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Abstract 

 

The use of non-natural amino acids in protein engineering has become a valuable tool for 

studying protein functions, for selective chemical modification of proteins, and for improving 

protein function for biotechnology and medical applications. 

In this Master Thesis, a Green Fluorescent Protein Binding nanobody (GBP1) has been 

modified by introducing an azido group containing amino acid, p-azidophenylalanine, into 

its binding site (Arg 35) with the aim of constructing an activatable GBP1 nanobody variant 

for time-resolved antigen binding studies. Subsequent steric blocking of the GBP1 substrate 

recognition site will be achieved by conjugating a PEG moiety linked to a photocleavable 

group that is conjugated to the azide of pAzF. Site-specific incorporation was performed 

using the amber suppression strategy, with a polyspecific engineered TyrRS from M. 

jannaschii and its cognate suppressor tRNATyr. Protein yields were 0.5 mg/L of bacterial cell 

culture and the identity of the purified protein was assessed by mass spectrometry. 

In the second part of this work, attempts have been made to produce and purify the catalytic 

domain of an engineered pyrrolysyl-tRNA-synthetase from M. barkeri capable of 

recognizing histidine analogues with the intention of solving its X-ray structure. The 

availability of a crystal structure would facilitate the rational modification of the active site of 

the enzyme, for the generation of a novel pyrrolysyl-tRNA-synthetase capable of recognizing 

N- heterocyclic-carbene-alanine derivatives for incorporation into metalloenzyme 

oxidoreductases in place of catalytic histidine residues. Unfortunately, the produced protein 

was prone to aggregation under all test conditions and no soluble protein could be isolated. 
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1 Introduction 

 

1.1 The proteinogenic amino acids and basic features of the genetic code 

 

In all living organisms, the genetic information stored in DNA is transferred after mRNA 

transcription, from nucleic acids to proteins by linking a linear nucleotide sequence to a 

linear sequence of amino acids. The genetic code consists of 64 nucleotide triplets 

(codons), each of which is a combination of the same four nucleobases. Three of these 

triplets (UAG, UGA, and UAA) are nonsense codons and signal termination of the growing 

polypeptide chain, while the remaining 61 triplets code for one of the 20 proteinogenic amino 

acids. This implies that the genetic code is redundant, that means that the same amino acid 

can be encoded by multiple (synonymous) codons, but at the same time it is not ambiguous, 

as no codon specifies more than one amino acid (Figure 1). 

 

 

 
Figure 1. The organization of the genetic code. 61 coding triplets code for 20 amino acids, while 

three codons non-coding triplets (UAA, UGA UAU) act as termination signals [1]. 

 
The chemical properties and functionalities of the side-chains of the 20 proteinogenic amino 

acids are: aliphatic / hydrophobic (Ala, Val, Leu, Ile), carboxy groups (Glu, Asp), a basic 

amine (Lys), guanidine group (Arg), amides (Gln, Asn), a thiol (Cys), a thiol ether (Met), 

alcohols (Ser, Thr), aromatic residues (Phe, Tyr, His, Trp), and a cyclic amino acid residue 

(Pro). Two further genetically encoded amino acids, selenocysteine (Sec) and pyrrolysine 

(Pyl), have also been recently included in the pool of the natural occurring amino acids [2- 
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5]. However, their incorporation into proteins requires both a special mRNA sequence 

context and also special translational components. 

There are different scientific theories that try to explain why only a limited number of amino 

acids have been included into the genetic code. It has been postulated that further amino 

acids might have been discarded through selection against adverse effects that they caused 

on protein stability and function [6]. In fact, proteins must form soluble, stable structures 

with close‐packed cores in order to maintain their functionality. One of the basic features 

that govern the universal genetic code, is the maintenance of the general ‘apolar in − polar 

out’ rule in globular proteins, meaning that the internal hydrophobic core must be shielded 

from the surrounding solvent [7]. This strict binary distribution of polar and non-polar amino 

acids at the surface and in the core of proteins is mirrored in the genetic code structure. All 

codons with U at the second position of a triplet code for hydrophobic amino acids, while 

triplets with A/G at the same position code mostly for amino acids with polar side chains [8]. 

Therefore, the redundancy of the genetic code might be explained as consequence of binary 

partitioning for minimization of possible translation errors that might harmfully affect protein 

folding (i.e. the mutation of a polar amino acid with an apolar one and vice versa) [9]. Other 

amino acids might have been excluded from the genetic code although they did not harm 

the protein structure, because of their inefficient metabolic synthesis or unavailability in the 

environment [10]. 

Nature employs post-translational modifications (PTM), the enzymatic covalent modification 

of amino-acid residues in a protein (e.g. phosphorylation, glycosylation, methylation, etc), 

as a tool to overcome the limitation of the protein alphabet (Figure 2). In eukaryotic 

organisms, PTMs represent a source of protein diversity, for modulation and expansion of 

the range of protein functions [11]. By changing the chemical properties of a single amino 

acid side-chain, PTMs create new functional capacities for catalysis, initiation and 

termination of signal cascades, crosstalks, cellular communications, and interaction with 

other cellular molecules [12]. 
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Figure 2. Diversity of post-translational modifications. [13]. 

 

1.2 The use of non-natural amino acids in protein engineering 

 

Protein engineering is a process based on recombinant DNA technology for the creation of 

protein scaffolds with superior folding properties or improved biological activities. Protein 

engineering has found useful applications in the fields of biotechnology [14-15], 

therapeutics, and nano-biotechnologies [16- 20]. For example, long-acting or rapid-acting 

insulin variants have been developed by one to three amino acid replacements in the insulin 

chains, to create analogues that are more suitable than endogenous insulin for the 

treatment of diabetic patients [21]. In the field of industrial biocatalysis, a combined 

approach involving in silico design and directed evolution, allowed the generation of an 

engineered -transaminase with a modified binding pocket that displays activity toward 

prositagliptin ketone for sitagliptin manufacture, a drug used to treat diabetes mellitus type 

2 [22]. 

Protein engineering also aims at creating completely novel proteins, for structure-activity 

relationship studies and for controlling a protein’s function by obtaining a desired change in 

its activity. For example, early mutagenesis studies at single amino acid level in the linker 

region of the zinc fingers of protein TFIIIA suggested that the linker is involved in DNA 
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binding [23]. More recently, mutagenesis studies have shed light on the dimeric organization 

of survivin, a protein involved in apoptosis inhibition, highlighting the essential role of the 

negatively charged aspartic acid at position 71 [24]. 

Traditionally, protein engineering by targeted mutagenesis or by directed evolution, has 

been performed by replacing one amino acid in the protein sequence with another natural 

amino acid. Also other techniques, like DNA shuffling, where a complete mutated gene 

product is created by using synthetic oligonucleotides as overlapping primers, is based on 

the use of the natural occurring proteinogenic amino acids [25]. 

Over the last twenty years, engineering of proteins by means of non-natural amino acids 

(nnAAs) has emerged as a promising methodology for the modification of enzymes for 

functional applications and for the generation of target proteins with altered properties [26]. 

At first, nnAAs were prevalently incorporated into fluorescent proteins to increase the variety 

of available fluorophores [27-28]. For example, the incorporation of electron-donating 4- 

aminotryptophan at position Trp66 into the chromophore of eCFP resulted in a “gold” 

fluorescent protein displaying a large Stokes shift and a strongly red-shifted emission 

maximum [29]. Fluorescent nnAAs have also been used as fluorescence reporter for 

investigation of biological processes at cellular levels [30]. For example, the nnAA Aladan 

with a diaminonaphthalene side-chain, is sensitive to the polarity of its microenvironment and 

it has been employed to study the molecular basis of the binding of a natural agonist peptide 

ligand to cholecystokinin receptors, which belong to the G protein-coupled receptor family 

[31]. nnAAs have also been widely employed for the elucidation of protein structure in X- 

ray crystallography and NMR spectroscopy. To this end, selenomethionine has been used 

as anomalous scatterer of X‐rays for solving the phase problem with multiwavelength 

anomalous diffraction [32], while fluorinated amino acid analogues have been incorporated 

into proteins for NMR studies [33-35]. Fluorinated amino acids have also found employment 

in the generation of more robust industrially relevant enzymes. The incorporation of 3- 

fluorotyrosine into ω-transaminase from Vibrio fluvialis led to an enzyme with enhanced 

thermostability and organic solvent tolerance, while the enzyme’s substrate specificity and 

enantioselectivity remained unaltered [36]. A recent example of improvement in protein 

function by means of nnAAs, is the replacement of Pro 28 in the insulin B-chain by (4S)- 

hydroxyproline. This site-specific substitution yielded an active form of insulin that 

dissociates more rapidly and fibrillates more slowly, than the parent protein [37]. These 

results show that the application of nnAAs in medicinal chemistry and protein design can 

be a valuable tool for the engineering of therapeutic proteins. 

The selective introduction of nnAAs into protein scaffolds has also enabled the creation of 
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artificial enzymes with novel catalytic properties [26]. Incorporation of (2,2’-bipyridine-5yl)-

alanine, a metal-binding nnAA, into a mutant Lactoccocal multidrug resistance Regulator 

(LmrR), resulted in an enzyme capable to perform catalytic enantioselective Friedel–Crafts 

reactions in water [38]. 

Generally, protein-protein conjugation or the attachment of desired moieties to target 

proteins rely on the modification of lysine or cysteine side chains with electrophilic agents, 

usually resulting in the generation of heterogeneous mixtures of conjugates [39]. The 

introduction of nnAAs with bio-orthogonal chemical reactivities in a site-specific manner into 

proteins has enabled the generation of structurally defined protein conjugates that can be 

characterised and optimised with respect to their efficacy (Figure 3). 

nnAAs containing a ketone/aldehyde function have been employed in oxime/hydrazone 

formation reactions [40]; azide or alkyne containing nnAAs have proved to be useful for 

labelling biomolecules by copper-catalysed and strain-promoted azide alkyne 

cycloadditions [41-42], and aromatic azides like p-azidophenylalanine (pAzF) can undergo 

chemoselective Staudinger-phosphite reaction for protein phosphorylation and for selective 

glycosylation of peptides [43-44]. More recently, proteins containing nnAAs displaying a 

strained alkene moiety, have been conjugated to tetrazine containing tags in inverse- 

electron-demand Diels-Alder cycloadditions [45]. 
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Figure 3. Schematic view of selective proteins labelling by means of bio-orthogonal 

reactions [46]. 

 
This type of reaction proceeds faster than oxime formation, Staudinger ligation or copper-

catalyzed and strain-promoted cycloadditions and is compatible with living systems, which 

makes this reaction suitable for in vivo applications. 

nnAAs have been also used in the development of protein therapeutics, such as the 

synthesis of homogeneous antibody–drug conjugates, bispecific antibodies, and PEGylated 

therapeutics to enhance the serum half-life of proteins [46]. For example, pAzF and p-

acetylphenylalanine have been incorporated at defined positions into erythropoietin and into 

human growth hormone respectively, for selective coupling to PEG moieties by Staudinger-

phosphite reaction and oxime ligation [47-48]. 
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Proteins have also been conjugated to single-stranded DNAs or peptide nucleic acids for 

subsequent hybridization to form multimeric complexes with defined composition. In this 

way, bispecific antibodies were generated for the recruitment of cytotoxic T lymphocytes to 

Her2 and CD20 positive cancer cells [49]. 

 

1.3 Histidine analogues in the engineering of enzymes 

 

Histidine (His) is an aromatic amino acid with a hydrophilic imidazole side chain. Each of 

the two nitrogen atoms on the imidazole ring can act as a hydrogen bond donor or a 

hydrogen bond acceptor (Scheme 1). In the protonated form, the proton can be displaced 

between both nitrogen atoms; thus, this ability in shuttling protons makes His an important 

player in acid-base catalysis. 

 

 

 
Scheme 1. Neutral and charged histidine species in proteins. 

 
Due to the pKa of the imidazolium ion (pKa = 7) and its ability to transfer protons, His is 

present in many catalytic triads in hydrolytic enzymes. 

Recently, two His analogues, 3-methyl-histidine and thiazole alanine, have been 

incorporated into alanine racemase to probe fundamental roles of His in charge-relay 

systems of enzymes by means of an engineered Pyrrolysyl-tRNA-synthetase/tRNAPyl 

orthogonal pair [50-51]. Schultz and co-workers had previously reported the incorporation 

of different His analogues into the chromophore (His 66) of Blue Fluorescent Protein by 

using another polyspecific engineered Pyrrolysyl-tRNA-synthetase (PylRS), creating 

mutant proteins with diverse spectral properties [52]. 

Up to now, no examples of incorporation of histidine analogues into metalloenzymes, where 

His plays a role in metal binding, have been reported. Generally, it has been proposed that 

His binds the metal centre through one of its nitrogen atoms on the imidazole ring. However, 

the emergence of N-heterocyclic carbenes (NHCs) as versatile ligands for transition metals 

challenges this bonding paradigm, and coordination of histidine via C2 can be postulated. 

The incorporation of N-heterocyclic carbene alanine variants (Figure 4), (an amino acid in 

which the C-bonding mode is stabilized and back-tautomerization to the N-bonding mode 
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of His is prevented), into the active site of metalloenzymes, would lead to the creation of 

enzymes with enhanced redox catalysis [53]. 

 

 

Figure 4. Chemical structure of N-heterocyclic carbene alanine, showing the C-metal binding mode 

(M is metal). 

 
Up to now, no engineered aminoacyl-tRNA-synthetase (AARS) capable of recognizing the 

nnAA N-heterocyclic carbene alanine has ever been reported. 

 

1.4. Nanobodies in protein engineering 

 

Nanobodies are small antigen-binding fragments derived from the variable heavy chain of 

the heavy chain-only antibodies of camelids [54]. This means that in comparison to 

conventional antibodies which display two variable domains, (VH and VL), nanobodies have 

VHH domains, but they lack VL domains (Figure 5). Their single N-terminal domain displays 

unique binding specificities and due to its small size, nanobodies can target epitopes that 

are inaccessible to conventional antibodies. 

 

 
Figure 5. Schematic comparison of the structures of immunoglobulins (IgG), heavy-chain antibodies 

(hcAb), and nanobodies’ structures. The X‐Ray structure of a nanobody binding its antigen GFP is 

shown [55].  

 

Nanobodies present many advantages for biotechnological applications. They are easily 

recombinant expressed in high yields in prokaryotic systems, their single-domain nature 
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allows easy genetic manipulation, and they display high stability and solubility, and rapid 

tissue penetration [56]. Therefore, nanobodies represent an attractive target for developing 

novel therapeutic strategies in cancer therapy, drug delivery, treatment of lung diseases 

and central nervous system pathologies [57]. 

Nanobodies have also been employed for the modulation of spectral properties of 

fluorescent proteins. Rothbauer and co-workers developed GFP binding nanobodies (GBP), 

capable of modulating the absorption and emission properties of GFP by inducing structural 

changes into the environment of the chromophore [58]. Briefly, a phagemid library was 

generated by cloning the VHH repertoire from the heavy-chain antibodies of GFP- 

immunized camelids and after performing phage display, the authors identified two 

nanobodies out of seven unique GFP-specific binders that deeply affected the fluorescence 

emission of GFP in opposite directions. While GBP1 (called Enhancer) led to an increase 

in fluorescence emission upon binding to GFP, the binding of GBP 4 (called Minimizer) 

caused a 5-fold decrease in fluorescence emission intensity. The individual crystal 

structures of the complex of GBP binders with GFP showed that GBP1 approaches GFP in 

a frontwise manner, making mostly electrostatic interactions with its target; while GBP4 

binds GFP in a sideways orientation recognizing a different epitope on the surface of GFP 

(Figure 6). 

 
 
 

 
 

 
Figure 6. (a) and (c) show the crystal structures of the complex between GBP1 and GFP and GBP4 

and GFP respectively. The insets highlight the binding sites with selected residues and the GFP 

chromophore. (b) and (d) show the chromophore environments for GBP1 and GFP4 complexes 
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respectively, superimposed with 2Fo − Fc density maps [58]. 

 
The increase in fluorescence emission upon binding of GBP1 might be explained by the 

stabilization of the phenolate ion in the chromophore, as the binding of GBP1 easily enables 

His 148 in the GFP sequence to extract a proton from the chromophore hydroxyl group. On 

the other hand, it has been suggested that binding of GBP4 might favour the protonated 

phenol state of the chromophore. The discovery of these induced conformational changes 

upon binding of nanobodies paved the way for further studies of functional properties of 

specific protein conformations in vitro and in vivo [59]. 

Since their discovery, functionalization of nanobodies have been performed by exploiting 

both labelling of lysine or unpaired cysteine residues in the natural sequence, as well as 

bio-orthogonal reactions after incorporation of nnAAs [60]. 

 

1.5 Methods for incorporation of non-natural amino acids into proteins 

 

In 1957, Cowie and Cohen succeeded in replacing methionine with its non-natural analogue 

selenomethionine in the whole E. coli proteome, by using a methionine auxotrophic strain 

and a synthetic growth medium with defined composition [61]. The first incorporation 

experiments with nnAAs were not targeting a single protein, but all proteins in an organism, 

due to the lack of recombinant DNA technologies. These early experiments showed that 

nnAAs similar in shape and size, and with similar biophysical properties to their natural 

analogues, can enter the translation process following the same route as the natural amino 

acids, and are recognized by the cellular translation machinery. The observed linear cellular 

growth (instead of exponential) following the addition of the nnAAs into the medium, was 

correctly interpreted as the result of the incorporation of nnAAs into enzymes that play a 

pivotal role in cellular metabolism [1]. In fact, most of the nnAAs induce metabolic toxicity 

and global proteome-wide incorporation can lead to dysfunctional proteins. 

Selective incorporation of nnAAs into a single protein can be achieved after the discovery of 

recombinant DNA plasmids, where a gene sequence of interest is put under the control of 

an inducible promoter. Briefly, auxotrophic bacterial cells that are not able to synthesize one 

or more natural amino acids on their own, are grown in a defined synthetic minimal medium 

that contains a limited amount of the natural amino acid that has to be substituted. Cell growth 

arrest is the signal that the natural amino acid has been depleted from the medium. At this 

point, the nnAA is added to the medium and expression of the protein of
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interest, encoded on a recombinant plasmid, is started by the addition of a suitable inducer. 

This methodology is called Selective Pressure Incorporation and is based on sense-codon 

reassignment; therefore, it is residue-specific and not position-specific [62]. 

At the beginning of the new millennium, Schultz and co-workers succeeded in evolving 

another technique, called amber suppression methodology, that allows selective 

incorporation of nnAAs at defined positions within a protein sequence (Figure 7) [63]. They 

exploited the use of an engineered Tyrosyl-tRNA-synthetase/tRNATyr pair isolated from the 

archaeabacterium Methanocaldococcus jannaschii, an organism that is phylogenetically 

distant from E. coli, to incorporate O-methyl-L-Tyrosyne into E. coli dihydrofolate reductase 

in response to an amber stop codon. 

 

 

 
Figure 7. Schematic representation of a general orthogonal AARS/tRNACUA pair and translational 

machinery. The orthogonal AARS (shown in red) aminoacylates the orthogonal suppressor tRNACUA 

(shown in blue; anticodon CUA in red) with a non-natural amino acid (X) without performing cross- 

aminoacylation with the endogenous AARS/tRNA pairs (shown in black). The aminoacylate 

suppressor tRNACUA enters the ribosome (shown in brown), where it incorporates the nnAA in 

response to the UAG codon (red UAG) [64]. 
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In order to avoid cross-aminoacylation, the engineered AARS/tRNACUA pair must be 

orthogonal to all other AARS/tRNAs of the host organism. This means that the suppressor 

tRNA engineered with a CUA anticodon that recognizes the UAG codon on the mRNA 

sequence, must display identity elements that do not interact with AARS/tRNA pairs of the 

host. In order to ensure absolute selectivity only for the desired nnAA, the active site of the 

orthogonal AARS must be engineered. To this aim, several residues in the AARS catalytic 

pocket are randomized and the library of mutants is subjected to rounds of positive and 

negative selection to identify the most efficient AARS mutant [65]. Briefly, in the positive 

selection process, the engineered AARS/tRNACUA pair is tested for aminoacylation activity 

in the presence of both natural amino acids and the desired nnAA. However, this step does 

not eliminate AARS capable of recognizing natural amino acids. In the second step, 

selection is performed in the absence of the desired nnAA, and an amber codon is 

introduced in a toxic gene. Suppression of the amber codon by AARS mutants capable of 

incorporating natural amino acids leads to cell death because of expression of the toxic 

protein. In this way, it is possible to identify an AARS mutant that solely recognises the 

desired nnAA. The amber stop codon UAG was chosen for reassignment as sense codon 

because it is the least used stop codon in the E. coli genome and because only very few 

essential genes in E. coli are terminated by an amber codon. In this way, amber suppression 

would not have adverse effects on the E. coli native proteome. More recently, opal (UGA), 

ochre (UAA) and quadruplet (AGGA) decoding orthogonal pairs have been developed, 

allowing also for multiple specific incorporations of different nnAAs [66-68]. Moreover, 

orthogonal pairs derived from different organisms that are able to function in eukaryotic cells 

have also been evolved. 

 

1.6. The Pyrrolysyl-tRNA-synthetase/tRNAPyl pair 

 

A limited number of organisms, Methanosarcinacea and other few bacteria such as 

Desulfitobacter hafniense, are able to genetically incorporate the rare proteinogenic amino 

acid pyrrolysine into certain proteins in response to an amber stop codon, when specific 

pyrrolysine insertion sequence elements are present on the mRNA open reading frame [69]. 

The amino acid Pyl is activated by a dedicated AARS (PylRS) which aminoacylates its 

cognate amber suppressor tRNAPyl [70]. PylRS consists of an N-terminal tRNA-binding 

domain and a C-terminal class II AARS catalytic domain connected by a variable linker [71]. 

Both the N-terminal domain and the connecting linker of PylRS from different 

Methanosarcina species are variable in length, while the C-terminal catalytic core with about 

270 amino acids is highly conserved. All identified PylRS enzymes from 

Methanosarcinaceae range from 52%-75% sequence identity, and from 56%-82% when the 
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highly variable linking region is excluded [72]. The N-terminal domain is essential for in vivo 

activity, as it is required for aminoacylation of tRNAPyl in the cellular context, but it is 

dispensable for in vitro aminoacylation essays. The tRNAPyl presents unique features in 

comparison to other tRNAs, such as an anticodon stem of six base pairs instead of five 

base pairs, a single base between D stem and anticodon stem, a single base between D 

stem and acceptor stem, and a very small variable arm (three bases) [73]. 

This natural suppression system has been widely used for incorporation of nnAAs into 

recombinant proteins in E. coli and other organisms. The genes pylS and pylT coding for 

PylRS and tRNAPyl respectively, have been imported into E. coli and the PylRS/tRNAPyl pair 

have proved to be orthogonal in this organism [74]. Moreover, no requirements for 

pyrrolysine insertion sequence elements at mRNA level were found outside Methanosarcina 

bacteria [75]. 

An advantage of the Pyrrolysine system is that while it is very specific in preventing all other 

natural amino acids to be incorporated in response to the UAG codon, it is quite 

promiscuous in recognizing nnAAs structures; thus expanding the repertoire of nnAA 

structures that can be incorporated into proteins, beyond the aromatic tyrosine derivatives 

that can be incorporated by using the engineered Tyrosyl-tRNA-synthetase/tRNATyr pair 

from M. jannaschii. Both Methanosarcina barkeri and Methanosarcina mazei PylRS share 

conserved residues in the hydrophobic active-site pocket and the recognition process 

between PylRS and the side-chain of its natural substrate Pyl involves mainly non-specific 

hydrophobic interactions, in addition to two hydrogen bonds (Figure 8). 

 

 

 

 
Figure 8. The structure of the active site of M. mazei PylRS with bound substrate [73]. 
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Moreover, PylRS does not have an editing domain, thus preventing the hydrolysis of 

misacylated tRNAs. Therefore, a nnAA that displays a side-chain with a similar size and 

hydrophobicity to that of the pyrrolidine moiety is likely to be activated by the wild-type PylRS 

[73]. 

Up to now, PylRS/tRNAPyl pairs isolated from Methanosarcina mazei and Methanosarcina 

barkeri are the systems of choice for the incorporation of nnAAs. These two systems are 

considered to be equal in terms of orthogonality, suppression efficiency, and suitability for 

directed evolution [76]. The engineering of PylRS from both systems has allowed the 

incorporation of many diverse nnAAs useful for protein conjugation, photochemistry, and for 

improving enzymatic catalysis [77]. X-ray crystallography is an essential tool for the 

identification of the structural elements involved in substrate recognition. In fact, the 

elucidation of the crystal structure of the catalytic domain of M. mazei wt-PylRS has greatly 

facilitated rational enzyme engineering for the acceptance of new Pyl analogues [78]. For 

example, the M. mazei PylRS bearing the mutations Tyr306Ala and Tyr384Phe, was used 

to incorporate furan-containing nnAAs that are considerably larger than Pyl. Another mutant 

from the same organism with three amino acids replacement (Tyr306Gly, Tyr384Phe, 

Ile405Arg) enabled the incorporation of two exo-norbornene-containing pyrrolysine 

analogues [79]. 

Up to now, no crystal structure of the catalytic domain of M. barkeri PylRS has been solved. 

Randomization of M. barkeri PylRS active-site residues for the creation of genetic library 

mutants, takes place on modelling based on the crystal structure of the catalytic domain of 

M. mazei PylRS. In this way, Schultz and co-workers, identified four amino acid residues in 

the active-site of M. barkeri PylRS involved in recognition of pyrrolysine (Leu270, Tyr271, 

Leu274, and Cys313). These were randomized by site-saturation mutagenesis, and the 

created library was successfully tested for the selection of PylRS mutants capable of 

recognizing 3-methylhistidine and other His analogues as substrates [52]. 

In conclusion, the field of chemical biology has been greatly expanded by the advent of 

amber stop codon suppression methodology, and in particular by the introduction of the 

pyrrolysine amber stop‐codon suppression system. These techniques have allowed the 

development of bio-orthogonal reactions and opened up new horizons in the field of protein 

modification in vivo and in vitro. 
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1.7 Aims of this work 

 

The first goal of this work is to generate an activatable GBP1 nanobody variant for time- 

resolved antigen binding studies, by selective incorporation of a nnAA suitable for “click 

chemistry” into the active site of GBP1 via amber suppression. Activation of the nanobody 

might be performed via light exposure or Staudinger reduction. The crystal structure of the 

GBP1-GFP complex (Figure 7a) revealed the GBP1 residues that are involved in substrate 

recognition with GFP. Based on structural evidence, it was anticipated that Tyr37 and Arg35 

in the structure of GBP1 play a crucial role in binding to GFP. In collaboration with the group 

of Prof. Christian Hackenberger (Leibniz Institute for Pharmacology, Berlin, Germany), it 

was decided to incorporate pAzF in place of Arg35. The use of pAzF provides different ways 

for further proceeding: 

a) pAzF could effectively block substrate binding in the presence of the azide, and then 

reduction to an amino group could restore binding capability. A similar approach has been 

described by Deiters and co-workers, where a small-molecule switch has been used to 

control protein activity. The protein of interest containing an azido-lysine derivative was 

inactive until Staudinger reduction delivered the active protein [80]. 

b) steric blocking of the GBP1 substrate recognition site could be achieved via a PEG moiety 

linked to a photocleavable group that is conjugated to the azide of pAzF by a Staudinger- 

phosphite reaction. To this end, either photolabile PEG-phosphites [81], or a photolabile 

group such as an alkyne-modified ortho-nitrobenzyl would be conjugated to the pAzF azide, 

and then a PEG moiety would be attached to this group. The latter construct would result in 

a modular tool suitable for modifications with any moiety of choice while still retaining its 

photolabile properties. 

The second goal of this Master project is to recombinantly produce and purify the catalytic 

domain of an engineered pyrrolysyl-tRNA-synthetase from M. barkeri capable of 

recognizing non-natural histidine derivatives (PylHRS-C) [52]. The ultimate aim would be to 

have enough soluble PylHRS-C for elucidation of its crystal structure, in order to rationally 

modify its active site for the generation of a novel PylHRS enzyme capable of recognizing 

the nnAA NHC-Ala (Figure 5). The ability to incorporate NHC-Ala derivatives into 

metalloenzyme oxidoreductases would have a strong impact on the activity of the 

coordinated metal center, resulting in a substantial enhancement of oxidation catalysis. 
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2 Materials and Methods 

 

2.1. Materials 

 

2.1.1 E. coli strains (available in the Rubini Group) 
 

 
Strain Use 

ER 2566 Expression of PylHRS-C 

BL21 DE3 Expression of GBP1 

XL10 Gold Plasmid propagation 

NEB TURBO 

W3110 

Plasmid propagation for pELB-GBP1 and 

pELB-GBP1-35UAG-pylT 

 
 

2.1.2 Plasmids 
 

 
Plasmid Resistance Promoters Source 

pGDR11- PylHRS-C Ampicillin lacUV Rubini group 

pEVOL-pAzF Chloramphenicol araBAD Addgene 

pELB-GBP1 

 
pELB-GBP1-35UAG- 

pylT 

Tetracycline araBad Hackenberger group 

(Leibnitz Institute for 

Pharmacology, Berlin, 

Germany) 

pULTRA-CNF Spectinomycin tacI 

 
proK 

Addgene 

 
 

2.1.3 Antibodies for Western blotting 
 
 
 

Antibody Use Company 

6 x His tag monoclonal 

antibody 

Primary antibody for recognition 

of Histidine tag 

Thermo Fisher 

SCIENTIFIC 
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Anti-Mouse IgG (whole 

molecule) − Alkaline 

Phosphatase antibody 

Secondary antibody used for 

detection 

SIGMA 

 
 

2.1.4 Molecular biology kits 
 

 
Type Company 

QIAprep Spin Miniprep Kit Qiagen 

 
 

2.1.5 Restriction enzymes for analytic DNA digestion 
 
 
 

Enzyme Company 

EcoRI NEB 

 
 

2.1.6 Devices 
 

 
Company Name of device 

Dixons Autoclave 

Biorad Agarose gel racks 

Hettich Centrifuge 

Biorad Electroporator 

Eppendorf Heating Block 

Labwit Incubation shaker 

IKA RET basic Magnetic stirrer 

Heraeus Oven 

Biorad SDS-Page racks 

Eppendorf Electroporator 
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Fisher Scientific Sonifier 

Jenway Spectrophotometer 

SYNGENE Gel imaging 

BioTeK Plate reader 

 
 

2.1.7 Chemicals and consumables 
 

 
Chemical name Company 

Chloramphenicol, NaH2PO4 Acros Organics 

Ampicillin AppliChem 

Tetracycline 

Spectinomycin Fisher BioReagants 

Carbenicillin SIGMA 

Agar ChemCruz 

Trizma Base, NaOH, NaCl, IPTG Fisher Chemical 

CaCl2, β-Mercaptoethanol G-Biosciences 

TEMED Santa Cruz Biotechnology 

Protein concentrators Millipore 

L-Arabinose ROTH 

HCl, NaCl, MgCl2, Glycerol, 30% 

Acrylamide, Sodium Dodecyl Sulfate, 

Ammonium Persulfate, Agarose, 

Imidazole, NBT, BCIP, Tween, 

acetic acid, Glycine for electrophoresis 

Sigma-Aldrich 

Complex EDTA free Protease inhibitor Roche 
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Protein Marker, DNA Ladder, SnakeSkin 

dialysis tubing (3.5 kDa cut-off), HisPur™ 

Ni-NTA Spin Columns, 3 mL 

Thermoscientific 

pAzF (p-azidophenylalanine) Fluorochem, Iris BioTECH, BACHEM 

Methanol HoneyWell 

 
 

2.1.8 Solutions and Buffers for SDS-PAGE and Western Blot 
 

 
Acrylamide SDS-PAGE (4 gels with 0.75 mm width) 

 Separating gel (15%) Stacking gel 

ddH2O 3.7 mL 5.3 mL 

30 % Acrylamide 8 mL 2 mL 

Tris/HCl (1.5 M, pH= 8.8) 4 mL (0.5 M, pH= 6.8) 2.5 mL 

10 % SDS 160 µL 100 µL 

10 % APS 160 µL 100 µL 

TEMED 16 µL 10 µL 

SDS-PAGE Running Buffer 

Glycine 14.42 g 

Tris base   3.099 g 

SDS 10 %, pH = 7.5 10 mL 

ddH2O filled up to 1 L 

Staining and Distaining solution for SDS-gels 

 Staining solution Destaining solution 

ddH2O 40%  50% 

MeOH 50% 40% 

Acetic acid 10% 10% 

Brilliant Blue 0.2% - 

Transfer Buffer for Western Blot (1 L) 
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20% Methanol 

 
20% Running Buffer 

 
60% ddH2O 

200 mL 
 
 200 mL 
 
 600 mL 

Substrate Buffer (Alkaline-Phosphatase buffer) 

100 mM Tris/HCL, pH = 9.5 1.211 g 

5 mM MgCl2 0.047 g 

100 mM NaCl 0.58 g 

ddH2O 100 mL 

Developing Solution for Western Blotting 

Substrate Buffer (Alkaline- Phosphatase) 10 mL 

0.4 mM BCIP (5-bromo-4-chloro-3- indolyl 

phosphate disodium salt. 

33 µL 

0.2 mM NTB (Nitrotetrazolium Blue 

Chloride). 

330 µL 

Tris-Buffer Saline Tween 20 (TBS-T) pH= 7.5 

Tris -HCl 3.02 g 

NaCl 4.33 g 

Tween 20 250 µL 

ddH2O 500 mL 

 
 

2.1.9 Buffers for protein purification 
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Lysis buffer 50 mM NaH2PO4 

 
300 mM NaCl 

 
10 mM imidazole 

 
Adjust to pH 7.5 with NaOH 

Wash buffer 1 50 mM NaH2PO4 

 
300 mM NaCl 

 
20 mM imidazole 

 
Adjust to pH 7.5 with NaOH 

Elution buffer 50 mM NaH2PO4 

 
300 mM NaCl 

(100, 200, 300, 500 mM) imidazole Adjust to 

pH 7.5 with NaOH 

Final wash buffer 50 mM NaH2PO4 

 
300 mM NaCl 1 M imidazole 

Adjust to pH 7.5 with NaOH 

Buffers for ion exchange chromatography 

Buffer A 50 mM HEPES pH 7.4 

 
5 mM MgCl2 

 
1 mM EDTA 

Buffer B 50 mM HEPES pH 7.4 

 
5 mM MgCl2 

 
1 mM EDTA 

 
500 mM NaCl 

Buffers for Ni-NTA affinity chromatography (pH 7.5) 
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2.1.10 Nourishing media 
 

 

LB medium 

Tryptone/Peptone           

Yeast extract NaCl 

ddH2O 

                            10 g 

                             5 g 

                            10 g 

 
filled up to 1 L 

Medium was autoclaved before use 

LB Agar 

Tryptone/Peptone 5 g 

Yeast extract 2.5 g 

NaCl 5 g 

Agar 7.5 g 

ddHfO Filled up to 500 mL. The medium was autoclaved and 

 allowed to cool down to 50 °C before adding the 

 appropriate antibiotic for selection and pouring into 

 Petri dishes. 

 
 

2.1.11 Solutions and Buffers for DNA electrophoresis 
 

 
Agarose gel for DNA electrophoresis 

Agarose TAE buffer 

Ethidium bromide 

0.32 g 

40 mL  

3 μL 

TAE Buffer (50 x) 

Tris base 

Glacial acetic acid EDTA 

ddH2O 

242 g 

57.1 mL 

18.6 g 

Fill up to 1 L 

 

 

2.1.12 Antibiotic stock solutions 
 

 
Antibiotic Concentration 

Carbenicillin 100 mg/mL in ddH2O 

Ampicillin 100 mg/mL in ddH2O 
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Kanamycin 34 mg/mL in ddH2O 

Spectinomycin 50 mg/mL in ddH2O 

Chloramphenicol 35 mg/mL in 70 % EtOH 

Tetracycline 10 mg/mL in 70 % EtOH 

 
 

Antibiotics were added to bacterial nourishing media in a 1: 1000 ratio. 

 

2.2 Methods: 

 

2.2.1 Preparation of chemical competent cells 

 

One cell drop from a glycerol stock was streaked on an agar plate without antibiotic by using 

an inoculation loop. The plate was incubated overnight at 37 °C. A single colony was picked 

from the agar plate and transferred into a Falcon tube containing 10 mL of LB medium. The 

bacterial culture was grown overnight on the shaker (180 rpm) at 37 °C. The day after, 1 

mL of the overnight culture was used to inoculate 200 mL LB medium and cells were grown 

at 30 °C until the optical density at 600 nm (OD600) reached a value between 0.6 and 0.8. 

The cells were centrifuged (4,000 rpm, 15 min, 4 °C) and washed with 50 mL of ice-cold, 

sterile aqueous MgCl2 (0.1 M) and centrifuged again. Next, cells were resuspended in 20 

mL of  50 mM CaCl2 solution and incubated for 30 minutes at 0 °C. The cells were 

centrifuged a third time and re-suspended in 2 mL of a 50 mM CaCl2/ 15%(v/v) glycerol 

solution. Finally, the cells were aliquoted into samples of 100μL and stored at -80 °C. 

 

2.2.2 Preparation of electrocompetent cells 

 

An overnight culture of an E. coli strain of interest (single colony from agar plate or from 

glycerol stock) was prepared in 5 mL liquid LB medium without antibiotics (37°C, 200 rpm). 

200 mL liquid LB medium without antibiotics were inoculated with 1 mL of the overnight 

culture. The cell culture was incubated at 37°C and 200 rpm until an OD600 of 0.5-0.6 was 

reached. Subsequently, the culture was cooled on ice for 30 min and centrifuged for 15 min 

at 4000 g. The cell pellet was resuspended in 50 mL ice-cold sterile water and stored on ice 

for 15 min. This step was repeated twice, resuspending the pellet in 20 mL and 10 mL water, 

respectively. After the last round of incubation and centrifugation, cells were resuspended 

in 2 mL of water with 10 % glycerol. Aliquots of 100 µL were quick-frozen in liquid nitrogen 

and stored at -80 °C. 
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2.2.3 Transformation of chemically competent cells 

 

1-2 μL (~100 ng) of the desired plasmid was added to 100 μL E. coli cells. After incubation 

on ice for 30 minutes, the cells were heat-shocked for five minutes at 37 °C. 900 µL of sterile 

LB medium was added to the cells and these were incubated in the shaker (37℃) for one 

hour. 100 μL of the cell culture was then plated onto an agar plate containing the appropriate 

antibiotic. The remaining cell culture was centrifuged at 4500 rpm for 5 mins, and most of 

the supernatant was removed. Cells were resuspended with the remaining supernatant (~ 

100 μL) and streaked on a separate plate. The plates were incubated overnight at 37 °C. 

This procedure was used to transform E. coli strains XL10 Gold, W3110, NEB Turbo, and 

ER2566. 

 

2.2.4 Transformation of electro-competent cells 

 

100 ng of the desired plasmid was added to 100 µL of BL21DE3 E. coli cells. Cells were put 

in an electroporation cuvette (BioRad) and electroporated at 1800 mV. After addition of 900 

µL sterile LB medium, cells were transferred into a tube and incubated at 37 °C for one hour 

(180 rpm). 100 μL of the cell culture was then plated onto an agar plate containing the 

appropriate antibiotic. The remaining cell culture was centrifuged at 4500 rpm for 5 mins, 

and most of the supernatant was removed. Cells were resuspended with the remaining 

supernatant (~100 μL) and streaked on a separate plate. The plates were incubated 

overnight at 37 °C. 

For co-transformation with two different plasmids for expression of protein GBP1 with the 

non-natural amino acid pAzF, 150 to 200 ng of each single plasmid were used. 

 

2.2.5 Plasmid propagation and isolation 

 

A single colony of XL10 Gold or W3110 cells transformed with the plasmid of interest was 

picked from an agar plate and transferred into 5 mL LB medium containing the appropriate 

antibiotic and incubated overnight at 37 °C (180 rpm). After centrifugation (4000 rpm), the 

supernatant was discarded, and the plasmid was isolated following the protocol of the 

QIAprep Spin Miniprep Kit (Qiagen). 

The concentration of the isolated plasmid was assessed by reading the absorbance at 260 

nm. The value obtained was automatically converted into double-strand DNA concentration 
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(ng/µL) by using the program Gene5. Analytic plasmid digestions have been performed for 

plasmids pELB-GBP1 and pELB-GBP1-35UAG-pylT to ensure that the correct plasmid had 

been isolated. 

 

2.2.6 Analytic DNA digestion protocol 

 
 

Composition Amount 

Plasmid 

10 x Cutsmart buffer (NEB) 

Restriction enzyme (EcoRI) ddH2O 

2.5 μL, 300 ng 1 μL 

1 μL (10 U) 

5.5 μL 

Total volume = 10 µL 

 
 

For analytic digestion of plasmids pELB-GBP1 and pELB-GBP1-35UAG-pylT, the reaction 

mixture was incubated for 1 hour at 37 °C. 2 µL of DNA loading buffer was added to the 

samples and these were loaded onto a 0.8% agarose gel containing the intercalating dye 

ethidium bromide for DNA visualization. After filling the casket with TAE buffer, an electric 

current (100 V) was applied for 30 minutes to allow the DNA fragments to migrate. The DNA 

bands were visualized by illumination with UV light. 

 

2.2.7 Expression of wild-type protein GBP1 

 

Test expression of protein GBP1 (wt) was performed with different concentrations of inducer 

(L-Arabinose). One single colony of BL21DE3 E. coli cells transformed with plasmid pELB- 

GBP1 was picked from an agar plate and transferred into 5 mL LB medium containing 

tetracycline. Bacteria were grown overnight at 37 °C, shaking at 180 rpm. The day after, 

0.5 mL of the ON culture were used to inoculate 50 mL of fresh LB medium with tetracycline. 

The cells were shaken at 37 ℃ until the optical density at 600 nm (OD600) reached a value 

about 0.6-0.8. At this point, the culture was split into five tubes about 10 mL and L-Ara was 

added to induce protein expression and the cells were incubated ON at 30 °C (180 rpm). 

The final concentration of L-Ara in the samples ranged from 0.01% to 0.5% (v/v). 
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2.2.8 Expression of protein PylHRS-C 

 

One single colony of ER2566 E. coli cells transformed with plasmid pGDR11-pylHRS-C was 

picked from an agar plate and transferred into 50 mL LB medium containing ampicillin. 

Bacteria were grown overnight at 37 °C shaking at 180 rpm. The day after, the ON culture 

was used to inoculate fresh LB medium (1:100) with ampicillin. The cells were shaken at 37 

℃ until the optical density at 600 nm (OD600) reached a value ranging within 0.6-0.8. Protein 

expression was induced by adding Isopropyl β-D-1-thiogalactopyranoside (IPTG, 0.5 µM 

final concentration) and cells were incubated ON at 30 °C (180 rpm). 

 

2.2.9 Test Expression of GBP1 with the nnAA pAzF 

 

Test expression experiments of protein GBP1 with the nnAA pAzF were performed varying 

different parameters, including the concentration of the nnAA, the concentration of inducer 

L-Ara, expression time, and provider for pAzF. 

One single colony of BL21DE3 E. coli cells transformed with plasmid pELB-GBP1-35UAG- 

pylT and plasmid pEVOL-pAzF or pULTRA-CNF was picked from an agar plate and 

transferred into 5 mL LB medium containing the appropriate antibiotics. Bacteria were 

grown overnight at 37 °C shaking at 180 rpm. The day after, 0.5 mL of the ON culture were 

used to inoculate 50 mL of fresh LB medium. The cells were shaken at 37 ℃ until the optical 

density at 600 nm (OD600) reached a value ranging within 0.6-0.8. In the meantime, a stock 

solution of pAzF was prepared, by dissolving the nnAA in 80% acetic acid. The desired 

amount of nnAA was added to fresh LB medium and the pH was adjusted to 7.5 by addition 

of NaOH. Cells were centrifuged for 20 minutes at 4000 rpm at room temperature. Cells 

were then resuspended in the LB medium containing the appropriate antibiotics and the 

nnAA in the desired concentration. Cultures were put in the shaker at 30 °C and 180 rpm. 

After 10 minutes, the inducers L-Ara and IPTG were added in the desired concentration. 

Expression times varied from 6 hours to 18 hours. 

 

2.2.10 Large scale expression of GBP1 with the nnAA pAzF 

 

One single colony of BL21DE3 E. coli cells transformed with plasmids pELB-GBP1-35UAG- 

pylT and pULTRA-CNF was picked from an agar plate and transferred into 50 mL LB 

medium containing tetracycline and spectinomycin. Bacteria were grown overnight at 37 

°C shaking at 180 rpm. The day after, the ON culture was used to inoculate 2-3 L fresh LB 
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medium (1:100). The cells were shaken at 37 °C until OD600 reached a value ranging within 

0.6-0.8. Protein expression was induced by addition of L-Ara (0.2 % v/v) and IPTG (0.5 µM) 

and took place overnight (16 h) at 30 °C in the presence of 1.5 mM pAzF. 

 

2.2.11 SDS-PAGE 

 

SDS-PAGE has been performed to verify if the desired protein has been expressed. After 

protein expression, 1 mL of the cell culture was centrifuged for 15 minutes at 5000 rpm. One 

mL of bacterial culture, taken before the addition of the inducer, was used as negative 

control. The supernatant was discarded and the pellet was resuspended in 100 µL 20 mM 

Tris buffer (pH=7.5). Next, 20 μL of 6x SDS loading buffer was added and the sample was 

sonified (40% amplitude, 1 s pulse, 1 s pause) for one minute. A varying amount of sample 

(between 5µL and 12 µL, depending on the final optical density of the culture), was loaded 

on the acrylamide gel and run at 25 mA in the casket with running buffer. Afterward, the gel 

was incubated in Coomassie staining solution for ~1 hour. The gel was then incubated in 

destaining solution until the dark background disappeared and protein bands became visible. 

 

2.2.12 Purification of protein GBP1 by Ni-NTA affinity chromatography 

 

After protein expression, cells were centrifuged for 30 minutes at 4500 rpm and re- 

suspended in lysis buffer with proteases inhibitor (~30 mL per L of bacterial culture). 

Sonication was performed five times to disrupt the cells (50 % amplitude, 5 s pulse, 5 s 

pause, 1 minute). The cell lysate was centrifuged for 40 minutes at 9000 rpm at 4 °C to 

remove the cell debris from the supernatant. 

After washing of the Ni-NTA beads with five column volumes of lysis buffer (2.1.9), the lysate 

was applied to the column by gravity flow. The flow-through was collected and reapplied to 

the column two more times to ensure complete binding of the target protein. Ni-beads were 

washed with up to 50 mL of Ni-NTA wash buffer 1. After a second washing step with 20 mL 

Ni-NTA purification buffer (40 mM imidazole), elution was performed by increasing the 

concentration of imidazole (5 mL 100 mM imidazole, 5 mL 200 mM imidazole, 5 mL 300 mM 

imidazole, 5 mL 500 mM imidazole). Finally, the beads were washed with 10 mL of wash 

buffer 2 (1 M imidazole) and regenerated according to manufacturer’s protocol. Purification 

was analysed via SDS-PAGE gel electrophoresis. Fractions containing GBP1 were 

combined and dialysed twice against 50 mM sodium phosphate buffer pH 7.5, 
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containing 500 mM NaCl. After dialysis, the protein was concentrated using a centrifugal 

concentrator with a 10 kDa cut off and stored at -20 °C. 

 

2.2.13 Purification of protein PylHRS-C by Ni-NTA affinity chromatography 

 

After protein expression, cells were centrifuged for 30 minutes at 4500 rpm and re- 

suspended in lysis buffer with proteases inhibitor (~30 mL per L of bacterial culture). 

Sonication was performed five times to disrupt the cells (50 % amplitude, 5 s pulse, 5 s 

pause, 1 minute). The cell lysate was centrifuged for 40 minutes at 9000 rpm at 4 °C to 

remove the cell debris from the supernatant. 

After washing of the Ni-NTA beads with five column volumes of lysis buffer (2.1.9), the lysate 

was applied to the column by gravity flow. The flow-through was collected and reapplied to 

the column two more times to ensure complete binding of the target protein. Ni-beads were 

washed with up to 30 mL of Ni-NTA wash buffer 1. After a second washing step with 50 mL 

Ni-NTA purification buffer (40 mM imidazole), elution was performed by increasing the 

concentration of imidazole (5 mL 100 mM imidazole, 5 mL 200 mM imidazole, 5 mL 300 mM 

imidazole, 5 mL 500 mM imidazole). Finally, the beads were washed with 10 mL of wash 

buffer 2 (1 M imidazole) and regenerated according to manufacturer’s protocol. Purification 

was analysed via SDS-PAGE gel electrophoresis. Fractions containing PylHRS-C were 

stored at -20 °C. 

 

2.2.14 Purification of protein PylHRS-C by ion exchange chromatography 

 

The fractions containing PylHRS-C, which was purified by Ni-NTA affinity chromatography 

were further purified by ion exchange chromatography. First, the fractions were pooled 

together and dialyzed overnight against 1 L of 50 mM HEPES buffer pH=7.4 containing 5 

mM MgCl2 and 1 mM EDTA. The protein was concentrated by using a centrifugal 

concentrator (10kDa cut-off) and was loaded onto a Q-Sepharose (Sigma-Aldrich) column. 

The pH of the buffer (pH=7.4) is higher than the isoelectric point (pI= 5.2) of the protein, 

which was determined by using the programme ExPASy, so the anion exchanger was 

chosen for the purification. The column was washed with buffer A (2.1.9) until the baseline 

was stable and the protein was eluted by increasing the concentration of NaCl (buffer B) 

(flow rate 0.8 mL/min). The fractions were collected in volumes of 5 mL. The purification 

was performed with an ÄKTA device. 
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2.2.15 Western Blot 

 

The primary purpose of using western blotting is to identify specific proteins in a sample. 

Following separation of proteins by SDS-PAGE, proteins were transferred onto a 

nitrocellulose membrane (previously activated in 100% methanol, washed with water and 

transfer buffer). The wet electrotransfer took place at 250 mA for 2 hours and the casket 

was put on ice to dissipate the heat. Following the transfer, the membrane was washed 

three times with water and TBST buffer. The membrane was then incubated ON at 4 °C in 

a 5% skimmed milk solution, in order to block non-specific binding sites. Following blocking, 

the primary Anti-His6 tag antibody (10 µL in 10ml of 5% skimmed milk in TBST buffer) was 

incubated with the nitrocellulose membrane for one hour on a nutating shaker at room 

temperature. Following incubation with primary antibodies, the nitrocellulose membrane 

was washed three times with TBST buffer (5 minutes each time). The membrane was then 

incubated with the secondary antibody (Anti-Mouse IgG (whole molecule) − Alkaline 

Phosphatase conjugate; 2 µL in 40mL of 5% skimmed milk dissolved in TBST buffer) for one 

hour at room temperature on a nutating shaker. The membrane was washed twice with 

TBST buffer for 5 minutes each time and once with alkaline phosphatase buffer. Protein 

visualization was achieved by using BCIP and NTB (2.1.8) for the colorimetric detection of 

alkaline phosphatase activity. The membrane was incubated in developing solution until 

protein bands appeared. The reaction was stopped by washing the membrane several times 

with distilled water. 
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3. Results and Discussion 

 

3.1 Expression, purification, and characterization of GBP1 with pAzF 

 

3.1.1 Plasmids isolation 

 

The plasmids pelB-GBP1-pylT and pELB-GBP1-35UAG-pylT have been made available by 

the group of Prof. Christian Hackenberger (Leibniz Institute for Pharmacology, Berlin, 

Germany). Both plasmids have been isolated in high yields (318-487 ng/µl) after 

propagation in W3110 host cells. Analytical digest (~200 ng) of the isolated plasmid DNA 

was performed with the restriction enzyme EcoRI to verify the plasmids identity. The 

fragments pattern was analysed by agarose gel electrophoresis. EcoRI cuts both plasmids 

at positions 777 and 3895, resulting into two fragments of 2721 and 3118 base pairs in 

length. All samples, except M3, showed the expected fragments. A DNA band at ~6000 

base pairs corresponds to the length of the undigested plasmid (5839 base pairs) (Figure 

9). 

 
 
 

 

 
Figure 9: Agarose gel electrophoresis analysis of analytical digestion of different samples of isolated 

plasmids pelB-GBP1-pylT (W1 and W2) and pELB-GBP1-35UAG-pylT (M1-M4). 

 
 
3.1.2 Test expression of wild-type GBP1 

 

Before starting to work on the expression of GBP1 with the nnAA pAzF, test experiments 

were carried out for the optimization of wt GBP1 production. Test expression experiments 

of the wild-type protein GBP1 have been performed in BL21(DE3) host cells as described 
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in section 2.2.7. At first, the concentration of the inducer (L-Ara) was kept constant (0.2% 

w/v), and a sample was taken at different times after induction (1 h, 3 h, 5 h, and 17 h). A 

band at ~16 kDa height on 15% SDS-PAGE showed detectable expression of the target 

protein (15939 Da including the pELB leader sequence) 3 hours after induction. The best 

expression yields were achieved after overnight expression (17 h) (Figure 10). 

 
 
 

Figure10. 15% SDS-PAGE showing the expression profile of BL21(DE3) E. coli cells transformed 

with plasmid pelB-GBP1-pylT. The arrow shows the protein band corresponding to GBP1. M: protein 

marker; 1-2: lysate of non-induced cell samples (negative control); 3-6: lysate of cell samples induced 

with L-Ara at different time points after induction. 

 
 
In a second experiment, the concentration of the inducer L-Ara was varied between 0.05- 

0.5% (w/v) and the induction time was kept constant (17 h). The GBP1 gene sequence on 

the plasmid pELB-GBP1-pylT is under the control of the inducible araBAD promoter. This 

expression system provides both a very low transcription level in the absence of arabinose, 

as well as a modulation of the expression level by addition of arabinose [1]. The cell cultures 

induced with 0.05-0.1% L-Ara showed a slightly less efficient expression in comparison to 

cell cultures induced with 0.2-0.5% L-Ara (Figure 11a and 11b). No increase in recombinant 

protein expression was observed at concentration of arabinose above 0.2%. Therefore, for 

further expression experiments, the concentration of arabinose for induction has been kept 

at 0.2% (w/v). As expected, cell cultures without inducer showed no detectable expression 

of the target protein. Interestingly, the migration of GBP1 on 15% SDS-PAGE, and the 

colorimetric detection of the C-terminal His6-tagged protein after Western blotting, suggest 
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that the pELB leader sequence had not been removed by a signal peptidase. The pELB 

leader sequence (22 amino acids in length) had been fused at the N-terminal gene 

sequence of GBP1 to direct its secretion into the periplasmic space, to enhance its stability 

[2]. The molecular weight of the pELB-GBP1-His6 construct was calculated to be 15939 Da, 

while the molecular weight of GBP1-His6 should be 13728 Da. The target protein migrated 

on 15% SDS-PAGE close to the 17 kDa marker band, therefore suggesting that the fusion 

construct had not been cleaved. 

 

 
Figure 11. Analysis of expression of wt GBP1 at different concentrations of inducer L-Ara, 17 h after 

induction. a) 15% SDS-PAGE showing the expression profile of BL21(DE3) E. coli cells transformed 

with plasmid pelB-GBP1-pylT, 17 h after induction with different concentrations of L-Ara. b) Western 

Blot showing detection of His6-tagged GBP1. M: protein marker; 1: lysate of non-induced cell sample 

(negative control); 2-6: lysate of cell samples induced with different concentrations of L-Ara. 

 
 
3.1.3 Incorporation of p-azidophenylalanine into GBP 1 test experiments 

 

The nnAA pAzF has been already site-specific incorporated into proteins by amber 

suppression methodology in the laboratory of Dr Rubini, to conjugate branched PEG- 

phosphites to the therapeutic protein Erythropoietin via Staudinger reaction [3]. In that 

study, the incorporation of pAzF was achieved by using the pEVOL-pAzF plasmid, 
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whichcarries the gene sequences for an engineered Tyrosyl-tRNA-synthetase (TyrRS) from 

M. jannaschii and its cognate engineered suppressor tRNACUA [4]. The mutant TyrRS bears 

the mutations Y32T, E107N, D158P, I159L, L162Q, D286R, to accommodate the non-

natural substrate, while excluding the recognition of the canonical amino acids. To achieve 

high incorporation yields, two copies of the engineered TyrRS gene are present on this 

plasmid [5]. One copy was put under the control of the modified constitutive promoter glnS′ 

[6], while the second copy was put under the control of the inducible promoter araBAD. The 

optimized suppressor tRNACUA is constitutively expressed under the control of the proK 

promoter. 

For the first incorporation experiment, the plasmids pEVOL-pAzF and pELB-GBP1-35UAG- 

pylT have been co-transformed in BL21(DE3) E. coli cells. The plasmid pELB-GBP1- 

35UAG-pylT contains the gene sequence (pylT) for Pyrrolysyl-tRNA (tRNAPyl) from 

Methanosarcina mazei, as originally it was intended to be used in combination with the 

Pyrrolysyl-tRNA-synthetase gene from the same organism for nnAAs incorporation. The 

presence of the pylT gene should not impair the incorporation efficiency of pAzF when used 

in combination with the pEVOL system, as the engineered TyrRS from M. jannaschii cannot 

interact with tRNAPyl from M. mazei. After adding 2 mM of pAzF, protein expression was 

induced with (0.2%w/v) L-Ara and the cells were let shake for 18h at 30°C. Production of 

full-length protein GBP1 was analysed by SDS-PAGE and Western Blot (Figure 12). 

 

 
Figure 12. Analysis of expression of full-length GBP1 with pAzF. a) SDS-PAGE showing the 

expression profile of BL21(DE3) E. coli cells transformed with plasmids pelB-GBP1-35UAG-pylT and 
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pEVOL-pAzF. b) Western Blot detection of expression of His6-tagged GBP1 in BL21(DE3) E. coli 

cells transformed with the plasmids pelB-GBP1-35UAG-pylT and pEVOL-pAzF. M: protein marker; 

1-4: analysed samples. 

 
 
The presence of the C-terminal His6-tag allows for Western Blot detection of the full-length 

target protein bearing the nnAA pAzF, as the truncated protein resulting from termination of 

translation at residue 35 will not display the His6-tag. Directly before induction of protein 

expression, 1 ml of cell culture was taken as negative control (sample 1, Figure 12). To 

exclude the presence of false positive results, a second negative control experiment was 

performed. In this case, the inducer L-Ara was added to the cell culture in the absence of 

the nnAA pAzF (sample 2, Figure 12). As expected, no full-length GBP1 protein was 

detected in these samples. Unfortunately, no full-length GBP1 could be detected also when 

protein expression was induced in the presence of the nnAA pAzF (sample 3, Figure 12), 

thus the incorporation of pAzF was not successful. The whole cell lysate containing 

expressed wt GBP1 was used as positive control (sample 4, Figure 12). 

The second attempt to incorporate pAzF into GBP1 was performed by using the same set 

of plasmids in BL21(DE3) E. coli cells in the presence of different concentrations of pAzF 

and inducer (L-Ara) as reported in Table 1. 

 
 
Table 3.1. Experimental conditions tested for incorporation of pAzF into GBP1. 

 
 Condition 1 Condition 2 Condition 3 Condition 4 Condition 5 

L-Ara (w/v) 0.2% 0.2% 0.2% 0.3% 0.1% 

[pAzF] 1 mM 2 mM 5 mM 2 mM 2 mM 

 
 
The maximal concentration of pAzF tested in cell culture medium was 5 mM, as this nnAA 

is toxic for living cells at higher concentrations. The expression was about 19h. 

Unfortunately, also this incorporation attempt failed, as no full-length production of GBP1 

was observed at any of the tested condition. The staining of the membrane after Western 

Blot showed only the protein band corresponding to the positive control (wt GBP1). 

As the nnAA pAzF has previously been incorporated into recombinant proteins by using the 

pEVOL-pAzF plasmid, it is evident that the failure to suppress the amber stop codon, is not 

due to poor recognition of the substrate by the engineered TyrRS, nor to the efficiency of 
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the cognate suppressor TyrtRNACUA. Two other factors have been taken into consideration: 

a) the local sequence context of the target amber codon, and b) the compatibility of the two 

plasmids used for co-transformation of BL21(DE3) E. coli cells. The specific position of the 

amber stop codon within the mRNA sequence can highly influence suppression efficiency 

and reduce the incorporation of nnAAs even in highly optimized systems [7]. It has been 

reported that the identity of the 3′-nucleotide adjacent to the amber codon might play a 

crucial role in suppression systems [8]. Moreover, it has been suggested that further 

nucleotide and amino acid positions might influence suppression efficiency due to: a) 

interactions between nucleotides of the mRNA downstream of the UAG stop codon with the 

release factor RF-1 [9] or the amber suppressor tRNA,[10]; b) the physico-chemical 

characteristics (polarity, charge, and propensity to form secondary structures in the nascent 

peptide chain) of the two amino acids preceding the stop codon[11], [8] and c) interactions 

between the P-site tRNA and the suppressor tRNACUA [8-11]. Although the influence of these 

factors have been prevalently studied in natural occurring systems involving homologous 

amber suppressor tRNAs and natural amino acids, it is likely that they play a role also in the 

amber suppression efficiency of engineered systems working with heterologous 

AARS/tRNA pairs and nnAAs [11]. In general, due to the lack of systematic studies on the 

effects of the factors mentioned above, the decision to choose a specific position for nnAAs 

incorporation is dictated by practical reasons (i.e. the requirement to introduce a defined 

modification at a certain position), while following basic rules in protein mutagenesis. For 

example, the introduction of a polar moiety into the hydrophobic core of a protein should be 

avoided, as this type of mutation would destabilize the protein. The crystal structure of GBP1 

shows that residue Arg35 is solvent-exposed at the surface of the protein at the end of a -

sheet structural element. Therefore, the introduction of pAzF at this site should not be 

particularly disruptive. 

The second likely explanation for the unsuccessful expression of GBP1 with the nnAA pAzF 

could be a possible incompatibility between the plasmids used for the incorporation 

experiment. Incompatibility is defined as the inability of two plasmids to coexist stably over 

a number of generations in the same bacterial cell line. To ensure that both plasmids are 

simultaneously maintained over multiple generations of dividing cells, plasmids carrying 

different antibiotic resistance genes must be selected. Otherwise, bacterial cells could 

survive without noxious effects also with one single plasmid in the presence of the antibiotic. 

The plasmids pEVOL-pAzF and pELB-GBP1-35UAG-pylT carry the genes for 

chloramphenicole resistance and spectinomycine resistance respectively, therefore this 

type of incompatibility can be excluded. Another reason for plasmid incompatibility is the 
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competition for replication factors. Therefore it can be assumed that plasmids bearing the 

same origin of replication cannot coexist in the same cell [12]. 

An analysis of the regulatory elements of the plasmids used in this study, showed that both 

vectors display the p15A origin of replication [13]. To overcome this problem, the plasmid 

pEVOL-pAzF was replaced with the plasmid pULTRA-CNF [14], which bears the CloDF13 

replicon that is compatible with p15A [15]. Moreover, CloDF13 ensures a higher plasmid 

copy number (20–40 copies per cell) in E. coli, which may increase the expression level of 

the orthogonal engineered AARS/tRNACUA pair and the suppression efficiency. pULTRA- 

CNF carries the gene sequence encoding for a polyspecific engineered TyrRS from M. 

jannaschii. The mutations Y32L, L65V, F108W, Q109M, D158G, I159A in the active site of 

this TyrRS create a larger binding pocket that allows the acceptance of the nitrile group. 

The substitutions Y32L and D158G prevents hydrogen bonding with the tyrosine hydroxyl 

group, thus abolishing the recognition of the natural substrate [16]. The plasmid pULTRA- 

CNF was created using the pCDF vector backbone, which contains the cdf origin of 

replication, a spectinomycin resistance gene and a LacI expression cassette for inducible 

expression of the AARS from the tacI promoter [17]. Another difference between the 

pULTRA-CNF and the pEVOL-pAzF plasmid is that on the latter, two expression cassettes 

of the AARS are present, expressed under the control of a constitutive weak promoter (glnS) 

and of an inducible strong promoter (araBAD) (Figure 13). 

 

Figure 13. Schematic vector maps for pEVOL and pULTRA [17]. 

 

The plasmid pULTRA-CNF was efficiently co-transformed together with pELB-GBP1- 

35UAG-pylT in BL21(DE3) E. coli cells by electroporation. Protein expression was 
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conducted in the presence of 2 mM pAzF, and inducers L-Ara (0.2% w/v)), and IPTG (0.5 

µM). As the commercially available nnAA was directly employed for incorporation into GBP1 

without further recrystallization or purification steps, incorporation tests with pAzF 

purchased from different companies have been performed, in order to determine if the 

manufacturing process might play a role in recombinant protein yields. In the previous 

incorporation experiments, only pAzF from Bachem (Switzerland) had been used. In this 

new set of incorporation experiments, pAzF purchased from Bachem, Iris Biotech 

(Germany), and Fluorochem (UK) were employed. A stock solution with pAzF (~120 mM) 

was prepared by dissolving the compound in 80% acetic acid (chapter 2.2.9), and the 

sample was kept at room temperature, covered with tin foil to protect it from light until the 

cell culture was ready for protein induction (~30 minutes from sample preparation). It was 

noticed that pAzF from Fluorochem seemed to dissolve completely at first, but after 30 

minutes a dense gelatine was observed in the sample. No further analyses have been 

performed to clarify if the presence of impurities might have been responsible for the 

observed decrease in solubility. Thus, the incorporation tests have been carried out solely 

with pAzF from Bachem and from Iris Biotech. After development of the Western Blot, a 

protein band at the height corresponding to full-length GBP1 was detected, showing that 

the incorporation experiment had been successful (samples 3 and 4, Figure 14). 

 
 
Figure 14. Western Blot detection of expression of His6-tagged GBP1 in BL21(DE3) E. coli cells 

transformed with the plasmids pelB-GBP1-35UAG-pylT and pULTRA-CNF. M: protein marker. 1: 

non-induced sample (negative control); 2: sample taken from cell culture 18 hours after the addition 
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of inducers in the absence of pAzF (negative control); 3: sample taken from cell culture 18 hours 

after the addition of inducers in the presence of pAzF (2 mM; Bachem); 4: sample taken from cell 

culture 18 hours after the addition of inducers in the presence of pAzF (2 mM; Iris Biotech); 5: wt 

GBP1 (positive control). 

 
 
The presence of unspecific protein bands at higher molecular weights might have been 

caused by insufficient blocking time, so that non-specific binding of antibodies to the 

membrane might have occurred. The test expression was repeated under the same 

conditions to ensure that it is reproducible (Figure 15). Cell samples were taken 6 hours and 

17 hours after induction to establish if a shorter expression time would benefit protein 

production. In fact, prolonging the post-induction time can sometimes lead to 

counterproductive results, as foreign proteins could be subjected to protease degradation, 

especially when recombinant protein expression is performed in host cells that are not 

proteases deficient. BL21(DE3) cells are deficient in the Lon protease, which is responsible 

for the degradation of many foreign proteins [18] and in the outer membrane protease 

OmpT, which after cell lysis may digest the recombinant target protein [19].However, protein 

degradation after overnight expression cannot be excluded a priori [18-19]. 
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Figure 15: Analysis of expression of full-length GBP1 with pAzF. a) 15% SDS-PAGE showing the 

expression profile of BL21(DE3) E. coli cells transformed with plasmids pelB-GBP1-35UAG-pylT and 

pULTRA-CNF. b) Western Blot detection of expression of His6-tagged GBP1 in BL21(DE3) E. coli 

cells transformed with the plasmids pelB-GBP1-35UAG-pylT and pULTRA-CNF. M: protein marker; 

1: non-induced sample (negative control); 2: sample taken from cell culture 6 hours after the addition 

of inducers in the presence of pAzF (2 mM; Bachem); 3: sample taken from cell culture 17 hours 

after the addition of inducers in the presence of pAzF (2 mM; Bachem); 4: sample taken from cell 

culture 6 hours after the addition of inducers in the presence of pAzF (2 mM; Iris Biotech); 5: sample 

taken from cell culture 17 hours after the addition of inducers in the presence of pAzF (2 mM; Iris 

Biotech) 6: whole cells lysate of cells sample expressing wt GBP1 (positive control). 

 
 
No clear protein bands at ~17 kDa height, indicating expression of full-length GBP1 with 

pAzF, were detectable by SDS-PAGE (Figure 15a). However, Western blotting is more 
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sensitive and more specific than Coomassie-blue staining and successful expression of the 

target protein with pAzF could be detected (Figure 15b, samples 3-5). The incorporation of 

pAzF into GBP1 seemed to work better when using the nnAA purchased from Iris Biotech. 

In fact, no band corresponding to GBP1 was detected after 6 hours after induction using the 

nnAA purchased from Bachem. It was not surprising that the expression yields of modified 

protein were much lower in comparison to the wild-type. In fact, the amber suppression 

methodology presents two main drawbacks: a) the competition of suppressor tRNA with the 

release factor for binding to stop codons, and b) the reduced affinity of the engineered AARS 

for its non-natural substrate in comparison to the wt-AARS for its canonical substrate [20]. 

 
 
3.1.4 Large scale expression of GBP1 with pAzF 

 

A large scale expression of GBP1 was performed in 3 L cell cultures (BL21(DE3) co- 

transformed with plasmids pULTRA-CNF and pELB-GBP1-35UAG-pylT) in the presence of 

2 mM pAzF (Iris Biotech), L-Ara (0.2% w/v), and IPTG (0.5 µM) for 17 hours at 30°C. The 

incorporation of the nnAA was successful (Figure 16) and protein isolation was started. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Western Blot detection of expression of His6-tagged GBP1 in BL21(DE3) E. coli cells 

transformed with the plasmids pelB-GBP1-35UAG-pylT and pULTRA-CNF. M: protein marker. 1: 

non-induced sample (negative control); 2: sample taken from cell culture 17 hours after the addition 

of inducers in the absence of pAzF (negative control); 3: sample taken from cell culture 17 hours 

after the addition of inducers in the presence of pAzF (2 mM; Iris Biotech); 4: wt GBP1 (positive 

control). 
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3.1.5 Purification of modified GBP1 

 

Protein purification was performed by using Ni-NTA affinity chromatography, as described 

in Chapter 2.2.12. Briefly, after loading of the clear cell lysate, the column was washed with 

PBS containing 20 mM imidazole and the target protein was eluted by increasing stepwise 

the concentration of imidazole. GBP1 was detected on 15% SDS-PAGE in the fractions 

containing 200 mM and 500 mM imidazole, but many impurities were coeluted with the 

protein of interest (Figure 17). 

 

 
Figure 17. 15% SDS-PAGE analysis of collected fractions after Ni-NTA affinity chromatography. M: 

protein marker; 1: flow through; 2: wash; 3-7: protein fractions eluted at 100 mM imidazole 

concentration; 8-12: protein fractions eluted at 200 mM imidazole concentration; 13: wash with buffer 

containing 500mM imidazole. GBP1 with pAzF is indicated by red circles. 

 
 
Western blotting confirmed that GBP1 was present in fractions 9-13. To increase protein 

purity, fractions 9-13 were pooled together and subjected to a second Ni-NTA affinity 

chromatography after dialysis to remove imidazole. The protein could be isolated in pure 

form after this second chromatography step (Figure 18). The purified protein was dialysed 

against 50 mM sodium phosphate buffer pH 7.5, containing 500 mM NaCl, as it is known 

that GBP nanobodies are stable in buffers containing a high concentration of NaCl. 
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Figure 18. 15% SDS-PAGE analysis of second Ni-NTA affinity chromatography purification. M: 

protein marker; 1: fraction containing GBP1 (eluted at 500mM imidazole); 2: fraction containing GBP1 

(eluted at 200mM imidazole). 

 
 
3.1.6 Partial characterization of modified GBP1-pAzF 

 

A UV absorption spectrum of the modified purified GBP1 was recorded between 220 - 340 

nm. In general, proteins display UV absorption maxima between 275 - 280 nm, mainly due 

to the absorbance of the aromatic amino acids tryptophan and tyrosine. In this case, the 

broader signal from 280 to 250 nm is attributable to the presence of pAzF in the protein 

structure (Figure 19). 

 
 

 
 

Figure 19. UV spectrum of purified GBP1 containing pAzF at position 35, in place of arginine. 
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Protein concentration was calculated by applying Beer Lambert law, using a molar 

extinction coefficient at 280 nm of 28545·M-1 cm-1. The overall yield of modified GB1 was 

1.5 mg, which means 0.5 mg/L bacterial culture. 

An ESI-MS analysis was performed for the purified protein sample, and the molecular 

weight was found to be 13758 Da (average). The protein encoded by the gene sequence, 

including the pelB sequence and the His6-tag, should have a molecular mass of 15971 Da 

(average, Cys residues in the reduced form) with pAzF at position 35. The lower molecular 

weight found implies that the pelB signal sequence had been removed by proteases during 

recombinant expression (calculated: 13758 Da, with Cys residues in the oxidized form). 

Therefore, the assumption that the leader sequence was not cleaved, made on the basis of 

SDS electrophoresis migration, was incorrect. The molar extinction coefficient of the 

processed protein (26930 M-1 cm-1) is similar to that of pELB-GBP1 fusion construct, 

therefore the calculated protein yields are correct. 

The purified protein has been sent to the group of Prof. Hackenberger, where the azido 

group of pAzF in the protein structure has been subjected to selective reduction with TCEP 

(Figure 20). This is the first step to prove if GBP1 with p-amino-Phe at position 35 can still 

bind to GFP. 

 
 

 
Figure 20. Schematic procedure for the selective reduction of the azido group to amino group in 

GBP1. (TCEP is Tris-(2-carboxyethyl)-phosphine) 

 
 
The mass analysis (ESI-MS) confirmed that the azido group has been quantitatively 

reduced to amine, while the disulfide bond remained intact (calculated: 13732 Da; found: 

13732 Da) (Figure 21). 
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Figure 21. Deconvoluted ESI-MS spectrum of GBP1 with p-aminophenylalanine after reduction of 

pAzF with TCEP. 
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Attempts to express and purify the 

catalytic domain of PylHRS 
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4.2 Expression and purification of the C-terminal catalytic domain of PylHRS 

 

The plasmid pGDR11-PylHRS-C-His6 carrying the gene sequence for the C-terminal 

catalytic domain (residues 150-419) of the engineered PylRS from Methanosarcina barkeri 

has been previously constructed in the laboratory of Dr. Rubini, and preliminary expression 

tests in small cell culture volume had been performed. 

 

4.2.1 Expression of the C-terminal catalytic domain of PylHRS 

 

The C-terminal catalytic domain (residues 150-419) of the engineered PylRS (PylHRS-C) 

from M. barkeri was produced overnight at 30 °C in 1.5 L bacterial cultures ER2566 E. coli 

cells transformed with the plasmid pGDR11-PylHRS-C-His6. A protein band between 26 

and 34 kDa height on 15% SDS-PAGE and Western Blot showed detectable expression of 

the target protein (calculated M.W. = 31,983 Da) (Figure 22, sample 2). 

 

Figure 22. Analysis of expression of the C-terminal catalytic domain (residues 150-419) of the 

engineered PylRS from M. barkeri. a) 15% SDS-PAGE showing the expression profile of ER2566 E. 

coli cells transformed with plasmid pGDR11-PylHRS-C-His6, after overnight induction with 0.5 µM 

IPTG. b) Western Blot showing detection of His6-tagged PylHRS-C. M: protein marker; 1: lysate of 

non-induced cell sample (negative control); 2: lysate of cell sample induced with 0.5 µM IPTG. 

 
 
The protein band corresponding to the expressed PylHRS-C was quite faint after 

Coomassie staining (Figure 22a), but the expression could be confirmed by colorimetric 

detection of the C-terminal His6-tagged protein after western Blotting (Figure 22b). 
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A literature search showed that the overexpression of the C-terminal domain of wild-type 

and mutant PylRS from M. mazei and D. dafniensis for characterization purposes, has been 

generally performed using plasmids of the pET series [1]. Target genes cloned into pET 

plasmids are under control of strong bacteriophage T7 transcription and expression of the 

desired product can (in ideal cases) amount to more than 50% of the total cell protein [2]. 

In this study, the plasmid pGDR11 was used, which is a derivative of the plasmid pQE31 

(Qiagen) and carries a lacI repressor to ensure the shutdown of the lac promoter in absence 

of inducer. The pQE vectors are based on the phage T5 promoter that is controlled by two 

lac operator sequences. Both T7 and T5 promoters become induced by IPTG addition to 

release the Lac repressor from the operator sequence. The reason why pGDR11 was 

chosen as expression vector was mainly because the cloning strategy to insert the PylHRS- 

C gene sequence was straight forward. Moreover, in general, the strong T5 promoter allows 

efficient expression of proteins in any E. coli strain, and it has been already used in the 

Rubini group for overexpression of foreign genes. One of the parameters affecting the 

expression of foreign genes in E. coli is codon usage. In fact, the use of synonymous codons 

is not serendipitous and codon usage bias is an essential feature of most genomes [3]. It 

has been reported that genomic codon-usage frequency correlates with tRNA levels in the 

cell and that infrequently used codons are translated inefficiently [4-5]. However, to the best 

of my knowledge, the crystal structures of wt and engineered PylRS mutants have been 

solved by overexpressing the desired protein utilizing directly the amplified gene from the 

Methanosarcina DNA and not by using a synthetic gene with an optimised codon sequence 

for expression in E. coli. The only work reporting on expression of full-length PylRS from M. 

barkeri using a codon-optimized gene for in vivo incorporation of nnAAs in E. coli indicates 

that improved expression levels of the AARS resulted in improper folding of PylRS in E. coli, 

leading to an inactive protein that accumulated in the insoluble fraction [6]. Therefore, even 

though the protein expression yield was lower than expected, it was decided to proceed 

with purification. Unfortunately, after Ni-NTA affinity chromatography, a considerable 

amount of target protein was found in the flow-through and in the wash fraction at low 

concentration of imidazole (20 mM), suggesting that the PylHRS-C His-tagged protein did 

not bind efficiently to the column. Moreover, many other impurities were present in the 

samples containing the target protein eluted at 300 mM imidazole concentration in buffer 

containing 50 mM NaH2PO4 (pH 8.0), NaCl (300 mm). Dialysis was performed to remove 

imidazole from the collected fractions, with the intention to perform a second affinity 

chromatography purification step, but PylHRS-C aggregated in solution and protein 

expression had to be repeated. 
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The second expression experiment gave protein expression yields similar to those obtained 

previously. This second purification attempt was performed under similar conditions. The 

only difference was that the elution steps with 100 mM and 200 mM imidazole were skipped, 

and protein was eluted after the washing steps with 300 mM and 500 mM imidazole 

containing buffer. Also, a higher capacity Ni-NTA resin was used in order to contain the loss 

of the target protein in the flow-through. The fractions containing PylHRS-C were still 

containing further protein impurities (Figure 23a). This time, the amount of protein found in 

the flow-through was low and no PylHRS-C was eluted during the washing steps at lower 

imidazole concentration (20 and 40 mM) (Figure 23b). 

 

 

Figure 23. a) 15% SDS-PAGE analysis and b) Western Blot of purification of PylHRS-C by Ni-NTA 

affinity chromatography. M: protein marker; 1: lysate of non-induced cell sample (negative control); 

2: flow through; 3: wash with PBS buffer; 4: wash with buffer containing 20 mM imidazole; 5: wash 

with buffer containing 40 mM imidazole; 6: wash with buffer containing 50 mM imidazole; 7-8: protein 

fractions eluted at 300 mM imidazole concentration; 9: wash with buffer containing 500mM imidazole. 

The red circle indicates the region on the gel where PylHRS-C is found after migration. 
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Fractions containing PylHRS-C (samples 7-9) were dialysed against 10 mM HEPES buffer 

(pH 7.5) containing 300 mM NaCl and affinity chromatography purification was repeated to 

obtain a purer protein sample. Again, during dialysis the formation of precipitate was 

observed. The aggregate was solubilized in a buffer containing 6 M guanidine hydrochloride 

and the sample was subjected to SDS-PAGE and Western blotting in order to clarify the 

identity of the precipitate (Figure 24a). The intense staining suggests that most of the protein 

aggregates correspond to PylHRS-C. Interestingly, after purification of the soluble fraction, 

only a faint band between 26-32 kDa was detected after Coomassie staining, while a 

stronger protein band was observed at the height just below the 26 kDa protein marker band 

(Figure 24b). The colorimetric detection after Western blotting showed that this stronger 

band could originate from degradation of PylHRS-C or from protein aggregation (Figure 

24c). 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
Figure 24. a) Western blot analysis of protein aggregates during dialyses solubilized in 6 M guanidine 

hydrochloride. b) 15% SDS PAGE and b) Western Blot of fraction containing PylHRS-C after Ni-NTA 

affinity chromatography. M: protein marker; 1: protein aggregates after dialysis; 2: protein fraction 

eluted at 300 mM imidazole concentration. 

 

As a result, expression of PylHRS-C had to be repeated to obtain enough pure protein for 

characterization. 
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4.2.2 Optimization of purification conditions to increase the solubility of the C- 

terminal domain of PylHRS 

 

To ensure that the protein remains soluble before purification, after harvesting the cells 

following overnight expression of PylHRS-C, the pellet was resuspended and sonicated in 

20 mM Tris/HCl pH 7.5 in the presence of 100 mM NaCl and 0.5% Triton-X-100. Triton-X- 

100 is a mild non-ionic detergent that can assist both in the disruption of cell walls and in 

increasing protein solubility. After centrifugation of cell debris, samples from the supernatant 

and from the insoluble fraction were taken and analyzed by SDS-PAGE and Western Blot. 

Fortunately, it was proved that the target protein is largely soluble at this stage, as only a 

faint band was visible in the insoluble fraction after development of Western Blot. 

The lysate containing the soluble fraction was loaded onto a Ni-NTA column and the protein 

was eluted in 10 mM HEPES buffer (pH 7.5) containing 300 mM NaCl by increasing the 

concentration of imidazole (Figure 25). Western Blot was also performed to ensure that no 

target protein was present in the flow through and to confirm the presence of PylHRS-C in 

the eluted fractions. 

 

 
Figure 25. 15% SDS-PAGE analysis of collected fractions after purification of PylHRS-C by Ni-NTA 

affinity chromatography. M: protein marker; 1: lysate of induced cell sample (positive control); 2: flow 

through; 3: wash with buffer containing 40 mM imidazole; 4-8: protein fractions eluted at 250 mM 

imidazole concentration; 9: wash with buffer containing 500mM imidazole. 

 

As the fractions containing the target protein were still displaying many impurities, it was 

decided to perform another purification step by using ion exchange chromatography, 

instead of repeating the purification on the Ni-NTA column. 
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The fractions containing the desired protein were pooled together and dialyzed against a 

buffer containing 50 mM HEPES (pH 7.4), 300 mM NaCl, 5 mM MgCl2 and 1 mM EDTA. 

According to literature reports, the catalytic C-terminal domain of PylRS from M. mazei is 

stable in this buffer [7-10]; therefore, it was reasoned that it could also be suitable for the 

same protein from M. barkeri in the present study. The isoelectric point of the catalytic C- 

terminal domain of PylRS from M. barkeri is 5.2, therefore, at pH 7.4 the protein is negatively 

charged and will bind to a positively charged matrix. The protein was loaded onto a Q- 

Sepharose column and was eluted by increasing the concentration of NaCl. The fractions 

collected were analyzed on SDS-PAGE. Unfortunately, PylHRS-C could be identified 

neither in the fractions collected, nor in the flow-through, suggesting that it might have 

aggregated on the column during purification. As none of the tested conditions were 

successful for obtaining PylHRS-C in soluble form, a thorough screening of buffers and 

additives (e.g. glycerol, N-lauroylsarcosine, Tween, etc.) should be performed in future 

research studies to identify conditions that improve protein solubility. However, the fact that 

no crystal structure of full-length PylRS or of its catalytic domain from M. barkeri has ever 

been reported after 15 years from its discovery, might also suggest that the protein has 

never been isolated in sufficient amount. 
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5. Conclusions and Outlook 

 

The first goal of this Master project was achieved. The nnAA pAzF has been successfully 

incorporated into the binding domain of GBP1 in place of Arg35 by using amber suppression 

methodology, in the presence of the polyspecific engineered TyrRS from M. jannaschii and 

its cognate suppressor tRNA. While the overall expression yield of modified protein was 

clearly lower than that of the parent protein due to natural competition between amber 

suppression and release factors, sufficient material could be purified for characterization 

and for further modifications. Fortunately, the incorporation of pAzF at position 35 did not 

have a negative impact on the solubility and foldability of GBP1. Further work will be 

performed in the laboratory of Dr. Rubini’s collaborator to cage the active site of the 

nanobody via a Staudinger-PEG-Phosphite functionalization of the azide. Photolysis will 

yield an analogue, which will be hydrolysed to aniline (Figure 26). 

 
 

 

 
Figure 26. Caging of GBP1 with PEG-phosphites exploiting Staudinger-Phosphite Reaction. 

Deprotection is performed by photolysis and subsequent hydrolysis to p-aminophenylalanine. 

 

The PEG-phosphites for conjugation to the azido group will be synthesised following 

protocols established in the laboratory of Prof. Hackenberger [1]. The binding ability of 

GBP1 to GFP before and after decaging will be assessed based on the enhancement of the 

intensity of GFP fluorescence emission upon binding of GBP1. 
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Depending on the results obtained from these experiments, the same type of modification 

could be envisaged at another position in the GBP1 sequence. Tyr37 has been shown to 

be crucially involved in electrostatic interactions with GFP, therefore caging of this residue 

might also represent a promising approach for time-resolved antigen binding studies. 

Unfortunately, the second goal of this work was not achieved, as the C-terminal catalytic 

domain of PylHRS proved to be extremely aggregation prone under all conditions tested. 

Apart from testing further buffer compositions and surfactants for enhancing protein 

solubility, the use of a solubility tag could be envisaged. For example, a fusion construct 

with maltose binding protein at the N-terminus of PylHRS could enhance both protein 

solubility and expression yields [2]. A TEV protease linker could be placed between maltose 

binding protein sequence and PylHRS sequence for cleavage after purification. However, it 

is uncertain whether the protein would remain in solution after cleavage. 
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Appendix 
 
 
 

 

 

Figure 27: Plasmid map of the pGDR11 vector with the cleavage sites that were used for 

cloning the PylHRS-C gene. 

 
 
 

 
Gene sequence of PylHRS-C 

ATGGGCTCCTGCTCCTTCACTTACAAGAAGCCAGCTTGATAGGGTTGAGGCTCTCTTAAGTCCAGA 

GGATAAAATTTCTCTAAATATGGCAAAGCCTTTCAGGGAACTTGAGCCTGAACTTGTGACAAGAAG 

AAAAAACGATTTTCAGCGGCTCTATACCAATGATAGAGAAGACTACCTCGGTAAACTCGAACGTGA 

TATTACGAAATTTTTCGTAGACCGGGGTTTTCTGGAGATAAAGTCTCCTATCCTTATTCCGGCGGA 

ATACGTGGAGAGAATGGGTATTAATAATGATACTGAACTTTCAAAACAGATCTTCCGGGTGGATAA 

AAATCTCTGCTTGAGGCCAATGCTTGCCCCGACTATTTTTAACTATGGGCGAAAACTCGATAGGAT 

TTTACCAGGCCCAATAAAAATTTTCGAAGTCGGACCTTGTTACCGGAAAGAGTCTGACGGCAAAGA 

GCACCTGGAAGAATTTACTATGGTGAACTTCTTTCAGATGGGTTCGGGATGTACTCGGGAAAATCT 

TGAAGCTCTCATCAAAGAGTTTCTGGACTATCTGGAAATCGACTTCGAAATCGTAGGAGATTCCTG 

TATGGTCTTTGGGGATACTCTTGATATAATGCACGGGGACCTGGAGCTTTCTTCGGCAGTCGTCGG 

GCCAGTTTCTCTTGATAGAGAATGGGGTATTGACAAACCATGGATAGGTGCAGGTTTTGGTCTTGA 

ACGCTTGCTCAAGGTTATGCACGGCTTTAAAAACATTAAGAGGGCATCAAGGTCCGAATCTTACTA 

TAATGGGATTTCAACCAATCTACACCACCACCACCACCACTAA 
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Figure 28: Plasmid map of the PelB-GBP1-His6 PyIT vector with the cleavage sites that were used 

for cloning the GBP1 gene sequence. 

 
 
 

 
Gene sequence of GBP1-35UAG 

atgaaatacctgctgccgaccgctgctgctggtctgctgctcctcgctgcccagccggcgatggcc 

ATGGCCGATGTGCAGCTGGTGGAGTCTGGGGGAGCCTTGGTGCAGCCGGGGGGGTCTCTGAGACTC 

TCCTGTGCAGCCTCTGGATTCCCCGTCAATCGCTATAGTATGTAGTGGTACCGCCAGGCTCCAGGG 

AAGGAGCGCGAGTGGGTCGCGGGTATGAGTAGTGCTGGTGATCGTTCAAGTTATGAAGACTCCGTG 

AAGGGCCGATTCACCATCTCCAGAGACGACGCCAGGAATACGGTGTATCTGCAAATGAACAGCCTG 

AAACCTGAGGACACGGCCGTGTATTACTGTAATGTCAATGTGGGCTTTGAGTACTGGGGCCAGGGG 

ACCCAGGTCACCGTCTCCTCACATCATCACCATCACCATTGA 

 

 

The pELB leader sequence is highlighted in yellow. The amber stop codon is highlighted 

in red. 
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Figure 29. Plasmid map of the pEVOL-pAzF vector (Addgene). 
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Figure 30. Plasmid map of the pULTRA-CNF vector (Addgene) 


