and S19). [b] Reactions
performed in the presence of GdmCl. A=adenosine; C=cytidine, G=
guanosine, U=uridine and X=xanthosine.
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of Gly to an aqueous solution of 3 at pH?9.5, after its
nitrosation, afforded 5 (g’G) in 78% yield (Figure 2a).
Similarly, the combination of 4 with Gly gave 6 (g'C) in
58 % vyield (Figure S8). These results suggested that the
putative RNA-peptide synthesis might not be limited to
RNAs containing the amino acid modified N°-carbamoyl
adenosine 1, although the non-canonical nucleosides 5 (g°G)
and 6 (g*C) were so far not found in contemporary RNAs.[%?!

All together, these data showed that N-methylcarbamoyl
nucleosides, 2-4, could be efficiently loaded with amino
acids and amino nitriles in aqueous solution under prebioti-
cally plausible conditions to form amino acid modified N-
carbamoyl nucleosides.

Prebiotic Loading of Amino Acids onto RNA

We investigated whether the loading of amino acids was
possible when N°-methylcarbamoyl adenosine 2 was incor-
porated into RNA. For these experiments, and the subse-
quent RNA-based amino acid transfer, we synthesized the
phosphoramidite derivative of 2 in four synthetic steps with
a 35% overall yield (Scheme S19). Then, we used solid-
phase RNA synthesis to incorporate the urea-modified
nucleoside at the 5'-end of the 11-mer homo-A RNA strand
ON?2 (Table 2).

We started with the homo-A RNA strand ON2 and
analyzed the loading of a series of amino acids. For example,
when we treated ON2 with 500 equiv of NaNO, in 5%
H;PO, at —20°C and then, we added, at r.t.,, an excess of
Ala, followed by basification to pH 9.5, the HPLC chroma-
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Figure 2. HPLC chromatograms of the crude reaction mixtures of Gly
with: a) 3 and b) ON3. In b, inset shows enzymatic digestion of ONS.
A=adenosine; C=cytidine; G =guanosine; U=uridine; X=xanthosine
and By, = 5'-GAUCXCUXUAC-3'.
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togram of the crude reaction mixture, as well as the matrix-
assisted laser desorption/ionization—time-of-flight (MAL-
DI-TOF) mass spectrum of the purified compound revealed
the formation of the RNA strand ON1g with a terminal a®A
nucleotide (Figure S14). Next to the remaining starting
material, we noted the formation of three major side
products. Using MALDI-TOF MS, we assigned the degrada-
tion products to 10-mer and 11-mer RNA strands, Ay, and
A;;, that had lost the terminal urea-modified nucleoside and
the N°-methylcarbamoyl substituent, respectively. We also
detected a 10-mer RNA strand with a terminal a°A
nucleotide, Ag-a®A. It seems that the nitrosation reaction
provoked the partial degradation of the RNA strands.
However, the addition of 100 mM of guanidinium chloride
(GdmC(l) salt reduced the side reactions dramatically (Fig-
ure 1b), potentially by formation of salt-bridges between the
(nitrosated)"®*! guanidinium cation and the phosphodiester
backbone.™ Other salts, such as NaCl and NaClO,, had
little effect on the RNA degradation (Figure S14).

In order to further prove the loading of Ala onto the
RNA strand ON2, we performed an enzymatic digestion of
the isolated RNA product ON1g into the nucleosides, and
analyzed the digest with the help of the corresponding
nucleoside reference compounds by HPLC-MS.! We
treated ON1g with a nucleoside digestion mixture at 37°C
for 2 h. Analysis of the obtained nucleoside mixture showed
two peaks corresponding to 1g (a®A) and adenosine in a ca.
1:10 ratio (Figure 1b), which was in agreement with the
nucleotide composition of the digested RNA strand.

In the presence of GdmCI and for all the amino acids
studied, we observed the formation of the RNA strands
ON1la-g in 10-23 % yield (Table 2 and Figures S15-S16). It
is worth mentioning that the reaction of Lys with the RNA
strand ON2 yielded predominantly the a-regioisomer, a-
ONIH, of the k°A nucleotide. For the loading with the amino
nitrile Glycy, we did not detect the expected RNA product
ON1h.

In analogy to the loading of amino acids onto different
nucleosides, we evaluated the loading of Gly with three 11-
mer RNA strands, ON2’-ON4 (Table 3), having all four
canonical nucleotides, but bearing distinct N-meth-
ylcarbamoyl nucleotides at the 5'-end. The RNA strands
were synthesized from the corresponding phosphoramidite
derivatives of 2-4 (Schemes S19-S21). In all cases, the
reactions of the three RNA strands with Gly, under the
conditions described above with GdmCl, gave the respective
products, ONla’>, ON5-ONG6, in 5-35% yield (Table 3,
Figure 2b and Figure S12). MALDI-TOF MS analyses of the
obtained RNA products showed the successful loading of
Gly onto the parent RNA strands. In addition, we detected,
after the enzymatic digestion of the RNA products, the
partial conversion of guanosine to xanthosine by nitrosative
deamination.*”

Moreover, we investigated the loading of Phe onto an
RNA strand ON2” bearing two N°-methylcarbamoyl adeno-
sine nucleotides, placed at the 5-end and an internal
position of the sequence (Scheme S8). Using similar reaction
conditions to those described above, we observed the
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formation of the double-loaded RNA strand ON1¢’ as the
major species in the crude reaction mixture (Figure S13).

Collectively, these data showed that RNA strands
containing N-methylcarbamoyl nucleotides at either termi-
nal or internal positions, or both, could be loaded with
amino acids in a sufficient extent to perform RNA-based
amino acid transfer (see below).

RNA-Based Amino Acid Transfer Following the Loading
Reaction

Finally, we wanted to demonstrate that the prebiotic loading
of an amino acid onto an RNA strand, functionalized with a
urea-modified adenosine nucleotide at the 5-end, could
undergo RNA-based amino acid transfer (Figure 3a). The
loading reaction provides a terminal amino acid modified
NS-carbamoyl adenosine (donor) as the basis for the syn-
thesis reaction. For the amino acid transfer, we hybridize the
obtained donor RNA strand with a complementary acceptor
RNA strand, containing a 5-aminomethyl uridine at the 3'-
end, forming a duplex. Activation of the carboxylic acid in
the donor RNA strand leads to the formation of a hairpin
intermediate, which is opened at elevated temperatures by
urea cleavage, transferring the loaded amino acid to the
acceptor RNA strand. The obtained acceptor RNA strand
can be involved in subsequent reactions, enabling peptide
growth on RNA.M"! Since the nitrosation reaction converts
guanosine to xanthosine, we employed a binary code of
adenosine and uridine nucleotides in the initial RNA strand
ON7. We also selected Phe for the experiment because of its
high reaction efficiency (Table 2).'"

In this experiment, the individual reaction steps were
monitored by HPLC (Figure 3b). In the first step, the
prebiotic loading of Phe onto the RNA strand ON7, under
the reaction conditions described above with GdmCl, gave
the donor RNA strand ONS in ca. 38 % yield. In the second
step, we combined the isolated donor RNA strand ONS8
with an equimolar amount of the acceptor RNA strand ON9
in 100 mM 2-(N-morpholino)ethanesulfonate (MES) buffer
pH6 and 1 M NaCl. The RNA strand ON9 contained 2'-
methoxy nucleotides, which are found in contemporary
ribosomal RNA (rRNA)"! and minimize degradation. The
addition of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMTMM:CI) to the solution mix-
ture of ON8 and ON9 at 15°C led to the formation of the
hairpin intermediate ON10 in ca. 40 % yield. Since the
melting temperature of the reactive duplex ON8-ON9 was
ca. 35°C in the buffered aqueous solution (Figure S20a-b),
it was assembled almost quantitatively in the reaction
mixture. As reported previously, the activation of the
carboxylic acid could also be performed prebiotically with
methylisonitrile ~ (MeNC) and  4,5-dicyanoimidazole
(DCI).'""™ In the third step, we warmed the aqueous
solution of the hairpin intermediate ON10 to 90°C at pH 6
to cleave the urea bond,”“’ which furnished the RNA-
peptide chimera ONI11 in ca. 48 % yield. In contrast to our
previous experiments with donor RNA strands containing
amino acid modified N°-methyl-N°-carbamoyl adenosine at
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Figure 3. a) Reaction scheme for RNA-based amino acid transfer: loading of Phe, peptide coupling and urea cleavage. HPLC chromatograms of the
crude reaction mixtures of: b) the individual steps and c) the one-pot experiment. mc®A= N°-methylcarbamoyl adenosine; nm*U = 5-aminomethyl
uridine; A=adenosine and U=uridine. m (subscript) indicates that the RNA strands contained 2'-methoxy nucleotides.

the 5-end,™ the absence of the N°-methyl substituent in
ONS prevented the formation of a hydantoin side-product in
the urea cleavage step.™

Finally, we performed the loading of Phe and the RNA-
based amino acid transfer in a one-pot experiment (Fig-
ure 3c). The crude reaction mixtures were filtered after each
step to remove the excess of salts and low-molecular weight
compounds but retaining the RNA strands. Indeed, analysis
of the one-pot experiment by HPLC showed the formation
of the RNA-peptide chimera ON11 in ca. 11 % overall yield
(Figure 3c), which was in line with the result obtained for
the three individual reaction steps (ca. 7 %).

Conclusion

Recently, we reported that RNA with the help of two non-
canonical nucleosides, that is, amino acid modified N°-
carbamoyl adenosine and S5-methylaminomethyl uridine,
gained the ability to carry amino acids at certain nucleobase
positions. The subsequent transfer of amino acids from one
nucleobase to another enabled the synthesis of small
peptides on RNA, affording RNA-peptide chimeras. The
ability of RNA to decorate itself with the help of non-
canonical nucleosides constitutes an additional function,
which places RNA in a prime position for enabling the
chemical evolution of life.

In this work, we described a new method to load RNA
strands with amino acids. While this loading reaction was so

Angew. Chem. Int. Ed. 2023, 62, €202302360 (6 of 8)

far only possible with adenosine in low yields, we could now
improve the loading efficiencies to yields up to 84 %. Most
importantly, the loading reaction was also possible in RNA
strands with acceptable efficiencies between 10-23 %. These
results suggested that RNA-peptide chimeras are molecules
that could have formed under early Earth conditions. In
addition, we expanded the loading reaction to N-meth-
ylcarbamoyl guanosine and cytidine, and to their corre-
sponding RNA strands. A caveat of the reported process is
that we detected deamination of guanosine under the
loading conditions. In contrast, the loading with Phe and the
subsequent RNA-based amino acid transfer was found to be
surprisingly efficient. This observation suggests that loading
preferences, for yet unknown reasons, might exist. Thus, we
believe that different amino acids might have distinct
preferences to be loaded onto specific sequences. This is the
prerequisite for RNA-encoded peptide synthesis. Our study
also showed that the absence of a N°-methyl substituent in
N°-methylcarbamoyl adenosine enhanced the loading effi-
ciency and prevented the formation of hydantoin side-
products.

The reported chemistry also required big changes in the
pH of the aqueous solution. While the nitrosation of the N°-
methylcarbamoyl nucleoside took place under acidic con-
ditions (5 % H;PO,), the reaction with the amino acid was
performed at the optimal pH 9.5. Therefore, we need to
assume that the first reaction step occurred in an acidic
environment, such as an acidic pond, from which a mixture
of the nitrosated nucleoside and the amino acids flow out,
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e.g. along a carbonate containing river bed or into a
carbonate dominated second basin. Repetitive loading and
RNA-based peptide synthesis cycles would require continu-
ous fluctuations of the pH between acidic and moderately
basic in a dynamic process. However, it is worth mentioning
that a low amino acid loading efficiency is not necessarily a
disadvantage for an RNA-peptide world, since a high
turnover of canonical nucleotides into N-carbamoyl deriva-
tives would lead to the loss of the information-encoding
property of RNA, hindering replication. We are just at the
beginning of learning about the possibilities that are offered
by RNA-peptide conjugates and how they could be
integrated into coding schemes, e.g. via Hoogsteen-type
base-pairing.
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The origin of biological homochirality, relevant for proper function of nucleic acids and proteins,
is one of the biggest unanswered questions of the prebiotic chemistry field. We observe the
exclusive abundance of D-(deoxy)ribose and L-amino acid in all the functional biomolecules of
living organisms. We recently reported an RNA-peptide synthesis cycle, which makes use of
amino acid-decorated nucleotides incorporated into RNA and which, with help of RNA-
templation, enables amino acid or peptide transfer between complementary RNA strands. In
this work, we explore the effect of exchanging the L-amino acid for b-amino acid and its
influence on the stereochemical preference for homo- vs. heterochiral peptide formation. We
perform competitive coupling reactions, in which an equimolar mixture of L- and D-amino acid
modified RNA competes for reaction with the amino acid attached to the counterpart strand.
We examine the thermodynamics and kinetics of this reaction with a selected number of amino

acids and different activation methods.
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RNA-Templated Peptide Bond Formation Promotes L-

Homochirality

Ewa Wegrzyn®, Ivana Mejdrova®, Felix M. Miiller, Milda Nainyté, Luis Escobar,* and

Thomas Carell*

Abstract: The world in which we live is homochiral. The
ribose units that form the backbone of DNA and RNA
are all D-configured and the encoded amino acids that
comprise the proteins of all living species feature an all-
L-configuration at the a-carbon atoms. The homochir-
ality of a-amino acids is essential for folding of the
peptides into well-defined and functional 3D structures
and the homochirality of D-ribose is crucial for helix
formation and base-pairing. The question of why nature
uses only encoded L-g-amino acids is not understood.
Herein, we show that an RNA-peptide world, in which
peptides grow on RNAs constructed from D-ribose,
leads to the self-selection of homo-L-peptides, which
provides a possible explanation for the homo-D-ribose
and homo-L-amino acid combination seen in nature. )

Introduction

Folding of peptides into well-defined and functional protein
structures,'> as well as the duplex formation of RNA and
DNA,** in which information can be stored due to
Watson-Crick base-pairing,””! requires homochirality.®” The
living nature that surrounds us evolved based on homo-D-
configured ribose, which forms the backbone of RNA and
DNA, and homo-L-configured a-amino acids, which are
indispensable in the world of proteins. While homochirality
is the prerequisite for folding of these biopolymers into 3D
structures, the question of why D-sugars are combined with
L-amino acids and not with the D-counterparts and hence
the diastereoselectivity of nature is unknown.!'"!"-'2
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The current idea of how life may have started is based
on the RNA world hypothesis, in which RNAs self-
replicated and folded into  catalytically active
structures.'**1 At some point in evolution, these RNA
structures gained the potential to connect amino acids to
form peptides and proteins with increasing catalytic
capabilities."® Even though there is more than one model to
explain how RNA learned, at some point, to make peptides
and proteins, the amino acids were initially likely connected
to each other in close proximity to the RNA structures, with
RNAs acting as peptide forming catalysts.

We recently reported the idea that, instead of a pure
RNA world, chimeric RNA-amino acid/peptide structures
may have created an RNA-peptide world, in which RNA
and peptides were covalently connected until the structures
got large enough to replace covalent bonding by non-
covalent interactions.'” ') We observed that RNA strands
equipped with ubiquitous non-canonical nucleosides, such as
5-methylaminomethyl uridine (mnm°U) and threonine-
modified N°-carbamoyl adenosine (Thr°A), which are found
in contemporary transfer RNAs (tRNAs)?"?2 and which
can be considered to be molecular fossils,?*?! allow RNA to
self-decorate with peptides.['"!

The synthesis cycle that allows peptides to form directly
on RNA is depicted in Figure 1a, but it should be mentioned
again that this is just one example of how peptides can be
formed on and by RNA. The key features of our model
involve: 1. the reaction of two amino acids, attached via the
non-canonical nucleosides m°aa°A and mnm’U to comple-
mentary RNA strands, to give a stable hairpin structure. 2.
The subsequent cleavage of the urea bond by simple
heating, which breaks the hairpin. This is followed by a
potential exchange (3. release/4. annealing) of the formed
mPA-containing donor RNA strand for another amino acid-
containing oligonucleotide. Repeating this cycle allows the
growing of longer peptides on the acceptor RNA strand.

Although it is impossible to prove that these particular
reactions were indeed involved in creating an RNA-peptide
world on the early Earth, it is a prebiotically plausible
concept of how RNA could have initially templated the
synthesis of peptides. The models of how RNA encoded
peptide synthesis have in common that the peptide forming
reactions take place on RNA. Consequently, our non-
canonical nucleoside-based model allows us to investigate
the stereochemical preferences of RNA-templated peptide
growth.

Previous studies by the research groups of Lacey,
Tamura and Schimmel ?’?23031  Sytherland®*** and

[25.26]
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Figure 1. a) RNA-peptide synthesis cycle involving donor and acceptor
RNA strands with m®aa®A and aa-mnm’°U, respectively, and b) prebiotic
loading reaction of a racemic mixture of L/D-Phe onto an RNA strand
containing a terminal N°-methylcarbamoyl adenosine nucleotide.
GdmCl=guanidinium chloride.

Richert® showed already that a-amino acids connected to
5’-phosphorylated nucleotides and RNAs, either via the
carboxylic acid group as acyl phosphate mixed anhydrides,?!
or with the @-amino group in the form of
phosphoramidates,®” react preferentially when they are L-
configured. Herein, we investigated how our RNA-peptide
synthesis cycle (Figure 1a) is influenced by stereochemistry.

Results and Discussion

The first step of the RNA-templated peptide growth cycle
involves the loading of an amino acid onto the donor RNA
strand to give a non-canonical amino acid-modified adeno-
sine nucleotide, (m®aa’A. For example, GIly°’A and
(m®)ThrA are known to exist in the anticodon loop of
contemporary tRNAs.P3#44] previously, we showed that
this loading step could be achieved in a prebiotically
plausible way by the reaction of an N°-methylurea adenosine
nucleotide with NO™ in the presence of amino acids or even
peptides via an N°-isocyanate intermediate (Figure 1b).['**
Therefore, we initially investigated whether the loading
reaction displayed any stereochemical preference. We
performed this reaction onto an RNA strand containing an
N®-methylcarbamoyl adenosine nucleotide at the 5’-end with
a racemic mixture of L/D-Phe. The aromatic amino acid was
chosen because it facilitates the analysis of this crude
reaction mixture by high-performance liquid chromatogra-
phy (HPLC) using UV/Vis detection. In this loading
reaction, we did not observe any stereochemical preference
(Figure S12). The L- and D-Phe were loaded onto the RNA
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overall yield.

We next investigated how the peptide growth reaction
(step 1, Figure 1a) is influenced by either L- or D-amino
acids. For these experiments, we synthesized a series of
donor and acceptor RNA strands (ON1 and ON2, respec-
tively) using an automated solid-phase RNA synthesizer and
2’-OMe nucleosides (Figure 2 and ST). We used the 2’-OMe
nucleosides, which are very prevalent in contemporary
ribosomal RNA (rRNA), to increase the stability of the
phosphodiester backbone toward hydrolysis and to achieve
higher duplex melting temperatures with short RNA
strands."**#! In particular, we prepared the 7-mer donor
RNA strands ONla-e with either L- and D-amino acid-
modified N°-methylcarbamoyl adenosine  nucleotides
(mfaa®A,,) at the 5’-end. We also synthesized the comple-
mentary 11-mer acceptor RNA strands ON2a with either L-
and D-amino acid-modified 5-methylaminomethyl uridine
nucleotides (aa-mnm’U,,) at the 3’-end. We focused at Val,
Ala and Thr, which are thought to have been early amino
acids. They are found in meteorites and they are formed
under prebiotically plausible conditions.[*647484%30515233] A]]
RNA strands were purified by HPLC and characterized by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) (Tables S1-S2).

Next, peptide formation reactions leading to the corre-
sponding hairpin intermediates were performed (Figure 2).
In order to enable accurate analysis of the stereochemical
outcome of the coupling reactions by HPLC, we first
synthesized independently the hairpins ON3a-e as standards
from the complementary donor and acceptor RNA strands
ONla-e and ON2a. After annealing of ONla-e with ON2a,
we added in each case 50 mM of an activator,’ either 1-

a =

[e] R
\)‘I\
oy A
&Y « T LK

- aa = (o]
+ ° - /\\/& 'OMe
“OMe ON2 P

ON1_ MO

3 — O 5 o OH
Donor 5-X(AUCGCU),-3" Acceptor  5-(GUACAGCGAU),Y-3'
7-mer X = m°aa‘A, 11-mer Y = aa-mnm’U,,

a;aa=L-Val a, aa=D-Val
., @aa=L-Ala b, aa=D-Ala
., @aa = L-Phe c,; aa = D-Phe
|;a@a=L-Trp d,; aa=D-Trp .
e;aa=L-Thr e, aa=D-Thr Peptide
coupling

a;aa=L-Val a, aa=D-Val

0T

=N NP

o N\z\( ~

Ho/\g NQ/\N HN_ R

. M orte 1

: . s om
— ) = _ ON3 N
. 5 o Oﬁ/&“R
RePa
5-(GUACAGCGAU),YX(AUCGCU),-3  HO"\ Ni \
MeO o)\N (e}
H

o

Figure 2. Peptide coupling reactions between donor and acceptor RNA
strands, ONT and ONZ2, respectively, to yield hairpin products, ON3.
The RNA strands used in this work contained L- and D-amino acids.
aa=amino acid and R=aa side chain. m (subscript) indicates that the
RNA strands were composed of 2’-OMe nucleotides.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8217 sUoWIWOD) aA[Iea.D 8(ged!|dde sy Aq pausenoh are sajpise YO 8sn Jo SanJ 1oy Akeiq1T 8auljuQ AS|IA UO (SUOIPUOD-pUeR-SLLB)/WOI A3 1M AReld 1 jpuluo//:Sdny) SUORIPUOD pue SWB 1 8Y) 89S [7202/L0/70] uo AreiqiTauluo AS|IM ‘SEZ6TEZ0Z @IUe/Z00T OT/I0p/Wod A3 1M AReiq Ul uo//:sdiy woly papeojumoq ‘6T ‘202 ‘€LLETZST



GDCh
~~

ethyl-3-(3-dimethylaminopropyl) carbodiimide with N-hy-
droxysulfosuccinimide (EDC/Sulfo-NHS) or 4-(4,6-dimeth-
oxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM « Cl), in 100 mM 2-(N-
morpholino)ethanesulfonate (MES) buffer at pH 6 contain-
ing 100 mM of NaCl. After 2-6 h at r.t., the obtained hairpin
reference compounds ON3a-e were isolated by HPLC and
characterized by MALDI-TOF MS (Table S3).

With these standards in hand, we next investigated the
diastereoselectivity of the RNA-based peptide synthesis
(Figure 2). To this end, we studied the coupling of the donor
RNA strands ON1, connected to either an L- (ON1) or a
D-amino acid (ON1y), with the complementary acceptor
RNA strands ON2, containing either an L-Val (ON2a,) or a
D-Val (ON2ap), in direct competition experiments (Fig-
ure 3a-c). First, we started with Val in the donor RNA
strand ON1a. For the experiment, we prepared an equimo-
lar solution of ON1a, (L-Val) and ONla;, (D-Val) in water.
HPLC analysis of the mixture confirmed the 1:1 relation-
ship (Figure 3a). Next, we performed the peptide coupling
reaction after the addition of 1 equiv. of the acceptor RNA
strand ON2a; (L-Val) using the activator EDC/Sulfo-NHS

a)
3 L
ON1a, T~
+
°? ON1 B -
& 1:1 mixture
b)
3
ON1a, e
- ON2a,
ON1a,
EDC/Sulfo-NHS | MES buffer pH 6
NaCl, r.t.
3 5
) ~05
5' IL H]
ON3a,, 804
So03
+ g
| go2
8 D) 2 0.1
x.1
5" L < 0.0
ON3a,, 20 25 30 35

Time (min)

L,L + D,L combination

Communications

Angewandte

intemationaldition’y) Chemie

(MES buffer pH 6, NaCl, r.t., 2 h). HPLC analysis of the
crude reaction mixture revealed the formation of the two
possible hairpin products, ON3a,;, (L-ValL-Val) and
ON3ay, (D-Val,L-Val), in 69 % overall yield (Figure 3b). To
our surprise, we immediately noted a significant selectivity
for the L,L-product. ON3a;; formed with a remarkable
diastereoselectivity of 93:7 (L,L:D,L). For comparison, we
carried out the same competition experiment (ONla, and
ON1ayp) in the presence of the acceptor RNA strand ON2ay,
(D-Val). In this case, the HPLC analysis showed a lower
yield for ON3ay, (L-Val,D-Val) plus ON3ay, (D-Val,D-
Val) of only 36 % and a lower diastereoselectivity of only
66:34 (L,D:D,D) (Figure 3c). Similar results were obtained
when we repeated the competition experiments with ONla
and ON2a at lower temperature (5°C, Table S9). These data
showed that the L,L-hairpin products are the preferred
reaction outcomes. If we assume that life started with the
formation of peptides close to RNA, we can surmise that
the D-ribose in RNA promotes L-homochirality of the
peptide formed in close proximity.

To further strengthen this argument, we repeated the
experiment with other amino acids using the L/D-donor

ON1a, ONf1a,

Absorbance (a.u.)
o o o o o o
N w N o

o

0 5 10 15 20 25 30 35 40 45
Time (min)

3
ON1a, + 5 ———— (D
- ON2a,
ON1a,

EDC/Sulfo-NHS | MES buffer pH 6

NaCl, r.t.
g
ON3a,,
+
)

ON3a,,

Time (min)

L,D + D,D combination

Donor strands Acceptor strand  Overall yield (%) [ON3,1/[ON3, ] ratio

Donor strands Acceptor strand  Overall yield (%) [ON3,J/[ON3,] ratio

ON1a_ + ON1ap 69 (90) 937 (58:42)
ON1bL + ON1bp 72 (85) 80:20 (70:30)
ONfcL + ON1cp  ON2aL 61 (99) 86:14 (77:23)
ON1d. + ON1dp 74 (99) nd.

ON1eL + ON1ep 73 (84) 91:9 (70:30)

ON1aL + ON1ap 36 (90) 66:34 (41:59)
ON1by + ON1bp 55 (88) 52:48 (50:50)
ONfcL +ON1co  ON2ap 40 (99) 29:71 (52:48)
ON1dy + ON1dp 48 (99) 38:62 (50:50)
ONfeL + ON1ep 65 (84) 71:29 (47:53)

Figure 3. a) Equimolar mixture of ON1a, and ON1a,, and competitive peptide coupling reactions between ON1a,_ and ON1a, with: b) ON2a, and
c) ON2a,,. The HPLC chromatograms correspond to the analyzed crude reaction mixtures and the tables summarize the results obtained for the
coupling reactions of ONTa-e and ON2a using EDC/Sulfo-NHS and DMTMM e Cl (in parenthesis) as activators. n.d.=not determined due to
product overlap. Reaction conditions: [ON1] =50 pM; [ON2] =50 pM; [buffer] =100 mM; [NaCl]=100 mM and [activator] =50 mM. Yields

determined by HPLC analysis using the calibration curve of a reference compound (Figure S2).
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RNA strands ON1b-e loaded with Ala, Phe, Trp and Thr
(Figure 3 and Figures S4-S5). The competition experiments
with the acceptor RNA strands, ON2a;, and ON2ap,
provided, in all cases, the expected hairpin products ON3b-
e. Again, with EDC/Sulfo-NHS activator, we observed
better yields with ON2a, (61-74%) compared to the
reaction with ON2ay, (40-65 %). For the L,L:D,L-selectivity
using ON2a;, we measured diastereoselectivities from 80:20
(L,.L:D,L, ON1b) to 91:9 (L,L:D,L, ONle) (Figure 4a). In
contrast, turning the selectivity experiment around
(L,D:D,D-combinations) with the acceptor strand ON2ay,,
bearing a D-amino acid, provided unpredictable and largely
fluctuating selectivities ranging from 29:71 (L,D:D,D,
ONlc) to 71:29 (L,D:D,D, ON1e) (Figure 4b).

When we changed the activation method to
DMTMM ¢ Cl, we observed diastereoselectivities from 58:42

ON1a (Val) ONf1e (Thr) ONf1c (Phe) ON1b (Ala)
W ON3,
b) ON1a (Val) ON1e (Thr) 0N1c (Phe) ON1b (Ala)

QLY

ON3, MON3,

Figure 4. Relative isomeric composition of the hairpin products, ON3,
obtained in the competitive peptide coupling reactions between ON1
with: a) ON2a, and b) ON2ay,

a) ———
ON1a, + 5 ———— ()
3‘——H ON2a,
n
ONA1f; n= 2

ON1g,; n=

MES buffer pH 6
EDC/Sulfo-NHS NaCl, rt.

ON3a,, ON3f, ;n=2
ON3g,,;n=3
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(LLL:D,L, ONla) to 77:23 (L,.L:D,L, ONlc) for the
preferred L:D,L-combinations with ON2a; and only ca.
50:50 (L,D:D,D) mixtures for the L:D,D-combinations
with ON2ay, (Figure 3b-c). In all cases, the L,L-combinations
with ON2a, gave high yields and better diastereoselectiv-
ities.

We next wanted to know whether these selectivities
change when we use a prebiotically more suitable activation
method and performed experiments with methyl isonitrile
(MeNC) in 4,5-dicyanoimidazole (DCI) buffer at pH 6.
We observed in the experiments with selected donor RNA
strands, ON1b (Ala) and ONlec (Phe), the clean formation
of the hairpin products ON3b-c in less than 16 % overall
yield (Table S6). However, the diastereoselectivities were
very high with >72 % in favor of the homochiral dipeptide
products. Only for the competitive reactions with the accept-
or RNA strand ON2a,,, we obtained different diastereose-
lectivity ratios for the same amino acid depending on the
activator used (EDC/Sulfo-NHS, DMTMM ¢ Cl or MeNC).

In order to study how the selectivities evolve when larger
peptides grow on RNA, we next prepared donor RNA
strands containing L-homochiral di- and tripeptides with
Val, ON1f;, and ON1g,, respectively (see SI). In the first set
of competition experiments with the activator EDC/Sulfo-
NHS, we used an equimolar mixture of ONla, with ON1f;,
or ONlg, (Figure5a and Figure S7). The competitive
coupling reactions with ON2a, indicated that the mono-L-
Val donor RNA strand ONla, reacted preferentially with
the acceptor strand to give the L,L-dipeptide hairpin
ON3a,, with high selectivities of 73:27 and 89:11 over the
larger tri- and tetrapeptide hairpin products, ON3f;, and
ON3g,,. In contrast, the same competition reactions with
the acceptor strand carrying a D-amino acid, ON2ay,
showed low selectivity (ca. 50:50).

b)

5
3 — e—()] -+ oqzaL
ON1a;n=1 5
ON1f;n=2 ON2a,
ON1g;n=3
EDC/Sulfo-NHs | MES buffer pH 6
NaCl, r.t.
3 n 3 N
+
5 5 D
ON3a,;n=1 ON3a,,;n=1
ON3f,;n=2 ON3f,;n=2
ON3g,;n=3 ON3g,,;n=3

Donor strands  Acceptor strand Overall yield (%) [ON3a,_]/[ON3f,g ] ratio

Donor strand  Acceptor strands  Overall yield (%) [ON3,]J/[ON3,,] ratio

ON1aL + ON1fL 79 73:27
ON2a.

ON1aL + ON1gL 71 89:11

Donor strands  Acceptor strand

Overall yield (%) [ON3a,]J/[[ON3f,g,,] ratio

ON1aL 73 87:13
ON1fL ON2a, + ON2ap 54 66:34
ON1gL 32 67:33

ON1a, + ON1f, 49 51:49
ON2ap
ON1aL + ON1gL 33 58:42

Figure 5. Competitive peptide coupling reactions a) between ON2a, with ON1a_ and ON1f,g,, and b) between ON2a, and ON2a,, with ON1a,,
ONI1f, or ON1g,. The tables summarize the results obtained using EDC/Sulfo-NHS as activator. All amino acids and peptides contain Val. Reaction
conditions: [ON1]=50 pM; [ON2]=50 pM; [buffer]=100 mM; [NaCl]=100 mM and [activator] =50 mM. Yields determined by HPLC analysis

using the calibration curve of a reference compound (Figure S2).
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In a second set of experiments, we conducted reverse
competition reactions with the activator EDC/Sulfo-NHS, in
which an equimolar mixture of ON2a; and ON2ap, was
allowed to couple with either ONla;, ONI1f;, or ONlg,
(Figure 5b and Figure S8, see SI for a competition experi-
ment with ON1ap). In all these cases, the results showed a
clear preference for the formation of the L,L-homochiral
products ON3;;. The highest diastereoselectivity was ob-
tained with the mono-L-Val donor RNA strand ONla,
(87:13L,L:L,D). The longer di- and tripeptides in ON1fy
and ONI1g, led to decreased selectivities of 66:34 and 67:33
(L,L:L,D), respectively. All together, these data suggest a
strong tendency for the preferred formation of L-homochiral
peptides, when the peptide synthesis occurs in close
proximity to RNA.

In order to investigate whether the tendency to grow all-
L-homochiral peptides is the result of different thermody-
namic stabilities of the initially formed RNA duplexes, we
measured melting temperatures (7,,) and we determined
rate constants (k,,,) for the peptide coupling reactions using
selected donor and acceptor RNA strands. For reasons of
prebiotic plausibility, we decided to perform these experi-
ments with the amino acid Val in ONla and ON2a,

respectively.
First, we measured the melting temperatures of all
possible duplex combinations (ON1a, ¢ ON2a,,

ON1a,eON2a;, ONla, e ON2a;, and ONlaje ON2a,) using
temperature-dependent UV spectroscopy experiments at
260 nm (Figure 6a). All recorded melting curves displayed a
mono-sigmoidal shape and were fit to a two-state model.™®
The obtained data showed that the T, values were

a) ~10- _
0y f= ) 0
) T,=37.1+0.8°C
§ 0.8 ‘4 +« ON1a,ON2a,_
g 0.6 .?'t » ON1a,ON2a,
4]

é 0;5’ + ON1a,ON2a,
® 0.4 1 .5’ -ON1a,ON2a,
2°%] ON1a,-ON2b
g A
0.0 ; . | | | |
4 10 20 30 P p - N
Temperature (°C)
) 40-
5
.
2 30
x
c -
: | L
g . ONa.
E 10
0 0.5 10 e 3
Time (h)

Figure 6. a) UV (260 nm) melting curves of the four possible duplexes
formed between the donor RNA strands ON1a_ and ON1a,, with the
acceptor RNA strands ON2a, and ON2a,,. The melting curve of ON1a,
with ON2b (acceptor RNA strand without amino acid) is also shown.
b) Kinetic plots for the separate peptide coupling reactions of ON2a,
with ON1a, and ON1ay, respectively, using EDC/Sulfo-NHS as
activator. Error bars are shown as standard deviations.
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indistinguishable for the four donoreacceptor RNA duplex
combinations with 7,,=37.1+0.8°C. In addition, we meas-
ured the same T, value for an RNA duplex composed of
ON1a, and ON2b, which lacked the amino acid at the 3’-
terminal mnm°U nucleotide (Figure 6a). These data showed
that different duplex stabilities cannot explain the observed
diastereoselectivities.

To determine the rate constants, we monitored separate
peptide coupling reactions between the complementary
donor and acceptor RNA strands at different time intervals
using EDC/Sulfo-NHS (Figure 6b and Figure S10) and
DMTMMeCl (Figures S9-S10) as activators. The kinetic
data for the formation of the hairpin products (ON3a,,,
ON3a,,, ON3a,;, and ON3a;;,) were fit to a pseudo-first
order equation® (see SI). The calculated apparent rate
constant values were, as expected, different and dependent
on the donor RNA strand, ON1a; and ONl1ay,, as well as the
activator used (Table 1). To our delight, we noted that the
hairpin product ratios, calculated using exclusively the k,j,
values (k,,, (ONlay)/k,,, (ONlap)=[ON3a,]/[ON3;]), are
in good agreement with the values obtained in the competi-
tion experiments (Figure 3b-c). Taken together, these data
support the idea that the L-amino acids are better aligned
for reaction on RNA (constructed from D-ribose). The D-
ribose creates a right-handed A-form RNA helix that
appears to promote L-homochirality if the amino acids react
directly on the RNA to form peptides.

Conclusions

Nature utilizes homo-D-ribose to build the backbone of
DNA and RNA and homo-L-configured a-amino acids to
create well-defined and functional protein structures. Here-
in, we investigated the question of how RNA can help to

Table 1: Apparent rate constant values (k,,,) determined for the
peptide coupling reactions of ONTa with ON2a using EDC/Sulfo-NHS
and DMTMMeCl as activators. Errors are indicated as standard
deviations.

Donor  Acceptor  Hairpin Calcd.
Activator Kapp (h°")
strand  strand strand ratio”
ON1a. ON3a.. 5.04+0.12 87
ONZaL
EDC/ ON1ap ON3ap. 0.15+0.01 13
Sulfo-NHS  oN1a, ON3ap  nd. nd.
ON2ap
ON1ap ON3app 0.32+0.01 nd.
ON1a. ON3a..  0.91+0.07 59
ON2a.
ON1ap ON3ap. 043+0.01 41
DMTMM-CI
ON1a. ON3aip 0.54+0.01 47
ON2ap
ON1ap ON3app 0.68+0.03 53

E Product ratio calculated from the measured apparent rate constants.
n.d.=not determined due to signal overlap with activated species.
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establish an L-homochiral peptide world. The basic assump-
tion was that initially peptides were formed close to RNA or
directly connected to RNA in an RNA-peptide world. To
simulate this process, we used our recently introduced
concept of peptide growth directly on RNA as a model."™

First, we studied the stereochemical preference of the
loading reaction of an amino acid onto RNA. We observed
that this reaction provided donor RNA strands with a 1:1
relationship of the L- and D-amino acids. Specifically, we
studied how L/D-Phe reacts with an RNA strand, equipped
with a terminal N°-methylcarbamoyl adenosine nucleotide,
which creates in situ an N®-isocyanate. Both L- and D-amino
acids reacted with the same preference and hence no
diastereoselectivity was observed. Next, we investigated the
coupling reaction with a set of selected amino acids (Val,
Ala, Phe, Trp and Thr), and we observed a high preference
for the coupling of L-configured amino acids connected to
RNAs. In all cases, we found that the L,L-homochiral
dipeptide hairpin products were formed in better yields and
with higher diastereoselectivities. This preference was main-
tained even when larger tri- and tetrapeptide hairpins, for
the growth of longer peptides, were formed. On the other
hand, the coupling reactions with a D-amino acid on the
acceptor RNA strand provided variable selectivities depend-
ing on the amino acid and the activator, potentially because
of an unfavorable steric alignment of the amino acids for
coupling.

These data allow us to formulate a scenario that yields
an all-L-homochiral peptide world. If we assume that small
RNAs (or nucleosides) captured amino acids and peptides
out of the primordial soup to bring them in close proximity
within an RNA duplex, the connection of the amino acids to
each other is strongly favored when the amino acids are L-
configured, which leads with time to an enrichment of the
L,L-coupling products. Repetitive cycles of peptide growth
and peptide release followed by recapturing of the peptides
by RNA and connection of the recaptured peptides with
either amino acids or peptides could then lead to a possible
outgrowth process that provides a homo-L-configured
peptide world.

What it is next needed is a scenario that leads to the
preferred recapturing of peptides over single amino acids
and fragment condensation reactions, which were already
observed,' that quickly grow longer peptide structures in
just a few chemical steps.

The most important result of this study is that D-ribose-
based nucleotides, which give rise to right-handed A-form
RNA duplexes, preferentially connect L-amino acids to
form homo-L-peptides. We do not address in this study the
question of the origin of homo-D-RNA.

Supporting Information
Reaction procedures, characterization data, peptide cou-
pling reactions, melting curves, kinetic experiments and

additional references are included in the Supporting In-
formation (Ref. [17,18,19,56,57,58,59,60,61,62,63]).
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Summary

In our current work, we combine the stereoselective RNA-mediated peptide coupling with the
prebiotically plausible cold/hot-directed synthesis cycles, resembling the temperature
variations prevalent on early Earth. We show that the peptides can couple stereoselectively,
followed by thermal cleavage of the hairpin intermediate and release of the formed peptide
from the donor strand. These reactions can be then repeated under one-pot conditions and
the iterative cycles can eventually lead to a gradual enrichment of the homochiral L-peptides.
We also show, that even if dipeptides with mixed L-/D-stereochemistry are formed, they get
outcompeted by the homochiral counterparts. Additionally, we demonstrate that the preference

for homochiral peptide formation is also maintained in DNA.

Personal contribution
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products and performance of competition reactions, including one-pot reactions, measurement
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manuscript and supporting information, planning of the project and development of concepts.

53



#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Gradual evolution of a homo-L-peptide world on
homo-p-configured RNA and DNA+

Ewa Wegrzyn,@i Ivana Mejdrova’@i and Thomas Carell @ *

\ '.) Check for updates ‘

Cite this: Chem. Sci,, 2024, 15, 14171

8 Al publication charges for this article
have been paid for by the Royal Society
of Chemistry Modern life requires the translation of genetic information — encoded by nucleic acids — into proteins,
which establishes the essential link between genotype and phenotype. During translation, exclusively L-
amino acids are loaded onto transfer RNA molecules (tRNA), which are then connected at the ribosome
to give homo-L-proteins. In contrast to the homo-L-configuration of amino acids and proteins, the
oligonucleotides involved are all b-configured (deoxy)ribosides. Previously, others and us have shown
that if peptide synthesis occurs at homo bp-configured oligonucleotides, a pronounced L-amino acid
selectivity is observed, which reflects the p-sugar/L-amino acid world that evolved in nature. Here we
further explore this astonishing selectivity. We show a peptide-synthesis/recapture-cycle that can lead to

a gradual enrichment and hence selection of a homo-L-peptide world. We show that even if peptides

Received 23rd May 2024 . . . . .
Accepted 26th July 2024 with a mixed L/p-stereochemistry are formed, they are not competitive against the homo-L-
counterparts. We also demonstrate that this selectivity is not limited to RNA but that peptide synthesis on

DOI: 10.1035/d4sc03384a DNA features the same L-amino acid preference. In total, the data bring us a step closer to an
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Introduction

Life, as we know it, requires nucleic acid biomolecules to encode
genetic information and amino acid-based proteins to catalyse
biochemical reactions, that are essential for the maintenance of
life. While the genetic code contains the blueprint for the
multitude of vital proteins, the proteins in turn are essential for
metabolism and required for decoding the sequence information
and its replication. This strong interdependence of the genotype
established by nucleic acids and the phenotype established by
proteins is a hallmark of all life on Earth.* The element where the
genotype “meets” the phenotype is the ribosome.”* Conse-
quently, the evolution of the ribosome is a chicken-and-egg
conundrum and one of the most challenging mysteries of the
origin of life.>® The translation machinery that is in place today
shows an extremely high stereoselectivity towards r-amino acids.
First, a specific transfer RNA (tRNA) consisting of p-riboses is
selectively loaded with the corresponding r-amino acid.” In the
step of translation, these r-amino acids are connected to other t-
amino acids in a messenger RNA (mRNA)-based templation
process, catalysed by the RNA components (all t-configured) of
the ribosome. The exact time-point when homochirality emerged
is unknown. Mechanistically it was suggested that it was caused
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understanding of how homochirality on Earth once evolved.

by a small initial enantiomeric imbalance on the monomer level,®
followed by processes of chiral amplification,”® leading to an
enantiomeric induction between homochiral nucleic acids and
peptides.”**

Numerous ideas exist of how the decoding™ could have
evolved," ' which are all connected to the RNA world
concept.””* This model predicts that in prebiotic times it was
only RNA which encoded information and which also catalysed
the essential reactions such as loading itself with specific amino
acids.*?* In the RNA world, the process of connecting amino
acids was catalysed by RNA.**** The fact that the peptidyl
transferase center of the ribosome is composed of RNA,*
provides strong support for this “RNA-only” idea.>>*®

Currently, the idea of an RNA-only world is questioned.
Recent studies® suggest instead the coexistence/coevolution of
RNA with other entities like peptides,*® cofactors**° or DNA.*'"**
Even a DNA-first theory was formulated.**** The fact that most
known RNA catalysts have rather low turn-over numbers
strongly suggests that amino acids, peptides and cofactors
might have been early on involved.*® Already in 1976, White
pointed out that cofactors alone could be considered as
remnants of early life ribozymes,***° which acted in concert with
sulfur-containing modified nucleosides.*® Recently the idea of
an RNA-peptide world was brought forward,**® with the
peptides adding stability and catalytic capabilities to the RNA.*®
Such an early partnership could have been the foundation for
the development of early amino acid-tRNA synthetases.*’

We recently introduced the idea, that the high number of
non-canonical nucleosides present in RNA, are living fossils***>

Chem. Sci., 2024, 15, 14171-14176 | 14171
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of an early RNA/DNA world.** We could show that these non-
canonical nucleosides add functions to RNA that would
strongly benefit the evolution of life.** For example, non-
canonical nucleosides t°A, g°A, as well as (m)nm®>U,***” enable
RNA to grow peptides on itself in a process which can establish
an RNA-peptide world (Fig. 1).** The loading with amino acids
and peptides and their connection to more complex structures
is in principle possible under prebiotically plausible freezing/
thawing conditions.*>* It was shown, that this loading reac-
tion exhibits no stereochemical bias, meaning that r- and p-
amino acids are loaded onto RNA with no preference.'>
However, when the amino acids are allowed to react with each
other to give peptides, a large kinetic advantage was observed
for the r-configured amino acids."**>’

Based on this observation, we can envision a primitive
peptide synthesis cycle as depicted in Fig. 1, that is driven by
cold/hot cycles (—20 °C to +90 °C). In this model, amino acids
(aa) and small peptides react (via nitrosation of N°-urea-A) with
RNA (step I and II) to give (m®)aa®A-containing RNA-donor
strands ((m®)aa®A-RNA),** which can hybridize to complemen-
tary RNA acceptor strands containing the non-canonical

(o) (1) Nitrosation
= (1) Loading of amino acid
HNJ\N
meml H (0) Annealing of acceptor and donor
(1) Stereoselective coupling
) (2) Thermal cleavage
(3) Release o R
(o] (4) Recapture of a donor strand ., Il OH
L Ny
HN™ON O o°c JNfN
' No @-20°C Gl i
| @ 25°C 0 =
@ 90°C 0 ﬁ/l\R
-0 m—aa-COH= ) HN SN
N"C 2 /,L I
ﬂ)k H,N-aa-COOH -
~L-COH e -aa3-CO;H

m—-a3a-NH,

N

COLD
(0) or (4) _aa
S )
e -aa-aa-NH,
(2)
-mPA
: @) -‘--.m-aa-NH2
— A -mBA
+—.aa_O E -aa-o

HOT

Fig.1 Cold/hot cycle of amino acid loading onto RNA (steps | and I1)
and iterative peptide synthesis cycle, that could lead to homochiral
peptide formation in an outgrowth process. The steps of the cycle
include: annealing of the complementary acceptor and donor strands
(step 0), stereoselective peptide coupling (step 1), thermal cleavage of
the peptide from the donor strand (step 2), followed by a release of the
peptide-RNA acceptor conjugate (step 3), that can then recapture
another amino acid-loaded donor strand (step 4), and enter another
cycle. R stands for L- or p-Val.
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nucleoside (m)nm°U (step 0) in the cold. Upon activation and
reaction of the amino acids with the (m)nm’U nucleoside (step
1), a hairpin structure with a high thermal stability is formed.*®
During a phase of increased temperature (90 °C), cleavage of the
thermally labile urea bond will occur (step 2) together with an
immediate dissociation of the strands (step 3). Upon cooling of
the solution, a new donor strand can bind (step 4) to continue
the hot/cold-governed synthesis cycle.*® In the prebiotic context,
these temperature variations could have originated from
volcanic eruptions, meteorite impact or even day/night-
dependent presence of sunlight.>** Current research reports
on one hand cold, even frozen environments on early Earth,*>%
and on the other hot temperatures provided by the hydro-
thermal vents.*

We hypothesise that the initially formed peptides were short
and released into the environment upon degradation of the
RNA. And such they could have been taken up again by donor
strands to continue the process at another RNA “host” strand
(step II). Here we show that such a scenario is realistic and we
show that homo-1 peptides would feature a clear competitive
advantage over peptide strands contaminated with p-amino
acids.

Results and discussion

In order to establish a stereochemical self-selecting peptide
synthesis cycle, we intended to investigate the one-pot growth of
a peptide using a racemic mixture of - and p-Val RNA donor
strands (Fig. 2). We selected valine because it is one of the
simplest chiral amino acids for which a prebiotic existence is
plausible.®** Valine has also been observed in meteorites®®*”
and its formation has been demonstrated in Urey-Miller-type
spark discharge experiments.®*"*

3

|

—
°hf1|. i @ coupling 1 N cleavage 1 ON2, :E_:;z
— ON2, me 00  (+c-ON2,,
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Fig. 2 One-pot synthesis cycle scheme and HPLC-chromatograms.
For reasons of simplicity, only the products formed in detectable
amounts and relevant for further reactions are indicated in the
scheme. Yields were determined by HPLC using the calibration curves
of reference compounds (Fig. S2 and S37).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For the experiment, we first synthesized several 7-mer RNA
donor strands with either - or p-Val ON1,, (L = 1-Val) or ON1j, (p
= p-Val), or a stereochemically mixed Val-dipeptide, connected
to the RNA via 5-N®-methylcarbamoyl adenosine nucleosides
(m®1/p-Val®A,). As the complementary RNA acceptor strand we
prepared an 11-mer RNA strand with a 3'-1- or p-Val-modified 5-
methylaminomethyl uridine (mnm®U) nucleotide (ON2; or
ONZ2j,). 2'OMe nucleotides were used for the construction of the
RNA to increase the thermal stability.”»”®> We next combined all
the donor ON1;, or ON1y, with all the acceptor ON2;, or ON2p,
strands in the cold part of the cycle and performed the peptide
coupling with EDC/Sulfo-NHS as activator (MES buffer pH 6,
NaC], r.t., 2 h), to obtain the different hairpin products ON3y,
ON3p,;, and ON3;;,, ON3pp (not shown). In the hot part of the
cycle, the hairpin products were cleaved (acetate buffer pH 4,
NacCl, 90 °C, 48 h). As the result of the cycle we obtained in all
cases the expected dipeptide products ON2p;, ON2p,; and
ON2;p, ON2pp (not shown), and the peptide-free m°A-RNA
ON4, together with a small amount of the corresponding
hydantoin by-product c-ON2;;, c-ON2;p, ¢-ON2p;, or ¢-ON2pp
(see Scheme S6 in ESIT).* All the oligonucleotides formed were
purified by high-performance liquid chromatography (HPLC)
and characterized using MALDI-ToF mass spectrometry. The
experiment showed that the hot/cold cycle is in all cases effec-
tive and the obtained products were next used as standards for
the analysis of potential diastereoselectivities. It is known from
literature, that the measured diastereoselectivity of peptide
formation in the absence of the sugar is very low, arguing that it
is sugar and the helical chirality that induces the selectivity.””

In order to analyse the diastereoselectivities, we next
prepared an equimolar solution of 1 eq ON1;, and 1 eq ON1p
donor strands (always with Val) and added 1 eq of ON2,, (Fig. 2
and S4t). The coupling reaction was performed as described
above. By using the generated oligonucleotide products from
above as references, we determined by HPLC a diaster-
eoselectivity of 94:6 in favour of the ri-homochiral product
ON3,;, over the heterochiral pr-product ON3p;, with an overall
yield of 58%. After simple filtration of the crude reaction
mixture to remove unreacted activator and exchange of the
buffer solution, the crude product was introduced into the hot-
phase cleavage reaction (48 h, 90 °C). We indeed obtained the
cleaved product ON2p,;, with a diastereoselectivity of 98:2 for
the ri-dipeptide over the second product ON2p,;. In addition,
the hydantoin by-products c-ON2;; and ¢-ON2p;, were formed.
The overall yield was 42% over the two steps.

The reaction mixture was next lyophilized (in analogy to
a dry-down step) and the buffer was exchanged (comparable to
fresh solution floating in a tidal process). We then added
another portion of the equimolar mixture of ON1;, and ON1p,.
After activation, we detected the formation of the hairpin
product ON3y,;;, by HPLC and MALDI-ToF, albeit in a low yield
of 3% (over three steps). The heterochiral product ON3;,, was
not detected. We then went through another hot-phase and
performed the cleavage reaction, which provided in 1% yield
(over 4 steps) the RNA strand ON2yy,, (Fig. 2 and S5; Table S87).
The main reason for the low yield is the large amount of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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possible side reactions due to a high number of reactants
present in the one-pot mixture."

Although we detected a high selectivity for the formation of
the - and rii-products, we next wanted to learn how the
presence of a p-contamination would influence the process. To
study this, we synthesized the 1,.-Val (ON1;;), L,0- (ON1yp), D,L-
(ON1p;) and p,p-Val (ON1pp) RNA donors strands and per-
formed the coupling reactions with either the ON2, or the ON2p
acceptor strand. Again, in order to enable precise character-
ization, we first performed the coupling reactions with each
donor-acceptor strand combination separately to obtain the
tripeptide hairpin products, as reference compounds.

To study the diastereoselectivities (Fig. 3), we next prepared
equimolar mixtures of the dipeptide RNA donor strands
(referred to as ON1yx and ON1y, where X and Y corresponds to
either LL, LD, DL or DD, while X # Y).

We allowed the ON1x and ON1y RNA oligonucleotides with
the different dipeptides to compete for reactions with ON2,
(Fig. 3A and B) or ON2, (Fig. 3A and C).

First, we allowed the equimolar mixtures of ON1x and ON1y
to react with ON2y, using EDC/Sulfo-NHS as the activator (MES
buffer pH 6, NaCl, r.t., 2 h). The reaction mixtures were then
analysed by HPLC (Fig. 3 and Table S91). We observed in the
reactions yields between 25-56%. Next, we determined the ratio
between ON3x;, and ON3yy. Again, high diastereoselectivities in
favor of products that were formed with an r-Val in close prox-
imity of the RNA were observed. The selectivity for ON3y,, over
ONS3, p;, was only 59 : 41 (Fig. 3Ba), but for ON3y;, over ON3pyp
we detected 81:19 (Fig. 3Bc), suggesting that the exchange of
the r-amino acid directly at the nucleobase against the p-coun-
terpart strongly decreases the diastereoselectivity. For the
reaction of an equimolar mixture of ON1;p, and ON1p, we
observed a diastereoselectivity of 62 : 38 for the ON3py, product
over ON3pp,, (Fig. 3Bg). Again, the more r-amino acids are
present, the better is the peptide formation reaction. The ratios
for the other combinations could not be calculated with
certainty due to massive peak overlap.

In order to gain deeper insight how a p-amino acids posi-
tioned directly at the nucleobase influences the selectivities, we
next repeated the competition reactions with ON2y, (Fig. 3C and
Table S9t). Now, we detected highly fluctuating results, but
again, even for ON2p there is some selectivity to react with
a donor strand containing a r-vVal attached to the RNA-donor
strand over a p-Val. We saw a rather limited influence of the
second amino acid present in the donor strand. The highest
stereoselectivity of 80 : 20 was observed for the products ON3y1p
vs. ON3pp (Fig. 3Cd). The overall yields were ranging from 24 to
50%.

We noticed during the study that the second amino acid of
e.g. ON1;; undergoes a ca. 25% racemization when incubated
under the described coupling conditions for 2 h. The mono-Val
donors ON1;, and ON1y, however, did not racemize when sub-
jected to the same conditions. This phenomenon makes the
analysis and interpretation of the described reactions difficult,
but the general result is firmly established, that the homo-L
situation is always winning.

Chem. Sci., 2024, 15, 14171-14176 | 14173
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(A) General scheme for the competitive peptide coupling reactions of equimolar mixture of ON1yx and ON1y with (B) ON2, or (C) ON2p. X

and Y can correspond to either LL, LD, DL or DD, while X # Y. The HPL-chromatograms show the analysed crude reaction mixtures and the
tables summarize the results obtained for the competitive coupling reactions, specifically product ratios of (B) [ON3x,1/[ON3y,] and (C) [ON3xpl/
[ON3ypl. Reaction conditions: [ON1] = 50 uM; [ON2] = 50 uM; [buffer] = 100 mM; [NaCl] = 100 mM and [activator] = 50 mM. Yields were
determined by HPLC analysis using the calibration curve of a reference compound (Fig. S2+).

To complete the set of experiments with dipeptide donors,
we also analysed the competition reactions of ON1;;, ON1pp,
ON1p,;, and ON1pp, with a 1: 1 mixture of ON2;, and ON2y, (Fig. 4
and S7t). For this experiment we prepared an equimolar
mixture of ON2; and ON2, and allowed them to react with the
dipeptide RNA donor strand ON1yx under the described
coupling conditions. The reaction with ON1p; showed

5 —
I  + ON2,
ON1, 5 — )
ON2,
MES buffer pH 6
EDC/Sulfo-NHS NaCl, rt.

Donor strand  Acceptor strands  Overall yield (%) [ON3,J/[ON3,,] ratio
ON1, 54 66:34
ON1, 40 62:38
ONZ2, + ON2,
ON1,, n.d. n.d.
ON1,, 27 29:71

n.d. = not determined (due to peak overlap with impurity)

Fig. 4 Competitive peptide coupling reactions of equimolar mixture
of ON2_and ON2p, with ON1y. X can correspond to either LL, LD, DL or
DD. The table summarizes the results obtained for the competitive
coupling reactions. Reaction conditions: [ON1] = 50 uM; [ON2] = 50
uM; [buffer] = 100 mM; [NaCl] = 100 mM and [activator] = 50 mM.
Yields were determined by HPLC analysis using the calibration curve of
a reference compound (Fig. S27).

14174 | Chem. Sci,, 2024, 15, 14171-14176

a selectivity of 66:34 in favour of the homochiral Lii-hairpin
product ON3,, over the product ON3y, , (Fig. 4). This diaster-
eoselectivity decreased slightly when we used ON1,, (62 : 38,
ON3; ;. : ON3;pp). The p,p-Val donor ON1py, showed a reversed
selectivity towards the homochiral all-p product ON3ppp, of 71 :
29 compared to ON3ppy, (Fig. S7dt). The coupling reaction with
ON1yp;, could not be analysed due to a HPLC peak overlap of the
product with an impurity.

Finally, we wanted to investigate if the observed tendency to
form homo-L products prevails when one moves from RNA to
DNA in light of the recent discussion that life may have started
with a DNA-world* or a mixed RNA-DNA world.** We therefore
synthesized the DNA analogues of the donor strands dON1;, and
dON1y and the acceptor strands dON2;, and dON2p, by solid-
phase oligonucleotide synthesis to form the hairpin products
dON3. We conducted the competitive coupling reactions and
observed the formation of the dON3;, with a high diaster-
eoselectivity of 85:15 over the heterochiral product dON3py,
(Fig. 5a). The reverse competition reaction yielded a 31:69
stereoselectivity for dON3yp over dON3py, (Fig. 5b). These
results suggest that DNA will induce a similar diaster-
eoselectivity towards the homo-L products.

In order to gain more information about the conformation of
the RNA duplexes, we finally measured the circular dichroism
(CD) spectra of three different solutions: (1) annealed RNA
duplex of ON1;, and ON2y, (2) hairpin duplex ON3y,, and (3) the
canonical analogue annealed RNA duplex of ON5 and ON6
(Fig. S91). We observed CD-spectra typical for double-stranded
A-form RNA with no significant changes introduced by the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DNA-competitive peptide coupling reactions between dON1_
and dON1p with (@) dON2, or (b) dON2p using EDC/Sulfo-NHS as
activator. Yields were determined by HPLC analysis using the calibra-
tion curve of a reference compound (Fig. S27).

nucleobase modification or the hairpin formation between
them.

Conclusions

In this work we explored the possibility of a primitive
temperature-driven one-pot peptide synthesis cycle, in which
stereoselective peptide coupling followed by thermal cleavage
can lead to an enriched formation, albeit in low yields, of the
homochiral all t-peptides.

We investigated how different stereochemical dipeptide
combinations, namely the presence of .- and p-amino acids in the
cycle, would influence the peptide-forming chemistry. We found
that whatever combination we investigated, in almost all cases we
observed faster reactions and higher yields with r-amino acids
and homo-i-peptides. The r-situation outcompeted reactions
with p-amino acids present on the donor or on the acceptor
strand, especially when the (1-) amino acid was directly attached
to the nucleobase and therefore in close contact with the nucleic
acid strand. Important is the observation that this stereochem-
ical “preferential handshake” (p-ribose and r-amino acid) is also
true with p-deoxyribose, which forms DNA. It shows us that even
in a putative prebiotic world in which DNA-only or a mixed DNA-
RNA combination were the carrier of genetic information, the
stereochemical preference for L amino acids prevails.
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4. Unpublished results

4.1 Rate constants of cleavage kinetics

Previously, we reported that the urea cleavage step in the RNA-peptide synthesis cycle
proceeds at a faster rate for donor strands containing m®aa®A, compared to aa®A RNA
strands.?*¥ The rationale behind it, is that in the presence of the N°®-methyl group on the
adenosine, the syn- conformation is energetically favoured over the anti-conformation, due to

the steric clash between the N7 position and the methyl group (Scheme 7).

_CHj; HsC.
HN O 'NH
¢ . ¢ .
HO HO
o I (6]
OH OH OH OH
syn anti

Scheme 7: The syn- and anti-conformation of m®A nucleoside.

In the m®aa®A nucleoside, the methyl group would be forced into the anti-confirmation, to
minimize the steric interactions caused by the bulky amino acid substituent. This strain and the
urge to twist back to syn is a driving force for the cleavage reaction and influences the reaction

rate.[*’]

To quantify the difference in the rate constants of the cleavage step, kinetic experiments of this
reaction with oligonucleotide strands containing géA (ONy) and m®g®A (ONwe) were conducted
(Scheme 8). 22OMe nucleosides were used to reduce the RNA decomposition caused by

prolonged exposure to high temperature in the acidic milieu.
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Scheme 8: The cleavage reaction of the RNA oligonucleotides ONx and ONwe at 90°C.
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The oligonucleotide ON was mixed with MES buffer (pH 6) or acetate buffer (pH 4), NaCl and
H2O and the reaction mixture was heated to 90°C for different periods of time (0 — 30 h). The
concentration of the components was: [ON] = 10 uM, [buffer] = 100 mM, [NaCl] = 100 mM. The
progress of the reaction was measured by injecting the reaction mixture into the HPLC at
different time points. The concentration of the ON could be determined by integration of the

oligonucleotide peak.

The experimental cleavage data for concentration of ON (M) vs. time (h) were plotted and the
data fitted to the corresponding theoretical kinetic model using the Parameter Estimation
Module of COPASI software Version 4.29 (Figure 8).[2%]
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Figure 8: Plots of concentration of ON vs. time. Cleavage rate constant of ONy at pH 6 (kn) and pH 4 (k+) and of
ONwe at pH 6 (k) and pH 4 (kn).

The rate constants, which depend only on the change in concentration of the starting material

ON, were calculated using the equation for a first-order reaction:

d [ON]

rate = —
dt

= k [ON]
The equation can be rearranged to:

In[ON] = — k t +In[ON],

So, if we plot the In of the oligonucleotide concentration ([ON]) vs. time (h), we can calculate
the gradient m of the linear function which will correspond to the rate constant of the reaction
(Table 1).

y=mx+c
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From the rate constant, we can then calculate the Gibbs’ free energy of the reaction:

AG° = —RT Ink

_4a6
k = e RT

It is more accurate to use the Eyring equation, due to the temperature dependence.

We can calculate the difference in Gibbs’ free energy AG for cleavage of ONye vs. ONy (Table
1).

Table 1: The rate constants of ONn or ONwme at pH 4 or pH 6, and the difference in the Gibbs’ free energy between
these reactions.

ku (sh) Kme () AGye — AGy (kcal/mol)
pH 4 1.50 x 10° 2.67 x 10° 0.42
pH 6 3.88 x 10°® 7.22 x 10°® 0.45

We can conclude that the presence of the N® methyl group and the reduction of the pH of the

reaction mixture, significantly increase the rate constant of the cleavage reaction.

The cleavage reaction of a hairpin strand with more than one amino acid (dipeptide or longer),
is accompanied by the formation of a cyclic hydantoin by-product.?°4 This side product was
forming increasingly at higher pH and higher temperature.?*l This means that the cleavage
reaction at pH 4 is not only faster than at higher pH, but also reduces the extent of the side
reaction. Due to the presence of 220OMe modification, the RNA degradation is minimal even at

low pH.
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5. Experimental part

5.1 General information and instruments for nucleosides and phosphoramidites

Reagents were purchased from commercial suppliers and used without further purification.
Anhydrous solvents, stored under inert atmosphere, were also purchased. All reactions
involving air/moisture sensitive reagents/intermediates were performed under inert
atmosphere using oven-dried glassware. Routine *H NMR, *C NMR and *'P NMR spectra
were recorded on a Bruker Ascend 400 spectrometer (400 MHz for *H NMR, 100 MHz for 3C
NMR and 162 MHz for 3P NMR), Bruker Ascend 500 spectrometer (500 MHz for *H NMR, 125
MHz for 13C NMR and 202 MHz for 3P NMR) or Bruker ARX 600 spectrometer (600 MHz for
'H NMR, 150 MHz for 3C NMR and 243 MHz for 3P NMR). Deuterated solvents used are
indicated in the characterization and chemical shifts (&) are reported in ppm. Residual solvent
peaks were used as reference.?' All NMR J values are given in Hz. COSY, HMQC and HMBC
NMR experiments were recorded to help with the assignment of *H and *3C signals. NMR
spectra were analyzed using MestReNova software version 10.0. High Resolution Mass
Spectra (HRMS) were measured on a Thermo Finnigan LTQ-FT with ESI as ionization mode.
IR spectra were recorded on a Perkin-Elmer Spectrum BX Il FT-IR instrument or Shimadzu
IRSpirit FT-IR instrument. Both equipped with an ATR accessory. Column chromatography
was performed with technical grade silica gel, 40-63 um patrticle size. Reaction progress was
monitored by Thin Layer Chromatography (TLC) analysis on silica gel 60 F254 and stained

with para-anisaldehyde, potassium permanganate or ninhydrin solution.
5.2 Synthesis of phosphoramidites

Most of the compounds synthesized during my PhD have been published.?142171218 For

unpublished synthesis, see below.
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Nucleobase-modified 2’-methoxy Né-carbamoyl adenosine phosphoramidite
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Scheme 9: Synthesis of nucleobase-modified 2'0OMe Né-methylcarbamoyl adenosine phosphoramidite

Compounds 15, 16, 17 have been synthesized according to literature.?4

General procedure for the synthesis of 18: A solution of compound 17 (1.0 equiv.) in
CHCl,/pyridine (9:1 v/v) inside a plastic reaction vessel was cooled to 0°C. Subsequently, a
solution of 70% HF-pyridine (5.0 equiv.) was slowly added and the reaction mixture was stirred
at 0°C for 2 h. The reaction mixture was diluted with ag. sat. NaHCOs; solution and extracted
with CH.Cl,. The combined organic layers were washed with water, dried (MgSQO.), filtered and
concentrated under reduced pressure. The crude product was purified by silica gel column

chromatography to isolate the product 18 as a white foam.

18: Yield: 86%; Rs = 0.26 (95:5 CH.Cl,/MeOH); IR (ATR) V (cm™): 3227 (w); 2936 (w); 1744
(m); 1694 (m); 1612 (m); 1588 (m); 1514 (s); 1468 (m); 1343 (s); 1255 (m); 1186 (s); 1088 (m);
1054 (m); 856 (m). *H NMR (400 MHz, CDCls, 298 K) & (ppm): 9.85 (s, 1H); 8.75 (s, 1H); 8.53
(s, 1H); 8.28 (s, 1H); 8.16 — 8.06 (m, 2H); 7.43 — 7.35 (m, 2H); 6.00 (d, J = 6.9 Hz, 1H); 4.66
(dd, J=6.9 Hz, J = 4.7 Hz, 1H); 4.61 (dd, J = 4.6 Hz, J = 1.3 Hz, 1H); 4.45 (t, J = 6.6 Hz, 2H);
4.37 (q, J = 1.6 Hz, 1H); 4.28 — 4.11 (m, 2H); 3.99 (dd, J = 13.0 Hz, J = 1.8 Hz, 1H); 3.80 (dd,
J=13.0 Hz, J = 1.7 Hz, 1H); 3.38 (s, 3H); 3.09 (t, J = 6.6 Hz, 2H). 1*C NMR (101 MHz, CDCls,
298 K) 6 (ppm): 169.7; 153.9; 149.3; 146.9; 145.3; 143.5; 129.8; 123.8; 89.4; 88.0; 82.9; 77.2;
70.3; 64.7; 63.1; 58.9; 42.1; 34.8. HRMS (ESI) m/z: [M+H]* Calcd. for CxH26N709 532.1786;
Found 532.1786.
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General procedure for the synthesis of 19: Compound 18 (1 equiv.) was dissolved in dry
pyridine and stirred under nitrogen atmosphere at r.t. 4,4-Dimethoxytrityl chloride (1.5 equiv.)
was added in two portions and the reaction was stirred at r.t. overnight. After that, the crude
was concentrated and purified by silica gel column chromatography (eluent containing 0.1%

pyridine) affording the product 19 as a white foam.

19: Yield: 84%; Rs = 0.40 (96:4 CH,Cl,/MeOH); IR (ATR) 7 (cm™): 3234 (w); 2934 (w); 1747
(s); 1698 (m); 1607 (m); 1586 (m); 1508 (s); 1466 (m); 1343 (s); 1247 (s); 1175 (s); 1030 (s);
826 (m); 701 (s). *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 9.89 (t, J = 5.8 Hz, 1H); 8.80
(s, 1H); 8.50 (s, 1H); 8.45 (s, 1H); 8.14 — 8.06 (m, 2H); 7.63 — 7.55 (m, 2H); 7.50 — 7.43 (m,
2H); 7.36 — 7.30 (m, 3H); 7.31 — 7.22 (m, 2H); 7.24 — 7.15 (m, 1H); 6.88 — 6.78 (m, 4H); 6.24
(d, J=3.9 Hz, 1H); 4.70 (dt, J = 6.4, 5.2 Hz, 1H); 4.63 (dd, J = 5.0 Hz, J = 4.0 Hz, 1H); 4.45 (t,
J =6.4 Hz, 2H); 4.28 — 4.20 (m, 2H); 4.14 (d, J = 5.8 Hz, 2H); 3.76 (d, J = 2.2 Hz, 6H); 3.53 (s,
3H); 3.52 — 3.39 (m, 2H); 3.14 (t, J = 6.4 Hz, 2H). *C NMR (101 MHz, acetone-ds, 298 K) &
(ppm): 170.6; 159.6; 159.6; 154.5; 151.7; 151.2; 151.2; 150.7; 147.6; 147.4; 146.1; 143.3;
136.7;136.7; 136.6; 131.1; 131.0; 130.9; 129.0; 128.6; 127.5; 124.6; 124.2; 121.7; 113.8; 87.8;
87.0; 85.0; 83.8; 70.7; 65.2; 64.4; 58.8; 55.5; 42.6; 35.3. HRMS (ESI) m/z: [M+H]* Calcd. for
C43H4sN7011 834.3093; Found 834.3079.

General procedure for the synthesis of compound 20: Compound 19 (1 equiv.) was added
to a dry-oven round-bottom flask and dissolved in dry CH,Cl,. The solution was stirred under
Argon atmosphere at 0°C. DIPEA (4 equiv.) was added dropwise. Finally, 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (2.5 equiv.) was added dropwise. The reaction was stirred
at r.t. for 3 h. After that, the reaction was stopped and diluted with CH2>Cl.. The crude was
washed with aqueous saturated NaHCO3; and the organic layer was separated. The crude was
further extracted with CH,Cl,. The combined organic layers were dried (Na2S0O.), filtered and
concentrated. The crude was purified by silica gel column chromatography (eluent containing
0.1% pyridine). The products were isolated as a mixture of diastereoisomers as a white foam.

Finally, the product 20 was lyophilized from benzene.

20: Yield = 69%. Rf = 0.63 (1:4 iHex/EtOAc). 3P NMR (202 MHz with cryoprobe, acetone-ds,
298 K): & (ppm) = 150.3; 149.7. HRMS (ESI) m/z: [M+H]* Calcd for CszHe1O12NoP 1034.4171;
Found 1034.4154.
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NMR of compound 18
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NMR of compound 19
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NMR of compound 20
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5.3 General information and instruments for oligonucleotides
Synthesis and purification of oligonucleotides

Phosphoramidites of 2’-O-Me ribonucleosides (2’-OMe-Bz-A-CE, 2’-OMe-Dmf-G-CE, 2’-OMe-
Ac-C-CE and 2’- OMe-U-CE) were purchased from LinkTech and Sigma-Aldrich.
Oligonucleotides (ONs) were synthesized on a 1 pymol scale using RNA SynBaseTM CPG
1000/110 and High Load Glen UnySupportTM as solid supports using an RNA automated
synthesizer (Applied Biosystems 394 DNA/RNA Synthesizer) with a standard phosphoramidite
chemistry. ONs were synthesized in DMT-OFF mode using DCA as a deblocking agent in
CHCI,, BTT or Activator 42® as activator in MeCN, Ac,0 as capping reagent in pyridine/THF

and |, as oxidizer in pyridine/H20.

Deprotection of Onpe and teoc groups

For the deprotection of the para-nitrophenylethyl (Onpe) group in ONs containing amino acid-
modified carbamoyl adenosine nucleosides, the solid support beads were suspended in a 9:1
THF/DBU solution mixture (1 mL) and incubated at r.t. for 2 h.[2'% After that, the supernatant

was removed, and the beads were washed with THF (3x1 mL).
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For the deprotection of the 2-(trimethylsilyl)ethoxycarbonyl (teoc) group in ONs containing 5-
methylaminomethyl uridine nucleosides, the solid support beads were suspended in a
saturated solution of ZnBr, in 1:1 MeNO2/IPA (1 mL) and incubated at r.t. overnight.l??° After
that, the supernatant was removed, and the beads were washed with 0.1 M EDTA in water (1

mL) and water (1 mL).

Coupling of amino acids to ONs anchored to the solid support beads

The solid support beads (1 umol) in an Eppendorf tube were washed with dry DMF (0.3 mL).
In a separate Eppendorf tube, Boc-protected L- or D-Valine, DMTMM<BF, (100 pmol) as
activator and dry DIPEA (200 umol) were dissolved in dry DMF (0.6 mL). Subsequently, the
amino acid solution was added to the solid support beads and the reaction was incubated in
an orbital shaker at r.t. for 1 h. The suspension was centrifuged and the supernatant was
removed. The solid support beads were washed with dry DMF (2x0.3 mL) and dry MeCN

(2x0.3 mL). Finally, the beads were dried using a SpeedVac concentrator.

For the deprotection of the tert-butyloxycarbonyl (Boc) group in ONs after the coupling of a
Boc-protected amino acid or peptide, the solid support beads were suspended in a 1:1
TFA/CH.CI, solution mixture (0.5 mL) and incubated for 5 min at r.t.?2l After that, the
supernatant was removed and the solid support beads were washed with CH»Cl, (2x0.5 mL).

Cleavage from beads and precipitation of the synthesized ON

The solid support beads were suspended in a 1:1 agueous solution mixture (0.6 mL) of 30%
NH4OH and 40% MeNH.. The suspension was heated at 65°C (8 min for SynBaseTM CPG
1000/110 and 60 min for High Load Glen UnySupportTM). Subsequently, the supernatant was
collected, and the beads were washed with water (2x0.3 mL). The combined aqueous
solutions were concentrated under reduced pressure using a SpeedVac concentrator. After
that, the crude was dissolved in DMSO (100 uL) and the ON was precipitated by adding 3 M
NaOAc in water (25 uL) and n-butanol (1 mL). The mixture was kept at -80°C for 2 h and
centrifuged at 4°C for 1 h. The supernatant was removed, and the white precipitate was

lyophilized.
Purification of the synthesized ON by HPLC and desalting

The crude was purified by semi-preparative HPLC (1260 Infinity Il Manual Preparative LC
System from Agilent equipped with a G7114A detector) using a reverse-phase (RP) VP 250/10
Nucleodur 100-5 C18ec column from Macherey-Nagel (buffer A: 0.1 M AcOH/EtsN pH 7 in H.O
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and buffer B: 0.1 M AcOH/Etz:N pH 7 in 20:80 H,O/MeCN; Gradient: 0-25% of B in 45 min;
Flow rate = 5 mL-:min-1). The purified ON was analyzed by RP-HPLC (1260 Infinity 1l LC
System from Agilent equipped with a G7165A detector) using an EC 250/4 Nucleodur 100-3
C18ec from Macherey-Nagel (Gradient: 0-30% of B in 45 min; Flow rate = 1 mL-min-1). Finally,
the purified ON was desalted using a C18 RP-cartridge from Waters.

Determination of the concentration and the mass of the synthesized ON

The absorbance of the synthesized ON in H,O solution was measured using an IMPLEN
NanoPhotometer® N60/N50 at 260 nm. The extinction coefficient of the ON was calculated
using the OligoAnalyzer Version 3.0 from Integrated DNA Technologies. For ONs incorporating
non-canonical bases, the extinction coefficients were assumed to be identical to those

containing only canonical counterparts.

The synthesized ON (2-3 pL) was desalted on a 0.025 pm VSWP filter (Millipore), co-
crystallized in a 3-hydroxypicolinic acid matrix (HPA, 1 uL) and analyzed by matrix-assisted

laser desorption/ionization — time-of-flight (MALDI-TOF) mass spectrometry (negative mode).

5.4 Synthesis of oligonucleotides
The synthesis of most oligonucleotides from my PhD has been published.?4:1218]

The oligonucleotides described in Section 4 are characterized below.

Table 2: HPLC retention times (0-40% of B in 45 min) and MALDI-ToF mass spectrometric analysis (negative mode)
of oligonucleotide strands ONx and ONwe (described in Section 4) containing géA or m8gfA at the 5-end. The
subscript m stands for 2’0OMe nucleotides.

Sequence Donor strand tr (min)  m/z calcd. for [M-H]-  found
ONy; X = gbA,, 231 2361.4 2360.6
5’-X(AUCGCU),-3’
ONpe; X = mPgfA, 24.0 2375.4 2374.8
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6. Abbreviations

A
aaRS
Ac
AMP
ATP

Boc

CDI
COSsY

DBU
DCM
de
DIPEA
DMF
DMSO
DNA
ee
EDC
EDTA
equiv.
ESI

HPA

HPLC
HRMS

IDA

IR

L

LUCA
MALDI-TOF
MeCN

MES

adenine (nucleobase), adenosine (nucleoside)
aminoacyl-tRNA synthetase

acetyl

adenosine 5’-monophosphate

adenosine 5’-triphosphate
tert-butyloxycarbonyl

cytosine (nucleobase), cytidine (nucleoside)
carbonyldiimidazole

correlation spectroscopy

stereodescriptor for the D-enantiomer (lat. dexter)
1,8-diazabicyclo[5.4.0]Jundec-7-en
dichloromethane

diastereomeric excess

diisopropylethylamine

N,N-dimethylformamide

dimethyl sulfoxide

deoxyribonucleic acid

enantiomeric excess
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
ethylenediaminetetraacetic acid

equivalents

electron spray ionization

guanine (nucleobase), guanosine (nucleoside)
hour(s)

3-hydroxypicolinic acid

high performance liquid chromatography

high resolution mass spectrometry

initial Darwinian ancestor

infrared spectroscopy

stereodescriptor for the L-enantiomer (lat. laevus)

last universal common ancestor

matrix assisted laser desorption-ionisation — time-of-flight

acetonitrile

2-(N-morpholino)-ethane sulfonate
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MIC
MRNA
MS
NMR
npe
ON
Phe
PIPES
ppm
PTC
Rf
RNA
rRNA

TBS
TEA
teoc
THF
TLC
tRNA

methyl isocyanate

messenger ribonucleic acid

mass spectrometry

nuclear magnetic resonance
p-nitrophenyl ethyl

oligonucleotide

phenylalanine
1,4-piperazinediethanesulfonic acid
parts per million

peptidyl transferase centre
retardation factor

ribonucleic acid

ribosomal ribonucleic acid

thymine (nucleobase), thymidine (nucleoside)
tert-butylmethylsilyl

triethylamine
(trimethylsilyl)ethoxycarbonyl
tetrahydrofurane

thin-layer chromatography

transfer ribonucleic acid

uracil (nucleobase), uridin (nucleoside)
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1. General information and instruments for phosphoramidites, amino acids and peptides

Reagents were purchased from commercial suppliers and used without further purification unless otherwise stated.
All anhydrous solvents stored under inert atmosphere were also purchased. All reactions involving air/moisture
sensitive reagents/intermediates were performed under inert atmosphere using oven-dried glassware. Routine *H
NMR, 3C{*H} NMR and 3!P{*H} NMR were recorded on a Bruker Ascend 400 spectrometer (400 MHz for *H NMR,
100 MHz for **C NMR and 162 MHz for 3P NMR) or a Bruker ARX 600 spectrometer (600 MHz for *H NMR, 150
MHz for 1*C NMR and 243 MHz for 3'P NMR). Deuterated solvents used are indicated in the characterization and
chemical shifts (&) are reported in ppm. Residual solvent peaks were used as reference.! All NMR J values are
given in Hz. COSY, HMQC and HMBC experiments were recorded to help with the assignment of *H and *C
signals. NMR spectra were analyzed using MestReNova software version 10.0. High Resolution Mass Spectra
(HRMS) were measured on a Thermo Finnigan LTQ-FT with ESI as ionization mode. IR spectra were recorded on
a Perkin-Elmer Spectrum BX Il FT-IR instrument equipped with an ATR accessory. Column chromatography was
performed with silica gel technical grade (Macherey-Nagel), 40-63 pym particle size. Reaction progress was
monitored by Thin Layer Chromatography (TLC) analysis on silica gel 60 F254 and stained with para-anisaldehyde,
potassium permanganate or cerium ammonium molybdate solution.

2. Synthesis and characterization data

2.1 Nucleobase-modified 5-methyluridine phosphoramidites
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Scheme S1. Synthesis of nucleobase-modified 5-methyluridine phosphoramidites.
General procedure for the synthesis of 3a,b:

Silyl-protected 5-methyluridine 2 was synthesized starting from 5-methyluridine 1 following a procedure previously
described in literature.? A solution of 2 (1.0 equiv.) in dry CHCI; was heated at 60°C. N-bromosuccinimide (NBS)
(1.2 equiv., previously purified by recrystallization) and azobisisobutyronitrile (AIBN) (0.12 equiv.) were added and
the reaction was stirred under reflux for 1.5 h. After that, the reaction mixture was cooled to r.t. and either MeNH
(2Min THF, 5.0 equiv.) for 3a or NHs (0.5 M in 1,4-dioxane, 5.0 equiv.) for 3b were added. The resulting suspension
was stirred for 2 h at r.t. and, subsequently, it was diluted with ag. sat. NaHCO3 solution. The crude was extracted
three times with DCM. The combined organic layers were dried (MgSO.), filtered and concentrated. The crude was
purified by silica gel column chromatography to furnish 3a,b as a yellow foam.
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3a: Yield: 48%; Ry = 0.11 (9:1 DCM/MeOH); IR (ATR) ¥ (cm®): 2931 (w), 2858 (w), 2359 (w), 1682 (s), 1462 (m),
1386 (w), 1254 (m), 1202 (w), 1167 (w), 1115 (m), 1057 (), 1000 (m), 938 (w), 882 (m), 827 (s), 778 (s), 754 (m),
685 (W); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 7.35 (s, 1H), 5.66 (s, 1H), 4.47 (dd, J = 9.5, 4.7 Hz, 1H), 4.28
(d, J = 4.7 Hz, 1H), 4.18-4.06 (m, 1H), 4.05-3.97 (m, 1H), 3.92 (dd, J = 9.5, 4.7 Hz, 1H), 3.58-3.47 (m, 2H), 2.41
(s, 3H), 1.03 (s, 9H), 1.01 (s, 9H), 0.91 (s, 9H), 0.15 (s, 3H), 0.12 (s, 3H); C{*H} NMR (100 MHz, CDCls, 298 K)
5 (ppm): 164.2, 150.1, 138.1, 111.1, 94.1, 76.1, 75.3, 74.6, 67.7, 47.6, 35.0, 27.6, 27.1, 26.0, 22.9, 20.5, 18.4, -
4.2,-4.9; HRMS (ESI) m/z: [M+H]* Calcd. for CosHasNsOsSi» 542.3076; Found 542.3076.

3b: Yield: 29%; R( = 0.25 (100:5 DCM/MeOH); IR (ATR) 7 (cm): 3052 (w), 2934 (w), 2858 (w), 2363 (w), 1687
(m), 1471 (w), 1422 (W), 1388 (W), 1264 (s), 1204 (w), 1168 (w), 1115 (m), 1059 (m), 999 (m), 938 (w), 896 (W),
882 (m), 828 (s), 780 (M), 731 (s), 702 (s); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 7.29 (s, 1H), 5.69 (s, 1H),
4.49 (dd, J=9.1, 5.0 Hz, 1H), 4.28 (d, J = 4.8 Hz, 1H), 4.18-4.08 (m, 1H), 4.01 (dd, J = 10.6, 9.1 Hz, 1H), 3.92 (dd,
J=9.5, 4.8 Hz, 1H), 3.60 (s, 2H), 1.05 (s, 9H), 1.02 (s, 9H), 0.92 (s, 9H), 0.16 (s, 3H), 0.13 (s, 3H); *C{*H} NMR
(100 MHz, CDCls, 298 K) & (ppm): 163.2, 149.6, 136.3, 94.1, 76.2, 75.4, 74.6, 67.7, 39.2, 27.6, 27.1, 26.0, 22.9,
20.5, 18.4, -4.2, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for CasHasNsOsSi> 528.2920; Found 528.2921.

General procedures for the synthesis of 4a-c:

Procedure A (for compounds 4a,b): To a solution of 3a,b (1.0 equiv.) in 1,4-dioxane and H,O (1:1 v/v) were
added teoc-OSu (1.1 equiv.) and triethylamine (TEA) (1.5 equiv.). The mixture was stirred at r.t. for 16 h. After that,
the crude was diluted with water and extracted three times with Et,O. The combined organic layers were washed
with water, dried (MgSO,), filtered and concentrated. The obtained residue was purified by silica gel column
chromatography to yield the teoc-protected compound 4a,b as a white solid.

Procedure B (for compound 4c): Teoc-protected valine was synthesized following a previously reported
procedure in literature.® Teoc-Val-OH (1.2 equiv.) was dissolved in dry DCM and DMF (99:1 v/v). To the solution,
1-hydroxybenzotriazole hydrate (HOBtH,O) (1.2 equiv.), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC+HCI) (1.2 equiv.) and N,N-diisopropylethylamine (DIPEA) (1.2 equiv.) were added. After
stirring at r.t. for 30 min, a solution of 3a (1.0 equiv.) in DCM was added and the reaction was stirred for 24 h. The
reaction mixture was extracted three times with DCM. The combined organic layers were dried (MgSO.), filtered
and concentrated. Purification by silica gel column chromatography furnished the amino acid conjugate 4c as a
white foam.

4a: Yield: 79%; Ry = 0.34 (4:1 i-Hexane/EtOAC); IR (ATR) 7 (cm™): 3054 (w), 2956 (w), 2359 (w), 1692 (m), 1463
(W), 1422 (w), 1264 (s), 1214 (), 1167 (w), 1146 (), 1059 (w), 1000 (w), 938 (w), 895 (m), 838 (m), 730 (s), 702
(s); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 9.14 (s, 1H), 7.54 (s, 1H), 5.65 (s, 1H), 4.48 (dd, J = 9.2, 4.2 Hz,
1H), 4.28 (d, J = 4.2 Hz, 1H), 4.23-3.98 (M, 6H), 3.91 (dd, J = 9.2, 4.2 Hz, 1H), 2.96 (s, 3H), 1.05 (s, 9H), 1.03-
0.96 (m, 11H), 0.93 (s, 9H), 0.18 (s, 3H), 0.13 (s, 3H), 0.04 (s, 9H); 3C{*H} NMR (100 MHz, CDCls, 298 K) 5 (ppm):
163.6, 157.1, 149.7, 139.4, 110.8, 93.8, 76.0, 75.5, 74.9, 67.6, 63.8, 45.0, 35.6, 27.7, 27.1, 26.0, 22.8, 20.5, 18.4,
17.9, 1.3, -4.2, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for Cs1HeoNsOsSis 686.3683; Found 686.3683.

4b: Yield: 89%; Ry = 0.23 (4:1 i-Hexane/EtOAc); IR (ATR) ¥ (cm™): 2937 (w), 2359 (w), 2167 (w), 1690 (m), 1470
(w), 1251 (m), 1213 (w), 1127 (w), 1061 (m), 999 (m), 831 (m), 779 (m), 730 (s); *H NMR (400 MHz, CDCls, 298
K): & (ppm) 8.13 (s, 1H), 7.46 (s, 1H), 5.65 (s, 1H), 5.23 (t, J = 5.9 Hz, 1H), 4.50 (dd, J = 9.0, 4.9 Hz, 1H), 4.28 (d,
J =4.6 Hz, 1H), 4.20-4.05 (m, 4H), 3.98 (d, J = 6.3 Hz, 2H), 3.90 (dd, J = 9.5, 4.6 Hz, 1H), 1.06 (s, 9H), 1.02 (s,
9H), 0.99-0.88 (m, 11H), 0.18 (s, 3H), 0.14 (s, 3H), 0.03 (s, 9H); **C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm):
162.9, 156.9, 149.4, 138.4, 111.4, 93.9, 76.0, 75.5, 74.9, 67.6, 63.4, 37.7, 27.7, 27.1, 26.0, 22.9, 20.5, 18.4, 17.8,
-1.3,-4.1, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for CsoHssN3OsSis 672.3526; Found 672.3535.

4c: Yield: 87%; R = 0.29 (100:5 DCM/MeOH); IR (ATR) ¥ (cm™): 3053 (w), 2956 (w), 2859 (w), 2359 (w), 1689
(m), 1648 (w), 1586 (w), 1536 (w), 1471 (m), 1382 (w), 1366 (m), 1311 (w), 1264 (s), 1168 (w), 1114 (m), 1059
(m), 1002 (w), 938 (w), 835 (m), 732 (s), 702 (s); For major rotamer: *H NMR (400 MHz, CDCl3, 298 K) & (ppm):
9.22 (s, 1H), 7.66 (s, 1H), 5.69 (s, 1H), 5.40 (d, J = 9.0 Hz, 1H), 4.51-4.42 (m, 2H), 4.25 (d, J = 14.3 Hz, 1H), 4.21-
4.01 (m, 6H), 3.97 (dd, J = 9.0, 4.8 Hz, 1H), 3.21 (s, 3H), 1.92-1.87 (m, 1H), 1.09 (s, 9H), 1.05-0.98 (M, 11H), 0.94-
0.89 (m, 12H), 0.80 (d, J = 6.7 Hz, 3H), 0.14 (s, 3H), 0.11 (s, 3H), 0.02 (s, 9H); **C{*H} NMR (100 MHz, CDCls,
298 K) & (ppm): 172.7, 163.6, 157.0, 149.6, 141.3, 110.1, 93.9, 76.1, 75.6, 74.8, 67.6, 63.4, 55.4, 44.5, 37.3, 31.3,
27.7, 27.1, 26.0, 22.8, 20.5, 19.6, 18.4, 17.8, 17.1, -1.3, -4.2, -5.0; HRMS (ESI) m/z: [M+H]* Calcd. for
CssHeoN4OoSis 785.4367; Found 785.4363.
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General procedure for the synthesis of 5a-c:

The modified 5-methyluridine 4a-c (1.0 equiv.) was dissolved in DCM/pyridine (9:1 v/v) and cooled to 0°C in a
plastic reaction vessel. Subsequently, a solution of 70% HF-pyridine (5.0 equiv.) was slowly added, and the
reaction mixture was stirred at 0°C for 2 h. The reaction was quenched by adding aq. sat. NaHCOj3 and the crude
was extracted three times with DCM. The combined organic layers were washed with water, dried (MgSO.), filtered
and concentrated. The crude product was purified by silica gel column chromatography to afford the diol compound
5a-c as a white foam.

5a: Yield: 80%; Ry = 0.42 (100:5 DCM/MeOH); IR (ATR) 7 (cm): 3417 (w), 3060 (W), 2949 (w), 2856 (w), 2359
(w), 1673 (s), 1462 (m), 1401 (w), 1362 (w), 1250 (m), 1214 (w), 1144 (m), 1088 (m), 1060 (m), 1005 (w), 938 (w),
833 (s), 777 (s), 693 (W); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 9.47 (s, 1H), 8.19 (s, 1H), 5.87 (d, J = 5.2 Hz,
1H), 4.48 (t, J = 5.1 Hz, 1H), 4.30-3.85 (m, 7H), 3.83-3.74 (m, 1H), 2.97 (s, 3H), 2.78 (br s, 1H), 1.03-0.92 (m, 2H),
0.88 (s, 9H), 0.06 (s, 6H), 0.02 (s, 9H) (some proton signals appeared too broad for an unequivocal assignment);
13C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 163.8, 157.4, 150.5, 141.9, 111.4, 90.2, 85.8, 75.3, 71.3, 64.1,
62.2, 445, 35.6, 25.8, 18.1, -1.4, -4.7 (some carbon signals appeared too broad for an unequivocal assignment);
HRMS (ESI) m/z: [M+H]* Calcd. for C23H44N3OgSi> 546.2661; Found 546.2666.

5b: Yield: 95%; R¢ = 0.23 (100:5 DCM/MeOH); IR (ATR) ¥ (cm): 3386 (w), 2950 (w), 2854 (w), 2362 (w), 1674
(s), 1524 (m), 1470 (m), 1390 (), 1333 (), 1248 (s), 1179 (), 1115 (m), 1086 (w), 1060 (s), 1001 (), 938 (w),
902 (w), 857 (m), 833 (s), 779 (s), 694 (W); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 8.51 (s, 1H), 8.09 (s, 1H),
5.80 (s, 1H), 5.35 (t, J = 6.2 Hz, 1H), 4.49 (t, J = 4.8 Hz, 1H), 4.33-4.22 (m, 1H), 4.17-4.05 (m, 4H), 4.02-3.92 (m,
3H), 3.81 (dd, J = 12.0, 5.3 Hz, 1H), 3.57 (t, J = 5.3 Hz, 1H), 2.70 (d, J = 4.3 Hz, 1H), 0.99-0.92 (m, 3H), 0.90 (s,
9H), 0.11-0.08 (M, 6H), 0.02 (s, 9H); *C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 163.0, 157.2, 150.2, 141.0,
111.8, 90.9, 85.7, 75.1, 71.0, 63.6, 62.1, 37.2, 25.8, 18.1, 17.8, -1.3, -4.6, -5.0; HRMS (ESI) m/z: [M+H]* Calcd. for
Ca2Hi2N30sSi, 532.2505; Found 532.2509.

5c: Yield: 91%; R; = 0.18 (100:5 DCM/MeOH); IR (ATR) 7 (cm™): 3440 (w), 3054 (w), 2953 (w), 2857 (w), 2359
(w), 1677 (s), 1463 (m), 1401 (w), 1362 (w), 1264 (s), 1250 (m), 1215 (w), 1137 (m), 1112 (w), 1089 (w), 1060 (w),
1005 (w), 937 (w), 836 (s), 779 (m), 733 (s), 701 (s); For major rotamer: *H NMR (400 MHz, CDCls, 298 K) & (ppm):
8.80 (s, 1H), 8.06 (s, 1H), 5.94 (d, J = 5.0 Hz, 1H), 5.45 (d, J = 9.9 Hz, 1H), 4.59 (d, J = 15.0 Hz, 1H), 4.49 (dd, J
=9.9, 5.4 Hz, 1H), 4.43-4.05 (m, 5H), 3.91 (d, J = 15.0 Hz, 2H), 3.80 (d, J = 12.0 Hz, 1H), 3.19 (s, 3H), 2.71 (d, J
= 3.1 Hz, 1H), 2.01-1.94 (m, 1H), 1.01-0.93 (m, 5H), 0.93-0.85 (m, 13H), 0.07 (s, 3H), 0.06 (s, 3H), 0.03 (s, 9H)
(some proton signals appeared too broad for an unequivocal assignment); **C{*H} NMR (100 MHz, CDCls, 298 K)
& (ppm): 172.9, 163.2, 157.5, 150.2, 139.8, 110.0, 89.5, 85.7, 75.9, 71.3, 63.9, 61.8, 55.8, 44.5, 36.7, 31.0, 25.8,
19.7,18.1, 17.9, 17.1, -1.4, -4.7, -5.1 (some carbon signals appeared too broad for an unequivocal assignment);
HRMS (ESI) m/z: [M+H]* Calcd. for C2sHssN4OeSi, 645.3346; Found 645.3349.

General procedure for the synthesis of 6a-c:

To a solution of the 3',5'-deprotected 5-methyluridine derivative 5a-c (1.0 equiv.) in pyridine was added 4,4'-
dimethoxytrityl chloride (DMTrCI) (1.5 equiv.). After stirring at r.t. for 16 h, the reaction mixture was concentrated
and purified by silica gel column chromatography with an addition of 0.1% of pyridine to the eluent to afford the
DMTr-protected compound 6a-c as a white foam.

6a: Yield: 83%; R; = 0.57 (1:1 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3444 (w), 3055 (w), 2953 (w), 2857 (w), 2359
(w), 1678 (s), 1608 (w), 1583 (w), 1508 (m), 1463 (m), 1401 (w), 1342 (w), 1297 (w), 1264 (m), 1248 (s), 1175 (m),
1150 (m), 1113 (w), 1089 (w), 1034 (m), 1006 (w), 938 (w), 910 (w), 830 (s), 780 (m), 733 (s), 701 (s); For major
rotamer: *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.21 (s, 1H), 7.76 (s, 1H), 7.57-7.46 (m, 2H), 7.45-7.37
(m, 4H), 7.37-7.29 (m, 2H), 7.28-7.19 (m, 1H), 6.90 (d, J = 8.9 Hz, 4H), 5.94 (s, 1H), 4.44 (br s, 1H), 4.22-4.03 (m,
3H), 3.84-3.71 (m, 8H), 3.44 (br s, 2H), 2.90 (br s, 3H), 1.08-0.81 (m, 11H), 0.15 (s, 6H), 0.03 (s, 9H) (some proton
signals appeared too broad for an unequivocal assignment); **C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm):
163.8, 159.6, 156.7, 151.2, 146.1, 136.7, 131.1, 131.0, 129.0, 128.7, 114.0, 114.0, 113.6, 111.4, 89.7, 87.3, 84.3,
76.5,71.5, 64.6, 63.6, 55.5, 46.5, 35.7, 26.2, 18.7, 18.3, -1.4, -4.6, -4.6 (some carbon signals appeared too broad
for an unequivocal assignment); HRMS (ESI) m/z: [M-H]" Calcd. for C4sHgoN3O10Si> 846.3823; Found 846.3825.

6b: Yield: 85%; Ry = 0.33 (2:1 i-Hexane/EtOAc); IR (ATR) v (cm™): 3342 (w), 2950 (w), 2855 (w), 2358 (w), 1708
(s), 1607 (w), 1582 (w), 1508 (m), 1462 (m), 1390 (w), 1248 (s), 1175 (m), 1116 (m), 1089 (w), 1063 (m), 1035
(m), 969 (w), 937 (w), 859 (m), 835 (s), 780 (s), 754 (M), 726 (w), 699 (m); *H NMR (400 MHz, acetone-ds, 298 K)
& (ppm): 10.18 (s, 1H), 7.78 (s, 1H), 7.52 (d, J = 7.6 Hz, 2H), 7.41 (d, J = 8.8 Hz, 4H), 7.34 (t, J = 7.6 Hz, 2H), 7.24
(t, J =7.6 Hz, 1H), 6.92 (d, J = 8.8 Hz, 4H), 6.05 (t, J = 5.0 Hz, 1H), 5.95 (d, J = 4.6 Hz, 1H), 4.46 (t, J = 5.0 Hz,
1H), 4.28-4.22 (m, 1H), 4.17-4.12 (m, 1H), 4.11-4.01 (m, 2H), 3.82 (d, J = 5.8 Hz, 1H), 3.79 (s, 6H), 3.64 (dd, J =
14.5, 5.5 Hz, 1H), 3.56 (dd, J = 14.5, 5.9 Hz, 1H), 3.45 (dd, J = 10.8, 4.2 Hz, 1H), 3.39 (dd, J = 10.8, 2.5 Hz, 1H),
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0.97-0.83 (m, 11H), 0.15 (s, 3H), 0.14 (s, 3H), 0.02 (s, 9H); **C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm):
163.5, 159.6, 157.0, 151.2, 146.0, 138.9, 136.7, 136.6, 131.0, 129.0, 128.8, 127.6, 114.0, 112.2, 89.6, 87.4, 84.3,
76.7, 71.6, 64.4, 62.8, 55.5, 38.5, 26.2, 18.7, 18.4, -1.4, -4.6, -4.7; HRMS (ESI) m/z: [M+H]* Calcd. for
Ca3HeoN3010Si> 834.3812; Found 834.3801.

6c: Yield: 89%; R¢ = 0.42 (1:1 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3054 (w), 2954 (w), 2930 (w), 2857 (w), 2359
(w), 1687 (s), 1644 (w), 1608 (w), 1508 (m), 1463 (m), 1389 (w), 1263 (m), 1249 (s), 1175 (m), 1115 (w), 1083 (),
1061 (w), 1035 (m), 967 (w), 935 (w), 914 (w), 858 (m), 833 (s), 780 (W), 733 (s), 700 (s); For major rotamer: *H
NMR (400 MHz, CDCls, 298 K) & (ppm): 9.10 (s, 1H), 7.75 (s, 1H), 7.45 (d, J = 7.3 Hz, 2H), 7.35 (d, J = 8.8 Hz,
4H), 7.31-7.24 (m, 2H), 7.20 (t, J = 7.3 Hz, 1H), 6.82 (d, J = 8.8 Hz, 4H), 5.88 (d, J = 3.8 Hz, 1H), 5.41 (d, J = 8.9
Hz, 1H), 4.43-4.37 (m, 1H), 4.34-4.29 (m, 1H), 4.18-4.07 (m, 4H), 4.00 (d, J = 14.3 Hz, 1H), 3.77 (s, 6H), 3.54-3.40
(m, 3H), 3.11 (s, 3H), 2.59 (d, J = 6.3 Hz, 1H), 1.92-1.78 (m, 1H), 1.04-0.96 (m, 2H), 0.94-0.86 (m, 12H), 0.79 (d,
J=6.7Hz, 3H), 0.12 (s, 3H), 0.11 (s, 3H), 0.03 (s, 9H) (some proton signals appeared too broad for an unequivocal
assignment); 3C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 172.0, 163.2, 158.7, 156.9, 150.0, 149.8, 144.8,
141.2,136.2, 135.8, 130.4, 130.3, 128.3, 128.0, 127.0, 123.9, 113.3, 110.3, 89.9, 86.8, 83.7, 75.6, 70.8, 63.6, 63.3,
55.3,45.5,37.1, 31.4, 25.8, 19.6, 18.1, 17.9, 17.3, -1.4, -4.5, -5.1 (some carbon signals appeared too broad for an
unequivocal assignment); HRMS (ESI) m/z: [M-H] Calcd. for C4gHesN4O11Si> 945.4507; Found 945.4508.

General procedure for the synthesis of phosphoramidites 7a-c:

A solution of 5’-DMTr-protected compound 6a-c (1.0 equiv.) and DIPEA (4.0 equiv.) in dry DCM was cooled to
0°C. To this solution was slowly added 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (CED-CI) (2.5 equiv.)
and the reaction mixture was stirred at r.t. for 5 h. The reaction was quenched by addition of ag. sat. NaHCO3 and
the crude was extracted three times with DCM. The combined organic layers were dried (MgSOs), filtered and
concentrated under reduced pressure. After purification by silica gel column chromatography with an addition of
0.1% pyridine and co-lyophilization from benzene, the desired phosphoramidite 7a-c was obtained as a mixture of
diastereoisomers and rotamers as a white foam.

7a: Yield: 78%; R¢ = 0.17 (2:1 i-Hexane/EtOAc); **P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.3, 150.2,
148.8, 148.3; HRMS (ESI) m/z: [M-H] Calcd. for CssH77NsO11PSi> 1046.4901, Found 1046.4896.

7b: Yield: 81%; R¢= 0.57 (1:1 i-Hexane/EtOAc); 3*P{*H} NMR (162 MHz, acetone-ds, 298 K): & (ppm): 150.2, 148.3;
HRMS (ESI) m/z: [M-H] Calcd. for Cs;H77NsO11PSi> 1032.4744; Found 1032.4745.

7c: Yield: 89%; R = 0.45 (1:1 i-Hexane/EtOAc); 3*P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.0, 149.9,
149.4, 149.3; HRMS (ESI) m/z: [M-H] Calcd. for CssHasNsO12PSi 1145.5585; Found 1145.5595.

2.2 Npe-protected amino acids and peptides

The npe-protected amino acids Gly, Val, Thr, Phe and Asp were synthesized following previously reported
procedures in the literature.*

DIAD, PPhy, CH,Cl,
Boc-aa,-OH B —— H-aa,-Onpe

2) 4 M HClidioxane
aa, = Ala, 79%
aa, = Leu, 96%
aa, = Pro, 73%
aa, = Met, 92%
aa, = Gly-Gly, 67%
aa, = Ala-Gly-Gly-Gly, 60%

Scheme S2. Synthesis of npe-protected amino acids and peptides.

Procedure A (for Ala, Leu, Pro and Met): Step 1. Boc-aa-OH (1.0 equiv.), 2-(4-nitrophenyl)ethanol (1.3 equiv.)
and PPh; (1.3 equiv.) were dissolved in dry CH,Cl, and stirred at 0°C under nitrogen atmosphere. Diisopropyl
azodicarboxylate (DIAD) (1.3 equiv.) was added dropwise and the reaction was stirred at r.t. overnight. Afterwards,
the reaction was stopped and the crude was washed two times with water. The organic layer was dried (Na;SOs),
filtered and concentrated in vacuo. The crude was purified by silica gel column chromatography affording the Boc-
aa-Onpe as a white solid. Step 2. Boc-aa-Onpe (1.0 equiv.) was dissolved in 4 M HCl in 1,4-dioxane at 0°C. After
the reaction was stirred at r.t. for 1 h, the mixture was concentrated obtaining a white solid. The white solid was
triturated with Et,O, filtered and washed with additional Et,O. The npe-protected amino acid H-aa-Onpe chloride
salt was isolated as a white solid. For Pro, an oil was obtained which was washed with ag. sat. NaHCO3 and the
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crude was extracted with EtOAc. The organic layer was dried (Na,SO.), filtered and concentrated under reduced
pressure. The crude was purified by silica gel column chromatography affording the H-Pro-Onpe as a pale-yellow
oil.

H-Ala-Onpe*HCI: Yield: 79% over two steps; IR (ATR) 7 (cm™): 2843 (m), 1730 (s), 1598 (m), 1345 (s), 1269 (w),
1233 (s), 1195 (m), 1115 (m), 820 (m), 746 (m); *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm): 8.59 (br s, 3H),
8.19-8.17 (M, 2H), 7.61-7.59 (m, 2H), 4.50-4.36 (m, 2H), 4.00 (g, J = 7.2 Hz, 1H), 3.10 (t, J = 6.3 Hz, 2H), 1.33 (d,
J =7.2 Hz, 3H); *C{*H} NMR (100 MHz, DMSO-ds, 298 K) & (ppm): 169.9, 146.4, 146.3, 130.4, 123.5, 65.3, 47.8,
33.9, 15.7; HRMS (ESI) m/z: [M+H]* Calcd. for C11H15N204: 239.1026; Found 239.1027.

H-Leu-Onpe*HCI: Yield: 96% over two steps; IR (ATR) 7 (cm™): 3663 (w), 2871 (m), 1737 (s), 1589 (m), 1516 (s),
1503 (s), 1380 (s), 1260 (w), 1207 (m), 1109 (w), 959 (w), 856 (m), 812 (m), 735 (s); *H NMR (400 MHz, DMSO-
ds, 298 K) & (ppm): 8.63 (s, 3H), 8.17 (d, J = 8.7 Hz, 2H), 7.60 (d, J = 8.7 Hz, 2H), 4.51-4.38 (m, 2H), 3.82 (t, J =
6.5 Hz, 1H), 3.11 (t, J = 6.5 Hz, 2H), 1.54-1.43 (m, 3H), 0.75 (t, J = 5.3 Hz, 6H); *C{*H} NMR (100 MHz, DMSO-
ds, 298 K) & (ppm): 169.8, 146.4, 130.4, 123.4, 65.3, 50.4, 33.8, 23.7, 22.2, 21.8; HRMS (ESI) m/z: [M+H]* Calcd.
for C14H21N204 281.1496; Found 281.1495.

H-Pro-Onpe: Yield: 73% over two steps; Ry = 0.30 (9:1 CH.Cl,/IPA); IR (ATR) ¥ (cm™): 3400 (w), 2879 (w), 1649
(s), 1513 (s), 1432 (m), 1318 (s), 1159 (w), 1048 (m), 856 (M), 747 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppm):
8.18-8.16 (M, 2H); 7.40-7.38 (M, 2H); 4.40-4.37 (m, 2H); 3.74-3.71 (m, 1H); 3.07 (t, J = 6.7 Hz, 2H); 3.05-2.87 (m,
2H); 2.29 (br s, 1H); 2.13-2.02 (m, 1H); 1.77-1.67 (m, 3H); **C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 175.4,
147.0, 145.6, 129.9, 123.9, 64.3, 59.8, 47.1, 35.0, 30.4, 25.6; HRMS (ESI) m/z: [M+H]* Calcd. for CisH17N2O4
265.1183; Found 265.1179.

H-Met-Onpe*HCI: Yield: 92% over two steps; IR (ATR) v (cm™): 2852 (w), 1756 (m), 1743 (m), 1598 (w), 1567
(w), 1509 (s), 1347 (s), 1279 (m), 1256 (W), 1230 (w), 1206 (m), 1194 (m), 1148 (w), 1109 (w), 1066 (m), 1000 (W),
856 (m), 827 (m), 793 (w), 769 (M), 744 (s), 694 (m); *H NMR (400 MHz, DMSO-ds, 298 K) & (ppm): 8.77 (s, 3H),
8.18-8.15 (m, 2H), 7.62-7.59 (m, 2H), 4.50-4.41 (m, 2H), 4.01 (br s, 1H), 3.11 (t, J = 6.3 Hz, 2H), 2.55-2.43 (m,
1H), 2.38-2.27 (m, 1H), 2.03-1.86 (m, 5H); **C{*H} NMR (100 MHz, DMSO-dg, 298 K) & (ppm): 169.1, 146.3, 146.3,
130.4, 123.5, 65.4, 50.8, 33.8, 29.3, 28.2, 14.1; HRMS (ESI) m/z: [M+H]* Calcd. for C13H15N204S 299.1060; Found
299.1058.

Procedure B (for Gly-Gly and Ala-Gly-Gly-Gly): Step 1. Boc-aan-OH (1.0 equiv.) and 2-(4-nitrophenyl)ethanol
(1.3 equiv.) were suspended in dry ACN. Dry pyridine was added giving a solution. The solution was stirred at 0°C
under nitrogen atmosphere. N,N'-dicyclohexylcarbodiimide (DCC) (1.3 equiv.) and HOBt (1.3 equiv.) were added
and the reaction was stirred at r.t. overnight. After that, the reaction was quenched with 1 M ag. citric acid solution
at r.t. for 30 min. The crude was diluted with EtOAc and filtered. The precipitate was washed with EtOAc two times.
The organic layer was washed with ag. sat. NaHCO3 solution and water. The organic layer was dried (Na2SO4),
filtered and concentrated. The crude was purified by silica gel column chromatography affording the boc- and npe-
protected peptide. Step 2. Boc-aan-Onpe (1.0 equiv.) was dissolved in 4 M HCl in 1,4-dioxane at 0°C. After the
reaction was stirred at r.t. for 2 h, the mixture was concentrated obtaining a white solid. The white solid was
triturated with Et2O, filtered and washed with additional Et,O. The npe-protected peptide H-aan-Onpe chloride salt
was isolated as a white solid.

H-Gly-Gly-Onpe*HCI: Yield: 67% over two steps; IR (ATR) 7 (cm™): 1741 (s), 1677 (m), 1660 (s), 1570 (w), 1512
(s), 1479 (w), 1229 (w), 1207 (s), 1199 (s), 1109 (m); *H NMR (400 MHz, DMSO-dg, 298 K) & (ppm): 8.91 (t, J =
5.7 Hz, 1H), 8.21 (br s, 3H), 8.19-8.17 (m, 2H), 7.58-7.56 (M, 2H), 4.34 (t, J = 6.4 Hz, 2H), 3.91 (d, J = 5.7 Hz, 2H),
3.59 (s, 2H), 3.06 (t, J = 6.4 Hz, 2H); *C{*H} NMR (100 MHz, DMSO-ds, 298 K) & (ppm): 169.4, 166.6, 146.5,
146.3, 130.3, 123.5, 64.3, 40.6, 39.7 (the signal overlaps with that of the solvent), 34.0; HRMS (ESI) m/z: [M+H]*
Calcd. for C12H16N30s 282.1084; Found 282.1086.

H-Ala-Gly-Gly-Gly-Onpe*HCI: Yield: 60% over two steps; IR (ATR) 7 (cm™): 3222 (w), 2931 (w), 1743 (w), 1654
(s), 1514 (s), 1188 (s), 1117 (m), 871 (m), 856 (M), 697 (m); *H NMR (400 MHz, DMSO-ds, 298 K) & (ppm): 8.80
(t, J = 5.5 Hz, 1H), 8.38-8.33 (m, 2H), 8.25 (br s, 3H), 8.18-8.16 (M, 2H), 7.58-7.55 (m, 2H), 4.31 (t, J = 6.4 Hz,
2H), 3.91-3.87 (m, 1H), 3.84-3.79 (M, 4H), 3.76-3.72 (m, 2H), 3.04 (t, J = 6.4 Hz, 2H), 1.36 (d, J = 6.9 Hz, 3H);
13C{*H} NMR (100 MHz, DMSO-de, 298 K) & (ppm): 169.9, 169.7, 169.3, 168.6, 146.5, 146.3, 130.3, 123.5, 64.2,
48.2,42.0,41.7, 40.6, 34.0, 17.1; HRMS (ESI) m/z [M+H]*: Calcd. for C17H24Ns07 410.1670; Found: 410.1671.
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2.3 Nucleobase-modified N°-carbamoyl adenosine phosphoramidites
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Scheme S3. Synthesis of nucleobase-modified N°-carbamoyl adenosine phosphoramidites.
General procedure for the synthesis of 10a-j:
The compounds 10a, 10c, 10e, 10g and 10i were previously reported in the literature.*

To a solution of silyl-protected adenosine 95 (1.0 equiv.) in DCM was added 1-N-methyl-3-phenoxycarbonyl-
imidazolium chloride (2.0 equiv.). The resulting suspension was stirred at r.t. for 16 h and then H-aa-Onpe*HCI
(2.0 equiv.) together with NEts (2.0 equiv.) was added. After stirring for 16 h, the reaction mixture was quenched
by the addition of ag. sat. NaHCO; and the crude was extracted three times with DCM. The combined organic
layers were dried (MgSO.), filtered and concentrated in vacuo. Purification by silica gel column chromatography
furnished the amino acid-modified adenosine derivative 10a-j as a white foam.

10b: Yield: 70%; R; = 0.70 (4:3 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3239 (w), 2929 (w), 2855 (w), 1744 (m), 1698
(s), 1610 (m), 1586 (m), 1519 (s), 1463 (m), 1344 (s), 1250 (s), 1138 (s), 1054 (s), 998 (m), 894 (s), 825 (s), 782
(s), 749 (s); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.02 (d, J = 7.3 Hz, 1H), 8.82 (s, 1H), 8.51 (s, 1H), 8.27
(s, 1H), 8.07 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 6.00 (s, 1H), 4.68-4.59 (m, 1H), 4.58 (d, J = 4.6 Hz, 1H),
4.55-4.37 (M, 4H), 4.27-4.22 (m, 1H), 4.14-4.05 (m, 1H), 3.09 (t, J = 6.5 Hz, 2H), 1.49 (d, J = 7.2 Hz, 3H), 1.08 (s,
9H), 1.05 (s, 9H), 0.94 (s, 9H), 0.17 (s, 3H), 0.15 (s, 3H); **C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 173.0,
153.6,151.2, 150.3, 149.8, 146.9, 145.5, 141.8, 130.0, 129.9, 123.8, 121.1, 92.5, 75.9, 75.8, 74.9, 67.9, 64.7, 49.2,
35.0, 27.6, 27.1, 26.0, 22.8, 20.5, 18.5, 18.4, -4.2, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for CssHssN7O0Si2
786.3673; Found 786.3682.
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10d: Yield: 82%; R; = 0.43 (4:3 i-Hexane/EtOAc); IR (ATR) v (cm™): 3237 (w), 2168 (w), 1666 (s), 1572 (w), 1511
(s), 1429 (w), 1335 (m), 1271 (s), 1227 (m), 1178 (w), 1151 (w), 1119 (m), 1090 (s), 1019 (w), 908 (m), 843 (s),
781 (s); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 9.87 (d, J = 7.7 Hz, 1H), 8.50-8.49 (m, 2H), 8.18 (s, 1H), 8.06
(d, J=8.6 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 5.98 (s, 1H), 4.64-4.56 (m, 2H), 4.54-4.38 (m, 4H), 4.24 (td, J = 10.0,
5.1 Hz, 1H), 4.07 (dd, J = 10.0, 9.1 Hz, 1H), 3.09 (t, J = 6.5 Hz, 2H), 1.71-1.65 (m, 3H), 1.08 (s, 9H), 1.05 (s, 9H),
0.97-0.91 (m, 15H), 0.18 (s, 3H), 0.16 (s, 3H); *C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 173.0, 153.8, 151.2,
150.3, 149.8, 146.9, 145.7, 141.6, 129.9, 123.7, 121.1, 92.6, 75.9, 75.7, 74.9, 67.9, 64.5, 52.1, 41.2, 34.9, 27.6,
27.1, 26.0, 25.2, 23.0, 22.9, 22.0, 20.5, 18.4, -4.2, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for CssHe2N700Siz
828.4142; Found 828.4149.

10f: Yield: 71%; Ry = 0.25 (6:4 DCM/EtOAC); IR (ATR) 7 (cm™): 2933 (w), 1741 (w), 1649 (w), 1519 (m), 1401 (m),
1344 (s), 1166 (m), 1140 (m), 1057 (s), 750 (m); For major rotamer: *H NMR (400 MHz, CDCls, 298 K) & (ppm):
8.65 (s, 1H), 8.10-8.08 (m, 2H), 7.97 (s, 1H), 7.40-7.38 (m, 2H), 5.96 (s, 1H), 4.64 (d, J = 4.6 Hz, 1H), 4.61-4.59
(m, 1H), 4.50 (dd, J = 9.4, 4.6 Hz, 2H), 4.45-4.42 (m, 2H), 4.24 (ddd, J = 9.4, 9.4, 4.6 Hz, 1H), 4.04 (dd, J = 9.4,
9.4 Hz, 1H), 3.67-3.64 (M, 2H), 3.10-3.06 (M, 2H), 2.26-2.19 (M, 1H), 2.06-2.00 (M, 3H), 1.07 (s, 9H), 1.04 (s, 9H),
0.93 (s, 9H), 0.17 (s, 3H), 0.15 (s, 3H); **C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 172.2, 152.8, 150.8, 147.0,
140.7, 129.9, 123.8, 123.7, 123.2, 92.6, 75.9, 75.6, 74.9, 67.9, 64.3, 59.6, 47.0, 35.0, 29.7, 27.6, 27.1, 26.0, 24.7,
22.9,20.5,18.4, -4.1, -4.9 (some carbon signals appeared too broad for an unequivocal assignment); HRMS (ESI)
m/z: [M+H]* Calcd. for CagHsgN7O¢Si, 812.3829; Found 812.3835.

10h: Yield: 98%; R;= 0.30 (2:1 i-Hexane/EtOAc); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.01 (d, J = 7.8 Hz,
1H), 8.49 (s, 1H), 8.19 (s, 1H), 8.12 (s, 1H), 8.06 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 5.97 (s, 1H), 4.74
(td, J =7.8, 5.1 Hz, 1H), 4.62 (d, J = 4.6 Hz, 1H), 4.55-4.41 (m, 4H), 4.24 (td, J = 10.0, 5.1 Hz, 1H), 4.05 (dd, J =
10.5, 9.2 Hz, 1H), 3.09 (t, J = 6.5 Hz, 2H), 2.54 (dd, J = 8.1, 6.0 Hz, 1H), 2.28-1.98 (m, 1H), 2.10-2.05 (m, 4H),
1.08 (s, 9H), 1.05 (s, 9H), 0.94 (s, 9H), 0.18 (s, 3H), 0.16 (s, 3H); *C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm):
171.9,153.6, 151.2, 150.1, 149.8, 146.9, 145.5, 141.3, 129.9, 123.8, 121.1, 92.6, 75.9, 75.7, 74.9, 67.9, 64.8, 52.6,
34.9, 317, 30.2, 27.6, 27.2, 26.0, 22.9, 20.5, 18.5, 15.6, -4.1, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for
CssHsoN709SSi, 846.3706; Found 846.3704.

10j: Yield: 77%; R = 0.29 (2:1 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3119 (w), 2930 (m), 2857 (m), 2168 (w), 1706
(s), 1658 (m), 1612 (m), 1525 (m), 1466 (m), 1394 (w), 1353 (m), 1249 (s), 1141 (s), 1058 (s), 997 (m), 892 (m),
825 (s), 783 (s); *H NMR (600 MHz, CDCls, 298 K) & (ppm): 10.10 (t, J = 5.7 Hz, 1H), 8.54 (s, 1H), 8.45 (s, 1H),
8.10 (s, 1H), 5.98 (s, 1H), 4.59 (d, J = 4.6 Hz, 1H), 4.51 (dd, J = 9.3, 4.6 Hz, 1H), 4.45 (dd, J = 9.3, 4.6 Hz, 1H),
4.37 (d, J = 5.7 Hz, 2H), 4.29-4.21 (m, 1H), 4.06 (dd, J = 10.5, 9.3 Hz, 1H), 1.09 (s, 9H), 1.05 (s, 9H), 0.94 (s, 9H),
0.17 (s, 3H), 0.16 (s, 3H); **C{*H} NMR (150 MHz, CDCls, 298 K) & (ppm): 153.7, 151.1, 150.1, 149.8, 141.5, 121.2,
116.4, 92.6, 76.0, 75.8, 75.0, 67.9, 28.4, 27.6, 27.2, 26.0, 22.9, 20.5, 18.5, -4.1, -4.8; HRMS (ESI) m/z: [M+H]"
Calcd. for C,7H46N705Si, 604.3093; Found 604.3094.

General procedure for the synthesis of 11a-j:

The amino acid-modified adenosine derivative 10a-j (1.0 equiv.) was dissolved in DMF and cooled to 0°C. To the
solution were added K>COj (3.0 equiv.) together with Mel (2.0 equiv.) and the reaction was stirred at r.t. for 2 h.
The reaction mixture was diluted with H,O and extracted three times with EtOAc. The combined organic layers
were washed with water, dried (MgSOQ.), filtered and concentrated. The obtained residue was purified by silica gel
column chromatography to give 11a-j as a white foam.

11a: Yield: 76%; Ry = 0.22 (2:1 i-Hexane/EtOAC); IR (ATR) ¥ (cm™): 3235 (w), 2932 (w), 2858 (w), 1749 (w), 1686
(m), 1568 (w), 1521 (s), 1470 (m), 1347 (s), 1264 (s), 1167 (w), 1135 (m), 1055 (m), 1000 (w), 894 (w), 827 (m),
732 (s); 'H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.97 (t, J = 5.4 Hz, 1H), 8.50 (s, 1H), 8.11 (d, J = 8.7 Hz, 2H),
7.97 (s, 1H), 7.38 (d, J = 8.7 Hz, 2H), 6.01 (s, 1H), 4.56 (d, J = 4.6 Hz, 1H), 4.51 (dd, J = 9.2, 5.2 Hz, 1H), 4.45-
4.38 (m, 3H), 4.27-4.22 (m, 1H), 4.16 (dd, J = 5.2, 1.7 Hz, 2H), 4.07-3.95 (m, 4H), 3.08 (t, J = 6.6 Hz, 2H), 1.07 (s,
9H), 1.04 (s, 9H), 0.94 (s, 9H), 0.18 (s, 3H), 0.15 (s, 3H); *C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 170.3,
156.2, 153.2, 151.7, 150.2, 147.0, 145.5, 139.3, 129.9, 123.8, 122.7, 92.4, 76.1, 75.7, 74.8, 68.0, 64.6, 43.0, 35.0,
34.8, 27.6, 27.1, 26.0, 22.9, 20.5, 18.5, -4.1, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for CasHssN-OoSi, 786.3673;
Found 786.3674.

11b: Yield: 85%; R¢ = 0.60 (5:3 DCM/EtOAC); IR (ATR) 7 (cm): 3190 (w), 2934 (w), 2858 (w), 1744 (m), 1686 (m),
1567 (m), 1519 (s), 1469 (s), 1344 (s), 1250 (m), 1166 (M), 1133 (M), 1057 (s), 1000 (m), 895 (m), 825 (s), 777
(m), 749 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppmy): 8.51 (s, 1H), 8.10 (d, J = 8.7 Hz, 2H), 8.01 (s, 1H), 7.38
(d, J = 8.7 Hz, 2H), 6.01 (s, 1H), 4.63-4.54 (m, 2H), 4.54-4.48 (M, 1H), 4.46-4.39 (m, 3H), 4.30-4.20 (m, 1H), 4.07-
4.00 (m, 1H), 3.96 (s, 3H), 3.09 (t, J = 6.5 Hz, 2H), 1.46 (d, J = 7.2 Hz, 3H), 1.07 (s, 9H), 1.04 (s, 9H), 0.94 (s, 9H),
0.18 (s, 3H), 0.16 (s, 3H); *C{*H} NMR (100 MHz, CDCls, 298 K) 5 (ppm): 173.4, 155.4, 153.3, 151.6, 150.2, 147.0,
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145.6, 139.3, 129.9, 123.8, 122.8, 92.5, 77.4, 76.0, 75.7, 74.8, 68.0, 64.6, 50.0, 35.0, 34.7, 27.6, 27.1, 26.0, 22.9,
20.5,18.5, 18.4, -4.1, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for Cs7HsgN7O¢Si> 800.3829; Found 800.3836.

11c: Yield: 90%; Ry = 0.34 (1:1 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3246 (m), 2977 (w), 1732 (m), 1686 (s), 1524
(s), 1469 (W), 1372 (m), 1254 (s), 1177 (m), 1147 (w), 1107 (s), 1050 (s), 1020 (M), 926 (M), 853 (w), 790 (m), 744
(w); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 11.07 (d, J = 7.6 Hz, 1H), 8.48 (s, 1H), 8.09 (d, J = 8.7 Hz, 2H),
7.97 (s, 1H), 7.38 (d, J = 8.7 Hz, 2H), 5.99 (s, 1H), 4.59 (d, J = 4.6 Hz, 1H), 4.54-4.47 (m, 2H), 4.46-4.39 (m, 3H),
4.27-4.22 (m, 1H), 4.03 (dd, J = 10.5, 9.2 Hz, 1H), 3.97 (s, 3H), 3.09 (t, J = 6.6 Hz, 2H), 2.25-2.18 (m, 1H), 1.07
(s, 9H), 1.04 (s, 9H), 0.99 (d, J = 6.8 Hz, 3H), 0.95-0.93 (m, 12H), 0.18 (s, 3H), 0.16 (s, 3H); **C{*H} NMR (100
MHz, CDCls, 298 K) & (ppm): 172.4, 156.0, 153.3, 151.6, 150.0, 146.9, 145.7, 139.3, 129.9, 123.8, 122.8, 92.5,
76.0, 75.6, 74.9, 68.0, 64.4, 59.8, 35.0, 34.7, 30.8, 27.6, 27.1, 26.0, 22.9, 20.5, 19.6, 18.5, 18.2, -4.1, -4.8; HRMS
(ESI) m/z: [M+H]" Calcd. for C3gHs2N7OeSi,> 828.4142; Found 828.4143.

11d: Yield: 76%; R; = 0.47 (5:3 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3230 (w), 2933 (w), 1740 (s), 1690 (s), 1580
(s), 1520 (s), 1469 (s), 1345 (s), 1259 (s), 1134 (s), 1057 (s), 1013 (s), 900 (w), 826 (s), 780 (s), 750 (s); *H NMR
(400 MHz, CDCl3, 298 K) & (ppm): 10.92 (d, J = 6.8 Hz, 1H), 8.47 (s, 1H), 8.09 (d, J = 8.7 Hz, 2H), 7.97 (s, 1H),
7.38 (d, J = 8.7 Hz, 2H), 6.00 (s, 1H), 4.59 (d, J = 4.6 Hz, 1H), 4.57-4.48 (m, 2H), 4.47-4.39 (m, 3H), 4.25 (td, J =
10.1, 5.1 Hz, 1H), 4.03 (dd, J = 10.5, 9.2 Hz, 1H), 3.96 (s, 3H), 3.08 (t, J = 6.6 Hz, 2H), 1.73-1.61 (m, 3H), 1.07 (s,
9H), 1.05 (s, 9H), 0.95-0.94 (m, 12H), 0.93 (s, 3H), 0.18 (s, 3H), 0.16 (s, 3H); **C{*H} NMR (100 MHz, CDCls, 298
K) & (ppm): 173.4, 155.7, 153.3, 151.6, 150.1, 146.9, 145.7, 139.3, 129.9, 123.8, 122.8, 92.5, 76.0, 75.6, 74.9,
68.0, 64.5, 53.0, 41.2, 35.0, 34.7, 27.6, 27.1, 26.0, 25.3, 23.0, 22.9, 22.1, 20.5, 18.5, -4.1, -4.8; HRMS (ESI) m/z:
[M+H]* Calcd. for C4oHesaN7OgSi, 842.4299; Found 842.4296.

1le: Yield: 73%; Ry = 0.34 (4:3 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3237 (w), 2931 (s), 2857 (s), 1737 (s), 1701
(s), 1610 (s), 1520 (s), 1465 (s), 1345 (s), 1250 (s), 1136 (w), 1057 (s), 998 (W), 894 (W), 840 (s), 777 (s); *H NMR
(400 MHz, CDCls, 298 K) & (ppm): 11.00 (d, J = 8.7 Hz, 1H), 8.43 (s, 1H), 8.01-7.96 (m, 3H), 7.32 (d, J = 8.7 Hz,
2H), 6.02 (s, 1H), 4.60 (d, J = 4.6 Hz, 1H), 4.58 (dd, J = 8.7, 1.7 Hz, 1H), 4.53-4.46 (m, 3H), 4.43-4.30 (m, 2H),
4.29-4.22 (m, 1H), 4.04 (t, J = 9.5 Hz, 1H), 3.98 (s, 3H), 3.03 (t, J = 6.5 Hz, 2H), 1.23 (d, J = 6.2 Hz, 3H), 1.08 (s,
9H), 1.05 (s, 9H), 0.95 (s, 9H), 0.88 (s, 9H), 0.19 (s, 3H), 0.16 (s, 3H), 0.05 (s, 3H), -0.05 (s, 3H); **C{'*H} NMR
(100 MHz, CDCls, 298 K) & (ppm): 171.3, 156.4, 153.4, 151.6, 150.2, 146.8, 145.7, 139.4, 129.9, 123.7, 122.8,
92.5,76.0, 75.7, 74.9, 68.9, 68.0, 64.6, 60.6, 34.9, 27.6, 27.2, 26.0, 25.7, 22.9, 21.3, 20.5, 18.5, 18.0, -4.1, -4.2, -
4.9, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for CsH74N7010Siz 944.4799; Found: 944.4793.

11f: Yield: 73%; Ry = 0.30 (8:2 DCM/EtOAC); IR (ATR) ¥ (cm™): 2933 (w), 1744 (w), 1683 (m), 1583 (m), 1392 (m),
1345 (s), 1166 (m), 1056 (s), 1002 (m), 783 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 8.46 (s, 1H), 8.17-
8.15 (m, 2H), 7.84 (s, 1H), 7.39-7.38 (m, 2H), 5.93 (s, 1H), 4.58-4.57 (m, 1H), 4.54 (br s, 2H), 4.49 (dd, J = 9.8,
5.1 Hz, 2H), 4.39-4.35 (m, 1H), 4.22 (ddd, J = 9.8, 9.8, 5.1 Hz, 1H), 4.03 (dd, J = 9.8, 9.8 Hz, 1H), 3.55 (br s, 3H),
3.06 (brs, 2H), 2.18-2.16 (m, 1H), 1.88-1.86 (m, 3H), 1.08 (s, 9H), 1.04 (s, 9H), 0.92 (s, 9H), 0.15 (s, 3H), 0.14 (s,
3H) (some proton signals of proline appeared too broad for an unequivocal assignment); **C{*H} NMR (100 MHz,
CDCl3, 298 K) & (ppm): 172.1, 156.9, 153.3, 152.5, 150.8, 147.0, 145.6, 139.4, 129.9, 123.9, 92.6, 76.0, 75.6, 74.8,
67.9, 64.6, 60.0, 48.0, 35.0, 34.9, 27.6, 27.1, 26.0, 24.2, 22.9, 20.5, 18.5, -4.2, -4.8 (some carbon signals appeared
too broad for an unequivocal assignment); HRMS (ESI) m/z: [M+H]* Calcd. for CsgHsoN7OgSi> 826.3985; Found
826.3991.

11g: Yield: 85%; R = 0.50 (2:1 i-Hexane/EtOAc); IR (ATR) ¥ (cm™): 2931 (w), 2857 (w), 1738 (w), 1682 (s), 1568
(s), 1518 (s), 1469 (s), 1344 (s), 1261 (s), 1166 (s), 1134 (s), 1056 (s), 1011 (), 895 (W), 826 (S), 778 (S); *H NMR
(400 MHz, CD,Cly, 298 K) & (ppm): 10.87 (d, J = 6.9 Hz, 1H), 8.30 (s, 1H), 8.04 (d, J = 8.7 Hz, 2H), 7.99 (s, 1H),
7.34 (d, J = 8.7 Hz, 2H), 7.29-7.24 (m, 3H), 7.20-7.12 (m, 2H), 6.02 (s, 1H), 4.77 (9, J = 6.5 Hz, 1H), 459 (d, J =
4.6 Hz, 1H), 4.53-4.42 (m, 2H), 4.38 (td, J = 6.5, 3.9 Hz, 2H), 4.25 (td, J = 10.0, 5.1 Hz, 1H), 4.06 (dd, J = 10.5,
9.2 Hz, 1H), 3.88 (s, 3H), 3.13 (dd, J = 6.4, 2.1 Hz, 2H), 3.03 (t, J = 6.4 Hz, 2H), 1.09 (s, 9H), 1.06 (s, 9H), 0.96 (s,
9H), 0.19 (s, 3H), 0.17 (s, 3H); **C{*H} NMR (100 MHz, CD,Cl>, 298 K) & (ppm): 172.4, 155.9, 153.5, 152.1, 150.3,
147.3, 146.5, 139.9, 137.2, 130.4, 129.9, 129.0, 127.6, 124.0, 123.1, 92.8, 76.5, 76.1, 75.3, 68.3, 65.0, 56.3, 38.3,
35.3, 34.9, 27.8, 27.4, 26.2, 23.1, 20.8, 18.8, -4.0, -4.7; HRMS (ESI) m/z: [M+H]* Calcd. for CasHe2N7O9Siz
876.4142; Found 876.4148.

11h: Yield: 78%; R; = 0.30 (2.5:1 i-Hexane/EtOAc); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 11.08 (d, J = 7.2
Hz, 1H), 8.49 (s, 1H), 8.09 (d, J = 8.6 Hz, 2H), 7.97 (s, 1H), 7.38 (d, J = 8.6 Hz, 2H), 6.00 (s, 1H), 4.70 (td, J = 7.2,
5.1 Hz, 1H), 4.59 (d, J = 4.6 Hz, 1H), 4.52 (dd, J = 9.2, 5.1 Hz, 1H), 4.46-4.41 (m, 3H), 4.25 (td, J = 10.1, 5.1 Hz,
1H), 4.03 (dd, J = 10.5, 9.2 Hz, 1H), 3.96 (s, 3H), 3.09 (t, J = 6.5 Hz, 2H), 2.52 (td, J = 7.3, 1.9 Hz, 2H), 2.24-1.99
(m, 2H), 2.07 (s, 3H), 1.07 (s, 8H), 1.04 (s, 9H), 0.95 (s, 9H), 0.18 (s, 3H), 0.16 (s, 3H); **C{*H} NMR (100 MHz,
CDCls, 298 K) & (ppm): 172.3, 155.7, 153.2, 151.7, 150.1, 147.0, 145.6, 139.4, 129.9, 123.8, 122.8, 92.5, 76.0,
75.7,74.9, 68.0, 64.8, 53.5, 35.0, 34.8, 31.7, 30.3, 27.6, 27.1, 26.0, 22.9, 20.5, 18.5, 15.6, -4.1, -4.8; HRMS (ESI)
m/z: [M+H]* Calcd. for CaoHs2N709SSi, 860.3863; Found 860.3858.
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11i: Yield: 77%; Ry = 0.40 (8:2 DCM/EtOAC); IR (ATR) ¥ (cm™): 2933 (w), 1737 (m), 1683 (m), 1569 (m), 1518 (s),
1344 (s), 1166 (m), 1057 (m), 1000 (M), 780 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 11.32 (d, J = 7.5 Hz,
1H), 8.40 (s, 1H), 8.09-8.06 (M, 2H), 8.02-7.99 (m, 2H), 7.98 (s, 1H), 7.34-7.32 (m, 4H), 6.01 (s, 1H), 4.87 (dt, J =
7.5,4.5 Hz, 1H), 4.61 (d, J = 4.5 Hz, 1H), 4.52 (dd, J = 9.2, 4.5 Hz, 1H), 4.46-4.40 (m, 3H), 4.40-4.23 (m, 3H), 4.04
(dd, J = 9.2, 9.2 Hz, 1H), 3.94 (s, 3H), 3.06-2.99 (M, 4H), 2.97-2.95 (m, 2H), 1.07 (s, 9H), 1.05 (s, 9H), 0.95 (s,
9H), 0.19 (s, 3H), 0.16 (s, 3H); C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 171.0, 170.9, 155.6, 152.9, 151.7,
149.9, 146.9, 146.8, 145.6, 145.5, 139.5, 129.8 (x2), 123.8, 123.7, 122.6, 92.5, 76.0, 75.6, 74.9, 68.0, 65.0, 64.4,
50.5, 36.6, 34.9, 34.8, 34.7, 27.6, 27.1, 26.0, 22.9, 20.5, 18.5, -4.1, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for
CasHes013NsSiz 993.4203; Found 993.4215.

11j: Yield: 74%; Ry = 0.34 (4:1 i-Hexane/EtOAC); IR (ATR) 7 (cm): 3121 (w), 2933 (m), 2896 (w), 2857 (m), 2168
(W), 1692 (s), 1570 (), 1525 (s), 1469 (s), 1422 (w), 1360 (m), 1328 (m), 1308 (), 1299 (w), 1278 (m), 1249 (m),
1218 (W), 1198 (w), 1165 (s), 1141 (s), 1111 (m), 1062 (s), 1024 (s), 1001 (s), 968 (w), 889 (m), 825 (s), 784 (s);
1H NMR (600 MHz, CDCls, 298 K) & (ppm): 11.14 (t, J = 5.6 Hz, 1H), 8.53 (s, 1H), 7.99 (s, 1H), 6.01 (s, 1H), 4.56
(d, J = 4.6 Hz, 1H), 4.52 (dd, J = 9.4, 4.6 Hz, 1H), 4.39 (dd, J = 9.4, 4.6 Hz, 1H), 4.34 (dd, J = 5.2, 2.0 Hz, 2H),
4.26 (td, J = 9.4, 5.2 Hz, 1H), 4.04-4.02 (m, 1H), 4.02 (s, 3H), 1.07 (s, 9H), 1.05 (s, 9H), 0.95 (s, 9H), 0.18 (s, 3H),
0.16 (s, 3H); *C{*H} NMR (150 MHz, CDCls, 298 K) & (ppm): 156.0, 152.9, 151.9, 150.1, 139.6, 122.8, 116.7, 92.5,
76.1,75.7, 74.9, 67.9, 35.0, 29.2, 27.6, 27.2, 26.0, 22.9, 20.5, 18.5, -4.1, -4.8; HRMS (ESI) m/z: [M+H]* Calcd. for
CasHasN-OsSi, 618.3250; Found 618.3256.

General procedure for the synthesis of 12a-j:

A solution of the modified adenosine derivative 11a-j (1.0 equiv.) in DCM/pyridine (9:1 v/v) inside a plastic reaction
vessel was cooled to 0°C. Subsequently, a solution of 70% HF-pyridine (5.0 equiv.) was slowly added and the
reaction mixture was stirred at 0°C for 2 h. The reaction mixture was diluted with aq. sat. NaHCOj3 solution and
extracted three times with DCM. The combined organic layers were washed with water, dried (MgSO.), filtered
and concentrated under reduced pressure. The crude product was purified by silica gel column chromatography
to isolate the 3',5'-deprotected adenosine derivative 12a-j as a white foam.

12a: Yield: 97%; Ry = 0.37 (100:5 DCM/MeOH); IR (ATR) ¥ (cm®): 2932 (w), 2857 (w), 1738 (w), 1688 (m), 1606
(W), 1581 (m), 1571 (m), 1518 (s), 1471 (m), 1445 (w), 1345 (s), 1253 (m), 1219 (m), 1135 (m), 1083 (m), 1031
(m), 858 (w), 838 (s), 780 (s), 750 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.89 (t, J = 5.3 Hz, 1H), 8.52
(s, 1H), 8.14 (d, J = 8.6 Hz, 2H), 7.96 (s, 1H), 7.39 (d, J = 8.6 Hz, 2H), 5.90 (d, J = 11.6 Hz, 1H), 5.81 (d, J = 7.3
Hz, 1H), 5.12 (dd, J = 7.3, 4.9 Hz, 1H), 4.43 (td, J = 6.7, 1.7 Hz, 2H), 4.39-4.33 (M, 2H), 4.24-4.10 (M, 2H), 4.03-
3.91 (m, 4H), 3.82-3.70 (m, 1H), 3.09 (t, J = 6.7 Hz, 2H), 2.81 (s, 1H), 0.80 (s, 9H), -0.18 (s, 3H), -0.39 (s, 3H);
BBC{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 170.2, 155.9, 153.8, 151.2, 149.7, 147.0, 145.4, 141.6, 129.9,
123.9, 123.7, 91.4, 87.7, 74.2, 72.8, 64.8, 63.5, 43.0, 35.0, 25.6, 17.9, -5.2, -5.3; HRMS (ESI) m/z: [M+H]* Calcd.
for CasHaoN7OoSi 646.2651; Found 646.2645.

12b: Yield: 95%; Ry = 0.40 (100:5 DCM/IPA); IR (ATR) ¥ (cm): 3191 (w), 2927 (w), 2856 (w), 1739 (m), 1681 (s),
1610 (m), 1568 (s), 1519 (s), 1469 (M), 1344 (s), 1261 (m), 1211 (w), 1143 (w), 1018 (m), 998 (m), 836 (s), 779
(s); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.73 (br's, 1H), 8.58 (s, 1H), 8.15 (d, J = 8.7 Hz, 2H), 8.11 (s, 1H),
7.41 (d, J = 8.7 Hz, 2H), 5.84 (d, J = 6.9 Hz, 1H), 5.13-5.06 (m, 1H), 4.66-4.53 (m, 1H), 4.49-4.40 (m, 2H), 4.39-
4.35 (m, 2H), 4.00-3.93 (m, 4H), 3.78 (d, J = 12.9 Hz, 1H), 3.10 (t, J = 6.6 Hz, 2H), 1.47 (d, J = 7.2 Hz, 3H), 0.82
(s, 9H), -0.14 (s, 3H), -0.34 (s, 3H); 3C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 173.4, 155.1, 153.9, 151.2,
149.7, 147.1, 145.6, 141.5, 130.0, 123.9, 123.8, 91.5, 87.7, 74.2, 72.9, 64.8, 63.5, 50.1, 35.0, 34.9, 25.6, 18.4,
18.0, -5.2, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for CaoHaN;0eSi 660.2808; Found: 660.2807.

12¢: Yield: 95%; Ry = 0.16 (100:3 DCM/MeOH); IR (ATR) ¥ (cm™): 3244 (w), 2952 (w), 2929 (w), 2359 (w), 1736
(W), 1681 (m), 1571 (m), 1518 (s), 1469 (M), 1422 (w), 1345 (s), 1255 (m), 1187 (m), 1145 (m), 1089 (m), 1046
(), 1016 (m), 907 (m), 857 (m), 837 (s), 780 (s), 746 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 11.02 (d, J
= 7.4 Hz, 1H), 8.54 (s, 1H), 8.15 (d, J = 8.6 Hz, 2H), 7.95 (s, 1H), 7.41 (d, J = 8.6 Hz, 2H), 5.93 (dd, J = 11.9, 1.5
Hz, 1H), 5.81 (d, J = 7.4 Hz, 1H), 5.15 (dd, J = 7.4, 4.8 Hz, 1H), 4.51-4.34 (m, 5H), 4.02-3.91 (m, 4H), 3.81-3.71
(m, 1H), 3.10 (t, J = 6.6 Hz, 2H), 2.81 (s, 1H), 2.29-2.15 (m, 1H), 0.98 (d, J = 6.8 Hz, 3H), 0.94 (d, J = 6.9 Hz, 3H),
0.81 (s, 9H), -0.16 (s, 3H), -0.37 (s, 3H); *C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 172.4, 155.7, 154.0,
151.2, 149.6, 147.0, 145.6, 141.5, 129.9, 123.9, 123.7, 91.5, 87.7, 74.1, 72.8, 64.6, 63.5, 59.8, 35.0, 34.9, 30.8,
25.6,19.6, 18.1, 17.9, -5.2, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for CaiHasN-OoSi 688.3121; Found 688.3120.

12d: Yield: 98%; Ry = 0.52 (9:1 DCM/MeOH); IR (ATR) ¥ (cm): 3244 (w), 2952 (), 2929 (w), 2856 (w), 1736 (W),
1695 (s), 1610 (s), 1588 (s), 1520 (s), 1469 (s), 1345 (s), 1313 (w), 1250 (s), 1129 (w), 1093 (s), 835 (s), 760 (s);
1H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.86 (d, J = 7.1 Hz, 1H), 8.63 (s, 1H), 8.58 (s, 1H), 8.13 (d, J =
8.7 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 6.13 (d, J = 5.8 Hz, 1H), 5.04 (dd, J = 8.3, 3.7 Hz, 1H), 4.98 (t, J = 4.7 Hz,
1H), 4.49-4.41 (m, 3H), 4.40-4.37 (m, 1H), 4.21 (dd, J = 2.6 Hz, 1H), 3.98 (d, J = 4.0 Hz, 1H), 3.92 (s, 3H), 3.90-
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3.87 (m, 1H), 3.80- 3.75 (m, 1H), 3.15 (t, J = 6.4 Hz, 2H), 1.76-1.53 (m, 3H), 0.91 (dd, J = 6.4, 3.3 Hz, 6H), 0.81
(s, 9H), -0.05 (s, 3H), -0.18 (s, 3H); *C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm): 173.4, 155.9, 154.0,
152.7, 150.5, 147.6, 147.5, 142.5, 131.1, 124.1, 123.6, 90.5, 87.5, 76.6, 72.4, 65.1, 62.8, 53.7, 41.7, 35.3, 34.8,
26.0, 25.8, 23.1, 22.1, 18.6, -4.9, -5.1; HRMS (ESI) m/z: [M+H]" Calcd. for Ca,HssN;OeSi 702.3277; Found:
702.3279.

12e: Yield: 94%; R = 0.37 (9:1 DCM/MeOH); IR (ATR) ¥ (cm™): 3244 (w), 2952 (w), 2929 (), 2856 (w), 1736 (w),
1695 (s), 1610 (), 1588 (s), 1520 (s), 1469 (s), 1345 (s), 1313 (W), 1250 (s), 1129 (w), 1093 (s), 835 (s), 760 (s);
1H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.90 (d, J = 8.6 Hz, 1H), 8.48 (s, 1H), 8.10 (d, J = 8.6 Hz, 2H), 7.96
(s, 1H), 7.37 (d, J = 8.6 Hz, 2H), 5.82 (d, J = 7.3 Hz, 1H), 5.14 (dd, J = 7.3, 4.8 Hz, 1H), 4.56 (dd, J = 8.6, 1.8 Hz,
1H), 4.50-4.41 (m, 2H), 4.39-4.35 (m, 2H), 4.29-4.23 (m, 1H), 3.99 (s, 3H), 3.96 (dd, J = 13.0, 1.8 Hz, 1H), 3.76
(dd, J = 13.0, 1.8 Hz, 1H), 3.06 (t, J = 6.7 Hz, 2H), 1.22 (d, J = 6.2 Hz, 3H), 0.87 (s, 9H), 0.81 (s, 9H), 0.03 (s, 3H),
-0.06 (s, 3H), -0.16 (s, 3H), -0.37 (s, 3H); 3C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 171.2, 156.1, 154.1,
151.2, 149.8, 147.0, 145.6, 141.5, 130.0, 123.9, 91.5, 87.7, 74.2, 72.9, 68.8, 64.9, 63.5, 60.7, 35.1, 35.0, 25.7,
25.6,21.3, 18.0, 17.9, -4.1, -5.2, -5.3, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for CasHssN7010Si> 804.3778; Found:
804.3768.

12f: Yield: 82%; Ry = 0.15 (98:2 DCM/IPA); IR (ATR) ¥ (cm™): 2929 (w), 1743 (w), 1679 (m), 1585 (s), 1519 (m),
1391 (m), 1344 (s), 1090 (m), 1046 (m), 780 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 8.47 (s, 1H), 8.17-
8.14 (m, 2H), 7.81 (s, 1H), 7.39 (br s, 2H), 6.35 (d, J = 12.1 Hz, 1H), 5.76 (d, J = 7.4 Hz, 1H), 5.15 (dd, J = 7.4, 4.8
Hz, 1H), 4.61-4.46 (m, 2H), 4.38 (s, 1H), 4.35 (d, J = 4.8 Hz, 1H), 3.96 (d, J = 12.1 Hz, 1H), 3.75 (dd, J = 12.1,
12.1 Hz, 1H), 3.58 (br s, 3H), 3.06 (br s, 2H), 2.80 (s, 1H), 2.18-2.13 (m, 1H), 1.92-1.88 (m, 3H), 0.79 (s, 9H), -
0.19 (s, 3H), -0.41 (s, 3H) (some proton signals of proline appeared too broad for an unequivocal assignment);
13C{*H} NMR (100 MHz, CDCl3, 298 K) & (ppm): 171.9, 156.3, 153.7, 152.0, 150.1, 147.0, 141.3, 129.9, 123.9,
91.3,87.8,74.1,73.0,64.7,63.5,59.9, 47.9, 35.0, 34.9, 25.6, 24.2, 17.9, -5.2, -5.4 (some carbon signals appeared
too broad for an unequivocal assignment); HRMS (ESI) m/z: [M+H]" Calcd. for Cs1H4sN709Si 686.2964; Found
686.2963.

12g: Yield: 90%; Ry = 0.50 (98:2 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 3391 (w), 3194 (w), 2951 (w), 2855 (w), 1738
(s), 1681 (s), 1568 (s), 1516 (s), 1469 (s), 1344 (s), 1261 (s), 1171 (s), 1128 (s), 1091 (s), 1016 (s), 836 (s), 779
(s); *H NMR (400 MHz, CDCl,, 298 K) & (ppm): 10.81 (d, J = 6.7 Hz, 1H), 8.31 (s, 1H), 8.11 (d, J = 8.7 Hz, 2H),
7.99 (s, 1H), 7.39 (d, J = 8.7 Hz, 2H), 7.33-7.20 (m, 3H), 7.17-7.13 (m, 2H), 5.83 (d, J = 7.3 Hz, 1H), 5.67 (dd, J =
11.9, 2.0 Hz, 1H), 5.10 (dd, J = 7.3, 4.7 Hz, 1H), 4.78 (td, J = 6.8, 5.7 Hz, 1H), 4.46-4.36 (m, 2H), 4.36-4.32 (m,
2H), 3.93-3.89 (m, 4H), 3.79-3.68 (m, 1H), 3.13 (dd, J = 6.3, 3.6 Hz, 2H), 3.09-2.99 (m, 2H), 2.81 (s, 1H), 0.80 (s,
9H), -0.18 (s, 3H), -0.38 (s, 3H); **C{*H} NMR (100 MHz, CD,Cl,, 298 K) & (ppm): 172.3, 155.6, 154.1, 151.7,
150.3,149.9, 147.4, 146 .4, 142.1, 137.1, 130.4, 129.9, 129.1, 127.7, 124.1,91.7, 88.2, 74.7, 73.3, 65.2, 63.7, 56.3,
38.3, 35.3, 35.0, 25.8, 18.2, -5.1, -5.2; HRMS (ESI) m/z: [M+H]* Calcd. for CasHasN7OeSi 736.3121; Found
736.3118.

12h: Yield: 96%; Ry = 0.40 (100:5 DCM/MeOH); *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.93 (d, J = 7.1
Hz, 1H), 8.63 (s, 1H), 8.58 (s, 1H), 8.12 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 6.12 (d, J = 5.8 Hz, 1H), 5.02
(dd, J=8.3,3.7 Hz, 1H), 4.97 (dd, J = 5.9, 4.7 Hz, 1H), 4.60 (td, J = 7.5, 5.3 Hz, 1H), 4.46 (td, J = 6.5, 1.9 Hz, 2H),
438 (td, J = 4.4, 2.9 Hz, 1H), 4.22-4.18 (m, 1H), 3.96 (d, J = 4.0 Hz, 1H), 3.92-3.87 (m, 4H), 3.82-3.74 (M, 1H),
3.16 (t, J = 6.3 Hz, 2H), 2.52 (t, J = 7.9 Hz, 2H), 2.15-1.97 (m, 5H), 0.80 (s, 9H), -0.05 (s, 3H), -0.18 (s, 3H); C{*H}
NMR (100 MHz, acetone-ds, 298 K) & (ppm): 172.6, 155.9, 154.0, 152.8, 150.5, 147.7, 147.4, 142.5, 131.1, 124.2,
123.6, 90.4, 87.5, 76.6, 72.4, 65.4, 62.8, 54.2, 35.3, 34.9, 32.2, 30.6, 26.0, 18.6, 15.1, -4.9, -5.1; HRMS (ESI) m/z:
[M+H]* Calcd. for Ca1HagN70SSi 720.2841; Found 720.2833.

12i: Yield: 89%; Ry = 0.15 (97:3 DCM/IPA); IR (ATR) ¥ (cm®): 2930 (w), 1735 (m), 1682 (m), 1570 (m), 1516 (s),
1468 (m), 1261 (m), 1018 (m), 837 (M), 781 (m); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 11.31 (d, J = 7.5 Hz,
1H), 8.48 (s, 1H), 8.13-8.10 (m, 4H), 7.96 (s, 1H), 7.38-7.33 (m, 4H), 5.87 (d, J = 12.5 Hz, 1H), 5.81 (d, J = 7.3 Hz,
1H), 5.13 (dd, J = 7.3, 4.8 Hz, 1H), 4.87 (dt, J = 7.3, 4.8 Hz, 1H), 4.49-4.25 (m, 6H), 3.97 (s, 3H), 3.97-3.94 (m,
1H), 3.77 (dd, J = 12.5, 12.5 Hz, 1H), 3.06 (t, J = 6.7 Hz, 2H), 3.01 (t, J = 6.7 Hz, 2H), 2.99-2.94 (M, 2H), 2.80 (s,
1H), 0.81 (s, 9H), -0.16 (s, 3H), -0.38 (s, 3H); 3C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 170.9, 170.8, 155.4,
153.7, 151.3, 150.0, 149.6, 147.0, 145.5, 145.3, 141.7, 129.9, 129.8, 123.9, 123.8, 123.7, 91.5, 87.7, 74.2, 72.8,
65.2, 64.5, 63.5, 50.6, 36.6, 34.9, 34.8 (x2), 25.6, 17.9, -5.2, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for
CagHao013NsSi 853.3182; Found 853.3187.

12j: Yield: 92%; Ry = 0.44 (10:1 DCM/MeOH); IR (ATR) ¥ (cm™): 3347 (w), 2929 (m), 2857 (m), 1731 (w), 1681 (s),
1570 (s), 1515 (s), 1462 (s), 1422 (M), 1360 (W), 1329 (W), 1262 (s), 1217 (m), 1126 (s), 1035 (s), 994 (m), 901
(m), 866 (m), 835 (s), 779 (s); *H NMR (600 MHz, CDCls, 298 K) & (ppm): 11.02 (t, J = 5.7 Hz, 1H), 8.55 (s, 1H),
7.98 (s, 1H), 5.82 (d, J = 7.4 Hz, 1H), 5.77 (d, J = 11.4 Hz, 1H), 5.13 (dd, J = 7.4, 4.8 Hz, 1H), 4.42-4.29 (M, 4H),
4.04 (s, 3H), 4.00-3.92 (M, 1H), 3.82-3.73 (M, 1H), 2.79 (s, 1H), 0.81 (s, 9H), -0.16 (s, 3H), -0.38 (s, 3H); BC{*H}
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NMR (150 MHz, CDCls, 298 K) & (ppm): 155.7, 153.5, 151.5, 149.6, 141.9, 123.8, 116.6, 110.2, 91.5, 87.7, 74.2,
729, 63.5, 35.2, 29.2, 25.6, 18.0, -5.1, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for C2H32N;OsSi 478.2229; Found
478.2231.

General procedure for the synthesis of 13a-j:

The 3',5’-deprotected adenosine derivative 12a-j (1.0 equiv.) was dissolved in pyridine and DMTrCI (1.5 equiv.)
was added. The reaction mixture was stirred at r.t. for 16 h and afterwards the solvents were removed in vacuo.
Purification by silica gel column chromatography with an addition of 0.1% pyridine afforded the DMTr-protected
adenosine derivative 13a-j as a white or pale-yellow foam.

13a: Yield: 86%; R = 0.16 (1:1 i-Hexane/EtOAC); IR (ATR) 7 (cm™): 3320 (w), 2929 (w), 2853 (w), 1749 (w), 1681
(m), 1606 (w), 1568 (m), 1510 (s), 1466 (m), 1345 (s), 1300 (w), 1250 (s), 1213 (m), 1176 (s), 1066 (w), 1034 (s),
1005 (w), 916 (w), 856 (m), 834 (s), 782 (m), 699 (m); *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.85 (t, J
=5.6 Hz, 1H), 8.49 (s, 1H), 8.46 (s, 1H), 8.12 (d, J = 8.7 Hz, 2H), 7.58 (d, J = 8.7 Hz, 2H), 7.53-7.47 (m, 2H), 7.37
(dd, J=9.0, 2.3 Hz, 4H), 7.32-7.19 (m, 3H), 6.86 (dd, J = 9.0, 2.3 Hz, 4H), 6.18 (d, J = 4.4 Hz, 1H), 5.07 (t, J = 4.4
Hz, 1H), 4.54-4.50 (m, 1H), 4.43 (t, J = 6.4 Hz, 2H), 4.31-4.26 (m, 1H), 4.11 (d, J = 5.8 Hz, 2H), 3.98 (d, J = 5.8
Hz, 1H), 3.93 (s, 3H), 3.77 (s, 6H), 3.49-3.43 (m, 2H), 3.13 (t, J = 6.4 Hz, 2H), 0.86 (s, 9H), 0.07 (s, 3H), -0.03 (s,
3H); *C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm): 170.8, 159.6, 156.5, 153.7, 153.2, 150.7, 147.6, 146.1,
141.8, 136.7, 131.1, 131.0, 129.0, 128.6, 127.6, 124.2, 123.2, 113.9, 89.9, 87.1, 84.7, 76.5, 71.9, 65.1, 64.3, 55.5,
43.4, 35.3, 34.8, 26.1, 18.7, -4.6, -4.8; HRMS (ESI) m/z: [M+H]* Calcd. for CseHssN;O1:Si 948.3958; Found
948.3949.

13b: Yield: 85%; Ry = 0.70 (4:1 DCM/EtOAC); IR (ATR) 7 (cm): 2928 (w), 1741 (w), 1681 (w), 1610 (m), 1568 (m),
1508 (s), 1463 (M), 1344 (m), 1251 (s), 1174 (m), 1018 (m), 835 (s), 781 (m); *H NMR (400 MHz, CD,Cl,, 298 K)
5 (ppm) 10.91 (d, J = 6.5 Hz, 1H), 8.4 (s, 1H), 8.17 (s, 1H), 8.10 (d, J = 8.7 Hz, 2H), 7.49-7.44 (m, 2H), 7.42 (d, J
= 8.7 Hz, 2H), 7.35 (d, J = 8.9 Hz, 4H), 7.32-7.20 (m, 3H), 6.82 (d, J = 8.9 Hz, 4H), 6.08 (d, J = 4.9 Hz, 1H), 4.97
(t, 3 = 4.9 Hz, 1H), 4.58-4.45 (m, 1H), 4.45-4.33 (m, 3H), 4.25-4.20 (m, 1H), 3.92 (s, 3H), 3.7 (s, 6H), 3.49 (dd, J
=10.7, 3.1 Hz, 1H), 3.39 (dd, J = 10.7, 4.2 Hz, 1H), 3.09 (t, J = 6.5 Hz, 2H), 2.64 (br s, 1H), 1.44 (d, J = 7.2 Hz,
3H), 0.86 (s, 9H), 0.02 (s, 3H), -0.09 (s, 3H); *C{*H} NMR (100 MHz, CD,Cl,, 298 K) & (ppm): 173.7, 155.7, 153.7,
152.8, 150.5, 147.4, 146.5, 145.4, 140.6, 136.2, 130.6, 130.4, 128.6, 128.4, 127.4, 124.0, 123.1, 113.7, 89.2, 87.1,
84.6, 76.1, 71.9, 65.0, 63.9, 55.8, 50.5, 35.4, 34.9, 25.9, 18.5, 18.4, -4.6, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for
CsoHeoN-011Si 962.4115; Found 962.4128.

13c: Yield: 75%; Ry = 0.15 (2:1 i-Hexane/EtOAc); IR (ATR) 7 (cm™): 2950 (w), 2850 (w), 1730 (w), 1670 (w), 1607
(m), 1577 (s), 1508 (s), 1464 (w), 1347 (s), 1250 (s), 1177 (s), 1150 (w), 1090 (s), 1035 (m), 981 (w), 913 (s), 866
(s), 839 (s), 701 (s); *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 11.03 (d, J = 7.7 Hz, 1H), 8.52 (s, 1H), 8.49
(s, 1H), 8.09 (d, J = 8.7 Hz, 2H), 7.58 (d, J = 8.7 Hz, 2H), 7.52-7.48 (m, 2H), 7.41-7.34 (m, 4H), 7.29-7.16 (m, 3H),
6.86 (dd, J = 9.0, 2.7 Hz, 4H), 6.19 (d, J = 4.3 Hz, 1H), 5.06 (t, J = 4.3 Hz, 1H), 4.54-4.37 (m, 4H), 4.32-4.28 (m,
1H), 3.97 (d, J = 5.9 Hz, 1H), 3.93 (s, 3H), 3.77 (s, 6H), 3.48-3.44 (m, 2H), 3.14 (t, J = 6.3 Hz, 2H), 2.81-2.80 (m,
2H), 0.98 (d, J = 6.8 Hz, 3H), 0.94 (d, J = 6.8 Hz, 3H), 0.87 (s, 9H), 0.08 (s, 3H), -0.01 (s, 3H); **C{*H} NMR (100
MHz, acetone-ds, 298 K) & (ppm): 172.4, 159.5, 156.2, 153.8, 153.1, 150.5, 147.5, 147.4, 146.1, 141.8, 136.7,
136.6, 131.0, 129.1, 128.9, 128.6, 127.5, 124.1, 123.2, 113.9, 90.0, 87.1, 84.6, 76.5, 71.8, 65.0, 64.3, 60.5, 55.5,
35.3, 34.8, 31.4, 26.1, 19.7, 18.7, 18.4, -4.6, -4.8; HRMS (ESI) m/z: [M+H]" Calcd. for Cs;HesN7011Si 990.4428;
Found 990.4430.

13d: Yield: 72%; Ry = 0.20 (2:1 i-Hexane/EtOAc); IR (ATR) ¥ (cm): 2950 (w), 2852 (w), 1729 (w), 1670 (w), 1607
(s), 1577 (), 1508 (s), 1464 (w), 1347 (s), 1250 (s), 1177 (s), 1152 (w), 1091 (s), 1035 (s), 981 (w), 913 (s), 866
(s), 839 (s), 699 (s); *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.89 (d, J = 7.1 Hz, 1H), 8.50 (s, 1H), 8.49
(s, 1H), 8.10 (d, J = 8.8 Hz, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.50 (d, J = 7.2 Hz, 2H), 7.38 (dd, J = 9.0, 2.5 Hz, 4H),
7.31-7.25 (m, 2H), 7.25-7.19 (m, 1H), 6.86 (dd, J = 9.0, 2.5 Hz, 4H), 6.18 (d, J = 4.3 Hz, 1H), 5.05 (t, J = 4.3 Hz,
1H), 4.53-4.37 (m, 4H), 4.29 (dd, J = 4.3, 4.3 Hz, 1H), 3.97 (d, J = 5.9 Hz, 1H), 3.91 (s, 3H), 3.77 (s, 6H), 3.51-
3.42 (m, 2H), 3.14 (t, J = 6.3 Hz, 2H), 1.74-1.56 (m, 3H), 0.92 (d, J = 2.0 Hz, 3H), 0.92 (d, J = 2.0 Hz, 3H), 0.86 (s,
9H), 0.07 (s, 3H), -0.02 (s, 3H); *C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm): 173.4, 159.6, 156.0, 153.8,
153.1, 150.6, 147.6, 147.5, 146.1, 141.9, 136.7, 131.1, 131.0, 131.0, 129.1, 129.0, 128.6, 127.6, 124.1, 123.3,
113.9, 90.0, 87.1, 84.7, 76.5, 71.9, 65.1, 64.3, 55.5, 53.7, 41.7, 35.3, 34.8, 26.1, 25.8, 23.1, 22.2, 18.7, -4.6, -4.8;
HRMS (ESI) m/z: [M+H]* Calcd. for CesHesN-O1:Si 1004.4584; Found 1004.4579.

13e: Yield: 68%; R¢ = 0.22 (2:1 i-Hexane/EtOAC); IR (ATR) 7 (cm™): 2908 (w), 1757 (w), 1718 (w), 1670 (w), 1608
(w), 1507 (s), 1441 (w), 1294 (w), 1248 (s), 1177 (s), 1090 (s), 1034 (s), 975 (s), 913 (s), 869 (s), 776 (s), 703 (s);
1H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.89 (d, J = 8.7 Hz, 1H), 8.50 (s, 1H), 8.42 (s, 1H), 8.03 (d, J =
8.7 Hz, 2H), 7.52 (d, J = 8.8 Hz, 4H), 7.41-7.32 (m, 4H), 7.28 (t, J = 7.4 Hz, 2H), 7.25-7.17 (m, 1H), 6.85 (dd, J =
8.8, 1.8 Hz, 4H), 6.20 (d, J = 4.5 Hz, 1H), 5.11 (t, J = 4.5 Hz, 1H), 4.54-4.48 (M, 3H), 4.45-4.31 (m, 2H), 4.31-4.26
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(m, 1H), 3.98 (d, J = 5.7 Hz, 1H), 3.95 (s, 3H), 3.76 (s, 6H), 3.48 (qd, J = 10.5, 4.1 Hz, 2H), 3.12 (t, J = 6.3 Hz, 2H),
1.25 (d, J = 6.3 Hz, 3H), 0.88 (s, 9H), 0.86 (s, 9H), 0.07 (s, 6H), 0.03 (s, 6H); *C{*H} NMR (100 MHz, acetone-ds,
298 K) & (ppm): 171.7, 159.6, 153.1, 150.4, 142.0, 136.7, 131.1, 131.0, 129.0, 128.6, 127.6, 124.1, 123.4, 113.9,
90.0, 87.1, 84.8, 76.4, 71.9, 69.7, 65.5, 64.4, 61.2, 55.5, 35.3, 35.1, 26.1, 26.0, 21.6, 18.7, 18.4, -4.2, -4.6, -4.8, -
5.2; HRMS (ESI) m/z: [M+H]* Calcd. for Cs7Hz6N701,Si> 1106.5085; Found: 1106.5103.

13f: Yield: 80%; Rs = 0.30 (6:4 DCM/EtOAC); IR (ATR) 7 (cm™): 2930 (w), 1743 (w), 1680 (m), 1582 (s), 1509 (m),
1391 (m), 1345 (s), 1249 (s), 1174 (s), 782 (m); *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 8.37 (s, 1H), 8.33
(s, 1H), 8.18-8.16 (m, 2H), 7.56 (br s, 2H), 7.49 (d, J = 7.3 Hz, 2H), 7.37-7.35 (m, 4H), 7.28 (dd, J = 7.3, 7.3 Hz,
2H), 7.21 (t, J = 7.3 Hz, 1H), 6.88-6.84 (m, 4H), 6.11 (d, J = 4.8 Hz, 1H), 5.10 (dd, J = 4.8, 4.8 Hz, 1H), 4.53-4.49
(m, 1H), 4.45-4.38 (m, 2H), 4.25 (dd, J = 8.2, 4.8 Hz, 1H), 3.94 (d, J = 4.8 Hz, 1H), 3.78 (s, 6H), 3.50-3.39 (m, 6H),
3.12-3.10 (m, 2H), 1.84-1.79 (m, 2H), 1.71 (br s, 1H), 0.83 (s, 9H), 0.04 (s, 3H), -0.08 (s, 3H) (some proton signals
of proline appeared too broad for an unequivocal assignment); **C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm):
172.6, 159.6, 153.8, 152.9, 152.2, 147.7, 147.3, 146.0, 141.7, 136.7, 136.6, 131.0, 130.9, 129.1, 128.6, 127.6,
124.3, 113.9, 89.5, 87.1, 84.8, 84.7, 76.3, 72.0, 71.9, 65.2, 64.3, 60.7, 55.5, 48.4, 35.3, 34.6, 30.4, 26.1, 18.7, -
4.7, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for Cs,Hs2N701:Si 988.4270; Found 988.4280.

13g: Yield: 90%; Ry = 0.50 (5:1 DCM/EtOAC); IR (ATR) ¥ (cmrl): 3538 (w), 2953 (w), 2855 (w), 1738 (w), 1681 (w),
1568 (s), 1508 (s), 1463 (s), 1344 (s), 1249 (s), 1174 (s), 1031 (s), 1016 (s), 834 (s), 781 (s); *H NMR (400 MHz,
CD.Cl, 298 K) & (ppm): 10.89 (d, J = 6.8 Hz, 1H), 8.22 (s, 1H), 8.15 (s, 1H), 8.07 (d, J = 8.7 Hz, 2H), 7.50-7.45
(m, 2H), 7.40-7.16 (m, 12H), 7.14 (dd, J = 7.3, 2.1 Hz, 2H), 6.82 (d, J = 8.9 Hz, 4H), 6.06 (d, J = 5.0 Hz, 1H), 4.97
(t, 3 = 5.0 Hz, 1H), 4.79-4.75 (m, 1H), 4.41-4.35 (m, 3H), 4.26-4.20 (m, 1H), 3.89 (s, 3H), 3.76 (s, 6H), 3.48 (dd, J
=10.7, 3.1 Hz, 1H), 3.38 (dd, J = 10.7, 4.2 Hz, 1H), 3.12 (d, J = 6.3 Hz, 2H), 3.03 (t, J = 6.5 Hz, 2H), 2.64 (d, J =
4.8 Hz, 1H), 0.86 (s, 9H), 0.02 (s, 3H), -0.10 (s, 3H); *C{*H} NMR (100 MHz, CD,Cl>, 298 K) & (ppm): 172.4, 159.2,
155.9, 153.5, 152.7, 150.3, 150.2, 147.3, 146.5, 145.4, 140.6, 140.1, 137.2, 136.2, 136.2, 130.6, 130.6, 130.4,
129.9, 129.6, 129.0, 128.6, 128.4, 128.3, 128.2, 127.6, 127.4, 124.0, 123.0, 113.7, 113.6, 89.1, 87.1, 84.6, 76.1,
71.9, 65.1, 64.0, 56.3, 55.7, 38.3, 35.3, 34.9, 25.9, 18.4, -4.6, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for
CesHosN-01:Si 1038.4428; Found 1038.4447.

13h: Yield: 92%; R; = 0.25 (100:5 DCM/EtOAc); *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.98 (d, J=7.1
Hz, 1H), 8.50 (s, 1H), 8.49 (s, 1H), 8.14-8.07 (d, J = 8.9 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 7.2 Hz, 2H),
7.37 (dd, 3 =9.0, 2.7 Hz, 4H), 7.29 (t, J = 7.4 Hz, 2H), 7.22 (t, J = 7.2 Hz, 1H), 6.86 (dd, J = 8.9, 3.2 Hz, 4H), 6.18
(d, = 4.3 Hz, 1H), 5.07 (t, J = 4.6 Hz, 1H), 4.61 (td, J = 7.5, 5.3 Hz, 1H), 4.52 (q, J = 5.4 Hz, 1H), 4.47 (td, J = 6.1,
4.3 Hz, 2H), 4.29 (q, J = 4.4 Hz, 1H), 3.98 (d, J = 5.9 Hz, 1H), 3.91 (s, 3H), 3.77 (s, 6H), 3.47 (dd, J = 4.1, 2.1 Hz,
2H), 3.16 (t, J = 6.3 Hz, 2H), 2.53 (td, J = 7.2, 1.5 Hz, 2H), 2.17-1.95 (m, 5H), 0.86 (s, 9H), 0.07 (s, 3H), -0.03 (s,
3H); 3C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm): 172.6, 159.6, 159.6, 156.0, 153.7, 153.1, 150.7, 150.6,
147.6, 147.5, 146.1, 141.9, 136.7, 136.7, 131.0, 131.0, 131.0, 129.0, 128.6, 127.6, 124.6, 124.1, 123.3, 113.9,
90.0, 87.1, 84.7, 76.4, 71.9, 65.3, 64.3, 55.5, 54.1, 35.3, 34.8, 32.2, 30.7, 26.1, 18.7, 15.2, -4.6, -4.8; HRMS (ESI)
m/z: [M+H]* Calcd. for Cs,HeaN7011SSi 1022.4148; Found 1022.4137.

13i: Yield: 80%; Ry = 0.25 (95:5 DCM/EtOAC); IR (ATR) 7 (cm*): 2932 (w), 1737 (m), 1682 (m), 1571 (m), 1518
(s), 1464 (s), 1251 (s), 1176 (s), 1018 (m), 836 (s); *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 11.21 (d, J =
7.5 Hz, 1H), 8.49 (s, 1H), 8.39 (s, 1H), 8.09-8.04 (m, 4H), 7.55-7.49 (m, 6H), 7.39-7.35 (m, 4H), 7.29 (dd, J = 7.5,
7.5 Hz, 2H), 7.21 (t, J = 7.5 Hz, 1H), 6.88-6.83 (m, 4H), 6.18 (d, J = 4.2 Hz, 1H), 5.04 (dd, J = 4.2, 4.2 Hz, 1H),
4.82 (dt, J = 7.5, 5.3 Hz, 1H), 4.53 (dd, J = 4.2, 4.2 Hz, 1H), 4.44-4.27 (m, 5H), 3.96 (d, J = 6.1 Hz, 1H), 3.90 (s,
3H), 3.77 (s, 6H), 3.51-3.44 (m, 2H), 3.11 (t, J = 6.2 Hz, 2H), 3.06 (t, J = 6.2 Hz, 2H), 2.96-2.94 (m, 2H), 0.86 (s,
9H), 0.08 (s, 3H), -0.01 (s, 3H); **C{*H} NMR (100 MHz, acetone-ds, 298 K) & (ppm): 171.5, 171.2, 159.6, 155.9,
153.5,153.1, 150.4, 147.6, 147.5, 147.4,147.2, 146.1, 141.9, 136.7, 131.0 (x2), 130.9, 129.0, 128.6, 127.6, 124.1,
124.0,123.2,113.9, 90.1, 87.1, 84.5, 76.5, 71.8, 65.6, 65.0, 64.2, 55.5, 51.4, 37.1, 35.3, 35.2, 34.8, 26.1, 18.7, -
4.6, -4.8; HRMS (ESI) m/z: [M+H]* Calcd. for CsgHg7O15NsSi 1155.4489; Found 1155.4504.

13j: Yield: 86%; Ry = 0.21 (5:2 i-Hexane/EtOAc); IR (ATR) v (cm™): 3397 (w), 2954 (m), 2926 (s), 2854 (m), 2168
(w), 1682 (m), 1607 (m), 1569 (s), 1508 (s), 1462 (s), 1445 (m), 1362 (w), 1297 (w), 1249 (s), 1174 (s), 1134 (m),
1032 (s), 994 (M), 904 (w), 833 (s), 781 (m), 700 (M); *H NMR (600 MHz, CDCls, 298 K) & (ppm): 11.02 (t, J = 5.7
Hz, 1H), 8.50 (s, 1H), 8.48 (s, 1H), 7.50 (d, J = 7.2 Hz, 2H), 7.38-7.36 (m, 4H), 7.29 (t, J = 7.6 Hz, 2H), 7.24-7.21
(m, 1H), 6.87-6.83 (m, 4H), 6.18 (d, J = 4.6 Hz, 1H), 5.08 (dd, J = 4.6, 4.6 Hz, 1H), 4.54-4.49 (m, 1H), 4.39 (d, J =
5.7 Hz, 2H), 4.28 (td, J = 4.7, 3.4 Hz, 1H), 3.98 (s, 3H), 3.96 (d, J = 5.8 Hz, 1H), 3.78 (s, 6H), 3.48 (dd, J = 10.2,
3.8 Hz, 1H), 3.45 (dd, J = 10.2, 4.7 Hz, 1H), 0.85 (s, 9H), 0.06 (s, 3H), -0.05 (s, 3H); **C{*H} NMR (150 MHz,
CDCls, 298 K) 6 (ppm): 159.6, 159.6, 156.5, 153.5, 153.4, 150.7, 146.1, 142.2, 142.2, 136.7, 131.0, 131.0, 129.0,
129.0, 128.6, 127.6, 123.3, 118.2, 113.9, 89.9, 84.8, 76.4, 71.9, 64.4, 55.5, 55.5, 34.9, 29.7, 26.1, 18.7, -4.6, -4.8;
HRMS (ESI) m/z: [M+H]" Calcd. for C41HsoN;O-Si 780.3535; Found 780.3538.

S14

General procedure for the synthesis of 14a-j:

To a solution of 5-DMTr-protected adenosine derivative 13a-j (1.0 equiv.) in anhydrous DCM, N,N-
diisopropylethylamine (DIPEA) (4.0 equiv.) was added. After cooling down to 0°C, 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (CED-CI) (2.5 equiv.) was added dropwise and the reaction mixture was stirred
atr.t. for 5 h. Afterwards ag. sat. NaHCO3 solution was added to the reaction mixture and the aqueous phase was
extracted three times with DCM. The combined organic layers were dried (MgSO,), filtered and concentrated in
vacuo. The crude product was purified by silica gel column chromatography with addition of 0.1% pyridine and co-
lyophilized from benzene to afford the desired phosphoramidite 14a-j as a mixture of diastereoisomers, as a white
or pale-yellow foam.

14a: Yield: 85%; Ry = 0.15 (2:1 i-Hexane/EtOAc); *'P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.1,
148.7; HRMS (ESI) m/z: [M+H]* Calcd. for CsgH7sNeO1,PSi 1148.5037; Found 1148.5052.

14b: Yield: 85%; Ry = 0.50 (1:1 i-Hexane/EtOAC); 3*P{*H} NMR (162 MHz, CD,Cl,, 298 K) & (ppm): 150.6, 149.2;
HRMS (ESI) m/z: [M+H]* Calcd. for CeoH77NeO12PSi 1162.5193; Found 1162.5221.

14c: Yield: 77%; Ry = 0.35 (1:1 i-Hexane/EtOAc); 3*P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.1,
148.7; HRMS (ESI) m/z: [M+H]* Calcd. for Ce1Hg1NoO12PSi 1190.5506; Found 1190.5492.

14d: Yield: 75%; R = 0.38 (1:1 i-Hexane/EtOAc); **P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.1,
148.7; HRMS (ESI) m/z: [M+H]* Calcd. for Ce2HgaNgO1.PSi 1204.5663; Found 1204.5682.

14e: Yield: 62%; Ry = 0.43 (1:1 i-Hexane/EtOAc); **P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.2,
148.5; HRMS (ESI) m/z: [M+H]* Calcd. for CegHosNgO13PSi, 1306.6164; Found 1306.6189.

14f: Yield: 80%; Ry = 0.30 (6:4 DCM/EtOAC); 3*P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm) 150.2, 148.6;
HRMS (ESI) m/z: [M+H]* Calcd. for Ce1H7eNeO1,PSi 1188.5350; Found 1188.5388.

14g: Yield: 90%; R; = 0.30 (5:3 i-Hexane/EtOAc); **P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm) 150.7, 149.1;
HRMS (ESI) m/z: [M+H]" Calcd. for CesHsgiNeO1.PSi 1238.5506; Found 1238.5530.

14h: Yield: 89%; R = 0.30 (6:4 DCM/EtOAC); *'P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm) 150.1, 148.6;
HRMS (ESI) m/z: [M+H]" Calcd. for Ce1Hs1NoO1,PSSi 1222.5227; Found 1222.5215.

14i: Yield: 65%; Ry = 0.15 (92:8 DCM/EtOAC); *'P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.1, 148.7;
HRMS (ESI) m/z: [M+H]* Calcd. for CesHgaO16N10PSi 1355.5567; Found 1355.5590.

14j: Yield: 89%; R;=0.39 (2:1 EtOAc/i-Hexane); 3'P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.3, 148.6;
HRMS (ESI) m/z: [M+H]* Calcd. for CsoHe7NeOsPSi 980.4614; Found 980.4611.
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2.4 Nucleobase-modified No-triglycinylcarbamoyl adenosine nucleoside
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Scheme S4. Synthesis of Né-triglycinylcarbamoyl adenosine 17.
The compound 15 was synthesized according to a procedure previously described in the literature.®’

Acetyl protected NSé-triglycinylcarbamoyl adenosine 16: Carbamate derivative 15 (0.25 g, 0.54 mmol, 1.0
equiv.) was dissolved in dry pyridine and H-Gly-Gly-Gly-OH (0.20 g, 1.1 mmol, 2.0 equiv.) was added. The mixture
was stirred under reflux for 7 h and at r.t. overnight. After that, the crude was filtered and concentrated. The crude
was resuspended in toluene and concentrated. Finally, the crude was crystallized from EtOH affording the product
16 as a white solid (0.18 g, 0.30 mmol, 55% yield). IR (ATR) 7 (cm™): 3353 (w), 1745 (m), 1732 (m), 1697 (m),
1608 (w), 1590 (w), 1515 (s), 1216 (s), 1038 (s), 902 (w); *H NMR (400 MHz, DMSO-dg, 298 K) & (ppm): 12.58 (br
s, 1H), 9.94 (s, 1H), 9.66 (t, J = 5.3 Hz, 1H), 8.65 (s, 1H), 8.59 (s, 1H), 8.38 (t, J = 5.8 Hz, 1H), 8.21 (t, J = 5.8 Hz,
1H), 6.30 (d, J = 5.4 Hz, 1H), 6.03 (dd, J = 5.4, 5.4 Hz, 1H), 5.63 (dd, J = 5.4, 5.4 Hz, 1H), 4.44-4.38 (m, 2H), 4.29-
4.24 (m, 1H), 3.98 (d, J = 5.3 Hz, 2H), 3.77-3.75 (m, 4H), 2.12 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H); *C{*H} NMR (100
MHz, DMSO-dg, 298 K) & (ppm): 171.2, 170.1, 169.5, 169.3, 169.2 (x2), 153.5, 151.1, 150.5, 150.1, 142.7, 120.5,
85.8, 79.6, 72.0, 70.0, 62.7, 43.1, 41.8, 40.6, 20.5, 20.4, 20.2; HRMS (ESI) m/z: [M+Na]* Calcd. for CsH25012NsNa
631.1718; Found 631.1721.

Ne-triglycinylcarbamoyl adenosine 17: Protected adenosine derivative 16 (0.12 g, 0.20 mmol, 1.0 equiv.) was
dissolved in 7 N NHz in MeOH. The reaction was heated at 40°C for 1.5 h and at r.t. overnight. After that, the crude
was concentrated. Finally, the crude product was recrystallized from EtOH (5 mL) affording the product as a white
solid (67 mg, 0.14 mmol, 70% yield). IR (ATR) ¥ (cm™): 3281 (m), 2936 (w), 1691 (s), 1658 (s), 1551 (s), 1470 (s),
1240 (s), 1058 (s), 794 (m), 690 (s); *H NMR (400 MHz, DMSO-ds, 298 K) & (ppm): 9.70 (t, J = 5.0 Hz, 1H), 8.68
(s, 1H), 8.56 (s, 1H), 8.41 (t, J = 5.7 Hz, 1H), 7.83 (t, J = 5.0 Hz, 1H), 5.98 (d, J = 5.6 Hz, 1H), 4.59 (dd, J = 5.6,
5.6 Hz, 1H), 4.18 (dd, J = 5.6, 5.6 Hz, 1H), 3.99-3.98 (m, 3H), 3.74 (d, J = 5.7 Hz, 2H), 3.71-3.56 (M, 4H); *C{*H}
NMR (100 MHz, DMSO-ds, 298 K) & (ppm): 171.2, 169.2, 168.5, 153.6, 150.9, 150.4, 150.3, 142.2, 120.4, 87.7,
85.7,73.8,70.3,61.3,43.0, 42.1, 42.0; HRMS (ESI) m/z: [M+H]* Calcd. for C17H2309Ns 483.1582; Found 483.1583.
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2.5 Nucleobase-modified N®-methylurea adenosine nucleoside
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Scheme S5. Synthesis of N®-methylurea adenosine 19.

Acetyl protected N8-methylurea adenosine 18: Carbamate derivative 15 (0.40 g, 0.86 mmol, 1.0 equiv.) was
dissolved in dry pyridine and methylammonium chloride (0.17 g, 2.6 mmol, 3.0 equiv.) was added. The mixture
was stirred under reflux overnight. After that, the crude was filtered, washed with EtOAc and concentrated. The
crude was suspended in toluene and concentrated. Finally, the crude was purified by silica gel column
chromatography (20 g, 95:5 DCM/IPA) affording the product 18 as a white foam (0.30 g, 0.65 mmol, 76% yield).
IR (ATR) 7 (cm'®): 3246 (w), 1744 (m), 1699 (m), 1590 (m), 1544 (m), 1469 (w), 1365 (w), 1212 (s), 1046 (m), 797
(w); *H NMR (400 MHz, DMSO-dsg, 298 K) & (ppm): 9.74 (s, 1H), 9.20 (c, J = 4.6 Hz, 1H), 8.63 (s, 1H), 8.57 (s, 1H),
6.29 (d, J = 5.3 Hz, 1H), 6.03 (dd, J = 5.3, 5.3 Hz, 1H), 5.64 (dd, J = 5.3, 5.3 Hz, 1H), 4.43-4.23 (m, 3H), 2.83 (d,
J=4.6 Hz, 3H), 2.12 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H); **C{*H} NMR (100 MHz, DMSO-dg, 298 K) & (ppm): 170.1,
169.5, 169.3, 153.9, 151.1, 150.5, 150.0, 142.6, 120.3, 85.8, 79.6, 72.0, 70.0, 62.7, 26.3, 20.5, 20.4, 20.2; HRMS
(ESI) m/z: [M+H]* Calcd. for C1gH2308Ng 451.1571; Found 451.1573.

Né-methylurea adenosine 19: Protected N°-methylurea adenosine 18 (0.26 g, 0.58 mmol, 1.0 equiv.) was
dissolved in 7 N NHz in MeOH. The reaction was heated at 40°C for 1.5 h and at r.t. overnight. After that, the crude
was concentrated. Finally, the crude was triturated in EtOH, filtered and washed with EtOH affording the product
as a white solid (0.16 g, 0.50 mmol, 86% yield). IR (ATR) 7 (cm™): 3360 (w), 1703 (m), 1584 (m), 1537 (m), 1462
(m), 1297 (m), 1245 (s), 1103 (m), 1057 (m), 795 (m); *H NMR (400 MHz, DMSO-ds, 298 K) & (ppm): 9.57 (br s,
1H), 9.24 (c, J = 4.5 Hz, 1H), 8.65 (s, 1H), 8.54 (s, 1H), 5.97 (d, J = 5.7 Hz, 1H), 5.53 (d, J = 5.7 Hz, 1H), 5.24 (d,
J = 4.8 Hz, 1H), 5.15 (dd, J = 5.7, 5.7 Hz, 1H); 4.62-4.58 (m, 1H), 4.19-4.15 (m, 1H), 3.98-3.95 (m, 1H), 3.71-3.54
(m, 2H), 2.83 (d, J = 4.5 Hz, 3H); **C{*H} NMR (100 MHz, DMSO-ds, 298 K) & (ppm): 154.0, 150.8, 150.3, 150.2,
142.2,120.2, 87.7, 85.7, 73.8, 70.3, 61.3, 26.3; HRMS (ESI) m/z: [M+H]" Calcd. for C1,H170sNg 325.1254; Found
325.1257.
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2.6 Nucleobase-modified N°-triglycinylcarbamoyl adenosine nucleoside under prebiotic conditions
i A
N OH
A

phosphate buffer pH 8

o} o
H
Me. N\)k OH
+ N )k N/Y N /Y —_—
| H H with/without
NO o o

Ni(CIO,);06H,0

H fo 2 f
H
N /N N N\)L OH
) < ‘ HQN/Y N/Y
=
1. NaNO, N o o
S ——
o
(‘:,> . 5% HyPO, HO\J>”HQH borate buffer pH 9.5
on  OoH 19 on oM

Scheme S6. Synthesis of N°-triglycinylcarbamoyl adenosine 17 under prebiotic conditions using: a) nitroso derivative of the N-methylurea
peptide and b) Né-methylurea adenosine 19.

Method A:® Adenosine A (2.67 mg, 10 umol, 1.0 equiv.) was dissolved in 30 mM phosphate buffer pH 8 (370 pL).
The nitroso derivative of the N-methylurea peptide (5.50 mg, 20 pmol, 2.0 equiv.) was dissolved in water (40 pL)
and added to the adenosine’s solution. Either water (40 pL) or Ni(ClO4),*6H,0 (91.34 mg, 250 umol, 25 equiv.) in
water (40 pL) was added and the reaction was heated at 70°C for 24 h in a ThermoMixer. Finally, an aliquot (50
yL) of the reaction crude was diluted with water (up to 1 mL), filtered and analyzed by LC-MS (Buffer A: 2 mM
HCOONH, pH 5.5 in H,0 and buffer B: 2 mM HCOONH,4 pH 5.5 in 20:80 H,O/MeCN; Gradient: 0-20% of B in 30
min; Flow rate = 0.15 mL-min"* and Injection: 5 pL).

This prebiotic synthetic method did not afford the NE-triglycinylcarbamoyl adenosine 17. We only detected the
formation of traces of inosine when using the Ni(ll) salt.

Method B: Step 1. Né-methylurea adenosine 19 (1 mg, 3.08 pmol, 1.0 equiv.) was dissolved in 5% HzPO, in water
(140 pL) and cooled to 0°C in an ice bath. NaNO, (2.66 mg, 38.54 umol, 12.5 equiv.) was dissolved in water (10
HL) and added to the previous solution. The reaction was incubated at 0°C for 2 h and -20°C for 22 h. After that,
the adenosine’s solution was allowed to reach 0°C. Step 2. The peptide (5.83 mg, 30.84 pmol, 10 equiv.) was
dissolved in 30 mM borate buffer pH 9.5 (3 mL) and cooled down to 0°C. The adenosine’s solution was added to
the peptide’s solution and the pH was adjusted to 9.5 with 4 N NaOH (60 pL). The reaction was stirred at r.t. for 1
h. Finally, an aliquot (25 pL) of the reaction crude was diluted with water (up to 1 mL), filtered and analyzed by LC-
MS (Buffer A: 2 mM HCOONH, pH 5.5 in H,0 and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient:
0-20% of B in 30 min; Flow rate = 0.15 mL-min* and Injection: 5 pL).

This prebiotic synthetic method afforded the NS-triglycinylcarbamoyl adenosine 17 in 65% yield. The assignment
and amount of the compounds observed in the HPL-chromatogram (Figure S1) was performed by analyzing
separate solutions of those synthesized using non-prebiotic methods. Mass spectrometry analyses confirmed the
assignments.
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Figure S1. a) HPL-chromatogram of the reaction crude using the Method B shown in Scheme S6; mass spectra of the chromatographic
peaks observed at: b) 14.8 and c) 15.4 min. The mass spectra confirmed the formation of the compounds 17 and A.
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2.7 Nucleobase-modified 5-methyluridine 2’-methoxy phosphoramidite
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Scheme S7. Synthesis of nucleobase-modified 5-methyluridine 2'-methoxy phosphoramidite.
General procedure for the synthesis of 21:

A suspension of 2-OMe m°U 20 (1.0 equiv) in DMF was cooled to 0°C. Di-tert-butylsilyl
bis(trifluoromethanesulfonate) (1.1 equiv.) was added dropwise and the mixture was stirred at r.t. for 30 min. To
the reaction was added imidazole (2.5 equiv.) and the resulting solution was stirred at r.t. for 16 h. The crude was
concentrated under reduced pressure and the residue was redissolved in EtOAc and washed with water, ag. sat.
NaHCO; solution and brine. The organic layer was dried (MgSOy,), filtered and concentrated. The crude was
purified by silica gel column chromatography to yield 21 as a white foam.

21: Yield: 79%; Ry = 0.29 (5:1 DCM/EtOAC); IR (ATR) 7 (cm): 2933 (w), 2859 (w), 1681 (m), 1471 (m), 1365 (),
1323 (W), 1266 (w), 1148 (m), 1131 (m), 1064 (s), 1038 (m), 1919 (W), 952 (w), 907 (s), 826 (s), 727 (s); *H NMR
(400 MHz, CDCl3, 298 K) & (ppm): 7.02 (s, 1H), 5.63 (d, J = 0.8 Hz, 1H), 4.48-4.45 (m, 1H), 4.07-3.95 (m, 3H),
3.94-3.90 (m, 1H), 3.61 (s, 3H), 1.93 (s, 3H), 1.07 (s, 9H), 1.03 (s, 9H); *C{*H} NMR (100 MHz, CDCls, 298 K) &
(PPM): 163.6, 149.7, 136.1, 111.2, 91.9, 82.2, 77.4, 74.5, 67.4,59.3, 27.5, 27.2, 22.9, 20.5, 12.8; HRMS (ESI) m/z:
[M+H]* Calcd. for C1oHs3sN,06Si 413.2102; Found 413.2106.

General procedure for the synthesis of 22:

A solution of 21 (1.0 equiv.) in dry CHCI; was heated at 60°C. N-bromosuccinimide (NBS) (1.2 equiv., previously
purified by recrystallization) and azobisisobutyronitrile (AIBN) (0.12 equiv.) were added and the reaction was stirred
under reflux for 1.5 h. After that, the reaction mixture was cooled to r.t. and MeNH; (2 M in THF, 5.0 equiv.) was
added. The resulting suspension was stirred for 2 h at r.t. and, subsequently, it was diluted with aq. sat. NaHCO3
solution. The crude was extracted three times with DCM. The combined organic layers were dried (MgSO.), filtered
and concentrated. The crude was purified by silica gel column chromatography to furnish 22 as a yellow foam.

22: Yield: 34%; Ry = 0.30 (9:1 DCM/IPA); IR (ATR) ¥ (cm™): 2934 (w), 2859 (), 1680 (s), 1468 (m), 1245 (s), 1201
(), 1132 (m), 1064 (m), 1034 (m), 961 (w), 852 (w), 826 (s), 735 (W); 'H NMR (400 MHz, acetone-ds, 298 K) &
(PPM): 8.02 (s, 1H), 5.81 (s, 1H), 4.43-4.32 (m, 2H), 4.25-4.18 (m, 1H), 4.11 (d, J = 5.0 Hz, 1H), 4.08-3.98 (m, 2H),
3.84 (d, J = 7.0 Hz, 2H), 3.58 (s, 3H), 2.62 (s, 3H), 1.07 (s, 9H), 1.03 (s, 9H); *C{*H} NMR (100 MHz, acetone-ds,
298 K) & (ppm): 163.9, 150.5, 142.6, 107.5, 91.7, 82.9, 77.8, 75.4, 67.8, 59.2, 45.8, 33.3, 27.8, 27.5, 23.1, 20.9;
HRMS (ESI) m/z: [M+H]* Calcd. for CaoHssNsO6Si 442.2368; Found 442.2370.
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General procedure for the synthesis of 23:

To a solution of 22 (1.0 equiv.) in 1,4-dioxane and H,O (1:1 v/v) were added teoc-OSu (1.1 equiv.) and triethylamine
(TEA) (1.5 equiv.). The mixture was stirred at r.t. for 16 h. After that, the crude was diluted with water and extracted
three times with Et;O. The combined organic layers were washed with water, dried (MgSOy), filtered and
concentrated. The obtained residue was purified by silica gel column chromatography to yield the teoc-protected
compound 23 as a white solid.

23: Yield: 72%; R = 0.53 (95:5 DCM/IPA); IR (ATR) 7 (cm™): 2948 (w), 2894 (w), 2859 (w), 1725 (m), 1464 (w),
1384 (w), 1280 (w), 1245 (s), 1198 (m), 1139 (m), 1057 (m), 1029 (M), 955 (W), 920 (W), 826 (s), 744 (m), 691 (W);
For major rotamer: *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.27 (br s, 1H), 7.54 (s, 1H), 5.76 (s, 1H),
4.47 (d, J = 4.1 Hz, 1H), 4.27-3.95 (m, 8H), 3.59 (s, 3H), 2.94 (s, 3H), 1.08 (s, 9H), 1.04-1.00 (m, 11H), 0.06 (s,
9H); 3C{'H} NMR (100 MHz, acetone-dg, 298 K) & (ppm): 150.6, 139.7, 111.1, 91.4, 83.0, 77.7, 75.4, 68.1, 63.8,
59.2, 455, 35.3, 27.8, 27.5, 23.2, 20.9, 18.4, -1.3; HRMS (ESI) m/z: [M+H]* Calcd. for C2sH4sN30gSi> 586.2975;
Found 586.2981.

General procedure for the synthesis of 24:

The modified 2'-OMe 5-methyluridine 23 (1.0 equiv.) was dissolved in DCM/pyridine (9:1 v/v) and cooled to 0°C in
a plastic reaction vessel. Subsequently, a solution of 70% HF-pyridine (5.0 equiv.) was slowly added, and the
reaction mixture was stirred at 0°C for 2 h. The reaction was quenched by adding ag. sat. NaHCOs3; and the crude
was extracted three times with DCM. The combined organic layers were washed with water, dried (MgSO,), filtered
and concentrated. The crude product was purified by silica gel column chromatography to afford the diol compound
24 as a white foam.

24: Yield: 75%; R = 0.22 (100:5 DCM/MeOH); IR (ATR) v (cm): 3060 (w), 2951 (w), 1710 (m), 1463 (m), 1401
(m), 1249 (s), 1214 (m), 1114 (m), 1086 (m), 1062 (m), 988 (w), 938 (w), 838 (s), 769 (m), 694 (w); For major
rotamer: *H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.17 (br s, 1H), 8.09 (s, 1H), 5.99 (d, J = 4.3 Hz, 1H), 4.34
(s, 1H), 4.28-4.12 (m, 3H), 4.11-3.92 (m, 5H), 3.92-3.74 (m, 2H), 3.47 (s, 3H), 2.95 (s, 3H), 1.02 (s, 2H), 0.04 (s,
9H) (some proton signals appeared too broad for an unequivocal assignment); **C{*H} NMR (100 MHz, CDCls,
298 K) 6 (ppm): 163.9, 157.2, 151.2, 140.3, 138.6, 111.0, 87.9, 84.4, 69.9, 63.9, 62.1, 58.5, 45.8, 35.3, 18.3, -1.4
(some carbon signals appeared too broad for an unequivocal assignment); HRMS (ESI) m/z: [M+H]* Calcd. for
C18H32N30gSi 446.1953; Found 446.1954.

General procedure for the synthesis of 25:

To a solution of the 2'-OMe 3',5'-deprotected 5-methyluridine derivative 24 (1.0 equiv.) in pyridine was added 4,4'-
dimethoxytrityl chloride (DMTrCI) (1.5 equiv.). After stirring at r.t. for 16 h, the reaction mixture was concentrated
and purified by silica gel column chromatography with an addition of 0.1% of pyridine to the eluent to afford the
DMTr-protected compound 25 as a white foam.

25: Yield: 82%; R; = 0.34 (1:1 DCM/EtOAc); IR (ATR) v (cm™): 2953 (w), 1694 (m), 1607 (w), 1508 (m), 1461 (m),
1397 (W), 1344 (W), 1298 (W), 1245 (s), 1175 (m), 1166 (m), 1063 (m), 1032 (s), 962 (W), 832 (s), 756 (W), 726 (W);
For major rotamer: *H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.20 (br s, 1H), 7.74 (s, 1H), 7.60-7.50 (m,
2H), 7.46-7.38 (m, 4H), 7.32 (t, J = 7.8 Hz, 2H), 7.25-7.20 (m, 1H), 6.89 (d, J = 8.9 Hz, 4H), 5.95 (s, 1H), 4.45-4.21
(m, 1H), 4.17-3.90 (m, 4H), 3.87-3.66 (m, 8H), 3.59-3.37 (m, 5H), 2.88 (s, 3H), 1.00-0.91 (m, 2H), 0.02 (s, 9H)
(some proton signals appeared too broad for an unequivocal assignment); **C{*H} NMR (100 MHz, acetone-ds,
298 K) & (ppm): 163.9, 159.6, 156.8, 151.0, 146.1, 140.4, 136.9, 131.1, 129.1, 128.7, 127.5, 114.0, 88.5, 87.2,
84.1, 70.3, 64.5, 63.6, 58.7, 55.5, 46.3, 35.6, 18.4, -1.4 (some carbon signals appeared too broad for an
unequivocal assignment); HRMS (ESI) m/z: [M-H] Calcd. for CsgHsoN3O10Si 746.3114; Found 746.3113.

General procedure for the synthesis of phosphoramidite 26:

A solution of 5'-DMTr-protected compound 25 (1.0 equiv.) and DIPEA (4.0 equiv.) in dry DCM was cooled to 0°C.
To this solution was slowly added 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (CED-CI) (2.5 equiv.) and
the reaction mixture was stirred at r.t. for 5 h. The reaction was quenched by addition of aq. sat. NaHCOj3 and the
crude was extracted three times with DCM. The combined organic layers were dried (MgSO.), filtered and
concentrated under reduced pressure. After purification by silica gel column chromatography with an addition of
0.1% pyridine and co-lyophilization from benzene the desired phosphoramidite 26 was obtained as a mixture of
diastereoisomers and rotamers as a white foam.

26: Yield: 66%; Ry = 0.19 (1:1 DCM/EtOAC); 3P{*H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.0, 149.9,
149.8, 149.7; HRMS (ESI) m/z: [M-H] Calcd. for C4gHs7NsO11PSi 948.4338; Found 948.4333.

S21



2.8 Nucleobase-modified 2’-methoxy N°-carbamoyl adenosine phosphoramidite
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Scheme S8. Synthesis of nucleobase-modified 2'-methoxy N°-carbamoyl adenosine phosphoramidite.
General procedure for the synthesis of 28:

A suspension of 2-OMe adenosine 27 (1.0 equiv.) in DMF was cooled to 0°C. Di-tert-butylsilyl
bis(trifluoromethanesulfonate) (1.1 equiv.) was added dropwise and the mixture was stirred at r.t. for 30 min. To
the reaction was added imidazole (2.5 equiv.) and the resulting solution was stirred at r.t. for 16 h. The reaction
was concentrated under reduced pressure and the residue was redissolved in EtOAc and washed with water, ag.
sat. NaHCOg solution and brine. The organic layer was dried (MgSO.), filtered and concentrated. The crude was
purified by silica gel column chromatography to yield 28 as a white foam.

28: Yield: 69%; Ry = 0.21 (100:1 DCM/MeOH); IR (ATR) ¥ (cm): 3319 (w), 3161 (m), 2933 (), 1669 (s), 1600 (s),
1472 (s), 1367 (m), 1328 (m), 1260 (m), 1207 (m), 1133 (s), 1069 (s), 1027 (s), 966 (s), 907 (W), 829 (), 739 (5),
653 (s); *H NMR (400 MHz, DMSO-ds, 298 K) & (ppm): 8.32 (s, 1H), 8.13 (s, 1H), 7.36 (s, 2H), 6.0 (s, 1H), 4.89
(dd, J = 9.0, 4.8 Hz, 1H), 4.34 (d, J = 4.8 Hz, 1H), 4.31 (d, J = 4.8 Hz, 1H), 4.03-3.94 (m, 2H), 3.54 (s, 3H), 1.08
(s, 9H), 1.01 (s, 9H); 3C{*H} NMR (100 MHz, DMSO-ds, 298 K) & (ppm): 156.6, 153.2, 149.2, 140.4, 119.6, 88.6,
82.1, 76.9, 74.5, 67.3, 58.8, 27.7, 27.4, 22.7, 20.4; HRMS (ESI) m/z: [M+H]* Calcd. for CioHsNsO4Si 422.2218;
Found 422.2220.

General procedure for the synthesis of 29:

To a solution of silyl-protected 2-OMe adenosine 28 (1.0 equiv.) in DCM was added 1-N-methyl-3-
phenoxycarbonyl-imidazolium chloride (2.0 equiv.). The resulting suspension was stirred at r.t. for 16 h and then
H-aa-Onpe*HCI (2.0 equiv.) together with NEt; (2.0 equiv.) was added. After stirring for 16 h, the reaction mixture
was quenched by the addition of aq. sat. NaHCO; and the crude was extracted three times with DCM. The
combined organic layers were dried (MgSOy), filtered and concentrated in vacuo. Purification by silica gel column
chromatography furnished the amino acid-modified adenosine derivative 29 as a white foam.

29: Yield: 95%; Ry = 0.23 (100:1 DCM/MeOH); IR (ATR) ¥ (cm'): 3235 (w), 2934 (w), 2856 (m), 1747 (m), 1702
(s), 1587 (m), 1518 (s), 1467 (s), 1343 (s), 1257 (m), 1187 (s), 1138 (s), 1062 (s), 1014 (M), 825 (s), 736 (M), 651
(s); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 9.99 (t, J = 5.6 Hz, 1H), 8.7 (s, 1H), 8.51 (s, 1H), 8.26 (s, 1H),
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8.08 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 6.01 (s, 1H), 4.65 (dd, J = 9.6, 4.6 Hz, 1H), 4.50-4.38 (m, 3H),
4.27 (d, J = 4.6 Hz, 1H), 4.22-4.14 (m, 3H), 4.05 (dd, J = 9.6, 9.6 Hz, 1H), 3.69 (s, 3H), 3.09 (t, J = 6.6 Hz, 2H),
1.09 (s, 9H), 1.06 (s, 9H); **C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 170.0, 154.3, 151.3, 150.3, 149.9, 146.9,
145.5,142.1,129.9, 123.8,121.1, 89.7,82.4, 77.3,74.9, 67.6, 64.7,59.5, 42.2, 35.0, 27.5, 27.2, 22.9, 20.5; HRMS
(ESI) m/z: [M+H]" Calcd. for C3oH42N7OeSi 672.2808; Found 672.2808.

General procedure for the synthesis of 30:

The amino acid-modified 2'-OMe adenosine derivative 29 (1.0 equiv.) was dissolved in DMF and cooled to 0°C.
To the solution were added K,COs (3.0 equiv.) together with Mel (2.0 equiv.) and the reaction was stirred at r.t. for
2 h. The reaction mixture was diluted with H,O and extracted three times with EtOAc. The combined organic layers
were washed with water, dried (MgSO.), filtered and concentrated. The obtained residue was purified by silica gel
column chromatography to give 30 as a white foam.

30: Yield: 93%; Ry = 0.32 (1:1 i-Hexane/EtOAC); IR (ATR) ¥ (cm): 2932 (w), 1857 (w), 1746 (m), 1682 (s), 1567
(s), 1517 (s), 1467 (s), 1343 (s), 1266 (m), 1192 (m), 1135 (s), 1062 (s), 1027 (s), 826 (s), 735 (m), 651 (s); *H
NMR (400 MHz, CDCls, 298 K) & (ppm): 10.95 (t, J = 5.4 Hz, 1H), 8.51 (s, 1H), 8.10 (d, J = 8.7 Hz, 2H), 7.98 (s,
1H), 7.37 (d, J = 8.7 Hz, 2H), 6.02 (s, 1H), 4.62-4.54 (m, 1H), 4.48 (dd, J = 9.2, 5.0 Hz, 1H), 4.43 (t, J = 6.6 Hz,
2H), 4.27-4.12 (m, 4H), 4.03 (d, J = 10.5 Hz, 1H), 3.98 (s, 3H), 3.69 (s, 3H), 3.08 (t, J = 6.6 Hz, 2H), 1.09 (s, 9H),
1.05 (s, 9H); BC{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 170.3, 156.2, 153.2, 151.7, 150.3, 147.0, 145.6,
139.6,129.9, 123.8, 122.8, 89.7, 82.3, 7.3, 74.8, 67.6, 64.6, 59.5, 43.0, 35.0, 34.8, 27.5, 27.2, 22.9, 20.5; HRMS
(ESI) miz: [M+H]* Calcd. for Cs;HaaN70eSi 686.2964; Found 686.2967.

General procedure for the synthesis of 31:

A solution of the modified 2'-OMe adenosine derivative 30 (1.0 equiv.) in DCM/pyridine (9:1 v/v) inside a plastic
reaction vessel was cooled to 0°C. Subsequently, a solution of 70% HF-pyridine (5.0 equiv.) was slowly added and
the reaction mixture was stirred at 0°C for 2 h. The reaction mixture was diluted with ag. sat. NaHCOj3 solution and
extracted three times with DCM. The combined organic layers were washed with water, dried (MgSO.), filtered
and concentrated under reduced pressure. The crude product was purified by silica gel column chromatography
to isolate the 3',5'-deprotected adenosine derivative 31 as a white foam.

31: Yield: 91%; Ry = 0.25 (100:5 DCM/MeOH); IR (ATR) ¥ (cm): 3201 (w), 2935 (w), 1743 (m), 1677 (m), 1568
(s), 1514 (s), 1464 (m), 1343 (s), 1268 (m), 1209 (m), 1110 (m), 1036 (M), 856 (m), 795 (s), 697 (M), 645 (m); *H
NMR (400 MHz, CDCls, 298 K) & (ppm): 10.85 (t, J = 5.4 Hz, 1H), 8.51 (s, 1H), 8.13 (d, J = 8.8 Hz, 2H), 8.01 (s,
1H), 7.39 (d, J = 8.8 Hz, 2H), 5.94-5.91 (m, 2H), 4.72 (dd, J = 7.4, 4.7 Hz, 1H), 4.60 (d, J = 4.7 Hz, 1H), 4.43 (t, J
= 6.6 Hz, 2H), 4.37 (d, J = 1.0 Hz, 1H), 4.25-4.09 (m, 2H), 4.01 (s, 3H), 4.00-3.92 (m, 1H), 3.84-3.74 (m, 1H), 3.37
(s, 3H), 3.09 (t, J = 6.6 Hz, 2H), 2.69 (d, J = 1.7 Hz, 1H); ®C{*H} NMR (100 MHz, CDCls, 298 K) & (ppm): 170.2,
156.0, 153.8, 151.2, 149.6, 147.0, 145.5, 141.6, 129.9, 123.9, 123.9, 89.7, 88.2, 82.3, 70.6, 64.7, 63.4, 59.0, 43.1,
35.0; HRMS (ESI) m/z: [M+H]* Calcd. for CasHzsN;00 546.1943; Found 546.1943.

General procedure for the synthesis of 32:

The 3',5-deprotected 2'-OMe adenosine derivative 31 (1.0 equiv.) was dissolved in pyridine and DMTrCI
(1.5 equiv.) was added. The reaction mixture was stirred at r.t. for 16 h and afterwards the solvents were removed
in vacuo. Purification by silica gel column chromatography with an addition of 0.1% pyridine afforded the DMTr-
protected adenosine derivative 32 as a pale-yellow foam.

32: Yield: 91%; Ry = 0.45 (100:5 DCM/MeOH); IR (ATR) ¥ (cm™): 2358 (w), 1682 (m), 1568 (m) 1509 (s), 1463 (m),
1344 (s), 1249 (m), 1174 (m), 1033 (s), 701 (), 667 (w); *H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.84 (t, J =
5.4 Hz, 1H), 8.48-8.42 (M, 2H), 8.10 (d, J = 8.6 Hz, 2H), 7.57 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 7.4 Hz, 2H), 7.39-
7.32 (m, 4H), 7.28 (t, = 7.4 Hz, 2H), 7.24-7.20 (m, 1H), 6.91-6.78 (m, 4H), 6.27 (d, J = 4.0 Hz, 1H), 4.74-4.64 (m,
1H), 4.59 (t, J = 4.5 Hz, 1H), 4.43 (t, J = 6.4 Hz, 2H), 4.28-4.21 (m, 2H), 4.11 (d, J = 5.6 Hz, 2H), 3.92 (s, 3H), 3.77
(s, 6H), 3.53 (s, 3H), 3.45 (d, J = 4.6 Hz, 2H), 3.13 (t, J = 6.4 Hz, 2H); *C{*H} NMR (100 MHz, CDCls, 298 K) &
(pPm): 170.7, 159.6, 156.5, 153.7, 153.0, 150.7, 147.6, 147.4, 146.0, 141.7, 136.7, 131.0, 130.9, 129.0, 128.6,
127.6,124.1, 123.2, 113.8, 87.6, 87.1, 84.9, 83.8, 70.6, 65.0, 64.3, 58.8, 55.5, 43.4, 35.3, 34.8; HRMS (ESI) m/z:
[M+H]* Calcd. for CasHaeN;O11 848.3249; Found 848.3234.

General procedure for the synthesis of 33:
To a solution of 5'-DMTr-protected 2'-OMe adenosine derivative 32 (1.0 equiv.) in anhydrous DCM, N,N-

diisopropylethylamine (DIPEA) (4.0 equiv.) was added. After cooling down to 0°C, 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (CED-CI) (2.5 equiv.) was added dropwise and the reaction mixture was stirred
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at r.t. for 5 h. After that, ag. sat. NaHCOj3 solution was added to the reaction mixture and the aqueous phase was
extracted three times with DCM. The combined organic layers were dried (MgSOQ,), filtered and concentrated in
vacuo. The crude product was purified by silica gel column chromatography with addition of 0.1% pyridine and co-
lyophilized from benzene to afford the desired phosphoramidite 33 as a mixture of diastereoisomers and as a white
foam.

33: Yield: 63%; Ri = 0.25 (1:1 i-Hexane/EtOAc); 3*P{*H} NMR (162 MHz, acetone-dg, 298 K) & (ppm): 150.2, 149.7;
HRMS (ESI) m/z: [M+H]" Calcd. for Cs3HssNgO12P 1048.4328; Found 1048.4309.

3. General information and instruments for oligonucleotides
3.1 Synthesis and purification of oligonucleotides

Phosphoramidites of canonical ribonucleosides (Bz-A-CE, Dmf-G-CE, Ac-C-CE and U-CE) were purchased from
LinkTech and Sigma-Aldrich. Oligonucleotides (ONs) were synthesized on a 1 pmol scale using RNA SynBase™
CPG 1000/110 and High Load Glen UnySupport™ as solid supports for strands containing amino acid-modified
carbamoyl adenosine and 5-(methyl)aminomethyl uridine derivatives, respectively, using an RNA automated
synthesizer (Applied Biosystems 394 DNA/RNA Synthesizer) with a standard phosphoramidite chemistry. ONs
were synthesized in DMT-OFF mode using DCA as a deblocking agent in CH,Cl,, BTT or Activator 42® as activator
in MeCN, Ac,0 as capping reagent in pyridine/THF and I, as oxidizer in pyridine/H,0.

Deprotection of npe and teoc groups

For the deprotection of the para-nitrophenylethyl (npe) group in ONs containing amino acid-modified carbamoy!
adenosine derivatives, the solid support beads were suspended in a 9:1 THF/DBU solution mixture (1 mL) and
incubated at r.t. for 2 h.° After that, the supernatant was removed and the beads were washed with THF (3x1 mL).

For the deprotection of the 2-(trimethylsilyl)ethoxycarbonyl (teoc) group in ONs containing 5-(methyl)aminomethyl
uridine derivatives, the solid support beads were suspended in a saturated solution of ZnBr;in 1:1 MeNO2/IPA (1
mL) and incubated at r.t. overnight.!® After that, the supernatant was removed and the beads were washed with
0.1 M EDTA in water (1 mL) and water (1 mL).

Cleavage from beads, deprotection of TBS groups and precipitation of the synthesized ON

The solid support beads were suspended in a 1:1 aqueous solution mixture (0.6 mL) of 30% NH,OH and 40%
MeNH,. The suspension was heated at 65°C (8 min for SynBase™ CPG 1000/110 and 60 min for High Load Glen
UnySupport™). Subsequently, the supernatant was collected and the beads were washed with water (2x0.3 mL).
The combined aqueous solutions were concentrated under reduced pressure using a SpeedVac concentrator.
After that, the crude was dissolved in DMSO (100 pL) and triethylamine trihydrofluoride (125 pL) was added. The
solution was heated at 65°C for 1.5 h. Finally, the ON was precipitated by adding 3 M NaOAc in water (25 pL) and
n-butanol (1 mL). The mixture was kept at -80°C for 2 h and centrifuged at 4°C for 1 h. The supernatant was
removed and the white precipitate was lyophilized.

Purification of the synthesized ON by HPLC and desalting

The crude was purified by semi-preparative HPLC (1260 Infinity 1| Manual Preparative LC System from Agilent
equipped with a G7114A detector) using a reverse-phase (RP) VP 250/10 Nucleodur 100-5 C18ec column from
Macherey-Nagel. Buffers: A) 0.1 M ACOH/Et:N in H,O at pH 7 and B) 0.1 M AcOH/EtzN in 80% (v/v) MeCN in H,O.
Gradient: 0-25% of B in 45 min. Flow rate = 5 mL-min™. The purified ON was analyzed by RP-HPLC (1260 Infinity
Il LC System from Agilent equipped with a G7165A detector) using an EC 250/4 Nucleodur 100-3 C18ec from
Macherey-Nagel. Gradient: 0-30% or 0-40% of B in 45 min. Flow rate = 1 mL-min-. Finally, the purified ON was
desalted using a C18 RP-cartridge from Waters.

Determination of the concentration and the mass of the synthesized ON

The absorbance of the synthesized ON in H>O solution was measured using an IMPLEN NanoPhotometer®
NB0/N50 at 260 nm. The extinction coefficient of the single stranded ONs was calculated using the OligoAnalyzer
Version 3.0 from Integrated DNA Technologies. For ONs incorporating non-canonical bases, the extinction
coefficients were assumed to be identical to those containing only canonical counterparts.

The synthesized ON (2-3 pL) was desalted on a 0.025 pm VSWP filter (Millipore), co-crystallized in a 3-
hydroxypicolinic acid matrix (HPA, 1 pL) and analyzed by MALDI-TOF mass spectrometry (negative mode).
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3.2 Analysis of coupling and cleavage reactions by HPLC and MALDI-TOF mass spectrometry

The crudes of the coupling and cleavage reactions were analyzed by RP-HPLC using an EC 250/4 Nucleodur 100-
3 C18ec column from Macherey-Nagel. Buffers: A) 0.1 M AcOH/Et;N in H.O at pH 7 and B) 0.1 M AcOH/EtsN in
80% (v/v) MeCN in H,O. Gradient: 0-40% of B in 45 min. Flow rate = 1 mL-min™. Injection: 20 pL (1 nmol). The
same HPLC method was used for the purification of the products obtained in the coupling and cleavage reactions.
The yields of the reactions were calculated by integration of the chromatographic peaks of the products and the
use of the calibration curves of the corresponding canonical ONs (see Section 5). In order to simplify the
calculations, we assumed that the formed products and the canonical oligonucleotides used for calibration featured
identical extinction coefficients, which were calculated for single stranded RNAs. It is expected that double strands
and/or secondary structures are disrupted under the HPLC conditions used.

The crudes of the reactions and the isolated products (2-3 pL) were desalted on a 0.025 ym VSWP filter (Millipore),
co-crystallized in a 3-hydroxypicolinic acid matrix (HPA, 1 pL) and analyzed by MALDI-TOF mass spectrometry
(negative mode).

3.3 Coupling of amino acids and peptides to ONs anchored to the solid support beads

Oligonucleotides (ONs) were synthesized on a 4 umol scale using the High Load Glen UnySupport™ for strands
containing glycine-modified carbamoyl adenosine and 5-valine-methylaminomethyl uridine derivatives using an
RNA automated synthesizer (Applied Biosystems 394 DNA/RNA Synthesizer) with a standard phosphoramidite
chemistry. The npe and teoc protecting groups were removed as described in Section 3.1 and the solid support
beads were dried using a SpeedVac concentrator.

The solid support beads (1 pmol) in an Eppendorf tube were washed with dry DMF (0.3 mL). In a separate
Eppendorf tube, Boc-protected amino acid (for altering of the mnm®U derivatives), npe-protected amino acid (for
altering of the mfg°A derivatives) or protected peptide (100 pmol), DMTMM+BF, (100 umol) as activator and dry
DIPEA (200 pmol) were dissolved in dry DMF (0.6 mL). Subsequently, the amino acid or peptide solution was
added to the solid support beads and the reaction was incubated in an orbital shaker at r.t. for 1 h. The suspension
was centrifuged and the supernatant was removed. The solid support beads were washed with dry DMF (2x0.3
mL) and dry MeCN (2x0.3 mL). Finally, the beads were dried using a SpeedVac concentrator.

For the deprotection of the tert-butyloxycarbonyl (Boc) group in ONs after the coupling of a Boc-protected amino
acid or peptide, the solid support beads were suspended in a 1:1 TFA/CH,CI, solution mixture (0.5 mL) and
incubated for 5 min at r.t.!* After that, the supernatant was removed and the solid support beads were washed with
CH,Cl, (2x0.5 mL). The deprotection of the npe-protected adenosine derivatives was performed as described in
Section 3.1.

The ONs containing 5-peptide-methylaminomethyl uridine derivatives were cleaved from the solid support beads
using a 1:1 aqueous solution mixture (0.6 mL) of 30% NH4OH and 40% MeNH, at 65°C for 60 min. The ONs
containing peptide-modified carbamoy!l adenosine derivatives were cleaved from the solid support beads using a
30% NH,OH aqueous solution (0.6 mL) at r.t. overnight. The following work-up and purification steps were identical
to those described in Section 3.1. Based on HPLC analyses, we calculated that the coupling reaction using the
solid support beads and DMTMM-BF, as activator proceeded in an extent larger than 70%.
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4. Synthesized oligonucleotides using a DNA/RNA automated synthesizer

4.1 Canonical oligonucleotides (CON)

RNA sequences:

CON1,; 5'-AAU CGC U-3’

CON2; 5-GUA CAG CGA UU-3

CONS3; 5'-GUA CAG CGA UUA AUC GCU-3’

CON4; 5-AmAmUm CmGmCm Um-3’

CONS5; 5-GmUmCm AmGmUm AmCmAm GmCmGm AmUmUm-3’

CONB6; 5-GmUmCm AmGmUm AmCmAmM GmCmGm AmUmUm AmAmUm CmGmCm Um-3’

Table S1. HPLC retention times (0-30% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of canonical
oligonucleotides.

Strand  tr (Mmin) m/z calcd. for [M-H]"  found

CON1 23.6 2162.3 2162.0
CON2 23.1 3487.5 3486.9
CON3 23.9 5712.8 5711.7

Table S2. HPLC retention times (0-40% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of canonical
oligonucleotides.

Strand  tr (min) m/z calcd. for [M-H]"  found

CON4 23.3 2261.6 2260.1
CONS5 18.8 4772.7 4772.8
CON6 18.6 6998.0 6995.1

The sequences of CON1-6 are similar to those of the modified ONs used in the coupling reactions. These canonical
ONs were used for the development of HPLC calibration curves in Section 5.

4.2 Donor oligonucleotides (ON1) with a complementary sequence

RNA sequence o

HO =N Me
General structure o [T N O
N Me_ _aa
7 N7 NT N cooH
| HN H
aa

N _I

NI Nx . .
ON1; 5-XAU CGC U-3' X = s—o oH X \ amino acid (aa)
COOH
Exceptions o o COOH
o ajaa=g
bjaa=a
Me. s Me. /laa Me. aa
\N)J\N’ SCOOH  c;aa=v \N)J\N\j SCOOH  fiaa=p \N)J\N’ SCOOH ijaa=d
| H d;aa=| 1 H
e;aa=t
g;aa=f
e )OJ\ )cj)\
Me aa H aa
SNTONTT ey jjaa=g SNTONTTSCOOH  kjaa=v
| H SN | H

Figure S2. RNA sequence and general structure of amino acid-modified carbamoyl adenosine derivatives.
Other RNA donor strands with longer sequences:

ON1l: 5-XCU AUU GAG U-3'; X = mSv®A

ON1m: 5-X'AU CGC UGU ACC CUA UUG AGU X?-3'; X' = mOySA; X? = mPgPA

ON1n: 5'-XAU CGC UGU AC-3’; X = mevSA

ON1o: 5-XAmUm CmGmCm Um-3’; X = m°g°Am

ON1p: 5-XAmUm CmGm-3’; X = mSgfAm
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ON1g: 5'-XAmUm-3’; X = m®g®Am

Table S3. HPLC retention times (0-40% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of ON1.

Strand

tr (Min)  m/z calcd. for [M-H]-  found

ON1a; X = m°g°A

ON1b; X = m%a®A

ON1c; X = méy°A

ON1d; X = mSIPA

ON1e; X = metSA

ON1f; X = m°pPA

ON1g; X = mSfoA

ON1h; X = m°m°A

ONL1i; X = méd°A

ON1j; X = mPgPA (amino nitrile)
ON1k; X = v®A (non-methylated)
ON1I; X = mSy°A

ON1m; X! = m°y°A and X2 = m°g°A
ON1n; X = mSvSA

ON1o; X = m°g°Am

ON1p; X = m°g°Am

ON1q; X = még°Am

18.8 2277.4 2278.4
20.2 2291.4 2290.0
222 2319.4 2317.8
24.3 2333.4 2331.6
18.9 2321.4 2320.0
18.0 2317.4 2316.8
245 2368.6 2365.4
23.2 2351.4 2350.4
17.2 2335.4 2334.3
21.2 2258.4 2258.5
20.6 2305.4 2302.2
22.3 3300.5 3301.1
23.1 7231.0 7233.7
23.2 3604.6 3603.4
23.8 2375.5 2374.4
23.6 1736.4 1735.1
23.1 1058.2 1058.2

4.3 Acceptor oligonucleotides (ON2) with a complementary sequence

ON2; 5-GUA CAG CGA UX-3' X=

RNA sequence /\ ] H
General structure 0 }’ o
o) _L
NHR NHR

Exceptions

L

)
Me

L

NHR

oD
won

g
=z
®

] o]
_NH, ciaa=v _NHTeoc d;aa=v
Jgm | g

Me

amino acid (aa)

Figure S3. RNA sequence and general structure of (methyl)aminomethyl uridine derivatives.

Other RNA acceptor strands with longer sequences:

ON2e 5'-GUA CAG CGA UX'A CUC AAU AGX?-3; X! = gmnmPU; X2 = nm°U

ON2f: 5-GUA CAG CGA UXA CUC AAU AGG-3’; X =

vmnmSU

ON2g: 5'-GmUmAmM CmAmMGm CmGmAmM UmX-3"; X = mnm°U

ON2h: 5-GmUmCm AmGmUm AmCmAmM GmCmGm AmUmX-3’; X = mnm°Um

Table S4. HPLC retention times (0-40% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of ON2.

Strand tr (Min)  m/z calcd. for [M-H]-  found
ON2a; X = mnm°U 17.4 3530.5 3529.7
ON2b; X = nm°U 17.8 3516.5 3515.9
ON2c; X = ymnm°U 18.6 3629.6 3627.2
ON2d; X = Teoc-ymnm°U 37.7 3773.7 3776.9
ONZ2e; X! = gmnm®U and X2 =nm°U  18.7 6806.0 6806.4
ONZ2f; X = ymnm®U 19.9 6858.0 6857.7
ON2g; X = mnm®U 23.0 3670.5 3670.4
ON2h; X = mnm°Um 24.2 5025.9 5026.0
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4.4 Donor oligonucleotides with non-complementary sequences
RNA sequences that are not fully complementary to the acceptor ON2:
ON1r: 5'-XAU AGC U-3’; X = m°g°A (one mismatch marked in red)
ON1s: 5-XAG CCC U-3'; X = m°g°A (two mismatches marked in red)

Table S5. HPLC retention times (0-40% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of ON1r and ON1s.

Strand tr (min) _m/z calcd. for [M-H]_found
ONIT; X = m°g’A 200 2301.4 23012
ON1s; X =mPg’A 195 2276.4 2275.7

5. HPLC calibration curves using canonical oligonucleotides (CON1-6) and hairpin-type intermediate
(ON3a)

Canonical oligonucleotides, CON1-6, and hairpin-type intermediate, ON3a, were used for the development of
HPLC calibration curves. Separate stock solutions of CON1-6 and ON3a were prepared in water (100 pm).
Separate standard solutions containing 1.2; 1.0; 0.8; 0.6; 0.4; 0.2 and 0.1 nmol of CON1-6 and ON3a were
prepared in a final volume of 20 pL. The standard solutions were injected in an analytical HPLC equipped with a
C18 column and using buffers A and B (gradient: 0-30% or 0-40% of B in 45 min; flow rate = 1 mL-min‘Y). The
absorbance was monitored at 260 nm and the areas of the chromatographic peaks were determined by integration
of the HPL-chromatograms. The plot of the chromatographic area (a.u.) versus the amount (nmol) of each
oligonucleotide followed a linear relationship.

Calibration curve of CON1

a) b)
0.30
——1.2 nmol 5000 4
g0 ——1.0nmol 4000 PPtag
< g
‘;’0-20 ——o0.8nmol 3 -
8 . 3 3000 s
5 1 ——0.6 nmol s 2600 ’,i'”
50.10 ——04nmol % ".’_,—
<905 0.2 nmol 1000 “,-‘
. ——0.1 nmol
0.00 LN o
225 230 235 240 245 250 0.0 0.2 04 0.6 0.8 1.0 1.2
Time (min) Amount (nmol)

Figure S4. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of CONL. In b) the line shows the fit of the data to a linear regression equation. Error bars are standard deviations
from three independent experiments.

Calibration curve of CON2

a) b)

0.50 8000
_ ——1.2 nmol 7000
3 0.40 ——1.0 nmol 6000
° ——o08nmol 3
3030 3 5000 .e”
H ——0.6nmol 5 4000 e
£€0.20 ° o
'g ——0.4nmol & 3000 g
2010 02nmol 2000 ._,.—”

\ 1000
0.00 — ——0.1 nmol o -
220 225 230 235 240 245 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (min) Amount (nmol)

Figure S5. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of CON2. In b) the line shows the fit of the data to a linear regression equation. Error bars are standard deviations
from three independent experiments.
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Calibration curve of CON3

a) b)
12000
——1.2 nmol ™
-
; - ——1.0 nmol 10000 P
s — -
@ 0. ——0.8nmol 38000 o
= o
H ——0.6nmol 6000
g - ——0.4 nmol :;'3 4000
f . 0.2 nmol 2000
== — - ——0.1 nmol o
7230 235 240 245 250 255 0.0 02 04 06 08 10 12
Time (min) Amount (nmol)

Figure S6. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of CON3. In b) the line shows the fit of the data to a linear regression equation. Error bars are standard deviations
from three independent experiments.

Calibration curve of ON3a

a) b)

1.20 12000

—“

;1.00 10nmol 10000 ‘*_.'
Ll —_
3 0.80 ——08nmol 3 8000 > -
5060 ——06nmol 6000 e
= o @
$ 0.40 0.4 nmol & 4000
<020 0:2nmol 5409

0.00= T T o+

?9.0 195 200 205 210 215 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (min) Amount (nmol)

Figure S7. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of ON3a. In b) the line shows the fit of the data to a linear regression equation. Error bars are standard deviations
from three independent experiments.

The results of the calibration curves of CON3 (canonical oligonucleotide) and ON3a (hairpin-type intermediate)
were very similar (Table S6).

Calibration curve of CON4

a) b)
0.70 6000
0.60 —— 1.2 nmol
; 0'50 ——1.0 nmol 5000 Lo®
o U - - -
b ——08nmol 34000 -
© 0.40 © P
5 0.6 nmol 73000 JPtiog
2 0.30 ° .
S ~———0.4 nmol
2020 < 2000
< 0.10 0.2 nmol 1000
4 ——0.1 nmol
0.0g T 0+
20 225 23.0 235 240 245 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (min) Amount (nmol)

Figure S8. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of CON4. In b) the line shows the fit of the data to a linear regression equation. Error bars are standard deviations
from three independent experiments.
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Calibration curve of CON5

a) b)
14000
0.50 ——1.2 nmol
_ 12000
S5 0.40 ——1.0 nmol -
s ~ 10000 s
o ——0.8nmol 35 o 4
8030 s 8000 P
s ~——0.6nmol T Potg
£ 0.20 @ 6000 P
R / ——04nmol <
3 | 02 nmol 4000
| .2 Nnmol
<0.10 /] 2000
0.0 2 ——0.1 nmol
O s 180 185 150 195 20,0 %o 072 0.4 06 08 10 12
Time (min) Amount (nmol)

Figure S9. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of CONS. In b) the line shows the fit of the data to a linear regression equation. Error bars are standard deviations
from three independent experiments.

Calibration curve of CON6

a) b)
0.60 18000
——1.2 nmol 16000
Fos0 ——10nmol 14000
040 ——0.8nmol 5 12000
£0.30 06nmol S'9%%
x ~———0.6 nmol -
g g 8000 .
5020 ——04nmol < 6000 o
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0.004 0+
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Figure S10. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of CONBG. In b) the line shows the fit of the data to a linear regression equation. Error bars are standard deviations
from three independent experiments.

Table S6. Calibration curves (y = mx + n) obtained by HPLC analyses of CON1-6 and ON3a and calculated extinction coefficients of CON1-
6 using the OligoAnalyzer Version 3.0 from Integrated DNA Technologies.

Strand  Slope, m (hmol!) Intercept,n  r2 & (M1cm?)
CON1 3534.2 82.3 0.9989 65500
CON2 5903.7 -73.3 0.9994 107200
CON3 8885.4 -64.6 0.9997 170700
ON3a 8890.5 299.2 0.9986  170700*
CON4 3952.4 32.36 0.9999 68800
CONS 9376.2 -83.62 0.9995 153800
CON6 12405.0 41.49 0.9996 221900

2 In order to simplify the calculations, the extinction coefficient of ON3a was assumed to be identical to that of CON3.

S30

6. Coupling reactions between donor and acceptor oligonucleotides, ON1 and ON2

Stock solutions of pH buffer (400 mm), NaCl (1 M) and activator (500 mm, Figure S11) were prepared in water.
Subsequently, equimolar amounts of ON1 and ON2 (3-5 nmol) were annealed at 95°C for 4 min in water containing
NaCl (half of the volume required for the reaction). Finally, buffer, NaCl, activator solutions and water were added
to the ONs’ solution and the reaction was incubated in a ThermoMixer at 25°C for 24 h.

Concentration of the components in the reaction mixture: 50 um of ON1, 50 um of ON2, 100 mm of buffer, 100 mm
of NaCl and 50 mm of activator (see figure footnotes for details).

MeQ
. o] N)\'\q
[ Na  OsS, Mo, )§N)\0Me
ANANNTCEN - N—OH o AN Me—N=C
o { )
o
EDC Sulfo-NHS DMTMM.CI MeNC DTT

Figure S11. Activators of carboxylic acid and nitrile groups.
The crudes of the reactions (20 pL, 1 nmol) were analyzed as indicated in Section 3.2.
6.1 Control experiments
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Figure S12. HPL-chromatograms of the reactions of ON1a; X = m°g°A with: a) CON2 (complementary canonical ON) and b) ON2d; X =
Teoc-vmnm®U in MES buffer at pH 6 using EDC/Sulfo-NHS as activator.

Control reactions using the donor strand 1a and the RNA strand lacking the mnm group on the 3’-terminal uridine
base CONZ2 or the protected 3'-vmnm®U-RNA-5’ acceptor strand ON2d did not provide noticeable evidence for the
formation of the corresponding hairpin-type intermediate products.

6.2 Screening of activators using ONla (m®g°A) and ON2a (mnm°U)

o o
Me g Me 9
\NJ\N’ “COOH ON1a \N)J\N’
H activator H
_— ON3a
NHMe ON2a N

Me

Scheme S9. Coupling of ON1a; X = m®g°A with ON2a. The formed peptide bond is marked in purple.
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MES buffer at pH 6 (adjusted with NaOH)
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Figure S13. HPL-chromatograms of the reactions of ONla; X = mfg°A with ON2a using: a) EDC/Sulfo-NHS and b) DMTMM-CI as
activators.

Table S7. Results obtained in the coupling reactions of ON1a; X = m°g°A with ON2a (average of, at least, two experiments).

Activators pH Time (h) Average Yield + Error (%)
EDC/Sulfo-NHS 6 24 16+4
DMTMM-CI 6 24 33+2

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.

MOPS buffer at pH 7 (adjusted with NaOH)

Table S8. Results obtained in the coupling reactions of ON1a; X = m°g°A with ON2a (average of, at least, two experiments).

Activators pH Time (h) Average Yield * Error (%)*
EDC/Sulfo-NHS 7 24 20+2

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.

03 o 400 — [M-HJ miz calcd. 5790.9
3 we, I 9 350 found 5790.4
3 N N = 300
S02 H 3
e ’ S 250
o 19.8 min -
£ £ 200
o
5 0.1 \ g 150
3 Me E 100
< 50

0.0} k 0+

5 10 15 20 25 30 35 40 45 5500 5600 5700 5800 5900 6000 6100 6200
Time (min) miz

Figure S14. Left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product ON3a.
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6.3 Screening of activators using ONla (m®g°A) and ON2b (nm°U)

o
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Scheme S10. Coupling of ON1a; X = m°g®A with ON2b. The formed peptide bond is marked in purple.

o

we 8

N u “COOH ON1a

NH; ON2b

a)
| o 08
N N=CEN - -
Hel i: 06 product
EDC &
@
.- 204
Na O3 s
N—OH 8
302
<
o
0.0
Sulfo-NHS 0 5 10 15 20 25 30 35 40 45
by Time (min)
0.8
MeO _ product
3
I N 306
N)§ »\OMe 3
M SN 204
cl [j k]
2
0.2
o <
DMTMM-CI L
0.0%
0 5 10 15 20 25 30 35 40 45
) Time (min)
C,
0.8
:; 0.6 product
Me—N=C E
= £04
MeNC 8
3
202
<
0.0 | A

5 10 15 20 25 30 35 40 45
Time (min)

Figure S15. HPL-chromatograms of the reactions of ON1a; X = m®g°A with ON2b using: a) EDC/Sulfo-NHS; b) DMTMM-CI and c) MeNC
as activators. MES buffer (100 mm) at pH 6 in a) and b). DCI buffer (50 mm) at pH 6 in c).

Table S9. Results obtained in the coupling reactions of ON1a; X = m°g°A with ON2b (average of, at least, two experiments).

Activators pH Time (h) Average Yield + Error (%)
EDC/Sulfo-NHS 6 24 6412
DMTMM:-CI 6 24 66+2
MeNC 6 120 28+4

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure S16. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product ON3b.
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6.4 Screening of activators using ONla (m®g°A) and ON2c (vmnm®U)
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Scheme S11. Coupling of ON1a; X = m®g®A with ON2c. The formed peptide bond is marked in purple.
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Figure S17. HPL-chromatograms of the reactions of ON1a; X = m°g®A with ON2c using: a) EDC/Sulfo-NHS; b) DMTMM-Cl and c) MeNC
as activators. MES buffer (100 mm) at pH 6 in @) and b). DCI buffer (50 mm) at pH 6 in c).

Table S10. Results obtained in the coupling reactions of ON1a; X = mfg°A with ON2c (average of, at least, two experiments).

Activators pH Time (h) Average Yield * Error (%)
EDC/Sulfo-NHS 6 24 56+1
DMTMM-CI 6 24 60+2
MeNC 6 120 5015

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.

MOPS buffer at pH 7 (adjusted with NaOH)

Table S11. Results obtained in the coupling reactions of ON1a; X = m®g°A with ON2c (average of, at least, two experiments).

Activators pH Time (h) Average Yield + Error (%)
EDC/Sulfo-NHS 7 24 5015
DMTMM-CI 7 24 23x1

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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MOPS buffer at pH 8 (adjusted with NaOH)

Table S12. Results obtained in the coupling reactions of ON1a; X = m®g°A with ON2c (average of, at least, two experiments).

Activators pH Time (h) Average Yield * Error (%)
EDC/Sulfo-NHS 8 24 34+1
DMTMM-CI 8 24 52

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure S18. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product ON3c.

6.5 Coupling reactions of ON1j (mfg®A, amino nitrile) with ON2a-c
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Figure S19. HPL-chromatograms of the reactions of ON1j; X = mfg°A (amino nitrile) with: ) ON2a; X = mnm®U; b) ON2b; X = nm°U and
¢) ON2c; X = ymnm®U in boric acid buffer at pH 8 using DTT as activator.

S35



Table S13. Results obtained in the coupling reactions of ON1j; X = m®g°A (amino nitrile) with ON2a-c using DTT as activator (average of,

at least, two experiments).

Donor strand

Acceptor strand

Average Yield + Error (%)*

ON1j; X = mPgPA (amino nitrile)

ONZ2a; X = mnm°U

ON2b; X = nm°U

ON2c; X = ymnm°U

1241
65+2
42+1

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure S20. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON1j; X = mfg°A (amino nitrile) with: a) ON2a; X = mnm®U; b) ON2b; X = nm®U and ¢) ON2c; X = ymnm°®U.
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6.6 Coupling reactions of ON1b-i (m®aa®A) with ON2a
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Figure S21. HPL-chromatograms of the reactions of ON2a; X = mnm°U with: a) ON1b; X = mfa®A; b) ON1c; X = m®PA; c) ON1d; X =
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mPI°A; d) ON1e; X = m°t°A and e) ON1f; X = m°p°A in MES buffer at pH 6 using DMTMM-ClI as activator.
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Figure S22. HPL-chromatograms of the reactions of ON2a; X = mnmS3U with: a) ON1g; X = m°f°A; b) ON1h; X = m®mPA and c) ON1i; X =
mP°dPA in MES buffer at pH 6 using DMTMM-Cl as activator. For ON1i, the two peaks corresponded to the products of the reaction of the
Asp a-COOH and of the side chain COOH. An assignment was not performed.

Table S14. Results obtained in the coupling reactions of ON1b-i; X = m®aa®A with ON2a using DMTMM:-CI as activator (average of, at
least, two experiments).

Donor strand Acceptor strand Average Yield + Error (%)
ON1b; X = mfa°A 51+1

ON1c; X = méyvSA 21+1

ON1d; meIPA 271

ONle; X = m*t°A 1845

ONIf; x=mipra  ONZEX=mAmU )

ON1g; X = m°feA 27+1

ON1h; X = m®m°A 22+1

ONLi; X = m°d°A 28+4; 26+3°

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3. ® For ON1i, the two yields describe
the reaction of the Asp a-COOH and of the side chain COOH. An assignment was not performed.
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Figure S23. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON2a; X = mnm°®U with: a) ON1b; X = m®a®A; b) ON1c; X = m®v°A; ¢) ON1d; X = mfI°A; d) ON1e; X = m®t°A and e) ON1f; X = m®p°A.
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6.7 Coupling reactions of ON1b-i (m®aa®A) with ON2c
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Figure S25. HPL-chromatograms of the reactions of ON2c; X = ymnm®°U with: a) ON1b; X = mfa®A; b) ON1c; X = mév°A; ¢) ON1d; X =
mPI°A; d) ON1e; X = m°t°A and e) ON1f; X = m°p°A in MES buffer at pH 6 using EDC/Sulfo-NHS as activator.
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Figure S26. HPL-chromatograms of the reactions of ON2c; X = ymnm®U with: a) ON1g; X = m®°A; b) ON1h; X = m®m°®A and ¢) ON1i; X =
mPd°A in MES buffer at pH 6 using EDC/Sulfo-NHS as activator. For ON1i, the two peaks corresponded to the products of the reaction of
the Asp a-COOH and of the side chain COOH. An assignment was not performed.

Table S15. Results obtained in the coupling reactions of ON1b-i; X = mfaa®A with ON2c using EDC/Sulfo-NHS as activator (average of,

at least, two experiments).

Donor strand

Acceptor strand

Average Yield £ Error (%)*

ON1b; X = m°a®A
ON1c; X = méy°A
ON1d; X = m9J°A
ON1e; X = métSA
ON1f; X = mfp°A
ON1g; X = m*f°PA
ON1h; X = mSm°A
ONL1i; X = m°d°A

ON2c; X = vmnm®U

7622
5411
7741
7741
1844 (5515)°
501
7042
3431; 1742°

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3. b Using DMTMM-CI as activator. ©
For ON1i, the two yields describe the reaction of the Asp a-COOH and of the side chain COOH. An assignment was not performed.
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Figure S27. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON2c; X = ymnm®U with: a) ON1b; X = m°a®A; b) ON1c; X = m°v°A; c) ON1d; X = m°I°A; d) ON1e; X = m°t°A and e) ON1f; X = m°p°A.
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Figure S28. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON2c; X = vmnm®U with: a) ON1g; X = m®°A; b) ON1h; X = m®mPA; c) ON1i; X = m®d°A and d) ON1i; X = m°d°A.
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7.

Synthesized peptide-oligonucleotides using solid support beads

7.1 Donor peptide-oligonucleotides with a complementary sequence

RNA sequence HO N Me °
General structure o N_ O
\\Q‘ \)\‘( \( _ Me\N)kN/ peptide ~cooH
HN
§ NN ~ peptide — — 1

5-XAU CGC U-3' X= f—o‘ oH Y Peptide—cooH
Figure S29. RNA sequence and general structure of peptide-modified carbamoyl adenosine derivatives.
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Figure S30. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the synthesized peptide-oligonucleotides:
a) 5'-m®(ggg)®A-RNA-3’ and b) 5-m°(gaggqg)®’A-RNA-3".
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7.2 Acceptor peptide-oligonucleotides with a complementary sequence

RNA sequence o, H
General structure o YN o —L o
O Me . NH,
\Q,vt . P
5-GUA CAG CGA UX-3' X= s 77/ EERIED—NH: Me
HO OH o
Figure S31. RNA sequence and general structure of peptide-modified methylaminomethyl uridine derivatives.
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Figure S32. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the synthesized peptide-oligonucleotides:
a) 3-gvmnm°U-RNA-5"; b) 3'-ggvmnm°U-RNA-5'; ¢) 3'-aggvmnm®U-RNA-5" and d) 3'-agggvmnm°U-RNA-5'.
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Figure S33. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the synthesized peptide-oligonucleotide

3'-aggmnm®U-RNA-5' containing 2'-OMe nucleosides.

8. Coupling reactions between donor and acceptor peptide-oligonucleotides

The peptide coupling reactions were carried out under identical conditions to those described in Section 0.

8.1 Coupling reactions of donor peptide-oligonucleotides with ON2c
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Figure S34. HPL-chromatograms of the reactions of ON2c; X = ymnm®°U with: a) 5-m®(gaq)°A-RNA-3’ and b) 5'-m°(gagaq)’A-RNA-3" in

MES buffer at pH 6 using EDC/Sulfo-NHS as activator.
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Table S16. Results obtained in the coupling reactions of ON2c; X = vmnm®U with peptide-modified donor oligonucleotides using EDC/Sulfo-
NHS as activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield * Error (%)*
5-mP(Qua)’A-RNAS . @5l
-mo(gaggg)?A-RNAg  ONZETXEVmIMU g,

@ Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure S35. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON2c; X = ymnm®U with: a) 5-m®(qad)°A-RNA-3' and b) 5'-m®(gagaq)’A-RNA-3".
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8.2 Coupling reactions of ON1la (m®g®A) with acceptor peptide-oligonucleotides
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Figure S36. HPL-chromatograms of the reactions of ON1a; X = m°gPA with: a) 3-gvmnm5U-RNA-5’; b) 3'-ggvmnmSU-RNA-5; ¢) 3'-
aggvmnm®U-RNA-5’ and d) 3'-agggvmnm®U-RNA-5’ in MES buffer at pH 6 using EDC/Sulfo-NHS as activator.

Table S17. Results obtained in the coupling reactions of ON1la; X = m°g°A with peptide-modified acceptor oligonucleotides using
EDC/Sulfo-NHS as activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield + Error (%)
3-gvmnm®U-RNA-5' 51+1
3'-ggvmnmSU-RNA-5' 4614

ON1a; X = megfA
BXZMAA 3 agqumnmU-RNAS 401

3-agggvmnm®U-RNA-5' 403 (57+2)°

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3. " Using DMTMM-<Cl as activator.
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Figure S37. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON1a; X = mfg®A with: a) 3-gvmnm°U-RNA-5'; b) 3'-ggvmnm3U-RNA-5'; c) 3'-aggvmnm°U-RNA-5' and d) 3'-agggvmnm3U-RNA-5'.
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8.3 Coupling reactions of donor and acceptor peptide-oligonucleotides
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Figure S38. HPL-chromatograms of the reactions of: a) 5-m°(ggg)®A-RNA-3’ with 3-ggvmnm®U-RNA-5’ and b) 5'-m°(gaggg)®A-RNA-3'
with 3'-agggvmnm®U-RNA-5" in MES buffer at pH 6 using EDC/Sulfo-NHS as activator.

Table S18. Results obtained in the coupling reactions of peptide-modified donor and acceptor oligonucleotides using EDC/Sulfo-NHS as
activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield + Error (%)
5'-m%(ggg)°A-RNA-3' 3-ggvmnm°U-RNA-5' 53+1
5-m%(gaggg)’A-RNA-3'  3-agggymnm°U-RNA-5'  56%3

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure S39. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of:
a) 5-m®ggg)°A-RNA-3’ with 3'-ggvmnm°U-RNA-5" and b) 5'-m°(gaggg)®A-RNA-3’ with 3'-aggavmnm®U-RNA-5',
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9. Concentration of the product versus time in selected coupling reactions

The peptide coupling reactions were carried out under identical conditions to those described in Section 0 using 0
DMTMM-CI as activator.
. 40
The data (concentration of product vs. time) was fit to the corresponding theoretical kinetic model using the g
Parameter Estimation Module of COPASI software Version 4.29.*2 We introduced the theoretical kinetic model . b
shown below: wooy :;.30
M S
Double strand — Hairpin-type Intermediate; Kapp ;;)Lw ae’ %20 Z
X ; ~
Py . . . . fey,, e ~
The initial concentration of the double strand was refined as variable but constrained between 30 and 50 x 10 m. oy - 3
The fit of the data returned the rate constant value kapp. This fitting procedure is similar to that reported by others T, S0 10
in the literature.*® e e
1 S e 0
In all cases, the fit of the experimental data was good based on the residual values, reported as sum of squared _u:u:r:l'L , . — c )A 0 2 4 6 e (h 8 10 12 14
residuals (SSR), and the visual inspection of the curves. ykv soe’ ;‘:)k' R me ()
m»\N)Ukv.  coon Figure S41. Concentration of the product (M) vs. time (h) in selected peptide coupling reactions using DMTMM:-Cl as activator. Lines show
_mmi\ ) — ° fit of the data to the theoretical kinetic model. Error bars are the standard deviations.
50
e Table S20. Calculated rate constant values for selected coupling reactions (average of, at least, two experiments).
n 40 )I( b3 Donor strand Acceptor strand Kapp ()2 SSR®
s ON1a; X = m°g°A ON2a; X = mnm°U 0.14+0.02  3.36 x 103
S 1 4 ON1a; X = mPgPA ON2c; X = ymnm®U 0.12+#0.02  2.00 x 1012
%30 — — ON1a; X = m°g°A 3-agggvmnm’U-RNA-5'  0.1840.02  5.59 x 10'%3
_m:m{ i s 5 - } 5'-m®(gaggg)®’A-RNA-3'  ON2c; X = vmnm°U 0.19+0.02  3.82 x 10*2
W s { 5-m®(gaggq)’A-RNA-3'  3-agggvmnm®U-RNA-5'  0.19:0.01  4.45x 10
W £20 ~
4 g _
Voo j\ 0 g / i i 2 Errors are indicated as standard deviations. ® SSR = Sum of squared residuals.
Wy coon ]
lN i X 10 10. Coupling reactions between oligonucleotides containing multiple donor or acceptor units
o The peptide coupling reactions were carried out under identical conditions to those described in Section 0.
_u:n-_r‘l — A 6 8 10 12
- Time (h) a)
1.0 ON2e
<08 | oNta
Figure S40. Concentration of the product (M) vs. time (h) in selected peptide coupling reactions using DMTMM:-CI as activator. Lines show 3 B ON1l
fit of the data to the theoretical kinetic model. Error bars are the standard deviations. ;’0 5 -
80,
c
Table S19. Calculated rate constant values for selected coupling reactions (average of, at least, two experiments). g 04
o
@
Donor strand Acceptor strand Kapp (h1)2 SSRP 2 0.2
ON1a; 0.12¢0.02  2.00 x 10%2
ON1d; 0.42+0.02 820 x 10 005 5 10 15 20 25 30 35 40 45
ON1le; ON2c; X =ymnm°U  0.39+0.04  2.50 x 102 b Time (min)
ON1g; ff >1 n.d. ) 0.8
ON1h; X = m°m°A 0.42+0.04  5.80 x 103 ON2f ON1m
- ON2c P
206
2 Errors are indicated as standard deviations. ® SSR = Sum of squared residuals. s
8
€04
2
3
202
<
0.0
0 5 10 15 20 25 30 35 40 45

Time (min)

Figure S42. HPL-chromatograms of equimolar mixtures of: a) ON1a; X = mfg°A, ON1l; X = m®%°A and ON2e; X = gmnm®U and X2 =
nm®U, and b) ON1m; X! = m®v°A and X2 = m°g’A, ON2c; X = ymnm®U and ON2f; X = ymnm®°U.
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Figure S43. HPL-chromatograms of the reactions of: a) ON1a; X = m°gPA, ON1l; X = m®°®A and ON2e; X! = gmnm®U and X? = nm°U and
b) ON1m; X! = m®PA and X2 = mfg°A, ON2c; X = ymnm®U and ON2f; X = ymnm®U in MES buffer at pH 6 using EDC/Sulfo-NHS as
activator. The terminal functional groups of the ONs (urea and amide) are omitted for clarity.

Table S21. Results obtained in the coupling reactions of oligonucleotides containing multiple donor or acceptor units using EDC/Sulfo-NHS
as activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield + Error (%)?
ON1a; X = mPgPA ON2e; X! = gmnm°U
ON1l; X = mév°A and X2 = nm°U
ON1m; X*=m&bSA  ON2c; X = ymnm°U
and X2 = m°g°A ON2f; X = ymnm°U

3542 (29+1)°

3543 (3242)°

2 Calculated yield from the chromatographic peak of the product based on the total area of the initial components (Figure S42).° Using
DMTMM:ClI as activator.
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Figure S44. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of:
a) ON1a; X = m°gPA, ON1l; X = m®v®A and ON2e; X! = gmnm®U and X2 = nm°U and b) ON1m; X! = m®v®A and X2 = m°g°A, ON2c; X =
vmnm®U and ON2f; X = vmnm®U.
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11. Coupling reactions between ON2c and donor oligonucleotides with non-complementary sequences

The peptide coupling reactions were carried out under identical conditions to those described in Section 0.
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Figure S45. HPL-chromatograms of the reactions of ON2c¢; X = vmnm®U with: a) ON1r; X = m®g°A and b) ON1s; X = mg®A in MES buffer
at pH 6 using EDC/Sulfo-NHS as activator.

Table S22. Results obtained in the coupling reactions of ON2c; X = vymnm®U with ON1r; X = m°g®A or ON1s; X = m®g°A using EDC/Sulfo-
NHS as activator.

Donor strand Acceptor strand Yield (%)
ONLT; X = mPgiA . 1a(asp
ONis; X =mogea  ON2G X=ymnmU 5 yop

2 Estimated yield from the chromatographic peak of the product using the calibration curve of CON3. Note that we assumed that the formed
product features an extinction coefficient similar to that of CON3. ® Using DMTMM:-CI as activator.
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Figure S46. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product from the reaction of
ON2c; X = vmnm®U with ON1r; X = m°g°A.

ON1d

o
Mesy )k ~COOH

o Me. Me.
| ‘ \N N/ \N N
. N)L _NH, 1. annealing H
v
——
o ONis b o 1Ed B3
e -

Mo )k e ON2c 2. EDC/Sulfo-NHS )L

N N COOH

I H exclusive not detected ‘

Scheme S12. Annealing and coupling reaction of ON1d; X = m9|°A, ON1s; X = m®g®A and ON2c; X = vmnm®U. The formed peptide bonds
are marked in purple.
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Figure S47. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the reaction of ON1d; X = m°l°A, ON1s; X
=m°g°A and ON2c; X = vmnm®U in MES buffer at pH 6 using EDC/Sulfo-NHS as activator.

Table S23. Results obtained in the coupling reaction of ON1d; X = m%|°A, ON1s; X = m®g°A and ON2c; X = ymnm®°U using EDC/Sulfo-
NHS as activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield + Error of lv-peptide (%)  Yield of gv-peptide (%)
ON1d; X = meI°A
ON1s; X = m°g°A

ON2c; X =vmnm®U 652 not detected

2 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
12. Coupling reactions between ON2c and donor oligonucleotides with different lengths

The peptide coupling reactions were carried out under identical conditions to those described in Section 0.
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Figure S48. HPL-chromatogram of an equimolar mixture of ON1n; X = m®v°A and ON2c; X = ymnm®°U.
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Figure S49. HPL-chromatogram of the reaction of ON1n; X = m®°A with ON2c; X = vmnm®U in MES buffer at pH 6 using EDC/Sulfo-NHS
as activator.

Table S24. Result obtained in the coupling reaction of ON1n; X = m®°A with ON2c; X = ymnm®U using EDC/Sulfo-NHS as activator
(average of, at least, two experiments).

Donor strand Acceptor strand Average Yield + Error (%)?2
ON1n; X =m®%°A  ON2c; X =vmnm°U  49+1

@ Calculated yield from the chromatographic peak of the product based on the total area of the initial components (Figure S48).
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Figure S50. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product from the reaction of
ON1n; X = m°vA with ON2¢c; X = vmnm®°U.
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Scheme S13. Annealing and coupling reaction of ON1a; X = m°g®A, ON1n; X = m®v°A and ON2c; X = ymnm®U. The formed peptide bonds
are marked in purple.
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Figure S51. HPL-chromatogram of the reaction of ON1a; X = mfg°A, ON1n; X = m®v°A and ON2c; X = ymnm®°U in MES buffer at pH 6
using EDC/Sulfo-NHS as activator.

Table S25. Results obtained in the coupling reaction of ON1a; X = m®g°A, ON1n; X = m®v°A and ON2c; X = ymnm®U using EDC/Sulfo-
NHS as activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield + Error of vv-peptide (%)*  Yield of gv-peptide (%)
ON1a; X = mPg°A
ON1n; X = mbyvSA

ON2c; X =ymnm°U  49+2 not detected

2 Calculated yield from the chromatographic peak of the product based on the total area of the initial components (Figure S48).
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13. Stability of selected acceptor oligonucleotides (ON2)

The oligonucleotide (0.5 nmol) was added to an Eppendorf tube. Buffer, NaCl and water were added to the ON'’s
solution and the reaction was heated in a Thermocycler.

Concentration of the components in the reaction mixture: 10-50 um of oligonucleotide, 100 mm of buffer and 100
mwm of NaCl (see figure footnotes for details).
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Figure S52. HPL-chromatograms of the stability of ON2a; X = mnm®U in: a) acetate buffer at pH 4 and b) MES buffer at pH 6 after 6 h at
90°C.
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Figure S53. HPL-chromatograms of the stability of ON2g; X = mnm®U in: a) acetate buffer at pH 4 and b) MES buffer at pH 6 after 6 h at
90°C.

Table S26. Results obtained in the stability of ON2a and ON2g (average of, at least, two experiments).?

Average Amount + Error (%)

pH Time(h) ON2a ON2g
4 6 40+3 >95
6 6 70£5 >95

2 Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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14. Cleavage of urea in selected oligonucleotides and cyclic peptide products
The cleavage reactions were carried out under identical conditions to those described in Section 13.

14.1Cleavage reactions of ON1c (m®®A) and ON1k (véA) at pH 5
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Figure S54. HPL-chromatograms of the cleavage reactions of: a) ON1k; X = v°A and b) ON1c; X = m°v°A in acetate buffer at pH 5 after
12 h at 90°C.

These experiments indicated that the urea cleavage reaction of the unmethylated aa®A-RNA donor strand ON1k
was slower than that of the methylated version, m®aa®A-RNA ON1c.

Table S27. Results obtained in the cleavage reactions of ON1c and ON1k (average of, at least, two experiments).?

Average Amount + Error (%)

pH Time(h) ONik A-strand
85+3 10+1

5 12 ON1c mbA-strand
65+1 20+1

2 Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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14.2 Cleavage reaction of ON3a (m®g®A coupled with mnm®U)
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Scheme S14. Cleavage of urea in ON3a. The peptide bond is marked in purple.
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Figure S55. HPL-chromatogram of the cleavage reaction of ON3a in MES buffer at pH 6 after 2 h at 90°C. Inset shows the selected region
of the HPL-chromatograms after 2, 4 and 6 h.

Table S28. Results obtained in the cleavage reaction of ON3a (average of, at least, two experiments).®

Average Amount * Error (%)
pH Time(h) ON3a ON4 (mfA) ONS5a(gmnm®U)
6 6 752 15+1 15+1 (tr = 17.5 min)

2 Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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Figure S56. MALDI-TOF mass spectrum (negative mode) of the isolated ON5a (gmnm?®U).
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Additional experiments at pH 4 and pH 6
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Figure S57. HPL-chromatograms of the cleavage reactions of ON3a in: a) acetate buffer at pH 4 and b) MES buffer at pH 6 after 6 h at
90°C.
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Figure S58. HPL-chromatograms of the cleavage reactions of ON3a in: a) acetate buffer at pH 4 and b) MES buffer at pH 6 after 12 h at
90°C.

Table S29. Results obtained in the cleavage reaction of ON3a (average of, at least, two experiments).®

Average Amount * Error (%)
pH Time (h) ONS5a(gmnmsU)

6 10£2
4 12 n.d.
6 6 15+1

12 101

2 Calculated amounts from the chromatographic peak using the calibration curve of CON2. n.d. = not determined.
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14.3Cleavage reactions of ON3c (m®g®A coupled with vmnm®U)
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Figure S59. Cleavage of urea in ON3c.
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The peptide bond is marked in purple.
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Figure S60. HPL-chromatograms of the cleavage reactions of ON3c in acetate buffer at: a) pH 4 and b) pH 5 after 5 days at 60°C. Inset
shows the selected region of the HPL-chromatograms after 5 and 10 days.

Table S30. Results obtained in the cleavage reactions of ON3c at 60°C (average of, at least, two experiments).?

Average Amount * Error (%)

pH  Time (days) ON3c  ON4 (m°A)  ON5c (gymnm®U)  c-ON5c (c-gymnm®U) | Ratio (ON5c/c-ON5c)
4 10 502  10.5%1 9+1 (k= 19.5min)  1.5%0.5 (tx = 21.0min) | ~7:1
5 10 803 61 31 3x1 ~1:1

2 Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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Cleavage reactions at 90°C
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Figure S61. HPL-chromatograms of the cleavage reactions of ON3c in: a) acetate buffer at pH 4; b) acetate buffer at pH 5 and ¢) MES

buffer at pH 6 after 2 h at 90°C. Inset shows the selected region of the HPL-chromatograms after 2, 4 and 6 h.

Table S31. Results obtained in the cleavage reactions of ON3c at 90°C (average of, at least, two experiments).®

Average Amount * Error (%)

pH  Time (h) ON3c  ON4 (m®A)  ONS5c (gumnm®U) c-ON5c (c-gvymnm®U) | Ratio (ON5c/c-ON5c)
4 6 30£3 202 1542 (tr = 19.5min)  5£1 (tr = 21.0 min) ~3:1

5 6 55+3 25+2 8+1 17£3 ~1:2

6 6 60+2 25+1 - 25+1 -

2 Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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Figure S62. MALDI-TOF mass spectrum (negative mode) of the cleavage reaction of ON3c in acetate buffer at pH 5 after 2 h at 90°C. A
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similar MALDI-TOF mass spectrum was obtained at pH 4. The indicated peaks correspond to the [M-H] ions.
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Figure S63. MALDI-TOF mass spectrum (negative mode) of the isolated: a) ON5c (qvmnm®U) and b) c-ON5c (c-gymnm®U).
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14.4 Cleavage reactions of peptide-oligonucleotides at pH 4
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Scheme S15. Cleavage of urea in gpeptide-oligonucleotides. The peptide bond is marked in purple.
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Figure S64. HPL-chromatograms of the cleavage reactions of peptide-oligonucleotides (Section 8.2) in acetate buffer at pH 4 to give: a)
ggvmnm®U; b) gggvmnm?®U; ¢) gaggvmnm?®U and d) gagggvmnm®U oligonucleotides, together with hydantoin side products, after 6 h at
90°C.

The 3'-H,N-peptidemnmSU-RNA-5' and m°®A products overlap in the HPL-chromatograms. Therefore, they were
isolated as a mixture in a single fraction.



Table S32. Results obtained in the cleavage reactions of peptide-oligonucleotides (Section 8.2).2

3’-Hz2N-peptidemnmSU-RNA-5"  Amount (%)

3'-ggvmnm3U-RNA-5' ~12
3'-gggvmnm°U-RNA-5' ~10
3'-gaggvmnm°U-RNA-5' ~10
3'-gagggvmnmSU-RNA-5' ~10

2 Estimated amounts assuming that the 3'-HzN-peptidemnm®U-RNA-5’ products and the hydantoin counterparts were formed in a similar
extent.
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Figure S65. MALDI-TOF mass spectra (negative mode) of the isolated: a) ggvmnm®U; b) gggvmnm®U; c) gaggvmnm®U and d)
gaggavmnm®U oligonucleotides (left) and hydantoin side products (right). Note that the analyzed 3'-H;N-peptidemnm®U-RNA-5' samples
(left) contained the m®A product (m/z region not shown).
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Figure S66. Cleavage of urea in gpeptide-peptidemnm®U-oligonucleotides. The peptide bond is marked in purple.

a)
010 5 pH4,6h
- ¢-g9gggvmnm U starting material
3008 gggggvmnm’u
go.oe
5 ON4
2004 —
o
2
£0.02
0.00 s 1L
5 10 15 20 25 30 35 40 45
Time (min)
b)
0.10
So0.08 c—gagggagggvmnmsu
s
E0.0B gagggagggvmnm’U
c
©
2004
o
3
2002
0.00
0 5 10 15 20 25 30 35 40 45

Time (min)

Figure S67. HPL-chromatograms of the cleavage reactions of peptide-oligonucleotides (Section 8.3) in acetate buffer at pH 4 to give: a)
agggavmnm®U and b) gagagagggvmnm?®U oligonucleotides, together with hydantoin side products, after 6 h at 90°C.

The 3'-HN-peptidemnmPU-RNA-5" and mPA products overlap in the HPL-chromatograms. In addition, the 3'-HzN-
peptidemnm®U-RNA-5' in a) overlaps with the hydantoin side product.

Table S33. Results obtained in the cleavage reactions of peptide-oligonucleotides (Section 8.3).2

3’-H2N-peptidemnm®U-RNA-5"  Amount (%)

3'-gggggvmnmsU-RNA-5' ~10
3'-gagggagggvmnm®U-RNA-5' ~9

2 Estimated amounts assuming that the 3'-H,N-peptidemnm®U-RNA-5" products and the hydantoin counterparts were formed in a similar
extent.

S67



a) .
[M-H] miz calcd. 3916.0
found 3915.6

Intensity (a.u.)

1

500

oW B
o © o
& © o

Intensity (a.u.)

o
=}

|

[M-H] miz calcd. 3944.0

—
lﬁ
L

found 3940.0

3700 3800 3900 4000 4100 4200 4300 4400

[M-H] miz calcd. 4170.8
found 4169.0

i

miz
800

[M-H] miz calcd. 4198.8
found 4196.0

3900 4000 4100 4200 4300 4400 4500 4600
miz

A
3900 4000 4100 4200 4300 4400 4500 4600
miz

Figure S68. MALDI-TOF mass spectra (negative mode) of the isolated: a) gggggvmnm®U and b) gagggagggvmnm®U. Hydantoin side
products are also shown. Note that the analyzed 3'-HzN-peptidemnm®U-RNA-5' samples contained the m°A product (m/z region not shown).

15. Coupling and cleavage reactions between donor and acceptor oligonucleotides containing 2’-OMe

nucleosides

The peptide coupling and urea cleavage reactions were carried out under identical conditions to those described
in Section 0 and Section 13, respectively.

15.1Coupling and cleavage reactions of ON1la (m°g®A) with ON2g

Each coupling reaction was performed using 1 equiv. of ON1a with respect to the acceptor oligonucleotide, ON2g

or ON5g.
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Scheme S16. Coupling and cleavage of ON1a; X = m®g°A with ON2g. The formed peptide bond is marked in purple.
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Figure S69. left) HPL-chromatograms of the reactions of ON1a; X = m®g°A with ON2g: a) coupling 1; b) cleavage 1; c) coupling 2 and d)
cleavage 2. The product of each step was separated by HPLC and added into the next reaction. right) MALDI-TOF mass spectra (negative
mode) of the isolated products from the reactions a)-d).

Table S34. Results obtained in the coupling and cleavage reactions of ON1a; X = m®g°A with ON2g.

Steps Activators pH T(°C) Time(h) Yield (%)
" EDC/Sulfo-NHS 6 25 24 ~39
Coupling 1 ON39) ey 6 25 2 69
4 90 24 60
Cleavage 1 (ON5g) 6 % % s
Coupling 2 (ON6g)  DMTMM-CI 6 25 24 ~42
Cleavage 2 (ON7g) - 4 90 24 34

2 Calculated/estimated amounts from the chromatographic peaks using the corresponding calibration curves.
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One pot reaction

The one pot reaction was performed with 15 nmol of ON2g as starting acceptor strand. 15 nmol of donor strand
ON1a or ON1g were added for each coupling reaction. After each coupling reaction and the second cleavage, the
crude was filtered using an Amicon® ultra centrifugal filter (3 kDa Nominal Molecular Weight Cut-Off) to remove
the remaining activator and exchange the buffer solution. The volume of the solution was maintained constant
throughout the five reaction steps. 20 pL of the crude (1 nmol) were analyzed by HPLC after the second coupling,
the second cleavage and the third coupling reactions.
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Figure S70. Coupling and cleavage of ON1a; X = m°g°A and ON1g; X = m*f°A with ON2g. The formed peptide bond is marked in purple.
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Figure S71. HPL-chromatograms of the one pot reaction of ON1a; X = m®g°A and ON1g; X = m®f°A with ON2g: a) coupling 2; b) cleavage
2 and c) coupling 3.
Table S35. Results obtained in the one pot reaction of ON1a; X = m°g°A and ON1g; X = m®f°A with ON2g.
Steps Activators pH T(°C) Time(h) Yield (%)
Coupling 2 (ON6g) DMTMM-CI 6 25 24 ~36 in three steps
Cleavage 2 (ON5g + ON7g) - 4 90 24 23 in four steps
Coupling 3 (ON8g) DMTMM:CI 6 25 24 ~10 in five steps
2 Calculated/estimated amounts from the chromatographic peaks using the corresponding calibration curves.
15.2 Coupling and cleavage reactions of ON1o (m®g®Am) with ON2h
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Figure S72. Coupling and cleavage of ON10; X = m®g°Am with ON2h. The formed peptide bond is marked in purple.
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Figure S73. left) HPL-chromatograms of the reactions of ON1o; X = m®g°Am with ON2h: a) coupling 1; b) cleavage 1; c) coupling 2 and
d) cleavage 2. The product of each step was separated by HPLC and added into the next reaction. right) MALDI-TOF mass spectra
(negative mode) of the isolated products from the reactions a)-d).

Table S36. Results obtained in the coupling and cleavage reactions of ON1o; X = m®g®Am with ON2h.

Steps Activators pH T(°C) Time(h) Yield (%)?
Coupling 1 (ON3h) DMTMM-CI 6 25 24 46
Cleavage 1 (ON5h) - 4 90 48 30
Coupling 2 (ON6h) DMTMM-CI 6 25 24 41
Cleavage 2 (ON7h) - 4 90 48 28

2 Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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15.3Coupling and cleavage reactions of donor and acceptor-peptide oligonucleotides
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Figure S74. HPL-chromatogram of the reaction of 5'-m®(ggg)®A-RNA-3’ with 3'-aggmnm®U-RNA-5’ containing 2-OMe nucleosides in MES
buffer at pH 6 using DMTMM-ClI as activator.

Table S37. Result obtained in the coupling reaction of peptide-modified donor and acceptor oligonucleotides using DMTMM-Cl as activator.

Donor strand Acceptor strand Yield (%)
5-m%(ggg)°’A-RNA-3  3-aggmnmPU-RNA-5  ~50

2 Estimated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure S75. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product from the reaction of
5'-m®(ggg)®A-RNA-3' with 3'-aggmnm3U-RNA-5’ containing 2'-OMe nucleosides.
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Scheme S17. Cleavage of urea in peptide-peptidemnm3U-oligonucleotide. The peptide bond is marked in purple.

0.20

nm’U | e m’y PH4,24h
3015 —
3
£0.10
-g starting material
2005 ON4
<
0.004 ands
0 5 10 15 20 25 30 35 40 45

Time (min)

Figure S76. HPL-chromatogram of the cleavage reaction of peptide-oligonucleotide in acetate buffer at pH 4 to give gggaggmnm?®U and c-
dggaggmnm®U oligonucleotides after 24 h at 90°C.

The 3'-HzN-peptidemnm®U-RNA-5' and hydantoin side products overlap in the HPL-chromatogram.
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Table S38. Result obtained in the cleavage reaction of peptide-oligonucleotide.®

Product oli i ining 2’-OMe nucleoside; Amount (%)
3'-gggaggmnm°U-RNA-5" and 3'-c-gggaggmnm®U-RNA-5' ~85 (tr = 23.6 min)

2 Estimated amount from the chromatographic peak using the calibration curve of CON2.
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Figure S77. MALDI-TOF mass spectra (negative mode) of the isolated gggaggmnm?®U and hydantoin side product.
15.4 Coupling reactions between ON2g and donor oligonucleotides of different length
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Figure S78. HPL-chromatograms of an equimolar mixture of ON2g; X = mnm°U with: a) ON1p; X = mfg°Am and b) ON1q; X = még®Am.
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Scheme S18. Coupling of ON2g; X = mnm®U with: a) ON1p; X = m°g®Am and b) ON1g; X = m°g°Am. The formed peptide bond is marked
in purple.
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Figure S79. left) HPL-chromatograms of the reactions of: a) ON1p; X = m°g®Am and b) ON1q; X = m®g°Am with ON2g; X = mnm°U in
MES buffer at pH 6 using DMTMM-CI as activator. The reaction b) was carried out at 0°C using 1 M NaCl. right) MALDI-TOF mass spectra
(negative mode) of the isolated products.

Table S39. Results obtained in the coupling reactions of ON2g; X = mnm°U with ON1p; X = m®g®Am or ON1g; X = m°g°Am using
DMTMM:-ClI as activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield * Error (%)
ON1p; X = mSgPAm 19+2 (tr = 26.2 min)
ON1q; X = m°g°Am 5+1° (tr = 26.0 min)

ON2g; X = mnm°U

2 Calculated yield from the chromatographic peak of the product based on the total area of the initial components (Figure S78). ® Using 1 m
NaCl at 0°C.
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16. Determination of melting temperatures by UV spectroscopic experiments

The UV melting curves were measured on a JASCO V-650 spectrometer at 260 nm using 10 mm QS cuvettes with
a scanning rate of 1°C-min*. The obtained UV spectroscopic data were fit to the corresponding function to
determine the melting temperature/s.

For double strands of non-self-complementary oligonucleotides, the data were fit to a two-state melting model, i.e.
double strand — random coil equilibrium, using a mono-sigmoidal Boltzmann function.** On the contrary, the data
were fit to a three-state melting model, i.e. double strand — hairpin — random coil equilibria, for single strands of
self-complementary oligonucleotides using a double-sigmoidal Boltzmann function.!516

For the experiments, we prepared aqueous solutions containing equimolar amounts of the oligonucleotides (5 pm),
10 mm phosphate buffer at pH 7 and 150 mm NaCl. The oligonucleotides were annealed by heating to 95°C for 4
min and, subsequently, by cooling down slowly to 5°C before the variable-temperature UV spectroscopic
experiment.
16.1 Melting temperature of a double strand from canonical oligonucleotides
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Figure S80. Melting curve of CON1 and CON2. Line shows the fit of the data to a two-state melting model using a mono-sigmoidal
Boltzmann function. Tm = 30.1°C.

16.2 Melting temperatures of double strands from donor and acceptor oligonucleotides
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Figure S81. Melting curve of ON1a; X = m®g°A and ON2a; X = mnm°U. Line shows the fit of the data to a two-state melting model using a
mono-sigmoidal Boltzmann function. Tm = 30.4°C.
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Figure S82. Melting curve of ON1a; X = m®g°A and ON2c; X = vmnm®U. Line shows the fit of the data to a two-state melting model using

a mono-sigmoidal Boltzmann function. Tm = 30.5°C.

The melting temperatures of the double strands containing modified A and U bases, ON1a; X = m®g®A, ON2a; X =
mnm°U and ON2c; X = vmnm®U, were very similar to those determined for canonical oligonucleotides, CON1 and
CON2.
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Figure S83. Melting curve of ON1n; X = m°v°A and ON2c; X = vmnm®U. Line shows the fit of the data to a two-state melting model using
a mono-sigmoidal Boltzmann function. Tm = 59.2°C.
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16.3 Melting temperatures of double strands from donor and acceptor peptide-oligonucleotides
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Figure S84. Melting curve of 5'-m°(ggq)°’A-RNA-3’ with 3'-gavmnm°U-RNA-5'. Line shows the fit of the data to a two-state melting model
using a mono-sigmoidal Boltzmann function. Tm = 30.0°C.
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Figure S85. Melting curve of 5'-m%gaggg)°A-RNA-3’ with 3'-agggvmnm®U-RNA-5'. Line shows the fit of the data to a two-state melting
model using a mono-sigmoidal Boltzmann function. Tm = 29.8°C.
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16.4 Melting temperatures of selected cyclic peptide products
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Figure S86. Melting curve of ON3a. Line shows the fit of the data to a three-state melting model using a double-sigmoidal Boltzmann
function. Tm: = 30.8°C and Tmz = 87.5 °C. Top panel shows representation of the three states involved in the two transitions.
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Figure S87. Melting curve of ON3c. Line shows the fit of the data to a three-state melting model using a double-sigmoidal Boltzmann
function. Tm1 = 28.4°C and Tmz = 80.1°C. Top panel shows representation of the three states involved in the two transitions.
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Figure S88. Normalized melting curves of ON3c at 3, 5 and 8 uM concentration. Top panel shows representation of the three states
involved in the two transitions.

We observed a two-step melting profile in the experiments performed with the RNA oligonucleotides ON3a and
ON3c (Figure S86, Figure S87 and Figure S88). At low temperature (transition 1), the double strand (duplex) is
transformed into the hairpin. At high temperature (transition 2), the hairpin is converted into the random coil. The
intermolecular and intramolecular dissociation of the base pairs, i.e. breaking of hydrogen-bonding and 1r-stacking
interactions, is induced by the increase in temperature over the course of the experiments. 516
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17. NMR spectra of synthesized compounds

H and **C{*H} NMR spectra of compound 3a
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1H and *C{*H} NMR spectra of compound 3b
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1H and **C{*H} NMR spectra of compound 4c

1H and **C{*H} NMR spectra of compound 4b
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1H and **C{*H} NMR spectra of compound 5b

1H and **C{*H} NMR spectra of compound 5a
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H and *C{*H} NMR spectra of compound 6c

1H and *C{*H} NMR spectra of compound 6b
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31P{*H} NMR spectrum of compound 7a
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*H and **C{*H} NMR spectra of compound H-Leu-Onpe*HCI

1H and *C{*H} NMR spectra of compound H-Ala-Onpe*HCI
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*H and **C{*H} NMR spectra of compound H-Met-Onpe*HCl

*H and **C{*H} NMR spectra of compound H-Pro-Onpe
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1H and **C{*H} NMR spectra of compound H-Ala-Gly-Gly-Gly-Onpe*HCIl

1H and *C{*H} NMR spectra of compound H-Gly-Gly-OnpeHCI
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*H and **C{*H} NMR spectra of compound 10d

*H and **C{*H} NMR spectra of compound 10b
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1H and *C{*H} NMR spectra of compound 10h

H and **C{*H} NMR spectra of compound 10f
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*H and **C{*H} NMR spectra of compound 11a

1H and *C{*H} NMR spectra of compound 10j
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*H and **C{*H} NMR spectra of compound 11c

H and *C{*H} NMR spectra of compound 11b
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*H and **C{*H} NMR spectra of compound 11g

*H and **C{*H} NMR spectra of compound 11f
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1H and *C{*H} NMR spectra of compound 11i

1H and *C{*H} NMR spectra of compound 11h
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*H and **C{*H} NMR spectra of compound 12a

1H and *C{*H} NMR spectra of compound 11j
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1H and *C{*H} NMR spectra of compound 12¢

H and *C{*H} NMR spectra of compound 12b
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*H and **C{*H} NMR spectra of compound 12e

*H and **C{*H} NMR spectra of compound 12d
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*H and **C{*H} NMR spectra of compound 12g

H and **C{*H} NMR spectra of compound 12f
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1H and *C{*H} NMR spectra of compound 13a

1H and **C{*H} NMR spectra of compound 12j
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*H and **C{*H} NMR spectra of compound 13c

*H and **C{*H} NMR spectra of compound 13b
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*H and **C{*H} NMR spectra of compound 13e

*H and **C{*H} NMR spectra of compound 13d
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1H and *C{*H} NMR spectra of compound 13g

H and **C{*H} NMR spectra of compound 13f
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1H and *C{*H} NMR spectra of compound 13i

1H and *C{*H} NMR spectra of compound 13h
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31P{'H} NMR spectrum of compound 14a

1H and *C{*H} NMR spectra of compound 13j
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31P{*H} NMR spectrum of compound 14c
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31p{*H} NMR spectrum of compound 14g
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31p{*H} NMR spectrum of compound 14i
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H and *C{*H} NMR spectra of compound 17

1H and *C{*H} NMR spectra of compound 16
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1H and *C{*H} NMR spectra of compound 19

1H and *C{*H} NMR spectra of compound 18
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1H and ®*C{*H} NMR spectra of compound 22

1H and *C{*H} NMR spectra of compound 21
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1H and *C{*H} NMR spectra of compound 24

1H and *C{*H} NMR spectra of compound 23
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31Pp{*H} NMR spectrum of compound 26

1H and *C{*H} NMR spectra of compound 25
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1H and *C{*H} NMR spectra of compound 29

1H and *C{*H} NMR spectra of compound 28
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1H and *C{*H} NMR spectra of compound 31

1H and *C{*H} NMR spectra of compound 30
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31p{*H} NMR spectrum of compound 33

1H and *C{*H} NMR spectra of compound 32
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1. General information and instruments for nucleosides and phosphoramidites

Reagents were purchased from commercial suppliers and used without further purification unless otherwise stated.
Anhydrous solvents, stored under inert atmosphere, were also purchased. All reactions involving air/moisture
sensitive reagents/intermediates were performed under inert atmosphere using oven-dried glassware. Routine *H
NMR, BC{*H} NMR and *'P{*H} NMR spectra were recorded on a Bruker Ascend 400 spectrometer (400 MHz for
1H NMR, 100 MHz for **C NMR and 162 MHz for 3P NMR), Bruker Ascend 500 spectrometer (500 MHz for *H
NMR, 125 MHz for **C NMR and 202 MHz for **P NMR) or Bruker ARX 600 spectrometer (600 MHz for *H NMR,
150 MHz for *3C NMR and 243 MHz for 'P NMR). Deuterated solvents used are indicated in the characterization
and chemical shifts (5) are reported in ppm. Residual solvent peaks were used as reference.* All NMR J values
are given in Hz. COSY, HSQC and HMBC experiments were recorded to help with the assignment of *H and *C
signals. NMR spectra were analyzed using MestReNova software version 10.0. High Resolution Mass Spectra
(HRMS) were measured on a Thermo Finnigan LTQ-FT with ESI as ionization mode. IR spectra were recorded on
a Perkin-Elmer Spectrum BX Il FT-IR instrument or Shimadzu IRSpirit FT-IR instrument. Both equipped with an
ATR accessory. Column chromatography was performed with silica gel technical grade, 40-63 pm particle size.
Reaction progress was monitored by Thin Layer Chromatography (TLC) analysis on silica gel 60 F254 and stained
with para-anisaldehyde, potassium permanganate or cerium ammonium molybdate solution.

2. Prebiotic synthesis of N®-methylurea adenosine

o
1. NaNO,, 0.4 M HCI
@ 0°C, 2h A
A — AN
NN 2. Adenosine H
Formamide or water
pMu 70°C, 24 h
Adenosine
~ 2
N Formamide, L, 2 h
mic

Scheme S1. Prebiotic synthesis of Né-methylurea adenosine 2.
Procedure for the prebiotic synthesis of 2 using DMU:

Step 1: The nitrosation reaction of 1,3-dimethylurea (DMU) was carried out following a procedure previously
reported in the literature.? Step 2: Adenosine (2.67 mg, 10 umol, 1 equiv.) and 1,3-dimethyl-1-nitrosourea (58.6
mg, 0.5 mmol, 50 equiv.) were dissolved in formamide (1 mL) or water (40 pL). The reaction was stirred at 70°C
for 24 h. For the reaction in water solution, the crude was diluted with water (up to 1.0 mL) after 24 h. An aliquot
(10 pL) of the crude reaction mixture was taken, diluted with water (up to 1.0 mL), filtered and analyzed by LC-MS
(buffer A: 2 mM HCOONH, pH 5.5 in H20O and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient
with B: 0-15% from O to 15 min and 15-20% from 15 to 30 min; Temperature = 40°C; Flow rate = 0.15 mL-min!
and Injection volume =5 pL).
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Figure S1. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of 2 using 1,3-dimethylurea (DMU) in: a)
formamide and b) water. The chromatographic peaks assigned as A-Me corresponded to methylated Adenosine derivatives. In turn, the
chromatographic peaks assigned as A-MC corresponded to Adenosine derivatives bearing a N-methylcarbamoy! substituent at the OH
groups of the ribose. Structural assignments for A-Me and A-MC were not performed.

Procedure for the prebiotic synthesis of 2 using MIC:

Adenosine (10.0 mg, 37.4 pmol, 1 equiv.) and methylisocyanate (MIC, 12.2 pL, 206 umol, 5.5 equiv.) were
dissolved in formamide (1 mL). The reaction was stirred at r.t. for 2 h. An aliquot (25 pL) of the crude reaction
mixture was taken, diluted with water (up to 1.0 mL), filtered and analyzed by LC-MS (buffer A: 2 mM HCOONH,
pH 5.5 in H,0 and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient with B: 0-25% from 0 to 45
min; Temperature = 40°C; Flow rate = 0.15 mL-min** and Injection volume = 5 pL).
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Figure S2. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of 2 using methyl isocyanate (MIC) in formamide.
The chromatographic peaks assigned as A-MC corresponded to Adenosine derivatives bearing a N-methylcarbamoy! substituent at the
OH groups of the ribose. Structural assignments for A-MC were not performed.

Procedure for the hydrolysis reaction of the crude reaction mixture obtained from the prebiotic synthesis
of 2 using DMU:

The crude reaction mixture in formamide solution (100 pL) was diluted with 50 mM borate buffer pH 9.5 (up to 1.0
mL). The reaction was stirred at 70°C for 24 h. An aliquot (100 pL) of the crude reaction mixture was taken, diluted
with water (up to 1.0 mL), filtered and analyzed by LC-MS (buffer A: 2 mM HCOONH, pH 5.5 in H.O and buffer B:
2 mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient with B: 0-15% from 0 to 15 min and 15-20% from 15 to 30
min; Temperature = 40°C; Flow rate = 0.15 mL-min"* and Injection volume = 5 pL).
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Figure S3. HPLC chromatogram of the crude reaction mixture after the hydrolysis reaction with 50 mM borate buffer pH 9.5 at 70°C for 24
h. The chromatographic peaks assigned as A-Me corresponded to methylated Adenosine derivatives. In turn, the chromatographic peak
assigned as A-MC corresponded to an Adenosine derivative bearing a N-methylcarbamoy! substituent at one of the OH groups of the
ribose. Structural assignments for A-Me and A-MC were not performed.

3. Prebiotic synthesis of amino acid-modified carbamoyl nucleosides

3.1 Prebiotic synthesis of a series of amino acid-modified N°-carbamoyl adenosine nucleosides

2 1. NaNO,, aq. 5% HyPO, Q
)k s 30 min, 0°C
HNTN 2.-20°C,22h

3. H-aa-OH, pH ~ 9.5

or
H-Gly-CN, pH ~ 9.5
e .

Scheme S2. Prebiotic synthesis of amino acid-modified N°-carbamoyl adenosine nucleosides 1a-h from N°-methylurea adenosine 2
(optimized reaction conditions are shown).

Optimization of the reaction conditions using 2 and H-Gly-OH:

Step 1: NS-methylurea adenosine 2 (1.00 mg, 3.08 pmol, 1.0 equiv.) and NaNO, (2.66 mg, 38.54 umol, 12.5 equiv.)
were dissolved in an acidic aqueous solution (150 pL, see Table S1 for acids used). The reaction was stirred at
0°C (see Table S2 for time). Step 2: After that, the solution was kept in a freezer at -20°C (see Table S3 for time).
Step 3: The thawed adenosine’s solution was transferred to a 30 mM borate-buffered solution (3.00 mL) containing
the amino acid H-Gly-OH (2.31 mg, 30.84 pmol, 10.0 equiv.). The pH was adjusted using a 4 M aqueous NaOH
solution (see Table S4 for pH). The reaction was stirred at r.t. for 1 h. Finally, an aliquot (25 pL) of the crude
reaction mixture was taken, diluted with water (up to 1.0 mL), filtered and analyzed by LC-MS (buffer A: 2 mM
HCOONH;, pH 5.5 in H20 and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient: 0-20% of B in 25
min; Flow rate = 0.15 mL-min"* and Injection volume = 5 pL).

Table S1. Screening of acidic aqueous solutions in step 1. Reaction conditions in other steps were kept constant: step 1) 30 min at 0°C;
step 2) 22 h at -20°C and step 3) pH ~ 9.5.

Acidic aqueous solution in step 1 Yield (%) of 1a

1% H3PO4 3

5% H3PO4 84

1MHCI 78

1M H2SO04 64

10% acetic acid (AcOH) Not detected
neat acetic acid (AcOH) Not detected
50% formic acid (FA) 3

neat formic acid (FA) 18

S4

Table S2. Screening of reaction time in step 1. Reaction conditions in other steps were kept constant: step 1) 5% HaPO4 at 0°C; step 2) 22
h at -20°C and step 3) pH ~ 9.5.

Time (min)in step 1 Yield (%) of 1a

30 84
60 76
120 57

Table S3. Screening of reaction time in step 2. Reaction conditions in other steps were kept constant: step 1) 5% HsPO4 at 0°C for 30 min;
step 2) -20°C and step 3) pH ~ 9.5.

Time (h)in step 2 Yield (%) of 1a

0 4

1 16
3 42
22 84

Table S4. Screening of pH values in step 3. Reaction conditions in other steps were kept constant: step 1) 5% HsPO4 at 0°C for 30 min
and step 2) 22 h at -20°C.

pH of aqueous solution in step 3 Yield (%) of 1a

~6.2 5

~6.9 24
~7.4 34
~8.6 60
~9.5 84

General procedure for the prebiotic synthesis of 1a-h under the optimized reaction conditions:
In the general procedure, the amino acid was added in step 3.

Step 1: NS-methylurea adenosine 2 (1.00 mg, 3.08 pmol, 1.0 equiv.) and NaNO, (2.66 mg, 38.54 umol, 12.5 equiv.)
were dissolved in 5% aqueous H3PO, solution (150 pL). The reaction was stirred at 0°C for 30 min. Step 2: After
that, the solution was kept in the freezer at -20°C for 22 h. Step 3: The thawed adenosine’s solution was transferred
to a 30 mM borate-buffered solution (3.00 mL) containing the amino acid H-aa-OH or the amino nitrile H-Gly-CN
(30.84 pumol, 10.0 equiv.). The pH was adjusted to ca. 9.5 using a 4 M aqueous NaOH solution (60 uL). The
reaction was stirred at r.t. for 1 h. For 1a-g, an aliquot (25 pL) of the crude reaction mixture was taken, diluted with
water (up to 1.0 mL), filtered and analyzed by LC-MS (buffer A: 2 mM HCOONH, pH 5.5 in H,O and buffer B: 2
mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient: 0-20% of B in 25 min; Flow rate = 0.15 mL-min"* and Injection
volume =5 pL). For 1h, an aliquot (10 pL) of the crude reaction mixture was taken, diluted with water (up to 40 pL)
an analyzed by HPLC (A: H,O and B: 20:80 H,O/MeCN; Gradient: 0-30% of B in 30 min; Flow rate = 1 mL-min*
and Injection volume = 20 pL).

Modified procedure for the prebiotic synthesis of 1c under the optimized reaction conditions:
In the modified procedure, the amino acid was added in step 1 (nitrosation reaction).

Step 1: N®-methylurea adenosine 2 (1.00 mg, 3.08 pmol, 1.0 equiv.), the amino acid H-Phe-OH (30.84 umol, 10.0
equiv.) and NaNO; (2.66 mg, 38.54 umol, 12.5 equiv.) were dissolved in 5% aqueous HsPO, solution (150 pL).
The reaction was stirred at 0°C for 30 min. Step 2: After that, the solution was kept in the freezer at -20°C for 22
h. Step 3: The thawed adenosine’s solution was transferred to a 30 mM borate-buffered solution (3.00 mL) and the
pH was adjusted to ca. 9.5 using a 4 M aqueous NaOH solution (60 pL). The reaction was stirred at r.t. for 1 h.
After that, an aliquot (10 pL) of the crude reaction mixture was taken, diluted with water (up to 40 pL) an analyzed
by HPLC (A: Hz0 and B: 20:80 H,O/MeCN; Gradient: 0-30% of B in 50 min; Flow rate = 1 mL-min* and Injection
volume =20 pL).
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Figure S4. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of: a) g°A 1a; b) t°A 1b; c) f°A 1c and d) p°A Figure S5. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of: e) d°A 1e; f) k°A a-1f (¢-1f is the product of
1d. A = Adenosine. the reaction between the amino group adjacent to the carbon at the e-position of H-Lys-OH with the nitrosated derivative of 1); g) a°A 1g
and h) gen®A 1h. A = Adenosine.
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a) 3.3 Prebiotic synthesis of amino acid-modified N*-carbamoyl cytidine nucleoside
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Scheme S4. Prebiotic synthesis of amino acid-modified N*-carbamoy! cytidine nucleoside 6 from N*-methylurea cytidine 4 under the

Figure S6. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of f°A 1c following the modified procedure, i.e. optimized reaction conditions.

addition of the amino acid in step 1 (nitrosation reaction).

3 40
Table S5. Results obtained for the synthesis of 1a-h under prebiotically plausible reaction conditions. —_
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E’ 30
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Figure S8. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of g*C 6. C = cytidine.
a-1f; k°A 70
; 3.4 Prebiotic synthesis of amino acid-modified N°-methyl N-carbamoyl adenosine nucleoside
&1 16
1g; a°A 75 1 i
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2Result obtained following the modified procedure, i.e. addition of the amino acid in step 1 (nitrosation reaction).

WOH WOH

3.2 Prebiotic synthesis of amino acid-modified N?>-carbamoyl guanosine nucleoside

7 8:8%
1. NaNO, aq. 5% HyPO,
30 min, 0% Scheme S5. Prebiotic synthesis of amino acid-modified Ne-methyl N°-carbamoy! adenosine nucleoside 8 from Ne-methyl N°-methylurea

adenosine 7 under the optimized reaction conditions.
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Scheme S3. Prebiotic synthesis of amino acid-modified N*-carbamoy! guanosine nucleoside 5 from N2-methylurea guanosine 3 under the 3 10
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Figure S7. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of g°G 5. G = guanosine.
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3.5 Control experiment of guanosine under the nitrosation conditions 4. Calibration curves of amino acid-modified carbamoyl nucleosides

Amino acid-modified carbamoyl nucleosides la-h, 5 and 6 were used for the development of calibration curves.

1.NaNO, ag. 5% HyPO, Separate stock solutions of the modified nucleosides were prepared in water (100 yM). Dilute standard solutions

30 min,
e of the modified nucleosides (1; 2; 4; 5; 6; 8 uM) were prepared in a final volume of 1 mL. The standard solutions
—— were injected in an analytical UHPLC equipped with a C18 column (buffer A: 2 mM HCOONH, pH 5.5 in H,0 and
buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient: 0-20% of B in 25 min; Flow rate = 0.15 mL-min*
and Injection volume = 20 pL). For 1h, a stock solution was prepared in water (1 mM). Dilute standard solutions of
G x 1h (50; 100; 200; 300; 400; 500 pM) were prepared in a final volume of 20 L. The standard solutions were injected
in an analytical HPLC equipped with a C18 column (A: H,O and B: 20:80 H,O/MeCN; Gradient: 0-30% of B in 30
Scheme S6. Control experiment of guanosine G under the nitrosation conditions. X = xanthosine. min; Flow rate = 1 mL-min? and Injection volume = 20 uL). The absorbance was monitored at 260 nm and the

areas of the chromatographic peaks were determined by integration. The plot of the chromatographic area (a.u.)

The control experiment indicated that G gives X under the nitrosation conditions used in Section 3.1. versus the amount of each nucleoside followed a linear relationship.
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Figure S10. Chromatographic area (a.u.) vs. amount (pmol or nmol) of: a) g°A 1a; b) t°A 1b; c) f°A 1c; d) p°A 1d; e) d°A 1e; f) k°A 1f; g)
a’A 1g and h) gen®A 1h. Lines show the fit of the data to a linear regression equation. Error bars are standard deviations from two
independent experiments.
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Table S6. Calibration curves (y = mx + n) obtained by analysis of the chromatographic peaks of 1a-h, 5 and 6.

2 Slope (m) in nmolt,

Compound  Slope, m (pmolt) Intercept,n  r2

g°Ala 3999.8 -1195.1 0.99
t°A 1b 4300.7 -137.4 0.99
f°A 1c 3990.0 10177.5 0.99
p°A 1d 4183.8 -1542.8 0.99
d°A 1e 4062.7 -3010.2 0.99
K°A a-1f 4046.2 562.5 0.99
a’Alg 44727 6578.1 0.99
gen®A 1h? 738.7 318.5 0.99
9°G5 5000.9 12316.0 0.99
g‘C6 2050.4 -321.0 0.99

5. General information and instruments for oligonucleotides

Synthesis and purification of oligonucleotides

UnySupport™). Subsequently, the supernatant was collected, and the beads were washed with water (2x0.3 mL).
The combined aqueous solutions were concentrated under reduced pressure using a SpeedVac concentrator.
After that, the crude was dissolved in DMSO (100 pL) and triethylamine trihydrofluoride (125 pL) was added. The
solution was heated at 65°C for 1.5 h. Finally, the ON was precipitated by adding 3 M NaOAc in water (25 pL) and
n-butanol (1 mL). The mixture was kept at -80°C for 2 h and centrifuged at 4°C for 1 h. The supernatant was
removed and the white precipitate was lyophilized.

Purification of the synthesized ON by HPLC and desalting

The crude was purified by semi-preparative HPLC (1260 Infinity Il Manual Preparative LC System from Agilent
equipped with a G7114A detector) using a reverse-phase (RP) VP 250/10 Nucleodur 100-5 C18ec column from
Macherey-Nagel (buffer A: 0.1 M AcOH/EtzN pH 7 in H,O and buffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H,O/MeCN;
Gradient: 0-25% of B in 45 min; Flow rate = 5 mL-min‘t). The purified ON was analyzed by RP-HPLC (1260 Infinity
Il LC System from Agilent equipped with a G7165A detector) using an EC 250/4 Nucleodur 100-3 C18ec from
Macherey-Nagel (Gradient: 0-30% of B in 45 min; Flow rate = 1 mL-min%). Finally, the purified ON was desalted
using a C18 RP-cartridge from Waters.

Determination of the concentration and the mass of the synthesized ON

The absorbance of the synthesized ON in H,O solution was measured using an IMPLEN NanoPhotometer®
N60/N50 at 260 nm. The extinction coefficient of the ON was calculated using the OligoAnalyzer Version 3.0 from
Integrated DNA Technologies. For ONs incorporating non-canonical bases, the extinction coefficients were
assumed to be identical to those containing only canonical counterparts.

The synthesized ON (2-3 pL) was desalted on a 0.025 pm VSWP filter (Millipore), co-crystallized in a 3-
hydroxypicolinic acid matrix (HPA, 1 pL) and analyzed by MALDI-TOF mass spectrometry (negative mode).

Enzymatic digestion of ONs into nucleosides

The ON (~100 pmol) was diluted with the nucleoside digestion mix reaction buffer (10X, 2 L) and water (up to 19
uL). The nucleoside digestion mix enzyme (1 uL) was added to the ON'’s solution. The reaction was incubated at
37°C for 2 h. Finally, the crude reaction mixture was analyzed by LC-MS (buffer A: 2 mM HCOONH, pH 5.5 in H,O
and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H,O/MeCN; Gradient: 0-20% of B in 25 min; Flow rate = 0.15
mL-min* and Injection volume = 20 pL).

Phosphoramidites of canonical ribonucleosides (Bz-A-CE, Dmf-G-CE, Ac-C-CE and U-CE) were purchased from
LinkTech and Sigma-Aldrich. Oligonucleotides (ONs) were synthesized on a 1 umol scale using RNA SynBase™
CPG 1000/110 and High Load Glen UnySupport™ as solid supports using an RNA automated synthesizer (Applied
Biosystems 394 DNA/RNA Synthesizer) with a standard phosphoramidite chemistry. ONs were synthesized in
DMT-OFF mode using DCA as deblocking agent in CH,Cl,, BTT or Activator 42® as activator in MeCN, Ac,0 as
capping reagent in pyridine/THF and I, as oxidizer in pyridine/H,0O.

Deprotection of npe and teoc groups

For the deprotection of the para-nitrophenylethyl (npe) group in ONs containing amino acid-modified carbamoy!
adenosine nucleosides, the solid support beads were suspended in a 9:1 THF/DBU solution mixture (1 mL) and
incubated at r.t. for 2 h.® After that, the supernatant was removed, and the beads were washed with THF (3x1 mL).
For the deprotection of the 2-(trimethylsilyl)ethoxycarbonyl (teoc) group in ONs containing 5-methylaminomethyl
uridine nucleosides, the solid support beads were suspended in a saturated solution of ZnBr,in 1:1 MeNO,/IPA (1
mL) and incubated at r.t. overnight.* After that, the supernatant was removed, and the beads were washed with
0.1 M EDTA in water (1 mL) and water (1 mL).

Cleavage from beads, deprotection of TBS groups and precipitation of the synthesized ON

The solid support beads were suspended in a 1:1 aqueous solution mixture (0.6 mL) of 30% NH,OH and 40%

MeNH,. The suspension was heated at 65°C (8 min for SynBase™ CPG 1000/110 and 60 min for High Load Glen
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6. Prebiotic synthesis of amino acid-modified carbamoyl oligonucleotides

6.1 Prebiotic synthesis of amino acid-modified carbamoyl oligonucleotides containing the four canonical
bases

R = AU CGC UGU AC-3' R = AU CXC UXU AC-3'
o

HN)ku/ 1. NaNO,, guanidinium chloride
aq. 5% HyPO,, 30 min, 0°C

2.-20°C, 22

3.H-2a-OH, pH ~ 9.5

ON1a’; g°A, 18%

WOH

b)
) 1. NaNO,, guanidinium chloride
aq. 5% H3POy, 30 min, 0°C

2.-20°C,22h
3. H-aa-OH, pH ~ 9.5
COH

ONS5; g%G, 35%

1. NaNO, guanidinium chloride
aq. 5% HyPOy, 30 min, 0°C

2.-20°C,22h

3. H-aa-OH, pH ~ 9.5

ON4 ONE; g°C, 5%

Scheme S7. Prebiotic synthesis of amino acid-modified carbamoyl oligonucleotides from those containing: a) N®-methylurea adenosine
ONZ2’; b) N?-methylurea guanosine ON3 and c) N*-methylurea cytidine ON4.

General procedure for the nitrosation reaction with oligonucleotides

Step 1: The oligonucleotide ON (3 nmol, 1.0 equiv.) and NaNO; (1.5 pumol, 500 equiv.) were dissolved in 5%
aqueous H3zPOy solution (60 pL) containing 100 mM guanidinium chloride (GdmCI). The reaction was stirred at
0°C for 30 min. Step 2: After that, the solution was kept in the freezer at -20°C for 22 h. Step 3: H-aa-OH (3 pmol,
1000 equiv.) in 30 mM borate-buffered solution (140 pL) was added to the thawed oligonucleotide’s solution. The
pH was adjusted to ca. 9.5 using a 4 M aqueous NaOH solution (ca. 19 pL). The reaction was stirred at r.t. for 1 h.
Finally, the reaction was quenched with 1 M aqueous HCI solution (5 pL). An aliquot (75 pL) of the crude reaction
mixture was taken, diluted with water (up to 100 pL) and analyzed by HPLC (buffer A: 0.1 M AcOH/EtsN pH 7 in
H,0 and buffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H,O/MeCN; Gradient: 0-30% of B in 45 min; Flow rate = 1
mL-min‘; Injection volume = 100 pL).
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Figure S12. HPLC chromatograms of: left) the crude reaction mixtures for the prebiotic synthesis of a) ON1a’; b) ON5 and c) ON6, and
right) the enzymatic digestions of the corresponding products. B11, B1:’ and B1:” are the oligonucleotides that do not contain the N-
methylcarbamoyl substituent at the terminal nucleotide and have xanthosine instead of guanosine.

Table S7. HPLC retention times (0-30% of B in 45 min) and reaction yields of ON1a’, ON5 and ONG6.

Strand tr (Min)  Yield%
ONla’; g°A 234 18
ONS5; g°G 22,6 35
ON6;g’C 215 5

6.2 Prebiotic synthesis of an oligonucleotide containing two amino acid-modified carbamoyl nucleotides

at the terminal and internal positions

2.-20°C,22h

ON2";R =

5-RAUCGCUGURC-3'

1.NaNOy, aq. 5%

HyPO,, 30 min, 0°C

3. H-Phe-OH, pH ~ 9.5

ON1c’; R = °A

5-RAUCXCUXURC-3'

Scheme S8. Prebiotic synthesis of ON1¢’ from ON2” containing two N°-methylurea adenosine nucleotides. In this case, guanidinium

chloride (GdmClI) was not added.
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Figure S13. a) HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of 1¢’. b) MALDI-TOF mass spectrum of the

isolated product.

6.3 Prebiotic synthesis of a series of amino acid-modified N°-car

1. NaNO,, guanidinium chloride
aq. 5% H3PO, 30 min, 0°C

2.-20°C,22h

3. H-aa-OH, pH ~ 9.5

ONZ; R =

Scheme S9. Prebiotic synthesis of amino acid-modified N°-carbamoy! adenosine olig
oligonucleotide ON2 (optimized reaction conditions are shown).

Effect of the addition of salts in the prebiotic synthesis of ON1g:

bamoy! adenosine oligonucleotides

ONf1a; R = g°A, 18%
ON1b;
ON1c;
ON1d;

ONAg; R = a%A, 16%

5"RAA AAA AAA AA-3'

onucleotides ON1a-g from N°-methylurea adenosine
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0.2 02 oNtg
+
3 3 Ac-aA
& F /ouz
3 P An
i +
got without salt go1 100mMNaCl 4,
2 2
2 2
< <
0 Ll ol L
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (min) Time (min]
9 @ (min)
02 02
ON1g(  on2
3 ON1 ON2 = s
i NI % H Asa®A
3 s A
201 100 mM GdmCl £ 0.1 100 mM NaCIO. +
£ 00 mM Gdm H ml NN
S 5
2 A K
< "\ <
. A ol
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

Time (min)

Time (min)

Figure S14. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of ON1g: a) without salt and with b) 100 mM

NacCl; ¢) 100 mM guanidinium chloride (GdmCI) and d) 100 mM NaClOa.

Table S8. Results obtained for the addition of salts in the prebiotic synthesis of ON1g.

Salt A1 (%) ON1g (%) ON2 (%) Degradation (%)
- 18 15 15 ~52
100 mM NaCl 19 15 28 ~38
100 mM GdmCI 4 15 53 ~28
100 mM NaClOs 15 11 25 ~49
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Prebiotic synthesis of ONla-g under the nitrosation conditions using guanidinium chloride:

o2 - o2
3 3 ON2
s ON1a ON2 3 ON1b,
ol ~| |- < > 17
2 8
go1 §o
o =
@ o
2 An 2 "
L N 2 L N
ol " . 3 L ‘ L
o 5 10 15 20 25 3 35 40 45 O 5 10 15 20 25 30 35 40 45
Time (min) Time (min)
C,
Yoz Do2. -
3 3
] ON2 ON1 ]
s ~ oNe < oNtd ON2
8 H-Phe-OH 8 I
§o1 Pz 501
H Ao
< 2 ~
An
» L
0 e, 0 .
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (min) Time (min)

Figure S15. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of: a) ON1a; b) ON1b; c¢) ON1c and d) ON1d.
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Figure S16. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of: €) ON1e; f) a-ON1f and g) ON1g.

Table S9. HPLC retention times (0-30% of B in 45 min), MALDI-TOF mass spectrometric analysis (negative mode) and reaction yields of

ON1a-g.

Strand tr (Min)  m/z calcd. for [M-H]"  found Yield%
ON1la; R = g°A 24.7 3657.6 3660.3 18
ON1b; R = t°A 24.8 3701.7 3702.7 18
ONl1c; R = f°A 30.6 3747.7 3747.0 23
ON1d; R = p°A 25.0 3697.7 3699.7 15
ONle; R =d°A 23.4 3715.6 3717.2 10
a-ON1f, R=K°A 236 3728.7 37303 10
ON1g; R = a°A 25.4 3671.6 3673.6 16
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7. Consecutive reactions using Né-methylurea adenosine oligonucleotide

a)

o
1. NaNO,, guanidinium chloride )k /[
aq. 5% H3POy, 30 min, 0°C HNT SN NCoM
2.-20°C, 22 h H 2
3. H-Phe-OH, pH ~ 9.5

3-AUU UAU UAU UR-5' 3-AUU UAU UAU UR-5'
R = Ne-methylurea adenosine R=fA

DMTMMsCI, Nacl,
PH 6, 15°C, 20 h

3L 5
o Ph NYO
ON10 HNXN/Q(H\/Q(NH
N g )

P

N7 3-AUU UAU UAU LR
5-(UAA AUA AUA A),R"
R=fA;R' = nmU

3-AUU UAU UAU UR-5'
=1

c)
3 r.u.uu.m 5
Ph N._O 2 2
i ' b H6,90°C, 24 h H?N\)k
N NH pHe. 907 TN NH
ON10 NN —_—————>  ONf1 H H | /&
v X S S [ N o
</ N ol 5
N N/)
. X 5-(UAA AUA AUA A),R'-3'
¥ TFFFFFH'H‘ § 3-AUU UAU UAU uR'j R' = f-nm°U
5-(UAA AUA AUA A),R" +
= A R' = nm
R={A; R = nm°U ON12 5-AUU AUU AUU UA-3'

Scheme S10. Consecutive reactions: a) prebiotic synthesis of amino acid-modified carbamoy! oligonucleotide ON8; b) peptide coupling
reaction between ON8 and ON9 and c) urea cleavage reaction of ON10.

Procedures for the stepwise reactions:
a) Prebiotic synthesis of amino acid-modified carbamoyl oligonucleotide ON8:

Step 1: The oligonucleotide ON7 (20 nmol, 1.0 equiv.) and NaNO, (10 pmol, 500 equiv.) were dissolved in 5%
aqueous H3PO, solution (200 pL) containing 100 mM guanidinium chloride (GdmCl). The reaction was stirred at
0°C for 30 min. Step 2: After that, the solution was kept in the freezer at -20°C for 22 h. Step 3: H-Phe-OH (20
pmol, 1000 equiv.) in 30 mM borate-buffered solution (150 pL) was added to the thawed oligonucleotide’s solution.
The pH was adjusted to ca. 9.5 using a 4 M aqueous NaOH solution (ca. 50 pL). The reaction was stirred at r.t. for
1 h. Finally, the reaction was quenched with 1 M aqueous HCI solution (50 pL). An aliquot (22.5 pL) of the crude
reaction mixture was taken, diluted with water (up to 100 pL) and analyzed by HPLC (buffer A: 0.1 M AcOH/EtsN
pH 7 in H20 and buffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H,O/MeCN; Gradient: 0-30% of B in 45 min; Flow rate
=1 mL'min’}; Injection volume = 100 pL) and MALDI-TOF mass spectrometry. The remaining crude was purified
by semi-preparative HPLC. The purified ON was lyophilized, desalted, and redissolved in water. Subsequently, the
concentration of ON8 was determined.

b) Peptide coupling reaction between ON8 and ON9:

An equimolar solution mixture of ON8 (50 uM) and ON9 (50 uM) containing MES buffer pH 6 (100 mM), NaCl (1
M) and DMTMM:-CI (50 mM) was incubated at 15°C for 20 h. After that, an aliquot (20 pL) of the crude reaction
mixture was taken and analyzed by HPLC (buffer A: 0.1 M AcOH/EtsN pH 7 in H,O and buffer B: 0.1 M AcOH/EtsN
pH 7 in 20:80 H,O/MeCN; Gradient: 0-30% of B in 45 min; Flow rate = 1 mL-min’; Injection volume = 20 pL) and
MALDI-TOF mass spectrometry. The remaining crude was purified by semi-preparative HPLC. The purified ON
was lyophilized, desalted, and redissolved in water. Subsequently, the concentration of ON10 was determined.
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c) Urea cleavage reaction of ON10:

The oligonucleotide ON10 (20 pM) was diluted with MES buffer pH 6 (100 mM) containing NaCl (100 mM). The
reaction mixture was heated at 90°C for 24 h. After that, an aliquot (100 pL) of the crude reaction mixture was
taken and analyzed by HPLC (buffer A: 0.1 M AcOH/EtsN pH 7 in H,O and buffer B: 0.1 M AcOH/EtsN pH 7 in
20:80 H,O/MeCN; Gradient: 0-30% of B in 45 min; Flow rate = 1 mL-min‘; Injection volume = 20 pL) and MALDI-
TOF mass spectrometry.
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Figure S17. left) HPLC chromatograms of the crude reaction mixtures and right) MALDI-TOF mass spectra of the isolated oligonucleotides
in the stepwise reactions: a) prebiotic synthesis of amino acid-modified carbamoy! oligonucleotide ON8; b) peptide coupling reaction
between ON8 and ON9 and c) urea cleavage reaction of ON10. Yields of the oligonucleotide products were estimated using the areas of
the chromatographic peaks in relation to that determined for reference compounds.

Procedure for the consecutive reactions (a — c):

The reactions a, b and ¢ were performed using the conditions indicated above, but without performing a
chromatographic purification after each reaction step. Under these conditions, only a filtration, using an Amicon®
ultra centrifugal filter (0.5 mL, 3 kDa), was required after reactions a and b to remove the excess of salts and
condensation reagents. For this experiment, 20 nmol of ON7 were used as starting material and 10 nmol of ON9
were added for reaction b.
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Figure S18: HPLC chromatogram of the crude reaction mixture after the consecutive reactions (a — c). Yield of the oligonucleotide product
was estimated using the area of the chromatographic peak in relation to that determined for a reference compound.

8. Calibration curve of N®-methylurea adenosine oligonucleotide

Né-methylurea adenosine oligonucleotide ON2 was used for the development of a HPLC calibration curve. A stock
solution of ON2 was prepared in water (100 uM). Separate standard solutions containing 1.2; 1.0; 0.8; 0.6; 0.4; 0.2
and 0.1 nmol of ON2 were prepared in a final volume of 20 L. The standard solutions were injected in an analytical
HPLC equipped with a C18 column (buffer A: 0.1 M AcOH/EtsN pH 7 in H,O and buffer B: 0.1 M AcOH/EtsN pH 7
in 20:80 H,O/MeCN; Gradient: 0-30% of B in 45 min; Flow rate = 1 mL-min!). The absorbance was monitored at
260 nm and the areas of the chromatographic peaks were determined by integration of the HPLC chromatograms.
The plot of the chromatographic area (a.u.) versus the amount (nmol) of the oligonucleotide followed a linear
relationship.
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Figure S19. Chromatographic area (a.u.) vs. amount (nmol) of ON2. Line shows the fit of the data to a linear regression equation. Error
bars are standard deviations from three independent experiments.

Table S10. Calibration curve (y = mx + n) obtained by analysis of the chromatographic peaks of ON2.

Strand  Slope, m (nmol!) Intercept,n 2

ON2 9144.1 -165.3 0.99

9. Melting curve of double strand

The UV melting curves were measured on a JASCO V-650 spectrometer at 260 nm using 10 mm QS cuvettes with
a scanning rate of 1°C-min-*. The obtained UV spectroscopic data were fit to a two-state melting model, i.e. double
strand — random coil equilibrium, using a mono-sigmoidal Boltzmann function.® The fit of the data returned the
melting temperature.

For the experiments, we prepared aqueous solutions containing equimolar amounts of the oligonucleotides (2 uM),
MES buffer pH 6 (100 mM) and NaCl (100 mM or 1 M). The oligonucleotides were annealed by heating to 95°C

for 4 min and, subsequently, by cooling down slowly to 5°C before the variable-temperature UV spectroscopic
experiments.
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Figure S20. Melting curves of the RNA donor strand ON8 with the RNA acceptor strand ON9 containing: a) 100 mM NaCl and b) 1 M NaCl.
The fit of the data to a two-state melting model using a mono-sigmoidal Boltzmann function returned the melting temperatures for the
double strand: a) Tm = 22.0°C and b) Tm = 34.6°C.

10. Synthesis of methylurea and amino acid-modified carbamoy! nucleosides used as reference

10.1 Synthesis of N°-methylurea adenosine

i
o7 el MeNHCI
pyridine pyridine NHy in MeOH
e -
0°Ctort T to 115 °C
) 10 1 2

Scheme S11. Synthesis of N®-methylurea adenosine 2.

Compounds 2, 10 and 11 were synthesized following procedures previously reported in the literature.®’
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10.2 Synthesis of amino acid-modified Né-carbamoyl adenosine nucleosides

1 =

™o i
( joY"\/”c.r by
° Nfu LioH Nf

T — —_—
2.12a, N RT, 16h
TEA, DCM o o
“mOAC “nOH
12a: H-Gly-OMesHCI
12b: hr-OBneHCI B B
: OAc OH

he-OEteHCI
ro-OMesHCI

12e: H-L-Asp(OEt)-OEt
9 12f: H-L-Lys(Fmoc)-OMe

Gly-OMe, 83%
L-Thr-OBn, 86%
-Phe-OEt, 86%

: R = -Gly-OH, 66%
~Thr-OH, 53%
-Phe-OH, 81%
-Pro-OH, 71%
-Asp-OH, 63%
~Lys-OH, 20%

L-Pro-OMe, 65%
13e -Asp(OE!)-OEt, 87%
13f: R = -L-Lys(Fmoc)-OMe, 85%

Scheme S12. Synthesis of amino acid-modified N°-carbamoyl adenosine nucleosides 1a-f used as reference.
General procedure for the synthesis of 13a-f

Step 1: Acetyl-protected adenosine 9 (1.0 equiv.) and 1-N-methyl-3-phenoxycarbonyl-imidazolium chloride (2.0
equiv.) were dissolved in dry DCM. The reaction was stirred at r.t. for 14 h. Step 2: A suspension, in dry DCM, of
the protected amino acid 12a-f (2.0 equiv.), containing TEA (2 equiv.) in the case of 12a-d (hydrochloride salts),
was transferred to the adenosine’s mixture. The reaction was stirred at r.t. for 16 h. After that, the crude was
washed with sat. ag. NaHCOj3 solution and the aqueous phase was extracted three times with DCM. The combined
organic layers were dried (Na,SO4 or MgSOy), filtered and concentrated under reduced pressure. The crude was
purified by column chromatography on silica gel (i-Hex/EtOAc or DCM/IPA) affording 13a-f as a white solid.

13a: Yield = 83%. Ry = 0.24 (EtOAc). IR (ATR): v (cm™) = 3240; 1741; 1698; 1611; 1589; 1538; 1532; 1470; 1366;
1206; 1089; 1043; 1019; 900; 798. *H NMR (400 MHz, CDCls, 298 K): & (ppm) = 9.95 (t, J = 5.5 Hz, 1H); 8.59 (s,
1H); 8.34 (s, 1H); 8.22 (s, 1H); 6.21 (d, J = 5.5 Hz, 1H); 5.96 (t, J = 5.5 Hz, 1H); 5.66 (dd, J =5.5, 4.2 Hz, 1H);
4.49-4.35 (M, 3H); 4.24 (d, J = 5.5 Hz, 2H); 3.80 (s, 3H); 2.16 (s, 3H); 2.13 (s, 3H); 2.08 (s, 3H). *C{*H} NMR (100
MHz, CDCls, 298 K): 6 (ppm) = 170.6; 170.5; 169.7; 169.5; 154.0; 151.7; 150.4; 150.4; 141.5; 121.1; 86.6; 80.6;
73.2; 70.8; 63.2; 52.5; 42.2; 20.9; 20.7; 20.6. HRMS (ESI) m/z: [M+H]* Calcd. for C2oH25NsO10 509.1627; Found
509.1624.

13b: Yield = 86%. Ry = 0.50 (EtOAc). IR (ATR): v (cm™) = 3237; 1742; 1694; 1614; 1589; 1551; 1537; 1468; 1366;
1212; 1089; 1044; 1018; 923; 903; 798; 752; 735; 687. *H NMR (400 MHz, CDCl;, 298 K): & (ppm) = 10.23 (d,
J=8.5Hz, 1H); 8.70 (s, 1H); 8.54 (s, 1H); 8.28 (s, 1H); 7.40-7.33 (m, 5H); 6.22 (d, J = 5.5 Hz, 1H); 5.95 (dd,
J=5.5, 5.5 Hz, 1H); 5.64 (dd, J =5.5, 4.2 Hz, 1H); 5.24 (d, J = 1.9 Hz, 2H); 4.74 (dd, J = 8.5, 2.9 Hz, 1H); 4.50-
4.32 (m, 4H); 2.16 (s, 3H); 2.12 (s, 3H); 2.07 (s, 3H); 1.31 (d, J = 6.4 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls, 298
K): & (ppm) = 171.0; 170.6; 169.8; 169.5; 154.4; 151.8; 150.5; 150.4; 141.6; 135.5; 128.8; 128.6; 128.3; 121.0;
86.4; 80.6; 73.2; 70.8; 68.5; 67.4; 63.3; 59.0; 20.9; 20.7; 20.5; 20.1. HRMS (ESI) m/z: [M+H]" Calcd. for
C2gHa3NsO11 629.2202; Found 629.2200.

13c: Yield = 86%. Ry = 0.45 (95:5 DCM/IPA). IR (ATR): 7 (cm™) = 3231; 1742; 1698; 1614; 1588; 1524; 1468;
1368; 1214; 1131; 1084; 1044; 921; 903; 798; 740; 700. *H NMR (400 MHz, CDCls, 298 K): & (ppm) = 9.99 (d,
J=7.7Hz, 1H); 8.52 (s, 1H); 8.42 (s, 1H); 8.26 (s, 1H); 7.34-7.20 (m, 5H); 6.19 (d, J = 5.3 Hz, 1H); 5.98 (dd,
J=5.3, 5.3 Hz, 1H); 5.66 (dd, J=5.3, 4.4 Hz, 1H); 4.91 (dt, J=7.7, 6.1 Hz, 1H); 4.48-4.34 (m, 3H); 4.20 (q,
J=7.1Hz, 2H); 3.24 (d, J = 6.1 Hz, 2H); 2.15 (s, 3H); 2.12 (s, 3H); 2.07 (s, 3H); 1.25 (t, J = 7.1 Hz, 3H). *C{*H}
NMR (100 MHz, CDCls, 298 K): & (ppm) = 171.7; 170.5; 169.7; 169.5; 153.5; 151.4; 150.4; 150.3; 141.8; 136.4;
129.7; 128.6; 127.2; 121.0; 86.6; 80.5; 73.1; 70.7; 63.2; 61.5; 54.8; 38.3; 20.9; 20.7; 20.5; 14.3. HRMS (ESI) m/z:
[M+H]* Calcd. for C2sH33NO10 613.2253; Found 613.2253.

13d: Yield = 65%. Rf = 0.13 (96:4 DCM/IPA). IR (ATR): 7 (cm™) = 2956; 1740; 1690; 1647; 1607; 1403; 1367;
1213; 1043; 898; 727; 643. For major rotamer: *H NMR (400 MHz, DMSO-dg, 298 K): & (ppm) = 9.77 (s, 1H); 9.58
(s, 2H); 6.30 (d, J = 5.6 Hz, 1H); 6.07 (dd, J = 5.6, 5.6 Hz, 1H); 5.64 (dd, J = 5.6, 5.6 Hz, 1H); 4.43-4.38 (m, 3H);
4.27-4.24 (m, 1H); 3.72 (br s, 1H); 3.62 (s, 4H); 2.28-2.21 (M, 1H); 2.13 (s, 3H); 2.04 (s, 3H); 2.01 (s, 3H); 1.92 (br
s, 3H). 13C{*H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 172.7; 170.1; 169.5; 169.4; 152.2; 151.9; 151.8;
151.1; 142.5; 123.8; 85.6; 79.6; 71.8; 70.1; 62.8; 58.9; 51.9; 46.9; 29.2; 24.5; 20.6; 20.4; 20.2. HRMS (ESI) m/z:
[M+H]* Calcd. for Ca3H29NsO10 549.1939; Found 549.1942.

13e: Yield = 87%. Ry = 0.50 (97:3 DCM/IPA). *H NMR (400 MHz, CDCls, 298 K): & (ppm) = 10.40 (d, J = 7.8 Hz,

1H); 8.95 (s, 1H); 8.58 (s, 1H); 8.40 (s, 1H); 6.22 (d, J = 5.5 Hz, 1H); 5.97 (dd, J = 5.5, 5.5 Hz, 1H); 5.65 (dd,
J =55, 4.2 Hz, 1H); 4.93 (dt, J = 7.8, 4.8 Hz, 1H); 4.44 (dg, J = 8.0, 3.5 Hz, 2H); 4.36 (dd, J = 12.8, 5.4 Hz, 1H);
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425 (q, J = 7.1 Hz, 2H); 4.19-4.12 (m, 2H); 3.18-2.94 (m, 2H); 2.14 (s, 3H); 2.10 (s, 3H); 2.06 (s, 3H); 1.31-1.22
(m, 6H). 3C{tH} NMR (100 MHz, CDCls, 298 K): & (ppm) = 170.9; 170.7; 170.5; 169.7; 169.4; 153.8; 151.6; 150.5;
150.4; 142.1; 121.0; 86.5; 80.6; 73.1; 70.8; 63.2; 61.9; 61.1; 50.0; 37.1; 20.9; 20.7; 20.5; 14.3; 14.2. HRMS (ESI)
m/z: [M+H]* Calcd. for CosHssNeO12 609.2151; Found 609.2143.

13f: Yield = 85%. Ry = 0.37 (95:5 DCM/IPA). IR (ATR): ¥ (cmt) = 2949; 1743; 1697; 1612; 1532; 1365; 1214; 1043;
741. *H NMR (400 MHz, CDCls, 298 K): & (ppm) = 10.06 (d, J = 7.8 Hz, 1H); 8.64 (s, 1H); 8.60 (s, 1H); 8.30 (s,
1H); 7.74 (d, J = 7.6 Hz, 2H); 7.57 (d, J = 7.4 Hz, 2H); 7.37 (t, J = 7.4 Hz, 2H); 7.28 (td, J = 7.5, 0.8 Hz, 2H); 6.22
(d, 3 =5.5 Hz, 1H); 5.96 (t, J = 5.5 Hz, 1H); 5.64 (t, J = 4.6 Hz, 1H); 4.96 (t, J = 6.0 Hz, 1H); 4.70 (td, J = 7.7, 5.3
Hz, 1H); 4.47-4.36 (m, 5H); 4.20 (t, J = 7.0 Hz, 1H); 3.7 (s, 3H); 3.21 (hept, J = 6.8 Hz, 2H); 2.15 (s, 3H); 2.11 (s,
3H); 2.06 (s, 3H); 1.21 (s, 2H); 1.20 (s, 2H). *3C{*H} NMR (100 MHz, CDCls, 298 K): & (ppm) = 173.0; 170.5; 169.7;
169.5; 156.5; 153.7; 151.6; 150.5; 150.4; 144.1; 141.7; 141.4; 127.7; 127.1; 125.2; 121.1; 120.0; 86.5; 80.6; 73.1;
70.8; 66.6; 63.2; 53.2; 52.6; 47.4; 40.9; 32.4; 29.5; 22.8; 20.9; 20.7; 20.5. HRMS (ESI) m/z: [M+H]* Calcd. for
CaoHasN-012 802.3042; Found 802.3046.

General procedure for the synthesis of 1la-f

Acetyl-protected adenosine derivative 13a-f (1.0 equiv.) was dissolved in 3:1 MeOH/H.O and the solution was
cooled to 0°C. LiOH+H,O (10.0 equiv.) was added to the adenosine’s solution and the reaction was stirred at r.t.
for 2 h. After that, the solution was neutralized with 1 M aqueous HCI solution. The organic solvent was removed
under reduced pressure and the remaining aqueous solution mixture was lyophilized. The crude was purified by
semi-preparative HPLC (A: H,O and B: 20:80 H,O/MeCN; both containing 0.1% of formic acid) affording 1a-f as a
white solid. Note that for 1f, the Fmoc protecting group was removed with 20% piperidine in DMF before the
hydrolysis reaction.

la: Yield = 66%. tg = 14.0 min (0-30% of B in 45 min). IR (ATR): 7 (cm) = 3499; 3377; 1720; 1656; 1610; 1557;
1254; 1227; 1100; 1056; 867; 803; 796; 745; 716. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 12.70 (br s,
1H); 9.90 (s, 1H); 9.65 (t, J = 5.6 Hz, 1H); 8.67 (s, 1H); 8.56 (s, 1H); 5.99 (d, J = 5.6 Hz, 1H); 5.55 (br s, 1H); 5.25
(brs, 1H); 5.15 (br s, 1H); 4.59 (t, J = 5.3 Hz, 1H); 4.17 (dd, J = 5.0, 3.6 Hz, 1H); 4.01-3.95 (m, 3H), 3.71-3.55 (m,
2H). BC{*H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 171.5; 153.7; 150.8, 150.4; 150.2; 142.3; 120.4; 87.7;
85.7; 73.8; 70.3; 61.3; 41.7. HRMS (ESI) m/z: [M-H] Calcd. for C13H1sNsO7 367.1008; Found 367.1009.

1b: Yield = 53%. tr = 22.2 min (0-30% of B in 45 min). IR (ATR): ¥ (cm™) = 3231; 1684; 1617; 1591; 1553; 1469;
1403; 1364; 1294; 1256; 1234; 1218; 1086; 1055; 896; 868; 848; 797; 753; 718; 695. *H NMR (400 MHz, DMSO-
ds, 298 K): & (ppm) = 12.62 (br s, 1H); 9.83 (s, 1H); 9.73 (d, J = 8.3 Hz, 1H); 8.68 (s, 1H); 8.55 (s, 1H); 5.99 (d,
J = 5.6 Hz, 1H); 5.55 (d, J = 5.9 Hz, 1H); 5.29-5.17 (m, 1H); 5.14 (t, J = 5.6 Hz, 1H); 4.60 (q, J = 5.0 Hz, 1H); 4.30-
4.22 (m, 2H); 4.18 (q, J = 4.1, 3.5 Hz, 1H); 3.97 (q, J = 3.9 Hz, 1H); 3.72-3.54 (m, 2H); 1.14 (d, J = 6.3 Hz, 3H).
13C{H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 172.5; 153.8; 150.9; 150.4; 150.3; 142.3; 120.5; 87.7; 85.7;
73.8; 70.3; 66.2; 61.3; 58.7; 20.9. HRMS (ESI) m/z: [M+H]* Calcd. for C1sH21NsOg 413.1415; Found 413.1415.

1c: Yield = 81%. tg = 23.0 min (0-65% of B in 45 min). IR (ATR): 7 (cm™) = 3228; 1714, 1652; 1613; 1590; 1546;
1339; 1246; 1229; 1125; 1082; 986; 896; 868; 822; 797; 741; 699. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm)
=12.92 (br s, 1H); 9.90 (s, 1H); 9.76 (d, J = 7.3 Hz, 1H); 8.66 (s, 1H); 8.46 (s, 1H); 7.36-7.20 (m, 5H); 5.98 (d,
J=5.6 Hz, 1H); 5.54 (s, 1H); 5.25 (s, 1H); 5.14 (s, 1H); 4.67-4.50 (m, 2H); 4.21-4.12 (m, 1H); 3.97 (q, J = 3.9 Hz,
1H); 3.74-3.51 (m, 2H); 3.21-3.04 (m, 2H). *C{*H} NMR (100 MHz, DMSO-de, 298 K): & (ppm) = 172.9; 153.2;
150.6; 150.4; 150.1; 142.3; 137.0; 129.5; 128.4; 126.8; 120.3; 87.7; 85.7; 73.8; 70.3; 61.3; 54.4; 37.1. HRMS (ESI)
m/z: [M+H]* Calcd. for C2oH23NsO7 459.1623; Found 459.1624.

1d: Yield = 71%. tz = 21.8 min (0-20% of B in 30 min). IR (ATR): 7 (cm'*) = 3272; 2935; 1654; 1609; 1459; 1401;
1354; 1220; 1078; 1054; 892; 863; 640. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 12.55 (s, 1H); 9.64 (s,
1H); 8.58 (s, 2H); 5.97 (d, J = 5.3 Hz, 1H); 5.54 (d, J = 6.1 Hz, 1H); 5.24 (d, J = 6.1 Hz, 1H); 5.18 (s, 1H); 4.61 (s,
1H); 4.29 (s, 1H); 4.17-4.15 (m, 1H); 3.97-3.95 (m, 1H); 3.70-3.66 (M, 2H); 3.58-3.54 (M, 2H); 2.25-2.18 (s, 1H);
1.90 (s, 3H). *3C{*H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 173.8; 152.3; 151.6; 151.3; 142.0; 123.5; 87.6;
85.7; 73.6; 70.4; 61.4; 59.0; 46.9; 29.3; 24.4 (one carbon signal appeared too broad for an unequivocal
assignment). HRMS (ESI) m/z: [M+H]* Calcd. for C16H21NsO7 409.1466; Found 409.1465.

le: Yield = 63%. tg = 24.7 min (0-20% of B in 45 min). IR (ATR): 7 (cm™) = 3207; 2937; 1682; 1614; 1592; 1538;
1471; 1399; 1334; 1293; 1219; 1122; 1080; 1053; 985; 895; 866; 797; 704. *H NMR (400 MHz, DMSO-ds, 298 K):
O (ppm) = 12.79 (br s, 2H); 9.96 (d, J = 7.9 Hz, 1H); 9.92 (s, 1H); 8.67 (s, 1H); 8.51 (s, 1H); 5.99 (d, J = 5.6 Hz,
1H); 5.55 (d, J = 5.9 Hz, 1H); 5.24 (d, J = 5.0 Hz, 1H); 5.14 (s, 1H); 4.66-4.56 (M, 2H); 4.22-4.11 (m, 1H); 3.97 (q,
J = 3.9 Hz, 1H); 3.75-3.53 (m, 2H); 2.93-2.73 (m, 2H). 3C{*H} NMR (100 MHz, DMSO-ds, 298 K): 5 (ppm) = 172.4;
172.1; 153.2; 150.7; 150.5; 150.2; 142.3; 120.4; 87.7; 85.7; 73.8; 70.3, 61.3; 49.4; 36.6. HRMS (ESI) m/z: [M+H]*
Calcd. for C1sH19NgOg 427.1208; Found 427.1207.
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1f: Yield = 20%. tz = 18.3 min (0-20% of B in 30 min). IR (ATR): ¥ (cm™) = 3123; 2934; 1683; 1588; 1526; 1469;
1398; 1252; 1053; 796; 641. *H NMR (400 MHz, DMSO-dg, 298 K): & (ppm) = 9.62 (d, J = 6.1 Hz, 1H); 8.65 (s,
1H); 8.51 (s, 1H); 5.97 (d, J = 5.5 Hz, 1H); 4.59 (t, J = 5.4 Hz, 1H); 4.17 (t, J = 4.2 Hz, 1H); 4.00-3.95 (m, 2H); 3.68
(dd, J=12.0, 4.0 Hz, 1H); 3.56 (dd, J = 12.0, 4.0 Hz, 1H); 2.74 (t, J = 6.7 Hz, 2H); 1.81-1.67 (m, 2H); 1.56 (p, J =
7.6 Hz, 2H); 1.43-1.26 (m, 2H). *C{*H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 174.0; 152.2; 151.0; 150.4;
150.1; 142.1; 120.3; 87.7; 85.7; 73.8; 70.3; 61.3; 55.1; 38.8; 32.3; 27.2; 21.9. HRMS (ESI) m/z: [M+H]" Calcd. for
C17H26N707 440.1888; Found 440.1888.

129 NSNS o
HNT CoH
pyridine NHy in MeOH
110 115 °C
10 13g: 38% 1g: 86%

Scheme S13. Synthesis of alanine-modified N-carbamoyl adenosine nucleoside 1g used as reference.

Acetyl-protected Nf-alanine modified adenosine 13g: Carbamate 10 (501 mg, 1.08 mmol, 1.0 equiv.) was
dissolved in dry pyridine. Subsequently, H-L-Ala-OH 12g (192 mg, 2.15 mmol, 2.0 equiv.) was added to the
carbamate’s solution at r.t. The reaction was heated under reflux conditions for 16 h. After that, the reaction mixture
was cooled to r.t. The suspension was filtered, and the residue was washed with EtOAc. The filtrate was
concentrated under reduced pressure and co-evaporated with toluene. The crude was purified by recrystallisation
from EtOH affording 13g as a white solid (210 mg, 0.41 mmol, 38% vyield). IR (ATR): ¥ (cm™) = 3270; 2456; 1744;
1700; 1652; 1607; 1592; 1543; 1485; 1295; 1246; 1236; 1221; 1112; 1102; 1044; 1025; 994; 916; 802; 755. *H
NMR (400 MHz, DMSO-dg, 298 K): & (ppm) = 12.83 (br s, 1H); 9.95 (s, 1H); 9.69 (d, J = 7.0 Hz, 1H); 8.65 (s, 1H);
8.60 (s, 1H); 6.30 (d, J = 5.4 Hz, 1H); 6.03 (dd, J = 5.4, 5.4 Hz, 1H); 5.62 (dd, J = 5.4, 4.5 Hz, 1H); 4.46-4.23 (m,
4H); 2.12 (s, 3H); 2.03 (s, 3H); 2.02 (s, 3H); 1.42 (d, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, DMSO-ds, 298 K): &
(ppm) = 174.2; 170.1; 169.5; 169.3; 152.8; 151.2; 150.4; 150.2; 142.7; 120.5; 85.7; 79.7; 72.0; 70.0; 62.8; 48.6;
20.6; 20.4; 20.2; 18.1. HRMS (ESI) m/z: [M+H]* Calcd. for C2oH2sNsO10 509.1627; Found 509.1627.

Né-alanine modified adenosine 1g: Protected N°-alanine modified adenosine 13g (200 mg, 0.39 mmol, 1.0
equiv.) was dissolved in 7 N NH3; in MeOH. The reaction was stirred at r.t. overnight. After that, the crude was
concentrated and purified by semi-preparative HPLC (A: H.O and B: 20:80 H,O/MeCN; both containing 0.1% of
formic acid) affording 1g as a white solid (130 mg, 0.34 mmol, 86% yield). tr = 20.7 min (0-40% of B in 45 min). IR
(ATR): 7 (cm™) = 3234; 2926; 1684; 1612; 1603; 1540; 1476; 1343; 1313; 1267; 1250; 1226; 1122; 1080; 861;
835; 782; 764; 746; 680. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 12.81 (br s, 1H); 9.87 (s, 1H); 9.74 (d,
J=7.0 Hz, 1H); 8.67 (s, 1H); 8.58 (s, 1H); 5.99 (d, J = 5.6 Hz, 1H); 5.55 (d, J = 5.6 Hz, 1H); 5.25 (s, 1H); 5.14 (t,
J=5.6 Hz, 1H); 4.59 (q, J = 4.6 Hz, 1H); 4.33 (p, J = 7.1 Hz, 1H); 4.17 (t, = 4.5 Hz, 1H); 3.97 (q, J = 3.9 Hz, 1H);
3.70-3.58 (m, 2H); 1.42 (d, J = 7.2 Hz, 3H). **C{*H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 174.2; 152.9;
150.9; 150.4; 150.2; 142.2, 120.4; 87.6; 85.7; 73.8; 70.3; 61.3; 48.6; 18.1. HRMS (ESI) m/z: [M+H]* Calcd. for
C14H19NsO7 383.1310; Found 383.1311.

2. TEA, DCM, rt.

o *HN"CN

9 13h: 94% 1h: 23%
Scheme S14. Synthesis of amino nitrile-modified N°-carbamoyl adenosine nucleoside 1h used as reference.

Acetyl-protected N°-amino nitrile modified adenosine 13h: Step 1: Acetyl-protected adenosine 9 (500 mg, 1.27
mmol, 1.0 equiv.) and 1-N-methyl-3-phenoxycarbonyl-imidazolium chloride (607 mg, 2.54 mmol, 2.0 equiv.) were
dissolved in dry DCM. The reaction was stirred at r.t. for 14 h. Step 2: A suspension, in dry DCM, of the amino
nitrile hydrochloride 12h (235 mg, 2.54 mmol, 2.0 equiv.), containing TEA (2 equiv.), was transferred to the
adenosine’s mixture. The reaction was stirred at r.t. for 16 h. After that, the reaction was quenched with sat. aq.
NaHCO;s solution and the aqueous phase was extracted three times with DCM. The combined organic layers were
dried (MgSO,), filtered and concentrated under reduced pressure. The crude was purified by column

S24

chromatography on silica gel (95:5 DCM/IPA) affording 13h as a white solid (570 mg, 1.20 mmol, 94% yield). Ry =
0.50 (95:5 DCM/IPA). IR (ATR): 7 (cm™) = 1742; 1701; 1612; 1589; 1517; 1470; 1365; 1211; 1043; 904; 798; 642;
579; 507; 407. *H NMR (400 MHz, CDCls, 298 K): & (ppm) = 10.19 (t, J = 5.7 Hz, 1H); 9.17 (s, 1H); 8.58 (s, 1H);
8.48 (s, 1H); 6.23 (d, J = 5.2 Hz, 1H); 5.99 (dd, J = 5.2, 5.2 Hz, 1H); 5.74-5.64 (m, 1H); 4.51-4.45 (m, 2H); 4.42-
4.35 (m, 3H); 2.16 (s, 3H); 2.12 (s, 3H); 2.09 (s, 3H). **C{*H} NMR (100 MHz, CDCls, 298 K): & (ppm) = 170.6;
169.8; 169.5; 154.1; 151.2; 150.6; 149.9; 142.8; 121.1; 116.4; 86.8; 80.6; 73.2; 70.8; 63.3; 28.4; 21.0; 20.7; 20.6.
HRMS (ESI) m/z: [M+H]* Calcd. for C19H22N7Og 476.1524; Found 476.1524.

Né-amino nitrile modified adenosine 1h: Protected NS-amino nitrile modified adenosine 13h (100 mg, 0.21 mmol,
1.0 equiv.) was dissolved in 7 N NHz in MeOH. The reaction was stirred at r.t. for 3 h. After that, the crude was
concentrated and purified by semi-preparative HPLC (A: H.O and B: 20:80 H,O/MeCN) affording 1h as a white
solid (17 mg, 0.05 mmol, 23% yield). tz = 14.1 min (0-30% of B in 30 min). IR (ATR): V (cm™) = 1614; 1589; 1469;
1401; 1297; 1253; 1079; 1049; 1016; 984; 900; 865; 796; 644; 578; 511; 457; 444; 433; 414; 407. *H NMR (400
MHz, DMSO-ds, 298 K): & (ppm) = 10.31 (s, 1H); 9.81 (t, J = 5.7 Hz, 1H); 8.69 (s, 1H); 8.57 (s, 1H); 5.99 (d, J =
5.7 Hz, 1H); 5.55 (d, J = 6.0 Hz, 1H); 5.26 (d, J = 5.0 Hz, 1H); 5.14 (t, J = 5.6 Hz, 1H); 4.59 (dd, J = 5.6, 5.6 Hz,
1H); 4.34 (d, J = 5.7 Hz, 2H); 4.17 (dd, J = 4.8 Hz, 1H); 3.97 (dd, J = 3.8, 3.8 Hz, 1H); 3.69 (ddd, J = 12.0, 5.2, 4.0
Hz, 1H); 3.57 (ddd, J = 12.0, 6.1, 3.8 Hz, 1H). *C{*H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 153.7; 150.7;
150.6; 149.9; 142.4; 120.5; 118.1; 87.7; 85.7; 73.8; 70.3; 61.3; 28.4. HRMS (ESI) m/z: [M+H]* Calcd. for
C13H16N70s 350.1207; Found 350.1208.

10.3 Synthesis of Né-methyl NS-methylurea adenosine
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Scheme S15. Synthesis of N°-methyl N®-methylurea adenosine 7.

Acetyl-protected Né-methyl Né-methylurea adenosine 14: Acetyl-protected N°-methylurea adenosine 11 (300
mg, 0.67 mmol, 1.0 equiv.) was dissolved in dry DMF. The solution was cooled to 0°C and K,COs3 (276 mg, 2.00
mmol, 3.0 equiv.) was added. Finally, methyl iodide (82.9 pL, 1.33 mmol, 2.0 equiv.) was added dropwise to the
mixture. The reaction was stirred at r.t. for 16 h. After that, the crude reaction mixture was diluted with Et,O and
washed with sat. ag. NH4Cl solution and water. The aqueous phase was re-extracted with Et,O and the combined
organic layers were dried (MgSQ.), filtered and concentrated under reduced pressure. The crude was purified by
column chromatography on silica gel (98:2 DCM/IPA) affording 14 as a white foam (151 mg, 0.32 mmol, 49%
yield). Ry=0.55 (9:1 DCM/IPA). IR (ATR): 7 (cm'*) = 3483; 3198; 2950; 1742; 1678; 1583; 1566; 1532; 1467; 1423;
1367; 1327; 1211; 1093; 1042; 1000; 920; 901; 795. *H NMR (400 MHz, CDCls, 298 K): & (ppm) = 10.31 (q,
J=4.9 Hz, 1H); 8.52 (s, 1H); 8.08 (s, 1H); 6.23 (d, J = 5.3 Hz, 1H); 5.93 (dd, J = 5.3, 5.3 Hz, 1H); 5.64 (dd, J = 5.3,
4.6 Hz, 1H); 4.54-4.32 (m, 3H); 3.99 (s, 3H); 2.99 (d, J = 4.9 Hz, 3H); 2.15 (s, 3H); 2.13 (s, 3H); 2.08 (s, 3H).
13C{*H} NMR (100 MHz, CDCls, 298 K): & (ppm) = 170.5; 169.8; 169.5; 156.6; 153.6; 152.0; 150.5; 139.2; 122.6;
86.5; 80.5; 73.2; 70.7; 63.2; 34.8; 27.5; 21.0; 20.7; 20.6. HRMS (ESI) m/z: [M+H]* Calcd. for C1gH25NOg 465.1728;
Found 465.1726.

NS-methyl NS-methylurea adenosine 7: Acetyl-protected adenosine 14 (119 mg, 0.26 mmol, 1.0 equiv.) was
dissolved in 7 N NH3 in MeOH. The reaction was stirred at r.t. overnight. After that, the crude was concentrated
and purified by semi-preparative HPLC (A: H20O and B: 20:80 H,O/MeCN; both containing 0.1% of formic acid)
affording 7 as a white solid (66 mg, 0.20 mmol, 76% yield). tr = 26.9 min (0-40% of B in 45 min). IR (ATR): 7 (cm
1) = 3362; 3225; 3146; 1689; 1586; 1561; 1514; 1463; 1258; 1129; 1102; 1055; 1039; 983; 817; 793, 768, 740;
696. 'H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 9.72 (q, J = 4.5 Hz, 1H); 8.69 (s, 1H); 8.57 (s, 1H); 6.01 (d,
J=5.6 Hz, 1H); 5.54 (d, J = 5.6 Hz, 1H); 5.26 (d, J = 4.9 Hz, 1H); 5.22-5.10 (m, 1H); 4.57 (9, J = 5.3 Hz, 1H); 4.17
(9, J = 4.5 Hz, 1H); 3.97 (9, J = 3.9 Hz, 1H); 3.78 (s, 3H); 3.67-3.59 (M, 2H); 2.81 (d, J = 4.5 Hz, 3H). *C{*H} NMR
(100 MHz, DMSO-ds, 298 K): & (ppm) = 155.8; 152.7; 151.8; 150.3; 141.3; 121.9; 87.6; 85.7; 73.8; 70.3; 61.2; 34.2;
27.2. HRMS (ESI) m/z: [M+H]" Calcd. for C13H19NsOs 339.1411; Found 339.1413.
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10.4 Synthesis of amino acid-modified Né-methyl Né-carbamoyl adenosine nucleoside
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Scheme S16. Synthesis of glycine-modified N®-methyl N®-carbamoyl adenosine 8 used as reference.

Acetyl-protected Né-glycine modified Né-methyl adenosine 15: Acetyl-protected NS-methylurea adenosine
derivative 13a (0.98 g, 1.94 mmol, 1.0 equiv.) was dissolved in dry DMF. The solution was cooled to 0°C and
K2COj3 (0.80 g, 5.81 mmol, 3.0 equiv.) was added. Finally, methyl iodide (0.30 mL, 4.80 mmol, 2.5 equiv.) was
added dropwise to the mixture. The reaction was stirred at r.t. for 16 h. After that, the crude reaction mixture was
diluted with Et,O, and washed with sat. ag. NH4Cl solution and water. The aqueous phase was re-extracted with
Et,0 and the combined organic layers were dried (MgSOa), filtered and concentrated under reduced pressure. The
crude was purified by column chromatography on silica gel (98:2 DCM/IPA) affording 15 as a white foam (0.77 g,
1.47 mmol, 76% yield). Ry = 0.69 (95:5 DCM/IPA). IR (ATR): 7 (cm'*) = 3196; 2955; 1740; 1681; 1565; 1518; 1463;
1370; 1223; 1206; 1029; 922; 796. *H NMR (400 MHz, CDCls, 298 K): & (ppm) = 10.97 (t, J = 5.2 Hz, 1H); 8.57 (s,
1H); 8.10 (s, 1H); 6.25 (d, J = 5.4 Hz, 1H); 5.92 (dd, J = 5.5, 5.5 Hz, 1H); 5.63 (dd, J = 5.5, 4.5 Hz, 1H); 4.49-4.34
(m, 3H); 4.21 (d, J = 5.4 Hz, 2H); 4.00 (s, 3H); 3.78 (s, 3H); 2.15 (s, 3H); 2.14 (s, 3H); 2.08 (s, 3H). **C{*H} NMR
(100 MHz, CDCls, 298 K): 6 (ppm) = 171.0; 170.4; 169.8; 169.5; 156.0; 153.4; 152.2; 150.5; 139.4; 122.7; 86.4;
80.5; 73.2; 70.8; 63.2; 52.4; 43.0; 34.9; 21.0; 20.7; 20.5. HRMS (ESI) m/z: [M+H]* Calcd. for C21H27Ns010 523.1782;
Found 523.1784.

Né-glycine modified N®-methy| adenosine 8: Acetyl-protected adenosine derivative 15 (103 mg, 0.20 mmol, 1.0
equiv.) was dissolved in 3:1 MeOH/H;O. The solution was cooled to 0°C. LiOH*H0 (83 mg, 2.0 mmol, 10.0 equiv.)
was added to the solution and the reaction was stirred at r.t. for 2 h. After that, the solution was neutralized with 1
M aqueous HCI solution. The organic solvent was removed under reduced pressure and the remaining aqueous
solution mixture was lyophilized. The crude was purified by semi-preparative HPLC (A: H.O and B: 20:80
H,O/MeCN; both containing 0.1% of formic acid) affording 8 as a white solid (56 mg, 0.15 mmol, 74% yield). tgr =
27.1 min (0-30% of B in 45 min). IR (ATR): ¥V (cm™) = 3389; 3319; 3220; 3122; 2946; 1718; 1668; 1566; 1538;
1468; 1231; 1209; 1145; 1122; 1086; 1073; 1024; 815; 749. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 12.68
(s, 1H); 10.36 (t, J = 5.5 Hz, 1H); 8.74 (s, 1H); 8.60 (s, 1H); 6.03 (d, J = 5.3 Hz, 1H); 5.56 (br s, 1H); 5.25 (br s,
1H); 5.14 (br s, 1H); 4.57 (dd, J = 5.3, 5.3 Hz, 1H); 4.18 (dd, J = 4.3, 4.3 Hz, 1H); 4.00-3.90 (m, 3H); 3.82 (s, 3H);
3.74-3.51 (m, 2H). 3C{*H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 171.5; 155.3; 152.4; 152.1; 150.1; 141.6;
121.9; 87.6; 85.6; 73.9; 70.2; 61.2; 42.6; 34.3. HRMS (ESI) m/z: [M-H]~ Calcd. for C14H17NsO7 381.1164; Found
381.1165.

10.5Synthesis of N>-methylurea guanosine and amino acid-modified N2-carbamoyl guanosine nucleoside
used as reference
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Scheme S17. Synthesis of N-methylurea guanosine 3 and amino acid-modified N>-carbamoyl guanosine 5 used as reference.

Silyl-protected guanosine 16 was synthesized following a procedure previously reported in the literature.®

Silyl-protected N>-methyurea guanosine 17: Step 1: Silyl-protected guanosine 16 (4.00 g, 7.44 mmol, 1.0 equiv.)
was suspended in dry pyridine and TMSCI (1.50 mL, 11.9 mmol, 1.6 equiv.) was added. The reaction was stirred
at r.t. for 1 h. After that, phenyl chloroformate (1.50 mL, 11.9 mmol, 1.6 equiv.) was added and the reaction was
stirred at r.t. for 5 h. Step 2: 33% MeNH; in EtOH (4.70 mL, 37.8 mmol, 5.1 equiv.) was added dropwise and the
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reaction was stirred at r.t. for 16 h. After that, the reaction was quenched with sat. ag. NaHCOj3 solution and the
aqueous phase was extracted with DCM. The combined organic layers were dried (MgSO,), filtered and
concentrated under reduced pressure. The crude was purified by column chromatography on silica gel (95:5
DCM/MeOH) affording 17 as a white solid (3.32 g, 7.44 mmol, 75% yield). Ry = 0.47 (9:1 DCM/IPA). IR (ATR): v
(cm't) = 3204; 2900; 2859; 1662; 1602; 1550; 1475; 1399; 1345; 1256; 1170; 1120; 1090; 1058; 1020; 970; 840;
781; 755; 733. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 12.01 (s, 1H); 9.84 (s, 1H); 8.15 (s, 1H); 7.00 (q,
J=4.5Hz, 1H); 5.80 (s, 1H); 4.59 (d, J = 5.2 Hz, 1H); 4.35 (dd, J = 8.4, 4.3 Hz, 1H); 4.25 (dd, J = 9.1, 5.2 Hz, 1H);
4.08-3.92 (m, 2H); 2.72 (d, J = 4.5 Hz, 3H); 1.06 (s, 9H); 1.00 (s, 9H); 0.86 (s, 9H); 0.08 (s, 3H); 0.07 (s, 3H).
13C{H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 155.4; 155.1; 149.0; 148.7; 137.2; 118.9; 90.0; 75.7; 74.9;
74.0; 66.9; 27.3; 26.9; 26.2; 25.7; 22.2; 20.0; 18.0; -4.6; -5.2. HRMS (ESI) m/z: [M+H]* Calcd. for C26H4706NeSi2
595.3090; Found 595.3088.

Silyl-protected N2-glycine modified guanosine 18: Silyl-protected guanosine 16 (1.00 g, 1.86 mmol, 1.0 equiv.)
was suspended in dry pyridine and TMSCI (0.40 mL, 3.15 mmol, 1.7 equiv.) was added. The reaction was stirred
at r.t. for 2 h. After that, phenyl chloroformate (0.40 mL, 3.17 mmol, 1.7 equiv.) was added and the mixture was
stirred at r.t. for 5 h. H-Gly-OEteHCI (0.52 g, 3.72 mmol, 2.0 equiv.) was added to the solution and the mixture was
stirred at r.t. for 16 h. After that, the reaction was quenched with sat. ag. NaHCO3 solution and the aqueous phase
was extracted with DCM. The combined organic layers were dried (MgSO.,), filtered and concentrated under
reduced pressure. The crude was purified by column chromatography on silica gel (DCM/MeOH) affording 18 as
a white solid (0.90 g, 1.35 mmol, 73% yield). Ry = 0.62 (9:1 DCM/MeOH). IR (ATR): 7 (cm™) = 2932; 2859; 1827;
1735; 1661; 1618; 1550; 1472; 1397; 1366; 1251; 1142; 1054; 999; 940; 894; 832; 781; 747; 744; 687. 'H NMR
(400 MHz, DMSO-dg, 298 K): 6 (ppm) = 11.83 (br s, 1H); 10.09 (br s, 1H); 8.17 (s, 1H); 7.53 (s, 1H); 5.83 (s, 1H);
4.59 (d, J = 5.1 Hz, 1H); 4.36 (dd, J = 8.3, 4.2 Hz, 1H); 4.26 (dd, J = 9.0, 5.1 Hz, 1H); 4.14 (q, J = 7.1 Hz, 2H);
4.07-3.92 (m, 4H); 1.21 (t, J = 7.1 Hz, 3H); 1.07 (s, 9H); 1.01 (s, 9H); 0.86 (s, 9H); 0.08 (s, 3H); 0.07 (s, 3H). *3C{*H}
NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 169.7; 155.0; 148.8; 148.7; 148.5; 137.4; 119.1; 90.1; 75.7; 74.9;
74.1; 66.9; 60.8; 41.4; 27.3; 26.9; 25.7; 22.2; 20.0; 18.0; 14.1; -4.6; -5.1. HRMS (ESI) m/z: [M+H]* Calcd. for
Ca29Hs108N6Si, 667.3301; Found 667.3295.

N2-methylurea guanosine 3: Silyl-protected cytidine derivative 17 (0.40 g, 0.67 mmol, 1.0 equiv.) was suspended
in THF. 1 M tetrabutylammonium fluoride (TBAF) in THF (4.0 mL, 4.0 mmol, 6.0 equiv.) was added and the reaction
was stirred at r.t. for 4 h. After that, the reaction was quenched by addition of methoxytrimethylsilane (0.56 mL, 4.0
mmol, 6.0 equiv.). The crude was concentrated under reduced pressure and purified by semi-preparative HPLC
(A: H,0 and B: 20:80 H,O/MeCN; both containing 0.1% of formic acid) affording 3 as a white solid (106 mg, 0.31
mmol, 46% yield). ts = 12.1 min (0-30% of B in 30 min). IR (ATR): ¥ (cm™) = 3257; 1703; 1659; 1636; 1554; 1497;
1475; 1406; 1354; 1267; 1233; 1170; 1125; 1090; 1058; 1042; 1020; 972; 862; 821; 781; 750; 720. *H NMR (500
MHz, DMSO-ds, 298 K): 6 (ppm) = 11.97 (br s, 1H); 10.18 (br s, 1H); 8.16 (s, 1H); 6.82 (9, J = 4.7 Hz, 1H); 5.75
(d, 3= 5.5 Hz, 1H); 5.47 (d, J = 5.9 Hz, 1H); 5.17 (d, J = 4.9 Hz, 1H); 5.04 (t, J = 5.4 Hz, 1H); 4.41 (g, J = 5.5 Hz,
1H); 4.11 (g, J = 4.6 Hz, 1H); 3.90 (q, J = 4.0 Hz, 1H); 3.64 (ddd, J = 12.0, 5.5, 4.0 Hz, 1H); 3.54 (ddd, J = 11.2,
5.5, 4.1 Hz, 1H); 2.72 (d, J = 4.7 Hz, 3H). **C{*H} NMR (126 MHz, DMSO-dg, 298 K): & (ppm) = 155.6; 155.1;
149.2; 148.9; 137.1; 119.1; 86.9; 85.3; 74.0; 70.2; 61.1; 26.2. HRMS (ESI) m/z: [M+H]* Calcd. for C12H17NsOs
341.1204; Found 341.1203.

N2-glycine modified guanosine 5: Step 1: Silyl-protected guanosine derivative 18 (20 mg, 30 umol, 1.0 equiv.)
was suspended in THF. 1 M tetrabutylammonium fluoride (TBAF) in THF (0.18 mL, 0.18 mmol, 6.0 equiv.) was
added and the reaction was stirred at r.t. for 4 h. The reaction was quenched by addition of methoxytrimethylsilane
(25 pL, 0.18 mmol, 6.0 equiv.). The crude was concentrated under reduced pressure. Step 2: The residue was
redissolved in 1:1 THF/H,O and LiOH (13 mg, 0.30 mmol, 10.0 equiv.) was added. The reaction was stirred at 0°C
for 1 h. Subsequently, the reaction was quenched by addition of aqueous 1 M HCI solution. The organic solvent
was removed under reduced pressure and the remaining aqueous solution was lyophilized. The crude was purified
by semi-preparative HPLC (A: H,O and B: 20:80 H,O/MeCN; both containing 0.1% of formic acid) affording 5 as a
white solid (7.0 mg, 30 pymol, 60% yield). t: 11.8 min (0-30% of B in 30 min). IR (ATR): ¥ (cm*) = 3370; 1693;
1611; 1532; 1460; 1362; 1209; 1051; 774; 665. *H NMR (500 MHz, DMSO-ds, 298 K): & (ppm) = 8.19 (s, 1H); 7.61
(brs, 1H); 5.80 (d, J = 5.0 Hz, 1H); 5.06 (br s, 1H); 4.37 (t, J = 5.0 Hz, 1H); 4.11 (t, J = 4.6 Hz, 1H); 3.91 (q, J = 4.0
Hz, 1H); 3.80-3.72 (m, 2H); 3.66 (dd, J = 12.0, 4.0 Hz, 1H); 3.56 (dd, J = 12.0, 4.0 Hz, 1H). *C{*H} NMR (126
MHz, DMSO-ds, 298 K): 6 (ppm) = 170.8; 155.2; 154.6; 148.9; 148.6; 137.2; 119.2; 87.2; 85.1; 74.1; 69.9; 61.0;
42.3. HRMS (ESI) m/z: [M-H] Calcd. for C13H1sNsOg 383.0956; Found 383.0964.
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10.6 Synthesis of N*-methylurea cytidine and amino acid-modified N*-carbamoyl cytidine nucleoside used
as reference
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Scheme S18. Synthesis of N*-methylurea cytidine 4 and amino acid-modified N*-carbamoyl cytidine 6 used as reference.
Silyl-protected cytidine 19 was synthesized following a procedure previously reported in the literature.®

Silyl-protected N*-methyurea cytidine 20: Silyl-protected cytidine 19 (3.00 g, 6.03 mmol, 1.0 equiv.) and 1-N-
methyl-3-phenoxycarbonyl-imidazolium chloride (2.88 g, 12.1 mmol, 2.0 equiv.) were dissolved in dry DCM. The
reaction was stirred at r.t. for 16 h. 2 M MeNH, in THF (15.1 mL, 30.1 mmol, 5.0 equiv.) was added to the solution
and the mixture was stirred at r.t. for 16 h. After that, the reaction was quenched with sat. ag. NaHCOj3 solution
and the aqueous phase was extracted three times with DCM. The combined organic layers were dried (MgSOs),
filtered and concentrated under reduced pressure. The crude was purified by column chromatography on silica gel
(1:1 DCM/EtOAC) affording 20 as a white solid (2.67 g, 4.81 mmol, 80% yield). R = 0.21 (1:1 DCM/EtOAc). IR
(ATR): 7 (cm™) = 2933; 1720; 1641; 1562; 1509; 1472; 1416; 1382; 1326; 1204; 1166; 1145; 1129; 1115; 1079;
1053; 1023; 1000; 940; 902; 829; 783; 751; 712; 687; 652; 493; 441; 408. *H NMR (400 MHz, CDCl;, 298 K): &
(ppm) = 10.78 (s, 1H); 9.11 (s, 1H); 7.67 (d, J = 7.8 Hz, 1H); 7.60 (d, J = 7.8 Hz, 1H); 5.69 (s, 1H); 4.55 (dd, J =
9.3, 5.2 Hz, 1H); 4.35-4.24 (m, 2H); 4.02 (t, J = 10.0 Hz, 1H); 3.80 (dd, J = 9.7, 4.2 Hz, 1H); 2.82 (d, J = 4.3 Hz,
3H); 1.03 (s, 9H); 1.02 (s, 9H); 0.95 (s, 9H); 0.24 (s, 3H); 0.17 (s, 3H). 3C{*H} NMR (100 MHz, CDCls, 298 K): &
(ppm) = 165.1; 156.4; 154.8; 141.3; 97.5; 94.2; 75.8; 75.4; 74.9; 67.9; 27.6; 27.1; 26.7; 26.0; 23.0; 20.5; 18.3; -4.2;
-4.6. HRMS (ESI) m/z: [M+H]* Calcd. for C25Ha7N4OsSi> 555.3028; Found 555.3029.

Silyl-protected N*-glycine modified cytidine 21: Silyl-protected cytidine 19 (1.00 g, 2.01 mmol, 1.0 equiv.) and
1-N-methyl-3-phenoxycarbonyl-imidazolium chloride (0.90 g, 4.02 mmol, 2.0 equiv.) were dissolved in dry DCM.
The reaction was stirred at r.t. for 14 h. Subsequently, a suspension in dry DCM of H-Gly-OEt*HCI (0.56 g, 4.02
mmol, 2.0 equiv.), containing TEA (0.84 mL, 6.03 mmol, 3.0 equiv.) was transferred to the reaction mixture. The
reaction was stirred at r.t. for 16 h. After that, the reaction was quenched with sat. ag. NaHCOj3 solution and the
aqueous phase was extracted three times with DCM. The combined organic layers were dried (MgSO.), filtered
and concentrated under reduced pressure. The crude was purified by column chromatography on silica gel (0 to
50% i-Hex/EtOAc) affording 21 as a white solid (0.88 g, 1.40 mmol, 70% yield). Rf = 0.33 (1:1 i-Hex/EtOAc); IR
(ATR): 7 (cm™*) = 3229; 3063; 2932; 2857; 1718; 1643; 1570; 1503; 1471; 1434; 1373; 1263; 1187; 1165; 1126;
1053; 1026; 1010; 996; 937; 897; 826; 783; 752; 713; 685. 'H NMR (400 MHz, CDCls, 298 K): & (ppm) = 10.88 (s,
1H); 9.68 (s, 1H); 7.70-7.55 (m, 2H); 5.64 (s, 1H); 4.52 (dd, J = 9.2, 5.2 Hz, 1H); 4.29-4.25 (m, 1H); 4.26-4.21 (m,
1H); 4.17 (g, J = 7.2 Hz, 2H); 4.02-3.96 (m, 1H); 3.96-3.90 (m, 2H); 3.75 (dd, J = 9.7, 4.1 Hz, 1H); 1.24 (1, J = 7.2
Hz, 3H); 1.00 (s, 9H); 0.99 (s, 9H); 0.91 (s, 9H); 0.16 (s, 3H); 0.12 (s, 3H). *C{*H} NMR (100 MHz, CDCls, 298 K):
S (ppm) = 170.1; 165.0; 156.3; 154.7; 141.3; 97.6; 94.0; 75.6; 75.3; 74.8; 67.8; 61.1; 41.7; 27.0; 25.9; 22.7; 20.4;
18.2; 14.3; -4.3; -4.8. HRMS (ESI) m/z: [M+H]* Calcd. for C2sHs1N4OgSi> 627.3240; Found 627.3243.

N*-methylurea cytidine 4: Silyl-protected cytidine derivative 20 (0.37 g, 0.67 mmol, 1.0 equiv.) was dissolved in
dry pyridine. 70% HF-pyridine (0.54 mL, 3.33 mmol, 5 equiv.) was added to the solution and the reaction was
stirred at r.t. for 5 h. After that, the reaction was quenched by addition of methoxytrimethylsilane (1.38 mL, 4.79
mmol, 15 equiv.). The crude was concentrated under reduced pressure and purified by semi-preparative HPLC (A:
H20 and B: 20:80 H,O/MeCN; both containing 0.1% of formic acid) affording 4 as a white solid (82 mg, 0.67 mmol,
41% yield). tr = 13.2 min (0-15% of B in 15 min). IR (ATR): v (cm™) = 3257, 1712; 1693; 1651; 1602; 1561; 1538;
1483; 1374; 1334; 1308; 1229; 1154; 1138; 1098; 1061; 1032; 983; 944, 871, 851, 811; 792; 727, 704, 650; 601,
586; 438. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 9.92 (s, 1H); 8.24 (d, J = 7.4 Hz, 1H); 6.22 (br s, 1H);
5.76 (d, J = 3.5 Hz, 1H); 5.43 (br s, 1H); 5.12 (br s, 1H); 5.04 (br s, 1H); 4.00-3.91 (m, 2H); 3.87 (dt, J = 5.9, 3.0
Hz, 1H); 3.70 (dd, J = 12.2, 2.8 Hz, 1H); 3.57 (dd, J = 12.2, 3.1 Hz, 1H); 2.75 (d, J = 4.7 Hz, 3H). **C{*H} NMR
(100 MHz, DMSO-dg, 298 K): & (ppm) = 162.2; 154.2; 153.7; 143.7; 94.6; 89.8; 84.2; 74.3; 68.9; 60.1; 26.0. HRMS
(ESI) m/z: [M+H]* Calcd. for C11H17N4Og 301.1142; Found 301.1144.
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N*-glycine modified cytidine 6: Step 1: Silyl-protected cytidine derivative 21 (200 mg, 0.32 mmol, 1.0 equiv.) was
dissolved in dry pyridine. 70% HF-pyridine (0.26 mL, 1.60 mmol, 5 equiv.) was added to the solution and the
reaction was stirred at r.t. for 5 h. After that, the reaction was quenched by addition of methoxytrimethylsilane (0.66
mL, 4.79 mmol, 15 equiv.). The crude was concentrated under reduced pressure. Step 2: The obtained residue
was redissolved in 1:1 THF/H,O and LiOH (67 mg, 1.6 mmol, 5.0 equiv.) was added to the suspension. The reaction
was stirred at r.t. for 1 h. Subsequently, the crude reaction mixture was neutralised by addition of Dowex ion-
exchange resin. The resin was filtered off and the organic solvent was removed under reduced pressure. The
remaining aqueous solution was lyophilized and the crude was purified by semi-preparative HPLC (A: H.O and B:
20:80 H,O/MeCN; both containing 0.1% of formic acid) affording 6 as a white solid (27 mg, 0.08 mmol, 25% yield).
tr = 12.1 min (0-15% of B in 15 min). IR (ATR): 7 (cm™*) = 3339; 3191; 3096; 2942; 2544; 1703; 1655; 1608; 1572;
1530; 1468; 1446; 1371; 1361; 1307; 1252; 1219; 1171, 1135; 1107; 1085; 1059; 1035; 994; 983; 964; 915; 905;
849; 840; 805; 791, 755; 722; 696; 667. 'H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 12.67 (br s, 1H); 10.04
(brs, 1H); 9.10 (br s, 1H); 8.28 (d, J = 7.4 Hz, 1H); 6.26 (s, 1H); 5.77 (d, J = 3.0 Hz, 1H); 5.46 (d, J = 4.7 Hz, 1H);
5.15 (t, J = 5.1 Hz, 1H); 5.07 (d, J = 5.3 Hz, 1H); 4.02-3.90 (m, 4H); 3.90-3.85 (m, 1H); 3.71 (dd, J = 12.1, 2.9 Hz,
1H); 3.58 (dd, J = 12.1, 3.1 Hz, 1H). *C{*H} NMR (100 MHz, DMSO-dg, 298 K): & (ppm) = 171.3; 162.2; 153.9;
153.7; 143.9; 94.6; 89.9; 84.2; 74.4; 68.8; 60.0; 41.4. HRMS (ESI) m/z: [M+H]" Calcd. for C12H17N4Og 345.1040;
Found 345.1043.

11. Synthesis of methylurea nucleoside phosphoramidites

11.1Synthesis of Né-methylurea adenosine phosphoramidite
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Scheme S19. Synthesis of N6-methylurea adenosine phosphoramidite 26.

Silyl-protected adenosine 22 was synthesized following a procedure previously reported in the literature.®

Silyl-protected N°-methylurea adenosine 23: Silyl-protected adenosine 22 (4.00 g, 7.67 mmol, 1.0 equiv.) and
1-N-methyl-3-phenoxycarbonyl-imidazolium chloride (3.66 g, 15.3 mmol, 2.0 equiv.) were dissolved in dry DCM.
The reaction was stirred at r.t. for 16 h. 2 M MeNH, in THF (15.3 mL, 30.7 mmol, 4.0 equiv.) was added to the
solution and the mixture was stirred at r.t. for 16 h. After that, the reaction was quenched with sat. ag. NaHCO3
solution and the aqueous phase was extracted three times with DCM. The combined organic layers were dried
(MgSO0.), filtered and concentrated under reduced pressure. The crude was purified by column chromatography
on silica gel (95:5 DCM/IPA) affording 23 as a white foam (3.52 g, 6.08 mmol, 79% yield). Ry = 0.58 (95:5 DCM/IPA).
IR (ATR): 7 (cm™) = 3248; 2932; 2858; 1706; 1615; 1586; 1558; 1471; 1257; 1138; 1107; 1066; 1011; 1001; 893;
825; 783; 754. 'H NMR (400 MHz, CDCls, 298 K): & (ppm) = 9.33 (br s, 1H); 8.50 (s, 1H); 8.12 (s, 1H); 5.98 (br s,
1H); 4.57 (d, J = 4.5 Hz, 1H); 4.50 (dd, J = 9.2, 5.1 Hz, 1H); 4.48-4.42 (m, 1H); 4.24 (td, J = 10.0, 5.1 Hz, 1H); 4.06
(dd, 3 =10.5, 9.2 Hz, 1H); 3.01 (d, J = 4.7 Hz, 3H); 1.08 (s, 9H); 1.04 (s, 9H); 0.93 (s, 9H); 0.16 (s, 3H); 0.15 (s,
3H). 13C{*H} NMR (100 MHz, CDCls, 298 K): & (ppm) = 154.8; 149.7; 141.3; 121.0; 92.4; 76.0; 75.8; 74.9; 67.9;
27.6; 27.1; 26.8; 26.0; 22.9; 20.5; 18.5; -4.1; -4.9. HRMS (ESI) m/z: [M+H]" Calcd. for CasHa7NeOsSi» 579.3141;
Found 579.3142.
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5’,3-deprotected N-methylurea adenosine 24: Modified adenosine 23 (1.68 g, 2.90 mmol, 1.0 equiv.) was
dissolved in 9:1 DCM/pyridine in a plastic flask and the solution was cooled to 0°C. Subsequently, 70% HF-pyridine
(5.0 equiv.) was added slowly to the adenosine’s solution and the reaction was stirred at 0°C for 2 h. After that, the
crude reaction mixture was diluted with sat. ag. NaHCO; solution and the crude was extracted three times with
DCM. The combined organic layers were washed with water, dried (MgSO.), filtered and concentrated under
reduced pressure. The crude was purified by silica gel column chromatography (96:4 DCM/IPA) affording 24 as a
white solid (0.90 g, 2.04 mmol, 71% yield). R; = 0.48 (95:5 DCM/IPA). IR (ATR): 7 (cm™) = 3244; 2928; 2857; 1694;
1611; 1590; 1548; 1470; 1360; 1331; 1297; 1252; 1220; 1131; 1085; 1062; 1024; 865; 835; 779. *H NMR (400
MHz, CDCls, 298 K): & (ppm) = 9.26 (q, J = 4.7 Hz, 1H); 8.51 (s, 1H); 8.41 (s, 1H); 8.13 (s, 1H); 5.97 (dd, J = 11.9,
2.2 Hz, 1H); 5.84 (d, J = 7.3 Hz, 1H); 5.08 (dd, J = 7.3, 4.8 Hz, 1H); 4.40-4.30 (m, 2H); 3.97 (dt, J = 12.9, 2.0 Hz,
1H); 3.77 (ddd, J = 13.2, 11.9, 1.6 Hz, 1H); 3.02 (d, J = 4.7 Hz, 3H); 2.88 (d, J = 0.7 Hz, 1H); 0.79 (s, 9H); -0.19 (s,
3H); -0.39 (s, 3H). *C{*H} NMR (100 MHz, CDCls, 298 K): & (ppm) = 154.4; 151.1; 151.0; 149.2; 143.1; 122.0;
91.2; 87.7; 74.7; 72.9; 63.4; 26.9; 25.6; 18.0; -5.2; -5.3. HRMS (ESI) m/z: [M+H]* Calcd. for CisH31NOsSiz
439.2120; Found 439.2121.

DMTr-protected Né-methylurea adenosine 25: 3',5'-Deprotected adenosine 24 (0.80 g, 1.82 mmol, 1.0 equiv.)
was dissolved in dry pyridine. DMTrCI (0.87 g, 2.55 mmol, 1.4 equiv.) was added. The reaction was stirred at r.t.
for 16 h. After that, the crude was concentrated under reduced pressure and purified by silica gel column
chromatography (97:3 DCM/IPA, containing 0.1% pyridine). The DMTr-protected compound 25 was isolated as a
white foam (1.34 g, 1.80 mmol, 98% yield). R;= 0.70 (95:5 DCM/IPA). IR (ATR): 7 (cm™) = 3553; 2927; 1702; 1608;
1589; 1548; 1507; 1468; 1299; 1248; 1174; 1066; 1031; 833; 780; 700. *H NMR (400 MHz, CDCls, 298 K): & (ppm)
=9.35 (s, 1H); 8.72-8.61 (m, 1H); 8.54 (s, 1H); 8.45 (s, 1H); 7.50 (d, J = 7.5 Hz, 2H); 7.39-7.34 (m, 4H); 7.29-7.25
(m, 2H); 7.20 (t, J = 7.3 Hz, 1H); 6.86-6.82 (m, 4H); 6.15 (d, J = 4.7 Hz, 1H); 5.10 (t, J = 4.7 Hz, 1H); 451 (q, J =
5.0 Hz, 1H); 4.29 (q, J = 3.7, 3.3 Hz, 1H); 4.02 (d, J = 5.6 Hz, 1H); 3.76 (s, 3H); 3.76 (s, 3H); 3.49-3.42 (M, 2H);
2.91 (d, J = 4.6 Hz, 3H); 0.84 (s, 9H); 0.04 (s, 3H); -0.07 (s, 3H). *C{*H} NMR (100 MHz, CDCls, 298 K): & (ppm)
= 159.6; 154.8; 151.8; 151.4; 151.2; 146.1; 143.3; 136.7; 131.0; 130.9; 129.0; 128.6; 127.5; 121.5; 113.8; 89.8;
87.1; 84.8; 76.4; 72.0; 64.4; 55.4; 26.6; 26.1; 18.6; -4.7; -4.9. HRMS (ESI) m/z: [M+H]* Calcd. for C3gHoNsO7Si
741.3427; Found 741.3428.

Né-methylurea adenosine phosphoramidite 26: 5-DMTr-protected adenosine 25 (300 mg, 0.41 mmol,
1.0 equiv.) was dissolved in dry DCM and N,N-diisopropylethylamine (DIPEA) (0.28 mL, 1.62 mmol, 4.0 equiv.)
was added to the solution. The mixture was cooled to 0°C, followed by the addition of 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (CED-CI) (0.23 mL, 1.01 mmol, 2.5 equiv.). The reaction was stirred at r.t. for
5 h. After that, sat. ag. NaHCOj3 solution was added to the crude reaction mixture and the aqueous phase was
extracted three times with DCM. The combined organic layers were dried (MgSO,), filtered and concentrated under
reduced pressure. The crude was purified by silica gel column chromatography (1:1 to 4:6 Hex/EtOAc, containing
0.1% pyridine). Finally, the product was lyophilized from benzene affording 26 as a mixture of diastereoisomers
(245 mg, 0.26 mmol, 64% yield). Ry = 0.17 (1:1 Hex/EtOAc). **P{*H} NMR (162 MHz, acetone-ds, 298 K): & (ppm)
=150.4; 149.1. HRMS (ESI) m/z: [M+H]* Calcd. for C4sHesNsOsPSi 941.4505; Found 941.4488.
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11.2 Synthesis of N>methylurea guanosine phosphoramidite
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Scheme S20. Synthesis of N>-methylurea guanosine phosphoramidite 29.
The synthetic procedure of silyl-protected N2-methylurea guanosine 18 is described in Section 10.5.

5,3’-deprotected N?-methylurea guanosine 27: Protected N?-methylurea guanosine 17 (1.6 g, 2.7 mmol,
1.0 equiv.) was dissolved in 9:1 DCM/pyridine in a plastic flask and the solution was cooled to 0°C. Subsequently,
70% HF-pyridine (0.35 mL, 13 mmol, 5.0 equiv.) was added slowly to the solution and the reaction was stirred at
0°C for 2 h. After that, the crude reaction mixture was diluted with sat. ag. NaHCOj3 solution and the crude was
extracted with DCM. The combined organic layers were dried (MgSOa,), filtered and concentrated under reduced
pressure. The crude was purified by silica gel column chromatography (94:6 DCM/IPA) affording 27 as a white
solid (0.80 g, 2,7 mmol, 65% yield). R;= 0.4 (9:1 DCM/MeOH). IR (ATR): vV (cm™) = 2857; 1666; 1606; 1534; 1403;
1362; 1321; 1145; 1089; 1058; 1020; 908; 835; 779; 750; 641. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) =
11.98 (br s, 1H); 10.06 (br s, 1H); 8.18 (s, 1H); 6.86 (br s, 1H); 5.79 (d, J = 6.2 Hz, 1H); 5.10 (t, J = 5.4 Hz, 1H);
5.04 (d, J =5.1 Hz, 1H); 4.51 (dd, J = 6.2, 4.9 Hz, 1H); 4.09 (td, J = 5.0, 2.9 Hz, 1H); 3.95 (q, J = 3.7 Hz, 1H); 3.66
(ddd, J = 12.0, 5.4, 4.1 Hz, 1H); 3.57 (ddd, J = 12.0, 5.4, 3.8 Hz, 1H); 2.71 (d, J = 4.6 Hz, 3H); 0.74 (s, 9H); -0.06
(s, 3H); -0.17 (s, 3H). *3C{*H} NMR (100 MHz, DMSO-dg, 298 K): & (ppm) = 155.5; 149.3; 137.1; 119.1; 86.5; 85.9;
76.2; 70.5; 61.3; 26.2; 25.5; 17.8; -4.9; -5.4. HRMS (ESI) m/z: [M+H]* Calcd. for C1sH3106NeSi 455.2068; Found
455.2069.

DMTr-protected N2-methylurea guanosine 28: 3',5'-Deprotected N2-methylurea guanosine derivative 27 (0.50
g, 1.1 mmol, 1.0 equiv.) was dissolved in dry pyridine and 4,4’-dimethoxytrityl chloride (DMTrClI) (0.56 g, 1.65
mmol, 1.5 equiv.) was added to the solution. The reaction was stirred at r.t. for 16 h. After that, the reaction mixture
was concentrated under reduced pressure and the crude was purified by silica gel column chromatography (96:4
DCM/MeOH, containing 0.1% of pyridine). The DMTr-protected compound 28 was isolated as a white foam (0.59
g, 0.78 mmol, 70% yield). R; = 0.50 (9:1 DCM/MeOH). IR (ATR): 7 (cm™*) = 2928; 1666; 1607; 1548; 1508; 1484;
1410; 1361; 1298; 1249; 1174; 1128; 1074; 1035; 969; 914; 833; 782; 752; 726; 699. *H NMR (400 MHz, acetone-
ds, 298 K): & (ppm) = 12.21 (br s, 1H); 9.61 (br s, 1H); 8.00 (s, 1H); 7.49-7.44 (m, 2H); 7.38-7.17 (m, 8H); 6.88-
6.80 (M, 4H); 6.79-6.70 (M, 1H); 5.94 (d, J = 5.1 Hz, 1H); 4.83 (t, J = 5.1 Hz, 1H); 4.50-4.42 (m, 1H); 4.22-4.15 (m,
1H); 3.89 (br s, 1H); 3.77 (s, 6H); 3.50-3.31 (m, 2H); 2.83 (d, J = 4.4 Hz, 3H); 0.84 (s, 9H); 0.05 (s, 3H); -0.07 (s,
3H). 33C{*H} NMR (100 MHz, acetone-ds, 298 K): & (ppm) = 159.6; 156.6; 150.3; 146.0; 137.5; 136.6; 130.9; 128.9;
128.6; 127.6; 121.0; 113.9; 88.7; 87.1, 84.9; 77.3; 72.2; 64.8; 55.5; 26.7; 26.1; 18.7; -4.7; -4.9. HRMS (ESI) m/z:
[M+H]* Calcd. for C3sHaeOsNeSi 757.3375; Found 757.3375.

N2-methylurea guanosine phosphoramidite 29: A solution of 5’-DMTr-protected guanosine derivative 28 (250
mg, 0.33 mmol, 1.0 equiv.) and DIPEA (0.23 mL, 1.3 mmol, 4.0 equiv.) in dry DCM was cooled to 0°C. 2-Cyanoethyl
N,N-diisopropylchlorophosphoramidite (CED-CI) (0.18 mL, 0.83 mmol, 2.5 equiv.) was added to the solution and
the reaction mixture was stirred at r.t. for 5 h. After that, the reaction was quenched by addition of sat. ag. NaHCO3
solution and the crude was extracted three times with DCM. The combined organic layers were dried (MgSO.),
filtered and concentrated under reduced pressure. The crude was purified by silica gel column chromatography
(2:1 n-Hex/EtOAc, containing 0.1% of pyridine). Finally, the product was lyophilized from benzene affording 29 as
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a mixture of diastereoisomers (270 mg, 0.28 mmol, 85% yield). R; = 0.36 (9:1 DCM/MeOH). 3'P{*H} NMR (162
MHz, acetone-ds, 298 K): & (ppm) = 150.7; 148.8. HRMS (ESI) m/z: [M+H]* Calcd. for CssHesOoNsPSi 957.4453;
Found 957.4436.

11.3 Synthesis of N*-methylurea cytidine phosphoramidite
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Scheme S21. Synthesis of N*-methylurea cytidine phosphoramidite 32.
The synthetic procedure of silyl-protected N*-methylurea cytidine 20 is described in Section 10.6.

5’,3’-deprotected N*-methylurea cytidine 30: Protected cytidine 20 (250 mg, 0.45 mmol, 1.0 equiv.) was
dissolved in 9:1 DCM/pyridine in a plastic flask and the solution was cooled to 0°C. Subsequently, 70% HF-pyridine
(0.06 mL, 2.25 mmol, 5.0 equiv.) was added slowly to the solution and the reaction was stirred at 0°C for 2 h. After
that, the crude reaction mixture was diluted with sat. ag. NaHCOj3 solution and the crude was extracted three times
with DCM. The combined organic layers were washed with water, dried (MgSQs,), filtered and concentrated under
reduced pressure. The crude was purified by silica gel column chromatography (97:3 DCM/IPA) affording 30 as a
white solid (160 mg, 0.39 mmol, 86% yield). R;= 0.27 (9:1 DCM/IPA). IR (ATR): 7 (cm™) = 2928; 1704; 1641; 1567;
1504; 1462; 1385; 1362; 1275; 1251; 1112; 1065; 999; 960; 918; 839; 812; 789; 738; 691; 668; 637; 598; 418;
405. *H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) = 9.94 (s, 1H); 8.31 (d, J = 7.5 Hz, 1H); 6.21 (br s, 1H); 5.69
(d, J=2.6 Hz, 1H); 5.18 (t, J = 5.1 Hz, 1H); 4.99 (d, J = 5.3 Hz, 1H); 4.07 (dd, J = 4.0, 2.6 Hz, 1H); 3.99-3.86 (m,
2H); 3.76 (ddd, J = 12.1, 5.1, 2.4 Hz, 1H); 3.60 (ddd, J = 12.1, 5.1, 2.6 Hz, 1H); 2.75 (d, J = 4.6 Hz, 3H); 0.86 (s,
9H); 0.07 (s, 3H), 0.05 (s, 3H). *C{*H} NMR (100 MHz, DMSO-dg, 298 K): & (ppm) = 162.2; 154.2; 153.6; 143.3;
94.4; 90.0; 83.8; 76.4; 68.1; 59.5; 26.0; 25.8; 18.0; -4.8; -4.9. HRMS (ESI) m/z: [M+H]* Calcd. for C17H31N4OsSi
415.2007; Found 415.2010.

DMTr-protected N*-methylurea cytidine 31: 3',5"-Deprotected cytidine derivative 30 (100 mg, 0.24 mmol, 1.0
equiv.) was dissolved in dry pyridine and 4,4’-dimethoxytrityl chloride (DMTrCl) (123 mg, 0.36 mmol, 1.5 equiv.)
was added to the solution. The reaction was stirred at r.t. for 16 h. After that, the reaction mixture was concentrated
under reduced pressure and purified by silica gel column chromatography (96:4 DCM/IPA, containing 0.1% of
pyridine) affording the DMTr-protected compound 31 as a white foam (152 mg, 0.24 mmol, 88% yield). Ry = 0.40
(9:1 DCM/IPA). IR (ATR): v (cm) = 3081; 1717; 1645; 1610; 1568; 1506; 1446; 1416; 1385; 1249; 1176; 1114,
1062; 1035; 1005; 828; 786; 754; 702; 585; 407. *H NMR (400 MHz, acetone-dg, 298 K): & (ppm) = 9.22 (br s, 1H);
8.48 (br s, 1H); 7.53-7.48 (m, 2H); 7.41-7.33 (m, 6H); 7.27 (t, J = 7.7 Hz, 1H); 6.97-6.88 (m, 4H); 5.85 (d, J = 1.1
Hz, 1H); 4.52 (td, J = 8.1, 4.5 Hz, 1H); 4.42 (d, J = 4.0 Hz, 1H); 4.22 (dt, J = 8.6, 2.7 Hz, 1H); 3.87 (d, J = 7.7 Hz,
1H); 3.82 (s, 6H); 3.54 (d, J = 2.4 Hz, 2H); 2.79 (d, J = 4.2 Hz, 3H); 0.97 (s, 9H); 0.29 (s, 3H); 0.21 (s, 3H). 3C{*H}
NMR (100 MHz, acetone-dg, 298 K): 6 (ppm) = 159.7; 154.9; 145.4; 144.1; 136.8; 136.5; 131.0; 130.8; 129.1;
128.8; 127.8; 114.1; 92.3; 87.6; 83.1; 77.6; 69.7; 62.4; 55.5; 26.6; 26.3; 18.8; -4.2; -4.6. HRMS (ESI) m/z: [M+H]*
Calcd. for CagHaoN4OsSi 717.3314; Found 717.3317.
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N*-methylurea cytidine phosphoramidite 32: A solution of 5-DMTr-protected cytidine derivative 31 (90 mg, 0.13
mmol, 1.0 equiv.) and DIPEA (0.09 mL, 0.50 mmol, 4.0 equiv.) in dry DCM was cooled to 0°C. 2-Cyanoethyl N,N-
diisopropylchlorophosphoramidite (CED-CI) (0.07 mL, 0.31 mmol, 2.5 equiv.) was added to the solution and the
reaction was stirred at r.t. for 5 h. After that, the reaction was quenched by addition of ag. sat. NaHCO3 and the
crude was extracted three times with DCM. The combined organic layers were dried (MgSO.), filtered and
concentrated under reduced pressure. The crude was purified by silica gel column chromatography (2:1 n-
Hex/EtOAc, containing 0.1% pyridine). Finally, the product was lyophilized from benzene affording 32 as a mixture
of diastereoisomers (82 mg, 0.13 mmol, 70% yield). R; = 0.20 (2:1 n-Hex/EtOAc). **P{*H} NMR (162 MHz, acetone-
ds, 298 K): & (ppm) = 150.4, 148.1. HRMS (ESI) m/z: [M-H] Calcd. for C47HeiNeOsPSi 915.4247; Found 915.4263.

12. Synthesized oligonucleotides using a DNA/RNA automated synthesizer
ONZ2: 5'-RAA AAA AAA AA-3’; R = Né-methylurea adenosine

ON2’: 5-RAU CGC UGU AC-3’; R = N®-methylurea adenosine

ON2”: 5'-RAU CGC UGU RC-3'; R = N®-methylurea adenosine

ON3: 5'-RAU CGC UGU AC-3’; R = N?>-methylurea guanosine

ON4: 5'-RAU CGC UGU AC-3’; R = N*-methylurea cytidine

ON7: 5'-RUU AUU AUU UA-3’; R = Né-methylurea adenosine

ONO9: 5-(UAA AUA AUA A),R’-3’; R’ = nm5U

Table S11. HPLC retention times (0-30% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of ON2-4, ON7
and ON9.

Strand  tr (min) m/z calcd. for [M-H]-  Found

ON2 27.1 3613.6 3614.0
ON2’ 26.7 3505.5 3504.4
ON2” 33.3 3832.6 3833.7
ON3 24.1 3520.5 3520.6
ON4 23.3 3480.5 3481.3
ON7 26.8 3452.4 3452.6
ON9 32.7 3633.5 3634.2
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1H and *C{*H} NMR spectra of compound 1b

13. NMR spectra of synthesized compounds
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1H and **C{*H} NMR spectra of compound 1e
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1H and *C{*H} NMR spectra of compound 1h

1H and *C{*H} NMR spectra of compound 1g
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1H and *C{*H} NMR spectra of compound 4

1H and *C{*H} NMR spectra of compound 3
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1H and *C{*H} NMR spectra of compound 6

1H and *C{*H} NMR spectra of compound 5
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1H and *C{*H} NMR spectra of compound 8

1H and *C{*H} NMR spectra of compound 7

oswasrz

g —
sra—

N

£or

oswaerz

S Feso

R o

59—
698 —

ors
2we

scef

e

1

60

60

60

11 (ppm)

11 (ppm)

e —
osaeees

Qsngoie
==

oswastor

oswazsee
osnaesee
OSa vE6E

652y

nie—

1wzor—

Leer—

2958 —
58—

681z —

51—

L —

oziz—

ezve—
oswa 6e'sE
osWaoLee

TIRG IO
oswazeee

oswasior

vzie—

Zor—

e —

s958—
ssl8—

oizi—

e —

m

1 (ppm)

1 (ppm)

S47

S46



1H and *C{*H} NMR spectra of compound 13b

1H and *C{*H} NMR spectra of compound 13a
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1H and *C{*H} NMR spectra of compound 13d

1H and *C{*H} NMR spectra of compound 13c
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1H and *C{*H} NMR spectra of compound 13f

1H and *C{*H} NMR spectra of compound 13e
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1H and *C{*H} NMR spectra of compound 13h

1H and *C{*H} NMR spectra of compound 13g
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1H and *C{*H} NMR spectra of compound 15

1H and *C{*H} NMR spectra of compound 14
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1H and *C{*H} NMR spectra of compound 18

1H and *C{*H} NMR spectra of compound 17
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1H and ®*C{*H} NMR spectra of compound 21

1H and *C{*H} NMR spectra of compound 20
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1H and *C{*H} NMR spectra of compound 24

1H and *C{*H} NMR spectra of compound 23
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31P{H} NMR spectra of compound 26

1H and *C{*H} NMR spectra of compound 25
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1H and *C{*H} NMR spectra of compound 28

H and *C{*H} NMR spectra of compound 27
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1H and **C{*H} NMR spectra of compound 30

31p{*H} NMR spectra of compound 29
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31P{*H} NMR spectra of compound 32

1H and *C{*H} NMR spectra of compound 31
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1. General information and instruments for nucleosides and phosphoramidites

Reagents were purchased from commercial suppliers and used without further purification unless otherwise stated.
Anhydrous solvents, stored under inert atmosphere, were also purchased. All reactions involving air/moisture
sensitive reagents/intermediates were performed under inert atmosphere using oven-dried glassware. Routine *H
NMR, BC{*H} NMR and 3'P{*H} NMR spectra were recorded on a Bruker Ascend 400 spectrometer (400 MHz for
1H NMR, 100 MHz for 3C NMR and 162 MHz for 3P NMR), Bruker Ascend 500 spectrometer (500 MHz for *H
NMR, 125 MHz for **C NMR and 202 MHz for **P NMR) or Bruker ARX 600 spectrometer (600 MHz for *H NMR,
150 MHz for **C NMR and 243 MHz for *!P NMR). Deuterated solvents used are indicated in the characterization
and chemical shifts (&) are reported in ppm. Residual solvent peaks were used as reference.* All NMR J values
are given in Hz. COSY, HMQC and HMBC NMR experiments were recorded to help with the assignment of *H and
13C signals. NMR spectra were analyzed using MestReNova software version 10.0. High Resolution Mass Spectra
(HRMS) were measured on a Thermo Finnigan LTQ-FT with ESI as ionization mode. IR spectra were recorded on
a Perkin-Elmer Spectrum BX Il FT-IR instrument or Shimadzu IRSpirit FT-IR instrument. Both equipped with an
ATR accessory. Column chromatography was performed with technical grade silica gel, 40-63 pm particle size.
Reaction progress was monitored by Thin Layer Chromatography (TLC) analysis on silica gel 60 F254 and stained
with para-anisaldehyde, potassium permanganate or cerium ammonium molybdate solution.

2. Synthesis and characterization data of phosphoramidites

2.1 Amino acid-modified methyl Né-carbamoyl adenosine phosphoramidites

X
R H.,
NH, 1 ©\ i of N7 N7 coOnpe
. H
&y -
Ho. N N/) 1. (1Bu),Si(OTf), =,
o 2. imidazole 2 EtsN, CH,Cl,
S OMe (1Bu);Si H-aa-OnpesHCI SO Ome
1 2 12a-e0p
12a, ¢HCI; aa = L-Val 12apsHC; 3a;65%  3ap; 66%
12b ¢HCl; aa = L-Ala 12bpeHCI; CHyl, K;COy 3b,;63%  3bp; 43%
12¢,+HCI; aa = L-Phe 12cpeHCl: DMF 3¢, 75%  3cp; 64%
12d, HCI; aa = L-Trp 12dpeHC; -Trp 3dy;72%  3dp; 32%
12, +HCI; aa = L-Th(OTBS)  12eqeHC; aa = D-Thr(OTBS) 3e;59%  3ep; 42%
12f+HCI; aa = L-(Val-Val) 36 49%
12g, +HCI; aa = L-(Val-Val-Val) 3g,:60%
XA XA XX
N NJ\COOnDe N N*coowe SN7NTcoOnpe
sy H N H
pmTCI )N HFepyridine 4
DMTO - Ho N7 Y o. N
pyridine O, CH,Cl,, 0°C / 0.
(zau)Qs\\\/—\(
OH OMe6a,;90%  6ap; 83% OH OMe 5a.;83%  5ap; 94% O OMe 4a;54%  4ap; 58%
6b.;74%  6bp; 78% 5b.;84%  Sbp; 86% 4by;60%  4bp; 90%
6cL;78%  6ep; 89% 50,,99%  5cp; 65% 40, 55%  dcp; 80%
6dy;98%  6dp; 64% 5d.;75%  5do; 8% 4dy;75%  Adp; 48%
e, 41%  Gep; 71% 50.,92%  Sep; 97% 4de;96%  dep; 92%
6f,; 99% 5fL; 94% 46, 93%
6g; 98% 59, 92% 49,; 80%
— o R = aa residue as in 12a-gup
N-F o R
— \OX o Acoo
on N npe npe = chm@woe
DIPEA, CHCl, ¢ \JN OMe
DMTO. 7
) Q0
& OMe 7ai83%  Tap;77%
N—F by 57%  Tbp; 70% DMT= O
% Tc; 66%  Tcp; 42%
\ \ 7d;62%  7dp; 62% O
CN 7e,;74%  7ep; 8%
7, 64% OMe
790 79%

Scheme S1. Synthesis of amino acid-modified methyl N®-carbamoyl adenosine phosphoramidites.

Compound 2 was synthesized following a procedure previously reported in the literature.?

S2

General procedure for the synthesis of compound 3: Step 1. Compound 2 (1 equiv.) and 1-N-methyl-3-
phenoxycarbonyl-imidazolium chloride (2 equiv.) were added to an oven dried round-bottom flask and kept under
high-vacuum for 15 min. After that, dry CH,Cl, was added under nitrogen atmosphere and the reaction was stirred
atr.t. for 5 h. Step 2. Onpe-protected amino acid 12¢HCI (2 equiv.) was added to an oven dried round-bottom flask
and suspended in dry CHCl,, followed by the addition of EtsN (2 equiv.). The suspension was added dropwise to
the reaction mixture. The reaction was stirred at r.t. under nitrogen atmosphere for two days. After that, the reaction
was quenched with aqueous saturated NaHCOs. The organic layer was separated and the crude was further
extracted with CH,Cl,. The combined organic layers were dried (Na,SO,), filtered and concentrated. The crude
was purified by silica gel column chromatography affording the product as a white foam.

3ac: Yield = 65%. Rf = 0.25 (2:8 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 9.96
(d, = 8.3 Hz, 1H); 8.51 (s, 1H); 8.31 (s, 1H); 8.11 (s, 1H); 8.06 (d, J = 8.4 Hz, 2H); 7.38 (d, J = 8.3 Hz, 2H); 5.99
(s, 1H); 4.70 (dd, J = 9.6, J = 4.6 Hz, 1H); 4.53 (dd, J = 8.3, J = 4.8 Hz, 1H); 4.49 — 4.38 (m, 3H); 4.29 (d, = 4.6
Hz, 1H); 4.19 (td, J = 10.1, J = 4.9 Hz, 1H); 4.03 (dd, J = 10.5, J = 9.1 Hz, 1H); 3.69 (s, 3H); 3.08 (t, J = 6.5 Hz,
2H); 2.31 - 2.20 (m, 1H); 1.10 (s, 9H); 1.06 (s, 9H); 1.00 (d, J = 6.8 Hz, 3H); 0.95 (d, J = 6.8 Hz, 3H). *C{*H} NMR
(125 MHz with cryoprobe, CDCl3, 298 K): 6 (ppm) = 149.8; 146.9; 145.7; 129.9; 123.8; 89.9; 82.3; 77.4; 74.9; 67.6;
64.5; 59.6; 58.9; 35.0; 30.9; 27.5; 27.2; 22.9; 20.5; 19.5; 18.0. FTIR Vmax (cm™): 3230 (w); 1739 (m); 1698 (s); 1519
(s); 1467 (m); 1344 (s); 1250 (m); 1138 (s); 1063 (s); 826 (s). HRMS (ESI) m/z: [M+H]* Calcd for CazHagOsN7Si
714.3277; Found 714.3278.

(tBu),Si
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3ap: Yield = 66%. Rf = 0.38 (2:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDClz, 298 K): & (ppm) = 9.94
(d, J=8.9 Hz, 1H); 8.51 (s, 1H); 8.26 (d, J = 7.8 Hz, 1H); 8.11 (d, J = 2.5 Hz, 1H); 8.09 — 8.01 (m, 2H); 7.41 - 7.34
(m, 2H); 6.01 (s, 1H); 4.65 (dd, J = 9.6 Hz, J = 4.6 Hz, 1H); 4.53 (dd, J = 8.4 Hz, J = 4.9 Hz, 1H); 4.52 — 4.36 (m,
3H); 4.28 (d, J = 4.6 Hz, 1H); 4.20 (td, J = 10.1 Hz, J = 4.9 Hz, 1H); 4.04 (dd, J = 10.5 Hz, J = 9.1 Hz, 1H); 3.69 (s,
3H); 3.08 (t, J = 6.5 Hz, 2H); 2.31 — 2.20 (m, 1H); 1.10 (s, 9H); 1.06 (s, 9H); 1.01 (d, J = 6.8 Hz, 3H); 0.96 (d, J =
6.8 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDClz, 298 K): & (ppm) = 171.9; 153.9; 151.3; 150.4; 149.8;
146.9; 145.6; 141.6; 129.9; 123.8; 121.1; 89.7; 82.4; 77.3; 74.9; 67.6; 64.4; 59.6; 58.8; 35.0; 31.0; 27.5; 27.2; 22.9;
20.5; 19.5; 18.0. FTIR Vmax (cm™): 3242 (w); 1746 (m); 1700 (s); 1516 (s); 1467 (m); 1345 (s); 1256 (m); 1142 (s);
1062 (s); 826 (s). HRMS (ESI) m/z: [M+H]* Calcd for CasHsO0N7Si 714.3277; Found 714.3273.
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3by: Yield = 63%. Rf = 0.20 (85:15 CH,CI,/EtOAC). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
9.89 (d, J = 7.3 Hz, 1H); 8.51 (s, 1H); 8.30 (s, 1H); 8.12 (s, 1H); 8.07 — 8.05 (m, 2H); 7.39 — 7.37 (m, 2H); 5.99 (s,
1H); 4.68 (dd, J = 9.6 Hz, J = 4.6 Hz, 1H); 4.66 — 4.59 (m, 1H); 4.48 — 4.41 (m, 3H); 4.28 (d, J = 4.6 Hz, 1H); 4.19
(ddd, J =9.6 Hz, J = 9.6 Hz, J = 4.6 Hz, 1H); 4.03 (dd, J = 9.6 Hz, J = 9.6 Hz, 1H); 3.69 (s, 3H); 3.09 (t, J = 6.5 Hz,
2H); 1.50 (d, J = 7.3 Hz, 3H); 1.10 (s, 9H); 1.06 (s, 9H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): &
(ppm) = 172.9; 153.4; 151.3; 150.2; 149.8; 146.9; 145.6; 141.8; 129.9; 123.8; 121.2; 89.9; 82.3; 77.2; 74.9; 67.6;
64.7; 59.5; 49.2; 35.0; 27.5; 27.2; 22.9; 20.5; 18.4. FTIR Vmax (cm™): 2931 (w); 1742 (m); 1699 (s); 1519 (s); 1467
(m); 1344 (s); 1253 (m); 1137 (s); 1063 (s); 826 (s). HRMS (ESI) m/z: [M+H]* Calcd for Ca1HsO9N7Si 686.2964;
Found 686.2964.
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3bo: Yield = 43% yield. Rf = 0.32 (1:1 CH,Clo/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm)
=9.92 (d, J = 7.3 Hz, 1H); 8.52 (s, 1H); 8.44 (s, 1H); 8.17 (s, 1H); 8.06 — 8.05 (m, 2H); 7.39 — 7.37 (m, 2H); 6.02
(s, 1H); 4.65 — 4.62 (m, 2H); 4.50 — 4.40 (m, 3H); 4.28 (d, J = 4.6 Hz, 1H); 4.20 (ddd, J = 10.3 Hz, J = 10.3 Hz, J =
4.9 Hz, 1H); 4.05 (dd, J = 10.3 Hz, J = 10.3 Hz, 1H); 3.70 (s, 3H); 3.09 (t, J = 6.5 Hz, 2H); 1.50 (d, J = 7.2 Hz, 3H);
1.10 (s, 9H); 1.06 (s, 9H). 3C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 172.9; 153.4; 151.4;
150.2; 149.8; 146.9; 145.6; 141.7; 129.9; 123.8; 121.1; 89.6; 82.4; 77.3; 74.8; 67.6; 64.6; 59.6; 49.2; 35.0; 27.5;
27.2;22.9; 20.5; 18.5. FTIR Vmax (cm'%): 2936 (w); 2860 (w); 1743 (m); 1699 (s); 1612 (m); 1519 (s); 1469 (m); 1344
(s); 1259 (m); 1059 (s); 828 (s); 652 (s). HRMS (ESI) m/z: [M+H]* Calcd for C31H44OgN7Si 686.2964; Found
686.2971.

(Bu),Si
N0 Ome

1250

1250

W

1w 70 ie0 150 10 130 120 1o 100

%0
ft gom)

S6

3ci: Yield = 75%. Rf = 0.31 (2:8 iHex/EtOAC). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 9.92
(d, J = 7.6 Hz, 1H); 8.34 (s, 1H); 8.31 (s, 1H); 8.11 (s, 1H); 8.01 — 7.95 (m, 2H); 7.28 (d, J = 2.2 Hz, 2H); 7.26 (d,
J =1.2 Hz, 3H); 7.20 — 7.16 (m, 2H); 5.98 (s, 1H); 4.88 (dt, J = 7.7 Hz, J = 6.2 Hz, 1H); 4.65 (dd, J = 9.7 Hz, J =
4.6 Hz, 1H); 4.47 (dd, J = 9.2 Hz, J = 5.0 Hz, 1H); 4.43 — 4.35 (m, 2H); 4.27 (d, J = 4.6 Hz, 1H); 4.19 (td, J = 10.1
Hz, J = 5.0 Hz, 1H); 4.04 (dd, J = 10.5 Hz, J = 9.2 Hz, 1H); 3.69 (s, 3H); 3.19 (dd, J = 6.2 Hz, J = 3.2 Hz, 2H); 2.99
(t, J = 6.5 Hz, 2H); 1.11 (s, 9H); 1.06 (s, 9H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
171.6; 153.5; 151.1; 150.1; 149.8; 146.8; 145.6; 141.8; 136.2; 129.8; 129.6; 128.7; 127.3; 123.7; 121.1; 89.8; 82.3;
77.2;74.9; 67.6; 64.7; 59.5; 54.9; 38.1; 34.9; 27.5; 27.2; 22.9; 20.5. FTIR Vpmax (cm™): 2934 (w); 1740 (m); 1699 (s);
1519 (s); 1469 (m); 1344 (s); 1259 (m); 1138 (s); 1062 (s); 828 (s). HRMS (ESI) m/z: [M+H]* Calcd for C37HagOoN7Si
762.3277; Found 762.3280.
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3co: Yield = 64%. Rf = 0.33 (3:7 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDClz, 298 K): & (ppm) = 9.88
(d, 3 = 7.7 Hz, 1H); 8.35 (s, 1H); 8.14 (s, 1H); 8.06 (s, 1H); 8.02 — 7.95 (m, 2H); 7.31 — 7.23 (m, 5H); 7.21 — 7.15
(m, 2H); 6.00 (s, 1H); 4.88 (dt, J = 7.7 Hz, J = 6.2 Hz, 1H); 4.59 (dd, J = 9.6 Hz, J = 4.6 Hz, 1H); 4.48 (dd, J = 9.2
Hz, J =5.0 Hz, 1H); 4.45 — 4.33 (m, 2H); 4.27 (d, J = 4.6 Hz, 1H); 4.19 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.03 (dd,
J=10.5Hz, J = 9.3 Hz, 1H); 3.70 (s, 3H); 3.25 — 3.13 (m, 2H); 2.99 (t, J = 6.5 Hz, 2H); 1.10 (s, 9H); 1.06 (s, 9H).
13C{H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.6; 153.4; 151.1; 150.1; 149.8; 146.8; 145.6;
141.4; 136.2; 129.8; 129.6; 128.7; 127.4; 123.7; 121.0; 89.6; 82.3; 74.8; 67.6; 64.6; 59.6; 54.9; 38.1; 34.9; 27.5;
27.2; 22.9; 20.5. FTIR Vmax (cm™): 2934 (w); 1740 (m); 1700 (s); 1519 (s); 1469 (m); 1345 (s); 1259 (m); 1140 (s);
1063 (s); 828 (s); 652 (s). HRMS (ESI) m/z: [M+H]* Calcd for Cs7H4s09N-Si 762.3277; Found 762.3285.
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3dv: Yield = 72%. Rf = 0.45 (EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =9.98 (d, J = 7.6
Hz, 1H); 8.54 (s, 1H); 8.17 (s, 1H); 8.15 (s, 1H); 8.02 (s, 1H); 7.91 — 7.87 (m, 2H); 7.56 (d, J = 7.9 Hz, 1H); 7.36
(d, J =8.1Hz, 1H); 7.18 (t, = 7.0 Hz, 1H); 7.13 (d, J = 8.7 Hz, 2H); 7.10 — 7.03 (m, 2H); 5.96 (s, 1H); 4.96 — 4.92
(m, 1H); 4.68 (dd, J = 9.7 Hz, J = 4.6 Hz, 1H); 4.46 (dd, J = 9.2 Hz, J = 5.0 Hz, 1H); 4.31 (tt, J = 11.2 Hz, J = 5.5
Hz, 2H); 4.25 (d, J = 4.6 Hz, 1H); 4.18 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.03 (dd, J = 10.6 Hz, J = 9.1 Hz, 1H); 3.68
(s, 3H); 3.45 — 3.32 (m, 2H); 2.86 (td, J = 6.4 Hz, J = 2.7 Hz, 2H); 1.11 (s, 9H); 1.06 (s, 9H). *C{*H} NMR (125
MHz with cryoprobe, CDCls, 298 K): 6 (ppm) = 172.2; 153.8; 151.0; 150.1; 149.7; 146.7; 145.7; 141.9; 136.2;
129.7; 127.7; 123.6; 123.1; 122.4; 121.0; 119.8; 119.0; 111.3; 110.4; 89.8; 82.3; 74.8; 67.6; 64.6; 59.5; 54.5; 34.7;
27.5; 27.2; 22.9; 20.5. FTIR Vmax (CM™): 2934 (w); 1735 (m); 1697 (s); 1518 (s); 1472 (m); 1344 (s); 1197 (m); 1138
(s); 1062 (s); 828 (s); 739 (s); 652 (s). HRMS (ESI) m/z: [M+H]* Calcd for C39HagO9NsSi 801.3386; Found 801.3396.
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3do: Yield = 32%. Rf = 0.63 (EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 9.87 (d, J=7.6
Hz, 1H); 8.12 (d, J = 2.8 Hz, 1H); 8.05 (s, 1H); 8.04 (s, 1H); 7.98 (s, 1H); 7.92 — 7.86 (m, 2H); 7.57 (d, J = 8.0 Hz,
1H); 7.39 — 7.32 (m, 1H); 7.19 (dd, J = 7.6 Hz, J = 6.5 Hz, 1H); 7.13 (d, J = 8.6 Hz, 2H); 7.11 — 7.03 (m, 2H); 5.98
(s, 1H); 4.97 — 4.89 (m, 1H); 4.58 (dd, J = 9.7 Hz, J = 4.6 Hz, 1H); 4.51 — 4.43 (m, 1H); 4.36 — 4.27 (m, 2H); 4.24
(d, J = 4.6 Hz, 1H); 4.18 (dd, J = 10.0 Hz, J = 5.0 Hz, 1H); 4.06 — 3.98 (m, 1H); 3.69 (s, 3H); 3.46 — 3.32 (M, 2H);
2.86 (q, J = 6.1 Hz, 2H); 1.10 (s, 9H); 1.06 (s, 9H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm)
=172.1; 151.1; 149.9; 149.7; 146.7; 145.7; 141.0; 136.2; 129.8; 129.8; 127.7; 123.8; 123.6; 123.0; 122.5; 120.9;
119.8; 119.0; 111.3; 110.5; 89.6; 82.4; 74.8; 67.6; 64.6; 60.6; 59.6; 54.5; 34.7; 27.5; 27.2; 22.9; 20.5; 14.3. FTIR
Vmax (cm™): 2934 (w); 1736 (m); 1696 (m); 1611 (m); 1518 (s); 1472 (m); 1344 (s); 1191 (m); 1138 (s); 1062 (s);
828 (s); 737 (s); 652 (s). HRMS (ESI) m/z: [M+H]* Calcd for C3sHas09NsSi 801.3386; Found 801.3396.
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3eL: Yield = 59%. Rf = 0.38 (3:7 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.09
(d, J=9.0 Hz, 1H); 8.81 (d, J = 6.3 Hz, 1H); 8.44 (s, 1H); 8.29 (d, J = 1.4 Hz, 1H); 7.94 — 7.87 (m, 2H); 7.32 - 7.28
(m, 2H); 6.03 (s, 1H); 4.66 (dd, J = 9.7 Hz, J = 4.6 Hz, 1H); 4.60 — 4.49 (m, 2H); 4.46 (dd, J = 9.2 Hz, J = 5.0 Hz,
1H); 4.39 (t, J = 6.4 Hz, 2H); 4.30 (d, J = 4.6 Hz, 1H); 4.19 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.03 (dd, J = 10.5 Hz,
J=9.2 Hz, 1H); 3.70 (s, 3H); 3.03 (t, J = 6.4 Hz, 2H); 1.25 (d, J = 6.4 Hz, 3H); 1.10 (s, 9H); 1.06 (s, 9H); 0.90 (s,
9H); 0.06 (s, 3H); -0.04 (s, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.1; 154.6;
151.3; 150.4; 149.8; 146.7; 145.7; 142.2; 129.8; 123.6; 121.2; 89.8; 82.3; 74.8; 68.7; 67.6; 64.6; 59.7; 59.5; 34.9;
27.5; 27.2; 25.6; 22.9; 21.2; 20.5; 17.9; -4.2; -5.3. FTIR Vpmax (cm™%): 2934 (w); 2858 (w); 1736 (m); 1701 (s); 1611
(m); 1520 (s); 1467 (m); 1345 (s); 1250 (m); 1137 (m); 1063 (s); 1030 (m); 827 (s); 652 (m). HRMS (ESI) m/z:
[M+H]* Calcd for CsgHs0O10N7Si> 830.3935; Found 830.3960.
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3ep: Yield = 42%. Rf = 0.38 (2:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDClz, 298 K): & (ppm) = 9.99
(d, 3 =9.1 Hz, 1H); 8.45 (s, 1H); 8.33 (s, 1H); 8.15 (s, 1H); 7.93 — 7.87 (m, 2H); 7.34 — 7.28 (m, 2H); 6.05 (s, 1H);
4.61—4.54 (m, 2H); 4.55 — 4.45 (m, 2H); 4.39 (td, J = 6.5 Hz, J = 3.2 Hz, 2H); 4.30 (d, J = 4.6 Hz, 1H); 4.22 (td, J
=10.2 Hz, J = 5.0 Hz, 1H); 4.07 (dd, J = 10.6 Hz, J = 9.2 Hz, 1H); 3.72 (s, 3H); 3.06 — 2.98 (m, 2H); 1.25 (d, J =
6.2 Hz, 3H); 1.10 (s, 9H); 1.06 (s, 9H); 0.90 (s, 9H); 0.06 (s, 3H); -0.04 (s, 3H). *C{*H} NMR (125 MHz with
cryoprobe, CDCls, 298 K): & (ppm) = 171.0; 154.4; 151.4; 150.3; 149.8; 146.7; 145.7; 141.3; 129.8; 123.6; 121.1;
89.5; 82.4; 74.8; 68.8; 67.6; 64.5; 59.7; 59.6; 34.9; 27.5; 27.2; 25.6; 22.9; 21.2; 20.5; 17.9; -4.2; -5.3. FTIR Vmax
(cm'Y): 2934 (w); 2858 (w); 1700 (s); 1611 (m); 1520 (s); 1467 (m); 1345 (s); 1252 (m); 1138 (m); 1063 (s); 828 (s);
654 (m); 443 (m). HRMS (ESI) m/z: [M+H]* Calcd for CasHsoO10N7Si> 830.3935; Found 830.3966.
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3fL: Yield = 49%. Rf = 0.29 (1:4 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.03
(d, J = 8.2 Hz, 1H); 8.68 (s, 1H); 8.55 (s, 1H); 8.18 (s, 1H); 8.16 — 8.13 (m, 2H); 7.41 — 7.36 (m, 2H); 6.73 (d, J =
8.5 Hz, 1H); 5.98 (s, 1H); 4.68 (dd, J = 9.7 Hz, J = 4.7 Hz, 1H); 4.51 (dd, J = 8.5 Hz, J = 5.0 Hz, 1H); 4.46 (dd, J =
9.2 Hz, J = 5.0 Hz, 1H); 4.43 — 4.33 (m, 3H); 4.26 (d, J = 4.6 Hz, 1H); 4.18 (td, J = 10.1 Hz, J = 5.0 Hz, 1H), 4.02
(dd, J =10.5, 9.2 Hz, 1H), 3.68 (s, 3H), 3.07 (t, J = 6.7 Hz, 2H), 2.40 (h, J = 6.7 Hz, 1H), 2.10 (pd, J = 6.9, 5.0 Hz,
1H); 1.09 (s, 9H); 1.05 (s, 9H); 1.05 — 1.01 (m, 6H); 0.88 (d, J = 6.8 Hz, 3H); 0.81 (d, J = 6.9 Hz, 3H). **C{*H} NMR
(125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.7; 171.5; 154.3; 151.4; 150.5; 149.9; 147.1; 145.4; 141.9;
129.9; 123.9; 121.3; 89.9; 82.4; 77.2; 74.9; 67.6; 64.7; 60.3; 59.5; 57.3; 35.0; 31.1; 30.3; 27.5; 27.2; 22.9; 20.5;
19.7; 19.1; 18.2; 17.8. FTIR Vmax (cm™): 2963 (w); 2933 (w); 1676 (m); 1519 (s); 1469 (m); 1345 (s); 1140 (s); 1063
(s); 828 (s); 652 (s). HRMS (ESI) m/z: [M+Na]* Calcd for CsgHss010NsSiNa 835.3780; Found 835.3786.
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3gu: Yield = 60%. Rf = 0.28 (1:4 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDClz, 298 K): & (ppm) = 9.93
(s, 1H); 8.71 (s, 1H); 8.57 (s, 1H); 8.19 — 8.13 (m, 3H); 7.43 — 7.36 (m, 2H); 6.93 (s, 1H); 6.59 (d, J = 8.1 Hz, 1H);
5.98 (s, 1H); 4.68 (dd, J = 9.7, J = 4.7 Hz, 1H); 4.46 (ddd, J = 8.6 Hz, J =5.1 Hz, J = 2.3 Hz, 2H); 4.39 (tt, J = 5.5
Hz, J = 2.6 Hz, 3H); 4.33 — 4.26 (m, 2H); 4.18 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.02 (dd, J = 10.5 Hz, J = 9.2 Hz,
1H); 3.68 (s, 3H); 3.09 — 3.04 (m, 2H); 2.44 — 2.35 (m, 1H); 2.23 — 2.14 (m, 1H); 2.12 — 2.05 (m, 1H); 1.09 (s, 9H);
1.06 (s, 9H); 1.04 (dd, J = 7.0 Hz, J = 5.2 Hz, 6H); 0.92 (t, J = 6.5 Hz, 6H), 0.87 (d, J = 6.8 Hz, 3H), 0.83 (d, J =
6.9 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCl3, 298 K): & (ppm) = 171.8; 171.6; 171.2; 154.4; 151.5;
150.5; 150.0; 147.1; 145.4; 141.8; 129.9; 123.9; 121.4; 90.0; 82.3; 77.3; 74.9; 67.6; 64.7; 60.5; 60.4; 59.6; 58.9;
57.4; 35.0; 31.0; 30.4; 27.5; 27.2; 22.9; 20.5; 19.8; 19.4; 19.0; 18.2; 18.1; 18.0. FTIR Vpax (cm*): 3291 (w); 2963
(w); 2934 (w); 1645 (m); 1520 (s); 1467 (m); 1345 (s); 1204 (m); 1138 (s); 1065 (s); 828 (s); 737 (m); 652 (s).
HRMS (ESI) m/z: [M+Na]* Calcd for CasHesO1:NeSiNa 934.4465; Found 934.4465.
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General procedure for the synthesis of compound 4: Compound 3 (1 equiv.) and K>COs (3 equiv.) were
suspended in dry DMF. The suspension was stirred for 30 min at 0°C under nitrogen atmosphere. After that, CHsl
(2 equiv.) was added dropwise and the reaction was stirred at r.t. overnight. After that, the reaction mixture was
diluted with CH,Cl, and washed with aqueous saturated NH4Cl and water. The organic layer was dried (Na;SOa),
filtered and concentrated. The crude was purified by silica gel column chromatography affording the product as a
white foam.

4ac: Yield = 54%. Rf = 0.33 (7:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 11.04
(d, 3 =7.6 Hz, 1H); 8.49 (s, 1H); 8.13 — 8.05 (m, 2H); 7.98 (s, 1H); 7.42 — 7.34 (m, 2H); 6.01 (s, 1H); 4.63 (dd, J =
9.7 Hz, J = 4.7 Hz, 1H); 4.48 (dd, J = 9.1 Hz, J = 5.1 Hz, 2H); 4.43 (td, J = 6.6 Hz, J = 3.0 Hz, 2H); 4.26 (d, J = 4.7
Hz, 1H); 4.19 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.02 (dd, J = 10.5 Hz, J = 9.2 Hz, 1H); 3.97 (s, 3H); 3.69 (s, 3H);
3.08 (t, J = 6.6 Hz, 2H); 2.28 — 2.18 (m, 1H); 1.09 (s, 9H); 1.06 (s, 9H); 0.99 (d, J = 6.8 Hz, 3H); 0.94 (d, J = 6.9
Hz, 3H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 172.4; 156.0; 153.4; 151.7; 150.1;
146.9; 145.7; 139.7; 129.9; 123.8; 122.8; 89.9; 82.3; 74.8; 67.6; 64.4; 59.8; 59.5; 35.0; 34.8; 30.8; 27.5; 27.2; 22.9;
20.5; 19.6; 18.2. FTIR Vimax (cm™): 2932 (w); 1738 (w); 1687 (m); 1568 (m); 1519 (s); 1470 (m); 1344 (s); 1264 (m);
1135 (s); 1064 (s); 1012 (s); 827 (s). HRMS (ESI) m/z: [M+H]* Calcd for Ca4HsoO9N,Si 728.3434; Found 728.3420.
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4ap: Yield = 58%. Rf = 0.50 (3:2 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 11.03
(d, 3 =7.6 Hz, 1H); 8.49 (s, 1H); 8.10 — 8.04 (m, 2H); 7.98 (s, 1H); 7.41 — 7.34 (m, 2H); 6.04 (s, 1H); 4.58 (dd, J =
9.7 Hz, J = 4.6 Hz, 1H); 4.52 — 4.46 (m, 2H); 4.46 — 4.39 (m, 2H); 4.25 (d, J = 4.6 Hz, 1H); 4.20 (dt, J = 10.0 Hz, J
= 5.1 Hz, 1H); 4.02 (dd, J = 10.5 Hz, J = 9.2 Hz, 1H); 3.96 (s, 3H); 3.70 (s, 3H); 3.08 (t, J = 6.5 Hz, 2H); 2.28 —
2.16 (m, 1H); 1.09 (s, 9H); 1.06 (s, 9H); 0.99 (d, J = 6.9 Hz, 3H); 0.95 (d, J = 6.9 Hz, 3H). **C{*H} NMR (125 MHz
with cryoprobe, CDCls, 298 K): 6 (ppm) = 172.3; 156.0; 153.4; 151.7; 150.1; 146.9; 145.8; 139.5; 129.9; 123.7;
122.8; 89.6; 82.4; 77.4; 74.8; 67.7; 64.3; 59.8; 59.5; 35.0; 34.8; 30.8; 27.5; 27.2; 22.9; 20.5; 19.6; 18.2. FTIR Vmax
(cm'%): 2935 (w); 1739 (w); 1683 (m); 1570 (m); 1520 (s); 1469 (m); 1346 (s); 1264 (m); 1136 (s); 1064 (s); 1015 (s);
907 (s); 728 (s). HRMS (ESI) m/z: [M+H]" Calcd for CasHs0OsN7Si 728.3434; Found 728.3432.
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4by: Yield = 60%. Rf = 0.20 (9:1 CH,Cl,/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
10.93 (d, J = 6.7 Hz, 1H); 8.51 (s, 1H); 8.10 — 8.08 (m, 2H); 7.98 (s, 1H); 7.39 — 7.37 (m, 2H); 6.01 (s, 1H); 4.64 —
4.56 (m, 2H); 4.50 — 4.41 (m, 3H); 4.25 (d, J = 4.7 Hz, 1H); 4.19 (ddd, J = 10.3 Hz, J = 10.3 Hz, J = 4.7 Hz, 1H);
4.01 (dd, J = 10.3 Hz, J = 10.3 Hz, 1H); 3.95 (s, 3H); 3.69 (s, 3H); 3.09 (t, J = 6.5 Hz, 2H); 1.46 (d, J = 7.2 Hz, 3H);
1.09 (s, 9H); 1.06 (s, 9H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 173.3; 155.4; 153.3;
151.7; 150.2; 146.9; 145.7; 139.7; 129.9; 123.8; 122.8; 89.8; 82.3; 77.3; 74.8; 67.6; 64.6; 59.5; 50.0; 35.0; 34.7;
27.5; 27.2; 22.9; 20.5; 18.4. FTIR Vmax (cm™): 2933 (w); 1740 (w); 1683 (m); 1568 (m); 1519 (s); 1344 (s); 1265
(m); 1135 (m); 1016 (m); 827 (s). HRMS (ESI) m/z: [M+H]* Calcd for Ca2H4s0sN7Si 700.3120; Found 700.3121.
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4bp: Yield = 90% yield. Rf = 0.40 (8:2 CH,Cl/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm)
=10.93 (d, J = 6.6 Hz, 1H); 8.51 (s, 1H); 8.09 — 8.07 (m, 2H); 7.97 (s, 1H); 7.39 — 7.37 (m, 2H); 6.04 (s, 1H); 4.61
—4.55 (m, 2H); 4.49 (dd, J = 9.3 Hz, J = 5.0 Hz, 1H); 4.46 — 4.39 (m, 2H); 4.24 (d, J = 4.6 Hz, 1H); 4.20 (ddd, J =
9.3 Hz, J=9.3 Hz, J =5.0 Hz, 1H); 4.02 (dd, J = 9.3 Hz, J = 9.3 Hz, 1H); 3.95 (s, 3H); 3.70 (s, 3H); 3.08 (t, J = 6.5
Hz, 2H); 1.47 (d, J = 7.3 Hz, 3H); 1.09 (s, 9H); 1.06 (s, 9H). *3C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K):
O (ppm) = 173.3; 155.4; 153.3; 151.7; 150.3; 146.9; 145.7; 139.5; 129.9; 123.8; 122.7; 89.6; 82.3; 77.4; 74.8; 67.7;
64.5; 59.5; 50.0; 35.0; 34.7; 27.5; 27.2; 22.9; 20.5; 18.4. FTIR Vimax (cm™): 2860 (w); 1740 (m); 1684 (m); 1570 (m);
1518 (s); 1469 (m); 1345 (s); 1265 (m); 1137 (s); 1063 (s); 1016 (s); 828 (s). HRMS (ESI) m/z: [M+H]* Calcd for
Ca2Ha609N7Si 700.3120; Found 700.3126.
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4ci: Yield = 55% yield. Rf = 0.48 (1:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
10.94 (d, J = 6.8 Hz, 1H); 8.26 (s, 1H); 8.04 —8.02 (m, 2H); 7.96 (s, 1H); 7.30 — 7.26 (m, 4H); 7.19 — 7.16 (m, 2H);
6.01 (s, 1H); 4.85 (q, J = 6.5 Hz, 1H); 4.58 (dd, J = 9.7 Hz, J = 4.6 Hz, 1H); 4.49 (dd, J = 9.3 Hz, J = 5.0 Hz, 1H);
4.44 — 4,33 (m, 2H); 4.23 (d, J = 4.6 Hz, 1H); 4.19 (dt, J = 10.1 Hz, J = 5.1 Hz, 1H); 4.02 (dd, J = 10.5 Hz, J = 9.3
Hz, 1H); 3.93 (s, 3H); 3.70 (s, 3H); 3.21 — 3.11 (m, 2H); 3.00 (t, J = 6.5 Hz, 2H); 1.10 (s, 9H); 1.06 (s, 9H). *C{*H}
NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 172.1; 155.6; 153.1; 151.6; 150.0; 146.9; 145.7; 139.6;
136.5; 129.8; 129.5; 128.7; 127.3; 123.7; 122.7; 89.7; 82.3; 77.3; 74.8; 67.6; 64.6; 59.5; 55.8; 38.0; 34.9; 34.7;
27.5; 27.2; 22.9; 20.5. FTIR Vmax (cm™): 2935 (w); 2860 (w); 1740 (m); 1684 (m); 1571 (m); 1518 (s); 1467 (m);
1345 (s); 1266 (m); 1135 (s); 1063 (s); 1015 (s); 828 (s); 652 (s). HRMS (ESI) m/z: [M+H]* Calcd for C3sHsoOoN7Si
776.3433; Found 776.3443.
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4co: Yield = 80% yield. Rf = 0.42 (1:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
10.93 (d, J = 6.9 Hz, 1H); 8.26 (s, 1H); 8.03 —8.00 (m, 2H); 7.96 (s, 1H); 7.30 — 7.27 (m, 4H); 7.19 — 7.14 (m, 2H);
6.03 (s, 1H); 4.85 (q, J = 6.4 Hz, 1H); 4.54 — 4.48 (m, 2H); 4.38 (qt, J = 11.0 Hz, J = 6.5 Hz, 2H); 4.23 (d, J = 4.6
Hz, 1H); 4.19 (dd, J = 10.0 Hz, J = 5.0 Hz, 1H); 4.02 (dd, J = 10.6 Hz, J = 9.2 Hz, 1H); 3.92 (s, 3H); 3.70 (s, 3H);
3.20 — 3.10 (m, 2H); 3.00 (t, J = 6.5 Hz, 2H); 1.09 (s, 9H); 1.06 (s, 9H). *C{*H} NMR (125 MHz with cryoprobe,
CDCls, 298 K): 6 (ppm) = 172.1; 155.6; 153.1; 151.6; 150.0; 146.8; 145.7; 139.4; 136.5; 129.8; 129.5; 128.7; 127.3;
123.7; 122.6; 89.5; 82.3; 77.4; 74.7; 67.7; 64.5; 59.5; 55.8; 38.0; 34.9; 34.6; 27.5; 27.2; 22.9; 20.5. FTIR Vpax (cm"
1): 2934 (w); 2860 (w); 1742 (m); 1686 (m); 1571 (m); 1518 (s); 1467 (m); 1345 (s); 1266 (m); 1137 (s); 1063 (s);
1015 (s); 828 (s); 652 (s). HRMS (ESI) m/z: [M+H]" Calcd for CagHsoOsN7Si 776.3433; Found 776.3442.

0. N
[
(tBu),Si
S0 Ome

i N | mJ Y A

' Y YRR YTy
pred 8% 8 idsdags & s
s 10 105 10 95 90 85 80 75 70 65 60 55 W5 40 35 30 25 20 15 10 o5 oo 05
1t Gpm)
& ELEREE] g 9 8% 88§ ARE RR AW
l N2 (R VR WOV
L Y I T % n @ % @ % a0 0
f1 (pom)

S20

4dy: Yield = 75%. Rf = 0.48 (1:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.93
(d, J = 6.8 Hz, 1H); 8.16 (s, 1H); 7.95 (s, 1H); 7.93 (s, 2H); 7.83 (s, 1H); 7.54 (d, J = 7.9 Hz, 1H); 7.36 (d, J = 8.2
Hz, 1H); 7.20 — 7.15 (m, 3H); 7.06 (t, J = 7.5 Hz, 1H); 7.02 (d, J = 2.3 Hz, 1H); 5.97 (s, 1H); 4.91 (q, J = 6.3 Hz,
1H); 4.60 (dd, J = 9.7 Hz, J = 4.6 Hz, 1H); 4.48 (dd, J = 9.2 Hz, J = 5.0 Hz, 1H); 4.33 (g, J = 6.3 Hz, 2H); 4.21 (d,
J=4.7 Hz, 1H); 4.18 (dt, J = 10.0 Hz, J = 5.1 Hz, 1H); 4.01 (t, J = 9.9 Hz, 1H); 3.92 (s, 3H); 3.68 (s, 3H); 3.35 (qd,
J =14.8 Hz, J = 6.0 Hz, 2H); 2.88 (t, J = 6.4 Hz, 2H); 1.11 (s, 9H); 1.06 (s, 9H). *C{*H} NMR (125 MHz with
cryoprobe, CDCls, 298 K): & (ppm) = 172.6; 155.7; 153.0; 151.5; 150.0; 146.7; 145.7; 139.6; 136.2; 129.7; 127.7;
123.6; 122.9; 122.6; 122.4; 119.8; 118.9; 111.3; 110.7; 89.7; 82.2; 77.3; 74.8; 67.6; 64.5; 59.5; 55.4; 34.8; 34.7;
27.7; 27.5; 27.2; 22.9; 20.5. FTIR Vimax (cm™): 2934 (w); 2860 (w); 1735 (m); 1654 (m); 1571 (m); 1516 (s); 1459
(m); 1344 (s); 1267 (m); 1135 (s); 1063 (s); 1013 (s); 828 (s); 739 (s); 652 (s). HRMS (ESI) m/z: [M+H]* Calcd for
CaoHs109NgSi 815.3542; Found 815.3555.
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4dp: Yield = 48%. Rf = 0.45 (1:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.92
(d, J=6.9 Hz, 1H); 8.04 (s, 1H); 7.93 (s, 1H); 7.93 (s, 2H); 7.87 (s, 1H); 7.56 (dd, J = 8.0 Hz, J = 1.0 Hz, 1H); 7.36
(dt, 3 =8.1 Hz, J = 0.9 Hz, 1H); 7.22 — 7.19 (m, 1H); 7.18 — 7.13 (m, 2H); 7.09 — 7.05 (m, 1H); 7.02 (d, J = 2.4 Hz,
1H); 6.01 (s, 1H); 4.92 (q, J = 6.2 Hz, 1H); 4.53 (dd, J = 9.7 Hz, J = 4.6 Hz, 1H); 4.48 (dd, J = 9.2 Hz, J = 5.0 Hz,
1H); 4.33 (ddt, J = 10.9 Hz, J = 6.6 Hz, J = 4.7 Hz, 2H); 4.22 — 4.17 (m, 2H); 4.01 (dd, J = 10.5 Hz, J = 9.3 Hz, 1H);
3.92 (s, 3H); 3.69 (s, 3H); 3.36 (qd, J = 14.8 Hz, J = 6.0 Hz, 2H); 2.89 (t, J = 6.4 Hz, 2H); 1.10 (s, 9H); 1.06 (s, 9H).
1C{*H} NMR (125 MHz with cryoprobe, CDCl3, 298 K): & (ppm) = 172.6; 155.7; 153.0; 151.6; 150.0; 146.7; 145.8;
139.3; 136.2; 129.8; 127.7; 123.6; 122.9; 122.5; 119.8; 119.0; 111.3; 110.8; 89.5; 82.4; 74.8; 67.7; 64.5; 59.5; 55.4;
34.8; 34.7; 27.7; 27.5; 27.2; 22.9; 20.5. FTIR Vmax (cm'?): 2934 (w); 2860 (w); 1736 (m); 1671 (m); 1571 (m); 1516
(s); 1466 (m); 1344 (s); 1267 (m); 1135 (s); 1063 (s); 1012 (s); 828 (s); 737 (s); 652 (s). HRMS (ESI) m/z: [M+H]"
Calcd for CaoHs109NgSi 815.3542; Found 815.3558.
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4ec: Yield = 96%. Rf = 0.59 (1:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.99
(d, 3 =8.7 Hz, 1H); 8.45 (s, 1H); 7.99 (s, 1H); 7.98 — 7.94 (m, 2H); 7.33 — 7.28 (m, 2H); 6.04 (s, 1H); 4.61 (dd, J =
9.7 Hz, J = 4.6 Hz, 1H); 4.57 (dd, J = 8.7 Hz, J = 1.7 Hz, 1H); 4.50 (ddd, J = 9.3 Hz, J = 6.4 Hz, J = 4.9 Hz, 2H);
4.42 - 4.31 (m, 2H); 4.27 (d, J = 4.6 Hz, 1H); 4.21 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.02 (dd, J = 10.5 Hz, J = 9.2
Hz, 1H); 3.98 (s, 3H); 3.71 (s, 3H); 3.03 (t, J = 6.5 Hz, 2H); 1.23 (d, J = 6.3 Hz, 3H); 1.09 (s, 9H); 1.06 (s, 9H); 0.88
(s, 9H); 0.05 (s, 3H); -0.04 (s, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.3; 156.4;
153.4; 151.6; 150.2; 146.8; 145.7; 139.6; 129.8; 123.6; 122.8; 89.8; 82.3; 74.8; 68.9; 67.7; 64.6; 60.6; 59.5; 34.9;
27.5; 27.2; 25.7, 22.9; 21.3; 20.5; 18.0; -4.2; -5.3. FTIR Vmax (cm*): 2934 (w); 2858 (w); 1736 (m); 1687 (m); 1569
(m); 1519 (s); 1466 (m); 1345 (s); 1253 (m); 1134 (s); 1065 (s); 1022 (s); 828 (s); 652 (s). HRMS (ESI) m/z: [M+H]*
Calcd for CseHe2010N7Si> 844.4091; Found 844.4122.
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4ep: Yield = 92%. Rf = 0.33 (3:2 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.98
(d, J = 8.7 Hz, 1H); 8.46 (s, 1H); 7.98 (s, 1H); 7.98 — 7.94 (m, 2H); 7.34 — 7.29 (m, 2H); 6.07 (s, 1H); 4.59 — 4.48
(m, 4H); 4.42 — 4.33 (m, 2H); 4.27 (d, J = 4.5 Hz, 1H); 4.22 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.04 (dd, J = 10.6 Hz,
J =9.3 Hz, 1H); 3.98 (s, 3H); 3.72 (s, 3H); 3.03 (t, J = 6.5 Hz, 2H); 1.22 (d, J = 6.3 Hz, 3H); 1.10 (s, 9H); 1.06 (s,
9H); 0.88 (s, 9H); 0.05 (s, 3H); -0.04 (s, 3H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
171.3; 156.4; 153.3; 151.7; 150.3; 146.7; 145.8; 139.2; 129.9; 123.6; 122.7; 89.5; 82.4; 74.8; 68.9; 67.7; 64.5; 60.6;
59.6; 34.9; 34.9; 27.5; 27.2; 25.7; 22.9; 21.3; 20.5; 18.0; -4.2; -5.3. FTIR Vmax (CM™): 2934 (W); 2858 (w); 1736 (w);
1687 (m); 1568 (m); 1519 (s); 1464 (m); 1345 (s); 1253 (m); 1135 (m); 1065 (m); 1023 (s); 828 (s); 652 (m). HRMS
(ESI) m/z: [M+H]* Calcd for CagHs2010N7Si> 844.4091; Found 844.4128.

0%

BB S BRUFN UG FREITSRERRARE nan

<.

¢

o NN
/W@
(tBU)SI~

O OMe

¥ ] A v Il ' PN "
g g &8 g H & sass 8
s 10 105 10 95 90 85 80 75 70 65 60 55 S0 45 40 35 30 25 20 15 10 05 o0 05
1t Gpm)
g § g 8d 8 8 dr S5zen #3 ¥a
i \ (RN N7 AN v 1Y

S24

4fL: Yield = 93%. Rf = 0.36 (1:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 11.00
(d, J = 7.7 Hz, 1H); 8.53 (s, 1H); 8.18 — 8.14 (m, 2H); 7.98 (s, 1H); 7.40 — 7.37 (m, 2H); 6.66 (d, J = 8.6 Hz, 1H);
6.01 (s, 1H); 4.60 (dd, J = 9.7 Hz, J = 4.7 Hz, 1H); 4.49 (td, J = 9.4 Hz, J = 9.0 Hz, J = 5.0 Hz, 2H); 4.43 — 4.32 (m,
3H); 4.24 (d, J = 4.6 Hz, 1H); 4.19 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.05 — 4.00 (m, 1H); 3.99 (s, 3H); 3.69 (s, 3H);
3.07 (td, J = 6.7 Hz, J = 1.3 Hz, 2H); 2.43 — 2.35 (m, 1H); 2.09 (pd, J = 6.8 Hz, J = 4.9 Hz, 1H); 1.09 (s, 9H); 1.06
(s, 9H); 1.02 (dd, J = 6.8 Hz, J = 5.7 Hz, 6H); 0.88 (d, J = 6.8 Hz, 3H); 0.81 (d, J = 6.9 Hz, 3H). **C{*H} NMR (125
MHz with cryoprobe, CDCls, 298 K): 6 (ppm) = 171.8; 171.7; 156.3; 153.4; 151.8; 150.3; 147.1; 145.4; 139.7;
129.9; 123.9; 122.9; 89.8; 82.3; 77.3; 74.8; 67.6; 64.7; 61.1; 59.5; 57.3; 35.0; 34.9; 31.2; 30.2; 27.5; 27.2; 22.9;
20.5; 19.9; 19.1; 18.2; 17.8. FTIR Vmax (cm™): 2963 (w); 2933 (w); 2863 (w); 1664 (m); 1575 (m); 1519 (s); 1467
(m); 1345 (m); 1137 (s); 1063 (m); 1013 (m); 828 (s); 652 (m). HRMS (ESI) m/z: [M+Na]* Calcd for
CsoHss010NsSiNa 849.3934; Found 849.3943.
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4g.: Yield = 80%. Rf = 0.27 (1:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.98
(d, J = 6.9 Hz, 1H); 8.54 (s, 1H); 8.18 — 8.14 (m, 2H); 7.99 (s, 1H); 7.42 — 7.37 (m, 2H); 6.75 (d, J = 8.5 Hz, 1H);
6.61 (d, J = 8.5 Hz, 1H); 6.01 (s, 1H); 4.59 (dd, J = 9.7 Hz, J = 4.7 Hz, 1H); 4.48 (dd, J = 9.2 Hz, J = 5.0 Hz, 1H);
4.43 (dd, J = 8.6 Hz, J = 5.3 Hz, 1H); 4.38 (td, J = 6.7 Hz, J = 5.0 Hz, 2H); 4.33 (dd, J = 7.0 Hz, J = 5.2 Hz, 1H);
4.28 (dd, J = 8.5 Hz, J = 6.2 Hz, 1H); 4.24 (d, J = 4.6 Hz, 1H); 4.19 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.01 (dd, J =
10.5 Hz, J = 9.3 Hz, 1H); 3.98 (s, 3H); 3.68 (s, 3H); 3.07 (t, J = 6.7 Hz, 2H); 2.45 (pd, J = 6.9 Hz, J = 5.2 Hz, 1H);
2.25 (h, J = 6.8 Hz, 1H); 2.10 (pd, J = 6.9 Hz, J = 5.3 Hz, 1H); 1.09 (s, 9H); 1.05 (s, 9H); 1.03 (t, J = 6.6 Hz, 6H);
0.91 (dd, J = 15.0 Hz, J = 6.8 Hz, 6H); 0.86 (dd, J = 16.9 Hz, J = 6.9 Hz, 6H). **C{*H} NMR (125 MHz with cryoprobe,
CDCls, 298 K): & (ppm) = 172.1; 171.5; 171.2; 156.6; 153.4; 151.8; 150.2; 147.1; 145.5; 139.8; 129.9; 123.9; 122.9;
89.8; 82.3; 77.3; 74.8; 67.6; 64.6; 61.6; 59.5; 58.8; 57.5; 35.0; 34.9; 30.9; 30.1; 30.0; 27.5; 27.2; 22.9; 20.5; 20.0;
19.5; 19.1; 18.0; 18.0; 17.9. FTIR Vmax (cm): 3304 (w); 2963 (w); 1651 (m); 1520 (s); 1345 (m); 1136 (m); 1065
(m); 1013 (m); 828 (m); 652 (m). HRMS (ESI) m/z: [M+Na]* Calcd for C44Hs7011NeSiNa 948.4621; Found 948.4617.
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General procedure for the synthesis of compound 5: Compound 4 (1 equiv.) was added to a plastic flask and
dissolved in dry 9:1 CH,Cly/pyridine. The solution was stirred at 0°C. Finally, HF+pyridine (from a commercial
solution containing 70% HF and 30% pyridine) was added and the reaction was stirred at 0°C for 2 h. After that,
the reaction was quenched with aqueous saturated NaHCO3z and CH,Cl, was added. The organic layer was
separated and the crude was further extracted with CH,Cl,. The combined organic layers were dried (Na,SO.),
filtered and concentrated. The crude was purified by silica gel column chromatography affording the product as a
white foam.

5ac: Yield = 83%. Rf = 0.35 (94:6 CH,Cl2/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.92
(d, J = 7.5 Hz, 1H); 8.50 (s, 1H); 8.11 — 8.08 (m, 2H); 8.03 (s, 1H); 7.40 — 7.37 (m, 2H); 5.92 (d, J = 7.3 Hz, 1H);
4.74 (dd, J = 7.4, 3 = 4.7 Hz, 1H); 4.60 (d, J = 4.6 Hz, 1H); 4.48 (dd, J = 7.4, J = 4.8 Hz, 1H); 4.43 (t, J = 6.6 Hz,
2H); 4.36 (s, 1H); 3.99 (s, 3H); 3.38 (s, 3H); 3.08 (t, J = 6.6 Hz, 2H); 2.21 (pd, J = 6.8, J = 4.9 Hz, 1H); 0.98 (d, J =
6.8 Hz, 3H); 0.94 (d, J = 6.9 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 172.3;
155.7; 153.9; 151.1; 149.5; 146.9; 145.7; 141.6; 129.9; 123.9; 123.8; 89.7; 88.2; 82.3; 70.6; 64.4; 63.4; 59.8; 59.0;
35.0; 34.9; 30.8; 19.6; 18.1. FTIR Vmax (cm'*): 2963 (w); 1738 (m); 1682 (m); 1571 (s); 1517 (s); 1465 (m); 1344
(s); 1264 (m); 1186 (m); 1017 (s); 856 (m). HRMS (ESI) m/z: [M+H]* Calcd for CzsHz4O9N7 588.2412; Found
588.2407.

YA

s 10 15 100 95 9o 85 80 75 70 65 60 S5 50 45 40 35 30 25 20 15 10 05 00 05

TN T [

i i

%0
1 (o)

S27



5ap: Yield = 94%. Rf = 0.39 (95:5 CH,Cl,/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.96
(d, J=7.5Hz, 1H); 8.51 (s, 1H); 8.15 — 8.08 (m, 2H); 8.01 (s, 1H); 7.43 — 7.35 (m, 2H); 5.95 — 5.86 (m, 2H); 4.73
(dd, J=7.4 Hz, J = 4.7 Hz, 1H); 4.60 (d, J = 4.7 Hz, 1H); 4.48 (dd, J = 7.6 Hz, J = 4.7 Hz, 1H); 4.43 (t, J = 6.6 Hz,
2H); 4.38 (s, 1H); 4.00 (s, 3H); 3.82 — 3.75 (m, 1H); 3.36 (s, 3H); 3.09 (t, J = 6.6 Hz, 2H); 2.64 (d, J = 1.5 Hz, 1H);
2.28 — 2.16 (m, 1H); 0.99 (d, J = 6.8 Hz, 3H); 0.94 (d, J = 6.9 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe,
CDCls, 298 K): 6 (ppm) = 172.2; 155.8; 154.0; 151.2; 149.5; 145.7; 141.6; 129.9; 123.9; 123.8; 89.7; 88.2; 82.4;
77.4; 70.6; 64.5; 63.4; 59.8; 59.0; 35.0; 30.9; 25.5; 19.6; 18.2. FTIR Vmax (cm™): 2961 (w); 1735 (m); 1684 (m);
1570 (s); 1518 (s); 1465 (m); 1344 (s); 1263 (m); 1185 (m); 1017 (s); 856 (m). HRMS (ESI) m/z: [M+H]" Calcd for
C26H3409N7 588.2412; Found 588.2411.
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5bi: Yield = 84%. Rf = 0.20 (95:5 CH2Cl/IPA) *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.82
(d, J =6.6 Hz, 1H); 8.50 (s, 1H); 8.12 — 8.10 (m, 2H); 8.00 (s, 1H); 7.40 — 7.38 (m, 2H); 5.96 (dd, J = 11.7 Hz, J =
1.5 Hz, 1H); 5.91 (d, J = 7.4 Hz, 1H); 4.74 (dd, J = 7.4 Hz, J = 4.7 Hz, 1H); 4.61 — 4.54 (m, 2H); 4.43 (t, J = 6.6 Hz,
2H); 4.37 (s, 1H); 3.98 (s, 3H); 3.98 — 3.95 (m, 1H); 3.82 — 3.75 (m, 1H); 3.38 (s, 3H); 3.09 (t, J = 6.6 Hz, 2H); 2.70
(d, J = 1.5 Hz, 1H); 1.46 (d, J = 7.3 Hz, 3H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
173.3; 155.1; 153.9; 151.2; 149.6; 146.9; 145.6; 141.6; 129.9; 123.9; 123.8; 89.7; 88.2; 82.3; 70.6; 64.6; 63.4; 59.0;
50.0; 35.0; 34.9; 18.3. FTIR Vmax (cm™): 2925 (w); 1738 (m); 1674 (m); 1568 (s); 1514 (s); 1343 (s); 1265 (m); 1176
(m); 1020 (m); 855 (m). HRMS (ESI) m/z: [M+H]* Calcd for C24H3009N7 560.2099; Found 560.2099.
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5bp: Yield = 86%. Rf = 0.14 (95:5 CH,Cl,/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.86
(d, J = 6.6 Hz, 1H); 8.52 (s, 1H); 8.13 — 8.11 (m, 2H); 8.01 (s, 1H); 7.40 — 7.38 (m, 2H); 5.94 — 5.91 (m, 2H); 4.72
(dd, J = 7.4 Hz, J = 4.7 Hz, 1H); 4.60 — 4.54 (m, 2H); 4.43 (t, J = 6.6 Hz, 2H); 4.37 (s, 1H); 3.99 — 3.96 (m, 4H);
3.81-3.76 (m, 1H); 3.36 (s, 3H); 3.09 (t, J = 6.6 Hz, 2H); 2.69 (d, J = 1.5 Hz, 1H); 1.46 (d, J = 7.2 Hz, 3H). 3C{*H}
NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 173.2; 155.1; 153.9; 151.2; 149.6; 147.0; 145.6; 141.6;
130.0; 123.9; 123.8; 89.6; 88.2; 82.3; 70.6; 64.7; 63.4; 59.0; 50.0; 35.0; 34.9; 18.4. FTIR Vmax (cM*): 2934 (w);
1740 (w); 1676 (m); 1571 (m); 1516 (s); 1466 (m); 1344 (s); 1266 (m); 1022 (m); 856 (m); 746 (m); 647 (m). HRMS
(ESI) m/z: [M+H]" Calcd for C24H3009N7 560.2099; Found 560.2099.
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5ci: Yield = 99%. Rf = 0.36 (95:5 CH,Cl,/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.80
(d, J = 6.8 Hz, 1H); 8.24 (s, 1H); 8.10 — 8.03 (m, 2H); 7.98 (s, 1H); 7.33 — 7.27 (m, 5H); 7.17 — 7.13 (m, 2H); 5.97
(dd, 3 =11.7 Hz, J = 2.1 Hz, 1H); 5.90 (d, J = 7.4 Hz, 1H); 5.30 (s, 1H); 4.85 (q, J = 6.4 Hz, 1H); 4.71 (dd, J= 7.4
Hz, J = 4.6 Hz, 1H); 4.60 (d, J = 4.6 Hz, 1H); 4.47 — 4.38 (m, 1H); 3.95 (s, 3H); 3.80 (ddd, J = 13.1 Hz, J = 11.7
Hz, J = 1.6 Hz, 1H); 3.36 (s, 3H); 3.19 — 3.10 (m, 2H); 3.01 (t, J = 6.5 Hz, 2H); 2.70 (d, J = 1.6 Hz, 1H); 1.25 (s,
1H). BC{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 172.0; 155.4; 153.7; 151.1; 149.3; 146.9;
145.7; 141.6; 136.3; 129.9; 129.4; 128.7; 127.4; 123.8; 123.8; 89.7; 88.2; 82.3; 70.6; 64.6; 63.4; 59.0; 55.8; 37.9;
34.9; 34.8. FTIR Vpmax (cm™): 3108 (w); 2947 (w); 1736 (m); 1686 (m); 1569 (s); 1515 (vs); 1464 (s); 1341 (s); 1272
(m); 1186 (s); 1022 (s); 698 (s). HRMS (ESI) m/z: [M+H]* Calcd for C3oHz4O9N; 636.2412; Found 636.2414.
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5co: Yield = 65%. Rf = 0.28 (95:5 CH,Cl»/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.83
(d, J = 6.7 Hz, 1H); 8.23 (s, 1H); 8.07 (ddd, J = 7.2 Hz, J = 1.9 Hz, J = 1.0 Hz, 2H); 8.00 (dd, J=2.3 Hz,J=1.3
Hz, 1H); 7.33 — 7.22 (m, 5H); 7.18 — 7.13 (m, 2H); 5.91 (s, 1H); 5.91 — 5.88 (m, 1H); 4.84 (q, J = 6.4 Hz, 1H); 4.71
—4.66 (m, 1H); 4.59 (d, J = 4.6 Hz, 1H); 4.45 — 4.32 (m, 3H); 3.95 (g, J = 0.8 Hz, 3H); 3.84 — 3.75 (m, 1H); 3.36 (s,
3H); 3.18 — 3.12 (m, 2H); 3.01 (t, J = 6.6 Hz, 2H). 3C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm)
= 172.0; 155.4; 153.6; 151.1; 149.3; 146.9; 145.6; 141.6; 136.4; 129.8; 129.4; 128.7; 127.4; 123.8; 89.6; 88.1;
82.3; 70.5; 64.7; 63.3; 60.5; 59.0; 55.8; 38.0; 34.9; 34.8; 21.2; 14.3. FTIR Vmax (cm™): 3381 (w); 2929 (w); 1736
(m); 1677 (m); 1571 (s); 1515 (s); 1466 (s); 1344 (s); 1269 (m); 1178 (m); 1020 (s); 700 (s). HRMS (ESI) m/z:
[M+H]* Calcd for C3oH3409N7 636.2412; Found 636.2419.
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5dv: Yield = 75%. Rf = 0.34 (95:5 CH,Cl,/CHzOH). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
10.79 (d, J = 6.9 Hz, 1H); 8.25 — 8.20 (m, 1H); 7.97 (d, J = 1.9 Hz, 1H); 7.96 (s, 2H); 7.82 (s, 1H); 7.52 (d, J = 8.9
Hz, 1H); 7.41 — 7.33 (m, 1H); 7.19 (t, J = 8.4 Hz, 3H); 7.05 (t, J = 7.5 Hz, 1H); 7.01 (s, 1H); 6.06 — 5.98 (m, 1H);
5.88 (d, J = 7.4 Hz, 1H); 4.95 — 4.88 (m, 1H); 4.74 — 4.67 (m, 1H); 4.59 (d, J = 4.7 Hz, 1H); 4.37 (d, J = 1.9 Hz,
1H); 4.36 — 4.26 (m, 2H); 4.01 — 3.94 (m, 1H); 3.94 (s, 3H); 3.84 — 3.73 (m, 1H); 3.42 — 3.26 (m, 2H); 2.90 (t, J =
6.5 Hz, 2H); 2.72 (d, J = 1.5 Hz, 1H); 1.66 (s, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm)
=172.5; 155.4; 153.6; 151.0; 149.3; 145.7; 141.5; 136.2; 129.8; 127.6; 123.7; 122.9; 122.6; 119.8; 118.9; 111.4;
110.7; 89.7; 88.2; 82.2; 70.6; 64.6; 63.4; 59.0; 55.3; 34.8; 27.7. FTIR Vmax (cm™): 3343 (w); 2934 (w); 1735 (m);
1670 (w); 1571 (m); 1516 (s); 1459 (m); 1342 (s); 1270 (m); 1217 (m); 1181 (m); 1091 (m); 1022 (m); 743 (s).
HRMS (ESI) m/z: [M+H]* Calcd for C32H3s09Ng 675.2521; Found 675.2529.
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5do: Yield = 88%. Rf = 0.32 (95:5 CH,Cl,/CH;OH). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
10.82 (d, J = 6.8 Hz, 1H); 8.16 — 8.13 (m, 1H); 8.01 — 7.98 (m, 2H); 7.96 (s, 1H); 7.84 (s, 1H); 7.54 (d, J = 7.9 Hz,
1H); 7.37 (d, J = 8.1 Hz, 1H); 7.21 — 7.15 (m, 3H); 7.05 (ddd, J = 8.1 Hz, J = 7.0 Hz, J = 1.0 Hz, 1H); 7.02 (d, J =
2.4 Hz, 1H); 5.96 (dd, J = 11.6 Hz, J = 2.1 Hz, 1H); 5.88 (d, J = 7.4 Hz, 1H); 4.91 (q, J = 6.2 Hz, 1H); 4.67 (dd, J =
7.4 Hz, ) =4.6 Hz, 1H); 459 (d, J = 4.6 Hz, 1H); 4.38 — 4.29 (m, 3H); 4.00 — 3.95 (m, 1H); 3.94 (s, 3H); 3.78 (ddd,
J=13.1Hz, J = 11.7 Hz, J = 1.7 Hz, 1H); 3.40 — 3.30 (m, 2H); 2.91 (td, J = 6.5 Hz, J = 1.6 Hz, 2H); 2.67 (d, J =
1.5 Hz, 1H); 1.61 (s, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 172.5; 155.5; 153.6;
151.0; 149.2; 146.8; 145.7; 141.5; 136.2; 129.8; 127.6; 123.7; 123.7; 122.9; 122.5; 119.8; 118.9; 111.4; 110.7;
89.6; 88.1; 82.3; 70.6; 64.6; 63.4; 59.0; 55.4; 34.8; 34.8; 27.7. FTIR Vimax (cm™): 3310 (w); 2932 (w); 1735 (w); 1664
(m); 1571 (m); 1515 (s); 1460 (m); 1344 (s); 1269 (m); 1180 (m); 1089 (m); 1023 (m); 742 (s). HRMS (ESI) m/z:
[M+H]* Calcd for Ca2H3s09Ng 675.2521; Found 675.2533.
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5eL: Yield = 92%. Rf = 0.20 (96:4 CHCl2/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.86
(d, J=8.6 Hz, 1H); 8.43 (s, 1H); 8.04 — 7.99 (m, 3H); 7.36 — 7.32 (m, 2H); 5.97 (dd, J = 11.7 Hz, J = 2.1 Hz, 1H);
5.93(d, J = 7.3 Hz, 1H); 4.77 (dd, J = 7.3 Hz, J = 4.7 Hz, 1H); 4.61 (dt, J = 4.7 Hz, J = 1.3 Hz, 1H); 4.56 (dd, J =
8.6 Hz, J = 1.8 Hz, 1H); 4.48 (qd, J = 6.3 Hz, J = 1.8 Hz, 1H); 4.41 (dt, J = 11.1 Hz, J = 6.5 Hz, 1H); 4.37 (d, J =
1.2 Hz, 1H); 4.32 (dt, J = 11.0 Hz, J = 6.6 Hz, 1H); 4.00 (s, 3H); 3.79 (ddd, J = 13.1 Hz, J = 11.7 Hz, J = 1.7 Hz,
1H); 3.40 (s, 3H); 3.04 (t, J = 6.6 Hz, 2H); 2.74 (d, J = 1.6 Hz, 1H); 1.65 (s, 1H); 1.23 (d, J = 6.3 Hz, 3H); 0.87 (s,
9H); 0.04 (s, 3H); -0.05 (s, 3H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.2; 156.2;
154.0; 151.2; 149.6; 146.8; 145.7; 141.6; 129.9; 123.9; 123.7; 89.7; 88.2; 82.3; 70.6; 68.8; 64.6; 63.4; 60.7; 59.0;
35.1; 34.9; 25.7; 21.3; 18.0; -4.1; -5.3. FTIR Vmax (cm™): 2933 (w); 1736 (w); 1678 (w); 1571 (m); 1518 (s); 1463
(m); 1345 (s); 1252 (m); 1088 (s); 1025 (m); 779 (m). HRMS (ESI) m/z: [M+H]* Calcd for C31H46010N7Si 704.3069;

Found 704.3105.
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5ep: Yield = 97%. Rf = 0.25 (95:5 CH,Cl,/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.90
(d, J = 8.8 Hz, 1H); 8.44 (s, 1H); 8.06 — 8.00 (m, 3H); 7.36 — 7.30 (M, 2H); 5.93 (d, J = 7.3 Hz, 1H); 5.90 (dd, J =
11.7 Hz, J = 2.1 Hz, 1H); 4.73 (dd, J = 7.3 Hz, J = 4.6 Hz, 1H); 4.62 — 4.55 (m, 2H); 4.49 (qd, J = 6.3 Hz, J = 1.8
Hz, 1H); 4.45 — 4.38 (m, 2H); 4.32 (dt, J = 11.1 Hz, J = 6.7 Hz, 1H); 4.01 (s, 3H); 3.80 (ddd, J = 13.1 Hz, J = 11.6
Hz, J = 1.7 Hz, 1H); 3.37 (s, 3H); 3.04 (t, J = 6.6 Hz, 2H); 2.67 (d, J = 1.6 Hz, 1H); 1.23 (d, J = 6.3 Hz, 3H); 0.87
(s, 9H); 0.04 (s, 3H); -0.04 (s, 3H). *3C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.2; 156.2;
154.0; 151.2; 149.6; 146.9; 145.6; 141.6; 129.9; 123.9; 123.7; 89.6; 88.1; 82.4; 70.6; 68.9; 64.7; 63.4; 60.7; 59.0;
35.2; 34.9; 25.7; 25.5; 21.3; 18.0; -4.1; -5.3. FTIR Vmax (cm™): 2932 (w); 1736 (w); 1681 (w); 1571 (m); 1518 (s);
1463 (m); 1345 (s); 1253 (m); 1214 (m); 1181 (m); 1088 (s); 1025 (m); 838 (m). HRMS (ESI) m/z: [M+H]" Calcd
for Ca1Has010N7Si 704.3069; Found 704.3105.
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5fi: Yield = 94%. Rf = 0.46 (95:5 EtOAc/MeOH). *H NMR (500 MHz with cryoprobe, CDClz, 298 K): & (ppm) =
10.89 (d, J = 7.7 Hz, 1H); 8.54 (s, 1H); 8.18 — 8.14 (m, 2H); 8.02 (s, 1H); 7.41 — 7.36 (m, 2H); 6.65 (d, J = 8.5 Hz,
1H); 5.92 (d, J = 7.3 Hz, 1H); 5.86 (dt, J = 11.5 Hz, J = 1.9 Hz, 1H); 4.72 (dd, J = 7.3 Hz, J = 4.6 Hz, 1H); 4.59 (dd,
J=4.6 Hz, J = 1.4 Hz, 1H); 4.50 (dd, J = 8.5 Hz, J = 4.9 Hz, 1H); 4.44 — 4.32 (m, 4H); 4.01 (s, 3H); 3.96 (dt, J =
13.0 Hz, J = 2.0 Hz, 1H); 3.78 (ddd, J = 13.1 Hz, J = 11.6 Hz, J = 1.7 Hz, 1H); 3.37 (s, 3H); 3.07 (td, J = 6.7 Hz, J
= 1.5 Hz, 2H); 2.75 (d, J = 1.6 Hz, 1H); 2.36 (dq, J = 13.3 Hz, J = 6.4 Hz, 1H); 2.08 (pd, J = 6.9 Hz, J = 5.0 Hz,
1H); 1.02 (dd, J = 6.8 Hz, J = 2.4 Hz, 6H); 0.87 (d, J = 6.9 Hz, 3H); 0.81 (d, J = 6.9 Hz, 3H). *C{*H} NMR (125
MHz with cryoprobe, CDCls, 298 K): 6 (ppm) = 171.8; 171.8; 156.0; 154.0; 151.3; 149.6; 147.1; 145.4; 141.6;
129.9; 124.0; 123.9; 89.6; 88.2; 82.4; 77.4; 70.5; 64.7; 63.4; 61.2; 59.0; 57.3; 35.1; 35.0; 31.2; 30.3; 19.8; 19.1;
18.2; 17.9. FTIR Vimax (cm™): 3285 (w); 3111 (w); 2963 (w); 1743 (m); 1696 (m); 1656 (s); 1568 (m); 1457 (m); 1347
(s); 1112 (s); 1066 (m); 1022 (m); 645 (s). HRMS (ESI) m/z: [M+Na]* Calcd for C31H42010NgNa 709.2916; Found
709.2904.
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5g.: Yield = 92%. Ry = 0.43 (9:1 DCM/IPA). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.88 (d,
J=7.1Hz, 1H); 8.54 (s, 1H); 8.18 — 8.14 (m, 2H); 8.05 (s, 1H); 7.40 — 7.37 (m, 2H); 6.78 (d, J = 8.6 Hz, 1H); 6.59
(d, J = 8.6 Hz, 1H); 5.94 (d, J = 7.3 Hz, 1H); 5.83 (dd, J = 11.5 Hz, J = 2.2 Hz, 1H); 4.71 (dd, J = 7.3 Hz, J = 4.7
Hz, 1H); 4.60 — 4.58 (m, 1H); 4.42 (dd, J = 8.5 Hz, J = 5.2 Hz, 1H); 4.40 — 4.32 (m, 4H); 4.28 (dd, J = 8.6 Hz, J =
6.5 Hz, 1H); 4.00 (s, 3H); 3.95 (dt, J = 12.9 Hz, J = 2.0 Hz, 1H); 3.78 (ddd, J = 13.0 Hz, J = 11.5 Hz, J = 1.7 Hz,
1H); 3.37 (s, 3H); 3.06 (t, J = 6.7 Hz, 2H); 2.87 (d, J = 1.9 Hz, 1H); 2.42 (pd, J = 6.8 Hz, J = 5.2 Hz, 1H); 2.20 (h, J
=6.7 Hz, 1H); 2.09 (pd, J = 6.9 Hz, J = 5.2 Hz, 1H); 1.02 (t, J = 7.1 Hz, 6H); 0.91 (dd, J = 8.1 Hz, J = 6.8 Hz, 6H);
0.87 (d, J = 6.9 Hz, 3H); 0.83 (d, J = 6.9 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm)
=172.0; 171.5; 171.2; 156.2; 153.9; 151.3; 149.5; 147.1; 145.5; 141.7; 129.9; 124.0; 123.9; 89.6; 88.2; 82.4; 77.4;
70.5; 64.7; 63.3; 61.5; 59.0; 58.8; 57.5; 35.0; 34.9; 30.9; 30.3; 30.2; 20.0; 19.4; 19.1; 18.0; 17.9. FTIR Vmax (cmM™):
3274 (w); 2962 (w); 1644 (s); 1516 (s); 1344 (m); 1114 (m); 1022 (m); 645 (m). HRMS (ESI) m/z: [M+Na]* Calcd
for CasHs1011NgNa 808.3600; Found 808.3582.
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General procedure for the synthesis of compound 6: Compound 5 (1 equiv.) was dissolved in dry pyridine and
stirred under nitrogen atmosphere at r.t. 4,4-Dimethoxytrityl chloride (1.5 equiv.) was added in two portions and
the reaction was stirred at r.t. overnight. After that, the crude was concentrated and purified by silica gel column
chromatography (eluent containing 0.1% pyridine) affording the product as a white foam.

6ac: Yield = 90%. Rf = 0.25 (8:2 CH,Cl,/EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=11.02 (d, J = 7.7 Hz, 1H); 8.51 (s, 1H); 8.47 (s, 1H); 8.11 — 8.05 (m, 2H); 7.58 — 7.52 (m, 2H); 7.52 — 7.46 (m,
2H); 7.36 (dt, J = 9.1, J = 3.3 Hz, 4H); 7.27 (dd, J = 8.4 Hz, J = 6.7 Hz, 2H); 7.23 — 7.15 (m, 1H); 6.85 (dd, J = 8.9
Hz, J = 3.7 Hz, 4H); 6.28 (d, J = 3.9 Hz, 1H); 4.69 (q, J = 5.7 Hz, 1H); 4.60 (t, J = 4.5 Hz, 1H); 4.53 — 4.36 (m, 3H);
4.32 — 4.24 (m, 2H); 3.92 (s, 3H); 3.76 (d, J = 1.1 Hz, 6H); 3.54 (s, 3H); 3.51 — 3.44 (m, 2H); 3.13 (t, J = 6.4 Hz,
2H); 2.20 (pd, J = 6.9 Hz, J = 4.8 Hz, 1H); 0.98 (d, J = 6.9 Hz, 3H); 0.95 (d, J = 6.9 Hz, 3H). *C{*H} NMR (125
MHz with cryoprobe, acetone-dg, 298 K): & (ppm) = 172.4; 159.5; 156.3; 153.7; 152.9; 150.6; 147.5; 147.4; 146.0;
141.7; 136.7; 136.6; 131.0; 130.9; 128.9; 128.5; 127.5; 124.6; 124.1; 123.2; 113.8; 87.7; 87.0; 84.9; 83.7; 70.6;
65.0; 64.3; 60.5; 58.8; 55.4; 35.3; 34.8; 31.4; 19.7; 18.4. FTIR Vmax (cm™): 2931 (w); 1738 (w); 1684 (m); 1571 (m);
1509 (s); 1464 (m); 1345 (s); 1249 (s); 1176 (s); 1018 (s). HRMS (ESI) m/z: [M+H]* Calcd for Ca7Hs2011N7
890.3719; Found 890.3696.
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6ap: Yield = 83%. Rf = 0.20 (8:2 CH,CI./EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=11.00 (d, J = 7.7 Hz, 1H); 8.53 (s, 1H); 8.47 (s, 1H); 8.11 — 8.03 (m, 2H); 7.59 — 7.52 (m, 2H); 7.51 — 7.47 (m,
2H); 7.39 — 7.33 (m, 4H); 7.28 (dd, J = 8.4 Hz, J = 6.6 Hz, 2H); 7.24 — 7.18 (m, 1H); 6.89 — 6.80 (m, 4H); 6.28 (d,
J=3.9 Hz, 1H); 4.69 (q, J = 5.7 Hz, 1H); 4.58 (dd, J = 5.0 Hz, J = 4.0 Hz, 1H); 4.47 (ddt, J = 14.7 Hz, J = 11.1 Hz,
J =5.7 Hz, 2H); 4.38 (dd, J = 7.7 Hz, J = 4.9 Hz, 1H); 4.25 (dq, J = 6.8 Hz, J = 3.6 Hz, J = 2.5 Hz, 2H); 3.91 (s,
3H); 3.77 (d, J = 1.2 Hz, 6H); 3.55 (s, 3H); 3.50 — 3.43 (m, 2H); 3.18 — 3.11 (m, 2H); 2.20 (pd, J = 6.9 Hz, J = 4.9
Hz, 1H); 0.97 (d, J = 6.9 Hz, 3H); 0.95 (d, J = 6.9 Hz, 3H). **C{*H} NMR (500 MHz with cryoprobe, acetone-ds, 298
K): 6 (ppm) = 172.4; 159.6; 156.3; 153.8; 153.0; 150.6; 147.5; 146.0; 141.6; 136.8; 136.7; 131.0; 129.0; 128.6;
127.6; 124.6; 124.1; 123.2; 113.9; 87.6; 87.1; 84.9; 83.9; 70.6; 65.0; 64.3; 60.5; 58.8; 55.5; 35.3; 34.8; 31.4; 19.7;
18.4. FTIR Vmax (cm™): 2960 (w); 1737 (w); 1684 (m); 1570 (m); 1509 (s); 1464 (m); 1344 (s); 1248 (s); 1176 (s);
1018 (s). HRMS (ESI) m/z: [M+H]* Calcd for C47Hs2011N7 890.3719; Found 890.3694.
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6bL: Yield = 74%. Rf = 0.20 (8:2 CH.Cl./EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=10.88 (d, J = 6.7 Hz, 1H); 8.49 (s, 1H); 8.46 (s, 1H); 8.11 — 8.09 (m, 2H); 7.59 — 7.57 (m, 2H); 7.49 (d, J = 7.4
Hz, 2H); 7.36 — 7.34 (m, 4H); 7.28 (dd, J = 7.4 Hz, J = 7.4 Hz, 2H); 7.21 (t, J = 7.4 Hz, 1H); 6.86 — 6.83 (m, 4H);
6.27 (d, J = 4.1 Hz, 1H); 4.69 — 4.65 (m, 1H); 4.60 (dd, J = 4.1 Hz, J = 4.1 Hz, 1H); 4.49 — 4.40 (m, 3H); 4.26 —
4.20 (m, 1H); 4.21 (d, J = 6.7 Hz, 1H); 3.90 (s, 3H); 3.77 (s, 3H); 3.76 (s, 3H); 3.53 (s, 3H); 3.46 — 3.44 (m, 2H);
3.15 (t, J = 7.2 Hz, 2H); 1.42 (d, J = 7.2 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 173.4; 159.6; 155.7; 153.7; 153.0; 150.7; 147.5; 146.1; 141.9; 136.7; 131.1; 131.0; 129.1; 129.0; 128.6,
127.6; 124.1; 123.3; 113.9; 87.7; 87.0; 84.9; 83.7; 70.6; 65.2; 64.4; 58.8; 55.5; 50.7; 35.3; 34.7; 18.3. FTIR Vmax
(cm'%): 2933 (w); 1739 (w); 1682 (m); 1568 (m); 1509 (s); 1463 (m); 1345 (m); 1249 (m); 1176 (m); 1022 (m). HRMS
(ESI) m/z: [M+H]* Calcd for C4sH4s01:N7 862.3406; Found 862.3388.
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6bp: Yield = 78% yield. Rf = 0.10 (8:2 CH2Cl,/EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 10.89 (d, J = 6.7 Hz, 1H); 8.50 (s, 1H); 8.47 (s, 1H); 8.09 — 8.08 (M, 2H); 7.58 — 7.56 (M, 2H); 7.49 (d, J =
7.7 Hz, 2H); 7.37 = 7.34 (m, 4H); 7.28 (dd, J = 7.7 Hz, J = 7.7 Hz, 2H); 7.21 (t, J = 7.7 Hz, 1H); 6.86 — 6.84 (m,
4H); 6.27 (d, J = 4.0 Hz, 1H); 4.70 — 4.66 (M, 1H); 4.58 (dd, J = 4.4 Hz, J = 4.4 Hz, 1H); 4.49 — 4.40 (m, 3H); 4.26
—4.23 (M, 2H); 3.89 (s, 3H); 3.77 (s, 3H); 3.76 (s, 3H); 3.54 (s, 3H); 3.47 — 3.45 (m, 2H); 3.14 (t, J = 6.3 Hz, 2H);
1.42 (d, J = 7.2 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 173.4; 159.6; 155.7;
153.7; 153.0; 150.7; 147.5; 146.0; 141.7; 136.7; 131.1; 131.0; 130.9; 129.0; 128.6; 127.6; 124.1; 123.2; 113.9;
87.6; 87.1; 84.9; 83.8; 70.6; 65.1; 64.3; 58.8; 55.5; 50.7; 35.3; 34.7; 18.3. FTIR Vmax (CM): 2934 (w); 1742 (W);
1683 (m); 1571 (m); 1509 (s); 1464 (m); 1345 (m); 1250 (s); 1175 (m); 1023 (s); 828 (m); 583 (m). HRMS (ESI)
m/z: [M+H]* Calcd for CssHasO011N7 862.3406; Found 862.3411.
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6cL: Yield = 78%. Rf = 0.50 (1:1 CH2Cl,/EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=10.87 (d, J = 7.0 Hz, 1H); 8.44 (s, 1H); 8.30 (s, 1H); 8.09 — 8.03 (m, 2H); 7.54 — 7.45 (m, 4H); 7.39 — 7.32 (m,
4H); 7.30 = 7.25 (m, 4H); 7.24 —7.20 (m, 4H); 6.84 (t, J = 8.8 Hz, 4H); 6.25 (d, J = 4.0 Hz, 1H); 4.74 (9, = 6.5 Hz,
1H); 4.69 — 4.65 (m, 1H); 4.62 (t, J = 4.5 Hz, 1H); 4.44 — 4.38 (m, 2H); 4.26 — 4.20 (m, 2H); 3.87 (s, 3H); 3.76 (d, J
= 4.2 Hz, 6H); 3.53 (s, 3H); 3.49 — 3.42 (m, 2H); 3.15 (d, J = 6.2 Hz, 2H); 3.09 (t, J = 6.3 Hz, 2H). *C{*H} NMR
(125 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 172.3; 159.6; 159.5; 156.0; 153.5; 153.0; 150.4; 147.5;
146.1; 141.9; 137.8; 136.7; 131.0; 130.9; 130.3; 129.3; 129.0; 128.6; 127.8; 127.6; 124.1; 123.2; 113.8; 87.8; 87.0;
85.0; 83.6; 70.6; 65.2; 64.4; 58.8; 56.6; 55.5; 38.3; 35.2; 34.7. FTIR Vmax (cm™): 2932 (w); 1735 (w); 1683 (m); 1571
(m); 1509 (s); 1464 (m); 1345 (m); 1247 (s); 1176 (s); 1029 (s); 699 (s). HRMS (ESI) m/z: [M+H]* Calcd for
Cs1Hs201:N7 938.3719; Found 938.3724.
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6co: Yield = 89%. Rf = 0.60 (7:3 CH,CI,/EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=10.92 (d, J = 6.9 Hz, 1H); 8.46 (s, 1H); 8.32 (s, 1H); 8.05 — 7.97 (m, 2H); 7.53 — 7.49 (m, 2H); 7.47 — 7.42 (m,
2H); 7.41 — 7.35 (M, 4H); 7.32 — 7.25 (M, 4H); 7.24 — 7.17 (m, 4H); 6.88 — 6.83 (M, 4H); 6.29 (d, J = 3.8 Hz, 1H);
4.77 (0, J = 6.4 Hz, 1H); 4.70 (d, J = 5.6 Hz, 1H); 4.57 (dd, J = 5.0 Hz, J = 3.8 Hz, 1H); 4.41 (t, J = 6.3 Hz, 2H);
4.28 (dt, J = 5.9 Hz, J = 4.1 Hz, 1H); 3.86 (s, 3H); 3.74 (s, 6H); 3.56 (s, 3H); 3.49 (d, J = 4.1 Hz, 2H); 3.16 (d, J =
6.2 Hz, 2H); 3.04 (t, J = 6.4 Hz, 2H). **C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 172.3;
159.4; 155.9; 153.3; 152.8; 150.4; 147.3; 145.9; 141.4; 137.6; 136.6; 130.9; 130.8; 130.2; 129.2; 128.9; 128.5;
127.7; 127.5; 124.0; 122.9; 113.8; 87.5; 87.0; 84.7; 83.8; 70.4; 65.1; 64.1; 58.8; 56.6; 55.4; 38.2; 35.1; 34.6. FTIR
Vimax (cm): 2929 (w); 1740 (w); 1683 (w); 1571 (m); 1509 (s); 1464 (m); 1345 (m); 1249 (m); 1176 (m); 1029 (m);
700 (s). HRMS (ESI) m/z: [M+H]* Calcd for Cs1Hs,011N7 938.3719; Found 938.3728.
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6d.: Yield = 98%. Rf = 0.31 (95:5 CH,Cl/CH3OH). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=10.94 (d, J = 6.7 Hz, 1H); 10.34 (d, J = 2.6 Hz, 1H); 8.44 (s, 1H); 8.06 (s, 1H); 7.94 (d, J = 8.6 Hz, 2H); 7.58 —
7.48 (m, 3H); 7.43 (d, J = 8.2 Hz, 1H); 7.38 (dd, J = 8.9 Hz, J = 3.1 Hz, 4H); 7.29 — 7.24 (m, 4H); 7.23 - 7.17 (m,
1H); 7.12 - 7.07 (m, 1H); 6.99 (t, J = 7.4 Hz, 1H); 6.84 (t, J = 9.0 Hz, 4H); 6.29 (d, J = 3.7 Hz, 1H); 4.87 (q, J = 6.1
Hz, 1H); 4.71 (t, J = 5.4 Hz, 1H); 4.56 (t, J = 4.3 Hz, 1H); 4.33 (h, J = 4.9 Hz, 3H); 3.88 (s, 3H); 3.72 (d, J = 4.4 Hz,
6H); 3.56 (s, 3H); 3.54 — 3.46 (M, 2H); 3.45 — 3.33 (M, 2H); 2.96 — 2.81 (m, 2H). *C{*H} NMR (125 MHz with
cryoprobe, acetone-ds, 298 K): 6 (ppm) = 172.9; 159.4; 156.1; 153.3; 152.7; 147.2; 145.9; 141.4; 137.4; 130.9;
130.8; 130.7; 128.9; 128.5; 128.4; 127.5; 124.8; 123.8; 122.9; 122.3; 119.6; 119.2; 113.8; 112.2; 110.4; 87.5; 87.0;
84.7; 83.8; 70.5; 65.0; 64.2; 58.7; 56.2; 55.4; 35.0; 34.7; 28.1. FTIR Vimax (cm™): 2933 (w); 1736 (w); 1678 (w); 1572
(m); 1509 (s); 1344 (m); 1249 (m); 1176 (m); 1030 (s); 744 (s); 701 (s). HRMS (ESI) m/z: [M+H]" Calcd for
Cs3Hs3011Ng 977.3828; Found 977.3848.
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6dp: Yield = 64%. Rf = 0.43 (95:5 CH,Cl,/CH3OH). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=10.87 (d, J = 6.9 Hz, 1H); 10.24 (s, 1H); 8.43 (s, 1H); 8.05 (s, 1H); 7.99 — 7.91 (m, 2H); 7.53 — 7.45 (m, 3H); 7.41
(d, J = 8.1 Hz, 1H); 7.35 — 7.32 (m, 4H); 7.30 — 7.23 (m, 4H); 7.22 — 7.17 (m, 2H); 7.10 (ddd, J = 8.2 Hz, J = 6.9
Hz, J = 1.2 Hz, 1H); 6.98 (ddd, J = 7.9 Hz, J = 6.9 Hz, J = 1.0 Hz, 1H); 6.89 — 6.79 (m, 4H); 6.26 (d, J = 3.8 Hz,
1H); 4.83 — 4.78 (m, 1H); 4.68 (t, J = 5.5 Hz, 1H); 4.51 (dd, J = 5.0 Hz, J = 3.8 Hz, 1H); 4.34 (td, J = 6.1 Hz, J =
1.5 Hz, 2H); 4.24 (td, J = 5.1 Hz, J = 3.4 Hz, 1H); 3.85 (s, 3H); 3.75 (d, J = 1.2 Hz, 6H); 3.54 (s, 3H); 3.50 — 3.41
(m, 2H); 3.40 — 3.29 (m, 2H); 3.00 — 2.85 (m, 4H). **C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 172.9; 159.5; 156.0; 153.4; 152.9; 147.4; 146.0; 141.4; 137.5; 131.0; 130.9; 130.0; 128.9; 128.7; 128.6;
128.3; 127.6; 124.9; 123.9; 122.9; 122.3; 119.7; 119.3; 113.8; 113.5; 112.3; 110.5; 87.4; 87.0; 84.7; 83.9; 70.5;
65.1; 64.2; 58.8; 56.3; 55.4; 35.1; 34.7; 28.2. FTIR Vmax (cm'?): 2934 (w); 1736 (W); 1673 (w); 1572 (m); 1509 (s);
1460 (m); 1344 (m); 1249 (m); 1176 (m); 1029 (m); 701 (s). HRMS (ESI) m/z: [M+H]" Calcd for CssHs3011Ng
977.3828; Found 977.3850.
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6eL: Yield = 41%. Rf = 0.22 (9:1 CHCl,/EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=10.90 (d, J = 8.7 Hz, 1H); 8.48 (s, 1H); 8.41 (s, 1H); 8.02 — 7.98 (m, 2H); 7.54 — 7.44 (m, 4H); 7.40 — 7.32 (m,
5H); 7.30 — 7.24 (m, 2H); 7.23 — 7.17 (m, 1H); 6.88 — 6.80 (m, 4H); 6.28 (d, J = 3.9 Hz, 1H); 4.68 (dt, J = 6.6 Hz, J
= 5.3 Hz, 1H); 4.63 (dd, J = 5.1 Hz, J = 3.9 Hz, 1H); 4.57 — 4.48 (m, 2H); 4.40 (qt, J = 11.1 Hz, J = 6.2 Hz, 2H);
4.25 (dd, J = 5.3 Hz, J = 3.7 Hz, 1H); 4.22 (d, J = 6.8 Hz, 1H); 3.95 (s, 3H); 3.77 (d, J = 1.2 Hz, 6H); 3.54 (s, 3H);
3.50 — 3.43 (m, 2H); 3.12 (t, J = 6.2 Hz, 2H); 1.26 (d, J = 6.2 Hz, 3H); 0.90 (s, 9H); 0.08 (s, 3H); -0.02 (s, 3H).
13C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 171.7; 159.6; 159.6; 156.7; 153.9; 153.0;
150.7; 150.4; 147.5; 147.4; 146.1; 142.0; 136.7; 136.7; 136.6; 131.0; 131.0; 131.0; 129.0; 128.6; 127.5; 124.6;
124.0; 123.4; 113.8; 87.9; 87.0; 84.9; 83.7; 70.6; 69.7; 65.4; 64.4; 61.3; 58.8; 55.5; 35.2; 35.0; 26.0; 21.5; 18.4; -
4.1; -5.2. FTIR Vimax (cm?): 2932 (w); 2857 (w); 1735 (w); 1684 (m); 1571 (m); 1509 (s); 1463 (m); 1345 (m); 1249
(s); 1176 (m); 1029 (s); 826 (s); 701 (s). HRMS (ESI) m/z: [M+H]" Calcd for Cs,He3012N7Si 1006.4376; Found
1006.4434.
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6ep: Yield = 71%. Rf = 0.27 (4:1 CH,CI,/EtOAc). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=10.90 (d, J = 8.7 Hz, 1H); 8.48 (s, 1H); 8.44 (s, 1H); 8.02 — 7.97 (m, 2H); 7.55 — 7.45 (m, 4H); 7.41 — 7.33 (m,
5H); 7.29 (t, J = 7.6 Hz, 2H); 7.24 — 7.19 (m, 1H); 6.88 — 6.82 (m, 4H); 6.29 (d, J = 3.9 Hz, 1H); 4.69 (dt, J = 6.8
Hz, J = 5.3 Hz, 1H); 4.58 (dd, J = 5.0 Hz, J = 3.9 Hz, 1H); 4.56 — 4.48 (m, 2H); 4.48 — 4.35 (m, 2H); 4.24 (dd, J =
6.3 Hz, J = 3.0 Hz, 2H); 3.93 (s, 3H); 3.77 (s, 6H); 3.56 (s, 3H); 3.52 — 3.45 (m, 2H); 3.12 (t, J = 6.3 Hz, 2H); 1.24
(d, J = 6.2 Hz, 3H); 0.91 (s, 9H); 0.09 (s, 3H); -0.01 (s, 3H). *C{*H} NMR (125 MHz with cryoprobe, acetone-ds,
298 K): & (ppm) = 171.7; 159.6; 159.6; 156.7; 153.9; 153.0; 150.7; 150.5; 147.5; 147.4; 146.0; 141.6; 136.7; 136.7;
136.6; 131.0; 131.0; 129.0; 128.6; 127.6; 124.6; 124.0; 123.3; 113.9; 87.5; 87.1; 84.8; 83.9; 70.6; 69.7; 65.3; 64.3;
61.3; 58.8; 55.5; 35.2; 35.0; 26.0; 21.5; 18.4; -4.2; -5.2. FTIR Vmax (cm%): 2932 (w); 1736 (w); 1686 (w); 1571 (m);
1509 (s); 1463 (m); 1345 (m); 1249 (s); 1176 (m); 1086 (m); 1028 (s); 826 (s). HRMS (ESI) m/z: [M+H]* Calcd for
Cs2He3012N7Si 1006.4376; Found 1006.4418.
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6fL: Yield = 99%. Rf = 0.60 (1:1 iHex/Acetone). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) =
10.81 (d, J = 8.0 Hz, 1H); 8.55 (s, 1H); 8.46 (s, 1H); 8.21 — 8.17 (m, 2H); 7.64 — 7.60 (m, 2H); 7.49 (dt, J = 8.4 Hz,
J = 1.8 Hz, 3H); 7.39 — 7.34 (m, 5H); 7.28 (dd, J = 8.5 Hz, J = 6.8 Hz, 2H); 7.24 — 7.19 (m, 1H); 6.88 — 6.83 (m,
4H); 6.27 (d, J = 4.2 Hz, 1H); 4.67 (dt, J = 6.4 Hz, J = 5.1 Hz, 1H); 4.62 (t, J = 4.6 Hz, 1H); 4.50 — 4.40 (m, 3H);
4.36 (dd, J = 8.2 Hz, J = 5.7 Hz, 1H); 4.28 — 4.22 (m, 2H); 3.95 (s, 3H); 3.78 (d, J = 1.5 Hz, 6H); 3.53 (s, 3H); 3.47
(dd, J = 4.3 Hz, J = 2.4 Hz, 2H); 3.16 (t, J = 6.5 Hz, 2H); 2.27 (pd, J = 6.9 Hz, J = 5.2 Hz, 1H); 1.01 (d, J = 6.8 Hz,
6H); 0.88 (d, J = 6.8 Hz, 3H); 0.86 (d, J = 6.9 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K):
O (ppm) =172.3; 172.1; 159.6; 159.6; 156.3; 154.0; 153.1; 150.8; 150.7; 147.8; 147.4; 146.1; 141.8; 136.8; 136.7;
136.6; 131.1; 131.0; 131.0; 129.0; 128.6; 127.6; 124.6; 124.3; 123.4; 113.9; 87.7; 87.1; 85.0; 83.7; 70.6; 65.2; 64.4;
60.9; 58.8; 58.5; 55.5; 35.3; 35.0; 31.8; 31.3; 20.0; 19.4; 18.3; 18.3. FTIR Vmax (cm™): 2963 (w); 1662 (m); 1577
(m); 1509 (s); 1345 (m); 1250 (s); 1177 (m); 1032 (m); 828 (m); 701 (m). HRMS (ESI) m/z: [M+Na]* Calcd for
Cs2Hes0012NsNa 1011.4222; Found 1011.4209.
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6g1: Yield = 98%. Rf = 0.27 (3:2 iHex/Acetone). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) =
10.78 (d, J = 7.5 Hz, 1H); 8.55 (s, 1H); 8.45 (s, 1H); 8.20 — 8.16 (m, 2H); 7.63 — 7.58 (m, 2H); 7.51 — 7.45 (m, 2H);
7.41 (dd, J = 16.9 Hz, J = 8.5 Hz, 2H); 7.35 (qt, J = 5.6 Hz, J = 2.4 Hz, 5H); 7.30 — 7.26 (m, 2H); 7.23 — 7.19 (m,
1H); 6.88 — 6.82 (m, 4H); 6.26 (d, J = 4.2 Hz, 1H); 4.66 (dt, J = 6.5 Hz, J = 5.1 Hz, 1H); 4.60 (t, J = 4.6 Hz, 1H);
4.46 — 4.39 (m, 3H); 4.39 — 4.34 (m, 1H); 4.31 (dd, J = 8.2 Hz, J = 5.7 Hz, 1H); 4.26 — 4.23 (m, 1H); 4.21 (d, J =
6.5 Hz, 1H); 3.94 (s, 3H); 3.77 (d, J = 1.3 Hz, 6H); 3.51 (s, 3H); 3.46 (dd, J = 4.3 Hz, J = 2.4 Hz, 2H); 3.15 (t, J =
6.4 Hz, 2H); 2.33 (pd, J = 6.9 Hz, J = 5.0 Hz, 1H); 1.03 (d, J = 6.8 Hz, 6H); 0.91 (d, J = 6.8 Hz, 3H); 0.89 — 0.85
(m, 9H). *3C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 172.2; 172.1; 172.0; 159.6; 159.6;
156.6; 154.1; 153.1; 150.8; 150.7; 147.8; 147.4; 146.1; 141.8; 136.8; 136.7; 136.6; 131.2; 131.0; 131.0; 129.0;
128.6; 127.6; 124.6; 124.3; 123.4; 113.9; 87.7, 87.1, 85.1, 83.7; 70.6; 65.2; 64.4; 61.6; 58.9; 58.8; 58.5; 55.5; 35.3;
35.0; 31.6; 31.5; 31.2; 20.1; 19.8; 19.4; 18.4; 18.3. FTIR Vmax (cm™): 2963 (w); 2361 (w); 1654 (m); 1509 (s); 1345
(m); 1250 (m); 1177 (m); 1032 (m); 703 (m). HRMS (ESI) m/z: [M+Na]* Calcd for Cs7HseO13NeNa 1110.4906; Found
1110.4897.
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General procedure for the synthesis of compound 7: Compound 6 (1 equiv.) was added to a dry-oven round-
bottom flask and dissolved in dry CH>Cl,. The solution was stirred under Argon atmosphere at 0°C. DIPEA (4
equiv.) was added dropwise. Finally, 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (2.5 equiv.) was added
dropwise. The reaction was stirred at r.t. for 3 h. After that, the reaction was stopped and diluted with CH,Cl,. The
crude was washed with aqueous saturated NaHCOj3 and the organic layer was separated. The crude was further
extracted with CH,Cl,. The combined organic layers were dried (Na,SO,), filtered and concentrated. The crude
was purified by silica gel column chromatography (eluent containing 0.1% pyridine). The products were isolated
as a mixture of diastereoisomers as a white foam. Finally, the product was lyophilized from benzene.

7aL: Yield = 83%. Rf = 0.70 (3:7 iHex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=150.2; 149.7. HRMS (ESI) m/z: [M+H]* Calcd for CssHgoNgO12P 1090.4797; Found 1090.4759.
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7ao: Yield = 77%. Rf = 0.50; 0.30 (1:1 iHex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 150.3; 149.8. HRMS (ESI) m/z: [M+H]* Calcd for CssHeoNeO12P 1090.4797; Found 1090.4762.
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7bu: Yield = 57%. Rf = 0.40 (8:2 CH,ClL/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &

7cL: Yield = 66%. Rf = 0.30; 0.27 (1:1 Hex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 150.2; 149.7. HRMS (ESI) m/z: [M+H]* Calcd for CssHesNeO12P 1062.4484; Found 1062.4466.

(PPm) = 150.2; 149.7. HRMS (ESI) m/z: [M+H]* Calcd for CeoHesNeO12P 1138.4797; Found 1138.4831.
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7bo: Yield = 70%. Rf = 0.26 (8:2 CH,Cl,/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &

7co: Yield = 42%. Rf = 0.31; 0.12 (1:1 iHex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 150.2; 149.7. HRMS (ESI) m/z: [M+H]* Calcd for CssHesNsO1.P 1062.4484; Found 1062.4496.

(ppm) = 150.2; 149.7. HRMS (ESI) m/z: [M+H]* Calcd for CeoHesNeO12P 1138.4797; Found 1138.4818.
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7dv: Yield = 62%. Rf = 0.27 (1:1 Hex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=150.2; 149.7. HRMS (ESI) m/z: [M+H]* Calcd for Cs2H7oN1001,P 1177.4906; Found 1177.4940.
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7do: Yield = 62%. Rf = 0.30 (1:1 Hex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=150.2; 149.8. HRMS (ESI) m/z: [M+H]* Calcd for CezH70N10012P 1177.4906; Found 1177.4943.

#a
V)
| NH
o ¢
Y NACOOnpe
N~y H
¢
DMTO. NN
~( O OMe
N-R
— o\\\
CN
i
T R B e % w % » o e
f1 (ppm)
S54

7eL: Yield = 74%. Rf = 0.35; 0.44 (1:1 Hex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 150.1; 149.5. HRMS (ESI) m/z: [M+H]* Calcd for Ce1HgiNeO15SiP 1206.5454; Found 1206.5542.

i oTBS
Y N~ coonpe
My
DMTO N N”J
~( O OMe
N—F
| —Q o\L
CN
L I I I T N L R R R R R
1 o

7eo: Yield = 88%. Rf = 0.34; 0.41 (1:1 Hex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 150.2; 149.6. HRMS (ESI) m/z: [M+H]* Calcd for Cs1HgiNeO13SiP 1206.5454; Found 1206.5512.
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7fL: Yield = 64%. Rf = 0.35; 0.45 (1:1 iHex/EtOAc). 3*P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): &
(ppm) = 150.3; 149.8. HRMS (ESI) m/z: [M+Na]* Calcd for Cs1H77013N10PNa 1211.5301; Found 1211.5274.
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791 Yield = 79%. Rf = 0.60 (1:4 iHex/EtOAc). *'P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): & (ppm)
=150.3; 149.8. HRMS (ESI) m/z: [M+Na]* Calcd for CesHgs014N1:PNa 1310.5985; Found 1310.5954.
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2.2 Npe-protected amino acids

Boc,0 HO' 4 M HCI/1,4-dioxane
-

H-aa~OH ————— > Boc—aa—OH — > Boc—aa—Onpe

PPhy, DIAD, CH,Cl,

9a; aa = L-Val

9dp; aa = 0-Trp, 97%

HO

10a,; aa = L-Val

10ap; aa = -Val, 96%

10b; aa = L-Ala

10bp; aa = D-Ala, 80%

10c,; aa = L-Phe

10cp; aa = D-Phe

10dy; aa = L-Trp, 99%

10dp; aa = D-Trp, 90%

10f,; aa = L-Val-L-Val, 91%

10g,; aa = L-Val-L-Val-L-Val, 78%

12f; aa = L-Val-L-Val, 99%
12g; aa = L-Val-L-Val-L-Val, 97%

H-aa—OH ————————> H—-aa-Onpe —— > H—aa—Onpe
PPhy, TsOH
8e,; aa = L-Thr(OH) 11ey; aa = L-Thr(OH) 12e; aa = L-Thr(OTBS), 60% (over two steps)
8ep; aa = D-Thr(OH) 11ep; aa = D-Thr(OH), 99% 12ep; aa = D-Thr(OTBS), 77%

Scheme S2. Synthesis of Onpe-protected amino acids 12¢HCI.
Compounds 9a, 9ap, 9bt, 9bp, 9cL and 9cp are commercially available.

The Boc- and Onpe-protected amino acids 10a., 10bi, 10ct, 10cp, 11e. and their corresponding Boc-deprotected
derivatives 12a.*HCI, 12bi*HCI, 12c.*HCI and 12cp*HCI were synthesized following a procedure previously

reported in the literature.?®

S57



General procedure for the synthesis of compound 9: Compound 8 (1 equiv.) was dissolved in 1 M NaOH in
water. Boc,O (1.2 equiv.) was dissolved in THF and, subsequently, it was added dropwise to the aqueous solution
containing 8. The reaction was stirred at r.t. overnight. After that, the organic solvent was removed under reduced
pressure and the pH of the residual aqueous solution was adjusted to 4 with 1 M HCI in water. The crude was
extracted with EtOAc and the organic layer was washed with brine, dried (Na.SOs), filtered and concentrated to
afford the product as a white solid.

9d.: Yield = 95%. *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 12.56 (s, 1H); 10.84 (s, 1H);
7.52 (d, J =7.9 Hz, 1H); 7.33 (d, J = 8.0 Hz, 1H); 7.15 (d, J = 2.3 Hz, 1H); 7.06 (t, J = 6.9 Hz, 1H); 7.03 — 6.95 (m,
2H); 4.18 — 4.10 (m, 1H); 3.17 — 3.09 (m, 1H); 3.01 — 2.93 (m, 1H); 1.33 (s, 9H). *C{*H} NMR (125 MHz with
cryoprobe, DMSO-ds, 298 K): & (ppm) = 174.1; 155.5; 136.1; 127.2; 123.7; 120.9; 118.4; 118.2; 111.4; 110.2; 78.1;
54.6; 28.2; 26.8. FTIR Vimax (cm'*): 3371 (w); 1717 (s); 1643 (m), 1437 (m); 1397 (s); 1370 (m); 1144 (m); 740 (s).
HRMS (ESI) m/z: [M-H] Calcd for C16H19N204 303.1350; Found 303.1350. The analytical data is in agreement with
that reported in the literature.*
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9dp: Yield = 97%. *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 12.56 (s, 1H); 10.84 (s, 1H);
7.52 (d, J = 7.9 Hz, 1H); 7.33 (d, J = 8.1 Hz, 1H); 7.15 (d, J = 2.3 Hz, 1H); 7.06 (t, J = 7.5 Hz, 1H); 7.03 — 6.95 (m,
2H); 4.14 (ddd, J = 9.4 Hz, J = 8.0 Hz, J = 4.6 Hz, 1H); 3.13 (dd, J = 14.6 Hz, J = 4.7 Hz, 1H); 2.97 (dd, J = 14.6
Hz, J = 9.5 Hz, 1H); 1.33 (s, 9H). ®*C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 174.0;
155.5; 136.1; 127.2; 123.7; 120.9; 118.4; 118.2; 111.4; 110.2; 78.0; 54.6; 28.2; 26.8. FTIR Vmax (cm™): 3373 (w);
1717 (s); 1648 (m), 1437 (m); 1397 (s); 1370 (m); 1144 (m); 742 (s). HRMS (ESI) m/z: [M-H] Calcd for C1eH1oN,04
303.1350; Found 303.1350.
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General procedure for the synthesis of compound 10: Compound 9 (1 equiv.), 2-(4-nitrophenyl)-ethanol (1.3
equiv.) and PPh; (1.3 equiv.) were dissolved in dry CH,Cl, under N, atmosphere. The solution mixture was stirred
at 0°C in an ice bath. Diisopropyl azodicarboxylate (DIAD) (1.3 equiv.) was added dropwise to the solution mixture.
The reaction was stirred at r.t. overnight. After that, the crude was washed with water and the organic layer was
dried (Na,SO.), filtered and concentrated obtaining a yellow oil. The crude was purified by silica gel column
chromatography affording the product as a white solid.

10ap: Yield = 96%. Rf = 0.37 (4:1 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.20
—8.13 (m, 2H); 7.42 — 7.36 (m, 2H); 4.94 (d, J = 9.2 Hz, 1H); 4.39 (t, J = 6.4 Hz, 2H); 4.16 (dd, J =9.2 Hz, J = 4.9
Hz, 1H); 3.07 (t, J = 6.7 Hz, 2H), 2.02 (pd, J = 7.0 Hz, J = 5.1 Hz, 1H); 1.43 (s, 9H); 0.89 (d, J = 6.9 Hz, 3H); 0.79
(d, J = 6.9 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, CDClz, 298 K): & (ppm) = 172.4; 155.7; 147.0; 145.5;
129.9; 123.9; 80.0; 64.5; 58.6; 35.0; 31.2; 28.4; 19.1; 17.6. FTIR Vmax (cm™): 3344 (w); 1726 (m); 1683 (s); 1519
(s); 1462 (m); 1345 (s); 1267 (s); 1158 (m); 1007 (m); 856 (s). HRMS (ESI) m/z: [M+Na]* Calcd for C1sH26N.0¢Na
389.1683; Found 389.1684.
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10bp: Yield = 80%. Rf = 0.40 (98:2 CH,Cl./EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) =
8.17 — 8.15 (m, 2H); 7.39 — 7.38 (m, 2H); 4.97 (d, J = 7.1 Hz, 1H); 4.39 (t, J = 6.5 Hz, 2H); 4.29 — 4.23 (m, 1H);
3.06 (t, J = 6.5 Hz, 2H); 1.42 (s, 9H); 1.29 (d, J = 7.2 Hz, 3H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298
K): & (ppm) = 173.3; 155.2; 147.0; 145.5; 129.9; 123.9; 80.1; 64.7; 49.2; 35.0; 28.4; 18.6. FTIR Vmax (cM™): 3364
(m); 1752 (s); 1681 (s); 1513 (s); 1344 (s); 1309 (s); 1268 (m); 1157 (s); 1073 (m); 858 (m). HRMS (ESI) m/z:
[M+Na]* Calcd for C16H22N2O¢Na 361.1370; Found 361.1370.
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10dv: Yield = 99%. Rf = 0.25 (7:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.22
(s, 1H); 8.08 — 8.02 (m, 2H); 7.47 (dd, J = 7.9 Hz, J = 1.0 Hz, 1H); 7.33 (dt, J = 8.1 Hz, J = 0.9 Hz, 1H); 7.21 - 7.13
(m, 3H); 7.10 (ddd, J = 8.0 Hz, J = 7.0 Hz, J = 1.0 Hz, 1H); 6.92 (d, J = 2.4 Hz, 1H); 5.04 (d, J = 8.2 Hz, 1H); 4.97
(p, J = 6.3 Hz, 1H); 4.59 (dt, J = 8.3 Hz, J = 5.9 Hz, 1H); 4.30 — 4.17 (m, 2H); 3.27 — 3.16 (M, 2H); 2.83 (hept, J =
7.1 Hz, J = 6.6 Hz, 2H); 1.42 (s, 9H). *C{*H} NMR (125 MHz with cryoprobe, CDCl3, 298 K): & (ppm) = 172.4,
155.3, 146.9, 145.5, 136.2, 129.8, 127.6, 123.7, 122.8, 122.4, 119.8, 118.8, 111.4, 110.1, 80.1, 70.2, 64.7, 54.3,
34.7, 28.4, 22.1. FTIR Vpax (cm'®): 3281 (w); 2980 (w); 1735 (s); 1696 (s); 1516 (s); 1345 (s); 1232 (s); 1180 (s);
1107 (s); 1051 (s); 749 (m). HRMS (ESI) m/z: [M-H] Calcd for Cp4H26N30g 452.1827; Found 452.1825.
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10do: Yield = 90%. Rf = 0.43 (6:4 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.24
(s, 1H); 8.08 — 8.02 (m, 2H); 7.51 — 7.45 (m, 1H); 7.36 — 7.31 (m, 1H); 7.22 — 7.13 (m, 3H); 7.10 (ddd, J = 8.1 Hz,
J=7.0Hz, J=1.0 Hz, 1H); 6.92 (d, J = 2.4 Hz, 1H); 5.04 (d, J = 8.2 Hz, 1H); 4.97 (p, J = 6.2 Hz, 1H); 4.59 (dt, J
=8.2Hz, J =5.9 Hz, 1H); 4.24 (tq, J = 11.1 Hz, J = 5.5 Hz, J = 4.4 Hz, 2H); 3.27 — 3.16 (m, 2H); 2.83 (hept, J =
7.1 Hz, J = 6.6 Hz, 2H); 1.42 (s, 9H). *C{*H} NMR (125 MHz with cryoprobe, CDCl3, 298 K): & (ppm) = 172.4;
155.3; 146.9; 145.5; 136.2; 129.8; 127.6; 123.7; 122.8; 122.4; 119.7; 118.7; 111.4; 110.1; 80.1; 70.2; 64.7; 54.3;
34.7; 28.4; 22.1. FTIR Vmax (cm'%): 3284 (w); 2980 (w); 1690 (s); 1519 (s); 1345 (s); 1246 (s); 1177 (s); 1107 (s);
1049 (m); 744 (m). HRMS (ESI) m/z: [M-H]" Calcd for C24H26N30s 452.1827; Found 452.1825.
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General procedure for the synthesis of peptides: Compound 12a. or 12f. were dissolved in dry CH2Cl, and
compound 9a. was added. The mixture was stirred at 0°C in an ice bath. 2-(1H-Benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium-hexafluorophosphat (HBTU) and diisopropylethylamine (DIPEA) were added and the reaction
was stirred at r.t. for another 2 h. The reaction was quenched with aqueous saturated NH,Cl and extracted with
CH,Cl,. The combined organic layers were dried (MgSO.), filtered and concentrated. The crude was purified by
silica gel column chromatography affording the product as a white solid.

10fL: Synthesized by peptide coupling reaction of 12a. with commercially available 9a.. Yield = 91%. Rf = 0.38
(2:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.16 — 8.11 (m, 2H); 7.39 — 7.34
(m, 2H); 6.49 (d, J = 8.6 Hz, 1H); 5.11 (d, J = 8.9 Hz, 1H); 4.44 (dd, J = 8.6 Hz, J = 5.1 Hz, 1H); 4.41 — 4.32 (m,
2H); 3.92 - 3.85 (m, 1H); 3.04 (td, J = 6.7 Hz, J = 1.4 Hz, 2H); 2.11 — 2.01 (m, 2H); 1.40 (s, 9H); 0.90 (dd, J = 11.0
Hz, J = 6.8 Hz, 6H); 0.84 (d, J = 6.9 Hz, 3H); 0.78 (d, J = 6.9 Hz, 3H). *C{*H} NMR (125 MHz with cryoprobe,
CDCls, 298 K): & (ppm) = 171.9; 171.6; 147.0; 145.4; 129.8; 123.8; 64.6; 57.1; 34.9; 31.1; 30.6; 28.3; 19.3; 19.0;
17.7. FTIR Viax (cm™): 2968 (w); 1678 (m); 1522 (s); 1348 (s); 1160 (m); 913 (m). HRMS (ESI) m/z: [M+Na]* Calcd
for C23H3sN3O7Na 488.2367; Found 488.2371.
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10g.: Synthesized by peptide coupling reaction of 12f. with commercially available 9a. Yield = 78%. Rf = 0.56 (7:3
iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.19 — 8.15 (m, 2H); 7.41 — 7.38 (m,
2H); 6.50 (d, J = 8.5 Hz, 1H); 6.44 (d, J = 8.7 Hz, 1H); 5.04 (d, J = 8.1 Hz, 1H); 4.46 (dd, J = 8.6 Hz, J = 5.1 Hz,
1H); 4.40 (ddt, J = 11.0 Hz, J = 6.8 Hz, J = 4.3 Hz, 2H); 4.25 (dd, J = 8.5 Hz, J = 6.7 Hz, 1H); 3.90 (dd, J = 8.3 Hz,
J = 6.3 Hz, 1H); 3.07 (t, J = 6.7 Hz, 2H); 2.15 (p, J = 6.1 Hz, J = 5.5 Hz, 2H); 2.10 — 2.05 (M, 1H); 1.44 (s, 9H);
0.96 — 0.89 (m, 12H); 0.86 (d, J = 6.8 Hz, 3H); 0.81 (d, J = 6.9 Hz, 3H). *3C{*H} NMR (125 MHz with cryoprobe,
CDClg, 298 K): & (ppm) = 172.0; 171.6; 171.1; 147.1; 145.4; 129.9; 124.0; 64.7; 58.8; 57.3; 35.0; 31.0; 28.4; 19.5;
19.3; 19.0; 17.8. FTIR Vimax (cm™): 2161 (w); 1522 (s); 1348 (s); 1158 (m); 908 (s). HRMS (ESI) m/z: [M+Na]* Calcd
for C2sHasN4OgNa 587.3051; Found 587.3042.
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General procedure for the synthesis of compound 11: Compound 8 (1 equiv.), 2-(4-nitrophenyl)-ethanol (3
equiv.) and TsOH (2 equiv.) were dissolved in dry toluene. The reaction mixture was refluxed in a Dean-Stark-
apparatus for 20 h. After that, the reaction mixture was cooled down to r.t. and Et,O was added. The crude was
concentrated under reduced pressure and purified by silica gel column chromatography affording the product as a
brown oil.

1lep: Yield = 99%. Rf = 0.30 (93:7 CH,Cl,/CH;OH). *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm)
=8.19 — 8.15 (m, 2H); 7.60 — 7.56 (M, 2H); 4.48 — 4.38 (m, 2H); 4.05 (qd, J = 6.5 Hz, J = 3.8 Hz, 1H), 3.90 (dt, J =
9.3 Hz, J = 4.6 Hz, 1H); 3.09 (t, J = 6.4 Hz, 2H); 1.13 (d, J = 6.5 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe,
DMSO-ds, 298 K): 6 (ppm) = 168.2; 146.4; 146.3; 145.3; 138.0; 65.5; 64.9; 57.8; 20.9; 20.0. FTIR Vmax (cm™): 3033
(w); 2947 (w); 1739 (m); 1510 (m); 1352 (m); 1119 (s); 1032 (s); 1006 (s); 816 (m); 681 (s); 559 (s). HRMS (ESI)
m/z: [M+H]* Calcd for C12H17N20s 269.1132; Found 269.1132.
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General procedure for the synthesis of compound 12a-d,f,g: Compound 10 (1 equiv.) was dissolved in 4 M
HCI/1,4-dioxane at 0°C. The reaction was stirred at 0°C for 5 min and at r.t. for 1 h. After that, the crude was
concentrated under reduced pressure. The crude was triturated with Et,O and filtered. The white precipitate was
washed with additional Et,O. Finally, the product was dried under high vacuum.

12ap: Yield = 96%. *H NMR (500 MHz with cryoprobe, DMSO-de, 298 K): & (ppm) = 8.79 (s, 3H); 8.17 — 8.09 (m,
2H); 7.64 — 7.56 (M, 2H); 4.50 — 4.35 (m, 2H); 3.72 (d, J = 4.6 Hz, 1H); 3.10 (t, J = 6.4 Hz, 2H); 2.13 (pd, J = 7.0,
J = 4.6 Hz, 1H); 0.82 (t, J = 7.4 Hz, 6H). *C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) =
168.7; 146.4; 146.3; 130.5; 123.4; 66.4; 65.3; 57.3; 33.9; 29.2; 18.5; 17.5. FTIR Vmax (cm™): 2873 (w); 1735 (s);
1590 (w); 1508 (s); 1466 (m); 1343 (s); 1232 (m); 1207 (m); 857 (m); 736 (m). HRMS (ESI) m/z: [M-CI]* Calcd for
Ci3H19N204 267.1339; Found 267.1340.
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12bp: Yield = 88%. *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 8.54 (s, 3H); 8.19 — 8.17 (m,
2H); 7.61 — 7.59 (m, 2H); 4.50 — 4.37 (m, 2H); 4.01 (q, J = 7.3 Hz, 1H); 3.10 (t, J = 6.3 Hz, 2H); 1.32 (d, J = 7.3 Hz,
3H). 13C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 169.9; 146.4; 146.2; 130.4; 123.5; 62.3;
47.8; 33.9; 15.7. FTIR Vimax (cm'*): 2880 (m); 1737 (s); 1599 (m); 1510 (s); 1483 (m); 1345 (s); 1236 (m); 1197 (s);

1111 (s); 821 (m). HRMS (ESI) m/z: [M-CI]* Calcd for C11H1sN204 239.1026; Found 239.1025.

12dy: Yield = 67%. *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 11.11 (s, 1H); 8.65 — 8.60 (m,
3H); 8.12 — 8.06 (m, 2H); 7.37 (dd, J = 8.0 Hz, J = 6.1 Hz, 4H); 7.18 (d, J = 2.4 Hz, 1H); 7.12 — 7.08 (m, 1H); 7.02
—6.95 (M, 1H); 4.26 (t, J = 6.3 Hz, 2H); 4.15 (t, J = 6.5 Hz, 1H); 3.31 — 3.16 (m, 2H); 2.92 (dt, J = 14.2 Hz, J = 6.1
Hz, 1H); 2.81 (dt, J = 13.8 Hz, J = 6.4 Hz, 1H). **C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm)
=169.4; 146.3; 146.2; 136.2; 130.3; 126.9; 124.9; 123.4; 121.2; 118.6; 117.9; 111.6; 106.5; 65.3; 52.7; 33.6; 26.3.
FTIR Vimax (CmL): 3282 (w); 1745 (s); 1516 (s); 1497 (m); 1349 (s); 1230 (m); 1107 (m); 855 (m); 743 (s). HRMS
(ESI) m/z: [M-CI]* Calcd for C19H20N304 354.1448; Found 354.1449.
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12dop: Yield = 55%. *H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 11.10 (s, 1H); 8.62 — 8.57 (m,
3H); 8.12 — 8.06 (m, 2H); 7.37 (dd, J = 8.1 Hz, J = 4.5 Hz, 4H); 7.18 (d, J = 2.4 Hz, 1H); 7.13 — 7.06 (m, 1H); 7.02
—6.95 (m, 1H); 4.26 (t, J = 6.3 Hz, 2H); 4.15 (t, J = 6.5 Hz, 1H); 3.30 — 3.23 (M, 1H); 3.19 (dd, J = 14.8 Hz, J = 7.3
Hz, 1H); 2.92 (dt, J = 14.2 Hz, J = 6.1 Hz, 1H); 2.81 (dt, J = 13.8 Hz, J = 6.5 Hz, 1H)."*C{*H} NMR (125 MHz with
cryoprobe, DMSO-dg, 298 K): & (ppm) = 169.4; 146.3; 146.2; 136.2; 130.3; 126.9; 124.9; 123.4; 121.2; 118.6;
117.9; 111.6; 106.5; 65.3; 52.7; 33.6; 26.3. FTIR Vmax (cm™): 3281 (w); 1745 (s); 1516 (s); 1496 (m); 1349 (s); 1230
(m); 1105 (m); 855 (m); 743 (s). HRMS (ESI) m/z: [M-CI]* Calcd for C19H20N304 354.1448; Found 354.1453.
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12f.: Yield = 99%. *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.33 (s, 3H); 8.17 — 8.11 (m, 2H);
7.42 —7.36 (M, 2H); 4.38 (q, J = 5.5 Hz, 3H); 4.29 (t, J = 5.9 Hz, 1H); 3.06 (t, J = 6.8 Hz, 2H); 2.25 (q, J = 6.6 Hz,
1H); 2.15 (q, J = 6.4 Hz, 1H); 1.09 (d, J = 6.4 Hz, 3H); 1.01 (d, J = 6.5 Hz, 3H); 0.93 (d, J = 6.5 Hz, 3H); 0.89 (d, J
= 6.6 Hz, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.0; 168.9; 147.0; 145.4; 129.9;
123.9; 67.2; 64.7; 34.9; 30.5; 30.3; 19.2; 18.6; 18.3; 18.2. FTIR Vmax (cm™): 2966 (w); 1739 (m); 1673 (m); 1516
(s); 1344 (s); 1188 (m); 1151 (m); 856 (m). HRMS (ESI) m/z: [M+H]* Calcd for CigH2sN3Os 366.2023; Found

366.2026.
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12g.: Yield = 97%. *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.43 (s, 3H); 8.12 (d, J = 8.4 Hz,
2H); 7.39 (d, J = 8.4 Hz, 2H); 4.52 — 4.25 (m, 4H); 3.09 — 3.02 (m, 2H); 2.27 (s, 1H); 2.07 (d, J = 10.7 Hz, 2H); 1.91
(s, 3H); 1.08 — 0.84 (m, 12H); 0.80 (dd, J = 13.6 Hz, J = 6.5 Hz, 6H). *C{*H} NMR (125 MHz with cryoprobe, CDCls,
298 K): & (ppm) = 171.9; 147.1; 145.5; 130.0; 123.9; 67.2; 64.7; 34.9; 19.2; 19.0; 18.5; 18.3; 15.4. FTIR Vmax (cm
1): 2966(w); 1739 (m); 1651 (s); 1516 (s); 1344 (s); 1188 (m); 1154 (m); 856 (m). HRMS (ESI) m/z: [M+H]* Calcd
for C23H37N4O6 465.2707; Found 465.2705.
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General procedure for the synthesis of compound 12e: Compound 11le was dissolved in dry pyridine, then
tert-butyldimethylsilyl chloride (TBDMS-CI) (1.5 equiv.) and imidazole (3 equiv.) was added. After 10 min, another
portion of TBDMS-CI (1.5 equiv.) was added and the reaction was stirred at r.t. for 23 h. The reaction mixture was
diluted with CH2Cl, and washed with aq. sat. NaHCO3 and water. The organic layer was dried (MgSOs), filtered
and concentrated. The crude was purified by silica gel column chromatography affording the product as a brown
oil.

12e.: Yield = 60% (over two steps). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.11 (d, J = 8.7
Hz, 2H); 7.35 (s, J = 8.7 Hz, 2H); 4.38 (dt, J = 11.0 Hz, J = 6.8 Hz, 1H); 4.22 (dt, J = 11.0 Hz, J = 6.8 Hz, 1H); 4.16
(qd, J=6.3 Hz, J = 2.8 Hz, 1H); 3.21 (d, J = 2.8 Hz, 1H); 3.03 (t, J = 6.8 Hz, 2H); 1.17 (d, J = 6.3 Hz, 3H); 0.76 (s,
9H); -0.04 (s, 3H); -0.13 (s, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 174.3; 146.9;
145.6; 129.8; 123.8; 69.6; 64.4; 60.8; 34.9; 25.6; 20.9; 17.8; -4.3; -5.3. FTIR Vmax (cM™*): 2930 (w); 2857 (w); 1739
(m); 1601 (w); 1519 (s); 1473 (w); 1345 (vs); 1252 (m); 1154 (m); 1075 (m); 969 (m); 835 (s); 775 (vs). HRMS
(ESI) m/z: [M+H]* Calcd for C1gH31N205Si 383.1996; Found 383.1996.
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12ep: Yield = 77%. *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.14 — 8.08 (m, 2H); 7.39 — 7.31
(m, 2H); 4.38 (dt, J = 11.0 Hz, J = 6.7 Hz, 1H); 4.21 (dt, J = 11.1 Hz, J = 6.9 Hz, 1H); 4.16 (qd, J = 6.3 Hz,J=2.8
Hz, 1H); 3.20 (d, J = 2.9 Hz, 1H); 3.03 (t, J = 6.8 Hz, 2H); 1.16 (d, J = 6.3 Hz, 3H); 0.76 (s, 9H); -0.04 (s, 3H); -0.14
(s, 3H). **C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 174.3; 146.9; 145.6; 129.8; 123.8; 69.6;
64.4; 60.8; 34.9; 25.6; 20.8; 17.8; -4.3; -5.3. FTIR Vmax (cm): 2930 (w); 2857 (w); 1739 (m); 1601 (w); 1519 (s);
1345 (vs); 1252 (m); 1154 (m); 1075 (m); 969 (m); 835 (s); 775 (vs). HRMS (ESI) m/z: [M+H]* Calcd for
C1H31N20sSi 383.1996; Found 383.1996.
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2.3 5-Methylaminomethyl uridine phosphoramidite
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Figure S1. 5-methylaminomethyl uridine phosphoramidite 13.

Compound 13 was synthesized following a procedure previously reported in the literature.?
3. General information and instruments for oligonucleotides

Synthesis and purification of oligonucleotides

Phosphoramidites of 2'-O-Me ribonucleosides (2'-OMe-Bz-A-CE, 2'-OMe-Dmf-G-CE, 2'-OMe-Ac-C-CE and 2'-
OMe-U-CE) were purchased from LinkTech and Sigma-Aldrich. Oligonucleotides (ONs) were synthesized on a 1
umol scale using RNA SynBase™ CPG 1000/110 and High Load Glen UnySupport™ as solid supports using an
RNA automated synthesizer (Applied Biosystems 394 DNA/RNA Synthesizer) with a standard phosphoramidite
chemistry. ONs were synthesized in DMT-OFF mode using DCA as a deblocking agent in CH,Cl, BTT or Activator
42® as activator in MeCN, Ac,O as capping reagent in pyridine/THF and |, as oxidizer in pyridine/H»0.

Deprotection of Onpe and teoc groups

For the deprotection of the para-nitrophenylethyl (Onpe) group in ONs containing amino acid-modified carbamoy!
adenosine nucleosides, the solid support beads were suspended in a 9:1 THF/DBU solution mixture (1 mL) and
incubated at r.t. for 2 h.5 After that, the supernatant was removed, and the beads were washed with THF (3x1 mL).

For the deprotection of the 2-(trimethylsilyl)ethoxycarbonyl (teoc) group in ONs containing 5-methylaminomethyl
uridine nucleosides, the solid support beads were suspended in a saturated solution of ZnBrzin 1:1 MeNO2/IPA (1
mL) and incubated at r.t. overnight.® After that, the supernatant was removed, and the beads were washed with
0.1 M EDTA in water (1 mL) and water (1 mL).

Coupling of amino acids to ONs anchored to the solid support beads

The solid support beads (1 pmol) in an Eppendorf tube were washed with dry DMF (0.3 mL). In a separate
Eppendorf tube, Boc-protected L- or D-Valine, DMTMM<BF4 (100 ymol) as activator and dry DIPEA (200 umol)
were dissolved in dry DMF (0.6 mL). Subsequently, the amino acid solution was added to the solid support beads
and the reaction was incubated in an orbital shaker at r.t. for 1 h. The suspension was centrifuged and the
supernatant was removed. The solid support beads were washed with dry DMF (2x0.3 mL) and dry MeCN (2x0.3
mL). Finally, the beads were dried using a SpeedVac concentrator.

For the deprotection of the tert-butyloxycarbonyl (Boc) group in ONs after the coupling of a Boc-protected amino
acid or peptide, the solid support beads were suspended in a 1:1 TFA/CH2Clz solution mixture (0.5 mL) and
incubated for 5 min at r.t.” After that, the supernatant was removed and the solid support beads were washed with
CH2Cl2 (2x0.5 mL).

Cleavage from beads and precipitation of the synthesized ON

The solid support beads were suspended in a 1:1 aqueous solution mixture (0.6 mL) of 30% NH4OH and 40%
MeNH,. The suspension was heated at 65°C (8 min for SynBase™ CPG 1000/110 and 60 min for High Load Glen
UnySupport™). Subsequently, the supernatant was collected, and the beads were washed with water (2x0.3 mL).
The combined aqueous solutions were concentrated under reduced pressure using a SpeedVac concentrator.
After that, the crude was dissolved in DMSO (100 pL) and the ON was precipitated by adding 3 M NaOAc in water
(25 pL) and n-butanol (1 mL). The mixture was kept at -80°C for 2 h and centrifuged at 4°C for 1 h. The supernatant
was removed, and the white precipitate was lyophilized. For ON1evp, the TBS-protecting group of the amino acid
was cleaved by incubation of the ON in DMSO (100 uL) and HF<NEt; (100 uL) at 65°C for 1.5 h, followed by
precipitation with 3 M NaOAc as described above.
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Purification of the synthesized ON by HPLC and desalting

The crude was purified by semi-preparative HPLC (1260 Infinity Il Manual Preparative LC System from Agilent
equipped with a G7114A detector) using a reverse-phase (RP) VP 250/10 Nucleodur 100-5 C18ec column from
Macherey-Nagel (buffer A: 0.1 M AcOH/EtzN pH 7 in H,O and buffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H,O/MeCN;
Gradient: 0-25% of B in 45 min; Flow rate = 5 mL-min). The purified ON was analyzed by RP-HPLC (1260 Infinity
Il LC System from Agilent equipped with a G7165A detector) using an EC 250/4 Nucleodur 100-3 C18ec from
Macherey-Nagel (Gradient: 0-30% of B in 45 min; Flow rate = 1 mL-min‘%). Finally, the purified ON was desalted
using a C18 RP-cartridge from Waters.

Determination of the concentration and the mass of the synthesized ON

The absorbance of the synthesized ON in H,O solution was measured using an IMPLEN NanoPhotometer®
N60/N50 at 260 nm. The extinction coefficient of the ON was calculated using the OligoAnalyzer Version 3.0 from
Integrated DNA Technologies. For ONs incorporating non-canonical bases, the extinction coefficients were
assumed to be identical to those containing only canonical counterparts.

The synthesized ON (2-3 pL) was desalted on a 0.025 pm VSWP filter (Millipore), co-crystallized in a 3-
hydroxypicolinic acid matrix (HPA, 1 pL) and analyzed by matrix-assisted laser desorption/ionization — time-of-
flight (MALDI-TOF) mass spectrometry (negative mode).

4. Synthesized oligonucleotides using a DNA/RNA automated synthesizer
4.1 Donor strands containing an amino acid-modified methyl N®-carbamoyl adenosine at the 5’-end

Table S1. HPLC retention times (0-40% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of donor strands
ONL1 containing an amino acid-modified N°-carbamoyl adenosine at the 5™-end.

Sequence Donor strand tr (Min)  m/z calcd. for [M-H]-  found
ON1lac; X = mSvi®An 27.8 24175 2417.2
ON1lap; X = mbvp®An 28.9 24175 2417.0
ON1by; X = mfai®Am 24.7 2389.5 2388.0
ON1bp; X = m°ap®An 25.7 2389.5 2389.5
ON1ce; X = mofi®Am 29.7 2465.5 2465.4
ON1cp; X = m®fpAm 31.4 2465.5 2465.4
5-X(AUCGCU)n-3'  ON1di; X = m*wi%Am 29.2 2504.5 2504.7
ON1dp; X = m*wp®Am 30.3 2504.5 2504.1
ONler; X = mot %Am 24.2 2419.4 2420.0
ON1ep; X = mPto®An 25.1 2419.4 2420.0
ON1fi; X = movivi®Am 30.1 2516.5 2516.1
ON1gy; X = mbvivivi®An ~ 31.7 2615.5 2614.3
ONZ1h; X = m®g°An 24.0 2375.4 2374.8
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4.2 Acceptor strands containing a 5-methylaminomethyl uridine at the 3’-end

Table S2. HPLC retention times (0-40% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of acceptor strands
ONZ2 containing a methylaminomethyl! uridine at the 3'-end.

Sequence Acceptor strand tr (Min)  m/z calcd. for [M-H]"  found
ON2a; Y =vi-mnm°Un  24.8 3785.4 3786.0
5-(GUACAGCGAU)nY-3'  ON2ap; Y = vo-mnm®Un ~ 24.7 3785.4 3788.7
ON2b; Y = mnm°Un 24.3 3686.2 3686.3

5. Peptide coupling reactions between donor and acceptor oligonucleotides

Stock solutions of MES buffer pH 6 (400 mM), NaCl (1 M) and activator (500 mM) were prepared in water.
Subsequently, equimolar amounts of ON1 and ON2 (3-5 nmol) were annealed at 95°C for 4 min in water containing
NacCl (half of the volume required for the reaction). Finally, buffer, NaCl, activator solutions and water were added
to the ON solution and the reaction was incubated in a ThermoMixer at 25°C for 2—-6 h. The concentration of the
components in the reaction mixture was: 50 pM of ON1, 50 yM of ON2, 100 mM of buffer, 100 mM of NaCl and 50
mM of activator.

EDC/Sulfo-NHS

o
3'(UCGCUA),X —COOH  or DMTMMsCI 3-(UCGCUA),X
5-(GUACAGCGAU),Y —NH, MES buffer pH 6 T 5.(GUACAGCGAU).Y -
ON1.0N2 NaCl, r.t. ons

Scheme S3. Peptide coupling reactions between oligonucleotides ON1 and ON2 to give hairpin ON3.

The peptide coupling reactions were only performed to isolate and characterize the products by HPLC (tg) and
mass spectrometry (m/z). The isolated products were used as references for the analyses of the pair-wise
competitive reactions. In this respect, the reaction yields are not given.

S77



Table S3. HPLC retention times (0-40% of B in 45 min) and MALDI-TOF mass spectrometric analysis (negative mode) of isolated hairpin
products ON3.

Donor strand Acceptor strand Hairpin strand  tr (min)  m/z calcd. for [M-H]"  found
ON1ay; X = mévi®An ON2ai; Y =vi-mnm®Un  ON3ac 32.2 6186.9 6186.1
ON1lap; X = mvp®An ON2ai; Y =vi-mnm®Un ~ ON3aoL 336 6186.9 6187.3
ON1ac; X = mévi®An ON2ap; Y =vo-mnm°Uy  ON3awo 32.8 6186.9 6187.6
ON1ap; X = mévpPAn ON2ao; Y = vo-mnm®Un  ON3aop 32.1 6186.9 6187.6
ON1by; X = mfa®Am ON2ac; Y =vi-mnm®Un  ON3bue 31.1 6158.8 6159.4
ONZ1bp; X = m®ap®An ON2ac; Y = vi-mnm®Un ON3bo. 314 6158.8 6159.4
ON1by; X = mfa%Am ON2ap; Y = vo-mnm®Uy  ON3bip 30.4 6158.8 6159.0
ON1bp; X = m®ap®An ON2ap; Y = vo-mnm®Un  ON3bpp 29.8 6158.8 6158.6
ON1ce; X = mofi®An ON2a.; Y =vi-mnm®Un  ON3cie 34.8 6234.9 6235.3
ON1cp; X = m®fp°Am ON2a(; Y =vi-mnm®Un  ON3coL 35.7 6234.9 6234.5
ON1ce; X = mofi®Am ON2ap; Y = vo-mnm®Us  ON3cio 34.7 6234.9 6235.3
ON1co; X = m®fioAm ON2ao; Y = vo-mnm®Uy  ON3cop 34.0 6234.9 6234.9
ON1dy; X = mSwi ®An ON2ai; Y =vi-mnm®Un  ON3duL 34.2 6273.9 6272.4
ON1dp; X = m*wp®An ON2a(; Y =vi-mnm®Un ~ ON3doL 34.3 6273.9 6272.8
ON1dy; X = m*w *Am ON2ap; Y = vo-mnm®Un  ON3dio 33.0 6273.9 6272.4
ON1dp; X = mowp®Am ON2ap; Y = vo-mnm®Un  ON3dop 335 6273.9 6274.3
ON1ler; X = mSt °An ON2ai; Y =vi-mnm°Un  ON3er. 29.9 6188.8 6188.4
ON1ep; X = m*to°An ON2a; Y = vi-mnm®Un  ON3eoL 29.1 6188.8 6188.8
ON1ler; X = mft®An ON2ap; Y = vo-mnm®Un  ON3eio 29.3 6188.8 6188.4
ON1ep; X = m°tp°Am ON2ao; Y = vo-mnm®Uy  ON3epp 29.1 6188.8 6188.0
ON1fi; X = movivi®Am ON2ac; Y =vi-mnm®Un  ON3fiL 34.0 6285.9 6286.7
ON1fi; X = mevivi®Am ON2ao; Y = vo-mnm®Us  ON3fip 36.1 6285.9 6285.6
ON1gy; X = movivivi®An  ON2ay; Y = vi-mnm®Un ON3g.L 355 6384.9 6385.0
ON1gy; X = mbvivivi®An ~ ON2ap; Y = vo-mnm®Un ~ ON3gio 36.3 6384.9 6385.0
ON1h; X = mfg°Am ON2b; Y = mnm°Un ON3h 26.8 6045.7 6044.8
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6. Calibration curve

Hairpin oligonucleotide ON3h was used for the development of a HPLC calibration curve. A stock solution of ON3h
was prepared in water (100 pM). Separate standard solutions containing 1.2; 1.0; 0.8; 0.6; 0.4; 0.2 and 0.1 nmol
of ON3h were prepared in a final volume of 20 pL. The standard solutions were injected in an analytical HPLC
equipped with a C18 column (buffer A: 0.1 M AcOH/EtsN pH 7 in H2O and buffer B: 0.1 M AcOH/EtsN pH 7 in 20:80
H,O/MeCN; Gradient: 0-40% of B in 45 min; Flow rate = 1 mL-min'*). The absorbance was monitored at 260 nm
and the areas of the chromatographic peaks were determined by integration of the HPL-chromatograms. The plot
of the chromatographic area (a.u.) versus the amount (nmol) of the oligonucleotide followed a linear relationship.

12000
10000 =i
8000 B

6000 37

Area (a.u)
\

4000 »

2000 -

0+
0.0 02 0.4 06 08 1.0 12
Amount (nmol)

Figure S2. Chromatographic area (a.u.) vs. amount (nmol) of ON3h. Line shows the fit of the data to a linear regression equation. Error
bars are standard deviations from two independent experiments.

Table S4. Calibration curve (y = mx + n) obtained by HPLC analysis of ON3h and calculated extinction coefficients of ON1h, ON2b and
ON3h.

Strand  Slope, m (nmol?)  Intercept,n  r2 & (M1-cm)
ON1h* - - - 68800
ON2b* - - - 113400
ON3h" 91425 149.4 0.99 159182

The extinction coefficients were calculated using: 2 the OligoAnalyzer Version 3.0 from Integrated DNA Technologies and ® an
hypochromicity value of h = 0.827 for the section of the hairpin forming base pairs as reported in the literature.®

7. Pair-wise competitive peptide coupling reactions between donor and acceptor oligonucleotides

EDC/Sulfo-NHS and DMTMM-ClI as activators

The peptide coupling reactions were carried out under identical conditions to those described in Section 5 using
EDC/Sulfo-NHS or DMTMM:-CI as activator. An equimolar solution of ON1. and ON1p was prepared in water and
analyzed by HPLC. The 1:1 solution mixture of donor strands, ON1. and ON1p, was used to perform the coupling
reactions with 1 equiv. of acceptor strand, ON2a. or ON2ap.

EDC/Sulfo-NHS or DMTMMsCI
ON1_ + ON1p + ON2a,

ON3,, + ON3p,
MES buffer pH 6, NaCl, r..

EDC/Sulfo-NHS or DMTMMeCI
ON1, + ON1p + ON2ap

ON3,p + ON3pp
MES buffer pH 6, NaCl, r.t.

Scheme S4. Pair-wise competitive peptide coupling reactions between ON1. and ON1p with ON2a. or ON2ap.

0% ONfa, ONfa,
N S04
ON1a, I 803
+ - s
_—

3 — I D £o2

ONta, 1:1 mixture §0.1 U

0'00 5 10 15 20 25 30 35 40 45
Time (min)
Figure S3. Example of an equimolar mixture of ONla. and ONlap analyzed by HPLC. The ir 1 of the chror lic peaks

confirmed the presence of the two donor strands in equal amounts.
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Figure S5. HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of ON2ap with
equimolar amounts of: f) ON1a. and ONlap; g) ON1b. and ON1bp; h) ONlc. and ON1cp; i) ON1d. and ON1dp and j) ONle. and ON1lep.
Reactions performed with: left) EDC/Sulfo-NHS (2 h) and right) DMTMM-CI (6 h).

Figure S4. HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of ON2a. with
equimolar amounts of: a) ON1a. and ON1lap; b) ON1b. and ON1bp; c) ON1c. and ON1cp; d) ON1d. and ON1dp and e) ONle. and ON1lep.
Reactions performed with: left) EDC/Sulfo-NHS (2 h) and right) DMTMM-CI (6 h).
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Table S5. Results obtained in the pair-wise competitive peptide coupling reactions of ON2a. and ON2ap with equimolar amounts of ON1.
and ON1p using EDC/Sulfo-NHS (or DMTMM:-CI) as activator (average of two experiments). Errors were determined to be lower than 10%.

Acceptor strand

Donor strands

Overall yield (%)

ONB3LL/ON3py ratio

ON2a.

ON1la. + ONlap

ON1b. + ON1bo

ON1c. + ONlco

ON1d. + ON1dp

ON1le. + ONlep

69 (90)
72 (85)
61 (99)
74 (99)

73 (84)

93:7 (58:42)
80:20 (70:30)
86:14 (77:23)
nd.

91:9 (70:30)

Acceptor strand

Donor strands

Table S6. Results obtained in the pair-wise competitive peptide coupling reactions of ON2a. and ON2ap with equimolar amounts of ON1.

and ON1p using MeNC as activator (average of two experiments). Errors were determined to be lower than 10%.

Acceptor strand

Donor strands

Overall yield (%)

ONB3LL/ON3py ratio

ON2a

ON1b. + ON1bp

ON1c. + ON1co

10

75:25

80:20

Acceptor strand

Donor strands

Overall yield (%)

ON3Lp/ON3pp ratio

ON2ap

ON1b. + ON1bp

ON1c. + ON1co

16

28:72%

17:83

Overall yield (%)  ON3.o/ON3pp ratio

2 Maximum estimate due to possible signal overlap.

ON2ap

ON1la. + ONlap

ON1b. + ON1bp

ON1c. + ON1co

ON1d. + ON1dp

ON1le. + ONlep

36 (90) 66:34 (41:59)
55 (88) 52:48 (50:50)
40 (99) 29:71 (52:48)
48 (99) 38:62 (50:50)
65 (84) 71:29 (47:53)

Methyl isonitrile (MeNC) in 4,5-dicyanoimidazole as activator

Stock solutions of 4,5-dicyanoimidazole (DCI) buffer pH 6 (100 mM), NaCl (4 M) and methyl isonitrile (MeNC) (500

mM) were prepared in water. Subsequently, equimolar amounts of ON1 and ON2 (1.5 nmol) were annealed at
95°C for 4 min in water containing NaCl (half of the volume required for the reaction). Finally, buffer, NaCl, activator
solutions and water were added to the ON solution and the reaction was incubated in a ThermoMixer at 25°C for
24 h. The concentration of the components in the reaction mixture was: 50 uM of ON1, 50 pM of ON2, 50 mM of
DCI, 100 mM of NaCl and 50 mM of MeNC.

MeNC
ON1_+ON1p + ON2ag ——— ON3;; + ON3p,_
DCI buffer pH 6, NaCl, r.t.

MeNC
ON1,_ + ON1p + ON2ap,

ON3,p + ON3pp
DCI buffer pH 6, NaCl, r.t.

Scheme S5. Pair-wise competitive peptide coupling reactions between ON1. and ON1p with ON2a. or ON2ap.

8. Pair-wise competitive peptide coupling reactions between donor and acceptor oligonucleotides
containing peptides

Competitive reactions between two donor strands with one acceptor strand

The peptide coupling reactions were carried out under identical conditions to those described in Section 5 using
EDC/Sulfo-NHS as activator. Equimolar solutions of ONla. and ON1f. or ONla. and ON1g. were prepared in
water and analyzed by HPLC. The 1:1 solution mixture of donor strands was used to perform the coupling reactions
with 1 equiv. of acceptor strand, ON2a. or ON2ap.

EDC/Sulfo-NHS
ON1a, + ON1f_ + ON2a_ ON3a,, + ON3fy,

MES buffer pH 6, NaCl, r.t.

EDC/Sulfo-NHS
ON1a,_ + ON1f, + ON2ap ON3ayp, + ON3fp

MES buffer pH 6, NaCl, r.t.

Scheme S6. Pair-wise competitive peptide coupling reactions between ONla. and ON1f. with ON2a. or ON2ap. The same competitive
reactions were performed by replacing ON1f. by ON1g..
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Figure S7. HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of equimolar
amounts of ON1la. and ON1f. with a) ON2a. and b) ON2ap, or equimolar amounts of ON1a. and ON1g. with ¢) ON2a. and d) ON2ap.
Reactions performed with EDC/Sulfo-NHS (2 h).
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Figure S6. HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of equimolar
amounts of ON1b. and ON1bp with a) ON2a. and b) ON2ap or equimolar amounts of ON1c. and ON1cp with ¢) ON2a. and d) ON2ap.
Chromatographic peak at ca. 30 min is, probably, an adduct formed between MeNC and DCI.
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Table S7. Results obtained in the pair-wise competitive peptide coupling reactions of ON2a. and ON2ap with equimolar amounts of ONla.
and ON1f. or equimolar amounts of ONla. and ON1g. using EDC/Sulfo-NHS as activator (average of two experiments). Errors were
determined to be lower than 10%.

Acceptor strand  Donor strands

Overall yield (%)

ON3aLL/ON3(f/g).. ratio

ON1la + ON1fi
ON2a.
ON1la. + ON1gL

79

71

73:27

89:11

Acceptor strand  Donor strands

Overall yield (%)

ON3aLp/ON3(f/g)Lo ratio

ON1laL + ON1f.
ON2ap
ON1la, + ON1gL

49

33

51:49

58:42

Competitive reactions between two acceptor strands with one donor strand

The peptide coupling reactions were carried out under identical conditions to those described in Section 5 using
EDC/Sulfo-NHS as activator. An equimolar solution of ON2a. and ON2ap was prepared in water and analyzed by
HPLC. The 1:1 solution mixture of acceptor strands, ON2a. and ON2ap, was used to perform the coupling reactions
with 1 equiv. of donor strand, ON1a., ONlap, ON1fL or ON1gL.

ON1_ + ON2a, + ON2ap
MES

ON1p + ON2a, + ON2ap
MES

EDC/Sulfo-NHS
buffer pH 6, NaCl, r.t.
EDC/Sulfo-NHS

buffer pH 6, NaCl, r.t.

ON3,, + ON3.p

ON3p, + ON3pp

Scheme S7. Pair-wise competitive peptide coupling reactions between ON2a. and ON2ap with ON1. or ON1p.
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Figure S8. HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of equimolar
amounts of ON2a. and ON2ap with a) ON1a.; b) ONlap; c) ON1f. and d) ON1g.. Reactions performed with EDC/Sulfo-NHS (2 h).

Table S8. Results obtained in the pair-wise competitive peptide coupling reactions of ON2a. and ON2ap with ON1a., ONlap, ON1f. or
ON1g. using EDC/Sulfo-NHS as activator (average of two experiments). Errors were determined to be lower than 10%.

Acceptor strands  Donor strand

Overall yield (%)

ONB3LL/ON3Lp ratio

ONla.
ON2a. + ON2ap ON1fy

ON1g.

73

54

32

87:13

66:34

67:33

Acceptor strands

Donor strand

Overall yield (%)

ONB3pL/ON3pp ratio

ON2a. + ON2ap

ONlap

35

31:69
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9. Selected pair-wise competitive peptide coupling reactions at low temperature

The peptide coupling reactions were carried out at 5°C using identical conditions to those described in Section 5
and Section 7 using EDC/Sulfo-NHS or DMTMM:«CI as activator.

ON1,_ + ON1p, + ON2a,

ON1,_ + ON1p + ON2ap,

EDC/Sulfo-NHS or DMTMMeClI

MES buffer pH 6, NaCl, 5°C

EDC/Sulfo-NHS or DMTMMeCI

MES buffer pH 6, NaCl, 5°C

ON3,, + ON3p,

ON3,p + ON3pp

Scheme S8. Pair-wise competitive peptide coupling reactions between ON1. and ON1p with ON2a. or ON2ap at 5°C.

Table S9. Results obtained in the pair-wise competitive peptide coupling reactions of ON2a. and ON2ap with equimolar amounts of ON1.
and ON1p using EDC/Sulfo-NHS (or DMTMM-CI) as activator (average of two experiments) at 5°C. Errors were determined to be lower

than 10%.

Acceptor strand

Donor strands

Overall yield (%)

ONB3LL/ON3py ratio

ON2a

ON1la. + ONlap

ON1c. + ONlco

65 (90)

43 (96)

98:2 (58:42)

88:12 (83:17)

Acceptor strand

Donor strands

Overall yield (%)

ON3Lo/ON3pp ratio

ONila +ONlap 26 (94) 58:42 (47:53)
ON2ap
ONic. +ONico 27 (91) 23:77 (64:36)
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10. Kinetic experiments with different activators a) EDC/Sulfo-NHS

50 4
The peptide coupling reactions were carried out under identical conditions to those described in Section 5 using
EDC/Sulfo-NHS or DMTMM-CI as activator. The coupling data (concentration of product vs. time) was fit to the 40
corresponding theoretical kinetic model using the Parameter Estimation Module of COPASI software Version 4.29.° s
We introduced the theoretical kinetic model shown below: "g
> 30 -
irni . c
Double strand — Hairpin strand; kapp S m ON3a,,
[
-]
The initial concentration of the double strand was refined as variable but constrained between 35 and 50 x 10 M. E 20 1
The fit of the data returned the rate constant value (Kapp). H
3]
- 10
a) 50 - EDC/Sulfo-NHS &
[]
0 T T T 1
_ 401 0 05 1 15 2
= I .
Y L hd ® Time (h)
* 30 4 DI DMTMM-CI
= ® ON3a,
K] ® ON3ap
§ 207 40 -
8 g
[
© 5
10 + X 30
5 ® ON3a,
o g ®  ON3a,,
T T T ! £ 20 -
0 05 1 15 2 ©
5
Time (h) o
b o 10 4
) 50 - DMTMM-CI
0 T T T T T J
_ 407 0 1 2 3 4 5 6
=
< Time (h)
% 30
* i
: ® ON3a, Figure S10. Concentration of the product (M) vs. time (h) for the peptide coupling reactions of ONla. and ONlap with ON2ap using: a)
= m ON3 EDC/Sulfo-| an +Cl. Lines show fit of the data to the theoretical kinetic model. Error bars are the standard deviations.
) /Sulfo-NHS and b) DMTMM-CI. Li how fit of the d he thi ical kineti del b hi dard deviati
© ApL
§ 20 1 Table S10. Calculated rate constant values (kapp) for the peptide coupling reactions of ONla. or ONlap with ON2a. or ON2ap (average of
S two experiments). Errors are indicated as standard deviations.
o
10
Activator Donor strand Acceptor strand Hairpin strand  kapp (h) Calcd. ratio?®
0 . . . . . , ON1ay; X = mov ®An ON3a.L 5.04+0.12 87
ON2a; Y = vi-mnm®Up
0 ! 2 8 4 5 6 ON1ap; X = m%vp®An ON3anL 015+001 13
Time (h) EDC/Sulfo-NHS
ON1ac; X = m®vi°An ON3aip nd. nd.
Figure S9. Concentration of the product (M) vs. time (h) for the peptide coupling reactions of ON1a. and ON1ap with ON2a. using: a) ON2ap; Y = vo-mnm°Unm
EDC/Sulfo-NHS and b) DMTMM:-CI. Lines show fit of the data to the theoretical kinetic model. Error bars are the standard deviations. ON1ap; X = m°vp®Am ON3aop 0.32+0.01 nd.
ONlai; X = m%viAnm ON3aiL 0.91£0.07 59
ON2ay; Y = vi-mnm®Un
ON1lap; X = mévp®Am ON3ao. 0.43+0.01 41
DMTMM-CI
ON1ayi; X = m®vi%An ON3aLo 0.54+0.01 47
ON2ap; Y = vo-mnm®Un
ON1ap; X = mévp®Am ON3app 0.68+0.03 53

2 Product ratio calculated from experimental rate constants using the Time Course Module of COPASI software Version 4.29.° The
calculated ratios are similar to those determined in the pair-wise competition experiments. n.d. = not determined due to signal overlap with
activated species.
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11. Melting curves

The UV melting curves were measured on a JASCO V-650 spectrometer at 260 nm using 10 mm QS cuvettes with
a scanning rate of 1°C-min‘t. The obtained UV spectroscopic data were fit to a two-state melting model, i.e. double
strand — random coil equilibrium, using a mono-sigmoidal Boltzmann function.*® The fit of the data returned the
melting temperature.

For the experiments, we prepared aqueous solutions containing equimolar amounts of the oligonucleotides (ca. 5
UM), 10 mM phosphate buffer at pH 7 and 150 mM NaCl. The oligonucleotides were annealed by heating to 95°C
for 4 min and, subsequently, by cooling down slowly to 5°C before the variable-temperature UV spectroscopic
experiments.

1.0 q
3
s 0.8 1
s + ON1a,-ON2a,
3
g CH
8 06 - 3 © ON1aON2a,
£ e
g ;& 4 ON1aON2a,
g 04 1 -:P — ON1ayON2a,
N
s
= ON1a,-ON2b
£ 02 -
z
0.0 . . . . ‘
0 10 20 30 40 50 60 70 80

Temperature (°C)

Figure S11. Melting curves of the RNA donor strands ON1a. and ONlap with the RNA acceptor strands ON2a., ON2ap and ON2b. The
fit of the data to a two-state melting model using a mono-sigmoidal Boltzmann function returned very similar melting temperatures for all
double strands, Tm = 37.1 + 0.8°C.

12. Loading reaction of a selected amino acid onto an RNA strand

We synthesized the RNA strand ON4, bearing an N°-methylcarbamoyl adenosine at the 5-end [3-
AUUUAUUAUUR-5' (R = N®-methylcarbamoyl adenosine)], following a procedure previously reported in the
literature.** Next, we performed the loading reaction according to the following protocol: Step 1. ON4 (1.0 equiv.)
and NaNOz (500 equiv.) were dissolved in 5% ag. HsPOa solution (20 pL/nmol) containing 100 mM guanidinium
chloride (GdmCI). The reaction was stirred at 0°C for 30 min and kept in a freezer at -22°C for 22 h. Step 2. A
racemic mixture of H-Phe-OH (1000 equiv.) in 30 mM borate-buffered solution (150 yL) was added to the thawed
oligonucleotide’s solution. The pH was adjusted to ca. 9.5 using a 4 M aq. NaOH solution. The reaction was stirred
at r.t. for 1 h. Finally, the reaction was neutralised with 1 M ag. HCI solution. An aliquot (22.5 pL) of the crude
reaction mixture was taken, diluted with water (up to 100 uL) and analyzed by HPLC (buffer A: 0.1 M AcOH/EtsN
pH 7 in H20 and buffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H20/MeCN; Gradient: 0-40% of B in 45 min; Flow rate
=1 mL-min‘%; Injection volume = 100 pL).

1. NaNO,, GdmCl
aq. 5% H3PO,
3'-AUUUAUUAUUR-5' 0°C, 30 min — -20°C, 22 h
——————>  ON5c (R =f5A)+ ON5cp (R = fip°A)
ON4; R = NS-methylcarbamoyl 2. H-(L/D)-Phe-OH, pH 9.5
adenosine rt,1h

Scheme S9. Loading reaction of a racemic mixture of L- and D-Phe onto ON4.
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Figure S12. HPL-chromatogram of the crude reaction mixture for the loading reaction of a racemic mixture of L- and D-Phe onto ON4.
Integration of the chromatographic peaks indicated the formation of ON5c. and ON5cop in equal amounts.
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Table S11. Results obtained in the loading reaction of a racemic mixture of L- and D-Phe onto ON4 (average of two experiments). Errors
were determined to be lower than 10%.

RNA strand ~ Amino acids Overal yield (%)  ON5cL/ON5cp ratio®

ON4 L-Phe + D-Phe 35 1:1 (765:765)

2 Calculated using the areas of the chromatographic peaks in relation to that determined for a reference compound. ® Areas (a.u.) of the
chromatographic peaks in parenthesis.
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1. General information and instr for nucl and amidites

Reagents were purchased from commercial suppliers and used without further purification unless otherwise stated.
Anhydrous solvents, stored under inert atmosphere, were also purchased. All reactions involving air/moisture sensitive
reagents/intermediates were performed under inert atmosphere using oven-dried glassware. Routine *H NMR, 3C NMR and
31p NMR spectra were recorded on a Bruker Ascend 500 spectrometer (500 MHz for 'H NMR, 125 MHz for 13C NMR and 202
MHz for 3'P NMR). Deuterated solvents used are indicated in the characterization and chemical shifts (§) are reported in
ppm. Residual solvent peaks were used as reference.® All NMR J values are given in Hz. COSY, HMQC and HMBC NMR
experiments were recorded to help with the assignment of *H and *3C signals. NMR spectra were analysed using MestReNova
software version 10.0. High Resolution Mass Spectra (HRMS) were measured on a Thermo Finnigan LTQ-FT with ESI as
ionization mode. IR spectra were recorded on a Perkin-Elmer Spectrum BX Il FT-IR instrument or Shimadzu IRSpirit FT-IR
instrument. Both equipped with an ATR accessory. Column chromatography was performed with technical grade silica gel,
40-63 pum particle size. Reaction progress was monitored by Thin Layer Chromatography (TLC) analysis on silica gel 60 F254
and stained with para-anisaldehyde, potassium permanganate or ninhydrin solution.

2.  Synthesis and characterization data of phosphoramidites

2.1 Amino acid-modified methyl N5-carbamoyl adenosine phosph idite
2
1. @\ o o NN coonpe
e Ny M
¥ oMy > fw
1. (Bu),Si(OTH, </ [ <N \ <
HO. —_— 5 [ :o: N
2. imidazole 2. EtN, CH,Cly (tBu)Si~
H-aa-OnpesHCI O OMe
16
1
16,peHCI; aa = (L-Val)-(0-Val) 31p: 54%
16p,eHCI; aa = (D-Val)-(L-Val) CHjl, K,CO5 3p1; 53%
16ppeHCI; aa = (0-Val)-(0-Val) DMF 3pp; 53%
2.8 : LA
SN N”Ccoonpe r“)\coome SN N)\COOnpe
NSy H N "
) ¢
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. <N N/J o pyridine o "
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(1Bu);Si~
OH OMe 6up; 81% OH OMe 5.0: 92% O OMe 4ip; 95%
601 79% 5p1 92% 4oL 98%
600 75% Sop; 96% 4o0; 97%
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3
o PPN
C v u COOnpe npe = Lcmcm@ﬂqog
DIPEA, CH,Cl, 4 OMe
DMTO.
) >
O OMe 7oi70%
N-F Tou: 51% DMT = O
‘ﬁ \01 Top; 56%
cN O
OMe

Scheme S1. Synthesis of amino acid-modified methyl N®-carbamoyl adenosine phosphoramidites 7.

Compound 2 was synthesized following a procedure previously reported in the literature.?
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General procedure for the synthesis of compound 3: Step 1. Compound 2 (1 equiv.) and 1-N-methyl-3-phenoxycarbonyl-
imidazolium chloride (2 equiv.) were added to an oven dried round-bottom flask and kept under high-vacuum for 15 min.
After that, dry CH,Cl, was added under nitrogen atmosphere and the reaction was stirred at r.t. for 5 h. Step 2. Onpe-
protected amino acid 16eHCI (2 equiv.) was added to an oven-dried round-bottom flask and suspended in dry CH,Cl,,
followed by the addition of Et;N (2 equiv.). The suspension was added dropwise to the reaction mixture. The reaction was
stirred at r.t. under nitrogen atmosphere for 20 h. After that, the reaction was quenched with aqueous saturated NaHCO3.
The organic layer was separated and the crude was further extracted with CH,Cl,. The combined organic layers were dried
(Na,S0,), filtered and concentrated. The crude was purified by silica gel column chromatography affording the product as a
white foam.

3,00 Yield = 54%. Rf = 0.30 (EtOAc). *H NMR (500 MHz with cryoprobe, CDCl;, 298 K): & (ppm) = 10.01 (s, 1H); 9.07 (s, 1H);
8.62 (s, 1H); 8.29 (s, 1H); 8.11 — 8.04 (m, 2H); 7.34 (d, J = 8.4 Hz, 2H); 6.98 (s, 1H); 6.00 (s, 1H); 4.65 (s, 1H); 4.53 (dd, J = 8.7
Hz, J = 5.0 Hz, 1H); 4.46 (dd, J = 9.2 Hz, J = 5.0 Hz, 2H); 4.38 — 4.32 (m, 2H); 4.27 (d, J = 4.6 Hz, 1H); 4.18 (td, J = 10.1 Hz, J =
5.0 Hz, 1H); 4.03 (dd, J = 10.5 Hz, J = 9.2 Hz, 1H); 3.68 (s, 3H); 3.03 (hept, J = 8.1 Hz, J = 7.4 Hz, 2H); 2.36 (h, J = 6.7 Hz, 1H);
2.11 (pd, J = 6.9 Hz, J = 5.2 Hz, 1H); 1.09 (s, 9H); 1.05 (s, 9H); 1.03 (d, J = 9.2 Hz, 6H); 0.90 (d, J = 6.8 Hz, 3H); 0.83 (d, J = 6.9
Hz, 3H). 3C{tH} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.7; 171.6; 154.4; 150.0; 147.0; 145.5; 129.8;
123.8;121.1; 89.9; 82.3; 77.4; 74.9; 67.5; 64.7; 60.1; 59.6; 57.4; 34.8; 31.1; 27.5; 27.2; 22.9; 20.5; 19.8; 19.2; 18.1; 17.9. FTIR
Vinax (€M™): 2933 (w); 2860 (w); 1677 (m); 1520 (s); 1467 (m); 1345 (s); 1257 (m); 1138 (s); 1063 (s); 828 (s). HRMS (ESI) m/z:
[M+Na]* Calcd for C3gHs6019NgSiNa 835.3780; Found 835.3803.
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3p.: Yield = 53%. Rf = 0.36 (EtOAc). 'H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 10.03 (s, 1H); 9.20 (s, 1H);
8.59 (s, 1H); 8.30 (s, 1H); 8.10 — 8.05 (m, 2H); 7.35 — 7.31 (m, 2H); 6.94 (s, 1H); 6.00 (s, 1H); 4.73 (dd, J = 9.6 Hz, J = 4.7 Hz,
1H); 4.56 — 4.51 (m, 1H); 4.47 — 4.31 (m, 4H); 4.31 — 4.27 (m, 1H); 4.16 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.02 (dd, J = 10.5 Hz, J
= 9.2 Hz, 1H); 3.67 (s, 3H); 3.02 (td, J = 6.7 Hz, J = 3.8 Hz, 2H); 2.42 — 2.32 (m, 1H); 2.15 — 2.07 (m, 1H); 1.09 (s, 9H); 1.06 —
1.03 (m, 15H); 0.90 (d, J = 6.8 Hz, 3H); 0.83 (d, J = 6.9 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, CDCl3, 298 K): & (ppm)
=171.8; 171.6; 154.5; 150.0; 147.0; 145.4; 129.8; 123.9; 123.8; 121.1; 89.9; 82.3; 77.4; 74.9; 67.5; 64.7; 60.1; 59.5; 57.3;
34.8;31.2; 27.5; 27.4; 27.2; 22.9; 22.8; 20.4; 19.8; 19.2; 18.2; 17.9. FTIR Vymax (cm™): 2934 (w); 2860 (w); 1677 (m); 1520 (s);
1466 (m); 1345 (s); 1134 (m); 1063 (m); 828 (m). HRMS (ESI) m/z: [M+Na]* Calcd for CsgHss010NgSiNa 835.3780; Found
835.3801.
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300! Vield = 53%. Rf = 0.38 (EtOAc). 'H NMR (500 MHz with cryoprobe, CDCl3, 298 K): 6 (ppm) = 10.06 (s, 1H); 9.36 (s, 1H);
8.59 (s, 1H); 8.32 (t, J = 8.1 Hz, 1H); 8.12 (td, J = 5.3 Hz, J = 2.6 Hz, 2H); 7.39 — 7.35 (m, 2H); 6.97 (s, 1H); 6.00 (s, 1H); 4.70 (dd,
J=10.0 Hz, J = 4.6 Hz, 1H); 4.49 (dd, J = 8.4 Hz, J = 5.1 Hz, 1H); 4.44 (dt, J = 6.8 Hz, J = 3.3 Hz, 2H); 4.38 (td, /= 6.7 Hz, J= 3.9
Hz, 2H); 4.26 (d, J = 4.6 Hz, 1H); 4.16 (td, J = 10.0 Hz, J = 4.9 Hz, 1H); 4.02 (dd, J = 10.5 Hz, J = 9.2 Hz, 1H); 3.66 (s, 3H); 3.06 (t,
J=6.7 Hz, 2H); 2.37 (h, J = 6.8 Hz, 1H); 2.12 — 2.05 (m, 1H); 1.08 (s, 9H); 1.06 — 1.00 (m, 15H); 0.86 (d, J = 6.8 Hz, 3H); 0.81 (d,
J = 6.7 Hz, 3H). BC{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): 6 (ppm) = 171.8; 171.6; 154.5; 150.0; 147.0; 145.4;
129.8; 123.8; 121.1; 89.9; 82.3; 74.9; 67.5; 64.6; 60.1; 59.5; 57.4; 34.9; 31.0; 27.5; 27.2; 22.8; 20.4; 19.7; 19.1; 18.1; 17.9.
FTIR Vinax (cm™): 2934 (w); 2860 (w); 1676 (m); 1520 (s); 1467 (m); 1345 (s); 1138 (m); 1063 (m); 828 (m). HRMS (ESI) m/z:
[M+Na]* Calcd for C3gHs6019NgSiNa 835.3780; Found 835.3802.
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General procedure for the synthesis of compound 4: Compound 3 (1 equiv.) and K,COs (3 equiv.) were suspended in dry
DMF. The suspension was stirred for 30 min at 0°C under nitrogen atmosphere. After that, CHsl (2 equiv.) was added
dropwise and the reaction was stirred at r.t. overnight. After that, the reaction mixture was diluted with CH,Cl, and washed
with aqueous saturated NH,Cl and water. The organic layer was dried (Na,SO,), filtered and concentrated. The crude was
purified by silica gel column chromatography affording the product as a white foam.

4,p: Yield = 95%. Rf = 0.57 (3:7 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCl3, 298 K): & (ppm) = 10.61 (s, 1H); 8.56
(s, 1H); 8.15 - 8.11 (m, 2H); 8.02 (s, 1H); 7.38 — 7.34 (m, 2H); 6.90 (d, J = 8.7 Hz, 1H); 6.01 (s, 1H); 4.59 (dd, J= 9.7 Hz, /= 4.6
Hz, 1H); 4.54 (dd, J = 8.7 Hz, J = 5.0 Hz, 1H); 4.48 (dd, J = 9.2 Hz, J = 5.0 Hz, 1H); 4.37 (t, J = 6.7 Hz, 3H); 4.23 (d, J = 4.6 Hz, 1H);
4.19 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.01 (dd, J = 10.5 Hz, J = 9.2 Hz, 1H); 3.96 (s, 3H); 3.68 (s, 3H); 3.04 (td, J = 6.7 Hz, J= 1.6
Hz, 2H); 2.40 (pd, J = 6.9 Hz, J = 5.1 Hz, 1H); 2.09 (pd, J = 6.9 Hz, J = 5.0 Hz, 1H); 1.08 (s, 9H); 1.05 (s, 9H); 1.01 (dd, J = 14.0 Hz,
J=6.8Hz, 6H); 0.89 (d, J = 6.8 Hz, 3H); 0.78 (d, J = 6.9 Hz, 3H). *C{*H} NMR (125 MHz with cryoprobe, CDCl3, 298 K): & (ppm)
=171.9; 171.9; 156.2; 153.3; 151.7; 150.5; 147.0; 145.4; 139.9; 129.8; 123.9; 122.7; 89.8; 82.3; 77.3; 74.8; 67.6; 64.6; 61.2;
59.5; 57.2; 34.9; 31.2; 30.3; 27.5; 27.2; 22.9; 20.5; 19.9; 19.1; 17.9; 17.8. FTIR Vinax (cm'Y): 2934 (w); 2860 (w); 1670 (m); 1578
(m); 1520 (s); 1466 (m); 1345 (m); 1137 (m); 1065 (m); 1012 (m); 828 (m). HRMS (ESI) m/z: [M+Na]* Calcd for CsgHsgO1oNsSiNa
849.3934; Found 849.3958.
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4y,: Yield = 98%. Rf = 0.64 (3:7 iHex/EtOAc). 'H NMR (500 MHz with cryoprobe, CDCls, 298 K): 6 (ppm) = 10.93 (s, 1H); 8.54
(s, 1H); 8.17 — 8.13 (m, 2H); 8.00 (s, 1H); 7.40 — 7.37 (m, 2H); 6.70 (d, J = 8.5 Hz, 1H); 6.02 (s, 1H); 4.59 (dd, J=9.7 Hz, J= 4.6
Hz, 1H); 4.51 — 4.46 (m, 2H); 4.39 (q, J = 6.8 Hz, 2H); 4.35 (dd, J = 6.3 Hz, J = 2.8 Hz, 1H); 4.24 (d, J = 4.6 Hz, 1H); 4.19 (td, J =
10.1 Hz, J = 5.0 Hz, 1H); 4.01 (dd, J = 10.6 Hz, J = 9.4 Hz, 1H); 3.98 (s, 3H); 3.68 (s, 3H); 3.07 (td, J = 6.6 Hz, J = 1.4 Hz, 2H); 2.42
—2.34 (m, 1H); 2.09 (pd, J = 6.9 Hz, J = 5.0 Hz, 1H); 1.09 (s, 9H); 1.05 (s, 9H); 1.02 (dd, J = 6.8 Hz, J = 5.4 Hz, 6H); 0.87 (d, J =
6.9 Hz, 3H); 0.81 (d, J = 6.9 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.9; 171.8; 156.2;
153.3; 151.7; 150.3; 147.1; 145.5; 139.7; 129.9; 123.9; 122.7; 89.8; 82.3; 77.3; 74.8; 67.6; 64.7; 61.1; 59.5; 57.3; 35.0; 35.0;
31.2; 30.3; 27.5; 27.2; 22.9; 20.5; 19.8; 19.1; 18.3; 17.9. FTIR Vja (cm™): 2934 (w); 2860 (w); 1670 (m); 1578 (m); 1520 (s);
1466 (m); 1345 (m); 1137 (m); 1065 (m); 1013 (m); 828 (m). HRMS (ESI) m/z: [M+Na]* Calcd for C3gHsg010NgSiNa 849.3934;
Found 849.3957.
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oot Vield = 97%. Rf = 0.64 (3:7 iHex/EtOAC). 'H NMR (500 MHz with cryoprobe, CDCl;, 298 K): & (ppm) = 10.61 (s, 1H); 8.56
(s, 1H); 8.14 — 8.10 (m, 2H); 8.01 (s, 1H); 7.38 — 7.35 (m, 2H); 6.88 (d, J = 8.8 Hz, 1H); 6.02 (s, 1H); 4.60 (dd, J=9.7 Hz, J= 4.7
Hz, 1H); 4.54 (dd, J = 8.8 Hz, J = 4.9 Hz, 1H); 4.48 (dd, J = 9.2 Hz, J = 5.0 Hz, 1H); 4.37 (t, J = 6.6 Hz, 3H); 4.24 (d, J = 4.6 Hz, 1H);
4.19 (td, J = 10.1 Hz, J = 5.0 Hz, 1H); 4.01 (dd, J = 10.6 Hz, J = 9.2 Hz, 1H); 3.95 (s, 3H); 3.68 (s, 3H); 3.05 (td, J = 6.7 Hz, J= 2.1
Hz, 2H); 2.39 (pd, J = 6.9 Hz, J = 5.1 Hz, 1H); 2.09 (pd, J = 6.9 Hz, J = 4.9 Hz, 1H); 1.08 (s, 9H); 1.05 (s, 9H); 1.01 (dd, J = 15.6 Hz,
J=6.8 Hz, 6H); 0.89 (d, J = 6.8 Hz, 3H); 0.78 (d, J = 6.9 Hz, 3H). *C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm)
=171.9;171.9; 156.1; 153.3; 151.7; 150.5; 147.0; 145.4; 139.9; 129.8; 123.9; 122.7; 89.8; 82.3; 77.3; 74.8; 67.6; 64.6; 61.2;
59.5; 57.2; 34.9; 34.9; 31.2; 30.3; 27.5; 27.2; 22.9; 20.5; 19.9; 19.1; 18.0; 17.8. FTIR Vo (cmY): 2934 (w); 2860 (w); 1663 (m);
1559 (m); 1520 (s); 1466 (m); 1345 (m); 1137 (m); 1065 (m); 1013 (m); 828 (m). HRMS (ESI) m/z: [M+Na]* Calcd for
C39Hsg010NgSiNa 849.3934; Found 849.3960.
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General procedure for the synthesis of compound 5: Compound 4 (1 equiv.) was added to a plastic flask and dissolved in
dry 9:1 CH,Cl,/pyridine. The solution was stirred at 0°C. Finally, HF epyridine (from a commercial solution containing 70% HF
and 30% pyridine) was added and the reaction was stirred at 0°C for 2 h. After that, the reaction was quenched with aqueous
saturated NaHCO; and CH,Cl, was added. The organic layer was separated and the crude was further extracted with CH,Cl,.
The combined organic layers were dried (Na,SO,), filtered and concentrated. The crude was purified by silica gel column
chromatography affording the product as a white foam.

5.p: Yield = 92%. Rf = 0.38 (95:5 CH,Cl,:MeOH). *H NMR (500 MHz with cryoprobe, CDCl, 298 K): 6 (ppm) = 10.41 (s, 1H);
8.58 (s, 1H); 8.18 (s, 1H); 8.14 — 8.09 (m, 2H); 7.39 — 7.34 (m, 2H); 6.90 (d, J = 8.7 Hz, 1H); 5.96 (d, J = 6.9 Hz, 1H); 4.67 (dd, J
= 6.9 Hz, J = 4.6 Hz, 1H); 4.60 (d, J = 4.2 Hz, 1H); 4.53 (dd, J = 8.8 Hz, J = 4.9 Hz, 1H); 4.41 — 4.33 (m, 4H); 3.98 — 3.92 (m, 4H);
3.79 (dd, J=13.0 Hz, J = 1.7 Hz, 1H); 3.38 (s, 3H); 3.07 — 3.02 (m, 2H); 2.41 - 2.33 (m, 1H); 2.08 (pd, J = 6.9 Hz, J = 4.9 Hz, 1H);
2.02 (s, 1H); 1.00 (dd, J = 17.5 Hz, J = 6.8 Hz, 6H); 0.8 (d, J = 6.9 Hz, 3H); 0.77 (d, J = 6.8 Hz, 3H). 3C{*H} NMR (125 MHz with
cryoprobe, CDCl3, 298 K): 6 (ppm) = 171.9; 171.8; 155.9; 153.7; 151.1; 150.0; 147.0; 145.4; 141.7; 129.8; 123.9; 89.5; 88.0;
82.5; 77.4; 70.3; 64.7; 63.1; 61.2; 59.0; 57.2; 35.0; 34.9; 31.2; 30.4; 19.9; 19.1; 17.9; 17.8. FTIR Vjnax (cm™): 2926 (w); 1663

(m); 1518 (s); 1464 (m); 1345 (m); 1266 (m); 1016 (m). HRMS (ESI) m/z: [M+Na]* Calcd for C33H4,0,0NgNa 709.2916; Found
709.2918.
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S5pu: Yield = 92%. Rf = 0.36 (95:5 CH,Cl,:MeOH). *H NMR (500 MHz with cryoprobe, CDCl, 298 K): 6 (ppm) = 10.32 (s, 1H);
8.58 (s, 1H); 8.23 (s, 1H); 8.14 — 8.11 (m, 2H); 7.38 — 7.34 (m, 2H); 6.92 (d, J = 8.8 Hz, 1H); 5.97 (d, J = 6.7 Hz, 1H); 4.65 (dd, J
=6.8 Hz, J = 4.6 Hz, 1H); 4.59 (dd, J = 4.7 Hz, J = 1.6 Hz, 1H); 4.52 (dd, J = 8.8 Hz, J = 4.9 Hz, 1H); 4.39 — 4.33 (m, 4H); 3.98 -
3.94 (m, 4H); 3.79 (dd, J = 13.0 Hz, J = 1.7 Hz, 1H); 3.38 (s, 3H); 3.04 (td, J = 6.7 Hz, J = 1.5 Hz, 2H); 2.37 (pd, J = 6.8 Hz, J = 5.2
Hz, 1H); 2.08 (pd, J = 6.9 Hz, J = 5.0 Hz, 1H); 1.02 (d, J = 6.8 Hz, 3H); 0.99 (d, J = 6.8 Hz, 3H); 0.88 (d, J = 6.9 Hz, 3H); 0.78 (d, J
= 6.9 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.9; 171.8; 155.9; 153.6; 151.1; 150.1; 147.0;
145.4;141.7; 129.9; 129.8; 123.9; 89.5; 88.0; 82.6; 77.4; 70.2; 64.7; 63.0; 61.2; 58.9; 57.2; 35.0; 34.9; 31.2; 30.3; 19.9; 19.1;
18.0; 17.8. FTIR Vpax (cm™): 2929 (w); 1663 (m); 1518 (s); 1464 (m); 1345 (m); 1016 (m). HRMS (ESI) m/z: [M+Na]* Calcd for
C31Ha2010NgNa 709.2916; Found 709.2918.
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500! Vield = 96%. Rf = 0.37 (95:5 CH,Cl,:MeOH). 'H NMR (500 MHz with cryoprobe, CDCls, 298 K): 6 (ppm) = 10.72 (s, 1H);
8.55 (s, 1H); 8.18 (s, 1H); 8.16 — 8.12 (m, 2H); 7.40 — 7.36 (m, 2H); 6.76 (d, J = 8.4 Hz, 1H); 5.96 (d, J = 6.8 Hz, 1H); 4.64 (dd, J
= 6.9 Hz, J = 4.6 Hz, 1H); 4.58 (dd, J = 4.7 Hz, J = 1.6 Hz, 1H); 4.48 (dd, J = 8.5 Hz, J = 5.0 Hz, 1H); 4.41 — 4.32 (m, 4H); 3.98 (s,
3H); 3.95 (dd, J = 13.0 Hz, J = 1.9 Hz, 1H); 3.78 (dd, J = 13.0 Hz, J = 1.7 Hz, 1H); 3.38 (s, 3H); 3.06 (td, J = 6.7 Hz, J = 1.9 Hz, 2H);
2.39-2.31 (m, 1H); 2.08 (pd, J = 6.9 Hz, J = 5.0 Hz, 1H); 1.01 (dd, J = 6.8 Hz, J = 3.8 Hz, 6H); 0.86 (d, J = 6.8 Hz, 3H); 0.80 (d, J
= 6.9 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 171.8; 171.7; 156.0; 153.6; 151.1; 149.8; 147.0;
145.4; 141.5; 129.9; 123.9; 89.4; 88.0; 82.6; 77.4; 70.2; 64.7; 63.0; 61.2; 58.9; 57.3; 35.0; 34.9; 31.1; 30.3; 19.8; 19.1; 18.3;
17.9. FTIR Viax (cm™): 2927 (w); 1654 (m); 1518 (s); 1464 (m); 1345 (m); 1016 (m). HRMS (ESI) m/z: [M+Na]* Calcd for
C31Ha2010NgNa 709.2916; Found 709.2917.
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General procedure for the synthesis of compound 6: Compound 5 (1 equiv.) was dissolved in dry pyridine and stirred under
nitrogen atmosphere at r.t. 4,4-Dimethoxytrityl chloride (1.5 equiv.) was added in two portions and the reaction was stirred
atr.t. overnight. After that, the crude was concentrated and purified by silica gel column chromatography (eluent containing
0.1% pyridine) affording the product as a white foam.

6,p: Yield = 81%. Rf = 0.53 (1:1 iHex/Acetone). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 10.47 (d, J =
7.8 Hz, 1H); 8.55 (s, 1H); 8.45 (s, 1H); 8.17 — 8.11 (m, 2H); 7.74 — 7.70 (m, 1H); 7.57 — 7.53 (m, 2H); 7.51 — 7.45 (m, 2H); 7.38
—7.33 (m, 4H); 7.30 — 7.25 (m, 2H); 7.23 — 7.18 (m, 1H); 6.87 — 6.82 (m, 4H); 6.25 (d, J = 4.2 Hz, 1H); 4.66 (dt, J = 6.4 Hz, J =
5.1 Hz, 1H); 4.61 (t, J = 4.6 Hz, 1H); 4.47 (dd, J = 7.8 Hz, J = 4.9 Hz, 1H); 4.44 — 4.33 (m, 3H); 4.25 (q, J = 4.6 Hz, 1H); 4.22 (d, J
= 6.4 Hz, 1H); 3.91 (s, 3H); 3.77 (d, J = 1.5 Hz, 6H); 3.51 (s, 3H); 3.48 — 3.45 (m, 2H); 3.10 (t, J = 6.5 Hz, 2H); 2.29 (pd, J = 6.9
Hz, J = 4.9 Hz, 1H); 2.13 — 2.06 (m, 1H); 1.01 (dd, J = 12.5 Hz, J = 6.8 Hz, 6H); 0.89 (d, J = 6.8 Hz, 3H); 0.84 (d, J = 6.8 Hz, 3H).
13C{1H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 172.3; 159.6; 159.6; 156.4; 154.1; 153.1; 151.0; 150.7;
147.7; 147.4; 146.1; 141.9; 136.8; 136.7; 131.1; 131.0; 131.0; 129.0; 128.6; 127.6; 124.2; 123.4; 113.9; 87.7; 87.1; 85.0; 83.6;
70.6; 65.2; 64.4; 61.2; 58.8; 58.3; 55.5; 35.3; 35.0; 31.9; 31.4; 20.1; 19.5; 18.3; 18.1. FTIR Vs (cm™): 2960 (w); 2930 (w); 1670
(m); 1576 (m); 1507 (s); 1464 (m); 1345 (m); 1249 (m); 1177 (m); 1033 (m). HRMS (ESI) m/z: [M+H]* Calcd for Cs;Hg;01,Ng
989.4403; Found 989.4419.
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6p,: Yield = 79%. Rf = 0.53 (1:1 iHex/Acetone). *H NMR (500 MHz with cryoprobe, acetone-ds, 298 K): & (ppm) = 10.44 (d, J =
7.7 Hz, 1H); 8.56 (s, 1H); 8.45 (s, 1H); 8.16 —8.11 (m, 2H); 7.76 — 7.72 (m, 1H); 7.57 — 7.53 (m, 2H); 7.50 — 7.46 (m, 2H); 7.36
(dg, J = 8.5 Hz, J = 3.2 Hz, 4H); 7.30 — 7.25 (m, 2H); 7.23 — 7.19 (m, 1H); 6.87 — 6.82 (m, 4H); 6.26 (d, J = 4.3 Hz, 1H); 4.65 (dt,
J=6.4Hz,J=5.1Hz, 1H); 4.60 (t, ) = 4.7 Hz, 1H); 4.46 (dd, J = 7.8 Hz, J = 4.9 Hz, 1H); 4.44 — 4.33 (m, 3H); 4.27 - 4.23 (m, 1H);
4.22 (d, J = 6.4 Hz, 1H); 3.90 (s, 3H); 3.77 (d, J = 1.9 Hz, 6H); 3.51 (s, 3H); 3.46 (dd, J = 4.4 Hz, J = 1.5 Hz, 2H); 3.09 (t, / = 6.4
Hz, 2H); 2.28 (pd, J = 6.9 Hz, J = 4.8 Hz, 1H); 2.10 (qd, J = 7.0 Hz, J = 5.9 Hz, 1H); 1.00 (dd, J = 11.5 Hz, J = 6.9 Hz, 6H); 0.89 (d,
J=6.9 Hz, 3H); 0.84 (d, J = 6.8 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, acetone-ds, 298 K): § (ppm) = 172.3; 159.6;
159.6; 156.4; 154.1; 153.1; 151.0; 147.7; 147.4; 146.1; 141.8; 136.8; 136.7; 131.1; 131.0; 131.0; 129.0; 128.6; 127.6; 124.2;
123.5; 113.9; 87.6; 87.1; 85.1; 83.7; 70.6; 65.2; 64.4; 61.2; 58.8; 58.3; 55.5; 35.3; 35.0; 31.9; 31.4; 20.1; 19.5; 18.3; 18.1. FTIR
Vimax (cm2): 2960 (w); 2930 (w); 1670 (m); 1576 (m); 1507 (s); 1464 (m); 1345 (m); 1250 (m); 1177 (m); 1033 (m). HRMS (ESI)
m/z: [M+H]* Calcd for Cs;Hg101,Ng 989.4403; Found 989.4421.
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6pp: Yield = 75%. Rf = 0.53 (1:1 iHex/Acetone). 'H NMR (500 MHz with cryoprobe, acetone-dg, 298 K): 6 (ppm) = 10.79 (d, J =
8.0 Hz, 1H); 8.54 (s, 1H); 8.45 (s, 1H); 8.21 - 8.15 (m, 2H); 7.63 - 7.57 (m, 2H); 7.51 - 7.45 (m, 3H); 7.36 (dq, J = 8.6 Hz, /= 3.2
Hz, 4H); 7.31 - 7.24 (m, 2H); 7.24 - 7.17 (m, 1H); 6.89 — 6.81 (m, 4H); 6.26 (d, J = 4.2 Hz, 1H); 4.66 (dt, J = 6.4 Hz, J = 5.2 Hz,
1H); 4.60 (t, J = 4.6 Hz, 1H); 4.50 — 4.44 (m, 1H); 4.43 (q, J = 6.6 Hz, 2H); 4.36 (dd, J = 8.3 Hz, J = 5.8 Hz, 1H); 4.28 — 4.22 (m,
1H); 4.22 (d, J = 6.5 Hz, 1H); 3.93 (s, 3H); 3.77 (d, J = 1.4 Hz, 6H); 3.52 (s, 3H); 3.51 — 3.42 (m, 2H); 3.15 (t, J = 6.5 Hz, 2H); 2.25
(pd, J = 6.9 Hz, J = 5.2 Hz, 1H); 2.13 — 2.06 (m, 1H); 1.00 (d, J = 6.9 Hz, 6H); 0.87 (d, J = 6.9 Hz, 3H); 0.85 (d, J = 6.9 Hz, 3H).
13C{1H} NMR (125 MHz with cryoprobe, acetone-dg, 298 K): & (ppm) = 172.3; 172.1; 170.9; 159.6; 159.6; 156.3; 154.0; 153.1;
150.8; 147.7; 147.4; 146.1; 141.7; 136.8; 136.7; 131.1; 131.0; 131.0; 129.0; 128.6; 127.6; 124.3; 123.4; 113.9; 87.6; 87.1;
85.0; 83.7; 70.6; 65.2; 64.4; 60.9; 60.5; 58.8; 58.5; 55.5; 35.3; 35.0; 31.8; 31.3; 20.8; 20.0; 19.4; 18.3; 18.3; 14.5. FTIR Vynax
(cmY): 2962 (w); 2932 (w); 1670 (m); 1576 (m); 1509 (s); 1464 (m); 1345 (m); 1250 (m); 1177 (m); 1033 (m). HRMS (ESI) m/z:
[M+H]* Caled for Cs,Hg101,Ng 989.4403; Found 989.4426.
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General procedure for the synthesis of compound 7: Compound 6 (1 equiv.) was added to a dry-oven round-bottom flask
and dissolved in dry CH,Cl,. The solution was stirred under Argon atmosphere at 0°C. DIPEA (4 equiv.) was added dropwise.
Finally, 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (2.5 equiv.) was added dropwise. The reaction was stirred at
r.t. for 3 h. After that, the reaction was stopped and diluted with CH,Cl,. The crude was washed with aqueous saturated
NaHCO3 and the organic layer was separated. The crude was further extracted with CH,Cl,. The combined organic layers
were dried (Na,SO,), filtered and concentrated. The crude was purified by silica gel column chromatography (eluent
containing 0.1% pyridine). The products were isolated as a mixture of diastereoisomers as a white foam. Finally, the product
was lyophilized from benzene.

7.0: Yield = 70%. Rf = 0.34; 0.25 (2:3 iHex/EtOAc). *'P{*H} NMR (202 MHz with cryoprobe, acetone-dg, 298 K): § (ppm) = 150.3;
149.7. HRMS (ESI) m/z: [M+H]* Calcd for Cg;H75013N1P 1189.5481; Found 1189.5517.
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7o1: Yield = 51%. Rf = 0.40; 0.30 (2:3 iHex/EtOAc). **P{*H} NMR (202 MHz with cryoprobe, acetone-dg, 298 K): § (ppm) = 150.3;
149.8. HRMS (ESI) m/z: [M+H]* Calcd for Cg;H75013N10P 1189.5481; Found 1189.5523.
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7oo: Yield = 56%. Rf = 0.38; 0.28 (2:3 iHex/EtOAc). 3'P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): § (ppm) =
150.3; 149.8. HRMS (ESI) m/z: [M+H]* Calcd for Cg3H75013N10P 1189.5481; Found 1189.5506.
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2.2 Amino acid-modified methyl Né-carbamoyl deoxy
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Scheme S2. Synthesis of amino acid-modified methyl N-carbamoyl deoxy adenosine phosphoramidites.

General procedure for the synthesis of compound 8: 2’-Deoxyadenosine (1 equiv.) was dissolved in dry pyridine and acetic
anhydride (5 equiv.) was added dropwise. The reaction mixture was stirred for 2 h, then cooled down to 0°C and quenched
with water. The volatiles were evaporated, and the residue was re-dissolved in CH,Cl, and washed with aqueous saturated
NaHCO3s. The aqueous phase was extracted twice with CH,Cl,, and the combined organic layers were dried (Na,SO,), filtered

and concentrated. The crude was purified by silica gel column chromatography, followed by recrystallization from EtOH.

S$17

8: Yield = 58%. Rf = 0.38 (9:1 EtOAc/MeOH). 'H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 8.34 (s, 1H); 8.15
(s, 1H); 7.34 (s, 2H); 6.37 (dd, J = 8.1 Hz, J = 6.2 Hz, 1H); 5.40 (dt, J = 6.4 Hz, J = 2.5 Hz, 1H); 4.32 (dd, J = 10.8 Hz, J = 3.8 Hz,
1H); 4.26 — 4.18 (m, 2H); 3.17 (ddd, J = 14.4 Hz, J = 8.2 Hz, J = 6.5 Hz, 1H); 2.56 — 2.51 (m, 1H); 2.09 (s, 3H); 2.01 (s, 3H). 3C{1H}
NMR (125 MHz with cryoprobe, DMSO-d, 298 K): & (ppm) = 170.4; 170.3; 156.3; 152.9; 149.4; 139.8; 119.5; 83.8; 81.8; 74.6;
63.8; 35.4; 21.0; 20.8. FTIR Vinay (cm'): 3306 (w); 3155 (w); 1733 (s); 1668 (s); 1602 (m); 1573 (m); 1507 (w); 1470 (m); 1362
(m); 1260 (m); 1156 (m); 1070 (m); 1041 (s); 975 (m); 939 (m); 906 (m); 857 (m); 837 (m); 799 (w); 748 (w); 691 (m); 649 (m);
638 (s). HRMS (ESI) m/z: [M+H]* Calcd for C14H130sNs 336.1302; Found 336.1303.
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General procedure for the synthesis of compound 9: Step 1. Compound 8 (1 equiv.) and 1-N-methyl-3-phenoxycarbonyl-
imidazolium chloride (2 equiv.) were added to an oven dried round-bottom flask and kept under vacuum for 15 min. After
that, dry CH,Cl, was added under nitrogen atmosphere and the reaction was stirred at r.t. for 5 h. Step 2. Onpe-protected
amino acid 16#HCI (2 equiv.) was added to an oven dried flask and suspended in dry CH,Cl,, followed by the addition of Et;N
(2 equiv.). The suspension was added dropwise to the reaction mixture. The reaction was stirred at r.t. under nitrogen
atmosphere for 20 h. After that, the reaction was quenched with aqueous saturated NaHCO;. The organic layer was
separated and the crude was further extracted with CH,Cl,. The combined organic layers were dried (Na,SO,), filtered and
concentrated. The crude was purified by silica gel column chromatography affording the product as a white foam.

9,: Yield = 83%. Rf = 0.45 (10:0.5 EtOAc/MeOH). *H NMR (500 MHz with cryoprobe, DMSO-d, 298 K): 6 (ppm) = 10.01 (s, 1H);
9.82 (d, J = 8.0 Hz, 1H); 8.65 (s, 1H); 8.56 (s, 1H); 8.18 — 7.92 (m, 2H); 7.64 — 7.44 (m, 2H); 6.47 (dd, J = 7.8 Hz, J = 6.3 Hz, 1H);
5.43 (dt, J = 6.5 Hz, J = 2.7 Hz, 1H); 4.44 (dt, J = 11.1 Hz, J = 6.3 Hz, 1H); 4.39 - 4.19 (m, 4H); 3.19 (ddd, J = 14.3 Hz, /= 8.0 Hz,
J=6.5Hz, 1H); 3.06 (t, J = 6.4 Hz, 2H); 2.60 (ddd, J = 14.2 Hz, J = 6.3 Hz, J = 2.7 Hz, 1H); 2.10 (s, 3H); 2.00 (s, 3H); 0.90 (d, J =
6.8 Hz, 3H); 0.85 (d, J = 6.8 Hz, 3H). 13*C{*H} NMR (125 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 171.5; 170.3; 170.2;
153.6; 150.9; 150.4; 150.4; 146.6; 146.3; 142.7; 130.3; 123.4; 120.7; 84.1; 82.1; 74.4; 64.4; 63.7; 58.4; 35.7; 34.2; 30.3; 20.9;
20.7; 19.2; 17.9. FTIR Vg (cmt): 2964 (w); 1737 (m); 1697 (m); 1609 (w); 1585 (m); 1517 (s); 1467 (m); 1345 (s); 1222 (s);
1107 (m); 1018 (m); 941 (m); 856 (m); 797 (w); 747 (w); 696 (m); 646 (m). HRMS (ESI) m/z: [M+H]* Calcd for CygH34010N;
628.2362; Found 628.2357.
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9p: Yield = 93%. Rf = 0.45 (10:0.5 EtOAc/MeOH). 'H NMR (500 MHz with cryoprobe, DMSO-d, 298 K): & (ppm) = 10.01 (s,
1H); 9.83 (d, J = 8.1 Hz, 1H); 8.67 (s, 1H); 8.55 (s, 1H); 8.07 — 7.94 (m, 2H); 7.63 — 7.41 (m, 2H); 6.47 (dd, J = 7.9 Hz, = 6.3 Hz,
1H); 5.43 (dt, J = 6.5 Hz, J = 2.5 Hz, 1H); 4.44 (dt, J = 11.0 Hz, J = 6.2 Hz, 1H); 4.40 — 4.20 (m, 5H); 3.16 (ddd, J = 14.3 Hz, J = 8.0
Hz, J = 6.5 Hz, 1H); 3.09 — 3.03 (m, 2H); 2.61 (ddd, J = 14.2 Hz, J = 6.3 Hz, J = 2.7 Hz, 1H); 2.10 (s, 3H); 2.00 (s, 3H); 0.90 (d, J =
6.8 Hz, 3H); 0.87 (s, 3H). 3C{*H} NMR (125 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 171.5; 170.3; 170.2; 153.6;
150.9; 150.4; 150.3; 146.6; 146.3; 142.4; 130.3; 123.3; 120.6; 83.8; 82.0; 74.4; 64.3; 63.7; 58.4; 35.8; 34.2; 30.3; 20.9; 20.7;
19.2; 17.9. FTIR Vinax (cmt): 2964 (w); 1737 (m); 1697 (m); 1609 (w); 1585 (m); 1517 (s); 1467 (m); 1345 (s); 1222 (s); 1107
(m); 1018 (m); 941 (m); 856 (m); 797 (w); 747 (w); 696 (m); 646 (m). HRMS (ESI) m/z: [M+H]* Calcd for C,gH340,0N; 628.2362;
Found 628.2358.

N
¢
AcO. N N
@
OAc
l [ ‘Al
3w ¢ [ S 1 o ¥ Y Lt bl I3 »
88 LI g g EH] EH 38
105 160 95 o &5 so 75 70 65 60 So 45 40 35 30 25 2o 15 10 05 oo s
f1 (ppm)

[ T

10 170 160 150 40 130 120 110 100

%0
1 (ppm)

S20



General procedure for the synthesis of compound 10: Compound 9 (1 equiv.) was dissolved in dry DMF under N,
atmosphere. The solution was cooled to 0°C and NaH (1.05 equiv.) was added. The mixture was stirred at r.t. for 1 h. Then,
Mel (1.05 equiv.) was added dropwise and the reaction was stirred for 1 h. The reaction mixture was diluted with EtOAc and
washed with water. The combined organic layers were dried (Na,SO,), filtered and concentrated. The crude was purified by
silica gel column chromatography affording the product as a white foam.

10,: Yield = 81%. Rf = 0.50 (5:1 EtOAc/iHex). *H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 10.76 (d, J = 7.5
Hz, 1H); 8.68 (s, 1H); 8.59 (s, 1H); 8.08 — 8.01 (m, 2H); 7.53 — 7.48 (m, 2H); 6.50 (dd, J = 7.9 Hz, J = 6.3 Hz, 1H); 5.42 (dq, J =
7.0 Hz, J = 2.3 Hz, 1H); 4.38 — 4.27 (m, 4H); 4.26 — 4.20 (m, 2H); 3.79 (s, 3H); 3.18 — 3.10 (m, 1H); 3.05 (t, J = 6.3 Hz, 2H); 2.61
(dddd, J = 14.2 Hz, J = 6.4 Hz, J = 2.8 Hz, J = 1.3 Hz, 2H); 2.11 (s, 3H); 2.01 (s, 3H); 0.89 (d, J = 6.8 Hz, 3H); 0.85 (d, J = 6.9 Hz,
3H). 3C{'H} NMR (125 MHz with cryoprobe, DMSO-d, 298 K): 8 (ppm) = 171.6; 170.4; 170.3; 155.3; 152.5; 152.0; 150.0;
141.7; 130.3; 123.4; 122.1; 83.9; 82.1; 74.5; 63.8; 59.5; 52.1; 35.7; 34.4; 34.2; 30.2; 21.0; 20.7; 19.4; 18.1. FTIR Ve (cm):
1735 (m); 1682 (m); 1572 (m); 1517 (s); 1465 (m); 1345 (s); 1218 (s); 1182 (s); 1106 (m); 1049 (m); 1018 (m); 942 (m); 856
(m); 797 (m); 747 (m); 698 (m); 646 (m). HRMS (ESI) m/z: [M+H]* Calcd for CpgH36010N; 642.2518; Found 642.2515.
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10p: Yield = 66%. Rf = 0.53 (5:1 EtOAc/iHex). 'H NMR (500 MHz with cryoprobe, DMSO-d, 298 K): & (ppm) = 10.75 (d, /= 7.7
Hz, 1H); 8.68 (s, 1H); 8.58 (s, 1H); 8.06 — 7.98 (m, 2H); 7.53 — 7.45 (m, 2H); 6.50 (dd, J = 7.9 Hz, J = 6.2 Hz, 1H); 5.42 (dt, /= 6.5
Hz,J = 2.6 Hz, 1H); 4.46 — 4.27 (m, 5H); 4.27 — 4.20 (m, 2H); 3.79 (s, 3H); 3.13 (ddd, J = 14.4 Hz, J = 8.1 Hz, J = 6.5 Hz, 1H); 3.05
(t,J = 6.3 Hz, 2H); 2.62 (ddd, J = 14.2 Hz, J = 6.3 Hz, J = 2.7 Hz, 1H); 2.11 (s, 3H); 2.01 (s, 3H); 0.90 (d, J = 6.8 Hz, 3H); 0.86 (d, J
= 6.8 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): 6 (ppm) = 171.5; 170.3; 170.3; 155.3; 152.5; 152.1;
150.0; 146.7; 146.3; 141.6; 130.3; 123.3; 122.0; 83.7; 82.0; 74.4; 64.2; 63.7; 59.5; 35.8; 34.4; 34.2; 30.2; 20.9; 20.7; 19.3;
18.1. FTIR Vpay (cm): 2964 (w); 1737 (m); 1685 (m); 1517 (s); 1467 (m); 1345 (s); 1221 (s); 1184 (m); 1107 (m); 1018 (m); 941
(m); 856 (m); 797 (w); 747 (m); 696 (m); 646 (m). HRMS (ESI) m/z: [M+H]* Calcd for C,oH35010N; 642.2518; Found 642.2515.
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General procedure for the synthesis of compound 11: Compound 10 (1 equiv.) was diluted with 7 N NH3/MeOH and stirred
atr.t. for 2 h. Then, the reaction mixture was concentrated and the crude was purified by silica gel column chromatography.

11,: Yield = 83%. Rf = 0.46 (10:0.75 CH,Cl,/MeOH). *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 9.92 (s,
1H); 8.63 (s, 1H); 8.56 (s, 1H); 8.11 — 8.01 (m, 2H); 7.56 — 7.45 (m, 2H); 6.47 (dd, J = 7.8 Hz, J = 6.3 Hz, 1H); 5.49 - 5.39 (m,
1H); 4.44 (dt, J = 11.0 Hz, J = 6.3 Hz, 1H); 4.39 = 4.20 (m, 5H); 3.19 (ddd, J = 14.3 Hz, J = 7.8 Hz, J = 6.5 Hz, 1H); 3.07 (t, /= 6.4
Hz, 2H); 2.65 — 2.56 (m, 1H); 2.10 (s, 4H); 2.00 (s, 3H); 0.90 (d, J = 6.8 Hz, 3H); 0.86 (d, J = 6.8 Hz, 3H). *C{*H} NMR (125 MHz
with cryoprobe, DMSO-dg, 298 K): 6 (ppm) = 171.5; 170.3; 170.2; 153.6; 150.9; 150.4; 146.6; 146.3; 142.6; 130.3; 123.4;
120.7; 84.1; 82.0; 74.4; 64.4; 63.7; 58.4; 35.6; 34.2; 30.2; 20.9; 20.7; 19.3; 17.9. FTIR Vppay (cm): 1735 (w); 1678 (w); 1572
(m); 1516 (s); 1465 (m); 1343 (s); 1261 (m); 1182 (m); 1050 (m); 1017 (m); 941 (m); 856 (m); 796 (m); 747 (m); 696 (m); 646
(m). HRMS (ESI) m/z: [M+H]* Calcd for CysHs,05N; 558.2307; Found 558.2321.
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11,: Vield = 80%. Rf = 0.47 (10:0.75 CH,Cl,/MeOH). 'H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 10.80 (d,
J=7.5Hz, 1H); 8.70 (s, 1H); 8.56 (s, 1H); 8.04 — 7.96 (m, 2H); 7.54 — 7.45 (m, 2H); 6.47 (t, J = 6.7 Hz, 1H); 5.39 (d, J = 4.2 Hz,
1H); 5.03 (t, J = 5.5 Hz, 1H); 4.47 — 4.30 (m, 3H); 4.23 (dd, J = 7.6 Hz, J = 4.9 Hz, 1H); 3.90 (td, J = 4.4 Hz, J = 3.0 Hz, 1H); 3.79
(s, 3H); 3.62 (dt, J = 11.7 Hz, J = 5.0 Hz, 1H); 3.54 (ddd, J = 11.7 Hz, J = 5.6 Hz, J = 4.4 Hz, 1H); 3.05 (t, J = 6.3 Hz, 2H); 2.71 (ddd,
J=13.1Hz,J = 7.2 Hz, J = 5.9 Hz, 1H); 2.38 (ddd, J = 13.3 Hz, J = 6.3 Hz, J = 3.6 Hz, 1H); 2.09 (pd, J = 6.8 Hz, J = 5.0 Hz, 1H);
0.89 (d, J = 6.9 Hz, 3H); 0.85 (d, J = 6.9 Hz, 3H). 1*C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): 6 (ppm) = 171.8;
155.4; 152.6; 150.1; 147.0; 146.5; 141.8; 130.6; 123.6; 122.1; 88.4; 84.0; 71.0; 64.5; 61.9; 59.8; 34.6; 34.4; 30.5; 19.7; 18.4.
FTIR Vinge (cm): 1735 (w); 1678 (w); 1572 (m); 1516 (s); 1465 (m); 1421 (m); 1343 (s); 1263 (m); 1184 (m); 1050 (m); 1017
(m); 941 (m); 856 (m); 796 (m); 747 (m); 696 (m); 646 (m). HRMS (ESI) m/z: [M+H]* Calcd for CsH3,05N; 558.2307; Found
558.2321.
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General procedure for the synthesis of compound 12: Compound 11 (1 equiv.) was dissolved in dry pyridine and stirred
under nitrogen atmosphere at r.t. 4,4-Dimethoxytrityl chloride (1.5 equiv.) was added in two portions and the reaction was
stirred at r.t. overnight. After that, the crude was concentrated and purified by silica gel column chromatography (eluent
containing 0.1% pyridine) affording the product as a colourless foam.

12,: Yield = 68%. Rf = 0.39 (10:0.5 CH,Cl,/MeOH). 'H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): § (ppm) = 10.80 (d, J
= 7.6 Hz, 1H); 8.52 (d, J = 36.5 Hz, 2H); 8.04 (d, J = 8.3 Hz, 2H); 7.50 (d, J = 8.2 Hz, 2H); 7.32 (d, J = 7.6 Hz, 2H); 7.26 — 7.12 (m,
7H); 6.78 (dd, J = 19.0 Hz, J = 8.4 Hz, 4H); 6.49 (t, J = 6.4 Hz, 1H); 5.42 (s, 1H); 4.56 — 4.20 (m, 4H); 4.06 (t, J = 4.6 Hz, 1H); 3.80
(s, 3H); 3.69 (d, J = 6.6 Hz, 6H); 3.26 — 3.14 (m, 2H); 3.05 (t, J = 6.4 Hz, 2H); 2.91 (dt, J = 13.0 Hz, J = 6.1 Hz, 1H); 2.41 (dt, J =
12.7 Hz,J = 5.9 Hz, 1H); 2.10 (dq, J = 13.6 Hz, J = 6.6 Hz, 1H); 0.90 (d, J = 6.8 Hz, 3H); 0.86 (d, J = 7.2 Hz, 3H). 3C{!H} NMR (125
MHz with cryoprobe, DMSO-dg, 298 K): 6 (ppm) = 171.5; 158.2; 155.3; 152.4; 151.9; 149.6; 146.6; 146.3; 145.1; 141.9; 135.7;
130.2;129.8;127.8; 126.7; 123.3; 122.1; 113.2; 86.3; 85.6; 84.1; 70.8; 64.3; 59.4; 55.1; 55.0; 34.3; 34.2; 30.2; 19.3; 18.0. FTIR
Vimax (€M™1): 2966 (w); 1731 (w); 1685 (w); 1606 (w); 1575 (s); 1518 (s); 1510 (s); 1464 (m); 1421 (w); 1391 (w); 1345 (s); 1299
(m); 1250 (s); 1218 (m); 1178 (s); 1151 (m); 1109 (m); 1073 (m); 1060 (m); 1033 (s); 1005 (m); 977 (m); 952 (m); 902 (w); 852
(w); 827 (m); 797 (m); 768 (m); 748 (m); 728 (m); 699 (m); 649 (m). HRMS (ESI) m/z: [M+H]* Calcd for CsgHsO10N; 860.3614;
Found 860.3643.
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12, Yield = 60%. Rf = 0.46 (10:0.75 CH,Cl,/MeOH). *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 10.80
(d, J= 7.5 Hz, 1H); 8.58 (s, 1H); 8.51 (s, 1H); 8.07 — 8.00 (m, 2H); 7.54 — 7.46 (m, 2H); 7.34 = 7.27 (m, 2H); 7.27 — 7.11 (m,
11H); 6.83 — 6.71 (m, 4H); 6.49 (t, J = 6.2 Hz, 1H); 5.44 (d, J = 4.6 Hz, 1H); 4.52 — 4.39 (m, 2H); 4.35 (dt, J = 11.0 Hz, J = 6.1 Hz,
1H); 4.23 (dd, J = 7.6 Hz, J = 4.9 Hz, 1H); 4.02 (dt, J = 6.0 Hz, J = 4.1 Hz, 1H); 3.78 (s, 3H); 3.69 (d, J = 5.9 Hz, 6H); 3.17 (h, J =
6.1 Hz, 2H); 3.05 (t, J = 6.3 Hz, 2H); 2.92 — 2.83 (m, 1H); 2.41 (ddd, J = 13.4 Hz, J = 6.9 Hz, J = 5.1 Hz, 1H); 2.29 (s, 2H); 2.09
(pd, J = 6.9 Hz, J = 4.9 Hz, 1H); 0.87 (dd, J = 17.3 Hz, J = 6.8 Hz, 6H). *C{*H} NMR (125 MHz with cryoprobe, DMSO-dj, 298 K):
6 (ppm) = 171.6; 158.2; 155.3; 152.4; 149.8; 146.8; 145.11; 141.8; 137.6; 135.7; 130.3; 129.8; 129.1; 128.4; 127.8; 126.8;
125.6; 123.4; 122.1; 113.2; 86.2; 85.6; 83.8; 70.7; 64.3; 59.5; 55.2; 34.4; 30.2; 21.3; 19.4; 18.1. FTIR Vpe (cm?): 1735 (m);
1606 (m); 1465 (m); 1345 (s); 1300 (m); 1248 (s); 1217 (s); 1175 (s); 1028 (s); 1028 (m); 944 (m); 856 (m); 827 (m); 797 (m);
748 (m); 698 (m); 648 (m). HRMS (ESI) m/z: [M+H]* Calcd for CaHsO10N; 860.3614; Found 860.3637.
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General procedure for the synthesis of compound 13: Compound 12 (1 equiv.) was added to a dry-oven flask and dissolved
in dry CH,Cl,. The solution was stirred under Argon atmosphere at 0°C. DIPEA (4 equiv.) was added dropwise. Finally, 2-
cyanoethyl N,N-diisopropylchlorophosphoramidite (2.5 equiv.) was added dropwise. The reaction was stirred at r.t. for 3 h.
After that, the reaction was stopped and diluted with CH,Cl,. The crude was washed with aqueous saturated NaHCO; and
the organic layer was separated. The crude was further extracted with CH,Cl,. The combined organic layers were dried
(Na,S0,), filtered and concentrated. The crude was purified by silica gel column chromatography (eluent containing 0.1%
pyridine). The products were isolated as a mixture of diastereoisomers as a white foam. Finally, the product was lyophilized
from benzene.

13,: Yield = 70%. Rf = 0.70 (1:5 iHex/EtOAc). 3'P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): 6 (ppm) = 148.3;
148.2. HRMS (ESI) m/z: [M+H]* Calcd for CssHgzNgO1:P 1060.4692; Found 1060.4742.
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13;: Yield = 81%. Rf = 0.70 (1:5 iHex/EtOAc). 3!P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): 6 (ppm) = 150.3;
149.8. HRMS (ESI) m/z: [M+H]* Calcd for CssHe/NgO1,P 1060.4692; Found 1060.4751.
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2.3 Npe-protected amino acids

N©/NOZ
HO

Boc—aa—OH _—

14,; 2 = LVal PPh;, DIAD, CH,Cl,

14p; aa = D-Val

Scheme $3. Synthesis of Onpe-protected amino acids 16eHCI.

Compounds 14y, 14, are commercially available.

Boc—aa—Onpe
15; aa = L-Val
15p; aa = D-Val
15, p; aa = L-Val-D-Val, 84%
15p,; aa = D-Val-L-Val, 87%
15pp; aa = D-Val-D-Val, 83%

4 M HCI/1,4-dioxane
- e .

H—aa—Onpe
16, ; aa = L-Val
16p; aa = D-Val
16, p; aa = L-Val-D-Val, 99%
16p,; aa = D-Val-L-Val, 99%
16pp; aa = D-Val-D-Val, 99%

The Boc- and Onpe-protected amino acids 15, and 15, and their corresponding Onpe-deprotected derivatives 16,#HCl and

16,*HCI were synthesized following a procedure previously reported in the literature.?3
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General procedure for the synthesis of peptides: Compound 16, or 16, were dissolved in dry CH,Cl, and compound 14, or
14, was added. The mixture was stirred at 0°C in an ice bath. 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium-
hexafluorophosphat (HBTU) and diisopropylethylamine (DIPEA) were added and the reaction was stirred at r.t. for another
2 h. The reaction was quenched with aqueous saturated NH,Cl and extracted with CH,Cl,. The combined organic layers were
dried (MgS0,), filtered and concentrated. The crude was purified by silica gel column chromatography affording the product
as a white solid.

15,p: Yield = 84%. Rf = 0.30 (7:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.19 — 8.14 (m, 2H);
7.41-7.36 (m, 2H); 6.47 (d, J = 8.7 Hz, 1H); 5.03 — 4.98 (m, 1H); 4.48 (dd, J = 8.7 Hz, J = 4.9 Hz, 1H); 4.41 — 4.36 (m, 2H); 3.96
(t,J=7.1Hz, 1H); 3.06 (t, J = 6.9 Hz, 2H); 2.19 (pd, J = 6.9 Hz, J = 5.4 Hz, 1H); 2.08 (pd, J = 6.9 Hz, J = 4.9 Hz, 1H); 1.43 (s, 9H);
0.96 (d, J = 6.8 Hz, 3H); 0.88 (dd, J = 6.9 Hz, J = 6.0 Hz, 6H); 0.79 (d, J = 6.9 Hz, 3H). 3C{1H} NMR (125 MHz with cryoprobe,
CDCls, 298 K): & (ppm) = 171.8; 171.7; 147.1; 145.4; 129.9; 123.9; 64.7; 57.1; 34.9; 31.1; 30.7; 28.4; 19.5; 19.1; 17.7. FTIR Vinax
(cm™): 3314 (w); 2972 (w); 1729 (m); 1656 (m); 1519 (s); 1347 (s); 1246 (m); 1163 (m). HRMS (ESI) m/z: [M+Na]* Calcd for
Cy3H350,N;Na 488.2367; Found 488.2377.
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15p,: Yield = 87%. Rf = 0.31 (7:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.17 — 8.14 (m, 2H);
7.39-7.36 (m, 2H); 6.42 (d, J = 8.6 Hz, 1H); 5.05 (d, J = 8.8 Hz, 1H); 4.46 (dd, J = 8.6 Hz, J = 5.0 Hz, 1H); 4.38 (ddt, J = 11.0 Hz,
J=6.8Hz,J = 4.3 Hz, 2H); 3.88 (dd, J = 8.8 Hz, J = 6.5 Hz, 1H); 3.06 (t, J = 6.9 Hz, 2H); 2.14 — 2.04 (m, 2H); 1.42 (s, 9H); 0.91
(dd, J = 11.2 Hz, J = 6.8 Hz, 6H); 0.85 (d, J = 6.9 Hz, 3H); 0.79 (d, J = 6.9 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, CDCls,
298 K): 6 (ppm) = 171.8; 171.7; 147.0; 145.4; 129.8; 123.9; 64.7; 57.1; 34.9; 31.1; 30.6; 28.4; 19.4; 19.0; 17.7. FTIR Vpyay (cm”
1): 3318 (w); 2972 (w); 1727 (m); 1656 (m); 1518 (s); 1347 (s); 1246 (m). HRMS (ESI) m/z: [M+Na]* Calcd for C3H3s0;N3Na
488.2367; Found 488.2377.

g8 5 #9998 nanme

v P U

NO,

‘ LJ fJ ,\AA_ALJM,A

" 1] x L " o 1]
] ] 8 Y 8 28 a
95 a0 &5 80 75 70 65 60 55 50 45 40 35 30 25 20 45 1o 05 00 05
1 Gpm)
58 L ] g 8 E g EE
v [ Vi | [
B 0 10 150 o B0 120 o 100 % L) 0
1 Gpm)



15pp: Yield = 83%. Rf = 0.30 (7:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): & (ppm) = 8.17 — 8.14 (m,
2H); 7.39 - 7.36 (m, 2H); 6.42 (d, J = 8.6 Hz, 1H); 5.05 (d, J = 8.8 Hz, 1H); 4.46 (dd, J = 8.6 Hz, J = 5.0 Hz, 1H); 4.38 (ddt, J = 11.0
Hz, J = 6.8 Hz, J = 4.3 Hz, 2H); 3.88 (dd, J = 8.8 Hz, J = 6.5 Hz, 1H); 3.09 — 3.02 (m, 2H); 2.14 — 2.04 (m, 2H); 1.42 (s, 9H); 0.91
(dd, J = 11.2 Hz, J = 6.8 Hz, 6H); 0.85 (d, J = 6.9 Hz, 3H); 0.79 (d, J = 6.9 Hz, 3H). 3C{*H} NMR (125 MHz with cryoprobe, CDCls,
298 K): 6 (ppm) = 171.8; 171.7; 147.0; 145.4; 129.8; 123.9; 64.7; 57.1; 34.9; 31.1; 30.6; 28.4; 19.4; 19.0; 17.7. FTIR Vpyay (cm”
1): 3305 (w); 2966 (w); 1743 (m); 1651 (m); 1518 (s); 1345 (s); 1247 (m); 1161 (s). HRMS (ESI) m/z: [M+Na]* Calcd for

Cy3H350,N;3Na 488.2367; Found 488.2377.
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General procedure for the synthesis of compound 16: Compound 10 (1 equiv.) was dissolved in 4 M HCI/1,4-dioxane at 0°C.
The reaction was stirred at 0°C for 5 min and at r.t. for 1 h. After that, the crude was concentrated under reduced pressure.
The crude was triturated with Et,0 and filtered. The white precipitate was washed with additional Et,0. Finally, the product

was dried under high vacuum.

16,p: Yield = 99%. *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 8.80 (d, J = 8.3 Hz, 1H); 8.28 (s, 3H); 8.21 —
8.13 (m, 2H); 7.63 — 7.55 (m, 2H); 4.44 — 4.30 (m, 2H); 4.18 (dd, J = 8.3 Hz, J = 6.1 Hz, 1H); 3.78 (d, J = 5.2 Hz, 1H); 3.09 (t, J =
6.4 Hz, 2H); 2.14 (pd, J = 6.9 Hz, J = 5.2 Hz, 1H); 1.97 (h, J = 6.8 Hz, 1H); 0.95 (d, J = 6.9 Hz, 3H); 0.92 (d, J = 6.9 Hz, 3H); 0.78
(dd, J = 6.8 Hz, J = 1.5 Hz, 6H). 3C{*H} NMR (125 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 171.0; 168.4; 146.5; 146.3;
130.3; 123.4; 64.4; 57.6; 57.1; 34.0; 29.9; 29.9; 18.9; 18.5; 18.0; 17.4. FTIR Vymax (cm2): 3206 (w); 2968 (w); 1720 (w); 1680
(m); 1519 (s); 1464 (m); 1347 (s); 1223 (m); 856 (m). HRMS (ESI) m/z: [M+H]* Calcd for C1sH2505N; 366.2023; Found 366.2029.
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16p,: Yield = 99%. *H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): 6 (ppm) = 8.79 (d, J = 8.3 Hz, 1H); 8.25 (s, 3H); 8.20 — 16pp: Yield = 99%. *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 8.66 (d, J = 7.4 Hz, 1H); 8.26 (s, 3H); 8.18 —

8.15 (m, 2H); 7.61 - 7.56 (m, 2H); 4.43 —4.30 (m, 2H); 4.18 (dd, J = 8.2 Hz, J = 6.1 Hz, 1H); 3.77 (s, 1H); 3.09 (t, J = 6.4 Hz, 2H); 8.14 (m, 2H); 7.59 - 7.55 (m, 2H); 4.41 - 4.31 (m, 2H); 4.13 (dd, J = 7.4 Hz, J = 5.7 Hz, 1H); 3.78 (d, J = 5.6 Hz, 1H); 3.06 (t,/ =
2.13 (pd, J = 6.9 Hz, J = 5.1 Hz, 1H); 1.96 (dq, J = 13.5 Hz, J = 6.8 Hz, 1H); 0.95 (d, J = 6.9 Hz, 3H); 0.91 (d, J = 6.9 Hz, 3H); 0.78 6.4 Hz, 2H); 2.09 - 1.95 (m, 2H); 0.91 (d, J = 2.0 Hz, 3H); 0.90 (d, J = 2.0 Hz, 3H); 0.82 (t, J = 6.5 Hz, 6H). BC{*H} NMR (125 MHz
(d, J = 6.8 Hz, 6H). 3C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 171.0; 168.4; 146.5; 146.3; 130.4; with cryoprobe, DMSO-ds, 298 K): 8 (ppm) = 170.8; 168.4; 146.5; 146.3; 130.3; 123.4; 64.2; 57.8; 56.7; 34.0; 29.9; 29.6; 18.8;
123.5; 64.4; 57.6; 57.2; 34.0; 30.0; 29.9; 18.9; 18.5; 18.0; 17.4. FTIR Vpnyy (cm): 3206 (w); 2966 (w); 1733 (m); 1677 (m); 1518 18.2; 18.0; 17.7. FTIR Vpyy (cm'2): 3185 (w); 2966 (w); 1746 (m); 1660 (m); 1520 (s); 1447 (m); 1345 (s); 1187 (m); 1142 (m);
(s); 1464 (m); 1344 (s); 1275 (m); 856 (m). HRMS (ESI) m/z: [M+H]* Calcd for C15H,505N; 366.2023; Found 366.2029. 852 (m). HRMS (ESI) m/z: [M+H]* Calcd for C15H,505N5 366.2023; Found 366.2033.
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2.4 5-Methylami hyl uridine phosphoramidi

o

Teoo. N Teoo = |-COOCH,CH,TMS
PG

DMTO. N” 0
o
RIS
N*P\O
\\\CN

Figure S1. 5-methylami hyl uridine phosphoramidite 17.

Compound 17 was synthesized following a procedure previously reported in the literature.?
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Scheme $4. Synthesis of 5-amil hyl t idine phosph

General procedure for the synthesis of compound 19: Thymidine 18 (1 equiv.) was dissolved in dry pyridine, then acetic
anhydride (3 equiv.) was added slowly. The mixture was stirred at r.t. for 2 h, then quenched with CH,Cl,, diluted with EtOAc
and washed with water. The aqueous phase was extracted twice with EtOAc, then the combined organic layers were dried

(Na,S0O,), filtered and concentrated. The crude was purified by silica gel column chromatography.
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19: Yield = 96%. Rf = 0.70 (10:0.5 CH,Cl,/MeOH). *H NMR (500 MHz with cryoprobe, CDCls, 298 K): § (ppm) = 9.83 (d, J = 30.5
Hz, 1H); 7.25 (d, J = 1.6 Hz, 1H); 6.30 (ddd, J = 8.1 Hz, J = 5.6 Hz, J = 2.1 Hz, 1H); 5.18 (dq, J = 6.8 Hz, J = 2.2 Hz, 1H); 4.36 — 4.27
(m, 2H); 4.21 (dt, J = 4.0 Hz, J = 2.8 Hz, 1H); 2.46 — 2.40 (m, 1H); 2.18 — 2.10 (m, 1H); 2.09 (d, J = 2.8 Hz, 3H); 2.07 (d, J = 2.9
Hz, 3H); 1.92 — 1.87 (m, 3H). B3C{*H} NMR (125 MHz with cryoprobe, CDCl3, 298 K): & (ppm) = 170.5; 170.3; 163.9; 150.6;
134.6; 111.6; 84.8; 82.1; 74.2; 63.9; 37.5; 20.9; 20.9; 12.7. FTIR Voo (cm™): 1747 (m); 1731 (m); 1700 (m); 1662 (s); 1474 (w);
1376 (m); 1243 (s); 1120 (s); 1093 (m); 1060 (m); 1027 (s); 951 (w); 883 (w); 865 (m); 763 (w); 629 (w). HRMS (ESI) m/z:
[M+H]* Calcd for Cy4H19N,07 327.1187; Found 327.1191.
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General procedure for the synthesis of compound 20: Compound 19 (1 equiv.) was suspended in dry benzene and degassed.
N-Bromosuccinimide (1.2 equiv.) was added, the mixture was degassed again and heated to 70°C. Then, AIBN (0.5
equiv.) was added. The reaction mixture was stirred for 2 h, then another portion of AIBN (0.25 equiv.) was added. The
reaction mixture was concentrated, the crude was dissolved in dry DMF under N, and NaN; (1 equiv.) was added. The
reaction was stirred at r.t. for 20 h, then the reaction mixture was diluted with water. The aqueous phase was extracted with
EtOAc, then the combined organic layers were dried (Na,SO,), filtered and concentrated. The crude was purified by silica gel
column chromatography.

20: Yield = 73%. Rf = 0.35 (1:3 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 11.63 (s, 1H);
7.82 (s, 1H); 6.16 (dd, J = 8.0 Hz, J = 6.2 Hz, 1H); 5.20 (dt, J = 6.4 Hz, J = 2.9 Hz, 1H); 4.24 (dd, J = 4.8 Hz, J = 3.4 Hz, 2H); 4.18
(td, J = 4.8 Hz, J = 2.9 Hz, 1H); 4.10 (s, 2H); 2.43 (ddd, J = 14.6 Hz, J = 8.1 Hz, J = 6.8 Hz, 1H); 2.34 (ddd, J = 14.4 Hz, ) = 6.3 Hz,
J =2.8Hz, 1H); 2.05 (d, J = 9.1 Hz, 6H). **C{*H} NMR (125 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 170.4; 170.3;
163.0; 150.4; 139.8; 109.1; 84.8; 81.5; 74.1; 63.9; 46.9; 36.0; 20.9; 20.7. FTIR Vya (cm™): 2106 (w); 1681 (s); 1602 (w); 1464
(m); 1366 (m); 1224 (s); 1100 (m); 685 (w); 603 (w). HRMS (ESI) m/z: [M-H]" Calcd for Cy4H;6Ns07 366.1055; Found 366.1056.
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General procedure for the synthesis of compound 21: Step 1. Compound 20 (1 equiv.) was dissolved in THF/H,0 mixture
(10:1) and PPh; (1.5 equiv.). was added. The reaction was stirred for 3 h, then the volatiles were evaporated and the crude
was used for the next step without further purification. Step 2. The crude (1 equiv.) was dissolved in dioxane/water mixture
(1:1) and TeocOSu (1.1 equiv.) was added, followed by TEA (1.5 equiv.). The reaction mixture was stirred at r.t. for 20 h. After
that, the crude was diluted with EtOAc, washed with water, dried (Na,SO,), filtered and concentrated. The crude was purified
by silica gel column chromatography.

21: Yield = 92%. Rf = 0.25 (3:7 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): 6 (ppm) = 11.47 (s, 1H);
7.51 (s, 1H); 7.28 — 7.09 (m, 1H); 6.17 (t, J = 7.1 Hz, 1H); 5.19 (dt, J = 5.9 Hz, J = 2.9 Hz, 1H); 4.25 — 4.15 (m, 3H); 4.02 (dt, J =
9.0 Hz, J = 3.8 Hz, 2H); 3.82 (d, J = 5.6 Hz, 2H); 2.37 — 2.28 (m, 2H); 2.07 (d, J = 5.2 Hz, 6H); 0.94 — 0.85 (m, 2H); 0.00 (s, 9H).
13C{IH} NMR (125 MHz with cryoprobe, DMSO-d;, 298 K): 6 (ppm) = 170.4; 170.2; 162.9; 156.6; 150.4; 137.3; 111.7; 84.6;
81.5;74.2; 63.9; 61.9; 36.9; 36.2; 20.9; 20.8; 17.6; -1.3. FTIR Vyay (cm): 1672 (s); 1467 (w); 1376 (w); 1221 (s); 1135 (w); 1100
(m); 1059 (m); 1026 (m); 951 (w); 860 (m); 834 (m); 763 (w); 694 (w); 603 (w). HRMS (ESI) m/z: [M-H]" Calcd for CyoH3oN300Si
484.1757; Found 484.1760.
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General procedure for the synthesis of compound 22: Compound 21 was dissolved in aq. NH,OH and stirred at r.t. for 3 h.
The reaction mixture was extracted with EtOAc, the organic layers were washed with water, then with ag. NH,Cl solution,
then dried (Na,SO,), filtered and concentrated. The crude was purified by silica gel column chromatography to afford the

product as a white solid.

22: Yield = 82%. Rf = 0.38 (10:1 CH,Cl,/MeOH). *H NMR (500 MHz with cryoprobe, DMSO-dg, 298 K): & (ppm) = 11.36 (s, 1H);
7.65 (s, 1H); 7.13 (t, J = 5.6 Hz, 1H); 6.16 (dd, J = 7.5 Hz, J = 6.1 Hz, 1H); 5.25 (d, J = 4.2 Hz, 1H); 4.90 (t, J = 5.3 Hz, 1H); 4.22
(dg, J = 6.5 Hz, J = 3.1 Hz, 1H); 4.09 — 3.95 (m, 2H); 3.78 (dd, J = 8.2 Hz, J = 4.4 Hz, 3H); 3.57 — 3.49 (m, 2H); 2.14 — 1.96 (m,
2H); 0.91 (dd, J = 9.4 Hz, J = 7.4 Hz, 2H); 0.01 (s, 9H). 1*C{*H} NMR (125 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) =
162.9; 156.5; 150.5; 137.7; 111.2; 87.6; 84.3; 70.8; 61.9; 61.8; 37.0; 17.6; -1.2. FTIR Vjnae (cm?): 2953 (w); 1673 (s); 1468 (m);
1247 (s); 1092 (m); 1049 (m); 941 (m); 833 (s); 761 (m); 694 (m). HRMS (ESI) m/z: [M-H] Calcd for CiH6N30,Si 400.1546;

Found 400.1548.
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Compound 23 was synthesized following a procedure described above for compound 6 (Section 2.1).

23: Yield = 99%. Rf = 0.44 (1:2.5 iHex/EtOAc). *H NMR (500 MHz with cryoprobe, DMSO-ds, 298 K): & (ppm) = 11.44 (s, 1H);
8.58 — 8.56 (M, 2H); 7.77 (tt, J = 7.6 Hz, J = 1.8 Hz, 1H); 7.42 — 7.34 (m, 4H); 7.33 — 7.24 (m, 6H); 7.24 — 7.18 (m, 1H); 6.91 —
6.85 (m, 4H); 6.16 (t, J = 6.6 Hz, 1H); 5.33 (d, J = 4.7 Hz, 1H); 4.22 (p, J = 5.1 Hz, 1H); 3.99 — 3.93 (m, 2H); 3.87 (q, J = 4.3 Hz,
1H); 3.73 (s, 6H); 3.59 (dd, J = 5.2 Hz, J = 2.5 Hz, 2H); 3.20 (qd, J = 10.4 Hz, J = 4.5 Hz, 2H); 2.17 (t, J = 6.0 Hz, 2H); 0.86 (td, J =
8.0 Hz, J = 3.4 Hz, 2H); -0.01 (s, 9H). 13C{*H} NMR (125 MHz with cryoprobe, DMSO-d, 298 K): & (ppm) = 162.9; 158.3; 156.3;
150.4; 149.8; 145.0; 138.3; 136.3; 135.8; 135.6; 129.9; 128.0; 127.9; 126.9; 124.1; 113.4; 110.9; 85.9; 85.6; 84.4; 70.5; 64.0;
61.7; 55.2; 17.6; -1.3. FTIR vynax (cm™): 2951 (w); 1649 (s); 1608 (w); 1507 (m); 1464 (m); 1247 (s); 1175 (m); 1090 (m); 1031
(s); 967 (w); 827 (s); 791 (m); 754 (m); 727 (w); 701 (s). HRMS (ESI) m/z: [M-H]" Calcd for C3;HasN;0sSi 702.2852; Found

702.2860.
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Compound 24 was synthesized following a procedure describe above for compound 7 (Section 2.1).

24: Yield = 78%. Rf = 0.53 (1:1 iHex/EtOAc). 3'P{*H} NMR (202 MHz with cryoprobe, acetone-ds, 298 K): 6 (ppm) = 148.3;
148.2. HRMS (ESI) m/z: [M+Cl]- Calcd for CasHsoNsO10PSICl 938.3698; Found 938.3699.
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3. General information and instruments for oligonucleotides
Synthesis and purification of oligonucleotides

Phosphoramidites of 2’-O-Me ribonucleosides (2’-OMe-Bz-A-CE, 2’-OMe-Dmf-G-CE, 2’-OMe-Ac-C-CE and 2’-OMe-U-CE) and
deoxyribonucleosides (Bz-dA-CE, Dmf-dG-CE, Ac-dC-CE, T-CE) were purchased from LinkTech and Sigma-Aldrich.
Oligonucleotides (ONs) were synthesized on a 1 pmol scale using RNA SynBase™ CPG 1000/110 and High Load Glen
UnySupport™ as solid supports using an RNA automated synthesizer (Applied Biosystems 394 DNA/RNA Synthesizer) with a
standard phosphoramidite chemistry. ONs were synthesized in DMT-OFF mode using DCA as a deblocking agent in CH,Cl,,
BTT or Activator 42® as activator in MeCN, Ac,0 as capping reagent in pyridine/THF and |, as oxidizer in pyridine/H,0.

Deprotection of Onpe and teoc groups

For the deprotection of the para-nitrophenylethyl (Onpe) group in ONs containing amino acid-modified carbamoyl
adenosine nucleosides, the solid support beads were suspended in a 9:1 THF/DBU solution mixture (1 mL) and incubated at
r.t. for 2 h.% After that, the supernatant was removed, and the beads were washed with THF (3x1 mL).

For the deprotection of the 2-(trimethylsilyl)ethoxycarbonyl (teoc) group in ONs containing 5-methylaminomethyl uridine
nucleosides, the solid support beads were suspended in a saturated solution of ZnBr,in 1:1 MeNO,/IPA (1 mL) and incubated
atr.t. overnight.® After that, the supernatant was removed and the beads were washed with 0.1 M EDTA in water (1 mL) and
water (1 mL).

Coupling of amino acids to ONs anchored to the solid support beads

The solid support beads (1 umol) in an Eppendorf tube were washed with dry DMF (0.3 mL). In a separate Eppendorf tube,
Boc-protected L- or D-Valine, DMTMMeBF4 (100 umol) as activator and dry DIPEA (200 umol) were dissolved in dry DMF (0.6
mL). Subsequently, the amino acid solution was added to the solid support beads and the reaction was incubated in an
orbital shaker at r.t. for 1 h. The suspension was centrifuged and the supernatant was removed. The solid support beads
were washed with dry DMF (2x0.3 mL) and dry MeCN (2x0.3 mL). Finally, the beads were dried using a SpeedVac
concentrator.

For the deprotection of the tert-butyloxycarbonyl (Boc) group in ONs after the coupling of a Boc-protected amino acid or
peptide, the solid support beads were suspended in a 1:1 TFA/CH:Cl2 solution mixture (0.5 mL) and incubated for 5 min at
r.t.5 After that, the supernatant was removed and the solid support beads were washed with CH2Cl2 (2x0.5 mL).

Cleavage from beads and precipitation of the synthesized ON

The solid support beads were suspended in a 1:1 aqueous solution mixture (0.6 mL) of 30% NH,OH and 40% MeNH,. The
suspension was heated at 65°C (8 min for SynBase™ CPG 1000/110 and 60 min for High Load Glen UnySupport™). The ONs
containing dipeptide-modified carbamoyl adenosine derivatives were cleaved from the solid support beads using a 30%
NH4OH aqueous solution (0.6 mL) at r.t. overnight. Subsequently, the supernatant was collected, and the beads were washed
with water (2x0.3 mL). The combined aqueous solutions were concentrated under reduced pressure using a SpeedVac
concentrator. After that, the crude was dissolved in DMSO (100 pL) and the ON was precipitated by adding 3 M NaOAc in
water (25 pL) and n-butanol (1 mL). The mixture was kept at -80°C for 2 h and centrifuged at 4°C for 1 h. The supernatant
was removed, and the white precipitate was lyophilized.

Purification of the synthesized ON by HPLC and desalting

The crude was purified by semi-preparative HPLC (1260 Infinity Il Manual Preparative LC System from Agilent equipped with
a G7114A detector) using a reverse-phase (RP) VP 250/10 Nucleodur 100-5 C18ec column from Macherey-Nagel (buffer A:
0.1 M AcOH/Et;N pH 7 in H,0 and buffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H,0/MeCN; Gradient: 0-25% of B in 45 min; Flow
rate =5 mL-min). The purified ON was analyzed by RP-HPLC (1260 Infinity Il LC System from Agilent equipped with a G7165A
detector) using an EC 250/4 Nucleodur 100-3 C18ec from Macherey-Nagel (Gradient: 0-30% of B in 45 min; Flow rate = 1
mL-min). Finally, the purified ON was desalted using a C18 RP-cartridge from Waters.

Determination of the concentration and the mass of the synthesized ON

The absorbance of the synthesized ON in H,0 solution was measured using an IMPLEN NanoPhotometer® N60/N50 at 260
nm. The extinction coefficient of the ON was calculated using the OligoAnalyzer Version 3.0 from Integrated DNA
Technologies. For ONs incorporating non-canonical bases, the extinction coefficients were assumed to be identical to those
containing only canonical counterparts.
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The synthesized ON (2-3 pL) was desalted on a 0.025 um VSWP filter (Millipore), co-crystallized in a 3-hydroxypicolinic acid
matrix (HPA, 1 upL) and analyzed by matrix-assisted laser desorption/ionization — time-of-flight (MALDI-ToF) mass
spectrometry (negative mode).

4. Synthesized oligonucleotides using a DNA/RNA automated synthesizer
4.1 Donor strands containing amino acid-modified methyl N-carbamoyl adenosine at the 5’-end

Table S1. HPLC retention times (0-40% of B in 45 min) and MALDI-ToF mass spectrometric analysis (negative mode) of donor strands ON1z, containing
a Val- or Val-Val-modified Nf-carbamoyl adenosine at the 5’-end. Subscript | stands for the L-Val enantiomer and subscript  stands for the D-Val
enantiomer.

Sequence Donor strand tg (min)  m/z calcd. for [M-H]  found
ON1; R = mfv,°A,, 27.8 2417.5 2417.2
ON1p; R = mPvp®A, 28.9 2417.5 2417.0
ON1,; R = mévv°A,, 30.1 2516.5 2516.5

5"-R}AUCGCU),-3
ON1,p; R = mfvivp®A,, 31.0 2516.5 2516.3
ON1p; R = mévpv A, 328 2516.5 2516.2
ON1pp; R = mévpvp®Ay,  33.9 2516.5 2516.4

4.2 Acceptor strands containing 5-methylaminomethyl uridine at the 3’-end

Table S2. HPLC retention times (0-40% of B in 45 min) and MALDI-ToF mass spectrometric analysis (negative mode) of acceptor strands ON2g,
containing a methylaminomethyl uridine at the 3’-end.

Sequence Acceptor strand tz(min)  m/z caled. for [M-H]"  found

ON2; R2=vi-mnm°U,,  24.8 3785.4 3786.0
5’-(GUACAGCGAU),,R?-3’
ON2;; R? = vo-mnm®U,,  24.7 3785.4 3788.7

4.3 Donor strands containing amino acid-modified methyl N-carbamoyl deoxy adenosine at the 5’-end

Table $3. HPLC retention times (0-40% of B in 45 min) and MALDI-ToF mass spectrometric analysis (negative mode) of donor strands dON1g, containing
an L- or D-Val-modified Né-carbamoyl deoxy adenosine at the 5’-end.

Sequence Donor strand tz (min)  m/zcalcd. for [M-H]  found

dON1;R!=mévSdA 245 2236.6 22363
5'- R'd(ATCGCT)-3'
dON1,; R* = mévpédA  23.2 2236.6 2236.2

4.4 Acceptor strands containing 5-aminomethyl thymidine at the 3’-end

Table S4: HPLC retention times (0-40% of B in 45 min) and MALDI-ToF mass spectrometric analysis (negative mode) of acceptor strands dON2g,
containing an aminomethyl thymidine at the 3’-end.

Sequence Acceptor strand tg(min)  m/zcalcd. for [M-H]"  found
dON2; R2=v-nmsdT  19.3 3470.4 3469.1
5'-d(GTACAGCGAT)R2-3"
dON2p; R? = vp-nm*dT  19.2 3470.4 3469.8
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5. Peptide pling reactions b donor and li leotide:

Stock solutions of MES buffer pH 6 (400 mM), NaCl (1 M) and activator (500 mM) were prepared in water. Subsequently,
equimolar amounts of (d)ON1g,; and (d)ON2g; (3-5 nmol) were annealed at 95°C for 4 min in water containing NaCl (half of
the volume required for the reaction). Finally, buffer, NaCl, activator solutions and water were added to the ON solution and
the reaction was incubated in a ThermoMixer at 25°C for 2 h. The concentration of the components in the reaction mixture
was: 50 uM of (d)ON1g,, 50 uM of (d)ON2g,, 100 mM of buffer, 100 mM of NaCl and 50 mM of EDC/Sulfo-NHS.

3-(UCGCUA),R'—COOH _ EDC/Sulfo-NHS 3-(UCGCUA),R" %O
5-(GUACAGCGAU),R2—NH, MES buffer pH 6 5-(GUACAGCGAU), R2—
ON1g1sON2g, NaCl, rit ON3girz
o
3-d(TCGCTA)R'—COOH  EDC/Sulfo-NHS 3uu(TCGCTA)R‘j//
5-d(GTACAGCGAT)R2—NH, MES buffer pH 6 5-d(GTACAGCGAT)RZ—N,
dON1RedON2g, NaCl, r.t. dON3gsRz

Scheme S5. Peptide coupling reactions between oligonucleotides (d)ON1g, and (d)ON2g, to give hairpin (d)ON3gg,.

The peptide coupling reactions were only performed to isolate and characterize the products by HPLC (tz) and mass
spectrometry (m/z). The isolated products were used as references for the analyses of the pair-wise competitive reactions.
In this respect, the reaction yields are not given.

Table S5. HPLC retention times (0-40% of B in 45 min) and MALDI-ToF mass spectrometric analysis (negative mode) of isolated hairpin products
(d)ON3gyg,.

Donor strand Acceptor strand Hairpinstrand  tz (min)  m/z calcd. for [M-H]"  found
ON1; R' = mév,°A,, ON2; R? = vi-mnm°U,, ON3, 322 6186.9 6186.1
ON1p; R = mPvp°A, ON2; R? = vi-mnm°U,, ON3p. 33.6 6186.9 6187.3
ON1,; R = mév,v °A,, ON2; R? = vi-mnm°U,, ON3,,; 34.0 6285.9 6286.7
ON1,; R = mfvv °A,, ON2p; R? = vp-mnm®U,,  ON3yp 36.1 6285.9 6285.6
ON1,p; R = mv\vp®An, ON2;; R? = vi-mnm°Uy, ON3p, 35.5 6285.9 6285.9
ON1,p; R* = mévivp°A, ON2p; R? = vp-mnm®°U,,  ON3,pp 335 6285.9 6286.2
ON1p; R =movpvi°A,  ON2; R?=vi-mnm°U,  ON3py 34.6 6285.9 6286.9
ON1p; R = mévpv ®An, ON2p; R? = vo-mnm®Uy,  ON3pp 35.5 6285.9 6285.7
ON1pp; R = movpvpPA,  ON2;; R? = vi-mnm®U,, ON3pp 345 6285.9 6287.0
ON1pp; RE = mévpvpAy,  ON2p; R? = vo-mnm®U,  ON3ppp 353 6285.9 6286.4
dON1; R? = mfv,°dA dON2,; R? = vi-nm*dT dON3,, 22.1 5689.0 5689.7
dON1p; R = mévpdA dON2;; R? = vi-nm*dT dON3p,. 25.1 5689.0 5689.2
dON1,; R! = mév,6dA dON2p; R? = vo-nm®dT ~ dON3,p 243 5689.0 5689.0
dON1p; R = mvpdA dON2y; R? = vp-nm®dT dON3pp 23.6 5689.0 5688.8
ON1.,; R* = m°g°A,, ON2,;; R? = mnm,Um ON3; 26.8 6045.7 6044.8
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6. Calibration curve hairpin 7. Cleavage reaction of hairpin products

Hairpin oligonucleotide ON3,, or acceptor oligonucleotide ON2, was used for the development of a HPLC calibration curve. A stock solution of acetate buffer pH 4 (400 mM) and NaCl (1 M) were prepared in water. Subsequently, ON3gsz, Was mixed
A stock solution of ON3,, or ON2, was prepared in water (100 uM). Separate standard solutions containing 1.2; 1.0; 0.8; 0.6; with buffer, NaCl, and water and the reaction mixture was incubated at 90°C for 20 h. The concentration of the components
0.4; 0.2 and 0.1 nmol of ON3,, or ON2, were prepared in a final volume of 20 pL. The standard solutions were injected in an in the reaction mixture was: 50 UM of ON3gsg,, 100 mM of buffer, 100 mM of NaCl.

analytical HPLC equipped with a C18 column (buffer A: 0.1 M AcOH/Et;N pH 7 in H,0 and buffer B: 0.1 M AcOH/Et3N pH 7 in
20:80 H,0/MeCN; Gradient: 0-40% of B in 45 min; Flow rate = 1 mL-min). The absorbance was monitored at 260 nm and

0 R
the areas of the chromatographic peaks were determined by integration of the HPL-chromatograms. The plot of the 3'-(UCGCUA),R* 5'-(GUACAGCGAU),R2R'—NH, 5‘-(GUACAGCGAU)mR27NH 3'-(UCGCU),-mPA,
. . N " . . 3 2 NH
chromatographic area (a.u.) versus the amount (nmol) of the oligonucleotide followed a linear relationship. 5'-(GUACAGCGAU),R*—N_  acetate buffer pH 4 ON2g+r2 + c-ON2gsr2 7f + ON4
NaCl, 90 °C o
ON3g1r2
12000
Pl
10000 v’/
8000 ,’/ Scheme S6: Cleavage reactions of hairpin products ON3gg, to give ON2 gypz, €-ON2 gsp, and ON4.
- »
3 -
s -
g 6000 P The hairpin cleavage reactions were only performed to isolate and characterize the products by HPLC (tz) and mass
g -
< 4000 el spectrometry (m/z). The isolated products were used as references for the analyses of the pair-wise competitive reactions.
-
> . . . .
P s In this respect, the reaction yields are not given.
v
%0 o2 o4 o8 o8 1o 12 Table S7. HPLC retention times (0-40% of B in 45 min) and MALDI-ToF mass spectrometric analysis (negative mode) of isolated cleavage products
Amount (nmol) ON2gyzy, -ON2gy5, and ON4.
Figure S2. Chromatographic area (a.u.) vs. amount (nmol) of ON3,,,. Line shows the fit of the data to a linear regression equation. Error bars are
standard deviations from two independent experiments. Acceptor strand g (min)  m/z caled. for [M-H]  found
9000 ON2, 25.9 3884.4 3885.3
8000
7000 c-ON2;, 30.0 3910.3 3911.3
6000
;;{5000 ON2p, 28.0 3884.4 3885.6
g 4000
3000 c-ON2p, 30.0 3910.3 3910.6
2000
1000 » ON2,, 27.6 3983.4 3984.5
0+
00 02 04 06 08 10 12 c-ON2y, 34.0 4009.4 4011.5
Amount (nmol)
ON2;p,. 31.4 3983.4 3983.9
Figure $3. Chromatographic area (a.u.) vs. amount (nmol) of ON2,. Line shows the fit of the data to a linear regression equation. Error bars are standard
deviations from two independent experiments. c-ON2,00 328 4009.4 4012.3
Table S6. Calibration curve (y = mx + n) obtained by HPLC analysis of ON3, and ON2, and calculated extinction coefficients of ON1c,;, ON2¢,), ON3y ON2p, 28.7 3983.4 3985.0
and ON2,
€c-ON2p,, 343 4009.4 4011.0
Strand Slope, m (nmol')  Intercept,n 12 £ (Mtem?) ON2oo 28.7 3983.4 39843
ONla® - - - 68800 ¢-ON2pp, 343 4009.4 4010.4
ON2® - - - 113400 oNa 26.0 22743 22726
ON3.° 9142.5 149.4 0.99 159182
ON2, 6428.6 -89.8 1.0 113400

The extinction coefficients were calculated using: ? the OligoAnalyzer Version 3.0 from Integrated DNA Technologies and ® an hypochromicity value of
h =0.827 for the section of the hairpin forming base pairs as reported in the literature.”

S45 S46



8. Competitive coupling and cleavage reactions (one-pot)
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Figure S4. a) Coupling and cleavage reactions between acceptor and donor strands. Reaction conditions: (1) Coupling: EDC/Sulfo-NHS, MES buffer pH
6, NaCl, r.t., 2 h; (2) Cleavage: acetate buffer pH 4, NaCl, 90 °C, 48 h. HPL-chromatograms of the b) coupling reaction of ON1g, and ON2g, to yield
ON3g;z; and of the c) cleavage reaction of ON3gyg, to yield ON2gyp,, €-ON2gig, and ON4.

ON1, + ON1p + ON2,
Coupling 1 Cleavage 1
ON1, + ON1p
—— > ON3 (+ON3p,;) —— > ON2, +c-Ol
Coupling 2 Cleavage 2

Scheme S7. Schematic representation of the one-pot coupling/cleavage cycle.

ON3,, (+ ON3p,) —— ON2y, +c-ON2,, (+ ON2p, +c-ON2p,) + ON4

N2,,, + ON4

The one-pot reactions were carried out using 20 nmol of ON2, as starting material. An equimolar solution of 20 nmol ON1,
and ON1;, was prepared and the coupling reaction was carried out as described in Section 5. After each coupling step, the
crude mixture was filtered using an Amicon® ultra centrifugal filter (3 kDa nominal molecular weight cut-off) to remove the
unreacted activator and to exchange the buffer solution. Then, the cleavage reaction was performed as described in
Section 7, although the reaction time was extended to 48 h to optimize the yield. After each step, 20 pL of the reaction

mixture was analysed by HPLC.
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Figure S5: HPL-chromatograms of the crude reaction mixtures of the one-pot reaction and MALDI-ToF spectra of the isolated products; a) first coupling;
b) first cleavage; c) second coupling and d) second cleavage.

Table S8: Results obtained in one-pot coupling and cleavage cycle.

Step Activator pH T(°C) Time(h) Yield (%) LL vs. DL ratio
Couplingl  EDC/Sulfo-NHS 6 25 2 58% 94:6
Cleavage1l - 4 90 48 42% (over two steps)  98:2
Coupling2  EDC/Sulfo-NHS 6 25 2 3% (over three steps)  n.d.
Cleavage2 - 4 90 48 1% (over four steps) n.d.
9. Pair-wise competitive peptide coupling reactions between donor and p IIf leotide:

dipeptides

EDC/Sulfo-NHS as activator

The peptide coupling reactions were carried out under identical conditions to those described in Section 5 using EDC/Sulfo-
NHS as activator. An equimolar solution of ON1yx and ON1y was prepared in water and analyzed by HPLC. The 1:1 solution
mixture of donor strands, ON1y and ON1y, was used to perform the coupling reactions with 1 equiv. of acceptor strand,

ON2, or ON2,,.
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EDC/Sulfo-NHS
ONfy +ON1y + ON2, —————————————> ON3y_ +ON3y,
MES buffer pH 6, NaCl, r.t.

EDC/Sulfo-NHS
ON1y + ON1y + ON2 ————————————> ON3yp + ON3yp
MES buffer pH 6, NaCl, r.t.

xand y can be either L, Lp, pL, OF pps bUt x # v

Scheme S8. Pair-wise competitive peptide coupling reactions of ON1, and ON1y with ON2, or ON2p.
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Figure S6. HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of ON2, with equimolar
amounts of: a) ON1, and ON1,p; c) ON1,, and ON1p; ) ON1, and ON1pp; g) ON1yp and ON1pp and i) ON1p, and ON1pp or of ON2; with equimolar
amounts of: b) ON1,, and ON1,p; d) ON1, and ON1p; f) ON1, and ON1pp; h) ON1yp and ON1pp and j) ON1p, and ON1pp. Reactions were performed
with EDC/Sulfo-NHS (2 h).

S49

Table S9. Results obtained in the pair-wise competitive peptide coupling reactions of ON2, and ON2, with equimolar amounts of ON1, and ON1y (x
and y can be either , 1o, oL, OF pp, but x # y) using EDC/Sulfo-NHS as activator (average of two experiments). Errors were determined to be lower than
10%.

Acceptor strand  Donor strands Overallyield (%)  ON3,,/ON3y, ratio

ON1,+ONl, 56 59:41
ON1,+ONlp 48 81:19

ON2, ON1, +ONlp 50 nd.
ON1,+ONly, 48 62:38
ON1o +ONlp 25 nd.

Acceptor strand  Donor strands Overallyield (%)  ON3y,/ON3y, ratio

ON1,+ONl, 50 50:50
ON1, +ONly 30 80:20
ON2, ON1, +ONlp 37 66:34
ON1,+ONlp 34 64:36

ON1, +ONly, 24 n.d.

n.d. = not determined (due to peak overlap)

Competitive reactions between two acceptor strands with one donor strand

The peptide coupling reactions were carried out under identical conditions to those described in Section 5 using EDC/Sulfo-
NHS as activator. An equimolar solution of ON2, and ON2; was prepared in water and analyzed by HPLC. The 1:1 solution
mixture of acceptor strands, ON2, and ON2p, was used to perform the coupling reactions with 1 equiv. of donor strand,
ON1,, ON1,5, ON1,;, or ON1pp,

EDC/Sulfo-NHS
ONf1y + ON2, + ON2y ~——————————————> ON3y, + ON3yp
MES buffer pH 6, NaCl, r.t.

x can be either L1, Lo, oL, Of pp

Scheme $9. Pair-wise competitive peptide coupling reactions between ON2, and ON2, with ON1,,, ON1,5, ON1p, or ON1pp.
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Figure S7. HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of equimolar amounts of ON2,
and ON2;, with a) ON1,; b) ON1,p; c) ON1p, and d) ON1pp. Reactions performed with EDC/Sulfo-NHS (2 h).
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Table $10. Results obtained in the pair-wise competitive peptide coupling reactions of equimolar amounts of ON2, and ON2, with ON1,,, ON1,5, ON1,p
or ON1p;, using EDC/Sulfo-NHS as activator (average of two experiments). Errors were determined to be lower than 10%.

Acceptor strands  Donor strand  Overall yield (%)  ON3,,/ON3y, ratio

ON1, 54 66:34

ON1, 40 62:38
ON2, + ON2,

ON1p, nd. nd.

ON1gp 27 29:71

n.d. = not determined (due to overlap with impurity)

10. Pair-wise petitive peptide

pling reactions between donor and ptor deoxy olij leotide!

The competitive peptide coupling reactions of an equimolar mixture of dON1, and dON1, with dON2, or dON2;, were carried
out under identical conditions to those described in Section 5 using EDC/Sulfo-NHS as activator.

EDC/Sulfo-NHS
dON1, + dON1p + dON2,_

dON3,, + dON3p_
MES buffer pH 6, NaCl, r.t.

EDC/Sulfo-NHS
dON1,_ + dON1p + dON2y ————————————————> dON3,p + dON3pp
MES buffer pH 6, NaCl, r.t.

Scheme $10. Pair-wise competitive peptide coupling reactions between dON1, and dON1, with dON2, or dON2;,.
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Figure S8: HPL-chromatograms of the crude reaction mixtures for the pair-wise competitive peptide coupling reactions of a) dON2, and b) dON2, with
equimolar amounts of dON1, and dON1,. Reactions performed with EDC/Sulfo-NHS (2 h).

Table $11: Results obtained in the pair-wise competitive peptide coupling reactions of dON2, and dON2, with equimolar amounts of dON1, and dON1,
using EDC/Sulfo-NHS as activator (average of two experiments). Errors were determined to be lower than 10%.

Acceptor strand  Donor strands Overallyield (%)  dON3,,/dON3p, ratio

dON2, dON1, +dON1, 24 85:15

Acceptor strand  Donor strands Overallyield (%)  dON3,5/dON3pp, ratio

dON2, dON1, +dON1, 23 31:69
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11. Circular dichroism measurements

The circular dichroism (CD) spectra were measured on a Jasco J-810 spectropolarimeter using 5 mm cuvettes in the
spectral range from 220 nm to 310 nm and are the average of three measurements. For the experiments we prepared
aqueous solutions with the following concentrations: [ON] = 5 uM, [NaCl] = 150 mM, [MES buffer] = 10 mM. The
oligonucleotides were annealed by heating to 95°C for 4 min and, subsequently, by cooling down slowly to 5°C before the
circular dichroism measurement.

The experiments were conducted with a) an annealed duplex of ON1, and ON2,, b) with the annealed hairpin ON3,, and
with c) an annealed duplex of canonical strands ON5 and ON6.

ONS5: 5'-(AAUCGCU),,-3' and ON6 3'-(UUAGCGACAUG),,-5' (with 2’0OMe nucleotides)
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Figure $9: Circular dichroism (CD) spectra of a) annealed duplex of ON1, and ON2,, b) annealed hairpin of ON3,, and c) annealed duplex of canonical
strands ON5 and ON6.
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