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Abstract

Abstract

Research about the origin of life is concerned on the one hand with the abiotic origin of the
building blocks of life and on the other hand with how these molecules have formed the first
self-sustaining systems, which could further develop up to life as we know it today. Life is
based on the interplay between deoxyribonucleic acids (DNA), ribonucleic acids (RNA) and
proteins, which creates the central dogma of molecular biology. In this model, RNA is of central
importance because it is the link between information storage (the genotype) and the
expression of a function (the phenotype). Interestingly, RNA as a molecule possesses the
property of being able to both store information and catalyze reactions. This dualism places
RNA at the centre of theories about the origin of life. The RNA world hypothesis assumes that
life arose from self-replicating RNA molecules, which in the course of evolution developed into
increasingly complex structures with diverse catalytic properties. However, how the transition
from a pure RNA world to a system involving DNA, RNA, and Proteins occurred, similar to
what is found in biology today, is one of the major unanswered questions in the science of the
origin of life. A possible answer can be found in the protein biosynthesis. The translation
requires a complex machinery of information-containing messenger RNA (mRNA), amino acid-
carrying transfer RNA (tRNA) and catalytically active ribosomal RNA (rRNA). The growing
peptide chain is transferred between transfer RNAs (tRNAs), which carry a respective amino
acid at the 3'-end in the form of an aminoacyl ester (Figure 7a). It is assumed that this process
developed gradually in the course of evolution and was preceded by more primitive forms of
peptide synthesis. This hypothesis is supported on the one hand by the variety amino acid
modified nucleotides that have been identified in current organisms. On the other hand, the
multitude of possible reactants that could be present in a prebiotic environment suggests that
early abiotic evolution was far more diverse than a pure RNA world composed just out of the
four canonical nucleotides suggests. The consideration of an extended chemical space by a
co-evolution of RNA and peptides would lead to an expansion of the repertoire of functional
groups, which could have been a driving force of evolution. The current interplay between
DNA, RNA and proteins, as described by the central dogma of molecular biology, could then

develop from an RNA-peptide world by means of selection pressures.
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Figure 1 a) Structure of tRNA loaded with an amino acid at the ribose 3’ end. Representation of the modifications
(m)nm3U34 and (m®)aa®A37 in the anticodon loop. b) Prebiotic decoration of RNA with amino acids and a

consecutive RNA-based transfer cycle of amino acids using non-canonical RNA modifications.

In this work, approaches were investigated in which amino acids are covalently linked to the
nucleobase of various purines and pyrimidines in contrast to aminoacyl esters. Such
conjugates can be found in today's tRNAs as post-transcriptional modifications. To this end,
the formation of these modifications was investigated under prebiotic conditions and it was
shown that N-methylcarbamoyl adenine can be converted into the corresponding amino acid-
modified NP-carbamoyl adenine derivatives ((m®)aaA) in both nucleosides and
oligonucleotides. In addition, synthetic routes were developed to produce the corresponding
phosphoramidite building blocks, which were subsequently used to demonstrate a primitive
form of RNA-based peptide synthesis using the non-canonical nucleoside
(methyl)aminomethy! uridine ((m)nm®U). This shows that RNA has the ability to self-decorate
with peptides at specific nucleobases (Figure 7b). The interaction of RNA and peptides leads
to an expansion of the repertoire of functional groups, which could have been a driving force
leading to an extended chemical space of ribozymes. In this regard, in addition to RNA-based
peptide synthesis, it was possible to demonstrate that the covalent coupling of two RNA
fragments via a peptide bond between two nucleobases can lead to an increased catalytic
efficiency. In summary, prebiotically plausible modifications of nucleobases represent possible
forms of a primordial RNA-peptide world that must be considered in the context of the origin of

life.



Zusammenfassung

Zusammenfassung

Die Forschung zur Entstehung des Lebens befasst sich zum einen mit der abiotischen Bildung
der Bausteine des Lebens und zum anderen wie sich aus diesen Molekilen die ersten
selbsterhaltenden Systeme bildeten, welche sich weiterentwickeln konnten, bis hin zu dem
Leben wie wir es heute kennen. Letzteres basiert auf dem Wechselspiel zwischen
Desoxyribonukleinsduren (DNA), Ribonukleinsduren (RNA) und Proteinen, welches das
zentrale Dogma der molekularen Biologie bildet. In diesem ist die RNA von zentraler
Bedeutung, da sie die Schnittstelle zwischen Informationsspeicherung (dem Genotyp) und der
Auspragung einer Funktion (dem Phanotyp) darstellt. Interessanterweise besitzt RNA die
Eigenschaft sowohl Informationen speichern als auch Reaktionen katalysieren zu kénnen.
Dieser Dualismus rickt die RNA als Molekl in den Mittelpunkt der Theorien zur Entstehung
des Lebens. Die RNA-Welt-Hypothese geht davon aus, dass das Leben aus selbst-
replizierenden RNA-Molekilen entstand, die sich im Laufe der Evolution zu immer
komplexeren Strukturen mit vielfaltigen katalytischen Eigenschaften entwickelten. Wie
allerdings der Ubergang von einer reinen RNA-Welt hin zu einem System, basierend auf DNA,
RNA und Proteinen, ahnlich wie es in der heutigen Biologie vorzufinden ist von Statten ging,
ist eine der groRten offenen Fragen in der Wissenschaft zur Entstehung des Lebens. Mégliche
Hinweise zur Beantwortung dieser Frage lassen sich in der Proteinbiosynthese erkennen. Die
Translation basiert auf einer komplexen Maschinerie aus informationsenthaltender
messenger-RNA (mRNA), Aminosaure-tragender transfer-RNA (tRNA) und katalytisch aktiver
ribosomaler-RNA (rRNA). Die wachsende Peptidkette wird zwischen transfer-RNAs (tRNAs)
Ubertragen, die am 3'-Ende eine entsprechende Aminosaure in Form eines Aminoacyl-Esters
besitzen (Abbildung 7a). Es ist anzunehmen, dass sich dieser Prozess schrittweise im Laufe
der Evolution entwickelte und diesem primitivere Formen der Peptidsynthese vorausgingen.
Diese Hypothese wird gestitzt durch die Vielfalt an Aminosaure-modifizierten Nukleotiden, die
in heutigen Lebensformen identifiziert wurden. Zudem deutet die Vielzahl an mdglichen
Reaktanten, die in einer prabiotischen Umgebung vorhanden sein kénnen darauf hin, dass die
frihe abiotische Evolution sich weitaus vielfaltigeren Molekllen bediente, als denen einer
reinen RNA-Welt, bestehend aus nur den vier kanonischen Nukleotiden. Die Bertcksichtigung
eines erweiterten chemischen Spielraums durch eine Co-Evolution von RNA und Peptiden
wirde zu einer Ausweitung des Repertoires an funktionellen Gruppen fuhren, was eine
Triebkraft der Evolution gewesen sein kdnnte. Aus dieser RNA-Peptid-Welt kdnnte sich dann
im Laufe der Evolution Uber einwirkende Selektionsdriicke das heutige Zusammenspiel
zwischen DNA, RNA und Proteinen, wie es das zentrale Dogma der molekularen Biologie

beschreibt, entwickeln.
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Abbildung 1 a) Struktur der tRNA beladen mit einer Aminosaure an der Ribose am 3'-Ende. Darstellung der
Modifikationen (m)nm®U34 und (m®)aa®A37 in der Anticodonschleife. b) Prébiotische Modifizierung von RNA mit
Aminosauren und ein konsekutiver RNA-basierter Transferzyklus von Aminosauren mit Hilfe nicht-kanonischer
RNA-Modifikationen.

In dieser Arbeit wurden Ansatze untersucht, in denen Aminosduren kovalent mit der
Nukleobase verschiedener Purine und Pyrimidine, im Gegensatz zu Aminoacylestern,
verknupft sind. Solche Konjugate lassen sich in tRNAs als post-transkriptionelle Modifikationen
wiederfinden. Dazu wurde die Bildung dieser Modifikationen unter prabiotischen Bedingungen
untersucht und es konnte gezeigt werden, dass N-Methylcarbamoyl-Adenin sowohl in
Nukleosiden als auch Oligonukleotiden in die entsprechenden Aminosaure-modifizierten N°-
Carbamoyl-Adenosinderivate ((m®)aa®A) umgewandelt werden kann. AuBerdem wurden
Syntheserouten entwickelt, um die entsprechenden Phosphoramidit-Bausteine herzustellen,
welche anschlieBend genutzt wurden, um eine primitive Form einer RNA-basierten
Peptidsynthese mit der Hilfe des nicht-kanonischen Nukleosids (Methyl)aminomethyl-Uridin
((m)nmdU) zu demonstrieren. Hierbei konnte gezeigt werden, dass RNA die Fahigkeit besitzt,
sich selbst mit Peptiden zu dekorieren (Abbildung 7b). Das Zusammenspiel von RNA und
Peptiden flhrt somit zu einer Erweiterung des Repertoires an funktionellen Gruppen, was eine
Triebkraft gewesen sein konnte, die zu einer erhdhten katalytischen Aktivitat von Ribozymen
fuhrte. Diesbezuglich konnte neben der RNA-basierten Peptidsynthese demonstriert werden,
dass die kovalente Kopplung zweier RNA-Fragmente uUber eine Peptidbindung zwischen zwei
Nukleobasen zu einer Erhéhung der katalytischen Effizienz fuhren kann. Zusammenfassend
stellen prabiotisch plausible Modifikationen der Nukleobasen mogliche Formen einer
uranfanglichen RNA-Peptid-Welt dar, die im Kontext der Entstehung des Lebens

bertcksichtigt werden muss.



Einleitung

1. Einleitung

Der Ursprung des Lebens ist nach der Entstehung der Erde vor rund 4 Milliarden Jahren eine
der grof3en ungeldsten Fragen der Menschheit. Das Leben selbst ist in seiner ganzen Vielfalt
Gegenstand umfangreicher naturwissenschaftlicher Forschung. Obwohl wir immer mehr Gber
das Leben in seiner heutigen Form wissen, ist unser Wissen Uber den Ursprung noch immer
wage. Trotz zahlreicher Meilensteine in der Molekularbiologie in den letzten Jahrzehnten, von
der Aufklarung der molekularen Struktur unseres Erbguts im Jahr 1953, postuliert von James
Watson und Francis Crick,"! bis hin zu Projekten zur Sequenzierung des menschlichen
Genoms im Jahr 20012 bleibt die Rekonstruktion der Entstehung des Lebens eine
faszinierende Herausforderung. Einer der Pioniere in der Evolutionsforschung, Charles
Darwin, hat in seinen Studien gezeigt, dass sich Lebensformen Gber naturliche Selektion den
entsprechenden Lebensraume anpassen.®! Bevor jedoch die biologische Evolution einsetzte,
stellt sich in der Forschung zur Prabiotik die Frage, wie aus unbelebter Materie die ersten
selbsterhaltenden Systeme entstanden sind und ob die Prinzipien der Darwin schen

Evolutionstheorie auch auf unbelebte Materie Gbertragbar ist.*I5Iel

Die Disziplin der Phylogenetik beschaftigt sich mit der Abstammung aller Lebewesen.
Phylogenetischen Studien implizieren, dass der Ursprung allen Lebens auf einen
hypothetischen Urvorfahren, den last universal common ancestor (LUCA) zurlUckgeflihrt
werden kann."™® Durch molekulargenetische Analysen der Genome wurden bestimmte Gene
identifiziert, die in allen drei Dom&nen des Lebens® konserviert sind. Dieser Top-Down-Ansatz
ermoglicht es die biologische Evolution nachzuvollziehen und die Verteilung konservierter
Gene Uber die Reiche des Lebens hinweg zu analysieren. Diese Analysen zeigen, dass vor
allem Gene konserviert blieben, die fur die Prozessierung von Ribonukleinsduren (RNA) bei
der Transkription und Translation verantwortlich sind.l'"%l'"l Jede Lebensform auf diesem
Planeten basiert auf dem Zusammenspiel von polymeren Biomolekilen, d.h.
Desoxyribonukleinsduren (DNA), Ribonukleinsduren (RNA) und Proteinen, die das Leben
definieren. Das zentrale Dogma der molekularen Biologie wurde 1970 von Francis Crick
postuliert.'? Es beschreibt, dass die genetische Information im Prozess der Replikation
vervielfaltigt und in der Transkription von der DNA in die RNA umgeschrieben wird, die dann
in der Translation anhand des genetischen Codes in Proteine Ubersetzt wird (Abbildung
2a).l'? Nukleinsauren fungieren dabei als Trager der Erbinformation (Genotyp) und Proteine
Uubernehmen enzymatische Prozesse (Phanotyp), um sowohl die RNA zu replizieren als auch

die gespeicherte Information zu entschlisseln und in funktionsfahige Proteine zu tbersetzen.



Einleitung

a) Zentrales Dogma der molekularen Biologie

Replikation Transkription O Translation

C DNA —————> RNA —— > Proteine

Chemische Replikaton ———— Ligase Ribozyme ——— Polymerase Ribozyme

Abbildung 2. a) Zentrales Dogma der molekularen Biologie und b) Mégliche Stufen der chemischen Evolution, die

von diversen Stufen der Replikation zur heutigen Biologie fuhrten.

1.1 Die RNA-Welt-Theorie

Die potentielle Fahigkeit der Nukleinsauren, Informationen zu speichern fiihrte bereits in den
1960er Jahren zu der Hypothese, dass die RNA, die sich selbst replizieren und Reaktionen
katalysieren kann, das zentrale Molekl bei der Entstehung des Lebens gewesen sein kdnnte,
noch bevor die Proteinsynthese auftrat.'®*Il'¥I'®l |n den 1980ern konnte auch experimentell
nachgewiesen werden, dass RNA nicht nur Trager der genetischen Information sein kann,
sondern auch katalytisch aktiv sein kann.['®l'”l Nach den Entdeckungen von Thomas Cechl'®
und Sidney Altman,'®! dass RNA selbst als Katalysator auftreten kann, pragte Walter Gilbert
1986 den Begriff der RNA-Welt-Theorie,?” die postuliert, dass die chemische Evolution
moglicherweise allein auf RNA als Molekul zurlickgeflhrt werden kann. Cech und Mitarbeiter
fanden heraus, dass in self-splicing introns von Tetrahymena der Prozess durch RNA
katalysiert wird.[2111221[231241[25112611271(28] Epenso entdeckten Altman und Mitarbeiter, dass die RNA-
Komponente von RNAse P flr die katalytische Funktion verantwortlich ist.??3% Somit konnte
experimentell nachgewiesen werden, dass die RNA beide Funktionen, Genotyp und Phanotyp,
in einem Molekul vereinen kann. Diese Fahigkeit der RNA kdnnte dazu gefuhrt haben, dass
sie zu Beginn der Evolution Prozesse durchfuhrte, die spater von effizienteren Katalysatoren
basierend auf Proteinen Gbernommen wurden.®"! Ausgehend von der RNA-Welt-Hypothese
stellt sich in der Prabiotik die Frage, wie sich die ersten Bausteine des Lebens unter
Bedingungen, die auf einer friihen Erde vorlagen, Gber abiotische Wege formten und polymere
Strukturen bilden konnten. Diese Polymere konnten dann in einem folgenden Schritt als
Templat flir die eigene chemische oder gar ribozymatische Replikation gedient haben
(Abbildung 2b). Durch weitere einwirkende Selektionsdriicke im Laufe der Evolution kénnten
sich weitere Ribozyme mit komplexeren Eigenschaften gebildet haben, die sich in Lipid-
Vesikel einhlllten, woraus sich das heutige Zusammenspiel zwischen DNA, RNA und
Proteinen, wie es das zentrale Dogma der molekularen Biologie beschreibt,

entwickelte.3233134139]
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1.1.1 Aufbau kanonischer und nicht-kanonischer Nukleotide

Die besondere Eigenschaft sowohl Informationen zu speichern, als auch Reaktionen
katalysieren zu kdnnen, beruht auf der komplexen Struktur der Nukleinsduren. Sie bestehen
aus Nukleobasen, der chiralen D-Ribose und dem Phosphat-Ruckgrat, Uber das die einzelnen
Nukleoside an der 3'- und 5’-Position der Ribose verknlpft sind (Abbildung 3a). Die Abfolge
der jeweiligen Nukleotide bestimmt die Information, welche anhand des genetischen Codes
bei der Translation in eine Aminosauresequenz Ubersetzt werden kann. Dies beruht auf der
Fahigkeit antiparallele Doppelhelices zu bilden, in denen die Purin-Nukleobasen Adenin (A)
und Guanin (G) entsprechend mit den Pyrimidin-Nukleobasen Uracil (U) und Cytosin (C)
Wasserstoffbriickenbindungen ausbilden kénnen und somit eine molekulare Erkennung
stattfinden kann (Abbildung 3b).5!

a) NH, b) Pyrimidine Purine

\
N---H---N/ Ny
(0] WOH o] N—= NN
5 < \ y
- .o X=-H-=X
O0—s’ 0—pL
\P:o \\O
N N

O
Base
S o)
o o o 0 \|F! O
R=-0 | OH P | N
R=-§ R/ﬁ\o (0] \n/\Base
R =-BH o ]
R =NH ’ 0, © o j\/Base o
T2 Base 0
O\\\~ : N
L OH
RNA GNA PNA

Abbildung 3. a) Molekularer Aufbau der RNA aus den vier Nukleobasen Cytosin (C), Uracil (U), Adenin (A) und
Guanin (G) in grin, Ribose in grau und dem Phosphat-Riickgrat in blau. b) Allgemeine Darstellung der
Basenpaarungen zwischen Pyrimidinen und Purinen. X = Heteroatom.®l ¢) Modifikationen des Phosphatriickgrats
und der Zuckereinheit. RNA = Ribonukleinsauren; ANA = Arabinonukleinsauren; TNA = Threonukleinsaure; GNA
= Glycolnukleinsaure; PNA = Peptidnukleinsaure.

In einem Bottom-up-Ansatz stellt sich die Frage nach den urspriinglichen Ausgangsmaterialien
und Bedingungen, unter denen die ersten Bausteine des Lebens uber eine abiotische
Synthese entstanden sind.®*”) In den ersten Experimenten von Urey und Miller, in denen die
Bedingungen einer moglichen frihen Erde simuliert wurden, wurde beobachtet, dass in
Gasentladungsexperimenten unter einer bestimmten Atmosphare aus CH4, NH3, H.O und Hz

die ersten Molekule des Lebens in Form von Aminosauren entstehen kdnnen.B8IEH0 \Wie die
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ersten Nukleoside als Bausteine der RNA-Welt entstanden sein kdénnten, konnte in
nachfolgenden Experimenten der prabiotischen Chemie in einigen wichtigen Durchbriichen
gezeigt werden. Diese Ergebnisse wurden in der Literatur vielfach diskutiert.“/37142]43]
Forschungsgruppen konnten demonstrieren, dass sowohl Purin-#445l4€1 gis guch Pyrimidin-
Nukleosidel*/48l49]  ynd auch deren Nukleotide™® unter prabiotisch plausiblen

Bedingungen®®®'! einer friihen Erde entstehen kénnen.

Den Rahmen fir die Auswahl prabiotischer Ausgangsmaterialien bieten zum einen
Untersuchungen an extraterrestrischem Material wie z.B. Kometen bzw. Asteroiden!®?I53 oder
auch spektrale Analysen des Weltraums® bzw. der Umgebung von Sternen®I®¢l oder
Planeten. Unter anderem konnten Edukte fur die Synthese von Kohlenhydraten wie z.B.
Ribose im interstellaren Raum nachgewiesen werden.® In der Formosereaktion®”! kénnen
aus Formaldehyd und Glycolaldehyd gréRere Kohlenhydrateinheiten aufgebaut werden. Die
Stabilitat der Ribose und ihre Akkumulation unter prabiotischen Bedingungen galt lange Zeit
als limitierender Faktor.®® Jedoch konnte gezeigt werden, dass diese Einschrankungen in
Anwesenheit von Boratmineralien umgangen und die Ribose stabilisiert werden kann.[5%160
Bisher wurde jedoch noch kein prabiotischer Syntheseweg fiir Nukleoside entdeckt, bei dem
ausschliellich B-Ribofuranoside erhalten wurden. Stattdessen wurden neben den in der
heutigen Biologie beobachteten kanonischen Nukleosiden auch diverse Regio- und
Konfigurationsisomere der Nukleoside nachgewiesenl*?, was darauf hindeutet, dass die
Zusammensetzung der chemischen Bausteine der frihen Erde weitaus vielfaltiger war, als

sich aus einem Top-Down Ansatz®" mit einem Blick auf die Molekularbiologie vermuten lasst.

Es konnte gezeigt werden, dass sowohl kanonische als auch nicht-kanonische Nukleoside in
Nass- und Trockenzyklen gebildet werden kdnnen, welche auch als modifizierte Bausteine in
heutigen Lebensformen vorkommen.®2 Daraus lasst sich vermuten, dass das Leben aus einer
komplexen Mischung an Molekilen entstanden ist, von denen manche bis heute in Lebewesen
nachgewiesen werden kénnen.!®3164 Auf der Grundlage dieser Beobachtungen wurden einige
alternative prabiotische Szenarien beschrieben, in denen die Synthese und Eigenschaften
nicht-kanonischer Nukleotide untersucht wurden.® Dazu gehéren zum einen Modifikationen
der Nukleobase!®®”l und auch Modifikationen der Zuckereinheit. Es konnte gezeigt werden,
dass Nukleinsauren, die auf Glycol,® Threose!®I’9l""l oder Arabinosel”21”3Il"4 basieren, stabile
Duplexe mit unmodifizierter DNA oder RNA bilden kdnnen. Ebenso konnte gezeigt werden,
dass die codierenden Eigenschaften der Nukleobasen wenig von der Beschaffenheit des
verbindenden Rickgrats abhangen,!” d.h. weder von der Zuckereinheit!®"”] noch von der
chemischen Zusammensetzung des Phosphatriickgrats in Form von Phosphorthioaten!”8lI7],
Boranophosphaten®”, Phosphoramidaten®'82 oder von Substitutionen der gesamten
verknipfenden Struktur z.B. durch Peptidnukleinsauren®®4 (Abbildung 3c). Letztere wurden

aufgrund ihrer hoéheren  Stabilitdt gegenlber Hydrolyse im  Vergleich zu
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Phosphordiesterbindungen als mégliche Kandidaten fir eine prabiotische Evolution in Betracht
gezogen. BBl Somit konnte demonstriert werden, dass diese alternativen Nukleinsduren
ebenso geeignet sind, genetische Information zu speichern und zu replizieren, bis hin zur
Entwicklung katalytischer Eigenschaften.® In Anbetracht der RNA-Welt-Theorie stellt sich
jedoch die Frage, wie sich letztendlich aus dieser heterogenen Mischung prabiotisch plausibler
Nukleotide Uber eine Darwin’sche chemische Evolution eine molekulare Spezies in Form von
RNA anreicherte. In dieser Hinsicht, wurden Oligomerisierungsstudien durchgefiihrt, die
darauf hindeuten, dass sowohl Template als auch Monomere mit modifizierten Nukleobasen-
und Zuckereinheiten in nicht-enzymatischen Primer-Extensionsexperimenten weiterhin als
RNA repliziert werden kénnen, wobei eine kinetische Uberlegenheit der RNA im Vergleich zu
Threo- oder Arabinonukleinsauren festgestellt wurde.®® Auf Grund der drei Hydroxygruppen
eines Ribonukleosids ist nicht nur die molekulare Beschaffenheit des verknipfenden
Rickgrats variabel, sondern auch die Verbindung der Monomere in Form von
Konstitutionsisomeren. Natirlich vorkommende RNA ist Uber die 3'-5'-Hydroxygruppen der
Ribose Uber Phosphordiester miteinander verkntipft, wobei aus prabiotischer Sicht auch eine
Verknupfung Uber die 2'- und 5'-Hydroxygruppen denkbar ist. Studien hierzu haben gezeigt,
dass sich die Bevorzugung der 3'-5-Bindung gegenlber der 2'-5'-Bindung durch eine
prabiotisch plausible Acetylierung der 2'-Position entwickelt haben koénnte, da die 2'-5'-

Verknipfung unter basischen Bedingungen schneller hydrolysiert.[*

1.1.2 Phosphorylierung von Nukleosiden

In der heutigen Biologie wird die genetische Information durch enzymatische Replikations-
oder Transkriptions-Prozesse vervielfaltigt bzw. Ubertragen, wobei Nukleosid-Triphosphate als
aktivierte Monomere verwendet werden.B'! Dazu sind komplexe Enzyme erforderlich, deren
Existenz in einer fruihen RNA-Welt in Frage gestellt wird. Um Ribozyme als Katalysatoren fur
die Replikation von Information zu nutzen, muss zunachst eine nicht-enzymatische Form der
Oligomerisierung von monomeren Bausteinen stattgefunden haben.®"! Daher spielt neben der
prabiotischen Synthese der Nukleoside auch die Phosphorylierung und die anschlielende
chemische Verknlipfung von Monomeren zu Oligomeren eine ebenso wichtige Rolle bei der
Entschlusselung der Entstehung des Lebens. Um die Bildung oligomerer Nukleotide zu
realisieren, werden reaktive Ausgangsstoffe bendétigt, die in einer Kondensationsreaktion die

Abspaltung von Wasser ermoglichen.®?

Diverse Mdglichkeiten der Phosphorylierung mit Orthophosphaten, der haufigsten Form von
Phosphatsalzen auf der Erdoberflache, wurden im prabiotischen Kontext beschrieben.®®! Erste

Untersuchungen von Orgel und Mitarbeitern im Jahre 1968 befassten sich mit der Reaktion
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von Nukleosiden mit Phosphatsalzen und Kondensationsreagenzien in wassriger Losung.
Phosphorylierte Nukleoside konnten jedoch aufgrund der konkurrierenden Reaktion von
Wasser mit dem aktivierten Phosphat nur in geringen Ausbeuten nachgewiesen werden.®
Durch Zugabe von Harnstoff und bei erhéhten Temperaturen konnte die Ausbeute auch in
Abwesenheit von Kondensationsreagenzien gesteigert werden.®®°®6l Um die Hydrolyse der
aktivierten Phosphate zu vermeiden, wurde auch Formamid als mdgliches prabiotisches
Losungsmittel in Betracht gezogen. So konnten Nukleoside durch Reaktion mit
Phosphatsalzen (KH2PO4)®") oder Phosphatmineralen!®® in Formamid zu den entsprechenden
Nukleotiden umgesetzt werden. Neben der Phosphorylierung durch Orthophosphate, wurde
auch die Verwendung reaktiverer Phosphatspezies in Betracht gezogen.l'00%3 Dagbei
wurden Anhydride des Phosphats, d.h. Pyrophosphate oder Metaphosphate, die im
Vulkanismus nachgewiesen werden konnen, untersucht.'®  Einerseits konnen
Trimetaphosphate Nukleoside an der 2'- oder 3'-Position phosphorylieren!'®? und andererseits
konnen sie auch Aminosauren aktivieren und so zu einer Peptidsynthese flihren.!'"% AuRerdem
kann Trimetaphosphat als Ausgangsmaterial mit Ammoniak zu Diamidophosphatsalzen (DAP)
reagieren,['% die unter anderem Zuckermolekiile phosphorylieren kdnnen.l'%! Es wurde auch
gezeigt, dass DAP alle vier kanonischen Ribonukleoside in hohen Ausbeuten von 27-89% zu
2'-3'-zyklischen Nukleosid-Monophosphate (2-3'-cNMP) und 5-Monophosphate zu den
entsprechenden Amidodiphosphaten und Amidotriphosphaten umsetzen kann (Schema
1a).108]

(o}
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HoN7 1 NH, wOH o)
o ONa Ho o 7
HO Base DAP Base Nonans&ure DAP \t/))ko/\(\
[ B 7 O
S / B /
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OH N HO/Y\OH \
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Schema 1. a) Phosphorylierung von Nukleosiden und Nukleotiden mit Diamidophosphat (DAP). b) Imidazol-

katalysierte Aktivierung von Carbonsduren mit DAP zu Phospholipidvorstufen und Oligopeptiden.['%8!

Analog zu den natirlich vorkommenden Nukleosid-Triphosphaten (NTPs) werden diese
sowohl von proteinbasierten als auch von Ribozym-Polymerasen als Substrate erkannt, was
einen méglichen Ubergang von der abiotischen hin zur biotischen Polymerisation darstellen

kann.['"l Neben der Phosphorylierung von Nukleosiden und Nukleotiden, reagieren auch



Einleitung

Aminosauren mit DAP, wobei diese zu Peptiden oligomerisieren und Glycerin zusammen mit
Fettsauren in der Gegenwart von DAP zu einfachen Phospholipidvorstufen reagiert (Schema
1b).['%®1 Solch eine Form der Aktivierungschemie von Phosphaten und Carbonséuren deutet
darauf hin, dass im Fall einer Co-Existenz von Nukleotiden, Aminosauren und Fettsauren

simultan eine Entwicklung zu hoherer molekularer Vielfalt stattgefunden haben kénnte.

1.1.3 Oligomerisierung aktivierter Nukleotide

Nach der Phosphorylierung der Nukleoside stellt sich die Frage, wie diese anschliel3end
aktiviert werden und in einem nicht-enzymatischen Prozess Oligomere bilden.[%*% Es konnte
gezeigt werden, dass 2'-3'-zyklische Nukleotide!'®® und 3'-5'-zyklische Nukleotide!'® als
Ausgangsmaterial fir Oligomerisierung verwendet werden kénnen, wobei jedoch nur eine
geringe Effizienz erzielt wurde. Plausibler erscheinen daher Nukleotide mit einem aktivierten
5'-Phosphat, zumal bei der enzymatischen DNA- und RNA-Synthese 5'-Triphosphate als

Substrate fir die Polymerisation verwendet werden (Abbildung 4a).

a) Aktivierte Nukleotide b) Nukleotid-Aminosdurekonjugate
i
o o o
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Abbildung 4. a) Aktivierte Nukleotide als Ausgangsmaterialien fir die Bildung von Oligonukleotiden. b) Synthese
RNA-Aminosaurekonjugaten.

Die zuvor erwahnten 5-Phosphoramidate in Form von Phosphorimidazoliden sind plausible
Kandidaten fur eine Oligomerisierung in wassriger Losung. Diese koénnen aus den
entsprechenden Polyphosphaten und Imidazol gewonnen werden.l'"® Bei der
Oligomerisierung durch Imidazol-aktivierte Nukleotide ergeben sich allerdings neue
Herausforderungen, da im Nukleotid verschiedene Nukleophile vorhanden sind, die mit der
aktivierten Spezies reagieren konnen. So bilden sich neben der kanonischen 3'-5'-
Verknipfung, vor allem Pyrophosphate und nicht-kanonische 2'-5'-Phosphodiester.[''!] Dieses
Problem der Regiospezifitat konnte durch Adsorption der aktivierten Nukleotide an die

Oberflache des Minerals Montmorillonite umgangen werden, wodurch die Bildung der 3'-5'-
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Bindung bevorzugt wurde. In einem Ansatz von Orgel und Mitarbeitern konnten somit
prabiotische Oligomere in einer Lange von bis zu 50 Nukleotiden erhalten werden.[''21113]
Neben 5'-Phosphorimidazoliden wurden auch Uber 1-Methyladenin aktivierte 5-Phosphate
verwendet, welche eine ahnliche Selektivitdt von ~70% flr die kanonische 3'-5'-Bindung fiir

die Oligomerisierung von aktiviertem Adenosin zeigten.!''4

Neben der de novo Bildung von Oligonukleotiden spielt die Replikation bestehender
Sequenzen eine wichtige Rolle, um den Erhalt evolutionarer Vorteile zu gewahrleisten. In
Studien zur Oligomerisierung aktivierter Guanosin-Nukleotide in Anwesenheit von Poly-
Cytidin-Templaten wurde gezeigt, dass die Verwendung von 2-Methylimidazol''® als
Abgangsgruppe oder der Zusatz von Zn?* zu der Reaktion,'"®! die Regioselektivitat in Richtung
der 3'-5'-Bindung verschieben kann. Clemens Richert und Mitarbeitern konnten zeigen, dass
durch in situ Aktivierung von Nukleotiden mit Carbodiimiden, d.h. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimid (EDC), und in Gegenwart eines Katalysators in Form
verschiedener Imidazolderivate ein nahezu quantitativer Einbau eines komplementaren
Nukleotids erfolgen kann.['"""] Ahnlich wie bei der de novo Synthese von Oligonukleotiden, bei
der bereits synthetisierte 5'-Phosphorimidazolide verwendet wurden,'"® konnte auch bei der
in situ Aktivierung zur chemischen Replikation eines Templat-Strangs die Bildung ganzlich
neuer Oligomere beobachtet werden. Interessanterweise konnte auch gezeigt werden, dass
in Anwesenheit von Aminosauren unter den gleichen Reaktionsbedingungen wie bei der in situ
RNA-Replikation kovalente Konjugate aus RNA und Aminosauren in Form von
Phosphoramidaten entstehen (Abbildung 4b).l""9'20I121122I123] Das Kondensationsreagenz
EDC ist zwar prabiotisch nicht plausibel, aber Carbodiimide generell sind das Tautomer des
Cyanamids, das unter prabiotischen Bedingungen!'?4l gebildet werden kann und auch im

Rahmen der prabiotischen Synthese von Nukleosiden untersucht wurde (Abbildung 5).18!

_N
N
cz - ,/NH )\ 2
N = _C N//C
Cyanamid Carbodiimid DIC

Diisopropylcarbodiimid

_N N //N
/\N//C/ ~ NN O\N//C \O
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1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid Dicyclohexylcarbodiimid

Abbildung 5. Tautomerie zwischen Cyanamid und Carbodiimid und auf Carbodiimiden basierende

Aktivierungsreagenzien.
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Ebenso wurde festgestellt, dass Cyanamid und ATP zur Peptidkopplung!'?®! oder
Dicyclohexylcarbodiimid (DCC) und AMP zur Synthese von Aminoacyl-Adenylaten verwendet
werden konnen.!'?8! Betrachtet man die chemische Vielfalt'?”! und die vergleichsweise
unspezifischen Bedingungen bei der abiotischen Kondensation, ist die alleinige Fokussierung
auf die heute in biotischen Systemen genutzten Bausteine und Reaktionsmechanismen
vermutlich eine zu starke Vereinfachung. So kommt die Frage auf, ob in der RNA-Welt-
Theorie, die im Wesentlichen von den kanonischen Nukleotiden, d.h. Adenosin, Uridin,
Guanosin und Cytidin ausgeht, wichtige evolutionare Vorteile ibersehen werden, die die

Entstehung des Lebens erst ermdglicht haben. 1281129

1.1.4 Selbstreplizierende Ribozyme

In der RNA-Welt-Hypothese wird davon ausgegangen, dass die RNA als zentrales Molekl bei
der Entstehung des Lebens fungierte, da sie sowohl Informationen speichern, als auch
Reaktionen katalysieren kann.['™®Il'9I2011301 Ayf Grund der Eigenschaft von Nukleinsauren
komplexe tertiare Strukturen ausbilden zu kdnnen, kénnen sie in Reaktionen durch
Stabilisierung von Ubergangszustdnden oder durch Férderung einer bestimmten
Substratorientierung als Katalysator wirken. Solche katalytisch aktiven RNA-Molekiile werden
auch als Ribozyme bezeichnet, eine Wortbildung aus Ribose und Enzym. In einem
Evolutionsschritt, nach der Bildung der monomeren Bausteine, die dann chemisch
polymerisieren konnten, stellt sich die Frage, ob RNA seine eigene Replikation katalysieren
kann. Ein solcher Schritt hin zu selbst-replizierenden Systemen, die sich aufgrund ihrer
katalytischen Eigenschaften anreichern kénnen, ist eine Voraussetzung der molekularen

Evolution.

Bartel und Szostak konnten durch in vitro Evolution zeigen, dass aus einer Mischung zufalliger
RNA-Sequenzen funktionsfahige Ribozyme erzeugt werden kénnen. So konnten kunstliche
Ligase-Ribozyme isoliert werden, die einen ersten Schritt hin zu einer selbst-replizierenden
RNA darstellen kénnen.!'3'321 Forscher um Gerald Joyce untersuchten das R3C-Ligase
Ribozym. Dieses ist eine weitere Form eines selbst-replizierenden Ribozyms, das zwei
Substrate verbindet, um eine exakte Kopie des Ribozyms zu erzeugen.['*¥! In diesem Fall
wurde eines der beiden Substrate als 5'-Triphosphat verwendet. Ein Hauptproblem dieses
selbst-replizierenden Ribozyms war jedoch die Produktinhibierung, aufgrund der
thermodynamisch hodheren Stabilitdt der Hybridisierung des verknlpften Produkts R im
Vergleich zu den beiden Substraten A und B (Schema 2).
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Schema 2. Selbst-replizierendes Ribozym. Das Ligase-Ribozym R3C-Ligase R katalysiert die Verknlpfung der
beiden Fragmente A und B wodurch eine Kopie des Ribozyms R entsteht. Aus N. Paul et al. Proc. Natl Acad. Sci.
2002, 99, 12733-12740 und weiter bearbeitet.l'3%

Diese Produktinhibierung konnte jedoch in einem kreuzkatalytischem System, bestehend aus
4 Fragmenten, umgangen werden!"** und zudem die Reaktionsraten gesteigert werden.['351136]
Aulerdem kénnen Schwankungen der Umgebungsbedingungen zu einer Dissoziation der
komplementaren Oligonukleotide flihren. Nicht nur die Temperatur kann die Hybridisierung der
Strange beeinflussen, sondern auch pH-Schwankungen kdnnen die Dissoziation des
Produktstrangs begtinstigen.!"3 Neben den R3C Ligasen, wurden auch modifizierte Varianten
des Azoarcus Self-Splicing Introns (SSI) untersucht, wobei ebenfalls kreuzkatalytische
Netzwerke entdeckt wurden, in denen sich das Ribozym aus 3 bis 5 Fragmenten selbst
zusammensetzt.['3I13911401 Somit konnte mehrfach gezeigt werden, dass sich Ribozyme mit
Ligaseaktivitat selbst replizieren und eine hdohere Komplexitat entwickeln kénnen. Ebenso
konnte demonstriert werden, dass sich solche Ribozyme auch urspringlich Uber nicht-
enzymatische Ligation zusammensetzen konnten, was die beiden zuvor beschriebenen

Ansétze der chemischen und der ribozymatischen Replikation mit einander verbindet.['411142]
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In den letzten Jahrzehnten wurden zahlreiche Meilensteine erreicht, die zum Verstandnis der
Entstehung des Lebens beigetragen haben. Diese reichen von der plausiblen Rekonstruktion
der abiotischen Synthese der monomeren Bausteine des Lebens, bis hin zur Entdeckung der
ersten selbst-replizierenden Systeme. Die RNA ist dabei von zentraler Bedeutung, da sie
Genotyp und Phanotyp in einem einzigen Molekdil vereint. Die RNA-Welt-Hypothese wird auch
dadurch gestutzt, dass die RNA in der heutigen Biologie als Katalysator bei der Synthese von
Proteinen wirkt. Das Ribosom selbst ist also ein Ribozym und kénnte Aufschluss darlber
geben, wie der Ubergang von einer reinen RNA-Welt zur Interaktion von RNA und Proteinen,

wie wir sie heute bei der Translation beobachten, stattgefunden haben konnte.'431144]

1.2 Die transfer-RNA und modifizierte Nukleoside

Bei der Translation wird die in Nukleinsduren gespeicherte Information anhand des
genetischen Codes in eine Abfolge von Aminosauren Ubersetzt. Auf diese Weise wird der
Genotyp in eine aktive Funktion, den Phanotyp, Uberfihrt und stellt somit die Schnittstelle
zwischen der RNA-Welt-Hypothese und dem heutigen Leben dar.'#314411145] |m Zentrum dieses
Prozesses steht die katalytisch aktive Einheit der Peptidyltransferreaktion, das
Ribosom. 464711481 Phylogenetische Studien haben gezeigt, dass ein bestimmter Satz an
Genen notwendig ist, um eine funktionsfahige Zelle zu bilden. In dieser Studie zur Anndherung
an den hypothetischen last universal common ancestor (LUCA)"® wurden Gene identifiziert,
welche hauptsachlich fur die Translation und fur grundlegende Aspekte der Transkription
bendtigt werden. Dies deutet darauf hin, dass die Evolution der Translation aus einer reinen
RNA-Welt, wenn es denn jemals eine reine RNA-Welt gegeben hat, ein Schliisselprozess bei

der Entstehung des Lebens war.['0111

Die Aufklarung der molekularen Struktur des Ribosoms in den 2000er Jahren mit Hilfe der
Roéntgendiffraktometrie war einer der grundlegenden Durchbriiche, die zum Verstandnis des
Translationsmechanismus beigetragen haben.['#9'%0 Dje Proteinbiosynthese basiert auf einer
komplexen Maschinerie aus informationsenthaltender messenger-RNA (MRNA), Aminosaure-
tragender transfer-RNA (tRNA) und katalytisch aktiver ribosomaler-RNA (rRNA). Das Ribosom
selbst ist dabei eine hybride Struktur, die in Bezug auf die molekulare Masse zu zwei Dritteln
aus RNA und zu einem Dirittel aus verschiedenen Proteinen besteht, die sich auf zwei
unterschiedlich groBe ribosomale Untereinheiten verteilen.!'"! Diese Untereinheiten
unterscheiden sich je nach Lebensform und werden durch den Sedimentationskoeffizienten S
charakterisiert. Bei Prokaryoten setzt sich das 70S Ribosom beispielsweise aus der 30S
Untereinheit und der 50S Untereinheit zusammen.['52'3] Die kleine Untereinheit dient der

Interaktion der tRNA-Anticodonschleife mit dem mRNA-Codon, wodurch die Sequenz der
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wachsenden Peptidkette festgelegt wird. In der groRen Untereinheit findet die Peptidyl-
transferreaktion statt, bei der durch den nukleophilen Angriff des Amins der Aminoacyl-tRNA
an der A-Stelle auf den C-Terminus der Peptidyl-tRNA an der P-Stelle eine Ubertragung des
wachsenden Peptids erfolgt, woraus eine Synthese vom N- zum C-Terminus des

letztendlichen Proteins resultiert (Abbildung 6).[471150

a) P b)  A-Stelle  P-Stelle
A tRNA\O ‘
k@d
R
S5z o H o
N\ \ MNHR,
Decodierungs-

stelle

R=aa-Rest
R'=Peptidkette

tRNA
~o

o

o
o
o}
5v
R
e
HR
Abbildung 6. a) Kristallstruktur der 30S-Untereinheit des Ribosoms mit tRNAs gebunden an der Aminoacyl-Stelle

(A-Stelle, rot), Peptidyl-Stelle (P-Stelle, griin) und Exit-Stelle (E-Stelle). Aus V. Ramakrishnan, Cell 2002, 108, 557-
572 und weiterbearbeitet.l'%% b) Peptidyltransfer zwischen zweier tRNAs in der A-Stelle (rot) und der P-Stelle (griin).

Bei der Suche nach dem Ursprung dieser Maschinerie sto3t man unmittelbar auf das Dilemma,
dass das Ribosom sowohl aus RNA als auch aus Proteinen besteht und daher auch Proteine
benotigt werden, um Proteine synthetisieren zu konnen.[144154155115€]1 Eg stellt sich die Frage
ob es moglich ist, eine vereinfachte Form dieser Maschinerie zu rekonstruieren, die
ausschlieBlich auf Ribonukleinsduren basiert.['*511571158] Dje Entstehung der Proteinsynthese
aus einer RNA-Welt heraus und damit die Einflhrung eines dualen Systems aus RNA und
Peptiden wurde 1976 von Francis Crick als ,notorisch schwieriges Problem® (notoriously
difficult problem) bezeichnet.'®l'4%l Das von ihm postulierte Modell einer uranfanglichen
Translation geht von einem Codon-Pentett aus, das vollstdndig aus RNA besteht und ohne die
Unterstlitzung von Proteinen auskommt. Stattdessen postulierte er, dass die Proto-tRNA eine
Kavitat besall, in der die aktivierte Aminosaure koordiniert werden konnte. Somit wird
vermutet, dass der Ursprung der codierten Proteinsynthese ganzlich ohne strukturgebende
Proteine ablief, sondern lediglich mRNA und primitive Vorganger der tRNA bendtigt
wurden.!"s®! Diese Hypothese wird durch die Entdeckung gestiitzt, dass das Ribosom seine
katalytische Aktivitat Gber die ribosomale RNA (rRNA) erhalt. Noller und Mitarbeiter konnten
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zeigen, dass die ribosomale RNA-Anteil des Ribosoms seine Aktivitat als Peptidyltransferase
(PTase) auch dann beibehalt, wenn die ribosomalen Proteine der 50S Untereinheit entfernt
werden, wenn auch mit deutlich reduzierter Aktivitat.['®® Ebenso konnte gezeigt werden, dass
die Abwesenheit von proteinbasierten Faktoren zwar die Effizienz der Translation reduziert,
die Translation aber dennoch stattfinden kann.['6"l'621 Djese indirekten Nachweise, dass die
rRNA als Katalysator wirkt, konnten spater durch die Aufklarung der Kristallstruktur der 50S-
Untereinheit des Ribosoms weiter bestatigt werden, wodurch das Ribosom selbst als Ribozym

identifiziert werden konnte.[1491150]

Auf der Suche nach einem Vorganger der heutigen tRNA, einer Proto-tRNA, stellt sich die
Frage, wie diese aufgebaut war und wie die Aminosauren daran gebunden waren.[1631164I165]
In den heutigen tRNAs sind die Aminosauren am 3'-Ende als Aminoacylester mit der Ribose
verkn(ipft.'! Die Aminosduren werden in Form ihres Aminoacyl-Adenylats (aa-AMP)
aktiviert'®”l und mit Hilfe von Aminoacyl-tRNA-Synthetasen (aaRS) spezifisch an die
entsprechende tRNA gebunden (Schema 3a).['¢8IedIT70I171] Djese Strukturen gelten als
hochkonservierte Motive,["®*'72] deren Ursprung jedoch eine der groRten ungel6sten Fragen
der prabiotischen Chemie darstellt.['®4'¢5] |n Anbetracht der RNA-Welt-Theorie wird vermutet,
dass die Funktion der proteinbasierten aaRS in einem friihen Stadium der Evolution durch

Ribozyme ausgefiihrt wurde.['3I'74]

a
) o) ATP \)J\ tRNA
\
HzN\)J\ : g aa-tRNA
Y OH Ii
R PP -AMP P
aa-, OH
b) 5'-Modifikationen des Phosphats 3'-Modifikationen der Ribose Modifikationen der Nukleobase
! o) ¥ ¥ :
T ¥ A ¥ OH !
L H N\)J\ P ¥ o . Q .
? o~ |\o}"‘ ¥ ¥ PS oH |
: 2 ¥ 0 ! HNT N !
! R ¥ Base ! H :
: E S ¥ N © :
i R O ! R O = : !

S KO R

Schema 3 a) Aktivierung der Aminosauren als Adenylat (aa-AMP) und anschlieBender Transfer auf das 3'-Ende
der entsprechenden tRNA. b) Chemische Strukturen Aminosaure-modifizierter Nukleinsduren am 5'-Phosphat, an

der 2'-3'-Position der Ribose oder an der Nukleobase.

Vor diesem biochemischen Hintergrund wurden zahlreiche Studien durchgeflhrt, in denen
Adenylate und Ester flir den RNA-basierten Transfer von Aminosauren untersucht wurden

(siehe Kapitel 1.4). Diese Verbindungen erweisen sich jedoch als hydrolytisch instabil,
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insbesondere in Umgebungen, die stark von den physiologischen Bedingungen
abweichen.['I76I77] Daraus resultiert eine kurze Halbwertszeit in wassriger Losung, was
RNA-Aminosaure-Konjugate, wie sie in der Translation verwendet werden, in einem friihen
Stadium der Evolution als unwahrscheinlich macht.['’® Das 3'-Ende ist jedoch nicht die einzige
Position in der tRNA, die mit Aminosauren modifiziert sein kann. In dhnlicher Weise befinden
sich in einigen modernen tRNAs in der Nahe der Anticodonschleife nicht-kanonische
Nukleotide, die Aminosauren Uber eine Harnstoffbriicke an der Nukleobase tragen kénnen, die

vergleichsweise stabiler gegentiber Hydrolyse ist (Schema 3b).[7°10]

Generell ist die tRNA reich an nicht-kanonischen Nukleosiden und darunter insbesondere an
Modifikationen der Nukleobase.['¥"'82] tRNAs sind ein zentrales Molekil in der
Proteinbiosynthese und gehdren zu den nicht-codierenden RNAs (non-coding RNA), die
Substrate fir zahlreiche post-transkriptionelle Modifikationen sind.['®3 Nicht-kanonische
Nukleoside spielen neben der Codierung auch eine wichtige Rolle bei der Stabilitdt und der
Auspragung von Sekundar- oder Tertiarstrukturen und spiegeln die Vielfalt der Moglichkeiten
wider, wie RNA ausgepragt sein kann.['84'8] |nshesondere innerhalb der Anticodonschleife
befinden sich diverse Aminosauremodifikationen.!'® Das Né-exozyklische Amin von Adenosin
und die 5-Position von Uridin kénnen dabei vielseitig modifiziert sein.['® Die Position 37 der
tRNA, die in 3'-Richtung neben der 3. Base in der Anticodonschleife liegt, ist in >70% aller
tRNAs modifiziert.['®”] Eine der moglichen Modifikationen enthalt die Aminos&ure Threonin in
Form von NS-Threonylcarbamoyl-Adenosin (t°A).['81 Neben t°A wurden auch weitere NG-
Carbamoyl-Adenosin-Derivate entdeckt, die Uber eine Harnstoffbricke gebundene
Aminosauren tragen, wie z.B. N6-Hydroxynorvalincarbamoyl-Adenosin  (hn%A),['8
Hydroxythreonylcarbamoyl-Adenosin (ht®A),19 N6-Glycinylcarbamoyl-Adenosin (g®A)!"®"! oder
auch Derivate an der Nukleobase von t°A, wie das zyklische ct®Al'%? oder das methylierte
mOt8A.1% Ob ct®A letztendlich in der Hydantoin- oder der Oxazolon-Isoform vorliegt, konnte
bisher nicht eindeutig geklart werden (Abbildung 7).[1921194]
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Abbildung 7. Strukturen der Nukleobasen diverser Aminosaure-modifizierter N®-Carbamoyl-Adenosin-Derivate.

Neé-Threonylcarbamoyl-Adenosin (tA) kann ausschlieRlich in Position 37 der tRNA gefunden
werden und tritt in allen tRNAs auf, die entsprechende ANN-Codons lesen.['®] Diese
Modifikation dient der korrekten Ausbildung der Anticodonschleife. Die Harnstoffeinheit bildet
dabei eine planare Struktur zum Adenin-Ring, welche Uber eine Wasserstoffbriicke zwischen
der N'-Position des aromatischen Rings und der NH-Gruppe der Aminosaure stabilisiert wird.
Dadurch wird die Flache fur Basenstapelung erweitert. Die Threonyl-Einheit hingegen kann
frei um die NH-Gruppe und den a-Kohlenstoff der Aminosaure rotieren. Auf Grund des
sterischen Anspruchs der Threonyl-Modifikation findet keine Basenstapelung zwischen der
benachbarten Base U36 statt, sondern mit der Nukleobase A1 des Codons, wodurch eine
erhohte Stabilitat der Codon-Anticodon-Interaktion erreicht wird. AufRerdem verhindert die t°A-
Modifikation die Bildung einer Basenpaarung zwischen A37:U33, was fur eine fehlerfreie

Auspragung der Sekundarstruktur der Anticodonschleife essentiell ist (Abbildung 8a und
b).[185][195]
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Abbildung 8. a) Kiristallstruktur der Anticodonschleife der modifizierten tRNAYSmim®uuu gebunden an die
ribosomale 30S Untereinheit in der A-(Aminoacyl-)Stelle. In der VergroRerung sind die Watson-Crick
Basenpaarungen A:U und die Wobble Basenpaarung G:mnm®U zwischen der Anticodonschleife und des AAG
Lysin-Codons dargestellt. b) Ausschnitt der Anticodonschleife mit den natiirlichen Modifikationen mnm5U34 und
t8A37. Die Kiristallstrukturen wurden dem PDB-Eintrag 1XMO!'8! entnommen und mit Discovery Studio Visualizer
v21.1.0 bearbeitet.

Diese N°®-Carbamoyl-Modifikation wird post-transkriptionell durch spezifische Enzyme
eingefligt, deren Untereinheiten im Fall des kinase, endopeptidase and other proteins of small
size (KEOPS) Komplexes Uber Archaeen und Eukaryoten hinweg konserviert sind.l'®®! Die
Kae1-Untereinheit, welche die Bildung von t°A katalysiert, kann sogar in allen drei Doméanen
des Lebens gefunden werden.'? In der Synthese von t°A wird ausgehend von L-Threonin,
Bicarbonat/CO, und ATP das Intermediat Threonylcarbamoyl-Adenosinmonophosphat (TC-
AMP) hergestellt, welches anschlieend unter der Abspaltung von Adenosinmonophosphat
(AMP) die tRNA mit t°A modifiziert. (Schema 4a).['9711%8]

a) COz HO/,,' O O
o] ATP Ho J\ !9' tRNA
. o}
HON ‘N7 o710 Je
Ny, o L? I N o A t°A-tRNA
. PP; hot - AMP
‘OH OH
TC-AMP
b)
P ~
HO,C” N NH MnmC1  HN NH  Mnmc2 N NH
LA w0 LG 7 LK
N 0 + FAD N O +AdoMet N 0

Schema 4. Enzymatische Synthese der tRNA-Modifikationen t°A und mnm3U ausgehend von L-Threonin bzw.

5-Carboxymethylaminomethyl-Uridin.[1971198][199]

Eine weitere Stelle, sogar direkt innerhalb des Anticodons, die mit Aminosauren modifiziert

sein kann, ist die Wobble Position 34, in der die folgenden Aminosauremodifikationen
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vorkommen koénnen: Glutaminsaure als Glutamyl-Queuosin (GluQ)2°%201 | ysin als 2-Lysidin
(k?C),2%21  ynd Glycin als 5-Carboxymethylaminomethyl-Uridin (cmnm?®U).l'*®  Diese
Modifikationen spielen eine grundlegende Rolle bei der Decodierung der NNG/A Codons durch
Stabilisierung der U:G Wobble-Basenpaarung (Abbildung 8a und b).2% Letztere
Modifikation, cmnm5U, wurde in Escherichia coli in der tRNA" nachgewiesen. Ebenso kann
cmnm®U durch das bifunktionelle Protein MnmC (ber die FAD-abhangige Oxidasedomane
MnmC1 in 5-Aminomethyl-Uridin (nm°U) und anschlieRend Uber die S-Adenosylmethionin-
abhangige Domane MnmC2 in das methylierte Derivat 5-Methylaminomethyl-Uridin (mnm?®U)

umgewandelt werden (Schema 4b).l"%

Aufgrund der Komplexitat des gesamten Translationsprozesses ist es schwierig den Ursprung
der codierten Peptidsynthese aus einer RNA-Welt heraus zu rekonstruieren. Harry Noller
postulierte, dass in einer vereinfachten Proto-Translation im Laufe der Evolution urspringlich
nicht direkt funktionelle Proteine entstanden, sondern zufallige Peptide, die an die RNA
kovalent gebunden waren und damit die chemische Diversitat erhohten.['*® In der Folge konnte
dies zu einer erhohten Stabilitat2042051204 oder Funktionalitat der RNA geflhrt haben. [1281120611207]
Es wird vermutet, dass solche Modifikationen der Nukleobase bereits Teil eines urspriinglichen
genetischen Codes gewesen sein konnten, in dem Aminosauren in der Anticodon-Region der

Proto-tRNA vorkamen und nun als mdgliche molekulare Fossilien beobachtet werden. 120811209

HNJ\N/'\COOH
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)\COO o) R N NN
e HoN H 1. NaNO,, 10% AcOH </ |
N > Me_ > N =
N=C=0 10% NaOH H ” COOH 2. Adenosin, N
R = aa-Rest pH 8,70°C
MIC N-Methylcarbamoyl aa "1OH 8A oder gﬁA
- H Spuren
on ©
b) 9 0 o)
NH HO NH R‘N NH
HCH —
| /& )y — | /& = > " | /&
N ¢} pH7 N (0] pH 7,100 °C N o
H H H
Uracil 5-Hydroxymethyluracil R =H; nm5U, R=H;
R = Me; mnm®U, R = Me;
R = CH,CO,H cmnm®U, R = CH,CO,H

Schema 5. Prabiotische Routen zu a) Aminoséure-modifiziertem N6-Carbamoyl-Adenosin und b) 5-modifiziertem
Uracil 210112111

Diese Hypothese kann durch den Nachweis gestitzt werden, dass einige dieser
Modifikationen auch in prabiotisch plausibler Weise entstehen kdnnen. Es wurde gezeigt, dass
sowohl g®A als auch t°A unter prabiotischen Reaktionsbedingungen erhalten werden kénnen

(Schema 5a).?"® Aminos&uren kénnen durch Reaktion mit Methylisocyanat (MIC) in einer
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Formamidlésung zu den entsprechenden N-Methylcarbamoyl-Aminosauren umgesetzt
werden, die dann unter nitrosierenden Bedingungen mit dem exozyklischen Amin des
Adenosins zu t°A bzw. g°A reagieren kdnnen. Neben O-Carbamoyl-modifizierten Nukleosiden
wurde zudem auch die Bildung methylierter Spezies beobachtet, da bei der Bildung des N-
Isocyanats der Aminosaure Diazomethan abgespalten wird, was einen moéglichen Weg zu
methylierten Nukleosiden darstellt. Auch die Nukleobasen der nicht-kanonischen Nukleoside
mnm°U, nm®U und cmnm®U konnten unter prabiotischen Bedingungen erhalten werden. Die
Reaktion wurde von Miller und Mitarbeitern ausschlieRlich mit Uracil untersucht, da die
Addition von Formaldehyd im ersten Schritt eine hohere Reaktionsrate mit der Nukleobase im
Vergleich zum Nukleosid aufweist. Dennoch ist es aus prabiotischen Gesichtspunkten ebenso
plausibel, dass 5-Hydroxymethyl-Uridin aus dem entsprechenden unmodifizierten Nukleosid
Uridin durch Addition von Formaldehyd entstehen kann. Im zweiten Schritt wurde von Miller
und Mitarbeitern gezeigt, dass 5-Hydroxymethyl-Uracil mit verschiedenen Nukleophilen, u.a.
Methylamin, Ammoniak oder Glycin, substituiert werden kann, wodurch die Nukleobasen-

Modifikationen nm®U, mnm5U und cmnm®U erhalten wurden (Schema 5b).2'"

1.3 Selbst-aminoacylierende Ribozyme

Die selektive Beladung von tRNAs oder analoger RNA-Sequenzen ist nicht nur im
Zusammenhang mit der Entstehung des Lebens von Bedeutung,?'? sondern auch in der
Biotechnologie, um den genetischen Code zu erweitern und kunstliche Proteine mit
modifizierten Eigenschaften zu erhalten.['12'3 |m Kontext der prabiotischen Chemie gilt die
Darstellung aminoacylierter RNA als ein weiteres Bindeglied, um den Ubergang von einer
RNA-Welt zu den Urspriingen der Translation zu rekonstruieren.['*512'4 Dieser Dualismus aus
RNA und Aminosauren konnte erstmals in der nicht selektiven Aminoacylierung von RNA
beobachtet werden. Dabei wurde die Aminosaure in einer Imidazol-katalysierten Reaktion von
einem Aminoacyl-Adenylat auf eine der Hydroxygruppen der Ribose eines Uridin- oder
Adenosin-Oligomers Ubertragen.?'°12'8 Sowohl aus praparativer, als auch biotechnologischer
Perspektive haben Forschungsgruppen an der in vitro Evolution von Ribozymen gearbeitet,
die selektiv RNA aminoacylieren konnen.['74I217] Dabei konnte gezeigt werden, dass Ribozyme
die Eigenschaft haben kdnnen, RNA am 3'-Ende mit Aminosduren zu modifizieren. Eine der
bahnbrechenden Arbeiten in diesem Kontext wurde 1995 von Yarus und Mitarbeitern
veroffentlicht, in der ein Ribozym aus nur 5 Nukleotiden, die Aminoacylierung an der 2'3'-
Position eines 4-mers mit einem 3'-terminalen Uridin katalysierte (Abbildung 9a).?'®! Es
konnte gezeigt werden, dass lediglich drei konservierte Nukleotide fur die katalytische Aktivitat

notwendig waren.?'® Zwei Nukleotide des Ribozyms und ein Nukleotid des Substrats bilden
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eine katalytisch aktive Stelle, wodurch die als Adenylat aktivierte Aminosaure (Phe-AMP oder
Tyr-AMP) auf das Substrat (ibertragen werden kann.?2%12'71 |nteressanterweise katalysierte
das von Yarus und Mitarbeitern beschriebene Ribozym sowohl die Aminoacylierung von RNA
als auch eine sukzessive Peptidkopplung, wodurch kurze Peptid-Oligomere erhalten
wurden. ['782201221] Digse geringe Spezifitat spiegelt die Vielseitigkeit primitiver Ribozyme wider,

die ein wichtiger Motor der Evolution gewesen sein kann.[22212231173]
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Abbildung 9. a) Selbst-aminoacylierendes Ribozym nach Yarus et al. b) Aminoséaure-Adenylate, welche als

Substrat fiir das selbst-aminoacylierende Ribozym verwendet wurden c) Aktivierte Substrate fiir diverse Flexizyme.

Die Beschrankung auf Substrate mit der Sequenz 3'-CCU und die Verwendung ausschlie3lich
aromatischer Aminosauren, wie z.B. Phenylalanin-Adenosinmonophosphat (Phe-AMP) stellt
ein Hindernis fur die Anwendung im Bereich der Erweiterung des genetischen Codes dar. Mit
dem Ziel das 3'-CCA-Ende der tRNA zu modifizieren und dabei verschiedene, auch nicht
proteinogene Aminosduren verwenden zu konnen, entwickelte die Forschungsgruppe um
Hiroaki Suga durch schrittweise in vitro Evolution eine neue Klasse aminoacylierender
Ribozyme: Die Flexizyme, deren Name sich von der Flexibilitdt der Substratspezifitat
ableitet.'” Dabei wurden zu Beginn bevorzugt aktivierte aromatische Aminosauren, d.h.
Phenylalanin, verknlpft und selektiv an die 3-OH Gruppe des terminalen Adenosins
gekoppelt.??! Dazu wurde die tRNA mit einer randomisierten Bibliothek von RNA-Sequenzen
am 5'-Ende verlangert und nach der Fahigkeit das 3'-Ende zu aminoacylieren selektiert. Nach
weiterer Verfeinerung des Designs wurde eine hdohere Toleranz gegeniber der Verwendung
unterschiedlicher tRNAs erreicht, da die Interaktionen zwischen Ribozym und tRNA lediglich
auf drei Basenpaarungen mit dem 3'-CCA-Ende der tRNA beruhten, wodurch auch andere
Sequenzen mit dem CCA-Motiv aminoacyliert werden konnten.[??! Als aktivierte Aminosauren
wurden neben Adenylatenl2'81220122612211 gych Cyanomethylester (CME)?271228] oder Thioester
(CBT, ABT)??*! des Phenylalanins verwendet (Abbildung 9b und c). Kristallographische

Untersuchungen am Flexizyme Fx3 zeigten, dass das Ribozym eine Erkennungsstelle fir den
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aromatischen Ring der Aminosaure besitzt.*°! Durch weitere Mutationen konnte die Spezifitat
fur die aromatische Seitenkette umgangen und das aromatische Erkennungsmotiv in die
Abgangsgruppe der aktivierten Aminosaure verschoben werden.?*'! So konnte die Bandbreite
an Substraten um nicht natirlich vorkommende Aminosduren, d.h. D-Aminoséduren,?3 N-
Alkylaminosauren?®® und a-Hydroxysauren?3 oder sogar Oligopeptide?*®! erweitert werden.
Trotz der beeindruckenden Verbesserung der aminoacylierenden Eigenschaften der
Flexizyme und der Erweiterung um mogliche Substrate und um das CCA-Motiv bleibt die
Bedeutung aminoacylierender Ribozyme als Vorlaufer von aaRS fraglich, da bisher keine
derartigen Ribozyme in der Natur identifiziert werden konnten und die Erkennung der
Substrate Uber aromatische Motive, wie Dinitrobenzylester (DBE), prabiotisch fraglich
erscheint.l'1236] Nichtsdestotrotz kdénnten aminoacylierende Ribozyme das Bindeglied
zwischen einer reinen RNA-Welt hin zu einer RNA-Peptid-Welt gewesen sein, deren Aufgabe
im Verlauf der Evolution durch effizientere Proteine tibernommen wurde. Insbesondere dann,
wenn prabiotisch plausible Aminosaure-Adenylate als Substrate fir eine Aminoacylierung

dienten.

1.4 RNA-basierter Aminosauretransfer

Der genetische Code besteht aus 20 proteinogenen Aminosauren, die entweder vom
Organismus aufgenommen (essentielle Aminosauren) oder Uber biochemische
Stoffwechselwege in der Zelle synthetisiert werden. Es ist jedoch davon auszugehen, dass die
ersten  Aminosauren  auf  abiotischem  Wege entstanden  sind.®71238  |m
Gasentladungsexperiment nach Miller3823% konnten 10 der derzeit 20 proteinogenen
Aminosauren identifiziert werden.!?*% Eine ahnliche Anzahl von Aminoséauren wurde auch in
Meteoriten nachgewiesen.?4"242] Dies |asst auf einen abiotischen Ursprung schlieRen und
diese sowohl experimentell synthetisierten als auch aus extraterrestrischem Material isolierten
Aminosauren kénnen neben zahlreicher nicht-proteinogener Aminosauren als prabiotisch
plausibel angesehen werden. Wie jedoch die jeweiligen Aminosauren von einer nicht-codierten
Peptidsynthesel'282061207] hin zy einer sequenz-codierten Synthese zugeordnet wurden, ist
nach wie vor eine der gro3en offenen Fragen in der Erforschung des Ursprungs des Lebens.
Der Schlissel zum Verstandnis dieses Ursprungs ist der codierte, RNA-basierte
Aminosauretransfer. Zahlreiche Forscher haben sich dementsprechend mit verschiedenen
RNA-Aminosaurekonjugaten in Form von Aminoacyl-Phosphaten, Phosphoramidaten und

Estern befasst.[?3]

Annlich zu der Beladung von tRNAs mit Aminoséuren durch aaRS und der ribozymatischen

Beladung von RNA durch Aminosaure-Adenylate nach Yarus et al., fanden Tamura und
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Mitarbeiter heraus, dass Aminosauren, die als gemischtes Anhydrid an das 5-Phosphat einer
Donorsequenz gebunden sind, mit dem 3'-Ende eines benachbarten Oligonukleotids reagieren
kénnen. In diesem Fall waren Donor- und Akzeptorsequenz Uber einen komplementaren

Strang miteinander verbunden (Schema 6a).l'"®

a) 5'-Aminoacyl-Phosphat und 3'-Hydroxygruppe
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Schema 6. Prabiotische Untersuchungen zum RNA-basierten Aminosaure-Transfer und Ligation von RNA-
Fragmenten durch Phosphoramidate und Ester aus Aminosauren; entweder zwischen zweien Sequenzen, die Uber
eine Briickensequenz verkniipft sind oder zwischen zweien komplementiren Sequenzen mit 3'-Uberhang. a)
Aminosaure-Transfer Uber 5-Aminoacyl-Phosphate. b) Aminosaure-Transfer Uber 5-Phosphoramidate. c)

Verkniipfung zweier RNA-Fragmente ber 5'-Phosphorimidazolide und 3'-Aminoacylester.?43
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In ahnlicher Weise konnten Sutherland und Mitarbeiter zeigen, dass der Transfer auch
zwischen komplementaren Strangen mdglich ist. Anstelle der verbriickenden Sequenz wurde
ein Uberhang von 4-5 Nukleotiden verwendet und in Abhangigkeit von der Nukleotidsequenz
konnte ein Aminosauretransfer in Ausbeuten von bis zu 55% beobachtet werden (Schema
6a).['" Es gibt auch erste Hinweise darauf, dass die Chiralitat der Aminoséaure einen Einfluss
auf den Transfer zur RNA hat, da die Ubertragung von L- gegenliber bD-Aminoséuren bevorzugt
wurde.['761124411245] Dijes deutet darauf hin, dass die ebenfalls chirale D-Ribose der Nukleoside
bzw. Nukleotide einen Einfluss auf die Entstehung der in der heutigen Biologie vorzufindenden

Homochiralitat der Aminosauren gehabt haben konnte. 246!

Neben den gemischten Anhydriden, bei denen die Carbonsaure der Aminosdure an das
Phosphat gebunden ist, konnten unter prabiotischen Bedingungen auch Phosphoramidate
erhalten werden, in denen das Amin der Aminosaure mit dem Phosphat reagiert (siehe Kapitel
1.1.3). Nach der in situ Aktivierung der Carbonsaure mit wasserléslichen Aktivatoren, wie z.B.
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimid (EDC) und einem Organokatalysator, z.B.
Ethylimidazol'??, koénnen anschlieRend Nukleophile, u.a. 3-Hydroxy-?*1 oder 3'-
Aminogruppen,?*® mit der Carbonsaure der als Phosphoramidat gebundenen Aminosaure
reagieren. Dadurch wird ein chimares Produkt erhalten, in dem zwei RNA-Fragmente Uber
eine Aminosaure miteinander verbunden sind. In einem zweiten Schritt kann die Aminosaure,
nach der Hydrolyse des Phosphoramidats unter sauren Bedingungen, auf die 2'-3'-
Hydroxygruppe des benachbarten RNA-Strangs Ubertragen werden (Schema 6b). Ebenso
konnte Uber die Phosphoramidatchemie eine nicht enzymatische Translation rekonstruiert
werden, bei der anstelle eines Tripletts, ein einzelnes Nukleotid tber Watson-Crick-

Basenpaarung und m-r-Wechselwirkungen als Erkennungsmerkmal verwendet wird.[24°]

In ahnlicher Weise kann die Verknipfung zweier RNA-Fragmente auch durch die
Transamidierung eines aktivierten 5'-Phosphorimidazolids mit dem Amin der Aminosaure
erfolgen.?%% |In diesem Fall entsteht ein ebenfalls ein chimares Molekil aus Nukleotid und
Aminosaure, in dem die Aminosaure als Ester und als Phosphoramidat kovalent an beide
RNA-Strange gebunden ist (Schema 6¢).?5! Solche chimaren Molekiile knnen ein Beispiel
fur eine Co-Evolution von RNA und Peptiden sein, bei der die Wechselwirkungen beider
Molekule zu einer hdheren Komplexitat gefiihrt haben und ein Motor der Evolution gewesen
sein konnten.”l In diesem Zusammenhang haben Studien zur chemischen Primer-
Verlangerung aminoacylierter RNA gezeigt, dass 2'-3-aminoacylierte RNA eine hohere
Reaktionsrate mit einem aktivierten 5-Phosphorimidazolid aufweist, als unmodifizierte 2'-3'-
Hydroxy-RNA. Ebenso konnte gezeigt werden, dass diese RNA-Peptid-Chimaren auch als
Template fiir nicht-enzymatische Replikationen dienen kénnen.?%"! Neben dem Einfluss bei
der Verknlipfung polymerer Strukturen wurde auch der Aufbau katalytisch aktiver RNA-

Sequenzen untersucht. Dabei diente unter anderem das Hammerhead Ribozym als
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Modellsystem, um die Aktivitat des chimaren Ribozyms mit der des kanonischen Ribozyms als

Referenz zu vergleichen (Schema 7a und b).[2%?

a) Ribozymfragmente Chiméres Ribozym
3o, Ao ] i !
o e T o 9 e
3' 1 1 1 1 P ° 1 1 1 1 [} P ° 1 1 1 1 5' 3' ] ] ] ] P ° ] ] ] [} IP ° 1 1 1 1 5'
1 1 1 1 1 1 1 1 [} 1 1 1 1 — 1 1 1 1 1 1 1 LI | 1 1 1 1
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Schema 7. a) Chemische Synthese eines chiméaren I/l Hammerhead Ribozyms aus RNA-Fragmenten mit Hilfe
eines DNA-Templats. b) Spaltungsreaktion des chimaren I/l Hammerhead Ribozyms. Die konservierte
Nukleotidsequenz ist in schwarz dargestellt und das aminoacylierte 3'-CA ist rot hervorgehoben. Griiner Kreis =
FAM-Fluorophor.[252]

Die 2'-3-aminoacylierten RNA-Fragmente wurden praparativ durch Flexizym-abhangige
Aminoacylierung und die 5-Phosphorimidazolid-modifizierten RNA-Strange aus dem
entsprechenden 5'-Phosphat und 2-Methylimidazol hergestellt.?5%2%4 Dije anschlieRende
Ligation der Fragmente setzte einen Templat-Strang voraus und ergab zwar das
zusammengesetzte Produkt, das jedoch aufgrund der Hybridisierung zwischen Templat und
Produkt nicht katalytisch aktiv war. Durch die Verwendung von DNA als Templat-Sequenz,
welche anschlieBend enzymatisch verdaut wurde, oder alternativ mehrerer kirzerer RNA-
Splints, konnte die Inhibierung umgangen werden. In Abhangigkeit von der verknipfenden
Aminosaure wurde eine 20- bis 80-fach reduzierte Aktivitdt des chimaren Ribozyms im
Vergleich zum unmodifizierten Ribozym beobachtet. Gly wurde als polare, Lys als kationische,
Leu als unpolare und Asp als anionische Aminosaure untersucht, wobei Lys die hdchste
Aktivitdt zeigte. Eine aquimolare Mischung der nicht zusammengesetzten Fragmente

hingegen wies keine messbare Aktivitat auf.[2>?!

RNA-Aminosaure-Konjugate kdnnten also nicht nur Vorlaufermolekile fir die Translation
gewesen sein, sondern auch in einem frihen Stadium der Evolution als strukturgebende
Motive gedient haben, die RNA-Fragmente verknlpften und Eigenschaften von Ribozymen

verbesserten.
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1.5 Selbstspaltende RNA — Das Hammerhead Ribozym

Selbstspaltende Ribozyme sind aufgrund ihrer einfachen Struktur von ca. 50 Nukleotiden und
der guten Quantifizierbarkeit ihrer katalytischen Aktivitat ein ausgezeichnetes Modell fur die
Untersuchung katalytischer Prozesse im prabiotischen Kontext.[252125%12561 7y der Klasse der
selbstspaltenden Ribozyme gehdren das Hammerhead Ribozym, das Hepatitis Delta Virus
(HDV) Ribozym, das Hairpin Ribozym, das Neurospora Varkud Satellite Ribozym, das
bakterielle Glucosamin-6-Phosphat-Synthase (GImS) Motiv Ribozym, das Pistol Ribozym, das
Twister Ribozym, das Twister Sister Ribozym und das Hatchet Ribozym.??*”! Selbstspaltende
Ribozyme sind in der Natur weit verbreitet und spielen eine Vielzahl von Rollen?%812%% ynd
zudem wurden zahlreiche Methoden entwickelt, um neue katalytisch aktive RNA-Motive zu
identifizieren.?®® Das Hammerhead-Ribozym wurde urspriinglich in Pflanzenviren, Viroiden
und Virusoiden entdeckt, wo es der Prozessierung von RNA-Transkripten dient.[?6"1262] Dar(iber
hinaus wurde es in allen drei Domanen des Lebens, Bacteria, Archaea und Eucarya,
nachgewiesen und gehort zu einer der am weitesten verbreiteten Klassen von
Ribozymen.[26%1126411265] Djeses vielseitige Vorkommen konnte darauf hindeuten, dass es bereits
frih in der Evolution entstanden ist und sich sogar mehrfach unabhangig de novo entwickelt

hat.[2¢%!

Die Sekundarstruktur des Hammerhead Ribozyms besteht aus drei Helices, die durch
konservierte Nukleotidsequenzen verbunden sind und welche fir die katalytische Aktivitat
essentiell sind (Abbildung 70a).

a) b)
3l 5'
N—N
NN Stamm il
N —N
N—N
Stamm I av—Y Stamm |
s CIIN N N N-s
=N NNCwR NERE
N N NN N-“
SN NN

Abbildung 10. Generelles Motiv des Il Hammerhead Ribozyms und Konformationen des katalytischen Zentrums.
a) Schema des minimalen Hammerhead Ribozym Motivs[?%¢! mit Hervorhebung konservierter Nukleotid Sequenzen
(rot, blau, orange, griin) und der Nukleotide Gs und G12, welche die Hydrolyse der Phosphordiester Bindung des
Nukleotides C17 katalysieren. b) Zwei Konformationen des Hammerhead Ribozyms. Links (FO), minimales Motiv
ohne tertidre Wechselwirkungen zwischen Stamm | und Il. Rechts (F1), verlangertes Ribozym mit tertidren
Wechselwirkungen zwischen Stamm | und Il und resultierender Konformationsanderung des aktiven Zentrums. Die
Kristallstrukturen wurden den PDB-Eintragen 1HMH[271 (links) und 2QUSI?®8 (rechts) entnommen und mit

Discovery Studio Visualizer v21.1.0 bearbeitet.
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Die Hammerhead Ribozyme werden in drei Topologien eingeteilt. Typ I, Il oder Ill, je nachdem
in welchem Stamm des Ribozyms sich das 3'- und das 5'-Ende der Sequenz befinden.?%"! Als
Mechanismus der Spaltung im Hammerhead Ribozym findet eine Transesterifizierung durch
Saure-Base-Katalyse statt.?%”! Im aktiven Zentrum des Hammerhead Ribozyms befinden sich
die Nukleotide Gg, G12 und C47, wobei Gg als Saure und G+, als Base in der Transesterifizierung
fungieren. Die N'-Position von Gi, muss dabei deprotoniert sein, um die 2'-Position des
Substrat Nukleotids C+7 deprotonieren zu kénnen. Dabei tragen monovalente Kationen, wie
z.B. Na*, zur Stabilisierung bei.?"°1271 Dje 2'-Hydroxygruppe von Gg ist so positioniert, dass sie
als Protonendonor fir den 5-Sauerstoff der Abgangsgruppe in der Spaltungsreaktion dienen
kann. Die Reaktion verlauft Uber einen trigonal-bipyramidalen Uberganszustand des
Phosphats und ergibt ein 2'-3'-zyklisches Phosphat an C47 und ein 5'-Hydroxy-Terminus an
der Abgangsgruppe (Schema 8).1%68126°1 Durch die Strukturanalyse mittels Einkristall-
Rontgendiffraktometrie und diversen Methoden wie atomare Mutagenese konnten diese
Mechanismen des Hammerhead Ribozyms aufgeklart werden.?”?l Es wurden Kristallstrukturen
des prakatalytischen Zustands des minimalen Motivs des Hammerhead Ribozyms erhalten,
indem Substrate verwendet wurden, die an Position C17 keine 2'-Hydroxygruppe aufweisen,
d.h. DNA- oder 2'-Methoxy-Nukleotide.?6712731 Auch konnte eine Kristallstruktur eines
Hammerhead Ribozyms erhalten werden, das ein nicht-modifiziertes Ribonukleotid an der C+7
besaB. Hierzu wurde die Struktur in Abwesenheit von bivalenten Kationen, wie z.B. Mg?* oder
Mn?*, aufgel6st. Diese sind beim minimalen Motiv des Ribozyms nétig, um eine

Konformationsanderung in die aktive Form zu gewahrleisten.?’4
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Schema 8. Mechanismus der Saure-Base-Katalyse in der Transesterifizierung eines Hammerhead Ribozyms.[258]

Ebenso konnte die katalytische Aktivitat des Ribozym reduziert werden, indem G2 durch A2
substituiert wurde und so das Substrat und auch die Konformation erhalten blieben.?®8 Diese
Studien haben gezeigt, dass, abgesehen von der konservierten Nukleotidsequenz, tertiare
Wechselwirkungen?”®! zwischen Stamm | und Stamm |l stattfinden miissen, um ein unter
physiologischen Konzentrationen von Mg?* aktives Hammerhead Ribozym zu erhalten

(Abbildung 10b).12681276li277] Dje tertiaren Wechselwirkungen zwischen Stamm | und Stamm I
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fuhren zu einer Konformationsdnderung im aktiven Zentrum des Ribozyms vom

prakatalytischen Zustand FO hin zum katalytisch aktiven Zustand F1.

Zusammenfassend lasst sich sagen, dass das Hammerhead Ribozym ein nutzliches Modell
fur die Untersuchung sowohl sekundarer als auch tertidrer Wechselwirkungen von
Nukleinsauren darstellt. Neben kanonischen Formen des Hammerhead Ribozyms, kann auch
der Einfluss neuartiger kovalenter RNA-Aminosaurekonjugate als strukturbildendes Merkmal
anhand eines chimadren Hammerhead Ribozyms untersucht werden (siehe Kapitel
1.4).12521[2%%1[2%6] Besonders im Szenario einer RNA-Peptid-Welt ist es nicht nur von Interesse
eine mogliche RNA-basierte Peptidsynthese zu rekonstruieren, sondern auch mogliche
Einflisse von Aminosdauren auf die katalytische Aktivitat von Ribozymen

nachzuvollziehen.[1451206]207]
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2. Zielsetzung

RNA-Modifikationen sind ein weit verbreiteter Bestandteil in tRNAs und rRNAs. Sie werden
Uber enzymatische Prozesse post-transkriptionell eingefiigt, wobei sie der korrekten
Auspragung von Sekundarstrukturen dienen und eine wichtige Rolle in Codon-Anticodon-
Wechselwirkungen spielen. Wann ursprunglich solche Modifikationen auftraten und ob diese
bereits in einem frihen Stadium der chemischen Evolution existierten verbleibt eine offene
Frage in der Forschung zur Entstehung des Lebens. In der tRNA befindet sich die Aminosaure,
aus der die Peptidkette wachst an der am 3'-Ende der Ribose und ist dort kovalent in Form
eines Esters gebunden. Entsprechend befassen sich zahlreiche Studien zum Ursprung der
Translation mit RNA-Aminosaure-Konjugaten, die diese Ester-Verknipfung nachstellen. Diese
Verknupfungen erweisen sich jedoch als hydrolytisch instabil, besonders in Umgebungen, die
stark von physiologischen Bedingungen abweichen. Daraus resultiert eine geringere
Halbwertszeit in wassriger Losung, was RNA-Aminosaure-Konjugate, wie sie in der
Translation Verwendung finden, zu einem friihen Zeitpunkt der Evolution als unwahrscheinlich
erscheinen lasst. Jedoch ist das 3-Ende nicht die einzige Position in der tRNA, die mit
Aminosauren modifiziert sein kann. Ebenso befinden sich in manchen tRNAs in der Nahe der
Anticodonschleife nicht-kanonische Nukleotide, die Aminosauren Uber eine Harnstoffbriicke

an der Nukleobase tragen kdonnen.

Das Ziel dieser Arbeit war es den Einfluss nicht-kanonischer Nukleotide, in denen
Aminosauren kovalent mit der Nukleobase verknlpft sind, in einer méglichen RNA-Peptid-Welt
zu untersuchen. Hierzu sollten prabiotisch plausible Syntheserouten entwickelt werden durch
welche sowohl Aminosaure-modifizierte N-Carbamoyl-Nukleoside als auch -Nukleotide
erhalten werden kdénnen. Neben der prabiotischen Synthese, sollte auch eine chemische
Synthese durchgefiihrt werden, die es ermdéglicht Gber RNA-Phosphoramidit-Chemie kurze
Oligomere dieser Modifikationen herstellen zu kénnen. Diese Oligomere sollten dann genutzt
werden, um eine alternative Form der RNA-basierten Peptidsynthese zu etablieren, in der
Aminosauren, im Gegensatz zu der in der Translation verwendeten Ester-Chemie, zwischen
den Nukleobasen ubertragen werden konnen. Damit sollte gezeigt werden, dass RNA-
Modifikationen, die in heutigen tRNAs gefunden werden kdnnen, die Eigenschaft besitzen eine
primitive Form der Peptidsynthese mit hydrolytisch stabileren Konjugaten auszubilden. Neben
der Synthese kurzer Peptide, war es ebenso ein Ziel den Einfluss der strukturgebenden
Eigenschaften des Haarnadel-Motivs, in dem zwei RNA-Molekile tber eine Peptid-Bindung

zwischen den Nukleobasen verbunden sind, zu untersuchen.
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3. Veroffentlichte Arbeiten

3.1 Aminosaure-modifizierte RNA-Basen als Bausteine einer RNA-
Peptid-Welt auf der frihen Erde

“Amino Acid Modified RNA Bases as Building Blocks of Early Earth RNA-peptide world”
Autoren

Milda Nainyté, Felix Mduller, Giacomo Ganazzoli, Chun-Yin Chan, Antony Crisp, Daniel

Globisch, Thomas Carell*

Chem. Eur. J., 2020, 26, 14856-14860.* 1 Fir Supplementary Information siehe Anhang |
DOI: https://doi.org/10.1002/chem.202002929

Prolog

Die RNA ist reich an post-transkriptionellen Modifikationen, von denen einige als molekulare
Fossilien betrachtet werden kénnen. Eine davon ist das hypermodifizierte Nukleosid t°A, eine
Ne-Carbamoyl-Modifikation von Adenosin, die sich an Position 37 einiger tRNAs befindet. Dort
dient es der Anticodonerkennung und tragt zur korrekten Auspragung der Sekundarstruktur
der Anticodonschleife bei, ohne selbst eine Basenpaarung einzugehen. Neben der
enzymatischen Synthese dieser Modifikation existieren auch prabiotische Synthesewege,
Uber die die Modifikationen t°A und g®A erhalten werden kdnnen. Diese konnten jedoch nur in
Form von Nukleosiden und nur in geringer Ausbeute erhalten werden. In der vorliegenden
Studie wurden neue chemische Synthesewege zu Phosphoramidit-Derivaten des
Aminosaure-modifizierten N-Carbamoyl-Adenosins entwickelt, um die Eigenschaften der
Modifikationen in Oligonukleotiden analysieren zu kdnnen. Dabei wurde das Repertoire der an
die NG-Position des Adenosins gebundenen Aminos&duren um unpolare, aromatische und
ionisierbare  Aminosauren erweitert. AnschlieRend konnte gezeigt werden, dass die in
Oligonukleotiden eingebauten modifizierten Nukleotide keine Basenpaarungen bilden,
vergleichbar mit der Eigenschaft in heutiger tRNA. Die hierbei gewonnen Erkenntnisse dienen
als wichtige Grundlage fir die Aufklarung der Rolle Aminosaure-modifizierter Nukleotide in

einer moglichen RNA-Peptid-Welt.
Autorenbeitrag

Es wurden die Verbindungen 28, 35, 42 und 49 hergestellt und charakterisiert. Zudem wurde
das modifizierte Oligonukleotid ON2 hergestellt und der Einfluss des Aminosaure-modifizierten

Adenosins auf die Schmelztemperatur eines RNA-Doppelstrangs untersucht.
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Amino Acid Modified RNA Bases as Building Blocks of an Early

Earth RNA-Peptide World

Milda Nainyté,” Felix Mdiller,” Giacomo Ganazzoli,”) Chun-Yin Chan,® Antony Crisp,”

Daniel Globisch,® and Thomas Carell*™

Abstract: Fossils of extinct species allow us to reconstruct
the process of Darwinian evolution that led to the species
diversity we see on Earth today. The origin of the first
functional molecules able to undergo molecular evolution
and thus eventually able to create life, are largely un-
known. The most prominent idea in the field posits that
biology was preceded by an era of molecular evolution, in
which RNA molecules encoded information and catalysed
their own replication. This RNA world concept stands
against other hypotheses, that argue for example that life
may have begun with catalytic peptides and primitive
metabolic cycles. The question whether RNA or peptides
were first is addressed by the RNA-peptide world concept,
which postulates a parallel existence of both molecular
species. A plausible experimental model of how such an
RNA-peptide world may have looked like, however, is
absent. Here we report the synthesis and physicochemical
evaluation of amino acid containing adenosine bases,
which are closely related to molecules that are found
today in the anticodon stem-loop of tRNAs from all three
kingdoms of life. We show that these adenosines lose
their base pairing properties, which allow them to equip
RNA with amino acids independent of the sequence con-
text. As such we may consider them to be living molecular
fossils of an extinct molecular RNA-peptide world. )

The RNA-peptide co-evolution hypothesis describes the emer-
gence of self-replicating molecules that contained amino acids
and RNA." At the macromolecular level, this tight coexistence
of peptides and RNA is established in the ribosome, where en-
coding and catalytic RNA is supported by proteins.” Although
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we cannot delineate how such an early RNA-peptide world
may have looked like, it seems not too implausible to assume
that some of the molecular components may have survived
until today as vestiges of this extinct world.” tRNAs derived
from all three kingdoms of life contain a large number of
modified bases,"” and some of them are indeed modified with
amino acids.”’ The most wide spread amino acid modified
bases are adenosine nucleosides, in which the amino acid is
linked via urea connector to the N®-amino group of the hetero-
cycle as depicted in Figure 1a. Particularly ubiquitous are ade-
nosine madifications containing the amino acids threonine
(t°A)7 and glycine (g°A)"® together with hn°A®'" Based
upon recent phylogenetic analyses and the fact that t°A is
found in all three kingdoms of life, it has been suggested that
such amino acid modified bases were already present in the
last universal common ancestor (LUCA), from which all life
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Figure 1. (a) Depiction of the amino acid modified A-bases (aa®A) together
with computer visualizations that show how such bases may reside in an
(b) A-form RNA duplex and a (c) B-form DNA duplex. The sequence used for
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forms descended."'" t°A is for example today found in nearly

all ANN decoding tRNAs."” We recently reported a plausible
prebiotic route to some of these amino acid modified A-bases,
which strengthens the idea that they could indeed be living
chemical fossils of the extinct RNA-peptide world."® Despite
the interesting philosophical genotype-phenotype dualism
that characterizes these structures and their contemporary im-
portance for the faithful decoding of genetic information, a
general synthesis of aa®A modified bases (Figure 1a) and a sys-
tematic study of their properties is lacking.

Here we report the synthesis of a variety of aa®A nucleosides
with canonical amino acids (aa=Asp, Gly, His, Phe, Thr,'” Ser,
Val), their incorporation into DNA and RNA and an investiga-
tion of how they influence the physicochemical properties of
oligonucleotides. We were particularly interested to study how
they might affect the stability of RNA and DNA. The computer
visualization shows that in A-form RNA (Figure 1b), the amino
acid part of the aa®A base would need to reside inside the
helix, shielded from the outside. In the B-form DNA one could
imagine a decoration of the major groove with the amino acid
side chains as depicted in Figure 1c.

In the Schemes 1 and 2 we show the synthesis of the differ-
ent urea linked amino acid A-derivatives (aa®A). We first pre-
pared the amino acid components for the coupling to the A-
nucleoside (Scheme 1). Our starting points for Thr°A, Ser°A and
Asp®A were the free amino acids 1-3, in which we first trans-
formed all carboxylic acids into the p-nitrophenylethyl esters
(npe, 4-6)."" The hydroxy groups of the Thr and Ser com-
pounds were finally protected as TBS-ethers to give the final
products 7 and 8 (Scheme 1a). For Val, Gly and Phe we started
with the Boc-protected amino acids 9-11, which we also con-
verted into the npe-esters 12-14 using Mitsunobu type

a)
NO, NO,
npeQH TBSCI,
R TsOH imidazole
—_— 5 npe
H,N" ~COH o)
R
Y&o R
A \r&o
NH; org NH,
1: R = HyCCHOH 4: R = H;CCHOH, 70% 7: R = H;CCHOTBS, 94%
2R =CH,0H 5: R = CH,OH, 75% 8: R = CH,0TBS, 96%
3: R = CH,CO.H 6: R = CH,CO;npe, 82%
b)
R npeOH, PPh; R R
Py DIAD, DCM HCl/Diox H ﬁJ‘co
—_—
BocHN™ ~COH BocHN” ~COnpe Clﬂ 2npe

9: R = H;CCHCH;
10:R=H

11a: R = CH,Ph (L)
11b: R = CH,Ph (D)

12: R = HyCCHCH;, 96%
13:R = H, 85%

14a: R = CH,Ph (L), 81%
14b: R = CH,Ph (D), 85%

15: R = HyCCHCHS, 99%
16: R =H, 99%

17a: R = CH,Ph (L), 99%
17b: R = CH,Ph (D), 99%

)

H H e} POM

N] npeOH, HBTU N7 0 N

' I/
VN PrNH OME M PoM-c g POM pcipiox rﬁ)
93% 55% b 99%
COH COznpe \
BocHN BocHN 2Np! N H;N COznpe
18 19 CO,npe ci 21
BocHN 20

Scheme 1. Synthesis of the amino acid building blocks as needed for the
coupling to the nucleoside A to give Thr°A, Ser°A, Asp®A, Val°A, GIy°A, Phe®A
and His®A.
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Si—0 $
3 HO 0TBS
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32: R = Hy,CCHOTBS, 95%
33: R = POM-N-imidazoyl, 75%
34: R = H3CCHCHj, 95%
35:R=H,97%

36: R = CH,CO,npe, 98%

37a; R = CH,Ph (L), 80%

37b: R = CH,Ph (D), 78%

38: R = CH,OTBS, 96%

25: R = H;CCHOTBS, 91%
26: R = POM-N-imidazoyl, 86%
27: R = HyCCHCH;, 78%
28:R=H,71%

29: R = CH,COznpe, 87%

30a: R = CH.Ph (L), 68%

30b: R = CHaPh (D). 71%

31: R =CH,0TBS, 85%

0 5\
)L COznpe
HN u
PN cu?,o\/\CN
€\ P) N
N N
-

DMTO ¥~ “oTBS
HC

DIPEA, DCM

39: R = H;CCHOTBS, 80%
40: R = POM-N-imidazoyl, 85%
41: R = HyCCHCHa, 70%

42 R=H, 85%

43: R = CH,CO;npe, 95%

44a: R = CH,Ph (L), 82%

44b: R = CH,Ph (D), 85%

45: R = CH,OTBS, 90%

5'-G-U-C-X-C-C-U-G-A-3'

46: R = HyCCHOTBS, 85%
47: R = POM-N-imidazoyl, 66%
48: R = HyCCHCH;, 87%
49: R=H, 86%

50: R = CH,COznpe, 65%
51a: R = CHzPh (L), 67%
51b: R = CH,Ph (D), 67%
52: R = CH,OTBS, 70%

RNA
synthesis
[sn

ON1: Thi®A; ON2: GlySA; ON3: ValPA
ON4: His%A; ON5: Asp°A; ONE: L-Phe®A; ONT: D-Phe®A

Scheme 2. Synthesis of phosphoramidite building blocks of Thr®A, Ser®A,
Asp®A, Val®A, Gly°A, Phe®A and His°A and their incorporation into RNA.

chemistry!™ followed by acidic (4 m HCl in dioxane) Boc-depro-
tection to give the amino acid products 15-17 (Scheme 1b).!"”
For His’A, we again started with the Boc-protected amino
acid 18 (Scheme 1¢) and used HBTU activation to generate the
npe ester 19. Protection of the imidazole N* with POM-chloride
followed again by Boc-deprotection furnished the ready to
couple amino acid 21.

The connection of the amino acid with the A-nucleoside via
the urea moiety was next carried out as depicted in Scheme 2.
We first treated phenyl chloroformate with N-methylimidazole
to obtain the 1-N-methyl-3-phenoxycarbonyl-imidazolium chlo-
ride (22).°% Adenosine was converted in parallel into the cyclic
3',5'-silyl protected nucleoside, followed by conversion of the
2-OH group into the TBS-ether.”"! The reaction of compound
24 with the activated carbonate and the corresponding amino
acid, provided in all cases the amino acid coupled products
25-31 in good to excellent yields. Subsequent cleavage of the

2020 The Authors. Published by Wiley-VCH GmbH
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cyclic silylether with HF-pyridine complex,**%' protection of

the 5-OH group with dimethoxytritylchloride (DMTCIHZ" al-
lowed the final conversion of the compounds into the corre-
sponding phosphoramidites 46-52. Standard solid phase RNA
chemistry®™=" was subsequently employed to prepare RNA
strands containing the individual aa®A nucleosides stably em-
bedded. The standard RNA synthesis protocol did not require
any adjustment. In all cases we observed fair coupling of the
aa®A phosphoramidites and no decomposition during depro-
tection. Deprotection required three steps. First, with DBU in
THF at rt. for 2h we cleaved the npe-protecting group.
Second, we deprotected the bases and cleaved from the solid
support with aqueous NHi;/MeNH,. Finally, we removed the 2'-
silyl group with HF in NEt,.

In order to investigate how aa®A bases would affect the sta-
bility of DNA duplexes we also prepared as a representative
molecule t°dA as depicted in Scheme 3. To this end we first
acetyl-protected dA 53,%? performed the coupling of the pro-
tected threonine with the activated carbonate 22, cleaved the
acetyl groups and converted the nucleoside subsequently into
the 5'-DMT protected phosphoramidite 57. The purification of
compound 57 was quite difficult due to its high polarity. We
needed to use rather polar mixture of EtOAc/Hex (2/1) as the
mobile phase for the chromatographic separation. This provid-
ed the phosphoramidite 57, however the material had a lower
purity in comparison to the RNA phosphoramidites. Neverthe-
less, solid phase DNA synthesis and deprotection of the DNA
strand ODN1 proceeded again smoothly and in high yields.

NH, NH,

1.22, DCM
) g@o (’ ) 2.7, EtzN, DCM

3 NH5/MeOH

/u_(j 80% ﬁ 6 5%
HO \ AcO \

HO 53 AcO 54
»e 55
,\L COynpe »‘N COgnpe
HN H

f p O
N N
B W 7/
(N N pwmrc NN 7/
0 Py o DIPEA, DCM
72% 62%

HO O} DMTO
HG 56 HO 56
j)\ oTBS
HN™ N ~Coznpe 2 o
STy e
N~ 2 N~ OH
N % N
0 < I
DMTO DNA N
s synthesis 0
5-G-T-C-0

-
)— CN oon1  C-C-T-G-A-Z
57

Scheme 3. Synthesis of t°dA phosphoramidite and its incorporation into
DNA.
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Figure 2a shows as an example the raw HPL-chromatograms
of ON1 (RNA strand with embedded t°A) and the correspond-
ing chromatogram after purification (inset) together with the
obtained MALDI-TOF mass spectrum (Figure 2b). The chroma-
tograms of the raw material show a good quality of the ob-
tained RNA material. The analytical chromatogram after purifi-
cation and the MALDI-TOF data prove the purity of the finally
obtained RNA oligonucleotide and the integrity of the t°A-con-
taining RNA strand.

Figure 2c and 2d show the same data set for the t°dA con-
taining DNA oligonucleotide (ODN1), proving again the suc-
cessful synthesis of t°dA containing oligonucleotide. The

a%(d)A nucleosides can exist in two different conformations.®*
The first, s-trans, maintains the Watson-Crick hydrogen bond-
ing capabilities with the urea amino acid oriented towards the
imidazole ring system (Figure 3a). This allows formation of a
Hoogsteen type 7-membered ring H-bond with the N’ In the
corresponding s-cis-conformation, the urea amino acid orients
towards the Watson—Crick side thereby establishing a typically
strong intramolecular 6-membered H-bond with N' (Figure 3 b).
In order to investigate if the embedding of the amino acid
would enforce s-trans-conformation and hence Watson-Crick
H-bonding, we measured melting points of all aa®A containing
RNA strands and of the t°dA containing DNA strand hybridized
to the corresponding counter strands (Figure 3). In the
RNA:RNA situation we noted for all aa°A strands that we inves-
tigated, a single clear melting point, showing that only one
conformer of the aa°A base likely exists in the RNA:RNA du-
plexes. In situation where the aa®A base exists in two different
stable conformations, one would expect a more complex melt-
ing behaviour. In all cases we saw that the melting point is
strongly reduced by 10-15°C. When we embedded two aa®A
building blocks into a short RNA strand no duplex formation

a) 5' GUCI'ACCUGA 3' (ON1) b)
0.16 o
' 5001 w1 Hrexp.
= 0.12 i 4001 2956.4
= S 300/ Mzmeas.
0.08
% 10 20, 30 40 50 g 200 2955.8
0.04 time, min
100
0.00 - - 0+
20 25 30 35 40 45 2000 2500 3000 3500 4000
time, min mlz
c) 5'd(GTCt'dACCTGA) 3' (ODN1) d)
3000 350
2500 300
250 [M - Hl exp.
—~2000 — 2841.5
= 1500 :‘I 200 m/z meas.
o 10 15 20 25 30 35 40 v150 2841.1
= 1000 time, min 100
500 50

Or—es e 01
15 20 25 30 35 40 45 50 1500 2000 2500 3000 3500
time, min miz

Figure 2. (a) Raw-HPL chromatogram of ON1, with the inset showing the
HPL-chromatogram of purified ON1; (b) MALDI-TOF mass spectrum of ON1
after purification; (c) raw-HPL chromatogram of ODN1, with the inset show-
ing the HPL chromatogram of purified ODN1; (d) MALDI-TOF mass spectrum
of ODN1 after purification.

2020 The Authors. Published by Wiley-VCH GmbH
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a) HO R s-trans b)
P
o)
X H----Q
H N
N "
Sy, ¢
NS 2 > N
7 N (o] il
c) 5'GUCXCCUGA 3' d) 5 d(GTCYCCTGA) 3'
3' CAGUGGACU &' 3' d(CAGTGGACT) &'
D1: X =t°A; D2: X =A D3:Y=tdA; Dd: Y = A
0.74 0.74
o
E 0.70
§0.68
= 086
0.64 T,=56°C
0.62 64
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Temperature (°C) Temperature (°C)
e)
T °C T °C T °C
AU 56 val®A:u 44 L-PhefA:U 41
AU 42 His®A:U 45 D-PhefA:U 41
g®Au 45 AspPA:U 40

Figure 3. (a, b) Possible conformation, base pairing and intramolecular H-
bond of aa®A; (c,d) melting curves measured for t°A containing RNA:RNA
duplexes and of a t°dA containing DNA:DNA duplex in comparison with the
duplexes containing canonical (d)A:(d)T base pairs; (e) table of the deter-
mined melting points.

was obtained. Even stronger reduction of the melting point
was observed for the DNA duplex containing one t°dA. Here,
we also saw just one sharp melting point and a reduction of
the T, by over 20°C. These data show that the aa®A bases and
among them t°A and g°A are unable to base pair. Although we
have no direct proof of the structure the data argue for a pre-
ferred s-cis-conformation (Figure 3 b) in agreement with the lit-
erature "

This conclusion is also supported by the observation that ir-
respective of the chirality of the attached amino acid (L- versus
pD-Phe’A), we measured the same melting temperature. This
would not be expected if the s-trans-conformation and base
pairing would be possible. These data suggest that aa®A nu-
cleosides within RNA position a given amino acid outside the
A-form helix in an unpaired situation and hence independent
from the counterbase. As such, multiple aa®A containing RNA
strands would be structures in which the RNA part is decorat-
ed by the amino acid side chains. In order to show that RNA-
structures containing multiple amino acids as representatives
of an RNA-peptide world can stably form, we prepared two
RNA duplexes (Figure 4). In the first (D5), we placed three t°A
bases as extra bases in an otherwise undisturbed RNA duplex.
Indeed, now the stability of this duplex was indistinguishable
from the same construct containing just canonical bases (D6).
Finally, we prepared an RNA duplex D7, in which we placed
the amino acids Ser-Asp-His directly next to each other to sim-
ulate what is known in the peptide world as the catalytic triad
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a) Duplexes

5' AUCGXCUACGXAUCGCXACCG 3' (k. v = 5A- M&- ¥ =
3 UAGC-GAUGC-UAGCG-UGGC & (D5 X =TAIDE:X=A)

5' AGAUGUG-SerA-Asp’A-His’A-GAGAUGA 3' (-
—  cucuacu s (D7)

3' UCUACAC
b) ¢)

1.80
=1.70 s 2y
E s SOYH 5
2160 ¥ 5
&
<

1.40

10 20 30 40 50 60 70
Temperature (°C)

10 20 30 40 50 60 70
Temperature (°C)

Figure 4. (a) Depiction of the RNA structures containing aa®A nucleobases in
extrahelical positions forming either three little bulges or assembling a Ser-
Asp-His triad known as the catalytic triad in serine proteases; (b, ¢) depiction
of melting curves of duplexes D5, D6, D7; S: serine, D: aspartate, H: histi-
dine.

present in serine peptidases.®” Again in this case a stable

duplex structure forms with the three aa®A bases creating a
loop. Although we do not show any catalytic activity here, we
believe that it is easily imaginable that if these amino acids are
properly positioned in a stably folded RNA the structure could
gain catalytic properties.

The melting data show, that aa°A bases alone are unable to
establish base pairing, which hinder them to encode sequence
information. On the other side, these bases allow the incorpo-
ration of amino acids into RNA structures irrespective of the
counterbase. Because RNAs are mostly stably folded structures
in which many bases are not involved in any base pairing or
establish no Watson-Crick interactions the amino acid adeno-
sine nucleosides allow the stable incorporation of amino acid
functionality into RNA.

In summary, here we investigated the synthesis and proper-
ties of aa®A nucleoside-amino acid conjugates, some of which
(t°A, g°A, hn°A) are today found as key components in the
tRNAs of many species. In these tRNAs the aa°A nucleosides
reside at the general purine position 37 adjacent to the antico-
don loop. They are not involved in base pairing but fine tune
the codon-anticodon interaction to enable faithful translation
of information into a peptide sequence.”® Here we show that
these bases are indeed unable to base pair. They have to be
placed outside the pairing regime that is needed for RNA fold-
ing. As such they function as anchors that allow the connec-
tion of amino acid to RNA structures independent of the coun-
terbase. The side chains are then available to equip RNA with
additional functions that might have been beneficial in an
early RNA-peptide world. The fact that aa®A nucleosides are
stable structures and until today broadly found in today’s RNA
make them prime candidates to develop idea about the chem-
ical constitution of the vanished RNA-peptide world.

2020 The Authors. Published by Wiley-VCH GmbH
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The RNA world concept'is one of the most fundamental pillars of the origin of life
theory>*. It predicts thatlife evolved fromincreasingly 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 life and RNA reduced its function predominantly

toinformation storage, 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® 22,
are able to establish 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 thatis the hallmark of all life on Earth.

A central commonality of all cellular life is the translational process,
inwhich 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'>62223,
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 canbe traced back tothe
last universal common ancestor and, as such, are considered to be
‘living molecular fossils’ of an early RNA world® 2,

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), the amino acids that give peptides are linked
tothe CCA3’terminus viaalabile 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. 33%),

Closeinspection of their chemical structures (Fig. 1b) suggests thatif
they arein close proximity (step1), an RNA-based peptide synthesis may
beabletostart (step 2), whichwould create, viaa hairpin-typeinterme-
diate, a peptide attached by a urea linkage to the nucleobase (m®)aa®A.
Cleavage of the urea®* (step 3) would furnish RNAwith a peptide con-
nectedtoa(m)nm’U (step 4). Subsequently, strand displacement witha
new (m°®)aa®A strand may finally enable the next peptide elongation step.

Toinvestigate 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*
atthe 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 la and 2a.
The analytical data are presented in Fig. 2b. We hybridized 1awith 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) couplesto 2cwithan apparent
rate constant (k,,,) of 0.1 h™. For the amino acids L (in1d), T (in1e) 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

'Department of Chemistry, Ludwig-Maximilians-Universitat (LMU) Miinchen, Munich, Germany. “These authors contributed equally: Felix Miiller, Luis Escobar. ®e-mail: thomas.carell@\mu.de
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end in contemporary tRNAs. 5-Methylaminomethyl uridine, mnm®U, is found in

RNA donor strand, althoughiit required duplex-enforcing high salt and
low temperature conditions (1MNaCland 0 °C). Theinteractionof three
nucleotidesonthe donor withthe correspondingtriplet ontheacceptor
seemstobethe lowerlimit for productive coupling, Interestingly, thisisthe
size ofthe codon-anticodoninteractionin contemporary translation'’s,

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. 2c). 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 3ain 16% 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 reactiongenerated 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. When we used 3’-vmnm®U-RNA-5’ 2cas the acceptor, we observed,
on reaction with 1a-1j, peptide bond formation with up to 77% yield
(Fig. 2c, d and Fig. 3a).

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

Longer peptide structures on RNA

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
found that the coupling yields did not drop substantially with increasing
peptide length, suggesting that other factors, such as the RNA hybridi-
zationkinetics, are rate limiting. In all cases, the subsequent ureacleav-
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, can be 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 mildlyacidic 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 7:15¢:cyclic-5cratio).

Fragment coupling on RNA

Weinvestigated whether longer peptides canalso be generated by frag-
ment coupling chemistry withRNA donor strands containing an already
longer peptide (m°peptide®A). Thisis 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 withNaNO, (5% H,P0,) and added the solution to triglycine
(pH 9.5), we obtained the peptide-coupled adenosine nucleoside gggA
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inapproximately 65% yield. Incorporation of (m®)ggg®Ainto 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 nm3U (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 vmnm®U (21-mer)
and a 3’ terminal ymnm®U (11-mer) (Fig. 5a, right). On activation, we
observed formation of a central GV- and a terminal VV-dipeptide.

Time (min)

different donors1a-liand acceptors 2a,2c, and apparent rate constants (K, ,,)
of selected coupling reactions with 2c. All coupling reactions were carried out
usingaconcentration of 50 pM 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 DCIbuffer
pH 6, 5days). ‘50 mM DTT (100 mM borate buffer pH 8, 24 h). ‘The twoyields
with 1i (aa, D) describe the reaction of the aspartic acid a-COOH and of the side
chain COOH. An assignmentwas 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 a vmnm®U at
the 3’ end (11-mer: 2c) (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
fromthe 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:
2¢) 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

Wefinallyinvestigated whether one-pot stepwise growth of a peptide
onRNAispossible (Fig. 5¢). Toincrease thestability of the RNA towards
phosphodiester hydrolysis, as needed for this experiment, we used
the RNA acceptor strand 2g, in which the contemporary canonical
bases werereplaced 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.5|Parallel growth of peptides at various positions on RNA, effect of
base pairingand RNA-peptide synthesiscycles. a, Coupling of
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(Extended Data Fig. 2) enabled us to obtain the product in an overall
yield of about 18%. A final, third coupling reaction with the 5-m°f°A
donorstrand1g furnished the EGG-hairpinintermediate 8g in approxi-
mately 10% overall yield (Fig. 5c, right).

We next studied 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
hydantoin side product (Supplementary Information). Together these
datashow that, with the help of 2’-OMe nucleotides, peptides can grow
onRNA inastepwise fashion and via fragment 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' . It is difficult toimagine 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

and performed under one-pot conditions withintermediary filtration to
remove the remaining activator (coupling: DMTMM-ClI, see reaction condition
binFig.2;cleavage: 100 mM acetate buffer pH 4,100 mM NacCl, 90 °C, 24 h; MES
buffer pH 6 wasusedin the first cleavage reaction). HPLC chromatograms show
the crude mixturesofthe coupling and cleavage reactions. Peaks of RNA
strands are coloured asinthereaction scheme. MALDI-TOF data (negative
mode) of the isolated products are given.

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

We foundthat non-canonical vestige nucleosides® 2, which are key com-
ponentsofcontemporary RNAs®’, are able to equip RNA with the ability to
self-decorate with peptides. This creates chimericstructures,inwhichboth
chemical entities canco-evolveinacovalently connected form®, generat-
ing gradually more and more sophisticated and complex RNA-peptide
structures. Although, inthisstudy, we observe peptide couplingonRNAin
goodyields, the efficiency will certainly improve if we allow optimization
ofthe structures and sequences of the RNA-peptides by chemical evolu-
tion. The simultaneous presence of the chemical functionalities of RNA
and aminoacids certainlyincreases the chance of generating catalytically
competentstructures. Thestabilization of RNA by incorporationof2’-OMe
nucleotides significantly improved the urea cleavage yield.

Interestingly, in the coupling step we observed large differences in
the rate 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, whichistheindispensable
requirement for efficient peptide growth.
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Allthese datatogether 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 soitis 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 thatis a hallmark of all life on
Earth today.
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Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
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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 froma400 mM aqueous
solution) and NaCl (5 pl from a1 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°C for 24 h. The crude reaction mixtures were analysed by HPLC
and MALDI-TOF mass spectrometry.

General method for the urea cleavage reactions

The hairpin-type intermediate (0.5 nmol) was diluted with MES buffer
pH 6 or acetate buffer pH 4 (12.5 pl froma 400 mM aqueous solution),
NaCl(5plfromalMaqueoussolution) 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.

Data availability

The data thatsupport the findings of this study are available within the
paper and its Supplementary Information.
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Prolog

RNA besitzt die Eigenschaft, sowohl Informationen zu speichern als auch Reaktionen
katalysieren zu kdnnen. Dieser Dualismus rickt die RNA in den Mittelpunkt der Theorien Uber
die Entstehung des Lebens. Es bleibt jedoch unklar, ob die Proto-RNA nur aus den vier
kanonischen Basen bestand oder ob es eine gréere chemische Vielfalt gab. In den heutigen
Lebensformen wurde eine Vielfalt an Modifikationen der RNA nachgewiesen und auch in
prabiotischen Synthesen wurden weitaus vielseitigere Verbindungen als die vier kanonischen
Nukleotide A, U, C, und G erhalten. In dieser Arbeit wurde gezeigt, dass Nukleoside und RNA
unter prabiotischen Bedingungen als erster Schritt einer RNA-basierten Peptidsynthese an
ihren exozyklischen Aminen mit Aminosauren beladen werden kénnen. Dabei wurden N-
Methylcarbamoyl-Nukleotide in der Gegenwart von Nitriten unter sauren Bedingungen in die
entsprechenden N-Isocyanate umgewandelt, die mit ungeschitzten Aminosauren weiter
reagieren konnten. Interessanterweise zeigte sich, dass die Eigenschaft Aminosauren in Form
von N-Carbamoyl Nukleosiden zu tragen nicht allein auf Adenosin beschrankt ist, sondern
auch Guanosin (g?G) und Cytidin (g*C) mit Aminosauren dekoriert werden konnen.
Aminosaure-modifizierte Nukleotide kdnnten somit eine prabiotisch plausible Modifikation der

RNA gewesen sein, die eine Co-Evolution von RNA und Peptiden ermdglichte.
Autorenbeitrag

Es wurden die Synthese fiir die Verbindungen 3-6 entwickelt und die Synthesen von 1h, 4,
sowie der Oligonukleotide ON3 und ON4 durchgefiihrt. Ebenso wurden die prabiotischen
Reaktionsbedingungen fir die Herstellung der Aminosaure-modifizierten Oligonukleotide
ON1a-h untersucht. Ebenso wurde die konsekutive Abfolge der Beladungs-, Kopplungs- und

Spaltungsreaktionen, die in einem One-Pot-Experiment resultierten, etabliert.
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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 propertiecs 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 (2fA)"™ and 1b (t°A)."" 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 2/3-hydroxy group®™ of
terminal nucleotides in RNAs,**+!

The first step of the described peptide growth on RNA,
however, required the efficient loading of amino acids onto
Nf-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)."l After
nitrosation of the N-methylcarbamoyl amino acids, the
obtained N-nitroso derivatives decomposed at pH8 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.l Moreover, MIC was detected in the comet 67P/
Churyumov-Gerasimenko'® and in the protostar TRAS
16293-2422.2* In 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
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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 pH 9.5 led to the hydrolysis of some of the O-
methylcarbamoyl adenosine derivatives, whereas 2 persisted
in the aqueous solution (Figure S3).

Prebiotic Loading of Amine 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/\NJ\COOH
& 1. NaNO,, 10% AcOH il 2 H
HzN” ~COOH R 0°C, 4h ¢ N

" e I A coon N N/)
MIc R = aa side chain i H 2. Adenosine, Ni?*

10% NaOH N-methylcarbamoyl aa PH 8,70°C, 17 h 97N oH

0°C —rt,3h 99% / 3
OH
H traces
b) This work o
1. NaNO;, 0.4 M HCI (
0°C, 2 h S
Me. -~ HN ! )
N 2. Adenosine T . 1. NaNO, acid
Formamide or water <f | ) 0°C — -20°C 1

DMU 70°C, 24 h N~ N - = 61-84%

Adenosine o]
MiC “OH HQNJ\COOH

Formamide 2 2 basic pH, r.t.

rt,2h OoH ©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," 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.

HN" ™ N"COOH
1. NaNO,, acid H

HN N "
<’Nf\\N 0°C, 0.5 h — -20°C, time (NﬁN
N N/) N /)

N
2. 4,N"COOH
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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 $9).

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).""
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 - and e-
amino groups, provided a selectivity of 80:20 for the product
a-1f (k°A) versus -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™ N HN N7 COoH
1. NaNOz, 5% H3PO, N i
0°C,05h—-20°C,22h ¢ N

“OH pH,rt, 1h 10H N I /J
/ N 2 R N
- 2 = 1a G )\ o
oH OH oH OH “OH HaN” “COOH “OH
O‘ ) R = aa side chain S
Reaction step 1 Reaction step 2 OH R pH95,rt, 1h OH R
Yield [%]® 2R =H 1R =H
Anld 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 [%6]=®!
neat formic acid 18
Gly 1a (g°A) 84 ON1a 18
1M HCI 22 95 78
Thr 1b (£°A) 61 ON1b 18
1M H2S04 64
Phe 1c (FA) 78 ON1c 23
5% H;PO4 84
Pro 1d (p°A) 74 ON1d 15
0 4
Asp 1e (d°A) 64 ON1e 10
5% HsPO. 3 9.5 42
a-1f (k°A) 70 a-ON1f 10
22 84 Lys
&1f 16 £-ON1f n.d.
6.2 5
Ala 1g (a°A) 75 ON1g 16
7.4 34
5% HsPO4 22 Glyent 1h (genfA) 26 ON1h n.d.
8.6 60
[a] Yields determined by HPLC analysis using the calibration curves of
95 84 reference compounds (Figures S10 and $19). [b] Reactions performed

[a] Yields determined by HPLC analysis using the calibration curve of
1a (Figure S10). n.d. =not detected.

Angew. Chem. Int. Ed. 2023, 202302360 (3 of 8)

in the presence of GdmCl. [c] The structure of the Cly 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 (g"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.

- A A
HN N HN™ "N° "COOH
| H 1. NaNOy, 5% H3PO4 | H
0°C, 0.5 h— -20°C, 22 h Toen
2. {4 COOH o\
pH 9.5, rt, 1h OH
oH O-R oH O-rR
24, R'=H 1a,5-6;R'=H
ON2'-4; R' = AUCGCUGUAC-3' ON1a', 5-6; R' = AUCXCUXUAC-3'
Yield Yield
Base | Nucleoside Product (%] RNA  Product [
A 2 1a (g°A) 84 ON2’ ON1a’ 18
G 3 5(g°G) 78 ON3 ONS5 35
Cc 4 6(g'C) 58 ON4 ON6 5

[a] Yields determined by HPLC analysis using the calibration curves of
reference compounds (Figures $10, 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 (¢'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
ON2 (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-

a)

60 1 o o
| —
N NH N NH
S S
- NN NN cooH NSNS
© o H H S H
E 404 'OH “OH
o A 5 3 3
£ 1 on OH oH ©OH
3 G
= L
© 204
3
< -
0 5 10 15 20 25 30
Time (min)
B 0.2
' ON5 I 1
E ]
5 &
ON3 2
8 5}
Eo,w : B, — é
£ ]
w
8
<
0 B, ¥ T T T )
10 15 20 25 30 35 40
Time (min)

Figure 2. HPLC chromatograms of the crude reaction mixtures of Gly
with: a) 3 and b) ON3. In b, inset shows enzymatic digestion of ONS5.
A=adenosine; C=cytidine; G =guanosine; U=uridine; X=xanthosine
and B;; =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 ONlg 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, A,, and
Ay, 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, Ay-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
(GdmCl) 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 ONlg into the nucleosides, and
analyzed the digest with the help of the corresponding
nucleoside reference compounds by HPLC-MS.*! We
treated ONI1g 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 GdmCl and for all the amino acids
studied, we observed the formation of the RNA strands
ONla-g in 10-23 % yield (Table 2 and Figures S15-816). It
is worth mentioning that the reaction of Lys with the RNA
strand ON2 yielded predominantly the a-regioisomer, a-
ONIf, of the k°A nucleotide. For the loading with the amino
nitrile Glycy, we did not detect the expected RNA product
ONI1h.

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 GdmClI, gave the respective
products, ONIla’, ON5S-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 "%l

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

Angew. Chem. Int. Ed. 2023, e202302360 (5 of 8)
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formation of the double-loaded RNA strand ONI¢’ 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
N®-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
ONT7. We also selected Phe for the experiment because of its
high reaction efficiency (Table 2).M"

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 1M 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
(DCH."™ 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
ONS8 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 5-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, 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 RN A-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
NP®-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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4. Unveroffentlichte Ergebnisse

Nicht-kanonische RNA-Modifikationen sind ein weit verbreiteter Bestandteil von tRNAs und
rRNAs.['8] Sje werden (iber enzymatische Prozesse post-transkriptionell eingefiigt, dienen der
korrekten Auspragung von Sekundarstrukturen und spielen eine wichtige Rolle bei Codon-
Anticodon-Wechselwirkungen. Es wird vermutet, dass eine nicht-codierte Peptidsynthese der
Translation vorausging und die Co-Existenz von RNA und Peptiden einen evolutionaren Vorteil
generiert haben konnte.['2812071212] Studien zur in vitro Evolution aktiver Ribozyme beziehen
sich aufgrund biochemischer Limitationen hauptsachlich auf kanonische Nukleotide. Die
Substitution bestimmter Nukleotide in bekannten Ribozymen bietet jedoch die Moglichkeit, den
Einfluss modifizierter Nukleotide zu untersuchen. In den hier beschriebenen publizierten
Arbeiten konnte gezeigt werden, dass Aminosaure-modifizierte Nukleotide unter prabiotisch
plausiblen Bedingungen hergestellt werden kénnen und anschliefend eine RNA-basierte
Peptidsynthese stattfinden kann, bei der die Aminosaure zwischen den Nukleobasen zweier
komplementarer RNA-Strange Ubertragen wird. Dieser Prozess erfolgt in zwei Schritten.
Zunachst wird die Carbonsaure aktiviert, wodurch sie mit einem Amin zu einem Amid reagiert
und anschlieliend kann die Harnstoffbindung gespalten werden (siehe Kapitel 3.2 und 3.3).
Im ersten Schritt entsteht ein Zwischenprodukt, in dem zwei RNA-Strange Uber eine
Peptidbriicke zwischen den Nukleobasen verknlipft sind. Interessanterweise erhéht sich durch
diese VerknlUpfung die Schmelztemperatur des RNA-Duplex und fiihrt damit zu einer héheren
Stabilitét, analog zu einem Haarnadel-Motiv, bei dem ein RNA-Strang selbstkomplementar ist.
Es ist daher denkbar, dass Aminosdure-modifizierte RNA nicht nur der Ursprung einer
Peptidsynthese gewesen sein koénnte, sondern auch ein Motor der Evolution durch
strukturgebende Eigenschaften gewesen sein kdnnte. Ziel dieser unverdffentlichten Studien
war es, neben der Verknlpfung tGber Aminosaure-modifiziertes Ne-Carbamoyladenosin auch
die Verknipfung zweier Oligonukleotide Uber N*-Carbamoylcytidin- und — N2-
Carbamoylguanosin-Derivate zu zeigen und anschlie®end den Einfluss des Haarnadel-Motivs

auf die katalytische Aktivitdt anhand des Hammerhead Ribozyms zu untersuchen.

4.1 Nicht-kanonische Nukleobasenmodfikationen als Haarnadelmotiv

4.1.1 Ergebnisse und Diskussion

Zuvor konnte gezeigt werden, dass neben Aminosaure-modifiziertem N6-Carbamoyladenosin
(g®A) auch die Derivate von N*-Carbamoylcytidin (g*C) und N>-Carbamoylguanosin (g>G) unter

prabiotischen Bedingungen entstehen kdnnen. Die Beladung mit Glycin war sowohl auf die
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Nukleoside als auch auf das auch auf Oligonukleotide in Ausbeuten von 5-35% mdglich. Um
die Ausbildung eines Haarnadel-Motivs der jeweiligen Modifikationen zu untersuchen, wurden
die Oligonukleotide ON1-ON3 mit den entsprechenden Nukleoside g°A, g*C und g°G am 5'-
Ende synthetisiert. Dazu wurden verschiedene synthetische Ansatze gewahlt. Zum einen
kénnen die modifizierten Oligonukleotide Gber Phosphoramidit-Chemie oder alternativ tber die
prabiotische Beladung von RNA mit Aminosduren ausgehend von den N-Methylcarbamoyl-
Nukleotiden erhalten werden. Zuvor wurde berichtet, dass nitrosierende Bedingungen zu einer
Desaminierung von Guanosin hin zu Xanthosin flhren, wodurch die Eigenschaft eine
Basenpaarung mit Cytosin ausbilden zu kénnen, verloren geht. Aus diesem Grund wurde flr
diese Untersuchungen eine 8-mer-Sequenz gewahlt, die aus A, C, U und dem entsprechenden
N-Carbamoyl-Nukleotid auf der Seite des Donorstrangs besteht. ON1 wurde durch
Inkorporation des g®A-Phoshoramidit mittels Festphasen-RNA-Synthese erhalten. Aufgrund
der vergleichsweisen hohen Ausbeute von bis zu 35% bei der Beladung von N2
Methylcarbamoylguanosin wurde das entsprechende mit N?-Glycinylcarbamoylguanosin
modifizierte ON2 ausgehend von ON4 unter nitrosierenden Bedingungen und anschlieRender

Kopplung mit Glycin erhalten (Abbildung 11).

o o)
NH 1. NaNO,, Guanidiniumchlorid N NH O
4 f:\ J aq. 5% HyPO,, 30 min, 0 °C 4 f:\ L
NTSNTN 2.20°C,22h NTOSNTNT N COLH
o H 3. H-Gly-OH, pH ~ 9.5 o H H
1OH -10H
,: I : “"52%
oH OR oy OR'
ON4; R' = AUCACCU-3' ON2; R' = AUCACCU-3'
0.2 1 3000 -+ _

= Bl IFF ON2 . [M-H] m/z berechnet 2568.4
3 :
s P : ON2 gefunden 2569.3
. 5
2 0.1 4 = 1500 A
g 2
] 2
§ £

0 u T J L_/r\’u‘-ﬂ T T 1 0 lr" 1
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Abbildung 11: Reaktionsschema der Beladungsreaktion des modifizierten Oligonukleotids ON4 mit Glycin zu ON2
und das dazugehorige HPLC-Chromatogramm und Maldi-TOF Spektrum.

ON4 wurde mit 500 Aquivalenten. NaNO: in einer 5%igen wassrigen H3PO4-Lésung bei -20°C
umgesetzt. AnschlieRend wurde ein Uberschuss an Glycin zugegeben und der pH-Wert auf
9.5 eingestellt. Durch Zugabe von Guanidiniumchlorid (GdmCI) zur Nitrosierungsreaktion
konnte die Ausbeute der Reaktion auf ca. 52% gesteigert werden. Dies kann auf die
Stabilisierung des Phosphatriickgrads durch die Bildung von Salzbriicken mit dem nitrosierten
Gdm-Kation!?"8l279l280] oder auf die Vermeidung von Desaminierungsprodukten, die zuvor die

Aufreinigung erschwerten, zurlickzuflhren sein. Das mittels HPLC isolierte und tber MALDI-
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TOF-Massenspektrometrie  identifiziete Produkt ON2 wurde in den folgenden

Untersuchungen zur Ausbildung eines Haarnadelmotivs verwendet.

Fur die Synthese von ON3, das N*-Carbamoylcytidin als Modifikation enthalt, wurde von der
prabiotischen Synthese Uber Nitrosierung abgesehen, da zuvor gezeigt werden konnte, dass
die Beladung des Oligonukleotids mit Glycin in geringen Ausbeuten von 5% erfolgt.
Stattdessen wurde flr das g*C-Phosphoramidit 6 ein neuer Syntheseweg analog zum g°A-
Phosphoramidit entwickelt (Schema 9).

1)
NH, o
1o
| NN 1) (Bu),Si(OTA),, o N«N,,,
/& DME l—/ HF-Py, DCM,
N X0  2) TBSCI, Imidazol, 7 0°C
60°C DCM, r.t. . -
oH — >
o) o 2) H-Gly-Onpe HCI,
/ DCM, TEA, rt.
OH
OH 68% 51%
1 2 3
o}
°) 0 HN H CO,npe
HN H/\COane HN H/\C02npe | N
NN NN CED-CI, N/go

| /& DMTICI, Py, | /& DIPEA, DCM
N [0} 0°Ctort. N (o) 0°Ctort. o \OTBS
_— -
.\OTBS 07 \,.OTBS 5
DMTIO o

/ /
< o—PR
OH 73% /J \N’<
NC "<

4 5 6

OH 84% DMTrO

Schema 9. Syntheseroute zum g*C-Phosphoramidit 6 ausgehend von kommerziell erhaltlichem Cytidin 1.

Ausgehend vom kommerziell erhaltlichen Cytidin 1 wurde das silyl-geschitzte Cytidin 2 in zwei
Schritten durch Reaktion des 1,3-Diols an der 3- und 5'-Position mit Di-tert-butylsilyl-
bis(trifluoromethansulfonat) und anschlieRender Umsetzung mit tert-Butyldimethylsilylchlorid
erhalten.?81 Als nachstes wurde das geschitzte Nukleosid 2 mit 1-N-Methyl-3-
phenoxycarbonyl-imidazoliumchlorid?®2 7 umgesetzt, gefolgt von der Reaktion mit npe-
geschitztem Glycin,?®! wodurch das Aminoséurekonjugat 3 in einer Ausbeute von 68%
erhalten wurde. Die selektive Abspaltung der zyklischen Schutzgruppe an der 3'-5'-Position
mit HF-Pyridin bei 0 °C und anschlieBender Schutzung der 5'-Hydroxygruppe mit DMTrCI
ergab das Nukleosid 5. Das finale Phosphoramidit 6 konnte so in 4 Schritten in 27% Ausbeute
erhalten werden. Dieses wurde darauf mittels RNA-Festphasen-Synthese erfolgreich in ON3

eingebaut.
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Die synthetisierten Aminosaure-modifizierten N-Carbamoylnukleotide ON1-3 wurden auf ihre
Eigenschaft untersucht, mit einem komplementaren Oligonukleotid Amide zu bilden und somit
zwei RNA-Fragmente miteinander zu verknupfen. Als Reaktionspartner wurde dazu das 11-
mere Oligonukleotid ON5 synthetisiert, das am 3'-Ende ein nm®U-Nukleotid enthalt. In drei
separaten Ansatzen wurde jeweils ein Oligonukleotid ON1-3 mit dem Akzeptorstrang ONS5S
hybridisiert und nach Zugabe eines Kopplungsreagenzes (DMTMM) die Bildung der
verknipften RNA-Fragmente ON1’-ON3’ beobachtet (Schema 10 und Kapitel 5.3).
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Schema 10. Hybridisierung und Amidkopplung der Aminosaure-modifizierten N-Carbamoylnukleotide ON1-3 mit

dem komplementaren Oligonukleotid ONS.

Die Oligonukleotide ON1-3 und ON5 wurden in aquimolaren Mengen in einer Losung aus 100
mM 2-(N-Morpholino)ethansulfonat (MES) Puffer pH 6 und 100 mM NaCl gelést. Durch
Zugabe von DMTMM wurden die hybridisierten RNA-Doppelstrange in die kovalent
verbundenen Oligonukleotide ON1'-ON3’ umgewandelt. Dabei wurde beobachtet, dass die
verschiedenen Modifikationen, g®A, g*C und g°G, einen Einfluss auf die Effizienz der Reaktion
nach 20 h haben. Die Kopplungen von ON1 bzw. ON3 und ONS5 ergaben vergleichbare
Ausbeuten von 29-37%, wohingegen die Kopplung von ON2 und ON5 eine geringere
Ausbeute von 12% zeigte. Ein Grund daflir kdnnte die Position der Verknlpfung zwischen der
Aminosaure und der Nukleobase Uber die Harnstoffbriicke sein. Bei g°A und g*C besteht eine

intramolekulare Wasserstoffbriickenbindung zwischen der NH-Gruppe der Aminosaure und
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der N'-Position des Purins bzw. der N3-Position des Pyrimidins. Bei g2G hingegen existieren
zwei Konformationen zwischen denen die Harnstoffbriicke rotieren kann. In der geschlossenen
Konformation besteht eine Wasserstoffbriickenbindung zwischen dem Carbonyl-Sauerstoff
der Harnstoffeinheit und dem N'-Proton der Nukleobase. In der offenen Konformation
hingegen interagiert die NH-Gruppe der Aminosaure mit der N3-Position der Nukleobase,
wodurch interessanterweise eine Watson-Crick-Basenpaarung mit einem komplementaren C
gebildet werden kann.?84 Jedoch resultieren daraus vermutlich geringere Ausbeuten in der

Kopplungsreaktion mit einem hybridisierten nm°U-Oligonukleotid.

Zusammenfassend konnte gezeigt werden, dass neben der in tRNAs gefundenen Modifikation
g°A, auch die Derivate g*C und g?>G die Eigenschaft besitzen, RNA-Fragmente kovalent
miteinander zu verknUpfen. Auch wenn die N-Carbamoylderivate von Cytidin und Guanosin
bisher nicht in der Natur gefunden wurden,?®! kénnen sie unter den gleichen préabiotisch
plausiblen Bedingungen wie fur die Synthese von N-Carbamoyladenosin erhalten werden und
kénnten somit mdgliche strukturgebende Merkmale einer frihen RNA-Peptid-Welt gewesen
sein. Neben der Verkniipfung zweier RNA-Fragmente konnten die Modifikationen g*C und g°G
analog zu den Studien mit g®A (siehe Kapitel 3.2) in einer RNA-basierten Peptidsynthese als
Aminosaure-Donor fungieren. Hierzu kann in kinftigen Studien die Spaltung der
Harnstoffbindung und somit der Transfer der Aminosaure auf das entsprechende Akzeptor-

Oligonukleotid untersucht werden.

4.2 Der Einfluss modifizierter RNA auf die Ribozymaktivitat

4.2.1 Ergebnisse und Diskussion

Wie zuvor dargestellt, kdnnen nicht-kanonische Nukleotide dazu beitragen, dass sich RNA-
Fragmente Uber eine Amidbindung kovalent zu groReren Strukturen zusammenfligen kénnen.
Das bei der Peptidkopplung entstehende Haarnadel-Motiv fliihrt zum einen zu einer hdheren
Schmelztemperatur des RNA-Duplex (siehe Kapitel 3.2) und zum anderen kdnnen chimare
Aminosaure-RNA-Konjugate erhalten werden, wodurch das Repertoire an funktionellen
Gruppen erweitert wird. Um den Einfluss dieser chimaren Molekile auf einen mdglichen
evolutionaren Vorteil, der sich als gesteigerte katalytische Aktivitat auspragen kann,
untersuchen zu konnen, bedarf es eines geeigneten Modell-Systems. Zuvor konnte von
Szostak und Mitarbeitern gezeigt werden, dass sich chimare Ribozyme aus RNA-Fragmenten
zusammensetzen kénnen, die Uber Aminosauren in Form von Phosphoramidaten mit dem 5'-
Phosphat und als Ester mit der 3'-Hydroxygruppe der Ribose verbunden sind (siehe Kapitel
1.4).1252
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In diesem Abschnitt wurde der Einfluss des Haarnadel-Motivs auf die katalytische Aktivitat
untersucht. Als Modellsystem wurde in analoger Weise zu den Studien von Szostak und
Mitarbeitern ein l/lll-Hammerhead Ribozym ausgewahlt, das einen Substrat-Strang in einer
Transesterifizierung am Nukleotid C7 spaltet.[?®?) Zunachst wurde die Spaltung des Substrats
ON?7 durch ein kanonisches Ribozym ON6 untersucht, das im Stamm-Il eine Haarnadel-
Struktur aufweist. Die beiden Oligonukleotide wurden im Verhaltnis 1:100 ON6/ON?7 in einer
wassrigen Losung, bestehend aus 100 mM NaCl, 5 mM MgCl, und 50 mM Phosphatpuffer
pH 8, bei 25 °C inkubiert. Das Reaktionsgemisch wurde mittels analytischer HPLC analysiert
und die Spaltung von ON7 Uber eine Kalibriergerade quantifiziert (siehe Kapitel 5.2). Nach
einer Reaktionszeit von 2 h wurde eine Spaltung von 81% in die beiden Produkte ON7’ und
ON7" beobachtet (Abbildung 72a). Wurde die Reaktion in Abwesenheit von Mg?
durchgefihrt, konnte keine Spaltung beobachtet werden. Dies bestatigt friihere Studien, in
denen festgestellt wurde, dass zweiwertige Kationen, wie z.B. Mg?" oder Mn?* fir die
Auspragung der aktiven Konformation des Hammerhead Ribozyms bendétigt werden.274!
Neben dem Einfluss der Mg?*-Konzentration konnte auch gezeigt werden, dass die
Sekundarstruktur entscheidend fir die katalytische Aktivitat ist. Sobald das Haarnadel-Motiv
des Ribozyms durch zwei nur um 4 Basenpaarungen komplementare Sequenzen ON8 und
ON9 ersetzt wurde, konnte nach 2 h Reaktionszeit kein messbarer Umsatz beobachtet werden
(Abbildung 72b). Dies ist auf die geringere Schmelztemperatur des Duplex zwischen ON8

und ON9 im Vergleich zum Haarnadel-Motiv in ON6 zurtickzufiihren.
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Abbildung 12. a) Spaltungsreaktion des Substrats ON7 (rot) in die Fragmente ON7’ und ON7" durch das I/llI-
Hammerhead Ribozym ONG6 (schwarz). b) Kontrollreaktion mit den Ribozym-Fragmenten ON8 und ONO9.
Reaktionsbedingungen: 50 pM Substrat ON7; 0.5 pM Ribozym ON6 bzw. Ribozym-Fragmente ON8 und ON9;
5 mM MgClz; 100 mM NacCl; 50 mM Phosphatpuffer pH8; 25 °C; 2 h.
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Ausgehend von diesen Beobachtungen wurde ein Hammerhead Ribozym entworfen, in dem
die vier Nukleotide G, A, A und A im Stamm-IlI des kanonischen Ribozyms ONG6 durch die
Aminosaure-modifizierten Nukleoside g®°A und nm°U ersetzt sind, die dann einer
Amidkopplung unterzogen werden kénnen. Die entsprechenden Oligonukleotide ON10 und
ON11 wurden mittels Festphasen-RNA-Synthese hergestellt. Das 17-mere ON10 enthielt das
Nukleosid nm®U am 3'-Ende und das 13-mere ON11 wurde mit dem Nukleosid géA am 5'-Ende
modifiziert. Beide Oligonukleotide wurden in aquimolaren Mengen in einer Lésung aus
100 MM MES-Puffer pH6 und 100 mM NaCl gemal den zuvor beschriebenen
Reaktionsbedingungen geldst. Durch Zugabe von DMTMM und einer Inkubation fir 20 h bei
25 °C wurde das kovalent verbundenen Oligonukleotid ON12 in einer Ausbeute von ~3%
erhalten. Die niedrige Ausbeute ist auf die geringe Anzahl von Basenpaarungen zwischen den
Oligonukleotiden zurlckzufihren. Durch Anpassung der Reaktionsbedingungen, um die
Hybridisierung von ON10 und ON11 zu férdern, konnte die Ausbeute auf 20% gesteigert
werden. Die NaCl-Konzentration wurde auf 1000 mM erhéht und die Reaktionstemperatur auf
15 °C gesenkt. Das modifizierte Ribozym wurde mittels HPLC isoliert und tuber MALDI-TOF-
Massenspektrometrie charakterisiert (Abbildung 73).
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Abbildung 13: Kopplungsreaktion zwischen den nm5U- und g®A-modifizierten Fragmenten ON10 und ON11 um
das vollstandige Ribozym ON12 zu erzeugen. HPLC-Chromatogramm und MALDI-TOF-Spektrum des isolierten
Ribozyms ON12. Das Ribozym ON12 ist in violett hervorgehoben und das Chromatogramm der isolierten Fraktion
als Einschub dargestellt.

AnschlieBend wurde in einer Kontrollreaktion, analog zu den Experimenten mit den
unmodifizierten Oligonukleotiden die Spaltung des Substrats ON7 untersucht. Bei den nicht

gekoppelten Strangen ON10 und ON11 wurde keine messbare Spaltung von ON7 beobachtet,
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wohingegen das gekoppelte Ribozym ON12 das Substrat nach 2 h zu 51% zu den Produkten
ON7’ und ON7" umsetzte (Abbildung 74). Die geringere katalytische Aktivitat des chimaren
Ribozyms ON12 im Vergleich zum unmodifizierten Ribozym ONG6 ist vermutlich auf die
unterschiedliche Anzahl von Nukleotiden im Haarnadel-Motiv zurickzufihren. Bei ON6 sind
es die vier Nukleotide G, A, A und A, wahrend es bei ON12 nur die zwei Nukleotide nm®U und
g%A sind. Um eine bessere Vergleichbarkeit zu erreichen, ist es notwendig weitere Studien
durchzufiihren, ob eine Amidkopplung auch méglich ist, wenn sich neben nm®U und g°A zwei
weitere Nukleotide befinden, wie z.B. A und G, die keine Watson-Crick-Basenpaarung bilden.
Auf diese Weise konnte eine gréRere strukturelle Ahnlichkeit mit dem aus vier Nukleotiden

bestehenden Haarnadel-Motiv erreicht werden.
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Abbildung 14. a) Kontrollreaktion mit den nm®U- und g®A-modifizierten Ribozym-Fragmenten ON10 und ON11. b)
Spaltungsreaktion des Substrats ON7 (rot) in die Fragmente ON7’ und ON7" durch das Aminosaure-modifizierte
I/lll-Hammerhead Ribozym ON12 (schwarz). Reaktionsbedingungen: 50 uM Substrat ON7; 0.5 pM Ribozym ON12
bzw. Ribozym-Fragmente ON10 und ON11; 5 mM MgClz; 100 mM NaCl; 50 mM Phosphatpuffer pH8; 25 °C; 2 h.

Zusammenfassend konnte in diesen ersten Untersuchungen gezeigt werden, dass nicht-
kanonische Nukleotide, die zwei RNA-Strange Uber eine Amidbindung zwischen den
Nukleobasen verknupfen, die katalytische Aktivitat eines Ribozyms im Vergleich zu den nicht
verknupften Einzelstrangen erhéhen kdnnen. Die Verknupfung Uber ein Amid fuhrt zu einem
Haarnadel-Motiv, das eine analoge Sekundarstruktur zu einem naturlich vorkommenden
Haarnadel-Motiv ausbilden kann. Neben der Bestimmung der Schmelztemperaturen der

Ribozyme ist fur zukinftige Untersuchungen auch die Bestimmung der Reaktionsraten oder
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die Strukturaufklarung mittels Rontgendiffraktometrie von Interesse, um einen genaueren
Vergleich zwischen dem unmodifizierten und dem mit Aminosauren modifizierten Ribozym zu
ermdglichen. Dartber hinaus kann neben Glycin auch der Einfluss unpolarer, aromatischer
oder ionisierbarer Aminosauren von Interesse sein. Insbesondere dann, wenn sich die
Aminosauren in der Nahe des aktiven Zentrums des Ribozyms befinden. In den hier
beschriebenen Untersuchungen befand sich die Aminosaure jedoch auflerhalb des aktiven
Zentrums und diente dort ausschlieBlich als kovalentes Bindeglied. Um eine direkte
Beteiligung von Aminosaure-modifizierten Nukleotiden an der Saure-Base-Katalyse der
Spaltung der Phosphordiesterbindung zu untersuchen, ist es notwendig, die modifizierten
Nukleotide in der Nahe des aktiven Zentrums einzubauen. Dort kdnnten sie die Funktion von
monovalenten lonen wie z.B. Na* ersetzenl?’ oder direkt als Saure und Base wirken. Das
Hammerhead Ribozym als Modellsystem bietet auch die Maoglichkeit tertiare
Wechselwirkungen zwischen Stamm-I und Stamm-II zu untersuchen. 288127612771 |n diesem Fall
tragen diese Wechselwirkungen zur Konformationsdnderung vom prakatalytischen Zustand
zum katalytisch aktiven Zustand bei. Die kovalente Verknipfung des Stamm | und Stamm |l
uber nicht-kanonische Nukleotide kdnnte zur Stabilisierung des Ribozyms in der katalytisch
aktiven Konformation beitragen. Neben dem Hammerhead Ribozym kdnnen nicht-kanonische
Nukleoside auch in anderen Ribozymen, z.B. aminoacylierenden Ribozymen oder Ligase
Ribozymen, in Betrachtet gezogen werden.?? Zusammenfassend zeigen die hier
beschriebenen Ergebnisse, dass Nukleobasen-modifizierte Nukleotide als strukturgebende
Motive ein Motor der Evolution gewesen sein kdnnten, der im prabiotischen Kontext einer

RNA-Peptid-Welt berticksichtigt werden muss.
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5. Experimenteller Teil

Generelle Informationen zur Synthese der Phosphoramidite

Die Reagenzien wurden von kommerziellen Anbietern bezogen und ohne weitere Aufreinigung
verwendet, sofern nicht anders angegeben. Wasserfreie Lésungsmittel, die unter inerter
Atmosphare gelagert wurden, wurden ebenfalls gekauft. Alle Reaktionen, an denen luft- oder
feuchtigkeitsempfindliche Reagenzien/Zwischenprodukte beteiligt waren, wurden unter inerter
Atmosphare mit getrockneten Glasgeraten durchgefiihrt. RoutinemaRige 'H-NMR-, "*C{'H}
NMR- und *'P{'"H} NMR-Spektren wurden mit einem Bruker Ascend 400 Spektrometer (400
MHz fur '"H NMR, 100 MHz fir C NMR und 162 MHz fir 3'P NMR) oder einem Bruker Ascend
500 Spektrometer (500 MHz fir '"H NMR, 125 MHz fir *C NMR und 202 MHz fiir P NMR)
aufgenommen. Die verwendeten deuterierten Lésungsmittel sind in der Charakterisierung
angegeben und die chemischen Verschiebungen (&) sind in ppm angegeben. Die jeweiligen
Lésungsmittelpeaks wurden als Referenz verwendet. Alle NMR-J-Werte sind in Hz
angegeben. COSY-, HSQC- und HMBC-Experimente wurden durchgeflhrt, um die Zuordnung
der 'H- und "C-Signale zu erleichtern. Die NMR-Spektren wurden mit der Software
MestReNova, Version 10.0, ausgewertet. Hochauflésende Massenspektren (HRMS) wurden
mit einem Thermo Finnigan LTQ-FT mit ESI als lonisierungsmodus gemessen. IR-Spektren
wurden mit einem Perkin-Elmer Spectrum BX Il FT-IR-Gerat oder einem Shimadzu IRSpirit
FT-IR-Gerat aufgenommen. Beide sind mit einem ATR-Zubehor ausgestattet. Fur die
Saulenchromatographie wurde Kieselgel mit einer Teilchengréfle von 40-63 pm verwendet.
Der Reaktionsfortschritt wurde durch Dinnschichtchromatographie (TLC) auf Kieselgel 60
F254 (iberwacht und mit p-Anisaldehyd angefarbt.

Generelle Informationen zur Synthese der Oligonukleotide

Die Phosphoramidite der kanonischen Ribonukleoside (Bz-A-CE, Dmf-G-CE, Ac-C-CE und U-
CE) wurden von LinkTech und Sigma-Aldrich bezogen. Oligonukleotide (ON) wurden im
1 ymol-Mafstab unter Verwendung von RNA SynBase™ CPG 1000/110 und High Load Glen
UnySupport™ als Festphase mit einem automatischen RNA-Synthesizer (Applied Biosystems
394 DNA/RNA Synthesizer) durch Standard-Phosphoramidit-Chemie synthetisiert. ONs
wurden im DMT-OFF-Modus unter Verwendung von Dichloressigsaure (DCA) als
Entschutzungsreagenz in Dichloromethan, BTT oder Activator 42® als Aktivator in MeCN,
Ac,O als Capping-Reagenz in Pyridin/THF und |2 als Oxidationsmittel in Pyridin/H20O
synthetisiert.
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Entschutzung von p-Nitrophenylethyl- (npe) und (Trimethylsilyl)ethoxycarbonyloxy-
(teoc)-Gruppen

Fir die Entschitzung der p-Nitrophenylethyl (npe)-Gruppe in ONs, die Aminosaure-
modifizierte Carbamoyl-Adenosin-Nukleoside enthalten, wurden das Festphasenmaterial in
einer 9:1 THF/DBU-L6sungsmischung (1 mL) suspendiert und 2 h bei r.t. inkubiert. Danach

wurde der Uberstand entfernt und die Festphase mit THF (3x1 mL) gewaschen.

Fur die Entschitzung der 2-(Trimethylsilyl)ethoxycarbonyl (teoc)-Gruppe in ONs, die 5-
Methylaminomethyl-Uridin-Nukleoside enthalten, wurde die Festphase in einer gesattigten
Losung von ZnBrz in 1:1 MeNO2/IPA (1 mL) suspendiert und Gber Nacht bei r.t. inkubiert.
Danach wurde der Uberstand entfernt, und die Festphase wurde mit 0.1 M EDTA in Wasser

(1 mL) und Wasser (1 mL) gewaschen.

Abspaltung von der Festphase, Abspaltung der TBS-Gruppen und Ausfallung der
synthetisierten ON

Die Festphase wurde in einer wassrigen 1:1 Mischung (0.6 mL) aus 30% NHsOH und 40%
MeNH. suspendiert. Die Suspension wurde bei 65 °C erhitzt (10 min fur SynBase™ CPG
1000/110 und 60 min fiir High Load Glen UnySupport™). AnschlieRend wurde der Uberstand
gesammelt, und die Festphase wurde mit Wasser (2x0.3 ml) gewaschen. Die vereinigten
wassrigen Lésungen wurden unter vermindertem Druck mit einem SpeedVac-Konzentrator
konzentriert. AnschlieRend wurde das Rohprodukt in DMSO (100 ul) gelést und
Triethylamintrihydrofluorid (125 pl) hinzugeflgt. Die Lésung wurde 1.5 h lang bei 65 °C erhitzt.
SchlieBlich wurde das ON durch Zugabe von 3 M NaOAc in Wasser (25 uL) und n-Butanol
(1 mL) ausgefallt. Die Mischung wurde 2 h lang bei -80 °C aufbewahrt und 1 h lang bei 4 °C

zentrifugiert. Der Uberstand wurde entfernt und der weite Niederschlag gefriergetrocknet.
Reinigung des synthetisierten ON mittels HPLC und Entsalzung

Das Rohprodukt wurde mittels semipraparativer HPLC (1260 Infinity || Manual Preparative LC
System von Agilent, ausgestattet mit einem G7114A Detektor) unter Verwendung einer
Reverse-Phase (RP) VP 250/10 Nucleodur 100-5 C18ec Saule von Macherey-Nagel gereinigt
(Puffer A: 0.1 M AcOH/EtsN pH 7 in H20 und Puffer B: 0.1 M AcOH/EtsN pH 7 in 20:80
H,O/MeCN; Gradient: 0-25% von B in 45 min; Flussrate = 5 mL/min). Das gereinigte ON wurde
mittels RP-HPLC (1260 Infinity Il LC System von Agilent, ausgestattet mit einem G7165A
Detektor) unter Verwendung einer EC 250/4 Nucleodur 100-3 C18ec Saule von Macherey-
Nagel analysiert (Gradient: 0-30% von B in 45 min; Durchflussrate = 1 mL/min). Schlie3lich

wurde das aufgereinigte ON mit einer C18 RP-Kartusche von Waters entsalzt.
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Bestimmung der Konzentration und der Masse der synthetisierten ONs

Die Absorption des synthetisierten ON in wassriger Losung wurde mit einem IMPLEN
NanoPhotometer® N60/N50 bei 260 nm gemessen. Der Extinktionskoeffizient des ONs wurde
mit dem OligoAnalyzer Version 3.0 von Integrated DNA Technologies berechnet. Fir ONs, die
nicht-kanonische Basen enthalten, wurde angenommen, dass die Extinktionskoeffizienten

identisch zu den kanonischen Basen sind.

Das synthetisierte ON (2-3 uL) wurde Uber einen 0.025 ym VSWP-Filter (Millipore) entsalzt, in
einer 3-Hydroxypicolinsaure-Matrix (HPA, 1 pL) kristallisiert und mittels MALDI-TOF-

Massenspektrometrie (negativer Modus) analysiert.

5.1 Synthese des g*C Phosphoramidits
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Schema 11: Syntheseweg zum N4-Glycinyl(npe)carbamoylcytidine-Phosphoramidit 6.

Die N*-Glycinyl(npe)carbamoylcytidin-Derivate 3-6 wurden in analoger Weise zu den Nf-

Glycinyl(npe)carbamoyladenosin-Bausteinen in Kapitel 3.1 hergestellt.
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Silyl-geschiitztes N*-Glycinyl(npe)carbamoylcytidine 3
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Das silyl-geschiitzte Cytidinderivat 2 (2.00 g, 4.02 mmol, 1.00 Aq.) wurde in trockenem DCM
(30 mL) unter Nx>-Atmosphare geldst. 1-N-Methyl-3-phenoxycarbonyl-imidazoliumchlorid 7
(1.52 g, 8.04 mmol, 2.00 Aq.) wurde dem Reaktionsgemisch zugesetzt und die resultierende
Suspension wurde bei r.t. Uber Nacht gertihrt. Anschliefsend wurde H-Gly-Onpe-Hydrochlorid
(2.09 g, 8.04 mmol, 2.00 Ag.) zusammen mit TEA (1.1 mL, 8.0 mmol, 2.0 Ag.) als Suspension
in DCM (10 mL) zugegeben. Das Reaktionsgemisch wurde Uber Nacht bei Raumtemperatur
geruhrt. Die Reaktion wurde durch die Zugabe von gesattigter wassriger NaHCOs-Lésung
beendet und die wassrige Phase mit DCM (3 x 50 mL) extrahiert. Die vereinigten organischen
Phasen wurden uber MgSO4 getrocknet. Das Losemittel wurde in vacuo entfernt und das
Rohprodukt mittels Saulenchromatographie (Silikagel, EtOAc/Hex, 0% —> 50%) aufgereinigt

und das Produkt 3 (2.05 g, 2.74 mmol, 68%) in Form eines weiflen Schaums erhalten.

Rq=0.54 (1:1 i-Hexane/EtOAc) IR: ¥ = 3213 (w), 2932 (w), 2889 (w), 2857 (w), 1731 (m), 1719
(m), 1638 (m), 1599 (w),1565 (m), 1516 (s), 1473 (m), 1427 (w), 1386 (w), 1371 (w), 1344 (s),
1289 (w), 1246 (m), 1229 (m), 1204 (m), 1185 (m), 1162 (m), 1139 (m), 1124 (m), 1107 (m),
1081 (m), 1052 (s), 1025 (m), 991 (m), 956 (w), 937 (w), 898 (w), 854 (m), 840 (s), 825 (s),
783 (s), 750 (m), 720 (m), 686 (m) cm™; '"H NMR (400 MHz, CDCls) &: 10.85 (br s, 1H), 9.76
(brs, 1H), 8.08 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 7.7 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.38 (d,
J=8.7 Hz, 2H), 5.67 (s, 1H), 4.56 (dd, J = 9.3, 5.1 Hz, 1H), 4.46 — 4.32 (m, 3H), 4.28 (id, J =
10.2, 5.1 Hz, 1H), 4.03 (dd, J = 10.2, 9.3 Hz, 1H), 3.92 (t, J = 6.4 Hz, 2H), 3.82 (dd, J = 9.3,
5.1 Hz, 1H), 3.05 (t, J = 6.4 Hz, 2H), 1.03 (s, 9H), 1.02 (s, 9H), 0.92 (s, 9H), 0.17 (s, 3H), 0.14
(s, 3H); *C NMR (100 MHz, CDCls) &: 170.0, 164.9, 156.3, 154.6, 146.8, 145.7, 141.7, 130.0,
123.7, 97.4, 94.0, 75.7, 75.4, 74.9, 67.8, 64.5, 42.0, 34.9, 27.6, 27.4, 271, 26.0, 22.9, 20.4,
19.9, 18.2, -4.2, -4.7; HRMS (ESI): berechnet fur Cs4Hs54N5010Si2: m/z = 748.3404 [M+H]*;
gefunden: m/z = 748.3408.
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3'-5'-entschiitztes N*-Glycinyl(npe)carbamoylcytidine 4

o

o .\OTBS

OH
OH

4

Das modifizierte Cytidin 3 (2.05 g, 2.74 mmol, 1.00 Aq.) wurde in Pyridin (3 mL) und DCM (15
mL) in einem Reaktionsgefall aus Kunststoff geldst und die Lésung in einem Eisbad abgekiihlt.
Es wurde HF-Pyridin (0.36 mL, 14 mmol, 5.0 Aq.) tropfenweise zugegeben und das Gemisch
fur 2 h bei 0°C geruhrt. Die Reaktion wurde mit gesattigter wassriger NaHCOs-Ldsung
gequencht und mit DCM (3 x 25 mL) extrahiert. Die organischen Phasen wurden tber Na>SO,
getrocknet und das Loésemittel in vacuo entfernt. Das Rohprodukt wurde mittels
Saulenchromatographie (Silikagel, MeOH/DCM, 0%->10%) aufgereinigt und das Produkt 4

(843 mg, 1.39 mmol, 51%) als farbloser Schaum erhalten.

R =0.32 (5:100 MeOH/DCM); '"H NMR (400 MHz, CDCls) 6: 10.74 (br s, 1H), 9.64 (br s, 1H),
8.11-8.05(m, 3H), 7.57 (d, J=7.6 Hz, 1H), 7.40 - 7.35 (m, 2H), 5.55 (d, J = 3.4 Hz, 1H), 4.61
(dd, J=5.6, 3.4 Hz, 1H), 4.38 (t, J = 6.4 Hz, 2H), 4.23 (dd, J=6.5, 5.6 Hz, 1H), 4.13 - 4.08 (m,
1H), 4.00 (s, 1H), 3.97 - 3.91 (m, 3H), 3.80 (dd, J = 12.3, 5.1 Hz, 1H), 3.38 (br s, 1H), 3.05 (t,
J=6.4 Hz, 2H), 2.58 (d, J = 6.5 Hz, 1H), 0.89 (s, 9H), 0.09 (s, 6H); "*C NMR (100 MHz, CDCl3)
6: 170.1, 165.1, 156.8, 154.5, 146.8, 145.8, 130.0, 123.8, 97.7, 94.5, 85.4, 74.6, 69.8, 64.5,
61.3, 41.9, 34.9, 25.8, 18.1, -4.5, -5.2; HRMS (ESI): berechnet fir CzH3sNs010Si: m/z =
608.2382 [M+H]"; gefunden: m/z = 608.2383.

5'-DMTr-geschiitztes N*-Glycinyl(npe)carbamoylcytidine 5

e

N

)Ob‘\\oms
DMTrO OH

5

Das 3'-5-entschiitzte Cytidin-Derivat 4 (843 mg, 1.39 mmol, 1.00 Aqg.) wurde in Pyridin (5 mL)
gelést und DMTrCI (705 mg, 2.08 mmol, 1.50 Aq.) zugegeben. Die Lésung wurde (iber Nacht
bei Raumtemperatur gerihrt und anschlieRend wurden das Lésungsmittel unter reduziertem

Druck entfernt. Das Rohprodukt wurde mittels Sdulenchromatographie (Silikagel, EtOAc/Hex,
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0% > 50%) unter Zusatz von 0.1% Pyridin zum Eluenten aufgereinigt, wobei das DMT-
geschutzte Produkt 5 (1.06 g, 1.16 mmol, 84%) als farbloser Feststoff isoliert wurde.

Rq=0.51 (1:1 i-Hexane/EtOAc); IR: ©: 2926 (w), 2853 (w), 1712 (m), 1642 (s), 1607 (m), 1574
(m), 1504 (s), 1463 (m), 1444 (w), 1385 (w), 1345 (m), 1249 (s), 1174 (m), 1116 (s), 1056 (s),
1033 (m), 1004 (m), 964 (w), 914 (w), 828 (s), 812 (s), 788 (s), 747 (m), 718 (w), 702 (m), 676
(w), 667 (w), 661 (w) cm™; 'TH NMR (400 MHz, DMSO-ds) &: 10.16 (br s, 1H), 8.19 (d, J= 7.4
Hz, 1H), 8.16 - 8.09 (m, 2H), 7.59 - 7.52 (m, 2H), 7.42 - 7.37 (m, 2H), 7.36 - 7.31 (m, 2H), 7.29
- 7.23 (m, 5H), 6.94 - 6.86 (m, 4H), 6.07 (br s, 1H), 5.70 (d, J = 1.6 Hz, 1H), 5.13 (d, J = 5.9
Hz, 1H), 4.34 (t, J = 6.3 Hz, 2H), 4.19 - 4.12 (m, 2H), 4.05 (dt, J = 7.6, 3.1 Hz, 1H), 4.00 (d, J
= 5.9 Hz, 2H), 3.74 (s, 6H), 3.35 - 3.30 (m, 2H) 3.06 (t, J = 6.3 Hz, 2H), 0.88 (s, 9H), 0.12 (s,
3H), 0.08 (s, 3H); *C NMR (100 MHz, DMSO-ds) &: 169.8, 162.2, 158.2, 154.0, 144.5, 130.3,
129.8, 128.0, 127.8, 126.9, 123.4, 113.3, 94.5, 90.9, 81.5, 76.3, 68.2, 64.3, 61.8, 55.1, 41.4,
34.0, 25.8, 18.0, -4.7, -4.9; HRMS (ESI): berechnet fiir C47HssN5012Si: m/z = 910.3689 [M+H]*;
gefunden: m/z = 910.3683.

N*-Glycinyl(npe)carbamoylcytidine-Phosphoramidit 6

oy

N

\;b‘ wOTBS
DMTrO )

Die 5'-DMT-geschitzte Verbindung 5 (500 mg, 549 pymol, 1.00 Aq.) wurde unter einer Argon-
Atmosphare in trockenem DCM (3 mL) geldst und auf 0 °C abgekuhlt. Nach der Zugabe von
DIPEA (383 pL, 2.20 mmol, 4.00 Aq.) wurde 2-Cyanoethyl-N,N-diisopropylchlorphosphoramidit
(306 L, 1.37 mmol, 2.50 Aq.) tropfenweise hinzugefiigt. Das Reaktionsgemisch wurde fiir 2 h
bei Raumtemperatur geruhrt. Die Reaktion wurde durch die Zugabe von gesattigter wassriger
NaHCOs-Lésung beendet und mit DCM (3 x 25 mL) extrahiert. Die organischen Phasen
wurden Uber Na>SO4 getrocknet, filtriert und das Lésemittel unter reduziertem Druck entfernt.
Der Rickstand wurde durch Saulenchromatographie (Silikagel, EtOAc/Hex, 0%—>50%) unter
Zusatz von 0.1 % Pyridin zum Eluent aufgereinigt. Das Phosphoramidit 6 (446 mg, 0.402
mmol, 73%) wurde als Mischung beider Diastereoisomere in Form eines wei3en Schaums
erhalten.

R¢=0.50 (1:1 i-Hexane/EtOAc); *'P {"H} NMR (162 MHz, Acetone-ds) &: 150.5, 148.1; HRMS
(ESI): berechent fur CssH71N7O13PSi: m/z = 1108.4622 [M—-H]"; gefunden: m/z = 1108.4647.
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5.2 Charakterisierung der synthetisierten Oligonukleotide

Charakterisierung der modifizierten Oligonukleotide ON1-5
ON1: 5-RAU CAC CU-3'; R = ¢g°A

ON2: 5-RAU CAC CU-3'; R = ¢g°G

ON3: 5-RAU CAC CU-3'; R=g*C

ON4: 5-RAU CAC CU-3'; R = nurea®G

ONS5: 5-UUA GGU GAU R-3"; R = nm°U

Tabelle 1. Charakterisierung der synthetisierten Oligonukleotide ON1-5 fiir Studien der Ausbildung des
Haarnadelmotivs mit Aminosaure-modifizierten Oligonukleotiden.

Strang Nukleosid Aminosdure tr(min) miz berechnet. fir [M-H]" gefunden

ON1 geA Gly 18.3 2552.4 2552.3
ON2 9°G Gly 17.7 2568.4 2569.3
ON3 g“C Gly 16.8 2528.4 2528.5
ON4  nurea2G - 16.8 2524 4 2524.3
ON5 nmsU - 175 3189.4 3190.5

Charakterisierung der Oligonukleotide ON6-12 fiir den Einfluss von Modifikationen der

Nukleobase auf die katalytische Aktivitat des Hammerhead Ribozyms
ON6: 5'-ACG CUC UGA UGA GGC AGA AAU GCC GAA ACU UC-3'
ON7: 5-GAA GUC AGC GU-3'

ON8: 5-ACG CUC UGA UGA GCC AGA-3'

ON9: 5-AAU GCC GAA ACU UC-3'

ON10: 5-ACG CUC UGA UGA GGC AR-3'; R=nm°U

ON11: 5-RUG CCG AAA CUU C-3'; R=¢°A

ON12: 5-ACG CUC UGA UGA GGC ARR' UGC CGA AAC UUC-3"; R = nm°U; R’ = g°A
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Tabelle 2. Charakterisierung der synthetisierten Oligonukleotide fiir die Studien eines modifizierten Hammerhead

Ribozyms.

Strang Eigenschaft tr (min) miz berechnet. fiir [M-H] gefunden
ON6 I/ll-Ribozym 19.7 10265.4 10269.6
ON7 I/llI-Substrat 18.0 3527.5 3527.1
ON8 I/ll-Stamm-Fragment 19.6 5791,8 5793.9
ON9 II/lll-Stamm-Fragment 19.1 4411.6 4412.0
ON10 nm3U-Stamm-Fragment 18.9 5451.8 5453.6
ON11 gbA-Stamm-Fragment 19.6 4182.6 4183.4
ON12 Modifiziertes Ribozym 20.5 9617.4 9618.8

Kalibriergerade des l/ll-Substrats ON7

Das kanonische Oligonukleotid ON7 wurde fur die Erstellung einer HPLC-Kalibrierungskurve
verwendet. Stammlésungen von ON7 wurden in Wasser (100 uM) hergestellt. Separate
Standardlésungen mit 1.2, 1.0, 0.8, 0.6, 0.4, 0.2 und 0.1 nmol ON7 wurden in einem
Endvolumen von 20 pL vorbereitet. Die Standardlésungen wurden in eine analytische HPLC
injiziert, die mit einer C18-Saule und unter Verwendung der Puffer A und B injiziert (Puffer A:
0.1M AcOH/EtsN pH 7 in H2O und Puffer B: 0.1M AcOH/EtsN pH 7 in 20:80 H,O/MeCN
Gradient: 0-40% von B in 45 min; Flussrate = 1 mL/min). Die Absorption wurde bei 260 nm
gemessen, und die Flachen der chromatographischen Peaks wurden durch Integration der
Chromatogramme bestimmt. Die Aufzeichnung der chromatographischen Flache (a.u.) gegen

die Menge (nmol) folgte einer linearen Beziehung.

b)
8000 1 - 0.80 - —1.2 nmol
q-".'. —_ ——1.0 nmol
—~ 6000 1 P 3 0.60 -

3 - L ——0.8 nmol

s " -
T 4000 - F".-. S 0.40 —— 0.6 nmol
> . I ——0.4 nmol

E e y=6358,8x-93414  ©
= 2000 - .‘,a’ R2= 0:9988 _g 0.20 0.2 nmol
e < ——0.1 nmol

-
0 L T T T T T 1 0 ——0.05 nmol
0.0 0.2 0.4 06 08 1.0 1.2 17 18 19 20
Stoffmenge (nmol) Zeit (min)

Abbildung 15: a) Kalibriergerade des Substrats ON7 und b) die Ubereinandergelegten UV-Spuren bei

verschiedenen Konzentrationen.
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5.3 Prabiotische Reaktionsbedingungen zur Modifikation der RNA

Durchfiihrung der Beladungsreaktion von N2-Methylcarbamoylguanosin mit Glycin

Schritt 1: Das Oligonukleotid ON4 (20 nmol, 1.0 Ag.) und NaNO; (10 ymol, 500 Aq.) wurden
in 5%iger wassriger H3PO4-Ldsung (400 pL) mit 100 mM Guanidiniumchlorid (GdmCI) geldst.
Die Reaktion wurde 30 Minuten lang bei 0°C gerihrt. Schritt 2: Danach wurde die Ldsung fur
22 h bei -20°C im Gefrierschrank aufbewahrt. Schritt 3: Glycin (20 pmol, 1000 Aq.) in 30 mM
Borat-gepufferter Losung (1000 uL) wurde zu der aufgetauten Oligonukleotidiésung gegeben.
Der pH-Wert wurde mit einer 4M wassrigen NaOH-Lésung (ca. 130 L) auf ca. 9.5 eingestellt.
Die Reaktion wurde 1 h gertihrt und anschliefiend wurde die Reaktion mit 1M wassriger HCI-
Losung (35 yL) gequencht. Die gesamte Reaktionsmischung wurde mit Wasser verdiinnt (bis
zu 5 mL) und mittels semi-praparativer HPLC aufgereinigt (Puffer A: 0.1 M AcOH/EtsN pH 7 in
H2O und Puffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H.O/MeCN; Gradient: 0-30% von B in 30

min; Durchflussrate = 5 mL/min).

Peptidkopplungsreaktion zwischen den Aminosdure-modifizierten Oligonukleotiden
ON1-3 und ON5

Eine aquimolare Lésungsmischung von ON1-3 (50 uM) und ONS (50 uM), die MES-Puffer pH
6 (100 mM), NaCl (100 mM) enthielt, wurde auf 90°C fir 2 Minuten erhitzt und anschlieRend
uber 20 Minuten auf r.t. heruntergekihlt. DMTMM-CI (50 mM) wurde hinzugefligt und die
Reaktionslésung wurde fir 20 h bei 25 °C inkubiert. Danach wurde ein Aliquot (20 yL) der
Reaktionsmischung entnommen und mittels HPLC (Puffer A: 0.1 M AcOH/EtsN pH 7 in H.O
und Puffer B: 0.1 M AcOH/Et:sN pH 7 in 20:80 H,O/MeCN; Gradient: 0-40% von B in 45 min;
Flussrate = 1 mL/min; Injektionsvolumen = 20 pL) und MALDI-TOF-Massenspektrometrie

analysiert.
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Abbildung 16: HPLC-Chromatogramme der Kopplungsreaktionen von a) ON1, b) ON2 und ¢) ON3 mit ON5 und
die entsprechenden MALDI-TOF Spektren der isolierten Produkte ON1'-ON3".

Peptidkopplungsreaktion zwischen den Ribozymfragmenten ON10 und ON11

Eine aquimolare Lésungsmischung von ON10 (50 uM) und ON11 (50 pM), die MES-Puffer
pH 6 (100 mM), NaCl (100 mM bzw. 1000mM) enthielt, wurde auf 90°C fir 2 Minuten erhitzt
und anschliefend dber 20 Minuten auf r.t. heruntergekihlt. DMTMM-CI (50 mM) wurde
hinzugefugt und die Reaktionslésung wurde 20 h lang bei 15 °C inkubiert. Danach wurde ein
Aliquot (20 pL) der Reaktionsmischung entnommen und mittels HPLC (Puffer A: 0.1 M
AcOH/Et3N pH 7 in H20 und Puffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H.O/MeCN; Gradient:
0-40% von B in 45 min; Flussrate = 1 mL/min; Injektionsvolumen = 20 yL) und MALDI-TOF-

Massenspektrometrie analysiert.
Reaktionsbedingungen der katalytischen Spaltung des Substrats ON7

Zu einer Lésungsmischung aus dem Substrat ON7 (50 uM) und dem entsprechenden Ribozym
(0.5 pM), die Phosphatpuffer pH 8 (50 mM), NaCl (100 mM) enthielt, wurde MgCl> (5 mM)
hinzugegeben. Die Reaktionslésung wurde fur 2 h bei 25 °C inkubiert. Danach wurde ein

Aliquot (20 pL) der Reaktionsmischung entnommen und mittels HPLC (Puffer A: 0.1 M
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AcOH/Et3N pH 7 in H20 und Puffer B: 0.1 M AcOH/EtsN pH 7 in 20:80 H.O/MeCN; Gradient:

0-40% von B in 45 min; Flussrate = 1 mL/min; Injektionsvolumen = 20 pL). Die

Produktmischung aus ON7’ und ON7" wurde mittels MALDI-TOF-Massenspektrometrie
analysiert.

L [M-H] m/z
—_ berechnet 1567.3 ON7’
o gefunden 1567.1
S 1000 A ONT” [M-H] m/z
::"g berechnet 1958.3
® gefunden 1958.1
8 500 ;
£

nl

1000 1300 1600 1900 2200 2500
m/z

Abbildung 17. MALDI-TOF-Spektrum der Spaltungsprodukte ON7" und ON7".
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6. Abkuirzungsverzeichnis

aa-AMP Aminosaure-Adenosinmonophosphat

A Adenin (Nukleobase), Adenosin (Nukleosid)
Ac Acetyl

aaRS Aminoacyl-tRNA-Synthetase

Bz Benzoyl

BTT 5-(Benzylthio)-1H-tetrazol

C Cytosin (Nukleobase, Cytidin (Nukleosid)
CE Cyanoethyl

COSsY correlation spectroscopy

DBE Dinitrobenzylester

DBU 1,8-Diazabicyclo[5.4.0]undec-7-en

DAP Diamidophosphat

DCA Dichloressigsaure

DCM Dichlormethan

DIPEA Diisopropylethylamin

DMF N,N-Dimethylformamid

DMSO Dimethylsulfoxid

DMTr 4 .4'-Dimethoxytrityl

DNA Desoxyribonukleinsaure

DCA Dichloressigsaure

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimid
EDTA Ethylendiamintetraacetat (Dinatrium-Salz)
ESI electron spray ionisation

G Guanin (Nukleobase), Guanosin (Nukleosid)
Gdm Guanidinium

GImS Glucosamin-6-Phosphat-Synthase

HDV Hepatitis Delta Virus

HMBC heteronuclear multiple bond correlation
HPA 3-Hyroxypicolinsaure

HPLC high performance liquid chromatogrphy
HRMS high resolution mass spectrometry

73



Abklrzungsverzeichnis

HSQC
IPA

KEOPS
LC
LUCA
MALDI-TOF
MeCN
MES
mRNA
MIC
MS
NMP
NMR
npe
NTP
ON
ppm
PTase
RP
RNA
rRNA
SSI
teoc
TBS
TC-AMP
TEA
THS
TLC
tRNA

heteronuclear single quantum coherence

Isopropylalkohol

Infrarotspektroskopie

kinase, endopeptidase and other proteins of small size

liquid chromatography

last universal common ancestor

matrix assisted laser disorption ionisation - time of flight

Acetonitril

2-(N-Morpholino)-ethansulfonat
messenger Ribonukleinsaure
Methylisocyanat
Mssenspektrometrie
Nukleosid-Monophosphat
nuclear magnetic resonance
p-Nitrophenylethyl
Nukleosid-Triphosphat
Oligonukleotid

parts per million
Peptidyltransferase

reversed phase
Ribonukleinsaure

ribosomal Ribonukleinsaure
self-splicing intron
(Trimethylsilyl)ethoxycarbonyloxy
tert-Butyldimethylsilyl

Threonylcarbamoyl-Adenosinmonophosphat

Triethylamin

Tetrahydrofuran
Dunnschichtchromatographie

transfer Ribonukleinsaure

Uracil (Nukleobase), Uridin (Nukleosid)
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1. General Experimental Methods

Chemicals were purchased from Sigma-Aldrich, TCI, Fluka, ABCR, Carbosynth or Acros
Organics and used without further purification. Some of the strands were purchased from
Metabion or Ella Biotech. Reagent-grade dry solvents (Sigma-Aldrich, Acros Organics) were
stored over molecular sieves and handled under inert gas atmosphere. Reactions and
chromatography fractions were monitored by qualitative thin-layer chromatography (TLC) on
silica gel F254 TLC plates from Merck KGaA. Flash column chromatography was performed on
Geduran® Si60 (40-63 pm) silica gel from Merck KGaA. NMR spectra were recorded on Bruker
AVIIIHD 400 spectrometers (400 MHz). 'H NMR shifts were calibrated to the residual solvent
resonances: DMSO-ds (2.50 ppm), CDClz (7.26 ppm), Acetone-ds (2.05 ppm), CD:Cl> (5.32
ppm). PC NMR shifts were calibrated to the residual solvent: DMSO-ds (39.52 ppm), CDCls
(77.16 ppm), Acetone-ds (29.84 ppm), CD:2Cl:> (53.84 ppm). All NMR spectra were analysed
using the program MestreNova 10.0.1 from Mestrelab Research S. L. High resolution mass
spectra were measured by the analytical section of the Department of Chemistry of the Ludwigs-
Maximilians-Universitdt Miinchen on the spectrometer MAT 90 (ESI) from Thermo Finnigan
GmbH. IR spectra were recorded on a PerkinElmer Spectrum BX II FT-IR system. All
substances were directly applied as solids or on the ATR unit. Analytical RP-HPLC was
performed on an analytical HPLC Waters Alliance (2695 Separation Module, 2996 Photodiode
Array Detector) equipped with the column Nucleosil 120-2 C18 from Macherey Nagel using a
flow of 0.5 ml/min, a gradient of 0-30% of buffer B in 45 min was applied. Preparative RP-
HPLC was performed on a HPLC Waters Breeze (2487 Dual L Array Detector, 1525 Binary
HPLC Pump) equipped with the column VP 250/32 C18 from Macherey Nagel using a flow of 5
ml/min, a gradient of 0-25% of buffer B in 45 min was applied for the purifications.
Oligonucleotides were purified using the following buffer system: buffer A: 100 mM
NEt/HOAc (pH 7.0) in H20 and buffer B: 100 mM NEt/HOAc in 80% (v/v) acetonitrile. The
pH values of buffers were adjusted using a MP 220 pH-meter (Metter Toledo). Oligonucleotides
were detected at wavelength: 260 nm. Melting profiles were measured on a JASCO V-650
spectrometer. Calculation of concentrations was assisted using the software OligoAnalyzer 3.0
(Integrated DNA Technologies: https://eu.idtdna.com/calc/analyzer). For strands containing
artificial bases, the extinction coefficient of their corresponding canonical-only strand was
employed without corrections. Matrix-assisted laser desorption/ionization-time-of-flight

(MALDI-TOF) mass spectra were recorded on a Bruker Autoflex II. For MALDI-TOF

measurements, the samples were desalted on a 0.025 pm VSWP filter (Millipore) against ddH>0

and co-crystallized in a 3-hydroxypicolinic acid matrix (HPA).

2. Synthesis of the Phosphoramidite Building-Blocks

2.1. Synthesis of RNA building blocks

Npe-protection of carboxy group of amino acid

The reaction was performed according to the procedure published before. !

L-amino acid (1 eq.), 2-(4-nitrophenyl)ethanol (npe-OH, 3 eq.) and TsOH (3 eq.) were refluxed
in toluene overnight in a Dean-Stark apparatus. The solution was cooled to room temperature
and Et2O was added. The oily residue was decanted, and the upper layer was removed to collect

the oil. Precipitation of was induced by adding to the oil MeOH and Et;0.

Compound 4

OH
HB,’(I’(O\/\Q\
0Ts O NO

Yield: 70%; IR: v = 3401 (w), 2930 (s), 2892 (s), 2858 (s), 1730 (s), 1510 (vs), 1465 (s), 1300
(vs), 1258 (s), 1167 (s), 1010 (s), 895 (w), 832 (s) cm’’; "H NMR (400 MHz, DMSO-ds) : 8.2
— 8.1 (m, 5H), 7.58 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 5.6
(br. s., 1H), 4.45 (t, /= 6.2 Hz, 2H), 4.1 — 4.0 (m, 1H), 3.89 (d, /= 4.0 Hz, 1H), 3.10 (t, /= 6.2
Hz, 2H), 2.29 (s, 3H), 1.14 (d, J = 6.6 Hz, 3H); *C NMR (101 MHz, DMSO-d) &: 168.2,
146.5, 146.3, 137.7, 130.4, 128.1, 125.6, 123.5, 65.4, 64.9, 57.9, 33.8, 20.7, 20.0; HRMS (ESI):
calculated for C12H17N205%: m/z = 269.1137 [M+H]"; found: m/z = 269.1140 [M+H]".

2

The analytical data is in agreement with the literature.’

Compound 5
OH

Haﬁ’g‘zo\/\@\
ors © NO

2



Yield: 75%: IR: # = 3400 (w), 2931 (s), 2894 (s), 2858 (s), 1730 (s), 1510 (vs), 1465 (s), 1300
(vs), 1258 (s), 1167 (s), 1010 (s), 895 (w), 832 (s) cm™'; 'H NMR (400 MHz, DMSO-ds) 3: 8.34
(br. s, 3H), 8.16 (d, J = 8.9 Hz, 2H), 7.58 (d, J = 8.9 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.12 (d, J
= 8.0 Hz, 2H), 4.49 — 436 (m, 2H), 4.11 (br. s, 1H), 3.74 — 3.73 (m, 2H), 3.08 (t, J = 6.4 Hz,
2H), 2.28 (s, 3H); BC NMR (101 MHz, DMSO-dq) &: 168.0, 146.3, 138.0, 130.4, 128.2, 125.6,
123.5, 65.4, 59.5, 54.2, 33.9, 20.9; HRMS (ESI): calculated for C;,H;sN20s*: m/z = 255.0981
[M+H]"; found: m/z = 255.0977 [M+H]".

Compound 6
T
OTs o
Ha o
o]

Yield: 82 %; IR: ¥ = 3402 (w), 2933 (s), 2894 (s), 2858 (s), 1730 (s), 1689 (s), 1514 (vs), 1469
(s), 1310 (vs), 1258 (s), 1167 (s), 1010 (s), 895 (w), 834 (s) cm’'; 'H NMR (400 MHz, DMSO-
ds) 6: 8.42 (s, 3H), 8.16 — 8.11 (m, 4H), 7.55 — 7.48 (m, 6H), 7.12 (d, /= 7.9 Hz, 2H), 4.37 (t, J
= 6.3 Hz, 2H), 4.34 — 4.30 (m, 1H), 4.26 (q, J = 6.3 Hz, 2H), 3.01 (g, J = 6.5 Hz, 4H), 2.85 (qd, J
= 17.5, 5.1 Hz, 2H), 2.28 (s, 3H); '*C NMR (101 MHz, DMSO-ds) &: 169.0, 168.1, 146.4,
146.3, 145.3, 138.0, 130.3, 130.2, 128.2, 125.6, 123.5, 123.5, 65.7, 64.7, 48.4, 34.1, 33.8, 33.7,
20.8; HRMS (ESI): calculated for CzoH2N3Og™: m/z = 432.1401 [M+H]"; found: m/z =
432.1405 [M+H]".

NO;

General procedure of hydroxy group protection with TBSCI

The reaction was performed according to the procedure published before. !

Npe-protected ester (1 eq.) was dissolved in pyridine and treated with one half of TBSCI (3 eq.)
and 1H-imidazole (3 eq.). After 10 min, the second half was added, and the reaction mixture was
left to stir at room temperature overnight. The mixture was diluted with CH>Cl> and washed
successively with sat. NaHCOj3 solution and H>O. The organic layer was dried, evaporated and
purified by flash chromatography eluting with CH>Clz’MeOH (10/1, v/v) to afford the target

compound as an oil.

Compound 7

0TBS
HQQ:I:HfO\v/”\[:::l\
© NO

Yield: 94%; IR: ¥ = 3854 (w), 3745 (w), 2930 (w), 2856 (w), 1735 (vs), 1601 (s), 1518 (vs),
1472 (w), 1463 (w), 1374 (w), 1344 (vs), 1251 (s), 1155 (s), 1076 (s), 967 (s), 835 (s), 775 (s),
747 (s)cm’'; TH NMR (400 MHz, CDCl;3) &: 8.16 (d, J = 8.6 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H),
4.41 (dt,J=11.0, 6.8 Hz, 1H), 4.29 — 4.16 (m, 2H), 3.24 (d, J=2.8 Hz, 1H), 3.06 (t, /= 6.8 Hz,
2H), 1.20 (d, J = 6.3 Hz, 3H), 0.80 (s, 9H), -0.01 (s, 3H), -0.10 (s, 3H); '*C NMR (101 MHz,
CDCls) 8: 174.3, 147.0, 145.6, 129.9, 123.9, 69.6, 64.5, 60.9, 35.0, 25.7, 21.0, 17.9, -4.2, -5.2;
HRMS (ESI): calculated for CisH3i1N205Si™: m/z = 383.2002 [M+H]"; found: m/z = 383.1997
[M+H]".

The analytical data is in agreement with the literature.’

Compound 8
OTBS

HZNVE“/O\/\©\
° NO,

Yield: 96%:; IR: © = 3854 (w), 3745 (w), 2955 (w), 2930 (w), 2856 (w), 1735 (vs), 1601 (s),
1518 (vs), 1472 (w), 1374 (w), 1344 (vs), 1251 (s), 1155 (s), 1075 (s), 967 (s), 855 (w), 835 (s),
775 (s), 747 (s) em™'; '"H NMR (400 MHz, CDCLy) &: 8.13 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.6
Hz, 2H), 4.34 (q, J = 6.7 Hz, 2H), 3.82 (dd, J= 9.8, 3.7 Hz, 1H), 3.73 (dd, J = 9.8, 3.0 Hz, 1H),
3.47 (s, 1H), 3.04 (t, J = 6.7 Hz, 2H). 0.81 (s, 9H); '*C NMR (101 MHz, CDCL) &: 173.9,
146.9, 145.6, 129.8, 123.8, 65.4, 64.4, 56.5, 34.9, 25.7, 18.2, -5.5, -5.6; HRMS (ESI): calculated
for C17H29N205Si": m/z = 369.1846 [M+H]"; found: m/z = 369.1842 [M+H]".

General procedure for npe-ester formation of Boc-protected amino acid

Boc-amino acid (1 eq.) was dissolved in CH2Cl> under inert atmosphere and cooled to 0 °C.
Then npeOH (1.3 eq.) and PPh; (1.3 eq.) were added followed by slow addition of DIAD (1.3
eq.). The reaction mixture was left to stir for 2 h at room temperature. Then the solution was
washed with water, organic phase was dried over Na>SO4 and evaporated. The crude product

was purified by flash chromatography to afford the target product.



Compound 12
S
oAy
O

NO,

Eluent: Hex/EtOAc (4/1, v/v).

Yield: 96%; IR: ¥ = 3397 (w), 2975 (w), 1751 (s), 1709 (vs), 1519 (vs), 1391 (w), 1366 (w),
1345 (vs), 1159 (vs), 1056 (w), 905 (vs), 723 (vs) cm’’; '"H NMR (400 MHz, CDCl3) : 8.15 (d,
J=28.6 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 4.95 (d, J = 8.7 Hz, 1H), 4.38 (t, /= 6.6 Hz, 2H), 4.15
(dd, J=9.0, 4.8 Hz, 1H), 3.06 (t, J = 6.6 Hz, 2H), 2.05 — 1.97 (m, 1H), 1.41 (s, 9H), 0.88 (d, /=
6.8 Hz, 3H), 0.78 (d, J = 6.8 Hz, 3H); 3C NMR (101 MHz, CDCl3) &: 172.4, 155.7, 146.9,
145.5, 129.8, 123.8, 79.9, 64.5, 58.6, 34.9, 31.2, 28.4, 19.0, 17.6; HRMS (ESI): calculated for
Ci1sH27N206": m/z = 367.1869 [M+H]"; found: m/z = 367.1874 [M+H]".

Compound 13
A X
0 H/\fo
Q.

Eluent: Hex/EtOAc (3/1, v/v).

Yield: 85%:; IR: ¥ = 3396 (w), 2978 (w), 2254 (w), 1750 (s), 1707 (vs), 1601 (w), 1518 (vs),
1391 (w), 1366 (w), 1345 (vs), 1250 (w), 1159 (vs), 1056 (w), 905 (vs), 727 (vs) em’'; 'TH NMR
(400 MHz, CDCl) &: 8.10 (d, J = 8.6 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 4.97 (d, / = 9.2 Hz,
1H), 4.39 (t, J = 6.6 Hz, 2H), 3.87 (d, J = 5.8 Hz, 2H), 3.06 (t, J = 6.6 Hz, 2H), 1.43 (s, 9H); 1*C
NMR (101 MHz, CDCl3) 6: 170.3, 155.8, 147.0, 145.4, 129.9, 123.9, 80.3, 64.7, 42.4, 34.9,
28.4; HRMS (ESI): calculated for CisH2/N2Og™: m/z = 325.1400 [M+H]"; found: m/z =
325.1398 [M+H]".

2

The analytical data is in agreement with the literature.?

Compound 14a

Eluent: Hex/EtOAc (4/1, v/v).

Yield: 81%; IR: ¥ = 3426 (w), 3356 (w), 1740 (w), 1709 (vs), 1602 (w), 1518 (vs), 1495 (s),
1344 (vs), 1249 (w), 1159 (vs), 1056 (w), 855 (s), 733 (s), 698 (vs) cm’'; 'H NMR (400 MHz,
CDCl3) &: 8.15 (d, J= 8.7 Hz, 2H), 7.31 (d, J = 8.7 Hz, 2H), 7.25 — 7.20 (m, 3H), 7.04 (d, J =
5.6 Hz, 2H), 4.90 (d, J = 8.4 Hz, 1H), 4.54 (q, /= 6.4 Hz, 1H), 4.39 — 4.25 (m, 2H), 3.07 — 2.93
(m, 4H), 1.41 (s, 9H); 3C NMR (101 MHz, CD:Cly) &: 171.8, 155.0, 146.9, 145.3, 135.8,
129.8, 129.2, 128.6, 127.1, 123.8, 80.1, 64.7, 54.5, 38.4, 34.7, 28.3; HRMS (ESI): calculated for
C2H26N206Na™: m/z = 437.1683 [M+Na]™; found: m/z = 437.1684 [M+Na]".

Compound 14b

Eluent: Hex/EtOAc (4/1, v/v).

Yield: 85%; IR: ¥ = 3443 (w), 3375 (w), 2977 (w), 2929 (w), 1740 (w), 1709 (vs), 1602 (w),
1517 (vs), 1495 (s), 1343 (vs), 1248 (w), 1157 (vs), 1055 (w), 855 (s), 747 (s), 698 (vs) cm’'; 'H
NMR (400 MHz, CDCl3) o: 8.16 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.7 Hz, 2H), 7.30 — 7.20 (m,
3H), 7.07 (d, J= 6.2 Hz, 2H), 497 (d, /= 8.4 Hz, IH), 4.56 (q, /= 6.2 Hz, 1H), 440 — 4.27 (m,
2H), 3.08 — 2.93 (m, 4H), 1.43 (s, 9H); 3C NMR (101 MHz, CDCl3) &: 171.8, 155.1, 146.9,
145.4, 135.9, 129.8, 129.2, 128.6, 127.1, 123.8, 80.0, 64.7, 54.5, 38.4, 34.7, 28.3; HRMS (ESI):
calculated for C2:H30N306": m/z = 432.2129 [M+NH4]*; found: m/z = 432.2131 [M+NH4]".



Compound 19
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Boc-histidine (0.5 g, 1.96 mmol, 1 eq.), 2-(4-nitrophenyl)ethanol (0.655 g, 3.92 mmol, 2 eq.),
DMAP (0.048 g, 0.39 mmol, 0.20 eq.) and HBTU (0.967 g, 2.55 mmol, 1.3 eq.) were dissolved
in DMF (4 ml) under inert atmosphere. Diisopropylamine (686 pl, 4.90 mmol, 2.5 eq.) was
added dropwise and the reaction mixture was stirred overnight at room temperature. The
resulting solution was diluted with EtOAc (30 ml) and quenched with saturated NH4Cl solution
(15 ml). The organic layer was washed with water, dried and the solvents were removed in
vacuo. The crude product was purified by flash chromatography on silica gel (2% to 5% MeOH
in DCM) to obtain the target product as a pale-yellow foam.

Yield: 93%; IR: v =2977 (w), 1699 (vs), 1600 (s), 1516 (vs), 1391 (w), 1365 (w), 1344 (vs),
1250 (w), 1160 (vs), 1108 (w), 1054 (w), 1016 (w), 855 (vs), 748 (w), 697 (w) cm’'; 'H NMR
(400 MHz, CDCl3) 8: 8.18 — 8.07 (m, 2H), 7.58 (s, 1H), 7.41 — 7.30 (m, 2H), 6.72 (s, 1H), 5.77
(d, /=82 Hz, 1H), 4.51 (q, J = 6.2 Hz, 1H), 4.34 (t, /= 6.6 Hz, 2H), 3.06 — 3.00 (m, 4H), 1.41
(s, 9H); '3C NMR (101 MHz, CDCl) &: 172.1, 155.7, 147.1, 145.7, 135.2, 134.2, 130.0, 123.9,
115.9, 80.2, 64.9, 53.6, 34.9, 29.7, 28.5; HRMS (ESI): calculated for CioH2sN4O™: m/z =
405.1769 [M+H]"; found: m/z = 405.1765 [M+H]".

General procedure for deprotection of Boc-protecting group

Npe-protected amino acid was dissolved in 4M HCl/Dioxane mixture at 0 °C. The reaction
mixture was left to stir for 2 h and afterwards was evaporated to dryness. The resulting product

was used for further steps without additional purification.

Compound 15

"
H3Nj:’ro\/\©\
ci ° NO

Yield: 99%; IR: v = 3335 (w), 2964 (w), 2850 (w), 1741 (s), 1604 (w), 1516 (vs), 1464 (w),
1379 (vs), 1232 (vs), 1215 (s), 1170 (w), 1043 (w), 969 (w), 857 (s), 751 (s), 700 (s) cm™'; TH

2

NMR (400 MHz, DMSO-de) 8: 8.66 (br. s, 3H), 8.17 (d, J = 8.6 Hz, 2H), 7.62 (d, J = 8.6 Hz,
2H), 4.46 (dtd, J = 23.3, 11.1, 6.3 Hz, 2H), 3.76 (d, J = 4.5 Hz, 1H), 3.11 (t, J = 6.3 Hz, 2H),
2.10 (tt,J=11.6, 5.8 Hz, 1H), 0.84 (d, /= 3.0 Hz, 3H), 0.82 (d, /= 3.0 Hz, 3H). *C NMR (101
MHz, DMSO-ds) 6: 168.8, 146.3, 130.4, 123.4, 65.3, 57.2, 33.8, 29.2, 18.3, 17.4 HRMS (ESI):
calculated for C13H19N204": m/z = 267.1339 [M+H]"; found: m/z = 267.1139 [M+H]".

Compound 16
Hartl/\n/o\/\@\
)
Cl NO,

Yield: 99%; IR: ¥ =2949 (w), 1746 (s), 1515 (vs), 1310 (vs), 1238 (vs), 1053 (w), 955 (s), 905
(s) 856 (s), 698 (s) cm'; 'TH NMR (400 MHz, DMSO-d) &: 8.30 (br. s, 3H), 8.18 (d, /= 8.7 Hz,
2H), 7.59 (d, J = 8.7 Hz, 2H), 4.44 (t, J = 6.4 Hz, 2H), 3.77 (s, 2H), 3.09 (1, J = 6.4 Hz, 2H); *C
NMR (101 MHz, DMSO-ds) 8: 167.6, 156.2, 146.3, 130.4, 123.5, 67.9, 33.9, 28.2, 22.0; HRMS

(ESI): calculated for Ci1oHi3N204": m/z = 225.0870 [M+H]*; found: m/z = 225.0868 [M+H]".

The analytical data is in agreement with the literature.?

Compound 17a

+

O
H3N

NO,

Yield: 99%; IR: v = 3142 (w), 2988 (w), 2802 (w), 1740 (vs), 1601 (s), 1518 (vs), 1490 (vs),
1351 (vs), 1232 (vs), 1191 (s), 1102 (s), 981 (s), 856 (vs), 755 (vs), 736 (vs), 706 (vs) cm™!; 'H
NMR (400 MHz, DMSO-de) 8: 8.74 (br. s, 3H), 8.16 (d, /= 8.7 Hz, 2H), 7.49 (d, J = 8.7 Hz,
2H), 7.33 — 7.21 (m, 3H), 7.12 (dd, J = 7.8, 1.8 Hz, 2H), 4.33 (t, J = 6.3 Hz, 2H), 4.20 (dd, J =
7.8, 5.5 Hz, 1H), 3.16 (dd, J = 14.0, 5.5 Hz, 1H), 3.06 — 2.89 (m, 3H); *C NMR (101 MHz,
DMSO-dg) 6: 168.9, 146.3, 134.9, 130.4, 129.4, 128.5, 127.2, 123.4, 65.4, 53.3, 35.8, 33.7;
HRMS (ESI): calculated for Ci17H19N204": m/z = 315.1339 [M+H]"; found: m/z = 315.1332
[M+H]".



Compound 17b
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Yield: 99%; IR: v = 3146 (w), 2988 (w), 2802 (w), 1740 (vs), 1602 (s), 1518 (vs), 1490 (vs),
1351 (vs), 1232 (vs), 1192 (s), 1102 (s), 856 (vs), 755 (vs), 736 (vs), 705 (vs) cm™’; '"H NMR
(400 MHz, DMSO-dg) &: 8.91 (br. s., 3H), 8.12 (d, J = 8.7 Hz, 2H), 7.46 (d, J = 8.7 Hz, 2H),
7.27-7.20 (m, 3H), 7.12 (d, J = 6.4 Hz, 2H), 4.29 (t, / = 6.4 Hz, 2H), 4.19 — 4.08 (m, 1H), 3.21
(dd, J=14.1, 5.0, 1H), 3.10 — 2.88 (m, 3H); 3C NMR (101 MHz, DMSO-ds) 5: 168.9, 146.3,
134.8, 130.4, 129.4, 128.5, 127.2, 1234, 65.4, 53.3, 35.8, 33.7; HRMS (ESI): calculated for
Ci7H19N204": m/z = 315.1339 [M+H]"; found: m/z =315.1332 [M+H]".

Compound 21

Yield: 98%; IR: 7 = 2960 (w), 1737 (vs), 1624 (w), 1598 (w), 1516 (vs), 1454 (w), 1415 (w),
1351 (vs), 1282 (w), 1188 (w), 1124 (vs), 1045 (w), 1008 (w), 854 (s), 774 (w), 749 (w), 701 (w)
cm'; TH NMR (400 MHz, DMSO-dq) &: 8.69 (s, 3H), 8.21 — 8.15 (m, 2H), 7.59 — 7.55 (m, 2H),
7.51 (s, IH), 6.04 (s, 2H), 4.39 (m, 3H), 3.56 (s, 1H), 3.17 (d, J = 6.9 Hz, 2H), 3.04 (td, /= 6.4,
3.9 Hz, 2H), 1.13 (s, 9H); 3*C NMR (101 MHz, DMSO-d;) &: 176.7, 168.2, 146.4, 146.1, 137.4,
1304, 123.5, 120.0, 69.2, 66.4, 65.6, 51.1, 38.2, 33.7, 26.5; HRMS (ESI): calculated for
C20H271N4O6": m/z = 419.1925 [M+H]"; found: 419.1919 [M+H]".

Compound 20

10

The histidine derivative 19 (0.745 g, 1.84 mmol, | eq.) was dissolved in DMF (12 mL) under Nz
atmosphere at 0 °C. Subsequently, K>CQO; (0.509 g, 3.68 mmol, 2 eq.) was added and the mixture
was stirred for 40 min. Chloromethylpivalate (319 pl, 2.21 mmol, 1.2 eq.) was added dropwise at
0°C and the reaction mixture was left to warm to room temperature while stirring for 5 h.
Catalytic amounts of KI were added and the mixture was stirred for another 1 h. The resulting
suspension was diluted with EtOAc (75 ml) and quenched with saturated NH4Cl solution (35
ml). The organic phase was washed with water, dried over Na>SO4 and concentrated in vacuo.
The crude mixture was purified by flash chromatography on silica gel (40% isohexane in EtOAc
to pure EtOAc). The pivalate protected histidine derivative was obtained as a yellow oil.

Yield: 55%; IR: 2850 (w), 2600 (w), 1738 (vs), 1624 (w), 1598 (w), 1573 (w), 1516 (vs), 1454
(w), 1414 (w), 1350 (vs), 1282 (w), 1191 (w), 1124 (vs), 1044 (w), 1008 (w), 854 (vs), 773 (W),
749 (w), 701 (w) cm’'; "TH NMR (400 MHz, CDCl3) 8: 8.19 — 8.14 (m, 2H), 7.54 (d, /= 1.4 Hz,
1H), 7.42 — 7.36 (m, 2H), 6.71 (s, 1H), 5.81 (d, /= 8.2 Hz, 1H), 5.73 (s, 2H), 4.51 (dt, J = 8.2,
5.3 Hz, 1H), 4.34 (t, J = 6.7 Hz, 2H), 3.04 (t, J = 6.7 Hz, 2H), 2.97 (t, /= 5.2 Hz, 2H), 1.42 (s,
9H), 1.14 (s, 9H); *C NMR (101 MHz, CDCl:) §: 177.9, 172.0, 155.7, 147.0, 145.8, 138.3,
130.0, 123.9, 117.3, 79.9, 77.4, 67.7, 64.7, 53.5, 38.9, 35.0, 30.1, 28.5, 27.0; HRMS (ESI):
calculated for C2sH3sN4Os™: m/z = 519.2449 [M+H]"; found: m/z = 519.2441 [M+H]".

Compound 22

The reaction was conducted according to a published procedure.’

Phenyl chloroformate (4 ml, 31.9 mmol, 1 eq.) was dissolved in dry CH>Cl> under nitrogen and
cooled to 0 °C. Then N-methylimidazole (2.54 ml, 31.9 mmol, 1 eq.) was added dropwise. The
mixture was allowed to stir at room temperature for 2 hours. Afterwards the reaction mixture
was filtered, the precipitate was washed with CH2Cl and dried.

Yield: 95%; IR: v = 2926 (w), 1783 (vs), 1588 (w), 1536 (w), 1372 (s), 1330 (s), 1232 (vs), 749
(vs), 689 (s} cm'; "H NMR (400 MHz, DMSO-ds) 8: 10.29 (s, 1H), 8.37 (s, 1H), 8.02 (s, 1H),
7.43 — 7.58 (m, 5H), 4.01 (s, 3H); C NMR (101 MHz, DMSO-ds) &: 157.5, 135.6, 129.3,
123.1,121.3, 119.5, 118.6, 115.3, 35.4.

The analytical data is in agreement with the literature.’



Compound 24

Compound was synthesized following the procedure published earlier.*

Adenosine 23 (1 g, 3.74 mmol, 1 eq.) was suspended in DMF and di-fert-butylsilyl ditriflate
(1.46 ml, 4.49 mmol, 1.2 eq.) was added dropwise under stirring at 0 °C. The resulting solution
was stirred at 0°C for 45 min. Then imidazole (1.27 g, 18.7 mmol, 5 eq.) was added and the
reaction was warmed to room temperature over a period of 30 min. Then TBSCI (0.68 g, 4.49
mmol, 1.2 eq.) was added and the reaction was heated to 60 °C overnight. Subsequently, the
reaction mixture was diluted with EtOAc and washed with water and brine. The organic layer
was dried and evaporated. The residue was purified by flash chromatography (Hex/EtOAc, 1/1,
v/v).

Yield: 76%; IR: ¥ = 3148 (w), 2933 (w), 2859 (w), 2361 (w), 1677 (s), 1604 (s), 1598 (w), 1576
(w), 1473 (w), 1426 (w), 1363 (w), 1329 (w), 1302 (w), 1258 (w), 1200 (w), 1166 (w), 1136 (w),
1105 (w), 1064 (vs), 1009 (s), 890 (w), 828 (vs), 786 (w), 754 (w), 729 (w) cm™'; "TH NMR (400
MHz, CDCls) 8: 8.31 (s, IH), 7.83 (s, IH), 6.12 (br. s, 2H), 5.91 (s, 1H), 4.61 (d, J = 4.7 Hz,
1H), 4.50 (ddd, J = 16.5, 9.3, 4.7 Hz, 2H), 4.25 — 4.17 (m, 1H), 4.03 (dd, /= 10.5, 9.3 Hz, 1H),
1.07 (s, 9H), 1.04 (s, 9H), 0.92 (s, 9H), 0.16 (s, 3H), 0.14 (s, 3H); 1*C NMR (101 MHz, CDCl)
3: 155.5, 152.8, 149.3, 1389, 120.4, 92.6, 75.9, 75.6, 74.8, 67.9, 27.6, 27.1, 26.0, 22.9, 20.5,
18.4, -4.2, -4.8; HRMS (ESI): calculated for C24HasN504Si>™: m/z = 522.2932 [M+H]"; found:
m/z = 522.2926 [M+H]".

The analytical data is in agreement with the literature.*

General procedure for amino acid attachment to the adenosine derivative

B ~0 OTBS NO,
tBu

12

The silyl-protected adenosine derivative 24 (1 eq.) was dissolved in dry CH2Cl> under nitrogen
atmosphere. 1-N-methyl-3-phenoxycarbonyl-imidazolium chloride (22, 2 eq.) was added to the
reaction mixture and the resulting suspension was stirred at room temperature for 2 hours (the
solution in time becomes clear). Afterwards the protected amino acid (2 eq.) was added together
with TEA (2 eq.) as a solution in CH2Clz and the resulting solution was stirred overnight at room
temperature. The reaction was quenched by addition of saturated aqueous NaHCOs solution. The
solution was extracted three times with CH>Cl,, and the organic phase was dried, filtered and
concentrated in vacuo. The residue was purified by flash chromatography eluting with

Hex/EtOAc to give product as white foam.

Compound 25

Lo

By g;-o‘ oTBS NO

Eluent: Hex/EtOAc (4/3, v/v).

Yield: 91%; IR: 7 = 3237 (w), 2931 (s), 2857 (s), 1737 (s), 1701 (vs), 1610 (s), 1520 (vs), 1465
(s), 1345 (s), 1250 (5), 1136 (w), 1057 (s), 998 (w), 894 (w), 840 (s), 777 (s) cm’'; "H NMR (400
MHz, CDCl3) &: 10.05 (d, J = 9.0 Hz, 1H), 8.56 (s, 1H), 8.41 (s, IH), 8.16 (s, 1H), 7.94 (d, J =
8.6 Hz, 2H), 7.32 (d, J = 8.6 Hz, 2H), 5.99 (s, 1H), 4.64 (d, J = 4.6 Hz, 1H), 4.60-4.46 (m, 3H),
4.33-4.24 (m, 2H), 4.20-4.29 (m, 1H), 4.05 (dd, /= 10.5, 9.1 Hz, 1H), 3.03 (t, J = 6.5 Hz, 2H),
1.25 (d, J = 6.5 Hz, 3H), 1.08 (s, 9H), 1.05 (s, 9H), 0.95 (s, 9H), 0.90 (s, 9H), 0.19 (s, 3H), 0.16
(s, 3H), 0.07 (s, 3H), -0.04 (s, 3H); *C NMR (101 MHz, CDCl3) &: 171.1, 154.6, 151.3, 150.3,
149.8, 146.8, 145.7, 141.6, 129.9, 123.7, 121.1, 92.6, 76.0, 75.7, 75.0, 68.8, 63.0, 64.8, 59.8,
35.0,27.7,27.2,26.1,25.7,22.9,21.3, 20.6, 18.5, 18.0, -4.1, -4.8, -5.2; HRMS (ESI): calculated
for CasH72N7010Si15": m/z = 930.4643 [M+H]"; found: m/z = 930.4640 [M+H]".



Compound 26
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Eluent: 10% CH:Clz in EtOAc to pure EtOAc.
Yield: 86%; IR: v = 3854 (w), 3745 (w), 3650 (w), 2932 (w), 2858 (w), 2361 (w), 2341 (w),
1735 (s), 1670 (s), 1654 (w), 1610 (w), 1587 (w), 1521 (vs), 1472 (s), 1395 (w), 1345 (vs), 1252
(W), 1166 (w), 1118 (vs), 1055 (vs), 999 (w), 894 (w), 826 (vs), 781 (s), 750 (w) em’; 'TH NMR
(400 MHz, CDCl3) : 10.05 (dd, J = 7.6, 3.7 Hz, 1H), 8.45 (s, 1H), 8.08 (s, 1H), 8.06 — 8.02 (m,
3H), 7.59 (d, J = 1.3 Hz, 1H), 7.41 — 7.35 (m, 2H), 6.86 (dd, /= 5.3, 1.3 Hz, 1H), 5.96 (d, /= 7.0
Hz, 1H), 5.74 (d, J = 2.6 Hz, 2H), 4.94 — 4.85 (m, 1H), 4.60 (dd, J = 6.0, 4.6 Hz, 1H), 4.53 -
4.46 (m, 2H), 4.42 (tq, J = 6.5, 1.7 Hz, 2H), 4.24 (tdd, J = 9.8, 5.0, 2.8 Hz, 1H), 4.08 — 4.00 (m,
1H), 3.23 — 3.12 (m, 2H), 3.07 (t, J = 6.5 Hz, 2H), 1.09 (s, 9H), 1.08 (s, 9H), 1.05 (s, 9H), 0.94
(s, 9H), 0.17 (s, 3H), 0.15 (s, 3H); '*C NMR (101 MHz, CDCls) §: 177.8, 171.7, 153.6, 151.3,
150.2, 149.8, 146.9, 1458, 141.2, 1384, 138.1, 123.0, 123.8, 121.1, 117.3, 92.6, 76.0, 75.7,
74.9, 67.9, 67.7, 64.7, 55.5, 38.8, 35.0, 30.7, 27.7, 27.2, 26.9, 26.1, 22.9, 20.5, 18.5, 1.3, -4.2;
HRMS (ESI): calculated for C4sHssNoO11Siz": m/z = 966.4571 [M+H]"; found: m/z = 966.4576
[M+H]".

Compound 27
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Eluent: Hex/EtOAc (4/3, v/v).
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Yield: 78%; IR: v = 3230 (w), 2960 (w), 2960 (w), 2858 (w), 1741 (s), 1702 (vs), 1611 (s), 1520
(vs), 1466 (s), 1345 (vs), 1250 (s), 1139 (vs), 1057 (vs), 999 (s), 894 (s), 810 (vs), 781 (s) em™!;
'"H NMR (400 MHz, CDCl3) &: 10.01 (d, J = 8.4 Hz, 1H), 8.50 (s, 1H), 8.17 (s, 1H), 8.07 (d, J =
8.3 Hz, 2H), 7.28 (d, J = 8.3 Hz, 2H), 5.98 (s, 1H), 4.61 (d, J = 4.6 Hz, 1H), 4.56 — 4.38 (m, SH),
4.20-4.29 (m, 1H), 4.07 (dd, /= 10.5, 9.1 Hz, 1H), 3.09 (t, J = 6.5 Hz, 2H), 2.28 — 2.21 (m, 1H),
1.08 (s, 9H), 1.05 (s, 9H), 1.00 (d, J = 6.5 Hz, 3H), 0.95 (s, 12H), 0.18 (s, 3H), 0.16 (s, 3H); 3C
NMR (101 MHz, CDCL) é: 171.1, 154.1, 152.2, 151.1, 149.8, 146.9, 145.6, 141.5, 129.9,
126.4, 123.7, 121.1, 92.6, 75.9, 75.7, 74.9, 67.9, 64.8, 58.8, 35.0, 30.9, 27.7, 27.2, 26.1, 22.9,
20.4, 19.5, 18.4, 18.0, -4.2, -4.9; HRMS (ESI): calculated for C3gHsoN700Si>™: m/z = §14.3991
[M+H]; found: m/z = 814.3976.

Compound 28
£
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Eluent: Hex/EtOAc (4/3, v/v).

Yield: 72%; IR: v = 3239 (w), 2932 (s), 2858 (s), 1749 (s), 1703 (vs), 1611 (s), 1520 (vs), 1468
(s), 1345 (s), 1252 (s), 1141 (w), 1055 (s), 990 (w), 894 (w), 826 (s), 750 (s) cm™'; "TH NMR (400
MHz, CDCl;) &: 9.95 (br. s, 1H), 8.50 (s, 1H), 8.21 — 8.03 (m, 3H), 7.38 (d, J = 8.6 Hz, 2H),
5.98 (s, 1H), 4.60 (d, J = 4.7 Hz, 1H), 4.57 — 4.40 (m, 4H), 430 — 4.17 (m, 3H), 4.10 — 4.03 (m,
1H), 3.09 (t, J = 6.6 Hz, 2H), 1.08 (s, 9H), 1.05 (s, 9H) 0.94 (s, 9H), 0.17 (s, 3H), 0.16 (s, 3H);
13C NMR (101 MHz, CDCl3) 8: 170.0, 154.2, 151.2, 150.2, 149.9, 147.0, 145.5, 141.4, 129.9,
123.8,121.1, 92.5, 76.0, 75.7, 74.9, 67.9, 42.2, 35.0, 27.6, 27.2, 26.0, 22.9, 20.5, 18.5, -4.1, -4.9;
HRMS (ESI): calculated for CasHssN7QoSix": m/z = 772.3522 [M+H]"; found: m/z = 772.3504
[M+H]".
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Eluent: Hex/EtOAc (2/1, v/v).

Yield: 87%; IR: ¥ = 3229 (w), 2953 (w), 2929 (w), 2857 (w), 1735 (s), 1693 (s), 1607 (s), 1589
(s), 1517 (vs), 1469 (s), 1391 (w), 1310 (vs), 1292 (w), 1251 (w), 1210 (w), 835 (s) em’'; 'H
NMR (400 MHz, CDCl3) &: 10.28 (s, 1H), 8.42 (s, 1H), 8.22 — 8.12 (m, 1H), 8.07 (d, J = 8.6
Hz, 2H), 7.96 (d, /= 8.6 Hz, 2H), 7.37 — 7.30 (m, 4H), 6.00 (s, 1H), 4.93 — 4.89 (m, 1H), 4.64 (d,
J=4.6 Hz, 1H), 4.51 (ddd, /7 =9.2, 4.9, 2.7 Hz, 2H), 4.46 — 4.40 (m, 2H), 4.39 — 4.22 (m, 3H),
4.09 — 4.05 (m, 1H), 3.08 — 2.94 (m, 6H), 1.07 (s, 9H), 1.05 (s, 9H), 0.95 (s, 9H), 0.19 (s, 3H),
0.17 (s, 3H); C NMR (101 MHz, CDCl3) &: 179.8, 170.7, 153.7, 149.8, 146.9, 146.8, 145.5,
145.4, 129.8, 123.8, 123.6, 120.9, 92.6, 75.9, 75.7, 74.9, 67.9, 65.0, 64.5, 49.7, 36.5, 34.9, 34.8,
27.6,27.1, 26.0, 22.8, 20.5, 18.4, -4.2, -4.9; HRMS (ESI): calculated for CasHe3NgO13Si2": m/z
=979.4053 [M+H]*; found: m/z = 979.4056.

Compound 30a
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Yield: 68%; IR: v = 3190 (w), 2933 (w), 2858 (w), 1742 (w), 1702 (vs), 1612 (s), 1587 (w),
1521 (vs), 1469 (vs), 1345 (vs), 1253 (s), 1057 (s), 1000 (w), 828 (vs) cm'; 'H NMR (400
MHz, CD:Clz) 6: 10.00 (d, J = 7.5 Hz, 1H), 8.94 (s, 1H), 8.37 (d, J = 1.2 Hz, 2H), 8.00 (d, J =
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8.7 Hz, 2H), 7.39 — 7.26 (m, 5H), 7.21 — 7.17 (m, 2H), 6.02 (s, 1H), 4.89 —4.76 (m, 1H), 4.60 (d,
J=4.6 Hz, 1H), 4.54 — 4.46 (m, 2H), 4.40 (td, J = 6.5 Hz, 1.7 Hz, 2H), 4.31 —4.22 (m, 1H), 4.16
—4.06 (m, 1H), 3.18 (d, J = 6.8 Hz, 2H), 3.03 (t, J/ = 6.5 Hz, 2H), 1.10 (s, 9H), 1.06 (s, 9H), 0.96
(s, 9H), 0.20 (s, 3H), 0.18 (s, 3H); *C NMR (101 MHz, CD:Cl) &: 171.5, 153.8, 150.7, 150.2,
149.8, 146.7, 145.9, 142.2, 136.4, 129.8, 129.5, 128.5, 127.1, 123.4, 120.8, 92.2, 75.8, 75.7, 74.8,
67.7, 64.6, 54.9, 37.8, 34.7, 27.3, 269, 25.7, 22.6, 20.2, 18.2, -4.6, -5.2; HRMS (ESI):
calculated for C4:HesoN7009Si,": m/z = 862.3986 [M+H]"; found: m/z = 862.3995 [M+H]".

Compound 30b

rBu—c/)‘Si—S ‘oTBS

Bu
Eluent: Hex/EtOAc (4/1, v/v).
Yield: 71%; IR: v = 3192 (w), 2933 (w), 2858 (w), 1740 (w), 1700 (vs), 1611 (s), 1520 (vs),
1466 (vs), 1345 (v8), 1252 (s), 1166 (w), 1139 (w), 1054 (vs), 998 (s), 893 (s), 826 (vs), 736 (vs)
cm™; "H NMR (400 MHz, CD:Cly) 8: 10.01 (d, J = 7.6 Hz, 1H), 8.96 (s, 1H), 8.37 (s, 211), 8.00
(d, J=8.7 Hz, 1H), 7.37 — 7.22 (m, 5H), 7.22 — 7.14 (m, 2H), 6.03 (s, 1H), 4.90 — 4.81 (m, 1H),
4.61 (d, J=4.5 Hz, 1H), 4.54 —4.45 (m, 2H), 4.39 (t, /= 6.4 Hz, 2H), 432 — 4.21 (m, 1H), 4.16
—4.05 (m, 1H), 3.19 (d, J = 6.2 Hz, 2H), 3.02 (t, J = 6.4 Hz, 2H), 1.09 (s, 9H), 1.06 (s, 9H), 0.96
(s, 9H), 0.20 (s, 3H), 0.18 (s, 3H); '*C NMR (101 MHz, CD;Cl) &: 171.4, 153.6, 150.8, 150.2,
149.8, 146.7, 145.9, 141 8, 136.4, 129.8, 129.5, 128.5, 127.1, 123.4, 120.8, 92.2, 75.9, 75.7, 74.8,
67.7, 64.6, 549, 37.9, 34.7, 27.3, 26.8, 25.7, 22.6, 20.2, 18.2, -4.6, -5.3.: HRMS (ESI):
calculated for Cs2HsoN700Si2™: m/z = 862.3986 [M+H]"; found: m/z = 862.3996 [M+H]".



Compound 31
o OTBS

HNJ{N O

N N H
Sl
oN NZ
o~

I
Siere & % NO.
1 -0 OTBS 2

Bu Bu

Eluent: Hex/EtOAc (1/1, v/v).

Yield: 85%; IR: # = 3238 (w), 2931 (s), 2859 (s), 1737 (s), 1701 (vs), 1610 (s), 1520 (vs), 1470
(3), 1345 (s), 1251 (s), 1136 (w), 1057 (s), 998 (w), 899 (w), 840 (s), 778 (s) cm’'; 'H NMR (400
MHz, CDCls) 6: 10.18 (d, J = 8.3 Hz, 1H), 8.61 (s, 1H), 8.44 (s, 1H), 8.19 (s, 1H), 8.02 (d, /=
8.6 Hz, 2H), 7.35 (d, J= 8.7 Hz, 2H), 5.99 (s, 1H), 4.72 (dt, /= 8.4, 2.8 Hz, 1H), 4.61 (d, /=4.6
Hz, 1H), 4.50 (td, J = 9.8, 4.9 Hz, 2H), 4.43 (t, J = 6.5 Hz, 2H), 4.24 (td, /= 10.0, 5.0 Hz, 1H),
4.14 (dd, /= 10.1, 2.7 Hz, 1H), 4.07 (dd, J = 10.5, 9.1 Hz, 1H), 3.91 (dd, J = 10.1, 3.1 Hz, LH),
3.06 (t, J= 6.5 Hz, 2H), 1.08 (s, 9H), 1.05 (s, 9H), 0.94 (s, 9H), 0.88 (s, L0H), 0.18 (s, 3H), 0.16
(s, 3H); '3C NMR (101 MHz, CDCh) §: 170.6, 153.9, 151.2, 150.3, 149.8, 146.9, 145.6, 141.6,
129.8, 123.7, 121.1, 92.5, 75.9, 75.7, 74.9, 67.9, 64.8, 64.6, 55.7, 34.9, 27.6, 27.1, 26.0, 25.7,
22.8,20.5, 18.4, 182, -4.2, -4.8, -5.3, -5.6; HRMS (ESI): calculated for C4;H7oN7010Si3": m/z =
916.4492 [M+H]"; found: m/z=916.4501 [M+H]".

General procedure for deprotection 3'-5'-silyl protecting group:

0 R
AL
y HT E'Kofo
¢ N
o N -
o~

HO oTBS NO,

The modified adenosine (0.86 mmol) was dissolved in CH2Cly under Nz atmosphere and
transferred into a plastic flask. Pyridine (1 ml) was added and the solution was cooled in an ice-
bath. Then Py*(HF), (140 pul) was added and the mixture was stirred at 0 °C for 2 h. The reaction
was quenched with sat. NaHCOs and extracted with CH2Clz. Organic phase was washed with
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water and dried over Na;SOs. The solvents were removed in vacuo. The crude product was
purified by flash chromatography eluting with CH>Cl./MeOH (9/1, v/v) to afford the product as

a colourless foam.

Compound 32

o oTBS

HNJLN (o]
N H
«IE,N °
o N
o~

HO  oTBS NO,

Yield: 95%; IR: 7= 3244 (w), 2952 (w), 2929 (w), 2856 (w), 1736 (w), 1695 (s), 1610 (s), 1588
(s), 1520 (vs), 1469 (s), 1345 (vs), 1313 (w), 1250 (vs), 1129 (w), 1093 (s), 835 (vs), 760 (vs)
cm’’; TH NMR (400 MHz, CDCl3) : 9.90 (d, J= 9.1 Hz, 1H), 8.50 (s, 1H), 8.46 (s, 1H), 8.10 —
8.08 (m, 3H), 7.37 (d, J = 8.6 Hz, 2H), 5.85 (d, J = 7.0 Hz, 1H), 5.10 (dd, J = 7.0, 4.7 Hz, 1H),
4.59 (dd, J = 9.1, 1.5 Hz, 1H), 4.53 — 4.41 (m, 2H), 4.41 — 4.34 (m, 2H), 4.34 — 4.26 (m, 1H),
3.98 (dd, J=13.0, 1.5 Hz, 1H), 3.78 (dd, J = 13.0, 1.5 Hz, 1H), 3.07 (t, J = 6.7 Hz, 2H), 1.24 (d,
J=6.7 Hz, 3H), 0.89 (s, 9H), 0.81 (s, 9H), 0.05 (s, 3H), -0.06 (s, 3H), -0.14 (s, 3H), -0.34 (s,
3H); *C NMR (101 MHz, CDCl3) &: 170.9, 154.0, 151.3, 150.9, 149.3, 147.1, 145.6, 143.0,
130.0, 123.9, 91.5, 87.7, 74.9, 72.7, 68.8, 65.13, 63.3, 59.8, 35.0, 25.7, 21.3, 18.1, 18.0, -4.0, -
5.0, -5.1, -5.2; HRMS (ESI): calculated for C3sHsgN7010Si2": m/z = 790.3622 [M+H]"; found:
m/z=790.3612 [M+H]".

Compound 33
N=\
o AN 194
HNJLN (o] o
N H ©
¢ ‘JN °
N =
0 N
HO
HO “oTBS NO;



Yield: 75%; IR: ¥ = 3854 (w), 3745 (w), 3650 (w), 3230 (w), 2930 (w), 2857 (w), 2361 (w),
2341 (w), 1740 (s), 1699 (vs), 1611 (w), 1587 (w), 1520 (vs), 1472 (s), 1395 (w), 1345 (vs),
1253 (w), 1119 (vs), 1091 (w), 1058 (w), 1030 (w), 983 (w), 914 (w), 856 (vs), 779 (vs), 747(w),
670 (w) cm'; "TH NMR (400 MHz, CDCL) 8: 10.05 — 9.98 (m, 1H), 8.50 (d, J = 3.1 Hz, 1H),
8.18 - 8.10 (m, 3H), 8.01 (d, J=9.1 Hz, 1H), 7.60 (dd, /= 8.2, 1.3 Hz, 1H), 7.44 - 7.37 (m, 2H),
6.84 (d, /= 1.4 Hz, 1H), 5.99 — 5.93 (m, 1H), 5.81 (dd, /= 7.3, 5.4 Hz, 1H), 5.77 - 5.71 (m, 2H),
5.08 (dt,/=7.3,5.1 Hz, 1H), 4.90 (dt, /= 7.2, 5.4 Hz, 1H), 442 (q, /= 6.3 Hz, 2H), 4.39 - 4.34
(m, 2H), 3.98 — 3.92 (m, 1H), 3.82 — 3.72 (m, 1H), 3.23 — 3.13 (m, 2H), 3.08 (dt, /= 13.8, 6.6
Hz, 2H), 2.83 (s, 1H), 1.09 (s, 9H), 0.80 (s, 9H), -0.18 (s, 3H), -0.40 (s, 3H); 3C NMR (101
MHz, CDCL) &: 177.8, 171.8, 153.2, 151.1, 150.9, 149.3, 147.0, 145.8, 143.0, 138.2, 138.1,
130.0, 123.9, 123.1, 117.4, 91.4, 87.8, 74.7, 73.0, 67.7, 65.0, 63.5, 53.5, 38.8, 35.0, 30.6, 26.9,
25.7, 18.0, -5.1, -5.2; HRMS (ESI): calculated for C37Hs2NoQO11Si*: m/z = 826.3550 [M+H]";
found: m/z = 826.3559 [M+H]".

Compound 34

o

HN’U\N o
N H
Sy e
N, 2]
fe) N
HO
HO  oTBS NO,

Yield: 95%; IR: ¥ = 3245 (w), 2930 (w), 2857 (w), 1743 (s), 1695 (vs), 1590 (s), 1518 (vs), 1471
(s), 1344 (vs), 1252 (s), 1212 (w), 1188 (s), 1130 (w), 1085 (s), 836 (vs) cm’'; 'TH NMR (400
MHz, Acetone-ds) 6: 10.01 (d, /= 8.4 Hz, 1H), 8.50 (s, 1H), 8.17 (s, 1H), 8.07 (d, J = 8.3 Hz,
2H), 7.28 (d, J = 8.3 Hz, 2H), 5.98 (s, 1H), 4.61 (d, J = 4.6 Hz, 1H), 4.56 — 4.38 (m, 6H), 4.20-
4.29 (m, 1H), 4.07 (dd, J = 10.5, 9.1 Hz, 1H), 3.09 (t, J = 6.5 Hz, 2H), 1.00 (d, J = 6.5 Hz, 3H),
0.96 (d, J = 6.5 Hz, 3H), 0.95 (s, 9H), 0.18 (s, 3H), 0.16 (s, 3H); 3C NMR (101 MHz, CDCl3)
8:172.2, 154.4, 151.6, 149.5, 147.0, 145.5, 143.3, 136.5, 129.9, 123.7, 122.0, 91.2, 87.6, 74.7,
72.8, 64.7, 63.4, 58.7, 35.0, 30.9, 25.6, 19.4, 17.9, -5.2, -5.3; HRMS (ESI): calculated for
C30HaaN700Si™: m/z = 674.2970 [M+H]"; found: m/z = 674.2974 [M+H]".
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Compound 35

0
HNJLN
H

’\fO

HO  “oTBS NO,

Yield: 97%; IR: # = 3250 (w), 2932 (w), 2859 (w), 1740 (s), 1680 (vs), 1595 (s), 1520 (vs), 1470
(s), 1340 (vs), 1254 (s), 1213 (w), 1168 (s), 1130 (w), 1085 (s), 836 (vs) em’'; 'H NMR
(400 MHz, CDCl) 8: 9.92 (t, J = 5.7 Hz, 1H), 8.92 (br. s, 1H), 8.54 (s, IH), 8.25 (s, 1H), 8.13
(d, J=8.7 Hz, 2H), 7.39 (d, J = 8.7 Hz, 2H), 5.87 (d, /= 7.2 Hz, 1H), 5.07 (dd, J= 7.2, J= 4.7
Hz, 1H), 4.4 (1, J = 6.7 Hz, 2H), 4.37 (m, 2H), 4.20 (t, J = 5.2 Hz, 2H), 3.97 (d, J = 13.0 Hz,
1H), 3.77 (d, J = 13.0 Hz, 1H), 3.09 (t, J = 6.7 Hz, 2H), 2.94 (br. s, 1H), 0.78 (s, 9H), -0.19 (s,
3H), -0.38 (s, 3H); 3C NMR (101 MHz, CDCly) 3: 169.9, 154.0, 150.8, 149.5, 147.0, 145.4,
143.6,129.9, 1239, 122.0, 91.2, 87.6, 74.8, 72.8, 64.9, 633,422, 34.9, 25.6, 179, -5.2; HRMS
(ESI): calculated for Co7Hz7N706Si": m/z = 632.2495 [M + H]'; found m/z = 632.2492.

Compound 36
O NO;,
J(i 0
HN N (0]
H
Yyl
N~ 2]
0 N
HO

HO  oTBS NO,

Yield: 98%:; IR: 7 = 3229 (w), 2953 (w), 2929 (w), 2857 (w). 1735 (s), 1693 (s), 1607 (s), 1589
(s), 1517 (vs), 1469 (s), 1391 (w), 1310 (vs), 1292 (w), 1251 (w), 1210 (w), 835 (s) em™; 'H
NMR (400 MHz, Acetone-ds) 8: 10.30 (d, J = 7.9 Hz, 1H), 9.41 (s, 1H), 8.77 (s, 1H), 8.50 (s,
1H), 8.10 (d, J= 8.8 Hz, 2H), 8.06 (d, J = 8.8 Hz, 2H), 7.54 (dd, /= 8.7, 7.4 Hz, 4H), 6.12 (d, J
= 5.8 Hz, 1H), 5.07 (s, 1H), 5.00 — 4.95 (m, 1H), 4.90 (dt, /= 7.9, 5.3 Hz, 1H), 4.49 — 4.31 (m,
5H), 4.23 (q, J = 2.4 Hz, 1H), 4.06 (s, 1H), 3.92 (dd, J = 12.4, 2.1 Hz, 1H), 3.79 (d, /= 12.2 Hz,
1H), 3.10 (dt, J = 12.6, 6.4 Hz, 4H), 3.02 (d, J= 5.5 Hz, 2H), 0.79 (s, 9H), -0.08 (s, 3H), -0.21 (s,
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3H); ¥C NMR (101 MHz, Acetone-dg) &: 171.3, 171.2, 154.2, 151.4, 150.9, 150.6, 147.6,
1474, 147.2, 144.3, 136.6, 131.0, 124.1, 121.9, 90.6, 87.6, 76.8, 72.4, 65.8, 65.1, 62.9, 50.6,
37.1, 352, 27.2, 26.0, 18.6, -4.9, -5.1; HRMS (ESI): calculated for C37Ha7NzO13Si': m/z =
839.3032 [M+H]"; found: m/z = 839.3041 [M+H]".

Compound 37a
L Jo
N
N =N
o o
N N
o]
HO ¥ ™otes
HO

Yield: 80%; IR: v = 3240 (w), 2929 (w), 2857 (w), 1742 (w), 1699 (vs), 1613 (s), 1520 (vs),
1471 (s), 1345 (vs), 1255 (w), 839 (s) cm™; '"H NMR (400 MHz, CD:Cl:) 6: 9.83 (d, /= 7.4 Hz,
1H), 8.63 (s, 1H), 8.40 (s, 1H), 8.18 (s, 1H), 8.10 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H),
7.33 - 7.21 (m, 2H), 7.19 — 7.14 (m, 2H), 5.87 (d, /= 7.2 Hz, 1H), 5.64 (dd, /= 11.6 Hz, J=2.3
Hz, 1H), 5.07 (dd, /= 7.2 Hz, J = 4.7 Hz, 1H), 4.87 — 4.80 (m, 1H), 445 —4.32 (m, 4H), 3.93 (d,
J=12.9 Hz, 1H), 3.79 — 3.69 (m, 1H), 3.17 (d, J= 6.2 Hz, 2H), 3.05 (t, J = 6.6 Hz, 2H), 2.93 (s,
1H), 0.79 (s, 9H), -0.19 (s, 3H), -0.38 (s, 3H); 3C NMR (101 MHz, CD;Cl,) &: 171.4, 153.1,
150.7, 150.5, 149.8, 149.3, 146.8, 145.8, 143.3, 136.3, 129.8, 1294, 128.3, 127.2, 123.5, 91.0,
87.6,74.8,72.7, 64.7, 63.1, 54.9, 37.8, 34.7, 25.3, 17.7, -5.6, -5.7; HRMS (ESI): calculated for
C34HaaN700Si™: m/z = 722.2965 [M+H]"; found: m/z = 722.2971 [M+H]".
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Compound 37b

HO ¥ ores
HO

Yield: 78%; IR: ¥ = 3229 (w), 2930 (w), 2858 (w), 1740 w), 1697 (vs), 1612 (s), 1519 (vs), 1470
(s), 1345 (vs), 1254 (s), 1216 (w), 838 (vs), 781 (s), 736 (vs), 700 (s) cm™; '"H NMR (400 MHz,
CD:Cl) 8: 9.79 (br. s, 1H), 8.58 (br. s, 1H), 8.39 (s, 1H), 8.17 (1, J = 4.0 Hz, 1H), 8.05 (d, J =
8.7 Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H), 7.32 — 7.23 (m, 2H), 7.21-7.15 (m, 2H), 5.87 (d, /= 7.1
Hz, 1H), 5.61 (dd, J = 11.6 Hz, 2.4 Hz, 1H), 5.05 (dd, /= 7.2 Hz, 4.7 Hz, 1H), 482 (q, /= 6.2
Hz, 1H), 4.46 —4.30 (m, 4H), 3.93 (d, /= 12.9 Hz, 1H), 3.79 — 3.68 (m, 1H), 3.17 (d, /= 6.2 Hz,
2H), 3.03 (t, J = 6.5 Hz, 3H), 2.88 (s, 1H), 0.80 (s, 9H), -0.17 (s, 3H), -0.36 (s, 3H); 3*C NMR
(101 MHz, CD:ClLz) o: 171.4, 153.1, 150.7, 150.5, 149.8, 149.3, 146.8, 145.8, 143.3, 136.3,
129.8,129.4, 128.5, 128.3, 127.2, 123.5, 91.0, 87.6, 74.8, 72.7, 64.7, 63.1, 54.9, 37.8, 34.7, 25.3,
17.7, -5.6, -5.7; HRMS (ESI): calculated for C3sHasN70sSiNa™: m/z = 744.2784 [M+Na]";
found: m/z = 744.2776 [M+Na]".

Compound 38
oTBS

(0]
HNJLNv(fo
H
oy
N N/J
o
HO
HO  oTBS NO,

Yield: 96%; IR: ¥ = 3240 (w), 2950 (w), 2927 (w), 2856 (w). 1737 (w), 1695 (s), 1611 (s), 1589
(s), 1520 (vs), 1469 (s), 1346 (vs), 1313 (w), 1250 (vs), 1130 (w), 1093 (s), 835 (vs), 780 (vs)
cm'; TH NMR (400 MHz, Acetone-ds) 8: 10.11 (d, J = 8.2 Hz, 1H), 9.13 (s, 1H), 8.72 (s, 1H),
8.52 (s, 1H), 8.11 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 6.13 (d, J = 6.1 Hz, 1H), 5.07
(dd, J=8.7, 3.8 Hz, 1H), 4.99 (dd, J = 6.1, 4.7 Hz, 1H), 4.66 (dt, J = 8.3, 3.0 Hz, 1H), 4.45 (td, J
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=6.5, 1.2 Hz, 2H), 4.39 (td, /= 4.3, 2.5 Hz, 1H), 4.22 (p, J = 2.8 Hz, 1H), 4.15 (dd, J=10.3, 2.9
Hz, 1H), 4.04 (d, J = 3.8 Hz, 1H), 3.98 (dd, J = 10.2, 3.2 Hz, 1H), 3.94 — 3.87 (m, 1H), 3.78
(ddd, J=12.4, 8.5, 2.5 Hz, 1H), 3.16 (t, J/ = 6.3 Hz, 2H), 0.88 (s, 9H), 0.79 (s, 9H), 0.07 (s, 3H),
0.02 (s, 3H), -0.08 (s, 3H), -0.23 (s, 3H); 3C NMR (101 MHz, Acetone-ds) : 171.0, 154.1,
151.4, 151.0, 147.4, 144.1, 131.1, 124.2, 122.1, 90.5, 87.8, 76.8, 72.6, 65.7, 64.3, 63.0, 56.4,
35.3, 27.2, 26.1, 26.0, 18.7, 18.6, -4.9, -5.2, -5.3, -5.6; HRMS (ESI): calculated for
C34HsaN7010Si:Na*: m/z = 798.3290 [M+Na]"; found: m/z = 798.3288 [M+Na]*.

General procedure for DMT protection:

o R
HNJLNVKFO
a0 ' o
N, 2
DMTO
HO  ‘oTBS NO;

The 3'-5'-deprotected adenosine derivative (1 eq.) was dissolved in pyridine under N2
atmosphere. DMT chloride (1.5 eq.) was added in two portions and the mixture was stirred at
room temperature overnight. Then the volatiles were evaporated, and crude product was purified
by flash chromatography eluting with CH2Clo/MeOH (10/1/, v/v) with an addition of 0.1% of

pyridine, unless otherwise specified, to afford the DMT protected derivative as white foam.

Compound 39
o OTBS
HN’U\NLO
20 Bk
AL
DMTO
HO ‘oTBS NO,

Yield: 90%; IR: %= 3350 (w), 2930 (w), 2856 (w), 1729 (w), 1684 (s), 1608 (s), 1521 (vs), 1464
(s), 1345 (vs), 1248 (vs), 1174 (w), 1094 (w), 10033 (s), 827 (vs), 777 (vs) cm”; '"H NMR (400
MHz, Acetone-ds) 8: 10.00 (d, J = 9.0 Hz, 1H), 8.95 (s, 1H), 8.55 (s, 1H), 8.40 (s, 1H), 7.98 (d,
J=18.7 Hz, 2H), 7.59 — 7.46 (m, 4H), 7.35 (dd, J = 9.0, 3.0 Hz, 4H), 7.28 — 7.13 (m, 4H), 6.83
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(dd, J=9.0, 3.0 Hz, 4H), 6.16 (d, J = 4.6 Hz, 1H), 5.16 (t, /= 4.6 Hz, 1H), 4.61 —4.48 (m, 3H),
4.45 — 4.35 (m, 2H), 4.33 — 4.26 (m, 1H), 3.99 (d, /= 5.8 Hz, 1H), 3.75 (s, 6H), 3.51 — 3.44 (m,
2H), 3.12 (t, J = 6.2 Hz, 2H), 1.27 (d, J = 6.2 Hz, 3H), 0.91 (s, 9H), 0.85 (s, 9H), 0.09 (s, 3H),
0.06 (s, 3H), -0.05 (s, 6H); *C NMR (101 MHz, Acetone-ds) 6: 171.6, 159.6, 154.8, 151.5,
151.3, 147.5, 146.1, 136.7, 131.1, 130.9, 129.7, 129.0, 128.5, 127.5, 126.1, 124.1, 121.9, 113.8,
90.2, 87.1, 84.8, 76.3, 71.9, 69.6, 65.6, 64.4, 60.3, 55.5, 35.3, 26.1, 25.9, 21.5, 18.7, 18.5, -4.1, -
4.6, -4.8, -5.2; HRMS (ESI): calculated for Cs¢H74N7012Si>": m/z = 1092.4929 [M+H]*; found:
m/z = 1092.4937 [M+H]".

Compound 40
N=\
0 N ”*\194
HNJLN (0] ©
0
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Eluent: 10% CH2Clz in EtOAc to pure EtOAc containing 0.1% of pyridine.

Yield: 85%; IR: v = 3854 (w), 3746 (w), 3650 (w), 3630 (w), 2931 (w), 2361 (w), 2341 (w),
1740 (s), 1700 (vs), 1654 (w), 1609 (s), 1587 (w), 1559 (w), 1508 (vs), 1472 (s), 1396 (w), 1345
(s), 1300 (w), 1250 (vs), 1176 (s), 1118 (vs), 1032 (vs), 986 (w), 912 (w), 835 (vs), 781 (s), 751
(W), 700 (w) cm'; TH NMR (400 MHz, Acetone-ds) : 10.11 — 10.06 (m, 1H), 8.61 — 8.55 (m,
1H), 8.47 (s, 1H), 8.45 (s, 1H), 8.13 — 8.05 (m, 2H), 7.71 (d, J = 1.4 Hz, 1H), 7.63 — 7.55 (m,
2H), 7.53 — 7.46 (m, 2H), 7.40 — 7.32 (m, 4H), 7.28 (td, /= 8.2, 7.7, 2.0 Hz, 2H), 7.25 - 7.18 (m,
1H), 7.06 (s, 1H), 6.88 — 6.81 (m, 4H), 6.13 (d, J = 4.4 Hz, 1H), 5.88 (s, 2H), 5.10 (1, /= 4.6 Hz,
1H), 4.75 (dg, J = 8.0, 4.2, 3.3 Hz, 1H), 4.56 — 4.51 (m, 1H), 4.47 — 4.36 (m, 2H), 4.30 — 4.25
(m, 1H), 4.03 — 3.93 (m, 1H), 3.77 (s, 3H), 3.76 (s, 3H), 3.50 — 3.40 (m, 2H), 3.16 — 3.11 (m,
2H), 3.12 - 3.04 (m, 2H), 1.05 (s, 9H), 0.86 (s, 9H), 0.06 (s, 3H), -0.04 (s, 3H); *C NMR (101
MHz, Acetone-ds) 6: 177.9, 172.1, 159.6, 153.9, 151.7, 151.3, 147.7, 147.6, 146.1, 143.3, 139.2,
138.8, 136.7, 131.1, 131.0, 130.0, 129.0, 128.6, 127.6, 124.6, 124.1, 118.2, 113.9, 90.1, 87.1,
84.7,76.4,71.9, 71.8, 68.8, 66.2, 64.4, 55.5, 39.2, 35.3, 31.0, 27.0, 26.1, 18.7, -4.6, -4.8; HRMS
(ESI): calculated for CssH7oNgO138i™: m/z = 1128.4857 [M+H]"; found: m/z = 1128.4885
[M+H]".
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Compound 41

HO  OTBS NO,

Yield: 70%; IR: ¥ = 2929 (w), 1735 (w), 1684 (w), 1569 (s), 1508 (vs), 1464 (s), 1344 (s), 1249
(vs), 1176 (w), 1015 (s), 800 (vs) 749 (s) cm'; '"H NMR (400 MHz, Acetone-ds) 6: 10.02 (d, J
=9.0 Hz, 1H), 8.55 (s, 1H), 8.51 (s, LH), 8.11 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 7.52
—7.47 (m, 2H), 7.37 (dd, /= 9.0, 2.2 Hz, 4H), 7.30 — 7.13 (m, 4H), 6.86 — 6.82 (m, 4H), 6.16 (d,
J=4.6Hz, 1H), 5.16 (t,J= 4.6 Hz, 1H), 4.57 - 4.39 (m, 5H), 4.30 (q, /= 4.6 Hz, 1H), 4.00 (d, J
= 5.8 Hz, 1H), 3.76 (s, 6H), 3.47 (d, J = 4.2 Hz, 2H), 3.16 (t, J = 6.5 Hz, 2H), 2.31 — 2.30 (m,
1H), 0.99 (d, J = 6.5 Hz, 3H), 0.95 (d, J = 6.5 Hz, 3H), 0.85 (s, 9H), 0.06 (s, 3H), -0.04 (s, 3H);
13C NMR (101 MHz, Acetone-dq) &: 172.2, 159.5, 154.3, 151.6, 151.3, 147.4, 146.1, 143.5,
136.6, 131.0, 130.0, 128.9, 128.9, 127.5, 126.1, 124.2, 121.7, 113.8, 90.3, 87.0, 84.7, 76.4, 71.9,
65.2, 64.3, 59.5, 55.4, 35.3, 31.5, 26.1, 19.6, 18.7, 18.2, -4.6, -4.8; HRMS (ESI): calculated for
Cs1He2N7011Si": m/z = 976.4277 [M+H]"; found: m/z = 976.4287 [M+H]".

Compound 42

(6]

AL

HN O

" N

¢ N O

N, =

o N
DMTO

HO  OTBS NO,

Yield: 85%; IR: ¥ = 2931 (w), 1748 (w), 1703 (s), 1609 (s), 1588 (w), 1509 (s), 1469 (s), 1345
(vs), 1250 (vs), 1177 (vs), 1035 (w), 835 (s) cm’'; 'H NMR (400 MHz, Acetone-ds) 8: 9.93 (t,J
= 5.5 Hz, 1H), 9.05 (br. s, 1H), 8.58 (s, 1H), 8.46 (s, 1H), 8.11 (d, /= 8.7 Hz, 2H), 7.58 (d, J =
8.7 Hz, 2H), 7.54 — 7.47 (m, 2H), 7.41 — 7.33 (m, 4H), 7.31 — 7.23 (m, 2H), 7.23 — 7.16 (m, 1H),
6.88 — 6.78 (m, 4H), 6.16 (d, J = 4.4 Hz, 1H), 5.10 (dd, J = 4.7 Hz, 1H), 4.53 (t, /= 5.1 Hz, 1H),
4.44 (t,J = 6.4 Hz, 2H), 4.30 (dt, / = 4.4 Hz, 1H), 4.13 (d, J = 5.5 Hz, 2H), 4.00 (d, /= 5.7 Hz,
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1H), 3.75 (s, 6H), 3.53 — 3.42 (m, 2H), 3.13 (t, J = 6.4 Hz, 2H), 0.85 (s, 9H), 0.05 (s, 3H), -0.05
(s, 3H); ®C NMR (101 MHz, Acetone-ds) &: 170.6, 159.6, 154.6, 151.7, 151.3, 151.2, 147.6,
147.4, 146.1, 143.6, 136.7, 131.1, 130.9, 129.1, 129.0, 128.6, 127.5, 124.2, 121.7, 113.8, 90.0,
87.1, 84.8, 76.4, 72.0, 65.2, 64.4, 55.5, 42.6, 35.3, 26.1, 18.7, -4.7, -4.8; HRMS (ESI):
calculated for C4sHssN+O11Si™: m/z = 934.3802 [M + H]"; found: m/z =934.3812 [M + H]".

Compound 43
{ "\/©’NOZ
o]
(o]
HNJLN O
H
Iy °
N —
o) N
DMTO
HO  OTBS NO,

Yield: 95%; TR: ¥ = 2930 (w), 1734 (s), 1698 (s), 1607 (s), 1509 (vs), 1466 (s), 1370 (vs), 1248
(s), 1174 (s), 1032 (s), 829 (vs), 699 (s) cm’'; "H NMR (400 MHz, Acetone-d) §: 10.29 (d, J =
7.9 Hz, 1H), 9.18 (s, 1H), 8.60 (s, 1H), 8.42 (s, 1H), 8.10 — 8,04 (m, 4H), 7.58 — 7.51 (m, 4H),
7.39 — 7.36 (m, 4H), 7.30 — 7.25 (m, 2H), 7.21 — 7.18 (m, 2H), 6.86 — 6.82 (m, 5H), 6.17 (d, J =
4.2 Hz, 1H), 5.10 (1,J = 4.5 Hz, 1H), 4.85 (dt, J="7.9, 5.2 Hz, 1H), 4.56 (q, J = 5.2 Hz, 1H), 4.46
— 428 (m, 5H), 4.02 (d, J = 5.9 Hz, 1H), 3.75 (d, J = 2.1 Hz, 6H), 3.53 — 3.44 (m, 2H), 3.13 —
3.06 (m, 4H), 3.00 — 2.96 (m, 2H), 0.86 (s, 9H), 0.07 (s, 3H), 0.03 (s, 3H); *C NMR (101 MHz,
Acetone-ds) &: 171.3, 171.2, 159.5, 154.2, 151.5, 150.6, 147.4, 147.2, 146.1, 143.6, 136.7,
131.0, 130.0, 129.0, 128.6, 127.5, 124.2, 113.8, 90.1, 87.0, 84.6, 76.4, 71.8, 65.7. 65.1, 64.3,
55.4, 50.6, 37.1, 35.2, 26.1, 18.6, -4.6, -4.8; HRMS (ESI): calculated for CssHesNgO1sSiNa':
m/z = 1163.4158 [M+Na]*; found: m/z = 1163.4159 [M+Na]".
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Compound 44a

N ~¢°

N—"~N NO,

DMTO “OTBS

Eluent: CH2Cl2/MeOH (20/1, v/v).

Yield: 82%; IR: v = 3245 (w), 2952 (w), 2931 (w), 1741 (w), 1699 (s), 1608 (s), 1587 (w), 1519
(s), 1509 (s), 1469 (w), 1345 (s), 1249 (s), 1176 (s), 1034 (w), 834 (s), 783 (w), 735 (vs), 701
(vs) em'; 'H NMR (400 MHz, CD:Cly) 8: 9.83 (d, J = 7.5 Hz, 1H), 8.29 (s, 1H), 8.17 (s, 1H),
8.06 (d, J = 8.7 Hz, 2H), 8.00 (s, 1H), 7.46 (d, J = 6.8 Hz, 2H), 7.38 — 7.32 (m, 7H), 7.31 — 7.20
(m, 7H), 7.18 — 7.14 (m, 2H), 6.82 (d, J= 8.9 Hz, 4H), 6.02 (d, /= 5.0 Hz, 1H), 5.02 (t, /= 5.0
Hz, 1H), 4.80 (q, J = 6.3 Hz, 1H), 4.44 — 4.32 (m, 3H), 4.24 (q, J = 3.8 Hz, 1H), 3.77 (s, 6H),
3.48 (dd, J =10.7 Hz, J = 3.2 Hz, 1H), 3.39 (dd, /= 10.7 Hz, J = 4.3 Hz, 1H), 3.16 (d, /= 6.3
Hz, 2H), 3.03 (t, J = 6.5 Hz, 2H), 2.67 (d, J = 4.7 Hz, 1H), 0.85 (s, 9H), 0.01 (s, 3H), -0.12 (s,
3H); 3C NMR (101 MHz, CD:Ch) &: 171.5, 153.3, 150.8, 150.6, 149.8, 149.4, 146.8, 145.8,
143.6, 136.2, 135.9, 129.9, 129.4, 128.5, 128.3, 127.2, 123.7, 123.6, 121.8, 91.0, 87.5, 74.8,
72.7,64.8, 63.1, 54.8, 37.8, 34.7, 25.3, 17.7, -5.7; HRMS (ESI): calculated for CssHs2N7011Si*:
m/z=1024.4271 [M+H]"; found: m/z = 1024.429 [M+H]",

Compound 44b

DMTO “OTBS

Eluent: CH2Cl2/MeOH (20/1, v/v).
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Yield: 85%; IR: #= 3231 (w), 2930 (w), 2858 (w), 1741 (w), 1697 (s). 1612 (s), 1587 (w), 1518
(vs), 1470 (s), 1344 (vs), 1253 (w), 1180 (w), 1134 (w), 1085 (w), 836 (s), 780 (s), 734 (vs), 698
(vs) cm™; '"H NMR (400 MHz, CD;Cl) 8: 9.83 (d, /= 7.5 Hz, 1H), 8.58 (br. s, 1H), 8.32 (s,
1H), 8.19 (s, 1H), 8.06 (d, J = 8.7 Hz, 2H), 7.99 (s, 1H), 7.46 (d. J = 6.9 Hz, 2H), 7.38 — 7.31 (m,
7H), 7.31 = 7.21 (m, 7H), 7.20 — 7.16 (m, 2H), 6.82 (d, J = 8.9 Hz, 4H), 6.05 (d, J = 4.7 Hz, 1H),
4.94 (1, J = 5.0 Hz, 1H), 4.81 (q, J = 6.3 Hz, 1H), 4.44 — 433 (m, 3H), 4.24 (q. J = 3.8 Hz, 1H),
3.77 (s, 6H), 3.48 (dd, J = 10.7 Hz, 3.1 Hz, 1H), 3.41 (dd, J = 10.7 Hz, 4.2 Hz, 1H), 3.16 (d, J =
6.9 Hz, 2H), 3.03 (. J = 6.5 Hz, 2H), 2.66 (d, J = 5.0 Hz, 1H), 0.86 (s, 9H), 0.02 (s, 3H), -0.09 (s,
3H); ®C NMR (101 MHz, CD;Cly) &: 171.4, 153.4, 150.7, 150.5, 149.8, 149.4, 146.8, 145.9,
143.7, 136.3, 129.9, 129.5, 128.5, 128.3, 127.2, 123.5, 123.5, 121.8, 91.0, 87.5, 74.9, 72.7, 64.8,
63.1, 54.9, 37.8, 34.7, 25.3, 17.8, -5.6; HRMS (ESI): calculated for CssHgN701iSi* m/z =
1024.4271 [M+H]"; found: m/z = 1024.4291 [M+H]".

Compound 45
o oTBS
HNJLN’;O
N H
¢TIy °
L
0.
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HO  OTBS NG,

Yield: 90%; IR: ¥ = 2930 (w), 1740 (s), 1694 (s), 1607 (w), 1582 (w), 1519 (vs), 1465 (w), 1345
(s), 1249 (s), 1176 (w), 1110 (w), 1034 (w), 820 (vs), 778 (s), 699 (w) cm™'; TH NMR (400
MHz, Acetone-ds) 6: 10.13 (d, J = 8.2 Hz, 1H), 8.99 (s, 1H), 8.58 (s, 1H), 8.44 (s, 1H), 8.09 (d,
J=8.7 Hz, 2H), 7.58 (d, J= 8.7 Hz, 2H), 7.51 (dd, J = 8.4, 1.3 Hz, 2H), 7.39 (d, /= 2.5 Hz, 2H),
7.37 (d, J=2.4 Hz, 2H), 7.32 — 7.18 (m, 4H), 6.87 — 6.83 (m, 4H), 6.18 (d, /= 4.7 Hz, 1H), 5.13
(t,J = 5.0 Hz, 1H), 4.62 (dt, J = 8.2, 2.8 Hz, 1H), 4.53 (q, J = 5.0 Hz, 1H), 4.45 (t, /= 6.3 Hz,
2H), 4.30 (td, J = 4.6, 3.4 Hz, 1H), 4.14 (dd, J = 10.2, 2.8 Hz, 1H), 3.96 (dd, / = 10.2, 2.8 Hz,
1H), 3.77 (s, 6H), 3.48 (qd, J = 10.5, 4.1 Hz, 2H), 3.16 (t, J = 6.3 Hz, 2H), 0.89 (s, 9H), 0.85 (s,
9H), 0.07 (s, 3H), 0.06 (s, 3H), 0.03 (s, 3H), -0.06 (s, 3H); *C NMR (101 MHz, Acetone-ds) 5:
170.0, 159.5, 154.1, 151.6, 150.6, 147.4, 146.1, 143.6, 136.7, 131.1, 130.9, 129.0, 128.6, 127.6,
124.6, 124.2, 121.8, 113.8, 89.9, 87.1, 84.9, 76.5, 72.0, 65.8, 64.3, 56.4, 55.4, 35.3, 27.2, 26.1,
18.7, 18.4, -4.6, -4.9, -5.3, -5.5; HRMS (ESI): calculated for CssH7iN7O2Si:Na*: m/z =
1100.4597 [M+Na]*; found: m/z = 1100.4620 [M+Na]".
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General synthesis of RNA phosphoramidites

O R
HNJLNVKfO

N H

¢ N ©

N

o
DMTO
o ‘otes NO,

- P“OH
)\

In an oven-dried flask under argon atmosphere, 5'-DMT protected compound (1 eq.) was
dissolved in CH>Cl: and cooled to 0 °C. Hiinig’s base (4 eq.) was added dropwise followed by
the addition of 2-cyanoethyl N, N-diisopropylchlorophosphoramidite (2.5 eq.). The solution was
stirred at room temperature for 2 h. The reaction was quenched by addition of sat. NaHCOs;
solution, and then extracted three times with CH>Cl.. The organic phase was dried over Na;SOa,
filtered and concentrated in vacuo. The residue was purified by flash chromatography, eluting
with Hex/EtOAc (1/1, v/v) containing 0.1% of pyridine, unless otherwise specified. The

phosphoramidite was obtained as a mixture of diastereomers as white foam.

Compound 46
0 I;TBS
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o) N
DMTO
o ‘otBs NO,

AN

Yield: 85%; ¥'P NMR (162 MHz, Acetone-ds) 8: 150.16, 148.45; HRMS (ESI): calculated for
CesHo1N9O13PSi2": m/z = 1292.6007 [M+H]*; found: m/z = 1292.6033 [M+H]".
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Compound 47

: “otBS NO2

Eluent: 30% CH2Clz in EtOAc containing 0.1% of pyridine.
Yield: 66%; 7P NMR (162 MHz, Acetone-ds) 8: 150.26, 148.61; HRMS (ESI): calculated for
Cs7Hg7N11014PSi": m/z = 1328.5935 [M+H]'; found: m/z = 1328.5944 [M+H]".

Compound 48

O
HNJL

DMTO

&

g ‘otes NO,

s &N

Yield: 87%; 3'P NMR (162 MHz, Acetone-ds) 8: 150.22, 148.65; HRMS (ESI): calculated for
CsoH79N9O12PSi": m/z = 1176.5355 [M+H]"; found: m/z = 1176.5359 [M+H]".
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Compound 49

o}

NO;

Yield: 86%; *'P NMR (162 MHz, Acetone-ds) 8: 150.32, 148.60; HRMS (ESI): calculated for
Cs7H72NoO12SiPSi™: m/z = 1134.4880 [M+H]"; found: m/z = 1134.4894 [M + H]*.

Compound 50

O
(e}
HNJL

o}

o ‘otes

¢
CN

Yield: 65%; TP NMR (162 MHz, Acetone-ds) 8: 150.15, 148.67; HRMS (ESI): calculated for

Cs7HsaN10016PSi™: m/z = 1341.5417 [M+H]"; found: m/z = 1341.5437 [M+H]".
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Compound 51a

N ©
N
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I s
N N
O
DMTC OTBS

Yield: 67%; 3P NMR (162 MHz, CD:Cl;) &: 150.7, 149.1; HRMS (ESI): calculated for
CeaH7oNoO12PSit: m/z = 1224.5350 [M+H]’; found: m/z = 1224.5374 [M+H]".

Compound 51b

P

"

P 0‘/\©g
N SN NO
2\ 2
L)
0

DMTO 0TBS
-0,

Yield: 67%: P NMR (162 MHz, CD:CL) &: 150.6, 148.9; HRMS (ESI): calculated for
CasH7oNoO12PSi*: m/z = 1224.5350 [M+H]"; found: m/z = 1224.5383 [M+H]".
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Compound 52

0 OTBS
HN" SN o
Sy "o
5 ) v
DMTO
g ‘otes NO,

Yield: 70%; *'P NMR (162 MHz, Acetone-ds) : 150.34, 148.45; HRMS (ESD): calculated for
CsaHgoNoO13PSiz™: m/z = 1278.5856 [M+H]"; found: m/z = 1278.5877 [M+H]".

2.2. Synthesis of DNA building block

Compound 54

NH,

N x>

N

¢ I

N7T>N

~Y

AcO \
AcO

The compound was synthesized according to the published procedure.’

Acetic anhydride (1.1 ml, 11.5 mmol, 6.2 eq.) was added to a mixture of deoxyadenosine
monohydrate 53 (0.5 g, 1.85 mmol, 1 eq.), pyridine (7 ml) and 4-(dimethylamino)pyridine (25
mg, 0.4 mmol, 0.1 eq.). The reaction mixture was stirred at room temperature for 4 hours.
Subsequently, iced water was added, and the mixture was concentrated and co-evaporated with
toluene. The compound was used for further steps without additional purification.

Yield: 99%; 'H NMR (400 MHz, CDCl3) &: 8.23 (s, 1H), 7.92 (s, 1H), 7.26 (s, 2H), 6.34 (dd, J
=17.9, 6.0 Hz, 1H), 5.34 — 5.32 (m, 1H), 4.32 — 4.24 (m, 3H), 2.87 — 2.80 (m, 1H), 2.57 — 2.52
(m, 1H), 2.04 (s, 3H), 2.00 (s, 3H). HRMS (ESI): calculated for Ci4sHsNsOs": m/z = 336.1302
[M+H]"; found: m/z = 336.1305 [M+H]".

The analytical data is in agreement with the literature.’
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Compound 55
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The acetyl-protected deoxyadenosine derivative 54 (0.5 g, 1.5 mmol, 1 eq.) was dissolved in dry
CH:Cl> under nitrogen atmosphere. 1-N-methyl-3-phenoxycarbonyl-imidazolium chloride (22;
0.71 g, 3 mmol, 2 eq.) was added to the reaction mixture and the resulting suspension was stirred
at room temperature for 2 hours (the solution in time becomes clear). Afterwards the protected
threonine derivative 7 (1.1 g, 3 mmol, 2 eq.) was added together with TEA (415 pl, 3 mmol, 2
eq.) as a solution in CH>Cl> and the resulting solution was stirred overnight at room temperature.
The reaction was quenched by addition of saturated aqueous NaHCOs solution. The solution was
extracted three times with CH>Clz, and the organic phase was dried, filtered and concentrated in
vacuo. The acetyl groups were immediately deprotected with 7N NH3i/MeOH (2 ml). After
stirring 2 hours at room temperature, the reaction mixture was evaporated. The residue was

purified via flash chromatography eluting with CH>Cl/MeOH (10/1, v/v).

Yield: 65%; IR: ¥ = 3227 (w), 2929 (w}), 2855 (w), 1734 (w), 1686 (vs), 1610 (s), 1587 (s), 1518
(vs), 1465 (vs), 1344 (vs), 1312 (w), 1248 (s), 1213 (w), 1094 (vs), 939 (s), 827 (vs) cm™; 'H
NMR (400 MHz, Acetone-ds) 5: 10.02 (d, J = 8.6 Hz, 1H), 9.40 (s, 1H), 8.70 (s, 1H), 8.39 (s,
1H), 7.91 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.2 Hz, 2H), 6.54 (1, J = 6.7 Hz, 1H), 4.67 (s, 1H),
4.51 (d,J = 9.3 He, 2H), 4.38 (t, J = 5.6 Hz, 2H), 4.09 (s, 1H), 3.86 — 3.67 (m, 2H), 3.08 (1, J =
5.6 Hz, 2H), 2.90 (dt, /= 13.0, 6.7 Hz, 1H), 2.52 — 2.41 (m, 1H), 2.01 (s, 1H), 1.93 (s, 1H), 1.23
(d, J= 5.9 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 3H), -0.06 (s, 3H); *C NMR (101 MHz, Acetone-ds)
5: 171.5, 155.1, 151.1, 150.9, 147.4, 144.2, 130.9, 124.0, 122.0, 89.8, 86.8, 72.6, 69.5, 65.5,
63.3, 414, 352, 30.6, 26.0, 21.5, 20.5, 184, -4.2, -5.2; HRMS (ESI): calculated for
CaoHx2N706Si*: m/z = 660.2813 [M+H]"; found: m/z = 660.2812 [M+H]".
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Compound 56
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The 3'-5'-deprotected adenosine derivative 55 (0.34 g, 0.52 mmol, 1 eq.) was dissolved in
pyridine under N2 atmosphere. DMT chloride (0.26 g, 0.77 mmol, 1.5 eq.) was added in two
portions and the mixture was stirred at room temperature overnight. Then the volatiles were
evaporated, and crude product was purified by flash chromatography eluting with CH>Cl./MeOH
(10/1/, v/v) with an addition of 0.1% of pyridine to afford the DMT protected derivative.

Yield: 72%; IR: ¥ = 2960 (w), 2930 (w), 1734 (w), 1696 (s), 1609 (s), 1586 (w), 1520 (vs), 1509
(vs), 1467 (s), 1345 (vs), 1304 (w), 1250 (vs), 1175 (s), 1095 (w), 1034 (5), 940 (w), 828 (vs),
777 (s), 699 (w) cmr'; 'TH NMR (400 MHz, Acetone-dg) &: 10.02 (d, J = 9.1 Hz, 1H), 8.98 (s,
1H), 8.52 (s, 1H), 8.34 (s, 1H), 7.96 (d, J = 8.7 Hz, 2H), 7.51 (d,.J= 8.7 Hz, 2H), 7.42 (d, J = 7.1
Hz, 2H), 7.31 — 7.28 (m, 4H), 7.24 — 7.12 (m, 3H), 6.79 — 6.74 (m, 4H), 6.55 (t, /= 6.4 Hz, 1H),
4.76 (q, J = 4.2 Hz, 1H), 4.64 — 4.58 (m, 1H), 4.55 (ddd, J = 10.6, 7.7, 1.5 Hz, 2H), 441 (t, J =
6.2 Hz, 2H), 4.25 — 4.18 (m, 1H), 3.74 (d, J = 3.3 Hz, 6H), 3.43 (dd, /= 10.2, 5.9 Hz, 1H), 3.35
(dd, J=10.2, 4.0 Hz, 1H), 3.17 — 3.10 (m, 3H), 2.58 — 2.52 (m, 1H), 1.29 (d, J = 6.3 Hz, 3H),
0.93 (s, 9H), 0.11 (s, 3H), -0.01 (s, 3H); *C NMR (101 MHz, Acetone-ds) &: 171.6, 159.4,
154.9, 151.2, 151.0, 147.4, 146.1, 143.9, 136.8, 131.0, 130.9, 130.8, 128.9, 128.4, 127.4, 124.0,
122.0, 113.7, 87.7, 86.8, 86.1, 72.6, 69.6, 65.4, 65.1, 60.3, 55.4, 40.0, 35.3, 26.0, 21.5, 18.4, -4.1,
-5.2; HRMS (ESI): calculated for CsoHgoN7O11Si™: m/z = 962.4120 [M+H]"; found: m/z =
962.4136 [M+H]".
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Compound 57
OTBS

S~
- NO,
N
3
N N
r(oj
DMTO

0,
\P’O
\/\CN

-
In an oven-dried flask under argon atmosphere, 5-DMT protected compound 56 (0.1 g, 0.1
mmol, 1 eq.) was dissolved in CH:Cl: and cooled to 0 °C. Hiinig’s base (72 pl, 0.4 mmol, 4 eq.)
was  added  dropwise  followed by the addition of  2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (60 ul, 0.25 mmol, 2.5 eq.). The solution was stirred at room
temperature for 2 h. The reaction was quenched by addition of sat. NaHCO; solution, and then
extracted three times with CH2Cly. The organic phase was dried over Na;SOs, filtered and
concentrated in vacuo. The residue was purified by flash chromatography, eluting with
Hex/EtOAc (1/2, v/v) containing 0.1% of pyridine. The phosphoramidite was obtained as a
mixture of diastereomers as white foam.
Yield: 62%; *'P NMR (162 MHz, Acetone-dg) : 148.00, 146.59; HRMS (ESI): calculated for
CsoH7sNoNaO2PSi*: m/z = 1184.5018 [M+Na]; found: m/z = 1184.5021 [M+Na]".
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3. Synthesis and Purification of Oligonucleotides

All of the oligonucleotides used in this study were synthesized on a 1 pmol scale using a DNA
automated synthesizer (Applied Biosystems 394 DNA/RNA Synthesizer) with standard
phosphoramidite chemistry. The phosphoramidites of canonical ribonucleosides were purchased
from Glen Research and Sigma-Aldrich. Oligonucleotides containing non-canonical nucleosides
were synthesized in DMT-OFF mode using phosphoramidites (Bz-A, Dmf-G, Ac-C, U) with
BTT in CH3CN as an activator, DCA in CH2Cl: as a deblocking solution and Ac.O in
pyridine/THF as a capping reagent. For deprotection of npe-group the solid support was treated
with DBU solution (10% in THF, 1 ml) for 2 h at room temperature. Subsequently, the
supernatant was removed, and the beads were washed with THF and dried under vacuum. The
solid support was suspended in a mixture of aqueous ammonia and methylamine (1:1, 1 ml) at
room temperature for 1 h. The supernatant was removed, and the beads were washed with water.
The supernatant and washings were combined, and the solvents were evaporated under reduced
pressure. The residue was subsequently heated with a solution of triethylamine trihydrofluoride
(125 pl) in DMSO (50 pl) at 65 °C for 1.5 h. The RNA was precipitated by addition of aqueous
NaOAc solution (3M, 25 pl) and n-butanol (1 ml). To ensure complete precipitation, the sample
was incubated at -80 °C for 1 h. After centrifugation (4 °C, 4000 rpm, 15 min), the supernatant
was removed, and the precipitated RNA was lyophilized. The oligonucleotides were further
purified by reverse-phase HPLC using a Waters Breeze (2487 Dual A Array Detector, 1525
Binary HPLC Pump) equipped with the column VP 250/32 CI8 from Macherey Nagel.
Oligonucleotides were purified using the following buffer system: buffer A: 100 mM
NEt:/HOAc, pH 7.0 in H>O and buffer B: 100 mM NEt;/HOAc in 80 % (v/v) acetonitrile. A
flow rate of 5 ml/min with a gradient of 0-25 % of buffer B in 30 min was applied for the
purifications. Analytical RP-HPLC was performed on an analytical HPLC Waters Alliance
(2695 Separation Module, 2996 Photodiode Array Detector) equipped with the column Nucleosil
120-2 C18 from Macherey Nagel using a flow of 0.5 mL/min, a gradient of 0-30% of buffer B in
45 min was applied. Calculation of concentrations was assisted using the software
OligoAnalyzer 3.0 (Integrated DNA Technologies: https://eu.idtdna.com/calc/analyzer). For
strands containing non-canonical base, the extinction coefficient of their corresponding
canonical-only strand was employed without corrections. The structural integrity of the

synthesized oligonucleotides was analyzed by MALDI-TOF mass measurements.
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Sequences of synthesized strands:

ONI:
ON2:
ON3:
ON4:
ONS5:
ONGé:
ONT:
ONS:
ON9:

5'GUCIPACCUGA 3’

5" GUCgPACCUGA 3'

5" GUCval’ACCUGA 3'

5' GUChis®PACCUGA 3'

5' GUCasp®ACCUGA 3'

5' GUC-L-phe®ACCUGA 3'

5' GUC-D-phe®ACCUGA 3'

5' AUCGIPACUACGt°AAUCGCI*AACCG 3'

5' AGAUGUG-ser®A-asp®A-his®A-GAGAUGA 3'

ODNI1: 5' d(GTCt*dACCTGA) 3'
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Figure S1. HPLC and MALDI data of oligonucleotides ON1-ONS.
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Figure S2. HPLC and MALDI data of oligonucleotides ON6-ODNI.
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4. UV Melting Curve Measurements

The UV melting curves were measured on JASCO V-650 spectrometer using 10 mm QS
cuvettes, purchased from Hellma Analytics. A solution (80 pL) of equimolar amounts of
oligonucleotides (4 pM each) in the buffer solution containing 10 mM sodium phosphate buffer
(pH 7.0) and 150 mM NaCl was heated at 90 °C for 2 min and gradually cooled to 4 °C prior to
the measurement. Melting profiles were recorded at temperatures between 5 and 75 °C with a
ramping and scanning rate of 1 °C/min at 260 nm. All samples were measured at least three
times. Ty, values from each measurement were calculated using the “fitting curve” method and

presented as an average of three independent measurements.
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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, "*C{'H} NMR and *'P{'H} NMR were recorded on a Bruker Ascend 400 spectrometer (400 MHz for 'H NMR,
100 MHz for "3C NMR and 162 MHz for *'P NMR) or a 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 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 ch ization data

2.1 Nuclecbase-modified 5-methyluridine phosphoramidites

0 o o
\{I\NH 1) (BuSIOTN,, \f‘\w Hr‘d/\fj\NH
N /&0 2) ?é‘spc-_ imidazole, N /&g 1) NBS. AlBN R N /&c T::;gﬂs:g:?.
o 0 o CHCI, 60°C o I
Ho/\g_j’ o‘/-_{_j . 2) 2M MeNH; in THE q/-g_j" TWCV\';;IVOH
HG oM ) CTES  w NH:"" dioxane ) OT8S  gpc, HOB, DIPEA,
tBu t8u r

1 2
o Q
R?, R?,
N NH N NH
& | /g At I /& CED-CI
N HF-Py, DM, N DMTICI, Py, DIPEA, DCM
o o' o 0°Ctort o 0'Ctort
— —_— —_—
v 3 o & "« & '4,
_si-g®  omss We' 0TBS We oTBS
8”1
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Scheme $1. Synthesis of nucleobase-madified 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 CHCI3 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 NH; (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 aq. sat. NaHCO; 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%; R: = 0.1 (9:1 DCM/MeOH); IR (ATR) 7 (cm'): 2931 (w), 2858 (w), 2359 (w), 1682 (s), 1462 (m),
1386 (w), 1254 (m), 1202 (w), 1167 (w), 1115 (m), 1057 (s), 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]* Caled. for CasHssNsOsSiz 542.3076; Found 542.3076.

3b: Yield: 29%; R: = 0.25 (100:5 DCM/MeOHY); IR (ATR) 7 (em™): 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=9.5,4.8Hz, 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); 3C{'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) miz: [M+H]* Calcd. for CasHasNsOsSiz 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 viv) 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;0. The combined organic layers were washed
with water, dried (MgSOs), 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 F d 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 (HOBt-H;Q) (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 concenfrated. Purification by silica gel column chromatography furnished the amino acid conjugate 4¢ as a
white foam.

4a: Yield: 79%; Re = 0.34 (4:1 i-Hexane/EtOAC); IR (ATR) ¥ (cm™'): 3054 (w), 2956 (w), 2359 (w), 1692 (m), 1463
(W), 1422 (), 1264 (), 1214 (w), 1167 (w), 1146 (w), 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); *C{"H} NMR (100 MHz, CDCls, 298 K) & (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) miz: [M+H]* Calcd. for Ca1HsoN;OsSis 686.3683; Found 686.3683.

4b: Yield: 89%; Ry = 0.23 (4:1 i-Hexane/EtOAc); IR (ATR) 7 (cm'): 2037 (w), 2359 (w), 2167 (w), 1690 (m), 1470
(w), 1251 (m), 1213 (w), 1127 (w), 1081 (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 =46 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) miz: [M+H]* Calcd. for CaoHssNaOsSis 672.3526; Found 672.3535.

4c: Yield: 87%; Ry = 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, CDCls, 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) 6 (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, 271, 26.0, 22.8, 20.5, 19.6, 184, 17.8, 17.1, -1.3, 4.2, -5.0, HRMS (ESI) m/z: [M+H]* Calcd. for
CasHsoN2OsSis 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) ¥ {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, TH), 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);
BC{'"H} NMR (100 MHz, CDCl;, 298 K) & (ppm): 163.8, 157.4, 150.5, 141.9, 111.4, 0.2, 85.8, 75.3, 71.3, 64 .1,
62.2, 44.5, 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 C23H44N30sSiz 546.2661; Found 546.2666.

5b: Yield: 95%; Ry = 0.23 (100:5 DCM/MeCHY); IR (ATR) 7 (cm'): 3386 (w), 2950 (w), 2854 (w), 2362 (w), 1674
(s), 1524 (m), 1470 (m), 1390 (w), 1333 (w), 1248 (s), 1179 (w), 1115 (m), 1086 (w), 1060 (s), 1001 (w), 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 (¢, 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, BH), 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) miz: [M+H]* Calcd. for
Ca2HizN305Si; 532.2505; Found 532.2509.

5c: Yield: 91%; Ry = 0.18 (100:5 DCM/MeCH); IR (ATR) # (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), 545 (d, J = 9.9 Hz, 1H), 459 (d, J = 15.0 Hz, 1H), 4.49 (dd, J
=99, 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, CDCl,, 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 CzsHsaN4OgSiz 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-¢ (1.0 equiv.) in pyridine was added 4,4'-
dimethoxytrityl chloride (DMTrCl) (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) ¥ (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 CssHsoN3O10Si> 846.3823; Found 846.3825.

6b: Yield: 85%; Ry=0.33 (2:1 i-Hexane/EtOAc); IR (ATR) ¥ (cm): 3342 (w), 2950 (w), 2855 (w), 2358 (w), 1708
(s), 1607 (w), 1582 (w), 1508 (m), 1462 (m), 1380 (w), 1248 (s), 1175 (m), 1116 (m), 1089 (w), 1063 (m), 1035
(m), 969 (w), 937 (w), 858 (m), 835 (s), 780 (s), 754 (m), 726 (w), 699 (m); 'H NMR (400 MHz, acetone-ds, 298 K)
3 (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, 184, -1.4, 4.6, -4.7; HRMS (ESI) m/z: [M+H]" Calcd. for
CuaHeoNaO10Si> 834.3812; Found 834.3801.

6c: Yield: 89%; Ry = 0.42 (1:1 i-Hexane/EtOAc); IR (ATR) ¥ (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 (w),
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, /=89
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=6.7 Hz, 3H), 0.12 (s, 3H), 0.11 (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): 172.0, 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] Caled. for CuaHgoN4O11Siz 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 (MgSQ.), 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
diasterecisomers and rotamers as a white foam.

7a: Yield: 78%; Ry =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 CsaHzNsO11PSiz 1046.4901, Found 1046.4896

7b: Yield: 81%; R: = 0.57 (1:1 i-Hexane/EtOAc); *'P{'H} NMR (162 MHz, acetone-ds, 298 K): & (ppm): 150.2, 148.3;
HRMS (ESI) m/z: [M-H] Calcd. for Cs2Hz7NsO11PSi; 1032.4744; Found 1032.4745.

7c: Yield: 89%:; R: = 0.45 (1:1 i-Hexane/EtOAc); *'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.*
NO,
el

DIAD, PPhy, CHCl;
Boc-aa,-OH P e H-aa,-Onpe
2) 4 1 HClidioxane

aa, = Ala, 79%
aa, = Leu, 96%

aa, = Pro, 73%

aa, = Met, 92%

88, = Gly-Gly, 67%

82, = Al2-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 PPhs (1.3 equiv.) were dissolved in dry CHzCl; 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;S0Ox),
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 HCI 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 aq. sat. NaHCOj; and the
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crude was extracted with EtOAc. The organic layer was dried (Na>S0.), 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) ¥ (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 (q, J = 7.2 Hz, 1H), 3.10 (t, J = 6.3 Hz, 2H), 1.33 (d,
J=7.2 Hz, 3H); 3C{"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 C11H1sN2Q4: 239.1026; Found 239.1027.

H-Leu-Onpe*HClI: 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 (1, J = 5.3 Hz, 6H); "*C{'"H} NMR (100 MHz, DMSO-
ds, 298 K) & (ppm): 169.8, 146.4, 130.4, 1234, 65.3, 50.4, 33.8, 23.7, 22.2, 21.8; HRMS (ESI) miz: [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, CDCl;, 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); "3C{'"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 Ci3H7NzOs4
265.1183; Found 265.1179.

H-Met-Onpe+HCl: 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), 3.1 (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-ds, 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 C13H1aN204S 299.1060; Found
299.1058.

Procedure B (for Gly-Gly and Ala-Gly-Gly-Gly): Step 1. Boc-aa«-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 aq. citric acid solution
atr.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. NaHCO; solution and water. The organic layer was dried (Na;SQs4),
filtered and concentrated. The crude was purified by silica gel column chromatography affording the boc- and npe-
protected peptide. Step 2. Boc-aas-Onpe (1.0 equiv.) was dissolved in 4 M HCI 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 Et;0, 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) # {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-ds, 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 C12H15N30s 282.1084; Found 282.1086.

H-Ala-Gly-Gly-Gly-Onpe*HCI: Yield: 60% over two steps; IR (ATR) ¢ (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-ds, 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 C17H24NsO7 410.1670; Found: 410.1671.
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2.3 Nucleobase-modified Né-carbamoyl adenosine phosphoramidites
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Scheme $3. 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 NEta (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 (MgSQs,), 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%; Ry = 0.70 (4:3 -Hexane/EtOAc); IR (ATR) ¥ (cm'): 3239 (w), 2029 (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), 4.68-4.53 (m, 1H), 4.58 (d, J = 4.6 Hz, 1H),
4.55-4.37 (m, 4H), 4.27-4.22 (m, TH), 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) miz: [M+H]* Calcd. for CasHssN7OsSiz
786.3673; Found 786.3682.
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10d: Yield: 82%; R; = 0.43 (4:3 i-Hexane/EtOAc); IR (ATR) ¥ (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, CDCly, 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 CasHeaN;OpSiz
828.4142; Found 828.4149.

10f: Yield: 71%; Rr = 0.25 (6:4 DCM/EtOAC); IR (ATR) ¥ (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, 46 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)
miz: [M+H]* Calcd. for CagHssN7OeSiz 812.3829; Found 812.3835.

10h: Yield: 98%; Ry = 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, TH), 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, GDCls, 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, 31.7, 30.2, 276, 27.2, 26.0, 22.9, 20.5, 18.5, 156, -4.1, -4.9; HRMS (ES|) m/z: [M+H]* Calcd. for
CasHsoN70gSSiz 846.3706; Found 846.3704.

10j: Yield: 77%; Ry = 0.29 (2:1 i Hexane/EtOAC); IR (ATR) ¥ (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 Co7HaN;05Siz 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>CO; (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 (MgS0.), 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 (1, 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,
166.2, 163.2, 1561.7, 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 CasHssN7OgSi> 786.3673;
Found 786.3674.

11b: Yield: 85%; Ry = 0.60 (5:3 DCM/EtOAc); IR (ATR) v (cr™'): 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) & (ppm): 8.51 (s, 1H), 8.10 (d, J = 8.7 Hz, 2H), 8.01 (s, TH), 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) & (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 Cs;HssN7OgSi, 800.3829; Found 800.3836.

11c: Yield: 90%; R = 0.34 (1:1 i-Hexane/EtOAc); IR (ATR) ¥ (cm'): 3246 (m), 2977 (w), 1732 (m), 1686 (s), 1524
(), 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) miz: [M+H]* Calcd. for CagHe2N;OeSi; 828.4142; Found 828.4143.

11d: Yield: 76%; Ry = 0.47 (5:3 i-Hexane/EtOAc); IR (ATR) ¢ (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, CDCl;, 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, 120.9, 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 CaoHesN7OsSiz 842.4299; Found 842.4296.

11e: Yield: 73%; Rr= 0.34 (4:3 -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 CasH7aN:O10Sis 944.4799; Found: 944.4793.

11f: Yield: 73%; Ry = 0.30 (8:2 DCM/EtOAC); IR (ATR) 7 (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,
CDCls, 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 CsaHsoN7OsSiz 826.3985; Found
826.3991.

11g: Yield: 85%; Ry = 0.50 (2:1 -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 (s), 895 (w), 826 (s), 778 (s); 'H NMR
(400 MHz, CD:Clz, 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 (g, J = 6.5 Hz, 1H), 4.59 (d, J =
4.6 Hz, 1H), 4.53-4.42 (m, 2H), 4.38 (ld, J = 6.5, 3.9 Hz, 2H), 4.25 (id, 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:Clz, 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, 274, 26.2, 23.1, 20.8, 18.8, -4.0, -4.7; HRMS (ESI) m/z: [M+H]" Calcd. for Cy3HsN7OsSiz
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), 8.00 (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, H), 4.59 (d, J = 4.6 Hz, 1H), 4.52 (dd, J = 9.2, 5.1 Hz, TH), 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, TH), 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,
CDCly, 298 K) & (ppm): 172.3, 155.7, 163.2, 1517, 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)
miz: [M+H]* Calcd. for CasHe:N7OsSSiz 860.3863; Found 860.3858.
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11i: Yield: 77%; R: = 0.40 (8:2 DCM/EtOAG); 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=
7.5,4.5Hz, 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, TH), 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, 27.8, 27.1, 26.0, 22.9, 20.5, 18.5, -4.1, -4.9; HRMS (ESI) miz: [M+H]* Calcd. for
CusHes015NsSi, 993.4203; Found 993.4215.

11j: Yield: 74%; Ry = 0.34 (4:1 i Hexane/EtOAC); IR (ATR) # (cm™): 3121 (w), 2933 (m), 2896 (w), 2857 (m), 2168
(w), 1692 (s), 1570 (s), 1525 (s), 1469 (s), 1422 (w), 1360 (m), 1328 (m), 1308 (w), 1299 (w), 1278 (m), 1249 (m),
1218 (w), 1198 (w), 1165 (s), 1141 (s), 1111 (m), 1062 (s), 1024 (s), 1001 (), 968 (w), 889 (m), 825 (s), 784 (s);
H NMR (600 MHz, CDCl3, 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, 288 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
CasHagN7O5Siz 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. NaHCQO; solution and
extracted three times with DCM. The combined organic layers were washed with water, dried (MgSQOa), 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/MeQH); 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), 581 (d, J=7.3
Hz, 1H), 5.12 (dd, J = 7.3, 4.9 Hz, 1H), 443 (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);
BC{'"H} NMR (100 MHz, CDCl3, 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 C2sHaoN;OsSi 646.2651; Found 646.2645.

12b: Yield: 95%; Ry = 0.40 (100:5 DCM/IPA); IR (ATR) 7 (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); *C{'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 C25H42N7O¢Si 660.2808; Found: 660.2807.

12¢: Yield: 95%; R = 0.16 (100:3 DCM/MeOH); IR (ATR) 7 (cri™'): 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
(w), 1016 (m), 807 (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), 0.84 (d, J = 6.9 Hz, 3H),
0.81 (s, 9H), -0.16 (s, 3H), -0.37 (s, 3H); 3C{'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,
256, 19.6, 18.1, 17.9, -5.2, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for Ca1HssN;04Si 688.3121; Found 688.3120.

12d: Yield: 98%; R = 0.52 (9:1 DCM/MeOH); IR (ATR) 7 (cm™"): 3244 (w), 2952 (w), 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);
'H 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, TH), 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:HasN;QsSi 702.3277; Found:
702.3279

12e: Yield: 94%: R: = 0.37 (9:1 DCM/MeOH); IR (ATR) ¢ (cm"): 3244 (w), 2952 (w), 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);
H 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) 3 (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 CHssN:010Siz 804.3778; Found:
804.3768.

12f: Yield: 82%; Ry = 0.15 (98:2 DCM/IPA); IR (ATR) v (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, CDCl3, 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);
BC{'H} NMR (100 MHz, CDCls, 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 Cs1HasN7OsSi 686.2964; Found
686.2963.

12g: Yield: 90%; R: = 0.50 (98:2 i-Hexane/EtOAC); IR (ATR) ¥ (cm™'): 3391 (w), 3194 (w), 2951 (w), 2855 (w), 1738
(s). 1681 (s), 1568 (s), 1516 (s), 1468 (s), 1344 (s), 1261 (s), 1171 (s), 1128 (s), 1091 (s), 1016 (s), 836 (s), 779
(s); "H NMR (400 MHz, CD,Clz, 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, 1421, 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 CasHasN70sSi 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), 812 (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),
4.38 (1, 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); 1*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, 654, 62.8, 54.2, 35.3,34.9, 32.2, 30.6, 26.0, 18.6, 15.1, -4.9, -5.1; HRMS (ESI) mi/z:
[M+H]* Caled. for CasHaeN;0eSSi 720.2841; Found 720.2833.

12i: Yield: 83%; R = 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 = 125, 12.5 Hz, 1H), 3.06 (t, J = 6.7 Hz, 2H), 3.01 (1, 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): “C{"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, 728,
65.2, 64.5, 635, 50.6, 36.6, 34.9, 34.8 (x2), 256, 17.9, -5.2, -5.3; HRMS (ESI) miz: [M+H]' Calcd. for
CisHaeO13N:Si 853.3182; Found 853.3187.

12j: Yield: 92%; Ry = 0.44 (10:1 DCM/MeOH); IR (ATR) 7 (cmv'): 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); “C{'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,
72.9,63.5, 35.2, 29.2, 25.6, 18.0, -5.1, -5.3; HRMS (ESI) m/z: [M+H]* Calcd. for CogHzaN;O5Si 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 DMTrCl (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%; Ry = 0.16 (1:1 i-Hexane/EtOAC); IR (ATR) # (cm'): 3320 (w), 2929 (w), 2853 (w), 1749 (w), 1681
(m), 1606 (w), 1568 (m), 1510 (s), 1466 (m), 1345 (s), 1300 (W), 1250 (), 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), 4.1 (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,
434, 35.3, 34.8, 26.1, 18.7, -4.6, -4.8; HRMS (ESI) m/z: [M+H]* Calcd. for CagHssN;O1:Si 948.3958; Found
948.3949.

13b: Yield: 85%; Ry = 0.70 (4:1 DCM/EtOAC); IR (ATR) ¥ (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)
& (ppm) 10.91 (d, J = 6.5 Hz, 1H), 8.44 (s, 1H), 8.17 (s, TH), 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, TH), 4.97
(t, J = 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
=107, 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, 1406, 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
CsoHeoN7011Si 962.4115; Found 962.4128.

13c: Yield: 75%; Ry = 0.15 (2:1 -Hexane/EtOAC); IR (ATR) # (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, TH), 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 (1. 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); 3C{'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;HeiN;O+:Si 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 (s), 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,
1631, 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, 1233,
113.9,90.0, 87.1, 84.7, 76.5, 71.9, 65.1, 64.3, 555, 53.7, 41.7, 35.3, 34.8, 26.1, 25.8, 23.1, 22.2, 18.7, -4.6, -4.8;
HRMS (ESI) miz: [M+H]* Calcd. for Cs;HssN;O11Si 1004.4584; Found 1004.4579.

13e: Yield: 68%; Ry = 0.22 (2:1 -Hexane/EIOAC); 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 (), 776 (s), 703 (s);
H NMR (400 MHz, acetone-ds, 298 K) & (ppm): 10.89 (d, J = 8.7 Hz, 1H), 8.50 (s, TH), 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), 5.1 (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, BH); *C{'H} NMR (100 MHz, acetone-ds,
298 K) 5 (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 Cs7HzsN7O12Si; 1106.5085; Found: 1106.5103.

13f: Yield: 80%; R: = 0.30 (6:4 DCM/EtOAC); IR (ATR) ¥ (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-dgs, 298 K) 5 (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, /=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;Hs2N7011Si 988.4270; Found 988.4280.

13g: Yield: 90%; R = 0.50 (5:1 DCM/EtOAC); IR (ATR) ¥ (cm"): 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,Clz, 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, J = 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, GD,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,
719, 651, 64.0, 56.3, 557, 38.3, 35.3, 349, 259, 184, -46, -4.9; HRMS (ESI) m/z: [M+H]* Calcd. for
CssHeaN7O11S1 1038.4428; Found 1038.4447.

13h: Yield: 92%; Ry = 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, J = 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,J = 4.3 Hz, TH), 5.07 (1, J = 4.6 Hz, TH), 4.61 (td, J= 7.5, 5.3 Hz, 1H), 4.52 (q, J = 5.4 Hz, TH), 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 (5, 3H), 3.7 (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)
miz: [M+H]* Calcd. for CszHesN7011SSi 1022.4148; Found 1022.4137.

13i: Yield: 80%; Ry = 0.25 (95:5 DCM/ELOAc); IR (ATR) 7 (em™): 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, 5.5, 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 CssHgrO15NsSi 1155.4489; Found 1155.4504,

13j: Yield: 86%; Ry = 0.21 (5:2 i-Hexane/EtOAC); IR (ATR) 7 (cm™'): 3397 (w), 2954 (m), 2926 (s), 2854 (m), 2168
(w), 1682 (m), 1607 (m), 1569 (s), 1508 (s), 1462 (), 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, CDCl3, 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, TH), 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) & (ppm): 159.6, 159.6, 156.5, 153.5, 1534, 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;07Si 780.3535; Found 780.3538.

514

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, NN-
diisopropylethylamine (DIPEA) (4.0 equiv.) was added. After cooling down to 0°C, 2-cyanoethyl NN-
diisopropylchlorophosphoramidite (CED-CI) (2.5 equiv.) was added dropwise and the reaction mixture was stirred
atr.t. for 5 h. Afterwards aq. sat. NaHCO; solution was added to the reaction mixture and the aqueous phase was
extracted three times with DCM. The combined organic layers were dried (MgSQa), 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 CssHzsNgO42PSi 1148.5037; Found 1148.5052.

14b: Yield: 85%; R = 0.50 (1:1 i-Hexane/EtOAc); *'P{'H} NMR (162 MHz, CD,Cl,, 298 K) & (ppm): 150.6, 149.2;
HRMS (ESI) m/z: [M+H]' Calcd. for CssHyzNeO12PSi 1162.5193; Found 1162.5221.

14c: Yield: 77%; Ry = 0.35 (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 Cs:1HaiNgO+2PSi 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) miz: [M+H]* Calcd. for CesHg:NsO12PSi 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) miz: [M+H]* Calcd. for CasHazNoO43PSiz 1306.6164; Found 1306.6189.

14f: Yield: 80%; Rr = 0.30 (6:4 DCM/EtOAc); *'P{'"H} NMR (162 MHz, acetone-ds, 298 K) & (ppm) 150.2, 148.6;
HRMS (ESI) m/z: [M+H]" Calcd. for Cs1H7sNsO+2PSi 1188.5350; Found 1188.5388.

14g: Yield: 90%; Ry = 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 CesHs1NsO1:PSi 1238.5506; Found 1238.5530.

14h: Yield: 89%; Ry = 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 Cg1Hg1NgO12PSSi 1222.5227; Found 1222.5215.

14i: Yield: 65%; R = 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 CesHzaO1N10PSi 1355.5567; Found 1355.5590.

14j: Yield: 89%; Ry = 0.39 (2:1 EtOAc/i-Hexane); *'P{'"H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.3, 148.6;
HRMS (ESI) mfz: [M+H]" Calcd. for CsoHs7NsOsPSi 980.4614; Found 980.4611.
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2.4 Nucleobase-modified Ne-triglycinylcarbamoyl adenosine nucleoside
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Scheme S4. Synthesis of NP-triglycinylcarbamoyl adenosine 17.
The compound 15 was synthesized according to a procedure previously described in the literature.5”

Acetyl protected N°-triglycinylcarbamoy! 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) ¥ (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-ds, 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-ds, 298 K) & (ppm): 171.2, 170.1, 169.5, 169.3, 169.2 (x2), 153.5, 1561.1, 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 C23Hzs012NsNa
631.1718; Found 631.1721.

Neé-triglycinylcarbamoyl adenosine 17: Protected adenosine derivative 16 (0.12 g, 0.20 mmol, 1.0 equiv.) was
dissolved in 7 N NH3 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, TH), 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 C17H230sNs 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 N®-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% vyield).
IR (ATR) ¥ (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-ds, 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); "3C{'H} NMR (100 MHz, DMSO-d;, 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 C1sH2305Ng 451.1571; Found 451.1573.

N°-methylurea adenosine 19: Protected Af-methylurea adenosine 18 (0.26 g, 0.58 mmol, 1.0 equiv.) was
dissolved in 7 N NH3 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) ¥ (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-de, 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, /= 5.7 Hz, 1H), 553 (d, J= 5.7 Hz, 1H), 5.24 (d,
J=4.8Hz, 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-de, 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 C12H170sNs 325.1254; Found
325.1257.
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2.6 Nucleobase-modified N-triglycinylcarbamoyl ine nucl ide under prebiotic conditions

a)

o o
H hosph fer pH
I . Mew JL N\)J\ o Phosphate buffer p 8
N NW N/Y ———
¢ I H H with/without
NO o o

/ Ni(CIO, );+6H,0

b)

. —_— .
o
WOH 5% HyPOy borate buffer pH 9.5 0N won
B A A 17
OH 19 OH OH

Scheme S6. Synthesis of Ne-triglycinylcarbamoyl adenosine 17 under prebiotic conditions using: a) nitroso derivative of the N-methylurea
peptide and b) NF-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)z+6H.0 (91.34 mg, 250 pmol, 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
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 H20 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 did not afford the AP-triglycinylcarbamoyl adenosine 17. We only detected the
formation of traces of inosine when using the Ni(ll) salt.

Method B: Step 1. N8-methylurea adenosine 19 (1 mg, 3.08 pmol, 1.0 equiv.) was dissolved in 5% HsPO, in water
(140 pL) and cooled to 0°C in an ice bath. NaNO; (2.66 mg, 38.54 pymol, 12.5 equiv.) was dissolved in water (10
pL) 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 umol, 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 H2O and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H2O/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 Né-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 $1. 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, aq. sat.
NaHCOj; solution and brine. The organic layer was dried (MgSQ,), 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/EIOAC); IR (ATR) 7 (cm): 2933 (w), 2859 (w), 1681 (m), 1471 (m), 1365 (w),
1323 (w), 1266 (w), 1148 (m), 1131 (m), 1064 (), 1038 (m), 1919 (w), 952 (w), 907 (s), 826 (s), 727 (s); 'H NMR
(400 MHz, CDCls, 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, 7.4, 74.5, 67.4, 59.3, 27.5, 27.2, 22.9, 20.5, 12.8; HRMS (ESI) miz:
[M+H]* Caled. for C1sHsN20sSi 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 (MgSQy), filtered
and concentrated. The crude was purified by silica gel column chromatography to furnish 22 as a yellow foam.

22: Yield: 34%; R, =0.30 (9:1 DCM/IPA); IR (ATR) 7 (cm'): 2934 (w), 2859 (w), 1680 (s), 1468 (m), 1245 (s), 1201
(w), 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 CzoHssNaOsSi 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,0 (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 Et20. The combined organic layers were washed with water, dried (MgSQua), 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%; Ry = 0.53 (95:5 DCM/IPA); IR (ATR) ¥ (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); *C{'"H} NMR (100 MHz, acetone-ds, 298 K) & (ppm): 150.6, 139.7, 111.1, 91.4, 83.0, 77.7, 75.4, 68.1, 63.8,
50.2, 455, 35.3, 27.8, 27.5, 23.2, 20.9, 18.4, -1.3; HRMS (ESI) m/z: [M+H]" Calcd. for C2HasNsO5Si, 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 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
24 as a white foam.

24: Yield: 75%; Ry = 0.22 (100:5 DCM/MeOH); IR (ATR) # (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), 634 (w); For major
rotamer: 'H NMR (400 MHz, CDCl3, 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) & (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
C18HazN30gSi 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 (DMTrCl) (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%; Ry = 0.34 (1:1 DCM/EtOAC); IR (ATR) ¥ (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]- Caled. for CagHsoN3010Si 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 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. 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%; R = 0.19 (1:1 DCM/EtOAc); *'P{'H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.0, 149.9,
149.8, 149.7; HRMS (ESI) m/z: [M-H]" Caled. for C4sHs7NsO11PSi 948.4338; Found 948.4333.
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2.8 Nucleobase-modified 2’-methoxy Né-carbamoyl adenosine phosphoramidite
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Scheme S8. Synthesis of nucleobase-modified 2'-methoxy N°- adenosine phospt
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, aq.
sat. NaHCO; solution and brine. The organic layer was dried (MgS0.), filtered and concentrated. The crude was
purified by silica gel column chromatography to yield 28 as a white foam.

28: Yield: 69%; Rr=0.21 (100:1 DOM/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), 1068 (s), 1027 (s), 966 (s), 907 (), 829 (s), 739 (s),
653 (s); 'H NMR (400 MHz, DMSO-de, 298 K) & (ppm): 8.32 (s, 1H), 8.13 (s, 1H), 7.36 (s, 2H), 6.01 (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); C{"H} NMR (100 MHz, DMSO-ds, 298 K) & (ppm): 156.6, 153.2, 149.2, 140.4, 119.5, 88.6,
82.1, 76.9, 74.5, 67.3, 58.8, 27.7, 27.4, 22.7, 20.4; HRMS (ESI) miz: [M+H]* Calcd. for C1sH3:NsO.4Si 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 NEt3 (2.0 equiv.) was added. After stirring for 16 h, the reaction mixture
was quenched by the addition of aq. sat. NaHCOs 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/MeOHY); IR (ATR) ¥ (cm): 3235 (w), 2934 (w), 2856 (m), 1747 (m), 1702
(s), 1587 (m), 1518 (s), 1467 (s), 1343 (), 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), 8.77 (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 = 4.8 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) miz: [M+H]* Calcd. for CaoHazN70sSi 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 K2CQOj; (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 (MgS0Q), filtered and concentrated. The obtained residue was purified by silica gel
column chromatography to give 30 as a white foam.

30: Yield: 93%; R = 0.32 (1:1 iHexane/EtOAC); IR (ATR) 7 (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, OH),
1.05 (s, 9H): C{'H} NMR (100 MHz, CDCls, 298 K) & (ppm): 170.3, 156.2, 153.2, 151.7, 150.3, 147.0, 145.5,
139.6,129.9, 123.8, 122.8,89.7, 82.3, 77.3, 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]" Caled. for CaiHasN;OsSi 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 aq. sat. NaHCOj5 solution and
extracted three times with DCM. The combined organic layers were washed with water, dried (MgSOy), 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 (1, 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), 3.00 (1, 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) miz: [M+H]* Calcd. for CasHzsN;Og 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%; R; = 0.45 (100:5 DCM/MeQH); IR (ATR) 7 (cm'): 2358 (w), 1682 (m), 1568 (m) 1509 (s), 1463 (m),
1344 (s), 1249 (m), 1174 (m), 1033 (s), 701 (w), 667 (w); 'H NMR (400 MHz, CDCls, 298 K) & (ppm): 10.84 (1, 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 (1, J = 7.4 Hz, 2H), 7.24-7.20 (m, 1H), 6.91-6.78 (m, 4H), 6.27 (d, J = 4.0 Hz, TH), 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), 4.1 (d, J = 5.6 Hz, 2H), 3.92 (s, 3H), 3.7
(s, BH), 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, 163.7, 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, 1138, 87.6, 87.1, 84.9, 83.8, 70.6, 65.0, 64.3, 58.8, 55.5, 434, 35.3, 34.8; HRMS (ESI) m/z:
[M+H]* Caled. for CasHasN7O11 848.3248; 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 NN-
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, aq. sat. NaHCOs 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 33 as a mixture of diasterecisomers and as a white
foam.

33: Yield: 63%; Ry =0.25 (1:1 i-Hexane/EtOAc); *'P{'H} NMR (162 MHz, acetone-ds, 298 K) & (ppm): 150.2, 149.7;
HRMS (ESI) m/z: [M+H]" Calcd. for CssHsaNgO12P 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 umol 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 CHCly, BTT or Activator 42® as activator
in MeCN, Ac.0 as capping reagent in pyridine/THF and |z as oxidizer in pyridine/Hz0.

Deprotection of npe and teoc groups

For the deprotection of the para-nitrophenylethyl (npe) group in ONs containing amino acid-modified carbamoyl|
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)ethoxycarbony! (teoc) group in ONs containing 5-(methyl)aminomethy!
uridine derivatives, the solid support beads were suspended in a saturated solution of ZnBrzin 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% 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 superatant 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 trinydrofluoride (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. Buffers: A) 0.1 M AcOH/Et3N in H2O at pH 7 and B) 0.1 M AcOH/EtsN in 80% (v/v) MeCN in H2O.
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/EtsN in Hz0 at pH 7 and B) 0.1 M AcOH/EtzN in
80% (viv) MeCN in HzO. 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 L) were desalted on a 0.025 pm YSWP 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 pmol 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 m°g®A derivatives) or protected peptide (100 pmol), DMTMM-BF, (100 pmol) 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 fert-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;Cl; 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:ClI; (2x0.5 mL). The deprotection of the npe-protected adenosine derivatives was performed as described in
Section 3.1.

The ONs containing 5-peptide-methylaminomethy! uridine derivatives were cleaved from the solid support beads
using a 1:1 aqueous solution mixture (0.6 mL) of 30% NHsOH and 40% MeNH: at 65°C for 60 min. The ONs
containing peptide-modified carbamoyl adenosine derivatives were cleaved from the solid support beads using a
30% NH4OH 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'

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

CONS6; 5-GmUmCm AmGmUm AmCmAm GmCmGm AmUmUm AmAmUm CmGmCm Um-3’

Table $1. HPLC retention times (0-30% of B in 45 min) and MALDI-TOF mass specirometric analysis (negative mode) of canonical
oligonucleotides.

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

CON1 236 2162.3 2162.0
CON2 231 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 cancnical
oligonucleotides.

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

CON4 23.3 2261.6 2260.1
CONS 18.8 4772.7 47728
CONG 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 HO —n Me o
General structure o. N/i N o JI\
7 \( - Moy u’“"cocm
§ N\\_/N HN\- _l . .
ON1; 5-XAU CGC U-3' X = i—o OH v amino acid (aa)
COOH
Exceptions COOH
I o Bk ik
Me aa b aa=a Me /aa Me aa
SNTONTTCooH  caasv SNTN_) TCOOH  faa=p SNTUNTTCOOH  ham=d
—1 " T p— _
e;aa=1
g.aa=f
X X
Me aa H aa
SN N“Cy Jaa=g N N“"“~COOH kiaa=v
_I H N _I H

Figure $2. RNA sequence and general structure of amino acid-modified carbamoyl adenosine derivatives.
Other RNA donor strands with longer sequences:

ON1I: 5-XCU AUU GAG U-3"; X = mfv*A

ON1m: 5'-X'AU CGC UGU ACC CUA UUG AGU X2-3'; X' = mfv5A; X% = mg°A

ON1n: 5-XAU CGC UGU AC-3'; X = m®°A

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

ON1p: 5-XAmUm CmGm-3'; X = m°g®Am
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ON1q: 5-XAmUm-3'; X = mfg®Am

Table $3. 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 18.8 22774 2278.4
ON1b; X = mfa®A 20.2 22814 2290.0
ON1e; X = mfySA 222 2319.4 2317.8
ON1d; X = mf°A 24.3 23334 2331.8
ON1te; X = mPfA 18.9 23214 23200
ON1f; X = m°p°A 18.0 2317.4 2316.8
ON1g; X = m°f°A 24.5 2368.6 23654
ON1h; X = m*m°A 23.2 23514 2350.4
ON1i; X = m°d®A 17.2 23354 23343
ON1j; X = m°g°A (amino nitrile) 21.2 22584 2258.5
ON1k; X = v*A (non-methylated) 20.6 2305.4 2302.2
ON1I; X = m*y®A 22.3 3300.5 33011
ON1m; X' = mfv®A and X? = m®g®A  23.1 7231.0 7233.7
ON1n; X = m°v*A 232 3604.6 3603.4
ON1o; X = m°g°Am 238 23755 2374.4
ON1p; X = m%g°Am 23.6 1736.4 1735.1
ON1q; X = m°g°Am 23.1 1058.2 1058.2

4.3 Acceptor oligonucleotides (ON2) with a cc

RNA sequence iL
General structure (o]

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

o, H
Yo
o
NHR
Ho  oH

Exceptions

|
Me

amino acid (aa)

[+}

LNJ\ - NH;

o}
caas=v L )-L _NHTeoc

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

Other RNA acceptor strands with longer sequences:

ON2e 5-GUA CAG CGA UX'A CUC AAU AGX2-3'; X' = gmnm®U; X? = nm*U

ON2f: 5-GUA CAG CGA UXA CUC AAU AGG-3'; X = ymnm°U

ON2g: 5-GmUmAm CmAMGm CmGmAmM UmX-3"; X = mnm°U

ON2h: 5-GmUmCm AmGmUm AmCmAm 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

iil aa
Me

Strand tr (min)  mlz caled. 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 = vmnm°U 18.6 3629.6 3627.2
ON2d; X = Teoc-vmnm°U 377 37737 3776.9
ON2e; X' = gmnm®U and X2=nm*U 187 6806.0 6806.4
ON2f; 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
S27

diaa=v



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°gPA (two mismatches marked in red)

Table $5. 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)  miz calcd. for [M-H]-  found
ON1r; X =mfg’A 200 2301.4 2301.2
ON1s; X =m°g°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"). 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
F0& ——1.0nmol 4000 _.-""E
L] e
—0.20 - -
P 0.8 nmol : 3000 ".'.'
£0.15 06nmol -
H ——04nmol £ 2000 -
20.10 : H -
-

<005 / 0:2nmol 1000 e

0.00 / = ——0.1 nmol o *

225 230 235 240 245 25.0 0.0 0.2 0.4 0.8 0.8 1.0 12
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 CON1. 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 .
= -
z 0.40 —— 1.0 nmol _ 6000 —'.,-
3030 ——08nmol 3 5000 __.,-"
g 0.6 nmol g 4000 ._,.»
-
£020 04nmol g 3000 Pt
3 2000 -~
2010 0.2 nmol Lo
1 1000 ot g
an ——0.1 nmol 0 L4
220 225 230 235 240 245 0.0 02 04 0’6 08 10 12
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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Callibration curve of CON3

a) b)
0.50 12000
—— 1.2 nmol
Fo4o — 10nmol 10000
L) -
3 0.30 0.8 nmol :; 8000
5 0.6 nmol *~6000
E 020 ——o4nmol £ 4000 o
B -
0.2 I -
< 010 nmol 2000 ‘r-
——0.1 nmol .
0,00 == 0+
23.0 235 240 245 250 255 0.0 0.2 0.4 08 0.8 1.0 12
Time (min) Amount (nmol)

Figure S6. a) Selected region of the HPL-chromatograms upen 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
g 100 1.0nmol 10000
%0'50 ~——0.8nmol 38000
£ 0,60 0.6nmol £6000
©
E 0.40 ——o0.4nmol £ 4000
<020 0-2nmol 5500
0.004 ol
9.0 195 200 205 210 215 0.0 0.2 0.4 06 08 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 g
‘E’ ! ——08nmol 34000
o 0.40 o
s ——0.6 nmol 773000
go oanmol £
E 0.20 ——0.4nmal g 2000
2 02nmol 000
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4 0.1 nmol L
0. US + T y T T 0- T T J
2.0 225 23.0 235 240 245 0.0 0.2 0.4 08 0.8 1.0 12
Time (min) Amount (nmol)

Figure S$8. 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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Callibration curve of CONS
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Figure S9. a) Selected region of the HPL-chrematograms 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
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Figure §10. a) Selected region of the HPL-chromatograms upon the injection of incremental amounts (nmol) and b) chromatographic area
(a.u.) vs. amount (nmol) of CONB. 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 S$6. 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 (nmol') Intercept,n r? £ (M-cm)

CON1 35342 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 39524 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 18, the of ON3a was assumed to be identical to that of CON3,
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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 85°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 pm 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
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Na 0:8 ; v »\
| a O Mo, ),_,N OMe oH

AN ANFCEN - N=0H o ('}'] Me—N=C He S
«Hel H
OH
© o
EDC Sulfo-NHS DMTMM.CI MeNC orT

Figure S11. Activators of carboxylic acid and nitrile groups.

The crudes of the reactions (20 L, 1 nmol) were analyzed as indicated in Section 3.2.

6.1 Control experiments
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Figure $12. HPL-chromatograms of the reactions of ON1a; X = m°g®A with: a) CON2 (complementary canonical ON) and b) ON2d; X =
Teoc-vymnm®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 CON2 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 ON1a (m®g®A) and ON2a (mnm°U)

o o
Me ] Me g9
‘NJ\N‘ “COOH ON1a “NJLN’
H activator H
e ON3a
NHMe ON2a N

|
Me

Scheme $9. 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 € (adjusted with NaOH
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Figure $13. HPL-chromatograms of the reactions of ON1a; 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 24 164
DMTMM-CI 6 24 332

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

MOPS buffer at pH 7 (adjusted with NaOH)

Table 88. 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/SufoNHS 7 24 2042

@ Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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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 ON1a (m®g®A) and ON2b (nm®°U)
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Scheme $10. Coupling of ON1a; X = m*g®A with ON2b. The formed peplide bond is marked in purple.
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Figure $15. 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 $9. Resulls 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 6442
DMTMM-CI 6 24 6612
MeNC 6 120 28+4

# 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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of activators using ON1a (m°g®A) and ON2c (vmnmSU)
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Scheme $11. Coupling of ON1a; X = m*g®A with ON2¢. The formed peptide bond is marked in purple.
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Figure 517. HPL-chromatograms of the reactions of ON1a; X = m®g®A with ON2c using: a) EDC/Sulfo-NHS; b) DMTMM=CI and ¢) MeNC
as activators. MES buffer (100 mm) at pH 6 in a) and b). DCI buffer (50 mm) at pH 6 in ¢).

Table $10. Resulls 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 6 24 561
DMTMM-CI 6 24 80£2
MeNC 6 120 50+5

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

MOPS buffer at pH 7 (adjusted with NaOH)

Table $11. 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 7 24 5015
DMTMM-CI 7 24 231

@ 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 $12. 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 24 341
DMTMM-CI 8 24 542

 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure $18. |eft) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product ON3c.

6.5 Coupling reactions of ON1j (m°g®A, amino nitrile) with ON2a-c
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Figure $19. HPL-chromatograms of the reactions of ON1j; X
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Time (min)

= mPgPA (amino nitrile) with: a) ON2a; X = mnm®U; b) ON2b; X = nm°U and



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 t Error (%)*
ON2a; X = mnm°U 1241
ON1j; X = m°gPA (amino nitrile)  ON2b; X = nm*U 65£2

ON2c; X = ymnm®U 4211

? Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure $20. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON1j; X = mPg®A (amino nitrile) with: a) ON2a; X = mnm®U; b) ON2b; X = nm°U and ¢) ON2¢; X = vmnm®U
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6.6 Coupling reactions of ON1b-i (m®aa®A) with ON2a
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Figure $21. HPL-chromatograms of the reactions of ON2a; X = mnm®U with: a) ON1b; X = m®a®A; b) ON1c; X = mfy?A; ¢) ON1d; X =
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m°I°A; d) ON1e; X = m®°A and e) ON1f; X = m°p°A in MES buffer at pH 6 using DMTMM-Cl as activator.
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Figure S$22. HPL-chromatograms of the reactions of ON2a; X = mnm®U with: a) ON1g; X = m°*f°A; b) ON1h; X = m*m°A and c) ON1i; X =
m°®d®A in MES buffer at pH 6 using DMTMM:CI 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 assighment 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 = m®a°A 511
211
271
18£5
11%1
271
22+1

ON2a; X = mnm°U

ON1i; X = méd®A

284, 26£3°

# Calculated vield from the chromatographic peak of the product using the calibration curve of CON3. ® For ON1i, the two yields describe
the reaction of the Asp @-COOH and of the side chain COOH. An assignment was not performed.
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Figure $23. |eft) 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®¥®A; c) ON1d; X = m®°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 S24. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of | g 0.2
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Figure $25. HPL-chromatograms of the reactions of ON2c; X = vmnm®U with: a) ON1b; X = méa®A; b) ON1c; X = m*v%A; c) ON1d; X =
m°I°A; d) ON1e; X = m®°A and e) ON1f; X = m°pPA in MES buffer at pH 6 using EDC/Sulfo-NHS as activator.
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Figure $26. HPL-chromatograms of the reactions of ON2¢; X = vmnm®U with: a) ON1g; X = m®°A; b) ON1h; X = m®m°®A and c) 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 815, Results obtained in the coupling reactions of ON1b-i; X = m®aa®A with ON2¢ using EDC/Sulfo-NHS as activator (average of,

at least, two experiments)

Donor strand

Acceptor strand

Average Yield  Error (%)*

ON1b; X = m°a°A
ONi1c; X = mPySA
ON1d; X = mfI°PA
ON1e; X = m*PA
ON1f; X = mPpfA
ON1g; X = m*f°A
ON1h; X = m*mPA
ON1i; X = m*d°A

ON2c; X = ymnm°®U

7612
5411

7741

7741

1814 (5545)°
5041

7042

3441; 1742°

8 Calculated yield from the chromatographic peak of the product using the calibration curve of CON3. ® 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°g°A; b) ON1c; X = m*®A; ¢) ON1d; X = mfI°A; d) ON1e; X = m®"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 = ymnm®U with: a) ON1g; X = m°FA; b) ON1h; X = m®m°®A; c) ON1i; X = m°d®A and d) ON1i; X = med°A.
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7. Synthesized peptide-oli I i

using solid support beads

7.1 Donor peptide-olig leotides with a pl itary seq
RNA sequence HO /:N Mel °
General structure o. N o
N
SO S e
HN
P N N
5.XAU GGG U-3' x= '—d oH 'CODH
Figure S29. RNA and general of peptid i carbamoyl adenosine derivatives.
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Figure $30. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the synthesized peptide-oligonucleotides:

a) 5-mf(gag)°A-RNA-3' and b) 5'-m®(gaggg)’A-RNA-3".
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General structure o
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Figure $31. RNA sequence and general structure of peptide-modified methylaminomethyl uridine derivatives.
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Figure 532, 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'-agggvmnmSU-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 ON2¢
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Figure $34. HPL-chromalograms of the reactions of ON2¢; X = ymnm®U with: a) 5'-m®(ggg)°A-RNA-3" and b) 5-m°(gaggg)°A-RNA-3' in
MES buffer at pH 6 using EDC/Sulfe-NHS as activator.
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Table $16. 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-m®(ggg)’A-RNA-3’ v . 351
5-mi(gagggfA-RNA-3  ON2e X=umamlU .

@ Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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Figure $35. left) HPL-chromatograms and right) MALDI-TOF mass spectra (negative mode) of the isolated products from the reactions of
ON2¢; X = vmnm®U with: a) 5'-m®(ggg)°A-RNA-3" and b) 5'-m°(gaggq)®A-RNA-3".
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8.2 Coupling reactions of ON1a (m®g°®A) with peptide-oli tid
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Figure S36. HPL-chromatograms of the reactions of ON1a; X = m®g°A with: a) 3'-gvmnm®U-RNA-5"; b) 3-ggvmnm°®U-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 ON1a; X = mfg®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' 511

3-ggvmnm®U-RNA-5' 464
3-aggvmnm°U-RNA-5' 401
3-agggvmnm®U-RNA-5' 403 (57+2)°

ON1a; X = m°g°A

# Calculated yield from the chromatographic peak of the product using the calibration curve of CON3. ° Using DMTMM-CI 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 2 JE 100
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Figure $39. 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®(gagag)®A-RNA-3" with 3'-agggvmnm3U-RNA-5'.
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9. Concentration of the product versus time in sel d ling reacti

The peptide coupling reactions were carried out under identical conditions to those described in Section 0 using
DMTMM-CI as activator.

The data (concentration of product vs. time) was fit to the corresponding theoretical kinetic model using the
Parameter Estimation Module of COPASI software Version 4.29."2 We introduced the theoretical kinetic model
shown below:

Double strand — Hairpin-type Intermediate; Kapp

The initial concentration of the double strand was refined as variable but constrained between 30 and 50 x 10% m.
The fit of the data returned the rate constant value kagp. This fitting procedure is similar to that reported by others

in the literature.'

In all cases, the fit of the experimental data was good based on the residual values, reported as sum of squared
residuals (SSR), and the visual inspection of the curves.
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Figure S540. Concentration of the product (M) vs. time (h) in selected peptide coupling reactions using DMTMM-CI as activator. Lines show
fit of the data to the theoretical kinetic model. Error bars are the standard deviations.

Table $19. Calculated rate constant values for selected coupling reactions (average of, at least, two experiments).

Donor strand Acceptor strand kapp (h1)*  SSRP
ON1a; X = m°g*A 0.12£0.02  2.00 = 102
ON1d; X = m°FA 0.42+0.02 8.20x 10"
ON1e; X = mfffA ON2c; X =ymnm®U  0.39:0.04 2.50 = 102
ONA1g: X = mbFA >1 nd.

ON1h; X = m°m°A 0.42+0.04 580 10"

@ Errors are indicated as standard deviations. ® SSR = Sum of squared residuals.

§52

6 8 10 12 14
Time (h)

Figure S41. Cancentration of the preduct (M) vs. time (h) in selected peptide coupling reactions using DMTMM-ClI as activator. Lines show
fit of the data to the theoretical kinetic model. Error bars are the standard deviations.

Table $20. Calculated rate constant values for selected coupling reactions (average of, at least, two experiments).

Donor strand Acceptor strand kspp (072 SSRP

ON1a; X = m°g®A ON2a; X = mnm®U 0.14+0.02 3.36 % 107*
ON1a; ON2c; X = ymnm°U 0.12£0.02 2.00x 102
ON1a; 3-agggvmnm®U-RNA-5"  0.18+0.02 559 x 107*
5-mf{gaggg)’A-RNA-3°  ON2c; X = ymnm°U 0.19+0.02 3.82x 1072

5'-m°(gagqq)’A-RNA-3°  3-agagvmnm®U-RNA-5"  0.1920.01 4.45x 1073

® Errors are indicated as standard deviations. ® SSR = Sum of squared residuals.

d

10. Coupling reactions b oligonucleoti containing multiple donor or acceptor units

The peptide coupling reactions were carried out under identical conditions to those described in Section 0.
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Figure $42. HPL-chromatograms of equimolar mixtures of: a) ON1a; X = m°g®A, ON1I; X = m®v*A and ON2e; X' = gmnm®U and X? =
nm°U, and b) ON1m; X' = m®v®A and X2 = m®g®A, ON2¢; X = ymnm®U and ON2f; X = ymnm®U.
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Figure S43. HPL-chromatograms of the reactions of: a) ON1a; X = m°gfA, ON1I; X = mPv®A and ON2e; X' = gmnm®U and X2 = nm®U and
b) ON1m; X! = m®*A and X2 = m°g°A, ON2¢; X = vmnm®U and ON2f; X = vmnm®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 $21. 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 = m°g°A ON2e; X' = gmnm°U N
ON1L; X =mi¥A  and X2=nm*U 36:2 (2981)
X1 = mve) "X = 5
ON1m; X'=m®°A  ON2c; X = ymnm>U 3643 (3242)

and X2 = mSg°A ON2f; X = vmnm°U

@ Calculated yield from the chromatographic peak of the product based on the total area of the initial components (Figure S42)." Using
DMTMM-CI 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®g®A, ON1I; X = m®v®A and ON2e; X' = gmnm®U and X2 = nm°U and b) ON1m; X' = m®®A and X2 = m®g®A, ON2¢; X =
vmnm®U and ON2f; X = ymnm°®U.
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11. Coupling reactions between ON2c and donor oligonucleotides with I y e

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 = ymnm®U with: a) ON1r; X = m°g’A and b) ON1s; X = m°g°A in MES buffer
at pH 6 using EDC/Sulfo-NHS as activator.

Table $22. Results obtained in the coupling reactions of ON2¢; X = vmnm®U with ON1r; X = m°g°A or ON1s; X = m°g°A using EDC/Sulfo-
NHS as activator.

Donor strand Acceptor strand Yield (%)*
ON1r; X = mPg°A v . ~14 (<35
ONts; X =megea  ONZHX=ymamiU g pop

# 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 = mg°A.
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Scheme S12. Annealing and coupling reaction of ON1d; X = m®I®A, ON1s; X = m°g®A and ON2¢; 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%°A, ON1s; X
= mPfg®A and ON2c; X = ymnm°®U in MES buffer at pH 6 using EDC/Sulfo-NHS as activator.

Table $23. Results obtained in the coupling reaction of ON1d; X = m®I°A, ON1s; X = m°g°A and ON2¢; X = vmnm®U using EDC/Sulfo-
NHS as activator (average of, at least, two experiments).

Donor strand
ON1d; X = mEPA

Acceptor strand Average Yield % Error of lv-peptide (%)*  Yield of gv-peptide (%)

ON2c; X =vmnm®U  65+2 not detected

Figure S50. left) HPL-chromatogram and right) MALDI-TOF mass spectrum (negative mode) of the isolated product from the reaction of
ON1n; X = m®®A with ONZc; X = ymnm®U,
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¢ Calculated yield from the chromatographic peak of the product using the calibration curve of CON3.
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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®®°A and ON2¢; X = ymnméU.
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Figure $49. HPL-chromatogram of the reaction of ON1n; X = m®°A with ON2c; X = ymnm?®U in MES buffer at pH 6 using EDC/Sulfo-NHS
as acfivator,

Table $24. Result obtained in the coupling reaction of ON1n; X = m®*A with ON2¢; X = ymnm®U using EDC/Sulfo-NHS as activator
(average of, at least, two experiments).

Donor strand Acceptor strand Average Yield  Error (%)*
ON1n; X=m°*A  ON2c; X = vmnm®U 491

# Calculated yield from the chromatographic peak of the product based on the total area of the initial components (Figure S48).
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Scheme S13. Annealing and coupling reaction of ON1a; X = m®g®A, ON1n; X = m®y®A and ON2c; X = ymnm°U. The formed peptide bonds
are marked in purple.
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Figure $51. HPL-chromatogram of the reaction of ON1a; X = mfg®A, ON1n; X = m®v*A and ON2¢; X = vmnm®U in MES buffer at pH &
using EDC/Sulfo-NHS as activator.

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

Donor strand
ON1a; X = m°g°A
ON1n; X = méyPA

Acceptor strand Average Yield  Error of vv-peptide (%)* Yield of gv-peptide (%)*

ON2¢: X = vmnmU 492 not detected

# 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 oligonuclectide, 100 mm of buffer and 100
mm of NaCl (see figure footnotes for details).
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Figure §52. 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 $26. 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 4043 >05
6 6 70£5 >95
8 Ci from the aphic 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.

14.1 Cleavage reactions of ON1c (m®v®A) and ON1k (v®A) 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®’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 t Error (%)

pH Time (h) ON1k A-strand
85£3 10£1

5 12 ON1c m°PA-strand
65+1 2041

# 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)

o ON3a
M"‘NJLN’ 9 ONSa ON4
H pH 6, 90°C o NHM
e
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JL _NHz — |
N 9
N |
Me

|
Me
Scheme S14. Cleavage of urea in ON3a. The peptide bond is marked in purple.
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Figure $55. HPL-chromatogram of the cleavage reaction of ON3a in MES buffer at pH 6 after 2 h at 30°C. Inset shows the selected region
of the HPL-chromatograms after 2, 4 and € h.

Table $28. Results obtained in the cleavage reaction of ON3a (average of, al least, two experiments).®

Average Amount t Error (%)
pH Time(h) ON3a ON4(mfA) ON5a (gmnmSU)
6 [ 75+2 15%1 151 (tr = 17.5 min)

® Calculated from the aphic 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 857. 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 of the g ions of ON3a in: a) acelate buffer at pH 4 and b) MES buffer at pH 6 after 12 h at

90°C.

Table $29. Results obtained in the cleavage reaction of ON3a (average of, at least, two experiments).?

Average Amount t Error (%)
pH Time (h) ON5a (gmnm3U)

4 6 10£2
12 n.d.

8 6 15+1
12 10£1

2 Calculated amounts from the chromatographic peak using the calibration curve of CON2. n.d. = not determined.
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14.3 Cleavage reactions of ON3c (m®g®A coupled with vmnm®U)

o ON3c

MB\N

Figure $59. Cleavage of urea in ON3c. The peptide bond is marked in purple
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Figure §680. 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 $30. 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 (mPA) ONS5c (gvmnm3U) c-ONSc (c-gvmnm?3U) | Ratio (ON5c/e-ON5c)
4 10 50£2 10.5¢1 911 (lr=19.5min)  1.5£0.5 (k= 21.0 min) [ ~7:1
5 10 80+3 6+1 311 31 ~1:1

ac from the aphic peaks using the corresponding calibration curves.
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Cleavage reactions at 90°C
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Figure S61. HPL-chror of the cl g tis 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 (gvmnm®U) c-ON5c (c-gymnm®U) | Ratio (ON5c/c-ONS5c)
4 6 303 2042 15¢2 (tr = 19.5min) 51 (tz = 21.0 min) ~3:1

5 6 5513 2512 811 173 ~1:2

6 6 60£2 2541 - 25£1 -

# Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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600 ¢c-ONSc 14.4 Cleavage reactions of peptide-oligonucleotides at pH 4
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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

similar MALDI-TOF mass spectrum was obtained at pH 4. The indicated peaks correspond to the [M-H] ions. l
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1000 W AN found 3686.9 )\ ’7 found 3713.1 Scheme $15. Cleavage of urea in gpeptide-oligonuclectides. The peptide bond is marked in purple.
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Figure S63. MALDI-TOF mass spectrum (negative mode) of the isolated: a) ON5Sc (gvmnm?®U) and b) ¢-ON5c (c-gvmnm3U).
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Figure $64. HPL-chromatograms of the cleavage reactions of peptide-oligonuclectides (Section 8.2) in acetate buffer at pH 4 to give: a)
ggvmnm®U; b) ggavmnm®U; ¢) gaggvmnm®U and d) gagagvmnm®U oligonucleotides, together with hydantoin side products, after 6 h at
90°C.

The 3'-H;N-peptidemnm®U-RNA-5' and m®A products overlap in the HPL-chromatograms. Therefore, they were
isolated as a mixture in a single fraction.
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Table 832. Results obtained in the cl ge reactions of peptide-oligonuclectides (Section 8.2).%

3'-H:N-peptidemnm’U-RNA-5"  Amount (%)

3-ggvmnm®U-RNA-5" ~12
3'-gggymnm®U-RNA-5' ~10
3'-gaggvmnm®U-RNA-5' ~10
3'-gagagvmnm®U-RNA-5' ~10

2 Estimated amounts assuming that the 3'-H:N-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; ¢) gaggvmnm®U and d)
gagggvmnm®U oligonucleotides (left) and hydantoin side products (right). Note that the analyzed 3'-HzN-peptidemnm®U-RNA-5" samples
(left) contained the m®A product (m/z region not shown).
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Figure S67. HPL-chromatograms of the cleavage reactions of peptide-oligonuclectides (Section 8.3) in acelate buffer at pH 4 to give: a)
‘gggggvmnm®U and b) gagggaggavmnm®U aligonuclectides, together with hydantoin side products, after 6 h at 90°C.

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

Table $33. Results oblained in the cleavage reactions of peptide-cligonuclectides (Section 8.3).%

3'-HzN-peptidemnm®U-RNA-5'  Amount (%)
3'-gggggvmnm?U-RNA-5' ~10
3'-gagggagagvmnm®U-RNA-5"  ~9

® 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 S68. MALDI-TOF mass spectra (negative mode) of the isolated: a) gggggvmnm®U and b) gagggagggvmnm®U. Hydantoin side
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products are alsc 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 oli

nucleosides

P

containing 2'-OMe

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

15.1 Coupling and cleavage reactions of ON1a (m°g®A) with ON2g

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

or ON5g.

Coupling 1

o] ON1a

u/ 4 ~COOH

ON2g
L DMTMM-C|
NHMe ond
ONTg ¢-ONTg

N

o

w8

N
H Cleavage 1

|
Me

ON4 NHMe

+

o Cleavage 2

l ,lOL“ o ’ l Mig/?:g 90°C

1
Me

Me

H
o

—l [s]
L L
e

ON6g

N 9
|
M
o ON1a
Me PN
N7 N COOH
DMTMM-CI
o
A8
N
H
o
e

Scheme $16. Coupling and cleavage of ON1a; X = m®g°A with ON2g. The formed peptide bond is marked in purple
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Figure $69. 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 {ON3)  pypngec 6 25 24 -69
4 20 24 60
Cleavage 1 (ON5g) & 20 24 46
Coupling 2 (ON6g)  DMTMM-=CI 6 25 24 ~42
Cleavage 2 (ON7g) - 4 80 24 34

i Caleulated/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*°A with ON2g. The formed peptide bond is marked in purple.
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Figure S71. HPL-chromatagrams of the one pot reaction of ON1a; X = mPg°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 & 25 24 ~36 in three steps
Cleavage 2 (ON5g + ON7g) - 4 20 24 23 in four steps
Coupling 3 (ON8g) DMTMM:CI 6 25 24 ~10in five steps

® 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 $72. Coupling and cleavage of ON1o; X = m®g®Am with ON2h. The formed peptide bond is marked in purple.

S71



£

Coupling 1

0.40 ON3h 500 [M H] m/z caled. 7384.1

—_ . found 7382.6
3 25.8 min

2 030 3 400 ﬂ
o 8 ag
3
£ 0.20 g
£ ON2h € 200
2 ONto g
2 0.10 \j £ oo o

0.00 4 s 0

§ 10 15 20 25 30 a5 40 45 7200 7300 7400 7500 7600 7700 7800 7500

b) Cleavage 1 Time {min)

0.20 1200 —— [M-H] miz caled. 5082.7
- found 5082.1
5 016 ONSh 1o
%012 236 min 2 800
g m°Am z 600 -
£ 008 - g
2 ON3h £ 400
< 004 » 200

0.00 ! 0

0 5 10 15 20 25 30 35 40 45 4800 4900 5000 5100 5200 5300 5400 5500
o Coupling 2 Time (min) m/z

0.40 1600 ———— [M-H] miz caled. 7441.1
- ON6h found 7441.7
Z o030 <1200
% 26.4 min ; ”“NJ\»«"

W
§ o0 z a0 ._1:::111’L . )
g ONSh € g
2010 h oNto \ E 400 :
< \l
0.00 . 0
0 § 10 15 20 25 30 35 40 45 7200 7300 7400 7500 7600 7700 7800 7900
Time (min| m/iz

d) Cleavage 2 {min)

0.20 1600 [M-H] miz calcd. 5139.8
<046 c-ON7h found 5138.7
a3 ON7h m’Am 5 1200
- ~ ]
g§ o012 237 / z
£ min £ 800
£ 008 z
L ON6h E 400
2 004

0.00 . ’ 0

5 10 15 20 25 30 35 40 45 4900 5000 5100 5200 5300 5400 5500 5800
Time (min) miz

Figure $73. left) HPL-chromatograms of the reactions of ON1o; X = mfg’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 ON10; X = m°g®Am with ON2h.

Steps Activators pH T(°C) Time(h) Yield (%)*
Coupling 1 (ON3h)  DMTMM-CI & 25 24 46
Cleavage 1 (ONSh) - 4 90 48 30
Coupling 2 (ON6h)  DMTMM-CI 6 25 24 41
Cleavage 2 (ONTh) - 4 a0 48 28

# Calculated amounts from the chromatographic peaks using the corresponding calibration curves.
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15.3 Coupling and cleavage reactions of donor and ptor-peptide oligonucleotid
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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 $37. Result obtained in the coupling reaction of peptide-modified donor and acceptor oligonucleotides using DMTMM-ClI as activator.

Donor strand Acceptor strand Yield (%)*
5-m%gaa)’A-RNA-3  3-aggmnm°U-RNA-5  ~50

? 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'-mPf(ggg)*A-RNA-3' with 3'-aggmnm°®U-RNA-5' containing 2'-OMe nucleosides.
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Scheme $17. Cleavage of urea in peptide-peptidemnm®U-oligonucleotide. The peptide bond is marked in purple.
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Figure $76. HPL-chromatogram of the cleavage reaction of peptide-oligonucleotide in acetate buffer at pH 4 to give gggaggmnm®U and c-
gggagamnm®U oligonucleotides after 24 h at 90°C,

The 3'-H:N-peptidemnm®U-RNA-5" and hydantoin side products overlap in the HPL-chromatogram.
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Table 838. Result obtained in the cl reaction of peptide-oligonu ide.?

Product oli { ining 2'-OMe i Amount (%)
3'-gggaggmnm°U-RNA-5" and 3'-¢c-gggaggmnm®U-RNA-5' ~85 (tz = 23.6 min)

@ 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 equimalar mixture of ON2g; X = mnm3U with: a) ON1p; X = m®g®Am and b) ON1q; X = m®gPAm.
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Scheme S18. Coupling of ON2g; X = mnm°U with: a) ON1p; X = m°g°Am and b) ON1q; 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) ON1g; 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 $39. Results obtained in the coupling reactions of ON2g; X = mnm°U with ON1p; X = m®g®Am or ON1q; X = m°g°Am using
DMTMM-CI as activator (average of, at least, two experiments).

Donor strand Acceptor strand Average Yield £ Error (%)*
ON1p; X = mPg°Am 1922 (tr = 26.2 min)
ON1q; X = m*g°Am 5£1° (i = 26.0 min)

ON2g; X = mnm°U

# 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-850 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.'>'®

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.
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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. T, = 30.4°C.
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Figure S82. Melting curve of ON1a; X = m°g°A and ON2¢; 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 =
mnm3U and ON2c; X = ymnm°U, were very similar to those determined for canonical oligonucleotides, CON1 and
CON2.
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Figure S83. Melting curve of ON1n; X = mfv*A and ON2¢; X = vmnm®U. Line shows the fit of the data to a two-state melting model using
a mono-sigmoidal Boltzmann function. T, = 58.2°C
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16.3 Melting temperatures of double strands from donor and ptor peptic ligonu
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Figure S84. Melting curve of 5'-m°(ggq)°A-RNA-3' with 3'-ggvmnm3U-RNA-5'. Line shows the fit of the data to a two-state melting model
using a mono-sigmoidal Boltzmann function. Ty, = 30.0°C.
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Figure $85. Melting curve of 5'-m®(gagaq)*A-RNA-3" with 3'-agggvmnm®U-RNA-5'. Line shows the fit of the data to a two-state melting
meodel using @ mong-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 Tz = 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 Tz = 80.1°C. Top panel shows representation of the three states involved in the two transitions.
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Figure $88. 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 S$88). 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 m-stacking
interactions, is induced by the increase in temperature over the course of the experiments.'18
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17. NMR spectra of synthesized compounds

H and *C{'H} NMR spectra of compound 3a
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'H and "*C{'"H} NMR spectra of compound 4c

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

'H and *C{'H} NMR spectra of compound 5a
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'H and "*C{'"H} NMR spectra of compound 6a

'H and *C{'H} NMR spectra of compound 5¢c
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'H and "*C{'"H} NMR spectra of compound 6c

'H and "*C{'H} NMR spectra of compound 6b
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3'P{'"H} NMR spectrum of compound 7a
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*'P{'"H} NMR spectrum of compound 7¢c
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'H and "*C{'"H} NMR spectra of compound H-Leu-Onpe*HCI

'H 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*HCI

'H and "*C{'H} NMR spectra of compound H-Pro-Onpe
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'H and "*C{'"H} NMR spectra of compound H-Ala-Gly-Gly-Gly-Onpe+HCI

'H and "*C{'H} NMR spectra of compound H-Gly-Gly-Onpe*HCI
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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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'H 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

'H and "*C{'H} NMR spectra of compound 10j
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'H and "*C{'"H} NMR spectra of compound 11¢c

'H and "*C{'"H} NMR spectra of compound 11b
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'H and "*C{'"H} NMR spectra of compound 11e

'H and *C{'H} NMR spectra of compound 11d
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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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'H and "3C{'"H} NMR spectra of compound 11i

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

'H and "*C{'H} NMR spectra of compound 11j
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'H 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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'H and "3C{'H} NMR spectra of compound 12i
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'H and "*C{'"H} NMR spectra of compound 13a

'H 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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'H and "*C{'"H} NMR spectra of compound 13g

'H and "*C{'H} NMR spectra of compound 13f
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*'P{'"H} NMR spectrum of compound 14a

'H and "*C{'H} NMR spectra of compound 13j
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3'P{'"H} NMR spectrum of compound 14¢c
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3'P{'"H} NMR spectrum of compound 14g
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'H and "*C{'"H} NMR spectra of compound 17

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

'H and *C{'H} NMR spectra of compound 18
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'H and 3C{'H} NMR spectra of compound 22

'H and "*C{'"H} NMR spectra of compound 21
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'H and "3C{'"H} NMR spectra of compound 24

'H and "*C{'H} NMR spectra of compound 23
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3'P{"H} NMR spectrum of compound 26

'H and "*C{'"H} NMR spectra of compound 25
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'H and 3C{'H} NMR spectra of compound 29

'H and "*C{'H} NMR spectra of compound 28
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'H and "3C{'"H} NMR spectra of compound 31

'H and "*C{'H} NMR spectra of compound 30
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3'P{"H} NMR spectrum of compound 33

'H and "*C{'H} NMR spectra of compound 32
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1. G | infor ion and instru for leosid phoramidites

and pt

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, C{'H} NMR and *'P{'H} NMR spectra were recorded on a Bruker Ascend 400 spectrometer (400 MHz for
'H NMR, 100 MHz for *C NMR and 162 MHz for *'P 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 'TH 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, 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 ym 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
a 0°C.2h o
S o o W—— HNTN
NN 2. Adenosine H
"‘ Formanmide or water
bDmu 70°C, 24 h
_0  Adenosine
~y=
N Formamide, r.(. 2 h
mic

Scheme S1. Prebiotic synthesis of N®-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 L) 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
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 uL).
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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 d tives. 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 pmol, 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 H20 and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 H20/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 S$2. 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-methylcarbamoyl 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 HzO 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 83. 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 Adencsine derivatives. In tumn, the chr phic peak

ig as A-MC corresp to an i i 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

o 1. NaNO,, ag. 5% HyPO, i
A e P
HNT N 2.-20°C, 22h BN “Gly-OH, 84%
3 H-2-OH, pH ~ 0.5 Thr-OH, 61%
=N
; Phe-OH, 78%
H-Gly-CN, pH ~ 9.5 ¢ ]l J Pro-OH, 74%
—_— Ny Asp-OH, 64%
° ° Lys-OH, 70%
. 1g -Ala-OH, 75%
\oH 1OH h: R = -GIy-CN, 26%
R B
on o on O

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

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

Step 1: ANP-methylurea adenosine 2 (1.00 mg, 3.08 ymol, 1.0 equiv.) and NaNO; (2.66 mg, 38.54 ymol, 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 HzO 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 $1. 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 instep1  Yield (%) of 1a

1% HiPOq 3

5% HiPO« 84

1M HCI 73

1M Hz80: 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 $2. Screening of reaction time in step 1. Reaction conditions in other steps were kept constant: step 1) 5% HaPO, at 0°C; step 2) 22
hat-20°C and step 3) pH ~ 9.5.

Time (min) instep 1 Yield (%) of 1a

30 84
60 76
120 57

Table $3. Screening of reaction time in step 2. Reaction conditions in other steps were kept constant: step 1) 5% HaPO4 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% HsPQx at 0°C for 30 min
and step 2) 22 h at -20°C.

pH of aqueous solution instep 3 Yield (%) of 1a

~6.2 5

~6.9 24
~74 34
~86 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: N®-methylurea adenosine 2 (1.00 mg, 3.08 pymol, 1.0 equiv.) and NaNO; (2.66 mg, 38.54 pymol, 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 pmol, 10.0 equiv.). 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. 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,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 = 5 pL). For 1h, an aliquot (10 L) of the crude reaction mixture was taken, diluted with water (up to 40 pL)
an analyzed by HPLC (A: HzO 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: Ne-methylurea adenosine 2 (1.00 mg, 3.08 pmol, 1.0 equiv.), the amine acid H-Phe-OH (30.84 pmol, 10.0
equiv.) and NaNO; (2.66 mg, 38.54 pmol, 12.5 equiv.) were dissolved in 5% aqueous HaPQs 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: H20 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 S$4. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of: a) g°A 1a; b) t°A 1b; c) °A 1c and d) p°A

1d. A = Adenosine.
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Figure S5. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of: €) d®A 1e; f) k®A a-1f (e-1f is the product of
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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Figure S6. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of f°A 1¢ following the modified procedure, i.e.

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

Table S5. Results obtained for the synthesis of 1a-h under ly plausible reaction
Compound Yield (%)
1a; g°A 84
1b; A 61
1e; FA 78 (39)
1d; p*A 74
1e; d°A 64
a-1f; kK°A 70
&Af 16
1g; a°A 75
1h; gen®A 26

? Result obtained following the modified procedure, i.e. addition of the amino acid in step 1 (nitrosation reaction).

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

MOH

1. NaNO; aq. 5% H PO,
30 min, 0°C
= 2.-20°C,22h
N 3. H-Gly-OH,pH ~ 9.5
_—

5:78%

guanosine 3 under the

30

Scheme $3. Prebiotic synthesis of amino acid-modified N°-carb | guanosine nucleoside 5 from A2-methyl
optimized reaction conditions.
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Figure 87. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of gG 5. G = guanosine.
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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* cytidine ide 6 from N* Y cytidine 4 under the
optimized reaction conditions.
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Figure S8. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of g*C 6. C = cytidine.
3.4 Prebiotic synthesis of amine acid-modified N®-methyl N¢-carbamoyl adenosine nucleoside
1. NaNO;, ag. 5% H;PO,
30 min, 0°C

2.-20°C.22h
3. H-Gly-OH. pH - 8.5
- =

Scheme S5. Prebiotic synthesis of amino acid-modified Af-methyl Nf-carbamoyl adenosine nucleoside 8 from Nf-methyl Ne-methylurea

7 under the ¢ i reaction
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Figure S9. HPLC chromatogram of the crude reaction mixture for the prebiotic synthesis of m°g°A 8. m°A = Nf-methyl adenosine.

S9



3.5 Control experiment of guanosine under the nitrosation conditions

1.NaND; aq. 5% HPO,
30 min, 0°C

2.-20°C, 22h

3.pH=-95

Scheme S6. Control experiment of ine G under the nil

1 conditions. X = xanthosine.

The control experiment indicated that G gives X under the nitrosation conditions used in Section 3.1.

510

4, Calibration curves of amino acid-modified carbamoyl nucleosides

Amino acid-modified carbamoyl nucleosides 1a-h, 5 and 6 were used for the development of calibration curves.
Separate stock solutions of the modified nucleosides were prepared in water (100 uM). Dilute standard solutions
of the modified nucleosides (1; 2; 4; 5; 6; 8 yM) 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 H2O 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
1h (50; 100; 200; 300; 400; 500 pM) were prepared in a final volume of 20 pL. The standard solutions were injected
in an analytical HPLC equipped with a C18 column (A: HzO 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). 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.)
versus the amount of each nucleoside followed a linear relationship.
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Figure $10. Chromatographic area (a.u.) vs. amount (pmal or nmol) of: a) g°A 1a; b) t°A 1b; c) PA 1c; d) p°A 1d; €) d°A 1e; f) K°A 1F; g)
a®A 1g and h) gow’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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Figure $11. Chromatographic area (a.u.) vs. amount (pmol) of: a) g°G 5 and b) g°C 6. Lines show the fit of the data to a linear regression
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Table S6. Calibration curves (y = mx + n) obtained by analysis of the chromatographic peaks of 1a-h, 5 and 6.

@ Slope (m) in nmol ™.

Compound

Slope, m (pmol-)

Intercept,n  r?

g"Ala
A 1b
A 1c
pPA1d
d°A 1e
Kk°A a-1f
a°A1g
gen®A 1h?
g°G5

g'Cé

3999.8

4300.7

3990.0

4183.8

4062.7

4046.2

44727

738.7

5000.9

2050.4

-1195.1

-137.4

10177.5

-1542.8

-3010.2

552.5

6578.1

3185

12316.0

-321.0

0.99

0.99

0.99

0.99

0.99

0.99

099

0.99

0.89

0.98

5. General information and instruments for oligonucleotides

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 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 CH2Clz, BTT or Activator 42® as activator in MeCN, Ac:0 as

capping reagent in pyridine/THF and |2 as oxidizer in pyridine/Hz20.

Deprotection of npe and teoc groups

For the deprotection of the para-nitrophenylethyl (npe) 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 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).

Cleavage from beads, deprotection of TBS groups and pr

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
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ion of the synthesized ON

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 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 || 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,0 and buffer B: 0.1 M AcOH/EtzN 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®
NB0/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 pL) and water (up to 19
pL). The nucleoside digestion mix enzyme (1 pL) 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.0
and buffer B: 2 mM HCOONH, pH 5.5 in 20:80 HO/MeCN; Gradient: 0-20% of B in 25 min; Flow rate = 0.15
mL-min”' and Injection volume = 20 plL).
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6. Prebiotic synthesis of amino acid dified car yl olig leotides
6.1 Prebiotic synthesis of amino acid dified carbamoyl oligonucleotides containing the four cancnical
bases
R=AUCGC UGU AC-3" R =AU CXC UXU AC-3"

1. NaNOy, guanidinium chloride
ag. 5% H,PO,, 30 min, 0°C

2.20°C.22h

3. H-aa-OH, pH ~ 8.5

ONfa'; oA, 18%

onz'
b)
1. NaNOy, guanidinium chloride Q
a0, 5% HyPO,, 30 min, 0°C
2.20°C,22h N NH O R
3.H-aa-OH, pH -~ 9.5
P
ons L L AL A
HoOH
ONS; g%G, 35%
’ XA
1. NaMO,. guanidinium chioride HE™ T TCOH
2. 5% H3PO;, 30 min, 0°C
2.-20°C, 22h
3.H-a2-OH, pH - 9.5
ONg. ONE; g°C, 5%
Scheme S7. Prebiotic synthesis of amino acid-modified oligont i from those ining: a) N®-methylurea adenosine

ON2'"; b) N>-methylurea guanosine ON3 and c) A*-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 pmol, 500 equiv.) were dissolved in 5%
aqueous HiPO. solution (60 L) 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-aa-OH (3 ymol,
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 uL). 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/EtzN pH 7 in
H20 and buffer B: 0.1 M AcOH/Et:N 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 $12. HPLC chromatograms of: left) the crude reaction mixtures for the prebiotic synthesis of a) ON1a’; b) ON5 and c) ON6, and
right) the enzymatic di i of the corr i ducts. Bis, Bir’ and Bw” are the oligonucleotides that do not contain the N-

ponding p

bamoyl 1t at the terminal ide and have xanthosine instead of guanosine.

Y

Table 8§7. HPLC retention times (0-30% of B in 45 min) and reaction yields of ON1a’, ON5 and ON6.

Strand tr (min)  Yield%
ON1a’ g°A 234 18
ONS; g°G 226 35
ONE; g°C 215 5

6.2 Prebiotic synthesis of an oligonucleotide containing two amino acid-modified carbamoyl nucleotides
at the terminal and internal positions

o
N
H 1. NaNO,, aq. 5% HyPO,, 30 min, 0°C
2.20°C, 22h
3, H-Phe-OH, pH ~ 9.5
ON1e'; R= A

5.RAUCGCUGURC-3' 5-RAUCXCUXURC-3'

Scheme S8. Prebiotic synthesis of ON1¢' from ON2" containing two N-methylurea adenosine nucleotides. In this case, guanidinium
chloride (GdmCl) was not added.
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Figure $13. 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°-carbamoyl adenosine oligonucleotides

1. NaNOy, guanidinium chioride
aq. 5% H,POy, 30 min, 0°C

2.-20°C, 22h

3. H-a0-0H, pH - 9.5

ONZiR =

5-RAA AAA AAA AA-T

S-RAA AAK ARA AR-3'

Scheme $9. Prebiotic synthesis of amino acid-modified N®-carbamoy! adq ine oligonucleotides ON1a-g from Af-methylurea adenosine
oligonucleotide ON2 (optimized reaction conditions are shown).

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

a)
0z 02 ON1g
+
3 3 Ae-a’A
] : ON2
i
E < PN P4
g +

without salt g
501 o 100 mM NaCl Aw
H H
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LL oLk
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Figure $14. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of ON1g: a) without salt and with b) 100 mM
NaCl; ¢) 100 mM guanidinium chloride (GdmCl) and d) 100 mM NaClQa.

Table $8. Results obtained for the addition of salts in the prebiotic synthesis of ON1g

Salt Au (%) ON1g(%) ON2 (%) Degradation (%)
B 18 15 15 ~52
100 mM NaCl 19 15 28 ~38
100 mM GdmCl 4 15 53 ~28
100 MM NaCIOs 15 11 25 ~49
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Prebiotic synthesis of ON1a-g under the nitrosation conditions using guanidinium chloride:
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Figure §15. 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 $16. HPLC chromatograms of the crude reaction mixtures for the prebiotic synthesis of: e) ON1e; f) a-ON1f and g) ON1g.

45

Table 89. 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%
ON1a; R = g°A 24.7 3657.6 3660.3 18
ON1b; R = t°A 24.8 37017 3702.7 18
ON1c; R =ffA 30.86 3arar7 37470 23
ON1d; R = p°A 25.0 3697.7 3699.7 15
ON1e; R = d°A 23.4 37156 3M7.2 10
a-ON1f, R=k°A 236 37287 37303 10
ON1g; R = a®A 25.4 367186 36736 16
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7. Consecutive reactions using N®-methylurea ad ine oli leotid

a)
o
J.L 1. NaNO,, guanidinium chloride
- aq. 5% HyPOy, 30 min, 0°C
HA ﬂ 2.-20°C,22h
3.H-Phe-OH, pH ~ 9.5
oNT ¢ N
3-AUU UAU UAU UR-5 3-AUU UAU UAU UR-5"
R = Ne-methylurea adenosine R=fA
b)
o
P Hfi/ﬁt oNg .
¥ )
com ne e o Ph N0
" s A T
— = OnNt0 HNT N
DMTMM.CI, Nacl H
pH 8, 16°C, 20 h N o 9
4
A
NN 34AUU UAU UAU UR
3.AUU UAU UAU UR-§' Fp— 5-(UAA AUA AUA A),R"
R=fA R = 4 R = U
c)
& 5
o Ph N 0 o
H | Y pH 6,90°C, 24 h Ht"‘\)'l\
N -0 H
oN10 “NJLNJ:”/ \/[N/NH ————————— ONM H
H
o ° ph

5-(UAA AUA AUA A), R"3'

3-AUU UAU UAU un"j R = fnméU

5-{UAR AUA AUA A),R"
R=A; R = nm°U

.
ON12 5-AUU AUU AUU UA-3'

Scheme $10. Consecutive reactions: a) prebiotic synthesis of amino acid i carbamoyl ol ie ONB; b) peptide coupling
reaction between ON8 and ON8 and c) urea cleavage reaction of ON10.

Proced 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 HaPO4 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
umol, 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 agueous 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 L) 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/Et:N pH 7 in 20:80 H.O/MeCN; Gradient: 0-30% of B in 45 min; Flow rate
=1 mL'min"; Injection volume = 100 L) 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 pling reaction bet ONB8 and ON9:

An equimolar solution mixture of ON8 (50 M) and ON9 (50 pM) 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/Et;N pH 7 in H,0 and buffer B: 0.1 M AcOH/Et;N
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 L) of the crude reaction mixture was
taken and analyzed by HPLC (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: 0-30% of B in 45 min; Flow rate = 1 mL-min'; Injection volume = 20 pL) and MALDI-
TOF mass spectrometry.
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0.30 3000
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Figure $17. 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 carbamoyl oligonucleotide ONS; 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 ON8
were added for reaction b.
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Figure $18: 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

Ne-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 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 H20 and buffer B: 0.1 M AcOH/EtsN pH 7
in 20:80 HzO/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.

12000
11000 y=9144,1x-1653  4ONZ

10000 R?*=0,9998 -7
s

Area (a.u)

0 02 04 08 08 10 12 14
Amount (nmol)

Figure $19. 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 $10. Calibration curve (y = mx + n) obtained by analysis of the chromatographic peaks of ON2.

Strand  Slope, m (nmol)  Intercept,n r?

ON2 91441 -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 M),
MES buffer pH 6 (100 mM) and NaCl (100 mM or 1 M). The oligonuclectides 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.

520

a)
0.36 -|

e (a.u.)

0.28

Absorban

0.26

0.24 4

0.22 T T T T T T T T J

Temperature (°C)
b 030

0.28

a.u.)
=
N
(=2
I

0.24 4

Absorbance (;
o
[
N
L

0.20 4

0.18

Temperature (°C)
Figure $20. Melting curves of the RNA donor strand ONB with the RNA acceptor strand ONS containing: a) 100 mM NaCl and b) 1 M NaCl
The fit of the data to a two-state melting model using a mone-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 carbamoyl nucleosides used as reference

10.1 Synthesis of N®-methylurea adenosine

o
)OL NNJLO/\
] MeNH;CI
pyridine pyridine NH, in MeOH
oClon o115 C
n0Ae
Ve O
9 10 " 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 A®-carbamoyl adenosine nucleosides

1 = [+ =]
N —
NH, [ jojo(N\//m HN)LH’R HNJLE’R
N N Ty
</N | J‘ </N | NJ Megs-‘:zo </ | /)

2. 12a4,
TEA, DCM

12a: H-Gly-OMesHC|

’
1262 H-L-Asp(OEH)-OE
9 12f: H-L-Lys(Fmoc)-OMe

1a: R = -Gly-OH, 66%
1b: R = -L-Thr-OH. 53%
1c: R = L-Phe-OH, 1%
-Pro-OMe, 65% 1 -L-Pro-OH, 71%
-Asp(OEt)-OEL, 87% 1e:R = L-Asp-OH, 63%
Lys(Fmoc)-OMe, 85% 16 R = -L-Lys-OH, 20%

Scheme 512. Synthesis of amino acid-modified N-carbamoy| 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. aq. NaHCOj3 solution and the aqueous phase was extracted three times with DCM. The combined
organic layers were dried (Na;SO, or MgSQy), 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): 7 (cm™') = 3240; 1741; 1698; 1611; 1589; 1538; 1532; 1470; 1366;
1206; 1089; 1043; 1019; 900; 798. "H NMR (400 MHz, CDCls, 298 K): & (ppm) = 9.85 (t, J = 5.5 Hz, 1H); 8.59 (s,
1H); 8.34 (s, TH); 8.22 (s, 1H); 6.21 (d, J= 5.5 Hz, TH); 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, CDCl;, 298 K): 5 (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) miz: [M+H]" Calcd. for CaoH2sNsO1o 509.1627; Found
509.1624.

13b: Yield = 86%. Ry = 0.50 (EtOAC). IR (ATR): 7 (cm™’) = 3237; 1742; 1694; 1614; 1589; 1551; 1537; 1468; 1366;
1212; 1089; 1044; 1018; 923; 903; 798; 752; 735; 687. 'H NMR (400 MHz, CDCls, 298 K): & (ppm) = 10.23 (d,
J=85Hz, 1H); 870 (s, 1H); 8.54 (s, 1H); 8.28 (s, 1H); 7.40-7.33 (m, 5H); 6.22 (d, J = 5.5 Hz, TH); 5.95 (dd,
J=55,55Hz, 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, TH); 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). *C{"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
GCasHasNeO11 629.2202; Found 629.2200.

13c: Yield = 86%. R: = 0.45 (95:5 DCM/IPA). IR (ATR): ¥ (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) = 9.9 (d,
J=7.7Hz, 1H); 8.52 (s, 1H); 8.42 (s, TH); 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): 5 (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]* Galcd. for CzsHasNsO10 613.2253; Found 613.2253.

13d: Yield = 65%. R = 0.13 (96:4 DCM/IPA). IR (ATR): ¥ (cm™") = 2956; 1740; 1690; 1647; 1607; 1403; 1367,
1213; 1043; 898; 727; 643. For major rotamer: 'H NMR (400 MHz, DMSO-ds, 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). BC{'"H} NMR (100 MHz, DMSO-d;, 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 Ca3HzeNsO1o 549.1939; Found 549.1942.

13e: Yield = 87%. R = 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, TH); 6.22 (d, J = 5.5 Hz, 1H); 5.97 (dd, J = 5.5, 5.5 Hz, 1H); 5.65 (dd,
J=55,4.2Hz, 1H); 493 (dt, J=7.8, 4.8 Hz, 1H); 4.44 (dq, J = 8.0, 3.5 Hz, 2H); 4.36 (dd, J= 12.8, 5.4 Hz, TH);
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4.25 (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). 1*C{'H} NMR (100 MHz, CDCls, 298 K): 5 (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)
miz: [M+H]* Caled. for Cz2sH3aNsO12 609.2151; Found 609.2143.

13f: Yield = 85%. Ry = 0.37 (95:5 DCM/IPA). IR (ATR): 7 (cm) = 2949; 1743; 1697; 1612; 1532; 1365; 1214; 1043;
741. "H NMR (400 MHz, CDCl5, 298 K): 3 (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, J =55 Hz, 1H); 5.96 (t, J = 5.5 Hz, 1H); 564 (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); 3.77 (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). °C{'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: [W+H]* Calcd. for
CasHaaN7O4 802.3042; Found 802.3046.

General procedure for the synthesis of 1a-f

Acetyl-protected adenosine derivative 13a-f (1.0 equiv.) was dissolved in 3:1 MeOH/H20 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 agueous 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 hefore the
hydrolysis reaction

1a: Yield = 66%. ta = 14.0 min (0-30% of B in 45 min). IR (ATR): ¥ (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); 6.9 (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), 3.71-3.56 (m,
2H). *C{'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-HJ Calcd. for C13HsNsQ; 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=56Hz, 1H); 5.55 (d, J = 5.9 Hz, TH); 5.29-5.17 (m, TH); 5.14 (t, J = 5.6 Hz, 1H); 4.60 (q, J = 5.0 Hz, 1H); 4.30-
422 (m, 2H); 418 (q, J=4.1, 35 Hz, 1H); 3.97 (q, J=3.9 Hz, TH); 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) miz: [M+H]" Calcd. for CisHz21NeOs 413.1415; Found 413.1415,

1c: Yield = 81%. tr = 23.0 min (0-65% of B in 45 min). IR (ATR): ¥ (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, TH); 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=5.6Hz, 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 (g, J = 3.9 Hz,
1H); 3.74-3.51 (m, 2H); 3.21-3.04 (m, 2H). *C{'"H} NMR (100 MHz, DMSO-ds, 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)
mlz: [M+H]* Calcd. for CooHz3sNsO7 459.1623; Found 459.1624.

1d: Yield = 71%. tr = 21.8 min (0-20% of B in 30 min). IR (ATR): ¥ (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). '*C{'H} NMR (100 MHz, DMSO-ds, 298 K): 5 (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 C1gH21NsO7 409.1466; Found 409.1465.

1e: Yield = 63%. tg = 24.7 min (0-20% of B in 45 min). IR (ATR): ¥ (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.
& (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). "*C{'"H} NMR (100 MHz, DMSO-ds, 298 K): & (ppm) = 172.4;
1721, 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]*
Caled. for CysH1gNgOg 427.1208; Found 427.1207.
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1f: Yield = 20%. t= = 18.3 min (0-20% of B in 30 min). IR (ATR): # (cm™') = 3123; 2934; 1683; 1588; 1526; 1469;
1398; 1252; 1053; 798; 641. 'H NMR (400 MHz, DMSO-ds, 298 K): 5 (ppm) = 9.62 (d, J = 6.1 Hz, 1H); 8.65 (s,
1H); 8.51 (s, TH); 5.97 (d, J = 5.5 Hz, TH); 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) miz: [M+H]" Caled. for
Ci7H2sN70; 440.1888; Found 440.1888.
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Scheme 513. Synihesis of alanine-madified A®-carbamoyl adenosine nucleoside 1g used as reference.

Acetyl-protected N°-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% yield). IR (ATR): 7 (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-ds, 298 K): & (ppm) = 12.83 (br s, 1H); 8.95 (s, 1H); 9.69 (d, J= 7.0 Hz, 1H); 8.65 (s, 1H);
8.60 (s, 1H); .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]" Caled. for CaoH2sNsO10 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 NHz 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% vyield). tr = 20.7 min (0-40% of B in 45 min). IR
(ATR): ¥ (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=586Hz, 1H);4.59 (q, J = 4.6 Hz, 1H); 4.33 (p, J= 7.1 Hz, 1H); 4.17 (1, J = 4.5 Hz, 1H); 3.97 (g, 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
C14H1sNsO7 383.1310; Found 383.1311.
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Scheme S14. Synthesis of amino nitrile-modified N®-carbamoy! 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 mmeol, 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. aqg.
NaHCOs; selution 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
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chromatography on silica gel (95:5 DCM/IPA) affording 13h as a white solid (570 mg, 1.20 mmol, 84% yield). Ry =
0.50 (95:5 DCM/IPA). IR (ATR): ¥ (cm™') = 1742; 1701; 1612; 1589; 1517; 1470; 1365; 1211; 1043; 904; 798; 642;
579; 507; 407. '"H NMR (400 MHz, CDCl;, 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-
435 (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 C1aH22N70s 476.1524; Found 476.1524.

Ne-amino nitrile modified adenosine 1h: Protected ANf-amino nitrile modified adenosine 13h (100 mg, 0.21 mmol,
1.0 equiv.) was dissolved in 7 N NH3 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): ¥ (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, TH); 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
C13H16N7Os 350.1207; Found 350.1208.

10.3 Synthesis of N®-methy! N®-methylurea adenosine

o o
HN)Lu/ \NJLN/
N
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1 14: 49% T:T6%
Scheme S15. Synthesis of N®-methyl N°-methylurea adencsine 7.

Acetyl-protected N°-methyl N°-methylurea adenosine 14: Acetyl-protected Né-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.COs; (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;0 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 (MgSQy), 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=4.9Hz, 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).
*C{'H} NMR (100 MHz, CDCla, 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 C1gHzsNsOg 465.1728;
Found 465.1726.

N¢-methyl N°-methylurea adenosine 7: Acetyl-protected adenosine 14 (119 mg, 0.26 mmol, 1.0 equiv.) was
dissolved in 7 N NH; in MeOH. The reaction was stirred at r.t. overnight. After that, the crude was concentrated
and purified by semi-preparative HPLC (A: H20 and B: 20:80 H20/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): ¥ (cm"
') = 3362; 3225; 3146, 1689; 1586; 1561; 1514; 1463; 1258; 1129; 1102; 1055; 1039; 983, 817; 793, 768, 740;
696. 'H NMR (400 MHz, DMSO-de, 298 K): & (ppm) = 9.72 (q, J = 4.5 Hz, 1H); 8.69 (s, 1H); 8.57 (s, 1H); 6.01 (d,
J=56Hz, 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 (q, J = 5.3 Hz, 1H); 4.17
(g, J=4.5Hz, 1H); 3.97 (g, 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; 1561.8; 150.3; 141.3; 121.9; 87.6; 85.7; 73.8; 70.3; 61.2; 34.2;
27.2. HRMS (ESI) mfz: [M+H]" Calcd. for C13H1gNsOs 339.1411; Found 339.1413.
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10.4 Synthesis of amino acid-modified N®-methyl N®-carbamoyl adenosine nucleoside
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Scheme $16. Synthesis of glycine-modified N®-methyl N°-carbamoyl adenosine 8 used as reference.

Acetyl-protected N°-glycine modified N°-methyl adenosine 15: Acetyl-protected N-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
K2COs (0.80 g, 5.81 mmol, 3.0 equiv.) was added. Finally, methyl icdide (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;0, and washed with sat. ag. NH4ClI solution and water. The aqueous phase was re-extracted with
Et,0 and the combined organic layers were dried (MgS0O.), 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): ¥ (cm™) = 3196; 2955; 1740; 1681; 1565; 1518; 1463;
1370; 1223; 1206; 1029; 922; 796. 'H NMR (400 MHz, CDCl3, 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, CDCl3, 298 K): & (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 C21H27NsO10 523.1782;
Found 523.1784.

Né-glycine modified N®-methyl adenosine 8: Acetyl-protected adenosine derivative 15 (103 mg, 0.20 mmol, 1.0
equiv.) was dissolved in 3:1 MeOH/HzO. The solution was cooled to 0°C. LiOH+*H,0 (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
H2O/MeCN; both containing 0.1% of formic acid) affording 8 as a white solid (56 mg, 0.15 mmol, 74% yield). tr =
27.1 min (0-30% of B in 45 min). IR (ATR): ¥ (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 (brs, 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). "*C{'"H} NMR (100 MHz, DMSO-de, 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.

10.5 Synthesis of N2-methylurea guanosine and amino acid-modified M2-carbamoyl guanosine nucleoside
used as reference

o
1. TMSCI, pyridine 2

XX, @ i <’:ﬁ/kw’\m

oo .
. o 1. TBAF, THF, 0°C
mOTBS WOTBS —_—
y 3. MeNH; in EtOH 2.LiOH, THFIH,O for 5 s
o or o OH

O Ong” on
ey +Bu H-Gly-OEtaHC! o eEu
1 17:R = CHy, 75% 3:R = CHy, 46%
18: R = -Gly-OEt, 73% 5: R = -Gly-OH, 60%

Scheme $17. 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. NaHCO3 solution and the
aqueous phase was extracted with DCM. The combined organic layers were dried (MgSQO;), 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). R: = 0.47 (9:1 DCM/IPA). IR (ATR): ¥
(cm') = 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)
3C{'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 C26Hi70sNeSI2
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-OEt-HCI (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 (MgSQ,), 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). R; = 0.62 (9:1 DCM/MeOH). IR (ATR): ¥ (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): & (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 (g, J = 7.1 Hz, 2H);
4.07-3.92 (m, 4H); 1.21 (t, J = 7.1 Hz, 3H); 1.07 (s, 8H); 1.01 (s, 9H); 0.86 (s, 9H); 0.08 (s, 3H); 0.07 (s, 3H). *C{'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
C19Hs10sNgSiz 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: Hz0 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). tr = 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): & (ppm) = 11.97 (br s, 1H); 10.18 (br s, 1H); 8.16 (s, 1H); 6.82 (q, J = 4.7 Hz, 1H); 5.75
(d, J =55 Hz, 1H); 5.47 (d, J = 5.9 Hz, 1H); 5.17 (d, J = 4.9 Hz, 1H); 5.04 (1, J = 5.4 Hz, 1H); 4.41 (g, J = 5.5 Hz,
1H); 4.11 (q, 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-ds, 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 CizH17NgOs
341.1204; Found 341.1203.

N2-glycine modified guanosine 5: Step 1: Silyl-protected guanosine derivative 18 (20 mg, 30 pmol, 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/HQ 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.0 and B: 20:80 H20/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, /= 5.0 Hz, 1H); 4.11 (t, J= 4.6 Hz, 1H); 3.91 (g, J=4.0
Hz, 1H); 3.80-3.72 (m, 2H); 3.66 (dd, J = 12.0, 4.0 Hz, 1H); 3.66 (dd, J = 12.0, 4.0 Hz, 1H). *C{'"H} NMR (126
MHz, DMSO-ds, 298 K): & (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) mfz: [M-HJ" Calcd. for C13H1sNeOg 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

1. HF Py, pyridine
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Scheme $18. Synihesis of M-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. NaHCO; solution
and the aqueous phase was extracted three times with DCM. The combined organic layers were dried (MgSQ.),
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): v (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, CDCls, 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). "*C{'"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 C;5H47NsOsSi; 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-OEtsHCI (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. aq. NaHCOj; solution and the
aqueous phase was extracted three times with DCM. The combined organic layers were dried (MgSOy), 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). Ry = 0.33 (1:1 i-Hex/EtOAc); IR
(ATR): ¥ (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 (, 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). '3C{'"H} NMR (100 MHz, CDCls, 298 K):
d (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 C2sHs1N4CsSi> 627.3240; Found 627.3243.

N*-methylurea cytidine 4: Silyl-protected cytidine derivative 20 (0.37 g, 0.67 mmol, 1.0 equiv.) was dissclved in
dry pyridine. 70% HF-pyridine (0.54 mL, 3.33 mmal, 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 H2O/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): # (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);
576 (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-ds, 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) miz: [M+H]" Calcd. for C11H17N4Qs 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 H2O/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): # (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; 805;
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); 8.10 (brs, 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);
515 (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-ds, 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 C12Hi7N4Og 345.1040;
Found 345.1043,

11. Synthesis of methylurea nucleoside phosphoramidites

11.1 Synthesis of N®-methylurea adenosine phosphoramidite
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Scheme 519. Synthesis of N°-methylurea adenosine phosphaoramidite 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
(MgS0.), 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): ¥ (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, TH); 8.50 (s, TH); 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, J=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). *C{'"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 Cz5H47NsO5Siz 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. aq. NaHCOj3 solution and the crude was extracted three times with
DCM. The combined organic layers were washed with water, dried (MgSQ.), 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); 6.84 (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; -56.2; -5.3. HRMS (ESI) m/z: [M+H]" Calcd. for CigHaiNsOsSiz
439.2120; Found 439.2121.

DMTr-protected N®-methylurea adenosine 25: 3',5'-Deprotected adenosine 24 (0.80 g, 1.82 mmol, 1.0 equiv.)
was dissolved in dry pyridine. DMTrClI (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). Ry = 0.70 (95:5 DCM/IPA). IR (ATR): ¥ (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); 4.51 (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, CDCl3, 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 CsgHsgNsO7Si
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 (MgSQy), 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 Iyophilized from benzene affording 26 as a mixture of diasterecisomers
(245 mg, 0.26 mmol, 64% vyield). 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 CisHssNsQOsPSi 941.4505; Found 941.4488.
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11.2 Synthesis of N>-methylurea guanosine phosphoramidite
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Scheme $20. Synthesis of A>-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. aq. NaHCOas solution and the crude was
extracted with DCM. The combined organic layers were dried (MgSQ,), 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): v (cm™") = 2857; 1666; 1606; 1534; 1403;
1362; 1321; 1145; 1089; 1058; 1020; 908; 835; 779; 750; 641. 'H NMR (400 MHz, DMSO-d;, 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). "*C{'H} NMR (100 MHz, DMSO-ds, 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 CigH310sNsSi 455.2068; Found
455.2069.

DMTr-protected N2-methylurea guanosine 28: 3',5-Deprotected N?-methylurea guanosine derivative 27 (0.50
g. 1.1 mmol, 1.0 equiv.) was dissolved in dry pyridine and 4.4 -dimethoxytrityl chloride (DMTrCl) (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). Ry = 0.50 (9:1 DCM/MeOH). IR (ATR): ¥ (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). *C{'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]* Caled. for CagHasOsNeSi 757.3375; Found 757.3375.

N?-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-Cyanoethy!
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 (MgSQ.),
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). Ry = 0.36 (9:1 DCM/MeOH). *'P{'"H} NMR (162
MHz, acetone-ds, 298 K): & (ppm) = 150.7; 148.8. HRMS (ESI) m/z: [M+H]" Calcd. for C4sHesOaNsPSi 957.4453;
Found 957.4436.

11.3 Synthesis of N*-methylurea cytidine phosphoramidite
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Scheme §21. Synthesis of M*-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. NaHCO; solution and the crude was extracted three times
with DCM. The combined organic layers were washed with water, dried (MgSQ,), 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). Ry=0.27 (3:1 DCM/IPA). IR (ATR): ¥ (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-ds, 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 (DMTrCI) (123 mg, 0.36 mmoal, 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% vyield). Ry = 0.40
(9:1 DCM/IPA). IR (ATR): ¥ (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-ds, 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); 442 (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-ds, 298 K): & (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 C3gHaaN4OsSi 717.3314; Found 717.3317.
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N*-methylurea cytidine phosphoramidite 32: A solution of 5-DMTr-protected cytidine derivative 31 (30 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 aq. 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). 3'P{'"H} NMR (162 MHz, acetone-
ds, 298 K): & (ppm) = 150.4, 148.1. HRMS (ESI) m/z: [M-H]" Calcd. for C47HesNsOoPSi 915.4247; Found 915.4263.

12. Synthesized oligonucleotides using a DNA/RNA automated synthesizer
ON2: 5-RAA AAA AAA AA-3'; R = Nf-methylurea adenosine

ON2': 5-RAU CGC UGU AC-3"; R = Nf-methylurea adenosine

ON2'": 5-RAU CGC UGU RC-3’; R = Nf-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

ON9: 5-(UAA AUA AUA A).R’-3"; R’ = nm®U

Table S$11. 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) miz calcd. for [M-H]: Found

ON2 271 36136 3614.0
ON2' 26.7 35055 3504.4
ONZ2" 33.3 38326 3833.7
ON3 24.1 3520.5 3520.6
ON4 233 3480.5 3481.3
ON7 26.8 34524 3452.6
ON9 327 36335 3634.2
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'H and "*C{'H} NMR spectra of compound 1b

13. NMR spectra of synthesized compounds
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'H and "*C{'H} NMR spectra of compound 1d

'H and "*C{'H} NMR spectra of compound 1¢c
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'H and "*C{'H} NMR spectra of compound 1h

'H and "*C{'H} NMR spectra of compound 1g
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'H and "*C{'H} NMR spectra of compound 4

'H and "*C{'H} NMR spectra of compound 3
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'H and "*C{'H} NMR spectra of compound 6

'H and "*C{'H} NMR spectra of compound 5
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'H and "*C{'H} NMR spectra of compound 13b

'H and "*C{'H} NMR spectra of compound 13a
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'H and "*C{'H} NMR spectra of compound 13d

'H and "*C{'H} NMR spectra of compound 13c
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'H and "*C{'H} NMR spectra of compound 13f

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

S0 0L
oo

NHFmoc

An0AC

Five

Feso
Teso

Feeo

*99¢

o

F66°0

105 100 95

11 (ppm)

05 00 -05

10

55 50 45 40 35
1 (ppm)

8.0

85 80 75 70 85

9.0

11.0

2804~
orei~
€000 0L

PO0Zh,
501zL=
SLSZhn
WLZb5
s’

gl
Pt
Ol
vE 05k
15 cEW
9 15k
or'tsL
75 o517

iresl
€L mer
50,
00°€LL

€000 85°LL
1508

e —

ez~
0121~

sz —

s —

s0zh —

ovast
g 081 =
551517
e
semt

20

0

60 50

70

1 (ppm)

180 170 180 150 140 130 120 110 100

180

180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

200

S53

552



H and "*C{'H} NMR spectra of compound 13h

'H and "*C{'H} NMR spectra of compound 13g
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'H and "*C{'H} NMR spectra of compound 15

'H and "*C{'H} NMR spectra of compound 14
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'H and "*C{'H} NMR spectra of compound 18

'H and "*C{'H} NMR spectra of compound 17
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'H and "*C{'H} NMR spectra of compound 24

'H and "*C{'H} NMR spectra of compound 23
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3'P{H} NMR spectra of compound 26

'H and "*C{'H} NMR spectra of compound 25
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'H and "*C{'H} NMR spectra of compound 27
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3'P{'"H} NMR spectra of compound 29
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3'P{'"H} NMR spectra of compound 32

'H and "*C{'H} NMR spectra of compound 31
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