
 
 

 

 

 

Method Development for the Detection and Quantification  

of Biological and Synthetic RNA Cap Structures by LC-MS/MS 

 

 
Dissertation  

zur Erlangung des Grades 

“Doktor der Naturwissenschaften” 

im Promotionsfach Pharmazie 

 

 

am Fachbereich Chemie, Pharmazie, Geographie und Geowissenschaften 

der Johannes Gutenberg-Universität Mainz 

 

 

 

 

Martina Christina Krämer, geb. Schmidt-Dengler 
geboren in  

 

 

 

 

Mainz, Januar 2025 

 



II 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Dekanin:     Prof. Dr. Eva Rentschler 

 

1. Berichterstatter:     

2. Berichterstatter:     

 

Datum der mündlichen Prüfung: 04. Februar 2025 

 

D77 (Dissertation Mainz) 



III 
 
 

Die vorgelegte Dissertation wurde am Institut für Pharmazeutische und Biomedizinische 

Wissenschaften der Johannes Gutenberg-Universität in Mainz zur Erlangung des Grades 

’Doktor der Naturwissenschaften’ unter der Betreuung von  angefertigt. 

 

 

1. Berichterstatter: 

 

Fachbereich Chemie, Pharmazie und Geowissenschaften 

Institut für Pharmazeutische und Biomedizinische Wissenschaften 

Johannes Gutenberg-Universität Mainz 

 

2. Berichterstatterin: 

 

Fachbereich Chemie, Pharmazie und Geowissenschaften 

Institut für Pharmazeutische und Biomedizinische Wissenschaften  

Johannes Gutenberg-Universität Mainz 

 

 

 

 

Hiermit versichere ich eidesstattlich: 

1) Ich habe die jetzt als Dissertation vorgelegte Arbeit selbst angefertigt und alle benutzten 

Hilfsmittel (Literatur, Apparaturen, Material) in der Arbeit angegeben. 

2) Ich habe oder hatte die jetzt als Dissertation vorgelegte Arbeit nicht als Prüfungsarbeit 

für eine staatliche oder andere wissenschaftliche Prüfung eingereicht. 

3) Ich hatte weder die jetzt als Dissertation vorgelegte Arbeit noch Teile davon bei einer 

anderen Fakultät bzw. einem anderen Fachbereich als Dissertation eingereicht. 

 

 

 

 

_________________________   ________________________________ 
Ort, Datum      Unterschrift



IV 
 
 

 

Danksagung 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



VI 
 
 

 

  



VII 
 
 

Contents 
 

Abstract .................................................................................................................... IX 

Zusammenfassung ................................................................................................... X 

Abbreviations and symbols .................................................................................... XI 

1. Introduction ........................................................................................................... 1 

1.1. Caps in RNA ................................................................................................................ 1 
1.1.1. The mRNA cap ................................................................................................. 1 
1.1.2. Caps in various RNA species ........................................................................... 2 
1.1.3. Metabolite caps ................................................................................................. 3 

1.2. Functions of the mRNA cap ......................................................................................... 7 
1.2.1. RNA processing and export .............................................................................. 7 
1.2.2. Translation initiation .......................................................................................... 7 
1.2.3. RNA stability ..................................................................................................... 9 
1.2.4. Antiviral response ........................................................................................... 10 
1.2.5. Role of cap methylations ................................................................................. 11 

1.3. Capping process ........................................................................................................ 12 
1.3.1. Eukaryotic mRNA capping .............................................................................. 12 
1.3.2. Viral RNA capping ........................................................................................... 14 

1.4. Caps in synthetic mRNA ............................................................................................ 15 
1.4.1. Co- and posttranscriptional capping ............................................................... 15 
1.4.2. Incorporation of non-natural caps ................................................................... 18 

1.5. Analytical methods to investigate the cap epitranscriptome ...................................... 21 
1.5.1. Overview of detection methods ...................................................................... 21 
1.5.2. LC-MS/MS analysis of cap structures ............................................................. 22 

2. Motivation and Objectives .................................................................................. 33 

3. Results and Discussion ...................................................................................... 35 

3.1. LC-MS/MS method development for absolute quantification of RNA caps................ 35 
3.1.1. Optimization process ...................................................................................... 36 
3.1.2. Method validation ............................................................................................ 54 
3.1.3. Method application to biological samples ....................................................... 56 
3.1.4. Discussion ...................................................................................................... 59 



VIII 
 
 

3.2. Isotope labeling of cap dinucleotides via deuterium exchange .................................. 63 
3.2.1. Investigation of deuterium exchange parameters ........................................... 63 
3.2.2. Assessment of nucleoside modifications on deuterium exchange .................. 66 
3.2.3. Discussion ....................................................................................................... 69 

3.3. Determination of capping efficiencies via LC-MS/MS ................................................ 71 
3.3.1. Proof of concept .............................................................................................. 71 
3.3.2. Application to in vitro transcribed RNA ............................................................ 72 
3.3.3. Discussion ....................................................................................................... 74 

4. Conclusion and Perspectives ............................................................................ 78 

5. Material and Methods ......................................................................................... 81 

5.1. Material ...................................................................................................................... 81 
5.1.1. Chemicals ....................................................................................................... 81 
5.1.2 Buffers, solutions, and growth media ............................................................... 83 
5.1.3 Enzymes and kits ............................................................................................. 84 
5.1.4 Oligonucleotides and plasmids ........................................................................ 84 
5.1.5 Cell lines .......................................................................................................... 86 
5.1.6 Disposables ..................................................................................................... 86 
5.1.7 Instruments ...................................................................................................... 87 
5.1.8 Software/ KI ..................................................................................................... 88 

5.2. Methods ..................................................................................................................... 89 
5.2.1. Method optimization for absolute quantification of RNA cap modifications ..... 89 
5.2.2. Biological sample extraction and RNA isolation .............................................. 93 
5.2.3. LC-MS/MS analysis of cap dinucleotides in biological samples...................... 95 
5.2.4. Deuterium exchange ....................................................................................... 96 
5.2.5. LC-MS/MS analysis of deuterated cap dinucleotides ..................................... 97 
5.2.6. Synthesis of in vitro transcribed RNA ............................................................. 98 
5.2.7. Enzymatic capping .......................................................................................... 99 
5.2.8. Purification via denaturing PAGE .................................................................. 100 
5.2.9. LC-MS/MS analysis of cap-related nucleoside modifications ....................... 100 

List of Publications ............................................................................................... 102 

Bibliography .......................................................................................................... 104 

Supplement ........................................................................................................... 125 

Curriculum Vitae ................................................................................................... 131 



IX 
 
 

 

Abstract 
 

5’ caps on messenger RNA (mRNA) play a crucial role in regulating mRNA function and 

processing. Apart from the canonical cap 0 structure, comprising a 7-methylguanosine (m7G) 

linked to the first transcribed nucleotide by a reverse 5’-5’-triphosphate bridge, additional 

methylations, such as 2’O-methylations of the penultimate nucleotide and additional N6-

methylation of adenosine contribute to the complex cap epitranscriptome. Based on the critical 

role of 5’ caps in mRNA function, this study developed a sensitive and reliable liquid 

chromatography tandem mass spectrometry (LC-MS/MS) approach to detect and quantify 

these structures, while also providing the capability to simultaneously analyze modified 

nucleosides. The comprehensive method development of chromatographic and mass 

spectrometric parameters considerably impacted signal intensity and peak separation, pushing 

detection limits into the attomole to femtomole range. Examination of eukaryotic RNA revealed 

distinct cap methylation patterns for cell and tissue samples. Investigating the knockout of the 

cap-modifying enzyme CMTR1 provided insights into its substrate specificity and contributed 

to the understanding of RNA cap methylation processes. To enhance mass spectrometry-

based quantification, an accessible approach for isotope labeling of cap dinucleotides was 

developed. The method aimed to achieve deuteration at the C-8 position of purines through 

incubation in deuterium oxide at elevated temperatures. Studies with N7-unmethylated cap 

dinucleotides revealed that temperatures of at least 85 °C and extended incubation times were 

necessary for near-complete deuteration. However, m7G exhibited rapid exchange at the C-8 

position in contact with water, precluding stable isotope labeling of m7G-containing cap 

structures. In view of the increasing relevance of capped synthetic mRNA for therapeutic 

applications, another part of this study assessed a novel LC-MS-based method for determining 

capping efficiencies. Application to co- and post-transcriptionally capped in vitro transcribed 

(IVT) RNA revealed challenges in IVT purification and quantification accuracy, highlighting the 

need to optimize IVT processes and purification techniques for reliable evaluation of capping 

reactions. 
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Zusammenfassung 
 

5'-Caps von mRNA spielen eine entscheidende Rolle bei der Regulierung der Funktion und 

der Prozessierung von mRNA. Neben der kanonischen Cap 0-Struktur, die aus 7-

Methylguanosin (m7G) besteht, welches über eine umgekehrte 5'-5'-Triphosphatbrücke mit 

dem ersten transkribierten Nukleotid verbunden ist, tragen zusätzliche Methylierungen wie die 

2'O-Methylierungen des ersten transkribierten Nukleotids und zusätzliche N6-Methylierung 

von Adenosin zum komplexen Cap-Epitranskriptom bei. Aufgrund der entscheidenden Rolle 

der 5'-Caps für die Funktion der mRNA wurde in dieser Arbeit eine empfindliche und 

zuverlässige Flüssigchromatographie gekoppelte Tandem-Massenspektrometrie (LC-MS/MS) 

-Methode zur Detektion und Quantifizierung dieser Strukturen entwickelt, die zudem die 

gleichzeitige Analyse von modifizierten Nukleosiden ermöglicht. Die umfangreiche Methoden-

entwicklung der chromatographischen und massenspektrometrischen Parameter zeigte 

erheblichen Einfluss auf die Signalintensität und die Peaktrennung, wodurch die 

Nachweisgrenzen in den attomolaren bis femtomolaren Bereich verschoben wurden. Die 

Untersuchung von eukaryotischer RNA ergab unterschiedliche Cap-Methylierungsmuster für 

Zell- und Gewebeproben. Die weitere Untersuchung des Knockouts des Cap-modifizierenden 

Enzyms CMTR1 lieferte Einblicke in seine Substratspezifität und trug zum Verständnis der 

RNA-Cap-Methylierungsprozesse bei. Um die massenspektrometrische Quantifizierung zu 

verbessern, wurde eine leicht zugängliche Herangehensweise für die Isotopenmarkierung von 

Cap-Dinukleotiden entwickelt. Die Methode zielt darauf ab, eine Deuterierung an der C-8-

Position von Purinen durch Inkubation in Deuteriumoxid bei erhöhten Temperaturen zu 

erreichen. Untersuchungen von N7-unmethylierten Cap-Dinukleotiden ergaben, dass 

Temperaturen von mindestens 85 °C und längere Inkubationszeiten für eine nahezu 

vollständige Deuterierung erforderlich waren. Allerdings zeigte m7G im Kontakt mit Wasser 

einen schnellen Austausch an der C-8-Position, was eine stabile Isotopenmarkierung von 

m7G-haltigen Cap-Strukturen verhinderte. Angesichts der zunehmenden Bedeutung von 

gecappter synthetischer mRNA für therapeutische Anwendungen wurde in einem weiteren Teil 

dieser Arbeit eine neuartige LC-MS-basierte Methode zur Bestimmung der Capping-Effizienz 

untersucht. Die Anwendung auf co- und posttranskriptionell gecappte in vitro transkribierte 

(IVT) RNA zeigte Herausforderungen bei der Aufreinigung und der Quantifizierungs-

genauigkeit auf. Dies unterstreicht die Notwendigkeit, IVT-Prozesse und Aufreinigungs-

techniken für eine zuverlässige Bewertung von Capping-Reaktionen zu optimieren.
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1. Introduction 
 

1.1. Caps in RNA 

1.1.1. The mRNA cap 

Messenger RNA (mRNA) plays a pivotal role in gene expression. It is generated during 

transcription in the nucleus, where RNA polymerase II creates a copy of a coding DNA 

sequence. After maturation and transport to the cytoplasm, the mRNA serves as a template 

for protein synthesis during translation.1,2 The core of a eukaryotic mRNA is its coding 

sequence, which begins with a start codon and ends with a stop codon, and is flanked by 

untranslated regions (UTR) at both sides (Figure 1.1 A). A poly(A) tail is located at the 3’-end, 

whereas the 5’-end is equipped with a cap structure, which is involved in several important 

biological processes, including RNA processing, RNA export, translation initiation and the 

protection of RNA from degradation.3  

 

Figure 1.1. A.) Structure of a eukaryotic mRNA transcript with functional regions highlighted. B.) Depiction of a 

canonical cap structure with respective nomenclature regarding 2’O-methylation pattern at the first and second 

transcribed nucleotide. C.) Structures of relevant modified nucleosides, which are part of the cap structure, including 

general 2’O-methylated nucleosides (Nm) and specific N6,2’O-dimethyladenosine (m6Am). 

The canonical cap on most eukaryotic mRNAs consists of a 7-methylguanosine (m7G) that is 

connected to the transcript by a 5’-5’-triphosphate linkage. While lower eukaryotes, such as 
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yeast, predominantly contain the so-called cap 0 structure (m7GpppN), the adjacent 

nucleotides can undergo 2'O-methylation in higher eukaryotes, resulting in the formation of 

cap 1 structures, when only the first transcribed nucleotide is ribose-methylated (m7GpppNm) 

or cap 2 structures, when the first and the second transcribed nucleotide are ribose-methylated 

(m7GpppNmpNm).4–6 If the first transcribed nucleotide consists of a 2’O-methyladenosine 

(Am), additional methylation at the N6-position can occur, leading to N6,2’O-dimethyl-

adenosine (m6Am) formation (Figure 1.1 B,C).7 

However, not all cap structures follow this standard pattern. For instance, deviating cap 

structures have been identified in insect oocyte mRNA, where non-methylated guanosines 

(GpppN caps) are described.8 Additional cap variants, including hypermethylation at the cap 

guanosine and single methylations of the triphosphate, which are observed in other RNA 

species, and metabolite caps, will be detailed in the following sections. 

 

1.1.2. Caps in various RNA species 

In addition to mRNA, the presence of cap structures has been observed in a variety of RNA 

species, exhibiting diverse forms of caps. These structures are predominantly found in RNA 

polymerase II (Pol II) transcripts, including pre-mRNAs, pre-micro RNAs (miRNA), pre-long 

non-coding RNAs (lncRNA), small nucleolar RNAs (snoRNAs) and small nuclear RNAs 

(snRNA).9 Additionally, some RNA polymerase III (Pol III) transcripts have also been shown to 

possess cap structures. 

Long non-coding RNAs are mainly transcribed by Pol II. They often possess m7G caps and 

poly(A) tails and are spliced similarly to mRNA, although they display distinctive characteristics 

with regard to expression and extent of nuclear localization according to their functional 

roles.10–12 Also, several miRNA precursors have been described to be m7G-capped.13,14 Xie 

and colleagues presented evidence for a non-canonical, microprocessor-independent 

biogenesis pathway, in which m7G-capped pre-miRNAs are directly transported to the 

cytoplasm, where Dicer processing occurs to yield uncapped mature miRNAs.15,16 Similarly, 

precursor transcripts of Piwi-interacting RNA (piRNA) carry an m7G cap that is 

endonucleolytically cleaved to generate monophosphorylated ends required for PIWI protein 

binding.17 In Caenorhabditis elegans (C. elegans), a trimer of Schlafen-like-domain proteins 

called PUCH has recently been identified to perform piRNA precursor cleavage, thereby strictly 

requiring the m7G cap for activity.18 
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Another cap variant is the hypermethylated 2,2,7-trimethylguanosine (TMG) cap. Most 

snRNAs are transcribed by Pol II and acquire an m7G-cap in the nucleus.19 After nuclear export 

in the cytoplasm, assembly of the snRNA and Sm proteins is mediated by the survival motor 

neuron (SMN) protein complex to form core ribonucleoproteins (RNPs).20 Following maturation 

events comprise hypermethylation of the 5’ cap by the trimethylguanosine synthase 1 (TGS) 

protein to yield a TMG cap.21 Import receptors that recognize the TMG cap re-import snRNPs 

into the nucleus, where spliceosome assembly and pre mRNA splicing events can take 

place.22–24 snoRNAs play crucial roles in ribosomal RNA (rRNA) processing and modification 

in the nucleolus, including 2′O-methylation and pseudouridylation.25–27 snoRNAs generated by 

Pol II transcription possess a TMG cap. In contrast to snRNAs, which undergo cap 

hypermethylation in the cytoplasm, hypermethylation of snoRNAs occurs normally in the 

nucleoplasm, before transport to the nucleolus.28,29 It is currently thought that the export of 

snoRNAs is disabled by the combination of assembly with core snoRNP proteins and the 

hypermethylation of the cap.30 In a recent study, Ohira and Suzuki demonstrated that certain 

precursors of transfer RNA (tRNA) contain methylated cap structures, despite being Pol III 

transcripts, which typically does not produce capped transcripts. Pre-tRNA capping occurs 

subsequent to transcription during tRNA maturation, resulting in m7G-caps and subsequent 

hypermethylated variants and plays a role in protecting pre-tRNAs from 5'-exonucleolytic 

degradation.31 

The variety of cap structures is also exemplified by the minimalistic cap-like structure that 

encompasses a 5' γ-monomethyl phosphate. This structure has been described in small 

nuclear snRNAs that are transcribed by Pol III, such as mammalian U6 and plant U3,32,33 as 

well as in small non-coding RNAs, including B2 and 7SK.34 While the cap structure was 

demonstrated to enhance the stability of RNAs in Xenopus oocytes, it was not identified as a 

requirement for transport across the nuclear membrane.35 Furthermore, the monomethyl cap 

has been observed to reduce the affinity of Pol III transcripts for the La protein, which may 

facilitate the release of these RNA transcripts.36 

 

1.1.3. Metabolite caps 

A variety of non-canonical caps have recently been described. These originate from 

coenzymes such as nicotinamide dinucleotide (NAD), coenzyme A (CoA), and flavin adenine 

dinucleotide (FAD), from metabolite alarmones including dinucleoside polyphosphates, and 

from nucleotide sugars like uridine diphosphate (UDP) -glucose. The chemical structures are 

depicted in Figure 1.2. 
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In 2009, NAD-capped RNA was detected in Escherichia coli (E. coli) and Streptomyces 

venezuelae (S. venezuelae) using liquid chromatography coupled mass spectrometry (LC-

MS).37 Six years later, the development of NAD captureSeq allowed the sequencing-based 

identification of NAD-linked RNA.38 The approach is based on transglycosylation of NAD with 

a clickable alkynyl group using adenosine diphosphate-ribosylcyclase (ADPRC), followed by 

biotinylation, streptavidin pull down for enrichment and subsequent reverse transcription and 

next generation sequencing.39 NAD captureSeq was the basis for several other sequencing 

methods for the analysis of NAD-RNA, incorporating modified protocols such as a different 

tagging strategy to also enable the use of Oxford Nanopore technology,40 exchanging copper-

catalyzed azide-alkyne cycloaddition (CuAAC) by strain-promoted azide-alkyne cycloaddition 

(SPAAC) click chemistry to avoid RNA degradation by copper ions,41,42 or additional depletion 

of m7G-capped RNA to avoid false positive hits due to low activity of ADPRC towards m7G-

RNA.42,43 An alternative sequencing method, called CapZyme-seq uses decapping enzymes 

and ligates the resulting 5’-monophosphate RNA to a barcoded RNA adaptor.44 Further 

detection and quantification methods are based on mass spectrometry (MS),37,45 boronate 

affinity electrophoresis,46 or colorimetry.47 These detection methods revealed the occurrence 

of NAD-capped RNAs in a number of different organisms, including bacteria,37,38,48,49 

archaea,50 and eukaryotes.45,51–53 The bacterial RNA polymerase as well as the eukaryotic Pol 

II can use NAD as non-canonical initiating nucleotide (NCIN) at promoters that bear an 

adenosine at the +1 position.48,54,55 Furthermore, the presence of NAD-caps on mammalian 

snoRNAs, which are predominantly processed from intronic regions, indicates the potential for 

an alternative post-transcriptional NAD-capping mechanism.52 A subset of decapping enzymes 

has also been identified. The nucleoside diphosphate linked to another moiety X (Nudix) 

hydrolase termed NudC hydrolyzes the pyrophosphate bond of NAD-RNA in E. coli, leaving 

nicotinamide mononucleotide and 5’-adenosine monophosphate RNA,56 while the RNA 5’-

pyrophosphohydrolase (RppH) was found to decap NAD-RNAs in Bacillus subtilis 

(B. subtilis).48 In eukaryotes, the decapping enzymes DXO/Rai1 remove the NAD cap 

(deNADding), which is followed by RNA degradation.52 Recently, Rat1 and Xrn1 from yeast 

have also been shown to exhibit deNADding activity.57 Additionally, an alternative pathway in 

eukaryotes involves the CD38 glycoprotein, which converts NAD-capped RNA to adenosine 

diphosphate-ribose (ADPr)-capped RNA by removal of nicotinamide.58 NAD-RNA was shown 

to influence several cellular processes and gene regulation. In prokaryotes, the NAD cap 

protects bacterial transcripts from 5’-degradation.38,48 Additional roles include regulation of 

toxin expression in Staphylococcus aureus49 and growth phase-dependent regulation in E. coli 

and B. subtilis.41,48 Also, NAD-RNA is involved in the infection process of E. coli by the T4 
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bacteriophage, where the phage-encoded ADP-ribosyltransferase ModB uses NAD-RNA as a 

substrate to RNAylate proteins.24,59 In contrast to the stabilizing role of NAD-RNA in 

prokaryotes, the cap promotes RNA decay by the deNADding enzyme DXO in eukaryotes.52 

With regard to the translation process, it was shown that NAD-capped mRNAs are not 

translated in mammalian cells52 and budding yeast,60 whereas studies in Arabidopsis showed 

association of NAD-RNAs with translating ribosomes.53 In addition, transcripts in mitochondria 

are NAD-capped. Remarkably, mitochondrial RNA polymerases demonstrate high efficient 

NAD capping with efficiencies of up to 60% in yeast.54 The deNADding enzyme Xrn1 was 

recently shown to modulate mitochondrial NAD-RNA levels, thereby additionally displaying an 

interconnection between NAD and NAD-RNA levels.57,61 Overall, NAD-RNA is involved in a 

multitude of biological functions across different organisms, and ongoing research aims to 

uncover its full range of roles and interactions.24,61 

 

Figure 1.2. Overview of several metabolite caps, including 3’-dephospho-coenzyme A- (dpCoA), flavin adenine 

dinucleotide- (FAD), uridine diphosphate glucose- (UDP-Glc) and uridine diphosphate N-acetylglucosamine- (UDP-

GlcNAc), diadenosine tetraphosphate- (Ap4A), and nicotinamide dinucleotide- (NAD) capped RNA. 

Kowtuniok and coworkers identified 3’-dephospho-CoA (dpCoA) and its succinyl- and acetyl-

thioester derivates linked to the 5’-terminus of E. coli and S. venezuelae RNA.62 Later, dpCoA 
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caps were also identified and quantified in the small RNA fraction of S. aureus with quantities 

of up to 14 fmol/µg RNA.63 While other metabolite caps are only introduced as NCIN to initiate 

transcription, the E. coli enzyme phosphopantetheine adenylyltransferase (PPAT), an enzyme, 

which is involved in the CoA biosynthetic pathway,64 has been demonstrated to accept RNA 

transcripts as a substrate, resulting in the formation of CoA-RNA. This provides a potential 

post-transcriptional mechanism for the generation of CoA-RNAs in bacteria.65 However, 

reliable sequencing methods to further investigate and validate CoA-RNA transcripts are still 

required to explore the occurrence and functions of this metabolite cap structure.66 

Recently, Julius and Yuzenkova demonstrated that bacterial RNA polymerase can utilize 

various nucleotide metabolites as non-canonical initiating substrates for transcription in vitro, 

including FAD, UDP-glucose, and UDP-N-acetylglucosamine.67 Liquid chromatography 

coupled tandem mass spectrometry (LC-MS/MS) analysis demonstrated the existence of 

these caps in bacteria, eukaryotic species, as well as in viral RNA.45 The colorimetric 

quantification method FAD capQ indicated the appearance of FAD caps on short RNAs in 

human cells, but the biological role remains elusive.68 Most recently, hepatitis C virus RNA has 

been demonstrated to be 5'-FAD capped with a high capping frequency of approximately 75%, 

which protects the RNA from retinoic acid-inducible gene I (RIG-I) mediated innate immune 

response.24 The latter demonstrates a new viral RNA-capping strategy utilizing cellular 

metabolites.69 

Dinucleoside polyphosphates (NpnN) are present in all domains of life and have been shown 

to increase under stress conditions, leading to their designation as “alarmones”.70 They were 

first discovered as 5’ RNA caps in bacteria in two different studies using LC-MS and boronate 

gel electrophoresis, respectively.71,72 The structural variation is demonstrated through the 

variety of polyphosphate bridge lengths, ranging from 3 to 5 phosphates, and additional partial 

methylation of the nucleosides. These methylations lead to protection from cleavage by the 

decapping enzyme RppH and were more abundant under stress conditions, such as 

starvation.71 Additionally, capped transcripts exhibited elevated levels during exposure to 

disulfide stress,72 suggesting a potential role in stabilizing capped transcripts under stress 

conditions.24 In mammalian cells, diadenosine tetraphosphate (Ap4A)-capped RNA was 

discovered. The precise biological function of this structure remains uncertain, as the capped 

RNA was not translated. However, the absence of an innate immune response following Ap4A-

RNA transfection suggests that it is a naturally occurring element within the transcriptome.66 

Concludingly, the exact mechanisms and specific functions of NpnN-capped RNAs have not 

yet been entirely elucidated.
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1.2. Functions of the mRNA cap 

The cap structure in mRNAs fulfils several important functions during the life cycle of mRNAs. 

Many biological processes are mediated by cap-binding proteins. Of particular note are the 

cap-binding complex (CBC) primary located in the nucleus, and the eukaryotic translation 

initiation factor (eIF) 4E in the cytoplasm.3 

 

1.2.1. RNA processing and export 

In the nucleus, the m7G cap co-transcriptionally binds to CBC, a heterodimer, consisting of 

cap-binding protein 80 (CBP80) and 20 (CBP20).73 This complex plays a role in pre-mRNA 

splicing, 3’-end processing, and mRNA export. The m7G cap structure on pre-mRNA enhances 

splicing efficiency as demonstrated by in vitro experiments.74,75 The essential role of CBC in 

mediating these effects on splicing has been shown using immunodepletion and antibody 

blocking techniques.73,76 CBC recruits snRNPs, thereby promoting the spliceosome assembly 

to initiate splicing.77–79 A further RNA processing step is the 3’-end formation, which consists of 

two major steps: endonucleolytic cleavage which is followed by the addition of a poly(A) tail. 

Depletion of CBC in HeLa cells resulted in diminished poly(A) site cleavage. This effect was 

restored upon the addition of recombinant CBC. Furthermore, the interaction of the CBC/cap 

complex with processing factors at the poly(A) site was demonstrated by co-immuno-

precipitation.80 Additionally, it was shown that CBC interacts with the negative elongation factor 

(NELF) to promote 3'-end processing in replication-dependent histone mRNAs.81 Cap 

structures bound to CBC are also involved in mediating mRNA export, as the CBP 80 subunit 

recruits the transcription export complex (TREX) through interaction with RNA export factor 

(REF)/Aly.82 Following interaction with the nuclear export receptor NXF1, bulk mRNA is 

exported to the cytoplasm.79 Notably, CBC also participates in the nuclear export of snRNAs 

during biogenesis by interacting with the phosphorylated adaptor for RNA export protein 

(PHAX), which promotes the assembly of the export complex.83 

 

1.2.2. Translation initiation 

The majority of mRNAs are translated in a cap-dependent manner. The canonical pathway of 

eukaryotic translation initiation (Figure 1.3) depends on the cap structure to bind eIF4E, which 

is part of the complex eIF4F, along with the RNA helicase eIF4A and the scaffold protein eIF4G. 

The 43S pre-initiation complex, comprising the ternary complex eIF2-GTP-tRNAMet, the 40S 

ribosome subunit, and additional initiation factors (e.g. eIF3), interacts with the activated mRNA 
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through the binding of eIF4G with eIF3. The resulting large complex, designated the 48S pre-

initiation complex, is capable of scanning the 5’ UTR in 5’- to 3’-direction. Upon recognition of 

the start codon, some initiation factors dissociate, and the 60S ribosomal subunit joins. 

Subsequent to codon-anticodon base pairing, displacement of eIF1 results in a conformational 

change of the ribosome, marking the starting point of the elongation phase (reviewed by 

Topisirovic and colleagues).79  

 

Figure 1.3. Cap-dependent eukaryotic translation initiation. mRNA is activated by binding to eIF4E and recruitment 

of the eukaryotic translation initiation factors (eIF) 4G and 4A, depicted in blue. The closed loop conformation is 

established by binding of the poly(A)-binding protein (PABP, grey) to eIF4G (upper left). The 43S pre-initiation 

complex is formed by recruitment of the ternary complex (eIF2-GTP-tRNAMet, orange) to the 40S ribosomal subunit, 

which is associated with several translation initiation factors, depicted in green (upper right). The active mRNA and 

the 43S pre-initiation complex form the 48S pre-initiation complex, which subsequently scans the 5’ UTR for a start 

codon. This figure was adapted and substantially modified from Hanson et al.84 
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While eIF4F is bound to the cap, eIF4G binds the poly(A)-binding protein (PABP), leading to 

circularization of the mRNA.85 This configuration is presumed to ensure the translation of 

properly processed mRNA and to enhance recruitment of the ribosomes by stabilizing the 

interaction between the translation initiation factors and the mRNA.86,87 The purpose of the 

translation of eIF4E-bound mRNA is to generate the majority of cellular proteins. However, 

newly synthesized mRNAs undergo a pioneer round of translation, serving as a control 

mechanism for the quality of gene expression by supporting non-mediated decay to eliminate 

transcripts with premature termination codons.88 The composition of the translation complex 

differs between the pioneer round and steady-state translation. After export into the cytoplasm, 

CBC stays bound to the capped mRNA and recruits eIF4G and eIF4A, while in subsequent 

rounds eIF4E is used as cap-binding protein.3,89 Additionally, the pioneer round involves 

primarily nuclear PABP in addition to cytoplasmic PABP, the CBP80-CBP20-dependent 

translation initiation factor CTIF, as well as exon junction complexes associated with spliced 

mRNAs.88,90,91 Despite these differences, similar mechanisms of translation initiation take 

place, as indicated by the utilization of analogous translation initiation factors by CBC- and 

eIF4E-bound mRNAs, including eIF4G, eIF3, and eIF4A.88,92 After the first round of translation, 

the transition to steady-state translation involves Importin (IMP)-β, which interacts with the 

CBC-bound IMP-α, leading to the replacement of CBC by eIF4E.93  

In conclusion, the m7G cap acts as specific binding site for protein factors, that regulate and 

mediate essential functions for the mRNP.3  

 

1.2.3. RNA stability 

The enhanced stability of capped mRNA towards uncapped transcripts is attributed to the 

protection from 5'-exonucleolytic degradation.94,95 The removal of cap structures by decapping 

enzymes represents a regulatory step in mRNA stability, which in turn affects mRNA function.96 

Dcp2, the first discovered eukaryotic decapping enzyme, is a member of the Nudix hydrolase 

superfamily and cleaves the cap triphosphate bridge between the α- and β-phosphate, leading 

to m7GDP and 5’-monophosphate RNA. Dcp2 binds to mRNAs with a specific stem-loop 

structure near the 5' cap, which is crucial for its recognition and decapping activity. In addition 

to this direct RNA recruitment, cis-elements such as AU-rich elements in 3' UTRs or 

deadenylated transcripts containing a U-tract, can recruit proteins to enhance Dcp2-mediated 

decapping, demonstrating the complexity of the process regulation.96,97 Further reported 

decapping enzymes are Nudt16 and Nudt3, which also have different target preferences and 

only function on a subset of mRNAs.96 While Nudt16 is ubiquitous expressed in various tissues 
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and has been shown to regulate among others the decay of some AU-rich element- (ARE)-

containing mRNAs,98 Nudt3 has been reported to modulate cell migration by decapping of 

integrin β6 and lipocalin-2 mRNAs.99 Additional Nudix proteins, such as Nudt2, Nudt12, 

Nudt17, and Nudt19, are capable of decapping RNA in vitro.100 The DXO (decapping 

exonuclease) family of enzymes exhibits distinct decapping mechanisms.101 In yeast, Rai1 was 

found to possess 5’-end pyrophosphohydrolase (PPH) activity, which results in the release of 

pyrophosphate from 5’-triphosphorylated RNA.102 Furthermore, it displays decapping activity, 

whereby the entire cap structure (m7GpppN/GpppN) is removed. Studies showed stronger 

activity towards GpppRNA in comparison to m7GpppRNA.103 Rat1, a 5’-3’-exonuclease which 

is in a complex with Rai1, subsequently degrades the 5’-monophosphate RNA, generated by 

PPH and decapping activities of Rai1.102 An additional member of the enzyme family is Dxo1, 

which has weak sequence homology with Rai1 in yeast. While it lacks PPH activity, it exhibits 

decapping activity and additional 5'-3'-exoribonuclease activity.104 The mammalian homolog of 

Rai1 and Dxo1, termed DXO, combines the activities of both, which encompass PPH, 

decapping, and exoribonuclease activity.105 In vitro, decapping activity occurs towards 

methylated and unmethylated caps, whereas in vivo, cap binding proteins protect methylated 

caps from degradation.105 Consequently, DXO family enzymes function in capping quality 

control, by degrading uncapped or unmethylated capped transcripts (reviewed by Jurado and 

colleagues).101 Following the removal of the cap, the 5'-monophosphate RNA is degraded 

exonucleolytically by Dxo1 and DXO, or by the heterodimer Rai1-Rat1.  

 

1.2.4. Antiviral response 

Innate immune response involves the activation of pattern recognition receptors (PRRs), such 

as RIG-I, that recognize non-self RNA and trigger the production of type I interferons (IFNs) 

and pro-inflammatory cytokines.106,107 RIG-I exhibits preferential binding to double-stranded 

RNA (dsRNA) with 5'-diphosphate or 5'-triphosphate moieties, or cap 0 structures.108 Notably, 

the presence of 2'O-methylation, particularly at the first transcribed nucleotide but also at the 

second one, significantly attenuates RIG-I binding and subsequent IFN signaling.9,109 RIG-I 

mutation of His830, which is proximal to the 2’OH of the first transcribed nucleotide, resulted 

in almost same binding affinities for 2’O-methylated and 2’O-unmethylated dsRNAs, indicating 

that His830 is crucial for the discrimination between cap 1 and cap 0 RNA.108 Interferon-

induced proteins with tetratricopeptide repeats (IFIT) are induced by type I interferons and bind 

to single stranded RNA that lacks 2'O-methylation, inhibiting its translation.110,111 IFIT1 binds 

unmethylated cap 0 RNA, thereby blocking translation factors like eIF4E and eIF4F, and as a 
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consequence inhibits viral RNA replication.3,112,113 The capacity of 2’O-methylation to 

circumvent the innate immune response was exemplified by diminishing 2’O-methylation of 

endogenous RNA, which resulted in a considerable increase in type I IFN response.109 The 

examination of a West Nile virus mutant that lacks 2'O-methyltransferase activity resulted in 

the attenuation of virus infections in primary cells. However, the mutant demonstrated virulence 

in cells with deficient IFN signaling, indicating that 2'O-methylation of the viral mRNA cap 

represents a strategy to evade the antiviral response.114 The mechanisms employed by viruses 

to produce capped RNA are detailed in chapter 1.3.2. 

 

1.2.5. Role of cap methylations 

The cap structure is a highly methylated modification. The specific roles of these methylations 

are summarized in the following section. 

The N7-methylation of guanosine is important for binding CBC and eIF4E, which mediate 

splicing, export, and translation initiation. It was shown that the binding affinity of eIF4E for 

m7GpppG is ~103-folds higher than that for GpppG.115 Similarly, CBC exhibits a higher affinity 

for the N7-methylated cap.116 The involvement of the m7G cap moiety in protein biosynthesis 

was demonstrated by translation of vaccinia virus mRNAs in wheat germ extract, where 

methylated in vitro mRNA was translated more efficiently than unmethylated mRNA.117 

The previous chapter described the function of 2'O-methylation at the first transcribed 

nucleotide as a signature for self-RNA in the context of antiviral defense. In addition, a role in 

translation has been reported in the literature by demonstrating a positive influence of this 

methylation on the ribosome binding.117–119 Furthermore, translation and oocyte maturation are 

enhanced by cap ribose methylation of c-mos mRNA in Xenopus laevis.120  

Additional N6-methylation of Am as the first transcribed nucleotide leads to the formation of 

m6Am, a frequent cap modification that is part of the major cap species in HeLa mRNA 

(m7Gpppm6Am), accounting for up to 30% of the cap pool.7 The m6Am modification has been 

reported to regulate gene expression, affecting processes such as mRNA stability and 

translation.121 However, the reported roles of m6Am in these processes are contradictory. It has 

been observed that transcripts initiated by m6Am exhibit longer half-lives.122,123 In vitro 

decapping experiments have demonstrated that the enhanced stability of m6Am transcripts is 

due to a reduced susceptibility to decapping by DCP2.122 In contrast, some other reports 

indicate that the N6-methylation does not affect transcript stability, as depletion of 

phosphorylated CTD interacting factor 1 (PCIF1), the methyltransferase responsible for N6-
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methylation of Am at the first transcribed nucleotide position in mRNA, did not affect the 

abundance of m6Am-modified mRNAs.124,125 Similarly conflicting, some findings show that 

m6Am promotes translation, while others report the suppression or no substantially effect on 

translation.123–125 These controversial findings, presumably due to different mRNA targets and 

cell types as well as analytical approaches and their limitations, necessitate further 

investigation to elucidate the biological function of m6Am in the mRNA cap.121 

Several groups showed that the 2’O-methylation of the second transcribed nucleotide, leading 

to the so-called cap 2 structure, also contributes to evasion of the innate immune system. 

Abbas and colleagues demonstrated that transcripts bearing an additional 2’O-methylation at 

the second transcribed nucleotide completely disrupted binding to IFIT1, while 2’O-methylation 

exclusively at the first transcribed nucleotide only partially reduced the interaction.126 Similarly, 

Despic and Jaffrey showed that the cap 2 structure further reduced the binding and activation 

of RIG-I.127 Moreover, their development of a transcriptome-wide mapping method to quantify 

cap 2 structures, designated CLAM-Cap-Seq, revealed an enrichment of these caps on long-

lived mRNAs. This established a correlation between mRNA ageing and the occurrence of 

additional methylation of the second transcribed nucleotide, resulting from the prolonged 

persistence of these mRNAs within the cytoplasm, where the cap methyltransferase (CMTR)2, 

responsible for cap 2 methylation, is also located.127 Furthermore, small effects on mRNA 

translation or stability where shown.127,128 Transfection of mRNA bearing cap 2 methylations, 

synthesized by in vitro transcription using tetranucleotide cap analogs, revealed a cell line 

dependent impact on protein production levels.128 Additionally, resistance towards decapping 

by DXO was observed. Recently, CMTR1 and 2 were found to be essential for mouse 

embryonic development, with analysis of CMTR mutant embryos showing misregulation of 

genes, demonstrating an additional role for cap 2 modifications in gene regulation.129 

 

1.3. Capping process 

1.3.1. Eukaryotic mRNA capping 

Capping of nascent Pol II transcripts occurs co-transcriptionally once the transcripts have 

reached 20-25 nucleotides in length, representing the initial stage of pre-mRNA processing in 

the nucleus.130 This involves the recruitment of capping enzymes to the pre-mRNA through the 

carboxy-terminal domain of Pol II.131,132 The generation of the m7G-cap comprise three 

enzymatical activities: first, RNA triphosphatase (RTPase) activity removes the terminal 

phosphate of the 5’-triphosphate RNA creating 5’-diphosphate RNA. Next, guanylyltransferase 
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(GTase) activity transfers a GMP, which resulted from GTP hydrolysis, to the 5’-diphosphate 

RNA, forming the cap-typical 5’-5’-triphosphate bridge that connects guanosine to the first 

transcribed nucleotide. Finally, guanine-N7-methyltransferase (N7-MTase) activity leads to 

methylation of the N7-position of guanosine, generating the so-called cap 0 structure (Figure 

1.4).3  

 

Figure 1.4. Canonical capping pathway, showing capping enzyme activities (framed). The respective mammalian 

capping enzymes are depicted in blue. A.) Pathway to yield cap 0 structures. This involves the activity of an RNA 

triphosphatase (RTPase), which removes the γ-phosphate of 5’-triphosphate RNA, resulting in 5’-diphosphate RNA. 

A guanylyltransferase (GTase) forms an intermediate with GMP, which results from the hydrolysis of GTP, and 

transfers this molecule onto the 5’-diphosphate RNA. In mammalians, RNA guanylyltransferase and 5’-phosphatase 

(RNGTT) carries both functions. Finally, an N7-methyltransferase (N7-MTase), in mammalians RNA guanine-7 

methyltransferase (RNMT), transfers a methyl group from S-adenosyl methionine (SAM) to the N7-position of 

guanosine, forming the cap 0 structure. B.) Possible methylations of a cap 0 structure. The cap methyltransferases 

(CMTR)1 and 2 are 2’O-methyltransferases (2’O-MTases) that lead to formation of cap 1 and cap 2 structures by 

methylating the 2’O-positions of the triphosphate-adjacent nucleotides, respectively. When the first transcribed 

nucleotide is an adenosine, phosphorylated CTD interacting factor 1 (PCIF1), a 2’O-methyladenosine-N6-

methyltransferase (Am-N6-MTase), can transfer a methyl group to the N6-position of adenosine. 

In Saccharomyces cerevisiae (S. cerevisiae), three distinct enzymes are responsible for the 

enzymatic functions involved in mRNA capping.133,134 In contrast, mammals use the 

bifunctional enzyme RNGTT (RNA guanylyltransferase and 5’-phosphatase) to catalyze both 

RTPase and GTase activities, while a separate protein, the RNA guanine-7 methyltransferase 

(RNMT), carries the N7-MTase activity.3 In mammalian cells, CMTR1 is responsible for 2’O-
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methylation of the cap-adjacent nucleotide, while additional N6-methylation of adenosine can 

be introduced by PCIF1 in vertebrates.118,123,124,135,136 In vitro biochemical studies showed that 

PCIF1 can also act on ribose-unmethylated m7GpppA-capped RNA to form an m7Gpppm6A 

cap moiety, even though kinetic experiments demonstrated an approximately 8-fold preference 

for the 2’O-methylated adenosine substrate. The absence of m7Gpppm6A detection in 

biological samples led to the assumption that 2’O-methylation occurs prior to m6A formation.124 

CMTR2 methylates the second transcribed nucleotide at the 2’O-position.9 Werner and 

colleagues demonstrated that CMTR2 is present in the nucleus and cytosol, suggesting that 

while 2’O-methylation of the first transcribed nucleotide predominantly takes place in the 

nucleus, CMTR2-mediated capping occurs in either the nucleus or after export to the 

cytoplasm.137 

Of note, cytoplasmic recapping has also been reported. In the early 1990s, the Maquat 

laboratory discovered that cytoplasmic β-globin RNA could undergo recapping, indicating that 

capping occurs not only during transcription but also post-transcriptionally in mammalian cells. 

This finding was supported by the identification of capping enzymes, such as RNGTT and 

RNMT, in the cytoplasm, although at lower levels than in the nucleus. RNAs that have lost their 

caps through decapping can serve as substrate for recapping. Recently, a kinase was identified 

as cofactor for RNGTT, which can convert the 5’-monophosphate end of a decapped RNA 

substrate (e.g., resulting from cleavage by DCP2) to a 5’-diphosphate, which is necessary for 

RNGTT activity. This cytoplasmic recapping may serve as a mechanism to regulate protein 

synthesis with uncapped RNA to be stored until further use (reviewed by Borden et al.)138 

 

1.3.2. Viral RNA capping 

As described in chapter 1.2.4., viruses have developed strategies to cap RNA, thereby 

facilitating efficient protein synthesis and enabling them to circumvent the innate immune 

response. Viruses employ various mechanisms to acquire capped RNA. Most DNA viruses 

and some types of RNA viruses utilize the host’s cellular capping machinery to add caps to 

their mRNA. Other viruses perform the so-called “cap snatching”, stealing caps from host 

mRNA or encoding their own capping enzymes.139 Different capping machineries are 

summarized in the following section.3,139 

An example of a virus that utilizes the canonical capping pathway is the vaccinia virus, which 

encodes a multifunctional protein with RTPase, GTase, and N7-MTase activity operating in the 

canonical sequential order (see Figure 1.4).140 Additionally, the bifunctional protein VP39 
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catalyzes the 2’O-methylation of the triphosphate-adjacent nucleotide, forming cap 1 RNA, in 

addition to its role as poly(A) polymerase processivity factor.141 However, there are also 

noncanonical capping mechanisms. In alphaviruses, the sequential order of the enzymatic 

steps is rearranged. Here, GTP is already N7-methylated, before the GTase activity transfers 

m7GMP to the γ-dephosphorylated 5’-diphosphate RNA.3,142 In contrast, mononegavirales, 

such as vesicular stomatitis virus and rabies virus, encode a GDP polyribonucleotidyl 

transferase (PRNTase), which forms a covalent complex with the viral RNA through a 

monophosphate group. Transfer of GDP leads to formation of the triphosphate bridge, followed 

by N7-methylation and 2’O-methylation of the triphosphate bridge-adjacent nucleotide.139 

Additionally, different mechanisms of cap snatching have been described. In influenza virus, 

the RNA-dependent RNA polymerase (RdRp) also exhibits endonuclease activity. It binds to 

host RNA and cleaves the first 10-14 nucleotides of the capped RNA, which are subsequently 

used as a primer for viral RNA synthesis by the RdRp.143,144 In contrast, in yeast totiviruses, 

m7GMP is cleaved from host RNA and co-transcriptionally transferred to the 5’-diphosphate of 

the viral transcript.3,145 

 

1.4. Caps in synthetic mRNA 

Synthetic mRNA is a crucial instrument in laboratory research, enabling the assessment of 

mRNA functions within a cellular context as well as the utilization for therapeutic applications. 

The idea of using synthetic mRNA for direct gene transfer started in 1990 with the injection of 

unmodified RNA in mouse muscles146 and recently had its preliminary highlight, with the 

development and regulatory improvement of mRNA vaccines from Biontech/Pfizer and 

Moderna against COVID-19.147–149 In between, there have been years of effort and 

development to improve mRNA translation and stability, modulate immunostimulatory activity, 

and optimize mRNA delivery. Structural modifications to tune mRNA properties include the use 

of modified nucleosides, codon optimization, and manipulation of the cap structure and poly(A) 

tail.150 The pivotal roles of caps in enhancing stability, translational efficacy, and circumventing 

innate immune responses underscore the necessity to cap synthetic RNAs.149 

 

1.4.1. Co- and posttranscriptional capping 

Due to the size limitations of approximately 100 nucleotides, solid-phase synthesis is not a 

feasible option for the preparation of biologically relevant mRNAs with lengths of several 

hundreds to thousands of nucleotides.151,152 Contrary, in vitro transcription (IVT) of a DNA 
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template is the method of choice resulting in an uncapped 5'-triphosphorylated transcript. The 

capping process can be carried out post-transcriptionally or co-transcriptionally. 

Post-transcriptional capping can be performed by downstream enzymatic modification of the 

5'-end, with the IVT transcript being subjected to three sequential enzymatic steps. These 

steps reflect the canonical capping pathway found in higher eukaryotes as well as in some 

eukaryotic viruses, which enables the use of recombinant viral capping enzymes for in vitro 

capping.3 In the first step, the 5’-terminal γ-phosphate is removed by an RNA triphosphatase. 

Subsequently, a GMP moiety derived from GTP is transferred to the 5‘-diphosphate terminus 

by RNA guanylyl transferase activity, thereby forming the 5’-5’-triphosphate bridge. Ultimately, 

the guanosine cap is methylated at the N7-position by a guanine-N7-methyltransferase using 

S-adenosyl methionine (SAM) as methyl donor, schematically depicted in Figure 1.5 A. As early 

as the 1970s, the protein complex responsible for the capping reaction in the vaccinia virus 

was isolated153,154 and later successfully utilized to cap in vitro transcribed RNA.155 Since that 

time, the capping enzymes of the vaccinia virus have become commercially available and are 

therefore most commonly used. The vaccinia capping enzyme is composed of two subunits 

bearing the three enzymatic functions necessary to produce cap 0 structures. The 2’O-

methyltransferase VP39 from vaccinia is also commercially available to produce IVT RNA with 

a cap 1 structure. These vaccinia capping enzymes have been used in the pre-clinical 

production of mRNA vaccines against SARS-CoV-2.148 

The process of co-transcriptional capping employs the ability of RNA polymerases with flexible 

substrate requirements, such as E. coli, T3, T7, or SP6 RNA polymerases, to be primed by cap 

analogs, like m7GpppG, which directly leads to the synthesis of 5'-capped IVT RNA.156 

However, co-transcriptional capping faces problems regarding the capping efficiency, since the 

cap analog competes with GTP as initiation starter, resulting in a fraction of uncapped 

transcript. This effect can be decreased by using GTP at a limited concentration, as the capping 

efficiency is determined by the ratio of cap analog to GTP. An additional limitation of these cap 

analogs is their susceptibility to incorporation in reverse orientation, potentially generating 

Gppp(m7G)-capped RNA (Figure 1.5 B).157  
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Figure 1.5. A.) Schematic illustration of in vitro transcription involving a DNA template, an RNA polymerase, and 

nucleoside triphosphates (NTP), followed by post-transcriptional enzymatic capping. B.) In the co-transcriptional 

capping process, a cap analog is added to the IVT reaction yielding different outcomes: uncapped transcript, capped 

transcript with the cap analog in the correct orientation, and capped transcript, with the cap analog in the reverse 

orientation. 

This issue was subsequently circumvented by the development of anti-reverse cap analogs 

(ARCA), which are modified at the 3'OH group of m7G through methylation (Figure 1.6 A) or 

deoxygenation, thereby preventing elongation at the wrong nucleotide.158 Remarkably, the 

reverse incorporation of the cap analog was also prevented by methylating the 2′O-position of 
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m7G.159 Another notable advancement was the demonstration that trinucleotide cap analogs 

are also accepted by T7 RNA polymerases.160 These trinucleotides possess distinct 

advantages, including the inability to be incorporated in an inverted orientation due to an 

additional base pair of the cap analog with the template, and the capacity for direct 

incorporation of cap 1 structures, which is enabled by lacking a direct involvement of the 

ribose-methylated nucleotide at the transcription initiation stage.160  

The analysis of various trinucleotide analogs (m7GpppNpG) demonstrated that high 

incorporation efficiencies of approximately 90% were achieved when N = A or Am were used 

as triphosphate-adjacent nucleotides, while analogs with N = G, Gm, m6A, and m6Am exhibited 

lower efficiencies (80-85%) and pyrimidine-containing analogs only reached 55-60%.161 

Recently, some cap trinucleotides have emerged as commercially available products under 

the label CleanCap® reagents (Figure 1.6 A).162 The range of cap analogs suitable for co-

transcriptional capping has also been expanded to cap tetranucleotides, which allow the direct 

incorporation of cap 2 structures into synthetic RNA.128 Additionally, the incorporation efficiency 

of metabolite caps can be enhanced by employing cap analogs such as NADpG (Figure 1.6 B) 

or FADpG, which demonstrated significantly elevated incorporation rates approaching 95% in 

comparison to NAD and FAD as transcription initiator.163 

 

1.4.2. Incorporation of non-natural caps 

The previous part focused on capping options to produce natural caps, except for 3’O-

methylation of m7G (3’O-Me-m7G) to prevent inverse incorporation of the cap analog. However, 

these capping methods also enable the production of RNA with chemically modified caps to 

modulate biological characteristics or to introduce new functionalities. The aim here is to affect 

the translational activity, which is linked to the affinity for the translation initiation factor 4E, or 

the stability as expressed by relative susceptibility to decapping enzymes.149 Co-transcriptional 

capping using cap analogs provides diverse opportunities for structural modifications, which 

have been comprehensively reviewed in recent literature.149,156 An overview of different cap 

analog structures is depicted in Figure 1.6 A.  
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Figure 1.6. A.) Depiction of several non-natural cap analogs, comprising di- and trinucleotides. The locked nucleic 

acid moiety is abbreviated as LNA. B.) Structure of a cap trinucleotide for synthesis of NAD-capped RNA. C.) GTP 

analogs to post-transcriptionally introduce cap variants using the vaccinia virus capping enzyme. Modifications are 

highlighted in blue (ribose modifications) and green (triphosphate modifications). 

The ARCA-capped RNA demonstrated a greater than twofold increase in translation efficiency 

when compared to the m7GpppG-capped RNA in a rabbit reticulocyte lysate.158 Intending to 

modify the cap triphosphate bridge, the O-to-S substitution within the β-phosphate of 2'O-

ARCA resulted in the development of a new compound, termed β-S-ARCA (Figure 1.6 A). Of 

the isomers produced, particularly the D1 diastereomer demonstrated enhanced stability and 
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translational activity.164 Moreover, the use of this analog in antigen-encoding RNA led to an 

enhanced induced immune response, and the compound was employed for mRNA capping in 

clinical trials for RNA vaccines.165–167 Other cap analogs that are chemically modified at the 

triphosphate bridge include triazole moieties (e.g. phosphorotriazole caps, see Figure 1.6 A), 

which enables the introduction of the cap via click chemistry.168 The incorporation of benzyl 

moieties at the N7- or N2-position of guanosine caps revealed promising candidates exhibiting 

enhanced translational properties when incorporated into mRNA in comparison to m7GpppG- 

and ARCA-capped RNA.169,170 Also, another new cap trinucleotide analog bearing a locked 

nucleic acid (LNA) moiety (see Figure 1.6 A) was translated three times more efficient 

compared to m7G-capped RNA.171 The introduction of chemically modified cap analogs can 

also be achieved through enzymatic reactions, as some capping enzymes were shown to 

exhibit weak substrate specificity, thereby allowing preparation of non-natural caps. Vaccinia 

virus and Paramecium bursaria Chlorella virus-1 capping enzymes showed the ability to use 

several GTP analogs (Figure 1.6 C) as substrates, with some analogs showing enhanced 

(m7dG, 3’O-Me-m7G, (m7)GαS) or comparable protein expression (2’O-Me-m7G, 2’NH2-m7G) 

relative to m7G.172,173 The advantage of these techniques is the accessibility of commercially 

available GTP analogs, thereby avoiding time-consuming chemical synthesis of the 

corresponding cap dinucleotides. A recently published chemo-enzymatic approach employs 

propargyl-SAM analogs to modify the N6-position of cap-adjacent adenosine utilizing PCIF1. 

The resulting capped RNA demonstrated maintained translational efficiency in combination 

with a moderate increase in immune response.174 

In addition to the aforementioned variety of chemical modifications used to modulate RNA 

functions, which is far from complete, further features can be implemented in the cap structure. 

The introduction of photocleavable cap analogs by several research groups has opened up a 

wide range of functions, including the study of cap-protein interaction through RNA-protein 

crosslinking,175 the light-mediated activation of mRNAs,176,177 and the facilitation of high 

performance liquid chromatography (HPLC)-based purification of capped RNA by exploiting 

the hydrophobicity of the labeled cap.178 Additionally, the introduction of fluorescent- and biotin-

labeled cap analogs has been demonstrated,179–181 as well as the integration of amino groups, 

capable of covalently binding molecules conjugated with N-hydroxysuccinimide-ester, and the 

integration of azide or terminal alkyne groups, enabling the application of click chemistry for 

bioconjugation.173,182,183 

As mentioned previously, the chemical synthesis of capped RNA based on solid-phase 

synthesis is size-restricted, which hinders the direct preparation of biologically relevant 



 
 

Caps in synthetic mRNA 

21 
 
 

mRNAs.156 However, combining chemical and enzymatic methods can overcome these 

limitations. For instance, specific mutations in the replicative DNA polymerase from 

Thermococcus gorgonarius have altered its substrate specificity, enabling the synthesis of 

RNA from a single-stranded DNA template. This modified polymerase showed the ability to 

accept capped oligoribonucleotides as primer.184 In addition to primer extension, click 

chemistry provides a versatile approach for preparing capped RNAs and cap analogs. Using 

CuAAC, an azido-modified cap analog can be covalently linked to an alkyne-modified RNA 

molecule.185 As an alternative, alkyne-modified triphosphorylated RNA can be clicked with a 

5’-azido-modified m7G.156,186 Recently, Chen and colleagues introduced a technique called 

LEGO (ligation-enabled mRNA-oligonucleotide assembly), which allows chemically 

synthesized oligonucleotides containing various cap variants to be ligated to IVT-mRNA.187 

Furthermore, the capability of introducing an additional cap at the 5’-end of mRNA using click-

chemistry was demonstrated, resulting in dual-capped mRNA with enhanced translation 

capacity. 

The variety of options to cap synthetic RNA, including the development of novel cap analog 

strategies, offers the possibility of generating differently capped RNA. This allows for a highly 

efficient introduction of advanced cap analogs into mRNA for therapeutic applications, as well 

as the production of caps with customized functionalities to further explore cap functions and 

associated biological processes.149,156 

 

1.5. Analytical methods to investigate the cap epitranscriptome 

1.5.1. Overview of detection methods 

The identification and investigation of the cap structure and its modifications were 

accomplished by using radioisotope labeling, enzymatic hydrolysis and different types of 

chromatography.6,7,188 These principles are analogous to the techniques currently used to 

investigate cap structures in RNA derived from tissues and cell lines, which include thin layer 

chromatography (TLC) and gel electrophoresis, in combination with prior 32P-labelling, HPLC 

coupled with MS following RNA digestion, as well as sequencing methods.189 

Kruse and colleagues described a TLC-based method, in which poly(A) RNA is enzymatically 

decapped, dephosphorylated and subsequently 5’-end radiolabeled.190 Following digestion to 

nucleoside monophosphates by nuclease P1 (NP1), TLC separation is performed, which 

allows to further investigate the occurrence of cap-associated adenosine modifications in 

mouse mRNA, in particular the relative comparison of m6Am and Am as first transcribed 
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nucleotide. In a similar approach, poly(A) RNA is subjected to enzymatic decapping and 

subsequent recapping by vaccinia capping enzyme using 32P-labeled GTP. Following RNase I 

digestion, which leaves 2’O-methylated sites uncleaved, the resulting fragments are separated 

using denaturing polyacrylamide gel electrophoresis (PAGE). This approach determines the 

number of 2’O-methylated nucleotides adjacent to the cap while not revealing their specific 

identity or sequence.191,192 However, only small amounts of input RNA are required, which is 

an advantage of these methods. 

Several high-throughput sequencing approaches are used to determine the cap-typical m6Am 

modification (reviewed by Benak and colleagues).193 The utilization of N6-methyladenosine 

(m6A) antibodies in detection methods often lacks specificity in distinguishing between m6A 

and m6Am. To address this issue, techniques such as MeRIPseq, miCLIP, and m6ACE-seq 

employ special computational analyses based on the distinct localization of m6Am or the use 

of PCIF1-knockout cell lines enabling the differentiation of m6Am profiles.123,194,195 Further 

sequencing approaches comprise m6Am-exo-seq, which enriches 5'-end RNA fragments 

containing m6Am by removing uncapped RNA and subsequently decapping for antibody 

recognition.125 Similarly, m6Am-seq first isolates 5'-terminal RNA fragments using cap-m7G 

immunoprecipitation and then applies recombinant FTO treatment to selectively remove 

m6Am, given its higher affinity for m6Am compared to m6A, prior to sequencing.196,197 Recently, 

Despic and Jaffrey developed CLAM-cap-seq, a novel transcriptome-wide sequencing method 

for detecting cap 1 and cap 2 structures in mRNA.127 This method starts with reverse 

transcription of previously decapped RNA. Following CircLigase treatment to connect the 

mRNA 5’-end with the complementary DNA (cDNA) 3’-end, RNase T2 degrades the RNA, while 

preserving 2’O-modified nucleosides. This process results in a two-nucleotide-long cap tag for 

cap 1 structures and a three-nucleotide-long cap tag for cap 2 structures attached to the cDNA. 

After adaptor ligation and PCR (polymerase chain reaction) amplification, sequencing is 

conducted. Finally, data analysis focuses on identifying the resulting lengths of palindrome 

sequences that are specific to cap 1 or cap 2 structures. However, this approach cannot detect 

m6Am modifications, presumably as a consequence of limitations in the reverse transcription 

process.189 

 

1.5.2. LC-MS/MS analysis of cap structures 

LC-MS/MS analysis of cap structures is usually preceded by a digestion step of RNA into 

smaller fragments ranging from nucleosides to oligonucleotides of variable length. Total 

digestion of RNA is commonly achieved by using endonucleases such as nuclease P1 and a 
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phosphodiesterase to produce 5’-nucleoside monophosphates, followed by dephosphorylation 

using alkaline phosphatase, which yields RNA nucleosides.198 A disadvantage is the complete 

loss of sequence information. Therefore, in the context of examining cap structures, this 

method is only reliable for detecting cap nucleoside modifications that are unique to the cap 

and do not occur naturally elsewhere within the analyzed RNA.199 Consequently, such an 

approach is more frequently employed in the analysis of synthetic RNA. 

An alternative digestion protocol involves the use of nuclease P1, optionally in combination 

with alkaline phosphatase, while omitting phosphodiesterase. The integrity of the 5’-5’-

triphosphate bridge is preserved, as neither nuclease P1 nor alkaline phosphatase target this 

linkage, resulting in the release of cap dinucleotides.45,199 This approach enables reliable 

detection and identification of the cap triphosphate-adjacent nucleotides and their methylation 

status, thus facilitating the analysis of cap 0 and cap 1 structures. However, cap 2 structures 

cannot be investigated using the digestion to cap dinucleotides. Recently, two approaches, 

CAP-MAP and CapQuant, have been developed to detect and quantify global levels of cap 

structures based on the analysis of cap dinucleotides.200,201 CAP-MAP directly analyzes 

nuclease P1-digested poly(A) RNA, while CapQuant includes an additional step of HPLC 

enrichment for cap dinucleotides. The synthesis and use of cap dinucleotide standards in these 

approaches allow accurate absolute quantification of detected cap modifications, providing 

insights into the cap epitranscriptome.  

Alternative LC-MS approaches utilize site-specific ribonucleases to analyze fragments of 

capped RNA. One such approach, developed by Akichika and colleagues, employs RNase T1 

digestion, which specifically cleaves the phosphodiester bonds on the 3’-side of guanosines, 

yielding 3’-monophosphate ends through formation of a 2’,3’-cyclic phosphate bond.202 This 

approach enables the relative comparison of fragments containing different cap structures, 

such as m7GpppAmpGp and m7Gpppm6AmpGp.124 In addition, a new LC-MS approach to 

determine the capping efficiencies of synthetic mRNAs has recently been reported. The 

method involves RNase H-based cleavage after annealing of a complementary biotin-tagged 

oligonucleotide. The resulting digestion generates short 5'-cleavage products, which are 

subsequently resolved by LC-MS, with the amounts of capped and uncapped fragments being 

compared.203 

The analysis of oligonucleotides is commonly performed using reversed-phase (RP)-HPLC 

while often requiring ion-pairing reagents in the mobile phase to achieve chromatographic 

retention of these hydrophilic and negatively charged molecules. However, the use of ion-

pairing reagents can lead to ion suppression, leading to the investigation of alternative 
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techniques such as hydrophilic interaction liquid chromatography (HILIC).204 Mass 

spectrometric analysis of oligonucleotides frequently employs tandem-mass spectrometry 

(MS/MS), which facilitates identification through molecule-specific fragmentation patterns. The 

use of high-resolution MS instruments, including time-of-flight (TOF) and orbitrap analyzers, 

enables the detection of exact masses, which are important for the decoding of complex mass 

spectra. In contrast, the analysis of nucleosides and cap dinucleotides typically relies on RP-

HPLC without the need for ion pairing reagents, although alternative separation methods such 

as HILIC or hypercarb columns have also been reported.200 MS detection is often performed 

using triple quadrupole mass spectrometers, which are of low-resolution but offer advantages 

in terms of sensitivity and specificity (reviewed by Yoluç et al.)205 Considering its significance 

to the present thesis, the following sections outline the basic principles of RP-LC-MS/MS using 

a triple quadrupole mass spectrometer. 

 

1.5.2.1. RP-HPLC  

As a sophisticated analytical technique for separating components in liquid mixtures, HPLC 

allows the detection and quantification of these components. Following injection of the analyte, 

pumps carry the analyte-containing liquid mobile phase through a column packed with 

stationary phase material. The sample components interact differently with the stationary 

phase, which results in them travelling through the column at different speeds and ultimately 

leading to their separation.206 In RP-HPLC, hydrophobic stationary phases are employed, with 

C18 columns being the most commonly used. These columns are composed of silica particles 

that are bonded to octadecyl chains.207 The mobile phase typically consists of an aqueous 

buffer and a water-miscible organic solvent, such as acetonitrile or methanol.208 The analytes 

are separated based on their hydrophobic interactions, with more hydrophobic compounds 

exhibiting stronger retention due to increased affinity for the non-polar stationary phase, while 

hydrophilic analytes elute faster.208 After leaving the column, the analytes can be detected 

using various methods, such as UV-Vis spectroscopy or mass spectrometry, with the latter 

enabling the detection of analytes based on their mass-to-charge (m/z) ratios.  

An example of a resulting chromatogram plotting the analyte-triggered signal against time is 

shown in Figure 1.7. Several chromatographical parameters can be determined directly or 

indirectly from the chromatogram to assess peak retention and peak separation. One 

parameter determined directly from the resulting chromatogram is the retention time (tR), which 

is defined as the time required for an analyte to pass through the column. Additionally, peak 

widths can be measured at different points on the chromatographic peak. Common 
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measurements include the peak width at the baseline (wh), the peak width at 5% of the peak 

height (w0.05), the peak width at half maximum (w0.5), or the distance between the leading edge 

of the curve and the peak maximum, measured at 5% of the peak height (d0.05). These 

parameters are used to calculate characteristic values describing peak shape and separation 

quality, such as resolution and symmetry factor. 

 

Figure 1.7. A.) Exemplary chromatogram to illustrate the chromatographical parameters retention time (tR), peak 

width at the baseline (wh), peak width at 5% of the peak height (w0.05), peak width at half maximum (w0.5), and 

distance between the leading edge of the curve and the peak maximum, measured at 5% of the peak height (d0.05). 

B.) Depiction of signal and noise level in a chromatogram. 

The resolution (Rs) indicates the degree of separation between two peaks in a chromatogram 

and is calculated according to equation 1. It is a function of the difference between the retention 

times of two peaks in combination with their peak widths at the baseline. The threshold for 

achieving complete baseline separation between adjacent peaks is widely accepted to be a 

resolution of 1.5.209,210 

(1)   Rs = 1.18 ∙ ( tR2 - tR1 )
wh2 + wh1

 

The symmetry factor (As) is a tool to assess peak shapes and is calculated according to 

equation 2. It is defined as the ratio of the peak width at 5% of the maximum peak height to 

twice the distance between the leading edge of the curve and the peak maximum, measured 

at 5% of the peak height. 

(2)    As = w0.05
2d0.05

 

A value of As = 1 indicates an ideally symmetrical peak, As < 1 denotes peak fronting, while As 

> 1 signifies peak tailing. These deviations from ideal peak symmetry can be attributed to 

multiple factors, including column overloading, column aging, or secondary interactions with 
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residual silanol groups inside the column.211 Adjustment of injection volumes, temperature, or 

mobile phase compositions (e.g. proportion of organic solvent, ion strength, pH) can help to 

improve the peak shape. 

Furthermore, the signal-to-noise ratio (S/N) ratio can be determined, which is a measure that 

compares the height of an analyte signal (S) to the level of background noise (N) and is 

particularly used as a tool to assess the reliability of detection and quantification at low analyte 

concentrations. The limit of detection (LOD) is defined as the lowest amount of analyte that 

can be reliably distinguished from the background noise and is established at an S/N ratio of 

3 (equation 3). In contrast, the limit of quantification (LOQ) refers to the lowest amount of an 

analyte that can be used for quantification and requires a signal height 10 times greater than 

the background level (equation 4).201  

(3)    LOD:  S/N = 3 

(4)    LOQ:  S/N = 10 

These thresholds are crucial for evaluating a method's ability to detect low concentrations of 

analytes, as well as for assessing whether observed peaks in chromatograms are suitable for 

reliable quantification. 

 

1.5.2.1.1. HPLC method development and optimization 

The optimization of HPLC methods is a crucial step in ensuring the reliability and efficiency of 

analytical results. During the development of a new method, it is essential to consider several 

key factors. This includes the separation system, which can involve different types of columns 

such as reverse-phase, normal phase or ion exchange. Furthermore, the functional groups of 

the column, as well as the particle size, and column length, have a significant impact on the 

chromatographic outcome.212,213 

The interaction of analytes in the mobile phase with the stationary phase is influenced by 

several parameters. The main optimization parameters include mobile phase composition, 

buffer selection, pH, column temperature, and flow rate. The composition of the mobile phase, 

particularly in terms of ion strength and pH, impacts the retention and separation of analytes. 

In RP-HPLC, hydrophobic compounds exhibit stronger retention on the stationary phase. As a 

result, ionized forms of analytes typically elute faster than their neutral counterparts due to 

their increased polarity and reduced interaction with the hydrophobic stationary phase.214 

Consequently, given that the pH of the mobile phase can significantly impact the retention of 
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ionizable analytes, it is essential that ion strength provides adequate buffering capacity to 

prevent potential retention time shifts.215 Additionally, high ion strength impacts peak shapes 

and retention by masking silanols inside the column, thereby minimizing interactions between 

ionized analytes and the stationary phase.216 Column temperature is another critical parameter 

influencing the chromatographic behavior in various ways. For ionized compounds, the 

temperature impacts the pH value of mobile phases as well as the pKa value of the analytes, 

which in turn influences their degree of ionization.217–219 The extent of analyte interaction 

between the mobile and the stationary phases is also temperature-dependent. According to 

the principles of Le Chatelier, elevated temperature shifts the equilibrium towards the mobile 

phase,220 leading to reduced retention times. Recent studies have demonstrated the effects of 

different column temperatures on retention and separation selectivity,219,221 particularly 

demonstrating that higher temperatures can reduce run times of large molecules.222  

The detection method also plays a critical role in method development and optimization. For 

instance, when coupling HPLC with MS, it is important to select buffers and salts that are 

compatible with MS.213,223 As outlined in the next chapter, the flow rate is another crucial factor, 

which is typically used at lower rates in MS applications compared to traditional HPLC 

methods.213 Additionally, mass spectrometric detection allows for the distinction of analytes 

based on their mass, reducing the need for complete chromatographic separation, which leads 

to lower separation requirements compared to UV-based detection.224 

Before starting the optimization process, it is beneficial to collect information about the analytes 

of interest, including their physicochemical properties such as solubility and pKa values.225 This 

also includes information about any existing method previously employed for similar 

analyses.226 Additionally, it is advisable to identify the objective for method optimization, such 

as minimizing analysis time or separating multiple analytes. This background knowledge 

enables the identification of parameters with the most impact, allowing for a prioritization of 

these parameters during the optimization process.227  

However, given the complexity of HPLC method development, it is important to consider that 

many parameters are dependent on each other, resulting in interaction effects. To address this 

complexity, more laboratories are adopting multivariate approaches, instead of the previously 

common one-factor-at-a-time (OFAT) approaches.227 Statistical planning techniques, such as 

Design of Experiments (DoE), help minimize the number of experiments needed by 

systematically examining multiple factors simultaneously.228 Several reports that utilize DoE 

methods to optimize critical factors in parallel, including the volume of organic solvent, the pH 

of the mobile phase, temperature, and flow rates, have been reviewed by Latrous.229 In LC-
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MS method development, the factors for simultaneous examination additionally comprise MS 

parameters such as collision energy, ion mode or capillary voltage.230 These DoEs are part of 

the analytical quality by design (AQbD) concept, which provides a systematic approach to the 

development of analytical methods, as emphasized by FDA (Food and Drug Administration) 

and ICH (International Council for Harmonization of Technical Requirements for Registration 

of Pharmaceuticals for Human Use) guidelines.227,231 AQbD principles involve defining 

analytical method objectives and identifying critical method parameters, followed by 

optimization through DoE and data interpretation to establish a method operable design region 

(MODR), where all performance criteria are achieved. The process concludes with validation 

for quality control based on parameters such as specificity and sensitivity, and planning of 

control strategies.227,232 In brief, the optimization of HPLC methods by careful consideration of 

interconnected parameters and the application of statistical strategies enables the 

development of robust methods that increase the analysis efficiency. 

 

1.5.2.2. Triple quadrupole mass spectrometry 

Triple quadrupole mass spectrometers are characterized by their excellent sensitivity. The 

detection of several analytes via their distinctive fragmentation patterns enables enhanced 

selectivity and reduced interference from coeluting compounds and matrix components.205,233 

After chromatographic separation, the eluate enters the coupled triple quadrupole mass 

spectrometer. In a first step, the analytes are ionized and dissolved in an upstream electrospray 

ion source. Electrospray ionization (ESI) begins with the formation of charged droplets at the 

electrospray capillary tip containing the analyte solution. The application of high voltage to the 

capillary results in the generation of an electric field that is responsible for the formation of 

these droplets. As the droplets move toward the counter electrode, solvent evaporation occurs, 

causing a reduction in size and an increase in the charge-to-volume ratio. Upon reaching the 

Rayleigh limit, droplets undergo a phenomenon known as Coulomb fission, resulting in the 

splitting of the droplets into smaller, highly charged droplets. This process continues, leading 

to the production of gas-phase ions. Two main mechanisms have been proposed for the final 

ion formation process. The ion evaporation model postulates that ions are directly emitted from 

the surface of small, highly charged droplets. In contrast, the charged residue model suggests 

that droplets are formed containing only a single analyte ion, and that complete solvent 

evaporation results in a single gas-phase ion (reviewed by Kebarle and Verkerk).234 The 

ionization process is influenced by several chromatographic parameters. The solvent 

composition has an impact on the formation and transfer of ions, with higher percentages of 
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organic solvent resulting in improved ionization efficiencies.235 Additionally, the use of 

additives, such as salts and buffers, as well as the pH of the mobile phase, can enhance or 

suppress the ionization efficiency.236–239 Furthermore, the flow rate influences the sensitivity of 

ESI-MS by affecting droplet size and spray stability.240–242 The device-specific ion source 

parameters such as capillary voltage, nebulizer pressure, sheath gas flow and temperature, 

drying gas flow and temperature, and nozzle voltage influence key processes in the ion 

formation such as effective desolvation, droplet charging and formation, and the focusing and 

concentration of ions.243–246 

The formed gas-phase ions are accelerated and transferred from the electrospray chamber at 

atmospheric pressure through an ion capillary and an octopole into the first quadrupole, which 

is driven by applying a fragmentor voltage. The first quadrupole serves as a mass filter, 

enabling the selective transmission of ions with predefined m/z characteristics. The filtered, 

so-called precursor ions then enter the collision cell, which is often referred to as the second 

quadrupole. However, contemporary instruments employ a hexapole in lieu of the traditional 

quadrupole.247 In a process known as collision-induced dissociation (CID), the ions collide with 

collision gas, producing characteristic product ions. The latter enter the third quadrupole, which 

serves as a mass filter. Only ions with pre-defined m/z characteristics can pass through to the 

subsequent detector. The application of diverse scan modes enables the identification of 

molecule-specific mass transitions, which can then be employed to sensitively detect and 

quantify RNA modifications. Such examination of molecule-specific mass spectrometric 

behavior is facilitated by the use of reference standards. The scan modes relevant in this thesis 

are depicted in Figure 1.8 and explained in the following section with regards to nucleoside 

and cap dinucleotide analysis. In the analysis of nucleosides, the mass detector is typically 

employed in positive ion mode.248 However, for the analysis of cap dinucleotides, the use of 

positive and/or negative ion mode has been described.45,199,200  

The full scan mode enables the identification of precursor ions during method development. In 

this configuration, the first quadrupole is set to total transmission ion (TTI) mode, which allows 

all ions to enter the system and pass through to the collision cell. In the subsequent stage, no 

collision energy is applied, thereby preventing any fragmentation. The third quadrupole is 

operated in scan mode, which reveals the m/z ratios of the ions entering the system. For 

structurally known molecules, the scan facilitates the identification of potential ion adducts and 

the determination of the charge status of the ionized molecule.  
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Figure 1.8. The upper part illustrates the setup of LC-MS/MS analysis using a triple quadrupole mass spectrometer. 

After HPLC separation, the eluent is ionized in the electrospray (ESI) ion source and enters the first quadrupole, 

which acts as a mass filter. In the collision cell, fragmentation is induced. The charged fragments then enter the 

third quadrupole, which again acts as a mass filter, and the selected ions are directed to the detector. The lower 

part shows different scan modes. The legend lists icons symbolizing the action modes of the quadrupoles, including 

total ion transmission, scan mode, or single ion transmission for pre-defined m/z ratios for quadrupole 1 and 3. In 

the collision cell, collision-induced dissociation may or may not be applied, depending on the selected mode. For 

MRM/SRM mode, the respective structures of cap dinucleotides and nucleosides are shown as examples. 

The single ion monitoring (SIM) mode is used for method development and confirmation. 

Analogous to the full scan mode, the first quadrupole operates in TTI mode, and no collision is 

induced in the collision cell. In contrast to the full scan mode, the third quadrupole allows only 
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molecules with a pre-defined m/z ratio to pass through. Consequently, the results obtained 

from the full scan mode can be confirmed. Furthermore, this mode is utilized when optimizing 

molecule-specific mass parameters to test different fragmentor voltages. 

The majority of nucleosides display a characteristic fragmentation pattern at the N-glycosidic 

bond.249 In contrast, cap dinucleotides display a range of reported mass transitions.45,199,200 

This is partly attributed to the presence of two potential fragmentation sites at both N-glycosidic 

bonds, which challenges the prediction of the predominant fragmentation pathway. For 

examination of unknown fragmentation or verification of assumed fragmentation, a product ion 

scan can be applied. The identification of resulting product ions that are produced following 

fragmentation of known precursor ions is achieved by setting the first quadrupole to permit only 

those precursor ions with a pre-defined specific m/z ratio to pass. In the collision cell, collision 

energy is applied, leading to collision-induced dissociation. The third quadrupole operates in 

scan mode to identify resulting product ions.  

The multiple reaction monitoring (MRM) mode is employed for analytes whose specific mass 

spectrometer characteristics have already been established. Only pre-defined precursor ions 

with a specific m/z pass through the first quadrupole and enter the collision cell, where CID 

occurs. The resulting characteristic product ions are then directed to the third quadrupole, 

where only ions with a specified m/z ratio can pass to the subsequent detector, ensuring the 

detection of only molecules with a pre-defined mass transition. The ability to monitor multiple 

mas transitions simultaneously gives the MRM mode its name. A variant is the dynamic MRM 

(dMRM) mode, which is characterized by the selection of additional retention time windows, 

enabling the detection of mass transitions exclusively within pre-defined time spans. This mode 

is particularly suitable when monitoring a high number of mass transitions, as this selection 

reduces the number of simultaneous analyzed mass transitions, which may otherwise limit 

sensitivity. The single reaction monitoring (SRM) mode operates similarly to the MRM mode, 

with the exception that only a single mass transition can be monitored in a sample run. The 

(d)MRM mode provides highest sensitivity, enabling the simultaneous detection of a plethora 

of RNA modifications, down to the sub-femtomolar range.199,250 The use of external standards 

enables the measurement of calibration curves, facilitating absolute quantification. As several 

factors in addition to the quantity of analyte influence the MS signal intensity, including the 

efficiency of analyte ionization, salt loads, matrix effects, and instrument parameters, the 

addition of stable isotope labeled internal standards (SILIS) enables the compensation of 

occurring fluctuations and is therefore indispensable within the context of reliable absolute 

quantification.250,251
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2. Motivation and Objectives 
 

The 5' cap structure is an essential component of mRNA, fulfilling several crucial roles 

including protecting RNA from degradation by 5'-exonucleases and enhancing translation 

efficiency by recruiting the eukaryotic translation initiation factor 4E. Furthermore, it acts as a 

marker for self mRNA, helping to evade the innate immune response. The cap exhibits a range 

of structural variations in its methylation patterns, which are regulated during various cellular 

processes and are pivotal in modulating these functions.109,122,196,252,253 

These aspects illustrate the significance of valid and reliable analytical tools for the detection 

and quantification of cap structures to provide deeper insights into the cap epitranscriptome. 

The low abundance of cap structures, limited to a maximum of one cap per mRNA molecule, 

underscores the necessity for a highly sensitive analytical approach capable of analyzing these 

structures in appropriate quantities of isolated mRNA. A significant objective of this thesis 

involved the development of an LC-MS/MS-based, highly sensitive method for the absolute 

quantification of various cap structures, with a particular emphasis on enabling the 

simultaneous detection of cap structures as well as other modified nucleosides, thus allowing 

for comprehensive analysis in a single run. To accomplish this, detailed chromatographic and 

mass spectrometric method optimization was aimed at in this work, as well as its application 

to biological samples of diverse origins. 

Another objective of this work focused on isotope labeled cap dinucleotide standards. The 

strength of signals detected by mass spectrometry is not solely determined by the amount of 

the substance being analyzed, but also by various other elements, such as how effectively the 

analyte is ionized, the presence of salts, interactions with the sample matrix, and the specific 

instrument settings.250,251 The incorporation of stable isotope labeled internal standards allows 

adjustment for any variations that may occur during the analysis process, making them 

essential for achieving accurate absolute quantification in MS experiments. Most current 

methods for the synthesis of isotope labeled and unlabeled cap dinucleotides involve intensive 

synthetic organic chemistry methods, with some potential for incorporating enzymatic 

strategies.45,158,254,255 However, these approaches are frequently unfeasible for RNA 

biochemistry laboratories. Therefore, the development of a straightforward and widely 

implementable technique to produce isotope labeled cap dinucleotide standards was sought 

to fill this gap. This task ought to be addressed by employing deuterium exchange studies of 
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cap dinucleotides containing two purine nucleosides to evaluate the exchange behavior of C-

8 hydrogens, with the aim of generating deuterated structures exhibiting a mass shift of +2. 

This included the evaluation of the suitability of this method in terms of completeness, stability, 

and applicability to differently methylated cap structures. 

Most recently, the use of synthetic mRNA for therapeutic purposes was successfully 

demonstrated with the development and application of vaccines against COVID-19.147,148 The 

presence of cap structures is also of great importance in this context, as they fulfil several 

crucial functions including improved RNA stability and translation efficiency as well as reducing 

the immunogenicity of the mRNA.149 Capping of synthetic in vitro transcribed RNA can be 

performed either post-transcriptionally, by including enzymatic steps following IVT reaction, or 

co-transcriptionally by the addition of cap analogs into the IVT reaction mixture, but complete 

capping is not guaranteed. Uncapped mRNA is immunogenic and induces interferon response, 

thereby emphasizing the need for analytical tools to facilitate the quality control of mRNA 

therapeutics.109,256 The aim of this work included the development of an LC-MS/MS approach 

to determine capping efficiencies of synthetic mRNAs by digesting the RNA to nucleoside level 

and subsequently quantifying the absolute amount of cap modification per RNA molecule. This 

method may prove to be a valuable tool in the study of suitable capping reaction parameters, 

in the comparison and evaluation of different cap analogs, as well as in the quality control of 

optimized standard capping procedures. 
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3. Results and Discussion 
 

3.1. LC-MS/MS method development for absolute quantification of 
RNA caps 

Tools to detect and quantify cap structures are essential for advancing knowledge of the cap 

epitranscriptome and its role in RNA regulation. This study focused on the development of a 

sensitive and robust LC-MS/MS method for the detection and quantification of cap structures 

in eukaryotic RNA, with the intention of detecting cap structures as cap dinucleotides. In the 

context of biological sample preparation, the key aspect to obtain these cap dinucleotides is 

the digestion of the RNA of interest to nucleosides while the triphosphate bridge of the cap 

structure is left intact. This is achieved through the enzymatic hydrolysis of RNA by NP1 and 

fast alkaline phosphatase (FastAP). A schematic workflow is illustrated in Figure 3.1. 

 

Figure 3.1. Schematic illustration of the workflow to analyze cap dinucleotides, starting with the digestion of capped 

RNA into nucleosides (gray) and cap dinucleotides (blue) using nuclease P1 (NP1) and fast alkaline phosphatase 

(FastAP). The subsequent LC-MS/MS analysis of cap dinucleotides is subject of a comprehensive method 

optimization. 

The comprehensive LC-MS/MS method development detailed in the following chapters was 

conducted to optimize the detection of cap dinucleotides and focused on canonical caps with 

guanosine or 7-methylguanosine connected to adenosine or its methylation variants by a 

reverse 5’-5’-triphosphate bridge. Considering the individuality of the differently modified cap 

dinucleotides, the use of reference standards was inevitable to evaluate the mass 

spectrometric and chromatographic behavior of the corresponding substances, to ensure clear 

allocation within the parallel analysis of different species of cap dinucleotides.  

synthesized and 
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kindly provided synthetic standards as well as stable isotope labeled variants containing a 

deuterated methyl group at the N7-position of guanosine. An overview of the utilized cap 

dinucleotide standards is depicted in Figure 3.2. 

 

Figure 3.2. Overview of utilized cap dinucleotide standards. The methyl groups are highlighted in blue (N7-

methylation of G), gray (N6-methylation of A), and purple (2’O-methylation of A). The cap dinucleotide standards for 

which a (D3C)7G-labeled variant exists, are highlighted with a yellow star. 

 

3.1.1. Optimization process 

The optimization procedure comprised mass spectrometric and chromatographic parameters. 

The mass spectrometric parameters can be classified into two categories: analyte-specific 

parameters, selected individually for each compound, and ion source parameters, which are 

instrument parameters applied to all analytes investigated.  
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The first parameters to be optimized were the analyte-specific parameters, including precursor 

and product ion m/z, fragmentor voltage, and collision energy, since detailed knowledge about 

the mass transitions is indispensable for detection of the cap dinucleotides by LC-MS/MS. This 

was followed by chromatographic optimization with respect to column temperature, ion 

strength, and pH of the mobile phase. In line with literature, ion source parameters were 

investigated in the last step of the optimization procedure since the process of electrospray 

ionization is affected by the physicochemical properties of the analytes and solvents, which in 

turn are influenced by chromatographic parameters, such as solvent composition, including 

pH of the mobile phase and the volume ratio of aqueous and organic solvent.235,237,257 

 

3.1.1.1. Analyte specific parameters 

The used LC-MS/MS system consists of an HPLC connected to a triple-quadrupole mass 

spectrometer equipped with an electrospray ionization source. To achieve high sensitivity, a 

quantification method operating in MRM mode was developed, which is characterized by 

enabling the simultaneous detection of several analytes based on their specific mass 

transitions. Given the extensive experience with the positive ion mode in nucleoside analytics 

and the successful implementation of this mode for detecting cap dinucleotides, as 

demonstrated in the literature, the mass spectrometer was operated in positive ion mode.199,201 

Within this optimization process, pure standards were injected into the LC-MS system. To 

ensure unequivocal identification of individual cap dinucleotides and investigation of their 

behavior in mass spectrometric analysis, the cap dinucleotide standards were optimized one 

by one which, moreover, allowed to use a capillary loop instead of an HPLC column to reduce 

analysis time since chromatographic separation was not required. The optimization process is 

representatively shown for m7GpppA. First, the MS was operated in full scan mode to detect 

precursor ions. The most abundant peak with an m/z of 787 was identified as precursor ion 

and corresponds to the positively charged m7GpppA with a charge of z = 1. Minor signals were 

detected for m/z 166, which corresponds to a positively charged 7-methylguanine and resulted 

from in-source fragmentation and for m/z 394, which is a doubly protonated m7GpppA 

(Figure 3.3 A).  
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Figure 3.3. A.) Full scan mass spectrum of m7GpppA standard. B.) Mass spectrum of a product ion scan with an 

m/z of 787 as precursor ion. C.) Collision-induced dissociation (CID) of m7GpppA (m/z 787) resulting in the 

corresponding nucleobase product ions of adenine (m/z 136) and 7-methylguanine (m/z 166). 

The next step of the optimization focused on the fragmentor voltage to find a balance between 

rapid transfer from the electrospray chamber into the mass spectrometer, to generate a strong 

MS signal, and minimizing unwanted fragmentation caused by collisions with other molecules 

at high speeds. Therefore, the MS was operated in SIM mode with different fragmentor 

voltages applied, ranging from 50 to 250 V. The one yielding maximum abundance was 

selected. Subsequently, a product ion scan was conducted to detect resulting product ions. 

Precursor m/z and fragmentor voltage were set to the already optimized parameters and a 

collision energy of 70 V was applied while the third quadrupole was operated in scan mode. 

Two major signals were detected corresponding to the nucleobases adenine (m/z 136) and 7-

methylguanine (m/z 166) resulting from fragmentation at the N-glycosidic bonds (Figure 

3.3 B,C), with m/z 136 being the most abundant signal which was therefore selected as product 

ion for further experiments. In the final step, the collision energy was optimized as it regulates 

the molecule-specific CID within the collision cell by operating in SRM mode with the previously 

selected mass transition and fragmentor voltage. Different collision energies in a range of 10 

to 90 V were applied and the collision energy resulting in the maximum abundance was 

chosen. An overview of all optimized parameters is summarized in Supplement, Table S1. 
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3.1.1.2. Chromatographic parameters 

After ensuring detection of the cap dinucleotides by the mass spectrometer, the chromato-

graphic part was investigated further. Recently, Muthmann et al. published an LC-MS/MS 

approach to relatively quantify GpppG and m7GpppG in synthetic mRNA.199 The 

chromatographic parameters, including the use of a Poroshell C18 column as well as aqueous 

ammonium acetate solution and acetonitrile as mobile phases, were used as a starting point 

with minor changes in the form of a lowered flow rate and gradient adjustments to also tackle 

the more lipophilic and therefore later eluting adenosine containing cap dinucleotides. For 

detection, the previously optimized analyte specific mass parameters were used together with 

ion source parameters optimized for nucleoside analysis.258 Based on these starting 

conditions, a series of experiments was conducted to determine the optimal composition of the 

mobile phases (ion strength of ammonium acetate and pH value) and column temperature for 

the analysis of a mixture of cap dinucleotide standards. The experiments involved the step-by-

step testing of different parameters and the evaluation of the resulting data in terms of 

abundance, peak separation, and peak shape. A major focus was placed on the 

chromatographic separation of m7GpppA-GpppAm and m7Gpppm6A-Gpppm6Am, given that 

they have the same mass transition, respectively. 

 

3.1.1.2.1. Ion strength 

As previously stated, ammonium acetate salt in the aqueous mobile phase and acetonitrile as 

the organic eluent was utilized, following the method described by Muthmann et al. The first 

parameter investigated in this study was ion strength, focusing on its impact on analyte 

retention and signal abundance in mass spectrometry. Sufficient buffering capacity is essential 

to prevent retention time shifts, as the ionization degree of analytes affects their retention in 

the column.214 While high ion strength can improve peak shapes, it also leads to an inverse 

relationship between buffer concentration and signal abundance, as increased salt 

concentrations can reduce ionization efficiency.216,238,239 To explore these effects, the starting 

parameter of 20 mM ammonium acetate, as well as lower concentrations of 5 and 10 mM, 

were examined regarding their influence on signal abundance and retention by injecting a 

mixture of cap dinucleotide standards. The resulting chromatograms are depicted in Figure 

3.4.  
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Figure 3.4. Overlay of extracted ion chromatograms of cap dinucleotides resulting from the analysis of a mixture of 

cap dinucleotide standards with a gradient of acetonitrile and aqueous mobile phases containing various amounts 

of ammonium acetate. 

The resolution is used as a tool to assess the separation of two peaks and calculated according 

to equation 1, where Rs is the resolution, tR is the retention time in min, and wh is the peak 

width at the baseline in min. The aim was to achieve a value > 1.5 for the resolution since this 

indicates baseline separation. 

(1)    Rs = 1.18 ∙ ( tR2 - tR1)
wh2 + wh1

 

A special focus was on the clear separation of the cap dinucleotides with identical mass 

transitions (m7GpppA and GpppAm, m7Gpppm6A and Gpppm6Am). Additionally, the adjacent 

peaks that show overlapping in the chromatograms (Gpppm6A and GpppAm, m7Gpppm6A and 

m7GpppAm) were examined in more detail. In Figure 3.5 A, it is apparent that the cap pairs 

with the same mass transition were baseline separated in each condition, although the 

resolution between m7GpppA and GpppAm was reduced with decreasing salt concentration. 

The peak pairs Gpppm6A-GpppAm and m7Gpppm6A-m7GpppAm showed resolutions of less 

than 1.5 at an ammonium acetate concentration of 20 mM and thereby did not meet the 

requirements for baseline separation. While the peak pair Gpppm6A-GpppAm showed even 

lower resolution with decreasing salt concentration, the opposite effect was observed for the 

peak pair m7Gpppm6A-m7GpppAm. Here, the peaks were baseline separated at a salt 

concentration of 5 mM NH4OAc. In a next step, the effect of decreasing salt concentrations on 

the signal abundance was further investigated and compared for each cap dinucleotide. 

Figure 3.5 B details the correlation of lower salt concentration with enhanced signals, showing 

gain factors ranging from 1.6 to 2.3 compared to the initial value (20 mM) for all cap 

dinucleotides.  



 
 

LC-MS/MS method development for absolute quantification of RNA caps 

41 
 
 

 

Figure 3.5. A.) Resolution of the peak pairs: m7GpppA + GpppAm (red), m7Gpppm6A + Gpppm6Am (light blue), 

m7Gpppm6A + m7GpppAm (black triangle), and Gpppm6A + GpppAm (black square), analyzed using aqueous 

mobile phases containing various amounts of ammonium acetate. The threshold of 1.5 is indicated by a gray dashed 

line. The resolutions were calculated from one representative technical replicate out of the three used to investigate 

MS abundances. B.) Peak areas (expressed as MS abundance) of cap dinucleotides analyzed using aqueous 

mobile phases containing various amounts of ammonium acetate. The average values from three technical 

replicates are shown, with error bars indicating standard deviation. 

Taken together, the investigation of the change in resolution due to different salt concentrations 

in the aqueous mobile phase yielded contrasting results for different peak pairs. The primary 

objective of achieving chromatographic baseline separation, essential for cap dinucleotides 

with identical mass transitions to ensure method specificity, has been accomplished for all 

considered ammonium acetate concentrations. However, the detailed examination of the 

adjacent peak pairs revealed that no baseline separation was achieved for Gpppm6A and 

GpppAm at the tested salt concentrations. Nevertheless, unambiguous analysis remains 

possible due to the specific mass transitions. A considerable advantage in signal intensity was 

observed for low salt concentrations, in alignment with literature, that indicates an inverse 

correlation between salt concentration and signal abundance in ESI-MS.216,238,239 Since the aim 

of the optimization was to develop a highly sensitive method for the absolute quantification of 

cap dinucleotides, a concentration of 5 mM ammonium acetate in the aqueous mobile phase 

was chosen for further experiments. 
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3.1.1.2.2. pH 

The subsequent step involved a more detailed examination of the pH value of the aqueous 

mobile phase, as this has a significant influence on the chromatographic separation process. 

In RP-HPLC, analytes with higher hydrophobicity are more strongly retained. Consequently, 

the retention of ionized analytes is lower than that of their neutral forms, which can result in 

significant peak broadening when partial ionization of the analyte occurs.214 Furthermore, it 

has been demonstrated that the pH value also affects the ionization process in ESI-

MS,237,259,260 thereby highlighting the importance of conducting a more detailed investigation of 

the impact of the pH of the mobile phase. Based on the LC-MS/MS method of Muthmann et 

al. which uses a pH of 6 for the aqueous mobile phase and considering the pH limit of the used 

column (pH < 8), additional pH values within the range of 4-7 were considered.199 The aqueous 

mobile phases were prepared with the optimized concentration of 5 mM NH4OAc and the pH 

was adjusted with acetic acid or ammonium hydroxide. The analysis of a mixture of the cap 

dinucleotide standards revealed a significant impact of pH on the retention of the analytes 

(Figure 3.6). 

At pH 4 and 5, extensive peak broadening was observed, with peak widths spanning several 

minutes. Consequently, these two pH values were excluded from further examination. The 

chromatograms obtained from the analysis of cap dinucleotide standards with the aqueous 

mobile phase at pH 6 and pH 7 were then subjected to further analysis with regard to peak 

shape, abundance and resolution. The latter was calculated using equation 1, as described in 

the prior chapter 3.1.1.2.1. As outlined before, the analysis was focused on the cap 

dinucleotides with identical mass transitions and the adjacent peaks that showed overlapping 

in the chromatograms (Figure 3.7 A). The resolution was elevated at pH 7 compared to pH 6 

for all analyzed peak pairs. Nevertheless, the adjacent signals of Gpppm6A and GpppAm still 

lacked baseline separation, whereas the peak pair m7Gpppm6A-m7GpppAm and the cap 

dinucleotides m7Gpppm6A-Gpppm6Am as well as m7GpppA-GpppAm were separated at both 

pH values. In a next step, the peak shapes were assessed by calculating the symmetry factors 

according to equation 2, where As is the symmetry factor, w0.05 is the peak width at 5% of the 

peak height, and d0.05 is the distance between the leading edge of the curve and the peak 

maximum, measured at 5% of the peak height. 

(2)    As = w0.05
2d0.05

 

A symmetry factor of As = 1 indicates peak symmetry, As < 1 shows peak fronting, while As > 1 

represents peak tailing. The European Pharmacopoeia (Ph. Eur.) recommends symmetry 
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factors between 0.8 and 1.8 for peaks used in quantification.261 This specified range served as 

a guideline for target symmetry factors.  

 

Figure 3.6. Overlay of extracted ion chromatograms of cap dinucleotides resulting from the analysis of a mixture of 

cap dinucleotide standards with a gradient of acetonitrile and aqueous mobile phases with various pH values. 

As illustrated in Figure 3.7 B, tailing was observed at both pH values, albeit more pronounced 

at pH 6. At this pH, three distinct cap dinucleotides (GpppAm, Gpppm6A, and Gpppm6Am) 

displayed symmetry factors exceeding 1.8. In contrast, at pH 7, all cap dinucleotides exhibited 

symmetry factors within the targeted range, with the maximum value reaching only 1.4. In a 

next step, the signal abundances at pH 6 and 7 were further investigated by injecting different 

amounts of a mixture of cap dinucleotide standards into the LC-MS. The slope of the linear fit 

resulting from the plotting of peak areas against the amount injected was employed as a 

measure of signal abundances, with a higher slope representing increased abundances. A 

comparison of the slopes of the linear fit for each cap dinucleotide is illustrated in Figure 3.7 C, 

demonstrating comparable results at both pH levels.  
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Figure 3.7. A.) Resolution of the peak pairs: m7GpppA + GpppAm (red), m7Gpppm6A + Gpppm6Am (light blue), 

m7Gpppm6A + m7GpppAm (black triangle), and Gpppm6A + GpppAm (black square), analyzed using aqueous 

mobile phases at pH 6 and 7. The threshold of 1.5 is indicated by a gray dashed line. B.) Investigation of peak 

shapes calculated as tailing factors at aqueous mobile phase pH values of 6 and 7. The range of 0.8 ≤ As ≤ 1.8 

recommended in the Ph. Eur., is highlighted in green. C.) Comparison of signal abundances obtained from analyses 

with mobile phases at pH 6 and 7, represented by the slopes of linear regression lines derived from plotting peak 

areas against injected sample amounts. D.) Signal-to-noise ratios for a mixture of cap dinucleotide standards 

(10 fmol each) analyzed using mobile phases at pH 6 and 7. Black lines indicate the limit of quantification (LOQ, 

S/N = 10) and the limit of quantification (LOQ, S/N = 3). 

In the final stage of the comparison of signal abundance between pH 6 and 7, the S/N ratios 

of the cap dinucleotides at a low injected quantity of 10 fmol were examined to compare the 
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height of the signals to the background noise. The S/N ratios obtained were evaluated based 

on whether they exceeded or fell below the limit of quantification (S/N = 10) or the limit of 

detection (S/N = 3). As detailed in Figure 3.7 D, the S/N ratios were considerably higher at 

pH 7 with only one cap dinucleotide falling below the LOQ, in comparison to pH 6, where three 

cap dinucleotides were below the LOQ at 10 fmol.  

In conclusion, the analysis of various aqueous mobile phases containing 5 mM ammonium 

acetate at pH values of 4, 5, 6, and 7 demonstrated that pH 4 and 5 were unsuitable due to 

extensive peak broadening of certain cap dinucleotides. This observed peak broadening is 

likely attributable to the presence of partly ionized analyte molecules. However, the estimation 

of their overall charge is complicated by the presence of multiple ionizable groups, which 

exhibit a range of pka values between 3 and 8.262,263 Further investigation of pH 6 and 7 showed 

similar results for both pH values in terms of resolution and signal abundance. Visual inspection 

of the chromatograms indicated that the peaks at pH 7 were significantly sharper and more 

symmetrical. This observation was confirmed by calculating the symmetry factors, which 

showed that the peaks at pH 7 had symmetry factors closer to the ideal value of 1. The benefit 

of this peak shape became clear when determining the S/N ratios. Despite comparable peak 

areas at pH 6 and 7, the sharper and thus higher peaks at pH 7 resulted in notably elevated 

S/N ratios, demonstrating enhanced sensitivity as LODs and LOQs are reached at lower 

concentrations. In accordance with the column’s pH limits (pH < 8), the investigation of more 

alkaline mobile phases was restricted to pH 7.5. A comparison of abundance, peak shape, and 

resolution between pH 7 and 7.5 showed no reproducible improvements, prompting a return 

to using the mobile phase at pH 7.0 (see Figure S1). 

It is noteworthy that the pKa values of ammonium (9.25) and acetate (4.75) indicate a reduction 

in the buffering capacity of ammonium acetate at neutral pH values.223 Given the rarity of 

alternative salts with buffering capabilities in the neutral range or their incompatibility with ESI-

MS due to non-volatility (e.g. phosphates),223,264 the aqueous mobile phase with 5 mM 

ammonium acetate at pH 7 was rated as the best option. This was based on the observation 

that the analytes demonstrated consistent chromatographic and mass spectrometric behavior, 

and the aforementioned benefits outweighed the potential limitations of reduced buffer 

capacity. 
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3.1.1.2.3. Influence of injection volumes 

Injection volumes influence chromatographic separation. Smaller volumes injection volumes 

can produce Gaussian-shaped peaks by ensuring simultaneous analyte migration, while 

volume overloading may cause peak broadening. Accordingly, the impact of diverse injection 

volumes on the developed LC-MS method was investigated by injecting the same amount of 

a mixture of cap dinucleotide standards in different volumes. Figure 3.8 illustrates that the four 

latest eluting cap dinucleotides m7Gpppm6A, m7GpppAm, Gpppm6Am, and m7Gpppm6Am had 

consistent retention times across a range of injection volumes (1-50 µL), while in terms of peak 

shapes, the signals showed sharper forms at smaller injection volumes. The four earliest 

eluting cap dinucleotides demonstrated strong peak splitting, particularly at an injection volume 

of 50 µL, resulting in an additional peak at 1.8 min.  

The theoretical dead time for the chromatographic system was calculated using equation 5, 

where t0 is the dead time, d the column diameter, l the column length, and F the flow rate. 

Additionally, a correction factor of 0.66 was applied, which is typically used for columns packed 

with fully porous material.265 

(5)   t0 = π ∙ �d
2
�

2
∙ l ∙ 0.66 ∙ F 

A theoretical dead time of about 2 min was calculated, which is close to the detected value of 

1.8 min. Of note, practical determination by injecting an analyte that does not interact with the 

stationary phase, such as uracil in reverse-phase chromatography,266,267 would provide a more 

precise measurement by accounting for the entire chromatographic system. The performed 

calculation led to the assumption that the observed retention time indeed represented the dead 

time and therefore a proportion of these cap dinucleotides did not interact with the column at 

all at high injection volumes. To address the issue of lacking interaction between the more 

polar cap dinucleotides and the column, the gradient was adjusted by reducing the proportion 

of acetonitrile at the initial stage, resulting in enhanced interaction with the column and 

consequently stronger retention. Of note, the adjusted gradient (Figure 3.8) was also modified 

in terms of higher maximum acetonitrile proportions resulting in an elevated overall gradient 

time. This was implemented regardless of addressing the challenge of early eluting polar cap 

dinucleotides, but to ensure the gradient was suitable for the analysis of biological samples, 

where rinsing with high concentrations of acetonitrile is necessary to avoid column carry over. 

The low rinsing of the previous gradient was designed to minimize analysis time while 

measuring only clean reference standards.  
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Figure 3.8. Overlay of extracted ion chromatograms of cap dinucleotides resulting from the injection of same 

amounts of a mixture of cap dinucleotide standards in different injection volumes. The upper three chromatograms 

were measured using the initial gradient, the lower three using the optimized gradient. 

In Figure 3.8, it is apparent that the modified gradient resulted in higher retention times for all 

cap dinucleotides compared to the earlier gradient. The retention times remained consistent 
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over a range of 1-50 µL. Only the first eluting cap dinucleotide GpppA exhibited peak 

broadening and slight peak splitting at high injection volumes. The investigation of the impact 

of high injection volumes revealed that the initial gradient was unsuitable for more polar cap 

dinucleotides at high injection volumes due to the resulting extensive peak splitting. This issue 

was resolved by optimizing the gradient in terms of higher hydrophilicity in the initial stage, 

thereby ensuring a stronger interaction with the column. Ultimately, only GpppA exhibited peak 

broadening and slight peak splitting at high injection volumes, justifying the decision to proceed 

with the optimized gradient and to avoid high injection volumes when possible. 

 

3.1.1.2.4. Column temperature 

Column temperature is a crucial parameter in chromatography, influencing analyte behavior 

by affecting mobile phase pH, analyte pKa, and the equilibrium between mobile and stationary 

phases. This impacts retention times and separation selectivity, highlighting the relevance of 

further investigating the impact of column temperature on the described LC-MS/MS method 

for cap dinucleotides. Column temperatures of 15 °C, 20 °C, 25 °C, and 35 °C were applied, 

and the chromatograms resulting from the injection of a mixture of cap dinucleotide standards 

were examined in terms of resolution, peak shape, and abundance.  

As illustrated in Figure 3.9 A, the MS abundances were found to be within a similar range 

across all examined temperatures. However, specific temperature-dependent differences were 

observed for certain cap dinucleotides which exhibited slight preferences for lower 

temperatures compared to higher ones, as demonstrated by GpppA, m7GpppA, Gpppm6A, and 

Gpppm6Am. Nevertheless, the results did not indicate a definitive preference for any single 

temperature. A similar outcome was observed in the analysis of peak shapes, utilizing peak 

widths measured at half maximum, instead of the previously used approach of calculating 

tailing factors, as this determination is significantly more time-efficient (Figure 3.9 B). Although 

some cap dinucleotides exhibited significantly smaller peak widths at specific temperatures 

(e.g., GpppA at 15 °C compared to 20 °C), it was not possible to identify a single temperature 

that was consistently superior for all analyzed cap dinucleotides. In the following step, the 

resolution of peak pairs was determined as detailed in the chapter 3.1.1.2.1., once more with 

a focus on the cap dinucleotides with identical mass transitions (m7GpppA-GpppAm, 

m7Gpppm6A-Gpppm6Am), as well as the adjacent peaks that show overlapping in the 

chromatograms (Gpppm6A-GpppAm, m7Gpppm6A-m7GpppAm).  
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Figure 3.9. Examined temperatures are depicted in different shades of gray. A.) Peak areas (expressed as MS 

abundance) of cap dinucleotides analyzed at different column temperatures. The average values from three 

technical replicates are shown, with error bars indicating standard deviation. B.) Investigation of peak shapes as 

determined by peak width at half maximum at different column temperatures. The peak widths at half maximum 

were determined from one representative technical replicate out of the three used to investigate MS abundances. 

C.) Resolution of the peak pairs: m7GpppA + GpppAm (red), m7Gpppm6A + Gpppm6Am (light blue), m7Gpppm6A + 

m7GpppAm (black triangle), and Gpppm6A + GpppAm (black square), analyzed at different column temperatures. 

The threshold of 1.5 is indicated by a gray dashed line. D.) Overlay of extracted ion chromatograms of the cap 

dinucleotides GpppA and Gpppm6A resulting from analysis at different column temperatures. The overlays are 

depicted for injection volumes of 1 µL and 50 µL for both cap dinucleotides, respectively. 
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Figure 3.9 C illustrates that the cap dinucleotide pairs with same mass transitions exhibited 

baseline separation with resolutions clearly above 1.5. Additionally, the peak pair m7Gpppm6A-

m7GpppAm was baseline separated at all investigated temperatures, in contrast to the peak 

pair Gpppm6A-GpppAm which exhibited baseline separation only at 35 °C. At lower 

temperatures, the resolution was slightly below the targeted value of ≥ 1.5.  

In a last step, the impact of temperature was investigated for high injection volumes. The 

graphical illustration of the chromatograms, obtained from the injection of a mixture of the cap 

dinucleotide standards in a volume of 50 µL at varying temperatures, revealed a distinct impact 

of temperature on the peak shape of GpppA (Figure 3.9 D). At 15 °C, GpppA eluted as a sharp 

peak, whereas at higher temperatures, a strong peak broadening and splitting was observed. 

The remaining cap dinucleotide standards showed pronounced peaks at all temperatures 

investigated, although slight peak broadening was observed for some cap dinucleotides at a 

column temperature of 35 °C in combination with the high injection volume of 50 µL (see Figure 

3.9 D and Supplement, Figure S2). 

In conclusion, the observed decrease in retention times with increasing temperatures aligns 

with the anticipated outcome, as the principle of Le Chatelier indicates that at higher 

temperatures, the equilibrium shifts towards the mobile phase, leading the analyte to remain 

in the mobile phase instead of interacting with the stationary phase.220 Notably, the latest 

eluting cap dinucleotide, m7Gpppm6Am, demonstrated less sensitivity to temperature 

variations in terms of retention. It exhibited a shift of approximately half a minute between 15 °C 

and 35 °C, in comparison to GpppA, which shifted by approximately two minutes (Supplement, 

Figure S2). Accordingly, there was no significant reduction in analysis time achieved by 

increasing the temperature. However, the application of elevated temperatures combined with 

an adapted gradient could potentially result in a slight reduction in analysis time. By examining 

the peak retention at different temperatures with high injection volumes, a temperature of 15 °C 

yielded the most favorable results for the peak shape of GpppA, in contrast to higher 

temperatures, where pronounced peak splitting was observed with peak widths spanning 1-

2 minutes. As the evaluated parameters abundance, peak shape, and resolution did not 

demonstrate a definite preference for one temperature, 15 °C was selected to ensure precise 

peak integration, even when injecting high volumes. 
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3.1.1.3. Ion source optimization 

After optimizing the chromatographic parameters, the ion source parameters, including 

capillary voltage, nebulizer pressure, sheath gas flow and temperature, drying gas flow and 

temperature, and nozzle voltage, were also optimized to enhance effective ionization. The 

optimization of the parameters was conducted according to a one-factor-at-a-time strategy, 

whereby a single parameter was tested at varying levels while the remaining parameters were 

maintained at constant values. This optimization process was applied to a mixture of cap 

dinucleotide standards. The tested ranges were selected in accordance with the 

manufacturer’s recommendations and the optimal parameters regarding signal abundance 

were selected in agreement with all analyzed cap dinucleotide standards. Capillary voltages 

were applied in steps of 500 V, ranging from 1500 to 5000 V. The highest signal intensity for 

all cap dinucleotides was observed at a capillary voltage of 2000 V (Figure 3.10 A). Drying gas 

temperatures were monitored in the range of 200-350 °C with steps of 30 °C and drying gas 

flows from 4-12 L/min with steps of 2 L/min. The highest abundances were observed at a 

temperature of 350 °C and a flow rate of 4 L/min (Figure 3.10 B,C). The examination of nozzle 

voltages between 0 and 2000 V, with steps of 500 V, revealed a negative impact of the applied 

nozzle voltage on signal intensities, with highest signal intensities obtained at 0 V (Figure 

3.10 D). Nebulizer pressures were applied in the range of 25-60 V, with steps of 5 V and the 

highest signals were detected at 60 V (Figure 3.10 E). The impact of sheath gas temperature 

and sheath gas flow was tested for 200-400 °C, with steps of 50 °C and for 9-12 L/min with 

steps of 1 L/min, respectively. A sheath gas flow of 11 L/min yielded the highest signals (Figure 

3.10 F). The different cap dinucleotides displayed distinct behavior when exposed to elevated 

sheath gas temperatures. While some exhibited the highest signal abundances at 400 °C, 

others reached their optimal abundances at 300 °C. Therefore, a compromise temperature of 

350 °C was selected (Figure 3.10 G). Following the selection of the optimal parameters, a 

comparative measurement between the initial and the optimized source parameters was 

conducted to evaluate the impact of the optimization procedure and revealed increases of 

respective abundances by factors ranging from 1.3 to 2.1 (Figure 3.10 H). 
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Figure 3.10. Relative abundances of cap dinucleotides towards different ion source parameters, showing A.) 

capillary voltages, B.) drying gas flows, C.) drying gas temperatures, D.) nozzle voltages, E.) nebulizer pressures, 

F.) sheath gas flows, and G.) sheath gas tempeatures. The lowest value for each parameter is set to 100%, 

respectively. The selected parameters are marked with a black arrow. H.) Relative comparison of abundances 

before (dark gray, set to 100%) and after (colored) ion source optimization. 
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3.1.1.4. Simultaneous detection of cap dinucleotides and (modified) 
nucleosides 

The objective of this work was to develop a method for not only detecting but also quantifying 

cap structures. This involves determining the amount of cap dinucleotides in relation to the 

amount of RNA injected, which is calculated based on the quantity of main nucleosides 

detected. In addition, the simultaneous quantification of cap dinucleotides and other modified 

nucleosides was aimed for. To this end, it was tested whether the LC-MS method developed 

for cap dinucleotides is also capable of detecting and separating both main nucleosides and 

modified nucleosides. It is noteworthy that at this stage, a slight adjustment was implemented 

to the gradient to simplify and shorten the latter without affecting the retention of the cap 

dinucleotides. The resulting MS chromatogram of the simultaneous injection of cap 

dinucleotide and nucleoside modification standards is depicted in Figure 3.11 A, and a UV 

chromatogram resulting from the injection of the main nucleosides cytidine, uridine, guanosine, 

and adenosine is illustrated in Figure 3.11 B. Together, they demonstrate the capability of the 

developed method to simultaneously detect cap dinucleotides and modified nucleosides, as 

well as to separate the main nucleosides. 

 

Figure 3.11. A.) Overlay of extracted ion chromatograms resulting from the simultaneous injection of 10 fmol of cap 

dinucleotides and modified nucleosides. The peaks of the modified nucleosides are assigned and abbreviated as 

m7G – 7-methylguanosine, Cm – 2’O-methylcytidine, m2A – 2-methyladenosine, m6A – N6-methyladenosine, and 

m6,6A – N6,N6-dimethyladenosine. The cap dinucleotides are depicted in different colors: GpppA (dark blue), 

m7GpppA and GpppAm (red), Gpppm6A (gray), m7Gpppm6A and Gpppm6Am (light blue), GpppAm (dark green), 

and m7Gpppm6Am (light green).  B.) UV chromatogram of the main nucleosides cytidine (C), uridine (U), guanosine 

(G), and adenosine (A). 
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3.1.1.5. Instrument detection limits 

After completing the LC-MS/MS optimization process and ensuring separation and detection 

of nucleosides, the instrument detection limits (IDLs) were determined for all analyzed cap 

dinucleotides and compared between the initial method and the optimized method. This was 

done to assess the analytical sensitivity of the optimized method and to evaluate the 

improvement resulting from the optimization process. The instrument detection limit is defined 

as the lowest amount of sample required to distinguish a measured signal from the background 

noise with a confidence interval of 99% and is calculated with the following equation 6, where 

IDL is the instrument detection limit, RSD is the relative standard deviation, t(n-1,1-α=0.99) is the 

Student’s t value for a 99% confidence interval and n-1 degrees of freedom, and n is the 

number of replicate injections: 

(6)  IDL = t(n-1, 1-α=0.99) ∙ (RSD/100%) ∙ amount measured 

The IDLs were calculated according to Sheehan et al. and technical guidelines from Agilent 

Technologies.268,269 The optimized method yielded IDLs between 0.9 and 1.2 fmol, 

representing a significant improvement over the initial method, which showed IDLs between 

1.9 and 3.7 fmol (see Supplement, Table S2). The results demonstrate that the whole 

optimization process resulted in a notable increase in sensitivity, with a factor of approximately 

2-3. 

 

3.1.2. Method validation 

The process of quantitative analysis of 5’ cap structures in eukaryotic mRNA is schematically 

illustrated in Figure 3.12 A and commences with the extraction of total RNA and the 

subsequent isolation of polyadenylated RNA using oligo (dT) magnetic beads. Of note, the use 

of oligo (dT) beads to capture mRNA based on its typical 3'-end modification, the poly(A) tail, 

is a common method for isolating mRNA from total RNA. However, since other RNA species, 

such as lncRNAs and some rRNAs, can also contain poly(A) tails, the RNA treated with oligo 

(dT) beads is termed poly(A) RNA in the following.12,270,271 Before proceeding with the poly(A) 

RNA digestion to nucleosides and cap dinucleotides, a staple isotope labeled cap dinucleotide 

internal standard is spiked into the samples. The sample is then subjected to LC-MS/MS 

analysis. This encompasses the MS detection of the cap dinucleotides, and their isotope 

labeled counterparts as well as the UV detection of the main nucleosides, which allows for the 

accounting of differences in the injected RNA amount.  
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Figure 3.12. A.) Process of the quantitative analysis of 5’ cap structures starting with organic extraction of total RNA 

followed by poly(A) RNA isolation using magnetic oligo (dT) beads. The cap structure is symbolized with a blue 

base cap. Stable isotope labeled cap dinucleotides, serving as stable isotope labeled internal standards (SILIS), 

are spiked into the sample prior to its digestion to nucleoside level and cap dinucleotides. The labeled cap 

dinucleotide is marked with a yellow star, cap dinucleotide structures are depicted in blue and an exemplary modified 

nucleoside in brown. The sample is subjected to LC-MS/MS, the main nucleosides cytidine (C), uridine (U), 

guanosine (G), and adenosine (A) depicted in gray are detected UV spectroscopically while cap dinucleotides (blue) 

as well as modified nucleosides (brown) are analyzed by MS. B.) Detected cap composition in RNA spiked with a 
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known amount of cap dinucleotides. Analysis was performed with (dark blue) and without (light blue) taking stable 

isotope labeled internal standards (SILIS) into account. The actual value of 400 fmol is illustrated by a black line. 

Additionally, modified nucleosides can be detected simultaneously via MS. Absolute 

quantification is achieved by measuring against external calibration samples and including 

SILIS corrections. To validate the accuracy of this process of quantitative analysis of 5’ cap 

structures, a biological sample with known cap dinucleotide content was mimicked. For this 

purpose, human embryonic kidney 293 (HEK) total RNA, in which the cap dinucleotides of 

interest were not detectable, was spiked with a known amount of cap dinucleotides. The 

resulting sample was subjected to the described process but skipping the first step of RNA 

isolation. The absolute quantification yielded deviations of 0.3-7% from the true value when 

SILIS corrections were included. In contrast, the absence of SILIS considerations resulted in 

a notable decrease in accuracy with deviations of up to 18% (see Figure 3.12 B). These results 

demonstrate the suitability of this approach for the accurate quantification of cap dinucleotides 

and allow the subsequent application of the method to biological samples. 

 

3.1.3. Method application to biological samples 

In the next sections, the possibilities and limitations of applying the developed workflow to 

biological samples were evaluated. 

 

3.1.3.1. HEK cell poly(A) RNA 

The study was initiated with an analysis of the poly(A) fraction of HEK cell RNA, as cells can 

be cultured in large numbers, thereby facilitating the extraction of high quantities of RNA. To 

gain insight into the poly(A) RNA quantities required for cap dinucleotide detection, a dilution 

series spanning from 5 ng to 25 µg was evaluated (Figure 3.13 A). This revealed that the two 

most prevalent cap dinucleotides, m7Gpppm6Am and m7GpppAm (cap 1 structures), were 

discernible by LC-MS/MS in only 5 ng and 100 ng of isolated poly(A) RNA, respectively. 

However, additional cap dinucleotides were only detected from an injection of at least 15 µg, 

which represents a large amount of extracted and isolated poly(A) RNA and thus indicates low 

occurrence of these cap species. In the same sample runs, the common mRNA modifications 

m6A, pseudouridine (Ψ), and 5-methylcytidine (m5C) were detected, as illustrated in Figure 

3.13 B. Consequently, the capability to simultaneously quantify cap dinucleotides and modified 

nucleosides in biological samples was confirmed. 
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Figure 3.13. Quantification of A.) five cap species and B.) exemplary modified nucleosides (N6-methyladenosine 

(m6A), pseudouridine (Ψ), and 5-methylcytidine (m5C)) in a dilution series from HEK poly(A) RNA. The axes are 

represented in a logarithmic scale. The areas outside the calibrated range are shaded gray. 

 

3.1.3.2. Mouse brain tissues 

To illustrate the applicability of the method to the examination of biological tissue, poly(A) RNA 

extracted from disparate regions of the mouse brain, comprising the cerebellum, cortex, and 

hippocampus, was used. Subsequent analysis revealed the occurrence of around 0.08 cap 

dinucleotides per 1000 nucleotides (nt), with the exception of cortex tissue, which exhibited 

lower levels (Figure 3.14 A). These levels were calculated by relating the amount of quantified 

cap dinucleotide to the sum of quantified main nucleosides. Only the two cap 1 dinucleotides 

m7Gpppm6Am and m7GpppAm were detectable. Of note, the quantity of poly(A) RNA extracted 

from the brain area of one mouse (1 µg from the hippocampus, >2 µg from the other brain 

regions) was sufficient for cap dinucleotide analysis, demonstrating the sensitivity of this 

method. 

A relative comparison of m7Gpppm6Am to m7GpppAm amounts was conducted to evaluate the 

extent of N6-methylation. Figure 3.14 B illustrates that the proportion of N6-methylated cap is 

markedly increased in the mouse brain tissues (96-98%) in comparison to its levels in HEK 

cells (90%). 
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Figure 3.14. A.) Quantification of cap dinucleotides per 1000 nt in poly(A) RNA from different mouse brain sections, 

represented as averages from two biological replicates. B.) Proportion of m7Gpppm6Am to the sum of m7Gpppm6Am 

and m7GpppAm detected in HEK cells and mouse brain sections. 

 

3.1.3.3. CMTR1 knock out cells 

In mammalian cells, the methyltransferase CMTR1 performs 2’O-methylation at the cap-

adjacent nucleotide, while PCIF1 can introduce additional N6-methylation of 

adenosine.123,124,135,136 The developed LC-MS/MS method, in combination with CMTR1 

knockout cells, offers the possibility to investigate whether PCIF1 can independently modify 

m7GpppA-capped RNA without prior 2’O-methylation.  

 generated a CMTR1 deficient HEK293T cell line by 

CRISPR/Cas9 knock-out (k.o.) and a CMTR1 k.o. clone stably reconstituted by CMTR1 

expressing retroviral vector as a control and kindly provided extracted total RNA.272,273 The 

samples were subjected to the described 5’ cap quantification process comprising poly(A) 

isolation, digestion and LC-MS/MS analysis. The control (Ctrl) sample demonstrated the 

presence of the cap 1 modifications m7Gpppm6Am and m7GpppAm, whereas the CMTR1 k.o. 

sample predominantly exhibited the occurrence of the cap 0 modifications m7GpppA and 

m7Gpppm6A, the latter demonstrating the ability of N6-methylation of cap-adjacent adenosines 

without previous 2’O-methylation (Figure 3.15 A). Of note, a small amount of 2’O-methylated 

m7Gpppm6Am was also detectable in CMTR1 k.o. 

Finally, the extent of N6-methylation was determined for both the knockout and control 

samples. In CMTR1 knockout samples, the comparison of detected m7Gpppm6A and m7GpppA 
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revealed a proportion of N6-methylation of 76%. In contrast, the control showed a slightly 

higher proportion of 81% among the 2’O-methylated cap dinucleotides (Figure 3.15 B). 

 

 

Figure 3.15. A.) Quantification of cap dinucleotides per 1000 nt in poly(A) RNA from CMTR1 k.o. and control (Ctrl), 

represented as average from three biological replicates, with error bars indicating standard deviation. B.) Proportion 

of N6-methylation comparing m7Gpppm6Am and m7GpppAm in Ctrl samples as well as m7Gpppm6A and m7GpppA 

in CMTR1 k.o. samples. 

 

3.1.4. Discussion 

This work reports the development of a reliable and sensitive LC-MS/MS approach to 

investigate the cap epitranscriptome, with a focus on cap structures with adenosine and its 

methylation variants as first nucleotides along with modified nucleosides occurring within RNA 

species. Extensive HPLC parameter investigation and optimization demonstrated significant 

impact of mobile phase ion strength on signal amplitude, resulting in gain factors of 1.6-2.3 in 

abundance. The examination of the effect of mobile phase pH, injection volume, and column 

temperature revealed impact on peak width and symmetry, as well as retention, resulting in 

robust separation and increased sensitivity for the detection of cap dinucleotides. The 

optimization of the ion source parameters, previously optimized for nucleoside analytics, 

yielded a 1.3- to 2.1-fold increase in abundance, demonstrating the importance of adapting 

these parameters for chemically diverse structures. Finally, the comparison of the method 

before and after optimization by instrument detection limits displayed improvement factors 

ranging from 2.1 to 3.4. The straightforward approach of cap analysis involved the enrichment 

of poly(A)-tailed RNA, followed by the addition of an isotope labeled standard and subsequent 
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digestion. The resulting material was then subjected to LC-MS/MS analysis. Validation of this 

method highlighted the significance of employing isotope labeled standards, as it strongly 

reduced the discrepancy between the actual and the measured values, thereby enhancing the 

accuracy.  

Recently, alternative approaches that also focus on the LC-MS/MS detection of cap structures 

as cap dinucleotides have been published.199–201 The approach of Muthmann et al. focuses on 

the analysis of synthetically capped RNAs in the form of GpppG and m7GpppG. However, the 

methods CAP-MAP from Galloway et al. and CapQuant from Wang et al. also aim to analyze 

the cap epitranscriptome. Notably, CapQuant includes non-canonical metabolite caps in 

addition to all canonical cap variants. The methods demonstrate considerable differences in 

terms of sample preparation. All approaches aiming to analyze biological samples involve the 

isolation of poly(A) RNA and subsequent digestion with nuclease P1, with the objective of 

obtaining cap dinucleotides. CapQuant employs an additional HPLC purification step to 

separate the cap dinucleotides from the nucleoside monophosphates in order to reduce matrix 

interference and to facilitate the discovery of new cap species by scanning collected fractions 

for new MS signals.45 This procedure significantly extends the protocol time. Another 

disadvantage of this purification step is the use of ion pair reagents, which are known to be 

very difficult to remove from the HPLC system, requiring long rinsing times. Moreover, ion pair 

reagents can lead to ion suppression and reduce MS sensitivity.274,275 Consequently, a 

dedicated system for ion pair chromatography is recommended, which presents a 

disadvantage as it requires additional instrumentation.45 In contrast, CAP-MAP utilizes a 

significantly faster protocol, subjecting digested samples directly to LC-MS analysis. This 

practice aligns with the Helm group’s long-established standard procedure for nucleoside 

analytics and was also applied in the newly developed method presented in this work.248,250 

While both CapQuant and the approach developed herein utilize an RP C18 column and 

measure in positive ion mode, CAP-MAP differs primarily by employing a hypercarb column at 

a pH of 9 and measuring in negative ion mode. A disadvantage of a hypercarb column is that 

it requires regular, extensive column regeneration to prevent peak distortion and retention time 

shifts.200,276–278 Furthermore, the methodology developed within this thesis differs from those 

previously described in terms of the way the results are presented. The CAP-MAP and 

CapQuant approaches indicate the amount of detected cap dinucleotide per µg of injected 

RNA. In contrast, the approach developed within this thesis, which employs a phosphatase to 

digest the RNA to the nucleoside level, allows for the additional indication of detected cap 

dinucleotides per nucleotides. This enables the compensation for differences in the injected 

RNA amount or inaccuracies in the previous determination of the RNA amount. Moreover, this 
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approach offers the potential for the additional analysis of modified nucleosides that naturally 

occur in poly(A) RNA in a single experimental run. Regarding sensitivity, the method developed 

in this thesis demonstrated detection limits for all investigated cap dinucleotides between 0.9 

and 1.2 fmol. The method of Muthmann et al. yielded significantly higher IDLs for GpppG and 

m7GpppG, at 6.8 fmol and 34.1 fmol, respectively. However, the results are not strictly 

comparable, as the approach used in this study involved different cap dinucleotides.199 In 

contrast to the determination of the IDL, which is based on statistical analysis, within the 

CapQuant approach the detection limits are determined via the S/N ratio as LOD.201 

Nevertheless, a comparison of the same analyzed cap dinucleotides reveals a wider range of 

quantification limits in the CapQuant approach, with LODs between 0.6 and 13 fmol, whereas 

in the developed approach presented in this work, 1.2 fmol is not exceeded by any cap 

dinucleotide. Upon application to biological samples, the major cap dinucleotides m7GpppAm 

and m7Gpppm6Am were detected at a minimum amount of 100 ng poly(A) RNA, with 

m7Gpppm6Am even detected in only 5 ng of poly(A) RNA. Both CAP-MAP and CapQuant also 

showed the capability to successfully analyze biological samples using poly(A) RNA quantities 

significantly below 1 µg.45,200 In conclusion, the method developed in this thesis combines the 

advantages of the previously described methods and was further expanded. It employs a rapid 

sample protocol that avoids the time-consuming HPLC purification step and the utilization of 

ion pair reagents. Furthermore, a common RP C18 column is used, which does not require 

special maintenance and is therefore easy to handle. The method is additionally characterized 

by very low detection limits for all investigated cap dinucleotides. Of particular note is the 

distinctive feature of this approach, which allows for the detection of nucleosides alongside 

cap dinucleotides, representing a novel contribution to the field. 

The method developed within this work was applied to cell and tissue samples of higher 

eukaryotes, including HEK cell preparations as well as dissected mouse brain regions. The 

cap 1 dinucleotides, consisting of N7-methylated guanosine and 2’O-methylated adenosine 

(m7GpppAm and m7Gpppm6Am), were the predominant species detected, in accordance with 

previous literature.5–7,124 In high amounts of HEK cell poly(A) RNA, traces of N7-unmethylated 

variants, namely GpppA, GpppAm, and Gpppm6Am were detectable. These were also 

detected in the publication using the CAP-MAP method, but not in the CapQuant analysis.45,200 

This discrepancy is presumably due to the fact that the latter only analyzed quantities up to 

7 µg of biological samples. The presence of only traces of caps lacking m7G indicates an 

efficient cap methylation process and/or efficient removal by decapping enzymes such as DXO 

as part of a quality control mechanism.45,104,105,200 m7Gpppm6Am was detected as the most 

common cap dinucleotide and the comparison of HEK cells and brain tissue revealed 
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differences in the extent of N7-methylation of 90% and 97%. This is in line with recent 

investigations of the abundance of m7Gpppm6Am compared to m7GpppAm, which 

demonstrate cell type and tissue-specific differences.45,190,200 In a previous study, Akichika and 

colleagues reported the occurrence of 92% m6Am in HEK293T mRNA (also isolated using 

poly(A) sections plus additional enrichment using m7G-antibodies) which aligns with the 

findings in this work of 90%.124 Conversely, earlier studies estimated the proportion of N6-

methylation to be less than 75% in HEK and HeLa cells.122,279 Further studies conducted 

comparative analyses of different mouse organs and revealed tissue-specific variations, with 

mouse brain tissue having the highest proportion of m6Am at approximately 94%.190,200 This 

complies with the resulting data in this thesis, which showed high proportions of N6-methylation 

of approximately 97% for all analyzed brain regions. These findings support the idea of cap 

methylations being a differently regulated process in diverse cell types and tissues. Recently, 

the methyltransferase PCIF1 was discovered to be responsible for N6-methylation at the 

triphosphate adjacent adenosine to form m6Am. Biochemical studies showed that PCIF can 

also act on unmethylated adenosine to form m7Gpppm6A, but with around 8-fold lower 

preference as for the 2’O-methylated adenosine. Within this thesis, similar to previous studies 

by Akichika et al. and investigations using the CAP-MAP protocol, m7Gpppm6A was not 

detected in biological samples, supporting the proposal that CMTR1-mediated 2’O-methylation 

primarily occurs prior to m6A formation.124,200 In contrast, the study using the CapQuant method 

detected m7Gpppm6A in mouse liver but not kidney, suggesting tissue-specific differences in 

possible yet-to-be-determined cap demethylation processes or in the preferences of PCIF1 to 

act on adenosine without 2’O-methylation.45 The cap analysis protocol developed in this thesis, 

when applied to CMTR1 k.o. cells, revealed the occurrence of m7Gpppm6A, which 

demonstrates the ability of PCIF1 to methylate unmodified adenosine in a biological context. 

The extent of N6-methylation in the k.o. was determined to be 76%. In contrast, the rescued 

knock out, which served as a control, demonstrated a higher proportion of 81% between the 

2’O-methylated cap dinucleotides, presumably as a result of the higher preference of PCIF1 

for 2’O-methylated adenosines, as determined in in vitro studies.123,124 To conclude, the 

application of the developed LC-MS based cap analysis protocol to biological samples 

successfully demonstrated its potential to investigate the cap epitranscriptome and to gain 

insights into the regulation process of RNA cap methylations. 

Of note, parts of this work including a summary of the LC-MS/MS optimization process and the 

analysis of HEK cells and mouse brain tissues was published recently.255 
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Figure 3.16. C-8 deuteration options of GpppAm with depicted mass transitions. C-8 hydrogen is marked in light 

red, C-8 deuterium is marked in yellow. 

In a first step, GpppAm was incubated in D2O at various temperatures between 50 °C and 

95 °C for 0-8 hours. The relative proportion of doubly-deuterated cap is illustrated in 

Figure 3.17 A, which demonstrates a pronounced temperature dependency. At temperatures 

below 80 °C, the conversion to the doubly-deuterated cap was minimal, and temperatures 

above 85 °C were required to achieve quantitative conversion. The distribution pattern of 

deuteration was further investigated for an incubation temperature of 90 °C. It became evident, 

that after 3 h of incubation less than 2% of GpppAm were non-deuterated, whereas after 5 h 

of incubation, the proportion of cap with both C-8 positions being deuterated was above 90% 

(Figure 3.17 B). In addition, these experiments provided evidence that the deuteration of G 

occurs much faster, as can be seen from the fact that the proportion of GpppAm in which only 

G is deuterated is significantly higher than that of GpppAm that is only Am-deuterated. 

Given the harsh incubation conditions of 90 °C for several hours, the effect on the stability of 

the cap structures was assessed using absolute signal strengths. Based on the same 
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ionization efficiency of isotopes, the sum of the peak areas for the four deuteration outcomes 

was calculated and compared across varying temperatures and incubation times. 

Figure 3.18 A illustrates a notable decline in signal strength for incubation temperatures 

exceeding 85 °C, with a 50% reduction observed after 3-4 hours. After 7-8 hours, the signal 

intensity decreased to 20-30% of the initial level observed without incubation, demonstrating 

degradation of the cap dinucleotides. This finding provides a rationale for further investigation 

into the deuteration process to ascertain ways of reducing incubation time and temperature 

while maintaining consistent deuteration efficiencies. For instance, this could involve working 

within specific pH ranges. 

 

Figure 3.17. A.) Proportion of doubly-deuterated GpppAm resulting from varying incubation times at temperatures 

between 50 °C-95 °C. B.) Deuteration pattern of GpppAm after incubation in D2O at 90 °C for varying time periods. 

The objective of this subtopic is to establish an internal standard that can be employed routinely 

in the analysis of cap structures. Given the time-efficient benefits of storing larger quantities, 

an assessment of the stability of (deuterated) cap dinucleotides upon extended storage at 

−20 °C was carried out. Measurements of GpppAm, conducted immediately following 

incubation in D2O at 90 °C and again after one week of storage at −20 °C, indicated no 

significant alterations in the proportions of the deuteration pattern (Figure 3.18 B), thereby 

demonstrating the suitability of this approach for the preparation of larger quantities of internal 

standard and subsequent storage until further use.  
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Figure 3.18. A.) Sum of the peak areas of the C-8 deuteration options for different incubation time periods at 

temperatures of 85 °C-95 °C. The sum of peak areas of the non-incubated sample (incubation time: 0 h) was set to 

100%. B.) Proportion of doubly-deuterated GpppAm measured directly after incubation at 90 °C and again after 

storage for one week at −20 °C. The average values from three technical replicates are shown, with error bars 

indicating standard deviation. 

 

3.2.2. Assessment of nucleoside modifications on deuterium exchange 

Following the promising results of GpppAm's nearly complete deuteration at both C-8 positions 

upon incubation in D2O at elevated temperatures, additional cap dinucleotides were 

investigated to assess the impact of nucleoside modifications. The illustration of the 

deuteration patterns of GpppAm compared to GpppA and Gpppm6Am revealed similar 

outcomes for the non-methylated guanosine cap variants with different adenosine variants, 

demonstrating that the C-8 deuteration of adenosine did not depend on its methylation status 

(Figure 3.19). In contrast, m7GpppA displayed a distinctive behavior in a way that the portion 

of doubly-deuterated m7GpppA did not exceed 50%. Moreover, the proportion of deuterated 

m7G remained consistent over incubation periods of 0-8 hours, indicating deuteration behavior 

independent of incubation at high temperature, which requires further investigation. 
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Figure 3.19. Deuteration patterns of GpppAm, GpppA, Gpppm6Am, and m7GpppA after incubation in D2O at 90 °C 

for varying time periods. The part of deuterated m7G, consisting of doubly-deuterated and only m7G-deuterated 

m7GpppA, is depicted with a red line. 

Of note, the experiments were repeated in various D2O ammonium acetate solutions covering 

a pH range of 5-9 to examine the impact of solvent pH on deuteration exchange reactions, 

particularly in the case of m7GpppA. Additionally, the experiments aimed to assess whether 
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the harsh incubation parameters leading to degraded cap dinucleotides can be relaxed. 

However, pH dependency was not discernible (Supplement, Figure S3).  

Due to its atypical behavior, the next step was to further investigate the behavior of m7G in 

m7GpppA upon deuterium exchange. The extensive reduction in the retention time, from 

several minutes to less than 10 seconds, by replacing the HPLC column with a capillary loop 

revealed a strong impact on the deuteration state of m7G (Figure 3.20 A).  

 

Figure 3.20. A.) Deuteration patterns of GpppA and m7GpppA after 0 h and 8 h incubation at 90 °C. The HPLC 

column was exchanged by a capillary loop. B.) Deuteration pattern of m7GpppA diluted in different ratios of 

D2O/H2O. No incubation at elevated temperatures was conducted. 

Without incubation at 90 °C, m7G showed 100% deuteration, predominantly with A remaining 

non-deuterated, while after incubation for 8 h, 100% of the doubly-deuterated form was 

detectable. In contrast, GpppA showed comparable deuteration patterns irrespective of the 

installed column or capillary loop, indicating that the C-8 proton exchange of purines was not 

reversible when exposed to H2O from the HPLC buffer, with the exception of m7G. The latter 

did not show stable deuterium exchange; however, it exhibited fast exchanging behavior even 
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to examine only defined mass transitions, the presence of hydrolysis products or fragments 

had no discernible impact on the detection of the cap dinucleotides.  

In a next step, further cap dinucleotides were subjected to deuterium exchange reactions to 

assess the influence of nucleoside modifications. While methylation of adenosine did not 

impact the isotopic exchange on the C-8 position, m7G was observed to display strikingly 

disparate behavior, exhibiting rapid exchange rates in contact with D2O or H2O, independent 

of preceding heating steps. In literature, the fast exchange rates of m7G are mechanistically 

explained by the stabilization of the ylid type intermediate formed after acidic dissociation by 

the carbene type resonance form, which is analogous to the behavior observed in thiamine-

related compounds.285,291 The half-life was found to be 5.5 min at a pH level of 4.1, while at 

pH 7 the exchange was too fast to obtain kinetic data.291 Own pH studies with D2O-solutions 

ranging from pH 5-9 did not show significant changes in the deuteration process. Further 

experiments at lower pH values to slow down the exchange to a greater extent were not carried 

out, as in method application to biological samples the internal standard, dissolved in D₂O, is 

spiked to the aqueous samples during sample preparation. Consequently, it is not feasible to 

reduce the interaction time of the standard with H₂O to a minimal level.  

In summary, the deuterium exchange reactions to obtain isotope labeled standards with a mass 

shift of +2 were only successful for cap dinucleotides not containing an m7G moiety, as m7G 

exhibits a fast exchanging behavior that does not allow the generation of stable isotope 

labeling. Since this N7-methylation is prevalent in all major cap species, this method was found 

to be unsuitable for the generation of labeled canonical cap dinucleotides. 
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3.3. Determination of capping efficiencies via LC-MS/MS 

The 5' cap structure of mRNA is critical for its stability and function, making effective capping 

essential for synthetic mRNA, especially in therapeutic applications.149,292 The synthesis of 

mRNA predominantly relies on IVT. In this context, capping strategies can be classified into 

two main categories: post-transcriptional methods, where the cap structure is enzymatically 

generated after transcription, and co-transcriptional methods, where cap analogs are 

incorporated during the IVT reaction.149,156 Despite these approaches, incomplete capping may 

result in variable levels of uncapped transcripts. Consequently, accurate determination of 

capping efficiencies is crucial for optimizing these methods and ensuring the quality of IVT 

RNA. 

In this chapter, a novel method was employed to determine capping efficiencies via LC-MS, 

which is based on the complete digestion of RNA to nucleoside level, followed by absolute 

quantification of a cap-related modification, dependent on the capping reaction type (e.g., m7G, 

3’O-Me-m7G). Finally, the modification is normalized to the amount of injected RNA, which is 

calculated according to equation 7. 

(7)  Capping efficiency [%] = cap-related modification [mol]
RNA [mol]  ∙ 100% 

  with    RNA [mol] = Main nucleoside N [mol]
Number of N in RNA sequence 

  

The concept of relating one modification to the amount of injected RNA molecules with known 

sequence has been previously described by Thüring et al. and has been successfully 

implemented in the assessments of the degree of modification of tRNA by the Helm 

group.248,293 In contrast to the LC-MS/MS approaches used to detect cap dinucleotides, this 

method uses additionally a phosphodiesterase to digest the RNA, which results in the cleavage 

of the cap triphosphate bridge and the release of the aforementioned cap nucleoside 

modifications. The intended concept can also be used to relate cap dinucleotides to the amount 

of RNA. However, nucleosides were chosen as the preferred option due to their higher 

ionization efficiencies, which allow for the analysis of smaller sample amounts. 

 

3.3.1. Proof of concept 

To test this concept, a capped RNA was required for which the exact capping efficiency is 

known. For this, a synthetic oligonucleotide with a 5’-triphosphate and a length of 38 nt was 

ordered and subsequently capped with Faustovirus capping enzyme. Denaturing PAGE was 
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performed to separate the uncapped oligonucleotide from the capped fraction (Figure 3.21 A). 

The latter was excised and purified to serve as a control with a theoretical capping efficiency 

of 100%. LC-MS/MS analysis indeed revealed a number of 1.02 m7G molecules per RNA 

molecule, expressed as a capping efficiency of 102%, while the measurement of the capped 

oligonucleotide without gel purification showed a capping efficiency of 63% (Figure 3.21 B). 

Notably, densitometric analysis of the gel image yielded a capping efficiency of 67%, which 

reflects a slight discrepancy with the LC-MS measurement. These results demonstrate the 

potential of LC-MS/MS analysis of digested RNA on nucleoside level for determining the 

proportion of capped RNA. 

 

Figure 3.21. A.) Denaturing PAGE (20%, GelRed staining) of the capped RNA, the untreated control (Ctrl) and a 

1:1 mixture of both. The marked areas were excised, purified, and subjected to LC-MS/MS analysis. The complete 

gel image is available in Supplement, Figure S4. B.) Determined number of m7G per RNA molecule for capped RNA 

with and without gel excision. Error bars represent the standard deviation resulting from the calculation of the 

injected RNA amount based on the main nucleosides: cytidine, uridine, guanosine, and adenosine.  

 

3.3.2. Application to in vitro transcribed RNA 

In a first step, RNA was capped co-transcriptionally by using two different cap analogs: ARCA 

and CleanCap® to compare the resulting capping efficiencies. While ARCA consists of a cap 

dinucleotide with 3’O-Me-m7G linked to guanosine by a 5’-5’-triphosphate bridge, the used 

CleanCap® analog consists of a cap trinucleotide with 3’O-Me-m7G linked by the triphosphate 

bridge to Am and following guanosine (Figure 3.22 A). The presence of 3'O-Me-m7G in both 

cap analogs enabled the quantification of the identical cap-related modification per RNA 

molecule. These structures mean that different template designs are required for IVT: while the 

initiator sequence must start with a G after the promoter sequence to use ARCA, an initiator 

sequence starting with AG is required for CleanCap®. IVT reactions with the respective cap 

analogs were performed to result in capped eGFP mRNA with a transcript length of 828 nt, 
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followed by DNase digestion and purification using a transcription clean-up kit. Negative 

controls were prepared by performing the IVT reaction without cap analog and adding the 

respective cap analog after template digestion but before purification, in order to account for 

the effectiveness of removal of free cap analog during purification. Subsequent LC-MS/MS 

analysis revealed capping efficiencies between 200-350% and up to 64% in the negative 

control (Figure 3.22 B). As these capping efficiencies were far too high, an additional step of 

gel purification by denaturing PAGE was implemented to remove RNA molecules not displaying 

the expected full length of 828 nt as well as free cap analogs. Subsequent LC-MS/MS analysis 

resulted in significantly reduced capping efficiencies of 147% for CleanCap®-capped RNA and 

76% for ARCA-capped RNA (Figure 3.22 B).  

 

Figure 3.22. A.) Chemical structures of ARCA cap dinucleotide and the used CleanCap® reagent. B.) Determined 

number of 3’O-Me-m7G per RNA molecule when using CleanCap® or ARCA cap analogs for co-transcriptional 

capping. Quantification was performed with and without an additional gel purification step. Error bars represent the 

standard deviation resulting from the calculation of the injected RNA amount based on the main nucleosides: 

cytidine, uridine, guanosine, and adenosine. The negative control was prepared by performing the IVT reaction in 

the absence of a cap analog but spiking the latter directly prior to RNA purification. C.) Determined number of m7G 

per RNA molecule after post-transcriptional capping using the vaccinia capping system. The negative control 

reaction was performed in the absence of the capping enzyme. Error bars represent the standard deviation resulting 

from the calculation of the injected RNA amount based on the main nucleosides: cytidine, uridine, guanosine, and 

adenosine. 
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Next, the method was applied to post-transcriptionally capped RNA. Therefore, gel-purified 

eGFP mRNA was enzymatically capped using the vaccinia capping system and then purified 

with a clean-up kit. Subsequent LC-MS/MS analysis revealed a capping efficiency of 125%, 

whereas the negative control, obtained by repeating the procedure without addition of capping 

enzyme yielded negligible signals (Figure 3.22 C). 

 

3.3.3. Discussion 

The concept of the described method to determine capping efficiencies relies on the digestion 

of RNA to nucleoside level and subsequent absolute quantification of a cap modification related 

to the amount of injected RNA molecules. The analysis of a fully capped oligonucleotide, 

ensured by gel excision, revealed an appropriate precision with only 2% deviation from the 

assumed value. In contrast, the application of this concept on IVT RNA with a length of more 

than 800 nucleotides did not show promising results. 

One potential source of error was revealed by negative control samples containing significant 

quantities of cap modifications. For co-transcriptional capping, the negative control samples 

were prepared by performing the IVT reaction without cap analog and adding the respective 

cap analog after template digestion but before purification. This served as a control for 

evaluating the efficiency of free cap analog removal during purification and is particular 

important since free cap analog cannot be distinguished from inserted cap analog after total 

digestion, which may result in inaccurate quantification.  

The necessity of the described negative controls also applies to post-transcriptionally capped 

RNA. During the capping reaction, GTP is added in excess, thus, any insufficient purification 

may interfere with the quantification of guanosines when calculating the injected amount of 

RNA. In the experiments, non-negligible amounts of free analogs, reaching up to 

0.62 cap/RNA, were detected and showed insufficient purification. After gel excision of the 

desired products, the negative control samples showed significantly reduced signals. 

Nevertheless, removal of the free cap analogs is recommended even in the absence of gel 

purification. Even though the used MEGAClearTM Kit is designed for purification after 

transcription, the results demonstrated that the kit did not achieve the required level of 

purification when used according to the manufacturer's instructions. To address this challenge, 

additional washing steps or repetition of the purification may be required. An alternative 

approach is the use of conventional precipitation methods for purification. In particular, lithium 
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chloride is a commonly used option following in vitro transcription, as it does not precipitate 

DNA, small RNA fragments, or nucleotides.294,295 

The analysis of co-transcriptionally capped RNA resulted in capping efficiencies of 335% and 

200%. However, after gel excision of the desired product, significantly lower capping 

efficiencies of 148% and 76% were obtained. This indicates that IVT transcripts not displaying 

the intended length represent an additional source of error that has a significant impact, apart 

from the inadequate removal of capping reaction components. The concept of the method 

described in this thesis relies on the calculation of injected RNA by dividing the obtained 

amount of a main nucleoside by its number in the RNA sequence. Therefore, only the presence 

of transcripts of the precise length is assumed. Transcripts of different lengths thus influence 

the outcome of calculated RNA amount and especially capped short transcripts would lead to 

a distinct overestimation of cap per full length RNA. 

Potential by-products of IVTs are degraded RNA, abortive fragments, double stranded RNA, 

and RNA:DNA hybrids.296 Especially in early stages of transcription short oligonucleotides of 

9-12 nt length are produced, termed abortive initiation.297,298 Also, the use of one nucleoside 

triphosphate (NTP) at a limited concentration can lead to truncated full-length products.297 This 

is especially relevant in the context of co-transcriptional capping with ARCA, given that GTP, 

which competes with ARCA as an initiation starter, is typically limited to allow for enhanced 

capping efficiency.162 Optimization of an IVT protocol concerning the amount of template DNA, 

the ratio of NTPs, the Mg2+ concentration, or the incubation temperature can lead to enhanced 

output and less by-products.296,299–302 Such optimization may also be appropriate for the IVT 

reactions that have been presented in this chapter. Methods to purify IVT mRNA include 

chromatography purification methods, enzymatic approaches, tangential flow filtration, and gel 

electrophoresis, with the latter being performed within this study.295,303 

The gel-purified CleanCap® RNA exhibited a capping efficiency of 148%. However, the 

previously described sources of error should have been eliminated by gel excision of the 

respective product length. Since cap analogs do not provide a free 5'-triphosphate, the 

possibility of internal incorporation leading to transcripts containing more than one cap was 

excluded. One possible explanation for the observed discrepancies is a systematic error in the 

absolute quantification. Sources of inaccuracy may relate to the preparation of external 

standards, including weighing, dissolving, and diluting, or to the analysis itself. Since no 3’O-

Me-m7G standard was available, the external standard was prepared by digesting the ARCA 

cap dinucleotide. The ARCA cap analog is provided as a dried salt with a specified molar 

amount. However, the accuracy and purity of this reagent are not guaranteed, as it is typically 
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utilized within a concentration range that is deemed sufficient for its intended applications, and 

therefore, it is a source of inaccuracy. Nevertheless, the measurement of m7G in post-

transcriptionally capped, gel-purified eGFP mRNA resulted in a capping efficiency of 125%, 

which is significantly higher than 100%, despite the availability of a solid standard. In this case, 

inaccuracies may occur due to the weighing process and further dilutions. Based on own 

experience in weighing nucleoside quantities in the low milligram range, variations of about 

10% were observed, which does not only concern the cap-related modifications but also the 

main nucleosides used for calculation of the injected RNA amount. One option to determine 

the exact concentration of a standard solution may be the use of quantitative NMR, a common 

method for determining concentration and purity of small molecules.304–306 Another option is 

the use of UV absorbance-based quantification using known extinction coefficients.  

The LC-MS/MS analysis itself was performed according to established protocols, while 

avoiding known pitfalls in RNA modification quantification.248,307 However, it is important to note 

that an isotope labeled internal standard was only available for m7G and not for 3’O-Me-m7G. 

This introduces an additional source of inaccuracy, since the use of isotopically labeled 

standards is essential for reliable quantification by compensating for fluctuations in signal 

intensity, e.g. due to matrix effects of the sample. 

Several methods to determine capping efficiencies of IVT-mRNAs have been described, 

including radiolabeling approaches using [γ-32P]GTP for enzymatic post-transcriptional 

capping and subsequent monitoring of the elimination of mRNA radioactivity.308 Another 

approach involves the assessment of the incorporation of several cap analogs in the context 

of co-transcriptional capping using [α-32P]GTP or [α-32P]ATP. Following digestion by RNase T2, 

cap structures containing [32P]-labeled 3'-monophosphate are resolved by anion exchange 

HPLC.158,309 Recently, further approaches were developed that avoid the use of radioactivity. 

These involve the use of specifically designed ribozymes, RNase A- or RNase H-based 

cleavage after annealing of a complementary biotin-tagged oligonucleotide, which results in 

the generation of short 5’-cleavage products. These products are then subjected to analysis 

by PAGE or LC-MS to compare capped and uncapped fragments.203,310,311 

In particular, the methods that lead to short 5'-cleavage products (using ribozymes or RNases) 

have the advantage that uncapped fragments can also be assigned. This benefit allows a direct 

relative comparison between capped and uncapped transcripts, building the main difference 

to the approach investigated in this thesis. Since in this investigated method no resulting 

fragment can be assigned to the uncapped part, an absolute quantification of the cap 

modification and the RNA amount is necessary. This allows for the potential sources of error 
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previously identified, including standard and calibration inaccuracies, insufficient removal of 

capping reaction components, and the presence of IVT by-products that do not align with the 

desired product length. 

In summary, the method presented is therefore not sufficiently precise and is error-prone, 

making it inadequate to ascertain an exact capping efficiency. However, the majority of 

identified potential errors were associated with the performance of IVT reactions and especially 

with the subsequent purification. Solving these issues is independent of the method presented 

for determining capping efficiencies of high relevance, to avoid undesired immune responses 

and to improve mRNA translation levels.295 Especially considering the increased relevance of 

IVT RNA for therapeutic applications, suitable purification methods such as chromatography-

based approaches are recommended.312 Once the sources of error associated with the imple-

mentation of IVT reactions have been eliminated, the described LC-MS/MS method can be 

employed for the comparative evaluation of capping reactions. 
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4. Conclusion and Perspectives 
 

This thesis focused on the detection and quantification of biological and synthetic cap 

structures using LC-MS/MS-based approaches. One major objective was to develop an LC-

MS/MS method for the absolute quantification of RNA cap modifications, detecting cap 

dinucleotides after the digestion of RNA to nucleoside level while leaving the cap triphosphate 

bridge intact. Cap dinucleotides, which were chemically synthesized by collaboration partners, 

were subjected to comprehensive method development and optimization. The examination of 

chromatographic parameters, comprising buffer ion strength, pH, and column temperature, 

revealed a significant impact on signal strength, peak shape, and separation. The subsequent 

optimization of ion source parameters led to an additional increase in signal abundance, 

resulting in final instrument detection limits in the attomole to femtomole range. The enhanced 

sensitivity of this LC-MS/MS approach was further demonstrated in the context of biological 

samples, with the successful detection of cap structures in amounts exceeding 100 ng of 

poly(A) RNA. Method validation revealed that the utilization of isotope labeled cap dinucleotide 

standards considerably increased quantification accuracy. Furthermore, the feasibility of 

simultaneously detecting cap dinucleotides and modified nucleosides in a single run was 

successfully demonstrated. The application to biological samples, including HEK cells and 

mouse brain tissues, confirmed previous studies on the appearances of major cap structures 

and tissue-specific differences in N6-methylation extents of adenosines. Additionally, analyzing 

the knockout of the cap-modifying enzyme CMTR1 provided insights into substrate 

preferences in the cap methylation process.  

In conclusion, this analytical method offers precise and reliable quantification of cap structures 

in biological samples while enabling the simultaneous detection of modified nucleosides. The 

straightforward and sensitive method is characterized by low detection limits and low-input 

mRNA requirements, thus offering broad applicability for further investigation of cap 

abundances, functions, and regulation processes in cells and tissues. 

A further objective of this study was to develop an accessible and widely applicable method 

for the preparation of isotope labeled cap dinucleotide standards, since internal standards 

contribute to increasing LC-MS/MS accuracy, as shown in the previous part of the thesis. To 

this end, the property of purines to exchange C-8 hydrogens by deuterium during incubation 

in D2O at elevated temperatures was exploited to obtain doubly-deuterated cap dinucleotides, 
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resulting in a mass shift of +2. Accordingly, incubation parameters, which include temperature 

and duration, were examined and the deuteration pattern was monitored via LC-MS/MS. Cap 

dinucleotides not containing an m7G moiety showed nearly complete C-8 deuteration at 

incubation temperatures exceeding 85 °C for at least 6 hours. A drawback was the limited 

stability of these cap dinucleotides under the described harsh incubation conditions, resulting 

in a decline of signal intensity to 20-30% of the initial level. In contrast, m7G exhibited distinct 

behavior compared to the other investigated purines, showing rapid exchange in contact with 

D2O or H2O, which prevented stable isotope labeling. Studies testing the pH range of 5-9 did 

not reveal significant changes in the deuteration process. 

These findings indicate that the deuterium exchange approach is not suitable for preparing 

isotope labeled cap dinucleotide standards containing m7G, which is the predominant cap 

structure in eukaryotic and viral mRNAs. Thus, this work underscores the need for alternative 

strategies for producing such standards. Future research could focus on the development of 

other accessible and widely applicable methods for the generation of isotope labeled cap 

dinucleotide standards. Exploring different labeling techniques, such as enzymatic 

incorporation of labeled nucleotides or optimized chemical synthesis strategies, could provide 

valuable solutions in this area. 

The third part of the thesis dealt with synthetic mRNA, more specifically the application of an 

LC-MS/MS method to determine capping efficiencies of IVT RNAs. The concept is based on 

the complete enzymatic digestion of RNA to the nucleoside level, including the hydrolysis of 

the cap triphosphate bridge, resulting in the release of cap-related modifications, such as m7G 

or 3'O-Me-m7G, dependent on the capping reaction performed. This cap modification is 

quantified and related to the amount of injected RNA, yielding the number of cap modifications 

per RNA. While the application to a fully capped oligonucleotide revealed promising accuracy, 

the analysis of IVT RNAs with lengths of over 800 nucleotides encountered several challenges. 

Analysis of co-transcriptionally capped RNA revealed capping efficiencies of more than 300%, 

suggesting potential difficulties in the purification of the resulting IVT product, including 

inadequate removal of capping reaction components and the presence of IVT by-products 

which did not correspond to the expected product length. These findings were substantiated 

by subsequent gel-purified IVT product measurements, which revealed a notable decline in 

calculated capping efficiencies. However, the outcome of co- and post-transcriptionally capped 

gel-purified IVT RNA remained above 100%, indicating the presence of additional factors likely 

attributed to standard and calibration inaccuracies. In contrast to alternative methodologies for 

determining capping efficiency, which compare the proportion of uncapped transcript with that 
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of capped transcript, this is not feasible with the described method, as uncapped transcript 

cannot be identified. This necessitates the precise absolute quantification of cap modification 

and RNA, thereby having to deal with the previously mentioned sources of error, including 

inadequate removal of capping reaction components, the presence of IVT by-products that do 

not align with the correct product length, and standard and calibration inaccuracies. 

In conclusion, while the method presented lacks the precision required to determine exact 

capping efficiencies, it offers potential for future applications. If pure IVT RNA products were 

available, measuring cap-related modifications after total digestion could facilitate the relative 

comparison of different cap analogs and capping reaction parameters, as well as support 

quality control of standard capping procedures. Future research could focus on improving the 

method's precision and assessing its applicability to purified RNA samples. Although currently 

with limitations, this study suggests promising directions for further research and development 

in RNA capping analysis. 
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5. Material and Methods 
 

5.1. Material 

5.1.1. Chemicals 

Acetic acid, LC-MS grade Sigma-Aldrich (Steinheim, Germany) 

Acetonitrile, LC-MS grade (ACN) Honeywell (Morris Plains, USA) 

Ammonium acetate Carl Roth (Karlsruhe, Germany) 

Ammonium acetate, LC-MS grade Sigma-Aldrich (Steinheim, Germany) 

Ammonium hydroxide solution, 25%, LC-

MS grade 

Sigma-Aldrich (Steinheim, Germany) 

Ammonium persulfate (APS) Carl Roth (Karlsruhe, Germany) 

ATP, 100 mM (HiScribe T7 Kit) New England Biolabs (Ipswich, USA) 

Chloroform, HPLC grade Sigma-Aldrich (Steinheim, Germany) 

CTP, 100 mM (HiScribe T7 Kit) New England Biolabs (Ipswich, USA) 

Deuterium oxide >99.9% Deutero GmbH (Kastellaun, Germany) 

Diethyl ether  Sigma-Aldrich (Steinheim, Germany) 

Dulbecco’s Balanced Salt Solution (DPBS)  Thermo Fisher Scientific (Waltham, USA) 

Dulbecco’s Modified Eagle Medium (DMEM) Thermo Fisher Scientific (Waltham, USA) 

Ethanol 99.9% (V/V, absolute) Carl Roth (Karlsruhe, Germany) 

Ethylenediaminetetraacetic acid (EDTA)  Carl Roth (Karlsruhe, Germany) 

Fetal bovine serum (FBS) Thermo Fisher Scientific (Waltham, USA) 

Gel Loading Dye, Purple (6X) New England Biolabs (Ipswich, USA) 

GelRed™ (3x) Biotium (Hayward, USA) 

Glycerol Sigma-Aldrich (Steinheim, Germany) 

Glycogen, RNA-grade Thermo Fisher Scientific (Waltham, USA) 

GpppA New England Biolabs (Ipswich, USA) 

GTP, 10 mM (Vaccinia Capping Kit) New England Biolabs (Ipswich, USA) 

GTP, 100 mM (HiScribe T7 Kit) New England Biolabs (Ipswich, USA) 
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Isopropyl alcohol, HPLC grade Carl Roth (Karlsruhe, Germany) 

Lithium chloride Carl Roth (Karlsruhe, Germany) 

m7GpppA New England Biolabs (Ipswich, USA) 

Magnesium chloride solution, 1 M Sigma-Aldrich (Steinheim, Germany) 

2-Methyladenosine BOC Sciences (Shirley, USA) 

5-Methylcytidine Berry&Associates (Dexter, USA) 

7-Methylguanosine Sigma-Aldrich (Steinheim, Germany) 

2’O-Methylcytidine Berry&Associates (Dexter, USA) 

N,N,N’,N’-Tetramethylethylenediamine 

(TEMED) 

Carl Roth (Karlsruhe, Germany) 

Oligo d(T)25 Magnetic Beads New England Biolabs (Ipswich, USA) 

Penicillin-Streptomycin (10.000 U/mL) Thermo Fisher Scientific (Waltham, USA) 

Pentostatin ≥ 95% Sigma-Aldrich (Steinheim, Germany) 

Pseudouridine Sigma-Aldrich (Steinheim, Germany) 

RNaseOUT™ Thermo Fisher Scientific (Waltham, USA) 

Roti® Phenol (for DNA)  Carl Roth (Karlsruhe, Germany) 

Rotiphorese (10x) TBE buffer Carl Roth (Karlsruhe, Germany) 

Rotiphorese Sequencing gel buffer 

concentrate  

Carl Roth (Karlsruhe, Germany) 

Rotiphorese Sequencing gel concentrate Carl Roth (Karlsruhe, Germany) 

Rotiphorese Sequencing gel diluent Carl Roth (Karlsruhe, Germany) 

SAM, 32 mM (Vaccinia Capping Kit) New England Biolabs (Ipswich, USA) 

Tetrahydrouridine, InSolution Merck (Darmstadt, Germany) 

TRI Reagent® Sigma-Aldrich (Steinheim, Germany) 

Tris, 1 M, pH 8.0, RNase-frei Thermo Fisher Scientific (Waltham, USA) 

Tris-HCl Carl Roth (Karlsruhe, Germany) 

Trypsin-EDTA, 0.05%  Thermo Fisher Scientific (Waltham, USA) 

UTP, 100 mM (HiScribe T7 Kit) New England Biolabs (Ipswich, USA) 

Zinc chloride Sigma-Aldrich (Steinheim, Germany) 
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5.1.2 Buffers, solutions, and growth media 

Buffers and growth media were prepared with Milli-Q H2O, unless stated otherwise. 

 

5.1.2.1 Buffers and solutions 

APS solution 10% APS (m/V) 

Capping buffer, 10x 500 mM Tris-HCl (pH 8), 50 mM KCl, 

10 mM MgCl2, 1 mM DTT 

D2O solutions 30 mM NH4OAc in D2O (pH 5, 6, 7, 8, 9, 

adjusted with glacial acetic acid or 

ammonium hydroxide) 

DNase I buffer, 10x  100 mM Tris-HCl (pH 7.5), 25 mM MgCl2, 

1 mM CaCl2 

LC-MS/MS solvents -  5, 10, 20 mM NH4OAc (pH 4, 5, 6, 7, 7.5) 

-  30 mM NH4OAc (pH 7) 

-  5 mM NH4OAc (pH 5.3) + 1% (V/V) ACN 

Nuclease P1 buffer, 10x 200 mM NH4OAc (pH 5.5), 2 mM ZnCl2 

Oligo d(T)25 binding buffer 20 mM Tris-HCl (pH 7.5), 1.0 M LiCl, 2 mM 

EDTA 

Oligo d(T)25 washing buffer 10 mM Tris-HCl (pH 7.5), 0.15 M LiCl, 1 mM 

EDTA 

Phosphatase buffer, 10x 50 mM Tris (pH 8), 10 mM MgCl2 

TBE buffer, 10x  1 M tris boric acid, 20 mM EDTA (pH 8.3) 

 

5.1.2.2 Growth media 

HEK cell culture medium DMEM supplemented with 10% (V/V) FBS 

and 10 U/mL penicillin-streptomycin 
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5.1.3 Enzymes and kits 

Benzonase® Nuclease (> 250 U/μL) Sigma Aldrich (Steinheim, Germany) 

Bovine intestine phosphatase Sigma Aldrich (Steinheim, Germany) 

Cfr42I (SacII) (10 U/μL) Thermo Fisher Scientific (Waltham, USA) 

DNase I, RNase-free (1 U/μL) Thermo Fisher Scientific (Waltham, USA) 

FastAP thermosensitive Alkaline 

Phosphatase (1 U/μL) 

Thermo Fisher Scientific (Waltham, USA) 

Faustovirus Capping Enzyme (FCE) New England Biolabs (Ipswich, USA) 

HiScribe T7 High Yield RNA Synthesis Kit New England Biolabs (Ipswich, USA) 

MEGAclear™ Kit Thermo Fisher Scientific (Waltham, USA) 

Nuclease P1 from Penicillium citrinum 

(lyophilized) 

Sigma Aldrich (Steinheim, Germany) 

RNA Clean&Concentrator-5 Kit Zymo Research (Freiburg, Germany) 

Snake Venom Phosphodiesterase from 

Crotalus adamanteus venom (lyophilized) 

Worthington Biochemical Corporation 

(Lakewood, USA) 

T7 RNA Polymerase Mix (HiScribe T7 kit) New England Biolabs (Ipswich, USA) 

Vaccinia Capping Enzyme (VCE) New England Biolabs (Ipswich, USA) 

 

5.1.4 Oligonucleotides and plasmids 

5.1.4.1 RNA oligonucleotides 

Name Sequence Supplier 

MH1505 pppGGCAGACACCAUGmGUGCACCUGACUCCUGAGGA 

GAAGU 

Bio-Synthesis 

(Lewisville, USA) 

 

5.1.4.2 Plasmids 

Vector Name Implemented sequence 

pUC 57 eGFP

-GG 

CTCCAGCTTTTGTTTAATACGACTCACTATAGGGCGAATTGGGTACC

GGGCCCCCCCTCGAAGACAAGCTTCCTGCAGGTCGACTCTAGAG

GATCCCGGGTACCGAGCTCGAATTCGGCTTCCACCATGGTGAGCA
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AGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG

CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGA

GGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCAT

CTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGA

CCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC

ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCT

ACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACA

AGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAAC

CGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATC

CTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATA

TCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGA

TCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC

TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCC

CGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCC

CAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGC

CGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAGCGG

CCGCCACCGC---GGTGGAGCTCCAGCTTTTGTT 

pUC57 eGFP

-AG 

CTCCAGCTTTTGTTTAATACGACTCACTATAAGGCGAATTGGGTACC

GGGCCCCCCCTCGAAGACAAGCTTCCTGCAGGTCGACTCTAGAG

GATCCCGGGTACCGAGCTCGAATTCGGCTTCCACCATGGTGAGCA

AGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG

CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGA

GGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCAT

CTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGA

CCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC

ACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCT

ACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACA

AGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAAC

CGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATC

CTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATA

TCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGA

TCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC

TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCC

CGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCC

CAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGC
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CGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAGCGG

CCGCCACCGC---GGTGGAGCTCCAGCTTTTGTT 

Plasmids including the oligo corresponding to the respective gene of interest were synthesized 

and cloned into the pUC57 backbone by GenScript (Piscataway, USA). 

 

5.1.5 Cell lines 

The human embryonic kidney cell line 293 (DSMZ no. ACC 305) was purchased from the 

DSMZ-German Collection of Microorganisms and Cell Cultures GmbH (Braunschweig, 

Germany) 

 

5.1.6 Disposables 

B Braun™ Cutfix Stainless Steel Scalpels Thermo Fisher Scientific (Waltham, USA) 

Eppendorf tubes (1.5 mL) Carl Roth (Karlsruhe, Germany) 

Falcon tubes (15, 50 mL) Sarstedt (Nümbrecht, Germany) 

Inserts, conical, clear glass (0.1 mL) neoLab Migge GmbH (Heidelberg, 

Germany) 

NanosepR MF Centrifugal Devices 

(0.45 μM) 

Pall (New York, USA) 

Needles (Sterican) Braun (Melsungen, Germany) 

Parafilm® VWR (Darmstadt, Germany) 

PCR Softtubes Biozym (Hessisch Oldendorf, Germany) 

Pipette tips (with filter, sterile, RNase/ 

DNase-free) 

Greiner Bio-One (Frickenhausen, Germany) 

Screw-cap ND9 (blue, septum red rubber/ 

PTFE beige) 

neoLab Migge GmbH (Heidelberg, 

Germany) 

Serological pipettes (2, 5, 10, 25, 50 mL) Sarstedt (Nümbrecht, Germany) 

Short thread vials ND9 (1.5 mL) neoLab Migge GmbH (Heidelberg, 

Germany) 

Surgical scalpel, guarded, SWANN-

MORTON 

VWR (Darmstadt, Germany) 
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5.1.7 Instruments 

Analytical balances  

Mettler Toledo PM460 Mettler Toledo (Gießen, Germany) 

Sartorius Cubis Analytical Balance Sartorius (Goettingen, Germany) 

Sartorius Quintix 65-1S Sartorius (Goettingen, Germany) 

  

Centrifuges  

Eppendorf Centrifuge 5810R Eppendorf (Hamburg, Germany) 

Eppendorf Centrifuge 5430R Eppendorf (Hamburg, Germany) 

Sprout mini centrifuge Biozym (Hessisch Oldendorf, Germany) 

Thermo Scientific™ Megafuge 8R Thermo Fisher Scientific (Waltham, USA) 

 

Eukaryotic cell culture 

 

Heraeus BB15 CO2 incubator Thermo Fisher Scientific (Waltham, USA) 

Herasafe™ HS 12 Thermo Fisher Scientific (Waltham, USA) 

Invitrogen™ Countess™ 3FL automated 

cell counter 

Thermo Fisher Scientific (Waltham, USA) 

Microscope DM IRB Leica Microsystems (Wetzlar, Germany) 

 

Gel electrophoresis 

 

Electrophoresis Power Supply – EPS 

3500XL 

GE Healthcare (Buckinghamshire, UK) 

Biometra Eco-Maxi Analytik Jena (Jena, Germany) 

Typhoon TRIO+ variable mode imager GE Healthcare (Chicago, USA) 

 

High performance liquid 

chromatography & columns 

 

Agilent 1260 Infinity (II) LC Agilent Technologies (Waldbronn, Germany) 

Synergi Fusion RP C18 column (2 x 

250 mm, 4 μm particle size, 80 Å pore size) 

Phenomenex (Aschaffenburg, Germany) 
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Poroshell 120EC-C18 column (3 x 150 mm, 

2.7 µm particle size) 

Agilent Technologies (Waldbronn, Germany) 

 

General equipment 

 

NanoDrop™ ND-2000 PeqLab (Erlangen, Germany) 

pH-meter FiveEasy™ FE20 Mettler Toledo (Gießen, Germany) 

pH electrode LE422 Mettler Toledo (Gießen, Germany) 

Pipette boy Integra VWR (Darmstadt, Germany) 

TapeStation 4200 Agilent Technologies (Waldbronn, Germany) 

Ultrapure water purification system Milli-QR Millipore (Schwalbach, Germany) 

Variable micropipettes Discovery Comfort 

(2, 10, 20, 100, 200, 1000 μL) 

Abimed (Langenfeld, Germany) 

Vortex Mixer 7-2020 neoLab Migge GmbH (Heidelberg, 

Germany) 

 

Heatblocks & Thermoshaker 

 

BIOER ThermoCell BIOER (Hangzhou, China) 

Eppendorf Thermomixer Comfort Eppendorf (Hamburg, Germany) 

VWR Digital Heatblock VWR International (Radnor, USA) 

 

Mass Spectrometry 

 

Agilent 6460A triple quadrupole Agilent Technologies (Waldbronn, Germany) 

Agilent 6470B triple quadrupole Agilent Technologies (Waldbronn, Germany) 

Genius XE-70, nitrogen generator Peak Scientific (Düren, Germany) 

 

5.1.8 Software/ KI 

Adobe Illustrator 2024 V5 Adobe Inc. (San José, USA) 

ChemBioDraw Ultra 14.0 Cambridge Soft/PerkinElmer (Waltham, 

USA) 
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Citavi 6 Swiss Academic Software (Wädenswil, 

Switzerland) 

Deepl Write DeepL SE (Cologne, Germany) 

GraphPad Prism 9 GraphPad Software, Boston, 

Massachusetts USA 

ImageJ V5 Created by Wayne Rasband (Madison, 

USA) 

IrfanView created by Irfan Skiljan 

MassHunter software, version 10.0 Agilent Technologies (Waldbronn, Germany) 

Microsoft Office 365 Microsoft (Redmont, USA) 

Perplexity AI Perplexity AI, Inc. (San Francisco, USA) 

Typhoon scanner software GE Healthcare (Chicago, USA) 

5.2. Methods 

5.2.1. Method optimization for absolute quantification of RNA cap modifications 

In this project part, an Agilent 1260 Infinity (II) series HPLC connected to an Agilent 6470B 

triple quadrupole mass spectrometer interfaced with an Agilent Jet Stream electrospray 

ionization source was used. 

 

5.2.1.1. Preparation of standard solutions 

The cap analogs GpppA and m7GpppA were obtained commercially from New England 

Biolabs. Several other cap analogs, including Gpppm6A, GpppAm, Gpppm6Am, m7Gpppm6A, 

m7GpppAm, and m7Gpppm6Am, were synthesized by  

 as published previously.255 The 

standards were weighted in and dissolved in nuclease-free water. The absorbance of each 

solution was measured at 260 nm using a Nanodrop 2000 spectrophotometer. Subsequent 

concentration calculations were based on previously published extinction coefficients.201 

Standard solutions were prepared by combining equal concentrations of the various cap 

dinucleotides. 
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5.2.1.2. Analyte specific mass parameters 

Pure standard samples, each containing 10 pmol, were subjected to LC-MS/MS analysis. A 

constant mobile phase composition of 90% solvent A (20 mM ammonium acetate, pH 6, 

adjusted with glacial acetic acid) and 10% solvent B (LC-MS grade acetonitrile) was employed. 

The system operated at a flow rate of 0.35 mL/min, with the temperature maintained at 35 °C 

and a capillary loop was installed in place of an HPLC column. The MassHunter Optimizer 

software was used to automate the optimization process of the analyte specific mass 

parameters, including precursor and product ion m/z, fragmentor voltages, and collision 

energies. The MS was operated in full scan mode to determine the precursor ion. 

Subsequently, various fragmentor voltages ranging from 50 to 250 V were applied and 

investigated using the SIM mode and the voltages yielding maximum abundance were 

selected. Next, a product ion scan was conducted using the previously identified precursor ion 

m/z and the optimized fragmentor voltages. Various collision energies in a range of 10 to 90 V 

were applied in the collision cell, while the MS was operated in SRM mode. The most abundant 

resulting product ions, along with their respective collision energies, were automatically 

selected. The optimized parameters are summarized in Supplement, Table S1. 

 

5.2.1.3. HPLC optimization 

Various chromatographic conditions were systematically evaluated to optimize the analysis. 

These included adjusting the mobile phase composition (ammonium acetate concentration and 

pH), column temperature, and gradient profiles. Table 1 provides a comprehensive overview 

of the HPLC and MS parameters tested during each optimization step. 

Table 1. HPLC and ion source parameters for each optimization step 

Optimized 
parameter 

Ammonium acetate 
concentration [mM] of 
solvent A 

pH of solvent 
A 

Column 
temperature 
[°C] 

HPLC 
gradients 
(Table 2) 

Ion source 
settings  
(Table 3) 

Starting point 20 6 20 1 A 

Ion strength 5, 10, 20 6 20 1 A 

pH 5 4, 5, 6, 7 20 1 A 

Column 
temperature 5 7 15, 20, 25, 35 2 A 

Ion source 
optimization 5 7 15 2 A, B 

Optimized 
method 5 7 15 3 B 
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Standard solutions containing a mixture of cap dinucleotides, ranging from 10 fmol to 1 pmol, 

were injected. The mobile phase consisted of solvent A (5, 10, or 20 mM ammonium acetate, 

with pH adjusted to 4, 5, 6, 7, or 7.5 using acetic acid or ammonium hydroxide) and solvent B 

(acetonitrile). The flow rate was set at 0.35 mL/min, with different gradient profiles applied as 

detailed in Tables 1 and 2. Chromatographic separation was performed using a Poroshell 

120EC-C18 column (3 x 150 mm, 2.7 µm particle size) at various temperatures (15, 20, 25, or 

35 °C). Mass spectrometric detection was carried out in MRM mode. The previously optimized 

analyte specific MS parameters were employed along with the source parameters described 

in Table 3. Data analysis was conducted using MassHunter software. 

Table 2. HPLC gradients 

Gradient 1 Gradient 2 Gradient 3 

Time 
[min] 

A  
[%] 

B  
[%] 

Time 
[min] 

A  
[%] 

B  
[%] 

Time 
[min] 

A  
[%] 

B  
[%] 

0 98 2 0 100 0 0 100 0 

1 98 2 0.1 100 0 0.1 100 0 

6 85 15 0.11 99 1 0.11 98 2 

7 50 50 1.5 99 1 2 98 2 

7.5 50 50 2 98 2 4 96 4 

8.5 98 2 4.5 98 2 6 85 15 

15 98 2 5 96 4 8 70 30 

   6 96 4 10 10 90 

   8 70 30 10.5 10 90 

   9.5 10 90 11.5 100 0 

   10.5 10 90 19 100 0 

   11.5 100 0    

   20 100 0    
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5.2.1.4. Ion source parameters  

A mixture containing 1 pmol of each cap dinucleotide standard was subjected to analysis and 

the optimized HPLC parameters were implemented. The MassHunter Source Optimizer 

Software was utilized to systematically optimize various ion source parameters, including 

capillary voltage, drying gas flow, drying gas temperature, nozzle voltage, sheath gas flow, 

sheath gas temperature, and nebulizer pressure. These parameters were tested at varying 

levels and the final settings were chosen based on signal intensity, thereby ensuring 

compatibility with all analyzed cap dinucleotide standards. Table 3 provides an overview of the 

ion source parameters. 

Table 3. Ion source settings 

 Starting 
parameters A 

Optimized 
parameters B 

Capillary voltage [V] 3000 2000 

Drying gas flow [L/min] 8 4 

Drying gas temperature [°C] 350 350 

Nozzle voltage [V] 0 0 

Sheath gas flow [L/min] 12 11 

Sheath gas temperature [°C] 350 350 

Nebulizer pressure [psi] 50 60 

 

5.2.1.5. Simultaneous quantification of cap and other (modified) nucleosides 

Two mixtures were subjected to LC-MS/MS analysis. The first contained 10 fmol each of the 

investigated cap dinucleotides and of various modified nucleosides, including m7G, Cm, m2A, 

m6A, and m6,6A. The second mixture contained 10 pmol of each main nucleoside (C, U, G, and 

A). The measurement was performed as described in chapter 5.2.1.3., using the parameters 

of the optimized method, detailed in Table 1. The main nucleosides were detected UV 

spectroscopically at 254 nm. The cap dinucleotides and modified nucleosides were analyzed 

by mass spectrometry, the MS settings for the modified nucleosides are listed in Table 4. 
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Table 4. Mass spectrometer settings for modified nucleosides comprising precursor and product ion mass-to-charge 

ratios (m/z), fragmentor voltages, and collision energies. 

Compound 
Precursor 

Ion [m/z] 

Product 

Ion [m/z] 

Fragmentor 

voltage [V] 

Collision 

Energy [V] 

13C-labeled 

precursor ion [m/z] 

13C-labeled 

product ion [m/z] 

Cm 258 112 80 13   

m2A 282 150 110 21   

m5C 258 126 75 13 268 131 

m6A 282 150 110 21 293 156 

m6,6A 296 164 115 21   

m7G 298 166 80 13 309 172 

3’O-Me-m7G 312 166 80 12   

Ψ 245 209 85 9 254 218 

 

5.2.1.6. Instrument detection limits 

Instrument detection limits were determined according to technical guidelines from Agilent 

Technologies.268,269 Briefly, multiple consecutive injections of an appropriate quantity of analyte 

were performed. This quantity should produce an S/N between 5 and 10. The IDL was then 

calculated using the relative standard deviation of the signal intensity.  

For the starting point method, 12 successive injections of 5 fmol of the cap dinucleotide 

standard mixture were carried out. For the optimized method, a lower concentration of 2 fmol 

was utilized for the same procedure. The used LC-MS/MS parameters are listed in Table 1. 

 

5.2.2. Biological sample extraction and RNA isolation 

5.2.2.1. HEK cells 

HEK cells were cultured by Lukas Gleue as described previously.255  

Briefly, HEK293 cells were grown in DMEM supplemented with 10% FBS and 10 U/mL 

Penicillin-Streptomycin at 37 °C in a 5% CO2 atmosphere. After washing with DPBS, the cells 

were detached using Trypsin-EDTA. For RNA extraction, the detached cells were resuspended 

in DMEM, centrifuged at 400 x g for 5 min, and the supernatant was discarded. The obtained 
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pellets were washed with DPBS, then resuspended in 1 mL TRI Reagent® (per 5x106 cells) 

and stored at −20 °C. 

 

5.2.2.2. Mouse tissue 

Mice were sacrified and brain regions were dissected by Prof. Kristina Friedland as described 

previously.255  

Two male B6.129S mice (B6.129S-Trpc6tm1Lbi/Mmjax), aged between 39 and 41 weeks, 

were used in the study. For details of housing conditions, see Brandscheid et al.313 All 

procedures were in accordance with the European Council Directive on the Ethical Treatment 

of Animals and were approved by the local authorities (LUA-Rhineland-Palatinate). The mice 

underwent decapitation while under isoflurane anesthesia for humane euthanasia. Brains were 

then removed and regions of interest, including the hippocampus, cortex, and cerebellum, 

were dissected, snap frozen in liquid nitrogen, and stored at −80 °C. 

 

5.2.2.3. CMTR1 k.o. cells 

A CMTR1-deficient HEK293T cell line was generated using CRISPR/Cas9 technology by 

. For control 

purposes, a CMTR1 knockout clone was stably reconstituted with a retroviral vector expressing 

CMTR1. Extracted total RNA from these cell lines was kindly provided for further analysis. 

Experimental details are provided in the references.272,273 

 

5.2.2.4. Total RNA isolation 

Total RNA was extracted from either cell pellets or tissue using TRI Reagent® according to the 

manufacturer’s protocol. For cell pellets, 1 mL of TRI Reagent® was added for every 5x106 

cells. Mouse brain tissues were mixed with 5 mL of TRI Reagent® and thoroughly 

homogenized with a pestle, except for hippocampus tissue, which was resuspended in only 

1 mL of TRI Reagent®. In a next step, 200 µL of chloroform per mL of TRI Reagent® was 

added, and the mixture was incubated at room temperature for 2 min before centrifugation 

(13000 x g for 15 min at 4 °C). The upper aqueous phase was transferred to a new tube, and 

the chloroform extraction process was repeated. The aqueous phase was again transferred to 

a new tube, and 0.5 mL of isopropyl alcohol per mL of TRI Reagent®, along with 1 µL of 
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glycogen, was added for precipitation. After incubating for 10 min at room temperature, another 

centrifugation step (13000 x g for 30 min at 4 °C) was conducted. The supernatant was 

discarded, and the RNA pellet was washed with 1 mL of ice cold 75% (V/V) ethanol. After a 

final centrifugation step (13000 x g for at least 45 min at 4 °C), the supernatant was removed, 

and the RNA pellet was air-dried and dissolved in nuclease-free water. Determination and 

assessment of RNA concentration and integrity were conducted using a Nanodrop 2000 UV-

VIS spectrometer and an Agilent TapeStation 4200. 

 

5.2.2.5. Isolation of poly(A)-tailed RNA 

The purification of poly(A)-tailed RNA from total RNA was carried out following the 

manufacturer’s guidelines for Dynabeads (Thermo Scientific), with some modifications made 

to the protocol. 100 µL of prewashed oligo d(T)25 magnetic beads (NEB) were used per 60 µg 

of total RNA. The RNA was incubated with the beads in a binding buffer (20 mM Tris-HCl, pH 

7.5, 1.0 M LiCl, 2 mM EDTA) for 5 min while rotating at room temperature. After binding, the 

tube was placed on a magnet to separate the beads, and the supernatant was carefully 

discarded. Two washing steps were performed by mixing the beads with washing buffer 

(10 mM Tris-HCl, pH 7.5, 0.15 M LiCl, 1 mM EDTA) before removing the supernatant each 

time. The RNA was then eluted from the beads by adding 100 µL of nuclease-free water and 

heating at 70 °C for 2 min. Following this, the tube was placed on a magnet again, and the 

supernatant containing the poly(A) RNA was transferred to a new tube. The procedure was 

repeated for a second round of purification. Finally, the aqueous eluate containing poly(A) RNA 

underwent further purification and concentration using the RNA Clean & Concentrator-5 Kit, 

following the manufacturer’s instructions. 

 

5.2.3. LC-MS/MS analysis of cap dinucleotides in biological samples 

For method validation, 2 µg of total RNA from HEK cells were spiked with 400 fmol of each cap 

dinucleotide. In separate experiments, distinct amounts of poly(A) RNA were utilized, including 

up to 31.25 µg from HEK cells, 1-3 µg from mouse brain tissue, and 500 ng from both the 

CMTR1 k.o. and control sample. All samples were prepared for absolute quantification via LC-

MS/MS. Each sample was supplemented with a SILIS cap mixture containing 400 fmol of D3C-

m7Gpppm6A, D3C-m7GpppAm, and D3C-m7Gpppm6Am. The samples were then hydrolyzed to 

nucleotide level, while leaving the cap triphosphate bridge intact, by incubation with 0.6 U 

nuclease P1 in 1/10 volume of 10x nuclease P1 buffer (2 mM ZnCl2, 200 mM ammonium 
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acetate, pH 5.5) for 1 h at 37 °C. Following this, the nucleotide mixtures were further 

hydrolyzed to nucleosides by incubation with 1 U FastAP in 1/10 volume of 10x phosphatase 

buffer (10 mM MgCl2, 50 mM Tris, pH 8) for an additional 1 h at 37 °C. Subsequently, each 

digested sample was spiked with 5 ng of previously digested 13C-labeled nucleosides from 

S. cerevisiae, brought to a specific volume using a mixture of both digestion buffers, and 

subjected to LC-MS/MS analysis.  

The LC-MS/MS parameters of the optimized method (see Table 1, 2 and 3) were applied. The 

UV signal was recorded at 254 nm by a diode array detector to detect main nucleosides 

photometrically. The MS was operated in MRM mode, detecting cap dinucleotides and 

modified nucleosides, depending on the specific experiment, with corresponding analyte-

specific parameters provided in Table S1 and Table 4. Absolute quantification was performed 

as described by Thüring et al.248 Briefly, external calibration dilutions for both cap dinucleotides 

and nucleosides were prepared. These dilutions were spiked with 500 fmol of a SILIS cap 

mixture and 5 ng 13C labeled nucleosides from S. cerevisiae, as was done with the samples. 

Following this, the dilutions were adjusted to the appropriate volume using digestion buffer 

before being injected into the LC-MS. The resulting standard curves facilitated the calculation 

of cap dinucleotides and modified nucleoside quantities in the sample, accounting for SILIS 

corrections. Of note, in cases where a structurally identical SILIS was not available for specific 

cap dinucleotides, D3C-m7Gpppm6A was utilized. For mouse brain samples and CMTR1 k.o. 

samples, including their controls, the quantities of cap dinucleotides were normalized to the 

amount of injected RNA, expressed as cap dinucleotide per 1000 nucleotides. Consequently, 

an additional standard curve of main nucleosides was measured to determine the sum of the 

amount of the four main nucleosides within a sample. 

 

5.2.4. Deuterium exchange 

Cap dinucleotide standards were weighed in and dissolved in D2O. The solutions were 

incubated in heating blocks at various temperatures and aliquots were withdrawn at specified 

time points. The solutions were stored at −20 °C until further use. 

For pH experiments, aqueous solutions containing 30 mM ammonium acetate were prepared. 

pH values were adjusted to 5, 6, 7, 8, or 9 using acetic acid or ammonium hydroxide and the 

cap dinucleotide standards were solved and diluted in these prepared solutions. 
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5.2.5. LC-MS/MS analysis of deuterated cap dinucleotides 

Of note, this subproject was initiated prior to the optimization of the LC-MS/MS method for cap 

dinucleotides. Thus, this described method differs from the previously presented optimized LC-

MS/MS method. In this project part, an Agilent 1260 Infinity (II) series HPLC connected to an 

Agilent 6460A triple quadrupole mass spectrometer interfaced with an Agilent Jet Stream 

electrospray ionization source was used. 

5 pmol of cap dinucleotide standard in D2O was subjected to LC-MS/MS analysis. The mobile 

phases consisted of solvent A (30 mM ammonium acetate at pH 7, adjusted with ammonium 

hydroxide) and solvent B (acetonitrile). A gradient was applied starting with 100% solvent A for 

1 min, followed by a linear increase to 30% solvent B at 7 min and to 50% after 9 min. These 

conditions were maintained for 1 min before returning to 100% solvent A conditions within 

2.5 min and re-equilibrating the column for 7 min. The flow rate was set to 0.5 mL/min and a 

Poroshell 120EC-C18 column (3 x 150 mm, 2.7 µm particle size) was used at a temperature 

of 25 °C. When the column was exchanged through a capillary loop, a constant mobile phase 

composition of 80% solvent A and 20% solvent B was employed at a flow rate of 0.5 mL/min 

for 3 min. The mass spectrometer was operated in the positive ion mode and the ESI 

parameters were set as follows: gas temperature 350 °C, gas flow 8 L/min, nebulizer 50 psi, 

sheath gas temperature 350 °C, sheath gas flow 12 L/min, capillary voltage 3000 V, and nozzle 

voltage 0 V. The investigated mass transitions are listed in Table 5 and were measured 

operating in neutral loss scan. Data analysis was conducted using MassHunter software. 

Table 5. Mass spectrometer settings and investigated mass transitions (precursor ion m/z → product ion m/z) 

 

Mass transitions 

Fragmentor 
voltage [V] 

Collision 
energy 

[V] 
Non-

deuterated 

Only 
A/Am/m6Am-
deuterated 

Only G/m7G-
deuterated 

Doubly-
deuterated 

GpppA 773 → 136 774 → 137 774 → 136 775 → 137 135 70 

GpppAm 787 → 136 788 → 137 788 → 136 789 → 137 135 70 

Gpppm6Am 801 → 150 802 → 151 802 → 150 803 → 151 135 70 

m7GpppA 787 → 136 788 → 137 788 → 136 789 → 137 135 70 
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5.2.6. Synthesis of in vitro transcribed RNA 

5.2.6.1. Plasmid DNA linearization 

A sequence coding for eGFP mRNA (AG as first nucleotides after the promotor sequence when 

using CleanCap® reagent, otherwise GG) was designed, containing the T7 promotor 

sequence and a cleavage site of the restriction enzyme SacII (chapter 5.1.4.2). The respective 

sequences were synthesized and cloned into the circular plasmid pUC57 vector by GenScript, 

USA.  

The plasmid DNA (pDNA) was linearized using the restriction enzyme SacII according to the 

manufacturer’s protocol, with an overnight incubation at 37 °C. Following this, the linearized 

pDNA was purified using phenol-chloroform extraction. The solution was mixed with chloroform 

and DNA phenol in a 2:1:1 ratio. After mixing, the upper aqueous phase was transferred to a 

new tube, and the extraction process was repeated. The aqueous phase was then extracted 

twice with an equal volume of chloroform, followed by a final extraction with the same volume 

of diethyl ether to remove any residual phenol. Each extraction step involved vortexing, 

followed by centrifugation to achieve phase separation, allowing for the transfer of the upper 

aqueous phase to a new tube. 

 

5.2.6.2. Ammonium acetate ethanol precipitation 

Next, ammonium acetate ethanol precipitation was carried out. The solution was mixed with 

1/10 volume of 5 M ammonium acetate, 1 µL glycogen, and 3 volumes of ice-cold absolute 

ethanol. The mixture was then incubated at −80 °C for two hours. After centrifugation 

(12000 x g, 4 °C, 45 min), the supernatant was removed, and the DNA pellet was subsequently 

washed with ethanol 75%. This was followed by a final centrifugation step (12000 x g, 4 °C, 

30 min). After removing the supernatant again, the DNA pellet was air-dried and subsequently 

dissolved in nuclease-free water. 

 

5.2.6.3. In vitro transcription 

In vitro transcription was performed using the HiScribe T7 High Yield RNA Synthesis Kit (NEB, 

USA) following the manufacturer’s instructions. 

Without capping, 0.5 µg of the linearized cDNA “eGFP-GG” was mixed with 1/10 volume of 

10x T7 reaction buffer and 2 µL of T7 RNA polymerase mix. CTP, UTP, GTP, and ATP were 
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added to a final concentration of 10 mM, respectively, resulting in a total reaction volume of 

20 µL. When performing co-transcriptional capping using ARCA cap analog, 8 mM of the cap 

analog was added to the IVT reaction, while the concentration of GTP was reduced to 2 mM, 

achieving an ARCA:GTP ratio of 4:1. For co-transcriptional capping with CleanCap® cap 

analog, 0.5 µg of the linearized cDNA “eGFP-AG” was mixed with 1/20 volume of 10x T7 

reaction buffer and 4 µL of T7 RNA polymerase mix. The cap analog was added to a final 

concentration of 4 mM and CTP, UTP, GTP, and ATP were added to a final concentration of 

5 mM, respectively, resulting in a total reaction volume of 40 µL. The mixtures were incubated 

at 37 °C for 2 h. The DNA template was digested by addition of 0.1 U DNase I and 1/10 volume 

of 10x DNase I buffer and subsequent incubation at 37 °C for 30 min. The IVT products were 

purified using the MEGAClearTM Kit according to manufacturer’s instructions. 

Negative controls were prepared by adding the cap analog only after DNA template digestion 

but before purification with the MEGAClearTM Kit. 

 

5.2.7. Enzymatic capping 

400 pmol of MH1505, the 5’-triphosphate containing oligonucleotide of 38 nt length, was mixed 

with nuclease-free water, incubated at 65 °C for 5 min and immediately placed on ice. 

Subsequently, 1/10 volume of 10x capping buffer was added, as well as 25 U FCE. Additionally, 

SAM was added to a final concentration of 0.1 mM and GTP was added to a final concentration 

of 0.5 mM, resulting in a total reaction volume of 20 µL. A negative control was prepared by 

omitting the enzyme. The mixture was incubated at 37 °C for 135 min. Purification was 

performed using the RNA Clean & Concentrator-5 Kit according to manufacturer’s instructions. 

1 µg of gel-purified, uncapped eGFP mRNA (see chapter 5.2.8) was mixed with nuclease-free 

water, incubated at 65 °C for 5 min and immediately placed on ice. Subsequently, 1/10 volume 

of 10x capping buffer was added, as well as 10 U VCE. Additionally, SAM was added to a final 

concentration of 0.2 mM and GTP was added to a final concentration of 0.5 mM, resulting in a 

total reaction volume of 20 µL. A negative control was prepared by omitting the enzyme. The 

mixture was incubated at 37 °C for 60 min. Purification was performed using the RNA Clean & 

Concentrator-5 Kit according to manufacturer’s instructions. 
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5.2.8. Purification via denaturing PAGE 

For eGFP mRNA, a 6% denaturing PAGE gel was prepared by mixing 100 µL of a gel solution 

containing commercially available Rotiphorese Sequencing solutions gel concentrate, gel 

diluent, and gel buffer concentrate in a 2.4:6.6:1 ratio, with 200 µL APS 10% solution and 20 µL 

TEMED solution. After polymerization, the gel was loaded with RNA samples that had been 

previously mixed with 1/6 volume of Gel Loading Dye, Purple (6X). The gel was run in 1x TBE 

buffer at 18 W for 5.5 h. For oligonucleotides, a 20% denaturing PAGE gel was used (the gel 

solution was prepared in a ratio of 8:1:1), and run in 1x TBE buffer at 15 W for 5.5 h. 

The gels were stained with GelRed and scanned using a Typhoon imager with laser excitation 

of 532 nm and emission filter of 610 nm. The bands of interest were excised with a scalpel 

using a printed image of the gel as template. After mashing the gel pieces, 300 µL of 0.5 M 

ammonium acetate solution was added, and the mixture was shaken overnight at 15 °C and 

600 rpm. Subsequently, the mixture was filtered through Nanosep® centrifugal filters to 

remove gel pieces, and the RNA was precipitated using ammonium acetate/ethanol, as 

described in chapter 5.2.6.2. 

Densitometric analysis for comparison of band intensities was performed using ImageJ. 

 

5.2.9. LC-MS/MS analysis of cap-related nucleoside modifications 

Up to 400 ng of purified IVT-RNA were digested to nucleoside level including the hydrolyzation 

of the cap triphosphate bridge by incubation with a digestion mixture containing 0.6 U nuclease 

P1, 0.2 U snake venom phosphodiesterase, 0.2 U bovine intestine phosphatase, 10 U 

benzonase, 200 ng pentostatin, and 500 ng tetrahydrouridine in phosphatase buffer (10 mM 

MgCl2, 50 mM Tris, pH 8) for 2 h at 37 °C. Subsequently, up to 50 ng of the digested samples 

were spiked with 0.5 ng of previously digested 13C-labeled nucleosides from S. cerevisiae and 

subjected to LC-MS/MS analysis. In this project part, an Agilent 1260 Infinity (II) series HPLC 

connected to an Agilent 6470B triple quadrupole mass spectrometer interfaced with an Agilent 

Jet Stream electrospray ionization source was used. A C18 reverse HPLC column (SynergiTM 

4 μM particle size, 80 Å pore size, 250 × 2.0 mm; Phenomenex) was used and the column 

temperature was maintained at 35 °C. The solvents consisted of buffer A (5 mM NH4OAc, pH 

5.3 adjusted with glacial acetic acid) and buffer B (acetonitrile, LC-MS grade) and a gradient 

was applied (Table 6) at a constant flow rate of 0.35 mL/min. The UV signal was recorded at 

254 nm by a diode array detector to detect main nucleosides photometrically. The MS was 

operated in MRM mode, detecting the nucleoside modifications m7G and 3’O-Me-m7G, with 
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analyte-specific parameters provided in Table 4. The ESI parameters were set as follows: gas 

temperature 300 °C, gas flow 7 L/min, nebulizer 60 psi, sheath gas temperature 400 °C, 

sheath gas flow 12 L/min, capillary voltage 3000 V, and nozzle voltage 0 V. Absolute 

quantification was performed as described by Thüring et al.248 Briefly, external calibration 

dilutions for m7G and 3’O-Me-m7G, spiked with 0.5 ng 13C labeled nucleosides from S. 

cerevisiae, were prepared. Notably, the 3’O-Me-m7G standard was obtained by digestion of 

the cap analog ARCA. The resulting standard curves were used to calculate modified 

nucleoside quantities in the samples, with SILIS correction applied only for m7G. The 

determined amounts of modified nucleoside were then related to the amount of injected RNA 

molecules. To determine the amount of injected RNA molecules in the samples, an additional 

standard curve for the main nucleosides was measured. The quantity of each main nucleoside 

was divided by its number in the RNA sequence, and this calculation was performed for each 

main nucleoside to obtain an average value. 

Table 6. HPLC gradient for nucleoside analysis 

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

0 100 0 

10 92 8 

20 60 40 

23 100 0 

30 100 0 
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Table S1. Mass spectrometer settings for analyzed cap dinucleotides comprising precursor and product ion mass-

to-charge ratios (m/z), as well as optimized values for fragmentor voltages, and collision energies. 

Compound 
Precursor 

ion [m/z] 

Product 

ion [m/z] 

Fragmentor 

voltage [V] 

Collision 

energy [V] 

(D3C)7G-labeled 

precursor ion [m/z] 

(D3C)7G-labeled 

product ion [m/z] 

GpppA 773 136 145 66   

Gpppm6A 787 150 155 82   

GpppAm 787 136 180 58   

Gpppm6Am 801 150 165 82   

m7GpppA 787 136 130 82   

m7Gpppm6A 801 150 175 90 804 150 

m7GpppAm 801 136 165 62 804 136 

m7Gpppm6Am 815 150 165 74 818 150 

 

Table S2. Instrument detection limits for cap dinucleotides 

 

 

 

Compound 
IDL of initial 

method [fmol] 

IDL of optimized 

method [fmol] 

Ratio of initial method/ 

optimized method 

GpppA 1.9 0.9 2.1 

Gpppm6A 2.9 0.9 3.2 

GpppAm 2.7 0.9 3.0 

Gpppm6Am 3.6 1.2 3.0 

m7GpppA 3.2 1.0 3.2 

m7Gpppm6A 3.7 1.1 3.4 

m7GpppAm 2.4 1.0 2.4 

m7Gpppm6Am 2.5 1.0 2.5 
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Table S3. Use of artificial intelligence 

Artificial 

intelligence tool 

Used for Why When 

DeepL Write Reformulation of own text 

drafts 

To improve English language, 

grammar, and style 

 

Throughout the entire 

work 

Perplexity Assessment of 

comprehensibility and use of 

scientific language of own 

text drafts 

Reformulation and 

rephrasing of own text drafts 

To improve English language, 

grammar, and style 

 

 

For selected text 

passages throughout 

the entire work 

 Proposals to shorten and 

condense own text drafts 

To achieve a more compact 

writing style 

Abstract and 

conclusion 

 Summary of provided 

literature 

To efficiently identify key points 

and find entry points for 

summarizing complex concepts 

Introduction chapter 

1.3 and 1.5 
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Figure S1. A.) Peak areas (expressed as MS abundance) of cap dinucleotides analyzed using aqueous mobile 

phases at pH 7 and 7.5. Measurements were conducted in three replicates on three different days. For each 

replicate, peak areas were normalized to the corresponding peak area of each cap dinucleotide measured at pH 7. 

This normalization accounts for potential daily variations in MS performance. The average of three replicates is 

shown. B.) Investigation of peak shapes as determined by peak width at half maximum at aqueous mobile phase 

pH values of 7 and 7.5. The peak widths at half maximum were determined from one representative technical 

replicate out of the three used to investigate MS abundances. C.) Resolution of the peak pairs: m7GpppA + GpppAm 

(red), m7Gpppm6A + Gpppm6Am (light blue), m7Gpppm6A + m7GpppAm (black triangle), and Gpppm6A + GpppAm 

(black square), analyzed using aqueous mobile phases at pH 7 and 7.5. The threshold of 1.5 is indicated by a gray 

dashed line. 



 
 
Supplement 

128 
 
 

 

Figure S2. Overlay of extracted ion chromatograms of cap dinucleotides resulting from the injection of same 

amounts of a mixture of cap dinucleotide standards in different injection volumes and at different column 

temperatures. The upper four chromatograms were measured injecting 1 µL of the mixture of cap dinucleotide 

standards, the lower four injecting 50 µL. 
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Figure S3. Deuteration pattern of GpppA and m7GpppA after incubation in D2O solution with pH values between 5-

9 at 90 °C for varying time periods. The bottom graph depicts mean and standard deviation of the upper graphs, 

respectively. 
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Figure S4. Complete gel image of the section depicted in Figure 3.21. A. Denaturing PAGE (20%, GelRed staining) 

of the capped RNA, the untreated control (Ctrl) and a 1:1 mixture of both. 
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