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1. Introduction 

1.1 Expansion of the Genetic Code 

1.1.1 Protein Biosynthesis 

Proteins are amongst the most multifaceted biomacromolecules inside cells and 

organisms, being involved in manifold processes, carrying out a diverse range of 

functions. Proteins are biopolymers made up from 20 canonical amino acid building 

blocks. However, the chemistry of proteins often exceeds those coming from the 20 

natural building blocks, being a result of post-translational modifications, natural 

expansion of the genetic code and interactions with cofactors, modulating protein 

function to a significant extend.  

The amino acid polymer is synthesized at the ribosome during the process of 

translation. The genetic information stored in deoxyribonucleic acid (DNA) is therefore 

transcribed into messenger ribonucleic acid (mRNA) and the sequence of codons 

(triplets of nucleotides) in the mRNA is translated at the ribosome into the polypeptide 

chain using transfer RNAs (tRNAs) as adapter molecules. These tRNAs are uniquely 

loaded with their cognate amino acid. The correspondence between the triplet codon in 

the mRNA and the polypeptide chain is set by the codon-anticodon interaction of the 

mRNA and the tRNA anticodon loop at the ribosome. The fidelity of the genetic code is 

preserved by the process of aminoacylation, where a set of isoacceptor tRNAs are 

loaded with their specific amino acid catalyzed by 20 aminoacyl-tRNA synthetases 

(aaRS). An aminoacyl-tRNA synthetase binds its cognate amino acid substrate as well 

as a corresponding tRNA. The aaRS activates the amino acid under adenosine 

triphosphate (ATP) consumption and the formed aminoacyl-adenylate is used to transfer 

the amino acid to the 3’- or 2’-hydroxyl group of the terminal adenosine of the tRNA. 

Aminoacylated tRNAs are then transported to the ribosome with the support of 

elongation factors (such as the thermally unstable elongation factor EF-TU in E. coli) and 

the mRNA codons are stepwise translated into a nascent polypeptide chain, orchestrated 

by additional cofactors inducing a translocation of the ribosome along the mRNA 

sequence. When encountering a stop codon, the translation is terminated by a release 

factor. These proteins recognize one of the three stop codons and induce the hydrolysis 

of the peptidyl-tRNA at the ribosome, releasing the protein into the cytoplasm.  

1.1.2 Artificial Expansion of the Genetic Code 

Methods to introduce noncanonical amino acids (ncAAs) site-specifically into proteins 

were envisaged to provide new means to study, enhance and control protein function. 
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Especially the evolution of organisms featuring an expanded genetic were thought to 

provide new insights into protein function with a new molecular precision in vivo. 

In cells, the protein biosynthesis machinery is driven by a network of aaRS and 

iso-acceptor tRNAs, directing the assembly of proteins with high fidelity following the 

rules of the universal genetic code. The re-engineering of this process needs careful 

examination of the components involved. The process of translation and its re-

engineering are further discussed: 

 First attempts to expand the amino acid repertoire in protein biosynthesis were 

reported in 1989 by applying an amber stop codon suppressing tRNA (tRNASupp), 

chemically aminoacylated with noncanonical amino acids in in vitro translation 

experiments.[9] It was reported earlier that stop codon suppressing tRNAs are functional 

in prokaryotic translation.[10] This approach revealed one of the major challenges of 

expanding the genetic code: the evolution of additional, noninteracting (orthogonal) 

translational components in respect to the network of natural translational components. 

In these first in vitro translation experiments, orthogonality could be established through 

natural divergence by applying a mutated variant of phenylalanine-tRNA from yeast, 

which was used in crude E. coli extracts.[9] First orthogonal aaRS were evolved to direct 

the site-specific incorporation of natural amino acids in response to the amber stop 

codon [11-12] and Rolf Furter could demonstrate the first genetic encoding of a ncAA in live 

E. coli cells in 1998. Here, the translational network of E. coli was extended with an 

additional aaRS/tRNA pair from yeast, to direct the co-translational incorporation of p-

fluoro-phenylalanine with moderate fidelity in response to the amber stop codon.[13] Later, 

the application of a heterologously expressed and evolved aaRS/tRNA pair from archae 

paved the way for a truly orthogonal expansion of the genetic code in E coli.[14] Ever 

since these milestones, manifold chemistries (e.g. photocrosslinkers, fluorophores, 

spectroscopic probes, biorthogonal chemical handles,…) were added to the genetic code 

of E. coli,[14] Saccharomyces cerevisiae,[15] Caenorhabditis elegans,[16-17] mammalian 

cells,[18] Arabidopsis thaliana,[19] Candida albicans[20], Drosophila melanogaster[21] and 

others.  

The genetic encoding of ncAAs is based on the concept of adding an orthogonal 

aaRS/tRNA pair to the cell (Figure 1). This can be achieved by lateral gene transfer of a 

heterologous aaRS/tRNA pair that has diverged through natural evolution (e.g. 

originating from another domain of life), hence exhibiting orthogonality with respect to a 

particular host organism.[22] Orthogonality is a major requirement, establishing no cross-

reactions between the additional aaRS/tRNA and the natural translational network inside 

a cell: the orthogonal aaRS must not aminoacylate any of the endogenous, cellular 

isoacceptor tRNAs. If this criterion is not fulfilled, this would result in a proteome-wide 
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incorporation of the ncAA, potentially leading to disruptive mistranslation of proteins. 

Additionally, the orthogonal tRNA must not be a substrate for any of the endogenous 

aaRS, circumventing the incorporation of a natural amino acid in response to the 

incorporation site of the ncAA.[23] Orthogonal, imported aaRS/tRNA pairs often exhibit 

substrate-specificity for one of the 20 natural amino acids. By directed evolution and 

genetic selection, substrate specificity has to be altered by reshaping the amino acid 

binding pocket of the enzyme, creating specificity towards the ncAA of interest. Similar 

genetic selections provided orthogonal tRNAs, featuring mutations in the anticodon loop 

and identity elements for the aaRS.[14] Further points of consideration involve a good 

bioavailability of the ncAA of interest, and a compatibility with all components of 

translation (e.g. ribosome, EF-TU, etc.). Depending on the chemical structure of the 

ncAA and the host of application, the choice of aaRS has to be correlated to the 

structural constraints of the amino acid binding pocket and orthogonality. 

 

Figure 1 Protein expression using an expanded genetic code. The amino acid is recognized by its cognate 

aaRS and activated under ATP consumption, forming an aminoacyl-adenylate in the binding pocket. The 
cognate tRNA is bound and the activated amino acid is transferred on the 3’ terminal adenosine of the tRNA. 
The additional, orthogonal aaRS/tRNA pair is specific for a noncanonical amino acid, which is incorporated 
site-specifically in response to a unique codon (e.g. the amber stop codon) during translation. 
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Besides the requirements of orthogonality and specificity, a blank codon to direct 

the incorporation at a specific site is necessary. Despite efforts of genetically encoding 

ncAAs in response to quadruplet codons,[24] most notably the incorporation in response 

to the amber stop codon UAG is still the most widely applied technique. Stop codon 

suppression is not solely an artificial invention, but can also be observed in nature. 

Selenocysteine (Sec) for example is decoded in response to the opal stop codon via a 

specialized incorporation mechanism. Sec is generated from serine upon attachement to 

tRNASec, elongation factor SelB and an mRNA seleocysteine insertion sequence (SECIS) 

orchestrate the ribosomal incorporation.[25] Furthermore, a natural expansion of the 

genetic code provided an additional aaRS/tRNA pair, directing the incorporation of 

pyrrolysine in response to the amber stop codon in methanogenic archaea and 

specialized bacteria.[25-27]  

The amber stop codon is only used to terminate 7 % of the genes in E. coli (~ 300 

open reading frames (ORFs), 7 essential genes) and 42 % of these ORFs feature a 

second in-frame opal or ochre codon in close proximity.[28-29] Resulting small C-terminal 

extensions are tolerated to a significant extend in E. coli.[29] Moreover, stop codons are 

only used once per ORF, hence being particular interesting for reassignments. However, 

the suppressor tRNA has to compete with release factor 1 (RF1) at the A-site in the 

ribosome for binding to the amber stop codon of the encoding mRNA. This often leads to 

less efficient protein expressions and truncated protein by-products. Recent efforts of 

overcoming this limitation resulted in the development of RF1-deficient knockout strains, 

converting UAG from a stop to a blank codon. Amongst these innovations, a bacterial 

strain with all amber stop codons (UAG) genomically replaced with the ochre stop codon 

(UAA) was developed.[28-30] 

 A complementary approach to introduce new chemistries into proteins can be 

achieved by selective pressure incorporation. Structural analogues of natural amino 

acids can be processed by natural aaRS using auxotrophic strains to direct a residue-

specific incorporation throughout the proteome.[31] 

1.1.3 Evolution of Orthogonal Aminoacyl-tRNA Synthetases 

To expand the genetic code of an organism with new ncAAs, the amino acid binding 

pocket of an orthogonal aminoacyl-tRNA-synthetase usually has to be re-engineered by 

directed evolution, to create the desired substrate specificity. In a first step, active site 

amino acid residues in and around the binding pocket are randomized by saturation 

mutagenesis. By performing iterative rounds of enzymatic inverse PCR (EIPCR),[32] five 

to six amino acid residues are usually randomized to all possible amino acid 

combinations and pooled mutants are screened in genetic selections. 
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Ever since the first attempts to create orthogonal pairs of aaRS/tRNA in E. coli to 

artificially expand the genetic code, ways of selecting functional enzymes from libraries 

of active site mutants were envisioned.  In order to create the first orthogonal aaRS/tRNA 

pair, Liu et al. generated an orthogonal amber suppressor tRNA2
Gln and glutaminyl-tRNA 

synthetase (GlnRS) in E. coli, to direct the incorporation of glutamine in response to the 

amber stop codon.[11] Key to the evolution of this GlnRS mutant that aminoacylates its 

cognate and orthogonal tRNA, was an in vivo selection step. The survival of cells 

harboring mutants of GlnRS was coupled to the ability to metabolize lactose, dependent 

on the suppression of the amber stop codon. This was achieved by employing an amber 

variant of a genomic lacZ gene (encoding β-galactosidase).[11] Full-length, functional β-

galactosidase was only expressed in case of successful amber suppression. This 

strategy was later extended for the screening of blue colonies based on the expression 

of functional β-galactosidase in the presence of 5-brom-4-chlor-3-indoxyl-β-D-

galactopyranosid (X-gal).[33]  

 

Figure 2 Work-flow of a two-step selection for the enrichment of new aaRS mutants.
[23]

 aaRS libraries are 

constructed using site-directed saturation mutagenesis and are screened in rounds of positive and negative 
selection. In a first positive selection, cells harboring an aaRS mutant and an essential gene (e.g. antibiotic 
resistance) with an amber stop codon are grown in the presence of the ncAA and the antibiotic. Only 
functional aaRS that aminoacylate the tRNA

Supp
 with a natural or the noncaninoal amino acid will survive. 

The enriched aaRS variants are further screened in rounds of negative selection. The cells are grown in 
absence of the ncAA and in the presence of a toxic gene interrupted by an amber stop codon. Only aaRS 
mutants that charge natural amino acids onto the tRNA

Supp
 will express full length toxic protein, leading to the 

elimination of these aaRS from the pool. AA: natural amino acids. Illustration adapted from 
[34]

. 



1. Introduction 

 

6 
 

These first steps towards a positive selection of aaRS mutants, enriching for 

functionality but not specificity, was further improved by Liu et al. in 1999. The evolution 

of a two-step selection system contributed significantly to the vast number of ncAAs 

encoded until today (Figure 2). [12, 23]  

Functional mutants with specificity for a new ncAA were enriched from libraries by 

performing rounds of positive and negative selection. In a positive selection step, aaRS 

mutants that successfully aminoacylate tRNASupp are enriched by linking the ability to 

suppress the amber stop codon with the survival of the cell. Reporter genes often used 

in this context are ß-lactamase[12, 33] or chloramphenicol acetyltransferase (CAT)[35], 

harboring an amber stop at a permissive position that is located in a way that truncated 

versions of the enzymes are not functional. The respective antibiotic resistance can only 

be established for clones that successfully suppressed the amber stop codon, leading to 

the expression of full-length ß-lactamase or chloramphenicol acetyltransferase, hence 

antibiotic resistance and survival. Pooled libraries are screened in presence of the ncAA 

and the antibiotic. Surviving clones encode aaRS mutants that either charge their 

cognate tRNASupp with a natural amino acid or the supplemented ncAA. High-throughput 

screening based on the expression of amber variants of fluorescent proteins in 

combination with FACS further accelerated selection processes.[36]  

In a following step, aaRS variants that recognize endogenous amino acids as 

substrates are eliminated from the pool by linking the ability to suppress the amber stop 

codon to the expression level of a toxic gene, while growing the mutant libraries in 

absence of the ncAA. The bacterial ribonuclease barnase[12] or topoisomerase/DNA 

gyrase inhibitor CCdB are effective toxic reporters used in rounds of negative 

selection.[37] 
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1.1.4 Pyrrolysyl-tRNA Synthetase 

The first example of a natural expansion of the genetic code, showing direct 

aminoacylation of a tRNA with a noncanonical amino acid, was described in 2002 in 

methanogenic archae. The pyrrolysyl-tRNA synthetase (PylRS) and its cognate tRNAPyl 

were discovered upon close investigation of metabolic enzymes from Methanosarcina 

barkeri.[26-27, 38] It was elucidated that an in-frame amber stop codon (UAG) in the gene of 

methylamine methyltranferase is being suppressed during translation and the 22nd amino 

acid pyrrolysine (Pyl) is site-specifically incorporated (Figure 3). Pyrrolysine is essential 

for the catalytic activity of the enzyme during methanogenesis. Furthermore, some 

bacteria such as Desulfitobacterium hafniense (mostly found in wastewater sludges) also 

feature PylRS/tRNAPyl mediated Pyl incorporation.[27, 39]  

 

 

Figure 3 Crystal structure of the methylamine methyltransferase from M. barkeri (PDB:1L2Q).
[26]

 Pyrrolysine 

(Pyl) is site-specifically incorporated in respone to the amber stop codon by PylRS/tRNA
Pyl

 at the catalytic 
center of the enzyme. 

PylRS/tRNAPyl pair is orthogonal with respect to most pro- and eukaryotic tRNAs 

and aaRS, thus being particular interesting for artificially expanding the genetic code with 

new chemistries. Furthermore, tRNAPyl is a natural amber suppressor, rendering further 

tRNA engineering steps unnecessary. However, PylRS has not developed a distinct 

recognition mechanism to anticipate the anticodon loop of tRNAPyl, indicating variability in 

the anticodon loop, hence incorporation site. Since the PylRS has evolved naturally, high 

efficiency und compatibility with general translational components is given in bacteria 

and archaea. Although the efficient incorporation of Pyl in Methanosarcinaceae requires 

the presence of a specific insertion sequence (PYLIS) downstream of the amber stop 

codon in the decoding mRNA,[40] it could be demonstrated that the PYLIS element is not 

required for amber suppression in E. coli or mammalian cells.[41-42]  
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Moreover, wild type PylRS is surprisingly promiscuous towards Nε-modified lysine 

derivatives and the genetic encoding of ncAAs, including biorthogonal chemical handles, 

could be easily achieved by simply expressing wild type PylRS/tRNAPyl with an amber 

variant of the gene of interest in the presence of the ncAA.[43-44] This promiscuity is not 

found throughout natural aaRS, indicating that PylRS recognized its substrates through 

rather unspecific hydrophobic interactions and in contrary to certain natural aaRS, 

exhibits no editing mechanisms. The crystal structure of a catalytically active C-terminal 

fragment of PylRS of Methanosarcina mazei was solved in 2007, elucidating the large 

hydrophobic binding pocket and precise structural organization of the enzyme, giving 

new impulses towards the directed evolution of new PylRS variants.[45] Interestingly, 

genetic selection experiments targeting gatekeeper residue N346 (M. mazei numbering), 

which forms a hydrogen bond to the oxygen of the Nε-carbonyl group of Pyl and 

additional phylogenetic analysis revealed a strong structural similarity towards bacterial 

phenylalanyl-tRNA synthetase.[46] By simply mutating active site residues N346A/C348L, 

substrate specificity of PylRS was changed to direct the genetic encoding of 

phenylalanine in response to the amber stop codon.[47] Further directed evolution of 

PylRS lead to manifold enzyme variants, exhibiting substrate specificity to >100 lysine 

and phenylalanine derived ncAAs (Figure 4).[48] 

 

 

Figure 4 Illustration of a codon sun with ncAAs that were successfully genetically encoded by wild type and 

evolved PylRS enzymes in response to the amber stop codon. 
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1.2 Photocrosslinking Chemistries 

1.2.1 Genetically Encoded Photocrosslinkers 

The identification and characterization of the numerous interaction partners of proteins 

inside cells remains a challenge until today. Specific interactions between proteins and 

other biomolecules such as carbohydrates, metabolites but especially nucleic acids are 

essential for the regulation of many biological processes, e.g. gene expression. Although 

techniques such as tandem affinity purification (TAP)[49] enabled the sensitive detection 

of protein-protein interactions by mass spectrometry, multiple disruptive purification steps 

render this approach not compatible for the detection of transient, weak and pH-sensitive 

interactions.[50-53] The introduction of several artificial tags, providing means for multiple 

purification steps, can additionally disrupt or disturb the structure and function of the 

proteins, potentially distorting the map of interaction partners.  

Alternatively, the discovery of protein interaction partners and the maping of 

distinct interaction surfaces of proteins can be illuminated with photocrosslinking 

experiments. Photocrosslinkers are chemical moieties that can undergo a light-induced 

chemical transition to highly reactive species with spatio-temporal reaction control, 

forming covalent crosslinks with molecules in close proximity.[54-55] Photocrosslinking 

experiments are often used to gain additional structural information about protein 

complexes, complementing information obtained from crystal structures, which often give 

only insights about certain conformations of a complex in vitro.[56] 

Over the last decades a large repertoire of photocrosslinking chemistries was 

developed, fulfilling the requirements for cellular applications, requiring biorthogonal and 

sufficiently stable chemistries.[54] Furthermore, photocrosslinkers should be small in size 

to minimize any structural perturbation, give high crosslinking yields and depending on 

the excitation wavelength, should not induce unspecific crosslinking events throughout 

the cell. Depending on the application and biological target of interest, the most 

commonly applied photocrosslinkers are based on benzophenone, aryl azide and 

diazirine moieties (Figure 5).[55]  
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Figure 5 Chemical structures of established photocrosslinking chemistries. Benzophenone moieties form a 

reactive diradical upon irradiation in a reversible manner.
[57]

 The diradical reacts with C-H bonds in close 
proximity. Aryl azides form reactive nitrene species upon irradiation. Alkyl diazirine and trifluoromethyl phenyl 
diazirine form reactive carbene species upon irradiation. Diazirines can form diazo isomers as an 
intermediate towards the formation of carbenes. 

Recent advancements in metabolic oligosaccharide engineering demonstrated 

the successful incorporation of unnatural sugars, bearing photocrosslinkers, into glycans 

of live cells.[55, 58-59] Furthermore, the site or residue-specific incorporation of 

noncanonical amino acids equipped with photocrosslinking chemistries had a significant 

impact on the discovery of protein interactions in live cells. Suchanek et. al could 

demonstrate the incorporation of photo-leucine and photo-methionine as structural 

surrogates of their natural counterparts using selective pressure incorporation, achieving 

a proteome-wide installation of photocrosslinkers.[60] The site-specific incorporation of 

photocrosslinking amino acids in response to the amber stop codon was established 

using an evolved, orthogonal Methanocaldococcus jannaschii tyrosyl-tRNA synthetase 

(MjTyrRS)/tRNA pair in E. coli in 2002.[61] Chin et al. could demonstrate for the first time 

the in vivo biosynthesis of proteins bearing p-benzoyl-L-phenylalanine (pBpa) at specific, 

user-defined positions, emphasizing the crosslinking potential of pBpa upon 

incorporation and irradiation of dimers of glutathione S-transferase.[61] Efforts to transfer 

the repertoire of photocrosslinking chemistries (Figure 5) to the genetic code of E. coli, 

Saccharomyces cerevisiae and mammalian cells, resulted in various types of 

noncanonincal amino acids that now can be site-specifically incorporated into proteins in 

vivo using variants of the Methanocaldococcus jannaschii tyrosyl-tRNA synthetase 

(MjTyrRS)/tRNATyr pairs and Methanosarcina mazei/barkeri pyrrolysyl-tRNA 

synthetase/tRNAPyl pairs (Figure 6).[15, 18, 61-69] 
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Figure 6 Chemical structures of noncanonical amino acids that were genetically encoded in E. coli, S. 
cerevisia and mammalian cells using different orthogonal aaRS/tRNA pairs. 

The genetic encoding of photocrosslinkers paved the way for the investigation of 

numerous biological processes in vitro and in vivo, especially involving membrane 

proteins that are difficult to assess using other methods. These investigations, amongst 

others, addressed the assessment of the bacterial secretion (Sec) pathway in vivo[70] and 

a thorough study of the release of lipoproteins in bacteria.[71] Further contributions were 

made to understand the structural conformation of GPCRs in vivo upon ligand binding in 

mammalian cells.[72] Although these studies focused mainly on protein-protein 

interactions, Bpa-modified catabolite activator protein (CAP) protein was investigated for 

its potential to crosslink to its double stranded DNA (dsDNA) target sequence.[73] 

Nevertheless, until today all genetically encoded photochemistries rely on the 

irradiation using high-energy UV-light. The application of UV-light restricts experiments in 

more complex biological samples owing to its poor penetration depth.[74] Moreover, 

harmful UV-light can induce unspecific crosslinks, leading to biased results, as well as 

induce damages on proteins and nucleic acids.[75] The harmful nature of UV-light further 

restricts the in vivo application for sensitive cell lines and organisms.  
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1.2.2 Furan-based Photocrosslinking Chemistry 

Inspired by the natural, microsomal oxidation of furans to highly electrophilic cis-2-

butene-1,4-dial,[76] the group of A. Madder developed a crosslinking strategy using furan 

moieties as masked reactive aldehydes.[77-89] The potential of this concept was first 

shown by chemically modifying the 2’ position of a nucleoside building block for solid-

phase oligonucleotide synthesis. After selective oxidation of the furan-substituted DNA 

oligonucleotide using N-bromosuccinimide (NBS), the reactive oxo-enal species could be 

trapped by benzylamine, leading to the formation of an unsaturated imine.[82] Upon 

hybridization with a complementary, non-modified DNA oligonucleotide and selective 

oxidation, the formation of an interstrand cross-link (ICL) with high yields could be 

observed.[81-82] Furthermore, the formation of ICLs resulted in selective crosslinks 

preferably to the complementary nucleobases adenosine or cytosine.[81]  The scope of 

furan-mediated chemical reactions was further expanded to peptide labeling using solid-

phase peptide synthesis (SPPS). Peptides equipped with 3-(2-furyl)propionic acid could 

be selectively oxidized and the reactive aldehyde was further trapped with amine-based 

labeling reagents following established protocols for reductive amination (Figure 7).[86-87] 

 
Figure 7 Furan moieties were introduced into peptides using SPPS (i).

[86-87]
 The furan functionality could be 

selectively oxidized and further reacted with amine-based labeling reagents using reductive amination 
protocols (amino acid building blocks are shown as blue circles). Furthermore the incorporation of several 
furan-modified oligodeoxynucleotide building blocks for solid-phase oligonucleotide synthesis could be 
demonstrated (ii).

[79-82]
 Upon hybridization and oxidation using NBS, the formation of ICLs could be 

observed. 

 Further investigations on furan-mediated ICL formation lead to mechanistic 

insights about the selectivity towards the nucleobases adenosine and cytosine. Although 

selectivity was influenced by the chemical nature of the furan-modified nucleoside,[80] the 

proposed mechanism of crosslink formation could be elaborated in detail. Upon the initial 
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nucleophilic attack of the exocyclic amino group at the terminal aldehyde, a cyclization is 

induced. A subsequent dehydration step leads to the aromatization of the crosslinking 

adduct (Figure 8).[77] 

 

Figure 8 Reaction mechanism elaborating the crosslink formation with 1,4-enedione species, generated 

from the selective oxidation of furans, and the nucleobase cytosine from the complementary 
oligodeoxynucleotide strand.

[77]
 

 In efforts to advance this crosslinking strategy, Op de Beeck et al. came across 

the application of singlet oxygen (1O2) for the oxidation of furans, which can be generated 

in situ by the irradiation of photosensitizers.[79, 90-94] Furans undergo a [4+2] cycloaddition 

with 1O2 to yield an ozonide intermediate, which upon reaction with water gives a 

hydroperoxide species. After elimination of H2O2, the 1,4-enedione species is obtained 

(Figure 9).[93] This advancement obviates the need for NBS-mediated oxidation. Instead, 

a light-induced transformation to the reactive chemical warhead is achieved. The 

oxidation can be induced upon red-light irradiation using photosensitizers such as 

methylene blue, or green light for the application of Rose Bengal derived 

photosensitizers, resolving current draw-backs of UV-light induced photocrosslinkers.[79] 

Montagnon et al. recently reviewed the manifold applications of singlet oxygen-mediated 

furan oxidation in complex synthetic transformations, emphasizing the applicability of 

light-controlled 1,4-enedione formation using photosensitizers.[95] 

 

 

Figure 9 Mechanism of the oxidation of furans to 1,4-enediones using singlet oxygen generated by the 

excitation of a photosensitizer (PS).
[93]

 

 To investigate the crosslink formation between furan-substituted oligonucleotides 

and protein binding partners, Carrette et al. could demonstrate the successful crosslink 

formation between a protein mimicking peptide and furan-modified dsDNA. Critical for 

the successful crosslink formation was the proper positioning of reactive lysine residues 
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within the complex, to trap the formed aldehyde following reductive amination using 

sodium cyanoborohydride.[88] 

 In addition to the crosslinking strategies based on the oxidation of furans, recent 

efforts also aimed at the in vitro labeling of furan-modified peptides and oligonucleotides. 

Upon treatment of furan-substituted, protected peptides or oligonucleotides with 

maleinimide derived dienophils, Diels-Alder reaction products could be observed with up 

to 85 % yield in a reversible fashion.[86, 96-98] Furthermore, conjugation chemistry of furan-

modified peptides with 1,2,4-triazole-3,5-dione (TAD) reaction partners could be 

successfully demonstrated.[86, 98-99] An aromatic substitution of the furan, rather than a 

Diels-Alder reaction, was observed with no detectable side-reactions expected from 

present tyrosine residues in the peptide (Figure 10).[99] 

 

Figure 10 Schematic illustration of conjugation chemistries of furan-modified peptides or oligonucleotides. 

Furan-substituted peptides and oligonucleotides can react readily with maleimide derivatives in reversible 
Diels-Alder reactions.

[96-98]
 Furthermore, furan-modified peptides could be conjugated with TAD derivatives, 

even in the presence of tyrosine residue, which are known to undergo side-reactions with TAD.
[98]

 

1.2.3 HIV-1 TAR-TAT Interaction 

The acquired immunodeficiency syndrome (AIDS), caused by human immunodeficiency 

virus (HIV), is still a non-treatable epidemic with 35 million infected people worldwide as 

accounted in 2013.[100] Every year about 2.1 million new infections are registered, with 

approximately 1.5 million deaths per year, counting for almost 200.000 deaths of children 

younger than 15 years.[100] Major efforts of recent research were focused on the 

development of peptide-based inhibitors of the ubiquitous and highly conserved, viral 

TAR-Tat (trans-activation response element / trans-activator of transcription) complex.  

The TAR RNA stem-loop is a transcribed regulatory element found at the 5’ end 

throughout the viral transcriptome (nucleotide position +1 to +59), preventing 

uncontrolled, life-cycle independent translation.[101] Upon binding of the regulatory Tat 

protein, which was discovered by Sodroski in 1985,[102-103] viral translation is 

transactivated. In absence of Tat, RNA polyermases stall at the promotor region, 

hampering viral replication.[104] Upon TAR-Tat interaction, the recruitment of CDK9-

Kinase and Cyclin T1 (summarized as P-TEFb: positive transcription-elongation factor b) 
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is initiated, leading to hyperphosphorylation of RNA polymerase II, which significantly 

increases processivity, resulting in efficient translation of viral transcripts.[105-106] The Tat 

protein is ~15 kDa in size, harboring 101 amino acids, encoded by two exons.[107-108] It 

could be demonstrated that a truncated TAR RNA sequence is sufficient to observe Tat-

mediated transactivation of transcription in vivo (Figure 11).[109-111]  

 

Figure 11 A Truncated stem-loop TAR RNA (nucleotide position +17 to +45). Nucleotides marked as red are 

essential for the Tat protein recognition. TAR RNA exhibits a three nucleotide pyrimidine bulge and a six-
nucleotide loop structure. B Schematic illustration of the Tat protein. The Tat protein features a cysteine-rich 

motif (AA 22-32), a core motif (exhibiting mostly hydrophobic amino acids), an arginine-rich motif (or basic 
motif), a glutamine-rich motif at the C-terminus.

[108]
 

 In vitro binding studies confirmed a direct interaction of TAR RNA and 

recombinant Tat protein.[112-113] Interestingly, similar specific binding effects could be 

observed by employing proteolytic fragments of Tat or a synthetic 14mer peptide, based 

on the basic, arginine-rich motif (ARM) of the protein (Figure 11).[113] Tat specifically 

recognizes the trinucleotide pyrimidine bulge region (UCU) of the nuclease-stable stem 

loop structure of TAR RNA,[110, 114] initiating a conformational transition of the RNA fold, 

as assessed by structural NMR analysis.[115-118] By the action of an arginine residue 

originating from the basic peptide derived from Tat, uridine 23 (U23), located in the bulge 

region of TAR RNA, is pushed out of its original conformation, abolishing stacking 

interactions with A22 (Figure 12). Hence, the arginine residue can accommodate in the 

major groove of the TAR scaffold.[116] In addition, the conformational transition exposes 

essential phosphate groups (P22, P23 and P40), initiating additional electrostatic binding 

with basic amino acid residues from the ARM of Tat.[119]  

Although, NMR analysis with TAR RNA and peptide fragments of the ARM of Tat 

could elucidate specific interactions in simplified models, a crystal structural analysis of 

the overall protein-RNA complex could not be resolved until today, presumably due to 

the high flexibility of the complex.[108, 120] 
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Figure 12 A NMR structure of truncated TAR RNA (nucleotides +19 to +42) with (PDB: 1ARJ)
[116]

 and 

without (PDB: 1ANR)
[115]

 arginine as a ligand. Binding to basic peptides derived from Tat or arginine in high 
concentrations leads to a conformational transition. Stacking interactions of U23 and A22 are disrupted. B 

Zoom-in illustration of arginine-bound form of truncated TAR RNA, emphasizing the displacement of U23 
and A22. 

A functional disruption of this protein-RNA complex by selective recognition of the 

highly conserved stem loop TAR RNA structure has become a promising target of anti-

retroviral focused research.[121-123] An efficient inhibition of the TAR-Tat complex results in 

a HIV-specific knockdown of the entire viral transcriptome, emphasizing the potential of 

this strategy for successful therapy. Although advancements in the field of peptide-based 

TAR-targeting drug candidates were made,[121-123] affinity and selectivity of these 

potential drugs were not sufficient to justify clinical trials. However, promising peptide 

candidates exhibit comparable efficiencies of inhibiting viral replication in HIV-infected 

human lymphocytes as compared to nevirapine (a commercial reverse transcriptase 

inhibitor used for treatments today).[124] Ways of expanding the functionality of Tat-based 

peptide drugs could significantly contribute to the design process of new peptide-

therapeutics. By expanding the amino acid repertoire for the design of TAR inhibitors 

with e.g. crosslinking chemistries, an irreversible transcriptome knockdown could be 

achieved by covalently blocking TAR RNA for its natural counterpart. 
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1.3 Towards in Cell EPR Spectroscopy of Biomolecules 

Proteins carry out a remarkable range of functions inside cells and although significant 

advancements in the field of high resolution fluorescence microscopy[125] shed light on 

the localization of proteins in vivo, there is currently a lack of methods to illuminate the 

structure and conformational dynamics of proteins in correlation to their functional state 

inside cells.[126] Noninvasive, spectroscopic methods based on magnetic resonance, 

such as NMR and EPR spectroscopy, are promising candidates to tackle this problem.  

Since the first in vivo NMR study of the metal-binding domain of the mercuric ion 

reductase (MerA) in E. coli,[127] a number of studies revealed the conformation of proteins 

and other biomolecules such as glycans in living bacterial cells, Xenopus laevis egg 

extracts, insect and mammalian cells.[127-134] These studies gave valuable insights about 

the conformational structure of these biomacromolecules in an intracellular context, 

where “molecular crowding”, interaction with a vast variety of molecules and dynamic 

processes are major influences on the structure of e.g. proteins.[135] Unfortunately, NMR-

based techniques suffer from high background signals, as well as a low sensitivity. The 

detection of NMR active species generally demands concentrations of the target 

molecules of 50 - 250 µM (compared to natural, intracellular concentrations of proteins of 

0.5 – 1 µM).[126] Moreover, disruptive techniques to deliver NMR-labeled molecules e.g. 

inside mammalian cells is a significant limitation, representing an artificial experimental 

set-up that strongly differs from natural, cellular homoeostasis.  

 EPR spectroscopy on the other hand, is based on the detection of paramagnetic 

species, such as free radicals (e.g. nitroxides) or gadolinium ions, which renders this 

technique superior to NMR in a cellular context, due to very low background signals and 

higher sensitivity. EPR spectroscopy in combination with site-directed spin labeling 

(SDSL) can give precise information about the distance distribution between two 

paramagnetic species with high resolution and sensitivity.[126, 136-139] In double electron 

electron resonance (DEER) experiments, the dipolar coupling of spins is separated by 

pulsed methods.[140-141] The dipole-dipole interaction of spins is inversely proportional to 

the cube of their distance, making intra- and intermolecular distance measurements in 

the range of  

1-10 nm feasible.[136] Additionally, valuable information about the side chain mobility,[142] 

solvent and oxygen accessibility and polarity of the environment can be obtained.[143] 

DEER measurements on proteins are usually performed under cryogenic temperatures 

(50 - 80 K) but recently measurements at 37 °C could be demonstrated.[144-145] In EPR 

spectroscopy the detection of spin labeled species in nanomolar concentrations[137] as 

well as distance measurements between two spin labels of samples as low as 1 µM  is 

feasible.[146]  
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 Although the overall structural information gathered in NMR experiments exceeds 

those obtained by EPR, the scope of EPR measurements to study absolute distance 

distributions between two spin labels, which is obtained independently of the molecules 

rotational speed and therefore size, allows for the accurate reconstruction of the 

architecture of a macromolecule.  

Intracellular EPR measurements are (until today) mostly restricted to the 

transfection or microinjection of spin-labeled molecules into biological systems.[147-148] 

Recently, in cell DEER experiments of gadolinium spin-labeled peptides in Xenopus 

laevis oocytes as well as DEER experiments on gadolinium spin-labeled ubiquitin in 

mammalian cells could be demonstrated.[149-150] The delivery processes of spin-labeled 

molecules into cells are unfortunately a major limitation as delivery displays a massive 

perturbation of the cells structure and vital state. Moreover, in vitro synthesized and 

labeled proteins lack modifications that are naturally introduced co- and 

posttranslationally (e.g. posttranslational modifications) and proper folding pathways 

(e.g. chaperones) that can be essential for the correct structure and function of a protein. 

Furthermore, these recent in cell EPR measurements are based on gadolinium ions as 

paramagnetic species, which are stable under cellular conditions, but have to be 

introduced into proteins with large DOTA-based ligands (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid) that can disrupt the proteins structure 

due to their size. Given that DOTA ligands are introduced via artificial cysteine residues, 

mutations have to be applied to the native protein. 

Compared to complementary techniques such as FRET-based assays,[151] where 

the distance of two different and relatively big chromophores are investigated, EPR 

spectroscopy can on the other hand provide a minimal perturbation of the proteins 

structure by applying small sized, nitroxide-based spin labels. 

1.3.1 Site-Directed Spin-Labeling of Proteins 

Site-directed spin-labeling (SDSL) of proteins provides methods to covalently attach spin 

labels onto specific amino acid residues.[152] To site-directly install a spin label, a range of 

chemical labeling techniques were developed. Most commonly, nitroxide or gadolinium 

spin labels are attached to unique cysteine residues using sulfhydryl-specific labeling 

reagents such as the 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methane thiosulfonate 

spin label (MTSSL) or other coupling chemistries (e.g. N-Hydroxy-succinimide, 

iodoacetamide, etc.). Usually, spin-labeling of proteins is achieved using MTSSL,[152] 

covalently attaching a nitroxide moiety via disulfide-bond formation (Figure 13A). Thus, 

unique cysteine residues have to be generated by mutagenesis and the recombinant 
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expressed proteins have to be labeled in vitro by performing a multi-step protocol.[153] 

Given that cysteine residues are often essential for the structure and function of a 

protein, new labeling techniques were developed obviating this need for mutagenesis.  

By employing an orthogonal aminoacyl-tRNA-synthetase and tRNA, p-acetyl-L-

phenylalanine (p-AcPhe) could be site-specifically incorporated into proteins in response 

to the amber stop codon. The keto functional group of p-AcPhe is reacted in vitro with 

hydroxylamine-based nitroxide reagents via ketoxime-bond formation (Figure 13B).[154] 

Furthermore, gadolinium ions (Gd3+) are typically introduced non-covalently by chelating 

moieties based on sulfhydryl-reactive chemistries (Figure 13C). The aforementioned 

chemical labeling techniques suffer from their extracellular nature and are restricted to 

solvent accessible amino acid side chains or rely on difficult refolding procedures of the 

protein to restore its natural structure. Alternatively, spin-labels can be introduced by 

solid-phase peptide synthesis and ligated to a protein via native chemical ligation[155] or in 

vitro translation methods. [156-157] 

 

Figure 13 Site-directed spin-labeling (SDSL) of proteins. A Traditional MTS spin labeling: unique cysteine 

side residues of a protein of interest are treated with sulfhydryl-reactive methanethiosulfonate nitroxide 
reagents to covalently attach the nitroxide via disulfide-bond formation. B Nitroxide spin label can be 
introduced into a protein via the genetic encoding of p-AcPhe and subsequent ketoxime formation using 
hydroxylamine-based nitroxide reagents. C Gadolinium ions can be introduced via sulfhydryl-reactive N-

hydroxysuccinimide DOTA reagents and subsequent complex formation. 
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1.3.2 Thioredoxin 

Thioredoxin (TRX) is an ubiquitous, heat stable[158] disulfide reductase found throughout 

all organisms of life,[158-159] playing an essential role as oxidotreductase in redox-signaling 

and cellular disulfide exchange reactions.[160] First evidences for the existence of TRX 

were discovered in 1960 by Black et al. in yeast, in correlation with the enzymatic 

reduction of L-methionine sulfoxides[161] and was for the first time purified from E. coli in 

1964 by Laurent et al.[162] TRX exhibits a high sequence homology throughout all 

domains of life, e.g. human TRX harbors a 67 % homology to the bacterial TRX from E. 

coli (Figure 14).[159] All of these protein variants feature the same three dimensional 

overall structure (thioredoxin fold) and two catalytic active cysteine residues in the active 

site of the enzyme. The thioredoxin fold can be found in a variety of protein families, 

such as glutaredoxins, disulfide isomerases, glutathione peroxidases and 

transferases.[159]  Taken together, all of these proteins share a similar constituted active 

site, with the active site sequence -Cys-XAA1-XAA2-Cys- (XAA1 and XAA2 being variable 

amino acid residues).[163-164] TRX is involved in a vast number of cellular processes, such 

as the regulation of the reductive transformation of ribonucleotide reductase and the 

formation of deoxyribunucleotides,[162] redox-regulating the DNA binding properties of 

transcription factors,[165-166] as a scavenger of reactive oxygen species (ROS) and 

safeguard against oxidative stress[167-169], the regulation of apoptosis[170], regulation of 

photosynthetic enzymes,[171] modulating the processivity of T7 DNA polymerase,[172-173]  

and many more.  

 

Figure 14 Cartoon representation of the crystal structures of human thioredoxin (gray, PDB 1UVZ)
[174]

 and 
E. coli thioredoxin (red, PDB 1XOB)

[175]
  shown as an overlay illustration.  

Most of these processes involve the oxidoreductase activity of the enzyme either as an 

electron donor, driving the catalytic activity of corresponding enzymes, or preserving a 

reduced cytosolic environment to maintain and regulate protein function via reduction of 
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disulfide bonds.[176-177] TRX itself is recycled by reduction of the TRX-S2 form by a 

NADPH and thioredoxin reductase-mediated enzymatic reaction.[158] 

The structure of E. coli TRX was solved in 1975 by X-ray crystallography[178] and 

its solution structure elucidated by NMR,[179-182] confirming the compact core structure 

formed by 5 β-sheets, surrounded by α-helices (Figure 14). 

Due to the involvement in many cellular processes, methods to study the 

dynamics and structure of TRX in live cells could illuminate its role with increased 

biorelevance. Installing spectroscopic probes for the investigation of the redox-state, 

based on conformational transitions between TRX-(SH)2 and TRX-S2, could enable the 

analysis of TRX in a cellular environment, including any posttranslational modification 

and physiological adaptions to different stimuli. 
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2. Aim of This Work 

The aim of this work was the development of new chemical and spectroscopic tools to 

study the interactions and structure of proteins using an expanded genetic code. 

In a first project, a red-light controlled photocrosslinking chemistry based on the 

oxidation of furans should be added to the genetic code of E. coli and mammalian cells. 

By employing an orthogonal PylRS/tRNAPyl pair, a furan-derived ncAA should be site-

specifically incorporated at user-defined positions into proteins. For that purpose, a 

furan-modified amino acid has to be synthesized and tested in protein expressions using 

wild type PylRS. If necessary, new PylRS variants have to be evolved by screening 

pooled libraries using genetic selections. A selection system should therefore be 

established according to literature[12, 14] and synthetase libraries should be constructed, 

randomizing active site residues in the amino acid binding pocket. PylRS libraries have 

to be screened and tested for the incorporation efficiency and fidelity using growth 

assays and mass spectrometry. Furthermore, photocrosslinking experiments with red-

light should be conducted on a protein-RNA model system. For that purpose, Tat-based 

proteins equipped with a furan-based ncAA have to be investigated for their 

photocrosslinking potential towards their HIV-1 TAR RNA binding partner. Additionally, 

new evolved PylRS enzymes should be studied using X-ray crystallography to 

understand the mode of ncAA recognition, as well as gaining new insights into the 

structural organization of the active site. 

In the second part of this work, a new and direct labeling strategy to covalently 

equip proteins with EPR spin labels should be developed. This approach would obviate 

state-of-the-art in vitro chemical labeling techniques. Therefore, nitroxide spin-labeled 

ncAA analogues should be synthesized and PylRS libraries should be screened for their 

potential to process these ncAAs during protein biosynthesis and direct their site-specific 

incorporation into proteins in vivo. The stability of these nitroxide-based ncAAs should be 

thoroughly assessed in E. coli. By following this strategy, single and doubly spin-labeled 

proteins should be biosynthesized and the structure of thioredoxin should be studied 

using DEER distance measurements. The spectroscopic value of the spin-labeled amino 

acid should be determined by comparison with traditional MTSSL. A functional 

expression test should be demonstrated in mammalian cell culture, and parameters 

towards in cell EPR spectroscopy should be investigated. 
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3. Results and Discussion 

3.1 A Genetically Encoded Furan: A Red-Light-Controlled 

Photocrosslinker 

3.1.1 Introduction 

Expanding the genetic code with photocrosslinking chemistries has contributed 

significantly to new approaches of studying biological processes, especially for the 

discovery of weak, pH-sensitive and transient protein-protein interactions. Genetically 

encoded photocrosslinkers are especially valuable for the investigations of protein 

complexes that are difficult to control in an in vitro set-up, offering the potential to study 

these processes with minimal perturbation of the complex in vivo.[70] Recent research 

has focused on protein-protein interactions, making some efforts towards protein-DNA 

complexes.[73] 

Furan-derived photocrosslinkers are interesting for the investigation of protein-

nucleic acid interactions. Furan moieties can be converted to a reactive aldehyde 

species in the presence of singlet oxygen, generated via light excitation of 

photosensitizers. Interestingly, the described photochemistry can be performed using red 

or green light in combination with a suitable photosensitizer. This obviates the limitation 

of traditional photocrosslinkers, which are activated using high-energy UV-light, 

potentially inducing damages especially to nucleic acids. Moreover, the photochemistry 

based on the oxidation of furans exhibits certain nucleobase- and amine selectivity.[84, 89, 

98] The transfer of this manifold chemistry to proteins has not been achieved before and 

gives perspectives for in vivo applications (Figure 15). 

 

Figure 15 The photocrosslinking potential of furan oxidation should be transfered to the protein level using 

organisms with an expanded genetic code. This would allow for the site-specific incorporation of furan-
derived ncAAs into proteins in vivo. Their potential to form covalent cross-links to nucleic acid binding 
partners should be investigated (PS: photosensitizer). Modified from 

[4]
. Copyright 2013 Wiley-VCH. 
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3.1.2 Results and Discussion 

Synthesis of a Furan-derived ncAA and Incorporation Tests 

In order to genetically encode a furan-modified ncAA, Nε-[2-(furan-2-yl)ethoxy]carbonyl 

lysine 3 was synthesized starting from furan and Boc-Lys-OH in a 5-step synthesis 

(Scheme 1). NcAA 3 was designed to have a long, flexible linker for wide-range 

reactivity. Additionally, the ncAA featured an Nε-carbamate bond linking the furan moiety 

to the lysine scaffold, a structural element that is known to be well accepted by wild type 

and evolved PylRS.[183] 

In a first step, furan was deprotonated using n-butyllithium and was subsequently treated 

with ethyleneoxide. After quenching of the reaction with NH4Cl and chromatography, 

alcohol 1 was obtained. In a following synthetic transformation, compound 1 was 

activated using triphosgene and the crude, activated reaction mixture was used for the 

carbamate coupling step, applying Boc-Lys-OH under basic conditions to yield Boc-

protected Nε-[2-(furan-2-yl)ethoxy]carbonyl lysine 2. In a final deprotection step, the Boc 

protecting group was removed with formic acid and ncAA 3 was obtained in 93 % yield. 

 

Scheme 1 Synthetic scheme for the synthesis of Nε-[2-(furan-2-yl)ethoxy]carbonyl lysine 3, which was 

synthesized with an overall yield of 31 %. 

Since wild type PylRS (PylRS_wt) is promiscuous to a range of Nε-carbamate linked 

ncAAs,[44, 184-186] the synthesized compound 3 was tested in expression experiments in E. 

coli. Wild type Methanosarcina mazei PylRS/tRNAPyl pair and a green fluorescent protein 

(GFP) expression system, bearing an amber stop codon at position Y39 and a C-

terminal His6-tag (GFP-Y39TAG), were employed.[187] Nε-Boc-L-lysine 4 (Boc-Lys; 

Figure 16) [186] served as positive control. In this experimental set-up, GFP fluorescence 

can only be observed if the amber codon is suppressed and full length protein is being 

expressed. Expression cultures were harvested and subjected to cellular fluorescence 
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measurements, as well as Ni-NTA affinity chromatography to purify His-tagged full length 

protein. 

 

Figure 16 Testing wild type PylRS/tRNA
Pyl

 for the genetic encoding of ncAA 3 in response to the amber 
codon at position Y39 in GFP. A Crystall structure of GFP (PDB: 1GFL)

[188]
 with incorporation site Y39 

highlighted in magenta. The schematic illustration of the GFP gene shows the amber codon at position Y39 
and a C-terminal His6-tag used for purification. B Cellular GFP fluorescence measured from expression 
cultures incubated with 1 mM 3, 4 or without the supplementation of ncAA. Below: SDS-PAGE gel of Ni-NTA 
purified expression cultures. C Chemical Structures of ncAA 3 and 4. 

Only in presence of 1 mM Boc-Lys 4, full length GFP protein could be observed, while 

cultures incubated with ncAA 3 showed only background fluorescence, indicating that 

wild type PylRS is not capable of processing 3 as a substrate (Figure 16). Due to the 

long and flexible nature of ncAA 3, it is very likely that accommodation within the amino 

acid binding pocket of the enzyme cannot be accomplished due to steric hindrance, 

originating from amino acid side chains of α-helix 6 of PylRS_wt (Figure 17).  

 
Figure 17 Crystal structure of a C-catalytic fragment of wild type M. mazei PylRS in complex with the 

adenosine-5’-monophosphate substituted pyrrolysine (Pyl-AMP) (PDB: 2Q7H).
[189]

 α-Helix 6 seals the 
binding pocket and especially amino acid residue Y306 and L309 point towards the inner side of the binding 
pocket, sterically blocking the accommodation of larger ncAAs. 
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Establishing a Selection System for the Evolution of PylRS Variants 

To evolve new PylRS variants, a selection plasmid was cloned and tested in growth 

assays. This selection system was constructed on the basis of pREPCM3+RBS.[190] The 

gene encoding for M. mazei PylRS under the control of a constitutive glnS’ promotor was 

cloned into the pREP backbone, along with the amber suppressor tRNAPyl under the 

control of a proK promotor. Additionally, the plasmid featured a chloramphenicol 

acetyltransferase-uracil phosphoribosyltransferase (CAT-UPRT) fusion construct 

interrupted by an amber stop codon under the control of a constitutive trp promotor 

(Figure 18A and B). This “one-plasmid” selection system is similar to one published 

earlier from Melancon III et al.[191]  A similar dual reporter construct was reported for the 

successful enrichment of orthogonal ribosomes using genetic selections.[192] The 

bifunctional activity of the CAT-UPRT reporter is linked to the ability of a cell to suppress 

the amber stop codon, resulting in functional full-length protein only in the presence of 

amber-suppressing PylRS/tRNAPyl pairs. The conditional survival of the cells is controlled 

via supplementation of small molecule triggers. In the presence of chloramphenicol and 

the ncAA of interest, PylRS/tRNA pairs capable of suppressing the amber stop codon 

are enriched in rounds of positive selection. In negative rounds of selection, PylRS with 

specificities for natural amino acids are eliminated from the pool using 5-fluorouracil (5-

FU), triggering the toxicity of UPRT. E. coli strain GH371 was employed for all selection 

experiments, harboring a genomic deletion of upp (encoding UPRT), necessary to 

promote an amber suppression dependent reporter feedback.  

 

Figure 18 A Graphic map of the selection system. The DNA plasmid harbors a p15a ori, a tetracycline 
resistance for plasmid propagation, one copy of a glnS’ controlled M. mazei PylRS gene, proK promoted 

tRNA
Pyl

 and a dual reporter system based on a CAT-UPRT fusion (bearing an amber codon at position Q98). 
B Cartoon illustrations of the bifunctional reporter construct of the “one-plasmid” selection system C Cartoon 

illustrations of a traditional selection system, based on a CAT-mediated positive and a barnase(BAR)-
mediated negative selection, encoded by two separate plasmids. 

The toxicity of the UPRT gene (operating in the nucleotide salvage pathway) is based on 

the formation of 5-fluoro-deoxyuridine monophosphate (5-Fluoro-dUMP) from externally 
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supplemented 5-fluorouracil. 5-Fluoro-dUMP is a strong inhibitor of the thymidylate 

synthase, offering a tunable toxicity triggered by a small molecule in a concentration 

dependent manner.[191] 

A major advancement of a “one-plasmid” selection system is based on the direct 

enrichment of library members without the need to shuttle the PylRS genes between two 

different plasmid systems. Initially, this system was assayed for ncAA-dependent growth 

using wild type PylRS under conditions reflecting positive selection steps. The 

chloramphenicol concentration was varied in the presence and absence of a reference 

ncAA (Boc-Lys 4: a known substrate for wild type PylRS).[186] The CAT-UPRT fusion 

construct showed ncAA-dependent growth on LB-agar plates supplemented with 

increasing concentrations of chloramphenicol (Figure 19A). Cells grew in presence of up 

to 100 µg/ml chloramphenicol if ncAA 4 was supplemented, while in the absence of ncAA 

4, no significant growth could be detected. In efforts to further set up a functional 

selection system, the toxicity of the UPRT reporter was investigated, reflecting conditions 

of negative selection steps. However, the UPRT-based negative selection could not 

eliminate ncAA processing PylRS mutants in the presence of 5-FU, due to lacking 

toxicity. Although, this “one-plasmid” selection system exhibits theoretical advancements 

compared to traditional selection systems, where shuttling steps are required for the 

enrichment of PylRS,[12] UPRT-based negative selection steps failed to fulfill 

requirements of a fully functional selection system. 

 

Figure 19 Testing selection systems for the enrichment of PylRS variants. A Growth assay for the CAT-

UPRT-Q98TAG (pDaS85) and the traditional CAT-Q98TAG standalone (pMoS188) construct. The growth 
was determined in the presence and absence of ncAA 4 (1 mM) with increasing chloramphenicol 
concentrations, resembling conditions for rounds of positive selection. B Growth assay showing the 
functionality of the barnase-based negative selection step. C Chemical structure of the reference amino acid 
Boc-Lys 4.

[186]
  

Therefore a traditional, two-plasmid selection system was cloned and tested in 

growth assays (Figure 18C). One plasmid, encoding the genes for the positive selection 

(harboring an amber variant of a chloramphenicol acetyltransferase gene) and a second 

plasmid employed in negative selection steps (harboring an amber variant of a barnase 

gene) were constructed. Therefore, the originally cloned CAT-UPRT fusion gene was 

removed from the selection plasmid and replaced with a gene encoding solely for the 

chloramphenicol acetyltransferase bearing an amber codon at position Q98. In order to 

clone a plasmid for negative selection steps, a barnase gene interrupted by amber stop 
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codons was cloned under the control of an arabinose-inducible promotor into 

pLWJ17B3.[193]  

  Interestingly, the expression of the CAT standalone-construct seemed to be 

significantly improved, as growth could be detected for concentrations up to 140 µg/ml 

chloramphenicol in the presence of 1 mM 4, whereas in the absence of 4 only minor 

growth could be observed (Figure 19A). These results indicate a slight impairment of the 

UPRT fusion on the expression of functional chloramphenicol acetyltransferase. The C-

terminal UPRT fusion might impair with correct trimerization of CAT or might decrease 

overall protein yield.[194] 

To adapt the toxicity of the barnase gene, different permissive sites as well as the 

number of amber stop codons were varied. As three amber codons (Q2, D44 and G65) 

showed very little toxicity, a gene with two amber codons (Q2 and G65) showed 

satisfying toxicity in an arabinose-tunable fashion (Figure 19B).  Due to the high toxicity 

of this bacterial ribonuclease, one amber codon was insufficient in maintaining the 

survival of the cell in absence of ncAAs. The further employed selection of PylRS was 

based on shuttling the library DNA plasmids between cells harboring an additional 

plasmid for the positive selection (CAT-Q98TAG) and a plasmid harboring an additional 

plasmid for the negative selection (Barnase-G2TAG-G65TAG). 

 

Selection of New PylRS Variants and Site-Specific Incorporation of ncAA 3 

To evolve a PylRS variant that is able to bind 3 as a substrate and direct the 

incorporation into proteins in response to the amber stop codon, PylRS libraries were 

constructed by iterative rounds of saturated mutagenesis PCRs using NNK-degenerated 

primers. Focused libraries, having active site residues Y306, Y306/L309 and Y306/A302 

randomized to all possible amino acids, as well as a library having 5 positions in the 

binding site of the enzyme randomized (“AF” library randomized positions: A302, L309, 

C348, M350 and W417 with a fixed Y384Fi mutation) were constructed and subjected to 

rounds of positive and negative selection as described earlier. The library was 

constructed on the basis of the X-ray crystal structure from the C-catalytic fragment of 

wild type M. mazei PylRS solved by Steitz et al. (Figure 17).[189] Selection experiments 

were conducted by employing the release factor 1 (RF1) knockout strain JX33[195-196] to 

maximize amber suppression dependent enrichment of library members.  

After the third round of selection, 96 individual clones were picked and analyzed 

for amber suppression-dependent growth in presence of chloramphenicol as well as 

amber suppression-dependent GFP fluorescence in presence and absence of ncAA 3. 

                                                
i
 Y384F was empirically found to accelerate the amino acylation process of PylRS.

[186]
 



3. Results and Discussion 

 

29 
 

Interestingly, all clones grew only in the presence of ncAA 3, indicating successful 

enrichment of orthogonal and specific PylRS mutants (Figure 20).  

 

Figure 20 96 individualized clones were screened after 3 rounds of selection. Printed on GMML-agar plates 
supplemented with and without ncAA 3 and chloramphenicol as selection marker. Cells were harboring a 

variant of the selection plasmid and an amber suppression-dependent GFP reporter. GFP fluorescence 
could be observed after exposing the plates to a UV-light table. 

The sequence of these clones converged to two mutants bearing mutations at 

Y306A/L309M/Y384F or Y306A/Y384F.  Both mutants showed similar ncAA 3 dependent 

amber suppression efficiencies. Mutant Y306A/Y384F (PylRS_AF) was described earlier 

in literature as a promiscuous variant of PylRS.[185-187] The PylRS_AF mutant was tested 

further in expression experiments using GFP-Y39TAG as before, detecting full length 

GFP protein only in the presence of ncAA 3 in cellular fluorescence measurements as 

well as SDS-PAGE analysis, indicating high fidelity of incorporation (Figure 21A). In 

presence of ncAA 3, 17 mg/L GFP-Y39→3 could be obtained after Ni-NTA purification, 

demonstrating high amber suppression efficiencies. Interestingly, PylRS_AF showed 

lower incorporation efficiencies for Boc-Lys 4 as PylRS_wt. Furthermore, endogenous E. 

coli thioredoxin (TRX) was expressed, bearing an amber stop codon at position R74 and 

a C-terminal His6-tag in presence and absence of 3, to demonstrate the robust and 

protein-independent expression of ncAA 3 substituted proteins. Full length TRX-R74→3 

could only be obtained in presence of ncAA 3, resulting in 14 mg/L of purified protein, 

confirming the incorporation with high fidelity and efficiency (Figure 21B).   
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Figure 21 Site-specific incorporation of 3 in response to the amber stop codon with high efficiency and 
fidelity A Cellular GFP fluorescence measured from expression cultures incubated with 1 mM 3, 4 or without 

the supplementation of ncAA. Below: SDS-PAGE gel of Ni-NTA purified expression cultures. GFP was co-
expressed with M. mazei wildtype PylRS or a mutant bearing mutations at Y306A and Y384F. B X-ray 
crystal structure of E. coli thioredoxin (TRX; PDB: 2TRX)

[197]
 with incorporation site R74 marked as red 

sticks. Below: SDS-PAGE analysis of Ni-NTA purified protein fractions. Full length TRX was only observed in 
the presence of 3. Modified from 

[4]
. Copyright 2013 Wiley-VCH. 

Purified GFP and TRX samples, site-specifically substituted with furan-derived ncAA 3, 

were submitted to electronspray ionization mass spectrometry. A tryptic digest of GFP-

Y39→3 was analyzed by electrospray ionization tandem mass spectrometry (ESI-

MS/MS) and the site-specific incorporation could be confirmed (peptide precursor 

calculated: 803.8652 Da, found: 803.8650 Da) (see Figure 22B). High resolution mass 

spectrometry of the full length TRX-R74→3 protein also confirmed the presence of ncAA 

3 with high accuracy. Wild type TRX showed two distinct mass peaks, representing full 

length protein and a slightly smaller protein fraction, corresponding to the loss of N-

terminal formyl-methionine (Figure 22A). The presence of 3 was confirmed by a mass 

shift of 110 Da (according to the mass difference of 3 and arginine). 
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Figure 22 A ESI MS spectra of wild type TRX and TRX→3. Asterisks represent full length protein exhibiting 

a N-terminal, formylated methionine, second peak corresponds to the loss of methionine (- 159 Da). Mass 
difference of 110 Da between wild type and furan-substituted mutant is in agreement with the mass 
difference of 3 and arginine, confirming incorporation.  B ESI MS/MS spectrum of a tryptic digest of GFP→3 

(purified from an excised SDS-PAGE gel band). Fragmentation pattern is in full agreement with the site-
specific incorporation of 3 at position 39. Peptide fragment FSVSGEGEDATXGK (X: site of incorporation) 

was calculated to be 803.8652 Da, found a mass of 803.8650 Da. Modified from 
[4]

. Copyright 2013 Wiley-
VCH. 

Although the incorporation efficiency of noncanonical amino acids using 

orthogonal pairs of aaRS/tRNA has substantially increased over the last years due to 

advancements in the expression systems, evolved and optimized translational 

components as well as a better understanding of the surrounding sequence context,[5] 

incorporation of ncAAs at multiple sites within a protein remains challenging. Wang et. al 

could demonstrate that release factor 1 (RF-1) is not essential in E. coli [195-196] and could 

further demonstrate that by knocking-out RF-1, the amber stop codon is virtually 

reprogrammed to a blank codon in E. coli strain JX-33. JX-33 cells were applied for the 

expression of GFP with up to three furan modifications at position Y39, Y151 and Y182 

(Figure 23). The protein expression was monitored with cellular fluorescence and SDS-

PAGE. All employed constructs expressed detectable amounts of full-length GFP and 

even for the triple incorporation expression yields of 4.5 mg/L could be achieved. This 

demonstrates that multiple incorporation of ncAA 3 is feasible with only slight reduction in 

protein yield. Considering photocrosslinking experiments, the likelihood of 

photocrosslinking with multiple modifications is strongly increased. This could also pave 

the way for crosslinking complexes of higher order.  
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Figure 23 A Crystal structure of GFP (PDB: 1GFL)
[188]

 with incorporation sites Y39, Y151 and Y182 
highlighted in magenta. Left: top view; Right: side view.  B Cellular GFP fluorescence measurements and 
SDS-PAGE analysis of expression cultures.  Site-specific incorporation of 3 could be demonstrated at up to 

three positions within a protein. RF-1 knock-out strain JX-33 was employed in expression experiments. 
Modified from 

[4]
. Copyright 2013 Wiley-VCH. 

 

Expression of Wild Type and Furan-Modified HIV-1 Tat-GFP Proteins 

The photocrosslinking potential of furan-modified proteins should be studied using the 

HIV-1 TAR-Tat protein-RNA complex. The selective recognition of the hairpin fold of HIV-

1 TAR RNA is an interesting drug target, due to its ubiquitous role in viral transcription 

(Figure 24A). Photocrosslinking experiments could also contribute to assess the 

structural organization of this complex, given that high conformational flexibility 

complicates analysis and rational inhibitor design against TAR-RNA.[108, 120] Peptides, 

based on the arginine-rich motif (ARM) of the Tat protein, have recently emerged as 

promising TAR-RNA inhibitors.[121-123] Hence, equipping Tat-derived peptides with 

photoactivatable “chemical warheads” could provide interesting perspectives in the 

design of therapeutic peptides. The ARM motif (RKKRRQRRR) of Tat was cloned at the 

N-terminus of a GFP gene with a C-terminal His6-tag for purification. The ARM motif was 

placed apart the GFP unit by employing a GGSAS-Linker (Figure 24B). Tat-GFP 

constructs were first expressed using E. coli strains Top10 and JX-33, resulting in 

partially soluble green fluorescent protein fractions after native Ni-NTA purification. 

These expressed Tat-GFP samples exhibited RNA binding properties, as observed in 
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electrophoretic mobility shift assays (EMSA) using 5’-radioactive labeled TAR-RNA. 

However, slight variations of protein length could be observed by thorough SDS-PAGE 

analysis.  

 

Figure 24 A Structure and nucleotide sequence of the hairpin fold of TAR RNA applied for binding and 
photocrosslinking experiments. B Schematic overview of the Tat-GFP constructs. The ARM was cloned at 

the N-terminus of a GFP gene (shown as a carton), ARM motif in orange and underlined, linker region in 
gray. Two amber constructs were cloned bearing an amber codon at position 49 of Tat (Tat_R49TAG), 
replacing one arginine residue. A second variant was cloned inserting an amber codon at position 47 
(Tat_ins47TAG). Modified from 

[4]
. Copyright 2013 Wiley-VCH. 

Although >70 % of the peptide sequences could be identified using ESI MS/MS, 

the basic N-terminal region could not be finally resolved, due to the accumulation of 

basic amino acid residues inside the ARM motif. Protein fractions were then analyzed 

using high resolution (HR)-ESI-MS to determine the full length molecular weight of the 

protein samples. By following this strategy, the identity of Top10 or JX-33 expressed Tat-

GFP variants could be elucidated. Unfortunately, all measured protein mass spectra 

indicated partial degradation of the N-terminal ARM motif. Interestingly, when Tat-GFP 

fusions were expressed using E. coli strain BL21(DE3), mass spectrometric analysis of 

the expressed protein samples confirmed the identity of the complete ARM motif, 

suggesting a Lon or/and Ompt protease-mediated degradation, when using non-BL21-

derived E. coli strains. Wildtype Tat-GFP (Tat_wt) as well as two amber variants bearing 

a furan modification at position R49 (Tat_R49→3) or inserted at position 47 

(Tat_ins47→3) were expressed as inclusion bodies, purified by Ni-NTA affinity 

chromatography and were stepwise refolded during dialysis. Purified protein samples 

were analyzed using SDS-PAGE and ESI-MS (Figure 25A, 25C). The incorporation of 3 

was achieved with high fidelity and efficiency. For Tat_wt, Tat_R49→3 and Tat_ins47→3 

mass spectrometric analysis revealed masses of 29542.0, 29653 and 29809 Da, 

respectively, being in good agreement with the calculated masses of 29544.9, 29654.9 

and 29811.0 Da (corresponding to the full-length protein mass with a loss of the N-

terminal methionine). A second mass peak could be observed in all samples, shifted 159 

Da to higher masses, corresponding to the presence of a formylated N-terminal 

methionine residue (Figure 25C, marked with asterisks). Even though the identity of the 
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N-terminal ARM motif could be confirmed by full-length protein mass analysis, MS/MS 

again failed to identify the basic, N-terminal TAT-derived peptide (Figure 25B). 

 

Figure 25 Incorporation of 3 into Tat-GFP fusion proteins A SDS-PAGE analysis of Ni-NTA purified Tat-GFP 

variants. Proteins were expressed in BL21(DE3) gold cells and purified under denaturing conditions.  
B Amino acid sequence of wild type Tat-GFP. Peptides marked in green could be observed by ESI MS/MS. 
C Full length protein mass spectra of expressed Tat-GFP proteins. The major mass peak corresponds to the 

loss of of the N-terminal methionine. The smaller peak, marked with asterisk, corresponds to the presence of 
a formylated N-terminal methionine. Tat_R49→3 shows a mass shift of 110 Da, matching the mass 
difference of arginine and 3.  Tat_ins47→3 is shifted 267 Da to higher masses, matching the addition of 3 to 

the ARM motif. Modified from 
[4]

. Copyright 2013 Wiley-VCH. 

 

Red-light Controlled Photocrosslinking 

To assess the binding properties of the TAR-Tat complex, TAR-RNA was 5’-radioactively 

labeled and applied in EMSA assays with expressed Tat-GFP proteins to determine the 

binding constants (kD values). All binding experiments were performed at 4 °C and kD 

values for Tat_wt could be determined as 0.47 µM ± 0.05 (Figure 26A). For furan-

modified variants of Tat, the binding affinity was reduced to 1.32 µM ± 0.17 (Tat_R49→3) 

and 1.34 µM ± 0.41 (Tat_ins47→3). This result indicates that the modification with ncAA 

3 within the ARM motif affected the binding affinity of Tat-GFP proteins, but were not 

found to be critical for binding. 

 

Figure 26 A Electrophoretic mobility shift assay of wild type Tat_wt and TAR RNA performed at 4 °C 

analyzed on a native PAGE gel. Fractions of bound RNA were quantified and kD values were determined by 
applying a dose-response function using Origin. B Table of quantified kD values of the investigated protein 

samples. Modified from 
[4]

. Copyright 2013 Wiley-VCH. 
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The potential of furan-modified Tat proteins to undergo a covalent crosslink to their TAR 

RNA-binding partner was investigated, by irradiating protein-RNA binding mixtures in the 

presence and absence of methylene blue as a photosensitizer (Figure 27 and Figure 28 

for quantification). The experiments were performed under aerobic conditions and red-

light irradiation. 

 

Figure 27 Red-light-controlled photocrosslinking. 5’-radioactive-labeled TAR RNA was incubated with 
Tat_wt, Tat_R49→3 and Tat_ins47→3 in presence or absence of methylene blue (MB) as a photosensitizer. 

The solutions were irradiated for 2 minutes with red-light under aerobic conditions at 4 °C and were analyzed 
on a denaturing PAGE gel. Control experiments using NaN3 as a quencher of 

1
O2 and a Tat competitor 

peptide were performed. The presence of D2O (a known stabilizer of singlet oxygen) in the irradiation 
mixtures resulted in increased crosslinking product formation. Modified from 

[4]
. Copyright 2013 Wiley-VCH. 

Photocrosslink formation could not be observed in the absence of methylene blue 

or red-light. Reactions performed with Tat_wt or without any protein supplementation 

showed no crosslink formation, when analyzed on a denaturing PAGE gel after 

irradiation. Interestingly, if Tat _R49→3 was used as a TAR RNA binding partner under 

identical experimental conditions, the formation of ~20 % photocrosslinking product could 

be observed (Figure 27A, lane 4). Further experiments were conducted to investigate 

whether the crosslink formation is 1O2-dependent. By adding an excess of sodium azide 

to the reaction (a known quencher of singlet oxygen), the formation of crosslinking 

product was strongly reduced from 20 % to 9 % (Figure 27B, lane 2). On the other hand, 

if increasing amounts of deuterium oxide were added to the reaction mixtures (a known 

stabilizer of singlet oxygen), the formation of crosslinking product increased in a 

concentration-dependent manner (Figure 27B, lane 4-6 and Figure 28 for quantification). 

All together, the observed photocrosslinking product was dependent on the combination 

of singlet oxygen and furan-substitution within the ARM motif. It was further 

demonstrated that crosslink formation is influenced by complex formation and spatial 

orientation of the furan-modification within the complex. If a synthetic, ARM-derived Tat 
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peptide (amino acid 47-57) was added as competitor and photocrosslinking was 

performed as above, a significant reduction of crosslinking yield from 20 % to 6 % could 

be observed, indicating that the formation of the protein-RNA complex is essential for 

crosslinking (Figure 27B, lane 3). Furthermore, Tat-GFP_R49→3 and Tat-GFP_ins47→3 

were compared for their crosslinking efficiency. If Tat-GFP_ins47→3 was applied in 

photocrosslinking experiments, a 1.5 fold increase in crosslink formation could be 

obtained in comparison to Tat-GFP_R49→3, suggesting that spatial orientation of the 

furan-modification seems to significantly influence crosslink formation (Figure 28). Tat-

GFP_ins47→3 might be in closer proximity to the TAR RNA. Taken together, these 

experiments suggest that the genetic encoding of 3 is indeed a valuable tool to induce 

covalent crosslinks between protein-RNA complexes using red-light. 

 

Figure 28 Quantification of red-light controlled photocrosslinking. Percentage of crosslinking (CL) is 

measured using denaturing PAGE-gel and 5’-radioactive labeled TAR-RNA. Effects of quenching and 
stabilizing singlet oxygen can be observed, when supplementing the samples with sodium azide or 
deuterium oxide. Modified from 

[4]
. Copyright 2013 Wiley-VCH. 

 

Genetically Encoding ncAA 3 in Mammalian Cells 

The mapping and identification of weak and transient protein-RNA or DNA interactions 

by genetically encoded photocrosslinkers is especially interesting for the investigation of 

complex cellular processes, e.g. in mammalian cells. By transferring the furan-based 

photocrosslinking chemistry to mammalian cell culture, harmful UV-light irradiation of 

state-of-the-art photocrosslinkers could be circumvented. Additionally, post-translational 

modified proteins can be studied with only minimal perturbation in their native cellular 

environment. To site-specifically incorporate ncAA 3 into proteins in mammalian cells, 

HEK 293FT cells were applied for transient transfection experiments, due to their high 

levels of protein. Cell culture experiments were conducted in collaboration with Moritz 
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Pott in the course of his master thesis.[198] To monitor the incorporation of 3 into proteins 

in HEK 293FT cells, a dual reporter plasmid was co-transfected with a plasmid encoding 

for PylRS_AF/tRNAPyl. The reporter construct exhibited an N-terminal nuclear localization 

sequence followed by a mCherry-GFP fusion with an amber codon at position Y39 of the 

GFP and a C-terminal His6-tag. With this dual fluorescence reporter system, amber 

suppression could be easily monitored by fluorescence microscopy.[199] Fluorescence of 

mCherry, which was independent of the incorporation of ncAA, served as a transfection 

control. Only if the amber codon was suppressed, green fluorescence could be 

observed. 

 

Figure 29 Site-specific incorporation of 3 into proteins in HEK 293FT cells. A Schematic illustration of the 

dual reporter construct. An N-terminal NLS (to accumulate fluorescence signals) is upstream of a mCherry-
GFP fusion gene used in expression experiments. B Images from fluorescence microscopy. Modified from 

[3]
. 

Copyright 2014 Wiley-VCH.  

As a control, a wild type mCherry-GFP fusion, lacking the amber codon was used. After 

supplementation with ncAA 3 and expression for 48 h, the cells were analyzed using live 

cell fluorescence microscopy (Figure 29B). As expected, cells harboring the wild type 

mCherry-GFP plasmid showed fluorescence in the mCherry and GFP channel. Cells 

harboring the amber GFP mutant showed green fluorescence only in the presence of 

ncAA 3, whereas cells that were grown in absence of ncAA 3 solely exhibited mCherry 

fluorescence. The site specific incorporation of 3 was further demonstrated by M. Pott by 

western blot.[198] 
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Gaining Structural Insights into the Polyspecificity of PylRS_AF 

To completely understand the processing of ncAA 3 by PylRS_AF (bearing mutations at 

Y306A and Y384F), as well as gaining structural insights about the shape and 

constitution of the mutated binding pocket and its polyspecificity, X-ray crystallography 

was conducted in collaboration with Anne-Marie Weber (AG Welte). We aimed at 

crystalizing a C-catalytic fragment of PylRS_AF in its APO form as well as in the bound-

state of ncAA 3 and comparing these results to the published wild type crystal 

structures.[189] For comparison, PylRS_AF was also crystallized with the hydrolysis-

resistant AMP-analog adenosine-5’-(β,γ-imido)triphosphate (AMPPNP). Crystal 

structures were obtained with high resolutions of 1.9 - 1.35 Å. PylRS was reported to be 

prone to aggregation and structural analysis of the full-length protein could not be 

achieved until today. However, it could be demonstrated that the N-terminus, responsible 

for protein aggregation, is not essential for in vitro activity.[200] 

 

Figure 30 Superimposed crystal structures of the C-catalytic fragment of the wild type PylRS 
[189]

 (red; PDB: 

2Q7E) and PylRS_AF (gray), crystallized in complex with AMPPNP. Modified from 
[3]

. Copyright 2014 Wiley-
VCH. 

Figure 30 shows the published structure of the C-catalytic fragment of wild type PylRS 

(red) superimposed with the solved structure of the AF mutant (gray). As a whole, the 

structural organization of both enzyme fragments is in good agreement, although slight 

deviations can be observed for some parts of the crystal structures. Especially helices α1 

and α2 of PylRS_AF exhibit a slightly altered oritientation towards the active site of the 

enzyme. Structural key elements, forming the hydrophobic binding pocket of PylRS, are 

virtually identical for both enzymes.  Helix α6 (bearing the Y306A mutation) and hairpin 

β7–β8 hairpin (bearing the Y384F mutation), which contribute significantly to the overall 

fold of the amino-acid binding pocket, exhibit an identical structural organization 



3. Results and Discussion 

 

39 
 

compared to wild type PylRS. The “ordering” loop, forming the lid of the binding pocket 

features a less flexible orientation in PylRS_AF.  

To understand the mode of ncAA recognition by PylRS_AF, crystals soaked with 

ATP and ncAA 3 were studied and compared to the wild type enzyme processing its 

natural substrate pyrrolysine (Pyl). The wild type enzyme orchestrates the recognition of 

pyrrolysine through two key interactions. N346 interacts directly with the Nɛ-carbonyl 

group of pyrrolysine. Additionally, N346 forms a water-mediated contact to the Nα of the 

amino acid. Furthermore, Y384 builds a direct hydrogen bond network with pyrrolysine 

through interactions of the heterocylic pyrroline nitrogen atom and Nα with the aromatic 

hydroxyl group of the tyrosine moiety (Figure 31A).  

 

Figure 31 Comparing the mode of amino acid recognition. A Pyrrolysine (Pyl) is accommodated in the 

hydrophobic binding pocket of wild type PylRS via key interactions of N346 and Y384. N346 forms a direct 
hydrogen bond to the Nε carbonyl group as well as a water-mediated contact to the Nα. B Furan-derived 
amino acid 3 (Fur) is recognized by N346 is a similar fashion. Although the hydrogen-bond network of Y348 

is missing due to its mutation to phenylalanine, this interaction does not seem to be crucial for amino acid 
recognition. C Superimposed structures of Pyl and Fur in the binding pocket. Modified from 

[3]
. Copyright 

2014 Wiley-VCH. 

For the recognition of 3 by PylRS_AF, N346 adopts a similar critical role, by directly 

interacting with the Nɛ-carbonyl group of 3 via hydrogen bonds and additionally by 

forming a water-mediated contact to the Nα group of the amino acid. Interestingly, the 

direct interaction of Y384 does not seem to be crucial for the recognition of the amino 

acid. Once mutated to phenylalanine, no hydrogen network can be formed, but ncAA 3 is 

still processed efficiently (Figure 31B). Figure 31C shows a superimposed image of the 

wild type substrate pyrrolysine and furan derived amino acid 3 in the binding pocket of 

the wild type and AF mutant enzyme, respectively. The lysine side chains adopt a similar 

overall conformation inside the binding pocket, placing the Nɛ-carbonyl group and Nα 

nitrogen atom in close proximity to the gatekeeper residue N346, elucidating this critical 

hydrogen bond network for selective recognition. Some parts of the side chain exhibit a 

slightly twisted conformation, emphasizing a small conformational tolerance. These 

observations confirm a rather, unselective recognition of amino acids mostly via 
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hydrophobic interactions and interplay with N346. The furan moiety exceeds the length 

and rigidity of pyrrolysine and accommodates in the extended rear end of the binding 

pocket. Especially the Y306A mutation seems to be critical for the accommodation and 

recognition of 3. Y306 seals the amino acid binding pocket of wild type PylRS, but once 

mutated to a sterically less pronounced alanine, the binding pocket gains a substantial 

amount of space (Figure 32).  In this space-filling illustration of the binding pocket, the 

additionally identified L309M mutation seems to be uncritical for the accommodation of 3. 

 

Figure 32 Space-filling illustration of the binding pocket. A Pyl is accommodated in the binding pocket via 
hydrophobic interactions and interplay with N346. Tyrosine 306 seals the amino binding pocket. B PylRS_AF 

shows a significant gain in space caused by the Y306A mutation. Modified from 
[3]

. Copyright 2014 Wiley-
VCH. 

Amino acid residues forming the new rear end of the binding pocket open new 

perspectives of further enhancing the binding pocket, eventually increasing the 

polyspecificity (Figure 33). Especially amino acid residues I405, L407, D408, W411 and 

M276 within and in close proximity to α-helix η1 seem to be interesting targets for 

mutagenesis experiments. The amino acid residues protrude the space of the rear end of 

the binding pocket. Especially M276 as well as W411 represent promising candidates for 

further increasing the size of the binding pocket. 

 

Figure 33 Crystal structure of the extended binding pocket of PylRS_AF soaked with the adenosine 
adenylate of 3, illustrated as a space-filling model. The rear end of the binding pocket is highlighted by the 

amino acid residues and their individual participation in the constitution of the binding pocket (importance 
highlighted by coloring: faint yellow (minor contribution), orange (medium contribution) and red (significant 
contribution.). Modified from 

[3]
. Copyright 2014 Wiley-VCH.  
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3.2 A Genetically Encoded Spin-Label 

3.2.1 Introduction 

Studying the structure and conformational dynamics of proteins is highly important to 

illuminate their function under physiological conditions. EPR spectroscopy has emerged 

as an impressive technique that can report on absolute intra- or intermolecular distance 

distributions between two paramagnetic species, e.g. in proteins and thus can report on 

the molecular architecture of large macromolecules. Developing a method for the direct, 

ribosomal biosynthesis of spin-labeled proteins could significantly contribute to the 

understanding of conformational dynamics and functional states of proteins in vivo. 

Additionally, chemical labeling and mutagenesis steps to introduce spin-labels into 

proteins could be circumvented. Chemical in vitro spin-labeling of proteins is usually 

achieved using sulfhydryl-reactive reagents and unique cysteine residues. The 

requirement for unique cysteine residues is a major limitation, often restricting means to 

study proteins in their native form. First advancements to site-specifically install spin 

labels into proteins could be demonstrated by applying chemically aminoacylated tRNAs, 

directing the incorporation of spin-labeled amino acids in response to the amber stop 

codon in in vitro translation.[157] Genetically encoded biorthogonal chemistries enabled 

the successful installation of spin-labels into proteins without cysteine mutagenesis[154] in 

vitro and a complexation strategy was applied to label His-tagged proteins.[201] 

 So far, the direct biosynthesis of spin-labeled proteins using organisms with an 

expanded genetic code could not be demonstrated. However, this strategy bears 

enormous potential to pave the way for in cell EPR analysis of proteins. 

 

Figure 34 With a focus on E. coli, spin-labeled ncAAs should be genetically encoded, to direct the site-
specific incorporation of spin-labels in proteins in vivo. 
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3.2.2     Results and Discussion 

Synthesis of Spin-Labeled Noncanonical Amino Acids 

In order to genetically encode spin-labeled noncanonical amino acids, two lysine 

analogues bearing a nitroxide spin-label linked to the Nε-amino group were synthesized. 

Although Nε-carbamate linkages are known to be favored structural elements for the 

recognition and processing of PylRS variants,[185-187] an amide-linked nitroxide lysine was 

additionally synthesized (Scheme 2). The amide linked ncAA 9 exhibits a slightly more 

rigid overall structure compared to carbamate-derived ncAA 6. Nitroxide derivative 

2,2,5,5,-tetramethyl-pyrrolin was chosen as a spin label, due to the small size and 

spectroscopic properties. 

 

Scheme 2 Chemical structures of spin-labeled ncAA 6 and 9. 

In a first attempt, ncAA 6 was synthesized from commercially available Boc-Lys-

OH and 2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl-3 carboxylic acid in a 4 step synthesis 

(Scheme 3). The nitroxide precursor carboxylic acid was reduced to alcohol 4 using 

lithium aluminum hydride (LAH) in THF. Alcohol 4 was further activated using 

triphosgene, and subsequently used for carbamate formation with Boc-Lys-OH under 

basic conditions to give the Boc-protected ncAA 5 in 75 % yield. In a final deprotection 

step, using trifluoroacetic acid in dichloromethane, the TFA salt of 6 was obtained 

quantitatively. Since large quantities of ncAA 6 were necessary to conduct biological 

experiments, such as PylRS selections and protein expressions, an optimized synthetic 

route was designed (Scheme 4). Aim of this optimization was to increase the overall 

yield as well as to avoid the toxic triphosgene coupling reagent. 
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Scheme 3 Synthetic route to ncAA 6 using Boc-Lys-OH in 4 steps with 47 % overall yield. 

By changing the reductive reagent from LAH to Red-Al® (sodium bis(2-

methoxyethoxy)aluminumhydride) and significantly decreasing the reaction time, while 

the temperature was increased to 50 °C, alcohol 4 could be obtained with an increased 

yield of 79 %. For the following carbamate formation step, 4 could be alternatively 

activated using N,N′-disuccinimidyl carbonate (DSC) under basic conditions before being 

coupled to Boc-Lys-OH in DMF. The protected amino acid 5 could be obtained in 85 % 

yield after purification and subsequent deprotection with TFA/DCM afforded the final 

product in quantitative yield (Scheme 4). 

 

Scheme 4 Synthetic route to ncAA 6 using Boc-Lys-OH in 4 steps with 67 % overall yield.  
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By employing this alternative synthetic route, the overall yield could be increased from 47 

to 67 %. Additionally, the application of toxic triphosgene in the carbamate formation step 

could be circumvented.  

The amide-linked, spin-labeled ncAA 9 was obtained as depicted in Scheme 5. 

2,2,5,5-Tetramethyl-3-pyrrolin-1-oxyl-3 carboxylic acid was coupled to Boc-Lys-COOtBu 

using PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) as 

coupling reagent under basic conditions. After purification and deprotection, the TFA salt 

of 9 could be obtained in 85 % yield. 

 

Scheme 5 Synthetic route to ncAA 9. 

A potential obstacle for the in vivo biosynthesis of spin-labeled proteins is the 

reported limited lifetime of nitroxides in eukaryotic cells.[202] A variety of nitroxide 

conversion mechanisms has been proposed for eukaryotic cellular contexts, most 

importantly reduction to hydroxylamines by reductants like ascorbate, cysteine-based 

reductases and others.[203-205] However, the evolutionary design of PylRS mutants 

requires prolonged incubation steps in E. coli [23] and the reactivity of nitroxides in 

bacteria is unknown. A conversion to products that structurally differ from the desired 

nitroxide would prevent successful PylRS design and in cell SDSL-EPR due to a loss of 

paramagnetism. Therefor the diamagnetic hydroxylamine derived ncAA 7 and 10 

(Scheme 6) were employed in time-consuming selection experiments, where bacterial 

cells have to be grown for days on agar plates. By potentially finding an evolved PylRS 

species capable of processing 7 and/or 10, it was speculated that these orthogonal 

PylRS variants would show cross-reactivity towards the respective paramagnetic 

nitroxide species 6 and/or 9. Diamagnetic surrogates 7 and 10 were generated from their 

nitroxide precursors by employing formic acid. 
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Scheme 6 Chemical structures of ncAA 7 and 9. 

 

Evolution of New PylRS Variants for the Genetic Encoding of ncAA 6 

Three focused libraries of ~108 PylRS mutants with active site residues randomized to all 

possible amino acids were subjected to a selection process as before using ncAA 7 and 

10. The libraries converged to three mutants after 3 rounds of alternating positive and 

negative selection, indicating the succesful evolution of PylRS with specificity for ncAA 7. 

For ncAA 10 no PylRS variants could be identified, most likely due to the missing 

carbamate linkage, which is known to be important for recognition of the ncAA by the 

gatekeeper residue N346 of PylRS.[183] Additionally, the enriched clones showed ncAA 6 

dependent growth on LB-agar plates supplemented with increasing concentration of 

chloramphenicol, when co-transformed with a plasmid encoding for the selected 

PylRS/tRNAPyl pair and a chloramphenicol-acetyltransferase harboring an amber codon 

at position Q98. These findings indicate, that the evolved PylRS variants are indeed able 

to process the paramagnetic nitroxide ncAA 6 (Figure 35). 

 

Figure 35 A Growth assay of PylRS-SL1-3/tRNA
Pyl

 mutants harboring a gene for chloramphenicol 
acetyltransferase (CAT_Q98TAG). Cells were printed on LB-agar plates supplemented with ncAA 6 and 
increasing concentrations of chloramphenicol. B Sequencing revealed the constitution of the binding pocket 

of the evolved mutants. Gray coloring indicated a mutation at this specific position. Triplet codons are written 
in apprentices, the corresponding amino acid in one-letter code.  PylRS-SL1 is marked with asterisk and was 
picked for all subsequent experiments due to its outstanding performance. 

Upon sequencing of the selected three mutants (further referred to as PylRS-SL1-

3), mutations at Y306A, Y384F and a mutation at the very rear end of the binding pocket 
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(I413L) could be observed. The I413L mutation was found as three different codons 

(TTG, CTT and CTG) throughout the evolved clones, indicating to be of particular 

importance for the processing of pyrroline-derived ncAAs. Interestingly, I413 was 

discovered earlier as a potential site for enhancing the PylRS binding pocket, based on 

solved crystal structure of PylRS_AF (mentioned in the chapter before). Moreover, 

PylRS-SL2 harbors an additional K415R mutation, and PylRS-SL3 a C348T mutation. 

Although the K415R and C348T mutations emphasize the flexibility of some amino acid 

residues inside the binding pocket of PylRS, a fine-tuned growth assay revealed PylRS-

SL1 as the most efficient hit, showing growth up to 120 µg/ml chloramphenicol in the 

presence of ncAA 6 (Figure 35A). 

 

Figure 36 Site-specific incorporation of 6 and 7 in response to the amber stop codon with high efficiency and 
fidelity. A Chemical Structures of ncAA 6 and 7. B Cellular GFP fluorescence measured from expression 

cultures supplemented with or without 2 mM ncAA. Below: SDS-PAGE gel of Ni-NTA purified expression 
cultures. GFP-Y39TAG was co-expressed with PylRS-SL1 (harboring the following mutations: Y306A, 
Y384F and I413L). C X-ray crystal structure of E. coli thioredoxin (TRX; PDB: 2TRX)

[197]
 with incorporation 

site R74 marked as red sticks. Below: SDS-PAGE analysis of Ni-NTA purified protein fractions. Full length 
TRX was only observed in the presence of 6. Modified from 

[2]
. Copyright 2014 American Chemical Society. 

To quantitatively analyze the incorporation efficiency and fidelity of ncAAs 6 and 7 

in response to the amber stop codon, E. coli was co-transformed with a plasmid 

encoding PylRS-SL1/tRNAPyl and a plasmid encoding a GFP variant with an amber stop 

codon at Y39 and a C-terminal His6-tag. Expression cultures were grown in presence 

and absence of the diamagnetic surrogate ncAA 7 or the paramagnetic, spin-labeled 

ncAA 6. Expression cultures were subjected to cellular fluorescence measurements and 

Ni-NTA-based affinity chromatography for purification (Figure 36). Full-length GFP was 

only expressed in the presence of ncAAs 6 or 7, indicating high incorporation fidelity. The 

observed cross-reactivity of PylRS-SL1 towards ncAAs 6 and 7 could be confirmed via 

GFP fluorescence and SDS-PAGE analysis. In the presence of ncAA 6, 4.6 mg/L of 

GFP-Y39→6 could be obtained. Furthermore, when an amber variant of thioredoxin was 

expressed, full length protein could only be detected in the presence of 6 as indicated by 

SDS-PAGE analysis (Figure 36C). 
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Figure 37 ESI MS/MS spectrum of a DTT-reduced, trpytic digest of GFP-Y39→6. Fragmentation pattern is in 
full agreement with the site-specific incorporation of 6 at position 39. Peptide fragment [M+3H]

3+
 

FSVSGEGEDATXGK (X: site of incorporation) was calculated to be 555.93642 Da, found a mass of 

555.93671 Da. Modified from 
[2]

. Copyright 2014 American Chemical Society. 

To verify the site-specific incorporation of 6 in response to the amber stop codon, 

a DTT-reduced and trypsin digested sample of GFP-Y39→6 was subjected to 

electrospray ionization tandem mass spectrometry (ESI-MS/MS). The fragmentation 

pattern revealed the presence of 7 (due to the reductive sample preparation) at position 

39 of GFP (Figure 37) (precursor peptide fragment FSVSGEGEDATXGK; X: site of 

incorporation; [M+3H]3+ calculated: 555.93642 Da, found: 555.93671). Although high-

resolution mass spectra of full-length GFP-Y39→6/7 and TRX-R74→ 6/7 were recorded, 

unspecific fragmentation of the nitroxide moiety could be observed as reported earlier 

and the identity of the fragmented species could not finally be resolved.[206] For a stable 

noncanonical amino acid, these data would be indicative of high efficiency and fidelity of 

incorporation. However, because of the unknown reactivity of 6 in E. coli, the data cannot 

satisfactorily exclude a reduction of 6 to the diamagnetic hydroxylamine 7 or another 

product of reduction before or after incorporation. This would result in reduced integrity 

degrees (i.e. the percentage of intact, paramagnetic spin label present in a protein) and 

could prevent successful EPR measurements. Although high labeling degrees of > 99 % 

can be accomplished using this strategy, the integrity degree and the biochemical fate of 

nitroxides in E. coli had to be thoroughly studied.  
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Expressing Spin-Labeled Proteins in E. coli 

To get unambiguous insights into the in vivo stability of 6, and to generally test, if 

sufficient amounts of protein with high integrity degrees for EPR measurements could be 

obtained by this approach, GFP-Y39→6 was expressed in E. coli Top10 with time-

resolved monitoring by SDS PAGE analysis and EPR measurements. Additionally, the 

RF1-knockout strain JX33 was employed to maximize the amber suppression and 

incorporation efficiency. With increasing expression time, the amount of protein 

significantly increased as expected, reaching higher expression yields for JX33 (Figure 

38A). When the protein fractions were subjected to continuous wave (CW) EPR 

measurements, samples featured a nitroxide-specific signal, which was increasing with 

expression time and protein amount, reaching its maximum at 6 h. Surprisingly, these 

results indicate that nitroxide free radicals are unexpectedly stable in a bacterial cellular 

context.  

 

Figure 38 Time-resolved biosynthesis of spin-labeled GFP-Y39TAG→6 in E. coli. A The expression of GFP-
Y39TAG→6 was monitored in two bacterial strains (TT: Topten and RF1-knockout strain JX33). Spin-labeled 
GFP was purified with Ni-NTA and analyzed on a SDS PAGE gel. B Purified protein fractions were subjected 

to CW-EPR measurements (Red: Top10; Black: JX33). Modified from 
[2]

. Copyright 2014 American Chemical 
Society. 

For a thorough quantification of the integrity degrees of spin-labeled proteins, further 

expression experiments were conducted. In the presence of 1 mM ncAA 6 for the 

expression of singly labeled GFP, an integrity degree of 49 % could be obtained for an 

expression time of 8 h. By simply increasing the amount of supplemented ncAA 6 to 3 

mM, the integrity degree could be significantly increased to 68 % (Figure 39). For 

prolonged expression times (up to 20 h) 52 % integrity degree of singly spin-labeled GFP 

proteins could be achieved, emphasizing the applicability and robustness of this method.  
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Figure 39 Quantification of the integrity degree of biosynthesized spin-labeled proteins. GFP-Y39TAG→6 
was expressed in E. coli JX33 cells. Ni-NTA purified protein samples were subjected to CW-EPR 
measurements to quantify the amount of paramagnetic nitroxide signal. Expression time as well as the 
amount of ncAA 6 were varied. Protein concentrations were measured using a BCA assay. Modified from 

[2]
. 

Copyright 2014 American Chemical Society. 

The nitroxide-characteristic, hyperfine interaction of the unpaired electron and the 

14N nucleus results in three defined peaks when measured in CW-mode of an X-band 

EPR spectrometer. This hyperfine interaction is anisotropic, hence sensitive to the 

spatial, molecular orientation of the spin label in an external magnetic field. 

 

Figure 40 A EPR spectrum of free ncAA 6. EPR spectrum is shown in black, the corresponding spectral 

simulation is superimposed in red. The spectrum was recorded at 20 °C in aqueous buffer. The chemical 
structure of 6 is shown at the right side. B EPR spectrum of a purified thioredoxin mutant (PDB: 2TRX)

[197]
 

bearing ncAA 6 at position D14. 
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The dynamics of spin-labeled proteins can be detected by EPR spectroscopy, which is 

sensitive in the pico - microsecond range.[136] The EPR spectrum of free ncAA 6 indicates 

a fast tumbling of the molecule (Figure 40A). A rotational correlation time of 40 ps could 

be detected. When ncAA 6 was site-specifically incorporated into a protein, e.g. 

thioredoxin at position D14 (Figure 40B), the rotational mobility was significantly reduced. 

A rotational correlation time of 250 ps could be measured for singly spin-labeled 

thioredoxin TRX-D14→6. The shape of the EPR spectrum changes upon incorporation 

into a protein, emphasizing the reduction of rotational diffusion and tumbling of the 

molecule. 
 

Evaluation of ncAA 6 as a Useful Spin-Label 

 To evaluate the potential of ncAA 6 to serve as a useful spin-label, especially for 

the analysis of the structure and dynamics of proteins, singly spin-labeled variants of the 

endogenous E. coli protein thioredoxin were expressed harboring 6 at positions D14, 

G34, Q51 and R74, respectively (Figure 41).  Protein samples were subjected to CW-

EPR measurements and the EPR spectra were analyzed. In general, the following 

information can be obtained from EPR spectra: 1) the internal motion of the nitroxide 

moiety around the attached lysine residue 2) the conformational flexibility of the peptide 

chain around the incorporation site and 3) conformational motion of the entire protein.[207] 

 

Figure 41 A Cartoon representation of the crystal structure of E. coli thioredoxin with the incorporation sites 
highlighted as red sticks (PDB: 2TRX)

[197]
 B SDS-PAGE analysis of the expression of spin-labeled 

thioredoxin variants. C CW EPR-spectra of the singly labeled protein samples. 

 All four mutants could be expressed and purified in high purity. Slight variation in 

the integrity degree could be observed (Figure 41C), but the overall integrity degree was 

sufficient for proper EPR analysis. Although, the incorporation sites are located on the 
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surface of the globular TRX protein, subtle differences in the EPR spectra are expected. 

The overall mobility of the protein variants is expected to be almost identical for all spin-

labeled mutants. Nevertheless, differences in the local mobility at the incorporation site 

should be observable. Indeed, when superimposing the EPR spectra of D14→6 and 

R74→6, differences in the shape of the nitroxide signal could be detected. TRX-D14→6 

is located in a α-helical part of the protein, whereas TRX-R74→6 shows a higher degree 

of conformational flexibility due to the location within a potentially more flexible loop 

region of the protein (Figure 42). 

 

Figure 42 A Incorporation sites TRX-D14→6 and TRX-R74→6 in E. coli thioredoxin. D14 is located within 

an α-helix, potentially exhibiting a more rigid peptide context in comparison to R74, which is located in a loop 
region of the protein. Cartoon representations are based on the crystal structure (PDB: 2TRX)

[197]
.  

B Superimposed EPR spectra of TRX-D14→6 (red) and TRX-R74→6 (green). A zoom-in of the third peak 

emphasizes the different degrees of motion within the peptide backbone of the incorporation sites. 

EPR Distance Measurements of E. coli Thioredoxin 

To further evaluate whether ncAA 6 is a useful spin label for EPR DEER distance 

measurements, the structure of thioredoxin was studied more closely. TRX has an 

important role as an oxidoreductase in redox-processes, being involved in redox 

signaling and cysteine thiol-disulfide exchange reactions. TRX harbors two native 

cysteine residues at position C33 and C36, being essential for the catalytic activity of the 

enzyme.[159] Classical spin-labeling of TRX using sulfhydryl-reactive reagents is therefore 

not feasible in the native form of the enzyme. Although C33S and C36S mutations were 

reported to have no influence on the structure of the protein, as determined by CD-

spectroscopy,[208] NMR analysis of the oxidized and reduced form revealed a significant 

conformational transition, especially close to the vicinity of the reductive center.[181] By 

genetically incorporating ncAA 6 into TRX, mutagenesis can be obviated and the 

structure of the catalytically active form could be accessible for EPR studies. 

TRX is a compact, globular protein with 108 amino acids in size, harboring two 

main conformational domains. The ββα domain is connected with the βαβαβ domain via 



3. Results and Discussion 

 

52 
 

α2-helix and the 310 helix (Figure 43).[197] Two doubly spin-labeled TRX variants were 

expressed and analyzed in DEER experiments. In particular, the distance distribution of 

6 incorporated at position R74, located in a loop region next to the 310 helix, and D14, 

located in a more rigid α-helical part of α1-helix, was investigated. Furthermore, distance 

measurements between 6 incorporated at position D14 and G34, located at the N-

terminal end of α2-helix were studied. Cα-Cα distances were determined from the crystal 

structure (PDB: 2TRX)[197] to be 2.1 nm (D14/R74) and 2.8 nm (D14/G34), being in a 

reasonable range for DEER experiments. 

 

Figure 43 Cartoon representation of E. coli thioredoxin (PDB: 2TRX)
[197]

. Incorporation sites are highlighted 

as red sticks with Cα-Cα distance of D14-R74 highlighted as a red line. Cα-Cα distance of D14-G34 
highlighted as a green line. Catalytic cysteine C33 and C36 are highlighted as yellow sticks. 

 Doubly spin-labeled TRX-D14/R74→6 and TRX-D14/G34→6 were expressed, 

along with the singly spin-labeled variants TRX-D14→6, TRX-G34→6 and TRX-R74→6, 

which served as controls in DEER experiments. TRX variants were expressed as C-

terminal His6-tagged proteins in E. coli GH731, demonstrating that standard E. coli 

strains are capable of expressing sufficient amounts of doubly labeled proteins without 

chromosomal re-engineering e.g. RF1-knockout strains. For all singly labeled protein 

expressions, yields of approximately 3 mg/L could be achieved. For doubly labeled 

proteins, a slight reduction of the expression yield could be observed, as determined by 

BCA assays (Figure 44). 
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Figure 44 Expression of doubly and singly spin-labeled TRX variants in E. coli GH371 cells in the presence 
of 3 mM ncAA 6. A SDS-PAGE analysis of singly spin-labeled TRX variants bearing 6 at positions D14, G34 
and R74, respectively. Gray bars show BCA-based expression yield. B SDS-PAGE analysis of doubly spin-

labeled TRX variants. Cα-Cα distance were measured from the crystal structure (PDB: 2TRX) 
[197]

 

After addition of glycerol to the aqueous buffer of the doubly labeled TRX-

D14/R74→6 and TRX-D14/G34→6, samples were shock-frozen to trap the 

macromolecular conformation. The proteins were subjected to DEER distance 

measurements at cryogenic temperatures. DEER experiments were conducted in 

collaboration with Julia Borbas, Christian Hintze and Artem Fedoseev (AG Drescher). In 

collaboration with Dennis Bücker and Prof. Dr. Christine Peter a rotamer library of ncAA 

6 was calculated to compare experimental data with simulated distance distributions. 

The singly spin-labeled TRX variant TRX-D14→6 and TRX-R74→6 were used as 

background controls. DEER distance measurments of these samples showed a 

homogenous, three dimensional distribution of 6, as expected (see appendix for DEER 

data).  

 

Figure 45 A Experimental distance distribution of TRX-D14/R74→6 shown in red. Gray bars represent the 

error of the DEER data. The blue curve was calculated by Dennis Bücker on the basis of a theoretical 
rotamer library of 6. B Experimental distance distribution of TRX-D14/G34→6 shown in green, compared to 

the simulated distance distribution (blue). Gray bars represent the error of the DEER data. 
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TRX-D14/R74→6 could be expressed with 6 % of the protein bearing two 

paramagnetically active spin-labels. After a model free analysis of the DEER data (using 

DEERAnalysis 2013), a distance distribution of the spin labels as shown in Figure 45A 

could be resolved. The distance distribution shows a maximum at 2.7 nm which is in 

good agreement with the calculated Cα−Cα distance from the crystal structure of 2.1 nm. 

The simulated distance distribution, based on rotamers of 6, shows two distinct distance 

distributions, most likely due to two different, theoretical major conformations of 6. The 

second distance population determined by the simulation cannot be found 

experimentally, indicating that 6 might adopt a distinct conformation from all possible 

conformations within the incorporation site. The overall width of the simulated distance 

distribution as well as the distance itself is in very good agreement with the experimental 

data. The width of the distance distribution reflects the overall flexibility of the TRX 

protein as well as the flexibility of the linker of ncAA 6. 

Furthermore, TRX-D14/G34→6 could be expressed with 5.5 % of the protein 

bearing two paramagnetically active spin-labels. The main distance distribution is also in 

good agreement with the calculated simulation (Figure 45B). The major distance 

distribution was resolved around 4 nm, reflecting a longer and sharper distance as 

compared to TRX-D14/R74→6. Of the relatively broad, theoretically simulated distance 

distribution, only one major peak is observed experimentally, indicating again a preferred 

arrangement of 6 within the protein. The width of the distance distribution of TRX-

D14/G34→6 is substantially smaller than the simulated data. Taking all possible 

structural conformations in consideration, less conformational constraints are expected 

for the incorporation site R74, being located within a flexible loop region. D14 as well as 

G34 are located in more rigid α-helical regions, which is reflected in the sharper width of 

the distance population. 

 

Comparing ncAA 6 and MTSSL in DEER Experiments 

The interpretation of distance distributions measured from DEER experiments strongly 

depends on the flexibility and nature of the spin-label. As 6 exhibits a rather long and 

flexible linker, a thorough assessment of the data quality obtained from distance 

measurements was conducted. Especially the direct experimental comparison with state-

of-the-art MTS-labeled proteins should give detailed insights about the performance and 

value of information obtained. In a first step, a cysteine-free mutant of TRX was cloned 

by classical site-directed mutagenesis. C33 and C36 were mutated to structural related 

serine residues. In a next step, D14 and R74 were mutated to cysteine residues, which 

were employed for MTS spin-labeling after expression and dialysis. Singly as well as 

doubly cysteine-derived TRX proteins were expressed and employed in standard 
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labeling reactions. Interestingly, when the double cysteine mutant (TRX-C33S-C36S-

D14C-R74C) was subjected to DEER measurements after labeling, multiple distance 

distributions with similar intensities arose (Figure 46A, purple curve).  

 

Figure 46 Studying TRX with MTSSL A Distance distributions from DEER experiments, showing a 

competing oligomerization pathway, based on the formation of disulfide bonds of the surface accessible 
cysteine residues. The purple curve represents the labeled sample before optimization, with multiple peaks 
arising. The black curve shows the optimized labeling protocol for TRX. By employing the labeling reagent 
directly on the Ni-NTA beads, the degree of oligomerization could be significantly reduced. B Distance 

distribution of experimentally determined TRX-C33S-C36S-D14C-R74C labeled with MTSSL (shown in 
black) and the corresponding simulated DEER distance distribution (shown in blue). C Native PAGE gel 

analysis of cysteine mutants of TRX: Left lane: TRX-C33S-C36S-D14C-R74C, right lane: TRX-C33S-C36S, 
before and after the treatment with mercaptoethanole (ME) to reduce formed disulfide bonds. 

Although a peak at 2.5 nm could be clearly distinguished, corresponding to the expected 

distance distribution according to the crystal structure and simulations, peaks indicating 

distances at 3.1, 3.6, 4.4 and 5 nm occurred. This multiplicity of peaks with repeating 

patterns of 0.5 – 0.8 nm lead to first assumptions about a potential oligomerization 

mechanism, based on competing disulfide bond formation of the surface accessible 

cysteine residues. Native PAGE gel analysis was conducted to confirm this hypothesis. 

TRX-C33S-C36S-D14C-R74C was analyzed before labeling and protein oligomers could 

be observed by multiple arising bands, indicating the formation of protein dimers and 

trimers (Figure 46C).  Furthermore, by breaking the disulfide bonds using β-

mercaptoethanol, only a single protein band could be observed, confirming a competing 

oligomerziation. In order to reduce the level of oligomers, an optimization of the labeling 

protocol had to be conducted. Reducing the overall protein concentration and 

temperature had only minor effects on the degree of oligomerization. Finally, a protocol 

was established by labeling the protein immobilized on Ni-NTA beads, spatially 
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separating the sample during labeling. The experimentally obtained distance distribution 

for doubly MTS-labeled TRX-C33S-C36S-D14C-R74C showed a substantial decrease in 

peaks above 3 nm, with one major distance population after optimization (Figure 46A, 

black curve). Moreover, the experimental data was compared to a simulated, theoretical 

distance distribution (Figure 46B). The simulation is based on an established rotamer 

library, used regularly for the analysis of MTS-labeled proteins.[136] The experimentally 

determined distance distribution is in good agreement with the calculated simulation, 

exhibiting slight deviations. The major distance distribution from the DEER experiment 

was resolved at around 2.5 nm with a smaller shoulder at higher distances of 3 nm. The 

simulated distance distribution shows more defined pattern of distances, slightly shifted 

to distances below 2.5 nm. Here, the major distance population is resolved at 3 nm. 

These results indicate again, that of all possible, theoretical rotamer conformations of the 

spin-label, a preferred structural arrangement when incorporated into a protein is 

observed experimentally. 

Finally, to directly benchmark the performance of ncAA 6 against MTS spin-

labeled TRX, the distance distribution of TRX-D14/R74→6 was compared to the MTS-

labeled counterpart (Figure 47). The distance distribution of TRX-D14/R74→6 is in good 

agreement with the MTS spin-labeled TRX variant. The population of distances of TRX-

D14/R74→6 is shifted to higher distances, indicating that the linker length might 

influence the overall measured distances. Interestingly, the width of the distance 

distribution of both experiments is in a similar range, indicating that the flexibility of the 

linker of ncAA 6 contributes only marginally to the overall flexibility, making ncAA 6 a 

comparable and valuable tool for structure determination as compared to the “golden 

standard” of MTSSL. 

 

Figure 47 A Chemical structure of 6 and MTSL after the labels were attached to the protein. B 

Experimentally determined distance distributions from DEER experiments. Distance distribution of TRX-
D14/R74→6 (red curve) and MTS-labeled TRX-C33S-C36S-D14C-R74C (black curve). 
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Stability of ncAA 6 in Bacterial Culture and Lysates 

 Nitroxide free radicals are prone to reduction and chemical conversion in 

biological environments, leading to a loss of paramagnetism hence spectroscopic 

properties. Past studies have been focused on assessing the stability of nitroxide spin-

labels in intracellular contexts of Xenopus laevis oocytes,[148, 202] demonstrating that 

paramagnetic signal decay occurs rapidly under these conditions. Strikingly, the stability 

of nitroxide-derived ncAA 6 in bacteria seems to be unexpectedly higher, resulting in 

integrity degrees (after being incorporated into a protein) of 50 - 70 % of singly labeled 

proteins. However, differences in the integrity degrees of spin-labeled proteins, 

depending on the position of incorporation and more importantly on expression 

conditions, were experienced. The integrity degree for doubly-labeled proteins dropped 

in a multiplicative manner, hampering DEER experiments. To identify critical parameters 

in protein expression and to study the overall stability of ncAA 6 in bacteria, reduction 

kinetics in live bacterial cells and under conditions reflecting cell lysis were investigated 

(Figure 48). 

 

Figure 48 Investigations on the stability of ncAA 6 in E. coli cells and lysates. Nitroxide 6 was added to a 
dense (OD600nm = 2.5) E. coli culture in concentrations of 100 µM. The signal decay was measured in a time-
resolved manner at 4 °C, 20 °C and 37 °C. To get insights about the stability of ncAA 6 during the lysis of 

bacterial pellets prior to purification, 100 µM of nitroxide amino acid were added to chemically lyzed cells and 
the signal decay was measured in a time-resolved manner at 4 °C, 20 °C and 37 °C. 
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To thoroughly assess the reduction kinetics in live E. coli cells, a dense overnight culture 

was adjusted to an OD600nm of 2.5 and 0.1 mM ncAA 6 were added. The EPR signal of 

the cell suspension was measured over time at 4 °C, 20 °C and 37 °C. For live cells, the 

EPR signal measured at 4 °C stayed constant over 60 minutes with no observable signal 

decay. When the temperature was increased to 20 °C a slight reduction of the EPR 

signal could be observed, correlating to a half-life of 396 ± 22 min. This signal decay 

could be further accelerated by raising the temperatures to 37 °C, representing standard 

cultivation conditions. The half-life dropped significantly by 3.6 fold to 109 ± 6 minutes. 

To gain insights, whether the signal decay during cell lysis was similar, E. coli cells were 

chemically lyzed and ncAA 6 was added directly into the crude lysate, including insoluble 

cell debris. When measuring these samples at 4 °C, no significant decrease in signal 

could be detected. By elevating the temperature to 20 °C or 37 °C, a dramatic drop in 

EPR signal could be oberserved, reaching half-lifes of 26 ± 1 min and 17 ± 2 min, 

respectively. This significant acceleration of the reduction of nitroxides can be explained 

by a higher cell density and therefor higher concentration of potentially reductive 

reagents during lysis. Additionally, the compartimentalization of the cells is disrupted, 

potentially releasing reductive species into the crude lysate (Figure 48).  

 

 

Figure 49 EPR reduction kinetics in E. coli lysates at 37 °C in the presence of 1) Roche complete (a mixture 

of protease inhibitors) 2) phenylmethylsulfonyl fluoride (PMSF) and 3) 4-(2-aminoethyl) benzenesulfonyl 
fluoride (AEBSF), both serine protease inhibitors. Chemical structures of the inhibitors shown below the time-
resolved reduction graphs. 

Interestingly, when the same decay experiments in E. coli lysates were performed 

in the presence of a mixture of protease inhibitors (Roche complete), no reduction of the 

signal could be observed, even at elevated temperatures of 37 °C (Figure 49). To narrow 

down, whether a distinct class of proteases would be involved in the reduction pathway 

of nitroxides, phenylmethylsulfonyl fluoride (PMSF) was applied instead of a commercial 

inhibitor mixture. PMSF is a serine protease inhibitor, interacting covalently with the 
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active site serines of proteases. When PMSF or the more stable form 4-(2-aminoethyl) 

benzenesulfonyl fluoride (AEBSF) were present in the lysate mixtures, no reduction was 

observed at 37 °C, indicating that proteins involved in the reduction of nitroxides in E. coli 

might be substrates for one or multiple serine proteases. 

 As general expression guidelines, temperature sensitive acceleration of the 

reduction of nitroxides has to be considered. A fast and cold work-up procedure is 

recommended, while the lysis step is of particular importance. Additionally, the presence 

of serine protease inhibitors can significantly contribute to the stability of nitroxides in cell 

lysates. 

 

Towards the Identification of Proteins Causing the Reduction of Nitroxides 

In efforts to identify proteins that are responsible for the reduction of nitroxides in E. coli, 

a thorough analysis of the proteome was conducted using 2D-PAGE analysis. GH371 

cells were supplemented with or without 4 mM ncAA 6 and after incubation, the 

proteome was analyzed and quantified using Decodon Delta 2D software. Although 4 

mM ncAA 6 was present during cultivation, no upregulation of distinct proteins could be 

observed (Figure 50). 

 

Figure 50 Comparing the E. coli GH371 proteome in 2D-PAGE analysis. A Cultures were supplemented 
with 4 mM ncAA 6 and incubated for 8 h. B Control culture with no supplementation. 

To more closely resemble the expression conditions of spin-labeled proteins, 

GH371 cells were transformed with plasmids encoding for PylRS_SL1/tRNAPyl and a 

plasmid encoding for GFP-Y39TAG. Singly spin-labeled GFP (GFP-Y39→6) was 



3. Results and Discussion 

 

60 
 

expressed and the 2D proteome profile was compared to cultures expressing a GFP 

variant with a control ncAA 4 (Boc-Lys; GFP-Y39→4) incorporated at the same position. 

 

Figure 51 Comparing the E. coli proteome while expressing GFP with ncAA 6 or ncAA 4 incorporated at 
position Y39. A 2D proteome profile of cultures expressing GFP-Y39→6. Upregulated proteins are marked 
as red spots. B 2D proteome profile of cultures expressing GFP-Y39→4. 

Interestingly, several protein spots appeared in the sample expressing the spin-

labeled variant of GFP (Figure 51). These spots were not or only marginally detectable 

on the gel of the control cultures. Upon tandem MS/MS analysis of tryptic digests of the 

gel bands, a potential hit list was compiled (Figure 52). Furthermore, using single-gene 

knockout strains from the Keio collection,[209] the integrity degree of GFP-Y39→6 was 

studied in the absence of the identified genes to assess for their potential involvement in 

reduction pathways. 

Gene name Protein 

adhE Aldehyde-alcohol dehydrogenase 

maeB NADP-dependent malic enzyme 

gcvP Glycine dehydrogenase 

putA Bifunctional protein PutA 

aldA Lactaldehyde dehydrogenase 

clpB Chaperone protein ClpB 

thrA Bifunctional aspartokinase/homoserine dehydrogenase 1 
 
Figure 52 Upregulated proteins from GFP-Y39→6 expression cultures, identified with ESI MS/MS. 

Unfortunately, when single-gene knockout strains were employed in expression 

experiments as before, no improvement in the integrity degree of the purified protein 

fractions could be detected. The reduction of nitroxides in bacterial cells might be 

achieved with multiple proteins or pathways, rendering single-gene knockout strains not 

capable of counteracting. 
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In vivo Detection of Spin-Labeled Proteins in E. coli 

The genetic encoding of spin labeled amino acids provides the unique opportunity 

to potentially study the structure and dynamics of proteins in vivo. The developed 

method provides means to biosynthesize spin-labeled proteins inside live cells, where 

they are processed and modified to adapt to their cellular functions – featuring an 

increased biorelevance. However, expression yield and integrity degree of the protein 

are critical parameters, which requires sufficient sensitive means for detection. 

Furthermore, during the process of translation ncAA 6 is transformed to additional spin-

labeled adducts, which complicates the selective detection of the spin-labeled protein in 

cells. During translation, ncAA 6 can be found as free amino acid in the cell, activated by 

ATP as an aminoacyl adenylate inside the PylRS binding pocket, esterified to tRNAPyl 

and minor amounts of 6 can be incorporated in chromosomal encoded proteins that 

harbor an amber stop codon.  

To investigate whether the signal of spin-labeled proteins could be selectively 

detected in live E. coli cells, a singly labeled TRX-R74→6 was expressed and the 

bacterial cells were subjected to a short washing protocol, to reduce background signals 

coming from free amino acid. To further differentiate between the contributions of other 

spin-labeled species in cells, controls for all orthogonal components required for the 

genetic encoding of ncAA 6 were included, e.g. a control missing PylRS-SL1/tRNAPyl and 

a control lacking the amber stop codon in thioredoxin (Figure 53). With no 

supplementation of ncAA 6 to the expression culture, no nitroxide-characteristic signal 

could be detected. If all translational components for the genetic encoding of 6 were 

present, an intense EPR signal could be obtained. On the other hand, if thioredoxin was 

expressed as its wild type form in presence or absence of the PylRS-SL1/tRNAPyl pair, a 

reduction of the signal intensity of 50 % was observed. This result indicates that  

TRX-R74→6 can be selectively detected in cells. The background signal in this 

experimental set-up is mostly caused by the presence of free ncAA 6 inside the cells. 

Spin-labeled tRNAPyl or other species did not contribute to the EPR signal under these 

conditions. 
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Figure 53 In cell EPR measurements of spin-labeled TRX in live E. coli. TRX-R74→6 was expressed and 
the bacterial pellet was subjected to a short washing protocol. A EPR signal intensities of in cell EPR 

measurements. Controls including the PylRS-SL1/tRNA
Pyl

 pair, as well as a control expressing non-spin-
labeled wild type TRX were measured to investigate the contributions of other potentially spin-labeled 
species during protein expression. (AU: arbitrary units) B EPR spectrum of cells harboring spin-labeled TRX-
R74→6, measured at 4 °C. Modified from 

[2]
. Copyright 2014 American Chemical Society. 

 These findings indicate that sufficient amounts of singly spin-labeled TRX can be 

expressed in cells and selectively detected. Major source of background signal is the 

presence of free ncAA 6, which can be significantly reduced by washing, leaving the 

spin-labeled protein intact and localized inside the cells. As shown before, the signal 

shape of ncAA 6 changes upon incorporation into a protein due to the reduction of the 

rotational mobility. Figure 53 shows the first in vivo EPR spectrum of a singly spin-

labeled TRX variant in E. coli, corresponding to an overall spin concentration of 13.4 µM. 
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Incorporation of ncAA 6 Into Proteins In Mammalian Cells 

EPR spectroscopic analysis of proteins has become a complementary approach to gain 

insights about the structure of proteins, as compared to X-ray crystallography or FRET-

based methods. By transferring the genetic encoding of spin-labeled amino acids to 

mammalian cell culture, spin-labeled proteins are synthesized in vivo, being of particular 

biorelevance since proteins especially in eukaryotes can undergo massive post-

translational modifications to regulate their function and adapt to stimuli. As a first proof 

of principle, a functional test of the evolved PylRS-SL1/tRNAPyl pair was conducted in the 

context of HEK 293FT-based protein expression. Sensitivity (due to low expression 

yields) and expression times of around 48 h are formidable challenges in this context 

that have to be overcome in the future. To site-specifically incorporate 6 into proteins in 

mammalian cells, HEK 293FT cells were applied for transient transfection experiments. 

All cell culture experiments were conducted in collaboration with Moritz Pott in the course 

of his master thesis.[198] As mentioned before, a dual fluorescence reporter plasmid was 

transiently co-transfected with a plasmid encoding for PylRS-SL1/tRNAPyl. Protein 

expression and amber suppression could be easily monitored using this mCherry-GFP-

Y39TAG bifunctional reporter construct. An additional nuclear localization sequence at 

the N-terminus was applied to accumulate fluorescent proteins within the nucleus, 

facilitating detection using fluorescence microscopy. As transfection control, 

fluorescence of mCherry was monitored by fluorescence microscopy. Green 

fluorescence should only be observable in the presence of ncAA 6 and a functional 

PylRS/tRNAPyl pair. A wild type mCherry-GFP construct served as positive control. After 

supplementation with ncAA 6 and expression for 48 h, cells were analyzed using live cell 

fluorescence microscopy (Figure 54). HEK 293FT cells harboring the amber GFP mutant 

showed green fluorescence only in the presence of 6. The site-specific incorporation of 6 

was further demonstrated by western blotting and the expression was quantified by 

automatic microscope imaging as conducted by M. Pott. A 15 % GFP fluorescence could 

be achieved in comparison to wild type GFP expression, with only minimal background 

fluorescence.[198] 
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Figure 54 Incorporation of 6 into proteins in mammalian HEK 293FT cells. A Fluorescence microscopy 

images of the expressions of a mCherry-GFP_TAG construct in HEK293FT cells bearing an amber codon at 
position GFP-Y39 in presence or absence of 6. B Quantitative GFP fluorescence generated by automatic 
microscope imaging. C Western blot analysis of expressed mCherry-GFP_TAG in HEK 293FT cells (anti-His 

6 antibody). Full length mCherry-GFP proteins is marked with an arrow (L:  molecular weight standard).  
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4. Summary and Outlook 

In the course of this Ph.D. thesis, new noncanonical amino acids were genetically 

encoded to study the interactions and structure of proteins. 

 In the first project, a furan-based photocrosslinking chemistry was successfully 

added to the genetic code of E. coli and mammalian cells. Therefore, a furan-derived 

lysine analogue was synthesized and a new orthogonal pyrrolysyl-tRNA-

synthetase/tRNAPyl pair was evolved. A published selection system was therefor 

established and selection parameters were optimized. Additionally, several PylRS 

libraries were created for directed evolution experiments. The co-translational 

incorporation at user-defined sites in proteins with a furan-based noncanonical amino 

could be demonstrated with high efficiency and fidelity. For the first time, protein-RNA 

crosslinking experiments could be conducted with red light, using a furan-modified 

protein, and methylene blue as a photosensitizer in vitro. The crosslinking properties 

were studied in detail, using a medical relevant RNA-protein complex (TAR-Tat complex 

of HIV-1). The arginine-rich motif (ARM) of the HIV-1 Tat protein was fused N-terminally 

to GFP and the binding affinity and crosslinking behavior towards TAR-RNA were 

studied. It was demonstrated that the formation of the crosslinking product is dependent 

on the spatial orientation of the furan-derived noncanonical amino acid within the protein, 

complex formation and presence of singlet oxygen. The application of red light offers 

high penetration depth in biological samples such as tissues, and obviates the need for 

UV-light controlled, traditional photochemistries. This technique might be applicable for 

the development of DNA and RNA-targeting biologics, featuring a red-light controlled 

chemical warhead. This approach could be interesting for the application in peptide 

therapeutics especially in photodynamic therapy. Furthermore, the site-specific 

incorporation of furan-based noncanonical amino acids in response to the amber stop 

codon could be demonstrated in mammalian cell culture. Future applications could be 

focused on the in vivo detection of transient protein-RNA or DNA interactions in live 

bacterial or mammalian cells. In efforts to circumvent the supplementation of 

photosensitizers, the application of genetically encoded photosensitizing proteins could 

be of potential interest.[210] Moreover, furan-mediated biorthogonal labeling could be 

transferred to proteins.[98] In addition, the structural basis of the evolved, polyspecific 

PylRS was investigated by X-ray crystallography in collaboration with Anne-Marie Weber 

(AG Welte). The mode of amino acid recognition and the polyspecificity of PylRS_AF 

(harboring mutations Y306A and Y384F) could be illuminated in detail. The influence of 

the mutations on the shape and constitution of the binding pocket could be explained 

and novel amino acid residues at the rear end of the new, extended binding pocket could 
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be identified. These amino acid residues are potential targets to further enhance binding 

capacity of the binding pocket in the future. 

 In a second project, the genetically encoded biosynthesis of spin-labeled proteins 

in E. coli could be demonstrated, giving new perspectives in precisely measuring 

structural information of proteins. This direct method of protein spin-labeling obviates the 

need for chemical labeling steps and cysteine mutagenesis as required for traditional 

spin-labeling based e.g. on sulfhydryl-reactive labeling reagents. By employing the 

potentially stable hydroxylamine surrogates of the ncAA of interest in in vivo selection 

experiments, a new orthogonal PylRS/tRNAPyl pair was identified by directed evolution 

and genetic selection. The evolved PylRS-SL1 exhibits crossreactivity towards its 

paramagnetic nitroxide amino acid analogue. The site-specific incorporation of spin-

labeled amino acids could be demonstrated at user-defined positions in proteins in 

response to the amber stop codon. The integrity degree of spin-labeled proteins was 

investigated and 50 - 70 % could be obtained for singly-labeled GFP mutants. Nitroxide 

free radicals were shown to be unexpectedly more stable in bacteria compared to earlier 

reported stabilities in eukaryotes.[203, 211-212] The spectroscopic properties of the spin-

labeled amino acid were investigated in collaboration with the AG Drescher. In DEER 

distance measurements of doubly spin-labeled proteins, the spectroscopic value of this 

method was thoroughly assessed. Therefore, the structure of bacterial thioredoxin, 

bearing two essential cysteines, was studied. Thioredoxin cannot be studied in its native 

form using classical MTS spin-labeling techniques without impairing on the catalytic 

activity by mutagenesis and additionally forcing the protein in a reduced-like 

conformation. The performance of the spin-labeled amino acid was investigated to 

resolve precise distance distributions of doubly spin-labeled TRX in vitro. By directly 

comparing the distance distribution with classical MTSSL, it could be demonstrated that 

the genetically encoded spin-labeled amino acid is a valuable tool for the determination 

of the structure and dynamics of proteins in DEER experiments. The reduction kinetics of 

the spin-labeled amino acid was thoroughly assessed in bacterial cell culture and during 

cell lysis to establish guidelines for an optimized biosynthesis of spin-labeled proteins. 

First hints pointing towards a serine protease-mediated control of reductive proteins 

could be gathered. Furthermore, a first functional test of the evolved PylRS/tRNAPyl pair 

could be shown in mammalian cells.  

This developed method offers new perspectives for future in cell applications. In first 

experiments, spin-labeled proteins could be selectively detected in live E. coli cells. 

However, reduction is the limiting factor, which leads to loss in signal intensity and thus 

leading to low modulation depths in DEER experiments (hampering in cell distance 

measurements). Further efforts should focus on enhancing the stability of new amino 
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acid analogues by chemical synthesis, and on the identification of cellular components 

responsible for the reduction of nitroxides. By increasing the steric hindrance of the 

nitroxide moiety with e.g. ethyl groups, the stability might potentially be increased.[213] 

This could lead to higher integrity degrees of doubly-labeled proteins, thus increasing the 

data quality in DEER experiments. By altering the chemical structure to improve the in 

vivo stability, the integrity degree of doubly-labeled protein samples could potentially be 

increased, opening new perspectives for future in cell EPR DEER measurements.  

Alternatively, a protective group strategy could be applied to the spin-labeled amino 

acid. This could render the nitroxide species inert during cellular protein expression, 

overcoming the current limitation of low integrity degrees caused by reductive processes. 

By employing e.g. a photolabile protecting group strategy,[214] reduction of nitroxide spin 

labels could be prevented, making this approach compatible with time-consuming protein 

expression in mammalian cell culture. This way, photocaged, spin-labeled amino acids 

could be site-specifically incorporated into proteins and deprotected in an non-invasive 

manner, giving the experimentalist spatio-temporal control over nitroxide formation in live 

cells. 

A complementary strategy could follow up on the identification of the responsible 

proteins orchestrating the reduction of nitroxides in bacterial cells. First experiments 

suggest an involvement of serine proteases in the degradation pathway of proteins 

causing the reduction of nitroxides in cells and lysates. Activity-based protein profiling 

could potentially further illuminate the cause of reduction by pull-down assays. This 

might give indications about possible targets for genomic knock-outs. A first step towards 

the identification of proteins involved in the reduction of nitroxides was made. 2D-SDS-

PAGE analysis revealed the up-regulation of several proteins, during the biosynthesis of 

spin-labeled proteins. These hit candidates have to be further evaluated. 
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5. Zusammenfassung und Ausblick 

In dieser Doktorarbeit wurden neue nichtkanonische Aminosäuren zur Struktur- und 

Interaktionsanalyse von Proteinen genetisch kodiert. 

In einem ersten Projekt wurde eine Furan-basierte Photovernetzungschemie erfolgreich 

zum genetischen Kode von E. coli und humanen Zellen hinzugefügt. Hierfür wurde ein 

Furan-modifiziertes Lysinderivat synthetisiert und ein neues, orthogonales Pyrrolysyl-

tRNA-Synthetase(PylRS)/tRNAPyl Paar evolviert. Hierfür wurde ein literaturbekanntes 

Selektionssystem etabliert und optimiert, sowie PylRS-Bibliotheken kloniert. Der ko-

translationale Einbau der Furan-basierten, nicht-kanonischen Aminosäure konnte an 

benutzerdefinierten Positionen in Proteinen mit hoher Effizienz und Genauigkeit 

demonstriert werden. Zum ersten Mal konnten Protein-RNA Vernetzungsexperimente 

mittels rotem Licht, Methylenblau als Photosensibilisator und Furan-substituierten 

Proteinen in vitro durchgeführt werden. Die Vernetzungseigenschaften wurden im Detail 

an einem medizinisch-relevanten Protein-RNA Komplex (TAR-Tat Komplex des HIV-1) 

untersucht. Hierfür wurde das argininreiche Motiv (ARM) des HIV-1 Tat Proteins N-

terminal an GFP fusioniert und die Bindungs- und Photovernetzungseigenschaften 

anhand des TAR-RNA Bindungspartners untersucht. Die Anwendung von rotem Licht 

bietet generell eine hohe Eindringtiefe in biologische Proben wie z.B. Geweben und 

umgeht die Applikation von UV-Licht, wie man es von traditionellen photochemischen 

Anwendungen kennt. Die durch rotes Licht aktivierbare chemische Kampfgruppe könnte 

zukünftig für die Entwicklung von Nukleinsäure-gerichteter Biopharmazeutika verwendet 

werden. Dieser Ansatz könnte für die Anwendung im Bereich der Peptidtherapeutika, im 

Speziellen für die photodynamische Therapie interessant sein. Des Weiteren konnte der 

ortspezifische Einbau der Furan-basierten, nicht-kanonischen Aminosäure in Proteine in 

humaner Zellkultur gezeigt werden. Zukünftige Anwendungsfelder könnten sich auf die in 

vivo Detektion von transienten Protein-Nukleinsäure Interaktionen in lebenden Bakterien 

oder humanen Zellen fokussieren. Um in Zukunft die externe Supplementierung von 

Photosensibilisatoren umgehen zu können, wäre die Anwendung von genetisch 

kodierten Proteinen mit photosensibilisierenden Eigenschaften denkbar.[210] Zudem 

könnten Furan-basierte, bioorthogonale Markierungsstrategien am Protein etabliert 

werden.[98] Im Laufe dieser Arbeit konnte zudem die Kristallstruktur der evolvierten, 

polyspezifischen PylRS in Kollaboration mit Anne-Marie Weber der AG Welte gelöst 

werden. Der Erkennungsmechanismus der nicht-kanonischen Aminosäure und die 

Polyspezifität der PylRS_AF Mutante (weist Mutationen an Y306A und Y384F auf) 

konnten im Detail aufgeklärt werden. Der Einfluss der Mutationen auf die Form und 

Konstitution der Aminosäurebindungstasche konnten erklärt und neue 
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Aminosäureseitenketten im hinteren Teil der neuen, erweiterten Bindungstasche 

identifiziert werden. Diese identifizierten Aminosäureseitenketten stellen neue und 

interessante Angriffspunkte für weitere Mutagenese-Experimente dar, um in Zukunft die 

Kapazität der Bindungstasche zu erweitern. 

 In einem zweiten Projekt konnte die genetisch kodierte Biosynthese von 

spinmarkierten Proteinen in E. coli demonstriert werden, um so präzise Informationen 

über die Architektur von Proteinen zu erhalten. Diese direkte Methode der 

Spinmarkierung umgeht chemische Markierungsstrategien und die Notwendigkeit von 

z.B. Cystein-Mutagenese, wie sie für traditionelle Spinmarkierungsprotokolle erforderlich 

ist (z.B. für Thiol-reaktive Markierungsreagenzien wie MTSSL). Diese Methode stellt den 

ersten direkten und zellkompatiblen Ansatz zur Spinmarkierung von Proteinen dar. 

Durch die Applikation von stabilen, Hydroxylamin-basierten Surrogaten der 

spinmarkierten, nicht-kanonischen Nitroxid-Aminosäure für in vivo Selektions-

experimente, konnte ein neues, orthogonales Pyrrolysyl-tRNA-Synthetase 

(PylRS)/tRNAPyl Paar durch gerichtete Evolution und genetische Selektion identifiziert 

werden. Die evolvierte PylRS-SL1 Mutante zeigt Kreuzreaktivität für die entsprechende 

paramagnetische Nitroxid-Aminosäure. Der ortsspezifische Einbau der spinmarkierten 

Aminosäure konnte an benutzerdefinierten Positionen in Proteinen anstelle des Amber-

Stoppkodons gezeigt werden. Der Integritätsgrad der spinmarkierten Proteine (Anteil der 

paramagnetischen Proteinspezies in Bezug auf die Gesamtproteinkonzentration) wurde 

untersucht und für einfach markierte GFP-Varianten konnten Integritätsgrade von 50 – 

70 % erreicht werden. Es konnte zudem gezeigt werden, dass die Stabilität von freien 

Nitroxidradikalen in Bakterien höher ist wie im Vergleich zu früheren eukaryotischen 

Studien. Die spektroskopischen Eigenschaften der spinmarkierten Aminosäure wurden 

in Kollaboration mit der AG Drescher mittels Elektronenspinresonanz(ESR)-

Spektroskopie untersucht. In DEER Abstandsmessungen von doppelt spinmarkierten 

Proteinen wurde die Leistungsfähigkeit dieser neuen Methode eingehend untersucht. 

Dafür wurde die Struktur des endogenen E. coli Proteins Thioredoxin, welches über zwei 

essentielle Cysteinereste verfügt, untersucht. Thioredoxin kann in seiner nativen Form 

nicht über klassische, chemische Spinmarkierungsmethoden wie MTSSL untersucht 

werden, ohne die Konformation des Enzyms über Mutagenese in eine redox-ähnliche 

Faltung zu zwingen. Die spinmarkierte Aminosäure wurde hinsichtlich ihrer Eigenschaft 

untersucht, präzise Abstandsverteilungen von doppelt spinmarkiertem Thioredoxin in 

vitro aufzulösen. Durch den direkten experimentellen Vergleich der 

Abstandsverteilungen mit MTSSL-markierten Proteinen konnte gezeigt werden, dass die 

genetisch kodierte, paramagnetische Aminosäure ein wertvolles Werkzeug für die 

Untersuchung von Proteinstrukturen und Dynamiken darstellt. Reduktionskinetiken der 
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spinmarkierten Aminosäure wurden für Kultivierungs- und Lysebedingungen von 

Bakterien untersucht um allgemeingültige Richtlinien und Einflusskriterien für die 

Expression spinmarkierter Protein zu definieren. Erste Untersuchungen deuten auf eine 

Serineprotease-abhängige Kontrolle von reduzierenden Proteinen hin. Des Weiteren 

konnte ein erster funktionaler Test des evolvierten Pyrrolysyl-tRNA-Synthetase/tRNAPyl 

Paares in humaner Zellkultur gezeigt werden.  

Die hier entwickelte Methode bietet neue Perspektiven für zukünftige zelluläre 

Anwendungen. In ersten Experimenten konnte bereits gezeigt werden, dass 

spinmarkierte Proteine selektiv in lebenden E. coli Zellen detektiert werden können. Der 

limitierende Faktor hierbei ist die Reduktion der Nitroxide und der damit verbundenen 

Signalverlust. Hierdurch können nur geringe Modulationstiefen in DEER Experimenten 

erreicht werden, was zelluläre Abstandsmessungen bisher nicht möglich macht. Weitere 

Untersuchungen sollten sich auf chemische Stabilitätserweiterung von neuen, 

spinmarkierten Aminosäuren und auf die Identifikation von zellulären Komponenten, 

welche verantwortlich für die Reduktion von Nitroxiden sind, fokussieren. Es konnte 

bereits gezeigt werden, dass durch Erhöhung der sterischen Abschirmung des freien 

Nitroxidradikals, z.B. durch Ethylgruppen in direkter Nachbarschaft, die Stabilität in 

chemischen Reduktionsassays signifikant erhöht werden kann.[213] Eine erhöhte Stabilität 

könnte zu höheren Integritätsgraden für doppelt spinmarkierte Proteinen führen, was die 

Datenqualität der DEER Experimente nachhaltig verbessern könnte. Durch diesen 

chemischen Ansatz könnte die in vivo Stabilität der Aminosäure potentiell verbessert 

werden, wodurch neue Möglichkeiten für zukünftige zelluläre EPR Anwendungen 

eröffnet werden könnten.  

Eine alternative Strategie um diesen limitierenden Faktor in der Zukunft zu umgehen, 

stellt die Anwendung einer Schutzgruppenstrategie dar. Durch eine solche Strategie 

könnte die Nitroxidspezies während der zellulären Proteinexpression gegenüber 

Reduktionsquellen geschützt werden. Dadurch wäre diese Methode kompatibel mit 

zeitintensiven Proteinexpressionen in humaner Zellkultur. Durch die Wahl von z.B. 

photolabilen Schutzgruppen,[214] könnten geschützte, paramagnetische Aminosäuren 

ortspezifisch in Protein eingebaut werden und über Lichteinstrahlung entschützt werden. 

Hierbei hätte der Experimentator örtlich und räumliche Kontrolle über die Nitroxidbildung 

in lebenden Zellen.  

Eine komplementäre Strategie könnte sich zukünftig mit der Identifikation von Proteinen 

beschäftigen, welche für die Reduktion der Nitroxide in Bakterien verantwortlich sind. 

Erste Experimente deuten auf die Beteiligung von Serinproteasen im Degradationsweg 

hin. „Activity-based protein profiling” könnte potentielle reduktive Proteine identifizieren, 

um über genomische Knock-outs die Reduktion von Nitroxiden zu kompensieren. Erste 
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Experimente zur Identifikation von Proteinen, die für die Reduktion von Nitroxiden 

verantworlich sein könnten, wurden bereits durchgeführt. Über die Proteom-Analyse 

mittels 2D-PAGE konnten erste Hinweise zur Überexpression von zellulären Proteinen 

während der Expression von spinmarkierten Proteinen gesammelt werden.  
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6. Materials and Methods 

6.1 Chemical Synthesis 

6.1.1 General Information 

Flash chromatography was carried out using technical grade solvents from Fisher 

Scientific. All reaction solvents were purchased in anhydrous quality and were stored 

over molecular sieve. 1H and 13C NMR spectra were recorded at ambient temperature on 

a Bruker Avance III 400 instrument. Signal positions were reported in δ / ppm. High-

resolution mass spectrometry (HRMS) measurements were performed on a Bruker 

Daltonics micrOTOF II. 

6.1.2 Chemicals 

Chemical Commercial Supplier [CAS] 

Acetic acid (glacial) VWR [64-19-7] 
2,2,5,5-Tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid Acros [2154-67-8] 
Acetone Fisher Scientific [67-64-1] 
Acetonitril (anhydrous) Sigma-Aldrich [75-05-8] 
Acetonitril (Chromasolv) Sigma-Aldrich [75-05-8] 
Boc-Lys(Z)-OH Bachem [2389-45-9] 
Celite® S Sigma-Aldrich - 
Chloroform (Chromasolv) Sigma-Aldrich [67-66-3] 
Chloroforn-d Sigma-Aldrich [865-49-6] 
Deuterium oxide Eurisotop [7789-20-0] 
Dichloromethane (extra dry) Acros  [75-09-2] 
Diethylether VWR [60-29-7] 
Dimethylsulfoxide-d6 Deutero [2206-27-1] 
Ethylacetate Fisher Scientific  [141-78-6] 
Ethylene oxide solution (2.5 - 3.3 M in THF) Sigma Aldrich [75-21-8] 
Formic acid (Rotipuran) Carl Roth [64-18-6] 
Furan Sigma-Aldrich [110-00-9] 
Hydrochloric acid (37 %) VWR [7647-01-0] 
Lithium aluminum hydride Sigma Aldrich [16853-85-3] 
Magnesium sulfate hydrate Sigma-Aldrich [22189-08-8] 
Methanol puriss. p.a. Sigma-Aldrich  [67-56-1] 
N,N-Diisopropylethylamine Abcr [7087-68-5] 
N,N-Dimethylformamide (extra dry) Acros  [68-12-2] 
N,N'-Disuccinimidyl carbonate (98 %) Abcr [74124-79-1] 
n-Butyllithium solution (2.5 M in hexane) Acros [109-72-8] 
n-Hexane VWR [110-54-3] 
Palladium on carbon (10 wt.%) Sigma-Aldrich - 
Petrolether Fisher Scientific  [8032-32-4] 
Phenylhydrazine Merck [100-63-0] 
Sodium bis(2-methoxyethoxy)aluminum hydride  Sigma-Aldrich [22722-98-1] 
Silica gel 60 F254 (230−400 mesh) Carl Roth [7631-86-9] 
Sodium chloride Carl Roth [7647-14-5] 
Sodium hydroxide Fisher Scientific [1310-73-2] 
Tetrahydrofuran (extra dry) Acros  [109-99-9] 
TLC Silica Gel 60 F254 Merck [112926-00-8] 
Trieythlamine Merck [121-44-8] 
Toluene (anhydrous) Sigma-Aldrich  [108-88-3] 
Toluene puriss. p.a. Sigma-Aldrich  [108-88-3] 
Trifluoroacetic acid Sigma Aldrich [76-05-1] 
Triphosgene Acros [32315-10-9] 
Water (HPLC grade) Acros [7732-18-5] 
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6.1.3 Synthesis Overview of H-Lys(Furan)-OH 3 

 

6.1.4 Synthesis of 2-Hydroxyethyl-furan 1 

 

Furan (2.13 ml, 29.4 mmol, 1 eq.) was diluted in anhydrous THF (30 ml) under argon 

atmosphere. The colorless solution was cooled in an ice-bath and n-butyllithium (11.75 

ml, 29.4 mmol, 1 eq.; 2.5 M in hexane) was added dropwise. After addition, the reaction 

mixture was allowed to warm up to room temperature (20 °C) and was stirred for 3 h. 

The reaction mixture was cooled again in an ice-bath and ethyleneoxide (12.9 ml, 32.32 

mmol, 1.1 eq.; 2.5 M in THF) was added slowly. The solution was stirred for 16 h at room 

temperature before being quenched with saturated NH4Claq solution. The solution was 

extracted with dichloromethane (3 x 50 ml). The organic phase was dried over MgSO4 

and the solvent was evaporated under reduced pressure. The residue was purified using 

flash column chromatography on silica gel (hexane/ethyl acetate 3:1) to yield 2-

hydroxyethyl-furan 1 (1.19 g, 10.61 mmol, 36 %) as a yellow oil. 

1H NMR (400 MHz, CDCl3): δ 7.34 (d, J = 1.2 Hz, 1H, Ar-H), 6.31 (dd, J = 3.0, 2.0 Hz, 

1H, Ar-H), 6.11 (dd, J = 3.1, 0.6 Hz, 1H, Ar-H), 3.87 (t, J = 6.2 Hz, 2H, -CH2), 2.90 (t, J = 

6.2 Hz, 2H, -CH2), 1.81 (s, 1H, -OH) ppm. 

13C NMR (101 MHz, CDCl3): δ 152.96, 141.68, 110.43, 106.64, 61.21, 31.67 ppm. 

TLC (hexane/ethyl acetate 3:1) Rf = 0.41. 
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6.1.5 Synthesis of Boc-Lys(Furan)-OH 2 

 

2-Hydroxyethyl-furan 1 (0.520 g, 4.64 mmol, 1 eq.) was added slowly (over a period of 

60 minutes) to an ice-cooled solution of triphosgene (1.38g, 4.64 mmol, 1 eq.) in 

anhydrous THF (20 ml) under argon atmosphere. The reaction mixture was allowed to 

warm up to room temperature und was further stirred for 4 h until the starting material 

was completely consumed (monitored by TLC). This crude reaction mixture was added 

dropwise to a solution of Boc-Lys-OH (1.37 g, 5.57 mmol, 1.2 eq.) in 40 ml aqueous 1 M 

NaOH solution, while being cooled in an ice-bath. After complete addition, the reaction 

mixture was stirred for 16 h at room temperature und was subsequently diluted with ethyl 

acetate (50 ml). The aqueous phase was acidified with HCl (to pH = 1) and was 

extracted with ethyl acetate (3x 40 ml). The organic phase was dried over MgSO4 and 

the solvent was removed under reduced pressure. The final product (S)-2-((tert-

butoxycarbonyl)amino)-6-(((2-(furan-2-yl)ethoxy)carbonyl)amino)hexanoic acid 2 was 

obtained after flash column chromatography on silica gel (DCM/MeOH/AcOH 99:0:1 to 

94:5:1 v/v) as a yellow oil (1.68 g, 4.37 mmol, 94 %). 

1H NMR (400 MHz, DMSO-d6) δ 7.58 (dd, J = 1.8, 0.8 Hz, 1H, Ar-H), 7.17 (t, J = 5.4 Hz, 

1H, -NH), 7.05 (d, J = 7.9 Hz, 1H, -NH), 6.42 (dd, J = 3.1, 1.9 Hz, 1H, Ar-H), 6.23 (d, J = 

2.6 Hz, 1H, Ar-H), 4.22 (t, J = 6.7 Hz, 2H, -CH2), 3.95 – 3.81 (m, 1H, Hα), 3.11 – 2.90 (m, 

4H, 2x -CH2), 1.74 – 1.21 (m, 15H, 3x CH2, 3x CH3) ppm. 

13C NMR (101 MHz, DMSO-d6): δ 174.20, 156.01, 155.58, 152.06, 141.58, 110.43, 

106.26, 77.92, 61.53, 53.44, 30.38, 28.93, 28.18, 27.70, 22.84 ppm. 

TLC (DCM/MeOH/AcOH 94:5:1) Rf = 0.40. 

HR-ESI MS (m/z): [M+H]+ calculated for C18H28N2O7 385.1969, [M+H]+ found: 385.1980. 
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6.1.6 Synthesis of H-Lys(Furan)-OH 3 

 

 

Boc-Lys(Furan)-OH 2 (1.68 g, 4.37 mmol, 1 eq) was suspended in a mixture of formic 

acid and chloroform (60 ml, 6:4 (v/v)) and was stirred at room temperature for 24 h. The 

solvent was removed in vacuo and the residual oil was co-evaporated with toluene (4 x 

10 ml). The residual solid was co-evaporated with 50 mM HCl (3 x 50 ml) to obtain the 

HCl salt of (S)-2-amino-6-(((2-(furan-2- yl)ethoxy)carbonyl)amino)hexanoic acid 3 as an 

off-white solid (1.301 g, 4.06 mmol, 93 %). 

1H NMR (400 MHz, D2O): δ 7.47 (d, J = 1.1 Hz, 1H, Ar-H), 6.43 (dd, J = 2.9, 2.0 Hz, 1H, 

Ar-H), 6.23 (d, J = 2.6 Hz, 1H, Ar-H), 4.32 (t, J = 5.8 Hz, 2H, -CH2), 4.00 (t, J = 6.2 Hz, 

1H, Hα), 3.12 (t, J = 6.5 Hz, 2H, -CH2), 3.00 (t, J = 5.6 Hz, 2H, -CH2), 2.09 – 1.83 (m, 2H, 

-CH2), 1.62 – 1.27 (m, 4H, 2x -CH2) ppm. 

13C NMR (101 MHz, D2O): δ 172.83, 158.49, 152.59, 141.95, 110.56, 106.54, 63.13, 

53.31, 39.84, 29.55, 28.39, 27.47, 21.45 ppm. 

HR-ESI MS (m/z): [M+H]+ calculated for C13H20N2O5: 285.14450, [M+H]+ found: 

285.14423. 
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6.1.7 Synthesis Overview of H-Lys(Nitroxide)-OH 6 

 

6.1.8 Synthesis of 3-Hydroxymethyl-1-oxy-2,2,5,5-tetramethylpyrroline 4 

 

2,2,5,5-Tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid, free radical (1 g, 5.43 mmol, 1 

eq.) was placed in a three-necked round bottom flask under argon atmosphere and was 

dissolved in 30 ml anhydrous THF. The solution was cooled in an ice-bath and lithium 

aluminium hydride (237 mg, 6.24mmol, 1.15 eq.) was added in small portions. The 

reaction mixture was allowed to warm up to room temperature (20 °C) and was further 

stirred for 48 h. The reaction was cooled in an ice-bath and quenched slowly with water. 

The suspension was filtered and the yellow filtrate was extracted with ethyl acetate (5 x 

50 ml). The organic phase was dried over MgSO4 and the solvent was evaporated. The 

final product 4 was obtained by flash column chromatography on silica gel (petrol 

ether/ethyl acetate 1:1) as a yellow solid (578 mg, 3.4 mmol, 63 %). 

1H NMR (400 MHz, CDCl3, Formic Acid): δ 5.81 (s, 1H, H-C=C-), 4.53 (s, 2H,-CH2-), 1.62 

– 1.48 (m, 12H, 4 x CH3) ppm. 

13C NMR (101 MHz, CDCl3, Formic Acid): δ 167.31, 142.26, 125.81, 73.46, 71.59, 57.39, 

21.96, 21.25 ppm.  

TLC (petrol ether/ethyl acetate 1:2) Rf = 0.42. 

HR-ESI MS (m/z): [M+H]+  calculated for [C9H17NO2·]
+ : 171.1254, found: 171.1261. 
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6.1.9 Synthesis of Boc-Lys(Nitroxide)-OH 5 

 

 

3-Hydroxymethyl-1-oxy-2,2,5,5-tetramethylpyrroline 4 (300 mg, 1.76 mmol, 1 eq.) was 

placed a three-necked round bottom flask under argon atmosphere and was dissolved in 

20 ml anhydrous THF. The solution was cooled to 0 °C and triphosgene (523 mg, 1.76 

mmol, 1 eq.) was added in one portion. The reaction mixture was allowed to warm up to 

room temperature and was further stirred for 18 h. This crude reaction mixture was 

added dropwise to a solution of Boc-Lys-OH (651 mg, 2.64 mmol, 1.5 eq.) in 40 ml 

aqueous 1 M NaOH solution, while being cooled in an ice-bath. The reaction mixture was 

stirred for 24 h at room temperature before being acidified with HCl. The solution was 

extracted with ethyl acetate (3 x 100 ml), the organic phase was dried over MgSO4 and 

the solvent was evaporated under reduced pressure. (S)-2-((tert-butoxycarbonyl)amino)-

6-((((1-oxy-2,2,5,5-tetramethylpyrroline-3-yl)methoxy)carbonyl)-amino)hexanoic acid 5 

was obtained after flash column chromatography on silica gel (DCM to DCM/MeOH 98:2) 

as a yellow foam (624 mg 1.41 mmol, 75 %). 

1H NMR (400 MHz, CDCl3, Phenylhydrazine) δ 5.62 (s, 1H, H-C=C-), 5.33 (m, 1H, -NH-), 

5.15 (t, J = 5.6 Hz, 1H, -NH), 4.49 (s, 2H, -CH2-), 4.09 (m, 1H, Hα), 3.06 (m, 2H, -CH2-), 

1.65 (m, 2H, -CH2-), 1.42 – 1.14 (m, 25H, 2x CH2, 7x CH3) ppm. 

13C NMR (101 MHz, CDCl3): δ 178.72, 151.26, 139.66, 129.72, 79.24, 75.11, 73.20, 

59.61, 54.25, 40.98, 33.09, 29.18, 28.48, 22.71, 22.71 ppm. 

TLC (DCM/MeOH 95:5) Rf = 0.28. 

HR-ESI MS (m/z): [M+H]+    calculated for [C21H37N3O7·]
+ :       443.2626, found: 443.2607. 

        [M+Na]+ calculated for [C21H36N3O7·Na]+ :  465.2446, found: 465.2432. 
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6.1.10 Synthesis of H-Lys(Nitroxide)-OH 6 

 

 

Boc-Lys(Nitroxide)-OH 5 (624 mg, 1.41 mmol, 1 eq) was dissolved in 3 ml DCM and 1.5 

ml TFA was added dropwise. The reaction mixture was stirred for 30 minutes at room 

temperature, before the solvent was removed. The residual yellow oil was co-evaporated 

with methanol (2x 50 ml). Diethyl ether (3x 50 ml) was added to the residual oil, 

decanted and the residue was dried in vacuo to afford the TFA salt of (S)-2-amino-6-

((((1-hydroxy-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methoxy)carbonyl)amino) 

hexanoic acid 6 as an off-white foam (635 mg, 1.39 mmol, quant.). 

HR-ESI MS (m/z): [M+H]+ calculated for [C16H29N3O5·]
+ : 343.2102, found: 343.2091. 

6.1.11 Synthesis of H-Lys(Hydroxylamine)-OH 7 

 

 

H-Lys(Nitroxide)-OH 6 (100 mg, 0.22 mmol) was dissolved in 3 ml H2O and 3 ml formic 

acid was added. The solution was stirred for 24 h before the solvent was removed under 

reduced pressure. The residual solid was co-evaporated with 50 mM HCl (3 x 15 ml) to 

obtain the HCl salt of (S)-2-amino-6-((((1-hydroxy-2,2,5,5-tetramethylpyrroline-3-

yl)methoxy)carbonyl)amino)hexanoic acid 7 (81 mg, quant.).   

1H NMR (400 MHz, D2O): δ 5.90 (s, 1H, H-C=C-), 4.66 (m, 2H, -CH2-), 3.71 (t, J = 6.1 

Hz, 1H, Hα), 3.12 (t, J = 6.7 Hz, 2H, -CH2-), 1.84 (m, 2H, -CH2-), 1.63 – 1.25 (m, 16H, 2x 

-CH2-, 4 x –CH3) ppm.   

13C NMR (101 MHz, D2O): δ 171.99, 157.67, 138.40, 129.27, 77.78, 76.05, 59.89, 52.73, 

39.94, 29.34, 28.35, 23.98, 22.79, 21.60, 21.43, 21.39 ppm. 
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6.1.12 Alternative Synthesis of H-Lys(Nitroxide)-OH 6 

 

6.1.13 Synthesis of 3-Hydroxymethyl-1-oxy-2,2,5,5-tetramethylpyrroline 4 

 

2,2,5,5-Tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid, free radical (5 g, 27.14 mmol, 1 

eq.) was dissolved in anhydrous toluene under argon atmosphere. Red-Al® - sodium 

bis(2-methoxyethoxy)aluminum hydride solution (30.9 ml, 95 mmol, 3.5 eq.; 60 wt. % in 

toluene) was added dropwise at room temperature. After complete addition, the reaction 

mixture was heated to 50 °C for 90 minutes. The orange solution was allowed to cool to 

room temperature and was further quenched under ice cooling with 65 ml aqueous 

NaOH (5 %, w/v). The reaction mixture was extracted with toluene (4x 50 ml), the 

organic phase was dried over MgSO4 and the solvent was removed under reduced 

pressure. Alcohol 4 was obtained by flash column chromatography on silica gel (petrol 

ether/ethyl acetate 1:1) as a yellow solid (3.65 g, 21.44 mmol, 79 %). 

TLC (petrol ether/ethyl acetate 1:2) Rf = 0.42. 

HR-ESI MS (m/z): [M+H]+  calculated for [C9H17NO2·]
+ : 171.1254, found: 171.1244. 
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6.1.14 Alternative Synthesis of Boc-Lys(Nitroxide)-OH 5 

 

3-Hydroxymethyl-1-oxy-2,2,5,5-tetramethylpyrroline 4 (3.6 g, 21.15 mmol, 1 eq.) was 

placed in a round bottom flask under argon atmosphere and was dissolved in anhydrous 

acetonitrile (40 ml). Triethylamine (11.73 ml, 84.6 mmol, 4 eq.) was added and the 

solution was cooled in an ice-bath. N,N'-Disuccinimidyl carbonate (8.13 g, 31.72 mmol, 

1.5 eq.) was added in one portion and the reaction mixture was slowly allowed to warm 

up to room temperature (20 °C) and was further stirred for 13 h. The reaction mixture 

was concentrated under reduced pressure and filtered through a pad of silica gel using 

ethyl acetate as solvent. The organic phase was concentrated and the residual orange 

oil was dried in vacuo. Boc-Lys-OH (7.81 g, 31.72 mmol, 1.5 eq.) was resuspended in 

anhydrous dimethylformamide (40 ml) under argon atmosphere and N,N-

diisopropylethylamine (10.79 ml, 63.44 mmol, 3 eq.) was added. The suspension was 

cooled in an ice-bath and the activated alcohol was dissolved in dimethylformamide (20 

ml) and was added dropwise. The reaction mixture was stirred for 20 h at room 

temperature and was then quenched with 300 ml water. The aqueous phase was 

adjusted to a neutral pH with HCl and was extracted with ethyl acetate (6 x 100 ml). The 

organic phase was washed with water (4 x 200 ml) and was further dried over MgSO4. 

The solvent was removed under reduced pressure and the final product (S)-2-((tert-

butoxycarbonyl)amino)-6-((((1-oxy-2,2,5,5-tetramethylpyrroline-3-yl)methoxy)carbonyl)-

amino)hexanoic acid 5 was obtained by flash column chromatography on silica gel 

(DCM, then DCM/MeOH 99:1 to 98:2) as a yellow foam (7.94 g, 17.94 mmol, 85 %). 

TLC (DCM/MeOH 95:5) Rf = 0.28. 

HR-ESI MS (m/z): [M+H]+    calculated for [C21H37N3O7·]
+ :       443.2626, found: 443.2599. 
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6.1.15 Synthesis of Amide-Linked Boc-Lys(Nitroxide)-COOtBu 8 

 

2,2,5,5-Tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid, free radical (250 mg, 1.36 mmol, 

1 eq.) was placed in a three-necked round bottom flask under argon atmosphere. Boc-

Lys-OtBu (410 mg, 1.36 mmol, 1 eq.) was dissolved in 25 ml DCM and was added to the 

flask. The reaction mixture was cooled in an ice-bath and PyBOP (benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (777 mg, 1.49 mmol, 1.1 eq.) as well 

as N-methylmorpholine (328 μl, 2.99 mmol, 2.2 eq.) were added under ice-bath cooling. 

The reaction mixture was allowed to warm up to r.t. and was further stirred for 16 h. The 

reaction was diluted with 30 ml DCM and the organic phase was washed with sat. 

NaHCO3 solution. The organic phase was dried over MgSO4 and the solvent was 

removed. The final product (S)-tert-butyl-2-((tert-butoxycarbonyl)amino)-6-(1-oxy-2,2,5,5- 

tetramethylpyrroline-3-carboxamido)hexanoate 8 was obtained after flash column 

chromatography (petrol ether/ethyl acetate 1:1) as a yellow solid (570 mg, 1.22 mmol, 90 

%) 

1H NMR (400 MHz, CDCl3, Phenylhydrazine) δ: 5.92 (s, 1H, H-C=C-), 5.87 (t, J = 5.6 Hz, 

1H, -NH-),5.14 (d, J = 8.3 Hz, 1H, -NH-), 4.06 (m, 1H, Hα), 3.17 (m, 2H, -CH2-), 1.60 (m, 

2H, -CH2-), 1.40 – 1.14 (m, 34H, 2x -CH2-, 10x -CH3). 

13C NMR (101 MHz, CDCl3, Phenylhydrazine): δ: 164.95, 155.55, 151.30, 140.99, 

137.04, 70.69, 67.87, 53.88, 39.03, 29.22, 28.39, 28.04, 25.28, 25.24, 25.20, 24.90, 

24.85, 22.69. 

TLC (petrol ether/ethyl acetate 1:1) Rf = 0.30. 

HR-ESI MS (m/z): [M+H]+ calculated for [C24H43N3O6・]+ : 469.3146, found: 469.3144. 
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6.1.16 Synthesis of Amide-Linked H-Lys(Nitroxide)-COOH 9 

 

Boc-Lys(Nitroxide)-COOtBu 8 (385 mg, 0.82 mmol) was resuspended in DCM/TFA (4 ml, 

1:1, v/v) and the reaction was stirred for 2 h at room temperature. The solvent was 

evaporated and the residual oil was co-evaporated with MeOH (2x 30 ml). Diethyl ether 

(3x 20 ml) was added to the residue and the solvent was removed by decanting. The 

TFA salt of (S)-2-amino-6-(1-oxy-2,2,5,5-tetramethylpyrroline-3-carboxamido)hexanoic 

acid was obtained as a yellow solid after drying in vacuo (327 mg, 0.77 mmol, 94 %). 

HR-ESI MS (m/z): [M+H]+ calculated for [C15H27N3O4·]+ : 313.1996, found: 313.1996. 

6.1.17 Synthesis of Hydroxylamine ncAA 10 

 

(S)-2-amino-6-(1-oxy-2,2,5,5-tetramethylpyrroline-3-carboxamido)hexanoic acid 9 (50 

mg, 0.12 mmol) was dissolved in 4 ml water/formic acid (1:1, v/v). The reaction was 

stirred at room temperature for 24 h. After the solvent was removed, the residue was co-

evaporated with 50 mM HCl (3 x 15 ml) to obtain the HCl salt of (S)-2-amino-6-(1-hyroxy-

2,2,5,5-tetramethylpyrroline-3- carboxamido)hexanoic acid 10 (39 mg, quant.). 

1H NMR (400 MHz, D2O) δ: 6.46 (s, 1H, H-C=C-), 3.76 (t, J = 6.1 Hz, 1H, Hα), 3.31 (t, J = 

6.8 Hz, 2H, -CH2-), 1.90 (m, 2H, -CH2-), 1.72 – 1.34 (m, 16H, 2x –CH2-, 4x –CH3).  

13C NMR (101 MHz, D2O): δ: 174.63, 165.30, 137.62, 135.19, 77.31, 75.01, 54.66, 38.9. 
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6.2 Materials for Molecular Biology 

6.2.1 Chemicals 

Chemical Commercial Supplier [CAS] 

Acetic acid Carl Roth [64-19-7] 
Agar-Agar (Kobe I) Carl Roth [9002-18-0] 
Agarose Biozym [9012-36-6] 
Ammonium peroxodisulfate Carl Roth [7727-54-0] 
Boric acid Carl Roth [10043-35-3] 
Gelcode Blue Thermo Scientific - 
B-Per (Bacterial lysis reagent) Thermo Scientific - 
Bromophenol blue Sigma-Aldrich [115-39-9] 
Calcium chloride Fisher Scientific [10043-52-4] 
Carbenicillin disodium salt Carl Roth [4800-94-6] 
Chloramphenicol Carl Roth [56-75-7] 
Complete, EDTA-free protease inhibitor Roche - 
Coomassie Brillant Blue G250 Carl Roth [6104-58-1] 
Ethanol p.a. Sigma-Aldrich [64-17-5] 
Ethanol 96 %  Fisher Scientific [64-17-5] 
Ethidium bromide Sigma-Aldrich [1239-45-8] 
Hepes  Carl Roth [7365-45-9] 
Ethylendiamintetraacetate (EDTA) Carl Roth [60-00-4] 
Formamide Acros [75-12-7] 
Glycine Carl Roth [56-40-6] 
Glyercole (Rotipuran) Carl Roth [56-81-5] 
HIV-1 Tat Peptide Sigma-Aldrich [191936-91-1] 
Hydrochloric acid (37 %) VWR [7647-01-0] 
Imidazole Abcr [288-32-4] 
2-Propanol Fisher Scientific [67-63-0] 
Kanamycinsulfate Carl Roth [25389-94-0] 
L-Arabinose Carl Roth [5328-37-0] 
LB agar (Lennox) Carl Roth - 
LB medium (Lennox) Carl Roth - 
Magnesium chloride hexahydrate Acros [7791-18-6] 
Magnesium sulfate heptahydrate Merck [10034-99-8] 
Methanol Sigma-Aldrich [67-56-1] 
Methylene blue Merck [61-73-4] 
(1-Oxyl-2,2,5,5-tetramethylpyrroline-3- 
methyl)methanethiosulfonate 

TRC [81213-52-7] 

N,N,N’,N’-Tetramethyleneethylenediamine Carl Roth [110-18-9] 
Ni-NTA resin Thermo Scientific - 
Phenylmethylsulfonyl fluoride Carl Roth [329-98-6] 
Potassium chloride Carl Roth [7447-40-7] 
Rotiphorese Gel 40 (37.5:1) Carl Roth - 
Rotiphorese sequencing gel concentrate Carl Roth - 
Sodium azide Merck [26628-22-8] 
Sodium chloride Carl Roth [7647-14-5] 
Sodium dihydrogen phosphate monohydrate Merck [10049-21-5] 
Sodium dodecyl sulfate Carl Roth [151-21-3] 
Sodium hydroxide Fisher Scientific [1310-73-2] 
Sodium phosphate dibasic dihydrate Sigma-Aldrich [10028-24-7] 
Tetracyclin hydrochlorid Carl Roth [64-75-5] 
Tris(hydroxymethyl)aminomethane Sigma-Aldrich [77-86-1] 
Tryptone/Peptone from Casein Carl Roth [91079-40-2] 
Triton-X Fluka [9002-93-1] 
Urea Carl Roth [57-13-6] 
Xylencyanol Carl Roth [2650-17-1] 
Yeast extract Carl Roth [8013-01-2] 
2-Mercaptoethanol Merck [60-24-2] 
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6.2.2 Oligonucleotides 

DNA oligonucleotides were purchased from Sigma-Aldrich or Metabion (0.025 µmol 

scale, purified by desalting) and were stocked as 100 µM solutions in water. Working 

concentration of primers were adjusted to 10 µM. TAR RNA was purchased from IBA 

and was further purified by denaturing gel electrophoresis (8 M Urea, 12 % gel). 

6.2.3 E. coli Strains 

E. coli Strain Genotype Supplier 

GH371 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 recA1 araD139 Δ(araleu)7697 galU 
galK rpsL (StrR) endA1 nupG fhuA::IS2 upp

-
 

iGEM 

BL21-Gold(DE3) F
-
 ompT gal dcm lon hsdS (rB

–
 mB

–
 ) λ(DE3 

[laci lacUV5-T7 gene 1 ind1 sam7 nin5) 
Agilent 

BL21(DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ 
DE3 = λ sBamHIo ∆EcoRI-B 
int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 

Stratagene 

MDS42 MG1655 fhuACDB(del) endA(del) + deletion 
additional genes (~700)

[215]
 

- 

JX33 
[195]

 MDS42 prfB
f
 (A293E); prfA

-
 Lei Wang (Salk Institute) 

6.2.4 Mammalian Cells 

Mammalian Cell Line Supplier 

HEK293FT M. Leist (University of Konstanz) 

6.2.5 Plasmids Overview 

Plasmid Features Supplier Resistance 

pEVOL_PylRS_wt 
[187]

 
(pDaS69) 

PyRS wild type under 
glnS‘ and AraBAD 
promotor; tRNA

Pyl
 under 

proK promotor; p15a 
origin 

E. Lemke (EMBL) Chloramphenicol 

pEVOL_PylRS_AF 
[187]

 
(pDaS70) 

PyRS Y306A, Y384F 
mutant under glnS‘ and 
araBAD promotor; 
tRNA

Pyl
 under proK 

promotor; p15a origin 

E. Lemke (EMBL) Chloramphenicol 

pEVOL_PylRS_AF 
(pMoS266) 

PyRS Y306A, Y384F, 
I413L mutant under glnS‘ 
and araBAD promotor; 
tRNA

Pyl
 under proK 

promotor; p15a origin 

- Chloramphenicol 

pREPDaS_Pyl_AF 
(pDaS85) 

PyRS Y306A, Y384F  
mutant under glnS‘ 
promotor, tRNA

Pyl
 under 

proK promotor; CAT-
UPRT fusion (Q98TAG) 
under trp promotor 

AG Summerer Tetracyclin 

pREPDaS_Pyl_wt 
[191]

 
(pDaS86) 

PylRS wild type under 
glnS‘ promotor, tRNA

Pyl
 

under proK promotor; 
CAT-UPRT fusion 
(Q98TAG) under trp 
promotor 
 

AG Summerer Tetracyclin 
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pREPDaS_Pyl_AF_cat_only 
(pMoS188) 

PylRS AF mutant under 
glnS‘ promotor, tRNA

Pyl
 

under proK promotor; 
CAT(Q98TAG) under trp 
promotor 

AG Summerer Tetracyclin 

pREPDaS_Pyl_wt_cat_only 
(pMoP374) 

PylRS wild type under 
glnS‘ promotor, tRNA

Pyl
 

under proK promotor; 
CAT(Q98TAG) under trp 
promotor 

AG Summerer Tetracyclin 

pMinus_13TAG 
[193]

 
(pDaS202) 

Barnase Q2TAG and 
G65TAG under araBAD 
promotor; colE1 origin 

AG Summerer Kanamycin 

pBAD_TRX_His6 
(pSuE177) 

E. coli thioredoxin under 
araBAD promotor; C-
terminal his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_R74TAG_His6 
(pSuE185) 

E. coli thioredoxin 
R74TAG under araBAD 
promotor; C-terminal 
his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_Q51TAG_His6 
(pMoS292) 

E. coli thioredoxin 
Q51TAG under araBAD 
promotor; C-terminal 
his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_G34TAG_His6 
(pMoS291) 

E. coli thioredoxin 
G34TAG under araBAD 
promotor; C-terminal 
his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_D14TAG_His6 
(pMoS290) 

E. coli thioredoxin 
D14TAG under araBAD 
promotor; C-terminal 
his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_G34TAG_R74
TAG_His6 
(pMoS289) 

E. coli thioredoxin 
G34TAG and R74TAG 
under araBAD promotor; 
C-terminal his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_D14TAG_R74T
AG_His6 
(pMoS288) 

E. coli thioredoxin 
D14TAG and R74TAG 
under araBAD promotor; 
C-terminal his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_Q51TAG_R74
TAG_His6 
(pMoS287) 

E. coli thioredoxin 
Q51TAG and R74TAG 
under araBAD promotor; 
C-terminal his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_D14TAG_G34
TAG_His6 
(pMoS300) 

E. coli thioredoxin 
D14TAG and G34TAG 
under araBAD promotor; 
C-terminal his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_His6_C33S_C3
6S_D14TAG_R74TAG 
(pMoS371) 

E. coli thioredoxin C33S, 
C36S, D14TAG and 
R74TAG under araBAD 
promotor; C-terminal 
his6-tag 

AG Summerer Carbenicillin 

pBAD_TRX_His6_C33S_C3
6S_D14C_R74C 
(pMoS412) 

E. coli thioredoxin C33S, 
C36S, D14C and R74C 
under araBAD promotor; 
C-terminal his6-tag 
 
 

AG Summerer Carbenicillin 
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pBAD_Flag-GFP-Y39TAG-
6His 

[187]
 

(pDaS73) 

GFP Y39TAG under 
araBAD promotor; C-
terminal his6-tag; N-
terminal flag-tag 

AG Summerer Carbenicillin 

pBAD_Flag-GFP-Y39TAG-
Y182TAG6His 
(pDaS192) 

GFP Y39TAG-Y182TAG 
under araBAD promotor; 
C-terminal his6-tag; N-
terminal flag-tag 

AG Summerer Carbenicillin 

pBAD-GFP-Y39TAG-
Y151TAG_6His 
(pDaS191) 

GFP Y39TAG-Y151TAG 
under araBAD promotor; 
C-terminal his6-tag; N-
terminal flag-tag 

AG Summerer Carbenicillin 

pBAD-GFP-Y39-151-
182TAG_6His 
(pDaS200) 

GFP Y39TAG-Y151TAG-
Y182TAG under araBAD 
promotor; C-terminal 
his6-tag; N-terminal flag-
tag 

AG Summerer Carbenicillin 

pBAD-Flag-GFPwt-
6His_NheI+ 
(pDaS93) 

GFP wild type with N-
terminal flag tag, C-
terminal his6-tag 

AG Summerer Carbenicillin 

pBAD_GFPwt_TAT_Natmin
_6His 
(pDaS95) 

N-Terminal Tat-peptide 
fused to GFP with C-
terminal his6-tag und 
araBAD promotor 

AG Summerer Carbenicillin 

pBAD_GFPwt_TAT_Natmin
_TAG3_Insert 
(pMoS203) 

N-Terminal Tat-peptide 
Ins47TAG fused to GFP 
with C-terminal his6-tag 
und araBAD promotor 

AG Summerer Carbenicillin 

pBAD_GFPwt_TAT_Natmin
_TAG6 
(pMoS209) 

N-Terminal Tat-peptide 
R49TAG fused to GFP 
with C-terminal his6-tag 
und araBAD promotor 

AG Summerer Carbenicillin 

pCMV_PylRS_EPR1 
(pMoP316) 

PylRS SL1 mutant and 
tRNA

Pyl
 under CMV 

promotor (pSWAN 
backbone) 

AG Summerer Carbenicillin 

pCMV_PylRS_AF 
(pDaS273) 

PylRS AF mutant and 
tRNA

Pyl
 under CMV 

promotor (pSWAN 
backbone) 

AG Summerer Carbenicillin 

pCMV_mCherry_GFP_TAG 
(pDaS274) 

mCherry_GFPY39TAG_
Fusion with NLS 
sequence under CMV 
promotor 

AG Summerer Carbenicillin 

pCMV_mCherry_GFP_TAG 
(pMoP312) 

mCherry_GFP_Fusion 
with NLS sequence 
under CMV promotor 

AG Summerer Carbenicillin 

pUC18_BsaI-
PylRS_AF_EcoRI- 
(pDaS92) 

PylRS AF mutant 
(plasmid for library 
construction) 

AG Summerer Carbenicillin 

pEVOL_PylRS_AF_short_H
is6 
(pJaF94) 

C-catalytic fragment of 
PylRS AF mutant with C-
terminal his6-tag 

AG Summerer Chloramphenicol 

pREPDaS_PylRS-SL1 
(pMoS269) 

PylRS SL-1 mutant 
under glnS‘ promotor, 
tRNA

Pyl
 under proK 

promotor; CAT(Q98TAG) 
under trp promotor 
 

AG Summerer Tetracyclin 
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pBK Naphtyl 
[216]

 
(pDaS11) 

M. janaschii TyRS 
variant under glnS’; 
colE1 origin 

P. G. Schultz 
(Scripps) 

Kanamycin 

pLWJ17B3 
[193]

 
(pDaS 54) 

M. janaschii TyRS 
variant under lpp 
promoter and; barnase 
gene (triple TAG variant) 
under araBAD promotor 

P. G. Schultz 
(Scripps) 

Chloramphenicol 

pET32a-TRXtag 
(pDaS158) 

TRX gene under T7 
promotor 

Addgene Carbenicillin 

6.2.6 PylRS Libraries 

Name Randomized Positions (NNK)  

AF A302, L309, C348, M350, W417 

LR C348, M350, I413, R415 

RE M276, L407, D408, W411, W417 

MoS I Y306, L309, N346, C348, W411, I413 

MoS II A302, L309, N346, C348, Y384 

6.2.7 Growth Media 

Media for E. coli Chemical Concentration 

LB-medium (Lysogeny Broth) 
pH = 7 

Tryptone 
Yeast extract 
NaCl 

10 g/L 
5 g/L 
5 g/L 

LB-agar 
pH = 7 

Tryptone 
Yeast extract 
NaCl 
Agar-Agar 

10 g/L 
5 g/L 
5 g/L 

15 g/L 

TB-medium (Terrific Broth) Tryptone 
Yeast extract 
Glyerole 
KH2PO4 
K2HPO4 

12 g/L 
24 g/L 
4 ml/L 

17 mM 
72 mM 

SOC medium 
pH = 7 – 7.5 

Tryptone 
Yeast extract 
NaCl 
KCl 
MgCl2 
MgSO4 

Glucose 

2 % (w/v) 
0.5 % (w/v) 

10 mM 
2.5 mM 
10 mM 
10 mM 
20 mM 

GMML medium M9 Salts 
Glyerole 
MgSO4 
CaCl2 
NaCl 
L-Leucine 
FeSO4 
Tracemetals 

1x 
1 % (v/v) 

1 mM 
0.1 mM 
8.5 mM 
0.3 mM 

5 µM 
1x 

GMML-agar-plates M9 Salts 
Glyerole 
MgSO4 
CaCl2 
NaCl 
L-Leucine 
FeSO4 
Tracemetals 
GMML-Agar 
 

1x 
1 % (v/v) 

1 mM 
0.1 mM 
8.5 mM 
0.3 mM 

5 µM 
1x 

20 g/L 
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GMML agar 
pH = 7 

Agar-Agar (Kobe I) 
4x PBS 
Terrific Broth-Buffer 

27 g/L 
1 ml/L 
1 ml/L 

 

Media for Cell Culture Commercial Supplier 

Gibco OptiMEM Gibco 
Dulbeccos MEM Biochrome 
PBS Dulbeccos w Ca2+ w Mg

2+
 Biochrome 

Lipofectamine 2000 Invitrogen 
Trypsin Sigma Aldrich 
FCS Invitrogen 

6.2.8 Buffers 

Buffers for Media Chemical Concentration 

M9 salts (5x) Na2HPO4 
KH2PO4 
NH4Cl 
NaCl 

33,9 g/L 
15 g/L 

5 g/L 
2.5 g/L 

Tracemetals (1000x) FeCl3 
MnCl2 
ZnSO4 
CoCl2 
CuCl2 
NiCl2 
Na2MoO2 
Na2SeO3 

H3BO3 

50 mM 
10 mM 
10 mM 

2 mM 
2 mM 
2 mM 
2 mM 
2 mM 
2 mM 

Terrific broth buffer KH2PO4 
K2HPO4 

0.17 M 
0. 72 M 

 

Buffers for chemically 
competent E. coli cells 

Chemical Concentration 

MgCl2 buffer MgCl2 100 mM 

CaCl2 buffer CaCl2 50 mM 

Storage buffer CaCl2 

Glycerole 
50 mM 

15 % (v/v) 

6.2.9 Gel Electrophoresis 

SDS PAGE Chemical Concentration 

SDS loading buffer (4x) 
pH = 6.8 

Tris*HCl 
Glycerole 
2-Mercaptoethanol 
SDS 
Bromphenol blue 

200 mM 
40 % (v/v) 

1 % (v/v) 
8 % (w/v) 

0.008 % (w/v) 

SDS running buffer (10x) Tris Base 
Glycine 
SDS 

30.3 g/L 
144 g/L 
10 g/L 

Resolving gel (12%) MilliQ 
Gel 40 (40 % Acrylamid-, Bisacrylamid 37,5:1) 
Tris (1.5 M, pH = 8.8) 
SDS (10 % w/v) 
APS (10 % w/v) 
TEMED 

3262 µl 
1638 µl 
420 µl 
66.7 µl 
66.7 µl 
6.67 µl 

Stacking gel (5 %) MilliQ 
Gel 40 (40 % Acrylamid-, Bisacrylamid 37,5:1) 
Tris (0.5 M, pH = 6.8) 
SDS (10 % w/v) 

1000 µl 
208 µl 
420 µl 
16.7 µl 
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APS (10 % w/v) 
TEMED 

16.7 µl 
1.67 µl 

Comassie staining MilliQ 
Acetic Acid 
Methanol 
Comassie Brilliant Blue G250 

40 % (v/v) 
10 % (v/v) 
50 % (v/v 

0.1 % (w/v) 

Comassie destaining MilliQ 
Acetic Acid 
Methanol 

70 % (v/v) 
10 % (v/v) 
20 % (v/v) 

 

PAGE Gel Electrophoresis Chemical Concentration 

TB (5x) Tris 
Boric Acid 

445 mM 
445 mM 

TBE (10x) Tris 
Boric Acid 
EDTA 

890 mM 
890 mM 
20 mM 

Native PAGE gel (12 %) 
0.5xTB 

Rotiphorese Gel 40 
5x TB 
MilliQ 
APS 
TEMED 

30 ml 
10 ml 
60 ml 

800 µl 
40 µl 

Denaturing PAGE gel (10 %) 
1xTBE 

Sequencing gel concentrate 
10x TB / 9 M urea 
9 M urea 
APS 
TEMED 

40 ml 
10 ml 
50 ml 

800 µl 
40 µl 

 

Agarose Gel Electrophoresis Chemical Concentration 

Ethidiumbromid staining solution Ethidiumbromide 0.1 % (w/v) 

Gel loading dye (NEB) 6x 
pH = 8 

Ficoll®-400 
EDTA 
Tris*HCl 
SDS 
Bromophenol blue 

15 % (v/v) 
66 mM 

19.8 mM 
0.102 % (w/v) 

0.09 % (w/v) 

   

6.2.10 Protein Purification 

Protein Purification  
(native conditions) 

Chemical Concentration 

Qiagen lysis buffer 
pH = 8.0 

NaH2PO4 
NaCl 

50 mM 
300 mM 

Qiagen wash buffer I 
pH = 8.0 

NaH2PO4 
NaCl 
Imidazole 

50 mM 
300 mM 
20 mM 

Qiagen wash buffer II 
pH = 8.0 

NaH2PO4 
NaCl 
Imidazole 

50 mM 
300 mM 
50 mM 

Qiagen elution buffer 
pH = 8.0 

NaH2PO4 
NaCl 
Imidazole 

50 mM 
300 mM 
500 mM 

PBS (4x) NaCl 
KCl 
Na2HPO4 
KH2PO4 

32 g/L 
3.2 g/L 

12.24 g/L 
3.2 g/L 
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Protein Purification  
(denaturing conditions) 

Chemical Concentration 

Buffer-Z extraction buffer 
pH = 8.0 

Urea 
NaCl 
Hepes 

8 M 
100 mM 
20 mM 

Buffer-Z wash buffer I 
pH = 8.0 

Urea 
NaCl 
Hepes 
Imidazole 

8 M 
100 mM 
20 mM 
20 mM 

Buffer-Z wash buffer II 
pH = 8.0 

Urea 
NaCl 
Hepes 
Imidazole 

8 M 
100 mM 
20 mM 
50 mM 

Buffer-Z elution buffer 
pH = 8.0 

Urea 
NaCl 
Hepes 
Imidazole 

8 M 
100 mM 
20 mM 

500 mM 

PBS (4x) urea Urea 
NaCl 
KCl 
Na2HPO4 
KH2PO4 

8 M 
32 g/L 
3.2 g/L 

12.24 g/L 
3.2 g/L 

 

Protein Storage Buffers Chemical Concentration 

E. coli thioredoxin variants Tris*HCl (pH = 7.4) 10 mM 

GFP variants Tris*HCl (pH = 7.4) 10 mM 

TAT-GFP variants Tris*HCl (pH = 8.0) 
Glycerole 

20 mM 
10 % (v/v) 

EMSA (TAT-TAR) Chemical Concentration 

Binding buffer Tris*HCl (pH = 8.0) 
KCl 
Triton-X 
Glycerole 

50 mM 
50 mM 

0.05 % (v/v) 
5 % (v/v) 

6.2.11 Antibiotic Stocks 

Antibiotics were dissolved in their respective solvent and were sterile filtered through a 

0.22 µM syringe filter. 

Antibiotic Stocks (1000x) Solvent Concentration 

Tetracyclin Ethanol 12.5 mg/L 
Carbenicillin Ethanol/MilliQ (1:1 v/v) 50 mg/L 
Chloramphenicol Ethanol 34 mg/L 
Kanamycin MilliQ 50 mg/L 
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6.2.12 Biomolecular reagents, Enzymes and Kits 

Reagents Commercial Supplier 

[γ-
32

P]-ATP Hartmann Analytic 
2-Log DNA ladder New England Biolabs 
dNTPs New England Biolabs 
Unstained Protein Marker, Broad Range (2-212 kDa) New England Biolabs 

 

Enzymes Commercial Supplier 

BglII New England Biolabs 
BsaI New England Biolabs 
DpnI New England Biolabs 
HindIII New England Biolabs 
KpnI New England Biolabs 
NdeI New England Biolabs 
XbaI New England Biolabs 
NcoI New England Biolabs 
NheI New England Biolabs 
PfuUltra DNA Polymerase Agilent 
T4 Polynucleotide Kinase Fermentas 
Phusion® High-Fidelity DNA Polymeraserase New England Biolabs 
PstI New England Biolabs 
SalI New England Biolabs 
T4 DNA Ligase New England Biolabs 
XhoI New England Biolabs 

 

Kits Commercial Supplier 

BCA Protein Assay Thermo Scientific 
GeneJET Gel Extraction Kit Thermo Scientific 
GeneJET Plasmid Miniprep Kit Thermo Scientific 
QIAprep Spin Miniprep Kit Qiagen 
QIAquick PCR Purification Kit Qiagen 
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6.2.13 Disposables 

Disposables Commercial Supplier 

12-Well plates TPP 
6-Well plates Nunclon 
96-deep well plates Sarstedt 
96-well plates transparent Carl Roth 
96-well plates, flat bottom Greiner 
Amicon Ultra MWCO: 3 kDa Millipore 
Cannulas Sterican 0.60 x 80 mm Braun 
Cannulas Sterican 0.80 x 120 mm Braun 
Cannulas Sterican 0.90 x 40 mm Braun 
Cell culture flask (75 cm²) TPP 
Cuvettes semi-mikro VWR 
Electroporation cuvettes 1mm Carl Roth 
Falcon tube 15 ml Sarstedt 
Falcon tube 30 ml Sarstedt 
Glas beads Carl Roth 
Glass wool Sigma Aldrich 
Gloves Nitrile VWR 
Nunc Sealing Tape, Breathable, Sterile Thermo Scientific 
PCR tubes 0.2 ml Sarstedt 
Petri dishes (Ø 4, 9, 14.5 cm) Sarstedt 
Pipette tips Sarstedt 
Reaction tubes 1.5 ml Sarstedt 
Reaction tubes 2 ml Sarstedt 
Scalpel Mediwar 
Sephadex columns G25 Life Technologies 
Serological pipette 10 ml / 25 ml Sarstedt 
Slide-A-Lyzer Mini Dialysis Unit MWCO: 10 kDa Thermo Scientific 
Syringe Henke Sass Wolf 
Syringe filter 0.2 µM Sarstedt 
UV-transparent disposable cuvettes Sarstedt 
Whatman paper 3 mm Whatman 
ZelluTrans dialysis membrane T1 MWCO: 3.5 kDa Carl Roth 
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6.2.14 Equipment 

Equipment Commercial Supplier 

Balance ABT 220-4M Kern 
Balance PlJ 3500-2NM Kern 
Balance SE622 VWR 
Biophotometer Plus Eppendorf 
Cell culture sterile hood Thermo Scientific 
Centrifuge 5810R Eppendorf 
Centrifuge Universal 320R Hettich 
Cold light illuminator Euromex 
Electrophoresis power supply EV233 Consort 
Electrophoresis power supply EV243 Consort 
Elexsys E580 Biospin Bruker 
Eporator Eppendorf 
Gel chamber SDS BioRad 
Gel documentation BDAdigital Biometra 
Gel Dryer MGD 4534 VWR 
Helium gas flow system CF935 Oxford instruments 
Incubator cell culture BBD6220 Heraeus 
Incubator INCU-line VWR 
Infinite M200 plate reader Tecan 
Inkubator 1000 Heidolph 
Magnetic stirrer MR Hei-standard Heidolph 
Magnetic stirrer MR3002 Heidolph 
Magnetic stirrer RCT Classic IKA 
Microscope, Axio Vert.A1 Zeiss 
Microscope, Axo Observer Z1 Zeiss 
Microwave MW82N Samsung 
Multichannel pipette 10 µl (8 channels) Research Plus Eppendorf 
Multichannel pipette Xplorer 100 µl (12 channels) Eppendorf 
PCR Cycler (Mycycler) BioRad 
PCR Cycler (Primus 25 advanced) Peqlab 
pH Meter Mettler Toledo 
Phophor screen casettes BAS-Casette 2025 Fuji 
Phosphorimager Molecular Imager Chemi-Doc BioRad 
Pipetteboy Easypet Eppendorf 
Research Plus Pipettes (2.5, 10, 100, 1000 μl) Eppendorf 
Ringcaps capillaries Hirschmann 
Shaking Incubator Ecotron Infors HAT 
Tabletop Centrifuge 5417R Eppendorf 
Tabletop Centrifuge 5424 Eppendorf 
Temperature controller TC-H02 Magnettech GmbH 
ThermoEC Midicell Primus EC330 Thermo Scientific 
Thermomixer comfort Eppendorf 
Thermomixer compact Eppendorf 
Titramax 1000 Heidolph 
Tube sealing compound Cha-seal 
UVStar UV-table (312 nm) Biometra 
Vortex Genie20 Scientific Industries 
Waterbath JB Aqua 12Plus Grant 
X-band Miniscope MS 200 Magnettech GmbH 

 



6. Materials and Methods 

 

94 
 

6.3 Biomolecular Methods 

6.3.1 Agarose Gel Electrophoresis 

For an agarose gel, agarose powder was resuspended in 0.5x TBE buffer and was 

heated at 600 W in a microwave until the solid was completely dissolved. The agarose 

solution was allowed to cool to approx. 40 °C and was poured into a gel casting chamber 

equipped with a comb. The polymerized gel was transferred to a gel chamber filled with 

0.5 x TBE and the DNA samples were mixed with agarose loading buffer. The samples 

were loaded onto the gel and the samples were run for 1 h at 120 V (20 – 30 mA). The 

gel was incubated in a aqueous ethidium bromide solution for 10 minutes, was 

subsequently destained with water and imaged on a Biometra UV table at 254 nm 

equipped with a camera. To extract DNA fragments from an agarose gel, the relevant 

DNA band was excised with a scalpel and purified using GeneJet Gel extraction kit, 

following the manufacturers’ protocol. 

6.3.2 Preparation of Chemically Competent E. coli Cells 

A single E. coli colony was picked from an agar plate and used to inoculate 20 ml LB-

medium. The culture was incubated overnight at 37 °C and 180 rpm in a shaking 

incubator. 800 ml LB medium were inoculated with 8 ml of the overnight culture (1:100 

dilution) and incubated at 37 °C and 180 rpm until the OD600 nm reached 0.4 - 0.5. The 

culture was cooled on ice, distributed to 16 falcon tubes (50 ml) and centrifuged at 4 °C 

(3320 x g, 10 min). The supernatant was discarded and the pellets were resuspended in 

100 mM MgCl2 buffer (10 ml). The cell suspension was centrifuged at 4 °C (3320 x g, 10 

min) and the supernatant was discarded. Each pellet was resupended in 50 mM CaCl2 

buffer (10 ml) and incubated for 30 minutes on ice. The cell suspension was centrifuged 

at 4 °C (3320 x g, 10 min) and the supernatant was discarded. The pellets were 

resuspended in an overall volume of 4  ml storage buffer (CaCl2 50 mM, 15 % glycerol 

v/v), aliquoted in 50 µl and shock-frozen in liquid nitrogen. The cells were stored at -80 

°C. 

6.3.3 Transformation of Plasmids using Chemically Competent E. coli Cells 

To transform plasmid DNA into E. coli, 10 – 100 ng of plasmid solution was mixed with a 

50 µl cell aliquot on ice. The suspension was mixed by flicking and was incubated on ice 

for 30 minutes. The cells were heat shocked at 42 °C for 30 seconds, incubated again on 

ice for 2 minutes and were rescued with 1 ml pre-warmed SOC (37 °C). The cells were 

incubated in a Thermomixer at 37 °C with 1400 rpm shaking for 1 h and were then plated 

on LB-agar plates with the appropriate antibiotic(s) and incubated at 37 °C overnight. 
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6.3.4 Preparation of Electro-Competent E. coli Cells 

A single E. coli colony was picked from an agar plate and used to inoculate 25 ml LB-

medium in an Erlenmeyer flask. The culture was incubated at 37 °C with 180 rpm 

shaking overnight. 0.5 L of fresh LB was inoculated with 5 ml of the overnight culture and 

was incubated at 37 °C with 180 rpm shaking until the OD600 nm reached 0.4. The 

Erlenmeyer flask was cooled on ice and the suspension was distributed to 10 x 50 ml 

falcon tubes on ice. The cell suspension was centrifuged at 4 °C (3320 x g, 10 min) and 

the supernatant was discarded. Each pellet was resuspended with 20 ml cold MilliQ 

water and centrifuged at 4 °C (3320 x g, 10 min). This washing step was repeated once. 

The pellets were then resuspended in 10 ml MilliQ with 10  % (v/v) glycerol and 

centrifuged at 4 °C (3320 x g, 10 min). The pellets were finally resuspended in a total 

volume of 2.5 ml MilliQ with 10 % (v/v) glycerol and shock-frozen as 100 µl aliquots in 

liquid nitrogen and further stored at – 80 °C. 

6.3.5 Transformation of DNA Plasmids using Electro-Competent E. coli Cells 

10 – 100 ng of DNA plasmid was resuspended in a 100 µl cell aliquot on ice. The cell 

suspension was transferred to an ice-cooled electroporation cuvette (1 mm, BioRad) and 

was transformed with 1800 V (6 ms time constant). The cells were rescued with 1 ml pre-

warmed SOC medium (37 °C)  and were further incubated in a Thermomixer at 37 °C, 

1400 rpm shaking for 1 h. The cell suspension was then plated on agar plates 

supplemented with the appropriate antibiotics and incubated overnight at 37 °C. 

6.3.6 Construction of Selection Plasmid pREP_PylRS_AF_CAT-only 

Plasmid pREP_PylRS_AF (pDaS85) was amplified by whole plasmid PCR with primers 

designed to have 5’-SacI restriction sites, eliminating the UPRT fusion gene. The PCR 

product was purified, digested and re-ligated (re-circularization). Cloning was verified by 

sequencing and the selection plasmid was benchmarked in growth assays. 

6.3.7 Construction of Selection Plasmid pMinus_13TAG (pDaS202) 

Plasmid pMinus_13TAG (pDaS202) was constructed by Sâscha Petrovic during an 

internship. Briefly, plasmid pLWJ17B3 [193] was digested with NcoI/XbaI and the colE1 

origin and the kanamycin resistance gene was amplified by PCR using pBK-Naphtyl [216] 

as a template. The PCR product was digested and ligated into the final entry vector. The 

amber codon at D44TAG was removed by Quickchange reaction. Cloning was verified 

by sequencing. 
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6.3.8 Site-Directed Mutagenesis (Quickchange PCR Reactions)  

To introduce site-directed mutations into a plasmid, primers were designed according to 

the guidelines of the QuickChange Site-Directed Mutagenesis Kit from Agilent.[217] Briefly, 

forward and revers primers were designed to exhibit melting temperatures (Tm) of ≥ 78 

°C calculated on the basis of: 

𝑇𝑚 = 81.5 + 0.41(%𝐺𝐶) − (
675

𝑁
) −%𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ 

(N = length of the primer; %GC = GC content) 

The primers were designed to have a GC content of above 40 % and the sequence was 

designed to start and end with a C or G. The length of the primers was varied to match 

the Tm, but was usually between 30 – 45 bp in length. Additionally, the primers were 

designed to have non-self-complementary overlaps on one site of 3-6 bp. 

The PCR reactions were performed in 25 µl total volume according to: 

Component Volume [µl] Concentration 

Template Plasmid 1 10-50 ng 
PfuUltra Buffer (10x) 2.5 1x 
dNTPs (10 mM) 0.5 µl 200 µM 
Forward primer (10 µM) 0.5 µl 200 nM 
Reverse primer (10 µM) 0.5 µl 200 nM 
Water 19.5 µl - 
PfuUltra DNA polymerase 0.5 µl 1.25 U 

 

PCR Program:  

Cycle Temperature time  

Initial denaturation 95 °C 30 s  

Denaturation 95 °C 30 s  
Annealing 55 °C 60 s  
Elongation 68 °C 60 s/kb [16x] 

Final elongation 68 °C 7 min  

Storage 4 °C ∞  

 

The PCR reactions were subsequently digested with DpnI (0.5 µl, 10 U) without any 

further purification and incubated at 37 °C for 1 h. 4 µl of this reaction mixture were 

generally used in transformation procedures using 50 µl aliquots of chemically competent 

E. coli GH371 cells. 

6.3.9 Library Construction  

Primers were designed to have a 5’ BsaI restriction site for traceless religation and were 

ordered as NNK mixtures at the randomized positions. Iterative rounds of saturated 

mutagenesis PCRs were performed on pUC18_BsaI-PylRS_AF-EcoRI- (pDaS92)[2] as 

the progenitor plasmid. 5 libraries were constructed with 4 – 6 positions randomized in 

the active-site of PylRS, resulting in theoretical diversities of 1.05x106 - 1.07x109. 

The PCR reactions were performed in 50 - 200 µl total volume according to: 
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Component Volume [µl] Concentration 

Template Plasmid 1 50-100 ng 
HF Phusion buffer (5x) 10 1x 
dNTPs (10 mM) 1 µl 200 µM 
Forward primer (10 µM) 2.5 µl 500 nM 
Reverse primer (10 µM) 2.5 µl 500 nM 
Water 33 µl - 
Phusion HF DNA polymerase 0.5 µl 1 U 

 

PCR Program:  

Cycle Temperature time  

Initial denaturation 98 °C 30 s  

Denaturation 98 °C 10 s  
Annealing 54 - 68 °C 30 s  
Elongation 72 °C 90 s [25-35x] 

Final elongation 72 °C 5 - 10 min  

Storage 4 °C ∞  

 

The PCR product was analyzed on agarose gels and purified using GeneJET Gel 

extraction Kit, eluted in MilliQ and further digested with BsaI for 3 h at 37 °C. The 

reaction mixture was purified as above and the eluted DNA solution was used to 

recircularize the vector, using T4 DNA ligase (16 °C, 1 h). Subsequent DpnI digestion (1 

h, 37 °C) and purification using GeneJET Gel Extraction Kit afforded the randomized, 

recircularized vector, which was used to transform highly electro-competent E. coli 

BL21(DE3) gold cells. The rescued cells were plated on 1 – 40 big LB-agar plates (Ø 

14.5 cm, supplemented with 50 µg/ml carbenicillin) to cover the theoretical diversity. The 

cells were harvested by scraping and the plasmids were isolated using GeneJet Miniprep 

Kit. The randomization was verified by sequencing and the isolated plasmid mixture was 

used for the next round of saturated mutagenesis PCR. 

After completion of the mutagenesis PCRs, the randomized plasmid library was digested 

with PstI and NdeI (37 °C, 16 – 20 h) and the PylRS cassette was purified from the 

vector backbone by 0.75 % (w/v) agarose gel electrophoresis.  The selection plasmid 

pREPDaS_Pyl_AF_cat_only (pMoS188) was digested with PstI and NdeI and was used 

for the final ligation step (16 °C, 16 – 20 h). After purification with GeneJET Gel 

Extraction Kit, the ligated plasmid library was transformed in highly electro-competent E. 

coli GH371 harboring pBAD_Flag-GFP-Y39TAG-6His (pDaS73) as an amber 

suppression dependent fluorescence reporter. The rescued cells were plated on 20 – 40 

big LB-agar plates (Ø 14.5 cm, supplemented with 12.5 µg/ml tetracycline, 50 µg/ml 

carbenicillin) to cover the theoretical diversity, were titered and stored as glycerol stocks 

at -80 °C. 
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6.3.10 General Protocol for the Selection of PylRS Mutants 

To select for new PylRS mutants, the glycerol stock of the libraries were streaked on 

GMML-agar plates (to cover the theoretical diversity by ~ 5 fold). For a round of positive 

selection, the plates were supplemented with 1 - 3 mM of the noncanonical amino acid, 

12.5 µg/ml tetracycline (for the propagation of the selection plasmid), 50 µg/ml 

carbenicillin (for the propagation of the GFP-reporter) and 80 - 100 µg/ml 

chloramphenicol as a positive selection pressure. The plates were incubated at 37 °C for 

24 – 48 h, before the cells were harvested by scraping. The plasmids were isolated using 

GeneJet Miniprep Kit and the plasmid mixture was digested with MluI (1 h, 37 °C) to 

linearize the GFP reporter plasmid. The reaction mixture was purified using GeneJET 

Gel Extraction Kit and 100 ng of isolated, enriched plasmids were then electroporated 

into electro-competent E. coli GH371 harboring pMinus_13TAG for a round of negative 

selection. The cells were rescued with SOC medium and incubated at 37 °C with 14000 

rpm shaking for 1 h. The cell suspension was streaked on LB-agar plates supplemented 

with 12.5 µg/ml tetracycline, 50 µg/ml kanamycin and 0.2 % (v/v) L-arabinose. The plates 

were incubated at 37 °C for 16 h and the cells were harvested by scraping. The plasmids 

were isolated as above, digested with MluI to linearize pMinus_13TAG, and 50 ng of 

isolated, enriched plasmids were electroporated into electro-competent E. coli GH371 

harboring pBAD_Flag-GFP-Y39TAG-6His (pDaS73) as an amber suppression 

dependent fluorescence reporter. Cells were plated and after incubation at 37 °C for 24 

h, 96 individual clones were picked to inoculate a 1 ml LB overnight culture in a 96-deep 

well plate. 2 µl of the overnight culture were diluted into 1 x PBS buffer (1 ml) and 10 µl 

of the cell suspension were printed on big GMML-agar plates (Ø 14.5 cm) with or without 

2 mM ncAA. The plates were further supplemented with 12.5 µg/ml tetracycline, 50 µg/ml 

carbenicilin, 0.2 % (v/v) L-arabinose and 80 - 120 µg/ml chloramphenicol. Selected 

clones were compared according to their UAA-dependent chloramphenicol resistance 

and GFP fluorescence.  

6.3.11 Growth Assay of Selected PylRS Mutants 

For growth assays according to a positive selection step, E. coli JX33 or GH371 were co-

transformed with pREP-based selection plasmids (e.g. pREPDaS_PylRS-SL1 

(pMoS269)) and pBAD_Flag-GFP-Y39TAG-6His (pDaS73). A single colony was picked 

to inoculate 5 ml LB-medium supplemented with 50 µg/ml carbenicillin and 12.5 µg/ml 

tetracycline. The culture was incubated at 37 °C and 180 rpm shaking overnight. The 

overnight culture was diluted 1:500 into 1 x PBS and 10 µl were printed on LB-agar 

plates supplemented with 12.5 µg/ml tetracycline, 50 µg/ml carbenicilin, increasing 

amounts of chloramphenicol and 0.02 % (v/v) L-arabinose. LB-agar plates were poured 
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with and without 1 – 2 mM of ncAA. The plates were incubated for 48 h at 37 °C and 

imaged using a digital camera and white light illumination. 

For growth assays according to a negative selection step, E. coli JX33 or GH371 were 

co-transformed with pREP-based selection plasmids (e.g. pREPDaS_PylRS-SL1 

(pMoS269)) and pMinus_13TAG (pDaS202). A single colony was picked to inoculate 5 

ml LB-medium supplemented with 50 µg/ml kanamycin and 12.5 µg/ml tetracycline. The 

culture was incubated at 37 °C and 180 rpm shaking overnight. The overnight culture 

was diluted 1:500 into 1 x PBS and 10 µl were printed on LB-agar plates supplemented 

with 12.5 µg/ml tetracycline, 50 µg/ml kanamycin and increasing amounts of L-arabinose. 

LB-agar plates were poured with and without 1 – 2 mM of ncAA. The plates were 

incubated for 24 h at 37 °C and imaged using a digital camera and white light 

illumination. 

6.3.12 Cloning Evolved PylRS Variants from pREP to pEVOL 

For high expression efficiencies, selected PylRS mutants (based on the pREP 

backbone) were cloned into the pEVOL expression plasmid. The PylRS cassette was 

amplified by PCR with primer pairs designed to generate SalI/BglII and PstI/NdeI 

restriction sites and was cloned into pEVOL_PylRS_wt (pDaS69). Successful cloning 

was verified by sequencing. 

The PCR reactions were performed in 50 µl total volume according to: 

Component Volume [µl] Concentration 

Template Plasmid 1 10-50 ng 
Phusion HF Buffer (5x) 10 1x 
dNTPs (10 mM) 1 µl 200 µM 
Forward primer (10 µM) 2.5 µl 500 nM 
Reverse primer (10 µM) 2.5 µl 500 nM 
Water 32.5 µl - 
PfuUltra DNA polymerase 0.5 µl 1 U 

 

PCR Program:  

Cycle Temperature time  

Initial denaturation 98 °C 30 s  

Denaturation 98 °C 10 s  
Annealing 50 °C 30 s  
Elongation 72 °C 45 s [10x] 

Denaturation 98 °C 10 s  
Elongation 72 °C 45 s [20x] 

Final elongation 72 °C 5 min  

Storage 4 °C ∞  
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6.3.13 CW-EPR Measurement 

EPR spectra were recorded at different temperatures on a X-band MiniScope 

spectrometer (MS200, magnettech GmbH) equipped with a temperature unit 

(Temperature Controller TC-H02, magnettech GmbH). Samples 10 – 30 µl were filled in 

Ringcaps glas capillaries (Ø 1 mm, outer diameter) and sealed with tube sealing 

compound (Cha-Seal). Spectra were recorded with 800 mG (modulation amplitude) and 

15 dB (microwave attenuation). Spectra were analyzed with Matlab R2008b and the 

signal intensities were obtained by calculating the double integral of the first derivative of 

the spectrum. The effective spin concentration of protein samples was determined by 

CW-EPR spectra. Therefor a commercial standard (1-Oxyl-2,2,5,5-tetramethylpyrroline-

3-methyl) methanethiosulfonate in aqueous solution) was applied for calibration. The 

effective spin concentration was compared to the protein concentrations determined by 

BCA assays. 

6.3.14 Intracellular EPR Measurements 

E. coli JX33 was co-transformed with: 1) Plasmids pEVOL_PylRS-SL1 (pMoS266) and 

pBADTRX_R74TAG (pSuE185) 2) Plasmids pEVOL_PylRS-SL1 (pMoS266) and pBAD-

TRX_wt (pSuE177) or 3) only pBAD_TRX_wt (pSuE177). A single colony was picked to 

inoculate 5 ml LB-medium supplemented with 50 µg/ml carbenicilin and 34 µg/ml 

chloramphenicol. The culture was incubated at 37 °C and 180 rpm shaking overnight. 

100 µl of this overnight culture was diluted in 10 ml LB-medium (with 50 µg/ml 

carbenicilin and 34 µg/ml chloramphenicol) and was incubated at 37 °C and 180 rpm 

shaking until the OD600 nm reached 0.8. The protein expression was induced by adding 3 

mM 6 and 0.2 % (w/v) L-arabinose. The expression culture was incubated at 37 °C for 16 

h with shaking. The culture was pelleted by centrifugation (3320 x g, 10 min, 4 °C), the 

supernatant was removed and the pellet was washed three times with LB-medium (10 ml 

+ 20 % v/v glycerol) by resuspension and centrifugation (3320 x g, 10 min, 4 °C). The 

final pellet was filled in glass capillaries and was used for CW-EPR measurements at 4 

°C . 

6.3.15 DEER Experiments 

DEER experiments were performed with glassy solutions of proteins (protein buffer + 20 

% glycerol, v/v) at cryogenic temperatures (50 ° K) in Q-Band, using Elexsys E580 

spectrometer Bruker Biospin equipped with a helium gas flow system CF935 Oxford 

Instruments. Singly labeled protein solutions were used as background correction. DEER 

experiments were performed by Julia Borbas, Christian Hintze and Artem Feedosev (AG 

Drescher).  
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6.3.16 Stability Measurements in E. coli Lysates 

A single colony of E. coli GH371 was picked to inoculate 5 ml LB-medium. The culture 

was incubated at 37 °C and 180 rpm shaking overnight. The OD600nm of the culture was 

adjusted to 2.5 with LB-medium. 1.5 ml of this culture (approx. 3.75x109 cells) were pre-

incubated at the designated temperature for 10 minutes, before being pelleted by 

centrifugation (3320 x g, 10 minutes). The supernatant was removed and the pellet was 

lyzed with 75 µl B-Per lysis reagent. The cell suspension (59.4 µl) was transferred to a 

new tube and mixed with 10 mM 6 (0.6 µl), resulting in 100 µM 6. The CW-EPR spectra 

were recorded over time at the designated temperatures. Experiments were conducted 

as triplicates and the half-life of 6 was calculated. 

6.3.17 Stability Measurements in E. coli Culture 

A single colony of E. coli GH371 was picked to inoculate 5 ml LB-medium. The culture 

was incubated at 37 °C and 180 rpm shaking overnight. The OD600nm of the culture was 

adjusted to 2.5 with LB-medium. The cell suspension (59.4 µl) was transferred to a new 

tube and mixed with 10 mM 6 (0.6 µl), resulting in 100 µM 6. The CW-EPR spectra were 

recorded over time at the designated temperatures. Experiments were conducted as 

triplicates and the half-life of 6 was calculated. 

6.3.18 Expression and Purification of GFP Mutants Containing ncAA 3  

E. coli Topten, GH371 or JX33 [195] cells were co-transformed with a pEVOL-based 

plasmid (encoding a PylRS gene under a constitutive glnS’ promotor and a PylRS gene 

under an araBAD promotor and tRNAPyl under a proK promotor) and a pBAD_GFP 

plasmid (e.g. pBAD_Flag-GFP-Y39TAG-6His [187]: encoding a GFP gene with a C-

terminal his6tag and an N-terminal flag-tag and an amber codon at Y39 under control of 

an araBAD promotor). A single colony was picked from an LB-agar plate and was used 

to inoculate 5 ml LB medium supplemented with 50 µg/ml carbenicilin and 34 µg/ml 

chloramphenicol (for plasmid propagation) and was incubated at 37 °C, 200 rpm 

overnight. 100 µl of this overnight culture was diluted in fresh 5 ml LB medium 

supplemented with 50 µg/ml carbenicilin, 34 µg/ml chloramphenicol, 1 – 2 mM ncAA 3 

and was incubated at 37 °C, 200 rpm until the OD600 nm reached 0.4 – 0.5. The 

expression was induced by adding 0.02 % (w/v) L-arabinose into the medium. The 

culture was further incubated at 37 °C, 200 rpm for 4 h and was harvested by 

centrifugation (3320 x g, 10 min). The supernatant was discarded and the pellets were 

stored at -20 °C. 

The pellets were lyzed at room temperature with 0.5 ml B-Per lysis buffer (Thermo 

Scientific) supplemented with 1x Complete (-EDTA) protease inhibitor cocktail (Roche) 

for 30 minutes at 1400 rpm (Thermomixer). Cell debris was removed by centrifugation 
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(20817 x g, 5 min) and the supernatant was incubated with 10 mM imidazole and 50 µl 

Ni-NTA resin (corresponding to max. binding of 250 – 500 µg protein). The suspension 

was incubated at r.t. with 500 rpm shaking for 30 minutes and was then filtered through a 

filter spin column (Pierce) by centrifugation (1486 x g, 10 s). The Ni beads were washed 

with 4 x PBS (2 x 700 µl), wash buffer I (3 x 700 µl; 50 mM NaH2PO4, 300 mM NaCl, pH 

= 8.0, 20 mM imidazole) and once with wash buffer II (1 x 700 µl; 50 mM NaH2PO4, 300 

mM NaCl, pH = 8.0, 50 mM imidazole), by resuspending the beads centrifugation (1486 

x g, 10 s). To elute the proteins, the Ni beads were incubated with elution buffer (2 x 50 

µl; 50 mM NaH2PO4, 300 mM NaCl, pH = 8.0, 500 mM imidazole) for 10 minutes at r.t. 

and the protein was collected by centrifugation (1486 x g, 10 s). The eluted protein 

fractions were analyzed using SDS-PAGE and mass spectrometry and were quantified 

using a BCA Kit (Thermo Scientific). 

6.3.19 Expression and Purification of GFP Mutants Containing ncAA 6 

Expression with ncAA 6 was performed according to 6.3.18 with minor changes. 1 - 3 

mM of ncAA 6 were added upon induction of the expression with 0.2 % (w/v) L-

arabinose. The expression was performed between 4 – 16 h and the expression culture 

was harvested by centrifugation at 4 °C and the pellets were immediately shock-frozen in 

liquid nitrogen and stored at -20 °C. The lysis and purification steps were performed on 

ice, with pre-cooled reagents. 1 mM PMSF was used instead of Complete (-EDTA) 

protease inhibitor cocktail (Roche) during lysis. The lysis was performed for 10 minutes 

and the Ni-NTA binding step for 10 minutes on ice. The eluted protein fractions were 

analyzed using SDS-PAGE, mass spectrometry and were quantified using a BCA Kit 

(Thermo Scientific). The integritiy degree was measured by CW-EPR. 

6.3.20 Measurement of Cellular GFP Fluorescence 

5 ml GFP expression cultures were pelleted by centrifugation (3320 x g, 10 min), the 

supernatant was discarded and the pellets were resuspended in 1 x PBS (5 ml). This 

washing step was repeated once. The pellets were finally resuspended in 5 ml PBS (1x) 

and cellular GFP fluorescence was determined using a Tecon M200 plate reader 

(excitation wavelength = 475 nm; emission wavelength = 510 nm). The fluorescence was 

normalized to the cell number (optical density at 600 nm). 

6.3.21 Construction of pBAD_TRX-His6 Expression Vectors 

pBAD_TRX-His6 (pSuE177) was constructed by Susanne Ermert during her bachelor 

thesis. Briefly, E. coli thioredoxin (with an N-terminal S-tag and a C-terminal 

Enteropeptidase site) was amplified by PCR from pET32a-TRXtag (Addgene). The PCR 

forward primer was designed to exhibit a 5’ NcoI site and the revesie primer a NotI sites 
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as well as a His6tag. The digested PCR fragment was cloned into pBAD_GFP_Y39TAG. 

Cloning was verified by sequencing. 

6.3.22 Expression and Purification of TRX Mutants Containing ncAA 3  

The expression of E. coli thioredoxin mutants was performed analogous to 6.3.18. 

6.3.23 Expression and Purification of TRX Mutants Containing ncAA 6 

The expression of E. coli thioredoxin mutants was performed analogous to 6.3.19. 

6.3.24 Construction of pBAD_Tat-GFP-His6 Expression Vectors 

The Tat-derived arginine rich motif was cloned as an N-terminal GFP fusion into 

progenitor vector pBAD_GFP-wt (pDaS 72), replacing the N-terminal flag-tag with NheI 

and NcoI restriction sites and a GGSAS-linker region. The Tat peptides were created by 

primer extension reactions using template primers listed in 8.2. The primer was extended 

using Klenow fragment DNA polymerase, before the extension product was purified, 

digested with NheI and NcoI and ligated into the final vector (e.g. a pBAD_TAT-GFP-

His6 encoding an N-terminal Tat-derived ARM peptide fused to GFP with a C-terminal 

his6tag under control of an araBAD promotor). 

6.3.25 Expression and Purification of Tat_GFP Mutants Containing ncAA 3 

E. coli BL21(DE3) gold cellsii were co-transformed with pEVOL_PylRS_AF (pDaS70) and 

a pBAD_Tat-GFP-His6 plasmid.  A single colony was picked from an LB-agar plate and 

used to inoculate 5 ml LB medium supplemented with 50 µg/ml carbenicilin and 34 µg/ml 

chloramphenicol (for plasmid propagation) and the culture was incubated at 37 °C, 200 

rpm overnight. 1 ml of this overnight culture was diluted into 50 ml LB medium 

supplemented with 50 µg/ml carbenicilin, 34 µg/ml chloramphenicol and 2 mM ncAA 3 

and was incubated at 37 °C, 200 rpm until the OD600 nm reached 0.5 – 0.6. The 

expression was induced by adding 0.04 % (w/v) L-arabinose into the medium and the 

culture was incubated at 37 °C, 200 rpm for 6 h. The cell suspension was harvested by 

centrifugation (3320 x g, 10 min) and the supernatant was discarded and the pellets 

were stored at -20 °C. 

The pellets were thawed and lyzed at room temperature with 2 ml B-Per lysis buffer 

(Thermo Scientific) supplemented with 1 mM PMSF for 30 minutes at 1000 rpm 

(Thermomixer). The suspension was centrifuged (5 min, 20817 x g, room temperature), 

the supernatant was discarded and the pellet was extracted with 2 ml Buffer-Z (8 M urea, 

0.1 M NaCl, 20 mM HEPES, pH = 8) for 3 h at 1000 rpm at room temperature. The 

suspension was centrifuged (30 min, 20817 x g, room temperature) and the supernatant 

                                                
ii
 N-terminal Tat-GFP proteins were found to be partially digested using E. coli strain non-deficient of Lon and OmpT 

proteases 
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was incubated with 100 µl Ni-NTA slurry (corresponding to max. binding of 500 – 1000 

µg protein) at r.t. at 500 rpm for 30 minutes. The suspension was filtered using a filter 

spin column (Pierce) by centrifugation (1486 x g, 10 s) and the Ni-beads were washed 

with Buffer-Z (1 x 500 µl), four times (500 µl) with wash Buffer-Z wash buffer I (Buffer-Z 

containing 20 mM imidazole) and once with 500 µl Buffer-Z wash buffer II (Buffer-Z 

containing 50 mM imidazole). The beads were resuspended and filtered by centrifugation 

(1486 x g, 10 s). To elute the proteins, the Ni-beads were incubated with Buffer-Z elution 

buffer (2 x 50 µl; Buffer-Z containing 500 mM imidazole) for 10 minutes at r.t. and the 

protein was collected by centrifugation (1486 x g, 10 s). The eluted protein fractions were 

analyzed using SDS-PAGE and mass spectrometry and were quantified using a BCA Kit 

(Thermo Scientific). The proteins were refolded by stepwise dialysis against 20 mM Tris-

HCl, pH = 8, 10 % (v/v) glycerol with decreasing urea concentrations. 

6.3.26 5’-end Labeling of TAR RNA with γ-32P-ATP 

To radioactive label the 5’-end of TAR RNA, T4 polynucleotide kinase (PNK) was 

employed. The γ-32phosphate of γ-32P-ATP was transferred to the 5’-OH terminus of the 

RNA oligonucleotide.  

For labelling the following protocol was applied: 

 

Component Volume [µl] Concentration 

Nuclease-free water 42 - 
TAR RNA (10 µM) 1 10 pmol 
γ-

32
P-ATP (10 µCi/µl) 1 0.2 µCi 

T4-PNK buffer (10x) Buffer A 5 1x 
T4-PNK 1 10 U 

 

The reaction mixture was incubated at 37 °C for 1 h, before being quenched with 1.5 µl 

EDTA (0.5 M). The solution was heated to 75 °C for 10 minutes to denature T4-PNK. 

The reaction mixture was allowed to cool to r.t. and was purified using a GE Healthcare 

G-25 column. The obtained labeled RNA solution (50 µl) was diluted with 20 µl unlabeled 

RNA (10 µM), resulting in a 3 µM solution. 

6.3.27 Electromobility Shift Assays of Tat-GFP Proteins and TAR-RNA 

The EMSA binding assay was performed at 4 °C in a cold room. 5’-32P-labelled TAR 

RNA (10 nM) was incubated with decreasing concentrations of Tat-GFP proteins in 50 

mM Tris-HCl pH = 8, 50 mM KCl, 0.05 % Triton-X and 5 % (v/v) glycerole for 30 min at 4 

°C. A 12 % native PAGE gel (0.5 mm, 50 cm length) was pre-run in 1x TB for 60 minutes 

at 15 W and 4 °C. After incubation, the reaction mixture was loaded onto the native 

PAGE gel and was run at 15 W and 4 °C for 60 minutes. The gel was transferred to 

Whatman paper and covered with plastic foil. The gel was dried in a gel dryer (80°C for 
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60 minutes) prior to exposure to a phosphor imager screen (Fuji) overnight. The imager 

screen was analyzed on a phosphorimager (BioRad) and the data was processed using 

Quantity one (BioRad). 

6.3.28 Crosslinking Experiments of Tat-GFP Proteins and TAR-RNA 

Crosslinking experiments were conducted with 10 nM 5´-32P-labelled TAR RNA and 2 

µM of Tat-GFP proteins in binding buffer (50 mM Tris-HCl pH = 8, 50 mM KCl, 0.05 % 

Triton-X and 5 % (v/v) glycerole) supplemented with 16 µM methylene blue (8 eq.). The 

RNA-protein binding mixture was incubated at 4 °C for 30 minutes before being 

irradiated in an open reaction tube (1.5 ml) for 2 minutes at 900 rpm shaking and 4 °C 

with red light (using an Euromex cold light illuminator equipped with a red R60 type filter; 

light-intensity: 9). A 10 % denaturing PAGE gel (0.5 mm, 50 cm length) was pre-run at 

2300 V for 60 minutes in 1 x TBE buffer to warm up to approx. 50 °C. The reaction 

mixture was quenched with formamide buffer and loaded onto the PAGE gel. The gel 

was run at 2300 V for 30 minutes in 1 x TBE buffer, was transferred to Whatman paper 

and covered with plastic foil. The gel was dried in a gel dryer (80°C for 60 minutes) prior 

to exposure to a phosphor imager screen (Fuji) overnight. The imager screen was 

analyzed on a phosphorimager (BioRad) and crosslinking effects were quantified using 

Quantity one (BioRad). 

Additional crosslinking experiments for Tat-R49→3 and Tat-ins47→3 were performed 

with 10 nM 5´-32P-labelled TAR RNA and 1 µM of Tat-GFP proteins. The samples were 

incubated with 8 eq. of methylene blue and were irradiated as above for 10 minutes 

before being analyzed on a 10 % denaturing PAGE gel. 

6.3.29 SDS-PAGE Electrophoresis 

Protein samples were mixed with SDS loading buffer and were incubated at 95 °C for 5 

minutes for denaturation. The samples were allowed to cool to room temperature and 

were loaded on an SDS Gel with broad range protein marker (NEB) as a reference. SDS 

gels were run for 1 h 15 minutes at 120 V. After electrophoresis, the gels were washed 

with water and stained in Comassie (Carl Roth) staining solution for 1 h with shaking. 

The gels were developed in destaining solution for 2 h and finally incubated in water to 

remove residual background staining. 

6.3.30 Determination of Protein Concentrations using a BCA Assay 

Protein concentrations were measured using a BCA Kit (Thermo Scientific) following the 

manufacturers’ protocol. 
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6.3.31 Protein Mass Spectrometry 

For molecular weight determination using the LTQ-Orbitrap, protein samples were 

dialyzed against water using Slida-A-Lyzer dialysis units (MWCO: 10 kDa) (Protein 

spectra were deconvoluted with ProMassDeconvolution V2.5 software).  

For Tryptic digests and subsequent tandem mass spectrometry (LC-MS/MS) analysis on 

a LTQ-Orbitrap mass spectrometer (Thermo Fisher) and an Eksigent nano-HPLC, SDS-

gel protein bands were excised with a scalpel and processed by the proteomics facility. 

The reversed-phase LC column was 5 μm, 200 Å pore size C18 resin in a 75 μm i.d. × 10 

cm long piece of fused silica capillary (Hypersil Gold C18, New Objective). The reversed-

phase LC column was washed ith 95% mobile phase A (0.1% formic acid) and 5% 

mobile phase B (0.1% formic acid in acetonitrile). Peptides were eluted using a linear 

gradient of 5 % mobile phase B to 40 % in 65 min, then to 80 % B in an additional 5 min, 

at 300 nL/min. 

The mass spectrometer (LTQ-Orbitrap) was operated in a mode, in which each full MS 

scan (30 000 resolving power) was followed by five MS/MS scans. The five most 

abundant molecular ions were selected and fragmented by collision-induced dissociation 

(CID). The collision energy was set to 35% in the LTQ ion trap with dynamic exclusion. 

LC-MS/MS (tandem mass spectra) were recorded and analyzed with a homemade 

protein database using Mascot (Matrix Science). Cysteine alkylation by iodoacetamide 

and methionine oxidation was considered.  
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8. Appendix 

8.1 Sequence of Plasmids 

8.1.1 Sequence of pREPDaS_Pyl_AF (pDaS85) 

 

ATGAAATCTAACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTT

ATGCCGGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCGACAGCATCGCCAGTCACTATGGCGTGCTG

CTAGCGCTATATGCGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCACTGTCCGACCGCTTTGGCCGC

CGCCCAGTCCTGCTCGCTTCGCTACTTGGAGCCACTATCGACTACGCGATCATGGCGACCACACCCGTCCTG

TGGATTCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATC

GCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATG

GTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGTACCATTCCTTGCGGCGGCGGTG

CTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGACCGATG

CCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATG

ACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTCGGCGAGGACCGCT 

TTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCT

TCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGCCGACGCGC

TGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTTCCCCATTATGATTCTTCTCGCTTCCG

GCGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCCAGGCAGGTAGATGACGACCATCAGGGACAGCTTC

AAGGATCGCTCGCGGCTCTTACCAGCCTAACTTCGATCATTGGACCGCTGATCGTCACGGCGATTTATGCCG

CCTCGGCGAGCACATGGAACGGGTTGGCATGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCGCGT

TGCGTCGCGGTGCATGGAGCCGGGCCACCTCGACCTGAATGGAAGCCGGCGGCACCTCGCTAACGGATTCAC

CACTCCAAGAATTGGAGCCAATCAATTCTTGCGGAGAACTGTGAATGCGCAAACCAACCCTTGGCAGAACAT

ATCCATCGCGTCCGCCATCTCCAGCAGCCGCACGCGGCGCATCTTGGGCTCCTTGCATGCAAAAAAGCCTGC

TCGTTGAGCAGGCTTTTCGAATTTGGCGGAAACCCCGGGAATCTAACCCGGCTGAACGGATTTAGAGTCCAT 

TCGATCTACATGATCAGGTTTCCAATGCGGGGCGCATCTTACTGCGCAGATACGCCCTCGTCAATCCCTTAA

TAGCAAAATGCCTTTTGATCGGCGAGAAAGTCAGCAGGCCGCTTAGTTAGCCGTGCACTGATCATATCGTCA

ATTATTACCTCCACGGGGAGAGCCTGAGCAAACTGGCCTCAGGCATTTGAGAAGCACACGGTCACACTGCTT

CCGGTAGTCAATAAACCGGTGCTCACATGTTGCGAAGCGGAATTAATTCGCGAAGAAAAGCAGAAAAAACGC

CGCTGAACGCGGCGTTTTGGATTGTTTGCTGTTTCTTGCCGGATGCGGCGTGAACGCCTTATCCGGCCTACA

AAAGCACGCAAACTCAATATATTGCAGAGATCATGTAGGCCTGATAAGCGTAGCGCATCAGGCAATTTAGCG

TTTGAAACTGCAGTTACAGGTTCGTAGAGATCCCGTTATAATACGATTCAGAACGGGCGGCACGTTTGATGT

TTTTGAAGTCGTGTTTCACTTTCAGCAGGCGTTCCAGACCGAATCCTGCTCCGATCCACGGTTTGTCGATAC
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CCCACTCACGGTCCAGCGGAATTGGTCCAACAACGGCACTAGACAGTTCCAGGTCGCCGTGCATGACATCCA

GGGTGTCGCCAAACACCATACAGCTGTCGCCCACAATTTTGAAGTCAATGCCCAGGTGGTTCAGAAAATCGG 

TGATGATGCTTTCCAGGTTCTCACGAGTACAACCTGAACCCATTTGGCAAAAGTTCAGCATGGTAAACTCCT

CCAGATGTTCTTTACCGTCGGACTCTTTACGATAACACGGGCCGATCTCGAAGATTTTGATAGGATCAGGCA

GGGCACGGTCCAGTTTGCGCAGATAGTTAGCCAGATTTGGTGCTAGCATAGGGCGCAGACAGAAGTTTTTAT

CCACACGGAAAATTTGTTTGCTCAGTTCGGTATCATTGTCGATGCCCATACGCTCGATATACTCCAGAGGAA

TCAGAATCGGGGATTTGATCTCCAGAAAGCCACGATCCACGAAAAAGCGGGTGATTTCACGTTCCAGTTTCC

CCAGATAGTTCTCACGTTCTTCGGCATAGATTTGTTGCAGGTCTTTTTTACGACGTGACAGCAGTTCGCTCT

CCAGTTCACGAAACGGTTTGCCGGAGTTCAGGCTGATTTCGTCTTTCGGATTCAGCAGAACCTCCAGACGAT

CGGTTTGGGATTTTGTCAGTGCTGGAGCTGATGCTTGAACCGGGGCAGACATGCTTGTAATCGGATTGGTAT

TGCCTTTAACCAGGGCGCTAGCGGTGGCACCGGTGCTAATACTGCTAATGCTGGTGCTCACACTTGCTGGAA

CAGAAACGGACTCCTGGGTAGAAACAGGAATGGCCGGAGAGAATTTGCTTCCAGACGGCTGTGCCTGTGCTG 

CTTCAGTGTTTTCCAGTGGTTTAGGGGCACGAGCAACGGATTTCGGCATTGCTTTTTTAGTACGGGTAGGAG

CGCTAACGACTTTCACTTTCACGCTTGTTTGGTCCTCATTGGCTTTTGTCAGGAATTTGTTCAGATCCTCAT

CGGACACACGGCAACGTTTACAGGTTTTACGATATTTGTGGTGACGCAGTGCACGTGCTGTACGAGAAGAGC

GGCTATTGTTCACAACCAGATGATCGCCACACGCCATCTCAATATAGATTTTCGAACGGCTAACCTCGTGGT

GTTTGATTTTATGAATGGTTCCGGTACGACTCATCCACAGACCAGTAGCAGAGATCAGGGTATTCAGCGGTT

TTTTGTCCATATGGGATTCCTCAAAGCGTAAACAACGTATAACGGCGTATGATATTAAAGCGGGACAGGCTG

ACAACTGTTAGTTTTTTAAAATTGATAATCTAACAAGGATTATGGGGATGATTGATTCTAGACAATTGGTGC

ACTTCAAAAATCGATGAGCTGTTGACAATTAATCATCGAACTAGTTTAATGTGTGGAAGCGGTCGCTTTCAT

AAGGAGGTCGCAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGA

ACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTT 

TTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAA

TGCTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTA

CACCGTTTTCCATGAGTAGACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTT

TCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGA

GAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGA

CAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTACACGCAAGGCGACAAGGTGCTGATGCCGCTGGC

GATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTG

CGATGAGTGGCAGGGCGGGGCGGCAAAGATCGTGGAAGTCAAACACCCACTCGTCAAACACAAGCTGGGACT

GATGCGTGAGCAAGATATCAGCACCAAGCGCTTTCGCGAACTCGCTTCCGAAGTGGGTAGCCTGCTGACTTA

CGAAGCGACCGCCGACCTCGAAACGGAAAAAGTAACTATCGAAGGCTGGAACGGCCCGGTAGAAATCGACCA 

GATCAAAGGTAAGAAAATTACCGTTGTGCCAATTCTGCGTGCGGGTCTTGGTATGATGGACGGTGTGCTGGA

AAACGTTCCGAGCGCGCGCATCAGCGTTGTCGGTATGTACCGTAATGAAGAAACGCTGGAGCCGGTTCCGTA

CTTCCAGAAACTGGTTTCTAACATCGATGAGCGTATGGCGCTGATCGTTGACCCAATGCTGGCAACCGGTGG

TTCCGTTATCGCGACCATCGACCTGCTGAAAAAAGCGGGCTGTAGCAGCATCAAAGTTCTGGTGCTGGTAGC

TGCGCCAGAAGGTATCGCTGCGCTGGAAAAAGCGCACCCGGACGTCGAACTGTATACCGCATCGATTGATCA

GGGACTGAACGAGCACGGATACATTATTCCGGGCCTCGGCGATGCCGGTGACAAAATCTTTGGTACGAAATA

AAGAATTCGAAGCTTGGGCCCGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCAC

CATCATCATCATTGAGTTTAAACGACGTCCAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGA

TACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCC

CACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGAGGCCTCCCATGCGAG 

AGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTT

GTTTGTCGGTGAACGATATCTGCTTTTCTTCGGATCCCTCGAGAGATCTCCATGGGCTAGCGGAGTGTATAC

TGGCTTACTATGTTGGCACTGATGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACC

GGTGCGTCAGCAGAATATGTGATACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGT

TCGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGCGGAGATTTCCTGGAAGATGCCAGGAAGATACTTAA

CAGGGAAGTGAGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCATCACGAAATC

TGACGCTCAAATCAGTGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCC

CTCGTGCGCTCTCCTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTAAT

TCCACGCCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCA

GTCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCACCACT 

GGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTTAAGGCTAAACTGAAA

GGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCTCAGAGAACCT

TCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGCGCAGACCAAAACGATCTC

AAGAAGATCATCTTATTAAGGGGTCTGACGCACATGTAATGTAGCACCTGAAGTCAGCCCCATACGATATAA

GTTGTAATTCTCATGTTTGACAGCTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCT

AACGCAGTCAGGCACCGTGT 
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8.1.2 Sequence of pREPDaS_Pyl_AF_CAT-Only (pMoS188) 

 

ATGAAATCTAACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTT

ATGCCGGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCGACAGCATCGCCAGTCACTATGGCGTGCTG

CTAGCGCTATATGCGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCACTGTCCGACCGCTTTGGCCGC

CGCCCAGTCCTGCTCGCTTCGCTACTTGGAGCCACTATCGACTACGCGATCATGGCGACCACACCCGTCCTG

TGGATTCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATC

GCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATG

GTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGTACCATTCCTTGCGGCGGCGGTG

CTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGACCGATG

CCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATG

ACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTCGGCGAGGACCGCT 

TTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCT

TCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGCCGACGCGC

TGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTTCCCCATTATGATTCTTCTCGCTTCCG

GCGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCCAGGCAGGTAGATGACGACCATCAGGGACAGCTTC

AAGGATCGCTCGCGGCTCTTACCAGCCTAACTTCGATCATTGGACCGCTGATCGTCACGGCGATTTATGCCG

CCTCGGCGAGCACATGGAACGGGTTGGCATGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCGCGT

TGCGTCGCGGTGCATGGAGCCGGGCCACCTCGACCTGAATGGAAGCCGGCGGCACCTCGCTAACGGATTCAC

CACTCCAAGAATTGGAGCCAATCAATTCTTGCGGAGAACTGTGAATGCGCAAACCAACCCTTGGCAGAACAT

ATCCATCGCGTCCGCCATCTCCAGCAGCCGCACGCGGCGCATCTTGGGCTCCTTGCATGCAAAAAAGCCTGC

TCGTTGAGCAGGCTTTTCGAATTTGGCGGAAACCCCGGGAATCTAACCCGGCTGAACGGATTTAGAGTCCAT 

TCGATCTACATGATCAGGTTTCCAATGCGGGGCGCATCTTACTGCGCAGATACGCCCTCGTCAATCCCTTAA

TAGCAAAATGCCTTTTGATCGGCGAGAAAGTCAGCAGGCCGCTTAGTTAGCCGTGCACTGATCATATCGTCA

ATTATTACCTCCACGGGGAGAGCCTGAGCAAACTGGCCTCAGGCATTTGAGAAGCACACGGTCACACTGCTT

CCGGTAGTCAATAAACCGGTGCTCACATGTTGCGAAGCGGAATTAATTCGCGAAGAAAAGCAGAAAAAACGC

CGCTGAACGCGGCGTTTTGGATTGTTTGCTGTTTCTTGCCGGATGCGGCGTGAACGCCTTATCCGGCCTACA

AAAGCACGCAAACTCAATATATTGCAGAGATCATGTAGGCCTGATAAGCGTAGCGCATCAGGCAATTTAGCG

TTTGAAACTGCAGTTACAGGTTCGTAGAGATCCCGTTATAATACGATTCAGAACGGGCGGCACGTTTGATGT

TTTTGAAGTCGTGTTTCACTTTCAGCAGGCGTTCCAGACCGAATCCTGCTCCGATCCACGGTTTGTCGATAC

CCCACTCACGGTCCAGCGGAATTGGTCCAACAACGGCACTAGACAGTTCCAGGTCGCCGTGCATGACATCCA

GGGTGTCGCCAAACACCATACAGCTGTCGCCCACAATTTTGAAGTCAATGCCCAGGTGGTTCAGAAAATCGG 

TGATGATGCTTTCCAGGTTCTCACGAGTACAACCTGAACCCATTTGGCAAAAGTTCAGCATGGTAAACTCCT
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CCAGATGTTCTTTACCGTCGGACTCTTTACGATAACACGGGCCGATCTCGAAGATTTTGATAGGATCAGGCA

GGGCACGGTCCAGTTTGCGCAGATAGTTAGCCAGATTTGGTGCTAGCATAGGGCGCAGACAGAAGTTTTTAT

CCACACGGAAAATTTGTTTGCTCAGTTCGGTATCATTGTCGATGCCCATACGCTCGATATACTCCAGAGGAA

TCAGAATCGGGGATTTGATCTCCAGAAAGCCACGATCCACGAAAAAGCGGGTGATTTCACGTTCCAGTTTCC

CCAGATAGTTCTCACGTTCTTCGGCATAGATTTGTTGCAGGTCTTTTTTACGACGTGACAGCAGTTCGCTCT

CCAGTTCACGAAACGGTTTGCCGGAGTTCAGGCTGATTTCGTCTTTCGGATTCAGCAGAACCTCCAGACGAT

CGGTTTGGGATTTTGTCAGTGCTGGAGCTGATGCTTGAACCGGGGCAGACATGCTTGTAATCGGATTGGTAT

TGCCTTTAACCAGGGCGCTAGCGGTGGCACCGGTGCTAATACTGCTAATGCTGGTGCTCACACTTGCTGGAA

CAGAAACGGACTCCTGGGTAGAAACAGGAATGGCCGGAGAGAATTTGCTTCCAGACGGCTGTGCCTGTGCTG 

CTTCAGTGTTTTCCAGTGGTTTAGGGGCACGAGCAACGGATTTCGGCATTGCTTTTTTAGTACGGGTAGGAG

CGCTAACGACTTTCACTTTCACGCTTGTTTGGTCCTCATTGGCTTTTGTCAGGAATTTGTTCAGATCCTCAT

CGGACACACGGCAACGTTTACAGGTTTTACGATATTTGTGGTGACGCAGTGCACGTGCTGTACGAGAAGAGC

GGCTATTGTTCACAACCAGATGATCGCCACACGCCATCTCAATATAGATTTTCGAACGGCTAACCTCGTGGT

GTTTGATTTTATGAATGGTTCCGGTACGACTCATCCACAGACCAGTAGCAGAGATCAGGGTATTCAGCGGTT

TTTTGTCCATATGGGATTCCTCAAAGCGTAAACAACGTATAACGGCGTATGATATTAAAGCGGGACAGGCTG

ACAACTGTTAGTTTTTTAAAATTGATAATCTAACAAGGATTATGGGGATGATTGATTCTAGACAATTGGTGC

ACTTCAAAAATCGATGAGCTGTTGACAATTAATCATCGAACTAGTTTAATGTGTGGAAGCGGTCGCTTTCAT

AAGGAGGTCGCAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGA

ACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTT 

TTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAA

TGCTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTA

CACCGTTTTCCATGAGTAGACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTT

TCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGA

GAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGA

CAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTACACGCAAGGCGACAAGGTGCTGATGCCGCTGGC

GATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTG

CGATGAGTGGCAGGGCGGGGCGTGAGAGCTCTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCCCATG

CCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGAGGCCTCCCATGCGAGAGTAGGGAACTGCC

AGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAAC 

GATATCTGCTTTTCTTCGGATCCCTCGAGAGATCTCCATGGGCTAGCGGAGTGTATACTGGCTTACTATGTT

GGCACTGATGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTGCGTCAGCAGA

ATATGTGATACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGCGAG

CGGAAATGGCTTACGAACGGGGCGGAGATTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAAGTGAGAG

GGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCATCACGAAATCTGACGCTCAAATCA

GTGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGCGGCTCCCTCGTGCGCTCTCC

TGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTAATTCCACGCCTGACAC

TCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCAGTCCGACCGCTGCG

CCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCACCACTGGCAGCAGCCACTG

GTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTTAAGGCTAAACTGAAAGGACAAGTTTTGGT 

GACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCTCAGAGAACCTTCGAAAAACCGCCC

TGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGCGCAGACCAAAACGATCTCAAGAAGATCATCTT

ATTAAGGGGTCTGACGCACATGTAATGTAGCACCTGAAGTCAGCCCCATACGATATAAGTTGTAATTCTCAT

GTTTGACAGCTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCA

CCGTGT 
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8.1.3 Sequence of pEVOL_Pyl_AF (pDaS70) 

 

TCCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACC

TCTTACGTGCCGATCAACGTCTCATTTTCGCCAAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACC

AGGATTTATTTATTCTGCGAAGTGATCTTCCGTCACAGGTATTTATTCGGCGCAAAGTGCGTCGGGTGATGC

TGCCAACTTACTGATTTAGTGTATGATGGTGTTTTTGAGGTGCTCCAGTGGCTTCTGTTTCTATCAGCTGTC

CCTCCTGTTCAGCTACTGACGGGGTGGTGCGTAACGGCAAAAGCACCGCCGGACATCAGCGCTAGCGGAGTG

TATACTGGCTTACTATGTTGGCACTGATGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCT

GCACCGGTGCGTCAGCAGAATATGTGATACAGGATATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCG

GTCGTTCGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGCGGAGATTTCCTGGAAGATGCCAGGAAGATA

CTTAACAGGGAAGTGAGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTGACAAGCATCACG

AAATCTGACGCTCAAATCAGTGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGCG

GCTCCCTCGTGCGCTCTCCTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGT

CTCATTCCACGCCTGACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCC

GTTCAGTCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCA

CCACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAGTCTTGAAGTCATGCGCCGGTTAAGGCTAAAC

TGAAAGGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAAAGAGTTGGTAGCTCAGAG

AACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGCGCAGACCAAAACG

ATCTCAAGAAGATCATCTTATTAATCAGATAAAATATTTCTAGATTTCAGTGCAATTTATCTCTTCAAATGT

AGCACCTGAAGTCAGCCCCATACGATATAAGTTGTAATTCTCATGTTTGACAGCTTATCATCGATAAGCTTG

GTACCCAATTATGACAACTTGACGGCTACATCATTCACTTTTTCTTCACAACCGGCACGGAACTCGCTCGGG

CTGGCCCCGGTGCATTTTTTAAATACCCGCGAGAAATAGAGTTGATCGTCAAAACCAACATTGCGACCGACG

GTGGCGATAGGCATCCGGGTGGTGCTCAAAAGCAGCTTCGCCTGGCTGATACGTTGGTCCTCGCGCCAGCTT

AAGACGCTAATCCCTAACTGCTGGCGGAAAAGATGTGACAGACGCGACGGCGACAAGCAAACATGCTGTGCG

ACGCTGGCGATATCAAAATTGCTGTCTGCCAGGTGATCGCTGATGTACTGACAAGCCTCGCGTACCCGATTA

TCCATCGGTGGATGGAGCGACTCGTTAATCGCTTCCATGCGCCGCAGTAACAATTGCTCAAGCAGATTTATC

GCCAGCAGCTCCGAATAGCGCCCTTCCCCTTGCCCGGCGTTAATGATTTGCCCAAACAGGTCGCTGAAATGC

GGCTGGTGCGCTTCATCCGGGCGAAAGAACCCCGTATTGGCAAATATTGACGGCCAGTTAAGCCATTCATGC

CAGTAGGCGCGCGGACGAAAGTAAACCCACTGGTGATACCATTCGCGAGCCTCCGGATGACGACCGTAGTGA

TGAATCTCTCCTGGCGGGAACAGCAAAATATCACTCGGTCGGCAAACAAATTCTCGTCCCTGATTTTTCACC

ACCCCCTGACCGCGAATGGTGAGATTGAGAATATAACCTTTCATTCCCAGCGGTCGGTCGATAAAAAAATCG

AGATAACCGTTGGCCTCAATCGGCGTTAAACCCGCCACCAGATGGGCATTAAACGAGTATCCCGGCAGCAGG

GGATCATTTTGCGCTTCAGCCATACTTTTCATACTCCCGCCATTCAGAGAAGAAACCAATTGTCCATATTGC

ATCAGACATTGCCGTCACTGCGTCTTTTACTGGCTCTTCTCGCTAACCAAACCGGTAACCCCGCTTATTAAA



8. Appendix 

 

121 
 

AGCATTCTGTAACAAAGCGGGACCAAAGCCATGACAAAAACGCGTAACAAAAGTGTCTATAATCACGGCAGA

AAAGTCCACATTGATTATTTGCACGGCGTCACACTTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCG

GATCCTACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTTGGGCTAACAGGAGG

AATTAGATCTATGGACAAAAAACCGCTGAATACCCTGATCTCTGCTACTGGTCTGTGGATGAGTCGTACCGG

AACCATTCATAAAATCAAACACCACGAGGTTAGCCGTTCGAAAATCTATATTGAGATGGCGTGTGGCGATCA

TCTGGTTGTGAACAATAGCCGCTCTTCTCGTACAGCACGTGCACTGCGTCACCACAAATATCGTAAAACCTG

TAAACGTTGCCGTGTGTCCGATGAGGATCTGAACAAATTCCTGACAAAAGCCAATGAGGACCAAACAAGCGT

GAAAGTGAAAGTCGTTAGCGCTCCTACCCGTACTAAAAAAGCAATGCCGAAATCCGTTGCTCGTGCCCCTAA

ACCACTGGAAAACACTGAAGCAGCACAGGCACAGCCGTCTGGAAGCAAATTCTCTCCGGCCATTCCTGTTTC

TACCCAGGAGTCCGTTTCTGTTCCAGCAAGTGTGAGCACCAGCATTAGCAGTATTAGCACCGGTGCCACCGC

TAGCGCCCTGGTTAAAGGCAATACCAATCCGATTACAAGCATGTCTGCCCCGGTTCAAGCATCAGCTCCAGC

ACTGACAAAATCCCAAACCGATCGTCTGGAGGTTCTGCTGAATCCGAAAGACGAAATCAGCCTGAATTCCGG

CAAACCGTTTCGTGAACTGGAGAGCGAACTGCTGTCACGTCGTAAAAAAGACCTGCAACAAATCTATGCCGA

AGAACGTGAGAACTATCTGGGGAAACTGGAACGTGAAATCACCCGCTTTTTCGTGGATCGTGGCTTTCTGGA

GATCAAATCCCCGATTCTGATTCCTCTGGAGTATATCGAGCGTATGGGCATCGACAATGATACCGAACTGAG

CAAACAAATTTTCCGTGTGGATAAAAACTTCTGTCTGCGCCCTATGCTAGCACCAAATCTGGCTAACTATCT

GCGCAAACTGGACCGTGCCCTGCCTGATCCTATCAAAATCTTCGAGATCGGCCCGTGTTATCGTAAAGAGTC

CGACGGTAAAGAACATCTGGAGGAGTTTACCATGCTGAACTTTTGCCAAATGGGTTCAGGTTGTACTCGTGA

GAACCTGGAAAGCATCATCACCGATTTTCTGAACCACCTGGGCATTGACTTCAAAATTGTGGGCGACAGCTG

TATGGTGTTTGGCGACACCCTGGATGTCATGCACGGCGACCTGGAACTGTCTAGTGCCGTTGTTGGACCAAT

TCCGCTGGACCGTGAGTGGGGTATCGACAAACCGTGGATCGGAGCAGGATTCGGTCTGGAACGCCTGCTGAA

AGTGAAACACGACTTCAAAAACATCAAACGTGCCGCCCGTTCTGAATCGTATTATAACGGGATCTCTACGAA

CCTGTAAGTCGACCATCATCATCATCATCATTGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGA

GAGAAGATTTTCAGCCTGATACAGATTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGC

GGCAGTAGCGCGGTGGTCCCACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGT

GTGGGGTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTG

GGCCTTGTTTGTGAGCTCCCGGTCATCAATCATCCCCATAATCCTTGTTAGATTATCAATTTTAAAAAACTA

ACAGTTGTCAGCCTGTCCCGCTTTAATATCATACGCCGTTATACGTTGTTTACGCTTTGAGGAATCCCATAT

GGACAAAAAACCGCTGAATACCCTGATCTCTGCTACTGGTCTGTGGATGAGTCGTACCGGAACCATTCATAA

AATCAAACACCACGAGGTTAGCCGTTCGAAAATCTATATTGAGATGGCGTGTGGCGATCATCTGGTTGTGAA

CAATAGCCGCTCTTCTCGTACAGCACGTGCACTGCGTCACCACAAATATCGTAAAACCTGTAAACGTTGCCG

TGTGTCCGATGAGGATCTGAACAAATTCCTGACAAAAGCCAATGAGGACCAAACAAGCGTGAAAGTGAAAGT

CGTTAGCGCTCCTACCCGTACTAAAAAAGCAATGCCGAAATCCGTTGCTCGTGCCCCTAAACCACTGGAAAA

CACTGAAGCAGCACAGGCACAGCCGTCTGGAAGCAAATTCTCTCCGGCCATTCCTGTTTCTACCCAGGAGTC

CGTTTCTGTTCCAGCAAGTGTGAGCACCAGCATTAGCAGTATTAGCACCGGTGCCACCGCTAGCGCCCTGGT

TAAAGGCAATACCAATCCGATTACAAGCATGTCTGCCCCGGTTCAAGCATCAGCTCCAGCACTGACAAAATC

CCAAACCGATCGTCTGGAGGTTCTGCTGAATCCGAAAGACGAAATCAGCCTGAATTCCGGCAAACCGTTTCG

TGAACTGGAGAGCGAACTGCTGTCACGTCGTAAAAAAGACCTGCAACAAATCTATGCCGAAGAACGTGAGAA

CTATCTGGGGAAACTGGAACGTGAAATCACCCGCTTTTTCGTGGATCGTGGCTTTCTGGAGATCAAATCCCC

GATTCTGATTCCTCTGGAGTATATCGAGCGTATGGGCATCGACAATGATACCGAACTGAGCAAACAAATTTT

CCGTGTGGATAAAAACTTCTGTCTGCGCCCTATGCTAGCACCAAATCTGGCTAACTATCTGCGCAAACTGGA

CCGTGCCCTGCCTGATCCTATCAAAATCTTCGAGATCGGCCCGTGTTATCGTAAAGAGTCCGACGGTAAAGA

ACATCTGGAGGAGTTTACCATGCTGAACTTTTGCCAAATGGGTTCAGGTTGTACTCGTGAGAACCTGGAAAG

CATCATCACCGATTTTCTGAACCACCTGGGCATTGACTTCAAAATTGTGGGCGACAGCTGTATGGTGTTTGG

CGACACCCTGGATGTCATGCACGGCGACCTGGAACTGTCTAGTGCCGTTGTTGGACCAATTCCGCTGGACCG

TGAGTGGGGTATCGACAAACCGTGGATCGGAGCAGGATTCGGTCTGGAACGCCTGCTGAAAGTGAAACACGA

CTTCAAAAACATCAAACGTGCCGCCCGTTCTGAATCGTATTATAACGGGATCTCTACGAACCTGTAACTGCA

GTTTCAAACGCTAAATTGCCTGATGCGCTACGCTTATCAGGCCTACATGATCTCTGCAATATATTGAGTTTG

CGTGCTTTTGTAGGCCGGATAAGGCGTTCACGCCGCATCCGGCAAGAAACAGCAAACAATCCAAAACGCCGC

GTTCAGCGGCGTTTTTTCTGCTTTTCTTCGCGAATTAATTCCGCTTCGCAACATGTGAGCACCGGTTTATTG

ACTACCGGAAGCAGTGTGACCGTGTGCTTCTCAAATGCCTGAGGCCAGTTTGCTCAGGCTCTCCCCGTGGAG

GTAATAATTGACGATATGATCAGTGCACGGCTAACTAAGCGGCCTGCTGACTTTCTCGCCGATCAAAAGGCA

TTTTGCTATTAAGGGATTGACGAGGGCGTATCTGCGCAGTAAGATGCGCCCCGCATTGGAAACCTGATCATG

TAGATCGAATGGACTCTAAATCCGTTCAGCCGGGTTAGATTCCCGGGGTTTCCGCCAAATTCGAAAAGCCTG

CTCAACGAGCAGGCTTTTTTGCATGCTCGAGCAGCTCAGGGTCGAATTTGCTTTCGAATTTCTGCCATTCAT

CCGCTTATTATCACTTATTCAGGCGTAGCACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTAC

GCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGCATTCTGCCGACATGGAAGCCATCACAG

ACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTG

AAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCCAGGGATTG

GCTGAGACGAAAAACATATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACA

TCTTGCGAATATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCA
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GTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCATATCACCAGCTCACCGTCTTTCATTGCC

ATACGGAATTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAACTTGTGCTTA

TTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACT

GACTGAAATGCCTCAAAATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTT

TTCTCCATTTTAGCTTCCTTAGC 

8.1.4 Sequence of PylRS-EPR1_AF 

DNA Sequence: 

ATGGACAAAAAACCGCTGAATACCCTGATCTCTGCTACTGGTCTGTGGATGAGTCGTACCGGAACCATTCAT

AAAATCAAACACCACGAGGTTAGCCGTTCGAAAATCTATATTGAGATGGCGTGTGGCGATCATCTGGTTGTG

AACAATAGCCGCTCTTCTCGTACAGCACGTGCACTGCGTCACCACAAATATCGTAAAACCTGTAAACGTTGC

CGTGTGTCCGATGAGGATCTGAACAAATTCCTGACAAAAGCCAATGAGGACCAAACAAGCGTGAAAGTGAAA

GTCGTTAGCGCTCCTACCCGTACTAAAAAAGCAATGCCGAAATCCGTTGCTCGTGCCCCTAAACCACTGGAA

AACACTGAAGCAGCACAGGCACAGCCGTCTGGAAGCAAATTCTCTCCGGCCATTCCTGTTTCTACCCAGGAG

TCCGTTTCTGTTCCAGCAAGTGTGAGCACCAGCATTAGCAGTATTAGCACCGGTGCCACCGCTAGCGCCCTG

GTTAAAGGCAATACCAATCCGATTACAAGCATGTCTGCCCCGGTTCAAGCATCAGCTCCAGCACTGACAAAA

TCCCAAACCGATCGTCTGGAGGTTCTGCTGAATCCGAAAGACGAAATCAGCCTGAATTCCGGCAAACCGTTT

CGTGAACTGGAGAGCGAACTGCTGTCACGTCGTAAAAAAGACCTGCAACAAATCTATGCCGAAGAACGTGAG

AACTATCTGGGGAAACTGGAACGTGAAATCACCCGCTTTTTCGTGGATCGTGGCTTTCTGGAGATCAAATCC

CCGATTCTGATTCCTCTGGAGTATATCGAGCGTATGGGCATCGACAATGATACCGAACTGAGCAAACAAATT

TTCCGTGTGGATAAAAACTTCTGTCTGCGCCCTATGCTAGCACCAAATCTGGCTAACTATCTGCGCAAACTG

GACCGTGCCCTGCCTGATCCTATCAAAATCTTCGAGATCGGCCCGTGTTATCGTAAAGAGTCCGACGGTAAA

GAACATCTGGAGGAGTTTACCATGCTGAACTTTTGCCAAATGGGTTCAGGTTGTACTCGTGAGAACCTGGAA

AGCATCATCACCGATTTTCTGAACCACCTGGGCATTGACTTCAAAATTGTGGGCGACAGCTGTATGGTGTTT

GGCGACACCCTGGATGTCATGCACGGCGACCTGGAACTGTCTAGTGCCGTTGTTGGACCAATTCCGCTGGAC

CGTGAGTGGGGTATCGACAAACCGTGGATCGGAGCAGGATTCGGTCTGGAACGCCTGCTGAAAGTGAAACAC

GACTTCAAAAACATCAAACGTGCCGCCCGTTCTGAATCGTATTATAACGGGATCTCTACGAACCTGTAA 

 

Amino acid sequence: 
 
MDKKPLNTLISATGLWMSRTGTIHKIKHHEVSRSKIYIEMACGDHLVVNNSRSSRTARALRHHKYRKTCKRC

RVSDEDLNKFLTKANEDQTSVKVKVVSAPTRTKKAMPKSVARAPKPLENTEAAQAQPSGSKFSPAIPVSTQE

SVSVPASVSTSISSISTGATASALVKGNTNPITSMSAPVQASAPALTKSQTDRLEVLLNPKDEISLNSGKPF

RELESELLSRRKKDLQQIYAEERENYLGKLEREITRFFVDRGFLEIKSPILIPLEYIERMGIDNDTELSKQI

FRVDKNFCLRPMLAPNLANYLRKLDRALPDPIKIFEIGPCYRKESDGKEHLEEFTMLNFCQMGSGCTRENLE

SIITDFLNHLGIDFKIVGDSCMVFGDTLDVMHGDLELSSAVVGPIPLDREWGIDKPWIGAGFGLERLLKVKH

DFKNIKRAARSESYYNGISTNL 

8.1.5 Sequence of C-Catalytic Fragment of PylRS _AF 

DNA Sequence: 

ATGCCAGCACTGACAAAATCCCAAACCGATCGTCTGGAGGTTCTGCTGAATCCGAAAGACGAAATCAGCCTG

AATTCCGGCAAACCGTTTCGTGAACTGGAGAGCGAACTGCTGTCACGTCGTAAAAAAGACCTGCAACAAATC

TATGCCGAAGAACGTGAGAACTATCTGGGGAAACTGGAACGTGAAATCACCCGCTTTTTCGTGGATCGTGGC

TTTCTGGAGATCAAATCCCCGATTCTGATTCCTCTGGAGTATATCGAGCGTATGGGCATCGACAATGATACC

GAACTGAGCAAACAAATTTTCCGTGTGGATAAAAACTTCTGTCTGCGCCCTATGCTAGCACCAAATCTGGCT

AACTATCTGCGCAAACTGGACCGTGCCCTGCCTGATCCTATCAAAATCTTCGAGATCGGCCCGTGTTATCGT

AAAGAGTCCGACGGTAAAGAACATCTGGAGGAGTTTACCATGCTGAACTTTTGCCAAATGGGTTCAGGTTGT

ACTCGTGAGAACCTGGAAAGCATCATCACCGATTTTCTGAACCACCTGGGCATTGACTTCAAAATTGTGGGC

GACAGCTGTATGGTGTTTGGCGACACCCTGGATGTCATGCACGGCGACCTGGAACTGTCTAGTGCCGTTGTT

GGACCAATTCCGCTGGACCGTGAGTGGGGTATCGACAAACCGTGGATCGGAGCAGGATTCGGTCTGGAACGC

CTGCTGAAAGTGAAACACGACTTCAAAAACATCAAACGTGCCGCCCGTTCTGAATCGTATTATAACGGGATC

TCTACGAACCTGCATCATCATCATCATCATTGA 

 

Amino acid sequence: 

MPALTKSQTDRLEVLLNPKDEISLNSGKPFRELESELLSRRKKDLQQIYAEERENYLGKLEREITRFFVDRG

FLEIKSPILIPLEYIERMGIDNDTELSKQIFRVDKNFCLRPMLAPNLANYLRKLDRALPDPIKIFEIGPCYR

KESDGKEHLEEFTMLNFCQMGSGCTRENLESIITDFLNHLGIDFKIVGDSCMVFGDTLDVMHGDLELSSAVV

GPIPLDREWGIDKPWIGAGFGLERLLKVKHDFKNIKRAARSESYYNGISTNLHHHHHH 
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8.1.6 Sequence of E. coli Thioredoxin wild type 

DNA Sequence: 

ATGGGCGATAAAATTATTCACCTGACTGACGACAGTTTTGACACGGATGTACTCAAAGCGGACGGGGCGATC

CTCGTCGATTTCTGGGCAGAGTGGTGCGGTCCGTGCAAAATGATCGCCCCGATTCTGGATGAAATCGCTGAC

GAATATCAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAAACCCTGGCACTGCGCCGAAATATGGC

ATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCAACCAAAGTGGGTGCACTGTCT

AAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTGGCCGGTTCTGGTTCTGGCGAACGCCAGCACATGGAC

AGCCCAGATCTGGGTACCGACGACGACGACAAGCATCATCATCATCATCATTGA 

 

Amino acid sequence: 

MGDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYG

IRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGERQHMDSPDLGTDDDDKHHHHHH 

 

8.1.7 Sequence of GFP Wild Type 

DNA Sequence: 

ATGGATTACAAAGATGATGATGATAAAGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG

GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTAT

GGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACC

CTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCC

ATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAG

GTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC

ATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAAC

GGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAG

CAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG

AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTC 

GGCATGGACGAGCTGTACAAGCATCACCATCACCATCACTGA 

 

Amino acid sequence: 

MDYKDDDDKVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTT

LTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGN

ILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSAL

SKDPNEKRDHMVLLEFVTAAGITLGMDELYKHHHHHH 

8.1.8 Sequence of Tat-GFP Fusion Wild Type 

DNA Sequence:  

ATGGGCTATGGCCGCAAAAAACGCCGCCAGCGCCGCCGCGGCGGCTCGGCTAGCGTGAGCAAGGGCGAGGAG

CTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCC

GGCGAGGGCGAGGGCGATGCCACCTATGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCC

GTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATG

AAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC

GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAG

GGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTC

TATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGC

AGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAAC

CACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG 

TTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGCATCACCATCACCATCACTGA 

 

Amino acid sequence: 

MGYGRKKRRQRRRGGSASVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLP

VPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELK

GIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN

HYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKHHHHHH 
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8.2 List of Primers 

8.2.1 Cloning PylRS casette from pREP to pEVOL 

Number Primername Sequence 5‘ to 3‘ 

oDaS_102 BglII_PylRS_fwd TTTTTAGATCTATGGACAAAAAACCGC

TGAATACCCTGATCT 

oMoS_474 SalI_PylRS_rev TTTTTGTCGACTTACAGGTTCGTAGAG

ATCCCGTTATAATACGATT 

oDaS_104 NdeI_PylRS_fwd TTTTTCATATGGACAAAAAACCGCTGA

ATACCCTGATCT 

oMoS_475 PstI_PylRS_rev TTTTTCTGCAGTTACAGGTTCGTAGAG

ATCCCGTTATAATACGATT 

 

Sequencing primers: 

Number Primername Sequence 5‘ to 3‘ 

oDaS_23 PylRS_middle_fwd TAGCGCCCTGGTTAAAG 

oMoS_80 pylRS_middle_rev GATCTCCAGAAAGCCAC 

oMoS1412 Arabad_PylRS_pEVOL_fwd TCCATAAGATTAGCGGATC 

oMoS1413 glns_PylRS_pEVOL_fwd TATCATACGCCGTTATACG 

 

8.2.2 Cloning of C-terminal PylRS Fragment for X-Ray Cristallography 

Number Primername Sequence 5‘ to 3‘ 

oDaS_102 BglII_PylRS_fwd TTTTTAGATCTATGGACAAAAAACCGC

TGAATACCCTGATCT 

oDaS_103 SalI_PylRS_His6tag_rev TTTTTGTCGACTCAATGATGATGATGA

TGATGCAGGTTCGTAGAGATC 

oDaS_104 NdeI_PylRS_fwd TTTTTCATATGGACAAAAAACCGCTGA

ATACCCTGATCT 

oDaS_105 PstI_PylRS__His6tag_rev TTTTTctgcagTCAATGATGATGATGA

TGATGCAGGTTCGTAGAGATC 

8.2.3 Cloning of pREPDaS_Pyl_AF_CAT-Only (pMoS188) 

Number Primername Sequence 5‘ to 3‘ 

oMoS_300 CAT_wo_UPRT_SacI_fwd TTTTGAGCTCTGCCTGGCGGCAGTAGC

GCGG 

oDaS_339 CAT_wo_UPRT_SacI_rev_new TTTGAGCTCTCACGCCCCGCCCTGCCA

CTCATCGCAGT 

8.2.4 Cloning of pMinus_13TAG (pDaS202) 

Number Primername Sequence 5‘ to 3‘ 

oDaS351 pBK_colE1Kan__NcoI_fwd TTTTTCCATGGGCTTCGCACATGTGAG

CAA 

oDaS352 pBK_colE1Kan__XbaI_rev TTTTTCTAGAGATCCTTCAACTCAGCA

A 

oDaS388 Barnase_TAG2_del_fwd GTGGCATCAAAAGGGAACCTTGCAGAC

GTCGCTCCGG 

oDaS389 Barnase_TAG2_del_rev GATGCTTTTCCCCGGAGCGACGTCTGC

AAGGTTCCCTT 

8.2.5 Site-Directed Mutagenesis (Quickchange) 

Number Primername Sequence 5‘ to 3‘ 

oSuE_316 TRX_R74TAG_fwd CGAAATATGGCATCTAGGGTATCCCGA

CTCTGCTGCTGTTCAAA 
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oSuE_317 TRX_R74TAG_rev CAGCAGAGTCGGGATACCCTAGATGCC

ATATTTCGGCGCA 

oDaS_361 GFP-151TAG_fwd CTACAACAGCCACAACGTCTAGATCAT

GGCCG 

oDaS_362 GFP-151TAG_rev TGCTTGTCGGCCATGATCTAGACGTTG

TGGC 

oDaS_363 GFP-39TAG_fwd GAGGGCGATGCCACCTAGGGCAAGCT 

oDaS_364 GFP-39TAG_rev TCAGGGTCAGCTTGCCCTAGGTGGCAT

C 

oDaS_365 GFP-182TAG_fwd CAGCTCGCCGACCACTAGCAGCAGAAC 

oDaS_366 GFP-182TAG_rev GGGGTGTTCTGCTGCTAGTGGTCGGC 

oMoS_638 TRX_D14TAG_fwd CTGACTGACGACAGTTTTTAGACGGAT

GTACTCAAAGCGGACG 

oMoS_639 TRX_D14TAG_rev CCGCTTTGAGTACATCCGTCTAAAAAC

TGTCGTCAGTCAGGTG 

oMoS_640 TRX_G34TAG_fwd CTGGGCAGAGTGGTGCTAGCCGTGCAA

AATGATCGCCCCG 

oMoS_641 TRX_G34TAG_rev GCGATCATTTTGCACGGCTAGCACCAC

TCTGCCCAGAAATC 

oMoS_642 TRX_Q51TAG_fwd GAAATCGCTGACGAATATTAGGGCAAA

CTGACCGTTGC 

oMoS_643 TRX_Q51TAG_rev CGGTCAGTTTGCCCTAATATTCGTCAG

CGATTTCATCC 

oMoS_979 TRX_Cys_free_fwd CTGGGCAGAGTGGAGCGGTCCGAGCAA

AATGATCG 

oMoS_980 TRX_Cys_free_rev GATTTCTGGGCAGAGTGGAGCGGTCCG

AGCAAAATG 

oMoS_981 TRX_R74C_fwd CGAAATATGGCATCTGTGGTATCCCGA

CTCTGCTGCTGTTCAAA 

oMoS_982 TRX_R74C_rev CAGCAGAGTCGGGATACCACAGATGCC

ATATTTCGGCGCA 

oMoS_983 TRX_D14C_fwd CTGACTGACGACAGTTTTTGTACGGAT

GTACTCAAAGCGGACG 

oMoS_984 TRX_D14C_rev CCGCTTTGAGTACATCCGTACAAAAAC

TGTCGTCAGTCAGGTG 

 

Sequencing primers: 

Number Primername Sequence 5‘ to 3‘ 

oDaS_31 araBAD_fwd_middle CTGCACCGGTGCGTCAGCAGAAT 

oMoS_848 pBAD_end_rev TCTGTTTTATCAGACCG 

 

8.2.6 Tat-GFP Construction 

Number Primername Sequence 5‘ to 3‘ 

oDaS_113 TAT_Natmin_fwd CGATTTTTCCATGGGCTATGGCCGCAA

AAAACGCCGCCAGCGCCGCCGCGGCGG

CTCGGCTAGCTTTTT 

oMoS_385 TAT_Natmin_TAG3_fwd CGATTTTTCCATGGGCTAGTATGGCCG

CAAAAAACGCCGCCAGCGCCGCCGCGG

CGGCTCGGCTAGCTTTTT 

oMoS_396 TAT_Natmin_TAG6_fwd CGATTTTTCCATGGGCTATGGCTAGAA

AAAACGCCGCCAGCGCCGCCGCGGCGG

CTCGGCTAGCTTTTT 

oDaS129 TAT_rev_new AAAAAGCTAGCCGAGCC 
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8.2.7 Library Construction 

Number Primername Sequence 5‘ to 3‘ 

oDaS_48 AFLib_1_2_NNK_fwd_309 TTTTGGTCTCCTGGCTAACTATNNKCG

CAAACTGGACCG 

oDaS_49 AFLib_1_2_NNK_rev_302 TTTTGGTCTCAGCCAGATTTGGMNNTA

GCATAGGGCGC 

oDaS_50 AFLib_3_4_NNK_fwd_348_350 TTTTGGTCTCATGCTGAACTTTNNKCA

ANNKGGTTCAGGTTGTACT 

oDaS_51 AFLib_3_4_NNK_rev_348_350 TTTTGGTCTCCAGCATGGTAAACT 

oDaS_52 AFLib_5_NNK_fwd_w417 TTTTGGTCTCATCGACAAACCGNNKAT

CGGAGCAGGA 

oDaS_53 AFLib_5_NNK_rev TTTTGGTCTCGTCGATACCCCACTCA 

oDaS_54 LRLib_1_2_NNK_fwd_309_313 TTTTGGTCTCCTGGCTAACTATNNKCG

CAAACTGNNKCGTGCCCTG 

oDaS_55 LRLib_1_2_NNK_rev_302 TTTTGGTCTCAGCCAGATTTGGMNNTA

GCATAGGGCG 

oDaS_56 LRLib_3_4_NNK_fwd_348_350 TTTTGGTCTCATGCTGAACTTTNNKCA

ANNKGGTTCAGGT 

oDaS_57 LRLib_3_4_NNK_rev TTTTGGTCTCCAGCATGGTAAA 

oDaS_58 LRLib_5_6_NNK_fwd TTTTGGTCTCCGTGAGTGGGGTNNKGA

CNNKCCGTGGATCGGAGCA 

oDaS_59 LRLib_5_6_NNK_rev TTTTGGTCTCCTCACGGTCCAGCG 

oMoS_347 AFLib_L407_D408_W411_fwd TTTTGGTCTCCCAATTCCGNNKNNKCG

TGAGNNKGGTATCGACAAACCG 

oMoS_348 AFLib_L407_D408_W411_rev TTTTGGTCTCCGGAATTGGTCCAACAA

C 

oMoS_284 AFLib_M276_fwd TTTTGGTCTCGAGTATATCGAGCGTNN

KGGCATCGACAAT 

oMoS_285 AFLib_M276_rev TTTTGGTCTCATACTCCAGAGGAATCA

GAAT 

oMoS_286 AFLib_L407_D408_fwd TTTGGTCTCGGACCAATTCCGNNKNNK

CGTGAGTGGGGTATCGAC 

oMoS_287 AFLib_L407_D408_rev TTTTGGTCTCTGGTCCAACAACGGCAC

T 

oMoS_288 AFLib_W411_fwd TTTTGGTCTCCCGCTGGACCGTGAGNN

KGGTATCGACAAA 

oMoS_289 AFLib_W411_rev TTTTGGTCTCCAGCGGAATTGGTCCAA

CAAC 

oDaS_355 AFLib_L407_D408_W411_rev_new TTTTGGTCTCATTCCGNNKNNKCGTGA

GNNKGGTATCGACAAACCG  

oDaS_356 AFLib_L407_D408_W411_fwd_new TTTTGGTCTCCGGAATTGGTCCAACAA

CGGCACT 

oDaS_421 BsaI_I413_NNK_fwd TTTTGGTCTCCGTGAGTGGGGTNNKGA

CAAACCG  

oDaS_422 BsaI_I413_NNK_rev TTTTGGTCTCCTCACGGTCCAGCGGAA

TTGG 

oDaS_423 BsaI_L407_NNK_fwd TTTTGGTCTCGGACCAATTCCGNNKGA

CCGTGAG  

oDaS_424 BsaI_L407_NNK_rev TTTTGGTCTCTGGTCCAACAACGGCAC

TAGAC 

oDaS_425 BsaI_Y384_NNK_fwd TTTTGGTCTCATGGTGNNKGGCGACAC

CCTGGATGTC   

oDaS_426 BsaI_Y384_NNK_rev TTTTGGTCTCCACCATACAGCTGTCGC

CCACAATTTT 

oDaS_427 BsaI_Y306_NNK_fwd TTTTGGTCTCAACTATCTGCGCAAACT

G 

oDaS_428 BsaI_Y306_NNK_rev TTTTGGTCTCATAGTTMNNCAGATTTG

G 

oDaS_429 BsaI_L309_NNK_fwd TTTTGGTCTCCTGGCTAACTATNNKCG
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CAAACTGGACCG 

oDaS_430 BsaI_L309_NNK_rev TTTTGGTCTCAGCCAGATTTGGTGCTA

GCATAGGGCGC 

oDaS_431 BsaI_A302_NNK_fwd TTTTGGTCTCCTGGCTAACTATCTGCG

CAAACTGGACCG 

oDaS_432 BsaI_A302_NNK_rev TTTTGGTCTCAGCCAGATTTGGMNNTA

GCATAGGGCGC 

oDaS_433 BsaI_C348_NNK_fwd TTTTGGTCTCATGCTGAACTTTNNKCA

AATGGGTTC 

oDaS_434 BsaI_C348_NNK_rev TTTTGGTCTCCAGCATGGTAAACTC 

oDaS_435 BsaI_Y306_L309_NNK_fwd TTTTGGTCTCAACTATNNKCGCAAACT

G 

oDaS_436 BsaI_Y306_L309_NNK_rev TTTTGGTCTCATAGTTMNNCAGATTTG

G 

oDaS_437 BsaI_A302_Y306_NNK_fwd TTTTGGTCTCCCTATGCTANNKCCAAA

TCTGNNKAACTAT  

oDaS_438 BsaI_A302_Y306_NNK_rev TTTTGGTCTCCATAGGGCGCAGACAGA

AGTTTTTAT 

oDaS_439 BsaI_W411_I413_NNK_fwd TTTTGGTCTCCGTGAGNNKGGTNNKGA

CAAACCG  

oDaS_440 BsaI_W411_I413_NNK_rev TTTTGGTCTCCTCACGGTCCAGCGGAA

TTGG 

oDaS_441 BsaI_I413_W417_NNK_fwd TTTTGGTCTCCGTGAGTGGGGTNNKGA

CAAACCGNNKATCGGAGC  

oDaS_442 BsaI_I413_W417_NNK_rev TTTTGGTCTCCTCACGGTCCAGCGGAA

TTGG 

oDaS_443 BsaI_L407_W411_NNK_fwd TTTTGGTCTCGGACCAATTCCGNNKGA

CCGTGAGNNKGGTATCG 

oDaS_444 BsaI_L407_W411_NNK_rev TTTTGGTCTCTGGTCCAACAACGGCAC

TAGAC 

oMoS_603 BsaI_N346_C348_NNK_fwd TTTTGGTCTCGAGTTTACCATGCTGNN

KTTTNNKCAAATGGGTTCA 

oMoS_604 BsaI_N346_C348_NNK_rev TTTTGGTCTCAAACTCCTCCAGATGTT

C 

oMoS_1006 Lib_L305_NNK_fwd TTTTGGTCTCCCTATGCTAGCACCAAA

TNNKGCTAACTAT 

oMoS_1007 Lib_L305_NNK_rev TTTTGGTCTCCATAGGGCGCAGACAGA

AGTT 

oMoS_1008 Lib_L305_A302_NNK_fwd TTTTGGTCTCCCTATGCTANNKCCAAA

TNNKGCTAACTAT 

oMoS_1009 Lib_L305_A302_NNK_rev TTTTGGTCTCCATAGGGCGCAGACAGA

AGTT 

oMoS_1034 Lib_L305_Y306_A302_NNK_fwd TTTTGGTCTCCGCCCTATGCTANNKCC

AAATNNKNNKAACTAT 

oMoS_1035 Lib_L305_Y306_A302_NNK_rev TTTTGGTCTCCATAGGGCGGCGCAGAC

AGAAGTT 

oMoS_1049 Lib_L305_Y306_A302_NNK_rev TTTTGGTCTCCATAGGGCGCAGACAGA

AGTTTTT 

oMoS_1050 Lib_L305_Y306_A302_L309_NNK_fw
d 

TTTTGGTCTCCGCCCTATGCTANNKCC

AAATNNKNNKAACTATNNKCGC 

oMoS_1115 Lib_L305_A302_NNK_fwd TTTTGGTCTCCCTATGCTANNKCCAAA

TNNKTACAACTAT 

oMoS_1116 Lib_L305_A302_NNK_rev TTTTGGTCTCCATAGGGCGCAGACAGA

AGTT 

oMoS_1117 Lib_L305_A302_Y306_NNK_fwd TTTTGGTCTCCCTATGCTANNKCCAAA

TNNKNNKAACTAT 

oMoS_1118 Lib_L305_A302_L309_NNK_fwd TTTTGGTCTCCCTATGCTANNKCCAAA

TNNKTACAACTATNNKCGCA 
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8.3 EPR DEER Data 

8.3.1 DEER Data of singly labeled Thioredoxin→6 

 

Figure 55 Homogeneous, three dimensional spatial distribution of nitroxide spin label for singly labeled TRX 
mutants. A Four-pulse DEER trace of single labeled TRX-D14→6 in 10 mM Tris buffer (pH = 7.4). B Four-
pulse DEER trace of single labeled TRX-R74→6 in deuterated 10 mM Tris buffer (pH = 7.4) recorded at Q-

band, 50 K. 

8.3.2 DEER Data of doubly labeled Thioredoxin→6 

 

Figure 56 Top: A Four-pulse DEER trace of doubly labeled TRX-D14/R74→6 in 10 mM Tris buffer (pH = 

7.4) recorded at Q-band (50 K) background corrected DEER dipolar evolution curve and Tikhonov 

regularization fit. B L-curve of Tikhonov regularization; circle indicates the chosen –parameter for 

regularization. 
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Figure 57 A Four-pulse DEER trace of doubly labeled TRX-D14/G74→6 in 10 mM Tris buffer (pH = 7.4) 

recorded at Q-band (50 K) background corrected DEER dipolar evolution curve and Tikhonov regularization 

fit. B L-curve of Tikhonov regularization; circle indicates the chosen –parameter for regularization. 

8.3.3 DEER Data of singly labeled Thioredoxin→MTS 

 
Figure 58 Four-pulse DEER trace of singly labeled TRX-D14C→MTS in 10 mM deuterated Tris buffer (pH = 

7.4) recorded at Q-band (50 K). 

8.3.4 DEER Data of doubly labeled Thioredoxin→MTS 

 

Figure 59 Non-optimzed labeling protocol, leading to olgomerization. A Four-pulse DEER trace of doubly 
labeled TRX-D14C/G74C→MTS in 10 mM Tris buffer (pH = 7.4) recorded at Q-band (50 K) background 
corrected DEER dipolar evolution curve and Tikhonov regularization fit. B L-curve of Tikhonov regularization; 

circle indicates the chosen –parameter for regularization. 
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Figure 60 Optimzed leabeling protocol. A Four-pulse DEER trace of doubly labeled TRX-D14C/G74C→MTS 

in 10 mM Tris buffer (pH = 7.4) recorded at Q-band (50 K) background corrected DEER dipolar evolution 

curve and Tikhonov regularization fit. B L-curve of Tikhonov regularization; circle indicates the chosen –

parameter for regularization. 
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8.4 Abbreviations 

 

°C degrees Celsius 
µL microliter 
µM micromolar 
µmol micromolar 
aaRS aminoacyl-tRNA-synthetase 
AcOH acetic acid 
ADP adenosine diphosphate 

AMP adenosine monophosphate 
approx. approximately 
aq. Aqueous 
ARM Arginine-rich motif 
ATP adenosine triphosphate 
bp base pairs 
C cysteine 
CAM Chloramphenicol 
CAT Chloramphenicol acetyltransferase 
d doublet 
DEER Double electron electron resonance 
DIPEA diisopropyl-ethylamine 
DMF dimethylformamide 
DMSO dimethylsulfoxide 
DSC N,N′-Disuccinimidyl carbonate  
DTT dithiothreitol 
E. coli Escherichia coli 
e.g. exempli gratia, for example 
EDTA Ethylenediaminetetraacetic acid 
EMSA Electrophoretic mobility shift assay 
EPR Electron paramagnetic resonance 
eq. equivalents 
Eq. Equivalents 
ESI-MS electronspray ionization mass spectrometry 
EtOH ethanol 
fwd forward 
g gram 
GFP Green fluorescent protein 
GMML Glycerole-based minimal medium with leucine supplementation 
h hours 
HEK 293FT Human embryonic kidney 293 FT cells 
Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
HF High fidelity 
HR-ESI-MS high-resolution electronspray ionization mass spectrometry 
HRMS High-resolution mass spectrometry 
ICL Interstrand crosslink 
LAH Lithium aluminum hydride 
LB Lysogeny Broth  
M molar 
m multiplet 
MB Methylene blue 
mg milligram 
min minutes 
mL milliliter 
mM millimolar 
mmol millimolar 
mol mole 
mRNA Messenger RNA 
MTSSL Methane thiosulfonate spin labeling 
NBS N-bromosuccinimide 
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NEB New England Biolabs 
NMR nuclear magnetic resonance spectroscopy 
NNK N = G, A, T, C; K = G, T 
NTA nitrilotriacetic acid 
P.a. Pro analysis 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffer saline 
PCR Polymerase chain reaction 
PMSF phenylmethanesulfonylfluoride 
ppm parts per million 
PylRS Pyrrolysyl aminoacyl-tRNA synthetase 
q quartet 
r.t. room temperature 
rev reverse 
RNA ribonucleic acid 
s singulet 
Sat. saturated 
SDS sodium dodecylsulphate 
SDS-PAGE sodium dodecylsulphate polyacrylamide gel electrophoresis 
SPPS Solid-phase peptide synthesis 
t triplet 
T4-PNK T4 polynucleotide kinase 
TEMED tetramethylethylenediamine 
TFA trifluoroacetic acid 
THF tetrahydrofurane 
TLC Thin layer chromatography 
Tris 2-amino-2-hydroxymethyl-propane-1,3-diol 
tRNA transfer RNA 
TRX Thioredoxin 
UPRT Uracil phosphoribosyltransferase 
UV-Vis ultraviolet and visible part of the light spectrum 
wt Wild type 
δ chemical shift 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




