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2 Preliminary remarks and abbreviations 

2.1 Preliminary remarks 
All compounds, schemes, figures, tables and references in the text are continuously 

numbered. Every compound is named in accordance to the IUPAC nomenclature1, by its 

common or trade name. 

2.2 Abbreviations 

aa amino acid 

aaRS aminoacyl-tRNA synthetase 

Alloc allyloxycarbonyl 

AU absorbance unit / arbitrary unit 

BCCP biotin carboxyl carrier protein 

Boc- tert-butyloxycarbonyl 

bp base pair 

CDR complementary determining region 

CuAAC copper(I)-catalyzed azide-alkyne cycloaddition 

KanR kanamycin resistance 

cDNA complementary DNA 

conc concentration 

CV column volume 

DARPin Designed Ankyrin Repeat Protein 

DBCO dibenzocyclooctyne 

dH2O distilled H2O 

ddH2O double distilled H2O 

DIC diisopropylcarbodiimide 

DIPEA N,N-diisopropylethylamine 

DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 

dNTPs deoxynucleoside triphosphate 

DTT dithiotreitol 

E. coli Escherichia coli 

EDTA ethylenediaminetetraacetic acid 

EPL expressed protein ligation 

Fab fragment antigen binding antibody 

FGE formylglycine generating enzyme 
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filt. filtered 

Fmoc- fluorenylmethyloxycarbonyl 

FP fluorescent protein 

fwd 

g 

forward 

g-force and gram 

GalT beta-1,4-galactosyltransferase I 

GFP green fluorescent protein 

GST glutathione-S-transferase 

IgG Immunoglobulin G 

hcAb heavy-chain antibody 

IED-DA inverse electron-demand Diels-Alder reactions 

IMAC immobilised metal ion affinity chromatography 

IPTG isopropyl β-D-1-thiogalactopyranoside 

KanR kanamycin resistance 

kb kilobases 

kDa kilodalton 

LpIA lipoic acid ligase 

MBP maltose binding protein 

MESNA methanethiolate 

mRNA messenger ribonucleic acid 

MTGase microbial transglutaminase 

NAD(P)H nicotinamidadenindinucleotide(-phosphate) 

NCL native chemical ligation 

NHS N-hydroxysuccinimide 

NRPS nonribosomal peptide synthetase 

OD600 Optical density at 600 nm 

PEG polyethylene glycol 

PPTase phosphopantetheinyl transferase 

PTM posttranslational modification 

POI protein of interest 

RF1 release factor protein 1 

RNA ribonucleic acid 

scFv single chain variable fragments 

SDS sodium dodecyl sulfate 

SPAAC straine-promoted azide-alkyne cycloaddition 

SPANC strain-promoted azide-nitrone cycloaddition 

SPI selective pressure incorporation 
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SPPS solid phase peptide synthesis 

TGase transglutaminases 

TEMED N,N,N',N'-Tetramethylethylenediamine 

Tris tris(hydroxymethyl)aminomethane 

tRNA transfer RNA 

TTL tubulin tyrosine ligase 

TTLL tubulin tyrosine ligase-like protein 
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3 Abstract 
3.1 English 
Antibodies and antigen binding proteins conjugated to fluorophores, tracers and drugs are 

powerful molecules that enabled the development of valuable diagnostic and therapeutic tools. 

However, the conjugation itself is highly challenging and despite intense research efforts 

remains a severe bottleneck. In addition to that, antibodies and antigen binding proteins are 

often not functional within cellular environments and unable to penetrate the cellular 

membrane. Therefore, their use is limited to extracellular targets leaving out a vast number of 

important antigens. Both limitations are core aspects of the presented thesis.  

With Tub-tag labeling, a novel and versatile method for the site-specific functionalization of 

biomolecules and antigen binding proteins was developed expanding the toolbox of protein 

functionalization. The method is based on the microtubule enzyme tubulin tyrosine ligase 

(TTL). The TTL recognizes a short peptide sequence (Tub-tag) fused to the C-terminus of any 

protein of interest and attaches tyrosine derivatives that are equipped with unique chemical 

entities (like azides). The ligation of these chemical reporters by the TTL enabled various 

subsequent bioorthogonal reactions to fluorophores and biotin derivatives. Moreover, Tub-tag 

labeling was significantly advanced by broadening the substrate scope to tyrosine unrelated 

fluorescent coumarin and large biotin derivatives (over 900 Da) turning the versatile two-step 

approach to a simple one-step functionalization strategy. Tub-tag labeling was successfully 

applied for the site-specific functionalization of different proteins including antigen binding 

nanobodies which enabled confocal microscopy, protein enrichment and superresolution 

microscopy with minimal linkage errors.  

In addition to that, cell permeable antigen binding nanobodies have been generated 

constituting a long thought goal of tracking and manipulating intracellular targets by in vitro 

functionalized antigen binding proteins. To achieve this goal, two different nanobodies were 

functionalized at their C-terminus with linear and cyclic cell-penetrating peptides (CPPs) using 

expressed protein ligation. These peptides triggered the endocytosis independent uptake of 

the nanobodies with immediate bioavailability and were either conjugated via a stable amide 

bond or a cleavable disulfide that gets reduced within the reductive surroundings of the cytosol. 

Cyclic deca-arginine peptides outperformed linear counterparts and were able to transport 

nanobodies to 95% of the cells when incubated with low µM concentrations making them ideal 

for the generation of efficient cell-permeable nanobodies. These novel tools were used to 

manipulate intracellular antigens, elucidate protein-protein interactions and co-transport 

antigens and antigen-fusion proteins of up to 85 kDa in size into living cells. Moreover, a cell-

permeable nanobody, site-specifically labeled with a fluorophore and a disulfide bridged CPP, 

allowed for the very first time the transmembrane permeation of a fluorescent nanobody and 

its use for live cell immunostaining.  
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Taken together, Tub-tag labeling and the generation of cell-permeable antigen binding 

nanobodies strongly add to the functionalization of antibodies and their use in biochemistry, 

cell biology and beyond.  

3.2 Deutsch 
Antikörper und Antigen-bindende Proteine, die an Fluorophore, Tracer und Wirkstoffe 

konjugiert sind, sind einzigartige Moleküle, welche die Entwicklung wertvoller diagnostischer 

und therapeutischer Werkzeuge ermöglichen. Allerdings ist der Konjugationsschritt sehr 

anspruchsvoll und trotz intensiver Forschung noch immer ein bedeutender Engpass. 

Zusätzlich sind Antikörper und Antigen-bindende Proteine oftmals nicht dazu in der Lage, die 

Zellmembran zu durchdringen, und des Weiteren im Zellinneren nicht funktionsfähig. Daher ist 

ihre Verwendung auf extrazelluläre Targets beschränkt, was eine bedeutende Anzahl 

wichtiger Antigene vernachlässigt. Beide Limitierungen bilden Kernaspekte dieser Arbeit. 

Mit Tub-tag labeling wurde ein neuartiges und vielseitiges Verfahren für die ortsspezifische 

Funktionalisierung von Biomolekülen und Antigen-bindenden Proteinen entwickelt, und so die 

Palette der Proteinfunktionalisierungen bedeutend erweitert. Die Methode basiert auf dem 

Mikrotubuli-Enzym Tubulin Tyrosin-Ligase (TTL). Die TTL erkennt eine kurze Peptidsequenz 

(Tub-Tag), die an den C-Terminus eines beliebigen Proteins fusioniert ist, und ligiert 

Tyrosinderivate, die mit einzigartigen chemischen Gruppen (wie z.B. Aziden) ausgestattet 

sind. Die Ligation dieser sogenannten chemischen Reporter ermöglicht im Anschluss 

verschiedene bioorthogonale Reaktionen mit Fluorophoren und Biotinderivaten. Des Weiteren 

wurde Tub-tag labeling durch eine signifikante Erweiterung des Substratspektrums der TTL 

auf Tyrosin unverwandte fluoreszente Coumarine und große Biotinderivate (über 900 Da) 

signifikant weiterentwickelt. So konnte der vielseitige zweistufige Ansatz durch eine einstufige 

Funktionalisierungsstrategie erweitert werden. Tub-tag wurde erfolgreich für die 

ortsspezifische Funktionalisierung verschiedener Proteine und Antigen-bindender Nanobodies 

angewendet, die für konfokale Mikroskopie, Proteinanreicherung und hochauflösende 

Mikroskopie mit minimalen linkage errors eingesetzt wurden. 

In einem weiteren Projekt wurden zellpermeable Antigen-bindende Nanobodies hergestellt 

und somit das schon lange Zeit bestehende Ziel, intrazelluläre Targets durch in vitro 

funktionalisierte Antigen-bindende Proteine zu visualisieren und manipulieren, erreicht. Hierzu 

wurden zwei verschiedene Nanobodies an ihrem C-Terminus mit linearen und cyclischen 

zellpenetrierenden Peptiden (CPPs) unter Verwendung von Expressed Protein Ligation 

funktionalisiert. Diese Peptide ermöglichten die Endozytose-unabhängige Aufnahme der 

Nanobodies mit sofortiger Bioverfügbarkeit und wurden entweder über eine stabile 

Amidbindung oder ein im reduktiven Milieu der Zelle spaltbares Disulfid konjugiert. Cyclische 

Deca-Arginin-Peptide übertrafen lineare Pendants und konnten bei Inkubation mit geringen 

µM-Konzentrationen die Nanobodies in 95% der Zellen transportieren. Das macht sie ideal für 
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die Erzeugung von effizienten zellpermeablen Nanobodies. Mit diesen neuartigen 

Werkzeugen wurden intrazelluläre Antigene manipuliert, Protein-Protein-Interaktionen 

detektiert und Antigene, sowie Antigen-Fusionsporteine (bis zu 85 kDa) in Zellen transportiert. 

Zusätzlich konnte erstmals ein zellpermeabler, in vitro fluoreszenzmarkierter Nanobody für das 

Anfärben intrazellulärer Antigene in lebenden Zellen hergestellt und verwendet werden.  

Mit Tub-tag labeling und der Synthese von zellpermeablen Nanobodies konnten wichtige 

Bottlenecks im Bereich der Proteinfunktionalisierung und Antikörperforschung adressiert 

werden und neue Tools für die biochemische und zellbiologische Forschung entwickelt 

werden. 
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4 Introduction 

4.1 Motivation 

Demographic change constantly increases the demand to understand biological processes, 

dysfunctions and the detailed mechanisms responsible for the outbreak of severe illnesses like 

cancer or neurodegenerative diseases 2. In this sense, the development of potent diagnostic 

assays and personalized medicine are highly desired. Within the last years, an innumerable 

amount of antigen binding proteins has been engineered and substantially contributed to 

address these challenges. Moreover, methods that enable their chemical modification with 

add-on functionalities like tracers or drugs even further expanded their diagnostic and 

therapeutic applications. Antibody Drug Conjugates (ADCs) are impressive examples of this 

advancement 3. Here, a cytotoxic drug is attached to an antibody that typically binds to a cancer 

cell-specific receptor. Thereby the cytotoxin is delivered to the cancer cell and side-effects 

compared to classical chemotherapy are substantially reduced. Along these lines, the 

attachment of small organic tracers, e.g. fluorophores and radiolabels, to functional 

biomolecules enabled the generation of enhanced tools for the diagnosis of cancer and other 

illnesses.  

Although great progress has been made within the last years, there is still a need for 

developing versatile methods that enable the stable site-specific functionalization of different 

biomolecules while ensuring structural and functional integrity. Moreover, in vitro functionalized 

proteins are in most cases not able to penetrate the cellular membrane limiting their application 

to extracellular or permeabilized tissue. However, to fully exploit possible intracellular 

applications, the biomolecule needs to be delivered to the cell with immediate bioavailability. 

In this sense, a labeled antigen binding protein that is able to penetrate the cellular membrane 

would allow for live cell imaging with minimal perturbation of the cellular environment. 

Achieving this goal is an essential requirement for future diagnostic and analytical assay that 

depict cellular processes under physiological conditions. Based on these requirements, this 

work focuses on the site-specific modification of biomolecules and antigen binding proteins as 

well as their subsequent cellular delivery. 
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4.2 Strategies for the labeling and functionalization of peptides 
and proteins 

Ever since the green fluorescent protein (GFP) isolated from Aequorea victoria jellyfish has 

been repurposed for the tracking of gene expression in bacteria and Caenorhabditis elegans 

in the early 1990’s 4, countless applications of GFP based cellular assays have been 

developed for live-cell and whole-animal imaging 5. Today a vast number of fluorescent 

proteins (FPs) have been engineered complementing the green fluorescence of GFP with 

emission properties ranging from blue to the far-red spectral regions 6. The genetic fusion of 

FPs to a protein of choice is straightforward and expression in a 1:1 ratio even enables 

quantification of the target protein 7. However, FPs often have disadvantageous 

photobleaching properties limiting their applications. Self-labeling proteins represent an 

alternative, that allow the covalent attachment of small organic probes with superior 

photophysical properties 8. A prominent example is the SNAP-tag technology, in which a 

truncated mutant of the O6-alkylguanine-DNA alkyltransferase is fused to the protein of interest 

(POI) that rapidly forms a covalent bond to a benzylguanine derivative (Scheme 1a) 9. 

 
Scheme 1. Selection of approaches for the functionalization of proteins. (a) The self-labeling protein O6-

alkylguanine-DNA alkyltransferase is fused to the protein of interest (POI) and rapidly forms a covalent bond to a 

modified benzylguanine derivative (known as the SNAP-tag). (b) N-hydroxysuccinimide activated esters (NHS-

esters) react with any solvent exposed primary amine of a POI to a stable amide bond. This unselective labeling 

method generates heterogeneous mixtures of functionalized proteins. (c) The chemical reporter strategy allows the 

site-specific functionalization of proteins. A chemical reporter with a unique chemical entity is incorporated to the 

POI which allows the successive attachment of a functionality of choice using a chemoselective or bioorthogonal 

reaction.  

However, the impact to the biological function of the target protein by FP- or self-labeling 

protein-fusion is often underestimated. Several studies report on crucial alteration of protein 
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function and cellular-localization by the attachment of large biomolecules, limiting the 

application of fusion proteins for tracing intracellular events 10, 11. Therefore, a lot of effort has 

been made to develop methods that allow for the chemical placement of small molecule probes 

to proteins without affecting their role in a complex cellular environment 2. While early 

approaches made use of unselective coupling reactions to reactive side-chains of natural 

amino acids (Scheme 1b), new methods aim for the site-specific functionalization of proteins. 

The “chemical reporter strategy” is a prominent example to achieve this goal and is based on 

the incorporation of unnatural functional groups (chemical reporters) to proteins that serve as 

anchors for a subsequent chemoselective or bioorthogonal reaction to a probe (Scheme 1c) 
12-14. According to IUPAC, a chemoselective reaction is defined as “the preferential reaction of 

a chemical reagent with one […] functional group” 15. The term bioorthogonal reaction has 

been coined by Carolyn R. Bertozzi as chemical transformations “that do not interfere with 

biological processes”, “have fast rates under physiological conditions” and are “inert to the 

myriad of functionalities found in vivo” 13. Until today, a number of different chemical reporters 

have been incorporated to biomolecules including azides, alkynes, strained alkenes, halides 

and aldehydes (Figure 1). In addition to the attachment of organic probes, the chemical 

reporter strategy enabled the synthesis of highly potent protein based therapeutic molecules 

(Appendix 1). Another striking application of such controlled chemical modifications of 

biomolecules is the site-specific placement of naturally occurring posttranslational 

modifications (PTMs) that became a powerful tool to study the role of these effectors of protein 

function in complex cellular environments (Appendix 2) 16-19.  

The following Chapters will focus on methods to site-specifically functionalize biomolecules, 

the incorporation of unique chemical entities to proteins and reactions that are used for their 

subsequent functionalization. 

 
Figure 1: Examples of unique chemical entities that have successfully been incorporated to biomolecules. Next to 

alkynes, azides, aldehydes and halides, trans-cyclooctene derivatives are used as chemical reporters for the site-

specific functionalization of biomolecules.  

 

4.2.1 Solid phase peptide synthesis 
Solid phase peptide synthesis (SPPS) pioneered by Merrifield in the 1960’s is a widespread 

method to synthesize peptides and small proteins by the successive coupling of single amino 

acid building blocks to a solid support 20. The immobilization of peptides represents a significant 

improvement for synthesizing biomolecules in an automated fashion and was honored with the 
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Nobel prize in 1984. Moreover, solvents, coupling-reagents and side-products can easily be 

removed using filtration. While the biosynthetic machinery of cells expresses proteins from the 

N- to the C-terminus, synthetically derived peptides and proteins are assembled from the C- 

to the N-terminus to avoid aspartimide formation and peptide racemization 21. The synthesis 

of a biopolymer by SPPS is initiated by the covalent attachment of an N-terminal protected 

amino acid to the solid support (Scheme 2a). Next, the N-terminal amine is deprotected to be 

available for a subsequent coupling to the pre-activated carboxylic acid of the next amino acid 

that is itself again protected at its N-terminus. This deprotection/coupling step is repeated until 

the whole peptide is assembled. Finally, the N-terminus of the peptide is deprotected and the 

product cleaved from the solid support 20. It is important to note, that the functional groups of 

the amino acids side chains must be protected to avoid side-reactions. These protecting 

groups need to be orthogonal to the one used for the protection of the peptides N-terminus to 

allow for successive deprotection (they have to be stable to each other’s deprotection 

conditions) 22. Moreover, the attachment of the peptide to the solid-support needs to be stable 

to the conditions used during deprotection and coupling of the N-terminus. Typically, the acid 

cleavable Boc- (tert-butyloxycarbonyl) or base cleavable Fmoc-group 

(fluorenylmethyloxycarbonyl) are used to protect the N-terminal amine 23. 

 
Scheme 2. Solid Phase Peptide Synthesis (SPPS). a) Depiction of the relevant steps to perform SPPS of a standard 

peptide. In a first step, a N-terminal protected amino acid is coupled to a solid support. After cleavage of the 

protecting group, the next N-terminal protected amino acid is coupled. Deprotection and coupling are repeated for 

every amino acid until the final peptide has been assembled. Cleavage of the peptide from the resin follows a final 

deprotection of the N-terminal amine. b) SPPS has been applied to incorporate a number of chemical reporters, 

PTMs and functionalities. Incorporation of azides 24, 25, glycosylation 26, pyrophosphorylation 27, phosphorylation17, 

18 and PEGylation28 are shown exemplarily. 

Ever since it’s invention, SPPS has been widely applied for the synthesis of therapeutically 

relevant peptides29, cyclic peptides30 and peptides containing D-amino acids or 

peptidomimetics 31. Moreover, the incorporation of unnatural amino acids carrying PTMs 25, 26, 

32, 33, probes34 or chemical reporters25 during SPPS is straightforward and allows for the site-
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specific functionalization of peptides and proteins (Scheme 2b). However, truncation products 

occur and the coupling and deprotection efficiency decreases with the length of the peptide. 

This limits SPPS to the assembly of ~50, in case of problematic peptides even less amino 

acids 35. 

  

4.2.2 Peptide ligation and protein semisynthesis  
To overcome the size limitations of SPPS and facilitate the synthesis of larger peptides and 

proteins, Kent and coworkers developed a peptide ligation method called Native Chemical 

Ligation (NCL) 36, 37. Two unprotected peptide fragments are coupled in solution at neutral pH 

via the formation of a stable amide bond, maintaining the native backbone of proteins and 

peptides. In detail, the nucleophilic thiol of an unprotected N-terminal cysteine containing 

peptide is attacking the electrophilic C-terminal thioester of a second unprotected peptide in a 

reversible chemoselective transthioesterification reaction. A following S,N-acyl shift of the 

thioester intermediate results in the formation of a stable amide bond (Scheme 3). Together, 

the reversibility of the transthioesterification and irreversibility of the amide bond formation 

result in high regioselectivity of NCLs, even in the presence of additional unprotected thiols 38.  

 
Scheme 3. Native Chemical Ligation. The reversible thioesterification of a N-terminal cysteine containing peptide 2 

with a C-terminal thioester containing peptide 1 is followed by an irreversible S,N-acyl shift resulting in the formation 

of a stable native peptide bond. 

While the generation of the thioester containing peptide was one limitation of NCL, nowadays 

a plethora of methods that are compatible with Boc- or Fmoc-SPPS are available 12. Moreover, 

truncated and full length proteins with C-terminal thioesters for subsequent NCLs can be 

expressed biosynthetically by the use of the post-translational protein-splicing machinery. For 

this, the protein or protein fragment of interest is expressed as an intein-fusion protein in which 

the intein is mutated (for example the Mxe GyrA intein 39) to prevent autocatalytic splicing and 

allow for the generation of a reactive thioester by the addition of an excess of thiols such as 

sodium methanethiolate (1, MESNA) (Scheme 4). A successive NCL to a SPPS derived 

peptide fragment enables the synthesis of site-specifically functionalized full length proteins. 

This method is referred to as Expressed Protein Ligation (EPL) and has been pioneered by 

Muir and coworkers in 1998 40. Placing an additional purification tag, most commonly a chitin 

binding domain, at the C-terminus of the intein allows for the convenient enrichment of fusion 

protein and removal of the spliced intein domain after ligation 39.  
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Scheme 4 Expressed protein ligation. A protein of interest is expressed as an intein-chitin binding domain fusion 

(CBD) and immobilized on chitin beads. The intein catalyzes a N,S-acyl shift which enables the formation of a 

reactive thioester upon thiol addition (MESNA). A following NCL reaction to a SPPS derived peptide gives a site-

specifically functionalized semisynthetic protein. 

Over the years, a great variety of complex peptides and proteins has been synthesized by the 

use of NCL, sequential NCL strategies and EPL including glycosylated interleukin 641 and 

PEGylated erythropoietin42, 43.  

A major drawback of NCL is the requirement of an N-terminal cysteine. While a number of 

proteins possess cysteines in a location suitable for NCL, the majority of proteins lack 

amendable cysteines making cysteine mutations necessary 44. This problem has been 

addressed to a certain extend by the use of auxiliary mediated ligation in which an auxiliary 

group containing a free thiol (like the 4,5-dimethoxy-2-mercaptobenzyl group) is attached to 

the N-terminal amine replacing the N-terminal cysteine. After successful ligation, the auxiliary 

is removed resulting in the desired product without an additional cysteine 45-47. Alternatively, a 

desulfurization step can be used after the NCL reaction to convert the additional cysteine to 

an alanine residue 48-50.  

 

4.2.3 Chemoenzymatic protein functionalization 
The cellular machinery consists of thousands of different enzymes, of which many are 

responsible for the attachment of PTMs to other proteins 51. PTMs greatly expand the functional 

diversity of the proteome and enable cells to quickly adapt to environmental changes 52, 53. 

Therefore, the enzymes responsible for their installation need to be tightly regulated and are 

characterized by having high substrate specificity. In many cases, the enzyme recognizes a 

specific sequence within the target protein and catalyzes the attachment of the respective PTM 

to a functional group of one amino acid 53. Researchers made use of these features and 

repurposed a number of ligases, transferases and transpeptidases for the site-specific 

functionalization of proteins 54, 55.  

Already in 1990, Cronan et al. made use of the biotin conjugating enzyme BirA (E. coli) to 

purify and label proteins. To achieve this, he fused 75 amino acids of the BirA’s natural 

substrate Biotin Carboxyl Carrier Protein (BCCP) to a number of proteins facilitating the 

biotinylation of the fusion protein and subsequent streptavidin binding 56. In a later study, the 

enzyme was optimized to sufficiently recognize a 15-amino acid short peptide tag (AP-tag) and 
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attach biotin to the 𝜖𝜖-amine group of a tag internal lysine residue (Scheme 5a) 57. Ever since, 

the AP-tag has been fused to a variety of proteins and BirA used to site-specifically biotinylate 

proteins in vitro, in cellulo and in vivo 58, 59. This led to a number of noticeable applications 

including the labeling of proteins using fluorescent streptavidin and the detection of protein-

protein interactions 60-62. Moreover, BirA has been shown to accept biotin derivatives modified 

with a ketone, alkyne or azide, thus enabling the incorporation of chemical reporters to proteins 

(Scheme 5a) 63, 64.  

In 2007, another ligase, the lipoic acid ligase (LpIA), was used for the site-specific labeling of 

proteins 65. In its host organism, LpIA posttranslationally attaches a lipoic acid moiety in an 

ATP dependent reaction to a lysine’s 𝜖𝜖-amine group of proteins involved in the oxidative 

metabolism 66. Moreover, it was shown that the enzyme has a certain substrate promiscuity 

and facilitates the attachment of slightly modified saturated acid derivatives 66. This inspired 

Ting and coworkers to engineer a 22-amino acid peptide tag that is recognized by the enzyme 

and can be fused to the N- or C-terminus of a protein of choice. Moreover, they screened for 

lipoic acid derivatives that carry a chemical reporter for subsequent fluorophore attachment 

(Scheme 5b). This way, they could identify an alkyl azide that is ligated in high yields and used 

this for the labeling of cell surface proteins with small organic fluorophores 65. Over time a 

variety of lipoic acid substrates with different functional groups have been developed for LpIA 

including hydrazines, aldehydes, trans-cyclooctenes, halides, norbornenes and even small 

fluorophores for one-step labeling of proteins 67-70.  

 

 
Scheme 5. Ligases used for chemoenzymatic modifications of proteins. a) BirA ligates biotin or biotin derivatives 

containing chemical reporters to the 22-amino acid AP-tag. Subsequent incubation with a fluorescent streptavidin 

conjugate or bioorthogonal click reaction to an azide-containing probe facilitates site-specifically functionalized 

proteins. b) Lipoic acid ligase (LpIA) attaches unsaturated acids containing azides as chemical reporters to a protein 

of choice. The azide is further reacted with a strained alkyne in a strain promoted azide-alkyne click reaction allowing 

for the covalent attachment of payloads to the POI. The Figure is modified, with permission, from J. Lotze, U. 

Reinhardt, O. Seitz, A. G. Beck-Sickinger. Peptide-tags for site-specific protein labelling in vitro and in vivo. 

Molecular BioSystems.2016.12.1731-1745 54 and licensed under a Creative Commons Attribution 3.0 Unported 

License (http://creativecommons.org/licenses/by/3.0/) - Published by The Royal Society of Chemistry 
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Transferases are another class of enzymes that have been used for protein functionalization. 

Phosphopantetheinyl transferases (PPTases) such as Sfp and AcpS attach the 

phosphopantetheinyl group of coenzyme A to the nonribosomal peptide synthetase (NRPS) 

(Scheme 6a). Walsh et al. designed a peptide carrier protein of eighty amino acids in length 

based on the sequence of the natural substrate NRPS, fused this to the N-terminus of 

glutathione-S-transferase (GST), eGFP and maltose binding protein (MBP) and performed 

site-specific PPTase labeling with a biotinylated coenzyme A derivative 71. In addition to 

accepting biotinylated derivatives as substrates, PPTases were successfully applied for the 

conjugation of sugars, peptides, porphyrin and fluorophores 72-74. Moreover, individual peptide 

tags for Sfp and AcpS with reduced size (11 amino acids for Sfp and 12 amino acids for AcpS) 

have been engineered allowing for orthogonal labeling of two different proteins in living cells 

in a successive experiment 75, 76. In another formidable experiment, Sfp was used to visualize 

receptor-chemokine interactions in living cells 77. 

Recently, the first reversible chemoenzymatic labeling was introduced by Heller and Ochtrop 

et al. (Scheme 6b) 78. They were able to show that the enzyme AnkX from Legionella 

pneumophila transfers a fluorescent phosphocholine derivative to a serine within an eight-

amino acid short peptide sequenced fused to the N- or C-terminus of MBP, DrrA enzyme and 

small ubiquitin-like modifier. Interestingly, the enzyme was capable of attaching the fluorophore 

to the recognition sequence fused to internal loops of the target protein, although in reduced 

yields. Upon incubation with a second enzyme, Lem3, the phosphoester was hydrolyzed 

resulting in the controlled removal of the fluorophore.  

 
Scheme 6. Selection of transferases used for chemoenzymatic protein functionalization. a) PPTases such as Sfp 

or AcpS ligate derivatives of Coenzyme A (CoA) to a short 11 or 12 amino acid long peptide tag. The CoA is 

functionalized e.g. with a fluorophore, sugar, peptide or porphyrin. b) The enzymes AnkX and Lem3 form the first 

reversible chemoenzymatic labeling system. AnkX transfers a CDP-choline derivative to the Ankx/Lem3 tag fused 

to the POI. In a subsequent hydrolysis reaction, Lem3 removes the functionalization and restores the initial protein. 

The Figure is modified, with permission, from J. Lotze, U. Reinhardt, O. Seitz, A. G. Beck-Sickinger. Peptide-tags 

for site-specific protein labelling in vitro and in vivo. Molecular BioSystems.2016.12.1731-1745 54 and licensed 
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under a Creative Commons Attribution 3.0 Unported License (http://creativecommons.org/licenses/by/3.0/) - 

Published by The Royal Society of Chemistry 

Transglutaminases (TGases) are another prominent class of enzymes that have been used 

for the labeling of proteins. These enzymes catalyze the formation of an isopeptide bond 

between a 𝛾𝛾-carboxamide of a glutamine and the 𝜖𝜖-amine of a lysine residue 79. In particular 

microbial transglutaminase (MTGase) from Streptoverticillium mobaraense found widespread 

application in the cross-linking of proteins, production of antibody drug conjugates, protein- 

PEGylation or lipidation and incorporation of chemical reporters to biomolecules 80-84. In 

principle, TGases functionalize every glutamine residue within the POI that is located within a 

sufficiently flexible confirmation, limiting its applicability for site-specific functionalization of 

proteins 85. To circumvent this problem, Lin et al. fused a poly-glutamine tag (Q-tag) to a 

number of recombinant and cell surface proteins (Scheme 7a). Since the TGase showed high 

affinity to this tag, site specific labeling with probes and cross-linkers was indeed possible 86. 

Moreover, mRNA display has been used to identify recognition tags that facilitate the 

homogeneous and site-specific functionalization of protein 87, 88. Siegmund and coworkers 

recently developed a conformationally constrained tag for site-specific TGase labeling using 

molecular design and the crystal structure of the natural protein substrate of the enzyme. They 

applied this to the generation of homogeneous antibody biotin conjugates 89. However, since 

transglutaminases show high promiscuity for the lysine containing substrate, undesired protein 

cross-linking can occur which can result in the need for additional mutations of the POI 89.  

Glycotransferases are important enzymes within the cellular PTM machinery. They catalyze 

the reaction of glycosyl donors to glycoprotein or lipids and by this activate or deactivate 

signaling pathways. Moderate mutation of the beta-1,4-galactosyltransferase I (GalT) enabled 

the conjugation of monosaccharides containing chemical reporters to proteins that are 

substrates of posttranslational glycosylation (Scheme 7b) 90. This observation led to several 

applications in which glycosyltransferases have been used for the site-specific 

functionalization of proteins, in particular antibodies 91-93. Nevertheless, glycosylation of 

proteins is a heterogeneous PTM and the production of homogeneously functionalized proteins 

by this technology is challenging 3. In addition, changing the glycosylation pattern of proteins 

may lead to impaired protein function and immunogenic response as shown for several sialic 

acid derivatives 94, 95.  
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Scheme 7. Selection of transferases used for chemoenzymatic protein functionalization. (a) A Transglutaminase 

(Tgase) catalyzes the formation of an isopeptide bond between a 𝛾𝛾-carboxamide of a glutamine and the 𝜖𝜖-amine of 

a lysine residue. To increase site-selectivity, a polyglutamin tag (Q-tag) has been fused to the POI. Incubation with 

the Tgase and a functionalized amine results in the heterogeneous modification of the protein. b) Three-step 

functionalization of glycoproteins. The 𝛽𝛽-1,4-Galactosidase (B-Gal) removes the terminal GlcNAc residue. 

Subsequently, the protein is incubated with the enzyme Gal-T and GalNAz to incorporate an azide as chemical 

reporter. A final SPAAC to a radiolabeled DBCO derivative generates site-specifically labeled glycoproteins. 

The transpeptidase Sortase A (Staphylococcus aureus) is another example for an intensively 

studied enzyme facilitating the posttranslational functionalization of proteins (Scheme 8a) 96. 

The enzyme recognizes the sequence LPXTG fused to a protein of choice and generates a 

thioacyl intermediate by nucleophilic attack of a catalytic cysteine (C148) and release of the 

terminal glycine. In a second step, the N-terminal glycine of another peptide equipped with a 

cargo of choice reacts with the protein-enzyme intermediate resulting in the formation of a new 

amide-bond and the covalent conjugation of the cargo to the POI. In this sense, Sortase A has 

been used for the installation of chemical reporters, fluorophores and drugs to proteins and 

antibodies as well as for protein PEGylation and the conjugation of cyclic peptides 96-101. 

However, the reaction is reversible and high excess of valuable cargo substrates are needed 

to drive the conjugation to completion 96.  

A unique enzymatic method for protein labeling is based on the formylglycine generating 

enzyme (FGE) (Scheme 8b) 102. It catalyzes the direct conversion of a natural amino acid 

(cysteine) within a short peptide tag CXPXR to a chemical reporter (aldehyde). In comparison 

to other chemoenzymatic methods, FGE does not require a pre-functionalized substrate that 

is added to the POI. In a subsequent oxime forming or pictet-spengler reaction a payload of 

choice is covalently conjugated to the aldehyde group (fluorophore, biotin, drug molecule) 103, 

104. Moreover, since FGE and its variants are present in many eukaryotic and prokaryotic cells, 

aldehyde containing proteins can be expressed using standard recombinant technologies 54. 

The mechanism of the oxidative transformation of cysteines to aldehydes is not fully elucidated 

yet, but recent studies suggest that the activity is dependent on Cu(II) activation 105. The 
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tendency of FGE to precipitate is one drawback of this technology. Careful optimization of FGE 

expression and conditions of the chemoenzymatic reaction are required to obtain sufficient 

labeling yields 105. In addition to that, FGE treatment of proteins results in the racemization of 

the aldehyde containing residue and a separation of the emerging isomers is most of the times 

not possible 102.  

 
Scheme 8. Protein functionalization by the transpeptidase Sortase A and the formylglycine generating enzyme 

FGE. (a) Sortase A catalyzes the reversible formation of a peptide bond between the threonine of the LPXTG 

peptide tag and a functionalized peptide with an N-terminal glycine. (b) The FGE transforms the cysteine of the 

CXPXR tag to an aldehyde which can be successively addressed in a condensation reaction (shown is an oxime 

formation) to install a modification to the POI. The Figure is modified, with permission, from J. Lotze, U. Reinhardt, 

O. Seitz, A. G. Beck-Sickinger. Peptide-tags for site-specific protein labelling in vitro and in vivo. Molecular 

BioSystems.2016.12.1731-1745 54 and licensed under a Creative Commons Attribution 3.0 Unported License 

(http://creativecommons.org/licenses/by/3.0/) - Published by The Royal Society of Chemistry 

The chemoenzymatic functionalization of proteins has become a powerful tool to covalently 

conjugate payloads to proteins with high substrate specificity. Nevertheless, enzymatic 

methods still need to overcome several limitations. Those include the need for high substrate 

concentration especially in the case of transpeptidases and the attachment of large and 

hydrophobic compounds to the POI which can result in protein aggregation. Moreover, most 

of the enzymes had to be engineered to tolerate different substrates resulting in many variants, 

each optimized for one specific substrate. Therefore, the development of an enzyme with 

broad substrate scope and the ability to attach chemical reporters in the size and with the 

physical properties of single amino acids would strongly add to the existing chemoenzymatic 

tool-box. 

 

4.2.4 Incorporation of chemical reporter amino acids using the cellular 
translational machinery 

In nature, proteins are expressed by the interplay of a messenger RNA (mRNA) encoding the 

protein sequence, the ribosome and a tRNA pre-loaded with one of the twenty proteogenic 

amino acids by an aminoacyl-tRNA synthetase (aaRS). Expanding the scope of this 
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translational machinery to incorporate unnatural amino acids carrying chemical reporters has 

become a powerful way to functionalize proteins either in a residue- or site-specific manner 2, 

14, 106.  

4.2.4.1 Residue-specific incorporation  

Residue-specific incorporation of unnatural amino-acids to proteins as described by Budisa et 

al. requires the replacement of a proteogenic amino acid by a slightly modified derivative 107-

109. The translation machinery of an auxotrophic expression host that is incubated with such 

derivative under strong selective pressure (for example by supplementation of an antibiotic) is 

sufficient tolerant to accept the unnatural amino acid as substrate (Figure 2a). This method is 

also referred to as Selective Pressure Incorporation (SPI). However, to obtain satisfactory 

incorporation yields, the expression must be conducted in the absence of the natural amino 

acid. Therefore, the use of a host that is auxotrophic for the substituted compound is 

mandatory. A number of methionine auxotrophic E. coli strains like CAG18491 were 

successfully used to produce proteins containing the methionine analogues azidohomoalanine 

(2), homoallylglycine (3) and homopropargylgcine (4) (Figure 2b) 110. Moreover, several 

unsaturated amino acids including homoallylglycine (3), homopropargylglycine (4) allylglycine 

(5) and 2-butynylalanine (6) have been incorporated to proteins as leucine analogues using a 

LeuRS mutant (Figure 2b) 111. Similarly, a phenylalanine auxotroph in combination with a 

mutated PheRS enabled the incorporation of the chemical reporters p-N3-L-phenylalaine (7), 

p-I-L-phenylalanine (8), p-acetyl-L-phenylalanine (9) and p-ethynyl-L-phenylalanine (10) 

(Figure 2b) 112-114.  

 
Figure 2. Selective pressure incorporation of chemical reporters to proteins. (a) Strong selective pressure drives 

the natural translation machinery of an auxotrophic expression host to incorporate an unnatural derivative 

containing a chemical reporter instead of the proteogenic amino acid it is auxothrophic for. (b) Unnatural amino 

acids with chemical reporters (highlighted in blue) that have been added to proteins by SPI and the respective 

aaRS that was employed. 



Introduction 

 23 

A very impressive example of the versatility of SPI is a study by Lepthien et al., in which three 

different unnatural amino acids have been incorporated to a single protein using 

polyauxotrophic E. coli 115. Since SPI makes use of the natural translation machinery (although 

sometimes with single point mutations), the amino acid surrogate will be incorporated to the 

whole proteome leading to a certain level of cellular stress. Moreover, since proteins usually 

contain multiple copies of a single amino acid, the chemical reporter will be incorporated 

several times to the target protein. In cases where the positioning of a single chemical reporter 

at a specific site is desired, mutation of the POI or the use of an alternative technology is 

necessary. Nevertheless, the technical ease of SPI and the possibility to perform high-titer 

expression of proteins containing chemical reporters has led to widespread application of this 

technology 106.  

 

4.2.4.2 Site-specific incorporation 

Adding an additional 21st unnatural amino acid to the cellular expression machinery instead of 

replacing one of the proteogenic substrates facilitates the site-specific incorporation of a single 

chemical reporter into a POI. To achieve this goal, Schultz and coworkers made use of the 

nonsense suppression technique 116. The genetic code is comprised of 64 possible 

combinations of nucleotide triplets. 61 out of these encode one of the twenty proteogenic 

amino acids. The remaining three (UAA, UAG, UGA) are so called nonsense codons that bind 

to a release factor and initiate the release of the fully translated protein. In E. coli, UAA is the 

most abundant codon to terminate protein expression and the codon usage of the amber 

(UAG) and opal (UGA) codons is low 117. Normanly et al. were the first to show that a tailor-

made tRNA can sufficiently suppress the binding of a release factor to the nonsense amber 

codon and initiate the insertion of a natural amino acid instead 118. The lab of Schultz expanded 

this technology to allow for the incorporation of the unnatural amino acid o-methyl-L-tyrosine 

(11). They engineered an E. coli orthogonal tRNA/aminoacyl-tRNA synthetase pair based on 

a pair from a different host organism (in this case they used a tyrosyl pair from Methanococcus 

jannaschii). The tRNA was modified to bind to the amber codon and the synthetase randomly 

mutated and successively selected to be highly specific for the unnatural substrate o-methyl-

L-tyrosine (11) (Figure 3a) 119. Shortly thereafter, orthogonal tRNA/aminoacyl-tRNA synthetase 

pairs of chemical reporter amino acids have been engineered allowing for the functionalization 

of proteins at any random site within the protein sequence. Example amino acids include p-

acetyl-L-phenylalanine (12), p-azido-L-phenylalanine (13), p-propargyloxy-L-phenylalanine 

(14), strained alkyne 15 and trans-cyclooct-2-ene 16 (Figure 3b) 120-124. Moreover, nonsense 

suppression has been expanded to other host organism including eukaryotes125 and to 

incorporate fluorescent amino acids like dansyl-L-alanine (17) (Figure 3b) 126. Recently, an 

orthogonal tRNA/aaRS pair has even been delivered to the brain of living mice 127. 
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Figure 3. Site-specific incorporation of chemical reporters to protein using nonsense suppression. (a) An engineered 

tRNA/aaRS pair (highlighted in red) enables the attachment of an unnatural amino acid to the tRNA with successive 

nonsense codon binding and incorporation into the translated protein. (b) Examples of unnatural amino acids that 

have been incorporated to proteins using nonsense suppression including fluorescent dansyl-L-alanine (17). 

Chemical reporters are highlighted in blue. A detailed list of unnatural amino acids can be found at a recent review 

by Lang et al. 128 

Even though the codon usage of the amber codon is low, the orthogonal tRNA is always 

competing with binding of the release factor protein 1 (RF1) 129. This results in premature 

termination of protein expression and low yields of the desired product. Since RF1 is essential 

for the organism, a simple knock-out of the respective gene is not conductive to solve this 

problem 130. According to this, Johnson et al. laboriously engineered an E. coli strain that is 

independent of RF1 and used this to express a GFP derivative containing ten p-acetyl-L-

phenylalanine (9) substrates 131. The high technical demand of nonsense suppression is a 

major drawback of this technology. The engineered translational machinery needs to work in 

perfect harmony to achieve high expression yields and homogeneous product. In particular, 

the second aspect can be problematic since the amber codon is sometimes overread resulting 

in heterogeneous protein mixtures with falsely incorporated natural amino acids 3. 

Nevertheless, nonsense suppression is one of the most versatile technology for protein 

functionalization and is constantly developed further. In this sense, multiple different unnatural 

amino acids have been introduced site-specifically to a single protein by combining the amber 

and ochre codon as well as adding quadruplet codons to the genetic code 132-134.  

 

4.2.5 Chemoselective and bioorthogonal reactions 
Within recent years, the chemical biology community developed a large number of chemical 

methods to site-specifically functionalize proteins. Most commonly, a unique functional group, 

a chemical reporter, is installed to a POI and successively addressed in a chemoselective 

reaction. A chemoselective reaction is defined as a high-yielding reaction with high selectivity 
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for a given functional group within the high functional diversity of a biomolecule. Moreover, the 

selectivity must be achieved without the need of protecting groups and the conditions of the 

reaction need to ensure integrity of the proteins tertiary structure (mild pH, temperature). If this 

reactivity holds true within a living organism, the reaction is referred to as bioorthogonal 13. The 

development of chemoselective and bioorthogonal reactions is of utmost importance for the 

homogeneous functionalization of biomolecules and found widespread applications in the 

synthesis of diagnostic and therapeutic biomolecules 13, 128, 135, 136. This Chapter will give an 

overview of chemoselective transformations and judge on their qualification as bioorthogonal 

reaction. Examples discussed include cysteine selective reactions, polar condensation 

reactions, cycloadditions and Staudinger type ligations. 

 

4.2.5.1 Cysteine selective reactions 

In most of the organisms, cysteine is underrepresented and can be classified as one of the 

less common amino acids 137. Moreover, cysteines tend to oxidize to disulfides, a process that 

is part of the folding mechanism of proteins 138. Therefore, in many cases proteins do not 

contain free cysteines and the introduction of an additional cysteine can be used for 

chemoselective protein functionalization. Researchers made use of this finding and 

engineered methods for the cysteine selective functionalization of proteins. It must be noted 

that such methods are not bioorthogonal due to the abundance of cysteines in living systems. 

The most common example is the Michael addition of reduced thiols to maleimide containing 

probes (Scheme 9a). Today, maleimide probes belong to the standard repertoire for protein 

functionalization and a variety of derivatives can be obtained commercially. However, thiol 

maleimide adducts are prone to hydrolysis and unwanted thiol exchange. This is in particular 

problematic for therapeutic applications since the latter might result in the attachment of probe 

to endogenous proteins 139. Exocyclic maleimides introduced by Kalia et al. and 

bromomaleimides are stable towards thiol-exchange representing a possible solution to 

circumvent this problem (Scheme 9b and c) 140, 141.  

Maleimides are generally considered chemoselective, however side-reactions with amines 

have already been characterized over 40 years ago bringing this into question 142, 143. 

Moreover, the introduction of cysteines into proteins can result in protein-misfolding due to 

unnatural disulfide-bond formation. In this sense, recent approaches make use of native 

disulfide bonds for protein functionalization. Successive to their reduction, proteins are 

incubated e.g. with cysteine bridging dibromomaleimides or bis-sulfone reagents giving rise to 

structural integrity of the protein and high conjugate stability (Scheme 9d) 144, 145.  
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Scheme 9. Cysteine selective chemistry. (a) Probes functionalized with maleimides react with reduced thiols of 

biomolecules in a Michael-type reaction. Successive incubation with excess thiols results in thiol-exchange and 

transfer of the probe to another biomolecule. (b and c) Exocyclic maleimides and bromomaleimides form stable 

Michael adducts that are resistant towards thiol-exchange. (d) Dibromomaleimides enable the functionalization of 

biomolecules while bridging disulfides.  

 

4.2.5.2 Polar condensation reactions 

Condensations of ketones and aldehydes are among the most well established polar reactions 

for protein functionalization. In nature aldehydes and ketones are rarely found on proteins and 

biomolecules but are widespread among small molecules and metabolites, classifying them 

as chemoselective groups 135, 146. When incubated with 𝛼𝛼-effect nucleophiles like hydrazides 

and aminooxy derivatives they are selectively condensated to Schiff-bases with moderate 

stability (Scheme 10a). In particular hydrazones (formed from hydrazides and 

aldehydes/ketones) are prone to hydrolysis 147. To increase the stability of the linkage, 

hydrazones can be reduced with sodium borhydride to form stable hydrazides 148. However, 

this reactant also stabilizes the very weak Schiff-base derived from a primary amine and an 

aldehyde/ketone in an reductive amination reaction leading to increased product heterogeneity 
149. Dirksen et al. further improved the applicability of oxime ligations by introducing aniline as 

nucleophilic catalyst that is able to accelerate the reaction rate up to 400 fold 150. To circumvent 

the problem of product hydrolysis, Agarwal et al. introduced a new aldehyde selective 

condensation utilizing a variant of the Pictet-Spengler reaction yielding stable aminooxy 

tryptamines (Pictet-Spengler ligation) (Scheme 10b) 104, 151. Here, an aldehyde reacts with a 

tryptamine to form an oxonium ion which is further reacted to a C-C bond by the successive 

attack of the indole.  
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The technical ease is one of the main advantages of aldehyde and ketone condensations. 

However, due to the presence of aldehydes and ketones in living organisms, their chemical 

transformation is not bioorthogonal and often limited to the in vitro functionalization of proteins.  

 
Scheme 10. Condensations of aldehydes and ketones for the functionalization of biomolecules (exemplified for 

aldehydes). (a) Hydrazides and aminooxy derivatives condensate with aldehydes and ketones to Schiff-bases. (b) 

The the Pictet-Spengler ligation yields stable aminooxy tryptamines via an oxonium ion intermediate.  

 

4.2.5.3 Cycloadditions 

The 1,3-dipolar cycloaddition of azides and alkynes at elevated temperatures is a long known 

organic reaction for the synthesis of 1H-1,2,3-triazoles and has been coined by Rolf Huisgen 

in the early 1960s (Scheme 11a) 152. In 2002, Rostovtsev et al. and Tornoe et al. 

simultaneously advanced this transformation to proceed in water and at ambient temperature 

using Cu(I) catalysis 153. Since then, a number of methods for the incorporation of azides or 

alkynes as chemical reporters to proteins have been developed (see Chapter 4.2.1-4.2.4) and 

the so-called copper catalyzed azide-alkyne cycloaddition (CuAAC) has extensively been 

employed for the chemoselective functionalization of biomolecules (Scheme 11b) 154-158. In 

CuAAC multiple intermediates are formed making it hard to elucidate the exact mechanism 

involved. However, Worrell et al. recently detected dinuclear copper intermediates during the 

catalytic cycle and hypothesized a mechanism for CuAAC (Scheme 11c) 159. Another major 

advantage of CuAAC is that azides and alkynes have yet to be found in living organisms, 

classifying them as true bioorthogonal groups. Nevertheless, Cu(I) oxidizes in aqueous 

solutions and can lead to toxic oxidative damage in cells 160. In this sense, chelating ligands 

like bipyridine derivative 18 161, Tris[(1-benzyl-1H-1,2,3-trazol-4-yl)methyl]amine (TBTA, 19)162 

and its derivatives tris[(3-hydroxypropyl-1H-1,2,3-triazol-4-yl)methyl]amine (THPTA, 20)163 

and [([bis((1-tert-butyl-1H-1,2,3-triazol-4-yl)methyl)amino]methyl)-1H-1,2,3-triazol-1-yl]acetic 

acid (BTTAA, 21)164 have been developed to stabilize Cu(I), increase its water solubility and 

accelerate the speed of CuAACs (Scheme 11d). So far, the BTTAA ligand showed the highest 

activity in accelerating CuAAC and, perhaps more importantly, represents the first ligand that 

was shown to prevent Cu(I) derived developmental defects in zebrafish embryos 165.  
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Scheme 11. Huisgen type cycloadditions and their application as bioorthogonal strategy for the modification of 

biomolecules. (a) Thermal 1,3-dipolar cycloadditions. (b) Copper catalyzed azide-alkyne cycloaddition (CuAAC) 

exemplified for a biomolecule carrying an azide as chemical reporter. The reaction is likewise with an alkyne being 

incorporated to a biomolecule. (c) Hypothesized mechanism of CuAAC. (d) Cu(I) chelating ligands 18, TBTA 19, 

THPTA 20, and BTAA 21. Part (c) of the Figure is modified, with permission, from B. T. Worrell, J. A. Malik, V. V. 

Fokin. Direct Evidence of a Dinuclear Copper intermediate in Cu(I)-Catalyzed Azide-Alkyne Cycloadditions. 

Science. 2013. 340. 457-460159 © (2013) American Association for the Advancement of Science 

Another variant of 1,3-dipolar cycloadditions obviating the need of Cu(I) and therefore 

circumventing toxicity concerns was introduced by Agard et al. in 2004 166. Utilizing a ring 

strained cyclooctyne scaffold was efficient enough to drive azide-alkyne cycloadditions at 

ambient temperature to completion without the need for a metal catalyst (Scheme 12a). This 

so-called strain-promoted azide-alkyne cycloaddition (SPAAC) found widespread application 

in the functionalization of biomolecules on and in living organisms 167. Since then, a number of 

cyclooctyne derivatives have been designed to further increase reaction rates. Notable 

examples include difluorocyclooctyne (22, DIFO)168, bicyclo[6.1.0]nonyne (23, BCN)169, 

bisaryazacyclooctynone (24, BARAC)170, dibenzoazacyclooctyne (25, DIBAC, or DBCO)171 

and dibenzocyclooctyne (26, DIBO)172 (Scheme 12b). However, achieving higher conversion 

rates by increasing the strain energy of the cyclooctyne comes at the expense of increased 

site-reactivity, e.g. towards free thiols 173. Moreover, hydrophobic cyclooctyne derivatives were 

shown to non-specifically interact with other biomolecules and to be inserted into the cellular 

membrane 174. Therefore, the derivatization of high energy containing cyclooctynes needs to 

be carefully evaluated to ensure chemoselectivity. 
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Scheme 12. Strained alkynes and alkenes for Cu(I) free cycloadditions. (a) The energy rich cyclooctyne reacts with 

an azide incorporated to a biomolecule in a strain-promoted azide-alkyne cycloaddition (SPAAC). The reaction is 

likewise with stained alkynes being incorporated to a biomolecule. (b) A selection of cyclooctyne derivatives that 

have been employed for SPAAC of proteins and biomolecules (22 = DIFO, 23 = BCN, 24 = BARAC, 25 = DBCO 

and 26 = DIBO). (c) 1,3-dipolar cycloaddition of nitrones with cyclooctyne derivatives (SPANC). (d) Cyclopropenes 

react with nitrile imines to give fluorescent pyrazoline derivatives (𝜆𝜆ex = 405 nm, 𝜆𝜆em = 410-498 nm). 

Cyclooctyne conjugations have also been expanded to other 1,3-dipoles like nitrones (strain-

promoted azide-nitrone cycloaddition, SPANC)175, 176, nitrile oxides177 and diazo-compounds 
178, 179 (Scheme 12c). However, a major drawback of most of these alternative dipoles is their 

poor stability in aqueous solution and the need to be generated in situ 135. In addition to alkynes, 

energy rich alkenes have been exploited in chemoselective reactions. Yu et al. used nonsense 

suppression to incorporate a highly strained cyclopropene to proteins and successively reacted 

it with nitrile imines in living mammalian cells (Scheme 12d) 180. Notably, the pyrazoline product 

is fluorescent and can be excited at 405 nm.  

 

Another important class of bioorthogonal cycloadditions using strained molecules are inverse 

electron-demand Diels-Alder reactions (IED-DA) (Scheme 13) 181. Here, electron-deficient 

tetrazines rapidly react with trans-cyclooctene (TCO) derivatives (Scheme 13a), norbonenes 

(Scheme 13b) or cyclopropenes (Scheme 13c) in aqueous solution 181-183. Among all 

established methods for the functionalization of biomolecules, IED-DA transformations with 

TCO have the highest reaction rates published so far 135. Notably, this led to many applications 

including imaging in living animals with advantageous signal-to-noise ratios 184, 185. In this 

sense, a variety of turn-on fluorescent probes have been developed for IED-DA labeling (see 

Appendix 2). Impressive examples are boron dipyromethene tetrazine fluorophores that show 

a fluorescence increase of up to 1600-fold when conjugated to TCO 186. However, TCO tends 

to isomerize to the unreactive cis configuration limiting the storage time of these compounds 
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185. Other variants of IED-DA with reduced reaction rates that combine the use of norbonenes 

or cyclopropenes with electron-deficient tetrazines circumvent this stability problem 182, 183. 

 
Scheme 13. Inverse electron-demand Diels-Alder reaction (IED-DA). trans-Cyclooctene (a), norbornenes (b) and 

cyclopropenes (c) rapidly react with tetrazine derivatives in aqueous solution.  

4.2.5.4 Staudinger type ligations 

The transformation of azides to amines by treatment with triaryl phosphines represents a very 

mild and highly selective method for the reduction of azides 187. In brief, the nucleophilic lone-

pair of the phosphine attacks the azide, forming a iminophosphorane/aza-ylide intermediate 

while nitrogen is being released. Final P-N bond hydrolysis yields a primary amine and a 

phosphinoxide. The so-called Staudinger reaction is high yielding and can be conducted in 

aqueous systems in the presence of a variety of other functional groups. These properties, 

together with the fact that phosphorous(III) compounds are virtually absent in living organisms, 

inspired the advancement of this chemistry to allow for chemoselective and stable 

functionalization of azides within biomolecules 135. For this, several methods to avoid P-N bond 

hydrolysis were developed 188. In 2000, Saxon and Bertozzi published the Staudinger ligation 

in which an electrophilic trap conjugated to the phosphine prevents P-N bond hydrolysis and 

enables the formation of a stable amide bond instead (Scheme 14a) 189. In the same year, a 

traceless variant of the Staudinger ligation was developed for the synthesis of native amide 

bonds as demonstrated for the ligation of two peptide fragments and the conjugation of 

peptides to proteins (Scheme 14b) 190-193.  
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Scheme 14. Staudinger ligations. (a) A triaryl phosphine containing an electrophilic trap reacts with biomolecules 

containing azides to yield a stable amide bond. In the first step, an iminophosphorane is formed which undergoes 

intramolecular cyclization with subsequent hydrolysis. The final ligation product is formed by ring opening 188. (b) 

The traceless Staudinger ligation allows the formation of native amide bonds by the use of thioesters and triaryl 

phosphines. The functionalization of a biomolecule is shown exemplarily. Incubation of a terminal thioester with 

phosphinothiophenol (27) results in trans-thioesterification to yield a phosphinothioester. This reacts with an azide 

containing biomolecule to an iminophosphorane which upon intramolecular rearrangement and hydrolysis yields 

the ligation product with a traceless amide bond 194.  

The use of phosphites represents an alternative to phosphonites, since they react with aryl 

azides to stable phosphoramidate bonds making electrophilic traps for the prevention of P-N 

bond cleavage unnecessary 195, 196. In a first step, the phosphonite reacts with the azide to give 

a phosphazide intermediate which is further transformed to a phosphorimidate while nitrogen 

is released. In a final step, the imidate is hydrolyzed to a stable phosphoramidate. Depending 

on the pH and the substituents of the phosphorous atom, the hydrolysis proceeds via different 

pathways 197. At pH values higher than 5, a nucleophilic attack of water at the phosphorous 

atom initiates the hydrolysis, while at lower pHs it proceeds via an Arbuzov-type 

rearrangement. Moreover, benzyl groups as substituents were found to be very good leaving 

groups suggesting a SN1 type reaction. The group of Hackenberger coined the Staudinger 

phosphite reaction as a powerful chemoselective tool and demonstrated its utility for the site-

specific glycosylation, biotinylation and PEGylation of proteins and peptides (Scheme 15) 25, 

28, 197-200. In addition to generating stable phosphoramidate linkages, the Staudinger phosphite 

reaction is characterized by another very unique feature. Unsymmetrical phosphites generate 

bioconjugates with a single functionality attached (Scheme 15b) while symmetrical phosphites 

facilitates the incorporation of two functionalities to one site within a biomolecule (Scheme 

15a). The latter led to the synthesis of peptides and bacterially expressed erythropoietin 

functionalized with branched PEG chains, thereby having an increased intracellular stability 28, 

200. Moreover, they were able to generate phosphorylated tyrosine and lysine amino acids on 

biomolecules 17, 18. In particular the synthesis of phospho-lysine derivatives opens new 

avenues for the development of analytical methods to elucidate the biological role of this very 

labile PTM 201. Valleé et al. further advanced the Staudinger type reaction repertoire by a 

sequential Staudinger Huisgen reaction. A borane protected alkyne phosphonite building block 

enables the selective conjugation of two different molecules, both functionalized with an azide 
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202. In a first step, an azide containing building block is reacted with the alkyne of a borane 

protected phosphonite in a CuAAC transformation to form a stable triazol (Scheme 15c). It is 

important to note that the borane protecting group prevents homo-coupling and ensures high 

chemoselectivity. After copper removal and deprotection of the borane, a metal-free 

Staudinger-phosphonite reaction with a second azide building block can take place resulting 

in a formal azide-azide coupling. In a subsequent study, they expanded this Staudinger 

phosphonite reaction for the modification of peptides and proteins in aqueous solution by 

engineering phosphonites that are soluble in water and are characterized by increased stability 

towards hydrolysis and oxidation 203.  

 
Scheme 15. The Staudinger phosphite reaction. (a) Symmetrical phosphites facilitate the site-specific 

functionalization of azide containing biomolecules with two functionalities at one site. (b) Unsymmetrical phosphites 

e.g. with benzyl-substituents modify azides in biomolecules with one functionality. A certain amount of unmodified 

biomolecule is observed as side-product (c) Sequential azide-azide coupling using alkyne phosphonites for the 

modification of peptides and proteins.  
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4.3 The microtubule modifying enzyme Tubulin Tyrosine Ligase 
The enzyme tubulin tyrosine ligase (TTL) plays an important role in the post-translational 

regulation and homeostasis of microtubule. This chapter introduces microtubule, their cellular 

function and post-translational modifications. Moreover, it focuses on the catalytic properties 

and function of the TTL and elucidates its potential as a novel tool for the site-specific 

functionalization of proteins.  

 

4.3.1 Post-translational regulation of microtubule; the tubulin code 
Microtubule are the largest polymeric components of the cytoskeleton within eukaryotic cells 

(25 nm diameter). As such, they contribute to the cells architecture and motility, as well as 

intracellular transport and organelle localization 204. Microtubule are assembled from 

heterodimers of two very similar proteins, 𝛼𝛼-tubulin and 𝛽𝛽-tubulin. For microtubule formation, 

guanosine triphosphate (GTP) binds to soluble tubulin and initiates a head to tail attachment 

of 𝛼𝛼- and 𝛽𝛽-tubulin. Subsequently these heterodimers form polymerized microtubule 205. A 

striking and central feature of these polymers is their ability to rapidly undergo cycles of 

polymerization (called rescue) and depolymerization (called catastrophes) 206. Thereby, 

microtubules can differentiate spatially and capture specific targets within the cytosol 207, 208. 

The importance of this unique dynamic property is for example demonstrated by the complex 

formation and maintenance of neuronal axons and dendrites 209, 210. Post-translational 

modifications (PTMs) of microtubule and interaction with regulatory proteins control its 

dynamics and function including the ATP driven transport of chromosomes and organelles 

(Figure 4). While non-motor microtubule-associated proteins (MAP) like tau, MAP1 and spastin 

are involved in the stabilization and destabilization of the polymer 204, kinesin and dynein 

proteins belonging to the motor MAP family generate force along the closed tube to enable the 

targeted delivery of various cargos 211, 212. The activity of most of these enzymes is depending 

on the PTM status on the surface of microtubule 204. Forty years ago, Barra et al. discovered 

the first PTM of a microtubule associated protein. Using isotope labeling, they could show that 

a ribonuclease independent enzyme is attaching L-tyrosine (28) to the C-terminus of 𝛼𝛼-tubulin 
213. A few years later, researchers demonstrated that this process is reversible giving first hints 

toward the importance of this PTM for microtubule regulation 214. While the tyrosinating enzyme 

was identified as tubulin tyrosine ligase (TTL) and has been isolated, characterized and 

produced recombinantly 215-217, the carboxypeptidase responsible for the release of tyrosine 

has yet to be identified 204. The TTL is predominantly active on soluble 𝛼𝛼- and 𝛽𝛽-tubulin 

heterodimers, while detyrosination exclusively takes place on polymerized 𝛼𝛼-tubulin leading to 

an increase of detyrosination on ancient microtubule 216, 218. This catalytic preference, together 

with the observation that the kinesins KIF2C and KIF2A preferentially depolymerize tyrosinated 

molecules lead to the general stabilization of microtubule by the tyrosinating–detyrosinating 
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cycle 219, 220. Moreover, the tyrosination state of tubulin was shown to regulate the activity of a 

motor MAP kinesin (Kinesin-1) involved in intracellular trafficking221 and the interaction of plus 

end-tracking proteins (+TIPs) like DCTN1 and CLIP170 222-224. Today, a number of additional 

microtubule PTMs have been discovered including acetylation225, 226 as well as tubulin tyrosine 

ligase-like protein (TTLL) dependent polyglycylation227 and polyglutamylation228-230. While 

polyglutamylation regulates the activity of microtubule severing enzymes231, acetylation is 

mainly associated with stabilizing microtubules232. However, the experimental proof for the 

stabilizing properties of microtubule acetylation is still insufficient and further studies are 

needed to elucidate the role of this PTM 204. The situation is similar for polyglycylation. Even 

though several enzymes responsible for polyglycylation have been identified and shown to be 

essential for cell motility and division233, little is known about the impact of polyglycylation on 

microtubules.  

 
Figure 4: PTMs of microtubule. Schematic representation of the 𝛼𝛼- and 𝛽𝛽-tubulin dimer and microtubule associated 

modifications (PDB ID: 1JFF) 234. Polyglycylation (highlighted in green) and polyglutamylation (highlighted in red) 

occur on glutamic acid residues within the C-terminal tail of 𝛼𝛼- and/or 𝛽𝛽-tubulin. Tubulin tyrosine ligase and a yet to 

be identified carboxypeptidase mediate the tyrosination and detyrosination of the C-terminal tail of 𝛼𝛼-tubulin 

(highlighted in yellow). Representative acetylation of Lys40 of 𝛼𝛼-tubulin is highlighted in turquois. The Figure is 

modified, with permission, from C. Janke, J. C. Bulinski. Post-translational regulation of the microtubule 

cytoskeleton:mechanisms and functions. Nature Reviews Molecular Cell Biology. 2011.12. 773-786204 Nature 

Reviews © (2012) Macmillan Publishers Ltd.  

 

4.3.2 Structural and catalytic properties of tubulin tyrosine ligase  
The TTL is a member of the ATP-grasp superfamily containing an atypical ATP-binding site 

and three common conserved focal domains. As such it catalyzes the ATP-dependent reaction 

of the C-terminal carboxylic acid of 𝛼𝛼-tubulin and the nucleophilic amine of an incoming 

tyrosine. Ever since the TTL has been identified, several studies suggested a certain substrate 

tolerance of the enzyme. Besides ligating tyrosine to the C-terminal tail of 𝛼𝛼-tubulin, TTL has 

been shown to incorporate L-phenylalanine (29), 3,4-dihydroxy-L-phenylalanine (30), and 
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several ortho-substituted tyrosine derivatives 235, 236. The latter include 3-NO2-L-tyrosine 

(31)237, 3-I-L-tyrosine (32)238, 3-F-L-tyrosine (33)239, 3-formyl-L-tyrosine (34), 3-NH2-L-tyrosine 

(35) and 3-N3-L-tyrosine (36) 236. These findings are quite unique since enzymes are usually 

evolved to be highly specific for a single substrate. Even though the structural basis of TTL 

binding to the C-terminus of 𝛼𝛼-tubulin and ATP has been described in great detail, reasons for 

the enzymes promiscuity towards modification of the tyrosine substrate are still unknown 240, 

241. Prota et al. recently used X-ray crystallography to elucidate the catalytic cycle and 

structure–function relationship of the enzyme. In a first step, detyrosinated alpha-tubulin binds 

to ADP containing TTL. A following ATP exchange induces the formation of an extended cavity 

having a high specificity for the C-terminus of 𝛼𝛼-tubulin (Figure 5a). Once bound, the C-

terminus gets tyrosinated and ADP as well as phosphate are released, restoring the enzymes 

ground state 240. Moreover, the crystal structure revealed, that the TTL is anchored to 𝛼𝛼-tubulin 

by the two acidic glutamic acid residues Glu441 and Glu449 of the C-terminal tail and that 

tyrosination activity seems to be independent of polyglutamylation of Glu445 (Figure 5b) 240. 

Another interesting finding is, that in addition to binding to the C-terminal tail of 𝛼𝛼-tubulin, the 

TTL is interacting with the solvent exposed surface of the 𝛼𝛼-/𝛽𝛽-tubulin heterodimer. These 

interactions have been shown to have a positive effect on the catalytic activity of the enzyme241. 

 
Figure 5: Structural and catalytic properties of the tubulin tyrosine ligase. a) ATP exchange induces the formation 

of an extended cavity of the enzymatic pocket of the TTL. The TTL is depicted in purple, the C-terminal tail of 𝛼𝛼-

tubulin in grey (PDB ID: 4IHJ) 240. b) The tyrosination/detyrosination cycle is depicted. The tubulin tyrosine ligase 

binds the detyrosinated C-terminal tail of 𝛼𝛼-tubulin at Glu441 and Glu449. Due to this and the extended cavity, 

further PTMs at the C-terminus of 𝛼𝛼-tubulin (like polyglutamylation at Glu445) do not interfere with TTL activity. An 

unknown carboxypeptidase cleaves the C-terminal tyrosine off 𝛼𝛼-tubulin. The TTL is highlighted in purple, the C-

terminal tail of 𝛼𝛼-tubulin in grey 240.  

The extended cavity formed by the enzyme could be one reason explaining the enzymes 

substrate promiscuity. However, since efforts to co-crystallize the enzyme together with L-

tyrosine (28) were unsuccessful, further studies are needed to support this hypothesis. 

Nevertheless, the substrate tolerance of TTL has been used to study tubulin and microtubule 

function as well as the catalytic activity of the enzyme itself. For example, Joniau et al. 

employed 3-N3-L-tyrosine (36) in photoaffinity illumination experiments to reveal essential 

cysteines of the TTL that are distant from the catalytic pocket 242. The same group made use 
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of the TTL to site-specifically label the C-terminus of 𝛼𝛼-tubulin with 3-[125I]I-L-tyrosine (32) 

without interfering with microtubule formation 238. In contrast to 3-I-L-tyrosine (32) incorporation 

not affecting microtubule function, the C-terminal ligation of the physiologically relevant 3-NO2-

L-tyrosine (31) has been shown to negatively affect microtubule polymerization leading to 

severe changes in cell morphology and function 237, 243. In 2010, Banerjee et al. employed the 

TTL to fluorescently label microtubule in living cells 236. For this, they incubated mammalian 

cells with 3-CHO-L-tyrosine (34) to allow for its TTL mediated incorporation to 𝛼𝛼-tubulin. 

Subsequently, they added cell-medium containing a cell permeable coumarin hydrazine 

derivative that shows high fluorescence intensity upon condensation to the aldehyde of 3-

CHO-L-tyrosine (34). By using a turn-on fluorescent probe, they could significantly reduce 

background fluorescence of unreacted coumarin probe and increase the signal-to-noise ratio 
236. These examples nicely demonstrate possible experiments to elucidate the function of 

microtubule facilitated by the unique properties of the TTL. However, whether the reactivity of 

the TTL holds true when taken out of the context of tubulin has not been elucidated so far. This 

is of particular interest, since it may open up avenues for repurposing the TTL for the general 

labeling and functionalization of proteins.  

 

4.4 Recombinant antigen binding proteins 

Antibodies are the immune systems core molecules to identify, target and clear pathogens 

from the infected organism. Moreover, ever since they have been used for the detection of 

antibodies to Rh factor and to quantify the amount of insulin present in blood plasma, 

uncountable analytical applications based on the use of antibodies have been developed 244, 

245. The ability to generate highly specific humanized and monoclonal antibodies binding to 

almost any antigen of interest exacerbated this development and laid the foundation for the 

targeted therapeutic use of antibodies 246-248. While early therapeutic concepts exclusively 

relied on the function of the antibody itself, more recent development combine the antibodies 

target specificity with the effectiveness of small drug molecules (see Appendix 1) 2, 3, 249, 250. 

For this, a drug molecule is covalently linked to a functional group within the antibody, 

demanding for selective chemical methods enabling the attachment without interfering with the 

antibodies function135. The same trend holds true for analytical and diagnostic antibodies. 

While many of the established methods rely on indirect detection modes like radioactive 

labeling of the antigen, oxidation by horseradish peroxidase or the enzyme alkaline 

phosphatase (enzyme-linked immunosorbent assay, ELISA) 251, 252, more recent developments 

make use of small fluorescent labels that are covalently bound to the antibody 253. However, 

the generation and production of full-length antibodies can be tedious and their complex inter- 

and intramolecular disulfide bond containing structure is vulnerable towards environmental 
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changes and the attachment of payloads. Moreover, receptor binding domains of various 

pathogens evolved as cavities which prevents binding of full length IgGs since the loop length 

of the antigen binding domains (complementary determining regions, CDRs) is highly 

conserved and evolved to bind convex paratopes 254, 255. Therefore, novel classes of 

recombinant antigen binding proteins that lack these limitations are on the rise 256-258. Besides 

their reduced size and structural complexity, many recombinant antigen binding proteins 

(binders) can be produced in high amounts using eukaryotic and prokaryotic cells and applied 

within the reductive milieu of the cellular environment 259. This opens avenues for live cell 

detection and manipulation of important intracellular processes with minimal impairment to the 

cell. In contrast, the use of full length antibodies is generally limited to extracellular targets and 

fixed or permeabilized tissues. These promising properties led to the development of various 

classes of binders that are either immunoglobulin derived or synthetic derivatives of completely 

different protein classes. Nanobodies are prominent examples of immunoglobulin derivatives 

that distinguish themselves by unique physical and binding specific properties 253, 260. In the 

following paragraphs, nanobodies will be compared to other recombinant binders and 

applications in molecular imaging, therapy and synthetic biology discussed. Moreover, recent 

developments for the site-specific functionalization of nanobodies will be highlighted. Such 

technologies allow the generation of homogenous nanobody conjugates that have increased 

binding affinities and beneficial in vivo properties compared to their randomly functionalized 

equivalent 261, 262. An overview of the discussed nanobodies, their target and functionalization 

is given in table 1. 
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Table 1. Overview on nanobodies discussed in this thesis, their target, applications and their generation.  

Target Application functionalization Generation 

GFP 

Protein immobilization 
263-265 

solid support, randomly attached 

(NHS-chemistry) 

immunization 

Detection of PPIs266 Lac-repressor, genetic fusion 

Protein degradation267 F-box domain of Slmb, genetic fusion 

Imaging268-271 

FPs, genetic fusion; fluorophores and 

gold nanoparticles randomly attached 

(NHS-chemistry), 

L-Plastin 
Trapping of inactive 

conformation272 
V5-tag for purification, genetic fusion immunization 

P-

glycoprotein 

Inhibit drug-efflux-

based multidrug 

resistance273 

- immunization 

HypeE 
Inhibit or stimulate 

AMPylation274 

Fluorophore, biotin, Sortase A 

mediated 

naïve phage 

display library 

MazE 
Crystallization 

chaperone275 
- immunization 

𝛽𝛽2-

microglobulin 

Crystallization 

chaperone276 
- immunization 

EpsI:EpsJ 
Crystallization 

chaperone277 
- immunization 

human 

lysozyme 

Studying protein 

folding using NMR278 
- 

immunization and 

grafting CDRs to 

stable 

nanobodies 

proclacitonin 
high throughput 

assay279 

chitosane-graphene nanocomposite, 

randomly attached (glutaraldehyde) 
immunization 

PCNA 
Imaging DNA 

replication 268, 280 
FPs, genetic fusion immunization 

ß-catenin 
Imaging of ß-

catenin281 
FPs, genetic fusion Immunization 

HIV-1 capsid 

protein 
Imaging HIV-1282 FPs, genetic fusion immunization 

nuclear 

lamina 

Imaging the 

cytoskeleton268 
FPs, genetic fusion immunization 

Detection of 

apoptosis283 



Introduction 

 39 

Table 1 continued. Overview on nanobodies discussed in this thesis, their target, applications and their generation.  

Target Application functionalization Generation 

HER2 

biomarker for breast 

cancer261 

radiolabel, engineered C-terminal 

cysteine & maleimide chemistry 

immunization 
biomarker for breast 

cancer284 

radiolabel, fluorophore, 

chemoenzymatic attachment by the 

use of Sortase A 

CAIX 
biomarker for breast 

cancer285 

radiolabel, engineered C-terminal 

cysteine & maleimide chemistry 
immunization 

PSMA9 
biomarker for prostate 

cancer286 

radiolabel, engineered C-terminal 

cysteine & maleimide chemistry 
Immunization 

TNF 

Treatment for 

autoimmune 

disorders287 

Linear and branched PEG, C-terminal  

engineered cysteine & maleimide 

chemistry 

unknown 

MUC1 
cancer specific cell 

cilling288 

polyethyleneimine, engineered C-

terminal cysteine & maleimide 

chemistry 

naïve phage 

display library 

NPC STORM imaging262 
fluorophore, engineered surface 

cysteine & maleimide chemistry 
immunization 

ApoB-100 

Electrochemical 

impedance 

spectroscopy of ApoB-

100289 

Biotin, chemoenzymatic attachment 

by the use of BirA 
immunization 

testosterone 
high throughput 

assay290 

Biotin, chemoenzymatic attachment 

by the use of BirA 
immunization 

Unknown immobilization291 
Biotin, chemoenzymatic attachment 

by the use of transglutaminase 
unknown 

class II MHC 
Immune response 

imaging292, 293 

radiolabel, chemoenzymatic 

attachment by the use of Sortase A. 

Double functionalization with 

fluorophore and radiolabel by the use 

of Sortase A in combination with 

engineered C-terminal cysteine & 

maleimide chemistry 

immunization 

EGFR 

imaging and 

photoinduced cross-

linking294 

Fluorophore and PEG, amber 

suppression of AmAzZLys 
immunization 
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Table 1 continued. Overview on nanobodies discussed in this thesis, their target, applications and their generation. 

Target Application functionalization Generation 

VCAM-1 immobilization295 biotin, attachment by EPL immunization 

PlexinD1 tumor targeting296 polymersomes, attached by EPL 
naïve phage 

display library 

 

4.4.1 Nanobodies and other Ig derived recombinant antigen binding proteins 
IgG is the predominant isotype of immunoglobulins and consists of two identical heavy and 

two identical light chains that are covalently linked via disulfide bonds. The antigen is 

recognized by the interplay of the variable N-terminal domains of the heavy (VH) and the light 

(VL) chain and six CDRs (Figure 6a) 297. Binders derived from IgGs can be classified as 

fragment antigen binding antibodies (Fab, ~50 kDa), single chain variable fragments (scFv, 

~25 kDa) and heavy or light chain single domains (VH or VL, ~12.5 kDa). Fab and scFv consist 

of both, the VH and VL domain of the parental IgG retaining the size and affinity of the area 

binding the antigen. Due to their reduced size compared to regular IgGs, they show enhanced 

pharmacokinetic properties for in vivo applications 254. VH and VL are covalently linked by 

artificial amino acid linkers or disulfides and associated by strong hydrophobic interactions. 

Ward et al. were able to demonstrate, that functional single VH domains of mice can be 

secreted from E. coli and hypothesized, that their reduced size should enable binding to 

cavities of pathogens 298. However, these expectations have not been fulfilled. The antigen 

binding area of isolated VH domains is bisected and their binding affinity significantly reduced 

compared to their parent antibody. Moreover, the hydrophobic amino acids that are essential 

for VH/VL interaction in full length IgGs are solvent exposed, leading to aggregation and poor 

solubility of single V domains.  

 
Figure 6: Comparison of nanobodies to IgGs. (a) Conventional IgG molecule contain two heavy and two light chains. 

Light chains contain one constant (CL, dark grey) and one variable domain (VL, light grey). The heavy chains contain 

three constant domains (CH1-3, dark grey) and one variable domain (VH, blue). (b) Heavy chain antibodies (hcAb) 

from Camelidae lack the CH1 and CL domain of conventional antibodies. They recognize their antigen by a single 

variable domain, the VHH (blue). (c) X-Ray structure of a typical nanobody. The variable antigen binding regions 

CDRs 1-3 are highlighted in blue, orange and green. N: N-terminus, C: C-terminus. (PDB ID: 3G9A)299.  
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In the early 1990s, an exceptional class of IgG immunoglobulin was detected in the sera of 

Camelidae. These so called heavy-chain antibodies (hcAb) are devoid of light chains reducing 

the functional antigen binding unit to a single variable domain (VHH, Figure 6b and c) 253, 300. 

These properties allow for the generation of potent, recombinant VHHs by isolating and 

engineering the corresponding single domain region of Camelidae B cells after immunization. 

Based on their small size of ~13-14 kDa, recombinant VHHs are often referred to as 

nanobodies. Interestingly, similar IgG derivatives have been identified in several cartilaginous 

fish (Ginglymostoma cirratum, Orectolobidae) 301. The structure of nanobodies differs twofold 

from VH domains of regular IgGs. On the one hand, the CDRs are enlarged to provide a similar 

antigen interacting surface to that of regular IgGs (600-800 Å2, Figure 7) 302. These changes 

result in nanobodies binding their antigen in a convex paratope making them well suited for 

binding structures that are restricted for full length IgGs like immune-evasive epitopes and 

cavities 302-304. On the other hand, hydrophobic amino acids within the conserved framework 

region (FR) that are responsible for VH/VL interaction, are replaced by hydrophilic amino acids 
305-309. Especially these mutations contribute to an increased solubility and stability of 

nanobodies, allowing for a simplified manufacturing process and a wide range of 

biotechnological applications 268. Moreover, nanobody based cancer therapy revealed 

beneficial biophysical and pharmacological properties for in vivo applications indicating a low 

response of the immune system in clinical trials 310. Together, these unique properties of 

nanobodies have even initiated “camelization” strategies of human derived single VH to 

increase their binding affinity and stability 311-313.  

 
Figure 7. Comparison of the binding region and surface structure of nanobodies and human derived VH. (a) VHH 

(nanobody) from Camelidae is shown (PDB ID: 3G9A)299. (b) Human derived variable domain (VH, PDB ID: 2FJF)314. 

VHH’s contain a significantly enlarged CDR3 framework (black) ensuring high binding affinities. Several, in 

conventional VH domains, highly conserved hydrophobic amino acids are mutated within nanobodies increasing 

their solubility (orange). See also: Revets et al.315  
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4.4.2 Non Ig derived recombinant antigen binding proteins 
Full length IgG derived antibodies are powerful research tools and enabled the development 

of novel treatment options for various diseases. However, their large and complex structure 

limits their utilization for the binding of small molecules and as pharmaceutical drugs. 

Therefore, non-immunoglobulin derived, proteins have been engineered to bind specific 

targets with a similar affinity compared to conventional antibodies. Small proteins that are 

involved in tight protein-protein interactions serve as scaffold for the generation of such 

binders. The specific binding surface of these scaffolds is randomized and high-affinity binders 

selected by an in vitro display technique316. Prominent examples are monobodies317, 

anticalins318, affibodies and Designed Ankyrin Repeat Proteins (DARPins)319-321 (Figure 8).  

 
Figure 8. Depiction of engineered recombinant antigen binding proteins. (a) Fibronectin based monobody binding 

the sumo protein (PDB ID: 3RZW)322. (b) Affibody based on Protein A binding HER2 (PDB ID: 3MZW)323. (c) 

Libocalin derived anticalin binding to the Alzheimer relevant amyloid-𝛽𝛽 (PDB ID: 4MVI)324 and (d) Designed Ankyrin 

Repeat Protein (DARPin) in complex with human interlukin-4 (PDB ID: 4YDY). Antigens are highlighted in blue, 

antigen binding proteins in grey.  

Monobodies are human fibronectin III based recombinant antigen binding proteins 317. They 

are structurally similar to immunoglobulin binders but devoid of intramolecular disulfides 

making them ideal for intracellular applications 325. The cell wall protein Protein A present in 

Staphylococcus aureus serves as the basis for affibodies 326. In nature, Protein A binds the 

fragment crystallisable region of immunoglobulins, preventing phagocytosis triggered by an 

immune response of the host organism 327. Mutagenesis of the binding area resulted in a 

number of efficient affibodies binding targets like human insulin or the cytokine TNF𝛼𝛼 328, 329. 

Anticalins are derived from ß-barrel structured lipocalins, a diverse class of proteins 

responsible for the transport, storage, synthesis and sequestration of small hydrophobic 

molecules 330. Lipocalin based libraries enabled the selection of anticalins against various 

targets with up to picomolar affinities 318. Finally, DARPins are based on natural ankyrin repeats 

that are involved in protein-protein interactions. In contrast to other engineered binders, 

DARPins are characterized by a modular assembly of consecutive repeats engineered to bind 

a specific target 319-321. Engineered recombinant antigen binding proteins and nanobodies 

share many advantageous properties including their high stability and small size. However, 
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the engineering effort to achieve high binding affinities is increased for recombinant antigen 

binding proteins that are not Ig derived 331. 

 

4.4.3 Generation of nanobodies 
Nanobodies (and other IgG based recombinant antigen binding proteins) can either be 

generated by immunizing the respective animal with the antigen of interest268, or by further 

evolving an existing naive library 332. In the case of immunization, the mRNA of interest is 

isolated from lymphocytes and its complementary DNA (cDNA) synthesized using reverse 

transcriptase techniques 300, 333. Next, the specific gene encoding the VHH domain is amplified 

and potent binders isolated or further engineered using a polypeptide display technique. 

Among others, phage display is the most common display technique used for in vitro binder 

generation and capable of screening up to 1011 sequences per library 334-336. Here, the VHH 

encoding gene is fused to a viral coat protein leading to the library being displayed on the 

surface of bacteriophages. Since each phage displays a single VHH variant and comprises its 

genetic information, most efficient binders can be selected by challenging the library with the 

immobilized antigen followed by nucleotide sequencing. Alternative screening strategies 

include yeast and bacterial display, in which binders can be selected by multiparameter and 

quantitative flow cytometry, as well as mRNA and ribosome display that are beneficious for 

the selection of large libraries of up to 1015 sequences 336. Once a potent nanobody is selected, 

it can be readily expressed in high yields of up to several g per L in E. coli, S. cerevisiae or 

human cells using a periplasmic leader sequence 337, 338. The secretion to a non-reducing 

environment during expression is advisable, since nanobodies harbor up to two disulfide 

bridges 300.  

 

4.4.4 Nanobodies in cell biology  
As already mentioned, nanobodies have striking properties for advanced applications in cell 

biology. They feature high thermal and conformational stability and remain their binding activity 

after a prolonged incubation at elevated temperatures, high salt concentrations and under 

different pH conditions 339, 340. Moreover, they are able to efficiently refold and fully restore their 

antigen affinity after thermal denaturation, opening novel opportunities for dynamically 

studying the folding of proteins 331, 341. Due to their low production costs and long term stability, 

numerous nanobodies have been immobilized on different matrices and used for 

immunoaffinity chromatography 342. This is of particular interest for state of the art mass 

spectrometry-based proteomics since such technologies require the efficient enrichment of 

defined targets from complex protein mixtures. In this context, immobilized nanobodies that 

specifically bind fluorescently labelled proteins allowed the combinatorial analysis of protein-

protein interactions, DNA methyltransferase activity and histone-tail binding by fluorescent 
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microscopy and mass spectrometry 263-265, 268, 343, 344. The recently developed fluorescent-3-

hybrid (F3H) assay is a powerful tool to dynamically monitor protein-protein interactions in 

living cells. Here, a green fluorescent protein (GFP) binding nanobody is fused to the Lac 

repressor, resulting in the recruitment of GFP-fusion proteins to artificial LacO DNA repeats. 

As soon as a second protein labelled with another fluorescent molecule interacts with the GFP-

fusion, it will be co-recruited to the anchor site allowing for time-resolved visualization of 

protein-protein interactions.266  

In recent years, nanobodies have been used to analyze protein function in living cells and 

organisms. The reversible genetic knockdown of proteins by interfering RNA is a prominent 

way to elucidate protein function. However, such systems rely on the fast depletion of the 

expressed target protein. An alternative method to study protein function by reversible 

knockout makes use of nanobodies mediating ubiquitin dependent protein degradation 267. 

Using this technology, Caussinus et al. showed for the first time, that the myosin II regulatory 

light chain Sqh is required for dorsal closure of the fruit fly Drosophila. Moreover, nanobodies 

have been used to sense and trap specific conformation of proteins. Nanobodies binding L-

plastin, an actin binding protein involved in immune regulation, that trap the protein in an 

inactive conformation revealed that L-plastin plays an important role for immune synapse 

formation and T cell proliferation 272. Moreover, a nanobody that was shown to inactivate the 

intracellular ATP hydrolysis activity of Pgp, an ABC-type transporter, could potentially serve 

as the basis for the development of new therapeutics to cope drug resistance during cancer 

therapy 273. Furthermore, nanobodies were shown to modulate the abundance of 

posttranslational modifications on proteins in living cells. Truttmann et al. were able to engineer 

VHHs that either inhibit or stimulate Huntington associated protein E (HYPE)-mediated 

AMPylation of proteins and used these tools to identify histones H2, H3 and H4 as new targets 

for HYPE 274. 

Another considerable application of nanobodies is their use as crystallization chaperones for 

intrinsically disordered proteins and large molecular complexes. The production of protein-

crystals with sufficient quality for x-ray crystallography of such proteins is highly challenging 

and co-crystallization with nanobodies showed to improve the crystallization behavior 

significantly. This way, the structure of disordered proteins like the addiction antidote MazE 

and the amyloidogenic 𝛽𝛽2-microglobulin, as well as the structure of a large protein complex of 

EpsJ and EpsI that is involved in the secretion of proteins could be solved 275-277. In addition to 

their use as crystallization chaperons, nanobodies have been applied as NMR probes to 

dynamically study protein structure and folding 278.  

Finally, the unique convex binding paratope of nanobodies enables them to bind small 

molecules with high affinities. This led to the development of various nanobody based high 
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throughput assays to identify and quantify clinically relevant biomarkers including testosterone 

and proclacitonin 279, 290. 

 

4.4.5 Nanobodies as novel probes for molecular imaging 
The fluorescent labelling of proteins has become one of the most important tools to visualize 

and understand cellular structures and intracellular processes. Fluorescent proteins (FPs), like 

the GFP, are the most frequently used biosensors and their fusion to a protein of interest 

enables the dynamic visualization of target structures in living cells 5, 6. Even though the genetic 

fusion of FPs is straightforward, their fluorescent properties as well as tendency towards 

photobleaching limit their spectroscopic use and their possible impact to the biological function 

of the protein of interest is often underestimated (see Chapter 4.2). To increase the 

spectroscopic properties of FP-tagged proteins, Kirchhofer et al. developed GFP binding 

nanobodies that are able to modulate the absorption properties of GFP by inducing structural 

changes in the environment of the chromophore. These changes stabilize GFP fluorescence 

in living cells and resulted in higher fluorescence sensitivity and spatial resolution 299. 

Nevertheless. several studies revealed that the genetic fusion of fluorescent protein-tags can 

result in loss and even alteration of function 345-348. The co-expression of a fluorescently 

labelled nanobody (so called chromobody) with high affinity to the protein of interest can serve 

as a powerful alternative. In addition to avoiding genetic manipulations of the target protein, 

it’s expression level can be kept to endogenous levels increasing experimental authenticity 268. 

However, possible functional and structural changes upon antigen binding need to be 

examined and evaluated. Among others, chromobodies have been developed for the live cell 

imaging of endogenous DNA replication in human cells280, endogenous ß-catenin281, HIV-1 

infection282, cytoskeletal components268 and the progression of apoptosis283. Moreover, 

nanobodies showed beneficial characteristics for superresolution microscopy. Classic 

detection reagents composed of primary and fluorescently labelled secondary antibody lead 

to high linkage errors and loss of resolution since the actual dye is remote from the target 

structure (up to 30 nm). Nanobodies have a diameter of 2.5 nm and ~4 nm height, making 

them well suited for high resolution imaging of cellular structures 315. Guizettiand and 

coworkers used a GFP-binding nanobody to elucidate abscission stages of human cells and 

identified contractile filament helices with a diameter of 17 nm to be a central component of 

intercellular bridges 349. The concept of using nanobodies to increase the resolution during 

imaging experiments has subsequently been further developed by labelling nanobodies with 

small organic fluorophores and gold nanoparticles 269, 271. 
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4.4.6 Functionalization of nanobodies 
The functionalization of nanobodies with fluorophores, solid supports and delivery agents like 

polymersomes broadly expands their applicability for imaging, proteomics and as novel 

therapeutic tools. Traditionally, nanobodies for imaging purposes are labeled with FPs like 

GFP and RFP. However, as shown for the use in superresolution imaging, the functionalization 

of nanobodies with small organic probes is expanding the utility of nanobodies as invaluable 

tools for biological research 269, 271. In first proof of principle studies, nanobodies were randomly 

labelled at solvent exposed lysine residues by N-hydroxysuccinimide (NHS) ester containing 

fluorophores resulting in heterogeneous protein mixtures (Figure 9a) 269, 350. Similarly, NHS-

functionalized matrices are used to covalently attach and immobilize nanobodies 271, 351. Even 

though, the unselective lysine labelling of nanobodies has proven valuable, it was shown to 

affect the CDR loops leading to a significant reduction of epitope recognition 262.  

 
Figure 9 Random labeling of nanobodies. (a) NHS-activated probes/drugs are reacted with nucleophilic 𝜖𝜖-amines 

of solvent exposed lysines resulting in heterogeneous nanobody-conjugate mixtures with partly reduced binding 

affinities. (b) The C-terminal fusion of a poly-lysine stretch to nanobodies is intended to prevent unselective NHS-

based labeling of lysines within the CDR loops responsible for antigen binding. Nanobody depicted in grey (PDB 

Code VHH: 3G9A). 

Moreover, these conventional bioconjugation technologies have proven unfavorable for in vivo 

therapy and diagnostics since heterogeneous antibody conjugates have impaired 

pharmacokinetic properties and stability 3, 249, 352. Therefore, the site-specific attachment of 

tracers and drugs to nanobodies resulting in homogenous conjugates with a defined number 

of probe per binder can offer advantageous properties. Platanova and coworkers gained higher 

conjugation control by genetically adding a poly-lysine stretch to the C-terminus of GFP and 

RFP binding nanobodies (Figure 9b). Incubating the nanobodies with NHS-activated 

fluorophores resulted in a labeling ratio of 1.0–1.5 fluorescent molecules per nanobody 270. 

However, whether the poly-lysine stretch prevented fluorophore conjugation to 𝜀𝜀-amino groups 

within the nanobody sequence was not shown and seems to be unlikely. In recent years, a 

number of methods for the site-specific functionalization of proteins have been applied to 

homogeneously label nanobodies. These methods include selective labelling of unpaired 

cysteines, chemoenzymatic systems, expansion of the genetic code and expressed protein 

ligation (EPL).  
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Labeling of unpaired cysteines 

Increased homogeneity of protein conjugates can be achieved by addressing cysteines that 

are less abundant in comparison to lysine 353. Here, the free thiol group of reduced cysteines 

is converted with a cysteine selective chemical entity carrying the probe or drug. Among others, 

maleimides are the most common functional groups used for the labeling of cysteines 12, 354. 

However, since proteins often contain several cysteine residues that are involved in the 

formation of interchain disulfide bonds, an additional reduction step is required and the 

resulting conjugates are heterogeneous mixtures. Engineering an additional cysteine to the 

protein of interest is a possible way to circumvent this limitation that found widespread 

application in nanobody functionalization 261, 285-288, 355. In most cases, the cysteine has been 

implemented to the C-terminus of the respective nanobody, ensuring that the conjugation-site 

is most distal from the antigen binding interface (Figure 10a). Massa et al. used an engineered 

cysteine nanobody to produce homogeneous biomarkers for human epidermal growth factor 

receptor 2 (HER2) expressing cancer cells 261. Along this line, single cysteine nanobodies 

against carbonic anhydrase IX (CAIX) and prostate-specific membrane antigen (PSMA9) have 

been applied for the in vivo diagnosis of breast and prostate cancer 285, 286. In 2012, Vugmeyster 

and coworkers covalently attached branched and linear poly(ethylene glycol) (PEG) linkers to 

the C-terminus of single cysteine nanobodies to prolong their in vivo exposure 287. 

Pharmacokinetic and biodistribution profiles in three different species showed that the site-

specific attachment of PEG chains successfully protected the nanobody from cellular uptake, 

proteases and other clearance pathways. Moreover, DNA binding polyethyleneimine-

maleimide has been conjugated to a single cysteine nanobody to cancer selectively induce 

apoptosis by polyethyleneimine/DNA delivery 288. However, the C-terminal attachment of 

cysteines often resulted in dimerization of nanobodies and glutathione capping of the unpaired 

cysteine making an additional reduction step prior to its functionalization inevitable 261. 

Therefore, Pleiner et al. analyzed the tertiary structure of a nanobody binding the Xenopus 

nuclear pore complex and engineered a cysteine at the surface of the nanobodies framework 

region that is less prone towards capping and protein dimerization 262. Nevertheless, 

engineering additional cysteines to nanobodies can result in reduced expression yields 261, 352.  

 

Chemoenzymatic labeling: 

Ever since the bacterial biotin ligase (BirA) has been repurposed to site-specifically biotinylate 

a protein of interest, different labelling methods have been developed that are built upon the 

reinterpretation of a naturally occurring enzyme 54. The in vivo biotinylation by BirA was one of 

the first chemoenzymatic methods applied to nanobodies. Here, the C-terminus of the 

nanobody is genetically fused to a short Biotin Acceptor Domain (BAD) and co-expressed in 

human cells with BirA. The enzyme activates biotin by monophosphorylation and transfers the 
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biotinyl moiety to the target protein during expression. This system has been applied to 

generate nanobody-based ELISA and immunosensors for the rapid detection of influenza and 

apolipoprotein 289, 356. However, being limited to the biotinylation of proteins restricts broad 

applicability of this method.  

Transglutaminases are another family of enzymes that have been adapted to site-specifically 

modify proteins. In nature, they play an important role in the crosslinking of proteins and 

catalyze the formation of an isopeptide bond between the 𝛾𝛾-carbonyl amide group of 

glutamines and the 𝜖𝜖-amine group of lysines 357. In principle, transglutaminases can target any 

glutamine residue within a protein of interest as long as it is positioned in a disordered or highly 

flexible region of the biomolecule 87. Since nanobodies do not contain such glutamines, 

transglutaminases were successfully applied for their site-specific modification by placing a 

glutamine containing c-myc-tag (EQKLISEEDL) to the proteins C-terminus (Figure 10b) 291. 

Although this was only used to biotinylate nanobodies, Fabs and other antigen binding proteins 

have been functionalized with different entities including fluorophores and drugs 84, 89, 291. In 

principle, these findings should be applicable to nanobodies, too.  

The transpeptidase Sortase A from Staphylococcus aureus specifically recognizes the 

consensus sequence LPXTG (sortag) that can be placed at the C-terminus of a protein of 

interest. A nucleophilic attack of the thiol at the enzyme’s C148 cleaves the amide bond 

between glycine and threonine of the sortag leading to a thioacyl intermediate. A second 

nucleophilic attack of an incoming glycine-peptide carrying a payload of choice results in the 

site-specific functionalization of proteins via a native amide-bond 96, 100. Moreover, Sortase A 

has been applied for the N-terminal modification of proteins and has a great promiscuity 

towards nucleophilic substrates 358. Witte and coworkers used Sortase A to generate nanobody 

dimers by C-to-C fusion as well as bispecific nanobodies against GFP and mouse class II MHC 

products in yields of up to 90% 359. In addition to that, Sortase A has been used to site-

specifically attach fluorophores and radiotracers for SPECT (single photon emission computed 

tomography) and PET (positron emission tomography) imaging in vivo (Figure 10c) 284, 292. In 

a recent study, Sortase A labelling was combined with an engineered unpaired cysteine to 

achieve double functionalization of nanobodies and site-specifically fluorescently labelled 

nanobody dimers 293. A drawback of using Sortase A to functionalize nanobodies is the 

reversibility of the amide-bond formation and the resulting need for high substrate excess to 

drive the reaction towards completion.  
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Figure 10. Methods that have been used for the site-specific labeling of nanobodies (grey). (a) Nanobodies do not 

possess free cysteines. Therefore, engineering a single cysteine to a nanobody (mostly to the C-terminus) is an 

easy way to site-specifically attach a probe or drug by cysteine-selective chemistry (shown for a maleimide 

functionalized probe). (b) Transglutaminases have been used to attach a functionality to nanobodies by generating 

an isopeptide bond between the glutamine of a short C-terminal recognition sequence (blue) and an amine carrying 

probe. (c) The transpeptidase Sortase A catalyzes the reversible formation of an amide-bond between threonine of 

the sortag LPXTG (purple) and a glycine functionalized probe. (d) Amber suppression was used to install the amino 

acid AmAzZLys into a nanobody. The benzylic amine of the unnatural amino acid was reacted with an aldehyde 

containing PEG chain and the benzylic azide with a dibenzocyclooctyl-fluorophore resulting in a doubly 

functionalized nanobody. (e) Expressed protein ligation (EPL) shown for the C-terminal functionalization of 

nanobodies. The respective nanobody is expressed as an intein-fusion (intein shown in green). Activation with a 

reducing agent like mercaptoethanol (38) or DTT (39) results in the formation of a highly reactive thioester. 

Transthioesterification initiated by the nucleophilic attack of a cysteine containing probe followed by a S to N acyl 

transfer results in the formation of a stable amide-bond and the site-specific functionalization of the nanobody (PDB 

Code VHH: 3G9A; PDB Code intein: 4GIG). 

Amber suppression 

Another prominent technology for the site-specific labelling of proteins is amber suppression 

developed by Schultz and coworkers 119, 360. Here, an unnatural amino acid carrying a unique 

chemical entity (a bioorthogonal group) is incorporated to a random site within the sequence 

of the target protein using an engineered expression machinery (see Chapter 4.2.4). In a 

second step, a payload of choice is site-specifically attached to the bioorthogonal group (see 

Chapter 4.2.5). One of the major advantages of amber suppression is the high number of 

unnatural amino acids that have been applied to the system 361. Recently, the unnatural amino 

acid AmAzZLys (37) was incorporated to a nanobody against the epidermal growth factor 

receptor EGFR 294. AmAzZLys (37) is a derivative of lysine, that contains a benzylic amine and 

azide and allowed the double functionalization of the nanobody with a fluorophore and a 5 kDa 

PEG chain (Figure 10d). Moreover, the benzylic azide was used to perform photo-induced 



Introduction 

 50 

crosslinking to EGFR upon antigen binding. However, amber suppression is technically 

demanding and resulted in a significantly lower expression yield compared to the wild-type 

nanobody limiting the usage of amber suppression for nanobody functionalization 294.  

 

Expressed protein ligation 

Expressed protein ligation (EPL) is a technology that is based on the naturally occurring 

splicing of proteins (see Chapter 4.2.2). A protein of interest is expressed in fusion with a 

mutated intein that generates a highly reactive C-terminal thioester upon activation with a 

reducing agent like 2-mercaptoethanol (38) or dithiothreitol (39). In a following ligation reaction 

to a peptide carrying a N-terminal cysteine, a new peptide bond is generated by S to N acyl 

transfer 40. Most of the times, the cysteine peptide is synthesized by solid phase peptide 

synthesis (SPPS) which enables the straight forward incorporation of functional probes and 

payloads (see Chapter 4.2.1). Therefore, EPL has broad application for the site-specific 

functionalization of proteins and nanobodies (Figure 10e) 12. A cysteine-alkyne was recently 

incorporated to a vascular cell adhesion molecule 1 (VCAM-1) binding nanobody by EPL and 

further modified with biotin by a subsequent copper-catalyzed click reaction 295. Optimizing the 

expression and ligation protocol allowed the generation of decent amounts of nanobody with 

high functionalization yields of up to 100%. In another study, EPL resulted in the double 

functionalization of a vascular tumor targeting nanobody with polymersomes for drug delivery 

and biotin 296. However, intein-fusion proteins often require optimized refolding strategies from 

inclusion bodies increasing the experimental effort to achieve functional nanobodies with high 

binding affinities 362.  
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4.5 Cellular delivery of functional proteins 

The direct cellular delivery of biomolecules is a long-thought goal in cell biology and medicine, 

constituting a non-integrative way to analyze and manipulate cellular processes, protein-

protein interactions and protein function 363. Moreover, it could provide “game-changing” 

treatment options for diseases that are initiated by dysfunctional or missing biomolecules 363. 

Traditionally, the manipulation of proteins inside a living cell is achieved by “knockdown”, 

mutation of the respective gene or by transfecting recombinant DNA to cells allowing for 

overexpression of the POI 364, 365. Even though these methods led to the elucidation of 

uncountable cellular processes, their use may imply a severe intrusion of the well balanced 

cellular system. The delivery of biomolecules to cells at defined concentration offers a powerful 

alternative. However, most biomolecules are unable to penetrate the cellular membrane. In 

particular proteins and peptides are often hydrophilic and substantially bigger than the 

generally accepted size-limit for membrane transduction of 500 Da 366. Therefore, the delivery 

of functional biomolecules to living cells is subject of intense research and different approaches 

have been developed within recent years. Next to mechanical methods like microinjection and 

electroporation 367, 368, carrier based deliver systems play an important role 369. In principle, the 

carrier based delivery of cargo to cells follows two main pathways; the transduction of the cell 

membrane and endocytosis dependent uptake (Figure 11).  

 
Figure 11. Simplified depiction of the main pathways for the delivery of biomolecules. Endocytosis dependent 

uptake results in endosomal entrapment and partially lysosomal degradation. The biomolecule needs to escape the 

endosome to be available in the cytosol. In contrast to that, transduction through the plasma membrane initiated by 

membrane interaction and pore formation enables cellular delivery with immediate bioavailability. 

4.5.1 Mechanisms of Endocytosis  
Endocytosis is the predominant pathway described for the delivery of biomolecules 370. Here, 

extracellular macromolecules pass the plasma membrane via encapsulation in vesicles and 

get entrapped in endosomes which can lead to lysosomal degradation (Figure 11). To be 

available insight the cell, the biomolecule needs to escape from the endosome. This can be 



Introduction 

 52 

achieved by lipid or osmotic pressure mediated destabilization of the membrane or its 

translocation through transmembrane pores 370-372. Until today, a variety of mechanisms for 

endocytosis have been described including clathrin-mediated endocytosis (CME), 

phagocytosis, macropinocytosis, caveolin-mediated endocytosis as well as clathrin- and 

caveolin-independent endocytosis (Figure 12) 373. In the case of clathrin-mediated 

endocytosis, membrane and surface receptor binding of a ligand promotes the clustering of 

coated pits which is mediated by the assembly of a polygonal clathrin lattice on the membrane 
374. In a following step, the pits are separated from the membrane to form intracellular clathrin-

coated vesicles with a diameter of approximately 100-150 nm. Upon depolymerization of 

clathrin, early endosomes are formed 370, 373, 374. In contrast to clathrin-mediated endocytosis, 

the internalization via caveolar does not seem to result in lysosomal degradation making it a 

promising strategy for the delivery of biomolecules 375. Caveolae are hydrophobic 

microdomains within the membrane that are associated with cholesterol-binding proteins 

called caveolins 375, 376. These proteins mediate the formation of caveolae which further leads 

to the entrapment of cargo, separation from the membrane and cellular internalization. 

However, caveolae are highly stable structures with limited possibilities for efficient cargo 

release. Moreover, their internalization is very slow and plays a subordinated role compared 

to other endocytic pathways 370. Macropinocytosis refers to the actin mediated ruffling of the 

cellular membrane and formation of large endocytic vesicles called macropinosomes. In 

dependence of the cell type, macropinosomes merge into lysosomes or are recycled to the 

cell membrane and are generally considered to be relatively leaky compared to other 

endosomes. Macropinosomes vary in size but can grow to 5 µm in diameter. Similarly, uptake 

via phagocytosis is dependent on actin polymerization which is initiated upon ligand interaction 

with phagocrytic receptors. Upon internalization, phagosomes are formed and further matured 

to phagolysosomes where the cargo is finally degraded 377. However, phagocytosis is occurring 

in a small number of cell types (monocytes, macrophages, neutrophiles) limiting its broad 

applicability for the delivery of biomolecules to cells. Last but not least, various clathrin- and 

caveolae-independent uptake pathways have been described. However, for most of the cases, 

the detailed mode of uptake is unknown and further research required 378, 379.  
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Figure 12. Simplified depiction of endocytic mechanism for the cellular uptake of biomolecules. (a) Clathrin-

mediated endocytosis, (b) caveolae-mediated endocytosis, (c) micropinocytosis, (d) phagocytosis and (e) clathrin- 

and caveolae-independent endocytosis.  

4.5.2 Endocytosis dependent protein delivery 
Within the last decades, a number of endocytosis dependent protein delivery systems have 

been developed. These include supercharged proteins (Figure 13a) 380-382, virus-like particles 

(Figure 13b)383, 384, nanocarriers (Figure 13c)385, nanoparticles (Figure 13d)386, lipid mediated 

delivery systems (Figure 13e)387 and anthrax toxin mediated delivery (Figure 13f). 

Supercharged proteins are engineered or naturally occurring proteins with a high positive or 

negative charge density on the surface. The laboratories of Raines and Liu demonstrated that 

engineered variants of GFP with high positive net charge can penetrate and deliver molecules 

into living cells 380-382. Virus-like particles are self-assembled virus capsid proteins that lack the 

pathogenic and replicating properties of regular virions 388. Biomolecules that are encapsulated 

within the particles have been shown to be transported across the cell-plasma membrane. 

Nanocarriers, nanpoparticles and lipid mediated carrier systems are based on inorganic 

nanoparticles, polymers, proteins or lipids and offer increased flexibility in terms of surface 

properties and size 363. Rabideau et al. recently made use of the nontoxic protective 

antigen/lethal factor delivery platform derived from anthrax lethal toxin to deliver functionalized 

peptides and native proteins 389. However, all of these techniques initiate an endocytosis 

dependent mode, the cargo gets entrapped in endosomes and suffers from lysosomal 

degradation (Figure 12). To be available insight the cell, the biomolecule needs to escape from 

the endosome. This can be achieved by lipid or osmotic pressure mediated destabilization of 

the membrane or its translocation through transmembrane pores 370-372.  
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Figure 13. Illustration of protein delivery systems. (a) supercharged proteins, (b) virus-like particles, (c) polymeric 

nanocarriers, (d) inorganic nanoparticles, (e) lipid based delivery systems and (f) anthrax toxin mediated protein 

delivery.  

Nevertheless, endosomal entrapment is a crucial limitation and proteins need to be unfolded 

for efficient membrane channel transport. Therefore, methods that enable the non-endocytic 

intracellular delivery of biomolecules with immediate bioavailability are highly desired (Figure 

12). The attachment of cell penetrating peptides (CPPs) to biomolecules is a prominent 

strategy to achieve this goal. 

 

4.5.3 Cell penetrating peptides 
Cell penetrating peptides (CPPs) are powerful tools that were shown to mediate the cellular 

uptake of small molecules like fluorophores and hormones as well as large functional 

proteins 390, 391. CPPs are a diverse class of short peptides that can be categorized into 

amphipathic, hydrophobic and cationic molecules. While early studies suggested that CPPs 

are internalized via membrane transduction, additional experiments revealed the involvement 

of endocytic uptake mechanisms including clathrin-dependent endocytosis, micropinocytosis 

and lipid raft-mediated endocytosis 371, 392-395. Today it is known that the mode of uptake is 

highly dependent of the CPP and the attached cargo 396, 397. For instance, the uptake of 

positively charged poly-arginine peptides such as the TAT peptide in fusion to small molecules 

like fluorophores was shown to be energy-independent suggesting a non-endocytic pathway 
398. Moreover, the uptake is dependent on the positive charge of the guanidium groups and its 

efficiency increases with the number of arginine’s within the peptide 391. The detailed 

mechanism of the transduction is still under debate and according to Herce et al. “challenges 

fundamental concepts associated with protein membrane interaction” 399. After all, the highly 

charged peptide has to cross the hydrophobic core of the plasma membrane. Possible 

explanations for the peptides diffusion through the membrane are the formation of transient 

pores or inverted micelles 399, 400. Along these lines, a combination of in vitro, in vivo and in 

silico experiments revealed, that carboxylates of fatty acids and the cell membrane pH gradient 

are important driving forces that enable arginine rich CPPs to cross the hydrophobic barrier 401. 

In brief, the positively charged peptide binds to deprotonated fatty acids at the extracellular 

matrix which initiates the formation of a water channel. Next, the neutral peptide-fatty acid 

complex diffuses through the channel into the slightly more acidic intracellular environment. 
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The increased proton density facilitates release of the peptide to the cytosol, protonation of the 

fatty acid and closure of the channel.  

Within recent years, arginine rich CPPs enabled the energy-independent uptake of a variety 

of cargos. However, it must be noted that this uptake pathway is significantly reduced when 

the CPP is attached to large molecules including proteins 402. A very simple but impressive 

solution for this problem was published by Nischan et al. 403. They synthesized a cyclized 

derivative of the TAT peptide with increased rigidity and covalently attached it to 25 kDa sized 

GFP. In contrast to the fusion of linear TAT, the cyclized peptide facilitated efficient uptake of 

GFP with immediate bioavailability. Moreover, the uptake was independent of temperature and 

endocytosis inhibitors, further indicating membrane transduction. This proof of concept study 

establishes CPPs as versatile tools for the direct cellular uptake of functional and full length 

proteins and constitutes a major step towards non-integrative analysis and manipulation of 

cellular processes.  

 

4.5.4 Delivery of nanobodies and other antigen binding proteins 
The cellular delivery of antibodies and antigen binding proteins is of particular interest within 

cell biology and medicine since it enables the labeling and manipulation of intracellular 

antigens and intense research has been invested within the last decades to develop general 

methods to achieve this goal 258, 404, 405. In principle, intracellular functional antigen binding 

proteins can be obtained by transfecting cells and the use of intrabodies that are optimized for 

intracellular expression. However, the functional cytosolic expression of binders remains 

challenging and their functionalization with small molecules like affinity tags, fluorophores and 

drugs is not possible using such technologies 257, 258, 369, 404, 406-408. In this sense, the permeation 

of functional antigen binding proteins into living cells would vastly expand the methodological 

repertoire of antigen binding proteins for intracellular use. In 2002, Lackey et al. used a 

biotinylated and pH sensitive poly(propylacrylic acid) polymer nanocarrier in complex with 

fluorescent streptavidin to achieve endocytic uptake and endosomal release of a biotinylated 

anti-CD3 antibody 409. They confirmed the cytosolic distribution of the complex by fluorescence 

and western blot analysis. However, whether the antibody remained functional and essential 

disulfide-bridges intact after endosomal release and the rationale behind the release 

mechanism has not been studied. In 2016, Chiu and coworkers developed large-pore 

mesoporous silica nanoparticles (MSNs) that are functionalized with nitrilotriacetic acid (NTA) 

groups at the internal surface of the MSN 410. Activation of the complex with various metal ions 

enabled the covalent attachment of a His6-tagged GFP-chromobody. Incubation of living cells 

with these complexes at nanomolar concentrations resulted in endocytic uptake and 

endosomal entrapment of the conjugate. Although a small amount of chromobody was able to 

escape the endosomes (1-2%), probably due to a proton sponge effect generated by the 



Introduction 

 56 

chromobodies His6-tag, the use of endosomal escape triggers like fusogenic peptide INF7, 

acidity, DMSO or chloroquine was necessary to obtain a decent amount (~17%) of 

chromobody within the cytosol. Importantly, intracellular co-localization of the chromobody with 

its antigen confirmed full functionality of the antigen binding protein and the MSN-NTA complex 

allows for the combination with any His-tagged protein. One year later, Röder et al. formulated 

fluorescently labeled nanobodies (via NHS-esters) with a number of different nanoparticle 

forming oligoaminoamides equipped with succinoyl tetraethylene pentamine units that trigger 

endosomal release 411. Incubation of the encapsulated nanobodies in low µM concentrations 

with HeLa cells resulted in either receptor specific or non-specific endocytic uptake. By this 

strategy, they could achieve high co-localization with the antigen and intracellular availability 

of the nanobody of up to 60%. Nevertheless, endosomal escape remained a bottleneck 

indicated by a significant number of nanoparticles entrapped in cellular vesicles. Within the 

last years, a receptor dependent delivery system based on the anthrax lethal toxin has been 

developed and applied for the delivery of a number of biomolecules 389. In nature, protective 

antigen (PA) binds to anthrax receptors on human cells and oligomerizes to form hepta- or 

octamers. Once lethal factor (LF) binding occurs, the whole complex is endocytosed. 

Subsequently, the acidic milieu of the endosomes initiates a rearrangement of PA leading to 

the formation of a PA pore in the membrane allowing for translocation of the LF to the cytosol. 

Liao et al. made use of this system and chemoenzymatically attach LF to an affibody, DARPin 

and a monobody by Sortase A 412. By this, they were able to achieve delivery of these 

recombinant binders to the cytosol with maintained antigen binding properties. Nevertheless, 

translocation through the PA pore requires protein unfolding and subsequent refolding limiting 

this approach to antigen binding proteins that are readily folded within the reductive 

environment of the cytosol. In this sense, all the mentioned examples for the cellular delivery 

of nanobodies and antigen binding proteins require endosomal escape mechanisms 

constituting a major bottleneck in addressing intracellular antigens in living cells. The use of 

cell-penetrating peptide might circumvent this limitation since they have been shown to enable 

the direct cellular uptake of functional and full length proteins (see Chapter 4.5.3). Therefore, 

the generation of cell-penetrating antigen binding proteins by CPP fusion is the next logical 

step to fulfill this goal. 
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5 Objectives 
Antigen binding proteins are versatile molecules with applications in biochemistry, cell biology 

and medicine 253. Moreover, the in vitro functionalization of these proteins with small organic 

probes like fluorophores and drugs significantly broadened their scope and resulted in 

impressive research and therapeutic tools 2, 3. While early methods relied on the statistic 

chemical attachment of payloads to proteins, a new trend towards the controlled and site-

specific functionalization of biomolecules emerged 128. The same holds true for antigen binding 

proteins since the preservation of their structural integrity and antigen binding is of utmost 

importance 331. Despite the many advances that have been made within recent years, there is 

still a great need to broaden the toolbox of protein functionalization to fully unleash the potential 

of functionalized antigen binding proteins. Key challenges that need to be addressed include 

the high technical demand of several protein functionalization methods and possible alterations 

of the antigen binding protein upon their execution. For example, chemoenzymatic methods 

that are in principle characterized by their technical ease require the use of large and often 

hydrophobic molecules. Their attachment to the antigen binding protein might initiate crucial 

biophysical and structural changes. Another challenge arises from the incapability of in vitro 

functionalized antigen binding proteins to penetrate the cellular membrane. This is severely 

limiting their application to the extracellular space. Consequently, two main goals are defined 

in the context of this thesis: 

 

1. Develop a new versatile method for the functionalization of proteins which distinguishes 

itself by high compatibility with antigen binding proteins and enables the high yielding 

incorporation of small chemical reporters with minimal effect on the protein.  

2. Generate functionalized antigen binding proteins that are able to penetrate the cellular 

membrane with immediate bioavailability in the cytosol.  

 

Project 1 – Develop a new chemoenzymatic method for the functionalization of proteins 
Chemoenzymatic systems for the functionalization of proteins combine the advantages of 

standard protein production with bioorthogonal chemistry excluding low expression yields and 

heterogeneous products from genetic incorporation of unnatural amino acids and unspecific 

labeling chemistries (Chapter 4.2.4 and 4.2.5). Even though a number of enzymes have been 

applied successfully to the labeling of several proteins, current challenges still include large 

and highly hydrophobic substrates that might influence the protein properties and function, the 

need of generating mutants to achieve efficient attachment of different functionalities and the 

reversibility of some labeling reactions (Chapter 4.2.3).  

This project will focus on developing a new chemoenzymatic labeling method that combines 

the use of small unnatural amino acids as bioorthogonal handles and the technical advantages 
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of chemoenzymatic labeling. The posttranslational machinery of tubulin and in particular the 

enzyme tubulin tyrosine ligase (TTL) will serve as a starting point and will be repurposed as a 

tool for the labeling of proteins. Antigen binding nanobodies will serve as model proteins and 

are aimed to be functionalized with probes like fluorophores and biotin for applications in cell 

biology. 

 
Project 2 – Conjugation of cyclic CPPs to nanobodies for their delivery to the cytosol 
The covalent attachment of cyclic arginine-rich cell-penetrating peptides (cCPPs) was recently 

shown to promote the cytosolic uptake of functional full length proteins 403. The aim of this 

project is to elucidate whether this finding holds true for the cellular delivery of antigen binding 

proteins. Moreover, once this has been validated, cell permeable antigen binding proteins are 

supposed to be established as powerful tools to visualize and manipulate biological processes 

in living cells. Due to their reduced size, increased stability and strong binding properties, 

nanobodies have the perfect pre-requisites to achieve this goal and will serve as model 

proteins during this studies.  

 

(Side-) project 3 – Generation of single cysteine mutants of GFP 
Chemoselective methods for the functionalization of cysteines are of huge interest for the 

chemical biology community (Chapter 4.2.5). Once a new method has been evaluated on small 

molecule and peptide level, it has to be tested on a valid model protein. Ideally, this protein 

contains a single cysteine residue and obtains a property that allows for immediate readout of 

structural and functional integrity. The fluorescent GFP is a prominent and well established 

protein that fulfills the latter requirement. Spectral analysis enables immediate detection of 

negative effects on the proteins fold. However, it contains more than one cysteine residue 

complicating quantitative analysis of the chemoselective reaction. In this sense, the aim of this 

small side-project is to develop a single cysteine mutant of the GFP.  
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6 Results and Discussion 

6.1 Tub-tag–labeling; A novel, efficient and versatile tool for the 
C-terminal labeling of Proteins 

6.1.1 Introduction and project outline 
Chemoenzymatic incorporation of bioorthogonal handles into proteins has emerged as a 

powerful method for the site-specific labeling of proteins (Chapter 4.2.3). This approach 

combines the advantages of standard protein expression with the versatility of bioorthogonal 

chemistry (Chapter 4.2.5) 54, 55. Even though a number of methods have been successfully 

applied to the labeling of proteins, current challenges still include large and highly hydrophobic 

substrates that might influence the protein properties and function, the need of generating 

mutants to achieve efficient attachment of different functionalities and the reversibility of some 

labeling reactions 55, 413. A new versatile chemoenzymatic method that has high compatibility 

with existing labeling technologies and allows for the incorporation of various small substrates 

with minimal impact on the proteins properties is highly desirable. Therefore, the aims of the 

work described in this chapter are: 

 

a) To develop a new chemoenzymatic labeling method that allows the site-specific and 

irreversible installation of small, amino-acid sized, chemical reporters to biomolecules 

and combine it with a wide selection of established bioorthogonal reactions. This would 

enable versatile two-step functionalization of proteins.  

b) To identify fluorescent and biotinylated substrates that are compatible with the new 

method and facilitate convenient one-step functionalization of proteins. 

c) Apply this method to the functionalization of a number of proteins including antigen 

binding proteins and employ such conjugates for biochemical and cell-biological 

applications. 

d) To combine the new method with the site-specific ribosomal mediated incorporation of 

unnatural amino acids to allow for the dual functionalization of a protein. 

 

As described in Chapter 4.3, the enzyme TTL which is part of the manifold posttranslational 

modification machinery of the microtubule cytoskeleton is a possible candidate to fulfill all 

requirements to achieve these goals. Next to ligating the natural substrate L-tyrosine (28) to 

the C-terminus of a-tubulin, it has been shown to accept substrates with minor modifications 
204, 235, 236, 239, 414. During the catalytic cycle, the active site of the enzyme forms an extended 

cavity 240. This could be one explanation for the enzymes substrate promiscuity and open the 

possibility to find additional substrates, that are structurally less related to L-tyrosine (28). 

Moreover, endogenous TTL was used to fluorescently label a-tubulin in living cells using 3-
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formyl-L-tyrosine (34) and a following hydrazone forming reaction with a suitable 

fluorophore 236. Based on these observations, we wondered whether we could repurpose the 

TLL to site-specifically attach tyrosine, tyrosine derivatives and less related substrates to any 

protein of interest fused to the C-terminal peptide of a-tubulin (Figure 14). On the one hand, 

small tyrosine derivatives carrying chemical reporters could thereby be incorporated to proteins 

and used for a subsequent bioorthogonal reaction (Figure 14a, two-step functionalization of 

proteins). On the other hand, fluorescent or biotinylated substrates would facilitate the one-

step functionalization of biomolecules by the TTL (Figure 14b). However, the C-terminal 

glutamic acid rich peptide which serves as recognition sequence for the TTL has not been 

fused to other proteins than a-tubulin and it was not shown, that TTL is able to ligate derivatives 

of tyrosine to the isolated peptide. To elucidate this, the aim is to develop a fast and reliable 

fluorescent HPLC based assay to quantify ligation efficiency on peptide level and screen for 

new TTL substrates. Moreover, it is intended to adapt the TTL to the site-specific labeling of 

functional proteins and use these conjugates for widespread applications in biochemistry as 

well as cell biology.  

 
Figure 14. Tub-tag labeling project outline. (a) Versatile two-step labeling of proteins. TTL mediated incorporation 

of tyrosine derivatives containing chemical reporters enables successive conjugation to a functional probe 

(highlighted in red) using a bioorthogonal reaction. (b) Fluorescent or biotinylated substrates of TTL facilitate the 

efficient one-step functionalization of biomolecules. 
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6.1.2 Tub-tag labeling as a modular two step approach for the C-terminal 
labeling of proteins  
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Figure 15. Site-specific protein functionalization by tubulin tyrosine ligase (TTL). 

Abstract 
A novel chemoenzymatic approach for simple and fast site-specific protein labeling is reported. 

Recombinant tubulin tyrosine ligase (TTL) was repurposed to attach various unnatural tyrosine 

derivatives as small bioorthogonal handles to proteins containing a short tubulin-derived 

recognition sequence (Tub-tag). This novel strategy enables a broad range of high-yielding 

and fast chemoselective C-terminal protein modifications on isolated proteins or in cell lysates 

for applications in biochemistry, cell biology, and beyond, as demonstrated by the site-specific 

labeling of nanobodies, GFP, and ubiquitin. 

 
Responsibility assignment 
The project was conceptualized by Christian Hackenberger and Heinrich Leonhardt. Both 

contributed to the writing of the manuscript. The author developed the synthesis of the tyrosine 

derivatives, designed a peptide based assay for elucidation of enzyme activity and kinetic 
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parameters, optimized the reaction conditions to reach full conversion, performed ligation on 

protein level, performed tryptic digest, cloned and expressed GFP und Ubiquitin derivatives, 

synthesized hydroxylamine-biotin derivatives, performed follow-up bioorthogonal reactions 

and wrote the manuscript. Jonas Helma cloned and expressed all nanobodies, established 

expression and purification of tubulin tyrosine ligase, validated the optimized ligation protocol 

and performed superresolution microscopy and wrote the manuscript. Florian Mann validated 

the kinetic parameters, performed an assay to elucidate the GFP-fluorescence modulating 

properties of the nanobodies and contributed to the writing of the manuscript. Garwin Pichler 

initially cloned and expressed tubulin tyrosine ligase and performed a first activity 

determination. Francesco Natale performed confocal microscopy experiments and proof read 

the manuscript. Eberhard Krause analyzed digested peptides by MSMS analysis and proof 

read the manuscript. M. Cristina Cardoso contributed to the design of the microscopy studies 

and to the writing of the manuscript.  

 
Summary of content 
The presented method Tub-tag labeling is based on the ligation of easily accessible tyrosine 

derivatives to a fourteen-amino acid short recognition tag called Tub-tag by the enzyme tubulin 

tyrosine ligase. In a second step, bioorthogonal handles within the tyrosine derivate are used 

to conjugate various payloads in a site-specific manner. In a first set of experiments an isocratic 

fluorescent-HPLC assay was established to elucidate the enzymatic properties and TTLs 

ability to ligate 3-formyl-L-tyrosine (34) and 3-N3-L-tyrosine (36) to the isolated Tub-tag. For 

this, a 5,6-carboxyfluorescein-labeled Tub-tag peptide 40 was synthesized using standard 

SPPS and ligation experiments performed using a peptide to TTL ratio of 200:1. This revealed 

that within 120 min TTL ligates 90% and 63% of 36 and 34, respectively. To test whether the 

Tub-tag sequence can be functionally implemented in proteins other than tubulin and therefore 

be used for their site-specific functionalization, the Tub-tag peptide was fused to the C-

terminus of the GFP-specific nanobody GBP4 and initial labeling experiments performed. 

Tryptic digest and HPLC-MS/MS analysis confirmed the C-terminal addition of 3-N3-L-tyrosine 

(36), 3-formyl-L-tyrosine (34), 3-NH2-L-tyrosine (35) and 3-NO2-L-tyrosine (31). To get more 

insights into the efficiency of the method, the ligation of 36 was combined with a following strain 

promoted azide-alkine cycloaddition (SPAAC)166 for the conjugation of biotinylated 

dibenzocyclooctyne (DBCO)-derivative 41. By this, it was shown that ligation times of three 

hours result in almost quantitative functionalization of GBP4 (99%). Furthermore, Tub-tag 

labeling was successfully combined with well-established bioorthogonal reactions, including 

oxime- and hydrazone-forming reactions,13 Staudinger ligation189 and Staudinger-phosphite 

reaction18, 28, 199. After having established this new chemoenzymatic labeling method, it was 

applied to another nanobody as well as GFP and ubiquitin and labeling of overexpressed GFP 

in cell lysate successfully performed. Finally, nanobodies that where modified by Tub-tag 
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labeling were applied in biochemical and cell biological downstream experiments. Biotinylated 

GBP4 was used for successful immunoprecipitation of GFP containing HEK cell lysates 

demonstrating specific and functional GFP pulldown. Since GFP-binding nanobodies have 

great potential as staining reagents for superresolution microscopy299, site-specifically labeled 

GBP1 was used to stain cellular structures in immunofluorescence experiments. Here, 

following 3-formyl-L-tyrosine (34) incorporation via TTL, GBP1 was labeled with Atto594 dye 

using oxime forming reaction. HeLa cells expressing GFP-LaminB1, which localizes at the 

interior of the nuclear envelope and forms the nuclear lamina, were stained with GBP1-

Atto594. 3D-SIM superresolution microscopy then revealed laminar colocalization of the GBP1 

staining reagent at maximal resolution, indicating functional binding to GFP in this cellular 

context. 

 
Manuscript and Supporting Information 
The manuscript and Supporting Information are printed from: Dominik Schumacher, Jonas 

Helma, Florian A. Mann, Garwin Pichler, Francesco Natale, Eberhard Krause, Prof. M. Cristina 

Cardoso, Prof. Christian P. R. Hackenberger, Prof. Heinrich Leonhardt: Versatile and Efficient 

Site-Specific Protein Functionalization by Tubulin Tyrosine Ligase. Angewandte Chemie 

International Edition. 2015. 54. 13787-13791136 © (2015) Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. Reproduced with permission.  
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6.1.3 Time, temperature, pH and tyrosine concentration dependency of Tub-
tag labeling  

To further elucidate the scope of Tub-tag labeling on protein level, the Tub-tagged antigen 

binding protein GBP4 was incubated with TTL and 3-N3-L-tyrosine (36) as described in Chapter 

5.1.2 with a fixed TTL/GBP4 ratio of 1:10 at varying temperatures, pH values, concentrations 

of azide 36 or for a different amount of time (Figure 16).  

 
Figure 16. Tub-tag labeling of GBP4 was performed at different concentrations of 3-N3-L-tyrosine (36), different 

temperatures, pH values and for varying duration of time. A successive SPAAC to biotin 41 was performed and 

SDS-PAGE used to analyze the reaction process.  

First, Tub-tag labeling experiments with 200 eq. of azide 36 at temperatures between 19 ° and 

43 °C were performed. After 1 h of incubation, the reaction was stopped by quickly cooling to 

4 °C and excess of azide 36 removed by dialysis. SPAAC to DBCO-biotin 41 was performed 

as described in Chapter 5.1.2 by adding 30 eq. of biotin 41 and incubating for 3 h at 30 °C. 

The reactions were analyzed and yields estimated by SDS-PAGE analysis (Figure 17). The 

TTL showed high efficiencies at reduced temperatures (> 75% conversion, 19 – 33 °C) that 

are similar to that observed at 37 °C. In contrast to that, increasing the temperature to 40 or 

43 °C resulted in a drop of ligation yields to 49 and 40%, respectively. This could be a hint 

towards increased aggregation of the TTL at elevated temperatures.  

 
Figure 17. The temperature dependency of 3-N3-L-tyrosine (36) incorporation to the C-terminus of GBP4 is shown. 

Reactions were performed using a 10:1 ratio GBP4 to TTL at different temperatures for 1 h. Reactions were quickly 

cooled to 4 °C, excess of 3-N3-L-tyrosine (36) removed via dialysis (at 4 °C) and SPAAC to DBCO-biotin 41 

performed. (a) The TTL shows high efficiency over a broad temperature range. Data were plotted using the Software 

PRISM 5 (GraphPad) and represent a single experiment. (b) The yields shown were estimated by SDS-PAGE and 

by using the software Image Lab (Bio-Rad, USA). 



Results and Discussion 

 102 

Based on these findings, the general execution of Tub-tag labeling at reduced temperatures 

should be considered, as this represents conditions that are gentle for proteins and TTL ligation 

yields remain high. 

Next, the effect of the pH-value on the TTL mediated incorporation of azide 36 was evaluated 

(Figure 18). Similar to the temperature dependent ligations described above, GBP4 was 

incubated with 200 eq. of 3-N3-L-tyrosine (36) and Tub-tag labeling performed at 37 °C with 

pH values between 5.0 and 9.0. In slightly acidic to neutral pH (5.0 – 7.0) a MES buffer (20 

mM MES/K, 100 mM KCl, 10 mM MgCl2) was used. For higher pH values (7.0 – 9.0), the 

reaction was performed in a Tris buffer (20 mM Tris-HCl, 100 mM KCl, 10 mM MgCl2). SDS-

PAGE analysis revealed, that TTL works best in MES buffer at pH 7.0 and ligation efficiency 

drops to a minimum at acidic and basic pH (Figure 18). Nevertheless, yields of over 60% were 

obtained in between pH 6.2 and 8.2 representing a rather broad pH window for an enzyme 

that has not been engineered to tolerate significant pH shifts.  

 
Figure 18. The pH dependency of 3-N3-L-tyrosine (36) incorporation to the C-terminus of GBP4 is shown. Reactions 

were performed using a 10:1 ratio GBP4 to TTL at different pH values (5.0 – 9.0) for 3 h. Reactions were quickly 

cooled to 4 °C, excess of 3-N3-L-tyrosine removed via dialysis (at 4 °C) and SPAAC to DBCO-biotin 41 performed. 

(a) The TTL shows high efficiency over a broad pH range. Data were plotted using the Software PRISM 5 

(GraphPad) and represent a single experiment. (b) The yields shown were estimated by SDS-PAGE and by using 

the software Image Lab (Bio-Rad, USA). 

In another experiment, GBP4 was incubated with varying amounts of 3-N3-L-tyrosine (36) (0.25 

– 2.0 mM) and TTL mediated ligation performed at 37 °C for 1 h (Figure 19). Again, the reaction 

was stopped by quickly cooling to 4 °C, the azide 36 removed by dialysis and GBP4 conjugated 

to biotin 41. As expected, the ligation yield correlates with the concentration of azide 36 (Figure 
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19). However, in order to avoid wastefulness and because 1 mM of azide 36 results in yields 

of over 70%, this concentration can be regarded as optimal for Tub-tag labeling.  

 
Figure 19. The concentration dependency of 3-N3-L-tyrosine (36) on its incorporation to the C-terminus of GBP4 is 

shown. Reactions were performed using a 10:1 ratio GBP4 to TTL using different tyrosine concentration (0.25 – 2 

mM) for 1 h. Reactions were quickly cooled to 4 °C, excess of 3-N3-L-tyrosine (36) removed via dialysis (at 4 °C) 

and SPAAC to DBCO-biotin 41 performed. (a) Dependency of Tub-tag labeling on the concentration of azide 36. 

Data were plotted using the Software PRISM 5 (GraphPad) and represent a single experiment. (b) The yields shown 

were estimated by SDS-PAGE and by using the software Image Lab (Bio-Rad, USA). 

Finally, a kinetic analysis of the Tub-tag labeling on protein level was conducted (Figure 20). 

For this, GBP4 was functionalized with a TTL/GBP4 ratio of 1:10 and 200 eq. of azide 36 at 

37 °C for 1 h. Several samples were taken and quickly cooled to 4 °C. After SPAAC to biotin 

41, the samples were analyzed using SDS-PAGE. A similar ligation behavior of the TTL on 

protein level was observed as for the labeling of CF-peptide 40 (see Chapter 5.1.2 and Figure 

20). 

 
Figure 20. The time dependency of 3-N3-L-tyrosine (36) incorporation to the C-terminus of GBP4 is shown. 

Reactions were performed using a 5:1 ratio GBP4 to TTL at 37 °C. Reactions were quickly cooled to 4 °C at specific 

time-points, excess of 3-N3-L-tyrosine (36) removed via dialysis (at 4 °C) and SPAAC to DBCO-biotin 41 performed. 

(a) Reaction kinetics of the TTL. Data were plotted using the Software PRISM 5 (GraphPad) and represent a single 

experiment. (b) The yields shown were estimated by SDS-PAGE and by using the software Image Lab (Bio-Rad, 

USA). 
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6.1.4 Elucidating thiazolidine formation of cysteines and 3-formyl-L-tyrosin 
(34) 

6.1.4.1 Introduction 

After having established Tub-tag labeling for the site-specific two-step functionalization of 

proteins (see Chapter 5.1.2), we wanted to probe whether thiazolidine formation can be used 

as an alternative method for conjugating payloads to the aldehyde containing amino acid 3-

formyl-L-tyrosine (34). Since thiazolidines can be cleaved at acidic pH in the presence of thiols 

or methoxyamine, they found widespread application as protecting groups of N-terminal 

cysteines during sequential peptide ligations and of pseudoproline-peptides 415-417. Recently, 

the deprotection repertoire of thiazolidine protected cysteines has been extended by the use 

of water soluble Pd(II) complexes 418. Tam et al. were the first to establish thiazolidine formation 

as a mild strategy for the functionalization of proteins. For this, they oxidized N-terminal serine 

or threonine of proteins and peptides with periodate and performed a condensation reaction of 

the resulting aldehyde to the 1,2-aminothiol of cysteine building blocks 419. In addition they 

were able to show, that thiazolidines are stable to a wide pH range of 3 – 9 and reaction rates 

are faster compared to the more common oxime and hydrazone formations (see Chapter 

4.2.5.2) 420. Since then, a view examples were published in which thiazolidines have been used 

as ligation scaffold for the conjugation of proteins and peptides 416, 421-424. Finally, thiazolidines 

have beneficial properties for the generation of Antibody Drug Conjugates. In contrast to 

oximes and hydrazones they showed high stability in mouse serum 425. Therefore, the cysteine 

mediated thiazolidine formation of 3-formyl-L-tyrosine (34) would be a valuable extension of 

the Tub-tag labeling tool box.  

 

6.1.4.2 Responsibility assignment 

The project was initiated by Christian Hackenberger. The experiments were designed by 

Christian Hackenberger and the author. The NMR study was performed by Peter Schmieder. 

The author performed all additional experiments. 

 

6.1.4.3 Results and Discussion 

In a first experiment, the reaction between 34 and L-cysteine (42) was investigated and 

different pH values between 3.0 and 10.3 as well as the supplementation of 20 mM aniline (43) 

tested. In previous studies, aniline (43) was shown to promote thiazolidine formation 150, 426. 

For this, equimolar amounts of L-cysteine (42) and 3-formyl-L-tyrosine (34) (4.78 µmol each) 

were solved in 1 mL buffer (with or without aniline (43)) and incubated at 25 °C for 30 minutes. 

Subsequently, reaction mixtures were analyzed by HPLC-MS analysis and formation of the 

thiazolidine 44 estimated by UV-peak integration at 280 nm (Table 2). At acidic pH, the 

observed formation of the thiazolidine 44 is slow and independent of aniline (43) addition (18% 
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at pH 3.0, entry 1 and 2). As the pH was increased, the equilibrium of the reaction was shifted 

towards product formation (35% at pH 7.4 and 46% at pH 10.3, entry 7 and 9). Moreover, at 

neutral pH aniline (43) slightly promoted product formation (entry 7 and 8), whereas it seemed 

to have a negative affect at pH 5.4 (entry 3 and 4). The observed increase of product formation 

with higher basicity is unusual for thiazolidine formations that are in general performed at 

slightly acidic pH 425, 427. An explanation for this finding might be the deactivating effect of the 

ortho-substituted alcohol which is decreasing the electrophilicity of the aldehyde. Therefore, 

the nucleophilic attack of the cysteine’s amine might be the rate-determining step of the Schiff 

base formation. At basic pH, the nucleophilicity of the amine is increased which would result 

in increased product formation. However, the mechanism of the dehydration of the 

carbinolamine-intermediate remains unclear and is questioning this hypothesis. To fully 

elucidate the observed reactivity, further studies on the mechanism are needed that are 

beyond the scope of this thesis. 

 
Table 2. Initial screening of conditions for thiazolidine formation by UPLC/MS and UV analysis 

Entry Buffer  
[100 mM] 

Aniline (43)  
[20 mM] 

Thiazolidine (44)  
[%] 

CHO-Y (34) 
[%] 

1 NH4OAc pH 3.0 + 18 82 

2 NH4Oac pH 3.0 - 18 82 

3 NH4Oac pH 5.4 + 8 92 

4 NH4Oac pH 5.4 - 22 78 

5 Na2HPO4/NaH2PO4 pH 6.0 + 14 86 

6 Na2HPO4/NaH2PO4 pH 6.0 - 21 79 

7 Na2HPO4/NaH2PO4 pH 7.4 + 46 54 

8 Na2HPO4/NaH2PO4 pH 7.4 - 35 65 

9 Na2CO3/NaHCO3 pH 10.3 - 46 54  

 

Nevertheless, since decent product formation was observed at neutral pH (optimal conditions 

for the conjugation of proteins) kinetic studies for the conjugation of 3-L-formyl-tyrosine (34) to 

L-cysteine (each 8.4 µmol) in 100 mM phosphate buffer with 100 mM NaCl at pH 7.4 were 

performed using NMR analysis (Figure 21a and b). Moreover, a comparative study in 100 mM 

NH4OAc at pH 5.4 was performed (Figure 21a and c). For this, the peak-shifts of the aromatic 

protons during product formation were used. The reaction process was analyzed based on the 

increase of peaks corresponding to the thiazolidine product 44 and decrease of peaks 

corresponding to 3-L-formyl-tyrosine (34). Since aniline (43) is toxic making it unfavorable for 

bioconjugations and no clear trend for aniline increasing reaction yields was observed (Table 

2), it was not added to further reactions. In accordance with the previous test-reactions, the 
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thiazolidine formation rate at neutral pH is increased compared to pH 5.4 (3.5x faster) and the 

reaction at pH 7.4 went to completion within 90 minutes (Figure 21b). 

 
Figure 21. Kinetics of the thiazolidine formation analyzed by pseudo-2D NMR. a) Thiazolidine formation of 3-L-

formyl-tyrosine (34) and L-cysteine at ambient temperature and pH 7.4 or pH 5.4. b and c) Rate of the thiazolidine 

formation analysed by NMR at pH 7.4 (a) and pH 5.4 (b). The decrease of the starting material, 3-formyl-L-tyrosine 

(34) is highlighted in blue, the increase of the thiazolidine product 44 in red. The graphs represent the data of a 

single experiment.  

Based on these encouraging findings, thiazolidine formation of 3-formyl-L-tyrosine (34) after 

its ligation to the antigen binding protein GBP4 was elucidated. For this, biotinylated peptide 

45 containing a N-terminal cysteine was synthesized by SPPS. After 3-formyl-L-tyrosine (34) 

incorporation to GBP1 catalyzed by the TTL and in accordance to Chapter 5.1.2 (Figure 22a), 

a dialysis step was used to remove excess tyrosine 34 and equilibrate the reaction mixture to 

100 mM phosphate buffer with 100 mM NaCl, pH 7.4. 20 eq. of peptide 45 were added and 

the mixture incubated for 12 h. As shown in Figure 22b, SDS-PAGE and Western Blot analysis 

(Strep-HRP) revealed successful fluorescent labeling of GBP1 by Tub-tag labeling and 

thiazolidine formation. However, it has to be noted that a small amount of unselective labeling 

of the GBP1 sample that was not incubated with 3-formyl-L-tyrosine (34) was detected. This 

unselective labeling is in contrast to the requirements of a bioorthogonal reaction as defined 

by Bertozzi 13. Still, the presented findings indicate that thiazolidine formation might be an 

alternative bioorthogonal reaction for the functionalization of Tub-tagged proteins, as long as 

high chemoselectivity towards reaction with aldehyde is achieved. Therefore, further studies 

are needed to elucidate reasons for the unselective labeling of proteins that do not contain this 

chemical reporter. For this, a number of different cysteine containing probes should be 

synthesized and tested on several Tub-tagged proteins at different pH values, temperatures 

and for different durations. Moreover, the products should be analyzed by tryptic digest and 

successive HPLC-MSMS experiments to identify the functional group that reacts with the 

cysteine peptide in the unwanted side-reaction.  
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Figure 22. Labeling of the GFP binding nanobody GBP1 by the use of thiazolidine formation. (a) Schematic depiction 

of TTL mediated incorporation of 3-formyl-L-tyrosine (34) to the C-terminus of GBP1 followed by a thiazolidine 

formation to cysteine peptide 45. (b) SDS-PAGE and Western blot (Strep-HRP) analysis of thiazolidine reaction to 

GBP1. Western blot shows successful labeling of GBP1. However, a small amount of unselective labeled GBP1 

that is lacking an aldehyde is detected. 

 

6.1.5 Adding Sonogashira Cross-Couplings to the toolbox of Tub-tag labeling 

6.1.5.1 Introduction 

Within recent years, the scope of bioorthogonal reactions has been expanded by the addition 

of palladium catalyzed cross coupling reactions 135. Examples include the use of Suzuki-

Miyaura couplings between organoboronic acids and halides 428-434, Heck couplings of aryl or 

vinyl halides with activated alkenes435, 436 and cross couplings between terminal alkynes and 

aryl or vinyl halides called Sonogashira-couplings 437-443. Although these cross-coupling 

reactions require the use of palladium as catalyst, they are generally characterized by mild 

reaction conditions and allow the functionalization of proteins by carbon-carbon bond 

formation. Compared to other bioorthogonal reactions like SPAAC or IED-DA, the unnatural 

chemical entity added to the protein during a palladium catalyzed cross-coupling is kept to a 

minimum (Figure 23).  
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Figure 23. Cross-couplings enable the functionalization of proteins via carbon-carbon bond formation. (a-c) 

Comparison of the linker added to a protein strain promoted azide alkyne click reaction (a), inverse electron-

demand Diels-Alder reaction (b) and Sonogashira cross-couplings (c). Protein depicted in blue, functional moiety 

(fluorophore, probe, drug) in red. 

Based on this it was intended to expand the scope of Tub-tag labeling by Sonogashira cross-

couplings and to use the TTL to site-specifically incorporate a tyrosine functionalized with a 

halide to proteins (Figure 24a).  

 

6.1.5.2 Responsibility assignment 

The project was initiated, designed and conducted by the author 

 

6.1.5.3 Results and discussion 

In previous studies it has been shown, that 3-L-I-tyrosine (32) serves as an efficient inhibitor 

of TTL and that radiolabeled 3- [125]I-L-tyrosine (32) can be ligated to the C-terminus of 𝛼𝛼-

tubulin by the enzyme 238. Therefore, it was elucidated, whether this reactivity holds true for 

the isolated Tub-tag peptide and 3-L-I-tyrosine (32) as well as the water soluble Pd(II) catalyst 

Pd(OAc)2·[DMADHP]2 (46) was synthesized using published protocols 428, 444. The TTL 

catalyzed ligation efficiency was examined using the same peptide based assay as employed 

for compounds 31 to 36 (see Chapter 5.1.2). In brief, the peptide 40 was incubated with 5 eq. 

of 3-I-L-tyrosine (32) and 0.5% TTL at pH 7.0 and 37 °C and the reaction process analyzed by 

isocratic HPLC (Figure 24b). Within 120 minutes of incubation, a conversion of 90% with 32 
was observed. Moreover, the initial reaction rate of 3-I-L-tyrosine surpasses that of all the other 

tyrosine derivatives tested by this assay so far (see Chapter 5.1.2). 
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Figure 24. Combining Tub-tag labeling with Sonogashira cross-coupling reactions for the site-specific 

functionalization of proteins. (a) TTL mediated incorporation of 3-I-L-tyrosine (32) to the C-terminus of proteins 

fused to the Tub-tag recognition sequence. 3-I-L-tyrosine (32) serves as bioorthogonal handle for a following 

palladium catalyzed carbon-carbon bond formation between an alkyne functionalized probe and the protein of 

interest (POI). (b) C-terminal addition of 3-I-L-tyrosine (32) to carboxyfluorescein-labeled peptide (CF-Tub-tag, 40). 

HPLC-traces were taken at different time points and quantification of substrate and product performed by peak 

integration. The mean values and standard deviations (SD) of three replicate reactions are shown. 

Encouraged by these results, it was probed whether TTL catalyzes the incorporation of 3-I-L-

tyrosine (32) to the functional antigen binding nanobody GBP1 and whether Sonogashira 

cross-couplings can be utilized to fluorescently label GBP1 with an alkyne functionalized sulfo-

Cy5 fluorophore 47 (Figure 25a). For this, Tub-tag mediated labeling as described in Chapter 

5.1.2 was performed with a TTL/GBP1 ratio of 1:5 and 200 eq. of halide 32 at 37 °C. After 3 h 

of incubation, the ligation was stopped by cooling down to 4 °C and excess tyrosine 32 

removed by dialysis. The following Sonogashira cross-coupling reactions were either 

performed in Dulbecco’s PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM 

KH2PO4) or 20 mM KH2PO4 using 600 eq. of alkyne-fluorophore 47, 10.8 eq. sodium 

ascorbate and 3.8 eq. Pd(II) catalyst 46. After 30 minutes of incubation at 37 °C, another batch 

of 2.4 eq. fluorophore 47, 10.8 eq. sodium ascorbate and 3.8 eq. catalyst 46 was added and 

the mixture incubated for another 30 min. As shown in Figure 25, SDS-PAGE and in-gel 

analysis revealed successful fluorescent labeling of GBP1 by Tub-tag labeling and 

Sonogashira cross-coupling with conversion rates of approximately 50%. However, it has to 

be noted, that activation of the catalyst by sodium ascorbate prior to its addition to the protein 

mixture was necessary to obtain functionalized GBP1 (Figure 25b and c). Moreover, even 

though published for the Sonogashira mediated functionalization of peptides445, Dulbecco’s 

PBS seems to be unfavorable for cross-coupling reactions with a TTL modified nanobody. 

SDS-PAGE showed two protein-bands with higher molecular mass than that of the unmodified 

GBP1 (Figure 25c). The additional band might be related to a double functionalized GBP1. 
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However, in-gel fluorescence analysis showed a single fluorescent protein-band, questioning 

this theory. To fully understand the role of Dulbecco’s PBS and its ingredients further studies 

including tryptic digest combined with LC-MSMS analysis are needed. Based on the presented 

findings it can be concluded, that Sonogashira cross-couplings of 3-I-L-tyrosine 32 and alkyne 

fluorophore 47 should be performed in 20 mM K2HPO4. 

 

 
Figure 25. Fluorescent labeling of the GFP binding nanobody GBP1 by the use of Sonogashira cross-coupling. (a) 

Schematic depiction of TTL mediated incorporation of 3-I-L-tyrosine (32) to the C-terminus of GBP1 followed by a 

Sonogashira cross-coupling to alkyne-Cy5 47 with water soluble Pd(OAc)2·[DMADHP]2 (46) as catalyst. (b) SDS-

PAGE analysis of cross-coupling reaction to GBP1. The Pd(II) catalyst 46 was activated within the reaction mixture 

(in situ). Product formation was neither observed in Dulbecco’s PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 

and 1.8 mM KH2PO4, pH 7.4)	nor in 20 mM KH2PO4 (pH 7.4). (c) SDS-PAGE analysis of cross-coupling reaction 

to GBP1. The Pd(II) catalyst 46 was activated prior protein and alkyne addition. Product formation was observed in 

Dulbecco’s PBS and in 20 mM KH2PO4. 
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6.1.6 Advancing Tub-tag labeling for the one-step site-specific labeling of 
functional proteins 

 

This Chapter was published in the following journal: 
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Christian P.R. Hackenberger* 

 

“Broad substrate tolerance of tubulin tyrosine ligase enabled one-step site-specific enzymatic 

protein labeling” 

Chem. Sci. 2017, 8, 3471-3478  
Publication Date (online): March 20th, 2017 

The article is available at: http://dx.doi.org/10.1039/C7SC00574A  

 
*Corresponding authors 

 

 
Figure 26. Expanding the substrate scope of TTL for the one-step site-specific labeling of proteins 

 

Abstract 
Broad substrate tolerance of tubulin tyrosine ligase is the basic rational behind its wide 

applicability for chemoenzymatic protein functionalization. In this context, we report that the 

wild type enzyme enables ligation of various unnatural amino acids substantially bigger and 

structurally unrelated to the natural substrate tyrosine without the need for extensive protein 

engineering. The notion of this unusual substrate flexibility is due to the fact that the enzyme’s 

catalytic pocket forms an extended cavity during ligation as confirmed by docking experiments 

and all atom molecular dynamic simulations. This feature enabled one-step C-terminal 

biotinylation and fluorescent coumarin labeling of various functional proteins as demonstrated 

with Ubiquitin, an antigen binding nanobody and the apoptosis marker Annexin V. Broad 
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substrate tolerance establishes tubulin tyrosine ligase as a powerful tool for in vitro enzyme-

mediated protein modification with single functional amino acids in a specific structural context. 

 

Responsibility assignment 
The author and Christian Hackenberger identified that the TTL possesses a broad substrate 

tolerance. Based on this finding, they designed and coordinated the project. The author 

performed the synthesis of the amino acids including biotinylated tyrosine and performed the 

peptide assay to elucidate ligase activity and performed ligation on protein level. Oliver Lemke 

and Bettina G. Keller designed and performed computational studies to elucidate the binding 

mode of TTL. Jonas Helma, Verena Waller and Tina Stoschek expressed the nanobodies and 

the TTL, functionalized Annexin V and GBP with coumarin and performed microscopy 

experiments. Lena Gerszonowicz performed peptide based assay to elucidate TTL activity. 

Patrick A. Durkin synthesized azulenyl-alanine. Heinrich Leonhardt contributed to the design 

of the microscopy studies. Nediljko Budisa, Heinrich Leonhardt, Bettina G. Keller, Christian 

P.R. Hackenberger, Jonas Helma, Oliver Lemke and the author wrote the manuscript.  

 
Summary of content 
Based on recently published crystal structures of the TTL, we hypothesized, that the enzyme 

might be able to ligate other amino acid derivatives that are substantially larger and structurally 

unrelated to tyrosine 240, 241. To elucidate this, we incubated different amino acids and their 

derivatives with the carboxyfluorescein labeled peptide 40 and performed ligation experiments 

as described in Chapter 5.1.2. UPLC-MS analysis revealed, that the substrate scope of the 

TTL is much larger than initially expected. While the TTL was not able to ligate small polar 

amino acids, e.g. L-serine 48, a number of hydrophobic amino acids were successfully added 

to peptide 40. These include ethynyloxy-L-tyrosine (49), L-leucine (50), L-tryptophan (51), 

halogenated and methylated derivatives of tryptophan as well as a coumarin amino acid 52 

and 𝛽𝛽-(1-azulenyl)-L-alanine (53). In particular the coumarin 52 and the non-benzenoid 

aromatic amino acid 53 are powerful substrates since they have interesting spectroscopic 

properties and enable the one-step fluorescent functionalization of proteins by the TTL. 

Strikingly, the enzyme was also able to ligate a substantially enlarged biotinylated tyrosine 

derivative 54 to the peptide facilitating one-step biotinylation experiments. In contrast to that, 

L-alanine (55), L-valine (56), L-isoleucin (57) and the decarboxylated tyrosine derivative 

tyramine (58) were not accepted as substrates. These findings indicate, that aromatic groups 

within the substrate are beneficial and the carboxylic acid moiety mandatory for TTL mediated 

ligation. Moreover, 𝛽𝛽-branched aliphatic residues are not accepted by the enzyme. Next, we 

performed computational studies to get further insight into the substrate binding of the TTL. 

For this, docking studies of L-tyrosine (28) and several unnatural substrates were performed. 

These experiments revealed, that the natural substrate L-tyrosine is mainly stabilized by 𝜋𝜋-
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stacking interactions with H243 and performs hydrogen bonding to E261. A positively charged 

pocket formed by R222, R202 and W204 stabilizes the carboxylic acid moiety of tyrosine (28). 

In addition to that, all atom molecular dynamic simulations revealed a rotation of the aromatic 

ring of tyrosine along the ring axis. In particular the 𝜋𝜋-stacking interactions with H243 explain 

the enzymes preference for substrates with aromatic structures. Derivatization of L-tyrosine 

(28) and L-phenylalanine (29) at the para-position result in steric clashes and reduced ligation 

efficiencies since E261, A339 and P263 are restricting the pocket size next to the tyrosine’s 

hydroxyl group. Substrates that are substituted at the 3 position of tyrosine, similar to those 

used in the two-step TTL labeling described in Chapter 6.1.2 and 6.1.3, showed three different 

binding modes to the TTL. Substrates with small negatively charged substituents like fluorine 

and chlorine have a similar binding behavior to that of L-tyrosine (28). Medium sized 

substituents like azides and iodides result in a rotation of the aromatic ring by approx. 90° 

which is stabilized by parallel-displaced 𝜋𝜋-stacking interactions with H243. Further increasing 

the size of the substituents as shown for the biotinylated substrate 54 results in a rotation of 

the ring such that the substituent is pointing out of the spacious cavity of the binding pocket. 

In the case of tryptophan, no large rotation along the ring plane was observed and its indole 

system is located in the small positively charged pocket formed by R222, R202 and W204. 

Extension of the indole ring induces steric clashes that lead to substantial changes in the 

binding mode. However, small substituents like fluorine in position 5 are well tolerated since 

they result in a slight rotation of the tryptophan. Thereby, the partial negatively charged fluorine 

is pointing towards the positively charged pocket. As the size of the substituent is increased, 

the conversion rate drops since the electrostatic effect competes with steric limitations in the 

pocket. Coumarin derivative 52 showed 𝜋𝜋-stacking interactions with H243 and W204 and the 

hydroxyl group forms a hydrogen bond to E261. In addition to that, the negative charge of the 

lactone moiety further stabilizes the binding of 52 due to interactions with R202 and R222.  

Based on these observations, we performed kinetic studies and further elucidated the ligation 

of ethynyloxy-L-tyrosine (49), L-tryptophan (51), 5-F-L-tryptophan (59), coumarin 52 and biotin 

54. In accordance with the computational studies, the initial reaction rate of ethynyloxy-L-

tyrosine (49) is lower compared to the indoles 51 and 52 which reach high conversions of over 

80% within 8-10 h. The large biotinylated substrate 54 is ligated to 66% after 48 h.  

Encouraged by these results, we investigated whether coumarin 52 can be used for the site-

specific one-step fluorescent labeling of different functional proteins. For this, we incubated 52 
with Tub-tagged GFP binding nanobody GBP1, the regulatory protein ubiquitin and the 

apoptosis marker Annexin V and performed ligations using a TTL/GBP ratio of 1:10 at 37 °C 

for up to 6 hours. SDS-PAGE and in-gel fluorescence showed successful incorporation of 52 
to all three proteins. Moreover, incubating GBP1 with 54 facilitated one-step biotinylation 

catalyzed by the TTL. Subsequently, we applied GBP1-coumarin for the detection of the GFP-
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fusion proteins GFP-PCNA and GFP-Lamin in a cellular context using optical microscopy. In 

addition, the coumarin functionalized Annexin V was successfully used for staining apoptotic 

HeLa cells in comparable quality to commercial probes.  

Within this study, we were able to discover broad substrate tolerance of the TTL. We 

rationalized the enzymes promiscuity using computational analysis and established TTL 

mediated one-step protein labeling using fluorescent amino acids and biotinylated tyrosine 

derivatives. Finally, the presented applications propose a broad applicability of TTL-mediated 

site-specific coumarin-labeling of recombinant proteins for analytical purposes.  

 

Manuscript and Supporting Information 
The manuscript and Supporting Information are licensed under a Creative Commons 

Attribution 3.0 Unported License CC-BY 3.0 (http://creativecommons.org/licenses/by/3.0/) and 

printed with permission from Dominik Schumacher, Oliver Lemke, Jonas Helma, Lena 

Gerszonowicz, Verena Waller, Tina Stoschek, Patrick M. Durkin, Nediljko Budisa, Heinrich 

Leonhardt, Bettina G. Keller, Christian P.R. Hackenberger. Broad substrate tolerance of tubulin 

tyrosine ligase enabled one-step site-specific enzymatic protein labeling. Chemical Science. 

2017. 8. 3471-3478. 136 - Published by The Royal Society of Chemistry.  
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6.1.7 Combining Tub-tag labeling with nonsense suppression for the site-
specific dual functionalization of proteins 

6.1.7.1 Introduction 

The site-specific conjugation of multiple distinct chemical modifications to a given protein 

enables powerful applications including caged antibodies for molecular imaging and FRET-

based protein folding experiments 446-448. Within the last years several approaches for the 

multiple functionalization of proteins at a single or at multiple sites have been published. One 

strategy for the installation of two functionalities to a single residue is the photo-induced thiol-

yne reaction in which an alkyne reacts with the thiol of a cysteine residue to form a vinyl sulfide 

intermediate 449. A second but different thiol attacks the electrophilic double bond in a thiol-ene 

reaction resulting in the attachment of two functionalities to the protein’s cysteine. However, 

for most of the applications, e.g. activatable imaging probes, the orthogonal conjugation to 

different residues within the protein is desired. Mühlberg et al. recently combined residue 

specific incorporation of azidohomoalanine (2) with the chemical oxidative aldehyde formation 

of the proteins N-terminus 450. Successive CuAAC and oxime ligation enabled the conjugation 

of biotin and a 𝛽𝛽-linked galactose residue. In a similar approach, van Kasteren and coworkers 

attached multiple modifications to a protein using supplementation based incorporation of 2 
and cysteine selective conjugation 19.  

Moreover, nonsense suppression techniques have been advanced by combining the amber 

and ochre codon as well as adding quadruplet codons to the genetic code. Thereby, the site-

specific incorporation of two unnatural amino acids to proteins was achieved 132-134. However, 

nonsense suppression is technically demanding and using multiple orthogonal aaRS/tRNA 

pairs results in a significant drop of protein yield 134.  

The TTL was established as a highly efficient and versatile tool for the labeling of proteins. 

Therefore, combining Tub-tag labeling with nonsense suppression incorporation of an 

unnatural amino acid offers the opportunity to site-specifically label proteins with multiple 

modifications with increased yields (Figure 27).  

 
Figure 27. Combining Tub-tag labeling with amber suppression. A unnatural amino acid is site-specifically 

incorporated to a protein of interest by the use of nonsense (amber) suppression and an analogue of the pyrrolysyl-

tRNA synthetase. In a subsequent TTL catalyzed reaction an orthogonal chemical reporter is ligated to the proteins 

C-terminus. Two successive bioorthogonal reactions allow the site-specific conjugation of two different 

functionalities to the protein.  
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6.1.7.2 Responsibility assignment 

The project was initiated and designed by Christian Hackenberger and the author. The TAG 

mutants of GBP4 were generated by the author, optimization of the nonsense suppression 

was conducted by the author and Alec W. Michels. Protein purification, as well as conjugation 

of biotin and fluorophores to GBP4 were performed by the author.  

 

6.1.7.3 Results and Discussion 

To elucidate whether Tub-tag labeling can be combined with nonsense suppression the 

nanobody GBP4 was chosen as a model protein. Moreover, propargyl-L-lysine (60) as 

nonsense amino acid and the pyrrolysyl-tRNA synthetase mutant Y306AY384F with high 

catalytic efficiency were employed 451. Nonsense suppression requires the co-transformation 

of two plasmids, one encoding the aaRS/tRNA pair and another one carrying the gene of the 

protein of interest. The plasmid with the gene for the PylRS/tRNA pair was a kind gift of Prof. 

Budisa. It contains a low copy p15A origin, a chloramphenicol resistance and the PylRS is 

under control of a mutated Trp operon for constitutive expression. For successful co-

transformation and nonsense suppression the plasmid encoding GBP4 needs to have a 

compatible ORI, antibiotics resistance and a strong promoter for bacterial expression. The 

pGEX (GE Healthcare, USA) and the pET (Merck Millipore, Germany) vector systems fulfill 

these requirements. The phagemid vector pHEN6 encoding Tub-tagged GBP4 (pHEN6GBP4, 

described in Chapter 5.1.2) served as the template and standard molecular biology methods 

were used to transfer the gene to pGEX-4T1 (pGEX-4T1GBP4) and pET15b (pET15bGBP4). 

An additional mutagenesis PCR resulted in a 40 kDa GST-tagged (pGEX-4T1GBP4TAG) and 

a 16 kDa H6-tagged (pET15bGBP4TAG) GBP4 with an amber stop codon at position 15 and 

a C-terminal Tub-tag. With these constructs in hand, initial test expressions in E. coli 

BL21(DE3) were performed using the vectors pET15bGBP4 and pGEX-4T1GBP4, which are 

not containing the amber codon, and compared the expression yields to those of pHEN6GBP4 

(Figure 28). SDS-PAGE of whole cell samples revealed that both, the pET and the pGEX 

vector system facilitate higher GBP4 expression in comparison to the phagemid vector pHEN6. 

This indicates that both systems are in principle suitable for usage in a nonsense suppression 

experiment. It must be noted, that in case of the pGEX vector, a certain amount of truncated 

GST was observed which might complicate final purification of the protein. Whether the protein 

is expressed in soluble form has not been evaluated at this stage. Next, a first nonsense 

suppression experiment by co-transforming pGEX-4T1GBP4TAG or pET15bGBP4TAG with 

the PylRS/tRNA encoding vector to E. coli BL21(DE3) was performed. Cells were incubated in 

LB medium supplemented with the corresponding antibiotics and 5 mM propargyl-L-lysine (60). 

Again, SDS-PAGE analysis of whole cell samples was employed to elucidate 
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Figure 28. Expression of the GBP4 in E. coli Bl21(DE3) by the three different vector systems pGEX, pET and 

pHEN6. Expression was induced with 0.5 mM IPTG and expression performed for 12 h at 30 °C. Whole cell samples 

were taken and analyzed by SDS-PAGE. GST-GBP4 (40 kDa) from pGEX-4T1GBP4 and H6-GBP4 (16 kDa) from 

pET15bGBP4 are expressed to a higher extend compared to H6-GBP4 (16kDa) from pHEN6GBP4. Target proteins 

are highlighted with a red box. In the case of the pGEX system, a certain amount of truncated GST is detected. n.I.: 

not induced whole cells. 12h: whole cells 12 h after induction.  

successful protein expression (Figure 29). Neither for the pET vector (Figure 29a), nor the 

pGEX system (Figure 29b) expression of GBP4 was obtained. In the case of the pGEX system 

high amounts of truncated GST were detected indicating termination of protein expression at 

the amber codon and insufficient tRNA loading or binding. Since this tRNA/PylRS pair has 

successfully been applied for nonsense suppression and the PylRS was shown to be 

catalytically active this finding could be attributed to low tRNA transcription or PylRS 

expression 451. Even though the copy number of the tRNA/PylRS vector is low, the 55 kDa 

 
Figure 29. Nonsense suppression of GBP4 to incorporate propargyl-L-lysine (60) at amino acid position 15 of the 

protein. Expression was induced with 0.5 mM IPTG and expression performed for 12 h at 37 °C. Whole cell samples 

were taken and analyzed by SDS-PAGE. (a) Test experiment with E. coli BL21(DE3) containing the plasmid 

pET15bGBP4TAG encoding Tub-tagged H6-GBP4 (16 kDa). Independent of addition of unnatural amino acid 60, 

no GBP4 was expressed. (b) Test experiment with E. coli BL21(DE3) containing the plasmid pGEX-4T1GBP4TAG 

encoding Tub-tagged GST-GBP4 (40 kDa). Independent of addition of unnatural amino acid 60, only truncated GST 

(24 kDa) was expressed. n.I.: not induced whole cells. 12h: whole cells 12 h after induction. 

sized PylRS should be visible on a SDS-PAGE. Moreover, the synthetase is fused to a Strep-

tag II allowing for immunodetection by Western blot analysis. As described above, the PylRS 

is under control of a mutated Trp promoter which should facilitate constitutive expression of 

the synthetase. To test whether this is the case, the expression of the PylRS in different E. coli 

strains (T7 Express, Bl21(DE3) and SHuffle® T7 Express) was analyzed using different 



Results and Discussion 

 161 

expression media (LB ready to use obtained from Carl Roth GmbH & Co Kg, Germany, self-

made LB, M9 medium and the tryptone rich 2YT medium). SDS-PAGE analysis and Western 

blot revealed, that PylRS is not expressed in any of the E. coli strains tested using LB Carl 

Roth, 2YT and M9 medium. Only when expressed in self-made LB by T7 Express or 

Bl21(DE3), a weak Western blot signal was detected (Figure 30a). Therefore, it was 

hypothesized that the gene is partially blocked, despite the mutation of the Trp promoter. To 

proof this, an expression of PylRS in E. coli Bl21(DE3) was conducted with the addition of 3-

indoleacrylic acid (IAA, 61), a compound used to induce gene expression under control of the 

Trp promoter, or the respective repressor L-tryptophan (Trp, 51). This indeed resulted in the 

expression of sufficient amounts of PylRS using self-made LB (Figure 30b), 2YT as well as M9 

medium (Appendix Figure 3). 

 
Figure 30. Expression of PylRS (55 kDa). Expression was performed for 12 h at 37 °C. Whole cell samples were 

taken and analyzed by SDS-PAGE and Western blot. (a) SDS-PAGE and Western blot analysis (anti Strep-tag II) 

revealed, that PylRS is only weakly expressed in E. coli T7 Express and Bl21(DE3) when self-made LB is used 

(Western blot signals highlighted in red). (b) Induction of PylRS expression in E. coli Bl21(DE3) by the addition of 

50 µg/L 3-indoleacrylic acid (IAA, 61) resulted in higher amounts of PylRS (highlighted in red). In contrast, adding 

L-tryptophan (Trp, 51) prevented expression of the protein.  

Next, a nonsense suppression experiment in the presence of IAA (61) was performed to 

elucidate whether insufficient amounts of PylRS were the reason for unsuccessful 

incorporation of propargyl-L-lysine (60). For this, self-made LB medium supplemented with 5 

mM propargyl-L-lysine (60) was inoculated with E. coli Bl21(DE3) carrying the plasmid 

encoding H6-GBP4 and GST-GBP4. The expression was induced by the addition of IPTG and 

IAA (61), incubated at 37 °C for 12 h and analyzed by SDS-PAGE (Figure 31). This time, whole 

cell samples revealed sufficient expression of H6-GBP4 and GST-GBP4 carrying an amber 

codon at position 15 indicating successful incorporation of propargyl-L-lysine (60). 

Unfortunately, in both cases GBP4 was expressed in inclusion bodies making a tedious 

isolation and refolding protocol necessary. The two disulfide bonds of the GBP4 might be a 

possible explanation for this. To circumvent inefficient refolding of the protein, we tested 

expression at reduced temperature (18 °C and 30 °C) (Figure 32). While the expression of 
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both proteins, H6-GBP4 and GST-GBP4 with 60 at position 15, was insufficient at 18 °C, 30 °C 

facilitated expressed His- and GST-tagged protein. Moreover, GST-GBP4 was obtained, 

although in small amounts, as soluble protein. 

 
Figure 31. Nonsense suppression of GBP4 to incorporate propargyl-L-lysine (60) at amino acid position 15 of the 

protein with addition of IAA (61). Expression was induced with 0.5 mM IPTG, 50 µg/L 3-indoleacrylic acid (61) and 

expression performed for 12 h at 37 °C. Whole cell samples were taken and analyzed by SDS-PAGE. (a) Test 

experiment with E. coli BL21(DE3) containing the plasmid pET15bGBP4TAG encoding Tub-tagged H6-GBP4 with 

the chemical reporter 60 at amino acid position 15 or the plasmid pET15bGBP4 encoding WT Tub-tagged H6-GBP4 

(16 kDa). Only in the presence of propargyl-L-lysine (60) the nonsense suppression experiment resulted in decent 

amounts of protein (highlighted in red) in comparable yields obtained by standard expression of GBP4. In the 

absence of 60 of, no GBP4 was expressed. During the nonsense experiments, the expression of an unknown 

protein was detected. (b) Test experiment with E. coli BL21(DE3) containing the plasmid pGEX-4T1GBP4TAG 

encoding Tub-tagged GST-GBP4 with the chemical reporter 60 at amino acid position 15 or the plasmid pGEX-

4T1GBP4 encoding WT Tub-tagged GST-GBP4 (40 kDa). In the presence of propargyl-L-lysine (60) the nonsense 

suppression experiment resulted in decent amounts of protein (highlighted in red) in reduced yields compared to 

standard expression of GBP4. In the absence of 60 of, no GBP4 was expressed. In all cases, truncated GST and 

in the case of the nonsense experiment an unknown protein was detected. n.I.: not induced whole cells. 12h: whole 

cells 12 h after induction. 

In contrast to that, H6-GBP4 expressed at 30 °C was again present in inclusion bodies (Figure 

32a for H6-GBP4 and Figure 32b for GST-GBP4). The temperatures and strains tested so far 

and the resulting observations of PylRS, GST-GBP4 and H6-GBP4 expression in self-made 

LB are summarized in Table 3. 

Unfortunately, a subsequent purification of GST-GBP4 with incorporated propargyl-L-lysine 

(60) by the use of a glutathione sepharose column revealed that most of the protein was not 

properly folded and unable to bind to the solid support (see Appendix Figure 4). The low 

amount of purified GST-GBP4 obtained by this expression strategy (~20 - 50 µg) prevented 

subsequent dual functionalization of the nanobody.  
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Figure 32. Solubility of nonsense suppressed Tub-tagged H6-GBP4 and GST-GBP4 in E. coli BL21(DE3) using self-

made LB supplemented with 5 mM propargyl-L-lysine (60). Expression was induced with 0.5 mM IPTG, 50 µg/L 3-

indoleacrylic acid (61) and expression performed for 12 h at 30 °C or 18 °C. Whole cell samples were taken, cells 

disrupted and samples analyzed by SDS-PAGE. (a) Expression of Tub-tagged H6-GBP4 with 60 at amino acid 

position 15 at 30 °C resulted in denatured GBP4 in inclusion bodies (highlighted in red). Reducing the temperature 

to 18 °C prevented expression of the protein. (b) While incubating the cells at 18 °C resulted in no expression of 

GST-GBP4 containing chemical reporter 60, increasing the temperature to 30 °C gave small amounts of the desired 

protein. Moreover, the large portion of the GBP4 was obtained as soluble protein (highlighted in red). In addition, in 

all experiments (a and b) we detected the expression of an unknown protein. n.I.: not induced whole cells. 12h: 

whole cells 12 h after induction, sol.: cell lysate after cell disruption, pel.: pellet after cell disruption. 

 
Table 3. Strains and temperatures tested for expression of PylRS and nonsense expression of GST-GBP4 and H6-

GBP4 in self-made LB.  

 E. coli strain temp. 

expression 

PylRS 

nonsense expression 

GST-GBP4 

nonsense expression 

H6-GBP4 

1 
T7 Express 

30 °C yes yes, IB* yes, IB* 

2 18 °C yes no no 

3 
Bl21(DE3) 

30 °C yes yes, IB* yes, IB* 

4 18 °C yes yes, soluble no 

5 SHuffle® T7 

Express 

30 °C no no no 

6 18 °C no no no 
*IB = inclusion bodies 

 

Since the solubility and the folding of the fusion proteins were so far the two main obstacles to 

successful nonsense suppression and subsequent dual functionalization of GBP4, the 

periplasmic leader sequence pelB was added to the N-terminus of the nanobody. The 

translocation of nanobodies to the periplasm has been used before to increase the amount of 

solubly expressed protein 337, 338. The plasmid pET15b (Merck Millipore, Germany) carries a 

pelB leader sequence followed by a His-tag. Therefore, the GBP4-Tub-tag gene was 

transferred to this system using standard molecular biology methods resulting in pET15bGBP4 

and pET15bGBP4TAG. Test expression at 18 °C and 37 °C of H6-GBP4-Tub-tag (no amber 

codon at position 15) revealed, that the periplasmic translocation indeed had a positive effect 
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on the amount of soluble GBP4 in E. coli Bl21(DE3) (Figure 33) and T7 Express (Appendix 

Figure 5a). In contrast to that, expression of H6-GBP4-Tub-tag was not successful in E. coli 

SHuffle® T7 Express (Appendix Figure 5b).  

 
Figure 33. Periplasmic test-expression of the Tub-tagged GBP4 in E. coli Bl21(DE3) (no amber codon at position 

15) using self-made LB. Expression was induced with 0.5 mM IPTG and performed for 12 h at 18 °C or 30 °C. 

Whole cell samples were taken, cell disrupted by lysis and samples analyzed by SDS-PAGE. PelB induced 

translocation results in high yields of soluble H6-GBP4 (16 kDa) at 18 °C (90% soluble) and sufficient yields at 37 °C 

(40% soluble). Yields were determined by gel analysis with the software ImageLab, BioRad, USA. n.I.: not induced 

whole cells. 12h: whole cells 12 h after induction, sol.: cell lysate after cell disruption, pel.: pellet after cell disruption.  

Next, this construct was applied in a nonsense suppression experiment in the presence of IAA 

(61) to elucidate whether the periplasmic translocation facilitates sufficient amounts of soluble 

H6-GBP4-Tub-tag with propargyl-L-lysine (60) incorporated at amino acid position 15. For this, 

self-made LB medium supplemented with propargyl-L-lysine (60) was inoculated with E. coli 

Bl21(DE3) carrying pET22bGBP4TAG. The expression was induced by the addition of IPTG 

and IAA (61), incubated at 30 °C for 12 h and analyzed by SDS-PAGE (Figure 34). This 

revealed that soluble GBP4 was expressed in dependency of propargyl-L-lysine (60) addition 

indicating successful incorporation of 60. Moreover, a following His-tag purification in 

combination with size-exclusion chromatography gave 500 µg (from a 500 mL culture) of 

relatively pure alkyne containing Tub-tagged H6-GBP4 (Figure 34a and b). It must be noted, 

that unspecific binding of lysate proteins to the Ni-NTA beads drastically reduced efficiency of 

the His-tag purification and further optimizations are needed (Figure 34a). Encouraged by this 

result the dual modification of the alkyne containing Tub-tagged H6-GBP4 was tested (Figure 

35a). For this, the protein (10 µg) was incubated with the TTL to allow for 3-L-N3-tyrosine (36) 

incorporation followed by a dialysis step to remove access of azide 36. Next, SPAAC to DBCO 

functionalized sulfo-Cy5 62 and subsequent CuAAC to N3-biotin 63 was performed. SDS-

PAGE, Western blot (Strep-HRP) and in-gel fluorescence analysis indeed revealed site-

specific dual functionalization of GBP4 (Figure 35b). To the best of our knowledge this is the 

first example of a successful dual functionalization of an antigen binding protein utilizing 

nonsense suppression and chemoenzymatic labeling. Nevertheless, since this represents a 

first small scale test experiment, further studies are needed. These include the determination 
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of conjugation yields by MS analysis and conjugation site confirmed by tryptic digest. The 

integrity of the nanobodies function and fold must be elucidated, too. This could be done by 

circular dichroism and determining the binding constant of the GBP4 to its antigen GFP 299, 452. 

Moreover, the expression has to be further optimized, the scale has to be increased and 

additional functionalities need to be conjugated to the nanobody. For example, the 

incorporation of a caged amino acids within the CDR of the nanobody combined with the 

attachment of a fluorophore would allow the time resolved analysis of antigen binding. These 

further experiments are currently underway, but outside the scope of this thesis. 

 
Figure 34. Nonsense suppression by the use of periplasmic translocation of Tub-tagged H6-GBP4. (a) Self-made 

LB-medium was inoculated with E. coli BL21(DE3) containing pET22bGBP4TAG and supplemented with 5 mM 

propargyl-L-lysine (60). Expression was induced with 0.5 mM IPTG, 50 µg/L 3-indoleacrylic acid (61) and 

expression performed for 12 h at 30 °C. Whole cell samples were taken, cells disrupted and samples analyzed by 

SDS-PAGE. After cell lysis, a purification by His-tag immobilization on Ni-NTA solid support was performed. Due to 

high amount of unspecific binding the purity of the GBP4 was insufficient after this purification. n.I.: not induced 

whole cells. 12h: whole cells 12 h after induction, sol.: cell lysate after cell disruption, pel.: pellet after cell disruption. 

His: Elution after Ni-NTA immobilization. (b) An additional size-exclusion chromatography was performed facilitating 

Tub-tagged H6-GBP4 containing chemical reporter 60 in good purity. E1-5: Elution fractions from size-exclusion 

column. 
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Figure 35. Dual functionalization of Tub-tagged H6-GBP4 with propargyl-L-lysine (60). (a) Schematic depiction of 

the dual functionalization strategy. The chemical reporter propargyl-L-lysine (60) is incorporated to the protein by 

nonsense suppression. Subsequently, the TTL ligates 3-N3-L-tyrosine (36) as second chemical reporter to the C-

terminus of the GBP4. After removal of access azide 36, SPAAC with DBCO containing Cy5 (62) followed by 

CuAAC to biotin 63 results in dual functionalization of GBP4 with a fluorophore and biotin. (b) SDS-PAGE, in-gel 

fluorescence and Western blot analysis revealed successful dual functionalization of the GBP4. FL: fluorescent 

analysis at 646 nm, WB: Western blot with Strep-Hrp. 

 

6.1.8 Conclusion & Outlook 
Tub-tag labeling was established as a new method for the site-specific C-terminal labeling of 

proteins. The labeling can either be achieved by a versatile two- or a convenient one-step 

protocol. In case of the two-step Tub-tag labeling, the TTL catalyzes the ligation of a tyrosine 

derivative containing a chemical reporter which can be subsequently functionalized using one 

of the many well established bioorthogonal reactions. In this sense, the incorporation of an 

azide, halide and aldehyde was combined with click chemistry, condensation reactions, 

thiazolidine formation and Sonogashira cross-coupling. Alternatively, the large substrate scope 

of the TTL enables the ligation of biotinylated and fluorescent derivatives facilitating one-step 

functionalization of proteins. Moreover, the TTL showed high temperature and pH flexibility. 

Tub-tag labeling was used to modify a number of functional proteins including antigen binding 

nanobodies and the apoptosis marker Annexin V. These conjugates have been used for 

superresolution microscopy, immunoprecipitation and labeling of apoptotic cells. In a final 

experiment, the dual functionalization of the GFP binding nanobody GBP4 was achieved by a 

combination of Tub-tag labeling and nonsense suppression. By this, an azide and an alkyne 

were incorporated to the nanobody and functionalized with a fluorophore and biotin. This 

constitutes, to the best of our knowledge, the first example of a dual functionalized antigen 

binding protein by the combination of a chemoenzymatic method with ribosomal unnatural 
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amino acid incorporation. However, to achieve decent amounts of dual functionalized proteins 

using this strategy, further optimization of the nonsense suppression is needed.  

Tub-tag labeling is the first chemoenzymatic method facilitating the site-specific incorporation 

of small functional amino acids to protein. To further expand the scope of this method, 

additional substrates will be synthesized and the enzyme engineered based on the findings 

made within this thesis. 
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6.2 Design of cell-permeable antigen binding proteins by site-
specific attachment of cell-penetrating peptides 

6.2.1 Introduction and project outline 
Antibodies are powerful molecules for the detection and manipulation of antigens and found 

widespread applications as pharmacological tools (see Appendix 1 and 2) 266, 453, 454. Moreover, 

within recent years a number of recombinant antigen binding proteins with enhanced 

properties for intracellular applications have been developed (see Chapter 4.4). However, in 

most of the cases, antigen binding proteins are unable to penetrate the cell membrane limiting 

most of their applications to permeabilized cells or extracellular targets. To circumvent this 

limitation, efforts are being made to develop methods that enable the intracellular use of 

recombinant antibodies 404, 405. These include the transfection of cells and the cellular 

expression of so called intrabodies 257, 369, 404, 406-408. However, the non-endocytic delivery of 

antibodies and recombinant binders to cells has not been achieved so far. The advantage of 

non-endocytic delivery is that it would allow for immediate bioavailability and antigen binding 

without the need of endosomal escape mechanisms. In this sense, the in vitro attachment of 

a small molecule fluorophore to a recombinant binder with successive non-endocytic delivery 

would open doors towards live cell immunostaining. Due to their reduced size, increased 

solubility and stability, antigen binding nanobodies represent ideal candidates to achieve this 

goal (see Chapter 4.4.4). Moreover, the GFP binding nanobodies (GBP) developed by 

Kirchhofer et al. facilitate straight forward detection of protein delivery based on the 

fluorescence of GFP 299. 

Therefore, the aims of the work described in this Chapter are (Figure 36): 

 

a) To develop a strategy for the synthesis of cell-permeable GBPs by the conjugation of 

cell-penetrating peptides 

b) To develop an assay that allows for the immediate detection and quantification of 

cellular uptake 

c) Elucidate the cellular uptake efficiency of GBPs conjugated to different cell-penetrating 

peptides (linear, cyclic, TAT, R10).  

d) To develop a linker that allows for in vivo cleavage of the cell-penetrating peptide to 

ensure integrity of protein function.  

e) To develop a chemoselective synthesis strategy for the generation of fluorescently 

labeled and cell-permeable nanobodies facilitating live cell labeling and manipulation 

of antigens. 
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Figure 36. Site-specific functionalization of nanobodies with a fluorophore and a cell penetrating peptide facilitates 

live cell immunolabeling. 
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6.2.2 Cell-permeable nanobodies for targeted immune-labeling and antigen 
manipulation in living cells 

 

This Chapter was submitted for publication to Nature Chemistry in May 2016. Revised 

version was submitted in February 2017: 

 

Henry D. Herce,#* Dominik Schumacher,#* Anselm F. L. Schneider, Anne K. Ludwig, Florian 

A. Mann, Marion Fillies, Marc-André Kasper, Stefan Reinke, Eberhard Krause, Heinrich 

Leonhardt, M. Cristina Cardoso,* and Christian P. R. Hackenberger* 

 

 “Design of cell-permeable antibodies by site-specific attachment of cyclic cell-penetrating 

peptides” 

 
#These authors contributed equally 
*Corresponding authors 

 
Abstract 
Functional antibody delivery in living cells would allow the labeling and manipulation of 

intracellular antigens, constituting a long-thought goal in cell biology and medicine. Here, we 

present a modular strategy of functional cell-permeable nanobodies by site-specific 

attachment of intracellularly stable or cleavable cyclic arginine-rich cell-penetrating peptides 

by expressed protein ligation. This strategy was applied for the non-endocytic delivery of two 

recombinant nanobodies into living cells. These cell-permeable nanobodies allowed targeted 

labelling and manipulation of intracellular antigens as demonstrated by the relocalization of 

polymerase clamp PCNA and tumor suppressor p53 to the nucleolus enabling detection of 

protein-protein interactions in living cells. Furthermore, they permitted the co-transport of 

therapeutically relevant proteins like Mecp2 into cells. This novel technology constitutes a 

major step in the labelling, delivery and targeted manipulation of intracellular antigens. 

Ultimately, this approach opens the door towards immunostaining in living cells and the 

expansion of immunotherapies to intracellular antigen targets. 

 

Responsibility assignment 
M. Cristina Cardoso, Heinrich Leonhardt and Christian P.R. Hackenberger designed and 

conceived the project. Henry D. Herce conceived and performed the cellular uptake 

experiments, the relocalization based visualization assay, the uptake of recombinant GFP and 

MeCP2-GFP as well as PCNA relocalization and the modified F3H assay and determined the 

binding constant of functionalized nanobodies. The author designed and optimized the cell-
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permeable nanobody synthesis, cloned and expressed GBP-intein-CBD fusions, established 

the refolding protocol, performed the EPL and analyzed all constructs (MS, CD, binding to 

GFP), synthesized the linear, cyclic and cleavable CPPs, generated double functionalized 

nanobodies and performed eGFP expression and purification. Anselm F.L Schneider 

generated the GBP11-117A3-intein-CBD fusion, established a purification strategy, performed 

EPLs and synthesized cCPPs. Anne K. Ludwig purified recombinant proteins and performed 

some cellular uptake experiments as well as RNA isolation and RNA binding assays. Florian 

A. Mann optimized the EPL conditions and synthesized cCPPs. Marion Fillies generated and 

characterized the cell lines with permanent expression of GFP and its fusions. Marc A. Kasper 

synthesized Cy5. Stefan Reinke performed the cloning and initial testing of GBP-intein-CBD 

fusions. Eberhard Krause contributed to the MALDI measurements. Heinrich Leonhardt 

provided nanobodies. Henry D. Herce and the author wrote the manuscript supported by M. 

Cristina Cardoso, Christian P.R Hackenberger, Anselm F.L. Schneider and Anne K. Ludwig. 

 
Summary of content 
Cell-permeable nanobodies were generated by the site-specific attachment of CPPs to the 

proteins C-terminus. For this, two different GFP binding nanobodies, GBP1 and GBP4, were 

expressed as intein-CBD-fusion proteins for subsequent NCL. In a previous study the non-

endocytic uptake of functional GFP by the conjugation of cyclic TAT peptides was shown 403. 

In addition to that, Lattig-Tunnemann et. al. reported on the increased small molecule uptake 

efficiency of linear R10 peptides compared to linear TAT derivatives 455. Based on these 

findings, cyclic and linear TAT as well as R10 peptides containing a N-terminal cysteine for 

subsequent NCL reactions were synthesized by a slightly optimized version of a previously 

published protocol 403. Systematic optimization of the EPL protocol gave high yields of the 

desired nanobody-CPP conjugates (up to 76%). In contrast to that, the recombinant generation 

of nanobody-linear CPP fusions using a system optimized for GBP expression (Chapter 6.1.7) 

was not successful making posttranslational addition of the CPP peptides necessary. All 

conjugates were analyzed by MS analysis and conserved secondary structure of the 

functionalized nanobodies proven to be similar to that of recombinant expressed wild type 

GBP1 and GBP4 using circular dichroism. Moreover, a previously published GFP-fluorescence 

in vitro assay as well as microscale thermophoresis showed intact antigen binding of all 

conjugates 299. To visualize the cellular uptake of the cell-permeable nanobodies, the previous 

observation of arginine rich CPPs associating to the nucleolus and binding to negatively 

charged RNA was exploited 456, 457. Moreover, cells expressing GFP in which GFP is located 

outside the nucleolus were engineered. Upon non-endocytic uptake of GBP4 and GBP1 

conjugated to positively charged CPPs, they bind GFP and initiate its relocalization to the 

nucleolus based on the CPPs high affinity to RNA. Using this relocalization assay, temperature 

independent uptake to up to 95% of the cells by incubating with low µM concentrations (10 
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µM) of cell-permeable nanobodies was shown. As expected, the uptake initiated by the cyclic 

R10 peptide was three times increased compared to cyclic TAT. In addition to that, nanobodies 

conjugated to cyclic CPPs were more efficiently taken up than the linear CPP derivatives. 

Based on these findings, cyclic R10 peptides are most suitable for the synthesis of cell-

permeable nanobodies. Subsequently, cyclic R10 conjugates enabled the co-transport of GFP 

and GFP fusion proteins with a size of up to 83 kDa including the therapeutically relevant 

Mecp2 protein 458, 459. Moreover, the cell-permeable nanobodies were used to visualize protein-

protein interactions in living cells by slightly adopting the previously published three hybrid 

assay 266. These experiments proof that cell-permeable nanobodies are powerful tools for cell 

biology and the delivery of recombinant and therapeutically relevant proteins.  

Since in many cases the relocalization of the antigen is not desired, cell-permeable nanobodies 

with cleavable CPPs were synthesized. Therefore, NCL of the GBP1-intein-CBD fusion to a 

Cy5-containing peptide was performed placing an additional cysteine to the nanobodies C-

terminus. The addition of Ellman’s reagent transformed this cysteine to an electrophilic 

disulfide and the activated nanobody further reacted with the N-terminal cysteine of the cyclic 

R10 peptide yielding disulfide linked GBP1-Cy5-cyclic R10 conjugate. Uptake studies and 

fluorescence microscopy revealed efficient internalization of the Cy5-labeled nanobody without 

nucleolar relocalization indicating reductive CPP cleavage within cytosol. This conjugate was 

used for the visualization of antigens in living cells constituting a very promising tool for 

intracellular immunostaining and immunomanipulation.  

 

Manuscript and Supporting Information 
The manuscript and Supporting Information have been submitted to Nature Chemistry in a 

revised version at the 13th of April 2017. They are printed with permission from SpringerNature 

United Kingdom in this thesis as they have been submitted.  
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6.2.3 Conclusion & Outlook 
Within this work, highly efficient cell-permeable nanobodies were generated by the site-specific 

attachment of cyclic R10 peptides facilitating the visualization of intracellular targets, their 

manipulation and the delivery of therapeutically relevant fusion proteins. Following up on these 

findings, additional cell-permeable nanobodies targeting various intracellular antigens will be 

synthesized. To further expand CPP based protein and antibody delivery, the mechanism of 

transduction needs to be elucidated and possible interactions with charged protein surfaces 

assessed. This would in principle open the door towards the generation of a versatile CPP 

library out of which the best peptide for each protein of interest can be selected.  
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6.3 Single cysteine mutants of eGFP for chemoselective thiol 
conjugation  

6.3.1 Introduction and project outline 
GFP is a powerful model protein to elucidate new methods for the functionalization of 

biomolecules. Its fluorescent properties allow for fast screening of reaction conditions that are 

suitable for this protein, since protein aggregation results in the loss of the fluorescence signal 
460. Moreover, small structural changes of the protein induced by the conjugation of a certain 

payload can be detected by changes of the fluorescent properties of GFP 461. The conjugation 

of cyclic CPPs to GFP and subsequent non-endocytic uptake to living cells published by 

Nischan et al. is one very impressive example of using GFP in this context 403. The group of 

Christian Hackenberger has high interest in chemoselective reactions for the functionalization 

of cysteines. They recently published the synthesis of phosphorylated cysteine peptides using 

nucleophilic phosphites 16. Current efforts are undertaken to transform this method to the 

generation of cysteine phosphorylated proteins. Moreover, as described in Chapter 5.2.1, 

Ellman’s reagent can be used to conjugate payloads to a reduced cysteine by the formation of 

a cleavable disulfide bond. In this sense, using GFP as a model protein to further elucidate the 

scope of these chemoselective reactions would be beneficial. Moreover, a GFP variant called 

enhanced GFP (eGFP) with greatly increased fluorescence properties has been engineered 

allowing for the sensitive detection of alteration in protein fold 462.  

 

6.3.2 Responsibility assignment 
The project was initiated and designed by Christian Hackenberger and the author. The eGFP 

mutants were generated, analyzed and first conjugation experiments performed by the author 

 

6.3.3 Results and Discussion 
GFP and eGFP contain 2 cysteines, C70 which is in proximity to the protein’s chromophore 

and C48 located within a loop close to the proteins N-terminus (Figure 37a). To obtain 

homogeneous conjugates and perform quantification of the conjugation reaction, a GFP 

variant with a single accessible cysteine is required. In previous studies, it has been shown, 

that the cysteine at position 70 is accessible to a certain extend and C70-C70 dimers of GFP 

are formed within oxidative environments 463. However, when GFP is properly folded the thiol 

of C70 is located inside the 𝛽𝛽-can and was shown to have a high impact on the fluorescent 

properties of GFP 463. This excludes it’s use as conjugation site (Figure 37a). The crystal 

structure of eGFP suggest good accessibility of C48, though to the best of our knowledge this 

has not been confirmed so far. To elucidate weather C48 is solvent exposed and can serve for 

chemoselective conjugations, C70 was replaced by methionine in accordance to a previously 
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published protocol (Figure 37b) 463. Methionine is the only amino acid that can replace C70 

without affecting the fluorescence properties of eGFP, confirming the important role of this  

 
Figure 37. eGFP and cysteine mutants thereof. (a) eGFP contains two cysteines at position 48 and 70 (highlighted 

in red). (b) The amino acid residue 70 has been shown to be sensible towards changes and methionine proofed to 

be the only amino acid able to replace C70 without affecting GFP fluorescence. Based on this finding, the single 

cysteine mutant eGFPC70M has been generated by the mutation of C70 to methionine. (c) Since the accessibility 

of C48 is uncertain, an additional eGFP mutant with a cysteine positioned at a solvent exposed loop has been 

engineered (eGFPC70MS147C).  

residue. Moreover, since the use of C48 as conjugation site is uncertain, a eGFP mutant with 

an additional cysteine positioned on a solvent exposed loop was generated (C70MS147C) 

(Figure 37c). H6-tagged eGFPC70M and eGFPC70MS147C were expressed in E. coli 

BL21(DE3) and the His-tag removed after purification by protease cleavage. The excitation 

and absorption maxima as well as the excitation coefficient of the mutants were determined 

using fluorescence microscopy and found to be similar to that of wild-type eGFP (Figure 38 

and Table 4) 463.  

 
Figure 38. Excitation and emission spectra of eGFPC70MS147C. (a and b) Excitation and emission spectra were 

recorded ad varying concentrations between 5.1 and 82 µM. (c) Linear correlation of fluorescence excitation with 

eGFPC70MS147C concentration. 𝜀𝜀 was calculated based on the Lambert-Beer law from the slope of the linear fit. 

Data was plotted using PRISM 5 (GraphPad) and represent a single experiment.  
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Table 4. Physical properties of eGFP and cysteine mutants thereof. 

mutant excitation / emission maxima [nm] 𝝐𝝐 [mM-1cm-1] 

eGFP463 489/510 55.00 

eGFPC70M 489/510 57.32 

eGFPC70MS147C 489/510 57.95 

 

The accessibility of C48 and C147 was evaluated by incubating the proteins with maleimide-

Cy5 64 in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4, pH 7.4) 

at 30 °C for 3 h (Figure 39a). SDS-PAGE revealed, that the single cysteine mutant eGFPC70M 

was not labeled with the fluorophore, whereas eGFPC70MS147C was successfully conjugated 

to 64 (Figure 39b). Therefore, the cysteine at C48 seems to be unavailable for chemoselective 

conjugations. This observation has been confirmed in the lab of Christian Hackenberger 

(results undisclosed) using additional cysteine selective reactions combined with protein MS 

analysis. Nevertheless, since the cysteine at position 147 of eGFPC70MS147C is the only 

addressable cysteine within the protein, conjugation to this mutant results in homogeneous 

products. Therefore, eGFPC70MS147C can indeed be used to analyze and quantify cysteine-

selective reactions.  

 
Figure 39. Elucidating the accessibility of cysteines in eGFP mutants. (a) Schematic depiction of maleimide labeling 

of eGFP mutants with Cy5-maleimide 64. Exemplarily labeling of eGFPC70M is shown. The same approach was 

used for eGFPC70MS147C. The cysteine at position 48 is highlighted in red, the methionine at position 70 in blue. 

(c) SDS-PAGE and in-gel fluorescence analysis (excitation 640 nm) shows good maleimide labeling of 

eGFPC70MS147C. eGFPC70M has not been labeled by the fluorophore, suggesting that the cysteine at C48 is not 

accessible for conjugation.   
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6.3.4 Conclusion and outlook 
The eGFP mutant C70MS147C was successfully evaluated for single cysteine conjugation 

experiments. While cysteine at position 48 was not accessible for Michael-Addition to a Cy5-

maleimide (64), cysteine at residue 147 is solvent exposed and could be addressed for 

chemoselective conjugation experiments. Analysis of the fluorescence properties of the mutant 

revealed high integrity of physical properties. Therefore, this mutant can be used as a model 

protein to develop and analyze cysteine selective methods for the functionalization of proteins.  

7 Summary  

Within this work, proteins and in particular antigen binding nanobodies were modified with 

functional molecules that enabled their visualization, their immobilization on solid support and 

permeation to living cells while ensuring functional integrity. This enabled the generation of 

powerful probes for superresolution microscopy and live cell immunostaining in living cells 

addressing an important obstacle of antibody research. To achieve this, (i) a new method for 

the site-specific functionalization of proteins was developed and (ii) cell penetrating peptides 

were conjugated to nanobodies facilitating their non-endocytic cellular uptake. 

 

7.1 Tub-tag–labeling; A novel, efficient and versatile tool for the 
C-terminal labeling of Proteins  

Tub-tag labeling, a new chemoenzymatic method for the site-specific C-terminal 

functionalization of proteins was developed, characterized and combined with a broad variety 

of well-established bioorthogonal reactions (Figure 40). The method makes use of the enzyme 

tubulin tyrosine ligase which is part of the posttranslational modification machinery of 

microtubules. The C-terminal fusion of an 𝛼𝛼-tubulin derived 14 amino acid short peptide to a 

protein of interest enabled recognition as a substrate by the TTL and ligation of tyrosine and 

tyrosine derivatives by the formation of a stable amide bond. As the tyrosine derivatives carry 

unique chemical entities like azides, aldehydes and halides at their ortho-position, subsequent 

bioorthogonal reactions including strain-promoted azide-alkyne cycloaddition, oxime- and 

hydrazone-forming reactions, Staudinger ligation and Staudinger-phosphite reactions which 

were used to conjugate fluorophores and biotin derivatives to a number of functional proteins 

in high yields (Figure 40a, over 90% functionalized protein). Moreover, based on the enlarged 

catalytic cavity formed by the enzyme during the catalytic cycle (Figure 40b) the substrate 

scope of Tub-tag labeling was significantly enlarged turning the versatile two-step protocol to 

a fast one-step functionalization strategy making use of fluorescent coumarin and biotin 

derivatives as TTL substrates (Figure 40c and d). The rationale behind this unusual substrate 

promiscuity was elucidated using computational studies pointing towards 𝜋𝜋-stacking 
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interactions with the TTL’s H243 playing a significant role for substrate binding. Since the C-

terminus of nanobodies is most distant from their antigen binding region, Tub-tag labeling is a 

well-suited technology for nanobody functionalization. Therefore, Tub-tagged nanobodies 

were recombinantly expressed and functionalized by the TTL facilitating nanobody based 

immunoprecipitation tools and superresolution probes with minimal linkage errors. In addition 

to that, the general applicability of the method was shown by expanding Tub-tag labeling to 

the functionalization of GFP, ubiquitin and the apoptosis marker Annexin V. 

 
Figure 40. Tub-tag labeling for the functionalization of nanobodies and recombinant antigen binding proteins. (a) 

Versatile two-step labeling of nanobodies. TTL mediated incorporation of tyrosine derivatives containing chemical 

reporters enables successive conjugation to a functional probe (highlighted in red) using a bioorthogonal reaction. 

(b) The TTL forms an extended cavity during the catalytic cycle (depicted in purple, PDB ID: 4IHJ). This cavity 

allows for a broad substrate tolerance of the enzyme. (c) Fluorescent or biotinylated substrates of TTL facilitate the 

efficient one-step functionalization of biomolecules. (d) Substrates of TTL include ortho- and para-functionalized 

tyrosine derivatives, fluorescent coumarin amino acids and a large biotinylated tyrosine.  

Important next experiments include the synthesis and evaluation of further substrates, in 

particular fluorophores with excitation properties that are less harmful for cellular systems and 

are shifted towards higher wavelengths. Moreover, combining Tub-tag labeling with cell-

permeable caged fluorophores and turn on probes, as for example used for inverse electron-

demand Diels-Alder reactions (IED-DA), would open the door towards intracellular labeling by 

the TTL with advantageous signal-to-noise ratios (see Chapter 4.2.5.3). Finally, the findings 

made within this thesis on substrate binding by the TTL and on important parameters defining 

its substrate tolerance generate profound knowledge for further enhancing Tub-tag labeling. 

In this sense, engineering of the TTL should be performed based on the computational model 

developed and established by the group of Bettina Keller and Oliver Lemke.  
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7.2 Design of cell-permeable antigen binding proteins by site-
specific attachment of cell-penetrating peptides  

To the best of our knowledge, cell permeable antigen binding nanobodies were synthesized 

for the first time facilitating live cell immunostaining and antigen targeting. This was achieved 

by the site-specific attachment of cyclic and linear HIV derived TAT and deca-arginine (R10) 

peptides to the C-terminus of two different GFP binding nanobodies by expressed protein 

ligation. Systematic optimization of the EPL protocol gave high yields of the desired nanobody-

CPP conjugates (up to 76%). In contrast to that, the recombinant generation of nanobody-

linear CPP fusions was not successful making posttranslational addition of the CPP peptides 

necessary. Subsequent studies revealed, that the conjugates transduced to up to 95% of 

different cell lines when incubated with low µM concentrations. Moreover, the uptake initiated 

by R10 peptides is up to three times increased compared to TAT, and cyclization of the 

peptides further increases uptake efficiency. Based on these findings, cyclic R10 peptides are 

most suitable for the synthesis of cell-permeable nanobodies. The cR10 conjugates were 

further applied for the co-transport of GFP and GFP fusion proteins with a size of up to 83 kDa 

including the therapeutically relevant Mecp2 protein. Moreover, the cell-permeable nanobodies 

were used to visualize protein-protein interactions in living cells by slightly adopting the 

previously published three hybrid assay. These experiments proof that cell-permeable 

nanobodies are powerful tools for cell biology and the delivery of recombinant and 

therapeutically relevant proteins. Since arginine rich CPPs associate to the nucleolus and bind 

to negatively charged RNA addressing targets within the cytosol requires the rapid cleavage 

of the CPP after cellular uptake. Therefore, EPL was used to attach a fluorophore to the C-

terminus of the nanobody and the EPL derived cysteine was used for disulfide linking of the 

CPP (Figure 8b). Uptake studies and fluorescence microscopy revealed efficient 

internalization of the Cy5-labeled nanobody without nucleolar enrichment indicating reductive 

cleavage of the CPP within the cytosol. This conjugate was used for the visualization of PCNA 

in living cells constituting a very promising tool for intracellular immunostaining and 

immunomanipulation. 
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Figure 41. Generation of cell-permeable nanobodies. EPL of nanobodies was used to site-specifically conjugate 

CPP via (a) a stable amide bond or (b) a cleavable disulfide that gets reduced within the reductive cytosolic 

environment. Incubation with different cell lines revealed efficient uptake to up to 95% of the cells when incubated 

with low µM concentrations. 

Important next steps include the generation of additional cell-permeable nanobodies directed 

against primary targets within cells. Moreover, caging the CDR of cell-permeable nanobodies 

with a photocleavable protecting group would allow for the temporally controlled manipulation 

of antigen binding and manipulation of cellular processes. Finally, the detailed mechanism of 

transduction and the rationale behind the observation of increased uptake efficiency by peptide 

cyclization remains unknown and should be elucidated in future experiments.  

 

7.3 Single cysteine mutants of eGFP for chemoselective thiol 
conjugation 

The goal of this side-project was to develop a single cysteine containing protein for elucidating 

reactions that are chemoselective for cysteines. In this sense, fluorescent proteins are perfect 

model proteins since their fluorescent properties are tightly connected to structural integrity. 

Therefore, the eGFP mutant C70MS147C was generated allowing for single cysteine 

conjugation experiments. Even though this mutant obtains two cysteines (C48 and C147), the 

cysteine at position 48 was shown to be not addressable for different conjugation methods 

including the well-established maleimide chemistry. Therefore, eGFPC70MS147C can serve 

as model protein for the development and quantitative analysis of novel cysteine conjugation 

chemistries.  
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8 Materials and Methods 

8.1 General Information 
8.1.1 Analytical HPLC 
Analytical HPLC was conducted on a SHIMADZU HPLC system (Shimadzu Corp., Japan) with 

a SIL-20A autosampler, 2 pumps LC2 AAT, a 2489 UV/Visible detector, a CTO-20A column 

oven and an RF-10 A X2 fluorescence detector using an Agilent Eclipse C18 5 µm, 250 x 4.6 

mm RP-HPLC-column with a flow rate of 0.5 mL/min. The following gradient was used: Method 

A: (A = H2O + 0.1% TFA, B = MeCN + 0.1% TFA) 35% B, 0-15 min, 10-100% B 15-17 min, 

100% B 17-22 min, 100-35% B 22-25 min and 35% B 25-30 min. UV chromatograms were 

recorded at 220 nm and fluorescence spectra with Ex/Em 495/517 were recorded.  

 

8.1.2 Analytical UPLC-MS 
UPLC-UV traces were obtained on a Waters H-class instrument equipped with a Quaternary 

Solvent Manager, a Waters autosampler and a Waters TUV detector connected to a 3100 

mass or  QDaTM detector with an Acquity UPLC-BEH C18 1.7 µm, 2.1 x 50 mm RP column 

with a flow rate of 0.5 mL/min (Water Corp., USA). The following gradient was used: Method 

B: (A = H2O + 0.1% TFA, B = MeCN + 0.1% TFA) 5% B 0.5 min, 5-95% B 0.9-3 min, 95% B 

3-5 min. UPLC-UV chromatograms were recorded at 220 nm. Method BII: (A = H2O + 0.1% 

TFA, B = MeCN + 0.1% TFA) 5-95% B 0-15 min, 95% B 15-20 min. UPLC-UV chromatograms 

were recorded at 220 nm.  

 

8.1.3 Preparative HPLC 
Preparative HPLC was performed on a Gilson PLC 2020 system (Gilson Inc., WI, Middleton, 

USA) using a Macherey-Nagel Nucleodur C18 HTec Spum column (Macherey-Nagel GmbH 

& Co. Kg, Germany). The following gradient was used: Method C: (A = H2O + 0.1% TFA, B = 

MeCN + 0.1% TFA) flow rate 32 mL/min, 10% B 0-5 min, 10-100% B 5-35 min, 100% B 35-40 

min. Method D: (A = H2O + 0.1% TFA, B = MeCN + 0.1% TFA) 10% B 0-5 min, 10-100% B 5-

50 min, 100% B 50-55 min. 

 

8.1.4 Analytical HPLC-MSMS 
Peptides were analyzed by a Ultimate 3000 nanoLC system (Thermo Scientific, USA) 

connected to an LTQ Orbitrap XL mass spectrometer (Thermo Scientific, USA). LC 

separations were performed on a capillary column (Acclaim PepMap100, C18, 3 µm, 100 Å, 

75 µm i.d. x 25 cm, Thermo Scientific, USA) at an eluent flow rate of 300 nL/min. The following 

gradient was used: Method D: (A = H2O + 0.1% formic acid, B = MeCN + 0.1% formic acid) 3-

50% B 0-50 min Mass spectra were acquired in a data-dependent mode with one MS survey 
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scan with a resolution of 30,000 (LTQ Orbitrap XL) or 60,000 (Orbitrap Elite) and MS/MS scans 

of the five most intense precursor ions in the linear trap quadrupole, respectively.  
 

8.1.5 Column chromatography 
Column chromatography was performed on silica gel (Acros Silica gel 60 Å, 0.035-0.070 mm).  

 

8.1.6 High resolution mass spectra 
HRMS were measured on an Acquity UPLC system and a LCT PremierTM (Waters Corp., USA) 

time-of-flight mass spectrometer with electrospray ionization using water and acetonitrile (10-

90% gradient) with 0.1% formic acid as eluent. 

 

8.1.7 NMR 
NMR spectra were recorded with a Bruker Ultrashield 300 MHz spectrometer (Bruker Corp., 

USA) at ambient temperature. The chemical shifts are reported in ppm relative to the residual 

solvent peak. Product yields were calculated based on 1H-NMR spectra. TFA salt content was 

determined by 19F-NMR, tetrafluoroethylene as standard and considered in product yield 

calculation.  

 

8.1.8 Reagents and solvents 
Reagents and solvents were, unless stated otherwise, commercially available as reagent 

grade and did not require further purification. Resins and Fmoc-protected amino acids were 

purchased from IRIS BioTEch (Germany) or Novabiochem (Germany).  

 

8.1.9 Solid phase peptide synthesis (SPPS) 
Solid-phase peptide synthesis (SPPS) was either carried out manually or with a Tribute-UV 

peptide synthesizer (Protein Technologies, USA) via standard Fmoc-based conditions. Fmoc 

deprotection was done using 25% piperidine in DMF (3 x 10 minutes) and couplings were 

performed with at least 5 eq. of HOBt, HBTU and DIPEA or 5 eq. of HATU and DIPEA for 45 

min in DMF 464. 

 

8.1.10 Protein concentration  
The concentration of proteins was determined by absorption spectroscopy measurements at 

280 nm using the extinction coefficient of the respective protein and/or using a BCA protein 

assay (Thermo Fisher Scientific, USA). The mean value of at least three individual 

measurements was taken. In the case of mixed samples containing unconjugated and 

conjugated nanobody, the concentration was corrected by the ratio of Coomassie stained 

protein bands. 
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8.1.11 Stock solutions 
All stock solutions are stored at -20 °C and if mentioned sterile-filtered with a 0.2 μm syringe 

filter (GE Healthcare).  

 
Table 5. Stock solutions 

stock solution stock concentration final concentration 

Kanamycin sulfate (ddH2O, filt.) 30 mg/mL 30 µg/mL 

IPTG (ddH2O, filt.) 1M 0.05 – 0.1 mM 

PMSF (ddH2O, filt.) 0.1 M 0.1 mM 

Ampicillin (ddH2O, filt.) 100 mg/mL 100 µg/mL 

Chloramphenicol (EtOH, filt.) 34 mg/mL 34 µg/mL 

 

8.1.12 Bacterial strains 
Table 6. Bacterial strains 

species strain genotype ref. 

E. coli DH5𝛼𝛼 
fhuA2 Δ(argF-lacZ)U169 phoA 

glnV44 Φ80 Δ(lacZ)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17 

Taylor RG et al., 

1993465 

E. coli 
Shuffle® T7 

Express 

huA2 lacZ::T7 gene1 [lon] ompT 
ahpC gal λatt::pNEB3-r1-cDsbC 

(SpecR, lacIq) ΔtrxB sulA11 

R(mcr- 73::miniTn10--TetS)2 

[dcm] R(zgb- 210::Tn10 --TetS) 
dA1 Δ  ( C  

 

NEB Inc. (USA) 

E. coli T7 Express 

fhuA2 lacZ::T7 gene1 [lon] ompT 
gal sulA11 R(mcr-73::miniTn10--
TetS)2 [dcm] R(zgb-210::Tn10--

TetS) endA1 Δ(mcrC-
mrr)114::IS10 

NEB Inc. (USA) 

E. coli BL21(DE3) F- ompT hsdSB (rB
- mB

-) gal 
dcm (DE3) 

Merck Millipore 

(Germany) 
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8.1.13 Plasmids 
Table 7. Plasmids 

plasmid resistance ref. 

pET22b AmpR Merck Millipore (Germany) 

pET28a AmpR Merck Millipore (Germany) 

pGEX-4T-1 AmpR GE Healthcare (USA) 

pEVL_Trp_1xMmtRNAPyl_Strep_MmPylRS CamR provided by Prof. Budisa 

 

8.1.14 Molecular biological methods 

8.1.14.1 Polymerase chain reaction (PCR) 

Analytical and preparative PCR was performed. For preparative use Phusion® High-Fidelity 

DNA Polymerase (Fermentas St. Leon-Rot, Germany) was employed. In the analytical case 

Taq DNA Polymerase was used. The PCR protocol was adjusted to the respective gene and 

primers of interest. 

 

8.1.14.2 DpnI digest 

Digest of bacterial derived DNA was performed using DpnI (Thermo Scientific, USA) according 

to Table 8. The unpurified PCR product was incubated for 2 h at 37 °C.  

 
Table 8. Composition of DpnI digest 

unpurified PCR product  20 µL 

DpnI (10 U/µL) 2 µL 

FastDigestTM buffer (10x) 4 µL 

ddH2O ad 60 µL 

 

8.1.14.3 Agarose gel electrophoresis 

DNA fragments were separated according to size in an electric field using agarose gel 

electrophoresis. 1.0% agarose was boiled in 1x TAE buffer (Carl Roth GmbH & Co KG) until it 

was completely dissolved. Before loading the samples to the gel, they were mixed with the 

appropriate amount of MidoriGreen Direct (Biozym, Germany). As a size marker GeneRuler 

1kb Plus DNA Ladder (Thermo Scientific, USA) was used (3 μL for analytical, 6 μL for 

preparative use). The separation of fragments took place at 120 V in 1x TAE-buffer for 35 min. 

The gel was then photographed under UV light (320 nm, ChemiDocTM XRS+ Imaging System, 

BioRad, USA). 
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8.1.14.4 Extraction of DNA fragments from agarose gels 

DNA fragments were extracted from agarose gels using the GeneJETTM Gel Extraction Kit 

(Thermo Scientific, USA). The band of interest was excised with a sharp, clean scalpel. 

Isolation and purification was performed following the manufacturer’s manual except for the 

final elution step, where 30 μL ddH2O were used.  

 

8.1.14.5 Digestion of DNA with restriction endonucleases 

DNA plasmids and PCR products were digested with restriction endonucleases. In general, 

double digest was performed using appropriate enzymes (Thermo Scientific, USA). Reactions 

were run for 1 h at 37 °C and terminated by heat inactivation (20 min at 80 °C).  
Restriction digest products were purified using the GeneJETTM Gel Extraction Kit (Thermo 

Scientific, USA). 300 μL of binding buffer were added to the samples and purification was 

performed following the manufacturer’s manual except for the final elution step, where 30 μL 

ddH2O were used. 
Table 9. Composition of restriction digest reactions  

DNA 1.5 µg 

Enzyme 1 (10 U/µL) 1 µL 

Enzyme 2 (10 U/µL) 1 µL 

FastDigestTM buffer (10x) 2 µL 

ddH2O ad 20 µL 

 

8.1.14.6 Ligation of DNA fragments 

To perform a ligation of vector and PCR product, T4 DNA ligase (5 u/μl, 20 mM Tris-HCl pH 

7.5), 1 mM DTT, 50 mM KCl, 0.1 mM EDTA und 50% (v/v) Glycerol, Thermo Scientific, USA) 

and the corresponding T4 buffer (400 mM Tris-HCl, 100 mM MgCl2 , 100 mM DTT, 5 mM ATP 

(pH 7.8 at 25 °C, Thermo Scientific, USA) were used. This enzyme catalyzes the formation of 

new phosphodiester bonds between the 5’- phosphate and the 3’-hydroxyl ends of DNA. The 

molar ratio of vector to insert was 1:5 or 1:10. The excess of insert was calculated using 

formula 1.  
 

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 5	 𝑜𝑜𝑖𝑖	10 ∙
𝑉𝑉𝑣𝑣𝑖𝑖𝑣𝑣𝑖𝑖𝑜𝑜𝑖𝑖	∙	𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣𝑖𝑖𝑜𝑜𝑖𝑖∙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∙𝑙𝑙𝑣𝑣𝑖𝑖𝑣𝑣𝑖𝑖𝑜𝑜𝑖𝑖
	     Formular 1 

V: Volume [µL]; c: concentration [ng/µL]; l: length [bp] 

The reactions were run for 2 h at RT and directly followed by transformation into competent 

cells.  
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Table 10. Composition of DNA ligations  

linearized vector DNA 50 – 100 ng 

insert DNA var. 

T4 buffer (10x) 2 µL 

T4 ligase 1 µL 

ddH2O ad 20 µL 

 

8.1.14.7 Plasmid isolation from E. coli 

Plasmid-DNA was isolated from a E. coli DH5α overnight cultures (37 °C, 180 rpm) via the 

GeneJET Plasmid Miniprep Kit (Thermo Scientific, USA). This Kit combines a modified alkaline 

denaturation with selective reversible DNA binding to a silica membrane. The isolation was 

performed following the manufacturer’s manual except for the final elution step. Instead of the 

provided DNA Elution Buffer, 30 μL ddH2O was used. DNA concentration was determined by 

absorption spectroscopy measurements (260 nm). The DNA was stored at -20 °C. Sequencing 

of new DNA constructs was performed.  
 

8.1.15 Culture media 
All media were autoclaved for 20 min at 121 °C and 2 bar. The lukewarm LB-plates media 

were supplemented with antibiotics. The plates were stored at 4 °C for several weeks.  
 
Table 11. Self-made LB and LB agar plates 

 LB (Luria-Bertani) media LB-plates 

Peptone 10 g 7 g 

NaCl 5 g 3.5 g 

Yeast extract 5 g 3.5 g 

Agar - 11.2 g 

ddH2O ad 1000 mL ad 700 mL 

 
Table 12. 2YT medium 

Bacto tryptone 16 g 

NaCl 5 g 

Yeast extract 10 g 

ddH2O ad 1000 mL 
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Table 13. M9 medium 

Na2HPO4 – 7H20 12.8 g 

KH2PO4 3 g 

NaCl 0.5 g 

ddH2O ad 1000 mL (pH 7.4) 

After autoclaving, 2 mL 1M MgSO4, 0.1 mL 1M CaCl2 and 10 mL 20% glucose was added. The 

medium was again sterilized by filtration.  

 

8.1.16 Preparation of competent E. coli cells 
1 L of LB medium was inoculated with 10 mL overnight culture E. coli and incubated with 

shaking (180 rpm) at 37 °C to an OD600 of 0.35-0.4. After incubation on ice for 20-30 min the 

cells were centrifuged (4000 g, 4 °C, 15 min) and the cell pellet suspended with 100 mL of ice 

cold and sterile 100 mM MgCl2. The suspension was centrifuged again and the pellet 

suspended in 100 mL ice cold and sterile 100 mM MgCl2. After incubation on ice for 20 min, 

the cells were centrifuged and the pellet suspended in 50 mL of 85 mM CaCl2, 15% glycerol 

v/v. After a final centrifugation (1000 g, 4 °C, 15 min), the pellet was suspended in 85 mM 

CaCl2, 15% glycerol v/v and 50 µL aliquots prepared. Chemically competent cells were stored 

at -80 °C until further use.  

 

8.1.17 Transformation of competent E. coli cells 
E. coli was transformed by the heat shock procedure. 50 μL of competent cells were thawed 

on ice. 1 μL of DNA was added to the cells and incubated for 30 min on ice followed by a heat 

shock at 42 °C for 45 sec. 500 μL of LB medium was added to the cells after 1 min incubation 

on ice. For recovery and expression of the resistance gene the cells were incubated for 1 h at 

37 °C with shaking (500 rpm). 100 μL cells were then plated on LB agar plates supplemented 

with the respective antibiotic. Plates were incubated ON at 37 °C.  

 

Transformation of competent E. coli cells after ligation  
Transformation was performed as described before, though 100 μL competent cells and 10 μL 

of the ligation preparation were mixed. After recovery und expression of the resistance gene, 

cells were centrifuged (13,500 g, 2 min) and the cell pellet resuspended in 50 μL of LB-media, 

which was then plated on LB agar plates supplemented with the respective antibiotic.  
 

8.1.18 SDS-PAGE 
10x SDS-PAGE running buffer was obtained from Carl Roth GmbH & Ko KG (Germany). 4x 

Laemmli sample buffer was obtained from BioRad Inc (USA) and supplemented with 

mercaptoethanol prior to use. 
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Table 14. Staining solution  

MeOH 300 mL 

MeCOOH 100 mL 

Coomassie Brilliant Blue 2.5 g 

dH2O ad 1000 mL 

 

Table 15. Destaining solution 

MeOH 300 mL 

MeCOOH 100 mL 

dH2O ad 1000 mL 

 

 
Table 16. Resolving buffer 

Tris-base 36.5 g 

dH2O ad 200 mL, pH 8.5 

(HCl) 

 
Table 17. Stacking buffer 

Tris-base 6.0 g 

dH2O ad 100 mL, pH 6.8 

(HCl) 

 

Table 18. Resolving gel (15%)  

Resolving buffer 1.7 mL 

Acrylamid/Bisacrylamid 5 mL 

dH2O 3.1 mL 

SDS (10% w/v) 100 µL 

APS (10% w/v) 100 µL 

TEMED 10 µL 

 
Table 19. Stacking gel (4%)  

Stacking buffer 1.25 mL 

Acrylamid/Bisacrylamid 650 µL 

dH2O 3 mL 

SDS (10% w/v) 50 µL 

APS (10% w/v) 50 µL 

TEMED 5 µL 

 

Separation of proteins according to their electrophoretic mobility was done via SDS-PAGE. 

For analysis of the expression at specific time points, samples were diluted to an OD600 of 0.3, 

centrifuged (12,300 g, 5 min, RT), and the pellet resuspended in 50 μL 1x SDS-buffer. Samples 

of purified proteins or lysates were diluted with 50 mM KPi pH 7.5 to a protein concentration of 

1 μg/μL. To 5 μL of these dilutions, 5 μL 2x SDS-buffer were added. All samples were 

incubated for 5 min at 95 °C before 3 μL (1.5 μg) were loaded onto the gel. As protein marker, 

5 μL of “PageRuler Prestained Protein Ladder” (Thermo Scientific, USA) was used. Gels were 

freshly poured and given 30 min time to polymerize. The electrophoresis was performed at 

constant voltage (250 V) in 1x running buffer. Subsequently, gels were stained using 

Coomassie Brilliant Blue solution, destained until the desired intensity was reached and 

visualized using the imaging system ChemiDocTM XRS+ Imaging System and the Software 

Image Lab (BioRad, USA). In case of fluorescence analysis, gels were analyzed with the 
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ChemiDocTM XRS+ Imaging System and the Software Image Lab (BioRad, USA) prior to 

Coomassie Brilliant Blue staining.  
 

8.1.19 Western Blot and immunodetection 
 
Table 20. Transfer buffer  

SDS buffer (10x) 100 mL 

MeOH 200 mL 

dH2O ad 1000 mL 

  

  

  

 

Table 21. PBS-T  

KH2PO4 244 mg 

Na2HPO4 ∙ 2 H2O 1.78 g 

KCl 201 mg 

NaCl 8 g 

dH2O ad 1000 mL, 

pH 7.4 (HCl) 

 

 

Electrophoresis was performed as described in Chapter 7.1.18. Blotting Paper (Whatman 3MM 

Chr, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was cut to gel size, two layers were 

soaked with transfer buffer. The nitrocellulose membrane (Roti®-NC 0,2 μm, Carl Roth GmbH 

& Co. KG, Karlsruhe, Germany) was equally cut to gel size, incubated with transfer buffer for 

5 min and placed on one filter paper without inclusion of air bubbles. Before the gel was placed 

on top of the membrane, it was equilibrated in transfer buffer for 5 min and finally covered with 

another layers of transfer buffer soaked blotting paper. Subsequent to blotting in transfer buffer 

with a Mini Trans-Blot® Cell System (BioRad, USA) at 250 mA for 1 h, the membrane was 

blocked Roti®-Block (Carl Roth GmbH & Co. Kg, Germany) for 1 h. The blot was washed three 

times with PBS-T and incubated for another 1.5 h with each antibody in PBS-T. After three 

washing steps with PBS-T, immunodetection was carried out using 1 mL of WesternBright ECL 

HRP Substrate (Advansta Inc., USA). Blots were analyzed using the ChemiDocTM XRS+ 

Imaging System and the Software Image Lab (BioRad, USA). 
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8.2 Tub-tag labeling 
8.2.1 Expression of the TTL 
The expression was performed as described in Chapter 5.1.2. In brief, the TTL (Canis lupus) 

coding sequence was amplified from a mammalian expression vector466, cloned into a pET28-

SUMO3 (EMBL-Heidelberg, Protein Expression Facility) and expressed in E. coli BL21(DE3) 

as Sumo-TTL fusion protein with an N-terminal His-Tag. Cells were induced with 0.5 mM IPTG 

and incubated at 18 °C for 18 h. Lysis was performed in presence of Lysozyme (100 µg/ml), 

DNAse (25 µg/ml) and PMSF (2 mM) followed by sonification (Branson® Sonifier; 16 x 8sec, 

20% amplitude) and debris centrifugation at 20.000 g for 30 min. His-Sumo-TTL was purified 

using a 5ml His-Trap. Purified protein was then desalted on a PD10 column (GE Healthcare); 

buffer was exchanged to MES/K pH 6.8 (20 mM MES, 100 mM KCl, 10 mM MgCl2). Protein 

aliquots were shock-frozen and stored at -80 °C at 2.7 g/l. 

 

8.2.2 GBP1/GBP4–Tub-tag expression and purification 
The expression and purification was performed as described in Chapter 5.1.2. In brief, the 

nanobody–Tub-tag fusion expression constructs (pHen6 bacterial expression vector) were 

generated by standard molecular biology techniques resulting in nanobodies with an N-

terminal 6xHis tag and a C-terminal 𝛼𝛼-tubulin derived VDSVEGEGEEEGEE peptide (Tub-tag). 

Proteins were expressed in E. coli (JM109). Cells were induced with 0.5 mM IPTG and 

incubated at 18 °C for 18 h. Lysis was performed in presence of Lysozyme (100 µg/ml), DNAse 

(25 µg/ml) and PMSF (2 mM) followed by sonication (Branson® Sonifier; 16 x 8sec, 20% 

Amplitude) and debris centrifugation at 20.000 g for 30 min. The protein was purified with an 

Äkta FPLC system using a 5 mL His-Trap (GE Healthcare, USA) column, peak fractions were 

concentrated to 2 ml using Amicon filter columns (cut-off 3 kDa; (Merck Millipore, Germany) 

and subjected to size exclusion chromatography using a Superdex 75 column (GE Healthcare, 

USA). Peak fractions were pooled and protein aliquots were shock-frozen and stored at -80 °C. 

8.2.3 Time, temperature, pH and tyrosine concentration dependency of Tub-
tag labeling 

8.2.3.1 Temperature dependency of Tub-tag labeling 

Tyrosination reactions were performed in a 150 µL solution consisting of 20 mM MES/K pH 

7.0, 100 mM KCl, 10 mM MgCl2, 2.5 mM ATP, 1 mM 36, 0.5 µM TTL, 5 µM GBP4 and 5 mM 

reduced glutathione. The mixture was incubated in a PCR cycler at different temperatures 

(19 °C to 43 °C). After 1 h, the reaction was quickly cooled to 4 °C and excess of azide 36 

removed by dialysis to PBS (1.8 mM KH2PO4, 10 mM Na2HPO4, 2.7 mM KCl and 137 mM 

NaCl, pH 7.4). 30 eq. of DBCO-PEG4-biotin (41) (Jena Bioscience GmbH, Germany) were 

added to the mixture and SPAAC performed at 30 °C for 3 h. Proteins were separated by SDS-

PAGE and reaction yields estimated using the imaging system ChemiDocTM XRS+ Imaging 
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System and the Software Image Lab (BioRad, USA) and values plotted using PRISM 5 

(GraphPad).  

 

8.2.3.2 pH dependency of Tub-tag labeling 

Tyrosination reactions were performed in MES/K buffer (20 mM MES/K, 100 mM KCl, 10 mM 

MgCl2) for slightly acidic to neutral ph (5.0 – 7.0) or in Tris buffer (20 mM Tris-HCl, 100 mM 

KCl, 10 mM MgCl2) for higher pH values (7.0 – 9.0). The reactions were conducted in a 150 

µL solution consisting supplemented with 2.5 mM ATP, 1 mM 36, 0.5 µM TTL, 5 µM GBP4 and 

5 mM reduced glutathione. The mixture was incubated at 37 °C for 1h, the reaction quickly 

cooled to 4 °C and excess of azide 36 removed by dialysis to PBS (1.8 mM KH2PO4, 10 mM 

Na2HPO4, 2.7 mM KCl and 137 mM NaCl, pH 7.4). 30 eq. of DBCO-PEG4-biotin (41) (Jena 

Bioscience GmbH, Germany) were added to the mixture and SPAAC performed at 30 °C for 3 

h. Proteins were separated by SDS-PAGE and reaction yields estimated using the imaging 

system ChemiDocTM XRS+ Imaging System and the Software Image Lab (BioRad, USA) and 

values plotted using PRISM 5 (GraphPad). 

 

8.2.3.3 Dependency of Tub-tag labeling on tyrosine concentration 

Tyrosination reactions were performed in a 150 µL solution consisting of 20 mM MES/K pH 

7.0, 100 mM KCl, 10 mM MgCl2, 2.5 mM ATP, 0.5 µM TTL, 5 µM GBP4 and 5 mM reduced 

glutathione. Varying concentrations of tyrosine 36 were added (0.25 – 2 mM). The mixture was 

incubated at 37 °C for 1 h, quickly cooled to 4 °C and excess of azide 36 removed by dialysis 

to PBS (1.8 mM KH2PO4, 10 mM Na2HPO4, 2.7 mM KCl and 137 mM NaCl, pH 7.4). 30 eq. of 

DBCO-PEG4-biotin (41) (Jena Bioscience GmbH, Germany) were added to the mixture and 

SPAAC performed at 30 °C for 3 h. Proteins were separated by SDS-PAGE and reaction yields 

estimated using the imaging system ChemiDocTM XRS+ Imaging System and the Software 

Image Lab (BioRad, USA) and values plotted using PRISM 5 (GraphPad). 

 

8.2.3.4 Time dependency of Tub-tag labeling 

Tyrosination reactions were performed in a 150 µL solution consisting of 20 mM MES/K pH 

7.0, 100 mM KCl, 10 mM MgCl2, 2.5 mM ATP, 1 mM 36, 0.5 µM TTL, 5 µM GBP4 and 5 mM 

reduced glutathione. The mixture was incubated at 37 °C for 1 h and samples taken after 5, 

10, 20, 30, 40 and 60 minutes. The samples were quickly cooled to 4 °C and excess of azide 

36 removed by dialysis to PBS (1.8 mM KH2PO4, 10 mM Na2HPO4, 2.7 mM KCl and 137 mM 

NaCl, pH 7.4). 30 eq. of DBCO-PEG4-biotin (41) (Jena Bioscience GmbH, Germany) were 

added to the mixture and SPAAC performed at 30 °C for 3 h. Proteins were separated by SDS-

PAGE and reaction yields estimated using the imaging system ChemiDocTM XRS+ Imaging 
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System and the Software Image Lab (BioRad, USA) and values plotted using PRISM 5 

(GraphPad).  

 

8.2.4 Elucidating thiazolidine formation of cysteines and 3-formyl-L-tyrosin 
(34) 

8.2.4.1 UPLC-MS analysis of thiazolidine formation of L-cysteine (42) and 3-formyl-L-

tyrosine (34) 

Thiazolidine formations were performed either in 400 µL of 100 mM NH4OAc for pH 3.0 – 5.4, 

100 mM Na2HPO4/NaH2PO4 for pH 6.0 – 7.0 or 100 mM Na2CO3/NaHCO3 for pH 10.3. 1 mg 

of 3-formyl-L-cysteine (34) (4.78 µmol) and 0.6 mg of L-cysteine (42) (4.78 µmol) were solved 

in buffer and reactions performed at ambient temperature for 30 minutes with or without 

addition of 20 mM aniline (43). The reaction mixtures were analyzed by UPLC-MS analysis 

using method B. Yields were estimated by integration of the UV peaks at 280 nm and the TIC 

peaks of the MS trace.  

 

8.2.4.2 NMR analysis of thiazolidine formation of L-cysteine (42) and 3-formyl-L-

tyrosine (34) 

NMR-reactions were performed either in 100 mM phosphate buffer, 100 mM NaCl, pH 7.4 or 

100 mM NH4OAc, pH 5.4. In both cases, the NMR tube was supplemented with a D2O capillary 

for locking purposes. 1.8 mg 3-formyl-L-tyrosine (34) (8.6 µmol) was dissolved in 900 µL buffer, 

filled in a NMR tube and rough field homogenization performed. 1 mg L-cysteine (42) (8.6 

µmol) dissolved in 100 µL buffer was added, shimming was again performed and a pseudo-

2D-NMR experiment started. During an overall experiment time of 350 minutes a total of 34 
1H-NMR spectra were taken, each spectrum took 1 minute to record and gaps of 9.3 minutes 

were left in between. The pseudo-2D was Fourier-transformed in F2 and 2 columns extracted 

at 2 chemical shifts of aromatic protons of increasing and decreasing intensity (product and 

educt). The intensities in the columns were converted into integer numbers and plotted using 

Prism 5 (GraphPad).  

 

8.2.4.3 Synthesis of biotin peptide 45 

The synthesis of the biotin peptide 45 (H2N-CK(Biotin)E-OH was done by Dr. Michaela 

Mühlberg and is published elsewhere 424. In brief, 45 was synthesized by SPPS and standard 

Fastmoc-conditions464 on a preloaded Fmoc-Glu(tBu)-Wang resin (0.58 mmol/g), 

cleaved/deprotected with 95% TFA (TIS/H20, 1:1), precipitated in cold ether and purified by 

preparative HPLC (solvent A: H20 + 0.1% TFA; solvent B: MeCN + 0.1% TFA; 35 mL/min, 10 

min at 0% B, in 50 min to 100% B) to give pure peptide 45. HRMS: m/z 605.2419 [M+H]+ 

(calcd. m/z: 605.2422). 
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8.2.4.4 Thiazolidine formation of GBP1 and biotin peptide 45 

Tub-tag labeling of GBP1 with 3-formyl-L-tyrosine (34) was performed as described in Chapter 

5.2.1. Subsequently, the mixture was buffered to 100 mM Na2HPO4/NaH2PO4, 100 mM NaCl, 

pH 7.4, 20 eq. of peptide 45 and incubated at ambient temperature for 20 h. Proteins were 

separated by SDS-PAGE. Biotinylated GBP1 was wet blotted onto a nitrocellulose membrane 

using a Bio-Rad Mini-Protean Tetra System (see Chapter 7.1.19). A streptavidin peroxidase 

conjugate (Merck Millipore, Germany) was used for detection. Coomassie stained and 

immunoblotted proteins were visualized using the imaging system ChemiDocTM XRS+ Imaging 

System and the Software Image Lab (BioRad, USA). 

 

8.2.5 Adding Sonogashira Cross-Couplings to the toolbox of Tub-tag labeling 

8.2.5.1 Synthesis of 3-I-L-tyrosine (32) 

The synthesis of 3-L-I-tyrosine (32) was performed according to a known protocol in 

literature444. 

 
Scheme 16. Synthesis of 3-L-I-tyrosine (32). 

Iodine (14 g, 55 mmol) dissolved in ethanol (95%, 100 mL) was added dropwise to a solution 

of L-tyrosine (10 g, 55 mmol) in 1.0 L concentrated NH4OH at 0 °C within 1 h. After stirring for 

an additional 2 h at ambient temperature, the solution was concentrated until a precipitate 

began to form, acidified to pH 4.5 and cooled to 0 °C. The white crystals were collected and 

residual iodine removed by stirring in acetone for another 2 h at 0 °C. The precipitate was 

collected to yield 32 as a white solid (8.5 g, 50%). Analytical data matched the literature444. 

 
1H-NMR (300 MHz, D2O): δ 7.58 (s, br, CHphenyl), 7.06 (dd, J = 8.4, 2.2 Hz, 1H, CHphenyl), 6.81 

(dd, J = 8.4, 2.4 Hz, 1H, CHphenyl), 4.08-3.98 (m, 1H, CH), 3.09 (dd, J = 14.7, 5.5 Hz, 1H, CH), 

2.96 (dd, J = 14.8, 7.7, 1H, CH); 13C-NMR (75 MHz, D2O): δ 171.22, 154.57, 139.81, 130.96, 

XXX.XX, 115.29, 83.67, 54.62, 34.29; ESI-HRMS (m/z):[M+H]+ calcd. for C9H11INO3, 

306.9784; found 306.9777. 
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8.2.5.2 Synthesis of the Pd catalyst 46 

The synthesis of 46 was performed according to a known protocol in literature428. 

 
Scheme 17. Synthesis of the cross-coupling catalyst 46. 

2-amino-4,6-dihydroxypyridine (13 mg, 0.10 mmol) was solved in 2 mL of 0.10 M NaOH at 

65 °C, Pd(OAc)2 (11.0 mg, 0.05 mmol) added and vigorously stirred at 65 °C for 30 minutes 

(solution turned orange). The solution was cooled to ambient temperature and diluted to 5.00 

mL with freshly distilled water to give a 0.01 M solution of 46 which was used without further 

purification.  

 

8.2.5.3 Determination of TTL activity using CF-Tub-tag peptide 40 

Tyrosination reactions were performed as described before. Briefly, TTL reactions were done 

in a 250 μL solution consisting of 20 mM MES/K pH 7.0, 100 mM KCl, 10 mM MgCl2, 2.5 mM 

ATP, 1 mM 3-I-L-tyrosine (32), 0.2 mM CF–Tub-tag 40, 1 μM TTL and 5 mM DTT. The mixture 

was incubated at 37 °C and several aliquots (25 μL) were taken, mixed with equal volumes of 

H2O + 0.1% TFA and subjected to isocratic analytical HPLC equipped with a fluorescence 

detector (Method: A = H2O + 0.1% TFA, B = MeCN + 0.1% TFA; 35% B, 0-15 min, 10-100% 

B 15-17 min, 100% B 17-22 min, 100-35% B 22-25 min and 35% B 25-30 min.). Quantities of 

substrate and product peptides were estimated from the corresponding peak-area in the 

fluorescence detection spectrum (Ex/Em: 495/517). 

 

8.2.5.4 Chemoenzymatic addition of 3-I-L-tyrosine (32) to the nanobody GBP1 

Tyrosination reactions was performed in a 150 μL solution consisting of 20 mM MES/K pH 7.0, 

100 mM KCl, 10 mM MgCl2, 2.5 mM ATP, 1 mM 32, 1 μM TTL, 5 μM nanobody and 5 mM 

DTT. The mixture was incubated at 37 °C for 3 h. 

 

8.2.5.5 Sonogashira cross-coupling of an alkyne-fluorophore to the GFP binding 

nanobody GBP1. 

The catalyst was activated by the addition of sodium-ascorbate and cross-couplings were 

performed in a 150 µL solution consisting of either PBS (1.8 mM KH2PO4, 10 mM Na2HPO4, 

2.7 mM KCl and 137 mM NaCl, pH 7.4) or KH2PO4-buffer (20 mM, pH 7.4), 50 nmol nanobody, 

30 µmol Sulfo-Cy5-Alkyne 47 (Jena Bioscience, Germany), 0.84 µmol sodium-ascorbate and 

0.19 µmol catalyst 46. The mixture was incubated at 37 °C for 20 min and a second batch of 

Sulfo-Cy5-Alkyne 47 (0.12 µmol, Jena Bioscience, Germany), sodium ascorbate (0.84 µmol) 
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and catalyst (0.19 µmol) was added. After additional 20 min at 37 °C, the mixture was analyzed 

by SDS-PAGE and in-gel fluorescence analysis. Fluorescently labeled GBP1 was visualized 

by a Fuji FLA-5000 laser imager (647 nm, LPG filter) (Fujifilm, Japan).  

 

8.2.6 Combining Tub-tag labeling with nonsense suppression for the site-
specific dual functionalization of proteins 

8.2.6.1 Cloning of GBP4 constructs 

For construction of the bacterial expression constructs coding for Tub-tagged H6-GBP4, GBP4 

was cloned from pHEN6 into pET15b or pGEX-4T1 using NdeI and XhoI. In the case of 

pET22b, the DNA was amplified by standard PCR 

(GGGGCCATGGCCCATCATCACCATCACCATCATCACCATCATATGGCCCATCATCACC

ATCACCATCATCACCA, CCCCGAATTCTTATTCTTCGCCTTCTTCTTCGCCTTCGCCT) 

and sticky ends generated by the use of NcoI and EcoRI restriction endonuclease sites (PCR 

conditions shown in Table 22 and 23).  

 
Table 22. Composition of the PCR reaction 

Phu HF buffer (5x) (Thermo Scientific, USA) 10 µL 

template DNA (1 ng/µL) 1 µL 

primers (10 µM each) 1 µL 

dNTP mix (Thermo Scientific, USA) 1 µL 

Phusion polymerase (Thermo Scientific, 

USA) 

0.5 µL 

ddH2O ad 50 µL 

 
Table 23. Temperature profile of the PCR reaction 

cycle step cycles temp [°C] time 

Initial denaturation 1 98 30’’ 

Denaturation 

30 

98 10’’ 

Annealing 56 30’’ 

Extension 72 15’’ 

Final extension 1 72 5’ 

Hold - 4 ∞ 

 

DpnI digest, transformation of the PCR product and DNA isolation was performed as described 

in Chapter 7.1.14. 

 



Materials and Methods 

 274 

The amber stop codon was introduced by classical mutation PCR (Table 24 and Table 25) by 

the use of complementary primer pairs (GGAGGCTCGGTGCAGTAG 

GGAGGGTCTCTGAGACTC and GAGTCTCAGAGACCCTCCCTACTGCACCGAGCCTCC). 
Table 24. Composition of the PCR reaction 

Pfu buffer (10x) (Thermo Scientific, USA) 2.5 µL 

template DNA (1 ng/µL) 1 µL 

primers (10 µM each) 1 µL 

dNTP mix (Thermo Scientific, USA) 0.5 µL 

DMSO 0.5 µL 

Pfu (Thermo Scientific, USA) 0.5 µL 

ddH2O ad 25 µL 
 

Table 25. Temperature profile of the PCR reaction 

cycle step cycles temp [°C] time 

Initial denaturation 1 95 30’’ 

Denaturation 

30 

95 10’’ 

Annealing 60 30’’ 

Extension 72 12’ 

Final extension 1 72 20’ 

Hold - 4 ∞ 

 

DpnI digest, transformation of the PCR product and DNA isolation was performed as described 

in Chapter 7.1.14. 

 

8.2.6.2 Nonsense expression experiments 

Proteins were expressed in E. coli BL21(DE3), T7 Express or SHuffle® T7 Express using LB 

medium bought from Carl Roth GmbH & Co. Kg, self-made LB, 2YT or M9 medium (see 

Chapter 7.1.15) containing 100 µg/mL ampicillin, 34 µg/µL chloramphenicol and 50 µg/mL 3-

indoleacrylic acid (IAA, 61). Cells were grown at 37 °C, 180 rpm until OD600 reached approx. 

0.8, induced with 0.5 mM IPTG and propargyl-L-lysine (60) and incubated at varying 

temperatures for 12 h. Lysis was performed in Dulbecco’s PBS (137 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4 and 1.8 mM KH2PO4) using a high pressure homogenizer (Microfluidics 

LM10 Microfluidizer) and debris centrifuged at 20.000 g for 30 min. 
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8.2.6.3 Purification of Tub-tagged GST-GBP4 

GST-GBP4 was purified with a BioRad NGC system (BioRad, USA) using a 5 mL Bio-ScaleTM 

Mini ProfinityTM GST cartridge (BioRad, USA), protein eluted with PBS containing 20 mM 

glutathione, peak fractions were collected and desalted to Dulbecco’s PBS using a HiTrapTM 

Desalting column (GE Healthcare, USA). The protein was concentrated to 1 mL using Vivaspin 

(cut-off 10 kDa; Merck Millipore, Germany), 0.1 mM PMSF added and aliquots were shock-

frozen and stored at -80 °C until further use. 

 

8.2.6.4 Purification of Tub-tagged H6-GBP4 

H6-GBP4 was purified with a BioRad NGC system (BioRad, USA) using a 5 mL HisTrap FF 

(GE Healthcare, USA) column, protein eluted with PBS containing 500 mM imidazole, peak 

fractions were collected and desalted to Dulbecco’s PBS using a HiTrapTM Desalting column 

(GE Healthcare, USA). The protein was concentrated to 1 mL using Vivaspin (cut-off 10 kDa; 

Merck Millipore, Germany) and subjected to a final size exclusion chromatography using a 

Superdex 75 10/300 GL column (GE Healthcare, USA). Peak fractions were pooled, 0.1 mM 

PMSF added and aliquots were shock-frozen and stored at -80 °C until further use. 

 

8.2.6.5 Dual functionalization of alkyne containing H6-GBP4 

Tub-tag labeling of H6-GBP4 with 3-N3-L-tyrosine (36) was performed as described in Chapter 

5.2.1. Subsequently, the mixture was buffered to PBS (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4 and 1.8 mM KH2PO4) and access azide 36 removed by dialysis. 10 eq. of Cy5-

DBCO 62 was added and SPAAC performed by incubating at 37 °C for 5 h. Access DBCO-

Cy5 62 was removed by desalting (ZebaTM Spin Desalting Columns, 7K MWCO, 0.5 mL, 

Thermo Fischer Scientififc, USA). Subsequent CuAAC was performed by adding premixed 

CuSO4 with Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) (30 mol% Cu per GBP4, 5 eq. 

THPTA per Cu), sodium ascorbate (50 eq per Cu), and 30 eq. of azide containing biotin 63 (to 

GBP4). Mixture was incubated for 12 h at 37 °C. Proteins were separated by SDS-PAGE. 

Biotinylated GBP4 was wet blotted onto a nitrocellulose membrane using a Bio-Rad Mini-

Protean Tetra System (see Chapter 7.1.19). A streptavidin peroxidase conjugate (Merck 

Millipore, Germany) was used for detection. Coomassie stained, fluorescent (646 nm) and 

immunoblotted proteins were visualized using the imaging system ChemiDocTM XRS+ Imaging 

System and the Software Image Lab (BioRad, USA). 
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8.3 Single cysteine mutants of eGFP for chemoselective thiol 
conjugation  

8.3.1 Cloning of eGFP mutants 
 

For construction of the bacterial expression constructs coding for His-tagged eGFP, 

eGFPC70M and eGFPC70MS147C, eGFP was cloned from pGEXeGFP (provided by Roland 

Kühne, FMP Berlin) into pET28a using XhoI and NdeI restriction endonuclease sites. The 

mutations were introduced with classical PCR (Table 26 and Table 27) by the use of 

complementary primer pairs (C70M: CTGACCTACGGCGTGCAGA 

TGTTCAGCCGCTACCCCG and CGGGGTAGCGGCTGAACATCTGCACGCCGTAG 

GTCAG; S147C: GTACAACTACAACTGCCACAACGTC and GACGTTGTGGCAGTTGT 

AGTTGTAC). 

 
Table 26. Composition of the PCR reaction 

Pfu buffer (10x) (Thermo Scientific, USA) 2.5 µL 

template DNA (1 ng/µL) 1 µL 

primers (10 µM each) 1 µL 

dNTP mix (Thermo Scientific, USA) 0.5 µL 

DMSO 0.5 µL 

Pfu (Thermo Scientific, USA) 0.5 µL 

ddH2O ad 25 µL 

 

 
Table 27. Temperature profile of the PCR reaction 

  C70M S147C 
cycle step cycles temp [°C] time temp [°C] time 

Initial denaturation 1 95 30’’ 95 30 

Denaturation 

23 

95 30’’ 95 30 

Annealing 58 1’ 53 1’ 

Extension 68 5’45’’ 68 5’45’’ 

Final extension 1 68 10’ 68 10’ 

Hold - 4 ∞ 4 ∞ 

 

DpnI digest, transformation of the PCR product and DNA isolation was performed as described 

in Chapter 7.1.14.  
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8.3.2 Expression and purification of eGFP mutants 
Proteins were expressed in E. coli BL21(DE3) using LB medium containing 100 µg/mL 

ampicillin (LBAMP). Cells were grown at 37 °C, 180 rpm until OD600 reached approx. 0.8, induced 

with 0.3 mM IPTG and incubated at 18 °C for 19 h. Lysis was performed in Dulbecco’s PBS 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4) using a high-pressure 

homogenizer (Microfluidics LM10 Microfluidizer) and debris centrifuged at 20.000 g for 30 min. 

The protein was purified with a BioRad NGC system (BioRad, USA) using a 5 mL HisTrap FF 

(GE Healthcare, USA) column, peak fractions were collected and desalted to Dulbecco’s PBS 

using a HiPrep 26/10 Desalting column (GE Healthcare, USA). Thrombin (1 µL/mL; Thrombin 

restriction grade, Merck Millipore, Germany) was added to the protein fractions and incubated 

for 16 h at 16 °C. The protein was concentrated to 1 mL using Vivaspin 20 (cut-off 19 kDa; 

Merck Millipore, Germany) and subjected to a final size exclusion chromatography using a 

Superdex 75 10/300 GL column (GE Healthcare, USA). Peak fractions were pooled, 0.1 mM 

PMSF added and aliquots were shock-frozen and stored at -80 °C until further use. 

 

8.3.3 Fluorescence spectroscopy 
eGFPC70M and eGFPC70MS147C solutions in PBS (1.8 mM KH2PO4, 10 mM Na2HPO4, 2.7 

mM KCl and 137 mM NaCl, pH 7.4) with varying concentrations were made and excitation and 

emission spectra recorded with a Jasco FP-6500 spectrometer (Jasco Research Ltd., Canada) 

using a path length of 0.2 cm. Data points were plotted using PRISM5 (GraphPad) and 𝜀𝜀 

calculated with the help of Beer-Lambert law. 
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10.3 Adding Sonogashira Cross-Couplings to the toolbox of Tub-

tag labeling 

 
Appendix Figure 2. 1H-NMR of 3-I-L-tyrosine (32). 

10.4 Combining Tub-tag labeling with nonsense suppression for 
the site-specific dual functionalization of proteins 

10.4.1 Sequence of proteins 

10.4.1.1 GST-GBP4 with amber codon at amino acid position 14 (encoded by pGEX-

4T1GBP4TAG) 

 

GST-tag highlighted in green; protease cleavage site highlighted in blue; GBP4 highlighted in 

grey; position for nonsense incorporation highlighted in red; Tub-tag highlighted in orange. 

 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD

VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKL

PEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIP

QIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSMADVQLQESGGGS-XX-

QAGGSLRLSCAASGDTFSSYSMAWFRQAPGKECELVSNILRDGTTTYAGSVKGRFTISRDD
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AKNTVYLQMVNLKSEDTARYYCAADSGTQLGYVGAVGLSCLDYVMDYWGKGTQVTVSSV

DSVEGEGEEEGEE 

 
10.4.1.2 H6-GBP4 with amber codon at amino acid position 14 (encoded by 

pET15bGBP4TAG) 

 

His-tag highlighted in green; protease cleavage site highlighted in blue; GBP4 highlighted in 

grey; position for nonsense incorporation highlighted in red; Tub-tag highlighted in orange. 

 

MGSSHHHHHHSSGLVPRGSMADVQLQESGGGS-XX-

QAGGSLRLSCAASGDTFSSYSMAWFRQAPGKECELVSNILRDGTTTYAGSVKGRFTISRDD

AKNTVYLQMVNLKSEDTARYYCAADSGTQLGYVGAVGLSCLDYVMDYWGKGTQVTVSSV

DSVEGEGEEEGEE 

 
10.4.1.3 H6-GBP4 with amber codon at amino acid position 14 and pelB leader 

sequence (encoded by pET22bGBP4TAG) 

 

PelB highlighted in black; His-tag highlighted in green; protease cleavage site highlighted in 

blue; GBP4 highlighted in grey; position for nonsense incorporation highlighted in red; Tub-tag 

highlighted in orange. 

 

KYLLPTAAAGLLLLAAQPAMAMAHHHHHHDVQLQESGGGS-XX-

QAGGSLRLSCAASGDTFSSYSMAWFRQAPGKECELVSNILRDGTTTYAGSVKGRFTISRDD

AKNTVYLQMVNLKSEDTARYYCAADSGTQLGYVGAVGLSCLDYVMDYWGKGTQVTVSSV

DSVEGEGEEEGEE 

 
 
 
 



APPENDIX 

 311 

10.4.2 SDS-PAGE 

 
Appendix Figure 3. Expression of PylRS (55 kDa). Expression was performed for 12 h at 37 °C. Whole cell samples 

were taken and analyzed by SDS-PAGE and Western blot. Expression was either performed in (a) 2YT medium of 

(b) M9 medium. Induction of PylRS expression in E. coli Bl21(DE3) by the addition of 50 µg/L 3-indoleacrylic acid 

(IAA, 61) resulted in higher amounts of PylRS (highlighted in red). In contrast, adding L-tryptophan (Trp, 51) 

prevented expression of the protein. 

 

 
Appendix Figure 4. Purification of Tub-tagged GST-GBP4 with propargyl-L-lysine (60) at amino acid position 15. 

GBP4 was immobilized on glutathione coated solid support. Flow through fractions indicate, that high amounts of 

GST-GBP4 were not able to bind the solid support indicating incorrect folding or bad addressability of the GST-tag. 

Little amounts of purified GST-GBP4 contaminated with truncated GST were eluted by the addition of glutathione. 

FT1-FT3: Flow through fraction, E1-E4: Elution of protein from the solid support. 
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Appendix Figure 5. Periplasmic expression of the Tub-tagged GBP4 in (a) E. coli T7 Express and (b) E. coli SHuffle® 

T7 Express. Expression was induced with 0.5 mM IPTG and performed for 12 h at 18 °C or 30 °C in self-made LB. 

Whole cell samples were taken, cell disrupted by lysis and samples analyzed by SDS-PAGE. (a) PelB induced 

translocation results in high yields of soluble H6-GBP4 (16 kDa) at 18 °C and slow yields at 37 °C (10% soluble, 

determined with the software ImageLab, BioRad, USA). (b) Expression in SHuffle® T7 Express resulted in no (18 °C) 

or exclusively insoluble Tub-tagged GBP4. n.I.: not induced whole cells. 12h: whole cells 12 h after induction, sol.: 

cell lysate after cell disruption, pel.: pellet after cell disruption.  

10.5 Single cysteine mutants of eGFP for chemoselective thiol 
conjugation  

10.5.1 Sequence of proteins 

10.5.1.1 eGFPC70M 

His-tag highlighted in green; protease cleavage site highlighted in blue; eGFP highlighted in 

grey; C70M highlighted in red. 

 

MGSSHHHHHHSSGLVPRGSHMGSIQMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGE

GDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQMFSRYPDHMKQHDFFKSAMPEGYVQE

RTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQK

NGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVL

LEFVTAAGITLGMDELYK 

 

10.5.1.2 eGFPC70MS147C 

His-tag highlighted in green; protease cleavage site highlighted in blue; eGFP highlighted in 

grey; C70M and S147C highlighted in red. 

 

MGSSHHHHHHSSGLVPRGSHMGSIQMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGE

GDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQMFSRYPDHMKQHDFFKSAMPEGYVQE

RTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNCHNVYIMADKQK

NGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVL

LEFVTAAGITLGMDELYK 
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