
 

 

A chemical biological toolbox to study 

protein ubiquitylation 
 

 

Dissertation 

submitted for the degree of Doctor of Natural Sciences(Dr. rer. nat.) 

 

presented by 

Tatjana Schneider 

 

 

at the 

 

Faculty of Sciences 

Department of Chemistry 

 

Konstanz, 2015 

  

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-406343



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tag der mündlichen Prüfung: 29.04.2016 

1. Referent: Herr Prof. Dr. A. Marx 

2. Referent: Herr Prof. Dr. M. Scheffner 

3. Referentin und Prüfungsvorsitzende: Frau Prof. Dr. C. Peter 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Es geht nicht darum, deinem Leben mehr 
Tage zu geben, sondern jedem Tag ein 
bisschen mehr Leben. ♥ 

  



 

TABLE OF CONTENTS  

ABSTRACT  ................................................................................................................................ I 

ZUSAMMENFASSUNG ................................................................................................................... II 

CHAPTER I STATE OF THE ART ................................................................................................... 1 

A. UBIQUITIN .................................................................................................................................................. 1 

A1. Ubiquitin code.................................................................................................................................... 3 

A2. Ubiquitylation in vitro ........................................................................................................................ 5 

B. BIOCONJUGATION VIA GENETICALLY ENCODED BIORTHOGONAL UNNATURAL AMINO ACIDS ................ 6 

B1. Click reaction...................................................................................................................................... 7 

B2. Expanding the genetic code ............................................................................................................... 8 
B2.1. Selective pressure incorporation ................................................................................................................... 9 
B2.2. Amber codon suppression ........................................................................................................................... 11 

C. SUBSTRATES OF UBIQUITYLATION – UBIQUITIN AND DNA REPAIR ......................................................... 13 

C1. DNA polymerase beta ...................................................................................................................... 13 

C2. PCNA ................................................................................................................................................ 14 

D. AIM OF THIS STUDY .................................................................................................................................. 17 

CHAPTER II GENERATION OF SITE-SPECIFIC MONOUBIQUITIN CONJUGATES ............................. 18 

A. INTRODUCTION ........................................................................................................................................ 19 

B. GENERATION OF A MONOFUNCTIONAL UBIQUITIN VARIANT ................................................................. 21 

B1. Concept ............................................................................................................................................ 21 

B2. Results and discussion ..................................................................................................................... 22 

C. GENERATION OF MONOFUNCTIONAL SUBSTRATES FOR UBIQUITYLATION ............................................ 24 

C1. Concept ............................................................................................................................................ 24 

C2. Results and discussion ..................................................................................................................... 25 
C2.1. Alkyne-functionalization of DNA polymerase beta ...................................................................................... 25 
C2.2. Alkyne-functionalization of ubiquitin .......................................................................................................... 29 
C2.3. Alkyne-functionalization of PCNA ................................................................................................................ 31 

D. GENERATION OF MONO-UBIQUITYLATED CONJUGATES ......................................................................... 33 

D1. Concept ............................................................................................................................................ 33 

D2. Results and discussion ..................................................................................................................... 34 
D2.1. Mono-ubiquitylation of DNA polymerase beta ........................................................................................... 34 
D2.2. The effect of SDS in click reaction................................................................................................................ 39 
D2.3. Mono-ubiquitylation of ubiquitin ................................................................................................................ 42 
D2.4. Mono-ubiquitylation of PCNA ..................................................................................................................... 44 



 

E. FUNCTIONAL STUDIES OF MONOUBIQUITIN CONJUGATES ..................................................................... 45 

E1. Concept ............................................................................................................................................ 45 

E2. Results and discussion ..................................................................................................................... 46 
E2.1. Purification of mono-ubiquitylated DNA polymerase beta variants ............................................................ 46 
E2.2. Activity study of mono-ubiquitylated DNA polymerase beta variants ........................................................ 49 
E2.3. Purification and activity study of ubiquitin dimers ...................................................................................... 53 
E2.4. Purification and activity study of mono-ubiquitylated PCNA ...................................................................... 55 

F. SUMMARY AND CONCLUSION .................................................................................................................. 57 

CHAPTER III GENERATION OF LINKAGE TYPE-SPECIFIC POLYUBIQUITIN CONJUGATES................. 59 

A. INTRODUCTION ........................................................................................................................................ 60 

B. CONCEPT ................................................................................................................................................... 60 

C. RESULTS AND DISCUSSION ....................................................................................................................... 61 

C1. Generation of a bifunctional ubiquitin variant ................................................................................ 61 

C2. Generation of linkage type-specific ubiquitin chains ....................................................................... 64 

C3. Generation of linkage type-specific ubiquitin chains on substrates ................................................ 67 
C3.1. Poly-ubiquitylation of DNA polymerase beta .............................................................................................. 67 
C3.2. Poly-ubiquitylation of PCNA ........................................................................................................................ 69 

D. FUNCTIONAL STUDIES OF POLYUBIQUITIN CONJUGATES ........................................................................ 71 

E. SUMMARY AND CONCLUSION .................................................................................................................. 78 

CHAPTER IV FINAL CONCLUSION AND PERSPECTIVES ................................................................ 80 

CHAPTER V MATERIAL AND METHODS ..................................................................................... 84 

A. MATERIALS ............................................................................................................................................... 84 

A1. Chemicals ......................................................................................................................................... 84 

A2. Kits ................................................................................................................................................... 86 

A3. Laboratory equipment ..................................................................................................................... 86 

A4. Disposables ...................................................................................................................................... 87 

A5. Service Providers.............................................................................................................................. 88 

A6. Software ........................................................................................................................................... 88 

A7. Enzymes ........................................................................................................................................... 89 

A8. Antibodies ........................................................................................................................................ 89 

A9. Xenopus laevis egg extracts ............................................................................................................. 89 

A10. Bacteria cell culture ......................................................................................................................... 90 

A11. Oligonucleotides .............................................................................................................................. 91 

A12. Plasmids ........................................................................................................................................... 92 
A12.1. Expression vectors .................................................................................................................................. 92 



 

A12.2. Constructs used in this study .................................................................................................................. 92 
A13. Buffers, solutions, standards ........................................................................................................... 94 

A13.1. Agarose gel electrophoresis.................................................................................................................... 94 
A13.2. SDS PAGE ................................................................................................................................................ 94 
A13.3. PAGE ....................................................................................................................................................... 95 

B. METHODS ................................................................................................................................................. 96 

B1. General conditions for bacterial culture .......................................................................................... 96 

B2. General methods for cloning ........................................................................................................... 97 
B2.1. Overnight culture ........................................................................................................................................ 97 
B2.2. Preparation of plasmid DNA ........................................................................................................................ 97 
B2.3. Determination of nucleic acid concentration .............................................................................................. 97 
B2.4. Digestion with restriction enzymes ............................................................................................................. 97 
B2.5. Blunting of sticky ends ................................................................................................................................. 98 
B2.6. 5’-Dephosphorylation of digested vector .................................................................................................... 98 
B2.7. Agarose gel electrophoresis ........................................................................................................................ 98 
B2.8. DNA extraction from agarose gel ................................................................................................................ 99 
B2.9. Ligation of DNA ............................................................................................................................................ 99 
B2.10. Preparation of electrocompetent bacteria ............................................................................................. 99 
B2.11. Transformation into electrocompetent bacteria .................................................................................... 99 
B2.12. Sequence analysis ................................................................................................................................. 100 
B2.13. Site-directed mutagenesis (SDM) ......................................................................................................... 100 
B2.14. Cryopreservation .................................................................................................................................. 101 

B3. General methods for protein purification and characterization ................................................... 101 
B3.1. Dialysis ....................................................................................................................................................... 101 
B3.2. SDS PAGE ................................................................................................................................................... 101 
B3.3. Western Blot .............................................................................................................................................. 102 
B3.4. Affinity chromatography ........................................................................................................................... 102 
B3.5. Heparin affinity chromatography .............................................................................................................. 102 
B3.6. Ion exchange chromatography .................................................................................................................. 103 
B3.7. Size exclusion chromatography ................................................................................................................. 103 
B3.8. Determination of protein concentration ................................................................................................... 103 
B3.9. Mass analysis ............................................................................................................................................. 103 

B4. Expression analysis ........................................................................................................................ 104 

B5. Expression and purification of monofunctional Ub G76Aha ......................................................... 104 

B6. Expression and purification of DNA polymerase beta KxPlk .......................................................... 104 

B7. Expression and purification of Ub KxPlk ........................................................................................ 105 

B8. Expression and purification of PCNA K164Plk ................................................................................ 106 

B9. Expression and purification of Ub KxPlk G76Aha ........................................................................... 106 

B10. Click reaction.................................................................................................................................. 107 

B11. CD spectroscopy ............................................................................................................................ 107 

B12. Primer extension reactions ............................................................................................................ 108 



 

B12.1. 5’-Radioactive labeling of DNA primer and annealing of primer/template complex ............................ 108 
B12.2. Primer extension reaction .................................................................................................................... 108 
B12.3. PAGE ..................................................................................................................................................... 108 

B13. In vitro ubiquitylation assay ........................................................................................................... 109 

B14. Xenopus laevis egg extract assay ................................................................................................... 109 

B15. Chemical Synthesis of Plk ............................................................................................................... 110 

CHAPTER VI REFERENCES ........................................................................................................ 111 

CHAPTER VII APPENDIX ........................................................................................................... 129 

A. LIST OF ABBREVIATIONS AND UNITS ...................................................................................................... 129 

B. cDNA SEQUENCES ................................................................................................................................... 132 

B1. tRNAPyl ............................................................................................................................................ 132 

B2. PylRS .............................................................................................................................................. 133 

B3. Human ubiquitin Ub G76M ............................................................................................................ 133 

B4. Human DNA polymerase beta with His6tag ................................................................................... 133 

B5. Human PCNA with His6tag ............................................................................................................. 134 

DANKSAGUNG .......................................................................................................................... 135 

 

 



 

  I 

ABSTRACT 
Ubiquitylation is a complex post-translational protein modification that plays a fundamental role in 

the regulation of protein activity. Thereby, diverse cellular pathways are controlled and dysfunctions 

of ubiquitylation have been associated with different human disorders like cancer and 

neurodegenerative diseases. The variety of the eventual fate of ubiquitylated proteins is elicited by 

the diversity of possible ubiquitin modifications. Proteins can bemodified at distinct lysine residues 

via an isopeptide bond with the C-terminal glycine of a ubiquitin moiety. Furthermore,one of the 

seven lysine residues of ubiquitin itself can serve as substrate to assemble ubiquitin chains resulting 

in poly-ubiquitylation of the target protein. Depending on which lysine residue is used for the chain 

assembly, different linkage types and, hence, topologies are adopted that could serve for selective 

recognition by target proteins to determine the fate of the ubiquitylated protein (“Ubiquitin Code”). 

Yet, the underlying mechanism and the linkage type-specific functions are poorly characterized due 

to the lack of sufficient amounts of homogeneously mono-ubiquitylated proteins and linkage type-

specific ubiquitin chains for detailed biochemical analyses. 

Within this study, a toolbox for the straightforward and efficient generation of non-hydrolyzable and 

site-specific ubiquitin conjugates was developed. Theconcept is based on incorporation of 

bioorthogonally functionalized unnatural amino acids in respective building blocks by expanding the 

genetic code and subsequent Cu(I)-catalyzed azide alkyne reaction (“click reaction”). To generate 

mono-ubiquitylated proteins, a one-step affinity purification scheme of a ubiquitin-fusion construct 

was developed. Thereby,amonofunctional ubiquitin variant is generated containing the azide-

functionalized unnatural amino acid azidohomoalanine (Aha) at its C-terminus incorporated via 

selective pressure incorporation(SPI). This Ub G76Aha was conjugated via click reaction to substrates, 

namely DNA polymerase beta, ubiquitin and PCNA. The substrates had been equipped with an alkyne 

functionality at a distinct lysine residue by incorporation of the unnatural amino acid Plk via amber 

codon suppression(ACS). To enable poly-ubiquitylation, a system was established to generate a 

bifunctional ubiquitin variant containing Plk and Aha. Polymerization of this ubiquitin variant via click 

reaction resulted in linkage defined,free chains that can alsobe assembled site-specifically on alkyne-

functionalized substrates. The linkage type specificity is determined by the position of Plk. By 

improving the efficiency of click reaction and by addition of the detergent SDS, a turnover of 

substrate proteins of up to 95% was achieved yielding amounts of conjugates in the range of 

milligrams. The ubiquitin conjugates were proved to be functional and adopt native-like functions 

rendering them suitable to study the effect of ubiquitylation on the activities of a protein. 

Furthermore, their potential to analyze ubiquitin signaling in whole cell extracts due to their 

resistance to ubiquitin-specific proteases was demonstrated. Thereby, the developed approaches 

within this study meet the needs to contribute to dissect the ubiquitin code. 



 

  II 

ZUSAMMENFASSUNG 
Die post-translationale Modifikation von Proteinen durch Ubiquitin (Ubiquitylierung) spielt eine 

fundamentale Rolle bei der Regulierung der Proteinaktivität. Bedingt durch die bemerkenswerte 

Vielzahl an möglichen Ubiquitin-Modifikationen werden unterschiedlichste zelluläre Prozesse 

kontrolliert. Im einfachsten Fall der Ubiquitylierung wird ein spezifisches Lysin des Substratproteins 

über eine Isopeptidbindung mit dem C-terminalen Glycin eines Ubiquitinmoleküls verknüpft. Die 

Tatsache, dass Ubiquitin selbst sieben Lysine besitzt und diese alle als Substrat dienen können, 

ermöglicht die Bildung von Ubiquitinketten und kann zur poly-Ubiquitylierung führen. Das zur 

Kettenbildung verwendete Lysin bestimmt den Verknüpfungstyp der Kette, welcher das Schicksal des 

Substratproteins zu bestimmen scheint („Ubiquitin-Code“). Der zugrunde liegende Mechanismus 

sowie die Funktionen einzelner Kettentypen ist noch nicht geklärt, da Methoden zur Bereitstellung 

von nicht-hydrolisierbaren, homogen verknüpften Ubiquitin-Konjugaten für detaillierte biochemische 

Analysen bislang nicht verfügbar waren. 

Im Rahmen dieses Projekts wurde eine Methode entwickelt, die es ermöglicht durch bioorthogonale 

Kopplung von molekularbiologisch hergestellten Bausteinen stabile Ubiquitin-Konjugate jedes 

gewünschten Verknüpfungstyps mit Ausbeuten im Milligramm-Bereich zu erzeugen. Durch 

Expression eines speziellen Ubiquitin-Fusionskonstrukts unter Anwendung der selective pressure 

incorporation(SPI) Methode in Anwesenheit der unnatürlichen Aminosäure Azidohomoalanin (Aha) 

und anschließender Reinigung, wurde eine mono-funktionalisierte Ubiquitin Variante generiert, die 

am C-Terminus selektiv Azid-funktionalisiert ist. DNA Polymerase beta, PCNA oder Ubiquitin selbst 

dienten als Substratproteine. Sie wurden an für die natürliche Ubiquitylierung verwendeten Lysin-

Positionen durch den Einbau von Plk mittels amber codon suppression (ACS) Alkin-funktionalisiert. 

Die Implementierung eines Systems zur simultanen Anwendung von ACS und SPI, erlaubte die 

Herstellung von bi-funktionalen, alkin- und azid-modifizierten Ubiquitin Varianten. 

Mittels der bioorthogonalen Cu(I)-katalysierten Azid-Alkin-Cycloaddition („Klick Reaktion“) gelang 

unter Verwendung des mono-funktionalisierten Ubiquitins eine definierte mono-Ubiquitylierung des 

jeweiligen Substrats. Die bi-funktionale Ubiquitin Varianten wurden entweder zur Polymerisation von 

freien Ubiquitin Ketten verwendet oder das jeweilige Substratprotein dadurch poly-ubiquityliert. Der 

Verknüpfungstyp der Ubiquitin Kette wurde dabei durch die Plk Position bestimmt. Durch 

Optimierung der Klick Reaktion und unter Zugabe des Detergenz SDS, wurde ein Umsatz von bis zu 

95% des Substratproteins erzielt. In verschiedenen funktionellen Experimenten wurde gezeigt, dass 

diese artifiziell verknüpften, Hydrolyse-beständigen Ubiquitin-Konjugate für Aktivitätsstudien von 

Proteinen geeignet sind. Sie ermöglichen dadurch neue Anwendungen zur Aufklärung der 

biochemischen und zellulären Funktionen unterschiedlicher Ubiquitinketten in Zelllysaten und tragen 

somit zur Entschlüsselung des Ubiquitin Codes bei.  
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Chapter I STATE OF THE ART 

The “concept of continual regeneration”and, thus, a “dynamic state of body constituents”was 

phrased in 1935 when R. Schoenheimer provided precise experimental evidence of the dynamic 

concept of metabolism.1-2More than 80 years later, it has become evident that a myriad of biological 

functions rely on proteins reflecting theirimportance to maintain the dynamics and the health of a 

cell. The stability and continuous renewal of the inventory of all proteins in a cell, the proteome, are 

guaranteed by a regulatory circuit of several highly complex, interconnected processes. The tightly 

regulated action of these pathways was termed proteostasis.3Nowadays, it is known that 

proteoastasis influences the fate of a protein from synthesis to degradation. Multiple pathways of 

intracellular protein degradation operate within cells depending on physiological conditions in order 

to guarantee the viability of cells.4 Besides degradation, a second crucial feature has to be regulated 

tightly within proteoastasis: the activity of a protein. This is mainly done by post-translational 

modifications allowing the cells to respond dynamically to intra- and extracellular stimuli to control 

cellular processes.5Without strict regulation of proteostasis, the steady state of metabolism cannot 

be maintained facilitating the development of pathological phenotypes.6-7 Indeed, it is known that 

various clinical relevant processes correlate with dysfunctions of proteostasis. For instance, 

morphological studies showed that a sustainable alteration of protein degradation is detectable in 

certain diseases like for example Chorea Huntington8 or muscular atrophies9 as well as 

neurodegenerative diseases like Parkinson’s and Alzheimer’s disease.10 In general, pathophysiological 

metabolic disorders play a crucial role in concern of immune defense11-12, carcinogenesis13-15 and 

cardiac defects.16-17Drug development to treat these diseases requires intensive research and 

profound understanding of the molecular mechanisms coordinating the multitude of proteostasis-

pathways.  

Although many cues that affect proteostasis (proteostasis modifiers) have been identified, there is 

still a huge lack of knowledge how the multiple processes within the proteostasis circuit cooperate. 

With a view to disclose one piece of the proteostasis puzzle, one important proteostasis modifier 

that plays a crucial role in both, regulation of activity and degradation of proteins, was addressed 

within this thesis.  

A. UBIQUITIN 

The covalent attachment of ubiquitin (“ubiquitylation”) has attracted special attention within the 

variety of post-translational modifications due to the frequency of its occurrence, its size and its key 

role in the inducible and reversible control of signaling pathways, which regulate proteostasis.18-21.  
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Ubiquitin first attracted wideinterest when the elucidation of the ubiquitin-mediated protein 

degradation pathway had begun in 1978. It was found that a protein, later identified as ubiquitin, is 

covalently ligated to protein substrates in an ATP-dependent reaction and it was proposed that 

ubiquitin conjugation commits proteins for degradation.22-25 A. Ciechanover, A. Hershko and I. Rose 

focused on this research area and showed that ubiquitylation is a marker for ATP-dependent protein 

degradation by a specific protease which was later identified as 26S proteasome. This discovery was 

referred to as “ubiquitin-proteasome system” and was rewarded with the Nobel Prize in Chemistry in 

2004 owing to its revolutionizing concept of intracellular protein degradation. In the course of years, 

it was shown that ubiquitylation is also implicated in a variety of biological, non-proteolytic processes 

due to a still growing list of proteins identified as targets for ubiquitylation. Among them are cell 

cycle regulators, tumor suppressors, transcriptional factors and cell surface receptors indicating that 

ubiquitylation plays an important role in many basic cellular processes such as cell cycle regulation, 

apoptosis, DNA repair and modification of histones.8,26-31 With these numerous substrates and 

multitude of processes involved, it is not surprising that aberrations and dysfunctions of 

ubiquitylation have been associated with various human disorders likecarcinogenesis19 and the 

pathogenesis of many diseases like certain malignancies and neurodegenerative diseases.10,32.  

This diverse impact on cellular functions seems surprising regarding the nature of ubiquitin. Ubiquitin 

is a small, highly stable protein consisting of a single 8565 Da polypeptide chain of 76 amino acids. It 

is highly conserved among all eukaryotes, for example sharing 96% sequence identity between yeast 

and human. Figure 1 shows the amino acid sequence of ubiquitin in the one-letter code and a 

cartoon of the human ubiquitin adopting a compact ß-grasp fold with a flexible six-residue C-terminal 

tail. The seven lysine residues (K, blue) as well as the C-terminal glycine (G, green) are shown as 

colored sticks in the cartoon and are in bold in the one-letter code, as they arekey features for this 

study.  

 

Figure 1: Ubiquitin. The cartoon shows the structure of human ubiquitin (pdb file 1UBQ) with its seven lysine residues (blue 

sticks) and its C-terminal glycine (green stick). The one-letter code of its sequence is depicted at the right side.  

http://www.dict.cc/englisch-deutsch/carcinogenesis.html
http://www.dict.cc/englisch-deutsch/carcinogenesis.html
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The highly versatile scope of ubiquitylation can be explained by the multiplicity of ways to attach 

ubiquitin to target proteins. In its simplest form, called mono-ubiquitylation, a monomeric ubiquitin 

is attached to a lysine residue of a substrate. Alternatively, several ubiquitin moieties can be attached 

to different lysine residues of the substrate, which is referred to as multi-ubiquitylation. As ubiquitin 

itself contains lysine residues (seeFigure 1), it can serve as its own substrate and several ubiquitin 

moieties can be linked to each other resulting in ubiquitin chains.33These chains exist unanchored as 

well as attached to a substrate what is defined as poly-ubiquitylation. Commonly, the linkage is 

formed via an isopeptide bond between the respective lysine residue (Kx) of the substrate and the C-

terminal glycine (G76) of ubiquitin. Alternatively, also the formation of peptide bonds between the C-

terminus of ubiquitin and the N-terminal amino group of a substrate was reported.34-35 

Mass spectrometric analysis of ubiquitin chains derived from yeast revealed that each of the seven 

lysine residues as well as the N-terminal amino group of ubiquitin can be employed for chain 

formation.33,35-36Indeed, ubiquitin chains of various linkage types and of various lengths have been 

demonstrated to coexist in all cells with varying abundance.37-39 Importantly, the lysine residues of 

ubiquitin are often used in a site-specific manner resulting in the formation of 

homogeneousubiquitin chains. Nevertheless, the existence of branched and mixed chains that 

contain more than one linkage type within one single polymer was demonstrated under certain 

conditions.40-43 Within this study only linear, homogeneous ubiquitin chains were addressed.  

A1. Ubiquitin code 

Of particular interest for this study has been the observation that cells seem to use ubiquitylation as 

a regulatory mechanism to encode the information about the substrate’s fate. Thetype of 

ubiquitylation and the linkage type - i.e. the actual lysine residue - used for chain formationin case of 

poly-ubiquitylation equips the ubiquitylated protein with a molecular zip code to determine its 

correct molecular signal.By considering that all ubiquitin chain types are constructed by identical 

subunits with the same physicochemical properties like mass and charge, the answer to how the 

linkage types determine the different functions seems to rely on linkage-dependent differences in 

the topologyand conformational dynamics.44-49 This assumption was phrased as Ubiquitin 

code.Indeed, crystal structures and NMR studies of K6, K11, K29, K33, K48- and K63-linked 

ubiquitinchains revealed that different linkage types result in distinct chain conformations50-63 

indicating that the topology of the respective ubiquitin conjugatemight reflect its eventual fate. For 

instance, the modification of proteins with K48-linked ubiquitin chains targets these proteins for the 

26S proteasome-mediated degradation and is the best characterized function of ubiquitin chains.64-65 

Recently, K11-linked and K29-linked polyubiquitin chains have been suggested to mediate protein 
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degradation, too.54,62,66-68 In contrast, K63-linked polyubiquitin chains perform non-proteolytic 

functions in different pathways like DNA repair, activation of protein kinases, endocytosis and many 

other changes of biochemical functions of the modified proteins.44,69-73K27-linked chains were 

recently shown to be required for proper activation of the DNA damage response74while linear chains 

linked via the N-terminus are involved in NF-κB activation.75-76Endogenous K6-linked and K33-linked 

poly-ubiquitylated proteins have been reported but their functions remain elusive.77-81 With respect 

to non-proteolytic functions, mono-ubiquitylation plays an important role, too. It has been reported 

that mono-ubiquitylation can alter protein-protein interaction properties82, sub cellular localization83-

84 or the biochemical function of the target protein.85-88Furthermore, mono-ubiquitylation was 

reported to be an important regulator of proteins involved in DNA repair pathways including base 

excision repair.89-93 

The described functions of a specific ubiquitylation type have been disclosed by identification of 

effector proteins that are able to read the ubiquitin code and translate the modification into specific 

outcomes. More than twenty distinct ubiquitin-binding domain families have been identified94 but 

only a few of these have been reported to interact with ubiquitin chains in a linkage type-specific 

manner.95-96Concluding, despite the latest progression, it remains obscure how ubiquitylation, i.e. the 

topology,affects the biophysical nature/activity of the protein modified.  

The basic principle of writing the ubiquitin code is known.The specific assembly is catalyzed by the 

concerted action of three classes of enzymes designed as ubiquitylation machinery.97-99Ubiquitin is 

first activated by an ubiquitin-activating enzyme E1 at the expense of ATP by forming a high energy 

thioester bond between the carboxyl group of the C-terminal glycine of ubiquitin and the thiol group 

of the active site cysteine residue of E1. One of several ubiquitin-conjugating enzymes E2 transfers 

the activated ubiquitin via an E2-ubiquitin thiol ester intermediate to the substrate that is specifically 

bound to a member of the ubiquitin-protein ligase family E3. Three distinct families of E3 enzymes 

have been described based on their mechanism of action and specific, commonly shared structural 

motifs. The vast majority with about 600 putative members is displayed by the Really Interesting 

New Gene (RING)family.100-101They assist for an E2-mediated isopeptide bond formation by providing 

a scaffold for both, the E2 and the substrate protein. Contrarily, members of the RING-In-Between-

RING (RBR) family102-104covalently bind ubiquitin and catalyze the formation of the isopeptide bond 

between ubiquitin and its target protein.105The third family is Homologous to E6AP C-terminus 

(HECT).106-108 Similar to the RBR family, they interact with the E2 enzyme to bind ubiquitin covalently 

prior to catalysis of the isopeptide bon formation to a target protein. All E3s seem to take a special 

position within the ubiquitylation pathway contributing to the high specificity of the system by 

determining the substrate selection prior to conjugation with ubiquitin.Additionally, they seem to 

control the ubiquitin chain formation on the substrate.37 It was reported that a specific HECTE3, 
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E6AP, mainly forms K48-linked ubiquitin chains109 while MDM2 which belongs to the family of RING 

E3s prefers linkage by K11, K48, and K63 if it is associatedwith a specific E2, namely UbcH5B.110 

However, the interaction with other E2s results in different linkage specificity indicating that the 

combination of E2 and E3 can direct the formation of diverse ubiquitin chains. Furthermore, the 

ubiquitylation machinery can be extended in some cases. It was shown in vitro thatan elongation 

factor E4 allows the extension of ubiquitin chains that would otherwise not extend beyond three 

moieties.68 It was proposed that E4 acts by altering the linkage of the existing polyubiquitin chain 

and, hence, changing the topology.  

As there are enzymes that write the ubiquitin code, there exist ubiquitin-specific proteases that erase 

the code and attribute ubiquitylation its remarkable dynamic nature. To control ubiquitin signaling 

specifically, almost 100 deubiquitylating enzymes (DUBs) are encoded by the human genome that 

handle chains of distinct linkage type and length.111-113 However, the mechanism of action is poorly 

understood.  

A2. Ubiquitylation in vitro 

Despite the ongoing publishing of new data and great advances concerning the biology of ubiquitin, 

ubiquitylation still displays a research area with a lack of understanding on each level of the ubiquitin 

code- writing, reading and erasing.  

A general obstacle on the level of reading the code - i.e. the understanding how the linkage impacts 

the fate of the protein modified - has been the lack of sufficient amounts of homogeneously mono-

ubiquitylated proteins and linkage type-specific ubiquitin chains for detailed biochemical analyses.114-

115Due to recent advances in chemical synthesis of proteins and bioconjugation, several approaches 

for site-specific conjugation of one ubiquitin moiety to a substrate and for the synthesis of linkage 

type-specific ubiquitin dimers have been developed.116-123These include native chemical ligation,85,124-

125and thioether ligation.126For example, the total chemical synthesis of K48-linked ubiquitin dimer 

was reported recently125 and a K63-linked dimer was synthesized by thioether ligation of cysteinyl-

ubiquitin peptides as building blocks.126The need of polyubiquitin chain models consisting of more 

than two moieties is unarguably since the optimal length of chains for function is still unknown. In 

addition,the conformations of the polymericubiquitin chain recognized by the 26 S proteasome or by 

other enzymes are currently unknown, too.  

Until recently, ubiquitin chains had to be synthesized enzymatically which was a potential hindrance 

for the identification of ubiquitin chain interacting proteins because respective enzymes were only 

available for K11-, K48-, and K63-linked chains114,127 and this approach was limited by low 
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productivity. This entailed a lack of selective tools to study each chain type. To address the challenge 

of synthesizing ubiquitin chains of any linkage type, chemical approaches including thiol-ene 

coupling,128 silver-mediated chemical condensation,129-131 and chemical synthesis combined with 

isopeptide chemical ligation132-134 were described. Furthermore, the groups of Brik and Strieter 

synthesized bifunctional ubiquitin variants to produce chains via polymerization.128,132 

Owing to these efforts, the chemical access to modified proteins obviated the need of difficult 

isolation from natural sources and facilitated the study of post-translational modifications in 

vitro.Several structural and biochemical studies have been performed on the di-ubiquitins 

contributing to extend the knowledge of the biological functions of ubiquitin.120,125-126,131However, the 

modification was mostly built from native amino acid side chains which was a potential chokepoint 

for experiments in whole cell extracts and in vivo for two reasons.First, the highly complex chemical 

environment of a cell requires exquisite selectivity for the site-specific formation of a product. 

Second,the applicability of naturally-linked ubiquitin conjugates in e.g. cell extracts is significantly 

limited by the fact that the chains are rapidly dismantled by DUBs. A potential solution was recently 

provided by using a genetically encoded ubiquitin mutant Ub L73P to enzymatically assemble 

ubiquitin chains that are resistant to DUBs.135Beyond that, the establishment of bioorthogonal 

chemistry had a seminal impact on expanding the possibilities of protein synthesis and modification. 

Along these lines, the Marx group and others have developed approachesfor the synthesis of 

nonnatively-linked mono-ubiquitylated proteins by using oxime-based ligation,136 or the 

bioorthogonal Cu(I)-catalyzed azide-alkyne cycloaddition.123,137-138 

B. BIOCONJUGATIONVIA GENETICALLY ENCODED BIORTHOGONAL 

UNNATURAL AMINO ACIDS 

As the number of proteins identifiedincreases continuously as well as the frequency of the use of 

proteins in diverse research fields, chemoselective protein conjugation has dramatically evolved 

seeking selectivity in complex biological systems.139By the development of biorthogonal reactions, 

bioconjugation has witnessed striking progress in the last decade. Bioorthogonality implies a 

mutually reaction of two components while remaining inert to the environment under physiological 

conditions. The bioorthogonal components are non-native, non-perturbing and can be modified 

through highly selective reactions. Until recently, proteins were modified chemically with the 

respective reactive moiety. Nowadays, efforts to exploit biorthogonal reactions in protein 

conjugation have led to the expansion of the genetic code enabling incorporation of engineered 

unnatural amino acids containing biorthogonal groups into recombinant proteins.140-141So far, several 
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functionalities have been incorporated into proteins suitable for bioorthogonal reactions assigned to 

the area of click chemistry.  

B1. Click reaction 

Click chemistry represents a powerful synthetic method inspired by nature’s strategy to use simple 

building blocks for generating large oligomers with remarkable modularity and diversity.142-145Click 

chemistry employs functional groups that are easy to synthesize and enable highly reliable, rapid and 

selective reactions.144 

The prime example of all reactions employed in click chemistry is the Cu(I)-catalyzed cycloaddition of 

azides and alkynes (referred to as “click reaction” within this study).146-148Click reaction relies on a 

1,3-dipolar cycloaddition to yield 1,2,3-triazoles149 and proceeds significantly accelerated and with 

almost complete regioselectivity for 1,4-disubstituted triazoles under Cu(I) catalysis.147-148The 

reaction requires no protection groups since the reactive moieties, aliphatic azides and terminal 

alkynes are orthogonal to a wide variety of functional groups and have great kinetic stability. Both, 

alkynes and azides, represent π-systems which are extremely rare and inert in biological systems. 

Indeed, azides are absent from nearly all naturally occurring species. They are mild electrophiles that 

do not react with amines or other hard nucleophiles that are abundant in cellular systems.150-151 

Beneficially, reactions with soft nucleophiles like free thiols of cysteine residues in proteins need 

non-physiological conditions like vigorous heating or auxillary catalysts.152-153 Therefore, azides are 

nearly inert towards biological molecules under conditions found in living cells. Additionally, azides 

are 1,3-dipoles that can undergo reactions with dipolarophiles such as activated alkynes. The Cu(I) 

species can be provided by Cu(I) salts or can be generated by reduction of Cu(II) salts in situ.147 

Besides ascorbic acid as the reducing agent, the water soluble phosphine 

tris(carboxyethyl)phosphine (TCEP) was shown to be a competent reductant in presence of 

proteins.154 The thermodynamic instability of Cu(I) engenders easy oxidation to Cu(II) or 

disproportionation to Cu(0) and Cu(II) shutting down the Cu(I)-mediated catalytic cycle, for example 

by atmospheric oxygen. Therefore, using click reaction for the modification of proteins in aerobic, 

aqueous conditions needs additives that stabilize the Cu(I) species preventing oxidative damage of 

proteins. Polytriazoles such as tris-(benzyltriazolylmethyl)amine (TBTA) or tris-

(hydroxypropyltriazolylmethyl)amine (THPTA) have been identified as powerful Cu(I)-stabilizing 

ligands while enhancing the catalytic activity of Cu(I) and thereby accelerating the reaction.155-156 

Their benefit was noticed remarkably, when reactions were run in the absence of an inert argon or 

nitrogen atmosphere without stabilizing agents: the yield decreased significantly compared to the 
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reaction with a stabilizing agent.157 However, it is recommended that both, stabilization of Cu(I) and 

oxygen-free condition, should be applied to achieve the best yield. 

In spite of the potential toxicity of copper, click reaction has proved itself as extremely versatile and 

promoted efforts in key areas like bioconjugation,154,158-161materials science162-166 and drug 

discovery.167-171The chemical properties of 1,2,3-triazoles render the click reaction particularly 

applicable in the context of biomolecules. The heterocycle is water soluble and mimics certain 

aspects of the natural peptide bond by offering similar electronic properties and configuration of 

atoms.144,172-177Notably, it is not susceptible to hydrolytic cleavage. Indeed, several members of the 

1,2,3-triazole family have been shown to be biologically active in terms of cytokine 

inhibition,178antiviral activity152,179-180or anti-bacterial activity181 highlighting their cellular stability. 

Together with the abovementioned favorable characteristics of 1,2,3-triazoles, the bioorthogonality 

of the click reaction renders it a very valuable strategy for bioconjugation. Thus, click reaction has 

been employed to attach many different small compounds to biomolecules like 

peptides,159,182oligosaccharides,183virus particles154or DNA184and the respective conjugates have been 

very useful for studying biological processes.82,137,185 Furthermore, click reaction contributed to novel 

applications in immobilization of carbohydrates,186-187 DNA188-189 and proteins187,190-191 onto surfaces 

as well as activity based protein profiling.161,192-193 Most recently, click reaction was also 

demonstrated to generate protein-protein conjugates.82,123,139,194-196Along these lines, the Marx group 

generated ubiquitin dimers123,195 and mono-ubiquitylated PCNA82,197by incorporation of azide- and 

alkyne-functionalized unnatural amino acids into proteins via methods to expand the genetic code.  

B2. Expanding the genetic code 

The classic view of the central dogma of molecular biology states that DNA codes for RNA – i.e. 

mRNA – which codes for proteins. The primary structure of proteins is constituted by a contingent of 

twenty canonical amino acids and is encoded by the genetic code. The genetic codeis given by the 

sequence of the four bases adenine, uracil, cytosine and guanine along the mRNAread as groups of 

three bases from a fixed starting point that determines the correct read off as triplets. Each triplet 

codes for one amino acid whereby the code is not overlapping but degenerated.198 This allows 

encoding one amino acid by several triplets but one triplet encodes only one specific amino acid. The 

translation of triplets to amino acids is accomplished at the ribosome by the aminoacylation of a 

tRNA by aminoacyl-tRNA synthetases, an esterification in which each amino acid is linked to its 

corresponding (cognate) tRNA that, in turn, harbors the nucleotide triplet (anticodon) specific to the 

amino acid. Although a number of arguments have been put forth to explain the nature and the 

number of amino acids in the genetic code, proteins require additional chemistry beyond the 
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functionalities of the canonical amino acid side chains, to carry out their functions. Moreover, since 

the proteome of a cell may be two to three orders of magnitude more complex than the encoding 

genome would predict,199-200 there must be mechanisms for expanding the coding capacity of the 

genes. In nature, one mechanism is the post-translational modification of proteins such as 

ubiquitylation, to append the essential functionality into a protein.201-202 

The ability to manipulate amino acid sequences in vitro has dramatically expanded by recombinant 

DNA technology and conventional site-directed mutagenesis. However, the substitutions that can be 

made remained limited to the physiochemical nature exerted by the twenty canonical amino 

acids.203-205With intentionto introduce post-translational modifications, scientists have developed 

enzymatic tools to modify proteins with chemical handles (compare sectionChapter IA2).201,206 

Another approach allowing a large number of modifications to be made on protein’s structures is 

solid-phase peptide synthesis. However, this is generally limited to peptides and smaller proteins 

owing to the decreased yield and purity associated with the synthesis of proteins consisting of more 

than 100 amino acid.207 However, recent advances in chemical and semi-synthesis of proteins 

allowed the efficient production of naturally occurring, large proteins.208-210 The synthesis of a tetra-

ubiquitin mentioned in A2 was a size record in the chemical synthesis of a natural occurring 

protein.133 

Alternatively, to chemical based methods, reprogramming the translational machinery and 

expanding the genetic code has become an essential tool for highly sophisticated and ordered 

protein engineering. For this purpose, one of two molecular events that accomplish the genetic code 

is targeted: codon-anticodon interaction between tRNAs and mRNAs on the ribosome or charging of 

the amino acids onto their cognate tRNAs by respective aminoacyl-tRNA synthetases (aaRS).211-212 In 

this context, expansion of the genetic code can be accomplished by either exploiting the substrate 

tolerance of the aaRS or by alienation of a nonsense codon.  

B2.1. Selective pressure incorporation 

Exploiting the substrate tolerance is based on the inability of the aaRS to distinguish between a 

variety of structurally and chemically similar substrate analogs and its cognate substrate.213 

Therefore, several of the canonical twenty amino acids can be substituted with unnatural amino 

acids. The mischarging of an analog onto a tRNA results in a residue-specific incorporation of the 

analog into a growing polypeptide chain and, hence, a protein containing this analog is synthesized. 

A well established approach in bacteria for this concept takes advantage of bacterial strains that are 

auxothrophic for one of the twenty canonical amino acids to replacethat amino acid globally with its 

analog.214 This method is referred to as selective pressure incorporation (SPI) since it is based on the 
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principle that the choice of the amino acid used for protein synthesis can be conditioned by the 

control of environmental factors such as amino acid supply. However, the uptake of the analog by 

the bacterial cell is a prerequisite.  

 

Figure 2: Incorporation of the unnatural amino acid Aha into proteins via selective pressure incorporation. A) Chemical 

structure of azidohomoalanine (Aha). B)1 Principle of selective pressure incorporation (SPI). The gene of interest is 

expressed in methionine-auxothrophic E.coli B834 (DE3). The cells are cultured in minimal medium containing Aha (green) 

instead of methionine. Aha is utilized by the endogenous MetRS and tRNAMet and thus incorporated residue-specific at sites 

of methionine residues (AUG) into the proteome.  

 

Recently, SPI was used to replace methionine with its analog azidohomoalanine (Aha, Figure 2 A). 

Aha was successfully incorporated into proteins by using the cell’s own biosynthetic machinery (a 

schematic is shown Figure 2) and it was shown that the incorporation is unbiased, non-toxic and does 

not increase protein degradation.123,215-216 Thereby, recombinant proteins could be generated 

containing an azide functionality valuable for click reaction. However, the global replacement of one 

amino acid may pose two problems. First, interference of the unnatural amino acids with the 

protein’s structure and function is possible. Second, site-selective reaction is tedious since each 

protein contains at least one methionine due to the universal start codon AUG. This initial N-terminal 

methionine is the first amino acid incorporated in all proteins.217-218 In prokaryotes, the initial AUG 

                                                           
1

graphical implementation with great help of Daniel Rösner 
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codon is recognized by a specific initiator tRNA, N-formylmethionine-tRNA (tRNAfMet). Therefore, the 

first amino acid of each protein expressed in E.coli is a methionine derivate containing a formyl group 

at its amino group (fMet).219-221 It was reported that, in the majority of E.coli proteins, the N-terminal 

methionine is co-translationally removed by the metionine aminopeptidase (MetAP) if preceding 

amino acids are non-bulky and small, namely glycine, serine, alanine, cysteine or proline.222-

224However, a prerequisite is that the N-formyl group had been enzymatically removed from the 

nascent polypeptide before by the enzyme deformylase.225-226Concluding, site-specific incorporation 

of Aha into a protein via SPI is possible, if excision of the N-terminal methionine is quantitative and if 

the target protein does not contain any internal methionine as it is the case for ubiquitin (see Figure 

1). 

B2.2. Amber codon suppression 

Expanding the genetic code by alienation of a nonsense codon, i.e. a stop codon, implies that such a 

triplet encodes an amino acid suppressing its original nonsense function. This concept is based on the 

discovery that some organisms encode genetically the non-canonical amino acids selenocysteine (Sel, 

21st amino acid) and pyrrolysine (Pyl, 22nd amino acid), respectively, by altering the function of a stop 

codon.227-228 

Pyrrolysine (Pyl) is found in certain methanogenic archaea such as Methanosarcina barkeri227,229and is 

inserted translationally in response to an in-frame nonsense codon (UAG, amber codon) located in 

the mRNA.230 The insertion relies on the presence of a specific suppressor tRNA (tRNAPyl) that has an 

anticodon (CUA) complementary to the UAG codon and the pyrrolysyl tRNA synthetase (PylRS) that 

directly esterifies Pyl to tRNAPyl.227,231-232 

To use the amber codon for the incorporation of an unnatural amino acid into proteins expressed 

recombinantly - this method is referred to as amber codon suppression (ACS) - an orthogonal tRNAaa-

aaRS pair has to be established in respective organism.233-234 Orthogonal implies that it does not 

crossreact with the endogenous tRNAaa-aaRS pairs. In detail, the tRNA carrying the anticodon 

(suppressor tRNA) must not be charged by the host organism’s aaRSs. Furthermore, the suppressor 

tRNA is restricted to recognize the corresponding nonsense codon on the mRNA. The orthogonal 

aaRS must recognize the UAA selectively and aminoacylate it only onto the cognate tRNA while no 

host aaRS recognizes the UAA. The tRNA-aaRS pair tRNAPyl-PylRS was shown to be orthogonal to the 

canonical genetic code and was therefore established in E.coliusing the amber codon for the 

incorporation of Pyl into E.coli expressed proteins.227,231,235 

Since it has been shown that the cellular translational machinery is sufficiently flexible to enable the 

incorporation of a number of pyrrolysine analogs, several analogs as unnatural amino acids have 
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been identified and were incorporated successfully into proteins by ACS.232,236-237Useful physical, 

chemical or biological properties like photocrosslinkers, fluorescent probes, redox active groups and 

bioorthogonal groups have been incorporated into proteins providing a powerful tool to investigate 

and manipulate the protein’s structure and function by genetically encoded features.234,238Compared 

to residue-specific SPI, the method of ACS allows a site-specific incorporation of the unnatural amino 

acid.  

Thepropargyl-modifiedpyrrolysine analog Plk (Figure 3 A) was incorporated into various proteins 

including ubiquitin by ACS in E.coli.77,82,123,239By mutating a specific lysine residue of ubiquitin or of a 

target protein for ubiquitylation to an amber codon, an alkyne-functionalized protein suitable for 

click reaction is providedupon ACS in presence of Plk. 

 

Figure 3: Incorporation of the unnatural amino acid Plk into proteins via amber codon suppression.A) Chemical structure 

of alkyne-functionalized pyrrolysine analog Plk. B)2 Principle of amber codon suppression (ACS). The gene of interest is 

expressed in E.coli that contains the orthogonal pair tRNAPyl-PylRS (blue) from Methanosarcina barkeri on an accessory 

plasmid. Thereby, Plk (blue) is site-specifically incorporated at the site of an amber codon (UAG).  
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C. SUBSTRATES OF UBIQUITYLATION – UBIQUITIN AND DNA REPAIR 

The theory that the exclusive function of ubiquitin might be solely proteasomal degradation has been 

obsolete since a long time. The broadness of ubiquitylation became clear when in 1987, a DNA repair 

gene, RAD6,was discovered to encode a ubiquitin conjugating enzyme.240 Almost three decades later, 

the fact that ubiquitin has been associated with a range of human diseases initiated intensive 

research of the role of ubiquitylation in DNA repair. Strikingly, all major DNA repair pathways are 

regulated to some extent by ubiquitylation.89In particular, recent studies identified mono-

ubiquitylation as important regulatory mechanism in different DNA repair pathways.90-91,93,241Two 

important proteinsinvolved in DNA repair that are known to be mono- and poly-ubiquitylatedare 

DNA polymerase beta and PCNA. The scope of their engagement in DNA repair is well stated but the 

consequences of ubiquitylation are just at the beginning to be understood due to its multilayered 

extent. 

C1. DNA polymerase beta 

Genomic DNA is exposed perpetuallyto endogenous and exogenous mutagens that cause DNA 

damage that may result in genetic mutations if not repaired. Therefore, mammalian cells have 

developed various DNA repair pathways to guarantee the maintenance of integrity of their 

genome.242A major pathway is base excision repair (BER) realizing the repair of DNA single strand 

breaks and single base lesions with DNA polymerase beta (Pol beta)asa key enzyme.243-247Pol beta is a 

constitutively expressed 39kDa multifunctional enzyme consisting of a single chain polypetide 

comprising 335 amino acids (Figure 4). Experimental studies have shown that the enzyme is folded 

into two functional domains connected by a protease sensitive hinge region.248-252 The 8 kDa amino-

terminus contains a lyase activity and has a high affinity to single stranded DNA whereas the 31 

kDapolymerasedomain harbors the nucleotidyltransferase activity and promotes DNA double strand 

binding. The catalytic domain is composed of fingers, palm and thumb subdomains arranged to form 

a channel for DNA binding as confirmed by resolution of the structure.253Within each subdomain, a 

PCNA interacting motif is contained (see Chapter IC2).254Under- and overproduction of Pol beta leads 

to deficient repair and increased rate of mutagenesis, respectively, and have been associated with 

increased sensitivity for cancer.255-256 Evidently, tight regulation of cellular Pol beta levels is vital. As 

for most of the BER proteins, the regulation is realized by post-translational modifications.257-258 A 

major strategy to control the nuclear pool of Pol beta enzymes is their proteasomal degradation 

upon ubiquitylation what is linked to the amount of endogenous DNA lesions.90,259DNA damage 

relocates newly synthesized Pol beta from the cytoplasma into the nucleus.260Once the amount of 

Pol beta is high enough to support efficient DNA repair, cytoplasmic Pol beta is mono-ubiquitylated 
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by the E3 ligase MULE.92 Mono-ubiquitylation promotes poly-ubiquitylation by CHIP that marks Pol 

beta for degradation via the 26S proteasome.259 As opposed to this, a deubiquitylating enzyme was 

identified, USP47, that counteracts degradation and promotes stability of Pol beta providing a source 

for nuclear translocation upon DNA damage.261Three lysine residues were identified to be 

ubiquitylated by the ubiquitylation machinery with MULE as E3: K41, K61 and K81.92Whether the 

three positions are redundant and if they are equally targeted by CHIP has not been investigated, yet. 

Although a sequential ubiquitylation process has been described, a fate for mono-ubiquitylated Pol 

beta different from signaling poly-ubiquitylation and thus, degradation, has not been reported. Most 

probably, these questions could not been answered because sufficient amounts of stable, defined 

Pol beta-ubiquitin conjugates have not been available. Thus, an easy and efficient method to 

generate all three mono-ubiquitylated Pol beta variants is urgently needed to clarify the role of 

mono-ubiquitylation in Pol beta-dependent DNA repair.  

 

Figure 4: DNA polymerase beta. The cartoon shows the structure of human DNA polymerase beta (pdb file 1bpx) with the 

three lysine residues used for ubiquitylation (blue sticks). The one-letter code of its sequence is depicted at the right side. 

C2. PCNA 

PCNA was originally discovered as an autoantigen in the nuclear proliferating cells of patients 

suffering from lupus erythematosus.262 Therefore, it was named proliferating cell nuclear antigen 

(PCNA). It was later characterized as a pivotal component of the eukaryotic chromosomal DNA 

replisome functioning as a DNA sliding clamp for replicative DNA polymerases.263-264 Members of the 

DNA sliding clamp family encircle the DNA and bind to DNA polymerases enhancing their 

processivity.265 They adopt a ring-shaped structure with a central hole to accommodate the double 

helix of DNA. For this purpose, three identical 29 kDa PCNA monomers each consisting of 261 amino 

acids are joined head-to-tail to form a homotrimer in humans (Figure 5).266Progressively, the striking 
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ability of PCNA to interact with a plenitude of proteins involved in processes linked to DNA 

metabolism has been revealed. PCNA appears to provide a central scaffold for recruiting and 

controlling the dynamic engagement of diverse factors of DNA replication, DNA repair, translesion 

DNA synthesis, cell cycle control and many more (reviewed in 267-269). Recently, interaction of PCNA 

and DNA polymerase beta was demonstrated raising the possibility that PCNA might have a role in 

base excision repair.254The competition for binding to a common surface on PCNA by numerous 

proteins needs to be tightly regulated and coordinated. The molecular basis of how this multilayered 

interplay is coordinated is just at the beginning to be understood. Several post-translational 

modifications like acetylation, phosphorylation, sumoylation and particularly ubiquitylation seem to 

play a crucial role to trigger switching of PCNA partners (reviewed in 270-272). In all eukaryotes, PCNA is 

mono-ubiquitylated at K164 by RAD6 as E2 and RAD18 as E3 in response to stalled replication 

forks.273-275Mono-ubiquitylation seems to be responsible for recruiting of translesion synthesis (TLS) 

DNA polymerases that are specialized to bypass several DNA lesions in an error prone pathway.276-

278How mono-ubiquitylated PCNA facilitates the selection between different TLS polymerases for 

bypass of individual lesions is not known. Mono-ubiquitylated PCNA can be furtherextended by 

ubiquitin chains linked via K63.102,273,279-282This event is currently not well defined but was suggested 

to trigger an error-free DNA damage pathway whose nature is still elusive.283-285In contrast to the 

above-mentioned example for Pol beta, ubiquitylation does not seem to regulate degradation of 

PCNA.  

Recently, yeast PCNA was artificially modified with one single ubiquitin at position K164 using click 

reaction.82 While PCNA-Ub showed a lower stimulation of replicative DNA synthesis than PCNA, a 

higher affinity of a TLS polymerase, DNA polymerase η, to PCNA-Ub than to PCNA was confirmed. 

This study suggests that PCNA-ubiquitin conjugates linked by triazoles are suited for investigations on 

the role of PCNA-Ub.  
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Figure 5: PCNA. The cartoon shows the structure of human homotrimer PCNA (pdb file 1AXC) with each monomer 

containing 261 amino acids including lysine K164 used for ubiquitylation (blue sticks).). The one-letter code of its sequence 

is depicted at the right side. 
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D. AIM OF THIS STUDY 

This study addresses a major obstacle within the ubiquitin research area, that is, the lack of defined 

ubiquitin conjugates suitable - i.e. resistant to ubiquitin-specific proteasesand in amounts sufficient 

for biochemical analyses - to study the ubiquitin code. The aim of this project was thedevelopment of 

a method to overcome this bottleneck. Importantly, the method should be easy, fast and feasible 

with standard molecular biology equipment. Furthermore, the method should provide a protocol for 

custom-tailored ubiquitin conjugates by being readily adaptable for modification of any target 

protein that can be generated recombinantly in bacteria.  

For this purpose, incorporation of bioorthogonally-functionalized unnatural amino acids via 

expansion of the genetic code andCu(I)-catalyzed azide-alkyne reaction (click reaction) should be 

combined to elaborated the generation of mono- and poly-ubiquitylated proteins, respectively. For 

mono-ubiquitylation, the elaboration of a concept to generate a site-specifically azide-functionalized 

ubiquitin variant is vital to the success. Based on this monofunctional ubiquitin variant, the synthesis 

of a bifunctional ubiquitin variant containing a distinct alkyne functionality in addition to the site-

specific azide should be realized. This bifunctional ubiquitin is crucial for the synthesis of linkage 

type-specific ubiquitin chains as well as defined poly-ubiquitylation of target proteins. As substrates 

for ubiquitylation, DNA polymerase beta, PCNA and ubiquitin itself should be used and, hence, need 

to be alkyne-functionalized at distinct lysine positions. 

The monomeric building blocks should provide a toolbox to assemble defined ubiquitin conjugates by 

click reaction. By improvement of the efficiency of the click reaction, milligram quantities of ubiquitin 

conjugates are aimed at obtaining. Finally, the conjugates should be proved for functionality, tested 

for their potential to study ubiquitin signaling and to dissect linkage type-specific effects on the 

activities of a protein modified.  
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Chapter II GENERATION OF SITE-SPECIFIC MONOUBIQUITIN CONJUGATES 
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A. INTRODUCTION 

In the ubiquitin research field, the lack of sufficient amounts of homogenously mono-ubiquitylated 

proteins for detailed biochemical analyses has been a general obstacle.47,114-115To address this 

bottleneck, Eger et al. have developed a method that allows the generation of ubiquitin dimers as 

well as mono-ubiquitylated substrates by taking advantage of the click reaction.82,123,195To provide the 

functionalities necessary for click reaction, the desired substrate is site-specifically modified with an 

alkyne functionality by Plk incorporation instead of a distinct lysine residue via amber codon 

suppression (ACS, see Chapter IB2.2).As the counterpart to enable click reaction, a ubiquitin variant is 

generated providing an azide functionality at the C-terminus. For this purpose, the C-terminal glycine 

(G76) codon is mutated to a methionine codon and the resulting ubiquitin variant is expressed in 

methionine auxotrophicE. coli. Residue-specific incorporation of the methionine analog 

azidohomoalanine (Aha) is achieved by using the method of selective pressure incorporation (SPI, see 

Chapter IB2.1). Thereby, methionine is replaced proteome-wide by Aha. As the ubiquitin variant used 

contains two methionine residues, encoded by the initial ATG codon and the ATG codon introduced 

at position 76, two Aha molecules are incorporated upon expression impeding a selective click 

reaction at the C-terminus. However, co-translational removal of the initial Aha by the endogenous 

enzyme MetAPis anticipated becausetwo small, non-bulky amino acids (alanine and serine, see 

Chapter IB2.1)222-224were introduced between the initial methionine and the following glutamine 

when cloning the construct. By this approach, ubiquitin dimers linked via all seven possible lysine 

residues as well as mono-ubiquitylated yeast PCNA were successfully generated.82,123 

While the conjugates generated with this method could be used for some first experiments to verify 

their functionality, we and others discovered some crucial limitations. Contrary to the expectation 

that a mono-functionalized ubiquitin variant - containing a single Aha incorporated at the C-terminus 

- would be synthesized, the cleavage efficiency of the initial Aha by MetAP was not quantitative but 

varied strongly between different preparations.286-287Constantly, mass analysis revealed the existence 

of two protein species with a mass difference of 154.0 Da (Figure 6 A) as I showed within my master’s 

thesis.286 The species with a mass of 8664.2 Da was assigned to the desired monofunctional ubiquitin 

containing one single Aha (calculated mass: 8661 Da). The second species with a mass of 8818.2 Da 

resulted from incomplete excision of the initial Aha formylated at its free amino-terminus. This is in 

line with previous findings that the initial amino acid of a protein overproduced in E.coli is retained 

up to likely 70% probably due to saturation of MetAP and deformylase activities.225,288 Moreover, it 

was reported that Aha in the first position at the N-terminus of human epidermal growth factor is 

cleaved inefficiently even if alanine or glycine follow in the second position.289Consequently, this 
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doublyfunctionalized ubiquitin could react with two alkyne-functionalized substrates resulting in 

trimers.  

Within preliminary work for my study, I showed that trimer formation is indeed the case as 

demonstrated by SDS PAGE analysis in Figure 6.Click reaction of ubiquitin generated as described 

above and alkyne-functionalized ubiquitin (Figure 6 B, left) oralkyne-functionalized DNA polymerase 

beta (Figure 6 B, right) resulted in mono-ubiquitylation but also trimer formation. Although some 

promising approaches have been reported for quantitative, co-translational excision of the initial 

methionine, none was successful in the case of ubiquitin. Separating the dimers from the monomers 

and trimers by size exclusion chromatography was possible but suffered a great loss of mono-

ubiquitylated substrate (data not shown). Moreover, within the dimer site-specific conjugation via 

the C-terminus of ubiquitin could not be ensured.  

Furthermore, Figure 6 B demonstrates another decisive limitation of the previously established 

approach: the overall yield of the click reaction was extremely low as shown by low product 

formation of mono-ubiquitylated species in SDS PAGE analysis. 

In conclusion, the established method of click reaction to generate mono-ubiquitylated proteins 

needed to be improved further to exploit the great potential of the fundamental principle.  
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Figure 6: Limitations of the established method to generate mono-ubiquitylated substrates via click reaction.195 A) The 

generated Aha-ubiquitin variant was analyzed by SDS PAGE and Coomassie blue staining (left panel)and ESI-MS (right 

panel). Mass analysis revealed two ubiquitin species: ubiquitin with Aha incorporated at the C-terminus (calculated mass: 

8661 Da) and with an additional, formylated Aha at the N-terminus (calculated mass: 8818.2 Da). B) Click reaction of this 

doubly functionalized variant and alkyne-functionalized ubiquitin (left panel) or DNA polymerase beta (right panel) was very 

inefficient and led not only tomono-ubiquitylated substrates but also to formation of trimers as confirmed by SDS PAGE and 

Coomassie blue staining. 

B. GENERATION OF A MONOFUNCTIONAL UBIQUITIN VARIANT 

B1. Concept 

To develop a straightforward, SPI-based approach to generate aubiquitin variant with a single azide 

functionality at the C-terminus, site-specific proteolytic removal of the first (unnatural) amino acid of 

ubiquitin under defined in vitro conditions was reasoned as a generally applicable strategy. 

Examination of the crystal structure of ubiquitin indicated that the N-terminus extends from the 

globular domain and should be easily accessible for cleavage by a protease. Hence, a protease 

cleavage site was introduced between the translational start codon ATG and the second codon of 

ubiquitin (see amino acid sequence of ubiquitin depicted in Figure 1). For easy and quantitative 

separation of the cleaved ubiquitin from the unprocessed variant, an affinity tag was also inserted 
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upstream of the protease cleavage site. It has already been reported for ubiquitin that cleavage of an 

N-terminal His6-tag and StrepII-tag, respectively, is very inefficient independent of linker sequence 

and protease used.290However, an N-terminal fusion of glutathione S-transferase (GST) followed by a 

thrombin cleavage site has previously been used for affinity purification of ubiquitin and quantitative 

cleavage of the fusion protein was observed.291Therefore, a GST-Ub fusion was constructed suitable 

for expression in E.colivia SPI in presence of Aha and for subsequent easy purification to obtain a 

monofunctional ubiquitin variant.  

B2. Results and discussion 

According to the preliminary considerations, a cDNA of human ubiquitin without the initial ATG 

codon but encoding the G76M mutation was cloned into the pGEX2TK vector downstream of GST 

and the thrombin cleavage site (cloning was done by Daniel Schneider). Methionine auxotrophic 

E.coli B834 (DE3) were transformed with this construct in order to enable recombinant expression of 

the fusion construct via SPI. For this purpose, cells were cultured in minimal medium (NMM) 

supplemented with a defined concentration of methionine. After complete consumption of 

methionine, cells were transferred to fresh NMM supplemented with Aha but not methionine. 

Expression of GST-Ub G76M was induced by adding IPTG. Following expression, purification of Ub 

G76Aha was readily achieved by a one-step approach (Figure 7). 
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Figure 7: Generation of monofunctional Ub G76Aha. A) Schematic workflow of the approach developed to generate a 

ubiquitin variant with a single C-terminal azide. A GST-Ub fusion variant,GST-Ub G76M containing a thrombin cleavage site 

(TCS), is expressed in methionine auxotrophic E.coli B834 (DE3) via selective pressure incorporation (SPI).After expression, 

purification and thrombin cleavage leads to Ub G76Aha B) Schematic structure of azide-functionalized ubiquitin including 

an N-terminal extension of eight amino acids derived from the linker sequence of GST-Ub. C) Analysis of the purification of 

Ub G76Aha. Aliquots of the beads prior to (bi) and after (bo) thrombin cleavage and elution fractions of Ub G76Aha (e1-e6) 

were analyzed by SDS PAGE followed by staining with Coomassie blue. D) Deconvoluted ESI-MS spectrum of Ub G76Aha 

(calculated mass: 9360.7 Da). 

 

In detail, upon cell lysis, the clarified cell lysate was incubated with glutathione beads, followed by 

washing until elution of proteins was no longer observed, as confirmed by SDS PAGE (data not 

shown). Thrombin cleavage was carried out over night at room temperature and Ub G76Aha was 

eluted (Figure 7 C, fraction e1 to e6). Quantitative cleavage of GST-Ub fusion was confirmed by 

analyzing proteins attached to the beads by SDS PAGE. Prior to thrombin cleavage and elution (Figure 

7 C, bi), GST-Ub (calculated mass: 35360 Da) was detected on beads at about 35 kDa. After thrombin 

cleavage and elution (Figure 7 C, bo), a band slightly below 30 kDa was detected, representing GST 

(calculated mass: 26000 Da) without ubiquitin. The elution fractions were incubated at 65 °C for 

20 min to inactivate thrombin that possibly co-elutes with Ub G76Aha. After centrifugation, the 

concentration of the supernatant was determined by performing a BCA assay and the samples were 
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stored at 4 °C. Following this approach, a yield of about 9.5 mg per 1 l expression culture was 

obtained. The identity of Ub G76Aha and the absence of the N-terminal GST was verified by mass 

spectrometry. Notably, upon cleavage, a linker of six amino acids with a mass of 875.9 Da precedes 

the ubiquitin sequence (Figure 7 C). The average mass of Ub G76Aha is 8502.6 Da resulting in an 

average mass of 9360.5 Da for the cleaved Ub G76Aha. Indeed, this mass was detected by ESI-MS 

confirming the success of the strategy developed to generate a monofunctional ubiquitin variant 

(Figure 7 D).  

Remarkably, replacement of the eight methionine residues present in GST by Aha did apparently not 

affect its stability and affinity for glutathione in a significant manner. However, the additional 

number of methionines that had to be replaced in the GST-Ub G76Aha fusion protein by Aha led to a 

decrease in overall expression yield of 35% compared to Ub G76Aha alone (data not shown). Still, the 

yield following this approach was high yielding sufficientamounts of Ub G76Aha for later studies.  

C. GENERATION OF MONOFUNCTIONAL SUBSTRATES FOR 

UBIQUITYLATION 

C1. Concept 

Besides the curiosity to investigate how the ubiquitin code can be read, the development of new 

avenues in epigenetics like the Chemical Biology of DNA replication is a fascinating and eminent 

research area. This merges well with the awakening significance of ubiquitylation on DNA repair. Two 

substrates of ubiquitylation,DNA polymerase beta and PCNA, were selected since they are connected 

to both researchareas, DNA repair and the biology of ubiquitin. A third substrate, ubiquitin itself 

provided a tool to further investigate the writing of theubiquitin code, e.g. to address the question 

how it is decided which lysine residue is chosen for conjugation within the ubiquitin chain. 

Furthermore, all three substrates are ideally suited to contribute to the understanding how ubiquitin 

influences the highly integrative network of proteostasis by studying their activity upon 

ubiquitylation.  

For all substrates, the method of amber codon suppression was used to incorporate an alkyne 

functionality instead of a specific lysine residue.82,195,239 For this purpose, a suitable expression strain 

needed to be constructed. The propargyl-protected pyrrolysine analog Plk was shown to be 

incorporated opposite the amber codon UAG via a pyrrolysyl tRNA synthetase (PylRS)/tRNAPyl pair in 

Methanosarcina barkeri. This pair can be transferred to E.coli, enabling selective suppression of an 

amber codon by incorporating Plk since it is orthogonal to all endogenous aminoacyl tRNA 
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synthetase/tRNAAa pairs. Accordingly, the gene for PylRS was extracted from Methanosarcina barkeri 

and cloned into the multiple cloning site of a pRSFDuet-1 vector (work was done by Marina Rubini). 

The ORF for tRNAPyl was ordered as an expression cassette together with the lipoprotein promoter 

lpp and the terminator RRN b/c and cloned into the backbone of pET11a plasmid. The human cDNA 

of a desired substrate (see sections below) was cloned into the multiple cloning site of this vector. 

Via site directed mutagenesis, one specific lysine residue of the cDNA was mutated to an amber 

codon TAG to provide a site for Plk incorporation. For expression, E. coli BL21 (DE3) were co-

transformed with the vector cDNA KxTAG/tRNAPyl-pET11a and PylRS-pRSFDuet-1.  

C2. Results and discussion 

C2.1. Alkyne-functionalization of DNA polymerase beta 

Three lysine residues of Pol beta are known to be sites for mono-ubiquitylationin vivo: K41, K61 and 

K81 but none of these ubiquitylation sites has been associated to a specific function or related to a 

certain biological process so far.92,259 With intent to compare the three variants in activity assays, all 

three Pol beta constructs were generated according to the strategy described in the Conceptsection 

(Chapter IIC1): Pol beta K41TAG, Pol beta K61TAG and Pol beta K81TAG. For easy purification, an N-

terminal His6-tag was fused to the gene.  

In order to maximize the yield of full-length Pol beta KxPlk, expression was performed in a small scale 

(25 ml) and conditions were optimized. Parameters like time point of induction, expression 

temperature, length of expression time and concentration of Plk were varied.  
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Figure 8: Expression analysis of Pol beta K61Plk. A) Correlation of growth of E.coliBL21(DE3) and induction of gene 

expression by IPTG was monitored by determination of the optical density at 600 nm (OD600) over time. Expression of Pol 

beta K61TAG in presence of 1 mM Plk was analyzed by SDS PAGE followed by Coomassie blue staining dependent on B) 

time point of induction by addition of IPTG at different OD600and C) expression time after induction by addition of IPTG at 

an OD600 of 0.9.  

 

The correlation between cell growth, expression yield and time point of induction was monitored 

and is depicted in Figure 8 A and B. Samples of the expression culture were taken at certain time 

points to determine the optical density and the amount of full-length Pol beta by SDS PAGE analysis. 

Cells induced at an OD600 of 0.9 showed a faster growth as cells induced at an OD600 of 0.6 (Figure 8 

A). Consistently, more Pol beta was found if induction was performed at an OD600 of 0.9 confirmed by 

a more intense band at a molecular weight of 40 kDa while the bands representing background 

proteins are comparably intense for both samples(Figure 8 B, calculated mass of Pol beta K61Plk: 

39827.0 Da). A time course experiment was analyzed by SDS PAGE and revealed that the amount of 

full-length Pol beta increases with expression time (Figure 8 C). With increasing expression time, a 

band at about 40 kDa appeared with increasing intensity in presence of IPTG and Plk (Figure 8 C, lane 

1-3). No band indicating expression of full-length Pol beta was detected at about 40 kDa if no Plk or 
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no IPTG was added (Figure 8 C, lane 5, 6). The efficiency of amber codon suppression was rated as 

high because the band at lower molecular weights representing the truncated variant was 

comparatively faint (Figure 8 C, Pol beta K61STOP). Increasing the concentration of Plk from 1 mM up 

to 5 mM did not affect the yield of Pol beta (data not shown). Lowering the expression temperature 

from 37 °C to 25°C and 20 °C, respectively, resulted in less Pol beta (data not shown).  

Considering these results, expression of all three Pol beta variants - bearing the amber codon at 

position 41, 61 and 81, respectively - was induced with 1 mM IPTG at an OD600 of 0.9 followed by 

incubation at 37 °C in presence of 1 mM Plk for 16 h. SDS PAGE analysis showed that the yield of full-

length Pol beta was similar for each variant (Figure 9).  

 

Figure 9: Incorporation of Plk at position 41, 61 and 81 of Pol beta. Expression of Pol beta KxTAG was performed in E.coli 

BL21(DE3) for 16 h at 37°C in presence of 1 mM Plk upon induction by addition of 1 mM IPTG at an OD600 of 0.9. SDS PAGE 

analysis followed by Coomassie blue staining revealed incorporation of Plk by detecting full-length Pol beta at about 40 kDa. 

 

After establishing the expression conditions, Pol beta K61Plk was expressed in large scale (250 ml) in 

order to optimize the purification. For this purpose, cells were lysed, sonicated and the supernatant 

was purified by Ni2+ affinity chromatography. After optimization of amounts of Ni2+ beads, incubation 

time and washing conditions (data not shown), Pol beta K61Plk was eluted in good purity (Figure 10 

A). As expected, some truncated fragment - derived from a translational stop at the TAG codon - was 

co-purified since it contains an N-terminal His6-tag as well. Within each Pol beta variant, the TAG 

codon is located in the first third of the sequence while charged amino acids are equally distributed 

all over the protein sequence. This results in truncated variants that differ in the isoelectric point 

compared to the full-length variant allowing the separation of full-length protein and truncated 

fragment by ion exchange chromatography.  
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Figure 10: Purification of Pol beta K61Plk. A) After expression, N-terminal His6-tagged Pol beta K61Plk was purified by 

Ni2+affinity chromatography. A sample of each elution fraction (e1-e4) was analyzed by SDS PAGE and Coomassie blue 

staining. Fractions e1-e4 were pooled and dialyzed for further purification. B) Cation exchange chromatography was 

performed to obtain pure full-length Pol beta K61Plk. A sample of the input (i) and the purified protein(output (o)) was 

analyzed by SDS PAGE followed by Coomassie blue staining.  

 

For this purpose, the elution fractions of the Ni2+ affinity chromatography were pooled, dialyzed and 

subjected to cation exchange chromatography. The input (Figure 10 B, i) was loaded on the column 

and after washing, elution was performed with increasing concentration of NaCl. By this strategy, 

separation of full-length Pol beta K61Plk from the truncated fragment and small contaminations was 

achieved (Figure 10 B, output (o)).  

The concept to generate Pol beta KxPlk is summarized in Figure 11 A and a schematic of the structure 

of alkyne-functionalized Pol beta variants is depicted in Figure 11 B. Elution fractions of cation 

exchange chromatography containing pure Pol beta KxPlk were pooled, dialyzed and the 

concentration was determined by performing a Bradford assay. According to the concentration 

measured, a sample of each variant was adjusted to 4 μM and 3.2 pmol were analyzed by SDS PAGE 

(Figure 11 C). To verify the incorporation of Plk, mass analysis was performed. Two species were 

found, one with a mass of 39827 Da that matches exactly the calculated mass of Pol beta KxPlk and a 

species with a mass of 40076 Da (Figure 11 D). Western blot analysis and in-gel tryptic digestion 

followed by mass analysis revealed that both species correspond to full-length Pol beta KxPlk (data 

not shown). Spontaneous α-N-6-phosphogluconolyation of His6-tagged proteins in E. coli was 

reported to bethe cause for an extra mass of 178 Da and 258 Da, respectively.292However, these 

mass shifts do notfit exactly to the observed deviation of 249 Da. Therefore, additional modifications 

were assumed whose detectionrequire mass analysis methods more sensitive. 

Following this strategy, all three Pol beta variants were generated successfully with yields varying 

between 11 mg - 15 mg per 1 l expression culture. The proteins were stored in 50% glycerol at -20 °C.  
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Figure 11: Generation of monofunctional Pol beta KxPlk. A) Schematic workflow of the approach developed to generate 

site-specifically alkyne-functionalized Pol beta variants upon expression via amber codon suppression (ACS). B) Schematic 

structure of the three alkyne-functionalized Pol beta KxPlk variants generated. The three alkyne moieties, incorporated 

separately in each variant, are shown in blue and are labeled according to the lysine residue replaced. C) Analysis of the 

three Pol beta variants generated by incorporation of Plk at position 41, 61 or 81. An aliquot of each variant was analyzed 

after purification by SDS PAGE and Coomassie blue staining. D) Deconvoluted ESI-MS spectrum of Pol beta KxPlk (calculated 

mass: 39827 and 40085 in case of α-N-6-phosphogluconolyation of His6-tag).  

C2.2. Alkyne-functionalization of ubiquitin 

Beside the azide-functionalized ubiquitin variant described in Chapter IIB2, alkyne-functionalized 

ubiquitin variants were constructed in order to use them as substrates of ubiquitylation.195According 

to the description in the Concepts section (Chapter IIB1), appropriate ubiquitin expression constructs 

were generated. Each of the seven lysine residues (K6, K11, K27, K29, K33, K48, K63) was mutated 

separately to an amber codon TAG. Importantly, this ubiquitin variant still contains the natural C-

terminal diglycine motif and no mutation to methionine at G76.  

A small scale expression (25 ml) was performed for all seven variants as described for Pol beta: 

induction with 1 mM IPTG at an OD600 of 0.9 in presence of 1 mM Plk followed by incubation at 37 °C 

for 16 h. For all seven positions, K6, K11, K27, K29, K33, K48, K63, amber codon suppression was 

efficient yielding similar amounts of full-length proteins (data not shown). 
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For large scale expression, the constructs Ub K6Plk, Ub K27Plk and Ub K48Plk were chosen with 

respect to later experiments. The expression and purification strategy to generate Ub KxPlk is 

summarized in Figure 12 A and a schematic of the structure of alkyne-modified ubiquitin variants is 

depicted in Figure 12 B. In Figure 12 C, expression analysis by SDS PAGE is shown for three different 

ubiquitin variants. A strong band slightly below 10 kDa indicates expression of the ubiquitin variant 

(calculated mass: 8646.86 Da). After expression, cells were harvested, resuspended and incubated at 

37 °C for 1 h in presence of DNase and lysozyme. This process allowed cell lysis without sonication 

and, hence, yielded more soluble Ub KxPlk (data not shown). After heat denaturation at 75°C for 20 

min, the pH of the clarified lysate was corrected to pH 4.5 and ubiquitin was further purified via 

cation exchange chromatography. Fractions containing pure Ub KxPlk were dialyzed and the 

concentration was determined by performing a BCA assay. According to the calculated 

concentrations, a sample of each variant was adjusted to 20 μM and 16 pmol of each variant was 

analyzed by SDS PAGE (Figure 12 D). This procedure yielded approximately 12 mg pure Ub KxPlk per 

1 l expression culture. The high yield obviated the need for optimizing the expression conditions 

further. 
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Figure 12: Generation of monofunctional Ub KxPlk. A) Schematic workflow of the approach developed to generate a site-

specifically alkyne-functionalized ubiquitin variant upon expression via amber codon suppression (ACS). B) Schematic 

structure of the three alkyne-functionalized ubiquitin KxPlk variants generated. The three alkyne moieties at position 6, 27, 

and 48, incorporated separately in each variant, are shown in blue and are labeled according to the lysine residue replaced. 

Each variant contains the natural C-terminal diglycine motif. C) Expression analysis of three ubiquitin variants containing a 

TAG codon at position 6, 27 or 48. After 16 h of expression in E.coli BL21 (DE3) at 37°C in presence of 1 mM Plk upon 

induction by addition of 1 mM IPTG at an OD600 of 0.9, a sample of each expression culture was taken and analyzed by SDS 

PAGE and Coomassie blue staining. D) The three ubiquitin KxPlk variants from C were purified by cation exchange 

chromatography and an aliquot was analyzed by SDS PAGE followed by Coomassie blue staining.  

C2.3. Alkyne-functionalization of PCNA 

PCNA is known to be mono- and poly-ubiquitylated at position K164. The cDNA of human PCNA was 

ordered with a C-terminal His6-tag for easy purification. Cloning was performed as described in the 

Concept section (Chapter IIB1). A small scale expression (25 ml) was performed as described for Pol 

beta: induction with 1 mM IPTG at an OD600 of 0.9 in presence of 1 mM Plk followed by incubation at 

37 °C for 16 h. Figure 13C shows the SDS PAGE analysis. A band between 35 kDa and 40 kDa 

increased in intensity with time only after induction if Plk was present. The calculated mass of PCNA 

K164Plk is 29673.6 Da and was expected to run at about 30 kDa on a SDS PA gel. Actually, PCNA 

164Plk was detected between 35 kDa and 40 kDa. This is in line with early reports that particularize 
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the discovery of PCNA as a protein with a mass of about 37000 Da.293-294 Furthermore, slower 

migration within a SDS PA gel has been shown for other proteins and is dedicated to the acidic nature 

of the proteins.295 Indeed, this is also true for PCNA - it has a large excess of acidic amino acids 

reflected by the theoretical pI of 4.8. Expression analysis further disclosed that the efficiency of 

amber codon suppression was quite low. After induction with IPTG, a product much more intense 

than full-length PCNA was formed visible at about 20 kDa on a SDS PA gel (Figure 13C). The band 

represents the truncated fragment of PCNA (PCNA K164STOP) due to translational stop at position 

164TAGand did not diminish in presence of Plk.To address this problem, different efforts were made 

to reduce the translation stop at position 164TAG. Tabea Zubel generated different expression 

constructs during her Bachelor thesis but no improvement could be achieved. Supplementation of 

the expression system with the elongation factor EF-Tu that was shown to promote incorporation of 

an unnatural amino acid opposite a TAG codon did not result in less truncated protein.296-297 To 

prohibit the competition between suppression of the TAG codon and translational stop, RF-1 

knockout strains have been reported.298 However, attempts to generate this strain in our lab failed. 

However, since the truncated fragment could be removed by purification due to the C-terminal His6-

tag, finally a large scale expression (1 l) was performed irrespective to low suppression efficiency. 

After expression, cells were lysed, sonicated and DNA was precipitated by addition of 

polyethyleneimine. The cleared lysate was further purified by Ni2+ affinity chromatography. SDS PAGE 

analysis of the elution fractions showed that PCNA K164Plk was obtained in high amounts but co-

eluted with a protein running at about 50 kDa (data not shown). Yet, fractions containing PCNA 

K164Plk were pooled and dialyzed. After dialysis, precipitation was observed and was removed by 

centrifugation. Analysis of the supernatant by SDS PAGE showed that the protein running at about 50 

kDa largely precipitated during dialysis (Figure 13D, compare input (i) and output (o)). For this 

reason, no further purification steps were performed. The workflow for generation of PCNA K164Plk 

is summarized in Figure 13A and a schematic of the structure with the alkyne-modified position K164 

is depicted in Figure 13 B. The protein concentration was measured by performing a BCA assay. A 

sample was adjusted to 10 μM and 8 pmol were analyzed by SDS PAGE (Figure 13 D, o). Per 1 l 

expression culture, approximately 7 mg PCNA 164Plk were obtained.  
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Figure 13: Generation of monofunctional PCNA K164Plk. A) Schematic workflow of the approach developed to generate a 

site-specifically alkyne-functionalized PCNA variant upon expression via amber codon suppression (ACS). B) Schematic 

structure of PCNA alkyne-functionalized at position 164. C) Expression of PCNA K164TAG was performed in E.coli BL21(DE3) 

for 16 h in presence of 1 mM Plk. SDS PAGE analysis followed by Coomassie blue staining revealed incorporation of Plk by 

detecting full-length PCNA. D) Purification of PCNA K164Plk was analyzed by SDS PAGE analysis and Coomassie blue staining 

after Ni2+ affinity chromatography (i) and subsequent dialysis (o).  

D. GENERATION OF MONO-UBIQUITYLATED CONJUGATES 

D1. Concept 

Having the mono-functionalized building blocks in hand, site-specific mono-ubiquitylation of the 

substrates DNA polymerase beta, PCNA and ubiquitin by click reaction was the next step. The Cu(I)-

catalyzed azide alkyne reaction (click reaction) has already been used for the conjugation of two 

proteins. However, the efficiency was low and varied severely (Chapter IIA). Hence, optimization of 

the conditions was crucial. In all cases, click reactions were performed on ice under argon 

atmosphere to prevent reactions with oxygen and is therefore not stated explicitly.  
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D2. Results and discussion 

D2.1. Mono-ubiquitylation of DNA polymerase beta 

As a starting point, Pol beta K61Plk and Ub G76Aha were incubated under standard click conditions. 

This implies incubating the proteins with a Cu(I) source and a Cu(I)-stabilizing ligand under argon 

atmosphere on ice for 1 h to 2h. To optimize the yield, different combinations of Cu(I) sources and 

ligands were tested. Initially, CuSO4 was chosen in combination with different reducing agents like 

tris(carboxyethyl)phosphine (TCEP) or ascorbate (Asc) to generate the Cu(I) species in situ. For each 

combination, different Cu(I) ligands were tested, namely tris-(benzyltriazolylmethyl)amine (TBTA) or 

tris-(hydroxypropyltriazolylmethyl)amine (THPTA). Analysis by SDS PAGE showed that no conjugation 

product was formed (Figure 14 A). The analyzed reaction samples (Figure 14A, lane 1-4) show the 

same band pattern as the negative control (Figure 14 A, lane 5). Thereupon, the influence of different 

total concentrations and ratios of reductant : Cu(I) : Cu(I)-stabilizing ligand on the reaction efficiency 

was evaluated and the molar excess of ubiquitin to Pol beta was varied from two to tenfold in order 

to maximize conversion of Pol beta to the mono-ubiquitylated form. SDS PAGE analysis of the 

reactions showed no band at 50 kDa that would indicate Pol beta-Ub conjugation (data not shown).  

Although, using a reductant to generate the Cu(I) species was shown to be suitable for click reaction, 

the reductant could actually reduce the azide, too. This would explain the failure of conjugation. 

Therefore, click reaction was performed in presence of a Cu(I) complex, Cu(MeCN)4BF4, without using 

an additional reductant. The Cu(I) complex has several advantages. Besides superseding a reductant 

that can reduce the azide activity of Aha, it guarantees the permanent maintenance of the catalytic 

cycle of the click reaction. Its acetonitrile ligands prevent the Cu(I) species form oxidation and 

disproportionation and, thus, prevent oxidative damage of the proteins. Indeed, in this case minor 

conjugation was observed using a 5-fold molar excess of Ub G76Aha, 1 mM Cu(MeCN)4BF4 and 2 mM 

THPTA (Figure 14 B, lane 4).  
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Figure 14: Initial attempts for mono-ubiquitylation of Pol beta. Click reactions of Pol beta K61Plk and Ub G76Aha were 

performed for 1 h and were analyzed by SDS PAGE and Coomassie blue staining. A) Click reaction of 10 μM Pol beta K61Plk 

and 25 μM Ub G76Aha was performed with 2 mM CuSO4, 2 mM reductant (TCEP or ascorbate (Asc)) and 20 μM Cu(I)-

stabilizing ligand (THPTA or TBTA). B) 25 μM Ub G76Aha was incubated with increasing concentrations of Pol beta K61Plk 

(0.5 μM, 1 μM, 2.5 μM, 5 μM), 1 mM Cu(MeCN)4BF4 and 2 mM THPTA to perform click reaction. 

 

With intent to facilitate the accessibility of the functional moieties, the detergent sodium dodecyl 

sulfate (SDS, Figure 15 A) was added to the click reaction mix. Importantly, only low, sub-

denaturating concentrations (0.1 mM – 1 mM) that do not distort the conformation of a protein 

were used.299-300 The effect of SDS on the reaction was analyzed by SDS PAGE (Figure 15 B). Indeed, 

the conjugation increased significantly, visible by the formation of a band at about 50 kDa that is not 

present in the control sample using no SDS. Concentrations of 0.25 mM SDS or higher led to a 

significant increase of product formation. The positive effect of SDS was independent of the Cu(I) 

source, Cu(I) ligand and reductant. However, these parameters influenced the overall conjugation 

efficiency. While the combination CuSO4, TBTA and TCEP yielded about 70% turnover (Figure 15 B), 

the usage of CuSO4, TBTA and ascorbate showed a somewhat lower overall yield of about 40% 

(Figure 15 C).  
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Figure 15: Mono-ubiquitylation of Pol beta by click reaction is enhanced by SDS. A) Chemical structure of SDS. Click 

reactionswere incubated for 1 h prior to SDS PAGE analysis followed by Coomassie blue staining. B) Click reactions of 5 μM 

Pol beta K61 Plk and 25 μM Ub G76Aha were performed with 2 mM TCEP, 20 µM TBTA and 2 mM CuSO4. Samples were 

supplemented with increasing amounts of SDS as indicated. C) Click reactions of 2.5 μM Pol beta K61Plk and 12.5 μM Ub 

G76Aha were performed with 1 mM ascorbate, 10 µM TBTA and 1 mM CuSO4. Samples were supplemented with increasing 

amounts of SDS as indicated. D) Click reactions of 5 μM Pol beta K61Plk and 25 μM Ub G76Aha were performed with 2 mM 

Cu(MeCN)4BF4 and 4 mM Cu(I)-stabilizing ligand (lane 1-3) or 2 mM CuSO4, 2 mM TCEP and 4 mM TBTA (lane 4). In each 

reaction, 0.5 mM SDS was provided. E) Click reactions of 5 μM Pol beta K61Plk and 25 μM Ub G76Aha were performed in 

presence of 0.5 mM SDS and increasing Cu(MeCN)4BF4concentrations as indicated. Cu(I) stabilizing ligand THPTA was 

present in a 1: 2 ratio of Cu(I) : ligand. Supplementation of the reaction with 20 mM buffer is indicated.  
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The use of SDS in presence of the Cu(I) complex instead of CuSO4 in combination with a reductant 

further increase the yield (Figure 15 D). Importantly, even if the Cu(I) complex Cu(MeCN)4BF4 

actuallyprovides a Cu(I) stabilizing ligand, addition of a ligand was needed to increase the yield of 

conjugation (Figure 15 D, compare lane 1, 2 and 3. Note: the contaminations in this gel originate 

from the Pol beta stock used –for this experiment Pol beta was used after Ni2+ affinity 

chromatography without further purification via cation exchange chromatography). This effect can 

be explained by displacement of the acetonitrile ligands by more water soluble ligands like THPTA 

and, hence, making the Cu(I) species more accessible for the reaction.301The thermodynamic 

instability of Cu(I) engenders easy oxidation to Cu(II) or disproportionation to Cu(0) and Cu(II) 

promoting the oxidative damage of biomolecules due to increased generation of reactive oxidative 

species and free radicals.302Considering this potential of copper to damage proteins,303 the 

concentration of the metal ion should be kept to a minimum. Thus, click reactions were carried out 

with 0.5 mM SDS and varying concentration of the Cu(I) complex in presence of different buffers and 

pH and were analyzed by SDS PAGE to determine the conjugation efficiency (Figure 15 E). The result 

shows that 0.1 mM Cu(I) or less do not promote click reaction (Figure 15, lane 7) while 0.5 mM Cu(I) 

increases the turnover to 70% (Figure 15, lane 6). Almost 100% turnover of Pol beta to mono-

ubiquitylated Pol beta was detected at a concentration of Cu(I) complex of at least 1 mM (Figure 15, 

lane 5). Thereby, the Cu(I) ligand THPTA was twice as concentrated as Cu(I). Notably, the presence of 

20 mM NaOAc, pH 5 decreased the turnover rate (Figure 15 E, lane 4) while 20 mM Tris, pH 8 had no 

influence (Figure 15 E, compare lane 2 and 3). Furthermore, the incubation time was analyzed to 

minimize the contact of the proteins with Cu(I). Therefore, a time course experiment was performed 

taking a sample for SDS PAGE analysis every 5 min. The result showed that click reaction is very 

efficient within the first 5 min and no further turnover was observed after 20 min (data not shown). 

Henceforth, click reaction was stopped by addition of EDTA after 20 min incubation. 

The next step was to investigate the solubility of the Pol beta-Ub conjugates. For this purpose, the 

sample was centrifuged after click reaction, the supernatant was removed and the pellet was 

resuspended in the same volume as before. Samples of both fractions were subsequently analyzed 

by SDS PAGE. Both, Cu(I) and SDS were found to cause precipitation of the proteins at concentrations 

that are ideal for click reaction efficiency – 1 - 2 mM Cu(I) and 0.25– 1 mM SDS (data not shown). To 

circumvent this problem, different buffers and pH values were tested and supplementation of the 

reaction mixture with 20 mM Tris, pH 8 was found to prevent precipitation of the conjugate (Figure 

16, compare supernatant (sn) and pellet (p) of sample A and B. Note: here, the turnover of Pol beta 

was only 50% due to a concentration of SDS of 0.25 mM and an inappropriate protein ratio of Pol 

beta : Ub of 1:2).  
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Figure 16: Tris buffered solution promotes solubility of mono-ubiquitylated Pol beta. Click reactions of 15 μM Pol beta 

K61Plk and 30 μM Ub G76Aha were performed in presence of 0.25 mM SDS, 1 mM Cu(MeCN)4BF4 and 2 mM THPTA. 

Sample B was additionally supplemented with 20 mM Tris, pH 8. After incubation for 20 min, the reaction mix was 

centrifuged. The supernatant (sn) and the pellet (p) were analyzed by SDS PAGE followed by Coomassie blue staining.  

 

In summary, the overall product formation could be optimized up to 95% by using a 3-5 fold molar 

excess of Ub G76Aha, 0.5 mM SDS, THPTA as Cu(I) stabilizing ligand and the Cu(I) complex 

Cu(MeCN)4BF4 at a ratio of 2 : 1 (THPTA : Cu(I)) in presence of 20 mM Tris, pH 8 (see Figure 15E, lane 

5 as an example). The reaction was performed under argon atmosphere on ice for 20 min. Notably, 

the excess of ubiquitin was necessary to maximize the turnover of Pol beta. The remaining 

monomeric ubiquitin Ub G76Aha was recovered (see Chapter IIE2.1) and could be applied in click 

reaction again. However, recovered Ub G76Aha yielded less turnover of Pol beta than freshly 

prepared Ub G76Aha. Probably, some azide functionalities are reduced over time and, thus, are not 

reactive in click reaction anymore (see alsoChapter IIIC2). 

After having optimized the conditions of click reaction, all three alkyne modified Pol beta variants, 

Pol beta K41/61/81Plk were successfully mono-ubiquitylated with an overall product yield of about 

95% conjugated Pol beta (Figure 17 A). To prove the triazole linkage between Pol beta and ubiquitin, 

the band corresponding to Pol beta-Ub was excised from a SDS PA gel and subjected to an in-gel 

tryptic digest. The fragments were subsequently analyzed by mass spectrometry. In Figure 17 B, the 

result for Pol beta-Ub linked via position 61 is shown. After tryptic proteolysis of ubiquitin wt, a 

glycinylglycine (GG) tag is left at the target protein. Accordingly, in the conjugates generated with this 

method, a tag of glycine modified with the triazole formed with Plk and Aha is left (see schematic 

depicted in Figure 17). This tag was identified by two individual fragments: 1081.588 Da derived from 
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cleavage after K60 and K68 of Pol beta and 1522.847 derived from miss-cleavage after K72 instead of 

K68. 

 

Figure 17: Mono-ubiquitylation of Pol beta at position 41, 61 and 81. A) SDS PAGE analysis and Coomassie blue staining 

show efficient formation of Pol beta-Ub conjugation at all three Plk modified positions. Click reaction of 5 μM Pol beta KxPlk 

and 25 μM Ub G76Aha was performed with 1 mM Cu(MeCN)4BF4, 2 mM THPTA and 0.5 mM SDS for 20 min. B) In-gel trypsin 

digest of the band at about 50 kDa followed by mass analysis confirmed the triazole linkage. left: Band on a SDS PA gel that 

is cut off and digested with trypsin. middle: MALDI-MS spectrum of trypsin digested Pol beta-Ub liked via position 61. 

observed masses of clicked fragments are indicated. right: scheme of expected fragments including calculated masses. 

D2.2. Theeffect of SDS in click reaction 

In order to gain more insights into the effect of SDS, a variety of other surfactants and charged 

molecules as additives to enhance click reaction for the generation of ubiquitin-protein conjugates 

was tested. Therefore, click reaction was performed in presence of increasing concentrations (0 - 10 

mM) of respective molecule and was analyzed by SDS PAGE. The tested substances and their effect 

on click reaction are summarized inTable 1. Generally, long alkane chains combined with a negatively 

charged head group like SDS and N-lauroylsarcosine (NLS) are crucial to enhance product formation. 

Positively charged surfactants or negatively charged substances did not increase product formation. 

These result suggest that the negatively charged group participates in chelating the Cu(I) species, 

probably by using a coordination site that is normally occupied by water. As the alkane group of the 

surfactants interacts with proteins by hydrophobic and/or van der Waals interactions, the chelating 
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effect is likely to result in an increase of the local concentration of Cu(I) in immediate vicinity of the 

azide and alkyne functionalized proteins. In turn, this leads to an acceleration of the click reaction. 

This hypothesis is supported by the fact that the cationic reagents CTAB and DTAB showed no effect. 

Probably, the cationic charge located at the protein surface prevents increases of local Cu(I) 

concentrations by charge repulsion.  

Substance Known characteristics Effect 

3-[(3-Cholamidopropyl)-dimethylammonio]-
1-propanesulfonate (CHAPS) 

Cholesterol derivate,  

non-denaturing, zwitterionic 

No effect 

Sodium cholate Cholesterol derivate,  

non-denaturing, negatively 
charged 

No effect 

Cetyltrimethylammonium bromide (CTAB) Denaturing,  

positively charged 

No effect 

Dodecyltrimethylammonium bromide 
(DTAB) 

Denaturing,  

positively charged 

No effect 

Sodium hexyl sulfonate Negatively charged No effect 

Sodium octyl sulfonate Denaturing,  

negatively charged 

No effect 

Sodium decyl sulfonate Denaturing,  

negatively charged 

Slight increase of yield 

Sodium dodecyl sulfonate Denaturing,  

negatively charged 

Increase of yield up to 
~70% 

Sodium dodecyl sulfate (SDS) Denaturing,  

negatively charged 

Increase of yield up to 
~70% 

N-lauroylsarcosine Denaturing,  

negatively charged 

Increase of yield up to 
~70% 

Table 1: Substances tested and their effect on yield of click reaction between Ub G76Aha and Pol beta K61Plk. 
 

To verify that the employed surfactant concentrations did not interfere with protein folding, the 

stability of Pol beta and ubiquitin was tested in presence of SDS by CD spectroscopy (Figure 18). For 

both proteins, a slight increase of the minimum at 207 nm was observed upon addition of SDS, 

indicating a slight increase of α-helical secondary structure. This behavior has already been described 

for other ubiquitin304 and other proteins in presence of SDS.305As the changes were only minor 

compared to the changes observed of the fully denatured proteins (Figure 18, red dashed line), it was 

concluded that the concentrations of SDS used to enhance click reaction efficiencies (0.25 - 1 mM) 

did not induce significant protein unfolding. This is in line with previous findings that ubiquitin adopts 

a native structure in presence of SDS at concentrations of up to 2 mM.304,306 
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Figure 18:SDS concentrations used do not interfere with structure of Pol beta and ubiquitin.Analysis of the secondary 

structure of A) Pol beta and B) ubiquitin upon addition of different concentrations of SDS (green plots) by CD spectroscopy. 

The spectra of the proteins without surfactant (solid black lines) or of the fully denatured proteins (addition of 30 mM SDS 

followed by heat denaturation, red dashed lines) are shown.  

 

To further confirm activity of Pol beta after treatment with SDS, a primer extension assay was 

performed. A short radioactively labeled DNA primer strand is annealed to a longer template strand 

and can be elongated by DNA polymerases incorporating dNMPs (a scheme is depicted in Figure 19 

A). The reactions are stopped at defined time points by addition of EDTA and quantitative analysis is 

enabled by PAGE followed by autoradiography.As a positive control, Pol beta was incubated with 

buffer for 30 min, dialyzed and an aliquot was taken to perform primer extension reaction (Figure 19, 

lane 1). Contrarily, Pol beta was incubated with buffer supplemented with 0.5 mM SDS for 30 min. An 

aliquot was taken and primer extension reaction was performed prior to dialysis (Figure 19 B, lane 2). 

After dialysis, an aliquot was taken to perform primer extension reaction again (Figure 19 B, lane 4). 

As a negative control, primer extension reaction was performed without adding Pol beta (Figure 19 B, 

lane 3). While SDS inhibits activity of Pol beta, Pol beta purified from SDS by dialysis was as active as 

Pol beta that was not treated with SDS. Concluding, SDS somehow inhibits DNA synthesis activity of 

Pol beta but this inhibition can be removed by depletion of SDS. Thus, SDS can be used to enhance 

click reaction without impeding following activity studies of Pol beta.  
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Figure 19: Activity of Pol beta can be restored after SDS treatment. A) Schematic of the primer extension assay used to 

test the activity of Pol beta. B) Primer extension reactions were performed with 1 μM Pol beta (lane 1), 1μM Pol beta 

treated with 0.5 mM SDS (lane 2), without Pol beta (lane 3) or 1 μM Pol beta dialyzed after SDS treatment (lane 4) and 

analyzed by autoradiography.  

D2.3. Mono-ubiquitylation of ubiquitin 

Two different ubiquitin variants were chosen for conjugation with Ub G76Aha containing Plk either at 

position K6 or K48. Position K6 has already been shown to be hardly conjugated by click reaction 

while dimers linked via K48 showed a turnover of about 30%.123 

Mono-ubiquitylation of ubiquitin was performed according to the optimized conditions acquired for 

mono-ubiquitylation of Pol beta. As a first attempt, 30 μM Ub G76Aha and 10 μM Ub K6Plk were 

mixed with 0.5 mM SDS, 2 mM THPTA and 1 mM Cu(MeCN)4BF4 in 20 mM Tris, pH 8. After incubation 

for 20 min, the reaction was centrifuged and the supernatant was analyzed by SDS PAGE (Figure 20, 

lane 1). A band at about 15 kDa is visible that does not appear in the controls (Figure 20,lane 3 and 4) 

indicating the formation of ubiquitin dimers by click reaction. The same reaction performed without 

SDS showed considerably lower dimer formation (Figure 20, lane 2). Notably, besides 

supplementation with 20 mM Tris, pH 8, addition of at least 20% glycerol stabilized the dimer and 

prevented precipitation during click reaction (data not shown). This is in line with the results found 

for ubiquitylation of Pol beta: Pol beta KxPlk is stored in 50% glycerol resulting in a final 

concentration of glycerol of about 20%- 30% depending on the protein concentration employed. 
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Figure 20: SDS enhances formation of ubiquitin dimers via click reaction. Click reaction of 10 μM Ub K6Plk and 30 μM Ub 

G76Aha was performed with 2 mM THPTA and 1 mM Cu(MeCN)4BF4in 20 mM Tris, pH 8. Sample of lane 1 was 

supplemented with 0.5 mM SDS. After 30 min, the reaction mixtures were centrifuged and a sample of each supernatant 

was analyzed by SDS PAGE followed by Coomassie blue staining. Lane 3 and 4 show the protein stocks used for click 

reaction. 

 

To investigate if the efficiency of click reaction actually depends on the site of linkage, thus on the 

position of Plk, Ub K6Plk and Ub K48Plk, were incubated with Ub G76Aha under click reaction 

conditions as described above. Also the concentration of SDS was varied between 0.1 mM and 10 

mM. SDS PAGE analysis of the reactions revealed that addition of 0.5 mM – 2 mM SDS to the click 

reaction resulted in a remarkable increase of ubiquitin dimer formation in both cases (Figure 21). In 

line with earlier findings, linkage via position 48 (Figure 21 A) showed a higher efficiency than via 

position 6 (Figure 21 B).123 Both linkage types have already been structurally characterized by X-ray 

and NMR spectroscopy. Four distinct structures of K48-linked di-ubiquitin were solved including 

open, closed and two compact conformations.55,307-308 The compact conformations are similar to a 

compact structure revealed for K6-linked di-ubiquitins.131,309 Furthermore, some atomic simulations 

have been used to address the molecular effects of ubiquitylation on the structure of the protein 

modified.310-312 It has been proposed that the compact structures of a di-ubiquitin pre-exist on the 

non-covalent binding landscape of two free ubiquitin monomers. Hence, all linkage types are 

encoded by the folding architecture of ubiquitin. Topological constraint by hydrophobic (in case of 

K6, K11, K33, K48) or electrostatic interactions (in case of K27, K29, K63) limits the conformational 

space to switch between the linkage types providing the functional specificity.However, no 

significant difference between K6 and K48-linkage has been demonstrated that allows to speculate 

about the different conjugation efficiencies. 
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Figure 21: Addition of SDS increases ubiquitin dimer formation via click reaction in a concentration-dependent manner. 

10 μM ubiquitin containing an alkyne functionality at position A) 6 or B) 48 was mixed with 30 μM Ub G76Aha, 1 mM 

Cu(MeCN)4BF4, 2 mM THPTA and supplemented with 20 mM Tris, pH8. Click reaction was performed for 30 min in presence 

of SDS as indicated and analyzed by SDS PAGE and Coomassie staining.  

D2.4. Mono-ubiquitylation of PCNA 

All factors that had a positive impact on the conjugation of Pol beta and ubiquitin were also found 

beneficial for the conjugation of PCNA to ubiquitin. Click reaction of 7 μM PCNA K164Plk and 21 μM 

Ub G76Aha under the previously established conditions (1 mM Cu(MeCN)4BF4, 2 mM THPTA, 0.5 mM 

SDS supplemented with 20 mM Tris, pH 8 for 20 min)was performed, centrifuged and the 

supernatant and the pellet was analyzed by SDS PAGE. A 95% turnover of PCNA to soluble mono-

ubiquitylated PCNAwas confirmed bydetection of an intensive band at about 50 kDa (Figure 22, lane 

1, supernatant (sn)). PCNA K164Plk alone (Figure 22, lane 3), Ub G76Aha (Figure 22, lane 5) as well as 

the negative control without copper (Figure 22, lane 7) showed no band at this height indicating that 

the band represents PCNA-Ub. Each pellet fraction (Figure 22, p) contained only traces of protein, 

confirming the solubility of the proteins after incubation with reagents required for click reaction.  
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Figure 22: Mono-ubiquitylation of PCNA. Click reactions were performed for 20 min. SDS PAGE analysis followed by 

Cooomassie blue staining was performed of supernatant (sn) and pellet (p) of each sample. Sample A) click reaction of 7 μM 

PCNA 164Plk and 21 μM Ub G76Aha in presence of 0.5 mM SDS, 1 mM Cu(MeCN)4BF4, 2 mM THPTA for 20 min. Sample B) 

click reaction of PCNA 164 Plk without Ub G76Aha. Sample C) click reaction of Ub G76Aha without PCNA 164Plk. Sample D) 

incubation of 7 μM PCNA 164Plk and 21 μM Ub G76Aha in presence of 0.5 mM SDS and 2 mM THPTA without addition of 

Cu(MeCN)4BF4. 

E. FUNCTIONAL STUDIES OF MONOUBIQUITIN CONJUGATES 

E1. Concept 

Two critical aspects needed to be considered when planning functional studies with the ubiquitin 

conjugates generated by click reaction. First, the linkage between the ubiquitin conjugates is formed 

by an unnatural triazole instead of the natural isopeptide bond. However, the electronic properties 

and the configuration of atoms of a triazole are similar to a peptide bond (see also Chapter IB1).144,173-

174,313 Furthermore, it has been reported that the natural linkage region is disordered and has a high 

conformational flexibility.308 Therefore, it is likely that the natural isopeptide bond is no prerequisite 

for interaction with other proteins or the functional modulation of the substrate protein and can be 

replaced by the protease-resistant triazole without disturbing the topology. Second, the reagents 

necessary for click reaction can harm a protein. In Chapter IID2.2, SDS at the concentrations used has 

already been proved to be non-distorting. However, SDS acts as an inhibitor of Pol beta and thus 

needed to be removed prior to functional testing. Copper-induced oxidative damage of the proteins 

was minimized by performing click reaction under the exclusion of oxygen and by providing a Cu(I)-

stabilizing ligand. However, its stabilization is not guaranteed under atmospheric conditions and Cu(I) 

shouldbe removedprior to activity assays. Although there are enzymes that need copper as a 

cofactor, copper can also inhibit enzymatic reactions.314-319Based on these considerations, removal of 
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click reagents and SDS wasa prerequisite prior to performing functional analyses of the ubiquitin 

conjugates. Furthermore, purification after click reaction was necessary to separate the mono-

ubiquitylated proteins from the remaining monomeric building blocks that could affect the results of 

activity studies.  

E2. Results and discussion 

E2.1. Purification of mono-ubiquitylated DNA polymerase beta 

variants 

The separation of mono-ubiquitylated Pol beta from monomeric ubiquitin and Pol beta after click 

reaction was thought to be straightforward by performing size exclusion chromatography. However, 

the purification proved to be problematic and laborious. The pitfall was not the separation of the 

building blocks but the recovery of Pol beta. An example is shown in Figure 23 A. A sample was 

prepared by mixing Pol beta K61Plk, Ub G76Aha, SDS, and THPTA (left panel). A second sample was 

prepared equally but was additionally supplemented with the Cu(I) complex Cu(MeCN)4BF4(right 

panel). After incubation under argon atmosphere on ice for 20 min, the reactions were stopped by 

addition of EDTA and centrifuged. The supernatants (i) were loaded on a Superdex 75 column to 

perform size exclusion chromatography. SDS PAGE analysis of the input and the elution fractions 

shows that Pol beta that was not treated with Cu(I) elutes from the column (left panel) while no 

elution of ubiquitylated Pol beta could be observed (right panel). In each case, the (potential) elution 

fractions were pooled and concentrated. Pol beta was recovered but not Pol beta-Ub as confirmed 

by SDS PAGE analysis (Figure 23B). To prove that the attachment of ubiquitin to Pol beta was not 

responsible for the failure of recovery, the experiment was repeated: “pseudo” click reaction of Pol 

beta K61Plk was performed by incubating with SDS, THPTA and Cu(I) complex but no Ub G76Aha and 

subjected to size exclusion chromatography. Likewise, recovery of Pol beta was not achieved (data 

not shown).  
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Figure 23: Incubation of Pol beta with Cu(I) leads to loss of Pol beta while purification. A) Size exclusion chromatography 

of Pol beta (left panel) and Pol beta-Ub after click reaction (right panel) was performed. B) (Potential) Elution fractions were 

pooled, 10-times concentrated and analyzed for protein content. Shown are SDS PAGE analyses followed by Coomassie blue 

staining. 

 

Thereupon, another commonly used approach to desalt and separate large proteins from smaller 

ones was tested: the use of centrifugal filters. They are commercially supplied with different pore 

sizes to separate proteins within a defined molecular weight range (molecular weight cut off, 

MWCO). Initially, a filter with a MWCO of 30000 Da was used with intention to separate UbG76Aha 

(~ 9000 Da) from Pol beta-Ub (~50000 Da). However, Pol beta-Ub and “pseudo” clicked Pol beta were 

not recovered while recovery of Pol beta that was not treated with copper was quantitative. In 

conclusion, the copper treatment seemed to cause aggregation of Pol beta on the solid phase. 

Indeed, by boiling a sample of the solid phase (e.g. the membrane from the centrifugal filters or 

some material from the Superdex column) in buffer containing ß-mercaptoethanol and SDS, Pol beta 

and Pol beta-Ub could be detected by SDS PAGE analysis (data not shown). Various different 

materials were tested for recovery of Pol beta after (pseudo) click reaction; e.g. functionalized 

agarose beads, superose, regenerated cellulose, low-binding membranes. Furthermore, buffer and 

pH, additives like BSA, DNA, detergents, glycerol were screened. Dialysis to remove the Cu(I) complex 

was performed with several different membrane types, different MWCOs and by using 

electroelution.  

Finally, an elaborated strategy was developed to obtain pure, soluble Pol beta-Ub in sufficient 

amounts for later studies. The workflow is summarized in Figure 24 A. After click reaction, the sample 

was loaded on a HiTrapTM Heparin HP column (Figure 24B, lane 1). Some Pol beta-Ub as well as 

ubiquitin were found in the flow through while the rest Pol beta-Ub and unmodified Pol beta eluted 

at about 700 mM NaCl. However, due to the turnover of about 95% of Pol beta KxPlk to Pol beta-Ub, 

elution of Pol beta KxPlk was not visible on a SDS PA gel (data not shown). Flow through fractions and 
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elution fractions containing Pol beta-Ub (and, hence, ubiquitin) were pooled (Figure 24 B, lane 2), the 

pH was corrected to pH 7.0 and dialyzed using a Snake SkinTMmembrane with a MWCO of 3500 Da. 

After dialysis (Figure 24 B, lane 3), the pH was measured and if necessary correct to pH 7.0, and 

protein solution was loaded on a HiTrapTM SP HP column to separate Pol beta-Ub from ubiquitin by 

cation exchange chromatography (CEX). Fractions containing pure Pol beta-Ub were pooled and 

dialyzed to 20 mM Tris, 100 mM NaCl, 1 mM DTT, pH 7.5. After dialysis, proteins could be 

successfully concentrated via centrifugal filters with a MWCO of 10000 Da. Concentration was 

determined by performing a Bradford assay and was adjusted via SDS PAGE analysis by comparison 

with defined concentrations of Pol beta wt. Finally, 50% glycerol was added for storage at -20°C. All 

three Pol beta-Ub conjugates - linked via position 41, 61 and 81, respectively - as well as Pol beta wt 

as a control were purified according to the developed strategy. An aliquot of 0.8 pmol was analyzed 

by SDS PAGE (Figure 24 B, lane 4-7).  

Importantly, dialysis as intermediate step was necessary for recovery of Pol beta-Ub after cation 

exchange chromatography while using a Heparin column after click reaction was necessary for 

recovery after dialysis. Heparin is a highly negatively charged glycosaminoglycan and acts as natural 

anticoagulant.320 Therefore, it has two main modes of interaction with proteins. First, electrostatic 

interactions due to its anionic sulfate groups. Second, it functions as an affinity ligand for a wide 

range of biomolecules like DNA polymerases beta that act on nucleic acids. Moreover, it was 

reported that heparin prevents aggregation of proteins like kinases.321Probably, these characteristics 

help to separate Cu(I) from Pol beta/Pol beta-Ub and prevent aggregation on the material. The 

partial binding of Pol beta-Ub to heparin might be caused by the temporary high salt concentration 

when the click reaction is loaded on the column. Usually, Ub G76Aha that is provided in 1xPBS 

composes the main part of the click reaction volume resulting in a salt concentration of about 100 

mM. The partial binding renders washing of Pol beta-Ub impossible, so that some Cu(I) might still 

stick to the protein. Thereby, the necessary dialysis step could be explained removing the remaining 

Cu(I) prior to cation exchange chromatography. 
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Figure 24: Purification of Pol beta-Ub variants. A) Workflow developed for purification of Pol beta-Ub after click reaction. 

B) Click reaction of Pol beta K61Plk and Ub G76Aha was loaded on a HiTrapTM Heparin HP column (lane 1), pooled fractions 

of Heparin affinity chromatography (lane 2) were dialyzed and loaded on a a HiTrapTM SP HP column (lane 3) to perform 

cation exchange chromatography (CEX). Purified Pol beta-Ub linked by position 41 (lane 4), 61 (lane 5), 81 (lane 6) and 

“pseudo” clicked Pol beta wt (lane 7) was analyzed after purification (o, lane 4-7). Shown are SDS PAGE analyses followed 

by Coomassie blue staining.  

E2.2. Activity study of mono-ubiquitylated DNA polymerase beta 

variants 

Having the purified Pol beta-Ub variants in hands, functional analysis of the synthetic conjugates was 

the next step. Therefore primer extension reactions were performed. For these experiments, it was 

crucial to determine the concentration of each variant in order to ensure the application of equal 

amounts of protein. Figure 25 shows the SDS PAGE analysis of the concentrations of the protein 

stocks used for the experiments. Pol beta-Ub linked via K41 (lane 1), K61 (lane 2), and K81 (lane 3) 

and “pseudo” clicked Pol beta (lane 4, wt) and “pseudo” clicked Pol beta supplemented with 

ubiquitin (lane 5) are compared to standards of Pol beta wt (lane 6-9).  
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Figure 25: Concentration analysis of proteins used for primer extension reactions.A) Scheme of the primer/template 

complex used to study gap filling activity of Pol beta. B) Analysis of Pol beta mono-ubiquitylated at position 41, 61, and 81, 

respectively (lane1-3), “pseudo” clicked Pol beta (lane 4) supplemented with equimolar amounts of ubiquitin (lane 5) and 

Pol beta standards (lane 6-8) is shown by SDS PAGE and Coomassie staining. Concentrations of proteins are indicated. For 

analysis 8 μl were loaded on the SDS PA gel.  

 

To match the most natural substrate of Pol beta, a primer/template complex was constructed 

containing a single G gap with a phosphorylated 5’-end (a schematic is depicted in Figure 26 A).322 To 

set up appropriate reaction conditions, “pseudo” clicked Pol beta wt was used. This means that click 

reaction of Pol beta was performed without Ub G76Aha followed by purification as depicted in Figure 

24 A. As starting point, reaction conditions described by Sonja Gieseking323 were used and adjusted 

step by step to meet the demands for later experiments. To enable analysis of a single nucleotide 

incorporation by PAGE, 12.5% PA gels were used containing 7 M urea. Using concentrations of Pol 

beta between 1 nM up to 100 nM in presence of 10 nM primer/template complex, 500 nM dNTPs, 5 

mM MgCl2 allowed sound analyses. The reaction mix was incubated for 5 – 30 min at 37°C. While 100 

nM Pol beta caused strand displacement, 1 nM still elongated about 50% of the available primer 

(data not shown).  

Initially, it was verified that free ubiquitin has no influence on the activity of Pol beta. Therefore, 

equimolar concentrations of monomeric ubiquitin were added to the primer extension reactions. As 

a control, primer extension reactions were performed in presence of equimolar concentrations of 

BSA. PAGE analysis showed that neither ubiquitin nor BSA alters the activity of Pol beta (Figure 26).  
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Figure 26: Monomeric ubiquitin does not influence the activity of Pol beta. Pol beta wt was “pseudo” clicked and used for 

gap filling experiments. Supplementation of equimolar amounts of BSA or ubiquitin is indicated as well as the final 

concentration of proteins. The reactions were analyzed by PAGE followed by autoradiography.  

 

Thereupon, primer extension reactions were performed with all three Pol beta-Ub variants and 

“pseudo” clicked Pol beta to compare their activities. PAGE analysis of the primer extension reactions 

shows that Pol beta wt and all three ubiquitylated Pol beta variants are active (Figure 27). As 

expected, protein concentration of 100 nM caused strand displacement caused by incorporation of 

two nucleotides. Strand displacement of several nucleotides has been reported dependent on the 

concentration of enzyme.324-325Protein concentrations of 10 nM, 1 nM and 0.5 nM leads to 

incorporation of one nucleotide while concnetrations of 0.1 nM show almost no activity. Comparing 

the turnover efficiency of the Pol beta variants more carefully, Pol beta-Ub linked via position 41 and 

81 showed reduced activity. The experiment was repeated twice and the turnover of dNTPs per 

enzyme per time was calculated. On average, Pol beta-Ub linked via position 41 and 81, respectively, 

were 50% less active than Pol beta wt. Pol beta-Ub linked via position 61 showed an activity of about 

20% less active than Pol beta wt 

 

Figure 27: Pol beta-Ub variants are functional. Pol beta was mono-ubiquitylated at position 41, 61, and 81, respectively, 

and purified. Primer extension reactions were performed with protein concentrations as indicated and analyzed by PAGE 

and subsequent autoradiography.  
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In conclusion, these first results showed that the Pol beta-Ub variants are functional after 

purification. Furthermore, different activities for all three variants were observed. The substitution of 

the natural isopeptide bond by a triazole linkage might be considered to cause alterations in activity. 

However, a position-dependent effect of the triazole seems very unlikely suggesting that the position 

of ubiquitylation itself is decisive for activity. The residues K41, K61 are located in the amino-terminal 

8 kDa domain of Pol beta that has a high affinity for single strand DNA while K81 is positioned in the 

protease-sensitive region connecting the amino-terminal domain to the 31 kDa carboxyl terminal 

polymerase domain required for the nucleotidyltransferase activity.248-252 This suggests that the 

reduced activities of Pol beta-Ub conjugates result from a reduced binding affinity of Pol beta to the 

primer/template complex upon ubiquitylation but not from reduced polymerase activity. Moreover, 

the crystal structure of Pol beta complexed with gapped and nicked DNA implies that the reduced 

activity of Pol beta linked to ubiquitin via position 41 to ubiquitin might be explained by the adverse 

orientation of the ubiquitin moiety. The side chain of the natural K41 points towards the bound 

primer/template complex (pdb file 1bpx). Ubiquitylation of this position could hinder the correct 

binding of the DNA due to sterical hindrance. In contrast, ubiquitylation at K61 and K81 does not 

obviously interfere with the bound DNA. The available structural data of other ubiquitin conjugates 

suggest that the modification may introduce conformational changes of the substrate without 

affecting the folding around the attachment site.94,326-327 The fact that the C-terminus of ubiquitin 

that is used for conjugation consists of a flexible protruding tail supports this hypothesis. 

Nevertheless, ubiquitin provides hydrophobic patches for protein-protein interactions that could 

induce conformational changes upon interaction.94 However, since no crystal structures of mono-

ubiquitylated Pol beta are available, it remains unclear if the attachment of ubiquitin causes a 

conformational change. Therefore, further mechanistic analyses are necessary to investigate the 

activity of the Pol beta-Ub conjugates. For example, the processivity should be analyzed on DNA with 

gaps bigger than one nucleotide to address the hypothesis of reduced DNA binding. Furthermore, the 

fidelity should be analyzed by determining misincorporation and lesion bypass efficiencies. 



 Chapter II   Generation of site-specific monoubiquitin conjugates 

53 

 

Figure 28: DNA polymerase beta in complex with DNA. The cartoon shows the structure of human DNA polymerase beta 

(purple) in complex with gapped and nicked DNA (black).The three lysine residues used for ubiquitylation K41, K61 and K81 

are presented by blue sticks. (pdb file 1bpx) 

E2.3. Purification and activity study of ubiquitin dimers 

Purification after click reaction and separation of ubiquitin dimers from monomeric ubiquitin was 

achieved straightforward by subjecting the click reaction to size exclusion chromatography.  

Ubiquitin dimers linked via position 6 were generated by performing click reaction under the 

conditions described in section Chapter IID2.3 and loaded on a Superdex 75 column to perform size 

exclusion chromatography. As shown by SDS PAGE analysis (Figure 29, left panel, here Ub K6Plk was 

used for conjugation) pure dimer eluted in the first seven elution fractions (lane 1-7), followed by co-

elution of both, dimer and monomeric ubiquitin (lane 8-12). Fractions containing pure dimer were 

pooled, dialyzed and concentrated. Comparison of the input of size exclusion chromatography (i) and 

the concentrated output (o) by SDS PAGE analysis (Figure 29, right panel) confirmed successful 

purification of the ubiquitin dimer by this straightforward approach. The overall recovery could be 

further increasedif improved conditions for size exclusion chromatography are determined thereby 

allowing better separation of monomeric ubiquitin from dimers. Co-elution could be prevented by 

varying the buffer and salt conditions as well as using a longer column to increase separation 

efficiency.  
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Figure 29: Purification of ubiquitin dimer after click reaction. Click reaction of Ub K6Plk and Ub G76Aha was performed (i, 

right panel) and purification by size exclusion chromatography (left panel) was analyzed by SDS PAGE and Coomassie 

staining. Fractions of lane 1-7 were pooled, dialyzed and concentrated (o, right panel).  

 

To further prove that the artificial triazole linkage does not influence the structure of the proteins 

and, hence, their functionality, the purified ubiquitin dimer was tested in an E6AP autoubiquitylation 

assay for its recognition by the enzymatic ubiquitylation machinery (This experiment was elaborated 

in collaboration with the Scheffner group – i.e. Franziska Mortensen - who has great experience in 

performing E6AP assays). In this assay, the three enzymes of the enzymatic ubiquitylation machinery 

E1 (UBA1), E2 (UbcH5b) and E3 (E6AP) are incubated with ubiquitin or ubiquitin dimer to perform 

autoubiquitylation of the E3 ligase E6AP. The concept of the assay using an artificially linked ubiquitin 

dimer is shown in Figure 30 A. The process can be visualized by autoradiography using 35S-labeled 

E6AP (all three enzymes, E1, E2 and E3 were kindly provided by Franziska Mortensen who also 

monitored the assay). Covalent attachment of ubiquitin moieties or ubiquitin dimers results in a shift 

of E6AP to higher molecular masses.E6AP autoubiquitylation was performed with the purified dimer 

(Figure 30 B, lane 4) and monomeric Ub K6Plk that was “pseudo” clicked without Ub G76Aha and 

also purified by size exclusion chromatography (Figure 30 B, lane 3). For both substrates, poly-

ubiquitylation of E6AP was detected but not in control reactions performed without ubiquitin (lane 1 

and 2). A higher reaction efficiency was observed with monomeric ubiquitin what is in line with 

previous findings indicating that ubiquitin dimers are less efficiently used by the ubiquitylation 

cascade.123Additionally, Figure 30B shows that di-ubiquitylated E6AP, but not mono-ubiquitylated 

E6AP was detected in the reaction using ubiquitin dimers as substrate (lane 4). This demonstrates 

that the artificially generated ubiquitin dimer was indeed used for E6AP ubiquitylation. The lower 

reaction efficiency compared to monomeric ubiquitin could be caused by the topology of K6–linked 

chains that renders thisdimer a suboptimal substrate for E6AP. This assumption is further supported 

by the fact that E6AP synthesizes K48-linked ubiquitin chains.43,109 
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Figure 30: K6-linked ubiquitin dimers are utilized by the ubiquitylation cascade. A) Schematic view of the in vitro E6AP 

autoubiquitylation assay performed. B) The attachment of ubiquitin to 35S-labeled E6AP was monitored and analyzed by 

autoradiography. The assay was performed in absence of ubiquitin either at 4°C (lane 1) or 25 °C (lane 2) or in the presence 

of monomeric Ub K6Plk (lane 3) or generated dimer (lane 4) at 25°C. Covalent attachment of ubiqutin or ubiquitin dimer 

results in a shift of E6AP to higher molecular masses. 

E2.4. Purification and activity study of mono-ubiquitylated PCNA 

Mono-ubiquitylated PCNA was easily purified after click reaction by anion exchange chromatography 

(AEX, the workflow for purification is depicted in Figure 31 A). In contrast to purification of mono-

ubiquitylated Pol beta no problems occurred. Click reaction was performed under the conditions 

previously described in Chapter IID2.4and loaded on a HiTrapTM Q HP column (Figure 31 B, i). 

Performing anion exchange at a pH of 7.4, monomeric ubiquitin was eluted by washing with 50 mM 

NaCl (data not shown). This was expected since Ub G76Aha has a pI of 9.1 and is therefore positively 

charged at pH 7.4 and does not bind to the positively charged quaternary ammonium ions 

immobilized on the column.In contrast, PCNA has a pI of 4.8 and is highly negatively charged. 

Therefore, a gradient from 50 mM to 1 M NaCl was run whereby PCNA-Ub eluted at a concentration 

of about 800 mM NaCl as confirmed by SDS PAGE (Figure 31 B). Since attached ubiquitin does not 

alter the pI significantly, unmodified PCNA was co-eluted with PCNA-Ub.The fractions containing 

PCNA-Ub were pooled, dialyzed and concentrated using an ultrafiltration device with a MWCO of 

30.000 Da. Thereby, monomeric PCNA was removed, either by flow through or by stickingto the 

membrane (data not shown).  
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Figure 31: Purification of PCNA-Ub. A) Workflow developed for purification of PCNA-Ub after click reaction. B) Click 

reaction of PCNA K164Plk and Ub G76Aha was loaded on a Q Sepharose column (i) to perform cation exchange 

chromatography. A gradient from 50 mM to 1 M NaCl was performed to elute PCNA-Ub at about 800 mM NaCl. Shown is 

SDS PAGE analysis followed by Coomassie blue staining.  

 

Having the purified PCNA-Ub in hand, primer extension assays described in Chapter IIE2.1 were 

repeated with Pol beta wt in presence of PCNA-Ub as a first functional analysis (Figure 32). Proteins 

were used at a concentration of 10 nM each. As controls, no PCNA (lane 1), PCNA (lane 2), PCNA and 

free ubiquitin (lane 3) and PCNA-Ub (lane 4), respectively, were used without Pol beta. As expected, 

no incorporation of nucleotides was detected. Pol beta wt showed a single nucleotide incorporation 

(lane 6) while supplementation with PCNA (lane 7), PCNA and free ubiquitin (lane 8) or PCNA-Ub 

(lane 9) as well as only ubiquitin (lane 10) did not affect Pol beta activity.  

In the literature, the interaction between PCNA and DNA polymerase beta is discussed 

controversially. On the one hand several studies showed that PCNA and DNA polymerase interact 

with each other254,328 and that inhibition of complex formation leads to impaired DNA repair 

capacity.329 Furthermore, interaction of Pol beta and PCNA is crucial to prevent transversion 

mutations in case of 8-oxo-G lesions.324 Most recently, it was shown that PCNA binds to the catalytic 

domain of Pol beta in vitro and in vivo and that the interaction is required for the aberrant DNA 

synthesis and neuronal death.330 However, in line with thefindings of this study, distinct experiments 

showed that PCNA does not influence the DNA synthesis activity of Pol beta.331-332Furthermore, yeast 

PCNA conjugated to human ubiquitin was shown to have no impact on Pol beta.82Yeast and human 

PCNA share 35% homology with several domains of high homology suggesting a functional 

conservation.333 Therefore, the experiment of Eger et al. and the result obtained in this study suggest 

that PCNA-Ub has no impact on DNA synthesis activity of Pol beta. However, human PCNA-Ub linked 

via the artificial triazole has never been proved functional before. Therefore, experiments that 

demonstrate activity of PCNA-Ub need to be done prior to draw a conclusion.  
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Figure 32: PCNA-Ub does not affect the activity of Pol beta. Primer extension reactions were performed with proteins as 

indicated and analyzed by PAGE and subsequent autoradiography. The concentration of each protein was 10 nM.  

F. SUMMARY AND CONCLUSION 

In summary, a straightforward method was developed for the efficient generation of defined mono-

ubiquitylated substrates by click reaction in vitro. The first important step was to elaborate and 

establish a strategy for the expression and purification of a monofunctional ubiquitin variant 

containing a single azide functionality at its C-terminus. Generation of a suitable GST-Ub fusion, GST-

Ub G76M, allowed a straightforward approach to generate the desired ubiquitin variant by 

incorporation of the unnatural amino acid Aha via SPI in E.coli. Generation of the alkyne-

functionalized substrates DNA polymerase beta, PCNA and ubiquitin was achieved via ACS in E.coli 

and did not require the development of a new strategy but certainoptimizations concerning the 

expression conditions and purification strategy.  

After successful generation of the monofunctional building blocks in amounts in the milligram range 

per 1 l expression culture, the second important step was addressed. Precisely, this was to take 

advantage of the click reaction to generate mono-ubiquitylated substrates. To overcome the 

bottleneck of low efficiency, the surfactant SDS was found to be crucial to improve the click reaction. 

Further experiments showed that surfactants with a negatively charged head group and a long 

alkane chain enhance click reaction in general. Including some more optimizations regarding 

solubility of the ubiquitylated species, the turnover of the substrate via click reaction was improved 

up to 95%. Accordingly, high amounts of mono-ubiquitylated proteins were generated by using the 

developed strategy. Furthermore, SDS concentrations used to enhance the conjugation were shown 

to not distort the topologyor function of the proteins used within this study. So, addition of SDS may 

represent a general approach to improve the conjugation efficiency of ubiquitin to any protein of 

interest via click reaction.  
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The purification of ubiquitin dimers and PCNA-Ub after click reaction was straightforward while Pol 

beta-Ub required the application of an elaborated multi-step strategy. Finally, all ubiquitin 

conjugates were obtained pure and in amounts sufficient for biochemical analyses.  

Activity studies of the generated ubiquitin dimers and mono-ubiquitylated Pol beta were performed 

and demonstrated their functionality indicating that the artificial triazole linkage has no appreciable 

impact on their biochemical activity.The position of ubiquitylation of Pol beta seems to affect the 

DNA synthesis activity and should be investigated further to reveal the value of three different 

possible sites of ubiquitylation and, hence, to determine linkage-specific ubiquitin signaling. 

Furthermore, the influence of mono-ubiquitylated PCNA on Pol beta activity was investigated in a 

first experiment. The results suggest that PCNA-Ub does not interact with Pol beta since no effect on 

DNA synthesis activity was detected. However, a pre-confirmation of the functionality of the 

generated PCNA-Ub has not been demonstrated, wherefore the results should be critically judged. 

Altogether, two major methodical advances for the generation of bioorthogonally-linked, defined 

mono-ubiquitylated proteins have been made within this study. The improved availability of 

functional ubiquitin conjugates will offer new possibilities to study the diverse effects of 

ubiquitylation on the activities of proteins.  
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Chapter III GENERATION OF LINKAGE TYPE-SPECIFIC POLYUBIQUITIN 

CONJUGATES 
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A. INTRODUCTION 

The fate of poly-ubiquitylated proteins seems to be determined by the linkage type of the attached 

ubiquitin chain (see Chapter IA1).46,48Understanding how it is decided which lysine residue is used for 

conjugation and how the linkage type is translated to a molecular signal requires intensive studies 

with linkage type-specific, homogenous chains. However, the generation of such defined ubiquitin 

chains with any desired linkage-type – regardless of whether they are formed unanchored or on a 

substrate - is a major obstacle in the ubiquitin research field (see Chapter IA2).114,334 Moreover, the 

existence of ubiquitin-specific proteases presents animmediate problem hampering functional 

studies in cell extracts. The rapid deconjugation in cells and cell extracts has proved the detection of 

ubiquitylation challenging and obliged to sophisticated strategies like use of inhibitors335-336 that 

could likely interfere with ubiquitin signaling and falsify the results. Although, the impact of ubiquitin 

on a single protein can be studied in vitro for example by performing activity assays under simple, 

defined conditions, the elucidation of the spectacular diversity of ubiquitin signaling requires the 

context of a whole cellular system. Therefore, a tool for the generation of non-hydrolyzable ubiquitin 

chains at any site of any target protein in amounts sufficient for detailed analyses would greatly 

contribute to the dissection of the ubiquitin code. 

B. CONCEPT 

To address the challenge of synthesizing bioorthogonally-linked ubiquitin chains of any linkage type, 

a concept based on the method described for the generation of mono-ubiquitylated proteins was 

elaborated. In short, the two methods for codon expansion for the incorporation of unnatural amino 

acids, ACS and SPI, and biorthogonal chemistry were combined to generate site-specifically linked 

ubiquitin chains that are resistant to ubiquitin-specific proteases owing to the artificial triazole 

linkage. To this end, a bifunctional ubiquitin variant containing one azide and one alkyne functionality 

was generated that enabled polymerization of long chains, either free or on an alkyne-functionalized 

substrate. Again, all click reactions were performed on ice under argon atmosphere, which therefore 

is not stated explicitly in respective sections.  
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Figure 333: Concept of the strategy used for simultaneous, site-specific incorporation of the two unnatural amino acids 

necessary for click reaction, Aha and Plk, into one single ubiquitin. The gene of interest is expressed in methionine 

auxotrophicE.coli B834 (DE3) in minimal medium that contains the unnatural amino acids Aha (green) and Plk (blue) but no 

methionine. The azide-functionalized Aha is utilized by the endogenous tRNAMet and MetRS (grey) and thus incorporated 

proteome-wide instead of methionine via selective pressure incorporation. The tRNAPyl and PylRS from Methanosarcina 

barkeri(blue) are expressed on a helper plasmid and accept Plk as substrate, thus, incorporation in opposite of a UAG codon 

is allowed via amber codon suppression.  

C. RESULTS AND DISCUSSION 

C1. Generation of a bifunctional ubiquitin variant 

To generate a bifunctional ubiquitin variant suitable for polymerization via click reaction, both 

unnatural amino acids necessary for click reaction, Aha and Plk, were incorporated into a single 

ubiquitin moiety by simultaneous application of ACS and SPI (Figure 33). To match the native linkage 

sites, Aha was incorporated instead of ubiquitin’s C-terminal glycine (G76) and, additionally, a single 

lysine was replaced site-specifically by Plk. GST-Ub G76M in pGEX2TK (seeChapter IIB2) was used as 

template to generate all seven possible GST-Ub G76M KxTAG variants by site directed mutagenesis. 

To allow ACS and SPI simultaneously, methionine auxotrophic E.coli B834 (DE3) were co-transformed 

                                                           
3

graphical implementation by Adobe Illustrator with great help of Daniel Rösner. 
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with one of the seven constructs and a helper plasmid based on the pEVOL construct (referred to as 

“expression strain I”).337In detail the pEVOL vector was modified in order to utilize it for Plk 

incorporation: both aminoacyl synthetase genes were replaced by PylRS from Methanosarcina 

barkeri and the sequence for tRNAPyl was inserted instead of the existing tRNA ORF (the cloning was 

done by Daniel Schneider). To compare the efficiency of this expression system with the one used for 

generation of the monofunctional substrates, a second expression strain (referred to as “expression 

strain II”) was generated: GST-Ub G76M KxTAG was cloned into pET11a that harbored the tRNAPyl in 

its backbone. E.coli B834 (DE3) were co-transformed with GST-Ub G76M KxTAG/tRNAPyl-pET11a and 

PylRS-pRSFDuet-1. For both expression strains, a small scale test expression (25 ml) was performed 

with GST-Ub G76M K11TAG as test construct. Cells were cultured in minimal medium (NMM) 

containing a defined concentration of methionine. After complete consumption of methionine, cells 

were cultured in fresh NMM containing Aha and Plk but no methionine to allow SPI and ACS 

simultaneously. Expression of GST-Ub and PylRS was induced in expression strain I by adding IPTG 

and arabinose while IPTG induced expression of both genes in expression strain II. After expression, 

cells were harvested and resuspended to an OD600 of 2.5. After sonication, a sample of the clarified 

lysate was taken for SDS PAGE analysis (Figure 34 A). The cell lysate of expression strain I shows a 

more intense band than expression strain II at about 35 kDa representing the full length GST-Ub 

fusion. Likewise, more truncated protein due to translational stop at the UAG codon is visible at 

about 30 kDa. The clarified lysate was incubated with glutathione beads to bind GST-Ub to a solid 

support. After washing, the beads were pelleted, mixed with 10 μl buffer and subjected to SDS PAGE 

analysis (Figure 34 B). Both expression strains yielded a quite high amount of truncated GST-Ub. 

However, the ratio was in favor to full length GST-Ub in expression strain while expression strain II 

generated more truncated than full-length GTS-Ub. Concluding, expression system I was more 

efficient in concern of overall protein yield as well as suppression efficiency and therefore used for 

generation of all other GST-Ub G76M KxTAG variants. 
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Figure 34: Expression analysis of bifunctional GST-Ub G76M K11TAG. Two different E.coli B834 (DE3) expression strains 

were generated to express a GST-Ub fusion under simultaneous application of SPI and ACS. Expression strain I harbors GST-

Ub G76M K11TAG-pGEX2TK and the helper plasmid PylRS/tRNAPyl-pEVOL while expression strain II harbors GST-Ub G76M 

K11TAG/tRNAPyl-pET11a and PylRS-pRSFDuet-1. SDS PAGE analysis and Coomassie blue staining of both strains was 

performed A) of the cell lysate after expression and B) of the proteins attached to glutathione beads after incubation with 

the cell lysate. 

 

Each variant, GST-Ub G76Aha KxTAG, was expressed, coupled to GST beads and a sample was 

analyzed by SDS PAGE prior to thrombin cleavage because the discrimination between full length and 

truncation product is more definite for GST-Ub than for free ubiquitin due to the poor resolution of 

the SDS PA gel for small proteins (below 10 kDa). For each variant, full length GST-Ub was detected, 

however the suppression efficiency varied strongly (Figure 35). Suppression efficiency was high at 

positions 11, 27 and 29 but low at position 6, 33, 48 and 63. 

 

Figure 35: Two unnatural amino acids necessary for click reaction can be incorporated simultaneously and site-

specifically into ubiquitin. Analysis of the ratio of full-length GST-Ub and truncated GST-Ub after expression via SPI and ACS 

by SDS PAGE and Coomassie blue staining. All full-length proteins contain a C-terminal Aha, and Plk instead of a defined 

lysine residue x.  
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Considering that PylRS contains 2.9% methionine residues that are replaced by Aha using the 

described strategy, impaired stability and/or function of the protein might be a reason for the low 

suppression efficiency. To generate high amounts of PylRS containing the natural amino acid 

methionine, instead of the unnatural amino acid Aha, expression of PylRS was additionally induced 

for 4 h while cells were cultured in methionine supplemented minimal medium. By this adjustment, 

all seven variants were obtained after purification via GST-tag and thrombin cleavage (see Figure 36 

A for workflow scheme) in sufficient amounts for further experiments. SDS PAGE analysis was 

performed for each variant (Figure 36 B). A double band pattern was detected for Ub G76Aha K63Plk 

indicating that suppression efficiency at position 63 was not improved as well as for the other 

positions. Depending on the position of incorporation of Plk, between 1 mg and 3 mg full-length 

protein were generated per 1 l expression culture.  

 

Figure 36: Generation of bifunctional ubiquitin variants Ub G76Aha KxPlk. A) Schematic workflow of the approach 

developed to generate a site-specifically alkyne- and azide-functionalized ubiquitin variant upon performing amber codon 

suppression (ACS) and selective pressure incorporation (SPI) simultaneously. B) The seven ubiquitin variants Ub G76Aha 

KxPlk with x indicating the lysine residue that is replaced by Plk variants were purified and analyzed by SDS PAGE followed 

by Coomassie blue staining. C) Schematic structure of a bifunctional ubiquitin ubiquitin including an N-terminal extension of 

eight amino acids derived from the linker sequence of GST-Ub. As an example, Ub G76Aha K11Plk is depicted. 

C2. Generation of linkage type-specific ubiquitin chains 

Having the bi-functionalized ubiquitin variants in hand, their polymerization capacity in click 

reactionswas investigated. Ub G76Aha K11Plk was used to optimize the conditions. As a first 

attempt, increasing concentrations of Ub G76Aha K11Plk were incubated with 1 mM 
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Cu(MeCN)4BF4and 2 mM THPTA for 20 min in presence of 0.25 mM SDS. Subsequent SDS PAGE 

analysis is shown in Figure 37 A. Efficient chain formation up to nonamers was observed even at low 

concentrations of bifunctional ubiquitin. However, the minimal concentration of protein for sound 

analysis by SDS PAGE was determined to 32 μM. Next, the influence of SDS was investigated. 

Therefore, several concentrations in the range that was found to be efficient for mono-ubiquitylation 

were tested as shown in Figure 37 B. Recurrently, a minimal concentration of 0.25 mM SDS was 

crucial to induce click reaction. Increasing the concentration of Cu(I) from 1 mM to 5 mM did not 

result in an increase in chain formation (data not shown). Prolonged incubation time of up to 2 h did 

not affect the turnover of monomeric ubiquitin (data not shown). In line with the findings for mono-

ubiquitylation, buffer and pH, respectively, were found critical for solubility of the chains. Performing 

click reaction in presence of 0.5 mM SDS and 20 mM NaOAc, pH 5 yielded good reaction efficiency 

but promoted precipitation of the chains as shown by SDS PAGE analysis (Figure 37 C, sample A): 

after click reaction, the precipitation was pelleted by centrifugation. The pellet was resuspended and 

a sample was analyzed (p). The same band pattern was detected as for the total reaction mix (t) 

whereas no protein was detected in the supernatant (sn). Performing click reaction without buffer 

supplementation (Figure 37 C, sample B; proteins were provided in 1x PBS, pH of 7.4), chains were 

detected in the supernatant (sn) but chain formation was rather inefficient. To further examine the 

reason for precipitation, Ub G76Aha K11Plk was mixed with 0.5 mM SDS (Figure 37 D, sample A) or 

0.5 mM SDS and 20 mM Tris, pH 8 (Figure 37 D, sample B), incubated on ice for 30 min and 

centrifuged. A sample of the pellet (p) was taken for SDS PAGE analysis while the supernatant was 

flushed with argon and supplemented with THPTA and Cu(MeCN)4BF4to perform click reaction. After 

20 min on ice, a sample (t) was taken for SDS PAGE analysis prior to centrifugation of the sample. 

Another sample was taken of the resulting supernatant (sn). The result shows that the 

monofunctional ubiquitin variant precipitated in presence of SDS in 1xPBS (Figure 37 D, sample A, 

protein is detected in the pellet (p)) but not if the reaction mix is supplemented with 20 mM Tris, pH 

8 (sample B). Instead, formed chains are found in the supernatant (sample B, sn). Furthermore, by 

comparing the total reaction mix fractions (t) of Figure 37 C and D, it can be concluded that the 

reaction efficiency in presence of 20 mM Tris, pH 8 is as good as in acidic conditions.To summarize, 

best yield of click reaction was achieved by performing click reaction of bifunctional ubiquitin with 1 

mM Cu(MeCN)4BF4 and 2 mM THPTA in presence of 0.5 mM SDS and 20 mM Tris, pH 8 under argon 

atmosphere for 20 min on ice.  
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Figure 37: Bifunctional ubiquitin variants can form long polymers. Experiments were performed as follows and were 

analyzed by SDS PAGE and Coomassie blue staining. A) Increasing concentrations of Ub G76Aha K11Plk were incubated with 

0.25 mM SDS, 1 mM Cu(MeCN)4BF4 and 2 mM THPTA for 20 min. B) 32 μM Ub G76Aha K11Plk was incubated with 

increasing amounts of SDS as indicatedfor 20 min. C) 32μM Ub G76Aha K11Plk was mixed with 1 mM SDS, 1 mM 

Cu(MeCN)4BF4and 2 mM THPTA. Sample A was supplemented with 20 mM NaOAc, pH 5. After20 min, an aliquot of the total 

reaction mix (t) was taken prior to centrifugation. The total (t), the pellet (p) and the supernatant after centrifugation (sn) 

were analyzed. D) 32 μM Ub G76Aha K11Plk was incubated with 0.5 mM SDS (sample A) or with 0.5 mM SDS and 20 mM 

Tris, pH 8 (sample B) for 30 min. After centrifugation, an aliquot of the pellet of each sample was taken (p). The supernatant 

was supplemented with 1 mM Cu(MeCN)4BF4 and 2 mM THPTA to perform click reaction. After 20 min, an aliquot was 

taken of each sample (t) prior to centrifugation. The resulting supernatant (sn), the total (t) and the pellet (p) were 

analyzed.  

 

These conditions were used to test all other bifunctional variants for their polymerization efficiency. 

Each bifunctional ubiquitin was used for click reaction with a concentration of 32 μM (Figure 38, 

input (i), here Ub G76Aha K6Plk). With all ubiquitin variants except for Ub G76Aha K63Plk, a ladder of 

bands was detected ranging from low to high molecular weights indicating chain formation. 

Conjugation via position 63 showed only dimer and trimer formation, however, this was very likely a 

matter of full-length protein concentration and not a K63 linkage-dependent effect. Notably, the 



 Chapter III   Generation of linkage type-specific polyubiquitin conjugates 

67 

determination of the protein concentration by performing a BCA assay does calculate the overall 

protein concentration of the sample and does not distinguish between full-length and truncated 

variants. Therefore, of bifunctional Ub G76Aha K63Plk was much lower that for all other variants. 

Remarkably, dimers and trimers linked via 11, 27, 29 or 48 run at the same height, but show different 

migration behavior for longer chains. This might reflect the different conformations of different 

linkage types.48,312 While the band just below Ub G76Aha K48Plk was attested tothe presence of the 

truncated fragment, the content of the double band pattern of Ub G76Aha K11Plk was unclear and 

was investigated further. Tryptic in-gel digestion of each band followed by mass analysis assigned 

both fragments to ubiquitin. ESI-MS revealed several species that correlate to unspecific cleavage of 

thrombin resulting in ubiquitin variants that miss the first two or three amino acids. If these mass-

differences are reflected in a mass shift in the SDS PA gel is uncertain. A more convenient conjecture 

is that the C-terminal azide may be reduced to an amine changing the ionic charge and thereby the 

migration behavior. This assumption would also explain the need of a large excess of monomeric 

azide-functionalized ubiquitin (Ub G76Aha for mono-ubiquitylation and Ub G76Aha KxPlk for poly-

ubiquitylation) and why the turnover of monomeric ubiquitin could not be improved by increasing 

Cu(I) concentrations, incubation time. 

 

Figure 38: Generation of linkage type-specific ubiquitin chains. Bifunctional ubiquitin variants Ub G76Aha KxPlk with x 

indicating the position of Plk polymerizes to chains upon addition of Cu(I), THPTA and SDS and were analyzed by SDS PAGE 

and Coomassie blue staining.  

C3. Generation of linkage type-specific ubiquitin chains on substrates 

C3.1. Poly-ubiquitylation of DNA polymerase beta 

Having succeeded to establish a method to generate linkage type-specific ubiquitin chains, the next 

step was to investigate the potential of the method to assemble chains site-specifically on substrate 

proteins in a one-pot reaction. As proof of principle, DNA polymerase beta alkyne-functionalized at 
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position 61 was mixed with Ub G76Aha K11Plk at different ratios and click reaction was performed by 

adding 0.5 mM SDS, 20 mM Tris, pH 8, 2 mM THPTA and 1 mM Cu(MeCN)4BF4. After 30 min, the 

reaction was stopped and analyzed by SDS PAGE (Figure 39 B, upper panel). 

 

Figure 39: Bifunctional ubiquitin variants can form long polymers on alkyne-functionalized Pol beta upon click reaction. 

A) Scheme of the one-pot reaction between bifunctional ubiquitin and alkyne-functionalized Pol beta. Upon click reaction 

both, free ubiquitin chains as well as ubiquitylated Pol beta, are formed. B) Analysis of the click reaction products using 5 

μM Pol beta K61Plk and increasing amounts of Ub G76Aha K11Plk G76Aha (2.5 μM – 50 μM) by SDS PAGE and Coomassie 

blue staining (upper panel) or Western Blot using a His6-tag specific antibody (lower panel).  

 

As expected, multiple bands at higher molecular weights were detected that increased in intensity 

with the amount of ubiquitin added. In the absence of Pol beta K61Plk, efficient formation of free 

ubiquitin chains was observed, whereas Pol beta K61Plk alone shows a single band. To determine the 

bands corresponding to poly-ubiquitylated Pol beta, Western Blot analysis using an antibody against 

a His6-tag was performed. Highly poly-ubiquitylated Pol beta along with mono- and di-ubiquitylated 

species was detected even at low ubiquitin concentrations.  

This result demonstrates that polyubiquitin chains can easily be attached to target proteins in a one-

pot reaction.  
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C3.2. Poly-ubiquitylation of PCNA 

To further demonstrate the potential of the method for successful assembly of ubiquitin chains on 

any target protein of interest, a second substrate, PCNA K164Plk, was poly-ubiquitylated. 

Furthermore, the mechanism of chain formation wasaddressed. Theoretically, the linkage between 

PCNA (or any other target protein) and ubiquitin can be formed in two ways. On the one hand, the 

ubiquitin chain is formed and subsequently transferreden bloc to the substrate (for a schematic, see 

Figure 40 A). On the other hand, the chain is built stepwise by first attaching one single ubiquitin 

moiety to PCNA followed by chain formation on the attached ubiquitin (for a schematic, see Figure 

40 B).  

To investigate if one way is more efficient for chain formation on a substrate by the method 

developed, two strategies for click reaction were applied. As linkage site, position K11, K48 and K63, 

respectively, were chosen. K63-linked polyubiquitin chains on PCNA have been shown to play an 

essential role in an error-free pathway of damage avoidance (Chapter IC2).283-285The existence of K48- 

and K11-linked chains on PCNA has not been reported yet. The experiment was analyzed by SDS 

PAGE and Western Blot using an antibody against the His6-tag to detect PCNA species (Figure 40C). 

Firstly, free polyubiquitin chains were assembled and dialyzed (lane 1-3). Bifunctional ubiquitin 

polymerized to polyubiquitin chains showing a length distribution for each position. However, the 

overall efficiency was quite low in case of position 63. The free chains were not detected on the 

Western Blot. Subsequently, the chains were incubated with PCNA K164Plk and click reaction was 

performed (lane 4-6). Attaching the free chains to PCNA was successful, as multiple bands appeared 

at high molecular weights and were recognized by the anti-His6tag antibody indicating the presence 

of PCNA. Notably, in addition to the chains, free monomeric Ub G76Aha KxPlk was present that could 

conjugate to PCNA. However, this is very unlikely since the remaining monomeric azide-

functionalized ubiquitin after click reaction was shown to be unreactive for a second click reaction.In 

a second approach, PCNA K164Plk was incubated with bifunctional ubiquitin and click reaction was 

performed (lane 7-9). Polymerization of this one-pot reaction resulted in modification of PCNA with 

shorter ubiquitin chains as the en bloc transfer. Notably, high efficiency of mono-ubiquitylation was 

observed. Interestingly, within the one-pot reaction, K63-linked poly-ubiquitylation of PCNA was the 

most efficient. Hardly any free chains were formed but PCNA is highly mono and doubly-modified. As 

controls, click reaction (lane 10) or “pseudo” click reaction (click reaction without Cu(I), lane 11) was 

performed with PCNA K164Plk and monofunctional Ub G76Aha. The band detected in the Western 

blot at about 15 kDa is due to a contamination of PCNA K164Plk since it also appears in the negative 

control.  
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Figure 40: Alkyne-functionalized PCNA can be poly-ubiquitylated stepwise and en bloc. A) Scheme of the en bloc 

mechanism for ubiquitylation of PCNA by click reaction. The ubiquitin chains are built and can be further attached to PCNA 

resulting in a mix of free chains and poly-ubiquitylated PCNA. B) Scheme of the stepwise mechanism for ubiquitylation of 

PCNA in a one-potclick reaction. PCNA is first mono-ubiquitylated. The attached ubiquitin moiety serves as substrate for 

further ubiquitylation resulting in poly-ubiquitylation of PCNA. Meanwhile, free ubiquitin chains are built. C) Click reaction 

of 7 μM PCNA K164Plk and either 21 μM Ub G76Aha KxPlk or ubiquitin chains generated by click reaction of 21 μM Ub 

G76Aha KxPlk was performed and analyzed by SDS PAGE and Coomassie blue staining (upper panel) or Western Blot (lower 

panel) using a His6-tag specific antibody. Asterisk indicates impurity present in PCNA K164Plk preparation. 
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These results indicate that both mechanisms, transfer of ubiquitin chains en bloc and stepwise 

ubiquitylation on the substrates are possible in vitro. However, compared to the high efficiency of 

mono-ubiquitylation of PCNA, the turnover of PCNA is low for both ways of poly-ubiquitylation. To 

increase the efficiency, the ratio of PCNA to bifunctional ubiquitin and to ubiquitin chains, 

respectively, should be further optimized.  

D. FUNCTIONAL STUDIES OF POLYUBIQUITIN CONJUGATES 

So far, it was shown that the conditions used to generate ubiquitin conjugates do not harm the 

structure or unfold the proteins significantly (Chapter IIE). The next step was to use the generated 

poly-ubiquitin conjugates for activity studies in order to prove the functionality of poly-ubiquitylated 

proteins and free ubiquitin chains. Furthermore, the influence of ubiquitin and the linkage type of a 

ubiquitin chain on the activity of its substrate should be investigated.  

Ubiquitin chains connected by triazole linkages are anticipated to have native like properties by 

mimicking the natural isopeptide bond.308,338 To confirm this, four different chain types were 

generate linked via position 11, 27, 29 and 48, respectively, and Western Blot analysis was performed 

using a conformation specific antibody, i.e. an antibody that selectively binds K48-linked ubiquitin 

chains. Indeed, only chains linked via position 48 were detected whereas no signals were observed 

for the other three linkage types (Figure 41).  

 

Figure 41: Artificially linked ubiquitin chains can be distinguished by a K48 linkage type-specific antibody.Bifunctional Ub 

G76Aha KxPlk was polymerized by click reaction and analyzed by SDS PAGE and Coomassie blue staining (left panel) or 

Western Blot using a K48-linkage specific antibody (right panel).  

 

To further investigate the biological activity of the artificially linked chains, their acceptance by the 

enzymatic ubiquitylation machinery was investigated. As it has been reported that naturally linked 

chains can be activated by the E1 enzyme, the artificially linked chains were anticipated to do so, too, 

as long as they contain the C-terminal glycine motif necessary for activation.129,339-341 To test this 
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hypothesis, bifunctional ubiquitin Ub G76Aha K11Plk was mixed with exclusively alkyne-

functionalized ubiquitin Ub K11Plk as substrate (see Chapter IIC2.2) for poly-ubiquitylation and click 

reaction was performed. Similar to the result of poly-ubiquitylation for Pol beta or PCNA, with 

increasing amounts of Ub G76Aha K11Plk the length of ubiquitin chains decreased (Figure 42 A). This 

indicated ubiquitylation of Ub K11Plk that serves as a terminator for polymerization. The resulting 

chains provided the natural occurring C-terminal diglycine motif and were used in an E6AP auto-

ubiquitylation assay (see Chapter IIE2.3, this assay was performed in collaboration with Franziska 

Mortensen of the Scheffner group). In this assay, the three enzymes of the enzymatic ubiquitylation 

machinery E1, E2 and E3are incubated with ubiquitin or the ubiquitin chains to perform 

autoubiquitylation of the E3 ligase E6AP. This process can be visualized by Western Blot analysis 

using an anti-ubiquitin antibody that detects high molecular weight bands in case of successful 

activation of ubiquitin or ubiquitin chains and subsequent autoubiquitylation of E6AP. This concept is 

depicted in Figure 42 B. Indeed, the artificially linked ubiquitin chains formed with a C-terminal 

diglycine motif are activated and are covalently attached to substrate proteins (Figure 42 C; the three 

enzymes E1, E2 and E2 were kindly provided by Franziska Mortensen who also performed the E6AP 

auto-ubiquitylation assay). Whether the substrate is E6AP or a ubiquitin moiety of another ubiquitin 

chain resulting in long oligomers could not be distinguished with these experiments. The chains that 

were formed from the bifunctional ubiquitin without Ub K11Plk present show the same band pattern 

before and after performing the E6AP assay. This confirms that these chains cannot be activated 

since the reaction critically depends on the presence of a free C-terminal diglycine motif.  
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Figure 42: Artificially K11-linked ubiquitin chains can be generated on an exclusively alkyne-functionalized ubiquitin and 

are enzymatically conjugated to target proteins by the ubiquitylation cascade in vitro. A) Influence of Ub K11Plk as chain 

terminator on polymer formation of Ub G76Aha K11Plk. Ub K11Plk G76Aha and Ub K11Plk were mixed at different ratios 

with a total protein concentration of 0.4 mg/ml. After click reaction, polymerization was monitored by SDSPAGE and 

Coomassie blue staining. Samples of lane 1 and lane 4 were used as Ub K11Plk G76Aha chains and Ub K11Plk G76G chains, 

respectively, in the E6AP autoubiquitylation assay. B) Scheme of the E6AP autoubiquitylation assay used to test the 

conjugation of the chains generated in A. C) Incubation at 25°C of K11-linked ubiquitin chains with E1, E2 and E3 enzymes 

leads to conjugation of the chains to target proteins depending on the presence of a C-terminal diglycine motif. This causes 

a shift of the chains to higher molecular masses as seen by the α-ubiquitin Western Blot.  
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Finally, the potential of the artificially linked chains to investigate ubiquitin signaling was proved. To 

that end, their effect on the activity of the 26S proteasome in Xenopus laevis egg extracts was tested 

(These experiments have been performed in collaboration with the Mayer group – i.e Saurav 

Malhotra – who has great experience using Xenopus laevis as model organism). Unfertilized Xenopus 

laevis egg extract is a cell-free system, which recapitulates all biological functions of the egg.342-343 

Therefore, it is a well established model system and widely used for the functional analysis of cell 

cycle regulation by the ubiquitin proteasome system. Oocytes are arrested in the metaphase of 

meiosis until fertilization occurs, which can be mimicked by addition of Ca2+.344 Upon fertilization, a 

cell cycle regulating protein, cyclin B, is poly-ubiquitylated by K11-linked chains and hence targeted 

to the 26S proteasome for degradation.127 Degradation of cyclin B promotes cell cycle progression of 

the oocytes to the anaphase. This event can also be monitored by the structure of the chromatin. 

During metaphase, meiosis specific bipolar spindles and condensed chromatin can be displayed. 

After addition of Ca2+, interphase chromatin and no microtubule spindle structures are visible.127,344 

 

Figure 43: Schematic of the assay used to test the potential of the artificially linked ubiquitin chains for investigating 

ubiquitin signaling. Eggs from Xenopus laevis are arrested in the metaphase of meiosis until fertilization. Upon fertilization 

which can be mimicked by addition of Ca2+, the cell cycle dependent protein cyclin B is poly-ubiquitylated by K11-linked 

chains and targeted to the 26S proteasome for degradation. Degradation of cyclin B allows the oocytes to enter the 

anaphase. The structure of chromatin reflects this progression. During metaphase, meiosis specific bipolar spindles and 

condensed chromatin can be displayed. After addition of Ca2+, interphase chromatin and no microtubule spindle structures 

are visible. Addition of artificially, protease-resistant K11-linked ubiquitin chains would block degradation of cyclin B if they 

adopted a native like topology.  
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In case that artificially K11-linked chains adopt a native like topology, they would be recognized by 

the 26S proteasome or shuttle factors that are required for the 26S proteasome mediated 

degradation. Since the non-hydrolyzable triazole linkage is resistant to the action of deubiquitylating 

enzymes, the chains might block the further degradation pathway.Thereby, they could compete with 

the degradation of natural substrates like cyclin B and possibly prevent their degradation. A 

schematic view of this interplay is depicted Figure 43. 

This hypothesis was tested by monitoring the degradation of cyclin B in Xenopus laevis egg extracts 

upon supplementation of different, artificially linked ubiquitin chains. Furthermore, DNA morphology 

and spindle formation was assessed to visualize cell cycle progression and arrest, respectively. On the 

one hand, K11-linked chains were chosen since they are responsible for the 26S proteasome 

mediated degradation of cyclin B. Furthermore, K27-linked and K29-linked chains were tested as it is 

unclear if they are efficiently recognized by the proteasome and promote degradation of substrate 

proteins.  

To perform these experiments, the amount of ubiquitin chains formed via click reaction needed to be 

increased. Therefore, the concentration of bifunctional ubiquitin was increased. Up to 3 mg/ml (320 

μM) Ub G76Aha KxPlk could be used as starting concentration without precipitation of the chains. 

This is demonstrated by SDS PAGE analysis of the supernatant (sn) and the pellet (p) after click 

reaction of Ub G76Aha K11Plk (Figure 44 A). K11-, K27-, and K29-linked chains were generated by 

performing click reaction with the respective bifunctional ubiquitin at a concentration of 3 mg/ml. As 

controls, the same concentration of bifunctional, monomeric proteins were carried along without 

adding Cu(I). For further use, the click reaction was dialyzed to remove SDS, Cu(I) and THPTA and 

stored at 4°C. SDS PAGE analysis of the soluble fraction after dialysis showed that all three chain 

types were formed with good efficiency and with comparable length distribution (Figure 44 B).  

 



 Chapter III   Generation of linkage type-specific polyubiquitin conjugates 

76 

 

Figure 44: Artificially linked ubiquitin chains can be generated soluble in concentrations up to 3 mg/ml.A) Bifunctional Ub 

G76Aha K11Plk was set into click reaction with a concentration of 1 mg/ml or 3 mg/ml. After centrifugation, the soluble 

fraction (sn) and the pellet (p) were analyzed by SDS PAGE and Coomassie blue staining. B) Click reaction with or 

withoutCu(I) was performed with 3 mg/ml Ub G76Aha KxPlk with Plk at position 11, 27 and 48, respectively. The soluble 

fractions were analyzed by SDS PAGE and Coomassie blue staining.  

 

The three linkage type specific chains as well as monomeric Ub G76Aha K11Plk were then used for 

the cell extract experiment. Cyclin B was detected in a Western Blot by cyclin B antibody (Figure 45A, 

the egg extracts were provided by Saurav Malhotra who also monitored the cyclin B degradation). 

Consistent with the fact that free monomeric ubiquitin is not recognized by the proteasome, addition 

of monomeric ubiquitin K11Plk G76Aha (mono) did not influence the degradation of cyclin B upon 

addition of Ca2+. Contrarily, addition of the proteasome inhibitor MG262 abolished the degradation 

of cyclin B. Remarkably, addition of K11-linked ubiquitin chains showed the same effect while 

addition of K27-linked or K29-linked chains did not interfere with cyclin B degradation (the input of 

each chain type is shown in Figure 45B). Furthermore, DNA morphology and spindle formation 

confirmed arrest in metaphase after Ca2+addition if the proteasome inhibitor or K11-linked chains 

were present (Figure 45C, visualization was performed by Saurav Malhotra). While buffer treated 

extracts displayed a typical interphasic nuclear morphology, confirming exit from meiosis upon cyclin 

B degradation,extracts treated with K11-linked chains or the proteasome inhibitor MG262 displayed 

condensed chromatin and bipolar-shaped spindle structures, indicating perpetuation of the meiotic 

state due to the inability to degrade cyclin B. 



 Chapter III   Generation of linkage type-specific polyubiquitin conjugates 

77 

 

Figure 45: Artificially generated K11-linked chains prevent proteasomal degradation of cyclin B in Xenopus laevis egg 

extracts. A) Upon addition of Ca2+, cyclin B remains stable in extracts supplemented with K11-linked chains or proteasome 

inhibitor MG262 but is degraded in extracts containing monomeric Ub G76Aha K11Plk (mono), K27-linked and K29-linked 

chains as seen in the anti cyclin B Western Blot. Tubulin serves as a loading control. B) Ubiquitin preparations used for this 

assay. 3 mg/ml bifunctional ubiquitin containing Plk at position 11, 27 or 29 was polymerized by click reaction, dialyzed and 

reaction efficiency and were analyzed by SDS PAGE and Coomassie staining. The amounts loaded in each lane correspond to 

the amounts used in this experiment. C) After Ca2+ addition, buffer treated extracts exit the meiotic state and display 

interphase chromatin (magnification of insets in lower panel) and no microtubule spindle structures. Extracts treated with 

MG262 or K11-linked chains show meiosis-specific bipolar spindles (upper panel) and condensed chromatin (inset 

magnification, lower panel). Spindles and chromosomes were visualized by the addition of TRITC-tubulin and DAPI, 

respectively. 

 

To verify that this effect is indeed linkage type-dependent and not caused by disparate chain 

concentrations, the experiment was performed with different concentrations of chains. Therefore, 

the three chain types were generated with a concentration of 3 mg/ml bifunctional ubiquitin, 

dialyzed and the soluble fractions were analyzed by SDS PAGE (Figure 46 A). The overall protein 

concentration was determined by BCA assay. According to the desired concentration, chains were 

diluted and used for the experiment. The anti cyclin B Western Blot analysis of the experiment is 

shown in Figure 46 B (preparation of egg extracts and monitoring of cyclin B was again performed by 

Saurav Malhotra). Upon addition of Ca2+, cyclin B is stabilized in extracts supplemented with 

proteasome inhibitor MG262 or K11-linked chains at concentrations 0.25 mg/ml or higher. Extracts 
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supplemented with buffer, monomeric ubiquitin (mono), K27-linked chains or K29-linked chains 

showed efficient degradation of cyclin B independent of to the used concentration of proteins.  

These results might indicate that K27-linked and K29-linked chains are not or only poorly bound by 

the proteasome, suggesting that they have cellular functions other than serving as a signal for 

proteasomal degradation. Alternatively, it has to be considered that in meiotic extracts, proteins may 

be missing that serve as shuttle factors for proteins ubiquitylated by K27-linked or K29-linked chains 

to the proteasome. 

These data demonstrate that the artificial ubiquitin polymers were physiologically functional in 

whole cell extracts. 

 

Figure 46: Cyclin B degradation in Xenopus laevis egg extracts is linkage type-specific and dose dependent. A) Ubiquitin 

preparations used for this assay. 3 mg/ml bifunctional ubiquitin containing Plk at position 11, 27 or 29 was polymerized by 

click reaction and reaction efficiency was analyzed by SDSPAGE and Coomassie staining. For the experiment, the chains 

were diluted according to the required concentration (see B). B) Upon Ca2+ addition, cyclin B is stabilized in extracts 

supplemented with proteasome inhibitor MG262 or K11-linked chains at concentrations 0.25 mg/ml, 0.275 mg/ml and 0.3 

mg/ml as seen in the anti cyclin B Western Blot. Efficient degradation was observed in extracts containing no protein, 

monomeric Ub G76Aha K11Plk (mono), K27-linked and K29-linked chains, regardless of the amount of protein added. 

Tubulin serves as a loading control. 

E. SUMMARY AND CONCLUSION 

In summary, a unique and straightforward approach for the generation of linkage type-specific, 

protease resistant ubiquitin chains was developed. Furthermore, this method can be used for site-

specific, homogeneous poly-ubiquitylation of a substrate. The seminalstep of this approach was the 

generation of a bifunctional ubiquitin. Two unnatural amino acids suitable for biorthogonal 

polymerization via click reaction, namely Aha and Plk, were site-specifically incorporated into 

ubiquitin by simultaneous application of SPI and ACS in E.coli. The C-terminal glycine of ubiquitin was 

replaced by the azide-containing Aha whereas the alkyne-functionalized pyrrolysine analog Plk was 

incorporated in place of one of the seven natural lysine residues. Although the simultaneous 
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application of SPI and ACS was just in the early stages of development, the bifunctional ubiquitin 

variants were obtained in yields in the milligram range and were polymerized efficiently to linkage 

type defined ubiquitin chains via click reaction. Moreover, the bifunctional building blocks as well as 

the polymerized chains en bloc were demonstrated to enable defined poly-ubiquitylation of an 

alkyne-functionalized substrate like DNA polymerase beta, PCNA or ubiquitin via click reaction. 

Hereby, the ubiquitylation of substrate was not as efficient as for mono-ubiquitylation, however, this 

is based on application of non-optimized conditions for click reaction with bifunctional ubiquitin.  

Importantly, it could be shown that the artificially-linked chains adopt native-like properties by 

demonstrating activation of poly-ubiquitylated ubiquitin by the enzymatic ubiquitylation machinery. 

The potential of the artificial chains to analyze ubiquitin signaling was demonstrated by disclosing 

linkage type-specific effects on cell-cycle progression in Xenopus laevis egg extracts. The combination 

of linkage type specificity and resistance to ubiquitin-specific proteases render these chains 

invaluable tools for dissecting the diversity of ubiquitin signaling in complex biological systems.  
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Chapter IV FINAL CONCLUSION AND PERSPECTIVES 

Within this study, a toolbox wasdevelopedthat allows the straightforward and fast assembly 

ofhomogenous ubiquitin conjugates with standard methods used in the research area of chemical 

biology. The site of modification of the target protein as well asthe linkage typewithin a ubiquitin 

chain can be easily defined according to the desired future application. The methods to generate the 

respective building blocks rely on the combination offeasible chemical and biological tools without 

the need of technically challengingsolid phase peptide synthesis or laborious eukaryotic cell culture. 

The method is readily adaptable for other target proteins than DNA polymerase beta, PCNA or 

ubiquitin. However, a prerequisite is that the target protein can be recombinantly expressed in E.coli 

and that efficiency of amber codon suppression is high enough to yield sufficient amounts of full-

length protein for following experiments. Nowadays, several approaches for the optimization of 

amber codon suppression have been described enabling efficient amber codon suppression for 

almost every protein of interest. For example, the generation of RF1-deficient E.coli strains to omit 

translational termination at the stop codon has become generally accessible.345 Furthermore, the 

sequence context was shown to be a key determinant for suppression rates wherefore an optimized 

sequence flanking the amber codon greatly increases the efficiency of amber codon suppression.346 

 

Figure 47: Overview of protein-ubiquitin conjugates accesible by the strategies described within this study. The Scheme 

shows that either ubiquitin chains, poly-ubiquitylated substrat protein or mono-ubiquitylated substrate protein can be 

generated via click reaction by providing only three monomeric building blocks (Ub G76Aha (grey), Ub K11Plk G76Aha 

(grey/blue) and respective substrate protein containg Plk instead of a distinct lysine (blue).  
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A focal point of the ubiquitin research field is to elucidate relationships between the topology of 

ubiquitin modifications and the fate of the target protein. Sensitive analytical tools are required to 

address important questions like “does each linkage type achieve a specific effect” or “is there a 

redundancy in the signal”. The ubiquitin conjugates generated within this study were shown to be 

functional and therefore suitable to address these questions. For example, they could be used as 

affinity matrices in whole cell extracts due to their artificial, non-hydrolyzable triazole linkage. 

Accordingly, conventional pulldown experiments with all seven linkage types or all three mono-

ubiquitylated DNA polymerase beta followed by mass spectrometry should identify selective and 

mutual interaction partners. Additionally, attachment of an activatable cross-linker to ubiquitin 

would be beneficial due to enhancement of the detection of transient interactions partners as well as 

mapping the approximate localization of the interaction.An easy concept for cross-linking could be 

established by taking advantage of the absence of cysteines in ubiquitin.Within her master thesis, 

Lisa Hesse contributed to realize this idea by generating ubiquitin variants each containing a single 

cysteine residue located at distinct possible interaction sites.347 Each cysteine was shown to react 

with a photoactive cross-linker enabling the covalent attachment of interaction partners and the 

localization of the interaction site. Further elaboration and application of this method in cell extracts 

could greatly promote the characterization of new interaction partners of defined ubiquitin 

conjugates. 

Thegenerated ubiquitin conjugates were shown to have the potential to interrogate known 

ubiquitylation signaling in model systems like Xenopus laevis egg extracts. However, by planning 

respective experiments, it has to be considered that the triazole linkage prevents cleavage studies 

with deubiquitylating enzymes and the 26S proteasome but acts as an inhibitor. Finally, NMR and X-

ray crystallography could be performed to study linkage type-specific and dynamic features of the 

ubiquitin chain. 

A potential drawback of the protocol developed is that the length of chains upon poly-ubiquitylation 

cannot be controlled. To investigate the characteristic of a defined length, further purification of the 

conjugates is necessary. Therefore, different strategies have been developed in the Marx group 

including purification via size exclusion chromatography and the use of dual affinity-labeled ubiquitin 

variants.348-349 The purified, length- and linkage type-defined chains have been successfully applied in 

functional assays comparing their acceptance by different E1 enzymes of the ubiquitylation 

machinery.349 

Besides the pivotal research to understand the ubiquitin code, the impact of mono-ubiquitylation of 

DNA polymerase beta and PCNA and the consequences for DNA repair displays an exciting future 

project. As a starting point, the reduced activity of Pol beta upon ubiquitylation could be investigated 

in more detail. To demonstrate convincingly that ubiquitylation induces a reduction in DNA synthesis 
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activity, base excision repair can be monitored by in vitro assays.350For example, an APE1 assaycould 

be performed. The existence of an apurinic/apyrimidinic (AP) site intermediate is a target for an AP 

endonuclease - the major AP endonuclease in human cells is APE1351-352 - which cleaves the 

phosphodiester backbone on the 5’side creating a nick that induces a double strand break if not 

repaired by Pol beta.353-354Therefore, by monitoring the occurrence of double strand breaks, an 

increase would be monitored for Pol beta-Ub compared to Pol beta wt if ubiquitylation led to 

reduced activity of Pol beta. Afterwards, the hypothesis that the reduced DNA synthesis activity is 

caused by reduced affinity to DNA might be questioned by performing assays that allow analysis of 

the processivity of Pol beta/Pol beta-Ub.355 Furthermore, the specific activity of each Pol beta-Ub 

variant should be determined and kinetics should be measured to analyze their gap filling activity. 

Afterwards, other primer/templates than the natural G gap containing for example lesions like 8-

oxoG should be used to investigate if ubiquitin alters their fidelity.356 

To determine if the generated PCNA-Ub is functional, it could be tested for its activity as a 

processivity factor in a standard template primer (dT)/poly(dA)-based assay.357 In this assay, the 

amount of dTTP incorporated opposite a poly(dA) template by the replicative DNA polymerase δ is 

measured. Alternatively, the influence of PCNA-Ub on translesion synthesis DNA polymerases in 

primer extension assays could be investigated.82,358 Afterwards, the interplay between (ubiquitylated) 

PCNA and (ubiquitylated) Pol beta should be investigated by repeating the experiments described 

above for Pol beta(-Ub) in presence of PCNA(-Ub). By identification of interaction partners in 

pulldown experiments with whole cell extracts of both, PCNA-Ub and Pol beta-Ub, further 

conclusions could be drawn about the significance of their mono-ubiquitylation in DNA repair.  

To add another layer of complexity to the ubiquitin code, it was found that ubiquitylation is among 

the most prevalent post-translational modifications that can engage extensive crosstalk with other 

post-translational modifications. For example, acetylation also targets lysine residues and can 

compete with ubiquitylation.Thereby, acetylation can either enhance the stability of the target 

protein by suppression of ubiquitylation359-360 or promote ubiquitylation of another lysine residue 

and thus trigger degradation of the protein.361Phosphorylation occurs mainly on tyrosine, threonine 

or serine residues but is closely interlaced to ubiquitylation. Several studies reported a regulatory 

and functional interplay of ubiquitylation and phosphorylation including cell cycle control,362 

activation/inactivation of kinases69,363-364 and E3 ligases365-366 and controlling intracellular 

localization.362 

Intriguingly, ubiquitin itself is modified by post-translational modifications including acetylation and 

phosphorylation resulting in an increased repertoire and selectivity of interacting proteins 

(summarized in 367) Hence, not only ubiquitylation seems to determine the fate of a substrate but 

also the attachment or removal of various additional post-translational modifications. Thereby, the 
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post-translational modifications of ubiquitin can further diversify the ubiquitin code and modulate its 

functions in health and disease. Recently, phosphorylation of ubiquitin was reported at position 

serine 65 affecting the topology of ubiquitin chains and leading to activation of the E3 ligase 

Parkin.368-369New mechanistic insight in the interdependency of phosphorylation and ubiquitylation of 

the E3 ligase Parkin showed that disturbance of the pathway is associated with neurodegenerative 

diseases.370-371Therefore, it is of great interest to further expand theestablished toolbox to provide 

site-specifically phosphorylated ubiquitin conjugates.  

The fact that ubiquitin plays a role in a plethora of cellular processes and that alterations of the 

ubiquitin system is associated with several human disorders like cancer and a variety of 

neurodegenerative diseases emphasizes the need to deepen the knowledge about ubiquitin and its 

biological pathway. By means of usage of the described toolbox for future research, this study will 

significantly contribute to understand how the ubiquitin code is written, read and erased.  
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Chapter V MATERIAL AND METHODS 

A. MATERIALS 

A1. Chemicals 

All chemicals used in this work, were of p.a. or molecular biology quality grade if not stated 

otherwise. Water was drawn from a combined UV/UF water system (Sartorious, arium-series) and is 

termed ddH2O. 

chemical supplier 

(NH4)2SO4 Roth 

acetic acid, 100% Merck 

acrylamide 30% (v/v), bisacrylamide 0.8%(v/v) Roth 

agarose GibcoBRL 

APS, 10% (w/v) Merck 

L-arabinose Sigma-Aldrich 

azidohomoalanine Iris Biotech 

bacto agar Becton-Dickinson 

bacto trypton Becton-Dickinson 

bacto yeast extract Becton-Dickinson 

biotin abcr 

Boc-Lys-OH  Iris Biotech 

bromophenol blue sodium salt Roth 

Brilliant Blue R250 Roth 

CaCl2 Merck 

carbenicillin Roth 

CuCl2 Merck 

Cu(MeCN)4BF4 Sigma-Aldrich 

dNTP mix Roche 

DTT Roth 

EDTA Roth 
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Et2O Merck 

ethanol, 100% Riedel de Häen 

ethidium bromide, 0,1% Roth 

FeSO4*7H2O Merck 

formamide Sigma-Aldrich 

glucose Riedel de Häen 

glycerol Roth 

glycine Roth 

HCl, 37% Roth 

imidazole Fluka 

IPTG Roth 

isopropyl alcohol Riedel de Häen 

K2HPO4 Sigma-Aldrich 

methanol Merck 

MgCl2 Merck 

MgSO4 Merck 

MgSO4*7H2O ICN Biomedicals 

MnCl2*4H2O AcrosOrganics 

Na2MoO4 abcr 

NaCl Roth 

NaOH Merck 

perchloric acid Sigma-Aldrich 

poly(ethlyeneimine) solution, 50% (w/v) in H20 Sigma-Aldrich 

propargyl chloroformate Sigma-Aldrich 

Rotiphorese® 40 (19:1) Roth 

SDS Roth 

TBTA Sigma-Aldrich 

TCEP kindly provided by Holger Busskamp 

TEMED Roth 

thiamine Sigma-Aldrich 

Tris Sigma-Aldrich 
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xylene cyanol Roth 

ZnCl2 AcrosOrganics 

β-mercaptoethanol Roth 

Table 2: Chemicals  

A2. Kits 

kit supplier 

MinElute® Reaction Clean up kit Qiagen 

QIAquick Gel Extraction kit Qiagen 

High Pure Plasmid Isolation Kit Roche 

BCA protein Assay Kit ThermoFisher 

Bradford Protein Assay BioRad 

Table 3: Kits 

A3. Laboratory equipment 

device supplier 

agarose gel racks Fisher Scientific 

CD spectrometer Jasco J-815 JASCO 

electroporator Gene PulserXcell BioRad 

filter system Solvac, Pall 

gel documentation device, Chemidoc, XRS BioRad 

gel dryer BioRad 

gel electrophoresis apparatus BioRad 

incubation shaker New Brunswick Scientific 

incubator Innova 44 

laboratory pipettes Eppendorf 

NanoDrop 1000 PeqLab 

oberhead shaker Heidolph Reax2 

PAGE racks bioRad 

PCR-thermocycler Biometra 
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pH meter Knick, pH meter 766 Calimatic 

phosphorimager, Molecular Imager FX  BioRad 

phosphor screens and cassettes Fuji 

photometer Eppendorf 

Pipet-Boy eppendorf 

power supply Power Pac 3000 BioRad 

radioactivity counter Contamat FHT111M Thermo 

radioactivity shields Roth 

refrigerated centrifuge Biofuge Primo R, Heraeus 

SDS PAGE racks BioRad 

shaker Heidolph; Reax2 

sonication, Sonoplus Bandelin 

speed vac Concentrator 5301, eppendorf 

sterile bench HERA safe 

table top centrifuges Eppendorf 5417C, 5804R 

thermoblock Stuart Scientific 

thermomixer Eppendorff, Thermomixer comfort 

UV-transluminator Bachofer 

Zeiss AXIO Imager M1 Zeiss 

96 well plate reader Infinite M200 Tecan 

Table 4: Laboratory equipment 

A4. Disposables 

disposable supplier 

centrifugal filters, MWCO 10000 Da, 30000 Da Sartorius 

cOmplete™ His-Tag Purification Resin Roche 

cuvettes Roth 

electroporation Gene Pulser cuvettes BioRad 

falcon tubes, 15 ml, 50 ml Roth 

frit, 20 µm Isolute® Spe Accessories 

Glutathione Sepharose 4 fast flow GE Healthcare 
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parafilm parafilm 

petri dishes Roth 

PVDF membrane Immobilion-P, o.45μl pore size Millipore 

reaction tubes, 0.5 ml ABGene 

reaction tubes, 1.5 ml, 2 ml Peske 

sterile filtration filters nalgene 

syringe filters QualiLab 

syringe, 15ml Braun 

snake skin tubes for dialysis, 3,500 cut off Roth 

Tips, C18, 10 μl bed volume ThermoFisher 

whatman paper, 3 mm Merck 

96 well plates, transparent, flat bottom Greiner 

Table 5: Disposables 

A5. Service Providers 

order supplier 

DNA sequencing GATC 

oligonucloetides metabion 

Table 6: Service providers 

A6. Software 

DNA sequence alignments and primer planning were conducted with Clone manager 5 by Sci Ed 

Central and the online tool Biology Workbench 3.2. Protein sequences translation and average 

molecular weight as well as monoisotopic molecular weight calculation were accomplished with the 

aid of Bioinformatics Resource Portal ExPASy. Protein structures were constructed using respective 

pdb files and pylmol 1.3. Read-outs of agarose and SDS PAGE were obtained by the gel 

documentation device Chemidoc XRS from BioRad and were edited using Image Lab 4.0.1 from 

BioRad. Read-outs of PAGE were obtained by the phosphorimager Molecular Imager FX and were 

edited using Quantity One 4.5.0 from BioRad. Further editing of images was done using Microsoft 

Power Point 2010 from Microsoft or Adobe Illustrator CS4 from Adobe.  



  Chapter V   Material and methods 

89 

A7. Enzymes 

enzyme supplier 

Dpn1, 20000 U/ml New England Biolabs 

T4DNA Ligase, 1 U/µl; T4DNA Ligase Buffer, 10x Fermentas  

Shrimp Alkaline Phosphatase, 1 U/µl; 10x reaction buffer Fermentas  

T4 DNA Polymerase, 1 U/µl; 10x reaction buffer Fermentas  

dNTP set, 10 mM Fermentas 

restriction enzymes and buffers Fermentas 

Thrombin Biopur 

UBA1 expressed in baculovirus system, kindly 

provided by Franziska Mortensen E6AP 

UbcH5B expressed in E.coli, kindly provided by 

Franziska Mortensen 

Table 7: Enzymes and associated buffers 

A8. Antibodies 

antibody supplier 

K48-linkage specific antibody, clone Apu2 Millipore 

HisDetectorTM product Nickel-AP  KPL 

monoclonal mouse antibody, clone FK2 Enzo Life Sciences 

monoclonal mouse cyclin B2 antibody, clone no. X121.10 MBL 

HRP-coupled anti-mouse antibody Dianova 

Table 8: Antibodies  

A9. Xenopus laevis egg extracts 

The Xenopus laevis egg extracts were kindly provided by Saurav Malhotra of the Mayer group. 
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A10. Bacteria cell culture 

bacterial strain supplier 

E. coli strain XL10 gold 
Genotype:  
Tetr∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 
recA1 gyrA96 relA1 lac The [F‘ proAB lacIqZ∆M15 Tn10 (Tetr) Amy 
Camr] 

Stratagene  

E. coli strain B834 (DE3) 
Genotype :  
F- ompT hsdSB (rB

- mB
-) gal dcm met (DE3) 

Novagene 

E. coli strain BL21 (DE3) 
Genotype :  
B F- dcm ompT hsdS (rB

-mB
-) gal λ(DE3) 

Stratagene 

Table 9: Bacterial strains 

 

medium components 

LB medium  0,5% (w/v) bacto yeast extract 

1% (w/v) bacto trypton 

1% (w/v) NaCl 

pH 7, autoclaved 

LB selection medium autoclaved LB medium 

+ respective selective additives 

 100 µg/ml carbenicillin 

 34 µg/ml kanamycin 

 100 μg/ml chloramphenicol 

LB selection agar 2% bacto agar  

LB selection medium  

autoclaved 

SOC medium 2% (w/v) bacto trypton 

0,5% (w/v) bacto yeast extract 

10 mM NaCl 

2,5 mM KCl 

10 mM MgCl2 

10 mM MgSO4 

20 mM glucose 

autoclaved 
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NMM 7.5 mM (NH4)2SO4 

8.5 mM NaCl 

55 mM KH2PO4 

100 mM K2HPO4 

10 mM MgSO4 *7H2O 

1 mg/l CaCl2 

1 mg/l FeCl2 

1 µg/l CuCl2 

1 µg/l MnCl2 *4H2O 

1 µg/l ZnCl2 

1 µg/l Na2MoO4 

20 mM glucose 

25 mg/l amino acids  

10 mg/l thiamin 

10 mg/l biotin 

in ddH2O, autoclaved 

NMM-Met NMM without 25 mg/ml Met 

Table 10: Bacteria cell culture media 

A11. Oligonucleotides 

Oligonucleotides were obtained from Metabion. Forward (fw) and reverse (rv) primers site directed 

mutagenesis (SDM) were purchased desalted and lyophilized. Primers for primer extension reactions 

(PEX) were ordered HPLC purified and lyophilized. 

application sequence 5‘3‘ 

SDM K41TAG fw:CCATAAATATAACGCGTATCGTTAGGCGGCGAGCGTGATTGC 

rv:GCAATCACGCTCGCCGCCTAACGATACGCGTTATATTTATGG 

SDM K61TAG fw: GTGCGGAAGCGAAATAGCTGCCGGGCGTGG 

rv: CCACGCCCGGCAGCTATTTCGCTTCCGCAc 

SDM K81TAG fw: CGATGAATTTCTGGCCACCGGCTAGCTGCGTAAACTGGAAAAAATTCG 

rv: CGAATTTTTTCCAGTTTACGCAGCTAGCCGGTGGCCAGAAATTCATCG 

SDM K164TAG fw: GCAGTTGTTATTAGCTGTGCATAGGATGGCGTGAAATTTTCAGC 

rv: GCTGAAAATTTCACGCCATCCTATGCACAGCTAATAACAACTGC 
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PEX 33 AAATGCGCCTATCCTCCTTCAGGACCAACGTAC 

PEX 23 CGTTGGTCCTGAAGGAGGATAGG 

PEX 20 CGGCCAGTGCCGAATTCACA 

PEX 100 CACACCAACACACACAACACCAACAACCACACAACACCACCACAACCAACACA 

CAACACCTTGTGAATTCGGCACTGGCCGTCGTATGCTCTTGGTTGTA 

PEX p60 GGTGTTGTGTGTTGGTTGTGGTGGTGTTGTGTGGTTGTTGGTGTTGTGTGTGT 

TGGTGTG 

Table 11: Oligonucleotides 

A12. Plasmids 

A12.1. Expression vectors 

plasmid resistance source 

pGEX2TK ampicillin GE Healthcare 

pET11a ampicillin Novagen 

pEVOL helper plasmid chloramphenicol cloned within this study, based on 337 

Table 12: Expression vectors used in this study 

A12.2. Constructs used in this study 

name of construct description 

PylRS-pRSFDuet-1 The gene for the pyrrolysine tRNA synthetase PylRS was obtained from 

genomic DNA from Methanosarcina barkeri. To insert PylRS into the multiple 

cloning site of pRSFDuet-1, the open reading frame was digested with BfuAI 

and SacI and the vector was digested with NcoI and SacI. The compatible 

sticky ends generated by BfuAI and SacI enable ligation of the vector and the 

PylRS gene.  

tRNAPyl-pET11a The expression cassette for tRNAPyl was ordered as cassette containing the 

lipoprotein promoter lpp and the terminator rrnC in a shuttle vector. This was 

digested with SalI and sticky ends were blunted. pET11a was digested with 

Bpu10I and sticky ends were blunted. Ligation was performed and orientation 

of the tRNA was determined by sequencing.  
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GST-Ub G76M-pGEX2TK The gene coding for human Ub G76M (sequence see Chapter VIIB3) was 

codon optimized for expression in E. coli and synthesized by GeneArt. Upon 

removal of the 5’-ATG codon, the cDNA was cloned into the pGEX2TK plasmid 

using BamHI and EcoRI, resulting in an open reading frame encoding an N-

terminal GST fusion to Ub G76M.  

GST-Ub G76M KxTAG-

pGEX2TK 

The gene coding for human Ub G76M was codon optimized for expression in 

E. coli and synthesized by GeneArt (Chapter VIIB3). Upon removal of the 5’ 

ATG codon, the cDNA was cloned into the pGEX2TK plasmid using BamHI and 

EcoRI, resulting in an open reading frame encoding an N-terminal GST fusion 

to Ub. Site-directed mutagenesis was used to mutate a single lysine residue at 

position x (with x = 6, 11, 27, 29, 33, 48 or 63) to TAG. 

Ub KxTAG/tRNAPyl-

pET11a 

The constructs were cloned and kindly provided by Silvia Eger.290 The cDNA of 

ubiquitin used as template for site-directed mutagenesis (KxTAG) corresponds 

to the cDNA listed in Chapter VIIB3 but contains a C-terminal GGT instead of 

ATG. 

Pol beta KxTAG/tRNAPyl-

pET11a 

The nucleotide sequence of human Pol beta, modified with an N-terminal 

His6-tag and a small linker (TDP) between tag and polymerase, was optimized 

for expression in E. coli and synthesized by GeneArt (Chapter VIIB4). The 

codons for K41, K61 and K81 were replaced separately by an amber codon 

TAG, using site-directed mutagenesis. The resulting cDNA was inserted into 

the multiple cloning site of pET11a using HindIII and XbaI. The vector 

additionally contained an expression cassette for the tRNAPyl gene in its 

backbone. 

PCNA K164TAG/tRNAPyl-

pET11a 

The nucleotide sequence of human PCNA, modified with an C-terminal His6-

tag was optimized for expression in E. coli and synthesized by GeneArt 

(Chapter VIIB5). The codon K164 was replaced separately by an amber codon 

TAG, using site-directed mutagenesis. The resulting cDNA was inserted into 

the multiple cloning site of pET11a using HindIII and XbaI. The vector 

additionally contained an expression cassette for the tRNAPyl gene in its 

backbone. 

Table 13: Plasmids used in this study 
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A13. Buffers, solutions, standards 

A13.1. Agarose gel electrophoresis 

agarose gel electrophoresis feature supplier/ components 

DNA loading dye, 6x Fermentas 

DNA standards,  

 Gene RulerTM 1kb DNA Ladder, ready to use 

 Gene RulerTM Low Range DNA Ladder 

Fermentas 

TAEelectrophoresis Buffer, 50x 2 M Tris 

50 mM EDTA 

acetic acid (100%), add to pH 8.3 

agarose gel 0,8% (w/v) agarose 

1% ethidium bromide 

in 1x TAE-electrophoresis buffer 

Table 14: Solutions and standards used for agarose gel electrophoresis 

A13.2. SDSPAGE 

SDS PAGE feature supplier/ components 

Protein standard,  

 PageRulerTM Unstained Protein Ladder; ready- 

to-use 

Fermentas 

SDSloading dye, 6x 10% (v/v) glycerol 

2% (w/v) SDS 

50 mM Tris, pH 6.8 

0,05% (w/v) bromophenol blue 

1% (v/v) β-mercaptoethanol 
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stacking gel 5% (w/v) acrylamide 30%, bisacrylamid 0.8% 

0,1% (w/v) SDS 

247 mM Tris, pH 6.8 

0,1% (w/v) APS  

0,05% (v/v) TEMED 

resolving gel, 15% 15% (w/v) acrylamide,30%, bisacrylamid 0.8%  

0,1% (w/v) SDS 

371 mM Tris, pH 8.8 

0,5% (w/v) APS  

0,05% (v/v) TEMED 

SDSrunning buffer, 10x 2 M glycine 

250 mM Tris 

1% (w/v) SDS 

Coomassie blue staining solution 20% (v/v) methanol 

1% (v/v) Brilliant Blue R250 

79% (v/v) H2O 

destaining solution 20% (v/v)acetic acid 

50% (v/v) methanol 

50% (v/v) H2O 

Table 15: Solutions and standards used for SDS PAGE 

A13.3. PAGE 

PAGE feature supplier/ components 

annealing buffer, 5x 100 mM Tris 

750 mM NaCl 

pH 7.5 
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reaction buffer, 10x 500 mM Tris 

10 mM DTT 

pH 7.5 

TBE, 10x 900 mM Tris 

900 mM boric acid 

20 mM EDTA 

PA gel, 12.5% 7 M urea 

12.5% Rotiphorese® 40 

in 1x TBE, filtered through a paper filter 

add 0.1% APS and 0.01% TEMED for 

polymerization 

stop buffer, 2x 96% (v/v) formamide 

20 mM EDTA 

0.05% (w/v) bromophenol blue 

0.05% (w/v) xylene cyanol 

filter through paper filter 

SephadexTM G-25 Superfino GE Healthcare 

Table 16: Solutions andmaterial for PAGE 

B. METHODS 

B1. General conditions for bacterial culture 

All culture media were sterilized by autoclaving (20 min, 120°C, 1 bar). Heat sensitive substances 

were filtered sterile using a filter with 0.2 µm pore size. Before inoculation with bacteria, all media 

were prewarmed to 37°C. Liquid bacterial cultures were incubated under aerobe conditions upon 

shaking at 190 rpm at 37°C if not specified otherwise. Cultivation on selective LB agar plates was 

realized by spreading 20 µl of culture on at 37°C prewarmed plates. LB agar plates were kept in an 
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incubator at 37°C. In this study carbenicillin (100 µg/ml), chloramphenicol (100 μg/ml) and 

kanamycin (34 µg/ml), respectively, were used to obtain selective media. Medium composition, 

selective additive and incubation time varied and are mentioned in respective sections. The density 

of a bacterial culture was determined by measuring the optical density at 600 nm (OD600). All 

measurements were conducted in 2 ml disposable synthetic cuvettes with selection medium used as 

a reference.  

B2. General methods for cloning 

B2.1. Overnight culture 

Cells hosting the plasmid to be modified were cultured in 5 ml LB selection medium. The culture was 

centrifugated at 4560 g for 15 min and the pellet was stored at -20°C until further application.  

B2.2. Preparation of plasmid DNA 

The isolation of small amounts of plasmid DNA was carried out by using the High Pure Plasmid 

Isolation Kit. Therefore, the pellet of an overnight culture was used according to the supplier’s 

protocol. Elution of DNA was achieved with 30 µl ddH2O. Quality and quantity of the plasmid DNA 

was checked via UV-spectroscopy, agarose gel electrophoresis, digestion with appropriate restriction 

enzymes and sequencing, respectively. The purified DNA was stored at -20°C until further use.  

B2.3. Determination of nucleic acid concentration 

The concentration of nucleic acids was determined by measurement of the absorption at 260 nm 

using a NanoDrop spectrophotometer (reference: ddH2O). Quantification of DNA is based on the 

linear correlation between UV extinction of a solution and its DNA concentration. The optic density 

of 1 at 260 nm (OD260= 1) is equivalent to 50 µg/ml of double-strand DNA.  

B2.4. Digestion with restriction enzymes 

Restriction enzymes are endonucleases that cleave double-stranded DNA. They bind to a specific 

sequence of bases, called the recognition site, and catalyze the hydrolysis of the phosphodiester 

bond of the DNA. In this work so-called type II restriction enzymes were used which means that 

cleavage of DNA occurs within the recognition site.  
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To obtain DNA fragments (insert and vector backbone) with cohesive ends for cloning a new 

construct, 1000 ng of plasmid DNA were digested by 10 U of restriction enzyme in the provided 

reaction buffer and ddH2O. The final volume varied according to the concentration of DNA. 

Incubation at 37°C varied between 2-16 h. In case of double digest, protocol given by Fermentas’ 

online tool DoubleDigestTM was followed. Inactivation of the restriction enzymes was performed 

according to the supplier’s protocol using a thermomixer. The sample was stored at -20°C until 

further application.  

B2.5. Blunting of sticky ends 

Sticky ends of insert and vector backbone resulting from digestion with different restriction enzymes 

that cleave the double strand of DNA in different places, and hence are non-cohesive, can be blunted 

by T4 DNA Polymerase. For this purpose, 500 µM dNTPs and 3 U T4 DNA Polymerase were added to a 

digestion mix (see B2.4) in termed order. The blunting mix was mixed and incubated at 12°C for 20 

min. Inactivation was performed by incubation at 75°C for 20 min.  

B2.6. 5’-Dephosphorylation of digested vector 

Restricted vector-DNA was dephosphorylated at 5’-ends to reduce re-ligation of the linearized 

plasmid using Shrimp Alkaline Phosphatase (SAP). 5’-dephosphorylation was performed by adding 1 

U SAP directly to the digested (and blunted) vector reaction mix. After incubation at 37°C for 1 h, 

inactivation and purification was performed by agarose gel electrophoresis and subsequent DNA-gel 

extraction. 

B2.7. Agarose gel electrophoresis 

To separate DNA fragments according to size, an agarose gel electrophoresis can be performed. The 

DNA fragments of digests and PCR products were separated electrophoretically on horizontal 

agarose gels for analytical and preparative purpose. The concentration of agarose gels was 0.8% in 1x 

TAE electrophoresis buffer containing 1% ethidium bromide. The DNA samples were mixed with 6x 

DNA loading dye and applied to the gel that was run at 100 V in 1x TAE electrophoresis buffer. DNA-

intercalated ethidium bromide was visualized and documented upon UV illumination using a BioRad 

gel documentation device. 5 µl of an appropriate reference marker were run along with all samples.  
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B2.8. DNA extraction from agarose gel 

The isolation and purification of DNA fragments from agarose gels was performed using the QIAquick 

Gel Extraction Kit according to the manufacturer’s instructions. The elution volume was 30 µl ddH2O. 

After measuring concentration the sample was stored at -20°C until further use.  

B2.9. Ligation of DNA 

In order to create a new plasmid, digested and purified vector backbone (50 ng) and DNA fragment 

(insert) were set into reaction in a molar ratio of vector: insert = 1: 1-5. 5 U of T4 DNA Ligase and 

provided buffer were added and gently mixed in ddH2O. The ligation reaction was allowed to proceed 

at 16°C overnight.  

A control ligation was carried out to estimate the efficiency of insert incorporation by counting 

relegation of vector. Therefore, 50 ng vector-DNA were set into reaction without insert and carried 

along.  

B2.10. Preparation of electrocompetent bacteria 

Electro competent cells were prepared from different E. coli strains (XL10 gold, BL21 (DE3) or B834 

(DE3)) with the following protocol. From a single colony grown on a LB agar plate at 37 °C overnight, 

a 5 ml LB culture was inoculated and incubated at 37 °C at 220 rpm overnight. With 2.5 ml of this 

overnight culture a 500 ml LB culture was inoculated and grown at 37 °C at 220 rpm until an optical 

density of 0.6 was reached. Subsequently, the culture was cooled down on ice for 20 min and 

harvested at 4560 g for 15 min at 4 °C. The supernatant was discarded and the cell pellet was washed 

twice with 500 ml of ice-cold water and once with 50 ml of ice-cold 10 % glycerol. Finally, cells were 

resuspended in 5 ml of ice-cold 10 % glycerol, splitted into aliquots of 200 µl, shock freezed with 

liquid nitrogen and stored at -80 °C until further use. 

B2.11. Transformation into electrocompetent bacteria 

For each transformation, 100 ng of plasmid DNA or 5 µl of a ligation or mix of a site-directed 

mutagenesis was added to 100 µl on ice thawed, electrocompetent E.coli. Mixing was performed by 

gently tapping against the tube. After incubation on ice for 10 min, the cells were transferred to a 1 

mm electroporation Gene Pulser cuvettes. Electroporation parameters were chosen as follows: 1.8 

kV and 200 Ω resulting in a pulse length of about 4.5 ms. Subsequently, the mixture was incubated 

on ice for 5 min and transferred to 950 µl of pre-warmed SOC medium. The solution was incubated at 

37°C for 45 min. The bacterial suspension was centrifugated at 1300 g for 5 min. The supernatant 
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was discarded, the pellet was resuspended in the remaining supernatant and plated on a LB selection 

agar plate. The plates were incubated at 37°C overnight.  

B2.12. Sequence analysis 

Sequence analysis of DNA was performed by GATC. The asked sample mixture was 10 µl containing 5 

μl of 80-100 ng/µl plasmid DNA and 5 μl of 5 μM primer that is appropriate for sequencing the 

desired section of the plasmid.  

B2.13. Site-directed mutagenesis (SDM) 

Site-directed mutagenesis is a technique to mutate a base of a DNA sequence at a defined site using 

polymerase chain reaction (PCR, 372). The primer used for such a PCR contains the desired base 

change. 

Each site-directed mutagenesis was performed by a gradient PCR to determine the ideal annealing 

temperatures. Appropriate plasmids were used as DNA templates and short oligonucleotides that 

were designed complementary to the target sequence harboring the mutation, were used as 

primers. All components and their fielding volume are given in Table 17. The reaction mix of 100 µl 

was divided by three and each part was used for a different annealing temperature. DNA synthesis 

was performed by the thermostable DNA polymerase, Phusion Pol, in a PCR thermocycler under 

cyclic succession of denaturation, annealing and elongation. The detailed steps of the PCR are given 

in Table 18. 

component stock concentration final concentration vol [µl] 

dNTP 10 mM each 200 µM each 2 

primer fw 10 µM 500 nM 5 

primer rv 10 µM 500 nM 5 

DNA Template  100 ng  

Phusion Pol 2 U/µl 0,02 U/µl 1 

Phusion Puffer 5x 1x 20 

 fill up to 100 µl with ddH2O 

Table 17: Components of a PCR for site-directed mutagenesis conducted at three different annealing temperatures.Stock concentrations indicates the 
concentration of the used components. The last column shows the fielding volume of each component in µl.  
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step conditions 

1. initial denaturation 98°C, 60 s 

2. denaturation 98°C, 10 s 

3. primer annealing Gradient: 55°C, 65°C, 75°C, 30 s 

4. extension 72°C, 240 s 

5. repetition step 2-4, 17-times 

Table 18: PCR program for a site-directed mutagenesis. 

 

After PCR, 20 U Dpn1 were added to each reaction mix followed by incubation at 37°C for 1.5 h to 

digest parental, dam-methylated DNA.  

All samples were analyzed by transformation efficiency (see B2.11).  

B2.14. Cryopreservation 

For the purpose of preserving cells, 500 µl of an overnight culture were mixed with 500 µl of glycerol 

and shock frosted in liquid nitrogen. Those so calling glycerol stocks were stored at -80°C. A glycerol 

stock was made for all constructs synthesized in this study in E.coli XL10 gold as well as in an E.coli 

strain suitable for expression (BL21 (DE3) to perform amber codon suppression, B834 (DE3) to 

perform selective pressure incorporation). 

B3. General methods for protein purification and characterization 

B3.1. Dialysis 

Dialysis is a method to remove small molecules like salts and concurrent change of buffer conditions. 

Snake skin tubes were used that are supplied on linear meter and have a molecular weight cut off of 

3500 Da. Dialysis was performed three times, once for 16 h and twice for 4 h at 4°C. For each stage, 

at least 5 times volume excess of the respective buffer was used.  

B3.2. SDS PAGE 

Expression of proteins and following operations were analyzed by discontinuous SDS PAGE (sodium 

dodecyl sulfate polyacrylamide gel electrophoresis). This technique is used to separate proteins 

according to their electrophoretic mobility. Due to binding of the anionic surfactant SDS, all 

components of a sample have identical charge per unit mass resulting in fractionation by molecular 

weight, independent of all other physical feature. Standard denaturating Lämmli-system was 

http://www.dict.cc/englisch-deutsch/cryopreservation.html
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applied.373 A resolving gel (15% acrylamide) and a stacking gel (5% acrylamide) were combined to 

ensure size dependent separation of proteins. Protein samples were mixed with 6x SDS loading dye 

to obtain a final concentration of 1x loading dye. Electrophoresis was conducted in 1x SDS running 

buffer at a constant 9 W per gel. For determination of protein size, a reference marker was run along 

on all gels. Gels were stained using Coomassie blue, destained and photographed using ChemiDoc 

XRS from BioRad.  

B3.3. Western Blot 

To identify proteins by using a specific antibody, SDS PAGE was performed followed by transfer of 

the proteins onto a PVDF membrane by Western Blot.374 Blotting was performed for 45 min at 300 

mA in transfer buffer. Blocking, washing, incubation with primary and secondary antibody and 

exposition was performed according to the manufacture’s protocol for respective antibody.  

B3.4. Affinity chromatography 

Proteins that are tagged with six consecutive histidine residues (referred to as “His6tag” in this study) 

have a selectivity and affinity for some metal ions such as Ni2+ ions. Therefore, matrices exposing Ni2+ 

ions can be used to purify proteins carrying a His6tag. cOmplete™ His-Tag Purification Resin from 

Roche was used according to manufacturer’s instructions. Buffers used are specified in respective 

sections as well as washing and elution volume.  

Proteins that are tagged generated as GST fusion can be bound to glutathione beads. Glutathione 

Sepharose 4 fast flow from GE Healthcare was used according to the manufactor’s instructions. 

Buffers used are specified in respective sections as well as washing and elution volume.  

Flow through and elution was fractionated and each reaction tube was checked for proteins by SDS 

PAGE analysis. Purified proteins were dialyzed before further application.  

B3.5. Heparin affinity chromatography 

Heparin is a highly negatively charged glycosaminoglycan functioning as a cation exchanger while 

acting as an affinity ligand for a wide range of biomolecules that act on nucleic acids. 

A HiTrap Heparin HP column from GE Healthcare was used for purification according to the 

instructions of the manufactor. Importantly, a new column was washed intensively with a buffer 

containing 1 M NaCl prior to use because some heparin was noticed to be released while the first 

purification runs. 
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B3.6. Ion exchange chromatography 

Ion exchange chromatography is a technique that is capable of separating proteins and other 

biomolecules according to difference in their net surface charge.  

Using a buffer with a pH below the isoelectric point of the respective protein, a cation exchange resin 

consisting of 6% agarose matrix substituted with sulfopropyl as functional group was used (HiTrap SP 

HP, GE Healthcare). Using a buffer with a pH above the isoelectric point of respective protein, an 

anion exchange resin consisting of 6% agarose matrix substituted with quartenary amines was used 

(HiTrap Q HP, GE Healthcare). The bed volume of each column was 1 ml. Performance was done 

according to the manufacturer’s instructions. Buffers used and the gradient to elute the proteins are 

specified in respective sections.  

B3.7. Size exclusion chromatography 

Size exclusion chromatography was used to separate proteins of different sizes.  

Size exclusion chromatography was carried out at 4°C with in 20 mM Tris, 150 mM NaCl, pH 7 as 

eluent using a pre-packed column (SuperdexTM 75 10/300 GL, GE Healthcare). The sample volume 

was 300 µl conforming recommendation of manufactor (25 µl – 500 µl). All solutions were de-gased 

and filtered through a 0.22 µm filter prior to use.  

B3.8. Determination of protein concentration 

The concentration of proteins was determined using a microplate procedure according to the 

manufacture’s protocol in flat bottom-96 well plates. For ubiquitin and PCNA variants a BCA assay 

was performed using either ubiquitin wt or BSA as standards. For DNA polymerase beta variants, a 

Bradford assay was performed using BSA as standards. According to the measured concentrations, a 

defined amount of protein was loaded onto SDS PA gel in parallel with a BSA or ubiquitin standard 

dilution series. Gels were read out with a gel documentation device and band intensities were 

quantified using the Image Lab software. The protein concentration was calculated in comparison 

with the standard curve intensities by linear curve analysis.  

B3.9. Mass analysis 

Mass analysis was performed together with the Proteomics Facility Center of the University of 

Konstanz. Low resolution mass spectra were recorded on a Bruker Daltonics Esquire 3000 plus in the 

electrospray ionization (ESI) mode or on Bruker Microflex MALDI-TOF. The protein samples were 

desalted by PierceTM C18 Tips according to the manufacture’s instructions and diluted in 1% TFA in 
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ddH2O:acetonitrile (1:3) prior to measurement. For the analysis of peptide fragments, tryptic in-gel 

digest was performed and fragments were analyzed  

B4. Expression analysis 

To determine the efficiency of expression, a 2 ml sample of the bactria culture is taken and the OD600 

is measured. The sample is centrifuged at 4560 g for 5 minand the supernatant is discared 

quantitatively. The remaining pellet is resuspended in defined volume of 1xPBS to an OD600 of 2.5. An 

aliquot of 40 μl is mixed with 1x SDS loading dye and incubated at 95°C for 5 min. The solution is 

vortexed and 8 μl are analyzed by SDS PAGE. 

B5. Expression and purification of monofunctional Ub G76Aha 

The gene coding for human Ub G76M was codon optimized for expression in E. coli and synthesized 

by GeneArt. Upon removal of the 5’-ATG codon, the cDNA was cloned into the pGEX2TK plasmid 

using BamHI and EcoRI, resulting in an open reading frame encoding an N-terminal GST fusion to Ub. 

For recombinant expression, methionine auxotrophic E. coli B834 (DE3) were transformed with this 

construct. Cells were cultured in NMM,375 containing 0.06 mM Met for 14 to 18 h at 37°C, until 

stationary phase was reached (OD600 = 0.9–1.0). Cells were harvested by centrifugation and 

resuspended in fresh NMM containing 0.5 mM Aha corresponding to 70% of the initial culture 

volume. After incubation for 30 min at 37°C, expression of the GST-Ub G76M fusion construct was 

induced with 1 mM IPTG and expression was performed at 25°C for 14 - 16 h. Cells were harvested by 

centrifugation for 15 min at 4560 g and resuspended in lysis buffer (1x PBS, 1% Triton X-100) and 

lysed by sonication. The lysate was clarified by centrifugation for 25 min at 21000 g and the 

supernatant was incubated with glutathione beads (400 μl per 700 ml expression culture) for at least 

4 h at 4°C. After washing with 30 ml 1xPBS, GST-Ub G76Aha was incubated with 10 U thrombin for 14 

h at room temperature in a volume 1xPBS just covering the beads. Cleaved Ub G76Aha was purified 

by washing in 200 μl aliquots with 1xPBS. The purity of the resulting samples was judged by SDS 

PAGE, the concentration of Ub was determined by performing a BCA assay and samples were stored 

at 4°C.  

B6. Expression and purification of DNA polymerase beta KxPlk 

The nucleotide sequence of human Pol beta, modified with an N-terminal His6-tag and a small linker 

(TDP) between tag and polymerase, was optimized for expression in E. coli and synthesized by 
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GeneArt. The codons for K41, K61 and K81 were replaced separately by an amber codon TAG, using 

site-directed mutagenesis. The resulting cDNA was inserted into the multiple cloning site of pET11a 

using HindIII and XbaI. The vector additionally contained an expression cassette for the tRNAPyl gene 

in its backbone. For recombinant expression via amber codon suppression, E. coli BL21 (DE3) were 

co-transformed with this plasmid and the pRSFDuet-1 vector, containing the PylRS gene from 

Methanosarcina barkeri. Cells were cultured in LB medium supplemented with the appropriate 

antibiotics at 37°C. At an OD600 = 0.3, 1 mM Plk was added and at OD600 = 0.9, expression was induced 

with 1 mM IPTG. After 16 h, cells were harvested by centrifugation at 4560 g for 15 min, resuspended 

in lysis buffer (20 mM Tris-HCl, 500 mM NaCl, pH 7.9) supplemented with 1 mM PMSF and 5 mM 

imidazole. Cell lysis was achieved by sonication. The lysate was clarified by centrifugation and Ni2+ 

beads were added to the supernatant (400 μl per 1 l expression culture). After incubation for 1 h at 

4°C, beads were washed with lysis buffer supplemented with increasing concentrations of imidazole 

(10, 15, 50 mM, 15 ml each). Following elution of Pol beta with 500 mM imidazole (4x 5 ml for a 1 l 

expression culture), dialysis against 20 mM Tris-HCl, 50 mM NaCl, pH 7.9 was 

performed.Subsequently, the protein was loaded onto a HiTrapTM SP HP column (GE HEALTHCARE) 

and eluted with a linear gradient from 50 mM to 1 M NaCl over 15 column volumes. Fractions 

containing pure Pol beta were pooled, dialysed against 40 mM Tris, 200 mM NaCl, 0.4 mM TCEP, pH 

7 and the protein concentration was determined by performing a Bradford assy. For storage, glycerol 

was added to a final concentration of 50% and samples were kept at -20°C.  

B7. Expression and purification of Ub KxPlk 

E. coli BL21 (DE3) harboring Ub KxPlk/tRNAPyl-pET11a were cultured in LB medium at 37°C. At an 

OD600 of 0.3, 1 mM Plk was added and at an OD600 of 0.9, expression was induced with 1 mM IPTG 

and cells were cultured for additional 16 h at 37°C. Cells were harvested by centrifugation at 4560 g 

for 15 min, resuspended in lysis buffer (25 mM NaOAc pH 5, 1% Triton X-100) and incubated at 37°C 

for 2 h in presence of 1 mg/ml lysozyme and 10 U DNase. After heat denaturation at 75°C for 20 min, 

the suspension was clarified by centrifugation at 21000 g for 25 min and further purified by cation 

exchange chromatography. Elution was carried out by a linear gradient from 0–1 M NaCl in 20 mM 

NaOAc pH 5 over 10 column volumes. The elution fractions were analyzed by SDS PAGE and colloidal 

Coomassie blue staining. Fractions containing ubiquitin were dialyzed to 20 mM Tris, 50 mM NaCl, pH 

7 and stored at 4°C upon determination of the concentration via BCA assay.  
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B8. Expression and purification of PCNA K164Plk 

The nucleotide sequence of human PCNa, modified with an C-terminal His6-tag was optimized for 

expression in E. coli and synthesized by GeneArt. The codon K164 was replaced separately by an 

amber codon TAG, using site-directed mutagenesis. The resulting cDNA was inserted into the 

multiple cloning site of pET11a using HindIII and XbaI. The vector additionally contained an 

expression cassette for the tRNAPyl gene in its backbone. For recombinant expression via amber 

codon suppression, E. coli BL21 (DE3) were co-transformed with this plasmid and the pRSFDuet-1 

vector, containing the PylRS gene from Methanosarcina barkeri. Cells were cultured in LB medium 

supplemented with the appropriate antibiotics at 37°C. At an OD600 = 0.3, 1 mM Plk was added and at 

OD600 = 0.9, expression was induced with 1 mM IPTG. After 16 h, cells were harvested by 

centrifugation at 4560 g for 15 min, resuspended in lysis buffer (20 mM Tris-HCl, 500 mM NaCl, pH 

7.9) supplemented with 5 mM imidazole. Cell lysis was achieved by sonication. The lysate was 

clarified by centrifugation at 21000 g for 25 min. The supernatant was supplemented with 0.05% 

polyethlyenimine and incubated on ice for 15 min. After centrifugation at 21000 g for 25 min, the Ni2+ 

beads were added to the supernatant (400 μl per 1 l expression culture). After incubation for 1 h at 

4°C, beads were washed with lysis buffer supplemented with increasing concentrations of imidazole 

(10, 15, 50 mM, 15 ml each). Following elution of PCNA with 500 mM imidazole (4x 5 ml for a 1 l 

expression culture), dialysis against 20 mM Tris-HCl, 50 mM NaCl, pH 7.9 was 

performed.Subsequently, PCNA was concentrated using a centrifugal filter with a MWCO of 10000 

Da. The protein concentration was determined by performing a BCA assy. Proteins were kept at 4°C 

until further use. 

B9. Expression and purification of Ub KxPlk G76Aha 

The cDNA encoding human Ub G76M was codon optimized for expression in E. coli and synthesized 

by GeneArt. Upon removal of its N-terminal ATG codon, the cDNA was cloned into the pGEX2TK 

plasmid using BamHI and EcoRI, resulting in an open reading frame encoding an N-terminal GST 

fusion to ubiquitin. Site-directed mutagenesis was used to mutate a single lysine residue at position x 

(with x = 6, 11, 27, 29, 33, 48 or 63) to TAG. For recombinant expression, methionine auxotrophic E. 

coli B834 (DE3) were transformed with the respective construct and a helper plasmid for amber 

codon suppression, based on the pEVOL plasmid.337 In detail, both synthetase genes were replaced 

by PylRS from Methanosarcina barkeri and tRNAPyl was inserted instead of the existing tRNA ORF. 

Cells were cultured in NMM,375 containing 0.04 mM methionine for 8 h at 37°C and were then 

harvested by centrifugation at 4560 g for 15 min. The pellet was resuspended in fresh NMM 

containing 0.5 mM Aha and 3 mM Plk corresponding to the initial culture volume. After incubation 
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for 30 min at 37°C, expression was induced with 1 mM IPTG and 0.02% arabinose and cells were 

cultured at 25°C for 12–16 h. Cells were harvested by centrifugation at 4560 g for 15 min, 

resuspended in lysis buffer (1xPBS, 1% Triton X-100) and lysed by sonication. The lysate was clarified 

by centrifugation for 25 min at 21000 g and the supernatant was incubated with glutathione beads 

(200 μl for 1 l expression culture). After washing with 39 ml 1xPBS, the GST-Ub KxPlk G76Aha fusion 

protein was incubated in a small volume of 1xPBS with 10 U thrombin for 14 h at room temperature 

to cleave the fusion protein downstream of GST. Ub KxPlk G76Aha was purified by washing with 

1xPBS (200 μl aliquots). The purity of the resulting samples were judged by SDS PAGE and Coomassie 

blue staining, the concentration of ubiquitin was determined by BCA assay and samples were stored 

at 4°C until further use.  

B10. Click reaction 

All click reactions were performed on ice. In order to prevent Cu-induced protein oxidation, reaction 

vessels were flushed multiple times with argon. The reactions were stopped by addition of a tenfold 

excess of EDTA to Cu(I). The reactions were analyzed by SDS PAGE followed by colloidal Coomassie 

blue staining. 

In general proteins were mixed with buffer and SDS in 1.5 ml reaction vessels, flushed with argon 

prior to and after supplementation with a Cu(I) source and a Cu(I) stabilizing agent. Reagents, 

concentrations and incubation time is specified in respective sections. The maximum volume of 

solution in a 1.5 ml reaction vessels was 200 μl.  

B11. CD spectroscopy 

Either 0.5 mg/ml Ub G76Aha or 0.2 mg/ml Pol beta K61Plk were mixed in 25 mM Tris-HCl, pH 7.5, 50 

mM NaCl with different concentrations of SDS or NLS. After incubation at 4°C for 1 h, far-UV CD 

spectra from 250 to 200 nm were recorded using a Jasco J-815 CD spectrometer. To additionally 

measure a spectrum of fully denatured ubiquitin and Pol beta, the proteins were mixed with 30 mM 

SDS and heated for 5 min at 95°C before measurement. 
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B12. Primer extension reactions 

B12.1. 5’-Radioactive labeling of DNA primer and annealing of 

primer/template complex 

Two different primer/template complexes were used within this study. To determine activity of DNA 

polymerase beta after treatment with SDS, a primer/template complex consisting of a 33-nucleotide 

template annealed to a 23-nucleotide primer allowing “full-length” extension of the primer by 10 

nucleotides. For gap filling experiments a 100-nucleotide template was annealed to a 5’-

phophorylated 60-mer and a 20-mer primer providing a primer/template complex with a single G 

gap. 

The respective primer was radioactively labeled with 32Pat the 5’-terminus by using T4 polynucleotide 

kinase (PNK) which transfers the γ phosphate group from [γ-32P]ATP to the 5’-hydroxyl group. The 

reaction was performed as follows: 0.4 μM primer, 1xPNK buffer, 0.8 μCi/μl [γ-32P]ATP and 0.4 U/μl 

T4 PNK were incubated at 37°C for 1 h. The reaction was stopped by denaturation of T4 PNK for 3 

min at 95°C and was cooled down to room temperature. 10 μl of the solution containing labeled 

primer were incubated with 30 μl of an annealing mix containing 1 μM of each template in 1x 

annealing buffer at 95°C for 5 min. Afterwards the heating block was turned off and the solution was 

slowly cooled down to room temperature. Finally, excess of [γ-32P]ATP and salts was removed by gel 

filtration (700 μl of SephadexTM G-25 Superfino in a MicroSpin column). By this protocol, a 

primer/template complex of 100 nM was generated.  

B12.2. Primer extension reaction 

To perform primer extension reaction proteins were used in concentrations as specified in respective 

sections and incubated with 5 mM MgCl2, 0.25 mg/ml BSA, 20 nM primer/template complex in 1x 

reaction buffer at 37°C for 1 min. Add 26 μM dNTPs for full-length analysis (23733 primer/template 

complex) or 1 μM dNTPs for gap filling assay (20/p60/100 primer/template complex). After a defined 

time point, reactions were stopped by addition of 1x stop buffer, heated at 95°C for 5 min and a 

sample of 1 μl – 3 μl is analyzed by PAGE. 

B12.3. PAGE 

Denaturating polyacrylamide gels (12.5%) were used for analysis of primer extension reactions. Gels 

were polymerized for at least 45 min at room temperature and were prewarmed by electrophoresis 

in 1x TBE as running buffer at 100 W for 30 min. Importantly, TBE used for gel casting must be out of 



  Chapter V   Material and methods 

109 

the same stock as used for running buffer. Prior to loading the samples, the wells need to be rinsed 

carefully. Electrophoresis was performed at 100 W (or lower if temperature exceeds 45°C) for 1.5 h – 

2 h. The gel is transferred to a whatman paper, dried at 80°C for 30  min and exposed to a phosphor 

screen for 12 - 16 h. Visualization is performed by phosphorimaging.  

Importantly, if many samples are analyzed on the same gel, up to 12 samples are loaded, 

electrophoresis was performed for approximately 2 min until the samples have migrated into the gel. 

Then, the next 12 samples were loaded and so on.  

B13. In vitro ubiquitylation assay 

Ubiquitylation assays were performed as described.376 In brief, the ubiquitin-activating enzyme E1 

(UBA1) and E3 ligase E6AP were expressed in the baculovirus system. The ubiquitin-conjugation 

enzyme E2 (UbcH5b) was bacterially expressed. For in vitro ubiquitylation, 250 ng of E1, 50 ng of 

UbcH5b and 200 ng E6AP were incubated with the respective ubiquitin preparation as indicated in a 

total reaction volume of 40 µl. In addition, reactions contained 25 mM Tris pH 7.5, 50 mM NaCl, 1 

mM DTT, 2mM ATP and 2 mM MgCl2. After incubation at 25°C for 2 h, the reactions were quenched 

by addition of 1xSDS loading dye. Samples were boiled and separated by SDS PAGE. Gels were either 

stained with colloidal Coomassie blue, subjected to Western Blot analysis or analyzed by 

autoradiography. For detection of the ubiquitin chains, a monoclonal mouse antibody (clone FK2, 

Enzo Life Sciences) was used as primary antibody. 

B14. Xenopus laevis egg extract assay 

Xenopus CSF egg extracts were prepared as described before.377 CSF release experiments, DNA and 

spindle morphology examination were done according to Schmidt et al.378 with the exception that 

the extracts were incubated with proteins (0.3 mg/ml for monomeric Ub K11Plk G76Aha, K11-linked 

chains and K29-linked chains or 0.6 mg/ml for K27-linked chains in 50 µl of extract) or buffer for 30 

minutes at 22°C prior to Ca2+ addition. DNA and spindle morphology was examined on a Zeiss AXIO 

Imager M1 upright microscope using the 40x objective and the images were processed on FIJI 

(http://fiji.sc/Fiji). The monoclonal cyclin B2 antibody was purchased from MBL (clone no. X121.10). 

For the dose dependency experiments increasing amount of protein was added for the different 

chains tested (0.225 mg/ml, 0.25 mg/ml, 0.275 mg/ml, 0.3 mg/ml) or 0.275 mg/ml and 0.3 mg/ml for 

the monomeric Ub K11Plk G76Aha each time in 50 µl extract.  
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B15. Chemical Synthesis of Plk 

NH2HOOC

NH O

O

 C10H16N2O4 , 228.26 g/mol 
Plk

 

The propargyl-protected lysine derivate (S)-2-Amino-6-((prop-2-ynyloxy)carbonylamino)hexanoic acid 

(Plk) was synthesized in two steps. 

Boc-Lys-OH (5 g, 20.3 mmol) was dissolved in 1 M NaOH (50 ml) and THF (50 ml) by stirring at room 

temperature for 45 min. It was cooled to 0°C and propargyl chloroformate (1.9 g, 1.6 ml, 16.2 mmol) 

was added dropwise. It was allowed to stir at room temperature for 16 h. The solution was then 

cooled to 0°C again, washed with ice-cold Et2O (250 ml), acidified with ice-cold 1 M HCl (250 ml), and 

was extracted twice with ice-cold NaOAc (2 x 150 ml). The combined organic layers were dried over 

MgSO4 and the solvents were evaporated to give (S)-2-(tert-Butoxycarbonylamino)-6-((prop-2-

ynyloxy)carbonylamino)hexanoic acid as a white foam in 78 % yield. This propargyl carbamate (5.35 

g, 16.2 mmol) was dissolved in dry DCM (50 ml). TFA (50 ml) was added dropwise and the reaction 

was allowed to stir at room temperature for 1 h. The solvents were evaporated and the product was 

precipitated by the addition of Et2O (30 ml). It was filtered and dried, affording clean (S)-2-Amino-6-

((prop-2-ynyloxy)carbonylamino)hexanoic acid (Plk) as a white solid in 91 % yield (3.37 g, 14.71 

mmol). 

1H NMR (400 MHz, DEUTERIUM OXIDE) δ ppm 4.75 (d, J=1.8 Hz, 2 H) 3.88 (t, J=6.1 Hz, 1 H) 3.24 (t, 

J=6.8 Hz, 2 H) 2.99 (t, J=2.4 Hz, 1 H) 1.98 (tt, J=9.9, 6.1 Hz, 2 H) 1.64 (q, J=6.8 Hz, 2 H) 1.33 - 1.58 (m, 2 

H) 
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Chapter VII APPENDIX 

A. LIST OF ABBREVIATIONS AND UNITS 

abbreviation/unit explanation 

% percent 
(NH4)2SO4 ammonium sulfate 
°C degree celsius 

µl microlitre 
10x ten times concentrated 
32P  phosphor 32 isotope 
A adenosine, adenine 
aa amino acid 
aaRS aminoacyl tRNA synthetase 
ACN acetonitrile 
Aha azidohomoalanine 
AP  alkalyne phophatase 
APS ammonium persulfate 
BCA bicinchoninic acid assay 
BER  base excision repair 
Boc  tert-butyloxycarbonyl 

bp base pair 
BSA bovine serum albumin 
c  concentration 

C  cytosine, cytidine, carbon 

CaCl2 calcium chloride 
Cam chloramphenicol 
carb carbenicillin 

cDNA complementary DNA 

Cu(MeCN)4BF4 Tetrakis(acetonitrile)copper(I) tetrafluoroborate 
CuCl2 copper(II) chloride 
Da  dalton 
dATP 2’-deoxyadenosine-5’-triphosphate 

DCA  dichloroacetone 
ddH20 double distilled water 
DNA deoxyribonucleic acid 
dNTP 2’-deoxynucleoside-5’-triphosphate 
ds double stranded 

DTT dithiotreitol 
DUB deubiquitylating enzyme 
E. coli Escherichia coli 
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E6AP E6-associated protein 

EDTA ethylenediaminetetraacetic acid 
ESI electrospray ionisation 
Et2O  diethyl ether 
EtOAc ethyl acetate 

EtOH ethanol 
fc final concentration 
FeSO4*7H2O iron(II) sulfate heptahydrate 
fw forward 
FXa factor Xa 
g gram 
g standard gravity 
G glycine, guanidine, guanine 

GST glutathione S transferase 
h hour 
HECT Homologous to E6AP C-terminus 

His6tag poly-histidine affinity tag 
i.e. id est 
IPTG isopropyl β-d-1-thiogalactopyranoside 

K lysine 
K2HPO4 potassium hydrogen phosphate 
kan kanamycin 
kDa kilo dalton 
KH2PO4 potassium dihydrogen phosphate 
l liter 
LB lysogeny broth 
LB carb lysogeny broth containing carbenicillin 

M methionine 

M  molar, [mol/l] 
MCS multiple cloning site 

MeOH methanol 

MetAP methionine amino peptidase 
mg milligram 

Mg  Magnesium 
MgCl2 magnesium chloride 
MgSO4*7H2O magnesium sulfate heptahydrate 

MHz mega hertz 
min minute 
ml milliliter 
mM millimolar 

MnCl2*4H2O manganese(II) chloride tetrahydrate 
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mRNA messenger ribonucleic acid 
Ms millisecond 

MS  mass spectrometry 
Na2MoO4 sodium molybdate 
NaCl sodium chloride 
NaOAc sodium acetate 

NaOH sodium hydroxide 
NCL  native chemical ligation  
ng nanogram 
Ni-NTA nickel-nitrilotriacetic acid  
NiSO4 nickelsulfate 
nm nanometer 
nM nanomolar 
NME N-terminal methionine excision  
NMM new minimal medium 
NMM-Met new minimal medium without methionine 
NMR  nuclear magnetic resonance 
nt  nucleotide 
OD optical density 
ORF open reading frame 
PAGE  poly-acrylamide gel electrophoresis 
PBS phosphate buffered saline 
PCNA proliferating cell nuclear antigen 
PCR polymerase chain reaction 
PIP PCNA-interactive motif 
Plk propargyl-protected pyrrolysine derivate 
Pol  DNA polymerase 
Pyl pyrrolysine 
PylRS pyrrolysine tRNA synthetase 
RBR RING In- Between RING 
RING Really Interesting New Gene 
rpm revolutions per minute  
RT room temperature, 22°C 
rv reverse 
SAP Shrimp Alkaline Phosphatase 
SDM site directed mutagenesis 
SDS sodium dodecyl sulfate  
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SOC super optimal broth 
SPI selective pressure incorporation 
SPS  solid phase synthesis  
T  thymidine, thymine 
TAE Tris- acetate- EDTA 
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TBE  tris-Borate-EDTA 
TBTA tris-(benzyltriazolylmethyl)amine 
TCEP tris(carboxyethyl)phosphine 
TEMED N,N,N',N'-tetramethyl-ethane-1,2-diamine 
TEV tobacco etch virus 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
THPTA tris-(hydroxypropyltriazolylmethyl)amine 
TLS translesion synthesis 
Tris ethane-1,2-diamine 

tRNA transfer ribonucleic acid 
U units 
Ub ubiquitin 

UV ultraviolett 
V  volt, volume 
v/v volume per volume  
W watt 
w/v wheight per volume  
wt wildtype 
ZnCl2 zinc chloride 
μg microgram 
μl microliter 
μM micromolar 
Ω ohm 

Table 19: abbreviations and units 

B. cDNA SEQUENCES 

Lysine residues that are mutated to amber codons are highlighted blue. A His6tag in respectice 

sequences is underlined. 

B1. tRNAPyl 

gtcgaccgccgcttctttgagcgaacgatcaaaaataagtggcgccccatcaaaaaaatattctcaacataaaaa

actttgtgtaatacttgtaacgctgaattcggaaacctgatcatgtagatcgaatggactctaaatccgttcagc

cgggttagattcccggggtttccgccactgcagatccttagcgaaagctaaggattttttttagtcgac 

SalI cleavage sites, promoter, tRNA, terminator 
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B2. PylRS 

ATGGATAAAAAACCATTAGATGTTTTAATATCTGCGACCGGGCTCTGGATGTCCAGGACTGGCACGCTCCACAAA

ATCAAACACTATGAGGTCTCAAGAAGTAAAATATACATTGAAATGGCGTGTGGAGACCATCTTGTTGTGAATAAT

TCTAGGAGTTGTAGAACAGCCAGAGCATTCAGACATCATAAGTACAGAAAAACCTGCAAACGATGTAGGGTTTCG

GACGAGGATATCAATAATTTCCTCACAAGATCAACTGAAGGCAAAACCAGTGTGAAAGTTAAGGTAGTTTCTGCT

CCAAAGGTCAAAAAAGCTATGCCGAAATCAGTTTCGAGGGCTCCAAAGCCTCTGGAAAATCCTGTGTCTGCAAAG

GCATCAACGGACACATCCAGATCTGTACCTTCGCCTGCAAAATCAACTCCAAATTCGCCTGTTCCCACATCGGCT

CCTGCTCCTTCACTTACAAGAAGCCAGCTCGATAGGGTTGAGGCTCTCTTAAGTCCAGAGGATAAAATTTCTCTG

AATATTGCAAAGCCTTTCAGGGAACTTGAGTCCGAACTTGTGACAAGAAGAAAAAACGATTTTCAGCGGCTCTAT

ACCAATGATAGAGAAGACTACCTTGGTAAACTCGAACGGGACATTACGAAATTTTTCGTAGACCGGGATTTTCTG

GAGATAAAGTCTCCTATCCTTATTCCGGCAGAATACGTGGAGAGAATGGGTATTAACAATGATACTGAACTTTCA

AAACAGATCTTCAGGGTGGATAAAAATCTCTGCTTAAGGCCAATGCTTGCCCCGACTCTTTACAACTATCTGCGA

AAACTCGATAGGATTTTACCAGATCCTATAAAGATTTTCGAAGTCGGGCCCTGTTACCGGAAAGAGTCTGACGGC

AAAGAGCACCTGGAAGAATTTACCATGGTGAACTTCTGTCAGATGGGTTCGGGATGTACTCGGGAAAATCTTGAA

TCCCTCATCAAAGAGTTTCTGGACTATCTGGAAATCGACTTCGAAATCGTAGGAGATTCCTGTATGGTCTATGGG

GATACCCTTGATATAATGCACGGGGACCTGGAGCTTTCTTCGGCAGTCGTCGGGCCAGTTCCTCTTGATAGGGAA

TGGGGCATTGACAAACCATGGATAGGTGCAGGTTTTGGGCTTGAACGCTTGCTCAAGGTTATGCATGGCTTTAAA

AACATTAAGAGAGCATCAAGGTCCGAATCTTACTATAATGGGATTTCAACCAATCTA 

B3. Human ubiquitin Ub G76M 

ATGCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACCCTGGAAGTTGAACCGAGCGATACCATTGAAAAT

GTGAAAGCCAAAATTCAGGATAAAGAAGGTATTCCGCCGGATCAGCAGCGTCTGATTTTTGCAGGTAAACAGCTG

GAAGATGGTCGTACCCTGAGCGATTATAATATTCAGAAAGAAAGCACCCTGCAT CTG 

GTTCTGCGTCTGCGTGGTATG 

B4. Human DNA polymerase beta with His6tag 

ATGAGAGGATCTCACCATCACCATCACCATACGGATCCGATGAGCAAACGTAAAGCGCCGCAGGAAACCCTGAAC

GGCGGCATTACCGATATGCTGACCGAACTGGCCAACTTTGAAAAAAACGTGAGCCAGGCGATCCATAAATATAAC

GCGTATCGTAAAGCGGCGAGCGTGATTGCGAAATATCCGCACAAAATTAAAAGCGGTGCGGAAGCGAAAAAACTG

CCGGGCGTGGGCACCAAAATTGCGGAAAAAATCGATGAATTTCTGGCCACCGGCAAACTGCGTAAACTGGAAAAA

ATTCGCCAGGATGATACCAGCAGCAGCATTAACTTTCTGACCCGTGTGAGCGGCATTGGTCCGAGCGCGGCGCGT

AAATTTGTGGATGAAGGCATCAAAACCCTGGAGGATCTGCGTAAAAACGAAGATAAACTGAACCATCATCAGCGT

ATTGGCCTGAAATATTTTGGCGATTTCGAAAAACGTATTCCGCGTGAAGAAATGCTGCAGATGCAGGATATTGTG

CTGAACGAAGTGAAAAAAGTGGATAGCGAATATATTGCGACCGTGTGCGGCAGCTTTCGTCGTGGCGCGGAAAGC

AGCGGCGATATGGATGTGCTGCTGACCCATCCGAGCTTTACCAGCGAAAGCACCAAACAGCCGAAACTGCTGCAT

CAGGTGGTGGAACAGCTGCAGAAAGTGCATTTTATTACCGATACCCTGAGCAAAGGCGAAACCAAATTTATGGGC

GTGTGCCAGCTGCCGAGCAAAAACGATGAAAAAGAATATCCGCATCGCCGTATTGATATTCGTCTGATCCCGAAA

GATCAGTATTATTGCGGCGTGCTGTATTTTACCGGCAGCGATATCTTCAACAAAAACATGCGTGCGCATGCGCTG
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GAAAAAGGCTTTACCATCAACGAATACACCATTCGTCCGCTGGGCGTGACCGGTGTTGCGGGTGAACCGCTGCCG

GTGGATAGCGAAAAAGATATCTTCGATTACATCCAGTGGAAATATCGTGAACCGAAAGATCGTAGCGAATAA 

B5. Human PCNA with His6tag 

ATGTTTGAAGCACGTCTGGTTCAGGGTAGCATTCTGAAAAAAGTTCTGGAAGCACTGAAAGATCTGATTAATGAA

GCCTGTTGGGATATTAGCAGCAGCGGTGTTAATCTGCAGAGCATGGATAGCAGCCATGTTAGCCTGGTTCAGCTG

ACCCTGCGTAGCGAAGGTTTTGATACCTATCGTTGTGATCGTAATCTGGCCATGGGTGTGAATCTGACCAGCATG

AGCAAAATTCTGAAATGTGCAGGCAATGAAGATATCATTACCCTGCGTGCCGAAGATAATGCAGATACCCTGGCA

CTGGTTTTTGAAGCACCGAATCAAGAAAAAGTGAGCGATTATGAAATGAAACTGATGGATCTGGATGTTGAACAG

CTGGGTATTCCGGAACAAGAATATAGCTGCGTTGTTAAAATGCCGAGCGGTGAATTTGCACGTATTTGTCGTGAT

CTGAGCCATATTGGTGATGCAGTTGTTATTAGCTGTGCAAAAGATGGCGTGAAATTTTCAGCAAGCGGTGAACTG

GGTAATGGCAACATTAAACTGAGCCAGACCAGCAATGTGGATAAAGAAGAAGAAGCAGTTACCATTGAAATGAAT

GAACCGGTGCAGCTGACCTTTGCACTGCGTTATCTGAACTTTTTTACCAAAGCAACACCGCTGAGCAGCACCGTT

ACCCTGAGCATGAGCGCAGATGTTCCGCTGGTTGTTGAATACAAAATTGCAGATATGGGCCATCTGAAATACTAT

CTGGCACCGAAAATTGAAGATGAAGAAGGTAGCCACCATCACCATCATCAT 
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