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Zusammenfassung 

Modifikationen von Proteinen mit funktionellen Gruppen, die als post-translationale 

Modifikationen (PTMs) bezeichnet werden, beeinflussen die Struktur, Funktion, Stabilität und 

Lokalisation eines Proteins erheblich. Es existieren verschiedenste Methoden zur 

Identifizierung und Untersuchung von PTMs. Jedoch beruhen die meisten auf 

Proteinaufreinigungen, die den zellulären Kontext zerstören. Die vorliegende Arbeit befasst 

sich mit der Entwicklung und Anwendung neuartiger Ansätze zur Visualisierung 

proteinspezifischer PTMs in Säugetierzellen. Dabei werden Analoga der PTM Substrate, die 

zusätzlich eine chemische Gruppe tragen, in Zellen eingebracht. Diese chemischen Reporter 

werden von zellulären Enzymen metabolisiert und an Proteine angehängt. In einem weiteren 

Schritt werden die chemischen Gruppen über bioorthogonale Ligationsreaktionen 

fluoreszenzmarkiert. Parallel dazu wird das zu untersuchende Protein verknüpft mit einem 

grün fluoreszierenden Protein (GFP) in Zellen expremiert. Die Modifikation dieses Proteins 

mit dem PTM-Analogon kann über das Auftreten von Förster-Resonanzenergietransfer 

(FRET) von dem als Donor fungierenden GFP zu dem an den Reporter gehefteten 

Akzeptorfarbstoff ermittelt werden. FRET wird am robustesten und genausten über die 

Fluoreszenzlebenszeit des Donorfluorophors bestimmt, welche durch FRET abnimmt. 

Mit dieser Strategie wurde proteinspezifische Glykosylierung untersucht. Dazu wurde 

zunächst das Verbleiben des ausgewählten chemischen Glykosylierungreporters 

(Ac4GlcNCyoc) nach Aufnahme in Zellen näher beleuchtet. Es wurde festgestellt, dass dieser 

Reporter in eine spezielle Form der intrazellulären Proteinglykosylierung, die sogenannte 

O-GlcNAcylierung, eingebaut wird. Indem diese Reporterstrategie mit GFP-markierten 

Proteinen und der Bildgebung über Fluoreszenzlebenszeiten (fluorescence lifetime imaging, 

FLIM) kombiniert wurde, wurde der erste Ansatz zur Visualisierung des 

Glykosylierungszustands einzelner Proteine in lebenden Zellen geschaffen. Dessen generelle 

Anwendbarkeit wurde durch die Bildgebung der Glykosylierung von fünf GFP-

gekennzeichneten Proteine nachgewiesen. Studien mit der Kinase Akt1 offenbarten die 

Möglichkeit der Methode, räumliche Unterschiede im Glykosylierungszustand eines Proteins 

aufzulösen. Versuche zur Anwendung des Ansatzes zur Lösung biologischer Fragestellungen 

zeigten dessen Limitierungen auf, welche die Notwendigkeit der Nähe der PTM Stelle zum 

GFP und die Glykosylierung der zu untersuchenden Proteine mit einer hohen Stöchiometrie 

einschließen. 

Neben der Bildgebung proteinspezifischer Glykosylierung wurden chemische 

Glykosylierungreporter auch zur Untersuchung von Glykanen in Wurzeln der Modellpflanze 

Arabidopsis thaliana sowie Membranglykanen von Magenkrebszellen eingesetzt. 

Ähnliche Visualisierungsstrategien, wie für die Glykosylierung, wurden für die PTMs 

Acetylierung und Methylierung realisiert. Im Falle der Proteinacetylierung wurde für den 

gewählten chemischen Reporter Natrium 4-Pentynoat die Prozessierung durch 

Acetyltransferasen und Deacetylasen demonstriert. Dabei wurden die 4-Pentynoylgruppen an 

Proteine angehängt und mit azidfunktionalisierten Farbstoffen fluoreszenzmarkiert, was über 

Fluoreszenzmikroskopie sichtbar gemacht wurde. Allerdings war deren Einbau in das 

zelluläre Acetylom zu schwach, sodass kein effizienter FRET über FLIM detektiert werden 

konnte. Der chemische Reporter ProSeAM, welcher für Methylierungsexperimente 



 

 

ausgewählt wurde, wurde erfolgreich mittels Elektroporation in Zellen eingebracht. Die 

anschließende bioorthogonale Ligationsreaktion ermöglichte die Visualisierung der 

Methylierung innerhalb von Zellen durch Fluoreszenzmikroskopie. Des Weiteren wurde ein 

FLIM-FRET-basierter Ansatz zur Bildgebung proteinspezifischer Methylierung in Zellen 

erarbeitet. Die geschaffene, generell anwendbare Methode ermöglichte die Visualisierung des 

Methylierungszustands von vier GFP-Fusionsproteinen in zwei verschiedenen Zelllinien 

sowie die Auflösung des räumlichen Methylierungsmusters eines einzelnen Proteins. 

  



 

 

 

Abstract 

Modifications of proteins with functional groups, better known as post-translational 

modifications (PTMs), tremendously affect a protein’s structure, function, stability, and 

localization. Although various methods for the identification and investigation of protein 

PTMs exist, most of them require the isolation of proteins and thus disturb their cellular 

context. The present thesis deals with the development and application of novel strategies for 

imaging of protein-specific PTMs inside mammalian cells. Thereto, PTM substrate analogs 

carrying a chemical handle are introduced in cells. These chemical reporters are metabolized 

and attached to proteins by cellular enzymes. In a second step, chemical handles are 

fluorescently labeled via bioorthogonal ligation reactions. In addition, the protein of interest is 

expressed with a green fluorescent protein (GFP)-tag in cells. The modification of this protein 

with the PTM analog can be assessed by measuring the occurrence of Förster resonance 

energy transfer (FRET) from the donor GFP to the reporter-anchored acceptor fluorophore. 

FRET is most robustly and accurately detected via the fluorescence lifetime of the donor 

fluorophore, which decreases due to FRET. 

Using this strategy, protein-specific intracellular glycosylation has been studied. Firstly, the 

metabolic fate of the chemical glycosylation reporter of choice (Ac4GlcNCyoc) was 

investigated. It was shown to most likely end up in a special type of intracellular protein 

glycosylation termed O-GlcNAcylation. By combining this chemical reporter with GFP-

tagged proteins and fluorescence lifetime imaging (FLIM) microscopy, the first approach for 

visualizing glycosylation states of individual proteins inside living cells was established. Its 

general applicability was demonstrated by imaging the glycosylation of five different GFP-

fusion proteins. Studies on the kinase Akt1 revealed the potential of the established approach 

to resolve spatial differences in a protein’s glycosylation state. Attempts to apply this strategy 

to biological investigations of selected proteins showed its limitations, which include the need 

of the PTM site to be in close proximity to the GFP-tag and the glycosylation of proteins of 

interest with a high stoichiometry.  

Besides imaging protein-specific glycosylation, chemical glycosylation reporters were utilized 

to examine glycans in roots of the model plant Arabidopsis thaliana and membrane glycans of 

gastric cancer cells. 

Protein-specific imaging strategies similar to those for glycosylation were developed for the 

PTMs acetylation and methylation. Regarding protein acetylation, the selected chemical 

reporter sodium 4-pentynoate was shown to be processed by acetyltransferases and 

deacetylases. Its 4-pentynoyl groups were attached to proteins and fluorescently labeled with 

azide-functionalized dyes, which were visualized by fluorescence microscopy. However, its 

incorporation in the cellular acetylome was too weak to allow for the detection of efficient 

FRET by FLIM. The chemical reporter chosen for protein methylation studies (ProSeAM) 

was successfully delivered into cells by electroporation. Subsequent bioorthogonal labeling 

enabled in cell imaging of a whole cell’s methylation with fluorescence microscopy. 

Moreover, a FLIM-FRET-based approach for in cell imaging of protein-specific methylation 

was created. This generally applicable method allowed for the visualization of the methylation 

state of four GFP-fusion proteins in two different cell lines and enabled resolving the spatial 

methylation pattern of an individual protein. 



 

 

 

 

 

 

  



 

 

 

Table of Contents 

1. Introduction ..................................................................................................................... - 1 - 

2. State of Knowledge ......................................................................................................... - 3 - 

2.1. Post-Translational Protein Modifications ................................................................ - 3 - 

2.1.1. Protein Glycosylation .......................................................................................... - 3 - 

2.1.2. Protein Acetylation .............................................................................................. - 7 - 

2.1.3. Protein Methylation ........................................................................................... - 10 - 

2.2. Chemical Reporters ............................................................................................... - 14 - 

2.2.1. Chemical Reporters for Protein Glycosylation .................................................. - 15 - 

2.2.2. Chemical Reporters for Protein Acetylation ...................................................... - 17 - 

2.2.3. Chemical Reporters for Protein Methylation ..................................................... - 18 - 

2.2.4. Delivery of Chemical Reporters into Cells ........................................................ - 20 - 

2.3. Bioorthogonal Ligation Reactions......................................................................... - 21 - 

2.4. FLIM-FRET Microscopy ...................................................................................... - 26 - 

2.4.1. Fluorescence ...................................................................................................... - 26 - 

2.4.2. Fluorescent Proteins ........................................................................................... - 28 - 

2.4.3. Fluorescence Microscopy .................................................................................. - 29 - 

2.4.4. Förster Resonance Energy Transfer ................................................................... - 30 - 

2.4.5. Fluorescence Lifetime Imaging Microscopy ..................................................... - 34 - 

2.5. Detection of Protein-Specific PTMs ..................................................................... - 37 - 

3. Objectives ..................................................................................................................... - 39 - 

4. Results and Discussion ................................................................................................. - 41 - 

4.1. Protein Glycosylation ............................................................................................ - 41 - 

4.1.1. Ac4GlcNCyoc .................................................................................................... - 41 - 

4.1.2. Protein-Specific Imaging of Glycosylation ....................................................... - 51 - 

4.1.3. O-GlcNAcylation of Kif18A ............................................................................. - 61 - 

4.1.4. O-GlcNAcylation of -synuclein ...................................................................... - 64 - 

4.1.5. O-GlcNAcylation of -catenin .......................................................................... - 67 - 

4.1.6. Glycosylation in A. thaliana .............................................................................. - 74 - 

4.1.7. Visualizing the Sialyl Tn Antigen ..................................................................... - 79 - 

4.1.8. Conclusions........................................................................................................ - 86 - 

4.2. Protein Acetylation ................................................................................................ - 89 - 

4.2.1. Evaluation of Na4P as Chemical Reporter for Protein Acetylation .................. - 89 - 



 

 

4.2.2. Synthesis of New Reporters for Protein Acetylation ........................................ - 90 - 

4.2.3. Biological Evaluation of Na4P, M4P, and AM4P ............................................ - 91 - 

4.2.4. Protein-Specific Imaging of Protein Acetylation ............................................ - 102 - 

4.2.5. Conclusions ..................................................................................................... - 112 - 

4.3. Protein Methylation ............................................................................................ - 113 - 

4.3.1. Evaluation of ProSeAM as Chemical Reporter for Protein Methylation ........ - 113 - 

4.3.2. Delivery of ProSeAM in Mammalian Cells .................................................... - 115 - 

4.3.3. Protein-Specific Imaging of Protein Methylation ........................................... - 119 - 

4.3.4. Conclusions ..................................................................................................... - 130 - 

5. Outlook ....................................................................................................................... - 131 - 

6. Materials and Methods ............................................................................................... - 133 - 

6.1. Materials ............................................................................................................. - 133 - 

6.1.1. Organisms........................................................................................................ - 133 - 

6.1.2. Media ............................................................................................................... - 134 - 

6.1.3. Buffers and Solutions ...................................................................................... - 135 - 

6.1.4. Chemicals ........................................................................................................ - 136 - 

6.1.5. Enzymes .......................................................................................................... - 138 - 

6.1.6. Plasmids .......................................................................................................... - 138 - 

6.1.7. Oligonucleotides.............................................................................................. - 140 - 

6.1.8. Antibodies ....................................................................................................... - 141 - 

6.1.9. Kits .................................................................................................................. - 142 - 

6.1.10. Equipment .................................................................................................... - 142 - 

6.1.11. Consumables ................................................................................................ - 142 - 

6.1.12. Software ....................................................................................................... - 143 - 

6.2. Biochemical Methods for Mammalian Cells ...................................................... - 143 - 

6.2.1. Cell Culture ..................................................................................................... - 143 - 

6.2.2. Transient Transfection of Mammalian Cells ................................................... - 143 - 

6.2.3. Cell Lysis......................................................................................................... - 144 - 

6.2.4. Immunoprecipitation ....................................................................................... - 144 - 

6.2.5. SDS-PAGE and Western Blotting................................................................... - 145 - 

6.2.6. Cell Seeding for Microscopy........................................................................... - 147 - 

6.2.7. Metabolic Labeling of Mammalian Cells for Protein Glycosylation .............. - 147 - 

6.2.8. Metabolic Labeling of Mammalian Cells for Protein Acetylation .................. - 147 - 



 

 

 

6.2.9. Metabolic Labeling of Mammalian Cells for Protein Methylation ................. - 147 - 

6.2.10. DAinv Reaction............................................................................................ - 148 - 

6.2.11. CuAAC......................................................................................................... - 148 - 

6.2.12. Dual Labeling of Membrane Glycans via SPAAC and DAinv Reactions ... - 149 - 

6.2.13. Immunocytochemistry ................................................................................. - 150 - 

6.2.14. Viability Tests .............................................................................................. - 150 - 

6.3. Biochemical Methods for E. coli ......................................................................... - 151 - 

6.3.1. Cultivation of E. coli ........................................................................................ - 151 - 

6.3.2. Transformation of Competent E. coli .............................................................. - 151 - 

6.3.3. Plasmid Preparation ......................................................................................... - 152 - 

6.3.4. Restriction Digest of Plasmid DNA ................................................................ - 153 - 

6.3.5. Hot-Start Gradient PCR ................................................................................... - 154 - 

6.3.6. Ligation Independent Cloning (LIC) ............................................................... - 154 - 

6.3.7. Site Directed Mutagenesis of Plasmid DNA ................................................... - 154 - 

6.3.8. Cre-LoxP Recombination ................................................................................ - 155 - 

6.3.9. Agarose Gel Electrophoresis ........................................................................... - 156 - 

6.3.10. Isolation of DNA from an Agarose Gel ....................................................... - 156 - 

6.3.11. Sequencing of Plasmid DNA ....................................................................... - 156 - 

6.4. Biochemical Methods for A. thaliana ................................................................. - 157 - 

6.4.1. Seeding A. thaliana .......................................................................................... - 157 - 

6.4.2. Treatment of A. thaliana with Chemical Reporters ......................................... - 157 - 

6.4.3. Lysis of A. thaliana .......................................................................................... - 157 - 

6.4.4. DAinv Reaction ............................................................................................... - 158 - 

6.4.5. CuAAC ............................................................................................................ - 158 - 

6.4.6. Seedling Preparation for Microscopy .............................................................. - 159 - 

6.5. Chemical Synthesis ............................................................................................. - 159 - 

6.5.1. OSMI-1 ............................................................................................................ - 159 - 

6.5.2. M4P.................................................................................................................. - 160 - 

6.5.3. AM4P ............................................................................................................... - 161 - 

6.6. Microscopy .......................................................................................................... - 161 - 

6.6.1. Confocal Fluorescence Microscopy ................................................................ - 161 - 

6.6.2. Acceptor Photobleaching ................................................................................. - 162 - 

6.6.3. Wide-field Frequency Domain FLIM .............................................................. - 162 - 



 

 

6.7. Statistics .............................................................................................................. - 164 - 

7. Publications ................................................................................................................ - 165 - 

8. Conference Contributions .......................................................................................... - 167 - 

9. List of Abbreviations .................................................................................................. - 169 - 

10. References .................................................................................................................. - 173 - 

11. Appendix .................................................................................................................... - 195 - 

 



 

 

- 1 - 

 

 

 

 

 

 

1. Introduction 

Next to lipids, nucleic acids, and carbohydrates, proteins are one of the four major classes of 

organic macromolecules. Proteins are responsible for almost all cellular tasks. They serve as 

enzymes for catalyzing biochemical reactions, as hormones for transmitting signals, as 

cytoskeleton for maintaining and changing a cell’s shape, as molecular motors for 

transporting cargo, as contractile proteins to enable movements, or as antibodies to recognize 

and remove foreign molecules. 

The information encoding proteins is stored as deoxyribonucleic acid (DNA) in the cellular 

nucleus. It is transcribed into messenger ribonucleic acid (mRNA) and additionally processed. 

mRNA is the template for protein biosynthesis, which takes place at ribosomes in the 

cytoplasm. This process is called translation. Thereby, an amino acid chain is formed 

according to the mRNA’s code. This chain represents the primary structure of a protein and 

can fold autocatalytically or with the help of chaperones into various secondary and tertiary 

protein structures.  

According to the central dogma of molecular biology “DNA gives RNA gives proteins”,
[1]

 it 

was speculated that the code of life could be read as soon as the human genome was 

deciphered. It was hoped that this code would provide all necessary information to elucidate 

the molecular causes of diseases and easily find therapeutic approaches to cure them. 

However, only 20,000 to 25,000 genes were identified in the human genome.
[2]

 This small 

value was surprising, as the number of genes has been believed to be a measure of organismal 

complexity, but also 13,000, 19,000, and 30,000 genes have been located in the genomes of 

the fruit fly Drosophila melanogaster, the nematode Caenorhabditis elegans, and the 

grapevine, respectively.
[3–6]

 The number of distinct covalent forms of proteins, collectively 

referred to as the proteome, is larger than one million and thus exceeds the amount of proteins 

predicted by the coding capacity of the DNA by two orders of magnitude.
[7]

 While alternative 

splicing of mRNA contributes to the diversification of proteins on the transcriptional level,
[8]

 

the complexity of the human proteome is mainly generated by attachments of chemical groups 

to protein termini or amino acid side chains.
[9]

 These protein alterations are summarized with 

the term post-translational modifications (PTMs). Until now, hundreds of different protein 

PTMs have been identified,
[10]

 which tremendously affect all properties of proteins and are 

linked to numerous diseases.
[9]

  

Consequently, knowing when and where which protein is present in cells is not sufficient to 

fully elucidate basic cellular processes. This requires a profound understanding of protein 

interactions and protein PTMs. For this purpose, mass spectrometry as well as biochemical 

and bioinformatic methods are usually utilized. Although these techniques have been valuable 

for the identification of thousands of modified proteins, exact modification sites, and 

biological effects of these modifications,
[11,12]

 most work has been performed outside the 

cellular context. Since Robert Hooke’s first detection of cells with an optical microscope in 
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the early 17
th

 century,
[13,14]

 the field of light and especially fluorescence microscopy has 

emerged rapidly.
[15,16]

 Nowadays, microscopes enable imaging of cellular and subcellular 

processes. The discovery of the green fluorescent protein from the jellyfish Aequorea victoria 

has revolutionized the application of fluorescence microscopy in biological studies.
[17,18]

 The 

genetic fusion of a protein’s DNA with that of a fluorescent protein allows for in cell 

expression and investigation of fluorescently marked proteins. However, PTMs are secondary 

gene products and thus cannot be expressed with a fluorescent protein tag in cells. To 

fluorescently label and image PTMs, several methods utilizing chemical biology approaches 

have been developed in the last two decades.
[19]

 Whereas many of them allowed studying 

PTMs on the whole proteome level, only few approaches gave insights on modification states 

of individual proteins.
[20]

 

The present thesis deals with developing and applying novel strategies for imaging protein-

specific PTMs inside cells that are based on a combination of chemical biology and 

microscopy. It is structured as follows: Chapter 2 covers the basics and the state of the art of 

PTMs studied in this thesis, chemical reporter strategies, associated bioorthogonal ligation 

reactions, and the microscopy techniques used. Following, known methods for the detection 

of protein-specific PTMs are summarized and lead to the formulation of the objectives of this 

work in chapter 3. In chapter 4, achieved results are presented, discussed, and summarized for 

each examined PTM individually. Finally, an outlook on further possible experiments on 

presented topics and possible follow-up projects is given (chapter 5). Materials and methods 

employed within this thesis are listed in chapter 6.  
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2. State of Knowledge 

2.1. Post-Translational Protein Modifications 

Until now, more than 430 PTMs have been identified.
[10]

 Functional groups attached to 

proteins range in their size from small methyl groups to huge oligosaccharides. Modifications 

of proteins with PTMs can be covalent or noncovalent and are often catalyzed by enzymes. 

Whereas some PTMs are irreversible, for example myristoylation
[21]

, many PTMs can be 

removed by cellular enzymes rendering them dynamic, such as phosphorylation
[22]

. In 

addition, PTMs can occur substoichiometric and can possess heterogeneous structures.
[23]

 

PTMs increase the complexity of the cellular proteome by several orders of magnitude 

compared to the genome’s coding capacity.
[24]

 They change the biochemical and biophysical 

properties of the targeted protein and thereby affect for instance the activity, function, 

stability, structure, and localization of proteins and modulate protein-protein interactions, 

signaling cascades, DNA transcription, DNA repair, and cell division.
[7,24,25]

 Moreover, PTMs 

are involved in the regulation of the circadian clock and transmit information on the cellular 

environment, such as the presence of nutrients or stressors.
[26–29]

 As a consequence of its 

manifold effects, it barely astonishes that PTM disorders are associated with severe ailments 

including diabetes, Alzheimer’s and Huntington’s disease, cardiovascular diseases, and 

cancer.
[30–34]

 

15 out of the 20 standard amino acids have been shown to be post-translationally modified 

(neglecting acetylation of N-termini).
[7]

 Often, multiple residues of a protein carry the same or 

different PTMs. Several cases of competition among PTMs for the same or adjacent amino 

acids have been reported, which frequently yield opposing functions of the target protein. 

Examples for competing PTMs include phosphorylation and O-linked N-acetylglucosamine at 

threonine 41 of β-catenin
[35]

 or acetylation and methylation at lysine 382 of the tumor protein 

p53
[36]

. 

A quantification of experimentally observed PTMs revealed that the most prevalent PTMs are 

phosphorylation, acetylation, N-linked glycosylation, amidation, hydroxylation, methylation, 

O-linked glycosylation, and ubiquitination.
[10]

 Three of these modifications, namely 

glycosylation, acetylation, and methylation, were studied within this thesis. Accordingly, their 

mechanisms and functions are explained in more detail in the following chapters. 

 

2.1.1. Protein Glycosylation 

The attachment of sugar moieties to proteins is termed protein glycosylation. Early 

bioinformatic studies suggested that approximately half of all proteins are glycosylated.
[37]

 A 

recent analysis of experimental data demonstrated that at most every fifth protein is 

glycosylated, but still lists glycosylation among the three most common PTMs.
[10]

 

Glycosylation is a multifaceted co- and post-translational modification of lipids and proteins. 
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Eukaryotic glycans are made up from the eight monosaccharides D-glucose (Glc), 

D-galactose (Gal), D-mannose (Man), L-fucose (Fuc), D-xylose, N-acetyl-D-glucosamine 

(GlcNAc), N-acetyl-D-galactosamine (GalNAc), and N-acetyl-neuraminic acid (Neu5Ac) 

(Figure 2.1).
[38]

 These sugars can be attached to different protein sides and linked in various 

ways, resulting in an enormous structural complexity. 

 

 

Figure 2.1: Chemical structures of monosaccharides present in eukaryotic glycans. 

 

The two main types of protein glycosylation are N-glycans and O-glycans. N-glycans are 

oligosaccharides linked via a N-glycosidic bond to asparagine residues in the consensus 

sequence motif (asparagine)-(any amino acid besides proline)-(serine/threonine).
[39]

 The 

common sugar structure shared by all N-glycans is Manα1-6(Manα1-3)Manβ1-4GlcNAc 

β1-4GlcNAcβ1-asparagine, which can be enlarged in many ways.
[38]

 O-glycans are linked to 

hydroxy groups of serine and threonine residues and possess no common core structure. 

Different O-glycan types are defined by the first sugar attached to proteins and include mucin-

type O-glycans, which are oligosaccharides starting with α-linked GalNAc, β-linked 

O-GlcNAc, β-linked O-Glc, α-linked O-Man, and α-linked O-Fuc.
[40]

  

N-glycans and mucin-type O-glycans are accomplished in the endoplasmic reticulum and 

Golgi apparatus. Proteins modified with these complex oligosaccharides are present on the 

cell surface or secreted into the extracellular space. At the cell surface, N- and O-glycans 

function in cell-cell adhesion, signal transduction, immune response, endocytosis, and 

interaction with pathogens.
[41,42]

  

Of special interest is protein O-GlcNAcylation, which has been discovered in 1982 and has 

meanwhile been shown to be nearly as dynamic as protein phosphorylation.
[43–45]

 Compared 

to phosphorylation, where many protein kinases are known, intracellular O-GlcNAcylation is 

solely catalyzed by one enzyme: O-GlcNAc transferase (OGT).
[46]

 It uses uridine diphosphate 

(UDP)-GlcNAc as substrate and transfers GlcNAc onto serine and threonine residues of 

cytoplasmic, nuclear, and mitochondrial proteins.
[47,48]

 In humans, one single gene encodes 

three splice versions of OGT: the nucleocytoplasmic OGT (116 kDa), the mitochondrial OGT 

(103 kDA), and the small OGT (78 kDa).
[49]

 All of them own a N-terminal domain with 

different amounts of tetratricopeptide repeat motifs, a linker domain, and a C-terminal 

catalytic domain. OGT is an essential enzyme, as its knockout in mice has been reported to be 
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embryonically lethal.
[50]

 Apart from intracellular O-GlcNAcylation, also secreted and 

membrane proteins owing an epidermal growth factor-like repeat domain have recently been 

proven to become O-GlcNAcylated by another enzyme, the epidermal growth factor domain-

specific OGT.
[51]

 The enzyme rendering O-GlcNAcylation dynamic is O-GlcNAcase 

(OGA).
[52]

 OGA hydrolyzes the O-glycosidic bond while retaining the configuration at the 

anomeric center of the monosaccharide.
[53]

 Both OGT and OGA are evolutionary well 

conserved.
[54]

 Until now, thousands of proteins from almost all functional protein classes have 

been identified to become O-GlcNAcylated.
[55]

 O-GlcNAcylation influences the stability, 

structure, function, and localization of proteins and has impacts on protein-protein 

interactions, transcription, translation, cell division, and metabolism.
[54,56–59]

 Moreover, 

O-GlcNAcylation responses to nutrients and oxidative stress.
[28,60]

 As a result of its many 

tasks, malfunctions of protein O-GlcNAcylation have been reported to be associated with 

severe ailments including cancer, Alzheimer’s disease, cardiovascular diseases, 

neurodegenerative diseases, and diabetes type 2.
[30,59,61]

 A widespread crosstalk between 

protein O-GlcNAcylation and phosphorylation has been found.
[54,62,63]

 Both modifications can 

compete for certain serine/threonine residues or influence one another at adjacent residues. 

For example, the O-GlcNAcylation of RAC-α serine/threonine-protein kinase (Akt1) 

following an insulin stimulus inhibits its phosphorylation at threonine 308, thereby 

terminating its kinase activity.
[64]

 In addition, protein O-GlcNAcylation interacts with 

ubiquitination, for instance in case of p53,
[65]

 and OGT overexpression influences the 

methylation and acetylation patterns of histones
[66]

. 

In this thesis, glycosylation studies mainly focused on O-GlcNAc, but chapter 4.1.7 also deals 

with the imaging of cell surface-localized GalNAc in mucin-type O-glycans and Neu5Ac. For 

a more comprehensive understanding of the origin of these three glycoconjugates, 

biosynthesis pathways of their precursors are outlined in the following section (Figure 2.2).  

The precursor for protein O-GlcNAcylation is UDP-GlcNAc, which is generated in six steps 

from Glc. Thereby, Glc is phosphorylated at is C-6´ by glucokinase. Glc6P isomerase 

converts Glc6P into Fru6P, which further reacts to GlcN6P with the help of glutamine-Fru6P 

aminotransferase. GlcN6P N-acetyltransferase adds an acetyl group to give GlcNAc6P. This 

compound can also be generated from GlcNAc, which is a product from the hexosamine 

salvage pathway, through phosphorylation by GlcNAc kinase. The C-6´ phosphate group of 

GlcNAc6P is transferred to its C-1´ via GlcNAc phosphomutase. The sugar is activated 

through the addition of UDP by UDP-GalNAc/UDP-GlcNAc pyrophosphorylase yielding 

UDP-GlcNAc, which serves as substrate for OGT. OGA removes O-linked GlcNAc by 

hydrolyzation yielding the free hydroxy group of the serine or threonine residue and GlcNAc. 

As approximately two to five percent of intracellular glucose end up as UDP-GlcNAc after 

metabolism via the hexosamine biosynthetic pathway, it is obvious that changes in the 

glucose level alter cellular amounts of UDP-GlcNAc and thus affect protein 

O-GlcNAcylation.
[67]

 This further underlines the linkages of the presence of nutrients and 

dynamic protein O-GlcNAcylation. 

All mucin-type O-glycans bear a GalNAc that is α-linked to the hydroxy group of a serine or 

threonine amino acid via an O-glycosidic linkage. For this purpose, GalNAc from the 

hexosamine salvage pathway is phosphorylated at its C-1´ by GalNAc-1-kinase to give  
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Figure 2.2: Biosynthesis pathways for UDP-GalNAc, UDP-GlcNAc, and CMP-Neu5Ac. 

 

GalNAc1P. This compound is activated by addition of UDP, which is mediated by 

UDP-GalNAc/UDP-GlcNAc pyrophosphorylase. UDP-GalNAc is transported into the Golgi 

apparatus, where it is attached to proteins by polypeptide GalNAc transferase. Afterwards, 

various glycosyltransferases can add further monosaccharides to form different mucin-type 

O-glycans.
[68]

 The resulting O-glycoproteins are then localized to the plasma membrane or 

secreted in the extracellular space. 

Neu5Ac is one of over 50 monosaccharides belonging to the family of N-acylneuraminic 

acids, also termed sialic acids.
[69]

 These monosaccharides mainly occur at ends of N-glycans, 

O-glycans, and glycolipids and are important for cell-cell interactions, signal transductions, 

protein stabilization, immunoregulation, ion binding, and ion transport.
[70,71]

 The precursor for 

Neu5Ac is ManNAc, which is first phosphorylated at its C-6´ by UDP-GlcNAc-2-

epimerase/ManNAc kinase. In a next step, ManNAc6P is converted to Neu5Ac9P by a 

synthase. Its phosphate residue is removed by Neu5Ac9P phosphatase to give Neu5Ac, which 

is transported into the nucleus, where cytidine monophosphate (CMP)-Neu5Ac synthase 
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activates Neu5Ac by linking it to CMP. Subsequently, CMP-Neu5Ac is transported to the 

Golgi apparatus and transferred to glycoproteins and glycolipids by sialyltransferases. 

Metabolic pathways of GlcNAc, GalNAc, and ManNAc are interconnected. UDP-galactose-

4-epimerase converts UDP-GlcNAc in UDP-GalNAc as well as UDP-Glc in UDP-Gal and 

vice versa.
[72]

 GlcNAc can enter the Neu5Ac biosynthetic pathway via two routes: It can be 

directly transformed into ManNAc by the GlcNAc-2-epimerase or ManNAc can be obtained 

from UDP-GlcNAc through catalysis by UDP-GlcNAc-2-epimerase/ManNAc kinase.
[73,74]

 

Further possible conversions have been summarized elsewhere.
[75]

  

 

2.1.2. Protein Acetylation 

The modification of proteins with acetyl groups is among the most prevalent PTMs. The 

substrate for protein acetylation is acetyl-linked coenzyme A (acetyl-CoA, Figure 2.3A),
[76,77]

 

which is present in mitochondria, the cytoplasm, and the nucleus of a cell. In mammals, 

acetyl-CoA is produced in mitochondria from pyruvate, itself generated from glucose via 

glycolysis, by the pyruvate dehydrogenase complex or from fatty acids by β-oxidation  

(Figure 2.4). Acetyl-CoA can be converted into citrate via the citric acid cycle. Citrate can be 

actively transported into the cytoplasm, where it serves as substrate for adenosine triphosphate 

(ATP) citrate lyase, which produces acetyl-CoA. In the cytoplasm, acetyl-CoA can be 

synthesized from acetate by acetyl-CoA synthetase. Citrate freely diffuses in and out of the 

nucleus, where it can also be converted to acetyl-CoA by ATP citrate lyase.
[78]

 

 

 

Figure 2.3: (A) Chemical structure of acetyl-CoA. (B) Mechanism of irreversible N-terminal protein 

acetylation. (C) Mechanism of reversible protein acetylation at the ε-amino group of lysine residues. 

 

The first proteins identified to be acetylated have been histones in 1963.
[79]

 For a long time, 

acetylation has been believed to be solely a histone modification. With the discovery of 
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further acetylated proteins, such as tubulin
[80]

, tumor suppressor p53
[81]

, and transcription 

factor NF-κB
[82]

, the field was opened to investigations of non-histone acetylation targets. The 

first proteomics study on protein acetylation in 2006 has revealed that many nuclear, 

cytoplasmic, and even mitochondrial proteins are acetylated.
[83]

 

 

 

Figure 2.4: Biosynthesis pathways for acetyl-CoA. This drawing is based on
[78]

. 

 

Protein acetylation can occur at N-terminal α-amino groups or at lysine ε-amino groups of 

proteins (Figure 2.3B and C). Acetylation neutralizes the positive charge of amino groups and 

thereby inhibits further or other PTMs at these residues.
[84]

 Approximately 80-90 % of all 

human proteins are co- and post-translationally acetylated at their N-termini.
[85,86]

 In 

mammals, six different N-terminal acetyltransferases have been found.
[87]

 This type of protein 

acetylation is assumed to be irreversible and serves many functions. For instance, it influences 

a protein’s lifetime, folding, localization, and interaction partners.
[84,87]

 Acetylation of lysine 

ε-amino groups is well conserved from bacteria to humans.
[88]

 It is catalyzed by lysine 

acetyltransferases and can be reversed by lysine deacetylases, which render lysine ε-amino 

acetylation a dynamic PTM. 22 different lysine acetyltransferases have been listed for 

humans, but no clear acetylation sequence motifs have been found.
[78,84]

 In addition, eleven 

Zn
2+

-dependent lysine deacetylases and seven NAD
+
-dependent deacetylases (named sirtuins) 

exist.
[84]

 Whereas sirtuins are present in the mitochondria, cytoplasm, and nucleus, 

Zn
2+

-dependent deacetylases are solely localized in the cytoplasm and nucleus.
[78]

 Proteins 

that recognize and bind acetylated lysines often bear a so called bromodomain, which consists 

of approximately 120 amino acids forming small helical structures. A summary of 

bromodomain-containing proteins and their acetylated interaction partners has been published 

by Filippakopoulos and Knapp.
[89]

 As a result of lysine acetylation, the positive charge of 

amino groups is eliminated and some steric hindrance is introduced, which affects the 

interaction of proteins with nucleic acids and with other proteins. In 1964, it has been 

proposed that histone acetylation regulates gene expression.
[90]

 Meanwhile, it has been proven 

that acetylation and deacetylation finely regulate nucleosomal assembly of histones and DNA, 

chromosomal condensation, and gene transcription.
[91]

 For example, acetylation of histone 4 
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at lysine 16 influences the structure of nucleosomes and its interaction with external proteins, 

both resulting in the activation of transcription.
[92,93]

 Moreover, lysine acetylation is involved 

in the regulation of the subcellular localization of proteins, their enzymatic activity, 

intracellular pH, metabolism, apoptosis, and stress response.
[83,94–96]

 

Malfunctions of protein acetylation have been linked to several cardiovascular and 

neurodegenerative diseases as well as to cancer.
[97]

 As an example, acetylation at N-terminal 

lysine residues of the huntingtin protein associated with Huntington’s disease affects the 

protein’s interaction with lipid bilayers and retards fibril formation, which results in larger 

fibrillar aggregates.
[31]

  

Besides enzyme-catalyzed acetylation, lysine ε-amino groups are also non-enzymatically 

acetylated.
[98]

 This is especially important in mitochondria, where a slightly increased pH 

value (7.9) and a higher acetyl-CoA concentration favor non-enzymatic acetylation.
[99]

 In line 

with these observations, a low stoichiometry of acetylation sites and a strong correlation of 

acetylation levels with acetyl-CoA levels have been found for mitochondrial and cytoplasmic 

proteins in S. cerevisiae.
[100]

 Thus, the presence of the deacetylases sirtuin 3 and 5 in 

mitochondria has been suggested to regulate non-enzymatic acetylation of proteins.
[99]

 

Recently, it has been reported that non-enzymatic acetylation of lysine residues by 

acetyl-CoA frequently takes place via a S-acetylated thiol intermediate in close proximity to 

the lysine.
[101]

 

In addition to acetylation, further acylations of lysine ε-amino groups have been discovered 

within the last decade. These comprise lysine formylation
[102]

, propionylation
[103]

, 

butyrylation
[103]

, crotonylation
[104]

, malonylation
[105]

, succinylation
[106]

, and glutarylation
[107]

 

(Figure 2.5). Similar to acetylation, protein formylation, propionylation, butyrylation, and 

crotonylation neutralize the positive charge of the ε-amino group of a lysine residue. In 

contrast, malonylation, succinylation, and glutarylation add a negative charge to lysines, 

which alters the proteins surface charge landscape and consequently its interaction partners. 

So far, no lysine acyltransferases have been detected for most acylations. However, 

propionylation and butyrylation of histones have been shown to be catalyzed by the histone 

acetyltransferase p300 and the CREB-binding protein.
[103]

 Besides this, the weak deacetylase 

sirtuin 5, which is present in mitochondria and the cytoplasm, has been reported to possess 

orders of magnitudes higher activity towards malonyl, succinyl, and glutary groups than 

towards acetyl groups.
[105,107]

 Details of the biological functions of these modifications are 

still unknown. 
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Figure 2.5: Chemical structures of formylated, acetylated, propionylated, butyrylated, crontonylated, 

malonylated, succinylated, and glutarylated ε-amino groups of lysine side chains. 

 

2.1.3. Protein Methylation 

Protein methylation is the smallest PTM known, but it is of immense importance. The 

universal substrate for protein, DNA, RNA, and small molecule methylation is S-adenosyl-

L-methionine (SAM),
[108]

 which has been discovered in 1952 and is the second most 

consumed enzyme substrate next to ATP.
[109,110]

 SAM is only accepted as methylation donor 

in its (S,S) configuration. Epimerization under physiological conditions leads to (R,S)-SAM, 

which is not accepted by methyltransferases and inhibits them.
[111]

 The transfer of SAM’s 

methyl group is thermodynamically preferred, as it is exothermic.
[110]

 As a consequence of 

SAM’s high reactivity, it is generally directly consumed in methylation reactions after its 

biosynthesis. SAM is produced from methionine and ATP by the methionine 

adenosyltransferase. Following the transfer of its methyl group to nucleophiles by 

methyltransferases, S-Adenosyl-L-homocysteine (SAH) is generated, which can be cleaved by 

SAH hydrolase into adenosine and homocysteine. The latter can be converted to methionine 

by either methionine synthase utilizing 5-methyltetrafolate or by betaine-homocysteine 

methyltransferase. This metabolic SAM pathway is illustrated in Figure 2.6.
[112,113]

 The 

cleavage of SAH must be tightly regulated, since SAH inhibits methyltransferases and in this 

manner controls their activities.
[113]
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Figure 2.6: Metabolic pathway for SAM. 

 

Protein methylation at lysine and arginine side chains is most common, but also N-, C-, O-, 

and S-methylations at glutamine, glutamic acid, histidine, cysteine, asparagine, and aspartic 

acid as well as N-terminal protein methylation have been reported.
[7,9,114–116]

 The lysine 

ε-amino group can be mono-, di-, or trimethylated (Figure 2.7A), while the guanidine group 

of arginine can be monomethylated, symmetrically dimethylated, or asymmetrically 

dimethylated (Figure 2.7B).  

Until now, more than fifty protein lysine methyltransferases have been detected, which 

mono-, di-, or trimethylate lysine ε-amino groups.
[117]

 Firstly, most lysine methyltransferases 

have been shown to act on histones, but nowadays many non-histone target proteins are 

known.
[117]

 Besides lysine methyltransferases, ten different protein arginine 

methyltransferases exist in humans, which catalyze the methylation of cytoplasmic and 

nuclear proteins.
[33]

 They can be classified according to their methylarginine product. Class I 

transferases catalyze N
ω
-monomethylation and asymmetric N

ω
-N

ω
´-dimethylation, class II 

N
ω
-monomethylation and symmetric N

ω
-N

ω
-dimethylation, and class III only 

N
ω
-monomethylation. N

δ
-monomethylation is catalyzed by class IV methyltransferases, but 

these have solely been found in yeast and are possibly present in plants.
[33,118]

 

For a long time, it has been believed that protein methylation is irreversible.
[119]

 Meanwhile, 

two classes of lysine demethylases have been identified, which oxidize the methyl groups and 

release formaldehyde.
[120]

 Flavin-dependent amine oxidases demethylate mono- and 

dimethylated lysines, while iron-dependent oxygenases demethylate all three lysine 

methylation states.
[121]

 Mechanistic details on the demethylation reactions of lysines have 

been summarized by Fischle and Schwarzer.
[117]

 Arginine demethylases have also been 

reported.
[122,123]

 Besides demethylation, demethylimination of arginine residues by the human 

enzyme PAD4 has been described.
[124,125]

 Thereby, the methylated N
ω
-amino group is  
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Figure 2.7: Known (A) lysine and (B) arginine methylation sites. 

 

removed, which results in methylamine and a citrulline residue. Whether the resulting 

citrulline-containing proteins are degraded or restored by a hitherto unknown mechanism is 

still not clear.
[126]

 The ability of PAD4 to demethyliminate arginine has also been 

questioned.
[127]

 

Methylation fulfills crucial functions in all life forms. Protein lysine methylation has been 

shown to influence chromatin remodeling, protein stability, and biomineralization. Protein 

arginine methylation affects mRNA splicing, signal transduction, cell proliferation, chromatin 

remodeling, the cell cycle, DNA repair, transcription, protein-protein interactions, and protein 

localization.
[33,126]

 Furthermore, many diseases including prostate and breast cancer, 

cardiovascular diseases, viral pathogenesis, multiple sclerosis, and spinal muscular atrophy 

have been linked to protein arginine methylation.
[126,128]

 In addition, protein lysine 

methylation has been reported to be involved in various types of cancer and bacterial 

pathogenicity.
[129]
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Protein methylation achieves further biological outcomes in combination with other 

PTMs.
[121]

 For instance, the interplay of methylation and phosphorylation regulates the 

transcriptional activity of NF-κB
[130]

 and the crosstalk of methylation and acetylation 

modulates gene expression and activation of p53 upon DNA damage.
[34,131]
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2.2. Chemical Reporters 

Since the discovery of protein PTMs, research focused on answering the following question: 

Which proteins are when, where, and how modified and re-modified by which enzymes? To 

answer this question, a repertoire of biochemical techniques has been established, which 

includes radioactive isotope-labeled PTM substrates, antibody-based approaches, many mass 

spectrometry methods, protein arrays, and, solely for protein glycosylation, carbohydrate-

binding proteins (lectins).
[11,132–135]

 While all these methods have been valuable for the 

identification of modified proteins and their PTM sites, they suffer from certain shortcomings. 

The generally used radio-isotopes 
3
H and 

14
C are weak radio emitters rendering an efficient 

detection of modified proteins difficult.
[11]

 As antibodies recognize a certain epitope and 

PTMs are often very small and present in different amino acid sequence surroundings, pan-

specific antibodies are not available for every PTM, laborious to be prepared, and sometimes 

lack specificity.
[11,136]

 Lectins are cytotoxic and are not cell permeable, which limits their 

in vivo application.
[137]

 Additionally, lectins have usually low target affinities.
[138,139]

 

Moreover, most of these techniques require the isolation of proteins from cells and thus 

disturb the cellular context which contains further information, e.g. on the localization of the 

protein in its modified state. Even imaging mass spectrometry, which combines mass 

spectrometry with a surface sampling process with resolutions down to 100 nm,
[140,141]

 or the 

application of antibodies for immunocytochemistry restricts the detection of PTMs to proteins 

in fixed cells or tissue samples, therewith losing information on PTM dynamics. 

An alternative approach overcoming some of the above mentioned limitations and allowing 

for the detection of PTMs inside living cells and even organisms relies on chemical 

reporters.
[142–146]

 These are analogs of the corresponding PTM substrates bearing an unnatural 

chemical handle, for example an azide (Az), alkyne (Alk), or alkene. Chemical reporters are 

commonly employed in a two-step labeling approach. The first step comprises their delivery 

into cells, subsequent processing by cellular enzymes, and attachment to protein side chains. 

The cellular processing should preferably occur in the same way as it would be the case for 

the native PTM substrate. In a second step, the chemical handle of the reporter can be labeled 

with an exogenously delivered tag (e.g. biotin or a fluorophore) via a bioorthogonal ligation 

reaction (see chapter 2.3) for the enrichment, isolation, detection, or visualization of the PTM 

via mass spectrometry, fluorescence microscopy, or on Western blot membranes. 

Furthermore, one-step labeling approaches based on chemical reporter strategies have been 

developed. Thereby, either the chemical reporter is modified with a larger tag suitable for 

standard detection methods
[147]

 or the small chemical handle itself is sensed via advanced 

microspectroscopic techniques,
[148–150]

 such as coherent anti-Stokes Raman scattering
[151,152]

 

or stimulated Raman scattering
[153]

. The key to chemical reporter strategies lies in the 

acceptance of the modified substrate by native enzymes. If the chemical handle is too large to 

fit the enzymes’ substrate pocket, enzymes can be genetically engineered.
[154]

 As chemical 

reporters can be introduced in cells and labeled at freely defined time points, newly 

synthesized biomolecules can be easily separated from the steady-state PTM population, 

which enables monitoring dynamic changes of PTMs in living cells and organisms.
[19]

  

Suitable chemical reporters for the three post-translational modifications glycosylation, 

acetylation, and methylation are discussed below in detail. Apart from these, chemical 
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reporters have been designed and applied to study protein malonylation
[155]

, crotonylation
[156]

, 

propionylation
[157]

, butyrylation
[157]

, N-myristoylation
[158]

, S-palmitoylation
[159]

, further 

lipidations
[160,161]

, PARylation
[147,162,163]

, AMPylation
[164]

, and phosphorylation
[165]

. 

 

2.2.1. Chemical Reporters for Protein Glycosylation 

The usage of chemical reporters for the detection of protein glycosylation is better known as 

metabolic glycoengineering (MGE) or metabolic oligosaccharide engineering (MOE). 

Chemical glycosylation reporters are precursors of the monosaccharide of interest modified 

with a chemical handle. ManNAc, GalNAc, and GlcNAc derivatives are utilized as chemical 

reporters to target sialic acids, mucin-type O-glycans, and O-GlcNAc, respectively.
[166]

 

However, it has to be taken into account that natural sugars are interconverted into one 

another, as explained above. These interconversions might also occur for unnatural sugars, but 

the chemical handle attached might influence the acceptance by cellular enzymes. As 

monosaccharide derivatives are poorly cell permeable, peracetylated reporters are usually 

employed.
[167,168]

 Peracetylation enables the diffusion of chemical glycosylation reporters into 

cells, where they are expected to be rapidly deacetylated by esterases.
[169]

 In a next step, 

modified monosaccharides are enzymatically processed and attached to proteins. Their 

chemical handles can subsequently be labeled via ligation reactions with suitable tags for 

detection. 

The first chemical glycosylation reporters have been presented by Reutter et al. in the early 

1990s. Based on their findings that N-modified ManNAc derivatives are metabolized and end 

up as sialic acids, they have used N-propanoyl-, N-butanoyl, or N-pentanoyl-tagged ManNAc 

derivatives and have detected their incorporation as sialic acids in vitro and in vivo.
[170–172]

 

This pioneering work proved that N-acyl modified ManNAc analogs are accepted by the cells’ 

enzymatic machinery and opened a new field in glycobiology. The group of Bertozzi has been 

the first to use ManNAc derivatives with chemical handles, which can be labeled after 

incorporation into the cellular glycome with ligation reactions, for the detection or 

purification of glycosylation targets.
[173,174]

 Meanwhile, reporters targeting Neu5Ac or 

GalNAc with various chemical handles, including ketones
[173]

, azides
[167,175]

, alkynes
[176,177]

, 

terminal alkenes
[178,179]

, strained alkenes
[180–183]

, nitrones
[184]

, or diazo-groups
[185]

, have been 

developed and summarized elsewhere.
[186]

 

Chemical glycosylation reporters developed to target protein O-GlcNAcylation are depicted 

in Figure 2.8. The first reporter presented by Bertozzi and coworkers in 2003 has been a 

peracetylated GlcNAc derivative bearing an azide at the N-acetyl side chain (Ac4GlcNAz).
[187]

 

They have proven that this azide-derivative is well accepted by all enzymes required to form 

UDP-GlcNAz from GlcNAz in vitro, i.e. GlcNAc kinase, GlcNAc phosphomutase, and UDP-

GalNAc/UDP-GlcNAc pyrophosphorylase, as well as by OGT and OGA. Moreover, cells 

treated with Ac4GlcNAz have been shown to incorporate it into nuclear and cytoplasmic 

proteins. In 2011, the same group has reported on the usage of peracetylated azide-tagged 

GalNAc (Ac4GalNAz) for the purification and identification of many O-GlcNAcylated 

proteins.
[72]

 Bertozzi and coworkers have demonstrated that GalNAz is converted by 

endogenous cellular enzymes into UDP-GalNAz, which can be epimerized to UDP-GlcNAz 

by UDP-galactose-4-epimerase. In comparison to Ac4GlcNAz, Ac4GalNAz turned out to 
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mimic O-GlcNAc more faithfully, as its incorporation responded to changes of OGT, OGA, 

and O-GlcNAc levels. Yet, Ac4GalNAz also ends up in mucin type O-glycans.
[188]

 The third 

reporter was an peracetylated N-pentynoyl-GlcNAc derivative (Ac4GlcNAlk).
[189]

 Cells 

treated with Ac4GlcNAlk attached it to many intracellular proteins allowing for the 

identification of many novel presumably O-GlcNAcylated proteins. The authors have 

assumed that GlcNAlk is a more specific O-GlcNAc reporter than GlcNAz, as the latter, but 

not GlcNAlk, can be interconverted to the GalNAc-derivative. To date, peracetylated GlcNAc 

with a methylcyclopropenylmethylcarbamate-tag at the N-acetyl side chain (Ac4GlcNCyoc) is 

the only reporter designed for O-GlcNAc allowing labeling with a fluorophore via a 

bioorthogonal ligation reaction inside living cells. It has been reported by two groups 

independently.
[180,182]

 Ac4GlcNCyoc has been shown to mainly end up in intracellular 

proteins, but to some extent also in glycans on cell membranes. 

Recently, five additional chemical reporters for O-GlcNAc have been reported. Peracetylated 

6-azido-6-dexoy-GlcNAc (Ac36AzGlcNAc) and its alkynyl analog (Ac36AlkGlcNAc) bypass 

the standard hexosamine pathway, as they cannot be phosphorylated at the 6-hydroxy group 

and instead are directly phosphorylated by phospho-GlcNAc mutase at the 1-hydroxy 

group.
[190,191]

 Both sugars have been shown to solely end up in protein O-GlcNAcylation and 

not, as reported for Ac4GlcNAz, Ac4GalNAz, and Ac4GalNAlk, in N-glycans or mucin-type 

O-glycans. Thus, the authors claimed that Ac36AzGlcNAc and Ac36AlkGlcNAc are the most 

selective O-GlcNAc reporters outperforming the others. In addition, differences found in the 

enzymatic processing of these chemical reporters revealed a certain metabolic flexibility 

within the biosynthesis of carbohydrates. In 2016, Wang and coworkers presented 

peracetylated 4-deoxy GlcNAz (Ac34dGlcNAz) as potent and selective O-GlcNAc 

reporter.
[192]

 The lack of the 4-hydroxy group results in less incorporation of Ac34dGlcNAz in 

cell surface glycoconjugates
[193]

 and renders it resistant against hydrolysis by OGA. Thus, 

Ac34dGlcNAz accumulates as O-GlcNAc. Following bioorthogonal labeling of incorporated 

4dGlcNAz, imaging, purification, and identification of O-GlcNAcylated proteins has been 

achieved. Two additional reporters, peracetylated 2-azido-2-deoxy-glucose (Ac42AzGlc) and 

peracetylated 6-azido-6-deoxy-glucose (Ac46AzGlc), have been introduced by Pratt and 

coworkers.
[194,195]

 Ac42AzGlc and Ac46AzGlc were only found to very low extents in cell 

 

 

Figure 2.8: Chemical structures of reporters designed to target protein O-GlcNAcylation. 
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surface glycans in levels comparable to those of Ac4GlcNAz and Ac36AzGlcNAc. Proteomics 

data revealed the sugars’ specific incorporation as O-GlcNAc by OGT. Like Ac34dGlcNAz, 

Ac42AzGlc and Ac46AzGlc cannot be removed by OGA. 

Besides targeting O-GlcNAc, Neu5Ac, or GalNAc, chemical reporters have been developed 

to study protein fucosylation and xylose, rhamnose, as well as arabinose in plant cell 

walls.
[196–198]

 Chemical glycosylation reporters have not only been applied in vitro and in cell 

culture, but also in vivo, for instance in mice
[144]

, Caenorhabditis elegans
[146]

, Zebra fish 

embryos
[145]

, and Arabidopsis thaliana (A. thaliana)
[196,197,199]

. 

 

2.2.2. Chemical Reporters for Protein Acetylation 

The first chemical reporter for monitoring protein acetylation was developed by Yang et al. in 

2010.
[157]

 Their reporter is based on the native acetylation substrate acetyl-CoA, but is 

additionally tagged with a terminal alkyne for detection. Among several chain lengths tested 

in vitro (3-butynoyl-, 4-pentynoyl, and 5-hexynoyl-CoA), 4-pentynoyl-CoA was well 

accepted by the acetyltransferase p300 and transferred to lysine residues of histone 3. For in 

cell application followed by cell lysis and detection of alkyne-modified proteins on Western 

blots or via mass spectrometry, sodium 4-pentynoate (Figure 2.9A) has been selected. It has 

been metabolically processed and attached to lysine residues of many proteins including 

histones 2B, 3, and 4 and has been accepted by acetyltransferases, such as p300. However, 

concentrations as high as 10 mM needed to be employed, which might be due to a weak 

cellular uptake of the salt. 

Three years later, an alkyne-modified aspirin (Figure 2.9B) has been presented for in cell 

detection of aspirin-dependent protein acetylation.
[200]

 While this provides a nice tool to study 

effects of aspirin, this reporter is not suitable for studying protein acetylation in general. 

A third probe was published by the Pratt group in 2014: 1-deoxy-N-pentynoylglucosamine 

(Figure 2.9C).
[201]

 This molecule lacks the 1-hydroxyl group, which is indispensable for its 

processing by enzymes and incorporation into glycans, but instead has been shown to end up, 

at least partially, in the protein acetylation pathway. More than 60 known acetylated proteins 

were detected with 1-deoxy-N-pentynoylglucosamine. Comparison with sodium 

4-pentynoate, however, revealed a different modification pattern of labeled proteins on 

Western blots and demonstrated that the incorporation of sodium 4-pentynoate was stronger.  

Recently, sodium 4-pentenoate and two of its esters have been used for monitoring protein 

acetylation in cells and in vitro (Figure 2.9D).
[202]

 Nevertheless, these alkene-modified 

reporters were less accepted and incorporated than sodium 4-pentynoate. 

 

 

Figure 2.9: Chemical structures of the acetylation reporters (A) sodium 4-pentynoate, (B) aspirin-alkyne, 

(C) 1-deoxy-N-pentynoylglucosamine, (D) sodium 4-pentenoate, methyl 4-pentenoate, and S-propyl 

pent-4-enethioate. 
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These observations support the conclusion that sodium 4-pentynoate is the best known 

chemical reporter for monitoring protein acetylation. 

 

2.2.3. Chemical Reporters for Protein Methylation 

Chemical reporters for monitoring methylation have been based on the structure of the 

common cofactor SAM. In the last two decades, a huge variety of chemical methylation 

reporters has been developed.
[203–205]

  

To establish the first methylation reporters, the sulfonium and methionine of SAM have been 

replaced by an aziridin.
[206]

 Following its protonation, methylation substrates can attack the 

aziridinium ion and thereby attach themselves to the reporter (Figure 2.10A). The DNA 

methyltransferase from Thermus aquaticus has been shown to catalyze this reaction in 

vitro.
[206]

 Further aziridin-based chemical methylation reporters have been developed, as 

summarized elsewhere.
[207]

 They are for instance modified with azides or fluorophores 

enabling the detection of modified substrates.
[208,209]

 However, these reporters are not suited 

for cellular applications, as methyltransferases cannot dissociate from substrate-reporter 

conjugates and consequently high concentrations are needed.
[210]

 This can also be an 

advantage, as a methyltransferase responsible for a certain modification can be easily purified 

and identified, if it is linked to its substrate. Noteworthy, aziridin-based reporters are highly 

reactive. This results in their degradation and in non-specific alkylation, even in the absence 

of methyltransferases.
[204,207]

 

The second class of chemical methylation reporters comprises SAM analogs bearing a 

chemical handle instead of the methyl group at the sulfonium center, which is transferred by 

methyltransferases to their targets (Figure 2.10B). It is known that SAM analogs with longer 

alkyl chains are accepted by methyltransferases, but reaction rates are much lower compared 

to native SAM, which has been explained by steric hindrance.
[211]

 Early synthesized chemical 

methylation reporters have carried an allyl or propargyl group.
[212,213]

 The allylic or 

propargylic carbon-carbon bond in β-position of the sulfonium atom stabilizes the transition 

state of the SN2 reaction and in this way recovers good reaction rates.
[204,212,213]

 Many more 

SAM analogs with diverse groups for detection (alkynes, ketones, or azides) differently 

accepted by methyltransferases and with altered reaction rates have been published.
[214–219]

 

Reporters with chemical handles larger than the pent-2-en-4-ynyl group
[214]

 have not been 

accepted by native methyltransferases and required genetically engineered methyltransferases 

to recognize and transfer bulky SAM analogs.
[215]

 Although smaller reporters such as 

ProSAM (Figure 2.10C) are better tolerated by methyltransferases, they have half-life times 

lower than one minute under physiological conditions, rendering their application 

difficult.
[216,220]

 Decomposition pathways of SAM analogs include the racemization at the 

sulfonium center, the deprotonation at the C-5´ followed by elimination of the adenine base 

(depurination), and loss of methionine as homoserine lactone after a nucleophilic attack of the 

α-carboxylate at the γ-carbon atom.
[204,221]

 In addition, the alkyl side chain can decompose. 

For example, the propargyl group of ProSAM can hydratase, presumably via an allene 

intermediate.
[220]

 A chemical reporter with increased stability and a half-life time of around 

60 min under physiological conditions is the selenium-based ProSeAM (Figure 2.10D).
[220,222]

 

Selenium analogs are more electrophilic than sulfonium analogs and for this reason more 
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reactive towards a nucleophilic attack resulting in increased reaction rates.
[204,220,223]

 In 

addition, selenium analogs possess a reduced C-5´ acidity compared to sulfonium analogs.
[223]

 

Thus, they are more stable towards deprotonation at the 5´-H.
[220]

 Moreover, ProSeAM’s 

propargyl group does not undergo hydratization.
[220]

 ProSeAM has been shown to be well 

accepted by a wide variety of native protein methyltransferases,
[220,222]

 but also by DNA and 

RNA methyltransferases.
[222,224]

 This reporter has been employed for the isolation of modified 

proteins from cell lysates followed by mass spectrometry and for the identification of 

substrates of certain methyltransferases in vitro.
[220,222]

 Besides ProSeAM, three further SeAM 

analogs have been synthesized carrying a 3-butynyl, 2-azidoethyl, or 3-azidopropyl group, but 

all of them have been less reactive in an enzymatic methylation assay than ProSeAM.
[225,226]

  

 

 

Figure 2.10: (A) Mechanism of the reaction of nucleophilic substrates with aziridin-based chemical 

reporters. R
1
, R

2
, R

3
 = H/chemical handle/fluorophore. (B) Mechanism of the reaction of nucleophilic 

substrates with SAM-based chemical reporters. R = chemical handle. (C) Chemical structure of ProSAM. 

(D) Chemical structure of ProSeAM. 

 

The application of methylation reporters is largely restricted to experiments in cell lysates. 

The lack of in cell experiments is mainly due to the low cellular permeability of SAM analogs 

and the absence of a proper transport system in mammalian cells. A unique SAM transporter 

system exists in S. cerevisiae, which has allowed the delivery of chemical methylation 

reporters in yeast.
[227]

 So far, the only methylation reporters having been used in mammalian 

cells are methionine analogs, which have been taken up by cells and have been converted into 

the corresponding SAM analogs by engineered SAM synthetases.
[154,228]
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2.2.4. Delivery of Chemical Reporters into Cells 

As chemical reporters need to be processed by cellular enzymes to become attached to 

proteins, reporters have to be delivered into cells. Ideally, the chemical reporter is cell 

permeable and simply diffuses in the cytoplasm. However, most chemical reporters are polar 

and thus can hardly pass cellular membranes. As a consequence, polar groups, such as 

alcohols, are often protected with acetyl- or acetoxymethyl-groups making reporters more 

hydrophobic and therefore better cell permeable.
[155,167–169]

 It is assumed that cellular esterases 

remove these protecting groups inside cells.
[169]

  

If chemical reporters cannot pass cell membranes, several methods exist to introduce them 

into cells: 

 Electroporation. An external electrical field can be applied that leads to the temporary 

formation of membrane pores through which reporters can diffuse.
[229]

 This technique 

can be performed with adherent cells or cells in suspension and allows for 

homogenous introduction.
[230]

 Electroporation conditions need to be adapted for each 

reporter and cell line individually to ensure a proper delivery with minimal effects on 

cellular integrity.  

 Microinjection. Thereby, the amount of reporters present in cells can be clearly 

defined.
[231]

 Correct microinjection of many cells requires expertise and is time-

consuming.  

 Triton X-100. Low concentrations of this detergent can be used to transiently 

permeabilized cellular membranes without breaking up the membranes’ structure 

completely.
[232]

 Triton permeabilization delivers compounds homogenously into cells, 

but cells die rapidly within the next two hours. This restricts its application in living 

samples to short-term studies.  

 Peptide carriers. A short amphipathic peptide can be employed, which has been shown 

to efficiently deliver peptides, proteins, and chemical reporters into cells.
[147,233]

 This 

peptide is not toxic and leads to the homogenous delivery of probes in cell, but it is 

relatively expensive.  

 Cell squeezing. Cells are rapidly and dynamically deformed by cell squeezing, which 

enables the diffusion of macromolecules or nanomaterial into cells.
[234]

 Whereas many 

cells can be easily processed at once and are not affected in their viability, cell 

squeezing is done with cells in suspension. Hence it does not allow monitoring the 

incorporation of chemical reporters into adherent cells by microscopy subsequently.  

 Liposomes. Chemical reporters encapsulated in liposomes can be taken up by cells via 

endocytosis. Recently, this liposome-assisted bioorthogonal reporter strategy has been 

applied to deliver chemical glycosylation reporters in mouse brains in vivo and to 

target different cell types by using ligand-functionalized liposomes.
[143,235,236]

  

As all aforementioned delivery methods exhibit different advantages and disadvantages, the 

appropriate method has to be chosen carefully according to the respective experimental 

demands. 
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2.3. Bioorthogonal Ligation Reactions 

Chemical handles of reporters presented in the last chapters need to be labeled with tags for 

the purification and detection of targeted biomolecules. Examples for possible tags are biotin 

or fluorophores. Labeling reactions between chemical reporters and tags should be selective, 

fast, irreversible, give ideally no side products, and proceed with high yields. As the reaction 

must occur in the cellular environment, all reaction partners should be stable under 

physiological conditions (ambient temperature, aqueous solution, pH 7 to 8). In addition, 

reagents should not be present in cells naturally, should be non-toxic, and inert towards 

biological compounds. These properties are summarized with the term “bioorthogonal”. 

Within the last two decades, various bioorthogonal ligation reactions have been developed 

and applied.
[237–240]

 Selected ones are presented within this chapter.  

The first labeling reaction applied has been the ketone-hydrazine-ligation.
[173]

 Thereby, a 

ketone or aldehyde reacts with a hydrazide forming a stable hydrazone (Figure 2.11A). As the 

pH optimum for this reaction lies between 5 and 6, its application in living samples is not 

possible.
[241]

 In addition, the ketone-hydrazine-ligation is limited in its use to cell surfaces,
[173]

 

which are, in contrast to the intracellular space, free of native aldehydes and ketones. 

Aldehydes and ketones can also react with other groups present inside cells including 

alcohols, amines and thiols. Thus, the ketone-hydrazide-ligation is in fact not bioorthogonal. 

 

 

Figure 2.11: Reaction schemes for (A) the ketone-hydrazide ligation and (B) the Staudinger ligation. 

 

The first “real” bioorthogonal ligation reaction established has been the Staudinger ligation, 

which uses an azide as chemical handle. The azide is very small and does naturally not occur 

in cells, making it perfectly suitable for cellular applications. The Staudinger ligation is based 

on the classical Staudinger reduction of azides with triphenylphosphines forming an aza-ylide 

hydrolyzing into an amine and phosphine oxide.
[242]

 To avoid this hydrolysis, Bertozzi and 

coworkers positioned an ester group at one of the phosphine’s aryl substituents to enable the 

intramolecular conversion of the aza-ylide to a stable amide (Figure 2.11B).
[167]

 This reaction 

can proceed in aqueous solution, at physiological pH, and at ambient temperature.
[188]

 

However, phosphines are prone to oxidation and have low reactivities,
[243,244]

 which is why 

high concentrations of phosphines (>250 µM) need to be employed. 
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A further ligation reaction utilizing the small azide, but proceeding faster than the Staudinger 

ligation is the Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC). It is often named 

“click-reaction” or “click-chemistry” and based on the [3+2] cycloaddition of azides and 

alkynes introduced by Huisgen.
[245]

 Following his approach, high temperatures are needed 

rendering its application in cellular systems impossible. Such harsh reaction conditions can be 

avoided by addition of Cu(I) as catalyst.
[246,247]

 In the CuAAC, the azide and alkyne react to a 

triazole with 1,4 regioselectivity (Figure 2.12A). Both the azide and the alkyne can be placed 

at the chemical reporter or the tag, as they are very small. Cu(I) is usually produced in the 

reaction mixture from CuSO4 using the reducing agents tris(2-carboxyethyl)phosphine 

(TCEP) or sodium ascorbate. As Cu(I) is cytotoxic and therefore cannot be used for the 

labeling of living samples, ligands chelating Cu(I) ions have been developed (Figure 2.12B). 

They accelerate the CuAAC by maintaining the Cu(I) oxidation state and furthermore protect 

biomolecules from oxidative damage. Common Cu(I) ligands are the poorly water soluble 

tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (TBTA)
[248]

 and the water soluble tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA).
[249]

 Compared to TBTA and THPTA, the 

ligands 2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-

triazol-1-yl)ethyl hydrogen sulfate (BTTES)
[250]

 and 2-(4-((bis((1-(tert-butyl)-1H-1,2,3-

triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid (BTTAA)
[142]

 enhance 

reaction rates markedly. Moreover, aminoguanidine has been described to be a suitable 

additive in CuAACs to prevent the formation of byproducts of ascorbate oxidation.
[251]

 

 

 

Figure 2.12: (A) Reaction scheme for the CuAAC. (B) Chemical structures of selected Cu(I) ligands. 

 

To overcome the requirement of cytotoxic Cu(I) in azide-alkyne cycloadditions, the 

strain-promoted azide-alkyne cycloaddition (SPAAC) of azides and strained cycloalkynes can 

be applied (Figure 2.13A).
[252]

 Reagents for this reaction are not cytotoxic, but SPAACs 

proceed slower than CuAACs in general.
[253]

 The first strained alkyne employed has been the 

cyclooctyne (OCT).
[253]

 Until now, more than ten different cyclooctynes for SPAAC have 
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been reported,
[254]

 including dibenzocyclooctyne (DIBO)
[255]

, bicyclo[6.1.0]non-4-yne 

(BCN)
[255]

, and biarylazacyclooctynone (BARAC)
[256]

 (Figure 2.13B). Among them, DIBO 

and BARAC react fastest in SPAAC, but have an increased hydrophobicity due to their 

aromatic character resulting in their non-specific attachment to other biomolecules.
[239,257]

 

Cyclooctynes are prone to react with thiols.
[258]

 Thus, the application of SPAAC requires 

capping thiols with acylating agents or limits its usage to extracellular spaces that are free of 

thiols.
[239]

 

 

 

Figure 2.13: (A) Reaction scheme for SPAAC. (B) Chemical structures of selected cyclooctynes. 

 

Owing to its fast kinetics and excellent biocompatibility, the inverse-electron-demand Diels-

Alder (DAinv) reaction, firstly reported in 1956,
[259]

 has set a new standard in bioorthogonal 

ligation chemistry.
[237,260]

 The DAinv reaction is a [4+2] cycloaddition of a 1,2,4,5-tetrazine 

(Tz) and an alkene forming an intermediate state, which reacts in a retro-Diels-Alder reaction 

to a 4,5-dihydropyridazine (Figure 2.14).
[261]

 The latter emerges as different isomers and can 

be oxidized to a pyridazine. The DAinv reaction does not need toxic catalysts and is 

irreversible due to release of nitrogen.
[262]

 Thus, it is perfectly suited for live cell applications. 

 

 

Figure 2.14: Reaction scheme for the DAinv reaction. 

 

In a Diels-Alder reaction with normal electron demand, the highest occupied molecular orbital 

(HOMO) of the diene (tetrazine) overlaps with the lowest unoccupied molecular orbital 

(LUMO) of the dienophile (alkene). In contrast, the HOMO of the dienophile overlaps with 
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the LUMO of the diene in a DAinv reaction (Figure 2.15).
[262]

 Residues of diene and 

dienophile determine whether the reaction of an alkene with a tetrazine takes place with 

normal or inverse electron demand. To achieve a DAinv reaction, the diene should be electron 

poor and the dienophile electron rich. Hence, the DAinv reaction is accelerated by the 

presence of electron withdrawing groups at the diene and electron donating groups at the 

dienophile.
[262,263]

 The reactivities of differently substituted tetrazines have been summarized 

by Chen and Wu.
[240]

 Suitable alkenes for the DAinv reaction are norbornenes
[183,264]

, 

trans-cyclooctenes
[261]

, trans-biocyclo[6.1.0]nonenes
[265]

, cyclopropenes
[180–182,266–268]

, and 

terminal alkenes.
[178]

 Whereas alkenes with strained rings react faster than unstrained ones, as 

their ring strain is released within the reaction,
[240,269]

 smaller alkenes are better tolerated by 

cellular enzymes.
[179,270]

 Besides alkenes, also several strained alkynes, such as OCT or BCN, 

have been shown to react with tetrazines in a DAinv reaction.
[145,271]

  

 

 

Figure 2.15: Orbital schemes for Diels-Alder reactions with (A) normal and (B) inverse electron demand. 

ED = electron donating substituent, EW = electron withdrawing substituent. Based on 
[272]

. 

 

In several cases, labeling of two chemical reporters is required. For this purpose, two 

bioorthogonal ligation reactions need to proceed without disturbing one another. Dual 

labeling was achieved by combining the ketone-hydrazide-ligation with the Staudinger 

ligation
[175]

, the CuAAC with the SPAAC (although labeling was performed 

sequentially)
[273,274]

, the SPAAC with the DAinv reaction
[178,181]

, as well as two orthogonal 

selectively enhanced DAinv reactions
[275]

. For the combination of SPAAC and DAinv 

reaction, a strained alkyne not reacting with tetrazines, such as DIBO, must be selected.
[276]

 

Probes fluorescing only upon completion of the ligation reaction have been developed for the 

Staudinger ligation
[277,278]

, the CuAAC
[198,279–281]

, the SPAAC
[282,283]

, and the DAinv 

reaction
[284–287]

. Since only reacted molecules contribute to the fluorescence and unreacted 

labels do not, the fluorescence signal to background ratio is dramatically increased. 



2.3 Bioorthogonal Ligation Reactions 

 

- 25 - 

 

Consequently, the usage of turn-on probes circumvents the need of washing steps after 

labeling, which might affect cellular viabilities and removes for instance mitotic cells.  

The choice of the “right” bioorthogonal ligation reaction needs to consider various parameters 

including the selectivity and speed of reactions, but also possible cytotoxic effects of reaction 

partners for applications in vivo or in cell culture.
[239]

 Additionally, sizes of chemical handles 

and tags should be as small as possible to be tolerated by native enzymes. Otherwise, 

engineered enzymes can be employed.
[215]

 More importantly, the availability of PTM analogs 

with defined chemical handles and corresponding tags is often limiting.  
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2.4. FLIM-FRET Microscopy 

2.4.1. Fluorescence 

Early observations of compounds in solution that “change” ultraviolet light into visible blue 

light have been made by Clarke, Brewster, and Herschel.
[288]

 In 1852, Stokes reported similar 

experiments and named this effect fluorescence.
[289,290]

 Fluorescence is one of several 

luminescence processes, whereby the transition of a molecule from the electronically excited 

state to the electronic ground state is connected with the emission of light. Luminescence 

processes differ in their excitation pathways resulting in the occupation of the electronically 

excited state, which include among others chemical reactions (chemiluminescence), ionizing 

radiation (radioluminescence), or the absorption of photons (photoluminescence).  

The transitions of molecules between electronic states are commonly illustrated in a Jablonski 

diagram (Figure 2.16).
[291]

 According to the Boltzmann distribution, almost all molecules 

reside at room temperature in the electronic and vibrational ground state. Absorption of a 

photon transfers a molecule into the electronically excited state. This process is very fast and 

occurs on the time-scale of femtoseconds. Which vibrational state of the electronically excited 

state becomes populated depends on the energy of the photon and the overlap of vibrational 

wave functions of the electronic ground and excited state. The larger the overlap of the wave 

functions, the more likely is the population of a certain vibrational state. This rule is known as 

Franck-Condon principle. Once a molecule is in the electronically excited state, several 

radiative or non-radiative relaxation pathways are possible, which compete with one another. 

Internal conversion describes a process of radiation-less relaxation via several vibrational 

modes based on an energy loss through collisions with other molecules. As internal 

conversion to the vibrational ground state of the first electronically excited state occurs on a 

picosecond time-scale, all other relaxation processes start from there and are mostly 

independent of the excitation pathway (Kasha’s rule). Fluorescence is the transition of a 

molecule from the electronically excited state to the electronic ground state accompanied by 

the emission of a photon and occurs on the nanosecond time-scale. Due to the fast internal 

conversion to the vibrational ground state of the electronically excited state, the energy of the 

 

 

Figure 2.16: Jablonski diagram. 
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emitted fluorescence photon is generally lower than that of the absorbed photon resulting in a 

red-shifted wavelength as compared to the excitation (Stoke’s shift). In most cases, absorption 

and fluorescence emission spectra are mirror symmetric, as vibrational wave functions of 

electronic ground and excited state are similar. Besides internal conversion and fluorescence, 

non-radiative intersystem crossing to a triplet state depopulates the electronically excited 

singlet state. The molecule can return from the triplet state in the electronic singlet ground 

state, which is connected with the emission of phosphorescence. As this process requires a 

change in spin multiplicity and is consequently formally not allowed, phosphorescence occurs 

on time-scales of microseconds to seconds.
[292]

 

Both radiative (r) and non-radiative (nr) processes lead to the depopulation of the 

electronically excited state with different rate constants knr (including internal conversion and 

intersystem crossing) and kr. The number N of molecules in the excited state at a time point t 

can be calculated according to 

 

𝑁(𝑡) = 𝑁0 ∙ 𝑒(−𝑡∙(𝑘𝑛𝑟+𝑘𝑟)). (2.1) 

 

Thereby, N0 is the initial number of molecules present in the excited state. The time until the 

number of molecules in the excited state has dropped to the 1/e-fraction of N0 is the 

fluorescence lifetime τ, which can be calculated from the reciprocal of the sum over all rate 

constants involved in the depopulation of the excited state: 

 

𝜏 =
1

𝑘𝑛𝑟 + 𝑘𝑟
 (2.2) 

 

The fluorescence lifetime is an intrinsic property of a fluorophore. However, it also depends 

on the fluorophore’s environment, as temperature, pH, viscosity, or refractive index can affect 

fluorescence lifetimes.
[293]

 Since the number of fluorophores in the excited state is 

proportional to the fluorescence intensity I, the time-dependent fluorescence intensity I(t) can 

be written as 

 

𝐼(𝑡) = 𝐼0 ∙ 𝑒(
−𝑡
𝜏

). (2.3) 

 

If several fluorophores are present in a sample or a fluorophore exists in different states, the 

fluorescence intensity follows a multiexponential decay  

 

𝐼(𝑡) = ∑ 𝑎𝑖 ∙ 𝑒
(

−𝑡
𝜏𝑖

)
𝑛

𝑖=1

. (2.4) 

 

In this equation, the preexponential factor αi accounts for the fractional contribution of a 

component with the fluorescence lifetime τi to the time-resolved decay.
[294]

 The fluorescence 

quantum yield Φ is directly linked to the fluorescence lifetime and is defined by the ratio of 

photons emitted by fluorescence and absorbed photons: 
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𝛷 =
𝑘𝑟

𝑘𝑛𝑟 + 𝑘𝑟
= 𝜏 ∙ 𝑘𝑟 

(2.5) 

 

 

The fluorescence intensity can be reduced due to various processes called quenching. It opens 

a further depopulation pathway for a molecule in the electronically excited state. Quenching 

results in an additional rate constant kQ, which leads to a reduction of both the fluorescence 

lifetime and the fluorescence quantum yield Φ.
[292]

 Förster resonance energy transfer (FRET) 

is one possible quenching process and discussed in chapter 2.4.4. Within this thesis, FRET 

was assessed via fluorescence lifetime measurements (see section 2.4.5) to image PTMs of 

proteins, as explained in chapter 3. 

 

2.4.2. Fluorescent Proteins 

Organic fluorophores possess a π-electron system capable of absorbing light of a certain 

wavelength. Both the size of the π-electron system and nearby functional groups influence the 

wavelength range of absorption. For biological applications, genetically encoded 

fluorophores, so called fluorescent proteins, have gained immense importance in the last two 

decades. The first fluorescent protein, aequorin, has been isolated from the jellyfish Aequorea 

victoria by Shimomura et al.
[17]

 This protein has been named green fluorescent protein (GFP). 

It has a molecular weight of 238 kDa and forms a β-barrel structure with an interior α-helix. 

The chromophore of GFP is autocatalytically formed in the α-helix from the three amino acids 

serine 65, tyrosine 66, and glycine 67 (Figure 2.17).
[295–298]

 This has enabled the expression of 

the GFP gene in cells and whole organisms and to attach it genetically to proteins.
[296,298–300]

 

Native GFP has a major absorption maximum at 395 nm and a minor one at 475 nm. Its 

fluorescence emission peak lies at 504 nm. Through mutations changing amino acids close to 

the chromophore, GFP derivatives with altered spectral and physical properties have been 

generated.
[301]

 For example, the two point mutations F64L and S65T resulted in enhanced 

GFP (EGFP). Its absorption maximum is shifted to 488 nm. In addition, EGFP possesses an  

 

 

Figure 2.17: Spontaneous formation of the chromophore of GFP. 



2.4 FLIM-FRET Microscopy 

 

- 29 - 

 

improved protein maturation efficiency and a more stabilized hydrogen-bonding network 

compared to native GFP.
[302,303]

 Hence, most plasmids encoding fluorescent protein-fusion 

proteins available from nonprofit plasmid repositories carry EGFP. Meanwhile, a whole color 

pallet of genetically encodable fluorophores derived from native fluorescent proteins from 

jellyfish or anthozoa corals with various physical, photochemical, and biological properties 

has been established.
[304–308]

 

 

2.4.3. Fluorescence Microscopy 

Hundreds of years ago, first microscopes for the magnified imaging of structures or 

compounds not visible by human eyes have been developed. Microscopy relies on the 

generation of contrast, which can be achieved for example from differences in absorption, 

phase, or polarization.
[293]

 Microscopes are tools employed in biology, material science, and 

medicine. The best achievable resolution, defined as the distance d between two structures 

required to distinguish them, can be calculated via Abbe’s diffraction limit: 

 

𝑑 =
0.61 ∙ 𝜆

𝑛 ∙ sin 𝛼
 (2.6) 

 

The distance d depends on the wavelength of light λ, the refractive index n of the medium 

through which the light travels, and half the opening angle of the objective α. The product 

𝑛 ∙ sin 𝛼 is also known as numerical aperture. Meanwhile, several modern microscopic 

techniques “overcome” the resolution limit given by diffraction and can be utilized to resolve 

structures in the nanometer range.
[309–315]

 

Fluorescence microscopes use the fluorescence signal for the generation of contrast. The 

excitation light from a lamp, diode, or laser is passed via mirrors to an objective, which 

focusses it onto the sample. In epifluorescence microscopy, the emitted fluorescence is 

collected with the same objective. Due to the Stoke’s shift, the fluorescence signal can be 

easily separated from the excitation light by dichroic mirrors and filters before being detected. 

As nearly no background is present, the detection of fluorescence is very sensitive. 

Two main types of fluorescence microscopes exist: wide-field and confocal scanning 

microscopes (Figure 2.18).
[15,316]

 Wide-field microscopes allow the illumination of a large 

area at once, which can be imaged with an area detector, such as a charge-coupled device 

(CCD) camera.
[317]

 This allows the temporal resolution of fast processes, but also requires 

high powers of excitation light. As wide-field microscopes hardly suppress out-of-focus light, 

their axial resolution is weak. The development of the confocal microscope has overcome this 

obstacle.
[318,319]

 In this technique, excitation light is focused diffraction-limited onto the 

sample. Thus, only a small volume of the sample is illuminated at once. Additionally, a 

pinhole is placed in front of the detector to suppress out-of-focus light. The excitation light is 

scanned over the sample and fluorescence from each pixel is acquired with point detectors 

separately. Whereas confocal scanning microscopes achieve a much better axial resolution 

than wide-field microscopes and enable three-dimensional imaging, they suffer from poor 

temporal resolution. 
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Figure 2.18: Schematic drawing of (A) a wide-field and (B) a confocal fluorescence microscope. Based 

on
[320,321]

.  

 

2.4.4. Förster Resonance Energy Transfer 

FRET is a radiation-less energy transfer from a donor fluorophore in the electronically excited 

state to an acceptor fluorophore in the electronic ground state via dipole-dipole coupling 

(Figure 2.19) and has first been described by Förster.
[322–324]

  

 

 

Figure 2.19: Jablonski diagram with FRET from the donor to the acceptor fluorophore. 
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The efficiency of FRET EFRET strongly depends on the distance r of donor and acceptor 

fluorophore and can be calculated according to 

 

𝐸𝐹𝑅𝐸𝑇 =
𝑅0

6

𝑅0
6 + 𝑟6

. 
(2.7) 

 

 

R0 is the Förster radius and is defined as the distance r at which the FRET efficiency of a 

certain donor-acceptor pair equals 50 %. The Förster radius is given as 

 

𝑅0
6 =

9000 ∙ ln 10 ∙ 𝛷𝐷 ∙ 𝜅2

128 ∙ 𝑁𝐴 ∙ 𝜋5 ∙ 𝑛4
∙ 𝐽(𝜆), (2.8) 

 

where ΦD is the quantum yield of the donor in absence of the acceptor, κ
2
 the orientation 

factor, NA Avogadro’s number, n the refractive index of the medium, and J(λ) the wavelength-

dependent overlap integral of the donor’s emission and the acceptor’s absorption spectra. The 

latter is calculated from the normalized fluorescence intensity of the donor F(λ) and the 

extinction coefficient of the acceptor ε(λ) via 

 

𝐽(𝜆) = ∫ 𝐹(𝜆)

∞

0

𝜀(𝜆)𝜆4d𝜆. (2.9) 

 

The orientation factor κ
2
 describes the relative orientation of donor and acceptor transition 

dipole moments in space. It can be calculated from the angle between both transition dipoles 

θT and the angles between each dipole and the separation vector between donor and acceptor 

θD / θA (Figure 2.20) with the following equation: 

 

𝜅2 = (cos 𝜃𝑇 − 3 cos 𝜃𝐷 cos 𝜃𝐴)2 (2.10) 

 

 

Figure 2.20: Schematic representation of angles between donor and acceptor transition dipole moments 

used to calculate κ
2
. 

 

Based on these equations, three preconditions for efficient FRET can be formulated. Firstly, 

the distance between donor and acceptor fluorophore must be very small. As a rule of thumb, 

it should be between 2 nm and 10 nm. An increase of r to two times R0 already results in 

FRET efficiencies of only 1.5 % (Figure 2.21). Secondly, the emission spectrum of the donor 
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must overlap with the acceptor’s excitation spectrum. As FRET is a dipolar interaction, the 

third precondition is the proper orientation of the transition dipole moments of donor and 

acceptor fluorophore, which can hardly be influenced. κ
2
 can range from 0 to 4. For donor-

acceptor pairs with random orientation and high mobility, an average value for κ
2
 is 

2/3.
[325,326]

 

 

 

Figure 2.21: Dependency of the FRET efficiency EFRET on the sixth power of the donor-acceptor 

distance r. 

 

Due to its strong distance-dependency, FRET is an ideal tool to investigate processes based 

on changes of intra- or intermolecular distances.
[293,327]

 For example, conformational changes 

of single biomolecules can be monitored by attaching two fluorophores forming a FRET pair 

at different sites of a molecule.
[328]

 In cellular biology, FRET is often used to assess the 

interaction of two partners, e.g. a protein and lipid, a protein and DNA, or two different 

proteins. As such samples contain several donor and acceptor fluorophores and a Förster 

radius is not known for every FRET pair, exact distances are seldom calculated from these 

FRET experiments. However, FRET measurements yield valuable information on the close 

proximity of donor- and acceptor-tagged molecules allowing for conclusions on molecular 

interactions.
[329]

 As FRET only occurs if both molecules are closer than roughly 10 nm, it 

allows much higher spatial localization than studies purely based on the diffraction of light. If 

protein interactions are studied, fluorescent protein-fusion proteins are often used. 

Several techniques with different advantages and disadvantages have been established to 

measure FRET.
[320,326,330–332]

 They are based on fluorescence intensities, anisotropies, or 

lifetimes. The usage of fluorescence lifetimes to detect FRET is separately discussed in the 

next chapter. Both the decrease of the donor’s fluorescence intensity and the increase in the 

acceptor’s fluorescence intensity accompanying FRET can be employed to determine its 

efficiency. Traditionally, FRET is detected by measuring the acceptor fluorescence (sensitized 

emission) after donor excitation.
[333]

 A quantitative analysis of such experiments requires 

several controls to correct for artifacts arising from spectral bleed-through due to excitation of 

the acceptor at the donor’s excitation wavelength and emission of the donor at the acceptor’s 

emission wavelengths. As a consequence, excitation and emission spectra of donor and 

acceptor should not be too close to one another. Conversely, this reduces the Förster radius 

and thus the sensitivity of the FRET measurement. To solve this discrepancy, some correction 

procedures have been established.
[333,334]

 They are based on the examination of samples 

containing only donor, only acceptor, or both fluorophores combined with different filter 
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settings. Sensitized emission can be performed as cuvette experiment, but also via spectral 

imaging.
[335,336]

 Besides the detection of the acceptor’s fluorescence, the donor’s fluorescence 

intensity can be assessed, as it decreases due to FRET. This is the most direct approach to 

quantify FRET.
[331]

 As only the donor’s emission is detected, spectral bleed-through is not 

obstructive and FRET pairs with a larger spectral overlap and accordingly higher Förster radii 

can be used. Moreover, experiments with an excess of acceptor fluorophores can be 

performed. One facile implementation of a FRET measurement based on the fluorescence 

intensity of the donor is acceptor photobleaching.
[337]

 Thereby, images of both the donor and 

the acceptor emission are taken before and after photochemically destroying acceptor 

fluorophores. If FRET occurred before bleaching, the donors’ fluorescence intensity will 

increase afterwards. FRET efficiencies can be calculated from the average donor fluorescence 

intensities before IDA and after ID bleaching the acceptor via 

 

𝐸𝐹𝑅𝐸𝑇 = 1 −
𝐼𝐷𝐴

𝐼𝐷
. (2.11) 

 

For FRET experiments with equal amounts of donor and acceptor fluorophores, such as 

intramolecular applications, the measured FRET efficiency corresponds to the actual FRET 

efficiency. If the stoichiometry of both fluorophores changes, for instance in the case of 

intermolecular interaction studies, the FRET efficiency derived from the measurement is the 

apparent FRET efficiency EFRET,app, which is the product of the “real” FRET efficiency EFRET 

and the fraction of interacting donor fluorophores α:
[338]

 

 

𝐸𝐹𝑅𝐸𝑇,𝑎𝑝𝑝 = 1 −
𝐼𝐷𝐴

𝐼𝐷
= 𝛼 ∙ 𝐸𝐹𝑅𝐸𝑇 (2.12) 

 

Acceptor photobleaching is usually performed with fixed samples, as data acquisition takes 

some minutes. Movements of fluorophores in living samples would influence the result. 

Additionally, bleaching destroys the acceptor fluorophore and in this way prevents repeated 

measurements.  

Furthermore, FRET can be detected by measuring fluorescence anisotropy following the 

excitation of samples with linearly polarized light.
[329,339]

 This leads to the selective excitation 

of fluorophores, whose absorption transition dipole moments are approximately parallel to the 

electric field vector of the excitation light. Hence, immediately after excitation also the 

polarization of the fluorescence emission is parallel to the excitation light.
[292]

 Rotations of 

fluorophores can decrease the fluorescence anisotropy, but are rather slow if large 

fluorophores such as fluorescent proteins are used.
[340]

 If FRET occurs, the excitation energy 

of the donor can be transferred to a slightly differently oriented acceptor fluorophore. The 

fluorescence emission can thus occur at a different angle resulting in fluorescence 

depolarization. This approach can be applied to study FRET between two identical (homo 

FRET) or different fluorophores.
[341–343]
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2.4.5. Fluorescence Lifetime Imaging Microscopy 

The measurement of the donor’s fluorescence lifetime is considered to be the most robust and 

accurate way to determine FRET.
[293,329,330,344]

 It circumvents several drawbacks of other 

FRET detection schemes. As the fluorescence lifetime is an intrinsic property of a 

fluorophore, it is theoretically independent of variations in fluorophore concentrations, 

illumination intensity, light pathlength, scattering, and to some extent even 

photobleaching.
[293]

 Similar to equation 2.12, apparent FRET efficiencies can be calculated 

from fluorescence lifetimes of samples with donor and acceptor fluorophores τDA and such 

with only donor fluorophores τD according to 

 

𝐸𝐹𝑅𝐸𝑇,𝑎𝑝𝑝 = 1 −
𝜏𝐷𝐴

𝜏𝐷
= 𝛼 ∙ 𝐸𝐹𝑅𝐸𝑇 . (2.13) 

 

Fluorescence lifetime imaging (FLIM) microcopy allows for the spatially resolved detection 

of FRET. Thereby, the image contrast is generated from fluorescence lifetimes. FLIM 

techniques can be grouped into time- or frequency-domain, photon counting or analog, and 

point-scanning or wide-field approaches.
[293,345,346]

 Almost all technical combinations are 

used.
[346]

 

In the time-domain, samples are excited with a sharp laser pulse and fluorescence is detected 

over time (Figure 2.22A). Fluorescence lifetimes can be derived from the exponential decay 

of the fluorescence intensity using equation 2.4. Time-domain FLIM can be performed with a 

confocal scanning or wide-field microscope. Confocal time-domain FLIM is better known as 

time-correlated single photon counting (TCSPC).
[347]

 Thereby, fluorescence lifetimes are 

recorded pixel by pixel. Samples are excited with pulsed lasers and the arrival time of single 

photons is detected in relation to the excitation pulse with point detectors. Subsequently, 

histograms of the arrival times of single photons are created for each pixel. Fluorescence 

decays can be fitted to exponential functions in order to derive fluorescence lifetime 

components. TCSPC is considered as gold standard in FLIM.
[348]

 Since all available photons 

are detected, it has an optimal signal-to-noise ratio, good reproducibility and spatial 

resolution, linear recording characteristics, and can be used to resolve complex decay 

profiles.
[293,346,349–351]

 However, pulsed lasers are needed and the acquisition is rather slow 

(generally some minutes per image), as each photon at each pixel has to be measured 

individually.
[293]

 Wide-field time-domain FLIM microscopy is faster than conventional 

TCSPC, as it allows for the parallel acquisition of all pixels.
[346]

 Samples are excited with 

laser pulses and snap shots of the fluorescence decay are acquired with a CCD camera 

coupled to a gated image intensifier, whose detection window is temporally shifted in relation 

to the excitation after each pulse.
[352,353]

 As the whole frame is illuminated simultaneously, 

higher laser powers are needed. In addition, wide-field time-domain FLIM is less sensitive 

than TCSPC, as the photon efficiency is lower and its temporal resolution is limited to 

approximately 80 ps.
[351,354]
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Figure 2.22: Fluorescence lifetime measurements (A) in the time-domain and (B) in the frequency domain. 

The intensities of excitation light (dark grey) and emitted fluorescence (light gray) are drawn over time. (B) 

is reprinted (adapted) with permission from Doll et al.
[355]

 Copyright (2018) Elsevier Inc. 

 

For frequency-domain measurements, fluorophores are excited with a sinusoidally intensity 

modulated continuous wave laser at a MHz frequency ω (Figure 2.22B). As a consequence, 

the fluorescence emission is modulated in its intensity at the same frequency, but with a 

decreased modulation depth 𝑚 and a shifted phase 𝜑 compared to the excitation light. Both 

the relative demodulation (equation 2.14) and the phase shift (equation 2.15) can be used to 

derive fluorescence modulation 𝜏𝑚 and phase 𝜏𝜑 lifetimes.  

 

𝑚 =
𝑚𝑒𝑚

𝑚𝑒𝑥
=

𝐵/𝑏

𝐴/𝑎
 (2.14) 

 

𝜑 = 𝜑𝑒𝑥 − 𝜑𝑒𝑚 (2.15) 

 

In these equations, em stands for emission light and ex for excitation light. For a mono-

exponential decay, fluorescence modulation and phase lifetimes are equal and given by the 

following equations: 

 

𝜏𝑚 =
1

𝜔
√(

1

𝑚
)

2

− 1 (2.16) 

 

𝜏𝜑 =
1

𝜔
tan 𝜑 

(2.17) 

 

 

For more complex decays, fluorescence phase lifetimes are shorter than fluorescence 

modulation lifetimes.
[293,356]

 Lifetime components of multiexponential decays can be analyzed 

by measuring at several modulation frequencies.
[345]

 The optimal modulation frequency 

depends on the fluorescence lifetime of the donor fluorophore τ and can be calculated 

according to equation 2.18.
[357]

 

𝜔𝑜𝑝𝑡𝑖𝑚𝑎𝑙 =
1

𝜏
√(

1 + √3

2
).  

(2.18) 
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For EGFP, whose fluorescence lifetime has been reported to range from 2.1 ns to 

2.6 ns,
[358,359]

 optimal modulation frequencies lie between 70 MHz and 90 MHz. A detailed 

theoretical description of frequency-domain FLIM can be found in literature.
[326,353,360,361]

  

Frequency-domain FLIM can be detected with gain-modulated cameras following wide-field 

excitation or gain-modulated point detectors after scanning.
[346,362]

 The latter approach is 

faster than TCSPC.
[363]

 Its optimization led to the development of “digital FLIM”, which 

possesses an improved photon efficiency.
[364]

 However, the wide-field frequency-domain 

approach is preferred for real-time fluorescence lifetime imaging applications.
[360]

 Following 

wide-field excitation, emitted fluorescence is detected with a CCD camera coupled to an 

image intensifier, which is modulated at the same frequency as the excitation light.
[292]

 A 

series of images is acquired, while the detection window is shifted in phase with respect to the 

excitation light from 0 ° to 360 °. The fluorescence signal is accumulated for 1 ms to 100 ms 

per image. This approach can easily be implemented and allows for fast FLIM, as all pixels 

are illuminated simultaneously. Data analysis can be performed graphically with so-called 

phasor plots.
[365]

 The poor axial resolution arising from the wide-field setup can be improved 

by combining frequency-domain FLIM with other microscopic approaches, such as spinning 

disk
[366,367]

 or lightsheet microscopy
[368]

. 

As a side note it should be mentioned that apart from FRET, FLIM microscopy has been used 

to investigate the local environment of fluorophores yielding information on the refractive 

index of the medium, viscosity, temperature, oxygen and ion concentrations, and local pH 

values.
[293]
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2.5. Detection of Protein-Specific PTMs 

Tens of thousands of protein PTM sites have been identified
[10]

 raising questions on the 

influence of a certain PTM on a protein’s function. For this purpose, methods probing a PTM 

at the single protein level are indispensable. In general, protein-specific PTMs are assessed 

via biochemical approaches applying antibody-enrichment protein purification in combination 

with immunoblotting or mass spectrometry.
[11,369]

 However, these methods disrupt the cellular 

context. In order to unravel the function of PTMs in signaling cascades and decipher when 

and where a certain PTM occurs, strategies to visualize the PTM-state of a specific protein 

inside cells are of fundamental importance.
[20]

 They would allow obtaining information on 

how PTMs regulate the subcellular localization of proteins with ideally temporal resolution.  

In principle, fluorescent antibodies or Fab fragments directed against a protein only in its 

post-translationally modified state can be employed to this end. Such antibodies have been 

used to visualize protein-specific phosphorylation
[370–373]

, methylation
[374]

, acetylation
[375]

, and 

lipidation
[376]

. Yet, antibodies are not available for every protein and PTM, as their 

preparation is challenging and laborious. For this reason, two more general approaches have 

been developed, which rely on the investigation of the proximity between the PTM and the 

protein of interest (POI). 

The first approach is the proximity ligation assay (Figure 2.23A),
[377]

 which requires two 

antibodies: one detecting the PTM and one against the specific POI. These antibodies are 

tagged with DNA strands, which are ligated together when present in close proximity. The 

circular DNA formed in this manner is amplified using fluorescent nucleotides enabling the 

visualization of the proximity ligation product. Following this strategy, protein-specific 

glycosylation
[378,379]

, phosphorylation
[380–383]

, and lipidation
[159,384]

 have been studied. 

Disadvantages of this method are the need of specific antibodies for the POI and the PTM, the 

laborious procedure, a low spatial resolution, and the fact that it cannot be used in vivo.
[385]

 

Especially the generation of pan-specific PTM antibodies is difficult, since many PTMs are 

very small, but need to be selectively detected in different amino acid sequence 

surroundings.
[11]

 

 

 

Figure 2.23: Proximity-dependent imaging of protein-specific PTMs via (A) a proximity ligation assay or 

(B) FRET. 

 

The second method relies on FRET and requires both the PTM and the POI to be 

fluorescently labeled with different fluorophores forming a FRET pair (Figure 2.23B). As 

FRET strongly depends on the distance between donor and acceptor fluorophore, 
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intramolecular interactions are favored over intermolecular ones.
[386]

 The POI can be tagged 

with a fluorescent protein, a protein-specific and fluorophore-functionalized antibody, or any 

kind of protein-specific tag
[240]

 that can be modified with a fluorophore, such as SNAP-, 

Halo-, LAP-tags, aptamers, or unnatural amino acids. The PTM can either be labeled with 

fluorophore-functionalized antibodies or chemical reporters labeled with fluorophores via 

bioorthogonal ligation reactions. By combining tagged POIs with metabolic reporters for 

protein glycosylation, visualizing protein-specific glycosylation of cell-membrane proteins 

has been achieved.
[387–390]

 In addition, FRET has been used to investigate protein-specific 

phosphorylation
[391–395]

 and poly(ADP-ribosyl)ation
[147]

.
 
The major difficulty of the FRET-

based approach is the detection of FRET in the presence of a large excess of PTM labels. This 

can be overcome by using the fluorescence lifetime of the donor fluorophore as readout, 

which enables a robust and accurate detection of FRET.
[293]

 For this purpose, the protein is 

tagged with the FRET donor and the PTM label bears the FRET acceptor. 

Moreover, genetically encoded sensors have been used to study PTMs of selected proteins in 

living cells. In the case of FRET sensors, a construct comprising two fluorescent proteins 

forming a FRET pair, a peptide sequence known to be post-translationally modified, and a 

sensing protein domain binding to the PTM-modified peptide is genetically encoded in cells. 

Once the peptide is modified, the sensing domain binds to the PTM-peptide resulting in a 

conformational change of the whole sensor construct, which brings the two fluorescent 

proteins in close proximity and enables FRET. Furthermore, sensors based on 

bioluminescence, dimerization-dependent fluorescent proteins, or split fluorescence proteins 

have been developed.
[396]

 PTM sensors have been established to visualize for instance protein 

O-GlcNAcylation of casein kinase II
[397,398]

, acetylation of histones 3 and 4 
[399,400]

, 

methylation of histone 3
[401–403]

, and phosphorylation of many proteins including protein 

kinase A
[404]

, aurora B kinase
[371]

, and Akt1
[405]

. While these sensors are valuable tools for in 

cell imaging of protein-specific PTMs, they detect only a predefined PTM site on a short 

peptide of the POI. Sensors need to be prepared for each POI and each PTM site individually. 

Besides this, it is questionable whether the PTM of the peptide in the context of a many tens 

of kDa large sensor construct behaves in the same way as in its native protein surrounding. 

More recently, two additional approaches have been presented for protein-specific imaging of 

glycosylation. One of them relies on surface-enhanced Raman scattering, which occurs if both 

an aptamer-modified gold nanoparticle targeting the POI and a functionalized gold 

nanoparticle attached to azide-tagged glycans installed by MGE are present in close 

proximity.
[406]

 The other method allows for the simultaneous detection of two different 

monosaccharides on a single glycoprotein. It is based on duplexed luminescence resonance 

energy transfer from luminescence upconversion nanoparticles binding to the POI via 

aptamers to acceptor fluorophores ligated to chemical glycosylation reporters.
[273]

 However, 

both approaches were confined to applications on cell surfaces due to the usage of azide-

alkyne cycloadditions. 
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3. Objectives 

Protein PTMs are essential, as they influence biological (e.g. function or interaction partners), 

chemical (e.g. involvement in biochemical reactions), and physical (e.g. structure and 

localization) properties of proteins and are associated with multiple diseases.
[25,407]

 Thus, it is 

of fundamental importance to investigate PTMs of individual proteins in their native context, 

the cell. The aforementioned approaches for studying protein-specific PTMs are limited in 

their usage, as they are either designed for a certain protein-PTM pair and are not generally 

applicable (such as FRET sensors) or restricted to applications on cell surfaces or fixed cells 

due to poor cellular permeability or toxicity of reagents used (such as proximity ligation 

assays or most existing FRET-based approaches).  

The main aim of this thesis was the development of a more generally applicable approach for 

imaging protein-specific PTMs inside, preferably living, cells. For this purpose, the POI 

should be expressed with an EGFP tag. Chemical reporters targeting the desired PTM should 

be introduced in cells and after their incorporation by the cells’ enzymatic machinery labeled 

via a suitable bioorthogonal ligation reaction. The proximity of EGFP at the POI and the 

modification-anchored fluorophore should be detected by FRET (Figure 3.1). To this end, an 

existing frequency-domain wide-field FLIM microscope should be employed, which enables a 

fast and accurate acquisition of fluorescence lifetime data from single living cells.
[320]

 

The modification to be studied was intracellular protein O-GlcNAcylation. To establish this 

method, the known chemical reporter Ac4GlcNCyoc should be used. So far, it is the only 

known reporter for monitoring intracellular protein glycosylation capable of being 

bioorthogonally labeled inside living cells. This can be achieved via a DAinv reaction with 

tetrazine-functionalized fluorophores. As it was solely proposed that Ac4GlcNCyoc ends up 

as O-GlcNAc, its cellular incorporation should be investigated in a first step. Thereafter, the 

protein-specific approach should be established for the glycosyltransferase OGT, which was 

chosen as model protein. The method’s general applicability and meaningfulness should be 

demonstrated by visualizing the glycosylation state of further proteins in living cells. 

Furthermore, the developed imaging strategy should be applied to study the glycosylation of 

individual proteins in cells and optimally resolve spatial differences in glycosylation patterns. 

Suggested proteins were the microtubule-associated kinesin-like protein Kif18A and the 

multifunctional protein β-catenin. 
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Figure 3.1: Experimental strategy for protein-specific imaging of PTMs by combining chemical reporter 

strategies with FRET. 

 

Besides studying protein-specific intracellular protein glycosylation, a similar strategy should 

be established to image other PTMs, namely protein acetylation and methylation. As 

described in chapters 2.1.2 and 2.1.3, these PTMs have huge biological impacts and are 

associated with severe diseases. For both modifications, several chemical reporters have been 

described in literature (see chapters 2.2.2 and 2.2.3), but none of them has been used to 

visualize acetylation or methylation of the whole proteome or in a protein-specific manner 

inside cells with microscopic approaches. To this end, suitable methods for the delivery of the 

respective chemical reporters into cells should be identified and conditions for the required 

bioorthogonal ligation reaction should be optimized. Afterwards, these PTMs should be 

imaged proteome-wide with fluorescence microcopy. For protein-specific applications, 

plasmids encoding EGFP-fusions of selected proteins should be cloned. The combination of 

EGFP-tagged proteins, chemical reporter strategies, and FLIM-FRET microscopy should then 

allow for protein-specific imaging of acetylation and methylation within single cells. 
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4. Results and Discussion 

4.1. Protein Glycosylation 

This chapter comprises different projects dealing with the imaging of protein glycosylation. 

Firstly, studies on the incorporation of the chemical reporter Ac4GlcNCyoc into the cellular 

glycome are described (chapter 4.1.1). After this, the development of an approach for 

visualizing protein-specific glycosylation inside living cells and its application to various 

proteins of interest are presented (chapters 4.1.2 to 4.1.5). Finally, attempts towards the 

investigation of protein O-GlcNAcylation in A. thaliana and the visualization of the sialyl Tn 

antigen on membranes of cancer cells are explained in chapters 4.1.6 and 4.1.7. 

Results included in chapters 4.1.1 and 4.1.2 have been published.
[355,408]

  

 

4.1.1. Ac4GlcNCyoc 

The chemical reporter of choice for studying intracellular protein glycosylation was 

Ac4GlcNCyoc
[180,182]

 (Figure 4.1A). The chemical handle of Ac4GlcNCyoc is a carbamate-

linked methylcyclopropene, which reacts faster than terminal alkenes, isonitriles, or amide-

linked cyclopropenes in DAinv reactions with tetrazines.
[181,266–268]

 Späte et al. could 

demonstrate that human embryonic kidney (HEK) 293T cells and cervical cancer cells taken 

from Henrietta Lacks (HeLa) S3 treated with 50 µM Ac4GlcNCyoc displayed only weak 

membrane fluorescence after labeling with Tz-biotin and streptavidin-Alexa Fluor 647.
[182]

 In 

contrast, lysates of such Ac4GlcNCyoc-treated cells labeled with Tz-biotin and streptavidin-

Alexa Fluor 647 showed strong signals. Based on these results, it has been suggested that 

Ac4GlcNCyoc ends up as O-GlcNAc.
[180,182]

  

Thus, the first aim was to investigate whether Ac4GlcNCyoc is indeed incorporated as 

O-GlcNAc. Cyanine (Cy) 3-Tz (Figure 4.1B) was selected for DAinv reactions to avoid the 

necessity of two reagents for labeling Ac4GlcNCyoc. This dye has already been utilized to 

mark peracetylated methylcyclopropene-tagged ManNAc (Ac4ManNCyoc).
[181,409]

 At the 

beginning, DAinv reaction parameters were optimized. To this end, HEK293T cells were 

treated with 100 µM Ac4GlcNCyoc or peracetylated N-acetylglucosamine (Ac4GlcNAc) as 

control for 20 h and lysed. Proteins modified with the chemical reporter were labeled with 

different concentrations of Cy3-Tz for different periods of time and separated with sodium 

dodecylsulfate-polyacrylamide gelelectrophoresis (SDS-PAGE). The degree of Ac4GlcNCyoc 

incorporation was determined by reading out fluorescence of Cy3 from Western blots. 

Fluorescence signals of Ac4GlcNCyoc-treated cells were much stronger than those of 

Ac4GlcNAc-treated ones for all Cy3-Tz concentrations tested (Figure 4.1C+D). This states 

that Ac4GlcNCyoc is indeed metabolized in cells and attached to proteins. Fluorescence 

intensities did not vary much among different Cy3-Tz concentrations and always led to the 

same level of fluorescence background detected for Ac4GlcNAc-treated samples. The DAinv 
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reaction between the Cyoc-derivative and Cy3-Tz proceeded very fast, as fluorescence signals 

were already present after an incubation time of 15 min. However, Cy3 signals increased with 

longer incubation times, while the background fluorescence of Ac4GlcNAc-treated samples 

did not change markedly. Useful DAinv reaction parameters for Ac4GlcNCyoc and Cy3-Tz 

were found to be 10 µM Cy3-Tz and a reaction time of 90 min, which were used for further 

lysate experiments. 

 

 

Figure 4.1: DAinv reaction of Ac4GlcNCyoc and Cy3-Tz. Chemical structures of (A) Ac4GlcNCyoc and 

(B) Cy3-Tz are shown. (C+D) HEK293T cells were treated with 100 µM Ac4GlcNCyoc or Ac4GlcNAc for 

20 h, lysed, and labeled (C) with different concentrations of Cy3-Tz for 90 min or (D) with 10 µM Cy3-Tz 

for different durations at 25 °C. Protein samples were separated by SDS-PAGE and fluorescence of Cy3 

was read out from Western blots. Reprinted (adapted) with permission from Doll et al.
[408]

 Copyright 

(2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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As it was aimed to perform glycosylation studies within living cells, possible cytotoxic effects 

of Ac4GlcNCyoc were investigated. HEK293T cells were treated with up to 200 µM 

Ac4GlcNCyoc for 20 h or 48 h. Dimethyl sulfoxide (DMSO) was used as solvent control and 

Ac4GlcNAc to account for effects not arising from the chemical handle, but from increased 

intracellular GlcNAc levels. Viabilities were quantified with AlamarBlue assays. Whereas the 

treatment of cells with DMSO did not affect their integrity, increasing concentrations of 

Ac4GlcNAc and Ac4GlcNCyoc as well as longer incubation times impaired cells (Figure 4.2). 

For 100 µM Ac4GlcNAc and Ac4GlcNCyoc, viabilities dropped to 74 % and 52 % after 20 h 

and to 35 % and 13 % after 48 h, respectively. Thus, concentrations of Ac4GlcNCyoc should 

not exceed 100 µM and the incubation time should be as short as possible in order to receive 

meaningful results.  

 

 

Figure 4.2: Ac4GlcNAc and Ac4GlcNCyoc affect cellular viabilities. HEK293T cells were treated with 

different concentrations of Ac4GlcNAc or Ac4GlcNCyoc for (A) 20 h or (B) 48 h. DMSO was used as 

solvent control and added to 0–0.2 V-%. Viabilities were assessed with AlamarBlue assays. Columns 

correspond to average values from three independent experiments with four replicates each and error bars 

to standard errors of the means (SEMs). Reprinted (adapted) with permission from Doll et al.
[408]

 Copyright 

(2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim and Doll et al.
[355]

 Copyright (2018) Elsevier 

Inc. 

 

Next, the temporal and concentration-dependent incorporation of Ac4GlcNCyoc was 

examined. HEK293T cells were either treated with 100 µM of the monosaccharide for 

different time spans or with different concentrations of Ac4GlcNCyoc for 20 h. Cells were 

lysed and Cyoc-derivatives were labeled with Cy3-Tz. Although a weak incorporation of the 

chemical reporter could already be detected after 5 min, much stronger fluorescence signals 

were found for proteins from cells treated with Ac4GlcNCyoc for 19 h (Figure 4.3A). 
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Prolonged incubation resulted in slightly decreased Cy3 signals, which might be a result of 

the increased cytotoxicity of Ac4GlcNCyoc. For following experiments, it was decided to use 

incubation times of approximately 20 h. As expected, highest concentrations of Ac4GlcNCyoc 

resulted in strongest incorporation of Ac4GlcNCyoc. However, also lower concentrations such 

as 25 µM or 50 µM displayed Cy3 signals significantly larger than background signals of 

samples not treated with Ac4GlcNCyoc but still incubated with Cy3-Tz. Apart from 

HEK293T cells, Ac4GlcNCyoc was found to be well incorporated in HeLa and human non-

small cell lung carcinoma (H1299) cells (Figure 4.3B+C). Maximal Cy3 fluorescence was 

observed with 100 µM Ac4GlcNCyoc for both cell lines after roughly 19 h. The decrease of 

Ac4GlcNCyoc incorporation for incubation times longer than 19 h was stronger for these two  

 

 

Figure 4.3: Time- and concentration-dependent incorporation of Ac4GlcNCyoc into the cellular glycome 

of (A) HEK293T, (B) HeLa, and (C) H1299 cells. Fluorescence readouts of Western blots of Cy3-marked 

lysates from cells treated for different times with 100 µM Ac4GlcNCyoc or with different concentrations of 

Ac4GlcNCyoc for 20 h are displayed. Reprinted (adapted) with permission from Doll et al.
[355]

 Copyright 

(2018) Elsevier Inc. 
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cell lines than for HEK293T cells. Although HeLa and H1299 cells nicely incorporated 

Ac4GlcNCyoc, HEK293T cells were chosen for setting up the glycosylation imaging 

approach, as they grow rapidly, are easy to handle, can be transfected via calcium phosphate 

co-precipitation in bulk, and have already been shown to accept Ac4GlcNCyoc.
[182]

 

Having determined optimal incorporation and labeling parameters for Ac4GlcNCyoc, its 

metabolic fate was investigated. Once present in cells, Ac4GlcNCyoc is assumed to be rapidly 

deacetylated by unspecifically acting esterases.
[169]

 Thereafter, it needs to be processed by 

several enzymes in order to be converted to UDP-GlcNCyoc, which could then serve as 

substrate for OGT. To prove that the processing and incorporation of Ac4GlcNCyoc depends 

on the activity of cellular enzymes, native and heat-denatured HEK293T cell lysates were 

treated with 100 µM Ac4GlcNCyoc for 5 h or 20 h at 37 °C. After performing the DAinv 

reaction with Cy3-Tz and separating proteins via SDS-PAGE, fluorescence of Cy3 was read 

out from Western blots. Heat treatment denatures proteins and renders enzymes inactive, 

although some residual enzyme activity can remain.
[410]

 Several heating procedures were 

tried, but most of them failed as proteins precipitated as large insoluble aggregates. Finally, 

lysates were incubated at 98 °C for three times 10 min followed by subsequent cooling and 

centrifugation of samples. Native lysates treated with Ac4GlcNCyoc for 5 h showed little Cy3 

fluorescence, which was still higher than background fluorescence of the lysate sample not 

treated with Ac4GlcNCyoc at all (Figure 4.4). The 20 h sample displayed a much greater 

signal. However, no labeling of Cyoc-derivatives with Cy3-Tz was detected in heat-denatured 

lysates. This led to the conclusions that Ac4GlcNCyoc is incorporated into the cellular 

glycome in vitro and that this process depends on the activity of enzymes. 

 

 

Figure 4.4: Enzyme-dependent incorporation of Ac4GlcNCyoc. HEK293T cell lysates were heat-denatured 

for three times 10 min at 98 °C. Native (-) or denatured (+) lysates were treated with 100 µM 

Ac4GlcNCyoc at 37 °C for 5 h or 20 h and labeled with Cy3-Tz. Fluorescence of Cy3 and Ponceau S as 

loading control were read out from Western blots. 
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Even though GlcNAc derivatives end up as O-GlcNAc very likely, several interconversions 

among GlcNAc, GalNAc, and ManNAc are possible, as elucidated in chapter 2.1.1. In 

addition, it has been reported that the pentynoyl group of Ac4GlcNAlk can be transferred to 

lysine side chains resulting in the generation of stable amide bonds.
[201]

 A similar transfer of 

the carbamate-linked methylcyclopropene to lysine residues would yield a base-stable 

product. To test, whether such a transfer to lysine residues might occur for Ac4GlcNCyoc, 

β-elimination was performed. This relies on the removal of O-linked glycans attached to 

serine or threonine residues, but not of N-linked glycans or carbamates, under mild basic 

conditions (pH 12).
[411]

 For this purpose, lysates of HEK293T cells treated with Ac4GlcNAc 

or Ac4GlcNCyoc were labeled with Tz-biotin (Figure 4.5A). The pH value was subsequently 

raised to 12 for β-elimination or left at 7.8 for control samples. Cy3-Tz could not be used, as 

the dye itself appeared to be affected by bases. In addition, also the cyclopropene moiety  

 

 

Figure 4.5: β-elimination of incorporated Cyoc derivatives. (A) Chemical structure of Tz-biotin. (B+C) 

HEK293T cells were treated with 100 µM Ac4GlcNAc, Ac4GlcNCyoc, Ac4GalNCyoc, or Ac4ManNCyoc 

for 20 h, lysed, and incubated with 150 mM Tz-biotin for 90 min. For the β-elimination, the pH of lysates 

(~7.8) was increased to 12 by addition of NaOH. Equal volumes of water were added to control samples. 

All samples were incubated at 37 °C for 90 min. Antibodies against biotin and O-GlcNAc were used to 

examine the success of the β-elimination. Ponceau S was used as loading control. Reprinted (adapted) with 

permission from Doll et al.
[408]

 Copyright (2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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was destroyed under these alkaline conditions, such that the DAinv reaction with Tz-biotin 

had to occur before the β-elimination. Immunoblotting against O-GlcNAc proved the success 

of the β-elimination, as no antibody staining was present in pH 12 samples (Figure 4.5B). In 

addition, also the signals of Cyoc-anchored biotin almost completely disappeared at pH 12 

stating that incorporated Cyoc derivatives are most likely bound to serine and threonine 

residues of proteins via an O-linkage. As controls, β-elimination experiments were performed 

with lysates from Ac4GalNCyoc- and Ac4ManNCyoc-treated cells. Whereas biotin signals 

arising from incorporated Ac4GalNCyoc vanished completely after base treatment, those of 

Ac4ManNCyoc-treated samples disappeared only partly (Figure 4.5C). These observations are 

in line with recent findings proposing that Ac4GalNCyoc is most likely incorporated into 

mucin-type O-glycans and Ac4ManNCyoc into sialoglycans,
[180–182]

 which can be O-linked to 

serine and threonine or N-linked to asparagine residues.
[166]

 

Based on the observation that Ac4GlcNCyoc is incorporated enzymatically and is O-linked to 

proteins, the involvement of the glycosyltransferase OGT in the attachment of GlcNCyoc to 

proteins was studied. To this end, HEK293T cells were transfected with a plasmid encoding 

EGFP-OGT or an empty vector before adding 100 µM Ac4GlcNCyoc or DMSO. After 20 h, 

cells were lysed and labeled with Cy3-Tz. Immunoblotting against EGFP verified the 

overexpression of EGFP-OGT, which resulted in strongly increased O-GlcNAc levels (Figure 

4.6A). Importantly, the incorporation of Ac4GlcNCyoc increased compared to empty vector-

transfected samples. Moreover, the highly potent OGT inhibitor Ac45SGlcNAc was employed 

(Figure 4.6B).
[412]

 Its presence resulted in reduced incorporation of Ac4GlcNCyoc in 

HEK293T cell lysates (Figure 4.6C). In summary, both experiments indicated that OGT is 

involved in the incorporation of Ac4GlcNCyoc or GlcNCyoc in the cellular glycome. 

Recently, the synthesis and application of a new promising OGT inhibitor, termed OSMI-1 

(Figure 4.7A), has been reported by Ortiz-Meoz et al.
[413]

 Compared to Ac45SGlcNAc, 

OSMI-1 inhibits O-GlcNAcylation less, but more selectively, as Ac45SGlcNAc has been 

shown to block glycosyltransferases responsible for the synthesis of mucin-type O-glycans, 

too.
[413]

 Aiming to further substantiate the obtained data, the small molecule inhibitor was 

synthesized in four steps according to the published procedure.
[413]

 Firstly, possible cytotoxic 

effects of OSMI-1 were determined with AlamarBlue viability assays. As shown in  

Figure 4.7B, OSMI-1 strongly reduced cellular viabilities from 25 µM onwards. Already at 

50 µM, viabilities were below 50 %. These observations are in accordance with toxicity data 

obtained for OSMI-1-treated Chinese hamster ovary (CHO) cells.
[413]

 Nevertheless, an 

OSMI-1 concentration of 50 µM was found to be necessary to reduce cellular O-GlcNAc 

levels notably. HEK293T cells treated with 50 µM OSMI-1 and 100 µM Ac4GlcNAc or 

25 µM, 50 µM, 75 µM, or 100 µM Ac4GlcNCyoc displayed less O-GlcNAcylation than cells 

not treated with OSMI-1 as detected with an O-GlcNAc-specific antibody (Figure 4.7C). 

Surprisingly, Cy3 signals increased in the presence of OSMI-1 significantly, which 

demonstrates that even more Ac4GlcNCyoc is incorporated, if the inhibitor OSMI-1 is used. 

These results are not in line with other studies demonstrating the functionality of OSMI-1 in 

several biological studies.
[414–417]

 Possible explanations could be that Ac4GlcNCyoc is (1) not 

a substrate of OGT, which would question the OGT-dependent experiments presented above, 

(2) a substrate of OGT and another yet unknown enzyme, or (3) effects of OSMI-1 are a result 
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Figure 4.6: Dependence of the incorporation of Ac4GlcNCyoc on OGT. (A) HEK293T cells were 

transfected with a plasmid encoding EGFP-OGT or an empty vector (e.v.). After 30 h, cells were treated 

with 100 µM Ac4GlcNCyoc (+) or 0.1 V-% DMSO (-) as solvent control for 20 h. Cells were lysed and 

samples labeled with Cy3-Tz. Fluorescence of Cy3 was read out from the Western blot. Antibodies against 

O-GlcNAc and GFP were used to prove the overexpression of OGT. (B) Chemical structure of 

Ac45SGlcNAc. (C) Lysates of HEK293T cells were incubated with 100 µM Ac4GlcNAc or Ac4GlcNCyoc 

and 200 µM Ac45SGlcNAc (+) or DMSO (-) as solvent control at 37 °C for 20 h. The DAinv reaction with 

Cy3-Tz was performed prior to SDS-PAGE, Western blotting, and fluorescence readout. Equal loading was 

confirmed by blotting against α-tubulin. Reprinted (adapted) with permission from Doll et al.
[408]

 Copyright 

(2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

of combined toxicities of the Ac4GlcNCyoc and the inhibitor. To unravel these 

inconsistencies, studies with other OGT inhibitors, such as the recently presented inhibitors 

L01 and APNT/APBT,
[418,419]

 alongside with in vitro experiments with purified OGT and 

UDP-GlcNCyoc could be performed. As the synthesis of UDP-GlcNCyoc is complex and 

challenging and was not in the focus of this thesis, it should be addressed in further studies.  

 

 



4.1 Protein Glycosylation 

 

- 49 - 

 

 

Figure 4.7: Effects of the OGT inhibitor OSMI-1 on the incorporation of Ac4GlcNCyoc in the cellular 

glycome. (A) Chemical structure of OSMI-1. (B) Viabilities of HEK293T cells treated with different 

concentrations of OSMI-1 or 0–0.2 V-% DMSO for 20 h were determined with AlamarBlue assays. 

Columns represent mean values of three independent experiments with four replicates each and error bars 

SEMs. (C) HEK293T cells were treated with 100 µM Ac4GlcNAc or different concentrations of 

Ac4GlcNCyoc in the presence of 50 µM OSMI-1 (+) or DMSO (-). Cells were lysed and labeled with 

Cy3-Tz. Fluorescence of Cy3 was read out from the Western blot. Immunostaining was performed with 

antibodies against O-GlcNAc and α-tubulin. 

 

Finally, the involvement of OGA in the removal of Ac4GlcNCyoc from proteins was 

assessed. Until now, OGA is the only glycosidase known to remove O-GlcNAc. Many OGA 

inhibitors have been presented within the last years. Among them, Thiamet G (Figure 4.8A) is 

one of the most effective and selective ones.
[420–423]

 It did not affect the viability of HEK293T 

cells, as proven with AlamarBlue assays (Figure 4.8B). Treatment of HEK293T cells with 

Thiamet G resulted in an increased level of cellular O-GlcNAc, which demonstrated the 

functionality of this OGA inhibitor (Figure 4.8C). To study the removal of Ac4GlcNCyoc, 

pulse-chase experiments similar to those reported by Pratt and colleagues
[190,194]

 were 

performed. For this purpose, HEK293T cells were treated with 100 µM Ac4GlcNCyoc for 

20 h. Subsequently, the cell culture medium was replaced with new one supplemented with 

100 µM Ac4GlcNAc and 10 µM Thiamet G. Control samples did not receive the inhibitor. 

After indicated time points, cells were lysed, the DAinv reaction with Cy3-Tz was performed, 

and samples were analyzed by SDS-PAGE and Western blotting. Cy3 fluorescence of control 

and Thiamet G-treated samples decreased with increasing time (Figure 4.8D). If OGA would 

be involved in the removal of Cyoc-derivatives attached to proteins, Cy3 signals of 

Thiamet G-treated samples should decrease slower than those of control samples. However, 

fluorescence of control and inhibitor-treated samples decreased similarly over time. Thus, the 

reduced Cy3 fluorescence is most likely not due to OGA, but rather the degradation of Cyoc-

modified proteins over time. To confirm this result, HEK293T cells were transfected with a 
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plasmid encoding OGA. Cellular OGA and O-GlcNAc level did not decrease, stating that the 

overexpression of OGA was not successful (Figure 4.8E). Alterations in the transfection 

procedure did also not lead to the desired result. If one would like to further investigate a 

possible role of OGA in the removal of the incorporated Cyoc-derivative, work could be 

continued with purified OGA and other OGA inhibitors. Within this thesis, Ac4GlcNCyoc 

should be employed to image the glycosylation state of individual proteins in cells. Due to the 

attachment of the bulky Cy3-Tz to Cyoc-residues via a DAinv reaction, it is unlikely that 

dynamic changes, which would require the involvement of OGA, could be monitored. 

Therefore, studies on OGA were not continued. 

 

 

Figure 4.8: Involvement of OGA in the degradation of incorporated GlcNCyoc. (A) Chemical structure of 

Thiamet G. (B) Viabilities of HEK293T cells treated with different concentrations of Thiamet G or 

0-0.2 V-% DMSO for 20 h were determined with AlamarBlue assays. Columns represent mean values of 

three independent experiments with four replicates each and error bars SEMs. (C) HEK293T cells were 

treated with 10 µM Thiamet G for 20 h, lysed, and cellular O-GlcNAc levels were detected with an anti-

O-GlcNAc antibody. Ponceau S was used as loading control. (D) HEK293T cells were treated with 100 µM 

Ac4GlcNCyoc for 20 h, washed twice with Dulbecco’s phosphate buffered saline (DPBS), and fresh 

medium supplemented with 100 µM Ac4GlcNAc and 10 µM Thiamet G was added. Control samples did 

not receive the inhibitor. Cells were lysed at different time points and labeled with Cy3-Tz. Fluorescence 

was read out from the Western blot in order to detect the chemical reporter still attached to proteins. An 

antibody against α-tubulin was used to confirm equal loading of samples. (E) HEK29T cells were 

transfected with an empty vector (e.v.) or a plasmid encoding OGA. After 48 h, cells were lysed. Cellular 

OGA and O-GlcNAc levels were detected with suitable antibodies. 

 

Taken together, the results obtained in this chapter indicate that Ac4GlcNCyoc is 

enzymatically incorporated as O-GlcNAc. This process is, at least to some extent, catalyzed 

by OGT. An involvement of OGA in the removal of incorporated Cyoc-derivatives was not 

detected. 
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4.1.2. Protein-Specific Imaging of Glycosylation 

The development of an approach for protein-specific imaging of intracellular glycosylation 

was based on previous reports on the detection of protein-specific glycosylation of membrane 

proteins.
[387–389]

 All of them used CuAAC chemistry, which prevents applications in living 

cells. The selected experimental strategy is shown in Figure 4.9 and relies on non-toxic 

Diels-Alder chemistry. The chemical reporter Ac4GlcNCyoc was used, which diffuses into 

cells expressing an EGFP-tagged POI. Once present in cells, the monosaccharide is assumed 

to be rapidly deacetylated by non-specifically acting esterases. Subsequently, it is metabolized 

by cellular enzymes and attached to many proteins. In a second step, a fluorophore-

functionalized tetrazine derivate can react with the cyclopropene moiety in a DAinv reaction. 

If the POI itself is modified with GlcNCyoc, EGFP gets in close proximity to the 

glycosylation-anchored acceptor fluorophore. This proximity can be detected by measuring 

FRET, which can be read out even in presence of a large excess of acceptor fluorophores via 

the fluorescence lifetime of the donor EGFP. 

 

 

Figure 4.9: Experimental strategy for in cell imaging of protein-specific glycosylation. Reprinted (adapted) 

with permission from Doll et al.
[408]

 Copyright (2016) WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

In order to enable the DAinv reaction inside living cells, the tetrazine functionalized 

fluorophore needs to be cell permeable. Cy3-Tz entered cells neither by diffusion nor could it 

be homogenously introduced by electroporation (Figure 4.10A+B). Microinjection allowed 

for the delivery of Cy3-Tz into cells, but it is impossible to microinject many cells in a short 

time period. Thus, the commercially available fluorophore tetramethylrhodamine (TAMRA)-

Tz was used (Figure 4.10C). In contrast to Cy3-Tz, it simply diffused into cells  
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Figure 4.10: Fluorophores for the DAinv reaction. (A) Chemical structure of Cy3-Tz. (B) Confocal 

fluorescence, brightfield, and merged images of (1) HEK293T cells incubated with 50 µM Cy3-Tz at 37 °C 

for 45 min, (2) CHO cells electroporated in presence of 50 µM Cy3-Tz, or (3) HEK293T cells 

microinjected with a solution of 50 µM Cy3-Tz in phosphate buffered saline (PBS) are displayed. (C) 

Chemical structure of TAMRA-Tz. (D) Representative confocal fluorescence, brightfield, and merged 

images of HEK293T cells incubated without or with 25 µM TAMRA-Tz at 37 °C for 60 min and 

subsequently fixed are depicted. (E) HEK293T cells were treated with 100 µM Ac4GlcNCyoc or 

Ac4GlcNAc for 20 h, lysed, and labeled with 10 µM Cy3-Tz (C) or 10 µM TAMRA-Tz (T) for 90 min. 

Fluorescence of the respective fluorophore was read out from membranes. Equal loading of samples was 

verified with immunoblotting against α-tubulin. Reprinted (adapted) with permission from Doll et al.
[408]

 

Copyright (2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

(Figure 4.10D). Lysates of Ac4GlcNCyoc-treated HEK293T cells showed similar patterns of 

fluorescent bands on Western blots for both fluorophores, although the recorded fluorescence 

of TAMRA-Tz was less intense (Figure 4.10E). Moreover, the fluorescence background of 

lysates from Ac4GlcNAc-treated HEK293T cells labeled with Cy3-Tz or TAMRA-Tz was 
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slightly stronger for the latter dye. Hence, it was decided to continue using Cy3-Tz for lysate 

experiments and to employ TAMRA-Tz only for live cell imaging. 

Next, possible cytotoxic effects of TAMRA-Tz were elucidated. To this end, HEK293T cells 

were treated with up to 30 µM TAMRA-Tz at 37 °C for 60 min. DMSO was used as solvent 

control. Viabilities were obtained with ATP assays, which demonstrated that TAMRA-Tz is 

not cytotoxic within the concentration range tested (Figure 4.11). Standard AlamarBlue-based 

viability assays could not be performed for two reasons. Firstly, the readout of an AlamarBlue 

assay is based on the fluorescence of resorufin, which spectrally overlaps with the 

fluorescence emission of TAMRA. In an ATP assay, chemiluminescence is generated without 

the need for excitation. Thus, it should not be disturbed by the presence of the fluorophore 

TAMRA. Secondly, the AlamarBlue assay follows the treatment with the compound of 

interest and takes approximately 90 min. If one is interested in time spans as short as 60 min, 

additional 90 min would alter the result. In contrast, cells are lysed at the beginning of an 

ATP assay, which allows drawing conclusions on defined incubation times.  

 

 

Figure 4.11: Effect of TAMRA-Tz on cellular viabilities. HEK293T cells were treated with up to 30 µM 

TAMRA-Tz or 0.2 V-% DMSO at 37 °C for 60 min. Cellular viabilities were assessed with an ATP-assay. 

Columns represent mean values and error bars SEMs. Experiments were performed three times in 

quadruplicates. Reprinted with permission from Doll et al.
[408]

 Copyright (2016) WILEY‐VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

 

The model protein used to establish the protein-specific approach was the glycosyltransferase 

OGT. It is present in the cytoplasm and the nucleus and is known to O-GlcNAcylate itself at 

serine 3 and serine 4.
[424,425]

 Further glycosylation sites and types have not been reported for 

OGT. Firstly, the modification of OGT using Ac4GlcNCyoc needed to be ensured. For this 

purpose, HEK293T cells were transfected with plasmids encoding EGFP-OGT or EGFP. The 

latter served as non-glycosylated control. One day after transfection, cells were treated with 

100 µM Ac4GlcNCyoc or Ac4GlcNAc for 20 h. Cells were lysed and EGFP as well as EGFP-

OGT were isolated by immunoprecipitation with anti-GFP antibodies. Samples were labeled 

with Cy3-Tz and subjected to SDS-PAGE and Western blotting. A strong fluorescence band 

was detected for EGFP-OGT samples treated with Ac4GlcNCyoc at 130 kDa, which 

corresponds to the size of the fusion protein EGFP-OGT (Figure 4.12A). No fluorescence 

band was present for the Ac4GlcNAc-treated EGFP-OGT sample demonstrating the selective 

labeling of the Cyoc-derivative attached to EGFP-OGT by the DAinv reaction. As 
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Ac4GlcNCyoc-treated EGFP samples displayed no Cy3 fluorescence, it can be concluded that 

solely OGT and not its fusion partner EGFP was modified with the chemical reporter. 

Consequently, EGFP can be used as negative control in all further experiments.  

Having demonstrated the utilization of Ac4GlcNCyoc for monitoring the glycosylation state 

of individual proteins isolated from cell lysates, the next step was to transfer this technique to 

the imaging of living cells by using FLIM-FRET microscopy. Most FLIM-FRET and 

acceptor photobleaching experiments presented in this chapter were performed and evaluated 

together with Dr. Annette S. Indlekofer (group of Prof. Dr. Zumbusch, University of 

Konstanz).
[320]

 EGFP-OGT- or EGFP- expressing cells were treated with 50 µM or 100 µM 

Ac4GlcNCyoc or Ac4GlcNAc for 20 h. Then, cells were labeled with TAMRA-Tz for 60 min. 

FLIM-FRET microscopy was performed immediately. Representative fluorescence lifetime 

images are shown in Figure 4.12B. In all fluorescence lifetime images displayed in this thesis, 

the pixel color corresponds to the fluorescence lifetime and the pixel brightness to the 

detected fluorescence intensity. For both concentrations used, fluorescence lifetimes of 

EGFP-OGT in Ac4GlcNCyoc-treated cells were much shorter than those measured for 

Ac4GlcNAc-treated cells, indicating successful FRET. Reductions in fluorescence lifetimes 

were also detected for EGFP, but to a lesser extent. As EGFP was not modified with 

Ac4GlcNCyoc, shorter fluorescence lifetimes for EGFP must be due to unspecific FRET to 

TAMRA-Tz attached to nearby Cyoc-modified proteins. Interestingly, fluorescence lifetimes 

of EGFP-OGT and EGFP itself are different even in Ac4GlcNAc-treated cells, likely as a 

result of two effects. Firstly, fluorescence lifetimes are sensitive to the local environment of a 

fluorophore, since they are affected by viscosity, oxygen and ion concentrations, temperature, 

and pH values.
[293,345]

 The fusion of EGFP and OGT could lead to such a changed local 

environment. Secondly, the unspecific labeling of proteins with TAMRA-Tz gives rise to 

background FRET that is present in both Ac4GlcNAc- and Ac4GlcNCyoc-treated samples. 

This background could be different in close proximity to EGFP or EGFP-OGT. To determine 

solely FRET arising from TAMRA linked to Ac4GlcNCyoc, average fluorescence lifetimes of 

Ac4GlcNCyoc-treated and Ac4GlcNAc-treated cells were used to calculate FRET efficiencies. 

Within cellular samples, fluorophores are not present in a one to one stoichiometry and 

fluorescence lifetimes are averaged and include values of modified and unmodified proteins. 

Thus, all FRET efficiencies presented in this thesis are apparent values. FRET efficiencies 

were determined to be 16 % and 30 % for EGFP-OGT and 6 % and 10 % for EGFP at sugar 

concentrations of 50 µM and 100 µM, respectively (Figure 4.12C). Since EGFP is not 

modified with Ac4GlcNCyoc, FRET efficiencies of EGFP-OGT were compared with those of 

EGFP. Significant differences were found. Therefore, the here presented approach can be 

used to detect the glycosylation of a specific protein in living cells by intramolecular FRET 

over intermolecular FRET to nearby glycosylated proteins. It has to be mentioned that FRET 

from an EGFP-tagged protein to its glycosylated interaction partner in close proximity cannot 

be excluded. 
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Figure 4.12: Visualization of OGT’s glycosylation in living cells. HEK293T cells were transfected with 

plasmids encoding EGFP-OGT or EGFP. (A) Cells were treated with 100 µM Ac4GlcNAc (-) or 

Ac4GlcNCyoc (+) for 20 h, lysed, EGFP-OGT and EGFP were immunoprecipitated, and labeled with 

10 µM Cy3-Tz at 25 °C for 90 min. Fluorescence of Cy3 was read out from Western blots to investigate the 

modifications state of immunoprecipitated proteins. Amounts of blotted proteins were determined with an 

anti-GFP antibody. (B) Cells were treated with 50 µM or 100 µM Ac4GlcNAc or Ac4GlcNCyoc for 20 h 

and labeled with 25 µM TAMRA-Tz at 37 °C for 60 min. Representative fluorescence modulation lifetime 

images of EGFP-OGT and EGFP expressing, living cells are displayed. Scale bars correspond to 10 µm. 

(C) FRET efficiencies were calculated from fluorescence modulation lifetimes averaged over three 

independent experiments with five cells each for Ac4GlcNCyoc concentrations of 50 µM and 100 µM. 

Statistical significance was assessed with a two-way analysis of variances (ANOVA) and a Bonferroni 

posttest. The degree of significance is *** p<0.001. Reprinted (adapted) with permission from Doll et 

al.
[408]

 Copyright (2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

The presence of the acceptor fluorophore TAMRA in cells is necessary for the generation of 

glycosylation-specific FRET, but its unspecific attachment to proteins also results in 

background FRET. Thus, an optimal concentration of TAMRA-Tz allowing for the detection 

of protein-specific FRET over background FRET needs to be chosen. HEK293T cells 

expressing EGFP or EGFP-OGT were treated with 100 µM Ac4GlcNCyoc and incubated with 

different concentrations of TAMRA-Tz for 60 min. With increasing TAMRA-Tz 

concentration, fluorescence lifetimes of both EGFP and EGFP-OGT decreased (Figure 4.13). 

From 5 µM TAMRA-Tz onwards, calculated FRET efficiencies were significantly higher for 

EGFP-OGT compared to EGFP. Highest EGFP-OGT FRET efficiencies were achieved with 
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15 µM to 30 µM TAMRA-Tz. As FRET efficiencies of EGFP and EGFP-OGT did not vary 

too much within this concentration range, 25 µM were used for the following experiments.  

 

 

Figure 4.13: Influence of an increasing TAMRA-Tz concentration on FRET efficiencies. HEK293T cells 

were transfected with expression vectors encoding EGFP or EGFP-OGT and treated with 100 µM 

Ac4GlcNCyoc for 20 h. The DAinv reaction in living cells was performed with different concentrations of 

TAMRA-Tz for 60 min. (A) Representative fluorescence modulation lifetime images are depicted. Scale 

bars correspond to 10 µm. (B) Fluorescence modulation lifetimes were averaged over four cells and are 

presented as columns. Error bars represent SEMs. (C) FRET efficiencies were calculated from averaged 

fluorescence modulation lifetimes. Error bars are SEMs. Degrees of statistical significances were 

determined with a one-way ANOVA and a Bonferroni posttest and are ns (not significant) p>0.05, 

* p<0.05, and *** p<0.001. Reprinted (adapted) with permission from Doll et al.
[355]

 Copyright (2018) 

Elsevier Inc.  

 

To substantiate the FLIM-FRET data of OGT, FRET measurements were repeated with 

acceptor photobleaching. For this purpose, EGFP- or EGFP-OGT-transfected HEK293T cells 

were treated with 100 µM Ac4GlcNCyoc or DMSO for 20 h. Subsequently, cells were fixed 

to avoid the diffusion of fluorescently tagged probes in cells that would affect measurements. 

After permeabilization, cells were labeled with 10 µM Cy3-Tz for 60 min. Apparent FRET 

efficiencies obtained from acceptor photobleaching experiments were in good agreement with 

values from FLIM-FRET experiments (Figure 4.14). Thus, both methods can be employed to 

image protein-specific glycosylation in living or fixed cells. 

To assess the general applicability of the established approach and verify that overexpression 

of EGFP-OGT, which slightly increased the incorporation of Ac4GlcNCyoc (Figure 4.6A), is 

not responsible and mandatory for the detection of FRET efficiencies higher than those of 

EGFP, five additional EGFP-fusion proteins, besides OGT, were examined: vinculin, the 

calcium/calmodulin-dependent protein kinase type IV (CAMK4), the tumor suppressor p53, 

the forkhead box protein O1 (Foxo1), and the kinase Akt1. The only reported glycosylation 
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Figure 4.14: Acceptor photobleaching experiments validate FLIM-FRET data. HEK293T cells were 

transfected with vectors encoding EGFP or EGFP-OGT and treated with 100 µM Ac4GlcNCyoc (+) or 

0.1 V-% DMSO (-) for 18-20 h. Cells were fixed, permeabilized, and labeled with 10 µM Cy3-Tz for 

60 min before performing acceptor photobleaching. (A) Representative confocal fluorescence images of 

donor and acceptor fluorophores before and after bleaching the acceptor are depicted. FRET efficiencies 

were color-coded and are shown in the lowest panel. Scale bars correspond to 10 µm. (B) FRET 

efficiencies were calculated for EGFP and EGFP-OGT from three independent experiments with five cells 

each. Columns show mean values and error bars SEMs. Statistical significances were assessed with a 

one-way ANOVA and a Tukey-Kramer posttest and are *** p<0.001. Reprinted (adapted) with permission 

from Doll et al.
[408]

 Copyright (2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

form for all these proteins is O-GlcNAcylation. Their cellular localizations, sizes, known 

O-GlcNAc sites, and functions are summarized in Table 4.1. Initially, all EGFP-fusion 

proteins were immunoprecipitated from HEK293T cells, which had been transfected with the 

corresponding construct and treated with Ac4GlcNCyoc or Ac4GlcNAc, and were labeled 

with 10 µM Cy3-Tz. All proteins, except EGFP-vinculin, displayed Cy3 fluorescence bands 

on Western blots conforming their modification with the glycosylation reporter (Figure 

4.15A). Although vinculin has been reported to be O-GlcNAcylated,[38,426] no modification 

with GlcNCyoc could be detected. This might be due to a very low extent of vinculin 

O-GlcNAcylation or the usage of an artificial monosaccharide, which does not need to behave 

as the native substrate. Next, FLIM microscopy of samples treated with 50 µM or 100 µM of 

monosaccharides and incubated with 25 µM TAMRA-Tz was performed. Representative 

fluorescence lifetime images showed the presence of EGFP-vinculin and Foxo1-EGFP in the 

cytoplasm, CAMK4-EGFP and Akt1-EGFP in the whole cell, and p53 solely in the nucleus 

(Figure 4.15B). The transcription factor Foxo1 is known to shuttle between the cytoplasm and 

the nucleus.
[427]

 Indeed, also cells with nuclear accumulated Foxo1 were found, but they 
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Table 4.1: Information on localizations, sizes, O-GlcNAc sites, and functions of EGFP-fusion proteins, 

whose glycosylation states were examined within this thesis. The localization can be nuclear (N), 

cytoplasmic (C), or membranous (M). Proteins are either N-terminally (NT) or C-terminally (CT) tagged 

with EGFP. Reprinted (adapted) with permission from Doll et al.
[408]

 Copyright (2016) WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

Protein Localization 

Number 

of amino 

acids 

O-GlcNAc sites 
EGFP 

tag 
Function 

OGT N+C
[424]

 1046 (S3, S4)
[425]

  NT 
O-linked N-acetylglucosamine 

(GlcNAc) transferase
[46]

 

Vinculin C
[428]

 1134 
sites 

unknown
[38,426]

 
NT 

cytoplasmic actin-binding 

protein
[429]

 

CAMK4 C+N
[430]

 473 

(T57/S58, S137, 

S189, S344/S345, 

S356)
[431]

  

CT 

member of the calcium-calmodulin-

dependent protein kinase signaling 

cascade; regulator of several 

transcription activators in immune 

response, inflammation, and 

memory consolidation
[432]

 

p53 N
[433]

 393 S149
[65,434]

 CT 
tumor suppressor; regulator of cell 

cycle and apoptosis
[435]

 

Foxo1 (N+)C
[436]

 655 

(T317, S550, 

T648, S654)
[437]

, 

S333
[438]

, 

T646
[439]

 

CT 

transcription factor; main target of 

insulin signaling; regulates 

metabolic homeostasis in response 

to oxidative stress
[440]

 

Akt1 C+N+M
[441]

 480 

(S126, S129, 

T305, S312)
[442]

, 

S473
[443]

 

NT or 

CT 

serine/threonine kinase; regulator of 

glucose metabolism, cell 

proliferation, apoptosis, 

transcription, and cell migration
[444]

 

 

exhibited much higher fluorescence intensities. In order to allow for comparisons, only cells 

with cytoplasmic Foxo1-EGFP were measured. Notably, decreases of fluorescence lifetimes 

were visible for p53, Foxo1, and Akt1, which were even stronger, if concentrations of 

100 µM were used. FRET efficiencies were calculated for all EGFP-fusion proteins and both 

sugar concentrations from averaged fluorescence lifetimes. Those of p53-EGFP, Foxo1-

EGFP, and Akt1-EGFP were significantly larger than the FRET efficiency of the control 

EGFP, which was also the case for measurements with less cytotoxic 50 µM Ac4GlcNCyoc 

(Figure 4.15C). Despite the fact that CAMK4-EGFP was found to be strongly modified with 

Ac4GlcNCyoc, no significant FRET efficiencies were detected for this protein. This might be 

due to the fact that its O-GlcNAc sites are located at the N-terminus or in the middle of the 

protein.
[431]

 As the EGFP-tag was attached at the C-terminus and efficient FRET requires a 

close proximity of both the donor EGFP and the glycosylation-anchored acceptor fluorophore, 

glycosylation sites might have been too far away to be imaged via this approach.  

Whereas fluorescence lifetime values of all other proteins were homogenous throughout 

single cells indicating that the glycosylation of these proteins does not depend on their cellular 

localization, those of Akt1-EGFP appeared to be much shorter in the nucleus than in the  
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Figure 4.15: Imaging protein-specific glycosylation of further proteins. HEK293T cells were transfected 

with plasmids encoding various EGFP-fusion proteins. (A) Cells were treated with 100 µM Ac4GlcNAc (-) 

or Ac4GlcNCyoc (+) for 20 h and lysed. EGFP-fusion proteins were immunoprecipitated and the DAinv 

reaction was carried out with 10 µM Cy3-Tz. Fluorescence of Cy3 was read out from Western blots to 

assess the modification state of immunoprecipitated proteins. Equal loading of immunoprecipitated proteins 

was confirmed with immunoblotting against EGFP. (B) Cells were treated with 50 µM or 100 µM 

Ac4GlcNAc or Ac4GlcNCyoc for 20 h and labeled with 25 µM TAMRA-Tz. Representative fluorescence 

modulation lifetime images are shown. Scale bars correspond to 10 µm. (C) Fluorescence modulation 

lifetimes averaged over three independent experiments with five cells each were used to calculate FRET 

efficiencies for Ac4GlcNCyoc concentrations of 50 µM and 100 µM. Statistical significances compared to 

EGFP were determined with a two-way ANOVA and a Bonferroni posttest. Degrees of significances are ns 

p>0.05, * p<0.05, ** p<0.01, and *** p<0.001. Reprinted (adapted) with permission from Doll et al.
[408]

 

Copyright (2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 4.16: Comparison of N- and C-terminally EGFP-tagged Akt1. HEK29T cells were transfected with 

plasmids encoding EGFP-Akt1 or Akt1-EGFP. (A) Cells were treated with 100 µM Ac4GlcNAc or 

Ac4GlcNCyoc for 20 h, lysed, EGFP-Akt1 and Akt1-EGFP were isolated by immunoprecipitation, and the 

DAinv reaction with 10 µM Cy3-Tz was performed. Fluorescence was read out from Western blots to 

assess the modification state of Akt1 proteins. Equal loading was confirmed by immunoblotting against 

EGFP. (B) Cells were treated with 50 µM or 100 µM Ac4GlcNCyoc, labeled with 25 µM TAMRA-Tz, and 

used for FLIM-FRET microscopy. Representative fluorescence modulation lifetimes images are depicted. 

Scale bars correspond to 10 µm. (C) FRET efficiencies were calculated from fluorescence modulation 

lifetimes averaged over three independent experiments with five cells each. Columns represent mean FRET 

efficiencies and error bars SEMs. Statistical significance compared to EGFP was assessed with a two-way 

ANOVA and a Bonferroni posttest. Degrees of significances are ns p>0.05, * p<0.05, and *** p<0.001. (D) 

Fluorescence modulation lifetimes were measured in the cytoplasm and nucleus of Akt1-EGFP expressing 

cells separately. Localizations of cytoplasm and nuclei were determined based on the fluorescence intensity 

and fluorescence lifetime of Akt1-EGFP. Columns belong to means and error bars to SEMs. P-values were 

calculated with two-tailed t-tests of unpaired observations. Reprinted (adapted) with permission from Doll 

et al.
[408]

 Copyright (2016) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim and Doll et al.
[355]

 

Copyright (2018) Elsevier Inc. 
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cytoplasm. The N-terminally tagged EGFP-Akt1 was also found to be modified with 

Ac4GlcNCyoc, but did not exhibit FRET efficiencies significantly different from those of 

EGFP (Figure 4.16A-C). Most probably, donor and acceptor fluorophores are again too far 

apart from each other. In addition, its fluorescence lifetimes did not vary as much as those of 

Akt1-EGFP within single cells. Fluorescence lifetimes of nuclear and cytoplasmic 

Akt1-EGFP were determined and analyzed separately. Those of nuclear Akt1-EGFP were 

indeed shorted than cytoplasmic lifetimes in Ac4GlcNCyoc-treated cells (Figure 4.16D). 

Although differences in nuclear and cytoplasmic fluorescence lifetimes were obvious in 

several cells, not all cells showed differences in lifetimes, which might explain why 

fluorescence lifetimes were not significantly different. Nevertheless, these findings imply that 

Akt1 is stronger O-GlcNAcylated if present in the nucleus, which is in line with reports 

suggesting a role of Akt1’s O-GlcNAcylation in its nuclear localization.
[441]

  

FLIM-FRET measurements of vinculin, CAMK4, p53, Foxo1, and Akt1 clearly demonstrated 

the general applicability of the established approach. It not only allows imaging the 

glycosylation state of a selected protein inside living cells, but also to determine spatial 

differences in the glycosylation of a protein. The two fusion proteins EGFP-vinculin and 

CAMK4-EGFP did not own FRET efficiencies significantly greater than those measured for 

EGFP and thus further indicate that unspecific and intermolecular FRET do not hinder 

measurements of protein-specific glycosylation by FLIM-FRET microscopy.
[408]

 

In summary, the first functional and general applicable approach for imaging protein-specific 

glycosylation inside living cells was established. In the following, it was employed to study 

the O-GlcNAcylation of the proteins Kif18A, α-synuclein, and β-catenin in more detail.  

 

4.1.3. O-GlcNAcylation of Kif18A 

The human kinesin-8 Kif18A is a microtubule-associated motor protein.
[445]

 It accumulates at 

plus ends of microtubules in mitosis and acts as microtubule depolymerase.
[446–448]

 

Furthermore, Kif18A suppresses chromosome oscillatory movements, which occur upon 

congression of chromosomes around the spindle equator in metaphase and decline towards 

anaphase.
[449,450]

 Such oscillations of chromosomes attached to microtubules via kinetochores 

protect chromosomes against damage and entanglements, but need to be terminated in order 

to enable the progression of mitosis.
[451,452]

 HeLa cells lacking Kif18A have been shown to be 

unable to enter mitosis, because its depletion prevents a correct chromosome 

congression.
[446,449,450]

 Moreover, elevated expression of Kif18A has been found to be 

associated with an increased risk for multiple myeloma and enhanced cell proliferation in 

other cancer types.
[453–456]

 

It has been suggested that both the function and the localization of Kif18A are regulated by its 

PTMs, such as phosphorylation and O-GlcNAcylation.
[457]

 Phosphorylation of serine 674 and 

serine 684 by cycline-dependent kinase 1 in early metaphase has been demonstrated to 

promote chromosome oscillations, while its dephosphorylation in late metaphase by protein 

phosphatase 1 results in metaphase plate thinning and suppressed chromosome 

oscillations.
[452]

 In addition, Kif18A’s O-GlcNAcylation has been detected with an 

O-GlcNAc-specific antibody in bone marrow stromal cells.
[457]

 Recently, also sumoylation of 

Kif18A has been shown to regulate the activity of Kif18A during mitotic progression.
[458]
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Protein phosphorylation and O-GlcNAcylation are known to compete for the same or adjacent 

serine and threonine residues in a dynamic manner.
[47,459]

 This could also be the case for 

Kif18A. Within this thesis, the modification of Kif18A with O-GlcNAc should be detected 

using Ac4GlcNCyoc. 

To be able to perform FLIM-FRET experiments later, HeLa cells stably expressing EGFP or 

EGFP-Kif18A under a tetracycline-inducible promotor were used. Firstly, the incorporation 

of Ac4GlcNCyoc in EGFP and EGFP-Kif18A HeLa cell lines was investigated in a time- and 

concentration-dependent manner. Cy3 signals resulting from Cyoc-derivatives attached to 

proteins were highest for incubation times of 22 h and concentrations of ~100 µM 

Ac4GlcNCyoc (Figure 4.17). These data are in good agreement with similar experiments 

performed in HEK293T, HeLa S3, and H1299 cells (Figure 4.3). 

 

 

Figure 4.17: Incorporation of Ac4GlcNCyoc in stable HeLa cell lines. HeLa cells capable of expressing 

EGFP or EGFP-Kif18A were (A) treated with 100 µM Ac4GlcNCyoc for different periods of time or (B) 

treated with different concentrations of Ac4GlcNCyoc for 20 h. Fluorescence readouts of Western blots 

from lysates of Ac4GlcNCyoc-treated cells labeled with Cy3-Tz are shown. Equal loading was assessed by 

immunoblotting against α-tubulin. 

 

As different expression levels were expected for both proteins, tetracycline concentrations had 

to be adjusted in order to achieve nearly equal amounts of EGFP and EGFP-Kif18A in HeLa 

cells. Both the expression of EGFP-Kif18A and EGFP could be induced by tetracycline 

(Figure 4.18A). Whereas high tetracycline concentrations led to only small quantities of 

EGFP-Kif18A, tenfold lower concentrations resulted in a strong expression of EGFP. 

Comparable protein levels were achieved with tetracycline concentrations of 2 µg ml
-1

 and 

0.01 µg ml
-1

 for EGFP-Kif18A and EGFP, respectively. Cellular levels of EGFP-Kif18A 
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could be further increased by synchronizing cell cycles. Kif18A is degraded in interphase, but 

larger amounts of this protein are present in mitosis, where Kif18A is functionally active.
[446]

 

EGFP-Kif18A HeLa cells were treated with 2 µg ml
-1

 tetracycline and synchronized in 

S-phase with thymidine. Approximately 8 h to 10 h after releasing cells from thymidine 

arrest, they enter mitosis.
[446]

 Samples were taken at different time points after thymidine 

release. Indeed, amounts of EGFP-Kif18A detected with an anti-GFP antibody increased 

upon thymidine release (Figure 4.18B).  

 

 

Figure 4.18: Optimizing the expression of EGFP and EGFP-Kif18A. (A) Lysates of HeLa cells treated for 

12 h with different concentrations of tetracycline (Tet) were analyzed upon SDS-PAGE by immunoblotting 

against GFP. (B) EGFP-Kif18A HeLa cells treated with 2 µg ml
-1

 tetracycline and synchronized in S-phase 

with 2 mM thymidine were released and lysed at indicated time points. Cellular amounts of EGFP-Kif18A 

were detected with a GFP antibody. Blotting against α-tubulin served as loading control. 

 

 

Figure 4.19: Modification of Kif18A with GlcNCyoc. Tetracycline-treated EGFP and EGFP-Kif18A HeLa 

cells were synchronized in prometaphase by successive treatment with thymidine and nocodazole. 

Additionally, cells were treated with 100 µM Ac4GlcNCyoc (+) or 0.1 V-% DMSO (-) for 20 h. The Cy3 

fluorescence readout from a blot of lysates and immunoprecipitates performed to isolate EGFP and EGFP-

Kif18A is depicted. Antibodies detecting α-tubulin, GFP derivatives, and Kif18A verified equal loading of 

samples. 
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To study the modification of Kif18A with Ac4GlcNCyoc in mitosis, HeLa cells treated with 

tetracycline were blocked in S-phase with 2 mM thymidine for 20 h and, following a release 

of 2 h, arrested in prometaphase with 0.15 µg ml
-1

 nocodazole for 16 h. During the second 

blocking step, 100 µM Ac4GlcNCyoc were added to the medium for metabolic glycolabeling. 

After collecting mitotic cells, cells were incubated in fresh medium for 20 min to allow them 

to enter in metaphase. Upon cell lysis and immunoprecipitation of EGFP and EGFP-Kif18A, 

the DAinv reaction was performed with Cy3-Tz. Only one strong fluorescence band is visible 

for all immunoprecipitation samples and belongs to EGFP-Kif18A-expressing cells treated 

with Ac4GlcNCyoc (Figure 4.19). Its size at approximately 130 kDa as well as immunoblots 

against GFP and Kif18A clearly demonstrated that this band corresponds to EGFP-Kif18A 

modified with Cyoc-anchored Cy3. Hence, the glycosylation of Kif18A with GlcNCyoc was 

successfully detected. This result substantiates the previous report on the O-GlcNAcylation of 

Kif18A.
[457]

 

Towards characterizing the O-GlcNAcylation of Kif18A, next steps would comprise 

following the O-GlcNAcylation of Kif18A over the cell cycle, imaging it by FLIM-FRET 

microscopy in cells, identifying Kif18A’s O-GlcNAc sites by mass spectrometry, mutating 

them, and analyzing the phenotypes of these mutants. This project was and will further be 

continued by Lisa Haiber within her master’s thesis and PhD thesis in the group of Prof. Dr. 

Wittmann, University of Konstanz.
[460]

 

 

4.1.4. O-GlcNAcylation of -synuclein 

The small protein α-synuclein has been found to be enriched in pre-synaptic neurons in the 

central nervous system.
[461]

 There, α-synuclein is involved in remodeling and trafficking of 

vesicles.
[462]

 α-Synuclein mainly exists as intrinsically disordered monomer in the cytoplasm, 

but, when bound to membranes, it forms a large α-helix that can cause membrane 

bending.
[463–465]

 Moreover, α-synuclein can arrange in toxic β-sheet aggregates, which have 

been identified in synucleinopathies, such as Parkinson’s disease.
[466,467]

 Many different 

PTMs, including phosphorylation, ubiquitination, and nitration, have been reported for 

α-synuclein.
[468]

 In addition, nine O-GlcNAc sites (T33, T44, T54, T59, T64, T72, T75, T81, 

and S87) have been detected for rodent and human α-synuclein.
[469–472]

 To study the effect of 

O-GlcNAcylation on α-synuclein’s properties, Pratt and coworkers have synthesized 

α-synuclein proteins carrying O-GlcNAc at either threonine 72 or serine 87. Using these 

proteins, they have found that O-GlcNAcylation of both residues inhibits the formation of 

aggregates, but does not affect the membrane binding and bending characteristics of 

α-synuclein.
[467,473]

 Recently, the inhibition of the aggregate formation has also been shown 

for enzymatically O-GlcNAcylated α-synuclein.
[474]

  

All of these studies on O-GlcNAcylated α-synuclein have been performed in vitro. To 

investigate this biological and medically interesting PTM of α-synuclein in the context of 

living cells, the established approach for protein-specific imaging of glycosylation should be 

employed. This project was carried out in cooperation with Petra Chovancova from the group 

of Prof. Dr. Leist, University of Konstanz. The final aim was imaging the O-GlcNAcylation 

of EGFP-tagged α-synuclein in neuronal cells. Nevertheless, work was started with HEK293T 

cells, as the approach was established for this cell line.  
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In a first step, the modification of EGFP-tagged α-synuclein with Ac4GlcNCyoc was 

investigated. To this end, HEK293T cells were transiently transfected with plasmids encoding 

EGFP or α-synuclein-EGFP, treated with 100 µM Ac4GlcNCyoc or Ac4GlcNAc for 20 h, and 

lysed. Lysates and immunoprecipitates of EGFP and α-synuclein-EGFP were labeled with 

Cy3-Tz. Whereas the fluorescence readout of a Western blot with lysate samples clearly 

demonstrated the incorporation of GlcNCyoc into the cellular glycome and its labeling with 

Cy3-Tz via the DAinv reaction, no fluorescence band was visible on a Western blot of 

immunoprecipitation samples (Figure 4.20). In addition, no O-GlcNAcylation could be 

detected with an anti-O-GlcNAc antibody. Repetitions of this experiment always led to the 

same result. Thus, it was concluded that α-synuclein-EGFP is modified with GlcNCyoc or 

native O-GlcNAc to a very low extent or not at all. Studies, in which O-GlcNAcylation sites 

of α-synuclein have been determined, have been based on an enrichment of O-GlcNAcylated 

proteins and peptides. However, the approach developed here combines chemical reporter 

strategies and GFP-fusion proteins and averages over all proteins of interest. Consequently, 

no statements can be made on the modification state of a small portion of proteins. Upon 

affinity purification and enriching samples, Petra Chovancova demonstrated that less than 1 % 

of native α-synuclein is O-GlcNAcylated in HEK293T cells.
[475]

 Thus, it is not surprising that 

the detection of the modification of α-synuclein with Ac4GlcNCyoc or its native 

O-GlcNAcylation with an anti-O-GlcNAc antibody was not successful. 

 

 

Figure 4.20: Modification of α-synuclein with GlcNCyoc. HEK293T cells transfected with plasmids 

encoding EGFP or α-synuclein (SNAC)-EGFP were treated with 100 µM Ac4GlcNCyoc (+) or Ac4GlcNAc 

(-) and lysed after 20 h. EGFP and SNAC-EGFP were isolated by immunoprecipitation. Lysates and 

immunoprecipitates were labeled with Cy3-Tz and analyzed on Western blots. Fluorescence readouts of 

(A) lysate samples and (B) immunoprecipitates are displayed. EGFP and O-GlcNAc were detected with 

antibodies. 
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Concurrently with the development of the DAinv chemistry-based imaging approach for 

protein-specific glycosylation presented in this thesis, Chen and coworkers reported on a 

similar strategy.
[476]

 As they used Ac4GalNAz, which was fluorescently labeled via a 

cytotoxic CuAAC, the application of their method was restricted to fixed cells. To investigate, 

whether α-synuclein’s O-GlcNAcylation could be detected following their approach, 

Ac4GalNAz was employed (Figure 4.21A). It did not affect cellular viabilities and was well 

incorporated in the cellular glycome (Figure 4.21B+C). The background fluorescence 

 

 

Figure 4.21: Metabolic labeling of both SNAC-EGFP and EGFP with Ac4GalNAz. (A) Chemical structure 

of Ac4GalNAz. (B) Viabilities of HEK293T cells treated with different concentrations of Ac4GalNAz or 

Ac4GlcNAc for 20 h were assessed with AlamarBlue assays. Columns belong to mean values calculated 

from three independent experiments with four replicates each. Error bars are SEMs. (C+D) HEK293T cells 

transiently expressing EGFP or SNAC-EGFP were treated with 100 µM Ac4GalNAz (+) or Ac4GlcNAc (-) 

for 20 h. Subsequently, cells were lysed and EGFP and SNAC-EGFP isolated by immunoprecipitation. 

Cy3-labeled lysates and immunoprecipitates were analyzed on Western blots. Fluorescence readouts of (C) 

lysate samples and (D) immunoprecipitates are presented. Immunoblotting was performed with anti-GFP 

and anti-O-GlcNAc antibodies. 
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detected for Ac4GlcNAc was higher in case of the CuAAC performed with Cy3-alkyne than 

for the DAinv reaction with Cy3-Tz. Interestingly, the modification of proteins with GlcNAz, 

which is the metabolized form of Ac4GalNAz attached by OGT,
[72]

 was detected with 

O-GlcNAc antibodies. Its signal was stronger for Ac4GalNAz- than for Ac4GlcNAc-treated 

samples. This was not the case for Ac4GlcNCyoc, which can be explained by a larger size of 

its chemical handle compared to the azide that might no longer be recognized by the antibody. 

Next, immunoprecipitates of EGFP and α-synuclein-EGFP were prepared and labeled with 

Cy3-alkyne to analyze the proteins’ modification with GlcNAz. Stronger Cy3 fluorescence 

bands were observed for both EGFP and α-synuclein-EGFP in samples that received 

Ac4GalNAz compared to those treated with Ac4GlcNAc (Figure 4.21D). To exclude 

non-covalent attachments of Cy3-alkyne to EGFP, experiments were repeated several times 

using harsh washing conditions after the CuAAC (buffers with up to 1 V-% Triton X-100). 

However, fluorescence bands of EGFP and α-synuclein-EGFP were always stronger for 

Ac4GalNAz than for Ac4GlcNAc samples. Thus, it must be concluded that both proteins are 

somehow modified with an azide-tagged monosaccharide. The modification of EGFP itself 

prohibits conclusions on its fusion partner and the application of Ac4GalNAz for studying 

protein-specific glycosylation in HEK293T cells. This is not in line with results presented by 

Chen and coworkers on the utilization of Ac4GalNAz for in cell imaging of protein-specific 

O-GlcNAcylation. They also did control experiments with EGFP, but performed them in a 

different cell line than experiments with EGFP-fusion proteins.
[476]

 It is known that chemical 

glycosylation reporters are incorporated to a different extent in diverse cell lines.
[477]

 Hence, it 

is possible that cells used to estimate the modification of EGFP by Lin et al. incorporated less 

Ac4GalNAz than cells used for positive experiments with EGFP-fusion proteins. Moreover, 

their fluorescence readout from Western blots of immunoprecipitated EGFP of cells treated 

with Ac4GlcNAc or Ac4GalNAz is doubtful, because it lacks a positive control. Therefore, it 

cannot be excluded that the CuAAC with alkyne-TAMRA did not work or that the gain was 

not adjusted correctly. Furthermore, statistical tests on the difference of fluorescence lifetimes 

measured for Ac4GlcNAc- and Ac4GalNAz-treated cells were only implemented for the 

positively tested EGFP-fusion proteins and not for EGFP. In conclusion, results presented 

here suggest that Ac4GalNAz can, at least in HEK293T cells, not be used to study the 

O-GlcNAcylation of EGFP-fusion proteins. 

Since the final aim was to image α-synuclein’s O-GlcNAcylation in neuronal cells, work was 

directly continued with neuronal precursor Lund human mesencephalic (LUHMES) cells. 

However, Petra Chovancova found that Ac4GlcNCyoc dramatically reduces viabilities of 

these cells, even at concentrations as low as 10 µM.
[475]

 Therefore, it was concluded that a less 

toxic, but still specific, chemical reporter targeting O-GlcNAc needs to be developed in future 

before the continuation of this project.  

 

4.1.5. O-GlcNAcylation of -catenin 

β-Catenin is a multifunctional intracellular protein consisting of 781 amino acids. It contains 

flexible N- and C-terminal domains as well as a central domain, which comprises twelve 

armadillo repeats (Figure 4.22A).
[478,479]

 β-Catenin possesses a structural function at the 

adherens junctions, where it interacts with the cell adhesion protein E-cadherin and the actin 
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cytoskeleton (Figure 4.22B).
[480]

 In addition, it mediates the signal transduction in the 

Wnt/wingless canonical pathway. The presence of Wnt leads to a stabilization and 

accumulation of β-catenin in the cytoplasm. Subsequently, β-catenin localizes to the nucleus, 

where it executes its regulatory function as a transcriptional co-activator of Wnt target genes, 

which are for instance associated with cell proliferation and metastasis.
[481–483]

 In the absence 

of Wnt, β-catenin is part of a multiprotein complex, is phosphorylated by casein kinase 1 at 

serine 45 and by glycogen synthase kinase-3β (GSK-3β) at the threonine residues 33, 37, and 

41, ubiquitinated, and degraded by the proteasome.
[484]

 While the N-terminal domain of 

β-catenin is involved in the regulation of the protein’s stability, its C-terminal domain is 

important for transcriptional activation and the armadillo repeats serve as binding platform for 

interaction partners.
[479]

 Cellular levels of β-catenin need to be tightly regulated, since 

increased nuclear amounts of β-catenin are associated with several cancer types.
[485–487]

 

Phosphorylation as well as O-GlcNAcylation are known to alter the function and localization 

of β-catenin.
[488,489]

 O-GlcNAcylation has been detected at the N- and C-terminal domain, but 

not at the armadillo repeats. Whereas C-terminal O-GlcNAc sites have been identified to be 

 

 

Figure 4.22: Structure, PTMs, and cellular functions of β-catenin. (A) The schematic structure and known 

N-terminal phosphorylation and O-GlcNAc sites of β-catenin are shown. (B) β-catenin serves functions in 

cell adhesion when interacting with E-cadherin and in transcription of DNA. It can be O-GlcNAcylated (G) 

in the cytoplasm and nucleus. Its phosphorylation (P) by GSK-3β initiates the proteasomal degradation of 

β-catenin. GSK-3β is inhibited by Wnt signaling.  
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static, N-terminal O-GlcNAcylation has been reported to be highly dynamic.
[490]

 Until now, 

four N-terminal O-GlcNAc sites of β-catenin (S23, T40, T41, and T112) have been 

discovered (Figure 4.22A).
[35,490]

 O-GlcNAc at serine 23 has been shown to result in the 

nuclear export of β-catenin as well as its accumulation at the plasma membrane and in the 

cytoplasm. Consequently, this modification reduced β-catenin’s transcription activity, but 

increased its interaction with E-cadherin.
[490]

 In contrast, Harosh-Davidovich and Khalaila 

have detected increased nuclear levels and transcriptional activity for O-GlcNAcylated 

β-catenin.
[491]

 Moreover, O-GlcNAcylation at threonine 41 has been demonstrated to increase 

the stability of β-catenin, as it directly competes with the phosphorylation of this residue by 

GSK-3β.
[35]

 

Most investigations of β-catenin’s O-GlcNAcylation have been based on biochemical studies. 

Still, concrete effects of all modified residues on the function and localization of β-catenin are 

not completely understood. To shed more light onto the effect of β-catenin’s 

O-GlcNAcylation and to decipher spatial O-GlcNAcylation patterns for each modified amino 

acid, the established approach for the visualization of protein-specific glycosylation was 

employed. It was of advantage that all known O-GlcNAc sites are close to the N-terminus of 

the protein, to which EGFP can be easily fused. This project was partially carried out by Pia 

Widder in the context of her master’s thesis in the group of Prof. Dr. Zumbusch, University of 

Konstanz.
[492]

  

In a first step, DNA of wild type (WT) β-catenin from the plasmid pcDNA3.0--catenin was 

amplified and integrated into the pDNR-Dual vector via ligation independent cloning (LIC). 

DpnI-mediated site directed mutagenesis of pDNR-Dual β-catenin was used to create the 

point mutants S23A, T40A, T41A, T112A, and T40AT41A. The triple mutants 

S23AT40AT41A and T40AT41AT112A were prepared from the double mutant T40AT41A. 

The quadruple mutant S23AT40AT41AT112A (Δ4) was generated from S23AT40AT41A. 

To be able to assess the correctness of all point mutations, additional restriction sites for 

common enzymes were introduced via designed primers during site directed mutagenesis. 

Besides restriction digestion followed by agarose gel electrophoreses, the presence of correct 

point mutations was verified by sequencing. Finally, DNAs encoding WT β-catenin and its 

mutants were integrated in the mammalian expression vector pEGFP-C1-loxP by Cre-LoxP 

recombination. Correct DNA sequences of all EGFP-plasmids were proven by restriction 

digestion, agarose gel electrophoresis, and sequencing. Test expressions of EGFP-WT 

β-catenin and all mutants were carried out in HEK293T cells. The presence of EGFP 

fluorescence was checked by fluorescence microscopy and the right size of the fusion proteins 

on Western blots using an antibody against GFP. All proteins, except EGFP-T40A, were 

correctly expressed. However, sequencing of both the promotor region and the EGFP-T40A 

gene confirmed its correctness.
[492]

 

Having plasmids for the expression of EGFP-WT β-catenin and nearly all desired mutants at 

hands, the proteins’ modification with Ac4GlcNCyoc was investigated. For this purpose, 

HEK293T cells transiently transfected with plasmids encoding EGFP, EGFP-WT β-catenin, 

or EGFP-Δ4 β-catenin were treated with Ac4GlcNCyoc or Ac4GlcNAc and lysed. EGFP and 

both EGFP-fusion proteins were isolated by immunoprecipitation and labeled with Cy3-Tz. 

The modification of WT and Δ4 β-catenin with GlcNCyoc was detected via the fluorescence 

of Cy3 on a Western blot (Figure 4.23). Although Δ4 β-catenin does not possess any (known) 
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N-terminal O-GlcNAc site anymore, it might still be O-GlcNAcylated at its C-terminus. As 

fluorescence bands of WT and Δ4 β-catenin displayed similar intensities, it can be assumed 

that GlcNCyoc at S23, T40, T41, and T112 did not contribute to a great extent to the detected 

Cy3 fluorescence. 

 

 

Figure 4.23: Modification of WT β-catenin and the Δ4 mutant with Ac4GlcNCyoc. Lysates of HEK293T 

cells transiently transfected with vectors encoding EGFP, EGFP-WT β-catenin, or EGFP-Δ4 β-catenin and 

treated with 100 µM Ac4GlcNCyoc (+) or Ac4GlcNAc (-) for 20 h were used to isolate EGFP and EGFP-

fusion proteins by immunoprecipitation. Samples were labeled with Cy3-Tz before being analyzed on a 

Western blot. Cy3 fluorescence was read out to investigate the glycosylation state of immunoprecipitated 

proteins. Ponceau S staining and immunoblotting against GFP were used as loading controls. Data 

underlying this figure were acquired by Pia Widder,
[492]

 but processed and analyzed by myself. 

 

Next, O-GlcNAcylation states of WT β-catenin and all mutants were imaged with FLIM-

FRET microscopy in single cells. For ease of implementation, living HEK293T cells 

transiently transfected with EGFP, EGFP-WT β-catenin, or EGFP-β-catenin mutants and 

treated with Ac4GlcNCyoc or Ac4GlcNAc were labeled with TAMRA-Tz, but were fixed 

with paraformaldehyde afterwards. Thus, many samples could be prepared simultaneously to 

be consecutively measured at the FLIM microscope. Obtained results are summarized in 

Figure 4.24. Representative fluorescence modulation lifetime images displayed only very 

small decreases in fluorescence lifetimes of cells treated with Ac4GlcNCyoc compared to 

control cells. The same trend was observed for fluorescence lifetimes averaged over three 

independent experiments with ten cells each. Accordingly, also FRET efficiencies calculated 

for each EGFP-fusion protein did not differ significantly from those of EGFP. Thus, it must 

be concluded that the N-terminal O-GlcNAcylation of β-catenin could not be detected with 

the established FLIM-FRET-based approach. Possible explanations could be the 
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decomposition of the chemical reporter Ac4GlcNCyoc or problems within the DAinv reaction 

with TAMRA-Tz. 

 

 

Figure 4.24: Assessing the glycosylation of EGFP-β-catenin and its mutants with FLIM-FRET 

microscopy. (A) Representative fluorescence modulation lifetime images of HEK293T cells expressing 

EGFP, EGFP-tagged WT β-catenin, or its mutants, treated with 100 µM Ac4GlcNAc or Ac4GlcNCyoc for 

20 h, labeled with TAMRA-Tz, and fixed are displayed. Scale bars: 10 µm. (B) Fluorescence modulation 

lifetimes were averaged over three (for Δ4 only two) independent experiments with ten cells each. Columns 

represent mean values and error bars SEMs. (C) FRET efficiencies calculated from averaged fluorescence 

lifetimes are presented. Error bars are SEMs. None of the β-catenin FRET efficiencies was significantly 

different compared to EGFP as determined with a one-way ANOVA and a Bonferroni posttest of selected 

columns. ns p>0.05. Data were acquired by Pia Widder,
[492]

 but processed and analyzed by myself. 

 

To exclude any faults arising from sample preparation or chemicals, experiments in 

HEK293T cells were repeated with the negative control EGFP, the positive control EGFP-

OGT, and the protein of interest EGFP-WT β-catenin. Representative fluorescence 

modulation lifetime images and averaged fluorescence lifetimes show a noticeable decrease of 

fluorescence lifetimes for EGFP-OGT in cells treated with Ac4GlcNCyoc compared to those 

treated with Ac4GlcNAc. However, this was not the case for EGFP and EGFP-WT β-catenin 

(Figure 4.25A+B). Calculated FRET efficiencies of EGFP differed significantly from those of 

EGFP-OGT, but not for EGFP-WT β-catenin (Figure 4.25C). Yet, FRET efficiencies for 

EGFP-OGT were smaller than in initial experiments (Figure 4.12). This can be due to fixation 

of samples upon TAMRA-Tz labeling, as this has been found to affect fluorescence 

lifetimes.
[493,494]

 In addition, it is possible that Ac4GlcNCyoc was decomposed to some extent 

at this time point. This cannot be assessed with Western blot experiments absolutely, as the 
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detection of the fluorescence of Cy3 attached to the cyclopropene does not allow for 

quantification among different readouts. As Western blots from β-catenin lysates treated with 

Ac4GlcNCyoc still reveal fluorescence labeling of incorporated GlcNCyoc (Figure 4.23), the 

chemical reporter must have been functional at least to a certain degree. Despite detecting 

lower FRET efficiencies for EGFP-OGT than in earlier experiments, they are significantly 

higher compared to FRET efficiencies calculated for EGFP. Hence, any possible failures 

arising from sample preparation, chemicals, or the FLIM microscope can be excluded as 

reason for the inability to image the N-terminal O-GlcNAcylation of β-catenin. It is unlikely 

that the distance between the donor fluorophore EGFP and presumably acceptor fluorophore-

labeled glycosylated N-terminal residues is too large to enable efficient FRET. Two 

explanations for the lack of signal remain: On the one hand, β-catenin might only be 

substoichiometrically O-GlcNAcylated at the N-terminal residues. As fluorescence lifetimes 

are averaged over all proteins giving rise to fluorescence detected in a single pixel in FLIM 

microscopy, FRET of a subpopulation can hardly be determined. On the other hand, 

GlcNCyoc might solely be attached to static C-terminal glycosylation sites. Since N-terminal 

O-GlcNAcylation of β-catenin has been reported to be highly dynamic,
[490]

 it could be the 

case that OGT prefers native GlcNAc over artificial GlcNCyoc to modify these residues.  

 

 

Figure 4.25: Imaging the glycosylation of EGFP-OGT but not EGFP-β-catenin by FLIM-FRET 

microscopy. (A) Representative fluorescence modulation lifetime images of HEK293T cells expressing 

EGFP, EGFP-OGT, or EGFP-WT β-catenin, treated with 100 µM Ac4GlcNAc or Ac4GlcNCyoc for 20 h, 

labeled with TAMRA-Tz, and fixed are depicted. Scale bars: 10 µm. (B) Fluorescence modulation lifetimes 

were averaged over three independent experiments with five cells each. Columns correspond to mean 

values and error bars to SEMs. (C) FRET efficiencies were calculated from averaged fluorescence 

lifetimes. Columns are means and error bars SEMs. Statistical analysis was performed with a one-way 

ANOVA and a Bonferroni posttest. Degrees of significances in comparison to EGFP are given as ns p>0.05 

and * p<0.05. Data underlying this figure were acquired by Pia Widder,
[492]

 but processed and analyzed by 

myself. 
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Since the glycosylation of N-terminal β-catenin could not be imaged using Ac4GlcNCyoc, 

other chemical glycosylation reporters might be better suited. Although Ac4GalNAz was used 

by the Chen group to image the glycosylation of EGFP-β-catenin in fixed cell,
[476]

 results of 

this thesis (chapter 4.1.4) indicate that this monosaccharide may not be used without 

restrictions. A possible alternative was the chemical reporter Ac4GlcNCp (Figure 4.26A), 

which has been synthesized by Jessica Hassenrück recently (group of Prof. Dr. Wittmann, 

University of Konstanz).
[495]

 As its chemical handle is much smaller than that of 

Ac4GlcNCyoc, it might be better accepted and incorporated by cellular enzymes. Viability 

tests were carried out with HEK293T cells to assess potential cytotoxic effects of this new 

compound. Interestingly, Ac4GlcNCp did not affect cellular viabilities at all when applied for 

20 h and it was even less toxic than the control compound Ac4GlcNAc after an incubation 

time of 48 h (Figure 4.26B). Nevertheless, no fluorescence signal higher than the 

fluorophore’s background could be detected on Western blots of lysates from Ac4GlcNCp-

treated HEK293T cells (Figure 4.26C), which hinders its usage for studying the glycosylation 

of β-catenin. As TAMRA signals were detected for Ac4GlcNCyoc-treated HEK293T cells, 

failures of the DAinv reaction could be excluded. These data suggest that Ac4GlcNCp is  

 

 

Figure 4.26: Incorporation of Ac4GlcNCp in the cellular glycome. (A) Chemical structure of Ac4GlcNCp. 

(B) Viabilities of HEK293T cells treated with different concentrations of Ac4GlcNAc or Ac4GlcNCp for 

20 h or 48 h were assessed with AlamarBlue assays. Columns represent mean values of three independent 

experiments performed in quadruplicates and error bars SEMs. (C) HEK293T cells were treated for 

different times with 100 µM Ac4GlcNCyoc or Ac4GlcNCp, lysed, and labeled with 10 µM TAMRA-Tz. 

The fluorescence readout allowed for the detection of incorporated Ac4GlcNCyoc, but not of Ac4GlcNCp. 

Ponceau S served as loading control. 
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either not metabolized and attached to proteins by cellular enzymes or does not react with the 

tetrazine derivative. The latter possibility could be excluded, because its reactivity in the 

DAinv reaction was demonstrated by J. Hassenrück.
[495]

 Further studies will clarify, why 

Ac4GlcNCp is not accepted by enzymes involved in the glycosylation of intracellular proteins. 

 

4.1.6. Glycosylation in A. thaliana 

Plants synthesize and incorporate many different glycans. Their cell wall mainly consists of 

polysaccharides with high molecular weights, such as cellulose, hemicellulose, or pectins.
[496]

 

Next to glycans present in cell walls, also plant proteins are glycosylated. Thousands of 

secreted and membrane proteins carrying asparagine-linked N-glycans are known. In contrast 

to animals, N-glycans of plants are not extensively branched and do not carry sialic acids. 

They serve important functions in protein folding, quality control in the endoplasmic 

reticulum, and affect the stability and interaction partners of proteins.
[497]

 In addition, 

hundreds of glycosylphosphatidylinositol-anchored proteins have been identified on plant cell 

membranes.
[497,498]

 Mucin-type O-glycans do not exist in plants, but single galactose residues 

can be attached to serine residues or chains of arabinose to hydroxyprolines.
[497,499,500]

 

Moreover, nuclear and cytoplasmic proteins can be modified with O-GlcNAc. In the model 

plant A. thaliana, two O-GlcNAc transferases have been identified, which have been named 

Spindly and Secret Agent.
[501,502]

 Functions of both enzymes overlap, but are not identical.
[502]

 

Similar to animal O-GlcNAcylation, the knockout of both A. thaliana O-GlcNAc transferases 

is lethal.
[503]

 Plant O-GlcNAc has been shown to affect signaling cascades of gibberellin plant 

hormones, growth and differentiation of cells via the cytokine response, the circadian rhythm 

of plants, the development of roots, and probably the transport of proteins through 

plasmodesmata.
[503]

 As no O-GlcNAcase has been identified in plants yet, it is unclear 

whether plant O-GlcNAcylation is dynamic.
[504]

 Proteins known to become O-GlcNAcylated 

in plants include the glycosyltransferase Secret Agent, transcription factors involved in the 

cytokine signaling, and DELLA proteins, which negatively regulate gibberellin signaling 

cascades.
[502,503,505,506]

 In addition, a recent study has revealed more than 900 O-GlcNAc sites 

on 262 proteins in A. thaliana.
[507]

 

Since 2012, chemical reporter strategies have been used to image distinct plant glycans, which 

can help to decipher the biosynthesis and biological functions of plant glycans.
[199]

 3-Deoxy-

D-manno-oct-2-ulosonic acid (Kdo) and fucose of cell walls have been targeted with the 

chemical reporters 8‐azido 8‐deoxy Kdo and 6-alkynyl fucose, respectively.
[508,509]

 Chen and 

coworkers have made use of Ac4GlcNAz to label N-glycans of proteins on cell 

membranes.
[199]

 Shortly afterwards, the Wennekes group has demonstrated the visualization 

of cell wall and/or membrane glycans of living A. thaliana roots by using Ac4GlcNAz, 

Ac4GalNAz, Ac4FucAz, or Ac3ArabAz and CuAAC or SPAAC as bioorthogonal ligation 

reaction.
[197]

 In addition, they imaged the incorporation of Ac4GlcNCyoc, which had been 

fluorescently labeled via a DAinv reaction, and have demonstrated that even deacetylated 

GlcNAz can be taken up, metabolized, and incorporated by A. thaliana. The latter observation 

is in line with work from 1970 on the ability of plant roots to efficiently take up 

glucosamine.
[510]

 Another study has reported the screening of 19 chemical reporters that 

comprise analogs of Glc, xylose, rhamnose, fucose, Kdo, L-arabinose, Man, GlcNAc, and 
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GalNAc.
[196]

 Five of them, namely Ac4GlcNAz, Ac4GalNAz, Ac4FucAl, Ac4FucAz, and 

Ac4Me8AzKdo, could be detected on cell walls/membranes.  

After the first publication by Chen and coworkers,
[199]

 we also started using chemical 

glycosylation reporters to study the glycosylation in A. thaliana. Initially, similar imaging 

experiments with azide-functionalized GlcNAc, GalNAc, and ManNAc derivatives were 

performed. To this end, four days old seedlings were treated with 100 µM of the 

monosaccharides for 48 h, fixed, and labeled with the CuAAC reaction mixture used by Zhu 

et al. (1 mM CuSO4, 1 mM sodium ascorbate, and 1 µM sulfo-Cy3-alkyne)
[199]

. In 

Ac4GlcNAz and Ac4GalNAz samples, fluorescence of Cy3 was detected at cell 

walls/membranes and very weakly inside plant cells by fluorescence microscopy of roots 

(Figure 4.27). Intensities arising from incorporated Ac4GlcNAz were higher compared to 

Ac4GalNAz. Fluorescence intensities detected for peracetylated N-azido-ManNAz 

(Ac4ManNAz)-treated samples were much lower than those of the Ac4GlcNAz- or 

Ac4GalNAz-treated roots and differed not much from the background fluorescence measured 

for Ac4GlcNAc-treated samples. This finding is consistent with unsuccessful attempts from 

others to detect a metabolized form of Ac4ManNAz in A. thaliana and the fact that sialic acids 

are not present in plants.
[196,197]

 

 

 

Figure 4.27: Incorporation of Ac4GlcNAz and Ac4GalNAz in glycoconjugates of A. thaliana roots. 

Representative confocal fluorescence and brightfield images of roots from A. thaliana seedlings treated 

with 100 µM of the indicated monosaccharide for 48 h, fixed, and labeled with sulfo-Cy3-alkyne via a 

CuAAC are presented. 

 

The CuAAC mixture used by Chen and coworkers did not contain any Cu(I) chelating ligand, 

which was surprising, since such ligands are commonly used to increase reaction rates and 

protect biological molecules from oxidative damage caused by copper ions.
[251]

 To examine 
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this issue, seedlings treated with Ac4GlcNAc or Ac4GlcNAz were labeled with 1 µM sulfo-

Cy3-alkyne in different CuAAC reaction mixtures detailed in Figure 4.28. Brightest 

fluorescence was observed for azide derivatives labeled with the commercial Click-iT kit, 

which has also been utilized by Hoogenboom et al.
[197]

 Fluorescence resulting from labeling 

with Chen’s CuAAC mixture (number 1 in Figure 4.28) is less intense, but still detectable. 

However, no fluorescence signals were detected for the reaction mixtures 2 and 3, which both 

contained the Cu(I) chelating ligand THPTA. Later, also Zhu and Chen reported on the 

absence of fluorescence upon labeling of Ac4FucAl-treated seedlings with CuAAC mixtures 

containing the Cu(I) ligands BTTPS or BTTAA, which was suggested to be due to repulsion 

of negatively charged Cu(I)-chelating ligands by negatively charged cell walls.
[196]

 

 

 

Figure 4.28: Optimizing CuAAC labeling condition in A. thaliana. Four days old seedlings were treated 

with 100 µM Ac4GlcNAc or Ac4GlcNAz for 48 h, fixed, and labeled with 1 µM sulfo-Cy3-alkyne in 

different CuAAC reaction mixtures (1: 1 mM CuSO4, 1 mM sodium ascorbate; 2: 0.5 mM CuSO4, 0.5 mM 

THPTA, 5 mM sodium ascorbate; 3: 1 mM CuSO4, 1 mM THPTA, 5 mM aminoguanidine, 5 mM sodium 

ascorbate; 4: Click-iT Cell Reaction Buffer Kit). Representative confocal fluorescence and brightfield 

images are displayed. 

 

Next, the incorporation of Ac4GlcNCyoc in the glycome of A. thaliana was investigated. 

Seedlings were treated with Ac4GlcNCyoc or Ac4GlcNAc, fixed, and incubated with 1 µM or 

10 µM TAMRA-Tz. For both concentrations, fluorescence intensities detected by confocal 

microscopy were much higher in Ac4GlcNCyoc- than in Ac4GlcNAc-treated roots  

(Figure 4.29) allowing for the conclusion that Ac4GlcNCyoc is metabolized and incorporated 

by A. thaliana. Signals were solely present on cell walls/membranes. These data are in 

accordance with findings from the Wennekes group.
[197]
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Figure 4.29: Incorporation of Ac4GlcNCyoc in glycoconjugates of A. thaliana. Representative confocal 

fluorescence and brightfield images of roots from A. thaliana seedlings, which had been treated for 48 h 

with Ac4GlcNAc or Ac4GlcNCyoc, fixed, and labeled with TAMRA-Tz, are depicted. 

 

To assess whether the chemical reporters used ended up in cell walls or were attached to 

proteins, lysates of A. thaliana seedlings treated with Ac4GlcNAc, Ac4GlcNCyoc, 

Ac4GlcNAz, or Ac4GalNAz were prepared. Roots and leaves were lysed separately, and 

labeled with Tz-biotin via a DAinv reaction or with biotin-alkyne via a CuAAC. Biotin 

attached to proteins was detected with an antibody on a Western blot. Fluorophores were not 

used for lysate experiments, as their fluorescence readout on Western blots might be disturbed 

in presence of chlorophyll. Signals higher than those of Ac4GlcNAc-treated control samples 

were only present for Ac4GlcNAz- and slightly also for Ac4GalNAz-treated root samples 

(Figure 4.30A). To ensure the proper functionality of all reporters and labeling reagents used, 

control experiments were performed in HEK293T cells. As expected from earlier studies, the 

incorporation of Ac4GlcNCyoc upon DAinv reaction as well as Ac4GlcNAz and Ac4GalNAz 

upon CuAAC could be unambiguously proven (Figure 4.30B). Consequently, it can be 

concluded that Ac4GlcNAz and to some extent also Ac4GalNAz, but not Ac4GlcNCyoc, are 

metabolized and attached to proteins in A. thaliana roots. No biotin signals were present in 

any leave sample. As whole seedlings were in contact with liquid Murashige and Skoog (MS) 

medium containing the artificial monosaccharide during the incubation period of 48 h, 

chemical glycosylation reporters must have been predominantly taken up and metabolized by 

root cells. 

Studying O-GlcNAcylated proteins in plants has been reported to be difficult, since many 

N-glycans of plants carry terminal GlcNAcs. Thus, simple detection approaches based on the 

labeling of native GlcNAc residues, for instance with GalNAz catalyzed by a mutated  
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Figure 4.30: Attachment of GlcNAz to proteins. (A) Lysates of roots and leaves from A. thaliana seedlings 

treated with 100 µM of a monosaccharide (1: Ac4GlcNAc, 2: Ac4GlcNCyoc, 3: Ac4GlcNAz, 4: 

Ac4GalNAz) for 48 h were labeled with Tz-biotin or biotin-alkyne via a CuAAC or a DAinv reaction, 

respectively. Samples were separated by SDS-PAGE and analyzed by immunoblotting against biotin on a 

Western blot. (B) Control experiments were performed with lysates of HEK293T cells treated with the 

same monosaccharides for 48 h, which were also labeled with Tz-biotin or biotin-alkyne. Equal loading 

was confirmed with Ponceau S staining. 

 

β-1,4-galactosyltransferase,
[511–513]

 do not selectively mark O-GlcNAc. Antibodies for 

O-GlcNAc detect only a subset of O-GlcNAcylated proteins and hence are not generally 

applicable.
[411]

 Even the chemical reporter Ac4GlcNAz, which was shown here to be attached 

to probably intracellular plant proteins, has also been found in N-glycans of A. thaliana.
[199]

 

Consequently, a strategy allowing for the visualization of the O-GlcNAcylation of selected 

proteins would be useful. FLIM-FRET microscopy of plant leaves and roots has already been 

achieved,
[514,515]

 which strengthened the idea to image protein-specific O-GlcNAcylation in 

A. thaliana roots using this technique. A possible obstacle would be the need to perform the 

bioorthogonal ligation reaction within the cells, which requires all reagents to pass cell walls 

and membranes. This problem might be solved by using enzymes digesting cell walls in 

combination with permeabilization strategies.
[516]

 Another hurdle is the necessity of 

A. thaliana plants expressing fluorescently tagged proteins of interest. Thus, Arabidopsis 

stock centers were screened for seeds of plants stably expressing GFP-fusions of known 

O-GlcNAcylated proteins. However, among a few stocks expressing GFP-fusion proteins 

found only one was available. To generate such plants by oneself would necessitate the 

cloning of appropriate vectors, the transfection of A. thaliana plants, their growth, and 

selection until the second daughter generation in order to receive homozygote plants. This 

would have to be addressed in a separate project. 
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4.1.7. Visualizing the Sialyl Tn Antigen 

More than 70 years ago it has first been reported that alterations in glycosylation are linked to 

oncogenic transformations.
[517,518]

 Meanwhile, glycosylation has been shown to be associated 

with the hallmarks of cancer,
[519]

 as glycans play roles in nearly all biological processes 

underlying this disease. These include cell signaling and communication, the dissociation and 

invasion of tumor cells, interactions of cells with the extracellular matrix, angiogenesis of 

tumor tissues, the modulation of the immune system, and metastasis.
[520]

 Common alterations 

of glycosylation in cancer cells are increases in sialylation and fucosylation, truncations of 

O-glycans, and extended branching of both N- and O-glycans.
[521–523]

 Whereas the incomplete 

synthesis of glycans results in truncated glycosides at early stages of cancer, the glycan 

neosynthesis takes place in more advanced carcinomas.
[524–526]

 Examples for truncated 

glycans are the Tn antigen (O-linked GalNAc) and its sialylated form sialyl Tn (Neu5Acα2-6 

GalNAcα-O-linked to hydroxyl groups of protein side chains) and for newly synthesized 

glycans sialyl Lewis a (Neu5Acα2-3Galβ1-3[Fucα1-4]GlcNAcβ~ attached to N- or 

O-glycans) and sialyl Lewis x (Neu5Acα2-3Galβ1-4[Fucα1-3]GlcNAcβ~ attached to N- or 

O-glycans, Figure 4.31). Sialyl Tn is rarely found in healthy tissues, but prevalently detected 

in many cancer types,
[520]

 such as pancreas
[527]

, stomach
[524]

, colorectal
[524]

, breast
[525,528]

, 

bladder
[529]

, and ovarian carcinomas
[530]

. Overexpression of sialyl Tn is associated with a 

decrease in cell-cell aggregation, an increase in the adhesion of cells to the extracellular 

matrix, and the migration and invasion of cancer cells.
[531]

 The enzyme, which is responsible 

for the biosynthesis of sialyl Tn, is α-GalNAcα2-6-sialyltransferase 1 (ST6GalNAc1). It 

attaches Neu5Ac to O-linked GalNAc prematurely and thereby disrupts further elongations of 

O-glycans.
[520,524,525,532]

 

 

 

Figure 4.31: Examples of tumor-associated O-glycans. Inspired by 
[520]

. 
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Specific cell surface glycans are usually detected with antibodies and lectins, but both 

approaches do not allow for a perfect discrimination among different glycan structures. 

Aptamers are better suited for this purpose, since they can be designed for a certain glycan in 

a protein- and site-specific manner.
[533]

 In addition, (imaging) mass spectrometry, 

microarrays, and proximity ligation assays are widely used to identify and visualize distinct 

glycans.
[534,535]

 Moreover, metabolic glycoengineering has for instance been employed to 

enrich and identify proteins modified with the Tn antigen,
[536]

 to image heparan sulfate and 

the Tn antigen on cells,
[537]

 to visualize the fate of sialylated glycoconjugates,
[538]

 or as 

therapeutic and diagnostic tool in cancer
[539]

. 

Within a cooperation project of the groups of Prof. Dr. Zumbusch, Prof. Dr. Wittmann (both 

University of Konstanz), and Prof. Dr. Reis (i3S Porto, Portugal), the presence of sialyl Tn on 

cell surfaces should be detected via the proximity of the O-glycan initiating GalNAc and the 

O-glycan terminating Neu5Ac. In cancer cells, O-glycans are truncated and thus GalNAc and 

Neu5Ac should be closer to one another than in healthy cells. Chemical reporters for both 

sugars should be selected in a way that they can be labeled with different but orthogonal 

ligation reactions. GalNAc was targeted with Ac4GalNAz that can be fluorescently labeled via 

a SPAAC. Ac4ManNCyoc was used as metabolic precursor analog for Neu5Ac and tagged 

with a fluorophore via a DAinv reaction. The proximity of both fluorophores should then be 

determined by measuring FRET. A human gastric cancer cell line (MKN45) overexpressing 

ST6GalNAc1, which has been shown to possess significantly increased amounts of sialyl Tn 

on its cell surface,
[531]

 was used. To assure that FRET arises from the proximity of GalNAc 

and Neu5Ac in sialyl Tn, an empty vector transfected cell line MKN45 Mock 
[531]

 was 

employed. A MKN45 cell line overexpressing the sialyltransferase ST3Gal4 served as 

additional control. The expression of ST3Gal4 in gastrointestinal cancer cells has been 

reported to be correlated with increased cell surface levels of sialyl Lewis x.
[540,541]

 Besides 

this, it interferes with the overall glycosylation of cancer cells, for example by reducing the 

extension of O-glycans and increasing the branching of N-glycans.
[542,543]

 GalNAc and 

Neu5Ac in O-glycans modified with sialyl Lewis x are not as close as in sialyl Tn and thus 

less FRET should be observed.  

Data underlying Figure 4.32, Figure 4.33, Figure 4.34, and Figure 4.35 were obtained at i3S 

Porto in collaboration with Dr. Stefan Mereiter (group of Prof. Dr. Reis). Firstly, possible 

cytotoxic effects of the chemical reporters Ac4GalNAz and Ac4ManNCyoc on the MKN45 

cell lines Mock, ST6GalNAc1, and ST3Gal4 were assessed by resazurin tests. Resazurin is 

the main component of the commercial AlamarBlue solution.
[544,545]

 DMSO was used as 

solvent control. As cellular viabilities decreased only slightly upon reporter treatment  

(Figure 4.32), the highest tested concentration (200 µM) was used in further experiments. 

Interestingly, viabilities of ST3Gal4 cells decreased stronger than those of ST6GalNAc1 or 

Mock cells from 50 µM Ac4GalNAz and Ac4ManNCyoc onwards, but not for DMSO. 

In a next step, labeling parameters for the SPAAC and DAinv reaction were optimized. For 

this purpose, all three MKN45 cell lines were treated with Ac4GalNAz and Ac4ManNCyoc or 

DMSO for 48 h. Subsequently, metabolized and incorporated chemical reporters on cell 

membranes were labeled with different concentrations of Alexa Fluor 488-DIBO and Cy3-Tz 

for 30 min or 25 µM of each fluorophore for different periods of time. The labeling efficiency  
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Figure 4.32: Effects of Ac4GalNAz and Ac4ManNCyoc on cellular viabilities of MKN45 cell lines. 

Viabilities of Mock, ST3Gal4, and ST6GalNAc1 cells treated with different concentrations of Ac4GalNAz 

or Ac4ManNCyoc for 48 h were assessed with resazurin tests. DMSO was used as solvent control. Columns 

correspond to mean values of three independent experiments performed in triplicates and error bars to 

SEMs. 

 

was determined by confocal fluorescence microscopy. Representative images of 

ST6GalNAc1 cells are depicted in Figure 4.33. Fluorescence of Alexa Fluor 488 and Cy3 was 

detected on membranes of cells treated with both chemical reporters, but not on DMSO-

treated cells. This leads to the conclusions that Ac4GalNAz and Ac4ManNCyoc were 

metabolized and incorporated in cell surface glycans and that both labeling reactions 

proceeded specifically. Highest fluorescence intensities were achieved with 25 µM Alexa 

Fluor 488-DIBO and Cy3-Tz and incubation times of 60 min. Nevertheless, 30 min were used 

in following studies, because these samples displayed far less in-cell fluorescence resulting 

from endocytosis of fluorescently labeled membrane structures than samples incubated for 

60 min. Fluorescence intensities of Mock, ST6GalNAc1, and ST3Gal4 cells treated with 
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Figure 4.33: Optimization of dual labeling parameters. Representative confocal fluorescence and 

brightfield images of living ST6GalNAc1 cells treated with 200 µM Ac4GalNAz and Ac4ManNCyoc or 

0.2 V-% DMSO for 48 h and subsequently labeled (A) with different concentrations of Alexa Fluor 

488-DIBO and Cy3-Tz at 37 °C for 30 min or (B) with 25 µM Alexa Fluor 488-DIBO and Cy3-Tz at 37 °C 

for different times are displayed.  

 

Ac4GalNAz and Ac4ManNCyoc were compared using optimized labeling parameters. Signals 

of ST3Gal4 cells were much stronger than those of Mock or ST6GalNAc1 cells (Figure 4.34). 

Thus, ST3Gal4 cells must have taken up more chemical reporters, metabolized or 

incorporated them more efficiently, or chemical handles of reporters present at cell surfaces 
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were better accessible for the ligation reactions. Higher cellular levels of chemical reporters in 

cells would explain the results from viability tests, which revealed smaller viabilities of 

ST3Gal4 cells than of the other two cell lines (Figure 4.32). 

 

 

Figure 4.34: Comparison of fluorescence intensities of different cell lines. Mock, ST6GalNAc1, and 

ST3GalNAc4 cells were incubated with 200 µM Ac4GalNAz and Ac4ManNCyoc for 48 h and marked with 

25 µM Alexa Fluor 488-DIBO and Cy3-Tz at 37 °C for 30 min. Representative confocal fluorescence and 

brightfield images are depicted. 

 

To verify the overexpression of sialyl Tn in ST6GalNAc1 cells, they were treated with 

DMSO or Ac4GalNAz and Ac4ManNCyoc, dually labeled with Alexa Fluor 488-DIBO and 

Cy3-Tz, fixed, and immunostained with a primary anti-sialyl Tn and a secondary Alexa Fluor 

647-tagged antibody. Fluorescences of Alexa Fluor 647, Alexa Fluor 488, or Cy3 were only 

detected on cell membranes, if anti-sialyl Tn antibodies, Ac4GalNAz, or Ac4ManNCyoc have 

been utilized, respectively (Figure 4.35). Treatment of cells with neuraminidase prior to 

immunostaining removed sialyl Tn and hence no fluorescence of Alexa Fluor 647 was present 

in these samples. This demonstrates that the antibody indeed binds to sialyl Tn located on cell 

surface glycoconjugates. Moreover, Mock cells treated with Ac4GalNAz and Ac4ManNCyoc, 

dually labeled via ligation reactions, and immunolabeled with antibodies showed fluorescence 

of Alexa Fluor 488 and Cy3, but not of Alexa Fluor 647. Consequently, Mock cells possessed 

far less sialyl Tn on cell surfaces than similarly treated ST6GalNAc1 cells, which proved that 

ST6GalNAc1 cells overexpress sialyl Tn and confirmed the suitability of Mock cells as 

control cell line for the planned FRET experiments. 

In addition, the temporal course of the incorporation of Ac4GalNAz and Ac4ManNCyoc was 

studied. Mock, ST6GalNAc1, and ST3Gal4 cells were treated with both chemical reporters 

for different periods, dually labeled, and imaged on a confocal fluorescence microscope. As 

expected, cell membrane fluorescence intensities of both fluorophores increased with 

increasing incubation time (Figure 4.36A). The quantification of fluorescence intensities of 

Alexa Fluor 488, which reports on the incorporation of Ac4GalNAz, and Cy3, which labels  
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Figure 4.35: Demonstrating overexpression of sialyl Tn on ST6GalNAc1 cells. ST6GalNAc1 and Mock 

cells were treated with 200 µM Ac4GalNAz and Ac4ManNCyoc or 0.2 V-% DMSO for 48 h, labeled with 

25 µM Alexa Fluor 488-DIBO and Cy3-Tz at 37 °C for 30 min, and fixed. Indicated samples were treated 

with 100 mUnits mL
-1

 neuraminidase in acetate buffer at 37 °C for 2 h. Immunolabeling was performed 

with a primary anti-sialyl Tn antibody and a secondary anti-mouse Alexa Fluor 647-tagged antibody. 

Nuclei of all samples were labeled with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, 1:100 in 

PBS) for 5 min. Representative confocal fluorescence and brightfield images are shown. 

 

metabolized Ac4ManNCyoc, is shown in Figure 4.36B. Whereas fluorescence intensities of 

Alexa Fluor 488 increased until roughly 24 h and did not change considerably in the next 

24 h, Cy3 intensities increased during the whole 48 h time course, although increases were 

less steep in the last 24 h. Hence, kinetics for the metabolism, incorporation, and removal of 

Ac4GalNAz and Ac4ManNCyoc are different. Since cells are not assumed to take up and 

incorporate all reporters present in the cell culture medium, incorporation of the artificial 

monosaccharide Ac4GalNAz must have reached a saturation level after 24 h. For 

Ac4ManNCyoc, no saturation was reached within 48 h. Again, higher fluorescence intensities 

were observable for ST3Gal4 cells in comparison with the other two MKN45 cell lines. This 

finding is in line with fluorescence microscopy data presented earlier (Figure 4.34). 
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Figure 4.36: Time-dependent incorporation of Ac4GalNAz and Ac4ManNCyoc in membrane glycans. (A) 

Representative confocal fluorescence and brightfield images of living ST6GalNAc1 cells treated with 

200 µM Ac4GalNAz and Ac4ManNCyoc for the indicated times and thereafter labeled with 25 µM Alexa 

Fluor 488-DIBO and Cy3-Tz at 37 °C for 30 min are presented. (B) Quantification of the time-dependent 

incorporation of Ac4GalNAz and Ac4ManNCyoc in membrane glycans. Normalized fluorescence 

intensities of Mock, ST6GalNAc1, and ST3Gal4 cells were plotted over time. Dots represent mean 

fluorescence intensities calculated from eleven images out of three independent experiments. Error bars are 

SEMs. 
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Finally, FLIM microscopy was performed to investigate whether FRET from fluorescently-

tagged GalNAz to Neu5Cyoc occurs. Mock, ST6GalNAc1, and ST3Gal4 MKN45 cells were 

treated with both, one, or no chemical reporter for 48 h. Upon dual labeling, images of Alexa 

Fluor 488 fluorescence lifetimes were acquired. Nearly no fluorescence signals were detected 

for samples treated with no chemical reporter or only Ac4ManNCyoc, but strong membrane 

fluorescence was observed for samples treated with Ac4GalNAz or both sugars  

(Figure 4.37A+B). Fluorescence modulation and phase lifetimes of Alexa Fluor 488 

decreased for all cell lines from approximately 3.7 ns and 3.2 ns (Ac4GalNAz-treated cells) to 

roughly 3.0 ns and 2.4 ns (Ac4GalNAz- and Ac4ManNCyoc-treated cells), respectively. FRET 

efficiencies were calculated from averaged Alexa Fluor 488 fluorescence modulation 

lifetimes, phase lifetimes, and fluorescence intensities and are plotted in Figure 4.37C+D. 

Dissimilar FRET efficiencies for the same sample derived from fluorescence modulation and 

phase lifetimes are common, as they were calculated from different parameters and are only 

expected to be equal for monoexponential fluorescence decays.
[292]

 Among the three cell 

lines, differences in FRET efficiencies determined from fluorescence lifetimes or intensities 

were not significant. As it was shown that ST6GalNAc1 cells possess much more sialyl Tn on 

their cell surface than Mock cells (Figure 4.35), the FLIM-FRET results revealed that the 

combination of chemical reporter strategies and FLIM-FRET microscopy was not appropriate 

to visualize the presence of this cancer epitope. FRET was detected to a similar extent in all 

cell lines. Several explanations for these findings can be considered: As all cell lines were 

gastric cancer cells and exhibit truncated O-glycans,
[531,542,543]

 GalNAc and Neu5Ac 

derivatives in O-glycans could have been very close in all of them. In addition, detected 

FRET could have been of intramolecular and intermolecular origin. Since only averaged 

fluorescence lifetimes can be detected per pixel, a differentiation among subpopulations is not 

easily implementable. Moreover, also glycosphingolipids contain GalNAc and Neu5Ac in 

close proximity.
[520]

 It is very likely that chemical reporters are also incorporated in these 

glycoconjugates. Hence, the background arising from intramolecular and intermolecular 

FRET between labeled GalNAc and Neu5Ac derivatives of other glycoproteins or 

glycosphingolipids could have been too high in order to detect signals belonging to sialyl Tn. 

Glycosphingolipids could be removed with endoglycoceramidases to assess FRET only 

arising from glycoproteins.
[546]

 Additionally, N-glycans also containing Neu5Ac could be 

cleaved from proteins with PNGase F.
[547,548]

 Furthermore, a non-cancer gastric cell line 

would be a more suitable control, as its O-glycans should not be truncated and thus GalNAc 

and Neu5Ac further apart from one another. These experiments are subject of further studies.  

 

4.1.8. Conclusions 

The aim of the first part of this thesis was the development of a novel method capable of 

imaging the glycosylation state of individual proteins inside living cells. The selected 

chemical reporter Ac4GlcNCyoc was found to be enzymatically processed and at least to 

some extent incorporated as O-GlcNAc by OGT. OGA did not seem to be involved in the 

removal of incorporated Cyoc-derivatives. Using Ac4GlcNCyoc, a FLIM-FRET-based 

approach for the visualization of protein-specific glycosylation inside living cells was  
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Figure 4.37: Detecting FRET from GalNAc-anchored Alexa Fluor 488 to Cy3-labeled sialic acids. (A+B) 

Representative intensity-weighted fluorescence modulation and phase lifetime images of living Mock, 

ST6GalNAc1, and ST3Gal4 cells treated with 200 µM Ac4GalNAz and Ac4ManNCyoc (+/+) and dually 

labeled with 25 µM Alexa Fluor 488-DIBO and Cy3-Tz at 37 °C for 30 min are depicted. Control samples 

received 0.2 V-% DMSO (-/-), Ac4GalNAz and DMSO (+/-), or DMSO and Ac4ManNCyoc (-/+). (C+D) 

FRET efficiencies were calculated (C) from fluorescence modulation (Tau M) and phase lifetimes (Tau P) 

or (D) from fluorescence intensities of Alexa Fluor 488 averaged over three independent experiments with 

15 cells each. Columns correspond to mean values and error bars to SEMs. Statistical significance 

compared to Mock cells was assessed with (C) a two-way and (D) a one-way ANOVA followed by 

Bonferroni posttests. The degree of significance is ns p>0.05. 



4. Results and Discussion

 

- 88 - 

 

successfully developed. Its general applicability was demonstrated by imaging the 

glycosylation states of OGT, p53, Foxo1, and Akt1. For the latter protein, even a localization-

dependent glycosylation pattern was detected, which can hardly be achieved using standard 

biochemical methods. The established approach thus is a valuable tool for studying 

intracellular protein glycosylation and allows experiments in living cells. However, it 

possesses some drawbacks, which emerged during attempts to examine the O-GlcNAcylation 

of selected proteins in detail. The EGFP-tag needs to be localized in close proximity to the 

glycosylation site of the protein of interest to enable the occurrence of efficient FRET. This 

was not the case for CAMK4-EGFP, whose modification with GlcNCyoc was proven upon 

immunoprecipitation, but could not be detected by FLIM microscopy. In addition, the method 

presented here is not suitable for the determination of a protein’s modification, if only a small 

proportion of it becomes glycosylated. Hence, the modification of sparsely glycosylated 

α-synuclein with GlcNCyoc was not observed. Furthermore, Ac4GlcNCyoc does not perfectly 

mimic native protein O-GlcNAcylation, as the dynamic O-GlcNAcylation at the N-terminal 

residues S23, T40, T41, and T112 of β-catenin could not be studied by FLIM-FRET 

microscopy. 

Very recent work by the Chen group indicated that peracetylated unnatural monosaccharides 

are not completely deacetylated inside cells and attached to cysteine instead of serine and 

threonine residues.
[549]

 Using mass spectrometry, they found that Ac4GlcNAz, Ac4GlcNAlk, 

and Ac36AzGlcNAc mainly and Ac4GalNAz partially end up on cysteine residues. In 

contrast, the usage of deacetylated monosaccharides, as demonstrated for GalNAz, does not 

lead to artificial S-glycosylation. Although Chen and coworkers proposed that the 

S-glycosylation occurs non-enzymatic, data supporting this statement are missing. Whether 

Ac4GlcNCyoc, which was not investigated in this report, might also be linked to cysteine 

residues, is an important question to be answered. Still, our experiments revealed 

Ac4GlcNCyoc to be enzymatically attached to proteins and OGT to be involved into this 

process. Since the only known glycosylation type of all EGFP-fusion proteins studied is 

O-GlcNAcylation, it was assumed that this modification was imaged. To fully solve this 

issue, mass spectrometry analysis of proteins from Ac4GlcNCyoc-treated cells would be 

required. 

In A. thaliana, the incorporation of several chemical glycosylation reporters could be imaged 

by confocal fluorescence microscopy. Ac4GlcNAz and to a lesser extent also Ac4GalNAz 

were found to be attached to proteins, whereas Ac4GlcNCyoc was not. Most likely, 

Ac4GlcNCyoc is metabolized in a different way in plants than in mammalian cells and ends 

up in other glycoconjugates on cell membranes or cell walls. 

The potential of metabolic glycoengineering as tool for investigating the presence of certain 

truncated O-glycans in cancer cells was explored. Although the proximity of GalNAc and 

Neu5Ac on cell membranes could be detected by FRET, measurements did not reveal any 

specificity for sialyl Tn. Nevertheless, the established dual labeling strategy with chemical 

glycosylation reporters in MKN45 cells turned out to be a valuable tool for the glycobiology 

in cancer research group. 
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4.2. Protein Acetylation 

Having successfully developed an approach for protein-specific imaging of intracellular 

glycosylation/O-GlcNAcylation, a similar strategy was established for protein acetylation. In 

a first step, an appropriate chemical reporter was chosen and its applicability evaluated. 

Thereafter, FLIM-FRET microscopy was utilized to image protein-specific acetylation. 

 

4.2.1. Evaluation of Na4P as Chemical Reporter for Protein Acetylation 

Until now, four acetylation reporters have been developed, which were presented in  

chapter 2.2.2. All of them led to the modification of proteins with 4-pentynoyl or 4-pentenoyl 

groups that can be fluorescently labeled in a CuAAC or an oxidative Heck reaction, 

respectively.
[157,200–202]

 Among the chemical reporters known, sodium 4-pentynoate (Na4P) 

has been shown to outperform the sugar derivative
[201]

 and to be at least as useful as 

4-pentenoyl-derivatives.
[202]

 Thus, Na4P was assumed to be the most promising candidate for 

protein acetylation studies. It was prepared by treating 4-pentynoic acid with equimolar 

amounts of sodium hydroxide.  

Firstly, HEK293T and HeLa S3 cells were treated with 10 mM Na4P for 8 h according to the 

protocol of Yang et al.
[157]

 Control samples were treated with sodium acetate (NaOAc). Cells 

were lysed and the CuAAC performed with sulfo-Cy3-azide or TAMRA-azide using different 

CuAAC reaction mixtures. Proteins of some lysates were precipitated to remove excess dyes 

by washing. The fluorescence readout of Western blots of these lysates revealed that Na4P-

treated samples did not display higher fluorescence intensities than corresponding NaOAc 

control samples (exemplary shown for HEK293T cells in Figure 4.38). Consequently, 

pentynoyl groups of Na4P were not attached to proteins or could not be labeled via the 

CuAAC. Still, these data demonstrated that surplus sulfo-Cy3-azide could be efficiently 

removed by precipitating proteins from lysates. Background fluorescence resulting from 

unspecific attachment of the fluorophore to proteins depended on the composition of the 

CuAAC reaction mixture. The first mixture utilizing CuSO4, TBTA, and TCEP adopted from 

Yang et al. resulted in the highest fluorescence background. The second was a commercial kit 

supplemented with the fluorophore of choice. Barely any background was present in these 

samples, but it was too expensive to be used in further experiments. The third mixture was the 

one successfully applied to label GalNAz with Cy3-alkyne and led to only weak fluorescence 

background of precipitated samples. Hence, this CuAAC reaction mixture was used for 

further experiments. Sulfo-Cy3-azide was preferred over TAMRA-azide due to its better 

availability and reduced costs.  

Biochemical experiments with Na4P-treated samples were performed with altered CuAAC 

reaction conditions and composition of CuAAC mixtures. However, no attempt resulted in 

higher fluorescence signals of Na4P-treated samples compared to control samples. This might 

be due to a very weak labeling of proteins with Na4P, which was already observed by others 

(Prof. Dr. Hang, Rockefeller University, New York, USA, personal communication). 

Probably the poor cellular permeability of Na4P could be the reason for the weak or non-

existent fluorescence signals detected. 
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Figure 4.38: Attachment of Na4P’s pentynoyl groups to proteins. Lysates of HEK293T cells treated with 

10 mM NaOAc (-) or Na4P (+) for 8 h were labeled with sulfo-Cy3-azide or TAMRA-azide via a CuAAC, 

separated by SDS-PAGE, and analyzed on Western blots. Different CuAAC mixtures were tested (1: 1 mM 

CuSO4, 100 µM TBTA, 1 mM TCEP, 100 µM dye-azide; 2: Click-iT Protein Reaction Buffer Kit with 

40 µM dye-azide; 3: 500 µM CuSO4, 500 µM THPTA, 5 mM sodium ascorbate, 50 µM dye-azide). 

Proteins of several samples were precipitated with methanol and chloroform to enable the removal of 

excess dyes by washing. Fluorescence of Cy3 and TAMRA was read out from Western blots to determine 

the modification of proteins with pentynoyl groups. Ponceau S staining served as loading control. 

 

4.2.2. Synthesis of New Reporters for Protein Acetylation  

Na4P is a salt and almost not cell permeable. Thus, esterification of 4-pentynoic acid might 

help the molecule to pass cellular membranes. Esters are assumed to be rapidly cleaved by 

non-specifically acting esterases in cells.
[169]

 In order to develop possible alternative 

acetylation reporters, the methyl and acetoxymethyl esters of 4-pentynoic acid were 

synthesized. Methyl 4-pentynoate (M4P) was prepared according to a known procedure by 

treating 4-pentynoic acid with acetyl chloride in methanol (Figure 4.39A).
[550]

 The synthesis 

of acetoxymethyl 4-pentynoate (AM4P) was based on a route reported for the synthesis of a 

malonylation reporter.
[155]

 Thereto, 4-pentynoic acid was treated with 

N,N-diisopropylethylamine (DIPEA) and bromomethyl acetate (Figure 4.39B). The identity 

and purity of both products was proven by NMR spectroscopy. 
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Figure 4.39: Synthetic routes to (A) M4P and (B) AM4P. 

 

4.2.3. Biological Evaluation of Na4P, M4P, and AM4P 

Before Na4P, M4P, or AM4P could be used in FLIM experiments, their incorporation in the 

cellular acetylome was studied. Many chemical reporters affect the integrity of cells. Thus, 

impacts of the three compounds on viabilities of HEK293T and HeLa S3 cells were assessed 

with resazurin assays. In addition, a mouse fibroblast cell line generated at New York 

University (NIH 3T3) was utilized, which has been reported to incorporate pentynoyl groups 

of Na4P strongest among several cell lines tested.
[157]

 NaOAc served as control substance to 

account for effects arising from increased acetylation levels. Milli-Q (MQ) water and DMSO 

were used as solvent controls. NaOAc, Na4P, M4P, and both solvents did not affect cellular 

viabilities, but AM4P reduced them considerably (Figure 4.40). They dropped below 50 % for 

a concentration of 1 mM AM4P. As Na4P and AM4P only differ in the presence of the 

acetoxymethyl group, AM4P’s toxicity must originate from the cleavage of the protecting 

group from AM4P by esterases, which most likely produces acetic acid and formaldehyde. 

Particularly the latter compound is cytotoxic,
[551]

 which led to the conclusion that AM4P 

might not be a suitable acetylation reporter. Nevertheless, it was included in experiments 

presented in this chapter to investigate the attachment of its pentynoyl groups to proteins. 

Next, CuAAC reaction conditions were further examined. To this end, a fluorescence assay 

based on the reaction of non-fluorescent 3-azido-7-hydroxycoumarin with an alkyne-tagged 

molecule to a fluorescent product was employed (Figure 4.41A).
[552]

 Thereto, 50 µM NaOAc, 

Na4P, M4P, or AM4P, different CuAAC reaction mixtures, and 100 µM 3-azido-

7-hydroxycoumarin were added to lysis buffer or lysates of HEK293T, HeLa S3, or NIH 3T3 

cells. Whereas the first CuAAC mixture was prepared according to recommendations for an 

optimized CuAAC,
[251]

 the second included four times more CuSO4 and lacked 

aminoguanidine. The third reaction mixture was prepared according to Yang et al.
[157]

 The 

progress of the CuAAC was monitored over time by measuring fluorescence intensities of the 

1,2,3-triazole product. For Na4P, M4P, and AM4P, fluorescence increased strongest for 

CuAAC reaction mixture two (exemplarily shown for HEK293T cell lysates in Figure 4.41B), 

which was thus chosen for further experiments. Decreases in fluorescence intensities after 

approximately 50 min could be due to photobleaching of fluorophores. Among the chemical  
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Figure 4.40: Investigation of possible cytotoxic effects of chemical acetylation reporters. Viabilities of 

HEK293T, HeLa S3, and NIH 3T3 cells treated with up to 10 mM NaOAc, Na4P, M4P, or AM4P for 8 h 

were assessed with AlamarBlue assays. 0 to 3 V-% MQ water or DMSO were used as solvent controls. 

Columns represent mean values from three independent experiments performed in quadruplicates. Error 

bars are SEMs. 

 

reporters tested, Na4P performed best. For NaOAc, no increase of fluorescence intensities 

occurred over time, which states that 3-azido-7-hydroxycoumarin requires the reaction with 

alkynes to form the fluorescent product. 
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Figure 4.41: Optimizing CuAAC parameters by means of a fluorogenic plate assay. (A) The 

non-fluorescent 3-azido-7-hydroxycoumarin reacts with an alkyne in a CuAAC to a fluorescent product. 

(B) HEK293T cell lysates with a final protein concentration of 2 mg mL
-1

 were treated with 50 µM 

NaOAc, Na4P, M4P, or AM4P, 100 µM 3-azido-7-hydroxycoumarin, and different CuAAC reaction 

mixtures (I: 250 µM CuSO4, 1.25 mM THPTA, 5 mM aminoguanidine, 5 mM sodium ascorbate; II: 1 mM 

CuSO4, 1.25 mM THPTA, 5 mM sodium ascorbate; III: 1 mM CuSO4, 100 µM TBTA, 1 mM TCEP) in 

wells of a 96-well plate. Fluorescence upon excitation of samples with light from a lamp passing a 

360/40 nm bandpass filter was detected behind a 460/60 nm emission filter with the microplate reader 

Synergy HT. Samples were kept at 37 °C throughout the measurements. Dots are mean values of three 

independent experiments performed in technical quadruplicates and error bars are SEMs.  

 

To test whether the new potential acetylation reporters result in better availability of 

4-pentynoate in cells and thus higher incorporation rates, HEK293T, HeLa S3, and NIH 3T3 

cells were treated with NaOAc, Na4P, M4P, or AM4P, lysed, and transferred pentynoyl 

groups were marked with sulfo-Cy3-azide. Fluorescence readouts of Western blots from these 

lysates unambiguously demonstrate strong signals for AM4P-treated, but no signals higher 

than those of NaOAc for Na4P- or M4P-treated samples (Figure 4.42). In accordance with 

above presented results, precipitation and washing of proteins upon CuAAC removed excess 

fluorophores. Amounts of proteins loaded were much lower in case of AM4P samples than 

for other samples, which can be attributed to the toxicity of AM4P. Similar to the Western 

blot experiments, confocal fluorescence microscopy of reporter-treated, fixed, permeabilized, 

and sulfo-Cy3-labeled HEK293T, HeLa S3, and NIH 3T3 was performed. As shown in  

Figure 4.43 for HEK293T cells, stronger Cy3 fluorescence than background fluorescence was 

detected solely for cells treated with 1 mM AM4P. Alongside with higher fluorescence 

intensities, the number of cells present in microscopy chambers reduced notably. Taken 
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Figure 4.42: Attachment of pentynoyl groups of AM4P to proteins. Lysates of HEK293T and HeLa S3 

cells treated with 5 mM NaOAc (1), Na4P (2), M4P (3), or AM4P (4) for 6 h were labeled with 100 µM 

sulfo-Cy3-azide via a CuAAC for 90 min. Cy3 fluorescence was read out from Western blots to assess the 

incorporation of the chemical reporters. Amounts of loaded proteins were defined with Ponceau S staining. 

 

 

Figure 4.43: Detection of pentynoyl groups in cells by fluorescence microscopy. Representative confocal 

fluorescence microscopy images of HEK293T cells treated with up to 1 mM NaOAc, Na4P, M4P, or 

AM4P for 8 h, fixed, permeabilized, and labeled with 10 µM sulfo-Cy3-azide in a CuAAC for 60 min are 

depicted. 
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together, the microscopy and Western blot data revealed that AM4P entered cells and its 

alkyne moiety was attached to proteins, which could not be observed for Na4P and M4P. 

Consequently, AM4P was chosen for further studies at that moment. 

For Western blot experiments, 100 µM sulfo-Cy3-azide were used and the reaction was 

allowed to proceed for 90 min. As both the concentration of the fluorophore and the 

 

 

Figure 4.44: Optimizing CuAAC labeling parameters for lysate experiments. Fluorescence readouts of 

Western blots from lysates of HEK293T cells treated with 1 mM NaOAc or AM4P and labeled (A) with 

different concentrations of sulfo-Cy3-azide for 30 min or (B) with 10 µM sulfo-Cy3-azide for different 

durations are depicted. Equal loading of samples was assessed by staining of proteins with Ponceau S. 
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incubation time were relatively high and might increase unspecific attachments of sulfo-Cy3 

to proteins resulting in background fluorescence, alterations of these parameters were studied. 

For this purpose, lysates of HEK293T cells treated with 1 mM NaOAc or AM4P were 

incubated with different concentrations of sulfo-Cy3-azide in the CuAAC mixture for 30 min. 

Fluorescence of Cy3 detected in AM4P-treated samples was sufficient from 10 µM onwards, 

but fluorescence detected for NaOAc-treated samples increase at higher concentrations 

(Figure 4.44A). Hence, 10 µM sulfo-Cy3-azide were used to assess the influence of the 

CuAAC reaction time on the fluorescence readout. As depicted in Figure 4.44B, Cy3 signals 

for AM4P-treated samples did not vary much for different incubation times. Background 

fluorescence of NaOAc samples increased slightly for longer reaction times. A duration of the 

CuAAC of 15 min was chosen for subsequent experiments.  

CuAAC reaction parameters were adjusted for fluorescence microscopy studies in a similar 

manner. HEK293T cells treated with 1 mM NaOAc or AM4P were fixed, permeabilized, and 

incubated with the CuAAC mixture supplemented with different concentrations of sulfo-Cy3-

azide for 30 min or 10 µM of the dye for different time spans. Cy3 fluorescence of AM4P-

treated samples as well as unspecific background signals of NaOAc samples increased with 

increasing sulfo-Cy3-azide concentration and incubation time (Figure 4.45). A sulfo-

Cy3-azide concentration of 10 µM and a CuAAC reaction time of 15 min were considered to 

be optimal, since ratios of fluorescence intensities detected for AM4P and NaOAc samples 

were highest for these cells. 

 

 

Figure 4.45: Optimizing CuAAC labeling parameters for microscopy. Representative confocal 

fluorescence images of HEK293T cells treated with 1 mM NaOAc or Na4P for 8 h, fixed, permeabilized, 

and labeled (A) with different concentrations of sulfo-Cy3-azide for 30 min or (B) with 10 µM sulfo-

Cy3-azide for different periods of time are presented. 
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In a next step, it was investigated whether optimized CuAAC parameters allowed for the 

observation of the attachment of pentynoyl groups from Na4P and M4P to proteins, too. 

HEK293T, HeLa S3, and NIH 3T3 cells were treated with up to 10 mM Na4P, 10 mM M4P, 

or 1 mM AM4P for 8 h, lysed, and labeled with sulfo-Cy3-azide in a CuAAC. Indeed, Cy3 

signals stronger than the fluorescence background of samples not treated with any chemical 

reporter were measured for Na4P, M4P, and AM4P (exemplarily displayed for HEK293T 

cells in Figure 4.46A). Signals increased with increasing reporter concentration and were 

much higher for M4P and AM4P than for Na4P. Furthermore, the time-dependent 

incorporation of the chemical reporters in HEK293T, HeLa S3, and NIH 3T3 cells was  

 

 

Figure 4.46: Concentration- and time-dependent incorporation of acetylation reporters. HEK293T cells 

were treated (A) with different concentrations of Na4P, M4P, or AM4P for 8 h or (B) with 10 mM Na4P, 

10 mM M4P, or 500 µM AM4P for different periods of time. Cells were lysed and transferred 4-pentynoyl 

groups were marked with sulfo-Cy3-adzie in a CuAAC. Fluorescence of Cy3 was read out from Western 

blots. Ponceau S staining served as loading control. 
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examined. Concentrations of 10 mM were selected for Na4P and M4P, but due to its high 

cytotoxicity only 500 µM AM4P were utilized. Fluorescence readouts from Western blots of 

sulfo-Cy3-marked cell lysates revealed a time-dependence of sulfo-Cy3 fluorescence for 

AM4P, but not for Na4P and M4P (Figure 4.46B). Interestingly, a prominent fluorescent band 

was visible in AM4P samples at early time points, but strong signals from many proteins were 

only present after an incubation time of 8 h. As all three reporters are assumed to end up as 

4-pentynoate in cells, which then is modified with CoA in order to be transferred to proteins 

by acetyltransferases, it was quite surprising that AM4P behaved differently. This might be 

caused by its cytotoxicity or different processing by cellular esterases in comparison to M4P. 

Since Na4P and M4P did not affect cellular viabilities, it was decided to keep the incubation 

time of 8 h in order to maximize Cy3 signals for AM4P. 

Using optimal concentrations and incubation times of the chemical reporters, their effects on 

viabilities of HEK293T, HeLa S3, and NIH 3T3 cells were assessed by viability assays. 

Solely AM4P was cytotoxic and reduced cellular viabilities at 500 µM to approximately 40 % 

(Figure 4.47). A further decrease of the AM4P concentration was not reasonable, as this 

would reduce the attachment of its pentynoyl groups to proteins. 

 

 

Figure 4.47: Comparison of cellular viabilities after treatment with acetylation reporters. Viabilities of 

HEK293T, HeLa S3, and NIH 3T3 cells treated with 0 µM, 500 µM, or 10 mM NaOAc, Na4P, M4P, or 

AM4P for 8 h were assessed with AlamarBlue assays. Columns represent mean values from three 

biologically independent experiments performed in technical quadruplicates. Error bars are SEMs. 

 



4.2 Protein Acetylation 

 

- 99 - 

 

To directly compare the incorporation efficiencies of pentynoyl groups from the three 

different reporters, Western blot and confocal fluorescence microscopy experiments were 

carried out at optimal concentrations and incubation times. Cy3 fluorescence detected on 

Western blots of HEK293T and HeLa S3 cells revealed labeling of proteins resulting from 

500 µM AM4P, 10 mM Na4P, and 10 mM M4P (Figure 4.48). Among these three samples, 

signals of M4P were brightest. In contrast to HEK293T and HeLa S3 cells, lysates of 

NIH 3T3 cells showed strong Cy3 fluorescences of Na4P-treated samples. Fluorescence 

intensities of the Na4P-treated sample were even higher than that of the AM4P-treated one at 

500 µM. Comparable results were achieved with confocal fluorescence microscopy  

(Figure 4.49). Quantification of single cell fluorescence intensities showed signals higher than 

the background of NaOAc samples for 500 µM AM4P and 10 mM M4P in HEK293T cells, 

for 10 mM M4P in HeLa S3 cells, and for 500 µM and 10 mM Na4P, 500 µM AM4P, and 

10 mM M4P in NIH 3T3 cells. Thus, M4P was the only reporter applicable in all cell lines. 

Fluorescence intensities of Cy3-tagged pentynoyl groups measured in NIH 3T3 cell lysates 

and fixed cells differed from those of the other cell lines. For Na4P-treated cells, the 

accumulation of Cy3 in cytoplasmic structures was observed by fluorescence microcopy. To 

elucidate in which cellular compartments Na4P accumulated, green fluorescent trackers for 

the endoplasmic reticulum, lysosomes, and mitochondria were utilized. They nicely stained 

the respective cellular organelle in living NIH 3T3 cells, but were not retained after fixation 

and permeabilization. Hence, colocalization with alkyne-tagged molecules, which can only be 

fluorescently labeled upon permeabilization of cells, could not be achieved. Still, the 

comparison of labeling patterns from tracker dyes and Cy3-labed 4-pentynoyl groups/  

 

 

Figure 4.48: Direct comparison of acetylation reporters on Western blots. HEK293T, HeLa S3, and 

NIH 3T3 cells were incubated in presence of 500 µM or 10 mM NaOAc (1), Na4P (2), M4P (3), or AM4P 

(4) for 8 h, lysed, and tagged with sulfo-Cy3-azide. Fluorescence of Cy3 was read out from Western blots 

to determine the modification of proteins with pentynoyl groups. Equal loading of lysate samples was 

confirmed by Ponceau S staining. 
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Figure 4.49: Direct comparison of Cy3-fluorescence arising from incorporated acetylation reporters by 

fluorescence microscopy. (A) Representative confocal fluorescence microscopy images of HEK293T, 

HeLa S3, and NIH 3T3 cells treated with 500 µM or 10 mM NaOAc, Na4P, M4P, or AM4P for 8 h, fixed, 

permeabilized, and reacted with sulfo-Cy3-azide in a CuAAC are depicted. (B) Fluorescence intensities of 

single cells were quantified for five cells per image from two independent experiments with four images 

taken each. Columns are mean values and error bars SEMs. 

 

4-pentynoate suggested these structures to be mitochondria (Figure 4.50). As non-enzymatic 

protein acetylation of lysine ε-amino groups occurs in mitochondria frequently,
[98,99]

 it is very 

likely that this was also the case for modifications of proteins with pentynoyl groups from 

Na4P. The reason why this reporter and not M4P or AM4P accumulated in mitochondria is 

not yet clear. To enable colocalization studies, GFP-fusion proteins solely localized in 

mitochondria could be employed. Based on their changed processing of chemical acetylation 

reporters, NIH 3T3 cells were no longer used in acetylation studies. 
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Figure 4.50: Accumulation of Na4P in mitochondria of NIH 3T3 cells. Confocal fluorescence microscopy 

images of differently treated NIH 3T3 cells are displayed. Control cells were not treated at all. Trackers 

were added at the indicated concentrations to cells for 5 min (Lyso-Tracker) or 30 min (ER- and 

Mito-Tracker). Cells presented in the last image on the right side were treated with 10 mM Na4P for 8 h. 

Only these cells were fixed, permeabilized, and labeled with sulfo-Cy3-azide via a CuAAC.  

 

A suitable chemical acetylation reporter needs to behave similarly to native protein 

acetylation precursors. To test if this is the case for Na4P, M4P, and AM4P, cellular 

acetylation levels were varied by using chemical inhibitors. A commercial deacetylation 

inhibition cocktail known to effectively inhibit histone deacetylases and sirtuins as well as 

curcumin, which inhibits histone acetyltransferases,
[553,554]

 were used. These inhibitors should 

elevate and reduce cellular acetylation levels, respectively. HEK293T and HeLa S3 cells were 

treated with the inhibitors and NaOAc, Na4P, M4P, or AM4P, lysed, and labeled with sulfo-

Cy3-azide. Control cells did not receive any inhibitor, but were also treated with one of the 

chemical reporters. Immunoblotting of these samples against acetyllysine proved that 

deacetylase inhibitors increased cellular acetylation levels (Figure 4.51). A clear effect 

resulting from the treatment with curcumin could not be observed. Curcumin concentrations 

and pre-incubation times were altered in subsequent experiments, but this did not result in 

reduced acetyllysine levels. If Na4P, M4P, and AM4P would end up in the cellular acetylome, 

their incorporation levels should be affected by deacetylase inhibitors. Indeed, fluorescence of 

Cy3-tagged pentynoyl groups of Na4P-treated samples increased in presence of deacetylase 

inhibitors in HEK293T and HeLa S3 cells. Moreover, curcumin decreased the incorporation 

of this reporter. It is possible that alkyne-moieties of Na4P were not transferred by all 

acetyltransferases and mainly by those, which are targeted by curcumin. The overall 

acetylation levels, as assessed with a pan anti-acetyllysine antibody, might not have been 

reduced enough to detect it. Cy3 signals of M4P- and AM4P-treated cells did not change in 

presence of any inhibitor. Since M4P and AM4P are expected to lose their protecting groups 

inside cells, Na4P, M4P, and AM4P should theoretically behave similarly. As this was not the 

case, it needed to be concluded that non-specifically acting esterases do not remove the 

methyl and acetoxymethyl groups completely and/or M4P and AM4P are processed by other 

enzymes and are attached in a different way to proteins than the pentynoyl groups of Na4P. 

This result is surprising and questions the usage of methyl and acetoxymethyl groups to 

facilitate the diffusion of chemical reporters in cells. It has been shown by mass spectrometry 

and biochemical experiments that Na4P is metabolized and incorporated as native 

acetyl-CoA.
[157]

 Additionally, it appeared to be better suited than M4P and AM4P in 

experiments presented in this thesis, although it was incorporated to a less extent. 
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Figure 4.51: Altering cellular acetylation levels with chemical inhibitors. HEK293T and HeLa S3 cells 

were pretreated with 1:100 deacetylase inhibitor cocktail for 24 h (2) or with 60 µM curcumin for 30 min 

(3), incubated with indicated reporters for 8 h, lysed, and labeled with sulfo-Cy3-azide. Control cells were 

not pretreated (1). Fluorescence of Cy3 was detected on Western blots. The functionality of the inhibitors 

was demonstrated by immunoblotting against acetyllysine. Ponceau S served as loading control. 

 

4.2.4. Protein-Specific Imaging of Protein Acetylation 

The approach for protein-specific imaging of intracellular acetylation should be based on the 

detection of FRET, which occurs only if the EGFP-tag of the protein of interest is present in 

close proximity to the acetylation-site anchored acceptor fluorophore. A prerequisite for the 

functionality of this strategy is that EGFP itself is not modified with the chemical reporter of 

choice. Since initial immunoprecipitation experiments were performed before the acetylation 

inhibition studies, all reporters were tested. HEK293T cells were transfected with expression 

vectors encoding EGFP or EGFP-histone 2B (H2B), treated with NaOAc, Na4P, M4P, or 

AM4P, and lysed. EGFP and EGFP-H2B were isolated by immunoprecipitation from cell 

lysates and labeled with sulfo-Cy3-azide in a CuAAC. Stronger Cy3 fluorescence bands 

compared to the one of the control NaOAc were found for EGFP, if cells were treated with 

M4P and AM4P, and for EGFP-H2B in case of Na4P, M4P, and AM4P (when considering 

lower amounts of proteins present in the AM4P sample, Figure 4.52). H2B is known to be 

acetylated at the N-terminal lysine residues K6, K12, K13, K16, K17, K21, K24, and 

K86.
[555–557]

 Using an anti-acetyllysine antibody, acetylation of EGFP-H2B but not EGFP 

could be attested. As Cy3 signals of M4P and AM4P resulting from the modification of 

proteins with pentynoyl groups were also present for EGFP, it must be concluded that these 

two reporters are not suitable. In contrast, Na4P resulted in the labeling of only EGFP-H2B. 

These data are in line with above mentioned experiments showing the response of Na4P, but 

not of M4P and AM4P, to alterations of acetylation levels by inhibitors (Figure 4.51). Thus, 
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Na4P was used as chemical reporter for the development of the imaging approach for protein-

specific acetylation. 

 

 

Figure 4.52: Immunoprecipitations of EGFP and EGFP-H2B. HEK293T cells transiently expressing EGFP 

or EGFP-H2B were treated with 10 mM NaOAc (1), 10 mM Na4P (2), 10 mM M4P (3), or 500 µM AM4P 

(4) for 8 h and lysed. EGFP and EGFP-H2B were immunoprecipitated from lysates. Transferred pentynoyl 

groups were marked with sulfo-Cy3-azide in a CuAAC. Cy3 fluorescence was detected on Western blots to 

determine the modification state of EGFP and EGFP-H2B. Immunoblotting against acetyllysine revealed 

the modification of H2B with acetyl groups. Ponceau S staining and anti-GFP antibodies were used as 

loading controls. 

 

Next, immunoprecipitates of further 37 EGFP-fusion proteins were prepared using Na4P as 

chemical reporter and NaOAc as control substance. Abbreviations for proteins not mentioned 

so far are the following: α-actinin 1 and 4 (ACTN1 and ACTN4), transcription factor Sp1 

(SP1), Myc proto-oncogene protein (c-Myc), serine/threonine-protein phosphatase PP1-β 

catalytic subunit (PP1β), cytokeratin 8 (KRT8), α-enolase (ENO1), glucose-6-phosphate 

isomerase (GPI), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate 

kinase 1 (PGK1), poly [ADP-ribose] polymerase 1 (PARP1), histone deacetylase 1 (HDAC1), 

heat shock protein 70 kDa (HSP70), nucleophosmin (NPM), heat shock protein 105 kDa 

(HSPH1), heat shock cognate protein 71 kDa (HSPA8), transitional endoplasmic reticulum 

ATPase (VCP), microtubule-associated protein RP/EB family member 1 (EB1), and 

phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein 

phosphatase (PTEN). If the Cy3 fluorescence intensity read out from Western blots at the size 

of the immunoprecipitated EGFP-fusion protein was higher for the Na4P- than for the 

NaOAc-treated sample, the modification of this protein with the pentynoyl group was 

assumed. This was the case for the twelve proteins p53-EGFP, Foxo1-EGFP, EGFP-SP1, 

EGFP-SNAC and SNAC-EGFP, EGFP-PARP1 and PARP1-EGFP, EGFP-H2B, EGFP-NPM, 

EGFP-nucleolin, EB1-EGFP, and EGFP-PTEN (Figure 4.53). Out of them, PARP1, H2B, 

NPM, and nucleolin have already been identified by Yang et al. to be modified with Na4P.
[157]

 

In addition, they have reported the modification of CAMK4, ENO1, GPI, GAPDH, PGK1, 

HDAC1, HSP70, HSPA8, moesin, and VCP with Na4P. Discrepancies in Na4P-modified 

proteins detected might be due to the different methods used for their identification. Yang et 

al. enriched alkyne-tagged proteins before performing mass spectrometry. Hence, they could 

determine the modification of proteins modified to very low extents. Here, EGFP-tagged  
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Figure 4.53: Assessing the modification of 37 EGFP-fusion proteins with Na4P. HEK293T cells 

expressing EGFP or various EGFP-fusion proteins were treated with 10 mM NaOAc (-) or Na4P (+) for 8 h 

and lysed. EGFP and EGFP-fusion proteins were immunoprecipitated and labeled with sulfo-Cy3-azide. 

The Na4P modification state of each protein was determined by investigating the fluorescence of Cy3 

detected on Western blots. Proteins modified with Na4P are highlighted in blue. Antibodies against GFP 

and acetyllysine were used. Ponceau S staining served as loading control. 
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Table 4.2: Summary of localizations, sizes, acetylation sites, and functions of EGFP-fusion proteins whose 

acetylation states were investigated within this thesis by FLIM-FRET microscopy. The localization can be 

nuclear (N), cytoplasmic (C), or membranous (M). Proteins are either N-terminally (NT) or C-terminally 

(CT) tagged with EGFP. Information on localizations and functions were obtained from the UniProt 

knowledge database.
[558]

 

Protein Localization 

Number 

of amino 

acids 

Acetylation sites 
EGFP 

tag 
Function 

Human 

p53 
N 393 

K120
[559]

, K305
[560]

, 

K320
[561]

, (K370, K372, 

K373, K381, K382)
[81]

 

CT 
Tumor suppressor; induces 

growth arrest or apoptosis 

Human 

SNAC 
N, C, M 140 NT

[562]
 

NT or 

CT 

Induces fibrillization of 

microtubule-associated 

protein tau; reduces 

neuronal responsiveness 

Human 

PARP1 
N 1014 

NT
[563]

, (K97, K105, 

K131, K600, K621)
[557]

, 

(K498, K505, K508, 

K521, K524)
[564]

 

NT or 

CT 

Involved in base excision 

repair pathway; catalyzes 

poly(ADP-ribosyl)ation 

Human 

H2B 
N 126 

(K6, K12, K13, K16, 

K17, K21)
[556]

, K24
[557]

, 

K86
[555]

 

NT 
Core component of 

nucleosome 

Human 

NPM 
N 294 

NT
[565]

, (K32, K150, 

K267, K273)
[557]

, (K154, 

K212)
[83]

, (K229, K230, 

K250, K257, K292)
[566]

 

NT 

Involved in ribosome 

biogenesis, centrosome 

duplication, protein 

chaperoning, histone 

assembly, cell proliferation, 

and regulation of tumor 

suppressors 

Human 

nucleolin 
N 710 

(K9, K102, K116, K124, 

K377, K398, K403, 

K513, K572, K577, 

K646)
[557]

 (K15, K16, 

K96, K109, K348, K427, 

K444, K467, K477, 

K521)
[567]

, K88
[568]

 

NT 

Major nucleolar protein; 

induces chromatin 

decondensation 

Human 

EB1 
C 268 (K66, K86, K100, K112, 

K212)
[569]

, K220
[570]

 
CT 

Regulates dynamics of the 

microtubule cytoskeleton 

Human 

PTEN 
N, C 403 

NT
[563]

, (K125, 

K128)
[571]

, K163
[572]

, 

K402
[573]

 

NT 
Tumor suppressor; protein 

and lipid phosphatase 

 

proteins were immunoprecipitated regardless of their modification state. This method is too 

insensitive to allow for the detection of the modification of a subpopulation of proteins. 

Besides, it needs to be mentioned that different proteins were found to be acetylated with a 

pan acetyllysine antibody and modified with Na4P on Western blots of immunoprecipitates.  
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Figure 4.54: FLIM-FRET experiments with 10 mM Na4P. HEK293T cells expressing EGFP or various 

EGFP-fusion proteins were treated with 10 mM NaOAc or Na4P, fixed, permeabilized, and labeled in a 

CuAAC with sulfo-Cy3-azide. (A) Representative fluorescence modulation lifetime images are depicted. 

(B) Fluorescence lifetimes were averaged over three independent experiments with ten cells measured each 

and used to calculate apparent FRET efficiencies. Columns correspond to mean FRET efficiencies and 

error bars to SEMs. 
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Figure 4.55: Increasing the Na4P concentration to 100 mM. (A) Viabilities of HEK293T cells treated with 

up to 100 mM NaOAc or Na4P were assessed with AlamarBlue tests. Columns represent mean viability 

values of three experiments each carried out in quadruplicates. Error bars are SEMs. (B) Cy3 fluorescence 

was read out from Western blots of lysates from HEK293T cells treated with different concentrations of 

Na4P for 8 h (left) or 100 mM Na4P for different durations (right), lysed and labeled with sulfo-Cy3-azide. 

(C) Representative confocal fluorescence microscopy images of HEK293T cells treated with different 

concentrations of Na4P for 8 h (upper row) or 100 mM Na4P for different periods of times (lower row) and 

marked with sulfo-Cy3-azide are presented. (D) Fluorescence intensities were quantified for five cells per 

image from two independent experiments with four images taken each. Columns represent mean 

fluorescence intensities. Error bars are SEMs. 

 

This hints at Na4P not being metabolized and accepted in the same way as the native substrate 

acetyl-CoA or questions the specificity of the acetyllysine antibody. Since many 

acetyltransferases and deacetylases exist, it might be possible that only a subset of them uses 

pentynoyl-CoA as substrate. 

The EGFP-fusions of the proteins p53, SNAC, PARP1, H2B, NPM, nucleolin, EB1, and 

PTEN were used for FLIM experiments. Information on sizes, cellular localizations, 

functions, and acetylation sites of these proteins are presented in Table 4.2. All of them have 

been shown to be acetylated. Acetylation sites of p53-EGFP, EGFP-H2B, EGFP-NPM, and 

EGFP-nucleolin are particularly close to the position of the EGFP-tag. Thus, these proteins 

are promising candidates for the detection of FRET. FLIM-FRET experiments with Na4P 

were performed together with Eliana Landwehr in the framework of her bachelor’s thesis.
[574]

 

Representative fluorescence lifetime images of HEK293T cells expressing the above 

mentioned EGFP-fusion proteins or EGFP are presented in Figure 4.54A. Different EGFP-

fusion proteins exhibited different fluorescence lifetimes in NaOAc-treated samples. As 

explained in the chapters on glycosylation, fluorescence lifetimes need not be equal, since 

they are affected by local parameters including viscosity, oxygen and ion concentrations 

temperature, and pH value.
[293,345]

 Moreover, background FRET resulting from a close 

proximity of the EGFP-fusion protein and unspecifically incorporated Cy3 alters fluorescence 

lifetimes, but also occurs in Na4P-treated samples. All Na4P-treated cells showed no reduced 

fluorescence lifetimes compared to NaOAc-treated cells. Consistent with this observation, 

calculated FRET efficiencies for EGFP and all EGFP-fusion proteins tested were below 3 % 

(Figure 4.54B). This corresponds to fluorescence lifetime changes of approximately 60 ps, 

which is below the resolution limit of the FLIM microscope. Hence, no conclusion on the 

modification state of these proteins can be drawn from these imaging experiments. 

As all tested EGFP-fusion proteins were shown to be modified with Na4P via 

immunoprecipitations, cellular concentrations of Na4P and thus also of Cy3 must have been 

too low for the detection of meaningful FRET. Na4P is hardly cell permeable and presumably 

only a small portion of it enters cells. Consequently, the concentration of this chemical 

reporter was increased to 100 mM. Viability tests with HEK293T cells revealed that 100 mM 

Na4P added to the cell culture medium were not cytotoxic (Figure 4.55A). Furthermore, 

Western blot and confocal fluorescence microscopy experiments showed increased Cy3 

fluorescence intensities if 100 mM Na4P instead of 10 mM Na4P were used  

(Figure 4.55B-D). However, Cy3 intensities detected by fluorescence microscopy increased 

only by roughly 25 %. 
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Figure 4.56: FLIM-FRET experiments with 50 mM Na4P. (A) Representative fluorescence modulation 

lifetime images of HEK293T cells expressing EGFP or various EGFP-fusion proteins treated with 50 mM 

NaOAc or Na4P, fixed, permeabilized, and marked with sulfo-Cy3-azide are displayed. (B) FRET 

efficiencies were calculated from fluorescence lifetimes averaged over ten cells. Columns represent mean 

FRET efficiencies and error bars SEMs. 
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Figure 4.57: FLIM-FRET experiments with 100 mM Na4P. (A) Representative fluorescence modulation 

lifetime images of HEK293T cells expressing EGFP or EGFP-fusion proteins treated with 100 mM NaOAc 

or Na4P, fixed, permeabilized, and labeled in a CuAAC with sulfo-Cy3-azide are shown. (B) 

Quantification of calculated FRET efficiencies. Columns correspond to mean FRET efficiencies derived 

from fluorescence lifetimes averaged over ten cells per condition. Error bars are SEMs. 
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Nevertheless, FLIM experiments were repeated with EGFP and the same EGFP-fusion 

proteins using NaOAc and Na4P concentrations of 50 mM and 100 mM. Again, no reductions 

of fluorescence lifetimes were measureable and consequently no reasonable FRET 

efficiencies were obtained from calculations (Figure 4.56 and Figure 4.57). To further 

increase the concentration of Na4P would neither be useful nor meaningful. The amount of 

sulfo-Cy3-azide used was not assumed to be the bottleneck, since higher concentrations of 

sulfo-Cy3-azide (up to 100 µM) did not result in increased Cy3 signals of AM4P-treated 

samples detected on Western blots and by confocal fluorescence microscopy (Figure 4.44 and 

Figure 4.45). Moreover, Cy3 fluorescence intensities of M4P and AM4P were always higher.  

To exclude any technical problems at the FLIM microscope as reasons for the failed FLIM-

FRET experiments, FRET of the 50 mM and 100 mM samples was measured by acceptor 

photobleaching. Obtained FRET efficiencies for NaOAc and NA4P samples were below 1 % 

(Figure 4.58). These data substantiate the FLIM results. 

 

 

Figure 4.58: Acceptor photobleaching substantiates FLIM data. HEK293T cells expressing EGFP or 

different EGFP-fusion proteins were treated with (A) 50 mM or (B) 100 mM NaOAc or Na4P for 8 h, 

fixed, permeabilized, and the CuAAC with sulfo-Cy3-azide was performed. FRET from EGFP to the 

acetylation site-anchored Cy3 was determined by acceptor photobleaching. Columns belong to mean values 

of five measurements and error bars to SEMs.  
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4.2.5. Conclusions 

Na4P was chosen as chemical reporter for protein acetylation studies. Since its incorporation 

in the cellular proteome could not be detected initially, the two putative acetylation reporters 

M4P and AM4P were synthesized. Optimization of the CuAAC conditions enabled in cell 

imaging of acetylation by confocal fluorescence microscopy based on acetylation reporters for 

the first time. However, biochemical experiments demonstrated differences in the attachment 

of pentynoyl-groups from Na4P, M4P, and AM4P. This questions the use of methyl and 

acetoxymethyl moieties as protecting groups for chemical reporters and the widely accepted 

activity of non-specifically acting esterases in cells. Only Na4P allowed mapping of 

alterations of the proteome’s acetylation level and thus was selected for further studies aiming 

on protein-specific imaging of acetylation inside single cells. This should be achieved by 

combining the chemical reporter strategy with EGFP-tagged fusion proteins and FLIM-FRET 

microscopy. Beforehand, the modification states of EGFP itself and 37 EGFP-fusion proteins 

were assessed by immunoprecipitation, which enabled the identification of twelve alkynylated 

proteins. Although various conditions and many EGFP-fusion proteins were tested, protein-

specific acetylation could not be detected in cells by FLIM. A possible explanation of this 

finding is that the EGFP-tag and the acetylation site-anchored acceptor fluorophore on 

proteins of interest were too far apart from each other to enable FRET. Yet, this is very 

unlikely, since ten different EGFP-fusion proteins were studied. As malfunctions of the FLIM 

microscope could be excluded, it was concluded that the inability to obtain efficient FRET 

originated from too few acceptor fluorophores present per donor fluorophore. However, the 

concentration of Na4P could not be increased above 100 mM and the amount of sulfo-Cy3-

azide applied did not seem to be the bottleneck. Thus, the establishment of an imaging 

approach for protein-specific acetylation requires new cell permeable chemical acetylation 

reporters that are better accepted by cellular acetyltransferases and deacetylases. 

  



4.3 Protein Methylation 

 

- 113 - 

 

4.3. Protein Methylation 

Next to protein-specific imaging of glycosylation and acetylation, a similar FLIM-FRET-

based approach should be established for protein methylation. Results presented in this 

chapter have been included in a manuscript submitted for publication. 

 

4.3.1. Evaluation of ProSeAM as Chemical Reporter for Protein Methylation 

As discussed in section 2.2.3, many chemical methylation reporters have been developed. 

Among them, ProSeAM is the most promising reporter known.
[220,222]

 At the beginning of this 

project, ProSeAM was synthesized by Raphael René Steimbach within his master’s thesis.
[205]

 

It was isolated as epimeric mixture by medium pressure liquid chromatography. ProSeAM’s 

spectroscopic data were in agreement with literature values.
[220,222]

  

To prove the functionality of synthesized ProSeAM, the concentration-dependent attachment 

of propargyl groups originating from this reporter to proteins was studied in a similar manner 

as it has been done by Bothwell et al.
[220]

 For this purpose, HEK293T and HeLa S3 cell 

lysates were treated with up to 100 µM ProSeAM and transferred propargyl residues were 

labeled with sulfo-Cy3-azide in a CuAAC. For the CuAAC, optimal reaction conditions, as 

determined in chapter 4.2.3, were used. Proteins were precipitated, washed, separated by 

SDS-PAGE, and transferred to a membrane. Fluorescence from blots was read out to estimate 

the degree of Cy3-marked propargyl residues incorporated in the proteome. As shown in 

Figure 4.59A, fluorescence of sulfo-Cy3 increased with increasing concentrations of 

ProSeAM added to cell lysates in both HEK293T and HeLa S3 cells. These data were in line 

with findings from Bothwell et al.
[220]

 and thus verified the functionality of ProSeAM. 

Interestingly, ProSeAM concentrations as low as 5 µM allowed the detection of its 

incorporation.  

Next, the temporal course of ProSeAM processing was investigated. For the treatment of 

HEK293T and HeLa S3 cells for different durations with ProSeAM, a concentration of 50 µM 

was chosen, as this resulted in considerable sulfo-Cy3 signals and was also utilized by 

Bothwell et al.
[220]

 The fluorescence readouts of Western blots demonstrated a very fast 

turnover of ProSeAM (Figure 4.59B), since even “0 min” samples, to which ProSeAM was 

added simultaneously with the CuAAC reaction mixture, displayed Cy3-labeled proteins. The 

incorporation of propargyl residues reached a maximum level for an incubation time of 

60 min. This value corresponds to the half-life time of ProSeAM under physiological 

conditions.
[220]

 Thus, it can be speculated that amounts of incorporated Cy3-labeled propargyl 

residues did not further increase due to the decomposition of ProSeAM. Strong Cy3 

fluorescence was detected from 10 min onwards and thus this incubation time was used in 

following lysate experiments. 

It has already been shown that ProSeAM is accepted as methylation substrate by various 

methyl transferases.
[220,222]

 To verify this, cell lysates of HEK293T and HeLa S3 cells were 

pretreated with SAH, which competitively inhibits methyltransferases, and the SAH hydrolase 

inhibitor adenosine-2’,3’-dialdehyde (Adox).
[575]

 Subsequently, ProSeAM was added to 

lysates and the CuAAC was performed. Cy3 fluorescence intensities detected on Western 

blots of all inhibitor-pretreated samples were much lower compared to lysates that were not  
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Figure 4.59: ProSeAM processing in cell lysates. Western blots of HEK293T and HeLa S3 cell lysates 

treated with (A) various concentrations of ProSeAM for 2 h or (B) 50 µM ProSeAM for different times 

(0* min: samples were not treated with ProSeAM. 0 min: ProSeAM was added to cell lysates and CuAAC 

was performed immediately) are displayed. (C) Western blots of lysates from cells pretreated with 500 µM 

SAH and 2 µM Adox at 37 °C for 15 min and then treated with different concentrations of ProSeAM for 

10 min are shown. Fluorescence of sulfo-Cy3 attached to transferred propargyl residues via a CuAAC was 

read out. Ponceau S staining of proteins confirms equal loading of lysate samples. Data presented in (A) 

were acquired by R. R. Steimbach,
[205]

 but processed by myself. 
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exposed to any inhibitor (Figure 4.59C). Cy3 signals of samples treated with inhibitors still 

exhibited detectable fluorescence. However, this is expected, since the inhibitors cannot 

completely block methyltransferase activities. Results of the inhibitor experiments stated that 

ProSeAM serves as substrate for methyl transferases and were in accordance with findings 

from others.
[220]

  

 

4.3.2. Delivery of ProSeAM in Mammalian Cells 

Published experiments with SAM analogs have been carried out in cell lysates or buffers. To 

be able to perform FLIM-FRET experiments later on, ProSeAM needed to be introduced 

inside cells. To test whether ProSeAM diffuses into cells, HEK293T and HeLa S3 cells were 

treated with 100 µM ProSeAM for 2 h. Thereafter, cells were fixed and permeabilized to 

allow for the CuAAC with sulfo-Cy3-azide. Confocal fluorescence microscopy of ProSeAM-

treated HEK293T cells showed weak sulfo-Cy3 fluorescence, but no fluorescence intensities 

higher than those of the control samples were found in ProSeAM-treated HeLa S3 cells 

(Figure 4.60A). Thus, it was concluded that ProSeAM is barely cell permeable, which is in 

accordance with earlier findings from others.
[207]

 

Several methods exist to introduce probes in cells, as summarized in chapter 2.2.4. Among 

them, electroporation was chosen for ProSeAM, since it results in a fast and homogenously 

delivery of probes in cells, has no long-term cytotoxic effects, and can be applied to adherent 

cells. HEK293T and HeLa S3 cells were electroporated in presence of 100 µM ProSeAM in 

buffer with different pulse duration and were fixed and permeabilized 2 h later. Ensuing the 

CuAAC with sulfo-Cy3-azide, confocal fluorescence microscopy was performed. Cellular 

fluorescence intensities resulting from Cy3-labeled propargyl residues increased with 

prolonged pulse durations (Figure 4.60B). They were maximal for 250 µs long pulses in 

HEK293T and for pulse durations of 500 µs in HeLa S3 cells. As a consequence, 500 µs were 

chosen for subsequent electroporation experiments. 

As seen in fluorescence microscopy images of HEK293T and HeLa S3 cells, Cy3 signals 

were not evenly distributed throughout cells. Higher fluorescence intensities were detected in 

the nucleus and nuclear compartments. To examine whether nuclear structures were nucleoli, 

HEK293T and HeLa S3 cells were transiently transfected with an expression vector encoding 

EGFP-nucleolin. In addition, cells were electroporated to deliver ProSeAM in cells, whose 

propargyl groups were then marked with sulfo-Cy3-azide. Fluorescence microscopy revealed 

that accumulated Cy3 signals colocalized with EGFP-nucleolin (Figure 4.61). The data 

presented here are in line with reports from others stating the nuclear localization of many 

methylated proteins.
[576]

 As ProSeAM functions as universal substrate for methylation, it is 

also utilized by DNA and RNA methyltransferases.
[222,224]

 Nucleoli comprise ribosomal DNA 

and RNA, proteins, and preribosomal particles,
[577]

 which all have been reported to be 

methylated. Hence, increased Cy3 fluorescence detected in nucleoli most likely arises from 

propargylated proteins, DNA, and RNA. 
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Figure 4.60: Delivery of ProSeAM in cells. HEK293T and HeLa S3 cells were incubated for 2 h after (A) 

treatment with 100 µM ProSeAM (+) or solvent control (-) or (B) electroporation in presence of 100 µM 

ProSeAM (+) or solvent control (-) with different pulse durations. Cells were fixed, permeabilized and 

transferred propargyl residues labeled via a CuAAC with sulfo-Cy3-azide. Representative confocal 

fluorescence images are depicted. Images in (A) and (B) were prepared with the same intensity scale bars. 

Data underlying this figure were acquired by R. R. Steimbach,
[205]

 but processed and analyzed by myself. 

 

In a next step, the concentration- and time-dependent turnover of ProSeAM was assessed. To 

this end, HEK293T and HeLa S3 cells were electroporated in presence of up to 50 µM 

ProSeAM and incubated for 2 h. Upon CuAAC, fluorescence microscopy was performed. 

Comparable to Western blot results, fluorescence intensities of Cy3 increased with increasing 

concentration of ProSeAM (Figure 4.62A). A quantification of single cell fluorescence 

intensities revealed that 25 µM ProSeAM are necessary to obtain Cy3 signals brighter than 

the background detected in control cells (Figure 4.62B). Since Cy3 intensities were much 

higher for cells electroporated in buffer containing 50 µM ProSeAM, this concentration was 

used for time dependent experiments. After electroporation, HEK293T and HeLa S3 cells 

were incubated for different durations before they were fixed, permeabilized, and marked 

with sulfo-Cy3-azide. Even cells fixed directly after electroporation possessed fluorescence 

intensities four to five times higher than cells electroporated in buffer without ProSeAM 

(Figure 4.62C+D). Cy3 signals were maximal for an incubation time of 20 min, which was 

used for FLIM-FRET experiments. These findings were largely consistent with time-

dependent studies in cell lysates (Figure 4.59B).  
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Figure 4.61: Colocalization of ProSeAM with nucleolin. Representative confocal fluorescence and 

brightfield images of HEK293T and HeLa S3 cells expressing EGFP-Nucleolin, electroporated in presence 

of a solvent control or ProSeAM, and labeled with sulfo-Cy3-azide upon fixation and permeabilization are 

presented. 

 

To assess whether ProSeAM affects the integrity of HEK293T and HeLa S3 cells, viability 

tests were performed. Cells were not electroporated, electroporated in buffer, or 

electroporated in buffer with 50 µM ProSeAM and incubated for 2 h or 24 h. Viabilities of 

HEK293T and HeLa S3 cells were considerably reduced by electroporation (Figure 4.63), 

which is caused by the electroporation procedure. Electrodes need to be pressed onto the 

surface of the microscopy chamber, which kills adjacent cells. Nevertheless, viabilities of 

cells electroporated in buffer and those electroporated in buffer with 50 µM ProSeAM did not 

differ strongly for both incubation times and cell lines tested. Thus, it can be concluded that 

ProSeAM has neither short- nor long-term effects on cellular viabilities at a concentration of 

50 µM.  
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Figure 4.62: Concentration- and time-dependent processing of ProSeAM in human cells. HEK293T and 

HeLa S3 cells were electroporated in presence of (A+B) 0 µM to 50 µM ProSeAM and then incubated for 

2 h or (C+D) 50 µM ProSeAM and then incubated for different periods of time. Cells were fixed, 

permeabilized, and transferred propargyl residues labeled with sulfo-Cy3-azide via a CuAAC. (A+C) 

Representative confocal fluorescence images are displayed. (B+D) Fluorescence intensities were quantified 

for 40 cells out of 2 independent experiments. Columns represent mean values and error bars SEMs. Data 

underlying this figure were acquired by R. R. Steimbach,
[205]

 but processed and analyzed by myself. 
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Figure 4.63: Assessing cytotoxic effects of ProSeAM. Cellular viabilities of HEK293T or HeLa S3 cells 

electroporated in buffer or buffer containing different concentrations of ProSeAM and incubated for 2 h or 

24 h were determined with resazurin tests. Control samples were not electroporated. Columns correspond 

to mean values of triplicates from quadruplicates. Error bars are SEMs. 

 

4.3.3. Protein-Specific Imaging of Protein Methylation 

After finding a way to deliver ProSeAM efficiently in cells, a FLIM-FRET microscopy-based 

approach for the protein-specific imaging of methylation similar to the glycosylation and 

acetylation experiments was established. For this study, thirteen EGFP-fusion proteins were 

investigated, which comprised p53-EGFP, EGFP-Akt1, Akt1-EGFP, GAPDH-EGFP, 

EGFP-H2B, EB1-EGFP, Foxo1-EGFP, histone 3 (H3)-EGFP, histone 4 (H4)-EGFP, 

EGFP-HSP70, EGFP-HSPA8, VCP-EGFP, and EGFP-nucleolin. Information on 

localizations, sizes, methylation sites, and functions of these proteins is presented in  

Table 4.3. All proteins except EB1 have been shown to be methylated. The proteins p53, 

Akt1, H2B, H3, and H4 have already been reported to be modified with ProSeAM.
[220,222]

 In 

addition, EGFP was used as control, as it should not be modified with ProSeAM.  

To assess which EGFP-fusion proteins become modified with propargyl groups from 

ProSeAM, lysates of HEK293T cells expressing one of the fusion proteins or EGFP were 

treated with 10 µM ProSeAM or 1 V-% trifluoracetic acid (TFA) as solvent control for 

10 min. Immunoprecipitation was performed with an anti-GFP antibody. Subsequently, 

transferred propargyl residues were labeled in a CuAAC with sulfo-Cy3-azide. Upon 

SDS-PAGE and Western blotting, fluorescence of sulfo-Cy3 was read out to determine the 

modification of each protein of interest with ProSeAM. If the Cy3 fluorescence of the 

ProSeAM-treated sample was much stronger than that of the solvent control sample, the 

protein was considered to be modified with the chemical methylation reporter. In this way, 

p53-EGFP, EGFP-Akt1, Akt1-EGFP, GAPDH-EGFP, Foxo1-EGFP, and H4-EGFP were 

found to be modified with ProSeAM’s propargyl groups (Figure 4.64). EGFP itself was not 

detected to be propargylated. Thus, it can indeed serve as control for FLIM experiments. 

Discrepancies in comparison with data from Bothwell et al., who have additionally 

recognized propargyl groups on H2B and H3 but not on GAPDH and Foxo1 by mass 

spectrometry,
[220]

 might be due to the different CuAAC reaction mixture and analysis 

technique used. They have enriched modified proteins before performing mass analysis that 
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Table 4.3: Summary of localizations, sizes, methylation sites, and functions of EGFP-fusion proteins, 

whose methylation states were examined within this thesis. The localization can be nuclear (N) or 

cytoplasmic (C). Proteins are either N-terminally (NT) or C-terminally (CT) tagged with EGFP. 

Information on localizations and functions were obtained from the UniProt knowledge database.
[558]

 

Protein Localization 

Number 

of amino 

acids 

Methylation sites 
EGFP 

tag 
Function 

Human 

p53 
N 393 (K370, K372, 

K382)
[578]

, K373
[579]

 
CT 

Tumor suppressor; induces 

growth arrest or apoptosis 

Mouse or 

human 

Akt1 

N, C 480 K14
[580]

 
NT or 

CT 

Regulates metabolism, 

proliferation, cell survival, 

growth, and angiogenesis 

Human 

GAPDH 
C 335 

(K5, K66, K194, 

K215, K227, K260, 

K263, K334)
[581]

 

CT 

Glyceraldehyde-3-

phosphate dehydrogenase 

and nitrosylase activity; 

roles in glycolysis and 

nuclear functions 

Human 

H2B 
N 126 

(K47, K58, K109)
[556]

, 

(R80, K86, R87, 

R93)
[555]

 

NT 
Core component of 

nucleosome 

Human 

EB1 
C 268 - CT 

Regulates dynamics of the 

microtubule cytoskeleton 

Mouse 

Foxo1 
N, C 652 (R248, R250)

[582]
, 

K270
[583]

 
CT 

Transcription factor, which 

regulates metabolic 

homeostasis; main target of 

insulin signaling 

Human H3 N 136 

R3
[584]

, (K5, K10, K19, 

K24, K28, K37, K57, 

K65, K80, K123)
[585]

, 

R9
[586]

, R18
[587]

, 

K38
[588]

 

CT 
Core component of 

nucleosome 

Human H4 N 103 R4
[589]

, K21
[590]

, 

K32
[585]

 
CT 

Core component of 

nucleosome 

Human 

HSP70 
C 641 R469

[591]
, K561

[592]
 NT Molecular chaperone 

Human 

HSPA8 
C 646 (R469, K561)

[593]
 NT Molecular chaperone 

Human 

VCP 
C 806 K315

[594]
 CT 

Formation of the transitional 

ER; fragmentation of Golgi 

stacks during mitosis 

Human 

Nucleolin 
N 710 

(R656, R660, R666, 

R670, R673)
[595]

, 

R694
[593]

 

NT 

Major nucleolar protein; 

induces chromatin 

decondensation 
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enables the detection of the modification of a subpopulation of proteins. This is scarcely 

possible with the immunoprecipitation strategy used here, as no enrichment step occurred and 

all EGFP-tagged proteins including modified and unmodified ones were studied together.  

 

 

Figure 4.64: Investigating the modification of EGFP-tagged proteins with propargyl residues by 

immunoprecipitations. Lysates of HEK293T cells expressing certain EGFP-fusion proteins were treated 

with 10 µM ProSeAM (+) or solvent control (-) for 10 min. EGFP-fusion proteins were isolated by 

immunoprecipitation and marked with sulfo-Cy3-azide via a CuAAC. Fluorescence readout of Cy3 from 

Western blots indicates the modification of several proteins with propargyl residues (marked in blue). 

Equal loading was confirmed by immunoblotting against GFP and staining with Ponceau S. 

 

In a next step, the proteins’ methylation was visualized in single cells. For initial experiments, 

EGFP and the EGFP-fusion proteins of p53, Akt1, and H2B were chosen. HEK293T cells 

were seeded in microscopy chambers, transiently transfected with the respective expression 

vectors, and electroporated in buffer containing TFA as solvent control (0 µM), 25 µM, 

50 µM, or 100 µM ProSeAM. After an incubation time of 20 min, cells were fixed, 

permeabilized, and alkyne-moieties were marked with sulfo-Cy3-azide in a CuAAC. 

Fluorescence lifetimes of EGFP and EGFP attached to different proteins were measured. 

Given that FRET from the EGFP-fusion proteins to propargyl-linked Cy3 on its amino acids 

takes place, fluorescence lifetimes of ProSeAM-treated samples are expected to be lower than 

those of control samples. As seen from representative fluorescence lifetime images and 

calculated FRET efficiencies (Figure 4.65), no notable decrease in fluorescence lifetimes and 

therefore no meaningful increase in FRET efficiencies occurred. FRET efficiencies ranged 

from approximately -5 % to 5 %, which corresponds to fluorescence lifetimes of -100 ps to 
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Figure 4.65: FLIM-FRET experiments in HEK293T cells with low ProSeAM concentrations. (A) 

Representative fluorescence lifetime images of HEK293T cells expressing EGFP-fusion proteins and 

electroporated in buffer containing 0 µM, 25 µM, 50 µM, or 100 µM ProSeAM are shown. Transferred 

propargyl residues were labeled in fixed and permeabilized cells via a CuAAC with sulfo-Cy3-azide. (B) 

FRET efficiencies for each EGFP-fusion protein were calculated from fluorescence lifetimes averaged over 

ten cells per condition. Columns belong to mean values and error bars to SEMs. 
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Figure 4.66: Increasing cellular Cy3 fluorescence intensities with higher concentrations of ProSeAM. 

Confocal fluorescence microscopy of (A+B) HEK293T and (C+D) HeLa S3 cells electroporated in 

presence of 0 to 1000 µM ProSeAM, subsequently incubated at 37 °C for 20 min, and labeled with 

sulfo-Cy3-azide was performed. (A+C) Representative confocal fluorescence images are depicted. (B+D) 

Fluorescence intensities were quantified for 30 different cells out of two independent experiments. 

Columns correspond to mean values and error bars to SEMs. 
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100 ps. Such differences are below the detection limit of the FLIM microscope employed. 

Knowing from immunoprecipitation results that p53 and Akt1 carry Cy3-labeled propargyl 

residues, the inability to measure FRET must originate from too few Cy3 fluorophores 

attached to proteins. In FLIM microscopy, fluorescence lifetimes are averaged over each pixel 

exhibiting fluorescence of many EGFP-fusion proteins. Hence, efficient FRET can only be 

detected, if a large proportion of EGFP-fusion proteins transfer their absorbed excitation 

energy to acceptor fluorophores. Consequently, concentrations of ProSeAM were increased 

from 100 µM to 1 mM. This resulted in five times higher Cy3 fluorescence intensities in 

HEK293T and HeLa S3 cells, which were measured by confocal fluorescence microscopy 

(Figure 4.66). Increasing the sulfo-Cy3-azide concentration from 10 µM to 20 µM led to a 

further elevation of fluorescence intensities by factors of 1.4 in HEK293T and 1.7 in HeLa S3 

cells. Moreover, higher ProSeAM concentrations did not affect cellular viabilities  

(Figure 4.67). 

 

 

Figure 4.67: Assessing the cytotoxicity of higher concentrations of ProSeAM. Viabilities of HEK293T or 

HeLa S3 cells electroporated in buffer or buffer containing different concentrations of ProSeAM and 

subsequently incubated for 0 or 20 min were assessed with ATP assays. Control samples were not 

electroporated. Columns represent mean values of triplicates performed in technical quadruplicates. Error 

bars are SEMs. 

 

FLIM experiments were repeated with 250 µM, 500 µM, and 1 mM ProSeAM and a sulfo-

Cy3-azide concentration of 20 µM using EGFP and the fusion proteins p53-EGFP, EGFP-

Akt1, Akt1-EGFP, GAPDH-EGFP, EGFP-H2B, and EB1-EGFP. Decreases in fluorescence 

lifetimes with increasing ProSeAM concentrations were detected for all proteins assessed 

(Figure 4.68). For p53-EGFP, EGFP-Akt1, and Akt1-EGFP, these were larger than for the  
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Figure 4.68: Imaging protein-specific methylation in HEK293T cells. (A) Representative fluorescence 

lifetime images of HEK293T cells expressing different EGFP-fusion proteins, electroporated in buffer 

containing 0 µM to 1000 µM ProSeAM, and labeled with sulfo-Cy3-azide via a CuAAC are presented. (B) 

FRET efficiencies for each EGFP-fusion protein and each concentration were calculated from fluorescence 

lifetimes averaged over three biological replicates with ten cells each and compared to those of EGFP with 

a two-way ANOVA and a Bonferroni posttest. Columns represent mean values and error bars SEMs. All 

columns not labeled own FRET efficiencies not significantly different with respect to those of EGFP. 

Degrees of significance are: ns p>0.05, * p<0.05, and *** p<0.001. 
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control protein EGFP. Since EGFP was not modified with ProSeAM’s propargyl groups, 

reductions in its fluorescence lifetime might be caused by background FRET (unspecific 

intermolecular FRET to Cy3-labeled molecules in vicinity or free sulfo-Cy3-azide). 

Calculated FRET efficiencies for EGFP-Akt1 and Akt1-EGFP were significantly larger than 

those of EGFP. Thus, it can be concluded that the methylation state of Akt1 could be 

visualized inside HEK293T cells. Fluorescence lifetimes of EGFP-Akt1 and Akt1-EGFP did 

not vary within single cells stating that the localization of Akt1 does not alter its methylation 

and vice versa. Akt1 has been reported to be methylated at lysine 14.
[580]

 Nevertheless, no 

differences between N- and C-terminally EGFP-tagged Akt1 were observed. This led to the 

conclusion that both termini of the protein have roughly the same distance to lysine 14 in 

Akt1’s tertiary protein structure or that a further, so far unknown, methylation site of Akt1 

exists. FRET efficiencies of p53-EGFP and GAPDH-EGFP were not significantly larger than 

those of EGFP, although the modification of these two proteins with propargyl groups has 

been proven (Figure 4.64). Reasons therefore could be that only small fractions of the proteins 

were modified or that methylation sites were spatially too far away from C-terminal EGFP to 

allow for efficient FRET. 

For FLIM experiments with the proteins Foxo1-EGFP, H3-EGFP, H4-EGFP, EGFP-HSP70, 

EGFP-HSPA8, VCP-EGFP, and EGFP-nucleolin, 1 mM ProSeAM was used, since this 

resulted in highest FRET efficiencies and significant differences compared to EGFP. 

Representative fluorescence lifetime images and related FRET efficiencies are shown in 

Figure 4.69. Significantly higher FRET efficiencies were found for Foxo1-EGFP and 

H4-EGFP. It needs to be mentioned, that fluorescence lifetimes of EGFP were always 

constant over whole cells, although more sulfo-Cy3 fluorophores are attached to 

propargylated structures in the nucleus. Hence, the FLIM-FRET measurements presented here 

were not affected by the heterogeneous distribution of acceptor fluorophores in cells. 

Moreover, the non-propargylated proteins EGFP-H2B and H3-EGFP, which strongly interact 

with DNA that is most likely also modified with groups originating from ProSeAM, did not 

exhibit FRET efficiencies greater than EGFP. The same was true for EGFP-nucleolin, which 

colocalizes with the highest Cy3 fluorescence signals in cells. These negative controls 

indicate that FRET observed was most likely of intramolecular nature and not due to nearby 

sulfo-Cy3. 

To test, whether the protein-specific imaging approach is also applicable to another cell line, 

similar FLIM measurements were performed with HeLa S3 cells using expression vectors for 

EGFP and various EGFP-fusion proteins. Strong decreases of fluorescence lifetimes along 

with significantly larger FRET efficiencies compared to EGFP were obtained for p53-EGFP, 

EGFP-Akt1, Akt1-EGFP, Foxo1-EGFP, and H4-EGFP (Figure 4.70). Thus, it was inferred 

that the established approach can be transferred to other cell lines provided that these cells can 

be transfected with plasmids encoding the desired EGFP-fusion proteins. Results were in line 

with the HEK293T experiments with the exception that p53 could be shown to be 

propargylated in HeLa S3 cells, but not in HEK293T cells. Although the FRET efficiency of 

p53-EGFP was higher in HEK293T cells treated with 1 mM ProSeAM than the one of EGFP, 

FRET efficiencies did not differ significantly. This resulted most likely from a larger fraction 

of p53 proteins propargylated in HeLa S3 than in HEK293T cells or differences in cellular 

levels of ProSeAM and native SAM. 
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Figure 4.69: Visualizing protein-specific methylation of Foxo1 and H4 in HEK293T cells. (A) 

Representative fluorescence lifetime images of HEK293T cells expressing different EGFP-fusion proteins, 

having been electroporated in buffer containing 0 µM or 1000 µM ProSeAM, and labeled with 

sulfo-Cy3-azide via a CuAAC are shown. (B) FRET efficiencies calculated for each EGFP-fusion protein 

and each concentration from fluorescence lifetimes averaged over three biological replicates with ten cells 

each are displayed. Statistical significance compared to EGFP was tested with a one-way ANOVA and 

Dunnett’s multiple comparison posttest. Columns are mean values and error bars SEMs. Degrees of 

significance are: ns p>0.05, ** p<0.01, and *** p<0.001. 
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Figure 4.70: Imaging methylation of p53, Akt1, Foxo1, and H4 in single HeLa S3 cells. (A) Representative 

fluorescence modulation lifetime images of HeLa S3 cells transiently expressing EGFP or -fusion proteins, 

electroporated in buffer containing 0 µM or 1000 µM ProSeAM, and labeled with sulfo-Cy3-azide are 

depicted. (B) FRET efficiencies for EGFP and EGFP-fusion proteins were calculated from fluorescence 

lifetimes averaged over three independent experiments with ten cells each and compared to those of EGFP 

with one-way ANOVAs and Dunnett’s multiple comparison posttests. Columns belong to mean values and 

error bars to SEMs. Degrees of significance are: not significant (ns) p>0.05, * p<0.05, and *** p<0.001. 
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Having successfully established an approach for protein-specific imaging of methylation that 

could be applied in different cell lines and with various EGFP-fusion proteins, it was aimed to 

study the dependence of a protein’s behavior on its methylation. Such differences can hardly 

be resolved using mass spectrometry or biochemical methods and hence necessitates suitable 

imaging techniques. The transcription factor Foxo1 was chosen, which shuttles between the 

nucleus and cytoplasm. In its enzymatically active form, Foxo1 is present in the nucleus of 

cells, where it is involved in many cellular and physiological processes including metabolism, 

proliferation, cell cycle regulation, and apoptosis.
[427]

 As a result of insulin treatment, 

 

 

Figure 4.71: Dependence of Foxo1’s methylation state on its cellular localization. (A) Representative 

fluorescence modulation and phase lifetime images of HEK293T cells expressing EGFP or Foxo1-EGFP 

and electroporated in buffer containing 0 µM or 1000 µM ProSeAM are depicted. (B) FRET efficiencies of 

EGFP and each EGFP-fusion protein were calculated from fluorescence modulation (Tau M) and phase 

(Tau P) lifetimes averaged over twelve (EGFP), nine (Foxo1-EGFP cytoplasm), or six (Foxo1-EGFP 

nucleus) biological replicates with ten cells each and were compared with two-way ANOVAs and 

Bonferroni posttests. Columns correspond to mean values and error bars to SEMs. Degrees of significance 

are: ** p<0.01 and *** p<0.001. 
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the key target of the insulin signaling cascade Foxo1 becomes phosphorylated at serine 253 

by Akt1. This leads to its export from the nucleus to the cytoplasm and ensuing degradation 

by the ubiquitin-proteasome pathway. If Foxo1 is methylated at ε-amino groups of the 

arginine residues 248 and 250, it stays in the nucleus and cannot be phosphorylated.
[582]

 Based 

on these discoveries, localization-dependent FRET efficiencies might be detectable for 

Foxo1-EGFP. To this end, HEK293T cells expressing Foxo1-EGFP were similarly treated as 

explained above, but cells with Foxo1-EGFP localized in the nucleus and cytoplasm were 

measured separately. Representative fluorescence lifetime images and calculated FRET 

efficiencies are presented in Figure 4.71. Fluorescence lifetimes of nuclear Foxo1-EGFP were 

smaller and FRET efficiencies significantly larger than those of cytoplasmic Foxo1-EGFP. 

These data are in accordance with literature
[582]

 and led to the conclusion that the local 

methylation pattern of Foxo1 could indeed be deciphered using this imaging approach. 

 

4.3.4. Conclusions 

In summary, the methylation reporter ProSeAM was successfully delivered in HEK293T and 

HeLa S3 cells by electroporation. In cell imaging of protein methylation after the CuAAC of 

transferred propargyl residues with sulfo-Cy3-azide was accomplished by confocal 

fluorescence microscopy for the first time. The combination of this chemical reporter strategy 

and FLIM-FRET microscopy allowed for the visualization of protein-specific methylation 

inside single cells. Imaging of the methylation state of twelve different EGFP-fusion proteins 

in two distinct cell lines validated the general applicability of this approach. The huge 

potential of this method was demonstrated by directly resolving the localization-dependent 

methylation pattern of the transcription factor Foxo1. 

All imaging experiments presented here were carried out in fixed cells. To allow for protein-

specific imaging in living cells, new chemical reporters with a chemical handle capable of 

reacting in a DAinv reaction with tetrazines, such as a cyclopropene, would need to be 

synthesized. 
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5. Outlook 

This thesis describes the successful realization of novel strategies for in cell imaging of 

protein-specific glycosylation and methylation and their application to investigations of the 

modification states of various proteins with high spatial resolution. Both approaches could be 

used to assess the modification of further EGFP-fusion proteins and to decipher their 

localization-dependencies, first examples of which were presented. In addition, the 

modification of individual proteins could be followed upon an external stimulus, such as 

insulin, by fixing cells and labeling chemical handles of monosaccharides after different 

times. Imaging of temporal changes of single cells would be possible with respect to the 

microscope employed, but most likely only the incorporation and not the removal of the 

respective reporters could be observed. Once a fluorophore is attached to the reporter, it is 

improbable that it will still be recognized by glycosidases or demethylases. 

For the chemical reporter Ac4GlcNCyoc, it should be verified by mass spectrometry that it is 

bound to hydroxy groups of serine and threonine residues and is not attached to cysteines, as 

proposed by Chen and coworkers for peracetylated GalNAc and GlcNAc derivatives.
[549]

 

Besides this, new O-GlcNAc reporters with smaller chemical handles than Ac4GlcNCyoc, but 

also capable of being labeled in a DAinv reaction, could be synthesized and used for protein-

specific imaging.  

Although visualizing β-catenin’s N-terminal O-GlcNAcylation in cells was not successful, the 

created single, double, triple, and quadruple O-GlcNAc point mutants of EGFP-β-catenin 

could be used to assess the influence of the O-GlcNAcylation of each residue and also their 

combined effects on the localization of the protein by fluorescence microscopy. Until now, 

changes of β-catenin’s localization have just been shown for the mutant S23A.
[490]

 The 

created set of point mutants is perfectly suited to investigate the N-terminal O-GlcNAcylation 

of β-catenin in more detail. 

If seeds of A. thaliana mutants expressing GFP-fusions of proteins known to be 

O-GlcNAcylated in roots would be available or would have been created, the protein’s 

glycosylation state could be visualized by FLIM-FRET microscopy upon treatment of 

seedlings with Ac4GlcNAz followed by fixation, permeabilization, and CuAAC. This could 

give further insights into the functional importance of protein O-GlcNAcylation in plants, 

which is not fully understood to date.
[507]

 

Metabolic glycoengineering appeared as interesting tool for studying protein glycosylation in 

cancer. Even though the proximity of GalNAc and Neu5Ac in sialyl Tn could not be imaged 

specifically, the usage of non-cancer gastric control cells might allow to distinguish between 

cancer and non-cancer cells based on the truncation of O-glycans. Apart from this, MGE 

could be employed to study the kinetics of the incorporation of various modified 

monosaccharides in different cancer cell lines. Moreover, experiments on the exchange of cell 

surface glycans among cells, which were started in Porto but not included in this thesis, could 
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be further pursued. This field is extremely interesting, as little is known on the occurrence and 

mechanisms of this process so far. Initial experiments were promising, since they showed 

differences in glycan exchange rates among different cancer cells. 

To enable the visualization of protein-specific acetylation, new chemical reporters that are 

better cell permeable and better accepted by cellular enzymes than Na4P need to be 

synthesized. An ideal acetylation reporter would carry a chemical handle that can react with a 

tetrazine-tagged fluorophore in a DAinv reaction. This would enable investigations inside 

living cells. Alternatively, the poorly cell permeable Na4P could be mechanically or 

chemically delivered in cells using electroporation, microinjection, cell squeezing, Triton 

X-100 permeabilization, or peptide carriers.  

Similarly, new chemical methylation reporters bearing alkenes on the sulfonium or selenium 

center that could be labeled via a DAinv reaction could be synthesized. Since ProSeAM is 

also a substrate of DNA and RNA methyltransferases,
[222,224]

 it could be used to study the 

methylation of nucleic acids isolated from cells. When combining the usage of ProSeAM with 

fluorescently-marked DNA or RNA, the modification of selected nucleic acids with propargyl 

groups could be imaged in cells by FLIM-FRET microscopy. 

Furthermore, strategies similar to those for imaging protein glycosylation and methylation 

could be developed for other PTMs. Especially interesting would be the recently identified 

lysine modifications malonylation, crotonylation, propionylation, and butyrylation.
[103–105]

 

Chemical reporters have already been synthesized for these PTMs,
[155–157]

 but little is known 

about their biological functions and possible localization- and time-dependent modification 

patterns of targeted proteins. Having protein-specific imaging approaches for these PTMs at 

hands would allow shedding light on their biological impacts. 

Finally, the strategies for protein-specific imaging themselves could be expanded. The need of 

modification sites to be in close proximity to the N- or C-terminus to ensure a small enough 

distance to EGFP for FRET measurements could be overcome by placing the donor 

fluorophore next to the modification site of interest. To this end, unnatural amino acids could 

be introduced in the amino acid sequence of selected proteins and marked with donor 

fluorophores via bioorthogonal ligation reactions or the probe incorporation mediated by 

enzymes (PRIME) strategy.
[275,596]
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6. Materials and Methods 

6.1. Materials 

6.1.1. Organisms 

Eukaryotic cells 

Table 6.1: Eukaryotic cell lines used within this thesis. 

Cell line Description Origin 

CHO Chinese hamster ovary cells 

Group of Prof. Dr. Zumbusch, 

University of Konstanz (used by Dr. 

Christelle Rosazza) 

HEK293T Human embryonic kidney cells 
Group of Prof. Dr. Brunner, 

University of Konstanz 

HeLa 
Derived from cervical cancer cells taken from 

Henrietta Lacks 

Group of Prof. Dr. Scheffner, 

University of Konstanz 

HeLa S3 
Derived from cervical cancer cells taken from 

Henrietta Lacks 

Group of Prof. Dr. Zumbusch, 

University of Konstanz (used by Dr. 

Christian Jüngst) 

HeLa EGFP 

Derived from cervical cancer cells taken from 

Henrietta Lacks, stably expressing EGFP 

under a tetracycline promotor  

Group of Prof. Dr. Mayer, University 

of Konstanz, created by Dr. Julia 

Häfner via the Flp-In T-Rex system 

HeLa EGFP-

Kif18A 

Derived from cervical cancer cells taken from 

Henrietta Lacks, stably expressing EGFP-

Kif18A under a tetracycline promotor 

Group of Prof. Dr. Mayer, University 

of Konstanz, created by Dr. Julia 

Häfner via the Flp-In T-Rex system 

H1299 Human non-small cell lung carcinoma cells 
Group of Prof. Dr. Scheffner, 

University of Konstanz 

MKN45 Mock  
Human gastric cancer cell line stably 

expressing a control vector 

Group of Prof. Dr. Reis, University of 

Porto, Portugal 

MKN45 

ST6GalNAc1 

Human gastric cancer cell line stably 

overexpressing ST6GalNAc1 

Group of Prof. Dr. Reis, University of 

Porto, Portugal 

MKN45 

ST3Gal4 

Human gastric cancer cell line stably 

overexpressing ST3Gal4 

Group of Prof. Dr. Reis, University of 

Porto, Portugal 

NIH 3T3 Mouse embryonic fibroblast cells 
Group of Prof. Dr. Leist, University of 

Konstanz 

 

Prokaryotic cells 

Table 6.2: Bacteria utilized within this thesis. 

Cell line Description Origin 

E. coli Nova 

Blue 

endA1, hsdR17 (rk12- mk12+), supE44, thi-1, recA1, gyrA96, relA1, lac 

[F´proA+B+ lacIqZ_M15::Tn10 (TetR)] 
Novagen 
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Plants 

Table 6.3: Plants employed within this thesis. 

Plant Description Origin 

Arabidopsis thaliana 

Col(0) 

Wild-type plant from 

Columbia 

Group of PD Dr. Funck, University of 

Konstanz 

 

6.1.2. Media 

Table 6.4: Summary of media components used. 

Component Manufacturer 
Catalog 

number 

Agar Roth S210.3 

Ampicillin Roth K029.2 

BME vitamins Sigma-Aldrich B6891 

Carbenicillin Roth 6344.2 

Chloramphenicol Roth 3886.2 

D-(+)-glucose solution Sigma-Aldrich G8769 

Dublecco’s modified eagle medium (DMEM) high glucose  Thermo Fisher Scientific 41965039 

DMEM high glucose with pyruvate Thermo Fisher Scientific 41966052 

DMEM high glucose, no glutamine, no phenol red Thermo Fisher Scientific 31053028 

Fetal bovine serum (FBS) Biochrom  S0615 

Fetal calve serum (FCS), tetracycline free 
Group of Prof. Dr. Mayer, University of 

Konstanz 

Geneticin (G418) Thermo Fisher Scientific 10131-035 

Hygromycin B Calbiochem 400053 

Kanamycin sulfate Genaxxon M3129 

L-glutamine Thermo Fisher Scientific 25030123 

Lysogeny broth (LB)-agar Roth X965 

LB-medium Roth X964 

Minimum essential medium (MEM) Thermo Fisher Scientific 10370021 

MS medium Duchefa Biochemie M0221.0050 

MS vitamin solution, 1000x Sigma-Aldrich M3900 

Opti-MEM Thermo Fisher Scientific 31985062 

Penicillin-Streptomycin (10,000 units mL
–1

 penicillin and 

10,000 μg mL
–1

 streptomycin) 
Thermo Fisher Scientific 15140-122 

Roswell Park Memorial Institute cell culture medium 

(RPMI) 1640 GlutaMAX with 25 mM 2-[4-(2-

Hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) 

Thermo Fisher Scientific 72400-021 

RPMI 1640, no HEPES, no phenol red Thermo Fisher Scientific 11835-063 

Sucrose Roth 4621.2 

Synth-a-Freeze Cryopreservation Medium Thermo Fisher Scientific A1254201 

Tryptose phosphate  Sigma-Aldrich T8782 
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Table 6.5: Composition of different media. 

Organism/Medium Medium composition 

CHO cells 
MEM, 8 V-% FBS, 3.5 g L

-1
 D-(+)-glucose, 2.95 g L

-1
 tryptose phosphate, 

1x BME vitamins, 2 mM L-glutamine, 1 V-% penicillin-streptomycin 

HEK293T, HeLa, HeLa 

S3, and NIH 3T3 cells 

DMEM high glucose with pyruvate, 10 V-% FBS, 1 V-% penicillin-

streptomycin 

HeLa EGFP and HeLa 

EGFP-Kif18A cells 

DMEM high glucose with pyruvate, 10 V-% FCS (tetracycline free), 1 V-% 

penicillin-streptomycin, hygromycin B 

H1299 cells DMEM high glucose, 10 V-% FBS, 1 V-% penicillin-streptomycin 

MKN45 cells 
RPMI 1640 GlutaMAX, 10 V-% FBS, 1 V-% penicillin-streptomycin, 

0.5 mg mL
-1

 geneticin 

Freezing medium for 

mammalian cells 

Corresponding DMEM, 20 V-% FBS, 10 V-% DMSO  

or Synth-a-Freeze Cryopreservation Medium 

Microscopy media for 

mammalian cells 

DMEM high glucose without glutamine or phenol red, 10 mM HEPES 

or 

RPMI 1640 GlutaMAX without phenol red, 10 V-% FBS, 1 V-% penicillin-

streptomycin, 0.5 mg mL
-1

 geneticin, 10 mM HEPES 

E. coli liquid LB medium 
Liquid LB medium: 20 g L

-1
 of LB-medium (10 g L 

-1
 tryptone, 5 g L

 -1
 yeast 

extract, 5 g L
 -1

 NaCl, pH 7.0)  

E. coli freezing medium 50 V-% liquid LB medium, 50 V-% glycerol 

E. coli LB agar plates 
35 g L

 1
 of LB-agar (10 g L

 -1
 tryptone, 5 g L

 -1
 yeast extract, 5 g L

 -1
 NaCl, 

15 g L
 -1

 agar-agar, pH 7.0) 

E. coli additives 
100 µg mL

-1
 ampicillin, 50 µg mL

-1
 carbenicillin, 50 µg mL

-1
 kanamycin, 

30 µg mL
-1

 chloramphenicol, or 7 w-% sucrose 

A. thaliana liquid medium 1x MS medium (4.3 g L
-1

), 1 w-% sucrose, 1x MS vitamins 

A. thaliana agar plates 0.8 w-% agar, 1x MS medium, 1 w-% sucrose, 1x MS vitamins 

 

6.1.3. Buffers and Solutions 

Commercially available buffers and solutions 

Buffer G (Thermo Fisher Scientific, #BG5), Cre recombinase reaction buffer (group of Prof. 

Dr. Hauck, University of Konstanz and New England Biolabs (NEB)), Cut smart buffer 

(NEB, supplied with corresponding restriction enzymes), DPBS (Thermo Fisher Scientific, 

#14190094), Fast digest buffer (Thermo Fisher Scientific, #B64), NEBuffer 2 (NEB, 

#B7002S), TE buffer (supplied with DNA isolation kits). 

 

Self-made buffers and solutions 

Table 6.6: Composition of self-made buffers and solutions. 

Buffer/Solution Composition 

10x PBS 
26.7 mM KCl, 14.7 mM KH2PO4, 1.38 M NaCl, 80.6 mM Na2HPO4 x 7 

H2O 

2x HEPES buffered saline 

(HBS) 
280 mM NaCl, 50 mM HEPES, 1.48 mM Na2HPO4 x 7 H2O 

4% paraformaldehyde (PFA) 4 w-% PFA in MQ water, pH 7.4 

4x SDS sample buffer 
100 mM Tris pH 6.8, 30 V-% glycerol, 0.21 M SDS, 2.84 M 

ß-mercaptoethanol, 0.29 mM bromophenol blue 
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50x TAE 
2 M Tris, 50 mM ethylenediamine-N,N,N',N'-tetraacetic acid (EDTA)  

pH 8.0, 0.0571 V-% acetic acid 

6x GEBS 
746 µM bromophenol blue, 18.4 mM N-lauroylsarcosine, 50 mM EDTA, 

20 V-% glycerol 

Acetate buffer 0.2 M CH3COOH/CH3COONa pH 5.0 in MQ water 

Birnboim-Doly buffer 1 50 mM Tris pH8, 10 mM EDTA, 100 µg mL
-1

 RNAse A 

Birnboim-Doly buffer 2 200 mM NaOH, 1 % SDS 

Birnboim-Doly buffer 3 3 M potassium acetate, pH 5.5 

Blotto 2 w-% bovine serum albumin (BSA), 0.05 w-% NaAz in PBS-T 

CaCl2 solution 2.5 M CaCl2 in MQ water, sterile filtered 

Dilution buffer for CuAAC 1x PBS with 300 mM NaCl, 1x protease inhibitors, 0.5 V-% Triton X-100 

Dilution buffer for IP 10 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA 

GelRed destaining solution 0.1 M NaCl 

GelRed staining solution 0.1 M NaCl with 0.03 V-% GelRed 

Lower buffer 370 mM Tris-HCl pH 8.8, 0.1 w-% SDS 

Lysis buffer used in 

acetylation and methylation 

experiments 

1x PBS with 300 mM NaCl, 1x protease inhibitors, 1 V-% Triton X-100, 

10 U mL
-1

 DNAse I 

Lysis buffer used in 

glycosylation experiments 

0.5 V-% Triton X-100, 25 mM Tris pH 7.4, 300 mM NaCl, 5 mM EDTA, 

20 mM β-glycerophosphate, 20 mM NaF, 0.3 mM Na3VO4, 10 U mL
-1

 

DNAse I, 1x protease inhibitors 

EDTA was omitted, if CuAAC was performed afterwards. 

PBS-T 0.5 V-% Tween-20 in 1x PBS 

SDS-PAGE running buffer 25 mM Tris pH 8.3, 192 mM glycerol, 3.45 mM SDS 

Triton buffer 

1 V-% Triton X-100, 50 mM HEPES pH 7.4, 150 mM NaCl, 10 V-% 

glycerol, 1.5 mM MgCl2, 1 mM ethylene glycol-bis(β-aminoethyl ether)-

N,N,N',N'-tetraacetic acid (EGTA), 10 mM Na4P2O7, 100 mM NaF, 1 mM 

Na3VO4, 1x protease inhibitors 

Upper buffer 125 mM Tris-HCl pH 6.8, 0.1 w-% SDS 

Western Blot running buffer 25 mM Tris pH 8.3, 192 mM glycerol, 20 V-% methanol 

ZAP buffer 10 mM K2HPO4/KH2PO4 pH 7.4, 1 mM MgCl2, 250 mM sucrose 

 

6.1.4. Chemicals  

3-azido-7-hydroxycoumarin (Roth, 7811), 4-pentynoic acid (Sigma-Aldrich, #232211), 

Ac45SGlcNAc (synthesized by the group of Prof. Dr. Vocadlo, Simon Fraser University, 

British Columbia, Canada), Ac4GalNAz (Jena Bioscience, #CLK-1086), Ac4GalNCyoc 

(synthesized by Dr. Anne-Katrin Späte, group of Prof. Dr. Wittmann, University of 

Konstanz), Ac4GlcNAc (Sigma-Aldrich, #859990), Ac4GlcNAz (Jena Bioscience, #CLK-

1085), Ac4GlcNCyoc (synthesized by Dr. Anne-Katrin Späte, group of Prof. Dr. Wittmann, 

University of Konstanz), Ac4ManNAz (Jena Bioscience, #CLK-1084), Ac4ManNCyoc 

(synthesized by Dr. Anne-Katrin Späte and later by Monica Boldt, group of Prof. Dr. 

Wittmann, University of Konstanz), acetyl chloride (Sigma-Aldrich, #00990), acetylene-

PEG4-biotin (Jena Bioscience, #CLK-TA105), acrylamide (Rotiphorese Gel 30, Roth, #3029), 
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adenosine periodate oxidized (Sigma-Aldrich, #A7154), agarose (Genaxxon, #M3044), 

AlamarBlue (Thermo Fisher Scientific, #DAL1100), Alexa Fluor 488-DIBO (Thermo Fisher 

Scientific, #C10405), AM4P (synthesized by myself), aminoguanidine hypochlorite (Sigma-

Aldrich, #396494), ammoniumchloride (Roth, #5470.1), ammonium peroxodisulfate (Roth, 

#9592.2), biotin-alkyne (Jena Bioscience, #CLK-TA105), biotin-Tz (synthesized by the group 

of Prof. Dr. Wittmann, University of Konstanz), bromomethylacetate (Alfa Aesar, #H56755), 

bromophenyl blue (Roth, #P3862.1), BSA (Sigma-Aldrich, #A7030), CellTiter-Glo 

Luminescent Cell Viability Assay (promega, #G7571), chloroform for spectroscopy (Merck, 

#1.02447), chloroquine (Sigma-Aldrich, #C6628), coumarin 6 (Sigma-Aldrich, #442631), 

curcumin (Biomol, #AG-CN2-0059), CuSO4 (Merck, #2787.1000), Cy3-Tz (Jena Bioscience, 

#CLK-014-05), Cy3-Tz (synthesized by Holger Bußkamp, group of Prof. Dr. Marx, 

University of Konstanz), DAPI (Sigma-Aldrich, #32670), deacetylases inhibitor cocktail 

(Santa Cruz Biotechnology, #sc-362323), DIPEA (Sigma-Aldrich, #496219), DMSO (Sigma-

Aldrich, #D8418), dNTP-Set (Genaxxon, #M3015), enhanced chemiluminescence (ECL) 

substrates (Bio-Rad, #1705061), EDTA (Roth, #CN06.1), ER-Tracker (Thermo Fisher 

Scientific, #E34251), ethanol p.a. (Roth, #9065.3), GelRed (Genaxxon, #M3199), Gen ladder 

1kb (Genaxxon, #M3328), GenaxxoFect (Genaxxon, #M3053), GFP-Trap_A (ChromoTek, 

#gta-20), glycerol (VWR, #24386.298 and Sigma, #G2025), HEPES solution 1 M (Sigma-

Aldrich, #H0887 and Thermo Fisher Scientific, #15630-056), immersion oil (Leica, 

#11513859), iodine (Roth, 7935.1), isopropanol p.a. (Sigma-Aldrich, #3353.9), 

Lipofectamine™ 2000 Transfection Reagent (Thermo Fisher Scientific, #11668019), Lyso-

Tracker (Thermo Fisher Scientific, #L7526), M4P (synthesized by myself), methanol p.a. 

(Honeywell Riedel-de Haën, #322B), milk powder (Roth, #T145.3), Mito-Tracker (Thermo 

Fisher Scientific, #M7514), Na2SO4 (Merck, #1.06649.100), Na4P (prepared by myself), 

nocodazole (Sigma-Aldrich, #M1404), OSMI-1 (synthesized by myself), PFA (Merck, 

#1.04005), poly-L-lysine (Sigma-Aldrich, #P4707), Ponceau S (Sigma-Aldrich, #P7170), 

ProSeAM (synthesized by Raphael Steimbach, group of Prof. Dr. Zumbusch, University of 

Konstanz), protease inhibitors EDTA-free (Sigma-Aldrich, #4693159001), protein A/G 

PLUS-Agarose (Santa Cruz Biotechnology, #sc-2003), protein ladder (Thermo Fisher 

Scientific, #26617), PUGNAc (O-(2-acetamido-2-deoxy-D-glucopyranosylidenamino) 

N-phenylcarbamate, Sigma-Aldrich, #A7229), resazurin sodium salt (Sigma-Aldrich, 

#R7017), rhodamine 6G (Radiant Dyes Laser & Accessories, #79), sand (Thermo Fisher 

Scientific, #S|0320|63), SDS (Roth, #2326.2), silica gel 60 (Roth, #P091.2), sodium acetate 

(Sigma-Aldrich, #S5636), sodium ascorbate (Sigma-Aldrich, #11140), sodium hypochlorite 

solution (Roth, #9062.3), sulfo-Cy3-alkyne (Jena Bioscience, #CLK-TA117.1), sulfo-Cy3-

azide (Lumiprobe, #B1330), TAMRA-Az (Jena Bioscience, #CLK-FA008), TAMRA-Tz 

(Jena Bioscience, #CLK-017-05), TBTA (Sigma-Aldrich, #678937), TCEP (Sigma-Aldrich, 

#75259), tetramethylethylenediamine (TEMED, Roth, #2367.3), tetracycline hydrochloride 

(Genaxxon, #M3148), THPTA (Sigma-Aldrich, #762342), thymidine (Sigma-Aldrich, 

#T1895), Triton X-100 (Roth, #3051.3), Tween 20 (Roth, #9127.1). 
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6.1.5. Enzymes 

AccI (NEB, #R0161S), accutase (Thermo Fisher Scientific, #A1110501), Cre recombinase 

(group of Prof. Dr. Hauck, University of Konstanz and NEB, #M0298S), DNAseI (Thermo 

Fisher Scientific, #90083), DpnI (group of Prof. Dr. Hauck, University of Konstanz), NarI 

(NEB, #R0191S), neuraminidase from C. perfringens type VI (Sigma-Aldrich, #N3001), PaeI 

(Thermo Fisher Scientific, #FD0604), Pfu polymerase (group of Prof. Dr. Hauck, University 

of Konstanz), PNGase F (Promega #V4831), PvuII (Thermo Fisher Scientific, #FD0634), 

RNAse A (Genaxxon, #S5218.0050), SacI (Thermo Fisher Scientific and NEB, #R3156S), 

SacII (NEB, #R0157S), SfoI (NEB, #R0606S), T4 polymerase (group of Prof. Dr. Hauck, 

University of Konstanz and NEB, #M0203S), Taq polymerase (group of Prof. Dr. Hauck, 

University of Konstanz and NEB, #M0267S), TrypLE Express Enzyme (Thermo Fisher 

Scientific, #12604013). 

 

6.1.6. Plasmids 

Table 6.7: Plasmids used within this thesis. 

Abbreviation used in this thesis 
Lab 

code  
Origin 

E.v. 1 Group of Prof. Dr. Hauck (#311), University of Konstanz 

EGFP 2 Group of Prof. Dr. Hauck (#321), University of Konstanz 

EGFP NT for Cre 3 Group of Prof. Dr. Hauck (#367), University of Konstanz 

EGFP CT for Cre 5 Group of Prof. Dr. Hauck (#353), University of Konstanz 

pDNR-Dual 6 Group of Prof. Dr. Hauck (#326), University of Konstanz 

EGFP-OGT 11 Group of Prof. Dr. Hauck (#2015), University of Konstanz 

OGA 12 Harvard Medical School (HMS) #HsCD00338122 

p53-EGFP 20 
Arthur Fischbach, group of Prof. Dr. Bürkle, University of 

Konstanz 

ACTN1-EGFP 30 Group of Prof. Dr. Hauck (#276), University of Konstanz 

EGFP-ACTN4 35 Group of Prof. Dr. Hauck (#3047), University of Konstanz 

IR-EGFP 40 Addgene plasmid #22286, Joseph Bass
[597]

 

EGFP-Akt1 42 Addgene plasmid #39531, Julian Downward
[598]

 

Akt1-EGFP 43 Harvard Medical School (HMS) #HsCD00026041
[599]

 

Foxo1-EGFP 44 Addgene plasmid #17551, Domenico Accili
[436]

 

EGFP-Vinculin 51 Group of Prof. Dr. Hauck (#2045), University of Konstanz 

EGFP-SP1 53 Addgene plasmid #39325, Beatrice Yue
[600]

 

CAMK4-EGFP 54 Harvard Medical School (HMS) #HsCD00026148
[599]

 

EGFP-c-Myc 55 Addgene plasmid #37608, Peter Howley
[601]

 

SNAC-EGFP 56 Group of Prof. Dr. Leist, University of Konstanz 

PP1-EGFP 57 
Addgene plasmid #44223, Angus Lamond and Laura 

Trinkle-Mulcahy
[602]

 

pcDNA3.0--catenin 60 Addgene plasmid #16828, Eric Fearon
[603]

 

pDNR-Dual--catenin WT 61 Cloned with Pia Widder  
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pDNR-Dual--catenin S23A 62 Cloned with Pia Widder  

pDNR-Dual--catenin T40A 63 Cloned with Pia Widder 

pDNR-Dual--catenin T41A 64 Cloned with Pia Widder and Laura Scheinost 

pDNR-Dual--catenin T112A 65 Cloned with Pia Widder and Laura Scheinost 

pDNR-Dual--catenin T40AT41A 66 Cloned with Pia Widder 

pDNR-Dual--catenin 

S23AT40AT41A 
67 Cloned with Laura Scheinost 

pDNR-Dual--catenin 

T40AT41AT112A 
68 Cloned with Laura Scheinost 

pDNR-Dual--catenin 4 69 Cloned with Pia Widder and Laura Scheinost 

EGFP--catenin WT 70 Cloned with Pia Widder and Laura Scheinost 

EGFP--catenin S23A 71 Cloned with Pia Widder 

EGFP--catenin T40A 72 Cloned with Pia Widder 

EGFP--catenin T41A 73 Cloned with Pia Widder 

EGFP--catenin T112A 74 Cloned with Laura Scheinost 

EGFP--catenin T40AT41A 75 Cloned with Laura Scheinost 

EGFP--catenin S23AT40AT41A 76 Cloned with Laura Scheinost 

EGFP--catenin 

T40AT41AT112A 
77 Cloned with Pia Widder 

EGFP--catenin 4 78 Cloned with Pia Widder 

pDNR-Dual-KRT8 for NT 80 Harvard Medical School (HMS) #HsCD00000322
[604]

 

pDNR-Dual-KRT8 for CT 81 Harvard Medical School (HMS) #HsCD00002939
[604]

 

pDNR-Dual-ENO1 for NT 82 Harvard Medical School (HMS) #HsCD00003308 

pDNR-Dual-ENO1 for CT 83 Harvard Medical School (HMS) #HsCD00003307 

pDNR-Dual-GPI for CT 84 Harvard Medical School (HMS) #HsCD00003345
[604]

 

pDNR-Dual-GAPDH for NT 85 Harvard Medical School (HMS) #HsCD00004784
[604]

 

pDNR-Dual-GAPDH for CT 86 Harvard Medical School (HMS) #HsCD00004782 

pDNR-Dual-PGK1 for CT 87 Harvard Medical School (HMS) #HsCD00005982
[599,604]

 

EGFP-KRT8 88 Cloned by myself 

KRT8-EGFP 89 Cloned by myself 

EGFP-ENO1 90 Cloned by myself 

ENO1-EGFP 91 Cloned by myself 

GPI-EGFP 92 Cloned by myself 

EGFP-GAPDH 93 Cloned by myself 

GAPDH-EGFP 94 Cloned by myself 

PGK1-EGFP 95 Cloned by myself 

PARP-EGFP 110 
Sascha Beneke, Group of Prof. Dr. Dietrich, University of 

Konstanz 

EGFP-PARP 111 
Sascha Beneke, Group of Prof. Dr. Dietrich, University of 

Konstanz 

EGFP-H2B 113 Bioimaging Center, University of Konstanz 
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H3-EGFP 115 Bioimaging Center, University of Konstanz (#272) 

H4-EGFP 116 Bioimaging Center, University of Konstanz (#273) 

EGFP-HDAC1 120 Addgene plasmid #11054, Ramesh Shivdasani
[605]

 

EGFP-HSP70 121 Addgene plasmid #15215, Lois Greene
[606]

 

EGFP-NPM 123 Addgene plasmid #17578, Xin Wang
[607]

 

EGFP-HSPH1 124 Addgene plasmid #19480, Harm Kampinga
[608]

 

EGFP-HSPA8 125 Addgene plasmid #19487, Harm Kampinga
[608]

 

Moesin-EGFP 126 Addgene plasmid #20671, Stephen Shaw
[609]

 

VCP-EGFP 127 Addgene plasmid #23971, Nico Dantuma
[610]

 

EGFP-Nucleolin 128 Addgene plasmid #28176, Michael Kastan
[611]

 

EB1-EGFP 129 
Addgene plasmid #39299, Tim Mitchison & Jennifer 

Tirnauer 

EGFP-Galectin1 131 Addgene plasmid #56434, Michael Davidson 

EGFP-SNAC 139 Addgene plasmid #40822, David Rubinsztein
[612]

 

EGFP-PTEN 140 Addgene plasmid #13039, Alonzo Ross
[613]

 

 

Information on the vector backbone, insert species, and antibiotic resistance can be found in 

the plasmid collection file of the group of Prof. Dr. Zumbusch. Plasmids are stored as 

Escherichia coli (E. coli) stocks at -80 °C and as DNA mid-size preparations in TE buffer at 

4 °C. 

 

6.1.7. Oligonucleotides 

Table 6.8: Oligonucleotides employed within this thesis. 

Oligonucleotide Lab code Sequence 

-catenin Lic forward 2895 
CCCCACTAACCCGTTACAGGTCAGTATCAAAC

CAGGC 

-catenin Lic reverse 2896 ACTCCTCCCCCGCCATGGCTACTCAAGCTG 

-catenin S23A forward 2907 
CCAGACAGAAAAGCAGCTGTTGCTCACTGGCA

GCAACAGTCTTACC 

-catenin S23A reverse 2908 
GGTAAGACTGTTGCTGCCAGTGAGCAACAGCT

GCTTTTCTGTCTGG 

-catenin T40A forward 2909 
GGAATCCATTCTGGCGCCGCTACCACAGCTCC

TTCTCTGAGTGG 

-catenin T40A reverse 2910 
CCACTCAGAGAAGGAGCTGTGGTAGCGGCGC

CAGAATGGATTCC 

-catenin T41A forward 2911 
GGAATCCATTCTGGCGCCACTGCCACAGCTCC

TTCTCTGAGTGG 

-catenin T41A reverse 2912 
CCACTCAGAGAAGGAGCTGTGGCAGTGGCGC

CAGAATGGATTCC 

-catenin T40AT41A forward 2913 
GGAATCCATTCTGGTGCCGCGGCCACAGCTCC

TTCTCTGAGTGG 

-catenin T40AT41A reverse 2914 
CCACTCAGAGAAGGAGCTGTGGCCGCGGCAC

CAGAATGGATTCC 
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-catenin T112A forward 2915 
CCTGAGACATTAGATGAGGGAATGCAGATCCC

ATCTGCACAGTTTGATGCTGCTCATCCC 

-catenin T112A reverse 2916 
GGGATGAGCAGCATCAAACTGTGCAGATGGG

ATCTGCATTCCCTCATCTAATGTCTCAGG 

 

Oligonucleotides are stored in the oligonucleotide collection of the group of Prof. Dr. Hauck 

at the University of Konstanz at -20 °C. Lab code numbers refer to numbers of the group of 

Prof. Dr. Hauck. 

 

6.1.8. Antibodies 

Table 6.9: Primary and secondary antibodies utilized within this thesis. 

Abbreviation 

used in this 

thesis 

Description Manufacturer 
Catalog 

number 
Dilution 

anti-acetyllysine 

Primary monoclonal 

mouse-anti-acetyllysine 

antibody (IgG) 

Thermo Fisher 

Scientific 
MA1-2021 1:1000 

anti-biotin 

Primary monoclonal 

mouse-anti-biotin 

antibody (IgG1) 

Abnova MAB3274 1:2000 

anti-GFP 

Primary monoclonal 

mouse-anti-GFP 

antibody (IgG2a, JL-8) 

clontech 632380 1:2000 

anti-GFP 
Primary monoclonal 

rabbit-anti-GFP antibody 

Group of Prof. Dr. Hauck, University of 

Konstanz 

For immuno-

precipitations 

anti-mouse 

Secondary polyclonal 

goat-anti-mouse 

antibody, peroxidase 

conjugated 

Dianova 115-035-003 1:3000 

anti-mouse Alexa 

Fluor 647 

Secondary polyclonal 

goat-anti-mouse 

antibody, labelled with 

Alexa Fluor 647 

Jackson 

ImmunoResearch 

Laboratories 

115-605-068 1:200 

anti-OGA 

Primary polyclonal 

rabbit-anti- OGA 

antibody 

Sigma-Aldrich HPA036141 1:300 

anti-O-GlcNAc 

Primary monoclonal 

mouse-anti-O-GlcNAc 

antibody (IgG1, RL2) 

Thermo Fisher 

Scientific 
MA1-072 1:1000 

anti-OGT 

Primary polyclonal 

rabbit-anti- OGT 

antibody 

Sigma-Aldrich HPA030751 1:300 

anti-rabbit 

Secondary polyclonal 

goat-anti-rabbit antibody, 

peroxidase conjugated 

Sigma-Aldrich A0545 1:3000 

anti-sialyl Tn 
Primary antibody from 

hybridoma supernatant  

Group of Prof. Dr. 

Reis, University of 

Porto 

B72.3 1:5 
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anti-α-tubulin 
Primary mouse-anti--

tubulin antibody 

Group of Prof. Dr. 

Mayer, University of 

Konstanz 

AA4.3 1:200 

 

6.1.9. Kits 

Click-iT Cell Reaction Buffer Kit (Thermo Fisher Scientific, #C10269), Click-iT Protein 

Reaction Buffer Kit (Thermo Fisher Scientific, #C10276), NucleoBond Xtra Midi (Macherey-

Nagel, #740410), Plasmid DNA Purification Mini Prep Kit (Genaxxon, # S5369), QIAprep 

Spin Miniprep Kit (Qiagen, # 27106), QIAquick Gel Extraction Kit (Qiagen, #28706). 

 

6.1.10. Equipment 

BioPhotometer (eppendorf), camping stove (Camping Gaz), centrifuges 5424 R, 5430, 

5417R, and 5418 (Eppendorf), ChemiDocTMTouch Imaging System (Bio-Rad), CO2 

incubator for cell culture (Binder), confocal microscope TCS SP5 (Leica Microsystems 

CMS), contact thermometer (Heidolph), counting chamber (Neubauer), electronic balances 

(Sartorius and Kern), electroporator ElectroCell S20 (βtech), freeze dryer (Christ), 

freezer -80 °C (Thermo Scientific), gel imaging system GelDocXR (Bio-Rad), incubator for 

E. coli (Memmert), magnetic stirrer with heating plate (Heidolph), mass spectrometer 

(micrOTOF, Bruker), microscope DMIL LED (Leica Microsystems CMS) with fluorescence 

lamp pE-300
white

 (CoolLED), microwave (Sharp and Severin), microwave reactor (Biotage), 

mini Trans-Blot Cell for Western Blotting (Bio-Rad), mini-PROTEAN tetra vertical 

electrophoresis cell for SDS-PAGE (Bio-Rad), NanoDrop 1000 (PeqLab), overhead shaker 

(A. Hartenstein), polymerase chain reaction (PCR) cycler peqSTAR (PeqLab), pellet pestles 

(Thermo Fisher Scientific), PerfectBlue Gel System Mini for agarose electrophoresis 

(Peqlab), pH meter (Phoenix Instruments), plate reader (BioTek), rocking shaker (stuart), 

rotatory evaporator Laborota 4000 (Heidolph), sealing unit (Raypack), shaker Polymax1040 

(Heidolph), shaking incubator for E. coli (Edmund Bühler), small centrifuge MiniStar 

(VWR), sonifier 250 (Branson), spectrophotometer ND-1000 (PeqLab), sterile bench 

(Heraeus and Hera), thermomixer (Eppendorf), Typhoon FLA 9500 imager (GE Healthcare 

Life Sciences), ultrasonic bath (Bandelin Sonorex), UV/VIS spectrophotometer (Agilent), 

vortex MS2 (Ika) and vortex (Phoenix instrument), water bath (Benchmark), water bath, 

shaking (Thermo Fisher Scientific), wide-field frequency domain FLIM setup (diode laser 

LDM488.20.A350 (Omicron), DMI 6000B inverted microscope (Leica Microsystems CMS), 

multi-mode fiber with a numeric aperture (NA) of 0.25 (Thorlabs), PIMAX4:1024i RF CCD 

camera coupled to a GenIII intensifier (Princeton Instruments), Tempcontrol 37-2 digital 

(Pecon)). 

 

6.1.11. Consumables 

10 cm dishes for agar plates (Sarstedt), 1.5 mL reaction tubes (Stein Labortechnik), cover 

glass with thickness #1.5 (VWR), gas cartridges (Camping Gaz), glass equipment (Schott, 

VWR Brand), inoculation loop (VWR), microscopy chambers 8-well ibiTreat μ-Slides (ibidi), 

microscopy chambers μ-Slide VI0.4 uncoated (ibidi), nail polish (dm), nitrocellulose 

membrane 0.2 µm (Bio-Rad), parafilm (Pechiney Plastic Packing Chicago), pasteur pipettes 
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(WU Mainz), PCR tubes (Genaxxon), pipette tips (VWR, neoLab), sterile plastic labware 

(10 cm dishes, 25 cm² and 75 cm² tissue culture flasks, 6-well plates, 24-well plates, 96-well 

plates, serological pipettes, 15 mL and 50 mL tubes, cryo tubes; all from Corning), swabs 

(VWR), thick blot filter paper (Bio-Rad or Thermo Fisher Scientific), thin layer 

chromatography plate (Merck and Macherey-Nagel), tube with assembled ventilation cap 

(Greiner and Sarstedt), welding foil (Raypack). 

 

6.1.12. Software 

ChemBioDraw Ultra (version 14, PerkinElmer Inc.), Clone Manager (version 8, Scientific and 

Educational Software), EndNote X7 (version X7.7.1, Thomson Reuters), Gen5 (version 

1.11.5, BioTek), GraphPad Prism (version 5.0, GraphPad Software, Inc.), Image Lab (version 

5.2.1, Bio-Rad Laboratories), ImageJ (version 1.48v, National Institutes of Health), Inkscape 

(version 0.48, Inkscape Community), Leica LAS (version 4.4.0 build 454, Leica 

Microsystems CMS), Leica LAS AF (version 2.7.3 build 9723, Leica Microsystems CMS), 

Leica LAS AF Lite (version 2.6.3 build 8173, Leica Microsystems CMS), Lightfield (V5.2.0, 

Princeton Instruments), MATLAB (version R2013b, The MathWorks, Inc.), Mestrenova 

(version 10, Mestrelab Research S.L.), Microsoft Office 2010 (Microsoft Corporation), 

SimFCS (version 3.0, Laboratory for Fluorescence Dynamics, University of California), 

Zotero (version 4, George Mason University). 

 

6.2. Biochemical Methods for Mammalian Cells 

6.2.1. Cell Culture 

Mammalian cells were grown in 10 cm cell culture Petri dishes or cell culture flasks in the 

appropriate cell culture medium at 37 °C and 5 % CO2. All experimental steps using living 

cells were performed under a sterile bench. Cells were passaged all three to five days at 80 % 

to 90 % confluence. To this end, old medium was aspirated, cells were washed once with 

7 mL to 10 mL DPBS, and detached by the addition of 1 mL to 2 mL trypsin solution. 

HEK293T cells detach at room temperature rapidly, whereas all other cell lines desire 

incubation at 37 °C for 5 min to 20 min. Subsequently, 5 mL to 9 mL fresh cell culture 

medium were added to collect cells. If residual trypsin needed to be eliminated, cells were 

pelleted by centrifugation at 600 g for 3 min or at 290 g for 5 min, the supernatant was 

removed, and cells were resuspended in fresh cell culture medium. For MKN45 cells, a 

washing step with DPBS and a second centrifugation step were included before adding the 

fresh medium. A Neubauer chamber was used for the determination of the cell concentration. 

The desired amount of cells was transferred into a new Petri dish or cell culture flask. 

 

6.2.2. Transient Transfection of Mammalian Cells 

HEK293T cells were transiently transfected by calcium phosphate co-precipitation using a 

total amount of 1-4 μg plasmid DNA per 10 cm culture dish as described previously.
[614]

 The 

day prior transfection, one to two million cells were seeded per 10 cm cell culture dish or 

200,000 cells per 6-well. For transfection, 500 µL MQ water were mixed with plasmid DNA, 

500 µL 2x HBS buffer, and 50 µL 2.5 M CaCl2 solution while vortexing. The transfection 
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mixture was incubated at room temperature for 15 min. Subsequently, cells were treated with 

1 µL of 25 mM chloroquine and 100 µL of the transfection mixture per mL of present cell 

culture medium. Cells were incubated at 37 °C and 5 % CO2 for 6 h to 8 h. They were washed 

once with DPBS and covered with fresh cell culture medium. Optimal expression of proteins 

encoded by the transfected plasmids was achieved 36 h to 48 h after transfection. 

HeLa S3 and NIH 3T3 cells were transfected by using either the commercially available 

GenaxxoFect kit or the Lipofectamine 2000 Transfection Reagent. For GenaxxoFect 

transfection, 2 µL to 6 µL GenaxxoFect Reagent were diluted in the supplied Dilution Buffer 

to a final volume of 120 µL. 1 µg of plasmid DNA to be introduced in cells was added to 

120 µL Dilution Buffer. Both solutions were combined by pipetting and incubated at room 

temperature for 20 min. Meanwhile, cells were washed once with DPBS, detached with 

accutase, and counted. A suspension of 600,000 cells in 1250 µL cell culture medium was 

added to the GenaxxoFect-DNA mixture and pipetted up and down. This mixture was placed 

in a well of a 6-well plate. For Lipofectamine-mediated transfection, 1 µL Lipofectamine 

2000 Transfection Reagent were diluted in 50 µL Opti-MEM medium. 0.25 µg to 2 µg 

plasmid DNA was added to 50 µL Opti-MEM medium. Both solutions were vortexed 

separately and incubated at room temperature for 3 min. They were combined by pipetting 

and incubated at room temperature for further 15 min. This complex was transferred to cells 

seeded in a well of an 8-well µ-slide the day before transfection (20,000 in 200 µL cell culture 

medium). For both transfection methods, protein expression was sufficient after one to two 

days. 

 

6.2.3. Cell Lysis 

Cells growing in 10 cm dishes (6-well plates) were washed once with DPBS and detached by 

addition of 1 mL (200 µL) trypsin as mentioned in section 6.2.1. 5 mL (800 µL) DPBS were 

added, cells were transferred into a 15 mL falcon (1.5 mL reaction tube), and were 

centrifuged at 600 g for 3 min. The supernatant was aspirated and the cell pellet was 

resuspended in 1 mL DPBS. Cells were transferred into a 1.5 mL reaction tube and pelleted 

by centrifugation. The supernatant was aspirated, the cell pellet was resuspended in 1 mL 

DPBS, and tubes were centrifuged once more. The supernatant was completely removed, 

350 µL to 600 µL lysis buffer (35 µL to 50 µL) were added, and samples were mixed by 

pipetting up and down. Reaction tubes with samples were incubated on ice for 30 min and 

centrifuged at 4 °C and 18,000 g for 30 min. The supernatant, i.e. the lysate, was transferred 

into a new 1.5 mL reaction tube. Lysates were further processed or stored at -80 °C. 

In glycosylation experiments, lysis buffer was usually supplemented with 100 µM PUGNAc 

to inhibit the activity of OGA. 

In acetylation and methylation experiments, HEK293T cells were detached by pipetting their 

medium up and down. Cells were collected, transferred into a 15 mL falcon and further 

handled as mentioned above. 

 

6.2.4. Immunoprecipitation 

HEK293T cells were grown in 10 cm dishes, transfected with the desired plasmids encoding 

EGFP-fusion proteins, and treated with chemical reporters. Cells were lysed with 400 µL lysis 
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buffer. For immunoprecipitation of EGFP-fusion proteins, two different protocols were 

applied. The first one (A) was used at the beginning of glycosylation studies. The second 

procedure (B) was utilized for some glycosylation and throughout all acetylation and 

methylation experiments. Whereas (A) needs less expensive materials, (B) is less time-

consuming and yields larger amounts of EGFP-fusion proteins. All work was conducted on 

ice or at 4 °C. 

(A) 350 µL cell lysate were transferred into a 1.5 mL reaction tube and diluted with 350 µL 

ice-cold dilution buffer. 3 µg anti-GFP antibodies were added per sample. The tube was 

incubated with overhead rotation for 4 h. 25 µL Protein A/G PLUS-Agarose were added per 

sample and samples were overhead rotated for further 60 min. EGFP-fusion proteins bound to 

antibodies at agarose beads were pelleted by centrifugation at 8600 g for 2 min. The 

supernatant was aspirated down to approximately 50 µL. 500 µL Triton buffer were added per 

sample followed by centrifugation and aspiration. This step was repeated once, whereby the 

volume in the reaction tube was reduced to 30 µL during the last aspiration step. 

Immunoprecipitates were labeled via a CuAAC or a DAinv reaction as described in sections 

6.2.10 and 6.2.11. 

(B) Per sample, 500 µL ice-cold dilution buffer (for immunoprecipitations) and 10 µL GFP-

Trap_A bead slurry were added in a 1.5 mL reaction tube. Tubes were centrifuged at 3000 g 

for 2 min and supernatants aspirated down to approximately 50 µL. To wash pelleted beads, 

500 µL dilution buffer were added per tube, tubes were centrifuged, and supernatants were 

aspirated. This washing step was repeated once more. 200-350 µL lysate were added per tube 

and filled up to a total volume of 1 mL with dilution buffer to reduce the Triton X-100 

concentration below 0.2 V-%. Samples were incubated with overhead rotation for 60 min. 

Beads were pelleted by centrifugation at 3500 g for 2 min. Supernatants were aspirated down 

to approximately 50 µL. Pellets were slightly green due to isolated EGFP-fusion proteins. 

500 µL dilution buffer were added per tube, tubes were centrifuged and supernatants 

aspirated. This washing step was performed once more. The final volume in tubes was 30 µL. 

Immunoprecipitates were labeled via a CuAAC or a DAinv reaction as described in chapters 

6.2.10 and 6.2.11. In some glycosylation and all acetylation and methylation experiments, 

beads were washed between the labeling reaction and the denaturation of proteins. To this 

end, 500 µL dilution buffer supplemented with 0.5 V-% Triton X-100 were added per sample, 

tubes were centrifuged at 3500 g for 2 min, and supernatants were aspirated down to 

approximately 50 µL. This washing step was repeated two more times.  

 

6.2.5. SDS-PAGE and Western Blotting 

If cell lysates had been frozen at -20 °C, they were thawed at room temperature and kept at 

98 °C for 10 min. 10 w-% acrylamide SDS gels were prepared using the Mini-PROTEAN 

tetra cell equipment. The following solutions were mixed to give two separating and 

collecting gels: 
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Separating gel: 7.2 mL MQ water 

   4.5 mL lower buffer 

   6.0 mL acrylamide 

   180 µL 10 w-% ammonium peroxodisulfate 

   18 µL TEMED  

 

Collecting gel:  3.58 mL MQ water 

   625 µL upper buffer 

   670 µL acrylamide 

   70 µL ammonium peroxodisulfate 

   5 µL TEMED 

 

After pouring the separating gel, the not yet solidified gel was covered with isopropanol. The 

alcohol was removed prior to pouring the collecting gel. Typically, combs with 15 teeth were 

used. Gels were transferred into the electrophoresis chamber filled with SDS-PAGE running 

buffer. The protein ladder and lysates were pipetted into gel bags. SDS-PAGE was performed 

at 30 mA or 50 mA for approximately 60 min until bromophenol blue and excess 

fluorescence dyes left the gel. 

A nitrocellulose membrane was placed on filter papers. The gel was transferred on top of this 

membrane and covered with another filter paper. This “sandwich” was caged in a gel holder 

cassette and installed in the electrophoresis chamber filled with ice-cold Western Blot running 

buffer. An ice pack and a stirring bar were added. Blotting was performed at 120 V for 60 min 

under constant stirring. Afterwards, membranes were laid in PBS-T buffer.  

For sulfo-Cy3 or TAMRA fluorescence readout, membranes were placed overhead onto the 

“Fluor Stage” of the Typhoon FLA 9500 Fluorescence Imager. Fluorophores were excited at 

532 nm and fluorescence was read out using a 575 nm longpass filters. The pixel size was set 

to 50 µm or 100 µm.  

For immunoblotting, membranes were covered with 5 w-% milk powder in PBS-T and shaken 

for 60 min. Two quick washing steps with PBS-T removed residual milk. Membranes were 

sealed with the desired primary antibody in welding foil and incubated at 4 °C overnight or at 

room temperature for 2 h under constant shaking. Most primary antibody solutions were 

recycled and stored at 4 °C. Membranes were washed three times with PBS-T for 10 min 

each. The secondary antibody was diluted in 5 w-% milk powder in PBS-T. Approximately 

25 mL of this solution were added to each membrane. Membranes were subsequently 

incubated at room temperature for 60 min. Secondary antibody solutions were not reused. 

Membranes were washed three times with PBS-T for 10 min each. ECL substrates were 

combined and pipetted on top of membranes. Chemiluminescence was read out using the 

ChemiDocTMTouch Imaging System. 

Equal loading was assessed by incubation of membranes in Ponceau S solution for some 

minutes. To remove excess Ponceau S, membranes were quickly washed with PBS-T or MQ 

water. Color images were taken with the ChemiDocTMTouch Imaging System. 

All images were processed and analyzed using the software Image Lab, ImageJ, Inkscape, and 

Microsoft Office 2010. 
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6.2.6. Cell Seeding for Microscopy 

Microscopy chambers (8-well ibiTreat μ-Slides) were coated with 20 V-% Poly-L-lysine 

solution in MQ water at 37 °C for 60 min or at 4 °C overnight. The coating solution was 

removed and wells were rinsed with DPBS. Cells growing in 10 cm dishes were detached 

with trypsin and collected with new cell culture medium as explained in section 6.2.1. 

Between 20,000 and 50,000 cells were seeded per well of microscopy chambers in 200 µL 

cell culture medium. The exact cell number depended on the cell’s size and growth rate. Cells 

were incubated at 37 °C and 5 % CO2. 

 

6.2.7. Metabolic Labeling of Mammalian Cells for Protein Glycosylation 

Desired amounts of HEK293T, HeLa S3, H1299, or MKN45 cells were seeded in 10 cm 

dishes, 6-well plates, or microscopy dishes. 100 mM stock solutions of glycosylation 

reporters were prepared in DMSO and stored at 4 °C for several weeks or at -20 °C for long 

periods of time. Glycosylation reporters were diluted to the desired concentrations in 

prewarmed cell culture medium and vortexed briefly. In case of Cyoc-derivatives, reporters 

did not dissolve in DMEM culture media rapidly. Therefore, solutions were incubated at 

37 °C for up to 3 h and vortexed from time to time. Reporter solutions were added to culture 

medium on cells 6 h to 20 h after seeding them. Labeling with glycosylation reporters was 

performed at 37 °C and 5 % CO2 for one to three days. 

 

6.2.8. Metabolic Labeling of Mammalian Cells for Protein Acetylation 

Chemical reporters for monitoring protein acetylation diffused into mammalian cells. For 

their application, HEK293T, HeLa S3, or NIH 3T3 cells were seeded in 10 cm dishes, 6-well 

plates, or microscopy dishes in prewarmed cell culture medium. The next day, chemical 

reporters were diluted to the desired concentration in prewarmed cell culture medium from 

1 M stocks (in MQ water or DPBS (NaOAc or Na4P) or DMSO (M4P and AM4P) stored 

at -20 °C) and added to cells. Labeling with acetylation reporters was performed at 37 °C and 

5 % CO2 for 8 h, if not indicated differently. 

A 1 M Na4P solution was prepared by mixing equimolar amounts of 2.5 M 4-pentynoic acid 

and 2 M NaOH (both in MQ water). The pH value was adjusted to 7 by dropwise addition of 

1 M HCl or 1 M NaOH. Finally, MQ water was added to receive a 1 M Na4P solution, which 

was passed through a 0.2 µm sterile filter.  

 

6.2.9. Metabolic Labeling of Mammalian Cells for Protein Methylation 

The chemical reporter for protein methylation, ProSeAM, was introduced in mammalian cells 

by electroporation. To this end, HEK293T or HeLa S3 cells were seeded in 8-well 

microscopy dishes according to chapter 6.2.6. Cell culture medium was supplemented with 

25 µM Adox to reduce intracellular methylation levels. The next day, cells were washed once 

with DPBS. A 100 mM ProSeAM solution stored at -80 °C was thawed on ice and, if 

necessary, diluted to 10 mM in 0.1 V-% aqueous TFA solution. It was added to the desired 

concentration into ZAP buffer. 150 µL of this solution were pipetted on cells. ZAP buffer 

without ProSeAM but supplemented with a similar volume of 0.1 V-% TFA was used as 
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solvent control. Electroporation was performed with the ElectroCell S20 electroporator using 

electrodes of stainless steel with a distance of 4 mm. They fitted the 8-well µ-slides twice. 

Electroporation was performed with 10 pulses with a length of 500 µs every 1000 µs, if not 

indicated differently. The voltage was kept at 160 V resulting in an electrical field strength of 

400 V cm
-1

. After electroporation, cells were incubated at room temperature for 5 min, 

washed twice with DPBS, covered with prewarmed cell culture medium, and incubated for a 

desired duration at 37 °C and 5 % CO2. 

 

6.2.10. DAinv Reaction 

In Cell Lysates 

Cell lysates were normally treated with 10 µM sulfo-Cy3-Tz or TAMRA-Tz, vortexed briefly, 

and incubated at room temperature while shaking in a thermomixer at 400 rpm for 90 min. 

For β-elimination experiments, the DAinv reaction was performed with 150 µM biotin-Tz. 

Afterwards, cell lysates were treated with 4x SDS sample buffer to yield a 1x concentration 

and denatured at 98 °C for 10 min. Samples were stored until SDS-PAGE at -20 °C. 

 

In Cells 

For live cell labeling, cells were washed once with DPBS. 25 µM TAMRA-Tz were added in 

complete cell culture medium to cells. They were incubated at 37 °C and 5 % CO2 for 60 min. 

Cells were washed twice with DPBS and covered with phenol red free DMEM supplemented 

with 10 mM HEPES. Microscopy was performed within the next 2 h. 

For labeling of fixed samples, cells needed to be firstly fixed with PFA and permeabilized 

with Triton X-100 prior to the DAinv reaction. To this end, cells were washed twice with 

DPBS and fixed with 4 w-% PFA in DPBS. Afterwards, cells were washed with DPBS and 

with 50 mM NH4Cl in DPBS for 2 min to quench remaining PFA. After another DPBS 

washing step, cells were permeabilized with 0.5 V-% Triton X-100 in DPBS for 15 min. Cells 

were washed once with DPBS, treated with 3 w-% BSA in DPBS for 2 min, and washed with 

DPBS. 25 µM sulfo-Cy3-Tz or TAMRA-Tz in DPBS were added to cells and these were 

incubated at room temperature in the dark for 60 min. Cells were washed with DPBS, 3 w-% 

BSA in DPBS, and DPBS. They were covered with DPBS and stored at 4 °C in the dark. 

Microscopy was performed within the next day. 

 

6.2.11. CuAAC 

In Cell Lysates 

For glycosylation experiments, a CuAAC reaction mixture containing 10 mM CuSO4, 10 mM 

THPTA, 100 mM Na-ascorbate, and 1 mM sulfo-Cy3-alkyne in MQ water was freshly 

prepared from stock solutions in MQ water. 1.25 µL of this mixture were added to 25 µL cell 

lysate in a 1.5 mL reaction tube that was vortexed and then incubated at room temperature 

under constant shaking for 30 min. 4x SDS sample buffer was added to a 1x concentration. 

The lysate was denatured at 98 °C for 10 min. Samples were stored until SDS-PAGE 

at -20 °C. 

For acetylation and methylation experiments, cell lysates were diluted to a protein 

concentration of approximately 1 mg ml
-1

 in dilution buffer. A CuAAC reaction mixture 
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typically containing 5 mM CuSO4, 6.25 mM THPTA, 25 mM Na-ascorbate, and 50 µM 

Cy3-Az in MQ water was freshly prepared from stock solutions in MQ water. Compounds 

were added one after the other to ensure proper reaction conditions. 20 µL of this reaction 

mixture were added to 80 µL diluted lysate, vortexed, and usually incubated at 37 °C for 

15 min. Proteins were mostly precipitated after the CuAAC. To this end, 600 µL ice-cold 

methanol, 150 µL ice-cold chloroform, and 400 µL MQ water were added to each labeled 

lysate. Reaction tubes were inverted several times and centrifuged at 18,000 g and 4 °C for 

5 min. Aqueous phases were removed, while precipitated proteins remained at the interphase. 

450 µL ice-cold methanol were added and tubes were inverted several times. Proteins were 

pelleted by centrifugation at 18,000 g for 5 min. Supernatants were removed and proteins 

were washed with 450 µL ice-cold methanol. Tubes were centrifuged once more and 

supernatants were removed. Protein pellets were dried overnight in open tubes covered with a 

thin tissue. The next day, proteins were taken up in 30 µL 1x SDS sample buffer per pellet, 

vortexed for 30 s, and denatured at 98 °C for 10 min. Samples were stored until SDS-PAGE 

at -20 °C. 

 

In Cells 

Before performing the CuAAC, cells were fixed and permeabilized. Thereto, cells were 

washed twice with DPBS and fixed with 4 w-% PFA in DPBS for 20 min. Afterwards, they 

were washed with DPBS and with 50 mM NH4Cl in DPBS for 2 min. Following another 

DPBS washing step, cells were permeabilized with 0.5 V-% Triton X-100 in DPBS for 

15 min. Cells were washed once with DPBS, treated with 3 w-% BSA in DPBS for 2 min, and 

washed with DPBS. A CuAAC reaction mixture containing 1 mM CuSO4, 1.25 mM THPTA, 

5 mM Na-ascorbate, and 10 µM Cy3-Az in DPBS was freshly prepared from stock solutions 

in MQ water. The compounds were added one after the other to ensure proper reaction 

conditions. Cells were incubated with this mixture at 37 °C in the dark for 15 min followed by 

two DPBS washing steps. Finally, they were covered with DPBS and stored at 4 °C in the 

dark. Microscopy was performed within a day. 

 

6.2.12. Dual Labeling of Membrane Glycans via SPAAC and DAinv Reactions 

Labeling of artificial membrane glycans installed via MGE can only be performed with living 

cells. Otherwise, huge background labeling arises. 

Living MKN45 cells previously seeded in 8-well µ-slides and treated with Ac4GalNAz and/or 

Ac4ManNCyoc were washed once with DPBS. A solution of 0 µM to 25 µM Alexa Fluor 

488-DIBO and Cy3-Tz in RPMI cell culture medium was prepared from 10 mM DMSO stock 

solutions of the fluorophores. 150 µL of this medium were added per well of an 8-well 

microscopy µ-slide. Labeling was performed at 37 °C for 30 min, if not indicated differently. 

Afterwards, cells were washed twice with DPBS to remove residual fluorophores. They were 

covered with RPMI microscopy medium and incubated at 37 °C until microscopy was 

performed.  
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6.2.13. Immunocytochemistry 

Immunocytochemistry of membrane glycans can only be performed with fixed cells, as 

membrane glycans get internalized with the antibody in living cells during the incubation 

time. Consequently, it was performed after dual labeling of membrane glycans. 

Cells were washed once with DPBS and fixed with 4 w-% PFA in DPBS for 20 min. They 

were washed twice with DPBS and incubated with the primary anti-sialyl Tn antibody in 

DPBS (1:5) at 4 °C overnight. Cells were washed thrice with DPBS and incubated with the 

secondary antibody anti-mouse Alexa Fluor 647 in DPBS (1:200) at 37 °C for 30 min. They 

were washed once with DPBS. DNA was labelled with DAPI in DPBS (1:100) at room 

temperature for 5 min. Subsequently, cells were washed twice with DPBS, covered with 

DPBS, and stored at 4 °C until microscopy was performed. 

 

6.2.14. Viability Tests 

Resazurin Cell Viability Assay 

7500 to 15,000 HEK293T, HeLa S3, or NIH 3T3 cells were seeded in 66 µL complete cell 

culture medium per well of a 96-well plate and were grown at 37 °C and 5 % CO2. 8 h to 24 h 

later, they were treated with 34 µL of chemical reporters for protein glycosylation, 

acetylation, inhibitors, or solvent controls in complete cell culture medium for defined periods 

of time (dependent on the compound). Blank wells were filled with 100 µL cell culture 

medium. Afterwards, 50 µL of a 30 V-% AlamarBlue solution in complete cell culture 

medium were added per well. Plates were incubated at 37 °C and 5 % CO2 for 60 min. During 

this time, resazurin, which is contained in AlamarBlue, is converted to red–fluorescent 

resorufin via a reduction reaction only occurring in metabolic active cells. Fluorescence of 

resorufin was read out with the Synergy HT and the Gen5 software. Samples were measured 

at 25 °C, excited using a 530/25 bandpass filter, and fluorescence was detected after a 590/30 

bandpass emission filter. Experiments were performed three times in quadruplicates. 

For glycosylation experiments with MKN45 cells, 8000 cells were seeded in 50 µL cell 

culture medium per well of a 96-well plate and grown at 37 °C and 5 % CO2. Blank wells 

were filled with 100 µL cell culture medium. The next day, 50 µL of Ac4GalNAz or 

Ac4ManNCyoc (stock solutions 100 mM in DMSO) solutions in cell culture medium were 

added per well. DMSO was used as solvent control. 48 h later, 50 µL of 120 µM resazurin in 

cell culture medium were added per well. Plates were incubated at 37 °C and 5 % CO2 for 

60 min. The fluorescence readout was performed as described above. Experiments were 

performed three times in triplicates.  

For methylation experiments, HEK293T and HeLa S3 cells were seeded in duplicates in 

8-well µ-slides and electroporated in presence of 50 µM ProSeAM as explained in sections 

6.2.6 and 6.2.9, respectively. As controls, cells were covered with ZAP buffer and not 

electroporated or covered with ZAP buffer and electroporated. After a defined incubation time 

at 37 °C and 5 % CO2, a resazurin solution in complete cell culture medium was added to a 

final concentration of 40 µM per well. Cells were incubated at 37 °C and 5 % CO2 for 60 min 

and two times 100 µL per well were transferred into a well of a 96-well plate. Fluorescence 

was read out as mentioned above. These viability tests were performed three times in 

duplicates of duplicates. 



6.3 Biochemical Methods for E. coli 

 

- 151 - 

 

Luminescent Cell Viability Assay 

To assess the effect of TAMRA-Tz on cellular viabilities, a resazurin assay could not be used, 

as the compound of interest is itself fluorescent. Thus, the CellTiter-Glo luminescent cell 

viability assay was performed according to the manufacture’s protocol. 15,000 HEK293T 

cells were seeded in 66 µL cell culture medium per well of a 96 well plate and grown at 37 °C 

and 5 % CO2. Blank wells were filled with 100 µL cell culture medium. The next day, 34 µL 

cell culture medium containing TAMRA-Tz at desired concentrations (stock solution was 

5 mM in DMSO) or DMSO as solvent control were added per well. After a 30 min incubation 

period at 37 °C, plates were placed at room temperature in the dark for 30 min. 100 µL of the 

assay’s substrate dissolved in the provided buffer were added per well to induce cell lysis. 

Plates were placed on an orbital shaker at 200 rpm and room temperature for 2 min. To 

correct for potentially occurring bioluminescent resonance energy transfer from luciferin to 

TAMRA during the readout, control samples were treated with TAMRA-Tz or DMSO at 

desired concentrations after cell lysis. Plates were shaken further 4 min. Within the next 

10 min, luminescence was read out using the Synergy HT. No emission filter was used. 

Experiments were performed three times in quadruplicates. 

In methylation experiments, the incubation time of the resazurin test would have been too 

long after electroporating cells in ZAP buffer with up to 1 mM ProSeAM and incubating them 

for only 0 min or 20 min. Hence, viabilities were quantified with the CellTiter-Glo 

luminescent cell viability assay. 150 µL of the assay’s substrate solution were added to 

150 µL cell culture medium in an 8-well of the µ-slide. Slides were placed on an orbital 

shaker for 2 min to induce cell lysis and incubated at room temperature further 10 min. Two 

times 100 µL were transferred into a 96-well plate per well of an 8-well µ-slide. 

Luminescence was read out as described above. Experiments were performed three times in 

technical duplicates of duplicates. 

 

6.3. Biochemical Methods for E. coli 

Most standard methods for E. coli were performed according to protocols from the script of 

the “Advanced Laboratory Course” offered by Prof. Dr. Hauck at the University of Konstanz 

in 2016. 

 

6.3.1. Cultivation of E. coli  

E. coli were grown on LB agar plates or in liquid LB medium containing appropriate 

antibiotics at 37 °C. All E. coli work was performed nearby the flame of a camping stove. 

 

6.3.2. Transformation of Competent E. coli 

Competent E. coli Nova Blue were thawed on ice. Maximal 10 µL plasmid DNA in MQ water 

were added to 100 µL E. coli suspension in a 1.5 mL reaction tube, mixed, and incubated on 

ice for 30 min. Bacteria were heat-treated in a water bath at 42 °C for 75 sec and quickly 

placed back on ice. 1 mL LB medium without antibiotics and bacteria was added into a tube 

with assembled ventilation cap and incubated for phenotypic expression at 37 °C under 

constant shaking at 220 rpm for 60 min. The mixture was transferred into a 1.5 mL reaction 
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tube and centrifuged to pellet bacteria at 3000 g for 3 min. The supernatant was discarded. 

Bacteria were resuspended in the remaining medium, pipetted onto an agar plate with the 

desired antibiotic(s), and distributed with a Dirgalski spatula. The agar plate was incubated at 

37 °C for 14 h to 24 h. 

 

6.3.3. Plasmid Preparation  

Plasmid DNA was purified in different quantities and qualities using three procedures. Mini 

and Midi preparation yield purer DNA than a preparation related to a procedure published by 

Birnboim and Doly
[615]

, but require costly spin columns. Mini and Birnboim-Doly 

preparations give 5 µg to 20 µg and Midi preparation approximately 100 µg to 500 µg 

plasmid DNA. 

 

Mini Preparation 

Mini preparations were performed with the Plasmid DNA Purification Mini Prep Kit from 

Genaxxon according to the manufacture’s procedure. E. coli were grown on agar plates with 

the desired antibiotic(s) at 37 °C overnight. One to two inoculation loops full of bacteria were 

collected and resuspended by pipetting in 250 µL Resuspension Buffer in a 1.5 mL reaction 

tube. 250 µL Lysis Buffer were added and the tube was inverted ten times. 350 µL 

Neutralization Buffer were added and the tube was inverted ten more times. It was centrifuged 

at 4 °C and 18,000 g for 10 min. The remaining supernatant was applied on a DNA 

Purification Mini Spin Column. This column was centrifuged at 15,000 g for 1 min. The flow 

through was removed. DNA was washed by addition of 600 µL Wash Buffer and 

centrifugation at 15,000 g for 30 s. The flow through was discarded and the washing step 

repeated once more. After removal of the flow through, the column was centrifuged at 

18,000 g for 2 min to remove residual buffers. For the elution of DNA, it was placed in a new 

1.5 mL reaction tube. 50 µL MQ water preheated to 70 °C were added onto the column’s 

membrane. After incubation at room temperature for 2 min, plasmid DNA was obtained by 

centrifugation at 15,000 g for 2 min. The concentration of DNA was determined by measuring 

the absorption at 260 nm with a spectrophotometer. 

 

Midi Preparation 

Midi preparations were performed with the NucleoBond Xtra Midi kit from Macherey-Nagel 

according to the manufacture’s procedure. A starting culture was prepared by inoculation of 

3 mL LB medium containing the proper antibiotic with a single colony from E. coli growing 

on an agar plate. This culture was incubated at 37 °C and 300 rpm for 8 h. The starting culture 

was added to 200 mL LB medium containing the appropriate antibiotic and grown at 37 °C 

and 300 rpm overnight. If an optical density, which was determined by measuring the 

absorption at 600 nm, reached a value of 4, bacteria were pelleted by centrifugation at 4 °C 

and 6000 g for 20 min. They were resuspended in 8 mL Resuspension Buffer containing 

RNase A. 8 mL Lysis Buffer were added, the tube was inverted five times, and then incubated 

at room temperature for 5 min. 8 mL Neutralization buffer were added to the lysate, the tube 

was inverted until the blue color disappeared, and centrifuged at 4 °C and 18,500 g for 

20 min. A NucleoBond Xtra Column was equilibrated with 11 mL Equilibration Buffer. The 
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supernatant of the suspension was added onto this column. The filtrate was discarded and the 

column filter washed with 5 mL Equilibration Buffer. The filter was removed with a tweezer 

and the column was washed with 8 mL Wash Buffer. Plasmid DNA was eluted by addition of 

5 mL Elution Buffer preheated to 50 °C. The filtrate was treated with 3.5 mL isopropanol to 

precipitate DNA and thoroughly vortexed. Centrifugation was performed at 4 °C and 6000 g 

for 60 min. The supernatant was discarded. The DNA pellet was washed with 2 mL 70 V-% 

ethanol and centrifuged at 4 °C and 6000 g for 35 min. After removing ethanol, the DNA 

pellet was dried at room temperature for 60 min and dissolved in 400 µL TE buffer at 4 °C 

overnight. The concentration of isolated DNA was determined by measuring the absorption at 

260 nm with a spectrophotometer. It was adjusted to 1 µg µL
-1

 in TE buffer. 

 

Birnboim-Doly Preparation 

E. coli were grown on agar plates with the desired antibiotic(s) at 37 °C overnight. One to two 

inoculation loops full of bacteria were collected and resuspended by pipetting in 300 µL 

Birnboim-Doly buffer 1 in a 1.5 mL reaction tube. 300 µL Birnboim-Doly buffer 2 were 

added and the tube was inverted ten times. 300 µL Birnboim-Doly buffer 3 were added, the 

tube was inverted ten more times, and centrifuged at 4 °C and 18,000 g for 10 min. 800 µL of 

the supernatant were transferred into a new 1.5 mL reaction tube, treated with 560 µL 

isopropanol, and inverted three times. After centrifugation at 18,000 g for 15 min, the 

supernatant was removed. The pellet was washed with 500 µL 70 V-% ethanol. The tube was 

centrifuged at 18,000 g for 5 min and the supernatant was discarded. Following another 

centrifugation step at 18,000 g for 2 min, the DNA pellet was dried at room for 60 min. DNA 

was solved in 40 µL MQ water for 5 min. The DNA concentration was defined by measuring 

the absorption at 260 nm with a spectrophotometer. 

 

6.3.4. Restriction Digest of Plasmid DNA 

1 µg to 2 µg isolated plasmid DNA, 0.2 µL of the desired restriction enzyme, and 1 µL of the 

appropriate 10x digestion buffer (Table 6.10) were combined in a PCR-tube and filled up to a 

total volume of 10 µL with MQ water. This mixture was incubated for 2 h at 37 °C. For 

overnight digestion at 37 °C, 2 µg to 4 µg plasmid DNA, 0.1 µL restriction enzyme, and 2 µL 

digestion buffer were mixed. MQ water was added to a final volume of 20 µL. The success of 

digestion was assessed by agarose gel electrophoresis.  

 

Table 6.10: Appropriate digestion buffers used for different restriction enzymes. 

Restriction enzyme  Digestion buffer 

Acc I Cut smart buffer 

Nar I Cut smart buffer 

Pae I (Sph I) Fast digestion buffer 

Pvu II Buffer G 

Sac I Fast digestion buffer 

Sac II Cut smart buffer 

Sfo I Cut smart buffer 
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6.3.5. Hot-Start Gradient PCR 

The PCR reaction mixture (1 µL DNA template with 20 ng µL
-1

, 4 µL 10x Pfu buffer, 1 µL 

10 µM forward primer, 1 µL 10 µM reverse primer, 1 µL 10 mM dNTPs, and 32 µL MQ 

water) and an enzyme mixture (1 µL Pfu polymerase, 1 µL 10x Pfu buffer, and 8 µL MQ 

water) were separately prepared. The PCR was performed according to the following 

program: The PCR reaction mixture was placed in the PCR machine. Its lid was preheated to 

110 °C followed by a denaturation step at 95 °C for 30 s. The enzyme mixture was added 

during a short pause. Then, 25 cycles of denaturation at 94 °C for 20 s, hybridization at 62 °C 

to 55 °C for 20 s (varied between samples), and an elongation at 72 °C for 290 s occurred. A 

final elongation step at 72 °C for 5 min ensured completion of the reaction. The sample was 

cooled to 8 °C until further processing. 

 

6.3.6. Ligation Independent Cloning (LIC) 

A PCR with the desired plasmid and primers designed for cloning in a vector containing the 

LIC sequence (e.g. pDNR-Dual-LIC) was performed. The amount of PCR product required 

for LIC was assessed according to:  

 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 (𝑝𝑚𝑜𝑙 µ𝐿−1) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝐶𝑅 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑝𝑔 µ𝐿−1)

660 𝑥 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑖𝑧𝑒 (𝑏𝑝)
 

 

The desired amount of PCR product (~0.3 pmol) was treated with 1 µL T4 polymerase, 1 µL 

10x NEBuffer 2, 1 µL 100 mM dCTP, 2 µL 100 mM dithiothreitol, and filled up with MQ 

water to a final volume of 40 µL. This reaction mixture was incubated at 22 °C for 30 min 

and subsequently heat-inactivated at 75 °C for 20 min. 6 µL thereof were mixed with 2 µL T4 

polymerase pre-treated pDNR-Dual vector (~50 ng) as well as 1 µL NEBuffer 2 and 

incubated for 10 min at room temperature. 1 µL 100 mM EDTA solution was added and the 

sample was incubated at room temperature for 10 min. The same protocol was repeated with a 

vector-only control and a PCR product only control. All samples were used for 

transformations in E. coli Nova Blue. 

 

6.3.7. Site Directed Mutagenesis of Plasmid DNA 

To generate plasmids with point mutations of the β-catenin DNA sequence in pDNR-Dual, 

DpnI-mediated site-specific mutagenesis was performed. Primers complementary for at least 

15 basepairs upstream and downstream of the mutation site and ending with a 3’-GC clamp 

were designed (Table 6.8). These primers inserted or deleted a restriction site of an enzyme. 

Primers were ordered from Thermo Fisher Scientific, solved in TE buffer, and stored 

at -20 °C. Plasmids of point mutants were generated by PCR using the pDNR-Dual--catenin 

WT plasmid as template. The PCR reaction mixture contained 1 µL template DNA 

(20 ng µL
-1

), 5 µL 10x Pfu buffer, 0.5 µL 25 µM forward primer, 0.5 µL 25 µM reverse 

primer, 1 µL 10 mM dNTPs, 1 µL Pfu polymerase, and 41 µL MQ water. For PCR, the PCR 

reactor lid was heated to 110 °C. 20 cycles of denaturation at 95 °C for 30 s, hybridization at 

55 °C to 70 °C (varied between samples) for 60 s, and elongation at 72 °C for 15 min 
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followed. Finally, an elongation at 72 °C for 20 min was performed and samples were stored 

at 8 °C until further usage. Successful amplification was checked by agarose gel 

electrophoresis. If a strong band at the desired size was visible, remaining template DNA in 

the PCR sample was degraded by addition of 2 µL DpnI and incubation at 37 °C for 2 h. 

10 µL of the remaining PCR sample were transformed into E. coli Nova Blue, plated on LB 

agar plates with ampicillin, and incubated overnight at 37 °C. The following day, several 

single clones were streaked on new agar plates, which were incubated for 20 h. Plasmid DNA 

was isolated via Birnboim-Doly preparation and digested with the appropriate restriction 

enzymes. Sizes of DNA fragments were analyzed by agarose gel electrophoresis. Expected 

sizes are summarized in Table 6.11. Clones, whose DNA displayed correct fragments, were 

grown on LB agar plates with ampicillin overnight. The next day, plasmids were isolated with 

the Genaxxon kit. Success of the site directed mutagenesis was confirmed by sequencing. The 

triple mutants S23AT40AT41A and T40AT41AT112A were created from T40AT41A. The 

quadruple mutant S23AT40AT41AT112A was created from S23AT40AT41A. 

 

Table 6.11: Sizes of DNA fragments from β-catenin mutants treated with selected restriction enzymes. 

β-catenin mutant Restriction enzyme Size of fragments [basepairs] 

WT 
PvuII 

144, 353, 542, 786, 896, 4349 

S23A 144, 353, 542, 786, 896, 1200, 3149 

WT 
SfoI 

Circular 

T40A 7233 

WT 
SfoI 

Circular 

T41A 7233 

WT 
PaeI 

1954, 5279 

T40AT41A 7233 

WT 
SacII 

7233 

T112A 2531, 4702 

 

6.3.8. Cre-LoxP Recombination 

Cre recombination allows for the insertion of a gene from a donor vector into an acceptor 

vector. The insert from the donor vector is flanked by two LoxP sites recognized by the Cre 

recombinase. The insertion into the acceptor vector takes place at its single LoxP site.
[616]

 In 

this thesis, the donor vector was always pDNR-Dual and the acceptor vector either pEGFP-

C1-loxP for the generation of N-terminal EGFP-fusion plasmids or pLPS-3'EGFP for the 

generation of C-terminal EGFP-fusion plasmids.  

For Cre mediated recombination of plasmids, 1 µL 10x Cre recombinase reaction buffer, 6 µL 

MQ water, 1 µL (100 ng) donor vector, 1 µL (100 ng) acceptor vector, and 1 µL Cre 

recombinase were combined in a PCR tube, mixed, and incubated at 37 °C for 45 min. 

Afterwards, Cre recombinase was inactivated by heat-treatment at 70 °C for 10 min. 

Subsequently, the sample was cooled to room temperature and was used for transformation of 

competent E. coli Nova Blue. Transformed E. coli were first grown at 37 °C on LB agar 

plates containing chloramphenicol and sucrose for 24 h. This ensures the presence of only 
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such bacteria, which carry the plasmid with the correct insertion of the donor into the acceptor 

vector. The next day, single clones were transferred to LB agar plates with kanamycin and 

grown overnight. Plasmid DNA of bacteria growing on this selection medium were isolated 

via a Birnboim-Doly plasmid preparation, digested with suitable restriction enzymes, and 

analyzed by agarose gel electrophoresis. Bacteria from samples showing the correct DNA 

fragments were grown on LB agar plates with chloramphenicol and sucrose. The next day, 

plasmid DNAs were isolated with the Genaxxon Mini preparation kit and were sent for 

sequencing. 

 

6.3.9. Agarose Gel Electrophoresis 

An 1 w-% agarose gel was prepared in the slide of a PerfectBlue Gel Mini System containing 

suitable combs. Combs with 24 teeth were chosen for analytical agarose electrophoresis and 

such with 8 teeth for preparative ones required for DNA purification. The gel was covered 

with 1x TAE buffer. DNA samples were mixed with 6x GEBS buffer to yield a 1x 

concentration. Gene ladder and DNA samples were pipetted into wells of the gel. If 24 teeth 

combs were used, 3 µL of gene ladder and 10 µL of DNA samples were suitable volumes. 

Analytical gels were run at 90 V and preparative ones at 50 V until the bromophenol blue 

band reached 2/3 of the gel. The used part of the agarose gel was cut out with a scalpel and 

transferred into the GelRed staining solution for 20 min. Excess GelRed was removed by 

placing the gel in a destaining solution for 2 min. Fluorescence of GelRed was read out using 

the ChemiDocTMTouch Imaging System. Images were processed and analyzed using the 

software Image Lab, ImageJ, and/or Inkscape. 

 

6.3.10. Isolation of DNA from an Agarose Gel 

Desired bands of an agarose gel were cut out with a scalpel and transferred into a 2 mL 

reaction tube. Extraction of DNA was performed with the QIAquick Gel Extraction Kit 

according to the manufacture’s procedure. To this end, 1 µL QG buffer was added per mg of 

agarose gel to the tube. The sample was incubated at 50 °C until the gel dissolved completely. 

Vortexing the tube every 2 min to 3 min accelerated dissolving. The solution was transferred 

onto a QIAprep spin column and centrifuged at room temperature and 18,000 g for 1 min. The 

flow through was discarded. 750 µL PE buffer were added to the column to wash bound 

DNA. The column was centrifuged for 1 min and the flow through was discarded. Residual 

PE buffer was removed by centrifugation for 2 min. The column was placed in a fresh 1.5 mL 

reaction tube and 50 µL elution buffer or MQ water were added to elute DNA. After 1 min, 

the tube was centrifuged at 18,000 g for 1 min to yield isolated DNA. The concentration of 

DNA was determined by measuring the absorption at 260 nm with a spectrophotometer. 

 

6.3.11. Sequencing of Plasmid DNA 

DNA sequencing was performed by LGC Genomics. A FlexiRun required 40 µL plasmid 

DNA with a concentration of 100 ng µL
-1

. Primers were chosen from standard primers 

provided at LGC genomics as summarized in Table 6.12. All EGFP-β-catenin fusion plasmids 

were additionally sequenced backwards with the primer CCCACTAACCCGTTACAGG. 

Sequencing data were evaluated using the software Clone Manager. 
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Table 6.12: Primers utilized for sequencing of plasmids. 

Primer  Sequence Plasmids 

M13-21F TGTAAAACGACGGCCAGT 60 – 69, 80 – 87  

CMV-F CGCAAATGGGCGGTAGGCGTG 12, 43, 44, 54, 55, 88 – 95 

EGFP-C1-F GAAGCGCGATCACATGGTC 
42, 70 – 78, 88, 90, 93, 120, 121, 123 – 125, 128, 

130, 131, 139, 140 

EGFP-N1-R ACTTGTGGCCGTTTACGTC 
43, 44, 54, 55, 89, 91, 92, 94, 95, 115, 116, 126, 127, 

129 

 

6.4. Biochemical Methods for A. thaliana 

6.4.1. Seeding A. thaliana 

About 100 A. thaliana seeds were transferred into a 1.5 mL reaction tube. 1 mL 70 % ethanol 

was added for their sterilization. The reaction tube was incubated in a thermomixer at room 

temperature and 1400 rpm for 5 min. After seeds settled to the bottom of the tube, the 

supernatant was removed and 1 mL of a solution containing 1.2 % sodium hypochlorite and 

0.1 % Triton X-100 in MQ water was added for bleaching seeds. The tube was incubated in a 

thermomixer at room temperature and 1400 rpm for 20 min. Work was continued under a 

sterile bench. The supernatant was removed and seeds were washed two times with MQ 

water. 200 µL of a 0.1 w-% agar solution in MQ water were added. The tube was incubated in 

the dark at 4 °C for 48 h. Thereafter, seeds in the agar solution were taken up in a 1 mL 

pipette tip and placed on an agar plate. Plates were incubated at 23 °C and short day 

conditions (8 h light/16 h dark cycle with light intensities of 10 to 100 μmol photons m
−2

 s
−1

). 

 

6.4.2. Treatment of A. thaliana with Chemical Reporters 

Chemical reporters were diluted to the desired concentration in liquid MS medium and 

transferred into wells of a 24-well plate (1 mL per well). Four days old A. thaliana seedlings 

growing on an agar plate were pulled out of the agar with a tweezer and transferred into wells 

of the 24-well plate. Three seedlings were placed into the same well. The 24-well plate was 

closed, its margin was covered with parafilm, and it was incubated at 23 °C and short day 

conditions (8 h light/16 h dark cycle with light intensities of 10 to 100 μmol photons m
−2

 s
−1

). 

 

6.4.3. Lysis of A. thaliana  

A. thaliana seedlings treated with chemical reporters for 48 h were washed twice with 1 mL 

liquid MS medium. Twelve seedlings treated with the same reporter were positioned on a 

glass plate. Roots were separated from seedlings, covered with some drops of liquid MS 

medium to prevent them from drying out, and transferred into a 1.5 mL reaction tube. Excess 

medium was removed. The rest of the seedlings, which was mainly made up by the leaves, 

was also collected and transferred into another reaction tube. 50 µL or 20 µL lysis buffer were 

added to leave and root samples, respectively. They were crushed with a special drill with 

pellet pestles for 1 min. Subsequently, samples were placed on ice for 30 min and centrifuged 

at 4 °C and 18,000 g for 30 min. The supernatant was transferred into a new 1.5 mL reaction 

tube and stored at -80 °C. 
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6.4.4. DAinv Reaction 

In Lysates 

Plant lysates were thawed on ice. Protein concentrations were determined by measuring the 

absorption at 280 nm with a spectrophotometer and were adjusted to the same value by 

addition of lysis buffer. Biotin-Tz was added to a final concentration of 150 µM to lysates in 

1.5 mL reaction tubes. Samples were mixed by vortexing and were incubated at 25 °C and 

400 rpm for 90 min. 4x SDS sample buffer was added to yield a 1x concentration. Samples 

were denatured at 98 °C for 10 min and stored until SDS-PAGE at -20 °C. 

 

In Seedlings 

A. thaliana seedlings having been treated with Ac4GlcNAc or Ac4GlcNCyoc in 24-well plates 

were washed with liquid MS medium three times. 4 w-% PFA in DPBS was added to fix 

seedlings at 4 °C for 30 min. Thereafter, seedlings were washed with liquid MS medium three 

times. 1 mL staining solution containing 1 µM or 10 µM TAMRA-Tz in liquid MS medium 

was added per well. Incubation took place at room temperature in the dark for 60 min. 

Seedlings were washed three more times with liquid MS medium and stored at 4 °C until their 

preparation for microscopy.  

 

6.4.5. CuAAC 

In Lysates 

Plant lysates were thawed on ice. Protein concentrations were determined by measuring the 

absorption at 280 nm with a spectrophotometer and adjusted to the same value by addition of 

lysis buffer. A CuAAC reaction mixture containing 10 mM CuSO4, 10 mM THPTA, 100 mM 

Na-ascorbate, and 3 mM biotin-alkyne in MQ water was freshly prepared from stock 

solutions in MQ water. Compounds were added one after the other to ensure proper reaction 

conditions. 1 µL of this mixture was added per 19 µL of A. thaliana lysate in a 1.5 mL 

reaction tube. Samples were mixed by vortexing and incubated at 25 °C and 400 rpm for 

30 min. 4x SDS sample buffer was added to yield a 1x concentration. Samples were heat-

denatured at 98 °C for 10 min and stored until SDS-PAGE at -20 °C. 

 

In Seedlings 

A. thaliana seedlings having been treated with Ac4GlcNAc, Ac4GlcNAz, or Ac4GalNAz in 

24-well plates were washed with liquid MS medium three times. 4 w-% PFA in DPBS was 

added to fix seedlings at 4 °C for 30 min. Thereafter, seedlings were washed with liquid MS 

medium three times. Different CuAAC reaction mixtures were prepared in liquid MS medium 

from stock solutions in MQ water as listed in Table 6.13. A fourth CuAAC reaction mixture 

was prepared from the Click-iT Cell Reaction Buffer Kit by combining 2.772 mL MQ water 

with 308 µL 10x buffer, 70 µL CuSO4 solution, 350 µL additive, and 3.5 µL sulfo-Cy3-

alkyne. 1 mL of different CuAAC reaction mixtures in liquid MS medium was added per 

well. Incubation occurred at room temperature in the dark for 60 min. Seedlings were washed 

three more times with liquid MS medium and stored at 4 °C until their preparation for 

microscopy.  
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Table 6.13: Composition of different CuAAC reaction mixtures. 

Compound 1 2 3 

CuSO4 1 mM 0.5 mM 1 mM 

THPTA - 0.5 mM 1 mM 

Amminoguanidine - - 5 mM 

Na ascorbate 1 mM 5 mM 5 mM 

Sulfo-Cy3-alkyne 1 µM 1 µM 1 µM 

 

6.4.6. Seedling Preparation for Microscopy 

Seedlings treated with glycosylation reporters and labeled via a CuAAC or DAinv reaction 

were placed on a glass slide, wetted with some drops of liquid MS medium, and covered with 

a cover glass. Confocal fluorescence microscopy was performed as described in chapter 6.6.1. 

Afterwards, samples were sealed with nail polish, which was applied at the interface of the 

cover slip and the glass slide. They were stored at room temperature in the dark. 

 

6.5. Chemical Synthesis 

6.5.1. OSMI-1 

(R)-2-(2-formylphenyl)-N-(furan-2-ylmethyl)-2-((2-oxo-1,2-dihydroquinoline)-6-sulfonami-

do)-N-(thiophe-2-ylmethyl)acetamide (OSMI-1) was synthesized in four steps according to a 

procedure published by Ortiz-Meoz et al. (Figure 6.1).
[413]

 Rf = 0.12 (CH2Cl2/(90 % MeOH + 

10 % NH4OH), 95:5); 
1
H NMR and 

13
C NMR spectra were in accordance with literature.

[413]
 

HRMS (ESI-TOF) calculated for C28H25N3O6S2 [M + Na]
+
 m/z: 563.1258; found 564.1222. 
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Figure 6.1: Synthesis route to OSMI-1. 

 

6.5.2. M4P 

 

Figure 6.2: Chemical structure of M4P and assignment of 
1
H NMR signals. 

 

M4P was synthesized according to a known procedure with slight variations.
[550]

 4-Pentynoic 

acid (1 g, 10.2 mmol) was dissolved in 20 mL dry methanol under nitrogen atmosphere and 

constant stirring. Acetyl chloride (2 mL, 28 mmol) was added dropwise over 15 min. The 

solution was heated to reflux for 4 h. Completion of the reaction was monitored by thin-layer 

chromatography (TLC). Afterwards, the mixture was cooled to room temperature. A saturated 

NaHCO3 solution was added to 20 mL deionized water to reach a pH value of 8 to 9. The 

reaction mixture was slowly added to the water under constant stirring and the pH value was 

kept between 7 and 9 by addition of NaHCO3. The aqueous phase was extracted with 

diethylether (3 x 40 mL). Organic phases were combined, washed once with brine, and dried 

over sodium sulfate. Solvents were evaporated under reduced pressure. Methyl 4-pentynoate 

was obtained as clear, fruity-smelling liquid with a yield of 84 % (1.03 g, 8.6 mmol). Rf = 0.5 

(CH2Cl2); 
1
H NMR (400 MHz, CDCl3)  = 3.70 (s, 3H, 1), 2.58 – 2.53 (m, 2 H, 2/3), 2.53 – 

2.47 (m, 2H, 2/3), 1.97 (t, J = 2.5 Hz, 1H, 4) ppm; 
13

C NMR (101 MHz, CDCl3)  = 172.3, 

82.6, 69.1, 51.9, 33.3, 14.5 ppm. Analytical data were in accordance with literature.
[550]
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6.5.3. AM4P 

 

Figure 6.3: Chemical structure of AM4P and assignment of 
1
H NMR signals. 

 

AM4P was synthesized from 4-pentynoic acid by following a procedure reported for the 

synthesis of diacetoxymethyl-2-propargylmalonate.
[155]

 4-Pentynoic acid (1 g, 10.2 mmol) 

was dissolved in 10 mL dry acetonitrile under nitrogen atmosphere and constant stirring. 

DIPEA (2.2 mL, 12.7 mmol) and bromomethylacetate (1.1 mL, 11.2 mmol) were added 

dropwise to the reaction mixture. This solution was stirred overnight at room temperature. 

Completion of the reaction was monitored by TLC and the solvent was evaporated under 

reduced pressure. The resulting yellow oil was purified by silica column chromatography 

(petrol ether/ethyl acetate 10:1) to give acetoxymethyl 4-pentynoate as yellowish oil (1.29 g, 

7.6 mmol, 74 %). Rf = 0.18 (petrol ether/ethyl acetate 10:1); 
1
H NMR (400 MHz, CDCl3)  = 

5.76 (s, 2H, 2), 2.64 – 2.57 (m, 2H, 3), 2.55 – 2.49 (m, 2H, 4), 2.11 (s, 3H, 1), 1.98 (t, J = 

2.6 Hz, 1 H, 5) ppm; 
13

C NMR (101 MHz, CDCl3)  = 170.7, 196.7, 82.1, 79.4, 69.4, 33.2, 

20.8, 14.2 ppm. HRMS (ESI-TOF) calculated for C8H10O4 [M + Na]
+
 m/z: 193.0471; found 

193.0467. 

 

6.6. Microscopy 

6.6.1. Confocal Fluorescence Microscopy 

Confocal fluorescence microscopy was performed on a TCS SP5 laser scanning microscope 

using an oil immersion objective (63x 1.4 NA HCX PL APO CS, Leica Microsystems CMS) 

and the LAS AF software. The temperature within the microscope box was usually kept at 

room temperature for experiments with fixed cells, but was increased to 37 °C for live cell 

experiments. EGFP was excited at 488 nm (argon laser, 10 %). Its fluorescence was detected 

with a photomultiplier tube (PMT) between 500 nm and 550 nm. Cy3 and TAMRA were 

excited at 561 nm (diode pumped solid state (DPSS) laser, 10 %). Their fluorescence was 

detected with a PMT between 570 nm and 625 nm. Transmission images were acquired with a 

transmitted light detector. Images were generally taken using the following parameters: 

scanning speed: 100 lines s
-1

, pixel size: 68.8 nm x 68.8 nm, image size: 70.3 µm x 70.3 µm 

(1024 pixels x 1024 pixels), line average: 4, bit depth: 8 bit. PMT gain and smart offset were 

adjusted per experiment individually. Images were processed using the software LAS AF 

Lite, ImageJ, and Inkscape. Average intensities of cells were obtained from LAS AF Lite by 

drawing polygons around individual cells. 

For microscopy of A. thaliana seedlings, an air objective (40x 0.85 NA HCX PL APO CS, 

Leica Microsystems CMS) was used.  

For experiments carried out at i3s Porto, a TCS SP5 laser scanning microscope (Leica 

Microsystems CMS) was employed as well. Parameters and settings were the same as 
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mentioned above except the following: The temperature in the box was kept at room 

temperature for all measurements. DAPI was excited at 405 nm (diode laser, 20 %) and its 

fluorescence was detected with a PMT between 420 nm and 500 nm. Alexa Fluor 488 was 

excited at 488 nm (argon laser, 20 %) and its fluorescence was acquired with a PMT between 

500 nm and 550 nm. Cy3 was excited at 561 nm (DPSS laser, 20 %) and its fluorescence was 

detected with a PMT between 570 nm and 625 nm. Alexa Fluor 647 was excited at 633 nm 

(helium neon laser, 5 %) and its fluorescence was acquired with a HyD between 645 nm and 

700 nm. 

 

6.6.2. Acceptor Photobleaching 

Acceptor photobleaching experiments were performed on a TCS SP5 laser scanning 

microscope using the LAS AF FRET acceptor photobleaching wizard. Images of donor and 

acceptor fluorescence were taken before and after bleaching the acceptor using wavelengths 

of 488 nm (10 %, detection between 500 nm and 550 nm) and 561 nm (10 %, detection 

between 570 nm and 625 nm) and the following settings: scanning speed: 200 lines s
-1

, pixel 

size: 68.7 nm x 68.7 nm, image size: 70.3 µm x 70.3 µm (1024 pixels x 1024 pixels), line 

average: 2, bit depth: 8 bit. Bleaching of the acceptor (Cy3) was performed to decrease its 

fluorescence intensity by at least 80 %. Care was taken to not decrease the donor fluorescence 

intensity while bleaching the acceptor. To this end, two bleaching steps with 25 % and one 

step with 100 % of the DPSS laser intensity were used in glycosylation and acetylation 

experiments, respectively. The bleaching area was kept constant to a circle with a diameter of 

7 µm (glycosylation experiments) or a square with an edge length of 7 µm (acetylation 

experiments).  

Donor fluorescence intensities before and after bleaching the acceptor were used to calculate 

apparent FRET efficiency according to equation 2.12. Images were processed using the 

software LAS AF Lite, ImageJ, and Inkscape. FRET images were generated with the 

FRETcalc ImageJ plugin.
[617]

 

 

6.6.3. Wide-field Frequency Domain FLIM 

For FLIM microscopy, a home-built wide field frequency domain FLIM setup was utilized. It 

was first realized by Dr. Annette S. Indlekofer
[320]

, then rebuilt twice by myself, and recently 

modified by Tobias Löffler. 

The setup is schematically drawn in Figure 6.4. A diode laser at 488 nm (LDM488.20.A350, 

Omicron) modulated at 70 MHz is used as excitation source. Behind the laser, a clean-up 

filter (ZET488/10, Chroma) is integrated. The laser intensity is adjusted via neutral density 

filters. Its beam diameter is enlarged to 3 mm using a telescope composed of two lenses 

(LA1805-A, f = 30 mm and LA1134-A, f = 60 mm, Thorlabs) and coupled via a collimator 

(FC220FC-A, f = 10.90 mm, NA = 0.25, Thorlabs) into a shaken multi-mode fiber (UM22-

600, diameter = 600 µm, NA = 0.22, Thorlabs) to illuminate the sample homogenously. 

Following another collimator (FC220FC-A, f = 10.90 mm, NA = 0.25, Thorlabs) and two 

lenses (LA1422-A, f = 40 mm and LA1509-A, f = 100 mm, Thorlabs), the beam is passed in 

an inverted microscope (DMI 6000B, Leica Microsystems CMS) and is deflected onto a 

sample via a dichroic mirror (QuadLine zt440/488/560/635rpc, Chroma) and an oil immersion 
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objective (HC PL APO 100x 1.40 NA Oil CS2, Leica Microsystems CMS). For maintaining 

biological samples for live cell imaging at 37 °C, the microscope can be equipped with a 

heating stage connected to a temperature controller (Tempcontrol 37-2 digital, Pecon). 

Fluorescence of EGFP is gathered in epi direction via the objective and separated from the 

excitation laser light by the dichroic mirror. An intermediate image is generated by the tube 

lens (f = 200 mm) behind the microscope and widened 4.25 fold by two photo objectives (f = 

20 mm, Sigma and f = 85 mm, Walimex Pro) to match the size of the detector chip. Two 

bandpass filters (525/50 BrightLine HC, Semrock and 515/30 ET, Chroma) are located 

between these objectives. Instead of the bandpass 525/50, a 488 nm longpass filter can be 

integrated (EdgeBasic Langpass 488, Semrock). The PIMAX4:1024i RF CCD camera 

(Princeton Instruments) coupled to a GenIII intensifier (Princeton Instruments) is used as 

detector. 

The Omicron laser controller software was used to adjust the laser power. The LightField 

software was utilized to run the CCD camera and to control the laser’s modulation. The 

following settings were chosen: output frequency: 70 MHz, intensifier gain: 90x, pixel 

number: 512 x 512 (pixel size: 70 nm x 70 nm). Image acquisition parameters were: frames to 

save: 12, exposures per frame: 10, modulation duration: 100 ms, modulation phase: 

alternating phase order (0 °, 131 °, 262 °, 196 °, 327 °, 65 °, 295 °, 33 °, 164 °, 98 °, 229 °, 

0 °). This special recording order of the 12 phase steps was shown to suppress photobleaching 

induced artifacts most efficiently.
[618]

  

 

 

Figure 6.4: Schematic structure of the wide-field frequency domain FLIM setup. Reprinted (adapted) with 

permission from Doll et al.
[355]

 Copyright (2018) Elsevier Inc. 
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To calibrate the setup, two fluorophore solutions with known fluorescence lifetimes were 

measured. Solutions of 10 µM or 100 µM coumarin 6 in ethanol have a known fluorescence 

lifetime of 2.5 ns and a 10 µM rhodamine 6G solution in MQ water one of ~3.9 ns.
[619,620]

 

Laser powers of 5 µW and 100 µW were used for their excitation, respectively. 30 µL of each 

solution were filled in chambers of a µ-slide VI 0.4 (ibidi). Three images were acquired per 

fluorophore. The SimFCS software was used to assess the correctness of lifetimes. To this 

end, the fluorescence modulation and phase lifetimes of coumarin 6 were set to 2.5 ns. If 

rhodamine 6G fluorescence lifetimes were between 3.8 ns and 4.0 ns, experiments were 

started. Otherwise, the incoupling of the laser light into the multimode fiber was optimized 

and the collimator as well as the two lenses behind the fiber adjusted. Cells were measured 

with laser powers between 50 µW and 150 µW. The laser power was kept constant 

throughout measurement series. For optimal comparability of data, cells displaying roughly 

the same fluorescence intensities were chosen. 

Raw images generated by LightField were background-corrected and sorted according to the 

phase steps by the software. After exporting them as tiff file, MATLAB macros were used for 

calculation of fluorescence modulation and phase lifetime images. These macros were 

developed by Dr. Waldemar Schrimpf (group of Prof. Dr. Lamb, Ludwig-Maximilians-

Universität, Munich, Germany).
[621]

 An additional correction of the irising effect was 

implemented by Dr. Annette S. Indlekofer.
[320]

 Images were intensity-weighted and an 

intensity threshold of 10 % of the maximum intensity was chosen. Additionally, a 2 x 2 

moving average filter was applied.  

Next to the fluorescence modulation and phase lifetime images, MATLAB macros were used 

to calculate average fluorescence modulation and phase lifetimes τ of each image. These were 

averaged and the SEM δ was calculated over all cells measured at a certain condition. 

Apparent FRET efficiencies EFRETapp were derived from average fluorescence lifetimes of 

cells treated with a chemical reporter and those treated with the corresponding control 

compound according to: 

 

𝐸𝐹𝑅𝐸𝑇𝑎𝑝𝑝 = (1 −
𝜏𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑟

𝜏𝐶𝑜𝑛𝑡𝑟𝑜𝑙
) ∙ 100 % 

(6.1) 

 

 

SEMs of apparent FRET efficiencies were derived via a Gaussian propagation of errors: 

 

𝛿𝐸𝐹𝑅𝐸𝑇𝑎𝑝𝑝
= √(

𝜏𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑟

𝜏𝐶𝑜𝑛𝑡𝑟𝑜𝑙
2

∙ 100 % ∙ 𝛿𝐶𝑜𝑛𝑡𝑟𝑜𝑙)
2

+ (
1

𝜏𝐶𝑜𝑛𝑡𝑟𝑜𝑙
100 % ∙ 𝛿𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑟)

2

 

(6.2) 

 

 

 

6.7. Statistics 

Statistical evaluation of data was performed with the GraphPad Prism software. The 

confidence interval was set to 95 % for all statistical calculations. Degrees of significance 

were defined as ns p>0.05, * p<0.05, ** p<0.01, and *** p<0.001. Statistical tests and 

posttests performed with individual data sets are indicated in the corresponding figure legend. 
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9. List of Abbreviations 

A. thaliana  Arabidopsis thaliana 

Ac36AzGlcNAc Triacetylated 6-azido-N-acetylglucosamine 

Ac4GalNAz  Tetraacetylated N-azidoacetylgalactosamine 

Ac4GalNCyoc  Tetraacetylated methylcyclopropene-tagged N-acetylgalactosamine 

Ac4GlcNAc   Tetraacetylated N-acetylglucosamine 

Ac4GlcNAz  Tetraacetylated N-azidoacetylglucosamine  

Ac4GlcNCp  Tetraacetylated cyclopropene-tagged N-acetylglucosamine 

Ac4GlcNCyoc  Tetraacetylated methylcyclopropene-tagged N-acetylglucosamine 

Ac4ManNAz  Tetraacetylated N-azidoacetylmannosamine 

Ac4ManNCyoc Tetraacetylated methylcyclopropene-tagged N-acetylmannosamine 

ACTN1  α-actinin 1 

ACTN4  α-actinin 4 

Adox   Adenosine-2′,3′-dialdehyde 

Akt1    RAC-α serine/threonine-protein kinase 

Alk   Alkyne 

AM4P   Acetoxymethyl 4-pentynoate 

ANOVA   Analysis of variances 

ATP    Adenosine triphosphate 

Az   Azide  

BARAC  Biarylazacyclooctynone 

BCN   Bicyclo[6.1.0]non-4-yne 

BSA   Bovine serum albumin 

BTTAA 2-(4-((Bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-

1H-1,2,3-triazol-1-yl)acetic acid 

BTTES 2-(4-((Bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-

1H-1,2,3-triazol-1-yl)ethyl hydrogen sulfate 

CAMK4   Calcium/calmodulin-dependent protein kinase type IV 

CCD    Charge-coupled device 

CHO   Chinese hamster ovary cells 

CMP    Cytidine monophosphate 

c-Myc   Myc proto-oncogene protein 

CoA   Coenzyme A 

CuAAC   Cu(I)-catalyzed azide-alkyne-cycloaddition 
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DAPI   4′,6-Diamidino-2-phenylindole dihydrochloride 

DIBO   Dibenzocyclooctye 
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DPSS   Diode pumped solid state 
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ENO1   α-enolase 
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FLIM    Fluorescence lifetime imaging 
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FRET    Förster resonance energy transfer 

Fuc   Fucose 
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H3   Histone 3 
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HDAC1  Histone deacetylase 1 
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HOMO  Highest occupied molecular orbital 

HSP70   Heat shock protein 70 kDa 

HSPA8  Heat shock cognate protein 71 kDa 

HSPH1  Heat shock protein 105 kDa 
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MQ   Milli-Q 
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NA    Numeric aperture 

Na4P   Sodium 4-pentynoate 

NEB   New England Biolabs 

NIH 3T3  Mouse fibroblast cell line generated at New York University 

NPM   Nucleophosmin 

Ns   Not significant 

OCT   Cyclooctyne 

OGA   O-GlcNAcase 

O-GlcNAc  O-linked N-acetylglucosamine 

OGT   O-GlcNAc transferase 

OSMI-1 (R)-2-(2-formylphenyl)-N-(furan-2-ylmethyl)-2-((2-oxo-1,2-dihydro 
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p300   Histone acetyltransferase p300 
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PARP1  Poly [ADP-ribose] polymerase 1 
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PCR   Polymerase chain reaction 

PFA   Paraformaldehyde 

PGK1   Phosphoglycerate kinase 1 

PMT    Photomultiplier tube 

PP1β   Serine/threonine-protein phosphatase PP1 β catalytic subunit 
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PTEN Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-

specificity protein phosphatase 
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mate 
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11. Appendix 

The appendix includes 
1
H NMR and 

13
C NMR spectra of compounds synthesized within this 

thesis. 
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Figure 11.1: 
1
H NMR spectrum (DMSO-d6, 400 MHz) of OSMI-1. 

 

 

Figure 11.2: 
13

C NMR spectrum (DMSO-d6, 101 MHz) of OSMI-1. 
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Figure 11.3: 
1
H NMR spectrum (CDCl3, 400 MHz) of M4P. 

 

 

Figure 11.4: 
13

C NMR spectrum (CDCl3, 101 MHz) of M4P. 
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Figure 11.5: 
1
H NMR spectrum (CDCl3, 400 MHz) of AM4P. 

 

 

Figure 11.6: 
13

C NMR spectrum (CDCl3, 101 MHz) of AM4P. 



  

 

  

  



 

 

 

  

 




