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Abstract

Abstract

RNAs, and tRNAs in particular, play important roles not only in basic cellular processes like
the translation of the genetic information, but also fullfill a variety of regulatory functions for
example in the cell’s response to various environmental stress factors and challenges. Further-
more, the involvement of RNA species in the pathophysiology of a number of human diseases,
including cancer and neurobiological disorders, highlights the importance of a tight regulation
of cellular RNA dynamics. Especially in case of tRNAs, regulation includes both dynamic
changes in abundance and in RNA modification pattern. Hence, detailed investigations of
both variations in (t)RNA levels and in their content of modifications are neccessary to further
uncover RNA functions in the regulation of cellular processes and the impact of RNA species on
human diseases.

In this work, various approaches were applied to address the need for a detailed analysis of
specific RNA species, including their isolation, quantification and modification analysis. Making
use of fluorescently labeled DNA probes, an RNA quantification method based on microscale
thermophoresis was developed, which showed not only to be applicable to both single RNA
species as well as the subgroup of polyadenylated RNA, but also to be highly reproducible and
extremely fast to conduct. The successful application to the quantification of most S. cerevisiae
tRNA species revealed small, but in part significant changes of tRNA isoacceptor levels under
various environmental and genetic conditions (e.g. temperature stress and RNA modification de-
ficiencies), underlining the method’s excellent suitability for examination of changes in relative
tRNA abundances. Furthermore, a considerable reduction of mRNA abundance in S. cerevisiae,
which was shown to be depleted of tRNACM due to PaT killer toxin treatment, was observed.

Using the same DNA probes, additionally tagged with biotin, various single (t)RNA species were
successfully isolated from RNA mixtures employing a hybridization- and affinity purification-
based protocol. The potentially immunoregulatory small tRNA-like mascRNA, whose precursor
long non-coding RNA MALATI is a key factor in cancer progression, was chosen in particular as
an attractive target for an isolation with subsequent RNA modification analysis by LC-MS/MS.
Although the isolation of mascRNA was ultimately unsuccessful, RNA-Seq results still revealed
an enrichment of mascRNA, albeit marginally significant, and futhermore suggested the pres-

ence of an 1-methyladenosine modification.

Analysis of an RNA’s modification pattern is likewise important to assess the full range of the
RNA's characteristics and functions. Here, highly sensitive LC-MS/MS analysis was employed
to quantify changes in wobble U34 modifications present in the anticodon loop of tRNAs in
various mutants of S. cerevisize. Making use of different scan modi and intrument settings,
further investigations included the prove of an introduction of queuosine into S. pombe tRNA,
the verification of the successfull isolation of single tRNA species and the confirmation of
13C-labeling patterns of nucleobases in E. coli RNA.
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Zusammenfassung

Zusammenfassung

RNA, und tRNA im Besonderen, spielen nicht nur in grundlegenden zelluldren Prozessen
wie der Translation der genetischen Information eine wichtige Rolle, sondern erfiillen auch
eine Vielzahl an regulatorischen Funktionen, zum Beispiel in der Reaktion auf verschiedenste
Stressfaktoren. Weiterhin zeigt die Beteilung von RNA an der Pathophysiologie verschiedener
Krankheiten, wie zum Beispiel Tumor- sowie neurobiologischen Erkrankungen, die Wichtigkeit
einer engen Kontrolle der zelluliren Dynamik von RNAs. Diese Kontrolle beinhaltet, insbeson-
dere im Fall der tRNAs, dynamische Verdnderungen sowohl in der Menge einzelner RNAs als
auch in deren Modifikationsmustern. Um weitere Funktionen einzelner RNA-Molekiile in der
Regulation zelluldrer Abldufe und ihren Einfluss auf Erkrankungen aufdecken zu kénnen, sind
daher detailierte Untersuchungen sowohl von (t)RNA-Leveln als auch von ihren Modifikationen
erforderlich.

In dieser Arbeit wurden unterschiedliche Ansitze gewdhlt, um der Herausforderung einer
detailierten Analyse von RNA-Molekiilen entgegenzutreten. Hierzu gehorten die Isolation
einzelner RNAs, ihre Quantifizierung und die Analyse von RNA Modifikationen. Mit Hilfe
von fluoreszenzmarkierten DNA-Sonden wurde eine auf Thermophorese basierende Methode
zur RNA-Quantifizierung entwickelt, die sowohl auf einzelne RNA-Molekiile als auch auf
die Gruppe der polyadenylierten RNAs angewendet wurde. Weiterhin zeigte die sehr schnell
durchfiihrbare Methode eine sehr hohe Reproduzierbarkeit der Ergebnisse. Erfolgreiche Anwen-
dung fand die Methode in der Quantifizierung von tRNAs aus S. cerevisiae unter verschiedenen
dufieren und genetischen Bedingungen, wie Temperaturstress und Defekten in tRNA Modi-
fikationen. Hierbei konnten geringfiigige, aber dennoch zum Teil signifikante Unterschiede
in tRNA-Leveln festgestellt werden, was die hohe Eignung der Methode fiir Untersuchungen
von relativen Verdnderungen in RNA-Héaufigkeiten bestétigte. Zusitzlich konnte mithilfe der
Methode eine ausgeprégte Verringerung der mRNA Menge unter PaT Killer Toxin-Behandlung
beobachtet werden, die auch zu einer drastischen Reduktion von tRNAS!" fiihrte.

Mittels Hybridisierung und Affinitdtsaufreinigung wurden unter Verwendung derselben DNA-
Sonden (zusétzlich mit Biotin markiert) verschiedene (t)RNAs erfolreich aus RNA-Mischungen
isoliert. Hierbei wurde die kleine, tRNA-dhnliche und moglicherweise immunregulatorische
mascRNA als besondere Ziel-RNA ausgewdhlt, deren Prakursor-RNA, MALAT1, entschei-
dend an der Progression von Tumorerkrankungen beteiligt ist. Auch wenn die Isolation der
mascRNA letztendlich nicht erfolgreich war, konnten die Ergebnisse des RNA-Seq eine An-
reicherung der mascRNA, wenn auch von schwacher Signifikanz, belegen sowie eine mogliche
1-Methyladenosin-Modifikation zeigen.

Desweiteren ist die Analyse von RNA Modifikation fiir eine vollstandige Charakterisierung
eines RNA-Molekiils erforderlich. Mittels LC-MS/MS in verschiedenen Detektionsmodi wurden
Verdnderungen in tRNA-U34 Modifikationen in Hefe-Mutanten quantifiziert, die Einfiihrung
von Queuosin in S. Pombe tRNA gezeigt, die erfolgreiche Isolation von tRNAs bestétigt sowie

die Position von 3C-Markierungen in den Nukleobasen von E. coli untersucht.
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1 Introduction

1.1 Transfer RNA: Dynamics of abundance and modifications

Transfer RNAs (tRNA) were first discovered as amino-acid delivering molecules in 1958 ([1]],
reviewed in [2]). They function as adaptor molecules during protein translation by base-pairing
to the respective codon on the messenger RNA (mRNA) via their anticodon sequence and
providing their cognate amino acid for protein synthesis. RNA polymerase III is responsible for
transcription of tRNAs in form of tRNA precursor molecules, from which the final mature tRNAs
are generated by 5'- and 3’-end processing, intron splicing, 3’-CCA-addition and nucleoside
modification (reviewed in [3, 4]). Typically, tRNAs form a cloverleaf-like secondary structure
consisting of the acceptor stem, the anticodon loop as well as the D- and T-loops, resulting in a
L-shaped 3D-structure [5] (see figure[I.I). Remarkably, tRNAs usually contain a high proportion
of modified nucleosides performing various functions in tRNA biology (reviewed in [6-8]). The
correct amino acids corresponding to the tRNAs anticodon sequences are attached to the acceptor
stem at the 3’-CCA end of tRNAs via an ester bond between the 2’- or 3'-OH of the terminal
adenosine and the carboxy-group of the amino acid, yielding the charged aminoacyl-tRNA.
This nongeneric charging of tRNA molecules is accomplished by specific aminoacyl-tRNA
synthetases, which thus ensure the adequate translation of the genetic code (reviewed in [9,
10]). Altogether 61 different codons (plus 3 stop codons) present in mRNAs decode the 20
different amino acids required for protein synthesis, however, as certain tRNAs can decode
more than one codon by wobble base pairing between position 34 of their anticodon and the
third base of the codon (wobble hypothesis [11], see figure inlet), in total less than 61 tRNA
isoacceptors are required. Isoaccepting tRNAs are charged with the same amino acid, but have
different anticodon sequences and thus bind to synonymous (identical amino acid decoding)
mRNA codons. The pool of different tRNAs is further enlarged by the presence of isodecoders,
which bear both the same amino acid and anticodon sequence, but differ in the remaining tRNA
sequence and thus might not be functionally redundant [12]. The levels of tRNA isoacceptors
were shown to vary considerably in various unicellular organisms [14-16|], across different
human tissues [17] and in different cellular states [18]. On the mRNA side, synonymous codons
(encoding the same amino acid but pairing to different isoacceptor tRNAs) are not randomly
used in transcripts, a phenomen described as codon usage bias, and the choice of preferentially
used codons within a transcript influences the efficiency of its expression [19, 20]. Remarkably,
tRNA modifications, especially those present at the wobble position 34 and which thus influence
the codon-anticodon interaction directly, were shown to be connected to the codon usage bias

particularly of stress reponse genes and to potentially participate considerably in regulation of
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Figure 1.1: Secondary structure of tRNAs and codon-anticodon interaction Schematic depiction of the
typical cloverleaf secondary structure of a tRNA, the different structural elements are indicated (adapted from
[13]). The inlet displays the codon-anticodon interaction between mRNA and tRNA, wobble base pairing is
possible between the third base of the codon and position 34 in the anticodon loop. Anticodon and codon
nucleotides are marked in blue and red, respectively, position 34 of the tRNA in bright blue and the third codon
of the mRNA in orange.

translation [21-25]. Hereby, all three aspects, codon usage bias, tRNA abundance and tRNA
modification, influence efficiency and speed of translation along with other crucial factors
like tRNA charging ([19-23| 26-29], reviewed in [13, 24, |25, 30, 31]). For example, clusters of
codons which are decoded by low abundant tRNA isoacceptors were shown to temporarily slow
down translation and hereby to enable correct co-translational protein folding and to prevent
protein aggregation [32,33]. For unicellular organisms like E. coli and S. cerevisiae, preferred
codon usage was shown to correlate well with the abundances of the respective isoacceptors,
especially when taking nucleoside modifications at the wobble position 34 (modification of
U34 and A34) into account [14, 15| 34]. Remarkably, considering A-to-I editing at position 34
enabled an improvement of the otherwise rather poor tRNA abundance-codon usage correlation
in eukaryotes [35]. A codon usage-tRNA abundance correlation, however less distinct and
only for highly expressed, tissue-specific genes, was also detected in several human tissues
[17]. A study addressing codon usage and tRNA gene expression at different developmental
stages of mouse liver and brain furthermore revealed that the tRNA pool is tightly adjusted
throughout development to accord with the codon usage of expressed genes [36]. In addition,
diverse but specific signatures of codon usage, tRNA abundance pattern and expressed proteins
were described for proliferating and differentiated cells, demonstrating a close connectivity of
concerted changes on both tRNA and mRNA levels for different cellular states [18]. Those studies
indicate that there is indeed a connection of the by codon usage determined transcriptional
“demand” and the tRNA “supply” [18, 20].
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1.1.1 Dynamics of tRNA Levels
1.1.1.1 Regulation of tRNA Abundance

In line with the above mentioned, recent research indicates that tRNA isoacceptor levels are
strictly regulated and affect both expression of specific groups of mRNAs and global translation
efficiency, which is, for example, highly relevant in stress response as well as various human
diseases (reviewed in [13,31,[37]]). The levels of single tRNAs are regulated both transcriptionally
and post-transcriptionally by multiple mechanisms (figure|1.2} reviewed in [3, 13} 31, 37]]), which
is especially important under stress conditions, when a fast adaption of gene expression in
order to deal with the stress-induced changes is required [38]]. Transcription of tRNAs by RNA
polymerase III [39, 40] is tightly regulated in response to variable stress conditions (reviewed
in [41]), for example by the conserved protein Mafl, which represses polymerase III function
under nutrient stress and other treatments [42] and thus decreases tRNA transcription. Posttran-
scriptionally, regulation of tRNA abundances is accomplished via several mechanisms [13, 31],
however, not all of the ways leading to a functional inactivation of tRNA are accompanied by
an actual decrease of the tRNA abundance. For example, withdrawal of amino acids causes an
accumulation of tRNAs in the nucleus, which leads to a repression of translation [43, 44], never-
theless, the actual tRNA abundances inside the cell are not changed. Similarly, under oxidative
stress, the ribonuclease angiogenin reversibly removes the 3'-CCA ends from mature tRNAs
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Figure 1.2: Regulation of tRNA levels in stress response Simplified depiction of mechanisms influencing
tRNA abundance and their manipulation by various stress conditions (adapted from |13} [37]). Only stress-
response mechanisms with potential impact on translationally active tRNAs are shown. Transcription and
maturation of tRNAs in the nucleus can be hindered under, for example, nutrient stress, which also causes an
accumulation of mature tRNAs in the nucleus, thus depleting translationally active tRNAs from the cytoplasm.
Under oxidative stress, angiogenin cleaves the CCA-end of tRNAs, as well as certain tRNAs in their anticodon
loop resulting in tRNA halves. In response to variable stresses, tRNA modifications dynamically change, which
results in an adaption of translation and may possibly lead to degradation of certain tRNAs by the rapid tRNA
decay pathway, which acts in tRNA quality control of mature tRNAs. In the nucleus, the nuclear surveillance
pathway recognizes and degrades improperly processed pre-tRNAs.
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and thus leads to their transcriptional deactivation [45]. Furthermore, angiogenin is capable of
cleaving certain tRNAs in their anticodon loop to form tRNA halves (tiRNA) [46] as response to
different stresses, of which the 5’-tiRNAs (tRNA-derived stress-induced RN As) were shown to
inhibit protein translation [46]]. Oxidative stress, amongst other stress influences, additionally
increases the rate of methionine-misacylation of non-Met tRNAs, which is proposed to elevate
Met-incorporation into proteins to protect them from reative oxygen species [47]. Actual tRNA
degradation is accomplished by different mechanisms including the rapid tRNA decay pathway
(RTD)[48-51] for mature tRNAs, the nuclear RNA surveillance and polyadenylation pathway
for precursor tRNAs [52, 53] as well as 3'-CCACCA addition [54] (reviewed in [3, 31, 55]) and
might be triggered by (stress-induced [56-58]) changes of tRNA modifications and thus tRNA
stability [48-50, 152, 53, 55]. Both RTD and nuclear surveillance pathway mediate the degra-
dation of hypomodified (pre-)tRNA molecules missing certain modified nucleosides [48, 149,
51-53] or of tRNAs carrying mutations that destabilize the tRNA'’s structure [50]. 3'-CCACCA
addition by the CCA-adding enzyme additionally tags tRNAs and tRNA-like small RNAs for
degradation if they contain unstable acceptor stems including a 5-G1G2 sequence pattern [31,
54]. Furthermore, the CCA-adding enzyme distinguishes stable and unstable tRNAs by adding
either a single CCA or a CCACCA, respectively, and thus fullfills an important function in
tRNA quality controll [54,|59]. However, the various degradation pathways cannot be seen as
entirely separated mechanisms, as substrates of the RTD pathway were shown to be tagged with
either 3'-CCACCA or a short polyA-sequence at the 3’-end [54], indicating that the different
pathways complement each other to effectively remove unstable or defective tRNAs. Altogether,
numerous mechanisms act together to tightly regulate tRNA levels (and the tRNA'’s translational

activity) under normal and stress conditions to ensure adequate gene expression.

1.1.1.2 Abundance of tRNAs and Human Disease

Considering the important influence of tRNA availability on gene expression, deregulation
of the abundance of either single or the complete pool of tRNA isoacceptors/decoders can
have drastic consequences [60]. Contribution of tRNA-related changes to the development of
variable diseases have been discovered (reviewed in [13]]) with different underlying mecha-
nisms, including for example mutations in the tRNA sequence or defects in tRNA-maturating or
-modifying enzymes [13], some of which directly or indirectly change the abundances of tRNA
isoacceptors and are exemplified here. In tumor cells, transcription by RNA polymerase III is
often deregulated resulting in elevated levels of its RNA products [61-64]. In line with that,
using a tRNA microarray assay, up to 10-fold elevated levels of tRNAs were discovered in breast
cancer cell lines as well as in tumor samples. The increase in abundance was more pronounced
for particular isoacceptors, showing that the tRNA overexpression in cancer is selective [65].
Interestingly, when grouping the tRNAs for their amino acid type (small, polar, hydrophobic or
charged), the extend of overexpression additionally correlated with the chemical properties of
the amino acid attached, e.g. levels of tRNAs carrying polar or charged amino acids were more

strongly elevated in breast cancer cells and tumor samples than those carrying hydrophobic or
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small amino acids. Futhermore, in light of the selectivity of the detected tRNA overexpression,
the authors suggested a correlation to the codon usage of cancer- and proliferation-related
genes to enhance their expression [65]. Such an correlation was also found by Gingold and
coworkers by comparing tRNA abundances determined by microassay, codon usage and gene
expression in differentiated and proliferating (tumor) cells [18]. Remarkably, most of the in
the study investigated cancer cell lines displayed elevated levels of initiator tRNAM¢! [18], and
overexpression of initiator tRNAMet alone in breast epithelial cell lines led to an increase of cell
proliferation and changed the expression of other tRNAs, although the tRNA expression pattern
induced did not correlate to the one found in breast cancer cell lines [65,(66]. Recently, elevated
levels of initiator tRNAMet (measured by qRT-PCR) in carcinoma-associated stromal fibroblasts
were shown to promote tumor growth and angiogenesis by modulating the extracellular matrix
(ECM) composition to a cell migration-supporting, collagen II-rich form rather than influencing
cell growth, proliferation and global protein synthesis directly [67]. Additionally, an increase
of the initiator tRNAMet in tumor cells, again examined by qRT-PCR, resulted in enhanced cell
migration and invasion and thus promotion of metastasis, again without direct effect on cell
proliferation and growth, indicating that overexpression of initiator tRNAM®t promotes cancer
progression by specific mechanisms rather than by globally upregulating translation and cell
growth [68]. Only recently, both a change in tRNA abundance pattern as well as the direct
metastasis-promoting function two specific tRNAs (tRNASY- and tRNAéégG) were observed
in highly metastatic breast cancer cells compared to their non-metastatic parent cells [60]. The
increase of these two tRNAs, assessed by a newly developed method combining hybridization
and qPCR/high throughput sequencing (compare section [1.2.1), correlated well with the en-
hanced expression of genes carrying the respective codons and enabled the detection of the
EXOSC2 and GRIPAP1 as direct targets of RNASH. [60]. Thus, the adaption and modulation
of tRNA isoacceptor availablity in cancer was proposed to belong to “inducible pathways” in
which particular tRNA isoacceptors are specifically upregulated to increase the expression of
their direct target transcripts [60]. Additionally to breast cancer, elevated tRNA levels were also
observed, using a tRNA-specific microarray, in multiple myeloma plasma cells [69], in which the
charging of especially hydrophobic amino acids was reduced by treatment with a proteasome in-
hibitor [69]. Remarkably, an increasing number of mutations in mitochondrial tRNA genes have
been shown to contribute to the outbreak of mitochondrial diseases via various mechanisms,
which include those that result in changes in charging, processing, stability and steady-state
levels of the affected tRNAs (reviewed for example in [13} 7073]). In the following, several
examples for mutations in mitochondrial tRNA genes that lead to changes in tRNA levels are
described. In two patients suffering from combined oxidative phosphorylation (OXPHOS) sys-
tem deficiencies, mutations in mitochondrial (mt)-tRNAA™ or mt-tRNATP genes, respectively,
resulted in a drastic reduction of the stability and steady state levels of the tRNAs affected [74].
Furthermore, in patients with isolated hypertrophic cardiomyopathy, a mutation in the gene
of mt-tRNA"® was shown to result in reduced mt-tRN A€ levels, deficiencies in cytochrome ¢
oxidase and respiratory chain defects [75]. Another example for a mitochondria-related disease
is a form of maternially inherited hypertension characterized by mutations in mitochondrial
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tRNA genes [76,77]. Depending on the mutation present, levels of mitochondrial mt-tRNA" or
mt-tRNAMet were reduced by approximately 40-50 % which resulted in a pronounced reduction
of mitochondrial translation, decreased respiratory activity and consequently increased levels of
reactive oxygen species. While in case of mt-tRNA'® a A to G mutation in the precursor-tRNA
led to an impairment of the RNase P-mediated 5"-processing [76], in mt-tRNAMet the responsible
mutation was localized directly in the tRNA sequence and exchanged the conserved A37 to
G37 [77]]. A highly detrimental outcome in form of neonatal death was observed for a mutation
that affected the interactions in the D-loop of mt-tRNAY?! and thus led to the degradation of
the tRNA [78]. Those examples exemplify the possibly lethal pathophysiological outcomes
of deregulated tRNA abundances and thus the importance of further investigations of tRNA
levels. Additionally, for some disease like breast cancer, levels of specific tRNAs or the tRNA
expression pattern itself might be suitable as biomarkers [65].

1.1.2 Modified Nucleosides in tRNA

As foreshadowed in the above sections, regulation of gene expression under both physio-
logical and stress conditions is influenced by the presence of modified nucleosides in tRNA
molecules [21-25] which thus need to be considered along with tRNA abundance and codon
usage bias when, for example, analyzing translational adaption to stress. To date, more
than 150 different RNA modifications are known and listed in the MODOMICS database
(http:/ /modomics.genesilico.pl/) [79]. Typically, tRINAs are subject to extensive posttranscrip-
tional modification and thus carry a considerable number of modified nucleosides at various
positions [79}80]. Depending on their chemical structure and position within a tRNA molecule,
tRNA modifications can serve various functions, which mainly affect either the decoding process
itself, the correct charging of the tRNA or the tRNA’s stability, examples for each case are de-
scribed below (details are reviewed for example in [3, 6-8, 55, 81]]). However, defects regarding
single modifications are often tolerated well and only become obvious in combination or under
particular stress conditions. Modified nucleosides in the tRNA body rather than the anticodon
loop are likely to have an influence on the stability, the correct folding and the susceptibility of
the tRNA to degradation [55| 82]. For example, 1-methyladenosine (m!A) at position 9 of mt-
tRNADS in human mitochondria was shown to enable the canonical cloverleaf folding [83]]. Loss
of modified nucleosides can als provoke a tRNA’s degradation (compare section[I.1.1.T), as in
the case of a combined loss of 4-acetylcytidine (ac*C) at position 12 and 2’-O-methyluridine (Um)
at position 44, which results in RTD-mediated degradation of two tRNAS isoacceptors [49].
Another possible function of tRNA modifications is to ensure the correct aminoacylation by func-
tioning as identity determinants or antideterminants for the cognate aminoacyl-tRNA synthetase
[6]. For example, modification of C34 in bacterial tRNALS ; to lysidine enables recognition by the
isoleucine aminoacyl-tRNA synthetase as well as decoding of AUA codons and simultaneously
acts as negative identity determinatant for methionine aminoacyl-tRNA synthetase [84]. In yeast,
inosine at position 34 of tRNALE, ;; function as positive identity determinant for the isoleucine

aminoacyl-tRNA synthetase [85]. Importantly, anticodon-loop modifications at the positions
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34 (first nucleotide of the anticodon sequence, compare figure and 37 (3’-adjacent to the
anticodon) directly influence the tRNA'’s function in decoding by ensuring translation efficiency
and fidelity as well as by preventing misreading and frameshifting (reviewed in [6-8, 86, 87]).
Typically, position 37 in the anticodon loop harbors a modified purine, which is often m'G in
case of an encoded G or a (derivative of) i®A or t5A in case of an originally encoded A. The
m!G37 modification, which is considered to be a “primordial” modification due to its presence
in all three kingdoms of life, was shown to prevent frameshifting and thus increases translation
accuracy [88]. In contrast, the presence of i°A affects the decoding process by enhancing transla-
tion efficiency and fidelity [89]. At position 34, variable modified nucleosides can be introduced,
which directly influence decoding efficiency by base pairing with the third nucleotide of the
codon, but also participate in anticodon-loop conformational organization together with those
modifications at postion 37 [6, 7,86, [87]. Modifications at U34 are considerably well-investigated,
and, due to their importance for the present work, described in more detail below (section
[1.1.2.1). The presence of modifications at both positions, 34 and 37, in the anticodon-loop helps,
for example, to keep the anticodon loop in an open loop conformation, to promote its stability
by base-stacking interactions and to enhance codon-anticodon interactions, as it was shown for
ms?t®A37, ¥39 and mem®s?U34 in the anticodon-loop of human tRNAIf]}SU, which decodes both
the cognate codon AAA and the codon AAG by G3emcm®s?U34 wobbling [90]. Furthermore,
the mem®s2U34 modification was proposed to enhance the decoding efficiency of the cognate
codon (and the G-ending wobble codon) rather than reducing misreading of the U- and C-
ending codons of the split codon box harboring tRNAYS and tRNAAS™ [91} 92)].

1.1.2.1 Structure and function of S. cerevisiae wobble U34 modifications

In S. cerevisiae and other eukaryotic tRNAs, uridines at position 34 of the anticodon loop (U34),
are usually modified at C5 and eventually additional positions. Of the 13 tRNAs containing
an encoded U34 in S. cerevisiae, only tRNALS. was reported to contain a completely unmod-
ified U34, and ¥34 is present in tRNA{II,eA\I,. In the other U34-carrying tRNAs, U34 is further
modified to ncm®U (tRNAYAL -, tRNASS | (RNATE ., t(RNATR | tRNAAR ), mem®U (tRNALS
tRNASICyC), mcm?’s?U (tRNA[LJ}SU, tRNASH ., tRNAS ) or nem®Um (tRNALEY, ) (see figure
[92]). The formation of the C5-side chains (mem® and ncm?®) requires all 6 subunits of the elon-
gator complex (Elp1-6), the killer toxin insensitivity (Ktil1-14) proteins as well as Sit4, Sap185
and Sap190 [93-95], and the final esterification step in the biosynthesis of mem®U is catalyzed
by the tRNA methyltransferase 9 (Trm9) in complex with the zinc finger protein Trm112 [96-98].
Introduction of the sulfur group into mem®s?U requires the Urm1 pathway including the sulfur
carrier Urm1 (Ubiquitin-like modifier 1), its E1-like activator protein Uba4, Tum1 (Thiouridine
modification protein 1) as well as Ncs2/Ncs6 (Need Cla4 to survive 2/6) which finally thiolate
uridine in position 2 [99, 100]. C5-modification and 2-thiolation might occur at least partly
independent of each other, as elp3 mutants accumulate s?U34 and uba4 mutants are able to
generate the n/mcm?® side chain [93,(101,102] (compare section . However, in some studies

a dependency of an efficient 2-thiolation on the presence of a previously introduced C5-side
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Figure 1.3: S. cerevisiae wobble U34 modifications Structures of the four wobble U34 modifications
ncm®U, mem®U, mem®s2U and ncm®Um occuring in S. cerevisiae cytosolic tRNA, which interact with the
third codon nucleotide. Adapted from [79].
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Figure 1.4: Formation of mcm®s?U in S. cerevisiae Possible pathways for mcm?s2U34 formation, the
introduction of the C5-side chain and 2-thiolation can occur at least partly independent of each other [93,102].
The mcm® side chain is is generated by the elongator complex (Elp1-6), Ktil1-14 and Sit4, Sap185 and Sap190
as well as the complex of Trm9 and Trm112, the later catalyzes the final esterification step. 2-Thiolation is
accomplished by the Urm1 pathway (Tum1/Uba4/Urm1/Ncs2/Nsc6). Adapted from [21, [102].

chain modification has been reported [100, [103]. The schematic mechanism of mcm’s?U34
formation is exemplarily depicted in figure Notably, the mem’s?U34 containing tRNAs as
well as mem®U34-carrying tRNAég‘gU and ncm®Um-bearing tRNALY, all occur in split codon
boxes [92], where the two pyrimidine-ending codons decode another amino acid, indicating
that the wobble U34 modifications are required for binding and thus decoding of the cognate
purine-(A- and G-)ending codons by at the same time preventing decoding of the non-cognate
pyrimidine-ending codons [104,[105]. In contrast, the ncm>U34 modifications occur in family
codon boxes, in which all 4 (or 3) codons decode the same amino acid. Johansson et al. [92]
determined the in vivo decoding properties of S. cerevisize wobble U34 modifications, demon-

5 mem®s? and nem®

strating that the mcm moieties at U34 improve decoding of the G-ending
codons, and that the main function of the mem®s?U34 modification is to improve decoding of
the A-ending codons, for which both modification sites (s> and mcm?®) are required. Remarkably,

the ncm®U34 modification was reported to be incapable of preventing the interaction with
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pyrimidine-ending codons, possibly indicating an important difference between the decoding
properties of mem®U34 and ncm®U34 [92]. In line with the requirement for efficient decoding of
their cognate codons, the U34 modifications can also play important roles in the formation of a
canonical, translationally active anticodon-loop structure together with additional anticodon-
loop modifications [90, 106]. Furthermore, both the mem?® and s? groups of tRNA[Lj}SU, tRNAS{r}G
and tRNASY. are required for efficient binding of the tRNAs to the ribosomal A-site and for
proper decoding of AAA, CAA and GAA codons and thus translation of mRNAs enriched
in those codons [107]. Loss of the mcm?®s?U34 modification by deletion of Ncs2 and/or Elp6
has been shown to result in ribosomal pausing and hereby delayed translation of AAA and
CAA codons as well as in accumulation of protein aggregates and proteotoxic stress, which was
proposed to be the responsible factor causing the overall stress sensitivity of the mutants [28].
Translation errors in form of amino acid misincorporations and frameshifting as well as an acti-
vation of protein stress pathways have also been linked to the translational infidelity observed
in Trm9 mutant cells [108]. However, using the Trm9 mutant model, in which the mem?® side
chain formation is impaired, a decrease of translation efficiency specifically at AGA and GAA
codons (decoded by tRN ASngU and tRNASU) was described, resulting in a drop of translation
of specific transcripts enriched in those codons and finally in an alteration of the translational
machinery and certain stress phenotypes (see section[1.1.2.2} [21} [108]). Thus, phenotypes caused
by defects in the wobble U34 modifications might be due to both specific alterations of the
translation of codon-biased transcripts and a more global defect in protein homeostasis. The
phenoptypes detectable in S. cerevisine mutants deficient in either one of the Elp subunits or of
components of the Urm1 pathway include slow growth, zymocin resistance, cell cycle delay and
hypersensitivity to various stresses like temperature and drugs like caffeine and rapamycine
[91,102, 109, 110]. Depending on the background S. cerevisiae strain, simultaneous loss of both
elongator and thiolation pathway components add up to inviability [91] or a synthetic growth
defect combined with synergistic effects on stress sensitivity, reduction of protein levels and
protein aggregation [28}|102]. Remarkably, the phenotypes as well as the translational delay and
protein stress observed in mem3s?U34 deletion strains are (mostly) reversible by overexpession
of unmodified tRNA{}}SU, eventually aided by tRNA®" ;g and tRNAGH. overexpression, sug-
gesting that tRNA{“JySU is the most affected tRNA and that the modification defect reduces the
tRNA’s ability to decode its cognate codons efficiently [28, 91, (101} [102]. Physiologically, the
wobble U34 modifications has been proposed to play a role in cell cycle control, DNA damage
and stress response as well as the elongator-associated roles in transcription and exocytosis [101,
103} |1114113]. Remarkably, due to the pleiotropic phenotypes observed in mutants defective in
elongator components, diverse functions had originally been allocated to the elongator complex,
including roles in transcription elongation, histone acetylation, exocytosis and DNA repair
(reviewed in [95]). However, in S. cerevisiae, all phenotypes observed could be suppressed by
overexpression of mem®s?U34-carrying tRNAs, indicating that the primary and potentially only
relevant function of the elongator complex is the modification of U34 in tRNAs and that the
respective phenotypes are caused by impaired translation due the tRNA modification defect [95,
101].
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1.1.2.2 Functions of tRNA Modifications in the Regulation of Translation and Stress

Response

In recent years, the results of several reports indicated a more complex regulatory potential of
tRNA modifications in translation, especially during stress response [21} 108], which led to the
postulation of a model connecting the dynamic changes of wobble tRNA modifications to codon-
specific translation of stress response-related proteins [22, 24, 25]. Such a link between changes
in wobble tRNA modifications and stress response at the translational level was observed for
S. cerevisiae tRNA methyltransferase 9 (Trm9, [96] 98]), which catalyzes the final esterification step
in the biosynthesis of the mcm?® side chain at U34 of several tRNAs, for example tRNAég;U and
tRNASM ., hereby enhancing their interaction with AGA and GAA codons. Loss of Trm9 and
thus mem>U34 was shown to result in translation infidelity, amino acid misincorporation and
protein stress [108]. The mem®U34 and mem®s?U34 modifications of tRNASgO’U and tRNAGH.,
respectively, were identified to globally regulate translation of transcripts enriched in their
cognate codons, AGA and GAA [21]. Remarkably, Trm9-mediated tRNA modification was
shown to fullfill important functions in cell cycle regulation and DNA damage response by
positively regulating, for example, the translation of ribonucleotide reductase subunits (RNR)
in a codon-specific manner, as the respective transcript displays a codon bias concerning the
AGA codon recognized by mem®U34-modified tRNAA™ [[111,[112]. Increased levels of RNR are
required during S-Phase as well as after DNA damage for DNA synthesis, and this requirement
was observed to be accompanied by upregulation of mcm®U34 in both situations [111} 112].
Matching those results, loss of Trm9 resulted in a DNA damage-like phenotype with reduced
RNR levels [111], allowing the assumption of a model in which Trm9 can codon-dependently
promote the expression of transcripts enriched for the respective codon at the level of translation
and actively participates in DNA damage response [111} 112]. Of note, the wobble U34 modifi-
cation mem?’s?U of tRNA{}}SU, tRNASH . and tRNASY. was shown to become hypomodified
(in form of mem®U) at elevated temperature due to a decease of the 2-thiolation activity of
the Urm1 pathway resulting in an impaired decoding of the respective AAA, CAA and GAA
codons [57, 58]. Additionally, in Saccharomyces pombe, the same wobble U34 modification was
required for the effective translation of the AAA-codon-enriched transcript of a stress-related
transcription factor under oxidative stress [113]. A similar connection between a tRNA modi-
fication at the wobble position and the codon-selective translation of stress-response proteins
was found for the Trm4-mediated m°C34 modification of tRNA%‘;‘fA, which was shown to be
increased under oxidative treatment allowing enhanced translation of UUG codon-enriched
transcripts, for example ribosomal proteins [23, 56]. Notably, analysis of changes of most S.
cerevisiae tRNA modifications under a variety of stress conditions demonstrated the existence
of signature patterns of modification changes for each toxicant group applied, and even indi-
cated a predictive power of the respective pattern concerning the stress type [56, (114]. The
above mentioned results, amongst others, demonstrated a link between tRNA modification
reprogramming and codon-specific translation of stress-response factors and thus a potentially

distinct role of modifications in regulation of stress-induced translation and hereby gave rise
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to the concept of MoTTs, “Modification Tunable Transcripts” (see figure [1.5|and [22, 24, 25]).
By definition, MoTTs are transcripts that encode proteins critically involved in stress response,
display a biased codon usage by an above average use of specific degenerate codons and whose
translation is regulated by changes of tRNA modifications at the wobble position 34 [22, [24,
25]. Notably, the MoTT concept can also be linked to the phenomenon of stop-codon recoding
occuring during translation of selenocysteine-containing proteins [22, 25].
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Figure 1.5: Concept of Modification Tunable Transcripts (MoTT) Translational regulation of MoTTs
using tRNAA'E(UCU) as example. Under stress such as DNA damage, modification of U34 of tRNAA™® with the
mcm?® side chain by Trm9 is increased and promotes the interaction with AGA codons, for which the respective
MoTTs are enriched compared to normal transcripts. Subsequently, the MoT Ts are selectively transcribed,
resulting in the expression of critical stress-related proteins (adapted from [22, 24} 25]).

1.1.2.3 Connections of tRNA modifications with human diseases

Like other characteristic features of tRNA biology, tRNA modification defects have been linked
to various human diseases (reviewed in [13, 25,73, 115]]). Perhaps the most prominent examples
of an involvement of tRNA modifications in human pathophysiology are the two mitochondrial
encephalomyopathies MELAS (Mitochondrial Encephalopathy, Lactic Acidosis and Stroke-like
episodes) and MERRF (Myoclonus Epilepsy associated with Ragged-Red Fibers), which are
partly caused by mutations in the mt-tRNA genes for mt-tRNAM" and mt-tRNAD® resulting
in impaired wobble U34 modification [116-118]. In several MELAS-associated mutations, mt-
tRNAY, lacks 5-taurinomethyluridine (7m®U) at the wobble position 34 resulting in a drastic
reduction of the decoding efficiency of UUG codons by mt-tRNALY. . Remarkably, the transcript
encoding ND6, a protein of the respiratory complex I, displays a high enrichment of UUG
codons and thus is translationally repressed, matching the complex I deficiency observed in
MELAS patients [119]. Similarily, in MERRF, mt-tRNAY* lacks the wobble U34 modification 5-
taurinomethyl-2-thio-uridine (rm®s?U), and the unmodified tRNA was shown to fail to decode
its cognate AAA and AAG codons due to complete loss of codon-anticodon binding [120].
Hereby, mitochondrial translation is drastically impaired [120]. Only recently, the NSun3 protein
was identified as novel m®C RNA methyltransferase, which targets C34 of mt-tRNAMet and
is required for the subsequent oxidation of m°C34 to formylcytidine (fC) [121, 122]. Loss of
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NSun3 and hereby of both m®C and fC at position 34 of mt-tRNAM¢t was shown to result in
an impaired mitochondrial protein synthesis and respiratory chain activity and thus in severe
symptoms of mitochondrial disorder in a patient carrying a mutation in the NSun3 gene [121]].
Notably, tRNA modifications and their respective tRNA-modifying enzymes were observed to
be involved in various human diseases, including neurological disorders, type 2 diabetes and
cancer [25,|115], underlining their pathophysiological importance. For example, loss of the tRNA
methyltransferase NSun2, required for m°C introduction at specific positions, is involved in
the onset of several neuro-developmental diseases [123,/124]. In contrast to the neurobiological
effects of NSun2 deficiency, overexpression of NSun2 has been connected with cancer [125-127].
Notably, the human homolog of S. cerevisiae Trm9 ([128], see section [1.1.2.2), ALKBHS, has
been shown to be required for bladder cancer cells to survive, and knockdown of ALKBHS8
resulted in cell apoptosis [129]. However, a second potential human Trm9 homolog, human
tRNA methylatransferase 9-like protein (nTRM9L), is downregulated in several tumor types,
and its re-expression displayed tumor-suppressive effects [130]. Those examples underline the
importance to investigate the regulatory mechanism in which tRNA modifications are involved

in detail in order better understand their pathophysiological impact.

1.2 Analysis of tRNA Levels and RNA Modifications

Considering the obvious impact of both the abundance of single tRNA isoacceptors and their
degree of modification especially in the anticodon loop on the regulation of (stress-adapted)
translation described in the previous sections, methods for accurate quantification of both
tRNA and modification levels are mandatory for the investigation of translational regulation
under various stress and pathophysiological conditions. While for tRNA quantification, several
methods ranging from traditional northern blotting to more recently developed microarray-
and RNA sequencing-based approaches are applicable [131, |132]], for exact quantification of
tRNA modification levels, especially if changes in levels of a set of modifications are of interest,
liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the method of choice. Thus,
in the following sections, methods suitable for analyzing tRNA abundances as well as RNA
modifications are described, the latter one with emphasis on the LC-MS/MS analysis of modified
nucleosides.

1.2.1 Quantification of tRNA Abundances

Given the high importance of detailed investigations of tRNA expression patterns, methods
that are capable of adequately quantifying tRINA isoacceptors are highly desirable. Several
methods have been developed for the quantification of single tRNA species, with some new
methods emerging only recently (reviewed in [131, 132]). Difficulties in the quantification of
single tRNNAs arise from the presence of isoacceptors (tRNAs carrying the same amino acid
but differ in their anticodon sequence) and especially isodecoders (tRNAs sharing both loaded

amino acid and anticodon sequence), whose sequences often differ only in a few nucleotides and
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which are problematic to distinguish. Furthermore, the high portion of modified nucleosides
inside a tRNA molecule as well as the complex secondary structure might interfere with tRNA
quantification, particularly if the methods rely on reverse transcription or hybridization [17].
These properties, in contrast, have been exploited in both cases for detection of modified
nucleosides [133-136]. In addition, next to the mature, translationally active tRNAs, precursor
tRNA molecules as well as tRNA-derived fragments might be present in a sample and are
possibly detected along with the mature forms. For some applications, the degree of tRNA
charging with the cognate amino acid might be of interest as well, thus in such cases methods
that allow a distinction of aminoacylated and non-aminoacylated tRNAs are advantageous.
The various challenges encountered in tRNA quantification are summarized in figure The
High proportion of

modified nucleosides
High sequence similarities of

|soacceptorsllsodecoders

§D

Complex and stable
secondary structure

Interference with
reverse transcription/

hybridization? Efficiency of
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Figure 1.6: Challenges in tRNA quantification Quantification of mature tRNAs is hampered by various,
tRNA-related features: Both the complex secondary structure and the high prevalence of modified nucleosides
might interfere with hybridization- and reverse transcription-based methods. The high sequence similarities
along isoacceptors and isodecoders possibly limits the resolution of the detection methods. Furthermore, both
precursor tRNA molecules and tRNA fragments might be detected along with their mature counterparts. For
some applications, the additional investigation of the degree of aminoacylation might be of interest.

various methods applied for tRNA quantification differ in their ability to distinguish very similar
sequences, their sensibility to modified nucleosides and their applicability for high-throughput
investigations. In general, the methods rely either on the hybridization of complementary,
labeled probes (with or without the combination with electrophoresis) or on reverse transtription
into DNA followed by quantification of the cDNA [132]. One of the probably most common
ways of quantifying tRINAs are northern blots [137], which rely on electrophoretic separation of
RNA with subsequent transfer to a functionalized paper or membrane and hybridization to a
labeled DNA probe complementary to the target tRNA. One advantage of northern blot-based
quantification is the possibility to distinguish aminoacylated and non-aminoacylated tRNAs
[138}139]. Anyhow, altogether the method is quite laborious and hardly suitable for higher
throughput investigations, since only one tRNNA at a time can be detected per membrane, and the
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reconditioning of the membrane is time-consuming. Another possibility for tRNA quantification
making use of gel-based separation is the two-dimensional gel electrophoresis [15, (16} |140], in
which tRNAs are separated from each other by two subsequently performed electrophorectic
runs varying in their urea content and thus in their denaturing effect on the tRNA’s secondary
structure. Resulting spots of single tRNA species can afterwards be identified by hybridization
with labeled, complementary oligonucleotides. This approach, while working well for E. coli
tRNAs [15], is less suitable for organisms employing a more diverse set of tRNAs. A further
method relying on hybridization to complementary probes is the microarray-based detection
of tRNAs [16, (17, 65, 69, [140, 141] applied for relative quantification of tRNA abundances.
Here, tRNAs are first ligated to a fluorescently labeled, stem-loop shaped oligonucleotide at the
3’-CCA end, and then hybridized to complementary probes immobilized on a microarray. Using
this approach, relative quantification of changes in tRNA abundances between two samples
is achieved by using two different fluorescent dyes for labeling. Interestingly, the microarray
method was also applied to examine tRNA packaging into human HIV-1, demonstrating that
not only tRNADS isoacceptors [142] but additionally tRNA#s" and tRNA'® are selectively
incorporated by the virus [140]. A variation of the microarray method allowed the investigation
of the degree of the charging of tRNAs by the cognate amino acid [69, [143|]. The microarray
method is principially well-suitable for high-throughput analysis, however, the discrimination
of isoacceptors or isodecoders with very similar sequences (sequence differences of less than 8
nucleotides) is not possible due to cross-hybridization effects [17, 141]. However, a variation
of the tRNA microarray allowed the detection of isoacceptors at single nucleotide resolution
by adding an ligation step, in which two DNA probes are ligated in a non-enzymatic way by
a phosphorothioate linker, templated by the target tRNA [65]. The ligation product, which is
only generated for matching nucleotides at the ligation junction, is subsequently purified and
finally submitted to hybridization to the microarray. By including the specific ligation step, a
discrimination between isoacceptors differing only in few nucleotides is achieved [65]. Next
to the tRNA quantification methods relying on specific hybridization, there are a number of
methods which depend on a reverse transcription step followed by either quantitative PCR (qRT-
PCR) or RNA sequencing (RNA-Seq). However, the high occurence of modified nucleosides
in tRNAs has to be considered, as they may interefere with the reverse transcription step, e.g.
by leading to an abortion [132, 144]. Recently, a variation of the traditional qRT-PCR, called
four-leaf clover qRT-PCR (FL-PCR), was developed to circumvent this disadvantage [144]. This
approach makes use of the ligation of a stem-loop adaptor to the 5’- and 3’-end of mature tRNAs
forming the four-leaf clover stucture, which is then followed by TagMan qRT-PCR. The design
of the TagMan probe (complementary to the stem-loop) and primers (corresponding to D- and
T-loops) achieves an exclusive amplification of the putatively unmodified acceptor stem of the
tRNA and thus limits the influence of modifications on the quantification [144]. In constrast
to the use of qRT-PCR, several RNA-Seq-based methods has been developed attempting to
address and limit the influence of RNA modifications [132]. Making use of the relatively
unmodified 3’-end (covering 30 nt) of tRNAs and adapter ligation in two separate steps (instead
of concurrent ligation of both 5" and 3’-adapter), relative changes of S. cerevisize tRNA levels
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under cytotoxic stress induced by hydrogen peroxide and methyl menthanesulfonate could
be investigated without the disturbance by modification-induced transcriptase fall-offs [145].
Another approach, called DM-tRNA-Seq, includes the use of a reverse transcriptase that displays
a higher processivity and fidelity (thermostable group II intron reverse transcriptase [146]]) and
the enzymatic removal of the methylated bases m'A, m3C and m'G, which are highly abundant
in tRNAs and are prone to cause RT stops [147]]. Remarkably, the same method was recently
shown to be applicable to the identification and quantification of base methylations [148]]. A
similar approach, called ARM-Seq (AlkB-facilitated RNA methylation sequencing), made use
of E. coli AIkB to demethylate the above mentioned nucleosides and enabled the detection of
methylated small tRNA fragments [149]. However, sequencing-based methods are more suitable
for relative quantification of changes in tRNA abundances than for absolute quatification, as
both ligation and PCR amplification steps can introduce a bias due to unequal efficiencies for
different tRNAs [16, 145]. Recently, a method combining both hybridization and sequencing/
PCR was developed, which makes the error prone reverse transcription step dispensable [60].
Using a pair of specific DNA probes for each tRNA that is hybridized to the target tRNA, forms
a nick in the anticodon region and is subsequently ligated in a splint ligation reaction, the cDNA
of the tRNA is generated. Following purification of the ligation product, quantification can be
performed by either sequencing for high throughput, or qPCR for a smaller set of tRNAs (low
throughput analysis)[60].

1.2.2 Analysis of (t)RNA Modifications

As well, various methods have been developed for identification, detection and in part quantifica-
tion of modified nucleosides (reviewed in [150, [151]), reaching from rather basic techniques like
thin-layer chromatography (TLC, [152,153]]) over high pressure liquid chromatography (HPLC)
with or without coupling to mass spectrometry (LC-MS(/MS), [154, 155]) to microarray-based as-
says [135} (136, (156] and, more recently, approaches relying on RNA sequencing (RNA-Seq) [151].
The comparably new RNA-Seq methods, which are often combined with an (antibody-based)
enrichment by immunoprecipitation, offer the advantage of a transcriptome-wide positional
mapping of in most cases specific nucleosides, for example, a variety of approaches have been
developed for m°C (RNA bisulfite sequencing, [157], m>C-RIP (m°C-RNA immunoprecipitation,
[158]), miCLIP (methylation-individual nucleoside resolution crosslinking immunoprecipita-
tion, [159]) and Aza-IP (5-azacytidine-mediated RNA immunoprecipitation, [160]), reviewed
in [161]) and m°A (m®A-/MeRIP-Seq, [162,163] and PA-m°A-seq (photo-crosslinking-assisted
mOA sequencing, [164]))) detection and localization. However, all of these approaches display
limitations, such as relying on the indirect detection of modified nucleosides, showing restricted
resolution and being confined to specific modifications [151, 161]. In contrast, modification
analysis by LC-MS/MS offers not only an unambiguous identification of modified nucleosides
within an RNA sample, but also allows simultaneous analysis of complete sets of modifications
as well as highly precise quantification of modification levels [56, (150, (154, 165-168]. Futher-
more, if performed at the level of short oligonucleotides produced by endoribonuclease (RNase)
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cleavage, mass spectrometry can be applied for both detection and positional mapping of modi-
fications, albeit not at a transcriptome-wide level ([155], reviewed in [168-170]). For analysis
and especially quantification of modified nucleosides in total (t)RNA samples without the need
for of positional information, as for example required to analyse stress-induced changes of
modifications in tRNAs (see section , electrospray-ionization based LC-MS/MS using a
triple quadrupole mass spectrometer (QQQ) is the method of choice [56,|165-167]. However,
the applications of a triple quadrupole mass spectrometer in nucleoside analysis are versatile,
depending on the instrument settings and scan modes applied, and due to their importance for
the present work, described in more detail below.

1.2.2.1 LC-MS/MS Analysis of Modified Nucleosides

LC-MS/MS analysis of RNA modifications at the nucleoside level requires the digestion of
the RNA sample to single nucleosides [171], which are usually separated using a polar em-
bedded C18 reverse phase HPLC column [165,[167], yielding a characteristic retention time for
each modified nucleoside. The column eluate enters the mass spectrometer, is ionized in the
electrospray ionization source using the positive ionization mode and the hereby protonated
nucleoside (precursor ion) is detected in the first quadrupole. The precursor ion is subsequently
fragmented in the collision cell (also called quadrupole 2), yielding the product ion, which
resembles the protonated nucleobase in most cases and is recorded by the second quadrupole
(labeled quadrupole 3). The combination of the thus detected, characteristic mass transition
between precursor and product ion and the retenton time finally allows the exact determination
of identity and quantity of the sample’s modifications. In most cases, one of two main scan
modi is suitable for the analysis of RNA modifications, namely the (dynamic) multiple reaction
monitoring (DMRM) and the neutral loss scan (NLS), each of which covers a distinct application
range. While the DMRM mode detects predefined modified nucleosides by combining the
characteristic retention time and the respective fragmentation pattern of the nucleoside in a
highly sensitive manner (figure (1.7} top) and is the method of choice for quantitative analysis
[165, (167, 172], its applicability in the search of new modifications is limited. Furthermore,
the DMRM mode is not capable of investigating the whole modification landscape of an RNA
sample as it only analyzes predefined nucleosides and thus fails to detect any other nucleosides
eventually present in the sample. However, that is the predominant application of a neutral
loss scan [173], which detects all precursor ions losing predefined neutral moieties during
fragmentation (figure bottom). As for most nucleosides the fragmentation takes place at
the glycosidic bond, cleaving off a neutral ribose moiety, searching for neutral losses of 132
(ribose) and 146 (2’-O-methylribose) Da allows the detection of almost all nucleosides present in
a sample, including unkown ones [173]. However, a neutral loss scan is less sensitive compared
to the DMRM mode and thus less suitable for quantitative analysis. Furthermore, nucleosides
with unusual fragmentation pattern (e.g. queuosine, see section [3.3.3) are not detected using
the neutral loss scan, as they do not or not only lose a ribose moiety. Achieving highly exact
quantification results for modified nucleosides requires, due to variability of the MS signal
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Figure 1.7: LC-MS/MS analysis of nucleosides by DMRM and NLS Description of the DMRM mode
(top) and NLS (bottom). Nucleosides are ionized in the ionization source and enter the first quadrupole. In
the DMRM mode, only defined nucleosides with a specific m/z value pass the quadrupole (in a configured
retention time window) and are fragmented at the glycosidic bond in the collision cell. Quadrupole 2 again
filters for a defined product ion, which is collected at the detector. Nucleosides sharing a precursor mass but
differing in their product ions can thus be distinguished. The neutral loss scan detects all compounds that lose
a defined neutral moiety in the collision cell, which is either a ribose (-132) or a 2'-O-methylribose (-146) in
case of nucleosides. Thus, all nucleosides that fragment at the glycosidic bond are detected.

intensities depending on various parameters [167], spiking of an internal standard into the
sample. As internal standards, isotope-labeled nucleosides are well suited, either in form of a
heavy-atom labeled main nucleoside (e.g. °N-deoxyadenosine, [165]) or, even more accurate, by
using a labeled counterpart of each modified nucleoside of interest [174-176]. The requirement
of the latter option to synthesize a large number of different labeled internal standard can be
elegantly bypassed by using total RNA from Escherischia coli or Saccharomyces cerevisiae grown
under 3C-carbon supply [167]. Although the DMRM mode and the neutral loss scan are power-
ful tools in the LC-MS/MS analysis of RNA modifications, they require supplementation by
other scan types for certain analytic tasks. Nucleosides that do not show the usual cleavage
at the glycosidic bond and for which the exact fragmentation pattern is unknown, cannot be
analyzed by either NLS or DMRM. In this case, a product ion scan can be performed, which
detects the fragmentation products of a predefined precursor ion, which is the protonated nucle-
oside. Analysis of the product ions then allows the determination of the fragmentation pattern,
and thus enables the establishment of a suitable DMRM method for the respective nucleoside.

Prerequiste for a product ion scan is the knowledge of the nucleoside’s molecular mass, as the
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precursor ion has to be defined. Although not a typical application of a triple quadrupole mass
spectrometer, it can additionally be used for structural investigations of modified nucleosides in
form of pseudo-MS/MS/MS (pseudo-MS?) scans [177], which in principle represent a variation
of the product ion scan. The fragmentation of the glycosidic bond is here already achieved in
the ionization source by applying high fragmentor voltages, and the resulting protonted base
is detected in quadrupole 1 in form of the (predefined) precursor ion. In the collision cell, the
nucleobase is further fragmented and the ions produced are collected in the second quadrupole.
By the additional fragmentation of the base, the structure of the nucleoside of interest can be
investigated in more detail. Figure [1.8/describes the set-up of the triple quadrupole and the

differences of product ion and pseudo-MS? scans.
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Figure 1.8: LC-MS/MS analysis of nucleosides by product ion and pseudo-MS? scans Description of
the product ion (top) and the pseudo-MS? scan (bottom). In product ion scans, all nucleosides are ionized, of
which only those displaying a defined precursor nucleoside m/z value pass quadrupole 1. After fragmentation
(at the glycosidic bond or other positions) in the collision cell, all generated product ions are collected by the
detector. Pseudo-MS? scans are principally product ion scans of the protonated nucleobases (instead of the
protonated nucleosides) as precursor ions, which are produced by in-source fragmentation at the glycosidic
bond.
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1.3 A tRNA-like Small RNA: mascRNA

A unusual 3’-end processing of the long non-coding RNA (IncRNA) MALAT1 (Metastasis-
Associated Lung Adenocarcinoma Transcript 1, also named Nuclear-Enriched Abundant Tran-
script 2 (NEAT2)) does not only generate the mature MALAT1 RNA, but also a small, tRNA-like
RNA named mascRNA (MALAT1-associated small cytoplasmatic RNA) of 61 nucleotides length
[178] . Interestingly, the same 3’-end maturation mechanism can be observed for MEN/ IncRNA
(Multiple Endocrine Neoplasia 3, or NEAT1), yielding a similar tRNA-like small RNA, menRNA,
which, however, is in contrast to mascRNA rapidly degraded mediated by 3'-CCACCA addition
and was only detectable in liver [54,179]. The MALAT1-mascRNA system (as well as the MEN3-
menRNA system) displays several remarkable features: the cleavage of small tRNA-like RNA
and thus 3’-end generation of the respective IncRNA is accomplished by RNaseP and the 3"-end
of the small RNA moiety is produced by RNaseZ cleavage, both of which are tRNA-maturating
enzymes [178,179]. While mascRNA undergoes 3’-CCA addition through the CCA-adding
enzyme [54,178], menRNA is, due to its unstable acceptor stem, subject to 3'-CCACCA addition
and rapid degradation [54]. In case of the MALAT1-mascRNA pair, the cleavage reaction was
shown to be directly promoted in a kind of positive feed forward mechanism by a natural anti-
sense transcript (NAT) of MALAT1, termed TALAM1 [180]. Remarkably, the 3’-end of mature
MALATT1 contains a conserved short A-rich stretch together with two upstream U-rich motifs
[178], which form a highly stable triple helical structure in which the 3’-end is protected from
degradation [181-183]]. The formation of the stable triple helix requires the efficient cleavage
of mascRNA and is thus facilitated by TALAMI, furthermore enabling the accumulation of
MALATT1 to high levels [180]. The MALAT1-mascRNA system is in detail depicted in figure
The mature MALATT1 transcript is a ubiquitously expressed, highly abundant and highly
conserved IncRNA [184], which is localized in the nucleus in nuclear speckles [178, 185] and
was first discovered in connection with metastasis in non-small cell lung cancer (NSCLC), indi-
cating its potential as prognostic marker in cancer [186]. Remarkably, despite its high degree of
conservation and its high expression rates, MALAT1 IncRNA appears to be non-essential for
life and development, at least under physiological conditions [184, 187]. MALAT1 IncRNA is
upregulated in various tumor types showing a, amongst others, metastasis promoting effect
and while several mechanisms underlying its regulation and oncogenic potential have been
proposed, the exact modes of action still require further examinations, especially as results from
studies of different cell types and knockout models displayed discrepancies ([184, 187], reviewed
in [188, 189]). One possible function of MALATT1 is the regulation of gene expression, e.g. it
was shown to interact with unmethylated polycomb 2 resulting in a relocalization of growth-
related genes to nuclear speckles and activation of their transcription [190]. Proposed oncogenic
modes of action of MALAT1 include, for example, the regulation of the expression of metastasis-
and migration-related genes [191], MALAT1 upregulation under hypoxia and promotion of
hypoxia-induced angiogenesis [192,193], and function as miRNA sponge or endogenous com-
peting RNA (ceRNA, [194, 195]) [196]197]. In contrast to the nuclear retention of its precursor
MALATTI, the small, tRNA-shaped mascRNA is exported to the cytoplasma where it might fulfill
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Figure 1.9: The MALAT1-mascRNA system The 3'-end of mature MALAT1 is generated by RNaseP
cleavage (enhanced by the presence of a natural antisense transcript (TALAM1)) and highly stable due to
formation of a triple helical structure protecting the 3'-end. The short 3'-cleavage product is further processed
by RNaseZ and CCA-adding enzyme yielding mature, tRNA-like mascRNA, which is exported to the cytoplasm.
Adapted from [178, |180].

MALAT1-independent functions [178]. Furthermore, mascRNA has been shown to be highly
conserved, widely expressed among human cell types tissues, to have a rather short half life
and, despite carrying a 3’-CCA added by the CCA-adding enzyme, not to be aminoacylated like
canonical tRNAs [178]]. Interestingly, in a MALAT1 knockout mouse model, a small amount of
residual mascRNA was detectable in the brain in spite of the complete deletion of MALAT1 [187].
Remarkably, a recent study discovered a non-according regulation of MALAT1 and mascRNA
in line with a function of the MALAT1-mascRNA system in cardiovascular innate immunity,
hereby uncovering an immunoregulatory function of mascRNA in monocytes and macrophages
which is no mediated by MALAT1 [198]. While MALAT1 showed high expression in tissues,
including heart, and peripheral blood mononuclear cells (PBMC) and was induced by infection
with Coxsackievirus B3 (CVB3) as well as under hypoxia, mascRNA in contrast displayed only
high levels in PBMCs and no induction under infection and hypoxia. However, mascRNA was
induced during the differentiation of monocytes to macrophages, and selective depletion of
mascRNA (but not MALAT1) in monocytes resulted in a deregulation of genes associated with
monocyte and macrophage function (e.g. TNF-a and IL-6), indicating a function of mascRNA
in immunoregulation [198]. Furthermore, mascRNA expression in cardiomyocytes induced
several antiviral factors and provoked resistance to an infection with CVB3 [198]. Knockout
of MALAT1 (accompanied by mascRNA depletion) in CVB3-infected mice moreover resulted
in a profound deregulation of immune-related genes going along with a higher CVB3-burden
in heart, indicating an important role of the MALAT1-mascRNA pair, and in particular of
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mascRNA, in the innate immune system [198]. Nevertheless, further studies are required to
unravel the exact mechanisms mediating the immunoregulating function of mascRNA and to
examine if mascRNA might be suitable as a therapeutical target [198]. Noteworthy, a MALAT1
fragment containing the 3’-end of MALAT1 including mascRNA was found to be importantly
involved in the promotion of cell migration, invasion and proliferation by MALAT1 in colorectal
cancer, implying that mascRNA could have a function in cancer metastasis as well [199]. The
results of the two studies indicate that mascRNA, instead of just being a cleavage product of
MALAT]1, fullfill innate, MALAT1-independent functions that require further investigations
of the small, tRNA-like RNA. These should include the examination of modified nucleosides
potentially present in mascRNA, not only because of its tRNA-like structure and recognition
by tRNA-maturating enzymes, but also because clues pointing to the presence of at least one
modification have already been detected [178].

1.4 Microscale Thermophoresis

1.4.1 Theory

Microscale thermophoresis is a recently developed, all-optical technique applied to the examina-
tion of a wide range of biomolecluar interactions [200-202]. It relies on the directed movement
of molecules in a temperature gradient, an effect termed thermophoresis or thermodiffusion that
was first discovered by Carl Ludwig in 1865 [203]. However, its transfer to microscopic systems
was first implemented almost 150 years later in 2002 [204]. The analytic method nowadays
referred to as microscale thermophoresis (MST) and the corresponding instrumental setup were
developed by Dieter Braun, Stefan Duhr, Philipp Baaske and coworkers ([205-208], reviewed in
[200]). Although the exact theoretical basis and mechanisms underlying thermophoresis are not
completely understood, thermophoresis can be described as a linear drift response [205], and
the resulting velocity v of the molecule is proportional to the temperature gradient applied. The
thermal diffusion coefficient (or thermophoretic mobility) Dt represents the proportionality con-
stant in equation 1.1 describing the thermophoretic flow (j) of molecules (initial concentration
Cp) in a temperature gradient (grad T) [200, 201]]:

j=—coDr gradT (1.1)

The thermophoretic movement is counterbalanced by mass diffusion (jp, with the diffusion
coefficient D) caused by the concentration changes due to the thermophoretic effect, resulting in

a steady-state situation for which no net molecular flow is present (equation [1.2):

0=jr+jp=—cDrgradT —cD grad c (1.2)

St represents the Soret coefficient which correlates Dt and D by Sy = %. A positive Sy
values describes a molecule movement from hot to cold and thus leads to a depletion of the
respective molecule in the heated area (positive thermophoresis), which is typically the case
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[200]. Inversely, negative thermophoresis characterized by a negative Soret coefficient provokes
an accumulation of the molecule. The resulting concentration change .= in the area heated by
AT is finally defined by equation [1.3][204, 206]:

% — eap(SpAT) ~ 1 — SpAT (1.3)
By labeling the molecule under investigation fluorescently, the movement and thus the con-
centration change can be easily monitored optically by recording the fluorescence signal [205,
209], enabling the determination of the extend of thermodiffusion defined by the Soret coefficent
and hereby, for example, effective charge and solvation entropy [205]. The Soret coefficient St
of a molecule depends on molecule properties like size, conformation and charge, but also on
its interplay with the surrounding solvent [205, 206, 208-210]. Thereby, the thermophoretic
response of a molecule is highly sensitive to any variations of those parameters, and even small
changes might have an unexpectedly high influence on the molecule’s thermodiffusion. Since
interaction with a binding partner presumably influences at least one of these properties and
hereby the thermophoretic movement of the molecule, microscale thermophoresis is applicable
to the investigation of a broad range of molecular interactions [200]. The dependence of the
thermophoretic response on a varity of properties of the molecule is one of the major advantages
of microscale thermophoresis compared to traditional methods used for iomolecular interaction
studies, which often rely on profound changes in a single property, e.g. size, and thus display a
much narrower application range. For example, fluorescence correlation spectroscopy (FCS)
depends on quite pronounced changes in size induced by a binding event, a prerequisite that
is often not fullfilled [200]. Other advantages of microscale thermophoresis lie in the very low
sample consumption, the fast implementation, the possiblity to perform label-free studies and
the flexibility regarding solvents and buffers. Altogether, microscale thermophoresis is thus
highly suitable for application to a wide range of interaction studies and other biomolecular

investigations [202].

1.4.2 Experimental Details of Microscale Thermophoresis

The detailed setup of the instrumentation applied for microscale thermophoresis analysis
(MST) is described in [200, 201} 206]. Briefly, an infrared (IR)-laser (wavelength 1480 nm)
is used to induce the temperature gradient in a locally tightly limited area of the capillary,
which contains the sample solution. The IR laser-induced temperature increase achieved lies
between 1-10 °C (usually 2-6 °C) and is dependent on the capillary type and controlled by the
applied IR-laser power [200, 201]]. Using exactly the same optic path, a second laser system
is set up for fluorescence excitation and subsequent emission detection. By labeling one of
the interaction partners to be examined fluorescently, this setup allows the monitoring of the
thermophoretic movement of the labeled molecule yielding a fluorescence time trace which
displays the fluorescence intensities detected in the heated spot throughout the experiment.
Typically, MST experiments are executed in form of titration series, in which the concentration of

the labeled compound is kept constant and the concentration of the second, unlabeled binding
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1.4 Microscale Thermophoresis

partner is varied in up to 16 samples. For each of the prepared samples, a MST fluorescence time
trace is recorded and analyzed. A typical example for fluorescence time traces received in this
work is depicted in figure a (adapted from [202]). After starting with recording the initial
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Figure 1.10: Setup and readout of microscale thermophoresis experiments Typical fluorescence time
traces (a, bottom) for both positive and negative thermophoresis together with respective molecular movements
observed by fluorescence monitoring (a, top) are depicted. The different regions and processes occuring are
indicated (a initial fluorescence, b T jump, c thermophoresis, ¢’ steady state, d inverse T jump, e back diffusion.
The standard readout of the time traces is the “thermophoresis” setting, for which hot and cold areas for
calculation of Fyorm are marked in (b) (adapted from [202]).

fluorescence for 5 s without heating, the IR-Laser is switched on for 45 s, which leads to two
different effects. In a time range of < 1 s after the beginning of the heating, the temperature jump
(T jump) takes place, which is characterized by a change of the initial fluorescence exclusively
caused by temperature-dependent changes of the properties of the fluorescent dye, e.g. the
quantum yield [200] and which is not influenced by thermophoretic movement. Fluorescence
changes resulting from the actual thermophoresis starts with a time delay of approximately 1 s
and last until the IR-laser is turned off. During that time span, a steady state is reached, in which
thermophoresis and mass diffusion balance each other out and which is indicated by constant
fluorescence. Switching off the IR-laser induces an inverse T jump followed by backdiffusion,
which is solely driven by mass diffusion. The divergent regions of the fluorescence time
trace allow different conclusions about the properties of the labeled molecule as well as the
characteristics of the interaction event [200]. In some cases, changes in the initial fluorescence
result from the binding event itself and can in principle be used for evaluation of the interaction.
The T jump displays changes that are solely caused by the properties of the fluorescent dye,
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e.g. quantum yield changes due to the temperature increase. Potentially, if binding of the
second compound is close to the position where the dye is attached, the binding event might
influence the temperature sensitivity of the dye and thus the T jump. Thermophoresis itself is
dependend on molecule properties like size, charge and hydration shell and thus is prone to be
affected by the binding event, which likely changes at least one of those parameters. Finally,
backdiffusion might be altered if aggregates are present. While all parts of the time traces may
contain valuable information, the evaluation of the MST time trace most often applied is the
analysis of the thermophoresis event alone, which holds true for the present work as well [200].
The T jump is excluded from analysis in order to investigate only changes in fluorescence that
depend on the thermophoretic effect and thus on the binding event. Analysis of the fluorescence
time traces in the “thermophoresis” setting is performed by defining a hot region in the steady
state part of the time trace and a cold area beginning approximately 1 s after laser-induced
heating has started (see figure [1.10|b). The ratio of the fluorescence detected in the hot and
the cold area (}E‘T‘l’;) represents the normalized fluorescence change Fnorm (multiplied by 1000
to yield %o changes) and is plotted vs. the logarithmic concentration of the unlabeled binding
partner to receive a binding curve. Changes in the binding state of a molecule are indicated by
changes in the detected Fyorm values, which can be used to determine the fraction of the labeled
molecule that is bound (equation x denotes the bound fraction, Fxorm(unbound)/ (bound)
display normalized fluorescences in the completely free or fully complexed state [200, [206]).

FNorm = (1 — 2)FNorm(unbound) + 2Fnorm (bound) (1.4)

1.4.3 Thermophoresis of Nucleic Acids

Given the well-characterized molecular structure and length of DNA (and RNA) molecules, espe-
cially DNA was employed as model polymer for studies addressing the theoretical background
of thermophoresis [209]. First investigations of the thermophoretic behavior of double-stranded
DNA were conducted in 2002 with the simultaneous aim to monitor thermophoresis under mi-
crofluidic conditions based on fluorescence detection [204]. In 2004, Braun and coworkers again
used DNA as model to refine and evaluate their optical method to investigate thermophoresis in
microscopic volumes [211]. In both studies, DNA displayed a positive thermodiffusion behavior
and thus a concentration depletion in the heated area. This thermophoretic response, however,
was later shown to reverse its direction at a surrounding temperature of approximately 4 °C, lead-
ing to an accumulation at temperatures below [205]. The same group applied double-stranded
DNA (along with polystyrene beads) in a study that contributed profoundly to the theoretical
comprehension of microscopic thermophoresis by demonstrating a theoretical model on the
basis of the solvation entropy under the assumption of a local thermodynamic equilibrium [205].
Herein, the linear connection of the Soret coefficient with the Debye length A\py, the surface area
and the temperature was shown as well as the quadratic correlation with the effective charge
of the molecule. This theory was furthermore affirmed and extended by the results of the ther-

mophoresis of single-stranded DNA of various length and under variable salt conditions [209,
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210], which additionally uncovered the dependence of the Soret coefficient on the DNA length
and the contribution of the thermoelectric Seebeck effect [210]. Amazingly, thermophoresis of
a short 21mer DNA oligonucleotide was monitored even inside living cells by adapting the
experimental setup, displaying both a reduced diffusion coefficient and thermophoretic mobility
indicating that molecule movement is slowed down inside cells [212]. Further studies on the
thermophoretic characteristics of DNA were conducted by using polyethylene glycol (PEG)
as crowding agent [213]. PEG itself displays thermophoretic depletion, and in the resulting
PEG concentration gradient, DNA (0.01 % volume fraction) showed depletion, ring-formation
or accumulation in the heated area depending on the initial PEG concentration. While at low
PEG concentrations (< 1 % volume fraction) the previously described depletion was observable,
intermediate PEG concentrations (1.5-2.5 %) resulted in ring-like accumulation, with the ring
radius being a function of the DNA size. Even higher PEG concentrations (> 3 %) caused
accumulation in the heated spot and thus an inversion of thermophoretic response of the DNA
[213]. By thermophoresis in PEG solutions, separation of DNA and RNA was achievable, as well
as separation of RNA molecules of different length [213]. Notably, the crowding effect of a large
volume fraction of PEG on DNA /RNA was observed not to be specific for PEG, as the PEG could
be replaced by high concentrations (3-4 %) of a larger RNA that resulted in either accumulation
or ring-like trapping of a shorter RNA applied in a small volume fraction [214]. Furthermore, de-
pletion or accumulation of RNA and DNA during thermophoresis (equivalent to a sign change
of thermophoresis) in PEG gradients was shown to be dependent on the presence of stem-loop
structures, showing profound differences between single- and double-stranded DNA and RNA
in thermophoresis [214]. This finding, however, was not confirmed by another study, which
demonstrated quite similar thermophoretic responses for both single- and double-stranded
nucleic acids [215]].

Notably, the sensitivity of thermophoresis to nucleic acid hybridization events was confirmed in
several studies [202,208] and in this work (see section[3.1.2.1). Besides investigations regarding
the thermodiffusion of nucleic acids, thermophoresis was applied to examine the melting
behavior of nucleic acids by montoring the thermophoretic response (characterized by the Soret
coefficient) over a temperature range [208]. Herein, the difference in thermophoresis of single-
and double-stranded nucleic acids as well as the temperature dependence of the Soret coefficient
were exploited to receive thermophoretic melting curves, which resulted in melting temperatures
according well with UV absorbance measurements and theoretical calculations. Additionally,
intermediate transition states and conformational changes as well as the influence of modified
nucleosides on the melting temperature were demonstrated [208]. The possibility of monitoring
the hybridization of nucleic acids by microscale thermophoresis was utilized to determine the
dissociation constant (Kp) of two complementary, 16mer DNA strands, which also demonstrated
the capability of MST to investigate binding affinities in the picomolar range [202]. The ease of
measuring the Kp of the hybridization reaction via MST finally enabled the determination of the
thermodynamic parameters of the DNA binding (enthalpy AH® and entropy AS°) by measuring
the Kp over a range of temperatures [202]. Again, the values determined by MST showed good
consistency with theoretical calculations. Microscale thermophoresis was also employed to in
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vitro confirm the binding of a newly detected small non-coding RNA in Pseudomonas stutzeri
that enhances nitrogenase activity, NfiS, to its target nifKk mRNA by using synthetic ssRNA
oligonucleotides with or without mutations in the relevant sequences [216]. Interestingly, an
approach combining thermophoresis, hybridization and functionalized gold nanoparticles was
used to sequence-specifically detect DNA molecules [217]. Herein, target DNA oligonucletides
were hybridized to both DNA-functionalized gold nanoparticles and fluorescently-labeled DNA
probes resulting in a connection of the nanoparticles with the labeled probe. The target DNA-
dependent binding to the gold nanoparticles caused a thermophoretic accumulation of the
labeled probes in the heated area, and the extend of accumulation correlated with the amount
of target DNA present [217]. Interestingly, under the experimental conditions applied, the
fluorescent DNA probes themselves did not show sufficient thermodiffusion to be analyzed,
which was greatly enhanced by the combination with the gold nanoparticles in a PEG-containing
solution [217].

Microscale thermophoresis, however, was not only applied to investigate properties and charac-
teristics of nucleic acids, but also to reveal their interaction with other molecule species. One
prominent application area is the investigation of nucleic acid aptamer-small molecule inter-
actions [206, 218], taking advantage of the possibility of monitoring the binding of even small
moelcules like drugs and metabolites that do not result in a profound size change of the complex.
Due to the MST-innate characteristics like free buffer choice (including biological fluids) and
fast, highly sensitive, low material consuming analysis, microscale thermophoresis outperforms
alternative methods like surface plasmon resonance and fluorescence anisotropy in the study of
aptamer interactions [218]. Other applications that concern the binding of nucleic acids to other
molecule species include the investigation of RNA- or DNA-protein interactions [202,219-221].
For example, microscale thermophoresis was successfully applied in the investigation of the
binding of the pseudouridine synthase TruB to fluorescently labeled tRNA constructs carrying
a 5-fluorouridine instead of the substrate uridine at position 55, for which the formation of a

covalent reaction intermediate could be ruled out [220, 222].
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RNA Quantification by Microscale Thermophoresis Changes in abundance of single RNA
species like, for example, specific tRNA isoacceptors can have drastic consequences for the
regulation of gene expression and can even contribute to disease development and progres-
sion, like it was shown for specific tRNAs in breast cancer [60]. Currently, more and more
non-canonical functions of tRNAs besides their traditional role as adaptor molecules during
translation are discovered, highlighting their biological importance [13]. Considering that, the
availability of a method that reliably quantifies single RNA species, particularly tRNAs, is a
highly desirable feature. Although a variety of methods for (t)RNA quantification have been
developed, many of them show limitations in regard to resolution, in their suitability for high
throughput analysis, by being highly laborious or cost-intensive or by being only applicable for
relative quantification of changes in abundance. In consideration of those limitations, the main
objective of this work was the implementation of an RNA quantification method with focus
on tRNAs and polyadenylated RNAs that offers reliable relative and absolute quantification of
specific RNA molecules (e.g. tRNA isoacceptors) as well as subsets of RNA sharing a common
sequence element (e.g. polyA-tailored RNAs) while being quickly and effortlessly executable.
Many methods for (t)RNA quantification exploit the specific binding of the RNA of interest to a
complementary DNA probe. However, monitoring of the hybridization event often requires
a quite complex or laborious experimental setup, e.g. in case of microarrays or northern blots.
In contrast, microscale thermophoresis is a recently emerging technique suitable for a wide
range of biomolecular interaction studies which was shown to be applicable for tracking nucleic
hybridization events [202]]. Thus, the main goal was to ease and speed up the read-out of the
hybridization event by implementing a microscale thermophoresis-based method, which was
desired to enable a reliable, fast and low-material consuming, possibly absolute quantification
of () RNAs. The successful establishment of the MST-based protocol was to be followed by
a demonstration of its usefulness in biological applications of various settings. One of such
an application could be the analysis of changes in Saccharomyces cerevisiae tRNA abundances
under different environmental and genetic conditions. Considering the many advantages of
the MST-based protocol observed, the initial goal to set up a tRNA quantfication method was
extended to the complete class of mRNAs. By taking advantage of the polyA tail, a common
sequence feature of mRNAs, as target for the required DNA probe rather than using specific
sequences, implementation of a mRNA quantification method allowing a fast and effortless
evaluation of total mRNA levels was desired. Such a method would allow for a quick screen
of relative changes in mRNA abundance under a variety of conditions without the need to

concentrate on specific sequences and thus could be applicable to total RNA samples regardless
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of the organism in investigation.

Isolation of the Small tRNA-Like mascRNA The small mascRNA is of tRNA-like structure
and generated during the maturation process of its parent IncRNA, MALAT1, by the action of the
tRNA-processing enzymes RNaseP, RNaseZ and the CCA-adding enzyme [178]. Considering
the critical roles MALAT1 plays during cancer progression and metastasis, the requirement
of mascRNA cleavage for MALAT1 accumulation and the only recently discovered immunof3-
regulatory function of mascRNA in the cardiovascular system, a more detailed investigation of
mascRNA might be promising, also in regard to therapeutical options [198]. Sequencing data of
mascRNA cDNA clones suggested the presence of at least one modified nucleoside in mascRNA,
and given its tRN A-like shape, mascRNA might be a target for tRNA modifying enzymes as well
[178]. Thus, the investigation of the modification pattern of mascRNA was the main objective
of the second part of this work. Ultimate prerequisite for a successful modification analysis by
LC-MS/MS, however, was the isolation of mascRNA in both pure form (without contaminations
by other RN As) and sufficient amounts. Herefore, development of a suitable isolation protocol,
based on hybridization and affinity purification, was an important stopover in the progress of
this sub-project.

LC-MS/MS Analysis of Modified Nucleosides The use of a triple quadrupole mass spectro-
meter for LC-MS/MS analysis of modified nucleosides, both in the DMRM and the NLS mode, is
well-established [165, 167,173, 223]]. Nevertheless, applications are not limited to quantification
of known nucleosides or the determination of the complete modification pattern, including
hitherto uncharacterized nucleosides, of an RNA sample, like they are typical for those two scan
types. Thus, the main goals of the LC-MS/MS subproject in this work were on the one side the
optimization and extension of the priorly established DMRM and NLS methods, for example
with respect to a possible improvement of the sensitivity and an enhancement of other important
features like the reproducibility and the quantification reliability by using an internal standard
[173]. Furthermore, in regard to method establishment, an extension of the existing methods
to both successful analysis and quantification of previously not included modifications was
anticipated. On the other side, the development of methods addressing more complex scientific
problems going beyond the “standard” nucleoside analysis was a major goal to be tackled.
Once established, the usefullness of the various methods in biological applications was to be
demonstrated, for example by analysis of RNA samples obtained from several collaboration
partners. As wobble U34 tRNA modifications played an important role throughout this work,
one objective regarding the LC-MS/MS analysis was the DMRM-based investigation of wobble
U34 modifications in a variety of RNA samples obtained from the laboratories of Prof. Dr.
R. Schaffrath and Prof. Dr. M. Stark, which derived from different Saccharomyces cerevisiae
mutant strains deficient in one or more enzymes involved in the biosynthesis of wobble U34
modifications. The use of NLS was anticipated to serve as a mean to evaluate the isolation
success of specific tRNA molecules, which was crucial for the progress and performance of the
other two sub-projects (see above). Besides those applications of the standard scan types, two
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additional analytical challenges were to be addressed. In cooperation with Dr. M. Miiller and
Prof. Dr. A. Ehrenhofer-Murray, the introduction of the hypermodified nucleoside queuosine
(Q) into the tRNA of Schizosaccharomyces pombe was to be analyzed, however, Q is one of the
modified nucleosides showing a fragmentation pattern that deviates from the usual cleavage
at the glycosidic bond [224]. Hence, the aim was to confirm the addtional cleavage positions
via LC-MS/MS to be able to set up a DMRM method adequate for Q detection and relative
quantification. Furthermore, the presence of the sugar-modified Q derivatives mannosyl-Q and
galactosyl-Q was of interest, introducing additional challenges for method development. An
even more sophisticated goal was addressed in collaboration with J. Schmidt and Prof. Dr. H.
Schwalbe: the positions of *C-introduction within the nucleobases in RNA of E. coli grown
under '3C-2-glycerol as only carbon source were supposed to be analyzed, which included the
necessity of developing a MS? scan method using the triple quadrupole mass spectrometer,
whose usual intrumental setup is designed for MS!- and MS2-scans.
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3 Results and Discussion

3.1 Microscale Thermophoresis-based Quantification of Single RNA

Species

3.1.1 Workflow: Quantification of Single RNA Species

While there are several methods available for quantification of single RNA species, which were
in many cases specifically designed to quantify tRNA molecules (see section[I.2.T), they all suffer
from various disadvantages that limit their applicability for a fast, cost- as well as material-saving
and precise quantification of (t)RNAs. Particularly, considering the recently emerging additional
functions of tRNAs besides their traditional role as adaptor molecules during protein translation
(reviewed in [13]), a method that is capable of quantifying tRNAs quickly and reproducibly with-
out the requirement of high-end technologies (like a sequencing platform) is highly desirable.
Nevertheless, a method that is not limited to tRNA quantification but is additionally applicable
to measure levels of other RNA molecules, e.g. other small RNAs or ribosomal RNA (rRNA), or
even complete subsets of RNAs, for example the pool of polyadenylated RNA, is advantageous
due to its much broader application range. Envisaged was a microscale thermophoresis-based
method monitoring the hybridization of a sequence-specific, fluorescently-labeled DNA probe
to the target RNA in titration curves and hereby allowing a quantitative accessment of the RNA'’s
abundance. Although sharing the same underlying principle of the sequence-specific hybridiza-
tion of a probe with other (t)RNA quantification methods, the pursued MST-based method
was anticipated to outperform the established methods in several points, e.g. by comprising
a fast and effortless implementation without complex assay designs or readouts required, by
consuming only low sample amounts, by being cost-efficient and to some extend applicable to
higher throughput investigations and, particlularly, by displaying broad applicability.

The thermophorectic behavior of a molecule is influenced, amongst others, by its size, charge
and solvation shell (see section , and thus is sensitive to nucleic acid hybridization events.
Although the possibility of monitoring hybridization events of nucleic acids by MST has been
shown previously by the determination of the dissociation constant (Kp) of an 16mer DNA
duplex as well as of melting temperatures of nucleic acids [202, 208], it has to the authors
knowledge not been exploited for RNA quantification purposes yet. Notably, Yu and coworkers
developed a hybridization- and thermophoresis-based method for detection of DNA (see section
[217]). In order to address the need for a fast and reliable RNA quantification method,
a protocol for quantification of single RNA species as well as the group of polyadenylated
RNAs using microscale thermophoresis was developed with special emphasis on tRNAs and
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polyA-tagged RNAs and tested for its suitablility in biological applications. The workflow of
the protocol established for the quantification of specific RNA species included the following
steps (illustrated in figure 3.1} using tRNAs as model):

1. Preparation of a titration series: The first step consisted of the annealing of increas-
ing amounts of total (t)RNNA to a constant amount of flourescently labeled DNA probe
complementary to the target RNA, or in case of the measurement of polyadenylated
RNA, comprising a short polyT-DNA sequence (figure 3.1|a). The annealing of probe and
target was achieved by performing a denaturation step at 90 °C followed by the actual
hybridization at 65 or 37 °C, respectively (see section[5.2.1.10).

2. MST measurement: Each of the up to 16 samples of the titration series was submitted to
MST measurement as described in sections[I.4.2]and [5.2.1.11| (figure 3.1]b).

3. Extraction and analysis of the flourescence time traces: For each sample of the titra-
tion series, the fluorescence time trace recorded throughout the experiment was ex-
tracted. Herein, free and complexed DNA probe displayed different or even opposite
thermophoretic behavior. The normalized fluorescence change (Fnorm) Was determined in
the “thermophoresis” mode for each sample of the titration series using the indicated hot
and cold regions of the time traces (figure(3.1|c).

4. Binding curve: The normalized fluorescence change Fnom Was plotted vs. the logarithm
of the respective RNA concentration in each sample yielding a sigmoidal binding curve.
Using a sigmoidal dose-response fit, an EC5, value, representing the RNA concentration
at which 50 % of the probe was bound, was received (figure(3.1/d).

5. Quantification: The EC5y value was applied to calculate (1) DNA/RNA hybridization
ratios, (2) tRNA abundances in % of total tRNA and (3) polyA-RNA levels in total RNA.

3.1.2 MST-Based Determination of tRNA Abundances
3.1.2.1 Monitoring of DNA/RNA Hybridization Ratios

To evaluate the general applicability of microscale thermophoresis for quantification of single
tRNA species, in vitro-transcribed tRNAMS, (E. coli) was investigated as model system together
with its complementary, fluorescently labeled DNA probe. The DNA probe was designed to
cover the full-length tRNA in order to maximize the specificity of the probe for its target tRNA
and the stability of the formed RNA/DNA duplex (compare section [3.1.2.4). To investigate,
if MST-analysis of a titration series of the model IVT and its DNA probe was applicable for
determination of the hybridization ratio of the two compounds, increasing amounts of the
IVT were hybridized to constant amounts of the DNA probe and submitted to MST analysis.
The fluorescence time traces recorded for the 16 samples demonstrated clear changes in the
thermophoretic behavior compared to the free DNA probe when increasing amounts of the
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Figure 3.1: Overview: MST-based RNA quantification protocol The workflow of the MST-based RNA
quantification exemplified using tRNAs as model is depicted. Titration series of the tRNA with its complementary
DNA probe were prepared (a) and submitted to MST measurements (b). Resulting MST fluorescence time
traces (c) were analyzed in the “thermophoresis” mode using the indicated hot (red) and cold (blue) areas,
and the herefrom received normalized fluorescence changes (Fnorm) were plotted vs. the logarithmic RNA
concentration. The obtained sigmoidal binding curve (d) allowed the determination of an ECsq value, which
was then applied to calculate hybridization ratios and (t)RNA abundances.

RNA /DNA-duplex were formed (figure 3.2 a). While the free DNA probe showed negative
thermophoretic movement (from the cold to the hot region in the capillary), adding the IVT
reversed this behavior to positive thermophoresis to an extend depending on the RNA concen-
tration. For further analysis of the thermophoretic effect, the “thermophoresis” setting (compare
section[1.4.2)and figure was applied by normalizing the fluorescence in the steady-state,
hot region to the one in the cold region excluding the T-jump (areas are indicated in figure
. Plotting the normalized fluorescence change Fnorm against the logarithm of respective IVT
concentration yielded a well-defined binding curve of sigmoidal shape, allowing a sigmoidal
dose-response fit (section5.2.1.11) and with that determination of an ECs value (figure3.2]b)
presenting the IVT concentration at 50 % binding of the probe. To evaluate, if the double ECs
value (“ECyq9”) was applicable for calculating the concentration at which all probe moelcules are
bound (corresponding 100 % binding) and thus hybridization ratios, the dissociation constant
(Kp) determined for the 16mer DNA duplex (167 pM) in [202] was considered. Using the in
the present work applied concentration of the labeled probe (100 nM), the law of mass action
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Figure 3.2: MST of in vitro transcribed tRNAMt(MAU) The IVT of tRNAMet(MAU) (E. coli) was titrated
against its specific DNA probe. (a) displays the MST fluorescence time traces recorded, free and bound DNA
probe are marked (green and magenta, respectively), for which the “thermophoresis” analysis resulted in the

sigmoidal binding curve shown in (b). The determined ECsq value is indicated, probe concentration was 0.1
pM.

was used for calculating the fraction bound at equimolar concentration of the tRNA. Using
following equation derived from the law of mass action as described in [201] and setting
the concentration of probe and RNA ([A] and [B]) to 100 nM, the fraction bound ([FB]) was
calculated to be > 95 % under the here applied experimental conditions. Considering the much
higher length of the RNA/DNA duplexes generated here (75-80 nt), an even higher portion of
the duplex can be expected to be formed, thus allowing the assumption of a 100 % binding at a
concentration resembling the double ECsp.

[AB] [+ [B] + Kp — \/([A] + [B] + Kp)* — 4[AB]
B 2[B]

[FB] = (3.1)
Thus, using the determined ECsg value of 0.04 pM for the IVI-DNA probe duplex formation, a
hybridization ratio of 0.8:1 (IVT:probe) was calculated, which could additionally be confirmed
by analyzing the binding ratio via an electrophoretic mobility shift assay (EMSA) on an 8 %
non-denaturing PAGE gel (ratio 0.8-1:1, see figure 3.3). The deviation of the binding ratio
from the expected 1:1 binding can at least partly be explained by uncertainties lying in the
UV absorption-based determination of the RNA concentration. To ensure that the changes in
thermophoretic behavior are actually caused by the formation of the duplex and not due to
unspecific effects from the sole addition of RNA to the DNA probe, the same titration series was
prepared again without performing the preceding annealing protocol. Although small changes
in the time traces recorded were dectectable with increasing IVT concentration (figure (3.4 a),
their extend was not sufficient to result in profound changes in the Fnorm values (figure b),
indicating that an at the most small amount of hybrid was formed when the annealing step was
ommited. These results confirmed the capability of the method to monitor hybridization events
as well as the requirement of the annealing step for the MST-based quantification approach.
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Figure 3.3: Non-denaturing PAGE of in vitro transcribed tRNAMet(MAU) A titration series of a constant
amount of DNA probe (10 pmol) to increasing amounts of IVT (as indicated) was prepared and analyzed by
non-denaturing PAGE. Hybridization ratios (IVT:probe) resulting in excess free DNA probe or free IVT are
indicated (red boxes), as well as respective bands corresponding to hybrid and free forms (black arrows). The
upper gel image represents the unstained gel showing only the fluorescently labeled DNA probe, the lower
image depicts the same gel after staining for nucleic acids.
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Figure 3.4: Influence of the annealing step on the MST measurement (a) displays the MST fluorescence
time traces recorded for the titration series of the IVT which was prepared under omittance of the annealing
step. Time traces recorded for the free probe as well as the highest IVT concentration are marked (green and
magenta, respectively). Plotting the Fnorm values against the IVT concentration did not yield a binding curve,
indicating the formation of an at the most small amount of hybrid (b). Probe concentration was 0.1 uM.

3.1.2.2 Transfer to tRNANMS,, Quantification in tRNA Mixtures

The same model tRNA, tRNAMS,;, was employed to test the transferability to total tRNA
mixtures instead of the pure target tRNA in form of the IVT. For this purpose, a constant
concentration of the DNA probe complementary to tRNAMS"; was used in a hybridization series
with increasing amounts of a commercially available E. coli total tRNA mixture. The fluorescence
time traces displayed similar changes along the titration samples as were observed for the IVT,

resulting in a well-shaped binding curve and an ECsj of 1.92 uM (figure a and d (black)).
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Figure 3.5: Quantification of tRNAMet(MAU) in total tRNA Fluorescence time traces of the titration
series of the tRNAMet(MAU)-specific probe (MH630) with increasing concentrations of E. coli total tRNA (a),
S. cer. total tRNA (b) and S. cer. total tRNA in presence of 40 nM IVT (tRNAMet(MAU), c) are displayed.
The missing thermophoretic response in b and c indicated the presence of neither an unspecific binding to S. cer.
tRNA nor an influence of increasing amounts of unspecific tRNA on the hybridization. (d) A binding curve was
only received for total tRNA of E. coli, demonstrating the binding of the probe to the native tRNAMet(MAU)
in tRNA mixtures. Probe concentration was 0.1 uM, fluorescence time traces of the lowest and highest total
tRNA concentrations are marked (green and magenta, respectively.)

These results demonstrated the successful hybridization of the probe to its target tRNA in total
tRNA mixtures, which was additionally confirmed by non-denaturing PAGE (see appendix,
figure[A.2). Considering the constant concentration of 100 nM DNA probe, which corresponds
to the concentration of the target tRNA at 100 % binding, the EC5 enabled the calculation of the
portion of tRNAMZtU in total tRNA to be 2.6 % (molar ratio) using following equation 3.2| (cprobe
probe concentration, vol sample volume, Mprope/total tRNA amount probe/total tRNA in sample):

Cprobe X vol Mprobe Ntarget

% target tRNA = x 100 = x 100 =

R x 100 (3.2)
ECs50 x 2 x vol Ntotal tRNA Niotal tRNA

To exclude any unspecific binding of non-target tRNAs that could potentially interfere with the
quantification of the target tRNA, the same titrations series was repeated under substition of the
E. coli total tRNA by a tRNA mixture from S. cerevisiae. Flourescence time traces did not reveal
any changes in thermophoresis (figure[3.5b and d (white)), thus ruling out unspecific binding
events. Additionally, this experiment was repeated under addition of a constant concentration
of 40 nM IVT to each titration solution, resulting in duplex formation with half of the probe
molecules present in the sample. That concentration was chosen because it corresponded to

the above determined EC5 value and thus constituted the inflexion point of the binding curve,
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3.1 Microscale Thermophoresis-based Quantification of Single RNA Species

at which little changes in the duplex formation were expected to have the most pronounced
effect on the fluorescence time traces and the Fyorm values due to the high steepness of the curve
in this area. Hence, if the presence of increasing amounts of non-target tRNAs interfered with
the hybridization efficiency, a change in the time traces as well as in Fyorm values due to the
change of the ratio of bound and unbound DNA probe should be easily detectable at the chosen
IVT concentration. However, the MST time traces and thus Fyorm displayed no changes over
the complete titration series, indicating that the applied concentrations of total RNA did not
influence hybridization of the DNA probe to its target tRNA (figure[3.5(c and d (grey)).

3.1.2.3 MST of Native E. coli tRNANS,

In contrast to in vitro transcripts, native tRNAs contain a considerable share of modified nu-
cleosides, which might potentially interfere with the hybridization of the probe similar to
mismatches. This feature has been exploited for detection of certain RNA modifications by
microarrays or northern blots [135, 136, 156]. However, only modifications at the Watson-Crick
face of the nucleosides were expected to influence hybridization (e.¢. m'A and m'G), as well as
modifications that strongly disturb the nucleoside’s conformation (e.g. dihydrouridine) [135]. In
a first test to evaluate the influence of modified nucleosides on the binding to the DNA probe,
native tRNAMi‘U, which contains four dihydrouridine modifications in the D-loop [80], was
isolated from E. coli total tRNA as described in section and titrated against the same
DNA probe previously used for the IVT. MST analysis revealed a slightly higher ECsy value
than received for the IVT (0.056 pM vs. 0.041 uM, resembling hybridization ratios (tRNA:probe)
of 1.1:1 vs. 0.8:1), possibly indicating in fact a small decrease in binding efficiency (figure [3.6).
However, as for the IVT, the binding ratio was still close to the expected 1:1 binding, and
the small deviation might as well have been partly due to errors in the RNA concentration

determination. The respective fluorescence time traces are shown in the appendix, figure|A.1
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Figure 3.6: Comparison of native and unmodified tRNAM®t(MAU) Binding curves of in vitro transcribed
(IVT, black) and native (magenta) tRNAMt(MAU) (E. coli) received from MST measurements are displayed.
The native tRNA displayed a marginally right-shifted curve, corresponding to a slightly increased ECsg value.
ECs values are indicated (probe concentration 0.1 uM), error bars represent the standard deviation of technical
triplicates.
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Figure 3.7: S. cerevisiae tRNAA8(1CU) The secondary structure of tRNAA€(1CU) including modified
nucleosides is shown, adapted from the tRNAdb 2009 [80]. Complementary DNA probes covering the full length
tRNAs or fragments are indicated (continious black or dotted grey lines, respectively), as well as modified

nucleosides (red). Modifications that have been shown to interfere with hybridization in [135] are circled in
light blue. K - m!G, L - m?G, D - dihydrouridine, R - m3G, P - ¥, 1 - mcm®U, 6 - t5A, T - m°U, " - m'A.

3.1.2.4 MST of Native and Unmodified tRNAf{:% (Saccharomyces cerevisiae)

To further investigate the influence of modifications on the performance of the quantification
method, tRNAfé% was chosen as model tRNA (see figure . This tRNA species contains
four of the five modified nucleotides that had been shown to interfere with hybridization in
[135] when using short probes of 15-25 nt length, resulting in five possible positions across the
tRNA that might cause hybridization errors. Three of the putative positions are located in the
5’-half of the tRNA, a region for which the mentioned study [135] confirmed the presence of
RNA modifications by differential hybridization. To assess the influence of modifications on
the hybridization event in dependence of the probe length, native (modified) and unmodified
tRNA?é%J were prepared by either isolation from total tRNA (see or splint ligation (see
5.2.1.6), respectively. For MST measurements, both tRNA forms were hybridized to either the
full-length probe (MH778) or shorter probes targeting only the 5’- or 3’-half of the tRNA (MH808
and MH809). Analysis of the hybridization efficiencies by MST revealed a similar binding of the
full-length probe to both the native and the unmodified tRNA, with, surprisingly, a slightly better
binding of the modified tRNA indicated by the left-shift of the binding curve in respect to the
one of the unmodified tRNA, corresponding to a marginally lower ECsg value (ECsq: 0.061 uM
(native) and 0.069 pM (unmodified), see figure|3.8/a). However, the detected difference is well
in the range of potential UV-based quantification errors in the RNA concentrations and hereby
the results altogether confirm that using a full-length probe counterbalances negative efffects
caused by modified nucleosides. Contrariwise, the shorter probes displayed clear differences

in thermophoretic response and binding: while the unmodified tRNA?Cr%J was bound by both
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3.1 Microscale Thermophoresis-based Quantification of Single RNA Species

of the short probes with only slight impairment compared to the full-length probe, which was
more pronounced for the 5-half probe (ECsp: 0.092 uM (5’-half probe) and 0.072 uM (3’-half
probe)), the probes apparently failed to hybridize to the native, modification-containing tRNA
as indicated by the absence of a change in thermophoresis and thus Fnorm (see figure 3.8)b, c).
An improvement of the binding of the 3’-half probe could be achieved by changing the pH to 6.5,
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Figure 3.8: MST of native and unmodified tRNAA'®(1CU) Both MST time traces (top) and resulting
binding curves (bottom) of the native (black) and unmodified (magenta) tRNAA"8(1CU) are depicted for the
full-length probe (a), the 5'-half probe (b) and the 3'-half probe (c). Probe concentration was 0.1 uM. Error
bars represent the standard deviation of technical replication, n=3.

with an ECs values only slightly higher than for the full-length probe at pH 7.4 (0.077 vs. 0.069
pM), however, neither the full-length probe nor the 5-half probe displayed a thermophoretic
response under these conditions (see appendix, figure[A.3). Considering that various factors
like effective charge and solvation shell influence the thermophoretic response (see section
[1.4.3), varying the hybridization conditions might help to improve the applicability of the
shorter probes in MST-based hybridization monitoring. However, under the conditions applied
throughout the present work, the full-length probe clearly outperformed the shorter probes in
the MST-based tRNA quantification. Addressing that, the hybridization performances of the
DNA probes under the standard conditions were additionally examined on a non-denaturing
PAGE gel for comparison. While all three probes again displayed complete hybridization to
the unmodified form of tRNAf‘Cr%, the binding efficiency of the probes was clearly reduced for
the native tRNA as apparent from the presence of bands corresponding to unbound tRNA.
This effect was especially pronounced for the 5’-half probe, while the 3’-half probe as well as
the full-length probe showed a higher degree of binding (see figure[3.9). Altogether, results of
MST measurement and native PAGE illustrated the same trend and demonstrated that tRNA
binding of shorter DNA probes of up to 40 nt was indeed severly impeeded by the presence of
modified nucleosides and that using a full-length tDNA as probe was able to recover binding.

Thus, a MST-based quantification assay making use of full-length, complementary DNA probes
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should be able to adequately determine tRNA abundances in total RNA samples. This improved
performance of full-length oligonucleotides in hybridization to native tRNAs was also exploited
in microarray-based tRNA quantification approaches [17, [141]].

controls native tRNA unmod. tRNA

1 <. 1
- < Z! + H +
g c 2 Ei s <
St o 0o HE T o o Hio o BH
S S8S5esictsiEds
< = = ;'IJ 2 E = = ll') o= o= il)
Zi o a g Ei & aita a2
O b m & ¢ S b » S1io » &
1 [ ] —h A
1] H L]
1] ' L]
‘ | p
H i H
200 bp# | i :
i
i f
100 bp} i
H
.

u u 4— hybrids

il
r
-

L ™ Mol

: unbound
50 bp .' " RNA
—
- <« free DNA-
i probe
20 bp} 4 :
-

Figure 3.9: Non-denaturing PAGE of tRNA”®(1CU) The non-denaturing PAGE gel (10 %) displays the
hybridization of the three DNA probes to native and unmodified tRNAA(1CU). In all lanes containing
native tRNA excess of free tRNA was observable after staining, indicating incomplete hybridization. Bands
corresponding to free DNA probe, free tRNA and the RNA/DNA hybrids are indicated. For hybridizations and
controls, 10 pmol of each binding partner were applied. Gel staining was performed using SYBR®Gold.

3.1.2.5 Evaluation of the Method’s Quantification Performance

Profiling of 23 tRNA Species in S. cerevisiae Further investigation and evaluation of the
MST-based tRNA quantification method was conducted by expanding the range of target tRNAs.
For this purpose, 27 fluorescent dye-labeled DNA probes complementary to 27 out of the 34
S. cerevisiae tRNAs listed in the tRNAdb 2009 [80] were designed and tested using a total tRNA
mixture of S. cerevisiae. All 27 DNA probes covered the full length of their respective target
tRNA to ensure a high specificity and strength of the duplex formation (compare [17,141] and
section [3.1.2.4). However, differential analysis of isoacceptors or isodecoders differing only in a
few nucleotides was presumed to be not feasible (for microarray-based detection, the difference
required for sufficient differntiation was determined to be at least 8 nt [17}[141]), so in such cases
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3.1 Microscale Thermophoresis-based Quantification of Single RNA Species

only one probe expected to capture both tRNA isoacceptors/isodecoders was designed (see
section[5.1.4). For 22 of the 27 probes, MST experiments displayed sufficient differences in Fyorm
values of free and bound probe to receive a well-defined binding curve with the respective ECs
value. Notably, most of the probes showed, in contrast to the probe for tRNAMS,; (E. coli), a
more pronounced negative thermophoresis (accumulation in the hot area) in the duplex form
compared to the free probe, or even a change from positive to negative thermophoresis upon
binding (compare appendix, figures . For the remaining 5 tRNA-probe pairs, using the
standard annealing conditions (1x PBS buffer, pH 7.4) did not result in adequate changes in
FNorm Values to obtain a binding curve, indicating either a missing thermophoretic response to
the hybridization event or an only weak hybridization of the probe to the target tRNA. For those
tRNAs, changing the hybridization conditions in respect to salt concentration and pH was tested,
as those parameters might have an effect on the thermophoretic response due to their possible
influence on the Soret coefficient, for example by causing changes in duplex size, effective
charge or solvation shell (see section . In the case of tRNA?Cré, lowering the pH to 6.5 and
doubling the salt concentration (2x PBS) enabled a MST-based quantification due to an improved
thermophoretic response (see appendix, figure[A.4). However, the Soret coefficient of DNA
was shown to be not influenced profoundly by the pH over a wide range [210], thus the exact
reasons for the improvement of the thermophoretic response remain to be investigated as well
as possible conditions which might enable the measurement of the remaining four tRNA-probe
pairs (tRNASNe(r; A tRNA{ﬁlG, tRNA}f}iC, tRNAXﬂC). The 23 functionally DNA probes were then
applied in the quantification of the respective tRNA species in a total tRNA mixture isolated
from S. cerevisiae (strain S288C) grown at 30 °C (kindly provided by Dr. Sebastian Leidel in
biological triplicates). MST fluorescence time traces recorded for each tRNA are displayed in
the appendix (figures|A.5| |A.6|and [A.7). Mean ECs) values (see appendix, table obtained

from the MST data of triplicate experiments were used for calculation of the abundance of

each tRNA species analyzed in the total tRNA mixture, the results are summarized in figure
3.10, Abundances of the single tRNAs varied from 0.8 (tRNAgrgA) to 5.7 % (tRNA}/AaIC), counting
up to 55 % in total (95 % confidence interval: 51-61 %). Reasons for not adding up to 100 %
probably include that not all tRNA species listed in the tRNAdb 2009 [80] are covered by the 23
oligonucleotides (e.g. the DNA probe for tRNA® could not be synthesized successfully by the
oligonucleotide supplier) and that the total tRNA mixture eventually contained small impurities
like, for example, 5S rRNA.

Technical and Biological Replicates The data set of the 23 tRNA species quantified in S.
cerevisiae total tRNA was used for further investigations of the method’s performance. For all 23
tRNAs examined in this work, MST analysis was performed using three biological replicates of
total tRNA fractions isolated from S. cerevisiae (strain S288C, kindly provided by Dr. S. Leidel).
Additionally, technical replicates in terms of triple MST measurements of the same capillaries
were conducted for 19 out of the 23 tRNAs. The data collected in this way was then applied
to evaluate the robustness of the method’s results. Relative standard deviations (rel. SD) of
the calculated abundances (% tRNA in total tRINA) showed very little variations for technical
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Figure 3.10: Quantification of 23 S. cerevisiae tRNAs The abundances of 23 S. cerevisiae tRNAs were
assessed by MST measurement. (a) Bar chart summarizing the quantification results (error bars represent the
95 % confidence intervalls of the % values calculated, n=3). (b) Levels of the tRNAs illustrated in a heatmap,
higly abundant tRNAs are colored in dark blue (compare legend at the right). Mean values of biological
triplicates are indicated. The total tRNA samples employed in the experiments were obtained from Dr. S.
Leidel.

replicates, ranging from as low as 0.2 to a maximum of 12.4 % (figure a). Only one tRNA,
tRNAX |, displayed a rel. SD above 10 %, and only 5 tRNAs a rel. SD larger than 5 %, indicating
the high technical reproducibility of the method. Slightly larger deviations were observed for the
biological replicates, with a mean rel. SD of 7.7 % (technical replicates: 3.5 % mean rel. SD). Six
tRNAs exhibited a rel. SD of more than 10 % with a maximum of 17 %, among them tRN Aéf}jc,
which performed best in technical replication (0.2 % rel. SD) (figure b). Altogether, both
technical and biological replication illustrated the robustness of the quantification method and

the high reproducibility of the results.

Long-Term Reproducibility The long-term reproducibility of the MST measurements were
tested using tRNALEY, . The same titration series was prepared twice in a time span of two
months, and analyzed by MST. Figure a displays the two binding curves received, which
displayed only minor deviations in shape and in the calculated ECsy values (6 % difference).
Altogether, the results demonstrated that MST measurements of the hybridizations are well

reproducible over a longer time span.
Consistency in Different S. cerevisiae Strains Furthermore, ’cRNAS.UU was quantified in total

tRINA pools derived from two different S. cerevisiae strains (5288C and BY4741, kindly provided
by Dr. S. Leidel and Prof. Dr. R. Schaffrath, respectively). Figure b displays the binding
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Figure 3.11: Technical and biological reproducibility For the set of 23 DNA probes targeting S. cerevisiae
tRNAs, technical and biological replicates were measured and the variation between the replicates assessed.
The tRNA levels determined as means of technical (a) and biological replicates (b) were sorted by increasing
relative standard deviations, with the best (white) and worst (black) results indicated. Error bars present the

standard deviation, n=3. The total tRNA mixtures used as basis for the quantification were kindly provided by
Dr. S. Leidel.

curves received from the MST measurements, which again showed excellent agreement. These
results further confirmed the robustness of the MST-based tRNA quantification, and additionally
showed the consistency of the results for total tRNA mixtures prepared by different methods and
laboratories (tRNA separation by anion exchange or denaturing PAGE, respectively). Similar
consistency of the tRNA levels in the two strains were observed for tRNA%%, however, both
tRNALR . and tRNAHE . displayed elevated levels in the BY4741 strain, potentially indicating
that quantities of those two tRNAs might be differentially regulated in the two strains due to
some strain-specific requirements (see appendix, figure [A.8]).

3.1.2.6 Biological Applications

To demonstrate the suitability of the developed MST-based tRNA quantification protocol for bio-
logical investigations, it was applied to examine changes in S. cerevisiae tRNA abundances under
different environmental and genetic conditions. First, changes in levels of all tRNAs covered
by the 23 DNA probes under two different growth conditions, namely growth temperatures of
30 and 39 °C, were assessed. Respective total tRNA pools were obtained from the laboratory
of Dr. S. Leidel in biological triplicates. Secondly, the frequencies of tRNAIgl}_’]sU, tRNAIR . and
tRNAR. were examined in wildtype S. cerevisiae cells as well as in five double mutant strains
deficient in various tRNA modifying enzymes. Additionally, the six different strains were either
grown constantly at 30 °C, or heat shock was applied by increasing the temperature to 37 °C
for 2 h prior to RNA extraction. Those total RNA samples were prepared from the respective S.
cerevisiae cultures by Akif Ciftci from the laboratory of Prof. Dr. R. Schaffrath, who also kindly
provided the samples for the third biological investigation, which was the quantification of the
cleavage of tRNAGR by the Pichia acaciae killer toxin PaT. As the samples received from the
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Figure 3.12: Long-term and strain-overlapping reproducibility To assess the long-term reproducibility,
MST measurements of tRNAL(UAA) were repeated after a time span of two month (analysis 2). Respective
binding curves (a) displayed only minor variation between the two preparations and measurements, affirming
the good reproducibility of the method. In (b), tRNA*(3UU) was quantified in the two S. cerevisiae strains
S5288C and BY4741, with only a small deviation in the binding curves detectable. Obtained ECsq values are
indicated (probe concentration 0.1 pM). Total (t)RNA samples were supplied by Dr. S. Leidel and Prof. Dr.
R. Schaffrath, respectively.

laboratory of Prof. Dr. R. Schaffrath consisted of total RNA, total tRNA pools were extracted by
denaturing PAGE prior to the use in MST experiments. Figure summarizes the three differ-
ent applications including the differences in sample preparation, target tRNAs and scientific

question to be examined.

Application 1: Growth Temperature Influence on tRNA Levels in S. cerevisiae To assess
changes in tRNA levels under elevated growth temperature, total tRNA pools (provided by
the laboratory of Dr. S. Leidel) from S. cerevisiae (strain S288C), grown at either 30 (control) or
39 °C, were examined by the MST quantification assay. Therefore, titration series for all 23 DNA
probes were prepared for each biological replicate (three for each temperature) and analyzed
by MST. For the analysis of the variations of technical as well as the biological replicates (30 °C
growth temperature) see section[3.1.2.5] ECs values (appendix, table obtained from the
biological triplicates were used to calculate the abundance of each analyzed tRNA in % of total
tRNA, which ranged from 0.7 to 5.7 % (see figure a). Obtained abundances were compared
for the two growth temperatures by calculating the ratio of the abundances at 39 and 30 °C,
which varied from a 0.85-fold reduction to an 1.15-fold increase of tRNA levels (see figure 3.14]
b). Thus, growth temperature-induced changes of tRNA abundances appeared to be rather
small, and by comparing the 95 % confidence intervalls of the EC5q values (compare table[A.T),
only five tRINAs revealed a significant reduction (indicated by non-overlapping confidence
intervalls, see figure ). The corresponding right shift of the binding curve is depicted
in figure d using tRNAIﬁ%‘A as example, binding curves of all other tRNAs are shown in
the appendix (figures[A.5 [A.6 and [A.7). However, even for those five tRNAs the reduction

was quite small with up to 15 %, indicating that elevated growth temperature did not lead to a
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Figure 3.13: Overview of the biological applications described in|3.1.2.6; Three sets of S. cerevisiae tRNA
mixtures grown under various conditions were kindly provided by the laboratories of Dr. S. Leidel (strain S288C)
or Prof. Dr. R. Schaffrath (strain BY4741), respectively. tRNAs were quantified in each set as indicated, and
their abundance analyzed under the scientific questions stated.

drastic change of the abundance of one or more tRNAs and challenging the biological relevance
of the small changes detected. See appendix for binding curves of the other tRNAs as well as for
the respective fluorescence time traces (figures A.7).

Application 2: Influence of tRNA Modification Deficiencies and Heat Shock on tRNA Levels
In collaboration with the laboratory of Prof. Dr. R. Schaffrath, a second set of S. cerevisiae
total tRNA samples was examined for changes in tRNA abundances. Next to a wildtype
sample, total RNA from double mutant cells deficient in following combinations of the tRNA-
modifying enzymes Elp3, Urm1, Degl and Tcd1 were obtained (growth temperature 30 °C,
prepared by A. Ciftci, detailed description in [225]): Aelp3Adeg1, Aelp3Aurml, Aurm1Adegl,
Atcd1Aelp3 and Atcd1Aurmi. Those enzymes are required for introduction of the mem? side
chain at the wobble U nucleoside at position 34 (Elp3, [93]), the formation of the s? moitey
at the same nucleoside (Urm1, [99]), the deployment of the pseudouridine modification at
position 38/39 (Degl, [226]) or the dehydration of t°A37 to its cyclic form ct®A (Tedl, [227)]).

While 11 S. cerevisiae tRNAs carry a n/mem®(s?)U34 modification [92], only tRNASS and
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Figure 3.14: Application 1: Growth temperature influence on tRNA levels The abundances of 23
S. cerevisiae tRNAs in dependence of the growth temperature (30 or 39 °C, respectively) are summarized in
(a). (b) displays the fold-changes between elevated and normal growth temperature for each tRNA analyzed,
significant changes are marked with an asterix. Only five tRNAs showed a significant reduction at 39 °C
growth temperature (c), indicated by non-overlapping 95 % confidence intervalls (error bars in c). The shift
of the binding curve demonstrating the increase of the ECsy at 39 °C growth temperature is exemlified for
tRNALU(UAA) in (d). Binding curves obtained for the other tRNAs are shown in the appendix, figures
The total tRNA samples investigated were kindly provided by Dr. S. Leidel.

tRNASR carry both a mem®s?U34 and either ctSA37 or ¥38, and are thus probably the most
affected tRNAs in the described mutants [225]. Single mutants deficient in Elp3 (or other
elongator subunits), in components of the thiolation pathway (e.g. Urm1, Ncs2, Uba4) or in
the pseudouridylase Degl have previously been shown to, amongst others, confer a growth
and temperature sensitivity phenotype which was drastically enhanced
in the here investigated double mutants [225]. Furthermore, the double mutants displayed
morphological abnormalties due to protein aggregation and severe translational defects due
to the reduced decoding capacity of the affected tRNAs [225]. Since all those phenotypes
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could at least partly be suppressed by overexpression of either tRNAIegJSiJ (in Atcd1Aelp3 and
Ated1Aurml) or tRNASR. (in Aurm1Adeg] and partially in Aelp3Adeg1), the malfunction of
those two tRNAs, caused by the combined lack of anticodon modifications (see above), was
determined to be responsible for the severe growth phenotypes [225]. To further investigate the
influence of the different double mutant combinations on those two tRNAs, their abundances in
wildtype and mutant cell were analyzed using the MST-based quantification assay including
additionally the examination of tRNALR . and tRNAZE levels. Analysis of tRNALR . was
incorporated in the assay as it was observed to aid the function of tRNAST, in a Adeg1 Akti12
background, which also leads to a defect in both wobble U34 modification and ¥38/39 [228]
and thus is similar to the Aelp3Adeg] mutant, in which tRNA$T overexpression achieved only
a partial rescue [225]. Additionally, tRNAZES . was analyzed as putatively unaffected control to
exclude unspecific effects that concern non-target tRNAs. In addition to the total RNA samples
extracted from cultures grown at 30 °C, samples from the same S. cerevisiae strains treated with
a 2 h heat shock (37 °C) prior to RNA isolation (prepared by A. Ciftci) were examined, as the
temperature sensitivity phenotype observed [225] might possibly amplify a potential effect
on tRNA abundances. Representative examples for MST fluorescence time traces received for
the four tRNAs of interest (WT samples, 30 °C) are diplayed in figure respective binding
curves obtained by analysis in the “thermophoresis” setting are shown in figure All EC5
values obtained from the MST measurements are listed in the appendix (tables and
[A.5). Quantification results for all four tRNAs are summarized in figure a (30 °C growth
temperature) and figure 3.17]b (heat shock), giving the mean values received from technical
triplicates. To investigate changes in tRNA levels more profoundly, the data was examined
addressing the two following scientific questions:

Changes in Double Mutant Strains Compared to Wildtype The results of the MST-based
quantification of the four tRNAs were first examined in respect to changes of tRNA levels in
mutant strains compared to the wildtype separately for normal growth temperature and heat
shock application. Fold-changes of the single tRNA abundances were rather small, ranging
from 0.8 to 1.6, and are summarized in figure Only in five cases the decrease or increase
was significant (significance criterium: non-overlapping 95 % confidence intervalls, marked
with an asterix in figure and with red boxes in figure . Of those, the 20 %-reduction
of tRNAIL}SU, carrying a mem’s?U34 but no pseudouridine-38/39 modification in wildtype
[80, [102]], was detectable under both growth conditions in the Aelp3Adegl double mutant,
but interestingly not in the other Aelp3 double mutant combinations in which the mem?® side
chain was abolished. Additionally, tRNALXR- (containing a wobble U34 modification as well
as pseudouridine-38) showed significant increases up to 1.6-fold in the Aelp3Adeg]l mutant
(heat shock) and the Aelp3Aurm1 mutant (30 °C) compared to wildtype. tRNASH . likewise
containing a mem®s?U modification at U34 and pseudouridine-38, showed only a non-signficant,
small increase in the respective Aelp3 double mutants. Loss of the ct®A modification in the
Atcdl mutants displayed no significant changes of any of the four tRNAs. Altogether, the results

indicated that in strains lacking various tRNA modification enzymes, the abundance of the
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Figure 3.15: Application 2: MST fluoresecence time traces obtained for the four tRNAs indicated in
wildtype S. cerevisiae total tRNA (30 °C growth temperature, prepared by A. Ciftci). Time traces of the lowest
and highest tRNA concentration, resembling free and bound DNA probe, are indicated in green and magenta,
respectively.
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Figure 3.16: Application 2: Binding curves obtained for the four tRNAs by analyzing the time traces shown
in figure in the “thermophoresis” mode. Mean values of technical triplicates are shown, error bars represent
the standard deviation, n=3.
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Figure 3.17: Application 2: Overview of the quantification results of the four target tRNAs indicated in
wildtype and five double mutant S. cerevisiae strains grown under normal (30 °C, a) conditions and under
application of heat shock (37 °C, b). Significant differences compared to wildtype are marked with an asterix.
Error bars represent the 95 % confidence intervalls calculated for the % tRNA values. Total RNA samples used
for the analysis were kindly provided by A. Ciftci.
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Figure 3.18: Application 2: Comparison of double mutants and wildtype The heatmaps display the fold-
changes of the abundances of the four tRNAs in the double mutant strains compared to wildtype, separately
for 30 °C growth temperature (left) and heat shock application (right). Significant changes are marked with
red boxes. Total RNA samples forming the basis of the experiments were received from A. Ciftci.

tRNAs targeted by the respective modification enzyme was not drastically changed, and that
tRNAs containing a mem?®(s?) side chain at U34 with or without the presence of a pseudouridine-
38/39 modification were more susceptible for changes. These results are in line with studies
on the various single knockdowns, with did not shown any alterations in steady state levels of
the respective target tRNAs [91), 92| 228]. However, additional studies are required to further
examine the interaction of mem® and ¥38/39 in regard to changes of tRNA abundances in the

respective double knockouts.
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Heat Shock-Induced Changes Secondly, changes in tRNA abundances induced by the heat
shock treatment were determined by comparing the tRNA levels under heat shock to the ones
under normal growth conditions for each mutant and the wildtype separately. Here, tRNAS,
displayed the most distinct changes (see figure 3.19b), with significantly increased levels under
heat shock in four out of the six strains analyzed (fold-changes 1.34 to 1.55), including the
WT and Atcd1Aurml strains in which the formation of the anticodon loop modifications of
tRNAGR. was not comprised. The other two strains, Aelp3Aurm1 and Atcd1Aelp3, likewise
showed increases of tRNA%é abundance of 29 and 12 %, which however were not significant.
Considering that the increase of tRNASR. was detectable in all strains, it might rather represent
a general consequence of the temperature increase than be caused by the lack of the respective
tRNA modifications. However, a temperature increase was shown to result in a loss of the
s>-moiety of mem®s*U in both wildtype and Adeg1 strains [57, 228] and thus the elevation of
tRNA§R. might comprise a response to the loss of s>U induced by heat shock. Furthermore, a
compensatory increase in response to the lack of the s?-moiety (or any other of the anticodon loop
modifications) seemed plausible considering the suppression of the growth defects of the double
mutants by overexpression of (hypomodified) tRNAGR. [225]. Interestingly, tRNA;?%}SU which
likewise contains a mem®s*U34 and thus is affected by the temperature-induced loss of the
s?-moiety, did not display any significant changes in the analyzed strains. Thus, tRNA$R. might
be more susceptible to temperature-induced changes of the U34 modification. Of the other
tRNAs investigated, only tRNAL - showed significant changes under heat shock in two strains:
Aelp3Adegl (1.46-fold) and Aelp3Aurml (0.71). Altogether, fold-changes under heat shock

treatment ranged from 0.71 to 1.55 and are summarized in figure

Application 3: Cleavage of tRNAg';l'J“G by the Pichia acaciae Killer Toxin PaT Again in
collaboration with the laboratory of Prof. Dr. R. Schaffrath, the effects of PaT killer toxin on
tRNAGR levels were analyzed by MST (for effects on the polyA levels, see section
application). The PaT killer toxin of Pichia acaciae is a tRNase targeting predominantly tRNAG.,
and the reduction of the tRNAS. abundance after PaT application has previously been shown
by comparative RT-PCR and northern blots [229]. This effect was intended to be confirmed
using the newly-established MST-based quantfication method in order to further underline the
applicability of the method as well as its advantages, e.g. the low analysis time and sample
consumption. Herefore, total RNA samples from wildtype BY4741 S. cerevisiae cells containing an
empty vector as well as from cells containing a galactose-inducible PaT vector were prepared by
A. Ciftci. In order to remove all possible shorter fragments of tRNAG%. which might hybridize
to the probe as well and interfere with the quantification of the intact tRNA, total tRNA pools
were extracted by denaturing PAGE. MST measurements were performed using the DNA-probe
specific for tRNAR as well as for tRNAHS ., which served as control tRNA expected to be
unaffected by PaT. While levels of tRNASS . remained mainly unchanged (ECsg 2.1 and 2.2 pM,
figure b), the abundance of tRNA$R. was drastically decreased in the PaT-vector sample,
as indicated by the pronunced right-shift of the binding curve (figure a). Analysis of the

MST data revealed a 6.7-fold increase in the ECsy value under PaT induction (23.3 vs. 3.5 uM in
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Figure 3.19: Application 2: Heat shock induced changes in tRNA abundances The fold-changes (heat
shock vs. 30 °C) of the abundances of the four tRNAs induced by heat shock are summarized in (a), significant
fold-changes are highlighted by red boxes. The most affected tRNA under heat shock was tRNA®"(3UG),
displaying significant increases in four of six strains compared to normal growth temperature (b). Error bars
present the 95 % confidence intervalls, n=3. Asterixs mark significant differences. The basis total RNA
mixtures for analysis were provided by A. Ciftci.
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Figure 3.20: Application 3: PaT killer toxin-mediated cleavage of tRNA®"(3UG) The cleavage of
tRNA®(3UG) was monitored by MST: Binding curves received from the MST measurements of tRNA®"(3UG)
(a) and tRNAHS(GUG) (b) in both control and PaT-treated total tRNA samples. The abundance of
tRNA®"(3UG) was severly reduced under PaT induction, while tRNAHS(GUG) remained mainly unaffected (c).
Error bars represent the standard deviation of technical replicates, n=3. Total RNA samples applied in the
analysis were obtained from A. Ciftci.

the control sample), equivalent to a 85 % reduction of intact tRNA§R. (figure C). Thus, the
MST-based quantification method proved to be well suitable for reproducing and confirming
the results from other methods of tRNA quantification, furthermore allowing to quantify the
extend of PaT-induced tRNA§/R. cleavage.
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3.1.3 Investigation of PolyA-Tailored RNA

Having established a MST-based protocol for the quantification of single tRNA species in total
tRNA, the next goal was to test the transferability of the method to other RNA classes to increase
the application possibilities. In contrast to quantifying other single small RNA molecules by
MST, for which the method should be easily adaptable by designing the respective DNA probes
(e.g. for 5S rRNA of E. coli, see appendix, figure[A.9), the more sophisticated attempt to quantify
the pool of polyA-tagged RNA via MST was addressed, making use of polyT-DNA probes. A
method for a fast and effortless determination of changes in the subset of polyadenylated RNA,
mostly composed of mRNA, is highly desirable, because it would offer a quick insight into
changes of the mRNA pool in response to variable conditions. Considering the variable length
of polyA tails [230, 231]] across the transcriptome, a set of DNA probes of different length was
tested, ranging from 10 to 80 nt (polyT). Various in vitro transcribed mRNAs (kindly provided by
Isabell Hellmuth and Prof. Dr. Katalin Kariko) carrying polyA tails of 64, 51 and 101 nt length
were included in the experimental test set for evaluation of the probes’ binding. Finally, total
RNA from HelL a cells as well as from S. cerevisiae (see application 3) was examined for its
polyA content.

3.1.3.1 Influence of PolyT Probe and PolyA Tail Length

Starting with an in vitro transcribed mRNA carrying a 64 nt polyA tail (MelanA/GFP mRNA,
kindly provided by I. Hellmuth), a set of six different DNA /RNA probes was tested for their
performances in quantifying the in vitro transcript. These probes included five polyT-DNA
probes of 10, 20, 30, 50 and 80 nt (MH824, 820, 825, 821, 822), as well as a specific 40 nt RNA probe
(MHB819) complementary to the 3’-untranslated region (UTR) of the mRNA. To evaluate the
performance of the single probes in measuring the polyA content in an RNA sample, examined
for the IVT of MelanA /GFP mRNA as model, following considerations were made (illustrated
in detail in figure [3.21)):

Given both the length of the polyA tail and the polyT-DNA probes, the possibility of a binding of
two or more probes per polyA tail had to be taken into account, especially for the shorter probes.
To assess that possibility, for each probe-mRNA pair, the hybridization ratio (probe:mRNA) at
100 % binding of the probe (corresponding to a full saturation of the DNA probe at an mRNA
concentration of 2x the ECsg) was calculated from the MST data as described in section3.1.2.1] As
depicted in figure (middle), a “perfect” hybridization ratio of 1:1 (probe:mRNA) resembled
the case in which each mRNA molecule was statistically bound by one oligonucleotide molecule
and thus efficient capture of all mRNA molecules in a sample by the probe was considered
to be possible. That was, for example, expected to be the case for the specific RNA probe
targeting the mRNA transcript specifically outside the polyA tail. In contrast, a measured
hybridization ratio <1:1 (probe:mRNA), e.g. 0.5:1, implied that for complete binding of all
probe molecules, an excess of mRNA molecules over the DNA-probe was required and thus
not every mRNA molecule present in the sample was bound at a concentration of 2x ECs (e.g.
for a ratio of 0.5:1, only every second mRNA was bound on average, figure right). That,
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Figure 3.21: Binding of the polyT-DNA probes to polyadenylated RNA Possible binding behaviors of
the different polyT probes are depicted. Binding ratios (probe:mRNA) refer to an mRNA concentration of 2x
ECso, which is required for a 100 % binding of the probe molecules. An specific probe (red) as well as probes
with a similar length compared to the polyA tail were expected to bind in equimolar concentrations to the
mRNA transcript and thus in a 1:1 ratio. In case of the shorter probes (left), the polyA tail of the transcript
might be bound by more than one oligonucleotide, hence the hybridization ratio is >1:1 (probe:mRNA). Notably,
in case of the longer polyT-DNA probes, a binding ratio of <1:1 was observed (right), indicating that an excess
of mRNA molecules was required to ensure complete binding of all probe molecules.

in turn, indicated that a certain portion of mRNA molecules present in a sample would not be
captured by the probe and thus would escape detection. On the other side, a hybridization ratio
of >1:1 (probe:mRNA), e.g. 2:1, suggested that more than one oligonucleotide was bound to
each mRNA molecule (e.g. 2 oligonucleotides per mRNA, figure 3.2 left). This case, as well
as the “perfect 1:1” binding, was expected to ensure that all mRNA molecules in a total RNA
sample were included in analysis. Taking those considerations into account, the theoretical
hybridization ratio of the respective probe:IVT pair obtained from the MST measurements was
used as parameter to evaluate the probes performance in quantifying the polyA content in total
RNA samples. Of note, the calculated hybridization ratios represented a conceptual parameter
illustrating the average number of oligonucleotides bound to the mRNA's polyA tail, and did
not reflect the actual hybridization status of each mRNA molecule. For example, a binding
ratio of <1:1 suggested that there was a mixture of mRNAs bound by one oligonucleotide
and unbound mRNAs at 100 % binding of the probe, and that on average each mRNA was
hybridized to 0.x oligonucleotides. These considerations were subsequently tested for their
relevance in the MST-based quantification using the 64 nt polyA-mRNA transcript. The MST
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Figure 3.22: Fluorescence time traces of the polyT DNA probes For all polyT DNA probes as well as a
specific RNA probe, titration series were prepared using the MelanA/GFP mRNA IVT and analyzed by MST.
The fluorescence time traces showed clear differences between unbound and bound probe for all probes tested
except for the 10 nt polyT probe. For each titration series, the time traces of the lowest and highest IVT
concentration are marked (green and magenta, respectively), representing the free and fully bound probe. The
mRNA was kindly provided by I. Hellmuth.

time traces received for the titration series of the MelanA /GFP mRNA with each of the five
polyT-DNA probes are depicted in figure demonstrating binding of all probes to the mRNA
by clear changes in the thermophoretic response upon hybridization, with the exception of
the 10 nt polyT-DNA (MHS824), for which no considerable changes were observed. Of note,
hybridization of the shorter probes (10-30 nt) was performed at 37 °C instead of the standard
65 °C, and receiving a MST response for the specific RNA probe (MH819) required the change of
the hybridization conditions to pH 6.5. ECs values obtained from the respective binding curves
(tigure a) were used for calculation of the hybridization ratios (probe:mRNA, figure 3.23|b),
with only the specific RNA probe displaying a almost perfect 1:1 binding (1.09:1). EC5, values
and hybridization ratios are listed in the appendix, table As expected, the shorter probes
MHS820 and MHS825 (20 and 30 nt, respectively) displayed a statistical hybridization ratio of
>1:1, indicating that indeed the IVT’s polyA tail can be bound by more than one oligonucleotide
simultaneously. In case of the 20 nt polyT-DNA probe, the hybridization ratio indicated a
binding of 2 oligonucleotides per mRNA on average. The hybridization ratio of the 30 nt probe
of 1.5:1 probably resulted from the fact that the binding of two probes to one mRNA molecule
did not occur exactly simultaneous, hence the first probe might have bound in a position that
disabled the binding of a second probe. That effect was more pronounced for the 30 nt than
for the 20 nt probe, explaining the higher binding ratio of the 20 nt probe. That possibility
was further supported by the results of an 1:1 mix of the two probes (20 and 30 nt), which
displayed an ECsp almost identical to the 30 nt probe (0.0166 vs. 0.0170 pM). Furthermore,
the mix clearly performed better than the 50 nt probe (figure c). However, none of the
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Figure 3.23: Influence of PolyT DNA probe length Binding curves (a) of the four polyT DNA probes and
the specific RNA probe to MelanA/GFP mRNA (IVT) and the respective hybridization ratios calculated for
each polyT-mRNA pair (b) are displayed. A 1:1 mix of the 20 and 30 nt probes performed almost identical
to the 30 nt probe, and clearly outmatches the 50 nt probe, as indicated by the binding curves displayed in
(c). Error bars present the standard deviation of technical triplicates, probe concentration was 50 nM in each
experiment. The mRNA was kindly provided by I. Hellmuth.

two probes compassed the theoretically possible hybridization ratio (3:1 or 2:1, respectively).
Interestingly, to achieve complete saturation of the longer probes of 50 and 80 nt (MHS821 and
MHS822), an excess of the mRNA transcript was necessary (hybridization ratios <1:1), indicating
that they did not bind to every mRNA molecule present. The influence of the variable lengths of
probes and tails were further investigated by including two more in vitro transcribed mRNAs
(kind gifts of Prof. Dr. K. Kariké), containing polyA tails of 51 and 101 nt, respectively. The
obtained hybridization ratios are depicted in figure again, only the shorter probes were
capable of binding to all mRNAs in a ratio of >1:1 (probe:mRNA). The 50 nt probe (MHS821)
showed indeed a >1:1 binding to the 101 A-mRNA, but failed to bind every mRNA molecule
for the IVTs with shorter polyA tails. All ECsg values and hybridization ratios are listed in table
(appendix). Altogether, the results indicated that overhangs of the probe over the poly A
tail were not well tolerated, and that shorter probes yielded better results, especially the 20 nt
probe. Of note, the two mRNAs provided by Prof. Dr. K. Kariké contained five additional
nucleotides at the 3’-end of the polyA tail, which might have interfered with the binding of
probes longer than the respective polyA tail. However, as the 50 and 80 nt probes displayed
incomplete binding to the 64 nt polyA of the MelanA /GFP mRNA as well, that effect, if present,
could not explain the results sufficiently. In summary, for quantifying polyA contents in total
RNA samples, which contain mRNAs with shorter and longer PolyA tails [230, 231], the 20
nt probe was considered to be the probe of choice to ensure the capture of (almost) all mRNA

molecules.

3.1.3.2 Transfer to Total RNA

Since the results from the in vitro-transcribed mRNAs were quite promising, the transfer to
total RNA samples was intended. One major problem of applying the method to mRNA was
its low abundance in total RNA and hereby the necessity to use high amounts of total RNA
in the titration series. Thus, the standard conditions (100 nM labeled probe, 20 uL sample
volume) used for the tRNA quantification would comprise the requirement of high sample
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Figure 3.24: Binding in dependence of polyA tail and polyT probe length Binding ratios of the four
polyT probes to three in vitro-transcribed mRNAs carrying polyA tails of 51, 64 and 101 nt length (kindly
provided by Prof. Dr. K. Kariké and I|. Hellmuth). A 1:1 binding is indicated by the dotted line. Probe
concentration was 50 nM in each experiment. Exact ratios and corresponding ECgg values are tabled in the

appendix (table .

amounts of up to 400 ng total RNA per titration series, which might not be practicable when
investigating biological samples. However, due to the quite high fluorescence signal of the 100
nM probe solutions, a reduction of the probe concentration to 50 and even 25 nM was technically
possible without problems, and polyA quantification results in HeLa cell RNA were excellently
comparable displaying less than 1 % deviation for the 25 nM pipetting scheme compared to
the 100 nM one (figure a). Further downscaling was achieved by reducing the final sample
volume to 10 pL and resulted in a sample requirement of approximately 55 ng per titration,
which should be a feasible amount for many applications. Here, the method was applied to
determine polyA contents in S. cerevisiae cells lacking tRNAS$R. due to PaT-mediated cleavage
(see section3.1.2.6 application 3). Obtained EC5q values were applied to calculate the number of
polyT probes binding to one pg of total RNA (polyT/ng), which is proportional to the amount
of polyA-tagged RNAs and hence could be used to compare levels of polyadenylated RNA in
differently treated samples of the same cell type or organism (under assumption that the polyA
tail length distribution does not change).

Application: PolyA Abundance in PaT Killer Toxin Exposed S. cerevisiae Cells Total RNA
samples of S. cerevisiae cells containing either an empty or a PaT killer toxin encoding vector
(described in application 3) were investigated for their polyA content using the 20 nt
polyT-DNA probe. Binding curves received from the MST measurement are displayed in figure
B.25/b, showing a slight right-shift of the curve and with that a small but significant increase
of the ECsg value of the PaT-exposed sample. This increase resembled a quite pronounced
reduction of 28 % of the polyA levels compared to the untreated control, which might be
a result of the toxin’s functions which include DNA damage induction and cell cycle arrest
in S-Phase [232, 233]. This example highlights the suitablility of the MST-based protocol for
relative quantification of changes in the global mRNA content under threatening conditions.
Nevertheless, the results from the experiments employing mRNA with different polyA tail
lengths and various polyT-DNA oligonucleotides indicated that the method developed is not
only sensitive to changes in polyA-RNA abundance, but also to some extend to changes in
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Figure 3.25: PolyA measurement in total RNA The reduction of the required RNA amount was possible
by reducing the DNA probe concentration to 25 nM in the MST experiments, as shown by the binding curves
of Hela total RNA received at 25, 50 and 100 nM DNA probe concentration (a). Application to total RNA of
PaT-induced and control S. cerevisiae cells, revealed an approximately 28 % reduction of the polyA content in
the treated cells (b). The number of polyT probes bound per pg total RNA (polyT/ug) is indicated for each
sample. Samples of S. cerevisiae total RNA used in (b) were prepared by A. Ciftci.

the lengths of polyA tails. Thus, detected changes in polyA abundance might be caused by
changes in total mRNA abundance or by changes in the polyA tail length, or both. For example,
various stress types were shown to lead to an inhibition of mRNA deadenylation and thus
mRNA decay, hereby influencing both mRNA levels and polyA tail length [234]. Therefore, the
presented method is especially powerful in allowing an fast overview over global changes in
the transcriptome, however, depending on its results, further investigations might be required
for in-detailed analysis of the biological background of the changes. Due to its easiness, low cost
and broad applicability, the developed method, however, might outperform the more specific,
standard mRNA quantification methods such as RNA-Seq [235| 236] and RT-qPCR [237] if the

aim is to quickly check possible global changes in the transcriptome.

3.1.3.3 Influence of Sample Purity

Although the required RNA amount for the measurement of polyA abundance in total RNA
samples was reduced successfully to an amount feasible for many applications, analysis of the
S. cerevisiae samples described above highlighted an additional prerequiste for the quantification
by MST, which was sample purity. As high RNA concentrations were applied in the titration
series (up to 2 pg/pL RNA), purity of the RNA stock was essential, and any potential impurities
like salts or other compounds that might interfere with the hybridization had to be removed
carefully. Figure shows the effect of an additional purification step on the MST time trace
and binding curve for the S. cerevisiaze samples described above. The non-purified samples
revealed severe changes in the thermophoretic behavior at higher concentrations leading to an
abrupt decline in the binding curve, which was not caused by the high RNA concentration, since
this effect was not observed for the HeLa total RNA employed in the same amounts. Additional
purification of the samples reestablished a well-shaped and evaluable binding curve. Of note,
for tRNA measurements in total tRNA pools isolated by PAGE, sample purity after gel elution
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and precipitation was high enough for immediate use without the need of further purification
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Figure 3.26: Effect of sample impurities Sample contamination with, for example, high amounts of salts or
other compounds led to an abrupt change of the thermophoretic response as displayed by the pronounced drop
in the binding curves at higher concentrations of non-purified samples (black, grey). This effect was completely
reversed by an additional purification and desalting step prior to MST measurements (blue). Non-purified S.
cerevisiae total RNA samples were obtained from A. Ciftci.

3.1.4 Summary

Here, microscale thermophoresis was applied to develop a method for the quantification of
single tRNAs and other RNA species including the subgroup of polyadenylated RNAs. The
hybridization-based quantification approach appeared to be a very fast, low sample-consuming
and easy to accomplish alternative to traditional, more laborious methods like northern blots,
making (t)RNA quantification possible in only a couple of hours. The method successfully
determined hybridization ratios between a DNA probe and a complementary tRNA (IVT)
with results in good agreement with gel shift-based assays. Furthermore, the implemented
conditions allowed the quantification of native tRNAs in total tRNA mixtures, unperturbed
by the presence of modifications and were successfully applied to the determination of tRNA
abundances in various biological samples. While an absolute quantification of tRNAs in form of
their content in a total tRNA mixture was feasible using the described approach, the method
proved to be even more powerful in relative quantification of changes in (t)RNA abundances,
e.g. in mutant strains compared to a wildtype sample. Such changes were easily detectable
by shifts of the respective binding curves and thus the determined ECsj value, without the
need for an absolute quantification. Moreover, the method was effectively transfered to the
investigation of polyA-marked RNA present in total RNA samples by using short polyT DNA
probes. Herein, the method proved to be suitable to detect relative changes in global polyA
abundance in an extremely short time and thus to gain a general insight into overall changes in
the transcriptome under, for example, stress conditions. However, the method was observed
to be sensitive to not only mRNA abundance, but also to the length of the polyA tail, which
should be considered when evaluating the results. In general, the MST-based method should be
easily adaptable to other single RNA species as well, provided the sequence in known, however,
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the abundance of the target RNA determines the RNA amount required for analysis. Although
there were no negative effects of high amounts of non-target RNAs on the MST result in the
applied concentrations, influences of even higher concentration on the MST experiment cannot

be excluded due to the increasing viscosity of the solutions.
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3.2 Sequence-Specific Isolation of Small Non-Coding RNAs

3.2.1 Introduction and Workflow

The isolation of single tRNA or other small RNA species from total (t)RNA is required for various
scientific applications. Here, the isolation of single tRNAs, e.g. tRNAfCr%, was mandatory to
assess the influence of modified nucleosides on the MST-based tRNA quantification method
(see section [3.1.2.4). Furthermore, LC-MS/MS analysis of single RNA species requires, due
to the loss of sequence information during nuclease digestion, the previous isolation of the
RNA of interest. However, while in case of tRNAs the modification pattern is well investigated
[79,80], that does not apply as thoroughly to other classes of small non-coding RNAs. For a
specific small non-coding RNA (ncRNA), named mascRNA (see section[I.3), the presence of
a modified nucleoside was suspected due to a high mismatch rate in sequencing data [178]
but not confirmed yet. The small mascRNA resembles a short tRNA (61 nt), carries a 3'-CCA
and is cleaved off the long non-coding RNA MALAT1 by tRNA-processing enzymes [54, 178].
Given that features, mascRNA might well be a target for tRNA-modifying enzymes as well.
In order to be able to investigate the possibility of modified nucleosides in mascRNA more
deeply by LC-MS/MS, an isolation of this small ncRNA was a prerequisite. Isolation of tRNAs
has been successfully accomplished by using hybridization-based approaches [238-242], in
which the target tRNA is bound to a complementary, immobilized DNA capture probe and
subsequently separated from non-target RNA. The here applied, likewise hybridization-based
protocol was loosely adapted from [128], with certain adaptions to increase yield and specificity.
The workflow developed is depicted in figure using tRNA as model and consisted on the
following steps (for experimental details, see section[5.2.1.9):

1. Hybridization of target (t)RNA and complementary DNA probe: Complementary
probes were essentially the same probes as used for the MST measurements, covering the
full-length (t)RNA and carrying both a fluorescent and a biotin label at opposite ends. If
applicable (especially in case of tRNAs), the required hybridization ratios of total tRNA
and DNA probe were determined by MST to maximize tRNA yields (figure a).

2. Immobilization of the duplex of target RNA and DNA probe: The RNA/DNA duplex
was bound to streptavidin-coated magnetic beads via the biotin label of the probe and

separated from non-target RNA by application of a magnet. Several washing steps ensured
the thorough removal of all remaining RNA (figure 3.27)b).

3. Elution of the target RNA and DNasel digestion: Release of the target RNA from
the duplex was achieved by incubation at elevated temperature in pure water. A small
portion of the biotinylated probe was found to be cleaved off the beads as well, making an
additional DNasel digestion step necessary to remove the DNA probe (figure ).

4. PAGE purification: The eluted (t)RNA was purified by denaturing PAGE to remove any
residual impurities like the DNasel digestion products, unspecifically bound RNA or
fragments of the target tRNA, e.g. tRNA halves (figure d).
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Figure 3.27: Overview: Isolation of single (t)RNAs The workflow of the hybridization-based isolation of
single (t)RNA species using tRNA molecules as model is described. In total tRNA, only the target tRNA (grey)
was able to hybridize to the complementary DNA probe (biotin-labeled, green) forming an RNA/DNA duplex
(a), which was immobilized on streptavidin-coated, magnetic beads to remove non-target RNA (b). The target
tRNA (plus a part of the DNA probe) was eluted from the beads, and a subsequent DNasel digestion step
ensured the removal of residual DNA probe (c). PAGE purification finally yielded the pure target tRNA (d).

3.2.2 lIsolation of Single tRNAs

The isolation protocol presented in section[8.2.1|was applied to several tRNAs including E. coli
tRNAM, which served as model tRNA for optimization of the protocol, as well as several
S. cerevisiaze tRNAs. Here, tRN Afcr% isolation results are described representatively, as results
for the other isolated tRNAs were comparable. The native tRNA‘?é% was required in purified
form for microscale thermophoresis experiments and is more thoroughly described in section
3.1.2.4, Further tRNAs that were successfully isolated included: tRNAlgl}_IJSU, tRNAErgc, tRNA%nG,
tRNAJY,, and tRNAE; (all S. cerevisiae). Furthermore, the protocol was effectively applied to
E. coli 55 rRNA. Example PAGE gels of the two isolated E. coli RN As are shown in the appendix

(tigure|A.10).

3.2.2.1 Isolation of S. cerevisiae tRNAfégU

For the MST experiments detailed in section the isolation of native ’cRNAlACr%I in amounts
sufficient for several MST titration series was necessary. MST quantification of tRNA?é% in total
tRNA revealed an ECs value of 1.5 pM (see section [3.1.2.5), which was applied to calculate the
required total tRNA amount (75 pg per 100 pmol DNA probe) employed for the isolation. In a
first, small batch test isolation, the final PAGE gel was stained to verify the success of the isolation
(figure[3.28). The lane of the isolation sample revealed a single band corresponding to the isolated
tRNA, and no further bands which would indicate degradation products, tRNAfCr%J fragments
or unspecifically bound RNA. Thus, in the following larger batch isolations, the tRNA band was
excised making use of UV shadowing without prior staining. Furthermore, the success of the
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Figure 3.28: PAGE analysis of isolated, native tRNAA"8(1CU) The isolation success of tRNAA®(1CU)
was monitored by denaturing PAGE (10 %): The lane of isolated tRNA showed a single band in the region
of the total tRNA control, indicating successful tRNAA™(1CU) isolation and the absence of degradation
products or unspecific RNAs of other sizes. Furthermore, no residual DNA probe was detectable in the sample,
demonstrating successful DNasel digestion. Gel Staining was performed using GelRed.

isolation was monitored by measuring the depletion of tRNAfé% in the supernatant containing
the non-target RNA (obtained in the separation step in figure [3.27|b) via MST. Herefore, the
supernatant was first concentrated by precipitation and subsequently DNasel digested to
remove leftover DNA probe which had not been immobilized on the beads. Removal of residual
DNA probe was obligatory to prevent any interference with the MST measurement. Finally, the
RNA was purified and concentrated by an additional precipitation step. Purified supernatant
was then used for preparation of a titration series with the tRNA?Cr*%J specific probe as described
for total tRNA (see section [5.2.1.10). As control to evaluate the success of the isolation, the
input total tRNA batch was analyzed as well. Figure shows the resulting binding curves
from MST measurements, which was clearly right shifted but did not reach saturation levels
for the supernatant compared to the input total tRNA, thus not allowing the calculation of an
EC5p value and the exact amount of residual tRNAlACr%I in the supernatant. Nevertheless, these
results indicated that tRNAfé% was drastically reduced in the supernatant and demonstrated
the successful isolation. The residual ’cRNAfCr%J present in the supernatant might presumably be
explainable by an incomplete binding of the RNA /probe-duplex to the beads. This explanation
seemed quite plausible, considering that the probe amount applied was calculated using the
maximum binding capacity of the beads stated by the manufacturer, which might not have
been practically achievable under the chosen conditions. Altogether, by performing a large
batch isolation approach for MST experiments, approximately 5.65 ng tRNA?(rf%j were obtained
from 750 pg total tRNA, which corresponds to 0.75 %. Considering that the abundance of
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tRNA?é% in total tRNA was determined to be approximately 3.3 % by MST measurement (see
section [3.1.2.5), the isolation yield was about 25 % of the total tRNAfCr%J content. Taking the
high RNA losses during the final PAGE elution and precipitation step and the above described

incomplete depletion of tRNAfCr%J in the supernatant into account, that result was considered to

be realistic and thus quite satisfactory.
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Figure 3.29: MST-based monitoring of the success of tRNA”'2(1CU) isolation Both input total tRNA
and the supernatant containing non-target tRNAs were analyzed by MST for tRNA”"8(1CU) abundance. The
right shift of the binding curve indicated a profound depletion of tRNAA€(1CU) in the supernatant (magenta
data points), but also revealed that some residual tRNA”8(1CU) was still present and bypassed the isolation
process. Error bars represent the standard deviation of technical triplicates, n=3.

3.2.2.2 Isolation of tRNAs for LC-MS/MS analysis

The S. cerevisine tRNAs tRNAlgl}}SU and tRNARR . were isolated from commercially available
total tRNA in the same manner as described for tRNAfé% with the aim of a subsequent LC-
MS/MS analysis. Altogether, about 2-6 pg of each single tRNA were obtained, depending
on the target tRNA and batch size. Aliquots of each tRNA were digested to nucleosides and
analyzed by LC-MS/MS using a neutral loss scan (NLS). Altogether, the results of the NLS were
in good agreement with the tRNA modificiation patterns described in the tRNAdb 2009 [80]
and underlined the successful isolation of the single tRNAs in pure forms. Two unexpected
peaks detectable in both tRNAs were likely resulting from degradation products of adenosine
and m'A and did not illustrate contaminations by other tRNAs. For a more detailed analysis of

the neutral loss scans, see section|3.3.2

3.2.3 lIsolation of the tRNA-like Small mascRNA

Since the developed isolation protocol performed well in case of tRNA isolations, it was intended
to employ it for other small non-coding RNAs as well. As new target, mascRNA (see section[1.3)
was chosen, which is a small, tRNA-like RNA generated during MALAT1 IncRNA maturation
(section [178]). Interestingly, mismatches observed during sequencing of mascRNA cDNA
clones gave rise to the presumption that mascRNA carries at least one modified nucleoside [178].
The modified adenosine in question (highlighted in figure a) was presumed to be localized
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at a position resembling position 58 in tRNAs, which is often modified to m!'A [243]. Thus,
it seemed well possible that the enzyme responsible for m* A58 introduction in tRNAs is also
capable of modifying mascRNA, and considering its overall tRNA-like structure, that might
apply to other tRNA modification enzymes as well. Hence, mascRNA constituted an appealing
target for isolation and LC-MS/MS analysis. Employing the isolation protocol described for

mascRNA isolation, however, required considering certain special circumstances.

3.2.3.1 Challenges of mascRNA lIsolation

Although the parent long non-coding RNA, MALAT1 (Metastasis-Associated Lung Adeno-
carcinoma Transcript 1), is broadly expressed and of relatively high abundance [186], that is
not the case for mascRNA and considering that the half life of the small RNA was shown to
be rather short, its abundance in total RNA was expected to be quite low [178]. Thus, high
amounts of total RNA were assumed to be required for a successfull isolation attempt. Since it
was intended to isolate the human mascRNA, Hel a cells as well as HEK cells were chosen for
cell culture and total RNA isolation was performed on a large scale aiming at a minimum of
5 mg total RNA. Given the low abundance of mascRNA, a MST-based quantification prior to
the isolation itself seemed unfeasible, thus the hybridization ratio of RNA to probe had to be
estimated roughly and was limited by the available RNA amount. Using high amounts of total
RNA during the isolation process, however, comprised a higher probability of unspecific RNA
binding to the beads, possibly leading to contaminations of the isolated small RNA. To address

these challenges, following control experiments were performed.

3.2.3.2 Control Experiments for mascRNA Isolation

In order to ensure that the DNA probe designed to capture mascRNA would effectively hybridize
to the RNA, which was the prerequiste for its successful isolation, an in vitro transcript of
mascRNA was prepared. The binding of the IVT to the probe was tested in hybridization
titration series both on non-denaturing PAGE (figure[3.30|b) and by MST measurement (figure
B.30|c). Both methods displayed binding ratios slightly larger than 1:1 (IVT:DNA probe), however
the results clearly demonstrated the hybridization success and hereby the applicability of the
designed probe. Fluorescence time traces corresponding to the MST binding curve are displayed
in the appendix, figure To evaluate the extend of unspecific binding of excess non-target
RNA to the beads, a test isolation of mascRNA was performed using the in vitro transcript (100
pmol) with or without increasing amounts of S. cerevisiae total tRNA (up to 500 pg, equivalent
to 5 pg/pL). After isolation and DNasel digestion, the samples were analyzed by denaturing
PAGE (figure . In each sample, a band of comparable intensity which corresponded to
the mascRNA IVT was detectable, indicating that the isolation was successful and obviously
not hindered by the presence of larger amounts of unspecific RNA. However, the gel results
clearly illustrated unspecific binding (of tRNA) starting at an RNA concentration of 2 ng/nL.
Thus, when applying large total RNA amounts for mascRNA isolation, a contamination with
non-target RNAs had to be taken into account.
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Figure 3.30: Control experiments employing mascRNA in vitro transcript To evaluate the probe’s ca-
pability to bind mascRNA, an in vitro transcript (a, adapted from [178]) of human mascRNA was tested
in hybridization series both on non-denaturing PAGE (b) and by MST (c). The nucleoside circled in yellow
represents the putatively modified adenosine. Bands corresponding to free probe, free IVT and the formed
duplex are indicated in (b), the red box marks hybridization ratios at which excess probe was detectable. Both
(b) and (c) display a hybridization ratio of >1:1 (IVT:probe) (approximately 1.2:1 in PAGE analysis and 1.7:1
in MST experiments, respectively).

3.2.3.3 Isolation of Native mascRNA

In a first attempt to isolate mascRNA, total RNA isolated from HeLa cells was used as input
RNA. Two samples, each containing approximately 1 mg (3.7 pg/pL) total RNA and 200 pmol
(0.74 nM) DNA probe were hybridized and loaded onto the appropriate amount of beads
for immobilization. Due to the high RNA concentration applied resulting in an increase of
viscosity, removal of beads after the elution step was difficult and only possible by an additional
precipitation step. Both samples were DNasel digested and precipitated, followed by either
high throughput RNA sequencing (RNA-Seq) or denaturing PAGE, respectively. Of note, the
yields of approximately 2 pg RNA per sample were unexpectedly high, especially in light of
the yields achievable for single tRNAs (see section . In line with that, analysis on PAGE
clearly demonstrated the high degree of unspecific RNA binding to the beads, especially of
the larger RNAs (figure and thus explained the high RNA amounts isolated. No distinct
band resembling mascRNA was detectable on PAGE (red box in figure[3.32), possibly due to
its very low abundance, which was in good agreement with the results of RNA-Seq (kindly
performed by Lyudmil Tserovski) displaying only very few reads for mascRNA in the sample.
Nevertheless, the RNA-Seq results pointed to the possibility of an enrichment of mascRNA
using the isolation procedure (the isolated RNA contained a small number of reads mapping to

65



3 Results and Discussion

IVT isolated in presence
of x ug total tRNA

DNA probe

IVT

0 100 200 500

unspecifically
bound tRNA

!

IVT
mascRNA

f

Figure 3.31: Test isolation of in vitro-transcribed mascRNA To evaluate the probability of unspecific
RNA binding to the beads during the isolation process, a test isolation of mascRNA IVT was performed in the
presence of increasing amounts of unspecific, S. cer. total tRNA (1-5 png/plL), DNasel digested and analyzed on
10 % denaturing PAGE. Starting at a concentration of 2 pg/pL, an addional band corresponding to tRNA was
detectable, indicating unspecific binding (marked by the red box). Gel staining was performed using GelRed.

mascRNA, confirming its presence), hence it was intended to reduce the binding of non-target
RNAs to the beads and to prove the enrichment compared to the input RNA. Therefore, the
amount of input RNA used for the hybridization was reduced by size-fractionating the total RNA
and using only the small RNA fraction (< 200 nt, see section[5.2.1.8) as input RNA. By removing
all longer, non-target RN As, which made up a large portion of the total RNA isolated, not only
the total RNA amount used for hybridization was reduced, but also a higher concentration of the
target mascRNA in the sample was achieved. For the subsequent isolation attempt, two samples
were prepared, each containing 100 pmol DNA probe and 3.9 png/pL small HeLa cell RNA
(sample HeLa 2 in figure or 2.4 pg/pL small HEK cell RNA (amounts applied were limited
by the yields obtained for the small RNA fractions). After DNasel digestion, samples were
directly precipitated and due to the low amount recovered, an analysis by PAGE was not feasible.
Isolated RNA yields were approximately 390 ng for the HeLa RNA sample (sample HeLa 2 in
figure[A.12) and 280 ng in case of the HEK cell RNA. Both samples as well as the respective input
small RNA fractions (as controls to evaluate the enrichment) were analyzed by RNA-Seq (library
preparation and data analysis were kindly performed by L. Tserovski, S. Werner and D. Jacob;
[llumina sequencing of the prepared samples was kindly conducted by Prof. Dr. Yuri Motorin).
Analysis of the RNA-Seq data revealed a clear enrichment of reads mapping to mascRNA in the
HeLa RNA samples compared to its input control, although the total read number was still low
(137 in 220,000 mapped reads (623 reads per million) in sample 2 vs. 1 read in 510,000 mapped
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Figure 3.32: PAGE analysis of isolated mascRNA The isolated RNA eventually containing mascRNA was
analyzed on denaturing PAGE (10 %). The sample contained mostly non-target RNA of all sizes (roughly
resembling the total RNA control), and no distinct band in the size range of mascRNA (red box) was detectable.
Bands and regions of mascRNA IVT, tRNA and larger RNA are indicated. Gel staining was performed using
GelRed.

reads (2 per million) in the input control), indicating once again the low abundance of mascRNA
(see appendix, figure[A.12). In the HEK RNA sample, only a small number of reads mapping to
short stretches of mascRNA could be aligned, and no reads were detected in the control samples.
As the reads in the isolated RNA were too short to clearly identify mascRNA in the sample, it
was not possible to evaluate a possible enrichment compared to the input control in case of the
HEK cell samples. While the sequencing results of the HeLa RNA samples clearly demonstrated
an enrichment of mascRNA by the isolation procedure, the applied concentration of input small
RNA was in a range that likely resulted in a contamination with non-target RNAs, e.g. tRNAs,
as it was shown in figure This assumption was additionally confirmed by the sequencing
data, as only a small portion of the total reads mapped in the HeLa RNA sample actually were
assigned to mascRNA. Thus, the isolated RNA likely contained non-target RNAs and thereby
an isolation of pure, non-contaminated mascRNA was unfortunately not accomplishable due to

its low abundance.
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Putative 1-Methyladenosine Modification in mascRNA? The above mentioned hypothesis
of mascRNA carrying an m! A modification at the position corresponding to m!A58 in tRNAs
[243] was supported by the finding that the reads mapping to mascRNA displayed m!A-
characteristic mismatch pattern (described in [133}244]) at the position of interest (marked in
figure . However, since an isolation of pure mascRNA free of contaminants of other RNA
species was not feasible, a LC-MS/MS analysis was not appropiate (even small contaminations
with tRNAs carrying m! A58 would have led to false positive results). Considering that, the
m!A modification suggested by sequencing could not be confirmed properly. One possiblity
to circumvent the requirement of isolating pure mascRNA could be to repeat isolation and
sequencing using a knockout of the respective enzyme responsible for m! A58 introduction
in tRNAs, and to compare the results with the wildtype. This, however, is presumably not
easy or even impossible to accomplish, since the enzyme complex responsible for the m' A58
introduction might potentially be indispensable for viability (as it is the case for the S. cerevisiae
enzyme complex, [245]).

3.2.4 Summary

The isolation of single RNA species using a hybridization-based approach was successfully
performed for several E. coli and S. cerevisize tRNAs. Isolation efficiency and purity of the
separated tRNAs was monitored by PAGE, MST and LC-MS/MS analysis, confirming that the
protocol applied is well capable of isolating pure tRNAs in appropiate yields. However, the
transfer of the approach to small RNAs with abundances drastically lower than those of tRNAs
was quite challenging. The attempt to isolate the small tRNA-like mascRNA in pure form
actually failed due to its low abundance and the accompanying high RNA amounts required.
Nevertheless, an enrichment of even such a low abundant RNAs was well possible, indicated by
the RNA-Seq results. Here, special care had to be taken to limit unspecific binding of non-target
RNAs by using only the RNA fraction < 200 nt instead of total RNA for the isolation. Although
mascRNA isolation was not possible in pure-enough form to allow an LC-MS/MS analysis for
confirmation, sequencing data suggested the presence of an m! A modification at the position
resembling A58 in tRNAs.
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3.3 RNA Modification Analysis by Liquid Chromatography-Tandem

Mass Spectrometry

In the following sections, exemplary results of each an application of the four scan modes DMRM,
NLS, product ion scan and pseudo-MS? scan (see section are presented. The instrumental
and experimental details of the LC-MS/MS methods described were mainly adapted from [223]]
and are specified in more detail in [172].

3.3.1 DMRM Mode: Analysis of Wobble U34 Modifications

For quantitative analysis of modified nucleosides with known fragmentation pattern, the dy-
namic multiple reaction monitoring (DMRM) mode was the method of choice [165], as it offered
the highest sensitivity among the available scan types. The combination of characteristic mass
transition between precursor and product ion and the retention time allowed the exact and
precise identification and detection of the nucleoside of interest. Fragmentation of nucleosides
typically takes place at the glycosidic bond, making the fragmentation pattern predictable for
most modified nucleosides, which however cannot be said for the retention time, especially if
new or uncharacterized modifications are of interest. Thus, identification of the retention time
of a nucleoside required either a synthetic standard of the nucleoside, or, if that was not feasible,
at least an RNA sample known to contain the modified nucleoside of interest. Care had to be
taken to identify the correct retention time if several nucleosides shared the same precursor
and product ions because they differ only in the position at which they are modified, as it is
the case for isomers, e.¢. m'G and m?G. The DMRM mode can be applied for both relative
and absolute quantification of modification levels in RNA samples. Absolute quantification of
modification contents requires the use of either external calibration or of an internal standard
[165,167] and thus the availability of the nucleoside of interest in pure form. Quantification
methods practicable using the DMRM mode are described in [167}172] in detail giving exact
guidelines for the execution and data analysis. Relative quantification of modification levels is a
straightforward alternative if the aim is to solely examine changes of modification abundances
between different biological samples, e.g. wildtype and knockout samples for RNA-modifying

enzymes. Such an analysis was performed in the following application example.

Application Varius sets of S. cerevisine wildtype and knockout samples were analyzed for
changes in the wobble U modifications ncm®U, mem®U and mem®s?U (see figure aand
section[1.1.2.7)) in collaboration with Prof. Dr. Raffael Schaffrath, Prof. Dr. Mike Stark, Dr. Roland
Klassen and André Jiides. The identification of the three nucleosides and the determination
of their retention times and fragmentation patterns is described in [173] and was in case of
mcm®U and mem®s?U additionally confirmed using synthetic standards kindly provided by
Prof. Dr. Andrzej Malkiewicz. Figure [3.33|b shows the mass chromatogram of the analysis
of total tRNA (S. cerevisiae) with clear peaks for the modified uridines detectable for the mass
transitions indicated in figure a. The modified nucleoside s?U, which was additionally
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Figure 3.33: LC-MS/MS analysis of wobble U34 modifications The neutral structures of ncm®U, mem®U,
mcm®s?U and s2U, labeled with the respective m/z values of protonated precursor (nucleoside) and product
(nucleobase) ions, are depicted in (a) (adapted from [79]). The chromatogram (b) shows the detection of
all three modified uridines in S. cerevisiae total tRNA, whereas s2U was observed only in traces (inlet in
b). Synthetic standards of mecm3U and mcm®s2U were applied in a calibration series (c) and enabled the
determination of limits of detection < 20 fmol. The synthetic standards were kind gifts of Prof. Dr. A.
Malkiewicz.

analyzed for the reasons stated below, was detectable in traces as well (inlet in figure 3.33|b).
In order to evaluate the sensitivity of the mass detection of the wobble U modifications, the
sythetic standards of mecm®U and mcm®s?U were used to run a calibration series (figure m
c). Limits of quantification (assigned by a signal-to-noise ratio of >10) were in the low double-
digit femtomol range and signals displayed a linear increase over the complete concentration
range analyzed (linear range > 2 orders of magnitude), confirming the high sensitivity of the
DMRM method. The described DMRM method was applied to several sets of wildtype and
knockout RNA samples prepared by the laboratories of Prof. Dr. R. Schaffrath and Prof. Dr.
M. Stark, the detailed results are presented in [102} 246, 247]. Here, the LC-MS/MS results of
the samples examined for [102] (prepared by Dr. R. Klassen) are shown exemplarily, for which
the analysis was performed to verify the loss of the wobble modifications in the constructed
mutants of S. cerevisiae. Next to a wildtype total tRNA sample, which served as control, single
knockouts of Elp3 and Uba4 as well as a Aelp3Auba4 double mutant were analyzed for ncm®U,
mcm®U, mem®s?U and s?U abundance. While Elp3 is a component of the elongator complex
responsible for the mcm®-/nem®-side chain introduction, Uba4 belongs to the independently
acting thiolation pathway which forms the s®>-moiety (see figure a) [93],[99]. Figures
b-e display the chromatograms (normalized to identical RNA content using the UV peak area of
uridine) of ncm®U, s?U, mecm®U and mem®s?U recorded for each of the four samples. While

in the wildtype sample all three modifications carrying the C5-moiety were present, they were
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Figure 3.34: Wobble U34 modifications in Aelp3 and Auba4 mutants Elp3 and Uba4 are responsible for
introduction of the ncm®-/mem®- and the s®-side chain, respectively (a, adapted from [102]). (b)-(e) depict
the chromatograms of the four analyzed modified nucleosides measured in total tRNA of each of the indicated
S. cer. strains (WT (BY4741), Aelp3, Auba4, Aelp3Aubad). Fold-changes of the modification levels in the
knockout samples compared to wildtype are shown in (e). In case of s2U, the level in the Aelp3 is set to 1
as no other sample contained s2U. The dotted line indicates no change of modification levels compared to
wildtype. Total tRNA samples were prepared by Dr. Roland Klassen, and results presented are published in
[102].

severly reduced in the Aelp3 and Aelp3Auba4 samples. The Auba4 mutant was still capable of
generating the ncm®-/mcem?-side chain, but could not synthesize the mem®s?U modification due
to the inactive thiolation pathway. In the Aelp3 mutant, s?U accumulated due to the defective
elongator function but still active and independent thiolation pathway, which was in agreement
with previous studies [91,[93]]. In contrast, the other three strains analyzed showed only traces
of s2, if any. The fold-changes of the modification abundances (determined by normalizing the
peak area of the respective modification to the UV peak of urindine) between mutant strains
and wildtype are depicted in figure f, in case of s>U the abundance in the Aelp3 strain was
set to 1, as the modification was only present in traces or completely absent in all other strains.
Altogether, the LC-MS/MS results confirmed the anticipated parallel loss of the n/mcm?-side
chain and the s’>-moiety in the Aelp3Auba4 mutant strain and the independence of the two
pathways leading to the introduction of the respective modifications. Next to the analysis of
wobble U34 modifications under various biological aspects which are described in [102, 246, 247]],
another application of the multiple reaction monitoring mode was the quantification of m'A in
synthetic oligonucleotides as well as in wildtype and mutant S. cerevisize rRNA. Details of the
results can be found in [133], and the performed quantification steps are in-depth explained in
[172].
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3.3.2 Neutral Loss Scan: Analysis of Isolated tRNAs

For applications which require the analysis of the overall modification pattern of an RNA sample
instead of only the analysis of a defined subset of one or more modifications, the NLS was the
method of choice, as it does not rely on the exact informations about precursor and product
ions and retention time like it is the case for the DMRM mode. Furthermore, if no information
about possible modified nucleosides within a sample is available, or the intention is to find
previously uncharacterized nucleosides, the neutral loss scan outperforms the DMRM mode.
Here, the main prerequiste to detect a modified nucleoside via NLS was that it showed the
typical fragmentation at the glycosidic bond, otherwise it was expected to escape analysis.
Furthermore, very low abundant modified nucleosides might be hard to detect next to more

abundant ones, so care had to be taken not to miss peaks in the mass chromatogram (compare

figure |3.36).

Application In order to investigate the modification pattern of two isolated S. cerevisiae tRNAs,
’cRNAIB“[}_’]SU and tRNAﬁr(%G (see section , NLS was the method of choice because of its
capability not only to detect the expected modifications (as it would be the case for the DMRM
mode) but also unexpected ones, which might result from contaminations with non-target
tRNAs. Thus, by comparison with the respective modifications listed for the respective tRNA
in the tRNAdb 2009 [80] or in MODOMICS [79]], NLS results allowed an evaluation of the
purity as well as, to a certain extend, the identity of the isolated tRNA. To analyze the obtained
neutral loss scans, total ion currents (TIC) were extracted and examined for the presence of
peaks corresponding to nucleosides (see figure NLS chromatograms). The mass-to-charge
ratio of the precursor ion of each detected peak (numbered in figure was extracted and the
identity of the respective modified nucleoside assigned by comparison with the modifications
listed in the tRNAdb 2009 [80] for the tRNA of interest. The m/z values and thus the identities
of peaks that were hardly detectable in the TIC due to the much higher abundance of other
peaks were confirmed by extracting the respective EICs (exctracted ion chromatograms) of
the supposed precursor m/z. An example of the usefulness of EICs in the detection of low
abundant peaks is displayed in figure showing the EICs of pseudouridine, dihydrouridine
and ncm®U in comparison to the TIC (respective part of the TIC is marked in figure b by
a black box). In contrast to the TIC, in which the three peaks were barely visible next to the
m!A-peak, the extracted ion chromatograms showed clear, distinct peaks for the three modified
nucleosides, thereby verifying their presence. Of note, certain modifications show peaks in the
UV chromatogram (see figure bottom) as well, for some modifications even considerably
better detectable than in the mass chromatogram, e.¢. pseudouridine (peak 1) and ncm®U (peak
11). In those cases, the UV peaks helped to identify the respective mass peaks in the TIC. Table
summarizes the assignment of the peaks to the respective modified nucleoside. For each
of the two tRNAs, all modifications listed in the database could be allocated to a peak in the
respective chromatogram, thereby confirming the isolation success of the tRNAs. In case of
tRNAﬁgG, the modified U (not further characterized in [80]) at position 34 (N) was determined
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Figure 3.35: Neutral loss scan of isolated tRNAs S. cerevisiae tRNAYS(3UU) (a) and tRNAP(NGG) (b)
were isolated as described, digested to nucleosides and analyzed by LC-MS/MS using a neutral loss scan. Both
mass (top) and UV (bottom) chromatograms are shown, with the main nucleosides directly labeled in the
chromatograms. Mass peak numbering corresponds to the numbering in table If a modified nucleoside
displayed both mass and UV peaks, both are numbered. Asterixs mark inosine and a methylated adenosine
moiety that both probably derived from degradation processes. AU - arbitrary units.

to likely be a ncm®U, which was in agreement with [92, 228]. In both chromatograms, two
addional, non-expected peaks were detected: one with a mass-to-charge ratio of 269, which
presumably derives from inosine produced by adenosine deamination and thus represents a
degradation product, and one with a mass-to-charge ratio of 282, which due to its high retention
time probably resembled a contamination by m°A, which might have occured through Dimroth
rearrangement of m' A during RNA preparation procedures [248, 249]. Altogether, the neutral
loss scans of the two isolated tRNAs were in good agreement with the respective entries in the
tRNA database 2009 [80], and underline the good suitablity of the isolation protocol to yield
highly pure, single tRNAs.
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Figure 3.36: Extracted ion chromatograms of ¥, D and ncm®U Excerpt from the NLS scan of S. cer.
tRNAP(NGG). The EICs of ¥, D and ncm®U (precursor m/z 245, 247 and 302) displayed clear peaks of
the respective modified nucleosides, which were barely detectable in the TIC (black) due to the much higher
intensity of the m'A peak. Extraction of the EICs thus allowed a more precise detection of low intensity peaks.
The excerpt shown relates to the TIC displayed in figure b.

3.3.3 Product lon Scan: Analysis of the Fragmentation Pattern of Queuosine

To investigate the fragmentation pattern of nucleosides of known molecular mass, which
were expected to display deviations from the typical fragmentation pattern during collision-
induced dissociation, performing a product ion scan was the method of choice. Although
most nucleosides are cleaved at the glycosidic bond, especially modified nucleosides with
complex side chains attached are susceptible to other or additional fragmentation reactions.
The nucleoside queuosine (Q) is an example of such a hyper-modified nucleoside that contains
a 7-deazaguanosine structure carrying a cyclopentenediol side chain attached by an amino-
methyl linker [250, 251] (figure a), which is prevalent in all kingdoms of life. However,
eukaryotes are in contrast to eubacteria not capable of a de novo synthesis of Q and have to
recycle it from its base queuine, which they acquire from the gut microflora and by food intake
[251]. Subsequently, tRNA-guanine transglycosylases (TGT) replace the guanine at position
34 in certain tRNAs (Tyr, Asp, Asn and His, [252]) with the acquired queuine base yielding
the respective Q nucleoside [253]]. For LC-MS/MS analysis of Q, the hyper-modified structure
of Q had to be considered (shown in figure a), which accounts for the alterations from
the usual fragmentation pattern. In figure a, fragmentation positions are depicted, which
were kindly provided by Prof. Dr. Patrick Limbach (Biological Mass Spectrometry, Department
of Chemistry, University of Cincinnati, USA) [224} 254]. Next to the expected cleavage at the
glycosidic bond, the cyclopentenediol moiety might be cleaved off at the amino-methyl linker,
resulting in the three possible fragments indicated in figure a. While exclusive cleavage
of the glycosidic bond would yield a product ion with a m/z of 278, fragmentation only at
the linker would result in a nucleoside with a m/z of 295. Cleavage at both positions would
produce a nucleobase structure with a m/z value of 163. E.coli tRNA, which is known to

contain a Q34 modification [252]], was used to establish the exact fragmentation pattern for
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Table 3.1: Peak assignment: NLS of tRNAY(3UU) and tRNAP™(NGG) Allocation of the peaks indi-
cated in figureto the modified nucleosides present in S. cerevisiae tRNAMS(3UU) and tRNAP(NGG)
according to the tRNAdb 2009 [80]. For each peak, the mass-to-charge ratio of the precursor nucleoside as well
as the allocated modification is stated. In case of identical precursor m/z values, assignment was performed by
including retention time information.

Peak m/z nucleoside

1 245 U
2 247 D

3 282 m'A
4 298 m’G
5 258 m°C
6 259 m°U
7 298 m?G
8 312 m3G
9 413 tOA

10 333 mam®s?U
11 302 ncm®U

12 258 Cm
13 298 m'G
x 269 I

Kok 282 mbA

detection of Q with the final aim of setting up an appropiate DMRM method. Therefore, the
retention time and fragmentation pattern of Q was first determined by performing a product
ion scan with the precursor m/z of 410 comprising unfragmented, protonated Q. Using the
standard gradient 1 (table[5.4), a clear peak was detected at a retention time of approximately
10.5 min, and analysis of the respective mass spectrum showed two product ions for Q (see
figure 3.37]b) with mass-to-charge ratios of 295 and 163. Those correspond to the sole cleavage at
the amino-methyl linker and fragmentation at both possible fragmentation positions. In contrast,
a cleavage only at the glycosidic bond, which would result in a protonated queuine moiety,
was not observed. This was additionally confirmed by the subsequently developed DMRM
method, in which only the mass transitions of m/z 410 to 295 and m/z 410 to 163 yielded a
peak at the retention time of 10.5 min (figure ¢). As the peak resulting from monitoring the
cleavage reaction only at the linker displayed higher intensity than the peak corresponding to a
double cleavage reaction, the mass transition m/z 410 to m/z 295 was used for Q analysis in

later applications.

Application The established DMRM method for the detection of Q was applied in collaboration
with Dr. Martin Miiller and Prof. Dr. Ann Ehrenhofer-Murray in order to investigate the
incorporation of Q into Schizosaccharomyces pombe tRNA in dependence on the presence of
queunine in the growth medium. Total tRNA samples (prepared by Dr. M. Miiller) deriving
from wildtype and Apmt1 mutant cells grown with or without queunine supply were examined
for the appearance of Q in the extracted tRNA, the results are depicted in figure Both
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Figure 3.37: Analysis of the fragmentation pattern of queuosine The structure of queuosine is shown in
(a) (adapted from [79]), fragmentation spots are indicated by dotted lines. Possible product ions are marked
and labeled with the expected mass-to-charge ratio according to literature [224, [254]. Native tRNAT" (E. coli)
was used to confirm the fragmentation pattern by a product ion scan (b) of the precursor ion (m/z 410), which
yielded two fragments (m/z 295 and m/z 163). The exclusive fragmentation at the glycosidic bond was not
detectable in either the product ion scan or a DMRM analysis (c), and the cleavage of the side chain attached
to the base was determined as the most pronounced fragmentation reaction (mass shift m/z 410 to 295).
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Figure 3.38: Queuosine incorporation in S. pombe RNA Wildtype and Apmtl mutant S. pombe total
tRNA samples from cells grown with or without a nutritional source of queuine were analyzed for their Q
content. The mass chromatograms displayed clear peaks corresponding to Q in samples grown under queuine
supply but not in those grown without (a). Relative quantification of Q levels in the samples by normalization
of the peak areas to guanosine revealed similar Q levels in both wildtype and Pmtl mutant cells grown under
queunine supplementation (c). Samples analyzed were prepared by Dr. M. Miiller, results shown are part of
[255].

wildtype and mutant cells were able to introduce the supplied queuine into their tRNA in form
of Q, which was clearly detectable in the Q-fed samples in comparable quantities. However,
Q was completely missing in the samples grown under deprivation of Q. Both the presented
results and the biological context of the presence of Q in tRNA and the activity of Pmt1 (pombe
methyltransferase 1), which is a tRNA methyltransferase, are described in [255].

In mammals, the Q nucleoside can, dependent on the tRNA species, be further modified by
attachment of a galactosyl(galQ)- or mannoysl(manQ)-moiety to the cyclopentenediol structure
as shown in figure a [256, 257]]. In order to establish a DMRM method that included
not only Q but also its glycosylated derivatives, total RNA extracted from HeLa cells was

used to perform a product ion scan using the respective precursor ion (m/z 572, identical
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for both derivatives). To reduce the possibility of a cleavage of the sugar-moiety already
during ionization and thus missing the detection of the precursor ion comprising the complete
galQ or manQ), the fragmentor voltage was reduced from 80 to 40 V. A single peak for the
precursor ion was detected eluting slightly earlier than Q, and the product ion spectrum indeed
displayed an ion with a m/z value of 295 (figure b), which resembles a fragmentation
at the amino-methyl linker (see figure Programming a DMRM method for both mass
transitions (m/z 572 to 295 and m/z 572 to 163) revealed an additional, considerably smaller
peak corresponding to the fragmentation at both possible positions (figure ¢) in HeLa total
RNA. The detected fragments were in good agreement to those identified previously for the
glycosylated Q-derivatives [258], showing that the sugar-modified Q derivatives were well
detectable by LC-MS/MS. However, a differentiation between the two stereoisomers was not
feasible using the available equipment and methodology. The subsequently adapted DMRM
method including the parameters for the detection of the the Q derivatives was then used for
a second analysis of the S. pombe RNA samples described above (prepared by Dr. M. Miiller).
In those samples, however, a peak correlating to galQ/manQ was absent, possibly indicating
that Q might no further modified in S. pombe in contrast to mammals. Notably, considering that
the applied method specifically detected Q and its mannosyl- and galactosyl-derivatives, the
possibility of the presence of an otherwise modified, hitherto unknown form of Q cannot be
excluded. For example, in E. coli, queuosine at position 34 in tRNA*P was shown to be modified
to glutamyl-Q [259]. To search for new, potential Q modifications, the obviously common
fragmentation of Q derivatives at the amino-methyl linker structure might be exploitable.
When comparing the product ion spectra of Q, manQ and galQ, it was strinking that they
all displayed the same main product ion with a m/z value of 295, indicating that the amino-
methyl linker cleavage was predominant during collision-induced fragmentation. Most likely,
cleavage at that position is relevant in other, putative Q derivatives as well. If those carried an
additional modification at the cyclopentenediol structure attached to the amino-methyl linker,
a precursor ion scan, essentially the reversed form of a product ion scan, might be helpful for
their identification. A precursor ion scan detects all precursor ions (in quadrupole 1) whose
collision-induced fragmentation result in a pre-defined product ion in quadrupole 3. Thus,
using the Q-specific product ion of m/z 295 as defined product ion, precursor ion masses of
potential Q-derivatives might be accessible, however, information about the modification’s exact
composition beyond its molecular mass cannot be obtained from such an analysis. Consequently,
determination of the exact structure of such potential Q variants detected by a precursor ion
scan would require additional investigations including the comparison to a synthetic standard.
Of note, any Q derivatives carrying additional modifications at any other position of the 7-
deazaguanosine structure would not be detected by the precursor ion scan, because the product
ion generated would deviate from the described, Q-characteristic one. Another possibility
imaginable, although likewise limited to putative Q derivatives with additional moieties at the
amino-methyl linker structure, would be the setup of a modified NLS method that detects the
loss of both ribose and 7-deazaguanosine (m/z 295) instead of the ribose part alone (m/z 132).
The prerequiste for the applicability of such an adapted NLS method is the detectability of the
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Figure 3.39: LC-MS/MS-based detection of Q derivatives Structure and fragmentation positions of
galactosyl-queuosine are depicted in (a) (adapted from [79]), expected m/z values for protonated precursor
and product ions are indicated. A product ion scan of HelLa total RNA confirmed the fragmentation at the
amino-methyl linker (b), resulting in a product ion with a m/z of 295. Using a DMRM analysis, fragmentation
at both possible positions was observable, however, the sole cleavage at the side chain dominates as it is the
case for Q (c). For each peak, the mass transition monitored is indicated. Of note, the chromatograms shown
in (c) displayed a slightly shifted retention time for Q compared to figure which was probably caused by
column aging.

cyclopentenediol moiety as product ion in quadrupole 3, which would comprise m/z values of
115 (Q) or 277 (galQ/manQ), respectively. Neither of those ions were detected in the product
ion scans (figure b and b) of Q and its derivatives, indicating that an adapted NLS
scan, however theoretically conceivable, might not be the method of choice for the search for to
date uncharacterized Q variants. Nevertheless, the possibility of an adapted NLS scan might be
exploited in future for analysis of other subsets of modified nucleosides that share the loss of a
certain moiety other than the ribose part.

3.3.4 Pseudo-MS3: Determination of *C-Labeling Patterns of Nucleobases

Although the triple quadrupole mass spectrometer is designed for MS- and especially MS/MS
analysis, the possibility to control the fragmentor voltage, which is responsible for the transport
of the ions produced in the source through the ion tranfer capillary, enables so-called pseudo-MS?
scans (MS/MS/MS). Pseudo-MS? scans still use only the two quadrupoles for mass detection
(in the product ion scan mode), however, altogether two consecutive fragmentation stages
can be monitored [177]. In the present work, that was achieved by applying high fragmentor
voltages (e.g. 150 V), which led to in-source fragmentation of the molecule of interest. In case
of nucleosides, in-source cleavage of the glycosidic bond was hereby accomplished and the
protonated nucleobase entered the first quadrupole. For MS3—ana1ysis of a certain nucleoside,
the protonated nucleobase was then the (defined) precursor ion for the subsequent product
ion scan, which passed the first quadrupole and was further fragmented in the collision cell
(collision energy 3-6 times higher than used for fragmentation of the glycosidic bond). Produced
fragments were allowed to go through quadrupole 2 and finally detected in the detector. The
resulting mass spectrum contained the respective ions produced by the fragmentation of the
nucleobase and thus enabled a more detailed analysis of the nucleoside’s structure. A pseudo-
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MS3 approach was recently employed for the detection of pseudouridine in RNase T1-digested
RNA fragments, however, the analysis was performed at the level of small oligonucleotides
instead of nucleosides and thus differed remarkly from the here applied method [260]. The
possibility of performing pseudo-MS? scans was exploited in collaboration with Prof. Dr. Harald
Schwalbe and Jochen Schmidt in order to investigate the introduction of labeled nucleosides
into E. coli RNA. Total RNA from E. coli (strain DL323, displaying a defect tricarboxylic acid
cycle [261]]) grown using 13C—2-glycerol as carbon source [261] (RNA preparation performed
by J. Schmidt) was supposed to be analyzed for the exact positions of the incorporation of the
13C-atom into the nucleosides, which previously had been assessed by NMR-analysis [261].
Additionally, the RNA was completely labeled with *N atoms. Test single MS scans (MS2 scan
mode, detection of all ions present without fragmentation) of the RNA were used to determine
the mass-to-charge ratios of the unfragmented nucleosides, and by comparing those to the
ones of the unlabeled nucleosides, the number of heavy-labeled atoms in each of the main
nucleosides was determined (each labeled atom led to a +1 shift of the m/z value). Subsequent
product ion scans of the nucleosides revealed the incorporation of two '3C-labeled atoms into
the ribose moiety, which was in agreement with [261]. Furthermore, by considering the number
of 1°N-atoms present, the nucleobases were determined to contain one 3C-labeled atom each,
which again matched the previous results [261]. However, the product ion scans did not allow
an identification of the exact positions of the incorporated atoms. Therefore, the obatined m/z
values of the nucleobases were used as precursor masses in pseudo-MS? scans, and the product
ions resulting from base fragmentation were recorded in the respective mass spectra. The m/z
values received for the fragments were compared to the fragmentation patterns of the bases
described in literature [262-266] to evaluate which position was labeled. For uracil as an example
of a pyrimidine base, the results strongly suggested a labeling of position 6 and the respective
spectrum and assignments are displayed in figure a. For the purine bases, the spectrum of
guanine was analyzed and compared to the fragmentation pathways described in [263]. Figure
B.40]b shows the spectrum received with annotation of the peaks with the respective m/z values.
One of the possible fragmentation reaction series is included in the figure, which indicated that
the C5-atom was labeled by '3C. For comparison and verification of the fragmentation patterns,
MS?3 spectra of the unlabeled counterparts of the two nucleobases were recorded (see Appendix,
figure[A.13). Mass spectra of labeled and unlabeled cytosine and adenine are shown in the
appendix, figure Altogether, the results suggested a labeling of position 6 in pyrimidines

as well as of position 5 in purines, matching the previous NMR results [261].
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Figure 3.40: Pseudo-MS? spectra of labeled uracil and guanine Mass spectra displaying the fragmentation
of labeled uracil (a) and guanin (b) detected using a pseudo-MS? scan. The C6-atom (uracil) and C5-atom
(guanine) expected to be labeled with '3C are highlighted with a yellow circle, 1N-labeled nitrogen atoms
are depicted in blue. Peaks are labeled with their m/z value (red) and the difference to unlabeled uracil is
given in brackets. The assignment of the peaks with the respective elementar formulars of the fragments was
performed using the fragmentation pathways described in [262} |263]. The labeling of position 6 of pyrimidines
is best seen in the fragment with a m/z of 30 when comparing it to the unlabeled fragment (m/z 28), as it
only contains one C-atom (C6) and one N-atom, thus C6 had to be labeled by '3C. For guanine, only one
possible fragmentation reaction pathway is displayed, including the final cleavage of a moiety containing the
labeled C5-atom (red box). RNA samples were prepared and provided by J. Schmidt.
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3.3.5 Summary

For the analysis of RNA modifications, highly sensitive LC-MS/MS was the method of choice.
While the (dynamic) multiple reaction monitoring enabled the most sensitive detection of
modified nucleosides and thus was the most suitable mode for the quantitative investigations
accomplished [102, 133, 246, |[247], the neutral loss scan outperformed the DMRM mode when
information about the overall modification pattern of an RNA sample was required. Both scan
modes are described in [172] including experimental details. However, both DMRM and NLS
modes showed limits in the detection of previously uncharacterized modifications or modifi-
cations with unusual fragmentation pattern. While the DMRM mode is largely unsuitable for
detection of new modifications due to the requirement of knowing mass transition and retention
time, the NLS is applicable to detect such modifications, but, if conducted as decribed in
limited to modified nucleosides displaying the typical fragmentation pattern at the glycosidic
bond. Of note, the NLS method can in principle be programmed to monitor any neutral loss
of choice and thus is not restricted to the neutral loss of (2"-O-methyl-)ribose. Therefore, nu-
cleosides that lose another neutral moiety are technically accessible as well, however, neutral
moieties applicable in such an extended NLS method remain to be examined. Here, in order to
establish a method for detection of the nucleoside queuosine, a product ion scan was performed
to confirm the cleavage pattern of the nucleoside [224]. A product ion scan only required the
knowledge of the precursor mass, which was extracted from the MODOMICs database for Q [79]
and either a synthetic standard or an RNA sample that was known to contain the modification
of interest (which in case of Q was tRNADT of E. coli). The results from the product ion scan
indicated cleavage at the amino-methyl linker and, less efficiently, at the glycosidic bond and
enabled the programming of the respective DMRM method. The determined cleavage pattern
furthermore agreed well with [224, 254]. An application of the established LC-MS/MS method
in collaboration with Dr. M. Miiller and Prof. Dr. A. Ehrenhofer-Murray is described in [255].
Furthermore, possible approaches that might enable the identification of potential Q derivatives
other than the known galQ and manQ variants were outlined, including precursor ion scans
and modified NLS methods. A rather unusual employment of the triple quadrupole mass
spectrometer was the implementation of pseudo-MS? scans, which relied on in-source fragmen-
tation of the glycosidic bond and allowed the investigation of the fragmentation patterns of
the nucleobases. Here, pseudo-MS? scans were performed in collaboration with Prof. Dr. H.
Schwalbe and ]. Schmidt to investigate the positions at which *C-atoms were introduced into
the nucleobases when feeding E. coli with 2-13C-glycerol as carbon source. Results indicated a
labeling of position 6 in pyrimidines and position 5 in purines in accordance to [261]. Altogether,
the described applications underline the broad applicability of LC-MS/MS in the investigation
of RNA modifications. However, one major disadvantage had to be considered: the requirement
to digest the RNA to the nucleoside level. This involves the loss of any sequence information,
thus neither the RNA species carrying the modification nor the position of the modified nu-
cleoside inside the RNA molecule is accessible. Acompanying that, analyzing a single RNA
species, e.g. a specific tRNA, requires its previous isolation, like it was performed for the two
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S. cerevisine tRNAs, tRNAIS“[}}SU and tRNA%rg;G to enable a NLS analysis. Thus, for a more global,
transcriptome-wide detection of modifications in their sequence context, switching to alternative

detection methods is necessary (reviewed in [151]).
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RNA Quantification by Microscale Thermophoresis The applicability of microscale thermo-
phoresis for the quantification of (single) RNA species was investigated with particular emphasis
on the analyis of single tRNA abundances as well as on the more general determination of
polyA-RNA levels. In case of a specific target tRNA, monitoring the hybridization of a fluo-
rescently labeled, complementary DNA probe by MST in form of a titration curve allowed for
the determination of its abundance in total tRNA mixtures in an extraordinary short time. The
developed quantification method proved to be highly sensitive and reproducible and, compared
to alternative tRNA quantification methods, extremely fast (accomplishable in < 2 hours) and
quite easy to implement, as additional to standard laboratory equipment, only the microscale
thermophoresis device and the labeled DNA probe were required. The MST-based method
not only enabled an absolute quantification of specific (t)RNAs, but also displayed substantial
power in the relative quantification and intersample comparison of (t)RNA levels, as changes in
the target RNA abundance could be easily obtained from the shift of the binding curve and thus
from the ECsg value. By using DNA probes that covered the full-length tRNA sequence a poten-
tial negative effect of the presence of modified nucleosides, which was particularly expectable
for the highly modified tRNAs, on the quantification could be compensated. Furthermore, the
method should be readily transferable to the quantification of other RNA species, for example
rRNA molecules, provided a sufficient abundance in the RNA sample is achievable. Admittedly,
limitations of the method lie in the possibly inefficient distinguishment of very similar sequences,
which is especially relevant in tRNA analysis due to the presence of highly similar isoacceptors
and isodecoders. Testing more stringent hybridization conditions might help to improve the
analysis of highly analogous sequences and thus enable the analysis of here excluded isoaccep-
tors. Similarly, changing the hybridization conditions for example in respect to salt concentration
and pH might help to improve the thermophoretic response for some RNA-probe pairs that
could not be analyzed using the standard protocol described in this work. Although the original
aim was to develop a quantification method for single RNA molecules, with the main focus on
tRNAs, the possibility of a quantification of the mRNA pool within an RNA sample, sharing the
polyA tail as common sequence element, was examined. Exploiting this characteristic feature,
labeled polyT-DNA probes of varying length were employed instead of sequence-specific probes
in order to quantify the complete group of polyadenylated RNAs rather than single transcripts.
Using the polyT-DNA probes, relative quantification of polyA-tagged RNAs in total RNA by
MST was demonstrated to be well possible with only a small amount of total RNA sample (< 60
ng) required. Considering the variable length of polyA tails [230, 231] and the shown inability
of longer probes to sufficiently bind shorter polyA stretches, the 20 nt polyT-DNA probe proved
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to be the best choice for an overall polyA analysis. Together with the easy and fast operability,
the MST-based method enables a quick evaluation of overall changes of mRNA abundances, for
example in response to environmental changes, stress or other treatments. As the complete set of
polyA-tagged RNAs is captured by the same DNA probe, various RNA samples from different
organsims can be thus analyzed for their mRNA content without the need for sequence-specific
DNA probes. However, as the polyA tails vary in their length, in this case the MST-based
method does not allow an absolute quantification but rather is suitable for relatively comparing
polyA contents of samples deriving from the same organism. Of note, as shown by using probes
and polyA tails of different lengths, the method is additionally responsive to changes in polyA
tail length, which for example occur in specific transcripts during cell cycle progression [267]],
thus changes in polyA abundance as determined by the presented MST-based method could
in principle result from both changes in mRNA abundance and polyA tail length. However,
due to its easiness and particular fast performance, the MST-based polyA-RNA quantification
should be well suitable for gaining a first insight into changes of transcriptome-wide mRNA
abundance in response to various conditions, which can afterwards be supplemented by more
detailed investigations on the sequence-specific level. Remarkably, hybridization of a specific
RNA probe complementary to in vitro transcribed MelanA /GFP mRNA was readily observable
by MST, indicating that, in principle, the method might also be applicable for quantification of
specific transcripts. However, considering the low abundance of mRNAs in total RNA, such
an approach presumably requires an additional mRNA enrichment step, for example by rRNA
depletion from the sample.

The performance of the newly established method was tested applying several biological sam-
ples, targeting both specific tRNAs and polyA-RNA. The cleavage of Saccharomyces cerevisiae
tRNA§/RL by PaT killer toxin was easily monitored and quantified using the MST-based method,
displaying a reduction of tRNAGZ levels by approximately 85 %. Notably, in the PaT-induced
sample, a considerable reduction of polyA-levels could be detected, indicating a substantial in-
fluence of tRNAS®. depletion on the cell’s fitness. Furthermore, investigation of the abundances
of 23 S. cerevisiae tRNAs using the MST-based method revealed quite pronounced differences in
the amounts of the single tRNA species, ranging from less than 1 % to approximately 6 % in
total tRNA. However, temperature stress-induced changes in tRNA levels were small, and only
significant in a small subset of tRNAs. Analyzing S. cerevisine double mutants lacking tRNA
anticodon-loop modifications indicated, amongst others, an upregulation of tRNA%“G upon
temperature stress, which might represent a mechanism to counterbalance the poor function of
the hypomodified tRNA at elevated temperature [228].

Although the method proved to be suitable for both tRNA and mRNA quantification and trans-
ferability to other RNA species such as rRNA seems consequential, the actual confirmation of a
much broader application range remains to be rendered, with a special emphasis of the limits of
detection and quantification of the method. Although the labeled DNA probe was applied in
concentrations as low as 25 nM (up to 100 nM), thereby in principle enabling the detection and
quantification of lower abundant RNAs as altogether only a few pmol of the target RNA are
required, the concentration of the target RNA in the total RNA pool has to be considered and
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is potentially the limiting factor. Thus, size selection steps or enrichment by other means, for
example rRNA depletion, prior to MST analysis might be necessary to enable the investigation of
low abundant RNAs. Another interesting aspect in respect to tRNA quantification is the quantifi-
cation of tRNA fragments, e.g. tRNA halves produced by angiogenin-mediated cleavage. In this
work, tRNA fragments, e.g. those produced by the PaT killer toxin, were actively excluded from
analysis by using PAGE-purified total tRNA pools which did not contain any RNA fragments
smaller than tRNAs. By that, a simultaneous detection of fragments and full-length tRNA was
prevented, allowing the quantification of merely the intact tRNA. Additional experiments are
required to evaluate the possibility of detecting tRNA fragments together with or, even more
desirable, separately from the full-length parent tRNA, for example by varying stringency of

hybridization conditions or measurement at elevated temperatures.

Isolation of Native mascRNA A detailed investigation of mascRNA, a tRNA-like small RNA
recently shown to be involved in the cardiovascular immune system [198], in respect to the
presence of modified nucleosides, especially of m'A, was anticipated. For this, the isolation of
mascRNA in pure form was the ultimative prerequisite to be able to perform an RNA modifi-
cation analysis by LC-MS/MS. An isolation protocol based on hybridization and subsequent
affinity purifcation using strepatvidin-coated beads was optimized, successfully applied to a
range of tRNNAs and its general suitablity for mascRNA isolation was verified. Total RNA iso-
lated from HeLa cells was used in a first, due to extremely high unspecific binding of non-target
RNAs unsuccessful attempt to purify mascRNA. Nevertheless, RNA-Seq results of the isolated
RNA indicated, when compared to the total RNA input, a potential enrichment of mascRNA by
the isolation protocol. In a second attempt, pre-purified small RNA fractions (< 200 nt) of HeLa
and HEK cell RNA were used as input to limit unspecific binding, and although it was again
unfeasible to obtain pure mascRNA, RNA-Seq results confirmed the enrichment of mascRNA
for the HeLa RNA sample. Furthermore, RNA-Seq analysis revealed a potential m'A at a site
equivalent to the often m!A-modified A58 in tRNAs, however, this could not be confirmed
by LC-MS/MS due to the lack of pure mascRNA and thus requires additional examinations.
Adaptions of the isolation protocol, e.g. by including a second round of bead-based affinity
purification, and higher amounts of small input RNA might help to obtain mascRNA in purified
form in future. Additionally, switching from HelLa/HEK cells to peripheral blood mononuclear
cells (PBMC), which were recently shown to contain high levels of mascRNA [198], might
permit a successful isolation. Another possibility to indirectly prove the presence of the m' A
modification would be the use of a knockdown of the putative m!A-introducing enzyme and
comparing the RNA-Seq results of mascRNA-enriched samples of wildtype and mutant, how-
ever, as the m! A58-generating enzyme is presumably indispensable for life [245], that approach
is probably not feasible. Nevertheless, improving the isolation protocol for mascRNA might not
only enable mascRNA isolation in uncontaminated form, but also the application to other small
non-coding RNA, which could be targets for RNA modifications as well. Considering that the
efficient cleavage of mascRNA from its precursor IncRNA MALAT1 is essential for MALAT1
accumulation to high levels [180] and thus its role in cancer progression, future attempts of a
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detailed investigation of mascRNA and its potential modifications, also in regard to the time-
point of their introduction, are required to fully understand the MALAT1-mascRNA system.
This requirement is additionally highlighted by the recent detection of a distinct function of

mascRNA in cardiovascular immunity [198]].

LC-MS/MS Analysis of Modified Nucleosides LC-MS/MS analysis of modified nucleosides
using a triple quadrupole mass spectrometer was conducted under a variety of scientific tasks,
requiring different kinds of experimental setups and subsequent data analysis. The rather
standard DMRM mode, applicable for highly sensitive quantitative analysis of known RNA
modifications, was mainly used for analysis of wobble U34 modifications in collaboration with
the laboratories of Prof. Dr. R. Schaffrath and Prof. Dr. M. Stark in order to both prove the
knockout effciency of mutants for the U34-modifying enzymes and to investigate their effects
on the presence of the respective wobble U34 modifications [102, [246| 247]. In order to verify
the successful isolation of several tRNAs from Saccharomyces cerevisiae, the second “standard”
scan mode, namely the neutral loss scan, was used to evaluate the presence of both expected
and unexpected modifications in the isolated tRNAs. The analyzed tRNAs contained, next to
all of the expected modified nucleosides, only two more nucleosides, whose presence could be
explained by either degradation or rearrangement of another modification. Hereby, LC-MS/MS
analysis confirmed the suitability of the isolation protocol for the isolation of pure tRNAs. A
more sophisticated analysis was required for the nucleoside modification queuosine (Q), which
displays an unusual fragmentation pattern [224]. A product ion scan was performed to confirm
the fragmentation at the aminomethyl-linker structure and to enable the programming of a
suitable DMRM method, which was finally used to investigate the incorporation of Q into
S. pombe tRNA under nutritional supply of queuine in collaboration with Dr. M. Miiller and
Prof. Dr. A. Ehrenhofer-Murray [255]. Remarkably, Q can occur in form of sugar-modified
derivatives in mammals, manQ and galQ, which were readily detected in HeLa RNA but absent
in S. pombe RNA. However, there might be additional, hitherto unknown derivatives of Q
present, which were not covered by the analysis. As both Q and derivatives thereof show the
same fragmentation pattern at the aminomethyl linker structure and hereby produce the same
product ion, a precursor ion scan, which detects the precursor ion of a defined product ion,
might be useful to uncover the existance of further Q derivatives in future. Another imaginable
approach to investigate subsets of modified nucleosides with untypical fragmentation behavior
such as Q might be the adaption of the NLS method. In principle, the loss of any moiety
besides the ribose could be investigated using the NLS method, provided that the respective
product ion resulting from the cleavage of the moiety is detectable. Although that prerequiste
was not fulfilled in the case of Q and its derivatives, adapted NLS methods might be useful
for investigation of other hypermodified nucleosides, especially of those carrying larger side
groups attached via rather labile linker structures. The possibility of performing pseudo-MS?
scans with the normally for MS?-experiments designed triple quadrupole by using in-source
fragmentation was exploited in collaboration with Prof. Dr. H. Schwalbe and J. Schmidt. Here,
in RNA of E. coli (tricarboxylic acid cycle deficient strain) fed with '3C-2-Glycerol as only carbon
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source, the positions of the introduced '*C atoms within the nucleobases were examined. The
fragmentation pattern of uracil and guanosine obtained from the respective MS? mass spectra
strongly indicated a labeling of the positions 6 in pyrimidines and 5 in purines, which is in
good accordance with literature [261]. Altogether, the various types of nucleoside analysis
performed using LC-MS/MS in different scan modi demonstrated the broad applicability of
the triple quadrupole MS-system. Those applications included not only the highly sensitive
detection and quantification of modified nucleosides (DMRM mode), but also the analysis
of all nucleosides, including unexpected or unknown ones, present in a sample (NLS), the
examination of fragmentation pattern and positions of nucleosides (product ion scan) and even

the detailed structural investigation of (modified) nucleobases.
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5 Materials and Methods

5.1 Materials

5.1.1 Chemicals, Reagents and Ready-to-use Buffers and Solutions

Acetic acid, glacial, HPLC grade
Acetonitrile, LC-MS grade
Adenosine

Adenosine triphosphate (ATP)

Ammonium acetate

Ammonium peroxydisulfate (APS)

Bovine Serum Albumine (BSA, 20 mg/mL)
Bromphenol Blue

Chloroform, HPLC grade

Cytidine

Cytidine triphosphate (CTP)
Dichlorodimethylsilane

Disodium hydrogenphosphate (Na;HPOy)
Dithiotreitol (DTT)

D-MEM #61965

DNasel buffer with MgCl,, 10x

dNTP mix, 10 mM

D-PBS #14190

Dynabeads® Streptavidin (M-280, M-270, MyOne™
T1, MyOne™ C1) #65801D

EDTA

Ethanol, 99.5 %

FastAP buffer, 10x

Fetal bovine serum (FBS) #10500
Formamide

GelRed #41001

Glycerol

Glycogen, RNA grade

Guanosine

Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich

Sigma-Aldrich

Thermo Fisher Scientific (Waltham, MA,
USA)

Sigma-Aldrich

Carl Roth (Karlsruhe, Germany)
Thermo Fisher Scientific
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Carl Roth

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Carl Roth

Carl Roth

Thermo Fisher Scientific
Thermo Fisher Scientific
Carl Roth

Biotium (Hayward, USA)
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

89



5 Materials and Methods

Guanosine triphosphate (GTP)

Isopropanol, LC-MS grade

Magnesium chloride (MgCls)
1-Methyladenosine (m'A)
N,N,N’,N’-Tetramethylethylenediamine (TEMED)
PCR reaction buffer, 10x
Penicillin/Streptomycin 10000 U, #15140
Potassium chloride (KCl)

Potassium dihydrogen phosphate (KH2POj)
RNA Binding buffer #R1013-2-25

RNA Prep buffer #R1060-2-25

RNA Wash buffer concentrate #R1003-3-12
Rotiphorese sequencing gel buffer concentrate
Rotiphorese sequencing gel concentrate (denaturing,
25 %)

Rotiphorese sequencing gel diluent
Rotiphorese Gel 40 19:1, 40 % non-denaturing
Sodium chloride (NaCl)

SYBR®Gold nucleic acid gel stain

TBE buffer, 10x

2-Thiouridine (s2U)

Total tRNA, E. coli

Total tRNA, Saccharomyces cerevisiae
TriReagent #19424
Tris(thydroxymethyl)aminomethane (Tris)
Tris-HCl

Triton-X 100

Trypsin-EDTA, 0.05 % #25300

Uridine

Uridine triphosphate (UTP)

Xylene Cyanol

Sigma-Aldrich

Sigma-Aldrich

Carl Roth

Sigma-Aldrich

Carl Roth

Rapidozym (Berlin, Germany)
Thermo Fisher Scientific

Carl Roth

Carl Roth

Zymo Research (Freiburg, Germany)
Zymo Research

Zymo Research

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Thermo Fisher Scientific

Carl Roth

Berry and Associates (Dexter, USA)
Roche Diagnostics (Basel, Switzerland)
Roche Diagnostics
Sigma-Aldrich

Carl Roth

Carl Roth
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

The nucleoside standards of mecm®U and mem®s?U were kind gifts of Prof. Dr. Andrzej

Malkiewicz (Lodz University of Technology, Faculty of Chemistry, Poland). All other chemicals

and reagents not listed here were obtained from the Institute of Pharmacy’s (University of

Mainz, Germany) in-house chemical store.
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5.1.2 Buffers, Solutions and Media

Ammonium acetate solutions 0.5 (for gel elution) and 5 M (for RNA precipitation) ammonium

acetate in Milli-Q water.
APS solution 10 % APS (m/v) in Milli-Q water.

1x Binding and Washing buffer 5 mM Tris-HCI (pH 7.5), 0.5 mM EDTA, 1 M NaCl in Milli-Q
water.

Cell culture medium 89 % (v/v) D-MEM, 10 % (v/v) FBS, 1 % (v/v) Pen/Strep.
KL-buffer 50 mM Tris-HCI (pH 7.4), 10 mM MgCl, in Milli-Q water.

LC-MS/MS solvent A 5 mM ammonium acetate in Milli-Q water, adjusted to pH 5.3 using
glacial acetic acid. Addition of 1 %o acetonitrile to prevent rapid spoilage.

Loading buffer, denat. 90 % (v/v) formamide, 10 % (v/v) 10x TBE buffer.
Loading buffer, non-denat. 50 % (v/v) glycerol, 10 % (v/v) 10x TBE buffer in Milli-Q water.
NP1 buffer 90 % (v/v) RNA hydrolysis buffer, 10 % (v/v) 2 mM zinc chloride (ZnCls) solution.

PAGE pre-mix, 10 % denat. 40 % (v/v) denaturing gel concentrate (25 %), 50 % (v/v) gel
diluent, 10 % (v/v) gel buffer concentrate.

PAGE pre-mix, 15 % denat. 60 % (v/v) denaturing gel concentrate (25 %), 30 % (v/v) gel
diluent, 10 % (v/v) gel buffer concentrate.

PAGE pre-mix, 8 % non-denat. 20 % (v/v) non-denaturing gel concentrate (40 %), 10 % 10x
TBE in Milli-Q water.

PAGE pre-mix, 10 % non-denat. 25 % (v/v) non-denaturing gel concentrate (40 %), 10 % 10x
TBE in Milli-Q water.

PAGE pre-mix, 15 % non-denat. 37.5 % (v/v) non-denaturing gel concentrate (40 %), 10 %
10x TBE in Milli-Q water.

1x PBS 1:10 dilution of 10x PBS in Milli-Q water, pH 7.4. Final salt concentrations are 137 mM
NaCl, 2.7 mM KCl, 1.7 mM KH5POy,, 10 mM NayHPOy,.

10x PBS 1.37 M NaCl, 27 mM KCl, 17 mM KHsPOy4, 100 mM NasHPO,4 in Milli-Q water
(pH 6.8).

10x RNA hydrolysis buffer 250 mM ammonium acetate in Milli-Q water, pH adjusted to 5.0

using acetic acid.
0.1x SSC buffer 1:10 dilution of 1x SSC buffer (15 mM NaCl, 1.5 mM trisodium citrate).

1x SSC buffer 1:20 dilution of 20x SSC buffer (0.15 M NaCl, 15 mM trisodium citrate).
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5x SSC buffer 1:4 dilution of 20x SSC buffer (0.75 M NaCl, 75 mM trisodium citrate).
20x SSC buffer 3 M NaCl, 300 mM trisodium citrate in Milli-Q water, pH 7.0.
1x TBE buffer 1:10 dilution of 10x TBE buffer in water.

5x transcription buffer (Strasbourg buffer) 40 mM Tris-HCI (pH 8.1), 1 mM Spermidine, 5
mM DTT, 0.01 % Triton-X 100 in Milli-Q water.

5.1.3 Enzymes

DNase 1,50 U/uL Thermo Fisher Scientific
FastAP thermosensitive Alkaline Phosphatase, 1 U/pL Thermo Fisher Scientific
Nuclease P1 (NP1) from Penicillium citrinum, lyophilized Sigma-Aldrich

Snake Venom Phosphodiesterase (SPD) from Crotalus Worthington (Lakewood, USA)
adamanteus venom, lyophilized

Taq DNA Polymerase, 5 U/nL Rapidozym (Berlin, Germany)
T4 DNA Ligase, 30 U/pL Thermo Fisher Scientific

T4 Polynucleotide Kinase, 10 U/uL Thermo Fisher Scientific

T4 RNA Ligase 2 in-lab preparation

T7 RNA Polymerase in-lab preparation

5.1.4 DNA and RNA Oligonucleotides

All DNA probes complementary to tRNAs were designed using the tRNA sequences listed in
the tRNAdb 2009 ([80], http:/ /trnadb.bioinf.uni-leipzig.de/) as templates, except for tRNAGH.,
for which the sequence was obtained from the MODOMICS database [79]. For tRNA isoaccep-
tor/isodecoder sequences that differed in less than 9 nucleotides, only one probe was designed,
which was expected to hybridize to both isoacceptors. This was the case for the isodecoder pairs
of tRNAf‘Cr%, tRNAEﬁﬁG, tRNA%r(%G, ’cRNAITé‘{J and tRNAIS(‘ifA [80], which all displayed sequence
differences of 5 nt or less. DNA probes carrying a fluorescent dye were labeled with fluoresceine
except for the probes MH630, MH710, MH765 and MH768, for which Atto488 was used. All
oligonucleotides were synthesized by IBA, Gottingen, Germany. DNA probes labeled with
AXXX were kindly provided by Prof. Dr. Yuri Motorin (also synthesized by IBA, Germany). In
table all DNA probes used for quantification and isolation of Saccharomyces cerevisiae tRNAs
are displayed. In table 5.2|all other DNA or RNA probes applied in MST experiments are listed,
and table 5.3|includes all oligonucleotides used for in vitro transcription and splint ligation.
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5 Materials and Methods

Table 5.2: Additional probes for MST measurements Complementary DNA probes used for MST mea-
surements (and isolation) of RNAs other than full-length S. cerevisiae tRNAs. Labeling at 5'- and 3'- ends as
well as target structures and sequence are listed. fl - fluoresceine.

DNA Target RNA 5’-label  3’-label Sequence
probe
MH630  tRNAMY(MAU)  biotin Atto488 AAATGGTGGCTACGACGGGATTCGAACCTGTGACCCCATC-
(E. coli) ATTATGAGTGATGTGCTCTAACCAACTGAGCTACGTAGCC
MHS808  tRNAAB(1ICU)  none fl TTAGAAGTCAGACGCGTTGCCATTACGCCACGCGAGC
5’-half
MH809  tRNAA®(1ICU)  none fl TGGCACTCACGATGGGGGTCGAACCCATAATCTTCTGA
3’-half
MH765  mascRNA biotin Atto488 AAATGGAGACGCCGCAGGGATTTGAACCCCGTCCTGG-
(human) AAACCAGGAGTGCCAACCACCAGCATC
MH768 55 rRNA biotin Atto488 AAAATGCCTGGCAGTTCCCTACTCTCGCATGGGGAGACCC-
(E. coli) CACACTACCATCGGCGCTACGGCGTTTCACTTCTGAGTTCG
MHS819  MelanA/GFP fl none AAUUAAGAAUUCGGCUUUUACUGAUAGGUAUCGAGAUCGA
mRNA
MHS820 polyA RNA none ITITITTTTITITTTITTITT
MHS821  polyA RNA none TITTTTTTTTTTTTTTTITTITTITTITTTTTITTTTTTTITTTITTITTIT
MH822 polyA RNA none ITTTTITITTTTTITTTTTITITITTITITTITTITITTTTITITITTTTT-
ITTTTTTITTTTITITTTTTITITTITITTIT
MHS824  polyA RNA none TTTTTTTTTT
MHS825  polyA RNA none TITTTTTTTTTITTITTITTITTTTITTITT
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5.1 Materials

Table 5.3: Oligonucleotides used for IVT and splint ligation PCR-templates and primers applied in IVT

and RNA oligonucleotides used for splint ligation are tabled.

Oligo- Target RNA Function Sequence
nucleotide
MH53 T7-universal CGCGCGAAGCTTAATACGACTCACTATA
primer
MH373 tRNAMeY(MAU) T7-template TGGTGGCTACGACGGGATTCGAACCTGTGACCCCATCATT-
(E. coli) ATGAGTGATGTGCTCTAACCAACTGAGCTACGTAGCCGAC-
GGTACCGGGTACCGTTTCGTCCTCACGGACTCATCAGGGC-
TACGTATCTCCCTATAGTGAGTCGTATT
MH374 tRNAMet(MAU) reverse primer TGGTGGCTACGAC
(E. coli)
MH766 mascRNA T7-template TGGAGACGCCGCAGGGATTTGAACCCCGTCCTGGAAA-
CCAGGAGTGCCAACCACCAGCATCTATAGTGAGTCGTATT
MH767 mascRNA reverse primer TGGAGACGCCGCA
MHS806 tRNAAT(1CU) 5’-fragment GCUCGCGUGGCGUAAUGGCAACGCGUCUGACUUCUAA
MHS807 tRNAAS(1CU) 3’-fragment UCAGAAGAUUAUGGGUUCGACCCCCAUCGUGAGUGCCA

5.1.5 RNA Samples Obtained from Collaborators
5.1.5.1 RNA for MST measurements

Total tRNA from S. cerevisiae, strain S288C, grown at 30 and 39 °C obtained from Dr.
Sebastian Leidel (RNA biology laboratory, Max-Planck-Institut fiir Molekulare Biomedizin,
Miinster).

Total RNA from S. cerevisiae, strain BY4741, grown at 30 °C/under heat shock Wildtype
and double mutant (Aelp3Adegl, Aelp3Aurml, Aurml1Adegl, AtcdlAelp3 and Atcd1Aurml,
described in [102| 225]) total RNA samples, prepared by Akif Ciftci, laboratory of Prof. Dr.
Raffael Schaffrath (Institut fiir Biologie, Fachgebiet Mikrobiologie, Universitat Kassel).

Total RNA from S. cerevisiae, strain BY4741, empty or inducible PaT vector (described
in [229, 233]]) prepared by Akif Ciftci, laboratory of Prof. Dr. Raffael Schaffrath (Institut fiir
Biologie, Fachgebiet Mikrobiologie, Universitat Kassel).

In vitro-transcribed MelanA/GFP mRNA, 64 nt polyA tail
(AK Helm, Institut fiir Pharmazie und Biochemie, Johannes Gutenberg-Universitdt, Mainz).

prepared by Isabell Hellmuth

In vitro-transcribed mRNAs, 51 and 101 nt polyA tails obtained from Prof. Dr. Katalin
Kariké (BioNTech RNA Pharmaceuticals GmbH, BioNTech AG, Mainz).
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5 Materials and Methods

5.1.5.2 RNA for LC-MS/MS measurements

Total tRNA from S. cerevisiae, strain S288C, wildtype and Aelp3, Auba4, Aelp3Auba4
mutants [102] obtained from Dr. Roland Klassen, laboratory of Prof. Dr. Raffael Schaffrath
(Institut fiir Biologie, Fachgebiet Mikrobiologie, Universitat Kassel).

Total tRNA from S. cerevisiae, strain BY4741, wildtype and Aurml/ Auba4 mutants + /-
expression vectors for S. cerevisisiae or human Urml/Uba4 [246] obtained from André
Jiides, laboratory of Prof. Dr. Raffael Schaffrath (Institut fiir Biologie, Fachgebiet Mikrobiologie,
Universitat Kassel).

Total tRNA samples from S. cerevisiae, strain BY4741, wildtype and various Aelpl mutants
[247] obtained from Wael Abdel-Fattah, collaboration of the laboratories of Prof. Dr. Raffael
Schaffrath (Institut fiir Biologie, Fachgebiet Mikrobiologie, Universitit Kassel) and Prof. Dr.
Mike Stark (Centre for Gene Expression and Regulation, College of Life Sciences, University of
Dundee, UK).

Total RNA from Schizosaccharomyces pombe, wildtype and Apmtl, + /- queuine supply
in growth medium [255] obtained from Dr. Martin Miiller, laboratory of Prof. Dr. Ann
Ehrenhofer-Murray (Institut fiir Biologie, AG Molekulare Zellbiologie, Humboldt Universitat

zu Berlin, Berlin).

Total RNA from E. coli, mutant strain DL323, grown under 3C-2-glycerol supply as only car-
bon source (described in [261]), obtained from Jochen Schmidt, laboratory of Prof. Dr. Harald
Schwalbe (Institut fiir Organische Chemie und Chemische Biologie, Zentrum fiir Biomolekulare
Magnetische Resonanz, Johann Wolfgang Goethe-Universitit, Frankfurt).

5.1.6 Cell Lines

HelLa cells A human cervix carcinoma cell line (DSMZ #ACC 57) obtained from a cancer tissue
sample of Henrietta Lacks in 1951. The cells were a kind gift from Prof. Dr. B. Epe
(Abteilung Pharmakologie, Institut fiir Pharmazie und Biochemie, Johannes Gutenberg-

Universitat, Mainz).

HEK cells An immortalized human embryonic kidney cell line (DSMZ #ACC 305). The cells
were a kind gift from Prof. Dr. A. Dalpke (Department of Infectious Diseases, Medical
Microbiology and Hygiene, University Hospital, Heidelberg).
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5.1.7 Disposables and Glassware

Cell culture flasks, 75 and 175 cm?, tc treated with
ventilated cap

Cell scraper

Centrifugation tubes, 15 and 50 mL

Filter top vacuum bottles, PES, 0.2 pm pore, 500 mL
Mlustra MicroSpin G-25 columns

MEGAclear Transcription Clean-Up kit #AM1908
Micro inserts #7-0632, conical, 250 pLL
NanoTemper standard treated capillaries #MO-K002

Pall Nanosep MF centrifugal device 0.45 pm
PCR vials, 200 uLL

Pipet tips with filter, RNase/DNase free, sterile
Reaction tube, 1.5 mL

RNA Clean & Concentrator Kit™-5
Serological pipets, sterile, disposable

Screw cap ND9 with puncture #7-0693

Short crimp-top vials ND9 #7-0675, 1.5 mL

5.1.8 Instruments

5.1.8.1 Basic Laboratory Equipment

Sarstedt (Niimbrecht, Germany)

Sarstedt

Sarstedt

Sarstedt

GE Healthcare Life Sciences
(Buckinghamshire, UK)

Thermo Fisher Scientific

NeoLab (Heidelberg, Germany)
Nanotemper Technologies (Munich,

Germany)

Pall Life Sciences (Crailsheim, Germany)

Kisker Biotech (Steinfurt, Germany)
Greiner (Frickenhausen, Germany)
Carl Roth

Zymo Research

Sarstedt

NeoLab

NeoLab

Analytical balances Mettler Toledo PM460 and Mettler Toledo Excellence Plus (Giefsen, Ger-

many)

Electrophoresis CBS LSG-400-20 NA vertical electrophoresis chamber (CBS Scientific, San Diego,
USA), Consort EV232 power supply (Consort, Turnhout, Belgium)

Incubation and shaking BIOER heatblock (Biozym, Oldendorf, Germany), Thermomixer Com-
fort (Eppendorf, Hamburg, Germany), Digital Heatblock (VWR, Darmstadt, Germany)

Centrifuges Eppendorf Centrifuge 5810R (Hamburg, Germany), 1-15 PK Sigma (Osterode am

Harz, Germany), Beckman Coulter Centrifuge Avanti J20 (Krefeld, Germany)

Pipetting Discovery Comfort micropipettes, variable (Abimed, Langen, Germany)

pH measurments FiveEasy'™ FE20 pH meter (Mettler Toledo)

Ultrapure water purification system Milli-Q, Millipore (Darmstadt, Germany)

UV detection UV lamp 254 nm (Herolab Molekulare Trenntechnik, Wiesloch, Germany)

UV spectrophotometry Nanodrop ND 2000 Spectrophotometer (Peqlab, Erlangen, Germany)
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5.1.8.2 Instrumentation and Equipment for Special Techniques

Gel detection Typhoon 9400 variable mode imager with an external blue laser unit (GE Health-
care, Buckinghamshire, UK)

HPLC system (part of the LC-MS/MS device) Synergi Fusion-RP18 column with 4 pm par-
ticle size, 80 A pore size and 250 x 2.0 mm dimension (Phenomenex, Aschaffenburg,
Germany) connected to an Agilent 1200 series LC-system equipped with a binary pump, a
temperature-controllable column compartment, a diode array detector for UV absorption
monitoring, a fluorescence detector and a temperature-controllable autosampler (Agilent
Technologies, Santa Clara, USA)

Mass spectrometry (part of the LC-MS/MS device) Agilent 6460 Triple Quadrupole mass
spectrometer equipped with an Agilent ESI Jetstream ion source with orthogonal spray
(Agilent Technologies), connected to a Claind Brezza NiGen LCMS 40-1 nitrogen generator

(Claind srl, Tremezzina, Italy)

Microscale Thermophoresis NanoTemper Monolith™ NT.115 (NanoTemper Technologies, Mu-
nich, Germany)

PCR peqSTAR Thermocycler (Peqlab, Erlangen, Germany)

Separation of magnetic beads 6-Tube magnetic separation rack (New England BioLabs NEB,
Ipswich, USA)
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5.2 Methods

5.2.1 RNA Preparation and Microscale Thermophoresis
5.2.1.1 RNA Precipitation

For purification and concentration purposes, ammonium acetate was added to aqueous RNA
solutions to a final concentration of 0.5 M. The 2.5-fold volume of ice-cold (-80 °C), pure ethanol
was subsequently added, followed by RNA precipitation at -20 °C overnight after mixing
thoroughly. Pelleting of the RNA was performed by centrifuging at 15493g at -5 °C for at least
30 minutes. Pellets were washed once using 100 puL 70 % ethanol (-20 °C) and centrifuged again
for 15-30 min. After removal of the supernatant, RNA pellets were dried at room temperature
(open tube lid, loosely covered with foil) for 10 min and dissolved in an appropriate volume
of Milli-Q water. RNA concentration was accessed by UV absorbance measurement using the
Nanodrop ND 2000 Spectrophotometer, and if necessary, samples were further diluted.

5.2.1.2 Denaturing Polyacrylamide Gel Electrophoresis (PAGE)

For analysis and purification of RNA samples, 10 or 15 % denaturing polyacrylamide gels
containing 8 M urea were prepared as follows: 75 mL of the respective 10 or 15 % PAGE pre-
mixes were thoroughly mixed with 300 pLL 10 % APS and 55 pLL TEMED solution and casted
between 20x20 or 20x30cm glass plates separated by 1 mm spacers. The size of the gel wells
was chosen depending on the application. After polymerization, gels were pre-run in 1x TBE
buffer for 20 min before RNA samples (mixed 1:1 with denaturing loading dye) were loaded.
Visualization of the RNA bands was either performed by UV shadowing or gel staining using
GelRed or SYBR®Gold nucleic acid gel staining solutions. Stained gels were scanned on the
Typhoon 9400 device with the following scanning filters: GelRed (excitation: 532 nm, emission
filter: 610 BP30), SYBR®Gold (excitation: 532 nm, emission filter: 526 SP). In case of fluoresceine-
or Atto488-labeled oligonucleotides, an additional gel scan was performed prior to the staining,
using the settings stated for the SYBR®Gold stained gels.

5.2.1.3 Non-Denaturing Polyacrylamide Gel Electrophoresis (PAGE)

For evaluation of hybridization events, non-denaturing polyacrylamide gels were prepared
as follows: for 20x20 cm gels, 75 mL 8, 10 or 15 % non-denaturing PAGE pre-mix were mixed
thoroughly with 750 uL 10 % APS and 45 nL. TEMED solution and casted between glass plates
as described for denaturing gels. After polymerization and a 20 min pre-run in 1x TBE buffer,
samples were loaded (1:1 mixed with non-denaturing loading dye). To prevent bleaching of the
fluorescently labeled oligonucleotides, gels were protected from light during electrophoresis by
covering with aluminium foil. After electrophoresis, gels were scanned (Typhoon 9400 device)
once to detect the fluorescently labeled oligonucleotides (excitation: 532 nm, emission filter: 526
SP), stained using SYBR®Gold nucleic acid gel stain and subsequently scanned again using the
same settings to visualize the unlabeled binding partners.
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5.2.1.4 PAGE Gel Elution

For size separation of tRNA from total RNA and purification of both in vitro transcribed and
isolated native (t)RINAs, RNA samples were mixed with one volume denaturing loading dye
and loaded onto 10 % denaturing PAGE gels. After visualization by UV shadowing or staining
(if necessary), gel bands corresponding to the target RNA were excised, mashed thoroughly
and eluted in 0.5 M ammonium acetate overnight under shaking at room temperature. Samples
were filtered through a Pall Nanosep centrifugal device and ethanol precipitated for clean-up.

5.2.1.5 RNA Preparation by in vitro Transcription

In vitro transcribed tRNANMSY (E. coli) was prepared as follows: 500 fmol DNA-template MH373
(containing both a T7 RN A-polymerase promotor and a hammerhead ribozyme sequence) was
amplified by PCR in presence of 1x reaction buffer, 3 mM MgCl,, 400 pM dNTP mix, each 2 pM
of forward and reverse primer (MH53, MH374) and 0.05 U/pL Tag-polymerase (35 PCR cycles:
denaturation: 2 min (cycle 1) or 30 s (cycle 2-35) at 90 °C, annealing: 30 s at 54 °C, elongation: 45
s (cycle 1-34) or 3 min (cycle 35) at 72 °C, final cooling to 4 °C). The obtained PCR product was
then in vitro transcribed by in-house prepared T7 RNA-polymerase in 1x transcription buffer
in presence of 5 mM NTPs, 5 mM DTT and 2.5 ng/mL BSA at 37 °C for 4 h. Successful in vitro
transcription was indicated by the precipitation of pyrophosphate. In vitro transcripts were
purified by 10 % denaturing PAGE and ethanol precipitation prior to downstream applications.
The IVT of mascRNA was prepared accordingly, using MH766 as T7 template and MH767 as

reverse primer for PCR.

5.2.1.6 RNA Preparation by Splint Ligation

The unmodified form of tRNAf‘é% was prepared by splinted ligation of the RNA oligonucleotides
MH806 and MHB807 (resembling the 5'- and 3’-fragments of the tRNA) using the complementary
probe MH778 as DNA splint. The required 5-phosphate of the 3’-fragment (2 nmol) was
added by T4 Polynucleotide Kinase-mediated phosphorylation (0.75 U/uL) in presence of 5
mM ATP, 5 mM DTT and 1x KL buffer for 1 h at 37 °C. Subsequently, the phosphorylated
oligonucleotide was pooled in 1x KL buffer with each 2 nmol the 5’-fragment and the DNA
splint and supplemented with 5 mM ATP and 5 mM DTT. The solution was incubated at 75
°C for 4 min followed by a 15 min cool-down to room temperature before T4 DNA ligase (1.5
U/pL) and T4 RNA ligase 2 (82 ng/pL) were added. Adjacent ligation was performed at 16 °C
overnight. To remove the DNA splint, the ligation mixture was supplemented with 1x DNase
1 buffer and incubated in presence of 3.33 U/uL DNase 1 for 2 h. The ligation product was
purified from the crude reaction mixture by 10 % denaturing PAGE using UV shadowing for
detection of the tRNA band. The respective band was eluted from gel (see and further
purified by ethanol precipitation.
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5.2.1.7 Total RNA Extraction from HelLa and HEK Cells

For total RNA isolation, HeLa or HEK cells were cultured in D-MEM medium supplied with 10
% (v/v) FBS and 1 % (v/v) Pen/Strep in 175 cm? cell culture flasks and splitted every 48-72 h
before harvesting. To harvest the cells, the medium was completely removed and cells were
lysed in 17.5 mL TriReagent per flask by incubation for 5 min and detached from the flask
surface using a cell scraper. Further steps were performed according to the manufacturer’s
manual [268]: The solution including the lysed cells was transferred to a 50 mL tube and 3.5
mL chloroform were added. After shaking the tube vigorously followed by 5 min incubation
at room temperature, phase separation was achieved by centrifugation at 12,000g (4 °C, 15
min). The upper, aqueous phase containing the RNA was carefully transferred to a new tube,
mixed with 8.75 mL isopropanol and incubated at room temperature for 10 min to precipitate
the RNA. After centrifugation at 12,000 g (4° C, 10 min), the RNA pellet was washed in 17.5
mL 75 % ethanol and centrifuged again (7500g, 4 °C, 10 min). After drying the RNA pellet
carefully at room temperature, it was dissolved in Milli-Q water and submitted to a second
ethanol precipitation step to ensure high RNA purity.

5.2.1.8 Size Fractionation of HeLa and HEK total RNA

To separate total RNA into a small (<200 nt) and a large (>200 nt) fraction, two commercially
available RNA purification kits were combined: The manufacturer’s protocol for RNA size
separation as well as the required buffers and solutions were taken from the RNA Clean &
Concentrator kit (Zymo Research) while columns (due to the higher capacity for RNA) were
used from the MEGAclear Transcription Clean-Up kit (Thermo-Fisher Scientific). For the size
separation, sample batches of 200 pL total volume containing a maximum of 500 pg total RNA
were prepared and mixed with 400 puL adjusted RNA binding buffer (RNA binding buffer
diluted 1:1 with pure ethanol, Zymo Research). The mixture was passed through one of the
columns (Thermo-Fisher Scientific) by centrifugation (12,000g, 30 s), saving the flow-through
(containing the small RNA fraction). The flow-through was mixed with one volume pure
ethanol (600 nL) and passed through a new column in two batches, discarding the flow-through.
Subsequently, each of the two columns (first one containing the large fraction, second one the
small RNA fraction) was rinsed consecutively with 400 pL. RNA preparation buffer, 700 pL and
500 pLL RNA wash buffer (Zymo Research). To ensure complete removal of the RNA wash bulffer,
the last centrifugation step (12,000g) was elongated from 30 s to 2 min. The flow-throughs were
discarded and columns were transferred to fresh collection tubes. For elution, 50 nL. MilliQ
water were added to each column and subsequently heated up to 70 °C for 5 min, followed by
centrifugation for 1 min (12,000g). The elution was repeated once to increase the yields. Sample
purity and size fractionation were verified by denaturing PAGE and samples containing the

same RNA size fractions were pooled and concentrated by ethanol precipitation.
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5.2.1.9 Isolation of Specific RNA Molecules

Specific target RNA molecules were isolated from either total tRNA mixtures or total RNA by
hybridization to complementary, 5’-biotin labeled DNA oligonucleotides and immobilization
on streptavidin-coated magnetic beads for subsequent separation. For small batch isolations,
100 pmol of the respective complementary DNA oligonucleotide were hybridized to the appro-
priate amount of total (t)RNA (determined by MST measurements in case of tRNAs) in 5x SSC
buffer (100 uL total volume) by denaturing the sample at 90 °C for 3 min, followed by a 10 min
incubation at 65 °C. Hybridized samples were cooled down to room temperature prior to the
immobilization step. Streptavidin-coated, magnetic beads (Dynabeads® MyOne™ T1 or C1, 25
pL of the stock solution per sample) were washed 3 times in 1x Binding and Washing buffer and
once in 5x SSC buffer (volume equal to initial bead volume, 25 pL) before the hybridized samples
were added. Each washing and separation step consisted of adding the buffer, short vortexing
at half speed for mixing, a brief spin-down and finally separation of the magnetic beads from
the remaining solution by placing the tube onto a magnetic rack for 2 min. Immobilization
of the biotinylated hybrid was performed by incubation at 25 °C under slight shaking (650
rpm). Subsequently, tubes were put onto the magnetic rack for separation of the supernatant
containing non-target RNA. After removal of the supernatant, beads were washed once in 1x
SSC buffer and additional 3 times in 0.1x SSC buffer (first step: 50 pL, subsequent steps: 25 nL)
and subsequently resuspended in Milli-Q water (25 pL). Elution of the target RNA was achieved
by heating to 75 °C for 3 min and immediate removal of the RNA-containing supernatant. To
remove any residual DNA oligonucleotide, 3 pL of DNase I buffer (1x final concentration) and 2
pL (1000 U) DNase I were added followed by incubation at 37 °C for 2 hours. Final clean-up
of the sample was carried out by 10 % denaturing PAGE, elution of the target RNA gel band
and ethanol precipitation. For larger batch isolations, the described protocol was scaled up
as required. As the appropiate amount of the small RNA fraction of HeLa and HEK cells for
the isolation of mascRNA could not be determined by MST due to its very low abundance,
approximately 400 pg HeLa respectively 240 ng HEK small RNA were used for the hybridization
to 100 pmol MH765 each. Additional changes to the standard protocol were omitting the PAGE
purification step (due to the high probability that a band corresponding to mascRNA would not
be visible due to its low amount) and instead directly performing an ethanol precipitation step
in presence of 2 pL RNA-grade glycogen.

5.2.1.10 RNA Hybridization

RNA Titration Series for Non-Denaturing PAGE Analysis To analyze the hybridization of
target RNA and respective DNA probe, a constant amount of fluorescently labeled DNA probe
(10 pmol) was hybridized in 1x PBS buffer to increasing amounts of target in vitro transcript
(2-18 pmol, depending on the target RNA). Hybridization was achieved by heating the samples
to 90 °C for 3 min followed by the actual hybridization at 65 °C for 10 min. Samples were
cooled down to room temperature under light protection before mixing with an equal amount

of non-denaturing loading dye and analysis by non-denaturing PAGE. The samples described
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in figure 3.9 were prepared accordingly, using 10 pmol of the indicated DNA probe and 10 pmol

of either native or unmodified tRNAfé%.

RNA Titration Series for MST Measurements Titration series for MST measurements, each
consisting of 16 samples, were prepared by titration of a constant concentration of fluorophore-
labeled DNA oligonucleotide (standard concentration for tRNA quantification 100 nM (20 pL
final volume), for polyA measurements 25-50 nM (10 pL total volume)) against increasing
amounts of either in vitro transcribed RNA (concentration range 0-0.2 pM for tRNAs, 0-0.28
pM for mRNAs), total tRNA (0-15 pM) or total RNA (0-2 pg/uL). Molar concentrations of total
tRNA samples were calculated using UV absorbance measurements and the approximation of
1 pg = 40 pmol tRNA. The exact concentration range for each titration series was determined
individually for each sample. Hybridizations were performed in 1x PBS buffer (pH 7.4) by
denaturing the samples at 90 °C for 3 min and subsequent incubation at 65 °C for 10 min. Before
MST measurement, samples were cooled down to room temperature and stored at -20 °C if
necessary. The hybridizations of MH784 (tRNAﬁ%) and MH819 (IVT MelanA /GFP mRNA)
were carried out at pH 6.5 in 2x and 1x PBS, respectively. In case of the 10, 20 and 30 nt polyT
DNA probes (MHS824, MHS820, MH825), hybridization temperature was decreased to 37 °C.

Sample Preparation: Section [3.1.2.6]- Application 1 Total tRNA samples of S. cerevisiae
(strain S288C) were received from the laboratory of Dr. S. Leidel in biological triplicates.
Titration series using all 23 functional DNA oligonucleotides complementary to S. cerevisiae tRNA
isoacceptors were prepared for each total tRNA sample using a constant DNA oligonucleotide
concentration of 100 nM as described above. For MH784, hybridizations were carried out in 2x
PBS (pH 6.5). RNA concentration ranges were optimized for each DNA oligonucleotide-target
tRNA pair individually in order to receive well-shaped, sigmoidal binding curves with enough
data points covering all areas of the curve. Titration series were analyzed using the standard
settings described below, except for changing the MST power to 60 % for titration series of
MH?779, MH780, A676 and A682.

Sample Preparation: Section @ - Application 2 and 3 Total RNA samples of S.
cerevisinze (WT strain BY4741) were received from the laboratory of Prof. Dr. R. Schaffrath,
prepared by A. Ciftci. The obtained total RNA samples were run on 10 % polyacrylamide gels
to extract the total tRNA pools. Titration series were prepared for the target tRNAs employing
the extracted tRNA mixtures as described above and using the respective DNA probes. MST
measurements were conducted as described below, using an elevated MST power of 60 %
for MH779 and A676 titrations. All measurements were performed in technical triplicates by
measuring the same titration series three times in a row. Accordingly, total RNA samples of S.
cerevisine BY4741 containing either an empty or an inducible PaT-vector (obtained from Akif
Ciftci) were prepared for the analysis of tRNA$®, and tRNAHS ..
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Sample Preparation: PolyA-Measurements Titration series of 4 polyT DNA oligonucleotides
(MHS820, MHS821, MH822, MHS825) were prepared for three different mRNA in vitro transcripts
(kindly provided by I. Hellmuth and Prof. Dr. K. Kariko6) of variable polyA tail length (51, 64
and 101 nt, respectively) according to the standard conditions with the exception of the DNA
probe concentration, which was decreased to 25-50 nM to decrease sample consumption. For
the 64A mRNA (MelanA-GFP mRNA, kindly provided by I. Hellmuth), titration series were
prepared in triplicates. Additionally, titration series of the 64A-in vitro transcript with MH824
(10 nt polyT probe) and MHS819 (40 nt RNA oligonucleotide complementary to the 3’-UTR) were
made using 1x PBS at pH 6.5 for MH819. Concentration ranges of the IVTs were optimized
for each DNA probe-IVT pair individually. For polyA measurements in total RNA, titration
series of total RNA (HeLa or S. cerevisiae) and MH820 or MH825 (20 or 30 nt polyT probes) were
pipetted (0.4 ng/uL-4 ng/pL). S. cerevisiae total RNA (wildtype, Aelp3Adegl and PaT-induced,
received from Akif Ciftci) was purified using Illustra MicroSpin G-25 columns according to the
manual prior to sample preparation. MST experiments were performed under the standard
conditions using the following MST power settings: MST power 40 % (MH820, MH822), MST
power 60 % (MHS825), MST power 70 % (MHS821) and MST power 80 % (MHS819).

5.2.1.11 Microscale Thermophoresis-based RNA Quantification

MST Measurements All microscale thermophoresis measurements were performed on a
Monolith™ NT.115 instrument (NanoTemper Technologies) using the Standard Treated Capil-
laries of the supplier. Each of the 16 solutions of one titration series was filled into a capillary,
which were measured successively to create the respective 16 data points in the experiment.
Following general settings were applied for all MST experiments accomplished: manual temper-
ature control: 25 °C, LED laser: blue, fluorescence measurement before MST: 5 s, MST (IR laser)
on: 45 s, fluorescence after MST: 15 s, delay: 25 s. LED and MST power settings were chosen
individually for each sample by adjusting the LED power to yield fluorescence signals of at
least 200 units (typically 40-80 %) and the MST power to achieve an appropriate thermophoretic
response (standard setting 40 % MST power, for a few experiments 60-80 %).

MST Data Analysis MST measurements were analyzed using the NT analysis software (ver-
sion 1.5.41) in the "thermophoresis” setting, excluding the Tjump. To keep the parameters
equal for all experiments, cold and hot areas were defined as follow: cold (start: 5.8 s, length:
1.1 s) and cold (start: 48.03 s, length: 1.91 s). Normalized fluorescence ratios (hot/cold x1000,
Fnorm) Were exported and plotted versus the logiy of the respective concentration using the
GraphPad Prism 7.00 software (for Windows, GraphPad software, La Jolla, California, USA,
www.graphpad.com) for each titration experiment. Binding curves were obtained from the data
points using a dose-response fit with variable slope (sigmoidal, 4-parameter logistic curve, X is
log(concentration)) available in the software employing following model (Y = response, Top,
Bottom = plateaus of the curve (unit of Y), X = log(concentration), Hillslope = steepness of the
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curve, ECsp = concentration at half response between bottom and top(unit of X)):

Top-Bottom

Y = Bottom + 1 + 10L0g(ECso—X) xHillslope

As fitting model, the “least squares (ordinary) fit” option was applied under default settings
without constrainment of parameters. The confidence level was set to 95 % and asymmetrical
(likelihood) confidence intervals were calculated. The resulting ECsy values, indicating the
RNA concentration at which 50 % of the DNA oligonucleotide is bound by hybridization was
employed for the following calculations: (i) hybridization ratios in case of in vitro transcripts
by comparing the RNA amount at 100 % binding to the total DNA oligonucleotide amount in
the samples (equation5.1), (ii) single tRNA abundance in % of total tRNA by dividing the total
DNA probe amount (resembling the amount of the target RNA assuming 100 % binding) by the
tRNA amount required for full hybridization (equation and (iii) the number of polyT probes
bound by 1 pg of total RNA (polyT/ng, equation . Cprobe PTObe concentration, vol sample
volume, 7,r0be/RNA MOl probe/RNA in sample [pmol], mita1 Rna amount total RNA in sample
[1g], NpolyT probe Number of probe molecules, N4 Avogadro constant (6.022 x 10** mol ™).

Cprobe X VOl Nprobe
Probe:RNA = —F2 =F 5.1
robe ECs50 x 2 X vol NRNA (®-1)
c X vol n
% target tRNA = — P2 = " 100 = — PP, g0 = "% 900 (5.2)
EC50 x 2 X vol Ntotal tRNA Ntotal tRNA
polyT _ CpolyT probe ¥ vol x Ny _ MpolyT probe X Na . NpolyT probe (5.3)

g ECs5p x 2 x vol Miotal RNA Miotal RNA

5.2.2 Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Procedures and methods required for LC-MS/MS analysis were mainly adapted from [223] and
are described in detail in [172]].

5.2.2.1 RNA Sample Preparation

If required, RNA samples were purified by ethanol precipitation and dissolved in Milli-Q water.
To digest up to 10 pug of RNA to the nucleoside level, the following protocol was used [223]
(adapted from [171]): The sample was mixed with 1—10 volume of 10x nuclease P1 buffer (pH 5.0)
and subsequently 0.3 U nuclease P1 (NP1) as well as 0.1 U snake venom phoshodiesterase (SPD)
were added followed by a 2 h incubation at 37 °C. Thereafter, % volume 10x FastAP buffer and
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1 U FastAP thermosensitive alkaline phosphatase were mixed in and incubated for 1 h at 37
°C. Digested samples were diluted as required and stored at -20 °C if not directly submitted to
LC-MS/MS analysis. The calibration series of mecm®U and mem®s?U were prepared by diluting
10 mM stocks of the nucleoside standards to concentrations of 1 nM, 10 nM, 100 nM and 1
pM. Injection volumes were 10 pL for the 1 nM solution, 2, 5 and 10 pL for the 10 and 100 nM
solutions and 2 pL for the 1 uM solution.

5.2.2.2 High Performance-Liquid Chromatography

Chromatographic separation of the nucleosides was performed using a polar-embedded reverse
phase (RP18) HPLC column (Synergi Fusion RP, 4 um, 80 A, 250 x 0.2 mm) at 35 °C column
temperature on an Agilent 1260 HPLC system additionally equipped with a diode array detector
(DAD) for UV detection. The solvents used for the separation consisted of a 5 mM ammonium
acetate buffer (pH 5.3, solvent A) and pure acetonitrile (solvent B). The following gradients were
used for either DMRM mode, product and pseudo-MS? scans (gradient 1, table or NLS
(gradient 2, table[5.5):

Table 5.4: Gradient 1 for LC-MS/MS analysis Gradient 1 used for RNA modification analysis in the DMRM
mode as well as for product ion and pseudo-MS? scans. Sovlent A represented a 5 mM ammonium acetate
buffer (pH 5.3) and solvent B pure acetonitrile.

Time [min] Solvent A [%] Solvent B [%]

0 100 0
10 92 8
20 60 40
23 100 0
30 100 0

Table 5.5: Gradient 2 for LC-MS/MS analysis Gradient 2 used for RNA modification analysis in the NLS
mode. Sovlent A consisted of a 5 mM ammonium acetate buffer (pH 5.3) and solvent B of pure acetonitrile.

Time [min] Solvent A [%] Solvent B [%]

0 100 0
20 90 10
30 75 25
40 20 80
43 100 0
54 100 0

Before entering the mass spectrometer for mass analysis, the UV absorbance of the column eluate
at 254 nm was determined using the diode array detector and recorded in a UV chromatogram.
UV detection was applied for the high abundant main nucleosides to avoid saturation effects
and to preserve the electromultiplier.
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5.2.2.3 Mass Spectrometry

MS/MS analysis was performed on an Agilent 6460 triple quadrupole mass spectrometer (QQQ)
equipped with an Agilent Jetstream ion source which enables efficient electrospray ionzation of
the nucleosides. As nebulizing and collision gas, high-purity nitrogen generated by a separate
nitrogen generator was used. The mass spectrometer was run in the positive ionization mode
for all described scan modes and instrument controlling was performed by using the Agilent

MassHunter Data Acquisition Software.

General instrument settings Following general settings of the mass spectrometer were applied
for all scan types described (table[5.6):

Table 5.6: General settings of the mass spectrometer Intrument parameter settings applied for all types
of LC-MS/MS analysis. Pure nitrogen was used as nebulizing/ sheath gas.

Instrument parameter Setting
gas temperature 350 °C
gas flow 8 L/min
nebulizer pressure 50 psi
sheath gas temperature 350 °C
sheath gas flow 12 L/min
capillary voltage 3000 V

DMRM method: Wobble U Modifications and Queuosine Settings of the parameters frag-
mentor voltage and collision energy as well as precursor and product ion m/z values and
retention times were adjusted individually for each nucleoside of interest. Retention time
windows allowed in the DMRM mode were set to 2-3 minutes depending on close eluting non-
target nucleosides. The cell accelerator voltage was 2 V for all of the investigated nucleosides.
If applicable, retention times were checked prior to each analysis using synthetic standards or
digested total tRNA mixtures, as retention times might shift over time due to column aging.
The following instrument settings (table were applied for the analysis of the wobble U34

modifications (section3.3.1) and queuosine (section (3.3.3):

NLS For the neutral loss scan of the isolated tRNAs (section [3.3.2), the method described
in detail in [173] was applied. The scan included the neutral losses of 132 (ribose), 146 (2'-
O-methyl-ribose) and 36 (loss of two water molecules for pseudouridine detection) and was
divided into several time segments in order to exclude the main nucleosides from analysis (due
to their high abundance the resulting peaks would prevent the detection of the much smaller
peaks of coeluting modifications). The m/z range scanned in quadrupole 1 was 230-600, in
segments in which a main nucleoside eluted the respective precursor m/z (and the m/z +1)
was excluded. The eluates of the first 2 and last 9 min of the chromatographic run were sent to

the waste compartment and thus not included in the mass analysis. Fragmentor voltage was
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Table 5.7: MS/MS parameters: modified uridines and queuosine Applied MS/MS parameters for the
detection of the modified U34 nucleosides and queuosine in the DMRM mode. Retention times varied slightly
depending on column age.

nucleoside precursor product fragmentor collision energy  retention
m/z m/z voltage [V] [eV] time [min]

ncm®U 302 170 66 5 6.0

s?U 261 129 66 5 11.3

mcm’®U 317 185 66 5 12.7

mcm’s?U 333 201 66 5 16.3

Q 410 295 80 10 10.4

80 V for all transitions scanned, and the collision energy employed was either 15 eV (standard
fragmentation) or 10 eV (pseudouridine), respectively. Cell accelerator voltage was set to the

standard value of 2 V.

Product lon Scan of Queuosine The determination of the fragmentation pattern of queuosine
was achieved by performing a product ion scan, in which a defined precursor m/z (protonated
nucleoside) passed quadrupole 1, and all fragments generated in the collision cell were detected
in quadrupole 2. Below the parameters used for the analysis of queuosine are listed (table [5.8),

for the cell accelerator voltage the standard setting of 2 V was applied.

Table 5.8: MS/MS parameters: Product ion scan of queuosine MS/MS instrument parameters applied
for the product ion scan of queuosine.

nucleoside precursor MS2 range scanning fragmentor collision energy
m/z [m/z] time [ms] voltage [V] [eV]
Q 410 100-1000 500 80 10

Pseudo-MS? Scan of (Labeled) Nucleobases To investigate the fragmentation pattern of the
nucleobases (instead of the nucleosides), pseuo'lo—MS3 scans were performed, which basically
represent product ion scans of the nucleobases, which were generated during in-source frag-
mentation. In-source fragmentation was achieved by increasing the fragmentor voltage (to
150-200 V), fragmentation of the nucleobase in the collision cell required the increase of the
collision energy (to 25-20 eV). Table [5.9| summarizes the MS/MS parameters applied for the
fragmentation of the four main nucleobases (labeled with *C and '°N as described in section
in the product ion scan mode using a cell accelerator voltage of 2 V.

5.2.2.4 Data analysis

Acquired LC-MS/MS data was analyzed employing the Agilent MassHunter Qualitative Anal-
ysis Software (version B.05.00). A detailed description of the individual steps required for
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Table 5.9: MS/MS parameters: pseudo-MS? scan of labeled nucleobases MS/MS instrument parameters
applied for the pseudo-MS? scan of the labeled nucleobases in the product ion scan mode.

nucleoside precursor MS2 range scanning fragmentor collision energy
m/z [m/z] time [ms] voltage [V] [eV]

G 158 20-158 500 200 30

A 142 20-142 500 200 30

C 116 20-116 500 200 30

U 116 20-116 500 150 25

qualitative and especially quantitative analysis of the data is found in [172]. Analysis of the

recorded UV data was performed by extracting the UV chromatogram, assigning the peaks of

the four main nucleosides (elution order: cytidine, uridine, guanosine and adenosine, valid

for both gradients applied), and, if required, integrating the peaks to receive the respective

peak areas. Analysis of the MS/MS data was performed as follows for the different scan types

applied:

1. DMRM mode Chromatograms of the single compounds analyzed were extracted using

the “find compounds” function in the software and peaks were inspected for errors in the
automatically performed peak recognition. Obtained peak areas were normalized to the
UV peak area of one main nucleoside to counterbalance differences in the injected RNA
amount when comparing different samples. In case of the wobble U34 modifications, U
was chosen for normalization, and for queuosine the UV peak of G was used. For relative
quantification of modification contents in sample sets, the fold-change of the normalized
peak areas compared to the control sample (e.g. the wildtype) was calculated (compare
tigure e). Alternatively, the normalized peak areas were directly compared to each

other (see figure b).

. NLS mode Each peak in the total ion current (TIC) was inspected individually by extracting

the mass spectrum displaying the precursor ion losing either a ribose or a 2’-O-methyl-
ribose moiety. For very small, hardly detectable peaks, the precursor ion was verified by
extracting the “extracted ion chromatogram” (EIC) for the respective m/z value, which
enables an inspection of peaks corresponding to the specific m/z values by excluding
all other m/z values from the chromatogram. By the so accomplished exclusion of high
abundant peaks smaller peaks could be examined more thoroughly (compare figure [3.36).
For all peaks detected, m/z values of the precursor ion were extracted and aligned to
possible modified nucleosides using the MODOMICs database [79] as well as the tRNAdb
2009 [80].

. Product ion scan The total ion current chromatograms received from the product ion scans

contained all peaks corresponding to one or more predefined precursor ions, which were
manually examined. For each peak detected, the respective mass spectrum displaying the
generated product ions was extracted and evaluated regarding the fragmentation pattern.
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110

A typical fragmentation at the glycosidic bond showed a fragment ion with a by 132 or
146 decreased m/z value (resembling a ribose or 2’-O-methylribose moiety) compared to
the precursor ion. The untypical fragmentation positions of queuosine were assigned with
the help of information kindly provided by Prof. Dr. Patrick Limbach (Biological Mass
Spectrometry, Department of Chemistry, University of Cincinnati, USA).

. Pseudo-MS? scan In principle, pseudo-MS? scans were analyzed as described for the

product ion scans, with the precursor ion being the nucleobase and the mass spectrum
extracted illustrating all fragments generated by fragmentation of the nucleobase. As the
resulting mass spectra were considerably more complex than for the fragmentation of
the nucleosides, peak assigments to the respective fragment structures were performed
by comparing to cleavage pathways described in literature [262-266|]. For the labeled
nucleosides described in section peaks were allocated under consideration of the
number of labeled atoms in the nucleobase.
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Appendix to Chapter [3.1]
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Figure A.1: Fluorescence time traces of native tRNAMet(MAU) (E. coli) Fluorescence time traces
corresponding to the binding curve shown in section figure Native tRNAMet(MAU) was isolated
from E. coli total tRNA (section and submitted to MST measurements using probe MH630 (100 nM).
Changes of the fluorescence time traces upon increasing tRNA concentration demonstrated the binding of the
probe to the native tRNAMet(MAU). Time traces of labeled and completely bound probe are indicated (green
or magenta, respetively).

135



A Appendix

s s <
gl X o oX
L g= <3 = o o=
°© ©8 Zo 3 °o ©of
& &8 Q% o & &8
200 bp
=
100 bp

et

u <4— hybrid

<4— DNA probe

50 bp
— <
<4— total tRNA

SYBR®Gold staining

: |

before staining

Figure A.2: Detection of tRNAMet(MAU) in total tRNA by PAGE A non-denaturing PAGE (8 %) gel
was run to confirm the hybridization of the DNA probe MH630 to native tRNAMe{((MAU) in a total tRNA
mixture (corresponding section: . 5 pmol of the DNA probe were hybridized to 2.5 pg total tRNA
(E. coli). The shift of the labeled DNA probe detectable in the sample compared to the control lane (probe
only) indicated the successful hybridization of the probe to tRNAMet(MAU). Scans of both unstained (left) and
SYBR®Gold stained (right) gel are displayed, respective bands of hybrid, probe and tRNA are indicated by
arrows.
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Figure A.3: MST measurement of native tRNA”'2(1CU) at pH 6.5 Hybridization of the full-length as
well as the 5'- and 3'-half probes to native tRNA*"€(1CU) at pH 6.5 was tested in MST measurements. (a)
displays the fluorescence time traces of the 3'-half probe, the only probe that showed a change in thermophoresis
upon hybridization. Time traces of the lowest and highest tRNA concentration are marked in green and magenta,
respectively. In (b), respective Fyom Vs. log(concentration) plots are shown for each probe, demonstrating
that only for the 3'-half probe (black) a binding curve was received. Probe concentration was 0.1 uM.
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Figure A.4: Hybridization conditions for MST measurement of tRNA”8(ICG) Using a commercial total
tRNA mixture (S. cerevisiae), hybridization conditions for tRNAA"(ICG) were optimized. The binding curves
received from MST measurements displayed a clear thermophoretic response when using 2x PBS at pH 6.5
instead of the standard hybridization conditions indicated (magenta). Under the standard conditions, a
thermophoretic response was completely absent (black). Thus, for quantification of tRNAA8(ICG), the adapted
annealing conditions were applied. Probe concentration was 0.1 uM.
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Table A.1: ECsg values of S. cerevisiae tRNA species, application 1 ECsg values determined for the 23
S. cerevisiae tRNAs, correlating to the binding curves presented in figures [A.5] and are displayed.
Presented data corresponds to application 1 (section and figure [3.14] Total tRNA samples of S.
cerevisiae, strain 5288C, grown at 30 and 39 °C were obtained from Dr. S. Leidel, DNA probe concentration
was 0.1 pM . Mean values of biological triplicates are tabled and 95 % confidence intervalls (Cl) are indicated.

tRNA ECs030°C 95 % CI ECs039°C 95 % CI
[nM] [nM]

tRNAAR(IGC) 1.363 1.261-1.474 1.264 1.165-1.373
tRNAAB(1CU) 1.504 1.363-1.680 1.522 1.371-1.700
tRNAAB(ICG) 3.623 3.357-3.955 3.399 3.197-3.631
tRNAASY(GUU) 1.946 1.824-2.065 2.087 1.943-2.228
tRNAASP(GUCQ) 1.652 1.460-1.877 1.747 1.544-2.011
tRNACYS(GUC 5.409 5.114-5.739 6.328 5.782-7.152
tRNAC(3UG) 3.275 2.889-3.957 2.841 2.538-3.298
tRNASY(3UC) 2.203 2.036-2.374 2.143 1.947-2.333
tRNACY(.CQ) 4.807 4.437-5.181 4.733 4.536-4.927
tRNASY(GCCQ) 1.742 1.583-1.910 1.825 1.703-1.951
tRNAHS(GUG) 3.724 3.386-4.130 3.972 3.698-4.321
tRNAT(TAU) 1.313 1.219-1.416 1.270 1.205-1.338
tRNALY(UAA) 2.999 2.851-3.153 3.348 3.253-3.448
tRNADS(3UU) 1.683 1.468-1.955 1.692 1.404-2.116
tRNADYS(CUU) 3.070 2.893-3.278 2.862 2.705-3.044
tRNAMet(CAU) 4.394 4.167-4.643 4.660 4.368-4.990
tRNAMeY(CAU), Ini 4.188 3.840-4.638 3.970 3.219-5.908
tRNAP(NGG) 1.696 1.576-1.827 1.593 1.473-1.720
tRNAS'(IGA) 1.571 1.379-1.822 1.610 1.309-2.095
tRNAT(IGU) 1.093 0.995-1.195 1.146 1.007-1.316
tRNATP(BCA) 6.257 5.971-6.583 7.251 6.842-7.861
tRNATY'(GPA) 2.692 2.581-2.817 3.148 2.915-3.484
tRNAVA(IAC) 0.873 0.803-0.942 1.015 0.949-1.085
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Figure A.5: Fluorescence time traces and binding curves of S.cerevisiae tRNAs - 1 For the first set of
the 23 analyzed S. cerevisiae tRNA species, example fluorescence time traces as well as the binding curves from
which the abundances in section (Application 1, compare figure [3.14)) were extracted are displayed.
Time traces of the lowest (green) and highest (magenta) concentration in each titration series are labeled,
respectively, corresponding to free and bound DNA probe. Total tRNA samples of S. cerevisiae, strain $288C,
grown at 30 and 39 °C were obtained from Dr. S. Leidel. Error bars represent the standard deviation of
biological triplicates, n=3.
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Figure A.6: Fluorescence time traces and binding curves of S.cerevisiae tRNAs - 2 For the second set
of the 23 analyzed S. cerevisiae tRNA species, example fluorescence time traces as well as the binding curves
from which the abundances in section (Application 1, compare figure [3.14)) were extracted are displayed.
Time traces of the lowest (green) and highest (magenta) concentration in each titration series are labeled,
respectively, corresponding to free and bound DNA probe. Total tRNA samples of S. cerevisiae, strain S288C,
grown at 30 and 39 °C were obtained from Dr.

biological tripli
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Figure A.7: Fluorescence time traces and binding curves of S.cerevisiae tRNAs - 3 For the third set of
the 23 analyzed S. cerevisiae tRNA species, example fluorescence time traces as well as the binding curves from
which the abundances in section (Application 1, compare figure [3.14) were extracted are displayed.
Time traces of the lowest (green) and highest (magenta) concentration in each titration series are labeled,
respectively, corresponding to free and bound DNA probe. Total tRNA samples of S. cerevisiae, strain S288C,

grown at 30 and 39 °C were obtained from Dr.

biological triplicates, n=3.

S. Leidel.

Error bars represent the standard deviation of
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Figure A.8: Consistency of tRNA abundances in S. cerevisiae strains Binding curves of tRNA®"(3UG),
tRNAP(NGG) and tRNAHS(GUG) measured in S. cerevisiae total tRNA of S288C (black) and BY4741
(magenta), related to section and figure [3.12] b. While tRNAS"(3UG) levels were well comparable in the
two strains (< 10% deviation), abundances of tRNAP(NGG) and tRNAH(GUG) showed more pronounced
differences (approximately 45 % lower ECsq values corresponding to elevated tRNA levels in BY4742). Total
tRNA samples of S. cerevisiae, strain S288C, grown at 30, were obtained from Dr. S. Leidel. Total RNA
samples of strain BY4741 were prepared by Akif Ciftci. ECgo values are indicated, probe concentration was 0.1

pM.
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Table A.2: ECsg values determined for S. cerevisiae tRNAY(3UU), application 2 Quantification of
tRNALY*(3UU) in total tRNA from wildtype and double mutant S. cerevisiae (background strain BY4741),
data given corresponds to section [3.1.2.6] application 2. ECsg values obtained from MST measurements as
well as 95 % confidence intervalls are listed. Total RNA samples were prepared by Akif Ciftci. DNA probe
concentration was 0.1 pM.

strain ECso [1M] 95 % CI ECso [1M] 95 % CI
30 °C heat shock

WT (BY4741) 1.815 1.714-1,930 1.661 1.565-1.768
Aelp3Adegl 2.221 2.117-2.340 2.087 1.929-2.282
AurmlAdegl 1.584 1.460-1.727 1.522 1.438-1.612
Aelp3Aurml1 1.698 1.566-1.857 1.77 1.649-1.912
Atcd1Aelp3 1.745 1.615-1.900 1.808 1.648-2.006
Atcd1Aurml 1.641 1.499-1.812 1.420 1.301-1.557

Table A.3: ECsy values determined for S. cerevisiae tRNAP™(NGG), application 2 Quantification of
tRNAP(NGG) in total tRNA from wildtype and double mutant S. cerevisiae (background strain BY4741),
data given corresponds to section [3.1.2.6] application 2. ECsg values obtained from MST measurements as
well as 95 % confidence intervalls are listed. Total RNA samples were prepared by Akif Ciftci. DNA probe
concentration was 0.1 pM.

strain EC50 []JM] 95 0/o CI EC50 [},IM] 95 0/o CI
30 °C heat shock

WT (BY4741) 2.88 2.700-3.096 3.311 3.041-3.723
Aelp3Adegl 3.008 2.823-3.231 2.063 1.969-2.157
AurmlAdegl 3.045 2.884-3.260 2.890 2.677-3.140
Aelp3Aurml 2.253 2.125-2.383 3.166 2.948-3.456
Atcd1Aelp3 2.719 2.553-2.909 2.823 2.593-3.118
Atcd1Aurm1 3.221 2.979-3.579 3.535 3.168-4.234

Table A.4: ECsy values determined for S. cerevisiae tRNAG'"(3UG), application 2 Quantification of
tRNACI"(3UG) in total tRNA from wildtype and double mutant S. cerevisiae (background strain BY4741),
data given corresponds to section application 2. ECgq values (means of technical triplicates) obtained
from MST measurements as well as 95 % confidence intervalls are listed. Total RNA samples were prepared by
Akif Ciftci. DNA probe concentration was 0.1 pM.

strain EC5() []JM] 95 0/o CI EC50 [}JM] 95 0/0 CI
30 °C heat shock

WT (BY4741) 3.059 2.769-3.477 2.28 2.006-2.686
Aelp3Adegl 2.790 2.554-3.103 1.999 1.812-2.221
AurmlAdegl 2.762 2.499-3.125 1.881 1.681-2.103
Aelp3Aurml 2.884 2.510-3.508 2.247 1.997-2.590
Atcd1Aelp3 3.186 2.786-3.860 2.847 2.475-3.477
Atcd1Aurm1 3.343 2.850-4.300 2.155 1.879-2.558
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Table A.5: ECs values determined for S. cerevisiae tRNAH*(GUG), application 2 Quantification of
tRNAHS(GUG) in total tRNA from wildtype and double mutant S. cerevisiae (background strain BY4741),
data given corresponds to section application 2. ECsq values (means of technical triplicates) obtained
from MST measurements as well as 95 % confidence intervalls are listed. Total RNA samples were prepared by
Akif Ciftci. DNA probe concentration was 0.1 M.

strain ECso [1M] 95 % CI ECso [1M] 95 % CI
30 °C heat shock

WT (BY4741) 2.074 1.887-2.274 2.216 2.038-2.405
Aelp3Adegl 2.110 1.924-2.297 2.013 1.868-2.171
AurmlAdegl 2.251 2.059-2.469 1.995 1.870-2.125
Aelp3Aurml 1.980 1.775-2.186 1.935 1.842-2.028
Atcd1Aelp3 2.076 1.921-2.241 2.426 2.207-2.683
AtcdlAurml 2.242 2.040-2.478 2.210 2.035-2.394

Table A.6: EC5y values and hybridization ratios determined for the polyT-DNA probes to the in
vitro-transcribed mRNAs ECs values (given in [uM]) and binding ratios (DNA probe:mRNA, in brackets)
obtained for each combination of the four polyT-DNA probes and the in vitro-transcribed mRNAs (51, 64 and
101 nt polyA tail length). The data displayed corresponds to section and figure[3.24] The concentration
of the probes was set to 50 nM in each experiment. IVTs were kindly provided by Prof. Dr. Katalin Kariké
and Isabell Hellmuth.

51 nt polyA 64 nt polyA 101 nt polyA
mRNA mRNA mRNA
specific RNA probe 0.023 (1.09:1)
20 nt polyT probe 0.015 (1.6:1) 0.013 (1.9:1) 0.010 (2.5:1)
30 nt polyT probe 0.025 (1:1) 0.017 (1.5:1) 0.014 (1.8:1)
50 nt polyT probe 0.034 (0.7:1) 0.034 (0.7:1) 0.020 (1.2:1)
80 nt polyT probe 0.061 (0.4:1) 0.052 (0.5:1) 0.040 (0.6:1)
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MST-based quantification of 5S rRNA in E. coli total tRNA

To show the transferability of the MST-based quantification methods to single small RNA species
other than tRNAs, E. coli 5S rRNA was chosen and quantified in commercially available total
tRNA. The presence of 5S rRNA in the total tRNA mixture was obvious from PAGE analysis
(compare figure and thus the degree of contamination was intended to be quantified by
MST. The observed MST fluorescence time traces and the corresponding binding curve of a
titration series of total tRNA and the respective DNA probe (MH768) are displayed in figure[A.9]
Results indicate a contamination of the total tRNA mixture with approximately 6.6 % (m/m) 5S
rRNA.

a b

o 1.057 58S rRNA 1100+

2

§ 1 004 10504

) 22 1000

g 0.95- E

= L 950-

e 1

£ 090 900{ ¢

c EC,, 0.59 pg/pL
0.85 —— —r—— 850 . r . .

0 10 20 30 40 50 60 70 -1.0 -0.5 0.0 0.5
time [s] 109 Cigtarirna [MG/HL]

Figure A.9: Quantification of 5S rRNA in E. coli total tRNA Fluorescence time traces (a) and corre-
sponding binding curve (b) obtained from MST-measurement of 5S rRNA in E. coli total tRNA. Time traces
of free and bound probe are marked in green and magenta, respectively. The results indicate a contamination
of the total tRNA mixture with approximately 6.6 % 5S rRNA (m/m). Probe concentration was 0.1 pM,
meaurements were performed at 60 % MST power.
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Appendix to Chapter [3.2.4
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Figure A.10: Isolation of E. coli tRNAMet(MAU) and 5S rRNA 10 % denaturing PAGE gel indicating
the successful isolation of E. coli tRNAMet(MAU) and 5S rRNA employing the protocol described in section
Input RNA was in both cases a commercially available total tRNA mixture, which contained substantial
amounts of 55 rRNA as visible in the total tRNA band. Biotinylated DNA probes were MH630 for tRNAMet
and MH768 for 5S rRNA. As size control for tRNAMet(MAU), the respective IVT was used as indicated. Bands
corresponding to tRNA, probes and 5S rRNA are labeled with arrows. The gel was stained using GelRed.
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Figure A.11: MST measurement of in vitro transcribed mascRNA A titration series of mascRNA IVT
and its complemetary DNA probe MH765 was analyzed via MST. Fluorescence time traces corresponding to
the binding curve depicted in figure [3.30] c are illustrated, showing a clear difference in the thermophoretic
response of free and bound probe, labeled in green and magenta, respectively. Measurements were performed
at 60 % MST power using a probe concentration of 0.1 uM.
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Figure A.13: Pseudo-MS? spectra of unlabeled uracil and guanine Mass spectra displaying the fragmen-
tation of unlabeled uracil (a) and guanin (b) detected using an pseudo-MS? scan. Total tRNA of E. coli was
used as RNA sample, m/z values of the main peaks are indicated in red.
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Figure A.14: Pseudo-MS? spectra of unlabeled and labeled cytosine and adenine Mass spectra display-
ing the fragmentation of unlabeled (black) and '3C,'®N-labeled (red) cytosine (a) and adenine (b) detected
using an pseudo-MS? scan. Total tRNA of E. coli was used as RNA sample for measuring the spectra of the
unlabeled nucleosides, RNA samples for the measurements of the labeled nucleosides originated from E. coli
cells grown under 3C-2-glycerol supply (samples provided by J. Schmidt). The m/z values of the main peaks
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are indicated in black (unlabeled) or red (labeled), respectively.
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