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ABSTRACT 

 

The fundamental understanding of biological processes at a molecular level constitutes the 

basis for the development of new drugs and therapies against diseases. Endowing 

biomolecules such as proteins with physical probes and chemical reporters provides an 

opportunity to elucidate these molecular mechanisms, by providing information on structure, 

dynamics, function and localization of labeled proteins. An especially exciting area consists in 

the development of new tools for the introduction of chemical reporters into proteins in their 

native environment - the living cell.  

 

Combining biological and chemical methods has proven to be a powerful approach in 

developing such new tools. One example is genetic code expansion (GCE), which represents 

an elegant and potent approach to site-specifically and co-translationally install reporters or 

probes into a protein of interest. This is achieved by using orthogonal aminoacyl-tRNA 

synthetase (aaRS)/tRNA pairs that direct the incorporation of an unnatural amino acid (uAA) 

into a protein in response to an amber stop codon introduced in a gene of interest. An 

emerging area with enormous potential consists in the site-specific incorporation of uAAs that 

contain functional groups that allow subsequent labeling with biophysical probes at a single 

site in a protein of interest. These uAAs, due to their small size, only minimally perturb 

structure and function of the target protein and decorate the protein with a bioorthogonal 

handle for further chemical or biochemical modification. Upon exogenous addition of a 

reaction partner the so installed handle can be decorated chemoselectively in a modular 

manner. The Diels-Alder cycloaddition with inverse-electron demand (iEDDAC) between 

electron-poor tetrazines (dienes) and electron-rich strained alkenes or alkynes (dienophiles) 

has emerged as a very powerful representative of bioorthogonal labeling reactions. It occurs 

very rapidly under physiological conditions and generates stable, covalent linkages with the 

formation of gaseous nitrogen as the only, nontoxic byproduct. 

 

In this thesis, GCE in combination with iEDDAC was used as a basis for the development of 

new tools to study protein structure and dynamics and to induce site-specific protein labeling 

in living cells. We contribute to the broad spectrum of bioorthogonal protein modification 

reactions by designing a new, very rapid photo-inducible iEDDAC labeling reaction with 

spatio-temporal control. Hereby, a photo-labile cyclopropenone-caged dibenzoannulated 

bicyclononyne probe (photo-DMBO) specifically and chemoselectively reacts only upon 

decarbonylation, triggered at 365 nm, with novel tetrazine-based uAAs TetK and mTetK. 

Incorporation of these uAAs into proteins with a novel orthogonal aaRS/tRNA pair, allowed 

us to determine very fast on-protein rate-constants of ~50 M-1s-1 between photo-DMBO and 

mTetK-bearing sfGFP, which is significantly faster than other photo-induced labeling 

reactions. Protein labeling with fluorophore conjugates of photo-DMBO at low µM 

concentrations was performed on purified tetrazine-bearing proteins, within the E. coli 

proteome or on the surface of living E. coli in a photo-induced manner. 
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Furthermore, a new approach based on GCE and iEDDAC using a small, rigid tetrazine 

amino acid (TetF) to site-specifically introduce nitroxide spin labels bearing cyclopropene 

(Cp) moieties into proteins was developed during this thesis. In collaboration with the group 

of Michael Sattler (Department of Chemistry, TUM), we characterized the resulting spin-

labeled protein by pulsed electron electron double resonance (PELDOR) and paramagnetic 

resonance enhancement (PRE) experiments, as well as molecular dynamics (MD) simulations 

to benchmark our site-specific spin labeling approach against existing cysteine-based site-

directed spin labeling (SDSL) techniques. By introducing one or two spin labels into the 

double-stranded RNA (dsRNA)-binding protein Loquacious-PD (Loqs-PD), which recognizes 

and processes endogenous siRNA in D. melanogaster, we were able to determine distinct 

intra-protein distances by PELDOR upon binding to double-stranded RNA, indicating that 

this binding event induces an ordered orientation of the two otherwise independently acting 

dsRNA-binding domains of Loqs-PD. 

 

In collaboration with Henning Mootz (Institute for Biochemistry, Universität Münster), we 

have developed an enzyme-mediated approach for the deprotection of a masked natural amino 

acid to control and modulate enzymatic activity. The bulky phenylacetyl (Pac) group was 

chosen as protecting group for lysine (PacK) to locally perturb the structure of a target protein 

and thereby abolish its activity. Together with the Mootz group we have discovered two 

different enzymes, penicillin G acylase (PGA) and a sirtuin (SrtN) from Bacillus subtilis that 

are both able to facilitate the cleavage of the Pac group from model proteins as well as more 

complex multi-domain proteins, where PacK was installed via GCE. This is the first report of 

an artificial enzyme-triggered decaging approach. The mild conditions of our enzyme-

mediated approach render it a valuable alternative to chemical or optical triggers for the 

modulation of protein function. 

 

In conclusion, we have added several novel and powerful approaches, based on a combination 

of GCE with bioorthogonal labeling and decaging reactions, to the chemical biology toolkit, 

which in the future will contribute to the elucidation and modulation of biological processes 

in in vivo cellular settings.  
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ZUSAMMENFASSUNG 

 

Das grundlegende Verständnis von biologischen Prozessen auf molekularer Ebene bildet die 

Basis für die Entwicklung neuer Wirkstoffe und Therapien zur Bekämpfung von Krankheiten. 

Die Ausstattung von Biomolekülen wie Proteinen mit biophysikalischen und chemischen 

Sonden liefert Informationen über Struktur, Dynamik, Funktion und Ort des markierten 

Biomoleküls. Dies ermöglicht die Aufklärung dieser molekularen Mechanismen. Ein 

besonders interessantes Gebiet stellt dabei die Entwicklung neuer Methoden für die 

Einführung von chemischen Sonden in Proteine in ihrer natürlichen Umgebung - der lebenden 

Zelle - dar. 

 

Die Kombination biologischer und chemischer Methoden hat sich als wirkungsvolle 

Vorgehensweise für die Entwicklung solch neuer Methoden erwiesen. Ein Beispiel dafür ist 

die Erweiterung des genetischen Codes (GCE), die einen eleganten und effektiven Ansatz 

darstellt, um Sonden während der Proteinbiosynthese positionsspezifisch in ein Zielprotein 

einzubringen. Orthogonale Aminoacyl-RNA Synthetase (aaRS)/tRNA Paare dirigieren dabei 

den Einbau von unnatürlichen Aminosäuren (uAA) als Antwort auf ein genetisch installiertes 

Ambercodon in das Zielprotein. Der positionsspezifische Einbau von uAAs, die 

Funktionalitäten tragen, welche daraufhin an einer bestimmten Stelle im Protein mit 

biophysikalischen Sonden versehen werden können, beinhaltet dabei großes Potential. Wegen 

ihrer geringen Größe stören diese uAAs die Struktur und Funktion des Zielproteins nur 

geringfügig und statten dieses mit einer bioorthogonalen Gruppe aus, die durch Zugabe eines 

entsprechenden Reaktionspartners biochemisch oder chemoselektiv über das 

Baukastenprinzip weiter funktionalisiert werden kann. Die Diels-Alder Cycloaddition mit 

inversem Elektronenbedarf (iEDDAC) zwischen elektronenarmen Tetrazinen (Diene) und 

elektronenreichen, ringgespannten Alkenen oder Alkinen (Dienophile) hat sich dabei als 

äußerst wirkungsvoller Vertreter dieser Reaktionen zur bioorthogonalen Markierung 

herausgestellt. Sie verläuft sehr schnell unter physiologischen Bedingungen und erzeugt 

stabile, kovalente Verbindungen und als einziges, ungiftiges Nebenprodukt wird gasförmiger 

Stickstoff freigesetzt.  

 

In dieser Arbeit wurden auf der Basis von GCE und iEDDAC neue Werkzeuge für die 

Untersuchung von Proteinstruktur und -dynamik, sowie zur Aktivierung positionsspezifischer 

Markierung von Proteinen in lebenden Zellen entwickelt. Durch Konstruktion einer neuen, 

sehr schnellen, lichtinduzierbaren iEDDAC Markierungsreaktion mit räumlicher und 

zeitlicher Kontrolle haben wir zum breiten Spektrum bioorthogonaler Reaktionen für die 

Dekoration von Proteinen beigetragen. Dabei reagiert eine photolabile Cyclopropenon-

geschützte, dibenzoannulierte Bicyclononin-Sonde (photo-DMBO) erst nach 

Decarbonylierung bei 365 nm spezifisch und chemoselektiv mit den neuen, auf Tetrazinen 

basierenden uAAs TetK und mTetK. Der Einbau dieser uAAs in Proteine mit einem neuen 

orthogonalen aaRS/tRNA Paar ermöglichte uns die Bestimmung einer sehr schnellen 

Geschwindigkeitskonstante am Protein von ~50 M-1s-1 zwischen photo-DMBO und mTetK-

modifiziertem sfGFP, was deutlich schneller ist als andere lichtinduzierbare 

Modifikationsreaktionen. Die lichtaktivierte Markierung von Proteinen mit einem photo-
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DMBO Fluorophor-Konjugat wurde bei niedrigen µM Konzentrationen an aufgereinigten 

Proteinen, sowie an Proteinen im E. coli Proteom und an der Oberfläche von lebenden E. coli 

erfolgreich durchgeführt.  

 

Weiterhin wurde ein neuer Ansatz basierend auf der GCE und iEDDAC entwickelt, der die 

kleine, starre Tetrazin-Aminosäure (TetF) nutzt, um Nitroxid-Spinmarker, die mit einer 

Cyclopropengruppe versehen sind, positionsspezifisch in Proteine einzubringen. In 

Zusammenarbeit mit der Arbeitsgruppe von Michael Sattler (Department für Chemie, TUM) 

wurde die resultierende Spinmarkierung über gepulste Elektron-Elektron Doppelresonanz 

(PELDOR) und paramagnetische Relaxationsverstärkungsexperimente (paramagentic 

relaxation enhancement, PRE), sowie Simulation der Molekulardynamik (MD) 

charakterisiert, um unseren positionsspezifischen Spinmarkierungsansatz (site-directed spin 

labeling SDSL) mit bestehenden Cystein-basierten Methoden zu vergleichen. Durch die 

Einführung von einem oder zwei Spinmarkern in Loquacious-PD (Loqs-PD), ein Protein, das 

doppelsträngige RNA (dsRNA) bindet und dessen Rolle die Erkennung und Prozessierung 

von endogener siRNA in D. melanogaster ist, konnten wir genaue Distanzen innerhalb des 

Proteins nach Bindung doppelsträngiger RNA mittels PELDOR bestimmen. Diese weisen 

darauf hin, dass dieses Bindungsevent eine geordnete Orientierung der beiden sonst 

unabhängig agierenden Domänen, welche die dsRNA binden, hervorruft. 

 

In Zusammenarbeit mit der Arbeitsgruppe von Henning Mootz (Institut für Biochemie, 

Universität Münster) haben wir einen Ansatz für die Enzym-vermittelte Entschützung von 

maskierten natürlichen Aminosäuren zur Kontrolle und Regulierung enzymatischer Aktivität 

entwickelt. Die sperrige Phenylacetylgruppe (Pac) wurde als Schutzgruppe für Lysine (PacK) 

gewählt, um lokal die Struktur des Zielproteins zu stören und damit gezielt dessen Aktivität 

zu beeinträchtigen. Zusammen mit der Mootz Gruppe haben wir zwei unterschiedliche 

Enzyme, Penicillin G acylase (PGA) und ein Sirtuin (SrtN) aus Bacillus subtilis, gefunden, 

die beide in der Lage sind, die Spaltung der Pac Gruppe von Modellproteinen, sowie 

komplexeren Multi-Domänen-Proteinen, in welchen PacK positionsspezifisch über GCE 

installiert wurde, zu bewerkstelligen. Dies ist der erste Bericht eines künstlichen, Enzym-

veranlassten Ansatzes zur Demaskierung. Die milden Konditionen unseres Enzym-

vermittelten Vorgehens machen den Ansatz zu einer wertvollen Alternative gegenüber 

chemischen oder optischen Stimuli zur Regulation von Proteinfunktionen. 

 

Zusammenfassend haben wir mehrere neue und wirkungsvolle Werkzeuge zur Markierung 

oder Demaskierung von Biomolekülen zum Repertoire der Chemischen Biologie hinzugefügt, 

die auf einer Kombination von GCE und bioorthogonalen Reaktionen basieren. In der 

Zukunft werden diese dazu beitragen, biologische Prozesse in lebendem, zellulärem Milieu 

aufzuklären und zu regulieren. 
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I. General Introduction 

I.1 Decoration of proteins 

Proteins fulfill a plethora of tasks in cellular biological processes. They build up the 

cytoskeleton and are integrated in a great number of processes from cell signaling and 

transport of molecules to replication of DNA, protein biosynthesis and cell death. Therefore, 

it is of great interest to have tools to track and visualize their location, movement and 

pathways in the cellular context. First approaches to attach biophysical probes like 

fluorophores in a covalent manner to the proteins of interest (POIs) were based on lysine- and 

cysteine-reactive partners (for example NHS-esters, maleiimides or iodoacetamides) and 

therefore limited to in vitro applications.1 Immunolabeling techniques, using a primary 

antibody to generate selectivity for a certain protein and a secondary antibody-fluorophore 

conjugate and can only be applied on permeabilized cells or extracellular proteins.2 The 

discovery of fluorescent proteins (FP) and their application as genetically encoded protein 

tags in living organisms greatly influenced imaging of biological processes.2-3 Their first 

representative is green fluorescent protein (GFP), discovered in 1962 in the marine organism 

Aequorea victoria, which was found to display fluorescence (excitation: 395 and 475 nm; 

emission: 508 nm) also when expressed in different organisms.3b Formation of the GFP 

chromophore (Figure I.1b) in the central α-helix at the heart of the 11-β-sheet barrel structure 

of the 240 amino acid long protein happens posttranslationally and host-independently by 

autocatalytic maturation of the tripeptide Ser65-Tyr66-Gly67 due to internal cyclization and 

oxidation to generate 4-(p-hydroxybenzylidene)-imidazolidin-5-one.4  

 
Figure I.1: Fluorescent proteins (FPs).  

a) Genetic fusion of FP to POI; GFP structure in green. b) Chromophore formation of GFP. c) Overview of different FPs 

varying in excitation and emission wavelengths (E =  enhanced versions of GFP, m = monomeric proteins and tdTomato = 

head-to-tail dimer).5 Adapted by permission from Nathan C. Shaner. 
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Spectroscopic behavior like quantum yield, photostability and small changes in color are due 

to interactions with the local environment in the protein and the surrounding H-bonding 

network.6 FPs are usually genetically fused to the POI (Figure I.1a) which allows the 

localization of proteins and analyze its dynamics in the cell with spatial and temporal 

resolution by visualization via fluorescence.6b In the last 25 years a variety of different FPs 

have been developed with varying photostability, pH dependence, as well as different 

excitation and emission spectra, so today they span most of the visible light palette (Figure 

I.1c).7 Photo-activatable or photo-shiftable FPs, whose fluorescence changes, either turned on 

from a dark to a bright state or by shifting the wavelength when irradiated with a specific 

wavelength, have found use in super-resolution microscopy.8 FPs have also been engineered 

to study protein dynamics via Förster resonance energy transfer (FRET) pairs and protein-

protein interactions by fluorescence complementation of split FPs.3a The drawback of 

fluorescent proteins however is their size of about 30 kDa, which, when fused to the POIs, 

may influence their structure or affect their subcellular localization. Due to their size they are 

usually attached via N-or C-terminal fusion to the POI, while only in a few reported cases 

they were introduced within the sequence.9 There it might also cause disturbance to the 

folding and dynamics of the proteins in addition to perturb its function. Additionally, small 

molecule fluorophores exhibit often higher brightness and better photostability. 

 

 
Figure I.2: Various methods for the decoration of proteins. 

a) Self-labeling tags. b) Self-labeling enzymes c) Enzyme (yellow shape)-mediated labeling. Green egg shapes denote natural 

amino acids; pink stars represent biophysical probes (e.g. fluorophores). Nu is an abbreviation for a nucleophilic amino acid 

and X stands for a chemical leaving group. 

 

To overcome these problems, alternative labeling strategies for proteins were introduced. One 

of those approaches genetically encodes small peptide sequences (self-labeling tags, Figure 

I.2a) containing four cysteines (CCXXCC, X indicating any natural amino acid besides 

cysteine, but XX is preferably PG) into the protein of interest, which can then be recognized 
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by bisarsenic modified organic dyes like fluorescein (FlAsH) or resorufin (ReAsH).10 The 

highly fluorogenic dyes are administered as 1,2-ethanedithiol (EDT) derivatives to disable 

nonspecific interactions. Upon binding to the tetracysteine tag the fluorescence is intensified 

by 1000-fold. Millimolar concentration of EDT outcompete the labeling reaction and render it 

reversible.10 Due to its small size, the tag can easily be incorporated into different structural 

motifs within the sequence, for example loops. It has been used in a number of in vivo 

applications like fluorescence11 and electron microscopy imaging12, the investigation of 

protein interactions and folding13 as well as pulse labeling experiments.12 However, the 

arsenic dyes also have limitations as they are toxic to living cells and often display a high 

fluorescence background due to nonspecific labeling of cysteine-rich sequences in the 

proteome.14 To evade cytotoxicity, a bisboronic acid derivative of rhodamine (RhoBo), 

initially developed as monosaccharide sensor15, was found to recognize and bind to a 

tetraserine motif (SSPGSS), but for specific labeling the sequence has to be further optimized 

as more than 100 proteins of the human proteome contain this sequence and were labeled with 

RhoBo in HeLa cells.16 

 

Alternative methods to label proteins which do not suffer from the off-target labeling of the 

self-labeling tags use enzymes facilitating the covalent modification of the POI. One class 

uses so called self-labeling protein tags, which specifically recognize and attach small 

molecule probes to the POI they are genetically fused to (Figure I.2b). The most common tags 

are mutants of O6-alkylguanine-DNA alkyltransferase (AGT), an enzyme performing DNA 

repair, called SNAP- and CLIP-tag, recognizing O6-linked benzylguanine or benzylcytosine 

moieties respectively and transfer probes like biotin or fluorophores to the catalytic cysteine 

moiety in the tag.17 The orthogonal tags have been applied for in vivo imaging and have been 

crucial in development of superresolution imaging technologies.18 To eliminate the washing 

steps which remove excess of dye after labeling, a quenched O6-benzylguanine derivate was 

developed, which becomes fluorescent only after covalent attachment and release of the 

quencher.19 Another enzyme called haloalkane dehalogenase, which catalyzes the 

displacement of a alkyl halide for a water-derived hydroxy group in a bimolecular 

nucleophilic substitution, was genetically altered to covalently trap synthetically modified 

substrates for single molecule analysis20 and to visualize location and transport of proteins in 

living cells.21 Furthermore, non-covalent interactions between a receptor and a ligand have 

been explored as labeling approach. One example is the high affinity interaction between 

Escherichia coli dihydrofolate reductase (EcDHFR) and trimethoprim, a folic acid analogue, 

which enables the application as tag in mammalian cells due to the 1000-fold lower affinity 

for endogenous mammalian DHFR.22 A drawback of these methods based on self-labeling 

enzyme tags is their size of 18-20 kDa, almost the size of fluorescent proteins, which might 

disrupt the fold, function and localization of the studied proteins.23 

 

To overcome aforementioned limitations, other approaches have been developed that use 

genetic in-frame fusion of small peptide sequences to the POI, which are recognized by co-

expressed enzymes that mediate the reaction with a labeled substrate (Figure I.2c).24 

Phosphopantetheinyltransferases (PPTases) endogenously facilitate the transfer of CoA to an 

acyl carrier protein (ACP) in the NRPS pathway. They also accept CoA derivates and have 

therefore been applied for cell-surface labeling of ACP-fusion proteins.25 To circumvent 
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perturbation of the protein by the 8-10 kDa ACP recognition sequence, a minimal motif of 

8 amino acids was identified and exploited for in vitro and in vivo fluorescent labeling on the 

cell surface.26 PPTase-mediated labeling is confined to the cell surface due to off-target 

crossreactivity with endogenous CoA. Another peptide-based labeling approach exploits the 

tight binding between biotin and its natural interaction partner streptavidin ( KD of 10-15 M-1), 

which renders it interesting for visualization of proteins.27 The biotin ligase BirA from E. coli 

endogenously biotinylates a specific lysine side chain of the biotin carboxyl carrier protein 

(BCCP), a subunit of acetyl-CoA carboxylase. The recognition sequence of the natural 

substrate was engineered to a minimal motif of a 15-mer, which can be attached to proteins of 

interest for BirA mediated cell-surface labeling.28 Visualization of the labeling is performed 

with a biophysical probe attached to streptavidin, which requires washing steps to remove 

excess of biotin. The application is also restricted to cell-surface labeling and imaging as there 

are endogenously biotinylated proteins in E. coli and mammalian cells.29 Another enzyme 

from E. coli, the lipoic acid ligase, which naturally catalyzes the reaction between lipoic acid 

and a lysine residue in an acceptor protein involved in oxidative metabolism, was engineered 

for protein labeling. Structure-guided mutagenesis of LplA identified mutants accepting 

azidoalkyl30, fluorophore31, trans-cyclooctene (TCO)32, tetrazine33 and norbornene34 derivates 

of lipoic acid for enzyme-mediated modification of a 13 amino acid35 recognition peptide 

sequence for cell-surface and intracellular labeling.30, 36 The shortest peptide motif LPXTG is 

recognized by sortase (SrtA), a transpeptidase from Staphylocoocus aureus. It cleaves 

between the amino acids T and G and facilitates the attachment to a polyglycine peptide via a 

new peptide bond.37 This approach was used to modify proteins for cell surface labeling.38  

 

All these methods are based on the genetic introduction of either a peptide tag varying from 5 

to 80 amino acids or a protein in the range of 20-30 kDa to the protein of interest for direct, 

self- or enzyme-mediated labeling, which might perturb the function or fold of the POIs. The 

self-labeling tags can also be introduced within the sequence, while the enzyme-base 

approaches are confined to being fused either on the N- or C-terminus of the POI due to the 

size of these modifications. The application of FPs is nevertheless very facile as they are 

mostly very stable proteins, which also do not show phototoxicity. Enzyme-mediated labeling 

takes advantage of the excellent specificity of enzyme-substrate interactions and the small 

size of their recognition tag; however some of these enzymes have endogenous substrates, 

which limit their application to the cell surface.  

 

A powerful method emerged over the last twenty years, which allows the site-specific 

decoration of proteins via incorporation of unnatural amino acids (uAAs) by genetic code 

expansion. These uAAs bear handles with unnatural moieties which can be modified via 

chemoselective bioorthogonal labeling reactions.39 
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I.2 Genetic Code Expansion 

The genetic information of all organisms is stored in DNA. This biopolymer has a 

phosphatedesoxyribose backbone bearing four different nucleobases adenine (A), thymine 

(T), guanine (G) and cytosine (C) on the 1' position of the sugar moiety, linked via a 

glycosidic bond. By Watson-Crick base pairing of A-T and G-C through two and three 

hydrogen bonds, respectively, DNA exists as double-stranded helix, stabilized by 

hydrophobic effects and van-der-Waals forces.40 The nucleobase sequence and its translation 

into the amino acid sequence of a protein is referred to as the genetic code. It is represented by 

basetriplets consisting of three nucleobases - codons. Each basetriplet codes for one amino 

acid. This relation was first decoded in the 1960s in the groups of M. Nirenberg, H.G. 

Khorana and R. W. Holley, who were therefore awarded the Nobel Prize in 1968.41 With 4 

different nucleobases, there are 64 (43) possibilities to arrange codons; three of them are stop 

codons (amber = UAG, ochre = UAA and opal = UGA) while 61 encode for the 20 natural, 

proteinogenic amino acids. This means that the genetic code is degenerate and there is more 

than one codon for most amino acids, so called synonyms. The number of synonyms 

correlates with the occurrence of an amino acid in the proteome and these synonyms differ 

mostly in the last nucleobase. This degeneration ensures that random mutations in the genetic 

code do not have a harmful effect, which would in the worst case lead to truncation of the 

protein.40 Protein biosynthesis does not directly occur on the DNA, but the genetic 

information of a gene is first transcribed into a single stranded messenger RNA (mRNA) by 

RNA polymerases. In contrast to DNA, RNA contains a free hydroxyl moiety on the 2' 

position of the ribose, resulting in reduction of stability. RNA exists mostly single stranded 

and base pairs adenine with the base uracil (U) instead of thymine.40, 42  
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Translation is the process of transformation of the genetic information (Figure I.3) on the 

mRNA into an amino acid sequence. In prokaryotes, which do not have a nucleus, translation 

can directly take place on the newly forming mRNA, while in eukaryotes transcription occurs 

in the nucleus and the mRNA has to be transported to the cytoplasm first to be translated into 

proteins. Transfer RNAs (tRNA), equipped with an amino acid by the corresponding 

aminoacyl-tRNA synthetase (aaRS), transport the amino acid to the ribosome, which decodes 

the information stored in the mRNA (Figure I.4). tRNAs adopt a cloverleaf secondary 

structure, which is folded into a 3D structure that resembles an inverted L. One arm of this 

reversed L structure contains the anticodon loop complementary to a codon on the mRNA, 

which differs for every tRNA. The other arm comprises the acceptor step at the conserved 3' 

end, where the tRNA synthetase charges the amino acid onto the tRNA via an ester bond. The 

aaRS specifically recognizes the amino acids via interactions of their side chains with its 

active center to avoid mislabeling of the tRNAs. The amino acid is activated by formation of 

a mixed anhydride with ATP under release of pyrophosphate. A nucleophilic attack of the 2' 

or 3' hydroxyl moiety of A76 of the tRNA on the activated carboxyl functionality leads to 

formation of an ester bond. The tRNA synthetase recognizes the corresponding tRNA by 

primary interactions with the acceptor stem and in most cases the anticodon loop. Further 

interactions with other structural parts depend on the tRNA synthetase/tRNA pair.42  

 

The charged tRNAs are transported to ribosomes with the aid of initiation factors (IF) or 

elongation factors (EF). A bacterial ribosome is assembled by two subunits (30S and 50S), 

which freely associate for translation and. The ribosomal subunits contain the 16S-RNA (30S) 

and the 23S and 5S-RNA (50S), as well as a number of proteins each, which are important for 

structure and fine tuning of the subunits. Ribosomal RNA (rRNA) is responsible for catalytic 

activity and interaction with mRNA and tRNA, which is why ribosomes are also called 

ribozymes. Translation is a sequence of three steps: initiation, elongation and termination The 

mRNA contains a purine-rich (A and G) sequence, the so-called Shine-Dalgarno-Sequence 

upstream of the start codon AUG. Inside a sequence AUG encodes the natural amino acid 

methionine, while as start codon it interacts with the initiator tRNA, which bears formylated 

methionine. Every protein sequence starts therefore with a methionine, which can be cleaved 

off posttranslationally. The 16S-RNA recognizes the Shine-Dalgarno sequence by 

complementation, which leads to formation of 70S-initiation complex from the 30S and 50S 

subunit, the mRNA and the initiator tRNA, directed by the three initiation factors (IF1-3). The 

50S subunit contains three binding sites for tRNAs, the A (aminoacyl), the P (peptidyl) and 

the E (exit) site. Elongation factors (EF) direct the elongation of the amino acid sequence by 

transport of the charged tRNA to the A side (EF-Tu). Catalysis of the peptide bond formation 

occurs at the peptidyltransferase center by placement and arrangement of the amino acid 

attached to the tRNA in the A site towards the activated carboxyl moiety of methionine 

attached to the initiator tRNA occupying the P site. The amino group attacks the activated 

ester on the carbonyl carbon and builds a peptide bond via a tetrahedral transition state. 

Simultaneously, the bond to the tRNA in the P site is cleaved leading to formation of a 

dipeptide attached to the tRNA in the A site. Translocation of the tRNAs to E and P site is 

facilitated by EF-G, which in turn is activated by GTP. In the E site the off-loaded tRNA can 

dissociate from the ribosome and is once more available for equipment with an amino acid by 

a tRNA synthetase. Elongation of the amino acid chain takes place until a stop codon in the 
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mRNA is reached, which induces binding of one of the two release factors RF1 or 2, as there 

are no tRNAs with anticodons corresponding to stop codons. This leads to hydrolytic 

cleavage the amino acid sequence from the tRNA and release of the protein, followed by 

dissociation of the 70S complex. The ribosome is a very efficient ribozyme that catalyzes the 

formation of about 20 peptide bonds per second with only a error rate of 10-4.42 

 

In bacteria, there are 30-40 different tRNAs to decode 64 different codons, with 3 of them 

being stop codons that do not usually encode for amino acids as well as there are no tRNAs 

with the corresponding anticodons. This means that some tRNAs recognize more than one 

codon, which can be explained by the so called wobble-hypothesis. After transport of a 

charged tRNA to the A site, dissociation of EF-Tu occurs only after verification of the correct 

base pairing of codon and anticodon by three conserved nucleobases in the 16S RNA. Here, 

interactions with the first two bases of a triplet are evaluated, but not the third base, which 

leaves some tolerance in the base pairing. Amino acids, whose synonyms differ in the third 

base can therefore be decoded by the same tRNA.42-43 The genetic code is highly conserved 

among all organisms of life and protein biosynthesis occurs almost identical by using the 20 

natural amino acids. Only a few organisms are known to incorporate the amino acids 

selenocysteine and pyrrolysine in response to the stop codons UGA or UAG respectively.44 

These variations of the genetic code can be used to expand it by the incorporation of new non-

canonical amino acids, bearing functionalities that do not naturally exist in organisms.45  

 

First methods to introduce unnatural amino acids (uAAs) into proteins were based on a 

chemical approach. Peptide fragments containing the wanted uAAs in their sequence were 

synthesized on solid phase, which were then connected via native chemical ligation to 

generate the protein. This requires an N-terminal cysteine residue that attacks a C-terminal 

peptidethioester and forms a new thioester, which can be transformed into a native peptide 

bond by S->N acyl shift.46  

 

The easiest procedure to incorporate uAAs in live cells uses the promiscuity of the natural 

tRNA synthetases for residue-specific labeling. Some natural aaRS also accept derivates of 

their natural substrates and charge them to their corresponding tRNA. Both, the natural and 

unnatural substrate compete with each other, which leads to statistical labeling with the uAA 

of the whole proteome. This is usually performed in auxotrophic strains, in which the 

synthesis of one or more natural amino acids is knocked out. The labeling can be influenced 

via the addition of defined concentrations of amino acids. With this approach selenocysteine 

and the uAAs azidohomoalanine, homopropargylglycine and homoallylglycine have been 

successfully incorporated by the wild-type methionyl-tRNA-synthetase.47 Other 

reassignments used modified leucyl- and phenylalanyl-tRNA-synthetases to decode leucine 

and phenylalanine sense codons.48 
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Figure I.4: Co-translational incorporation of uAAs into proteins in response to an amber codon.  

Genetic information transcribed into mRNA is translated into an amino acid (grey oval shape) sequence by the ribosome by 

decoding base-triplets with the corresponding anti-codon on the tRNA. The endogenous or orthogonal tRNA is equipped 

with a natural amino acid or uAA by an endogenous or orthogonal tRNA synthetase, respectively. The resulting protein is 

site-specifically decorated with an uAA (green star) for further modifications. 

 

A first approach for the site-specific introduction of a uAA into proteins uses an in vitro 

translation system, which combines all components necessary for translation in a cell-free 

setting. This allows the addition of artificial components like uAAs as well as modified 

mRNA and tRNAs. The amber stop codon was used as a blank codon, which was inserted at a 

specific site into the protein. Then a tRNA from yeast was modified in the anticodon loop 

(mutated to CUA) to efficiently suppress the UAG codon and then chemically charged on the 

3’ end with the uAA. In this translation system the stop codon does not lead to truncation of 

the protein, but is read through by the modified amber suppressor tRNA, which is why the 

method is also known as amber suppression.49 The limiting factor is the chemical loading of 

the tRNA, which is tedious and only gives low yields, which in turn influences the amount of 

protein that can be produced.50  

 

A breakthrough for amber suppression was the development of an approach that is able to use 

the cell's natural translation machinery to assemble the modified protein in vivo. Here, an 

orthogonal aminoacyl-tRNA-synthetase specifically recognizes the desired unnatural amino 

acid and charges it to the corresponding tRNA. The orthogonal tRNA then decodes a blank 

codon introduced at a specific site in the gene of the protein of interest, resulting in the 

incorporation of the uAA. Orthogonality means there is no crossreactivity between the 

orthogonal pair and the endogenous tRNA synthetases and tRNAs, concerning recognition 

and loading of the tRNAs to avoid misacylation.39a As there are no free codons in the genetic 

code due to its degeneration, only the three stop codons UAG, UAA and UGA are possible 

candidates to use as blank codons, as they are not decoded by any of the endogenous tRNAs. 

They usually trigger termination of protein biosynthesis by recognition of the release factors 

RF1 (UAA and UAG) and RF2 (UAA and UGA).42 As the amber codon UAG is the least 

used in E. coli (~ 9 %) and yeast (~ 23 %), it is preferably utilized for incorporation of uAAs 
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in vivo.51 The orthogonal aaRS/tRNA pair and the modified POI are encoded on two different 

vectors using molecular biotechnological methods and the uAA is fed to the cell. Cells 

harboring these vectors are capable of expressing all components to co-translationally 

produce the altered protein from an mRNA transcript with an internal amber codon in 

presence of uAA. The desired uAA has to be stable under physiological conditions and cannot 

be toxic to the cells. Competition with RF1 leads to the formation of truncated protein as a 

side reaction. Therefore it is desirable to have a tRNA synthetase that effectively suppresses 

the amber codon.39a  

 

In 2001 Schultz and coworkers reported the first aaRS/tRNA pair from methanogenic archaea 

Methanocaldococcus jannaschii (Mj, M. jannaschii) that is orthogonal in E. coli: the Mj 

tyrosyl-tRNA synthetase (TyrRS). The Mj TyrRS was genetically engineered to incorporate 

the chemically modified O-methyl-L-tyrosine in response to the amber codon into the protein 

dihydrofolate reductase.52 Since then further orthogonal pairs have been discovered and used 

for the incorporation of uAAs in prokaryotic and eukaryotic cells. The tyrosyl- and leucyl-

aaRS/tRNA pairs from E. coli are only orthogonal in eukaryotes and they had to be 

engineered to abolish their activity towards natural amino acids. The most applied orthogonal 

aaRS/tRNACUA pair is the pyrrolysyl-tRNA synthetase (PylRS) pair from Methanosarcina 

mazei (Mm, M. mazei) or barkeri (Mb, M. barkeri), which is orthogonal in bacteria, 

mammalian cells and animals.45 Its natural substrate, the 22nd natural amino acid pyrrolysine 

was discovered in 2002 in the catalytic center of essential proteins in M. barkeri. There, the 

PylRS and its cognate tRNACUA decode the UAG codon to incorporate pyrrolysine into the 

proteome.44a, 53 Recently, a new PylRS/tRNA pair from Methanomethylophilus alvus (Ma, M. 

alvus) was engineered to be orthogonal to the MmPylRS/tRNA pair.54 The wild-type PylRS is 

very promiscuous and accepts structurally different amino acids to charge them to its 

corresponding tRNA.39a, 51  

 

To develop new mutant aaRS a directed evolution approach is used (Figure I.5). Therefore, a 

library of synthetase mutants is generated by choosing 3 to 6 positions for saturation 

mutagenesis in the active site where amino acid recognition takes place. This results in an 

aaRS library with 105 – 1010 members, which are still able to be taken up by competent E. coli 

cells, where directed evolution is usually performed.55 Alternating rounds of positive and 

negative selection steps reduce the number of mutants until, hopefully, a aaRS specific for the 

desired uAA is found. For the positive selection an amber codon is introduced into an 

essential gene and the desired uAA is added to the growth medium. Clones can only survive if 

the amber codon is successfully suppressed. As in this selection steps also false-positive hits 

which incorporate natural amino acids into the essential protein survive, a subsequent 

negative selection step is necessary to remove them. Here, the UAG codon is introduced into 

a toxic gene and the desired uAA is not added, which leads to death of cells, when a natural 

amino acid is incorporated in response to the amber codon. Surviving members of several 

rounds of positive and negative selection are subjected to a fluorescence-based read-out assay 

comparing sfGFP fluorescence in cultures grown with and without uAA. Positive hits have a 

modified active center, which specifically recognizes the uAA and does not show any 

crossreactivity with one of the natural ones.56  
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Figure I.5: Directed evolution via sequential positive and negative selection steps to find a new tRNA synthetase (green 

rectangle with star modification) with specific aminoacylation activity towards a desired unnatural amino acid. 

 

Altering the recognition site by directed evolution or approaches based on rational, structure 

guided mutagenesis has created new mutant aaRS/tRNA pairs that incorporate a great number 

of new uAAs into different bacterial and eukaryotic proteins.57 More than 250 uAAs bearing 

different functionalities for various applications have been introduced into proteins in vivo 

and there are reports of new uAAs being incorporated on a monthly basis.39a, 57 The uAAs can 

be biophysical probes itself (Figure I.6b) or they bear bioorthogonal handles that allow the 

subsequent decoration via bioorthogonal reactions. The class that is mostly used are 

bioorthogonal ligation reactions, where new covalent bonds are formed between the uAA and 

the biophysical probe (Figure I.6a), for example for the site-specific positioning of 

fluorophores or spin labels. These modified protein can be studied and analyzed via 

fluorescence imaging58 or different nuclear magnetic resonance (NMR)59 and electron 

paramagnetic resonance (EPR)60 methods for example to obtain information about structure 

and dynamics of a protein or its localization and pathways in a cell.58a 

 

A further class of amino acids used for the covalent trapping of protein interactions with other 

proteins, nucleic acids or ligands are so called crosslinker amino acids. Photocrosslinkers 

(Figure I.6c) are activated by light impulses and react unspecifically via radical reactions with 

any molecule in the surrounding area. They are able to trap transient interactions, which has 

been used to study receptor-ligand binding in living cells.61 Chemical crosslinkers (Figure 
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I.6d) react with nucleophilic amino acids in SN2 reactions and are tuned in their 

electrophilicity that the reaction takes place only when enhanced by the proximity of the 

reaction partners.62 With this approach low affinity complexes have been successfully 

stabilized for crystallization.63 

 

An emerging technology in the last 10 years was the development of decaging reactions, 

where covalent bonds are broken instead of formed.64 Here, natural amino acid like lysine, 

cysteine, serine or tyrosine are chemically masked, incorporated site-specifically into proteins 

and then decaged by light or chemical reactions (Figure I.6e, f). This allows studying enzyme 

function, when the caged amino acid is introduced in the active center of the enzyme and 

activity is abolished by the mask. Triggering the demasking reaction leads to restoration of 

their activity.65 Recently, a enzyme-facilitated deprotection of genetically incorporated lysine 

bearing a phenylacetyl protection group has been reported.66  

 

 
Figure I.6: Selection of unnatural amino acids that can be incorporated via genetic code expansion in vivo.  

a) uAAs for bioorthogonal ligation reactions b) uAAs for spectroscopic applications c) photocrosslinker uAAs d) chemical 

crosslinker uAAs e) photo-caged uAAs f) uAA for sortase mediated ligation g) uAAs bearing PTMs.  

 

Post-translational modifications (PTMs) of proteins such as phosphorylation, acetylation, 

methylation, lipidation, glycosylation and ubiquitination play an important role in many 

biological processes, including enzyme regulation, cell signaling, protein localization and 

degradation.67 They are introduced mostly in eukaryotes after protein biosynthesis by the cell 

and are difficult to access with biotechnological methods, as many of the enzymes that are 

responsible for the modifications are still unknown. The site-specific incorporation of amino 

acids bearing PTMs (Figure I.6g) opens therefore possibilities to study their influence in a 
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biological context. aaRS have been engineered together with an improved biosynthesis of 

phosphoserine and phosphothreonine to use the amber suppression technology to incorporate 

these phosphorylated amino acids into proteins.68 Also for the incorporation of 

phosphorylated tyrosine and its derivates, mutant aaRS have been developed.69 Non-

hydrolyzable analogs allow identifying enzymes that interact with PTMs. Several lysine 

PTMs like acetylation, methylation and crotonylation are found in histones, where they form 

a distinct code for epigenetic regulation. Here, genetic code expansion has been able to 

introduce those PTMs site-specifically as a tool to research their impact.70 Ubiquitination 

occurs between the C-terminus of ubiquitin and a lysine residue in a target protein, which is 

ubiquitinated post-translationally via a native isopeptide bond. Monoubiquitination occurs as 

well as the formation of polyubiquitin chains, as ubiquitin itself has seven lysine residues 

which can be modified. The modification pattern determines the fate of the protein, its 

localization or possible degradation by the proteasome.71 Methods to build different 

ubiquitination patterns by bioorthogonal ligations all resulted in non-native peptide bonds or 

had to be deprotected using harsh methods like desulfurization not tolerated by a great 

number of proteins.72 A very recently reported approach applies the amber suppression 

methodology to introduce a small handle into the protein of interest for sortase-mediated 

ubiquitylation of the target protein in vitro and in live cells (Figure I.6f).73  

 

As termination by release factor RF1 competes with amber suppression, only 20-30 % of full-

length uAA bearing protein is produced compared to the wild-type protein.74 This further 

decreases if the incorporation of the uAA is not effective or if two or more uAAs are to be 

incorporated into a POI. Several approaches have been developed to address this problem. 

One class of them focuses on the creation of RF1 knockout strains with a reinterpretation of 

the endogenous amber stop codons in essential genes.75 Despite efforts to rescue the well 

being of these engineered bacteria, all deletion strains display a decrease in growth rate. Other 

attempts focused on the development of orthogonal ribosomes, which have been observed to 

enhance amber suppression.74 Orthogonality here was achieved by directed evolution of the 

Shine-Dalgarno sequence on the mRNA and its counterpart in the 16S rRNA to force 

interaction between an orthogonal ribosome and an orthogonal message on the mRNA.76 The 

orthogonal biosynthetic machinery is not involved with endogenous protein synthesis and is 

therefore more tolerant towards genetic engineering.77 Directed evolution of the highly 

conserved rRNA resulted in the orthogonal ribosome ribo-X, which shows enhanced amber 

suppression yields also with more than one UAG codon due to a decreased interaction with 

RF1.74  

 

To study protein structure and dynamics by FRET or the interplay of several different PTMs 

in one protein, the introduction of more than one type of uAA for modification with the FRET 

pair or various PTMs, is of great interest. Since the genetic code is degenerate and contains no 

blank codon, this requires the genetic recoding of a sense or another stop codon besides the 

commonly used amber codon for suppression of a single uAA. The recoding of sense codons 

is more complex, since it needs to be performed genome wide and necessitates abolishing the 

corresponding endogenous tRNAs decoding this sense codon.78 Therefore, first approaches 

for the incorporation of two distinct uAAs into proteins were based on a combination of 

amber and ochre stop79codon, as well as pairing of amber codon with a quadruplet codon.80 
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However, the production of double-modified protein was low yielding. A quadruplet codon 

consists hereby of four instead of three nucleobases and expansion of the genetic code with 

these quadruplet codons would result in 256 (44) possibilities and new blank codons to 

incorporate uAAs into proteins. Early methods to decode quadruplet codons in vitro81 and in 

vivo82 used chemically aminoacylated tRNAs with an extended anticodon loop and suffered 

from low yields. To separate the quadruplet decoding from the endogenous machinery, 

orthogonal ribosomes were further evolved in 16S rRNA where tRNA recognition takes place 

to result ribo-Q1.83 ribo-Q1 is able to facilitate incorporation of uAAs in response to amber 

codons, quadruplet codons or a combination of both in an orthogonal mRNA for the 

formation of an intramolecular bioorthogonal crosslink or dual labeling via two orthogonal 

bioorthogonal reactions.84 Only the 16S subunit has been genetically engineered to be 

orthogonal to the endogenous one and associates with one of the endogenous 23S subunits to 

form the ribosomal complex. Directing specific 16S and 23S subunits towards each other for 

the formation of the ribosomal complex would enable evolution of the 23S subunit towards 

new functions. First approaches tethered both subunits together resulting in stapled 

ribosomes, which however suffered from a lower activity.85 Tethering does not only lead to 

the desired intramolecular interaction of the linked subunits, but association with endogenous 

free subunits or other tethered subunits were observed. To abolish the formation of these 

unwanted ribosomal complexes, further engineering of the linker region was necessary. The 

resulting tethered ribosome also showed enhanced activity.86 These developments may open 

the possibility to use genetic code expansion to decorate proteins with further unnatural 

monomers, like D- or β-amino acids as well as dipeptides or dipeptidomimetics.87 A very 

recent publication displayed data for the incorporation of an oxazole dipeptide analog into 

GFP in cellulo with the wild-type PylRS system in response to an amber codon using a 

modified ribosome.88 The bottleneck here will be finding or engineering orthogonal 

aminoacyl-tRNA-synthetases with activity towards these unnatural substrates.  
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I.3 Bioorthogonal Reactions 

To understand biological processes, approaches for the decoration of biomolecules with 

probes that do not perturb structure and function to study these modified biomolecules in their 

native surrounding have been developed in the last twenty years. These methods are usually 

based on a two-step labeling approach. One reaction partner bearing a bioorthogonal 

functionality is introduced into a biomolecule via chemical, genetic or metabolic engineering. 

The reaction partner is added exogenously and reacts selectively and specifically with the 

incorporated handle. This modular approach enables the introduction of various probes into a 

biomolecule via one bioorthogonal reaction. Several requirements need to be fulfilled to 

achieve bioorthogonality: (i) the bioorthogonal reaction partners must chemoselectively react 

with each other without displaying crossreactivity to naturally occurring molecules; (ii) 

reactions have to take place under physiological conditions, meaning aqueous buffers, 

temperatures around 37 °C, ambient pressure and the reducing cytosolic environment; (iii) 

reactants cannot be toxic to the living system and have to be stable (thermodynamically, 

kinetically and metabolically) in this environment; (iv) the reactions have to yield stable 

products with covalent linkages (in case of a ligation reaction); (v) fast kinetics are favorable, 

as they allow to follow the fast biological processes, label low abundant biomolecules or 

enable the uses of only little excess of labeling agent.39, 89 Meeting these criteria is quite a 

challenge, but there are a number of chemoselective reactions that have been reported over the 

last years that fulfill these requirements. 39b, 89-90 Some of them are less chemoselective than 

others in regard to naturally occurring functionalities and have been used for the decoration of 

biomolecules in vitro, while others have also been applied in in vivo settings like living cells 

or animals. 

 

Ketones and aldehydes were among the first functionalities employed for bioconjugation 

reactions. Under acidic conditions (pH 4-6), their carbonyl moiety is protonated and forms a 

reversible Schiff base after attack of amines. Strong α-effect nucleophiles like hydrazine, 

hydroxyl- or alkoxyamines shift the equilibrium from the free carbonyl group to the ligation 

products, which are hydrazones or oximes (Figure I.7a).91 Due to the rather slow kinetic 

rates92 of 10-4 - 10-3 M-1s-1 93 a high excess of the labeling reagent (in the mM range) is 

required to accomplish sufficient labeling, which might lead to a high background signal and 

even be toxic to the cells. As carbonyl groups are present in living cells, side reactions with 

the α-effect nucleophile labeling reagents might occur there. Due to these aspects these 

ligations are suitable for applications in vitro or for cells surface labeling.94 Aniline catalysis 

(Figure I.7b) enables the performance of the ligation reactions at pH 7 and enhances the 

reaction rate of the hydrazone ligation to 170 M-1s-1 albeit a 100-1000 fold high excess of the 

catalyst is needed.95 The modified versions have been used to label biomolecules on the cell-

surface and in the cell.96 
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Figure I.7: Labeling of aldehydes and ketones with hydrazine (hydrazone ligation) and hydroxyl- or alkoxyamines (oxime 

ligation). a) acid catalysis b) aniline catalysis. Grey shape denotes a biomolecule and the green star represents a biophysical 

probe (e.g. fluorophore). 

 

In contrast to ketones and aldehydes, azides are mostly not present in biological systems and 

therefore azides are truly bioorthogonal functionalities that react in a number of different 

bioorthogonal chemoselective reactions.39, 94a, 97 In one of these reactions, known as the 

Staudinger reduction (Figure I.8a), azides are reduced to primary amines upon treatment with 

phosphines. The phosphorus atom attacks on the terminal electrophilic nitrogen atom of the 

azide under formation of an aza-ylide after release of N2 from the phosphazide intermediate. 

The aza-ylide hydrolyzes to the primary amine and phosphine oxide, which renders the 

Staudinger reduction a decaging reaction instead of a bioconjugation. Azides have been used 

to mask primary amines and the decaging reaction has been triggered using phosphines in 

living cells for chemical control of protein function,98 antigen cross presentation99 or to 

provide a free glycine moiety for sortylation.100 To apply the Staudinger reaction as a 

bioconjugation reaction the phosphine reactant needed to be modified to electrophilically trap 

the aza-ylide before destructive hydrolysis. Therefore, an ester was introduced in ortho 

position to the phosphorus atom which directs the formation of a five-membered ring via 

intramolecular cyclization, followed by hydrolysis to a stable amide bond. This Staudinger 

ligation reaction (Figure I.8b) displays rather slow kinetics of 10-3 M-1s-1, with the 

nucleophilic attack of the phosphine on the azide being the rate-limiting step of the reaction. 

Phosphines with increased nucleophilicity that would show faster kinetics are in turn more 

prone to oxidation by air, making them unreactive.101 A further modification of the phosphine 

reagents lead to the development of a "traceless" Staudinger ligation (Figure I.8c), where the 

phosphine oxide is not part of the ligation product anymore. For this the ester was arranged as 

phenolic ester, which releases the phosphine oxide upon formation of the native amide 

bond.102 A similar approach uses phosphinethiol to link two peptide fragments - one 

containing a C-terminal thioester, the other one an N-terminal azide moiety as an alternative 

method to native chemical ligation.103 These different types of Staudinger ligations have been 

used to successfully label various biomolecules in vitro and in living cells and animals.102-104 
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Figure I.8: a) Staudinger reduction from azide to amine b) Staudinger ligation to form a stable amine c) “traceless” 

Staudinger ligation. Grey shape denotes a biomolecule and the green star represents a biophysical probe (e.g. fluorophore). 

 

Azides can also be described as 1,3-dipoles and can undergo [3+2] cycloaddition reactions 

with dipolarophiles such as activated alkynes to form stable triazoles. Huisgen first described 

the reaction in the 1960s. Without activation of the alkyne the reaction requires high 

temperatures and/or pressure, which renders it unsuitable for biological applications.105 

Around 20 years ago the groups of Sharpless and Meldal independently reported the 

activation of terminal alkynes with copper(I) salts with a rate enhancement of 6-7 orders of 

magnitude compared to the uncatalyzed reaction.106 Cu(I) catalysis also leads to the 

predominant formation of 1,4-disubstitued 1,2,3-triazoles.107 This copper catalyzed azide 

alkyne cycloaddition (CuAAC) is nowadays also known as “click” reaction (Figure I.9a).107 

The reaction enhancement is due to the formation of a Cu(I) acetylide after coordination of 

the alkyne to the metal. The azide then also coordinates to Cu(I) via the nitrogen next to the 

carbon atom and forms a six-membered Cu(III) metallacycle intermediate that proceeds to a 

triazolyl-copper derivative, followed by protonolysis to the triazole product (Figure I.9b).108 

Compared to the Staudinger ligation the reaction kinetics of CuAAC reactions are about 25 

fold faster,109 which enabled their successful application to label azide- or alkyne-modified 

nucleic acid110, lipids111 and virus particles112, as well as to functionalize proteins in vitro and 

in vivo.109b, 113 Drawback of the reaction is the cellular toxicity of Cu(I), as it induces the 

formation of reactive oxygen species (ROS) from O2,
114 which influence cell viability of E. 

coli and mammalian cells.113b, 115 Decreasing Cu(I) concentration which would go hand in 

hand with a lowered toxicity leads to significant decrease of the reaction rate.116 To overcome 

these problems water soluble ligands117 that coordinate the catalyst (Figure I.9c) or azides 

with a copper-chelating moiety118 have been used to reduce the necessary Cu(I) concentration 

into low micromolar range.116b 
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Figure I.9: a) Copper(I) catalyzed azide alkyne cycloaddition (CuAAC) b) reaction mechanism of CuAAC c) water-soluble 

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

tris((1-hydroxy-propyl-1H-1,2,3-triazol-4-yl)methyl)amine (THPTA). Grey shape denotes a biomolecule and the green star 

represents a biophysical probe (e.g. fluorophore). 

 

Another approach to eliminate the cytotoxicity of the Cu(I) catalyst utilizes the introduction 

of ring strain into the alkyne to activate the reaction, which is also known as strain-promoted 

azide alkyne cycloaddition (SPAAC, Figure I.10a).119 This reaction was first described 

between phenyl azide and cyclooctyne in the 1960s by Wittig and Krebs.120 Cyclooctyne is 

the smallest stable cyclic compound harboring an alkyne with a ring strain of about 

20 kcal/mol.121 The first probes for SPAAC are based on this scaffold. The ether-substituted 

cyclooctynes (OCT, Figure I.10a) reacted only slowly with benzyl azides in aqueous 

acetonitrile with reaction rates of 0.0012 M-1s-1,109a which is slower than the Staudinger 

ligation with 0.0025 M-1s-1.122 However, this reaction could be applied for cell-surface 

labeling of azide-modified glycans avoiding the negative effects of the Cu(I) catalyst.119 A 

further improvement concerning the reaction rate was the introduction of electron-

withdrawing groups like fluorines (3-fluorocyclooctyne (MOFO) and 3,3-difluorocyclooctyne 

(DIFO) derivatives, Figure I.10b)109a, 123 into the scaffold to lower the activation energy of the 

concerted [3+2] cycloaddition with azides compared to cyclooctyne, which resulted in a 63-

fold rate enhancement.121, 123 These modified alkynes have been used to label azide-bearing 

glycans on the surface of live cells, in mice and zebrafish embryos.124 The change in 

electronic properties however make those compounds more susceptible towards attack by 

cysteines and therefore less bioorthogonal.125 Other approaches modulate the ring strain of the 

cyclooctyne scaffold by fusion of two aryl rings (Figure I.10c), which increases the ring strain 

of the compound, resulting in dibenzocyclooctyne (DIBO) derivatives, which have similar rate 

constants as DIFO.126 The implementation of another sp2-like center into DIBO further 

enhances the reaction rates to values around 0.31-1 M-1s-1 as observed with aza-

dibenzocyclooctyne (DIBAC or ADIBO, Figure I.10c) and an amide bond-containing 

derivative (BARAC).126a, 127 Instead of introducing two aryl rings, another approach fused a 

pyrrol moiety to the cyclooctyne scaffold to yield pyrrolocyclooctyne (PYRROC, Figure 

I.10c), which displays the highest reaction rates of around 500 M-1s-1 in aqueous buffer with 

azides so far.128  
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Figure I.10: a) Strain-promoted azide alkyne cycloaddition (SPAAC). b,c) Tuning of SPAAC reactivity by modulation of 

electronic properties (b) or ring strain (c). Grey shape denotes a biomolecule and the green star represents a biophysical probe 

(e.g. fluorophore). 

 

To expand the scope of strain-promoted [3+2] cycloadditions concerning kinetics and 

biocompatibility after modulation of the strained alkynes different 1,3-dipoles like nitrones129, 

nitrile oxides130, nitrile imines131, nitrile ylides132, sydnones133 and diazo compounds134 have 

been explored and applied for in vitro bioconjugation of proteins.  

 

In recent years also organometallic reactions like the ruthenium-catalyzed olefin metathesis 

and the palladium (Pd)-facilitated crossmetathesis have been employed as bioorthogonal 

labeling reactions for in vitro or cell surface applications.135 Sonogashira coupling was 

mediated by palladium nanoparticles in living E. coli cells for protein modification.136 

Palladium has also been used as a trigger for the decaging of N-propargyloxycarbonyl on cell 

surface glycans.137  

 

Rediscovered almost a decade ago, the inverse electron demand Diels-Alder cycloaddition 

(iEDDAC) between 1,2,4,5-tetrazines and strained alkenes or alkynes has become one of the 

most applied and versatile bioorthogonal ligation reactions, as it displays very fast reaction 

kinetics and shows good biocompatibility in live biological settings.90a, 138 The following 

chapter will explain the reactivity, synthesis of the reaction partners and the biological 

applications of iEDDA cycloadditions in more detail. 
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I.4 Tetrazine Ligation – inverse electron demand Diels-Alder cycloaddition (iEDDAC) 

I.4.1 Reactivity of the iEDDAC 

In the late 1920 Otto Diels and Kurt Alder planted the basis for the so called Diels-Alder 

(DA) reaction by first describing the mechanism of a cycloaddition between cyclopentadiene 

and quinone.139 The Diels-Alder reaction generates a (hetero)cyclohexene system in a 

pericyclic[4+2]-cycloaddition reaction between a diene (a 4π-electron system) and a 

dienophile (a 2π-electron system). 140 The reaction proceeds stereospecifically by suprafacial 

interaction of the diene and the dienophile. The electronic properties of diene and dienophile, 

influenced by their substituents, categorize the reaction into a DA cycloaddition with normal 

electron demand and inverse-electron demand Diels-Alder cycloadditions (iEDDAC). In a 

normal DA reaction, an electron-deficient dienophile reacts with an electron-rich diene, while 

the iEDDAC proceeds reversibly between an electron-poor diene and a dienophile bearing 

electron-donating groups (EDG). The energy difference between the HOMO (highest 

occupied molecular orbital) and the LUMO (lowest unoccupied molecular orbital) of the two 

reaction partners correlates with the reaction rate of the cycloaddition. The smaller the 

difference between them, the faster the reaction will occur. Therefore, the reaction rates can 

be tuned by introduction of electron-withdrawing groups (EWG) and substituents which 

donate electrons on the diene or dienophile (Figure I.11).  

 

 
Figure I.11: Participating MOs and the energy difference between them determine if a Diels-Alder cycloaddition has a 

normal or an inverse electron demand. EWGs (electron-withdrawing groups) lower MOs, while EDGs (electron donating 

groups) raise them, which greatly influences the kinetics of DA or iEDDAC reactions. 
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Another rate enhancement was observed in polar solvents like methanol and water, which 

renders the application interesting in biological and physiological systems.141 Bioorthogonal 

reactions require stable reactants without interactions with endogenous molecules, which 

would be challenging for the electron-deficient dienophiles used in a normal DA, as they are 

likely to react with endogenous nucleophiles in vivo.135a iEDDAC cycloadditions between 

1,2,4,5-tetrazines and strained alkenes or alkynes in turn have become a valuable tool for the 

decoration of proteins via bioorthogonal chemistry.  

 

 

Scheme I.1: Mechanism of an inverse electron demand Diels Alder cycloaddition (iEDDAC) reaction between strained 

alkenes/alkynes (green bond). Formation of a bicyclic intermediate by a [4+2] Diels-Alder cycloaddition, followed by 

extrusion of nitrogen in a [4+2] retro Diels-Alder step. 

 

The first report of a Diels-Alder reaction with inverse electron demand (iEDDAC) was in 

1949 by Bachmann and Deno, who described a number of electrophilic dienes, which reacted 

with nucleophilic alkenes.142 In the late 1950, Lindsey and Carboni first mentioned 1,2,4,5-

tetrazines as suitable electron-deficient dienes for the synthesis of pyridazines, which is why 

the iEDDAC is also known as Carboni-Lindsey reaction.143 Since then a number of synthetic 

strategies in organic synthesis have relied on it, especially for the assembly of complex ring 

structures of natural products.144 The mechanism of an iEDDAC (Scheme I.1) between an 

electron-poor azadiene and an electron-rich dienophile can be divided into two parts: first a 

[4+2] Diels-Alder cycloaddition takes place and results in a bicyclic intermediate, followed 

by a retro-Diels-Alder step, where nitrogen is released and the corresponding 

dihydopyridazine conjugation product (pyridazine product if the dienophile is an alkyne) is 

formed. The reaction, in which the cycloaddition represents the rate limiting step, displays 

second-order kinetics. Like the normal Diels-Alder reaction, the iEDDAC between tetrazines 

and strained alkenes proceeds with a high stereo-, regio- and chemoselectivity.144-145  

 

The first experiments displaying the rapidness of iEDDACs date back to 1990, where 

Thalhammer et al. showed that second order rate constants between 3,6-bismethoxy- (9) or 

3,6-bistrifluoromethyl-1,2,4,5-tetrazine (8) and diverse strained alkenes and alkynes in 

dioxane can reach rate constants up to 104 M-1s-1.146 Unfortunately, these tetrazines are too 

reactive to be used in a biological context. Therefore a number of differently substituted 

tetrazines have been synthesized in the last few years and studied under physiological 

conditions. UV/VIS spectroscopy, fluorescence spectroscopy and/or 1H NMR spectroscopy 

were the main methods used to determine second order rate constants of the iEDDAC reaction 

with different dienophiles under pseudo first order conditions.58a, 147 Substituents on the 

reaction partner influence electronic properties of the reaction by modulation of the HOMO-

LUMO gap. EWGs on the tetrazine and electron-donating groups on the dienophile as well as 

ring strain minimize the gap between the interacting MOs and hence favorably influence the 

reactivity and rate constant of the reaction (Figure I.12). 145, 148  
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Karver et al. confirmed this correlation comparing the reactivity of a number of differently 

3,6-substituted tetrazines (2-4, 6) under physiological conditions towards trans-cyclooctene 

(TCO, 17), the smallest stable cycloalkene with a trans-configured double bond.147a, 147b 

Substituents in positions 3 and 6 were varied to alkyl groups, protons or heteroaryl moieties. 

Here, dialkyltetrazines (2) display the slowest rate constant of 102 M-1s-1 due to the weak 

donating characteristics of the alkyl moieties.147b Tetrazines, carrying an alkyl and an aryl (3) 

react with a slightly faster rate constant in the range of 102 - 103 M-1s-1.147b, 147c The 

introduction of heteroatoms into aryl rings such as pyridinyl or pyrimidyl substituents (5-7) 

further accelerate the reaction rates up to another magnitude.147c 7 is therefore on par with 

monosubstituted tetrazines (4), which were the fastest reacting tetrazines in that study, owing 

to a decrease in steric hindrance.147b Due to high cell permeability they have often been used 

for intracellular labeling.58a, 147b, 149 Donor-substitution of tetrazines (1), for example with 

amines, leads to a higher LUMO, therefore they display the lowest kinetics (10-3 M-1s-1 with 

TCO) towards dienophiles.147b, 150 Their reactivity can be recovered by 400-700-fold to 0.5-

9.5 M-1s-1 by acylation of the amino moiety.150 An increase in reactivity does however often 

correlate with a decrease in stability. Monosubstituted tetrazines and other reactive tetrazines 

are prone to degradation and show reactivity towards cysteines, which is a problem for 

application in in vivo settings.147b, 151 

 

 
Figure I.12: Reactivity of tetrazines and dienophiles in an iEDDAC 

 

The reaction rates of iEDDA cycloadditions also depend strongly on the dienophiles used. 

Unstrained olefins like terminal alkenes (10) display slow reaction rates of ≤10-2 M-1s-1 with 

tetrazines.152 A boronic acid substituent (11) in vinylogous position can increase these rates 
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up to 27 M-1s-1, but this seems to be only the case with dipyridyltetrazines possibly due to 

coordination of the boron atom to the pyridyl nitrogen.153 With monosubstituted tetrazines 

they displayed a much lower reactivity than expected. Introduction of ring strain is the main 

factor influencing the kinetics. Norbornene (14), which has a relative ring strain of 

27.2 kcal/mol154, was one of the first dienophiles described for use in biological 

applications.149 Vrabel et al. performed a study on the influence of different substituents on 

norbornene on the reaction rates with dipyridyltetrazine. The fastest reaction rate was 

observed for exo-5-norbornene-2-methanol with 5 M-1s-1. The endo product reacted 4 times 

slower. Further decrease could be identified in the presence of a carboxyl moiety in place of 

the donating methanol substituent and also by the incorporation of heteroatoms into the 

norbornene scaffold, which decrease electron density and lower the involved HOMO.155 Also 

cyclooctynes (13) have been used as dienophiles in iEDDAC with tetrazines, but due to the 

lower ring strain of 20 kcal/mol compared to norbornene, they react more sluggishly.121, 147e, 

156 With monosubstituted tetrazines they react slightly faster.156-157 DFT calculations propose 

these reactions follow a normal electron demand DA cycloaddition instead of inverse-electron 

demand, due to the electrophilicity of the cyclooctyne.157c 

 

Cyclopropene (Cp, 15) is the smallest cyclic alkene and possesses an increased ring strain 

(54.5 kcal/mol154), which results in faster reaction rates. The first indication that the 

placement of substituents has an influence on the reactivity of Cp was demonstrated by 

Thalhammer et al. in the 1990s. For 3,3-dimethylcyclopropene they observed a 1000-fold 

decrease of the reaction rate, compared to 3-methylcyclopropene.146 Cps without C1 

substituent display a higher reactivity, but were found to degrade overnight. The introduction 

of a methyl substituent in position C1 as reported by Devaraj and coworkers in 2012 is 

important to facilitate stability under physiological conditions to reach a balance between 

displaying a certain degree of reactivity towards tetrazines (up to 2.8 M-1s-1), while being 

stable enough for a longer period of time.158 Kamber and colleagues confirmed these results 

and reported the selective modification of model tetrazines with 1,3-disubstituted 

cyclopropene in the presence of 3,3-disubstituted, characterizing them orthogonal to each 

other. Electron-donating moieties like hydroxyl- or aminomethyl groups on the Cp moiety 

demonstrate an enhancement of the rate constants of about two orders of magnitude in 

contrast to electron-drawing moieties like carboxyl substituents.147f 

 

Bicyclo[6.1.0]nonyne (BCN, 16), initially developed by Dommerholt et al. as a novel ring-

strained alkyne for metal-free cycloaddition reactions with azides and nitrones, was found to 

react ~1000 times faster (102-103 M-1s-1) with tetrazines than the fastest norbornene 

derivative.58a, 159 The ring strain of BCN is increased by the fusion of a cyclopropane ring. 

Even faster reaction rates were observed between dipyridyltetrazines and TCO (17, 103-

104 M-1s-1), in which the double bond is forced into the less stable trans configuration of the 

8-membered ring.147a, 160 The first application in water, cell media and cell lysate of the 

tetrazine ligation using TCO was reported in 2008 by Fox and coworkers.147a They developed 

an even more reactive dienophile bicyclo[6.1.0]non-4-ene-9-ylmethanol (sTCO, 19), by 

fusing a cyclopropane ring in cis to TCO forcing it to adopt a highly strained half-chair 

conformation.147g sTCO displays reaction rates with different tetrazines in the range of 105-

106 M-1s-158a, 147g, 161, however inactivation of sTCO was observed in several in vivo 
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applications by isomerization to the more stable and thus less reactive isomer.56b, 58a, 151b A 

dioxolane fusion instead of the cyclopropane ring was able to stabilize the resulting strained 

dTCO (18) under physiological conditions, while retaining its high reactivity.162  

 

Chemical manipulation of the electronic properties of 1,2,4,5-tetrazines by substituting 

positions 3 and/or 6 and introduction of ring strain and EDGs into the reacting dienophile 

enable to modulate the reaction rates of iEDDAC cycloadditions under physiological 

conditions by 7-8 orders of magnitude. This allows to meet the demands of various 

applications in a biological context and to design orthogonal bioorthogonal reactions. 

 

 

I.4.2 Synthesis strategies for tetrazines 

1,2,4,5-tetrazines are known since the beginning of the 20th century. First reports date back to 

1893 and 1897, when Adolf Pinner published a synthesis from imidoesters and hydrazine, 

which is still known as the Pinner synthesis (Scheme I.2a).163 Hydrazine attacks the 

imidoester in a nucleophilic manner under release of alcohol and formation of a 

monohydrazidine, an amidrazone, which can be described by two tautomeric structures, 

hydrazoneamide and imidohydrazide. Excess of hydrazine leads to formation of the 

dihydrotetrazine by condensation of two amidrazones and release of two ammonia molecules 

upon ring formation. In the following step, the tetrazine is obtained by oxidation,164 utilizing 

nitrous acid165, nitrous gases,166 ferric chloride,167 bromine,168 hydrogen peroxide,166 DDQ169 

or sodium nitrite143a in acidic media, the latter being most widely applied. 

 

 
Scheme I.2: a) Mechanism of 1,2,4,5-tetrazine by Pinner synthesis. b) Various starting materials used for the formation of 

tetrazines. 

 

The same mechanism is assumed for the synthesis of 1,2,4,5-tetrazines (also known as s-

tetrazines) from hydrazine hydrate and electrophilic compounds such as nitriles,143b, 170 the 

currently most widely used method to synthesize tetrazines. The reaction differentiates only in 

the starting materials used for the formation of the amidrazone. Other reactants apart from 

nitriles that produce symmetric 1,2,4,5-tetrazines include thioamides,171 acid hydrazides,172 

ethyl diazoacetate,173 diaminoguanidine and S-methylthiosemicarbazide (Scheme I.2b).165 The 

different starting materials enabled access to symmetric tetrazines with various substituents, 

although in poor yields. A first improvement in this direction was the addition of elemental 

sulphur to the reaction mixture as a catalyst, which was proposed to activate hydrazine for 

nucleophilic attack on the first nitrile (Scheme I.3).174 Subsequently, the formed amidrazone 
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can attack on a second nitrile, followed by cyclization to 1,2-dihydrotetrazine, which can then 

be oxidized to the tetrazine.  

 

 
Scheme I.3: Proposed mechanism in literature174 for the sulfur-induced synthesis of 1,2,4,5-tetrazines. 

 

A number of aromatic substituted dihydrotetrazines could be generated with yields from 70 to 

95 %. However, the yields of aliphatic tetrazines could not be improved with this method.175 

The synthetic accessibility of asymmetric 1,2,4,5-tetrazines has proven to be more difficult. 

First attempts included thermal decomposition of 3-azido-s-triazoles to the corresponding 

tetrazines176 and the transformation of C-phenyl-N-guanyl-N’-5-tetrazolylformazan into 3-

bromo-6-phenyl-1,2,4,5-tetrazine by treatment with bromine in acetic acid (Scheme I.4).168 

These conditions are not only quite hazardous, but the reactions in the latter case reactions 

have to be performed behind a blast shield due to the risk of detonation.177  

 

 
Scheme I.4: First approaches to synthetically access asymmetric 1,2,4,5-tetrazines from a) 3-azido-s-triazoles b) C-phenyl-

N-guanyl-N’-5-tetrazolylformazan. 

 

More promising methods modified the original Pinner synthesis of symmetric tetrazines. 3-

Alkyl(or hydro)-6-Aryl-tetrazines were obtained from the reaction between benzimidates, 

different substituted amidines and hydrazine hydrate (Scheme I.2a,b).167, 178 The yield of 

asymmetric tetrazines in these reactions is strongly influenced by the size and steric hindrance 

of the alkyl substituted amidines and the reactivity of alkyl imidates.167  

 

Another approach applies the functionalization of 3-S-methylthio-177, 179 or 3,6-bis(S-

methylthio)-1,2,4,5-tetrazine180 via nucleophilic substitution of the S-methylthio moieties. 

Thiocarbonohydrazide acts as precursor and can be reacted with bis(carboxymethyl) 

trithiocarbonate (Scheme I.5a),181 or in the methylated form with (phenyl-

carbonothioyl)sulfanyl acetic acid,177, 179 orthoesters182 or amide acetals182 to obtain the 

thiomethylated tetrazines (Scheme I.5b). Hiskey expanded the synthetic procedures of 

tetrazines with a new method to prepare bisamino- and bishydrazino-1,2,4,5-tetrazines166, 

which can be further modified with chlorine183 or trichloroisocyanuric acid184 for a more 

convenient handling (Scheme I.5c). Triaminoguanidine and 2,4-pentanedione react in aqueous 
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media to generate 3,6-bis(3,5-dimethylpyrazolyl)-1,2,4,5-tetrazine after oxidation with 

nitrogen dioxide.166 Through the selective displacement of one chlorine atom in 3,6-dichloro-

1,2,4,5-tetrazines by different nucleophiles, diverse tetrazines modified in position 6 could be 

produced. These tetrazines in turn find application in cross-coupling reactions with terminal 

alkynes, using Sonogashira conditions (Scheme I.5d).185 6-Morpholino substituted 3-S-

methylthio-s-tetrazines are suitable starting materials for Suzuki cross-coupling reactions with 

boronic acids or Stille cross-couplings with organostannane derivatives of aromatic ring 

systems.186  

 

 
Scheme I.5: Various synthetic approaches towards tetrazines for further asymmetric modification.  

a) Synthesis 3,6-bis(S-methylthio)- or b) 3-S-methylthio-subsituted tetrazines as precursors for asymmetric modification by 

nucleophilic substitution of the S-methylthio moieties. c) Preparation of bischloro-1,2,4,5-tetrazines, that can be transformed 

d) by attack of a nucleophile and subsequent cross-coupling reactions. 

 

Most of the aforementioned methods produce 3,6-substituted 1,2,4,5-tetrazines with one 

moiety donating electron density to the aromatic heterocycle as a result of the nucleophilic 

substitution reactions used for their synthesis. This leads to a loss in reactivity of the tetrazine 

towards dienophiles. Only synthetic procedures applying Pinner synthesis lead to tetrazines 

with alkyl or aromatic substituents. Nevertheless, this method has proven especially difficult 

in accessing asymmetric tetrazines, due to a statistical mixture of symmetric and asymmetric 

products. Devaraj and colleagues found that the addition of transition metal compounds 

during the synthesis of tetrazines from nitriles and hydrazine improves the yields of known 

symmetric and asymmetric tetrazines, making novel tetrazines synthetically accessible.187 The 

transition metal ions are thought to coordinate the nitrile to promote amidrazone formation 
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(Scheme I.6), but the mechanism is not completely understood. Zinc(II) salts are thought to 

activate less reactive alkyl nitriles, while Ni(II) salts give better yields with aromatic nitriles. 

 

 
Scheme I.6: Possible mechanism for transition metal catalyzed tetrazine formation 

 

Regardless of the challenges to synthesize asymmetric tetrazines that still remain, via this 

approach a variety of tetrazine probes for fluorescence and PET imaging have been 

synthesized.188 

 

 

I.4.3 Synthesis strategies for dienophiles 

The introduction of strain energy is a very important feature in designing and tuning reactivity 

for bioorthogonal reactions and has found widespread application in organic synthesis. 

Cycloalkenes and –alkynes are highly reactive dienophiles and dipolarophiles in 

bioorthogonal reactions, which lead to the development of a number of different strained 

alkenes and alkynes for various biological applications.119  

 

The aforementioned alkene and alkyne derivates (norbornene, cyclopropene, trans-

cyclooctene and bicyclo[6.1.0]nonyne) are the most widely used dienophiles for iEDDAC 

reactions with tetrazines, due to their small size (Nor and Cp) and/or their fast reaction rates 

(BCN, TCO). Norbornene derivatives (Scheme I.7a) can be easily produced from 

cyclopentadiene and alkenes, bearing electron-drawing groups, utilizing a Diels-Alder 

reaction with normal electron demand, typically facilitated by Lewis acids (e.g. a borane-THF 

complex).189 The synthesis of Cp, TCO and BCN derivatives is a bit more complex. Fox and 

coworkers published a gram-scale synthesis of TCO (Scheme I.7b) by photoisomerization of 

cis-cyclooctene at 254 nm in continuous flow through a silver nitrate modified silica gel 

column. The silver(I) ions selectively coordinate the trans-isomer, while the cis-isomer 

eluates from the column and can be recycled. Active removal of the trans-isomer is achieved 

by extraction of the silica gel.190 The generation of bicyclic TCO derivatives further enhances 

the ring strain. sTCO (Scheme I.7c) is synthesized by rhodium(II)-catalyzed cyclopropanation 

of cycloocta-1,5-diene from diazoacetate, followed by photoisomerization of the double bond 

to the trans-isomer.147g The more stable dTCO bears a dioxolane ring fused to TCO. 

Cycloocta-1,5-diene is oxidized to the corresponding cyclooct-5-ene-1,2-diol, which is then 

condensed with glycolaldehyde dimer to the dioxolane. Finally, the obtained bicycle is 

photoisomerized to the reactive trans-isomer (Scheme I.7d).162 BCN (Scheme I.7e) was 

developed for application as 1,3-dipolarophile in a strain promoted click reaction by Delft and 

coworkers. The cyclopropane ring is fused to cycloocta-1,5-diene by rhodium(II) catalysis, 

followed by building of the alkyne moiety by bromination and subsequent elimination.159 1,3-

disubstituted cyclopropenes were reported in 2012 by Devaraj and coworkers as small 

dienophiles for iEDDAC. The cyclopropene ring is formed by a [2+1]-cycloaddition between 

ethyl diazoacetate and 1-(trimethylsilyl)-propyne using rhodium(II) acetate as the catalyst 
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(Scheme I.7f).191 In the second step the obtained cyclopropene-bearing ester is reduced to an 

alcohol for further functionalization, as the carboxyl substitution displayed slower kinetics 

due to its electron-withdrawing properties. The trimethylsilyl moiety is introduced to reduce 

volatility of the products for more comfortable handling and can be easily removed by a 

tributylammonium fluoride (TBAF) solution in tetrahydrofuran.192  

 

 
Scheme I.7: Synthetic routes towards strained dienophiles. a) Nor, b) TCO, c) sTCO, d) dTCO, e) BCN and f) Cp. 
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I.4.4 Biological applications 

The fast kinetics of the Diels-Alder reaction with inverse electron demand between tetrazines 

and various dienophiles and their stability under physiological conditions makes it suitable to 

address diverse biological problems. In 2008, two independent groups around Joseph Fox147a 

and Scott Hilderbrand149 demonstrated the new bioorthogonal bioconjugation reaction by 

labeling proteins in vitro and in vivo. Fox and coworkers illustrated the tetrazine ligation 

between trans-cyclooctene (TCO) and 3,6-dipyridyl-1,2,4,5-tetrazine to be fast, quantitative, 

occurring under physiological conditions and producing only nitrogen as a non-toxic 

byproduct, fulfilling all the criteria for a successful, bioorthogonal reaction. To show 

successful labeling in context of a biomolecule, they functionalized thioredoxin via a 

cysteine-reactive maleiimide with a TCO moiety. After subsequent labeling in vitro with a 

3,6-dipyridyl-1,2,4,5-tetrazine derivate, ESI-MS confirmed the dihydropyridazine conjugation 

product.147a Hilderbrand and coworkers used the iEDDAC between a norbornene-antibody-

conjugate and fluorophore-modified 3-(4-benzylamino)-1,2,4,5-tetrazine to visualize a 

receptor on the cell surface of SKBR3 human breast cancer cells after pretargeting of the 

antibody via fluorescence imaging.149 Since these initial publications 1,2,4,5-tetrazines and 

their use in Diels-Alder reactions with inverse electron-demand with strained alkenes and 

alkynes received a great deal of new attention and has been applied to all kinds of 

biomolecules for fluorescence and positron emission tomography (PET) imaging of live cells 

and live animals. Modified sugars were used to study glycosylation of cell surfaces and both 

DNA and RNA were labeled via tetrazine ligation. A new aspect in the last years was the used 

of iEDDAC as reaction to activate enzyme function by chemically decaging masked amino 

acids or release of drugs from masked prodrugs. These applications will be discussed in 

further detail in the next chapters. 

 

 

I.4.4.1 Fluorescence labeling  

A further improvement to the use of fluorescent proteins and primary antibody-fluorophore-

conjugates for fluorescence imaging was the implementation of the bioorthogonal iEDDAC 

reaction to allow multistep labeling. Receptors, for example the HER2/neu receptor on the 

surface of human breast cancer cells or the EGFR receptor on a lung cancer cell line, were 

pretargeted via an antibody, equipped with a norbornene or a TCO moiety. In a second step 

these were labeled with tetrazine-bound fluorophores.149, 193 Tetrazine-BODIPY 

(borondipyrromethene) conjugates were found to display quenched fluorescence, which can 

be activated by an iEDDAC reaction with a strained dienophile. Fluorescence was observed to 

be 15 to 20-fold higher in the ligation product. These dyes were applied to the visualization of 

microtubules in live kangaroo rat kidney cells pretargeted by taxol, modified with TCO.194 

The introduction of a rigid linker into tetrazine-BODIPY or tetrazine-coumarin dyes further 

quenched the fluorescence up to a 400-1600- or 4000-fold, respectively.188a, 188d, 195 

Advantages of such dyes are improved signal-to-noise ratios due to a decreased background 

fluorescence, which renders washing steps unnecessary. This could be observed imaging the 

distribution of phospholipids in human breast cancer cells, using a cyclopropene tagged 

phospholipid, with a tetrazine-BODIPY FL (BODIPY exhibiting green fluorescence) 

conjugate. Cyclopropene-tetrazine ligation exhibits slower reaction rates, but Cp is small in 
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size and displays a greater stability than TCO, which loses reactivity due to isomerization to 

the unreactive cis-cyclooctene.196  

 

An alternative strategy involves the application of lipoic acid labeling to covalently attach a 

derivative of lipoic acid to the protein of interest and subsequently label it via iEDDAC. Ting 

and coworkers attached a TCO modified short fatty acid to receptor proteins on the cell 

surface, as well as intracellular proteins like actin and vimentin and visualized them via 

chemoselective labeling with tetrazine dyes.197 Wombacher and coworkers used a similar 

two-step labeling approach to introduce norbornene as well as tetrazine moieties onto proteins 

in cell lysate and on the cell surface in living cells and react them with fluorophores bearing 

the corresponding moiety for an iEDDAC reaction.33-34  

 

In the last few years, Chin and workers, as well as other groups have developed various 

PylRS variants to incorporate analogues of lysine bearing norbornene (NorK), cyclopropene 

(CpK), cyclooctyne (SCOK), bicycle[6.1.0]nonyne (BCNK) and different trans-cyclooctyne 

(TCOK, TCOK*) moieties into proteins via GCE in E. coli and mammalian cells (Figure 

I.13).58a, 147c, 198 These strained alkene- and alkyne-containing uAAs are chemoselectively 

labeled with tetrazine-fluorophore conjugates on proteins and in live cells in an iEDDAC 

reaction with reaction rates in the range of 10-104 M-1s-1. This combination of GCE and 

iEDDAC allowed the expression and labeling of proteins in E. coli and mammalian cells both 

intracellularly and on the cell-surface. An optimized PylRS system for the incorporation of 

BCNK and TCOK together with a modified labeling protocol, made it possible to visualize 

EGFR on the surface of HEK cells and intracellular protein targets actin and vimentin in live 

COS-7 cells with a tetrazine-SiR dye using super-resolution microscopy.58b  

 

 
Figure I.13: Various uAAs for iEDDAC labeling bearing strained alkenes/alkynes or tetrazine moieties. 
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So far, no PylRS/tRNACUA pair accepts unnatural amino acids bearing tetrazine functionalities 

as substrates. Two different tetrazine amino acids (Figure I.13) were incorporated into GFP 

expressed in E. coli using evolved TyrRS/tRNACUA pairs from M. jannaschii and labeled with 

sTCO-containing dyes in vitro and in vivo. The tetrazine amino acid developed by Seitchik et 

al. suffered from slower reaction rates, due to the amino group directly attached to the 

tetrazine moiety. Incorporation of tetrazine amino acids at position 150 in GFP was observed 

to have a quenching influence on its natural fluorescence, which was regained by labeling 

with TCO.56b This can also be used to determine reaction kinetics between the reaction 

partners directly on the protein. Mehl and coworkers later reported the synthesis of a more 

rigid tetrazine amino acid without a donor substituent, which therefore displayed better 

reaction rates.151b 

 

 

I.4.4.2 Controlling enzyme activity via iEDDA cycloadditions in live cells 

IEDDA cycloadditions have not only been used to label protein site-specifically for 

fluorescence imaging, but the bioorthogonal tetrazine ligation can also be used to selectively 

manipulate enzyme activity in living cells. Chin and coworkers developed a method based on 

genetic code expansion and bioorthogonal reactions called bioorthogonal ligand tethering 

(BOLT).199  

 

 
Figure I.14: Enzyme activity is controlled and manipulated via bioorthogonal ligand tethering (BOLT) a) proximity-driven 

inhibition of proteins via a low affinity inhibitor b) reversible manipulation of the protein via a photo-switchable moiety in 

the linker199 

 

This approach allowed the selective inhibition of mitogen activated protein kinases MEK1 

over MEK2, which has not been possible using small molecule inhibitors, as MEK1 and 

MEK2 share 82 % sequence identity.200 MEK1 and MEK2 are key players in the MAP kinase 

signaling pathway involved in regulation of eukaryotic growth and development.201 BCNK or 

CpK were incorporated close to the active site of MEK1 in response to the amber codon and 

tetrazine conjugates of small molecule inhibitors of MEK1 covalently linked to MEK1 via 

iEDDAC. This lead to the rapid inhibition (iBOLT) of the tethered MEK1, while endogenous 

MEK1 or MEK2 in the cell are not affected (Figure I.14a). 202 To modulate the activity of the 

target protein by light-induced inhibitor binding or unbinding, an photo-isomerizable moiety 

was introduced into the linker of the tetrazine-inhibitor conjugate.199 Upon tethering to MEK1 
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light of different wavelength were used to switch between cis and trans conformation of the 

photoswitch, enabling Chin and coworkers to control MEK1 activity in live mammalian cells 

by light (Figure I.14b).199 

 

 

I.4.4.3 Radionuclide labeling for PET Imaging 

The tetrazine ligation with its fast kinetics is an ideal choice for molecular probes bearing 

positron-emitting radionuclides (11C, 13N, 15O and 18F) for positron emission tomography 

(PET) or nuclides for single photon emission computed tomography/computed tomography 

(SPECT/CT), which are otherwise synthetically difficult to access and have a short half-life 

like fluorine-18 (t1/2 ≈ 110 min) and carbon-11 (t1/2 ≈ 20 min). Especially, 18F is complicated 

to introduce into complex molecules due to the poor nucleophilicity of the fluoride. Synthetic 

strategies to endow TCO,203 sTCO,204 norbornene205 as well as tetrazine206 scaffolds with 18F 

or 11C were reported by different groups.207 PET imaging in vivo and live animals was 

performed with tetrazine modified Poly(ADP-Ribose)-Polymerase 1 (PARP1) inhibitors, 

which were labeled with 18F-bearing dienophiles in PARP1-overexpressing cancer cells or 

PARP1 mouse models.208 Tetrazine conjugates of a cyclic RGD-peptide and the vascular 

endothelial growth factor (VEGF)-SH protein were modified with 18F-TCO for microPET 

imaging of tumor–bearing mice.209 Robillard and coworkers were the first to apply the 

iEDDAC for pretargeted tumor imaging in living mice. They developed a method, where a 

tumor marker pretargeted with a monoclonal antibody (mAb)-TCO conjugate, followed by 

modification of the radiolabeled tumor-bound mAb via tetrazine ligation. In this case an 

antigen which is overexpressed in a number of different cancer types was pretargeted in living 

xenografts with colon cancer. Tetrazine-DOTA complexing 111In was then administered 

before SPECT/CT imaging. This pretargeted two-step labeling method allowed the 

application of a higher (therapeutic) radiation dose compared to directly labeled mAbs.210 

Lewis and coworkers expanded this pretargeting approach to modularly synthesize probes 

bearing different radionuclides for PET and SPECT imaging of HER2 expressing and 

colorectal cancer cells.211 In addition to antibodies, supramolecular nanoparticles212 have been 

used to pretarget universal tumor phenotypes as well as a pH (Low) Insertion Peptide 

(pHILIP) that directs radiolabeled liposomes for the delivery of radiodiagnostics and 

radiotherapeutics to tumor tissue.213 

 

 

I.4.4.4 Labeling of nucleic acids 

Nucleic acids like DNA or RNA are the fundamental basis of all kingdoms of life and play an 

essential role for storing and transferring genetic information. To understand their function 

concerning catalysis or dynamics in live cells is of great interest.214 Bioorthogonal 

modification would enable labeling, visualization and tracking of nucleic acids in living 

systems. Early attempts altered nucleobases for immunohistochemical staining.215 Other 

approaches to transform nucleobases were based on N-hydroxysuccinimide (NHS)-ester 

chemistry before the application of bioorthogonal reactions such as CuAAC. These 

approaches suffer from limitations, either the necessity of a high excess of label or the non-

applicability in vivo due to high concentrations of Cu(I).216 To overcome these limitations, 
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iEDDAC was applied for nucleic acid labeling. Therefore, dienophile-modified nucleotides 

were used in solid-phase synthesis to site-specifically introduce them into DNA and RNA 

oligonucleotides, which were post-synthetically labeled with tetrazine-fluorophore 

conjugates.161a, 214, 217 Kath-Schorr and coworkers were able to label in vitro synthesized 

norbornene-modified siRNA with a tetrazine-dye conjugate after transfection into mammalian 

cells.218  

 

Apart from chemical methods, DNA and RNA modified with dienophiles could be prepared 

by in vitro transcription. One approach uses a norbornene-modified guanosine initiator 

nucleotide214, which is attached on the 5’-end of RNA by a T7 RNA polymerase recognizing 

a defined promoter, which in turn has a G nucleotide as +1. Base (Figure I.15a).219 

Nucleotides have also been modified with a TCO moiety at position 5 on the pyrimidine ring, 

resulting in a cytidine triphosphate (CTP) for labeling of RNA217b or a thymidine triphosphate 

(TTP) analogue for DNA (Figure I.15a).220 The group of Kath-Schorr was able to site-

specifically introduce a norbornene221 and a cyclopropene moiety222 into RNA applying 

unnatural base pairing between an unnatural base pair developed by Romesberg and 

coworkers.223 This enabled labeling with tetrazine-fluorophore or tetrazine-biotin conjugates 

post transcription. Wang and coworkers performed in vitro cell imaging using a known 

aptamer modified via incorporation of TCO-TTP in HeLa cells.224  

 

 
Figure I.15: Labeling of nucleic acids.  

a) different dienophile-modified DNA and RNA nucleobases (AMdU = Azidomethyldesoxyuridine, EdU = 5-ethynyl-2’-

desoxyuridine, TCO-C = TCO modified cytidine) and nucleotides (Nor-G = norbornene modified guanosine initiator) b) site-

specific labeling of the 5’-cap of mRNA c) 5-vinyl-2’-desoxyuridine (VdU) probe for DNA labeling in live cells d) template-

directed mRNA detection with a fluorogenic probe. 

 

The Rentmeister group reported a method to site-specifically modify the 5’-cap typical of 

eukaryotic mRNA with bioorthogonal handles for two-step labeling (Figure I.15b). Highly 

promiscuous methyltransferase Ecm1 from Encephalitozoon cuniculi or an engineered 
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trimethylguanosine synthase variant (GlaTgs2-Var1) from Giardia lamblia transfer 4-

vinylbenzyl and other moieties from a modified S-adenosylmethionine analogue to different 

positions on the 5′-cap structure of mRNA.225 The labeling was performed in cell lysate from 

eukaroytes and might be used in vivo in the future to modify mRNA. Combination of the two 

enzymes, which display a different regioselectivity allows the modification with orthogonal 

bioorthogonal handles and subsequent labeling for FRET studies or with different reporters.226 

To study cellular DNA, Rieder and Luedtke developed a small probe (5-vinyl-2’-

deoxyuridine, VdU), which was metabolically incorporated into genomic DNA of HeLa cells 

and visualized by tetrazine ligation with a fluorescent dipyridyltetrazine derivative (Figure 

I.15c).227 Even though the reaction between terminal alkenes and tetrazines displays very slow 

reaction rates compared to strained alkenes, the labeling was still faster than a strain-promoted 

alkyne-nitrone cycloaddition (SPANC). Application of orthogonal probes VdU and 5-ethynyl-

2’-deoxyuridine (EdU) allowed time-resolved, multicolor labeling of DNA synthesis227b.  

 

Devaraj and coworkers applied the iEDDAC reaction for template-directed DNA ligation 

(Figure I.15d). They modified oligonucleotides with tetrazine quenched fluorophore 

conjugates and cyclopropene groups, which can form a highly fluorescent product upon 

hybridization of the oligonucleotides to a complementary DNA template strand.228 An 

optimized strategy uses oligonucleotides bearing a 7-azabenzonorbornadiene derivative as 

dienophile, which undergoes a Retro Diels-Alder reaction after initial iEDDAC ligation, 

leading to a transfer reaction between dienophile and fluorogenic tetrazine. This enabled 

reaction turnover and amplification of the fluorogenic signal, which was employed to detect 

DNA and microRNA templates in cell lysate and live cells.229 In 2016 the same group 

developed oligonucleotides with fluorogenic probes in the near-infrared for the detection and 

imaging of mRNA in vitro and in live cells. The fluorescence is activated by DNA or RNA 

template directed tetrazine decaging of a vinyl ether moiety on the probe.230 

 

 

I.4.4.5 iEDDAC for labeling of glycans and lipids 

Glycosylation is the enzymatic attachment of glycans (saccharides) to various 

macromolecules that takes place post-translationally in all kingdoms of life and is involved in 

different important cellular processes such as signaling, protein folding and stability, as well 

as exchange of information between cells. Disruption of glycosylation is involved in the 

development of various diseases like cancer, which makes it an interesting target to study in 

live cells or animals.  

 

Metabolic labeling is the most common method used for visualization of glycosylation on the 

cell surface. Affinity-based strategies using lectins and antibodies suffer from poor tissue 

penetrance and low affinity.231 Therefore the group of C. Bertozzi developed a method which 

introduces an unnatural sugar derivative modified with a bioorthogonal handle via metabolic 

uptake into the glycosylation pattern. After reaction with the bioorthogonal counterpart, 

glycans can be imaged.232 Several groups were able to modify a number of different sugar 

molecules with different dienophiles to employ in iEDDAC reactions with tetrazines. 

Prescher and coworkers were the first to introduce a 1,3-substituted cyclopropene moiety via 
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amide linkage into neuramic acid and visualize cell surface glycosylation of live Jurkat cells 

after metabolic uptake.192 The 1,3-Cp group could also be incorporated into mannosamine 

derivatives to image human breast cancer and colon cancer cell lines .233 The Wittmann group 

reported a N-acetyl-mannosamine sugar modified with 1,3-Cp via a carbamate linkage, which 

was reported to display faster reaction rates in a iEDDAC with tetrazines to visualize the cell 

surface of HEK 293T cells (Figure I.16a).234 Other bioorthogonal handles attached to 

mannosamine derivatives for use in metabolic glycoengineering include norbornene 

moieties235 and terminal alkenes.236 A two-step labeling approach was reported by Brindle 

and coworkers to image cell surface glycosylation in live mice. Their bifunctional probes, 

carrying a TCO and a functionality for SPAAC or Staudinger ligation, were reacted with an 

azido-labeled galactosamine derivative, incorporated into the cell surface via metabolic 

uptake. Administering a tetrazine dye allowed the read-out via fluorescence.237 The Wittmann 

group developed an approach to visualize the protein-specific glycosylation in live cells 

(Figure I.16b). N-acetylglucosamine bearing a methylcyclopropene tag was metabolically 

incorporated into the glycome including the protein of interest, which is expressed as a GFP 

fusion. After iEDDAC with a tetrazine-fluorophore derivative, FRET can be measured 

between GFP and the fluorophore and used as a read-out for the glycosylation state of the 

protein in living cells.238  

 

 
Figure I.16: iEDDAC reactions for the imaging of glycosylation.  

a) Labeling of cell surface glycosylation after metabolic uptake of Cp-tagged sugar analogs b) Visualization of glycosylation 

of a protein of interest (POI) inside living cells through metabolic incorporation and iEDDAC with tetrazine-fluorophore 

conjugates 

 

Very recently, the same group reported the metabolic labeling of HEK 293T cell surface with 

mannosamine derivatives bearing three different functionalities for triple orthogonal labeling 

with iEDDAC, SPAAC and photo-Click reactions.239 The systemic application of a BCN-
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functionalized sialic acid allowed Bertozzi and coworkers to follow sialylation during 

zebrafish embryogenesis by in vivo fluorescence imaging with sub-cellular resolution.231a In 

contrast to the methods using metabolic incorporation described above, Winssinger and 

coworkers reported an approach to site-specifically and artificially glycosylate a protein. They 

introduced different glycans via tetrazine ligation into target proteins in E. coli via genetically 

incorporated uAAs TCOK or BCNK.240  

 

Devaraj and coworkers reported the synthesis of a 1,3-Cp bearing phospholipid to image the 

distribution of phospholipids in live cells via fluorogenic tetrazines.196 The Schepartz group 

employed the incorporation of a TCO-modified ceramide lipid into the Golgi apparatus to 

visualize its structure and dynamics by super resolution microscopy in live cells. Therefore, 

they administered a cell permeable near-infrared dye-tetrazine derivative, which reacted in an 

iEDDAC with the TCO moiety and allowed prolonged live-cell imaging.241 

 

 

I.4.4.6 Orthogonal bioorthogonal reactions 

The application of bioorthogonal reactions in vivo has enabled to uncover information on 

structure and function of the labeled and manipulated biomolecules in their natural 

environment. However, as biomolecules are part of a multi component network in living 

systems and therefore need to be observed as part of those, bioorthogonal chemistries which 

can be applied in parallel are of great interest. The development of bioorthogonal chemistries 

that are orthogonal to each other is very challenging as many of the known bioorthogonal 

reactions rely on the same functionalities, for example azides can react in Staudinger 

ligations, CuAAC and SPAAC.242 By now a number of reactions have been identified that are 

orthogonal to each other and have been applied in vivo for labeling of two different 

biomolecules or one biomolecule with two different functionalities for example to study 

protein folding via FRET.243 

 

Tetrazines and strained alkenes like cyclopropenes, norbornenes and TCOs react together in 

an iEDDA cycloaddition, but they do not show any reactivity towards azides (Figure I.17a,b), 

which renders them orthogonal to CuAAC and SPAAC reactions,161a, 220, 236-237, 244 which was 

employed for the double labeling of DNA,220 sugars234, 236 and proteins.245 Orthogonality of 

the iEDDAC reaction can be modulated by electronic or steric manipulation of the reaction 

partners. Introduction of EWGs or EDGs into position 3 and/or 6 into tetrazines strongly 

influences their reactivity as described above. Strained alkenes/alkynes can also be 

manipulated by changes in steric or electronic properties. Hilderbrand and coworkers reported 

the introduction of two benzo moieties into the cyclooctyne scaffold that diminished reactivity 

towards 3,6-disubstituted tetrazines, but readily reacted with azides (Figure I.17b). The 

combination of this SPAAC reaction and the iEDDAC with TCO enabled selective, multi 

target imaging of co-cultured human breast cancer cells and human epidermoid carcinoma 

cells.246 Kinetic studies on iEDDAC reactions by the Chin group revealed that iEDDAC 

reactions can be performed in parallel without displaying any interference with each other 

(Figure I.17c). Therefore, they incorporated a norbornene derivative of lysine and a 

deactivated tetrazine amino acid into calmodulin using an evolved ribosome that decodes the 
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amber codon and a quadruplet codon to introduce the uAAs. The amino-substituted electron-

rich tetrazine reacts only sluggishly in an iEDDAC and does not display any reactivity 

towards the norbornene moiety which has only a moderate ring strain. The two uAAs were 

sequentially labeled with BCN and an electron-poor dipyridyltetrazine.247 Bonger and 

coworkers introduced a boronic acid substituent in vinylogous position of the dienophile, 

which displayed enhanced reaction rates towards pyridyl- or dipyridyltetrazines due to 

coordination of the boronic acid to the nitrogen atom of the pyridyl substituent. Pyrimidyl 

substituents display significantly lower reaction rates, which is probably due to a lower 

basicity and therefore reduced coordination of the nitrogen atoms to the boron atom. This 

enabled modification of proteasome with norbornene- and vinylboronic acid-conjugates of 

different proteasomal inhibitors and sequential labeling with pyrimidyl- and pyridyl-

substituted tetrazine-fluorophores respectively (Figure I.17d).153  

 

 
Figure I.17: Orthogonal bioorthogonal reactions. 

 a) iEDDAC and CuAAC b) SPAAC and iEDDAC c,d) two sequential iEDDACs e) iEDDAC with TCO and normal DA 

with SCO f) iEDDAC and Photo-Click g) iEDDAC and SPSAC h) Photo-Click and SPSAC 
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Lemke and coworkers reported a modified cyclooctyne dienophile bearing a propagylic 

carbamate linkage (SCO), which reacts only with monosubstituted tetrazines due to the steric 

hindrance of disubstituted ones, while BCN and TCO react with nearly all tetrazines (Figure 

I.17e). The approach was used for pulse-chase dual labeling of proteins on the cell surface and 

virus-like particles.157b To understand the underlying principles of this orthogonality the group 

performed DFT calculations and further experiments and found that the carbamate group 

renders SCO more electrophilic and leads to a more favorable interaction between its LUMO 

and the HOMO of the tetrazine turning the reaction into a DA cycloaddition with normal 

electron demand. The calculations showed that methyl-substituted tetrazines would also react 

in a normal DA due to the electron-donating properties of the methyl group, but here steric 

clashes with the carbamate moiety hinder the reaction. Stronger electron-donating substituents 

on the monosubstituted tetrazines could therefore enhance selectivity for SCO over TCO or 

BCN.157c As described above, the reactivity of cyclopropene is strongly influenced by the 

substitution in positions 1 and 3. Prescher and coworkers exploited this to develop two 

orthogonal bioorthogonal reactions. 1,3-disubstituted cyclopropenes react in an iEDDAC with 

tetrazines, while 3,3-disubstituted cyclopropenes are inert towards tetrazines and are suitable 

reaction partners in Photo-Click reactions (Figure I.17f). There they undergo a 1,3-dipolar 

cycloaddition with nitrile imines, which are generated in situ from tetrazoles.147f Utilizing 

computational screenings Murphy and coworkers discovered that N-phenyl sydnones (Figure 

I.17g) are suitable reaction partners in [3+2] cycloadditions with biarylazacyclooctynone 

(BARAC) and dibenzoazacyclooctyne (DIBAC).248 The reaction rates were observed to be 30 

times faster that the cycloaddition of sydnones with BCN reported by the Chin group.249 This 

new reaction is orthogonal to iEDDAC, which they confirmed by labeling experiments of 

different model proteins in vitro. Predictions indicate that sydnones are also orthogonal to 3,3-

disubstituted cyclopropenes, which would allow a labeling combination with the Photo-Click 

reaction (Figure I.17h).248 

 

 

I.4.4.7 Tetrazine decaging reactions 

Traditionally, bioorthogonal reactions between two partners form new covalent bonds and 

have mainly been used to bioconjugate macromolecules in vitro and in vivo.39b In recent years 

another approach employing bond cleavage reactions has emerged.65d The concept is well 

known using UV light as a trigger to photo-release of deprotected, so called “caged” 

functionalities, but suffers from the phototoxicity of UV light and difficulty to penetrate tissue 

or animal samples.250 Therefore, the development of decaging reactions employing small 

molecules as triggers was promoted as an alternative. First approaches report the deprotection 

of allyloxycarbonyl or propargyloxycarbonyl moieties under rhodium or palladium 

catalysis.251 Applying the iEDDAC reaction between tetrazines and strained alkenes/alkynes 

as bond cleavage reaction was first reported by Robillard and coworkers. Doxorubicin was 

released as a free amine from the carbamate linkage in the allylic position of TCO upon 

reaction with dimethyltetrazine. This proceeds via a pyridazine conjugation product, followed 

by the formation of an exocyclic double bond with the elimination of CO2 and an amino-

substituted doxorubicin.252 This strategy was also employed to pretargeted tumors in mice 

bearing colon carcinoma xenografts via an immunoreactive CC49-TCO-Dox antibody-drug-
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conjugate and lead to the observation of a high tumor uptake after iEDDAC-mediated 

cleavage reaction.253 Prodrug activation of doxorubicin can also be performed by tetrazine-

modified magnetic iron oxide nanoparticles, which are also fluorescently-labeled. The uptake 

and conversion into the chemotherapeutic drug was followed by in vivo fluorescence imaging 

of breast cancer cells.254 

 

A second strategy besides the pretargeted prodrug release comprises the chemical activation 

of enzymes by a tetrazine triggered bond cleavage reaction (Figure I.18). Chen and coworkers 

therefore incorporated TCOK*, a caged mimic of lysine, site-specifically into the active site 

of protein replacing a natural lysine important for catalytic activity. The TCO moiety is 

attached via a carbamate linkage in its allylic position to the ε-amino group of lysine, which 

leads to deprotection to the free lysine by induction of the cleavage reaction by the addition of 

dimethyltetrazine (Figure I.18a). Using this approach the Chen group was able to rescue the 

catalytic activity of intracellular firefly luciferase in HEK293T cells65d and manipulate kinase 

activity living systems.255 In 2016 the same group introduced a coumarin-based fluorogenic 

assay to analyze influence of different substituents on tetrazines on the iEDDAC decaging 

reaction. Electron-withdrawing groups enhance the iEDDA cycloaddition, yet sterically 

hinder the elimination step. The best results were observed in vitro and in living cells with 

unsymmetrical tetrazines bearing a combination of EWGs and EDGs in positions 3 and 6 

(Figure I.18b).256 

 

 
Figure I.18: a) Tetrazine decaging reaction b) Optimized tetrazines for faster decaging reactions; EWG increases kinetics of 

cycloaddition, while EDG enhances elimination reaction. 
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I.4.4.8 Application in material science 

In the last few years the tetrazine ligation has also found applications in the development of 

new materials or the modification of materials with new functionalities. For example a 

covalently bonded hybrid nanocomposite was generated from single walled carbon 

nanotubes257 as well as a sp2-hybridized 2D carbon surface (highly ordered pyrolytic 

graphite)258, which can act as dienophiles in an iEDDAC with tetrazine-modified gold 

nanoparticles (AuNPs). The AuNPs are introduced to stabilize and allow further 

functionalization of the nanocomposite. This reaction usually requires pre-treatment and harsh 

conditions, which could be evaded by application of the tetrazine ligation.257-258 O’Reilly and 

coworkers inserted norbornene moieties into polystyrene polymer chains, which were reacted 

with homobifunctional tetrazine linkers to obtain polymer nanoparticles via single chain 

collapse.259 

 

The modification of solid surfaces via tetrazine ligation for their potential application in 

electronic devices or microarrays has been reported by the Wittmann group as well as Ravoo 

and colleagues. The Wittmann group immobilized tetrazines via NHS-chemistry on a glass 

substrate to prepare synthetic and natural carbohydrate microarrays via iEDDAC for possible 

utilization in glycomics.260 Ravoo and coworkers adapted the immobilization strategy for the 

generation of differently patterned surfaces via microcontact chemistry (μCC). With their 

approach they were able to site-specifically functionalize a surface with different types of 

carbohydrates as well as poly(methylacrylate) brushes. These were assembled by grafted 

polymerizations after immobilization of the initiator via tetrazine ligation.261 

 

 
Figure I.19: Application of tetrazine ligation in polymerization reactions.  

a) interfacial polymerization of two homobifunctional monomers to obtain multiblock copolymer fibers262 b) modification 

with stable dihydrotetrazines enabled the triggering of another iEDDAC with photosensitizers and visible light or HRP for 

labeling with divers probes post-polymerization  

 



42 

The introduction of strained alkenes like norbornene and tetrazines into a polymer side chain 

allowed post-polymerization iEDDAC to modify polyesters263 or form covalently crosslinked 

alginate hydrogels as delivery systems for cells or bioactive molecules.264 Tetrazine ligation 

cannot only be utilized for post-polymerization modification, but also applied to generate 

hybrid multiblock copolymer microfibers by interfacial polymerization (Figure I.19a). 

Therefore, Jia and coworkers synthesized two different homobifunctional monomers, 

containing either TCO and a hydrophobic linker or tetrazines and PEG-linkers, which were 

dissolved in two immiscible solvents. The multiblock copolymer which was formed at the 

interface between those two solutions could be drawn into microfibers with semicrystalline 

structures. The introduction of a peptide into the tetrazine monomer allowed application of the 

resulting fibers as cell adhesive structures in a biological context.262a An advancement of this 

strategy was the attachment of dihydrotetrazines, which could be oxidized to the tetrazine by 

catalytic stimuli after formation of the copolymer and subsequently modified with TCO-

containing molecules, such as fluorophores or peptides. The oxidation could be catalyzed by 

long wavelength photosensitizers like methylen blue and rose bengal or in an enzymatic 

manner using horseradish peroxidase under peroxide-free conditions (Figure I.19b).262b The 

oxidation to form tetrazines from dihydropyridazines can also be stimulated and controlled by 

utilizing electrochemical potential. In 2014 the Devaraj group reported the surface 

modification of a electrode with TCO conjugates of ferrocene or horseradish peroxidase by 

changing the redox state of immobilized dihydrotetrazine.188c 
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Chapter 1: Photo-induced inverse-electron demand Diels-Alder cycloaddition 

for the modification of proteins 

1.1 Aim 

The aim of this project was to develop a light-triggered tetrazine ligation with fast reaction 

kinetics to confer spatiotemporal control over the bioorthogonal labeling reaction. For this, a 

new strained and light-activatable dienophile was designed, based on a cyclopropenone 

protected dibenzocyclooctyne structure (DIBO) as structural scaffold, since DIBOs are able to 

be decaged to the corresponding cycloalkyne at 365 nm, conditions that should be amenable 

to living cells. Introduction of additional ring strain by fusion of a cyclopropane ring to the 

DIBO scaffold (Figure 1.1) should increase reactivity towards 1,2,4,5-tetrazines, as DIBO 

only displays rather slow kinetics in iEDDAC with a 6-hydrogen substituted tetrazine 

(0.06 M-1s-1).246 Synthesis of cyclopropenone-caged di(methoxybenzo)-bicyclo[6.1.0]nonyne 

(photo-DMBO) compounds (Figure 1.1) was performed by Anton (Toni) Murnauer and is 

described in detail in his Master's Thesis.265 
 

 
Figure 1.1: photo-DMBO scaffold 

 

As reaction partners for photo-DBMO new lysine-based uAAs bearing tetrazine moieties 

were designed (Figure 1.2), since the two tetrazine uAAs known to be incorporated into 

proteins using GCE are derivatives of L-phenylalanine and therefore substrates of a mutant 

TyrRS from M. jannaschii (Tet-v2.0RS),56b, 151b which is only orthogonal in E. coli. To enable 

the expansion of tetrazine amino acids to eukaryotic cells, finding a mutant PylRS from M. 

barkeri for the incorporation of tetrazine uAAs is a crucial part of the project, since the 

PylRS/t RNA pair is also orthogonal in mammalian cells. Most uAAs incorporated by various 

PylRS mutants are lysine derivatives, which are structurally similar to the natural substrate of 

the wt PylRS. 
 

 
Figure 1.2: Structures of lysine-based tetrazine amino acids 
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After being successful in finding a PylRS mutant for any of the new tetrazines, they will be 

incorporated into a variety of model proteins and labeling analyzed via iEDDAC with known 

dienophiles. Then, the newly designed photo-inducible tetrazine ligation with photo-DMBO 

(Figure 1.3) will be further characterized on small molecule level and in biological settings, 

including in vitro, in cell lysate and in live E. coli cells to establish an approach for the spatio-

temporally controlled labeling of proteins in living cells. 

 

 
Figure 1.3: Photo-inducible iEDDAC reaction between tetrazine amino acids incorporated into proteins and photo-DMBO 

compounds upon irradiation at 365 nm. 
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1.2 General background: Light-inducible bioorthogonal reactions 

Bioorthogonal reactions are a powerful tool to endow biomolecules in vitro and in living 

systems with various probes to study biological processes. If one of these reaction partners is 

masked with a “photocage” and only reacts upon activation with light of a certain wavelength 

this adds the factor of spatiotemporal control over these bioorthogonal reactions. Other 

masking groups can be removed by the addition of metals251a, 251c, small molecules65d, 252 or 

enzymes.66  

 

There are only a few photo-activatable ligation reactions that have been applied in biological 

settings. One of these reactions known as Photo-click reaction is based on the formation of a 

nitrile imine species in situ upon irradiation with UV light from a tetrazole, which can also be 

described as 1,3-dipole that can react with alkenes to yield a stable pyrazoline product in a 

1,3-dipolar cycloaddition (Figure 1.4a). 266  

 

 
Figure 1.4: Photo-click reaction for bioorthogonal labeling.  

a) Photo-activated 1,3-dipolar cycloaddition between a 2,5-diaryl-tetrazol and alkenes. b) Substituents on the aryl rings of 

2,5-diaryl-tetrazoles shift wavelength of activation from 302 nm to two-photon activation c) Genetically encoded 

Nε‐(1‐methylcycloprop‐2‐enecarboxyamido)-lysine reacts with tetrazole upon activation by light to form fluorescent 

pyrazoline products. d) 2-aryl-5-carboxytetrazole uAA for photocrosslinking. Grey and green shapes denote a biomolecules.  
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This reaction was first described around 50 years ago between a diaryltetrazole and methyl 

crotonate.267 The first application within a biological context employs this 1,3-dipolar 

cycloaddition upon activation at 302 nm to synthesize a MDM2 inihibitor.268 As UV light is 

harmful to living cells, tetrazoles that can be activated at wavelength > 350 nm have been 

developed to be employed for bioorthogonal labeling of biomolecules.269 Another advantage 

besides activation by light, are the fluorogenic properties of the reaction, as the resulting 

pyrazoline displays fluorescence, which can be used to visualize successful labeling (Figure 

1.4c).269d, 270 The kinetics for the Photo-Click reaction are determined by the cycloaddition 

step which is slower than the photoconversion of tetrazole. It is in the range of 1-104 M-1s-

1,269d, 271 with the fastest reaction rates observed between a highly strained spirocyclic alkene, 

spiro[2.3]hex-1-ene, and a tetrazole that is activated at 302 nm.272 Modification of the 

tetrazole to shift activation > 350 nm leads to a 5-10 fold decrease in the k2 value.273 The most 

recent reports show the development of new tetrazoles that can be triggered by two-photon 

excitation at wavelengths ~700 nm that are more suitable to living systems (Figure 1.4b),274 

however tetrazoles are not completely bioorthogonal and 2-aryl-5-carboxytetrazole uAAs 

have been genetically encoded for photocrosslinking of proteins (Figure 1.4d).275 

 

Another possibility to photocage one of the bioorthogonal reaction partners is to mask an 

alkyne moiety that reacts in click reactions with azides as cyclopropenone functionality. Upon 

irradiation of the cyclopropenone by light of certain wavelength CO is extruded to result the 

alkyne. The reaction proceeds via an intermediate that can be described by to resonance 

structures - a semi-carbene and a semi-zwitterion (Figure 1.5a).276 The substituents R and R' 

strongly influence the wavelengths that induce the decaging reaction. Alkyl-substituted 

cyclopropenones decage at 250 nm to the alkyne, while two aryl substituents shift the 

wavelength up to 365 nm (Figure 1.5a).277 These compounds have high quantum yields 

ranging from 36 to 78 % and the resulting decarbonylation proceeds quite fast, which 

necessitates irradiation only for a short amount of time to yield the alkyne quantitatively.278 

These characteristics make the application in vivo highly interesting and by masking strained 

alkynes as cyclopropenones the SPAAC reaction was turned into a photo-activatable 

bioorthogonal reaction. Its first report was in 2009, when Popik and coworkers labeled azide-

bearing glycans on the surface of living cells with a cyclopropenone protected 

dibenzocyclooctyne derivative (photo-DIBO) only upon irradiation at 350 nm for 1 min 

(Figure 1.5b).278 The introduction of an oxygen atom into the dibenzocyclooctyne scaffold 

resulted the cyclopropenone protected oxa-dibenzocyclooctyne (photo ODIBO, Figure 1.5c), 

which so far showed the highest reaction rates (29-45 M-1s-1 with alkyl or aromatic azides, 

respectively) measured in a SPAAC reaction with azides after induction by light. The 

enhancement was observed to be twice as fast as the corresponding SPAAC reaction with the 

highly activated cyclooctyne BARAC.279 In an aqueous environment the reaction kinetics 

between azides and strained alkynes were observed to be 4-28-fold higher compared to 

organic solvents, which might be due to the higher polarity of water or its influence on the 

donor-acceptor interaction.279 Photo-ODIBDO enabled the light-controlled labeling of azide-

bearing RNA in living cells.280 The combination of an aza-dibenzocyclooctyne (ADIBO, 

Figure 1.5c) and a photo-DIBO moiety in a heterobifunctional linker was used to perform 

sequential SPAAC reactions to ligate two azide tagged molecules; for example azide-

modified bovine serum albumin (BSA) with azido-fluorescein.281 Another approach towards a 
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double click reaction was the application of a bisreactive molecule, the so called Sondheimer 

diyne (Figure 1.5c), where both alkyne moieties can react in a SPAAC reaction.282 To 

optimize the low stability of the diyne in aqueous solutions Popik and coworkers reported a 

bis-cyclopropeneone masked dibenzo[a,e]cyclooctadiyne (photo-DIBOD, Figure 1.5c), which 

also enabled triggering the ligation reaction by light to label azido-BSA with azido-

fluorescein or immobilize azide-bearing substrates on azide-functionalized 96-well plates.283 

The second click reaction proceeds much faster with values of 34 M1s-1 than the first SPAAC 

(0.02 M-1s-1) reaction. Therefore, a mono-cyclopropene protected dibenzocyclooctadiyne 

(MC-DIBOD, Figure 1.5c) was designed, which was employed for sequential labeling of 

purified proteins.284 The first SPAAC reaction is fluorogenic as its monotriazole product 

shows fluorescent properties, which was used for fluorescence labeling of purified proteins.285 

 

 
Figure 1.5: Photo-SPAAC reactions for bioorthogonal labeling 

a) Photo-induced decarbonylation of cyclopropenones to the alkynes. b) Labeling of azide-tagged biomolecules in a SPAAC 

reaction upon activation with light. Grey shape denotes a biomolecule and the green star represents a biophysical probe (e.g. 

fluorophore). c) Different cyclopropenone-caged dibenzocyclooctyne derivatives. 

 

In recent years a few different light-inducible iEDDAC reactions have been reported. Fox and 

coworkers described a light/enzyme-triggered redox-activation of dihydrotetrazines to 

tetrazines (Figure I.19)262b. Klán and coworkers were inspired by Popik and developed a 

cyclopropenone-caged dibenzosilacyclohept-4-yne that can react with azides as well as 

tetrazines upon light activation (Figure 1.6a). The reaction rate for the iEDDAC reaction of 

260 M-1s-1 they reported, however, was measured using dicarboxy-1,2,4,5-tetrazine, one of 

the fastest tetrazines known, which is however not stable in aqueous buffer.286 Less reactive 

tetrazines used for biological applications would therefore display rates 2-3 orders of 
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magnitude lower.138a The Loughlin group chose a different approach and developed 3-N-

substituted spirocyclopropenes that bear bulky, photo-cleavable substituents (6-

nitroveratryloxycarbonyl) in position C3, which abolishes the reaction with tetrazine due to 

steric hindrance and a electron-withdrawing difluoromethylen group at the second C3 position 

to stabilize the scaffold (Figure 1.6b). Removing this substituent with light triggers the 

iEDDAC reaction, showing however rather low reaction kinetics with monosubstituted 

1,2,4,5-tetrazine (second order rate constant of 0.0006 M-1s-1). Replacement of the 

difluoromethylen moiety by a ketone group enhanced reactivity 270-fold (0.11 M-1s-1) or 125-

fold (0.05 M-1s-1), when reacted with 3,6-di-2-pyridyl-1,2,4,5-tetrazine, which is however 

rather slow for an iEDDAC reaction and not useful for quantitative protein labeling.138a 

 

 
Figure 1.6: Photo-inducible iEDDAC reactions between tetrazines and a) a cyclopropenone-caged dibenzosilacyclohept-4-

yne or b) a 3-N-substitued spirocyclopropene. Grey shape denotes a biomolecule and the green star represents a biophysical 

probe (e.g. fluorophore) 

 

As the reported approaches for photo-induced iEDDAC suffer from slow reaction rates (caged 

cyclopropenes) or are limited by the availability of air-stable dihydrotetrazines the 

development of a novel, photo-activatable tetrazine ligation with faster reaction kinetics 

would be highly demanding. 
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1.3 Results and Discussion 

1.3.1 Synthetic procedures for lysine based tetrazine amino acids 

1.3.1.1 General synthetic route 

The first idea to enhance the chances of finding a PylRS mutant for incorporation of tetrazine-

bearing amino acids into proteins was to design the uAAs as derivatives of L-lysine to 

resemble the natural substrate. Secondly, we wanted to synthesize a pool of structurally 

diverse tetrazines to modify the lysine scaffold (Figure 1.2) to further increase the chance of 

finding a synthetase, since it is difficult to predict preferences of PylRS. In all but one case 

(mTet2K) the tetrazine moiety was attached to the ε-amino group of L-lysine via a carbamate 

linkage, as these linkages are known to be stable in E. coli and mammalian cells and seem to 

be preferred over amide linkages by Mb PylRS variants. E. coli endogenously expresses the 

deacylase CobB, which was shown to cleave amide bonds between the ε-amino group of L-

lysine and unnatural moieties for bioconjugation.63 To find a sweet spot between reactivity of 

the tetrazine moieties and their stability under physiological conditions, a combination of aryl 

and alkyl substituents (mTetK, mTet2K, pTetK, PhTetK) was chosen for most structures with 

the exception of one dialkyl tetrazine (TetK) and one uAA bearing an aryl moiety as single 

substituent (HmTetK).  

 

For the majority of the newly designed tetrazine derivatives of lysine, the synthesis was 

achieved in 4 steps (Scheme 1.1). First, the corresponding tetrazine, bearing a primary alcohol 

was generated. Therefore, hydroxypropionitrile or meta- respectively para-hydroxymethyl-

substituted benzonitrile was reacted in a condensation with acetonitrile or benzonitrile and 

hydrazine hydrate facilitated by zinc(II)- or nickel(II) salts. The corresponding 

unsymmetrically substituted tetrazines were obtained in 11-43 % yield, which is in agreement 

with literature.187, 287 The low yields are due to a number of possible side reactions to the two 

corresponding symmetrically substituted tetrazines, as well as the formation of tetrazoles.182 

For a few of the tetrazines, starting materials like meta- or para-hydroxymethyl benzonitrile 

(1.2a, 1.3a) or benzonitrile were difficult to separate from the product. Purification by RP-

HPLC on the step of the deprotected uAA gave mostly pure products in satisfying yields. 
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Scheme 1.1: Synthesis of lysine-based tetrazine amino acids. a) Tetrazine uAAs with an alkyl linker. b) Tetrazine uAAs with 

an aryl linker. 

 

3-(3-(Hydroxymethyl)phenyl)-1,2,4,5-tetrazine (1.4b) was not synthetically accessible via the 

standard tetrazine reaction conditions. Here, the condensation of 3-(hydroxymethyl)-

benzonitrile with hydrazine hydrate was achieved with an equimolar concentration of 

dichloromethane, facilitated by sulfur (Scheme 1.2).288 

 

 
Scheme 1.2: Formation of 3-(3-(Hydroxymethyl)phenyl)-1,2,4,5-tetrazine 
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Audebert and coworkers, who developed this synthesis approach using DCM towards 3-

monosubstituted unsymmetrical 1,2,4,5-tetrazines, also proposed a possible mechanism. 

Sulfur activated hydrazine attacks and adds itself to DCM under loss of hydrogen chloride. 

Addition of a second hydrazine molecule leads to formation of 1-(hydrazinylmethyl)-1-

mercaptohydrazine, which can in turn attack 3-(hydroxymethyl)benzonitrile and generate the 

corresponding 3,6-dihydrotetrazine by elimination of ammonia and hydrogen sulfide, which is 

further oxidized to obtain the 1,2,4,5-tetrazine.288  

 

 
Scheme 1.3: Proposed mechanism of tetrazine formation with DCM288 

 

Tetrazines, bearing a hydroxyl moiety, were subsequently activated with 4-nitrochloroformate 

as 4-nitrophenyl carbonates in 70-96 % yields. Hydroxyethyl-substituted tetrazines (1.1b, 

1.5b) are prone to elimination of water to the vinyl-tetrazine upon addition of base; therefore 

base was added equimolar to the tetrazine as final component to the reaction to avoid 

elimination. This was successful in case of 3-(2-Hydroxyethyl)-6-methyl-1,2,4,5-tetrazine 

(1.1b) compared to 3-(2-Hydroxyethyl)-6-phenyl-1,2,4,5-tetrazine (1.5b), where eliminated 

side product was still being observed in the reaction mixture.  

 

The activated tetrazines were reacted with α-amino Boc protected L-lysine to modify the side 

chain with a carbamate linkage. Attack of the ε-amino group on the carbonate lead to release 

of 4-nitrophenol and the formation of carbamate-linked tetrazine amino acids in 60 to 89 % 

yield. BocPhTetK (1.5e) was obtained in low yields of 14 %, which might be due to the 

difficulties of starting material removal in the first steps and the problems concerning 

elimination as mentioned before. Boc deprotection was performed in a 1:1 mixture of TFA in 

DCM with a few drops of water to scavenge the resulting isobutene, followed by precipitation 

in cold diethyl ether, which gave the final amino acids as TFA salts in 60-75 % yield. 

 

Synthesis of mTet2K (1.6d) displaying an amide linkage at the ε-amine was realized in 3 

steps (Scheme 1.4). The activation of the carboxyl moiety on the tetrazine as active ester was 

performed with HATU and HOBT for 1 h prior to the addition of Boc-L-lysine giving the 

product in only 57 % yield. This might be due to the use of HATU and HOBt in 

0.9 equivalents instead of a slight excess compared to the tetrazine to avoid activation of the 

free carboxyl terminus of Boc-L-lysine and formation of dipeptides as side products. 

Generation of the tetrazine and the deprotection reaction went according to the general 

synthesis Scheme 1.1. 
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Scheme 1.4: Synthesis of mTet2K 

 

 

1.3.1.2 Synthesis of dipeptides via solution based synthesis and SPPS 

The final tetrazine amino acids were used to prepare stock solutions (100 mM) in water or 

DMSO with a TFA content of 200 mM, which were used for expression test experiments. As 

m- and pTetK heavily precipitated in aqueous media and solutions, dipeptides with L-lysine 

attached in the N-terminal position were prepared, we hoped for better solubility and uptake 

as described by Lou et al. for phosphotyrosine-based uAAs.289 In the cytosol the N-terminal 

lysine is cleaved from the dipeptide by endogenous peptidases and the uAA is set free, ready 

to be incorporated. 

 

 
Scheme 1.5: Synthesis of dipeptides in solution 

 

The first attempts to synthesize K-m/pTetK (1.2f, 1.3f) were carried out in solution, as 

displayed in Scheme 1.5. α- and ε- Boc protected L-lysine was activated with HATU and 

HOAt for 1 h, followed by addition of m- or pTetK, which resulted the corresponding 

dipeptides after Boc deprotection in 11-18 % over two steps. The low yields arose from a 
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number of side reactions on the unprotected C-terminus of m- or pTetK. Therefore, a 

synthesis on solid support was developed (Scheme 1.6). There, 2-chlorotrityl resin was loaded 

with α-Fmoc and ε-Alloc protected L-lysine, followed by Fmoc deprotection and coupling 

with α- and ε-Boc protected L-lysine. After Alloc deprotection the tetrazine moiety was 

attached onto the free amino group by nucleophilic attack of the amine on the tetrazine 

carbonate, forming a carbamate linkage. Cleavage from the resin and Boc deprotection 

yielded K-m/pTetK (1.2h, 1.3h) in 22-52 % after 8 steps. The dipeptides were further purified 

by RP-HPLC. The resulting purified dipeptides displayed enhanced water solubility and could 

be prepared as 100 mM stock in MQ-water without the addition of TFA. 

 

 
Scheme 1.6: Synthesis of dipeptides via solid phase 
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1.3.2 Site-specific incorporation of tetrazine amino acids into proteins 

With a portfolio of various flexible tetrazine-modified amino acids at hand, the next goal was 

to site-specifically incorporate them into proteins in cellulo. A large variety of structurally 

diverse UAAs have been genetically encoded in response to an amber codon introduced into a 

gene of interest by employing PylRS/tRNACUA pairs from Methanosarcina species.290 Many 

of the lysine-based uAAs that can be incorporated via PylRS mutants contain an alkyl side 

chain with a bulky and often hydrophobic moiety that is attached to lysine via a carbamate 

linkage.291 None of the so far developed PylRS variants accepts however lysine derivatives 

with bulky polar side chains such as in the newly synthesized tetrazine uAAs (Figure 1.2). 

Guided by structural analyses of the C-terminal catalytic centre of wt PylRS and its 

mutants,292 we screened a panel of >30 different M. barkeri PylRS mutants (Table II.4) for 

their ability to direct the selective and site-specific incorporation of TetK, PhTetK, mTetK, K-

mTetK, HmTetK, pTetK and K-pTetK into C-terminally His-tagged superfolder green 

fluorescent protein (sfGFP) containing a premature amber codon at position 150, which 

proved to be unsuccessful in finding a PylRS mutant accepting any of the tetrazine amino 

acids (Figure 1.7, not all data shown). Nα-(tert-Butoxycarbonyl)-L-lysine (BocK), which is 

known to be recognized and processed by the wild type PylRS synthetase (D4)70c, was used as 

a positive control for the production of full-length sfGFP with molar mass of approx. 27 kDA. 

Cultures where no uAA was added served as a negative control. In those samples only 

truncated sfGFP (MW ~ 14 kDA) was produced, showing none of the natural amino acids 

was introduced instead of uAA. 

 

Synthetases D1 and MC1 (Table II.4) showed expression of full length sfGFP-N150TAG-

His6 in presence of mTetK, however purification with Ni-NTA beads, followed by 

electrospray ionization mass spectrometry (ESI-MS) analysis revealed a mass that was not 

corresponding to sfGFP-N150mTetK-His6, but was 70 Da lower. This revealed to be N6-(((3-

cyanobenzyl)oxy)-carbonyl)-L-lysine (3-CNPhK, b), a side product originating from mTetK 

synthesis, where (3-hydroxymethyl)benzonitrile is used as a starting material and incomplete 

removal leads to activation and coupling to lysine. Since the contamination of 3-CNPhK in 

mTetK was found to be < 5 %, this indicates a high specificity of PylRS mutants D1 and MC1 

towards 3-CNPhK as a substrate for aminoacylation. 
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Figure 1.7: Coomassie stained SDS-PAGEs showing the PylRS synthetase screening for the incorporation of lysine based 

tetrazine amino acids a) TetK and b, c) mTetK, K-mTetK and K-pTetK. 

 

As a next step in finding a synthetase, a directed evolution approach was chosen for the uAAs 

TetK, mTetK and pTetK. The selection protocol was performed with one round of positive 

and one round of negative selection, followed by sfGFP fluorescence read-out including a 

second positive selection step. Directed evolution was performed with libraries AB3, 

ABshuffle, Nicholas_RS5 and Lib_fw (Table II.33), which did not result a synthetase for the 

incorporation of any of the tetrazine amino acids TetK, mTetK and pTetK, but rather selected 

PylRS mutants for the incorporation of the small contamination of 3-CNPhK in mTetK (data 

not shown). The uAA BCNK, which was already known to be incorporated by a PylRS 

mutant (Y271M, L274G and C313A, Mb numbering, D1 ),58a albeit in relative low yields, was 

used as a positive control for the selection process with library Lib_fw, since the reported 

mutant D1 was evolved from this PylRS library. Fluorescence read-out yielded two clones 
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A11 (Y271A C313V, Mb numbering, dubbed MF3) and A8 (Y271G C313V, Mb numbering, 

dubbed MF4), which showed better incorporation than D1 (Figure 1.8).   

 

 
Figure 1.8: Incorporation of BCNK into sfGFP-150TAG-His6. 

 a) Comparison of incorporation between newly evolved clones A11 and A8 with published synthetase D1. b) Structure of 

BCNK c) ESI-MS characterization of sfGFP-150BCNK-His6 incorporation with MF3. 

 

Having new Mb PylRS mutants MF3 and MF4 at hand, we wanted to test them for the 

incorporation of the different tetrazine amino acids mTetK and the dipeptides K-mTetK and 

K-pTetK (Figure 1.9) into sfGFP-N150TAG-His6 as a last attempt in finding a synthetase and 

were given a positive surprise. MF3 showed production of full-length GFP with mTetK and 

K-mTetK (Figure 1.9a), and especially the result for K-mTetK looked promising, since the 

dipeptide had been purified by HPLC, while mTetK was still the batch contaminated with 

traces of 3-CNPhK. ESI-MS analysis of the purified proteins after expression with mTetK and 

K-mTetK confirmed the incorporation of mTetK, however as a 70:30 mixture of 3-CNPheK 

to mTetK for the mTetK batch and a 20:80 ratio for K-mTetK (Figure 1.9b). After this 

indication that it is possible to remove the 3-CNPhK contamination on the uAA level, mTetK 

was purified by HPLC. ESI-MS analysis of purified sfGFP-N150mTetK-His6 after 

expression with the HPLC purified batch (Figure 1.9c,d) displayed only the correct mass for 

incorporation of mTetK, while no trace of incorporated 3-CNPhK was found.  

 

Even though directed evolution was conducted with Lib_fw for mTetK, the PylRS mutant 

MF3 was not discovered during the selection process for mTetK, but found later to accept 

mTetK as substrate. The quality of the results of a directed evolution approach performed in 

E. coli is strongly influenced by the efficiency of the initial library transformation. A library 

where five positions in the active site are randomized already contains 3.3 x 107 members, 

which need to be taken up by E. coli cells. Their transformation efficiency might already lead 

to the loss of some of the mutants, which are then submitted to selection pressure. The small, 

but present contamination of mTetK with 3-CNPhK might have further affected the positive 

and the read-out selection step. 3-CNPhK is the preferred substrate for MF3 compared to 

mTetK and therefore might have even hindered the selection process for mTetK. One 

possibility to select for of PylRS mutants with an increased selectivity for mTetK is to add 3-

CNPhK during the negative selection step to remove PylRS mutants accepting 3-CNPhK as 

substrate. 

 

After successful incorporation of mTetK by PylRS mutant MF3, the other tetrazine amino 

acids were tested as well. Thereby, MF3 accepts also amino acids TetK and HmTetK for 
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installment into proteins, as shown by SDS-PAGE and ESI-MS analysis (Figure 1.9c,d). 

However, ESI-MS characterization of sfGFP-N150HmTetK-His6 showed contamination of 

HmTetK with 3-CNPhK and it was not possible to separate the mixture by HPLC in this case. 

Furthermore, sfGFP-N150HmTetK-His6 was observed to degrade rapidly after purification 

and storage at 4 °C, therefore HmTetK was excluded from further experiments. pTetK, K-

pTetK, mTet2K and PhTetK were also not persued any further, since several synthetase 

screenings and performance of directed evolution with different libraries did not result any 

PylRS mutant for incorporation of any of them, combined with the success of finding a PylRS 

mutant, which effectively incorporates uAAs TetK and mTetK into proteins. Therefore, 

further experiments were performed with these uAAs. 

 

 
Figure 1.9: Finding a PylRS mutant for the incorporation of mTetK and TetK.  

a) Coomassie stained SDS-PAGE of sfGFP-N150TAG-His6 expression using MF3 mTetK and dipeptide K-mTetK b) ESI-

MS spectra of purified sfGFP-N150mTetK-His6 contaminated with sfGFP-N150-3CNPhK-His6 for expression with mTetK 

and K-mTetK. c) Structure of 3-CNPhK d) Coomassie stained SDS-PAGE of sfGFP-N150TAG-His6 expression test of 

sfGFP-N150TAG-His6 using MF3, HPLC-purified mTetK and TetK d) ESI-MS characterization of purified sfGFP-

N150mTetK-His6 (left) and sfGFP-N150TetK-His6 (right). 

 

Expression of sfGFP-N150-His6 was performed with mTetK and TetK as performed in larger 

cultures and the full-length proteins sfGFP-mTetK-His6 and sfGFP-TetK-His6 were isolated 

in good yields (Figure 1.9c, ~80 mg/L of culture) and analyzed by SDS-PAGE and -His6 

Western Blot (WB), which confirmed good incorporation efficiencies for both mTetK and 

TetK. Similarly, other proteins such as myoglobin (Myo) and ubiquitin (Ub) bearing site-

specifically introduced amber codons produced good yields of protein in presence, but not 

absence of mTetK and TetK. The selective and site-specific incorporation of tetrazine-bearing 

amino acids was further confirmed by ESI-MS of purified proteins (Figure 1.9d, Figure 1.10). 
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Figure 1.10: ESI-MS characterization of purified proteins 

a) Myo-S4mTetK-His6, b) sfGFP-N40mTetK-His6, c) Ub-K63mTetK-His6, d) Ub-K63TetK-His6. 

 

 

1.3.3 Rapid and quantitative labeling of tetrazine-modified proteins with BCN- and 

TCO-fluorophore conjugates 

Next, the reactivity of site-specifically incorporated methyl-tetrazines in iEDDA 

cycloadditions was accessed with known dienophiles. To enable a fluorescence read-out of 

the labeling reaction, tetramethylrhodamine (TAMRA, TMR) was modified with BCN or 

TCO-moieties (BCN-TMR, TCO-TMR Figure 1.11a). These were then added in an excess to 

purified proteins bearing mTetK or TetK and the reaction analyzed by ESI-MS and SDS-

PAGE based fluorescence imaging (Figure 1.11b,c). As expected, the labeling reaction with 

BCN- and TCO-TMR was very rapid and quantitatively modified mTetK- or TetK-bearing 

proteins. 

 

 
Figure 1.11: Specific and selective labeling of purified tetrazine-bearing proteins with BCN- and TCO-fluorophores. 

 a) Structures of BCN-TMR and TCO-TMR (b) ESI-MS shows quantitative modification of sfGFP-mTetK-His6 with BCN-

TMR and sfGFP-TetK-His6 with TCO-TMR. c) SDS-PAGE fluorescence imaging of purified sfGFP-mTetK-His6 with 

BCN-TMR displays very rapid and quantitative labeling. CBB: coomassie brilliant blue, FL: fluorescence. 

 

After labeling purified proteins, specificity of this cycloaddition was tested in E. coli cell 

lysate Therefore, sfGFP, Ub or Myo harboring a premature stop codon were expressed in the 

presence of mTetK or TetK overnight. Cells were then harvested, washed three times with 
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PBS to remove residual mTetK or TetK, lysed by sonication and then subjected to labeling 

with low µM concentrations of BCN-TAMRA or TCO-TAMRA. In gel fluorescence 

confirmed specific and selective labeling of proteins containing mTetK or TetK. No 

unspecific labeling was observed for cellular proteins or for over-expressed proteins bearing 

BocK instead of mTetK or TetK (Figure 1.11).  

 

 
Figure 1.12: Specific and selective labeling of tetrazine-bearing proteins with BCN- and TCO-fluorophores in the E. coli 

proteome.  

SDS-PAGE fluorescence imaging of a,b) TetK-, mTetK- and BocK- bearing sfGFP-N40TAG-His6 c) mTetK- and BocK-

bearing Myo-S4TAG-His6 d) mTetK- and BocK-bearing Ub-K63TAG-His6 in E. coli cell lysate. CBB: coomassie brilliant 

blue, FL: fluorescence. 

 

As BCN- and TCO-TAMRA were not able to penetrate E. coli cells for intracellular labeling 

of tetrazine-bearing proteins in living E. coli, cell-permeable bicyclo[6.1.0]non-4-yn-9-ol 

(BCN-OH) was used as an alternative for the live cell labeling of sfGFP-mTetK-His6. 

Purification and subsequent LC-ESI-MS analysis conformed quantitative labeling of the 

modified protein (Figure 1.13a,b). Outer membrane protein OmpC with an amber codon at 

position 232 on the cell surface of E. coli was chosen as target to perform live cell labeling 

with fluorophores. Therefore, OmpC232TAG was expressed in the presence of mTetK, the 

cells washed three times with PBS to remove residual mTetK and then treated with BCN-

TAMRA. SDS-PAGE fluorescence imaging showed chemoselective modification of 

OmpC232mTetK with BCN-TAMRA (Figure 1.13c). 
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Figure 1.13: Labeling in and on living E. coli.  

a) Schematic illustration of the labeling reaction between sfGFP-N150mTetK-His6 and BCN-OH b) ESI-MS characterization 

of sfGFP-N150mTetK-His6 before and after labeling in living E. coli with BCN-OH, shows complete modification of the 

protein after 2 h. c) Selective labeling of OmpC-Y232mTetK with BCN-TMR on the cell surface of live E. coli. CBB: 

coomassie brilliant blue, FL: fluorescence. 

 

1.3.4 Development of a rapid photo-induced iEDDAC  

To further extend the application of tetrazine-based bioorthogonal reporters, a 

photochemically triggered iEDDAC that confers temporal and spatial control to the labeling 

of target proteins was developed.293 For this, the photochemical generation of reactive BCN-

probes was investigated. Inspired by work from Popik, who described cyclopropenone-caged 

dibenzocyclooctynes for photo-induced and strain-promoted cycloadditions with azides,294 a 

cyclopropenone-caged version of BCN was designed that presents a tetrazine-reactive alkyne 

moiety upon photochemical decarbonylation. This cyclopropenone-caged dibenzoannulated 

BCN probe (photo-DMBO, Scheme 1.7) should be amenable to photo-decarbonylation to 

form DMBO by irradiation above 350 nm.  

 

 
Scheme 1.7: Photochemical decarbonylation of a cyclopropenone-caged BCN-probe (photo-DMBO) induces reactivity 

towards tetrazine-bearing proteins, conferring spatial and temporal control to protein labeling. 
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Synthesis of photo-DMBO-acetate (photo-DMBO-OAc, Figure 1.14a) was performed by 

Toni and is discussed in detail in his Master's Thesis.265 Sonogashira cross-coupling of 3-

iodoanisol and 3-ethynylanisol yielded the symmetrical acetylene. Lindlar’s catalyst was 

chosen to achieve partial hydrogenation of the acetylen to generate the corresponding Z-

alkene, which was then cyclopropanated with ethyl diazoacetate. Reduction of the ester group 

on the newly created cyclopropane ring gave the corresponding hydroxyl group, which was 

protected by acetylation. Subsequent Friedel-Crafts alkylation with tetrachlorocyclopropene 

in the presence of AlCl3 formed the corresponding dichlorocyclopropene intermediate, which 

was hydrolyzed in situ to yield photo-DMBO-OAc (Figure 1.14a).295 Despite its considerable 

ring strain, photo-DMBO-OAc is stable in aqueous buffers at physiological pH over several 

days. Photo-DMBO-OAc decages quantitatively to form the corresponding cycloalkyne 

DMBO-OAc (Figure 1.14b) upon 5 min of irradiation at 365 nm. Photo-decarbonylation was 

found to work effectively in different organic solvents (MeOH, DMSO), as well as in aqueous 

buffers. To test reactivity of photo-DMBO-OAc towards mTetK, a 100 µM solution of 

mTetK was incubated with a five-fold excess of photo-DMBO-OAc. mTetK reacted 

quantitatively to the cycloaddition compound only upon UV irradiation of the mixture (5 min 

at 365 nm), while when kept dark formation of product could not be observed even after 

prolonged incubation (Figure 1.14c), confirming the photo-inducibility of the cycloaddition 

reaction. 

 

 
Figure 1.14: Establishing photo-iEDDAC reactivity. 

 a) Synthesis of photo-DMBO-OAc. Conditions: (a) 1.2 eq 3-ethynylanisole, 3 eq DIPEA, 0.1 eq CuI, 0.05eq Pd(PPh3)4, in 

THF, reflux, overnight, (71%); (b) 20% w/w Lindlar catalyst, in hexane, 2h, rt, (77%); (c) 2.5 eq ethyl diazoacetate, 0.06 eq 

CuSO4, in toluene, 75°C, overnight, (18%); (d) 2 eq LiAlH4, in Et2O, 0°C-rt, 2h, (68%); (e) 2.6 eq Ac2O, 0.05 eq DMAP, 4.9 

eq NEt3, in DCM, 0°C-rt, 2h, (70%); (f) 1 eq tetrachlorocyclopropene, 3 eq AlCl3, in DCM, -20°C-rt, 4h, aqueous workup 

(55%). b) Short UV-irradiation (5 min, 365 nm) converts photo-DMBO-OAc quantitatively to DMBO-OAc. c) Photo- 

DMBO-OAc reacts with mTetK only when irradiated at 365 nm for 5 min to form iEDDAC product. 
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1.3.5 Rapid, light-induced protein labeling via photo-iEDDAC  

As a next step, the light-induced iEDDAC between photo-DMBO and mTetK was 

characterized on protein level. Therefore, photo-DMBO was further functionalized by Toni. 

The introduction of a PEG linker with a primary amino group (photo-DMBO-NH2, Figure 

1.15a) enhanced water-solubility of the photo-DMBO compounds and allowed further 

modification with fluorophores. Photo-DMBO-NH2 was quantitatively decaged to DMBO-

NH2 by irradiation at 365 nm for 5 min (Figure 1.15a) and subsequently used for the labeling 

of sfGFP-N150mTetK-His6. The labeling was observed to be complete within 5 min upon 

addition of a 25-fold excess of DMBO-NH2. Also irradiation (10 min, 365 nm) of photo-

DMBO-NH2 in the presence of sfGFP-N150mTetK-His6 lead to complete modification of 

sfGFP within 30 min as shown by ESI-MS analysis (Figure 1.15b,d). Importantly, incubation 

in the dark did not yield any cycloaddition product (Figure 1.15c).  

 

 
Figure 1.15: Characterization of photo-iEDDAC on tetrazine-bearing proteins. 

 a) Structures of water-soluble photo-DMBO conjugates. Both photo-DMBO-NH2 and its Cy5-conjugate photo-DMBO-Cy5 

are decarbonylated by short irradiation at 365 nm to quantitatively form DMBO-NH2 and DMBO-Cy5, respectively. b) 

Schematic illustration of sfGFP-N150mTetK-His6 labeling with photo-DMBO-NH2 upon irradiation c) ESI-MS shows no 

modification of sfGFP-N150uAA-His6 (uAA = Bock (black), TetK (blue), mTetK (pink)) with photo-DMBO-NH2 when 

incubated in darkness. d) ESI-MS characterization of quantitative and rapid labeling of sfGFP-N150uAA-His6 (uAA = TetK 

(blue), mTetK (pink)) with photo-DMBO-NH2 upon light irradiation. sfGFP-N150BocK-His6 (black) is not modified with 

DMBO-NH2. 
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Furthermore, the incubation of sfGFP-N150BocK-His6 with photo-DMBO-NH2 (-/+ UV) or 

DMBO-NH2 did not lead to any labeling, confirming the selectivity of our photo-iEDDAC 

approach (Figure 1.15e). Quantitative and selective protein labeling was also observed for 

TetK-bearing proteins (sfGFP-N150TetK-His6) with a 25-fold excess of photo-DMBO-NH2 

upon activation at 365 nm, however the reaction proceeded more slowly and showed 

complete modification only after several hours (Figure 1.15d). To evaluate the reactivity of 

our new photo-DMBO compounds against previously reported cyclopropenone-caged 

cycloalkynes,294 Toni synthesized a cyclopropenone-caged dibenzocyclooctyne (photo-DIBO, 

Figure 1.16a) without additional ring strain296 and a recently reported dibenzoannulated and 

cyclopropenone-caged silicon-containing cycloheptyne (photo-Si, Figure 1.16a).297 

Modification of sfGFP-N150mTetK-His6 with either of these two compounds could not be 

observed upon irradiation at 365 nm even after overnight incubation (Figure 1.16b), although 

decarbonylation to DIBO could be detected by LC-MS. 
 

 
Figure 1.16: Comparison of reactivity of photo-DMBO-NH2 with published compounds photo-DIBO and photo-Si. 

 a) Left: Structures of photo-DIBO and photo-Si. b) ESI-MS characterization of reactivity between sfGFP-N150mTetK-His6 

(10μM) and 25-fold photo-DIBO or photo-Si without (left) and upon light activation (10 min at 365 nm, right). Samples were 

analyzed after 5 h or overnight. c) Schematic illustration of the photo-SPAAC reaction between genetically incorporated 

AzGGK and photo-DMBO-NH2, photo-DIBO or photo-Si. d) ESI-MS characterization of labeling of sfGFP-N150mAzGGK-

His6 (10μM) with 25-fold photo-DMBO-NH2, photo-DIBO or photo-Si without (left) and upon light activation (10 min at 

365 nm, right). Samples were analyzed after 5 h or overnight. 
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Since we based our DMBO compounds on a DIBO scaffold, which was developed for 

reactions with azides in SPAAC, as a next step reactivity of DMBO compounds, as well as 

the reported compounds photo-DIBO and photo-Si towards azides was tested. sfGFP bearing 

an azide uAA, AzGGK,100 was subjected to labeling with a 25-fold excess of photo-DMBO-

NH2, photo-DIBO or photo-Si. Labeling with photo-DMBO-NH2 upon activation at 365nm 

went to completion after ~3 hours, demonstrating higher reactivity towards tetrazines 

compared to azides (Figure 1.16c). Photo-DIBO in contrast yielded only 60 % triazole 

product overnight under the same conditions (Figure 1.16c), while photo-Si showed almost no 

product formation (< 5 % product), highlighting an enhanced reactivity of DMBO compounds 

in SPAAC and iEDDAC reactions due to its increased ring strain in addition. Furthermore, 

azide-modified amino acids have been observed to be reduced to the corresponding amine by 

endogenous reductases in the cytosol of E. coli, making our methyl-tetrazines the more 

reliable reporters. Encouraged by the short incubation times needed for quantitative iEDDAC 

labeling between DMBO compounds and sfGFP-N150mTetK-His6, rate constants were 

determined in a more quantitative way on-protein (Figure 1.17).  
 

 
Figure 1.17: Determination of kinetics between sfGFP-N150mTetK-His6 and DMBO-NH2 and other strained dienophiles 

(BCN-OH, Cp and Nor-OH).  

a) Schematic illustration of the labeling reaction. b) Excitation at 460 nm produces quenched fluorescence for sfGFP-

N150mTetK-His6, which is restored after reaction with DMBO-NH2
 and other strained dienophiles. d-f) Determination of 

second-order rate constants k of sfGFP-N150mTetK-His6 with either DMBO-NH2, BCN-OH, Cp or Nor-OH. Inset shows 

fluorescence increase (508 nm) of sfGFP-N150mTetK-His6 upon addition of an excess of DMBO-NH2 or the other strained 

dienophiles over time. 
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Mehl and coworkers noticed quenching of sfGFP fluorescence by genetic encoding of 

tetrazine amino acids Tet-v1.0 and Tet-v2.0 with Tet-v2.0RS into the proximity of the sfGFP 

chromophore (N150) and took advantage of this observation to determine iEDDAC reaction 

rates with sTCO on-protein in vitro and in cellulo.56b, 151b Incorporation of flexible tetrazine 

uAAs mTetK and TetK into sfGFP-N150TAG-His6 led to the same fluorescence quenching 

of sfGFP. Its recovery was triggered by the addition of DMBO-NH2 (Figure 1.17b) and its 

exponential increase was followed over time. This enabled the quantification of second order 

on-protein rate constants under pseudo-first order conditions. A rate constant of ~50 M-1s-1 

was determined (Figure 1.17c), which is nearly twice as fast as iEDDAC between mTetK and 

BCN-OH and 50 times faster than the corresponding reactions with 1,3-disubstituted 

cyclopropenes or even or 1000-fold faster with norbornenol (Figure 1.17d-f), dienophiles that 

are commonly used for labeling of biomolecules.147c, 192, 198b, 198c iEDDAC between sfGFP-

N150mTetK-His6 and DMBO-NH2 was also significantly faster than reaction between 

DMBO-NH2 and sfGFP bearing the previously reported uAA Tet-v2.0 (TetF)151b, probably 

due to greater flexibility of mTetK, resulting in higher on-protein accessibility compared to 

the more rigid TetF (Figure 1.18).  

 

 
Figure 1.18: Characterization of iEDDAC between sfGFP-N150TetF-His6 and DMBO-NH2.  

a) Schematic illustration of incorporation of TetF via GCE and subsequent labeling with DMBO-NH2 b) ESI-MS confirms 

incorporation of TetF into sfGFP-N150TetF-His6 and no modification with photo-DMBO-NH2 in the dark was observed. c) 

ESI-MS characterization of the selective photo-iEDDAC between sfGFP-N150TetF-His6 and photo-DMBO-NH2: only upon 

activation by light, complete formation of modified sfGFP is observed after 2h. d) Determination of second-order rate 

constant k of sfGFP-N150TetK-His6 and DMBO-NH2. Inset shows fluorescence increase (508 nm) of sfGFP-N150TetF-His6 

upon addition of a 40-fold excess of DMBO-NH2 over time. 

 

Our new photo-induced iEDDAC approach allows the quantitative and chemoselective 

labeling of tetrazine-bearing proteins with photo-DMBO-NH2 only upon short irradiation at 

365 nm, going to completion within a few minutes at low µM concentrations. Due to the fast 

reaction kinetics our photo-iEDDAC is equivalent with the fastest photo-induced 

bioorthogonal reactions (photo-SPAAC with photo-ODIBO (~40 M-1s-1), 298 and significantly 

faster than photo-iEDDAC reactions employing caged cyclopropenes (~10-2-10-4 M-1s-1)299 or 

photo-SPAAC reactions with strained dibenzocyclooctynes (~ 10-2-10-1 M-1s-1).300  
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1.3.6 Photo-iEDDAC confers spatio-temporal control to protein labeling on living E. coli  

To enable a fluorescent read-out of our photo-iEDDAC labeling, Anton synthesized photo-

DMBO-Cy5 by coupling a succinimidyl ester of Cy5 dye to photo-DMBO-NH2 (Figure 

1.19a). Irradiation of photo-DMBO-Cy5 at 365 nm resulted in quantitative decarbonylation to 

the corresponding DMBO-Cy5 compound within 10 min (Figure 1.19a), which reacted 

rapidly with purified sfGFP-N150mTetK-His6 after administering in 25-fold excess to the 

cycloaddition product, confirmed by ESI-MS (Figure 1.19b). SDS-PAGE-based fluorescence 

imaging following this reaction in a time-resolved manner illustrates the rapid labeling of 

purified sfGFP-N150mTetK-His6 in more detail (Figure 1.19c). Performing labeling reactions 

with photo-DMBO-Cy5 in E. coli cell lysate shows specific and selective modification of 

mTetK-bearing proteins upon irradiation at 365 nm with minimal background (Figure 1.19d).  

 

 
Figure 1.19: Specific and rapid labeling of mTetK-bearing proteins with photo-DMBO-Cy5.  

a) Left: Structure of the Cy5 conjugates photo-DMBO-Cy5 and DMBO-Cy5. Right: LC-MS analysis shows quantitative 

photo-decaging of photo-DMBO-Cy5 at 365 nm. b) ESI-MS analysis proves quantitative labeling of sfGFP-N150mTetK-

His6 with DMBO-Cy5. c) SDS-PAGE in gel fluorescence confirms rapid labeling of sfGFP-N150mTetK-His6 with DMBO-

Cy5. d) Selective and light-induced labeling of mTetK-bearing sfGFP with photo-DMBO-Cy5 towards the E. coli proteome. 

CBB: Coomassie brilliant blue; FL: fluorescence. 

 

Encouraged by specific modification of mTetK-bearing proteins in cell lysate, we wanted to 

use photo-DMBO-Cy5 for labeling of living E. coli under temporal control by light. For this, 

OmpC-Y232mTetK was over-expressed on the surface of E. coli cells, residual mTetK 

removed by several washing steps and the resulting culture subjected to labeling with photo-

DMBO-Cy5 either in the presence or absence of UV-light. Labeling of OmpC was analyzed 

by SDS-PAGE fluorescence imaging and fluorescence microscopy of living E. coli (Figure 

1.20). In gel fluorescence was observed for OmpC-Y232mTetK treated with DMBO-Cy5 or 

photo-DMBO-Cy5 only upon irradiation at 365 nm. OmpC bearing strained alkyne BCNK 
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(Figure 1.20b) was used as a negative control and was, as expected, not observed to be 

modified (Figure 1.20a). Microscopy images show E. coli cells either expressing OmpC-

Y232mTetK or OmpC-Y232BCNK in the bright field. Emission of red fluorescence was 

observed only upon treatment of OmpC-Y232mTetK with DMBO-Cy5 as a positive control 

or photo-DMBO-Cy5 in the presence of UV light in the latter case. To show that OmpC-

Y232BCNK is able to be modified with the corresponding reaction partner, it was labeled 

with a methyl-tetrazine-Cy5 conjugate (Tet-Cy5, Figure 1.20b) and the labeling visualized by 

fluorescence microscopy (Figure 1.20c). These experiments confirm the selectivity of our 

novel photo-iEDDAC reaction with mTetK-bearing proteins on the cell-surface of living E. 

coli.  

 

 
Figure 1.20: Photo-iEDDAC labeling on living E. coli cells.  

a) In gel fluorescence imaging shows specific and selective labeling of OmpC-Y232mTetK on the surface of living E. coli 

only upon irradiation with 365 nm. b) Structures of BCNK and tetrazine-Cy5 conjugated Tet-Cy5. c) Fluorescence 

microscopy shows efficient and light-induced labeling of a cell-surface protein OmpC-Y232mTetK with photo-DMBO-Cy5 

on living E. coli. Upper panels show red fluorescence in the Cy5 channel, middle panels show bright field images, bottom 

panels show merged images. CBB: Coomassie brilliant blue; FL: fluorescence. 

 

As photo-DMBO remains strictly inactive until induced by UV-irradiation, photo-iEDDAC 

can be applied in one-pot reactions with iEDDAC for sequential dual labeling of proteins. To 

show this mutual orthogonality, a heterobifunctional crosslinker was designed to combine two 

moieties with comparable reactivities in iEDDAC, BCN- and DMBO, in one compound 

photo-DMBO-BCN for sequential one-pot labeling. This molecule enables controlled reaction 

with different methyl-tetrazine conjugates. E. coli cells expressing mTetK-bearing OmpC on 

their cell surface were treated with photo-DMBO-BCN, which lead to modification via its 

BCN moiety. The photo-DMBO functionality in the heterobifunctional compound however, is 
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inactive towards tetrazine ligation prior to UV-irradiation and cells are labeled with Tet-Cy5 

only after light-activation (Figure 1.21), conferring mutual orthogonality to iEDDA 

cycloadditions with tetrazines and providing control over protein-labeling both in time and 

space.301 

 

 
Figure 1.21: Sequential photo-iEDDAC labeling on living E. coli cells.  

a) Structure of bifunctional linker photo-DMBO-BCN, displaying a BCN and a photo-DMBO moiety. DMBO moiety 

becomes only available upon UV-irradiation and thereby allows spatio-temporal controlled, sequential labeling of living 

E. coli. b) In gel fluorescence imaging and c) fluorescence imaging of living E. coli cells show that labeling of OmpC-

Y232mTetK on the cell surface is depending on treatment with photo-DMBO-BCN and its activation with UV light. 

 

 

1.3.7 Incorporation experiments with tetrazine amino acids in mammalian cells 

Having a PylRS mutant at hand that incorporates TetK and mTetK effectively into proteins in 

E. coli, as a next step the expansion of our new tetrazine uAAs to mammalian cells was 

planned. For this, Marie-Lena Jokisch first tested different mammalian cell lines HEK293T, 

COS-1, COS-7 and HeLa for their amber suppression efficiency. Therefore, she coexpressed 

sfGFP carrying a premature amber codon and a C-terminal His6-tag with the wt PylRS in the 

presence of BocK in these different cell lines and evaluated the efficiency by production of 

fluorescent, full-length sfGFP. Among these, HEK293T cells showed the best amber 

suppression efficiency of sfGFP, while all the other cell lines showed a significantly 

decreased to no fluorescence signal. Expression tests with TetK and mTetK were then 

performed using HEK293T cells, but did unfortunately did not show incorporation of either 

TetK or mTetK into sfGFP (Figure 1.22). mTetK could only be used in low mM 

concentrations, since it is prone to precipitation in aqueous media at concentrations > 0.5 mM. 

The use of K-mTetK, which was better water-soluble than mTetK did also not give better 

incorporation results and the used batch was still contaminated with small amounts of 3-

CNPhK. The uAAs BocK and BCNK were used as positive controls for the incorporation. 
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Figure 1.22: Incorporation of different uAAs into sfGFP-N150TAG-His6 in HEK293T cells. 

 

To test if the tetrazine amino acids are not incorporated into proteins, because they are not 

able to penetrate cells, Marie-Lena then performed cell-permeability assays, where sfGFP-

N150TAG-His6 was expressed in the presence of BCNK and then treated with uAAs TetK, 

mTetK or K-mTetK. Cells were washed, lysed, sfGFP purified via His6-tag and then 

subsequently analyzed by ESI-MS, which confirmed modification of sfGFP-N150BCNK with 

TetK or mTetK (Figure 1.23).  

 

 
Figure 1.23: Uptake of tetrazine uAAs mTetK, K-mTetK and TetK is analyzed by ESI-MS. 

 

As a next step, we investigated if the incorporation of the tetrazine uAAs into other proteins 

would give better results. For this, Marie-Lena tested different proteins bearing premature 

TAG codons for the incorporation of TetK and mTetK including a GFP-mCherry fusion, as 

well as the epidermal growth factor receptor fusion EGFR-EGFP and the interleukin 4 

receptor IL-4R; however, successful suppression was not observed for these proteins. During 

the poster session at a conference someone shared the hypothesis that tetrazine amino acids 

are reduced to the corresponding dihydrotetrazines, incorporated into proteins as such and 

then reoxidized on the protein. We investigated this first in E. coli, where a 4-fold excess of 2-

(diphenylphosphino)benzoic acid (2-DPBA) was added to cultures expressing sfGFP-

N150TAG-His6 in the presence of 0.5 mM TetK and mTetK (Figure 1.24a). The addition of 

2-DPBA to E. coli cultures negatively influence their growth, as seen for the culture without 

addition of uAA, where also less truncated sfGFP was produced. Furthermore, the addition of 

2-DPBA to cultures where tetrazine uAA was present also did not show production of full-
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length sfGFP anymore. To determine, if this is mainly due to the negative influence of 2-

DPBA to E. coli cells, mTetK was reduced to the corresponding dihydrotetrazine dihydro-

mTetK (dh-mTetK) by addition of an excess of 2-(diphenylphosphino)benzoic acid and 

purified by HPLC. Dh-mTetK was tested for incorporation into proteins in E. coli, with and 

without the addition of 2-DPBA, but full-length sfGFP was observed in neither case (Figure 

1.24b). Marie-Lena also tested the combination of tetrazine uAAs and 2-DPBA in mammalian 

cells and could not observe successful incorporation of TetK or mTetK, suggesting that 

tetrazine uAAs are incorporated into proteins in their oxidized form.  

 

 
Figure 1.24: Incorporation of dihydrotetrazine uAAs into sfGFP-N150TAG-His6.  

a) Coomassie stained SDS-PAGE of incorporation of TetK and mTetK into sfGFP-N150TAG-His6 after in situ reduction to 

corresponding dihydrotetrazines by 2-DPBA. b) Coomassie stained SDS-PAGE of incorporation dihydro-mTetK into sfGFP-

N150TAG-His6. 

 

One hypothesis that emerged during these experiments employing 2-DPBA was that the 

tetrazines uAAs are actually reduced to the corresponding dihydrotetrazines upon uptake and 

therefore are not incorporated into proteins anymore. To examine this, we applied an 

approach described by Fox and coworkers that uses the photosensitizer methylen blue in the 

presence of visible light to induce iEDDAC between dihydrotetrazines and TCO-

conjugates.262b Marie-Lena tested this approach in mammalian cells. Therefore, cells were 

treated with 0.5 mM TetK in the presence of 10 μM methylen blue and irradiated at 660 nm, 

which completely abolished their viability, probably due to a combination of methylen blue 

and irradiation, as cells tolerated treatment with either one of these two factors. 

 

To date it is not completely understood, why the incorporation of tetrazine uAAs is not 

successful in mammalian cells. As described before, several hypotheses for this were 

examined, but could not be confirmed by experimental data. Further experiments in 

mammalian cells to elucidate the underlying reasons are currently under way. 
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1.4 Summary and Outlook 

In conclusion, we have reported a novel light-induced iEDDAC between tetrazines and a 

cyclopropenone caged dibenzoannulated BCN probe (photo-DMBO). We have demonstrated 

the efficient site-specific incorporation of methyl-tetrazine modified amino acids TetK and 

mTetK into proteins in E. coli and their efficient, specific and light-triggered labeling with 

photo-DMBO fluorophore conjugates. Photo-iEDDAC proceeds with on-protein rate-

constants of ~50 M-1s-1, equivalent to the fastest bioorthogonal photo-induced reactions, 

enabling protein labeling within minutes at low µM concentrations. These reactions are 2-4 

orders of magnitude faster than iEDDAC using cyclopropene or norbornene as dienophiles 

and nearly twice as fast as cycloadditions between BCN and metabolically stable methyl-

tetrazines. In the future other fields such as the fabrication of microarrays,302 biosensors and 

the preparation of multifunctional material may benefit from this photo-triggered and rapid 

iEDDAC reaction. While we have demonstrated the advantages of our approach in vitro and 

in living E. coli, the ability to incorporate uAAs in mammalian cells and C. elegans,303 

zebrafish304 and D. melanogaster305 using engineered PylRS/tRNACUA pairs suggests that it 

may be possible to extend the photo-induced labeling approach presented herein to site-

specifically label proteins in animals, which might be especially attractive in combination 

with multi-photon activation of photo-DMBO compounds.306 Exploitation of photo-iEDDAC 

and genetically encodable tetrazine reporters in mammalian cell is focus of current studies in 

our lab. 

 

 

  



74 

1.5 Experimental 

1.5.1 Synthesis of TetK 

3-(2-Hydroxyethyl)-6-methyl-1,2,4,5-tetrazine187 
 

 
 

Hydroxypropionitrile (5.0 g, 70.3 mmol, 1 eq) was added to a flask containing zinc chloride 

(4.8 g, 35.2 mmol, 0.5 eq), followed by acetonitrile (37 mL, 7.03 mol, 10 eq) and hydrazine 

hydrate (90 mL, 1.7 mol, 25 eq). The resulting reaction mixture was stirred at 60 °C for 36 h. 

Then, sodium nitrite (24.3 g, 0.35 mol, 5 eq) dissolved in a minimal amount of water was 

added and the mixture cooled on ice. 6 M HCl solution (300 mL) was slowly added to acidify 

the reaction mixture to pH 3. It was stirred for 30 minutes on ice until the formation of nitrous 

fumes was completed, then the water phase was extracted with EtOAc (5x 200 mL) until it 

wasn’t pink anymore. The organic phase was dried over Na2SO4 before removing the solvent 

under reduced pressure. The crude residue was purified by flash chromatography (0-60 % 

EtOAc/pentane), which resulted the product (1.11 g, 11 %) as a red liquid. 

 
1H-NMR (500 MHz, CDCl3): δ = 3.06 (s, 3H, CH3), 3.57 (t, 3JHH = 5.8 Hz, 2H, CH2), 4.26 (t, 
3JHH = 5.8 Hz, 2H, CH2OH). 

 

 

2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethyl-(4-nitrophenyl)-carbonate 
 

 
 

3-(2-Hydroxyethyl)-6-methyl-1,2,4,5-tetrazine (0.11 g, 0.79 mmol, 1 eq) was dissolved in 

DCM (2 mL) and cooled to 0 °C. 4-Nitrophenyl chloroformate (0.35 g, 1.7 mmol, 2.2 eq) was 

added to the solution in small portions, followed by the addition of pyridine (70 µL, 

0.86 mmol 1.1 eq) and then stirred at room temperature for two hours. After removal of the 

solvent under reduced pressure flash chromatography was used to purify the crude mixture (0-

30 % EtOAc/pentane), which resulted the product (0.2 g, 83 %) as a red liquid. 

 
1H-NMR (500 MHz, CDCl3): δ = 3.08 (s, 3H, CH3), 3.78 (t, 3JHH = 6.2 Hz, 2H, CH2), 4.98 (t, 
3JHH = 6.2 Hz, 2H, CH2O), 7.35 (d, 3JHH = 9.2 Hz, 2H, HAr), 8.27 (d, 3JHH = 9.2 Hz, 2H, HAr). 
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N2-(tert-butoxycarbonyl)-N6-((2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethoxy)-carbonyl)-L-

lysine (BocTetK) 
 

 
 

Boc-L-lysine (1.84 g, 7.45 mmol, 1.2 eq) was dissolved in DMF (20 mL), then NEt3 (1 mL, 

7.45 mmol, 1.2 eq) and 2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethyl-(4-nitrophenyl)-carbonate 

(1.90 g, 6.21 mmol, 1 eq) were added to the solution, which was stirred at room temperature 

overnight. Afterwards the solvent was evaporated under reduced pressure and the crude 

residue purified by flash chromatography (0-10 % MeOH/DCM + 0.1 % AcOH) to result the 

product as a red oil (1.94 g, 73 %).  

 
1H-NMR (500 MHz, DMSO-d6): δ = 1.19-1.36 (m, 4H, CH2-γ,δ), 1.37 (s, 9H, Boc), 1.46-1.64 

(m, 2H, CH2-β), 2.84-2.90 (m, 2H, CH2-ε), 2.95 (s, 3H, CH3), 3.52 (t, 3JHH = 6.3 Hz, 2H, CH2), 

3.76-3.84 (m, 1H, CH-α), 4.49 (t, 3JHH = 6.3 Hz, 2H, CH2O), 6.99 (d, 3JHH = 7.9 Hz, 1H, NH-

α), 7.09 (t, 3JHH = 5.8 Hz, 1H, NH-ε). 

MS (ESI), m/z calc for C17H28N6O6 412.21,  

 found 435.0 [M+Na]+, 312.8 [M-Boc+H]+, 411.1 [M-H]- 

 

N6-((2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethoxy)-carbonyl)-L-lysine trifluoroactate (TetK) 
 

 
 

BocTetK (1.90 g, 5 mmol, 1 eq) was dissolved in 25 mL TFA/DCM (1:1) with a drop of H2O 

and stirred at room temperature for two hours. The solvent was evaporated under reduced 

pressure, the product dissolved in a minimal amount of MeOH and then precipitated from 

cold Et2O and subsequently dried to obtain the product (1.41 g, 75 %) as a pink solid.  

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.20-1.43 (m, 4H, CH2-γ,δ), 1.64-1.80 (m, 2H, CH2-β), 

2.84-2.93 (m, 2H, CH2-ε), 2.95 (s, 3H, CH3), 3.52 (t, 3JHH = 6.3 Hz, 2H, CH2), 3.80-3.93 (m, 

1H, CH-α), 4.49 (t, 3JHH = 6.3 Hz, 2H, CH2O), 7.08 (t, 3JHH = 5.0 Hz, 1H, NH-ε), 8.20 (s, 3H, 

NH-α). 
13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 20.8 (1C, CH3), 21.8 (1C, Cγ), 28.8 (1C, Cδ), 

29.7 (1C, Cβ), 34.4 (1C, CH2), 39.9, (1C, Cε), 52.1 (1C, Cα), 61.3 (1C, CH2O), 156.0 (1C, 

NCOO), 167.1 (1C, CTet-6), 167.5 (1C, CTet-3), 171.2 (1C, COOH). 

RP-HPLC (C18, 250 x 21.2 mm, 10 mL/min, 1-80 % ACN in 16 min): tR = 12-13.5 min 

MS (ESI), m/z calc for C12H20N6O4 312.15, found 313.2 [M+H]+, 311.1 [M-H]- 
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1.5.2 Synthesis of mTetK 

3-(3-(Hydroxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine 
 

 
 

3-(Hydroxymethyl)benzonitrile (1 g, 7.5 mmol, 1 eq) was combined in flask with Zn or 

Ni(OTf)2 (1.4 or 1.3 g, 3.8 mmol, 0.5 eq), then ACN (3.9 mL, 75 mmol, 10 eq) and hydrazine 

hydrate (9.1 mL, 0.19 mol, 25 eq) were added and the reaction heated to 60 °C for 24-36 h. 

NaNO2 (2.6 g, 38 mmol, 5 eq) dissolved in H2O (10 mL) was added and the recation mixture 

cooled in an ice bath before slowly acidifying to pH 3 using a 6 M HCl solution. After stirring 

for 30 minutes on ice until the formation of nitrous fumes was complete, the reaction was 

extracted with EtOAc (5x 80 mL) until it wasn’t pink anymore. The organic phase was dried 

over Na2SO4 and the solvent removed under reduced pressure. The crude residue was purified 

by flash chromatography (0-50 % EtOAc/pentane), which resulted the product (Zn:0.53 g, 

35 %; Ni: 0.56 g, 38 %) as a pink solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 3.00 (s, 3H, CH3), 4.65 (d, 3JHH = 5.8 Hz, 2H, CH2), 

5.42 (t, 3JHH = 5.8 Hz, 1H, OH), 7.60-7.64 (m, 2H, HAr-4,6), 8.32-8.37 (m, 1H, HAr-5), 8.45-

8.48 (m, 1H, HAr-2). 

MS (ESI), m/z calc for C10H10N4O 202.09, found 202.7 [M+H]+ 

 

3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 
 

 
 

3-(3-(Hydroxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine (2.2 g, 11 mmol, 1 eq) was 

dissolved in DCM (50 mL) and cooled to 0 °C. 4-Nitrophenyl chloroformate (2.6 g, 13 mmol, 

1.2 eq) was added to the solution, followed by the addition of pyridine (0.88 mL, 11 mmol 

1 eq) and then stirred at room temperature for 2 hours. After removal of the solvent under 

reduced pressure flash chromatography was used to purify the crude mixture (0-60 % 

EtOAc/pentane), which resulted the product (3.5 g, 88 %) as a pink solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 3.02 (s, 3H, CH3), 5.48 (s, 2H, CH2), 7.60 (d, 3JHH = 

9.2 Hz, 2H, HAr-metaNO2), 7.75 (dd, 3JHH = 7.7, 7.7 Hz, 1H, HAr-5), 7.80 (td, 3JHH = 7.7 Hz, 4JHH 

= 1.5 Hz, 1H, HAr-4), 8.33 (d, 3JHH = 9.2 Hz, 2H, HAr-orthoNO2), 8.49 (td, 3JHH = 7.7 Hz, 4JHH = 

1.5 Hz, 1H, HAr-6), 8.57-8.60 (m, 1H, HAr-2). 
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N2-(tert-butoxycarbonyl)-N6-(((3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-

lysine (BocmTetK) 
 

 
 

Boc-L-lysine (0.32 g, 1.3 mmol, 1.2 eq) was dissolved in DMF (3.5 mL), then NEt3 (0.18 mL, 

1.3 mmol, 1.2 eq) and 3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 

(0.4 g, 1.1 mmol, 1 eq) were added to the solution, which was stirred at room temperature 

overnight. Afterwards the solvent was evaporated under reduced pressure and the crude 

residue purified by flash chromatography (0-2 % MeOH/DCM + 0.1 % AcOH) to result the 

product as a pink solid (0.36 g, 70 %).  

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.22-1.54 (m, 4H, CH2-γ,δ), 1.36 (s, 9H, Boc), 1.47-1.69 

(m, 2H, CH2-β), 2.94-3.00 (m, 2H, CH2-ε), 3.01 (s, 3H, CH3), 3.75-3.86 (m, 1H, CH2-α), 5.17 

(s, 2H, CH2), 7.00 (d, 3JHH = 8.1 Hz, 1H, NHα), 7.35 (t, 3JHH = 5.6 Hz, 1H, NHε), 7.62-7.68 

(m, 2H, HAr-4,6), 8.38-8.43 (m, 1H, HAr-5), 8.44-8.47 (m, 1H, HAr-2). 

MS (ESI), m/z calc for C22H30N6O6 474.22 

 found 497.0 [M+Na]+, 375.0 [M-Boc+H]+, 473.1 [M-H]- 

 

 

N6-(((3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine trifluoroacetate 

(mTetK) 
 

 
 

BocmTetK (6.8 g, 14.3 mmol, 1 eq) was dissolved in 60 mL TFA/DCM (1:1) with a drop of 

H2O and stirred at room temperature for two hours. The solvent was evaporated under 

reduced pressure, the product dissolved in a minimal amount of MeOH and then precipitated 

from cold Et2O and subsequently dried to obtain the product (5 g, 75 %) as a pink solid. The 

amino acid was further purified by RP-HPLC (C18, 250 x 21.2 mm, 10 mL/min, 1-80 % ACN 

in 16 min). 

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.27-1.53 (m, 4H, CH2-γ,δ), 1.67-1.84 (m, 2H, CH2-β), 

2.93-3.09 (m, 5H, CH3, CH2-ε), 3.82-3.93 (m, 1H, CH2-α), 5.17 (s, 2H, CH2), 7.34 (t, 3JHH = 

5.6 Hz, 1H, NHε), 7.62-7.68 (m, 2H, HAr-4,6), 8.22 (s, 3H, NHα), 8.38-8.43 (m, 1H, HAr-5), 

8.44-8.47 (m, 1H, HAr-2). 
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13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 20.9 (1C, CH3), 21.7 (1C, Cγ), 28.9 (1C, Cδ), 

29.7 (1C, Cβ), 39.8, (1C, Cε), 51.6 (1C, Cα), 64.8 (1C, CH2), 126.4 (1C, CAr-2), 126.8 (1C, CAr-

5), 129.6 (1C, CAr-6), 131.6 (1C, CAr-4), 132.1 (1C, CAr-1), 138.8 (1C, CAr-3), 156.1 (1C, 

NCOO), 163.2 (1C, CTet-6), 167.3 (1C, CTet-3), 171.1 (1C, COOH). 

RP HPLC (C18, 250 x 21.2 mm, 10 mL/min, 1-80 % ACN in 16 min): tR = 13-16 min  

MS (ESI), m/z calc for C17H22N6O4 374.21, found 375.2 [M+H]+, 373.1 [M-H]- 

 

 

1.5.2 Synthesis of K-mTetK 

1.5.2.1 Synthesis route in solution 

N2-(L-lysyl)-N6-(((3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine 

trifluoroacetate (K-mTetK) 
 

 
 

N2,N6-bis(tert-butoxycarbonyl)-L-lysine (1.4 g, 3.25 mmol, 1 eq) was dissolved in 5 mL 

DMF, then HATU (1.1 g. 2.9 mmol, 0.9 eq) and HOAt (0.4 g. 2.9 mmol, 0.9 eq) were added 

and the reaction stirred at room temperature for 1 h, before addition of DIPEA (2.4 mL, 

16 mmol, 5 eq) and mTetK (1.7 g, 3.6 mmol, 1.1 eq). After stirring overnight the reaction was 

concentrated under reduced pressure, dissolved in EtOAc and washed with 10 % citric acid. 

The crude residue was purified by flash chromatography (0-10 % MeOH/DCM + 0.1 % 

AcOH) to yield the product as a pink solid, which was directly dissolved in 10 mL TFA/DCM 

(1:1) with a few drops of water and stirred at room temperature for 5 h. The reaction was 

concentrated, the product dissolved in MeOH, then precipitated from cold Et2O and dried to 

obtain the product (0.27 g, 11 % over two steps) as pink solid. 
 

Protected product (Boc)2K-mTetK: 

MS (ESI), m/z calc for C33H50N8O9 702.37, found 603.1 [M-Boc+H]+ , 701.3 [M-H]- 

 

Deprotected product K-mTetK double TFA salt: 
1H-NMR (300 MHz, DMSO-d6): δ = 1.22-1.64 (m, 8H, CH2-γ,δ-K, mTetK), 1.61-1.79 (m, 

4H, CH2-β-K, mTetK), 2.68-2.80 (m, 2H, CH2-ε-K), 2.92-3.05 (m, 5H, CH3, CH2-ε-mTetK), 
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3.77-3.86 (m, 1H, CHα-K), 4.15-4.26 (m, 1H, CHα-mTetK), 5.17 (s, 2H, CH2), 7.30-7.41 (m, 

NHε -mTetK), 7.62-7.68 (m, 2H, HAr-4,6), 8.44-8.47 (m, 1H, HAr-5), 8.62-8.66 (m, 1H, HAr-2), 

8.76 (s, 1H, NHα-Peptide). 

MS (ESI), m/z calc for C23H34N8O5 502.27, found 503.2 [M-Boc+H]+ , 501.3 [M-H]- 

 

 

1.5.2.2 Solid phase synthesis 

N2-(L-lysyl)-N6-(((3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine 

trifluoroacetate (K-mTetK) 
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2-Chlorotrityl chloride resin (1 g, 1.6 mmol, 1 eq) was weighed in a 25 mL SPPS cartridge 

and resuspended in DCM for 10 minutes, then the excess DCM was drained. N2-(((9H-

fluoren-9-yl)methoxy)carbonyl)-N6-((allyloxy)carbonyl)-L-lysine (0.87 g, 1.9 mmol, 1.2 eq) 

and DIPEA (0.8 mL, 4.6 mmol, 2.8 eq) dissolved in 5 mL DCM were added and the reaction 

shaken for 45 minutes at room temperature. Then MeOH (0.65 mL, 16 mmol, 10 eq) and 

DIPEA (0.35 mL, 1.3 eq) were added and shaken for 10 minutes for endcapping. The resin 

was then washed with DCM (4x) and DMF (4x) before Fmoc deprotection with 20 % 

piperidine in DMF for 15 minutes. Afterwards the resin was washed with DMF (4x). N2,N6-

bis(tert-butoxycarbonyl)-L-lysine (1.7 g, 3.2 mmol, 2 eq), HATU (1.2 g, 3.2 mmol, 2 eq), 

HOBt (0.43 g, 3.2 mmol, 2 eq) and DIPEA (1.4 mL, 8 mmol, 5 eq) were resuspended in 

10 mL DMF and then added to the resin and shaken for 1 h at room temperature. Then the 

resin was drained and washed with DMF (4x) and DCM (4x), followed by Alloc deprotection 

with Pd(PPh3)4 (0.46 g, 0.4 mmol, 0.25 eq) and phenylsilane (2.2 mL, 16 mmol, 10 eq) in 

DCM for 20 to 30 minutes until the formation of CO2 gas was complete. The resin was then 

washed each with 0.5 % sodium N,N-diethyldithiocarbamate in DMF (3x), 0.5 % DIPEA in 

DMF (3x) and DMF (3x). 3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 

(1.2 g, 3.2 mmol, 2 eq) and DIPEA (0.5 mL, 4.8 mmol, 3 eq) were dissolved in 10 mL DMF, 

added to the resin and shaken overnight at room temperature. Then, the resin was drained and 

washed with DMF (4x) and DCM (4x) before splitting the dipeptide from the resin with 2x 

20 % HFIP in DCM (10 mL) for 20 minutes. The solvent was then removed under reduced 

pressure to obtain the product (0.66 g, 59 %) as a pink solid. 

 

MS (ESI), m/z calc for C33H50N8O9 702.37, found 603.1 [M-Boc+H]+ , 701.3 [M-H]- 

 

N2-(N2,N6-bis(tert-butoxycarbonyl)-L-lysyl)-N6-(((3-(6-methyl-1,2,4,5-tetrazin-3-

yl)benzyl)oxy)carbonyl)-L-lysine (0.66 g, mmol, 1 eq) was dissolved in a solution of 6 mL 

TFA with DCM (5 %) and water (5 %) and stirred for 30 minutes. The reaction was 

concentrated under reduced pressure, the product dissolved in a minimal amount of MeOH, 

then precipitated from cold Et2O and subsequently dried to obtain the product as a pink solid, 

which was further purified by HPLC (0.25 g, 37 %). 

 

RP HPLC (C18, 250 x 21.2 mm, 8 mL/min, 20-90 % ACN in 17 min): tR = 12.0-14.2 min  

MS (ESI), m/z calc for C23H34N8O5 502.27, found 503.2 [M-Boc+H]+ , 501.3 [M-H]- 
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1.5.3 Synthesis of mTet2K 

3-(3-(Carboxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine 
 

 
 

3-(Carboxymethyl)benzonitrile (0.5 g, 3.1 mmol, 1 eq) and Ni(OTf)2 (0.5 g, 1.6 mmol, 0.5 eq) 

were weighed in a flask, then ACN (1.6 mL, 31 mmol, 10 eq) and hydrazine hydrate (3.8 mL, 

78 mmol, 25 eq) were added and the reaction heated to 60 °C for 24-36 h. NaNO2 (1.1 g, 

16 mmol, 5 eq) dissolved in H2O (5 mL) was added and the recation mixture cooled in an ice 

bath before slowly acidifying to pH 3 using a 6 M HCl solution. The reaction was stirred for 

another 30 minutes on ice until the formation of nitrous fumes was complete, before it was 

extracted with EtOAc (5x 50 mL) until it wasn’t pink anymore. The organic phase was dried 

over Na2SO4 and the solvent removed under reduced pressure. The crude residue was purified 

by flash chromatography (0-50 % EtOAc/pentane + 0.1 % AcOH), which resulted the product 

(0.22 g, 31 %) as a pink solid. 

 
1H-NMR (500 MHz, DMSO-d6): δ = 3.00 (s, 3H, CH3), 3.77 (s, 2H, CH2), 7.56-7.64 (m, 2H, 

HAr-4,6), 8.34-8.37 (m, 1H, HAr-5), 8.48-8.40 (m, 1H, HAr-2). 

 

N2-(tert-butoxycarbonyl)-N6-(2-(3-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)acetyl)-L-lysine 

(BocmTet2K) 
 

 
 

3-(3-(Carboxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine (0.22 g, 0.96 mmol, 1 eq) was 

dissolved in 5 mL DMF, then HATU (0.33 g, 0.86 mmol, 0.9 eq) and HOBt (0.13 g, 

0.86 mmol, 0.9 eq) were added and stirred at room temperature for 1 h, before addition of 

Boc-L-lysine (0.28 g, 1.2 mmol, 1.2 eq) and DIPEA (0.84 mL, 4.8 mmol, 5 eq). The resulting 

reaction mixture was stirred at room temperature overnight. The solvent was evaporated 

under reduced pressure, the residue dissolved in EtOAc (50 mL) and washed with a 20 % 

citric acid solution (3x 20 mL). The crude product was purified by flash chromatography (0-

4 % MeOH/DCM + 0.1 % AcOH) to obtain the product (0.25 g, 57 %) as a pink solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.22-1.44 (m, 4H, CH2-γ,δ), 1.37 (s, 9H, Boc), 1.47-1.67 

(m, 2H, CH2-β), 3.00 (s, 3H, CH3), 2.98-3.08 (m, 2H, CH2-ε), 3.55 (s, 2H, CH2), 3.75-3.86 (m, 

1H, CH2-α), 6.99 (d, 3JHH = 8.0 Hz, 1H, NHα), 7.52-7.63 (m, 2H, HAr-4,6), 8.15 (t, 3JHH = 

5.6 Hz, 1H, NHε), 8.28-8.36 (m, 1H, HAr-5), 8.38-8.42 (m, 1H, HAr-2). 
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N6-(2-(3-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)acetyl)-L-lysine trifluoroacetate 

(mTet2K) 
 

 

 

BocmTet2K (0.25 g, 3 mmol, 1 eq) was dissolved in 20 mL TFA/DCM (1:1) with a drop of 

H2O and stirred at room temperature for two hours. The solvent was evaporated under 

reduced pressure, the product dissolved in a minimal amount of MeOH and then precipitated 

from cold Et2O and subsequently dried to obtain the product (0.17 g, 68 %) as a pink solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.27-1.49 (m, 4H, CH2-γ,δ), 1.67-1.84 (m, 2H, CH2-β), 

2.98 (s, 3H, CH3), 3.00-3.11 (m, 2H, CH2-ε), 3.56 (s, 2H, CH2), 3.82-3.93 (m, 1H, CH2-α), 

7.53-7.58 (m, 2H, HAr-4,6), 8.18 (s, 3H, NHα), 8.30-8.35 (m, 1H, HAr-5), 8.38-8.41 (m, 1H, HAr-

2). 
13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 20.9 (1C, CH3), 22.1 (1C, Cγ), 28.9 (1C, Cδ), 

30.0 (1C, Cβ), 38.5, (1C, Cε), 42.5 (1C, CH2), 52.2 (1C, Cα), 125.8 (1C, CAr-5), 128.2 (1C, CAr-

2), 129.5 (1C, CAr-6), 132.1 (1C, CAr-1), 133.4 (1C, CAr-4), 138.1 (1C, CAr-3), 163.6 (1C, CTet-6), 

167.4 (1C, CTet-3), 170.0 (1C, HNCO), 171.4 (1C, COOH). 

 

 

1.5.4 Synthesis of pTetK 

4-(Hydroxymethyl)benzonitrile307 
 

 
 

A 1 M solution of lithium pyrrolidinoborohydride in THF (34.2 mL, 34.2 mmol, 1.2 eq) was 

added to ethyl 4-cyanobenzoate (5 g, 28.5 mmol, 1 eq) dissolved in THF (25 mL) and the 

reaction mixture stirred at room temperature for 6 h. The reaction was quenched with 3 M 

HCl (48 mL) solution and then extracted with Et2O (3x 30 mL). The solvent was removed 

under reduced pressure to yield the product (3.4 g, 75 %) as a white solid.  

 
1H-NMR (300 MHz, CDCl3): δ = 2.21-2.29 (m, 1H, OH), 4.77 (d, 3JHH = 5.5 Hz, 2H, CH2), 

7.47 (d, 3JHH = 8.3 Hz, 2H, HAr-2,2’), 7.64 (d, 3JHH = 8.3 Hz, 2H, HAr-3,3’). 

MS (ESI), m/z calc for C8H7NO 133.05, found 134.1 [M+H]+ 
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3-(4-(Hydroxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine187 
 

 
 

4-(Hydroxymethyl)benzonitrile (2.95 g, 22.1 mmol, 1 eq) and Zn(OTf)2 (4 g, 11 mmol, 

0.5 eq) were weighed in a flask, then ACN (11.5 mL, 0.22 mol, 10 eq) and hydrazine hydrate 

(26.9 mL, 0.55 mol, 25 eq) were added and the reaction heated to 60 °C for 24-36 h. 6 M HCl 

solution was used to slowly acidify the reaction mixture to pH 3 on ice after addition of a 

solution of NaNO2 (7.6 g, 0.11 mol, 5 eq) dissolved in H2O (20 mL). After stirring for 

30 minutes, the reaction was extracted with EtOAc (5x 150 mL) until it wasn’t pink anymore. 

The organic phase was dried over Na2SO4 and the solvent removed under reduced pressure. 

The crude residue was purified by flash chromatography (0-50 % EtOAc/pentane), which 

yielded the product (1.73 g, 38 %) as a pink solid. 

 
1H-NMR (300 MHz, CDCl3): δ = 3.10 (s, 3H, CH3), 4.84 (, 2H, CH2), 7.59 (d, 3JHH = 8.4 Hz, 

2H, HAr-3,3’), 8.59 (d, 3JHH = 8.4 Hz, 2H, HAr-2,2’). 

MS (ESI), m/z calc for C10H10N4O 202.09, found 202.7 [M+H]+ 

 

 

4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 
 

 
 

4-Nitrophenyl chloroformate (2.1 g, 10.3 mmol, 1.2 eq) was added to a solution of 3-(4-

(Hydroxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine (1.73 g, 8.6 mmol, 1 eq) in DCM 

(40 mL), followed by the addition of pyridine (0.69 mL, 8.6 mmol 1 eq) and then stirred at 

room temperature for 2 hours. After removal of the solvent under reduced pressure, flash 

chromatography was used to purify the crude mixture (0-30 % EtOAc/pentane), which 

resulted the product (3 g, 96 %) as a pink solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 3.12 (s, 3H, CH3), 5.41 (s, 2H, CH2), 7.41 (d, 3JHH = 

9.2 Hz, 2H, HAr-metaNO2), 7.67 (d, 3JHH = 8.3 Hz, 1H, HAr-2,2’), 8.29 (d, 3JHH = 9.2 Hz, 2H, HAr-

orthoNO2), 8.65 (d, 3JHH = 8.3 Hz, 1H, HAr-3,3’). 
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N2-(tert-butoxycarbonyl)-N6-(((4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-

lysine 
 

 

4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate (1.3 g, 3.4 mmol, 1 eq) 

was added to a solution of Boc-L-lysine (1 g, 4 mmol, 1.2 eq) and NEt3 (0.56 mL, 4 mmol, 

1.2 eq) in DMF (11 mL), which was then stirred at room temperature overnight. Afterwards 

the solvent was evaporated under reduced pressure and the crude residue purified by flash 

chromatography (0-2 % MeOH/DCM + 0.1 % AcOH) to result the product as a pink solid 

(1.44 g, 89 %).  

 
1H-NMR (500 MHz, DMSO-d6): δ = 1.22-1.44 (m, 4H, CH2-γ,δ), 1.37 (s, 9H, Boc), 1.47-1.69 

(m, 2H, CH2-β), 2.96-3.03 (m, 2H, CH2-ε), 3.00 (s, 3H, CH3), 3.79-3.86 (m, 1H, CH2-α), 5.15 

(s, 2H, CH2), 7.03 (d, 3JHH = 8. Hz, 1H, NHα), 7.35 (t, 3JHH = 5.6 Hz, 1H, NHε), 7.61 (d, 3JHH 

= 8.3 Hz, 1H, HAr-2,2’), 8.47 (d, 3JHH = 8.3 Hz, 1H, HAr-3,3’). 

MS (ESI), m/z calc for C22H30N6O6 474.22, found 375.1 [M-Boc+H]+
, 497.2 [M+Na]+,  

473.1 [M-H]-
, 

 

N6-(((4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine trifluoroacetate 

(pTetK) 
 

 
 

BocpTetK (1.44 g, 3 mmol, 1 eq) was dissolved in 20 mL TFA/DCM (1:1) with a drop of 

H2O and stirred at room temperature for two hours. The solvent was evaporated under 

reduced pressure, the product dissolved in a minimal amount of MeOH and then precipitated 

from cold Et2O and subsequently dried to obtain the product (1 g, 73 %) as a pink solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.27-1.53 (m, 4H, CH2-γ,δ), 1.67-1.84 (m, 2H, CH2-β), 

2.98 (s, 3H, CH3), 2.93-3.09 (m, 2H, CH2-ε), 3.82-3.93 (m, 1H, CH2-α), 5.14 (s, 2H, CH2), 7.31 

(s, 1H, NHε), 7.60 (d, 3JHH = 8.3 Hz, 1H, HAr-2,2’), 8.19 (s, 3H, NHα), 8.46 (d, 3JHH = 8.3 Hz, 

1H, HAr-3,3’). 
13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 20.9 (1C, CH3), 21.9 (1C, Cγ), 29.1 (1C, Cδ), 

29.9 (1C, Cβ), 30.2, (1C, Cε), 52.2 (1C, Cα), 64.8 (1C, CH2), 127.7 (2C, CAr-2,2’), 128.4 (2C, 

CAr-3,3’), 131.5 (1C, CAr-6), 142.2 (1C, CAr-1), 156.3 (1C, NCOO), 163.4 (1C, CTet-6), 167.3 

(1C, CTet-3), 171.3 (1C, COOH). 

MS (ESI), m/z calc for C17H22N6O4 374.21, found 375.2 [M+H]+, 373.1 [M-H]- 
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1.5.5 Synthesis of K-pTetK 

1.5.5.1 Synthesis in solution 

N2-(L-lysyl)-N6-(((4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine 

 

N2,N6-bis(tert-butoxycarbonyl)-L-lysine (0.42 g, 1.2 mmol, 1 eq) was dissolved in 5 mL 

DMF, then HATU (0.41 g. 1.1 mmol, 0.9 eq) and HOAt (0.15 g. 1.1 mmol, 0.9 eq) added and 

the reaction stirred at room temperature for 1 h before addition of DIPEA (0.6 mL, 6 mmol, 

5 eq) and pTetK (0.65 g, 1.3 mmol, 1.1 eq). After further stirring overnight the reaction was 

concentrated under reduced pressure, dissolved in EtOAc and washed with 10 % citric acid. 

The crude residue was purified by flash chromatography (0-10 % MeOH/DCM + 0.1 % 

AcOH) to yield the product as a pink solid. This was dissolved in 10 mL TFA/DCM (1:1) 

with a few drops of water and stirred at room temperature for 2 h. The reaction was 

concentrated in vacuo, the product dissolved in a minimal amount of MeOH, precipitated 

from cold Et2O and dried to obtain the product (0.16 g, 18 % over two steps) as a pink solid. 
 

MS (ESI), m/z calc for C33H50N8O9 702.37, found 603.1 [M-Boc+H]+ , 701.3 [M-H]- 

 

1H-NMR (300 MHz, DMSO-d6): δ = 1.29-1.64 (m, 8H, CH2-γ,δ-K, pTetK), 1.68-1.89 (m, 4H, 

CH2-β-K, pTetK), 2.70-2.79 (m, 2H, CH2-ε-K), 2.96-3.05 (m, 5H, CH3, CH2-ε-mTetK), 3.77-

3.86 (m, 1H, CHα-K), 4.15-4.26 (m, 1H, CHα-pTetK), 5.15 (s, 2H, CH2), 7.34-7.42 (m, NHε -

pTetK), 7.61 (d, 3JHH = 8.5 Hz, 2H, HAr-3,3’), 8.46 (d, 3JHH = 8.5 Hz, 2H, HAr-2,2’), 8.67 (s, 1H, 

NHα-Peptide). 
13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 20.6 (1C, CH3), 20.9 (1C, Cγ-K), 22.7 (1C, Cγ-

pTetK) 26.5 (1C, Cδ-K), 29.0 (1C, Cδ-pTetK), 30.4 (1C, Cβ-K), 30.6 (1C, Cβ-pTetK), 38.3 

(1C, Cε-K) 39.9, (1C, Cε-pTetK), 51.6 (1C, Cα-K), 52.5 (1C, Cα-pTetK), 64.5 (1C, CH2), 

127.1 (2C, CAr-2,2’), 128.3 (2C, CAr-3,3’), 129.6 (1C, CAr-6), 131.2 (1C, CAr-4), 141.9 (1C, CAr-1), 

156.1 (1C, NCOO), 162.8 (1C, CTet-6), 167.1 (1C, CTet-3), 168.9 (1C, HNCO), 173.0 (1C, 

COOH). 

MS (ESI), m/z calc for C23H34N8O5 502.27, found 503.2 [M-Boc+H]+ , 501.3 [M-H]- 
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1.5.5.2 Solid phase synthesis 

N2-(L-lysyl)-N6-(((4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine 
 

 
 

2-Chlorotrityl chloride resin (1 g, 1.6 mmol, 1 eq) was weighed in a 25 mL SPPS cartridge 

and resuspended in DCM for 10 minutes, then the excess DCM was drained. N2-(((9H-

fluoren-9-yl)methoxy)carbonyl)-N6-((allyloxy)carbonyl)-L-lysine (0.87 g, 1.9 mmol, 1.2 eq) 

and DIPEA (0.8 mL, 4.6 mmol, 2.8 eq) dissolved in 5 mL DCM were added and the reaction 

shaken for 45 minutes at room temperature. Then MeOH (0.65 mL, 16 mmol, 10 eq) and 

DIPEA (0.35 mL, 1.3 eq) were added and shaken for 10 minutes for endcapping. The resin 

was then washed with DCM (4x) and DMF (4x) before Fmoc deprotection with 20 % 
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piperidine in DMF for 15 minutes. Afterwards the resin was washed with DMF (4x). N2,N6-

bis(tert-butoxycarbonyl)-L-lysine (1.7 g, 3.2 mmol, 2 eq), HATU (1.2 g, 3.2 mmol, 2 eq), 

HOBt (0.43 g, 3.2 mmol, 2 eq) and DIPEA (1.4 mL, 8 mmol, 5 eq) were resuspended in 

10 mL DMF and then added to the resin and shaken for 1 h at room temperature. Then the 

resin was drained and washed with DMF (4x) and DCM (4x), followed by Alloc deprotection 

with Pd(PPh3)4 (0.46 g, 0.4 mmol, 0.25 eq) and phenylsilane (2.2 mL, 16 mmol, 10 eq) in 

DCM for 20 to 30 minutes until the formation of CO2 gas was complete. The resin was then 

washed each with 0.5 % sodium N,N-diethyldithiocarbamate in DMF (3x), 0.5 % DIPEA in 

DMF (3x) and DMF (3x). 4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 

(1.2 g, 3.2 mmol, 2 eq) and DIPEA (0.5 mL, 4.8 mmol, 3 eq) were dissolved in 10 mL DMF, 

added to the resin and shaken overnight at room temperature. Then, the resin was drained and 

washed with DMF (4x) and DCM (4x) before splitting the dipeptide from the resin with 2x 

20 % HFIP in DCM (10 mL) for 20 minutes. The solvent was then removed under reduced 

pressure to obtain the product (0.9 g, 81 %) as a pink solid. 

 

MS (ESI), m/z calc for C33H50N8O9 702.37, found 603.1 [M-Boc+H]+ , 701.3 [M-H]- 

 

N2-(N2,N6-bis(tert-butoxycarbonyl)-L-lysyl)-N6-(((3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-

oxy)carbonyl)-L-lysine (0.9 g, mmol, 1 eq) was dissolved in a solution of 6 mL TFA with 

DCM (5 %) and water (5 %) and stirred for 30 minutes. The reaction was concentrated under 

reduced pressure, the product dissolved in a minimal amount of MeOH, then precipitated 

from cold Et2O and subsequently dried to obtain the product as a pink solid, which was 

further purified by HPLC (0.61 g, 65 %). 

 

RP HPLC (C18, 250 x 21.2 mm, 8 mL/min, 20-90 % ACN in 17 min): tR = 11.8-13.6 min 

MS (ESI), m/z calc for C23H34N8O5 502.27, found 503.2 [M-Boc+H]+ , 501.3 [M-H]- 
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1.5.6 Synthesis of PhTetK 

3-(2-Hydroxyethyl)-6-phenyl-1,2,4,5-tetrazine308 
 

 
 

Hydroxypropionitrile (0.4 g, 5.7 mmol, 1 eq) was added to a flask, containing Ni(OTf)2 (1 g, 

2.8 mmol, 0.5 eq), followed by benzonitrile (1.1 mL, 11.3 mol, 2 eq) and hydrazine hydrate 

(6.8 mL, 0.14 mol, 25 eq). The resulting reaction mixture was stirred at 60 °C for 36 h. Then 

NaNO2 (24.3 g, 0.35 mol, 5 eq) dissolved in a minimal amount of water was added and the 

mixture cooled on ice. 6 M HCl solution was slowly added to acidify the reaction mixture to 

pH 3. It was stirred for 30 minutes on ice until the formation of nitrous fumes was completed, 

then the water phase was extracted with EtOAc (5x 50 mL) until it wasn’t pink anymore. The 

organic phase was dried over Na2SO4 before removing the solvent under reduced pressure. 

The crude residue was purified by flash chromatography (0-60 % EtOAc/pentane), which 

resulted the product (0.49 g, 43 %) as a pink solid. 

 
1H-NMR (300 MHz, CDCl3): δ = 3.64 (t, 3JHH = 5.8 Hz, 2H, CH2), 4.32 (t, 3JHH = 5.8 Hz, 2H, 

CH2OH), 7.56-7-68 (m, 3H, HAr-3,3’,4), 8.59-8.62 (m, 2H, HAr-2,2’). 

 

 

2-(6-phenyl-1,2,4,5-tetrazin-3-yl)ethyl-(4-nitrophenyl)-carbonate 
 

 
 

3-(2-Hydroxyethyl)-6-phenyl-1,2,4,5-tetrazine (0.49 g, 2.4 mmol, 1 eq) was dissolved in 

DCM (10 mL), then 4-nitrophenyl chloroformate (0.58 g, 2.9 mmol, 2.2 eq) was added to the 

solution followed by the addition of pyridine (0.19 mL, 2.4 mmol 1 eq). The resulting 

solution was stirred at room temperature for two hours. After removal of the solvent under 

reduced pressure flash chromatography was used to purify the crude mixture (0-50 % 

EtOAc/pentane), which resulted the product (0.85 g, 96 %) as a red liquid. 

 
1H-NMR (500 MHz, CDCl3): δ = 3.85 (t, 3JHH = 6.2 Hz, 2H, CH2), 4.97 (t, 3JHH = 6.2 Hz, 2H, 

CH2O), 7.36 (d, 3JHH = 9.2 Hz, 2H, HAr-metaNO2), 7.56-7-68 (m, 3H, CHAr-3,3’,4), 8.26 (d, 3JHH = 

9.2 Hz, 2H, HAr-orthoNO2), 8.59-8.64 (m, 2H, CHAr-2,2’). 
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N2-(tert-butoxycarbonyl)-N6-((2-(6-phenyl-1,2,4,5-tetrazin-3-yl)ethoxy)-carbonyl)-L-

lysine (BocPhTetK) 
 

 
 

Boc-L-lysine (0.68 g, 2.8 mmol, 1.2 eq) was dissolved in DMF (10 mL), then NEt3 (0.38 mL, 

2.8 mmol, 1.2 eq) and 2-(6-phenyl-1,2,4,5-tetrazin-3-yl)ethyl-(4-nitrophenyl)-carbonate 

(0.85 g, 2.3 mmol, 1 eq) were added to the solution, which was stirred at room temperature 

overnight. Afterwards the solvent was evaporated under reduced pressure and the crude 

residue purified by flash chromatography (0-10 % MeOH/DCM + 0.1 % AcOH) to result the 

product (0.15 g, 14 %) as a pink solid.  

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.19-1.36 (m, 4H, CH2-γ,δ), 1.37 (s, 8H, Boc), 1.46-1.64 

(m, 2H, CH2-β), 2.84-2.90 (m, 2H, CH2-ε), 3.63 (t, 3JHH = 6.3 Hz, 2H, CH2), 3.76-3.8480 (m, 

1H, CH-α), 4.54 (t, 3JHH = 6.3 Hz, 2H, CH2O), 6.98 (d, 3JHH = 8.2 Hz, 1H, NH-α), 7.10 (t, 3JHH 

= 6.0 Hz, 1H, NH-ε), 7.56-7-68 (m, 3H, CHAr-3,3’,4), 7.99-8.10 (m, 2H, CHAr-2,2’). 

MS (ESI), m/z calc for C22H30N6O6 474.21, found 375.2 [M-Boc+H]+, 497.2 [M+Na]+, 473.2 

[M-H]-. 

 

 

N6-((2-(6-phenyl-1,2,4,5-tetrazin-3-yl)ethoxy)-carbonyl)-L-lysine trifluoroacetate 

(PhTetK) 
 

 
 

BocPhTetK (0.14 g, 3 mmol, 1 eq) was dissolved in 20 mL TFA/DCM (1:1) with a drop of 

H2O and stirred at room temperature for two hours. The solvent was evaporated under 

reduced pressure, the product dissolved in a minimal amount of MeOH and then precipitated 

from cold Et2O and subsequently dried to obtain the product (0.86 g, 60 %) as pink solid, 

which was further purified by RP-HPLC (C18, 250 x 21.2 mm, 10 mL/min, 1-50 % ACN in 

16 min). 

 

RP HPLC (C18, 250 x 21.2 mm, 10 mL/min, 1-50 % ACN in 16 min): tR = 17-18 min  

MS (ESI), m/z calc for C17H22N6O4 374.17, found 375.2 [M+H]+ 
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1.5.7 Synthesis of HmTetK 

3-(3-(Hydroxymethyl)phenyl)-1,2,4,5-tetrazine309 
 

 
 

3-(Hydroxymethyl)benzonitrile (0.5 g, 3.8 mmol, 1 eq) and sulfur (0.24 g, 7.5 mmol, 2 eq) 

were suspended in EtOH, then DCM (0.25 mL, 3.8 mmol, 1 eq) and hydrazine hydrate 

(1.5 mL, 30 mmol, 8 eq) were added and the reaction heated to 50 °C for 16-20 h. NaNO2 

(1.3 g, 19 mmol, 5 eq) dissolved in H2O (5 mL) was added and the reaction mixture cooled in 

an ice bath before slowly acidifying to pH 3 using a 6 M HCl solution. After stirring for 

30 minutes until the formation of nitrous fumes was complete, the reaction was extracted with 

EtOAc (5x 30 mL) until it wasn’t pink anymore. The organic phase was dried over Na2SO4 

and the solvent removed under reduced pressure. The crude residue was purified by flash 

chromatography (0-50 % EtOAc/pentane), which resulted the product (0.26 g, 36 %) as a pink 

solid, mixed 1:1 with 3-(Hydroxymethyl)benzonitrile starting material. 

 
1H-NMR (300 MHz, CDCl3): δ = 4.75 (s, 2H, CH2), 7.58-7.64 (m, 2H, HAr-4,6), 8.53-8.58 (m, 

1H, HAr-5), 8.60-8.65 (m, 1H, HAr-2), 10.22 (s, 1H, HTet3). 

MS (ESI), m/z calc for C9H8N4O 188.07, found 189.1 [M+H]+ 

 

Starting material: 
1H-NMR (300 MHz, CDCl3): δ = 4.65 (s, 2H, CH2), 7.42-7.50 (m, 1H, HAr-5), 7.55-7.59 (m, 

1H, HAr-2), 7.65-7.70 (m, 2H, HAr-4,6). 

MS (ESI), m/z calc for C7H8NO 133.05, found 134.1 [M+H]+ 

 

 

3-(1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 
 

 
 

The mixture of starting material and 3-(3-(Hydroxymethyl)phenyl)-1,2,4,5-tetrazine from the 

previous step (2 g, 11 mmol, 1 eq) were dissolved in DCM (20 mL) and cooled to 0 °C. 4-

Nitrophenyl chloroformate (4 g, 20 mmol, 1.8 eq) was added to the solution, followed by the 

addition of pyridine (1.3 mL, 16 mmol 1.5 eq). The resulting mixture was stirred at room 

temperature for 2 hours. After removal of the solvent under reduced pressure flash 

chromatography was used to purify the crude mixture (0-60 % EtOAc/pentane), which 

resulted the product (2.8 g, 71 %) as a pink solid mixed with activated starting material. 
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1H-NMR (300 MHz, CDCl3): δ = 5.44 (s, 2H, CH2), 7.42 (d, 3JHH = 9.3 Hz, 2H, HAr-metaNO2), 

7.64-7.71 (m, 2H, HAr-4,6), 8.29 (d, 3JHH = 9.3 Hz, 2H, HAr-orthoNO2), 8.64-8.70 (m, 1H, HAr-5), 

8.72-8.75 (m, 1H, HAr-2), 10.26 (s, 1H, HTet3). 

MS (ESI), m/z calc for C16H11N5O5 353.08, found 376.1 [M+Na]+ 

 

Activated starting material: 
1H-NMR (300 MHz, CDCl3): δ = 5.32 (s, 2H, CH2), 7.39-7.42 (m, 1H, HAr-5), 7.39 (d, 3JHH = 

9.3 Hz, 2H, HAr-metaNO2), 7.51-7.59 (m, 1H, HAr-2), 7.72-7.77 (m, 2H, HAr-4,6), 8.29 (d, 3JHH = 

9.3 Hz, 2H, HAr-orthoNO2). 

 

 

N2-(tert-butoxycarbonyl)-N6-(((3-(1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine 
 

 
 

3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate (0.4 g, 1.1 mmol, 1 eq) 

was added to a solution of Boc-L-lysine (0.33 g, 1.34 mmol, 1.2 eq) and NEt3 (0.23 mL, 

1.34 mmol, 1.2 eq) in DMF (10 mL), which was stirred at room temperature overnight. 

Afterwards the solvent was evaporated under reduced pressure and the crude residue purified 

by flash chromatography (0-2 % MeOH/DCM + 0.1 % AcOH) to result the product as a pink 

solid (0.38 g, 74 %) mixed with side product.  

 
1H-NMR (500 MHz, CDCl3): δ = 1.39-1.48 (m, 4H, CH2-γ), 1.44 (s, 9H, Boc), 1.50-1.61 (m, 

2H, CH2- δ), 1.67-1.93 (m, 2H, CH2-β), 3.15-3.29 (m, 2H, CH2-ε), 4.25-4.36 (m, 1H, CH2-α), 

4.98 (s, 1H, NHε), 5.16 (s, 1H, NHα), 5.24 (s, 2H, CH2), 7.43-7.50 (m, 1H, HAr-5), 7.54-7.60 

(m, 1H, HAr-4,6), 8.55-8.64 (m, 1H, HAr-2). 

MS (ESI), m/z calc for C21H28N6O6 460.21 

 found 361.2 [M-Boc+H]+, 483.2 [M+Na]+, 459.2 [M-H]- 

 

Side product: N2-(tert-butoxycarbonyl)-N6-(((3-cyanobenzyl)oxy)carbonyl)-L-lysine 

MS (ESI), m/z calc for C20H27N3O6 405.2, found 306.1 [M-Boc+H]+, 404.1 [M-H]- 
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N6-(((3-(1,2,4,5-tetrazin-3-yl)benzyl)oxy)carbonyl)-L-lysine trifluoroacetate (HmTetK) 
 

 
 

BocHmTetK (0.12 g, 0.24 mmol, 1 eq) was dissolved in 6 mL TFA/DCM (1:1) with a drop of 

H2O and stirred at room temperature for two hours. The solvent was evaporated under 

reduced pressure, the product dissolved in a minimal amount of MeOH and then precipitated 

from cold Et2O and subsequently dried to obtain the product (89 mg, 75 %) as a pink solid 

mixed with side product. The amino acid was further purified by RP-HPLC (C18, 

250 x 21.2 mm, 10 mL/min, 10-30 % ACN in 75 min), which decreased the amount of side 

product, but did not completely separate from it. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.24-1.53 (m, 4H, CH2-γ,δ), 1.67-1.86 (m, 2H, CH2-β), 

2.95-3.07 (m, 2H, CH2-ε), 3.82-3.93 (m, 1H, CH2-α), 5.18 (s, 2H, CH2), 7.35 (t, 3JHH = 5.7 Hz, 

1H, NH-ε), 7.65-7.61 (m, 2H, HAr-4,6), 8.22 (s, 3H, NHα), 8.42-8.47 (m, 1H, HAr-5), 8.49-8.52 

(m, 1H, HAr-2), 10.61 (s, 1H, HTet-3). 
13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 21.7 (1C, Cγ), 28.9 (1C, Cδ), 29.7 (1C, Cβ), 40.0, 

(1C, Cε), 51.9 (1C, Cα), 64.7 (1C, CH2), 126.7 (1C, CAr-2), 127.1 (1C, CAr-5), 129.6 (1C, CAr-6), 

132.0 (1C, CAr-4), 132.1 (1C, CAr-1), 138.8 (1C, CAr-3), 156.1 (1C, NCOO), 158.1 (1C, CHTet), 

165.4 (1C, CTet-6), 171.1 (1C, COOH). 

 

RP HPLC (C18, 250 x 21.2 mm, 10 mL/min, 10-30 % ACN in 75 min): tR = 42.8-43.8 min  

MS (ESI), m/z calc for C16H20N6O4 360.15, found 361.2 [M+H]+, 359.2 [M-H]- 

 

Side product: N6-(((3-cyanobenzyl)oxy)carbonyl)-L-lysine trifluoroacetate (3-CNPhK) 

MS (ESI), m/z calc for C15H19N3O4 305.14, found 306.1 [M+H]+, 304.1 [M-H]- 
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1.5.8 Synthesis of Fluorophores 

1.5.8.1 Synthesis of BCN-TAMRA 

Bicyclo[6.1.0]non-4-yn-9-ylmethyl (4-nitrophenyl) carbonate (BCN-carbonate) 
 

 
 

Bicyclo[6.1.0]non-4-yn-9-ylmethanol (0.1 g, 0.65 mmol, 1 eq) was dissolved in 2 mL DCM, 

then 4-nitrophenyl chloroformate (0.16 g, 0.8 mmol, 1.2 eq) and pyridine (54 µL, 0.65 mmol, 

1 eq) was added and the reaction stirred at room temperature for 2 h, before it the solvent was 

removed under reduced pressure. The crude residue was purified by flash chromatography to 

result the product (0.15 g, 70 %) as a yellowish solid. 

 

 

5-(and-6)-((5-(((bicyclo[6.1.0]non-4-yn-9-ylmethoxy)carbonyl)amino)pentyl)carbamoyl)-

2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate (BCN-TAMRA) 

 

 
 

5-(and -6)-TAMRA-cadaverine isomer mixture (5 mg, 9.7 µmol, 1 eq) was dissolved in 2 mL 

DMF, followed by addition of DIPEA (10 µL, 58 µmol, 6 eq) and BCN-carbonate (9.2 mg, 

29 µmol, 3 eq). The resulting reaction was stirred at room temperature overnight, then the 

solvent was evaporated under reduced pressure and the crude product purified by RP-HPLC 

(C18, 250 x 10 mm, 4 mL/min, 20-90 % ACN in 15 min) to obtain the product (4.7 mg, 

70 %) as a purple solid, which was dissolved in DMSO to make a 2 mM stock solution, which 

was frozen at -20 °C. 
 

RP HPLC (C18, 250 x 10 mm, 4 mL/min, 20-90 % ACN in 15 min): tR = 11.5, 12.5 min  

MS (ESI), m/z calc for C41H46N4O6 690.34, found 691.3 [M+H]+ 
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1.5.8.2 Synthesis of (E)-5-(and-6)-((3-(((cyclooct-3-en-1-yloxy)carbonyl)amino)propyl)-

carbamoyl)-2-(6-(dimethyl-amino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate (TCO-

TAMRA) 

 

 
 

5-(and -6)-TAMRA-succinimidyl ester isomer mixture (3 mg, 5.7 µmol, 1 eq) was added to a 

solution of (E)-cyclooct-3-en-1-yl (3-aminopropyl)carbamate (3.9 mg, 17 µmol, 3 eq) and 

DIPEA (6 µL, 37 µmol, 6 eq) in 2 mL DMF. The resulting reaction was stirred at room 

temperature overnight, then the solvent was evaporated under reduced pressure and the crude 

product purified by RP-HPLC (C18, 250 x 10 mm, 4 mL/min, 20-90 % ACN in 15 min) to 

obtain the product (1.9 mg, 52 %) as a purple solid, which was dissolved in DMSO to make a 

2 mM stock solution, which was frozen at -20 °C. 

 

RP HPLC (C18, 250 x 10 mm, 4 mL/min, 20-90 % ACN in 15 min): tR = 11.2, 11.4 min 

MS (ESI), m/z calc for C37H42N4O6 638.31, found 639.3 [M+H]+, 637.3 [M-H]- 
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Chapter 2: Site-directed spin labeling via tetrazine ligation to probe protein 

structure 

2.1 Aim 

The aim of this project was to develop a site-directed spin labeling approach based on genetic 

code expansion together with our collaboration partners from the Sattler group (Department 

of Chemistry, TUM). We based our approach on site-specific incorporation of phenylalanine-

based 1,2,4,5-tetrazine containing uAAs, which are more rigid compared to lysine based 

uAAs. Tetrazine-modified proteins should be amenable to chemoselective iEDDA 

cycloaddition with nitroxide spin labels bearing strained alkene/alkyne moieties after protein 

expression and purification, which should overcome the challenge of spin label reduction 

during cytosolic expression.  

 

 
Figure 2.1: Site-directed spin labeling (SDSL) approach. 

Tetrazine amino acids with a rather rigid side-chain are planned to be incorporated into proteins via GCE and the spin labels 

bearing a Cp moiety introduced via bioorthogonal iEDDA cycloaddition. PRE and PELDOR measurements will be used to 

gather structural information as well as to measure intra-protein distances, which will be validated using MD simulations. 

 

As published uAA for iEDDA cycloaddition are based on the rather flexible and long lysine 

side chain,60b, 310 here we aimed at synthesizing small and rather rigid tetrazine amino acids 

TetF and TetA. The synthesis of corresponding cyclopropene (Cp)-based nitroxide spin labels 

is based on published synthetic routes. The uAA CpK and corresponding tetrazine-based 

nitroxide spin labels will be utilized as comparison for a less rigid spin label system. Site-

specific incorporation of the novel tetrazine uAAs into proteins will be tested using mutated 

tRNA synthetase/tRNA pairs from M. barkeri as well as M. jannaschii. Spin labeling and 

characterization of the resulting spin labeled proteins will be performed on model proteins 

sfGFP and ubiquitin by determining distances by pulsed electron electron resonance 
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(PELDOR). Molecular dynamics simulations performed will be used to verify of our SDSL 

approach.  

 

Validation of the method is planned by applying it to the protein Loqs-PD, which contains 

several natural cysteine residues making a site-directed spin labeling approach using MTSSL 

(Figure 2.2a), which is commonly utilized, not applicable. In our approach, combining genetic 

code expansion of rigid tetrazine-amino acids and fast bioorthogonal reactions, amber stop 

codons will be placed at different positions in the two dsRBDs and in the linker region of 

Loqs-PD to site-specifically decorate Loqs-PD with spin labels. PRE-NMR experiments will 

be performed to determine domain orientation of Loqs-PD. PELDOR measurements are 

carried out to determine intra-protein distances in presence and absence of dsRNA.  
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2.2 General background 

2.2.1 Loquacious-PD (Loqs-PD): processing of endogenous siRNA in Drosophila 

melanogaster 

RNA interference (RNAi) is a highly conserved regulatory mechanism in multicellular 

organisms for the translational control of protein expression or viral defense by silencing 

mRNA via complementary interference with small RNA molecules.311 Malfunction of the 

regulatory control can lead to cardiovascular diseases, neurological disorders and various 

types of cancer.312 RNAi involves three different types of RNA: Piwi-interacting RNA 

(piRNA), whose mechanism of interference is not yet understood; microRNA (miRNA) and 

short interfering RNA (siRNA) that have their origin in longer double-stranded RNA 

(dsRNA) precursors, which are processed to shorter fragments.313 Structurally, these two 

classes differ in the base pairing of the double strands; miRNA is mismatched, while siRNA 

shows perfect base pairing. Their mechanism however is the same: double strand RNA 

binding domains (dsRBDs) of double strand RNA binding proteins (dsRBPs) recognize the 

short dsRNAs and direct them to the Dicer enzyme. This endoribonuclease cuts the dsRNAs 

into smaller fragments of 21 to 25 basepairs, before they are loaded onto an Argonaute protein 

forming the RISC (RNA interference silencing complex) loading complex (RLC). Here, the 

passenger strand is degraded and the targeted mRNA silenced by generation of the RISC with 

the guide strand (interfering strand).313 

 

In Drosophila melanogaster different dsRBPs are responsible for the recognition and 

guidance of siRNA to the Dicer enzyme. R2D2 guides siRNA from exogenous sources like 

viral infection, while Loquacious isoform d (Loqs-PD) performs that role for endogenous 

siRNA.313a Loqs-PD possesses two dsRBDs, with an αβββα topology each, which bind their 

substrate with similar affinities, with a slight preference for the thermodynamically more 

stable end of the siRNA. Upon binding to siRNA the two dsRBDs can slide along the RNA. 

The two dsRBDs are connected via a highly flexible linker of 45 amino acids that ensures 

proper arrangement of the domains.314 The orientation of the domains towards each other and 

the distance between them remain to be elucidated. 

 

2.2.2 Site-directed spin labeling (SDSL) 

The site-specific introduction of unpaired electrons into proteins and their subsequent analysis 

in an external magnetic field helps understanding structure, dynamics and conformational 

changes of proteins.315 Electron paramagnetic resonance (EPR) spectroscopy allows to 

determine dynamics due to motion, solvent accessibility, as well as intra- and intermolecular 

distances via the site-directed introduction of one or more spin labels, 315-316 while 

paramagnetic relaxation enhancement (PRE) NMR experiments detect the presence of 

unpaired electrons, due to faster relaxation of protons in a vicinity of up to 20 Å 

encompassing the spin label.317 This can be used to study changes in structure of proteins. 

 

The most common method to place spin labels in a site-directed manner into proteins (Figure 

2.2) consists in targeting cysteines (natural occurring or introduced by mutagenesis) with 

cysteine-reactive nitroxide radicals like 1-oxyl-2,2-5,5-tetramethylpyrroline-3-methyl-

methane-thiosulfonate (MTSSL, Figure 2.2a). As cysteines may occur multiple times in a 
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proteins targeting these can lead to labeling with multiple spin labels, abolishing the 

specificity of the approach. Knockout of these cysteine might lead to disruption of structure 

and loss of function.315 Therefore several other methods have been reported in recent years 

that combine genetic code expansion with bioorthogonal reactions to install spin labels in a 

site-specific manner.60a, 318 One method published in 2009 is based on the incorporation of p-

acetylphenylalanine, which is modified with hydroxylamine-containing spin labels (Figure 

2.2c). Aniline catalysis allows the reaction to take place at pH 6, but due to the slow reaction 

rates a high excess of label is necessary.60a Another approach reported in 2014 relies on the 

direct incorporation of a lysine-based spin label into the protein, where the nitroxide radical is 

tethered to the ε-amino group via an amide or a carbamate (Figure 2.2b). This resulted in 

partial reduction of the spin label during protein expression due to the reducing environment 

in E. coli. The high rotational freedom of the lysine linker gave also rise to line broadening, 

which complicated analysis of the resulting data.60b, 319 Newer reports decorate encoded p-

iodophenylalanine via Suzuki-Miyaura cross-coupling reaction with nitroxide spin labels or 

use CuAAC reaction between azides and alkynes for the spin labeling of proteins in vitro 

(Figure 2.2c).320 The conditions of CuAAC based spin labeling are problematic in itself, as 

the use of excess of ascorbate and prolonged reaction times lead to partial reduction of the 

nitroxide radical. Drescher and coworkers tested different phenylalanine based uAAs bearing 

azide or alkyne moieties, differentiating in the linkage between the aromatic ring and the 

reactive group. An allyl linkage displayed better labeling yields than direct attachment of the 

alkyne to the aromatic ring (98 vs. 57 %), but in turn lead to line broadening due to higher 

flexibility of the linker. Furthermore, the labeled protein had to be treated with EDTA to 

remove Cu(I) before EPR measurements.320b The same group also applied a Suzuki-Miyaura 

cross-coupling reaction for SDSL (Figure 2.2c). The resulting biphenyl linkage displays less 

rotational freedom than the MTSSL label, but the reaction either demands a higher excess of 

labeling reagent and catalyst or a prolonged reaction time overnight at 37 °C, which is not 

applicable to a wide range of proteins. Labeling also does not seem to work to completion, as 

some of the incorporated p-iodophenylalanine is deiodinated and the spin counting on the 

double-labeled thioredoxin variant indicates 18 % spin labeled protein.321 Very recently, 

Drescher and coworkers also developed an photo-inducible spin labeling approach (Figure 

2.2d). For this, the group incorporated SCOK and TCOK into proteins, followed by 

subsequent labeling via iEDDAC with a photo-caged nitroxide derivative of 3,6-dipyridyl-

1,2,4,5-tetrazine. Light irradiation at 302 nm induced cleavage of the photocage to free 

hydroxylamine that spontaneously oxidized to the nitroxide radical.310 An advantage of this 

approach is the photo-inducibility of the spin label, which renders this stable until deprotected 

using light. However, the deprotected spin label was observed to completely degrade in E. 

coli lysate within 80 min and spin concentration was not fully recovered upon irradiation. The 

uAAs used to tether the spin label via iEDDAC are flexible lysine based uAAs with a higher 

rotational freedom, which could lead to line broadening. 
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Figure 2.2: Various reported methods for site-directed spin labeling.  

a) Labeling of cysteines with sulfhydryl-reactive nitroxide spin label MTSSL b) Direct incorporation of nitroxide bearing 

uAA c) Decoration of different incorporated uAA with spin labels via bioorthogonal labeling. Top: Oxime ligation, middle: 

CuAAC, bottom: Suzuki-Miyaura cross-coupling reaction. 
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2.3 Results and Discussion 

2.3.1 Synthesis routes for amino acids and spin labels 

2.3.1.1 Synthesis routes for TetF 

As a first step taken in this project several unnatural amino acids bearing bioorthogonally 

reactive tetrazine moieties were developed. The design of the 1,2,4,5-tetrazine analogs of 

biphenyl-alanine was based on the publications of Devaraj et al.322 and Blizzard et al.151b The 

synthetic approach (Scheme 2.1) used, condenses Boc-(4-cyano)-L-phenylalanine with 

acetonitrile or isobutyronitrile and hydrazine hydrate using a Lewis acid catalyst to form the 

asymmetric 3,6-substituted 1,4-dihydrotetrazine amino acids. Oxidation to the tetrazine 

occurred by using sodium nitrate in an acidic environment. The free amino acid was obtained 

by Boc deprotection with trifluoroacetic acid in DCM. 
 

 
Scheme 2.1: Synthetic strategy for the generation of tetrazine uAAs based on nitrile containing starting materials. R = 

Methyl, Isopropyl 
 

The yields reportet by Devaraj et al. could be improved using a syringe pump for the addition 

of the second nitrile to the reaction mixture containing Boc-(4-CN)-Phe-OH (2.1a). The 

resulting lower local concentration in the reaction mixture reduced the production of the 

symmetric tetrazine and improved the yields of the tetrazine amino acids bearing methyl 

(TetF, 2.1c) or isopropyl (IpTF, 2.2c) substituents by 10 % to 35 %. Blizzard and coworkers 

obtained the amino acid TetF in 60 % yield, most likely due to the use of anhydrous 

hydrazine, compared to this approach, which is not available in Europe due to its toxicity and 

explosion potential.  

 

To improve the overall yield of 30 % over two steps, alternative synthetic strategies were 

developed. Instead of generating the tetrazine moiety directly from the amino acid starting 

block, a new C-C bond was formed between amino acid precursor and a tetrazine. At first, a 

β-CH arylation approach using L-alanine with hydroxylamine323 or 2-methylthioaniline324 

directing groups on the C-terminus was chosen. There, Pd(OAc)2 as the catalyst, coordinates 

onto heteroatoms of the directing group and can then activate one of the CH-bonds of the 

alanine side chain by liberation of an acetate ligand as acetic acid. Subsequently, oxidative 

addition of aryl iodide is facilitated by complexation with silver acetate, followed by 

reductive elimination and release of the monoarylated product (Figure 2.3).324 
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Figure 2.3: Mechanism of a β-CH arylation using 2-methylthioaniline directing group 

 

For performing β-CH arylation reactions starting material 3-(4-iodophenyl)-6-methyl-1,2,4,5-

tetrazine (2.3b) was prepared after the instructions by Yang et al.187 with a yield of 58 %, 

which was according to literature.325 The reaction partners were synthesized in two steps each 

in approx. 90 % according to literature.323-324, 326 Here, L-alanine (2.4a) was subsequently 

protected at the N- terminus with phthalimide (2.4b) and the C-terminus with the 

corresponding directing group, either methoxyamine (2.4c) or 2-(methylthio)aniline (2.5a). 

 

The β-CH arylation reaction directed by C-terminal methoxyamide had to be carried out in a 

glass tube, which was sealed by melting the glass, since the reaction temperature was higher 

than the boiling point of the used solvent. The synthetic scheme is displayed in Scheme 2.2. 

At first, the reaction was performed with readily available 2-fluoro-5-iodopyridine (2.5a) as 

heteroaryl iodide to test the reaction conditions. Optimization then gave the mono-5-

pyridinylated product (2.6d) in 40 % yield. The same reaction conditions were applied for the 

synthesis using 3-(4-iodophenyl)-6-methyl-1,2,4,5-tetrazine (2.3b) as aryl iodide, however 

product formation could not be observed. This might be due to a strong coordination of the 

tetrazine to the palladium and therefore poisoning of the catalyst.323  
 

 
Scheme 2.2: Synthesis scheme for methoxyamine directed β-CH Arylation 

 

To test, if a different directing group could facilitate the reaction with 3-(4-iodophenyl)-6-

methyl-1,2,4,5-tetrazine (2.3b), 2-(methylthio)aniline was introduced on the C-terminus of 

phthaloyl-L-alanine. Scheme 2.3 shows the synthetic route using the 2-(methylthio)aniline 

directing group. After 96 h product formation was checked by LC-MS analysis and resulted in 

isolation of 30 % monoarylated product, which was transformed into a methyl ester by boron 
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trifluoride diethyl etherate in 39 % yield. The 2-(methylthio)aniline directing group seems to 

be able to facilitate product formation, but catalyst poisoning might still be responsible for 

low yields. Hydrolysis of the methyl ester in basic conditions led to decomposition of the 

tetrazine by loss of gaseous nitrogen, which was also observed by refluxing in half 

concentrated hydrochloric acid.  
 

 
Scheme 2.3: Synthesis of protected TetF by 2-methylthioaniline directed β-CH Arylation 

 

Due to problems with deprotection and an overall yield of 6 % after 5 steps, Negishi cross-

coupling reactions327 were investigated as a synthetic alternative. There, a new C-C bond is 

formed between an organohalide and an organozinc halide under palladium or nickel 

catalysis. The catalytic cycle (Figure 2.4) starts with an oxidative addition of the organohalide 

to palladium, followed by a transfer of the organozinc halide from zinc to palladium by 

transmetallation and release of zinc halide. In a reductive elimination step the product is 

formed and the catalyst regenerated.327 The organozinc species is generated in situ by iodine 

facilitated zinc insertion into the C-halide bond of the starting material, since the obtained 

organozinc halides are moisture and air sensitive.328  
 

 
Figure 2.4: Mechanism of Negishi cross-coupling reaction327 
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Based on these requirements a synthetic route for TetF comprising 5 steps was developed 

(Scheme 2.4). Boc and OtBu protected β-iodo-L-alanine (2.8c) was synthesized starting from 

Boc protected L-serine (2.8a), in two steps, first by esterification with tert-butyl 2,2,2-

trichloroacetimidate and subsequent Appel type reaction using iodine as the halogen source 

giving the product in 37 % yield over two steps in accordance with literature.329  

 

 
Scheme 2.4: Synthesis of TetF by Negishi cross-coupling reaction  

 

The in situ generation of the organozinc reagent from Boc-β-iodo-L-alanine-OtBu (2.8b) with 

zinc and iodine in DMF was monitored by TLC and complete after 2 h at room temperature. 

DMF was used as a solvent since it suppresses the coordination of the Boc carbonyl moiety to 

zinc in comparison to THF and therefore enhances zinc insertion into the C-I bond.329a The 

subsequent cross-coupling reaction yielded the protected TetF amino acid (2.8d) in 78 %, 

followed by almost quantitative (90 %) deprotection with TFA in DCM overnight. TetF (2.8e) 

was successfully synthesized via Negishi cross-coupling reaction in 15 % overall yield over 5 

steps. However, this alternative synthesis route was not able to improve the overall yield of 

30 % obtained by condensation of the nitrile compounds and was therefore not repeated, it 

gave however valuable insights into synthesis of TetA.  

 

 

2.3.1.2 Synthesis routes for TetA 

2.3.1.2.1 Nitrile and nitrile derivatives as starting materials 

To synthesize the methyltetrazine analog TetA of phenylalanine in a first attempt Boc-β-

cyano-L-alanine (2.9a) was condensed with nitriles or nitrile derivates and hydrazine hydrate 

as shown in the following Scheme 2.5. 

 

 
Scheme 2.5: Synthetic route for TetA via nitrile condensation with hydrazine 
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Standard reaction conditions developed by Yang et al.187 were adapted for the formation of 

TetA facilitated by transition metal salts. These include the use of 10 eq nitrile or nitrile 

derivate, 0.5 eq catalyst in 25 eq hydrazine, which also functions as solvent for the reaction 

stirred at 60 °C for 24 h. Addition of Zn(OTf)2 as catalyst to the reaction did not result in any 

product formation. Therefore, different reaction conditions (Table 2.1) were screened and 

evaluated. The application of ZnCl2 did yield product, but in very low amounts. Elemental 

sulfur, initially reported as catalyst for the formation of symmetric tetrazines with aromatic 

substituents,174a, 175 but later applied in optimized reaction conditions to generate 

asymmetrically substituted tetrazines (Table 2.1),174b was also tested, if it could facilitate 

tetrazine formation between Boc-β-cyano-L-alanine (2.9a) and nitriles or nitrile derivatives. 

Unfortunately, no product formation could be observed in any of the reaction mixtures where 

sulfur was added. Only increasing Boc-β-cyano-L-alanine (2.9a) compared to the nitrile did 

lead to slightly better yields, which was not sufficient enough to synthesize TetA in gram 

scale. The reactivity of acetonitrile and isobutyronitrile in tetrazine condensation reactions is 

similar. Due to these encountered difficulties, alternative synthetic approaches were 

developed. 

 

Table 2.1: Tested reaction conditions for TetA via nitrile condensation with Boc-β-cyano-L-alanine and hydrazine 

Nitrile/nitrile derivate Ratio aa/nitrile catalyst solvent Yield [%] 

Acetonitrile 1:10 Zn(OTf)2 - - 

Acetonitrile 1:10 ZnCl2 - 3 

Isobutyronitrile 5:1 Zn(OTf)2 - 10 

Acetonitrile 1:10 Sulfur (4 eq) - - 

Acetonitrile 1:10 Sulfur (4 eq) - - 

Acetamidine HCl 1:10 Sulfur (4 eq) EtOH - 

 

Test reactions performed with different phenyl or methyl bearing imidate and amidine salts, 

first described by A. Pinner330, lead to formation of asymmetrically substituted 3-methyl-6-

phenyl-1,2,4,5-tetrazine at room temperature, while reactions with the corresponding nitriles 

were carried out at elevated temperatures of 50-70 °C. This seems to indicate a higher 

reactivity of the imidate and amidine salts in condensation reactions with hydrazine compared 

to nitriles, possibly explaining the low yields obtained with alkyl nitrile starting materials. 

Therefore, an alternative approach for the formation of TetA was based on transforming the 

cyano moiety of Boc-β-cyano-L-alanine into an imidate to increase its reactivity (Scheme 

2.6).  

 

 
Scheme 2.6: Conditions for TetA formation from ethyl imidate starting materials 

 



107 

Formation of the Pinner salt was achieved with acetyl chloride in ethanol, generating HCl in 

situ.331 This leads to protonation of the nitrile, which is then attacked by the alcohol to obtain 

the ethyl imidoester hydrochloride salt. Since the acidic environment led to deprotection of 

the Boc group, the Boc group had to be reintroduced subsequently resulting in formation of 

the N- and C-terminally protected methyl-ß-(ethoxy(imino)methyl)-L-alaninate (2.10b) in 

55 % yield over two steps. Unfortunately, asymmetric tetrazine formation of the wanted TetA 

amino acid by condensation of imidates with hydrazine was not observed, only formation of 

the favorable, symmetrically substituted 3,6-dimethyl-1,2,4,5-tetrazine was confirmed. 

 

2.3.1.2.2 Negishi cross-coupling reactions 

Since TetA was not synthetically accessible by condensation of nitriles or nitrile derivates 

with hydrazine hydrate, the Negishi cross-coupling reaction applied during synthesis of TetF, 

was considered as an alternative approach for the synthesis of TetA. The fact that palladium 

facilitated cross-coupling reactions have been performed before using tetrazines185-186 and that 

the triazine analog of TetA by Horner et al.332 was synthesized using the Negishi cross-

coupling, supported those synthetic plans. Firstly, the organohalides, in this case 3-halo-6-

methyl-1,2,4,5-tetrazines (Figure 2.7) were synthesized in 4 steps from thiocarbohydrazide in 

overall yields of 7.5-12 % based on literature procedures.180a, 333 Methylation of the sulfur 

atom of thiocarbohydrazide was followed by zinc(II) facilitated condensation with ethyl 

acetimidate and subsequent oxidation to the 3-methylthio-6-methyl-1,2,4,5-tetrazine (2.11c). 

Reaction with methanolic ammonia solution replaced the 3-methylthio substituent with amine 

by nucleophilic aromatic substitution. Halo-deamination was achieved by diazotization with 

isoamyl- or tert-butyl nitrite and Cu(I) or Cu(II) halogen salts in combination with 

diiodomethane or bromoform. The protected β-halo-L-alanine cross-coupling partners were 

synthesized through an Appel like reaction of protected L-serine (2.8b) with the 

corresponding halide sources and triphenylphosphine in 63-73 % yield.  

 

 

Scheme 2.7: Synthesis of A) 3-halo-6-methyl-1,2,4,5-tetrazines and B) protected β-halo-L-alanines 
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The first Negishi cross-coupling reaction used in the synthesis towards of TetA was 

performed with iodine substituents on both starting materials and a catalyst-ligand 

combination of Pd(OAc)2 and SPhos identical to the reaction conditions used for the synthesis 

of TetF. However, this approach resulted in only 20 % product formation.  

 

 
Scheme 2.8: Reaction scheme for Negishi cross-coupling reactions for Tet. Conditions a) and b) are defined in Table 2.2 

 

Therefore different Negishi cross-coupling reaction conditions (Scheme 2.8:a and b) were 

screened (Table 2.2). A prolonged reaction time from 5 h to overnight improved the yield to 

37 %, while changing the temperature or increasing the amount of 3-iodo-6-methyl-1,2,4,5-

tetrazine (2.11e) had no effect. Switching to a different catalyst was also not giving any 

improvement. Likewise, the use of 3-methylthio substituted 6-methyl-1,2,4,5-tetrazine (2.11c) 

with the standard catalyst-ligand combination of Pd(OAc)2 and SPhos at different 

temperatures, as well as its substitution with Ni(acac)2 and DPEPhos according to a procedure 

from Melzig et al.334 did not yield any cross-coupled product. The use of 3-chloro- and 3-

bromo-6-methyl-1,2,4,5-tetrazine (2.13e or 2.12e) together with N- and C-terminally 

protected β-iodo-L-alanine (2.14c) allowed the isolation of protected TetA, but in decreased 

yields, especially in the case of the chloro-substituted compound, which gave less than 10 % 

product. Also, execution of the reaction with protected β-chloro or β-bromo-L-alanine (2.16c 

or 2.15c) did not yield any product. In this case, the insertion of zinc into the C-halogen bond 

could not be achieved with protected β-chloro-L-alanine (2.16c), no matter what activation 

conditions used.328 For protected β-bromo-L-alanine (2.15c) TLC indicated activation with Zn 

at 80 °C, however product formation was not observed. These observations are in accordance 

with the known decrease in reactivity from I > Br > Cl.335  

 

Table 2.2: Tested reaction conditions for TetA cross-coupling; bold type indicates the reaction conditions with the best yield 

X activation (a) X‘ [cat] (b) [ligand] (b) T [°C] time Yield [%] 

I 3 eq Zn, I2, rt, 2 h 1.3 eq I Pd(OAc)2 SPhos 50 5 h 20 

I 3 eq Zn, I2, rt, 2 h 1.3 eq I Pd(OAc)2 SPhos 50 o/n 30 

I 3 eq Zn, I2, rt, 2 h 1.8 eq I Pd(OAc)2 SPhos 60 o/n 22 

I 3 eq Zn, I2, rt, 2 h 2 eq I Pd(OAc)2 SPhos 50 o/n 26 

I 3 eq Zn, I2, rt, 2 h 1.3 eq I Pd(OAc)2 SPhos 50 o/n 37 

I 1.5 eq Zn, I2, rt, 2 h 1.3 eq I Pd(OAc)2 SPhos 75 o/n 32 

I 3 eq Zn, I2, rt, 2 h 1.3 eq I Pd2(dba)3 (o-Tol)3P 50 o/n 10 

I 1.5 eq Zn, I2, rt, 2 h SMe Pd(OAc)2 SPhos 25 o/n - 

I 1.5 eq Zn, I2, rt, 2 h SMe Pd(OAc)2 SPhos 50 o/n - 

I 1.5 eq Zn, I2, rt, 2 h SMe Ni(acac)2 DPEPhos 50 o/n - 

I 1.5 eq Zn, I2, rt, 2 h Cl Pd(OAc)2 SPhos  o/n <<< 10 
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I 1.5 eq Zn, I2, rt, 2 h Br Pd(OAc)2 SPhos  o/n 15 

I 1.5 eq Zn, I2, rt, 2 h 1.3 eq I Pd(OAc)2 Tris(2-furyl)P 50 o/n 60 

Cl 3 eq Zn, I2, RT, 2 h  - - - - - 

Cl 

1.5 eq LiCl, 1.5 eq Zn, 

Dichloroethane, TMSCl, 

rt o/n -> 50 °C o/n 

 - - - - - 

Br 3 eq Zn, I2, RT, 2 h    - - - 

Br 3 eq Zn, I2, 80 °C, o/n I Pd(OAc)2 SPhos  o/n - 

 

A new literature search on Negishi cross-coupling reactions resulted in a paper336, where 

tris(2-furyl)phosphine was used as a ligand. It is usually applied as a ligand in Stille reactions, 

where it enhances the transmetallation337 step by being a better π-acceptor towards Pd(0) and 

a less effective σ-donor towards Pd(0) and Pd(II) in comparison to triphenylphosphine. It was 

tested in combination with Pd(OAc)2 instead of SPhos and lead to product formation in 60 % 

yield. This was an almost 2-fold improvement in yield compared to the use of SPhos as a 

ligand and lead to the successful synthesis of TetA in multigram scale. 

 

 

2.3.1.3 Synthesis of CpK 

To compare the newly developed amino acids TetF and TetA to established bioorthogonally 

reactive uAAs, with a more flexible linker and therefore higher rotational freedom, CpK 

(2.17f) was synthesized based on literature158, 192, 196, 198b starting from propyne gas or the less 

volatile trimethylsilylpropyne.  

 

 
Scheme 2.9: Synthesis of CpK  
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The first step builds the reactive cyclopropene moiety by rhodium-catalyzed [2+1] 

cycloaddition between a propyne moiety and ethyl 2-diazo acetate. The reaction could be 

optimized in the amount of catalyst used, since a 10-fold decrease also gave the product in 

comparably good yields. Reduction of the ester (2.17/18b) to the alcohol (2.17/18c) was 

performed with 2 equivalents of DIBAL-H at -10 °C to avoid reduction of the cyclopropene 

to cyclopropane. When trimethylsilyl-protected propyne (TMS-propyne) was used, the TMS 

moiety was necessary to be deprotected before activation of the alcohol (2.17c) with 4-

nitrochloroformate, as a later deprotection approach was problematic. This could be achieved 

in good yields by using TBAF in THF. The deprotected product was purified by flash 

chromatography before activation, since this led to better yields of activated product, however 

it increased the volatility the resulting alcohol (2.17d). The coupling step to the ε-amino group 

of lysine and the subsequent deprotection were achieved in good yields according to 

literature. For use of propyne gas, yields could only be calculated from the activation step 

onwards as the previous products were very volatile components. Comparison of both 

synthesis routes proved the approach starting with propyne gas to be superior in yields; 

however the handling was more difficult than starting with TMS-propyne.  

 

 

2.3.1.4 Synthesis routes for spin labels 

After successful synthesis of the uAAs, which are planned to be genetically encoded into 

proteins for the site-specific chemoselective decoration with nitroxide spin labels, the 

corresponding reaction partners bearing the nitroxide moieties were synthesized. The 

synthetic procedures are discussed in more detail in the following chapters. 

 

2.3.1.4.1 Cp-based spin labels 

The route followed for the synthesis of CpK was used as a basis for the synthetic routes 

towards cyclopropene spin label conjugates. 4-amino-TEMPO was attached to the 

cyclopropene moiety via a carbamate linkage in 60 % yield to obtain Cp-TEMPO (2.19e) by 

nucleophilic attack of the primary amine on the carbonyl carbon of activated Cp carbonate 

and release of 4-nitrophenol (Scheme 2.10).  

 

 
Scheme 2.10: Synthesis of Cp-TEMPO 

 

In order to attach 3-carboxy-PROXYL onto the cyclopropene moiety the primary alcohol, 

either carrying a TMS group or proton in position 2 on the Cp ring depending on the synthesis 

route described in Scheme 2.9, was transformed into an azide, which was then reduced to the 

primary amine in 20 % yield over two steps. The coupling reaction was facilitated by 

optimized Steglich conditions in 56 % yield followed by a quantitative TMS deprotection 

with TBAF in THF (Scheme 2.11) in case of a TMS protecting group. Traces of residual 

TBAF even after purification of Cp-PROXYL (2.20g) might lead to problems in the labeling 
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reaction with tetrazine moieties; therefore the route without a TMS substituent was preferred, 

even though the handling is more difficult due to volatility of the intermediate products. 

 

 
Scheme 2.11: Synthesis of Cp-PROXYL. The last step is only necessary if R = TMS. 

 

2.3.1.4.2 Tetrazine based spin labels 

For spin labeling of CpK with iEDDAC reaction, nitroxide radicals TEMPO and PROXYL 

were attached onto tetrazines. 3-(4-Carboxyphenyl)-6-methyl-1,2,4,5-tetrazine (2.22b), 

obtained in 40 % yield by standard tetrazine reaction conditions, was coupled to 4-amino-

TEMPO under optimized Steglich conditions to result Tet-TEMPO (2.22c) in 67 % yield 

(Scheme 2.12). 

 

 
Scheme 2.12: Synthesis of Tet-TEMPO 

 

Tet-PROXYL (2.23e) in turn was synthesized starting from 4-aminomethylbenzonitrile 

(2.23a), which was Boc-protected before formation of the tetrazine, followed by Boc 

deprotection and coupling to 3-carboxy-PROXYL under optimized Steglich conditions and 

obtaining the product in 36 % yield over 4 steps (Scheme 2.13). 
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Scheme 2.13: Synthesis of Tet-PROXYL 
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2.3.2 Biochemical experiments 

2.3.2.1 Test expressions with PylRS mutants for TetF and TetA 

After successful synthesis of the tetrazine bearing amino acids TetF and TetA site-specific 

incorporation into proteins via amber suppression was tested. First, a number of engineered 

PylRS/tRNA pairs from M. barkeri (D78, D171, D173, D197, see Table II.4), available in the 

lab, were chosen due to structural resemblance of their preferred substrates. Therefore, 

incorporation tests with sfGFP-N150TAG-His6 were performed in the presence of uAAs TetF 

and TetA. Cultures where no uAA was added served as a negative control. Only for 

synthetase D173 (Fig. 2a) full-length protein with molecular mass of approx. 27 kDA could 

be observed, but the incorporation seemed to be unspecific, since there was also a band 

visible, where no uAA was added. For all other synthetases (Figure 2.5) only truncated sfGFP 

(MW ~ 14 kDA) was produced, showing none of the natural amino acids was introduced 

instead of uAA. The incorporation of BocK by the wild type PylRS synthetase (D4)70c, was 

used as a positive control for the production of full-length sfGFP (Figure 2.5a: lane 3, Figure 

2.5b: lane 5).  

 

 
Figure 2.5: Coomassie stained SDS-PAGE of test expressions of sfGFP-N150TAG-His6 using different PylRS mutants with 

2 mM a) TetF b) TetA. 

 

Since none of the available mutant Mb PylRS/tRNA pairs were able to incorporate TetF or 

TetA into sfGFP new synthetase mutants were planned by rational, structure-guided design. 

Mutations were chosen based on the crystal structure of the C-terminal catalytic domain of the 

M. mazei PylRS in complex with BocK (Figure 2.6a). As the wt PylRS from M. mazei and M. 

barkeri only differ in 35 amino acids in the C-terminal lobe, but not in the residues building 

the active site, which are conserved, both enzymes are used interchangeably. The following 

mutations are described in the Mb nomenclature, which we commonly use in the lab. N311, 

also known as gatekeeper, is important for specificity of the wt PylRS by recognition of lysine 

derivatives via a hydrogen bond to the Nε-carbonyl group of lysine.338 Mutation to smaller 

amino acids were found to increase acceptance for aromatic amino acids,339 however this 

leads to a decrease in specificity of the PylRS, which can be observed via an increase of 

phenylalanine misincorporation.338b Mutation of residue A264 to threonine compensates for 

the loss of the N311 hydrogen bond by formation of a hydrogen bond to the α-carboxyl 

moiety.338c, 340 The selected mutations (Figure 2.6b) to change the active site for the 

accommodation of aromatic tetrazine analogs of phenylalanine were introduced by 

quickchange mutagenesis on the wt PylRS to generate the engineered mutants. 
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Figure 2.6: Structure-guided design of new PylRS mutants for tetrazine amino acids. 

 a) Crystal structure of PylRS wt active site (3VQY) in complex with BocK (yellow). The sidechain of BocK points into the 

binding pocket, which is spanned by amino acids L270, Y271, L274, N311, C313, Y349 (not shown) and W382 (Mb 

nomenclature) (b) Mutations chosen to enlarge the binding pocket for acceptance of tetrazine amino acids TetF and TetA. 

 

Expression tests with newly engineered Mb synthetases were then performed as described 

before, but did also not result in successfull incorporation of tetrazine amino acids TetF and 

TetA (Figure 2.7). No full-length GFP production was detected for the new PylRS mutants 

having a N311A mutation, neither in the uAA samples nor the cultures without uAA. This 

suggests that the N311A mutation does not give rise to a loss in specificity here. 

 

 
Figure 2.7: Coomassie stained SDS-PAGE of test expressions of sfGFP-N150TAG-His6 using newly generated PylRS 

mutants with 2 mM a) TetF b) TetA. 

 

In the meantime, in the beginning of 2015, Mehl and coworkers published the development of 

an engineered tRNA synthetase/tRNA pair from M. jannaschii for the incorporation of TetF 

into proteins in E. coli via a directed evolution approach.151b This synthetase will be used for 

further experiments with uAA TetF, while it unfortunately does not accept TetA as a substrate 

(data not shown), which made new strategies to find a synthetase for TetA necessary. 
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2.3.2.2 Finding new synthetases via a directed evolution approach for TetA  

Directed evolution of proteins is a powerful tool to find new enzymatic activities or to 

generate new substrate specificities. Therefore, this approach was chosen to find new PylRS 

mutants for the incorporation of TetA into proteins. The library AB2 selected for this task was 

created by a master student in the lab and contains the following randomization sites341: 

 

Library Randomization sites  

AB2 A267T (fixed) L270 Y271 N311 C313 Y349 

 

The library comprises five randomized positions in the active site, resulting in a size of 

3.3 x 107 members, which can be taken up by E. coli cells. The fixed A267T mutation 

enhances specificity for aromatic amino acids, when N311 is mutated, as discussed in 2.3.2.1.  

 

The directed evolution approach covered one round of positive and negative selection each, 

followed by a fluorescent read-out with sfGFP. The positive selection plasmid D65 harbors a 

constitutively expressed chloramphenicol acetyltransferase (CAT) with one premature TAG 

codon, which leads to the survival of clones on chloramphenicol (CAM) containing positive 

selection plates, when the amber codon in CAT is effectively suppressed with the desired 

uAA or any natural amino acid. The initial transformation of the library AB2 into DH10B 

cells containing already the D65 plasmid resulted in 37 clones on the 10-7 plate of the dilution 

experiment. This denotes a 100-fold coverage of the library and was sufficient for the 

selection process. Positive selection with TetA yielded a distributed layer of rather small 

single colonies. Purified PylRS DNA (Figure 2.8a) from this step was subjected to a round of 

negative selection using L-arabinose induced barnase expression, containing two premature 

TAG codons (D7L plasmid) on LB agar without addition of uAA to remove false positives 

from the first positive selection round. Surviving members were collected, their DNA purified 

(Figure 2.8a) and then co-transformed with the read-out plasmid pPyltsfGFP-N150TAG CAT, 

which encodes sfGFP with a premature TAG codon for the fluorescence read-out and the 

orthogonal tRNA PylT. Additionally, it harbors one copy of the constitutively expressed 

chloramphenicol acetyltransferase with one premature TAG codon, which induces a second 

positive selection step in the read-out procedure upon addition of chloramphenicol. 

 

 
Figure 2.8: Directed evolution for TetA with library AB2. 

a) Preparative agarose gel electrophoresis for the purification of library DNA after positive and negative selection. b) 

Fluorescence values of cultures with uAA normalized to the OD600 and fluorescence in absence of uAA. Green shaded 

values denote clones for the positive control with D4 and BocK. 
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The D4 plasmid encoding the wt PylRS was used as a positive control for the read-out 

together with BocK. From the autoinduction plate 90 slightly green colonies and 6 positive 

control clones were picked and grown in the absence and presence of TetA or BocK (positive 

control) respectively. Then, the OD600 and the fluorescence of the cultures were determined. 

The fluorescence of the cultures containing uAA was normalized to the OD600 and then 

divided by the normalized fluorescence values for cultures in the absence of uAA, which are 

displayed in Figure 2.8b. Only the positive control cultures show values from 3-40, while the 

other clones from the TetA read-out plate displayed values around or lower than one, 

indicating that TetA was not accepted and incorporated by any of the picked clones.  

 

To find a synthetase recognizing TetA as a substrate further directed evolutions with other 

PylRS or even Mj TyrRS libraries would be necessary. Since a Mj TyrRS mutant was reported 

for the incorporation of TetF into proteins and TetF was assumed to have a higher reactivity, 

due to the stronger electron withdrawing properties of the phenyl ring compared to the alkyl 

substituent in TetA, approaches for finding synthetases for TetA were discontinued at this 

point. 

 

 

2.3.2.3 Incorporation of uAAs TetF and CpK into sfGFP and characterization of the 

iEDDAC reaction with spin labels on protein 

2.3.2.3.1 Expression of sfGFP-N150TAG with TetF and IpTetF using a Mj TyrRS mutant and 

CpK using the wt PylRS/tRNA pair 

The Mehl lab kindly provided us with the plasmids for the incorporation of TetF by the M. 

jannaschii tyrosyl synthetase Tet-v.2.0RS. In this system, the genes for the tRNA synthetase 

and the Mj tRNACUA are both encoded on one plasmid (pDULE), which is then co-

transformed into E. coli DH10B cells with a pBAD plasmid harboring the gene for His-tagged 

sfGFP-N150TAG under an arabinose-inducible promoter. To test the incorporation with TetF 

and its derivative IpTetF, a test expression was performed (Figure 2.9). Since no uAA was 

available as a positive control for incorporation sfGFP wt was used as a reference for the 

production of full-length protein (approx. 27 kDa).The omission of UAA served as a negative 

control, as only truncated sfGFP (MW ~ 14 kDA) was produced in those samples. 

 

 
Figure 2.9: Coomassie stained SDS-PAGE of the test expressions of sfGFP-N150TAG-His6 with increasing concentrations 

of TetF and IpTF [mM] 
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Increasing concentrations of the uAAs were tested for the incorporation, which lead to the 

increase of full-length and the decrease of truncated GFP in a dose-dependent manner, 

respectively. Due to the slight preference of Tet-v2.0RS for TetF over IpTF (Figure 2.9), TetF 

was used for further experiments. 

 

To confirm the incorporation of TetF into sfGFP by MS analysis, a 200 mL culture was 

expressed with 2 mM TetF (Figure 2.10a), since this was a good compromise between the 

amount of used amino acid and protein production (Figure 2.9 left side). Protein was purified 

using standard condition for Ni-NTA affinity purification, which yielded 70 mg/L of culture 

(Figure 2.10b). The purified sfGFP-N150TetF-His6 was observed to appear yellow instead of 

green, due to quenching of sfGFP fluorescence by the absorption of tetrazines around 520 nm. 

Mehl and coworkers also witnessed this deviation in appearance.151b Successful incorporation 

of TetF was confirmed by ESI-MS (Figure 2.10c).  

 

 
Figure 2.10: Characterization of the incorporation of TetF into sfGFP-N150TAG-His6 with Tet-v2.0  

a) Schematic illustration of the incorporation. b) Coomassie stained SDS-Page of sfGFP-N150TetF-His6 purification with 

Ni-NTA beads (FT = flow through, E = elution fraction) c) ESI-MS characterization of sfGFP-N150TetF-His6. 

 

To validate our general approach that a smaller, more rigid spin label would provide better 

data in EPR and PRE experiments, we chose the lysine-based uAA CpK as comparison. Due 

to its flexible lysine linker the resulting spin label displays more degrees of rotational 

freedom, which could negatively influence the PRE or PELDOR signal. After successful 

synthesis based on published reports3 the incorporation of CpK into sfGFP was tested (Figure 

2.11a), using the D4 plasmid encoding for the wt PylRS/tRNA pair from M. barkeri. 

Expression and purification of sfGFP-150CpK-His6 were performed using standard protocols 

(Figure 2.11b). The incorporation of CpK was confirmed by ESI-MS analysis (Figure 2.11c). 
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Figure 2.11: Characterization of the incorporation of CpK into sfGFP-N150TAG-His6 with wt PylRS 

 a) Schematic illustration of the incorporation of CpK into sfGFP-N150TAG-His6 b) Coomassie stained SDS-PAGE of 

expression (left) and purificaton (right) of sfGFP-N150CpK-His6 c) ESI-MS characterization of sfGFP-N150CpK-His6. 

 

2.3.2.3.2 Characterization of iEDDAC reaction between TetF and different dienophiles 

To characterize the iEDDAC reaction for SDSL, labeling experiments between Boc-protected 

TetF (1 mM) were conducted with various strained alkenes (norbornenol (Nor-OH) and CpK) 

and alkynes (BCN-OH) in a 1 to 5 ratio and analyzed after certain time points (0 min, 10 min, 

1 hour, 4 hours and 24 hours) by HPLC (Figure 2.12a).  

 

 
Figure 2.12: iEDDAC reaction between TetF and different strained dienophiles Nor-OH, CpK and BCN-OH  

on a) small molecule and b) protein level. Formation of different dihydopyridazine tautomers is only possible in case of a 

strained alkene (black); strained alkynes (orange) form aromatic pyridazines (orange). 
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Nor-OH, which has the smallest ring strain, shows the slowest reaction with BocTetF; product 

formation seems to be complete after 4 hours (Figure 2.13a). CpK displays faster reaction 

kinetics and the reaction looks complete after only 1 hour (Figure 2.13b). The fastest 

iEDDAC reaction with BocTetF was observed with BCN-OH, where already at the t = 0 min 

sample product formation is complete (Figure 2.13c).  

 

 
Figure 2.13: Characterization of the iEDDAC reaction by HPLC between BocTetF (1 mM) and 5 mM a) Nor-OH b) CpK 

and c) BCN-OH. 

 

After characterization of the iEDDAC reaction with TetF on small molecule, the reaction was 

taken to protein level to verify that labeling there proceeds accordingly. Therefore, purified 

sfGFP-N150TetF-His6 (10 μM) was subjected to in vitro labeling experiments with 

20 equivalents of the aforementioned strained alkenes and alkynes Nor-OH, CpK and BCN-

OH at 25 °C (Figure 2.12b). Complete conversion to the labeled protein was observed for 

BCN-OH (Figure 2.14c) after only 15 min, while CpK labeling (Figure 2.14b) was complete 

after 2 hours. Labeling with Nor-OH resulted in a 40:60 mixture of unlabeled and labeled 

protein after 24 hours (Figure 2.14a). Reaction of sfGFP-N150TetF-His6 with dienophiles 

lead to restoration of fluorescence, due to loss of absorption of the tetrazine at 550 nm, which 

could be observed in a shift of color from yellow to green (cartoon representation in Figure 

2.12b). 

 

 
Figure 2.14: ESI-MS spectra of sfGFP-N150TetF-His6 labeling with a) Nor-OH, b) CpK and c) BCN-OH. 

 

These labeling experiments with different strained alkenes and alkynes verifies our chosen 

approach to use the iEDDAC reaction between tetrazines and 3-methylcyclopropene 

derivatives for spin labeling. The Cp moiety combines its small size, which results in small 
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rigid linkages, with still suitable reactivity towards tetrazines, while other dienophiles are 

bigger in size (BCN-OH, Nor-OH) and/or display slower reaction rates (Nor-OH). 

 

2.3.2.3.3 Characterization of SDSL on sfGFP-N150TetF-His6 

After establishing that our approach using Cp moieties as reactive groups for bioorthogonal 

labeling showed suitable reactivity in iEDDAC, the next step was to test if the nitroxide 

moieties attached to the Cp ring would interfere with the labeling reaction on the protein. 

Therefore, in vitro labeling experiments (Figure 2.15) with 20 equivalents excess of spin 

labels Cp-PROXYL and Cp-TEMPO were performed with purified sfGFP-N150TetF-His6 

(10 μM) at 25 °C. Samples were taken at certain time points and analyzed via LC-ESI-MS. 

The reaction with Cp-PROXYL showed complete labeling of sfGFP-N150TetF-His6 (Figure 

2.15b) after 2 hours, while for Cp-TEMPO at this time point still 25 % unlabeled protein was 

observed. The difference in reactivity can be explained by the linkage of the nitroxide spin 

label to the Cp moiety. The TEMPO group is attached via a carbamate linkage, while Cp-

PROXYL contains an amide bond to the Cp ring, which is a better electron donor than the 

carbamate, resulting in higher reactivity in iEDDAC reactions. Further experiments were 

therefore performed with Cp-PROXYL in a 20-fold excess compared to the protein. 

 

 
Figure 2.15: Labeling of sfGFP-N150TetF-His6 with Cp based spin labels Cp-PROXYL and Cp-TEMPO 

 a) Schematic illustration of the labeling reaction b) ESI-MS spectrum of labeling with Cp-PROXYL after 2h shows 

completely labeled protein. c) ESI-MS spectrum of labeling with Cp-TEMPO still shows 25 % unlabeled protein after 2 h. 

 

To test if the tetrazine based spin labels also display differences in reactivity, in vitro labeling 

experiments (Figure 2.16) with purified sfGFP-N150CpK-His6 (10 μM) were performed. Tet-

PROXYL and Tet-TEMPO were adds in a 20-fold excess and the resulting reaction mixtures 

analyzed at certain time points by LC-ESI-MS. Labeling of sfGFP-N150CpK-His6 with Tet-

PROXYL was complete after 2 hours (Figure 2.16a), while Tet-TEMPO showed a ration of 
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40:60 of unlabeled to labeled protein at this point (Figure 2.16b), which was contrary to our 

expectations. In this case Tet-PROXYL was used for further experiments in a 20-fold excess 

compared to the protein. 

 

 
Figure 2.16: Labeling of sfGFP-N150CpK-His6 with tetrazine-based spin labels Tet-PROXYL and Tet-TEMPO.  

a) Cartoon representation of the labeling reaction. b) ESI-MS spectrum of labeling with Tet-PROXYL after 2h. c) ESI-MS 

spectrum of labeling with Tet-TEMPO: only 60 % labeling was observed after 2h. 

 

Our short labeling times for complete modification of the proteins with incorporated uAAs 

TetF and CpK with the corresponding spin labels showed that the nitroxide moieties do not 

interfere with the iEDDAC reaction on protein, confirming that our SDSL approach is 

suitable for the introduction of nitroxide spin labels into proteins. 

 

2.3.2.3.4 Determination of on-protein reaction kinetics 

After performing in vitro labeling experiments and analyzing samples at different time points, 

on-protein rate constants were determined in a more quantitative way. To achieve this, the 

fluorescence quenching properties of TetF in proximity to the sfGFP chromophore were 

exploited. As experimentally observed, iEDDAC reaction with dienophiles leads to 

restoration of sfGFP fluorescence. Following this exponential increase over time allows the 

determination of second order on-protein rate constants. As an active nitroxide spin label is 

not necessary for this step, a spin label analog (Cp-SLA, Scheme 2.14) bearing a 

cyclopentane ring instead of the PROXYL moiety was synthesized according to the procedure 

described for Cp-PROXYL (chapter 1.3.1.4.1). 
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Scheme 2.14: Synthesis of Cp-SLA 

 

Rate constant k (Figure 2.17) between sfGFP-N150TetF-His6 (10 µM) and Cp-SLA was 

determined under pseudo first order conditions with an excess of Cp-SLA (50, 75 or 100-fold) 

in water measuring GFP fluorescence. Data processing resulted a rate constant of ~0.1 M-1s-1, 

which is slower compared to the reported reactions with sTCO or dTCO151b, however these 

are the fastest dienophiles in iEDDAC reactions known to date. Kinetic measurements 

performed in our lab between mTetK and Cp-SLA (~1 M-1s-1) or Nor-OH (~0.06 M-1s-1) 

revealed a almost 20-fold faster reaction rate for Cp over Nor-OH (see chapter 1, Figure 

1.17). The lower reactivity of TetF might be due to the higher rigidity and smaller size of 

TetF compared to more flexible lysine derivative mTetK, where the side chain is further away 

from the peptide backbone, resulting in a lower accessibility of TetF on the protein surface.  

 

 
Figure 2.17: Determination of second-order rate constant k between sfGFP-N150TetF-His6 and Cp-SLA under pseudo-first 

order conditions at 25 °C. 

a) Cartoon representation of the labeling reaction between sfGFP-N150TetF-His6 and Cp-SLA. b) sfGFP-N150TetF-His6 

was individually treated with solutions of Cp-SLA to obtain final concentrations of 10 µM and 500 to 1000 µM respectively. 

GFP fluorescence was excited at 480 nm and followed at 527 nm over time. The k' values, determined by fitting a single 

exponential equation, were plotted against the concentration of Cp-SLA. Experiments were performed in biological 

triplicates. c) By fitting a linear equation, the rate constant k was obtained from the slope of the plot. All data processing was 

performed with OriginPro software (OriginLab Corporation, Northampton, USA). 
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2.3.2.3.5 Incorporation of TetF into sfGFP double mutant for subsequent spin labeling 

After showing that our approach yields quantitatively spin labeled protein after short reaction 

times, characterization of the spin label was planned by determining the intra-protein distance 

between two spin labels placed in one protein using PELDOR measurements. Our first choice 

was sfGFP as model protein, which was used to establish SDSL conditions using genetic code 

expansion. To enable PELDOR measurements, a second amber stop codon needed to be 

introduced site-specifically into sfGFP-N150TAG-His6 to achieve double spin labeling. 

Position R109 was chosen for the introduction of a second TAG codon by quickchange 

mutagenesis creating the sfGFP-R109N150TAG-His6 mutant in the pBAD vector. Expression 

was performed with Tet-v2.0RS in the presence of 4 mM TetF instead of 2 mM, resulting in 

20 mg/L of culture of purified sfGFP-R109N150TetF-His6 (Figure 2.18b). ESI-MS 

confirmed the successful incorporation of two molecules of TetF into sfGFP (Figure 2.18c). 

Subsequent labeling with a 40-fold excess of Cp-PROXYL yielded the quantitatively double-

labeled protein (Figure 2.18a,c) and was therefore used as standard ratio (1:40) for double 

spin labeling. 

 

 
Figure 2.18: Incorporation of TetF into of sfGFP-R109N150TAG-His6 double mutant and subsequent labeling with Cp-

PROXYL  

a) Schematic illustration of the labeling reaction b) Coomassie stained SDS-PAGE of purified sfGFP-R109N150TetF-His6 c) 

ESI-MS spectrum of purified sfGFP-R109N150TetF-His6 before and after labeling with Cp-PROXYL, which shows 

completely labeled protein after 2 h. 

 

PELDOR measurements to determine the distance between the spin labels at positions 109 

and 150 in sfGFP were performed by our collaboration partners Stefan Gaussmann (Sattler 

group, Technical University Munich) and Burkhard Endeward (Prisner group, Goethe 

University Frankfurt am Main). Unfortunately, the sfGFP sample showed spin clustering, 

meaning the presence of more than the two expected spins, possibly due to the formation of 

sfGFP dimers, which is known to happen when using GFP at high protein concentrations.342 

Facing these problems, ubiquitin was chosen as an alternative model protein to characterize 

and benchmark our SDSL approach against traditional MTSSL labeling.  
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2.3.2.4 Ubiquitin as model protein for the characterization of our new iEDDAC SDSL 

approach 

2.3.2.4.1 Expression and spin labeling of Ub mutants 

As a first step, an expression system for the incorporation of TetF into ubiquitin was 

constructed. The synthetase Tet-v2.0RS was combined with a pET17 vector encoding a C-

terminally His-tagged ubiquitin with a slightly modified C-terminus. Single and double TAG 

mutants at positions T22 and E34 were created by quickchange mutagenesis for PRE 

experiments or PELDOR measurements, respectively. The two TAG positions were chosen to 

be at the opposite ends of the α-helix of ubiquitin for pre-orientation of the spin labels, since 

we wanted to characterize the flexibility of the spin label and a disordered, flexible protein 

region would not allow to gather these data (Figure 2.19a). The expression of the three 

ubiquitin mutants Ub-T22TAG-His6, Ub-E34TAG-His6 and Ub-T22E34TAG-His6 was 

performed in E. coli BL21 (DE3) cells using an N5052 autoinduction medium with normal 

isotope abundance in the presence of 2 or 4  mM TetF for single or double mutants, 

respectively (Figure 2.19b).343 Details of the expression optimization for amber suppression 

can be found in Stefan Gaussmann's Master's Thesis.344 Standard purification via the C-

terminal His-tag, followed by size exclusion chromatography (SEC) and subsequent ESI-MS 

analysis confirmed successful incorporation of TetF into the single or the double mutants of 

ubiquitin (Figure 2.19c). Labeling with excess of Cp-PROXYL overnight at 4 °C lead to 

complete modification of the ubiquitin mutants (Figure 2.19c).  

 

 
Figure 2.19: Ubiquitin (Ub) as model protein for SDSL. 

 a) Schematic illustration of the positions for SDSL in Ub b) Coomassie stained SDS-PAGE of the incorporation of TetF into 

Ub-T22TAG-His6, Ub-E34TAG-His6 (2 mM) and Ub-T22E34TAG-His6 (4 mM) and purified ubiquitin mutants c) ESI-MS 

characterization of purified ubiquitin mutants before and after labeling with 20 or 40 equivalents of Cp-PROXYL. 
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2.3.2.4.2 Performance of PELDOR measurements with Ub-T22E34TetF-His6 

After successful expression and subsequent spin labeling of three ubiquitin mutants PELDOR 

measurements were performed by our collaboration partners from the Sattler and the Prisner 

group with the double mutant Ub-T22E34TetF-His6 (Figure 2.19a) to characterize our 

positioned spin labels. 
 

 
Figure 2.20: Characterization of SDSL approach on Ub-T22E34TetF-Cp-PROXYL. 

a) PELDOR measurement. Top left: PELDOR time trace. Top right: PELDOR time trace normalized by background 

subtraction. Bottom left: Fourier transformed time trace. Bottom right: distance distribution between the spin labels in 

position T22 and E34 in Ub. b) MD simulation of Ub-T22E34TetF-Cp-PROXYL c) Overlay of experimental PELDOR data 

with MD simulation d) Possible stereoisomers after labeling reaction with schematic illustration of the distances between Cα 

atom and the radical. 

 

The experiments determined an intra-protein distance distribution between the spin labels in 

positions T22 and E34 of 3.71 nm with a peak width of 1.5 nm (Figure 2.20a), which is 

broader than the distribution gathered from MTSSL labeling of Ub-T22E34C, which shows a 

narrower and shorter distribution of ~3 nm with a peak width of ~0.4 nm.345 This might be 

due to two fact that the reaction between TetF and the 3-methylcyclopropene moiety can form 

two stereoisomers upon ligation, which differ in the position of the methyl group (4 or 5) on 

the generated dihydopyridazine (Figure 2.20d). After energy minimization with MM2 in 

Chem3D of these two stereoisomers, the minimal distances between the Cα atom and the 

radical constitute to 8.8 Å (11.7 Å without minimization) for one and 11.1 Å (13 Å without 

minimization) for the other isomer. A mixture of these two conformations might account for 

the broader distance distribution, since MTSSL labeled cysteine adopts only one 

conformation with a maximal distance of around 9 Å after energy minimization with MM2 in 

Chem3D (9.7 Å without minimization). MD simulations (Figure 2.20b), performed by our 

collaborators from the Kaila group, which include the information of the two stereoisomers fit 
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well to the experimental data, as shown in the overlay with the PELDOR distance distribution 

(Figure 2.20c). 

 

2.3.2.4.3 Performance of PRE NMR measurements with Ub-T22TetF-His6 and Ub-E34TetF-

His6 

To characterize the paramagnetic relaxation enhancement of the spin label on surrounding 

nuclei 1H T1 and T2 relaxation experiments were performed on the spin labeled Ub-T22TetF-

His6 and Ub-E34TetF-His6 mutants, which were therefore expressed in 15N and 13C labeled 

M9 minimal medium. Purification and labeling was carried out as described before. 1H 

relaxation experiments were measured with the active spin label first, which was then reduced 

to hydroxylamine by addition of five times excess of ascorbic acid in NMR buffer with 

adjusted pH. The second data set was measured with the reduced spin label. Data analysis is 

currently under way by our collaboration partners from the Sattler group.  

 

 

2.3.2.5 Application of SDSL approach on Loqs-PD 

After characterization of our SDSL approach based on GCE in combination with iEDDAC 

between tetrazines and 3-methylcyclopropenen moieties on the model system ubiquitin, 

validation of the method was planned on the protein Loqs-PD, which plays a role in the 

down-stream processing of siRNA. The structure of its two dsRBDs without the linker was 

published by our collaboration partners in the Sattler group314, but domain orientation and 

intra-protein distances remained to be elucidated (Figure 2.21). Loqs-PD contains several 

cysteines in its sequences rendering MTSSL unsuitable; therefore our alternative spin labeling 

strategy comes into play.  

 

 
Figure 2.21: Cartoon illustration of Loqs-PD 

 

The question of domain orientation will be addressed by performing PRE experiments, while 

the distances between the two dsRBDs will be elucidated using PELDOR measurements. For 

PRE experiments five different positions (F180, K189, D232, F283 and Y292) in the 

sequence of Loqs-PD were chosen to introduce amber codons, while for PELDOR 

measurements a Loqs double mutant (F180Y292) was planned. PRE experiments and data 

analysis was carried out by our collaboration partner Stefan Gaussmann from the Sattler 

group and PELDOR measurements by Stefan Gaussmann together with Burkard Endeward 

from the Prisner group. Results in the following chapters will be showed in an exemplified 

version.  
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2.3.2.5.1 Expression of Loqs-PDΔNC mutants 

Amber codons were introduced at five different positions (F180, K189, D232, F283 and 

Y292, Figure 2.22b) distributed over the two dsRBDs and the linker region by quickchange 

mutagenesis into the N- and C-terminally truncated Loqs-PD construct (Loqs-PDΔNC) encoded 

in a modified pETM13 vector.344 The construct comprises a SUMO tag for solubility of the 

protein during expression and a C-terminal His6-tag with a TEV cleavage site for purification 

(Figure 2.20a).  

 

 
Figure 2.22: Incorporation of TetF and CpK into Loqs-PDΔNC TAG mutants.  

a) Construct for expression b) Positions of TAG codons in Loqs-PDΔNC structure. c) Coomassie stained SDS-PAGE of 

expression of Loqs-PDΔNC mutants with TetF and d) CpK e) ESI-MS spectra of Loqs-PDΔNC mutants bearing TetF before and 

after labeling with Cp-PROXYL. 

 

Expression of the different Loqs-PDΔNC-TAG mutants was performed at 18 °C in BL21 (DE3) 

E. coli cells in N5052 autoinduction medium with 2 mM uAA in combination with Tet-

v2.0RS for TetF incorporation or the wt PylRS for incorporation of CpK. All five Loqs-

PDΔNC mutants showed good expression for the incorporation of TetF, which can be observed 

by SDS-PAGE or in the anti-His western blot (Figure 2.22c) and was confirmed by ESI-MS 

(Figure 2.22e). Incorporation of CpK showed production of full-length proteins for Loqs-

PDΔNC F180TAG, K189TAG and D232TAG mutants, while mutants F283TAG and 



128 

Y292TAG resulted mostly truncated protein and full-length protein was not visible for these 

mutants by SDS-PAGE or anti-His western blot (Figure 2.22d), even thought purification did 

yield very low amounts of protein. This might be due to a disruption of the structure by 

replacing the aromatic residues in F283 and Y292 with the lysine derivative CpK at these 

positions, while TetF, being an aromatic uAA might here be a suitable substitute for the 

natural phenylalanine or tyrosine residues. Other positions do not seem to be prone to 

structural disruption by replacement of the natural amino acid with TetF or CpK, since the 

expression levels were not decreased (Figure 2.22d) in these cases, suggesting this has to be 

evaluated for each position and cannot generally be assumed. Replacement by TetF, however, 

seemed to be less problematic than with CpK. Details for expression and purification of the 

Loqs-PDΔNC mutants are described in the Master's Thesis of Stefan Gaussmann.344 ESI-MS 

analysis confirmed incorporation of the uAAs into the different TAG mutants of Loqs-PDΔNC, 

as well as complete modification upon addition of a 20-fold excess of the corresponding spin 

labels at 4 °C overnight (Figure 2.22e).  

 

2.3.2.5.2 Determination of structural integrity of the Loqs-PD mutants 

Since the incorporation of CpK into Loqs-PDΔNC mutants F283TAG and Y292TAG was 

problematic, chemical shift perturbations (CSP) were determined for the incorporation of 

TetF and CpK into each position. For this, 1H,15N-HSQC spectra of the TetF- and CpK-

bearing mutants were measured and the position of the peaks compared to the spectrum of wt 

Loqs-PD, for example shown for Loqs-PDΔNC mutant F180 in Figure 2.23. 
 

 
Figure 2.23: CSP of LoqsPDΔNC F180 mutants.  

A: Overlay of WT (black), F180 CpK (red), and F180 TetF (blue) 1H,15N-HSQC spectra. B: CSPs plotted against the 

sequence.344 - Reproduced by permission of Stefan Gaussmann 



129 

CSP were highest in structural proximity to the position of the incorporated uAA, in case of 

F180 at positions R146, I149, K174 and A207. CpK showed slightly higher perturbations than 

TetF, which might be due to the closer structural similarity of TetF and phenylalanine. In 

general, all mutants showed low CSPs suggesting the structure was not disturbed by 

incorporation of the uAA. The strongest perturbations were observed in the structural 

neighborhood of the uAA and a stronger shift, when the wt residue was substituted by a 

dissimilar uAA, for example K189 with TetF and F180 or F283 with CpK.344  

 

2.3.2.5.3 PRE measurements of spin labeled Loqs-PDΔNC mutants 

Since the CSP showed structural integrity of the Loqs-PDΔNC mutants with incorporated uAA 

TetF and CpK, PRE effects were determined on the free Loqs-PDΔNC mutants without RNA to 

evaluate the spin labels (Figure 2.24).  

 

 
Figure 2.24: Analysis of PRE on Loqs-PDΔNC mutants F180TetF and F180CpK.  

A: Overlay of 1H,15N-HSQC spectra of reduced spin label (black) and oxidized spin label (red). Spectra were recorded with 

24 scans, 140 increments and a delay D1 of 3 seconds. PRE effects are detectable by comparison of peaks in the black 

(diamagnetic) and the red (paramagnetic) spectrum.344 - Reproduced by permission of Stefan Gaussmann. 
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1H,15N-HSQC spectra were measured with the active spin label first. Then a five-fold excess 

of ascorbic acid in NMR buffer with adjusted pH was added to reduce the spin label to 

hydroxylamine, followed by measuring the second data set with the reduced spin label. 
1H,15N-HSQC spectra of active (paramagnetic signal) and reduced (diamagnetic) spin label 

were overlayed and the peak intensities compared. If a nuclei is in close proximity to the 

active (oxidized) spin label it relaxes faster and its peak intensity decreases or vanishes 

completely in the HSQC spectra compared to the inactive label. PREs allow gathering 

structural and distance information in the surrounding of the spin label. Figure 2.24a shows 

such an overlay of 1H,15N-HSQC spectra for Loqs-PDΔNC mutants F180CpK (left) and 

F180TetF (right). The 1H,15N-HSQC spectrum measured with reduced spin labels is depicted 

in black, while the 1H,15N-HSQC spectrum measured oxidized spin labels in red. When the 

ratio of the peak intensities between paramagnetic and diamagnetic signal are plotted against 

the sequence of the protein, the PREs are more easily visible, as demonstrated in Figure 

2.24b. Both spin labeled amino acids in position F180 (CpK: blue, TetF: orange), located in 

dsRBD1, have an impact on the same areas, which are residues 144-153, 170-183 and 205-

210, as well as additional single residues in dsRBD2, however TetF shows stronger PRE 

effects than CpK. This was also observed for the other Loqs-PDΔNC mutants (K189, D232, 

F283 and Y292), which might be due to the higher rigidity of TetF, with five less rotational 

axes compared to CpK (Figure 2.25).344 

 

 
Figure 2.25: Determination of rotational axes on spin labeled TetF (left; five axes) and CpK (right; 10 axes) 

 

The data gathered from the PRE measurements of the different Loqs-PDΔNC mutants with 

TetF and CpK confirmed our initial assumption that a shorter, less flexible unnatural amino 

acid is advantageous as bioorthogonal handle for spin labeling, since it gives a stronger signal 

due to less rotational freedom of the ligation product and a shorter distance of the radical to 

the protein backbone (Figure 2.25). The minimal distances between the Cα atom and the 

radical determined after energy minimization with MM2 in Chem3D constitute to 15.1 Å 

(14.9 Å without minimization) for one and 17.2 Å (17.8 Å without minimization) for the other 

isomer of Tet-TEMPO spin labeled CpK. This is 4-9 Å longer than the distance determined 

for two stereoisomers after labeling of TetF with Cp-PROXYL. Due to these findings, TetF 

was used for SDSL in further experiments. The low PRE effects of the spin label placed in 

one dsRBD on the second dsRBD are minimal and confirm the hypothesis that the two 

dsRBDs act independently without any dsRNA present.  
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Since the PRE data of the SDSL of the free Loqs-PDΔNC TetF mutants looked promising, the 

next step was the determination of PRE data of the Loqs-PDΔNC TetF mutants in complex 

with dsRNA to gather information about the domain orientation of the two dsRBDs of Loqs-

PD upon binding of target siRNA. Unfortunately, the quality of the measured spectra was not 

good enough to confirm the hypothesis about a face-to-face arrangement of both dsRBDs and 

sliding behavior upon binding to dsRNA. 

 

 

2.3.2.5.4 Determination of intra-domain distances in spin labeled Loqs-PDΔNC mutants by 

PELDOR measurements 

Another question that remained to be elucidated for Loqs-PDΔNC was the distance between the 

two dsRBDs without and in presence of duplex RNA, which was addressed by PELDOR 

measurements of a double spin labeled mutant of Loqs-PDΔNC. Positions F180 in dsRBD1 and 

Y292 in dsRBD2 were chosen as positions for a double TAG mutant, which was created by 

an additional quickchange mutagenesis on the single Loqs-PDΔNC mutant. Expression and 

purification was performed analogously to the single mutants with an increased concentration 

of TetF (Figure 2.26a), followed by labeling at 4 °C overnight with an excess of Cp-

PROXYL. ESI-MS confirmed successful incorporation of TetF into Loqs-PDΔNC-

F180Y292TAG and quantitative modification with spin label (Figure 2.26b). PELDOR 

measurements of the double spin labeled Loqs-PDΔNC-F180Y292TetF-Cp-PROXYL mutant 

without dsRNA show a broad distribution without a distinct distance, and only upon addition 

of dsRNA a defined distance of 7.4 nm with a peak width of 1.8 nm can be observed (Figure 

2.26c-f). This experimental data confirms the hypothesis that the two dsRBDs act 

independently and adopt a distinct orientation towards each other upon binding of substrate 

RNA for processing. 
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Figure 2.26: PELDOR on Loqs-PDΔNC-F180Y292TetF-Cp-PROXYL 

a) Positions of spin labels in Loqs-PDΔNC structure. b) Coomassie stained SDS-PAGE of expression and purification of Loqs-

PDΔNC-F180Y292TetF (FT: flow through, W: wash, E: elution, Cl: cleavage of SUMO and His-tags by TEV and SUMO 

hydrolase domain, reverse (rv) Ni-NTA purification to remove His-tag and proteases) c) ESI-MS spectra of Loqs-PDΔNC-

F180Y292TetF and after labeling with Cp-PROXYL d) PELDOR data of Loqs-PDΔNC-F180Y292TetF-Cp-PROXYL without 

and e) with RNA. Top left: PELDOR time trace. Top right: PELDOR time trace normalized by background subtraction. 

Bottom left: distance distribution. Bottom right: Fourier transformed time trace. g) Overlay of distance distributions without 

(black) and with (red) RNA. g) Schematic illustration of the formation of a defined distance between dsRBD1 and dsRBD2 

upon binding of dsRNA. 
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2.4 Summary and Outlook 

We have developed a new site-directed spin labeling approach based on the incorporation of 

rigid 1,2,4,5-tetrazine containing uAAs, which can be decorated with a nitroxide spin label 

via chemoselective labeling with strained alkenes after protein expression. The inverse-

electron demand Diels-Alder reaction occurs rapidly under physiological conditions and 

results in stable, rigid covalent linkages. We have synthesized a 1,2,4,5-tetrazine analog of 

biphenyl-alanine and the corresponding reaction partner, a cyclopropene moiety bearing a 

nitroxide spin label based on published synthetic routes. Incorporation of the new tetrazine 

uAA into proteins was performed using a mutated tRNA synthetase/tRNA pair from M. 

jannaschii. Model protein sfGFP was used to establish expression and characterization of the 

subsequent iEDDAC labeling reaction with the Cp-based spin label. Ubiquitin was chosen as 

a second model protein to characterize our SDSL approach on a rigid system by performing 

PELDOR measurements, resulting in good spin counting yields and a determined distance 

distribution between spin labels that is in accordance with Ubiquitin structure and only 

slightly bit broader than distanced gained via standard MTSSL labeling of cysteine mutants. 

MD simulations verified the quality of the gathered data.  

 

The newly developed system to site-specifically spin-label proteins via genetic code 

expansion using tetrazine amino acids was then validated by applying it to the protein 

Loquacious-PD (Loqs-PD), which plays a role in recognition and processing of endogenous 

siRNA for downstream RNA interference in D. melanogaster. Loqs-PD contains two separate 

dsRBDs connected by a long and flexible linker. Even though the structure of Loqs-PD of 

each of the two dsRBDs without the linker was solved by our collaboration partner, questions 

regarding the distance between the dsRBDs and their orientation towards each other remained 

to be elucidated. Since Loqs-PD contains several natural cysteine residues, SDSL via MTSSL 

cannot be applied, requiring the implementation of an alternative strategy to introduce spin 

labels. Here, our approach could solve these limitations. Amber stop codons were placed at 

one or more different positions in the dsRBDs and in the linker to decorate them site-

specifically with the spin labels. PRE-NMR experiments were then performed on the free 

Loqs-PDΔNC mutants. The introduction of our more rigid spin label based on TetF showed 

stronger PRE effects than incorporation and spin labeling of CpK, a more flexible lysine-

based system. The PRE data showed that without the addition of dsRNA the two dsRBDs act 

independently in solution. This was confirmed by performance of PELDOR measurements of 

a Loqs-PDΔNC mutant bearing a spin labels in each domain. Only upon addition of dsRNA, a 

distinct distance is observed. 

 

In conclusion, we have developed a powerful tool for site-directed introduction of spin labels 

into proteins, which have naturally occurring cysteines and therefore elude the standard 

labeling techniques for the analysis via EPR spectroscopy and NMR spectrometry.   
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2.5 Experimental 

2.5.1 Synthesis routes for TetF 

2.5.1.1 Synthesis of TetF from the nitrile precursors 

(tert-butoxycarbonyl)-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alanine322 
 

 
 

(tert-butoxycarbonyl)-ß-(4-cyano)phenyl)-L-alanine (2.0 g, 6.8 mmol, 1 eq), Zn(OTf)2 (1.3 g, 

3.5 mmol, 0.5 eq), and hydrazine hydrate (11.4 mL, 0.23 mol, 34 eq) were combined in a 

round flask and heated to 70 °C, before slow addition of acetonitrile (3.6 mL, 69 mmol, 

10 eq) using a syringe pump (1.5 mL/h). The reaction mixture was stirred for two hours after 

addition of acetonitrile (ACN), before cooling to 0 °C. NaNO2 (1.4 g, 0.14 mol, 10 eq) 

dissolved in minimal amount of water, added to the reaction mixture, which was then slowly 

acidified to pH 3 by the additon of 6 M HCl solution. The obtained mixture was stirred for 

30 minutes on ice until the formation of nitrous fumes was completed, then the water phase 

was extracted with EtOAc (5x 100 mL) until it wasn’t pink anymore. The organic phase was 

dried over Na2SO4 before removing the solvent under reduced pressure. The crude residue 

was purified by flash chromatography (0-60 % EtOAc/DCM + 0.1 % AcOH), which resulted 

the product (0.85 g, 33 %) as a red solid. 

 
1H-NMR (400 MHz, CDCl3): δ = 1.43 (s, 9H, Boc), 3.09 (s, 3H, CH3), 3.14-3.39 (m, 3JHH = 

6.6 Hz, 2H, CH2), 4.64-4.73 (m, 1H, CH-α), 5.01 (d, 3JHH = 7.9 Hz, 1H, NH-α), 7.43 (d, 3JHH = 

8.4 Hz, 2H, CHAr-2,2’), 8.53 (d, 3JHH = 8.4 Hz, 2H, CHAr-3,3’). 

MS (ESI), m/z calc for C17H21N5O4 359.16  

 found 260.0 [M-Boc+H]+, 382.0 [M+Na]+, 358.1 [M-H]- 

 

 

ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alanine trifluoroacetic acid (TetF)322 
 

 
 

BocTetF (0.36 g, 1.06 mmol, 1 eq) was dissolved in 6 mL DCM, cooled to 0°C before 

addition of 1.45 mL TFA and a drop of H2O. The reaction mixture was then stirred at room 

temperature for two hours. The solvent was evaporated under reduced pressure, the product 

dissolved in a minimal amount of MeOH and then precipitated from cold Et2O and 

subsequently dried to obtain the product (0.35 g, 92 %) as a pink solid. 
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1H-NMR (300 MHz, DMSO-d6): δ = 2.99 (s, 3H, CH3), 3.23 (d, 3JHH = 6.6 Hz, 2H, CH2), 

4.23-4.36 (m, 1H, CH-α), 7.56 (d, 3JHH = 8.4 Hz, 2H, CHAr-2,2’), 8.36 (s, 3H, NH-α), 8.43 (d, 
3JHH = 8.4 Hz, 2H, CHAr-3,3’). 
13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 20.9 (1C, CH3), 36.0 (1C, CH2), 53.2 (1C, Cα), 

127.9 (2C, CAr-3,3’), 130.8 (2C, CAr-2,2’), 131.1 (1C, CAr-1), 139.9 (1C, CAr-4), 163.5 (1C, CTet-6), 

167.3 (1C, CTet-3), 171.2 (1C, COOH). 

MS (ESI), m/z calc for C12H13N5O2 259.11, found 259.8 [M+H]+, 258.1 [M-H]- 

 

 

2.5.1.2 Synthesis of TetF via ß-CH-Arylation 

2.5.1.2.1 Synthesis of starting materials 

3-(4-iodophenyl)-6-methyl-1,2,4,5-tetrazine187 
 

 
 

Hydrazine hydrate (13.1 mL, 0.27 mol, 52 eq) was added to a suspension of 4-

iodobenzonitrile (1.2 g, 5.2 mmol, 1 eq), Ni(OTf)2 (0.97 g, 2.6 mmol, 0.5 eq) in ACN 

(2.7 mL, 52 mmol, 10 eq) and heated to 60 °C. After 16 h more ACN (1.4 mL, 26 mmol, 

5 eq) was added to the reaction mixture and then stirred for another 20 h. A solution of 

NaNO2 (3.0 g, 52 mmol, 10 eq) in water was combined with the reaction mixture on ice and 

slowly acidified to pH 3 by the addition of 6 M HCl solution. After 30 minutes, when the 

formation of nitrous fumes was completed, the water phase was extracted with EtOAc (5x 

100 mL) until it wasn’t pink anymore. The organic phase was dried over Na2SO4 before 

removing the solvent under reduced pressure. The crude residue was purified by flash 

chromatography (0-5 % EtOAc/pentane) to yield the product (0.89 g, 58 %) as a purple solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 2.99 (s, 3H, CH3), 8.05 (d, 3JHH = 8.4 Hz, 2H, CHAr-2,2’), 

8.23 (d, 3JHH = 8.4 Hz, 2H, CHAr-3,3’). 

 

 

N2,N2-Phthaloyl-L-alanine323 
 

 
 

L-alanine (2 g, 22.5 mmol, 1 eq) and Na2CO3 (2.4 g, 22.5 mmol, 1 eq) were dissolved in H2O 

(22.5 mL), then N-ethoxycarbonylphthalimide (4.9 g, 22.5 mmol, 1 eq) was added in small 

portions and the resulting reaction mixture stirred at room temperature for 3 h. Upon 

acidification with 6 M HCl solution at 0 °C to pH 1-2 a white solid precipitated, which was 

gathered by filtration. It was washed with 1 M HCl solution and a pentane/EtOAc (5:1) 

mixture and then dried to obtain the product (4.5 g, 91 %) as a white solid. 



136 

1H-NMR (300 MHz, DMSO-d6): δ = 1.55 (d, 3JHH = 7.3 Hz, 3H, CH3), 4.87 (q, 3JHH =7.3 Hz, 

1H, CHα), 7.84-7.94 (m, 4H, CHAr). 

 

 

N1-Methoxy-N2,N2-phthaloyl-L-alaninamide323 
 

 
 

N2,N2-Phthaloyl-L-alanine (1 g, 4.6 mmol, 1 eq) was dissolved in 10 mL DCM and DMF 

(5 µL), then oxalyl chloride (0.78 mL, 9.1 mmol, 2 eq) was slowly added and the resulting 

reaction mixture stirred at room temperature for 3 h. Afterwards the reaction was concentrated 

under reduced pressure and the crude product redissolved in 5.5 mL DCM. This was slowly 

added to a vigorously stirred mixture of methoxyamine hydrochloride (0.46 g, 5.5 mmol, 

1.2 eq) dissolved in 5.5 mL DCM and NaHCO3 (0.9 g, 11 mmol, 2.4 eq) in 5.5 mL water at 

0 °C. The resulting mixture was stirred for 3 h, before extraction of the product with DCM 

(3x 10 mL), which was then washed with 10 % citric acid (3x 10 mL). The organic phase was 

dried over Na2SO4 and evaporated under reduced pressure. The crude product was 

recrystallized from DCM/pentane to yield the product (1 g, 91 %) as a white solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 1.69 (d, 3JHH = 7.4 Hz, 3H, CH3), 3.76 (s, 3H, OCH3), 

4.90-5.05 (m, 1H, CHα), 7.67-7.79 (m, 2H, CHAr3,3’), 7.82-7.90 (m, 2H, CHAr-2,2’), 8.94 (bs, 

1H, NH). 

 

 

N1-(2-(methylthio)phenyl)-N2,N2-phthaloyl-L-alaninamide326 
 

 
 

N2,N2-Phthaloyl-L-alanine (1 g, 4.6 mmol, 1 eq) was dissolved in 10 mL DCM and DMF 

(5 µL), then oxalyl chloride (0.78 mL, 9.1 mmol, 2 eq) was slowly added and the resulting 

reaction mixture stirred at room temperature for 3 h. Afterwards the reaction was concentrated 

under reduced pressure and the crude product redissolved in 5.5 mL DCM. This was slowly 

added to a solution of 2-(methylthio)aniline (0.69 mL, 5.5 mmol, 1.2 eq) and 2,6-lutidine 

(0.53 mL, 4.6 mmol, 1 eq) in 7.5 mL DCM at 0 °C. The resulting mixture was stirred for 3 h, 

then after dilution with DCM (10 mL) it was washed with 10 % citric acid (2x 10 mL) and 

saturated NaHCO3 (1x 10 mL) solution. The organic phase was dried over Na2SO4 and 

evaporated under reduced pressure. The crude product was purified by flash chromatography 

(0-5 % EtOAc/DCM) to yield the product (1.4 g, 90 %) as a slightly brown solid. 
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1H-NMR (400 MHz, CDCl3): δ = 1.87 (d, 3JHH = 7.3 Hz, 3H, CH3), 2.26 (s, 3H, SCH3), 5.15 

(q, 3JHH =7.3 Hz, 1H, CHα), 7.06 (dt, 3JHH = 7.7, 1.6 Hz, 1H, CHAr-4), 7.30 (ddd, 3JHH = 8.4, 

7.3, 1.6 Hz, 1H, CHAr-5), 7.47 (dd, 3JHH = 7.7, 1.6 Hz, 1H, CHAr-3),7.76 (dd, 3JHH = 5.5, 

3.1 Hz, 2H, CHAr(phthaloyl)-3,3’), 7.90 (dd, 3JHH = 5.5 Hz, 4JHH = 3.1 Hz, 2H, CHAr(phthaloyl)-2,2’), 

8.33 (d, 3JHH = 8.4 Hz, 1H, CHAr-6), 8.93 (bs, 1H, NH). 

MS (ESI), m/z calc for C18H16N2O3S 340.09, found 363.2 [M+Na]+, 395.2 [M+MeOH+Na]+ 

 

 

2.5.1.2.2 β-CH-Arylation reactions 

General procedure using N1-Methoxy-N2,N2-phthaloyl-L-alaninamide as starting 

material323 
 

 
 

N1-Methoxy-N2,N2-phthaloyl-L-alaninamide (62 mg, 0.25 mmol, 1 eq), the corresponding aryl 

iodide (0.38 mmol, 1.5 eq), Pd(OAc)2 (8.4 mg, 0.038 mmol, 0.15 eq), AgOAc (84 mg, 

0.5 mmol, 2 eq) 2,6-lutidine (8.7 µL, 0.075 mmol, 0.3 eq) and 2.5 mL HFIP were combined 

in a glass ampule (⌀ = 14.1 mm) including a stirrer. The glass ampule was then frozen in a dry 

ice/acetone ice bath, flushed with argon and evacuated, before being molten closed in liquid 

nitrogen. The reaction mixture was warmed up to room temperature before heating to 80 °C 

for 60 h. Then the ampule was broken and the reaction mixture filtered over Celite. The 

solvents were removed and the crude product dissolved in MeOH (2.5 mL). PhI(OAc)2 

(84 mg, 0.25 mmol, 1 eq) was added and the reaction heated to 80 °C for 3 h. Then the 

mixture was cooled, filtered over Celite and the solvent removed. The product was purified by 

flash chromatography (0-20 % EtOAc/pentane) to obtain the product.  

 

 

Methyl N2,N2-phthaloyl-ß-(6-fluoropyridin-3-yl)-L-alaninate 
 

 
 

The reaction was performed with 2-fluoro-5-iodopyridine (84 mg, 0.38 mmol, 1.5 eq) and 

yielded the product (33 mg, 40 %) as slightly brown solid. 

 

 
1H-NMR (400 MHz, CDCl3): δ = 3.53-3.57 (m, 2H, CH2), 3.77 (s, 3H, CH3), 5.08 (dd, 3JHH = 

9.8, 6.5 Hz, 1H, CHα), 6.80 (dd, 3JHH = 8.4 Hz, 4JHH = 2.7 Hz, 1H, CHAr-4), 7.65 (ddd, 3JHF = 



138 

7.3 Hz, 3JHH = 8.4, 4JHH = 2.7 Hz, 1H, CHAr-5), 7.69-7.73 (m, 2H, CHAr(phthaloyl)-3,3’), 7.77-7.80 

(m, 2H, CHAr(phthaloyl)-2,2’), 7.96 (d, 4JHH = 2.2 Hz, 1H, CHAr-2). 

MS (ESI), m/z calc for C17H13FN2O4 328.09, found 383.2 [M+MeOH+Na]+ 

 

 

Methyl N2,N2-phthaloyl-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alaninate 

The reaction was performed with 3-(4-iodophenyl)-6-methyl-1,2,4,5-tetrazine (0.11 g, 

0.38 mmol, 1.5 eq) and did not yield any product. 

 

 

General procedure using N1-(2-(methylthio)phenyl)-N2,N2-phthaloyl-L-alaninamide as 

starting material324 

N1-(2-(methylthio)phenyl)-N2,N2-phthaloyl-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-

L-alaninamide 
 

 
 

N1-(2-(methylthio)phenyl)-N2,N2-phthaloyl-L-alaninamide (0.17 g, 0.5 mmol, 1 eq), the 

corresponding aryl iodide (0.45 g, 1.5 mmol, 3 eq), Pd(OAc)2 (6 mg, 0.027 mmol, 0.05 eq), 

Ag(OAc) (0.21 g, 1.25 mmol, 2.5 eq) and 0.4 mL toluene were combined in a flask and the 

reaction heated to 60 °C and stirred for 96 h. The reaction was then diluted with 10 mL brine 

and extracted with DCM (3x 10 mL). The organic phase was dried over Na2SO4 and the 

solvent removed under reduced pressure. The product was purified by flash chromatography 

(0-50 % EtOAc/pentane) to obtain the product (75 mg, 30 %) as a pink oil. 

 
1H-NMR (400 MHz, CDCl3): δ = 2.19 (s, 3H, SCH3), 3.06 (s, 3H, CH3), 3.81-3.86 (m, 2H, 

CH2), 5.38 (dd, 3JHH =10.0, 6.6 Hz, 1H, CHα), 7.08 (dt, 3JHH = 7.6, 1.4 Hz, 1H, CHAr-4), 7.32 

(dd, 3JHH = 7.9, 1.5 Hz, 1H, CHAr-5), 7.38-7.45 (dd, 3JHH = 7.7, 1.6 Hz, 1H, CHAr-3),7.45 (d, 
3JHH = 8.4 Hz, 2H, CHAr(phenyl)-2,2’), 7.70-7.74 (m, 2H, CHAr(phthaloyl)-3,3’), 7.80-7.84 (m, 2H, 

CHAr(phthaloyl)-2,2’), 8.35 (d, 3JHH = 8.4 Hz, 1H, CHAr-6), 8.43 (d, 3JHH = 8.4 Hz, 2H, CHAr(phenyl)-

3,3’), 8.98 (bs, 1H, NH). 

MS (ESI), m/z calc for C27H22N6O3S 510.15, found 533.2 [M+Na]+, 565.2 [M+MeOH+Na]+ 
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Methyl N2,N2-phthaloyl-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alaninate 
 

 
 

N1-(2-(methylthio)phenyl)-N2,N2-phthaloyl-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-

alaninamide (60 mg, 0.12 mmol, 1 eq) was suspended in 3.5 mL MeOH, then BF3*Et2O 

(0.17 mL, 1.4 mmol, 12 eq) was added and the reaction heated to 100 °C for 24 h. NEt3 

(0.29 mL, 2.1 mmol, 17.5 eq) was slowly added after cooling to quench the reaction. After 

evaporation of the solvent the crude product was purified by flash chromatography (0-50 % 

EtOAc/pentane) to obtain the product (19 mg, 39 %) as a pink oil. 

 
1H-NMR (300 MHz, CDCl3): δ = 3.05 (s, 3H, CH3), 3.65-3.72 (m, 2H, CH2), 3.80 (s, 3H, 

OCH3), 5.23 (dd, 3JHH =10.4, 6.1 Hz, 1H, CHα), ,7.40 (d, 3JHH = 8.4 Hz, 2H, CHAr(phenyl)-2,2’), 

7.67-7.72 (m, 2H, CHAr(phthaloyl)-3,3’), 7.77-7.81 (m, 2H, CHAr(phthaloyl)-2,2’), 8.42 (d, 3JHH = 

8.4 Hz, 2H, CHAr(phenyl)-3,3’). 

 

 

2.5.1.3 Synthesis of TetF via Negishi cross-coupling reaction 

tert-butyl (tert-butoxycarbonyl)-L-serinate329b 
 

 
 

The reaction was performed under Schlenk conditions. tert-Butyl 2,2,2-trichloroacetimidate 

(8.9 mL, 50 mmol, 2 eq) was dissolved in 50 mL cyclohexane and then added to a solution of 

(tert-butoxycarbonyl)-L-serine (5.1 g, 25 mmol, 1 eq) in 100 mL DCM. After addition of 

BF3*Et2O (0.3 mL, 2.5 mmol, 0.1 eq) the resulting reaction mixture was stirred at room 

temperature overnight before quenching with solid NaHCO3. The filtrate was evaporated and 

the crude product purified by flash chromatography (0-15 % EtOAc/pentane) to obtain the 

product (2.56 g, 58 %) as a white solid. 

 
1H-NMR (300 MHz, CDCl3): δ = 1.44 (s, 9H, Boc), 1.47 (s, 9H, OtBu) 3.88 (d, 3JHH = 

3.9 Hz, 2H, CH2), 4.17-4.28 (m, 1H, CH-α), 5.45 (s, 1H, NH-α). 
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tert-butyl (tert-butoxycarbonyl)-ß-iodo-L-alaninate329a 
 

 
 

The reaction was performed under Schlenk conditions. Triphenylphosphine (3.2 g, 

12.3 mmol, 1.25 eq) and imidazole (0.87 g, 12.7 mmol, 1.3 eq) were dissolved in 100 mL 

DCM and cooled to 0 °C. Then iodine (3.2 g, 12.7 mmol, 1.3 eq) was added in three portions 

over 30 minutes before a solution of tert-butyl (tert-butoxycarbonyl)-L-serinate (2.6 g, 

9.8 mmol, 1 eq) in DCM (10 mL) was slowly added over 15 minutes. The resulting reaction 

mixture was stirred at 0 °C for 1 hour before warming to room temperature, where it was 

stirred for another 1.5 hours before quenching with 5 mL methanol. The organic phase was 

washed with a 20 % Na2S2O3 solution (3x) and brine (1x), then dried over Na2SO4 and the 

solvent evaporated under reduced pressure. The crude product was purified by flash 

chromatography (0-2 % EtOAc/pentane) to result the product (2.9 g, 63 %) as a white solid. 

 
1H-NMR (300 MHz, CDCl3): δ = 1.45 (s, 9H, Boc), 1.50 (s, 9H, OtBu) 3.56 (d, 3JHH = 

3.7 Hz, 2H, CH2), 4.34 (dt, 
3JHH = 7.4 Hz, 3.7 Hz, 1H, CH-α), 5.45 (d, 3JHH = 7.4 Hz, 1H, NH-

α). 
13C-NMR (75 MHz, CDCl3): δ = 9.1 (1C, CH2), 28.2 (3C, CH3-Boc), 28.4 (3C, CH3-OtBu), 

53.9 (1C, C-α), 80.4 (1C, NCOOC(CH3)3), 83.4 (1C, COOC(CH3)3), 155.1 (1C, NCOOtBu), 

168.6 (1C, COOtBu). 

 

 

tert-butyl (tert-butoxycarbonyl)-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alaninate 

(BocTetFOtBu)332 
 

 
 

The reaction was performed under Schlenk conditions. 3 mL DMF and iodine (19 mg, 

0.08 mmol, 0.15 eq) were added to a 3-neck flask containing zinc dust (98 mg, 1.5 mmol, 

3 eq) and stirred vigorously (~750 rpm) for 15 minutes at room temperature. After the 

solution turned from orange to grey Boc-β-iodo-Ala-OtBu (0.19 g, 0.5 mmol, 1 eq) and iodine 

(19 mg, 0.08 mmol, 0.15 eq) were added and the reaction vigorously stirred (~750 rpm) for 

2 hours at room temperature. Then, 3-(4-iodophenyl)-6-methyl-1,2,4,5-tetrazine (0.19 g, 

0.65 mmol, 1.3 eq), Pd(OAc)2 (3 mg, 0.013 mmol, 0.025 eq) and SPhos (10 mg, 0.025 mmol, 

0.05 eq) were added and the resulting reaction mixture heated to 50 °C and vigorously 

(~750 rpm) stirred for 5 hours. The reaction was filtered over Celite and the solvent 
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evaporated under reduced pressure before purifiying the crude product by flash 

chromatography (0-20 % EtOAc/pentane) to obtain the product (0.17 g, 78 %) as a red oil. 

 
1H-NMR (300 MHz, CDCl3): δ = 1.42 (s, 9H, Boc), 1.43 (s, 9H, OtBu), 3.09 (s, 3H, CH3), 

3.17 (t, 3JHH = 6.3 Hz, 2H, CH2), 4.46-4.57 (m, 1H, CH-α), 5.08 (d, 3JHH = 8.1 Hz, 1H, NH-α), 

7.40 (d, 3JHH = 8.3 Hz, 2H, CHAr-2,2’), 8.52 (d, 3JHH = 8.3 Hz, 2H, CHAr-3,3’). 

 

 

ß-3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alanine trifluoracetate (TetF) 
 

 
 

BocTetFOtBu (0.13 g, 0.32 mmol, 1 eq) was dissolved in 1.5 mL DCM, cooled to 0°C before 

addition of 1.5 mL TFA and a drop of H2O. The reaction mixture was then stirred at room 

temperature overnight. The solvent was evaporated under reduced pressure, the product 

dissolved in a minimal amount of MeOH and then precipitated from cold Et2O and 

subsequently dried to obtain the product (0.11 g, 90 %) as pink solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 3.01 (s, 3H, CH3), 3.22 (d, 3JHH = 6.0 Hz, 2H, CH2), 

4.26-4.36 (m, 1H, CH-α), 7.56 (d, 3JHH = 8.3 Hz, 2H, CHAr-2,2’), 8.34 (s, 3H, NH-α), 8.43 (d, 
3JHH = 8.3 Hz, 2H, CHAr-3,3’). 

MS (ESI), m/z calc for C12H13N5O2 259.11, found 259.8 [M+H]+, 258.1 [M-H]- 

 

 

2.5.2 Synthesis of IpTetF 

(tert-butoxycarbonyl)-ß-(4-(6-isopropyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alanine 

(BocIpTetF)322 
 

 
 

(tert-butoxycarbonyl)-ß-(4-cyano)phenyl)-L-alanine (5.0 g, 17.2 mmol, 1 eq), Zn(OTf)2 (3.1 g, 

8.6 mmol, 0.5 eq), and hydrazine hydrate (18.4 mL, 0.38 mol, 22 eq) were combined in a 

round flask and heated to 70 °C, before slow addition of isobutyronitrile (15.5 mL, 0.172 mol, 

10 eq) using a syringe pump (3 mL/h). The reaction mixture was stirred for two hours after 

addition of isobutyronitrile, before cooling to 0 °C. NaNO2 (11.9 g, 0.172 mol, 10 eq) 

dissolved in 5 mL H2O was added to the reaction mixture, which was then slowly acidified to 
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pH 3 by the additon of 6 M HCl solution. It was stirred for 30 minutes on ice until the 

formation of nitrous fumes was completed, then the water phase was extracted with EtOAc 

(5x 100 mL) until it wasn’t pink anymore. The organic phase was dried over Na2SO4 before 

removing the solvent under reduced pressure. The crude residue was purified by flash 

chromatography (0-5 % MeOH/DCM + 0.1 % AcOH), which resulted the product (1.46 g, 

17 %) as a red solid. 

 
1H-NMR (300 MHz, CDCl3): δ = 1.42 (s, 9H, Boc), 1.56 (d, 3JHH = 7.0 Hz, 6H, CH3 Ip), 

3.14-3.39 (m, 3JHH = 6.6 Hz, 2H, CH2), 3.68 (h, 3JHH = 7.0 Hz, 1H, CH Ip), 4.64-4.73 (m, 1H, 

CH-α), 5.02 (d, 3JHH = 8.0 Hz, 1H, NH-α), 7.43 (d, 3JHH = 8.3 Hz, 2H, CHAr-2,2’), 8.55 (d, 3JHH = 

8.3 Hz, 2H, CHAr-3,3’). 

MS (ESI), m/z calc for C19H25N5O4 387.19, found 288.2 [M-Boc+H]+, 386.1 [M-H]- 

 

 

ß-(4-(6-isopropyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alanine trifluoroacetate (IpTetF) 
 

 
 

BocIpTetF (0.21 g, 0.55 mmol, 1 eq) was dissolved in 1.5 mL DCM, cooled to 0°C before 

addition of 1.5 mL TFA. The reaction mixture was then stirred at room temperature 

overnight. The solvent was evaporated under reduced pressure, the product dissolved in a 

minimal amount of MeOH and then precipitated from cold Et2O and subsequently dried to 

obtain the product (0.15 g, 70 %) as a pink solid. 

 
1H-NMR (300 MHz, CDCl3): δ = 1.48 (d, 3JHH = 7.0 Hz, 6H, CH3 Ip), 3.25 (d, 3JHH = 6.6 Hz, 

2H, CH2), 3.60 (h, 3JHH = 6.9 Hz, 1H, CH Ip), 4.25-4.36 (m, 1H, CHα), 7.57 (d, 3JHH = 8.4 Hz, 

2H, CHAr-2,2’), 8.43 (d, 3JHH = 8.4 Hz, 2H, CHAr-3,3’), 8.40-8.51 (s, 3H, NHα). 
13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 21.0 (3C, CH3-Ip), 33.6 (1C, CH-Ip), 35.9 (1C, 

CH2), 53.1 (1C, Cα), 127.8 (2C, CAr-3,3’), 130.6 (2C, CAr-2,2’), 131.0 (1C, CAr-1), 139.8 (1C, CAr-

4), 163.6 (1C, CTet-6), 170.3 (1C, CTet-3), 173.1 (1C, COOH). 

MS (ESI), m/z calc for C14H17N5O2 287.14, found 288.2 [M+H]+, 286.1 [M-H]- 
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2.5.3 Synthesis routes for TetA 

2.5.3.1 Synthesis of TetA from the nitriles and nitrile derivatives 

General procedure: 

(tert-butoxycarbonyl)-ß-cyano-L-alanine (1 eq), catalyst (0.5-3 eq), and hydrazine hydrate 

(20-50 eq) were combined in a round flask and heated to 60-70 °C, before addition of 

acetonitrile (10 eq), isobutyronitrile (10 eq) using a syringe pump (1.5 mL/h) or acetamidine 

hydrochloride (10 eq). The reaction mixture was stirred overnight, before cooling to 0 °C. 

NaNO2 (10 eq) dissolved in minimal amount of water was added to the reaction mixture, 

which was then slowly acidified to pH 3 by the additon of 6 M HCl solution. It was stirred for 

30 minutes on ice until the formation of nitrous fumes was completed, then the water phase 

was extracted with EtOAc (5x 10 mL) until it wasn’t pink anymore. The organic phase was 

dried over Na2SO4 before removing the solvent under reduced pressure. 

 

 

Reaction conditions using (tert-butoxycarbonyl)-ß-cyano-L-alanine as starting 

material322 

Condition A – (tert-butoxycarbonyl)-ß-(6-isopropyl-1,2,4,5-tetrazin-3-yl)-L-alanine 
 

 
 

The reaction was performed with (tert-butoxycarbonyl)-ß-(4-cyano)-L-alanine (0.5 g, 

4.7 mmol, 5 eq), isobutyronitrile (42 µL, 0.46 mmol, 1 eq), Zn(OTf)2 (84 mg, 0.23 mmol, 

0.5 eq) and did yield the product (15 mg, 10 %) as a red oil.  

 
1H-NMR (500 MHz, CDCl3): δ = 1.40 (s, 9H, Boc), 1.53 (d, 3JHH = 7.0 Hz, 6H, CH3-Ip), 3.64 

(sp, 3JHH = 7.0 Hz, 1H, CH-Ip), 3.82 (dd, 3JHH = 15.7, 6.7 Hz, 1H, CH2), 3.91 (dd, 3JHH = 15.7, 

4.8 Hz, 1H, CH2), 4.92-4.99 (m, 1H, CHα), 5.43 (d, 3JHH = 8.0 Hz, 1H, NHα). 

MS (ESI), m/z calc for C13H21N5O4 311.16, found 334.2 [M+Na]+, 310.1 [M-H]- 

 

 

Condition B - (tert-butoxycarbonyl)-ß-(6-methyl-1,2,4,5-tetrazin-3-yl)-L-alanine 
 

 
 

The reaction was performed with ACN (0.4 mL, 4.7 mmol, 10 eq) and ZnCl2 (32 mg, 

0.23 mmol, 0.5 eq) at 70 °C and did yield the product (4 mg, 3 %) as a red oil.  

 

MS (ESI), m/z calc for C11H17N5O4 283.13, found 284.2 [M+H]+, 283.3 [M-H]- 
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Condition C 
 

 
 

The reaction was performed with Zn(OTf)2 (0.17 g, 0.47 mmol, 0.5 eq), hydrazine hydrate 

(22 eq) and ACN (0.83 mL, 9.3 mmol, 10 eq), which was added using a syringe pump 

(1.5 mL/h). The reaction did not yield any product. 

 

 

Condition D174a 
 

 
 

The reaction was performed with ACN (0.24 mL, 4.65 mmol, 10 eq), sulfur (69 mg, 

1.87 mmol, 4 eq) and hydrazine hydrate (20 eq) and did not yield any product.  

 

 

Condition D 
 

 
 

The reaction was performed with acetamidine hydrochloride (0.44 g, 4.65 mmol, 10 eq) and 

sulfur (45 mg, 1.39 mmol, 3 eq) and hydrazine hydrate (50 eq) and did not yield any product.  

 

 

Condition E174b 
 

 
 

(tert-butoxycarbonyl)-ß-cyano-L-alanine (0.1 g, 0.47 mmol, 1 eq), sulfur (69 mg, 1.87 mmol, 

4 eq), ACN (0.24 mL, 4.7 mmol, 10 eq) and hydrazine hydrate (0.45 mL, 9.3 mmol, 20 eq) 

were combined in a round flask with 3 mL EtOH and heated to reflux overnight, before 

cooling to 0 °C. NaNO2 (0.64 g, 9.3 mmol, 5 eq) dissolved in minimal amount of water, 

added to the reaction mixture, which was then slowly acidified to pH 3 by the additon of 6 M 
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HCl solution. It was stirred for 30 minutes on ice until the formation of nitrous fumes was 

completed, then the water phase was extracted with EtOAc (5x 10 mL) until it wasn’t pink 

anymore. The organic phase was dried over Na2SO4 before removing the solvent under 

reduced pressure. The reaction did not yield any product. 

 

 

Synthesis route starting from (tert-butoxycarbonyl)-ß-(ethoxyimido)-L-alanine  

Methyl (tert-butoxycarbonyl)-ß-(4-cyano)-L-alaninate 
 

 
 

HOBt (0.86 g, 5.6 mmol, 1.2 eq) was added to a solution of (tert-butoxycarbonyl)-ß-(4-

cyano)-L-alanine (1 g, 4.7 mmol, 1 eq) in 10 mL MeOH and then cooled to 0 °C. After 

addition of EDC*HCl (1.1 mL, 5.6 mmol, 1.2 eq) the resulting reaction mixture was stirred 

for 1 h at 0 °C, followed by 5 h at room temperature. The solvent was evaporated and the 

crude product purified by flash chromatography (0-20 % EtOAc/pentane) to obtain the 

product (0.89 g, 84 %) as a white solid. 

 
1H-NMR (500 MHz, CDCl3): δ = 1.46 (s, 9H, Boc), 2.97 (dd, 3JHH = 16.8, 4.5 Hz, 1H, CHß), 

3.01 (dd, 3JHH = 16.8, 5.5 Hz, 1H, CHß) 3.85 (s, 3H, OCH3), 4.49-4.56 (m, 1H, CHα), 5.45 (d, 
3JHH = 7.8 Hz, 1H, NHα). 

 

 

Methyl ß-(ethoxy(imino)methyl)-L-alaninate 331 
 

 
 

Methyl (tert-butoxycarbonyl)-ß-(4-cyano)-L-alaninate (0.43 g, 1.9 mmol, 1 eq) was dissolved 

in EtOH (1.2 mL, 23 mmol, 12 eq), cooled to 0 °C, then slowly acetyl chloride (1.1 mL, 

15 mmol, 8 eq) was added and the reaction stirred at room temperature overnight. Afterwards 

the solvents were evaporated under reduced pressure to obtain the product as a white solid, 

which was used crude in the following step. Therefore it was dissolved in 5 mL dioxane/H2O 

(9:1) and NEt3 (0.7 mL, 4.8 mmol, 2.5 eq), cooled in an ice bath and slowly Boc2O (0.48 mL, 

2.1 mmol, 1.1 eq) was added. The resulting reaction mixture was stirred at room temperature 

overnight. Dioxane was removed under reduced pressure and the product extracted from the 

waterphase with DCM, which was dried over Na2SO4, filtered and the solvent evaporated. 

The crude product was purified by flash chromatography (0-20 % Et2O/pentane) to obtain the 

product (0.29 g, 55 % over two steps) as a white solid. 
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Methyl ß-(ethoxy(imino)methyl)-L-alaninate hydrochloride 
1H-NMR (500 MHz, D2O): δ = 1.26 (t, 3JHH = 7.1 Hz, 3H, CH3), 3.11 (dd, 3JHH = 18.2, 

4.6 Hz, 1H, CHß), 3.20 (dd, 3JHH = 18.2, 6.1 Hz, 1H, CHß), 3.85 (s, 3H, OCH3), 4.17-4.26 (m, 

2H, OCH2), 4.50 (dd, 3JHH = 6.1, 4.6 Hz, 1H, CHα). 

Methyl (tert-butoxycarbonyl)-ß-(ethoxy(imino)methyl)-L-alaninate 
1H-NMR (300 MHz, CDCl3): δ = 1.25 (t, 3JHH = 7.1 Hz, 3H, CH3), 1.44 (s, 9H, Boc), 2.79 

(dd, 3JHH = 17.0, 4.7 Hz, 1H, CHß), 2.98 (dd, 3JHH = 17.0, 4.7 Hz, 1H, CHß) 3.75 (s, 3H, 

OCH3), 4.14 (q, 3JHH = 7.1 Hz, 2H, OCH2), 4.51-4.60 (m, 1H, CHα), 5.45 (d, 3JHH = 8.8 Hz, 

1H, NHα). 

 

 

Condition F 
 

 
 

The reaction was performed with methyl (tert-butoxycarbonyl)-ß-(ethoxy(imino)methyl)-L-

alaninate (0.1 g, 0.37 mmol, 1 eq), ethyl acetimidate hydrochloride (0.22 g, 1.8 mmol, 5 eq), 

Zn(OTf)2 (66 mg, 0.18 mmol, 0.5 eq) and hydrazine hydrate (0.35 mL, 7.3 mmol, 20 eq) and 

did not yield any product. 

 

 

2.5.3.3 Synthesis of TetA via Negishi cross-coupling reactions 

2.5.3.3.1 Synthesis of starting materials 

S-Methylisothiocarbohydrazide hydroiodide333b  
 

 
 

Thiocarbohydrazide (5 g, 47 mmol, 1 eq) was suspended in a three-neck-flask in 160 mL 

absolute ethanol and heated to reflux. Methyl iodide (3.2 mL, 52 mmol, 1.1 eq) was added to 

the suspension, which was then stirred for 2.5 hours until everything was dissolved. The hot 

solution was filtered through a porous funnel without filter paper. Upon cooling the product 

crystallized from the solution as a white solid (7.4 g, 64 %), which was filtered off and dried 

under vacuum. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 2.38 (s, 3H, CH3) 

MS (ESI), m/z calc for C2H8N4S 120.05, found 121.1 [M+H]+
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3-S-Methylthio-6-methyl-1,2,4,5-tetrazine333b 
 

 
 

S-Methylisothiocarbohydrazide hydroiodide (5 g, 20 mmol, 1 eq) and zinc chloride (1.5 g, 

10.1 mmol, 0.5 eq) were dissolved in 100 mL ethanol and the resulting solution heated to 

60 °C. Then ethyl acetimidate hydrochloride (2.7 g, 22 mmol, 1.1 eq) and triethylamine 

(4.6 mL, 33 mmol, 1.65 eq) were added to the solution, which was stirred overnight. The next 

day, the reaction mixture was cooled in an ice bath, where NaNO2 (2.8 g, 40 mmol, 2 eq) and 

TFA (2.56 mL, 33 mmol 1.65 eq) were slowly added. Then, the reaction was heated to 60 °C 

and stirred for 30 minutes. The solution was cooled to room temperature and washed with 

20 % Na2S2O3 solution (30 mL) before extracting the reaction mixture with DCM (3x 30 mL) 

until the water phase was not pink anymore. The organic phases were dried over Na2SO4 

before the solvent was gently removed under reduced pressure. The crude product was 

purified by flash chromatography (0-2 % Et2O/pentane) to yield the product (1.4 g, 48 %) as a 

volatile red liquid. 

 
1H-NMR (300 MHz, CDCl3): δ = 2.73 (s, 3H, CH3), 2.98 (s, 3H, SCH3). 
1H-NMR (300 MHz, DMSO-d6): δ = 2.71 (s, 3H, CH3), 2.88 (s, 3H, SCH3). 
13C-NMR (75 MHz, DMSO-d6): δ = 12.8 (1C, CH3), 20.3 (1C, SCH3), 164.9 (1C, CAr-3), 

173.2 (1C, CAr-6). 

 

 

3-Amino-6-methyl-1,2,4,5-tetrazine180a 
 

 
 

3-S-Methylthio-6-methyl-1,2,4,5-tetrazine (1.4 g, 10.1 mmol, 1 eq) was dissolved in 40 mL 

methanol and 7 M ammonia solution in methanol (8.7 mL, 60.5 mmol, 6 eq) was added to the 

reaction mixture, which was stirred at room temperature for 48 hours. After the reaction is 

complete the solvent was evaporated and the crude residue purified by flash chromatography 

(5-20 % EtOAc/pentane) to obtain the product (0.99 g, 88 %) as an orange solid. 

 
1H-NMR (300 MHz, DMSO-d6): δ = 2.67 (s, 3H, CH3), 7.74 (s, 2H, NH2). 
13C-NMR (75 MHz, DMSO-d6): δ = 19.6 (1C, CH3), 160.7 (1C, CAr-3), 163.1 (1C, CAr-6). 
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3-Iodo-6-methyl-1,2,4,5-tetrazine333c 
 

 
 

3-Amino-6-methyl-1,2,4,5-tetrazine (1.45 g, 13.4 mmol, 1 eq), diiodomethane (10.8 mL, 

0.134 mol, 10 eq), copper(I) iodide (2.68 g, 14.1 mmol, 1.05 eq), iodine (3.4 g, 13.4 mmol, 

1 eq), isoamyl nitrite (5.4 mL, 40.1 mmol, 3 eq) and 22.5 mL THF were combined in a flask 

and heated to reflux for 1 hour. The reaction was filtered over Celite and the solvents 

removed under reduced pressure. The crude residue was dissolved in DCM (30 mL) and 

washed with 20 % Na2S2O3 solution (3x 10 mL). The organic phase was dried over Na2SO4 

and the solvent removed under reduced pressure. The crude product was purified by two 

consecutive flash chromatographies (1. 0-3 % EtOAc/pentane to remove diiodomethane, 2. 0-

3 % EtOAc/pentane to purify the product) to yield the product (1.8 g, 40 %) as a red solid. 

 
1H-NMR (500 MHz, CDCl3): δ = 3.00 (s, 3H, CH3).  
1H-NMR (300 MHz, DMSO-d6): δ = 2.86 (s, 3H, CH3).  
13C-NMR (75 MHz, DMSO-d6): δ = 20.6 (1C, CH3), 140.4 (1C, CAr-3), 167.2 (1C, CAr-6). 

Elementary analysis: C3H3N4I calc: 16% C; 2 % H; 25 % N; 57 % I  

 found: 17.12% C; 1.48 % H; 24.83 % N; 55.1 % I 

 

 

3-Chloro-6-methyl-1,2,4,5-tetrazine333a 
 

 
 

3-Amino-6-methyl-1,2,4,5-tetrazine (0.2 g, 1.8 mmol, 1 eq), copper(II) chloride (0.29 g, 

2.2 mmol, 1.2 eq), tert-butyl nitrite (0.32 mL, 2.7 mmol, 1.5 eq) and 5 mL ACN were 

combined in a flask and heated to reflux for 30 minutes. The reaction was quenched with 

20 % aqueous HCl solution and extracted with Et2O. The organic phase was dried over 

Na2SO4 and the solvent removed under reduced pressure. The crude product was purified by 

flash chromatography (0-5 % Et2O/pentane) to yield the product (0.15 g, 64 %) as a red, 

slightly volatile solid. 

 
1H-NMR (400 MHz, DMSO-d6): δ = 2.97 (s, 3H, CH3). 
13C-NMR (100 MHz, DMSO-d6): δ = 20.3 (1C, CH3), 167.1 (1C, CAr-3), 167.8 (1C, CAr-6). 

Elementary analysis: C3H3N4Cl calc: 28% C; 2 % H; 43 % N; 27 % Cl 

 found: 29.37% C; 2.66 % H; 41.4 % N; 26.4 % Cl 
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3-Bromo-6-methyl-1,2,4,5-tetrazine333a 
 

 
 

3-Amino-6-methyl-1,2,4,5-tetrazine (0.2 g, 1.8 mmol, 1 eq), copper(I) bromide (0.49 g, 

2.2 mmol, 1.2 eq), tert-butylnitrite (0.32 mL, 2.7 mmol, 1.5 eq) and 5 mL ACN were 

combined in a flask and heated to reflux for 30 minutes. The reaction was quenched with 

20 % aqueous HCl solution and extracted with Et2O. The organic phase was dried over 

Na2SO4 and the solvent removed under reduced pressure. The crude product was purified by 

flash chromatography (0-5 % Et2O/pentane) to yield the product (0.18 g, 57 %) as a red, 

slightly volatile solid. The analytical data showed that the product is a mix of 3-bromo and 3-

chloro substituted 6-methyl-1,2,4,5,-tetrazine. 

 
1H-NMR (400 MHz, DMSO-d6): δ = 2.93 (s, 3H, CH3) 
13C-NMR (100 MHz, DMSO-d6): δ = 20.3 (1C, CH3), 160.5 (1C, CAr-3), 167.8 (1C, CAr-6), 

167.8 (1C, CAr-6). 

Elementary analysis: C3H3N4Br calc: 21% C; 1 % H; 32 % N; 46 % Br  

 found: 31.98 % Br; 8.33 % Cl 

 

Side product:  
1H-NMR (400 MHz, DMSO-d6): δ = 2.97 (s, 3H, CH3). 

 

 

tert-butyl (tert-butoxycarbonyl)-ß-chloro-L-alaninate346 
 

 
 

A solution of triphenylphosphine (0.98 g, 3.7 mmol, 1.1 eq) and hexachloroethane (0.89 g, 

3.7 mmol, 1.1 eq) in DCM (2.5 mL) was added to a solution of Boc-Ser-OtBu (0.9 g, 

3.4 mmol, 1 eq) in DCM (13 mL). The reaction was stirred at room temperature for 2 h, 

before being quenched with a saturated solution of NaHCO3 (2.5 mL). The organic phase was 

washed with brine and then concentrated under reduced pressure. The crude residue was 

purified by flash chromatography (0-5 % EtOAc/pentane) to obtain the product (0.69 g, 73 %) 

as a white solid. 

 
1H-NMR (500 MHz, DMSO-d6): δ = 1.39 (s, 9H, Boc), 1.41 (s, 9H, OtBu) 3.76 (dd, 3JHH = 

11.2, 7.5 Hz, 1H, CH2), 3.84 (dd, 3JHH = 11.2, 4.5 Hz, 1H, CH2),  4.34 (ddd, 
3JHH = 7.5 Hz, 

4.5 Hz, 1H, CH-α), 7.27 (d, 3JHH = 8.2 Hz, 1H, NH-α). 

 

 

  



150 

tert-butyl (tert-butoxycarbonyl)-ß-bromo-L-alaninate346 
 

 
 

Triphenylphosphine (1.18 g, 4.5 mmol, 1.3 eq) was added to a solution of Boc-Ser-OtBu 

(0.9 g, 3.4 mmol, 1 eq) in THF (10 mL) and cooled to 0 °C. Then N-bromosuccinimide (3.2 g, 

12.7 mmol, 1.3 eq) was slowly added in small portions over 30 minutes and the resulting 

reaction mixture was stirred at room temperature overnight. The white precipitate was filtered 

off and the filtrate concentrated under reduced pressure. The crude residue was purified by 

flash chromatography (0-5 % EtOAc/pentane) to obtain the product (0.69 g, 63 %) as a white 

solid. 

 
1H-NMR (400 MHz, CDCl3): δ = 1.46 (s, 9H, Boc), 1.50 (s, 9H, OtBu) 3.70 (dd, 3JHH = 10.3, 

3.2 Hz, 1H, CH2), 3.80 (dd, 3JHH = 10.3, 3.2 Hz, 1H, CH2), 4.34 (ddd, 
3JHH = 7.7 Hz, 3.2 Hz, 

3.2 Hz, 1H, CH-α), 5.39 (d, 3JHH = 7.7 Hz, 1H, NH-α). 

MS (ESI), m/z calc for C12H22BrNO4 323.07, found 346.8, 347.8 [M+Na]+ 

 

 

1.5.3.3.2 Negishi cross-coupling reactions 

General procedure for Negishi cross-coupling reaction with various catalysts and 

ligands: 
 

 
 

The reaction was performed under Schlenk conditions. DMF (1.5 mL/mmol) and iodine 

(0.15 eq) were added to a 3-neck flask containing zinc dust (1.5 eq) and stirred vigorously 

(~750 rpm) for 15 minutes at room temperature. After the solution turned from orange to grey 

Boc-β-iodo-Ala-OtBu (1 eq) and iodine (0.15 eq) were added and the reaction vigorously 

stirred (~750 rpm) for 2 hours at room temperature. Then, 3-iodo-6-methyl-1,2,4,5-tetrazine 

(1.3 eq), catalyst (0.05 eq) and ligand (0.01 eq) were added and the resulting reaction mixture 

heated to 50 °C and vigorously (~750 rpm) stirred overnight. The reaction was filtered over 

Celite and the solvent evaporated under reduced pressure before purifying the crude product 

by flash chromatography (0-10 % EtOAc/pentane) to obtain the product as a red oil. 
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tert-butyl (tert-butoxycarbonyl)-ß-3-(6-methyl-1,2,4,5-tetrazin-3-yl)-L-alaninate 

(BocTetAOtBu) - Condition A332 

The reaction was performed under Schlenk conditions. 3 mL DMF and iodine (19 mg, 

0.08 mmol, 0.15 eq) were added to a 3-neck flask containing zinc dust (98 mg, 1.5 mmol, 

1.5 eq) and stirred vigorously (~750 rpm) for 15 minutes at room temperature. After the 

solution turned from orange to grey Boc-β-Iodo-Ala-OtBu (0.19 g, 0.5 mmol, 1 eq) and iodine 

(19 mg, 0.08 mmol, 0.15 eq) were added and the reaction vigorously stirred (~750 rpm) for 

2 hours at room temperature. Then, 3-iodo-6-methyl-1,2,4,5-tetrazine (0.15 g, 0.65 mmol, 

1.3 eq), Pd(OAc)2 (6 mg, 0.026 mmol, 0.05 eq) and SPhos (21 mg, 0.05 mmol, 0.1 eq) were 

added and the resulting reaction mixture heated to 50 °C and vigorously (~750 rpm) stirred 

overnight. The reaction was filtered over Celite and the solvent evaporated under reduced 

pressure before purifying the crude product by flash chromatography (0-10 % 

EtOAc/pentane) to obtain the product (64 mg, 37 %) as a red oil. 

 
1H-NMR (500 MHz, CDCl3): δ = 1.38 (s, 9H, Boc), 1.42 (s, 9H, OtBu), 3.04 (s, 3H, CH3), 

3.71 (dd, 3JHH = 14.6, 5.1 Hz, 1H, CH2), 3.82 (dd, 3JHH = 14.6, 6.9 Hz, 1H, CH2), 4.70-4.77 

(m, 1H, CHα), 5.43 (d, 3JHH = 7.9 Hz, 1H, NHα). 

MS (ESI), m/z calc for C15H25N5O4 339.19, found 362.2 [M+Na]+ 

 

 

Condition B  

The reaction was performed with Pd(OAc)2 (6 mg, 0.013 mmol, 0.05 eq) and SPhos (23 mg, 

0.1 mmol, 0.2 eq) at 75°C and yielded the product (61 mg, 32 %) as a red oil. 

 

MS (ESI), m/z calc for C15H25N5O4 339.19, found 362.2 [M+Na]+ 

 

 

Condition C329a 

The reaction was performed with Pd2(dba)3 (12 mg, 0.0125 mmol, 0.025 eq) and tri(o-

tolyl)phospine (15 mg, 0.05 mmol, 0.1 eq) and yielded the product (17 mg, 10 %) as a red oil. 

 

MS (ESI), m/z calc for C15H25N5O4 339.19, found 362.2 [M+Na]+ 

 

 

Condition D336 

The reaction was performed with Pd(OAc)2 (6 mg, 0.013 mmol, 0.05 eq) and tri(2-

furyl)phosphine (23 mg, 0.1 mmol, 0.2 eq) and yielded the product (0.11 g, 60 %) as a red oil. 

 

MS (ESI), m/z calc for C15H25N5O4 339.19, found 362.2 [M+Na]+ 
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General procedure Negishi cross-coupling reaction with varying substituents on starting 

materials: 
 

 
 

The reaction was performed under Schlenk conditions. DMF (1.5 mL/mmol) and iodine 

(0.15 eq) were added to a 3-neck flask containing zinc dust (1.5 eq) and stirred vigorously 

(~750 rpm) for 15 minutes at room temperature. After the solution turned from orange to grey 

Boc-β-X-Ala-OtBu (1 eq) and iodine (0.15 eq) were added and the reaction vigorously stirred 

(~750 rpm) for 2 hours at room temperature. Then, 3-X-6-methyl-1,2,4,5-tetrazine (1.3 eq), 

Pd(OAc)2 (0.05 eq) and SPhos (0.01 eq) were added and the resulting reaction mixture heated 

to 50 °C and vigorously (~750 rpm) stirred overnight. The reaction was filtered over Celite 

and the solvent evaporated under reduced pressure before purifying the crude product by flash 

chromatography (0-10 % EtOAc/pentane) to obtain the product as a red oil. 

 

 

Condition E334 

The reaction was performed with Boc-β-iodo-Ala-OtBu (0.19 g, 0.5 mmol, 1 eq) and 3-S-

methyl-6-methyl-1,2,4,5-tetrazine (93 mg, 0.65 mmol, 1.3 eq) at room temperature and 50°C 

and did not yield any product. 

 

 

Condition F 

The reaction was performed with Boc-β-bromo-Ala-OtBu (0.16 g, 0.5 mmol, 1 eq) and 3-

iodo-6-methyl-1,2,4,5-tetrazine (0.15 g, 0.65 mmol, 1.3 eq) at 50 °C and did not yield any 

product. 

 

 

Condition G 

The reaction was performed with Boc-β-bromo-Ala-OtBu (0.1 g, 0.3 mmol, 1 eq) and 3-iodo-

6-methyl-1,2,4,5-tetrazine (97 mg, 0.4 mmol, 1.3 eq) at 80 °C (even zinc insertion) and did 

not yield any product. 

 

 

Condition H 

The reaction was performed with Boc-β-chloro-Ala-OtBu (0.16 g, 0.5 mmol, 1 eq) and 3-

iodo-6-methyl-1,2,4,5-tetrazine (0.15 g, 0.65 mmol, 1.3 eq) at 50 °C and did not yield any 

product. 
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Condition I328 
 

 
 

The reaction was performed under Schlenk conditions. Zinc dust (35 mg, 0.54 mmol, 1.5 eq) 

and 1 mL DMF were added to a heated out flask already containing LiCl (23 mg, 0.54 mmol, 

1.5 eq). Then, 1,2-dichloroethane (2 µL, 18 µmol, 0.05 eq) was added and the reaction heated 

to ebullition. After cooling trimethylsilyl chloride (0.5 µL, 3.6 µmol, 0.01 eq) was added and 

heated to ebullition. Then, Boc-β-chloro-Ala-OtBu (0.1 g, 0.36 mmol, l eq) was added and the 

reaction heated to 50 °C and stirred overnight before 3-iodo-6-methyl-1,2,4,5-tetrazine (0.1 g, 

0.46 mmol, 1.3 eq), Pd(OAc)2 (4 mg, 0.017 mmol, 0.05 eq) and SPhos (15 mg, 0.035 mmol, 

0.1 eq) were added and stirred at 50 °C overnight. The reaction did not yield any product. 

 

Condition J 

The reaction was performed with Boc-β-iodo-Ala-OtBu (0.19 g, 0.5 mmol, 1 eq) and 3-

chloro-6-methyl-1,2,4,5-tetrazine (83 mg, 0.65 mmol, 1.3 eq) at 50 °C and did yield the 

product in lower than 10 % yield. 

 

 

Condition K 

The reaction was performed with Boc-β-iodo-Ala-OtBu (0.19 g, 0.5 mmol, 1 eq) and 3-

bromo-6-methyl-1,2,4,5-tetrazine (0.11 g, 0.65 mmol, 1.3 eq) at 50 °C and did yield the 

product (25 mg, 14 %) as a red oil. 

 

 

ß-3-(6-methyl-1,2,4,5-tetrazin-3-yl)-L-alanine trifluoroacetate (TetA) 
 

 
 

BocTetAOtBu (0.15 g, 0.32 mmol, 1 eq) was dissolved in 2 mL DCM, cooled to 0°C before 

addition of 2 mL TFA and a drop of H2O. The reaction mixture was then stirred at room 

temperature overnight. The solvent was evaporated under reduced pressure, the product 

dissolved in a minimal amount of MeOH and then precipitated from cold Et2O and 

subsequently dried to obtain the product (0.13 g, 95 %) as a pink solid. 

 
1H-NMR (400 MHz, DMSO-d6): δ = 3.01 (s, 3H, CH3), 3.78 (dd, 3JHH = 15.7, 7.0 Hz, 1H, 

CH2), 3.84 (dd, 3JHH = 15.7, 6.0 Hz, 1H, CH2), 4.60-4.69 (m, 1H, CH-α), 8.42 (s, 3H, NH-α). 
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13C-NMR (75 MHz, DMSO-d6 + TFA): δ = 20.8 (1C, CH3), 34.8 (1C, CH2), 50.6 (1C, Cα), 

165.4 (1C, CTet-6), 167.6 (1C, CTet-3), 169.7 (1C, COOH). 

MS (ESI), m/z calc for C6H9N5O2 183.08, found 183.99 [M+H]+ 

 

 

2.5.4 Synthesis of CpK 

2.5.4.1 Synthesis of CpK starting from TMS-propyne192, 196, 198b 

Ethyl 2-methyl-3-(trimethylsilyl)cycloprop-2-ene-1-carboxylate 
 

 
 

TMS-propyne (9.24 mL, 62.4 mmol, 2 eq) was added to a suspension of rhodium(II) acetate 

(70 mg, 0.156 mmol, 0.005 eq) in 15 mL dry DCM. Then, ethyl diazoacetate (3.28 mL, 

32.2 mmol, 1 eq) was slowly added at room temperature at a speed of 0.75 mL/h using a 

syringe pump. The resulting reaction mixture was stirred for 2 hours after addition of ethyl 

diazoacetate was complete. After solvent removal under reduced pressure the crude product 

was purified by flash column chromatography (eluding with 2-5% Et2O in pentane) to result 

the product (4.44 g, 72%) as a colourless, oily residue. 

 
1H-NMR (500 MHz, CDCl3): δ = 0.18 (s, 9H, Si(CH3)3), 1.23 (t, 3JHH = 7.1 Hz, 3H, CH3-

Ethoxy), 1.97 (s, 1H, CH), 2.19 (s, 3H, CH3), 4.10 (m, 2H, CH2). 

MS (ESI), m/z calc for C10H18O2Si 198.11, found 221.2 [M+Na]+ 

 

 

(2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanol 
 

 
 

Ethyl-2-methyl-3-(trimethylsilyl)cycloprop-2-ene-1-carboxylate (1.91 g, 9.6 mmol, 1 eq) was 

dissolved in 19 mL dry dichloromethane, then placed in a cooling bath made from ice and 

sodium chloride. 1 M DIBAL-H solution in DCM (19.2 mL, 19.2 mmol, 2 eq) was added 

dropwise via syringe over 45 min, followed by stirring the reaction mixture for 45 min to 1 h 

before quenching it with 1 M NaOH (3-5 mL) and water (1 mL). After stirring the reaction 

mixture for 1 to 2 hours, the emulsion broke down and a white solid formed, which was 

filtered off. The organic phase was dried over Na2SO4 and the solvent evaporated under 

reduced pressure. The crude product was purified the same day by flash column 

chromatography (gradient 4-20% Et2O in pentane) to result the product (1.13 g, 75%) as a 

colourless, oily residue. 
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1H-NMR (300 MHz, CDCl3): δ = 0.20 (s, 9H, Si(CH3)3), 1.59 (t, 3JHH = 4.6 Hz, 1H, CH), 

2.24 (s, 3H, CH3), 3.51 (d, 3JHH = 4.6 Hz, 2H, CH2). 

 

 

(2-methylcycloprop-2-en-1-yl)methyl (4-nitrophenyl) carbonate 
 

 
 

1.4 M Tetrabutylammonium fluoride solution in THF (9.8 mL, 9.8 mmol, 1.16 eq) was added 

to a solution of 2-methyl-3-(trimethylsilyl)cycloprop-2-ene-1-yl)methanol (1.3 g, 8.5 mmol, 1 

eq) in 19 mL THF and stirred at room temperature for 2 hours. The reaction mixture was 

directly purified by flash chromatography (0-100% Et2O/pentane). The product was 

concentrated at 20 °C under reduced pressure and then directly dissolved in DCM (15 mL), 

followed by addition DIPEA (2.2 mL, 12.7 mmol, 1.5 eq) and 4-nitrophenyl chloroformate 

(2.1 g, 10.2 mmol, 1.2 eq) in small portions. The reaction mixture was stirred at room 

temperature for 2 h, then the solvent removed and the crude product was purified by flash 

column chromatography (0-5 % Et2O/pentane) to result the product (0.95 g, 45 %) as a 

colourless, oily residue. 

 
1H-NMR (300 MHz, CDCl3): δ = 1.78 (t, 3JHH = 5.3, 1.5 Hz, 1H, C(sp3)H), 2.18 (d, 4JHH = 

1.2 Hz, 3H, CH3), 4.15 (dd, 2JHH = 10.8 Hz, 3JHH = 5.4 Hz, 1H, CH2), 4.21 (ddd, 2JHH = 

10.8 Hz, 3JHH = 5.2 Hz, 4JHH = 0.5 Hz, 1H, CH2), 6.60-6.63 (m, 1H, C(sp2)H), 7.39 (d, 3JHH = 

9.3 Hz, 2H, CHAr-2,2’), 8.28 (d, 3JHH = 9.3 Hz, 2H, CHAr-3,3’). 

 

 

N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N6-(((2-methylcycloprop-2-en-1-yl)methoxy)-

carbonyl)-L-lysine (FmocCpK) 
 

 

 

Fmoc-Lys-OH*HCl (5.5 g, 13.5 mmol, 1.5 eq) was dissolved in 33 mL THF/DMF (3:1), then 

DIPEA (7.5 mL, 44.7 mmol, 5 eq) and a solution of (2-methyl-cycloprop-2-en-1-yl)methyl(4-

nitrophenyl)carbonate (2.62 g, 9 mmol, 1 eq) in 5 mL THF were added and the reaction 

mixture was stirred at room temperature overnight. The organic phase was washed with 10 % 

citric acid (2-3x 50 mL) and brine (2x 50 mL) and then dried over Na2SO4 and the solvent 

evaporated under reduced pressure. The crude product was purified by flash column 

chromatography (50-100 % EtOAc/pentane + 0.1 % AcOH). Coevaporatation of acetic acid 

with toluene resulted the product (3.12 g, 73 %) as a slightly yellow solid. 



156 

1H-NMR (400 MHz, DMSO-d6): δ = 1.23-1.44 (m, 4H, CH2-γ,δ), 1.47-1.50 (m, 1H, C(sp3)H), 

1.54-1.74 (m, 2H, CH2-β), 2.09 (d, 4JHH = 1.1 Hz, 3H, CH3), 2.91-2.99 (m, 2H, CH2-ε), 3.75 

(dd, 3JHH = 11.1, 5.2 Hz, 1H, OCH2), 3.81 (dd, 3JHH = 11.1, 4.8 Hz, 1H, OCH2), 3.85-3.95 (m, 

1H, CHα), 4.19-4.25 (m, 1H, CHFmoc), 4.25-4.32 (m, 2H, CH2-Fmoc), 6.84 (s, 1H, C(sp2)H), 

7.04 (t, 3JHH = 5.7 Hz, 1H, NHε), 7.33 (dd, 3JHH = 7.4, 7.0 Hz, 2H, CHAr(Fmoc-2,2’)), 7.41 (dd, 
3JHH = 7.4, 7.3 Hz, 2H, CHAr(Fmoc-3,3’)), 7.59 (d, 3JHH = 7.9 Hz, 1H, NHα), 7.73 (d, 3JHH = 

7.5 Hz, 2H, CHAr(Fmoc-1,1’)), 7.89 (d, 3JHH = 7.5 Hz, 2H, CHAr(Fmoc-4,4’)), 12.56 (bs, 1H, COOH). 
13C-NMR (75 MHz, DMSO-d6): δ = 11.4 (1C, CH3), 16.8 (1C, C(sp3)H), 22.9 (1C, Cγ), 29.1 

(1C, Cδ), 30.5 (1C, Cβ), 39.9 (1C, Cε), 46.7 (1C, CHFmoc), 53.8 (1C, Cα), 65.6 (1C, CH2-Fmoc), 

70.7 (1C, OCH2), 102.3 (1C, C(sp2)H), 120.1 (2C, CAr(Fmoc-4,4’)), 125.3 (CAr(Fmoc-1,1’)), 127.0 

(2C, CAr(Fmoc-2,2’)), 127.6 (2C, CAr(Fmoc-3,3’)), 140.7 (2C, CAr(Fmoc-5,5’)), 143.8 (2C, CAr(Fmoc-6,6’)), 

156.1 (1C, NαCOO), 156.4 (1C, NεCOO), 174.0 (1C, COOH). 

MS (ESI), m/z calc for C27H30N2O6 478.21, found 501.2 [M+Na]+, 477.2 [M-H]- 

 

 

N6-(((2-methylcycloprop-2-en-1-yl)methoxy)carbonyl)-L-lysine (CpK) 
 

 
 

N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N6-(((2-methylcycloprop-2-en-1-yl)methoxy)-

carbonyl)-L-lysine (3 g, 6.26 mmol, 1 eq) was dissolved in 36 mL THF/H2O (3:1), followed 

by addition of solid sodium hydroxide (0.78 g, 19.4 mmol, 3.1 eq). The reaction mixture was 

stirred at room temperature for 8 hours before adding water (50 mL) and washing the water 

phase with Et2O (5x 50 mL). The water phase was concentrated and the resulting solid was 

dissolved in 100 mM NaOH to make a 100 mM stock solution, which is stored at -20 °C. 

 
1H-NMR (400 MHz, D2O): δ = 1.32-1.49 (m, 2H, CH2-γ), 1.49-1.60 (m, 2H, CH2-δ), 1.60 (t, 
3JHH = 4.9 Hz, 1H, C(sp3)H), 1.83-1.96 (m, 2H, CH2-β), 2.13 (d, 4JHH = 1.2 Hz, 3H, CH3), 3.15 

(t, 3JHH = 6.8 Hz, 2H, CH2-ε), 3.82 (dd, 3JHH = 11.0, 5.0 Hz, 1H, OCH2), 4.01 (dd, 3JHH = 11.0, 

4.8 Hz, 1H, OCH2), 3.75 (dd, 3JHH = 5.9, 4.9 Hz, 1H, CHα), 6.66 (s, 1H, C(sp2)H). 
13C-NMR (75 MHz, D2O): δ = 10.8 (1C, CH3), 16.6 (1C, C(sp3)H), 21.7 (1C, Cγ), 28.6 (1C, 

Cδ), 30.1 (1C, Cβ), 40.0 (1C, Cε), 54.8 (1C, Cα), 72.5 (1C, OCH2), 101.2 (1C, C(sp2)H), 120.5 

(1C, NεCOO), 174.8 (1C, COOH). 

MS (ESI), m/z calc for C12H20N2O4 256.14, found 257.2 [M+H]+, 279.2 [M+Na]+- 
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2.5.4.2 Synthesis of CpK starting from propyne gas198b 

Ethyl 2-methylcycloprop-2-ene-1-carboxylate 
 

 

 

A 100 mL 3-neck round bottom flask was fitted with a dry ice condenser and a pressure 

release valve and charged with rhodium acetate (80 mg, 0.18 mmol, 0.006 eq). The glass 

assembly was evacuated and heated out, followed by filling three times with argon. 

Afterwards dry DCM (2 mL) was added and the condenser filled with a mixture of acetone 

and dry ice. Propyne (approx. 15 mL) was condensed into the rhodium(II) acetate suspension 

and then the flask lowered into a salt-ice bath to obtain a steady reflux of propyne. Ethyl 

diazoacetate (3.3 mL, 31.2 mmol, 1 eq) was added to the stirred propyne solution drop-wise 

using a syringe pump (1.1 mL/min) and was stirred for 2 h more. After completion, the 

reaction was slowly warmed up to evaporate residual propyne. The cyclopropene product was 

then purified by flash chromatography (0-2 % Et2O/pentane). The eluate was carefully 

concentrated (not to dryness!) at 20 °C to give the desired product as a colourless volatile 

liquid.  

 
1H-NMR (300 MHz, CDCl3): δ = 1.25 (t, 3JHH = 7.2 Hz, 3H, CH3-Ethoxy), 2.11 (d, 4JHH = 

1.5 Hz, 1H, C(sp3)H), 2.16 (d, 4JHH = 1.3 Hz, 3H, CH3), 4.13 (dq, 3JHH = 7.1 Hz, 3JHH = 

2.6 Hz, 2H, CH2), 6.32-6.35 (m, 1H, C(sp2)H). 

 

 

(2-methylcycloprop-2-en-1-yl)methanol 
 

 
 

A 1 M solution of DIBAL-H in DCM (30 mL, 30 mmol, approx. 1.5 eq) was added drop-wise 

to a stirred solution of ethyl 2-methylcycloprop-2-ene-1-carboxylate (approx. 2.6 g, approx. 

20 mmol, 1 eq) in DCM (30 mL) at -10 ºC for 1 h. Due to residual starting material present in 

the mixture more DIBAL-H (8 mL, 8 mmol, 0.4 eq) in DCM (8 mL) was added and the 

reaction stirred for another 30 minutes, before being quenched by cautious addition of H2O 

(1 mL), 1 M aqueous NaOH solution (1 mL) and H2O (2.3 mL). The mixture was stirred for a 

further 2 h at room temperature until the emulsion broke down, before the filtrate was dried 

over Na2SO4, filtered and purified by flash chromatography (50 % Et2O/pentane). The eluate 

was carefully concentrated (not to dryness!) at 20 °C to give the desired product as a 

colourless volatile liquid.  

 
1H-NMR (300 MHz, CDCl3): δ = 1.67 (dt, 3JHH = 4.3, 1.6 Hz, 1H, C(sp3)H), 2.16 (d, 4JHH = 

1.2 Hz, 3H, CH3), 3.50 (ddd, 2JHH = 10.6 Hz, 3JHH = 4.5 Hz, 4JHH = 0.7 Hz, 1H, CH2), 3.57 

(ddd, 2JHH = 10.6 Hz, 3JHH = 4.2 Hz, 4JHH = 0.6 Hz, 1H, CH2), 6.62-6.64 (m, 1H, C(sp2)H). 
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(2-methylcycloprop-2-en-1-yl)methyl (4-nitrophenyl) carbonate 
 

 
 

(2-methylcycloprop-2-en-1-yl)methanol (approx. 2.4 g, approx. 30 mmol, 1 eq) was dissolved 

in 40 mL DCM, then DIPEA (7 mL, 40 mmol, approx. 1.5 eq) and 4-nitrophenyl 

chloroformate (6.4 g, 32 mmol, approx. 1.2 eq) were added on ice and the reaction stirred at 

room temperature overnight. The reaction was concentrated under reduced pressure and the 

crude product purified by flash chromatography (0-5 % Et2O/pentane) to obtain the product 

(2.5 g, 32 % over three steps) as a colourless oil. 

 
1H-NMR (300 MHz, CDCl3): δ = 1.78 (dt, 3JHH = 5.3, 1.5 Hz, 1H, C(sp3)H), 2.18 (d, 4JHH = 

1.1 Hz, 3H, CH3), 4.15 (dd, 2JHH = 10.9 Hz, 3JHH = 5.5 Hz, 1H, CH2), 4.21 (ddd, 2JHH = 

10.9 Hz, 3JHH = 5.2 Hz, 4JHH = 0.6 Hz, 1H, CH2), 6.60-6.63 (m, 1H, C(sp2)H), 7.39 (d, 3JHH = 

9.3 Hz, 2H, CHAr-2,2’), 8.28 (d, 3JHH = 9.3 Hz, 2H, CHAr-3,3’). 

 

The following steps are equal to the ones described in method 1.6.3.1 

 

2.5.5 Synthesis of Cp-Spin labels 

2.5.5.1 (N-((2-methylcycloprop-2-en-1-yl)methyl))-2,2,5,5-tetramethyl-1-pyrrolidinyl-

oxyl–3-carboxamide (Cp-TEMPO) 

 

 
 

(2-methylcycloprop-2-en-1-yl)methyl-(4-nitrophenyl)-carbonate (0.1 g, 0.4 mmol, 1 eq) was 

dissolved in 2 mL DCM, then 4-amino-TEMPO (83 mg, 0.5 mmol, 1.2 eq) and DIPEA 

(84 µL, 0.5 mmol, 1.2 eq) were added and the reaction stirred at room temperature overnight. 

After evaporation of the solvent the crude residue was purified by flash chromatography (0-

10 % EtOAc/pentane) to obtain the product (68 mg, 60 %) as a yellowish oil. 

 

MS (ESI), m/z calc for C15H25N2O3 281.19, found 281.2 [M+H]+ 
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2.5.5.2 (N-((2-methylcycloprop-2-en-1-yl)methyl))-2,2,5,5-tetramethyl-1-pyrrolidinyl-

oxyl-3-carboxamide (Cp-Proxyl) 

(3-(azidomethyl)-2-methyl-1-(trimethylsilyl))cycloprop-1-ene158 
 

 
 

(2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanol (0.37 g, 2.4 mmol, 1 eq) was 

dissolved in 6 mL THF, cooled to 0 °C, then DBU (0.46 mL, 3.1 mmol, 1.2 eq) and 

diphenylphosphoryl azide (DPPA) (0.66 mL, 3.1 mmol, 1.2 eq) were added, the reaction 

slowly warmed to room temperature and stirred overnight. THF was carefully evaporated in 

an air stream and the crude product directly purified by flash chromatography (100 % 

pentane). The eluate was carefully concentrated (not to dryness!) at 22 °C and 400-500 mbar 

to give the desired product as a colourless volatile liquid. 

 
1H-NMR (500 MHz, CDCl3): δ = 0.18 (s, 9H, SiCH3), 1.57 (dd, 3JHH = 5.7, 5.0 Hz, 1H, CH), 

2.22 (s, 3H, CH3), 3.02 (dd, 2JHH = 12.6 Hz, 3JHH = 4.9 Hz, 1H, CH2), 3.15 (dd, 2JHH = 

12.6 Hz, 3JHH = 4.9 Hz, 1H, CH2). 

 

 

(2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanamine158 
 

 
 

(3-(azidomethyl)-2-methyl-1-(trimethylsilyl))cycloprop-1-ene was dissolved in 4 mL 

THF/H2O (5.5:1), then triphenylphosphine (0.8 mL, 3.1 mmol, 1.3 eq) was added and the 

reaction stirred at room temperature overnight. 5 mL 1 M HCl solution was added and the 

water phase washed with Et2O (3x 5 mL). The water phase was then basified by addition of 

1 M NaOH solution to pH 9 and the product extracted with DCM (3x 10 mL). The organic 

phase was dried over Na2SO4, followed by careful concentration at 20 °C and 100 mbar 

(minimum!) to give the desired product (72 mg, 20 % over two steps) as a colourless solid. 

 
1H-NMR (500 MHz, CDCl3): δ = 0.16 (s, 9H, SiCH3), 1.53 (dd, 3JHH = 5.7, 4.1 Hz, 1H, CH), 

2.26 (s, 3H, CH3), 2.53 (dd, 2JHH = 12.7 Hz, 3JHH = 5.7 Hz, 1H, CH2), 2.91 (dd, 2JHH = 

12.7 Hz, 3JHH = 4.2 Hz, 1H, CH2). 
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(N-((2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methyl))-2,2,5,5-tetramethyl-1-

pyrrolidinyl-oxyl–3-carboxamide 
 

 
 

3-Carboxy-PROXYL (79 mg, 0.42 mmol, 1 eq) was dissolved in 2 mL DCM and cooled in an 

ice bath, before DMAP (26 mg, 0.21 mmol, 0.5 eq), EDC*HCl (121 mg, 0.63 mmol, 1.5 eq), 

NEM (0.16 mL, 0.84 mmol, 2 eq) and (2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-

yl)methanamine (72 mg, 0.46 mmol, 1.1 eq) were subsequently added and the reaction was 

stirred overnight at room temperature. After removal of the solvent under reduced pressure 

the crude product was purified by flash chromatography (0-10 % EtOAc/pentane) to yield the 

product (76 mg, 56 %) as a yellow solid. 

 

MS (ESI), m/z calc for C17H31N2O2Si 323.22, found 323.9 [M+H]+ 

 

 

(N-((2-methylcycloprop-2-en-1-yl)methyl))-2,2,5,5-tetramethyl-1-pyrrolidinyl-oxyl–3-

carboxamide (Cp-Proxyl) 
 

 
 

(N-((2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methyl))-2,2,5,5-tetramethyl-1-

pyrrolidinyl-oxyl-3-carboxamide (76 mg, 0.23 mmol, 1 eq) was dissolved in 0.5 mL THF, 

followed by addition of 1 M TBAF solution in THF (0.27 mL, 0.27 mmol, 1.16 eq). The 

resulting reaction mixture was stirred at room temperature for 2 h. The solvent was then 

removed under reduced pressure and the crude residue purified by flash chromatography 

(50 % Et2O/pentane) to obtain the product (57 mg, 98 %) as yellow solid. 

 

MS (ESI), m/z calc for C14H23N2O2 251.18, found 251.8 [M+H]+, 273.8 [M+Na]+ 
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2.5.5.3 N-((2-methylcycloprop-2-en-1-yl)methyl)cyclopentanecarboxamide (Cp-SLA) 

N-((2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methyl)cyclopentanecarboxamide 
 

 
 

Cyclopentanecarboxylic acid (0.13 mL, 1.2 mmol, 1 eq) was dissolved in 6 mL DCM and 

cooled in an ice bath, before DMAP (72 mg, 0.6 mmol, 0.5 eq), EDC*HCl (0.34 g, 1.8 mmol, 

1.5 eq), NEM (0.28 mL, 2.4 mmol, 2 eq) and (2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-

yl)methanamine (0.2 g, 1.3 mmol, 1.1 eq) were subsequently added and the reaction was 

stirred overnight at room temperature. After removal of the solvent under reduced pressure 

the crude product was purified by flash chromatography (0-10 % EtOAc/pentane) to yield the 

product (0.24 g, 74 %) as a yellow solid. 

 
1H-NMR (400 MHz, CDCl3): δ = 0.16 (s, 9H, SiCH3), 1.44 (t, 3JHH = 4.5 Hz, 1H, 

CHcyclopropene), 1.51-1.61 (m, 2H, CH2cyclopentane), 1.68-1.88 (m, 6H, 3x CH2cyclopentane), 2.18 (s, 

3H, CH3), 2.42-2.52 (m, 1H, CHcyclopentane), 3.15 (dd, 3JHH = 4.9, 4.8 Hz, 2H, CH2), 5.26 (bs, 

1H, NH). 

MS (ESI), m/z calc for C14H25NOSi 251.17, found 252.2 [M+H]+ 

 

 

N-((2-methylcycloprop-2-en-1-yl)methyl)cyclopentanecarboxamide (Cp-SLA) 
 

 
 

N-((2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methyl)cyclopentanecarboxamide (0.24 g, 

0.95 mmol, 1 eq) was dissolved in 3 mL THF, followed by addition of 1 M TBAF solution in 

THF (1.4 mL, 1.4 mmol, 1.5 eq). The resulting reaction mixture was stirred at room 

temperature for 2 h. The solvent was then removed under reduced pressure and the crude 

residue purified by flash chromatography (0-20 % EtOAc/pentane) to obtain the product 

(0.15 g, 88 %) as yellow solid. 

 
1H-NMR (400 MHz, CDCl3): δ = 1.52-1.56 (m, 1H, C(sp3)Hcyclopropene), 1.53-1.61 (m, 2H, 

CH2cyclopentane), 1.68-1.88 (m, 6H, 3x CH2cyclopentane), 2.11 (d, 4JHH = 1.1 Hz 3H, CH3), 2.42-

2.52 (m, 1H, CHcyclopentane), 3.15 (dddd, 2JHH = 13.7 Hz, 3JHH = 5.5, 4.4 Hz, 4JHH = 0.8 Hz, 1H, 

CH2), 3.24 (dddd, 2JHH = 13.7 Hz, 3JHH = 5.5, 4.1 Hz, 4JHH = 0.8 Hz, 1H, CH2), 5.33 (bs, 1H, 

NH), 6.56-6.59 (m, 1H, C(sp2)Hcyclopropene). 

MS (ESI), m/z calc for C11H17NO 179.13, found 180.2 [M+H]+ 
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2.5.6 Synthesis of Tetrazine spin labels 

2.5.6.1 N-(2,2,6,6-Tetramethylpiperidin-1-oxyl)-4-(6-methyl-1,2,4,5-tetrazin-3-yl)-

benzamide (Tet-TEMPO) 

3-(4-Carboxyphenyl)-6-methyl-1,2,4,5-tetrazine347 
 

 
 

4-Cyanobenzoic acid (1.8 g, 12 mmol, 1 eq) and Zn(OTf)2 (2.2 g, 6 mmol, 0.5 eq) were 

combined in a flask, then ACN (6.3 mL, 0.12 mol, 10 eq) and hydrazine hydrate (30 mL, 

0.6 mol, 50 eq) were added and the reaction heated to 60 °C for 24 h. After addition of 

NaNO2 (8.3 g, 0.12 mol, 10 eq) dissolved in H2O (20 mL) the reaction mixture was acidified 

to pH 3 on ice with a 6 M HCl solution. After stirring for 30 minutes, the pink precipitate was 

collected by centrifugation. The crude residue was purified by flash chromate-graphy (0-10 % 

MeOH/DCM + 0.1 % FA), which yielded the product (1.6 g, 61 %) as a pink solid. 

 
1H-NMR (300 MHz, CDCl3): δ = 3.02 (s, 3H, CH3), 8.20 (d, 3JHH = 8.4 Hz, 2H, HAr-2,2’), 8.58 

(d, 3JHH = 8.4 Hz, 2H, HAr-3,3’). 

 

N-(2,2,6,6-Tetramethylpiperidin-1-oxyl)-4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzamide 

(Tet-TEMPO) 
 

 
 

DMAP (28 mg, 0.23 mmol, 0.5 eq) and 3-(4-Carboxyphenyl)-6-methyl-1,2,4,5-tetrazine 

(0.1 g, 0.46 mmol, 1 eq) were dissolved in 1 mL DCM and cooled in an ice bath before 

addition of EDC*HCl (0.13 g, 0.7 mmol, 1.5 eq), 4-amino-TEMPO (87 mg, 0.5 mmol, 1.1 eq) 

and NEM (0.1 mL, 0.92 mmol, 2 eq). The resulting reaction mixture was stirred at room 

temperature overnight, diluted with 10 mL DCM and washed with 10 % citric acid (2x 

10 mL) and saturated NaHCO3 solution (1x 10 mL). The organic phase was collected, dried 

over Na2SO4 and the solvent removed under reduced pressure. The crude residue was purified 

by flash chromatography (0-1 % MeOH/DCM) to obtain the product (115 mg, 67 %) as a 

pink solid. 
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MS (ESI), m/z calc for C19H25N6O2 369.20, found 370.04 [M+H]+ 

 

2.5.6.2 (N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-2,2,5,5-tetramethyl-1-pyrrolidinyl-

oxyl–3-carboxamide (Tet-PROXYL) 

4-(N-(tert-butoxycarbonyl)aminomethyl)benzonitrile244 
 

 
 

4-(Aminomethyl)benzonitrile hydrochloride (3 g, 18 mmol, 1 eq) was evaporated twice with 

toluene to remove traces of acid, before it was suspended in 40 mL DCM. Then NEt3 

(6.2 mL, 45 mmol, 2.5 eq) and Boc2O (4.5 mL, 20 mmol, 1.1 eq) were added and the white 

suspension stirred at room temperature overnight. The reaction was diluted with DCM and 

washed with 10 % citric acid (2x 50 mL) and saturated NaHCO3 solution (1x 50 mL). The 

organic phase was collected, dried over Na2SO4 and the solvent removed under reduced 

pressure to give the product (4.8 mg, 92 %) as a white solid. 

 
1H-NMR (400 MHz, CDCl3): δ = 1.46 (s, 9H, Boc), 4.37 (d, 3JHH = 4.9 Hz, 2H, CH2), 4.95 (s, 

1H, NH), 7.39 (d, 3JHH = 8.4 Hz, 2H, HAr-3,3’), 7.62 (d, 3JHH = 8.4 Hz, 2H, HAr-2,2’). 

 

N-(tert-butoxycarbonyl)-3-(4-aminomethyl)phenyl-6-methyl-1,2,4,5-tetrazine187 
 

 

 

4-(N-(tert-butoxycarbonyl)aminomethyl)benzonitrile (0.5 g, 2.2 mmol, 1 eq) and Ni(OTf)2 

(0.38 g, 1.1 mmol, 0.5 eq) were combined in a flask, then ACN (1.8 mL, 33 mmol, 16 eq) and 

hydrazine hydrate (5.2 mL, 0.11 mol, 50 eq) were added and the reaction heated to 60 °C for 

48 h. After addition of NaNO2 (1.5 g, 22 mol, 10 eq) dissolved in H2O (10 mL) the reaction 

mixture was carefully acidified to pH 3 on ice with a 6 M HCl solution and stirred for 

30 minutes. The reaction was extracted with EtOAc (3x 30 mL), the organic phase dried over 

Na2SO4 and the solvent removed under reduced pressure. The crude residue was purified by 

flash chromatography (0-30 % EtOAc/pentane) to obtain the product (0.27 g, 42 %) as a 

purple solid. 
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1H-NMR (500 MHz, CDCl3): δ = 1.48 (s, 9H, Boc), 3.10 (s, 3H, CH3), 4.44 (d, 3JHH = 5.9 Hz, 

2H, CH2), 4.95 (s, 1H, NH), 7.51 (d, 3JHH = 8.2 Hz, 2H, HAr-3,3’), 8.56 (d, 3JHH = 8.2 Hz, 2H, 

HAr-2,2’). 

 

3-(4-aminomethyl)phenyl-6-methyl-1,2,4,5-tetrazine hydrochloride 
 

 
 

N-(tert-butoxycarbonyl)-3-(4-aminomethyl)phenyl-6-methyl-1,2,4,5-tetrazine (0.13 g, 

0.43 mmol, 1 eq) was dissolved in 0.9 mL dioxane, then 4 M HCl solution in dioxane 

(0.9 mL, 0.86 mmol, 2 eq) was added and the reaction stirred at room temperature for 1 h. 

Afterwards the solvent was evaporated to give the product (95 g, 93 %) as a pink solid. 

 
1H-NMR (500 MHz, MeOD): δ = 3.06 (s, 3H, CH3), 4.26 (s, 2H, CH2), 7.71 (d, 3JHH = 

8.4 Hz, 2H, HAr-3,3’), 8.64 (d, 3JHH = 8.4 Hz, 2H, HAr-2,2’). 

 

(N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl–3-

carboxamide (Tet-PROXYL) 
 

 
 

3-Carboxy-PROXYL (46 mg, 0.25 mmol, 1 eq) was dissolved in 1 mL DCM and cooled in an 

ice bath, before DMAP (15 mg, 0.13 mmol, 0.5 eq), EDC*HCl (71 mg, 0.37 mmol, 1.5 eq), 

NEM (54 µL, 0.5 mmol, 2 eq) and 3-(4-aminomethyl)phenyl-6-methyl-1,2,4,5-tetrazine 

hydrochloride (64 mg, 0.27 mmol, 1.1 eq) were subsequently added and the reaction was 

stirred overnight at room temperature. After dilution with DCM the organic phase was 

washed with 10 % citric acid (1x 5 mL), saturated NaHCO3 solution (1x10 mL) and dried 

over Na2SO4. The crude product was purified by flash chromatography (0-1 % MeOH/DCM) 

to yield the product (84 mg, 93 %) as a pink solid. 

 

MS (ESI), m/z calc for C19H25N6O2 369.20, found 370.2 [M+H]+, 368.2 [M-H]-  
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Chapter 3: Expanding the genetic code with a lysine derivative bearing an 

enzymatically removable phenylacetyl group  

3.1 Aim and introduction  

Developing adequate tools to study biomolecules in their natural environment to understand 

complex cellular processes is of great interest. One elegant approach that has emerged over 

the last years is the development of decaging reactions in combination with genetic code 

expansion to gain artificial control over enzyme function and structure.64 GCE can be used to 

site-specifically incorporate a caged amino acid into the active center or a structurally 

important feature of an enzyme thereby abolishing its activity. An external, orthogonal 

stimulus then removes the masking group and reveals the original molecule, leading to full 

recovery of enzymatic function. 

 

Activation of masked uAAs, especially lysine, tyrosine, serine and cysteine derivatives, has 

been achieved by either a chemical251a, 251c,65d, 252 or a light trigger.65a-c, 348 Irradiation with UV 

light is the most common approach towards control over biological processes, however it has 

several limitations. UV light (far and middle UV) is phototoxic for living cells and has 

difficulty to penetrate tissue or animal samples.250 Secondly, the ortho-nitrobenzyl photo-

cage, which is used in most cases, is not completely chemically stable in vivo,65a, 72c, 348a, 349 

which can lead to premature deprotection and loss of control. Other complications of the 

reported deprotection strategies include metabolically72c, 349 instable compounds or the use of 

harsh deprotection conditions.72d The development of deprotection methods with external 

triggers like light or small molecules was aimed at in vivo applications, which requires the 

decaging to be very rapid in order to follow fast processes in biological settings. Studying 

proteins in vitro does not necessitate such fast reaction kinetics, but rather relies on stable 

uAAs that can be easily deprotected using mild deprotection. An elegant stimulus that would 

fulfill these demands is the use of enzymes to facilitate the cleavage reaction.  

 

So far no genetically encoded uAAs have been reported where enzyme-mediated deprotection 

has been applied. There are only a few uAAs known bearing post-translational modifications 

(PTM), which can be considered as masking groups (for example acetyllysine, phosphoserine 

and phosphotyrosine), as there are eraser proteins that cleave the corresponding moieties. For 

an artificially triggered encaging approach, the existence of such endogenous enzymes 

recognizing these PTMs is however problematic.69a, 350  

 

The aim of this project, which was a collaboration with the group of Henning Mootz 

(Universität Münster), was therefore to develop an approach for the enzyme-triggered 

unmasking of a genetically encoded, caged uAAs. We chose the chemically stable 

phenylacetyl group (Pac) as protecting group for lysine (PacK, Figure 3.1), which we found 

can be removed by penicillin G acylase (PGA; E.C.3.5.1.11),351 and should be bulky enough 

to affect enzyme activity by locally altering protein structure upon incorporation. So far, the 

use of Pac deprotection by PGA has been demonstrated on artificially synthesized peptides 

only.352  
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3.2 Results and Discussion 

3.2.1 Site-specific incorporation of Pac-bearing lysine uAAs into proteins 

The first step of the project was the synthesis of amino acid PacK carried out by Marie Reille-

Seroussi (Universität Münster), based on previously reported procedures in three steps,72a, 352b 

followed by investigation of the cleavage reaction on small molecule level. Therefore, Fmoc-

Lys(Pac)-OH was incubated with commercially available PGA and the reaction analyzed by 

HPLC to confirm complete deprotection of Pac after 10 min (Figure 3.1).  

 

 
Figure 3.1: a) Structure of PacK. b) HPLC analysis of Pac group removal from Fmoc protected PacK.66 Adapted by 

permission of The Royal Society of Chemistry 

 

Next, Marie Reille-Seroussi analyzed the metabolic stability of PacK against endogenous 

deacylases in E. coli, since one of these, CobB, was observed to hydrolyze amide bonds of 

lysine derivatives with alkyl side chains63, 350a Therefore, the growth of lysine auxotrophic E. 

coli strain JW2806-1 in minimal media supplemented with PacK was compared to their 

growth in the presence of lysine without PacK. No growth was observed for cells grown with 

PacK, indicating that no endogenous enzyme was able to remove the protecting group.  

 

With these preliminary, positive results in hand, we set out to site-specifically incorporate 

PacK into proteins, which was performed by myself. Being a lysine derivative, it was 

hypothesized that the chances of finding a PylRS mutant are quite good, due to structural 

resemblance with other uAAs that are successfully introduced by PylRS mutants. Therefore, a 

number of known PylRS mutants (Figure 3.2a,b) were screened for the incorporation of PacK 

into sfGFP with a premature stop codon and resulted a positive hit. The previously described, 

very promiscuous mutant BrCnKRS63 (Y271M, L274A, C313A, Mb numbering) selectively 

and efficiently incorporates PacK into sfGFP-N150TAG-His6 in very good yields of 54 mg/L 

of culture (Figure 3.2a). The specific incorporation and stability of PacK was confirmed by 

ESI-MS analysis of the purified protein (Figure 3.2c). 
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Figure 3.2: Incorporation of PacK into sfGFP-N150TAG-His6.  

a) Synthetase screen for the incorporation of PacK into proteins with known PylRS mutants. b) Mutations of PylRS mutants. 

c) RS9, also known as BrCnKRS, successfully and efficiently incorporates PacK into sfGFP-N150TAG-His6. (Left: 

Coomassie stained SDS-PAGE, right: α-His6 western blot) d) ESI-MS analysis of purified sfGFP-N150PacK-His6. 

 

Having found a synthetase for the successful incorporation of PacK into proteins, next the 

unmasking of the Pac moiety on the protein was tested. Therefore, sfGFP-N150PacK-His6 

(10 μM) was incubated with PGA (up to 1 U) and samples were taken at different time points, 

followed by LC-ESI-MS analysis. When removal of the Pac moiety could not be observed 

(even after 24 to 48 h), our collaboration partners in the Mootz group took a closer look at the 

active site of PGA. There, Pac is located at the end of a long narrow channel pointing to the 

active site (Figure 3.3a). At position 150 of sfGFP, PacK sits on the surface of the non-

flexible β-barrel, probably not reaching far enough into the active site of PGA for cleavage of 

Pac, which is supported by a few reports using Pac/PGA deprotection on small proteins like 

insulin.352 Therefore, our collaboration partners selected human SUMO-2 (Small Ubiquitin-

like MOdifier) as a new model protein, since it contains an unstructured N- and C-terminal 

region flanking the ß-grasp fold.353 K11, one of the 3 lysine residues (8 in total) located in the 

N-terminal region, was chosen as position for amber suppression due to improved 

accessibility of PacK for deprotection with PGA (Figure 3.3c). SUMO-2-K11PacK was 

expressed in E. coli as an intein-CBP (chitin-binding domain) fusion protein (Figure 3.3b) in 

good yields (2.5 mg/L of culture) and analyzed by ESI-MS (Figure 3.3c). The purified protein 

was then subjected to PGA deprotection overnight at rt, which led to the desired, complete 

deprotection of Pac with 10 U of enzyme (Figure 3.3c). 
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Figure 3.3: Characterization of Pac deprotection of SUMO-2-K11PacK.66 Adapted by permission of The Royal Society of 

Chemistry 

a) Surface representation of PGA crystal structure (1PNL) with location of Pac indicated in red. b) Successful incorporation 

of PacK into human SUMO-2-K11TAG using BrCnKRS. c) Top: Schematic illustration of Pac deprotection of SUMO-2-

K11PacK by PGA. Bottom: ESI-MS analysis of the cleavage reaction at 25 °C overnight. 

 

 

3.2.2 Incorporation of PacK into GrsA to control protein interaction 

After testing our Pac/PGA unmasking approach on model proteins, such as sfGFP and 

SUMO-2, the Mootz group used this approach to study a more complex system. Multi-

domain protein gramicidin S synthetase A (GrsA) is a nonribosomal peptide synthetase 

(NRPS) in the protein-templated biosynthesis of gramicidin S.354 It is of great interest for the 

Mootz group to study the intermolecular interactions between the different domains of GrsA, 

as well as with downstream partners, to elucidate the up-to-date not completely understood 

mechanism of NRPS-mediated peptide assembly. 

 

In the biosynthesis of gramicidin GrsA facilitates the transformation of L-phenylalanine (L-

Phe) to D-Phe by activation, binding and epimerization. For this it comprises an adenylation 

(A) domain (PheA), a peptidyl carrier protein (PCP) domain and an epimerization (E) domain 

(Figure 3.4a). The PheA domain performs two different reactions, adenylation of L-Phe and 

transfer to the neighboring PCP domain by thiolation. To rearrange the active site in between 

these two different reactions A has to undergo domain alternation, where the C-terminal 
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subdomain A (AC) rotates ~140° relative to the N-terminal subdomain A (AN).355 Each of 

these two conformations comprises a conserved lysine residue that is identically located 

relative to the AN subdomain, K517 (adenylation conformation) and K434 (thiolation 

conformation) in GrsA (Figure 3.4b). An alanine scan of these two positions revealed K517 to 

be important for catalytic activity, while the mutant K434A still showed activity in both 

reactions.356  

 

 
Figure 3.4: GrsA activity.66 Reproduced by permission of The Royal Society of Chemistry 

A) Schematic representation of NRPSs constructs and their reaction product. B) Illustration of the two lysine residues in the 

conformational states of the A-domain of GrsA (PheA). The black dotted line represents the active site.66 

 

The Mootz group wanted to use our newly developed enzyme-mediated decaging approach to 

study the influence of both on the adenylation and thiolation activity of the PheA domain of 

GrsA by introducing our Pac masked lysine uAA into these conserved lysine residues K434 

and K517. Addition of PGA should then lead to a recuperation of activity. For this, our 

collaboration partners successfully amber suppressed positions K434 or K517 in multi-

domain protein GrsA with PacK (Figure 3.5a), which was confirmed by ESI-MS (Figure 

3.5b). To test if the uAA PacK is able to mask enzyme activity, our collaboration partners 

performed an activity assay with GrsA K434PacK or K517PacK mutants before and after 

incubation with PGA. The assay monitors formation of dipeptide D-phenylalanyl-L-prolyl-

diketopiperazine (DKP) from L-Phe and L-proline (L-Pro) by the interaction of GrsA with 

TycB1, the second module of tyrocidine biosynthesis.357 The formation of DKP was 

monitored by HPLC and the fully inactive, enzymatically masked mutants GrsA-K434PacK 

and GrsA-K517PacK were characterized compared to the wt (Figure 3.5c). Subjection to 5 U 

PGA almost fully restored GrsA-K517PacK activity, while only 10 % of wt production of 

DKP was observed for the GrsA-K434PacK mutant. This suggests that deprotection of PacK 

in this position was incomplete, which might be due to lower accessibility in the surrounding 

of the PCP and E domain. Surprisingly, treatment with a higher amount of PGA (10 U) lead 

to a decrease of DKP generation, indicating lower deprotection levels of both GrsA mutants. 

A reason therefore might be precipitation of PGA at higher concentrations, due to being 

commercially available as suspension of low purity´. 

 



172 

 
Figure 3.5: Enzymatic control of GrsA activity.66 Reproduced by permission of The Royal Society of Chemistry 

a) Coomassie stained SDS-PAGE of Incorporation of PacK into GrsA constructs. b) ESI-MS analysis of the purified proteins. 

c) Activity of GrsA proteins in a DKP product formation assay with TycB1 as illustrated in (Figure 3.4), with or without 

prior incubation with PGA overnight at 25 °C. The results of at least four experiments are presented, error bars represent 

standard deviations.66 

 

 

3.2.3 SrtN as alternative enzyme for the deprotection of PacK 

The results using PGA clearly demonstrate our enzyme-triggered deprotection approach of a 

genetically introduced, masked uAA to gain artificial control over protein function to be quite 

effective, albeit there are some limitations for the use of PGA. Therefore, our collaboration 

partners were looking into an alternative class of enzymes suitable for our deprotection 

approach, the sirtuin family, known for their deacylase activity on lysine N-acyl 

modifications.358 However, to our knowledge the removal of bulky, aromatic groups like Pac 

via sirtuins has not been reported so far. After recombinant expression of SrtN from Bacillus 

subtilis in E. coli, our collaboration partners tested the deacylase activity of SrtN against 

PacK. First, model protein SUMO-2-K11PacK was incubated with SrtN and rapid removal of 

Pac observed after 5 min at rt only (Figure 3.6a), which corresponds to a half-life time of 

5.9 min under sub-stochiometric conditions (Figure 3.6b). SrtN deprotection of PacK on 

SUMO-2 is therefore considerably faster than PGA facilitated Pac removal, which in contrast 

takes several hours. As a next step, our collaboration partners tested SrtN activity on the PacK 

mutants of GrsA. GrsA-K434PacK and GrsA-K517PacK were only partially cleaved with a 

slight preference for K434PacK. Elevating temperatures to 37 °C significantly enhanced SrtN 

activity on these substrates. Even though, the deprotection did not proceed as fast as on 

SUMO-2, these results show that for the first time a sirtuin can deacylate the bulky Pac group 

from lysine. In structurally accessible regions like the C-terminus of SUMO the cleavage 

reaction is quantitative and possesses rapid reaction rates. 
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Figure 3.6: MS analysis of the deprotection of SUMO(K11PacK) by SrtN.66 Adapted by permission of The Royal Society of 

Chemistry 

A) SUMO-2-K11PacK (5 mM) before and after incubation with 4 equivalents of SrtN at 25 °C for 5 min. B) Time course 

analysis of deprotection using a sub-equimolar amount of enzyme ([Sumo-2-K11PacK] = 5 mM; [SrtN] =2 mM). The results 

of at least three experiments are presented, error bars represent standard deviations. 

 

 

3.3 Summary and Outlook 

In conclusion, together with our collaboration partners, we have reported the first enzyme-

mediated decaging reaction in combination with genetic code expansion to orthogonally 

modulate conformation and biological activity of enzymes. We presented the site-specific 

incorporation of an unnatural lysine derivative bearing the enzyme-labile phenylacetyl group 

(Pac) into proteins in E. coli using a previously described, promiscuous PylRS mutant from 

M. barkeri and efficient deprotection of Pac using two different enzymes. Penicillin G acylase 

was already known to act on PacK, albeit has only been applied on small proteins synthesized 

via solid phase before. PGA efficiently removes Pac in readily accessible structural features, 

but shows decreased to no activity on more complex or rigid structures, due to a long and 

narrow channel leading to its active site. Another limitation is the quality of the commercially 

available PGA, our collaboration partners are therefore working on establishing their own 

expression system for PGA at the moment, which is unfortunately not trivial and requires 

periplasmic expression for correct folding.359  

 

The second enzyme that was reported for the enzyme-mediated decaging of genetically 

encoded PacK is SrtN, a deacylase from the sirtuin family, which was previously not known 

to accept Pac bearing lysine as substrate. SrtN rapidly and efficiently removed Pac from 

SUMO-2-K11PacK within 5 min compared to hours necessary for PGA deprotection. SrtN 

also favors the more readily accessible sites for PacK deprotection; however cleavage activity 

can be enhanced by performing the reaction at physiological temperatures compared to 25 °C. 

Altogether, our newly developed enzyme-mediated deprotection approach has great potential 

to gain control of protein function and structure by an external enzyme trigger, due to its mild 

conditions and efficient and rapid removal of PacK by SrtN. 
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II. Materials and General Methods 

II.1 Chemical Methods 

II.1.1 Chemicals 

Commercially available chemicals were purchased at the highest available quality from the 

Suppliers Acros Organics, Alfa Aesar, Applichem, Carbolution, Carl Roth, Iris Biotech, Jena 

Bioscience, Sigma Aldrich, Thermo Fisher Scientific and Tokyo Chemical Industry. These 

chemicals were used without further purification. Solvents for reactions were purchased as 

anhydrous if not used in combinations with water. All reactions were performed under Argon 

atmosphere from an Argon balloon attached to the reaction vessel. Schlenk conditions were 

only used when indicated in the reaction procedure.  

 

 

II.1.2 Solutions 

Table II.1: Solutions for work up 

Solution Amount/Concentration 

Citric acid 20 % (w/v) 

HCl 1 M 

HCl 3 M 

HCl 6 M 

LiOH 0.57 M 

NaCl saturated 

NaHCO3 saturated 

NaOH 1 M 

Na2SO3 20 % (w/v) 

 

 

II.1.3 TLC  

Thin layer chromatography (TLC) was used to analyze the conversion of starting material of a 

reaction on TLC plates Silica gel 60 F254 (Merck, Germany) in combination with UV at 

254 nm and the following staining solutions: 

 

 

Table II.2: Used staining solutions for TLC 

Staining solution Composition Use  

Bromocresol Green 0.04 g bromocresol green 

100 mL EtOH 

0.1 M NaOH dropwise until blue 

Carboxylic acids yellow (acid) or blue 

(base) spots on light 

blue background 

Cerium molybdate 2.2 g Ce(SO4)2 Universal blue spots on light 
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5.6 g Phosphomolybdic acid  

200 mL H2O  

7.1 mL H2SO4 

background 

Potassium 

permanganate 

1.5 g KMnO4  

10 g K2CO3  

1.25 mL 10% NaOH  

200 mL H2O 

Olefins, oxidizable 

groups 

yellow spots on 

purple background 

Ninhydrin 0.72 g ninhydrin  

200 mL EtOH  

Amines pink to blue spots on 

light background 

 

 

II.1.3. Silica flash column purification  

Solvents used for purification by flash chromatography were either purchased with analytical 

purity from Fisher Scientific (EtOAc, MeOH) or were purchased from the Materialverwaltung 

(TUM) as technical grade (DCM, pentane) and further purified by distillation before use. 

Compounds were separated over silica gel with a grain distribution of 40-60 µm and a pore 

size of 60 Å (Silica gel, Ultra Pure, 40-60μm, 60Å, Acros Organics, Germany). Solvents are 

given as mixtures of volumes. 

 

 

II.1.4. Liquid chromatography mass spectrometry (LC-MS)  

LC-MS spectra were recorded on an Agilent 1260 Infinity Series LC system with an Agilent 

6210 ESI Single Quadrupole mass spectrometer. Solvents A (MilliQ H2O+ 0.1 % FA) and B 

(ACN + 0.1 % FA) were used without filtration. Small molecules were analyzed via a Jupiter 

C18 5 μm (2 x 150 mm) capillary column (Phenomenex, Torrence, USA) at rt with a flow rate 

of 0.5 mL/min with a gradient from 5-95 % B in 6 min. Proteins samples were separated on a 

Jupiter C4 5 μm (2 x 150 mm) capillary column (Phenomenex, Torrence, USA) at rt with a 

flow rate of 0.3 mL/min with a gradient of 5-55 % B in 5 min. Measurements were carried out 

in positive and negative ion mode and the resulting spectra analyzed with OpenLab 

ChemStation Edition Software C.01.07.SR3 [465].  

 

 

II.1.5. High performance liquid chromatography (HPLC) 

HPLC purification were carried out with a Shimadzu LC-20AT Prominence system, 

consisting of two pumps (LC-20AT), a degassing unit (DGU-20A3R), a diode array detector 

(SPD-M-20A), a fraction collector (FRC-10A) and a communications bus module (CBM-

20A). A Phenomenex Luna C18, 5 μm (4.6 x 250 mm) column was used to separate 

compounds on an analytical scale; a Phenomenex Luna C18, 5 μm (10 x 250 mm) column and 

a Phenomenex Luna C18, 10 μm (21.2 x 250 mm) for preparative scale runs. Solvents A 

(MilliQ H2O+ 0.1 % FA) and B (ACN + 0.1 % FA) were used without filtration. 
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II.1.6. NMR spektroscopy  

1H and 13C NMR spectra were measured on Bruker Systems AVHD300 (300; 75 Hz) or 

AVHD400 (400; 100 Hz) and AVHD500 (500 Hz, 1H only). The chemical shift δ [ppm] was 

calibrated on the residual proton peak of the used solvent. One to two drops of TFA were 

added to dissolve the final amino acids in DMSO. Signal multiplicity is characterized as s 

(singlet), d (doublet), t (triplet), q (quartett), h (heptet), m (multiplet) and their combinations.  

 

 

II.1.7 Solid Phase Peptide Synthesis (SPPS) 

SPPS was performed in plastic syringes with a frit. Shaking was performed by using a rotary 

unit. The equivalents (eq.) used were based on the maximal loading capacity of the CTC resin 

given by the supplier. 

 

 

II.1.8 Decaging of cyclopropenone compounds at 365 nm 

photo-DMBO compounds were decaged to the alkyne (DMBO) by loss of CO at 365 nm 

using a UV Lamp VL-215.L, or 365 nm LEDs with 1 or 3 W. 
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II.2 Biochemical Work 

II.2.1 Material 

II.2.1.1 Used Organisms 

Table II.3: List of used prokaryotic organisms 

Organism Genotype Use Origin 

Escherichia coli 

DH 10 B 

F– araD139 Δ(ara,leu)7697 ΔlacX74 

galU galK rpsL deoR Φ80dlacZΔM15 

endA1 nupG recA1 mcrA Δ(mrr 

hsdRMS mcrBC) 

Cloning, 

Transformation, 

Expression 

New England Biolabs 

(NEB)Inc. (Ipswich, 

USA) 

Escherichia coli 

BL21 (DE3) 

F- fhuA2 [lon] ompT gal (λ DE3) [dcm] 

∆hsdS  

λ DE3 = λ sBamHIo ∆EcoRI-B 

int::(lacI::PlacUV5::T7 gene1) i21 

∆nin5 

Transformation, 

Expression 
NEB (Ipswich, USA) 

Escherichia coli 

BL21 AI 

F-ompT hsdSB (rB
- mB

-) gal dcm 

araB::T7RNAP-tetA 

Transformation, 

Expression 

Lemke Lab, EMBL 

(Heidelberg) 

Escherichia coli 

JW2203-1 

 

F- Δ(araD-araB)567 

ΔlacZ4787(::rrnB-3) λ- 

ΔompC768::kan rph-1 Δ(rhaD-rhaB)568 

hsdR514 

Transformation, 

Expression 

Chair for 

Microbiology, LMU 

(Munich) 

 

 

II.2.1.2 Used Plasmids 

Plasmids encoding constitutively expressed mutant M. barkeri or mazei Pyrolysl-tRNA 

synthetases (PylRS) on a pBK backbone were combined with pPylt plasmids containing the 

genes for a constitutively expressed mutant M. bakeri pyrolysyl-tRNACUA as well as a L-

arabinose indicuble araBAD promotor system for the expression of the proteins of interest 

harboring amber codons in different positions. Alternative expression systems comprised the 

genes for the tRNA synthetase and the tRNA on one plasmid (pEVOL, pDule) and the 

arabinose inducible gene for the amber-suppressible protein of interest on another wit pBAD 

backbone. pDule plasmids contained the mutant M. jannaschii Tyrosyl-tRNA synthetase and 

the corresponding tRNA, while pEVOL plasmids were available for both M. jannaschii 

TyrRS/tRNA and M. barkeri or mazei PylRS/ M. mazei Pylt pairs. pEVOL plasmids encoded 

two copies of synthetase, one constitutively expressed and one under a L-arabinose inducible 

araBAD promotor, and one copy of constitutively expressed tRNA. 

 

Table II.4: List of used PylRS mutant plasmids 

Plasmid Organism bb Nucleic acid AR 
Original 

vector 
Primer 

D4 Mb pBK PylRS wt Kan - - 

PylRS wt 

(Amp) 
Mb pBK PylRS wt Amp - - 
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D1 Mb pBK PylRS Y271M, L274G, C313A Amp - - 

D2 Mb pBK 
PylRS (D76G, S123G, T269N) 

Y271V, L274M 
Amp - - 

D3 Mb pBK 
PylRS (M40L), (D76G), (S123G), 

M241F, A267S, Y271C, L274M 
Amp - - 

D19 Mb pBK 
PylRS (D76G), (V95A), (S123G), 

A267S, L274G, C313V 
Amp - - 

D43 Mb pBK 
PylRS (D76G), (S123G), A267S, 

C313V, M315F (D344G) 
Amp - - 

D60 Mm pBK PylRS wt Kan - - 

D78 Mm pBK 
PylRS Y271A, L274M, C313A 

(S123G not programmed) 
Amp - - 

D79 Mb pBK PylRS C313V Kan - - 

D161 Mb pBK 
PylRS Y271M, L274G, C313A, 

Y349W 
Kan - - 

D171 Mb pBK PylRS Y271M, L274A, C313A Kan - - 

D172 Mb pBK PylRS C313I Kan - - 

D173 Mb pBK 
PylRS Y271L, L274F, N311M, 

C313G 
Kan - - 

D181 Mb pBK 
PylRS (R85H), N311M, C313Q, 

V366G, W382N 
Kan - - 

D182 Mb pBK 
PylRS (S131N), N311Q, C313S, 

(E340Q), V366G, W382N 
Kan - - 

D187 Mb pBK 
PylRS Y271M, L274A, C313A, 

Y349F 
Kan - - 

D188 Mb pBK 
PylRS Y271M, L274A, C313A, 

Y349F 
Amp - - 

D189 Mb pBK 
PylRS Y271L, L274F, N311M, 

C313G 
Kan - - 

D197 Mb pBK PylRS V366G, W382N Kan - - 

TM3 Mb pBK PylRS Y349F Kan - - 

MC1 Mb pBK PylRS Y271A, L274M Kan - - 

MF3 Mb pBK PylRS Y271G, C313V Amp - - 

MF4 Mb pBK PylRS Y271A, C313V Amp - - 

MF9 Mb pBK 
PylRS L266M, L270I, Y271F, 

L274A, C313F 
Amp - - 

MF10 Mb pBK PylRS C313S, Y349F Kan - - 

MF11 Mb pBK PylRS C313T, Y349F Kan - - 

MF12 Mb pBK 
PylRS L266V, L270I, Y271F, 

L274A, C313F 
Amp - - 

MF13 Mb pBK 
PylRS L270I, Y271L, L274A, 

C313F 
Amp - - 
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MF14 Mb pBK 
PylRS L266M, Y271L, L274A, 

C313F 
Amp - - 

MF15 Mb pBK PylRS L266M, Y271L, C313S Amp - - 

MF16 Mb pBK 
PylRS L266M, L270I, Y271L, 

L274A, C313F 
Amp - - 

MF17 Mb pBK 
PylRS L266M, L270V, Y271L, 

L274A, C313F 
Amp - - 

MF18 Mb pBK PylRS L274A, N311Q, C313S Kan - - 

MF19 Mb pBK 
PylRS A267T, L274A, N311Q, 

C313S 
Kan - - 

pEVOL 

MF3 
Mb pEVOL PylRS Y271G, C313V, Pylt  Cam - - 

MF3 (Mm) Mm pBK PylRS (Mm) Y306G, C348V Kan SM53 QC51, 52 

pEVOL 

MF3 (Mm) 
Mm pEVOL 

PylRS (Mm) Y306G, C348V, 

Pylt 
Cam 

MF3 

(Mm) 

RC: 50, 51 

HiFi: 52-55 

SM1 Mb pBK PylRS N311A, C313A Kan D4 QC1, 2 

SM2 Mb pBK PylRS A267T Kan D4 QC3, 4 

SM5 Mb pBK PylRS N311A, C313A, W382A Kan SM1 QC 5, 6 

SM6 Mb pBK PylRS N311A, C313A, A267T Kan SM1 QC3, 4 

SM7 Mb pBK PylRS A267T, L274A Kan SM2 QC7, 8 

SM8 Mb pBK PylRS A267T, W382A Kan SM2 QC5, 6 

SM9 Mb pBK 
PylRS N311A, C313A, A267T, 

W382A 
Kan SM6 QC5, 6 

SM10 Mb pBK 
PylRS N311A, C313A, A267T, 

L274A 
Kan SM7 QC7, 8 

SM17 Mb pBK PylRS L270I, Y349F Kan TM3 QC9, 10 

SM18 Mb pBK PylRS L270I, Y271F, Y349F Kan SM17 QC11, 12 

SM19 Mb pBK PylRS C313A Kan D4 QC17, 18 

SM20 Mb pBK PylRS L274A Kan D4 QC21, 22 

SM21 Mb pBK 
PylRS L270I, Y271F, C313F, 

Y349F 
Kan SM18 QC15, 16 

SM22 Mb pBK PylRS L274A, C313A Kan SM19 QC21, 22 

SM23 Mb pBK PylRS Y271A, Y349F Kan TM3 QC19, 20 

SM24 Mb pBK PylRS L274A, Y349F Kan TM3 QC21, 22 

SM25 Mb pBK PylRS C313A, Y349F Kan TM3 QC17, 18 

SM26 Mb pBK PylRS L274A, C313A, Y349F Kan SM24 QC17, 18 

SM27 Mb pBK 
PylRS L270I, Y271F, L274G, 

C313F, Y349F 
Kan SM21 QC35, 36 

SM28 Mb pBK PylRS N311A, C313S Kan D4 QC29, 30 
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SM29 Mb pBK PylRS L274A, C313V, Y349F Kan SM24 QC23, 24 

SM30 Mb pBK PylRS L274A, C313S, Y349F Kan SM24 QC25, 26 

SM31 Mb pBK PylRS Y271A, Y349F, I378L Kan SM23 QC27, 28 

SM33 Mb pBK 
PylRS Y271M, L274A, C313A, 

Y349W 
Kan D171 QC31, 32 

SM34 Mb pBK 
PylRS M241A, Y271A, L274V, 

C313V, M315Y, V370R 
Kan D4 

HiFi: 13 -16, 

GS17 

SM35 Mb pBK 
PylRS Y271A, L274V, C313V, 

M315Y, V370R 
Kan D4 

HiFi: 13 -16, 

GS18 

SM36 Mb pBK 
PylRS Y271A, L274V, C313V, 

M315Y, Y349F, V370R 
Kan D4 

HiFi: 13 -16, 

GS19 

SM37 Mb pBK 
PylRS M241A, Y271A, L274V, 

C313V, M315Y, Y349F, V370R 
Kan SM34 QC39, 40 

SM41 Mb pBK PylRS Y271G, L274A, C313V Kan MF3 QC43, 44 

SM42 Mb pBK PylRS Y271G, C313F Kan MF3 QC45, 46 

SM43 Mb pBK PylRS Y271G, L274A, C313F Kan SM42 QC43, 44 

SM53 Mm pBK PylRS Y306G Amp D60 QC49, 50 

 

 

Table II.5: List of used M. jannaschii TyrRS mutant plasmids 

Plasmid bb Nucleic acid AR 
Original 

vector 
Primer 

SM15 pDule1 
MjTyrRS_Y32G, L65Q, F108S, Q109D, 

D158S, L162N; tRNA 
Tcn - - 

SM16 pDule2 
MjTyrRS_Y32G, L65Q, F108S, Q109D, 

D158S, L162N; tRNA 
Sm - - 

pET301 pET301  Amp - - 

pET301 

tet2.0 
pET301 

MjTyrRS_Y32G, L65Q, F108S, Q109D, 

D158S, L162N 
Amp 

pET301, 

SM16 

HiFi: 38, 39, 

44,45 

pET301 

GS5 
pET301 

MjTyrRS_Y32G, L65Q, H70A, F108S, 

Q155E, D158S, L162N 
Amp 

pET301 

tet2.0 

HiFi: 1-4, 

GS5 

pET301 

GS6 
pET301 

MjTyrRS_Y32G, L65Q, H70A, F108S, 

D158S, L162N 
Amp 

pET301 

tet2.0 

HiFi: 1-4, 

GS6 

pET301 

GS7 
pET301 

MjTyrRS_Y32G, L65Q, H70A, F108S, 

Q155E, D158S, L162N 
Amp 

pET301 

tet2.0 

HiFi: 1-4, 

GS7 

pET301 

GS8 
pET301 

MjTyrRS_Y32G, L65Q, H70A, Q155E, 

D158S, L162N 
Amp 

pET301 

tet2.0 

HiFi: 1-4, 

GS8 

pET301 

GS8QC 
pET301 

MjTyrRS_Y32G, L65Q, H70A, D158S, 

L162N 
Amp pET301 GS8 

QC 41, 42 

pET301 

GS9 
pET301 

MjTyrRS_Y32G L65Y H70A Q155E 

D158G I159W L162S 
Amp 

pET301 

tet2.0 

HiFi: 1-4, 

GS9 

SM44 pEVOL 
MjTyrRS_Y32G, L65Q, F108S, Q109D, 

D158S, L162N; tRNA Cam 
pET301 

tet2.0 

RC1: 40, 41  

RC2: 42, 43 



183 

SM45 pEVOL 
MjTyrRS_Y32G, L65Q, H70A, F108S, 

Q155E, D158S, L162N; tRNA Cam pET301 GS5 
RC1: 40, 41  

RC2: 42, 43 

SM46 pEVOL 
MjTyrRS_Y32G, L65Q, H70A, F108S, 

D158S, L162N; tRNA Cam pET301 GS6 
RC1: 40, 41  

RC2: 42, 43 

SM47 pEVOL 
MjTyrRS_Y32G, L65Q, H70A, F108S, 

Q155E, D158S, L162N; tRNA Cam pET301 GS7 
RC1: 40, 41  

RC2: 42, 43 

SM48 pEVOL 
MjTyrRS_Y32G, L65Q, H70A, Q155E, 

D158S, L162N; tRNA Cam pET301 GS8 
RC1: 40, 41  

RC2: 42, 43 

SM49 pEVOL 
MjTyrRS_Y32G, L65Q, H70A, D158S, 

L162N; tRNA Cam 
pET301 

GS8QC 

RC1: 40, 41  

RC2: 42, 43 

SM50 pEVOL 
MjTyrRS_Y32G L65Y H70A Q155E 

D158G I159W L162S; tRNA  Cam pET301 GS9 
RC1: 40, 41  

RC2: 42, 43 

 

 

Table II.6: List of used reporter plasmids for protein expression 

Plasmid/Genomic 

DNA 
bb Nucleic acid AR Original vector Primer 

pPylt_sfGFP150TAG pPylt sfGFP150TAG-His, 

Pylt 

Tcn - - 

pPylt_sfGFP wt pPylt sfGFP wt-His, Pylt Tcn pPyltsfGFP150TAG QC 53, 54 

pPylt_sfGFP3TAG pPylt sfGFP3TAG-His, Pylt Tcn pPyltsfGFPwt QC 57, 58 

pPylt_sfGFP40TAG pPylt sfGFP40TAG-His, Pylt Tcn pPyltsfGFPwt QC 55, 56 

pPylt_sfGFP109,150 

TAG 

pPylt sfGFP109,150TAG-

His, Pylt 

Tcn - - 

pPylt_Ub6TAG pPylt Ub6TAG-His, Pylt Tcn - - 

pPylt_Myo4TAG pPylt Myo4TAG-His, Pylt Tcn - - 

E.coli Genomic DNA  - OmpC - - 46, 47 

pPylt_OmpC wt pPylt OmpC wt-His, Pylt Tcn pPyltsfGFP150TAG HiFi: 46-49 

pPylt_OmpC232TAG pPylt OmpC232TAG-His, 

Pylt 

Tcn pPyltOmpC wt QC 47, 48 

pBAD_sfGFP wt pBAD sfGFP wt-His Amp - - 

pBAD_sfGFP150TAG pBAD sfGFP150TAG-His Amp - - 

 

 

Table II.7: Sequences of used plasmids  

Plasmid Sequence 

pBK_Mb PylRS wt 

(Kan) 

CTCGGGTTGTCAGCCTGTCCCGCTTATAAGATCATACGCCGTTATACGTT

GTTTACGCTTTGAGGAATCCCATATGATGGATAAAAAACCGCTGGATGT

GCTGATTAGCGCGACCGGCCTGTGGATGAGCCGTACCGGCACCCTGCAT

AAAATCAAACATCATGAAGTGAGCCGCAGCAAAATCTATATTGAAATG

GCGTGCGGCGATCATCTGGTGGTGAACAACAGCCGTAGCTGCCGTACCG

CGCGTGCGTTTCGTCATCATAAATACCGCAAAACCTGCAAACGTTGCCG
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TGTGAGCGATGAAGATATCAACAACTTTCTGACCCGTAGCACCGAAAGC

AAAAACAGCGTGAAAGTGCGTGTGGTGAGCGCGCCGAAAGTGAAAAAA

GCGATGCCGAAAAGCGTGAGCCGTGCGCCGAAACCGCTGGAAAATAGC

GTGAGCGCGAAAGCGAGCACCAACACCAGCCGTAGCGTTCCGAGCCCG

GCGAAAAGCACCCCGAACAGCAGCGTTCCGGCGTCTGCGCCGGCACCG

AGCCTGACCCGCAGCCAGCTGGATCGTGTGGAAGCGCTGCTGTCTCCGG

AAGATAAAATTAGCCTGAACATGGCGAAACCGTTTCGTGAACTGGAACC

GGAACTGGTGACCCGTCGTAAAAACGATTTTCAGCGCCTGTATACCAAC

GATCGTGAAGATTATCTGGGCAAACTGGAACGTGATATCACCAAATTTT

TTGTGGATCGCGGCTTTCTGGAAATTAAAAGCCCGATTCTGATTCCGGC

GGAATATGTGGAACGTATGGGCATTAACAACGACACCGAACTGAGCAA

ACAAATTTTCCGCGTGGATAAAAACCTGTGCCTGCGTCCGATGCTGGCC

CCGACCCTGTATAACTATCTGCGTAAACTGGATCGTATTCTGCCGGGTCC

GATCAAAATTTTTGAAGTGGGCCCGTGCTATCGCAAAGAAAGCGATGGC

AAAGAACACCTGGAAGAATTCACCATGGTTAACTTTTGCCAAATGGGCA

GCGGCTGCACCCGTGAAAACCTGGAAGCGCTGATCAAAGAATTCCTGGA

TTATCTGGAAATCGACTTCGAAATTGTGGGCGATAGCTGCATGGTGTAT

GGCGATACCCTGGATATTATGCATGGCGATCTGGAACTGAGCAGCGCGG

TGGTGGGTCCGGTTAGCCTGGATCGTGAATGGGGCATTGATAAACCGTG

GATTGGCGCGGGTTTTGGCCTGGAACGTCTGCTGAAAGTGATGCATGGC

TTCAAAAACATTAAACGTGCGAGCCGTAGCGAAAGCTACTATAACGGCA

TTAGCACGAACCTGTAACTGCAGTTTCAAACGCTAAATTGCCTGATGCG

CTACGCTTATCAGGCCTACATGATCTCTGCAATATATTGAGTTTGCGTGC

TTTTGTAGGCCGGATAAGGCGTTCACGCCGCATCCGGCAAGAAACAGCA

AACAATCCAAAACGCCGCGTTCAGCGGCGTTTTTTCTGCTTTTCTTCGCG

AATTAATTCCGCTTCGCACATGTGAGCAAAAGGCCAGCAAAAGGCCAG

GAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCC

CCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAAC

CCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCG

TGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTT

CTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCT

CAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCC

CCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTC

CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAAC

AGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGT

GGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGC

TCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCC

GGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGC

AGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTC

TACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTG

GTCATGAACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGT

GTTATGAGCCATATTCAACGGGAAACGTCTTGCTCGAGGCCGCGATTAA

ATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAA

TGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGAT

GCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATG

TTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCT

TCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCA

CCACTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCC

TGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGG

TTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTT

CGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGA

GTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAA

AGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATG

GTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGT

TGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTG

CCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGG

CTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTT

TCATTTGATGCTCGATGAGTTTTTCTAATCAGAATTGGTTAATTGGTTGT

AACACTGGCAGAGCATTACGCTGACTTGACGGGACGGCGGCTTTGTTGA

ATAAATCGAACTTTTGCTGAGTTGAAGGATC 
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pBK_Mb MF3 (Amp) 

CTCGGGAGTTGTCAGCCTGTCCCGCTTATAAGATCATACGCCGTTATACG

TTGTTTACGCTTTGAGGAATCCCATATGATGGATAAAAAACCGCTGGAT

GTGCTGATTAGCGCGACCGGCCTGTGGATGAGCCGTACCGGCACCCTGC

ATAAAATCAAACATCATGAAGTGAGCCGCAGCAAAATCTATATTGAAAT

GGCGTGCGGCGATCATCTGGTGGTGAACAACAGCCGTAGCTGCCGTACC

GCGCGTGCGTTTCGTCATCATAAATACCGCAAAACCTGCAAACGTTGCC

GTGTGAGCGGTGAAGATATCAACAACTTTCTGACCCGTAGCACCGAAAG

CAAAAACAGCGTGAAAGTGCGTGTGGTGAGCGCGCCGAAAGTGAAAAA

AGCGATGCCGAAAAGCGTGAGCCGTGCGCCGAAACCGCTGGAAAATAG

CGTGGGCGCGAAAGCGAGCACCAACACCAGCCGTAGCGTTCCGAGCCC

GGCGAAAAGCACCCCGAACAGCAGCGTTCCGGCGTCTGCGCCGGCACC

GAGCCTGACCCGCAGCCAGCTGGATCGTGTGGAAGCGCTGCTGTCTCCG

GAAGATAAAATTAGCCTGAACATGGCGAAACCGTTTCGTGAACTGGAAC

CGGAACTGGTGACCCGTCGTAAAAACGATTTTCAGCGCCTGTATACCAA

CGATCGTGAAGATTATCTGGGCAAACTGGAACGTGATATCACCAAATTT

TTTGTGGATCGCGGCTTTCTGGAAATTAAAAGCCCGATTCTGATTCCGGC

GGAATATGTGGAACGTATGGGCATTAACAACGACACCGAACTGAGCAA

ACAAATTTTCCGCGTGGATAAAAACCTGTGCCTGCGTCCGATGCTGGCT

CCGACCCTGGGGAACTATCTTCGTAAACTGGATCGTATTCTGCCGGGTC

CGATCAAAATTTTTGAAGTGGGCCCGTGCTATCGCAAAGAAAGCGATGG

CAAAGAACACCTGGAAGAATTCACCATGGTTAACTTTGTGCAAATGGGC

AGCGGCTGCACCCGTGAAAACCTGGAAGCGCTGATCAAAGAATTCCTGG

ATTATCTGGAAATCGACTTCGAAATTGTGGGCGATAGCTGCATGGTGTA

TGGCGATACCCTGGATATTATGCATGGCGATCTGGAACTGAGCAGCGCG

GTGGTGGGTCCGGTTAGCCTGGATCGTGAATGGGGCATTGATAAACCGT

GGATTGGCGCGGGTTTTGGCCTGGAACGTCTGCTGAAAGTGATGCATGG

CTTCAAAAACATTAAACGTGCGAGCCGTAGCGAAAGCTACTATAACGGC

ATTAGCACGAACCTGTAACGTTTCAAACGCTAAATTGCCTGATGCGCTA

CGCTTATCAGGCCTACATGATCTCTGCAACACACCGAGCCCGCGTGCTTT

TGCAGGCCGGATAAGGCGTTCGCGCCGCATCCGGCAAGAAACAGCAAA

CAATCCAAAACGCCGCGTTCGGCGGCGTTTTTTCTGCTTTTCTTCGCGAA

TTAATTCCGCTTCGCAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGG

AACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCC

CTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACC

CGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGT

GCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTC

TCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTC

AGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCC

CCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC

AACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACA

GGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTG

GTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCT

CTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCG

GCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCA

GATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCT

ACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGG

TCATGATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATA

AATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTC

CGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCT

CACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGT

GCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTG

AGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTT

CTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGCCAAGAGCAAC

TCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCA

GTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGC

AGTGCTGCCATAACCATGAGTGATAACACTGCAGCCAACTTACTTCTGA

CAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGG

GGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCC

ATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACA

ACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGC

AACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCT
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GCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCG

GTGAGCGTGGCTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAA

GCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATG

GATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGC

ATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTA

AAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAA

TCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAG

AGGATC 

pPylt_sfGFP150TAG 

CCCCGGGAATCTAACCCGGCTGAACGGATTTAGAGTCCATTCGATCTAC

ATGATCAGGTTCCCGCGGCCGCGAATTCAGCGTTACAAGTATTACACAA

AGTTTTTTATGTTGAGAATATTTTTTTGATGGGGCGCCACTTATTTTTGAT

CGTTCGCTCAAAGAAGCGGCGCCAGGGTTGTTTTTCTTTTCACCAGTGAG

ACGGGCAACAGAACGCCATGAGCGGCCTCATTTCTTATTCTGAGTTACA

ACAGTCCGCACCGCTGCCGGTAGCTCCTTCCGGTGGGCGCGGGGCATGA

CTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGA

CAGGTGCCGGCAGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCA

TACCCACGCCGAAACAAGCGCCCTGCACCATTATGTTCCGGATCTGCAT

CGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTATTAACG

AAGCGCTAACCGTTTTTATCATGCTCTGGGAGGCAGAATAAATGATCAT

ATCGTCAATTATTACCTCCACGGGGAGAGCCTGAGCAAACTGGCCTCAG

GCATTTGAGAAGCACACGGTCACACTGCTTCCGGTAGTCAATAAACCGG

TAAACCAGCAATAGACATAAGCGGCTATTTAACGACCCTGCCCTGAACC

GACGACCGGGTCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATT

ATCACTTATTCAGGCGTAGCAACCAGGCGTTTAAGGGCACCAATAACTG

CCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTTGACTGGGT

CATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGG

GCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGG

GAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGG

CAGCAGATCAATTCGCGCGCGAAGGCGAAGCGGCATGCATAATGTGCCT

GTCAAATGGACGAAGCAGGGATTCTGCAAACCCTATGCTACTCCGTCAA

GCCGTCAATTGTCTGATTCGTTACCAATTATGACAACTTGACGGCTACAT

CATTCACTTTTTCTTCACAACCGGCACGGAACTCGCTCGGGCTGGCCCCG

GTGCATTTTTTAAATACCCGCGAGAAATAGAGTTGATCGTCAAAACCAA

CATTGCGACCGACGGTGGCGATAGGCATCCGGGTGGTGCTCAAAAGCA

GCTTCGCCTGGCTGATACGTTGGTCCTCGCGCCAGCTTAAGACGCTAATC

CCTAACTGCTGGCGGAAAAGATGTGACAGACGCGACGGCGACAAGCAA

ACATGCTGTGCGACGCTGGCGATATCAAAATTGCTGTCTGCCAGGTGAT

CGCTGATGTACTGACAAGCCTCGCGTACCCGATTATCCATCGGTGGATG

GAGCGACTCGTTAATCGCTTCCATGCGCCGCAGTAACAATTGCTCAAGC

AGATTTATCGCCAGCAGCTCCGAATAGCGCCCTTCCCCTTGCCCGGCGTT

AATGATTTGCCCAAACAGGTCGCTGAAATGCGGCTGGTGCGCTTCATCC

GGGCGAAAGAACCCCGTATTGGCAAATATTGACGGCCAGTTAAGCCATT

CATGCCAGTAGGCGCGCGGACGAAAGTAAACCCACTGGTGATACCATTC

GCGAGCCTCCGGATGACGACCGTAGTGATGAATCTCTCCTGGCGGGAAC

AGCAAAATATCACCCGGTCGGCAAACAAATTCTCGTCCCTGATTTTTCA

CCACCCCCTGACCGCGAATGGTGAGATTGAGAATATAACCTTTCATTCC

CAGCGGTCGGTCGATAAAAAAATCGAGATAACCGTTGGCCTCAATCGGC

GTTAAACCCGCCACCAGATGGGCATTAAACGAGTATCCCGGCAGCAGG

GGATCATTTTGCGCTTCAGCCATACTTTTCATACTCCCGCCATTCAGAGA

AGAAACCAATTGTCCATATTGCATCAGACATTGCCGTCACTGCGTCTTTT

ACTGGCTCTTCTCGCTAACCAAACCGGTAACCCCGCTTATTAAAAGCATT

CTGTAACAAAGCGGGACCAAAGCCATGACAAAAACGCGTAACAAAAGT

GTCTATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTCA

CACTTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGGATCCTACC

TGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTGGG

CTAACAGGAGGAATTAACCATGGTTAGCAAAGGTGAAGAACTGTTTACC

GGCGTTGTGCCGATTCTGGTGGAACTGGATGGTGATGTGAATGGCCATA

AATTTAGCGTTCGTGGCGAAGGCGAAGGTGATGCGACCAACGGTAAACT

GACCCTGAAATTTATTTGCACCACCGGTAAACTGCCGGTTCCGTGGCCG

ACCCTGGTGACCACCCTGACCTATGGCGTTCAGTGCTTTAGCCGCTATCC

GGATCATATGAAACGCCATGATTTCTTTAAAAGCGCGATGCCGGAAGGC
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TATGTGCAGGAACGTACCATTAGCTTCAAAGATGATGGCACCTATAAAA

CCCGTGCGGAAGTTAAATTTGAAGGCGATACCCTGGTGAACCGCATTGA

ACTGAAAGGTATTGATTTTAAAGAAGATGGCAACATTCTGGGTCATAAA

CTGGAATATAATTTCAACAGCCATTAGGTGTATATTACCGCCGATAAAC

AGAAAAATGGCATCAAAGCGAACTTTAAAATCCGTCACAACGTGGAAG

ATGGTAGCGTGCAGCTGGCGGATCATTATCAGCAGAATACCCCGATTGG

TGATGGCCCGGTGCTGCTGCCGGATAATCATTATCTGAGCACCCAGAGC

GTTCTGAGCAAAGATCCGAATGAAAAACGTGATCATATGGTGCTGCTGG

AATTTGTTACCGCCGCGGGCATTACCCACGGTATGGATGAACTGTATAA

AGGCAGCCACCATCATCATCACCATTAAAGCTCGAGCGAAGCTTGGGCC

CGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCAT

CATCATCATCATCATTGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGC

GGATGAGAGAAGATTTTCAGCCTGATACAGATTAAATCAGAACGCAGA

AGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCC

CACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGG

TAGTGTGGGGTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCATCAAAT

AAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGT

TTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCTGTCC

CTCCTGTTCAGCTACTGACGGGGTGGTGCGTAACGGCAAAAGCACCGCC

GGACATCAGCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGA

TGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCA

CCGGTGCGTCAGCAGAATATGTGATACAGGATATATTCCGCTTCCTCGC

TCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGCGAGCGGAAATGGC

TTACGAACGGGGCGGAGATTTCCTGGAAGATGCCAGGAAGATACTTAAC

AGGGAAGTGAGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCC

CCCTGACAAGCATCACGAAATCTGACGCTCAAATCAGTGGTGGCGAAAC

CCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCG

TGCGCTCTCCTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTAT

GGCCGCGTTTGTCTCATTCCACGCCTGACACTCAGTTCCGGGTAGGCAGT

TCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCAGTCCGACCGC

TGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATG

CAAAAGCACCACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAG

TCTTGAAGTCATGCGCCGGTTAAGGCTAAACTGAAAGGACAAGTTTTGG

TGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCT

CAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAG

AGCAAGAGTTTACGCGCAGACCAAAACGATCTCAAGAAGATCATCTTAT

TAATCAGATAAAATATTTCTAGATTTCAGTGCAATTTATCTCTTCAAATG

TAGCACCTGAAGTCAGCCCCATACGATATAAGTTGTAATTCTCATGTTTG

ACAGCTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAATT

GCTAACGCAGTCAGGCACCGTGTATGAAATCTAACAATGCGCTCATCGT

CATCCTCGGCACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTTATG

CCGGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCGACAGCATCG

CCAGTCACTATGGCGTGCTGCTAGCGCTATATGCGTTGATGCAATTTCTA

TGCGCACCCGTTCTCGGAGCACTGTCCGACCGCTTTGGCCGCCGCCCAG

TCCTGCTCGCTTCGCTACTTGGAGCCACTATCGACTACGCGATCATGGCG

ACCACACCCGTCCTGTGGATCCTCTACGCCGGACGCATCGTGGCCGGCA

TCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCAC

CGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTC

GGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCC

ATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAA

CCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGT

CGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGG

CGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATG

CAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGG

ACCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTATT

CGGAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCA

AACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGCCGACGC

GCTGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTTC

CCCATTATGATTCTTCTCGCTTCCGGCGGCATCGGGATGCCCGCGTTGCA

GGCCATGCTGTCCAGGCAGGTAGATGACGACCATCAGGGACAGCTTCAA

GGATCGCTCGCGGCTCTTACCAGCCTAACTTCGATCATTGGACCGCTGAT

CGTCACGGCGATTTATGCCGCCTCGGCGAGCACATGGAACGGGTTGGCA



188 

TGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCGCGTTGCGTCG

CGGTGCATGGAGCCGGGCCACCTCGACCTGAATGGAAGCCGGCGGCAC

CTCGCTAACGGATTCACCACTCCAAGAATTGGAGCCAATCAATTCTTGC

GGAGAACTGTGAATGCGCAAACCAACCCTTGGCAGAACATATCCATCGC

GTCCGCCATCTCCAGCAGCCGCACGCGGCGCATCTCGGGCTCCTTGCAT

GCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGG

GCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCTGGCGAAAG

GGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCA

GTCACGACGTTGTAAAACGACGGCCAGTGCCAAGCTTAAAAAAAATCCT

TAGCTTTCGCTAAGATCTGCAGTGGCGGAAA 

pEVOL_Mm MF3 

TCCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTGATCTTATT

TCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACGTCTCATTT

TCGCCAAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGA

TTTATTTATTCTGCGAAGTGATCTTCCGTCACAGGTATTTATTCGGCGCA

AAGTGCGTCGGGTGATGCTGCCAACTTACTGATTTAGTGTATGATGGTG

TTTTTGAGGTGCTCCAGTGGCTTCTGTTTCTATCAGCTGTCCCTCCTGTTC

AGCTACTGACGGGGTGGTGCGTAACGGCAAAAGCACCGCCGGACATCA

GCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGATGAGGGTG

TCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTGCGT

CAGCAGAATATGTGATACAGGATATATTCCGCTTCCTCGCTCACTGACTC

GCTACGCTCGGTCGTTCGACTGCGGCGAGCGGAAATGGCTTACGAACGG

GGCGGAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAAGTG

AGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAA

GCATCACGAAATCTGACGCTCAAATCAGTGGTGGCGAAACCCGACAGG

ACTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCGTGCGCTCTC

CTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTT

TGTCTCATTCCACGCCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAA

GCTGGACTGTATGCACGAACCCCCCGTTCAGTCCGACCGCTGCGCCTTA

TCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCAC

CACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGT

CATGCGCCGGTTAAGGCTAAACTGAAAGGACAAGTTTTGGTGACTGCGC

TCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCTCAGAGAACC

TTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGA

TTACGCGCAGACCAAAACGATCTCAAGAAGATCATCTTATTAATCAGAT

AAAATATTTCTAGATTTCAGTGCAATTTATCTCTTCAAATGTAGCACCTG

AAGTCAGCCCCATACGATATAAGTTGTAATTCTCATGTTTGACAGCTTAT

CATCGATAAGCTTGGTACCCAATTATGACAACTTGACGGCTACATCATT

CACTTTTTCTTCACAACCGGCACGGAACTCGCTCGGGCTGGCCCCGGTG

CATTTTTTAAATACCCGCGAGAAATAGAGTTGATCGTCAAAACCAACAT

TGCGACCGACGGTGGCGATAGGCATCCGGGTGGTGCTCAAAAGCAGCTT

CGCCTGGCTGATACGTTGGTCCTCGCGCCAGCTTAAGACGCTAATCCCT

AACTGCTGGCGGAAAAGATGTGACAGACGCGACGGCGACAAGCAAACA

TGCTGTGCGACGCTGGCGATATCAAAATTGCTGTCTGCCAGGTGATCGC

TGATGTACTGACAAGCCTCGCGTACCCGATTATCCATCGGTGGATGGAG

CGACTCGTTAATCGCTTCCATGCGCCGCAGTAACAATTGCTCAAGCAGA

TTTATCGCCAGCAGCTCCGAATAGCGCCCTTCCCCTTGCCCGGCGTTAAT

GATTTGCCCAAACAGGTCGCTGAAATGCGGCTGGTGCGCTTCATCCGGG

CGAAAGAACCCCGTATTGGCAAATATTGACGGCCAGTTAAGCCATTCAT

GCCAGTAGGCGCGCGGACGAAAGTAAACCCACTGGTGATACCATTCGC

GAGCCTCCGGATGACGACCGTAGTGATGAATCTCTCCTGGCGGGAACAG

CAAAATATCACTCGGTCGGCAAACAAATTCTCGTCCCTGATTTTTCACCA

CCCCCTGACCGCGAATGGTGAGATTGAGAATATAACCTTTCATTCCCAG

CGGTCGGTCGATAAAAAAATCGAGATAACCGTTGGCCTCAATCGGCGTT

AAACCCGCCACCAGATGGGCATTAAACGAGTATCCCGGCAGCAGGGGA

TCATTTTGCGCTTCAGCCATACTTTTCATACTCCCGCCATTCAGAGAAGA

AACCAATTGTCCATATTGCATCAGACATTGCCGTCACTGCGTCTTTTACT

GGCTCTTCTCGCTAACCAAACCGGTAACCCCGCTTATTAAAAGCATTCTG

TAACAAAGCGGGACCAAAGCCATGACAAAAACGCGTAACAAAAGTGTC

TATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTCACAC

TTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTGA

CGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTTGGGCT
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AACAGGAGGAATTAGATCTATGGACAAAAAACCGCTGAATACCCTGATT

AGCGCAACCGGTCTGTGGATGAGCCGTACCGGCACCATTCATAAAATTA

AACATCATGAAGTGAGCCGCAGCAAAATTTATATTGAAATGGCATGTGG

CGATCATCTGGTTGTTAATAATAGCCGTAGCAGCCGTACCGCACGTGCA

CTGCGTCATCATAAATATCGTAAAACCTGCAAACGTTGCCGTGTTAGTG

ATGAAGATCTGAATAAATTTCTGACCAAAGCCAATGAAGATCAGACCAG

CGTTAAAGTTAAAGTTGTTAGCGCACCGACCCGTACCAAAAAAGCAATG

CCGAAAAGCGTTGCACGTGCACCGAAACCGCTGGAAAATACCGAAGCA

GCACAGGCACAGCCGAGCGGTAGCAAATTTTCACCGGCAATTCCGGTTA

GCACCCAAGAAAGCGTTAGCGTTCCGGCAAGCGTTAGCACCAGCATTAG

CAGCATTTCAACCGGTGCAACCGCAAGCGCACTGGTTAAAGGTAATACC

AATCCGATTACCAGCATGAGCGCACCGGTTCAGGCAAGCGCACCGGCAC

TGACCAAAAGCCAGACCGATCGTCTGGAAGTTCTGCTGAATCCGAAAGA

TGAAATTAGCCTGAATAGCGGTAAACCGTTTCGTGAACTGGAAAGCGAA

CTGCTGAGCCGTCGTAAAAAAGATCTGCAACAAATTTATGCCGAAGAAC

GTGAAAATTATCTGGGTAAACTGGAACGCGAAATTACCCGTTTTTTTGTT

GATCGTGGCTTTCTGGAAATTAAAAGCCCGATTCTGATTCCGCTGGAAT

ATATTGAACGCATGGGCATTGATAATGATACCGAACTGAGCAAACAAAT

TTTTCGCGTGGATAAAAATTTTTGTCTGCGTCCGATGCTGGCACCGAATC

TGGGCAATTATCTGCGCAAACTGGATCGTGCACTGCCGGATCCGATTAA

AATTTTTGAAATTGGTCCGTGCTATCGCAAAGAAAGTGATGGTAAAGAA

CATCTGGAAGAATTTACCATGCTGAATTTTGTGCAGATGGGTAGCGGTT

GTACCCGTGAAAATCTGGAAAGCATTATTACCGATTTTCTGAATCATCTG

GGCATTGATTTTAAAATTGTGGGTGATAGCTGCATGGTGTATGGTGATA

CCCTGGATGTTATGCATGGTGATCTGGAACTGAGCAGCGCAGTTGTTGG

TCCGATTCCGCTGGATCGTGAATGGGGTATTGATAAACCGTGGATTGGT

GCAGGTTTTGGTCTGGAACGCCTGCTGAAAGTTAAACATGATTTTAAAA

ATATTAAACGTGCCGCACGCAGCGAAAGCTATTACAATGGTATTAGCAC

CAATCTGTAAGTCGACCATCATCATCATCATCATTGAGTTTAAACGGTCT

CCAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGATACAG

ATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGCG

GCAGTAGCGCGGTGGTCCCACCTGACCCCATGCCGAACTCAGAAGTGAA

ACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGTAGGG

AACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGC

CTTGTTTGTGAGCTCCCGGTCATCAATCATCCCCATAATCCTTGTTAGAT

TATCAATTTTAAAAAACTAACAGTTGTCAGCCTGTCCCGCTTTAATATCA

TACGCCGTTATACGTTGTTTACGCTTTGAGGAATCCCATATGGATAAAA

AACCGCTGAATACCCTGATTAGCGCAACCGGTCTGTGGATGAGCCGTAC

CGGCACCATTCATAAAATTAAACATCATGAAGTGAGCCGCAGCAAAATT

TATATTGAAATGGCATGTGGCGATCATCTGGTTGTTAATAATAGCCGTA

GCAGCCGTACCGCACGTGCACTGCGTCATCATAAATATCGTAAAACCTG

CAAACGTTGCCGTGTTAGTGATGAAGATCTGAATAAATTTCTGACCAAA

GCCAATGAAGATCAGACCAGCGTTAAAGTTAAAGTTGTTAGCGCACCGA

CCCGTACCAAAAAAGCAATGCCGAAAAGCGTTGCACGTGCACCGAAAC

CGCTGGAAAATACCGAAGCAGCACAGGCACAGCCGAGCGGTAGCAAAT

TTTCACCGGCAATTCCGGTTAGCACCCAAGAAAGCGTTAGCGTTCCGGC

AAGCGTTAGCACCAGCATTAGCAGCATTTCAACCGGTGCAACCGCAAGC

GCACTGGTTAAAGGTAATACCAATCCGATTACCAGCATGAGCGCACCGG

TTCAGGCAAGCGCACCGGCACTGACCAAAAGCCAGACCGATCGTCTGG

AAGTTCTGCTGAATCCGAAAGATGAAATTAGCCTGAATAGCGGTAAACC

GTTTCGTGAACTGGAAAGCGAACTGCTGAGCCGTCGTAAAAAAGATCTG

CAACAAATTTATGCCGAAGAACGTGAAAATTATCTGGGTAAACTGGAAC

GCGAAATTACCCGTTTTTTTGTTGATCGTGGCTTTCTGGAAATTAAAAGC

CCGATTCTGATTCCGCTGGAATATATTGAACGCATGGGCATTGATAATG

ATACCGAACTGAGCAAACAAATTTTTCGCGTGGATAAAAATTTTTGTCT

GCGTCCGATGCTGGCACCGAATCTGGGCAATTATCTGCGCAAACTGGAT

CGTGCACTGCCGGATCCGATTAAAATTTTTGAAATTGGTCCGTGCTATCG

CAAAGAAAGTGATGGTAAAGAACATCTGGAAGAATTTACCATGCTGAA

TTTTGTGCAGATGGGTAGCGGTTGTACCCGTGAAAATCTGGAAAGCATT

ATTACCGATTTTCTGAATCATCTGGGCATTGATTTTAAAATTGTGGGTGA

TAGCTGCATGGTGTATGGTGATACCCTGGATGTTATGCATGGTGATCTG

GAACTGAGCAGCGCAGTTGTTGGTCCGATTCCGCTGGATCGTGAATGGG
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GTATTGATAAACCGTGGATTGGTGCAGGTTTTGGTCTGGAACGCCTGCT

GAAAGTTAAACATGATTTTAAAAATATTAAACGTGCCGCACGCAGCGAA

AGCTATTACAATGGTATTAGCACCAATCTGTAACTGCAGTTTCAAACGC

TAAATTGCCTGATGCGCTACGCTTATCAGGCCTACATGATCTCTGCAATA

TATTGAGTTTGCGTGCTTTTGTAGGCCGGATAAGGCGTTCACGCCGCATC

CGGCAAGAAACAGCAAACAATCCAAAACGCCGCGTTCAGCGGCGTTTTT

TCTGCTTTTCTTCGCGAATTAATTCCGCTTCGCAACATGTGAGCACCGGT

TTATTGACTACCGGAAGCAGTGTGACCGTGTGCTTCTCAAATGCCTGAG

GCCAGTTTGCTCAGGCTCTCCCCGTGGAGGTAATAATTGACGATATGAT

CAGTGCACGGCTAACTAAGCGGCCTGCTGACTTTCTCGCCGATCAAAAG

GCATTTTGCTATTAAGGGATTGACGAGGGCGTATCTGCGCAGTAAGATG

CGCCCCGCATTGGAAACCTGATCATGTAGATCGAATGGACTCTAAATCC

GTTCAGCCGGGTTAGATTCCCGGGGTTTCCGCCAAATTCGAAAAGCCTG

CTCAACGAGCAGGCTTTTTTGCATGCTCGAGCAGCTCAGGGTCGAATTT

GCTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCGTA

GCACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTACGCCC

CGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGCATTCTGCCG

ACATGGAAGCCATCACAGACGGCATGATGAACCTGAATCGCCAGCGGC

ATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTGAAAACGG

GGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAA

ACTCACCCAGGGATTGGCTGAGACGAAAAACATATTCTCAATAAACCCT

TTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAAT

ATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGA

TGAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACA

CTATCCCATATCACCAGCTCACCGTCTTTCATTGCCATACGGAATTCCGG

ATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAA

CTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCT

GAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGAAATGCCTCAAA

ATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGA

TTTTTTTCTCCATTTTAGCTTCCTTAGC 
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TATCATCGATAAGCTTGGTACCCAATTATGACAACTTGACGGCTACATC

ATTCACTTTTTCTTCACAACCGGCACGGAACTCGCTCGGGCTGGCCCCGG

TGCATTTTTTAAATACCCGCGAGAAATAGAGTTGATCGTCAAAACCAAC

ATTGCGACCGACGGTGGCGATAGGCATCCGGGTGGTGCTCAAAAGCAG

CTTCGCCTGGCTGATACGTTGGTCCTCGCGCCAGCTTAAGACGCTAATCC

CTAACTGCTGGCGGAAAAGATGTGACAGACGCGACGGCGACAAGCAAA

CATGCTGTGCGACGCTGGCGATATCAAAATTGCTGTCTGCCAGGTGATC

GCTGATGTACTGACAAGCCTCGCGTACCCGATTATCCATCGGTGGATGG

AGCGACTCGTTAATCGCTTCCATGCGCCGCAGTAACAATTGCTCAAGCA

GATTTATCGCCAGCAGCTCCGAATAGCGCCCTTCCCCTTGCCCGGCGTTA

ATGATTTGCCCAAACAGGTCGCTGAAATGCGGCTGGTGCGCTTCATCCG

GGCGAAAGAACCCCGTATTGGCAAATATTGACGGCCAGTTAAGCCATTC

ATGCCAGTAGGCGCGCGGACGAAAGTAAACCCACTGGTGATACCATTCG

CGAGCCTCCGGATGACGACCGTAGTGATGAATCTCTCCTGGCGGGAACA

GCAAAATATCACTCGGTCGGCAAACAAATTCTCGTCCCTGATTTTTCACC

ACCCCCTGACCGCGAATGGTGAGATTGAGAATATAACCTTTCATTCCCA

GCGGTCGGTCGATAAAAAAATCGAGATAACCGTTGGCCTCAATCGGCGT

TAAACCCGCCACCAGATGGGCATTAAACGAGTATCCCGGCAGCAGGGG

ATCATTTTGCGCTTCAGCCATACTTTTCATACTCCCGCCATTCAGAGAAG

AAACCAATTGTCCATATTGCATCAGACATTGCCGTCACTGCGTCTTTTAC

TGGCTCTTCTCGCTAACCAAACCGGTAACCCCGCTTATTAAAAGCATTCT

GTAACAAAGCGGGACCAAAGCCATGACAAAAACGCGTAACAAAAGTGT

CTATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTCACA

CTTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTG

ACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTTGGGC

TAACAGGAGGAATTAGATCTATGGACGAATTTGAAATGATAAAGAGAA

ACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAGAGGTTTTAAAAA

AAGATGAAAAATCTGCTGGGATAGGTTTTGAACCAAGTGGTAAAATACA

TTTAGGGCATTATCTCCAAATAAAAAAGATGATTGATTTACAAAATGCT

GGATTTGATATAATTATACAGTTGGCTGATTTACACGCCTATTTAAACCA

GAAAGGAGAGTTGGATGAGATTAGAAAAATAGGAGATTATAACAAAAA



191 

AGTTTTTGAAGCAATGGGGTTAAAGGCAAAATATGTTTATGGAAGTGAA

TCTGATCTTGATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAAA

AACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTTATAGCAAGAGA

GGATGAAAATCCAAAGGTTGCTGAAGTTATCTATCCAATAATGCAGGTT

AATTCTATTCATTATAATGGCGTTGATGTTGCAGTTGGAGGGATGGAGC

AGAGAAAAATACACATGTTAGCAAGGGAGCTTTTACCAAAAAAGGTTG

TTTGTATTCACAACCCTGTCTTAACGGGTTTGGATGGAGAAGGAAAGAT

GAGTTCTTCAAAAGGGAATTTTATAGCTGTTGATGACTCTCCAGAAGAG

ATTAGGGCTAAGATAAAGAAAGCATACTGCCCAGCTGGAGTTGTTGAAG

GAAATCCAATAATGGAGATAGCTAAATACTTCCTTGAATATCCTTTAAC

CATAAAAAGGCCAGAAAAATTTGGTGGAGATTTGACAGTTAATAGCTAT

GAGGAGTTAGAGAGTTTATTTAAAAATAAGGAATTGCATCCAATGGATT

TAAAAAATGCTGTAGCTGAAGAACTTATAAAGATTTTAGAGCCAATTAG

AAAGAGATTATAAGTCGACCATCATCATCATCATCATTGAGTTTAAACG

GTCTCCAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGAT

ACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCT

GGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCATGCCGAACTCAGAAG

TGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGT

AGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACT

GGGCCTTGTTTGTGAGCTCCCGGTCATCAATCATCCCCATAATCCTTGTT

AGATTATCAATTTTAAAAAACTAACAGTTGTCAGCCTGTCCCGCTTTAAT

ATCATACGCCGTTATACGTTGTTTACGCTTTGAGGAATCCCATATGGACG

AATTTGAAATGATAAAGAGAAACACATCTGAAATTATCAGCGAGGAAG

AGTTAAGAGAGGTTTTAAAAAAAGATGAAAAATCTGCTGGGATAGGTTT

TGAACCAAGTGGTAAAATACATTTAGGGCATTATCTCCAAATAAAAAAG

ATGATTGATTTACAAAATGCTGGATTTGATATAATTATACAGTTGGCTGA

TTTACACGCCTATTTAAACCAGAAAGGAGAGTTGGATGAGATTAGAAAA

ATAGGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTTAAAGGCA

AAATATGTTTATGGAAGTGAATCTGATCTTGATAAGGATTATACACTGA

ATGTCTATAGATTGGCTTTAAAAACTACCTTAAAAAGAGCAAGAAGGAG

TATGGAACTTATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGTT

ATCTATCCAATAATGCAGGTTAATTCTATTCATTATAATGGCGTTGATGT

TGCAGTTGGAGGGATGGAGCAGAGAAAAATACACATGTTAGCAAGGGA

GCTTTTACCAAAAAAGGTTGTTTGTATTCACAACCCTGTCTTAACGGGTT

TGGATGGAGAAGGAAAGATGAGTTCTTCAAAAGGGAATTTTATAGCTGT

TGATGACTCTCCAGAAGAGATTAGGGCTAAGATAAAGAAAGCATACTG

CCCAGCTGGAGTTGTTGAAGGAAATCCAATAATGGAGATAGCTAAATAC

TTCCTTGAATATCCTTTAACCATAAAAAGGCCAGAAAAATTTGGTGGAG

ATTTGACAGTTAATAGCTATGAGGAGTTAGAGAGTTTATTTAAAAATAA

GGAATTGCATCCAATGGATTTAAAAAATGCTGTAGCTGAAGAACTTATA

AAGATTTTAGAGCCAATTAGAAAGAGATTATAACTGCAGTTTCAAACGC

TAAATTGCCTGATGCGCTACGCTTATCAGGCCTACATGATCTCTGCAATA

TATTGAGTTTGCGTGCTTTTGTAGGCCGGATAAGGCGTTCACGCCGCATC

CGGCAAGAAACAGCAAACAATCCAAAACGCCGCGTTCAGCGGCGTTTTT

TCTGCTTTTCTTCGCGAATTAATTCCGCTTCGCAACATGTGAGCACCGGT

TTATTGACTACCGGAAGCAGTGTGACCGTGTGCTTCTCAAATGCCTGAG

GCCAGTTTGCTCAGGCTCTCCCCGTGGAGGTAATAATTGACGATATGAT

CAGTGCACGGCTAACTAAGCGGCCTGCTGACTTTCTCGCCGATCAAAAG

GCATTTTGCTATTAAGGGATTGACGAGGGCGTATCTGCGCAGTAAGATG

CGCCCCGCATTCCGGCGGTAGTTCAGCAGGGCAGAACGGCGGACTCTAA

ATCCGCATGGCAGGGGTTCAAATCCCCTCCGCCGGACCAAATTCGAAAA

GCCTGCTCAACGAGCAGGCTTTTTTGCATGCTCGAGCAGCTCAGGGTCG

AATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGG

CGTAGCAACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTA

CGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGCATTC

TGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCA

GCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTGAA

AACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTG

GTGAAACTCACCCAGGGATTGGCTGAGACGAAAAACATATTCTCAATAA

ACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTG

CGAATATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAG

AGCGATGAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGT
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GAACACTATCCCATATCACCAGCTCACCGTCTTTCATTGCCATACGGAAT

TCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGA

TAAAACTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATC

CAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGAAATGCC

TCAAAATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATCC

AGTGATTTTTTTCTCCATTTTAGCTTCCTTAGCTCCTGAAAATCTCGATAA

CTCAAAAAATACGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTG

GAACCTCTTACGTGCCGATCAACGTCTCATTTTCGCCAAAAGTTGGCCCA

GGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAG

TGATCTTCCGTCACAGGTATTTATTCGGCGCAAAGTGCGTCGGGTGATG

CTGCCAACTTACTGATTTAGTGTATGATGGTGTTTTTGAGGTGCTCCAGT

GGCTTCTGTTTCTATCAGCTGTCCCTCCTGTTCAGCTACTGACGGGGTGG

TGCGTAACGGCAAAAGCACCGCCGGACATCAGCGCTAGCGGAGTGTAT

ACTGGCTTACTATGTTGGCACTGATGAGGGTGTCAGTGAAGTGCTTCAT

GTGGCAGGAGAAAAAAGGCTGCACCGGTGCGTCAGCAGAATATGTGAT

ACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTT

CGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGCGGAGATTTCCTG

GAAGATGCCAGGAAGATACTTAACAGGGAAGTGAGAGGGCCGCGGCAA

AGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCATCACGAAATCTG

ACGCTCAAATCAGTGGTGGCGAAACCCGACAGGACTATAAAGATACCA

GGCGTTTCCCCCTGGCGGCTCCCTCGTGCGCTCTCCTGTTCCTGCCTTTC

GGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTCATTCCACG

CCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATG

CACGAACCCCCCGTTCAGTCCGACCGCTGCGCCTTATCCGGTAACTATC

GTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCACCACTGGCAGCAG

CCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTT

AAGGCTAAACTGAAAGGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCA

GTTACCTCGGTTCAAAGAGTTGGTAGCTCAGAGAACCTTCGAAAAACCG

CCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGCGCAGAC

CAAAACGATCTCAAGAAGATCATCTTATTAATCAGATAAAATATTTCTA

GATTTCAGTGCAATTTATCTCTTCAAATGTAGCACCTGAAGTCAGCCCCA

TACGATATAAGTTGTAATTCTCATGTTTGACAGCT 

pDule2_Mj (SM16) 

AACTCAGAATAAGAAATGAGGCCGCTCATGGCGTTCTGTTGCCCGTCTC

ACCGGTGAAAAGAAAAACAACCCTGGCGCCGCTTCTTTGAGCGAACGAT

CAAAAATAAGTGGCGCCCCATCAAAAAAATATTCTCAACATAAAAAACT

TTGTGTAATACTTGTAACGCTGAGTTTACGCTTTGAGGAATCCCCCATGG

ACGAATTTGAAATGATAAAGAGAAACACATCTGAAATTATCAGCGAGG

AAGAGTTAAGAGAGGTTTTAAAAAAAGATGAAAAATCTGCTGGGATAG

GTTTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTCCAAATAAA

AAAGATGATTGATTTACAAAATGCTGGATTTGATATAATTATACAGTTG

GCTGATTTACACGCCTATTTAAACCAGAAAGGAGAGTTGGATGAGATTA

GAAAAATAGGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTTAA

AGGCAAAATATGTTTATGGAAGTGAATCTGATCTTGATAAGGATTATAC

ACTGAATGTCTATAGATTGGCTTTAAAAACTACCTTAAAAAGAGCAAGA

AGGAGTATGGAACTTATAGCAAGAGAGGATGAAAATCCAAAGGTTGCT

GAAGTTATCTATCCAATAATGCAGGTTAATTCTATTCATTATAATGGCGT

TGATGTTGCAGTTGGAGGGATGGAGCAGAGAAAAATACACATGTTAGC

AAGGGAGCTTTTACCAAAAAAGGTTGTTTGTATTCACAACCCTGTCTTA

ACGGGTTTGGATGGAGAAGGAAAGATGAGTTCTTCAAAAGGGAATTTTA

TAGCTGTTGATGACTCTCCAGAAGAGATTAGGGCTAAGATAAAGAAAGC

ATACTGCCCAGCTGGAGTTGTTGAAGGAAATCCAATAATGGAGATAGCT

AAATACTTCCTTGAATATCCTTTAACCATAAAAAGGCCAGAAAAATTTG

GTGGAGATTTGACAGTTAATAGCTATGAGGAGTTAGAGAGTTTATTTAA

AAATAAGGAATTGCATCCAATGGATTTAAAAAATGCTGTAGCTGAAGAA

CTTATAAAGATTTTAGAGCCAATTAGAAAGAGATTATAACTGCAGTTTC

AAACGGGTACCATATGGGAATTCGAAGCTTGGGCCCGAACAAAAACTC

ATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATC

ATTGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAGAAG

ATTTTCAGCCTGATACAGATTAAATCAGAACGCAGAAGCGGTCTGATAA

AACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCAT

GCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCT
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CCCCATGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGC

TCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACG

CTCTCCTGAGTAGGACAAATCCGCCGGGAGCTGTCCCTCCTGTTCAGCT

ACTGACGGGGTGGTGCGTAACGGCAAAAGCACCGCCGGACATCAGCGC

TAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGATGAGGGTGTCAG

TGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTGCGTCAG

CAGAATATGTGATACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCT

ACGCTCGGTCGTTCGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGC

GGAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAAGTGAGA

GGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCA

TCACGAAATCTGACGCTCAAATCAGTGGTGGCGAAACCCGACAGGACTA

TAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCGTGCGCTCTCCTGT

TCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTC

TCATTCCACGCCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCT

GGACTGTATGCACGAACCCCCCGTTCAGTCCGACCGCTGCGCCTTATCC

GGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCACCAC

TGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCAT

GCGCCGGTTAAGGCTAAACTGAAAGGACAAGTTTTGGTGACTGCGCTCC

TCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCTCAGAGAACCTTC

GAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTA

CGCGCAGACCAAAACGATCTCAAGAAGATCATCTTATTAATCAGATAAA

ATATTTCTAGATTTCAGTGCAATTTATCTCTTCAAATGTAGCACCTGAAG

TCAGCCCCATACGATATAAGTTGTAATTCTCATGTTTGACAGCTTATCAT

CGATGCGACCGAGTGAGCTAGCTATTTGTTTATTTTTCTAAATACATTCA

AATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAAT

ATTGAAAAAGGAAGAGTATGAGGGAAGCGGTGATCGCCGAAGTATCGA

CTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGAC

GTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAG

CCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTTGATG

AAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTC

CCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTGTG

CACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAAT

TTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTTCGAGCCAGC

CACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACAT

AGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTC

CTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAA

CTCGCCGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTG

TCCCGCATTTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATG

TCGCTGCCGACTGGGCAATGGAGCGCCTGCCGGCCCAGTATCAGCCCGT

CATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGCTTG

GCCTCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCG

AGATCACCAAGGTAGTCGGCAAATAATGTCTAACAATTCGTTCAAGCCG

AGGGGCCGCAAGATCCGGCCACGATGACCCGGTCGTCGGTTCAGGGCA

GGGTCGTTAAATAGCCGCTTATGTCTATTGCTGGTTTACCGGGATCCTCT

ACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGC

TGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCAC

TTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCG

TGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCG

GCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGC

AGGAGTCGCATAAGGGAGAGCGTCGACCGATGCCCTTGAGAGCCTTCA

ACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGC

ACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAG

CGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGACGAT

GATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAG

CCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCAT

TATCGCCGGCATGGCGGCCGACGCGCTGGGCTACGTCTTGCTGGCGTTC

GCGACGCGAGGCTGGATGGCCTTCCCCATTATGATTCTTCTCGCTTCCGG

CGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCCAGGCAGGTAGAT

GACGACCATCAGGGACAGCTTCAAGGATCGCTCGCGGCTCTTACCAGCC

TAACTTCGATCATTGGACCGCTGATCGTCACGGCGATTTATGCCGCCTCG

GCGAGCACATGGAACGGGTTGGCATGGATTGTAGGCGCCGCCCTATACC

TTGTCTGCCTCCCCGCGTTGCGTCGCGGTGCATGGAGCCGGGCCACCTC
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GACCTGAATGGAAGCCGGCGGCACCTCGCTAACGGATTCACCACTCCAA

GAATTGGAGCCAATCAATTCTTGCGGAGAACTGTGAATGCGCAAACCAA

CCCTTGGCAGAACATATCCATCGCGTCCGCCATCTCCAGCAGCCGCACG

CGGCGCATCTCGGGCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCT

CAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCAT

AAGGGAGAGCGTCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGT

TGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCA

GTGCCAAGCTTAAAAAAAATCCTTAGCTTTCGCTAAGGATCTGCAGTGG

TCCGGCGGGCCGGATTTGAACCAGCGCCATGCGGATTTAGAGTCCGCCG

TTCTGCCCTGCTGAACTACCGCCGGGAATTCAGCGTTACAAGTATTACA

CAAAGTTTTTTATGTTGAGAATATTTTTTTGATGGGGCGCCACTTATTTTT

GATCGTTCGCTCAAAGAAGCGGCGCCAGGGTTGTTTTTCTTTTCACCAGT

GAGACGGGCAACAGAACGCCATGAGCGGCCTCATTTCTTATTCTGAGTT

ACAACAGTCCGCACCGCTGCCGGTAGCTCCTTCCGGTGGGCGCGGGGCA

TGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTA

GGACAGGTGCCGGCAGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCC

ACCATACCCACGCCGAAACAAGCGCCCTGCACCATTATGTTCCGGATCT

GCATCGCAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTATT

AACGAAGCGCTAACCGTTTTTATCATGCTCTGGGAGGCAGAATAAATGA

TCATATCGTCAATTATTACCTCCACGGGGAGAGCCTGAGCAAACTGGCC

TCAGGCATTTGAGAAGCACACGGTCACACTGCTTCCGGTAGTCAATAAA

CCGGTAAACCAGCAATAGACATAAGCGGCTATTTAACGACCCTGCCCTG

AACCGACGACCGGGTCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCT

TATTATCACTTATTCAGGCGTAGCAACCAGGCGTTTAAGGGCACCAATA

ACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTTGACT

GGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTG

ACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTC

TCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCG

CGAGGCAGCAGATCAATTCGCGCGCGAAGGCGAAGCGGCATGCATAAT

GTGCCTGTCAAATGGACGAAGCAGGGATTCTGCAAACCCTATGCTACTC

CGTCAAGCCGTCAATTGTCTGATTCGTTACCAATTATGACAACTTGACGG

CTACATCATTCACTTTTTCTTCACAACCGGCACGGAACTCGCTCGGGCTG

GCCCCGGTGCATTTTTTAAATACCCGCGAGAAATAGAGTTGATCGTCAA

AACCAACATTGCGACCGACGGTGGCGATAGGCATCCGGGTGGTGCTCAA

AAGCAGCTTCGCCTGGCTGATACGTTGGTCCTCGCGCCAGCTTAAGACG

CTAATCCCTAACTGCTGGCGGAAAAGATGTGACAGACGCGACGGCGAC

AAGCAAACATGCTGTGCGACGCTGGCGATATCAAAATTGCTGTCTGCCA

GGTGATCGCTGATGTACTGACAAGCCTCGCGTACCCGATTATCCATCGG

TGGATGGAGCGACTCGTTAATCGCTTCCATGCGCCGCAGTAACAATTGC

TCAAGCAGATTTATCGCCAGCAGCTCCGAATAGCGCCCTTCCCCTTGCCC

GGCGTTAATGATTTGCCCAAACAGGTCGCTGAAATGCGGCTGGTGCGCT

TCATCCGGGCGAAAGAACCCCGTATTGGCAAATATTGACGGCCAGTTAA

GCCATTCATGCCAGTAGGCGCGCGGACGAAAGTAAACCCACTGGTGATA

CCATTCGCGAGCCTCCGGATGACGACCGTAGTGATGAATCTCTCCTGGC

GGGAACAGCAAAATATCACCCGGTCGGCAAACAAATTCTCGTCCCTGAT

TTTTCACCACCCCCTGACCGCGAATGGTGAGATTGAGAATATAACCTTTC

ATTCCCAGCGGTCGGTCGATAAAAAAATCGAGATAACCGTTGGCCTCAA

TCGGCGTTAAACCCGCCACCAGATGGGCATTAAACGAGTATCCCGGCAG

CAGGGGATCATTTTGCGCTTCAGCCATACTTTTCATACTCCCGCCATTCA

GAGAAGAAACCAATTGTCCATATTGCATCAGACATTGCCGTCACTGCGT

CTTTTACTGGCTCTTCTCGCTAACCAAACCGGTAACCCGGGACCAAGTTT

ACTCATATATACGGACAGCGGTGCGGACTGTTGT 

pBAD_sfGFP150TAG 

AAGAAACCAATTGTCCATATTGCATCAGACATTGCCGTCACTGCGTCTTT

TACTGGCTCTTCTCGCTAACCAAACCGGTAACCCCGCTTATTAAAAGCAT

TCTGTAACAAAGCGGGACCAAAGCCATGACAAAAACGCGTAACAAAAG

TGTCTATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTC

ACACTTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGGATCCTAC

CTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTGG

GCTAACAGGAGGAATTAACCATGGTTAGCAAAGGTGAAGAACTGTTTAC

CGGCGTTGTGCCGATTCTGGTGGAACTGGATGGTGATGTGAATGGCCAT

AAATTTAGCGTTCGTGGCGAAGGCGAAGGTGATGCGACCAACGGTAAA
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CTGACCCTGAAATTTATTTGCACCACCGGTAAACTGCCGGTTCCGTGGCC

GACCCTGGTGACCACCCTGACCTATGGCGTTCAGTGCTTTAGCCGCTATC

CGGATCATATGAAACGCCATGATTTCTTTAAAAGCGCGATGCCGGAAGG

CTATGTGCAGGAACGTACCATTAGCTTCAAAGATGATGGCACCTATAAA

ACCCGTGCGGAAGTTAAATTTGAAGGCGATACCCTGGTGAACCGCATTG

AACTGAAAGGTATTGATTTTAAAGAAGATGGCAACATTCTGGGTCATAA

ACTGGAATATAATTTCAACAGCCATTAGGTGTATATTACCGCCGATAAA

CAGAAAAATGGCATCAAAGCGAACTTTAAAATCCGTCACAACGTGGAA

GATGGTAGCGTGCAGCTGGCGGATCATTATCAGCAGAATACCCCGATTG

GTGATGGCCCGGTGCTGCTGCCGGATAATCATTATCTGAGCACCCAGAG

CGTTCTGAGCAAAGATCCGAATGAAAAACGTGATCATATGGTGCTGCTG

GAATTTGTTACCGCCGCGGGCATTACCCACGGTATGGATGAACTGTATA

AAGGCAGCCACCATCATCATCACCATTAAAGCTCGAGATCTGCAGCTGG

TACCATATGGGAATTCGAAGCTTGGCTGTTTTGGCGGATGAGAGAAGAT

TTTCAGCCTGATACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAAA

CAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCATGC

CGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCC

CCATGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTC

AGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCT

CTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGC

AACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGC

ATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCT

ACAAACTCTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTC

ATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAG

AGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGC

ATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAG

ATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCT

CAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCA

ATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGT

TGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAAT

GACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCA

TGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACAC

TGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACC

GCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGA

ACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGAT

GCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTA

CTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATA

AAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATT

GCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAG

CACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGAC

GGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGAT

AGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCA

TATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTA

GGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGT

TTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTC

TTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAAC

CACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCT

TTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTC

CTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCAC

CGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGT

GGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGG

ATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCA

GCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCT

ATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCC

GGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGG

GGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGAC

TTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAA

AAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTT

TTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGT

ATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCG

AGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGT



196 

ATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACT

CTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCC

GCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACA

CCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACA

GACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACC

GTCATCACCGAAACGCGCGAGGCAGCAGATCAATTCGCGCGCGAAGGC

GAAGCGGCATGCATAATGTGCCTGTCAAATGGACGAAGCAGGGATTCTG

CAAACCCTATGCTACTCCGTCAAGCCGTCAATTGTCTGATTCGTTACCAA

TTATGACAACTTGACGGCTACATCATTCACTTTTTCTTCACAACCGGCAC

GGAACTCGCTCGGGCTGGCCCCGGTGCATTTTTTAAATACCCGCGAGAA

ATAGAGTTGATCGTCAAAACCAACATTGCGACCGACGGTGGCGATAGGC

ATCCGGGTGGTGCTCAAAAGCAGCTTCGCCTGGCTGATACGTTGGTCCT

CGCGCCAGCTTAAGACGCTAATCCCTAACTGCTGGCGGAAAAGATGTGA

CAGACGCGACGGCGACAAGCAAACATGCTGTGCGACGCTGGCGATATC

AAAATTGCTGTCTGCCAGGTGATCGCTGATGTACTGACAAGCCTCGCGT

ACCCGATTATCCATCGGTGGATGGAGCGACTCGTTAATCGCTTCCATGC

GCCGCAGTAACAATTGCTCAAGCAGATTTATCGCCAGCAGCTCCGAATA

GCGCCCTTCCCCTTGCCCGGCGTTAATGATTTGCCCAAACAGGTCGCTGA

AATGCGGCTGGTGCGCTTCATCCGGGCGAAAGAACCCCGTATTGGCAAA

TATTGACGGCCAGTTAAGCCATTCATGCCAGTAGGCGCGCGGACGAAAG

TAAACCCACTGGTGATACCATTCGCGAGCCTCCGGATGACGACCGTAGT

GATGAATCTCTCCTGGCGGGAACAGCAAAATATCACCCGGTCGGCAAAC

AAATTCTCGTCCCTGATTTTTCACCACCCCCTGACCGCGAATGGTGAGAT

TGAGAATATAACCTTTCATTCCCAGCGGTCGGTCGATAAAAAAATCGAG

ATAACCGTTGGCCTCAATCGGCGTTAAACCCGCCACCAGATGGGCATTA

AACGAGTATCCCGGCAGCAGGGGATCATTTTGCGCTTCAGCCATACTTT

TCATACTCCCGCCATTCAGAG 

 

 

 
Figure II.1: Plasmid map of D4 
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Figure II.2: Plasmid map of MF3 

 

 
Figure II.3: Plasmid map of pPylt_sfGFPN150TAG 
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Figure II.4: Plasmid map of pEVOL_Mm MF3 

 

 
Figure II.5: Plasmid map of SM44 
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Figure II.6: Plasmid map of pBAD sfGFP150TAG 

 

 

II.2.1.3 Used Primers 

Quikchange primer 1-40 were designed using program Primer X hosted on Bioinformatics.org 

(http://www.bioinformatics.org/primerx/, last accessed 05.07.2017). Primers were designed to 

be 25-45 bp in length with the mutation site approx. in the middle and a Tm value ≥ 78 °C. 

The GC content was optimally > 40 % and C or G as a terminating base. QC primers 41-58 

were designed using NEBaseChanger v 1.2.8 (NEB Inc., Ipswich, USA). Primer for 

restriction cloning, NEB HiFi DNA Assembly or sequencing were self-designed using 

SnapGene 3.1.4 (GSL Biotech LLC, Chicago, USA) in combination with NEB Tm Calculator 

v 1.9.13 (NEB Inc., Ipswich, USA). All primers were obtained from Sigma Aldrich (St. 

Louis, USA) by custom synthesis. 

 

Table II.8: List of used QC Primer 

# Name Tm [°C] Sequence 5‘-3‘ 

QC1 
Mb PylS N311A und 

C313A fw 
55 

CTGGAAGAATTCACCATGGTTGCCTTTGCCCAAATG

GGCAGCGGCTGCAC 

QC2 
Mb PylS N311A und 

C313A rv 
55 

GTGCAGCCGCTGCCCATTTGGGCAAAGGCAACCAT

GGTGAATTCTTCCAG 

QC3 Mb PylS A267T fw 55 CCTGCGTCCGATGCTGACCCCGACCCTGTATAAC 

QC4 Mb PylS A267T rv 55 GTTATACAGGGTCGGGGTCAGCATCGGACGCAGG 

QC5 Mb PylS W382A fw 55 GGGCATTGATAAACCGGCGATTGGCGCGGGTTTTG 

http://www.bioinformatics.org/primerx/
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QC6 Mb PylS W382A rv 55 CAAAACCCGCGCCAATCGCCGGTTTATCAATGCCC 

QC7 Mb PylS L274A fw 55 
CCCCGACCCTGTATAACTATGCGCGTAAACTGGAT

CGTATTC 

QC8 Mb PylS L274A rv 55 
GAATACGATCCAGTTTACGCGCATAGTTATACAGG

GTCGGGG 

QC9 TM3 qc L270I fw 55 
GTCCGATGCTGGCCCCGACCATTTATAACTATCTGC

GTAAACTG 

QC10 TM3 qc L270I rv 55 
CAGTTTACGCAGATAGTTATAAATGGTCGGGGCCA

GCATCGGAC 

QC11 TM3 qc Y271F fw 55 GCTGGCCCCGACCATTTTTAACTATCTGCGTAAAC 

QC12 TM3 qc Y271F rv 55 GTTTACGCAGATAGTTAAAAATGGTCGGGGCCAGC 

QC15 TM3 qc C313F fw 55 
CACCATGGTTAACTTTTTTCAAATGGGCAGCGGCTG

C 

QC16 TM3 qc C313F rv 55 
GCAGCCGCTGCCCATTTGAAAAAAGTTAACCATGG

TG 

QC17 Mb C313A fw 55 
GAATTCACCATGGTTAACTTTGCGCAAATGGGCAG

CGGCTGCAC 

QC18 Mb C313A rv 55 
GTGCAGCCGCTGCCCATTTGCGCAAAGTTAACCAT

GGTGAATTC 

QC19 Mb Y271A fw 55 
GATGCTGGCCCCGACCCTGGCGAACTATCTGCGTA

AACTG 

QC20 Mb Y271A rv 55 
CAGTTTACGCAGATAGTTCGCCAGGGTCGGGGCCA

GCATC 

QC21 Mb L274A fw 55 
CCCGACCCTGTATAACTATGCGCGTAAACTGGATC

GTATTC 

QC22 Mb L274A rv 55 
GAATACGATCCAGTTTACGCGCATAGTTATACAGG

GTCGGG 

QC23 SM24 C313V fw 55 
GAATTCACCATGGTTAACTTTGTGCAAATGGGCAG

CGGCTGCAC 

QC24 SM24 C313V rv 55 
GTGCAGCCGCTGCCCATTTGCACAAAGTTAACCAT

GGTGAATTC 

QC25 SM24 C313S fw  55 
CACCATGGTTAACTTTTCGCAAATGGGCAGCGGCT

G 

QC26 SM24 C313S rv  55 
CAGCCGCTGCCCATTTGCGAAAAGTTAACCATGGT

G 

QC27 SM23 I378L fw 55 
CTGGATCGTGAATGGGGCCTGGATAAACCGTGGAT

TGG 

QC28 SM23 I378L rv 55 
CCAATCCACGGTTTATCCAGGCCCCATTCACGATCC

AG 

QC29 D4 N311A C313S fw 55 
CACCTGGAAGAATTCACCATGGTTGCGTTTTCGCAA

ATGGGCAGCGGCTGCACCCGTG 

QC30 D4 N311A C313S rv 55 
CACGGGTGCAGCCGCTGCCCATTTGCGAAAACGCA

ACCATGGTGAATTCTTCCAGGTG 

QC31 D171 QC Y349W fw 55 GGGCGATAGCTGCATGGTGTGGGGCGATACCCTGG
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ATATTATG 

QC32 D171 QC Y349W rv 55 
CATAATATCCAGGGTATCGCCCCACACCATGCAGC

TATCGCCC 

QC35 TM3 qc L274G new fw 55 
CCCCGACCCTGTATAACTATGGCCGTAAACTGGAT

CGTATTC 

QC36 TM3 qc L274G new fw 55 
GAATACGATCCAGTTTACGGCCATAGTTATACAGG

GTCGGGG 

QC39 D4 QC Y349F fw 70.5 GCTGCATGGTGTTTGGCGATACCCTG 

QC40 D4 QC Y349F rv 70.5 CAGGGTATCGCCAAACACCATGCAGC 

QC41 Primer QC_F Kit S109F 58 TGGAAGTGAATTTCAGCTTGATAAG 

QC42 Primer QC_R Kit S109F 58 TAAACATATTTTGCCTTTAACC 

QC43 MF3 QC L274A_F 67 GGGGAACTATgccCGTAAACTGGATCGTATTCTG 

QC44 MF3 QC L274A_R 67 AGGGTCGGAGCCAGCATC 

QC45 MF3 QC V313F_F 59 GGTTAACTTTtttCAAATGGGCAGC 

QC46 MF3 QC V313F_R 59 ATGGTGAATTCTTCCAGG 

QC47 OmpC QC Y232TAG fw 66 CACCGCTGCTTAGATCGGTAACG 

QC48 OmpC QC Y232TAG rv 66 TTCTGAGCATCAGTACGTTTGG 

QC49 mmPylRS_Y306G fw 68 ACCGAATCTGGGCAATTATCTGCGCAAACTGGATC 

QC50 mmPylRS_Y306G rv 68 GCCAGCATCGGACGCAGA 

QC51 mmPylRS_C348V fw 59 GCTGAATTTTGTGCAGATGGGTAGCGG 

QC52 mmPylRS_C348V rv 59 ATGGTAAATTCTTCCAGATG 

QC53 QC TAG150N fw 56 CAACAGCCATAATGTGTATATTACC 

QC54 QC TAG150N rv 56 AAATTATATTCCAGTTTATGACC 

QC55 QC TAGN40TAG fw 67 TGATGCGACCTAGGGTAAACTGACCC 

QC56 QC TAGN40TAG rv 67 CCTTCGCCTTCGCCACGA 

QC57 QC TAGS3TAG fw 59 AACCATGGTTTAGAAAGGTGAAGAACTGTTTACC 

QC58 QC TAGS3TAG rv 59 AATTCCTCCTGTTAGCCC 

 

 

Table II.9: List of used primers and genestrings for restriction cloning and NEB HiFi DNA Assembly 

# Name 
Tm 

[°C] 
Sequence 5‘-3‘ 

1 R_backbone pDule 64 GCAAGGGAGCTTTTACCAAAA 

2 F_backbone pDule 64 CGTCCATGGGGGATTCCTC 

3 F_string M.jannschii 64 GAGGAATCCCCCATGGACG 

4 R_string M.jannschii 64 TTTTGGTAAAAGCTCCCTTGC 

GS5 Genestring Mj AzoF 
- 

GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG

AGGTTTTAAAAAAAGATGAAAAATCTGCTGGGATAGGT
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TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATAGAATTGGCTGATTTACACGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTGAAGCGGAACTTG

ATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAA

AAACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTT

ATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGT

TATCTATCCAATAATGCAGGTTAATGGCATTCATTATCA

TGGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAA

AAATACACATGTTAGCAAGGGAGCTTTTACCAAAA 

GS6 Genestring Mj 

TetPyrA_1 

- 

GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG

AGGTTTTAAAAAAAGATGAAAAATCTGCTGGGATAGGT

TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATACAGTTGGCTGATTTAGCGGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTGAATCTCAGCTTG

ATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAA

AAACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTT

ATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGT

TATCTATCCAATAATGGAAGTTAATTCTATTCATTATAA

TGGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAA

AAATACACATGTTAGCAAGGGAGCTTTTACCAAAA 

GS7 Genestring Mj 

TetPyrA_1 ohne 

- 

GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG

AGGTTTTAAAAAAAGATGAAAAATCTGCTGGGATAGGT

TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATACAGTTGGCTGATTTAGCGGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTGAATCTCAGCTTG

ATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAA

AAACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTT

ATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGT

TATCTATCCAATAATGCAGGTTAATTCTATTCATTATAA

TGGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAA

AAATACACATGTTAGCAAGGGAGCTTTTACCAAAA 

GS8 Genestring Mj 

TetPyrA_2 

- 

GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG

AGGTTTTAAAAAAAGATGAAAAATCTGCTGGGATAGGT

TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATACAGTTGGCTGATTTAGCGGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTGAATCTCAGCTTG

ATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAA

AAACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTT

ATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGT

TATCTATCCAATAATGGAAGTTAATTCTATTCATTATAA

TGGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAA

AAATACACATGTTAGCAAGGGAGCTTTTACCAAAA 

GS9 Genestring Mj - GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG
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TetPyrA_2 ohne AGGTTTTAAAAAAAGATGAAAAATCTGCTGGGATAGGT

TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATACAGTTGGCTGATTTAGCGGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTGAATTTCAGCTTG

ATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAA

AAACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTT

ATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGT

TATCTATCCAATAATGCAGGTTAATTCTATTCATTATAA

TGGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAA

AAATACACATGTTAGCAAGGGAGCTTTTACCAAAA 

GS10 Genestring Mj BiPyA 

- 

GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG

AGGTTTTAAAAAAAGATGAAAAATCTGCTGGCATAGGT

TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATATATTTGGCTGATTTAGCGGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTGAATTTCAGCTTG

ATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAA

AAACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTT

ATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGT

TATCTATCCAATAATGGAAGTTAATGGCTGGCATTATAG

CGGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAA

AAATACACATGTTAGCAAGGGAGCTTTTACCAAAA 

GS11 Genestring Mj BPA 

- 

GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG

AGGTTTTAAAAAAAGATGAAAAATCTGCTGGCATAGGT

TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATACTGTTGGCTGATTTACACGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTCCGTTTCAGCTTGA

TAAGGATTATACACTGAATGTCTATAGATTGGCTTTAAA

AACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTTA

TAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGTT

ATCTATCCAATAATGCAGGTTAATACCAGCCATTATGCG

GGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAAA

AATACACATGTTAGCAAGGGAGCTTTTACCAAAA 

GS12 Genestring Mj oBNY 

- 

GAGGAATCCCCCATGGACGAATTTGAAATGATAAAGAG

AAACACATCTGAAATTATCAGCGAGGAAGAGTTAAGAG

AGGTTTTAAAAAAAGATGAAAAATCTGCTGGCATAGGT

TTTGAACCAAGTGGTAAAATACATTTAGGGCATTATCTC

CAAATAAAAAAGATGATTGATTTACAAAATGCTGGATT

TGATATAATTATAGGCTTGGCTGATTTAATGGCCTATTT

AAACCAGAAAGGAGAGTTGGATGAGATTAGAAAAATA

GGAGATTATAACAAAAAAGTTTTTGAAGCAATGGGGTT

AAAGGCAAAATATGTTTATGGAAGTGAAGGCCAGCTTG

ATAAGGATTATACACTGAATGTCTATAGATTGGCTTTAA

AAACTACCTTAAAAAGAGCAAGAAGGAGTATGGAACTT

ATAGCAAGAGAGGATGAAAATCCAAAGGTTGCTGAAGT

TATCTATCCAATAATGCAGGTTAATAGCATGCATTATGA

AGGCGTTGATGTTGCAGTTGGAGGGATGGAGCAGAGAA

AAATACACATGTTAGCAAGGGAGCTTTTACCAAAA 
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13 D4 bb fw 67 CTGCTGAAAGTGATGCATGGCTTC 

14 D4 bb rv 67 CCGGAATCAGAATCGGGC 

15 D4 String fw 67 GCCCGATTCTGATTCCGG 

16 D4 String rv 67 GAAGCCATGCATCACTTTCAGCAG 

GS17 Genestring PylS HA1 

- 

TAAAAGCCCGATTCTGATTCCGGCGGAATATGTGGAAC

GTGCGGGCATTAACAACGACACCGAACTGAGCAAACAA

ATTTTCCGCGTGGATAAAAACCTGTGCCTGCGTCCGATG

CTGGCCCCGACCCTGGCGAACTATGTGCGTAAACTGGA

TCGTATTCTGCCGGGTCCGATCAAAATTTTTGAAGTGGG

CCCGTGCTATCGCAAAGAAAGCGATGGCAAAGAACACC

TGGAAGAATTCACCATGGTTAACTTTGTGCAATATGGCA

GCGGCTGCACCCGTGAAAACCTGGAAGCGCTGATCAAA

GAATTCCTGGATTATCTGGAAATCGACTTCGAAATTGTG

GGCGATAGCTGCATGGTGTATGGCGATACCCTGGATATT

ATGCATGGCGATCTGGAACTGAGCAGCGCGgtgGTGGGT

CCGCGTAGCCTGGATCGTGAATGGGGCATTGATAAACC

GTGGATTGGCGCGGGTTTTGGCCTGGAACGTCTGCTGAA

AGTGATGCATGGCTTCAAAAA 

GS18 Genestring PylS HA2 

- 

TAAAAGCCCGATTCTGATTCCGGCGGAATATGTGGAAC

GTATGGGCATTAACAACGACACCGAACTGAGCAAACAA

ATTTTCCGCGTGGATAAAAACCTGTGCCTGCGTCCGATG

CTGGCCCCGACCCTGGCGAACTATGTGCGTAAACTGGA

TCGTATTCTGCCGGGTCCGATCAAAATTTTTGAAGTGGG

CCCGTGCTATCGCAAAGAAAGCGATGGCAAAGAACACC

TGGAAGAATTCACCATGGTTAACTTTGTGCAATATGGCA

GCGGCTGCACCCGTGAAAACCTGGAAGCGCTGATCAAA

GAATTCCTGGATTATCTGGAAATCGACTTCGAAATTGTG

GGCGATAGCTGCATGGTGTATGGCGATACCCTGGATATT

ATGCATGGCGATCTGGAACTGAGCAGCGCGgtgGTGGGT

CCGCGTAGCCTGGATCGTGAATGGGGCATTGATAAACC

GTGGATTGGCGCGGGTTTTGGCCTGGAACGTCTGCTGAA

AGTGATGCATGGCTTCAAAAA 

GS19 Genestring PylS HA3 

- 

TAAAAGCCCGATTCTGATTCCGGCGGAATATGTGGAAC

GTATGGGCATTAACAACGACACCGAACTGAGCAAACAA

ATTTTCCGCGTGGATAAAAACCTGTGCCTGCGTCCGATG

CTGGCCCCGACCCTGGCGAACTATGTGCGTAAACTGGA

TCGTATTCTGCCGGGTCCGATCAAAATTTTTGAAGTGGG

CCCGTGCTATCGCAAAGAAAGCGATGGCAAAGAACACC

TGGAAGAATTCACCATGGTTAACTTTGTGCAATATGGCA

GCGGCTGCACCCGTGAAAACCTGGAAGCGCTGATCAAA

GAATTCCTGGATTATCTGGAAATCGACTTCGAAATTGTG

GGCGATAGCTGCATGGTGTTTGGCGATACCCTGGATATT

ATGCATGGCGATCTGGAACTGAGCAGCGCGgtgGTGGGT

CCGCGTAGCCTGGATCGTGAATGGGGCATTGATAAACC

GTGGATTGGCGCGGGTTTTGGCCTGGAACGTCTGCTGAA

AGTGATGCATGGCTTCAAAAA 

38 F_pET_Mj TyrS 59 ATCTCGACGCTCTCCCTTATGAGGAATCCCCCATGGACG 

39 R_pET_Mj TyrS 
59 

AGTGCCACCTGACGTCTAATGCAGTTATAATCTCTTTCT

AATTG 

40 Primer Mj BglII 48 GGAATTAGATCTATGGACGAATTTGAAATG 

41 Primer Mj SalI 48 GATGATGGTCGACTTATAATCTCTTTCTAATTG 

42 Primer Mj NdeI 55 GGAATCCCATATGGACGAATTTGAAATG 
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43 Primer Mj PstI 55 TTGAAACTGCAGTTATAATCTCTTTCTAATTG 

44 F_pET301_Backbone 66 TTAGACGTCAGGTGGCACT 

45 R_pET301_Backbone 66 TAAGGGAGAGCGTCGAGAT 

46 OmpC fw 66 ATGAAAGTTAAAGTACTGTCCCTCCTGG 

47 OmpC rv 66 GAACTGGTAAACCAGACCCAG 

48 pPylt bb_ompc fw 
66 

CCAGGAGGGACAGTACTTTAACTTTCATGGTTAATTCCT

CCTGTTAGCC 

49 pPylt bb_ompc rv 
66 

CTGGGTCTGGTTTACCAGTTCCATCATCATCATCATCAT

TGAGTTTAAACG 

50 Primer insert MF3 

NdeI 
56 AATCCCATATGGATAAAAAAC 

51 Primer insert MF3 PstI 56 GAAACTGCAGTTACAGATTG 

52 MW17 

FP_pEVOL_backbone 
62 GTCGACCATCATCATCATCA 

53 MW37 

R_BackboneI_pEVOL 
62 AGATCTAATTCCTCCTGTTAGC 

54 MW35 

F_GA_PylS_overhang

I 

60 
GCTAACAGGAGGAATTAGATCTATGGACAAAAAACCGC

TGAA 

55 Primer insert MF3 mm 

rv 
60 

TGATGATGATGATGGTCGACTTACAGATTGGTGCTAATA

C 

 

 

Table II.10: Used sequencing primer 

# Name Sequence 5‘-3‘ 

S1 pD2 TyrRS fw ATACTTGTAACGCTGAG 

S2 pD2 TyrRS rv CCGCCAAAACAGCCAAGCTGG 

S3 pD2 bb Myc fw AAACTCATCTCAGAAGAGG 

S4 pD2 bb SmR fw TGATCTGGCTATCTTGCTG 

S5 pD2 tRNA fw GTAAAACGACGGCCAGTGCC 

S6 pD2 bb araC fw CGAGGCAGCAGATCAATTC 

S7 pD2 bb rv TyrRS rv GATTCCTCAAAGCGTAAAC 

S8 pD2 bb SmR rv TTCAGGAACCGGATCAAAG 

S9 pD2 bb tRNA rv CATGGCGCTGGTTCAAATC 

S10 pD2 bbfw2 CGACCGGGTCGAATTTGC 

S11 pBK PylS fwd AGTTGAAGGATCCTCGG 

S12 pBK PylS rv CCTACAAAAGCACGCAAAc 

S13 pGFP pylt seq fw GCGTCACACTTTGCTATG 

S14 pYOBB2 seq rv (CAM) CTTCCATGTCGGCAGAATGC 
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S15 Seq_PEVOL_ rrnB fw TGTTTTGGCGGATGAGAG 

S16 Seq_pEVOL_Mj#2 rv TCATGTAGGCCTGATAAGCG 

S17 Seq_pEVOL_CAM fw ATCAACGGTGGTATATCCAG 

S18 Seq_pEVOL_p15A ori fw AAAGATACCAGGCGTTTCCC 

S19 Seq_pEVOL_araBAD rv TCCCGCTTTGTTACAGAATG 

S20 Seq_pET301 fw ATTCACCACCCTGAATTGAC 

S21 Seq_pET301 rv TGAAGCATTTATCAGGGTTA 

S22 Seq_pEVOL_fw CACTGCGTCTTTTACTGGC 

S23 Seq_pEVOL_PylS_rv ATCAGACCGCTTCTGCG 

S27 Seq_pBK Pyls D1 fw CGTCAGAGGATCCTCGG 

S28 Seq_OmpCfw CCATCTGGTGAAGGCTTTAC 

 

 

II.2.1.4 Enzymes, proteins, buffers and other additives for PCR 

Table II.11: List of used enzymes and proteins 

Enzyme/Protein Buffer Supplier 

AflIII restriction endonuclease NEB 3.1 buffer NEB Inc. (Ipswich, USA) 

Antarctic phosphatase 
10x Antarctic phosphatase 

reaction buffer 
NEB Inc. (Ipswich, USA) 

Anti-His6-Peroxidase, mouse monoclonal 

antibody (50 U/mL) 
- 

Roche Applied Science 

(Penzberg, Germany) 

BglII restriction endonuclease 10x NEB 3.1 buffer NEB Inc. (Ipswich, USA) 

BSA, protein standard (1 mg/mL) 0.15 M NaCl Sigma Aldrich (St. Louis, USA) 

DNAseI powder from bovine pancreas - Sigma Aldrich (St. Louis, USA) 

Dpn1 restriction endonuclease 10x Cutsmart Itzen lab, TUM (Munich) 

HRP-conjugated Streptavidin - 
Thermo Fisher Scientific 

(Waltham, USA) 

NEBuilder HiFi DNA Assembly Master 

Mix 
- NEB Inc. (Ipswich, USA) 

NcoI restriction endonuclease 10x NEB 3.1 buffer NEB Inc. (Ipswich, USA) 

NcoI HF restriction endonuclease 10x Cutsmart NEB Inc. (Ipswich, USA) 

NdeI restriction endonuclease 10x Cutsmart NEB Inc. (Ipswich, USA) 

Penicillin Amidase (0.752 U/µL) - Sigma Aldrich (St. Louis, USA) 

PstI HF restriction endonuclease 10x Cutsmart NEB Inc. (Ipswich, USA) 

PfuTurbo DNA polymerase 10x Pfu reaction buffer 
Agilent Technologies (Santa 

Clara, USA) 

PfuUltra II Fusion HS DNA polymerase 10x PfuUltra II reaction buffer 
Agilent Technologies (Santa 

Clara, USA) 
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Q5 High Fidelity DNA polymerase 5x Q5 reaction buffer NEB Inc. (Ipswich, USA) 

SalI HF restriction endonuclease 10x NEB 3.1 buffer NEB Inc. (Ipswich, USA) 

Streptavidin, tetramethylrhodamine 

conjugate (2 mg/mL, 15 U/mg) 
- 

Thermo Fisher Scientific 

(Waltham, USA) 

T4 DNA ligase 10x T4 DNA ligase buffer NEB Inc. (Ipswich, USA) 

T4 Polynucleotide Kinase 10x T4 DNA ligase buffer NEB Inc. (Ipswich, USA) 

XbaI restriction endonuclease 10x Cutsmart NEB Inc. (Ipswich, USA) 

 

 

Table II.12: List of used buffers and additives for PCR 

Buffers / addivites for PCR Supplier 

10x Antarctic phosphatase reaction buffer NEB Inc. (Ipswich, USA) 

10x Cutsmart NEB Inc. (Ipswich, USA) 

DMSO NEB Inc. (Ipswich, USA) 

dNTP (10 mM each) NEB Inc. (Ipswich, USA) 

10x NEB 3.1 buffer NEB Inc. (Ipswich, USA) 

10x Pfu reaction buffer Agilent Technologies (Santa Clara, USA) 

10x PfuUltra II reaction buffer Agilent Technologies (Santa Clara, USA) 

5x Q5 enhancer NEB Inc. (Ipswich, USA) 

5x Q5 reaction buffer NEB Inc. (Ipswich, USA) 

10x T4 DNA ligase buffer (+ 10 mM ATP) NEB Inc. (Ipswich, USA) 

 

 

II.2.1.5 Marker and Standards  

Table II.13: List of used marker and standards 

Marker and Standard Supplier 

BluRay Prestained Protein Marker (10-180 kDa) Jena Bioscience (Jena, Germany) 

Color Prestained Protein Standard, Broad Range (11–245 kDa) NEB Inc. (Ipswich, USA) 

Protein Marker III (6.5-200 kDa) Applichem (Darmstadt, Germany) 

QuickLoad purple 100 bp DNA Ladder NEB Inc. (Ipswich, USA) 

500 bp DNA Ladder (0.5 – 5 kb) Jena Bioscience (Jena, Germany) 

High Range DNA Ladder (0.5-10 kb) Jena Bioscience (Jena, Germany) 
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II.2.1.6 Kits 

Table II.14: List of used kits 

Kit Supplier 

HiSpeed Plasmid Midi Kit Qiagen (Hilden, Germany) 

HiSpeed Plasmid Maxi Kit Qiagen (Hilden, Germany) 

GenElute™ Bacterial Genomic DNA Kits Sigma Aldrich (St. Louis, USA) 

Monarch PCR DNA Cleanup Kit NEB Inc. (Ipswich, USA) 

Monarch DNA Gel Extraction Kit NEB Inc. (Ipswich, USA) 

peqGOLD Plasmid Miniprep Kit (Classic Line) 
VWR Life Science Competence Center 

(Erlangen, Germany) 

 

 

II.2.1.7 Antibiotics 

Antibiotics were dissolved, sterile filtered with a 0.2 µm membrane filter, aliquoted and 

stored at -20 °C. To avoid degradation of the antibiotics addition to the respective solutions 

(eq. media, agar, etc.) took place after cooling to approx. 50 °C. 

 

Table II.15: List of used antibiotics 

Antibiotic 
Stock solution 

[mg/mL] 

Working concentration 

[µg/mL] 
Solvent 

Ampicillin (Amp) 100 100 MQ-H2O 

Chloramphenicol (Cam) 50 50 EtOH 

Kanamycin (Kan) 50 50 MQ-H2O 

Spectinomycin (Sm) 50 50 MQ-H2O 

Tetracycline (Tcn) 17 17 70 % EtOH/MQ-H2O 

 

 

II.2.1.8 Buffers, stock solutions, liquid and solid media compositions 

Solutions, buffers and media were prepared with demineralized water if not indicated 

otherwise and media was autoclaved at 121 °C for 20 min. Thermally sensitive compounds 

were dissolved in MQ water and sterile filtered with a 0.2 µm membrane filter. The pH was 

adjusted using HCl and NaOH and refers to rt, if not mentioned otherwise.  

 

Table II.16: List of used stock solutions 

Solution Amount/Concentration Storage Comment 

5 % Agarose 5 % (w/v) rt autoclaved 

L-Arabinose 20 % (w/v) 4 °C sterile filtered 

5 % Aspartate, pH 7.5 5 % (w/v) rt sterile filtered 

APS 10 % (w/v) -20 °C sterile filtered 
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Biotin 1 mg/mL 4 °C sterile filtered 

CaCl2 (for trace metal mix) 2 M rt sterile filtered 

CaCl2  1 M 4 °C autoclaved 

CaCl2 (for competent cells) 100 mM 4 °C autoclaved 

Citric acid 100 mM Rt sterile filtered 

CoCl2 200 mM 4 °C sterile filtered 

CuCl2 200 mM 4 °C sterile filtered 

FeCl3 100 mM 4 °C sterile filtered 

Glucose 40 % (w/v) rt sterile filtered 

10 % Glycerol 10 % (v/v) 4 °C autoclaved 

H3BO3 200 mM 4 °C sterile filtered 

Imidazole, pH 8 5 M 4 °C - 

India Ink - rt autoclaved 

IPTG 1 M -20 °C sterile filtered 

Leucine, pH 7.5 4 mg/mL rt autoclaved 

β-Mercaptoethanol 1 M  sterile filtered 

MgSO4 1 M rt autoclaved 

MnCl2 1 M 4 °C sterile filtered 

NaCl 5 M rt autoclaved 

NaOH 1 M rt sterile filtered 

NaOH 100 mM rt sterile filtered 

Na2HPO4 200 mM rt autoclaved 

Na2MoO4 200 mM 4 °C sterile filtered 

Na2SeO3 200 mM 4 °C sterile filtered 

NiCl2 200 mM 4 °C sterile filtered 

Nicotinamide 1 M rt sterile filtered 

PMSF in DMSO 200 mM 4 °C sterile filtered 

Thiamine 1 mg/mL rt sterile filtered 

TFA 1 M rt sterile filtered 

ZnSO4 1 M 4 °C sterile filtered 
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Table II.17: List of unnatural amino acid stock solutions  

Unnatural amino acid 

(uAA) 

Stock solution 

[mM] 

Working concentration 

[mM] 
Solvent 

 BCNK 50 2 100 mM NaOH/DMSO (1:1) 

 BocK 100 2 100 mM NaOH 

 CpK 100 2 100 mM NaOH 

 TetA 100 2 200 mM TFA (H2O) 

 TetF 100 0.5-4 200 mM TFA (H2O) 

 IpTetF 100 0.5-2 200 mM TFA (H2O) 

 TetPyrA 100 2 200 mM TFA (H2O) 

 TetK 100 0.5-2 200 mM TFA (H2O) 

 mTetK 100 0.5-2 200 mM TFA (DMSO) 

 K-mTetK 100 2 H2O 

 pTetK 100 2 200 mM TFA (DMSO) 

 K-pTetK 100 2 H2O 

 mTet2K 100 2 200 mM TFA (DMSO) 

 HmTetK 100 0.5-2 200 mM TFA (DMSO) 

 PhTetK 100 2 200 mM TFA (DMSO) 

 PacK 100 2 300 mM TFA (H2O) 

 AOPacK 100 2 200 mM TFA (H2O) 

 

 

Table II.18: List of compound stock solutions 

Compound 
Stock solution 

[mM] 

Working concentration 

[mM] 
Solvent 

Azidoacetic acid (AzAcOH) 100 5-15 ACN 

BCN-TAMRA 2 0.002 DMSO 

BCN-methanol 100  MeOH 

CpdSL 100 0.1-1 DMSO 

Cp-PROXYL 100 0.2 DMSO 

Cp-TEMPO 100 0.2 DMSO 

DimethylTet 100  ACN 

DiphenylTet 100  DMSO 

DipyridylTet 50  DMSO 

PheMeTet 100 0.5 ACN 

photo-DMBO amine 50-100  DMSO 

photo-DMBO-BCN 2  DMSO 
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TCO-TAMRA 2 0.002 DMSO 

mTet-TAMRA 2 0.002 DMSO 

Tet-TEMPO 100 0.2 DMSO 

Tet-PROXYL 100 0.2 DMSO 

TM94 10 0.1-5 MeOH 

TM94dec 20  ACN 

TM127 10  ACN 

TM127dec 10  ACN 

TM168 (TM94-TAMRA) 2  DMSO 

TM176 (TM94-PEG-TAMRA) 2  DMSO 

TM176dec 2  DMSO 

TM179 (TM94-PEG-Biotin) 2  DMSO 

TM275 (TM94-PEG-sulfoCy5) 2  DMSO 

TM275dec  2  DMSO 

 

 

Table II.19: List of used buffers, media and agar compositions 

Buffer 
Amount / 

Concentration 
Components Storage Comment 

25x 18 Amino acid mix 5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

5 g 

fill to 1 L 

Glutamic acid sodium salt 

Aspartic acid 

Lysine-HCl 

Arginine-HCl 

Histidine-HCl-H2O 

Alanine 

Proline 

Glycine 

Threonine 

Serine 

Glutamine 

Asparagine-H2O 

Valine 

Leucine 

Isoleucine 

Phenylalanine 

Tryptophan 

Methionine 

MQ H2O 

4 °C sterile filtered 

Citrate-phosphate buffer, 

pH 6 

36.85 mL 

63.15 mL 

0.1 M citric acid 

0.2 M Na2HPO4 

rt - 

Citrate-phosphate buffer, 48.5 mL 0.1 M citric acid rt - 
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pH 5 51.5 mL 0.2 M Na2HPO4 

Citrate-phosphate buffer, 

pH 4 

61.45 mL 

38.55 mL 

0.1 M citric acid 

0.2 M Na2HPO4 

rt - 

Citrate-phosphate buffer, 

pH 3 

79.45 mL 

20.55 mL 

0.1 M citric acid 

0.2 M Na2HPO4 

rt - 

Citrate-phosphate buffer, 

pH 2 

95 mL 

5 mL 

0.1 M citric acid 

0.2 M Na2HPO4 

rt - 

Citrate-phosphate buffer, 

pH 1 

100 mL 0.1 M citric acid rt - 

10x DNA loading buffer 40 % (w/v) 

0.15 % (w/v) 

0.05 % (w/v) 

0.05 % (w/v) 

Sucrose 

Orange G 

Xylene cyanol 

Bromophenol blue 

-20 °C - 

Elution buffer 20 mM 

300 mM 

300 mM 

Tris HCl pH 8 

Imidazole, pH 8 

NaCl 

4 °C Always prepare 

fresh 

LB medium, pH 7 10 g 

5 g 

5 g 

fill to 1 L 

Tryptone 

Yeast extract 

NaCl 

H2O 

rt autoclaved 

LB agar 2.5 g 

1.25 g 

1.25 g 

3.75 g 

fill to 250 mL 

Tryptone 

Yeast extract 

NaCl 

Agar agar 

H2O 

rt autoclaved 

Lysis buffer, pH 8 20 mM 

30 mM 

300 mM 

1 mM 

0.1 mg/mL 

Tris HCl pH 8 

Imidazole, pH 8 

NaCl 

PMSF 

Dnase I 

- Always prepare 

fresh 

50x M 1.25 M 

1.25 M 

2.5 M 

0.25 M 

Na2HPO4 

KH2PO4 

NH4Cl 

Na2SO4 

rt autoclaved 

5x M9 salts 42.5 g 

15 g 

0.4 g 

5 g 

fill to 1 L 

Na2HPO42H2O 

KH2PO4 

NaCl 

NH4Cl 

H2O 

rt autoclaved 

10x PBS, pH 7.4 100 mM 

18 mM 

0.4 M 

Na2HPO42H2O 

KH2PO4 

NaCl 

4 °C - 
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27 mM KCl 

1x PBS, pH 7.4 10 mM 

0.4 mM 

137 mM 

2.7 mM 

Na2HPO42H2O 

KH2PO4 

NaCl 

KCl 

4 °C - 

4x Resolving buffer,  

pH 8.8 

1.5 M 

0.4 % (w/v) 

Tris HCl pH 8.8 

SDS 

rt - 

20x SDS-MES Running 

buffer, pH 7.3 

1 M 

1 M 

2 % (w/v) 

20 mM 

MES 

Tris base 

SDS 

EDTA 

rt Light sensitive. 

Store dark 

4x SDS-Loading buffer 40 % (v/v) 

240 mM 

8 % (w/v) 

0.04 % (w/v) 

5 % (v/v) 

Glycerol 

Tris/HCl pH 6.8 

SDS 

Bromophenol blue 

β-Mercaptoethanol 

-20 °C - 

1x SDS-Loading buffer 25 % (v/v) 

75 % (v/v) 

4x SDS Loading buffer 

MQ H2O 

-20 °C - 

SOB medium, pH 7 20 g 

5 g 

0.96 g 

0.5 g 

0.186 g 

fill to 1 L 

Tryptone 

Yeast extract 

MgCl2 

NaCl 

KCl 

H2O 

rt autoclaved 

SOC medium, pH 7 20 g 

5 g 

0.96 g 

0.5 g 

0.186 g 

20 mM 

fill to 1 L 

Tryptone 

Yeast extract 

MgCl2 

NaCl 

KCl 

Glucose 

H2O 

-20 °C Add 20 mM 

Glucose after 

autoclaving 

4x Stacking buffer,  

pH 6.8 

0.5 M 

0.4 % (w/v) 

Tris HCl pH 6.8 

SDS 

rt - 

Streptavidin-TAMRA 

buffer 

5 mM 

1x 

NaN3 

PBS, pH 7.4 

- - 

50x TAE-buffer, pH 8.5 2 M 

1 M 

50 mM 

Tris 

Acetic acid 

EDTA 

rt - 

1x TAE-buffer, pH 8.5 40 mM 

20 mM 

1 mM 

Tris 

Acetic acid 

EDTA 

rt - 

10x TBS, pH 7.6 200 mM Tris base 4 °C - 
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1.5 M NaCl 

1x TBST, pH 7.6 20 mM 

150 mM 

0.1 % (v/v) 

Tris base 

NaCl 

Tween 20 

4 °C - 

5000x Trace metal mix 20 mM 

10 mM 

10 mM 

2 mM 

2 mM 

2 mM 

2 mM 

2 mM 

2 mM 

50 mM 

CaCl2 

MnCl2 

ZnSO4 

CoCl2 

CuCl2 

NiCl2 

Na2MoO4 

Na2SeO3 

H3BO3 

FeCl3 

4 °C sterile filtered 

2 M Tris-HCl, pH 8.8 2 M Tris base 4 °C - 

1 M Tris-HCl, pH 8 1 M Tris base 4 °C - 

1 M Tris-HCl, pH 6.8 1 M Tris base 4 °C - 

5x wash buffer 100 mM 

150 mM 

1.5 M 

Tris HCl pH 8 

Imidazole, pH 8 

NaCl 

4 °C - 

5x wash buffer w/o 

imidazole 

100 mM 

1.5 M 

Tris HCl pH 8 

NaCl 

4 °C - 

1x wash buffer 20 mM 

30 mM 

300 mM 

Tris HCl pH 8 

Imidazole, pH 8 

NaCl 

4 °C - 

1x wash buffer w/o 

imidazole 

20 mM 

300 mM 

Tris HCl pH 8 

NaCl 

4 °C - 

WB blocking buffer 5 % (w/v) 

 

Skim milk powder 

1x TBST, pH 7.6 

  

WB incubation buffer 1 % (w/v) 

 

Skim milk powder 

1x TBST, pH 7.6 

 - 

1x WB Transfer buffer, 

pH 8.9 - 9.4 

48 mM 

39 mM 

1,3 mM =  

0.0375 % (w/v) 

20 % (v/v) 

Tris base 

Glycine 

SDS 

 

MeOH 

rt - 

2xYT medium, pH 7 16 g 

10 g 

5 g 

fill to 1 L 

Tryptone 

Yeast extract 

NaCl 

H2O 

rt autoclaved 
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II.2.1.9 Consumables and commercial solutions 

Table II.20: List of used consumables 

Consumables/Solutions Supplier 

Acrylamide/Bis Solution 37.5:1 (40 % w/v) 
Serva Electrophoresis GmbH (Heidelberg, 

Germany) 

Amersham ECL Prime Western Blotting Detection Reagent 
GE Healthcare Life Science (Marlborough, 

USA) 

Amersham  Protran Nitrocellulose Blotting Membrane, 

0.2 µm 

GE Healthcare Life Science (Marlborough, 

USA) 

Amicon Ultra 0.5 mL Centrifugal filters, 3,000 NMWL Merck KGaA (Darmstadt, Germany) 

Amicon Ultra 0.5 mL Centrifugal filters, 10,000 NMWL Merck KGaA (Darmstadt, Germany) 

BoltTM Empty Mini Gel Cassettes Thermo Fisher Scientific (Waltham, USA) 

iBlot 2 NC Regular Top & Bottom Stack Thermo Fisher Scientific (Waltham, USA) 

InstantBlue coomassie stain Expedeon Ltd. (Cambridgeshire, UK) 

Bradford Reagent for 0.1-1.4 mg/mL protein Sigma Aldrich (St. Louis, USA) 

Coverslips for microscopy, ø 12 mm Carl Roth GmbH (Karlsruhe, Germany) 

DNA stain Clear G 
Serva Electrophoresis GmbH (Heidelberg, 

Germany) 

Electroporation cuvettes, gap width 0.2 cm Sigma Aldrich (St. Louis, USA) 

High Density Nickel Agarose Jena Bioscience (Jena, Germany) 

LC-MS: 

• Vials (1.5 mL) with PP screw cap ND9, 6 mm hole, 

silicon white/PTFE red septum, 55° shore A, 1.0 mm 

(548-0911) 

• Micro insert 0.1 mL 31 x 3.6 mm (548-0006) 

VWR International GmbH (Darmstadt, 

Gemany) 

Microplate, 96 well, PS, F-Bottom (chimney well), 

µCLEAR®, black, medium binding (655096) for 

fluorescence measurements 

Greiner Bio-One (Kremsmünster, Austria) 

Microplate, 96 well, UV-Star®, COC, F-Bottom (chimney 

well), µCLEAR®, black (655809) for absorption 

measurements 

Greiner Bio-One (Kremsmünster, Austria) 

Microscopy: 

• Coverslips, ø 12 mm 

• Mounting Medium: Shandon Immu-Mount 

• Slides, ground edges 90 ° 

 

Carl Roth GmbH (Karlsruhe, Germany) 

Thermo Fisher Scientific (Waltham, USA) 

VWR International GmbH (Darmstadt, 

Gemany) 

Plastic consumables Sarstedt (Nümbrecht, Germany) 

Quick Coomassie Stain 
Serva Electrophoresis GmbH (Heidelberg, 

Germany) 

Rotilabo Blotting paper, thickness 1.5 mm 
Carl Roth GmbH + Co KG. (Karlsruhe, 

Germany) 

Tips for pipettes Starlab GmbH (Hamburg) 

UV cuvettes, micro Brand GmbH + CO KG (Wertheim, Germany) 
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VIEWseal™, sealing film, transparent (676070) Greiner Bio-One (Kremsmünster, Austria) 

 

 

II.2.1.10 Equipment 

Table II.21: List of used equipment 

Equipment Supplier 

AccuBlock™ Digital Dry Bath D1110-230V Labnet International Inc. (Edison, USA) 

Analog Vortex Mixer VWR International GmbH (Darmstadt, Gemany) 

Bio Imaging System GeneGenius (DNA) SynGene (Cambridge, UK) 

BioPhotometer 6131 for OD600 measurements Eppendorf (Hamburg, Germany) 

Centrifuges: 

• Eppendorf 5804 R 

• Eppendorf 5424 

• Heraeus Multifuge X1R 

• Heraeus Multifuge X3R 

• VWR Micro Star 17 

 

Eppendorf (Hamburg, Germany) 

Eppendorf (Hamburg, Germany) 

Thermo Fisher Scientific (Waltham, USA) 

Thermo Fisher Scientific (Waltham, USA) 

VWR International GmbH (Darmstadt, Gemany) 

Concentrator 5301 Eppendorf (Hamburg, Germany) 

Forma™ 905 -86°C Upright Ultra-Low Temperature 

Freezer 
Thermo Fisher Scientific (Waltham, USA) 

HPLC: LC20-AT Shimadzu (Kyoto, Japan) 

iBlot2 Thermo Fisher Scientific (Waltham, USA) 

Electroporator MicroPulser  Bio-Rad Laboratories Inc. (Hercules, USA) 

Fluorometer Fluoromax-4 with Temperature Controller  

LFI-3751 (5A, 40 W) 

Horiba Jobin Yvon (Edison, USA) 

Wavelength Electronics (Bozeman, USA) 

ImageQuant LAS 4000 and LAS 4000mini GE Healthcare Life Science (Marlborough, USA) 

Incubator INCU-Line IL 115 VWR International GmbH (Darmstadt, Gemany) 

Incubation shaker Infors HT Multitron Standard Infors AG (Bottmingen, Germany) 

LC-MS: 1260 Infinity 6130 Single Quadrupole Agilent Technolgies (Santa Clara, USA) 

Lyophilizer Christ Alpha 2-4 LDplus  
Martin Christ Gefriertrocknungsanlagen GmbH 

(Osterode am Harz, Germany) 

Mini Gel Tank Thermo Fisher Scientific (Waltham, USA) 

Nanophotometer P330 Implen GmbH (Munich, Germany) 

NMR: AVHD300, AVHD400, AVHD500 Bruker (Billerica, USA) 

PCR Cycler: T100 Thermal Cycler Bio-Rad Laboratories Inc. (Hercules, USA) 

Pipettes Eppendorf (Hamburg, Germany) 

Precision scale ABJ220-4NM Kern & Sohn GmbH (Balingen, Germany) 

Rotavapor:  

• Rotavapor R-300, R-215 

 

Büchi Labortechnik AG (Flawil, Switzerland) 

KNF Neuberger GmbH (Freiburg, Germany) 
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• Membrane pump SC 920 

PerfectBlue™ Gelsystem Mini S, Mini L and Midi S 
VWR Life Science Competence Center (Erlangen, 

Germany) 

PerfectBlue™ ‘Semi-Dry’ Electro Blotter Sedec M 
VWR Life Science Competence Center (Erlangen, 

Germany) 

PowerPac™ Power Supply Basic and HC (for SDS 

Page) 
Bio-Rad Laboratories Inc. (Hercules, USA) 

Power Supply EV231 (for DNA electrophoresis) Consort bvba (Turnhout, Belgium) 

SONOPLUS Homogenisator HD2070 
BANDELIN electronic GmbH & Co. KG (Berlin, 

Germany) 

Syringe pump LA30 
Landgraf Laborsysteme GmbH (Langenhagen, 

Germany) 

Tecan Spark 10M Microplate reader Tecan Group Ltd (Männedorf, Switzerland) 

Thermo-Incubation shaker Thriller 
VWR Life Science Competence Center (Erlangen, 

Germany) 

Tumbling roll mixer RM5 
Ingenieurbüro CAT M.Zipperer GmbH 

(Ballrechten-Dottingen, Germany) 

UV Lamp (handheld), UVGL-58, 1x 6 W, 254/365 nm UVP (Cambridge, UK) 

UV Lamp: VL-215.L, 2x 15 W, 365 nm Vilber Lourmat (Marne-la-Vallée Cedex 3, France) 

Varian Cary 50 UV-Vis Spectrophotometer Agilent Technolgies (Santa Clara, USA) 

WB Imager Fusion Pulse 6 Vilber Lourmat (Marne-la-Vallée Cedex 3, France) 

 

 

II.2.1.11 Software and Databases 

Table II.22: List of used Software and Databases 

Software Supplier 

Adobe Illustrator CS4 14.0.0 Adobe (San José, USA) 

ChemDraw Professional 16.0.1.4 (77) Perkin Elmer Informatics Inc. (Waltham, USA) 

Converter Weight to Molar Quantity 

(http://www.molbiol.ru/ger/scripts/01_04.htmL, last 

accessed 19.02.19) 

www.molbiol.ru/ger 

EvolutionCapt Pulse 6 17.03 Vilber Lourmat (Marne-la-Vallée Cedex 3, France) 

ExPASy – Compute pI/MW 

(https://web.expasy.org/compute_pi/, last accessed 

20.01.19) 

SIB Swiss Institute of Bioinformatics (Lausanne, 

Switzerland) 

ExPASy – ProtParam 

(https://web.expasy.org/protparam/, last accessed 

20.01.19) 

SIB Swiss Institute of Bioinformatics (Lausanne, 

Switzerland) 

FluorEssence v2.5.2.0 with Origin v.7.5878 Horiba Jobin Yvon (Edison, USA) 

GeneSnap v7.12.06 SynGene (Cambridge, United Kingdom) 

ImageReader LAS-4000  

http://www.molbiol.ru/ger/scripts/01_04.html
http://www.molbiol.ru/ger
https://web.expasy.org/compute_pi/
https://web.expasy.org/protparam/
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MestReNova v11.0.4-18998 
Mestrelab Research, S.L. (Santiago de Compostela, 

Spain) 

NEBaseChanger v1.2.8 

(https://nebasechanger.neb.com/, last accessed 

24.05.18) 

NEB Inc. (Ipswich, USA) 

NEBcloner v1.3.8 

(https://nebcloner.neb.com/#!/redigest, last accessed 

05.12.18) 

NEB Inc. (Ipswich, USA) 

NEB Tm Calculator v1.9.13 

(https://tmcalculator.neb.com/#!/main, last accessed 

04.12.18) 

NEB Inc. (Ipswich, USA) 

OriginPro 2017G b9.4.1.354 OriginLab Corporation (Northampton, USA) 

OpenLab CDS ChemStation Edition C.01.07.SR3 

[465] 
Agilent Technologies (Santa Clara, USA) 

PrimerX (http://www.bioinformatics.org/primerx/, 

last accessed 07.07.2017) 
Bioinformatics.org 

Promega BioMath Calculator 

(https://www.promega.com/a/apps/biomath/, last 

accessed 21.11.18) 

Promega (Madison, USA) 

PyMOL v1.8.6.1 Schrödinger, LLC (Cambridge, USA) 

SciFinder American Chemical Society (Washington, DC, USA) 

SnapGene 3.1.4 GSL Biotech LLC (Chicago, USA) 

SnapGene Viewer 3.3.4 GSL Biotech LLC (Chicago, USA) 

SparkControl v2.1 Tecan Group Ltd (Männedorf, Switzerland) 

 

 

  

https://nebasechanger.neb.com/
https://nebcloner.neb.com/#!/redigest
https://tmcalculator.neb.com/#!/main
https://www.promega.com/a/apps/biomath/
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II.2.2. Molecular biological methods 

II.2.2.1 Isolation genomic and plasmid DNA of E. coli 

For the isolation of plasmid DNA from 6-8 mL overnight cultures the peqGOLD Plasmid 

Miniprep Kit was used according to the manufacturer’s protocol. The DNA was eluted with 

50 µL MQ water instead of TE buffer, as indicated in the protocol. The column was incubated 

with the water for 1 min before elution. Isolated plasmids were stored at -20 °C. 

 

Qiagen HiSpeed Plasmid Midi and Maxi Kits were used to isolate plasmid DNA according to 

the manufacturer’s protocol from 50-150 mL or 150-250 mL cultures, respectively. Elution 

was again performed with MQ water instead of TE buffer in a volume of 750 µL. 

 

E. coli DH10B genomic DNA was isolated from 1.5 mL overnight cultures utilizing the 

GenElute™ Bacterial Genomic DNA Kits according to the manufacturer’s protocol. Elution 

was performed with 200 µL MQ water. 

 

 

II.2.2.2 Agarose Gel electrophoresis 

Separation of DNA samples agarose gel electrophoresis was used. The negatively charged 

DNA migrates according to its size and conformation in an electric current towards the anode. 

This can be used to examine a PCR reaction mixture for products or to analyze an analytic or 

preparative DNA digest. 

 

Gels were cast by dissolving agarose in 1x TAE buffer to obtain a 1 % suspension, which 

clears upon heating. DNA stain Clear G (4 µL per 100 mL gel) was added to the agarose 

solution and the gel directly poured into the gel chamber of the PerfectBlue systems and fitted 

with a suitable comb. Polymerization was complete after 20-30 min and the gel transferred 

into the electrophoresis chamber, containing 1x TAE buffer, which was also used to overlay 

the gel. DNA samples were prepared by mixing with 10x DNA loading buffer, before loading 

into the wells of gel. A DNA standard was used depending on the size of DNA, which was 

analyzed.  

 

Analytical gels were loaded with 3-5 µL PCR mixture and run at 120 V for 20-25 min. DNA 

bands were visualized by excitation of the fluorescence of DNA stain Clear G with UV light 

using the Bio Imaging System GeneGenius. 

 

Preparative scale gels were fitted with combs that formed larger wells, which allowed loading 

of volumes from 50 µL (e.g. PCR mixture) to 100 µL (e.g. restriction digest). There, gel slices 

containing DNA bands were cut out with a scalpel and purified with the Monarch DNA Gel 

Extraction Kit according to the manufacturer’s protocol. Since DNA purified by this kit 

sometimes contained a lot of salt components, it was further purified using Monarch PCR 

DNA Cleanup Kit for PCR applications. In both cases DNA was eluted with MQ water. 
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II.2.2.3 Determination of DNA concentration 

DNA concentration was determined on the Nanophotometer P330 using absorbance of 

nucleic acids at 260 nm, as well as DNA purity. The ratio of absorbance of 260 nm to 280 nm 

gives information about protein contamination, as protein concentration is determined by 

absorbance at 280 nm. A 260/280 ratio of ≥ 1.8 describes a pure DNA probe, smaller values 

report protein contamination. Purity is further assessed by measuring the ratio of absorbance 

of 260 nm to 230 nm, which informs about possible contamination with EDTA, 

carbohydrates, phenols or other compounds absorbing at 230 nm. There values ≥ 2.0 display 

pure DNA. MQ H2O was used as blank.  

 

II.2.2.4 Polymerase Chain Reaction (PCR) 

Double-stranded DNA fragments, for example for cloning, were amplified in a polymerase 

chain reaction (PCR) using Q5·HF DNA polymerase, which exhibits the reaction at a velocity 

of 20-30 s/kb with an error rate of 1.4x10-6 mutations per base. The pipetting scheme and the 

cycling program are displayed in Table II.23 and Table II.24. 

 

Table II.23: Pipetting scheme for Q5 PCR reaction 

Total volume 25 µL 50 µL 

5x Q5 reaction buffer 5 10 

Q5 enhancer 5 10 

dNTP (10 mM) 0.5 1 

Forward primer (10 µM) 1.25 2.5 

Reverse primer (10 µM) 1.25 2.5 

Template (50 ng/µL) 0.5 1 

Q5·HF DNA polymerase 0.25 0.5 

MQ H2O (nuclease free) 11.25 22.5 

 

Table II.24: PCR cycling program for Q5 polymerase 

Cycle step Temperature Time # of cycles 

Initial denaturation 98 °C 2 min 1x 

Denaturation 98 °C 30 s 

32-35x, 25x** Annealing Tm [°C]* 30 s 

Elongation 72 °C 30 s/kb 

Final elongation 72 °C 5 or 10 min*** 1x 

Storage 12 °C ∞ 1x 

* Tm values were calculated using NEB Tm Calculator v 1.9.13 (NEB Inc., Ipswich, USA) 

** # of cycles was depending on DNA size; 35 cycles for DNA < 6000 bp, 32 cycles for ≥ 6000 bp; 25 cycles 

were used for screening PCR 

*** Final elongation was chosen based on elongation time: t ≤ 2 min (5 min), t ≥ 2 min (10 min) 
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PCR mixtures were analyzed via agarose gel electrophoresis for the presence of desired 

products. Samples were purified using Monarch PCR DNA Cleanup Kit. If unspecific bands 

were visible preparative agarose gel electrophoresis was performed, bands cut out and 

purified with the Monarch DNA Gel Extraction Kit. 

 

 

II.2.2.5. Site-directed mutagenesis by quickchange mutagenesis 

To introduce small, site-specific mutations into a double-stranded DNA sequence site-

directed mutagenesis was performed. Until QC primer 40, program Primer X was used to 

design primers. Polymerases Pfu Turbo or Pfu Ultra II were used for the PCR amplification. 

 

Table II.25: Pipetting scheme for quikchange mutagenesis reaction using Pfu Polymerases 

Total volume 50 µL 

10x Pfu reaction buffer 5 

DMSO (5 %) 2.5 

dNTP (40 mM) 2.5 

Forward primer (10 µM) 1 

Reverse primer (10 µM) 1 

Template (25 ng/µL) 1 

Pfu Polymerase 1 

MQ H2O (nuclease free) 36 

 

Table II.26: PCR cycling program for Pfu polymerases 

Cycle step Temperature Time # of cycles 

Initial denaturation 95 °C 30 s 1x 

Denaturation 95 °C 30 s 

20x Annealing 55 °C 1 min 

Elongation 68 °C 1 min/kb + 2 min 

Storage 12 °C ∞ 1x 

 

To destroy parental plasmid, 1 µL DpnI was added to the reaction mixture after PCR reaction 

and digested at 37 °C for 4 h. Then 5 µL digested PCR mix were transformed into chemical 

competent DH10B cells and plated on LB agar with corresponding antibiotics. Plasmid DNA 

of several resulting clones was isolated and sent for sequencing by GATC with respective 

sequencing primers. 
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QC primers 41-58 were designed using NEBaseChanger and PCR reactions were performed 

with Q5 DNA polymerase. Reactions were conducted according to the pipetting scheme in 

Table II.23 and the cycling program in Table II.27. 

 

Table II.27: PCR cycling program for site-directed mutagenesis with Q5 polymerase 

Cycle step Temperature Time # of cycles 

Initial denaturation 98 °C 30 s 1x 

Denaturation 98 °C 15 s 

25x Annealing Tm [°C] 20 s 

Elongation 72 °C 30 s/kb 

Final elongation 72 °C 5 min 1x 

Storage 12 °C ∞ 1x 

 

After PCR amplification a KLD (Kinase, Ligase, DpnI) reaction including phosphorylation, 

ligation and template removal was carried out for 1 h at room temperature after the following 

pipetting scheme: 

 

Table II.28: Pipetting scheme for KLD reaction 

Total volume 10 µL 

T4 Polynucleotide kinase 0.5 

T4 DNA ligase 0.5 

Dpn1 0.5 

10x T4 DNA ligase buffer 1 

PCR product 2 

MQ H2O (nuclease free) 5.5 

 

5 µL KLD reaction were transformed into chemical competent DH10B cells and plated on LB 

agar with corresponding antibiotics. Plasmid DNA of several resulting clones was isolated 

and sent for sequencing by GATC with respective sequencing primers. 

 

 

II.2.2.6 Restriction cloning 

Restriction endonucleases are enzymes that are able to cut double-stranded DNA at specific 

small palindromic sequences to yield blunt or sticky DNA ends. This was used to introduce 

fragments of DNA into vectors or analyze cloning products.  
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For an analytical restriction digest two uniquely cutting restriction enzymes were combined 

that resulted in bands of specific sizes. The test digest was usually carried out with 400-

700 ng (Table II.29) of DNA for 1.5 h at 37 °C in an incubator. Then the whole sample was 

analyzed via agarose gel electrophoresis. 

 

Table II.29: Pipetting scheme for restriction digest 

Total volume 25 µL 50 µL 100 µL 

DNA 1 µg in x µL 2.5 µg in x µL 5 µg in x µL 

Restriction enzyme 1 (10 U/µL) 1 µL 2.5 µL 5 µL 

Restriction enzyme 2 (10 U/µL) 1 µL 2.5 µL 5 µL 

10x Cutsmart or NEB 3.1 buffer 2.5 µL 5 µL 10 µL 

MQ H2O (nuclease free) 20.5 - x µL 40 - x µL 80 - x µL 

 

Unidirectional restriction cloning was achieved by combination of restriction enzymes that 

produce non-compatible ends. Therefore, 5 µg vector was linearized by double restriction 

digest for 1.5 h at 37 °C in an incubator and afterwards separated and purified via preparative 

agarose gel electrophoresis and purification by Monarch DNA Gel Extraction Kit, followed 

by Monarch PCR DNA Cleanup Kit if necessary. The linearized vector was then 

dephosphorylated overnight at 37 °C with Antarctic phosphatase, followed by purification by 

Monarch PCR DNA Cleanup Kit. 

 

Table II.30: Dephosphorylation of linearized vectors 

Total volume 30 µL 

Linearized vector DNA 16 µL  

Antarctic phosphatase (5 U/µL) 1 µL 

10x Antarctic phosphatase buffer 2 µL 

MQ H2O (nuclease free) 9 µL 

 

DNA inserts were amplified by Q5 PCR and thereby introducing restriction sites via 

overhangs if necessary. Double digest was usually conducted with 2.5 µg amplified insert for 

1.5 h at 37 °C in an incubator, which was subsequently purified with the Monarch PCR DNA 

Cleanup Kit. 

 

The Promega BioMath calculator was used to determine the concentration of double-stranded 

DNA in pmol/µl, which applies the following equation: 

pmol (DNA) = µg (DNA) x 
pmol

660 pg
 x 

106 pg

1 µg
 x 

1

N
 

 

N = number of nucleotides 

660 pg/pmol = the average molecular weight of a nucleotide pair 
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Linearized vector and insert were recombined by ligation of compatible the sticky ends with 

T4 DNA ligase at 16 °C overnight. DNA ratio between vector and insert was dependent on 

the size of the fragments. The smaller the insert size, the higher the amount in the ligation 

reaction. The pipetting scheme for the DNA ratios usually used is shown in Table II.31. 

 

Table II.31 Pipetting scheme for ligation 

DNA ratio vector:insert 1:3 1:5 1:7 

Amount of linearized vector 100 ng in x µL 100 ng in x µL 100 ng in x µL 

Amount of insert y µL y µL y µL 

T4 DNA ligase 1 µL 1 µL 1 µL 

10x T4 DNA ligase buffer 2 µL 2 µL 2 µL 

MQ-H2O 17 µL - x µL - y µL 17 µL - x µL - y µL 17 µL - x µL - y µL 

Total volume 20 µL 20 µL 20 µL 

x = volume of vector; y = volume of insert 

 

5 µL of the ligation was transformed into 100 µL chemical competent E.coli DH10B cells. 

150 µL of the cell suspension were plated onto LB agar with corresponding antibiotics, then 

the cells centrifuged at 4200 rpm for 3 minutes, the pellet resuspended in 150 µL, which were 

spread on a second LB agar plate with corresponding antibiotics. 

 

 

II.2.2.7 NEBuilder HiFi DNA Assembly cloning 

Insertion of fragments via HiFi DNA assembly cloning was simulated using SnapGene. 

Primers were designed with an overlap on the 5’-end of around 18-25 bp to the next fragment 

and a Tm value for assembly of the overhangs > 50 °C. Fragments for assembly were 

amplified with a Q5 PCR and purified with the Monarch PCR DNA Cleanup Kit. The 

Promega BioMath calculator was used to determine the concentration of double-stranded 

DNA in pmol/µl.  

 

Table II.32: Pipetting scheme for HiFi DNA assembly 

 2-3 fragment assembly 

Total DNA content 0.1 pmol in x µL 0.1 pmol in x µL 

DNA ratio vector: insert 1:2 1:3 

Master-Mix (2x) 5 µL 5 µL 

MQ-H2O 5 µL - x µL 5 µL - x µL 

Total volume 10 µL 10 µL 

x = total volume of fragments 
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The reaction volume should contain at least 50 ng of vector. For smaller inserts (< 200 bp) the 

DNA ratio of vector to insert can be adjusted to 1:5. 

 

The reaction was incubated at 50 °C in a PCR cycler (lid temperature 105 °C) for 75 min. 

5 µL of the assembly was transformed into 100 µL chemical competent E. coli DH10B cells. 

150 µL of the cell suspension were plated onto LB agar with corresponding antibiotics, the 

cells centrifuged, the pellet resuspended in 150 µL, which were spread on a second LB agar 

plate with corresponding antibiotics. 

 

II.2.2.8 Sequencing 

For sequencing of DNA the LIGHTRUN service of GATC Biotech (now part of Eurofins 

Genomics GmbH, Ebersberg, Germany) was used. Therefore, 5 µL of purified template 

(plasmid 80-100 ng/µL, PCR product 20-80 ng/µL) was mixed with 5 µL sequencing primer 

(5 µM) in a 1.5 mL Eppendorf tube, which was labeled with a barcode. The sequencing data 

could be downloaded from the GATC Biotech homepage on the next day. 

 

 

II.2.3 Microbiological and protein biochemical methods 

II.2.3.1 Solid bacterial culture 

To obtain single colonies commercially available E.coli competent cells were streaked with 

an inoculation loop on LB agar plates containing the corresponding antibiotics if necessary. 

Otherwise 50-100 µL of cell suspension were spread-out equally on a LB agar plate. After 

permeation into the agar the plates were cultivated in an incubator at 37 °C overnight. For 

storage plates were sealed with Parafilm and kept a 4 °C. 

 

 

II.2.3.2. Liquid bacterial culture 

Liquid bacterial cultures of E. coli were prepared in LB or 2xYT medium with the 

corresponding antibiotics if necessary. The culture volumes were dependent on its purpose. 

Pre- or overnight cultures were performed in 50 mL medium in autoclaved 100 mL 

Erlenmeyer flasks covered with aluminum foil. Cultures for plasmid isolation contained 6-

8 mL medium and test expressions were carried out in 4 mL medium. Both were performed in 

14 mL semi-sealed cell culture tubes. Protein expression varied from 10-200 mL medium and 

was performed in Erlenmeyer flasks. All cultures were incubated at 37 °C in an incubation 

shaker at 200 rpm overnight, if not indicated otherwise. Cell density was determined in 1 cm 

semi-micro-cuvettes by measuring the optical density at 600 nm (OD600) after blanking with 

the used medium. 
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II.2.3.3 Preparation of competent cells 

II.2.3.3.1 Chemical competent E. coli cells  

Overnight cultures were diluted in 100 mL fresh 2xYT medium without or with 

corresponding antibiotics to an OD600 of 0.05 and incubated at 37 °C at 200 rpm to an OD600 

of 0.5-0.6. Then, cells were cooled on ice for 30 min before being centrifuged at 4000 g and 

4 °C for 10-15 min. The supernatant was discarded and the pellet resuspended in 100 mL ice-

cold 100 mM CaCl2 solution and incubated on ice for 30 min. The cells were centrifuged at 

4000 g and 4 °C for 10-15 min and the supernatant discarded. The pellet was resuspended in 

10 mL ice-cold 100 mM CaCl2 solution, 2 mL 100 % glycerol added and the cells aliquoted in 

110 µL in precooled 1.5 mL Eppendorf tubes. The aliquots were flash frozen in liquid 

nitrogen and stored at -80 °C.  

 

 

II.2.3.3.2 Electro-competent E. coli cells 

Overnight cultures were diluted in 500 mL fresh 2xYT medium without or with 

corresponding antibiotics to an OD600 of 0.05 and incubated at 37 °C at 200 rpm to an OD600 

of 0.5-0.6. Then, cells were cooled on ice for 30 min before being centrifuged at 4000 g and 

4 °C for 10-15 min. The supernatant was discarded and the pellet resuspended in 500 mL ice-

cold 10 % glycerol and centrifuged at 4000 g and 4 °C for 10-15 min. The supernatant was 

discarded and the pellet again resuspended in 500 mL ice-cold 10 % glycerol and centrifuged 

at 4000 g and 4 °C for 10-15 min. The supernatant was discarded and then the pellet 

resuspended in 50 mL ice-cold 10 % glycerol and centrifuged at 4000 g and 4 °C for 10-

15 min. The final pellet was resuspended in 2-3 mL 10 % glycerol and aliquoted in 110 µL in 

precooled 1.5 mL Eppendorf tubes. The aliquots were flash frozen in liquid nitrogen and 

stored at -80 °C.  

 

 

II.2.3.4 Transformation of E. coli cells 

II.2.3.4.1 Transformation by electroporation 

An aliquot of electro-competent cells was thawed on ice for 5-10 min and then 1 µL plasmid 

(or 1 µL of each plasmid for a co-transformation) was added to the cells, which were 

transferred after incubation on ice for 5 min to precooled electroporation cuvettes with a gap 

of 0.2 cm and electroporated at 2.0 kV. The cells were directly rescued in 900 µL SOC 

medium at room temperature and incubated at 37 °C and 200 rpm for 1 h. The resulting cell 

suspension was either used to inoculate 50 mL of overnight culture or 50-100 µL were spread 

on LB agar plates with corresponding antibiotics for solid cultures. 

 

 

II.2.3.4.2 Chemical transformation by heat shock 

Chemical competent cells were thawed on ice for 5-10 min, then 1 µL plasmid (or 1 µL of 

each plasmid for a co-transformation) was added to the cells and incubated on ice for 10 min. 

Cells were heat shocked in a water bath with 42 °C for 45 s, followed by incubation on ice for 

5 min. Afterwards 900 µL SOC medium were added at room temperature to the Eppendorf 
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tube and the cells incubated at 37 °C and 200 rpm for 1 h. The resulting cell suspension was 

either used to inoculate 50 mL of overnight culture or 50-100 µL were spread on LB agar 

plates with corresponding antibiotics for solid cultures. 

 

 

II.2.3.4.3 Test for transformation efficiency 

The transformation efficiency of the cells, which stands for the number of colony forming 

units (cfu) growing per 1 µg of transformed plasmid DNA, was tested with flash frozen 

aliquots that were stored at -80 °C for 24 h. Therefore a single and a co-transformation was 

performed and 100 µL of the 1 mL cell suspension in SOC was equally plated on an LB agar 

plates with corresponding antibiotics, which were incubated at 37 °C overnight. After 

incubation at 37 °C overnight the resulting colonies were counted to determine the number of 

cfu per plate which corresponds to 100 µL of the transformed suspension. This number was 

multiplied by 10 to calculate the number of cfu per mL, which was divided by the amount of 

used DNA [ng] to determine the number of cfu per µg (DNA). Freshly prepared cells were 

plated on LB agar plates containing Kan, Tet, Amp or Cam and incubated at 37 °C overnight 

to check for contamination with plasmid DNA. 

 

 

II.2.3.5 Directed evolution of PylRS synthetases 

II.2.3.5.1 General information 

A directed evolution approach was chosen for the selection of mutant Pyrrolysyl-tRNA 

synthetases for new unnatural amino acids. Therefore, libraries were used, where up to five 

different positions in the active site of the wild type PylRS were randomized by saturation 

mutagenesis. Libraries containing the following mutations were used: 

 

Table II.33: List of used libraries 

Library AR mutations 

AB2 Kan A267T, L270, Y271, N311, C313, Y349 

AB3 Kan L270, Y271, L274A N311, C313, Y349 

ABshuffle Kan 

Recombined version of PylRS variants with known 

uAA specificities and a fixed error-prone M. barkeri 

PylRS wildtype proportion 

Libfw Amp A267, Y271, L274,C313, M315 

Nicholas RS5 Kan Y271, N311, Y349, V366, W382 

 

After co-transformation for the positive selection step the statistical significance of the 

coverage of each library member after was calculated by solving the following equation with 

90 % confidence: 

𝑁 =  
ln(1 − confidence)

ln (1 − (
1

theoretical size
))
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N = Number of clones needed to reach the aimed confidence 

Confidence = % of statistical confidence, e.g. 0.9 (90 %) 

Theoretical size = Theoretical amount of members within the library 

 

The theoretical size of a library with five randomized positions was calculated to 325 = 3.3x 

107 library members. For a confidence of 90 % a 2.3-fold coverage of 7.7x 107 has to be 

reached. 

 

Table II.34: List of used evolution reporter plasmids 

Plasmid bb Nucleic acid AR 

D65 pREP CAT111TAG Tcn 

D7L pYOBB2 Barnase3TAG,45TAG Cam 

pPyltsfGFP150TAG pPylt sfGFP150TAG Tcn 

pPyltsfGFP150TAG 

CAT 
pPylt sfGFP150TAG CAT111TAG Tcn 

 

The positive selection plasmid D65 with a size of approx. 10.3 kb encodes a tetracycline 

resistance cassette (Tcn), a constitutively expressed mutant M. barkeri Pyl-tRNACUA and a 

constitutively expressed chloramphenicol acetyltransferase with a TAG codon at position 111. 

D7L (approx. 7.4 kb) is the negative selection plasmid containing a chloramphenicol 

resistance cassette, a constitutively expressed mutant M. barkeri Pyl-tRNACUA and a L-

arabinose inducible barnase gene with TAG codons in positions 3 and 45. The dual reporter 

plasmid pPyltsfGFP150TAG CAT for the read-out has a size of approx. 7.7 kb and encodes a 

tetracycline resistance cassette, a constitutively expressed mutant M. barkeri Pyl-tRNACUA, a 

constitutively expressed chloramphenicol acetyltransferase with a TAG codon at position 111 

and a L-arabinose inducible gene for the expression of sfGFP150TAG. The single reporter 

plasmid pPyltsfGFP150TAG with a size of approx. 6.2 kb and differs to the dual reporter 

plasmid pPyltsfGFP150TAG CAT in the chloramphenicol acetyltransferase with a TAG 

codon at position 111, which is not encoded here. 

 

Selection plasmids D65, D7L and sfGFP CAT were chemically transformed into DH10B 

cells, plated onto LB agar with the corresponding antibiotic, incubated at 37 °C overnight and 

then stored at 4 °C up to 2-3 months for further use. 

 

 

II.2.3.5.2 Positive selection 

A DH10B_D65 single clone was used to inoculate 50 mL 2xYT media (+ Tcn) for an 

overnight culture at 37 °C. The overnight culture was diluted in fresh 100 mL 2xYT medium 

(+Tcn) to an OD600 of 0.05 and grown at 37 °C to an OD600 of 0.4 - 0.5, before preparing 

electro-competent DH10B_D65 cells. Therefore, cells were pelleted in 50 mL falcons and the 

pellets washed twice with 50 ml ice cold 10 % glycerol each. Subsequently, the cells were 

pooled into one 50 mL falcon and washed with 50 mL ice cold 10 % glycerol. The final pellet 

was resuspended in 100 µL 10 % glycerol to yield approx. 200 µL electro-competent 

DH10B_D65 cells. 
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1 µg library DNA was transformed into 4x 50 µL freshly prepared electro-competent 

DH10B_D65 cells by electroporation with the standard settings, rescued with 950 µL SOC 

each and incubated at 37 °C for 1 h, followed by inoculation of 1 L 2xYT (+ Tcn and 

Ab(library)). The cells were incubated at 37 °C in an incubation shaker at 200 rpm. After 

15 min incubation 1 mL medium was taken and used to test the transformation efficiency and 

coverage by dilution of the transformed library. The remaining 1 L culture was incubated 

overnight at 37 °C. For the dilution series, 100 µL were directly plated on LB agar (+ Tcn and 

Ab(library)), which corresponds to a dilution of 10-4. 100 µL were diluted with 900 µL 2xYT 

and then 100 µL plated on LB agar (≙10-5). This was continued until a dilution of 10-8 was 

achieved. The plates were incubated at 37 °C overnight. The number of clones on the 10-7 and 

10-8 dilution plates were counted the next day and used for determination of transformation 

efficiency.  

 

If the transformation efficiency yielded a number of clones > 8x107 the 1 L 2xYT overnight 

culture was diluted to an OD600 of 0.05 in 100 ml fresh 2xYT (+ Tcn and Ab(library)). Cells 

were incubated until an OD600 of 0.6, then aliquoted into 10 mL cultures and 2 mM uAA was 

added besides one control sample without uAA. Cultures were grown for 3 h at 37 °C and 

200 rpm and then the OD600 determined, which is supposed to be around 2-3. Finally, 600 µL 

of the 10 mL cell suspension was plated on one 200 mL positive selection plate (). 

 

Table II.35: Pipetting scheme for positive selection plates 

Volume Components Comments 

40 mL 

200 µ 

60 µ 

mL 

2 mL 

40 µL 

200 µL 

200 µL 

2 mL 

240 µL 

200 µL 

200 µL 

100 mL 

fill to 200 mL 

5x M9 salts 

1 M MgSO4 

1 M CaCl2 

40 % Glucose 

leucine (4 mg/mL) 

Trace metal mix 

Biotin 

Thiamin 

uAA (100 mM) 

Cam 

Tet 

AB (depending on library) 

5 % agarose 

MQ H2O 

Always prepare fresh: heat 5 % agarose until liquid 

and cool in water bath to 50 °C. Mix all other 

ingredients and warm in water bath to 50 °C. 

Combine and directly pour plates. 

 

After 48 h incubation at 37 °C clones were harvested by scraping them off the agarose with 

50 mL 2xYT (+ Tcn and Ab(library)). The resulting cell suspension was incubated at 37 °C 

for 2 h in an incubation shaker, before isolating the DNA by midiprep with the Qiagen 

HiSpeed Plasmid Midi Kit. 

 

5 µg isolated DNA was separated by agarose gel electrophoresis at 145 V for 1.75 h. The 

DNA band at around 3.3 kb, which corresponds to the library DNA, extracted using the 

Monarch DNA Gel Extraction Kit. 
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II.2.3.5.3 Negative selection 

Electro-competent DH10B_D7L cells were prepared according to the description in chapter 

II.2.3.5.2. 

 

100 ng purified library DNA from the positive selection was transformed into 2x 50 µL 

freshly prepared electro-competent DH10B_D7L cells by electroporation with the standard 

settings, rescued with 950 µL SOB each and incubated at 37 °C for 1 h. The cells were 

combined and 600 µL plated onto one 200 mL negative selection plate and 1.4 mL on a 

second 200 mL negative selection plate. The plates were incubated at 37 °C overnight, 

followed by harvesting the cells and isolation and purification of library DNA described in 

chapter II.2.3.5.2. 

 

Table II.36: Pipetting scheme for negative selection plates 

Volume Components Comments 

200 mL 

200 µL 

200 µL 

2 mL 

LB agar 

Cam 

AB (depending on library) 

20% Arabinose 

Cool agar before addition of antibiotics and 

arabinose 

 

 

II.2.3.5.4 Read-out 

Electro-competent DH10B_sfGFP CAT cells were prepared according to the description in 

chapter II.2.3.5.2. 

 

100 ng purified library DNA from the negative selection was transformed into 2x 50 µL 

freshly prepared electro-competent DH10B_sfGFP CAT cells by electroporation with the 

standard settings, rescued with 950 µL SOB each and incubated at 37 °C for 1 h. Cells were 

pelleted, half of the supernatant discarded, followed by resuspension and plating on one 

200 mL autoinduction plate (+ Tcn, Cam and Ab(library)). As positive control, 1 µL D4 

plasmid was transformed into 50 µL cells and plated on auto-induction plates containing 

BocK. The plates were incubated at 37 °C for 48-60 h. Green colonies, due to the expression 

of sfGFP, were picked and used to inoculate 1 mL non-inducing medium (+ Tcn and 

Ab(library)) in a 96 well megablock. 6 clones from the positive control were also picked.  

 

 

 

 

Table II.37: Pipetting schemes for liquid and solid media used for the read-out 

Medium Volume Components Comment 

Autoinduction plates 10 mL 

10 mL 

5% Aspartate 

10% Glycerol 

Always prepare fresh: heat 5 % 

agarose until liquid and cool in 

water bath to 50 °C. Mix all other 



231 

8 mL 

4 mL 

2 mL 

500 µL 

400 µL 

50 µL 

40 µL 

200 µL 

200 µL 

800 µL 

2 mL 

200 µL 

200 µL 

100 mL 

fill to 200 mL 

25x 18 AA mix 

50x M 

Leucine (4 mg/mL) 

20% Arabinose 

1 M MgSO4 

40% Glucose 

Trace metal mix 

Biotin 

Thiamin 

India Ink 

uAA (100 mM) 

Tet 

AB (depending on library) 

5% agarose 

MQ H2O 

ingredients and warm in water bath 

to 50 °C. Combine and directly 

pour plates. 

Non-inducing medium 5 mL 

4 mL 

2 mL 

1 mL 

200 µL 

0.4 mL 

20 µL 

1 mL 

100 µL 

100 µL 

fill to 100 mL 

5% Aspartate 

25x 18 AA mix 

50x M 

leucine (4 mg/mL) 

1 M MgSO4 

40% Glucose 

Trace metal mix 

uAA (100 mM) 

AB1 

AB2 

MQ H2O 

always prepare fresh 

Autoinducing medium 5 mL 

5 mL 

4 mL 

2 mL 

1 mL 

250 µL 

200 µL 

125 µL 

20 µL 

1 mL 

100 µL 

100 µL 

fill to 100 mL 

5% Aspartate 

10% Glycerol 

25x 18 AA mix 

50x M 

leucine (4 mg/mL) 

20% Arabinose 

1M MgSO4 

40% Glucose 

Trace metal mix 

uAA (100 mM) 

AB1 

AB2 

MQ H2O 

always prepare fresh 

 

After 24 h 50 µL non-inducing culture was used to inoculate two 96 well megablocks, one 

containing 1 ml autoinducing medium (+ Tcn and Ab(library)) with 2 mM uAA and one 

without uAA. After 36-48 h 150 µL were transferred into 96 well microplates and sfGFP 

fluorescence and OD600 were determined on a Tecan Spark 10M Microplate reader. The plate 

was shaken (amplitude 3.5) during measurements and GFP fluorescence excited at 480 nm 
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and measured at 527 nm. Fluorescence was normalized to the OD600 and then the fluorescence 

of the resulting values of each well incubated with the uAA divided by the resulting values of 

each matching well incubated without the uAA. 

 

Clones with ratio values ≥ 3 were inoculated into 50 mL 2xYT (+ Tcn and Ab(library)) for 

overnight cultures and used the next day to express sfGFP150uAA. After His-tag purification 

protein mass was determined by LC-MS analysis. If incorporation of the uAA displayed the 

correct mass, DNA of the corresponding clones was isolated and separated by agarose gel 

electrophoresis. Plasmid DNA which encodes the PylRS gene sequence (approx. 3.3 kb) was 

extracted and sent for sequencing to identify mutations of the evolved PylRS mutants. 

 

 

II.2.3.6 Protein expression via amber suppression 

Overnight cultures of E. coli cells co-transformed with plasmids containing genes for tRNA 

synthetase mutants, tRNA and proteins of interest were diluted in 50 mL fresh 2xYT or 

autoinducing medium with corresponding antibiotics to an OD600 of 0.05 and incubated at 

37 °C at 200 rpm until OD600 of 0.3. For test expressions, 4 mL of culture was aliquoted into 

14 mL semi-sealed cell culture tubes and supplied with the corresponding amount of uAA 

stock solution besides one negative control sample without uAA and grown to OD600 of 0.6. 

There, protein expression performed in 2xYT medium was induced with a final concentration 

of 0.02 % arabinose or 1 mM IPTG, depending on promoters of the used plasmids. 

Autoinduction medium autoinduced protein expression after consumption of the containing 

glucose in the media, which correlates with an OD600 of about 0.7. Protein expression was 

performed in volumes from 50-200 mL with the corresponding amount of uAA stock solution 

overnight without a negative control sample, but otherwise performed like the test 

expressions. 

 

 

II.2.3.7 Cell harvest and lysis of E. coli  

For test expressions, 1 mL samples were taken and centrifuged for 5 min at full speed, the 

supernatant discarded and the pellets frozen for SDS-PAGE analysis.  

Expression cultures were harvested in 50 mL sterile falcons and centrifuged at 4000 g and 

4 °C for 10-15 min. After discarding the supernatant the pellet was either flash frozen in 

liquid nitrogen and stored at -20 °C or directly resuspended in lysis buffer (20 mL per 1 g 

pellet). The cells were disrupted using sonification. Therefore, the tip of the sonotrode was 

dipped into the ice-cooled cell suspension without touching the walls of the falcon. The cells 

were sonicated (80 % amplitude, 50 % cycle) for 5 min with pauses for cooling after 1.5 and 

3 min. The lysed cell suspension was centrifuged at 14000 g and 4 °C for 20-30 min. The 

cleared lysate was purified via nickel agarose beads. 

II.2.3.8 His-tagged protein purification via nickel agarose 

0.2-0.5 mL high density nickel agarose slurry in 20 % EtOH was added to a 50 mL falcon 

tube containing 20 mL 1x wash buffer. The falcon was inverted several times and then 

centrifuged at 1000 g and 4 °C for 10 min. The supernatant was discarded and washed once 

more. After centrifugation at 1000 g and 4 °C for 10 min the supernatant was discarded and 
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the cleared lysate added to the washed nickel agarose beads. The resulting suspension was 

incubated at 4 °C for 1 h. Then, the slurry was applied to an empty plastic column and the 

flow through collected. The beads were washed with 20 CV 1x wash buffer and then the 

protein eluted in 0.4-1 mL fractions with elution buffer. All fractions were analyzed by SDS –

PAGE. Pure fractions were combined and concentrated and washed with 1x wash buffer 

without imidazole using amicons with the corresponding cutoff.  

 

 

II.2.3.9 Determination of protein concentration 

II.2.3.9.1 using Nanophotometer 

The concentration of the purified protein was determined by measurement of absorbance at 

280 nm on the Nanophotometer. Absorbance at 280 nm correlates to the amino acid 

composition, especially the presence of tryptophan or tyrosine residues in the protein. The 

molar excitation coefficient is therefore protein-specific and was determined for each protein 

using ProtParam. It gave a value of 18910 M-1cm-1 for sfGFP and 15470 M-1cm-1 for 

myoglobin. Ubiquitin does not contain any tryptophans; therefore protein concentration could 

not be determined using absorbance measurements on the Nanophotometer. There, 

concentration was determined using Bradford assay. 

 

II.2.3.9.2 using Bradford assay 

Determination of protein concentration with Bradford reagent is based on the formation of a 

complex between protein and the dye Brilliant Blue G. The complex causes a shift in the 

absorption maximum of the dye from 465 to 595 nm. The absorption is proportional to the 

protein concentration. The assay was performed after protocol A in the Technical Bulletin 

(B6916, Sigma Aldrich (St. Louis, USA) https://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Sigma/Bulletin/b6916bul.pdf, last accessed 26.02.19) of the commercially 

available Bradford reagent by mixing 1.5 mL Bradford Reagent and 0.05 mL sample directly 

in a cuvette and measuring absorbance at 595 nm after 15 min incubation at room 

temperature. Protein concentration was calculated from a calibration curve generated by 

measuring varying concentrations of BSA (0, 0.25, 0.5, 0.75 and 1 mg/mL in 1x wash buffer) 

as protein standard in Bradford reagent. 

 

 

  

https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Bulletin/b6916bul.pdf
https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Bulletin/b6916bul.pdf


234 

II.2.3.10 SDS-PAGE electrophoresis  

Discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

used to analyze pellets from test expressions and protein samples. The unfolded, reduced and 

negatively charged proteins are separated in a vertical polyacrylamide gel in an electric field 

due to their size. Smaller proteins run faster in the electric field than bigger ones. The SDS 

gels were prepared according to the following table: 

 

Table II.38: Pipetting plan for the preparation of SDS gels 

Stock solution Stacking gel (4 gels) 15 % Resolving gel (4 gels) 

40 % w/v Acryl amide/Bis Solution 37.5:1 1 10.05 

4x resolving gel buffer [mL] - 6.69 

4x stacking gel buffer [mL] 3.5 - 

ddH2O [mL] 6.5 10.05 

APS (10 %) [µL] 100 267.75 

TEMED [µL] 10 26.78 

 

Polyacrylamide gels were cast in empty Bolt mini gel cassettes, owing a size of 8 cm x 8 cm 

gel size with 1 mm thickness. APS initiates polymerization and TEMED functions as a 

catalyst, therefore they were added directly before gels were poured into the cassettes. First, 

the resolving gel mixture was prepared, poured into the Bolt cassettes and overlaid with 

isopropanol until polymerization was complete. Then, isopropanol was removed and the 

stacking gel mixture poured onto the resolving gel and fitted with a 10 or 12-well comb. 

Polymerized SDS gels were stored in wet paper at 4 °C. 

 

Pellets from test expressions were resuspended in 1x SDS loading buffer (100 µL per OD600 = 

1) and heated to 95 °C for 10 min, followed by centrifugation at full speed for 10 min. 10 µL 

of the sample were loaded onto the SDS gel, next to 5-8 µL of marker. Protein samples were 

prepared in 4x SDS loading buffer and heated to 95 °C for 2-10 min. There the concentration 

of protein was adjusted to loading 1-2 µg per lane.  

 

Protein samples were separated in a Mini gel tank at 110-200 V (mini gels). Then, the Bolt 

cassettes were opened and the gels either stained with Quick Coomassie Stain or InstantBlue 

stain used for a WB analysis. Coomassie stained gels were destained with deionized water. 

 

 

II.2.3.11 Western Blot analysis 

For a more sensitive detection of His-tagged proteins or proteins labeled with biotinylated 

probes protein samples were analyzed with Western blot. Therefore, proteins separated by 

SDS-PAGE were transferred onto a nitrocellulose (NC) membrane using iBlot 2 Dry Blotting 

system (program P0 for 7 min: 20 V for 1 min, followed by 23 V for 4 min and 25 V for 

2 min) and the corresponding iBlot 2 NC Regular Top & Bottom Stacks. Alternatively, a 

PerfectBlu semi-dry electro blotter Sedec M was used for transfer and the stacks self-
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assembled onto the anode from 3 pieces of blotting paper (1.5 mm) soaked in WB transfer 

buffer, NC membrane, gel and another 3 pieces of blotting paper (1.5 mm) soaked in WB 

transfer buffer. The transfer was performed 100 mA per gel for 1.5 h, followed by blocking 

the membrane in a 50 ml falcon in 5 % skimmed milk powder in TBS-T (WB blocking 

buffer) for 1 h at room temperature. 1 ml of WB blocking buffer was diluted with 5 mL TBS-

T to obtain the incubation buffer, where anti-His6-peroxidase was added in a 1:5000 dilution. 

HRP-conjugated streptavidin was used 1:5000 diluted in incubation buffer bind to 

biotinylated proteins. Alternatively streptavidin conjugated TAMRA was used (1:5000 in 

TBST-T + 0.05 % SDS). Antibodies or streptavidin were either allowed to bind proteins on 

the membrane for 1 h at room temperature or at 4 °C overnight. The membrane was washed 

3x for 15 min with TBS-T to remove excess antibody or streptavidin. To visualize the protein 

bands with chemiluminescence, membranes were treated with 1 mL of a freshly prepared 1:1 

solution of solutions A (peroxide) and B (luminol) of the ECL Prime Western blot detection 

reagent. Chemiluminescence was imaged using WB Imager Fusion Pulse 6 with the 

corresponding program EvolutionCapt Pulse. TAMRA fluorescence was excited at 520 nm 

and captured using an ImageQuant LAS 4000 with a 575DF20 Cy3 filter. 

 

 

II.2.3.12 In vitro labeling of proteins 

II.2.3.12.1 Labeling of purified proteins for LC-MS in vitro 

II.2.3.12.1.1 Labeling of POI_uAA 

His-tag purified POI_uAA was diluted with MQ H2O to a final concentration of 10 µM in 

50 µL in a MS Vial with 0.1 mL micro insert. Small molecules probes were added in a 10 to 

100-fold excess and 1-2 µL protein sample analyzed via LC-MS (C4, 5-55 % B in 5 min) at 

certain time points (e.g. 30 min, 1, 2, 5 and 24 h). 

 

II.2.3.12.1.2 Labeling of POI_uAA with photo-DMBO and other cyclopropenone-caged 

compounds  

His-tag purified POI_uAA was diluted in MQ H2O to a final concentration of 10 µM in 50 µL 

in a MS Vial with 0.1 mL micro insert. photo-DMBO (or other cyclopropenone-caged) 

compounds were added in a 10 to 100-fold excess, the iEDDAC reaction induced at 365 nm 

with UV Lamp VL-215.L for 10 min and then followed over time. Therefore, 1- µL protein 

sample was analyzed via LC-MS (C4, 5-55 % B in 5 min) at certain time points (e.g. 20, 

35 min, 1, 2, 5 and 24 h).  

 

II.2.3.12.2 Labeling of proteins in vitro for SDS in gel fluorescence imaging 

Purified sfGFP-N150mTetK was diluted in MQ water to a final concentration of 10 µM in a 

volume of 100 µL in a 1.5 mL Eppendorf tube. BCN-TAMRA or photo-DMBO-Cy5 (final 

concentration 100 µM) were added in 10-fold excess and the reaction followed over time. 

Therefore, 8 µL samples were taken at the following time points: 0, 30 s, 1, 2, 5, 10, 30, 60 

and 120 min and the fluorophore quenched with 4 µL dipyridyl-1,2,4,5-tetrazine (50 mM). 

3 µL 4x SDS loading buffer were added, the samples cooked at 95 °C for 10 min and the 

whole samples loaded onto an SDS-PAGE. After separation labeling was visualized by 
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fluorescence using an ImageQuant LAS 4000 (TAMRA: ex. 520 nm, 575DF20 Cy3 filter; 

Cy5: ex. 630 nm, R670 Cy5 filter), followed by staining with Quick Coomassie Stain (Serva) 

and destaining in deionized water. 

 

 

II.2.3.13 Labeling of proteins in lysate 

II.2.3.13.1 Lysate labeling with BCN- or TCO-TAMRA 

5 mL of E. coli culture expressing POI (sfGFP-NXTAG-His6, X = 40 or 150; Myo-S4TAG-

His6 or Ub-K6TAG-His6) without uAA, with BocK, BCNK, TetK or mTetK were harvested, 

washed 3x 10 % (v/v) DMSO/PBS and then sonicated in 5 mL lysis buffer (20 mM Tris pH 

8.0, 30 mM imidazole pH 8.0, 300 mM NaCl, 0.175 mg/mL PMSF, 0.1 mg/mL DNase I and 

one cOmpleteTM protease inhibitor tablet (Roche)). The lysed cells were centrifuged (20 min, 

14.000 × g, 4 °C) and the cleared lysate was flash frozen and stored at -80 °C for labeling 

experiments. 

Cleared E.coli lysate (adjusted to the same OD600) was thawed on ice and 50 µL taken for 

labeling experiments. BCN- or TCO-TAMRA were added to a final concentration of 2-4 µM 

and the reaction performed at 37 °C for 1 h at 350 rpm or samples were taken at different time 

points for time-dependent labeling: 15 min, 30 min, 45 min and 60 min. 16 µL 4x SDS 

loading buffer were added and the samples heated at 95 °C for 10 min. 14 µL samples were 

analyzed by a 15 % SDS PAGE. Labeling was visualized by excitation of TAMRA in-gel 

fluorescence at 520 nm utilizing an ImageQuant LAS 4000 with a 575DF20 Cy3 filter, 

followed by staining with Quick Coomassie Stain and destaining in deionized water. 

 

II.2.3.13.2 sfGFP-N40 lysate labeling with photo-DMBO-Cy5 

5 mL of E. coli culture expressing sfGFP-N40TAG without uAA, with BocK, BCNK or 

mTetK were harvested, washed 3x 10 % (v/v) DMSO/PBS and then sonicated in 5 mL lysis 

buffer (20 mM Tris pH 8.0, 30 mM imidazole pH 8.0, 300 mM NaCl, 0.175 mg/mL PMSF, 

0.1 mg/mL DNase I and one cOmpleteTM protease inhibitor tablet (Roche)). The lysed cells 

were centrifuged (20 min, 14.000 × g, 4 °C) and the cleared lysate was flash frozen and stored 

at - 80 °C for labeling experiments. 

 

Cleared E. coli lysate (adjusted to the same OD600) was thawed on ice. 45 µL lysate was 

mixed with 20 % DMSO (final concentration) and photo-DMBO-Cy5 and DMBO-Cy5 added 

to a final concentration of 10 µM. The reaction was induced at 365 nm with UV Lamp VL-

215.L for 30 min and then incubated at 37 °C for 1 h at 350 rpm. The reaction was quenched 

with 5 µL BCN-OH (100 mM) for 15 min and then 18 µL 4x SDS loading buffer were added 

and the samples heated at 95 °C for 10 min. 15 µL samples were analyzed by a 15 % SDS 

PAGE. Labeling was visualized by fluorescence using an ImageQuant LAS 4000 (ex. 630 

nm, R670 Cy5 filter), followed by staining with Quick Coomassie Stain and destaining in 

deionized water. 
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II.2.3.14 Labeling of proteins in cellulo 

II.2.3.14.1 Labeling of OmpC-Y232mTetK on live E. coli with BCN-TAMRA 

E. coli cultures expressing OmpC-Y232TAG without uAA, with BocK or mTetK were 

harvested in 0.5-1 mL samples (pellet resuspended in 1 mL ≙ OD600 = 2), pelleted at 4000 g 

for 3 min and the pellet washed 3x with 1 mL 10 % (v/v) DMSO/PBS buffer (resuspension 

followed by centrifuged at 4000 g for 3 min). The pellets were resuspended in 100 µL 20 % 

(v/v) DMSO/PBS, 5 µM BCN-TAMRA added and reacted at 37 °C for 60 min (or samples 

taken at different time points: 15 min, 30 min, 45 min and 60 min). Samples were diluted with 

1 mL 10 % (v/v) DMSO/PBS buffer and pelleted at 4000 g for 3 min and washed 2x with 10 

% (v/v) DMSO/PBS buffer. The reaction was quenched for 30 min by resuspending the 

pellets with 10 µL dipyridyl-1,2,4,5-tetrazine (50 mM) diluted in 40 µL PBS. The pellets 

were then washed 3x with 10 % DMBO/PBS and the samples resuspended in 1x SDS loading 

buffer (100 µL for a pellet of 1 mL OD600 = 1), cooked for 10 min at 95 °C and centrifuged 

(17.000 x g, 10 min). 15 µL samples was separated via SDS-PAGE and labeling was 

visualized by excitation of TAMRA fluorescence at 520 nm utilizing an ImageQuant LAS 

4000 with a 575DF20 Cy3 filter, followed by staining with Quick Coomassie Stain and 

destaining in deionized water.  

 

II.2.3.14.2 Labeling of OmpC-232mTetK on live E. coli with photo-DMBO-Cy5 

E. coli cultures expressing OmpC-Y232TAG without uAA, with BocK, BCNK or mTetK 

were harvested in 0.5-1 mL samples (pellet resuspended in 1 mL ≙ OD600 = 2), pelleted at 

4000 g for 3 min and the pellet washed 3x with 1 mL 10 % (v/v) DMSO/PBS buffer 

(resuspension followed by centrifuged at 4000 g for 3 min). The pellets were resuspended in 

100 µL 20 % (v/v) DMSO/PBS and 5 µM photo-DMBO-Cy5 or DMBO-Cy5 added. The 

reaction was induced at 365 nm with UV Lamp VL-215.L for 30 min on ice and then 

incubated at 37 °C and 350 rpm for 60 min. Samples were diluted with 1 mL 10 % (v/v) 

DMSO/PBS buffer and pelleted at 4000 g for 3 min and washed 2x with 10 % (v/v) 

DMSO/PBS buffer. The reaction was quenched for 30 min by resuspending the pellet in 

10 µL dipyridyl-1,2,4,5-tetrazine (50 mM) diluted in 40 µL PBS, followed by washing the 

pellets 3x with 10 % DMBO/PBS. 

 

For confocal microscopy 10 µL culture with an OD600 = 1 were mixed with 10 µL 1 % (w/v) 

agarose in MQ water and 10 µL mixture mounted between a coverslip and a microscopy slide. 

 

For SDS-PAGE fluorescence imaging pellets were resuspended in 1x SDS (100 µL for a 

pellet of 1 mL OD600 = 1), cooked for 10 min at 95 °C and centrifuged for 10 min at 17.000 x 

g. 15 µL samples were separated via SDS-PAGE. Labeling was visualized by excitation of 

Cy5 fluorescence at 630 nm and utilizing an ImageQuant LAS 4000 with a R670 Cy5 filter, 

followed by staining with Quick Coomassie Stain and destaining in deionized water.  
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II.2.3.14.2 Sequential labeling of OmpC232mTetK on live E. coli with photo-DMBO-BCN, 

followed by Tet-Cy5 

E. coli cultures expressing OmpC-Y232mTetK were harvested in 0.5-1 mL samples (pellet 

resuspended in 1 mL ≙ OD600 = 2), pelleted at 4000 g for 3 min and the pellet washed 3x with 

1 mL 10 % (v/v) DMSO/PBS buffer (resuspension followed by centrifuged at 4000 g for 

3 min). The pellets were resuspended in 100 µL 20 % (v/v) DMSO/PBS and 50 µM photo-

DMBO-BCN or no compound added. The reaction was carried out at 37 °C and 350 rpm for 

60 min. Samples were diluted with 1 mL 10 % (v/v) DMSO/PBS buffer and pelleted at 

4000 g for 3 min and washed 2x with 10 % (v/v) DMSO/PBS buffer. The reaction was 

quenched for 30 min by resuspending the pellets in 10 µL dipyridyl-1,2,4,5-tetrazine (10 mM) 

diluted in 40 µL PBS. Pellets were then washed 3x with 10 % DMBO/PBS and resuspended 

in 100 µL 20 % (v/v) DMSO/PBS and 5 µM Tet-Cy5 added. The reaction was induced at 

365 nm with UV Lamp VL-215.L for 60 min on ice and then incubated at 37 °C and 350 rpm 

for 60 min. Samples were diluted with 1 mL 10 % (v/v) DMSO/PBS buffer and pelleted at 

4000 g for 3 min and washed 2x with 10 % (v/v) DMSO/PBS buffer. Reaction was quenched 

by resuspending the pellets in 5 µL BCN-alcohol (100 mM) diluted in 45 µL PBS for 30 min, 

then washed 3x with 10 % DMBO/PBS. 

 

For confocal microscopy 10 µL culture with an OD600 = 1 were mixed with 10 µL 1 % (w/v) 

agarose in MQ water and 10 µL mixture mounted between a coverslip and a microscopy slide. 

 

For SDS-PAGE fluorescence imaging pellets were resuspended in 1x SDS (100 µL for a 

pellet of 1 mL OD600 = 1), cooked for 10 min at 95 °C and centrifuged for 10 min at 17.000 x 

g. 15 µL samples separated via SDS-PAGE. Labeling was visualized by excitation of Cy5 

fluorescence at 630 nm and utilizing an ImageQuant LAS 4000 with a R670 Cy5 filter, 

followed by staining with Quick Coomassie Stain and destaining in deionized water.  

 

 

II.2.3.15 Kinetic measurements 

II.2.3.15.1 Fluorimeter 

Rate constants k between sfGFP150mTetK and BCN-alcohol or DMBO-NH2 were measured 

under pseudo first order conditions with an excess of BCN-alcohol (10, 15, 20, 30, 50 or 75-

fold) or DMBO-NH2 (10, 15, 20, 30 or 50-fold) in PBS by following exponential increase of 

GFP fluorescence over time on a Horiba Jobin Yvon Fluoromax-4 in a Quartz cuvette with a 

stirrer at 25 °C. The final protein concentration of purified sfGF150mTetK was 10 µM in a 

final volume of 1 mL. GFP fluorescence was excited at 488 nm (slit 1 nm) and measured at 

506 nm (slit 2 nm). Data points were taken every 0.25-1 s for 300-5000 s and measured as 

triplicates. The observed k’ was plotted against the concentration of BCN-alcohol or DMBO-

NH2 to obtain the rate constant k from the slope of the plot. All data processing was 

performed using Kaleidagraph software (Synergy Software; Reading, UK).  
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II.2.3.15.2 Tecan Reader 

Rate constants k between sfGFP150mTetK and Cp or Nor-OH, as well as sfGFP150TetF and 

DMBO-NH2 or Cp were measured under pseudo first order conditions with an excess of 

cyclopropene (10, 25, 50, 75 or 100-fold), norbornenol (100, 250, 500, 750 or 1000-fold) or 

DMBO-NH2 (10, 25, 40, 60 and 75-fold) in water or PBS by following exponential increase 

of GFP fluorescence over time on a Tecan Spark 10M Microplate reader. The final protein 

concentration of purified sfGF150mTetK or sfGFP150TetF was 10 µM in a final volume of 

100 µL in a 96 well plate. The plate was shaken (amplitude 3.5) during measurements and 

GFP fluorescence excited at 480 nm and measured at 527 nm. Data points were taken as 

triplicates per well every 60 s for 6-8 h at 25 °C. Biological replicas were measured in 

triplicates and the mean of the observed k’ was plotted against the concentration of 

cyclopropane, norbornene or DMBO-NH2 to obtain the rate constant k from the slope of the 

plot. All data processing was performed using Kaleidagraph software (Synergy Software; 

Reading, UK), with the exception of the kinetic measurements between sfGFP150TetF and 

Cp, which were processed using Origin software.  
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IV. Appendix 

IV.1 NMR spectra 

IV.1.1 Chapter 1  

IV.1.1.1 TetK 

3-(2-Hydroxyethyl)-6-methyl-1,2,4,5-tetrazine 
1H: 
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2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethyl-(4-nitrophenyl)-carbonate 

1H: 

 

 

BocTetK 
1H: 
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TetK 
1H: 

 
13C: 
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IV.1.1.2 mTetK 

3-(3-(Hydroxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine 
1H: 

 
 

3-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 
1H: 
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BocmTetK 
1H: 
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mTetK 
1H: 

 

 
13C: 
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IV.1.1.3 K-mTetK 

1H: 

 
 
13C - DEPT-135: 
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IV.1.1.4 mTet2K 

3-(3-(Carboxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine 
1H: 

 
 

BocmTet2K 
1H: 
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mTet2K 
1H: 

 
 
13C: 
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IV.1.1.5 pTetK 

4-(Hydroxymethyl)benzonitrile 
1H: 

 
 

3-(4-(Hydroxymethyl)phenyl)-6-methyl-1,2,4,5-tetrazine 
1H: 
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4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 
1H: 

 
 

BocpTetK 
1H: 
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pTetK 
1H: 

 
 
13C: 
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IV.1.1.6 K-pTetK 

1H: 

 
 
13C: 
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IV.1.1.7 PhTetK 

3-(2-Hydroxyethyl)-6-phenyl-1,2,4,5-tetrazine 
1H: 

 

 

2-(6-phenyl-1,2,4,5-tetrazin-3-yl)ethyl-(4-nitrophenyl)-carbonate 
1H: 
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BocPhTetK 
1H: 

 

 
 

IV.1.1.8 HmTetK 

3-(3-(Hydroxymethyl)phenyl)-1,2,4,5-tetrazine 
1H: 
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3-(1,2,4,5-tetrazin-3-yl)benzyl-(4-nitrophenyl)-carbonate 
1H: 

 
 

BocHmTetK 
1H: 
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HmTetK 
1H: 

 
 
13C: 
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IV.1.2 Chapter 2 

IV.1.2.1 TetF 

IV.1.2.1.1 Nitrile condensation 

BocTetF 
1H: 
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TetF 
1H: 

 
 

13C: 
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IV.1.2.1.2 ß-CH arylation 

3-(4-iodophenyl)-6-methyl-1,2,4,5-tetrazine 
1H: 

 
 

N2,N2-Phthaloyl-L-alanine 
1H: 
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N1-Methoxy-N2,N2-phthaloyl-L-alaninamide 
1H: 

 
 

N1-(2-(methylthio)phenyl)-N2,N2-phthaloyl-L-alaninamide 
1H: 
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Methyl N2,N2-phthaloyl-ß-(6-fluoropyridin-3-yl)-L-alaninate 
1H: 

 
 

N1-(2-(methylthio)phenyl)-N2,N2-phthaloyl-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-

alaninamide 
1H: 
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Methyl N2,N2-phthaloyl-ß-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-L-alaninate 
1H: 

 
 

IV.1.2.1.3 Negishi cross-coupling 

tert-butyl (tert-butoxycarbonyl)-L-serinate 
1H: 
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tert-butyl (tert-butoxycarbonyl)-ß-iodo-L-alaninate 
1H: 

 

 

BocTetFOtBu 
1H: 
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IV.1.2.2 IpTetF 

BocIpTetF 
1H: 
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IpTetF 
1H: 

 
 
13C: 
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IV.1.2.3 TetA 

IV.1.2.3.1 Nitrile condensation 

(tert-butoxycarbonyl)-ß-(6-isopropyl-1,2,4,5-tetrazin-3-yl)-L-alanine 
1H: 

 
 

Methyl (tert-butoxycarbonyl)-ß-(4-cyano)-L-alaninate 
1H: 
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Methyl ß-(ethoxy(imino)methyl)-L-alaninate hydrochloride 
1H: 

 

 

Methyl (tert-butoxycarbonyl)-ß-(ethoxy(imino)methyl)-L-alaninate 
1H: 
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IV.1.2.3.1 Negishi cross-coupling 

S-Methylisothiocarbohydrazide hydroiodide 
1H: 

 
 

3-S-Methylthio-6-methyl-1,2,4,5-tetrazine 
1H: 
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3-Amino-6-methyl-1,2,4,5-tetrazine 
1H: 

 
 
13C: 

 
 

 

 



308 

3-Iodo-6-methyl-1,2,4,5-tetrazine 
1H: 

 
 
13C: 
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3-Bromo-6-methyl-1,2,4,5-tetrazine 
1H: 

 
 
13C: 
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3-Chloro-6-methyl-1,2,4,5-tetrazine 
1H: 

 
 
13C: 
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tert-butyl (tert-butoxycarbonyl)-ß-chloro-L-alaninate 
1H: 

 
 

tert-butyl (tert-butoxycarbonyl)-ß-bromo-L-alaninate 
1H: 
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BocTetAOtBu 
1H: 
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TetA 
1H: 

 
 
13C: 

 
 



314 

IV.1.2.4 CpK 

IV.1.2.4.1 TMS-propyne route 

Ethyl 2-methylcycloprop-2-ene-1-carboxylate 
1H: 

 
 

(2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanol 
1H: 
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(2-methylcycloprop-2-en-1-yl)methyl (4-nitrophenyl) carbonate 
1H: 

 
 

FmocCpK 
1H: 
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CpK 
1H: 

 
 

 

IV.1.2.4.1 Propyne route 

Ethyl 2-methyl-3-(trimethylsilyl)cycloprop-2-ene-1-carboxylate 
1H: 
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(2-methylcycloprop-2-en-1-yl)methanol 
1H: 

 
 

IV.1.2.5 Cp-PROXYL 

(3-(azidomethyl)-2-methyl-1-(trimethylsilyl))cycloprop-1-e 
1H: 
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(2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanamine 
1H: 

 
 

IV.1.2.5 Cp-SLA 

TMS-Cp-SLA 
1H: 
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Cp-SLA 
1H: 

 
 

IV.1.2.6 Tet-TEMPO 

3-(4-Carboxyphenyl)-6-methyl-1,2,4,5-tetrazine 
1H: 
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IV.1.2.7 Tet-PROXYL 

4-(N-(tert-butoxycarbonyl)aminomethyl)benzonitrile 
1H: 

 
 

N-(tert-butoxycarbonyl)-3-(4-aminomethyl)phenyl-6-methyl-1,2,4,5-tetrazine 
1H: 
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3-(4-aminomethyl)phenyl-6-methyl-1,2,4,5-tetrazine hydrochloride 
1H: 

 
 

  



322 

V. Eidesstattliche Erklärung 

 

Hiermit erkläre ich eidesstattlich, dass ich die vorliegende Arbeit selbstständig angefertigt und 

keine anderen als die angegebenen Quellen oder Hilfsmittel verwendet habe. Alle in dieser 

Arbeit sinngemäß oder wortwörtlich übernommenen Stellen habe ich gekennzeichnet. Diese 

Arbeit wurde für keinen anderen akademischen Grad eingereicht wie angegeben. 

 

 

 

 

 

Ort, Datum Unterschrift 


