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Abstract

Abstract
Ribonucleic acids (RNA) are involved in a huge variety of important cellular processes.
They have been a subject of scientific research for decades now, and the huge variety
of non-canonical nucleosides, namely modifications, that have been discovered, add
another layer to the regulatory capabilities of the various RNA species. However, there
are gaps in the knowledge regarding some aspects of point-modified messenger RNAs
(mRNAs), as mechanistic studies have been performed mainly with short mRNA
surrogates. This PhD thesis aims to develop a suitable synthesis method of pointmodified mRNA to investigate the influence of modifications on translation efficiency.
The mRNA of the enhanced green fluorescent protein with coupled internal ribosomal
entry site (IRES-eGFP) served as a model and was first divided retrosynthetically into
several fragments, with the middle fragment intended to introduce a modification into
the mRNA with point accuracy. Subsequently, the mRNA was reconstituted in a
3-way-one-pot splint ligation and purified via the newly developed method of real-time
gel elution. The splint ligation approach was adapted from shorter RNA and adjusted
to long RNA species. The purification method was investigated with respect to its
practicability and safety against RNA damage, with particular emphasis on gel
particles on the one hand and oxidative damage due to irradiation during elution on
the other. The obtained point-modified mRNAs were analyzed with focus on the
number and position of the respective modification. After confirmed correct
incorporation of the desired modification and reconstitution of the full-length mRNA,
the obtained modified mRNAs were translated in vitro and the protein yield was
measured against the protein yield of an unmodified reference mRNA. In particular,
2'-O-methylations introduced into the Kozak sequence in and around the start codon
revealed remarkable results for cap-independent IRES-driven translation, which had
not been reported before.
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Zusammenfassung

Zusammenfassung
Ribonukleinsäuren (RNA) sind in eine große Anzahl wichtiger zellulärer Prozesse
involviert. Seit Jahrzehnten werden sie wissenschaftlich erforscht und die riesige
Vielfalt nicht-kanonischer Nukeloside, d.h. Modifikationen, die entdeckt wurden,
ergänzen die Regulationsmöglichkeiten der verschiedenen RNA Spezies um eine
weitere Ebene. Es gibt jedoch Wissenslücken in Bezug auf einige Aspekte
punktmodifizierter Boten-RNAs (mRNAs), da mechanistische Studien hauptsächlich
mit kurzen mRNA-Surrogaten durchgeführt wurden. Diese Promotionsarbeit zielt
deshalb auf dieses Gebiet ab und diente dazu eine geeignete Synthesemethode von
Punkt-modifizierten mRNA zu entwickeln um den Einfluss von Modifikationen auf die
Translation hin zu untersuchen. Die mRNA des verbesserten grün fluoreszierenden
Proteins mit gekoppelter interner ribosomalen Eintrittsstelle (IRES-eGFP) wurde als
Model verwendet und es erfolgte zunächst die retrosynthetische Aufspaltung in
mehrere Fragmente, wobei das mittlere Fragment dazu diente, eine Modifikation
punktgenau in die mRNA einzubringen. Anschließend wurde die mRNA in einer „3way-one pot“ Splint Ligation rekonstituiert und über die neu entwickelte „real-time“
Gel Elution aufgereinigt. Dabei wurde ein Ansatz der Splint Ligation von kürzeren RNA
übernommen und auf lange RNA Spezies angepasst. Die verwendete Aufreinigung
wurde hinsichtlich ihrer Praktikabilität und Sicherheit gegenüber RNA Schädigungen
untersucht, dabei wurde besonders Wert auf noch vorhandele Gel Partikel einerseits
und oxidative Schädigungen durch die Bestrahlung während der Elution andererseits
gelegt. Die erhaltenen Punkt-modifizierten mRNAs wurden hinsichtlich der Anzahl und
Position der jeweiligen Modifikation hin analysiert. Nach bestätigtem, korrektem
Einbau der gewünschten Modifikation und Rekonstitution der volllängen mRNA
wurden die erhaltenen modifizierten mRNAs in vitro translatiert und die
Proteinausbeute mit der einer unmodifizierten Referenz mRNA verglichen. Dabei
zeigten sich besonders bei 2‘-O-methylierungen die in die Kozak Sequenz in und um
das Startcodon eingebracht wurden erstaunliche Ergebnisse für die Cap-unabhängige
IRES-getriebene Translation, die so bisher noch nicht berichtete worden waren.
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Introduction

1.1

It is an RNA world

The sequence of genetic information is reflected through three major classes of
biopolymers, namely deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and
proteins. This central dogma of molecular biology [1,2] describes a flow of information
comparable to a one-way street, once information reaches the protein level, whereas
information can be transferred between nucleic acids (DNA and RNA) [2]. Around
1953, the structure of DNA as a double helix was discovered [3], and later the structure
and function of RNA was elucidated. While DNA occurs in principle as a doublestranded structure that forms the well-known double helix, RNA does not necessarily
consist of two complementary strands. The RNA strand forms a heteropolymer
composed of four canonical nucleobases linked by a sugar-phosphate backbone.
These four nucleobases, namely adenine (A), guanine (G), cytosine (C) and uracil (U),
can be chemically divided into purine nucleobases (adenine and guanine) and
pyrimidine nucleobases (cytosine and uracil). In addition, the pyrimidine nucleobase
thymine (T) replaces uracil in the context of DNA sequences. Figure 1.1 illustrates the
difference between nucleosides (nitrogen-containing base attached to the ribose
moiety via an N-glycosidic bond) and nucleotides (nucleoside with phosphate groups)
and between the nucleosides uridine and thymidine. In addition, the overall structure
of RNA includes possible double-stranded regions mediated by hydrogen bonds
between base pairs A-U and G-C [4] depicted in the lower part of figure 1.1. After
many years of research, several RNA species are known that combine these basic
structural elements, but can also have complex secondary and tertiary structures,
making them suitable for a variety of different functions, from the basics of protein
1
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biosynthesis [4] and beyond. The latter include low abundance RNA species such as
long non-coding RNA (long ncRNA), small nuclear RNA (snoRNA), small interfering
RNA (siRNA) or circular RNA (circRNA) (reviewed in [5,6]). The best known and most
abundant RNA classes are ribosomal RNA (rRNA), transfer RNA (tRNA) and
messenger RNA (mRNA). While only mRNAs belong to the coding RNA, tRNA and
rRNA belong to the non-coding RNA class but are still essential for protein
biosynthesis. Transfer RNAs, when interacting directly with mRNAs by base pairing,
provide the respective amino acids for peptide formation, and ribosomal RNAs,
together with ribosomal proteins, form the ribosome and thus the environment for
protein biosynthesis [4]. As mentioned earlier, mRNAs belong to the coding class of
RNA because they are direct transcripts of genomic information. They serve as
templates for protein production by transporting genomic information from the
nucleus in eukaryotes to the cytosol (where protein biosynthesis occurs) [7].

2
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Figure 1.1 Chemical structure of nucleosides, nucleotides and RNA base pairing.
Chemical structure of an exemplary nucleoside triphosphate (upper left) and structural differences
between uridine and thymidine (upper right), namely the 2'-hydroxyl group and the methyl group at
position 5, were depicted in the upper part of the scheme. The lower part illustrates the covalent binding
of the ribose-phosphate backbone and the possible hydrogen bonds between the canonical base pairs
adenosine (A) – uridine (U) and guanosine (G) – cytidine (C).
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1.2

Lifecycle of eukaryotic mRNA

As mentioned above, mRNAs are transcribed from genomic DNA in the nucleus of
eukaryotes. This transcription is carried out by one of three different polymerases
(pol I, pol II, and pol III). Polymerase II has been shown to be the most important
polymerase because it is the only polymerase that can support maturation of nascent
mRNA during transcription [8,9]. Important for the initiation of mRNA synthesis in
many eukaryotic genes and the first described promoter element is the “TATAA”
sequence element on the DNA, namely the “TATA box” [10], which is recognized by
the

transcription

factor

TFIID

and

initiates

the

transcription

process

of

polymerase II [11-13]. Other transcription factors stabilize the transcription complex
[11], are essential for selection of the required DNA site (TFIIB) or unwind the DNA
double helix (subunit of TFIIF) allowing transcription to begin a few nucleotides
downstream of the “TATA box” [14,15]. These maturation steps are crucial for mRNA
export and include packaging into RNA/protein complexes (heterogeneous
ribonucleoprotein particles, hnRNPs). Other important elements for regulating mRNA
transcription and maturation are so-called cis-acting elements, i.e. sequence
elements on nucleic acids in general that are recognized by trans-acting factors to
regulate gene expression (such as the TATA box mentioned above). Trans-acting
factors include proteins that bind to DNA to mediate transcription, but also proteins
that bind to mRNA to mediate mRNA processing or translation (reviewed in [16-19]).
Lei and colleagues proposed the idea of coupled transcription, processing, and
packaging of mRNA [20], which changed the understanding of the two processes
(transcription and maturation) from the idea of only post-transcriptional maturation to
partial co-transcriptional maturation.
In addition to the described packaging of mRNA, the pathway from nascent to mature
mRNA involves other very important steps, some of which are exemplified below.
Maturation of pre-mRNA in eukaryotic systems involves processing of the 5' end
(namely, attachment of a cap structure) as well as splicing and processing of the
3' end (attachment of a poly(A) tail) [21-23].
4
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The cap structure is critical for canonical cap-dependent translation in eukaryotic cells
and consists of a 7-methylguanosine (m7G) bound to the mRNA via a
5' - 5' triphosphate linker (known as m7GpppN, cap 0) [24].
Additional methylation of the first and/or second transcribed nucleoside by
2'-O-methyltransferase using S-adenosylmethionine (SAM) as a methyl donor [25]
yields cap 01 (m7GpppNmpN), cap 02 (m7GpppNpNm), or cap 012 (m7GpppNmpNm),
respectively (cf. figure 1.2A) [26]. Prevention of degradation from the 3' end of the
mRNA is achieved by a poly(A) sequence (poly(A) tail) that is also added to the
nascent mRNA (cf. figure 1.2A) [22]. Processing of the 3' end begins with a cleavage
step. Then, polyadenylation is initiated by recognition of the polyadenylation signal
sequence “AAUAAA” by the cleavage and polyadenylation specificity factor (CPSF),
followed by recruitment of the cleavage stimulation factor (CSTF) and cleavage
factors I and II (CFI and CFII, respectively) [27-29]. After this cleavage step, poly(A)
polymerase (PAP) adds the poly(A) tail to the mRNA. Both mRNA capping and
polyadenylation are important for mRNA stability [30] and contribute to mRNA nuclear
export [31] and translation mechanism [32,33] in eucaryotic cells.
Another important processing step includes shortening of the pre-mRNA (known as
splicing). Since the pre-mRNA sequence contains coding and non-coding parts (exons
and introns, respectively), the splicing mechanism removes the introns and joins the
exons [34]. This also results in the possibility of “alternative splicing,” i.e. alternative
inclusion (or exclusion) of certain exons. This increases the density of information
from the same DNA segment to different mature mRNAs and thus to different possible
polypeptide sequences [35,36].
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Figure 1.2 Structural elements of mRNAs.
A The poly(A) tail on the 3’ end of mRNA as well as the m7G cap structure are depicted. The cap structure
can be methylated on the two adjacent 2’-O positions (R1 and R2, respectively). The methylation on
position 7 of guanine is highlighted. B Illustrated are some important structural elements of the EMCV
IRES, namely the Regions H, I, J-K and L with pyrimidine rich regions Yn acting as protein binding site as
well as the GNRA domain (N= G/C/A/U and R = purine). The J-K loop acts as binding region for
eukaryotic initiation factor 4G and includes an A-loop. The start codon is depicted in yellow (AUG).
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1.3

Translation in eukaryotes

After the mRNA is transported into the cytoplasm, the complexes of actively
translating ribosomes are formed to direct the translation of the mRNAs into
polypeptides and proteins. This complex formation involves different translation
initiation factors, which differ between prokaryotic (IF) and eukaryotic (eIF)
translation machinery. The canonical pathway of translation initiation involves the cap
structure mentioned above to recruit eIF4F, a complex of different proteins involved
in translation initiation. In addition to eIF4G as the scaffold protein and the RNA
helicase eIF4A, eIF4F includes the cap-binding factor eIF4E, which interacts with the
methyl group of the m7G cap structure. After this activation step of the mRNA, the 48S
initiation complex is formed by binding of this mRNA complex to the 43S preinitiation
complex. The 43S preinitiation complex, in turn, was formed by binding of the 40S
ribosomal subunit to other initiation factors (e.g. eIF3) and the ternary complex
eIF2-GTP-tRNAMet. Once the 48S initiation complex is formed, it is able to “scan” the
mRNA until it matches the start codon AUG. Marilyn Kozak first reported that not only
the start codon, but also the surrounding sequence context is necessary to be
recognized by the 48S complex in eukaryotes. This sequence was named after her
(“Kozak sequence”) and describes the optimal sequence context 3 nucleotides (nts)
upstream and 4 nts downstream of the “A” of the start codon (positions -3 to +4,
respectively), namely RCCAUGG (R = A or G) [37]. Meanwhile, the poly(A)-binding
protein (PABP) interacts with the poly(A) tail and is recruited by the aforementioned
scaffold protein eIFF4, forming a “closed loop” structure of the mRNA (cf. figure 1.3)
[38]. To form the final 80S ribosomal complex, some initiation factors are released
while the 60S ribosomal subunit is recruited (reviewed in [39]).
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1.3.1

Cap-independent translation

In contrast to the cap-dependent translation pathway mentioned above, it has been
shown that up to 20 % of mammalian mRNAs can be translated in the absence of
eIF4E (cap-binding protein) using other proteins (namely DAP5 and eIF3d) but still in
a cap-dependent manner [40,41]. Translation initiation via a cap-independent
mechanism is possible by recruitment of ribosomal subunits through an internal
ribosome entry site (IRES) instead of the cap structure. These secondary structural
elements of mRNA were first found in the viral genome, but later it was shown that
several percent of eukaryotic mRNAs carry IRES elements and are translated mainly
in the context of cellular stress [42-45] and also by using DAP5 [46,47]. One of the
best-studied internal ribosome entry sites is the encephalomyocarditis virus IRES
(EMCV IRES) of the picornavirus family, which is known to result in robust protein
translation [48]. The authentic initiation site of EMCV IRES is the 11th AUG, counted
from the 5' end of the RNA, and in rarely observed cases initiation by other AUG codons
within the sequence was possible, depending on structural mutations of the IRES [49].
The sequence of the IRES includes several structural domains upstream of the
initiation site, referred to as H, I, J-K, and L. Domains H and L serve as binding domains
for various proteins with pyrimidine-rich motifs, e.g. polypyrimidine tract-binding
protein (PTB) or eIF4B [50-52]. A GNRA motif with variable N-position and a purine
base at position R in domain I enhances the structural integrity and function of the
IRES motif [53-55]. The J-K domain comprises an oligo(A) loop and is recognized by
the central domain of eIF4G, allowing subsequent binding of eIF4A to the formed
complex (cf. figure 1.2B) [56,57]. This binding is an essential step for the assembly of
the 48S complex and thus for the initiation of translation (cf. figure 1.3A) [58,59]. With
the exception of eIF4E, virtually all other initiation factors are required for EMCV IRESmediated translation [56,57,60], but this may be different for IRES motifs from other
species such as Cricket paralysis virus IRES, which appears to be independent of all
initiation factors (eIFs) [61].
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Figure 1.3 Translation initiation in cap-independent and cap-dependent manner.
A On the left side, mRNA activation is illustrated. The initiation factors eIF4G and eIF4A (purple and
green) are recruited by structural elements of the IRES moiety. The formation of the 43S preinitiation
complex is depicted on the right. The 40S ribosomal subunit is associated with eIF3, eIF1 and eIF1A
(yellow, grey and light brown, respectively). The ternary complex (eIF2, light blue with GTP and the
initiator tRNAiMet) is recruited. Subsequently, the activated mRNA and the 43S preinitiation complex
together form the 48S initiation complex. B The closed loop formation of cap-dependent translation
initiation is depicted. Here, PABP (poly(A)-binding protein, grey) and eIF4E (dark green) bind to the
poly(A) tail and the cap structure, respectively.
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1.4

Integrity of (messenger) RNA

As a consequence of the 2'-hydroxyl function, RNA molecules are more susceptible to
degradation under alkaline conditions than DNA molecules (cf. figure 1.4). Hydrolysis
of single-stranded RNA is observed at neutral pH and only slightly elevated
temperature [62,63]. In addition, RNA is generally less associated with proteins and
therefore more accessible to exogenous damage. The same is true for the protective
duplex character of DNA, which RNA lacks. Another important aspect is enzymatic
degradation by nucleases that act internally or can degrade the RNA molecule from
either the 5' or 3' end [64]. These ribonucleases (RNases) can originate either from
intracellular (e.g. RNase L) or exogenous sources (e.g. such as RNase A or synthetic
RNases) (reviewed in [65]).
Not only is the (complete) degradation of RNA molecules a risk when working with
these polymers, but other sources that damage RNA can have a significant impact on
RNA function. Such RNA damage can affect base-pairing properties, which in the case
of mRNAs lead to defects in protein synthesis and thus possibly to aberrant proteins
or ribosome stalling.

Figure 1.4 Alkaline hydrolysis of RNA on the 2’-hydroxyl function.
The ribose is deprotonated at the 2'-hydroxyl function under alkaline conditions and the subsequent
attack of oxygen at the 3'-phosphate group leads to RNA strand break.
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An important class of reagents responsible for the multiple modifications of RNA are
reactive oxygen species (ROS) such as superoxide anion (O2-), which is produced by
some cytosolic and membrane-bound proteins during the normal life cycle of a
cell [66] and is essential for various aspects of the cell cycle such as autophagy, stress
response, or signal transduction [67]. However, if the fragile balance is disturbed, this
can lead to cell damage and even cell death [68]. The superoxide anion is extremely
damaging due to its high reactivity and generates even more reactive oxygen species
such as perhydroxyl radical (HO2-), hydrogen peroxide (H2O2), or hydroxyl radical (•OH)
during reactions [69]. While a normal level of ROS can be removed in different ways
depending on the organism (reviewed in [70,71]), a misbalance between ROS removal
and production or exposure appears to lead to the formation of the hydroxyl
radical [72,73]. In addition to hydrogen peroxide, reactions involving hydroxyl radicals
are thought to cause most of the oxidative damage observed in nucleic acids [74].
Not only direct exposure or endogenous formation of reactive oxygen species leads to
oxidative damage. Exposure to exogenous factors such as compounds from air
pollution, environmental factors, X-rays, or ultraviolet (UV) irradiation also lead to ROS
formation and thus oxidative damage to nucleic acids in general [75-80]. With respect
to UV irradiation, it is important to consider the three main classes into which the UV
spectrum is divided. The spectrum for UV light ranges from 400 nm down to 100 nm
with low energy (long wavelength) UV-A (400 - 315 nm), medium energy UV-B (315 280 nm), and high energy UV-C light (280 - 100 nm), with the largest damage
detectable from UV-C [78,80], but also lesions caused by UV-A irradiation are
reported [79,81,82].
The most important non-canonical nucleosides on nucleic acids caused by reactive
oxygen species originate from the reactions of guanines with hydroxyl radicals,
followed by oxidation or reaction between guanine and singlet oxygen ( 1O2) [83],
leading, for example, to 8-oxoguanosine (8OxoG) [79,81] or hydrates of cytidine and
uridine [83] (see figure 1.5). 8OxoG, although the most common oxidative damage
product induced in RNA, is also one of the most dangerous because it disrupts RNARNA interactions and therefore leads to a change in the decoding mechanism during
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translation [84-86]. Other observed changes induced by ROS are ribose changes, base
excision, cyclobutene dimers or strand breaks [80,81,83,87].
In addition to this oxidative damage, other widespread damage occurs from
endogenous or exogenous alkylating agents (reviewed in [88]). The best known
endogenous alkylating agent is probably S-adenosylmethionine (SAM), a universal
methyl donor with a relatively high cellular concentration but weak nonenzymatic
reactivity with other biomolecules [89]. Nevertheless, SAM is capable of forming
various adducts in vitro after reaction with nucleic acids [90]. From exogenous
sources, halocarbons, such as chloromethane, are the most common [91,92].
Alkylative adducts on a nitrogen such as N1 (e.g. 1-methyladenosine, m1A) or N3
(e.g. N3-methylcytosine, m3C) alter the Watson-Crick surface and thus prevent
canonical base pairing. Interestingly, 7-methylguanosine is the most common
modification found after alkylation stress and can lead to depurination of nucleosides,
namely abasic sites [93], thus likely adversely affecting RNA function.

1.5

Modified nucleosides in RNA

As mentioned in the previous chapters, a variety of non-canonical nucleoside
structures can be found in nucleic acids, which are either modifications that have been
specifically installed by enzymes (e.g. m7G cap structure) or originated from damage
of the nucleic acids (e.g. 8OxoG). The number of non-canonical nucleosides is growing
virtually daily and to date includes over 170 structures [94]. This adds another layer
of information to the primary nucleotide sequence, making RNA more suitable for its
complex and diverse function [95]. Modifications on RNAs are found in all three
phylogenetic domains (archaea, bacteria, and eukarya) and in both coding RNA
(i.e. mRNA) and noncoding RNA (reviewed in [96,97]). These modifications can range
from simple methylation to acetylation or oxidation to hypermodifications with amino
acids, sugar structures, or even more complex structures [95,98]. As diverse as the
modifications themselves are, so are their functions, including structural and
metabolic stabilization of RNA, modulation and control of decoding during translation,
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and a variety of specific functions resulting from a direct interaction between the
modification and proteins (the so-called “reader” proteins).

1.5.1

rRNA and tRNA modifications

In yeast eukaryotic ribosomal RNA (rRNA), nearly 2 % of nucleosides are modified [99],
although the chemical diversity of these modifications is limited. The vast majority
consist of pseudouridine and 2'-O-methylation [97,99], which are mostly introduced
by small nucleolar ribonucleoproteins (snoRNPs) [100-102]. Although deletion of
entire subsets of modifications results in measurable changes in ribosome biogenesis
and function, deletion of individual modifications at functional sites such as the
decoding site, peptidyl transfer center, or intersubunit bridge has no measurable
effects on phenotype or cell growth [99,103].
In contrast to the low diversity of modifications found in rRNA, the other common noncoding RNA species, i.e. tRNA, has the highest abundance and diversity of RNA
modifications. Examination of over 500 tRNAs from all three phylogenetic domains
revealed a median of eight modified nucleosides per tRNA molecule, and the number
of modifications was generally higher in eukaryotes compared to bacteria
[95,104,105]. A large number of modifications are related to the anticodon loop and
thus to the proper decoding of the degenerate genetic code. Positions one and two of
the codon are reliably decoded with respect to canonical base pairing, whereas the
situation at position three is more complex because of the discrepancy between the
large number of codons to be read and the small number of anticodons [106]. A
proposal to resolve this discrepancy was made by Francis Crick, who introduced the
“wobble hypothesis” and thus the idea of noncanonical base pairing at position
three [107], the very position with a large variety of nucleoside modifications,
including residues such as the so-called “wobble uridines” [108,109]. Another highly
modified position associated with the anticodon loop is tRNA position 37, which plays
an important role in structuring the anticodon loop, promoting accurate translation
[110] or enhancing tRNA selection [111]. In addition, Schaefer et al. have
demonstrated that position 38 in the anticodon loop protects tRNAs from the
endonuclease angiogenin and thus from cleavage when this position is methylated
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[112].

Simpler modifications such as pseudouridine (Ψ), dihydrouridine (D),

inosine (I), or methylations are located elsewhere in the tRNA and are known to be
important for the local or overall structure of the tRNA molecule or may promote either
stability or degradation [113]. A single 1-methyladenosine (m1A) at position 9 of the
mitochondrial tRNALys has been shown to be responsible for the classical cloverleaf
structure of the tRNA molecule [114], and is critical at position 58 of the initiator
tRNAMet for tRNA stability [115,116].
Overall, none of the modifications appeared to be essential, whereas their combined
absence led to rapid decay of the tRNA by the 5'-exonucleases Xrn1 and Rat1 [117].

1.5.2

mRNA modifications

Although the variance of modifications found on mRNA is lower compared to tRNA
and rRNA, and mRNAs are modified only in substochiometric amounts [118], since the
1970s and especially in the last decades, the modification sites found on mRNA have
increased [119-123]. The modifications found are isomerization (e.g. Ψ [124,125]) or
methylations either at the base (e.g. m1A [126], N6-methyladenosine, m6A [119,127] or
5-methylcytidine, m5C [128-130]) or at the ribose moiety (i.e. 2'-O-methylations [131133]). In addition to some general remarks, the modifications essential for the
underlying work (namely m6A, Ψ, and 2'-O-methylations) are discussed separately in
greater detail later, and the following discussion focuses on the remaining
modifications found on the mRNA. The aforementioned 5'-cap structure is one of the
most modified sites of mRNA, containing the m7G and one to two 2'-O-methylations
at the adjacent nucleosides [121,134,135]. In general, it is known that ribose
methylations on RNA are important to distinguish between “self” and “non-self” RNA
structures [136-141] and thus prevent the activation of the immune system through
the activation of retinoic acid-inducible gene I (RIG-I), melanoma differentiationassociated protein 5 (MDA 5) or type 1 interferon effectors (type 1 IFN) [24,142-146].
In addition, double methylation can occur at the first transcribed nucleoside, resulting
in N6,2'-O-dimethyladenosine (m6Am) [147-149], which increases transcript stability by
enhancing resistance to decapping by mRNA decapping enzyme 2 (DCP2) [135].
Reportedly, the abundance of m5C in DNA is up to 4 %, which is why it is referred to
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as the “fifth base” in DNA, and it has been shown to be involved in the regulation of
gene expression [150]. However, the reported abundance in RNA ranges from 0.02 to
0.1 % of all cytidines, and the exact number of sites in eukaryotic mRNAs varies
dramatically in the literature depending on methodology and data analysis [151-154].
The functions of the m5C sites found are as controversial in the recent literature as
the exact sites [155]. Several studies revealed an overlap of the found m5C sites with
binding sites of proteins within mRNA, e.g. with the export adaptor protein ALYREF,
which has been shown to be a so-called “reader” protein of m5C and to support nuclear
export [156]. Another “reader” protein of m5C in the cytosol was identified as Y box
binding protein 1 (YBX1), which is responsible for increasing the stability of
mRNA [157,158]. In addition to the controversy surrounding m5C in mRNA, another
controversial modification is m1A [159] with possible sites in the 5' untranslated
region (5' UTR) [126] as well as in GC-rich regions [126,160]. Since the methylation is
located in the Watson-Crick base pairing region [161], it is likely to modify the
secondary and tertiary structure of the mRNA [126].
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Figure 1.5 Nomenclature and structure of RNA modifications and their distribution in mRNA.
A The nomenclature of modified ribonucleosides is shown with the numbering convention of the
base [162] and with an example of a doubly methylated adenosine (i.e. m6Am). B The chemical structures
of some nucleosides found after oxidative damage are illustrated with highlighted structural changes
compared to their canonical base: 8-oxoguanosine (8OxoG) and hydrates of cytidine and uridine C The
chemical structures of some modifications are depicted: ribose methylation of all four nucleosides (Cm,
Um, Am, Gm), pseudouridine (Ψ), 5-methylcytidine (m5C), 7-methylguanosine (m7G), N6-methyladenosine
(m6A), 1-methyladenosine (m1A), and inosine (I). D The reported modifications and their distribution in
the different regions of mRNA are illustrated (adapted from [133]). The size of the circles correlates with
the abundance of the corresponding nucleoside. The red triangle and the red square illustrate the start
and stop codon, respectively.

16

1.5 Modified nucleosides in RNA

1.5.3

m6A in mRNA

In the 1970s, m6A was the first modification found on mRNA [119] and since then has
held a special position in the study of modified nucleosides on mRNA, especially in
recent years [122,123]. Therefore, it may not be surprising that there is a wide variety
of transcriptome-wide detection methods targeting m6A (reviewed in [133]). The
amounts of m6A found in mammalian mRNAs vary from 0.1 - 0.4 % [121] or one to
three m6A sites per mRNA for certain transcripts [120,163]. A specific consensus
sequence for m6A sites, the DRACH motif (with D = G/A/U, R = G/A, H = A/U/C)
[123,164], has been reported, but not all consensus sequences found appeared to be
methylated [165], so the exact mechanism of targeting methylation sites is still
obscure. In contrast, many studies have shown that the mechanism of methylation
occurs via a complex containing methyltransferases 3 and 14 (METTL3 and METTL14,
respectively), referred to as the “writer” complex. Within the complex, METTL14
supports the activation of METTL3 through allosteric interaction [119,122,166] and is
important in RNA binding [167-169], while METTL3 transfers the methyl group of the
methyl

donor

SAM

to

the

target

mRNA

[166].

This

process

occurs

co-transcriptionally [133,170] and involves several proteins, e.g. Wilms tumor 1
associated protein (WTAP) as a structural component of the METTL3-METTL14
complex, which supports stabilization in the methylation complex and interacts with
splicing factors as well as other important proteins involved in RNA processing
[164,171-173]. Deletion of another protein, VIRMA (former known as KIAA1429),
resulted in dramatically reduced levels of m6A and thus is also thought to play an
essential role in the methyltransferase complex [164], which controls regioselected
methylation in the 3' UTR in close proximity to the stop codon [174]. Genomic
depletion of METTL3 and inactivation of METTL14 in mouse embryonic stem cells
resulted in clearly reduced poly(A)-mRNA levels after preparation [175] and allowed
linkage of a variety of cellular functions to m6A [175,176]. RNA-binding motif
protein 15 (RBM15) was shown to bind in close proximity to the target site of m6A
methylation and is therefore thought to be involved in the recruitment of the
methyltransferase complex to the target mRNA [177]. Depletion of this protein in mice
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revealed important functions in vascular integrity, hematopoiesis, and B-cell
proliferation [178,179].
Not only the writers of A to m6A are intensively studied, but also the second class of
proteins associated with m6A, the so-called “erasers” (demethylases), namely the two
Fe(II)- and 2-oxoglutarate-dependent oxygenases FTO and ALKBH5. While ALKBH5
unambiguously demethylates m6A, as it was shown that disrupting the balance of
methylation and demethylation of m6A by knockout of ALKBH5 and thus the
demethylation process affected sperm development and fertility in mice [180],
substrate specificity for FTO has not been conclusively demonstrated. Even though
FTO has been shown to promote m6A demethylation in vitro [181] and Zhao et al.
demonstrated higher levels of m6A in mRNA in vivo when FTO was knocked
down [182], according to several studies, it seems more likely that FTO targets m6Am
more efficiently than m6A [135,183].
In addition to the “writers” and “erasers”, proteins from the YTH domain family in
particular are known to be “readers” of m6A, i.e. they bind selectively to m6A sites and
are therefore an important class of proteins in mediating the effects of m6A on mRNA
[123,184-186]. While YTHDF1-3 are localized in the cytosol [187], YTHDC1 is located
in the nucleus and interacts directly with the splicing factor SRSF3 while blocking
SRSF10 to promote alternative splicing [185,188,189]. In addition, YTHDC1 plays a
role in nuclear export of target mRNA [190]. Transcriptome-wide mapping revealed an
enrichment of m6A sites along the 3' UTR near the stop codon and lower levels of
methylation sites in the main coding region and the 5' UTR [122,123] of transcripts
that exhibited functions in protein expression and mRNA stability mediated either by
“reader” proteins or by alteration of local secondary structures [187,191]. This
alternative mRNA folding, termed “m6A switch”, allows binding of the heterogeneous
nuclear ribonucleoprotein C (hnRNPC) and thus alternative splicing [192-194]. The
amount of m6A in the 5' UTR increases upon heat shock stress, possibly by a
mechanism involving translocation of YTHDF2 to the nucleus to prevent
demethylation of FTO and thus maintain the methylation level of the 5' UTR [186].
Cap-independent translation of such 5' UTR methylated mRNAs has been described
by direct recruitment of eIF3 by m6A or by mediation of other proteins (e.g. ABCF1)
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[195,196]. When m6A is localized in the 3' UTR, closed loop formation and thus capindependent protein translation has been described. In the proposed mechanism,
YTHDF1 actively promotes translation by interacting with several eukaryotic initiation
factors (mainly eIF3) [197]. A possible explanation for this mechanism might be the
enhanced protein translation of selective transcripts in response to stress stimuli
[186,198]. For m6A located at different codon positions in the coding region of an
mRNA, translational elongation was negatively affected in an in vitro translation assay,
with the effect being greatest for the first codon position [199]. In another study,
inhibition of the ribosome decoding process and tRNA accommodation was
observed [200].
Given the involvement of m6A in many important biological processes, it is not
surprising that m6A is associated with many diseases, including various types of
cancer (reviewed in [194,201]), Alzheimer's disease [202], metabolic diseases [194],
autoimmune diseases [203], HIV infection [204], hypertension, or cardiovascular
disease [205]. It is likely that further intricacies of this important mRNA modification
will be uncovered as part of ongoing and future studies to understand the role of m6A
in more diseases.

1.5.4 Pseudouridine in mRNA
Pseudouridine is an isomer of uridine in which the bond between the ribose and the
base moiety is changed from the canonical N-glycosidic bond to a C-C bond [206,207].
Because of its early discovery in the 1950s and its high abundance, 0.2 % to 0.6 % of
uridines in eukaryotic mRNA, pseudouridine is sometimes referred to as the “fifth RNA
nucleoside” [208-212]. Although the structure of pseudouridine differs from uridine
due to isomerism, Watson-Crick base pairing is not affected, so pairing with A
persists [213,214]. Several studies from several groups show a wide distribution of
pseudouridine in different mRNA regions, including 5' UTR, 3' UTR and the coding
sequence [125,212,215-217]. The exact role of pseudouridine within mRNA has not
been fully elucidated, but increased pseudouridine levels after heat shock stress
suggest a specific role in the stress response [125] and increased stability of the
mRNA-tRNA interaction [218], as well as increased mRNA stability (reviewed in [219])
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by contributing to increased phosphodiester backbone rigidity and base stacking
[213,220]. In addition, Ψ is thought to expand the genetic code through its ability to
alter protein synthesis by converting stop codons to sense codons [218,221]. Another
study suggests a possible role in the formation of the spliceosome complex. Here,
polypyrimidine-rich sequences are required at the 3' splice site and replacement of
uridine with pseudouridine resulted in splicing defects in Xenopus oocytes [222].
Although recognition of target mRNAs for pseudouridylation is not clear, a consensus
sequence has been proposed that guides a site-specific RNA pseudouridine synthase
(PUS7) to its target site [125]. This mechanism involves snoRNAs and, in addition to
PUS7, other enzymatic proteins that isomerize U into Ψ depending on the organism
[223,224]. The observations on the effects of Ψ on protein synthesis are not
consistent across studies. While a single Ψ resulted in decreased protein synthesis in
a bacterial in vitro translation system and in human cells [199,225] other studies
showed only a moderate decrease in protein content [226] or even an increase in
protein synthesis when all uridines were replaced by Ψ [227]. Following these findings
and the wide distribution of Ψ in eukaryotic mRNAs, further studies are required to
elucidate the mechanism behind the altered protein synthesis. In that context, Kristin
Koutmou's group proposed that Ψ alters the discrimination between near/noncognate
and cognate aa-tRNAs during translation [225]. In addition, Karikó and coworkers
demonstrated

that

incorporation

of

pseudouridine

into

mRNA

lowers

the

immunogenicity of these in vitro transcripts by suppressing Toll-like receptor 7 (TLR7)
signaling

[228-230]

and

another

pseudouridine

modification

(N1 methylpseudouridine) is successfully used in therapeutic application (please
refer to 1.9).

1.5.5

2'-O-methylation in mRNA

Methylation of the first and/or second transcribed nucleotide at the ribose moiety to
reconstitute the different cap structures (cf. figure 1.2) has been reported to be
necessary for efficient gene expression and to increases mRNA stability by
distinguishing “self-“ and “non-self” RNA species [96,142], as mentioned before. In
addition, numerous ribose methylated sites (Nm) were described in the coding region
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of transcripts, with enrichment in codons encoding specific amino acids [131]. Elliot
and coworkers proposed a methylation mechanism for mRNAs that is comparable to
a mechanism found for noncoding RNA species (e.g. rRNA, tRNA, and miRNA) [231].
The proposed mechanism involves ribonucleoprotein complexes containing small
nuclear C/D-box RNA (snoRNA) that direct methyltransferase to the target
RNA [232,233]. Moreover, the biological role of ribose methylation in the coding
sequence of mRNA transcripts remains unclear. However, in tRNA, a single Gm residue
has an antagonistic effect on TLR7 activation [139-141] by acting as a suppressor of
RNA-induced

pattern

recognition

receptor

(PRR)

activation [234],

thereby

suppressing immune stimulation, and similar effects have been reported using
oligoribonucleotides with single 2'-O-methylations [228]. In addition, Ringeard et al.
revealed a mechanism by which HIV-1 recruits a complex in human cells consisting of
the RNA-binding protein TRBP and the 2'-O-methyltransferase FTSJ3 so that the viral
RNA is 2'-O-methylated to evade recognition by the innate immune system [235].
Synthesis of mRNAs containing ribose methylations provides some evidence for this
group of RNA modifications show repressed protein expression depending on codon
context in in vitro translation systems [199,236] as well as in human cell line
experiments [226]. Although ribose methylation does not directly interact with the
Watson-Crick interface, the Puglisi group suggested a disruption of codon reading
during cognate tRNA selection. 2'-O-methylation sterically interferes with the
interaction of monitoring bases of the ribosome with codon-anticodon helices and
thus with accommodation to A-site tRNA [236].
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1.6

Detection methods for modifications in RNA

For a long time, paper-based or thin-layer chromatography (TLC) of nucleic acids was
the main tool for identification of modifications [237,238], although large amounts of
material were needed for detection. The discovery of the absorption of ultraviolet light
by nucleic acids in the 1940s reduced the amount of material required to a few
micrograms [239], and thereafter the introduction of radiolabeling with 32P in vitro by
T7 RNA polymerase [240] or in vivo labeling [241,242] by growth in

32

P-containing

medium enabled detection of minute amounts of nucleosides. Another breakthrough
was the possibility of post-labeling RNA molecules at their 5' ends after the discovery
of T4 polynucleotide kinase [243]. The first reported modification found in mRNA was
pseudouridine (see 1.5.4), which was discovered by TLC around 1950 [209], as also
2'-O-methylations [244]. At the beginning of TLC analysis, modifications were
identified by comparison with synthetic standards for assignment without considering
sequence information [245].
In order to distinguish between random [246] and specific hydrolysis, including RNA
cleavage by ribonucleases [247] or deoxyribozymes [248,249], optimized TLC analysis
was used for sequence-dependent identification of modifications [212,250]. In
addition, TLC analysis enabled the detection of m6A in various mRNA species
(e.g. mRNA of Arabidopsis thaliana or in sporulating cells of S. cerevisiae) [173,251]
by the group of Rupert Fray and was recently successfully applied to quantify relative
m6A levels in A. thaliana to identify factors required for m6A mRNA methylation [252].
However, TLC analysis is very time-consuming, so automated methods have
increasingly become the focus of RNA research.
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1.6.1

High performance liquid chromatography coupled to mass
spectrometry

The combination of analysis of changes in molecular mass, fragmentation pattern (by
mass spectrometry), and retention time from liquid chromatography allows the
identification and quantification of modifications from a mixture obtained by
enzymatic digestion of RNA molecules into nucleosides. Early high performance liquid
chromatography (HPLC) approaches, including the reversed-phase (RP) method,
enabled separation of canonical and non-canonical nucleosides around 1980 [253],
and improvements led to HPLC coupled to mass spectrometry (MS) [254]. The
commonly used RP-HPLC is not always suitable for hydrophilic or polar nucleosides,
but

allowed

coupling

of

HPLC

with

electrospray

ionization

mass

spectrometry (ESI-MS), and as an alternative, further developments led to hydrophilic
interaction liquid chromatography (HILIC) [255]. A variety of methods for nucleoside
detection open the possibility of precise identification and quantification of the
composition of RNA molecules, although sequence information is lost during digestion
to nucleoside level [254]. Specific hydrolysis by RNase T1 [256] or other
endonucleases [257,258] results in different RNA fragments in which sequence
information is retained. However, this application is limited to abundant RNA species
and low abundant species like mRNA cannot be analyzed in this way [259]. Further
extensions of the field lead to LC-MS-based sequencing approaches [260] and
automated analysis of data [261].
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1.6.2

Next-generation sequencing

Until now the different sequencing techniques are divided into 1st, 2nd and 3rd
generation. The First-generation techniques are based on polyacrylamide gel
electrophoresis (PAGE) and involve either the synthesis of new nucleic acid strands
(namely Sanger sequencing, sequencing by synthesis) [262] or, in contrast,
nucleobase-specific cleavage, referred to as sequencing by chain scission [263].
Following the rapid adaptation of the DNA-based approach to RNA briefly after their
respective

publications,

both

methods

allowed

the

initial

study

of

RNA

sequences [264,265]. Next (or 2nd) generation sequencing has evolved extensively
over the last two decades and, in general, can be distinguished in methods utilizing
sequencing by ligation [266,267] or sequencing by synthesis [268,269], and both
approaches are classified as short-read sequencing. In contrast, the third generation
has already been presented, focusing on long-read sequencing including real-time
sequencing [270] enabled by newly developed techniques such as the so-called
nanopore sequencing [271,272], which has already resulted in new techniques for m6A
detection in native RNA sequences [273]. However, one of the most commonly used
methods is next generation Illumina sequencing based on sequencing by synthesis
[269]. Here, sample preparation is called library preparation and involves several steps
from purification of target DNA to addition of sequencing adapters (short
oligonucleotides). For RNA sequencing, a reverse transcription step must be
performed to generate complementary DNA (cDNA) from the target RNA. The
resulting template is then loaded into the so-called flow cell, where it hybridizes with
anchored short synthetic oligonucleotides. In a final step, fluorescently labeled dNTPs
are added for single nucleotide extension, which finally enables image acquisition.
This leading technology is used in a variety of research areas, but for detection of
modifications, library preparation must be adapted to the particular modification.
Modified nucleosides can cause errors in reverse transcription of RNA sequences,
such as stopping or blocking the enzyme or misincorporation [274]. An early link
between modified nucleic acids and sequencing was an observed misincorporation
attributed to various modifications involved in Watson-Crick base pairing [275-277].
For modifications that do not alter the Watson-Crick edge, such as 2'-O-methylations,
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additional complementary steps must be performed during library preparation. For the
detection of 2'-O-methylations, in the so-called RiboMethSeq alkaline hydrolysis and
phosphodiester bond cleavage is added to the library preparation [100,278].
Methylation of the ribose at the 2'-O-position protects the modified position from
random nucleolytic cleavage thus alkaline treatment of modified RNA resulting in
fragments starting or ending at the +1-nucleotide relative to the 2’-O-methylation.
This leads to the phenomenon that fragments starting or ending 3' before
ribosemethylation are strongly underrepresented or even completely excluded. This
protection is taken into account in the subsequent computational analysis of the data,
resulting in a specific cleavage profile that allows the precise mapping of
2'-O-methylation [278,279].

1.7

Synthetic mRNA design

The manipulation of synthetic mRNAs began in the 1980s with the in vitro transcription
of mRNA using the phage RNA polymerase SP6. Although the activity was validated
by injection into the cytoplasm of frog cells or by in vitro translation with wheat germ
extract, the major obstacle of the fragility of the synthesized mRNA initially led to a
research standstill. The advantages of RNA over DNA, such as the lack of genomic
integration and protein expression in the cytoplasm in one step, draw attention to the
improvement of synthetic mRNA as a novel therapeutic tool. Therefore, it is important
to understand the biological significance of the different modifications.

1.7.1

mRNA synthesis via in vitro transcription and solid phase synthesis

As described above, exogenous in vitro transcribed (IVT) mRNA can stimulate the
immune system by activating PRRs and downstream activation of TLRs in endosomes.
While TLR3 recognizes more dsRNA (double stranded RNA), TLR7 recognizes
ssRNA (single stranded RNA) and thus IVT mRNA [280-282]. This stimulation of the
immune system results in alteration of protein expression and suppression by various
mechanisms [283-286], but the immunogenicity of synthesized RNA is significantly
reduced by the use of modified nucleosides (namley Ψ, m6A, m5C, s2U, and Nm) [228].
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For potential use in therapeutic applications, such as vaccines, the effects of the
modifications on the mechanism of translation decoding and immunostimulatory
activity need to be investigated. One of the first modifications studied was
pseudouridine, which was either partially [287-289] or completely [230] incorporated
into mRNA. The strategies used so far to incorporate modifications into mRNAs can
be divided into three main groups (illustrated in figure 1.6). The incorporation of
modified

nucleoside triphosphates

(NTPs)

during

in vitro transcription is

accomplished by replacing one of the four major NTPs with the modified NTP,
resulting in a fully modified mRNA. In another strategy, a certain percentage of the
modification is introduced into the NTP mixture, resulting in random incorporation into
the synthesized mRNA (shown in figure 1.6A) [228]. Sophisticated strategies such as
insertion

of

m 6A

at

the

first

transcribed

nucleotide

using

N6-adenosine

monophosphate (m6AMP) [195] or the use of artificial mRNA sequences that allow
insertion of only a single modification (i.e. inosine) using only ITP instead of GTP [290]
are limited in their application. In addition, in vitro transcription of modified mRNAs is
limited to those NTPs that are accepted by the polymerase used (e.g. T7 RNA
polymerase), which excludes, for example, ribose methylated modifications in this
synthesis strategy [291].
Another widely used synthesis strategy is chemical synthesis via a solid support
material, known as solid phase synthesis. The RNA molecule is synthesized step by
step in single reactions, where the phosphoramidites of the respective nucleotides are
covalently bound to the growing RNA chain (cf. figure 1.6B). Although site-specific
synthesis of modified mRNAs is possible [228], the length of the resulting RNA is
limited to about 40 nts, making this method suitable only for short modified
RNAs [292,293].

1.7.2

mRNA synthesis via splint ligation

For longer, site-specifically modified mRNA synthesis, the method of choice described
in the literature is RNA ligation (figure 1.6C). Two consecutive RNA fragments are
joined by specific ligation enzymes (i.e. ligases) to form a longer RNA. The ligases are
mostly derived from bacteriophage T4 and are either specialized for ligation of single26
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stranded nucleic acids, such as T4 RNA ligase 1 [294], or they more efficiently ligate
a nick in double-stranded regions, allowing either DNA, RNA:RNA or RNA:DNA hybrids
[295]. While T4 RNA ligase 1 performed well in techniques such as pCp labeling [296],
for double-stranded regions only T4 DNA ligase and T4 RNA ligase 2 are suitable.
These efficiently link the 3'-hydroxyl group to a 5'-monophosphate group of two
consecutive nucleotides when hybridized to a so-called splint oligonucleotide
[295,297-299]. T4 RNA ligase-2-like ligases occur in all three phylogenetic domains
and require adenosine triphosphate (ATP) and a divalent cationic cofactor (e.g. Mg2+
or Mn2+) in addition to the reactive 3'-hydroxy group [295]. The ligation reaction
consists of three nucleotidyl transfer steps [300-303]. In the first step, ATP is
covalently bound to the ligase with the release of pyrophosphate, forming a ligase
(lysyl-N)-AMP intermediate. Subsequently, AMP is transferred to the 5'-phosphate
group of the donor RNA, forming an RNA adenylate intermediate [304]. Finally, the
3’-hydroxyl group of the acceptor RNA attacks the AppRNA, resulting in the release of
AMP and the formation of a new phosphodiester bond. In addition to the creation of
a double-stranded structure required for T4 RNA ligase 2, the use of a splint ensures
proper alignment of RNA fragments and prevents incorrect ligations, such as ligation
of the same fragment type to each other. The use of splints with overhangs between
8 and 35 nts on each site of the nick has been reported in the literature [199,299,305],
with longer splints favoring the ligation reaction [299,306]. The individual RNA
fragments can be synthesized either by solid phase synthesis or by in vitro
transcription, allowing for fragments of flexible length depending on the synthesis
method chosen. Although this method was originally used to investigate the
importance of the 2'-hydroxyl group at the 3'-splice site for the splicing process [298],
it has been used extensively by Erlacher and coworkers to produce point-modified
(i.e. site-specifically modified) mRNA [199,226,305,307].
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Figure 1.6 Synthesis strategies of modified RNA.
A In vitro transcription of modified RNA involves the DNA template, an RNA polymerase (T7 RNA
polymerase in this case), and the nucleoside triphosphates (ATP, CTP, UTP, GTP) including the modified
XTP. The resulting RNA is randomly modified. B For solid phase synthesis of modified
oligoribonucleotides, the chemically synthesized phosphoramidites with respective base (B) are coupled
to protecting groups for the 5'- and 2'-hydroxyl positions (R1 = dimethoxytrityl, DMT and
R2 = tert-butyldimethylsilyl ether, TBDMS) and subsequent solid phase synthesis yields the
oligoribonucleotide with specific sequence. C For splint ligation, the RNA fragments (in vitro transcribed
or oligoribonucleotides) are hybridized to a DNA splint and enzymatic ligation is performed by either DNA
or RNA ligase resulting in a point-modified RNA.
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Green fluorescent protein (GFP) as reporter mRNA sequence

Synthetic mRNAs are applied to different research questions and thus the
requirements for the mRNA depend on the particular experimental setup. While the
study of the effects of modifications in a specific codon context on translation
elongation was performed with a short artificial oligoribonucleotide [200,236], other
publications aimed at a more global study of modifications on functional protein
translation [226,230,308]. Commonly used reporter mRNAs for this purpose are
luciferases (firefly or renilla) [230] or mRNAs encoding the green fluorescent protein
family

[226,308].

Development

of

bioluminescence

of

luciferases

requires

stoichiometric amounts of ATP and ambient oxygen as cofactors [309,310]. In
contrast, only ambient oxygen is required for maturation of the green fluorescent
protein [311,312] and the chromophore is formed after folding into the threedimensional tertiary structure of the protein [313,314]. Furthermore, the barrel of
beta-sheets around the fluorophore prevents loss of fluorescence under mild
conditions [315-319],

and

assembly

of

the

fragments

can

occur

post-

transcriptionally [320]. The chromophore of GFP is formed from the amino acid
residues serine65 (Ser65), tyrosine66 (Tyr66), and glycine67 (Gly67), resulting in a

p-hydroxybenzylidene imidazolinone [321,322]. The reaction mechanism of the
chromophore formation is depicted in figure 1.7. In a first reaction step, the amide of
Gly67 reacts with the carbonyl residue at position 65 by nucleophilic attack, followed
by dehydration. Subsequently, ambient oxygen dehydrates the α,β-bond of the
residue at position 66, causing the aromatic group to conjugate with the imidazolinone
ring [321,322]. In addition to the original mRNA sequence encoding the green
fluorescent protein from the jellyfish Aequorea Victoria, first described by Osamu
Shimomura in 1962 [323], an mRNA sequence concomitant with an altered amino acid
sequence were found, resulting in an improved version of the protein, namely the
enhanced green fluorescent protein (eGFP) [324-326]. The point mutation of serine
at position 65 to threonine (S65T) has been reported to result in enhanced
photostability of protein fluorescence due to a longer wavelength of excitation and
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emission, and formation of the fluorophore from the nascent polypeptide chain occurs
up to four times faster than for the wild type protein [324,327]. Although the formation
of the chromophore in wild type GFP is considered to be fully elucidated, the
mechanism behind the improved folding efficiency and fluorescence for the eGFP
forms, such as S65T, remains unclear [326].

Figure 1.7 eGFP and its chromophore formation.
A The beta-barrel structure of eGFP is depicted with the chromophore inside the barrel (blue balls) and
in greater detail the chromophore structure is illustrated in the lower part (nitrogen atoms blue and
oxygen atoms red). B After post-transcriptionally folding of the nascent protein the cyclisation between
Thr65, Tyr66 and Gly67 is enabled by close proximity of the residues. (1) Amide from Gly67 reacts with
carbonyl residue at position 65 in a nucleophilic attack. (2) Subsequently, the imidazolinone ring gets
dehydrated and ambient oxygen causes dehydratization of α,β-bond of the residue at position 66 to
form the p-hydroxybenzylidene imidazolinone function (3) [328].
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Application of modified mRNA

In recent decades, the idea of nucleic acid-encoded therapeutic applications has
become the focus of research. Indeed, transient expression of mRNA has both
weaknesses and advantages over DNA-based approaches. Whereas a serious
disadvantage of DNA therapeutics was genomic integration and thus persistent but
irreversible translation [329], the propensity of long RNAs [330] to degradation and
thus low protein yield had to be circumvented. As diverse as the degradation
possibilities for the mRNA are, the formulation also has to be adapted. Degradation
can already take place in the sample storage container or be promoted by the
application and thus the circulation in the body and finally in and from the cell. Major
advances in the introduction of modifications to maintain mRNA stability (see 1.5)
combined with achievements in delivery, such as the use of liposomes or similar
nanoparticle formulations [331-333], have enabled several clinical trials of therapeutic
IVT mRNA [331,334-337]. Both passive and active immunization are reported, with
active immunization becoming the focus of research. Pardi et al. used mRNA encoding
the light and heavy chains of the anti-HIV-1 antibody VRC01 to generate immunity to
intravenous HIV infection in humanized mice [338]. This mRNA was modified with
N1-methylpseudouridine (m1Ψ), which has been reported to perform better than Ψ in
cell-based experiments and in mice [285,339,340]. In active immunization, an antigen
of the target pathogen must be identified. This sequence is then cloned into a DNA
template and transcribed into mRNA in vitro before the vaccine is administered. An
active immunization approach for a HIV vaccination has been studied in mice and
rhesus macaques [341]. While unmodified mRNA stimulates the intrinsic immune
system by activating TLR7 and TLR8 and thus can act as an intrinsic adjuvant
[342,343], and certain modification in mRNA impede immune stimulation [228].
Depending

on

the

approach,

PRR

signaling

may

be

desired

or

better

circumvented [230,280,344,345]. In this context, HIV genomic RNA has been reported
to contain ribose methylations that impede cellular immune responses, providing a
clue to this important area of research [235]. Several studies have demonstrated
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mRNA as a plausible alternative vaccine vector against influenza [346,347], cancer
[348-350], and other infectious diseases [351-353].
In the fight against pandemic and epidemic viruses such as Zika virus, modified mRNA
vaccines have begun to gain acceptance in research. In the case of Zika virus, the
development of modified mRNA encoding the pre-membrane and envelope [354] of
Zika virus glycoproteins resulted in immunity in a mouse model [354], and
immunization was maintained in mice and macaques for a period of 3 to
5 months [352,354].
To date, the success of mRNA vaccines for therapeutic applications has culminated
in the fight against the severe acute respiratory syndrome coronavirus type 2 (SARSCoV-2) pandemic, where two mRNA-based vaccines have achieved not only clinical
trials but also regulatory approval [355]. Consistent with the previously described
importance of modifications in mRNA, it is worth noting that both mRNA-based
vaccines encoding the trimerized receptor-binding domain spike glycoprotein of
SARS-CoV-2 are quantitatively modified with m1Ψ.
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To date, more than 170 modified nucleosides are known in all kingdoms of life and in
a variety of RNA species. These modifications are involved in versatile biological
processes, such as RNA folding, recognition by the innate immune system and
regulation of translation fidelity. As introduced previously, the effects of modified
nucleosides in mRNA on translation is an intensively studied area, but a
straightforward synthesis routine for point-modified mRNA is lacking. The insertion of
modifications into mRNAs in a biological context is reported to be site-specific and
regulated by enzymes. In contrast, the most widely used method for synthesizing
modified mRNA to study its effect on translation is the random insertion of modified
nucleoside triphosphates during in vitro transcription. Therefore, this work aimed to
develop a method for the synthesis of point-modified mRNAs with naturally occurring
modifications. The starting point was a previous study on the synthesis of short RNA
species using splinted ligation [299]. This method had to be transferred to long RNAs
and optimized. Special attention must be dedicated to the development of a suitable
purification method, which becomes more difficult as the length of the particular RNA
increases. Since long RNA is not exceptionally stable, this ought to be reflected in the
purification method developed so that the integrity of the RNA is preserved. An
important decision must be made regarding the translational mechanism under study,
as there are both cap-dependent and cap-independent translational pathways in
eukaryotes associated to modifications. In a next step, positions for potential
modifications have to be identified. Interesting positions where such modifications
can be placed and investigated mainly concern the start and stop codon of the mRNA,
but in principle also the coding region of the mRNA. Finally, a read-out of the
translated protein served to give a first insight into the influence of modifications on
translation. For this purpose, different assay systems such as Western blotting or
radioactive labeling might be utilized, and probably several will need to be tested to
find the appropriate one.
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3.1

Retrosynthesis of mRNA sequences

In protein biosynthesis, mRNA is a very important factor to regulate the protein
expression. Apart from the very well documented impact of different structural
elements of the mRNA (untranslated regions, poly(A)-tail or cap structure) on mRNA
processing, translation, or immunogenicity [145,356-361] the modification grade of
the mRNA also plays an important role. However, the described effects on translation
regulation were observed for highly modified in vitro transcribed mRNAs [285,340],
shorter singularly modified RNAs such as non-sense sequences [218,225,290] or short
peptide sequences [307], or for natural RNA species [362]. To overcome these
limitations, this work aimed to develop a method to synthesize and purify long, pointmodified mRNAs allowing subsequent translation without further processing like
capping or poly(A)-tailing. These mRNAs were only modified in a single position and
were therefore termed “point-modified” mRNAs. Already single modifications were
able to tune translation negatively in the context of short RNA sequences
[200,236,307] and were therefore a very exciting approach for long mRNAs.
Furthermore, single modifications in other RNA species were shown to reduce
immunogenicity of these RNA species by suppression of TLR7 activation [363] and
therefore the questions arose if these two effects of point modifications might be
combined. The synthesis of such mRNAs was enabled by using a splint ligation
approach. Hereby, a complementary DNA oligonucleotide was used to hybridize two
(or more) successive RNA fragments in proper orientation [294]. Furthermore, the
5' phosphate group of one RNA and the 3' hydroxyl group of the adjacent RNA were
brought into spatial proximity to enable proper ligation between these two ends. In
35

3 Results and Discussion
previous approaches, two RNA fragments were bridged by a cDNA to generate longer
mRNAs [218,307] or tRNAs [299] (so-called 2-way splint ligation), or more than two
RNA fragments (up to five) were fused to generate smaller RNA species [364].
The underlying construct was an eGFP mRNA with an internal ribosome entry site
(IRES) (for complete sequence please refer to table 6.1 in the appendix). Other
reporter genes such as renilla luciferase requires cofactors to develop its
bioluminescence [309]. In contrast, the green fluorescent protein does not require any
co-factors or enzymes to develop its fluorescence, since the chromophore is formed
by the three-dimensional tertiary structure during maturation of the protein [313,314].
The fluorescence of GFP is very robust and stable under different conditions including
SDS gel electrophoresis of the mature protein [316-319]. Therefore, in-gel detection
of the fluorescence signal directly from SDS polyacrylamide gel after electrophoresis
of the translated protein was possible. The translation was performed in vitro in rabbit
reticulocyte lysate [365-367]. Furthermore, the used internal ribosome entry site from
encephalomyocarditis virus (EMCV) was shown to ensure a stable in vitro translation
of the luciferase reporter [366] which was reported to be more efficient than other
IRESs or capped mRNAs [48]. The use of an IRES overcame the challenge of
incomplete cap synthesis downstream of the mRNA synthesis

3.2

Investigation of splint ligation approach
3.2.1 Development of building blocks (with Dr. Kaouthar Slama)

Starting from the final mRNA sequence, the development of the building blocks [368]
faced some limitations. In order to allow synthesis of a point-modified mRNA, a
3-way-one-pot splint ligation was developed. Within this approach, the final mRNA
sequence consisted of three different fragments enabling insertion of one single
modification in a specific position of the mRNA by applying a modified middle fragment
(cf. figure 3.1A). Long, point-modified mRNAs are not accessible via in vitro
transcription, since modified nucleosides are inserted as triphosphates in different
percentages (up to 100 %) instead of the canonical nucleotide (e.g. PsiTP/UTP,
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m6ATP/ATP) during transcription reaction. Besides the random incorporation of these
modifications, the second limitation of this procedure is the restriction of the T7 RNA
polymerase used by default for in vitro transcriptions. This enzyme tolerates a lot of
naturally

occurring

modifications

as

nucleoside

triphosphates,

such

as

N6-methyladenosine triphosphate (m6ATP), 5-methylcytidine triphosphate (m5CTP),
pseudouridine triphosphate (ΨTP) [228] or functional groups used for click reactions
like 5-ethynyluridine triphosphate (EUTP) or azides [369,370] but is not compatible
with some other (naturally occurring) modifications such as 2'-O-methylations [291].
With a splint ligation approach, these limitations were circumvented. Although this
work was aimed only at the incorporation of known modifications, the method can in
principle be applied to all modifications available as phosphoramidites and which are
incorporated during solid phase synthesis of the modifiable RNA fragment.
Following this idea, the mRNA was synthesized from two long RNA fragments
(fragment #1 and #3) synthesized by in vitro transcription and one shorter RNA
(fragment #2) synthesized by chemical synthesis and commercially available as
oligoribonucleotide with inserted modifications. The solid phase synthesis of the
modified oligonucleotide limits its length to a few dozen nucleotides [293] which is
also the limitation of this synthesis method in general. Therefore, exclusive synthesis
of long, point-modified mRNAs was not possible. The length of the designed IRESeGFP mRNA included a total of more than 1300 nucleotides (nts), separated into
624 nts from 5' UTR including the EMCV IRES structure and 735 nts for the ORF
including a 15 nts short 3' UTR. Fragments #1 and #3 were synthesized by in vitro
transcription with T7 RNA polymerase since their length comprised several hundred
nucleotides.
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Figure 3.1 Development of building blocks and their arrangement in the constructs.
A Retrosynthetic view of the development, starting from protein down to the plasmid DNA level. Betabarrel structure of eGFP synthesized by in vitro translation of the full-length mRNA (red). The mRNA
contained a highly structured 5' internal ribosomal entry site (IRES) and was built from three fragments
by splinted ligation. The red triangle and the red square symbolized the start- and stop codon of the eGFP
sequence, respectively. The long RNA fragments for splinted mRNA ligation were synthesized from
plasmid DNA visualized as circles with indicated origin of replication (ori), antibiotic resistance gene
(KanR) and the sequence of interest, colored blue-green or green for fragment #1 (incl. IRES) and
fragment #3, respectively. The point-modified short RNA fragment was synthesized by solid phase
synthesis (fragment #2, turquoise). The inlet depicte a schematic zoom into the ligation site of the ORF
construct with the solid phase synthesized replaceable fragment #2 in turquoise. Upstream (5') of this:
fragment #1 with indicated restriction site from restriction enzyme (R.S. and scissor) of the plasmid
DNA (grey). Downstream (3') of the replaceable fragment #2: the in vitro transcription of fragment #3 by
T7 RNA polymerase (T7 RNAP, yellow trapeze) is depicted with its binding site (TATA box on the plasmid
sequence in grey). The dashed lines indicate the two nicks to be ligation on RNA level. B Schematic
sequences of the three different constructs with varied position of the replaceable fragment. The IRES
sequence indicated in blue with secondary structure. Replaceable fragment in turquoise with modification
depicted as yellow star and eGFP sequence in green. Start and stop codons indicated by red triangle and
red square, respectively. The development of the constructs was done in collaboration with Dr. Kaouthar
Slama.
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The aim was to obtain building blocks in which the plasmid DNA (pDNA) of the
corresponding sequence was linearized and the RNA fragments were synthesized by
T7 RNA polymerase and limited by falling off the enzyme at the end of the sequence.
Therefore, linearization of the pDNA was performed with type II restriction enzymes,
half of whose recognition sites were already present in the mRNA sequence, while the
second half was incorporated into the pDNA sequence outside the subsequent RNA
fragment. This was then followed by the commercial oligoribonucleotide and the
second transcription product starting with at least a “GG”-motif. This was set as a
prerequisite since the T7-RNA polymerase works most efficient with the +1 to +6
initially transcribed sequence “GGGAGA” [371,372]. With these limitations the
sequence was inspected for half recognition sites of type II restriction enzymes with
a downstream “GG” sequence in a distance of approximately 20 nts from the
restriction site. The inlet in figure 3.1A detailed the ligation site of the ORF construct
and indicated the different prerequisites made for a ligation. Upstream fragment #1
included the restriction site (R.S., “AGCGCT”) on the pDNA level and pDNA of
downstream fragment #3 contained the T7 RNA polymerase promoter upstream of the
initially transcribed sequence “GGA...“. Apart from inspecting the sequence for
appropriate ligation sites, it was also important to consider possible purification
methods for the final ligation product afterwards. In theory, the separation of a final
ligation product differing in length significantly from the unligated fragments seemed
more plausible than ligation of RNA fragments of only a few dozen nucleotides length,
due to size separation methods like chromatography or gel electrophoresis and were
therefore preferred.
At the end, three potential study objects named “initiation site (IS) construct”, “open
reading frame (ORF) construct” and “stop codon (SC) construct” (figure 3.1B) were
created. The names indicated the modifiable regions where fragment #2 was located.
In the case of the SC construct, the ligation was a 2-way-one-pot ligation with an in

vitro transcribed fragment #1 and solid phase synthesized fragment #2. Due to its
incompatibility with the above purification requirements, it was not an ideal subject
for study. Nevertheless, the idea was to investigate the ligation potential first on a
higher number of study objects and focus afterwards on the most promising
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candidates to optimize the approach and test the translatability in vitro. Both the
initiation site construct and open reading frame construct showed a fragment pattern
with fragments differing significantly in length from the reconstituted full-length
mRNA and were therefore, in theory, more accessible for purification

3.2.2 Integrity of ligation products
A typical ligation reaction contained equimolar amounts of each fragment and the
cDNA splint, hybridized to the RNA fragments prior to overnight incubation at 16 °C
with T4 RNA ligase 2. It is reported in literature that lower incubation temperature and
longer incubation time better preserve the integrity of the full-length product applying
T4 DNA ligase [299], assuming that the benefits of longer incubation at lower
temperatures are comparable between T4 DNA ligase and T4 RNA ligase 2, this
concept was adapted for ligation with T4 RNA ligase 2. The enzymatic ligation of two
successive RNA fragments was shown previously to be highly dependent on the
reaction conditions including RNA sequence [364] and splint length [299] (please also
refer to 3.2.3) and was applied earlier for smaller RNA species like tRNA [299] or other
RNAs [294,364]. In an initial assay, the integrity of the potential ligation product was
tested by hybridizing a fluorescent cDNA to the ligation product. For these
experiments, ligation conditions were first transferred from unpublished data for the
reaction. A cDNA splint with 35 nts overhang from each nick (total length of around
80 nts) and incubation temperature of 16 °C were used in an overnight reaction.
After separation of the hybridized probes on an agarose gel, the SC construct did not
show a fluorescent signal corresponding to the full-length product, although the
integrity of the individual RNA fragments was ensured. The SC construct was therefore
excluded from further studies (data not shown). On the left site of figure 3.2, the
exemplary results of the hybridization experiment are shown for the IS construct. The
positive and negative controls of the IS construct (lanes 1 and 6-10 respectively)
implicated that the hybridization only took place if at least two out of three fragments
were successfully ligated. However, for the SC construct, with only two fragments,
none of the ligation controls showed a fluorescence signal although the GelRed TM
stained gel showed the presence of the RNA. In section 3.3.1, among others, the
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results of HPLC experiments for SC construct were discussed and supported the
results of the hybridization test (vide infra).
To validate the results from the hybridization of the fluorescent cDNA to the RNA, in
a second step the ligation reaction of the IS and the ORF construct were performed
including a cyanine 5 (Cy5)-labeled fragment #2. Internal labeling of the ligation
product ensured that potential secondary structures and thus steric reasons did not
interfere with the labeling procedure itself, which is otherwise a source of error in
labeling by hybridization. Another opportunity while using internal labeling of the RNA
was quantification of the ligation efficiency by quantifying the intensity of the Cy5
signals in the gel. The Cy5-labeled experiments supported the results from the
hybridization tests: ligation only took place if the middle fragment #2 was present in
both constructs and reasonable amounts of partially ligated fragment #2 with either
fragment #1 or fragment #3 were seen in lanes 13 and 15 for IS construct and lanes
20 and 22 for ORF construct on the right site of figure 3.2.
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Figure 3.2 Integrity of ligation product.
The crude ligation mix were tested for integrity of the ligation product by either hybridizing to a fluorescent
complementary cDNA (left side) or by using a Cy5-labeled replaceable/fragment #2 (right side). Above
the different constructs and labelling possibilities are illustrated. The used emission filter is indicated
and the arrows marked the respective RNA construct. On the left site [373] the fluorescence Scan (top)
and a scan after staining the 2 % agarose gel with GelRedTM (bottom) are shown. The used controls were
either fragment #1 or fragment #3 alone (lanes 3 and 4), an in vitro transcribed full-length mRNA (lane
1) or, as negative controls, lanes 6 – 10: ligation without enzyme or splint or without one of the respective
fragments. A total amount of 750 ng RNA per lane was loaded. On the right site (lanes 11 – 24) either the
Cy5-scans (top) or the scan of in-gel SYBRTMGold stained (bottom) 1 % agarose gel are shown (IS (left)
and ORF (right) building block, respectively). Used controls: a full-length, not labeled, in vitro transcript
(lanes 12 and 19), labeled fragment #2 (17 and 24) or the ligation reaction without enzyme (16 and 23) or
without one of the respective fragments (lanes 13 – 15 and 20 – 22). 400 ng RNA was loaded per lane.
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3.2.3 Ligation efficiency is dependent on ligation parameter
By staining the gel in a conventional way, an even staining of all RNA fragments was
not be guaranteed due to the staining procedure itself and the interaction of the
staining reagent with the RNA molecules. In-gel staining with SYBRTMGold implicated
a ligation efficiency for the IS construct of about 30 %, whereas calculation of the
ligation efficiency from the same gel with the Cy5 channel resulted in a ligation
efficiency of only about 12 %. For detailed analysis, the Cy5 calculated ligation
efficiencies were used, due to the above circumstances with stained RNA. Utilizing
these intensities, only one molecule per mRNA will be guaranteed, making over- or
under-representation of individual RNA species less likely.

Figure 3.3 Ligation efficiencies for different cDNA splint length.
The ligation efficiency was calculated from the Cy5 signal in the gel after ligation with cDNA with a length
of 39, 59, 82/79 or 89 nts for the initiation site (left) or the open reading frame (right) construct,
respectively.

To further optimize the splinted ligation of the constructs different setups were tested
to find optimal ligation conditions. Kurschat et al. used 2005 [299] cDNA with an
“overhang” of 15 to 35 nts on each site of the nick. The same size range was used by
Hoernes et al. 2016 and 2018 (8 to 20 nts respectively) [199,305]. In fact, a Cy5-labeled
RNA with splint cDNAs with total length' of 39, 59, 82 and 89 nts for the initiation site
construct and 39, 59, 79 and 89 nts for the open reading frame construct were used.
This led to an overhang of 10 to 35 nts on each site (and additional 19 nts to span
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fragment #2). The ligation efficiency for both building blocks were highest with the
longest splint (cf. figure 3.3) but not substantially higher than with the 82 nts and
79 nts long splint for the IS construct and the ORF construct, respectively. In another
optimization test, the conditions of the hybridization of the RNA fragments for the IS
construct to the splint DNA were varried. Before adding the ligase, the reaction
mixture was heated for 4 minutes to 75 °C to denature secondary structures of the
RNA. Subsequently, the reaction was uncontrolled cooled to room temperature over
several minutes. This cooling step was variied in three different ways to investigate a
potential impact on hybridization efficiency of the splint to the RNA fragments. The
experiments for the controlled cooling over 30 or 60 minutes were performed inside a
thermocycler with cooling steps from 75 °C to 22 °C (assumed as room temperature)
over indicated time. In addition to this slow cooling, another experimental setup tested
cooling the heated samples on ice to produce a rapid temperature gradient. In
figure 3.4A the results of these experiments are shown in a relative comparison
towards the uncontrolled cooling. However, none of these different hybridization
conditions resulted in a remarkable change in ligation efficiency compared to the
uncontrolled reference.

Figure 3.4 Influence of hybridization conditions and fragment length on ligation efficiency.
A Different cooling conditions after the denaturing step of the ligation reaction were tested and ligation
efficacy relative to the uncontrolled cooling is shown. The ligation reaction was either cooled on ice or
slowly cooled over 30 or 60 minutes to room temperature. B The ligation efficiency was calculated for
ligations with different length of fragment #1. A 42 nts long fragment #1 was ligated to fragment #2 and
#3 of the IS construct compared to ORF construct with 1010 nts long fragment #1. Experiments were
performed in triplicates (±SD).
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3.2 Investigation of splint ligation approach
In the same experiment, it was tested whether hybridization, and thus subsequent
ligation, differed when hybridization was split into two steps. In a first step the
hybridization was performed only with the splint and the replaceable fragment #2
present. In a second step fragments #1 and #3 were added (either heated to denature
secondary structures prior to mixing or not). In both cases no ligation was observed
afterwards (data not shown). As mentioned in 3.2.2 the stop codon construct did not
hybridize with fluorescent cDNA, and was thereofre probabyl not sucessfully ligated.
Nevertheless, the question arose, if length of fragment #1 (and maybe the secondary
structures of this fragment) had an impact on ligation efficiency. This was reinforced
by observation that the ORF construct tended to have slightly lower ligation efficacy
compared to the IS construct.
In another setup, replaceable fragment #2 and fragment #3 from the IS construct were
used in combination with a short oligoribonucleotide labeled with a 5' fluorescein tag
to act as fragment #1. Raplacing fragment #1 removed the highly structured IRES
region of the construct and changed the 624 nts long RNA fragment into a 42 nts long
fragment. This increased the ligation efficiency calculated by Cy5-labeled raplaceable
(fragment #2) substainally compared to building blocks with longer and higher
structured fragment #1. In further experiments, comparable ligation efficencies were
observed for replacing fragment #1 against 40 nts or 48 nts long RNA sequences (cf.
figure 6.1). In all cases, the presence of the very short RNA fragment #1 was confirmed
by fluorescein labeling of these fragments and subsequent detection of the
fluorescent signals (cf. figure 6.2).
However, based on this experiment, it was not possible to precisely elaborate whether
the correlation exists in the length of fragment #1, in the amount of secondary
structures or in both. Since the ligation site of the ORF construct was located several
hundred nucleotides downstream of the IRES sequence, it is not reasonable to argue
with the highly structured IRES motif alone to find a rationale for the low ligation yield.
The three tested short fragments #1 all had a similar length. Therefore, further
experiments with fragments with a greater variety of lengths needed to be performed
to make this hypothesis more precise.
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Overall, the presented synthesis route enabled the point-modified synthesis of long
mRNAs in one reaction step. The idea of point-modified mRNAs synthesized by a
ligation approach was alredy establisehd by Hoernes et al. in couple of different
constructs [199,226,305,307] lacking the posibility of a one pot reaction for ligation of
more then two succesive fragments, whereas a one-pot ligation avoided the need to
apply yield-critical purification steps more than once. This was the advantage of the
3-way-one-pot ligation, including saving time by bypassing time-consuming steps
wherever possible.
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Purification of synthesized long mRNAs

Investigating a purification procedure for long RNA species, such as mRNA, was a
challenging step in the underlying work. In particular, the purifications were aimed at
separating long RNAs from smaller RNAs from a mixture, such as that resulting from
a ligation reaction described above. A standard purification method for mRNAs from
cells or tissues is the enrichment of the poly(A) fraction of a total RNA mixture by
hybridization of magnetic poly(dT) beads, which was also adapted by Hoernes et al.
for purification of point-modified mRNA after 2-way splint ligation [226,307]. The
developed ligation approach described in 3.2.1 resulted in an mRNA without a poly(A)
tail, and adapting the hybridization approach with a cDNA oligonucleotide hybridizing
to the full-length ligation product, comparable to the splint used for ligation, was also
not promising because impurities of the ligation reaction were mostly unligated
fragments which were capable to hybridize in the same way to a potential cDNA.
Therefore, this possibility was ruled out from the outset, and the focus was on three
main purification ideas to be tested with the IS construct: Purification by highperformance

liquid

chromatography,

excision

from

an

agarose

gel

after

electrophoresis, or gel elution in real time. An overview of the purification methods is
provided in figure 3.5.
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Figure 3.5 Method overview of the tested purification methods.
After a splinted ligation, the crude reaction mixture was purified. Left: after pre-cleaning with silica spin
columns, the reaction mixture was subjected to HPLC fractionation. Middle: The crude ligation mix was
fractionated by real-time gel elution from a conventional 1 % agarose gel by eluting the respective band
from the collection pocket. Subsequently, the respective fraction was filtered via solid phase filter with a
pore size of 0.2 nm. Right: The crude ligation mix was separated by a conventional or a low melting/gelling
1 % agarose gel and respective RNA was excised from the gel prior to extraction of the RNA either by
phenol-chloroform extraction (low melting/gelling agarose) or by glass wool filtration (conventional
agarose). Subsequent subjection of the purified full-length RNA to cell free translation and separation on
SDS-PAGE allowed in-gel detection of eGFP fluorescence.
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3.3.1 Purification via RP-HPLC (in collaboration with Dr. Kaouthar Slama)
A promising method for purification of long RNA species is high performance liquid
chromatography with a reversed phase column. This method was shown to purify
modified mRNA after in vitro transcription and moreover to reduce immunogenicity of
the mRNA solution [374]. Karikó et al. used preparative HPLC with a PS-DVB [375]
column resin and triethylammonium acetate (TEAA) buffer as ion pair reagent [376].
Adapting this method to an Agilent HPLC system using a YMC-Triart reversed-phase
C18 column with a hybrid silica column material also suitable for TEAA as an ion-pair
reagent was challenging and was performed in close collaboration with Dr. Kaouthar
Slama.

Figure 3.6 Chromatogram of an HPLC run of ligation mix from IS construct and subsequent fraction
analysis.
A total amount of 30 µg crude ligation mix (red line) and the corresponding in vitro transcribed full-length
mRNA (6 µg, dashed black line) were subjected to HPLC analysis. Ten small fractions were collected
manually from the crud ligation mix, indicated by the yellow and white bars. Fractions three to ten were
subsequently analyzed with a 2 % agarose gel, stained with SYBRTMGold (right side). The arrows indicated
the expected positions of unligated fragment #1 (blue) and full-length product (red). 100 bp plus DNA
Ladder from Thermo Fisher Scientific was applied next to the samples.
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A full-length in vitro transcript, assumed to consist of only a single RNA species, was
separated by RP-HPLC to elucidate the retention time of the full-length product. The
chromatographic profile of UV absorbance is shown on the left site of figure 3.6 as a
dashed black line next to the chromatographic profile of a crude ligation mixture
applied on the system (solid red line). It is noticeable that the sample of the IVT
transcript gave a heterogeneous chromatographic profile, although the sample was
supposed to consist of ony a single RNA species. The crude ligation mixture, which
was composed of both non-ligated fragments and the full-length ligation product, also
gave a heterogeneous chromatographic profile. Fractionation of the crude ligation
mixture resulted in an elution profile of the individual RNA fragments without sharp
separation between them, as illustrated in the agarose gel image on the right site of
figure 3.6. One had to note that no ligation product was observable for SC construct,
neither in the UV chromatogram nor on the picture of the gel electrophoresis of the
taken fractions (cf. figure 6.3).
Besides this, little literature is available for a reliable purification method for long RNA
species without complex and/or expensive laboratory equipment. The use of
electrophoretic techniques for the purification of nucleic acids is widely reported in
the literature [199,377-380], but their potential for purifying long RNA species is
limited. Since extraction of full-length ligation product from a denaturing
polyacrylamide gel by passive elution after separation of crude ligation mix was only
feasible by use of low percentage PAGE and not very reliable in a set of several
purification tests, the use of agarose gels seemed more promising. The sufficient
separation between the full-length product and the unligated or partially ligated
fragments was already observed during the analysis of the building blocks (cf.
figure 3.2).
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3.3.2 Purification via agarose gel electrophoresis
There are numerous methods in the literature for extracting DNA molecules from
agarose [381-384]. The applicability for larger RNA molecules was tested by adaption
of some purification approaches from literature to the constructs used in this work.
Since the 1970s, a lot of purification methods taking advantage of agarose gels were
reported for DNA, involving different chemicals like hexadecyltrimethylammonium
bromide in 1-butanol [385] to separate the nucleic acids from the agarose phase or to
denature the agarose chemically by addition of “chaotrophic” anions like perchlorates
[386] or iodide [387] to destroy the structure of the agarose and isolate the nucleic
acids. However, these methods used rather harsh chemicals and are liable to demage
the RNA. Another possibility described in the literature consists in the direct recovery
of the nucleic acids from the solid agarose piece. Following this approach, the recovery
of large RNA molecules by centrifugation through self-made glass wool filters either
directly [388,389] or with a freezing step in liquid nitrogen prior to centrifugation
through self-made glass wool filters [390,391] were tested (cf. figure 6.4). By using
low melting/gelling agarose the addition of chemicals to destroy the integrity of the
agarose piece, with the nucleic acids inside, became obsolete and allowed to perform
the melting at temperatures around 65 °C. Since DNA molecules were more stable
than RNA molecules, due to the lack of the 2'-hydroxyl group, heating them inside
agarose for a couple of minutes seemed not detrimental for stability, while
applicability to RNA had yet to be tested. The liquid agarose allowed extraction of the
desired nucleic acids using, for example, chloroform [392]. Besides the low
melting/gelling (LMG) agarose approach, another possibility to liquefy conventional
agarose is the enzymatic digestion of the solid agarose particles by an enzyme called
agarase, prior to phenol-chloroform extraction [392]. However, the enzymatic
approach resulted in lower yields compared to heating low melting/gelling agarose
and was more expensive due to the addition of the enzyme. Several of the cited
methods were tested and all of them worked in general but had different
disadvantages in detail. None of them showed satisfying results referring to integrity,
purity and amounts of recoverd RNA. Centrifugation of the solid agarose pieces
resulted in only very small yields for larger nucleic acids [391] and this was not
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increased substantially in the underlying experiments by including additonal steps in
the procedure like freezing the agarose beforehand.
Regarding the extraction of the RNA from liquid agarose by phenol-chloroform, only
slightly higher yields were obtained, but resulted in a bigger pellet after precipitation
of the RNA. This was a known impurity of these methods due to a fair amount of
agarose inside the nucleic acid pellet [392] which impeded the subsequent LCMS/MS analysis of the purified samples. For this reason other purification methods
were tested to circumvent these agarose impurities or at least to reduce them to the
lowest amount possible. All tested purification methods implicated that a certain
amount of agarose was unavoidable, but was dependent on the ratio of gel slice
volume to RNA. Figure 3.7 illustrates the example of extraction from LMG agarose in
lane 1 compared to the crude ligation mix (lane 2). Based on this comparison, it can
be assumed that the separation of the ligation product from most of the unliganded
fragments was successful. Although this was also observed with the other agarose gel
extraction methods, given that the ligation reaction resulted in only a small amount of
full-length product, the above techniques did not seem to be the methods of choice to
purify the full-length ligation product.
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Figure 3.7 Purification control after low melting/gelling (LMG) purification or real-time gel elution.
100 ng of purified ligation mixture after LMG agarose purification (lane 1) or real-time gel elution (lane
5) were applied next to crude ligation mix (lane 2) or in vitro transcribed full-length RNA (lane 6) to a 1 %
agarose gel stained with SYBRTMGold. Size marker: GeneRuler 100 bp plus DNA ladder (lane 3 and 4).
The expected position of each RNA species (fragments or full-length RNA) is indicated by the colored
arrows (color code from the ligation reaction depiction on the right).
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3.3.3 Purification via real-time gel elution
Another possibilty to release nucleic acid from solid gel pieces consisted in
electroelution. This is enabled by use of a dialysis bag inside a dialysis chamber [393398] or onto a dialysis membrane [399] after a first step of gel electrophoresis and
excision of the desired nucleic acid band. Another possibility was the elution directyl
onto a cellulose membrane with a pore size of 45 µm [392]. The aforementioned
methods are only feasible using equipment that is no longer commercially available
and for which there is very little relevant literature [400], or are technically challenging
due to the correct positioning of the cellulose membrane in the agarose gel after the
nucleic acids have already been applied and separated [392] or the need to place a
dialysis membrane very precisely during the casting of the gel [399]. In addition, all of
the above methods had the disadvantage of requiring an initial purifying gel from
which the RNA is then merely extracted. Moreover, elutions from PAGE slices showed
the limitation in purifcation of small amounts of RNA in contrast to large volumes due
to the elution process [401-403], which probably also applies for agarose preparations.
Nevertheless, based on the idea of electroelution another purification method was
developed called real-time gel elution to recover the desired nucleic acids directly
from the agarose gel by live visualization of the separation process and without the
need of a prior separation gel. The investigated system was inspired from Thermo
Fisher Scientifics E-GelTM CloneWellTM [404] but with a more flexible setup. For a
detailed protocol please refer to section 5.3.2, but in general a conventional agarose
gel chamber was placed onto a blue ligth transilluminator (i.e. DarkReaderTM
transilluminator) to visuallize in-gel stained nucleic acids (cf. figure 3.8), by a
fluorescent staining dye (here SYBRTMGold), during the migation process. To recover
the RNA from the gel, an additional comb was placed in the second half of the gel to
create a “trough” (elution pocket) for pipetting out the desired RNA species as soon
as they reentered the distal site. In the experiments presented here, this second
pocket was created by either preparation of a conventional comb from the used gel
chamber with adhesive tape to combine the predefined pockets to a bigger one or by
direct use of an inhouse comb printed with a 3D printer (examplary pictures in
figure 6.5).
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Figure 3.8 Schematic setup (left) and photograph (right) of the real-time gel elution.
The agarose gel chamber was placed on top of the transilluminator which used visible blue light instead
of UV light as excitation source. To visualize the RNA during running of the gel an amber screen was
needed and the agarose gel was prestained with SYBRTMGold. Background from photograph removed.

Direct and continuous visualization allowed determination of the exact time period in
which the desired RNA migrated into the elution trough, and thus stepwise pipetting
to recover the RNA was possible. This was put into practice by restarting
electrophoresis after the initial recovery to allow more target RNA to enter the trough.
This process was repeated for one to two minutes untill none of the target RNA was
visible. A link/QR code is provided in figure 6.6 that leads to a video showing an
examplary real-time gel elution of a ligation sample. The plastic housing of the agarose
gel chamber prevented irradiation of the gel with UV light of wavelength 254/365 nm
(mercury UV transilluminator) and impeded sensitive detection of RNA. In contrast,
the setup used with a DarkReaderTM transilluminator (from Clare Chemical Research)
emitted blue light and was a suitable illumination source. To recover the purest
possible RNA, the separation between the target RNA and the nearest migrating
impurity (the longest not full-length ligation product) was a crucial step. In figure 3.7
purified full-length IS construct is shown after phenol-chloroform extraction of low
melting/gelling agarose (left, lane 1) or after real-time gel elution (right, lane 6) next
to the crude ligation mix (lane 2) or an in vitro transcript (lane 5) respectively. Both
purification methods showed residual, not fully ligated, by-products, indicated by the
arrows. Since the real-time gel elution setup allowed flexible positioning of the elution
trough, the separation quality was able to be modulated by changing the gel length for
migration. Another possibility was the percentage of agarose used to cast the gel, as
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it was assumed that a higher agarose concentration led, in principle, to a better
separation. However, increasing the concentration of agarose up to 2 % led to better
separation in exchange for a lower recovery rate. For this reason, agarose
concentrations between 0.8 to 1 % were used in all cases and only the position of the
elution trough was adjusted. Additional to the improvement of the separation process,
the elution trough was rinsed several times with 1x running buffer (TBE,
tris/borat/EDTA) prior to the target RNA migrating into the pocket to flush residual
impurities out of the pocket, thus ensuring the purest possible environment for the
target RNA species. Under these conditions, after several dozen independent
experiments, an elution rate of 15 - 20 % was obtained for the ligation product from
the crude ligation mixture. Nevertheless, it was necessary to consider the substantial
loss, which resulted in an overall yield of about 5 % due to the combination of the low
ligation efficiency and the elution rate. However, there seemed to be a direct
correlation between the elution rate and the length of the target RNA, since the
recovery rate was increased up to 50 % for an RNA with only ~650 nts length in
contrast to the full-length ligation product with >1300 nts. In addition, the input
amount of RNA for the respective recovery experiment seemed not to be detrimental
(cf. figure 6.7). This theory was also supported by the fact that purification of 28S
rRNA subunit (>4700 nts long) from a mouse liver total RNA mixture yielded less than
10 % of the expected amount of rRNA [405] while the yield of the 18S subunit
(>1800 nts) was comparable to the yield gained from full-length ligation product. One
explanation for these observations might be the general tendency of long RNAs to be
more strongly retained by the gel matrix than smaller RNAs [406,407] resulting in
broader bands and a larger smear pattern along the entire length of the migrated gel
pathway. Although these results appeared to be consistent, they were only the result
of a series of individual experiments, and replicates of the experiments must be
performed for validation.
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Although the integrity of the full-length ligation product was ensured after real-time
gel elution (cf. figure 3.7, lane 5), this was not the only criterion for good quality
purification. As already mentioned, RNA molecules are more prone to degradation and
therefore needed to be handled with caution compared to DNA molecules. All
experiments were performed routinely with ultrapure water (Milli-QTM) to prevent
degradation of the sample from ribonucleases present in the distilled water. Another
method described in the literature for inactivating ribonucleases is to treat the water
with DEPC (diethyl pyrocarbonate), which reacts irreversibly with amino acids and is
thus able to destroy the active centre of the ribonucleases [408-410]). Since the
performance of ultrapure water was shown to be as good as DEPC treated water [411],
there was no need for this time-consuming treatment for solvents like the running
buffer that were used during the procedure of real-time gel elution.

3.4.1 Agarose particle tracking
It has been previously mentioned that purification from agarose gels is associated with
contamination by agarose particles in the sample [392]. Several purification methods
described in section 3.3 as well as real-time gel elution ended up with rather large
amounts of agarose that were visually detectable by precipitated pellets, which were
generally larger than expected for pure RNA (please see figure 6.8 for an exemplary
picture). For further investigation of these impurities within an RNA preparation, a
series of samples were analyzed after purification by a device called “Nanotracker”.
The instrument was routinely used to track trajectories of small particles, e.g.
liposomes, by light scattering via a microscope visualized by a digital video camera
[412]. This instrument allowed visual inspection of the samples with the additional
possibility of automatically estimating their sizes based on diffusion coefficients.
However, it is considered reliable only for approximately round-shaped nanoscale
particles, but not for particles of undefined shape, possibly due to the low diffusion in
the aqueous environment (data not shown).
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For analysis, samples were filled up to a volume of one milliliter, injected into the
sample reservoir, and visually inspected. To minimize personal bias, 20 to 30 randomly
selected camera positions were analyzed by counting the number of particles per
image and calculating their two-dimensional area. A more detailed description of the
procedure was provided in section 5.3.2.
All samples subjected to the various agarose purification methods, including glass
wool filtering of normal agarose, phenol-chloroform extraction of LMG agarose and
real-time gel elution were subsequently analyzed (left site of figure 3.9). The samples
were examined with regard to their total amount of agarose particles and the particles
were categorized into small, medium and large based on their two dimensional area.
Pictures for different particles sizes are shown in the middle of figure 3.9. For all
samples an expected agarose accumulation was observed but the amount of agarose
particles in the phenol-chloroform extracted sample differed noticeably from the
samples after glass wool filtration and real-time gel elution, respectively. Interestingly,
the distribution of particle sizes was slightly different for the real-time gel eluted
sample. Here, demonstrating a tendency towards smaller particles compared to the
sample filtered with glass wool, which contained the overall similar amount of
particles.

Figure 3.9 Agarose particle tracking after different treatments.
The particle tracking was performed by using the Nanoparticle tracking analyte and the respective
software (Malvern Panalytical). The relative number of particles per inspected picture as well as the size
of these particles are depicted for three different purification methods (glass wool filtration,
phenol-chloroform (Phe/CHCl3) extraction and real-time gel elution) on the left side. The different size
categories are exemplary shown in the middle of the figure as well as the color legend for the different
particle sizes (light to dark purple). On the right site the impact of increasing amounts of input RNA on
the number of agarose particles per 1 µg real-time gel eluted RNA is seen for input amounts of 1.3, 4.5
and 16 µg, respectively. Standard deviations resulted from tree independent experiments.

58

3.4 Quality control of ligation products

The experiments showed an advantage of the real-time gel elution method over the
other methods tested in terms of absolute number and size of agarose particles, but
the question of the best RNA amount for one purification circle remained. To this end,
the particle-to-RNA ratio was further examined to clarify a possible correlation
between a variable amount of RNA input material and the volume recovered from the
elution trough. Three samples with increasing amounts of RNA were purified by realtime gel elution and the number of agarose particles was considered relative to 1 µg
of RNA. On the right site of figure 3.9, the relative number of agarose particles are
shown in combination with their size distribution. Regarding the total amount of
agarose particles, a clearly visible decrease was observed between the lowest input
quantity and the medium input quantity. The elution volume for real-time gel elution
was less dependent on the amount of RNA, but the size of the elution trough was
pivotal, and thus the results supported the theory that the elution volume, rather than
the amount of RNA, was the decisive factor for sample recovery.
The yield of recovered RNA in this setup was up to 50 %. While the short length of the
used in vitro transcript of about 620 nts seemed to be a plausible explanation for the
yields (cf. section 3.3.3), a dependency on the amount of input RNA was not observed
in experiments with increasing amounts of input material (cf. figure 6.7).
Even though a high number of particles was detected in the sample with the lowest
input quantity, these particles did not negatively affect translation efficiency (please
read further in section 3.6). Nevertheless, handling, concentration determination, and
downstream analysis such as LC-MS/MS were easier when the amount of particles
in the sample was lower and the liquid was thus less viscous. Therefore, a purification
method that results in as few agarose particles as possible shall always be preferred.
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3.4.2 Detection of specific modifications after irradiation-induced damage
In addition to the characterization of contamination by agarose particles, another
source of potential “contamination” in the form of chemical damage at the nucleoside
level caused by the irradiation of the sample with blue light during real-time gel elution
was investigated. It was known from the literature that UV irradiation may cause
photoproducts such as 8-oxoguanosine [79,81] or hydrates of cytidine and uridine
[81,83]. Although the RNA molecules tested were mainly artificial constructs,
Estevez et al. have shown that even naturally modified RNAs can be damaged by only
UV-A irradiation [79], indicating that it is essential to examine the harmfulness of the
method studied.
Therefore, induced damage of in vitro transcripts was studied after irradiation with
either UV light with a wavelength of 254 nm (UV-C) or with blue light with a
wavelength between 400 and 500 nm, namely with the DarkReaderTM transilluminator
used for real-time gel elution. Irradiation with UV-C light (conventional mercury UV
lamp, 254 nm/365 nm) was used as a positive control for conditions known from
literature to cause irradiation damage in nucleic acids even after seconds [78]. A
sample stored at room temperature in the dark for the same period as the treated
samples served as a negative control. In the underlying approach, mRNA samples were
treated for two hours, which corresponds to an exposure time four times longer than
that required for real-time gel elution. After the treatment, samples were digested to
nucleoside level and analyzed via a neutral loss scan (NLS) via LC-MS/MS [98,413].
Therefore, the nucleosides were ionized and filtered in quadrupole 1 of the triple
quadrupole mass spectrometer for a predefined mass range. After this first filtering
step, the ionized nucleosides were fragmented, in the collision cell (quadrupole 2) at
the N-glycosidic bond, leading to a neutral loss of 132 Da. Finally, the transfer of
nucleosides for detection was allowed only after a filtering step at quadrupole 3, which
was focused on this mass transfer and to the exclusion of all other mass transfers. In
the used setup this neutral loss of 132 Da was the ribose moiety of the nucleosides.
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Figure 3.10 Detection of oxidative damage products via LC-MS/MS.
The left site illustrates the extracted ion chromatograms of mass-to-charge ratio of 300 (corresponding
to 8-oxoguanosine, structure on the right) from three differently treated in vitro transcribed mRNAs after
two hours of irradiation with UV-C (254 nm, purple dashed line), blue light (400 - 500 nm, blue line) from
the DarkReaderTM or incubation in the dark (neg. control, green dashed line). The right site showed the
respective mass spectrums of the compound that was eluted after 11 minutes.

Based on the mass-to-charge ratios of the presumed photoproducts, the analysis of
extracted ion chromatograms with exactly these mass-to-charge ratios was of greater
interest. The left site of figure 3.10 shows the signal of a substance eluting after
11 minutes, detected in the extracted ion chromatogram corresponding to a mass-tocharge ratio of 300 Da, which is equal to the mass-to-charge ratio of 8-oxoguanosine
(positively charged ion in the upper right part of figure 3.10). After irradiation of the
sample with 254 nm (dashed purple line), a strong signal was detected, in contrast to
only a very small signal after treatment with the DarkReaderTM (blue line), which was
comparable to the signal of the negative control (kept in the dark at room temperature
for two hours, dashed green line). The mass-to-charge ratio was verified using the
mass spectrums of the substance eluted after 11 minutes, shown on the lower right
site of figure 3.10. In addition to the mass-to-charge ratio, 8-oxoguanosine was
compared to an authentic standard to verify the results (data not shown).
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Besides the results found for 8-oxoguanosine, the analysis did not reveal any other
significant changes in the appearance of other RNA damage products known from
literature [78,81,83], e.g. U-hydrate, between the three samples.
All in all, the artificial irradiation process with blue light, equal to the exposure during
the real-time gel elution, did not provoke the formation of oxidative damage on
nucleoside level. Consistent with the findings described in literature, the use of an
excitation light source providing low energy blue light is milder compared to the oftenused conventional UV-C light [78,81]. Kladwang and colleagues observed a high
extent of oxidative damage after irradiation with 254 nm, but substantially less damage
at already slightly longer wavelengths of 302 nm and finally no detectable damage
after irradiation with 366 nm for 100 seconds. Since 366 nm wavelength already belong
to the spectrum of UV-A light, they consider only a very inefficiently creation of
photoproducts on nucleic acids after UV-A exposure [78]. Compared to the
experiments performed here with even higher wavelengths, this indicates that the
results were reliable and that no oxidative damage was to be expected from real-time
gel elution.

3.4.3 Stability of m1A under applied reaction conditions
Of

the

various

modifications

considered

for

point

modification,

1-methyladenosine (m1A) was known to be susceptible under alkaline conditions.
Among the reaction conditions to which the modified RNA was exposed, the TBE
buffer with a pH of about 8.3 was supposed to be the most alkaline condition. In
combination with a slightly elevated temperature during real-time gel elution, the
question arose whether these conditions favoured a mechanism known from the
literature called Dimroth rearrangement, in which m1A is chemically converted into
m6A [414]. To investigate whether m1A was converted to m6A to a significant extent,
which might affect downstream analysis of mRNA translation, two short
oligoribonucleotides containing m1A were utilized. Even though the most alkaline
condition of the workflow was gel elution in 1x TBE buffer, the conditions for
phosphorylation of the 5' end of the oligoribonucleotide required for subsequent
ligation, the ligation condition itself, and digestion of the splint DNA after ligation were
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also tested. After treatment of the oligoribonucleotides with the respective reaction
conditions, the samples were digested to the nucleoside level and analyzed by LCMS/MS. The LC-MS/MS analysis was performed in the dynamic multiple reaction
monitoring (dMRM) [415] mode. In contrast to the above-mentioned neutral loss scan,
the dMRM only detected predefined nucleosides. For this purpose, the respective
retention times and mass transitions were defined prior to analysis, which, together
with a comparison to authentic standards, enables sensitive detection and
quantifications [416]. During the analysis, the nucleosides were selected in
quadrupole 1 for predefined precursor ions and after fragmentation at the N-glycosidic
bond in the collision cell only the predefined product ions were allowed to pass
quadrupole 3 for transmission to the detector.
The analysis was performed in a relative manner, i.e. comparing relative intensities of
m1A and m6A normalized to the signal obtained from the UV absorption of cytidine in
the respective samples. None of the tested conditions shifted the m1A to m6A ratio
measured in the untreated samples towards higher amounts of m6A. It must be noted,
that the oligoribonucleotides used for these experiments, had already been stored for
some years at -20 °C which might be a possible explanation for the ratio of almost
20 % m6A observed in the untreated control. However, under harsh alkaline conditions
(5 minutes at 96 °C in bicarbonate buffer pH 9.2) the rearrangement of m1A into m6A
was nearly complete (cf. figure 3.11 and figure 6.9) and confirmed the results reported
by Macon & Wolfenden around 1960 [414].
The results of the performed experiments revealed that under the conditions during
the ligation approach, no significant rearrangement of m1A into m6A was observed.
This opened the possibility of synthesizing point-modified mRNAs with m1A
modification. From this point on, however, the focus shifted to the use of other
modifications, in particular the variants of 2'-O-methylation (2'-O-modivariants),
since, on the one hand, the detection of these modifications was easily possible by
LC-MS/MS and sequencing (i.e. RiboMethSeq) methods and, on the other hand, they
showed interesting immunostimulatory properties (cf. section 1.5.5) in addition to their
possible effects on translation.
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Figure 3.11 Stability of m1A in oligoribonucleotide MH337 after different treatments.
The distribution between m1A and m6A was analyzed from nucleosides via LC-MS/MS after exposure of
the oligoribonucleotide MH337 to different reaction conditions and buffers and subsequent digestion.
The negative controls were analyzed without further treatment and the positive control was treated with
bicarbonate buffer pH 9.2 for 5 min at 96 °C. The conditions for the treated samples were as follows:
DNase I buffer pH 7.5 for 30 min at 37 °C, buffer from T4 polynucleotide kinase pH 7.6 for 1 h at 37 °C, T4
RNA ligase 2 buffer pH 7.5 for 24 h at 16 °C. Extraction from agarose gel was performed independently
as described in 5.3.4 incl. negative control (as above). All samples were analyzed in technical triplicates.

3.5

Quality control after including modified fragment #2

In the above sections, the integrity and quality of the unmodified ligation samples were
verified. In the next step, the ligation of the IS construct was performed using a set of
modified fragments #2 to introduce a modification around or in the start codon. A list
of all modified oligoribonucleotides used, is listed in table 5.2. Besides a standard gel
electrophoresis ensuring a successful purification, a few modivariants were selectively
checked for proper incorporation of the modification after ligation via LC-MS/MS and
via a sequencing approach.
Regarding the LC-MS/MS analysis, the measurement was performed in the dMRM
mode including a combination of external and internal calibration which allowed an
absolute quantification of modifications per mRNA. Samples were mixed in specific
amounts with

13

C labeled nucleosides from S. cerevisiae total RNA for internal

calibration after digestion to nucleoside level [416]. A detailed description of the
procedure for the absolute quantification of modified nucleosides within the full64

3.5 Quality control after including modified fragment #2
length ligated mRNA was provided in section 5.3.4. The analysis of the samples
containing fragment #2 with 2'-O-methylation (Am, Um or Gm, respectively) revealed
modification levels between 0.7 and 1 modification per mRNA and no quantifiable
signal for an unmodified reference subjected to analysis was measured (figure 3.12).
Due to the calculation steps and inaccuracies in this process, a modification level of
0.7 to 1 was not surprising and fragment #2 including the respective modification was
assumed to be correctly incorporated in the majority of mRNAs. However, for a
modivariant with pseudouridine instead of uridine inside the start codon (AΨG,
Lig963), the analysis revealed an incorporation of roughly 0.55 pseudouridine
molecules per mRNA. This modification level was quite low, although the purity and
integrity of these samples were validated in the same way as for the other samples
prior to LC-MS/MS (gel electrophoresis, data not shown). Further analysis is required,
since the investigation here was only performed from a single ligation experiment.
However, it had to be noticed, that this also applied for the analysis of the
2'-O-methylated modivariants and the m6A modivariant mentioned hereafter.
Nevertheless, other 2'-O-modivariants were analyzed by sequencing, confirming the
overall presence of a point modification (vide infra).
Besides the analysis of the 2'-O-methylated and pseudouridine modivariants with a
reasonable result for the modification level, the analysis of a m6A modivariant revealed
a modification status close to zero (cf. figure 3.12). In further analysis, it was shown
that most commercial oligoribonucleotides purportedly synthesized with a ribose-m6A
phosphoramidite in fact contained a deoxyribose N6-methyladenosine at the position
in question (figure 6.10). Therefore, these modivariants were excluded from further
studies.
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Figure 3.12 Absolute quantification of modification levels of some IRES-eGFP ligated mRNAs by LCMS/MS.
After ligation using point-modified fragment #2, some modivariants were digested to nucleoside level and
were analyzed using LC-MS/MS in dMRM mode. The analyzed modivariants contained either an
m6A (Lig1082), a pseudouridine (Lig963) or a 2’-O-methylation (Lig1054: Gm, Lig1056: Um or Lig1099 Am,
respectively). All modivariants were named according to the used oligoribonucleotide and the position
inserted modification is indicated by the star. For absolute quantification 13C, stable isotope-labeled
nucleosides from S. cerevisiae were used as an internal standard and mixed in specific amounts with the
analyzed sample. The experiment was performed in technical duplicates.

Not only the absolute number of modifications per mRNA, but also the exact position
of some 2'-O-methylations inside the sequence was validated using RiboMethSeq,
which allowed specific detection of ribose methylations in RNA [278,279]. In this
approach, detection of 2'-O-methylation is based on a valuation of the chemical
protection of this modification against random nucleolytic cleavage at the
phosphodiester bond induced under alkaline conditions during sample processing
(cf. 1.6.2). The normalized cleavage profile of three exemplary samples next to an
unmodified control are illustrated in figure 6.11. The so-called cleavage profiles of the
respective positions were evaluated as normalized cleavage counts and confirmed
point modifications within all analyzed modivariants. The processing of the samples
prior to RiboMethSeq and sequencing itself were performed by the group of
Prof. Dr. Iouri Motorine and analysis of the sequencing results was either performed
by Prof. Dr. Iouri Motorine or Florian Pichot.
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3.6 Functional in vitro translation assay (performed by/with Dr. Kaouthar Slama)
As outlined in section 3.1, the reporter of choice in the underlying work was eGFP.
This optimized derivative of the original version of GFP gained higher fluorescence
intensity and therefore a more sensitive read-out of the signal was possible [324,325].
One did not only have to consider the underlying reporter system, but also the various
assays used for translational testing bear different limitations for various experimental
setups. To test the functionality of protein expression in a first approach different in

vitro (cell-free) translation systems were accessible. These commercially available
translation assays were supposed to mimic the physiological cellular environment of
the underlying system to the best possible opportunity [199,417-419] and circumvent
some challenging steps from expression tests in a cell-based system such as
transfection. From the above-mentioned aspects, all reporter systems in this work
expressed for the enhanced derivative of GFP and were tested in a cell-free translation
system based on eucaryotic translation. Therefore, the nuclease-treated rabbit
reticulocyte lysate [48,365] was used, showing a stable translation of EMCV IRES
fused mRNAs [420]. Subsequent readout of protein fluorescence was performed by
in-gel fluorescence detection from a conventional SDS-PAGE [315]. The protein
structure, crucial for its fluorescence, was found to be stable even under the
conditions used during an SDS-PAGE if some requirements were fulfilled [315,317].
Therefore, heating in denaturing conditions, routinely performed prior to sample
loading, had to be omitted for in-gel readout of protein fluorescence. This simple but
straightforward assay to examine the integrity of the expressed protein allowed direct
detection of the fluorescence activity, eliminating the need for further time-consuming
analytical procedures. The development of this in-gel detection assays was performed
by Dr. Kaouthar Slama. In a first validation test an in vitro transcript of the underlying
reporter system was purified by either commercial clean-up kit (MEGAClearTM
Transcription Clean-Up Kit) after in vitro transcription or by real-time gel elution to
verify the functionality of the mRNA after the developed purification procedure.
Indeed, both purification methods were shown to produce intact eGFP protein
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visualized by its fluorescence. Of note, in the absence of mRNA no band corresponding
to the fluorescent protein was observed (cf. figure 6.12A). At this point, it must be
mentioned that the migration of native eGFP, with a theoretical molecular weight of
~27 kDa, under the gel electrophoresis conditions applied, did not match the protein
ladder used, which is standardized for denatured proteins. However, this behavior was
well described in literature and was another indication of the preserved folding of the
protein [315,318,319]. Further optimizations were performed by Dr. Kaouthar Slama
investigating optimal mRNA concentration and reaction time. The underlying
experiments revealed a plateau of measured fluorescence intensity after 90 minutes
of incubation, indicating a robust read-out at this timepoint with respect to the
maturation time of eGFP needed for fluorescence development (cf. figure 6.12B)
[313,314,326]. Even though a concentration of 36 nM mRNA was recommended by the
manufacturer of the RRL in vitro translation system, a concentration of 20 nM was
more suitable for the underlying application, because higher amounts of mRNA were
leading to a saturation in protein synthesis. Therefore, a concentration in the dynamic
range of the saturation curve was used for a sensitive relation to normal
(cf. figure 6.12C).
In context of the study on agarose particle to mRNA ratio in purification of preparations
with increasing amounts of starting material (cf. section 3.4.1), the samples were also
examined with respect to differences in translation efficiency. In figure 3.13A, the
results relative to a reference sample purified by commercial silica spin columns are
shown. No inhibitory effect on the protein translation of agarose particles was
observed, when comparing the sample with the highest agarose contamination
(lowest amount of starting material) with the other two samples. Based on these
results, it can be surmised that contamination with agarose particles had no
measurable effect on translation efficiency. The compatibility of this translation
system with point-modified mRNAs purified by real-time gel elution was demonstrated
and allowed the use of this system to study the translation efficiency of a variety of
modivariants. In addition, figure 3.13B shows the results of parallel detection of
fluorescence and 35S-labeled methionine for three different modivariants. In contrast
to the fluorescence detection, which was only able to detect fully reconstituted eGFP,
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a detection with radioactive labeled protein was in principle able to detect abortive
translation products. However, only full-length protein was detected with the
radiolabeled translation assay. The robustness of the in-gel detection method was
demonstrated by comparing these two methods with no detectable differences in
relative translation efficiency. Although both methods resulted in the same pattern of
translation efficiency for the investigated modification sites, it had to be considered
that experiments involving work with radioactive substances must always be carried
out with greater caution and involved an additional, albeit small, risk of damage to
health. In addition to this disadvantage, the readout of the radioactive signal was
coupled to the development of a phosphor imaging screen, which was a more timeconsuming step than readout of the fluorescence in-gel subsequently of the SDS gel
electrophoresis.

Figure 3.13 Validation of purification and in-gel detection assay.
A Depicted by the graphic on the left site: in vitro transcribed mRNA (red) was purified from increasing
amounts (1.3, 4.5 and 16 µg, respectively) by real-time gel elution and afterwards subjected to agarose
particle tracking (cf. figure 3.9) or cell free translation. The translation efficiency relative to a silica spin
column (agarose particle free) purified mRNAis shown on the right. Results from three independent
experiments (±SD). B Validation of in-gel fluorescence detection by side-by-side detection of
fluorescence (fluorescence scan, upper gel picture) and development of a phosphor imaging screen
(35S-labeled eGFP, lower picture) after protein translation of unmodified, ligated eGFP mRNA (lane 2) or
2’-O-methylated eGFP mRNA on one of the three codon positions of codon two (lane 3, 4 and 5
respectively). The negative control was translated without addition of mRNA sample. Cell free translation
was performed by Dr. Kaouthar Slama.
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3.7 Modified nucleosides and their impact in protein expression
Translation assays were mainly performed by Dr. Kaouthar Slama, unless otherwise
stated in the respective paragraph.
As already highlighted in section 1.6, the necessity to understand the possible impact
some modification might have on protein biosynthesis arose from a vast increase of
detection methods for these modifications in the last years [421,422]. Although the
modivariants with point-modified adenosines were omitted from the presented work,
it was worth noticing that especially m6A was one of the most intense studied
modifications in mRNA. Previous studies found a promoting effect on translation when
m6A was located in the 5' untranslated region (5' UTR) of the mRNA [195], while the
translation was obstructed by disrupting tRNA selection when m6A was located in the
coding sequence of the mRNA [200]. The latter also applies to 2'-O-methylations, as
reported by the same working group [236]. Nevertheless, most of the investigations of
effects of 2'-O-methylations in mRNA focused on the higher stability when used in
combination with a 5' cap structure [24,25,423] and little literature exists investigating
the translational effects of 2'-O-methylation in longer mRNAs [231]. However, the
versatile literature on immunogenicity of 2'-O-methylations in tRNA [138-141] and of
generally modified mRNAs [230,289,424] gave the impression that there was still
much to discover on the end of 2'-O-methylated, long mRNAs. Also worth mentioning
is the fact that the combination of an IRES sequence to initiate translation in the
context of a point-modified mRNA had not yet been investigated.
In

the

following

set

of

experiments

the

modivariants

of

point-modified

pseudouridine (Ψ) and 2'-O-methylation (2'-O-Me), mentioned in section 3.5, were
examined towards their translation efficacy by applying the investigated assay system
presented under 3.6. It had to be noted that the principal ability of translation of the
ORF construct was also confirmed, applying an unmodified ligation product for the
translation assay (data not shown). Since the focus was set to the IS construct all
modifications were inserted into the sequence around the start codon of the eGFP
mRNA and with that the possibility to investigate the effect of a single modification
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placed inside the start codon was given. The underlying sequence allowed
introduction of pseudouridine at two different positions inside the sequence with one
of them being the uridine of the start codon itself (AΨG). As shown in figure 3.14 this
point-modified start codon almost completely abolished translation normalized to the
translation rate of the unmodified mRNA. A smaller but still drastic effect was seen
when inserting the Ψ at position two of the subsequent codon one, which led to
approximately 75 % reduction in protein translation. These results fit to similar
findings from a study published by Hoernes et al. 2015 using a procaryotic in vitro
translation system and a 2-way-splint-ligation reconstituting a point-modified mRNA
leading to a short peptide sequence [199]. Here, a single pseudouridine also led to an
inhibitory effect in protein translation. Another important observation on the influence
of a single pseudouridine modification in the context of artificial short
oligoribonucleotide was made by Koutmou and coworkers. From kinetic observations
of the peptide formation, they concluded that the reduction in protein expression was
the consequence of reduced peptide bond formation in combination with decreased
hydrolysis of guanosine-5'-triphosphate by the translation elongation factor EF-Tu
leading to a reduced elongation rate [225].

Figure 3.14 Translation efficiency of pseudouridine modivariants.
Two pseudouridine (structure on the right) modivariants were synthesized by splinted ligation and the
translation efficiency relative to an unmodified control was investigated by in-gel fluorescence detection.
The modification site was indicated by the sequence below the diagram (second position of start codon
or codon 1 respectively). Results from three independent experiments (±SD). Cell free translation was
performed with Dr. Kaouthar Slama.

71

3 Results and Discussion
Similar to the smaller setup of pseudouridine modivariants the results of a larger
cassette of 2'-O-methylated modivariants are shown in figure 3.15A. The
ribosemethylation was introduced in the start codon as well as the two successive
codons (codon one and codon two) of the IRES-eGFP mRNA. Although the impact of
point modifications within the codon context was of great interest and will be
discussed afterwards, there was opportunity to investigate point modifications within
the context of the Kozak sequence as well. The Kozak sequence is a motif (RCCAUGG)
discovered in eukaryotes including the start codon and was found to be responsible
for protein translation initiation [425,426]. As already described in section 1.3, position
between +4 (i.e. G) and position -3 (R = A or G) had a strong effect on translation
initiation and were therefore well conserved [37]. Based on this knowledge, one
modivariant was created with a ribose methylation at position +4 (R = Am) besides the
modivariants methylated in the coding sequence (including position -3, Gm).
Interestingly, the separate modification of both positions did not show any drastic
effect on normalized efficiency of translation (cf. figure 3.15). Since the Kozak
sequence was crucial for eukaryotic translation initiation, this led to the assumption
that the scanning mechanism of translation initiation factors was not disturbed by the
ribosemethylation at position +4 or -3 (AmCCAUGG and ACCAUGGm respectively).
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Figure 3.15 Translation efficiency and kinetic study of 2'-O-methylated modivariants.
A Each modification site of an IRES-eGFP modified mRNA was depicted by the sequences depicted on
the left. The right site illustrates the results of in-gel detection of the 2'-O-methylated modivariants
relative to an unmodified control after 90 minutes of incubation in RRL system. Aliquots from the
translation reaction were separated on 10 % SDS-PAGE. The sequence context with respective modified
position was indicated by the sequence below the bar plot, where each bar represented a single pointmodified modivariant. The Kozak sequence was depicted by the pink box. B The fluorescence of eGFP
was followed as a function of time for the first 30 minutes of translation reaction. After indicated time
points, an aliquot of the translation reaction was taken, aliquots were separated on 10 % SDS-PAGE and
fluorescence intensity was measured in-gel relative to unmodified control after full incubation time
(90 minutes). The left site show development of fluorescence as function of time for unmodified control
(grey dots), 2'-O-methylation of first position of Kozak sequence (AmCCAUGG, dark purple square) and
2'-O-methylation of last position of Kozak sequence (ACCAUGG m, light purple triangle). The right site
show development of fluorescence as function of time for unmodified control (grey dots),
2'-O-methylation of first position of second codon (AmGC, dark green square), 2'-O-methylation of second
position of second codon (AGmC, middle green pentagon) and 2'-O-methylation of third position of second
codon (AGCm, light green triangle). Results from three independent experiments (±SD). Cell free
translation for kinetics was performed together with Dr. Kaouthar Slama. Analysis was performed by Dr.
Kaouthar Slama.
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In a next step, the impact of ribosemethylation on each position of three successive
codons (start codon and codon one and two) was analyzed whereas one had to
consider that the start codon was belonging to the Kozak sequence as well. For
position three of the start codon, the observed effect was comparable to the low effect
observed for position +4 and -3 but for Am placed in the start codon (AmUG) a strong
inhibitory effect on protein translation was observed leading to only little fluorescent
protein (figure 3.15 position 1, start codon). Even more striking was the analysis of the
modivariant with AUmG start codon, which showed an almost twofold higher
translation efficiency than the unmodified ligated reference mRNA. Such an effect of
modification placed in second codon position had not been reported so far, especially
not for the start codon.
After this closeup of the start codon and the surrounding sequence, in a next step the
results were investigated from a more general point of view. Therefore, the focus was
changed from investigating a single position towards the comparison of the different
positions of codon triplets within the coding sequence (codon one and codon two
respectively). Comparing these two codons it was noticeable that protein translation
was reduced drastically (codon two) if not completely (codon one) by 2'-O-methylation
of position two of both codons. One might assume that this also occurred with other
codons than the two studied. Even though these experiments were not performed in
the present work, a 2'-O-modivariant of the ORF construct might provide more insight.
However, the presented results reflected findings from literature claiming that position
two of a codon was most sensitive towards translation inhibition either on short model
mRNA in procaryotic translation system [236] or after two-way-splint ligation of a
longer reporter system in procaryotic in vitro translation system [199] or after
transfection into an derivative of human embryonic kidney 293 cells (HEK293T) [226].
Choi et al. assumed that 2'-O-methylation disrupted translation elongation due to
steric interruption of codon-anticodon recognition [236] and therefore the rejection
rate of cognate tRNA during proofreading was higher compared to unmodified control.
This higher rejection of cognate tRNA thus led to translational stalling. Whereby this
effect was strongest on the middle position of the codon triplet. One had to recognize
here that the above-mentioned studies were performed with cap-dependent
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translation and in the underlying work it was possible to confirm these findings for
IRES mediated cap-independent translation. Through the artificial mRNA sequence
Choi et al. were able to study the stalling effect on position two in different codon
combinations providing insights in effects like base pairing. They reported that G-C
base pairing in codon-anticodon context reduced stalling duration and therefore led
to a higher translation compared to other base pairs. However, this was not observed
on codon one (GUmG) where translation was completely abolished despite the
presence of G-C base pairs on position one and two of the codon. This led to the
assumption that effect of 2'-O-methylations here were only dependent on the codon
position and at least for the investigated codons the presence of G-C base pairing was
not of importance. Again, the findings discussed regarding G-C base pairing were
observed in procaryotic translation system [236], which may explain the discrepant
results.
Besides codon position two, codon position one and three did not exhibit a consistent
pattern in translation efficiency. Although the first codon position of codon one is part
of the Kozak sequence and therefore already discussed above, it was worth noting
that compared to this modivariant (GmUG AGC), a 2'-O-methylation on position one of
codon two (GUG AmGC) showed higher protein translation. Noteworthy, the highest
protein translation was found in the “GUGm AGC”-variant which also represented an
increase in protein translation compared to the unmodified reference. This was
somehow surprising since 2'-O-methylations on the third codon position, called
wobble position, had shown the least effects in other studies [226,236].
To summarize the above-mentioned findings the underlying work validated the
previously described inhibitory effect of 2'-O-methylations on codon position two and
was able to show that this effect was independent from the mRNA sequence (i.e. short
artificial sequence [236], reporter mRNA construct [226] or the presented eGFP assay
system) and the used translation system (eukaryotic cells [226], procaryotic systems
[236] or eukaryotic in vitro system, i.e. rabbit reticulocyte lysate).

75

3 Results and Discussion
The readout of eGFP fluorescence was not only dependent on protein production but
on maturation of the protein as well, as mentioned previously in section 3.6. Therefore,
it was of interest to study the kinetic of protein production in combination with protein
maturation since fluorescence was only revealed if, on the one hand, the protein
sequence was fully translated and, on the other hand, protein folding had fully
proceeded. Here, focus was placed on early time points up to 30 minutes after start of
translation. Figures 3.15B and 6.13 show the development of fluorescence signal
starting already from 5 minutes incubation time. The time dependency of fluorescence
was clearly seen comparing 2'-O-methylations on position one and two of codon two
(cf. figure 3.15B, right site). The higher the protein translation, the higher the
measured fluorescent signal and therefore the signal obtained from 2'-O-methylated
position two indicated a weak protein synthesis and/or protein maturation since it was
only measured after 10 minutes whereas a clear signal from modivariants methylated
at position one was already obtained after 5 minutes. Considering that all samples
were treated in the same way and that maturation of eGFP is reported to be quite
robust [315], it is reasonable to assume that the delayed fluorescence measurement
is due to slower protein synthesis, probably related to translational elongation [236].
However, a definitive conclusion as to why translation was affected in this particular
system in the manner reported here cannot be drawn with the data collected,
especially for the modivariant with respect to the start codon. Here, the observed
protein synthesis revealed a remarkably different from findings previously
reported [199,226,236].

76

4 Conclusion and Perspectives

4 Conclusion and Perspectives
Within this work the necessity of having a synthesis strategy for point-modified long
mRNA at hand was addressed. This need arose from the question of the influence of
mRNA modifications on protein synthesis when they are present in the coding region
as well as in the non-coding region, both of which have been increasingly observed
and thus this has become an urgent question [131,156,184]. The method developed is
based on a 3-way-one-pot ligation moderated by a DNA splint and subsequent
purification via real-time gel elution. For this purpose, the sequence of an eGFP mRNA
with an EMCV IRES motif (total length >1300 nts) was selected as representative
model mRNA. First, a systematic approach was developed to flexibly link individual
RNA building blocks into a functional mRNA via 3-way-one-pot ligation, leading to the
design of three initial constructs (namely IS, ORF and SC construct). Subsequent
analysis of the ligation products confirmed the integrity of the full-length mRNA.
Purification of the samples was achieved by real-time gel elution from an agarose gel,
and the gel particles remaining in the sample were analyzed for their amount and size.
After successful purification, the ligated mRNAs were characterized by LC-MS/MS
and RiboMethSeq with respect to their modification load and possible oxidative
damage after irradiation during real-time gel elution, and ligation precision was
validated. Briefly, the same was true for the ligation of long mRNAs as for the ligation
of short RNA species [299,364]: a cDNA splint of the maximal possible length is
advantageous and hybridization is a crucial step for correct and successful ligation.
However, ligation efficiency was dependent on the vicinity of the ligation site and, for
reasons that are not yet elucidated, not all designed constructs resulted in a
reconstituted mRNA (i.e. a ligation product). Therefore, it cannot be assumed that
every designed construct leads to a successfully ligated product and a test ligation of
new constructs is recommended before further experiments are planned.
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Another obstacle was the use of so-called run off transcripts for fragment #1, as the
T7 RNA polymerase is known to add some extra nucleotides to the 3' end of its
transcript [427]. The effects of these additional nucleotides within the RNA sequence
were dependent on the building block but were undesirable in all cases. Generally,
these transcripts are excluded by hybridizing the RNA sequence to the DNA splint, but
some might still occur. With reference to this, a first perspective experiment was
performed with T4 DNA ligase, which is also specialized for double stranded nucleic
acids, such as T4 RNA ligase 2 [295]. This single experiment did not reveal a
remarkable difference regarding the protein yield for these two ligation approaches.
However, for accurate statements in this respect, it is inevitable to repeat this
experiment. In summary, reconstitutions of long mRNAs were successfully performed
and ligation of point-modified mRNAs yielded the same amounts as the unmodified
mRNA. The functionality of the in-gel approach investigated was validated using
35

S-methionine labeling (performed with Dr. Kaouthar Slama), and point-modified

mRNAs were examined for their effects on protein yield.
Several other studies have anticipated reduced, if not abolished, protein translation
upon 2'-O-methylation at the second codon position [199,231], based on the idea that
protein biosynthesis is affected by modifications in a position- and codon-dependent
manner. The two codons of the coding sequence examined in this study showed a
comparable effect, in contrast to the high increase in protein yield observed with a
modified position two of the start codon. Furthermore, no evident pattern was
observed for positions one and three of the codons studied. However, one had to note
that the observed effects were only slightly inhibitory and, in some cases, even
stimulatory, which is a remarkable observation for 2'-O-methylations and considering
the literature to date, the first time observed for this type of modification. Previously
reported stimulatory effects of modifications (namely m6A) likely result from
recognition of m6A by its reader proteins and downstream recruitment of eIF3 [197].
This may be different for 2'-O methylations, as no reader proteins are known to date,
and a particular focus is on the tremendous effect of 2'-O methylation in the context
of the start codon. Decoding of the start codon is subject to a special mechanism
(involving specialized tRNAiMet) and is different from translation of the remaining RNA
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sequence. Therefore, further investigation of the mechanism behind enhanced protein
translation may provide insight into the potentially divergent interactions between
ribosomes and mRNA in the case of point-modified mRNA.
A generalized conclusion from these results and a comparison with the literature is
only possible to a limited extent, since a variety of publications indicates that the
effect of modifications on translation can vary strongly depending on the translation
system and sequence context [218,225,428,429]. Therefore, further studies with
reconstituted mRNAs are essential to elaborate a possible dependence of the results
on the underlying experimental approach. In addition, the effect of a point modification
has only been tested for the vicinity of the start codon and shortly thereafter, so the
effects of ribose methylation in the UTRs as well as in the rest of the coding sequence
are still largely unknown. A reconstituted mRNA with potential modification site within
the coding sequence has already been installed by the ORF construct and is waiting
to be tested. In addition to the start codon, the stop codon might represent another
interesting codon environment that failed to be covered by the SC construct, but with
a slightly different ligation approach may lead to successful ligation.
Not only the modulation of the modification site, but also the variation of the
translation approach might be of interest. The in vitro translation system utilized may
be replaced or supplemented by transfection into cells or tissues. However, the limited
yield after ligation allows such experiments only to a very limited extent so far.
Another possible approach might be to omit the IRES motif, since this does not
correspond to the canonical translation context and most other publications operate
with cap structures. Although this work targeted only point-modified mRNAs, it is in
principle possible to introduce more than one modification to investigate possible
synergistic effects of modifications not only on translation tuning but also with respect
to their immunogenicity.
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5.1

Materials
5.1.1

Instruments
Balances

Mettler Toledo Excellence Plus

Mettler Toledo (Gießen, Germany)

Sartorius Cubis Analytical Balance

Sartorius (Goettingen, Germany)

Mettler Toledo PM460

Mettler Toledo (Gießen, Germany)

Mixing & incubators
Thermoshaker Plus

Eppendorf (Hamburg, Germany)

VWR Digital Heatblock

VWR International (Radnor, USA)

GFL Schüttelinkubator 3032
BIOER ThermoCell
IKA RH basic 2

Gesellschaft für Labortechnik (Burgwedel,
Germany)
BIOER (Hangzhou, China)
IKA-Werke GmbH & CO. KG (Staufen,
Germany)

Heareus BB15

Thermo Fisher Scientific (Waltham, USA)

Vortex Mixer (7-2020)

neoLab (Heidelberg, Germany)

Centrifuges
Eppendorf Centrifuge 5810

Eppendorf (Hamburg, Germany)

Sprout mini-centrifuge

Biozym (Hessisch Oldendorf, Germany)

1 - 15 PK Sigma

Sigma (Osterode am Harz, Germany)

Eppendorf Centrifuge 5424 R

Eppendorf (Hamburg, Germany)

Eppendorf Centrifuge 5430 R

Eppendorf (Hamburg, Germany)

HPLC & columns
Agilent 1100 HPLC system

Agilent (Böblingen, Germany)

Agilent 1260 Infinity LC

Agilent (Santa Clara, USA)

YMC-Triart C18 HPLC column (3 µm
particle size, 120 Å pore size, 150 mm

YMC Europe GmbH (Dinslaken, Germany)

length, 3mm inner diameter)
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Synergy Fusion RP C18 column (4 µm
particle size, 80 Å pore size, 250 mm

Phenomenex (Aschaffenburg, Germany)

length, 2 mm inner diameter)

Mass spectrometry
Agilent 6460 triple quadrupole

Agilent Böblingen (Germany)

Agilent 6470 TQ

Agilent Böblingen (Germany)
Peak Scientific Instruments GmbH (Düren,

Peak scientific GENIUS XE NITROGEN

Germany)

NiGen LCMS 40-1 nitrogen generator

Claind (Tremezzina, Italy)

Miscellaneous
Aagarose gel chamber

PeqLab (Erlangen, Germany)

DarkReaderTM Blue Light Transilluminator

Clare Chemical Research (USA)

LSG-400-20 NA vertical chamber

C.B.S. Scientific (San Diego, USA)

Consort EV232 power supply

Consort (Turnhout, Belgium)

Model 250/2.5 power supply

BioRad (München, Germany)

Typhoon TRIO+

GE Healthcare (Chicago, Illinois, USA)

Shaker (DOS-10L)

neoLab (Heidelberg, Germany)

Mini-PROTEAN® Tetra Vertical
electrophoresis Cell

Bio-Rad (Feldkirchen, Germany)

Malvern NanoSight LM10

Malvern Panalytical (Germany).

FiveEasy™ FE20 pH meter

Mettler Toledo (Gießen, Germany)

Micropipettes (Pipetting Discovery comfort
2, 10, 20, 100, 200 and 1000 µL)
Pipette boy (Integra)
Spectrophotometer
NanoDrop ND 2000
Phosphorimager

Abimed (Langen, Germany)

VWR (Darmstadt, Germany)
PeqLab (Erlangen, Germany)
GE Healthcare

Ultrapure water purification system Milli-Q Millipore (Schwalbach, Germany)
CAMAGTM UV Lamp 4

CAMAG (Muttenz, Switzerland)

Tri-CarbTM 4810TR

PerkinElmer (Waltham, USA)

TM

GelAir
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BioRad (München, Germany)
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5.1.2

Chemicals and consumables
Gel electrophoresis and analysis

GeneRuler 100 bp plus DNA Ladder

Thermo Fisher Scientific (Frankfurt, Germany)

Bromphenol blue

Merck (Darmstadt, Germany)

Formamide

Carl Roth (Karlsruhe, Germany)

Ammonium persulfate

Carl Roth (Karlsruhe, Germany)

TEMED

Carl Roth (Karlsruhe, Germany

Rotiphorese sequencing gel diluent

Carl Roth (Karlsruhe, Germany

Rotiphorese (10x) TBE buffer

Carl Roth (Karlsruhe, Germany)

Rotiphorese Gel 40 % acrylamide mix (19:1) Carl Roth (Karlsruhe, Germany)
Rotiphorese sequencing gel concentrate

Carl Roth (Karlsruhe, Germany)

Rotiphorese® Gel B

Carl Roth (Karlsruhe, Germany)

Rotiphorese® Gel B (30 % acrylamide

Carl Roth (Karlsruhe, Germany)

solution)
Rotiphorese 10x SDS-PAGE

Carl Roth (Karlsruhe, Germany)

Agarose

Biozym (Germany)

Staining solutions
SYBRTMGold nucleic acid gel stain 10000x

Thermo Fisher Scientific (Frankfurt, Germany)

GelRedTM 3x

Biotium (Hayward, USA)

Protein analytics
EasyTagTM L-[35S]-Methionine

PerkinElmer (Waltham, USA)

Tris-HCl

Carl Roth (Karlsruhe, Germany)

30 % Acrylamide/Bis Solution, 29:1

Bio-Rad (Feldkirchen, Germany)

Rotiphorese sequencing gel buffer
concentrate

Carl Roth (Karlsruhe, Germany)

TWEEN 20

Sigma Aldrich (Steinheim, Germany)

SDS

Roth (Karlsruhe, Germany)

Tris-HCl

Carl Roth (Karlsruhe, Germany)

RNA/DNA isolation & EtOH precipitation and chemicals
Ammonium acetate

Merck (Darmstadt, Germany)

Glycogen

Thermo Fisher Scientific (Frankfurt, Germany)

Ethanol >99.5 %

Carl Roth (Karlsruhe, Germany)

Roti-aqua-phenol (RNA)

Carl Roth (Karlsruhe, Germany)

Roti-phenol (DNA)

Carl Roth (Karlsruhe, Germany)

Chloroform HPLC grade

Sigma-Aldrich (Steinheim, Germany)
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RNA in vitro synthesis
Dithiotreitol (DTT)

Thermo Fisher Scientific (Waltham, USA)

ATP (≥90 %, lyophilized)

Carl Roth (Karlsruhe, Germany)

GTP (1g, ≥90 %, lyophilized)

Carl Roth (Karlsruhe, Germany)

UTP (100 mg, ≥90 %, lyophilized)

Carl Roth (Karlsruhe, Germany)

CTP (1g, ≥98 %, lyophilized )

Carl Roth (Karlsruhe, Germany)

Guanosine 5′-monophosphate

Sigma-Aldrich (Steinheim, Germany)

Bovine serum albumin (BSA)

Thermo Fisher Scientific (Waltham, USA)

Triton X-100

Sigma Aldrich (Steinheim, Germany)

HPLC-(MS/MS) analysis
Triethylammonium acetate HPLC grade

Sigma Aldrich (Steinheim, Germany)

Ammonium acetate LCMS grade

Sigma Aldrich (Steinheim, Germany)

Acetonitrile LCMS grade

Honeywell (Morris Plains, USA)

Acetonitrile HPLC grade

Honeywell (Morris Plains, USA)

Acetic acid LCMS grade

Sigma Aldrich (Steinheim, Germany

Disposables
NanosepTM MF Centrifugal Devices (0.45
µm and 0.2 µm)

Pall (New York, USA)

Eppendorf tubes (1.5, 2.0 mL)

Roth (Karlsruhe, Germany)

Falcon® tubes (15, 50 mL)

CellStar (Frickenhausen, Germany)

Semi-micro cuvette, 3 ml

Sarstedt (Nümbrecht, Germany)

Disposable serological pipettes

Sarstedt (Nümbrecht, Germany)

Rotilabo-syringe filters (0.22 µm)

Carl Roth (Karlsruhe, Germany)

Pipette tips (10, 20, 100, 200, 1000 µL)

Carl Roth (Karlsruhe, Germany)
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5.1.3

Enzymes and kits

T4 RNA ligase II (10 U/µL)
DNase I (50 U/µL)
T7 RNA Polymerase
T7 RNA Polymerase (20 U/µL)

New England Biolabs (Frankfurt am Main,
Germany
Thermo Fisher Scientific (Frankfurt am
Main, Germany
self-prepared in our lab (AK Helm)
Thermo Fisher Scientific (Frankfurt,
Germany)

T4 Polynucleotide kinase (10 U/µL)

Thermo Fisher Scientific (Waltham, USA)

RNasin® Ribonuclease Inhibitor

Promega (Walldorf, Germany)

Cfr42I (SacII) (10 U/µL)

BamHI (10 U/µL)

AfeI (10 U/µL)

BsrGI (10 U/µL)
Nuclease P1 from Penicillium citrinum
(lyophilized)
snake venom phosphodiesterase from C.

adamanteus (lyophilized)

Thermo Fisher Scientific (Frankfurt,
Germany)
New England Biolabs (Frankfurt am Main,
Germany)
New England Biolabs (Frankfurt am Main,
Germany)
New England Biolabs (Frankfurt am Main,
Germany)
Sigma Aldrich (Steinheim, Germany)

Worthington (USA)

FastAP thermosensitive alkaline

Thermo Fisher Scientific (Frankfurt,

phosphatase (1 U/µL)

Germany)

Pentostatin >95 %

Sigma Aldrich (Steinheim, Germany)

InSolution Tetrahydrouridine

Merck (Darmstadt, Germany)

MEGAClearTM Kit
Rabbit Reticulocyte Lysate System,
Nuclease Treated

Thermo Fisher Scientific (Frankfurt,
Germany)
Promega (Walldorf, Germany)
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5.1.4

Buffers and solutions
All buffers and media were prepared with MilliQ-water.

Buffer/solution

Composition

5x Straßbourg (SB) buffer (transcription

40 mM Tris-HCl (pH 8.1), 1 mM spermidine,

buffer)

5 mM DTT, 0.01 % Triton X-100

PAGE loading buffer, denaturing

1x TBE (from 10x) and 90 % v/v formamide
in water
1x TBE (from 10x), 90 % v/v formamide,

PAGE loading buffer, denaturing, blue

0.1 % xylene cyanol, and 0.1 % bromphenol
blue in water

10 x PBS

TEAA buffer (1 M stock)

HPLC solvent A

1.37 M NaCl, 27 mM KCl, 17 mM KH2PO4
and 100 mM Na2HPO4 (pH 6.8)
1 mol trimethylamine, 1 mol acetic acid in
1 L Milli-Q water, pH 7.0
1:10 dilution of stock buffer 1 M TEAA in
Milli-Q water (pH 7.0)
For 100 mL 4 % denat. PAGE: 16 mL of gel
concentrate (25 % solution (19:1)), 74 mL
gel diluent and 10 mL sequencing gel buffer.
For polymerization 400 µL 10 % APS

Denaturing PAGE mixtures for the
separation of nucleic acids

ammonium persulfate and 50 µL
Tetramethylethylendiamin (TEMED). The gel
was casted using 1 mm spacers and one 1
mm comb. After polymerization, lower
spacer and the comb were removed, pockets
were rigorously rinsed with 1x TBE, before
sample loading.
10 % resolving gel: 3.3 mL Acrylamide/bis
(30 %, Bio-Rad), 100 µL 10 % SDS, 3.75 mL,

10 % SDS-PAGE

1.5 M Tris HCl (Adjust to pH 8.8 with 6 N
HCl), 2.85 mL distilled water, 10 µL TEMED
and 60 µL of 10 % APS.
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4.5 % Stacking gel: 750 µL Acrylamide/bis
(30 %), 650 µL 0.5 Tris HCl (Adjust to pH 6.8
with 6 N HCl), 3.56 mL distilled water, 50 µL
of 10 % SDS, 50 µL TEMED and 50 µL of
10 % APS.
1.05 g Sodium bicarbonate and 9.274 g

Bicarbonate buffer pH 9.2

5.1.5

sodium carbonate in 1 L water

Software

The PyMOL Molecular Graphics System,

Schrödinger LLC (Braunschweig, Germay)

Version 2.0
CorelDRAW V5 2020

Corel Corporation (Ottawa, Canada)

IrfanView

created by Irfan Skiljan

Microsoft Office (Excel, Powerpoint, Access)

Microsoft (Redmond, USA)

Microsoft Endnote V9

Microsoft (Redmond, USA)

ImagJ V5

Created by Wayne Rasband (Madison, USA)

Typhoon scanner software

GE Healthcare (Buckinghamshire, UK)
distributed through the Comprehensive R

Ape V5,

Archive Network [430]

ChemBioDraw Ultra 12.0

CambridgeSoft/PerkinElmer (USA)

GIMP

Created by the GIMP-Team

MassHunter software B.05.00

Agilent (Böblingen, Germany)

5.2

Oligonucleotides and vectors
Table 5.1 Unmodified oligoribonucleotides for ligation.

Name
MH 905

MH 819

MH 828

Details
IS construct,
fragment #2

Sequence (5' to 3')

supplier

CCACAACCAUGGUGAGCAA

IBA (Göttigen, Germany)

IS construct,

AAUUAAGAAUUCGGCUUUUACUGA

fragment #1

UAGGUAUCGAGAUCGA

IS construct,

GGGAGGUGUGUUAGCACACGAUU

fragment #1

CAUAAUCAGCUACCCUCCC

IBA (Göttigen, Germany)

IBA (Göttigen, Germany)
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MH 829

MH 1095
MH 859

IS construct,

GGGCUCCUGUAAUUGGCGUAUGUAA

fragment #1

CCCAGGCACCAAACACCCCCCUU

ORF construct,
fragment #2
SC construct,
fragment #2

IBA (Göttigen, Germany)

UGAAGGGCAUCGACUUCAA

IBA (Göttigen, Germany)

AAGUAAAGCGGCCGCGGAUCCCC

Biomers (Ulm, Germany)

Table 5.2 Modified oligoribonucleotides for ligation (fragment #2).

Name

Details

Sequence (from 5’ to 3’)

supplier

MH 1052

IS construct

CCACAACCAmUGGUGAGCAA

IBA (Göttigen, Germany)

MH 1053

IS construct

CCACAACCAUmGGUGAGCAA

IBA (Göttigen, Germany)

MH 1054

IS construct

CCACAACCAUGmGUGAGCAA

IBA (Göttigen, Germany)

MH 1055

IS construct

CCACAACCAUGGmUGAGCAA

IBA (Göttigen, Germany)

MH 1056

IS construct

CCACAACCAUGGUmGAGCAA

IBA (Göttigen, Germany)

MH 1057

IS construct

CCACAACCAUGGUGmAGCAA

IBA (Göttigen, Germany)

MH 1058

IS construct

CCACAACCAUGGUGAmGCAA

IBA (Göttigen, Germany)

MH 1059

IS construct

CCACAACCAUGGUGAGmCAA

IBA (Göttigen, Germany)

MH 1060

IS construct

CCACAACCAUGGUGAGCmAA

IBA (Göttigen, Germany)

MH 1061

IS construct

CCACAm6ACCAUGGUGAGCAA

IBA (Göttigen, Germany)

MH 1062

IS construct

CCACAACCAUGGUGAGCm6AA

IBA (Göttigen, Germany)

MH 1099

IS construct

CCACAAmCCAUGGUGAGCAA

IBA (Göttigen, Germany)

MH 961

IS construct

CCACAACCAUGGUGm6AGCAA

IBA (Göttigen, Germany)
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MH 962

IS construct

CCACAACCm6AUGGUGAGCAA

IBA (Göttigen, Germany)

MH 1082

IS construct

CCACm6AACCAUGGUGAGCAA

IBA (Göttigen, Germany)

MH 1083

IS construct

CCm6ACAACCAUGGUGAGCAA

IBA (Göttigen, Germany)

MH 960

IS construct

CCACAACCAUGGΨGAGCAA

IBA (Göttigen, Germany)

MH 963

IS construct

CCACAACCAΨGGUGAGCAA

IBA (Göttigen, Germany)

MH 1229

IS construct

CCACAACCA(dT-Cy5)GGUGAGCAA Biomers (Ulm, Germany)

MH 1228

ORF construct

UGAAGGGCA(dT-Cy5)CGACUUCAA Biomers (Ulm, Germany)

Table 5.3 Modified oligoribonucleotides for m1A stability test.

Name

Details

Sequence (from 5' to 3')

Oligo used for
MH 337

AAm1AGCUAACUUAGC

m1A stability
test
Oligo used for

MH 340

ACUUUUAAm1AGGAUA

m1A stability
test

supplier
Gift from Prof. Dr. Piet
Herdewijn
Gift from Prof. Dr. Piet
Herdewijn

Table 5.4 Oligonucleotides applied as cDNA.

Name

Details
39 nts splint

MH 1205

cDNA for ORF
construct

MH 1206

CTTCAGCTCGATGCG
CCAGGATGTTGCCGTCCTCCTTGA

cDNA for ORF

AGTCGATGCCCTTCAGCTCGATGC

construct

GGTTCACCAGG

cDNA for ORF
construct

supplier

GCCGTCCTCCTTGAAGTCGATGCC Integrated DNA technologies

59 nts splint

89 nts splint
MH 1207

Sequence (from 5’ to 3’)

(Coralville, USA)
Integrated DNA technologies
(Coralville, USA)

ACTCCAGCTTGTGCCCCAGGATGT
TGCCGTCCTCCTTGAAGTCGATGC

Integrated DNA technologies

CCTTCAGCTCGATGCGGTTCACCA

(Coralville, USA)

GGGTGTCGCCCTCGAAC
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standard splint
MH 1100

cDNA for ORF
construct
39 nts splint

MH 1182

cDNA for IS
construct

MH 1183

TGTGGGATCCAAGCT

(Coralville, USA)

TTATCATCGTG

cDNA for IS

splint cDNA for
Ligation with
MH819
splint cDNA for
Ligation with
MH828
splint cDNA for
MH 1219

Integrated DNA technologies

construct

construct

MH 1218

CTCCTCGCCCTTGCTCACCATGGT

TCACCATGGTTGTGGGATCCAAGC

cDNA for IS

Ligation with
MH829

IBA (Göttigen, Germany)

TCGCCCT

cDNA for IS

standard splint

MH 1217

AGCTCGATGCGGTTCACCAGGGTG

CGGTGAACAGCTCCTCGCCCTTGC

construct

MH 1168

TCCTCCTTGAAGTCGATGCCCTTC

59 nts splint

89 nts splint
MH 1184

AGCTTGTGCCCCAGGATGTTGCCG

Integrated DNA technologies
(Coralville, USA)

GGATGGGCACCACCCCGGTGAACA
GCTCCTCGCCCTTGCTCACCATGG Integrated DNA technologies
TTGTGGGATCCAAGCTTATCATCG

(Coralville, USA)

TGTTTTTCAAAGGAAAA
TGGGCACCACCCCGGTGAACAGCT
CCTCGCCCTTGCTCACCATGGTTG

Integrated DNA technologies

TGGGATCCAAGCTTATCATCGTGT

(Coralville, USA)

TTTTCAAAGG
GGCACCACCCCGGTGAACAGCTCC
TCGCCCTTGCTCACCATGGTTGTG

Integrated DNA technologies

GTCGATCTCGATACCTATCAGTAA

(Coralville, USA)

AAGCCGA
GGCACCACCCCGGTGAACAGCTCC
TCGCCCTTGCTCACCATGGTTGTG

Integrated DNA technologies

GGGGAGGGTAGCTGATTATGAATC (Coralville, USA)
GTGTGCT
GGCACCACCCCGGTGAACAGCTCC
TCGCCCTTGCTCACCATGGTTGTG

Integrated DNA technologies

GAAGGGGGGTGTTTGGTGCCTGG

(Coralville, USA)

GTTACATA
TTTTTTTTTTTTTTTTTTAGCTCGG

MH 861

splint cDNA for

TACCCGGGGATCCGCGGCCGCTTT

SC construct

ACTTGTACAGCTCGTCCATGCCGA

IBA (Göttigen, Germany)

GAGTGATCCC
3'-fluorescein
MH 957

tagged cDNA for
IS construct
3'-fluorescein

MH 958

tagged cDNA for
SC construct
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TTGTGGCCATATTATC
GCGGTGGCGGCCGCTTTACTTGTA
CAGCTCGTCCATGC

IBA (Göttigen, Germany)
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Table 5.5 pDNA vectors.

Name

Details

IRESeGFP5'-1-S1

Encoding fragment

_pUC57

#1 of IS construct

IRESeGFP5'-3

Encoding fragment

_pUC57

#3 of IS construct

IRESeGFP3'-1

Encoding fragment

_pUC57

#1 of SC construct

IRESeGFPint2-1

Encoding fragment

_pUC57

#1 of ORF construct

IRESeGFPint2-

Encoding fragment

3_pUC57

#3 of ORF construct

IRES-EMCV-S1
_pUC57
IRESeGFPpBSII_pUC
57

Resistance gene
Ampicillin

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Encoding full-length
EMCV IRES-eGFP

Ampicillin

mRNA
Encoding for fulllength EMCV IRESeGFP mRNA

Ampicillin

Supplier
GeneScript
(Piscataway, USA)
GeneScript
(Piscataway, USA)
GeneScript
(Piscataway, USA)
GeneScript
(Piscataway, USA)
GeneScript
(Piscataway, USA)
GeneScript
(Piscataway, USA)
GeneScript
(Piscataway, USA)
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5.3

Molecular biology methods
5.3.1 From DNA to RNA

Plasmid preparation and pDNA linearization
The sequence of the respective RNA fragment was commercially available, integrated
into circular plasmid pUC57 vector (GenScript, USA) and a T7-promoter. The pDNA
was linearized by the respective restriction enzyme (cf. table 5.6) with enzyme
concentrations applied from the manufacturer protocol and all reactions were
incubated overnight at 37 °C. Subsequently, the linearized pDNA was isolated by
phenol-chloroform extraction. The reaction mixture was firstly extracted with
chloroform and phenol (TE-buffered, Carl Roth) at a ratio of 2:1:1 (v:v:v). This step
was repeated a second time, followed by extraction with the same volume of
chloroform and then once with the same volume of diethyl ether to remove residual
traces of phenol. The two phases from each extraction step were well homogenized
and subsequently separated by centrifugation. The DNA was recovered by ammonium
acetate/ethanol precipitation (cf. section 5.3.2).
Table 5.6 Restriction enzymes for plasmid linearization.

pDNA

Restriction enzyme

IRESeGFP3‘-1 _pUC57

BsrGI (New England Biolabs)

IRESeGFP5‘-1_S1 _pUC57

BamHI (New England Biolabs)

IRESeGFP5‘-3 _pUC57

SacII (Thermo Fisher Scientific)

IRESeGFPint2-1 _pUC57

AfeI (New England Biolabs)

IRESeGFPint2-3_pUC57

SacII (Thermo Fisher Scientific)

In vitro transcription of RNA and purification
The in vitro transcription was performed using a T7 RNA polymerase previously inhouse expressed from an addgene plasmid pQE 80L Kan or commercially available
from Thermo Fisher Scientific. The linearized pDNA was incubated in 4 mM Tris-HCl
(pH 8.1), 1 mM spermidine, 10 mM DTT, and 0.01 % Triton X-100, 30 mM MgCl2 and
2.5 µg/mL bovine serum albumin (Thermo Fisher Scientific). NTPs (GTP, ATP, CTP,
UTP) were added to a final concentration of 5 mM. A typical transcription was
conducted utilizing 10 µg of DNA in a total volume of 200 µL.
For transcripts that required a 5' phosphate for downstream ligation, the final
concentration of GTP was reduced to 2 mM and GMP was added at a final
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concentration of 16 mM [431]. The DNA template was digested by adding 2 U of
DNase I (Thermo Fisher Scientific, Germany) per 1 µg of DNA and subsequent
incubation at 37 °C for 30 min. Transcription products were purified using the
MEGAClearTM kit (Thermo Fisher Scientific, Germany). Sequences for commercially
available oligoribonucleotides are listed in section 5.2 and in vitro transcribed
sequences are listed in the appendix in table 6.1.

5.3.2 Purification, concentration and quality control of nucleic acids
Ethanol precipitation
The precipitation of nucleic acids was carried out by addition of 1/10 volume 5 M
ammonium acetate (Merck-Millipore, Germany), 1 µL glycogen (5 mg/mL, Thermo
Fisher Scientific, Germany) and 2 vol. 100 % ethanol (Carl Roth, Germany) followed by
incubation at -80 °C for 1 hour or at -20 °C overnight. The DNA pellet was obtained by
centrifugation at 12 000 g at -4 °C for 45 min, washed with 75 % ethanol, and
centrifuged again at 12 000 g at -4 °C for 15 min. The resulting DNA pellet was
resolved in ultrapure water.
Analysis (concentration and purity determination)
The respective DNA or RNA samples were mixed with denaturing loading dye and
applied to an agarose gel with a concentration of 1 - 2 % agarose in 1x TBE buffer.
The gel was either pre-stained with SYBRTMGold, which was diluted 1:10 000 when
the gel was casted, or post-stained with 1x GelRedTM (from 3x Concentrate; BioTrend,
Germany) for 20 minutes. The run of the gel was stopped when bromophenol blue had
migrated almost to the end of the gel. Results were visualized on a Typhoon 9600 (GE
Healthcare, United Kingdom). The following settings were made:
Table 5.7 Typhoon settings.

Dye

Laser excitation [nm]

Emission filter [nm]

GelRedTM

532

610 BP 30

SYBRTMGold

488/532

520 BP

Cy5

633

670 BP 30

Fluorescein

532

526 SP 40

The concentration of the samples was determined spectrophotometrically with a
NanoDrop 2000 spectrophotometer (PeqLab, Germany).
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Glass wool filtration
The glass wool filters were adapted according to previous publications for DNA
extraction from agarose gels [388,389]. The bottom of a 500 µL reaction tube was
punctured with a needle and packed with glass wool (Sigma-Aldrich, Germany).
Subsequently, this “filter”-tube was placed into a 1.5 mL reaction tube (collection
tube). An exemplary picture is depicted in figure 6.4.
Low melting/gelling agarose
A 1 % agarose gel was cast using low melting/gelling temperature agarose (SigmaAldrich, Germany). Samples were mixed 1:1 (v:v) with denaturing loading dye and
subsequently loaded into the wells. RNA was visualized either by pre-staining the gel
with 1x SYBRTMGold (Thermo Fisher Scientific) or by post-staining with 1 x GelRedTM
(from 3x concentrate; BioTrend, Germany) for 20 minutes. Scanning was carried out
using a Typhoon 9600 (GE Healthcare, United Kingdom). The desired bands were
excised, and extraction of the ligation products was proceeded as described in the
literature with some slight adjustments [432]. For all steps ultrapure water was
utilized. The combined aqueous phases were extracted once with saturated phenol
and thereafter once with chloroform.
Real-time gel elution
For real-time gel elution, the approach of the E-GelTM CloneWellTM (Thermo Fisher
Scientific) [404] was adapted with the DarkReaderTM blue light transilluminator (Clare
Chemical Research, USA) and a conventional agarose gel chamber (PeqLab,
Germany). 12-well combs were utilized, with 10 wells being connected with adhesive
tape. A second comb prepared in the same way was inserted into the second half of
the gel chamber. 1x SYBRTMGold (Thermo Fisher Scientific, Germany) was added
during the casting of the 1 % agarose gel (Biozym, Germany). The ligation reaction
(mixed 2:1 with denaturing loading dye containing 90 % formamide (Roth, Germany)
and 10 % 10x TBE) was added to the upper trough. The gel was run at 80 V for 15 -30
minutes and thereafter at 150 V. All fractions of interest were collected with a 1000 µl
pipette. The collection trough was rinsed with 1x TBE buffer between fractions. To
recover RNA from the eluted fractions, ammonium acetate/ethanol precipitation was
performed by adding 1/10 volume of 5 M ammonium acetate (Merck-Millipore,
Germany), 1 µL glycogen (5 mg/mL, Thermo Fisher Scientific, Germany), and
two volumes 100 % ethanol (Carl Roth, Germany). Samples were incubated at -80 °C
for 1 hour or at -20 °C overnight. The RNA pellet was collected by centrifugation at
12,000 g at -4 °C for 45 min, washed with 75 % ethanol, and centrifuged again at
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12,000 g at -4 °C for 15 min. The final RNA pellet was dissolved in ultrapure water.
Subsequently, all samples were filtered through 0.2 µm solid phase filters (NanosepTM
centrifugal device, Pall, USA).
Agarose particle tracking
A purified ligation sample was adjusted to a total volume of 1 mL, and subsequently
injected into the sample chamber from a Malvern NanoSight LM10 (Malvern
Panalytical, Germany). Scattering of a 532 nm laser allowed detection of the particles
in suspension. This was visualized by a microscope with 20x magnification on which
an sCMOS camera was mounted. Because of the uneven distribution of size and
shape, the number of agarose particles was evaluated by visual inspection rather than
by the automated Nanoparticle tracking analysis (NTA) software. Therefore, 20
positions of the camera were chosen at random, and the sizes of detected particles
were measured using the software GIMP (freeware, The GIMP-Team). Particles were
sorted into one of three categories, namely big, medium or small. As limits to separate
the categories, the areas of particle profiles were used, such that particles with an
area between 1 µm2 and about 17 µm2 in the above measurements were classified
medium.
To test the degree of agarose particles in relation to RNA amount, a dilution series
with samples containing 16, 4.5, and 1.3 µg RNA respectively was applied to real-time
gel elution with typical recovery rates between 20 – 25 %. Afterwards, 1 µg of
recovered RNA from the respective input amounts was pooled and analyzed. The
agarose particle content corresponding to 1 µg was then compared among the
samples.

UV treatment
7 µg of an in vitro transcript of full-length mRNA were diluted in 100 µL ultrapure water
and were transferred to a cuvette. Afterwards, the samples were radiated for 2 hour
either by 254 nm, blue light from the DarkReaderTM or was kept in the dark at room
temperature as negative control. Prior to digestion for LC-MS analysis the samples
were precipitated.
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5.3.3 Gel electrophoresis
Polyacrylamide gel electrophoresis (PAGE) and gel elution
For 4 % denaturing polyacrylamide gel solution the gel was casted in glass frames of
different sizes. RNA sample (at least 100 ng) was dissolved in 2x denaturation loading
buffer. In addition, a DNA ladder and a blue marker (bromophenol blue and xylene
cyanol) were also applied to follow the migration process. The electrophoresis was
running in 1x TBE buffer at 12 W for 3 hours in small glass frame (20 x 13 cm) and
7 hours and 10 minutes in big size glass frame (20 x 20 cm), while cooling with a fan.
After migration, the gels were carefully transferred into a staining solution containing
SYBRTMGold or GelRed™. After 15 - 20 minutes of shaking incubation, the gels were
scanned using a Typhoon TRIO+ (GE Healthcare) (table 5.7). For gel extraction,
GelRedTM solution was used for staining and band visualization. The picture resulting
from the gel scanned was printed and placed under the gel to guide the excision of
the corresponding band. After excision, the gel piece was crushed into smaller pieces,
and transferred into a 1.5 mL Eppendorf® tube to incubate in 250 µL of 0.5 M NH4OAc
(pH 5.0) for elution. After overnight incubation at 20 °C/750 rpm, the mixture was
purified via a NanosepTM spin filter with 0.45 µm membrane. The separation between
the elution buffer from the gel residues by centrifugation over 15 minutes at
12 000 rpm and subsequent ethanol precipitation was performed.
Agarose gel electrophoresis
For the separation of DNA or RNA samples, 1 - 2 % agarose gels were prepared and
pre-stained with SYBRTMGold nucleic acid gel stain or post stained with GelRedTM. The
staining solution was mixed in 1x TBE (roughly 1/10 of the prepared gel solution) and
added to the final mixture after heating. A quantity of 75 ng - 1 µg of RNA or DNA
samples were mixed with respective loading dye and after loading the samples,
electrophoresis was carried out in 1x TBE buffer at 120 Volts for 90 minutes. If not
pre-stained, gels were stained afterwards with either SYBRTMGold or GelRed™.
Nucleic acid bands were visualized on a Typhoon TRIO+ (GE Healthcare) according
to the settings illustrated in 5.7.
For calculation of ligation efficiencies, the Cy5-scan of the respective gel was analyzed
by ImageJ and measured intensities of the RNA bands were normalized to the
background and subsequent calculations were performed relative between ligation
product and partially ligated RNA.
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5.3.4 Liquid chromatography (LC) and mass spectrometry (MS)
RNA analysis and purification via HPLC
For RNA analytics and elution, the samples were applied to a YMC-Triart C18 (150 x
3 mm and 3 µm particle size) column from YMC Europe GmbH, Germany, combined
with an Agilent 1100 HPLC series coupled with a DAD (diode array detector). The
ligation samples were prepurified by MEGAClearTM kit (Thermo Fisher Scientific,
Germany) and an amount of 30 - 40 µg RNA mixture was injected. The chromatography
was realized by using 0.1 M triethylammonium acetate (pH 7.0, solvent A) and HPLC
grade acetonitrile (solvent B) under denaturing conditions at 65 °C, with a flow rate of
0.4 mL/min. The elution gradient is shown in the table below.
Table 5.8 HPLC gradient applied for ligated linear RNA purification.

Time / min Solvent A / % Solvent B / %
5

90

10

6

87.5

12,5

36

86.7

13,3

41

86.7

13,3

51

86.2

13,8

57

86.2

13,8

65

0

100

Absolute quantification via LC-MS/MS (dMRM mode)
For absolute LC-MS/MS analysis in dMRM mode, 200 ng of each RNA sample was
incubated overnight in 25 mM ammonium acetate (pH 7.5, Sigma-Aldrich, Germany)
at 37 °C with 0.6 U nuclease P1 from P. citrinum (Sigma-Aldrich, Germany), 0.2 U
snake venom phosphodiesterase from C. adamanteus (Worthington, USA), 2 U FastAP
(Thermo Fisher Scientific, Germany), 200 ng pentostatin (Sigma-Aldrich, Germany),
and 500 ng tetrahydrouridine (Merck-Millipore, Germany). For quantification, 50 ng of
the digested sample was mixed together with 50 ng of internal standard (13C-stable
isotope-labeled nucleosides from S. cerevisiae, SILIS). The LC-MS/MS instrument
that was used consisted of an Agilent 1260 series HPLC equipped with a diode array
detector (DAD) and an Agilent 6460 triple quadrupole mass spectrometer coupled with
electrospray ion source (ESI). The flow rate was 0.35 mL/min on a Synergi Fusion
column (4 µM particle size, 80 Å pore size, 250 x 2.0 mm from Phenomenex). Solvents
consisted of 5 mM ammonium acetate buffer (pH 5.3; solvent A) and LC-MS grade
acetonitrile (solvent B; Honeywell). Elution started with 100 % solvent A, followed by
a linear gradient to 8 % solvent B after 10 minutes and 40 % solvent B after 20 min.
ESI parameters for quantification were as follows: Gas temperature 350 °C, gas flow
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8 L/min, nebulizer pressure 50 psi, sheath gas temperature 350 °C, sheath gas flow
12 L/min, capillary voltage 3000 V. The mass spectrometer was operated in positive
ion mode using Agilent MassHunter software. A combination of external and internal
calibration was used for quantification as described previously [416].

Relative quantification via LC-MS/MS for m1A stability test (dMRM mode)
Oligoribonucleotide MH337 and MH340 were subjected for respective treatment
(cf. section 3.4.3 and figure 6.9) and subsequently 200 ng of the samples were
digested to nucleoside level.
Samples for relative quantification were prepared in the same manner and measured
on the same instrument with the same settings. Thereafter, the resulted signal areas
were normalized to the UV signal area of a main nucleoside as indicated in the results
section or calculated relative to each other.

Analysis in NLS mode
For LC-MS analysis, after UV treatment of the sample, 5.6 µg of the respective RNA
sample was incubated overnight in 25 mM ammonium acetate (pH 7.5, Sigma-Aldrich,
Germany) at 37 °C with 0.6 U nuclease P1 from P. citrinum (Sigma-Aldrich, Germany),
0. 2 U snake venom phosphodiesterase from C. adamanteus (Worthington, USA) and
2 U FastAP (Thermo Fisher Scientific, Germany), 10 U benzonase (Sigma-Aldrich,
Germany), 200 ng pentostatin (Sigma-Aldrich, Germany), and 500 ng tetrahydrouridine
(Merck-Millipore, Germany). Subsequently, 5 µg of digested sample was administered
to the system. Column, solvent and flow rate did not differ from above. ESI parameters
were: Gas temperature 300 °C, gas flow 7 L/min, nebulizer pressure 60 psi, sheath gas
temperature 400 °C, sheath gas flow 12 L/min, capillary voltage 3000 V. The mass
spectrometer was operated in positive ion mode using Agilent MassHunter software
in neutral loss scan mode with a loss of 132 Da [413].
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5.3.5 In vitro translation and protein analytics
In vitro translation in Nuclease-treated Rabbit Reticulocyte Lysates
Rabbit reticulocyte lysates, nuclease treated [367] (Promega) was programmed with
1 pmol mRNA in a final volume of 50 µL. Subsequently, the reaction was incubated for
90 minutes at 30 °C following the manufacturer's instructions. 2 µL aliquots of the
reaction were mixed with non-reducing loading SDS-PAGE buffer (without
β- mercaptoethanol) and loaded without pre-heating on an 10 % SDS-polyacrylamide
gel electrophoresis and run first for 30 minutes at 65 V and afterwards voltage was
increased to 120 V. Protein activity was directly assessed by in-gel fluorescence
detection. The gel was placed in Typhoon TRIO+ scanner (GE Healthcare, United
Kingdom) and fluorescence was detected by blue laser settings (488/532 nm
excitation wave length and 526 nm short pass emission filter). Quantification of eGFP
signal intensity was analyzed by ImageJ normalized to the background.
For radioactive labeling, the reaction was carried as previously described and
supplemented by an amino acid mixture containing all the amino acids except
methionine. To that, 20 mCi [35S]-methionine (PerkinElmer, Germany) was added. Gel
was dried and subsequent translation products were visualized by Phosphor imaging.
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Figure 6.1 Ligation efficiency with differing length of fragment #1.
The ligation efficiency was calculated for ligations with different length of fragment #1 (40, 42 or 48 nts
respectively) and ligation efficiency was calculated from Cy5 signals on 2 % agarose gel relative to ligation
efficiency calculated for experiment with 42 nts long fragment #1 (orange box). Experiments were
performed in triplicates (±SD).
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Figure 6.2 Agarose gel picture of labeled ligation with short fragment #1.
The crude ligation mix of ligation with short/unstructured fragment #1 were tested for integrity of the
ligation product by applying fluorescein label to fragment #1 and Cy5 label to fragment#2 and analyzing
the crude ligation together with some negative controls (without one of the respective fragments or
without enzyme, right-handed from the black line) on 2 % agarose gel. Fragment #3 (green) and
fragment #1 (light blue) served as size reference. The used emission filter is indicated, and the arrows
marked the respective RNA construct with color indicating the involved fragments. From top to bottom:
Fluorescein scan, Cy5 scan and scan after GelRedTM staining. A total amount of 750 ng RNA per lane was
loaded.

102

6 Appendix

Figure 6.3 Chromatogram of an HPLC run of ligation mixture from SC construct and subsequent fraction
analysis.
A total amount of 30 µg crude ligation mix (red line) and the corresponding in vitro transcribed full-length
mRNA (6 µg, dashed black line) were subjected to HPLC analysis. Eight small fractions were collected
manually from the crud ligation mix, indicated by the yellow and white bars. All fractions were
subsequently analyzed with a 2 % agarose gel, stained with SYBRTMGold (right side). The arrows indicated
the expected positions of unligated fragment #1 (blue/green) and full-length product (red). 100 bp plus
DNA Ladder from Thermo Fisher Scientific was applied next to the samples.
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Figure 6.4 Exemplary picture of self-made glass wool filter.
On the left site the inner 0.5 mL tube is depicted with a hole in the bottom. Subsequently, the lower part
was filled with glass wool and the tube was placed into a 1.5 mL tube (right site).

Figure 6.5 Photographs of three different combs created for real-time gel elution.
From Top to bottom: 3D printed comb with one trough, 3D printed comp with three large pockets and a
conventional comb in which the standard pockets were joined with adhesive tape to form a trough.
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Figure 6.6 QR code for exemplary real-time gel elution.
Scanning of the QR code with a mobile device or the link provided below the code will lead to an example
elution of a ligation in real-time.

Figure 6.7 Recovery rate after real-time gel elution for different amounts of input RNA.
Different amounts of in vitro transcribed mRNA (around 620 nts long) were applied to real-time gel elution
and subsequently analyzed regarding the recovery rate. The experiment was performed by Julie Wijns.
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Figure 6.8 Exemplary picture of pellet size.
The photograph depicted the difference in size of pellets before and after filtration through 0.2 nm
NanosepTM filters.

Figure 6.9 Relative distribution between m1A and m6A of oligoribonucleotide MH340 after different
treatments.
The distribution between m1A and m6A was analyzed from nucleosides via LC-MS/MS after exposure of
the oligoribonucleotide MH340 to different reaction conditions and buffers and subsequent digestion.
The negative controls were analyzed without further treatment and the positive control was treated with
bicarbonate buffer pH 9.2 for 5 min at 96 °C. The conditions for the treated samples were as follows: SB
buffer for in vitro transcription pH 8.1, 5 h at 37 °C, DNase I buffer pH 7.5 for 30 min at 37 °C, buffer from
T4 polynucleotide kinase pH 7.6 for 1 h at 37 °C, T4 RNA ligase 2 buffer pH 7.5 for 24 h at 16 °C. Extraction
from agarose gel was performed independently as described in 5.3.2 incl. negative control (as above). All
samples were analyzed in technical triplicates.
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Figure 6.10 Abundance of dm6A and m6A in oligoribonucleotides were measured by LC-MS/MS.
The oligoribonucleotides function as fragment #2 and predicted to contain m6A were analyzed by
LC-MS/MS. In the upper bar diagram, the relative amount of dm6A per U was calculated from the dMRM
measurement for oligoribonucleotide MH961, MH1061, MH1062, MH1082 and MH1083. In contrast to
this the abundance (as counts) of m6A in the oligoribonucleotides is depicted in the lower bar diagram
for the same oligoribonucleotides and additional for MH962 and unmodified MH905 (negative control).

107

6 Appendix

Figure 6.11 RiboMethSeq data of three modivariants.
RiboMethSeq protection profiles for unmodified (upper left) and three 2'-O-methylated constructs.
Normalized RiboMethSeq cleavage profiles for the position 640, 641 and 642 (2’-O-methylated) are
depicted with respective sequence under the bar plot. An unmodified reference is shown in the upper left
with calculated cleavage profile for (unmodified) position 641. Position of modification is illustrated by
the turquoise bar. Analysis was performed by Prof. Dr. Iouri Motorine.
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Figure 6.12 Functionality of RRL in vitro translation assay.
A IRES-eGFP mRNA purified either by silica-column or by real-time elution was in vitro translated in
nuclease treated RRL. Subsequently, aliquots from the reaction mixture were loaded on 10 % SDS-PAGE.
The eGFP fluorescence was measured in-gel by fluorescence scanning, using a blue laser (wavelength
settings: 488 nm excitation/ 522 nm emission filter). On the left side, the gel was stained with Coomassie
blue (Coomassie), then scanned using red laser 633 nm to reveal the weight size ladder bands. Negative
control: Translation reaction mixture without mRNA. B IRES-eGFP mRNA was translated in nuclease
treated RRL and protein synthesis was assessed at the indicated time points after incubation by aliquots
analyzed on 10 % SDS-PAGE as described in A. C Translation reaction was performed with increasing
concentrations of mRNA (10, 20, 36, 44, 180, 270 and 360 nM) and aliquots were subsequently analyzed
on 10 % SDS-PAGE, in-gel detected as described in A and normalized to 36 nM (concentration
recommended by the manufacturer, indicated with red circle). Black arrow depicted concentration used
for the experiments.
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Figure 6.13 Kinetic study of 2’-O-methylated modivariants of start codon and first transcribed codon.
The fluorescence of eGFP was followed as a function of time for the first 30 minutes of translation
reaction. After indicated time points, an aliquot of the translation reaction was taken, aliquots were
separated on 10 % SDS-PAGE and fluorescence intensity was measured in-gel relative to unmodified
control after full incubation time (90 minutes). The left site showed development of fluorescence as
function of time for unmodified control (grey dots), 2'-O-methylation of first (AmUG, square), second
(AUmG, dots) and third (AUGm, triangle) position of start codon. The right site showed development of
fluorescence as function of time for unmodified control (grey dots), 2'-O-methylation of first (GmUG,
square), second (GUmG, dot) and third (GUGm, triangle) position of first transcribed codon. Results from
three independent experiments (±SD). Cell free translation for kinetics were performed together with
Dr. Kaouthar Slama. Analysis was performed by Dr. Kaouthar Slama.
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Table 6.1 RNA sequences for all fragments and full-length mRNA.

Name

IRES-eGFP S1 mRNA full length

IRES-eGFP mRNA full length

Sequence
GGGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUC
CGCCCCUCUCCCUCCCCCCCCCCUAACGUUACUGGCCGAAGCC
GCUUGGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUU
CCACCAUAUUGCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACC
UGGCCCUGUCUUCUUGACGAGCAUUCCUAGGGGUCUUUCCCC
UCUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAA
GCAGUUCCUCUGGAAGCUUCUUGAAGACAAACAACGUCUGUAG
CGACCCUUUGCAGGCAGCGGAACCCCCCACCUGGCGACAGGUG
CCUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAG
GCGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGG
AAAGAGUCAAAUGGCUCUCCUCAAGCGUAUUCAACAAGGGGCU
GAAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCUG
GGGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUA
AAAAAACGUCUAGGCCCCCCGAACCACGGGGACGUGGUUUUCC
UUUGAAAAACACGAUGAUAAGCUUGGAUCCCACAACCAUGGUG
AGCAAGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGG
UCGAGCUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUC
CGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUG
AAGUUCAUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCA
CCCUCGUGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCG
CUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCA
UGCCCGAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGA
CGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGC
GACACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCA
AGGAGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUA
CAACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACG
GCAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGG
CAGCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCG
GCGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCAC
CCAGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACA
UGGUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCG
GCAUGGACGAGCUGUACAAGUAAAGCGGCCGCCACCGC
GGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUCC
GCCCCUCUCCCUCCCCCCCCCCUAACGUUACUGGCCGAAGCCG
CUUGGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUUC
CACCAUAUUGCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACCU
GGCCCUGUCUUCUUGACGAGCAUUCCUAGGGGUCUUUCCCCU
CUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAAG
CAGUUCCUCUGGAAGCUUCUUGAAGACAAACAACGUCUGUAGC
GACCCUUUGCAGGCAGCGGAACCCCCCACCUGGCGACAGGUGC
CUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAGG
CGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGGA
AAGAGUCAAAUGGCUCUCCUCAAGCGUAUUCAACAAGGGGCUG
AAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCUGG
GGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUAAA
AAAACGUCUAGGCCCCCCGAACCACGGGGACGUGGUUUUCCUU
UGAAAAACACGAUGAUAAUAUGGCCACAACCAUGGUGAGCAAGG
GCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGC
UGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUCCGGCGA
GGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGUUC
AUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCG
UGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCGCUACCC
CGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCC
GAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGACGACG
GCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGCGACAC
CCUGGUGAACCGCAUCGAGCUGGUGAACCGCAUCGAGCUGAAG
GAGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUACA
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Fragment #1 of IS construct

Fragment #3 of IS construct

Fragment #1 of SC construct
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ACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACGGC
AUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCAG
CGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCGGC
GACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCC
AGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUG
GUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCA
UGGACGAGCUGUACAAGUAAAGCGGCCGCCACCGCGG
GGGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUC
CGCCCCUCUCCCUCCCCCCCCCCUAACGUUACUGGCCGAAGCC
GCUUGGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUU
CCACCAUAUUGCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACC
UGGCCCUGUCUUCUUGACGAGCAUUCCUAGGGGUCUUUCCCC
UCUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAA
GCAGUUCCUCUGGAAGCUUCUUGAAGACAAACAACGUCUGUAG
CGACCCUUUGCAGGCAGCGGAACCCCCCACCUGGCGACAGGUG
CCUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAG
GCGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGG
AAAGAGUCAAAUGGCUCUCCUCAAGCGUAUUCAACAAGGGGCU
GAAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCUG
GGGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUA
AAAAAACGUCUAGGCCCCCCGAACCACGGGGACGUGGUUUUCC
UUUGAAAAACACGAUGAUAAGCUUGGAUC
GGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGGUCGA
GCUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUCCGGC
GAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUGAAGU
UCAUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCACCCU
CGUGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCGCUAC
CCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCAUGC
CCGAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGACGA
CGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGCGAC
ACCCUGGUGAACCGCAUCGAGCUGAAGGGCAUCGACUUCAAGG
AGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUACAAC
AGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACGGCAU
CAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCAGC
GUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCGGCGA
CGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACCCAG
UCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAUGG
UCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGGCAU
GGACGAGCUGUACAAGUAAAGCGGCCGCCACCGC
UGGAGCUCCAGCUUUUGUUUACGACUCACUAUAGGGCGAAUUG
GGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUCCGCCCCUCUC
CCUCCCCCCCCCCUAACGUUACUGGCCGAAGCCGCUUGGAAUA
AGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUUCCACCAUAUU
GCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACCUGGCCCUGUC
UUCUUGACGAGCAUUCCUAGGGGUCUUUCCCCUCUCGCCAAAG
GAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAAGCAGUUCCUCU
GGAAGCUUCUUGAAGACAAACAACGUCUGUAGCGACCCUUUGC
AGGCAGCGGAACCCCCCACCUGGCGACAGGUGCCUCUGCGGCC
AAAAGCCACGUGUAUAAGAUACACCUGCAAAGGCGGCACAACCC
CAGUGCCACGUUGUGAGUUGGAUAGUUGUGGAAAGAGUCAAAU
GGCUCUCCUCAAGCGUAUUCAACAAGGGGCUGAAGGAUGCCCA
GAAGGUACCCCAUUGUAUGGGAUCUGAUCUGGGGCCUCGGUG
CACAUGCUUUACAUGUGUUUAGUCGAGGUUAAAAAAACGUCUA
GGCCCCCCGAACCACGGGGACGUGGUUUUCCUUUGAAAAACAC
GAUGAUAAUAUGGCCACAACCAUGGUGAGCAAGGGCGAGGAGC
UGUUCACCGGGGUGGUGCCCAUCCUGGUCGAGCUGGACGGCG
ACGUAAACGGCCACAAGUUCAGCGUGUCCGGCGAGGGCGAGGG
CGAUGCCACCUACGGCAAGCUGACCCUGAAGUUCAUCUGCACC
ACCGGCAAGCUGCCCGUGCCCUGGCCCACCCUCGUGACCACCC
UGACCUACGGCGUGCAGUGCUUCAGCCGCUACCCCGACCACAU
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Fragment #1 of ORF construct

Fragment #3 of ORF construct

GAAGCAGCACGACUUCUUCAAGUCCGCCAUGCCCGAAGGCUAC
GUCCAGGAGCGCACCAUCUUCUUCAAGGACGACGGCAACUACA
AGACCCGCGCCGAGGUGAAGUUCGAGGGCGACACCCUGGUGAA
CCGCAUCGAGCUGAAGGGCAUCGACUUCAAGGAGGACGGCAAC
AUCCUGGGGCACAAGCUGGAGUACAACUACAACAGCCACAACGU
CUAUAUCAUGGCCGACAAGCAGAAGAACGGCAUCAAGGUGAAC
UUCAAGAUCCGCCACAACAUCGAGGACGGCAGCGUGCAGCUCG
CCGACCACUACCAGCAGAACACCCCCAUCGGCGACGGCCCCGUG
CUGCUGCCCGACAACCACUACCUGAGCACCCAGUCCGCCCUGA
GCAAAGACCCCAACGAGAAGCGCGAUCACAUGGUCCUGCUGGA
GUUCGUGACCGCCGCCGGGAUCACUCUCGGCAUGGACGAGCUG
UAC
GGGCGAAUUGGGUACCGGGCCCCCCCUCGAGGUCAUCGAAUUC
CGCCCCUCUCCCUCCCCCCCCCCUAACGUUACUGGCCGAAGCC
GCUUGGAAUAAGGCCGGUGUGCGUUUGUCUAUAUGUUAUUUU
CCACCAUAUUGCCGUCUUUUGGCAAUGUGAGGGCCCGGAAACC
UGGCCCUGUCUUCUUGACGAGCAUUCCUAGGGGUCUUUCCCC
UCUCGCCAAAGGAAUGCAAGGUCUGUUGAAUGUCGUGAAGGAA
GCAGUUCCUCUGGAAGCUUCUUGAAGACAAACAACGUCUGUAG
CGACCCUUUGCAGGCAGCGGAACCCCCCACCUGGCGACAGGUG
CCUCUGCGGCCAAAAGCCACGUGUAUAAGAUACACCUGCAAAG
GCGGCACAACCCCAGUGCCACGUUGUGAGUUGGAUAGUUGUGG
AAAGAGUCAAAUGGCUCUCCUCAAGCGUAUUCAACAAGGGGCU
GAAGGAUGCCCAGAAGGUACCCCAUUGUAUGGGAUCUGAUCUG
GGGCCUCGGUGCACAUGCUUUACAUGUGUUUAGUCGAGGUUA
AAAAAACGUCUAGGCCCCCCGAACCACGGGGACGUGGUUUUCC
UUUGAAAAACACGAUGAUAAGCUUGGAUCCCACAACCAUGGUG
AGCAAGGGCGAGGAGCUGUUCACCGGGGUGGUGCCCAUCCUGG
UCGAGCUGGACGGCGACGUAAACGGCCACAAGUUCAGCGUGUC
CGGCGAGGGCGAGGGCGAUGCCACCUACGGCAAGCUGACCCUG
AAGUUCAUCUGCACCACCGGCAAGCUGCCCGUGCCCUGGCCCA
CCCUCGUGACCACCCUGACCUACGGCGUGCAGUGCUUCAGCCG
CUACCCCGACCACAUGAAGCAGCACGACUUCUUCAAGUCCGCCA
UGCCCGAAGGCUACGUCCAGGAGCGCACCAUCUUCUUCAAGGA
CGACGGCAACUACAAGACCCGCGCCGAGGUGAAGUUCGAGGGC
GACACCCUGGUGAACCGCAUCGAGC
GGAGGACGGCAACAUCCUGGGGCACAAGCUGGAGUACAACUAC
AACAGCCACAACGUCUAUAUCAUGGCCGACAAGCAGAAGAACGG
CAUCAAGGUGAACUUCAAGAUCCGCCACAACAUCGAGGACGGCA
GCGUGCAGCUCGCCGACCACUACCAGCAGAACACCCCCAUCGG
CGACGGCCCCGUGCUGCUGCCCGACAACCACUACCUGAGCACC
CAGUCCGCCCUGAGCAAAGACCCCAACGAGAAGCGCGAUCACAU
GGUCCUGCUGGAGUUCGUGACCGCCGCCGGGAUCACUCUCGG
CAUGGACGAGCUGUACAAGUAAAGCGGCCGCCACCGC
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