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Abstract

Ribonucleic acid (RNA) is a ubiquitous biopolymer with a versatility of functions in cel-
lular processes, which can be fulfilled not least due to the implementation of a sequence-
independent layer of information in the form of a multitude of chemically modified nu-
cleosides. Understanding the complex network of RNA modifications and their involve-
ment in physiological processes but also in pathological conditions is an active field of
research and even if a plethora of RNA modifications is already known, increasingly so-
phisticated instrumentation still allows the discovery of new low abundant species. For
both, known and new structures, biological roles have to be disentangled and knowl-
edge of the entirety of non-canonical nucleoside structures within the cell is essential to
capture the big picture. In this work, two potentially new RNA hypermodifications were
investigated, based on previous work in the Il group in the form of a wide-ranging
screening for new RNA modifications in bacterial transfer RNA (tRNA) using liquid chro-
matography coupled tandem mass spectrometry (LC-MS/MS). For the first candidate, the
structure of a new nucleoside that occurs in tRNA from Escherichia coli (E. coli) was un-
equivocally elucidated to be 2-methylthio-1,N6-ethenoadenosine (ms?cA), based on the
combination of LC-MS/MS analysis with stable isotope labeling, modification enzyme
knockouts and organic synthesis. In contrast to RNA modifications that are understood
to improve RNA function, experiments on the origin of ms?¢A showed that this putative
modification might rather be an oxidatively damaged variant of the known RNA mod-
ification 2-methylthio-N6-isopentenyladenosine with a loss of function and, concomi-
tantly, a detrimental character of this modified nucleoside. These findings open up for a
new subfield of research within the world of RNA modifications, namely RNA modifica-
tion damages and their consequences, but simultaneously urge caution in the discovery
of new modifications and their classification as such. The context of RNA damage also
came into focus with regard to the second candidate, as the more detailed characteriza-
tion of this compound, in addition to its natural occurrence in E. coli tRNA, revealed a
UV-induced formation of this dimeric structure in vivo and in vitro, which was used to
gain further structural information. Furthermore, knockout experiments associated the
native formation of this candidate with the sulfurtransferase Thil and UV-induced for-
mation of the candidate in dethiolated tRNA pointed to a favoring effect of 4-thiouridine
in the UV-dependent mechanism. While this candidate’s structure could not be fully elu-

cidated, the results of this work help to shape a new perception of this candidate and



imply a formation of this structure via different mechanisms as well as a relation to RNA
damage. The fact that the alteration of an intrinsically present hypermodified structure
is not necessarily accompanied by impaired function on the molecular level was shown
in another project within the scope of this work. In a deliberately manipulated transg-
lycosylation reaction, an azide-containing synthetic precursor of the hypermodification
queuosine was incorporated in vitro as well as in vivo in E. coli, Schizosaccharomyces
pombe and human cells by the endogenous enzyme and characterized by exploiting the
clickability of the azide moiety with respect to success of incorporation and distribution
on different RNA species. An investigation of the physiological effects at the molecular
level indicated a minimally invasive nature of the developed system, showing that the
surrogate was not only functionally integrated into the translational process but also
complied with queuosine’s stimulating effect in the modification circuit with 5- methyl-
cytosine at position 38 of tRNAAP,



Zusammenfassung

Ribonukleinsédure (RNA) ist ein ubiquitdres Biopolymer mit vielfaltigen Funktionen in
zellularen Prozessen, die nicht zuletzt durch die Implementierung einer sequenzunab-
hangigen Informationsebene in Form einer Vielzahl chemisch modifizierter Nukleoside
erfiilllt werden konnen. Das Verstidndnis des komplexen Netzwerks von RNA-Modifika-
tionen und deren Beteiligung an physiologischen Prozessen, aber auch an pathologi-
schen Zustanden, ist ein aktives Forschungsgebiet, und selbst wenn eine Vielzahl an
RNA-Modifikationen bereits bekannt ist, ermdglichen immer ausgefeiltere Instrumente
weiterhin die Entdeckung neuer, selten vorkommender Spezies. Sowohl fiir bekannte als
auch fiir neue Strukturen miissen die biologischen Funktionen entschliisselt werden und
die Kenntnis der Gesamtheit der nicht-kanonischen Nukleosidstrukturen in der Zelle
ist unerlasslich, um iibergeordnete Zusammenhiange zu erfassen. In dieser Arbeit wur-
den auf Grundlage vorangegangener Arbeiten in der [l Gruppe in Form eines breit
angelegten Screenings nach neuen RNA Modifikationen in bakterieller Transfer-RNA
(tRNA) mittels Fliissigchromatographie gekoppelter Tandem-Massenspektrometrie (LC-
MS/MS) zwei potenziell neue RNA-Hypermodifikationen untersucht. Fiir den ersten
Kandidaten wurde die Struktur eines neuen Nukleosids, das in der tRNA von Escherichia
coli (E. coli) vorkommt, eindeutig als 2-Methylthio-1,N6-ethenoadenosin (ms?cA) aufge-
klart, basierend auf der Kombination von LC-MS/MS-Analyse mit Isotopenmarkierung,
Knockouts von Modifikationsenzymen und organischer Synthese. Im Gegensatz zu RNA-
Modifikationen, von denen man annimmt, dass sie die RNA-Funktion verbessern, zeig-
ten Experimente zum Ursprung von ms“eA, dass es sich bei dieser vermeintlichen Mo-
difikation um eine oxidativ geschiadigte Variante der bekannten RNA-Modifikation 2-
Methylthio-Né6-isopentenyladenosin handeln konnte, die ihre Funktion verliert und dem
modifizierten Nukleosid somit einen schadlichen Charakter verleiht. Diese Erkenntnisse
eroffnen ein neues Teilgebiet der Forschung im Bereich der RNA-Modifikationen, nam-
lich RNA-Modifikationsschiaden und deren Folgen, mahnen aber gleichzeitig zur Vor-
sicht bei der Entdeckung neuer Modifikationen und deren Klassifizierung als solche.
Ein Zusammenhang zu RNA-Schaden riickte auch bei dem zweiten Kandidaten in den
Fokus, da die genauere Charakterisierung dieser Verbindung neben ihrem natiirlichen
Vorkommen in E. coli tRNA eine UV-induzierte Bildung dieser dimeren Struktur in vivo
und in vitro ergab, die zur Gewinnung weiterer Strukturinformationen genutzt wurde.

Dariiber hinaus brachten Knockout-Experimente die native Bildung dieses Kandidaten

xi



Xii

mit der Sulfurtransferase Thil in Verbindung, und die UV-induzierte Bildung des Kan-
didaten in dethiolierter tRNA deutete auf eine Begilinstigung des UV-bedingten Me-
chanismus durch 4-Thiouridin hin. Obwohl die Struktur dieses Kandidaten nicht voll-
standig aufgeklart werden konnte, tragen die Ergebnisse dieser Arbeit dazu bei, eine
neue Wahrnehmung dieses Kandidaten zu formen und implizieren eine Bildung dieser
Struktur tiber verschiedene Mechanismen sowie einen Zusammenhang zu RNA-Schaden.
Dass die Veranderung einer intrinsisch vorhandenen, hypermodifizierten Struktur nicht
zwangslaufig mit einer Funktionsbeeintrachtigung auf molekularer Ebene einhergeht,
wurde in einem weiteren Projekt im Rahmen dieser Arbeit gezeigt. In einer gezielt
manipulierten Transglykosylierungsreaktion wurde ein azidhaltiger synthetischer Vor-
laufer der Hypermodifikation Queuosin sowohl in vitro als auch in vivo in E. coli, Schizo-
saccharomyces pombe und humanen Zellen durch das endogene Enzym eingebaut und
unter Ausnutzung der Klickbarkeit des Azidrests im Hinblick auf den erfolgreichen Ein-
bau und die Verteilung auf verschiedene RNA-Spezies charakterisiert. Eine Untersu-
chung der physiologischen Effekte auf molekularer Ebene wies auf einen minimal inva-
siven Charakter des entwickelten Systems hin, wobei gezeigt wurde, dass das Surrogat
nicht nur funktionell in den Translationsprozess integriert wurde, sondern auch die sti-
mulierende Wirkung von Queuosin im Modifikationskreislauf mit 5-Methylcytosin an

Position 38 von tRNA*P erfiillen konnte.
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1 Introduction

1.1 Ribonucleic acid

1.1.1 Structure and function of RNA

As early as 1869, Friedrich Miescher discovered and characterized a hitherto unknown
cell substance with high phosphorous content, pioneering the structural elucidation of
nucleic acids and their integration in the central dogma of molecular biology."!! The lat-
ter highlights the fundamental roles of nucleic acids, naturally occurring in the forms of
deoxyribonucleic acid (DNA) which carries the genetic information and ribonucleic acid
(RNA) which — amongst diverse other functions - transports this information to the site
of protein biosynthesis and serves as a template.[**! RNA is a single-stranded polyri-
bonucleotide and mainly consists of four building blocks, so-called nucleotides. The
core structure of nucleotides is formed by a ribose sugar (2’-deoxyribose in DNA) with a
phosphate residue attached to the hydroxyl group at C-5" and only differs by one of the
four nitrogenous nucleobases that is attached to C-1" of the ribose via an N-glycosidic
bond (Figure 1.1a). Of note, the combination of a ribose with a nucleobase is termed nu-
cleoside which describes the biosynthetic precursors of nucleotides or RNA degradation
products. The canonical nucleobases are classified in the pyrimidine nucleobases cyto-
sine and uracil as well as the purine nucleobases adenine and guanine, whereas in DNA
the structurally related thymine is used instead of uridine. The RNA strand is formed
by connecting the building blocks via 3'-5'-phosphodiester bonds resulting in a charac-
teristic sugar-phosphate backbone with information on sequence direction given in the
form of the 5 end terminating with a phosphate group at carbon-5" and the 3’ end ter-
minating with a hydroxyl group at carbon-3’ of the ribose (Figure 1.1b).l! In contrast to
DNA, which is known for its double-stranded helix structure, RNA is of single-stranded
nature in the first place. Nevertheless, base pairing, an interaction of the complemen-
tary nucleobases adenine and uracil as well as guanine and cytosine (Watson-Crick base
pairs) via hydrogen bonds, enables the formation of double-stranded regions and as a

consequence of that highly complex secondary and tertiary structures.*’]
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Figure 1.1: RNA structure. a Structural components of the RNA building blocks. Coloring according
to the nucleobases in (b). b Phosphate groups that are attached to the nucleosides cytidine (C), uridine
(U), guanosine (G) and adenosine (A) link the 5’ position of one nucleoside’s ribose to the 3’ position of
the ribose of the adjacent nucleoside and form a ribose-phosphate backbone, the structural basis of an
RNA strand. Base pairing interactions between the complementary nucleobases via hydrogen bonds are
depicted as dashed lines.

Depending on the specific sequence of nucleobases, the appearances of RNA molecules
are as versatile as the roles they can fulfil in the cellular environment. The most promi-
nent interplay of different RNA species is the sophisticated process of protein biosynthe-
sis involving messenger RNA (mRNA) which provides the sequence information for the
protein of interest in the form of base triplets, transfer RNA (tRNA) which delivers the
required amino acids by direct interaction with the mRNA, and ribosomal RNA (rRNA)
which together with ribosomal proteins forms ribosomes, the sites of protein biosynthe-
sis, and has catalytic functions.®! The ensemble of all RNA species that do not contain
sequence information for building proteins and are therefore not translated are referred
to as non-coding RNAs. These range from rRNA which is several thousand base pairs
long, to significantly shorter RNA such as micro RNA (miRNA) and small interfering
RNA (siRNA), which regulate gene expression and play an important role in gene si-
lencing, but also small nuclear RNA (snRNA), which is responsible for the processing

and modification of other RNA species.l”~!!

1.1.2 Transfer RNA

Its function as an adapter molecule that decodes an mRNA sequence into a protein,
makes tRNA one of the most essential biomolecules and requires a certain degree of
structural complexity and variability. Already in the early days of tRNA research, Holley
et al. suggested that tRNA adopts a secondary structure in the form of a cloverleaf as

a result of reversely complementary parts of the sequence.[*?] Referring to either struc-
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tural features or a specific function, the cloverleaf structure can be divided into five
conserved sections: acceptor stem, D loop, anticodon loop, variable loop and T¥YC loop
(Figure 1.2a). True to its name, the variable loop allows the incorporation of additional
nucleotides resulting in a variable length of different tRNA species between 76 and 95
nucleotides. Especially the single-stranded loop structures are prone to diverse post-
transcriptional modifications which play an important role in both stability and function
of a tRNA (see section 1.2.3).'*!4] In physiological conditions, interactions between the D
loop and the TYC loop promote correct folding and stabilization of a three-dimensional
L-shaped structure, resulting in two major domains, namely the acceptor domain and

the anticodon domain.['>1¢]

acceptor domain

5 CCA end
CCAend

acceptor stem

T¥YC TYC loop

tRNA

anticodon domain

37

} anticodon
5 ==(1D(2)(D—mRNA= 3

codon

Figure 1.2: Secondary and tertiary structure of cytoplasmic tRNA. a Cloverleaf-like secondary
structure of tRNA highlighting the five conserved sections in different colors as well as the hydrogen
bond-based pairing between the anticodon (positions 34, 35 and 36 of the tRNA) with an mRNA codon
(positions 1, 2 and 3). Positions marked with filled circles point to frequent, often conserved modification
of nucleosides in these sites within eukaryotic tRNA, with positions 34 and 37 showing an incomparably
high degree of modification. b L-shaped tertiary structure of tRNA with structural elements in the same
color code as in (a), based on the Protein Data Bank entry for Saccharomyces cerevisiae tRNATP (1EHZ).
Figure adapted.[1671%]

The acceptor stem contains a 5’ phosphate and invariably carries a single-stranded CCA
sequence at the 3’ end to enable the attachment of the appropriate amino acid by for-
mation of an ester bond, which is catalyzed by individual aminoacyl-tRNA synthases.*’]
The incorporation of the correct amino acid into the growing polypeptide chain is en-
sured by base pairing between the mRNA codon, a specific sequence of three nucle-
obases, and its reversely complementary anticodon which is located in positions 34-36
of the anticodon loop (Figure 1.2a). While there are only 20 canonical amino acids, the

combination of the four nucleobases to yield different triplets results in 64 unique combi-

1.1
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nations, i.e. the genetic code is degenerate and several codons encode for the same amino
acid.?”! From the tRNA perspective this means on the one hand that the incorporation
of the same amino acid can be mediated by several tRNA species, so-called isoacceptors,
which differ in their sequence including the anticodon. Intriguingly, the cellular tRNA
pool in various eukaryotic organisms comprises 41 to 55 different tRNA isoacceptors,
which on the other hand implies that some of them can interact with different mRNA
codons.?l This phenomenon is explained by the so-called wobble hypothesis which
states that perfect base pairing according to Watson and Crick is pivotal between the
first two positions of the mRNA codon and positions 36 and 35 of the tRNA anticodon,
whereas the exact Watson-Crick counterpart of the nucleobase in the third position of
the mRNA is not discriminatory at position 34 of the tRNA.[??! Apart from isoaccepting
tRNAs, there are also isodecoders which share their anticodon sequence and thus also

their amino acid but differ in other parts of the sequence.*!

1.2 Chemical modification of RNA

In order to comply with its versatile functions, RNA harbors an additional layer of
information beyond its sequence which is implemented by a broad spectrum of en-
zymatically installed, post-transcriptional modifications, collectively referred to as the
epitranscriptome.?®! Since the characterization of the first chemical modification more
than 60 years ago, about 170 distinct RNA modifications have been described in coding
and non-coding RNA from all kingdoms of life and still new structures continue to be

24-28] The chemical variety among RNA modifications is remarkable, rang-

discovered.!
ing from the rather simple attachment of a methyl group, isomerization, reduction and
deamination to highly complex structures in which the plethora of building blocks and
metabolites that nature has at hand, such as amino acids, sugars or isoprene residues,

finds new purposes (Figure 1.3).

To describe these diverse structures, a special nomenclature evolved throughout the
years (Figure 1.3a). Usually, chemical alterations are indicated in relation to one of the
four main nucleosides cytidine (C), uridine (U), guanosine (G) or adenosine (A). In the
case of nucleobase modifications, the abbreviation of the main nucleoside is prefixed
by an abbreviated form of the attached group e.g. m for methylation, s for thiolation
or i for an isopentenyl group, as well as the superscripted position of the modification
within the ring according to the conventional labeling of pyrimidine and purine bases,
i.e. 1-methylguanosine is described as m'G. By lining up the abbreviations of the func-
tional groups and, if necessary, the different positions within the original nucleobase,
this nomenclature is also applicable to nucleosides that carry modified residues in var-

ious positions or a chain composed of different groups in one position, as for exam-
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ple in the case of 2-methylthio-N6-threonylcarbamoyladenosine which is abbreviated
as ms*t®A. Furthermore, to distinguish between nucleobase modifications and modifica-
tions of the ribose in 2’-O position, the latter are indicated by the same acronyms added
as a suffix after the main nucleoside. Due to historical reasons or complexity of certain
structures that cannot be described with this code, some modifications were assigned

new letters of which pseudouridine (¥), inosine (I) and queuosine (Q) are prominent

examples.[3%]
a b cH
purine pyrimidine HNT position at nucleobase
NH, NH, N EN (here: exocyclic /6 of A) methylation at the
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Figure 1.3: Nomenclature and structural diversity of RNA modifications. a Conventional num-
bering of purine and pyrimidine structures with nucleobase modification sites highlighted in color. Fig-
ure adapted.”” b Nomenclature of modified nucleosides exemplified for N6,2’-O-dimethyladenosine
(m®Am). Figure adapted.'**] ¢ Selection of RNA modifications including pseudouridine (¥), dihy-
drouridine (D), 1-methylguanosine (m'G), 2’-O-methylated nucleosides (Nm), N4-acetylcytidine (ac*C),
5-methyluridine (m°U, also known as ribothymidine (1T)), 4-thiouridine (s*U) and 2-methylthio-N6-

threonylcarbamoyladenosine (ms?t®A). Chemical alterations in relation to the original nucleoside are
marked in red.

The following subsections provide an overview of the role of RNA modifications in the
three major RNA species involved in protein synthesis, considering also chemical alter-
ations of RNA that do not exclusively occur on purpose, i.e. with biological implications,

but also in the context of RNA damage.
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1.2.1 Modifications of ribosomal RNA

Ribosomal RNA makes up an essential part of the ribosome and plays an important
role not only in RNA-RNA recognition for the decoding process, but also exerts the cat-
alyzing peptidyl transferase activity.***!l In particular conserved regions of an rRNA
that are involved in such important processes including for example the decoding site
and the peptidyl transferase center are often decorated with modified nucleosides, re-

32-36] However,

sulting in a prevalence of 2% modified nucleosides in eukaryotic rRNA.[
the chemical variety of rRNA modifications is rather limited (e.g. to 14 different RNA
modification species in human) and mainly characterized by pseudouridines and ribose
methylations but can also contain other modifications like methylation or acetylation of

3233 Intriguingly, pseudouridylation and ribose methylation are predom-

the nucleobase.|
inantly installed by small nucleolar ribonucleoprotein particles that are guided to the site
of modification by small nucleolar RNA (snoRNA) while base modifications are intro-
duced by stand-alone modification enzymes.[*’38] Modifications of rRNA are involved
in biogenesis, functional folding of rRNA and stabilization of the ribosome structure as

well as translation performance in terms of rate and accuracy.l**~#!

1.2.2 Modifications of messenger RNA

The core of a eukaryotic mRNA is its coding sequence which contains the amino acid
sequence of the corresponding protein in the form of base triplets and has a distinct be-
ginning and ending in the form of specific start and stop codons. The generic mRNA
structure is complemented by an untranslated region (UTR) adjacent to the start and
stop codon, respectively, which contains regulatory elements and a cap structure at the
5" end as well as a poly(A) tail at the 3’ end.[****) Among various mRNA modifications
that can occur throughout the mRNA strand (Figure 1.4), N6-methyladenosine (m°®A) is
the most prominent and best characterized representative. Driven by the discovery of
a m°A demethylase, suggesting a dynamic nature of this modification, and precise m°A
mapping methods to analyze its transcriptome-wide distribution, m®A ignited resurgent
interest in the field of RNA modifications during the past years and decisively shaped the
perception of an epitranscriptome with writers (RNA modifying enzymes), readers (en-
zymatic recognition of modifications) and erasers (removal of modified residues).!?*4-%l
The m°®A modification occurs at an average of one to three accordingly modified sites
in mammalian mRNAs and is enriched in the 3’ UTR and around stop codons.[**-! In-
terestingly, the m®A modification is installed co-transcriptionally, indicating an involve-
ment of the modification already in the early steps of a transcript’s life cycle in the
nucleus.?%3 Indeed, m®A was shown to affect processing and alternative splicing of
pre-mRNAs and to mediate nuclear export of several mRNAs by interaction with nu-

54-59

clear reader proteins.l**->*) Furthermore, alteration of mRNA stability and modulation of
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translation initiation as well as translation efficiency have been reported to add to the
wide-ranging effects of m®A.[°0-%] In line with the essential roles m°A plays within the
cellular environment, it is not surprising that numerous studies revealed a correlation
between m®A and a variety of disorders including cancer and neurodegeneration, but

also autoimmune disorders, metabolic diseases among others.!**~7!]

Another highly abundant modification in eukaryotic mRNA is 7-methylguanosine (m’G),
an integral element of the 5’ cap structure, which is attached to the transcript via a re-
verse 5'-5'-triphosphate bond and is frequently followed by one or two 2’-O-methylated
nucleosides (Figure 1.4 a+b)."274l If the first position of the mRNA is a 2’-O-methyl-
adenosine (Am), the nucleoside can be additionally methylated in the N6-position to
form N6,2’-O-dimethyladenosine (m®Am), a modification that is exclusively found in
the cap and provides accordingly modified transcripts with resistance to the decapping
enzyme DCP2, complementing the roles of the cap structure in transcript stability by
protecting against 5’ degradation as well as recruitment of the translation initiation

machinery.[4674-76]

cap 5-UTR coding sequence 3-UTR poly(A)

eukaryotic cap structure

Figure 1.4: mRNA structure and modifications. a Generic structure of a eukaryotic transcript il-
lustrating its different functional regions together with an overview of modification sites within these
regions of an mRNA. The circle dimension corresponds to the abundance of the respective modifica-
tion. For reasons of simplicity not all modifications were assigned. Figure adapted.’! b The structures
of highly abundant mRNA modifications are depicted, including 7-methylguanosine (m’G) and 2’-O-
methylated nucleosides (Nm) as parts of the cap structure as well as m°A, the flagship among mRNA
modifications. Further modifications that reportedly occur on mRNAs are N6,2’-O-dimethyladenosine
(m®Am), 1-methyladenosine (m'A), N4-acetylcytidine (ac*C) and 5-methylcytidine (m°C). ¢ The modifi-
cation 1-methylpseudouridine (m'¥) is an important feature of therapeutic mRNAs. Chemical alterations
in relation to the original nucleoside are marked in red.

Additional nucleoside modifications that were detected throughout eukaryotic mRNA,
but with a current level of knowledge far behind m°A, include ¥, N4-acetylcytidine
(ac*C), 1-methyladenosine (m'A) and 5-methylcytidine (m>C) as well as 2’-O-methylated

1.2
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nucleosides, some of which are even controversially discussed in terms of abundance,
distribution and biological function.l”’-33] Nevertheless, the importance of being modi-
fied becomes also evident in the context of therapeutic mRNA approaches since in par-
ticular ¥ as well as its derivative 1-methylpseudouridine (m"¥, Figure 1.4c) - alone or in
combination with m>C - have been associated with improved translation efficiency and
reduced immunogenicity by evading activation of the innate immune system which al-
lows cells to differentiate between self and non-self RNA species.[***"] Impressive proof
of concept is provided by the regulatorily approved mRNA vaccines from Biontech/Pfizer
and Moderna, both of which contain m'¥ and are playing a key role in combating the
severe acute respiratory syndrome coronavirus type 2 (SARS CoV-2) pandemic, thus

showcasing the enormous potential of RNA based therapeutics.[®3-%]

1.2.3 Modifications of transfer RNA

Simultaneously with the structural elucidation of the first tRNA, the first modified nucle-
osides were discovered, triggering intense research on (t)RNA modifications in diverse
organisms, of which eukaryotes were found to generally harbor a much higher density

(12911 To date, with an average of eight mod-

of modifications compared to prokaryotes.
ifications per cytoplasmic tRNA, tRNA is not only the RNA species with the highest
frequency of modifications, but it also displays the greatest chemical variety among its
structures.l!*?2%] A hotspot for so-called hypermodifications, which are characterized
by exceptional diversity and complexity of their residues and whose insertion is often
accomplished by successive activity of several enzymes, are found in the anticodon loop
(Figure 1.5a).[14’91] Here, modification of the nucleoside in position 34, commonly known
as the wobble position of the anticodon, directly affects the binding properties during
interaction with the mRNA codon and thus the efficiency as well as the accuracy of the

5.1%4-%1 One of the most elaborate structures found in this position is

translational proces
the guanosine-derived modification queuosine, for which a detailed section is provided
at the end of this chapter. Apart from that, in particular U34 is almost invariably modified
in every organism, forming the family of wobble uridines which include structures like
5-methoxycarbonylmethyl-2-thiouridine (mcm’s*U) and is associated with alternative
decoding, giving an idea of how decoding of the degenerate code is controlled by tRNA
modifications that either expand or restrict the codon recognition (Figure 1.5b).l'7"] In
this context, the accurate positioning of the anticodon plays a fundamental role and is
achieved by restraining the conformational dynamics of the anticodon loop via stack-
ing interactions involving modifications in position 34 and position 37 as well as pre-
venting unintended interactions within the anticodon loop and thus directing it into an
ordered structure for stable anticodon-codon interactions.[®*1%! Demonstrating that na-

ture is without limit in compiling new structures based on diverse metabolites and other
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Figure 1.5: Modifications in the anticodon loop of eukaryotic tRNAs and their impact on decod-
ing. a Selection of structurally versatile nucleoside modifications in positions 34 and 37 of the anticodon
loop. Prominent modifications in position 34 are inosine (I), queuosine (Q), 5-methoxycarbonylmethyl-
2-thiouridine (mem®s?U) and 5-methylcytidine (m°C). Position 37 often harbors complex purine-derived
modifications like (2-methylthio)-N6-isopentenyladenosine ((ms?)i®A) or wybutosine (yW). The original
nucleoside prior to modification is indicated (C = cytidine, U = uridine, G = guanosine, A = adenosine)
and structural alterations are marked in red, respectively. Figure adapted.'®) b Control of decoding by
modifications in position 34 exemplified by the expanded codon recognition in the case of 134 or restricted
codon-recognition in the case of mecm’s*U34, compared to the codon recognition in the presence of the un-
modified nucleoside. Abbreviations are the same as in (a), N is generic for nucleoside. Figure adapted.['”]

building blocks within the cellular environment, the conserved purine in position 37, 3’
adjacent to the anticodon, often carries bulky residues, manifesting in adenosine hyper-
modifications like N6-isopentenyladenosine (i°A) and N6-threonylcarbamoyladenosine
(t°A) as well as their thiomethylated derivatives ms?i°A and ms®t°A or the guanosine
modification m'G which can undergo further modification steps to yield wybutosine
(yW).[141921 While the latter was associated with reading-frame maintenance, isopen-
tenyladenosines in position 37 play key roles in codon-specific mRNA decoding, deci-

sively affecting translation efficiency.[1#10%104]
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Intriguingly, for some of the modifications located in the anticodon loop a certain inter-
dependency was observed in a way that the presence of one or more modifications drives
the formation of another, suggesting that the firstly introduced modification might serve
as a recognition site for the enzyme introducing the second modification.!'*>'%! Like
this, in Schizosaccharomyces pombe (S. pombe) and Saccharomyces cerevisiae (S. cere-
visiae) ribose methylations of C32 and G34 have been shown to stimulate formation
of m'G37, initiating synthesis of yW, and i°A or t°A in position 37 have been iden-
tified as recognition sites and driving forces for efficient methylation of C32 to yield
m3C32.171%1 Only recently, this very m*C32 modification was revealed as a crucial
feature of a subset of mitochondrial tRNAs, optimizing their structure as well as mito-
chondrial translation.[''*!"!] Consequently, imbalances in the methylation level of C32
of affected mitochondrial tRNAs have been linked to the enhanced respiratory chain

activity in pancreatic cancer.['*?]

Apart from modifications in the anticodon loop, there is another set of ubiquitous mod-
ifications which are highly conserved in both position and identity, and thus are name-
sake for certain substructures in the core region of the tRNA molecule. This refers to
the D arm which is characterized by the prevalence of dihydrouridine (D) as well as
the TYC arm which comprises a conserved ribothymidine (equivalent to m°U) in po-
sition 54 and a neighboring ¥55, altogether contributing to the proper folding of the
characteristic L-shaped tRNA structure and its stabilization, but also controlling confor-
mational flexibility of the core region.!!'*"'"] Of these modifications ¥ in particular can
be found throughout the tRNA structure and is not only involved in the stabilization of
the tertiary structure but also in anticodon recognition and translation efficiency.[!!8-12]
Beyond that, a number of other modifications, mainly single or double methylations
have been detected on tRNA and are associated with structural functions, guided degra-
dation or prevention of cleavage, but also with fine-tuning of translation, the cellular

stress response and thermal adaption.['21:122]

While hypomodified tRNAs lacking one or multiple modifications can be subject to rapid
tRNA decay in eukaryotes and thus exonucleolytic degradation during tRNA maturation,
the detection of a wide variety of hypomodified tRNAs in both healthy and pathogenic
cells indicates dynamic regulation of the modification profile, depending on the cellu-
lar conditions.['1237125] Among the pathological consequences emerging from aberrant
tRNA modification are mitochondrial diseases and neurological disorders as well as di-

abetes and cancer.['7:126]

1.2.3.1 Queuosine - a hypermodified nucleoside

With its cyclopentenediol moiety attached to a 7-deazaguanosine core via an amino-

127

methyl linker, queuosine is one of the most intricate RNA hypermodifications.!'?”) Even
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before the structure had been fully elucidated in 1975, queuosine was shown to be uni-
versally present in the wobble position 34 of tRNAs decoding asparagine (Asn), aspartate
(Asp), histidine (His) and tyrosine (Tyr), all of them sharing a GUN anticodon.[!?6-130 A]-
though queuosine occurs in both prokaryotes and eukaryotes with only few exceptions,
it is noteworthy that only bacteria are equipped with the set of enzymes to synthesize
queuosine de novo (Figure 1.6) while eukaryotes rely on environmental sources to sal-
vage Q or the corresponding nucleobase queuine (q).'**'3? In E. coli, the initial steps
of queuosine’s biosynthesis, which are consecutively catalyzed by a cascade of GTP cy-
clohydrolase I (GCH I), QueD, QueE and QueC, lead to the conversion of guanosine
triphosphate (GTP) to the precursor 7-cyano-7-deazaguanine (preQ,) whose nitrile car-
bon is subsequently reduced to the methylene amine group by QueF.['33-13) The result-
ing 7-aminomethyl-7-deazaguanine (preQ;) is substrate of the bacterial tRNA guanine
transglycosylase (bTGT) which replaces the nucleobase guanine in position 34 of the
aforementioned tRNAs with this precursor structure in a transglycosylation reaction,
an exceptional mechanism of post-transcriptional RNA modification.['33**) Once incor-
porated into tRNA, the preQ; nucleoside is subject to further modification by the ac-
tion of QueA and QueG, ultimately yielding the queuosine structure.[****!] While bTGT
is a homodimeric enzyme which catalyzes the incorporation of precursor nucleobases
but is inhibited by the fully modified nucleobase q, eukaryotic TGT (eTGT) evolved
as a heterodimeric enzyme with substrate specificity broadened to the hypermodified
nucleobase.[127:13142°144] Tn order to provide this substrate, salvaged Q is hydrolyzed in

an upstream process.[!*’]
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Figure 1.6: De novo synthesis of queuosine in E. coli. Illustration of the multi-step biosyn-
thetic process, starting from guanosine triphosphate (GTP) with the enzymes being involved in
each step indicated above the arrows and abbreviations for intermediates below respective struc-
tures. The transglycosylation step catalyzed by bacterial tRNA guanine transglycosylase (bTGT)
is highlighted in color.  Abbreviations: 7,8-dihydroneopterin triphosphate (H;NTP), 6-carboxy-
5,6,7,8-tetrahydropterin (CPH4), 7-carboxy-7-deazaguanine (CDG), 7-cyano-7-deazaguanine (preQy), 7-
aminomethyl-7-deazaguanine (preQ;), epoxyqueuosine (0Q), queuosine (Q).
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Given the reported modification site in the wobble position of the anticodon, it is not

5.1146147] In this regard, compu-

surprising that Q was shown to affect the decoding proces
tational modelling pointed to an important contribution of Q in terms of tRNA-mRNA
interaction by establishing an extended network of hydrogen bonds which is also con-
sistent with the conceptualized necessity to stabilize codon-anticodon interactions with
modifications at position 34 in case of predominant base pairing interactions with less

148,149

than three hydrogen bonds.! I Concomitantly, several studies in E. coli associated

Q with translational accuracy as well as enhanced viability under stress conditions, but

150.151] Nevertheless, in yeast

major biological defects in the absence of Q failed to appear.!
and higher organisms, where Q was also linked to fidelity and speed of the translational
process, there is accruing evidence for a correlation between aberrant Q modification
and various pathological conditions including cancer, neuronal disorders and infections

] [147.152-157] Beyond its

which confers Q metabolism with a certain therapeutic potentia
role in translation, Q was shown to stimulate the Dnmt2 catalyzed methylation of C38 in
S. pombe tRNAAP to yield m®C38 which not only prevents this tRNA from stress-induced
cleavage by the ribonuclease angiogenin but was also shown to affect accurate protein

[158-161] Tn the context of this modification circuit, the

synthesis, e.g. in hematopoiesis.
role of Q34 is suggestively attributed to a conformational change of the anticodon loop
that might provide the methyltransferase with improved access to C38 and allow ideal
positioning of its substrates on the one hand or stabilize the transition state on the other

hand, in both cases supporting the catalytic efficiency of the enzyme,[15%162163]

1.2.4 Unintended chemical modification: RNA damage

In the light of maintaining genomic integrity and association with various diseases, es-
pecially cancer, in case of any instability, damage to DNA and the conserved repair

[164-167] Not surpris-

pathways to cope with it have been extensively studied for years.
ingly, RNA is also vulnerable to damage caused by endogenous and exogenous factors,
including ultraviolet (UV) light, reactive oxygen species (ROS) and alkylating agents,
but much less studied because the consequences of damage to transient RNA molecules
were not expected to be as severe as the consequences of DNA damage.l'**'%°] However,
even the smallest structural changes can lead to an impaired functionality of RNA, e.g.
in terms of base pairing during protein synthesis, and such damage events were also
linked to various neurodegenerative disorders and cancer.['®*7°-172] Furthermore, dele-
terious factors have been observed to affect RNA more severely than DNA, probably due
to the exposed Watson-Crick face of the nucleobases in single-stranded parts of several
RNA species.['’>175] The overall stability of RNA also suffers from the combination of
its single-stranded nature and the 2’-hydroxyl group at the ribose which make RNA sus-
ceptible to alkaline hydrolysis.[!76177]
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The exposure of RNA to UV light not only causes crosslinking, formation of photohy-
dration and oxidation products but also affects the RNA modification landscape (Fig-

).178-181) A special role in crosslinking of E. coli tRNA is played by the widespread

ure 1.7
s*U in position 8, which can absorb radiation of comparatively high wavelengths and
upon exposure to UV-A (310-400 nm) forms a crosslink with a spatially close cytidine
in position 13, acting as a UV-A radiation sensor that triggers stress response.[!82-15¢]
Furthermore, a recent study unraveled an increased lability of tRNA modifications con-
taining amino and oxy groups as well as sulfur in the oxidative environment that is

generated under UV-A influence.[180-187]

While physiological concentrations of reactive oxygen species are involved in signaling
pathways, increased levels of ROS, i.e. oxidative stress, cause oxidative damage to diverse

188-192

cellular components including RNA.! 1 Oxidized nucleosides (Figure 1.7) with their

most abundant representative being 8-oxoguanosine (80xoG) interfere with RNA-RNA

168,193,194] A ccumulation

interactions and lead to translation errors and ribosome stalling. |
of oxidatively damaged RNA is often associated with aging and neurodegeneration, thus

questioning the efficiency of turnover mechanisms.7%195-200]

Apart from direct reaction of nucleobases with the highly reactive hydroxyl radical or
other ROS, simultaneous damage to other biomolecules can also affect nucleobases,
e.g. formation of etheno (¢) adducts like 1,N6-ethenoadenosine arising from the reac-

[169.201,202] Apother cause for the formation of such

tion with lipid peroxidation products.
etheno adducts was traced to exposure to noxious chemicals such as vinyl chlorides
whose metabolites possess a high alkylating potential.?>?* Although the vast major-
ity of alkylating agents has their origin outside the cell, there is some evidence that
ubiquitous methyl group donors like S-adenosyl methionine (SAM) nonenzymatically

205,200) Apart from reaction with exocyclic amino or keto groups,

methylate nucleic acids.!
alkylating damage most severely affects the nitrogen atoms within the heterocyclic ring
of the nucleobase (Figure 1.7).l') Here, in particular alkylation of N1 in the case of
purines and N3 in the case of pyrimidines have grave consequences since the formation
of hydrogen bonds in the context of base pairing is blocked which impairs RNA-RNA
interactions and was linked to neurodevelopmental disorders and cancer.l'71721%] The
high importance of functional RNA-RNA interactions is emphasized by the repair of
such lesions which is catalyzed by the oxidative demethylase AlkB, a versatile enzyme
that emerged in the context of DNA repair at first, but meanwhile was shown to have
various substrate sites on RNA, including m'A and m*C lesions.[?”?%] Since methyla-
tion in particular is highly dynamic and does not only occur in the context of unspecific
alkylation damage but also as a true RNA modification introduced by enzymes, the de-
velopment of sophisticated methods is necessary to distinguish between those.!?*! Al-

though to date not studied in detail, there is an overlap between both fields as alkylation

1.2
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Figure 1.7: Overview of structures resulting from several forms of RNA damage. Direct conse-
quences of irradiation of RNA include the formation of crosslinks such as cyclobutane pyrimidine dimers, a
crosslink between a 4-thiouridine (s*U) in position 8 and a cytidine in position 13 of bacterial tRNA or pho-
tohydration products like uridine (U) hydrate. Oxidative damage products represented by 8-oxoguanosine
(80x0G) and 5-hydroxycytidine (ho’C) result from reaction with reactive oxygen species (ROS) that can be
generated as a consequence of irradiation (indicated with dashed arrow) but also have other sources. The
exposure to endogenous or exogenous alkylating agents leads to the formation of RNA lesions such as
1-methyladenosine (m'A), 3-methylcytidine (m*C) or ethenoadenosine (¢A). The latter can also be formed
by reaction with products of lipid peroxidation (LPO) after oxidative stress. Structural alterations in rela-
tion to the original nucleoside are marked in red.

damage does not spare RNA modifications which was recently shown by generation of
2-methylthiocytidine (ms“C) from 2-thiocytidine (s*C) and 4-methylthiouridine (ms*U)

[210211] However, to assess the

from s*U upon treatment of cells with methylating agents.
effects of damaged RNA modifications within the complex cellular network, further re-

search in this field is required.
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1.3 Strategies for the detection and characterization
of RNA modifications

In order to approach the bigger picture of RNA modifications and understand their func-
tions, it is inevitable to have methods at hand that do not only allow to identify and quan-
tify these structures but also to localize the sites of modification within a given RNA.[?2]
Throughout the years, high-throughput sequencing and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) evolved as the two pillars of RNA modification analytics
that complement each other in these requirements.?'3] While RNA sequencing methods
are characterized by preserving the sequence information and pinpointing modification
sites at nucleotide resolution, their applicability is limited to a small set of modified struc-
tures so far and prediction of modification sites from big data makes room for contro-
versial discussions, which may be overcome in the near future by recent developments

82,83,214-216] T contrast to

towards the use of nanopores for single-molecule sequencing.!
that, widely used LC-MS/MS methods rely on nucleoside-level analysis and enable dis-
covery of new modifications, as well as unambiguous identification and simultaneous
quantification of the entire spectrum of known RNA modifications, albeit at the expense
of sequence information.[!”-%°] Moreover, metabolic and chemo-enzymatic labeling are
valuable tools in structural elucidation of RNA modifications and evaluation of their dy-
namics and fate within the cellular environment as well as in creating basic prerequisites

221.222) Dye to their special impor-

for further derivatization via so-called click chemistry.!
tance in the context of the present study, the following sections provide details on the

LC-MS/MS analysis of nucleosides and diverse approaches to label RNA.

1.3.1 LC-MS/MS analysis of nucleosides

While antecedent success had been achieved in chromatographic separation of RNA hy-
drolysates using reversed-phase (RP) high performance liquid chromatography (HPLC),
the advent of electrospray ionization (ESI) in the 1980s revolutionized mass spectromet-
ric analysis of biomolecules.!?>-2%6] Soon after, the compatibility of this gentle ioniza-
tion technique with LC systems was integrated in new methods for nucleoside analysis
and established the basis of contemporary LC-MS/MS approaches.?'”) Prior to the ac-
tual analysis, RNA samples require complete enzymatic hydrolysis which is commonly
achieved by the addition of an enzyme cocktail including endonucleases like nuclease
P1 as well as a phosphodiesterase and in a first step yields nucleotides whose turnover
by an alkaline phosphatase consecutively releases nucleosides.??”! With regard to modi-
fication analysis, the conditions of enzymatic hydrolysis must be chosen carefully, since
labile modifications such as the cyclic form of t°A (ct°A) may be destroyed or disguised

by artifacts whose formation also impedes the discovery and identification of new RNA
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modifications.[??723% After RNA hydrolysis, the nucleoside mixture is separated by liquid
chromatography, before the eluate enters the coupled mass detector which is typically
employed in positive ion mode but can differ in the type of mass detector depending on
the research question.[?”’ While time-of-flight (TOF) analyzers and orbitraps are high-
resolution mass spectrometers that provide exact masses, triple quadrupole (QQQ) mass
spectrometer are characterized by outstanding sensitivity and are frequently used for
the analysis of low abundant RNA modifications.[?*!] Generally, the set-up of a QQQ
coupled to a LC system (Figure 1.8) starts with an ESI source to ensure simultaneous
ionization and desolvation of the analytes from the surrounding liquid before entering
the high vacuum area of the mass spectrometer. The positively charged ions (precur-
sor ions) are then guided via the ion transfer capillary and the octopole, summarized as
ion optics, into the first quadrupole and filtered according to their mass-to-charge ratio
(m/z), i.e. only ions that comply with the predefined characteristics are allowed to move
on to the collision cell. The latter is historically often called a quadrupole, although most
modern mass spectrometers contain a hexapole in this place and is filled with collision
gas. Collisions between the latter and the entering precursor ions in a process called
collision induced dissociation (CID) generate fragmented ions (product ions) which are
characterized by a reduced m/z compared to the precursor ions, representing a so-called
mass transition. Subsequently, the product ions enter another quadrupole for further fil-
tering according to programmed m/z values before the ions reach the detector. The high
sensitivity of triple quadrupoles is a result of the double filtering for target analytes and
concomitant noise reduction.!?*!-233] Different scan modes of the QQQ (Figure 1.8) allow
to address different research questions including discovery and identification of new
RNA modifications as well as quantification of known modifications. Three methods
using different modes of the QQQ that are relevant for the present study are illustrated
in Figure 8 and described below. Despite disparities in method programming and data
output, most methods for nucleoside analysis exploit predominant fragmentation at the
N-glycosidic bond, a feature that is shared by the vast majority of nucleoside structures
with only very few exceptions and results in a characteristic loss of ribose (-132 Da) or
2'-O-methylated ribose (-146 Da).[?!7]

1.3.1.1 Neutral loss scan (NLS)

Generally, neutral loss scans are characterized by detecting all ions whose CID results
in a predefined neutral loss which, advantageously, also applies to the aforementioned
fragmentation at the N-glycosidic bond, opening up for a wide-ranging screening within

27.234] During an NLS, precursor ions are initially

the landscape of nucleoside structures.!
filtered according to a predefined mass range in the first mass analyzer. After fragmen-

tation of precursor ions in the collision cell, the second mass analyzer ensures that only
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compounds exhibiting the mass transition of interest reach the detector, which is tech-
nically achieved by synchronization of both quadrupole mass analyzers.[**! On the one
hand this allows generation of highly informative data sets that can even cover so far
unknown nucleoside species and assist in their structural elucidation, but on the other
hand the high number of simultaneous scans might negatively affect sensitivity, a case
that becomes even more relevant when including further scan segments for nucleosides

with aberrant fragmentation behavior, such as queuosine or pseudouridine.*!”]
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Figure 1.8: The QQQ mass spectrometer and its scan modes. The upper part shows the set-up for
LC-MS/MS analysis with a QQQ mass spectrometer, illustrating the way of the ion beam (shown in yellow)
that is generated from the entering LC eluate by ESI and directed via ion optics, including an octopole,
into the first quadrupole. Here, only ions of certain mass-to-charge-ratios are selected and pass through
to the collision cell, where these ions are fragmented. Prior to detection via a high-energy dynode (HED)
and an electron multiplier (EM), another quadrupole ensures selection of the product ions of interest. The
lower part illustrates a selection of different scan modes including the neutral loss scan (NLS), the dynamic
multiple reaction monitoring (AIMRM) and the pseudo-MS?® scan. Special features of the respective modes
are highlighted in dark pink (RT = retention time). Sugar compounds are illustrated as blue pentagons
with dark blue ones corresponding to an unmodified ribose (132 Da) and light blue ones corresponding
to a 2’-O-methylated ribose (146 Da) while the nucleobases are depicted in the shape of their structure
(gray).
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1.3.1.2 Dynamic multiple reaction monitoring (IMRM)

In contrast to the NLS mode, dMRM methods exclusively detect predefined nucleoside
species. While this limits data depth to a certain end, it enables the QQQ to reach its
full potential of sensitivity to accurately quantify modified nucleosides at extremely low
abundances, even in the subfemtomolar range. Within this mode, retention time win-
dows for each nucleoside to be monitored are specified and set the period for detection
of predefined mass transitions, optimally reducing concurrent monitoring events that
might limit the sensitivity of the triple quadrupole and enabling simultaneous analysis
of a broad spectrum of modifications within one biological sample. The required infor-
mation on chromatographic as well as mass spectrometric characteristics is accessible
via preceding analysis of reference substances which also help to circumvent the non-
quantitative nature of mass spectrometry by calibration curves. Furthermore, the addi-
tion of internal standards, prevalently the stable isotope labeled forms of the nucleosides
of interest (see section 1.3.2.1), that account for ion suppression and divergent ionization

characteristics are indispensable in the context of absolute quantification.[21821%:231]

1.3.1.3 Pseudo-MS3 scan

The pseudo-MS® scan is a multistage fragmentation approach exploiting fragmentation
at the most labile bond already in the ionization source in a process called in-source
fragmentation. This is achieved by application of increased voltages, conferring the ion-
ization source with the characteristics of an additional mass analyzer and thus imitates
an MS/MS/MS approach.[%7 As a consequence of that and in contrast to the previ-
ously described methods, the ions entering the first mass analyzer are not at the stage of
nucleoside ions but already at the stage of nucleobase ions. This enables the generation
of characteristic nucleobase fragment ions in the collision cell, which result in a unique
fragment spectrum, corresponding to a spectral fingerprint of one specific nucleoside
species. Like this, such methods can demonstrate structural similarities to known mod-
ifications, provide evidence on the presence of certain functional groups by means of
mass transitions or validate structure proposals for new modifications by comparison
with the appropriate organically synthesized substance, emphasizing the high value of
pseudo-MS? scans for the structural elucidation of new RNA modifications.[?”! The con-
cept of such multistage fragmentation approaches is also applied in the context of high-
resolution mass spectrometry where it is often referred to as higher-energy collisional
dissociation (HCD) and can provide even more information on structural components
of a new nucleoside species. Significant efforts in this field have been made by the Lim-
bach group who did not only leverage this fingerprinting to circumvent the challenge of
unambiguous identification of positional isomers as for example in the case of methyl-

cytidines (3-, N4- and 5-methylcytidine), but also introduced a spectral network which
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contains the fingerprints of 100 known nucleoside structures and is meant to facilitate
future structural elucidation of novel RNA modifications, as exemplified within their

work [238239]

1.3.2 RNA labeling
1.3.2.1 Metabolic stable isotope labeling of RNA

One of the first and still one of the most prominent experiments employing stable iso-
tope labeling in the field of nucleic acids is the Meselson-Stahl experiment, which was
published in 1958 and proved the semi-conservative nature of DNA replication.?*”) Since
then, the interest in methods based on stable isotope labeling, especially labeling with
B3C, PN, *S but also deuterium (*H) has increased continuously and has become an inte-
gral part of modern RNA modification analysis by LC-MS/MS.[?31:2%4] Here, stable isotope
labeled nucleosides are especially predestined for use as internal standards in quantita-
tive methods because they coelute with their unlabeled counterparts due to identical

[218,241-243] Apy elegant

physicochemical properties, but exhibit a different mass transition.
way to prepare such an internal standard, which can accommodate the chemical di-
versity of RNA modifications but avoids the time-consuming organic synthesis of the
corresponding compounds, is to isolate uniformly labeled RNA that is hydrolyzed for
nucleoside LC-MS/MS.[21#244] Uniform labeling approaches rely on supplying the culture
of simple organisms, such as E. coli or S. cerevisiae, in minimal medium containing only
a sole source of respective atoms with stable isotope labeled nutrients, which are conse-
quently incorporated into the biomolecules synthesized by these cells.[?22*%] In addition
to its value for the quantification of known RNA modifications, stable isotope labeling is
also a key technology with regard to modification identification, in that conclusions can
be drawn about the elemental composition of the compound of interest through corre-
sponding mass shifts (Figure 1.9a). Within the past years, the combination of such ap-
proaches with LC-MS/MS contributed significantly to the identification and structural
elucidation of hitherto unknown RNA modifications, including geranylated uridines,
ms?C and 2-methylthiomethylenthio-N6-isopentenyladenosine (msms?i®A).[27:210.234246]
The structural elucidation of the latter served as proof of principle for an NLS-based
screening for new RNA modifications by the Helm group which resulted in a list of
37 potentially new modifications in E. coli and highlighted the existence of many more
hitherto uncharacterized nucleoside structures, even in extensively studied model organ-
isms, yet to be discovered.’?”) Apart from complete labeling of RNA and its modifications,
it is also possible to specifically use labeled bioavailable metabolites with a known role
in RNA modifying processes to examine the presence of certain groups. For example,
supplementation of the growth medium with the deuterated precursor of the ubiqui-

tous methyl group donor SAM, methionine-CD3, can reveal the presence of a methyl
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or methylene group within a modified structure.[?21%247248] I view of the high price of
labeled metabolites, but even more the unavailability of individual substances of inter-
est, a remedy can be found by adding unlabeled metabolites to labeled growth medium
which leads to differential labeling of the biomolecules that are synthesized from these
metabolites and ultimately a difference in m/z that can be visualized by LC-MS/MS.[?”]
As a sophisticated application of differential labeling, the Kaiser lab established nucleic
acid isotope labeled coupled mass spectrometry (NAIL-MS), a method that defies the
transient nature of RNA and its modification status and whose hallmark is the accessi-
bility of RNA modification dynamics, for example in different growth phases or upon
exposure to an alkylating agent. In principle, the culture of a simple organism starts in a
specifically labeled growth medium until the cells reach a certain optical density or are

exposed to a pulse which is experimentally accompanied by replacement of the starting

a Uniform labeling for structural characterization
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Figure 1.9: Combination of LC-MS/MS analysis and stable isotope labeling strategies.
a Replacement of an exclusive source of certain atoms with its isotope labeled version (left side) or sup-
plementation of an E. coli culture with labeled metabolite precursors, as for example methionine which
eventually becomes part of the universal methyl group donor SAM (right side) results in uniform label-
ing which can provide information on the elemental composition and structural features of a nucleoside
structure by respective m/z shifts as illustrated for the tRNA modification ms?i®A. b NAIL-MS approach
to study the methylation of nucleosides in different growth phases of S. cerevisiae. Initially, a specifi-
cally labeled medium is used (the separately added but required amino acids including methionine are
unlabeled), but is exchanged for a completely unlabeled medium supplemented with CD;-methionine in
order to target methylation as soon as the culture reaches the growth phase of interest and corresponding
atoms are incorporated into RNA from this time point on. This results in altered mass-to-charge-ratios in
subsequent LC-MS/MS analysis and thus allows to distinguish between methylated nucleosides present
from the start on (pre-existing), original nucleosides that were methylated after the defined time point
(post-methylated) and newly synthesized methylated nucleosides (new). Figure adapted.24%25]
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medium with a differently labeled medium (Figure 1.9b). Like this, in subsequent analy-
sis, NAIL-MS goes past static modification analysis and allows not only to access growth-
dependent modification dynamics, but also the fate of RNA undergoing specific pulses,
as well as their effect on newly transcribed RNAs or the stimulation of demodification
processes in the context of stress responses. Consequently, NAIL-MS also enables differ-
entiation between modifications that are introduced natively by an enzymatic process

or arise from deleterious effects,[209:210.222.250-253]

1.3.2.2 Functionalization of RNA and click chemistry

Long before the sibling fields of click chemistry and bioorthogonal chemistry entered
the public stage in the context of awarding the pioneers in these fields with the Nobel
Prize in chemistry in 2022, these methods were widely applied in all fields of life and ma-

terial science research.[24-20

1 The term click chemistry was coined by Barry Sharpless to
describe a type of chemistry that is as convenient and satisfying as a simple plug-in con-
nection between two objects, whose linkage is acoustically confirmed by a “click” and
whose declared flagship is the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
which results in the formation of a triazole (Figure 1.10a).12°2-263] Apart from the use of
copper(I) as a catalyst and the application-dependent addition of a stabilizing ligand, the
basic prerequisite for this reaction is the presence of an azide in one reactant and the
presence of a terminal alkyne in the other reactant, so-called bioorthogonal function-
alities, which react in a highly specific and effective manner with each other, but are
neither influenced by a complex biological environment nor hinder the physiological

processes taking place in this environment.[204-27]

In addition to statistic incorporation of these biocompatible functionalities into RNA
by utilization of accordingly modified building blocks during in vitro transcription, it is
also possible to exploit the promiscuity of various enzymes such as methyltransferases
or TGT for the purpose of site-specific modification of RNA molecules in vitro by using
modified analogues as co-substrates (Figure 1.10b), or to similarly functionalize RNA
in vivo or in cellulo by providing a cell culture or animals with appropriately function-
alized metabolite-like substances (Figure 1.10c).[21:268272274-277] Once one of these func-
tionalities is installed on RNA, there is a broad spectrum of possible applications, among
them purification via affinity tags or facilitated visualization as well as tracking by fluo-
rescence tags or determination of modification sites.[2¢7:271:272276.278-280] Nevertheless, the
toxicity of copper towards living systems confers the CuAAC with a non-bioorthogonal
nature and limits its applicability, thus alternate metal-free reactions like the strain-
promoted azide-alkyne cycloaddition (SPAAC) that leverages a strained alkyne as a driv-
ing force or the inverse electron-demand Diels-Alder cycloaddition (IEDDA) between a

tetrazine and an alkene have been developed and established as bioorthogonal labeling
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Figure 1.10: Click chemistry in the context of RNA. a Exemplary reaction scheme for the copper(I)-
catalyzed azide-alkyne cycloaddition of an alkyne-functionalized RNA (green) with an azide (blue) that
can be attached to a variety of molecules, represented by the red circle, including fluorescence and affinity
tags. The catalytic Cu(I) is generated in situ via reduction of Cu(Il) with ascorbate and then stabilized
with water-soluble ligands as for example tris(3-hydroxypropyltriazolylmethyl)amine (THPTA). b Exam-
ples for co-substrates of methyltransferases bearing a clickable functionality that were site-specifically
incorporated into different RNA species in vitro.2327%) ¢ Selection of metabolite-like substances that were
successfully incorporated into cellular RNA in in cellulo and in vivo experiments.[?71-273]

approaches that enable to track biological processes in vivo, including those associated

with nucleic acids.[221:277.281-285]

Apart from these two-step covalent labeling approaches via click reaction, an alterna-
tive route for labeling of RNA with dyes, affinity tags or light-activatable groups is a di-
rect one-step enzymatic incorporation of accordingly functionalized surrogates, despite
their bulkiness and strong deviation from the natural substrates at first glance and, of
course, in close dependency on the degree of promiscuity displayed by the correspond-
ing enzyme.!?”!! An example for this kind of labeling is the RNA-TAG (transglycosyla-
tion at guanosine) method which was developed and used in many ways by the Devaraj
group, leveraging the broad tolerance of bTGT to various substrate analogs in vitro, thus
incorporating them reliably and site-specifically into RNA transcripts comprising the

appropriate short recognition motif,[2%-2%]

The entirety of methods to label and functionalize RNA is also of interest with regard
to therapeutic approaches, where especially the fate as well as the translation efficiency
of mRNA and controllability of its pharmacological effect are of high interest. Conse-
quently, these issues were addressed in several studies by labeling mRNA at its hall-
marking structures at the 5" and the 3’ end or at inserted structural recognition motifs
to exploit enzymatic reactions, revealing promising results that emphasize the high po-

tential of these methods in future studies in this emerging field.[277:28%.291-296]
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1.3.3 Previous work: a list of 37 potentially new RNA

modifications

As mentioned before, the Helm group combined an NLS method for the ultrasensitive
detection of new nucleoside structures with stable isotope labeling experiments and cre-
ated a list of 37 potentially new RNA modifications in E. coli, one of which was already
characterized in detail and identified as msms?i®A.[#7-272%] Due to the importance of this
previous work for the present study, this chapter will provide some details on the exist-
ing data set of these “candidates”, which are named according to their mass-to-charge

ratio.

In order to warrant the authenticity of the detected compounds as true RNA modifica-
tions, rigorous filtering criteria were applied after the initial NLS screening, including
exclusion of structures that were detectable in in vitro transcribed RNA that is supposed
to be free of any modified nucleoside. Another important step was a comparison with the
Modomics database,!?*! allowing to identify and eliminate known modifications or iso-
mers as well as adducts thereof. Furthermore, consistency of the candidate’s MS signal in
samples obtained from different sample preparation methods was mandatory to defend
a position on the list. The first version of the data set included apart from the method-
related m/z value and the retention time also information on the elemental composition
(content of carbon, nitrogen and sulfur atoms) as well as first structural implications
like the canonical nucleoside prior to modification, determined in a differential feeding
experiment by supplying a ’N-culture with an unlabeled nucleobase, or the presence of
terminal methyl groups introduced by SAM as previously described. This initial data was
complemented by HRMS data and the resulting calculated sum formula for a selection of
candidates and a first screening (singly performed experiments) for biological character-
istics including for example the occurrence in different organisms or altered abundance
of the candidates in knockout (KO) strains of prominent modification enzymes. How-
ever, it is worth noting that the robustness of results from biological experiments that

were carried out only once should be treated with caution.[?:2°7:2]

1.3.3.1 Candidate 338

For this candidate, LC-MS/MS analysis of stable isotope labeled samples implied an
adenosine-based structure with an elemental composition of 13 carbon atoms, five ni-
trogen atoms and one sulfur atom, which was substantiated by the exact mass, estab-

S.1297-2991 Furthermore, a CDs-methionine feeding

lishing a sum formula of C;3H;sN;0,
experiment and the fragmentation pattern in a pseudo-MS® scan provided evidence for
a terminal methyl group within this molecule. In addition, the sensitivity of candidate

338 in the knockout strains of MiaA and MiaB, as detected within the first screening
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for biological characteristics, pointed to a possible structural relation to the hypermod-
ification ms®i°A which is synthesized in a consecutive reaction of these two enzymes

3003031 Altogether these characteristics led to a first structure

in E. coli (Figure 1.11a).
proposal containing a thiomethyl group in the C2 and a terminal alkyne group in the
N6-position of the original adenosine structure (Figure 1.11b), but attempts to detect this

putative structure by click reaction failed.!?”!
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Figure 1.11: Introduction of ms?i®A in tRNA and first structure proposal for candidate 338. a En-
zymatic reactions catalyzed by MiaA and MiaB which are involved in the modification of adenosines in
position 37 (A37) of several tRNAs. MiaA catalyzes the transfer of the isopentenyl chain from dimethylally
pyrophosphate (DMAPP) onto the N6-position of the adenosine to yield N6-isopentenyladeonsine (i°A).
Subsequent thiomethylation in the C2-position of the adenosine is mediated by the SAM-dependent iron-
sulfur-enzyme MiaB and results in 2-methylthio-N6-isopentenyladenosine (ms?i®A).>-3%] b Proposed
structure for candidate 338 with structural modifications compared to the underlying adenosine marked
in red.

1.3.3.2 Candidate 470

In the case of candidate 470, the NLS analysis of stable isotope labeled samples suggested
a cytidine- or uridine-derived structure, bearing an exceptionally high content of 18 car-
bon atoms and five nitrogen atoms.?*”?¢] Of note, the differential labeling approach for
determination of the main nucleoside species prior to modification is limited in the dis-
tinction between the two pyrimidine-based structures since uridine serves as a precursor
in the biogenesis of cytidine.?***%! Based on the exact mass, the sum formula was calcu-
lated as C;3H,3N5044, which together with the pyrimidine-based nature of the compound
pointed to a dimeric structure. This was further reinforced by a pseudo-MS® scan that
indicated an additional loss of a second ribose moiety after the initial loss.?l However,
since neither the identity of the monomers nor the type of their connection was eluci-
dated so far, a schematic illustration (Figure 1.12a) will be used to depict candidate 470
within this thesis. Information obtained from the first biological screening included oc-
currence of this putatively dimeric structure in E. coli while it was substantially reduced
in eukaryotic samples like HeLa cells and absent in samples from higher mammals, e.g.
mouse liver. Moreover, the abundance of candidate 470 was affected in knockout strains
of two different sulfurtransferases, namely MnmA and Thil, which introduce sulfur in

position 2 or 4 of a uridine, respectively (Figure 1.12b).[27307]
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Figure 1.12: Introduction of s*U and s?U in tRNA and structural characteristics for candidate 470.
a Schematic illustration of structural characteristics for candidate 470 depicting the dimeric character, the
possibly underlying main nucleosides and the amount of nitrogen atoms. b Enzymatic reactions catalyzed
by Thil and MnmA which are sulfurtransferases that target different sites on tRNA and introduce sulfur
in different positions of uridines. In a first step both enzymes use adenosine triphosphate (ATP) to ac-
tivate the carbon atom in the respective position of the uridine and subsequently a persulfidic sulfur is
inserted in the respective position. Thil catalyzes formation of s*U in position 8 of several tRNAs while
MnmA-mediated 2-thiolation of uridines in position 34 yields a transient s?°U which is the first step in
the formation of complex wobble uridine modifications.**’] Abbreviations: AMP = adenosine monophos-
phate; PP; = pyrophosphate.
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2 Motivation and Objectives

In recent years, research in the field of RNA modifications was reignited by increas-
ingly sophisticated instrumentation and concomitant breakthroughs in deciphering the
biological roles of modified nucleoside structures. Both, the application of modification-
containing mRNA vaccines in the fight against the SARS CoV-2 pandemic as well as
accumulating reports linking individual modification species to pathological processes
are recent circumstances, underlining the essentiality of RNA modifications in the regu-
lation of cellular processes and in therapeutic approaches. To date, more than 170 mod-
ified structures are known and not only the number of known RNA modifications in
all domains of life is ever growing, but also their chemical diversity. In particular, tRNA
excels in the number of newly discovered structures as well as in complexity of modified
nucleosides and is the site for hypermodifications to occur. The structural elucidation
and biological characterization as well as the targeted manipulation and concomitant
biological implications of compounds belonging to this intriguing group of nucleoside
structures, together with the development and refinement of the methods required for

this purpose have been the focus of this thesis.

The first part of this work deals with the structural elucidation and characterization of
new modifications in tRNA, based on previous work in the Helm group which has es-
tablished a list of potentially new modifications including the elucidation of the new
hypermodification msms?i®A as a proof of principle and first glimpses on sum formu-
las and structural as well as biological features of other modification candidates.!?2%7-2%]
Starting with the selection of two particularly promising candidates from the list, namely
candidate 338 and candidate 470, both implying characteristics of potential hypermodi-
fications, the present work aimed at their structural elucidation and detailed investiga-
tion of their occurrence and origin. This task ought to be addressed by combination of
diverse biochemical experiments including stable isotope labeling and highly sensitive
LC-MS/MS analysis as well as organic synthesis of proposed structures as reference sub-
stances and their alignment with the naturally occurring compound. Application of the
aforementioned methods on samples with diverse biological backgrounds as for example
modification enzyme knockouts or metabolic engineering approaches were supposed to
contextualize modification candidates with a potential biological function. In addition

to the circumstances of the formation of the modification candidates and possibly in-
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volved enzymes and due to the outlined roles of hypermodifications in tRNA, it was also
of interest to evaluate the functionality of these structures in the fundamental process

of translation.

Another major objective of this work focused on the known hypermodification queuo-
sine. Despite its early discovery in the 1970s, queuosine is one of the modifications for
which biological implications are scarce, but due to the unique nature of its introduc-
tion into RNA via a transglycosylation reaction and the demonstrated promiscuity of the
TGT enzyme in in vitro experiments, it offers tempting opportunities to be manipulated
in vivo. First studies reported a therapeutic effect after suggestive but only indirectly
proved incorporation of a substrate analogue in an animal model, albeit with disregard
to the effects of such a substitution at the molecular level.['**] Therefore, a workflow
that allows on the one hand to demonstrate the successful incorporation and the dis-
tribution of such derivatives in vivo and at the same time to assess the integration into
cellular processes, among them translation and modification circuits, was in demand. In
order to meet these requirements and provide a molecular basis for potential therapeutic
applications in the future, a combination of surrogate labeling experiments with mod-
ern and sensitive detection methods such as bioconjugation of RNA in a click reaction,

sequencing or LC-MS/MS analysis was aimed at in this work.
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4 Results and Discussion

4.1 Structural elucidation and characterization of

2-methylthio-1,N6-ethenoadenosine

Although more than 170 RNA modifications are known to date, the ever-expanding num-
ber of newly identified structures, even in well-characterized model organisms such

24.210,246308] Tp line with this, former

as E. coli, implies that an end is not yet in sight.!
members of the Helm group established a pipeline for the identification and structural
elucidation of new RNA modifications based on LC-MS/MS analysis and stable iso-
tope labeling experiments which, after rigorous filtering steps among candidate com-

pounds, resulted in a list of potentially new RNA modifications.?”-%4297:2%] This prelim-

inary work by | I - I »:ovided first structural features
like elemental composition and parent nucleoside of the potentially new RNA modi-
fications, including a compound with a mass-to-charge ratio of 338. Further work to
characterize this candidate within my master thesis provided an exact mass (measure-
ments performed by | M. Johannes Gutenberg-University Mainz, Ger-
many) which allowed calculation of the candidate’s sum formula and confirmed the
presence of a terminal methyl group that had been suggested after a CD;-methionine
labeling experiment and, together with sensitivity in a corresponding knockout in a sin-
gle experiment pointed to a thiomethyl group in the C2 position of adenosine.[?72%]
Starting from this point, I re-investigated the possibly involved enzymes which estab-
lished the thiomethyl group in the C2 position. Subsequently, the instability of N-
ethynylamines known from literature as well as a deuterium exchange experiment visu-
alizing the amount of fast exchanging, i.e. heteroatom bound, protons provided the cru-
cial clue that the underlying adenosine was complemented by an additional ring struc-
ture, shaping the structure proposal of the hypermodified 2-methylthio-1,N6-etheno-

3991 In order to unequivocally verify the identity of the naturally oc-

adenosine (ms®eA).[
curring compound, I synthesized ms?cA (corresponding NMR analysis was performed
by I, Bl o oup, Johannes Gutenberg-University Mainz, Germany) and
collated the LC-MS/MS behavior of the natural and the synthetic substance which finally
confirmed the suspected structure. Due to the association of such etheno-adducts with

damage to nucleic acids, it was necessary to critically question whether this compound
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is an intentionally synthesized modification with a biological function or rather a dam-
aged variant of another modification. Since ms?cA showed parallels in structural and
metabolic characteristics to the known hypermodification ms®i°A, we hypothesized that
the ring structure might be generated from an initially present isopentenyl residue and
thus originate from the isoprene pathway. Direct proof of this hypothesis via labeling
was hampered by the poor bioavailability of isoprene precursors when supplied to an
E. coli culture. Consequently, I applied a metabolic engineering approach to introduce
an artificial pathway for isoprenoid biosynthesis decoupled from native hemiterpene

3101 This allowed me to trace

metabolism and combined it with stabile isotope labeling.!
back the origin of the two carbon atoms forming the etheno bridge to a former isopen-
tenyl moiety and together with the sensitivity in the corresponding enzyme knockout
strains implied that ms®i®A is the precursor of this new structure. While the hypermod-
ified adenosine structure ms?i®A is regularly present in position 37 of certain tRNAs and
plays a key role in codon-specific mRNA decoding and thus influences translation effi-
ciency, absolute quantification showed a very low abundance for ms®¢A. Additionally,
analysis of polysomal tRNA (samples provided by | N | N - I (0m
the [l group), i.e. tRNAs actively involved in translation, indicated that tRNAs car-
rying ms®eA are functionally impaired. These factors ultimately led to the classification
of ms?eA as RNA modification damage, a newly introduced term to describe chemical
alterations of RNA modifications that are accompanied by a loss of function and are

detrimental to the cell.

Reprinting of the following article is permitted by terms of a Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/). ©2023 The
Authors. Angewandte Chemie International Edition published by Wiley-VCH
GmbH.
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A New Bacterial Adenosine-Derived Nucleoside as an Example of
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(Abstract: The fields of RNA modification and RNA\
damage both exhibit a plethora of non-canonical nucleo-
side structures. While RNA modifications have evolved
to improve RNA function, the term RNA damage
implies detrimental effects. Based on stable isotope
labelling and mass spectrometry, we report the identi-
fication and characterisation of 2-methylthio-1,N6-ethe-
noadenosine (ms’eA), which is related to 1,N6-etheno-
adenine, a lesion resulting from exposure of nucleic
acids to alkylating chemicals in vivo. In contrast, a
sophisticated isoprene labelling scheme revealed that
ms’eA biogenesis involves cleavage of a prenyl moiety in
the known transfer RNA (tRNA) modification 2-meth-
ylthio-N6-isopentenyladenosine (ms?°A). The relative
abundance of ms’A in tRNAs from translating ribo-
somes suggests reduced function in comparison to its
parent RNA modification, establishing the nature of the
new structure in a newly perceived overlap of the two
previously separate fields, namely an RNA modification
damage.

J

The ensemble of post transcriptional modifications of
cellular RNA, dubbed the epitranscriptome, features a large
chemical variety. About 170 distinct chemical structures are
known from various species,!! and new structures emerge at
high frequency.? Among RNA species, tRNA modifica-
tions contribute most to the chemical diversity and newly
discovered structures. Increasingly sophisticated instrumen-
tation has driven the discovery of new species occurring at
substoichiometric quantities. Yet further non-canonical
nucleoside structures are known from the field of nucleic
acid damage, although many more of these structures are
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being intensively scrutinised in DNA than they are in RNA.
Most of these structures derive from radiation, oxidative or
alkylating agents.*®! Rather than investigating damage to
canonical nucleosides, a few recent reports focus on
irradiation”? and alkylating damageP*! to post-transcrip-
tional modifications.

Given that tRNAs are the most highly modified RNA
species, they are also the most probable place for such
“RNA modification damage” to occur. Considering the high
functional importance of certain RNA modifications, e.g. in
the tRNA anticodon, their damage might arguably cause
more severe harm than random damage to canonical nucleo-
sides. Consequently, one might suspect the existence of
repair mechanisms akin to those described for DNA and
RNA." Indeed, 2-methylthiocytidine (ms’C), an alkylating
damage to 2-thiocytidine in Escherichia coli (E. coli) was
shown to be reverted by AIkB,” an enzyme from a family
with reported function in RNA and DNA repair.*'” On the
other hand, in the case of 4-methylthiouridine (ms*U), repair
was AlkB-independent.!

While a biological origin of alkylating agents was traced
to lipid peroxidation," nucleic acid alkylation from human-
made agents such as vinyl halides was extensively studied
early on in vitro and in vivo.'> A relevant point in case
was investigated upon emergence of unusual liver tumours
in the 1970s. These occurred in workers from the polymer
industry, with a causal connection to exposure to vinyl
chloride.™ Vinyl chloride was shown to be metabolised to
2-chloroacetaldehyde (CAA),'® a highly mutagenic reagent
that reacts with nucleobases, resulting in the formation of
etheno (¢)-adducts such as 1,N6-ethenoadenine in DNA!'*!7
and in RNA.'*"® We here report the detection and
structural elucidation of a new e-adenosine, namely ms’eA,
in bacterial tRNA. Surprisingly, the etheno fragment was
not the result of alkylating damage, but oxidatively derived
from the isoprene moiety in ms*i’A. An analysis of the
distribution between the cellular tRNA pool and tRNAs on
actively translating polysomes indicated decreased function-
ality, causing us to classify ms’®A as RNA modification
damage.

We previously reported a list of unknown ribonucleo-
sides consisting of potentially new RNA modifications, that
were identified by combination of various stable isotope
labelling experiments with a so-called neutral loss scan
(NLS) by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) using a triple quadrupole (QQQ) mass
spectrometer.”) One elucidated structure was msms’i*A (2-
methylthiomethylenethio-N6-isopentenyladenosine), a

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Structural characterisation of candidate 338 by LC-MS/MS. Unless otherwise stated, abundances were set in relation to the highest signal
in the respective mass spectrum (relative abundance). a) Overlay of QQQ mass spectra at 27.7 min corresponding to candidate 338 from a NLS of
digested labelled ("*C=red, "N =blue, **S=yellow) and unlabelled (grey) E. coli tRNA. Mass shifts indicating the number of respective atoms
within the molecule are assigned. b) Mass spectrum and ion formula of candidate 338, calculated from the exact mass detected by HRMS analysis
of digested tRNA enriched for candidate 338. c) QQQ NLS mass spectrum of tRNA isolated from a *N-labelled E. coli culture supplemented with
'“N-adenine at 27.7 min. d) Overview of slow (dark green) and fast (light green) exchanging hydrogen atoms in adenosine. &) QQQ NLS mass
spectrum after incubation of RNA samples with D,0O (slow exchange). f) QQQ NLS mass spectrum after the use of a D,0 LC-buffer (fast
exchange). g) HRMS fragmentation pattern of candidate 338, as well as calculated ion formulas of the generated fragments which differ by a
methyl group. h) QQQ NLS mass spectrum of candidate 338 in tRNA isolated from E. coli cells supplemented with CD;-methionine.

highly lipophilic derivative of the hypermodification ms*°A
found at position 37 of certain bacterial tRNAs. The
structural elucidation established “inverse” feeding experi-
ments as highly useful, where bacteria were raised in
“heavy” media containing e.g. “C-glucose as only carbon
source. Incorporation into RNA of any metabolite consist-
ing of “light” '>C-carbon added to the culture was thereby
easily detectable as a mass difference corresponding to the

Angew. Chem. Int. Ed. 2023, 62, 202217128 (2 of 5)

number of carbons incorporated. While application to
nucleobases was uncomplicated, compounds that were not
naturally taken up from the medium included prenylation
reagents and precursors. Thus, while we could indirectly
demonstrate the presence of an isopentenyl residue by mass
spectrometry and the use of the knockout strain of the
prenyltransferase MiaA, there was no direct way to monitor
prenylation. This was of interest in the context of another
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Figure 2. Structural confirmation of ms’€A by LC-MS/MS analysis of
the synthesised compound. a) Reaction scheme displaying the syn-
thesis of ms”eA, starting from 2-methylthioadenosine (ms?A). b) QQQ
LC-MS/MS analysis of a digested *C-labelled tRNA sample (red)
spiked with the synthetic '?C-compound (grey). An overlay of the
extracted ion chromatograms at a mass transition of m/z 338—206
and m/z 351—214 is shown. c¢) Comparison of fragmentation patterns
of candidate 338, recorded from digested native tRNA (upper panel),
and the synthesised reference ms’eA (lower panel) in a QQQ pseudo-
MS® scan.

candidate nucleoside species from the list, which displayed a
mass-to-charge ratio of 338 (herein referred to as candidate
338). It eluted at 27.7 min, significantly after N6,N6-dimeth-
yladenosine (m®°A) but before N6-isopentenyladenosine
(i°A), from the reversed-phase column. Stable isotope label-
ling revealed that this compound was elementally consti-
tuted of 13 carbon atoms, 5 nitrogen atoms and one sulphur
atom which, in combination with the results from high-
resolution mass spectrometry (HRMS), suggested a sum
formula of C;;H;sNsO,S (Figure la+b). Inverse feeding
identified adenosine as parent nucleoside prior to modifica-
tion (Figure 1c).

Comparison of adenosine to the constitution of candi-
date 338 showed a difference of C;H,S and two double-bond
equivalents. Given that the initial NLS had provided the
fragmentation pattern of an unsubstituted ribose, the above
formula implied that at least some of the nitrogens of the
parental nucleoside carried substituents for the original
hydrogens. To locate the modification sites, we performed
slow and fast deuterium exchange experiments, which
provide insights into the substitution of the C8-position and
the substitution of heteroatoms, respectively (Figure 1d).>™!
Interestingly, while the 8-position was suggested to be
unmodified (Figure le), all nitrogens bound to fast exchang-
ing hydrogen atoms in the parent adenosine were suggested
to carry substituents in candidate 338 (Figure 1f). HRMS
fragmentation experiments indicated the loss of a methyl

Angew. Chem. Int. Ed. 2023, 62, €202217128 (3 of 5)
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group after loss of the ribose (Figure 1g). The presence of a
methyl group was further substantiated by a corresponding
+3 m/z shift in a CDj;-methionine labelling experiment
(Figure 1h).

Given the presence of a sulphur atom in conjunction
with a methyl group in a modified adenosine structure, we
suspected a thiomethylation in position 2 (as for example in
ms*i°A), which would typically be catalysed by the iron-
sulphur enzyme MiaB. The absence of candidate 338 in the
MiaB knockout established a thiomethyl moiety in the
adenine-C2 position (Figure 1g and S1). However, this only
left two further carbon atoms to be assigned to the structure
of candidate 338. Considering the double-bond equivalents
and the fact that none of the nitrogen atoms was bound to
fast exchanging protons, the most plausible structure
proposal contained an additional ring structure, ie. an
etheno bridge linking the exocyclic N6 with N1 of the
nucleobase. A theoretically conceivable triple bond at the
exocyclic N6-position would have been incompatible with
the instability of N-ethynylamines® and the D,O fast
exchange results (Figure 1f). With only one plausible
structure left, we synthesised ms’A, adapting a protocol
from Bhatt et al. (Figure 2a).”!! LC-MS/MS analysis of the
BC-labelled E. coli tRNA digest, spiked with the synthetic
compound, showed co-elution of the synthetic compound
and its isotopologue, confirming the hypothetical structure
(Figure 2b). Ultimately, the perfectly matching pseudo-MS?
spectra of candidate 338, enriched from digested E. coli
tRNA, and the synthesised ms’¢A demonstrated identity of
the molecular structures of the naturally occurring candidate
338 and the synthesised compound ms’A (Figure 2c).

The unusual tricyclic structure of ms’¢A evoked the
question on the metabolic origin of the two carbon atoms of
the etheno bridge. Based on the involvement of MiaB and
the metabolic as well as structural proximity to ms%i°A, we
speculated that this bridge might be the vestigial relic of an
originally present N6-isopentenyl moiety. We hence tested
RNA isolated from a knockout of the MiaA enzyme. The
latter catalyses RNA prenylation of the N6-position of an
adenosine, resulting in i°A, using dimethylallyl pyrophos-
phate (DMAPP), an isoprene cofactor that is provided via
the methylerythritol-phosphate (MEP) pathway. We did not
detect any ms’tA in the MiaA knockout (Figure S1),
suggesting that the carbon atoms of the etheno bridge might
indeed originate from the MEP pathway. Formation of
ms’A would involve ms**A as a hypothetical precursor,
with its isoprene moiety being the carbon source of the
etheno bridge (Figure 3a). To verify this hypothesis, we
isolated 30 tRNA species and found ms’A only in those 9
tRNAs known to carry ms’°A (Figure S2).

For direct clarification, we needed to label the isoprene
moiety in i°A/ms*°A by supplying a “light” C5 compound
(i.e. composed of ?C) to the isoprene pathway in an inverse
feeding experiment (see above). To circumvent uptake
problems of the negatively charged isoprene cofactors
DMAPP and isopentenyl pyrophosphate by E. coli, we
turned to a metabolic engineering approach that required
inhibiting the native hemiterpene biosynthesis pathway by
addition of fosmidomycin. To supply a “light” CS surrogate,
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Figure 3. Biological origin and impact of ms’€A. a) Biosynthesis of ms”°A and proposed generation of ms€A. b) Inverse isoprene labelling
experiment and mass spectra of subsequent QQQ NLS analysis: red ("°C) and grey (°C) markers in the structure formula illustrate the mass-to-
charge ratio upon inverse feeding (ADH pathway). In the untreated control sample, the native MEP pathway leads to the completely "*C-labelled
structure. Fs: fosmidomycin, PP;: pyrophosphate, SAM: S-adenosylmethionine. c) Constitution of the cellular RNA pool with its most abundant
representatives tRNA, messenger RNA (mRNA) and ribosomal RNA (rRNA) and their distribution upon sucrose gradient fractionation. Relative
LC-MS/MS quantification of ms€A in tRNA purified from FO corresponding to the cellular tRNA pool and F3 corresponding to actively translating
tRNAs via gel elution. Normalised peak areas were related pairwise to the respective FO fraction (set to 100%) and the average of three

independent biological replicates was calculated.

we adapted a protocol to introduce an artificial alcohol-
dependent hemiterpene (ADH) pathway for isoprenoid
biosynthesis into E. coli and combined it with stable isotope
labelling.”” Bacteria cultured in *C-labelled medium were
supplemented with the bioavailable '*C-alcohol precursors
dimethylallyl alcohol and isopentenol (detailed description
in Supporting Information 1.1.3). LC-MS/MS analysis of
prenylated nucleosides from isolated tRNA was then
conducted comparing a “heavy” “C-culture with a similar
culture supplemented with the C-alcohols. A mass differ-
ence in the signals of i’A and ms*°A indicated incorporation
of the C5 alcohols into the hemiterpene pathway (Fig-
ure S3). Importantly, a mass shift of —2 units (m/z 349 versus
m/z 351) was observed for the ms’A signal (Figure 3b).
This shows that the etheno bridge originates from the MEP
pathway, and thereby that ms’A is derived from ms%°A.
Synthetic ms’A (Figure 2) as calibration standard
permitted absolute quantification e.g. in purified
tRNA"" 5,4, showing that only 0.06% of these tRNA
molecules contained ms’A. This low abundance might
signify that the presence of ms’A in tRNAs is a spurious
side product that might be non-functional or even detrimen-
tal to the cell. We investigated this hypothesis by comparing
the ms’¢A content of the cellular tRNA pool with that of

Angew. Chem. Int. Ed. 2023, 62, 202217128 (4 of 5)

tRNAs from actively translating polysomes, which are
considered functional “by definition”. The observed signifi-
cant reduction of ms’A in polysomal tRNA relative to free
tRNA (Figure 3c), was interpreted to mean that tRNAs
carrying this derivative of ms’i’A cannot fully perform their
designated function and are excluded from translation by
yet unknown mechanisms. This makes ms’®A an RNA
modification damage of ms*i°A.

The new nucleoside structure elucidated here is already
the second one derived from ms’i’A.?! Previous identifica-
tion of msms’i’A demonstrated a presumed side reaction of
the iron-sulphur cluster enzyme MiaB, involving radical
chemistry. In the formation of ms’A from ms’‘A, the type
of chemistry catalysed is truly remarkable, involving oxida-
tive cleavage of the isoprene double bond in analogy to an
ozonolysis. We are currently pursuing identification of the
responsible enzyme, an endeavour that is hampered by the
low abundance of the structures involved and by the
experimental challenge of isotopic labelling of the isoprene
moieties in RNA. In the present case, this was achieved
after a significant effort devoted to funnelling exogenous C5
alcohols into bacterial hemiterpene synthesis. This approach,
adopted from the work of Lund et al.”” allowed to show
that the etheno bridge within the third heterocycle derives
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from the isoprene moiety in ms%°A. While successful in the
case at hand, its application is sophisticated in practice and
in need of detailed optimisation before becoming a tool for
routine investigations. Most biological implications of our
findings remain to be discovered, but the nucleoside
quantification data of polysome-bound tRNA are strongly
suggestive of damage to tRNA functionality and a detrimen-
tal character of ms’¢A and warrant its designation as RNA
damage.

While older examples of damaging reactions on tRNA
modifications have received the low attention of isolated
findings,” we conclude that such events are indeed more
frequent than hitherto assumed. The proposed term “RNA
modification damage” would not only cover structural
alteration of intact RNA modifications as a consequence of
exposure to chemical or physical stress,*™*! but also the
enzymatic side reactions leading to dysfunctional modified
nucleosides. Whether such damage is primarily caused by
promiscuity of RNA modification enzymes, as it is the case
for msms’i®A, is not clear for ms’cA.
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1 Experimental Procedures

1.1 Sample preparations
1.1.1 Unlabelled and isotopically labelled RNA from E. coli MC4100

For unlabelled RNA, E. coli (strain MC4100) cells were cultured in standard M9-Medium composed of 6.8 g/L NazHPO4 (Carl Roth,
Germany), 3 g/L KH2PO4 (Carl Roth, Germany), 0.5 g/L NaCl (Carl Roth, Germany), 1 g/L NH4Cl (Merck-Millipore, Germany), 2 mM
MgSOs4 (Carl Roth, Germany), 0.1 mM CaClz (Griissing GmbH, Germany) and 0.4% glucose (Carl Roth, Germany). In order to prepare
13C-, "®N- or 3*S-labelled RNA, the isotopically labelled form of glucose (for '*C-M9), NH4CI (for '5N-M9) or MgSOs (for 34S-M9) (all
Sigma-Aldrich, Germany), respectively, was used in these cultures.

For the differential labelling the '®N-M9 medium additionally contained one of the canonical "N nucleobases uracil (Carl Roth, Germany),
guanine (Carl Roth, Germany) or adenine (Sigma-Aldrich, Germany) in a final concentration of 300 uM.["

In the case of methionine feeding a final concentration of 0.5 mM methionine-(methyl-D3) (Sigma-Aldrich, Germany) was added to
standard M9 medium.

The E. coli MC4100 cells were grown in the corresponding M9 medium to an ODeoo of 1.8 and harvested (10 min, 8 000 g, 4 °C).
Subsequently, RNA was extracted from the cell pellets using TRI reagent® (Sigma-Aldrich, Germany) according to the manufacturer’s
protocol.

1.1.2 RNA from knockout strains

For E. coli knockout experiments AmiaA (JW4129) and AmiaB (JW0658) strains from the E. coli Keio knockout collection
(GE Healthcare (Dharmacon™), United Kingdom) were used as well as the corresponding parent strain (BW25113). The cells were
cultured in standard M9 medium and RNA was isolated as described above.

1.1.3 Isoprene labelling Experiment

Adapting a protocol published by Lund et al., in a first step E. coli NovaBlue (DE3) competent cells (Sigma-Aldrich, Germany) were
transfected with a pET-Duet-1 plasmid encoding for an archaeal isopentenyl phosphate kinase (IPK) in multi-cloning site 2 as well as
the class-A nonspecific acid phosphatase from Shigella flexneri (PhoN) in multi-cloning site 1 (GenScript Biotech Corporation, USA;
gene sequences listed in Table S1) according to the manufacturer’s protocol and selected by resistance to antibiotics (12.5 ug/mL
tetracycline and 100 pg/mL ampicillin (both Carl Roth, Germany). E. coli NovaBlue (DE3) cells containing the pET-Duet-1 plasmid were
grown overnight (37 °C, 190 rpm) in 15 mL of ®C-labelled OD2 medium (Silantes, Germany) supplemented with 12.5 pyg/mL
tetracycline and 100 pg/mL ampicillin. The next day, two cultures were prepared by supplementing 100 mL of '*C-labelled OD2 medium
with 12.5 pg/mL tetracycline and 100 pg/mL ampicillin and inoculating these cultures to an ODeoo of 0.1 with the overnight culture. One
culture was grown as a control without further supplementations. A final concentration of 50 pM fosmidomycin (optimised concentration
for the purpose of this experiment) was added to the other culture directly at the beginning and as soon as an ODeoo of 0.2 was reached,
IPTG, dimethyl allyl alcohol (dissolved in DMSO) and isopentenol (dissolved in DMSO) were added to final concentrations of 1 mM,
5 mM and 5 mM, respectively. After the induction, the cells were grown for another 24 h and then harvested (20 min, 10 000 g, 4 °C).
Total tRNA was isolated from the cell pellets using TRI reagent® (Sigma-Aldrich, Germany) according to the manufacturer’s protocol
and qualitatively analysed by LC-MS/MS as described below.

Table S$1. Codon-optimised gene sequences of proteins used for isoprene labelling.

Protein Sequence (5’ — 3')

IPK from ATGATGATTTTGAAGATTGGTGGGAGTGTCATTACGGACAAGTCTGCTTACCGTACCGCACGTACCTATGCCATCCGTTCGATCGT
Thermoplasma GAAAGTCCTTTCGGGGATCGAGGATCTTGTTTGTGTAGTACATGGCGGCGGCAGCTTCGGTCACATTAAAGCGATGGAATTTGGG
acidophilum CTTCCAGGCCCGAAGAATCCGCGCTCATCGATCGGATACTCTATCGTTCATCGTGACATGGAGAACTTGGACTTAATGGTCATTG
codon-optimised ATGCTATGATTGAGATGGGCATGCGCCCAATTTCAGTACCGATCAGCGCGCTGCGTTACGATGGCCGTTTCGACTACACACCACT
for E. coli TATTCGTTACATTGACGCAGGATTTGTTCCCGTATCTTATGGCGACGTCTATATTAAGGACGAGCATTCATACGGAATCTATTCGG

GGGACGACATTATGGCCGACATGGCCGAACTTTTGAAACCAGACGTGGCAGTGTTCCTTACAGATGTGGACGGTATCTATTCCAA
AGACCCTAAGCGCAACCCAGATGCGGTACTGCTGCGTGATATTGATACGAACATCACCTTCGATCGTGTCCAGAACGATGTAACA
GGCGGAATTGGGAAGAAATTCGAGTCCATGGTAAAGATGAAATCTTCCGTCAAAAATGGGGTGTATCTGATTAACGGTAACCATC
CCGAGCGTATCGGAGACATCGGCAAGGAATCCTTCATCGGCACGGTAATCCGC

PhoN from ATGAAGCGTCAGTTGTTCACGCTTTCGATTGTGGGGGTATTTTCGTTGAATACTTTCGCGTCGATTCCACCGGGCAACGATGTTAC

Shigella flexneri CACGAAGCCCGACTTATATTATCTTACGAATGACAACGCAATCGACAGTCTTGCGCTGTTACCACCTCCTCCCCAAATTGGCTCGA

codon-optimised TCGCTTTTCTGAATGACCAAGCCATGTACGAAAAAGGGCGTTTGCTTCGTAATACTGAACGTGGTAAACTGGCCGCGGAGGATGC

for E. coli AAACCTGTCAAGCGGCGGGGTTGCAAATGTGTTCTCGGCGGCCTTCGGGAGTCCTATCACAGCAAAGGACTCACCAGAATTGCA
3
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CAAATTGCTTACAAATATGATCGAGGACGCCGGGGACCTGGCGACGCGTTCTGCGAAGGAGTACTATATGCGTATCCGCCCCTTT
GCCTTCTATGGAGTTTCTACTTGCAACACCAAGGAACAAGATACACTGAGTCGCAATGGAAGTTATCCATCAGGACACACAAGTAT
CGGTTGGGCGACAGCATTAGTACTGAGCGAAATTAACCCGGCCCGTCAGGATACGATTTTGAAGCGCGGATACGAATTGGGTGA
TTCCCGCGTCATCTGCGGTTACCACTGGCAATCCGACGTAGATGCCGCACGCATTGTTGGAAGCGCGATTGTTGCCACCCTGCA
TTCAAACCCTGTATTTCAAGCGCAGTTGCAAAAAGCTAAAGACGAGTTCGCCAATAATCAGAAGAAA

1.1.4 Isolation of specific tRNAs

The isolation of various specific tRNAs from the total tRNA pool of E. coli MC4100 was achieved by hybridization of a complementary
DNA probe (IBA GmbH, Germany; listed in Table S2) which was fluorescein-tagged at the 3’-end and biotin-labelled at the 5’-end. The
latter allowed to separate the target tRNA from the pool by immobilisation on streptavidin-coated magnetic beads (Dynabeads®
MyOne™, Thermo Fisher Scientific, Germany). In a total volume of 100 L, 400 pmol of the respective complementary DNA probe
were mixed with 800 ug of total tRNA in 5X saline-sodium citrate (SSC) buffer. The mixture was first incubated for 3 min at 90 °C
(denaturation step) and then incubated for 10 min at 65 °C (hybridisation step). While the samples cooled down to room temperature,
the magnetic beads were prepared according to the manufacturer’s protocol. For immobilisation, the hybridised samples were incubated
with 200 pL beads solution (25 °C, 650 rpm). After 30 min of incubation the samples were put in the magnetic rack, the supernatant
was removed and the remaining beads (with immobilised RNA/DNA hybrids) were washed with 1X SSC-buffer once and three times
with 0.1X SSC buffer. After resuspending the beads in 50 uL MilliQ-Hz20, the RNA was removed from the beads by heating for 3 min
at 75 °C. The supernatant was transferred to a new tube and incubated with 200 U DNase | (RNase-free 50 U/uL, Thermo Fisher
Scientific, Germany) and DNase | 10X buffer (final concentration of 1X; Thermo Fisher Scientific, Germany) for 2 h at 37 °C. The target
tRNA was purified via PAGE and subsequent gel elution (1.1.6).

Table S2. List of complementary DNA probes used for the isolation of specific E. coli tRNAs. The targeted tRNAs (defined by abbreviation of the amino acid they
carry together with their anticodon) are listed in the first column. Modifications within the anticodon are shown according to the one letter code.)

tRNA DNA probe sequence (5" — 3')

Alavee) AAATGGTGGGTGATGACGGGATCGAACCGCCGACCCCCTCCTTGTAAGGGAGGTGCTCTCCCAGCTGAGCTAATCACCC

ArgCcun AAATGGTACCCGGAGCGGGACTTGAACCCGCACAGCGCGAACGCCGAGGGATTTTAAATCCCTTGTGTCTACCGATTCCACCAT
CCGGGC

Argcu2) AAATGGTGCCCGGACTCGGAATCGAACCAAGGACACGGGGATTTTCAATCCCCTGCTCTACCGACTGAGCTATCCGGGC

Arg(cce) AAATGGAGGCGCGTTCCGGAGTCGAACCGGACTAGACGGATTTGCAATCCGCTACATAACCGCTTTGTTAACGCGCC

Arg(c®) AAATGGCGGAGAGAGGGGGATTTGAACCCCCGGTAGAGTTGCCCCTACTCCGGTTTTCGAGACCGGTCCGTTCAGCCGCTCCG
GCATCTCTCC

Asn(@V) AAATGGCGGAAGCGCAGAGATTCGAACTCTGGAACCCTTTCGGGTCGCCGGTTTTCAAGACCGGTGCCTTCAACCGCTCGGCCA
CACTTCC

Cys(GcA AAATGGTGGTGGGGGAAGGATTCGAACCTTCGAAGTCGATGACGGCAGATTTACAGTCTGCTCCCTTTGGCCGCTCGGGAACCC
CACC

Glycco) AAATGGCGCGCCCGACAGGATTCGAACCTGAGACCTCTGCCTCCGGAGGGCAGCGCTCTATCCAGCTGAGCTACGGGCGC

Gly(©co) AAATGGCGCGCCCTGCAGGATTCGAACCTGCGGCCCACGACTTAGAAGGTCGTTGCTCTATCCAACTGAGCTAAGGGCGC

Gly(Neo) AAATGGTGTCCCCTGCAGGAATCGAACCTGCAATTAGCCCTTAGAAGGGGCTCGTTATATCCATTTAACTAAGAGGAC

His(@Ue) AAATGGCTCCTCTGACTGGACTCGAACCAGTGACATACGGATTAACAGTCCGCCGTTCTACCGACTGAACTACAGAGGA

llgtAv) AAATGGCTGGGGTACGAGGATTCGAACCTCGGAATGCCGGAATCAGAATCCGGTGCCTTACCGCTTGGCGATACCCCA

Ini€AY) AAATGGCGTCCCCTAGGGGATTCGAACCCCTGTTACCGCCGTGAAAGGGCGGTGTCCTGGGCCTCTAGACGAAGGGGAC

Leu0A™) AAATGGAGCGGGCGAAGGGAATCGAACCCTCGTATAGAGCTTGGGAAGCTCTCGTTCTACCATTGAACTACGCCCGC

Leu®Ar) AAATGGAGCGGGAAACGAGACTCGAACTCGCGACCCCGACCTTGGCAAGGTCGTGCTCTACCAACTGAGCTATTCCCGC

Leu(€A®) AAATGGAGCGGGCAGCGGGAATCGAACCCGCATCATCAGCTTGGAAGGCTGAGGTAATAGCCATTATACGATGCCCGC

Leu(©A® AAATGGGGTGGCTAATGGGATTCGAACCCACGACAACTGGAATCACAATCCAGGGCTCTACCAACTGAGCTATAGCCACC

Lys(SuY) AAATGGTAGGCCTGAGTGGACTTGAACCACCGACCTCACCCTTATCAGGGGTGCGCTCTAACCACCTGAGCTACAAGCCT

MetMAV) AAATGGTGGCCCCTGCTGGACTTGAACCAGCGACCAAGCGATTATGAGTCGCCTGCTCTAACCACTGAGCTAAGGGGCC

Phe(©A AAATGGTTGCGGGGGCCGGATTTGAACCGACGATCTTCGGGTTATGAGCCCGACGAGCTACCAGGCTGCTCCACCCCGCG
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Pro(cee) AAATGGTGCCGAAGGCCGGACTCGAACCGGCACGTATTTCTACGGTTGATTTTGAATCAACTGTGTCTACCGATTTCGCCACTTC
GGC

Ser(CeA AAATGGTGGCTACGACGGGATTCGAACCTGTGACCCCATCATTATGAGTGATGTGCTCTAACCAACTGAGCTACGTAGCC

Ser(ecV) AAATGGCGGAGAGAGGGGGATTTGAACCCCCGGTAGAGTTGCCCCTACTCCGGTTTTCGAGACCGGTCCGTTCAGCCGCTCCG
GCATCTCTCC

Ser(GeA AAATGGTCGGTGATAGAGGATTCGAACCTCCGACCCCTTCGTCCCGAACGAAGTGCGCTACCAGGCTGCGCCAATCACCG

Ser(UeA AAATGGTGGGTCGTGCAGGATTCGAACCTGCGACCAATTGATTAAAAGTCAACTGCTCTACCAACTGAGCTAACGACCC

Thr(¢6V) AAATGGCGGTGAGGGGGGGATTCGAACCCCCGATACGTTGCCGTATACACACTTTCCAGGCGTGCTCCTTCAGCCACTCGGACA
CCTCACC

Trp€cAn AAATGGCGGTGAGGCGGGGATTCGAACCCCGGATGCAGCTTTTGACCGCATACTCCCTTAGCAGGGGAGCGCCTTCAGCCTCTC
GGCCACCTCACC

Tyr@QUA) AAATGGTGCTGATAGGCAGATTCGAACTGCCGACCTCACCCTTACCAAGGGTGCGCTCTACCAACTGAGCTATATCAGC

Val(®AC) AAATGGTGGGTGATGACGGGATCGAACCGCCGACCCCCTCCTTGTAAGGGAGGTGCTCTCCCAGCTGAGCTAATCACCC

Val(VA®) AAATGGCAAGATCACAGGAGTCGAACCTGCCCGGGACCGCGCGGCCCCAACTGGATTTGAAGTCCAGCCGCCTCACCGGAGAC
GACGATCTT

1.1.5 RNA from polysome preparations

E. coli cells were grown in LB medium in 800 mL culture volume. When an ODeoo of 0.6-0.7 was reached, chloramphenicol (Carl Roth,
Germany) was added to a final concentration of 100 yg/mL and the mixture was incubated for 3 min. Subsequently, the cells were
harvested (10 min, 10 000 g, 4 °C) and the cell pellets resuspended in lysis buffer (100 mM NH4CI (Merck-Millipore, Germany), 10 mM
MgClz, 20 mM Tris, pH 7.5 (both Carl Roth, Germany)). After the addition of lysozyme (Carl Roth, Germany), freeze-thaw cycles were
performed in liquid nitrogen and 10% deoxycholate (Sigma-Aldrich, Germany) was added. Another centrifugation step (12 000 g, 10 min,
4 °C) separated the remaining cell wall debris from the cell lysate which was then loaded on top of sucrose (Sigma-Aldrich, Germany)
gradients (5% to 40%) that were generated using a Biocomp gradient station model 108 (settings: time 1.24 min, angle 81.5 °, speed
21 rpm). The gradients were then subjected to ultracentrifugation (Beckman Ultracentrifuge Optima LE-80K, SW40 Ti rotor from
Beckman Coulter) at 150 000 g and 4 °C for 2.5 h and subsequently fractionated by measuring the absorbance at 260 nm (Biocomp
Gradient Station model 108 with a Gilson Fraction Collector FC203B). Total RNA was isolated from these fractions using TRI reagent®
(Sigma-Aldrich, Germany) according to the manufacturer’s protocol and purified by gel elution.

1.1.6 Purification of specific RNA species by PAGE and gel elution

In order to purify either specifically isolated tRNA or different RNA species from polysomal fractions, RNA samples were separated on
a 10% denaturing PAGE gel and stained with GelRed (Biotium). Using a Typhoon 9400, the bands were visualised at an excitation
wavelength of 532 nm. The resulting image was used as a template to locate and excise the bands of interest from the gel. The gel
cuts were mashed with a scalpel, frozen for 1 h and 300 pL of 0.5 M ammonium acetate (Sigma Aldrich, Germany) were added. After
overnight shaking (750 rpm, 25 °C) the mixture was filtered using NanoSep® centrifugal filters (VWR, Germany) and precipitated by
addition of three volumes of 100% ethanol.

1.1.7 RNA hydrolysis

Up to 10 pg of total tRNA was digested to nucleosides by incubation with 0.6 U nuclease P1 from P. citrinum (Sigma-Aldrich, Germany),
0.2 U snake venom phosphodiesterase from C. adamanteus (Worthington, USA), 2 U FastAP (Thermo Fisher Scientific, Germany),
10 U benzonase (Sigma-Aldrich, Germany), 200 ng Pentostatin (Sigma-Aldrich, Germany) and 500 ng Tetrahydrouridine (Merck-
Millipore, Germany) in 25 mM ammonium acetate (pH 7.5; Sigma-Aldrich, Germany) overnight at 37 °C.

1.1.8 Deuterium exchange experiments

Deuterium exchange experiments were performed as previously described.*® To facilitate the subsequent qualitative LC-MS/MS
analysis (1.2.1), candidate 338 was enriched by collecting the fraction of 50 ug digested and chromatographically separated E. coli
RNA around 27.7 min three times for samples to be used for the slow exchange treatment and five times for samples to be used in the
fast exchange experiment. The HPLC separation was performed as detailed in 1.1.9.

For the slow exchange experiment, the samples were lyophilized, resuspended together in D20 (Sigma-Aldrich) and incubated for 1 h
at 90 °C.

For the fast exchange experiment the lyophilised samples were resuspended in D20 and the solvents used for chromatographic
separation in the LC-MS/MS analysis were adjusted as detailed in 1.2.1.
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1.1.9 Synthesis of 2-methylthio-1,N6-ethenoadenosine

Adapting the protocol for synthesis of ethenoadenosine described by Bhatt et al.®! a freshly prepared mixture of 11.2 pL 50%
chloroacetaldehyde and 138.8 yL 1 M sodium acetate buffer (pH 4.5) was added to 50 uyL of 2.5 mM 2-methylthioadenosine
(0.125 pmol, Carbosynth Ltd, United Kingdom) in an Eppendorf tube. After vortexing, the samples were centrifuged at 450 g for 2 min
at 22 °C and subsequently incubated for 60 min at 60 °C. In order to stop the reaction, the tubes were placed on ice and extracted with
water-saturated ether. The aqueous phase was separated on an Agilent 1100 series HPLC using a Synergi Fusion RP-C18 column
(250 x 2.0 mm, 4 M, 80 A; Phenomenex, Germany) with the following gradient (A =5 mM NHs4OAc, pH 5.3; B =HPLC grade
acetonitrile): 0 min 100% A, linear increase to 10% B in 20 min followed by another linear increase to 100% B at 50 min, hold for 3 min,
then back to 100% A in 7 min, followed by re-equilibration of the column for 5 min. The product peak which was monitored by UV signal
was collected and the solvent was evaporated. For NMR analysis, the synthesis and purification procedure were repeated several
times and the products were pooled.

NMR spectra were recorded in CD3OD on a Bruker Avance Il spectrometer (Bruker Corporation, USA). Chemical shifts were reported
in parts per million (ppm) relative to tetramethylsilane and internally referenced to CD3OD (3.31 ppm for 'H-NMR and 49.0 ppm for
BC-NMR). Signals were assigned based on 'H-'H COSY, 'H-"3C HSQC and 'H-'*C HMBC spectra. Coupling constants J are given in
Hz and for multiplicities the following abbreviations were used: s = singlet, d = doublet, dd = double doublet, t = triplet, g = quartet.

H-NMR (600 MHz, CD30D): 5= 8.46 (s, 1H;
H-1'), 4.76 (t, J = 5.1 Hz, 1H; H-2'), 4.41 (t, J
-5’

H-2),7.82 (d, J = 1.7 Hz, 1H; H-7), 7.59 (d, J = 1.7 Hz, 1H; H-8), 6.21 (d, J = 5.1 Hz, 1H;
4 =
H-5), 3.78 (dd, J = 3.8, J = 12.1 Hz, 1H; H-57),

4.9 Hz, 1H; H-3),4.12 (q, J = 3.8 Hz, 1H; H-4'), 3.88 (dd, J =33 Hz, J = 12.1 Hz, 1H;
2.90 (s, 3H; CHs) ppm.

13C-NMR (151 MHz, CDsOD): & = 149.3 (C-5), 142.4 (C-9a), 141.1 (C-3a), 140.3 (C-2), 133.3 (C-8), 121.2 (C-9b), 112.0 (C-7), 90.2
(C-1'), 86.7 (C-4"), 76.1 (C-2'), 71.7 (C-3"), 62.7 (C-5'), 14.4 (CHs) ppm.

Impurities in the spectra can be traced to residual water and the acetate used during the purification procedure.

1.2 LC-MS/MS analysis

As indicated in the detailed description below, all LC-MS/MS measurements were performed on an Agilent 1260 Infinity (Il) series HPLC
connected to either an Agilent 6460A triple quadrupole (QQQ) mass spectrometer, an Agilent 6470B QQQ mass spectrometer or a
high-resolution Agilent 6545 quadrupole time-of-flight (Q-ToF) mass spectrometer, each of them interfaced with an Agilent Jet Stream
electrospray ionisation source (ESI) (all devices: Agilent Technologies, Germany). For separation either a YMC-Triart C8 column
(150 mm x 3 mm, 3 uym, 120 A; YMC Europe GmbH, Germany) or a Synergi Fusion RP-C18 column (250 x 2.0 mm, 4 uM, 80 A;
Phenomenex, Germany) were used at a flow of 0.35 mL/min and a temperature of 35 °C. In both cases, the solvents consisted of 5 mM
ammonium acetate buffer (pH 5.3; solvent A) and LC-MS grade acetonitrile (solvent B; Honeywell). The LC method started with 100%
solvent A. Solvent B was linearly increased to 10% at 20 min and to 100% at 50 min (hold for 3 min). Finally, initial conditions were
restored in 7 min and the column re-equilibrated for 5 min prior to the next injection. When the initial method (C8 column) was transferred
to the C18 column, the identity of candidate 338 was ensured by comparing the results of stable isotope labelled samples and the
retention time relative to known modifications. The main nucleosides were monitored at 254 nm (UV trace) with a diode array detector
(DAD). All mass spectrometers were operated in the positive ion mode and ESI parameters are detailed in table S3.

Table S3. ESI settings of the different mass spectrometers.

parameters 6460A QQQ 6470B QQQ 6545 Q-ToF
gas temperature 350 300 325
gas flow (L/min) 5 7 10
nebulizer pressure (psi) 35 60 33
sheath gas temperature (°C) 350 400 325
sheath gas flow (L/min) 12 12 10
capillary voltage (V) 3500 3000 3500
6
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1.2.1 Qualitative analysis

Unless otherwise stated, qualitative LC-MS/MS analysis was performed with the 6460A QQQ. Qualitative analysis included
identification of candidate 338 as a potentially new ribonucleoside as previously described and investigation of mass shifts as a
consequence of stable isotope labelling.>®! For this type of analysis, 10 ug of digested RNA sample were injected into the LC-MS
system and separated on the C8 column. The Agilent MassHunter software (version B.05.00) was employed in the neutral loss scan
(NLS) mode, detecting the loss of an uncharged moiety as defined in the method, usually a loss of 132 Da in the case of ribonucleosides,
corresponding to the loss of the ribose. If the analysed samples had a stable isotope labelling background affecting the ribose, the
neutral loss was adjusted to 137 Da ('*C-labelled samples) or to 135 Da (D20 fast exchange samples). NLS settings of the 6460A QQQ
were as follows: fragmentor voltage 80 V, collision energy 15 eV, cell accelerator voltage 2 V, scan time 555 ms and mass range m/z
300-460.

To investigate fast exchanging species within candidate 338 (D20 fast exchange experiment), for this specific LC-MS/MS run solvent A
was prepared with D20 instead of H20.

In case of the co-injection of digested *C-labelled RNA and the synthetic ms2eA, the RNA sample was spiked with 100 fmol of ms2eA
and both the loss of the "2C-ribose (-132 Da) as well as the loss of the "*C-ribose (-137 Da) were included as a segment of the method.
For this analysis the C18 column was used in combination with the 6470B QQQ (Agilent MassHunter software, version 10.0). NLS
settings were similar to the 6460A QQQ.

For the analysis of samples obtained from the isoprene labelling experiment, 20 ug of digested RNA were analysed using the C18
column in combination with the 6470B QQQ (Agilent MassHunter software, version 10.0) regarding a neutral loss of 137. NLS settings
were similar to the 6460A QQQ.

1.2.2 Relative quantification

For relative quantification of defined nucleoside species, the Agilent MassHunter software was employed in the dynamic multiple
reaction monitoring (dAMRM) mode. The mass transitions for the predefined nucleosides were as follows: ms?eA (m/z 338 — 206), i°A
(mlz 336 — 204) and ms?°A (m/z 382 — 250). Further dMRM settings were a fragmentor voltage of 80 V, a collision energy of 15 eV
and a cell accelerator voltage of 2 V.

For this type of analysis up to 5 ug of digested RNA sample were injected into the LC-MS system. The data obtained from these
measurements was analysed using Agilent MassHunter Qualitative Analysis software. Here, integration of the peak of interest in
extracted ion chromatograms yielded the corresponding area under the curve which is often called abundance within this study. These
abundances were then normalised to the peak area of adenosine in the UV trace of the respective sample.

In case of the analysis of ms2A on isolated RNA species, the C8 column was used in combination with the 6460A QQQ (Agilent
MassHunter software, version B.05.00). The relative quantification of ms2A in polysomal fractions as well as the occurrence of msA
in tRNA isolated from different knockout cells was performed with the C18 column and the 6470B QQQ (Agilent MassHunter software,
version 10.0).

1.2.3 Absolute quantification of ms2A in isolated tRNA LeuBAA

For absolute quantification the method described in 1.2.2 was applied in combination with external calibration, as previously described.®!
Briefly, for the main nucleosides, a calibration curve was created in the range of 1-1000 pmol, based on the UV signal of calibration
solutions containing cytidine, uridine, guanosine and adenosine in defined concentrations which was recorded at 254 nm. This allowed
calculation of the amount of the respective nucleoside in the sample which was used together with the known sequence of Leu® to
calculate the amount of analysed tRNA molecules.['” For external calibration of ms®A, a calibration curve in the range of 1-5000 fmol
was created using the synthesised ms%A as a standard in different calibration solutions. The inclusion of an internal standard (e.g.
from '3C-labelled E. coli RNA) was not possible, due to the compound's low abundance. The mass signal detected for ms?A in tRNA
LeuB* was within the linear range of the calibration curve and was not affected by saturation effects.

1.2.4 Pseudo-MS?® analysis (fragmentation pattern)

To obtain the fragmentation patterns of the naturally occurring and the synthetic ms%A, the C18 column was used in combination with
the 6460A QQQ and the Agilent MassHunter software (version B.05.00) being employed in the product ion scan mode with an increased
fragmentor voltage of 200 V. The consequence of this increase in the fragmentor voltage is an in-source fragmentation of the
nucleosides to already vyield the nucleobases in the MS' detector which filters for the predefined precursor ion m/z 206. Further
fragmentation of the nucleobase with a collision energy of 40 eV then yielded the product ion spectrum. Compared to the NLS settings,
the scan time was changed to 500 ms and the MS? scan range was set from m/z 15 to m/z 220.

Due to the lower sensitivity of this method, the naturally occurring ms?A had to be enriched. This was achieved by collecting the
fraction of 50 pug digested and chromatographically separated (see section 1.1.9) E. coli RNA around 27.7 min five times. The solvent
was evaporated and the fractions were pooled when the dried residue was resolved in MilliQ water. In case of the synthetic ms?eA
1000 fmol were used for the analysis.
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1.2.5 High-resolution mass spectrometry analysis

The Agilent 6545 Q-ToF mass spectrometer was used to perform high-resolution mass spectrometry. Since the Q-ToF is less sensitive
compared to the QQQ, the naturally occurring ms%A was enriched by collecting the fraction of 50 pg digested and chromatographically
separated E. coli RNA around 27.7 min ten times. The HPLC separation was performed as detailed in 1.1.9. The solvent was
evaporated and the fractions were pooled when the dried residue was resolved in MilliQ water. The enriched samples were
chromatographically separated on the C8 column.

To identify the exact mass of candidate 338, the Agilent MassHunter software (version 10.0) was employed in the MS mode from
m/z 100 to m/z 500 at a scan rate of 1 spectrum/s. Subsequent data analysis and use of the embedded sum formula calculator allowed
calculation of the exact mass on the experimentally detected mass.

HRMS (ESI): m/z calcd for C13H16NsO4S*: 338.0918 [M+H]*; found: 338.0914.

In order to obtain the exact masses of the fragments (determined by pseudo-MS?® analysis), the Agilent MassHunter software (version
10.0) was used in the targeted MS? mode with the precursor ion m/z 338.0900. Data was acquired in the centroid mode and method
settings were as follows: MS m/z 100-1000, MS scan rate 1 spectrum/s, MS/MS m/z 30-500, MS/MS scan rate 1 spectrum/s, max time
between MS 5 s and use of fixed collision energies (35 eV).

HRMS (ESI): m/z calcd for CsHsNsS*: 206.0495 [M+H]*; found: 206.0500; m/z calcd for C7HsNsS*: 191.0260 [M+H]*; found: 191.0265
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2 Results and Discussion

2.1 Analysis of tRNA isolated from E. coli AmiaA or AmiaB strains
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Figure S1. LC-MS/MS analysis of tRNA isolated from i°A- and msZi°A-related knockout strains. Relative abundance of candidate 338, i°A and ms?°A in tRNA
from AmiaA (orange) and 4miaB (green) as well as in tRNA from the corresponding Keio parent strain (blue). First, the abundance of the modification was normalised
to the UV-signal of adenosine in the respective sample, to account for different RNA amounts, and then set into relation to the amount of the respective modification

in the parent strain (set to 100%).

2.2 Analysis of candidate 338 in specific tRNA species
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Figure S2. Occurrence of candidate 338 in specific tRNA species. LC-MS/MS analysis of candidate 338 in single tRNA species isolated from the tRNA pool.
The abundance of candidate 338 in each tRNA was normalised to the UV signal of adenosine. The different tRNA species are displayed by the abbreviation of the
amino acid they carry together with their anticodon (in brackets). Modifications within the anticodon are shown according to the one letter code.®!
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2.3 Analysis of isoprene-related modifications in tRNA from the isoprene labelling experiment
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Figure S3. LC-MS/MS analysis of i®A and ms2i°A in tRNA from the isoprene labelling experiment. The upper part of the figure shows the mass spectra of i°A
while the lower part details the results for ms%®A. In both cases a mass spectrum at the retention time of the respective modification is shown, obtained from the
analysis of a digested tRNA sample. The latter was either isolated from a '*C-culture of prepared E. coli cells supplemented with "2C-dimethylallyl alcohol and '2C-
isopentenol to be used in the artificial alcohol dependent hemiterpene (ADH) pathway or from a ®C-culture without supplementation, i.e. the native non-mevalonate
pathway (MEP pathway) generates '3C-isoprene precursors. The red ('3C) and grey ('2C) markers in the structure formulas illustrate the occurrence of the observed
mass-to-charge ratios upon inverse feeding. The relative abundance was calculated by setting every signal in the respective spectrum in relation to the highest
signal in this spectrum (set to 100%).
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3 NMR spectra
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3C-NMR spectrum of ms?A (151 MHz, CDzOD).
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