
 

 

Metabolic engineering of O-acetyl-L-homoserine 

sulfhydrylase and Met-biosynthetic pathway in Escherichia 

coli 

 

Residue-specific chemoselective conjugation on azide functionalized 

proteins 

 

Vorgelegt von 
M. Eng. in Lebensmitteltechnologie 

 

Ying Ma 

geb. in Heilongjiang, China 
 

Von der Fakultät II – Mathematik und Naturwissenschaften 
der Technischen Universität Berlin 

Zur Erlangung des akademischen Grades 
 

Doktor der Naturwissenschaften 

Dr. rer. nat  

genehmigte Dissertation 

 

Promotionsausschuss: 

Vorsitzender: Prof. Dr. Reinhard Schomäcker 
Erstgutachter: Prof. Dr. Nediljko Budisa 
Zweitgutachter: Prof. Dr. Elke Dittmann 

 

Tag der wissenschaftlichen Aussprache: 28. Juli 2016 

Berlin 2016 



 

  



 

 

 

“Honing gives a sharp edge to a sword; bitter cold adds keen fragrance to plum blossom.” 

<Cautionary words of wisdom> 

Calligraphy by my father, Jianqun Ma 

  



 

 

  



I 
 

Contents 

Contents .................................................................................................................................... I 

Publication list from this work ............................................................................................ III 

Abbreviations List ................................................................................................................. IV 

Figure List.............................................................................................................................. VI 

Table List ............................................................................................................................ VIII 

Project I.................................................................................................................................... 1 

1.1 Summary ................................................................................................................................ 2 

1.2 Zusammenfassung.................................................................................................................. 4 

1.3 Introduction ............................................................................................................................ 6 

1.3.1 Incorporation of non-canonical amino acids into proteins ............................................. 6 

1.3.2 Met metabolic pathway in Escherichia coli ................................................................. 12 

1.3.3 PLP-dependent enzyme and O-acetyl-L-homoserine sulfhydrylation in 

Corynebacterium glutamicum ............................................................................................... 15 

1.3.4 Metabolic pathway design of non-canonical amino acids in vivo biosynthesis ........... 18 

1.3.5 Selection of model proteins .......................................................................................... 21 

1.4 Aim of this study .................................................................................................................. 23 

1.5 Results and Discussion ........................................................................................................ 24 

1.5.1 Biosynthetic production of  L-azidohomoalanine starting from the supplied O-

acetyl-L-homoserine .............................................................................................................. 24 

1.5.2 Complete synthetic metabolic pathway for Aha in situ synthesis ................................ 29 

1.5.3 Optimization of the Aha labeled protein production by the designed strain ................ 35 

1.5.4 Incorporation of S-allyl-L-homocysteine in proteins expressed in E. coli MDS15A ... 43 

1.6 Conclusion and Outlook ...................................................................................................... 45 

Project II ................................................................................................................................ 47 

2.1 Summary .............................................................................................................................. 48 

2.2 Zusammenfassung................................................................................................................ 49 

2.3 Introduction .......................................................................................................................... 50 

2.3.1 Copper-(I)-catalyzed azide-alkyne cycloaddition in protein ........................................ 50 

2.3.2 Bioconjugation block in this study: Oligo glycerol dendrimer and dansyl .................. 52 

2.4 Aim of this study .................................................................................................................. 54 

2.5 Results and Discussion ........................................................................................................ 55 

2.5.1 Oligo glycerol dendronylation of protein ..................................................................... 55 

2.5.2 Dansylation of Aha-containing proteins ....................................................................... 59 

2.6 Conclusion and Outlook ...................................................................................................... 60 

Materials ................................................................................................................................ 61 

3.1 Equipments .......................................................................................................................... 61 

3.2 Chemicals ............................................................................................................................. 63 



 

II 
 

3.3 Media and supplements........................................................................................................ 63 

3.4 Microbe strains..................................................................................................................... 64 

3.5 Plasmids ............................................................................................................................... 65 

3.6 Primers for PCR ................................................................................................................... 65 

3.7 Enzymes ............................................................................................................................... 65 

3.8 Kits ....................................................................................................................................... 66 

3.9 Buffers and solutions ........................................................................................................... 66 

Methods .................................................................................................................................. 67 

4.1 Genetic engineering methods ............................................................................................... 67 

4.1.1 Polymerase chain reactions for target gene amplification ............................................ 67 

4.1.2 Gene deletion of metA from E. coli B834 .................................................................... 68 

4.1.3 Recombination of plasmids .......................................................................................... 69 

4.2 Microbiological methods ..................................................................................................... 69 

4.2.1 Expression procedure with E. coli B834 host strain by Oahs and NaN3 ...................... 69 

4.2.2 SPI Expression of ncAA labeled target proteins. ......................................................... 69 

4.2.3 Expression of ncAA labeled target proteins with MDS15A. ....................................... 70 

4.3 Biochemical methods ........................................................................................................... 70 

4.3.1 Dansyl labeling on barstar protein via CuAAC ............................................................ 70 

4.3.2 Conjugation of oligoGlycerol Dendrimers on Aha labeled protein ............................. 70 

4.3.3 Purification of Barstar .................................................................................................. 71 

4.3.4 Purification of GFP ....................................................................................................... 71 

4.4 Analytical methods .............................................................................................................. 73 

4.4.1 ESI-MS Mass Spectrometric Analyses ......................................................................... 73 

4.4.2 Secondary structure and stability analysis of decorated protein ................................... 73 

Reference ............................................................................................................................... 74 

Appendix ................................................................................................................................ 82 

6.1 Protein amino acid sequences .............................................................................................. 82 

6.2 Plasmids construction in this work ...................................................................................... 83 

6.3 Expression description ......................................................................................................... 85 

Acknowledgements ............................................................................................................... 86 

Eidesstattliche Erklärung ..................................................................................................... 88 

  



 

III 
 

Publication list from this work 

 

Ma, Y., Biava, H., Contestabile, R., Budisa, N., & di Salvo, M. L. (2014). Coupling 

bioorthogonal chemistries with artificial metabolism: intracellular biosynthesis of 

azidohomoalanine and its incorporation into recombinant proteins. Molecules, 19(1), 1004-

1022. 

 

Ma, Y., Thota, B. N., Haag, R., & Budisa, N. (2015). Dendronylation: Residue-specific 

chemoselective attachment of oligoglycerol dendrimers on proteins with noncanonical amino 

acids. Bioorganic & medicinal chemistry letters, 25(22): 5247-524. 

 

Ma, Y., di Salvo, M. L., & Budisa, N. (2016). Self-directed in cell Production of Methionine 

Analogue Azidohomalanine by Synthetic Metabolism and its Incorporation. Methods in 

Molecular Biology on Noncanonical amino acids, Book chapter, delivered 

 

Ma, Y., Al Shameri, A., Schipp. C. J., Contestabile, R., Budisa, N., & di Salvo, M. L. (2016). 
Synthetic metabolism for an expanded genetic code: one-step “in cell” production of 

noncanonical aminoacids and direct incorporation into recombinant proteins. Under 

preparation 

  



 

IV 
 

Abbreviations List 

AA Amino acids 

aaRS   Aminoacyl-tRNA synthetase 

amp ampicillin 

ampR ampicillin resistance 

Aha L-azidohomoalanine 

bp base pair 

B* barstar 

Boc group tert-Butyloxycarbonyl protecting group 

CD Circular dichroism 

C. glutamicom Corynebacterium glutamicum 

cgHSAT Corynebacterium glutamicum homoserine acetyl transferase  

(EC 2.3.1.31) 

cgOAHSS Corynebacterium glutamicum O-acetylhomoserine 

sulfhydrylase (EC 2.5.1.49) 

CuAAC Copper-catalyzed azide alkyne cycloaddition 

Da dalton 

deg degree 

dH2O distilled water 

ddH2O double distilled water 

DNA Deoxyribonucleic acid 

dNTP Deoxyribonucleotide triphosphate 

ECFP Enhanced Cyan Fluorescent Protien 

E. coli Escherichia coli 

ESI-MS Electrospray ionization mass spectrometry 

et al. et alii 

etc. et cetera 

e. g. exempli gratia 

g gram 

GFP Green Fluorescent Protein 

HPLC High performance liquid chromatography 

His6-tag His 6 polyhistidine tag 

i. e. id est 

IMAC Immobilized metal ion affinity chromatography 

IR Infrared Radiation 

IPTG Isopropyl-β-D-1-thiogalactopyranoside  

kDa  kilo dalton 

kb kilobase pairs 

kan  kanamycin  

kanR kanamycin resistance 



 

V 
 

M molar 

MDS15 Escherichia coli MDS15 (Met-directed sulfhydrylation) 

MDS15A Escherichia coli MDS15A (adapted strain) 

Met L-methionine 

MS mass spectrometry 

L liter 

mRNA messenger RNA 

MW molecular weight 

µ micro 

NaCl Sodium chloride 

NaOH Sodium hydroxide 

ncAA non-canonical amino acid 

ni non-induced 

Ni-NTA Nickel-nitrilotriacetic acid 

NMM  New minimal medium 

Oahs O-acetyl-L-homoserine 

OD600 optical density under 600 nm 

o/n overnight 

PAGE Polyacrylamide gel electrophoresis 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

PLP pyridoxal 5’- phosphate 

SDS Sodium dodecyl sulfate 

SPI Selective pressure incorporation 

Taq Taq DNA Polymerase 

THPTA  Tris(3-hydroxypropyltriazolylmethyl)-amine 

Tris Tris(hydroxymethyl) aminomethane 

Tm Melting temperature 

TEV Tobacco Etch Virus nuclear-inclusion-a endopeptidase 

UV Ultra violet 

WT Wild type 

  

  

  

  



 

VI 
 

Figure List 

 

Figure 1 | Theme of codon reassignment procedure in recombinant protein expression. ..... 6 

Figure 2 | Met, Aha and Sahc chemical structures. ................................................................ 7 

Figure 3 | Chemical route for Aha synthesis .......................................................................... 8 

Figure 4 | Escherichia coli Met-biosynthesis pathway ........................................................ 13 

Figure 5 | Met metabolic pathway in Corynebacterium glutamicum................................... 15 

Figure 6 | Predicted Three dimensional structure of cgOAHSS. ......................................... 15 

Figure 7 | 6-steps catalytic mechanism of cgOAHSS through pyridoxal 5’- phosphate of Aha 

intercellular biosynthesis process. ....................................................................................... 17 

Figure 8 | Designed Aha and Sahc metabolic pathway in E. coli. ....................................... 18 

Figure 9 | Designed Aha/ Sahc metabolic pathway in E. coli. ............................................. 19 

Figure 10 | Survey of possible ncAA synthesized by cgOAHSS. ....................................... 20 

Figure 11 | three dimensional structures of model protein................................................... 21 

Figure 12 | Coomassie stained 20% SDS-PAGE of B*-1Met, B*-1Aha, B*-2Met, B*-2Aha, 

before and after induction. ................................................................................................... 26 

Figure 13 | Coomassie stained 20% SDS-PAGE of fraction from ion exchange 

chromatography of B*-2Aha and B*-2Met. ........................................................................ 26 

Figure 14 | Mass spectrometry analysis. .............................................................................. 27 

Figure 15 | Barstar (B*) and its spectral and unfolding features. ........................................ 28 

Figure 16 | Cloning procedure for metX............................................................................... 29 

Figure 17 | Expression and activity test of C. glutamicum L-homoserine O-acetyltransferase.

.............................................................................................................................................. 30 

Figure 18 | Cloning procedure for metY-metX. .................................................................... 31 

Figure 19 | MetA gene deletion. ........................................................................................... 32 

Figure 20 | Growth curves of E. coli JW3973 with different setups (A) and testing barstar 

expression (B).. .................................................................................................................... 34 

Figure 21 | Intracellular metabolic pathway of Aha synthesis. ............................................ 37 

Figure 22 | MDS15A growth rate and expression device. ................................................... 37 

Figure 23 | Coomassie stained 15% SDS-PAGE of GFP expression and purification. ....... 39 

Figure 24 | Coomassie stained 15% SDS-PAGE of Nt-(His)6-ECFP expression. ............... 40 

Figure 25 | Mass spectrometry analysis of A: GFP-1Met; B: GFP-1Aha; C: GFP-2Met and D: 

GFP-2Aha. ........................................................................................................................... 41 



 

VII 
 

Figure 26 | Mass spectrometry of A: Ct-(His)6-ECFP[Met]; B: Ct-(His)6-ECFP[Aha]; C: Nt-

(His)6-ECFP[Met] and D: Nt-(His)6-ECFP[Aha]. ............................................................... 42 

Figure 27 | Sahc labeled GFP and its SDS-PAGE. .............................................................. 43 

Figure 28 | Mass spectra analysis of Sahc labeled protein.  ................................................. 44 

Figure 29 | The chemical scheme of A: CuAAC, B: alkene-tetrazole reactions (photoclick 

cycloadditions), C: thiol-ene radical conjugation, D: Copper free Huisgen cycloaddition. 50 

Figure 30 | Three dimensional structure of A: propargylized oligoglycerol dendron (dOG); B: 

dOG labeled 3Aha-GFP; C: dOG labeled 1Aha-B*; D: dOG labeled 2Aha-B*. ................ 52 

Figure 31 | Chemical structure of propargyl(dansyl)amine (A) and three dimensional structure 

of dansyl labeled 1Aha-B* (B).. .......................................................................................... 53 

Figure 32 | Coomassie-stained 15% SDS-PAGE of dOG conjugated target proteins. ........ 56 

Figure 33 | Mass spectrometry analysis of dOG conjugated proteins.   .............................. 57 

Figure 34 | The circular dichroism measurement of 1Aha-B* (solid line), 1Aha-B*-dOG 

(dush line) and 2Aha-B*-dOG (spot line).. ......................................................................... 58 

Figure 35 | Mass spectrometry and fluorescent spectroscopy analysis of 1Aha-B*-dansyl. 59 

  



 

VIII 
 

Table List 

 

Table 1 | List of deducted production accessible by new designed system*. ...................... 20 

Table 2 | Sodium azide toxicity tolerance test on E. coli strain MDS15. ............................ 35 

Table 3 | Sodium acid toxicity tolerance test on E. coli strain MDS15A. ........................... 35 

Table 4 | Chart of fermentation conditions test and protein yields. ..................................... 38 

Table 5 | List of media and supplements.............................................................................. 63 

Table 6 | List of strains ......................................................................................................... 64 

Table 7 | List of plasmids ..................................................................................................... 65 

Table 8 | List of enzymes ..................................................................................................... 65 

Table 9 | List of Kits ............................................................................................................ 66 

Table 10 | List of Solutions .................................................................................................. 66 

Table 11 | PCR system composition .................................................................................... 67 

Table 12 | PCR system composition .................................................................................... 68 

Table 13 | Optical density of E. coli B834 system during expression ................................. 85 

 



1 
 

Project I 

 

  

Metabolic engineering of O-acetyl-L-

homoserine sulfhydrylase and Methionine 

biosynthetic pathway in Escherichia coli 

  



 

2 
 

1.1 Summary 

The application of non-canonical amino acids (ncAAs) offers a new approach for the 

post-translational modification of proteins [1–4]. Especially the incorporation of ncAAs 

containing different functional groups such as azides, alkynes or olefins, provides a covalent 

site on the protein. Subsequently the attachment of other small molecules (fluorescent dye, 

biotin, sugar, PEG, etc.) brings more possibilities for the application of different target 

proteins [5]. For example, as an analogue of L-methionine (Met), L-azidohomoalanine (Aha) 

could provide the target protein with an azide group for the further copper (I)-catalyzed 

azide-alkyne [3+2] cycloaddition (CuAAC) [6] for protein surface modifications. 

Based on the traditional selective pressure incorporation (SPI) approach, chemically 

synthesized Aha is fed to the Escherichia coli which is cultured in the media containing only 

a limited concentration of Met [7]. To overcome the problems of costly material and time 

consumption, we engineered a robust bacterial expression host capable of a new intracellular 

biosynthesis. This system combines genetic engineering of the Met metabolic pathway in E. 

coli for a one-step in-cell production of ncAAs from native and simple precursors, coupled 

with direct introduction to the protein.  

In particular, the in vivo biosynthesis of Aha is engineered firstly from L-homoserine to 

O-acetyl-L-homoserine by introducing direct sulfhydrylation genes from Corynebacterium 

glutamicum in to the metabolism of E. coli. Next, it is coupled with sodium azide as a 

nucleophile for intracellular synthesis of Aha. Finally, Aha is charged on to Met-tRNAs and 

subsequently inserted into different recombinant target protein variants by AUG codon 

reassignment in the robust Met-auxotroph E. coli strain MDS15A. Similarly to sodium azide, 

in the same engineered MDS15A strain, allyl mercaptan is coupled as another nucleophile for 

the biosynthesis of S-allyl-L-homocysteine (Sahc). Furthermore, Sahc is incorporated to 

target protein by AUG codon reassignment to achieve protein olefin functionalization.   

The basic feature of our system is that the engineered host’s Met biosynthetic pathway is 

efficiently diverted towards the production of the desired ncAA by exploiting the broad 

reaction specificity of recombinant homoserine acetyltransferase from C. glutamicum 

(cgHSAT; EC 2.3.1.31; metX) and pyridoxal phosphate dependent O-acetyl-L-homoserine 

sulfhydrylase from C. glutamicum (cgOAHSS; EC 2.5.1.49; metY) [8]. Namely, intracellular 

Met-biosynthesis in C. glutamicum occurs via homocysteine (direct sulfhydrylation) whereas 

in E. coli a trans-sulfuration route is present for Met biosynthesis. In the expression 

experiments, the E. coli host equipped with genes for direct sulfhydrylation (metX and metY) 

is used as a platform for the synthesis of different Met-analogues as cgOAHSS is tolerant 

towards the activation of a wide variety of nucleophiles. In this way, the target proteins, for 

instance barstar, green fluorescent protein and enhanced cyan fluorescent protein, are 

decorated with Aha or Sahc which are incorporated in place of Met.  
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To achieve economic production of these protein variants, it is necessary to quantify the 

in-cell precursor amount as well as to optimize the new established metabolic pathway in a 

simple and efficient way. For this purpose another Met auxotrophic strain Escherichia coli 

JW3973 has been introduced to determine the amount of intracellular L-homoserine and 

perform further engineering and optimization of the fermentation procedure. Thereby, a 

higher cell population is required to increase the yield, it is equally important to optimize the 

composition of the expression media in order to create a ‘feeding device’ with both (a) 

improved protein expression yield and (b) robust and better culture growth”.  
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1.2 Zusammenfassung 

Die Verwendung von nicht-kanonischen Aminosäuren (nkAS) bietet einen neuen Ansatz 

im Vergleich zur post-translationalen Modifikation von Proteinen [1–4]. Insbesondere 

ermöglicht der Einbau von nkAS mit funktionellen Gruppen, wie Aziden, Alkinen oder 

Olefinen das Ausstatten der Proteine mit bioorthogonalen, kovalenten Bindungsstellen. An 

diesen Positionen können anschließend andere kleine Moleküle (z.B. Fluoreszenzfarbstoff, 

Biotin, Zucker oder PEG) gekuppelt werden, welche die Verwendbarkeit von Zielproteinen 

erhöhen können.[5] Beispielsweise kann eine Azid-Funktion durch den Einbau von L-

Azidohomoalanin (Aha) als Analogon von L-Methionin (Met) in ein Protein eingeführt 

werden und anschließend für Proteinoberflächenmodifikationen durch Reaktion mit einem 

Alkin in einer Kupfer(I)-katalysierten Azid-Alkin[3+2]-Cycloaddition (CuAAC) [6] 

verwendet werden. 

Zunächst haben wir in dieser Arbeit basierend auf der traditionellen Selektionsdruck-

Einbau(SPI)-Methode, einen Escherichia coli-Stamm in einem Medium mit limitierender 

Met-Konzentration kultiviert und anschließend mit chemisch synthetisiertem Aha gefüttert.[7] 

Anschließend haben wir, um die Probleme von teurem Aminosäurematerial und hoher 

Zeitaufwendung zu umgehen, einen robusten bakteriellen Expressionswirts mit einer neuen 

intrazellulären Biosynthese entwickelt. Dieses System kombiniert das genetische Engineering 

des Met Stoffwechselweges in E. coli für die einstufige, intrazelluäre Produktion von nkAS 

ausgehend von nativen und einfachen Vorstufen mit dem direkten Einbau dieser in vivo 

synthetisierten nkAS in das Protein. 

Im Detail beinhaltete der erste Schritt für die engineerte in vivo-Biosynthese von Aha  

die Einführung eines Acetylierungs-Enzyms aus Corynebacterium glutamicum in den 

Metabolismus von  E. coli um ausgehend von L-Homoserine O-Acetyl-L-Homoserin zu 

bilden. Der zweite Schritt beinhaltet ein ebenfalls aus Corynebacterium glutamicum 

stammendes Sulfhydrylierungsenzym, welches den nukleophilen Angriff von Natriumazid an 

Acetyl-L-Homoserin katalysiert, wodurch Aha gebildet wird. Schließlich wird Aha in dem 

robusten Met-auxotrophen E. coli-Stamm MDS15A auf die Met-tRNAs geladen und 

anschließend in verschiedene rekombinante Zielprotein-Varianten durch AUG-Codon-

Neuzuordnung eingebaut. Ähnlich zu dem Experiment mit Natriumazid haben wir den 

gleichen enginneerten MDS15a-Stamm mit Mercaptan als Nukleophil für die Biosynthese 

von S-allyl-L-Homocystein (Sahc) gefüttert. Hierbei wurde Sahc durch AUG-Codon-

Neuzuordnung ins Zielprotein eingebaut, welches zu einer Olefinfunktionalsierung des 

Proteins führte. 

Die grundlegende Eigenschaft unseres Systems ist, dass der Met-Stoffwechselweg des 

engineerten Wirts durch ausnutzen der breiten Rekationsspezifität der rekombinanten 

Enzyme aus C. glutamicum (Homoserin-Acetyltransferase (cgHSAT; metX) und der 
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Pyridoxalphosphat-abhängigen O-Acetyl-L-Homoserin-Sulfhydrylase (cgOAHSS; metY))[8] 

effizient in Richtung der Produktion der gewünschten nkAS umgeleitet wird. Die 

intrazelluläre Met-Biosynthese in C. glutamicum findet über Homocystein statt (direkte 

Sulfhydrylierung), wohingegen E. coli einen Trans-Sulfurierungsweg für die Met-

Biosynthese verwendet. In den Expressionsexperimenten dieser Studie wurde der E. coli-Wirt, 

welcher mit den Genen für die direkte Sulfhydrylierung (metX and metY) ausgestatted wurde, 

als Plattform für die Synthese von verschiedenen Met-Analoga verwendet, da cgOAHSS 

viele verschiedene Nukleophile aktiviert. Auf diese Weise konnten die Zielproteine, 

beispielsweise Barstar, grün-fluoreszierendes Protein und verbessertes cyan-fluoreszierendes 

Protein mit Aha oder Sahc an den Met-Positionen modifiziert werden. 

Um eine ökonomische Produktion dieser Proteinvarianten zu erreichen, ist es sowohl 

notwendig die Menge der Aminosäurepräkursor zu quantifizieren, als auch die Effizienz des 

in dieser Arbeit etablierten neuen Stoffwechselweges zu optimieren. Aus diesem Grund 

wurde ein weiterer Met-auxotropher E. coli-Stamm (JW3973) für die Bestimmung der 

intrazellulären L-Homoserin-Menge eingeführt und um weiteres Engineeren und Optimieren 

des Fermentationsprozesses durchzuführen. Hierbei konnte gezeigt werden, dass zur 

Erhöhung der Proteinausbeute in gleichem Maße die Erhöhung der Zellpopulation als auch 

die Zusammensetzung des Expressionsmediums von Bedeutung ist, um eine 

Fütterungsprozedur zu kreieren, welche a) eine verbesserte Proteinexpressionsausbeute und b) 

robustes und verbessertes Zellwachstum ermöglicht.  
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1.3 Introduction 

1.3.1 Incorporation of non-canonical amino acids into proteins 

Posttranslational modifications (PTMs) supply suitable decorations on the protein 

surface to form matured and functionalized proteins [1–4, 9]. A PTM occurs either at amino 

acid side chains or at N-/C-terminal sides of ribosomally produced polypeptides. Similar to 

this natural functionalization technique, artificial methods towards complicated chemical 

modification have been developed. For instance azide, alkyne, olefin groups, etc. can be 

incorporated into proteins site-specifically [10–13]. These sites can further be modified and 

conjugated to various moieties [14, 15]. For this reason, non-canonical amino acid (ncAA) 

which contain diverse chemical groups should be used as ‘building blocks’ for the production 

of novel functional proteins [16, 17].   

 

Figure 1 | Theme of codon reassignment procedure in recombinant protein expression. 

A: Natural procedure for amino acid gets charged into corresponding tRNA by aminoacyl 

tRNA synthetase. B: modified procedure for ncAA analogue enables its charging onto 

cognate tRNA by the same aminoacyl tRNA synthetase.  

One of these methods is based on experimental reassignment of codons in translation 

machinery [18–20]. As shown in Figure1, the codon reassignment procedure means the 

replacement of a canonical amino acid by an ncAA in expressed peptides or proteins. The 

codon should therefore enable to encode an ncAA instead of the canonical one [7]. To 
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achieve this, three issues of crucial importance should be considered: codon choice, related 

tRNA and its corresponding aminoacyl-tRNA synthetase [1, 21]. Initially, if one ncAA is 

similar to a canonical amino acid, it can be recognized by the endogenous aminoacyl-tRNA 

synthetase (aaRS) and charged to natural tRNA that matches identical codon [22]. Thereby 

this ncAA can be introduced by natural tRNA to target proteins and functionalize the target 

proteins [23–25], without need for excessive system engineering.  

The focus of this study is the incorporation of Met analogues via AUG codon 

reassignment during recombinant expression. Additional atoms or chemical functional groups 

such as selenium, tellurium, azide, alkyne, fluorinated methyl group, etc. which involved in 

Met analogues, afford the incorporated proteins wide range of biological applications [26–30].  

1.3.1.1 Incorporation of L-azidohomoalanine 

Of particular interest is the incorporation of azido-containing amino acids into proteins 

[31]. The azido-group offers specific reaction sites for copper catalyzed azide-alkyne 

cycloaddition (CuAAC) [6,32] with variety of biomaterials such as PEG, fluorescent dyes, 

biotin and sugars [13,33,34]. Another usage of protein azide functionalization is in sensitive 

infrared radiation (IR) spectroscopic methods. Under Fourier transform infrared spectroscopy 

(FTIR), the azido group helps to reveal the states of protein under different pH conditions and 

temperatures. In addition, Kramer et al. [35] incorporated the azido-containing amino acid 

Aha to E. coli to analyze the proteomic changing through diagonal chromatography. Taskent-

Sezgin et al. [36] also introduced Aha in to NTL9 protein which contains alpha-beta mixed 

structure to study stability and folding states of the protein. In Escherichia coli, the 

incorporation of Aha has been investigated with different model proteins. As evident from 

circular dichroism (CD) studies, incorporation of Aha is not significantly changing the 

secondary structure and overall stability of investigated proteins. All these reasons highlight 

incorporation of Aha into proteins as an important tool in cell biology and biotechnology. 

 

Figure 2 | Met, Aha and Sahc chemical structures.  

Aha can be incorporated into proteins at Met positions as a close structural analogue of 

this canonical amino acid (Figure 2). Due to this structural similarity the Met aminoacyl-
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tRNA synthetase (aaRS) is able to charge Aha at Met tRNA with UAC anticodon [37]. 

Therefore, the further protein translation on ribosome can result in replacement of all Met by 

Aha in a produced protein structure [38]. To use this method it is essential to supply Aha to 

the cells as a free amino acid. 

 

Figure 3 | Chemical route for Aha synthesis [39, 40]. A: Trifiyl azide reacts with Boc-

protected diaminobutyric under copper catalysis. Within acid, Aha production can be purified 

through ion-exchange chromatography. B: Starting with Hs, protect the carboxylic acid group 

with diazomethane then conduct the tosylation and azidificatioin of the side chain. In the end, 

the amine and carboxyl groups are de-protected by the treatment of TFA and NaOH. 

The chemical synthesis of Aha has been described as it is shown at Figure 3.  The 

synthesis of Aha has been carried out 1) either in the form of copper catalyzed azide transfer 

with amines 2) or as nucleophilic reaction with inorganic azide starting from Boc-protected 

L-homoserine (Hs) derivative.  

Although the Aha produced by custom chemical methods is of acceptable price for 

research purposes, it seems to be expensive for a large-scale biotechnologically relevant 
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production of Aha-containing proteins. This is because the fact that high concentration of 

Aha in the fermentation media is necessary for sufficient protein production, in particular by 

Escherichia coli [7]. This production usually proceeds as following steps: 1) the cells are 

initially grown with limited amount of natural amino acid in the medium, 2) this lead to the 

exhaustion of the limiting culture nutrition supplement (Met, in this case), 3) the cells are 

supplied with corresponding ncAA (Aha, in this case) for the target protein expression. The 

ncAA concentration in the expression medium is usually adjusted to be at the milimolar range 

to reinforce the cell machinery to accept it as a Met substitute. As the result, Aha is the most 

expensive component in the protein expression protocol, and its cost limits potential high-

level expression of Aha-containing protein. 
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1.3.1.2 Incorporation of S-allyl-L-homocysteine 

Another Met analogue S-allyl-L-homocysteine (Sahc, see Figure 2) has already been 

prepared in 1955 by Stevens et al. [41] and subsequently they studied its influence of rat 

growth. Using this protocol, D, L-Sahc as one type of Met analogue, can be synthesized from 

homocysteine. Sahc is well tolerated by animals, as feeding the purified D, L-Sahc to rat in a 

low Met diet, enabled them to survive under the experiments conditions [41]. Similarly, 

another analogue, S-allyl-L-cysteine (Sac) which is found in garlic (Allium sativum) is one of 

the most popular candidates for clinical antioxidant usage [42, 43]. Chalker et al. [44] 

reported that metathesis with olefin group attached chemically on cysteine residue of target 

protein should be possible. Only recently our group succeeded to incorporate Sac by suitably 

designed orthogonal pair [45]. On the other hand, Sahc is not suitable for this synthetase, it is 

methionine analogue with olefin functional group.  

There is a great biotechnological potential for olefin-bearing ncAA. For instance, alkene-

containing residues can be used for photochemical surface modification via both thiol-ene-

conjugation reaction [46–48] and photo irradiation [49]. Compared with CuAAC, these 

photochemical reactions are more attractive bio-conjugation methodologies because of the 

low harm for proteins in living system [50, 51]. In addition, the reaction conditions can be 

shortened to few minutes and under un-harmful UV with wavelength among 300-380nm [52]. 

Kirshenbaum et al. [53] proposed residue specific post transitional modification on protein 

surface by using olefin-metathesis. Thereby, an olefin functional group is attached to the thiol 

group located on cysteine residues in the protein. Although this method is not including 

ncAA incorporation, the newly charged allyl sulfide group offers metathesis as a 

methodology for protein conjugation. However, all efforts of our laboratory to date, to 

reproduce literature claims (regarding the metathesis on proteins) with both Sac and Sahc did 

not yield any of the desired protein conjugates. In contrast, incorporated long chain olefin 

functionalized amino acid has been successfully incorporated and conjugated with thiol-sugar 

[54]. 

In this study, both Aha and Sahc are successfully semi-synthesized and introduced to 

target protein in E. coli through well-established metabolic engineering and fermentation 

strategy.  

1.3.1.3 Amber codon incorporation 

Apart from sense codon reassignment in recombinant expression, another method to 

introduce ncAA is through the in frame stop codon suppression (dubbed also as “expanded of 

genetic codes”) [55]. This “expansion” involves readthrough of stop codons; a tRNA can 

decode a stop codon and is charged with one specific ncAA by a mutant aaRS [56–59]. For 

each ncAA, a selection system with a library is build up to screen suitable orthogonal pairs 

(aaRS: tRNA) [60–62]. Although the screening for specific mutant aaRS is time consuming 
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and difficult, the incorporation has an advantage to be carried out in rich media without need 

for special fermentation restrictions as SPI. The problem of suppression methodology is that 

they often require complicated protocols for directed evolution of orthogonal pairs and that 

labeling of protein is context-dependent (i.e. usually only the successful attempts are reported 

in the literature) [63–65].   
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1.3.2 Met metabolic pathway in Escherichia coli  

In most organisms, Met is essential for variety of metabolic transformations including 

biosynthesis of nucleic acids and proteins, as the former requires S-adenosyl-methionine as a 

methyl-group donor [66]. Another crucial function of Met residue in proteins is oxidation 

which may cause protein functional activation or deactivation. The Met oxidation occurs on 

the thioether, which is firstly converted to sulfoxide with one oxygen atom, and later can be 

oxidized further to sulfone, that contains two oxygen atoms [67]. 

Protein translation is organized so, that almost every protein starts with an AUG codon 

which encodes Met or (in bacteria) N-formyl-methionine. In addition to the start positions, 

Met is incorporated to internal protein positions. Therefore in E. coli there is only one Met-

tRNA synthetase with two different types of the methioninyl-tRNA: the initiator tRNA
fMet

 

and elongator tRNA
Met

, where ‘f’ refers to formylation of the starting residue, which is 

catalysed by methionyl-tRNA formyltransferase. Interestinly, mehionyl-tRNA 

formyltranserase can only recongnize the Met which is charged to tRNA
fMet

 but not to 

tRNA
Met

 by Met tRNA synthetase. Normally the formylated N-terminal Met is post-

translationally removed by methionine aminepeptidase.   

Till now, formylation of initial Met has been found to play an important role in bacteria, 

chondriosome or chloroplast, but not in eukaryotic cytoplasmic matrix or archaea. By human 

body immune system, formylated methionine is recongnized as foreign molecules and may 

cause certain immunogenic reaction.  Sometimes the damaged tissue can also release N-

terminal formylated protein as a reported signal. In addition, formylation of starting Met was 

earlier believed to be essential to start the protein synthesis in bacteria. Later in 1999, Newton 

et al. [68] reported that at least in Pseudomonas aeruginosa formyltransferase can be 

deactivated. This mutation only resulted in lower growth rate but not complete death of the 

cells, therefore the formylation of the starting Met seems not to be essential. 

Because formylation is one additional enzymatic step with the start Met-tRNA, the 

mutation of the starting position with the amino acid analogues is harder to achieve, when 

compared to the internal protein positions. Therefore the yields of the protein mutants are 

always lower than yields of the wild-type protein under the same expression conditions [38, 

69]. To keep a high-level incorporation of Met analogues to target protein, it is also feasible 

to find a methodology that only insert Met to initial postion but Met analogues to internal 

positions. 
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Figure 4 | Escherichia coli Met-biosynthesis pathway [71]. The arrow indicates the 

direction of metabolism reactions. metA, metB, malV, metH and metE are in red color to 

indicate genes encoded key enzymes which labeled by blue color beneath. The curved arrow 

refers to other reagents and productions involved in that step of reaction. 

In metabolism, throughout the Met biosynthesis in E. coli, the trans-sulfuration pathway 

is a metabolic pathway involving the interconversion of cysteine and homocysteine, through 

the intermediate cystathionine (with Cystathionine γ-synthase (metB) that activates succinyl-

homoserine ether with cysteine to form cystathionine which is subsequently split by 

Cystathionine β-lyase (metC) into homocysteine and pyruvate). This is in contrast to the 

direct sulfhydrylation pathways for the synthesis of cysteine or homocysteine via the 

replacement of the acetyl/succinyl group with free sulfide (via the cysK or cysM -encoded 

cysteine synthase [70] and the metZ or metY -encoded homocysteine synthase, respectively) 

[71]. 

Interestingly in bacterial metabolism, two different acylation approaches have been 

found: succinylation and acetylation [71]. For bacteria, succinylation is likely to be energy 

efficient and easier for the cells to achieve. In this study, due to the need for ncAA 

intracellular biosynthesis, a new pathway that utilizes acetylation approch has to be 

established.  

As shown in Figure 4, in E. coli, the whole Met synthesis starts from Hs which originates 

from L-aspartate metabolism. In addition, Hs is also included in threonine synthesis pathway 

as a precursor. There are three main steps between Hs and L-Met: 1) first, Hs is O-acylated, 2) 

second, thiol group is transferred onto the acylated Hs, 3) lastly, the thiol group is decorated 

with the methyl-group. In E. coli during the first step Hs is acylated with succinyl-CoA under 

the catalysis of O-succinytransferase (EC:2.3.1.46), encoded by metA gene. Consequently, O-

succinyl-homoserine receives thiol group from L-cysteine, which is cleaved to produce 

pyruvate and ammonium ion, and L-homocysteine is formed. Two enzymes encoded by metB 

and malV contribute to this step.  During the last step, methylation on L-homocysteine occurs 
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under both aerobic and anaerobic conditions. metE gene encodes the enzyme cobalamin-

independent homocysteine transmethylase for aerobic conditions whereas metH gene encodes 

Methionine synthase used under anaerobic conditions. The methyl donors for the last step are 

N
5
-methyl-tetrahydropteroyl tri-L-glutamate and N

5
-methyl-tetrahydrofolate, for aerobic and 

anaerobic conditions, respectively. 

SPI ncAA incorporation procedure requires Met auxotrophic strain which is normally 

applied for incorporation of Met analogues [72, 73]. The most convenient and efficient E. 

coli Met pathway key gene deletion is to remove metE which is involved in the last step of 

aerobic growth. Genetically modified from BL21 (DE3), E. coli B834 bearing metE alel is a 

widely used auxotrophic setup for high-level expression under T7 promoter [74]. The growth 

rate of E. coli B834 strain is limited by the Met amount in the defined synthetic medium.  

Another Met auxotrophic strain used in this study JW3973 which is developed from E. 

coli K-12 MG1655 strain. JW3973 is purchased from Keio collection [75]. The Met 

auxotroph is achieved by deletion of metA gene, thus the cell are not capable of producing O-

succinyl-L-homoserine. As the result, the whole synthesis pathway is blocked from the 

beginning.  Especially both auxotrophic strain E. coli B834 and JW3973 cannot survive 

without external Met supplementation in minimal media.  
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1.3.3 PLP-dependent enzyme and O-acetyl-L-homoserine sulfhydrylation in 

Corynebacterium glutamicum 

Taking into an account the costly and time consuming Aha chemical synthetic protocol 

(See Figure 3), biosynthesis is an optimal approach for ncAA production. For this purpose, 

the key enzyme for substituting different chemical groups onto amino acids is found in 

pyridoxal 5’- phosphate (PLP) dependent enzyme family. PLP as the active form of vitamin 

B6 works as cofactor for various enzymes involved in significant metabolism (amino acids, 

lipid and glucose).  Based on the special structure, high efficiency PLP-dependent enzymes 

are widely used in biotechnology for production of various compounds [12, 76]. One of the 

well-known PLP-dependent enzymes is O-acetyl-L-serine sulfhydrolase A/B (OASS, EC: 

2.5.1.47) encoded by cysK/cysM gene in E. coli.  Maier [70] has shown that O-acetyl-L-serine 

can react with different nucleophiles under the ecOASS catalysis to produce cysteine 

analogues such as S-phenyl-L-cysteine (used in AIDS therapy), L-azidoalanine (used for click 

chemistry) and L-cyanoalanine (used infrared spectroscopy).  

 Figure 5 | Met metabolic pathway in Corynebacterium glutamicum [79]. Besids usual 

succinylation in bacteria, this pathway also included acetylation of Hs and direct 

sulfhydrylation. 

In this study, Met analogues are produced, therefore the side chain contains one 

additional CH2-unit as compared to cysteine analogues. With one extra methylene-group, the 

substrate in this study is supposed to be O-acetyl-L-homoserine (Oahs).  To enable this, a 

powerful PLP-dependent enzyme should be found. The enzyme should work similar to 

ecOASS with a difference that it should accept Oahs as the substrate for the nucleophilic 

transformation.  

Good enzyme candidates can be found in Corynebacterium glutamicum, which is a 

gram-positive bacterium used for industrial amino acids production, for instance, L-glutamate 

and L-lysine [77]. The related Met metabolic pathway of C. glutamicum is especially 
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interesting because of the Hs acylation step. Different from usual succinylation in bacteria, 

acylation in C. glutamicum is acetylation, which makes it more similar to eukaryotic systems 

[78].  Therefore the PLP-dependent enzyme in C. glutamicum is O-acetyl-L-homoserine 

sulfhydrylase (OAHSS, EC 2.5.1.49). The latter is involved in the Met metabolic pathway for 

direct conversion of Oahs to L-homocysteine (see Figure 5) [8]. In Figure 5, OAHSS 

exchanges thiol group to Oahs in course of one step reaction. 

 

Figure 6 | Predicted Three dimensional structure of cgOAHSS. Graph is drawn by 

SWISS-MODEL [80–82] online software, template PDB code: 4kam.1.A, sequence identity 

61.19%. Protein sequence see appendix 6.1. As cofactor, pyridoxal 5’-phosphate banded to 

the protein active sites is the mean role of the whole catalytic process.  

Figures 6 and 7 depict the three dimensional structure along with the catalysis 

mechanism of cgOAHSS. In bacteria and eukaryotes, OAHSS catalyzes γ-substitution 

reaction by the γ-elimination of the acetyl group on Oahs after the deprotonation. An 

aminoacylate intermediate is formed then one thiol group is exchanged for L-homocysteine 

production. In addition to thiol group, a variety of nucleophiles can be attached as well on 

this step [12]. Following chemicals can be considered as the potential nucleophiles: sodium 

azide, allyl mercaptan, methanethiol, cyanide, thiophenol and ethanethiol – all producing Met 

analogues.  

The activity of cgOAHSS has been investigated previously by Dr. Martino Luigi di 

Salvo (Sapienza University of Rome). In vitro, isolated cgOAHSS is capable of γ-substitution 

catalysis of Aha formation from Oahs and sodium azide. This process can easily be followed 

by thin layer chromatography (TLC) and HPLC-ESI-HRMS [69]. The successful in vitro 

synthesis provides experimental support for the further biosynthetic approach towards in vivo 

Aha production. Simultaneously, Sahc in vivo production catalyzed by cgOAHSS is also 

possible, while using Oahs and allyl mercaptan as precursors.  
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Figure 7 | 6-steps catalytic mechanism of cgOAHSS [83] through pyridoxal 5’- 

phosphate of Aha intercellular biosynthesis process. Originally, the external aldimine of 

PLP is charged with Oahs where deprotonation occurs twice (from 1 to 3). An electrophilic 

intermediate imino-3-butenoate is formed by acetate eliminated (4). Oahs γ-substitution 

through azide nucleophile results in the production of Aha (from 4 to 7) together with free 

cgOAHSS released. 

In C. glutamicum, Oahs is produced from Hs by acetyl transfer from Acetyl-Coenzyme 

A at the enzyme homoserine acetyltransferase (cgHSAT, EC 2.3.1.31). The latter is encoded 

by gene metX. The efficiency of cgHSAT directly influences the efficiency of cgOAHSS. 

This dependence should be taken into account in pathway design; cgHSAT and cgOAHSS 

should thus act simultaneously. For the whole construction of new metabolic pathway in E. 

coli, the first step will be to characterize cgHSAT’s activity.  
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1.3.4 Metabolic pathway design of non-canonical amino acids in vivo biosynthesis  

To build a new Aha/ Sahc synthesis pathway in E. coli, metY gene from C. glutamicum 

needs to be inserted into suitable Met auxotrophic E. coli strain. The subsequently expressed 

recombinant protein cgOAHSS becomes in this way a key enzyme of ncAA intracellular 

biosynthesis in E. coli.   

 

Figure 8 | Designed Aha and Sahc metabolic pathway in E. coli. Both of the procedures 

involve 2 steps: acylation Hs to Oahs, γ-substitution of azide/ allyl mercaptan (2-propene-1-

thiol) functional group on Oahs.  

In E. coli, the only acylation form of Hs is O-succinyl-L-homoserine. Therefore this 

succinylized form cannot be involved as a substrate for cgOAHSS. For that reason, Hs 

acetyltransferase cgHSAT is essential for the coupling of semisynthetic pathway, i.e. to 

supply Oahs and to complete the 2 steps Aha/ Sahc producing reaction in vivo (see Figure 8) 

[84].  In addition, to drive the metabolism flux to the desire direction, the key enzyme in E. 

coli Met pathway need to be removed to get avoid of unnecessary substrate consuming. 

Firstly metE from E. coli is proposed to be deleted to stop methylation of homocysteine. In 

addition, Hs succinyltranferase (EC:2.3.1.46) encoded by metA in E. coli is competitive to 

cgHSAT. Due to the limited amount of Hs in E. coli, metA should be removed together with 

metE from genome. Remarkably, E. coli with properly configured (“grafted”) genes from 

cgHSAT (metX) and cgOAHSS (metY) is proved to become very efficient in executing direct 

sulfhydrylation pathway imported from C. glutamicum. Except Aha or Sahc, the possible in 

vivo natural production of this pathway also includes L-homocysteine.   

In particular, to the requirement of controlling the semisynthetic metabolic flux, neither 

homoserine succinylation nor homocysteine methylation should occur. Therefore, both metA 

and metE gene should be removed from the genome of expression host E. coli BL21 (DE3). 

Through the “borrowing” of enzymes from C. glutamicum direct sulfhydrylation pathway 

(metX, metY), the new semisynthetic pathway is generated. It is capable of conversion of Hs 
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to novel intermediate (activated Oahs) and subsequently producing Met analogues such as 

Aha and Sahc.  

 

Figure 9 | Designed Aha/ Sahc metabolic pathway in E. coli. Designed pathway enables 

three possible productions: Aha and Sahc by the addition of sodium azide and allyl mercaptan; 

side production L-homocysteine from the natural metabolism. Gray shaded are inactivated 

steps from natural E. coli methionine biosynthesis pathway.  

The newly designed semisynthetic pathway in E. coli is shown in Figure 9. There are 

three possible enzymes, recombinant cgHSAT (metX), cgOAHSS (metY) and potential E. coli 

Met synthase encoded in metH.  During the experiment, Met synthesis is kept active in the 

host E. coli genome under the anaerobic conditions. Since Met is essential for the cells’ 

growth one needs to keep “rescue” strategy for the cell that enables a higher stability of the 

whole system. This strategy includes unitization of sulfide as nucleophile from cellular 

metabolic. However, upon addition of azide (or other nucleophiles) in the medium along with 

the constitutive expression of recombinated enzymes, the in situ biosynthesis of Aha (or other 

analogues) start and cells usually stop to grow.  
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In the future work we can benefit from the versatile catalysis ability of PLP-dependent 

enzyme cgOAHSS, many ncAAs could be produced by feeding different chemical group 

donor (i.e. nucleophiles [70]) compounds as shown in Figure 10 and table 1.  

 

Figure 10 | Survey of possible ncAAs synthesized by cgOAHSS. The donor compounds for 

substituted chemical functional groups see table1.  

Table 1 | List of possible production accessible by new designed system*. 

* The numbers in this table corresponds with numbers in Figure 10  

Number  Non-canonical amino acids nucleophiles 

(1) S-sulfo-L-homocysteine Sodium thiosulfate 

(2) S-hydroxyethyl-L-homocysteine Mercaptoethanol 

(3) S-phenyl-L-homocysteine Thiophenol 

(4) S-thiazole-2-yl-L-homocysteine 2-Mercapto-thiazol 

(5) S-thien-2-yl-L-homocysteine 2-Mercapto-thiophene 

(6) pyrazole-1-yl-L-homoalanine 1,2-Pyrazole 

(7) triazole-1-yl-L-homoalanine 1,2,4-Triazole 

(8) tetrazole-2-yl-L-homoalanine 1,2,3,4-Tetrazole 

(9) 1,2,4-oxadiazolidinedionyl-L-homoalanine 1,2,4-Oxadiazolidin-3,5-dione 

(10) phenyl-seleno-L-homocysteine Selenolphenyl 

(11) 5-carboxybenzotriazole-2-yl-L-homoalanine 5-Carboxy-1,2,3-benzotriazole 

(12) L-cyanohomoalanine Potassium cyanide 
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1.3.5 Selection of model proteins 

With the achievement of intracellular ncAA synthesis, the next logical step is the in situ 

incorporation of the metabolically produced ncAA into model proteins for their surface 

modification(s). The capacity of ncAA production can be indirectly proved by incorporation 

into proteins and subsequent protein analyses (e.g., mass spectrometry, gas chromatography 

etc.). The yield of modified protein (quantification) is also directly related to the efficiency of 

in situ biosynthesis of the desired ncAA. On the other hand, the protein scaffold needs to be 

stable enough to tolerate modifications with the related amino acid analogues [85].   

In general, after the optimization of fermentation procedure, target protein purification 

and various characterizations are performed to demonstrate efficiency of the systems. The 

general efficiency of the designed system can be characterized by a series of measurements: 

(a) analytical measurements (e.g., Detection and quantification by mass spectrometry of 

proteins); (b) spectroscopic measurements (e.g., fluorescence, UV, circular dichroism 

spectroscopy); (c) biophysical measurements (e.g., by monitoring of protein stability via 

denaturation (melting curve) or protein activity via activity assays). 

Figure 11 | three dimensional structures of model protein. A: B*, B: GFP, C: GTL and the 

possible Met positions. Protein structure is drawn by PyMol (PDB code for GFP, GTL and 

B* are: 4GF6, 3AUK, 1B27). Met positions are labeled in different colors on the protein 

structures and pointed by arrows.  

Our first model is Barstar (B*), a small protein (90 residues) which originates from 

Bacillus amyloliquefaciens where it serves as the inhibitor of barnase. The cysteine free 

mutant is extremely suitable in terms of secondary structure, fluoresce spectroscopy and 

stability [86, 87]. 

The second model protein is Green Fluorescent Protein (GFP) [88] which has been 

widely applied in biotechnology and cell biology. It was originally isolated form jellyfish 

Aequorea victoria. Its auto-fluorescent character is an ideal feature for different applications. 

Here we also use “enhanced cyan” fluorescent protein (ECFP) as one color mutation of GFP 
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[89]. It is worth to note that GFP mutants used in this study were designed and engineered 

originally as asialoglycoprotein receptor by Dr. Nina Bohlke (TU Berlin) [90].  

The third model protein, Geobacillus thermocatenulatus lipase (GTL) is chosen due to 

its ability to hydrolyze esters [91]. Native GTL contains 7 Met residues throughout the 

sequence. We were especially interested to learn more about tolerance of such a system 

towards multiple replacements of a higher number of Met-residues with related analogues.   

In order to achieve homogeneous product purification, genetic modifications are 

performed towards addition of His6 tag, which can be subsequently cleaved by tobacco etch 

virus nuclear-inclusion-a endopeptidase (TEV protease).  TEV digestion is able to remove 

both His6 tag and N-terminal Met if necessary, gives rise to the original protein sequence with 

or without desired modifications introduced by ncAAs. 
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1.4 Aim of this study 

The aim of this study is to establish an intracellular ncAA biosynthesis system, and 

couple it to direct incorporation into target protein via codon reassignment. For this purpose, 

it is necessary to develop a robust and optimized system where the cost of protein 

functionalization can be reduced to a biotechnologically realizable low level. The first step is 

to clone two enzymes from Corynebacterium glutamicum and express them in Escherichia 

coli. In parallel, they should be purified and investigated in vitro to ensure the wide catalytic 

activity on diverse substrates. Based on the efficiency and compatibility, the cell bearing 

these two enzymes can be subjected to further improvement of experimental outcome in Aha 

metabolic synthesis in E. coli.  

Secondly, based on the recombinant Corynebacterium glutamicum enzymes, designed 

semisynthetic/ synthetic metabolism of Aha is reprogramed in different Met auxotrophic E. 

coli strains. Via model protein expression, the in-cell produced Aha should be directly 

incorporated in response of AUG codon in place of Met. Thus, an important novel link is 

generated between ncAA biosynthesis and AUG codon reassignment.   

Thirdly, to increase the yield of Aha production, the fermentation procedure of our 

optimized system should be further improved via process biotechnology procedures. Variety 

of important factors, for instance Met resource, azide resource toxicity, feeding progress 

engineering etc. should be optimized. Their manipulation leads to an increase of the protein 

production yields and Met residue replacement selectivity. The final goal would be to 

perform large-scale synthesis of ncAA functionalized proteins from cheap resources, such as 

water, inorganic salts and yeast extracts.  

Finally, in order to demonstrate the diversity of ncAA production acceptable by the 

adapted system, another Met-analogue Sahc should be biosynthesized from allyl mercaptan 

and subsequently incorporated into proteins. Further, AUG codon reassignment is tested via 

recognition of Sahc by Met aminoacyl-tRNA synthetase (MetRS). The incorporation of Sahc 

is expected to be confirmed by mass spectrometric measurements. The functional olefin 

group enabled residue specific thiol-ene radical conjugation onto the protein. 

  



 

24 
 

1.5 Results and Discussion 

In this project, the establishment of non-canonical amino acid (ncAA) intracellular 

biosynthesis system is achieved by two steps: from O-acetyl-L-homoserine (Oahs) to L- 

azidohomoalanine (Aha) and from L-homoserine (Hs) to Aha. This can be achieved by 

integration of the Corynebacterium glutamicum enzymes O-acetyltransferase (cgHSAT) and 

O-acetyl-L-homoserine sulfhydrylase (cgOAHSS) (see Figure 9) to the target E. coli 

methionine auxotrophic strain system. The first system is E. coli with cgOAHSS which 

enables synthsis of Aha from externally added azide and Oahs. In the second system, we 

introduced cgHSAT which enabled Aha synthesis only by adding azide. Hereby, the first 

system which requires chemical supplement of the amino acid precursor will be integrated to 

the second system which starts from cellular metabolites. As next, the designed strain should 

be optimized for better protein production yield. 

1.5.1 Biosynthetic production of L-azidohomoalanine starting from the supplied 

O-acetyl-L-homoserine 

Based on its catalytic capability of sulfhydrylation, cgOAHSS was cloned to Escherichia 

coli B834 (DE3) to build up the metabolic pathway of Aha synthesis. The host E. coli strain 

was taken as Met auxotroph in order to avoid competitive incorporation of Met by AUG 

codon.  

During the fermentation, two substrates were supplied to the cells for the Aha in situ 

synthesis: Oahs and sodium azide. Similar to SPI method [92], the fermentation procedure 

was also divided into two phases: firstly the cells were grown on the medium with limited 

Met amounts to build up the cell machinery and express cgOAHSS, secondly after the Met 

depletion Oahs and sodium azide were added to the culture to produce Aha using cgOAHSS 

followed by induction of the target protein B*. After the expression, this protein B* was then 

isolated and analyzed by the protein analytic methods. Oahs used in this experiment was 

chemically synthesized from Hs by Dr. Hernán Biava (TU Berlin) [69].  

To determine the Aha incorporation yield in this procedure, two different B* variants 

involving one and two Met positions were used. As a parallel experiment of Aha semi-

synthesis from Oahs and sodium azide supplementary expression, Met was added to the 

culture in the second phase to produce wild type B* for comparison (positive control).  

1.5.1.1 Plasmid design 

The key enzyme cgOAHSS genetically coded by metY (GenBank: FJ483537.1, see the 

sequence in appendix 6.1) was provided from Prof. Dr. Jörn Kalinowski’s lab (Bielefeld 

University) in the form of plasmid pZ8-1-metY. To be involved into novel metabolic 

pathway, the expression of cgOAHSS was more suitable to be driven by constitutive 

promoter glnS’ during the first phase of cell growth. The chosen plasmid pBU26’glnS was 
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designed based on pSEVA plasmid system assembled by Dr. Jan-Stefan Völler (TU Berlin) 

[93].  

The gene cassette metY was amplified from plasmid pZ8-1-metY with following primers: 

1-metY-Forwerd (NheI): 5’-CGCCGCTAGCCCAAAGTACGACAATTCCA-3’ and 1-

metY-Reverse (KasI): 5’-AAAAGGCGCCCTAGATTGCAGCAAAGCCGCC-3’.The 

restriction sites were labeled by underline and indicated inside of brackets.  

After ligation, transformation and sequence verification, the plasmid pBU’26glnS-metY 

was transformed in to E. coli B834 (DE3) together with the previously prepared plasmid 

pQE80L- Barstar (see appendix 6.2 for structure). Two B* model protein variants with 

different Met numbers were used in this project. One included only N-terminal Met and the 

other included N-terminal with an additional Met at position 47 (mutated from the original 

E47). Both of B* variants were expressed following the induction of T5 promoter. Different 

incorporation level of Aha and Met were achieved and they were represented such as B*-

1Aha, B*-1Met, B*-2Aha, B*-2Met.  

1.5.1.2 Expression and purification of Aha labeled barstar in E. coli B834 

The expression strategy for auxotrophic host strain E. coli B834 harboring two plasmids 

pBU’26glnS-metY and pQE80L-Barstar was pre-culturing for 8 hours in LB media followed 

with inoculation to new minimal media (NMM) [94] with 0.045 mM Met for overnight 

growth at 37 °C and 200 rpm shaking flasks. Subsequently 1 mM Oahs and 1 mM NaN3 

(final concentrations) were fed to culture and incubated for 1 hour then 4 hours B*-1Aha 

induction was started by 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 30 °C, 200 

rpm. Culture optical density was measured before and after the induction (See appendix table 

13). The cultivation with 0.045 mM Met was denoted as first phase fermentation; the 

Oahs+NaN3 supplement and target protein induction were denoted as second phase. For 

positive control, B834 strain harboring only pQE80L-Barstar plasmid was cultured with the 

same conditions during the first phase then fed by 0.3 mM Met and started the inducted 

expression of B*-1Met. Simultaneously, B*-2Aha and its positive control B*-2Met was 

expressed from pQE80L-Barstar (E47M) by the same procedure as B*-1Aha and B*-1Met 

synthesis was performed. 
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Figure 12 | Coomassie stained 20% SDS-PAGE of B*-1Met, B*-1Aha, B*-2Met, B*-

2Aha, before and after induction. Left, lane 1: Page Ruler Unstained Protein Ladder 

(Thermo Fisher Scientific), the unit for number labeled beside the marker bands was “kDa”; 

The labels on top of the figure were diverse variants of B*, the ones below the figure mean 

before IPTG induction by “-” as well as after IPTG induction by “+”. 

During the fermentation, SDS-PAGE cell extract samples were taken before and after the 

induction of each target protein (Figure 12). From Figure 12, after induction B* bands clearly 

appeared with correct molecular weight of 10.2 kDa. Additionally, the expressed target 

proteins were purified by fast protein liquid chromatography (for method see 4.3.3). SDS-

PAGE samples were taken from each of B*-2Aha and B*-2Met elution of fraction tubes 

(Figure 13).  

From the SDS-PAGE, B* band (10 kDa) indicated clearly the expression and 

purification from both kinds target protein variants after IPTG induction. The yield of B*-

2Aha is 6 mg per liter culture, which is 56% of the B*-2Met yield. 

 

Figure 13 | Coomassie stained 20% SDS-PAGE of fraction from ion exchange 

chromatography of B*-2Aha and B*-2Met. Left, lane1, PageRuler marker; lane 2 to 6, 

different fraction of washed out B*-2Aha protein elution. The first tube fraction was used for 

further experiments. Right, lane 1 to 9, fractions of wild type B*-2Met elution; lane 10, Page 

Rular marker.  
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1.5.1.3 Mass spectrometry of purified protein  

 

Figure 14 | Mass spectrometry analysis. Deconvoluted ESI-MS of A: B*-1Aha (10247.45 

Da), B: B*-1Met (10251.92 Da), C: B*-2Aha (10244.39 Da), D: B*-2Met (10254.42 Da). 

The expected masses were: 10247.85 Da, 10252.92 Da, 10244.85 Da and 10254.99 Da. The 

small peaks on the right side of main peaks from samples B*-1Aha, B*-1Met and B*-2Aha 

were because of Na
+
 charge instead of proton charge during measurement. 

The molecular weight of B*-1Aha, B*-1Met, B*-2Aha, B*-2Met were deconvoluted 

from ESI-MS measurement as the numbers shown on Figure 14 (See 4.4.1 for method). The 

totally matched molecular weight demonstrated the successful intracellular production of Aha 

and in situ incorporation on the Met positions.   

1.5.1.4 Fluorescence, secondary structure and Stability of target protein 

As a model protein for structure and stability investigation, B* was tested with different 

characterize experiments for instance fluorescence spectroscopy, far-UV circular dichroism 

for secondary structure and thermal related unfolded form. It was especially interesting to 
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characterize different B* variants with Aha and Met labeling to determine the changes caused 

by the incorporation (see Methods 4.4.2).  

 

Figure 15 | Barstar (B*) and its spectral and unfolding features. A, three dimensional 

structure of B*(drawn with PyMol, PDB code: 1b27).  The N-terminal and the E47M 

positions were labeled by red color. B, normalized fluorescence intensity of B*-2Aha (red) 

and B*-2Met (black) under 290nm emission. Upon ultra-violet (UV) 290 nm excitation, B* 

emits in the range 300–450 nm (with the peak at 350 nm) of fluorescence spectrum detected. 

The emission scan of B*-2Met and B*-2Aha indicated that Aha incorporation negligibly 

affect B* protein fluorescence. C, Circular dichroism spectrum of B*-2Aha (red) and B*-

2Met (black). The two negative peaks showed that the α-helix and β-sheet structures of 

barstar protein hardly changed from wild type to Aha-labeled form. D: melting curve 

(thermal unfold protein profiles) of B*-2Aha (red) and B*-2Met (black). The Aha labeling 

brought lower Tm value to the protein (72.70 °C to 66.05 °C) which meant the stability of 

protein getting less but the influence is not obvious (see Methods 4.4.2).  

This result was very important for the further investigation of fluorescent dye and protein 

conjugation. It indicates that protein structure is not affected by Aha incorporation. 

Herein, the first system for Aha intracellular biosynthesis was created by introducing 

cgOAHSS enzyme to the Met auxotrophic E. coli B834 strain and extra feeding substrate 

Oahs and NaN3. The expression of target protein B* with Aha introduction was induced 

straight forwardly, whereby the labeling with Aha does not affect significantly the stability, 

secondary structure and characteristic UV and fluorescence spectral profiles. 
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1.5.2 Complete synthetic metabolic pathway for Aha in situ synthesis  

After achieving semi-synthesis of Aha with Oahs and NaN3, the focus of this study 

moved on to extend the pathway to start from Hs. Considering that the natural Met pathway 

in E. coli converts Hs to O-succinyl-L-homoserine, the first step was to add cgHSAT and 

delete the metA gene which encode E.coli homoserine O-succinyl transferase (EC:2.3.1.46) 

from the host strain B834. In addition, a ‘survival test’ system was set up to determine the in 

vivo metabolite concentration for optimizing the further fermentation procedure.  

1.5.2.1 Cloning, expression and characterization of Homoserine O-acetyltransferase from 

Corynebacterium glutamicum  

The characterization of cgHSAT started from the protein overexpression in E. coli BL21 

(DE3) and purification with His6-tag. The coding gene metX (from Prof. Dr. Jörn Kalinowski 

and Prof. Dr. Alfred Pühler, NCBI Reference Sequence: NC_003450.3) was cloned to vector 

pQE80L between SmaI and PstI restriction sites under the direct of T5 promoter and 

additional N-terminal His6-tag. The sequences of primer were: 2-metX-Forwerd (SmaI): 5’-

AAAACCCG-GGATGCCCACCCTCGCGCCTTCAGGTCAA-3’ and 2-metX-Reverse 

(PstI): 5’-CCGCCTGCAGCTTAGATGTAGAACTCGATGTAGGTCGAAGGGTTGTCT-

TCGTC-3’ 

 

Figure 16 | Cloning procedure for metX. Left: gel extraction of pQE80L (lane 1) and metX 

cassette (lane 2) after double digestion by SmaI and PstI; lane 3, Generuler DNA ladder mix 

(Thermo Scientific (Waltham, MA, USA). Right: Lane 1-4, colony PCR of pQE80L-metX, 

primers: 2-metX-Forwerd/ 2-met-Reverse; Lane 5, Generuler DNA ladder mix.  

Confirmed by sequencing, the correct recombinant plasmid was transformed into 

Escherichia coli BL21 (DE3). The expression took place in 100 mL LB media and was 

induced by 1 mM IPTG after cell concentration reached OD600 0.6. The purification of 

cgHSAT protein was performed by His6-tag Ni chelating chromatography with wash buffer 

(50 mM Tris, 100 mM NaCl, 20mM imidazole, pH 8.0) and elution buffer (50 mM Tris, 100 

mM NaCl, 300 mM imidazole, pH 8.0).  From Figure 17, the SDS-PAGE gel revealed that 

correct cgHSAT (41.18 kDa) was isolated for further activity test. At the same time, TLC 

indicated the clear switch between unreacted and reacted Hs, which meant the enzyme 
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cgHSAT has a good capacity of converting Hs to Oahs. Consequently the in vivo expression 

of cgHSAT was going to construct a novel Aha semi-synthesis pathway. 

 

Figure 17 | Expression and activity test of C. glutamicum L-homoserine O-

acetyltransferase. Left: SDS-PAGE of cgHSAT overexpression and purification, from left to 

right: prestained page ruler, non-induced cell extract, induced cell extract, Ni chelating 

chromatography purified cgHSAT. Right: Thin layer chromatography (TLC) of cgHSAT 

activity test. From left to right: 1) HS 10 mM + acetyl-CoA 10 mM, 25 µL in total. 2) HS 10 

mM + acetyl-CoA 10 mM+ cgHSAT 5 µM, 25 µL in total. 3) Oahs 10 mM, 25 µL in total. 4) 

HS 10 mM, 25 µL in total. 

 

1.5.2.2 Plasmids construction for Aha semi-biosynthesis and target protein direct 

expression in E. coli 

Together with constitutive glnS’ promoter, metY gene from C. glutamicum which coded 

cgOAHSS was amplified by PCR with primers: 3-glnS-Forward, 5’-

CGCCCCTAGGCATCAATCATCCCCATAAT-3’; 3-metY-Reverse, 5’-AAAACCCGGG-

CTAGATTGCAGCAAAGCCGCC-3’ and was recombined with the plasmid pSEVA26’1 by 

restriction sites AvrII and SmaI (plasmid structure see appendix 6.1). The colony PCR of 

recombination strains used different Forward primer: 1-metY-Forward: CGCCGCTAGC-

CCAAAGTACGACAATTCCA and reverse primer 2-metX-Reverse (PstI): 5’-

CCGCCTGCAGCTTAGATGTAGAACTCGATGTAGGTCGAAGGGTTGTCTTCGTC-3’ 

Besides the pSEVA26’glnS-metY-metX plasmid for expression of cgHSAT and 

cgOAHSS, the “cell factory” also involved vector for model protein overexpression. All 

model protein candidates were: Geobacillus thermocatenulatus lipase (GTL) with His6-tag 

and tobacco etch virus protease (TEV) cleavage site; barstar (B*); enhanced cyan fluorescent 

protein (ECFP) with His6-tag and asialoglycoprotein receptor green fluorescent protein 

(ASGP-R-GFP) with His6-tag plus TEV cleavage site). These target proteins were cloned to 

the same plasmid pQE80L carries T5 promoter [90]. The primers for ASGP-R-GFP cloning 

were 4-GFP-Bamh1-Forward: 5’-AAAAGGATCCGAGGCCTGTACTTCCAATCCGCGA-



 

31 
 

3’; 4-GFP-Hind3-Reverse, 5’-CGCC-AAGCTTTCATTTATACAGTTCATCTTTGCCG-3’ 

which contained BamH I and Hind III restriction sites. (See Appendix 6.2)  

 

Figure 18 | Cloning procedure for metY-metX. Left: gel extraction of pSEVA26’glnS-metY 

plasmid and metX cassette after double digestion with AvrII and SmaI. Right: Colony PCR of 

metY-metX cassette.  

 

1.5.2.3 Gene deletion of metA from Escherichia coli genome and fast growth evolution  

To delete metA gene from E. coli B834, based on Lamda bacteriophage gam-bet-exo 

recombination system (λ Red), the kanamycin cassette was amplified from pKD4 vector [95] 

and was transformed to B834 strain harboring plasmid pKD46 for the aim of homologous 

recombination. The primers for kanamycin amplification contained 50 bp up and 50 bp down 

stream of metA gene from E. coli BL21 (DE3) genome. The sequences were: metA-P1: 5’-

GCTATCTGGATGTCTAAACGTATAAGCGTATGTAGTGAGGTAATCAGGTTgtgtaggc

tggagctgcttc-3’; metA-P2: 5’-GTGCCTGAGGTAAGGTGCTGAATCGCTTAACGATC-

GACTATCACAGAAGAatgggaattagccatggtcc-3’.  

After digested by DpnI, the cassette was purified by gel extraction from the agarose gel 

showed on Figure 19 and transformed into electro-competent cells of B834 harboring pKD46 

[96]. After 1 hour recover cultivation, the cells were plated on the quarter to half-working 

concentration (12.5~25 µg/mL) kanamycin LB plate and incubated at 37 °C, overnight. The 

colonies needed to be streaked out for 2~3 times for colony PCR using C1-C2, C1-C5 primer 

pairs. The sequence for C1, C2, and C5 primers were: metA-C1: 5’-ACGTATAAGCGTA-

TGTAGTGAGGT-3’; metA-C2: 5’- AGGTAAGGTGCTGAATCGCT-3’; metA-C5: 5’-

TGCTTAGGAATGCCGTAGAGG-3’. The PCR production was showed on another agarose 

gel from Figure 19 as well as control strain B834 colony as template. The kanamycin 

resistant from the knock out strain was deleted (flp-out) by recombination with a temperature 

sensitive plasmid pCP20 and selected on ampicillin LB plate. 

The new E. coli BL21 (DE3) strain which contained gene metA and metE deletion was 

denoted by MDS15 which stood for “methionine direct sulfhydrylation” pathway for Met 
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biosynthesis (imported from C. glutamicum) whereby cgOAHSS (metY) adds a thiol group to 

an activated homoserine ester. For further Aha in-cell production and in situ incorporation to 

target protein, both plasmids pSEVA26’glnS-metY-metX and pQE80L (containing different 

target gene) need to be transformed to MDS15 or MDS15A to complete the whole system.  

 

Figure 19 | MetA gene deletion. Left: Lane1, generuler DNA ladder mix; lane 2, amplified 

kanamycin cassette from pKD4 vector. Right: Colony PCR of mutations, the banding 

position of C1, C2, C5 primers was showed on the top of picture by arrows. The templates for 

lane 1, 4 were B834; for lane 2, 5 were MDS15 whereas for well 3, 6 was MDS15-kanamycin. 

The primers for lane 1-3 were C1 and C2. The primers for lane 4-6 were C1-C5.  

To achieve further robust expression of model proteins, strain MDS15 was adapted to 

faster growth (generation time before experiment: 50 mins; generation time after experiment: 

27 mins) for 30 days in the turbidostat (with the great help of Dipl. Ing. Christian Schipp).  

The robust version of MDS15 was named as MDS15A, whereby “A” denoted adaption 

towards better growth and better tolerance to the presence of sodium azide when compared 

with MDS15 (See 1.5.3.1).  

 

1.5.2.4 Building up of “survival test” system in Escherichia coli JW3973 

During the fermentation of MDS15A system, it is essential to know whether the 

introduced enzymes are catalytically active. For this a “survival test” system based on Met 

auxotrophic strain E. coli JW3973 from Keio collation which had only gene metA 

(Homoserine O-succinyl transferase, EC:2.3.1.46) deleted from its Met synthesis pathway 

was used. Due to the auxotroph, JW3973’s growth was limited by the Met concentration in 

media.  As shown in Figure 20 (A), the different optical density of JW3973 which cultivated 

in NMM with 0.06/ 0.08/ 0.1 mM Met were determined as control. 

On the other hand, combined with the enzymes cgHSAT and cgOAHSS, the Met 

pathway in JW3973 can be recovered as Hs→Oahs→homocysteine→Met. Thus, JW3973 
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strain harboring pSEVA26’glnS-metY-metX was able to “survive” in Met-lacking NMM 

with its self-synthesized Met through the constitutively expressed cgHSAT and cgOAHSS. 

Namely, only successfully expressed cgHSAT and cgOAHSS with catalytic activity can 

contribute to JW3973 strain surviving in the media without Met. The optical density of 

JW3973 harboring pSEVA26’glnS-metY-metX finally reached can be used to determine the 

in vivo synthesized Met quantity by comparing to JW3973 control (Figure 20A). Meanwhile, 

the recovered Met synthesis in JW3973 with cgHSAT and cgOAHSS can also be proved by 

the direct Met insertion to the target protein B*. Both SDS-PAGE gel from Figure 20 (B) and 

Mass spectrometry analysis (data not shown) demonstrated a high level expression of wild 

type B* after induction. 

Moreover, to improve the intracellular Aha production yield during the further MDS15A 

fermentation, one candidate was pantothenic acid as the precursor of acetyl-CoA. To prove 

its contribution to increase the efficiency of Oahs transformation by cgHSAT, JW3973 strain 

harboring pSEVA26’glnS-metY-metX was also cultured in NMM with additional 1 mM 

pantothenic acid to see the growth curve.  

Thus, JW3973 survival test system was an efficient approach which is suitable not only 

for the measurement of cgHSAT and cgOAHSS catalytic functionality in E. coli host, but 

also for comparison the Hs level in metabolic pathway. As shown from Figure 20, the growth 

of JW3973 with cgHSAT and cgOAHSS reached almost the same level as control JW3973 

with only 0.1 mM Met. It means at least 0.1 mM Hs precursor was able to contribute to this 

pathway for later Aha synthesis. Meanwhile, additional pantothenic acid can improve the cell 

growth rate but not higher amount of Met production by the new pathway.   

Normally in SPI, the required amount of ncAA which added to culture was 0.5 mM to 1 

mM. Although not all of the ncAA can be depleted [97], it was still essential to produce a 

high ncAA concentration pressure compared to canonical amino acid in order that the cells 

would prefer to incorporate the ncAA. Thus, the next step study was to optimize the 

fermentation protocol to efficiently produce the ncAA intracellularly. 
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Figure 20 | Growth curves of E. coli JW3973 with different setups (A) and testing 

barstar expression (B). (A) E. coli JW3937 harboring plasmid pSEVA’26glnS-metX-metY 

grew in NMM without Met (solid line) and with additional 1mM pantothenic acid (dot line). 

Control JW3973 without any plasmid was cultivated in NMM with limited 0.06/ 0.08/ 0.1 

mM of Met as labeled beside the growth curve. The cell population level of E. coli JW3937 

harboring pSEVA’26glnS-metX-metY culture reached to the similar level as the control 

JW3973 cultured with 0.1 mM Met. With additional 1 mM pantothenic acid, the E. coli 

JW3937 harboring pSEVA’26glnS-metX-metY grew faster than the ones without. B: non-

induced and induced cell extract from strain JW3973 harbor pSEVA26’glnS-metY-metX and 

pQE80L-barstar which were cultivated in NMM with 0.045 mM Met. The clear B* band’s 

appearance after induction demonstrated intracellular biosynthesis of Met based on 

recombinant enzymes cgHSAT and cgOAHSS in auxotrophic strain E. coli JW3973.  

In conclusion, these work presented in the whole chapter 1.5.2 resulted in the 

construction of a new Aha semi-synthetic system including 1) recombinant plasmid 

pSEVA26’glnS-metY-metX for cgHSAT and cgOAHSS expression; 2) new Met auxotrophic 

strain MDS15 and its robust type MDS15A. 3) The intracellular activity of both cgHSAT and 

cgOAHSS which proved survival test model JW3973; 4) The approximately determined 0.1 

mM Hs concentration of intracellular metabolite in E. coli, based on survival test model 

JW3973.  
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1.5.3 Optimization of the Aha labeled protein production by the designed strain 

In contrast to the biosynthesis protocol started from Oahs and NaN3 described in chapter 

1.5.1, an optimized fermentation strategy requires the low concentration of intracellular 

precursor Hs (~0.1 mM). The efficient Oahs in vivo production requires many conditional 

changes for instance, 1) well determined cell tolerance to sodium azide to reach higher 

production yield, 2) higher growth rate of host strain to consume most of Met in the first 

phase, 3) economically efficient Met resource to fit industrial level production [98], 4) extra 

supplied pantothenic acid to increase concentration of metabolic intermediate acetyl-CoA. 

1.5.3.1 Sodium Azide toxicity tolerance test  

To identify cell tolerance threshold for the toxic nucleophile sodium azide, both strains 

MDS15 and MDS15A were streaked out on the LB plate and inoculated to NMM with 

additional sodium azide under different concentration of 0.5 mM, 0.8 mM and 1 mM. Based 

on the colony counting experiments with MDS15, azide tolerance test of MDS15A was 

performed under the higher sodium azide amount 0.8 mM, 1 mM and 1.5 mM. 

These continually diluted and dropped colony suspensions were incubated on LB plate 

3.5 hours and 6 hours at 37 °C since dead cells can also contribute to optical density 

measurement in liquid culture.  

By calculation, the cell concentration under 0.5 mM, 0.8 mM, and 1 mM after 3.5 hour 

cultivation time were 7×10
7
, 2×10

7
, 2×10

6
 cells/mL, after 6 hours were 5×10

8
, 1×10

7
, 1×10

6
 

cells/mL. In conclusion, 0.8 mM was the suitable working concentration for Aha intracellular 

biosynthesis in E. coli.  

Table 2 | Sodium azide toxicity tolerance test on E. coli strain MDS15. The colony-

forming units of MDS15 were counted by flat colony counting method and revealed on 

following chart. ‘n. d.’ refers to ‘not determined’ since the colonies were too many to be 

count clearly. 

MDS15 3.5 hours 6 hours 

Dilute times 10
1
 10

2
 10

3
 10

4
 10

5
 10

1
 10

2
 10

3
 10

4
 10

5
 

0.5 mM n. d. n. d. n. d 7 0 n. d. n. d. n. d. 22 5 

0.8 mM n. d. n. d. 7 2 0 n. d. 15 2 1 1 

1 mM n. d. 11 2 0 0 4 2 0 1 1 

Table 3 | Sodium acid toxicity tolerance test on E. coli strain MDS15A. 

MDS15A 3.5 hours 6 hours 

Dilute times 10
1
 10

2
 10

3
 10

4
 10

5
 10

1
 10

2
 10

3
 10

4
 10

5
 

0.8 mM n. d. n. d. 4 0 0 n. d. n. d. 8 3 0 

1 mM 8 3 0 0 0 8 1 0 0 0 

1.5 mM 5 0 0 0 0 3 0 0 0 0 

Differently, the cell concentration under 0.8 mM, 1 mM, and 1.5 mM sodium azide after 

3.5 hour cultivation time were 4×10
7
, 3×10

5
, 5×10

4
 cells/mL, after 6 hours were 3×10

7
, 1×10

5
, 
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3×10
4
 cells/mL. After being adapted in turbidostat, MDS15A’s azide tolerance ability was 

not improved.  

1.5.3.2 Optimization of MDA15A fermentation protocol 

During the complicated ncAA incorporation fermentation process, the yield of target 

protein expression was evaluated by two different criteria: the harvested protein yield and the 

replacement (labeled by analogues) level. The protein yield depended primarily on cell mass 

and media conditions whereas labeling level relied on the accumulated ncAA concentration 

in vivo.  

To incorporate Aha into target protein, by the SPI method, the amount of Met in the 

culture was limited to 0.045 mM in order to achieve OD600 0.6 for the next step. 

Subsequently, around 0.5-1 mM Aha was added to culture for protein induction. Conversely, 

the Aha intracellular biosynthesis system required the accumulation of Aha production in 

vivo to a compatible level before the inductive expression of target protein. Therefore, 

MDS15A system needed higher cell population level during the first phase growth with Met 

and more batches of continuous supplied sodium azide under the toxicity limitation 0.8 mM 

which had been figured out in last session. 

As a low cost and rich nutrition (especially Met) resource, yeast extract was the best 

candidate instead of Met for first phase growth which can bring the cell mass up to OD600 4.5 

[62]. As the consequence, the increasing of cell mass required better pH balance ability (pH~ 

7.0) from the culture. Therefore the phosphate concentration was optimized to 180 mM (as 

2.5 times as in NMM 72 mM). Furthermore, pantothenic acid was added as a precursor of 

acetyl-CoA which played an important role of increasing the Oahs production yield (See 

chapter 1.5.2.4) 

Due to the low concentration of Aha production in vivo, high concentrations of IPTG (1 

mM) resulted to a reduced labeling level but higher protein yield. Therefore the target protein 

was induced using 0.5 mM IPTG. The principle of MDS15A system and details of the 

expression device are presented in Figure 21 and 22.  

During the whole process of optimization, a variety of parameters were investigated 

through the measurement of both protein production yield and Met replacement level. Part of 

the experimental setups is revealed from table 4. The investigated parameters included target 

protein types, host strains, Met resource and the length of its initial consumption phase, azide 

feeding strategy, pantothenic acid feeding strategy, and induction time. The fermentation 

quality was determined by protein yield and labeling level as shown in table 4. 
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Figure 21 | Intracellular metabolic pathway of Aha synthesis. Three dimensional 

structures of ribosome, mRNA, plasmids, synthesized peptide and Aha were drawn with 3D 

MAX software. Protein structure was drawn by PyMol (PDB code: 4GF6). 

 

Figure 22 | MDS15A growth rate and expression device. 3.5 g/L yeast extract was added 

to the media in the beginning. After 3 hours, 0.8 mM sodium azide and 1mM pantothenic 

acid were added every 90 mins (in total 3 batches). The cells population can reach to OD600 

4.5 after 7 hours cultivation, meanwhile Aha was synthesized and accumulated in vivo. 

Finally after 8 hours, the 25 hours long induction was activated by adding 0.5 mM IPTG to 

the culture.  
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Table 4 | Chart of fermentation conditions test and protein yields. H. refers to the host 

E .coli strain for fermentation, M was MDS15 and A was MDS15A. Met resource refers to 

the Met resource and its incubation time. Azide refers to the feeding strategy of sodium azide 

amount and total incubation time. pa means the addition of pantothenic acid amount. For 

setup 14 and 15, 4.5 hours means supplying 3 batches 0.8 mM azide and 1 mM pantothenic 

acid every 1.5 hours during the first phase fermentation. Ind. time refers to the induction time 

length. Protein yield is the measured quantity with the unit of mg/L culture. Labeling yield is 

expressed by detected labeled residues divided by total Met positions in the target proteins.   

Set 

up 

Model 

protein 
H. Met resource 

Azide 

(mM) 

pa 

(mM) 

Ind. 

time 

Protein 

yield 

Label 

level 

1 B*-2M M 0.06mM Met, 8h 0.8, 1h - o/n 1.5mg/L 1/2 

2 GTL M 0.06mM Met, 8h 0.8, 1h - o/n 5mg/L 6/7 

3 GTL M 0.06mM Met, o/n 0.8, 3h - 5h 1.5mg/L 5/7 

4 GTL M 0.06mM Met, 7h 0.8, 2h - o/n 7mg/L 4/7 

5 GTL M 0.06mM Met, 7h 0.8, 1h - o/n 17mg/L 5/7 

6 ECFP-N A 0.06mM Met, 7h 0.8, 1h - o/n 19.7mg/L 3/7 

7 ECFP-C A 0.06mM Met, 6h 0.8, 3h - o/n 2.64mg/L 3/6 

8 ECFP-N A 0.06mM Met, 7h 0.8, 1h - o/n 6.6mg/L 2/5 

9 ECFP-N A 0.06mM Met, 7h 0.8, 1h - o/n 16mg/L 3/6 

10 GFP-1M A 0.06mM Met, 7h 0.8, 1h - o/n 2.72mg/L 0/1 

11 GFP-2M A 0.06mM Met, 7h 0.8, 1h - o/n 5.75mg/L 1/2 

12 GTL A 0.06mM Met, 8h 0.8, 1h 1 o/n 6.9 mg/L 4/7 

13 ECFP-N A 1.5 g/L YE, 8h 2.0, 1h 1 20h 16mg/L 4-5/6 

14 ECFP-N A 3.5 g/L YE, 8h 2.4, 4.5h 1 20h 36mg/L 5/6 

15 GFP1M A 3.5 g/L YE, 8h 2.4, 4.5h 1 20h 9.67mg/L 1/1 

16 GFP2M A 3.5 g/L YE, 8h 2.4, 4.5h 1 20h 20mg/L 2/2 

17 ECFP-N A 3.5 g/L YE, 8h 5.6, 4.5h - 20h 14mg/L 1/6 
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Data presented in table 4 clearly indicated that 3.5 g/L yeast extract enables the highest 

protein yield for each variant. Simultaneously, the azide-pantothenic acid continous feeding 

device (set up 14, 15, 16) brought the highest labeling levels. In set up 16, attempts to 

increase the azide amount were conducted. Although it was still possible to harvest target 

protein, the labeling level fell to the lowest value (1/6). This demonstrated that excessive 

azide may disturb the in-cell production yield of Aha. Thus, the more Aha in-cell production 

and the less excess Met that remains before induction, the better target protein labeling yield 

can be achieved by the system. 

In summary, the best expression/ labeling conditions were: using enhanced new minimal 

media (ENMM) which include 180 mM phosphate salts; 3.5 g/L yeast extract as Met 

resource for first phase; continuously fed 3 batches of 0.8 mM sodium azide and 1 mM 

pantothenic acid; 0.5 mM IPTG for induction.  

1.5.3.3 Purification and Analysis of Aha Labeled model proteins  

 

Figure 23 | Coomassie stained 15% SDS-PAGE of GFP expression and purification. The 

molecular weight of GFP was 26.7 kDa. The left gel involved GFP-1Met (lane 1 to 3) and 

GFP-1Aha (lane 5 to 7); lane 4 was Page Ruler marker which labeled by molecular weights 

(in kDa) of different bands, as well as lane 6 on the right gel.  The right gel was with GFP-

2Met (lane 1 to 3) and GFP-2Aha (lane 4 to 6). “ni” was “non-induced” cell extract; “i” was 

“induced”; “pur” was protein elution after purification. All protein variants were successfully 

expressed after being induced.  

In this work, different model proteins were chosen to investigate the Aha intracellular 

production yield. The engineered GFP contained N-terminal His6-tag and TEV cleavage site 

had two variants: GFP-1Met with D134M mutation; GFP-2Met with one additional Met 

mutant T50M besides D134M. By post-purification TEV digest, the N-terminal Met was 

removed simultaneously with N-terminal His6-tag. Similar to GFP, ECFP included two 
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variants: natural one which contains 5 Met positions with C-terminal His6-tag (Ct-(His)6-

ECFP[Met]). Due to the second valine residue in the sequence, the N-terminal Met was 

partially cleaved from Ct-(His)6-ECFP[Met] [135]; Other ECFP variant was Nt-(His)6-

ECFP[Met] which contains N-terminal His6-tag and 6 Met positions at 1, 13, 91, 101, 231, 

246 residues [99]. The entire target protein variants were carried by vector plasmid pQE80L 

with T5 promoter. To set up the recombinant strain, both plasmid pSEVA26’glnS-metX-

metY and pQE80L which contained different target variants were transformed to host strain 

MDS15A by heat shock.  

During the fermentation with the optimized conditions mentioned from chapter 1.5.3.2, 

cell extracts for SDS-PAGE analysis were taken from non-induced and induced culture. After 

overnight induced expression of target protein, host MDS15A cells were harvested and lysed 

for protein purification via the protocol described in chapter 4.3.4.  

 

Figure 24 | Coomassie stained 15% SDS-PAGE of Nt-(His)6-ECFP expression. The 

molecular weight of ECFP was 28.3 kDa. Lane 1, non-induced cell extract; lane2, induced 

cell extract; lane 3, purified Nt-(His)6-ECFP[Aha]; lane 4, purified Nt-(His)6-ECFP[Met] 

(wild type); lane 5, Dendron conjugated Nt-(His)6-ECFP[Aha], which was performed via 

copper catalyzed azide-alkyne cycloaddition which caused 2.5~3 kDa molecular weight 

increasing (detail information see 2.5.1); lane 6, Page Ruler Marker labeled in kDa.  
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Figure 25 | Mass spectrometry analysis of A: GFP-1Met; B: GFP-1Aha; C: GFP-2Met 

and D: GFP-2Aha. As shown from the graphs, the deconvoluted masses were A: 26686.12 

Da, B: 26682.16 Da, C: 26716.26 Da and D: 26707.57 Da. The calculated masses for GFP-

1Met, GFP-1Aha, GFP-2Met and GFP-2Aha were 26685.79Da, 26680.79 Da, 26715.88Da, 

26705.68 Da. The matched masses demonstrated the successful incorporation of in vivo 

synthesized Aha to different GFP variants in MDS15A system. During the experiment, we 

also find out that absolute depletion of Met in the media cannot occur. Taking into account of 

the remained Met and the leakage of T5 promoter, very small amount of wild type target 

protein may also appear in the production.  

Expression experiments with Aha resulted in different occupancies of Met-positions in 

target proteins. Thus, the model proteins were assigned as GFP-1Aha, GFP-2Aha, Ct-(His)6-

ECFP[Aha] and Nt-(His)6-ECFP[Aha]. Both SDS-PAGE gel and mass spectrometry 

measured by Q-TOF LC/MS System indicated the successful Aha incorporation to target 

proteins. The yield of GFP-2Aha was 20 mg·L
-1

 meanwhile the GFP-2Met yielded 27 mg·L
-1

. 

The yield of GFP-1Aha was 9.67 mg·L
-1

 and of GFP-1Met was 17 mg·L
-1

. Nt-(His)6-

ECFP[Aha] yielded 36 mg·L
-1

 and Nt-(His)6-ECFP[Met] yielded 110 mg·L
-1

.  

The high yield production of Aha labeled GFP and ECFP protein demonstrated the 

efficiency of MDS15A system for ncAA intracellular biosynthesis. Since the best conditions 

by shaking flask level was found.  
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Mass profiles from Figure 26 indicate the partially cleaved N-terminal Met from Ct-

(His)6-ECFP[Aha]. In the future, the mechanism of Met tRNA charging by Met aaRS is 

wrothful to be investigated both in vivo and in vitro to find out whether it is a general 

phenomenon. 

 

Figure 26 | Mass spectrometry of A: Ct-(His)6-ECFP[Met]; B: Ct-(His)6-ECFP[Aha]; C: 

Nt-(His)6-ECFP[Met] and D: Nt-(His)6-ECFP[Aha]. The calculated masses for two Ct-

(His)6-ECFP[Met] variants were 27708.87 Da (5Met) and 27577.68 Da (4Met); partially 

labeled Ct-(His)6-ECFP[Aha] were 27693.57 Da (3Aha-2Met) and 27562.38 Da (3Aha-

1Met). The deconvoluted masses were 27709.85 Da (5Met) and 27577.97 Da (4Met), 

27692.67 Da (3Aha-2Met) and 27561.77 Da (3Aha-1Met). The calculated mass for Nt-

(His)6-ECFP[Met] was 28284.51 Da; Nt-(His)6-ECFP[Aha] was 28259.01 Da (5Aha-1Met). 

The deconvoluted masses were 28285.05 Da and 28260.07 Da. Seen from the masses, the 

peaks indicated not only the wild type 4 and 5 Met variants, but also 1Met-3Aha and 2Met-

3Aha variants. The cleaved residue from N-terminal was doubtless Met. 
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1.5.4 Incorporation of S-allyl-L-homocysteine in proteins expressed in E. coli 

MDS15A 

Based on optimization of Aha biosynthetic procedure, the E. coli MDS15A system 

should be capable to incorporate other ncAAs by using metabolic intermediate Oahs. Thus, 

besides azide, another donor candidate for protein functionalization allyl mercaptan was 

tested as well.  During fermentation, allyl mercaptan was added to MDS15A system and was 

converted into desired ncAA directly by engineering E. coli metabolism (see Figure 9). The 

olefin group was delivered for γ-substitution to form S-allyl-L-homocysteine (Sahc) then 

directly incorporated to target protein as response to AUG codon. After target protein (GFP, 

ECFP) purification, thiol-ene radical conjugation [100] can be performed between side chains 

of Sahc residues and suitable thiol-containing ligands. 

1.5.4.1 Expression and purification of S-allyl-L-homocysteine functionalized target protein 

Two target proteins with different number of Met-residues were chosen for Sahc 

incorporation: GFP-1Met and Nt-(His)6-ECFP[Met]. Both genes encoding target proteins 

were carried by vector pQE80L. 

 

Figure 27 | Sahc labeled GFP and its SDS-PAGE. Left: three dimensional structure of 

GFP-1Sahc. Right: Coomassie stained 15% SDS-PAGE of Nt-(His)6-ECFP expression with 

Sahc. Lane 1: Page ruler unstained. Lane 2: non-induced cell extract. Lane 3: induced cell 

extract. Lane 4: Sahc incorporated Nt-(His)6-ECFP[Sahc] after purification. Lane 5: control 

wild type Nt-(His)6-ECFP[Met] expressed from 20 amino acids. The expression and isolation 

of target protein Nt-(His)6-ECFP[Sahc] were successful. 

Similar to the previous protocols, the Met auxotrophic E. coli strain MDS15A was 

transformed with plasmids pSEVA26’glnS-metY-metX and pQE80L-GFP-1Met or pQE80L-

ECFP-N. Single colonies were picked from LB plate contains both ampicillin and kanamycin. 

After overnight pre-culture, the cells were washed and inoculated to 0.5 L ENMM with 50 

mg/L 19 amino acids whereas 0.08 mM Met for a controllable final cell growth level to 

OD600 1.0 after 8 hours at 37 °C, 200 rpm culture. After intracellular Met was consumed, 2 
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mM allyl mercaptan and 1 mM IPTG were supplied to culture to start the Sahc production 

and its incorporation into protein during overnight culturing at 21 °C, 200 rpm. The cells 

were harvested after the fermentation and were lysate for IMAC purification via Ni-NTA 

chromatography. Different fermentation phases were documented by taking cell extract for 

SDS-PAGE (Figure 27).  

1.5.4.2 Mass analysis of Sahc functionalized target protein 

The purified Nt-(His)6-ECFP[Sahc] protein was analyzed by Q-TOF LC/ MS mass 

spectrometry (See 4.4.1). The deconvoluted molecular weight is shown in Figure 28. 

Interestingly, although enough allyl mercaptan (2 mM) was supplied for the fermentation, the 

full labelling with Sahc was not achieved. Therefore, variants with different incorporation 

levels were expressed simultaneously as revealed by mass spectrometry analysis. For instance, 

the purified GFP was a mixture of GFP-1Sahc and GFP-1Met. Furthermore, the purified Nt-

(His)6-ECFP[Sahc] exhibited different Sahc-containing species including proteins with 1 

Sahc, 2 Sahc and 3 Sahc. It is noteworthy that 2 Sahc variant was the main component in the 

purified target protein. Although not every Met position was replaced by Sahc, proteins with 

more Met positions were labeled to a higher extent (see Figure 28).  

The main reason for the inhomogeneous labeling was the low yield of intracellular Sahc 

production and the presence of intracellular Met. One possible solution is to optimize the 

fermentation protocols to generate more Hs precursor to this pathway. Thereby, the site-

specific Sahc incorporation into target protein would be achieved for the further chemo-

selective thiol-ene-conjugation between Sahc functionalized protein and ligands with thiol-

moieties [54] (See chapter 2.3). 

 

Figure 28 | Mass spectra analysis of Sahc labeled protein. GFP-1Sahc (left) and Nt-

(His)6-ECFP[Sahc] (right). The expected molecular weight of GFP-1Sahc, Nt-(His)6-

ECFP[Sahc] with 1 Sahc, 2 Sahc and 3 Sahc incorporated were 26711.83 Da, 28310.55 Da, 

28336.59 Da and 28362.63 Da. The deconvoluted data labeled beside the peaks on the picture 

which matched perfectly with the expected mass GFP-1Sahc 26712.24 Da, Nt-(His)6-

ECFP[Sahc] with 1Sahc 28310.48 Da, Nt-(His)6-ECFP[Sahc] with 2Sahc 28336.16 Da and 

Nt-(His)6-ECFP[Sahc] with 3Sahc 28361.35 Da. 
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1.6 Conclusion and Outlook 

For the first time, we could demonstrate the establishment of a novel semi-synthetic 

ncAA biosynthesis pathway, i.e. creation of synthetic metabolism. By insertion of two C. 

glutamicum enzymes cgOAHSS and cgHAST to mutant Met auxotrophic strain MDS15A, 

the cell was able to use Oahs as precursor and synthesize different ncAA side chains from 

easy and cheap chemical compounds such as sodium azide and allyl mercaptan. Here, it was 

exemplified by two ncAAs (Aha and Sahc) which behaved as Met analogues during 

translation (i.e. their insertion was achieved in response to AUG codons in the target gene 

sequences). 

The first step was to perform semi-synthesis of Aha with cgOAHSS only, accomplished 

by extra feeding of Oahs and sodium azide in Met auxotrophic E. coli strain B834. Mass 

spectrometric measurements of target protein B* with one and two Met positions proved that 

Aha can be in vivo produced and incorporated to all Met positions. To further improve the 

system, one needed to achieve Oahs in vivo biosynthesis from the precursor Hs by the 

catalytic action of enzyme cgHAST. This optimization, combined with an extra feed of 

sodium azide enabled Aha high-level production and introduction to target protein.  

Further optimization was achieved by deleting gene metA (Homoserine succinyl 

transferase, EC:2.3.1.46) from host E. coli strain B834 to reduce the unnecessary 

consumption of Hs. After optimization of the fermentation procedure, different target protein 

GFP, ECFP could be expressed by Aha incorporation instead of Met by AUG codon. 

Similarly, instead of sodium azide, allyl mercaptan could also be involved in the same 

pathway delivering S-allyl containing amino acid. Intracellularly synthesized S-allyl-L-

homocysteine could then be used as Met analogue for protein translation.  

Through the optimization of the entire fermentation protocol, this work could finally 

demonstrate that the intracellularly produced Aha and Sahc can be incorporated to different 

target protein such as GFP, ECFP, and B*. One limitation is that certain amount of Met is 

still in vivo produced. Most probably this take place due to the (a) presence of some (still 

unknown) Met salvage pathways or (b) imperfection of our fermentation conditions that 

might lead to activation of anaerobic pathway (Met synthetase, MetH) that supply cells with 

some basal level of these canonical amino acid. 

 Based on the present study, future experiments should include different investigations.  

Firstly, we need larger scale and high level producing of target protein. The expression device 

can be optimized by the application of EnPresso
® 

(BioSilta, Cambridge, UK) which is 

engineered for small shaking flask device and industry level reaction tanks. In addition, with 

the intracellular biosynthesized Aha and Sahc, it is possible to substrate multiple Met position 

in various target recombinant proteins such as B*, GFP, lipase and ECFP for the further 

bioconjugation applications [46]. Furthermore, taking advantage of pyridoxal 5’-phosphate 
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dependent cgOAHSS’ wide substrate selectivity, a variety of ncAA with triazole, thienyl, 

cyanide, etc. functional groups could be synthesized by using our synthetic metabolic 

pathway. Meanwhile, an in vivo library for orthogonal pairs design [45] could be established 

to incorporate ncAAs by intracellular biosynthesis, for site-directed protein labeling. 
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Project II 

 

 

Residue-specific chemoselective conjugation 

on azide functionalized proteins  
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2.1 Summary 

The decoration of protein surface with azide functional group(s) provides a handle for 

bioconjugation with various alkyne containing ligands via copper (I) catalyzed azide-alkyne 

[3+2] cycloaddition (CuAAC). The attached ligands bring several novel functions to these 

surface modified proteins. For instance, as one non-toxic and non-immunogenic biomaterial, 

polyglycerol dendrimers [101] are concerned as potential replacement for polyethylene glycol 

(PEG) for therapeutic proteins [102,103]. The attachment of dendrimers to proteins can be 

achieved in residue-specific manner depending on the number of the AUG codons in the 

target protein. It brings the protein scaffold better protection in clinical settings without 

influencing the protein structure or stability; Moreover, as a fluorescent dye, 

dansyl(propargyl)amine [104] enables the proteins with new fluorescent activity. This 

methodology can offer a special probe for protein detection, especially in complex system 

such as cells and tissues. 

In this study, firstly a lower generation type of poly-glycerol dendrimer with alkyne 

group called “oligoglycerol dendron propargyl (dOG) generation 2” is specifically attached to 

azide-containing protein. Both azide functionalized model proteins B* and GFP are subjected 

to “dendronylation” with dOG by using CuAAC. The level of this conjugation is verified by 

mass spectrometry. The stability of conjugated B* proteins is scrutinized through circular 

dichroism, which provides secondary structure signals and thermal unfolding profiles. 

The second ligand was dansyl(propargyl)amine. Azide-containing B* protein conjugated 

with dansyl shows a new fluorescent emission upon UV-excitation under fluorescence 

spectroscopy.  

Finally, to keep the protein scaffold intact, the CuAAC reaction was further optimized to 

mild conditions and high efficiency. Together via dOG and dansyl bioconjugation, the 

applicative potential of azide proteins produced using previously described protocols was 

fully confirmed.     
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2.2 Zusammenfassung 

Die Ausstattung der Proteinoberfläche  mit funktionellen Azid-Gruppen ermöglicht die 

Biokonjugation mit Alkin-Liganden, z.B. Dansyl(propargy)amin [101]  und Polyglycerol-

Dendrimeren [102]  durch Kupfer(I)-katalysierte Azid-Alkin[3+2]-Cycloaddition (CuAAC). 

Diese Verknüpfung stattet diese oberflächmodifizierten Proteine mit vielen, neuen 

Funktionen aus.  Beispielsweise haben die  ungiftigen, nicht immunogenen 

Polyglyceroldendrimere [101]  das Potential Polyethylenglycol (PEG) als Biomaterial für 

therapeutische Proteine zu ersetzen[102,103]. Die Fusion der Dendrimere mit den Proteinen 

kann durch einen AUG-Codon basierenden aminosäurerestspezifischen Einbau erreicht 

werden.  Durch die Modifikation wird das Proteingerüst in klinischen Anwendung besser 

Geschützt ohne hierbei die Proteinstruktur oder –stabilität zu beeinflussen. Desweiteren 

können Proteinen mit Hilfe des Fluoreszenzfarbstoffs Dansyl(propargyl)amin [104] mit einer 

Fluoreszenzaktivität ausgestattet werden. Diese Methodologie kann spezielle Proben für die 

Proteindetektion generieren, insbesondere für komplexe Systeme wie Zellen und Geweben. 

In dieser Studie haben wir zunächst  Poly-glyceroldendrimere einer niedrigeren 

Generation „Oligoglyceroldendronpropargyl(dOG)generation 2“ spezifisch an Azid-

enthaltende Proteine angehängt. Beide Azid-funktionalisierten Modelproteine B* und GFP 

wurden der „Dendronylierung“  mit dOG durch CuAAC unterworfen. Die Levels der 

Konjugation wurden durch Massenspektometrie verifiziert.  

Die Stabiliät der konjugierten B*-Proteine wurde eingehend mittels zirkularem 

Dichroismus untersucht, welcher die Aufnahme von Sekundärstruktursignalen und 

thermischen Entfaltungsprofilen  ermöglicht. 

Als zweiten Liganden in dieser Arbeit wurde Dansyl(propargyl)amin verwendet. Mit 

Hilfe der Fluoreszenzspektroskopie konnte gezeigt werden, dass das Azid-enthaltende B*-

Protein nach Konjugation mit Dansyl eine neue Fluoreszenzemission bei UV-Bestrahlung 

aufweist. 

Um das Proteingerüst intakt zu halten, wurde die CuAAC-Reaktion darüberhinaus zu 

milderen Bedingungen und höherer Effizienz optimiert. Zusammenfassend kann gesagt 

werden, dass durch die Modifikationen mit dOG und Dansyl das Anwendungspotential von 

Azidproteinen, welche durch bereits beschriebene Protokolle produziert wurden, eindeutig 

bestätigt werden konnte.    
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2.3 Introduction 

Bioorthogonal chemistry is a rapid developed methodology for the biomolecule labeling 

[5]. The significant label reactions which can be used on protein bioconjugation are mainly 

including:  copper (I) catalyzed azide-alkyne cycloaddition (CuAAC), alkene-tetrazole 

reactions (photoclick cycloadditions) [134], thiol-ene radical conjugation [54] and copper-

free Huisgen cycloaddition [118] (See Figure 29). 

 

Figure 29 | The chemical scheme of A: CuAAC, B: alkene-tetrazole reactions 

(photoclick cycloadditions), C: thiol-ene radical conjugation, D: Copper free Huisgen 

cycloaddition. 

2.3.1 Copper-(I)-catalyzed azide-alkyne cycloaddition in protein 

The CuAAC greatly contributed to chemical fields like drug discovery [105–107] as a 

fast, easy and specific transformation. Azide and alkyne functional groups from individual 

moieties are capable of forming 1,2,3-triazole ring (see Figure 29 A) in aqueous conditions 

under the catalysis of copper(I) salts. Thus the conditions are mild enough to be applied on 

proteins [6,106,110]. The explanation of the CuAAC mechanism published recently indicates 

that two copper species are involved in the cycloaddition [108]. The copper(I) ion is initially 

attached to alkyne bond and resulting complex then reacts with azide group.  

For the purpose of protein labeling, CuAAC is an efficient conjugation methodology. 

Variety of moieties can be attached to a protein [109] when azide or alkyne functional groups 

are introduced in certain protein sites. Aha and 4-L-azidophenylalanine are often used as 

azide containing residues for incorporation into proteins via AUG reassignment or stop codon 
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suppression respectively. Another Met analogue is L-homopropargylglycine used for 

incorporation of the alkyne functionality into proteins.  

Once having these residues in a protein structure, many moieties can be attached to it: 

specific spectroscopic probes, fluorescent dyes, sugars, PEG and polymers [5,111,112]. 

These enable investigations of protein activity, half-life, stability, etc. [113,114]. For instance, 

Moatsou et al. [33] prepared azide-functionalized super folded GFP and attached it to alkyne 

functionalized oligoethylene glycol methyl ether methacrylate moieties, which were 

subsequently subjected for polymerization. As the result, the fluorescent properties of the 

protein were preserved. Speers et al. [115] also developed a two-step bioconjugation method 

to profile the enzyme in living cells or organism. Firstly, enzymes are treated in vivo with 

azide or alkyne functionalized specimens without tags. Subsequently in vitro, the profiled 

enzymes became visually modified by the conjugation with alkyne or azide functionalized 

tags (rhodamine or biotin) via CuAAC.  

However, there is a general precaution, that presence of copper may harm the protein 

structure and reduce the yields of the functional conjugated protein. For that reason copper-

free cycloaddition has been developed [116,117]. Baskin et al. [118] advanced a difluorinated 

cyclooctyne (DIFO) moiety which contains alkyne moiety in a strained ring structure. Using 

this method, proteins were labeled by azide-sugar, which was subsequently attached to a 

DIFO-fluorescent dye in vivo [119]. Thereby enzymes were labeled directly in the living cells 

and thereby seen in a microscopy scan.  
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2.3.2 Bioconjugation block in this study: Oligo glycerol dendrimer and dansyl  

Dendrimers are an important class of branched polymeric materials for broad range 

applications. In the past 30 years monodispersed and multivalent dendrimers were of 

particular focus [104,120–123]. The structure of oligoglycerol G2 dendron (dOG) and 

expected chemoselective protein dendronylation structures are showed on Figure 30. The 

dendron synthesis is based on Wyszogrodzka’s previous work [102] with the precursor 

triglycerol monomer.  

 

Figure 30 | Three dimensional structure of A: propargylized oligoglycerol dendron 

(dOG); B: dOG labeled 3Aha-GFP; C: dOG labeled 1Aha-B*; D: dOG labeled 2Aha-B*. 

Protein structure is drawn by PyMol (B* PDB code: 1B27), dOG is drawn by ChemDraw.  

“Click chemistry” on polyglycerol dendrimer has been usually performed in order to 

increase the solubility of different molecules [124–126]. Protein surface protection with 

dendrons is a promising method with a potential towards medical applications. In this case, 

attached dendrimers may create thin films surrounding the core (protein) molecule. 

Dendronylation can be considered as a valid alternative to PEGylation [103]. In contrast to 

PEG, cleavage of the attached dendron moiety releases compounds, which are non-toxic 

[125,126] and non-immunogenic in a physiological environment.   
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Of course, in order to keep dendronylated protein functional, the active sites are not 

supposed to be covered. Thereby, multi-sites bioconjugation on protein exterior needs to be 

carefully designed.  

Besides dendrimers conjugations, one of the simplest reactions that can display clickable 

reactive sites on a protein is attachment of fluorescent dyes [127,128]. In addition to being a 

test reaction, this chemoselective modification can yield functional proteins visible in 

microscope. [129]. Since tryptophan is one fluorescent characteristic residue in protein which 

provides signals upon excitation at 290 nm, after connecting to protein, a fluorescent dye is 

capable of switching protein excitation under fluorescent emission scan and increase proteins 

specificity. 

 

Figure 31 | Chemical structure of propargyl(dansyl)amine (A) and three dimensional 

structure of dansyl labeled 1Aha-B* (B). The structures are drawn with ChemDraw and 

PyMol. The propargyl Dansyl amine is synthesized by Dr. Patrick Durkin (TU Berlin). 

 Dansyl is a fluorescent dye with an excitation maximum around 350 nm and emission at 

520 nm, respectively. This moiety can be attached first on an amino group starting from 

dansyl chloride, generating the compound shown on Figure 31A [130]. It has been shown, 

that protein bio-conjugation with dansyl-containing molecules can be used for protein 

secondary structure and dynamics elucidation [131].  
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2.4 Aim of this study 

The goal of this project is to explore the copper catalyzed azide-alkyne cycloaddition 

reaction on azide functionalized proteins. Namely, we aim to produce dendrimer 

functionalized proteins: B* and GFP. Firstly, the protein with single and multiple azide 

groups should be produced. As next, CuAAC reaction performance with the dendrimer 

substrates will be studied, and the folding properties of the proteins will be monitored by far-

UV CD. As the result, potential of dendrimers towards biomedical applications will be 

demonstrated. 

In addition to this main goal, we also aim to perform dansyl-labeling of B* using 

propargyl (dansyl)-moiety as the fluorescence tag. The fluorescence properties of resulting 

protein will be studied for the protein before and after functionalization. The fluorescence 

profile changes will be demonstrated.   

 As the result, the chemoselective bioconjugation reaction demonstrated here should 

further highlight the potential of the labelled proteins produced as described in the previous 

chapter. 
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2.5 Results and Discussion 

Among the diverse examples of protein bio-labeling, copper catalyzed azide-alkyne 

cycloaddition (CuAAC) is a powerful tool for rapid and site-specific reaction. The protein for 

polyglycerol dendrimer was prepared through previously described SPI methodology 

whereas the protein for dansyl conjugation is from intracellular Aha synthesis in project I. 

Aha used in the SPI methodology in this work was synthesized by Dr. Patrick Durkin (TU 

Berlin). Propargylated dOG have been synthesized in Prof. Rainer Haag group (FU Berlin). 

2.5.1 Oligo glycerol dendronylation of protein  

Propargylated dOG G2 with high solubility and stability was conjugated to target protein 

B* (with one and two Aha positions) and GFP (three Aha positions) via CuAAC in this study. 

After successfully clicked with dendrimer, the increased mass should be found from both 

SDS-PAGE and mass spectrometry. Furthermore, the Aha incorporated B* was studied by 

circular dichroism spectroscopy revealing its stability, Aha incorporated GTL activity was 

also tested.  

2.5.1.1 Expression and Purification of Target Protein 

In vivo, as a Met analogue, Aha can be incorporated to the target protein by AUG codon 

reassignment with the absence of Met [37]. To the aim of well controlled chemoselective 

bioconjugation, one, two and three Aha labeled positions were provided from different 

protein variants on external surface. The over expression of target proteins were performed in 

Met auxotrophic E. coli B834 (DE3) host strain. With small and simple structure of 90 amino 

acids, the target proteins Barstar (B*, see 1.3.5) had two different mutation form: firstly only 

N-terminal Met position (1Met-B*) and the other one with N-terminal Met plus E47 position 

Met (E47M, 2Met-B*). Both B* mutation genes were carried by vector pQE80L with the 

inducible T5 promoter. Another target protein used in this study was Green Fluorescent 

Protein (GFP) which contains D134M plus T50M and E143M in the sequence. The vector for 

GFP gene was pET30b with T7 promoter, constructed by Dr. Nina Bohlke (TU Berlin). 

Overexpression of Aha labeled B* and GFP included 2 phases according to supplement 

based incorporation. The E. coli B834 hosts which recombinant with the vector of target 

protein was cultured in new minimum media involved a limited Met concentration (0.045 

mM) and 50 mg/L the other 19 amino acids under 37 °C 200 rpm. Until the cell concentration 

reached OD600 ~0.6-0.8, the consumption of Met in culture was confirmed. Subsequently, 150 

mg/L Aha (1 mM) and 1 mM IPTG was added in the second phase. During the induction 

phase (30 °C, 200 rpm for B*; 21 °C, 200 rpm for GFP), Aha was incorporated to target 

protein by AUG codon as a replacement of Met. Aha labeled B* and GFP were denoted as 

1Aha-B*, 2Aha-B*, 3Aha-GFP according to the amount of engineered AUG positions in 
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protein. After purification (see 4.3.4), molecular weight of target proteins were verified by 

mass spectrometry.  

2.5.1.2 Conjugation of oligoglycerol dendrimers on Barstar and GFP 

To set up the suitable CuAAC reaction system for protein bioconjugation in this work, 

diverse components were chosen for specific purpose. The basic solvent was pH 7.4 

phosphate buffer with NaCl. Aminoguanidine hydrochloride was involved to get avoid of 

protein/ peptide cross linking. L-Ascorbic acid was the reducing agent for forming Cu(I) ion 

from Cu(II). THPTA (Tris(3-hydroxypropyltriazolylmethyl)-amine) contributed for robust 

stability of reduced Cu(I) ion.  The click reaction was performed in a 500 μL reaction mixture 

(See 4.3.2 for details). After overnight incubation under 4 °C, dOG and target Aha-proteins’ 

conjugation which denoted by 1Aha-B*-dOG, 2Aha-B*-dOG, 3Aha-GFP-dOG were verified 

by both SDS-PAGE and mass spectrum.   

 

Figure 32 | Coomassie-stained 15% SDS-PAGE of dOG conjugated target proteins. Left: 

dOG-B* protein conjugation.  Lane 1: Page Ruler Unstained Protein Ladder (Thermo Fisher 

Scientific), the unit for number labeled beside the marker bands was “kDa”; Lane 2: 1Aha-B*, 

10 kDa; Lane 3: 1Aha-B*-dOG, 10.6 kDa; Lane 4: 2Aha-B*-dOG, 11.4 kDa. Right: 15% 

SDS-PAGE gel of dOG conjugate with GFP protein. Lane 1: 3Aha-GFP, 26.7 kDa; Lane 2: 

3Aha-GFP-dOG, 28.4 kDa. Lane 3: Page Ruler Unstained Protein ladder.  

On Figure 32, obvious protein bands shift occurred by the increasing size of the 

molecules.  Meanwhile, Figure 33 showed the exact measured value from ESI-MS (methods 

see 4.4.1). The dendron conjugation (dendronlyation) was able to take place successfully at 

the chemoselected positions on azide functionalized proteins. This part of work was 

previously published, the data from this paper was also revealed by Figure 32, 33 and 34 

[132].   
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Figure 33 | Mass spectrometry analysis of dOG conjugated proteins. 1) 1Aha-B*-dOG, 

10821.67 Da; 2) 2Aha-B*-dOG, 11392.39 Da; 3) 3Aha-GFP, 26703.67 Da; 4) 3Aha-GFP-

dOG, 28426.63 Da. The measured molecular weights match exactly with the expected 

molecular weights previously described. The predicted molecular weight of 1Aha-B*, 2Aha-

B*, and 3Aha-GFP were 10247.84 Da, 10244.83 Da and 26702.11 Da. Due to the copper 

catalyzed cycloaddition with dOG, an additional 574.28 Da attached on each of the Aha 

positions from the protein. The molecular weight of clicked protein 1Aha-B*-dOG and 2Aha-

B*-dOG was supposed to be 10822.12 Da, 11393.39 Da and 28424.95 Da. 
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2.5.1.3 Secondary structure and stability analysis of decorated protein  

Besides the expected molecular weights, the secondary structure investigation was also 

helpful for understanding the protein changes after conjugated with oligoglycerol dendron. 

As a common method to detect α-helix and β-sheet of protein, far UV-CD (circular dichroism) 

was performed with the unclicked 1Aha-B* model protein and dendronylated production 

including 1Aha-B*-dOG and 2Aha-B*-dOG. Based on Figure 34, the remained α-helix and 

β-sheet from the protein demonstrated that the additional dOG didn’t cause the target protein 

structure change.  Moreover, Tm value could be determined to describe the stability changes. 

Lightly reducing (2–4 °C) of melting point occurred after protein dendronylation without 

obviously influence as revealed from melting curve (See 4.4.2 the measurement protocol). 

 

Figure 34 | The circular dichroism measurement of 1Aha-B* (solid line), 1Aha-B*-dOG 

(dush line) and 2Aha-B*-dOG (spot line). Left: Secondary structure. Right: Thermal 

unfolding profiles (melting curve). 

Furthermore, another part of this work was to point out the possibility to attach multiple 

dendrons to native Aha-protein and remained activity. To this aim we chose the lipase from 

Geobacillus thermoleoverorans (See 1.3.5) which contained 7 native Met positions. 

Unfortunately although from SDS-PAGE there was big protein band shift (~3 kDa) after 

dendronylation of Aha-GTL, it was very difficult to verify clear mass. In-gel trypsin 

digestion was also performed to analyze the fragments from dOG conjugated GTL, but only 

N-terminal conjugation was found. The attached dendron was non-toxic and highly soluble 

material for protein connection, but during a mass spectrometry measurement with acid 

buffer, small dendron branch was easy to be cleaved especially with multiple-dendron 

conjugation. This phenomenon also demonstrated the protein surface protect application. By 

a roughly test, a Geobacillus thermoleoverorans lipase (GTL) and dOG conjugation kept 25% 

activity from the unclicked GTL and increased 20% of the solubility compared with the 

unclicked GTL. The main reason for GTL activity reducing was the harm from copper ion 

during long time (overnight) click reaction. For this property, copper free cycloaddition with 
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ring structured propargyl moiety can provide harmless conjugation to Aha functionalized 

protein.  

The dendronylation bioconjugate in this work developed an alternative methodology of 

protein surface modification to PEGlylation. Among the drug delivery and biomaterial 

investigation field, dendronylation could be a novel and efficient tool to provide protein 

surface functionalization and protection without disturbing protein structure and activity.   

2.5.2 Dansylation of Aha-containing proteins 

As a small, stable and rapidly reacted fluorescent dye, propargyl(dansyl)amine was able 

to be attached to azide functionalized protein by CuAAC (click reaction).  The Aha-B* 

protein used for this part of work was from the previous Aha intracellular biosynthesis by 

Oahs and sodium azide supplement. After click reaction, the molecular weight of dansyl-

labeled protein was verified by ESI-MS and the fluorescent activity changes were 

characterized by the fluorescent spectroscopy. (See 4.3.1 the experimental procedure). 

Shown form Figure 35, due to the tryptophan residue included in both Met and Aha 

incorporated B* protein, upon 290 nm excitation, the highest emission was found at 350 nm. 

After the fluorescent dye dansyl attachment, the emission band of Aha-B*-dansyl was 

switched to ~570 nm upon the same 290 nm excitation (blue line).  Similarly, upon 350 nm 

excitation, 1Aha-B*-dansyl showed emission band under 570 nm (dark blue line) which 

matches with the emission of monomer dansyl in methanol solvent upon the same excitation 

(green line, emission band ~520 nm). 

 

Figure 35 | Mass spectrometry and fluorescent spectroscopy analysis of 1Aha-B*-dansyl. 

Left: The expected mass of 1Aha-B* (10247.85 Da) and propargyl(dansyl)amine 

(C14H14N3O2S, 288.34 Da) conjugation was 10536.19 Da, which was matched with the 

deconvoluted mass 10535.08 Da.  Right: Emission fluorescence scan of B* protein. Black 

line was wild type Met-B* (excitation = 290 nm), red line was 1Aha-B* (excitation = 290 

nm), green line was dansyl solved in methanol (excitation = 350 nm), dark blue line was 
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clicked 1Aha-B*-dansyl (excitation = 350nm), blue line was clicked 1Aha-B*-dansyl 

(excitation = 290 nm) 

The clear and easily performed fluorescence spectra scan on dansyl-labeled protein 

provided convenient approach for protein labeling and investigation which was capable of 

application in protein dynamic study or characterization in changing conditions. 

2.6 Conclusion and Outlook 

The successful bioconjugation of oligo glycerol dendron as well as fluorescent dye 

propargyl(dansyl)amine via copper catalyzed azide-alkyne cycloaddition has been 

demonstrated by a rapid and easy protocol. Azide functionalized proteins B* and GFP were 

connected with dendron moieties. Moreover, B* was labeled by dansyl fluorescent dye. After 

bioconjugation, different structural analyses such as far-UV CD and fluorescent spectroscopy 

were carried out to demonstrate that the protein structure stability remains largely unchanged. 

The activity test was performed on Aha-containing and dendron-linked GTL enzyme variants. 

Dendronylation in this study was performed with generation 2 dendron polymers. 

Doubtless in the future, a higher grade of polymer along with the better functionalization 

should be feasible for the biomedical applications.   

The CuAAC applied in this work was performed with variations in conditions according 

to the substrate, irrespective to the number of the Aha-residues in the individual variant. The 

reaction time can be few hours to overnight; and temperature was also flexible in a range of 4 

to 37 °C. Our procedure can therefore be seen as particularly suitable for protein or peptide 

conjugations. And potentially even two proteins (one with alkyne and another with azide 

moiety) can be attached together by using the presented optimized protocols.   

The dansylation described in this work highlights potential application of intracellular 

azide protein production towards fluorescent protein labeling. Majority of fluorescent dyes 

are not high water soluble, which brings difficulty to copper catalyzed conjugation under 

aquatic conditions. However, protein conjugation is also possible under lower polarity 

solvent such as DMSO- water mixture. We found out that the maximum tolerant of protein is 

DMSO-water solvent mixture 1:1.  

In the future, with the development of azide in-cell producing system MDS15A (see 

project 1), the application of CuAAC or copper-free cycloaddition on azide protein should 

also be expanded for biomedicine investigation or biochemical applications including other 

conjugation chemistries as alternative to commonly used CuAAC.  
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Materials 

3.1 Equipments 

Electrophoresis 

Horizontal agarose gel system Factory of the Max-Planck Institute for 

Biochemistry (Martinsried) 

Electrophoresis unit Hoefer Scientific Instruments (Holliston, MA, 

USA) 

Vertical SDS-gel system Factory of the Max-Planck Institute for 

Biochemistry (Martinsried) 

 

Termomixer 

Mixing Block MB-102 Bioer Technology (Binjiang, China) 

 

Termocyclers 

Peqstar 2X Gradient Peqlab (Erlangen) 

 

Incubators 

Ecotron Infors HT (Einsbach) 

Multitron Infors HT (Einsbach) 

Incubator series B, KB Binder (Tuttlingen) 

 

Centrifuges 

Centrifuge 5810 R Eppendorf AG (Hamburg) 

MiniSpin Plus Eppendorf AG (Hamburg) 

Avanti J-26 XP Beckman Coulter (Krefeld) 

Universal 32R Andreas Hettich (Tuttlingen) 

 

Spectroscopy 

Ultrospec 6300pro Amersham Biosciences 

BioPhotometer plus Eppendorf AG (Hamburg) 

CD spectrometer-815 Jasco Deutschland (Groß-Umstadt) 

Fluorescence spectrometer LS 55 Perkin Elmer (Rodgau) 

Microplate reader Infinite M200 Tecan (Crailsheim) 

 

 

Chromatography (Liquid) 

Äktapurifier GE Healthcare life Sciences (München) 

Äkta pure GE Healthcare life Sciences (München) 
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Peristaltic pump P1 Pharmacia Biotech (München) 

 

Balances 

TE 1502S Sartorius (Göttingen) 

GR-120 A&D (San Jose, CA, USA) 

Mettler PE 3600 Deltarange Metter Toledo (Gießen) 

 

Mass spectrometry 

MS Exactive Thermo Scientific (Waltham, MA, USA) 

6500 Series Accurate-Mass 

Quadrupole Time-of-Flight (Q-TOF) 

LC/MS 

Agilent Technologies (Santa Clara, CA, USA) 

 

Miscellaneous 

Sonopuls HD 3200 Bandelin (Berlin) 

Sonotrodes MS72, KE76 Bandelin (Berlin) 

Microfluidizer M-110L Microfluidics (Newton, MA, USA) 

Power supply Power Pack P25 T Biometra (Jena) 

Orbital shaker Rotamax 120 Heidolph (schwabach) 

Microwave KOR-6305 Daewoo (Butzbach) 

Vortex Genie
TM

 Bender &Hobein AG (Zürich) 

Ice machine Scotsman AF 80 Scotsman (Vernon Hills, IL, USA) 

pH-Meter S20-SevenEasy
TM

 Mettler Toledo (Gießen) 

Gel-documentation system Felix 

2050 

Biostep (Jahnsdorf) 

Scanner ViewPix 700 Biostep (Jahnsdorf) 
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3.2 Chemicals 

In this work, all concerned chemicals were purchased from Sigma-Aldrich (Taufkirchen), 

Carl Roth GmbH (Karlsruhe), Merck (Darmstadt) or VMR International GmbH (Darmstadt). 

Propargyl(dansyl)amine and azidohomoalanine was produced from Dr. Patrick Durkin, 

Chemical department (TU Berlin, AG Budisa). O-acetyl-L-homoserine was provided by Dr. 

Hernán Biava (TU Berlin, AG Budisa). 

3.3 Media and supplements 

Table 5 | List of media and supplements 

Media Composition 

LB media 
Liquid 

5 % yeast extract (W/V) 

10 % tryptone (W/V) 

10 % NaCl (W/V) 

Agar Liquid composition + 1.5 % Agar (W/V) 

New minimal media Basic salts + Additional nutrition 

Enhanced new minimal media Enhanced Basic salts + Additional nutrition 

Part of media Composition (final concentration) 

Basic salts 

7.5 mM (NH4)2SO4 

50 mM K2HPO4 

22 mM KH2PO4 

8.5 mM NaCl 

1 mM MgSO4 

Additional nutrition 

 

20 mM D-glucose 

50 mg/L each canonical amino acid except Met 

1 µg/mL FeCl2 

1 µg/mL CaCl2 

10 µg/mL thiamine 

10 µg/mL biotin 

0.01 µg/mL trace elements (CuSO4 , ZnCl2 , 

MnCl2 , (NH4)2MoO4) 

Enhanced Basic salts 

 

7.5 mM (NH4)2SO4 

125 mM K2HPO4 

55 mM KH2PO4 

8.5 mM NaCl 

1 mM MgSO4 

ampcillin 100 µg/mL 

kanamycin 50 µg/mL 

Met 0.045 mM 
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Pantothenic acid 1 mM (each supplement) 

Sodium azide 0.8 mM (each supplement) 

IPTG 1 mM 

Yeast extract 3.5 g/L 

 

3.4 Microbe strains 

Table 6 |List of strains 

Strain Genotype Storage 

BL21 gold 

(DE3) 

E. coli B 

C> F- ompT hsdS(rB- mB-) dcm+ 

TetR gal λ (DE3) endA Hte 

Budisa Group strain database 

B834(DE3) 

E. coli B 

C> F- dcm ompT hsdS(rB- mB-) gal 

metλ (DE3 [lacI lacUV5-T7 gene 1 

ind1 sam7 nin5]) Δmet E 

Budisa Group strain database 

Top10 

E. coli K12 

F– mcrA Δ(mrr-hsdRMS-mcrBC) 

Φ80lacZΔM15 ΔlacX74 recA1 

araD139 Δ(ara leu) 7697 galU galK 

rpsL (StrR) endA1 nupG 

Budisa Group strain database 

JW3973-1 

E. coli K12 

F-Δ(araD-araB)567 

ΔlacZ4787(::rrnB-3) λ- rph-1 Δ(rhaD-

rhaB)568 ΔmetA780::kan hsdR514 

Keio collection 

JW3973 

E. coli K12 

F-Δ(araD-araB)567 

ΔlacZ4787(::rrnB-3) λ- rph-1 Δ(rhaD-

rhaB)568 ΔmetA780 hsdR514 Budisa 

Group strain database 

Budisa Group strain database 

MDS15 

E. coli B 

C> F- dcm ompT hsdS(rB- mB-) gal 

metλ (DE3 [lacI lacUV5-T7 gene 1 

ind1 sam7 nin5]) Δmet E ΔmetA780 

Budisa Group strain database 

MDS15A 

E. coli B 

C> F- dcm ompT hsdS(rB- mB-) gal 

metλ (DE3 [lacI lacUV5-T7 gene 1 

ind1 sam7 nin5]) Δmet E ΔmetA780 

Budisa Group strain database 
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3.5 Plasmids 

Table 7 |List of plasmids 

plasmid Origin of 

replication 

Resistance Target gene 

pBU26’glnS P15A Kan - 

pBU26’glnS-metY P15A Kan metY 

pSEVA26 P15A Kan - 

pSEVA26’glnS-metY P15A Kan metY 

pSEVA26’glnS-metY-metX P15A Kan metY, metX 

pSEVA26’glnS-metY-metX P15A Cm metY, metX 

pQE80L ColE1 Amp - 

pQE80L-Barstar ColE1 Amp B* 

pQE80L-Barstar(E47M) ColE1 Amp B*(E47M) 

pQE80L-H6-ECFP ColE1 Amp ECFP 

pQE80L-ECFP-H6 ColE1 Amp ECFP 

pQE80L-H6-TEV-GTL ColE1 Amp GTL 

pQE80L-ASGP-RNtemHis-GFP-1M ColE1 Amp GFP-1M 

pQE80L-ASGP-RNtemHis-GFP-2M ColE1 Amp GFP-2M 

pET30b_NtermASGP-R_GFP_TEV ColE1 Kan GFP-3M 

pKD46 oriR101; w/repA101ts Amp - 

pKD4 oriR6Kgamma Kan - 

pCP20 oriR101 Amp  

3.6 Primers for PCR 

All the primers (oligonucleotides) in this work were purchased from Biomers (Ulm) or 

Sigma-Aldrich (Taufkirchen) as dry desalted then diluted by ddH2O to 100 µM. Before add 

to PCR system, forward and revers primers were mixed by 5 µL of each and 40 µL ddH2O to 

the final working concentration of 10 µM. The primers more than 40 bp were purchased by 

HPLC purity form. 

3.7 Enzymes 

All enzymes used in this study are placed in table 8, FastDigest restriction enzymes 

involves all the different types maintained in manuscript. 

Table 8 | List of enzymes 

Enzymes Producer 

Phusion High-Fidelity DNA Polymerase Thermo Scientific (Waltham, MA, USA) 

Phusion High-Fidelity Master Mix Thermo Scientific (Waltham, MA, USA) 
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FastDigest restriction enzymes Thermo Scientific (Waltham, MA, USA) 

T4 restriction enzymes Thermo Scientific (Waltham, MA, USA) 

dNTP mix 10mM Thermo Scientific (Waltham, MA, USA) 

Lysozyme Carl Roth (Karlsruhe) 

RNase Carl Roth (Karlsruhe) 

DNase Carl Roth (Karlsruhe) 

TEV protease Self-preparation in Budisa’s group 

Taq polymerase Self-preparation in Budisa’s group 

 

3.8 Kits 

In this study, different applied Kits are recorded in table 9.  

Table 9 | List of Kits 

Enzymes Producer 

GeneJET
TM

 Plasmid Mini-prep Kit Thermo Scientific (Waltham, MA, USA) 

GeneJET
TM

 PCR purification Kit Thermo Scientific (Waltham, MA, USA) 

GeneJET
TM

 Gel extraction Kit Thermo Scientific (Waltham, MA, USA) 

3.9 Buffers and solutions 

Table 10 |List of Solutions 

Solution conposition 

Sodium azide 1000 × stock 2.6 g NaN3 in 50 mL dH2O, 0.8 M 

Met 1000 × stock 0.335 g L-methionine in 50mL dH2O, 0.045 M 

ampicillin 1000 × stock 2.5 g Ampicillin in 50 mL dH2O, 50 mg/mL 

kanamycin 1000 × stock 5 g Kanamycin in 50 mL dH2O, 100 mg/mL 

chloramphenicol 1000 × stock 1.85 g kanamycin in 50 mL ethonal, 37 mg/mL 

PMSF 1000 × stock 8.7 g in 50 mL ethonal, 1 M 

Barstar wash buffer (ion exchange 

chromatography) 

Barstar dialysis buffer 

30.25 g Tris, 29.22 g NaCl, 5 L dH2O, pH 8.0 

Barstar elution  buffer (ion 

exchange chromatography) 
30.25 g Tris, 29.22 g NaCl, 5 L dH2O, pH 8.0 

GTL wash buffer (Ni-NTA 

chromatography) 

13.8 g NaH2PO4, 35.08 g NaCl, 2.72 g imidazole, 

2 L dH2O, pH 8.0 w/ NaOH 
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GTL elution  buffer (Ni-NTA 

purification) 

13.8 g NaH2PO4, 35.08 g NaCl, 34 g imidazole, 

2 L dH2O, pH 8.0 w/ NaOH 

GFP lysis buffer (Ni-NTA 

chromatography, Peristaltic pump) 

13.8 g NaH2PO4, 35.08 g NaCl, 1.36 g imidazole, 

2 L dH2O, pH 8.0 w/ NaOH 

GFP NA buffer (Ni-NTA 

chromatography, Peristaltic pump) 

13.8 g NaH2PO4, 35.08 g NaCl, 2.72 g imidazole, 

20 g glycerol, 2 L dH2O, pH 8.0 w/ NaOH 

GFP NB buffer (Ni-NTA 

chromatography, Peristaltic pump) 

13.8 g NaH2PO4, 35.08 g NaCl, 4.08 g imidazole, 

2 L dH2O, pH 8.0 w/ NaOH 

GFP NC buffer (Ni-NTA 

chromatography, Peristaltic pump) 

13.8 g NaH2PO4, 35.08 g NaCl, 68 g imidazole, 

2 L dH2O, pH 8.0 w/ NaOH 

Methods 

4.1 Genetic engineering methods 

4.1.1 Polymerase chain reactions for target gene amplification 

In this experiment, target genes for plasmids recombinantion, colony verification and 

gene deletion were amplified by polymerase chain reactions (PCR). The PCR production was 

purified by GeneJET
TM

 PCR purification Kit, Thermo Scientific (Waltham, MA, USA) and 

verified by agarose gel electrophoresis. The composition of PCR system is shown in table 11. 

The template DNA for target gene amplifies is plasmids with a standard concentration of 100 

ng/µL; for colony PCR is the resuspended single colony in 10 µL ddH2O. Three different 

polymerases are used, which are shown in table 11 as well. 

Table 11 | PCR system composition 

compounds Phusion polymerase 

Value (µL) 

Phusion master 

mix Value (µL) 

Colony PCR 

Value (µL) 

Template gene 1.5 1.5 1.5 

Primer-Mix 1 1 0.5 

dNTP 10mM 1 - 0.5 

Phusion polymerase 0.5 - - 

Phusion master mix - 25 - 

Taq polymerase - - 0.6 

Polymerase buffer 10 (5×) - 2 (10×) 

dd H2O 36 22.5 14.9 

Total value 50 50 20 
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Table 12 | PCR system composition 

Temparature (°C) Time (Second) Repeat times 

95 180-300 1 

95 30 

30 50-60(annealing) 30 

72(extension) 60-90  

72 480 1 

8 600 1 

The PCR program on Thermocyclers is shown in table 12. The different annealing 

temperatures are determined according to the Tm of primer mixture. Meanwhile, the extension 

length depends on the base length of target protein. The extension speed of phusion 

polymerase is 15-30 seconds/ kb, whereas the speed of Taq polymerase is 60 seconds/ kb. 

4.1.2 Gene deletion of metA from E. coli B834 

The gene deletion (knock-out) is based on a homologous λ bacteriophage gam-bet-exo 

recombination system (λ Red, carried on pKD46 plasmid) for double stranded DNA deletion 

[95]. The FRT-kanR-FRT cassettes which involved 50 bp sequence from both upstream and 

downstream of metA gene is amplified from plasmid pKD4 together with Dpn I (FastDigest 

restriction enzymes, Thermo Scientific (Waltham, MA, USA)) digestion for linear form and 

gel extract purification.  

The transformation includes two parts, firstly transform the plasmid pKD46 to E. coli 

B834 by electroporation; then transform the linear FRT-kanR-FRT cassette to E. coli B834 

competent cell harbored plasmid pKD46.  

As the first step to prepare the E. coli B834 competent cell, the pre-culture is cultivated 

at 37 °C, 220 rpm up to OD600 0.4 on 10 mL LB media and is harvested in a 4 °C centrifuge. 

The cells were washed by cold (4 °C) sterile 10% glycerol/ dH2O twice with 15 minutes chill 

on ice in between. The cells are resuspened by cold 10% glycerol/ dH2O to final 

concentration of OD600 40. 40 ng pKD46 plasmid and 100 µL competent cells were mixed in 

an electroporation cuvette on ice. Electroporation was performed quickly under voltage 1.8 

kV. Add 1 mL warm LB immediately and cultivate at 30 °C, 200 rpm for 1 hour. The hit 

transformation was verified by isolation of pKD46 from target cells. 

For the second step, the target E. coli B834 cells harboring pKD46 were cultured in 10 

mL LB at 30 °C up to OD600 0.2, induced by 100 µL 20% (w/v) arabinose sterile stock and 

further cultured to OD600 0.4. The cells was harvested and washed by the same protocol as 

mentioned in the first step. 40ng of FRT-kanR-FRT cassette and 100 µL competent cells 

were mixed; and electroporation performed under the same condition as the first step. For 

better antibiotic resistance selection condition, half of the normal working concentration (25 
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µg/mL kanamycin) was employed. The correct and stable hit colony (kanR labeled) was 

steaked out 3 times on LB kanamycin agar plates.  

After the genome recombination of FRT-kanR-FRT cassette on metA gene position, the 

plasmid pCP20 was transformed to the target kanR cells (electroporation and heat shock are 

both suitable) and then incubated on LB ampicillin agar at 30 °C to “flp-out” the kanR label. 

The hit colony was streaked out 3 times by LB ampR plate at 30 °C and changed the 

temperature to 37 °C to remove pCP20 plasmid. The kanR was then removed at the same 

time with ampR. The successful knocked out strain was verified by colony PCR at the end. 

4.1.3 Recombination of plasmids  

The amplified gene cassette and the purified plasmid were digested by related restriction 

enzyme (FastDigest restriction enzymes, Thermo Scientific, Waltham, MA, USA). The gene 

length is verified by agarose gel and gel extract purification (GeneJET
TM

 Gel extraction Kit, 

Thermo Scientific, Waltham, MA, USA). ~1000 ng DNA cassette was mixed with ~500 ng 

plasmids, and then with 1 µL T4 ligase enzyme. This was incubated for 1 hour at 22 °C then 

was transformed into E. coli DH10b competent cells. 

4.2 Microbiological methods 

4.2.1 Expression procedure with E. coli B834 host strain by Oahs and NaN3 

pBU26’glnS-metY and pQE80L-Barstar (E47M) were transformed into E. coli B834 

competent cells [133] at the same time, and then screened for positive colonies by kanamycin 

and ampicillin LB agar plates. A single day culture of a positive colony was made in 5 mL 

LB and the cells were inoculated into 500 mL NMM (0.045 mM Met), cultured overnight at 

37 °C, 200 rpm. This was continued until the cell concentration reaches OD600 0.6~0.8, feed 1 

mM Oahs and 1 mM NaN3. After one hour incubation, the cells were induced with 1 mM 

IPTG for 4 hours at 30 °C and the cells were harvested for protein purification. 

As a positive expression control, the plasmid pQE80L-Barstar was transformed in to E. 

coli B834 competent cells and screened with only ampicillin. A single day culture of positive 

colony in 5 mL LB was made and the cells were harvested to be inoculated into 500 mL 

NMM (0.045 mM Met), cultured overnight at 30 °C, 200 rpm. This was continued until the 

cell concentration reached OD600 ~0.6-0.8, and then fed 0.3 mM Met, then directly induced 

by IPTG for 4 hours and then the cells were harvested. After each time measuring the cell 

concentration (OD600) a sample of the cells was taken for SDS-PAGE. 

4.2.2 SPI Expression of ncAA labeled target proteins 

After the preparation of recombinant strain, the expression of the target protein (barstar) 

was obtained by using supplementation based incorporation. This was achieved by inoculated 
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by 1:100 ratio into 1 L NNM culture contains 50 mg/L of the 19 amino acids and 0.045 mM 

Met, the recombinant strains were grown firstly overnight at 37 °C then 4 hours at 30 °C in 

the 200 rpm shaker with the addition of 150 mg chemically prepared Aha and 1 mM IPTG.  

The target protein was induced to incorporate Aha as a replacement of Met positions on 

the target protein. After purification, the target protein was checked for the correct molecular 

weight by mass spectrometry. 

4.2.3 Expression of ncAA labeled target proteins with MDS15A 

To introduce the plasmid pSEVA26’glnS-metY-metX together with pQE80L-GFP-2M-

TEV to strain MDS15A, both plasmids were transformed into MDS15A chemical competent 

cells by heat shock method and plated on LB agar with 100 µg/mL ampicillin and 50 µg/mL 

kanamycin. A single colony of recombinant MDS15A strain was selected and cultured in 5 

mL LB media with ampicillin and kanamycin at 37 °C, 200 rpm, overnight. 1 L ENMM was 

prepared with additional 3.5 g/L yeast extract, 100 µg/ mL ampicillin and 50 µg/mL 

kanamycin. The cells were spun down at 4 °C, 4000 rpm and 10 min. The supernatant was 

carefully removed and gently re-suspended the cells with 2 mL of prepared ENMM culture. 

The cells were inoculated into 1 L ENMM, and the main culture was incubated at 37 °C, 200 

rpm for 8 hours for the first phase growth until the depletion of Met from yeast extract. 

During this 8 hours, a further 3 batches of 0.8 mM sodium azide and 1 mM pantothenic acid 

were fed to the culture respectively at the 3th, 4.5th and 6th hour. The target protein 

expression was induced with 0.5 mM IPTG after 8 hours of culturing. The whole expression 

phase was continued overnight at 21 °C, 200 rpm. 

4.3 Biochemical methods 

4.3.1 Dansyl labeling on barstar protein via CuAAC   

The reaction mixture includes:  Phosphate buffer (332.5 µL, 100 mM K2HPO4, pH 7.0, 

200 mM NaCl), 1Aha-B* (100 µL, 8 mg/mL in 100 mM phosphate buffer, pH 8.0, final 

concentration 1.6 mg/mL), dansyl propargylamine (10 μL, 20 mg/mL in ethanol, final 

concentration 1.4 mM), THPTA (tris(3-hydroxypropyltriazolylmethyl)amine, 5 µL, 50 mM 

in H2O) CuSO4 (2.5 µL, 20 mM in H2O), aminoguanidine (25 µL, 100 mM in H2O), 

L-ascorbic acid (25 µL, 100 mM in H2O). The reaction mixture is incubated overnight at 4 °C 

and then extensively dialyzed to remove the copper ions. 

4.3.2 Conjugation of oligoGlycerol Dendrimers on Aha labeled protein 

The click reaction was performed in a 500 μL reaction mixture consisted of following 

compounds: Aha labeled protein (100 µL, 10 mg/mL in phosphate buffer), dOG (20 µL, 

2 mM in H2O) phosphate buffer ( 332.5 μL, 68 mM K2HPO4, 32 mM  KH2PO4, 100 mM 

NaCl, pH 7.0), aminoguanidine chloride ( 25 μL, 100 mM in H2O), L-ascorbic acid ( 25 μL, 
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100 mM in H2O), copper-mixture (7.5 μL, 20 mM copper(II) sulfate in H2O and 50 mM 

Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) in H2O, 1:2 mixture) were prepared. It 

was crucial that the THPTA and the L-ascorbic acid solutions were fresh.  The reaction 

mixture was incubated at 4 °C overnight and then dialyzed in 1 L phosphate buffer (68 mM 

K2HPO4, 32 mM KH2PO4, 100 mM NaCl, pH 7.0) 

4.3.3 Purification of Barstar 

The barstar protein was purified by ion-exchange chromatography (e.g. ÄKTA 

chromatography system). After induced expression for 4 hours, harthe cells were harvested 

by 6000 rpm, 10 min centrifugation at 4 °C. The pellet was re-suspended in 30 mL of 50 mM 

Tris-HCl, pH 8.0 and then 50 μL lysozyme was added and incubated for 30 min on ice. Then 

the mixture was sonicated for 3 min on ice and then centrifuged for 30 to 45 min, 25000 rpm, 

4 °C. The supernatant was discarded and the pellet was re-suspended in the buffer with 50 

mM Tris-HCl, pH 8.0 and 7.5 M urea. The mixture was then centrifuged for 30 min, 12000 

rpm at room temperature. The supernatant was transferred into 3500 Da cut-off dialysis tubes, 

and dialysed 3 times for 3 h, 12 h and 3 h, in 5 L of 50 mM Tris-HCl, pH 8.0, 100 mM NaCl. 

This was then centrifuged for 40 min, 15000 rpm at 4 °C, and the lysate was passed through a 

0.22 μm filter, and the entire sample was loaded into a superloop and purified with the 5 mL 

column of HiTrap Q-sepharose. 

The B* protein purification was carried out by ion-exchange chromatography (e.g. 

ÄKTA chromatography system), following the steps outlined below: 

Step Buffer Inject amount Elution 

Pre wash Milli-Q water 
5 column volume 

(CV)s 
waste 

Equilibration elution buffer 5 CVs waste 

Lysate injection lysate all collect as flow through 

Wash wash buffer 3 CVs collect as flow through 

Elution 

fractionating 

gradient elution buffer 

from 0 to 100% 
10 CVs elution 

Cleaning elution buffer 2-3 CVs waste 

Wash Milli-Q water 5 CVs waste 

storage 20% ethonal 5-10 CVs waste 

4.3.4 Purification of GFP 

The GFP protein was purified by Ni-NTA chromatography. After the fermentation 

procedure, the cells were harvested and re-suspended in 15 mL Na buffer (50 mM Tris, 

100 mM NaCl, 20 mM imidazole, pH 8.0). The cells were lysed by adding 0.1 mg/ mL 

lysozyme, 0.1 mg/mL DNase (Deoxyribonuclease) and RNase (Ribonuclease) and the lysate 

was incubated at room temperature for 1 hour. The cells were opened with a microfluidizer 
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and centrifuge for 30min, 15000 rpm at 4 °C. The supernatant was passed through 0.45 μm 

filter. 

Chromatography was performed with peristaltic pump P1 which connected with a Nickel 

Histrap FF crude column. The target GFP protein was purified with Histrap column using the 

program below. 

The eluate dialyzed in 5 L TEV buffer at 4 °C, overnight. The protein concentration of 

eluted GFP was measured, and the amount of TEV protease to be added was calclauted 

following: Vtev = mGFP/ (Ctev×100). V refers to volume, m to mass and c to concentration. 

This was then incubated at room temperature, overnight. 

Step Buffer Inject amount Elution 

Pre wash Milli-Q water 5 column volume (CV)s waste 

Equilibration NC buffer 5 CVs waste 

Loading NA buffer 5 CVs waste 

Lysate injection lysate all collect as flow through 

wash NB buffer 3 CVs collect as flow through 

Elution NC buffer until all protein eluted collect as eluate 

Cleaning NC buffer 2-3 CVs waste 

wash Milli-Q water 5 CVs waste 

storage 20% ethonal 5-10 CVs waste 

 

After TEV digestion, the protein was dialyzed in 5 L NA buffer overnight. The steps 

below describe a method to purify the digested GFP with the Histrap column. Noteworth is 

the fact that the His6-tag should be removed from digested GFP. For this reason, the protein 

cannot bind to column: 

Step Buffer Inject amount Elution 

Pre wash Milli-Q water 5 column volume (CV)s waste 

Equilibration NC buffer 5 CVs waste 

Loading NA buffer 5 CVs waste 

Lysate injection lysate all collect as eluate 

Cleaning NC buffer 5-10 CVs waste 

Wash Milli-Q water 5 CVs waste 

Storage 20% ethonal 5-10 CVs waste 
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The eluted protein was dialyzed in storage buffer at 4 °C, overnight for the subsequent 

analysis or stored at -80 °C. 

4.4 Analytical methods 

4.4.1 ESI-MS Mass Spectrometric Analyses  

Mass spectra were collected on a 6500 Series Accurate-Mass Quadrupole Time-of-Flight 

(Q-TOF) LC/MS (Santa Clara, CA, USA) connected with a C5 column. Measurements were 

performed with buffer A (ddH2O, 0.1 % formic acid) and buffer B (acetonitrile, 0.1 % formic 

acid), with a flow rate of 0.3 mL/min and injection volume of 10 μL sample. The 

measurement length of 33 minutes was employed, including 30 minutes linear change of 

buffer A from 95% to 40%, buffer B from 5% to 60% followed by 3 minutes of 100% buffer 

B flow. The protein samples need to be diluted to ~0.01- 0.1 mg/mL with 1% acetic acid/ 

ddH2O buffer. 

4.4.2 Secondary structure and stability analysis of decorated protein  

The CD (circular dichroism) was carried out with the 1 mm cuvette. The scan 

wavelength area is from 200 to 250 nm, repeated 4 times at 20 °C. The unit of mean residue 

ellipticity [θ] has been defined as deg · cm
2
 · dmol

-1
, the calculate formula is as following: 

[θ]R= (1000∙ θ)/ (c∙ d∙ n). θ (mdeg) is the measured mean residue ellipticity. c is the 

concentration of the samples; d is the light path, n is the number of amino acids residue in the 

protein. The melting curve is preformed from 5 °C to 95 °C under the ellipticity of 222 nm. 

The changing speed is 30 °C/h. The Tm means the temperature at the 50 % melting point. 
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Appendix 

6.1 Protein amino acid sequences 

MetY 

MPKYDNSNADQWGFETRSIHAGQSVDAQTSARNLPIYQSTAFVFDSAEHAKQRF

ALEDLGPVYSRLTNPTVEALENRIASLEGGVHAVAFSSGQAATTNAILNLAGAGDHI

VTSPRLYGGTETLFLITLNRLGIDVSFVENPDDPESWQAAVQPNTKAFFGETFANPQA

DVLDIPAVAEVAHRNSVPLIIDNTIATAALVRPLELGADVVVASLTKFYTGNGSGLGG

VLIDGGKFDWTVEKDGKPVFPYFVTPDAAYHGLKYADLGAPAFGLKVRVGLLRDT

GSTLSAFNAWAAVQGIDTLSLRLERHNENAIKVAEFLNNHEKVEKVNFAGLKDSPW

YATKEKLGLKYTGSVLTFEIKGGKDEAWAFIDALKLHSNLANIGDVRSLVVHPATTT

HSQSDEAGLARAGVTQSTVRLSVGIETIDDIIADLEGGFAAI  

MetX  

MPTLAPSGQLEIQAIGDVSTEAGAIITNAEIAYHRWGEYRVDKEGRSNVVLIEHA

LTGDSNAADWWADLLGPGKAINTDIYCVICTNVIGGCNGSTGPGSMHPDGNFWGNR

FPATSIRDQVNAEKQFLDALGITTVAAVLGGSMGGARTLEWAAMYPETVGAAAVL

AVSARASAWQIGIQSAQIKAIENDHHWHEGNYYESGCNPATGLGAARRIAHLTYRG

ELEIDERFGTKAQKNENPLGPYRKPDQRFAVESYLDYQADKLVQRFDAGSYVLLTD

ALNRHDIGRDRGGLNKALESIKVPVLVAGVDTDILYPYHQQEHLSRNLGNLLAMAKI

VSPVGHDAFLTESRQMDRIVRNFFSLISPDEDNPSTYIEFYI 

MetA 

MPIRVPDELPAVNFLREENVFVMTTSRASGQEIRPLKVLILNLMPKKIETENQFLR

LLSNSPLQVDIQLLRIDSRESRNTPAEHLNNFYCNFEDIQDQNFDGLIVTGAPLGLVEF

NDVAYWPQIKQVLEWSKDHVTSTLFVCWAVQAALNILYGIPKQTRTDKLSGVYEHH

ILHPHALLTRGFDDSFLAPHSRYADFPAALIRDYTDLEILAETEEGDAYLFASKDKRIA

FVTGHPEYDAQTLAQEFFRDVEAGLDPDVPYNYFPHNDPQNTPRASWRSHGNLLFT

NWLNYYVYQITPYD LRHMNPTLD  

Barstar (2M) 

MKKAVINGEQIRSISDLHQTLKKELALAEYYGENLDALWDALTGWVMYPLVLE

WRQFEQSKQLTENGAESVLQVFREAKAEGADITIILS 
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GFP (2M) 

MRGSHHHHHHGSENLYFQSASKGEELFTGVVPILVELDGDVNGHKFSVRGEGE

GDATNGKLTLKFICMTGKLPVPWPTLVTTLGYGVQCFARYPDHIKRHDFFKSALPEG

YVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEMGNILGHKLEYNFNSH

KVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQS

VLLKDPNEKRDHAVLLEFVTAAGITHGKDELYK 

ECFP 

MRGSHHHHHHGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATY

GKLTLKFICTTGKLPVPWPTLVTTLTWGVQCFSRYPDHMKQHDFFKSAMPEGYVQE

RTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYISHNVYIT

ADKQKNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKD

PNEKRDHMVLLEFVTAAGITLGMDELYK 

6.2 Plasmids construction in this work 

Vector architecture for mdel proteins expression, from up to down: pSEVA26’glnS-

metY-metX, pQE80L-H6-TEV-GTL; pQE80L-H6-ECFP; pQE80L-ASGP-RNtemHis6-GFP-

1M; pQE80L-ASGP-RNtemHis6-GFP-2M.  
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6.3 Expression description  

Table 13| Optical density of E. coli B834 system during expression 

Involved 

proteins 

extra feeding OD600o/n 1h 

growth 

OD600 after 4h 

IPTG Induction 

cgOAHSS+B* 1mM Oahs + 0.5mM NaN3 0.677 0.678 0.760 

cgOAHSS+B* 0.5mM Oahs + 1mM NaN3 0.687 0.677 0.776 

cgOAHSS+B* 1mM Oahs + 1mM NaN3 0.893 0.900 1.129 

B* 0.02mM methionine 0.794 - 1.051 

B* 0.045mM methionine 0.796 - 1.400 
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