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Abstract 

The tumor suppressor p53 is subjected to various posttranslational modifications (PTMs) that 
affect various properties of p53 including half-life, function and subcellular localization. The C-
terminal 30 amino acids of p53 are assumed to play an important role in regulating p53's 
function(s). Consistent with this hypothesis, the C-terminal region is subjected to various PTMs 
including acetylation, phosphorylation, methylation, ubiquitylation, neddylation or sumoylation. 
However, the actual contribution of individual PTMs to p53 function and regulation remains 
mostly unclear.  
To gain deeper insights into p53 regulation by mono-ubiquitylation, site-specifically mono-
ubiquitylated p53 needs to be generated. Moreover, non-hydrolysable mono-ubiquitylated p53 
allows to identify proteins that interact with p53 dependent on its modification status in cell 
lysates since the modification cannot be hydrolysed by deubiquitylating enzymes. During the 
work of this thesis, various forms of p53-ubiquitin (Ub) conjugates were generated by utilizing 
different bioorthogonal strategies. Initially, we employed Cu(I)-catalyzed alkyne-azide 
cycloaddition (CuAAC) to link p53 and Ub, as it is already used regularly to generate Ub 
dimers, Ub chains and other Ub conjugates. Therefore, p53 and Ub were functionalized with 
an alkyne- and azide-reactive group, respectively, by amber codon suppression and selective 
pressure incorporation. The bioorthogonal reaction results in a triazol linkage, mimicking the 
native isopeptide bond. After the generation of p53-Ub site-specifically linked at position 372, 
we investigated the interaction of this conjugate with the E3 ligase complex E6/E6AP. No 
ubiquitylation of p53-372Ub or Cu-treated p53 was observered, indicating a conformational 
change of p53. Thus, we focused our efforts with CuAAC to a truncated form of p53 (CTD) 
encompassing amino acid 325-393. p53 CTD mutants, which harbor specific lysine to cysteine 
mutations, were functionalized with an alkyne by Michael addition of propargyl acrylate. 
CuAAC allowed to generate reasonable amounts of Ub-linked p53 CTD at positions 372 and 
386. Due to possible modulation of the interactome of mono-ubiquitylated p53, a quantitative 
affinity enrichment experiment with cell lysate was performed. By using p53 CTD, we were 
able to identify 176 already known p53 interactors. In particular, mono-ubiquitylated p53 CTD 
enabled to link p53 via physical interactions to lysosomal degradation, endosomal trafficking 
and DNA repair.  
Additionally, we changed the biorthogonal strategy for full-length p53 to metal-free oxime 
ligation. Oxime ligation is based on the reaction of a keto or aldehyde moiety with an aminooxy 
moiety. Thus, we incorporated keto-lysine in p53 and a Boc-protected aminooxy-lysine 
derivative in Ub using amber codon suppression. This enabled the generation of a p53-Ub 
conjugate site-specifically linked at position 120. The oxime-linked p53-Ub was proven to be 
functional by studies with the E3 ligase complex E6/E6AP. Notably, preliminary DNA binding 
studies hint to an altered DNA binding behavior, at least with respect to the p21 response 
element. 



 

2 

Taken together, in this thesis different chemical approaches to investigate the effect of site-
specifc mono-ubiquitylation on p53 functions were established. The produced p53 conjugates 
were characterized in respect to DNA binding, identification of cellular binding partners and the 
effect of E3 ligase (E6/E6AP or Hdm2)-mediated ubiquitiylation. 
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Zusammenfassung 

Der Tumorsuppressor p53 wird auf unterschiedliche Weise posttranslational modifiziert, 
wodurch dessen Stabilität, Funktion und subzelluläre Lokalization beeinflusst wird. Von den C-
terminalen 30 Aminosäuren von p53 wird angenommen, dass sie eine wichtige Rolle in der 
Regulation der Funktionen von p53 spielen. Im Einklang mit dieser Hypothese unterliegt die 
C-terminale Region unterschiedlichen postranslationalen Modifikationen einschließlich 
Acetylierung, Phosphorylierung, Methylierung, Ubiquitinierung, Neddylierung und 
Sumoylierung. Dennoch bleibt der Beitrag der einzelnen posttranslationalen Modifikationen 
von p53 auf dessen Funktion und Regulation meist unklar. 
Um ein tieferes Verständnis für die Regulation von p53 durch Monoubiquitinerung zu erlangen, 
benötigt es der Herstellung von p53, welches an definierten Positionen monoubiquitiniert ist. 
Zudem erlaubt nicht hydrolisierbares monoubiquitiniertes p53 die Identifizierung von 
Interaktoren in Abhängigkeit des Modifikationsstatus von p53 in Zellysaten, da die Modifikation 
von p53 nicht durch Deubiquitylasen entfernt werden kann.  
Während dieser Arbeit wurden verschiedene p53-Ubiquitin (Ub) Konjugate durch die 
Benutzung unterschiedlicher bioorthogonaler Strategien hergestellt. Zu Beginn benutzten wir 
Cu(I)-katalysierte Alkin-Azid Cycloaddition (CuAAC), um p53 und Ub zu verknüpfen, da 
CuAAC bereits zuvor zur Herstellung von definierten Ub-Dimeren, Ub-Ketten und anderen Ub 
Konjugaten verwendet wurde. Hierzu wird p53 mit einer Alkin-Gruppe und Ub mit einer Azid-
Gruppe durch amber codon suppression bzw. selective pressure incorporation funktionalisiert. 
Durch die anschließende bioorthogonale Reaktion entsteht eine Triazol-Bindung, welche die 
native Isopetidbindung nachahmt. Nach der Herstellung von spezifisch an Position 372 
modifiziertem p53-Ub untersuchten wir dessen Interaktion mit dem E3-Ligase Komplex 
E6/E6AP. Dabei konnte keine Ubiquitinierung von p53-Ub oder Cu-behandeltem p53 
beobachtet werden, was auf eine Konformationsänderung von p53 hinweist. Deshalb 
fokussierten wir unsere Behmühungen mit CuAAC auf ein N-terminal trunkierte p53 Variante, 
welche Aminosäure 325-393 umfasst (CTD). p53 CTD Mutanten, die definierte Lysin zu 
Cystein Mutation tragen, wurden mit einer Alkin-Gruppe mittels Michael Addition von 
Propargylacrylat funktionalisiert. CuAAC ermöglichte es eine angemessene Menge von Ub-
gekoppeltem p53 CTD 372 und 386 herzustellen. Aufgrund einer möglichen Modulierung des 
Interaktoms von monoubiquitiniertem p53 CTD wurde ein Affinitätsanreicherungsexperiment 
mit Zelllysat durchgeführt. Mittels p53 CTD konnten 176 bekannte Interaktionspartner bestätigt 
werden. Insbesondere konnte so die Monoubiquitinierung von p53 mit dem lysosomalem 
Abbau, endosomalen Transport und DNS-Reparatur Signalwegen in Verbindung gebracht 
werden.  
Zusätzlich haben wir für Volllängen-p53 die bioorthogonale Strategie der Kopplungsreaktion 
zur metallfreien Oximligation geändert. Oximligation basiert auf der Reaktion von einer 
Aldehyd- oder Keto-Gruppe mit einer Aminoxy-Gruppe. Deshalb haben wir Ketolysin in p53 
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und Boc-geschütztes Aminooxylysinederivat in Ub mittels amber codon suppression 
eingebaut. Dies ermöglichte die Herstellung von spezifisch an Position 120 verknüpftem p53-
Ub. Studien mit dem E3-Ligase Komplex E6/E6AP konnten zeigen, dass oxim-verknüpftes p53 
funktional ist. Außerdem haben erste DNA-Bindungsstudien auf ein verändertes 
Bindungsverhalten, zumindest für das p21 Response-Element, hingewiesen. 
Zusammenfassend wurden im Laufe dieser Arbeit verschiedene chemische Konzepte 
getestet, um den Effekt von positionsspezifischer Monoubiquitinierung auf die Funktion von 
p53 zu untersuchen. Die generierten Konjugate wurden in Bezug auf DNA-Bindung, 
Identifizierung von zellulären Bindungspartner und auf den Effekt auf die Ubiquitinierung durch 
verschiedene E3-Ligasen (Hdm2 und E6/E6AP) untersucht. 
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1 INTRODUCTION 

1.1 Tumor suppressor p53 

As a central hub in mammalian cells, the tumor suppressor p53 is connected to a complex 
network of cellular pathways. Upon various stress signals such as DNA damage or nutrient 
depletion, the tumor suppressor is activated and maintains cellular integrity by activating or 
repressing the transcription of a plethora of target genes involved in e.g. cell cycle, DNA 
damage repair and apoptosis, leading to different outcomes.  
Originally, p53 was discovered in 1979 as a protein that associates with the T antigen of SV-
40 and accumulates in the nucleus (1, 2). More than ten years after its discovery, p53 was 
classified as tumor suppressor (3, 4), increasing the interest to study p53 functions 
tremendously.  

 Physiological functions of p53 

1.1.1.1 Structural composition of p53 

Full-length human p53, also termed p53 isoform α, consists of 393 amino acids and can be 
divided into four functional domains (Figure 1): the N-terminal transactivation domain (NTD), 
the central DNA-binding domain (DBD), the oligomerization domain (OD) encompassing amino 
acids 325-355 and the so-called C-terminal regulatory region (CTR) encompassing amino 
acids 360-393 (reviewed in (5)).

Figure 1 Domain organization of p53. Isoform α of p53 comprises 393 aa organised in an N-terminal 
transactivation domain (TAD), followed by a proline-rich region (PRR), the central DNA-binding domain 
(DBD, p53C), the oligomerization domain (OD), and C-terminal region (CTR). The solved structures of 
p53 - DBD (PDB 2AC0) and OD (PDB 1PES) - are illustrated. The intrinsic disordered regions (IDRs) 
are labeled. 
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The NTD is an intrinsically disordered region containing two transactivation domains (TAD1 aa 
1-40, TAD2 aa 41-61) and a proline rich region (aa 64-92) (reviewed in (5)). The TADs serve 
as interaction sites for numerous proteins; thereby the TAD can undergo disordered to ordered 
transition. For instance, the binding site of the E3-RING ligase Hdm2 (aa 15-29) adopts an α-
helical conformation upon binding of Hdm2 (6). 
 
The NTD is followed by the highly structured DBD. As revealed by X-ray crystallography, the 
DNA binding domain structure is based on an immunoglobulin-like beta-sandwich structure 
that mediates the interaction with the minor and the major groove of the target DNA , which is 
depicted in Figure 2 (7-12). The major groove of the DNA helix is bound by residues from loop 
l1 (K120 and C121), beta-strands s2, s2’, s10 and the C-terminal helix h2 (R273, A276, C277 
and R280). The minor groove is recognized by loops l2 and l3 (S241 and R248). Additional, 
loops l2 and l3 are necessary for zinc ion coordination (C176, H179, C238 and C242) and 
stabilization. The flexible region of l1, where K120 is located, can undergo induced fit binding 
to DNA (reviewed in (5, 13)). Further variations between different crystal structures as well as 
different monomers in crystals have been revealed (14). The p53 DBD binds palindromic DNA 
as described in 1.1.1.2.

 
The second structured region of p53 harbors the tetramerization domain, enabling the 
reversible tetramerization of the protein. As X-ray crystallography (15, 16) and NMR studies 
(17, 18) revealed, primary dimers are formed via an antiparallel intermolecular beta-sheet and 

Figure 2 Structure of the p53 DNA binding domain. A Sequence (aa 44-293) and secondary 
structure of the p53 core. DNA contact sites are marked with an asterisk. B Monomeric p53-DBD 
bound to DNA (PDB entry: 4CA0). DNA contact sites are depicted in red, β-strands in cyan and α-
helices in blue. This figure is modified from (5). 
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anti-parallel helix packing stabilized via hydrophobic interaction. To form a tetramer two dimers 
associate via their helices. 
 
Another intrinsically disordered region is the highly basic C-terminal region (CTR) of p53. The 
highly positive charged residues in the CTR allow a sequence unspecific interaction to the 
anionic phosphate backbone of DNA and RNA (19). Besides promoting interaction with nucleic 
acids, the CTR recruits cofactors and undergoes a disordered to ordered transition as 
described for the NTD (depicted in Figure 1) (19-22). Moreover, the CTR is highly modified via 
post-translational modification, which also triggers p53 structural dynamics thereby affecting 
its functions (for further information see chapter 1.1.2).  
The contribution of the CTR towards the DNA binding ability of full-length p53 is not fully 
understood. Unfortunately, the structure of full-length p53 is not available, presumably due to 
the disordered regions (aa 1-92, 292-320 and 363-393) in p53, which so far impeded structural 
analysis. The regulatory role of the CTR is controversially discussed. First, the CTR was 
described to negatively regulate sequence-specific DNA binding of full-length p53 (19, 23-25). 
Later, the positive regulatory contribution of the CTR to sequence-specific binding was 
revealed as the CTR facilitates the sliding of p53 along the DNA (26-30), binding to non-linear 
DNA e.g. chromatin, G-quadruplex DNA etc.(26, 31, 32). Recently, the CTR was credited to 
contribute to the binding diversity of p53 to different p53 response elements (RE; 1.1.1.2), as 
different states of p53 CTR bound different sequences in a SELEX experiment (33). The overall 
regulating effect of the CTR to p53 function was further revealed in vivo. Homozygous mice 
expressing the C-terminal truncation mutants p53 Δ31 or Δ24 mutants died 2 weeks post-
partum with severe hematopoietic failures and cerebellar defects (34, 35). Further tissue and 
target-specific effects could be observed as well. Despite these effects of the p53 deletion 
mutants in vivo, mutation of the C-terminal lysine residues of p53 to arginine (6KR or 7KR) 
failed to show significant phenotypes in the absence of DNA damage (36, 37), whereas a DNA 
damage-dependent p53 7KR mutant in vivo revealed an effect on the haematopoietic stem cell 
(HSC) survival (38). This data supports the hypothesis that post-translational modifications of 
the CTR residues modulate p53 functions (1.1.2). 

1.1.1.2 p53 as transcription factor 

Among other functions, p53 is a transcription factor that binds to DNA in a sequence-specific 
manner, thereby recognizing so termed response elements (RE) in the target gene promoters. 
The consensus binding site harbors two repeats of 5’-RRRCWWGYYY-3’ (R=A, G (purine); 
W=A, T (pyrimidine); Y=C, T), which are separated by a linker of 0-13 base pairs. Full-length 
p53 harboring an intact DBD binds the consensus sequence as a tetramer composed of a 
dimer of dimers. Each dimer recognizes one half of the palindromic RE.  
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An important issue is the discrimination of numerous p53 target genes. Differences in binding 
to REs are achieved by differences in deviation of the sequence of the respective RE to the 
consensus sequence and the linker length between the binding sites. Additionally, post-
translational modification of p53 (1.1.2) and stimulus-induced recruitment to the target RE 
change the binding behavior of p53 (reviewed in (39)).  
Until now, more than 343 target genes of p53 have been identified (reviewed in (40-42)). p53 
target genes are involved in multiple cellular pathways including cell cycle arrest, DNA repair, 
apoptosis, metabolism, autophagy, cell migration, mRNA translation, and feedback 
mechanisms. 

1.1.1.3 p53-mediated cell cycle arrest, senescence and DNA repair 

A major role in p53-mediated tumor suppression plays the regulation of cell cycle arrest and 
senescence. p53 activates the transcription of the CDK (cyclin dependent kinase) inhibitor 
p21Clp1 gene upon stress stimuli, e.g. DNA-damage (43, 44). Interaction of p21Clp1 with CDK4/6-
Cyclin D or CDK2-Cyclin E prevents G1/S transition or G2/M progression, respectively. 
Depending on the severity of DNA damage, the blockage can be reversible, as DNA damage 
repair can occur to maintain genome integrity (quiescence), or irreversible leading to either 
senescence or apoptosis (reviewed in (45)). Also, other target genes of p53 contribute to cell 
cycle arrest like GADD45A (reviewed in (46)).  
p53 has also an active role in different DNA repair pathways dependent and independent of its 
function as transcription factor. For instance, activation of the target genes XPC and DDB2 
links p53 to the nucleotide excision repair (NER) pathway (reviewed in (47)). Another target 
gene of p53 is MSH2. MSH2 belongs to the mismatch repair (MMR) pathway, which removes 
mismatches in heteroduplex DNA during replication, and its transcription is activated in a p53-
dependent manner (48). In its active state, MSH2 is in complex with MSH6 or MSH3 (reviewed 
in (49)). 

1.1.1.4 p53-mediated apoptosis 

The last instance of p53 to prevent cancer development is the induction of apoptosis via 
transcription of pro-apoptotic genes or transcription-independent mechanisms. Among others, 
p53 activates the expression of pro-apoptotic members of the Bcl-2 family (BAX, BID, NOXA 
and PUMA), death receptors (Fas and Dr5) and apoptosis execution factors (APAF1, Caspase 
6). Induction of the pro-apoptotic Bcl2-family proteins causes mitochondrial outer membrane 
permeabilization leading to the release of Cytochrome c. Together with Apaf1 and ATP, 
Cytochrome c recruits Caspase 9, which stimulates Caspase 3 and 7 to induce cell death 
(reviewed in (50)). Additionally, p53 can interact directly with Bcl-2 family members Bax and 
Bak, which also trigger apoptosis (reviewed in (51)). 
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 Modes of p53 regulation 

To orchestrate its complex functions, p53 underlies changes in protein levels, protein-protein 
interactions, spatial localization and post-translational modifications (reviewed in (52, 53); 1.2).
In human cells, ubiquitylation of p53 is reproted to be mediated by more than a dozen E3 

ligases catalyzing mono-, multi-mono- or poly-ubiquitylation (reviewed in (54)). The principle 

regulator of p53 stability is the E3 RING ligase Hdm2. In unstressed cells, Hdm2 mediates 

poly-ubiquitylation mainly at the C-terminal lysine residues and targets p53 for proteasomal 

degradation (55, 56). Upon diverse stress stimuli, p53 is stabilized. To ascertain homeostasis, 

p53 targets the hdm2 gene, increasing Hdm2 levels after a certain time. Besides the negative 

feedback loop, the Hdm2-p53 interaction is regulated by different mechanisms at the protein 

level such as disruption of interaction by phosphorylation in the p53-TAD1 domain, modulation 

of Hdm2 activity by co-factors (e.g. p14Arf or HdmX) or modification of p53 lysine residues by 

acetylation, neddylation or sumoylation (reviewed in (54, 57)).  

As mentioned before, p53 can also be (multi-)mono-ubiquitylated leading to alterations in p53 
subcellular localization, its stability or activity. The differences in the ubiquitylation signal is 
either mediated by different levels of Hdm2 (58) or the activity of Hdm2 or other E3 ligases 
(Table 1, reviewed in (54) and (59)). Previous studies using a p53-ubiquitin (Ub) fusion protein 
as ubiquitylation mimicry indicated altered nuclear-cytoplasmic localization, which was not 
observed with p53-Nedd8 or p53-SumoI (58, 60). Furthermore, to gain insight into p53 
localization, multiple-mono-ubiquitylated p53 was generated using the lysine-less Ub mutant 
(UbK0). These experiments indicated translocation to the mitochondria as well as chromatin 
binding (61, 62). At the first glance, the findings are inconsistent, but depending on the actual 
site of mono-ubiquitylation the fate of p53 can vary. For instance, the E3 ligase E4F1 mainly 
mono-ubiquitylates K320 in p53, leading to chromatin association of p53 and cell cycle arrest 
induction (63). 
 
Adding another layer of regulation, as ubiquitylation is a removable process, several de-
ubiquitylating enzymes (DUBs) for p53 deubiquitylation are described like HAUSP1 (USP7), 
USP5, USP9x, USP10, USP11, USP42 and OTUD5 (reviewed in (64)). For instance, USP7 
regulates p53 levels by deubiquitylating p53 and Hdm2 leading on the one hand to stabilization 
of p53 and on the other hand to Hdm2 activation and subsequently destabilization of p53 (65, 
66). 
  



INTRODUCTION 

10 

 

Table 1 Selected E3 ligases modifying p53 by Ub and Ubls.  

This table was modified from (54).: Ub1, mono-ubiquitylation, Ub2, multiple-mono-ubiquititylation, and 

Ub3, poly-ubiquitylation.  

Ligase State of modification Effect on p53 

Hdm2 Ub1,2,3, 

N8 

26S proteasomal degradation, nuclear 

translocation,  

Pirh2 Ub3 26S proteasomal degradation  

COP1 Ub3 26S proteasomal degradation 

ARF-BP1 Ub3 26S proteasomal degradation 

CHIP Ub3 26S proteasomal degradation 

Ubc13 Ub3 26S proteasomal degradation 

CARP1 Ub3 26S proteasomal degradation 

CARP2 Ub3 26S proteasomal degradation 

TOPORS Ub3 26S proteasomal degradation 

P300/CBP Ub3 26S proteasomal degradation 

MSL2 Ub1,2 Nuclear translocation  

WWP1 Ub1,2 Nuclear translocation 

E4F1 Ub1 Transcriptional activity(63) 

PIAS Sumo1 Transcriptional activity 

 
To gain insight into the importance of site-specific p53 ubiquitylation, different p53 lysine to 
arginine (KR) mutants were generated. Amongst other lysine residues, the six C-terminal 
lysine residues (K370, K372, K373, K381, K382 and K386, abbreviated as 6KR) of p53 are 
subjected to Hdm2-mediated ubiquitylation. C-terminal p53 6KR mutants have shown only 
partial effect on p53 stability in cellula as well as in vivo, giving evidence that also other lysine 
residues are important for p53 stability and function. Additionally, knock-in studies of 6KR or 
7KR-p53 mutants in mice show no obvious differences in phenotype or viability, except for 
partially impaired transactivation activity upon irradiation (35-38). As not only ubiquitylation but 
also acetylation or methylation occur at lysine residues, the regulatory function of p53 
modification is far more complex. Notably, acetylation counteracts ubiquitylation at lysine 
residues in p53 and stabilizes p53 (67). The C-terminal acetylation mimicry mutant 6KQ 
showed reduced DNA binding to p53 consensus response elements in comparison to wild-type 
p53 or the 6KR mutant (33) indicating a regulatory effect of p53 modification in the C-terminal 
region. Furthermore, acetylation in the CTR is also known to decrease Hdm2-mediated 
ubiquitylation of p53 (67). Also, other lysine residues like K120 or K164, located in the DBD, 
are acetylated (68). In further studies, acetylation at K120 increased transactivation of pro-
apoptotic response elements (69-74).
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Figure 3 Post-translational modifications of p53 orchestrate its functions. Known E3 ligases as 
well as acetyltransferases that can affect the modification of p53 at distinct sites are indicated above. 
Modifcation of the shown residues results in altered subcellular localization and/or function like selective 
transactivation of targete genes. Ubiquitin-E3 ligases are illustrated in grey (E4F1, Mdm2, Cop1, MLS1, 
Pirh2) and SumoI E3 ligases in violet (PIAS). Acetyl-transfases are illustrated in brown (hMOF, Tip60, 
p300/CBP, PCAF). p53 functions influenced include transactivation activity (TA), subcellular localization 
(export), stability or not known (?) so far (reviewed in (52,53)). 
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 p53 and cancer 

Loss of p53 function, either by mutations in the TP53 gene or aberrant regulation of the p53 
protein, leads in the majority of cases to the development of human cancer. 
Until now more than 25,000 mutations in the TP53 gene in somatic cells and 2077 mutations 
in the germ line, causing predisposition to early-onset cancer, have been reported (IARC, 2019 
and (41, 42)). Most frequently, single missense mutations mainly in the DBD and TD of the 
TP53 gene result in the expression of loss of function p53 mutants, which can exhibit a 
dominant-negative function increasing the risk of genomic instability. There are several 
molecular mechanisms behind mutant p53 function categorized as follows: (I) Alteration of 
DNA binding ability and (II) changes in the interactome either by influencing other transcription 
factors or other proteins (Gain-of-function mutants) (reviewed in (75) and (76)). 
Missense mutation in the DBD (I) can be subdivided in conformational mutants (e.g. R175) 
and contact mutants (e.g. R273, R248) (77, 78). Contact mutations either abolish sequence-
specific binding to DNA or alter the sequence specificity of p53 binding. Structural mutants lead 
to a different folding and thereby disrupting DNA interaction. Gain-of-function mutants (II) can 
enhance or prevent the transcriptional function of other transcription factors or change the 
function of other proteins. For instance, p53 can bind the TA isoform of p63 to enhance the 
expression of p63-regulated genes (79). Additionally, only one allele can be mutated 
(heterozygous) leading to the sequestration of wild-type p53 by mutant p53 altering p53 
function as described above. Heterozygosity is mostly transient and is lost over time during 
cancerogenesis (reviewed in(76)). 

 
 

Figure 4 Distribution of somatic cancer mutations in p53. Most cancer-associated p53 mutations 
are located in the p53 DBD domain. DNA contact site mutations are at position R248 and R273 and 
conformational mutants are at position R175, G245, R249 and R282. The bars above the diagram 
indicate the relative frequency of oncogenic missense mutations at each residue according to version 
R20 of the IARC TP53 mutation database (July 2019). Figure is adapted from (5). 
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In addition, aberrant regulation of p53 function can also lead to the formation of cancer. In case 
of cervical cancer, the high-risk human papillomavirus (HPV) early gene E6 changes the 
substrate specificity of the E3-HECT ligase E6AP (E6 associated protein) leading to the 
destabilization of p53 (80, 81), thereby preventing cell cycle arrest and apoptosis. Furthermore, 
overexpression of Hdm2 by hdm2 gene amplification (82) or single nucleotide point mutations 
in the hdm2 promoter (83) also culminate in cancer formation. 

1.2 Post-translational modifications 

Post-translational modifications (PTMs) increase tremendously the complexity of the cellular 
proteome by affecting enzymatic activity, cellular localization, intra- and intermolecular 
changes, protein interactions as well as other biomolecule interactions. A single type of PTM 
can be responsible for diverse functions depending on the protein and the modification site. 
There are various forms of PTMs like attachment of chemical groups (e.g. phosphorylation, 
acetylation, methylation), attachment of polypeptides (e.g. ubiquitin and ubiquitin-like proteins) 
or the attachment of other biomolecules (e.g. ADP-ribosylation, glycosylation) modifying 
various amino acid side chains e.g. of Lys, Ser, Arg, Thr or the C- or N-termini (reviewed in 
(84)). These modifications enable rapid and dynamic signaling insides cells.  

 Ubiquitylation 

The covalent attachment of the globular protein ubiquitin (Ub), ubiquitylation, is a key feature 
that influences diverse cellular processes such as proteasomal and lysosomal degradation, 
DNA damage repair and subcellular localization. The levels of ubiquitylated proteins are 
precisely balanced by the action of the ubiquitin cascade (writers), deubiquitylating enzymes 
(erasers) and distinct effectors (readers). Aberrant regulation in ubiquitylation has been 
implicated in several diseases like cancer, metabolic syndromes, neurodegenerative diseases, 
autoimmunity, inflammatory disorders, infection and muscle dystrophies (reviewed in (85)). 
Ubiquitylation is sequentially catalyzed in a three enzymatic step (86). Under ATP 
consumption, the ubiquitin-activating enzyme E1 activates Ub and forms first an adenylate-
intermediate, which is subsequently transferred to the active site cysteine of E1. In a trans-
thioesterification reaction, the activated Ub is transferred to the catalytic active cysteine residue 
of a ubiquitin-conjugating enzyme E2. Then, Ub is either transferred from the E2 thioester-
intermediate to a lysine residue of the substrate protein directly in conjunction with a RING E3 
ligase or undergoes again a trans-thioesterification reaction to the active cysteine of a HECT 
or RBR E3 ligase and is finally transferred by the E3 ligase to the substrate. In all three cases, 
the E3 ligases facilitate the specific recognition of substrates. 
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 Ubiquitin signaling 

The complexity of ubiquitylation is ruled by the diversity of possible Ub modifications ranging 
from mono-ubiquitylation, multi-mono-ubiquitylation to poly-ubiquitylation (Figure 6; reviewed 
(87)). Like other proteins, also Ub can be modified through the formation of an isopeptide bond 
between the carboxyl group of the C-terminal glycine of Ub and the ε-NH2 group of a lysine or 
the α-NH2 group of the N terminus of another Ub (M1, K6, K11, K27, K29, K33, K48, K63) 
resulting in the formation of Ub chains. The attachment can occur on the same lysine residue 
(homotypic chains) or on different lysines (heterotypic chains) within a chain. Due to the 
specific recognition of the diverse Ub signals by Ub binding domains, different cellular 
responses are triggered. For instance, K48-linked chains lead to proteasomal degradation (88, 
89). In contrast M1- and K63-linked chains act in a non-proteolytic manner in DNA repair, 
endocytosis and trafficking (90-94). Compared to poly-ubiquitylation, mono-ubiquitylation is far 
from being well understood. Mono-ubiquitylation and multi-mono-ubiquitylation of diverse 
proteins play a role in DNA repair, transcription, trafficking and endocytosis (95). For instance, 
mono-ubiquitylation of the core histone 2B at lysine 123 mediates the transcriptional activation 
by affecting the methylation of core Histone 3A at lysine 4 (reviewed in (96)). Moreover, stalling 
of the replication fork upon DNA damage leads to the mono-ubiquitylation of proliferating cell 
nuclear antigen (PCNA) at lysine 164. This recruits then members of the TLS-DNA 
polymerases to DNA lesions to insert a nucleotide across the lesion (97, 98). Also, p53 is 
regulated by mono-ubiquitylation, however the effects are not well understood sofar (Chapter 
1.1.2). 
 

Figure 5 Ubiquitin cascade. In an ATP-consuming step, E1 couples Ub to its active site cysteine. E1 
binds E2 and trans-thioesterificates the E1~Ub (~ indicates the thioester bond) to the active site cysteine 
of E2 to form a E2~Ub intermediate. The E3-HECT ligases and RBR ligases also form a thioester 
intermediate with Ub and transfer Ub to a lysine residue of the substrate protein, whereas E3-RING 
ligases recruit E2~Ub and the substrate protein and the E2 catalyzes the transfer of Ub to the substrate 
protein. Ub: ubiquitin; E1: ubiquitin‐activating enzyme; E2: ubiquitin‐conjugating enzyme; E3: ubiquitin 
ligase; HECT: homologous to E6AP carboxyl terminus RBR: RING‐in‐between‐RING; RING: really 
interesting new gene. 
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Ubiquitiylation is a reversible process. The removal of Ub is facilitated by deubiquitylating 
enzymes (DUBs), which recognize the di-Gly motif of the isopeptide linkage and cleave after 
the C-terminal carboxyl group of Ub which results in free Ub (reviewed in (99)). The mode of 
action varies as DUBs can either bind directly to the substrate due to Ub binding domains and 
remove Ub or recognize the Ub chain itself in a linkage-specific manner. DUBs not only remove 
Ub from substrates, but also generate mature Ub as Ub is expressed either as ‘head-to-tail’ 
fusion protein of multiple mono-ubiquitylated moieties or as a fusion protein of Ub with the 
ribosomal subunit RPS27a (100-102). Depending on their structural similarity, DUBs are 
categorized in six families: the Ub-specific proteases (USPs), the ovarian tumor proteases 
(OTUs), the Ub C-terminal hydrolases (UCHs), the Josephin family (4 members), motif 
interacting with Ub (MIU) containing novel DUB family (MINDYs) and Zn-dependent 
JAB1/MPN/MOV34 metalloprotease (JAMMs, also known as MPN+) (reviewed in (103)).  
Some DUBs are associated with the 26S proteasome. The 26S proteasome degrades more 
than 80-90% of the intracellular proteome. The 26S proteasome recognize ubiquitylated 
substrates due the two regulatory particles (19S), which are also responsible for removing the 
Ub signals and unfolding the substrate proteins. Moreover, the other component of the 26S 
proteasome is the 20s core particle harbouring the proteolytic subunits β1 (caspase-like 
activity), β2 (trypsin-like activity) and β5 (chymotrypsin-like activity) (reviewed in (104)). 
  

Figure 6 The ubiquitin code.  
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1.3 Bioorthogonal chemistry to study post-translational 
modifications 

PTMs of proteins orchestrate diverse effects like their biological function and structure (1.2). 
Initially, studying the effect of PTMs was restricted to site-directed mutagenesis to either mimic 
the modification or delete the modification site. Single-site protein modification is difficult to 
achieve unless a single cysteine, tyrosine, or tryptophan residue can be engineered onto the 
surface of the protein and used for chemoselective reactions (reviewed in (105)). However, 
genetic code expansion and reprogramming have facilitated the site-specific incorporation of 
unnatural amino acids harbouring bioorthogonal moieties to either resemble PTMs or allow 
chemical reactions. This emerged due to the discovery of amber tRNA/tRNA synthetase pairs 
in archaea and synthetic reprogramming of codons to expand the genetic code (1.3.3.1). Also, 
the orthogonal structure of some unnatural amino acids allows the incorporation of unnatural 
amino acids by selective pressure incorporation (1.3.3.2) utilizing the natural tRNA/tRNA 
synthetases. Alternatively, chemical mutagenesis for exploring side-chain diversity is a 
strategy. Therefore, a single amino acid precursor is introduced, and diverse functional 
moieties can be selectively installed by creating a C-C linkage (106).  
 
To access the entire scope of PTMs, not only the introduction of simple modifications like 
acetylation but also bulky modifications like ubiquitylation are necessary. As a powerful tool, 
bioorthogonal chemistry allows to attain site-selective modifications of proteins under 
physiological conditions. Especially, the linkage of two moieties in cells under physiological 
conditions is challenging, as the organic reaction has to be unaffected by innate biomolecules 
and form a linkage without by-products (105). In recent years, diverse bioorthogonal reactions 
have been developed to produce protein-Ub conjugates linked by a non-native linkage: thiol-
ene coupling, disulfide exchange, Cu(I)-catalyzed azide–alkyne cycloaddition (1.3.1) and 
oxime ligation (1.3.2)- or by a native isopeptide linkage: silver-mediated amide formation and 
native chemical ligation (107-114). Recently, a new approach was developed combining 
genetic code expansion and sortylation to achieve site-specific ubiquitylation of proteins (115).  

 Click reactions  

Click reactions comprise different reactions that are highly selective, rapid and high-yielding 
(Figure 7). Based on simple chemical building blocks, which are not found in nature, 
remarkably diverse oligomers can be generated. 
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Modified Huisgen cycloaddition, also referred to as Cu(I)‐catalyzed azide–alkyne cycloaddition 
(CuAAC) or click reaction, represent the prime example of click chemistry (116). An azide and 
an alkyne react to form a stable, non-hydrolysable 1,4- and 1,5-disubstituted 1,2,3-triazole 
(116, 117). Under Cu(I) catalysis, azide-alkyne cycloadditon proceeds with high regioselectivity 
for 1,4-disubstituted triazole and is significantly accelerated. As Cu(I) is thermodynamically 
instable, it is easily oxidized to Cu(II), for example by atmospheric oxygen. To prevent the loss 
of the catalytic performance of Cu(I), polytriazole ligands like THPTA (tris-(3-
hydroxypropyltriazolylmethyl) amine) are added to stabilize Cu(I) while enhancing reaction rate 
and catalytic activity of Cu(I) (118). Based on this, CuAAC is performed under nitrogen or inert 
argon as well as with ligands to increase the yield. Among many applications, CuAAC has 
been used to attach various small molecules to peptides, lipids, oligosaccharides or DNA to 
study biological processes. Moreover, click reaction was utilized to generate protein-protein 
conjugates, e.g. in the group of Andreas Marx mono-ubiquitylated PCNA, Ub dimers or Ub 
chains were synthesized (109, 119-125).  
Notably, as free copper ions are toxic in cells and organisms, versatile copper-free click 
chemistry for bioconjugation has emerged, such as strain-promoted azide-alkyne cycloaddtion 
(126), photo-inducible click chemistry and inverse Diels-Alder cycloaddition (127).  
 

Figure 7 Click reactions. Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC) of an alkyne-
functionalized protein 1 (P1) and an azide-functionalized protein 2 (P2). Strain promoted azide-alkyne 
cycloaddition (SPAAC) of an azide-functionalized P1 and cycloalkyne-functionalized P2. Inverse Diels-
Alder (DAinv) of an alkyne-functonalized P1 and a tetrazine-functionlized P2 with selected alkynes like 
cyclopropen (CP) and trans-cyclooctene (TCO). 
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 Oxime Ligation 

In general, oximes or hydrazones are formed by condensation of ketones or aldehydes with α-
effect amine nucleophiles, producing water as by-product, which is shown in Figure 8 (128). 
Due to the small size of oximes and hydrazones, the perturbation by linkage to the native 
biomolecule is presumably rather small. Notably, the reaction is reversible, and the conjugates 
can undergo hydrolysis in water dependent on the pH and the stability of the oxime linkage 
(129).  
Moreover, the condensation reaction kinetics are very slow in comparison to other 
bioconjugation reactions like CuAAC. Especially, ligations at neutral pH are challenging as 
oxime formation is favoured at pH 4-6. Further, a low concentration of the reaction mixture 
slows down the reaction rate. In recent years, the development of efficient water-soluble 
catalysts and fast reacting substrates, has been a strong focus (130). Catalysts like aniline and 
its derivatives were used to reduce the energy of the highest transition state due to the 
formation of a tetrahedral intermediate (activated imine) (131). With regard to catalysis, 
acceleration of oxime ligation in low concentration and neutral pH was achieved by freezing at 
-20°C, suggesting that slow growing ice crystals locally increase the concentration of reactants 
(132). 
Expanding the genetic code  

The universal dogma of molecular biology describes the transfer of genetic information from 
DNA to RNA to proteins. Two processes control the transfer of information: transcription and 
translation. The information of mRNA encoded by the four bases adenine, guanine, cytosin 
and uracil is read as followed: 3 nucleotides (triplets) are assigned to one amino acid (genetic 
code) and the fixed starting point (Met, AUG) that determines the correct read off. There are 
43 possibilities but only 20 canonical amino acids (with a few exceptions), whereby more triplets 
are assigned to an amino acid (degenerative). Additionally, the 3 stop codons amber (UAG), 
ochre (UAA) and opal (UGA) are encoded to terminate the translational process. Given the 

Figure 8 Oxime ligation. Schematic reaction mechanism and acidic catalysis of oxime ligation. 
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limited functionality of 20 canonical amino acids, the expansion of the genetic code is desired. 
The discovery of the non-canonical amino acid pyrrolysine and the respective pyrrolysine 
tRNACUA/tRNA synthestase assigned to the amber codon in Methanosarcinales (Archae) 
enables the expansion of the genetic code (Amber codon suppression, 1.3.3.1 ). It requires 
reprogramming of codons to incorporate multiple unnatural amino acids in cells. Another 
possibility is to switch from triplet to quadruplet codons. Here, the ribosome has to be 
additionally engineered to read quadruplets. Recently, an additional unnatural basepair dNaM-
dTPT3 was introduced in E. coli to expand the genetic code (133, 134).

1.3.3.1 Amber codon suppression 

Amber codon suppression utilizes genes of Methanosarcina barkeri that encode the pyrrolysyl-
tRNA synthetase (Pyl-RS) and tRNACUA. The tRNACUA recognizes the amber stop codon UAG 
resulting in the incorporation of pyrrolysine or pyrrolysine analogs into proteins. The respective 
genes of the tRNACUA and Pyl-RS are introduced into E. coli or mammalian cells for 
recombinant gene expression. Further, the respective triplet in the gene of interest is replaced 
by the amber stop codon enabling the site-selective incorporation of pyrrolysine and its 
analogs. As release factor 1(RF-1), which terminates translation, and Pyl-tRNA compete with 
each other for the amber codon in E. coli, engineering efforts have been exploited to reduce 
termination. Therefore, knockout of RF-1 and exchange of all 314 amber codons to ochre 
codons in E. coli was performed to abolish the genetic dependence of RF-1 (135). 
To introduce not only analogs of pyrrolysine, UAA-accepting mutants of orthogonal aaRS and 
iso-tRNA pairs for E. coli have been evolved (reviewed in (136)). Until now, more than 200 
unnatural amino acids harboring post-translational modifications or chemical moieties can be 
incorporated into proteins (137-139). 
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1.3.3.2 Selective pressure incorporation  

Apart from genetic code expansion methods, selective pressure incorporation allows also the 

specific incorporation of unnatural amino acids. Based on the similar structure of unnatural and 

natural amino acids like azidohomoalanine (Aha) and methionine (Met; Figure 10), the 

respective amino acid can be loaded to the methionine tRNA by the native aminoacyl tRNA 

synthetase (140). Thus, depleting methionine from the growth medium and using a methionine 

auxotrophic strain makes it possible to efficiently incorporate the unnatural amino acid 

throughout the proteome. Furthermore, to overcome toxic effects by incorporation of unnatural 

amino acids, bacterial cells are cultivated in medium with a limiting concentration of natural 

amino acids until stationary growth phase. Expression of the desired protein is then induced 

by changing to fresh medium supplemented with the respective unnatural amino acid. Thereby, 

the unnatural amino acid is incorporated in place of Met.  

Figure 9 Schematic depiction of amber codon suppression. Modified from D. Rösner (120). 

Figure 10 Depiction of methionine and azidohomoalanine.  
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1.4 Aim of this study 

The diversity of the proteome is not only based on the proteins itself but also on post-
translational modification of those leading to altered protein function, stability and subcellular 
localization. Like other proteins, the tumor suppressor p53 is subjected to various post-
translational modifications including phosphorylation, acetylation, mono- and poly-
ubiquitylation as well as neddylation. To control steady-state levels as well as the activity of 
p53, the RING-E3 ligase Hdm2 mediates poly-ubiquitylation and proteasomal degradation of 
p53. Amongst other lysine residues, the six C-terminal lysine residues are subjected to Hdm2-
mediated ubiquitylation (55). Notably, the fate of p53 is not only modulated by poly-
ubiquitylation but also by (multi-) mono-ubiquitylation. Mimicry of mono-ubiquitylation using 
either C-terminal p53-Ub fusion protein or Hdm2-mediated ubiquitylation of p53 with a UbKO 
mutant (all lysine residues are substituted by arginine), revealed alteration of p53 subcellular 
localization and transactivation activity (58, 61, 141). Both methods do not address the 
influence of site-specific mono-ubiquitylation of p53, so it remains unclear how site-specific 
mono-ubiquitylations affect p53 function(s). Therefore, the aim of this thesis was to fill this gap 
by the generation of site-specific and hydrolytic stable mono-ubiquitylated p53. Due to genetic 
code expansion site-specific homogenous functionalization of p53 and Ub was enabled. 
Initially, we used CuAAC to mono-ubiquitylate p53 at position 372. Unfortunately, it turned out 
that Cu(I) has a negative effect on p53 conformation, abolishing its DNA binding ability and its 
recognition by the E6/E6AP complex. Thus, we attempted to generate and investigate mono-
ubiquitylated p53 by two different strategies. First, for investigation of mono-ubiquitylated full-
length p53, chemistry was switched to oxime ligation. In cooperation with Vanessa Radtke/AG 
Marx, we applied amber codon suppression to incorporate a keto-modified amino acid into p53 
and an aminooxy-modified amino acid in Ub. Further, we investigated the suitability of this 
strategy using ubiquitylation assays as well as DNA-binding assays. 
Second, site-specific mono-ubiquitylation was narrowed down to a truncated form of p53 
encompassing amino acids 325-393 (p53 CTD). Alkyne functionality was introduced by 
Michael addition using a p53 CTD lysine to cysteine mutant (370, 372 or 386) and the small 
molecule propargyl acrylate (PA). Oligomerization and non-specific DNA-binding behavior of 
clicked p53 CTD-Ub was analyzed. To gain insights into the effect of p53 modification on its 
interactome, we performed quantitative affinity enrichment experiments. 
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2 RESULTS 

2.1 Comparison of Hdm2- versus E6/E6AP-mediated 
ubiquitylation of p53 

Since the main aim was to define the impact of mono-ubiqutiylation of p53, we first wanted to 
validate the uniqutiylation sites on p53. Based on lysine to arginine mutants the ubiquitylation 
sites in p53 by Hdm2 were clustered mainly in the C-terminal region (55, 142). So far, mass 
spectrometric data to validate the studies are missing. Due to this reason, we investigated the 
p53 lysine residues targeted by Hdm2 and E6/E6AP. Therefore, endpoint in vitro ubiquitylation 
reactions containing either Hdm2 or E6/E6AP as E3 ligase were subjected to mass 
spectrometric analysis after tryptic in-gel digestion (Figure 11, Appendix Table 6 and Table 7). 
Tryptic digest of ubiquitylated proteins results in a diGly modification of ubquitylated lysines. 
Peptides were identified with proteome discoverer software, which allows a dynamic 
modification with diGly at lysine residues (with parameters set to: modification state: 3 and 
allowed miscleavages: 3). Interestingly, the frequency of diGly modification of p53 by Hdm2 
and E6/E6AP was only slightly different (Figure 11). We observed diGly modification at K120, 
K291 and K292 in Hdm2-containing samples with a higher frequency (Δ>10%), while 
E6/E6AP-mediated modification was only increased at K164. Some lysine residues are less 
efficiently ubiquitylated than others by both tested E3 ligases indicating less accessibility of the 
respective lysine residues (K132, K139 and K351). Unfortunately, we were not able to identify 
peptides containing K370, K372 and K373 in almost all samples independent of the state of 
modification and different peptide search parameters. In two technical replicates of E6/E6AP-
containing samples, we found only one of those modified peptides in each sample but with a 
high percentage. Interestingly, the C-terminal lysines K381, K382 and K386 are ubiquitylated 
to a similar, rather high extent by both E3 ligases indicating a higher state of ubiquitin 
modification of the C terminus in both cases. Based on the results obtained with E6/E6AP this 
may also be the case for the missing peptides. Recently, the missing C-terminal lysine residues 
were identified to be ubiquitylated by the E6/E6AP complex at early time-points (143).  
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Figure 11 Difference of Hdm2- and E6/E6AP-mediated ubiquitylation at p53 lysine residues. A 
Schematic depiction of the main target lysines (>10%) of Hdm2 and E6/E6AP within the p53 molecule. 
Lysine residues were identified by mass spectrometric analysis of p53-ubiquitin adducts obtained in in 
vitro ubiquitylation assays. B Percentage of ubiquitylation sites of p53 calculated as a percentage of 
total spectra count (KxPSMwGG]/KxPSMtotal). *, modified lysine could not be annotated to a distinct 
lysine in the peptide; ()* not identified; () identified in 2 of 6 experiments. 
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2.2 Generation of mono-ubiquitylated full-length p53  

 Mono-ubiquitylation of p53 via Cu(I) catalyzed alkyne-azide cycloaddition 

Due to the fact that ubiquitylation is a highly dynamic and reversible process, studying the 

properties of ubiquitylated proteins in cells is inherently difficult. A recently described approach 

(119, 120, 125) based on Cu(I)-catalyzed alkyne azide cycloaddition (CuAAC) reaction allows 

the generation of site-specifically linked Ub conjugates. The bioconjugation reaction results in 

the formation of a triazol bond which in certain respects (similar electronic properties and 

configuration of atoms) mimics the natural isopeptide bond between the C-terminal carboxy 

group of Ub and the ε-amino group of the lysine residue (Figure 12 A) (144-148). Thus, we 

decided to employ this method to obtain insight into how mono-ubiquitylation of the C-terminal 

lysine residues of p53 affects its properties in vitro (Figure 12 B). 

 

 

Since lysine residue 372 of p53 is not only modified with ubiquitin but also by the closely related 

ubiquitin-like protein Nedd8, we substituted the lysine codon 372 by the amber codon in codon-

optimized full-length p53 cDNA (cloned by Daniel Schneider). To express alkyne-functionalized 

p53, we co-transformed E. coli BL21 (DE3) with a p53 expression construct containing the 

amber codon and an expression construct encoding a Pyl-tRNA synthetase / tRNACUA pair from 

M. barkeri and added the pyrrolysine analog Plk as described in 4.2.2.2.3. Plk was introduced 

successfully in p53, as indicated by the appearance of a protein with a migration behavior 

identical to full-length p53 (Figure 13). As expected, not only full-length p53 was generated but 

Figure 12 A Comparison of natural isopeptide linkage and triazol linkage. B Schematic depiction 
of CuAAC between alkine-functionalized p53 and azide-functionalized Ub. 
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also a truncated form - derived from translational stop at the amber codon. Initially, we used a 

GST-p53 fusion construct resulting in low concentrations (not shown). Therefore, we 

exchanged the GST-tag to a His9-lipoyl domain-tag (Hld) as described (78) and  achieved a 

higher yield (Advanced course 2017, Doreen Herzog). As both expression constructs were N-

terminally tagged (GST or Hld), the inital affinity purification step (GSH or Ni-NTA) resulted in 

co-purification of full-length p53 with the truncated form. Fractions containing p53 were pooled, 

and during dialysis the N-terminal tags were cleaved off with thrombin. Subsequently, p53 was 

further purified using a heparin column. Heparin is a glycosaminoglycan that is highly 

negatively charged and is often used to purify nucleic acid binding proteins. The second 

purification step with a 30 column volume (CV) gradient 15-100% B using heparin buffer A and 

B was not sufficient to completely separate the full-length and the truncated form (data not 

shown) as the isoelectric point of full-length p53 and the 372TAG truncated p53 is highly 

similar. Additionally, p53 forms a tetrameric complex. Therefore, the presence of the remaining 

truncated p53 form was neglected for the experiments shown in Chapter 3.1.

 

 

To achieve the selective incorporation of Azidohomoalanine (Aha) at the C terminus of Ub, the 

cDNA of human Ub without the initial ATG codon and mutation of the glycine codon at position 

75 to methionine was cloned into the pGEX-2TK vector downstream of the GST-Thrombin 

cleavage site (cloning was done by Daniel Schneider; (120, 125)). Due to some unspecific 

cleavage of thrombin, the thrombin cleavage site was subsequently exchanged to a TEV 

cleavage site by Joachim Lutz (AG Marx). Azide functionalized Ub (UbAha) was expressed via 

selective pressure incorporation as described before (119-121, 125). Following this approach, 

a yield of about 7 mg per 1 L expression culture was obtained. The identity of UbAha and the 

Figure 13 Alkyne-functionalized p53-372. His-lipoyl tagged (Hld) p53 372TAG, Pyl-tRNACUA and Pyl-
tRNA synthetase were co-expressed in E. coli BL21(DE3) in presence or absence of 3 mM Plk. Upon 
induction, a sample was subjected to SDS-PAGE and Coomassie brilliant blue staining. The running 
position of full-length Hld-p53 is marked. 
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absence of the N-terminal GST was verified by mass spectrometry (Figure 14 A). The 

calculated mass of UbAha is (M)+= 9035.28 Da. Actually, we measured 9060.87 Da 

corresponding to (M+Na+2H) +.  

Also, the ubiquitin like protein Nedd8 should be functionalized with an azide moiety. Since 
Nedd8 contains several methionine residues, we planned to use amber codon suppression 
rather than selective pressure incorporation to introduce the azide moiety at the C terminus of 
Nedd8. Therefore, the cDNA of Nedd8 was cloned in a pET11a vector containing the Pyl-
tRNACUA gene, and the glycine codon at position 75 was mutated to an amber codon. In 
addition, an azide-derivatized pyrrolysine was synthesized by Kathrin Götz (AG Marx) as 
described by Nguyen et al., 2009 (149). Nedd8 was expressed and purified (Figure 14 C). To 
verify the incorporation of azide-derivatized lysine (Azk; N3-Lysine (N6-((2-
azidoethoxy)carbonyl)-L-Lysine )), we performed high resolution mass spectrometry 
(4.2.4.7.1). We measured two masses corresponding to the truncated form of Nedd8 
encompassing amino acids 1-74 (Nedd8 75Δ ; (M)+= 8445.47 Da)) and Nedd8 75Azk ((M)+= 
8687.47 Da). The truncated Nedd8 75Δ  could not be separated from the full-length Nedd8 and 
its presence was neglected in subsequent experiments (Figure 32). 
. 

 
After the generation of the mono-functionalized proteins, the next step was to perform CuAAC. 
To find the most suitable reaction conditions, we performed titration of SDS, Cu(I) and UbAha 
(data not shown). Finally, titration of UbAha to a constant p53-372Plk concentration in 
presence of 1 mM Cu(I) complex and 2 mM THPTA (4.2.3.2.1) was performed, the sample was 
centrifuged, and the supernatant and the pellet were analyzed by SDS PAGE to check for 
possible precipitation of the proteins (Figure 15). With a 10-fold molar excess of UbAha to p53-
372Plk, the best reaction was observed (p53-372Ub ~62kDa). Each pellet fraction contained 
p53 and p53-372Ub ranging from traces as for the 3 eq sample up to 50% as for the 10 eq 

Figure 14 High resolution mass analysis of UbAha and Nedd8 Azk. A Purified UbAha. HRMS m/z 
(ESI) calculated for UbAha (M)+ 9035.28 Da found 9060.87. B Purified Nedd8 Azk. HRMS m/z (ESI) 
calculated for Nedd8 75Δ (M)+ = 8445.7 Da and Nedd8 75Azk (M)+ = 8687.7 Da.  
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sample, demonstrating the partial insolubility of p53 after incubation with reagents required for 
click reaction. 
 

  

Figure 15 CuAAC of full-length p53-372Plk and Ub G76Aha. CuAAC was performed using p53 and 
increasing amounts of UbAha. After 30 min, the reaction was stopped by addition of 10 mM EDTA; the 
sample was centrifuged and analyzed via SDS-PAGE followed by Coomassie brilliant blue staining.  
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2.2.1.1 Functional studies of mono-ubiquitylated p53 modified via CuAAC 

 CuAAC reaction conditions disrupt p53 ubiquitylation 

To determine whether the incorporation of the unnatural amino acid Plk or the covalent 
attachment of Ub to position 372 of p53 by CuAAC (p53 Plk372-Ub) affects the ability of p53 
to serve as substrate for the E3 ubiquitin ligases Hdm2 and E6/E6AP, we performed 
ubiquitylation assays. As shown in Figure 16, non-modified p53 Plk372 is ubiquitylated by 
Hdm2 and E6/E6AP with an efficiency similar to wild-type p53, but the mock treated control 
(i.e. p53 Plk372 was treated under CuAAC conditions in the absence of UbAha) and mono-
ubiquitylated p53 Plk372 are not ubiquitylated, indicating that treatment of p53 with Cu(I) has 
undesirable effects on its recognition by E3 ligases. Rescue of the negative Cu(I) effect by 
purification of the clicked p53 372Ub and/or mock treated p53 using different methods (dialysis 
against buffer containg EDTA, purification by HiTrapTM Heparin HP column or Q sepharose) 
was not achieved, as ubiquitylation of the respective samples was still impaired (data not 
shown). To elimate the Cu effect, we additionally added heparin or Zn2+ during CuAAC, which 
did also not rescue p53 function. This indicates that the conditions used for CuAAC somehow 
interfere with the structural integrity of p53 or with the activity of the ubiquitin conjugation 
system. 

 
To determine whether Cu(I) and/or THPTA have an effect on p53 or on the ubiquitylation 
machinery, in vitro translated p53 and E6AP were incubated with Cu(I) and THPTA for 30 min 
at 4°C before ubiquitylation assays were performed. Even a small concentration of Cu(I) 
(20 µM) has an inhibitory effect on E6/E6AP-mediated ubiquitylation of p53 (Figure 17 A), while 
no effect was observed for E6AP auto-ubiquitylation (Figure 17 B).  
  

Figure 16 Ubiquitylation of p53 modified by ubiquitin via CuAAC. Under CuAAC conditions treated 
p53-372Plk (mock), clicked mono-ubiquitylated p53-372Ub, p53-372Plk and wild-type p53 (wt) were 
incubated with E6/E6AP or Hdm2 under conditions described in Chapter 4.2.5.2. All used proteins were 
bacterial expressed besides E1. Reaction products were analyzed by SDS-PAGE followed by western 
blotting with DO-I antibody. Different ub-modification states of p53 are denoted with n≤1. Running 
positions of molecular mass standards (kDa) are indicated on the left. 
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Figure 17 Influence of Cu(I) on the ubiquitylation of in vitro translated wild-type p53 and E6AP. 
A Analysis of the ubiquitylation of in vitro translated wild-type p53. For ubiquitylation, 35S-labeled 
wild-type p53 (p53 wt) was incubated for 90 min with baculovirus-expressed E6AP in the absence (CI) 
or presence (CII) of E6 under standard ubiquitylation conditions (see chapter 4.2.5.2) with increasing 
Cu(I)•THPTA concentration (4 µM-40 µM) as indicated. C0, reaction for 90 min at 4°C. Reaction 
products were analyzed by SDS-PAGE followed by fluorography. B Analysis of the ubiquitylation of 
in vitro translated E6AP. For ubiquitylation, 35S-labeled E6AP was incubated under standard 
ubiquitylation conditions with increasing Cu(I)•THPTA concentration (4 µM-40 µM) as indicated. C0 and 
CI control reaction at 4°C or respectively 30°C without Cu(I)•THPTA. Reaction products were analyzed 
by SDS-PAGE followed by fluorography. 
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  Effect of Cu(I) on p53 DNA binding ability 

Since the above results indicated that Cu(I) affects p53 ubiquitylation but not the components 
of the ubiquitin conjugation sytem per se, we next investigated the influence of Cu(I) on the 
DNA binding properties of p53. Therefore, an electrophoretic mobility shift assay (EMSA) was 
performed with p53 in the presence of increasing amounts of copper using the fluorescein-
labeled response element sequence of p21 (p21 RE) as a probe. As shown in Figure 18, 
untreated p53 forms a complex with DNA with a defined migration behavior (lane 1), whereas 
p53-DNA complexes cannot be observed in the presence of increasing amounts of 
Cu(I)•THPTA (Figure 18 A). Similar results were obtained when only copper was added to the 
binding reaction (Figure 18 B). These results demonstrate that the addition of copper interferes 
with the ability of p53 to bind to DNA; thus, CuAAC is not suited to generate site-specifically 
ubiquitylated full-length p53. 

 
  

Figure 18 Influence of Cu(I) on the DNA-binding ability of p53 determined by electrophoretic 
mobility shift assay. 70 pmol p53 wt were pre-incubated with Cu(I) (0, 4, 12, 32, 40, 80,160, 200 and 
2000 µM) with or without THPTA. After 30 min fluorescein labeled response element p21 was added 
and the reactions were analyzed by native PAGE and fluorescence measurement (λ = 473 nm). 
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 Mono-ubiquitylation of p53 by Oxime Ligation  

As CuAAC did not appear to be suited to generate site-specifically mono-ubiquitylated p53, we 
changed to a biorthogonal conjugation strategy that can be performed without metal ions under 
physiological conditions, the oxime ligation. To establish a new toolbox using unnatural amino 
acids that harbour a Boc-protected aminooxy group and a keto group, respectively, we started 
a cooperation with Vanessa Radtke (AG Marx). The reaction of the aminooxy moiety with the 
keto-moiety results in a non-hydrolysable oxime linkage at physiological pH that is similar to 
the native isopeptide bond (Figure 19 A) 
 

2.2.2.1 Generation of Mono-functionalized p53 and Ubiquitin for Oxime ligation 

Amber codon suppression was used to incorporate the unnatural amino acids harbouring a 
protected aminooxy moiety and a keto moiety into p53 and Ub, respectively. As aminooxy 
moieties can react with endogeneous aldehyde and keto moieties in cells, an Nε-latent 
protection group was necessary to prohibit unwanted reactions. Furthermore, the Nε-latent 
protection group also served as a recognition moiety for the Pyl-tRNA-synthetase/tRNACUA pair. 
As Nε-latent protection group, the acid-labile tert-butoxycarbonyl (Boc) was chosen. The 
synthesis of Nε-aminooxy-(tert-butoxycarbonyl)-L-lysine derivative (IUPAC name: 2-amino-5-
(((tert-butoxycarbonyl)amino)oxy)-pentanoic acid) was carried out by Vanessa Radtke (150, 
151). Two Pyl-tRNA-synthetase mutants – Pyl-RS 349W (111, 113) and 349F (unpublished 
data, Vanessa Radtke) - were recently discovered to aminoacylate Pyl-tRNACUA with the 
unnatural amino acid Nε-aminooxy-(tert-butoxycarbonyl)-L-lysine,. With both Pyl-RS 349F and 

Figure 19 A Depiction of the native isopeptide and the oxime linkage. B Schematic depiction of 
oxime ligation between a keto-functionalized p53 and an aminoxy-functionalized Ub. 
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349W from Methanosarcina barkeri available, we expressed Ub harboring the artificial amino 
acid at position 76. To do so, expression constructs encoding Ub with an amber stop codon at 
position 76 (UbΔ76) and Pyl-tRNA synthetase 349F or 349W were co-transformed into E. coli 
BL21 (DE3). Upon induction of gene expression, both mutant Pyl-tRNA-synthetase/tRNACUA 
pairs permit the incorporation of Nε-aminooxy-(tert-butoxycarbonyl)-L-lysine at Ub76TAG. Ub-
ONHBoc/Δ76 mixture was purified using SEC (HiLoad 26/60; Figure 20 A). We found that the 
Nε-aminooxy-(tert-butoxycarbonyl)-L-lysine derivative was incorporated in Ub76TAG with both 
RS-synthetase 349 mutants, but also truncated UbΔ76 was generated (Figure 20 C left). A 
necessity to gain the reactive Nε-aminooxy group was the deprotection of the Boc group by 
acid treatment (Figure 20 B). Different acidic conditions were tested (data not shown), and 
60% TFA at 37 °C for 2 hours was chosen to be the best condition to deprotect Ub76‐ONHBoc 
(chapter 4.2.3.3.1). After reconstitution, Ub76-ONH2/UbΔ76 was analyzed by MicrOTOF 
(Figure 20 C right). Following this approach, a yield of about 14.25 mg per 1 L expression 
culture was obtained. 
 

 

Figure 20 Generation of mono-functional Ub 76ONHBoc. A Analysis of the Ub 76ONHBoc after 
purification via size exclusion chromatography. An aliquot of each fraction was analyzed by 
SDS PAGE and Coomassie blue staining. B Deprotection reaction of Nε-aminooxy-(tert-
butoxycarbonyl)-L-lysine. C Deconvoluted ESI-MS spectrum of protected and unprotected 
Ub76-ONH2/UbΔ76. Calculated Mass: UbΔ76 (M)+ = 8507.7 Da, Ub76-ONHBoc (M)+ = 8737.7 Da, 
Ub76-ONH2 (M)+ = 8637.7 Da.  
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To incorporate the keto-lysine (IUPAC name:(S)-2-amino-8-oxononanoic acid; synthesized by 
Vanessa Radtke) into p53, we chose the published tRNA-synthetase 1 (L266V, L270I, Y271F, 
L274A, C313F and D76G) for Nε-acetyl-lysine incorporation, as Nε-acetyl-lysine and keto-
lysine are highly similar to each other (Figure 21) (139, 152). To simplify the purification, we 
decided to modifiy lysine at position 120 rather than C-terminal lysine residues, since this 
allows better control for incorporation and purification of full-length p53 due to the 
oligomerization behavior of p53. Notably, lysine residue 120 was recently described to be 
ubiquitylated in UV-stressed cells (153). First, we generated N-terminal His9-lipoyl domain-
tagged 120TAG p53 cDNA and co-transformed this construct with Pyl-tRNA-synthetase 1 in E. 
coli BL21 (DE3). We also constructed a His lipoyl domain-Strep p53 120TAG variant and Strep-
tagged wild-type p53 (Sp53) for further investigations. Amber stop codon suppression was 
performed using different concentrations of keto-lysine (KeK ; 0-10 mM) (Figure 21) in LB 
media or new minimal media (NMM). Figure 21 indicates the possible misincorporation of 
acetyl-lysine (AcK) by RS-1 in absence of KeK (0 mM) independent of the used media. Since 
lysine acetylation in E. coli can occur chemically via acetyl-phosphate on diverse proteins 
during groth arrest (154-156) and also acetylation of Nε-lysine-acylated to the Lys-tRNA are 
known to be incorporated in E. coli (157). To analyze the misincorporation via mass 
spectrometry, p53 120TAG was expressed with 10 mM KeK in LB (0.05 mg L-1), purified and 
subsequently tryptically digested. Mass analysis of purified p53-120KeK also indicated 
misincorporation of AcK instead of KeK at position 120TAG in NMM (data not shown) as well 
as in LB media (Table 2). Furthermore, we also tested the wild-type Pyl-tRNA-synthetase, 
which may be a more specific Pyl-tRNA-synthetase for KeK as we observed no incorporation 
Plk in absence of propargyl-derivatized pyrrolysine (Figure 13). Incorporation efficiency of wild-
type Pyl-RS was poor in comparison to AcK-RS-1 (Figure 21). Moreover, misincorporation was 
also detected in western blot analysis.  
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To verify these results, we used wild-type Pyl-RS for KeK incorporation, purified p53-120KeK 
(17 µg L-1) and analyzed tryptically digested p53-120KeK, but no misincorporation with Pyl-
tRNA-synthetase (Table 3) was detected by mass spectrometric analysis.  
 

Table 2 Refined mass analysis of p53-120KeK obtained via amber codon suppression using AcK-
RS-1.  
Tryptic peptides encompassing lysine, keto-lysine or Nε acetyl-lysine at position 120 are shown. Protein 
coverage was 81.69%. Peptide spectrum matches (PSM); mass measurement error (ΔM); ion score 
(IS); carbamidomethyl (CAM). 

Peptide sequence #PSMs IS ΔM [ppm] Modification 

LGFLHSGTAkSVTcTYSPALNK 12 96 0.63 K10(Lys->Keto); 

C14(CAM) 

LGFLHSGTAkSVTcTYSPALNK 45 135 0.78 K10(Acetyl); C14(CAM) 

LGFLHSGTAK 4 47 -0.25  

LGFLHSGTAkSVTcTYSPALNKmFcQLAK  21 -1.79 K10(Acetyl); C14(CAM; 

M23(Ox); C25(CAM) 

LGFLHSGTAkSVTcTYSPALNKmFcQLAK 1 26 4.10 K10(Acetyl); 

C14(CAM); C25(CAM) 

Table 3 Refined mass analysis of p53-120KeK obtained amber codon suppression using Pyl-RS. 
Tryptic peptide encompassing keto-lysine at position 120 with a protein coverage of 58.80%. Peptide 
spectrum matches (PSM); mass measurement error (ΔM); ion score (IS); carbamidomethyl (CAM). 

Peptide sequence #PSMs IS ΔM 

[ppm] 

Modification 

Figure 21 Generation of mono-functional p53-120KeK. A Depiction of the unnatural amino acid 
Keto-lysine (KeK). B Analysis of amber codon suppression in Hld tagged p53-120KeK. After 16 
h of gene expression in E. coli BL21 (DE3) at 25°C in presence of 0, 2, or 10 mM KeK upon induction 
by addition of 1 mM IPTG at an OD600 of 0.5-0.8, a sample of each expression culture was taken and 
analyzed by SDS-PAGE, Coomassie blue staining (cbb) or western blotting against p53 (DO-I). 
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LGFLHSGTAkSVTcTYSPALNK 2 40 -0.39 K10(Lys->Keto); C14(CAM) 

2.2.2.2 Generation of mono-ubiquitylated p53 via Oxime Ligation 

As the functional moieties were incorporated in p53 and Ub and proteins were purified 
according to 4.2.2.5 and 4.2.2.7, respectively, site-specific mono-ubiquitylation via oxime 
ligation was the next step. So far, oxime ligation has been used to generate modified peptides 
consisting of 4-20 amino acids as well as Di-Ub or Ub-Sumo conjugates (111, 132). As oxime 
ligation is known to be an indolent reaction at neutral pH, the reaction conditions to accelerate 
oxime ligation were attempted to be optimized using e.g. catalysts like aniline or lower pH. 
However, decreasing the pH as performed to link Di-Ub by oxime ligation was not favourable 
as thenative state of p53 is disrupted at low pH (158). Another possible condition is a long 
incubation time of >15 h at 37°C as described for the formation of Ub-Sumo constructs (111). 
Recently, freeze-thaw methods were reported to accelerate oxime bond formation (132). 
First, we applied long incubation times of >15 h at 25°C, but we could not observe oxime 
linkage formation (data not shown). As before in CuAAC, we next intended to facilitate the 
accessibility of the functional moieties. Hence, the detergent SDS was added in sub-denaturing 
concentrations (0.125 mM - 2.5 mM) to the oxime ligation. The effect of SDS was analyzed via 
SDS-PAGE and Coomassie staining (Figure 22). Indeed, the addition of SDS allowed the 
formation of mono-ubiquitylated p53 to a significant percentage. 
 

 
Further, we tested whether 20 h or 40 h at 25°C with the addition of the catalyst aniline might 
link p53 and Ub more efficiently (Figure 23). 30% mono-ubiquitylation of p53 was observed 
independent of incubation time or catalyst. Also, other catalysts like p-methoxyaniline, 

Figure 22 Production of non-hydrolysable oxime conjugates of p53 ubiquitylated at position 
120 at room temperature. Sp53-120KeK (20 pmol) was mixed with 50 molar excess 
Ub76ONH2/Ub76Δ in presence of 0, 0.125, 0.25, 0.5, 1 and 2.5 mM SDS and incubated at 25°C for 
20 h. Samples were centrifuged and subjected to SDS-PAGE analysis.  
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anthranilic acid derivatives and aminobenzoic acids were tested (159, 160), but none of the 
catalysts led to increased oxime ligation efficiencies (data not shown). 
 
 
 

To increase the ligation efficiency, we also investigated oxime ligation via freeze-thaw cycles 
as shown in Figure 24. Freeze-thaw ligation conditions showed a ligation efficiency similar to 
that in the presence of different SDS concentrations at the prolonged reaction time of 20 h at 
25°C (see Figure 22). Addition of SDS increased ligation efficiency but decreased the solubility 
of p53-120KeK and p53-120Ub (Figure 24 A) to some extent. We further examined ligation 
reaction conditions with different Ub concentrations (Figure 24 B). We analyzed oxime 
formation via SDS-PAGE and Coomassie staining (Figure 24). Furthermore, higher oxime 
reaction efficiency was also observed with higher Ub76ONH2 concentrations (Figure 24 B). As 
linking via freeze-thaw cycles was faster and easily manageable, we used this reaction 
condition for the following studies. 
 

Figure 23 Optimizing reaction conditions to produce non-hydrolysable oxime conjugates of p53 
ubiquitylated at position 120 at room temperature using aniline. p53-120KeK was mixed with a 50 
molar excess of Ub76ONH2/Ub76TAG in presence of 0.5 mM SDS and increasing aniline 
concentrations (0, 0.1, 1.0, 10.0 and 100 mM aniline in 1:2 DMSO: PBS pH 5.5) and incubated at 25°C 
for 20 h or 40 h. Samples were centrifuged and subjected to SDS-PAGE and western blotting analysis.  
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To verify the oxime linkage between p53-120KeK and Ub76ONH2, mass analysis of in solution 
digested oxime reaction mixture was performed. At position 120, four different modifications 
were identified: Acetyl-, Keto-, oxime-linked and non-modified lysine (Table 4). 

Table 4 Refined mass analysis of oxime ligated p53-120 after tryptic digest in solution. 
Incorporation of lysine, keto-lysine and Nε acetyl-lysine at position 120. Formation of oxime linkage 
between p53 and Ub is evidenced by the oxime-containing peptide. Protein coverage was 71.33%. 
Peptide spectrum matches (PSM); mass measurement error(ΔM); ion score (IS) ;carbamidomethyl 
(CAM). 
Peptide sequence #PSMs IS ΔM 

[ppm] 
Modification 

LGFLHSGTAK 1 37 -0.29   
LGFLHSGTAkSVTcTYSPALNK 40 109 0.73 K10(Lys->Keto); C14(CAM) 
LGFLHSGTAkSVTcTYSPALNK 30 89 -4.93 K10(Acetyl); C14(CAM) 
LGFLHSGTAkSVTcTYSPALNK 5 48 -0.22 K10(Lys->Oxime); 

C14(CAM) 
TYQGSYGFRLGFLHSGTAkSVTcTYSPALNK 4 26 -0.35 K10(Lys->Keto); C14(CAM) 
TYQGSYGFRLGFLHSGTAkSVTcTYSPALNK 2 21 -0.38 K10(Acetyl); C14(CAM) 

 
Further LC-MS/MS spectra were obtained, which revealed the specific incorporation of KeK at 
position 120 of p53 (Figure 25 A) as well as the specific oxime-linked site (Figure 25 B). 

Figure 24 Production of non-hydrolysable oxime conjugates of p53-120 using freeze-thaw 
conditions. A Oxime ligation is enhanced with increasing amounts of non-denaturing SDS-
concentrations. p53 120KeK (20 pmol) was mixed with a 50-molar excess of Ub76ONH2/Ub76Δ in 
presence of 0, 0.125, 0.25, 0.5, 1 and 2.5 mM SDS and subjected to two freeze-thaw cycles. Samples 
were centrifuged and subjected to SDS-PAGE analysis. B Oxime ligation is enhanced with 
increasing amounts of Ub76ONH2. p53-120 KeK (20 pmol) was mixed with 0.5 mM SDS and different 
molar excess (1:6.25-1:100) of Ub76ONH2/Ub76Δ mixture (named Ub76ONH2). Samples were frozen 
two times, centrifuged and subjected to SDS-PAGE analysis. 
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Figure 25 Analysis of trypsin- digested p53-120KeK and p53-120Ub by mass spectrometry. A LC-
MS/MS spectrum of the p53 peptide containing aa 111-132 and 120KeK. B LC-MS/MS spectrum 
of oxime-linked p53 containing aa 111-132 and 120Ub. Keto-lysine (KeK), Carbamidomethyl (CAM), 
oxime-linked (ox).  
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2.2.2.3 Purification of mono-ubiquitylated p53 

The separation of mono-ubiquitylated p53 from free Ub and p53 after oxime ligation turned out 
to be challenging. As p53 occurs mostly as tetramer, the possibility to purify a fully site-
specifically ubiquitylated p53 is dependent on the percentage of modified p53. If 50% are 
modified 1/16 is mono-ubiqutiylated, in total. To get a first impression of the behavior of p53-
120Ub, we scaled up oxime ligation using 4 nmol p53-120KeK, 400 nmol Ub-76ONH2 with 
0.5 mM SDS in 5 mL and two freeze-thaw cycles. We purified the oxime-ligated p53-120 and 
the respective control samples using a 0.2 mL heparin column (Repligen) with a NaCl gradient 
as follows: 15% heparin buffer B (5 CV), linear gradient to 35% (5 CV), step elution with 35% 
B (2 CV), linear gradient to 100% (5 CV) with a gradient delay of 2 mL (4.2.2.104.2.2.11). With 
affinity enrichment using the heparin chromatography, we observed in comparison to wild-type 
p53 and p53-120KeK less p53-120Ub in the main fraction 28-35% B (p53-120Ub: 107 µg, 50% 
yield). Due to the modification of the DNA binding residue 120 in p53-120Ub (161), we 
assumed the conjugate to be in the flow through. Thus, to regain p53-120Ub in the flow 
through, we enriched p53-120Ub with anion exchange chromatography. p53-120Ub was 
eluted with a step gradient of 200, 400 and 1000 mM NaCl (4.2.2.10). We observed enriched 
mono-ubiquitylated p53-120Ub in the 400 mM and 1000 mM NaCl fractions (p53-120Ub Q400: 
56.89 µg, oxime-linked p53 80% ;120Ub Q1000 10.4 µg oxime-linked p53 90%). In parallel, we 
performed the same procedure with p53-120KeK. We observed p53-120KeK mainly in the 
predicted fractions of the heparin chromatography and less protein in the flow through enriched 
by the anion chromatography using Q sepharose.  

 
 

Figure 26 Comparison of the purification of p53-120Ub and p53-120KeK via affinity 
chromatography using heparin. 4 nmol p53 were purified with a 0.2 mL Heparin column (Repligen) 
after oxime ligation, or mock oxime ligation, using the Äkta purifier system. Flow through was enriched 
using Q Sepharose beads (QFT ;see chapter 4.2.2.10). 5% of the elution fractions were separated by 
SDS-PAGE and stained with Coomassie brilliant blue (cbb). 



RESULTS 

40 

2.2.2.4 Functional studies of mono-ubiquitylated p53 

 Effects of oxime ligation on p53 ubiquitylation 

The next step was to conduct functional assays to characterize the synthetic p53-120Ub. First, 
we wanted to determine whether the incorporation of KeK or the conditions of oxime ligation 
affect the ability of p53 to serve as substrate for the E3 ligases Hdm2 and E6/E6AP. As a 
control, we additionally investigated p53-120AcK as KeK and AcK are structurally similar. We 
tested in vitro ubiquitylation of p53 by E6/E6AP as E6 recognizes p53 only if it is in a proper 
structural conformation (162). Ubiquitylation of oxime-linked p53-120Ub, p53-120KeK and 
p53-120AcK was similar to wild-type p53 (Figure 27 A). In Figure 27 B, Hdm2 was utilized as 
E3 ligase in the in vitro ubiquitylation assay. No significant differences between p53-120KeK, 
p53-120AcK, p53-120Ub, and wild-type p53 could be observed. Regardless of the p53 variant 
used, we observed a mild negative effect of the StrepII tag, which was fused to p53 for further 
experiments (direct comparison not shown). 
 

  

Figure 27 Ubiquitylation of oxime-linked p53-120Ub by the E3 ligases E6/E6AP and Hdm2. A 
Endpoint ubiquitylation assay of oxime-linked p53-120Ub, p53-120Ack, p53-120KeK and wild-
type p53 (wt) by E6/E6AP. B Time course of Hdm2-mediated ubiquitylation of oxime-linked p53-
120Ub, p53-120Ack, p53-120KeK and wild-type p53 (wt). Equal amounts of the p53 variants were 
incubated with E6/E6AP or Hdm2 under conditions described in 4.2.5.2. Reaction products were 
analyzed by SDS-PAGE followed by western blotting (Antibody DO-I). Different Ub-modification states 
of p53 are denoted with n>1. Running positions of molecular mass standards (kDa) are indicated on 
the left.  
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 Effect of oxime-linked mono-ubiquitylation of p53 on DNA binding 
ability 

Lysine residue 120 is located in the DNA binding domain of p53 and can be post-translationally 
modified by acetylation, methylation or ubiquitylation. In particular, acetylation of this position 
is correlated to induce the expression of proapoptotic genes (69-72) and to reduce the 
expression of cell cycle arrest genes (163). In vitro, acetylation of lysine 120 increases the 
ability of p53 for specific DNA binding (161, 164). However, nothing is known about the effect 
of mono-ubiquitylation of p53 on its DNA binding ability. To gain first insights into the DNA 
binding ability, we performed an EMSA with fluorescein-labeled p21 RE (Figure 28) as 
described in chapter 4.2.5.1. We observed a weaker binding of p53-120Ub to p21 RE than for 
the other p53 constructs. As shown before in Figure 26, the mono-ubiquitylated p53 had a 
weaker affinity than p53-120KeK or wild-type p53 to the heparin matrix, which is very similar 
to the polyanionic structure of nucleic acids. These results indicate that mono-ubiquitylation at 
position 120 has an effect on the DNA binding ability of p53. However, a conclusion about the 
actual binding affinity cannot be drawn. 

  

Figure 28 Effect of p53 modification on DNA binding ability. A Analysis of EMSA using 
increasing concentrations of p53 variants and fluorescein-labeled p21. Increasing concentrations 
of modified or unmodified p53 variants (0.06, 0.12, 0.24, 0.6 and 1.2 pmol) were incubated with 10 nM 
fluorescein-labeled p21 RE and analyzed with a 4% native TBE polyacrylamide gel followed by 
fluorescence read out at λ = 473 nm. (-) no p53 was loaded. B Comparison of the amount of p53 
variants. 4.8 pmol of each p53 variant were analyzed by SDS-PAGE followed by Coomassie brilliant 
blue staining (cbb) to validate the use of equal concentrations in the EMSA shown in A. 
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 Hydrolytic stability of p53-120Ub  

To our knowledge, there is no specific DUB enzyme described for p53 ubiquitylated at position 
120. Thus, we next checked the hydrolytic stability of p53-120Ub in comparison to enzymatic 
ubiquitylated p53 in rabbit reticulocyte lysate (Figure 29 A). Enzymatic p53-Ub was generated 
by Hdm2-mediated ubiquitylation and subsequently purified via heparin purification as 
described for the oxime-linked p53 (4.2.2.10). As shown in Figure 29, oxime-linked p53-120Ub 
is stable in comparison to the enzymatically ubiquitiylated p53. We repeated this experiment 
also with cell lysate derived from the human osteosarcoma cell line U2OS and obtained similar 
results (data not shown). Further, we used purified DUBs to test the hydrolytic stability. Also in 
this experimental set up, the synthetic oxime-linkage was stable, while the isopeptide-linked 
p53-Ub was deubiquitylated in case of OTUD3, OTUD3* (a hyperactive mutant of OTUD3), 
OTUD6A and OTUD7B (Figure 29 B).  
 

  

Figure 29 Hydrolytic stability of oxime-linked p53-120Ub. A Oxime-linked p53 is hydrolytic 
stable in cell lysate. 150 ng oxime-linked p53-120Ub or enzymatically ubiquitylated p53 were 
incubated with or without 5 µL rabbit reticulocyte lysate (RL) for 30 min at 37°C. B Purified DUBs did 
not cleave oxime-linked p53-120Ub. 150 ng oxime-linked p53-120Ub or enzymatically ubiquitylated 
p53 were incubated at 4°C, with or without 1 mg purified OTUD3, OTUD3* (ΔK365), OTUD6A, 
OTUD7B, UcL3 and UBPcore for 30 min at 37°C. Analysis was performed via SDS-PAGE and 
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2.3 Generation of mono-ubiquitylated p53 CTD  

Despite its negative effect on full-length p53, CuAAC may be a suitable tool to study the effect 
of mono-ubiquitylation on known properties of the C-terminal region including non-specific 
DNA/RNA binding, oligomerization and interaction with other proteins (reviewed in (5)). We 
therefore generated a truncated version of p53 encompassing amino acids 325 to 393 that 
contain the oligomerization domain and the C-terminal region (short: p53 CTD). We cloned 
p53 CTD as an N-terminal tagged His6-StrepII construct (Figure 30 C). The His6-tag allowed 
simple purification via a Ni-NTA chromatography followed by cation exchange chromatography 
to enrich the protein (Figure 30 A and B).  

 Alkyne-functionalization of p53 CTD-KxC 

To functionalize the CTD with an alkyne moiety, we first used amber codon suppression. 
However, Plk was only inefficiently incorporated into CTD at position 372 (numbering according 
to full-length p53) (data not shown). Therefore, we changed the strategy to modify the CTD via 
Michael addition as p53 CTD harbors no cysteine. For this purpose, we mutated the desired 
lysine codon in the cDNA of the CTD to cysteine (CTD-KxC). Using a slightly modified 
approach described by Zhao et al. (124), we functionalized the CTD-KxC variants by Michael 
addition with propargyl acrylate (PA; Figure 31 A). In order to functionalize the cysteine 
efficiently and site-selectively, we optimized the conditions carefully. The pH value is important, 
as basic pH enhances the reactivity of thiols but also promotes the reaction of PA with amines. 
Moreover, the environment of the desired reaction position should not be neglected as the 
surrounding amino acids have an influence on the local pH. We examined different conditions 
including different buffers, pH range between 6.5-8 and different protein concentrations. 
Finally, CTD-KxC was diluted to 40 µM in HEPES buffer (pH 7.0) and treated with 2 mM TCEP 

Figure 30 Purification of p53 CTD-372C. p53 CTD was purified using Ni-NTA chromatography A 
and subsequent cation exchange chromatography B. Fractions were analyzed by CBB staining of 
SDS-polyacrylamide gels. C Schematic depiction of the employed p53 CTD construct. Thrombin 
(THR), Strep (WHSPQFEK), Oligomerization domain (OD) and C-terminal region (CTR). 
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at 30°C for 30 min in order to reduce the cysteine. As PA is not water-soluble, a stock solution 
of 1000 eq PA in acetonitrile was mixed, a tenth of it (v/v) was added to the protein solution 
and the mixture was incubated at 30°C for 2-4 h. To investigate the reaction process of the 
cysteine with PA, the reaction was monitored using fluorescein-5-maleimide (F5M) labeling as 
F5M reacts with free thiol groups. To do so, a small sample of the reaction was taken before 
and after addition of PA, reacted with an excess amount of F5M at 30°C for 10 min in the dark 
and analyzed via SDS-PAGE, fluorescence read out and Coomassie brilliant blue staining. 
Untreated p53 CTD-KxC variants were efficiently labeled by F5M as proven by a strong 
fluorescence signal in the fluorescence readout (λ= 473 nm, Figure 31 B). In comparison, the 
PA-treated CTD-KxC variants (CTD-CxPA) were not modified with F5M suggesting a complete 
reaction with PA. As PA was used in excess, the remaining PA was removed by several dialysis 
steps (4.2.3.1). To verify the modification of CTD-KxC (exchange of lysine to cysteine at 
position x= 370, 372 or 386) by PA, MicrOTOF mass analysis was performed (Figure 31 C). 

Figure 31 Functionalization of the CTD of p53. A Schematic depiction of the reaction and the 
monitoring process via F5M. B Analysis of the reaction progress via the competitive reaction 
with F5M. Reaction products were analyzed via SDS-PAGE, fluorescence measurement at 473 nm 
and Coomassie brillaint blue (cbb) staining. C MicrOTOF MS analysis of unmodified (spectrum 1, 
measured (M)+= 11143.20 Da; calculated (M)+= 11144.3 Da) and PA-modified CTD (spectrum 2, 
measured (M)+=11254.96 Da; calculated (M)+= 11254.40 Da). 
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 Mono-ubiquitylation of p53 CTD  

With the alkyne-functionalized CTD-CxPA (x=370, 372 and 386) and the azide-functionalized 
UbAha in hand, CuAAC reaction was performed to mono-ubiquitylate the CTD (Figure 32 A). 
To find suitable reaction conditions, we tested different SDS (Figure 32 B) and Cu(I) 
concentrations (Figure 32 C). Further, different molar ratios of CTD-CxPA and UbAha were 
used, but efficiency was not improved (data not shown). To site-specifically neddylate the CTD, 
we performed CuAAC with different molar concentrations of Nedd8Azk and UbAha  and CTD-
CxPA (Figure 32,D). Due to the functionalization of Nedd8 with amber codon suppression 
(4.2.2.2.3), we observed that CuAAC of Nedd8Azk and CTD formed less reaction product 
compared with the CuAAC between UbAha and CTD. 

Figure 32 CuAAC of p53 CTD-372PA and UbAha. A Depiction of the CuAAC reaction. B Mono-
ubiquitylation is enhanced with increasing SDS concentration. CuAAC was performed in the 
presence of increasing concentrations of SDS (0 mM, 0.125 mM, 0.25 mM, 0.5 mM, 1 mM and 
2.5 mM) and a molar ratio of p53 CTD:Ub of 1:3. The highest UbAha amount used was loaded as 
input. After 30 min, the reaction was stopped with 10 mM EDTA, centrifuged and analyzed via SDS-
PAGE and Coomassie brilliant blue staining. C Increasing amounts of Cu(I) have no significant 
effect. CuAAC was performed using increasing concentrations of Cu(I) (0 mM, 0.5 mM, 1 mM, 2 mM 
and 4 mM) and a molar ratio of p53 CTD:Ub of 1:3. After 30 min, the reaction was stopped with 10 mM 
EDTA, centrifuged and analyzed via tricine SDS-PAGE and Coomassie brilliant blue staining. D 
Comparison of azide-functionalized Nedd8 and Ub. Nedd8 and Ub were titrated in a molar ratio 
from 1:1, 1:3 and 1:5 to p53 CTD-CxPA. Reactions were stopped with 10 mM EDTA, centrifuged and 
analyzed via tricine SDS-PAGE and Coomassie brilliant blue staining. Supernatant (SN), pellet (P) and 
proteins were denoted respectively.Ub (UbAha); N8 (Nedd8Azk); CTD (CTD-C372PA) 
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As it was not possible to increase the efficiency of CuAAC, we purified the p53 CTD and mono-
ubiquitylated p53 CTD together. A first pre-purification step was to dialyse the reaction mixture 
to remove copper and SDS. As the unmodified CTD can be purified by cation exchange 
chromatography, we performed a small-scale purification step with SPHP beads. After this 
step, the clicked p53 CTD could not be regained (data not shown). Hence, we tested if it is 
possible to unfold and refold p53 CTD (Appendix Figure 45). As we were successful to refold 
unmodified p53 CTD, we performed a gel filtration under denaturing conditions to separate p53 
CTD and p53 CTD-Ub according to their size. We were able to separate p53 CTD and p53 
CTD-Ub, but after refolding by dialysis the p53 CTD-Ub was not soluble anymore. Refolded 
p53 CTD-Ub was mainly in the pellet after centrifugation (data not shown). Due to the DNA 
binding ability of p53 CTD, we tested small-scale (100 µL) gravity heparin chromatography 
with dialyzed click reaction mix containing UbAha, CTD-CxPA and CTD-CxUb (Figure 33 B). 
The purification with the heparin column did not separate the mono-ubiquitylated and the PA 
modified form of CTD, but it separated most of the free Ub and enriched the p53 CTD 
irrespective of the mono-ubiquitylated position. Further purification was not possible, as e.g. 
post-translational modifications do not affect the oligomerization behavior of p53 CTD (2.3.3.1)

Figure 33 Purification of clicked p53 CTD. A Size exclusion chromatography of 53 CTD-372Ub 
under denaturing conditions. 10 nmol of CTD-372Ub were generated via CuAAC, lyophilized, 
resuspended in 8 M Urea in p53 CTD buffer (4.1.3) and separated using a HiLoad Superdex 75 16/600. 
Samples were analyzed via tricine SDS-PAGE and Coomassie brilliant blue staining. B Purification 
of clicked CTD-372Ub and CTD-386Ub with affinity chromatography. A small-scale column was 
packed with heparin sepharose and the p53 CTD click reaction mixture was loaded after dialysis. 
Proteins were washed with 5 CV CTD buffer (4.1.3) and eluted using a step gradient of 200, 300, 400, 
500 and 1000 mM NaCl in CTD buffer. Samples of Input (I), flow through (FT), wash (W) and elution 
were subjected to analysis via tricine SDS-PAGE and Coomassie brilliant blue staining. 
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 Functional studies of mono-ubiquitylated p53 CTD 

2.3.3.1 Oligomerization state of modified p53  

To characterize the oligomerization behavior of modified CTD variants and wild-type CTD, we 
performed cross-linking with DSS because of rather poorly concentrated CTD-Ub, which could 
not be enriched by ultra-centrifugal filtration. Oligomerization states of di-, tri- and tetramers 
were observed for wild-type CTD as well as the PA-modified CTD. With the mono-ubiquitylated 
p53 CTD variants, we also observed oligomerization (Figure 34). Notably, gel filtration 
experiments with wild-type and PA modified p53 CTD revealed similar results (data not shown). 
 
  

Figure 34 The oligomerization state of p53 CTD is not affected by mono-ubiquitylation. 7.5 pmol 
of CTD variants were either treated with or without DSS for 10 min at 30°C. The samples were analyzed 
with tricine-SDS PAGE and western blotting using an anti-His-tag antibody.  
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2.3.3.2 DNA binding ability of mono-ubiquitylated p53 CTD 

In order to assess the DNA binding ability of unmodified, PA-modified and mono-ubiquitylated 
CTD, we performed EMSA. Due to the structural similarity of PA to acetyl groups, we did not 
only investigate the post-translational modification by mono-ubiquitylation but also PA 
modification. First, we compared the binding ability of p53 CTD modified with PA at position 
372 or 386 in presence and absence of competitor DNA (poly•dAdT; Figure 35). The PA 
modification at position 386 did not significantly alter the binding ability compared to wild-type 
CTD. However, modification at position 372 impaired the binding ability in absence as well as 
in presence of poly•dAdT, suggesting that position 372 plays a role in nonspecific DNA binding 
of p53 CTD. These results are in line with impaired DNA binding due to acetylation at positions 
K372, K373, K381 and K382 (19).  
 

Because of the low concentration of mono-ubiquitylated CTD-372 and -386, we performed the 
EMSA exemplary with CTD-370Ub. However, while DNA binding by CTD-370Ub was impaired, 
the DNA binding of PA-modified CTD was only mildly influenced, possibly implying a steric 
hindrance of the interaction of near lysine residues (372/373K) with DNA by the attached Ub. 
To discriminate between sequence-specific and sequence-independent DNA binding of p53 
CTD, we investigated its DNA binding ability in presence of poly•dAdT (Figure 36 B). Indeed, 
the binding of p53 CTD to the labeled p21 RE in presence of dAdT exhibited reduced non-
specific DNA binding for mono-ubiquitylated CTD-370. 
 

Figure 35 Effect of PA modification of p53 CTD at position 372 and 386 on DNA binding ability. 
Increasing concentrations of PA-modified or wild-type CTD (wt) (25, 50 and 150 pmol) were incubated 
with 20 nM fluorescein labeled p21 RE in presence and absence of competitor DNA (poly dAdT; 
0.1 µg/µL) and analyzed by electrophoresis on a 4% native TBE polyacrylamide gel followed by 
fluorescence readout at λ = 473 nm. (-) no p53 CTD was loaded. 
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Figure 36 Effect of modification of p53 CTD variants on their DNA binding ability. Analysis of 
EMSA using increasing concentrations of p53 CTD variants and fluorescein-labeled p21 RE. 
Increasing concentrations of modified or unmodified p53 CTD variants (10, 20, 40 and 160 pmol) were 
incubated with 20 nM fluorescein-labeled p21 RE and analyzed by electrophoresis on a 4% native TBE 
polyacrylamide gel followed by fluorescence readout at λ = 473 nm. B Analysis of EMSA using 
increasing concentrations of p53 variants and fluorescein-labeled p21 RE in presence of 
poly•dAdT . Increasing concentrations of modified or unmodified p53 CTD variants were incubated 
with 20 nM fluorescein labeled p21 RE in presence of poly•dAdT (0.1 µg/µL) and analyzed on a 4% 
native TBE polyacrylamide gel followed by fluorescence readout at λ = 473 nm. (-) no p53 CTD was 
loaded. C 100 pmol of each p53 variant were analyzed by 10% SDS-PAGE followed by Coomassie 
brilliant blue staining. 
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2.3.3.3 Identification of interaction partners of p53 CTD through affinity-based 
proteomic profiling 

To gain further insights into the physiological functions of mono-ubiquitylation of p53 CTD, we 
next aimed to identify interaction partners of non-modified and mono-ubiquitylated p53 CTD. 
As all lysine residues of the C terminus of p53 can be mono-ubiquitylated, we decided to 
choose two positions, 372 and 386, to identify not only new interaction partners but also to 
examine the importance of site-selective modification on such interactions. Further, the chosen 
positions are known to be not only mono-ubiquitylated but also modified by Nedd8 (K372) and 
Sumo1 (K386) (depicted in Figure 3) (165-167). To do so, we immobilized CTD-372Ub and 
CTD-386Ub, PA-modified p53 CTD, wild-type CTD as well as the Ub monomer via an N-
terminal StrepII-tag on streptavidin-conjugated agarose (described in chapter 4.2.5.6). The 
alkyne-functionalized CTD served additionally as control as mono-ubiquitylated p53 CTD also 
contained to some extent the respective alkyne-functionalized CTD (Appendix Figure 46). For 
affinity enrichment experiments, we used the U2OS cell line, as this expresses wild-type p53 
and p53 signaling pathways are functional (168). After incubation with U2OS cell lysate and 
thorough washing, the immobilized CTD variants and the control with Strep-tagged Ub (SUb) 
as well as the proteins bound to these were eluted with biotin. The elution fractions were 
digested in solution and subsequently analyzed by mass spectrometry (chapter 4.2.4.7.3). To 
evaluate the applicability of our affinity enrichment approach, we compared our dataset to an 
available protein–protein interaction database (BioGrid release 3.5.; Figure 37 B). BioGrid 3.5 
database describes 1118 unique p53 interactors. With p53 CTD, we were able to find 176 of 
those. Among others, we identified known C-terminal p53 interactors like USP7, Cul4A and 
CDK9 (reviewed in (169)).  
 

 
Since our aim was to identify interaction partners of the different mono-ubiquitylated CTD 
variants, significant enrichment of potential binding proteins was determined with respect to 

Figure 37 Venn diagram of published and in this study identified p53 interaction partners. Using 
data obtained for p53 CTD in this study (yellow) in comparison with p53 interactors dataset (BioGrid 
release 3.5, blue). 
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proteins found with wild-type CTD, the PA-modified CTD, mono-ubiquitylated CTD, S-Ub and 
the blank beads samples. After processing the data with Perseus software (4.2.4.7.4), we 
utilized the multiple sample t-test ANOVA (Analysis of Variance; FDR < 0.01, S0 = 1) to analyze 
the statistical significant differences in our 7 different samples with preserved groups for two 
technical replicates for each biological sample. In total, 1003 significantly enriched proteins 
were identified. After normalization of the LFQ intensities to z-scores, the data was 
hierarchically clustered for rows and columns. In Figure 38, the obtained heat map is shown 
(Appendix Figure 47-Figure 57). Following the clustered rows, they were categorized based 
on the interaction behavior in A-J as marked in Figure 38, left panel. We also extracted the 
profile plots of each cluster to visualize the normalized z-values of the enriched proteins. The 
obtained cluster mirrored the state of modification of CTD. Cluster A contains wild-type CTD 
interactors like Ku70/Ku80, PRKDC, AIMP1, and the PAF-1 complex (Appendix Figure 47). 
Cluster B represents the mono-ubiquitylated CTD associated interacting proteins, comprising 
Ub domain containing proteins (TOM1, PLAA, Sequestosome1, Ubiquilin4 and CUEDC1), 
DUBs and others like MSH6 and PAIP2. Furthermore, it was not possible to discriminate 
between the different CTD-Ub variants as there was no significant enrichment for one or the 
other mono-ubiquitylated p53 CTD variant in Cluster B. The only specific interactor of p53 CTD-
372Ub was USP5, but USP5 was also to found in the small cluster of Ub binding proteins 
(Cluster I) suggesting a slighlty different structural interface of CTD-372Ub and CTD-386Ub. 
Also, Cluster C, representing wild-type CTD and CTD-Ub interacting proteins, contains some 
known p53 interactors like UBR5 (170) and USP15 (171). Cluster E embeds all p53 CTD 
interacting proteins regardless of their modification state including USP7, CDK9, DAXX, SET, 
DEK and NAT10. Since mono-ubiquitylated CTD variants also contain to some extent alkyne-
functionalized p53 CTD, Cluster D appears to encompass PA-binding proteins like Histone1 
and bromo-domain containing proteins e.g. BRD7and PBRM1. Finally, Clusters F and G are 
ambiguous with respect to modification-dependent interactors, as they interact less with wild-
type or with PA-modified CTD. These clusters contain proteins like SIRT1, CDC27, Cul4a and 
Cul7. In the following, the ANOVA data was investigated further (2.3.3.4.1-2.3.3.4.3). 
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Figure 38 Identification of p53 CTD interaction partners through affinity-based proteomic 
profiling. Left panel Hierarchical clustering of identified proteins. High and low Z-scores of the 
interacting proteins are shown in dark blue and white respectively. Various clusters of specific 
interaction partners are highlighted in the dendrogram and marked from A-J. Corresponding profile 
plots of all ten clusters (A-J) visualizing the distinct interaction behavior to the respective p53 CTD: A 
wild-type (wt) p53 CTD binding proteins (44 identified proteins). B Mono-ubiquitylated p53 CTD binding 
proteins (21 identified proteins). C wt and mono-ubiquitylated p53 CTD (7 identified proteins). D PA 
and Ub-modified p53 CTD binding proteins (43 identified proteins). E modified and unmodified p53 
CTD binding proteins (544 identified proteins). F Proteins binding less to PA-modified CTD s (33 
identified proteins). G Proteins binding more to wt CTD (76 identified proteins). H Exclusive Ub binding 
proteins (4 identified proteins). I Ub binding proteins (6 identified proteins). J Beads binding proteins 
(225 identified proteins).  
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2.3.3.4 Investigation of novel p53 CTD interacting proteins 

 Further investigation of the interactome of mono-ubiquitylated p53 
CTD  

Given the different kinds of potential interactors of p53 CTD-Ub (Figure 38; Cluster B), we 
additionally clustered the p53 CTD-Ub enriched proteins into groups of proteins with known 
Ub domain or Ub-dependent catabolic function to categorize the interactors as potential 
writers, readers and erasers of p53 CTD-Ub (Table 5). Writers (E3 ligases) and erasers (DUBs) 
can add or remove the Ub modification, respectively. Readers are effector proteins, which 
recognize the Ub modification (reviewed in (172)) 

Table 5 Cluster of some known writers, readers and erasers identified in the proteomic 
enrichment experiment. 
Writer Reader Eraser 

HERC2 B UBQLN-4 B USP11 B  

RAD18 C PLAA B USP15 C 

HUWE1 C TOM1 B USP42 E 

TRIM44 C NUP62 B USP36 E 

UBR5 C CUEDC1 B USP7 E 

LTN1 D SQSTM1 B USP16 E 

TRIP12 D UBAC1 B USP39 E 

TRIM28 D   USP9x F 

TRIM56 D   USP13 I 

KCMF-1 F   USP5 I 

UBR4 F     

UBE2O F     
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 Comparison of the identified DUBs 

Deubiquitylating enzymes remove Ub moieties from substrate proteins, switching cellular 
pathways on or off. As levels of p53 are critical for its function, p53 levels need to be tightly 
regulated. The interaction of p53 and USP7 (HAUSP) is induced upon stress such as DNA 
damage, resulting in deubiquitylation and stabilization of p53 (173). Also, other DUBs have 
been reported before to play a role in p53 stabilization. In the interaction study with p53 CTD 
(2.3.3.3), we identified several DUBs which either bind to p53 CTD-Ub or Ub or p53 
independently of the state of modification, indicating different modes of interaction. To 
investigate this further, we performed affinity enrichment experiments with 35S-labeled USP5, 
USP11 and USP7. As shown in Figure 39, the DUBs indeed interact selectively with different 
CTD variants according to their cluster (Appendix Figure 48, Figure 53, Figure 57 Cluster B, D 
and I). USP11 interacts significantly with p53 CTD-Ub as compared to USP7. USP7 binds 
specifically to p53 CTD (aa 359-367, (174)) independent of the CTD modification state. 
Interestingly, USP5 interacts with CTD-372Ub and SUb but not with CTD-386Ub indicating that 
Ub linkage at position 372 results in a different binding interface than Ub linkage at position 
386. 

  

Figure 39 In vitro S35-labeled DUBs interact differently with different p53 CTD variants. A In vitro 
affinity enrichment experiment with in vitro translated, 35S-labeled USP11, USP5 and USP7. 25% of 
the elution fractions of the affinity enrichment experiments were analyzed by tricine SDS-PAGE 
followed by Coomassie brilliant blue (cbb) staining and fluorography [35S]. Input represents 5% of the 
reaction mixture used in affinity enrichment experiments. Bottom panel: A representative Coomassie 
brilliant blue stained Tricine SDS-PA gel of the experiment with USP11 is shown as loading control. 
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 Investigation of Ub domain containing proteins 

The different Ub signals (1.2.2) are recognized by Ub binding domain containing proteins 
allowing the specific regulation of various cellular processes. So far, approximately 16 Ub 
binding domains are known: UBA, UIM, MIU, DUIM, CUE, GAT, NZF, A20 ZnF, UBP ZnF, 
UBZ, UBC, UEV, UBM, GLUE, Jab1/MPN and PFU (175). Several Ub binding domain 
containing proteins have been identified in our enrichment experiments (2.3.3.3). Interestingly, 
we enriched the Pfu-domain containing protein PLAA and TOM1 that previously identified as 
Ub K27 and K29/33 chain interactors (124). When we repeated the affinity enrichment 
experiments to verify the interaction of CTD-Ub with PLAA and TOM1, we confirmed the 
interaction of PLAA and TOM1 with both p53 CTD-Ub variants (Figure 40 A). Further, the CUE 
domain containing protein CUEDC1 was identified. So far, little is known about CUEDC1. Other 
Cue domain containing proteins are linked to the endoplasmic reticulum degradation pathway 
ERAD (176). As CUE domains are structurally related to Uba domains (175), we compared in 
in vitro affinity enrichment experiments the Uba domain containing protein NUB1L (Nedd8 
Ultimate Buster 1 long (177)) with CUEDC1 (Figure 40 B). Both interact strongly with the p53 
CTD-Ub. Notably, NUB1L was not identified in our proteomics approach. 

 

Figure 40 Confirmation of the interaction of identified Ub binding domain containing proteins 
with CTD-Ub. A Western blotanalysis of TOM1 and PLAA. 5% of the elution fractions of the affinity 
enrichment experiments were subjected to western blot analysis with specific antibodies for the 
respective proteins as indicated. Input represents 0.2% (20 µg) of the U2OS cell lysate used in affinity 
enrichment experiments. Anti-strep is shown as loading control of the CTD variants or SUb. B Affinity 
enrichment experiment using in vitro translated, 35S-labeled NUB1 and CUEDC1. 25 % of the 
elution fractions of the affinity enrichment experiments were analyzed by tricine SDS-PAGE followed 
by Coomassie brilliant blue staining and fluorography. Input represents 5% of the reaction mix used in 
the affinity enrichment experiments. A representative Coomassie stained tricine SDS-PA gel of the 
experiment with NUB1L is shown as loading control (bottom panel). 
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 Investigation of the interaction of proteins with unknown binding interface 
with p53 CTD-Ub 

The identified CTD-Ub interactome (Figure 410) also contains proteins without known Ub or 
p53 interaction regions including MSH6, PAIP2 or FEN1.  
MSH6 belongs to the mismatch repair proteins recognizing aberrant Watson-Crick base pairs 
(mismatch) during DNA synthesis in a heterocomplex with MSH2 (MSH2-MSH6: MutSα) (178). 
MutSα specifically interacts with single-base pair mismatches and insertion-deletion (I/D), like 
p53 (179, 180). In vitro, MutSα enhances the binding of p53 to mismatches in DNA (180). In 
cellula, MSH2 is associated to p53 during S-Phase (181). To our knowledge, although p53 
MSH2-MSH6 was coimmunoprecipitated with p53, BLM and RAD51 (182), a direct interaction 
was not shown so far. In order to ascertain the interaction of MSH6 and p53, we again 
performed affinity enrichment experiments with cell lysates followed by western blotting (Figure 
41 A). We then performed affinity enrichment experiments with in vitro translated MSH6. Since 
MSH6 is unstable in cells in the absence of MSH2 (183), we examined the interaction of the 
MSH2-MSH6 complex as well as MSH6 alone. MSH6 interacted with p53 CTD-Ub (Figure 41 
B) irrespective of whether MSH2 was co-translated or not. Moreover, the MSH2 protein 
remained in the flow through (data not shown), indicating a potential displacement of the 
heterocomplex MSH2-MSH6 by p53 CTD-Ub. However, we cannot exclude an indirect binding 
mechanism, as the CTD of p53 and MSH6 bind to DNA insertion or deletion lesions (IDL) (180) 
and both affinity enrichment experiments were carried out in the absence of DNaseI. 
 

Figure 41 Confirmation of the interaction of MSH6 with p53 CTD-Ub. A Western blot analysis of 
MSH6. 5% of the elution fractions of the affinity enrichment experiment were subjected to western blot 
analysis with anti-MSH6 antibody. Input represents 0.2 % of the U2OS cell lysate used in the affinity 
enrichment experiments. Anti-strep is shown as loading control of the CTD variants or SUb. B Affinity 
enrichment experiment using in vitro translated, 35S-labeled MSH6, MSH2 and MSH2-MSH6. 
MSH2-MSH6 were either in vitro co-translated or on their own. 25% of the elution fractions of the affinity 
enrichment experiments were analyzed by 10% SDS-PAGE and fluorography. Input represents 5% of 
the reaction mix used in affinity enrichment experiments. Coomassie stained Tricine SDS-PA gel of 
MSH2/MSH6 is shown as loading control of eluted p53 CTD variants (bottom panel). 
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Another protein without known binding region for Ub or p53 is PAIP2, a translation inhibitor by 
selectively disrupting the PABP–poly(A) interaction (184). Furthermore, it is known that PAIP2 
directly interacts with the HECT E3 ligase UBR5, which in turn interacts with p53 (170) 
(identified also in this screen in Cluster C). To determine whether p53 CTD-Ub directly interacts 
with PAIP2 or interacts indirectly, we performed affinity enrichment experiments with in vitro 
translated 35S-labeled PAIP2 (Figure 42). Indeed, we confirmed PAIP2 as a specific binder of 
mono-ubiquitylated p53 CTD.

 Investigation of the interactome of unmodified p53 CTD 

We also identified interactors that only bound to the unmodified p53 CTD (Appendix Figure 47, 
Cluster A). One of these interactors is the DNA repair protein Ku70 (XRCC6) (185, 186). It is 
known that in cellula affinity enrichment experiments, GST-Ku70 also coprecipitates p53 
acetylated at position 382 suggesting either site-selective effects of the modification or the 
modification by the PA linker does not mimic the acetylation properly. Further affinity 
enrichment experiments followed by western blotting against Ku70 showed a significant 
enrichment using unmodified p53 CTD. To further dissect the effect of the PA linker, site-
specifically acetylated p53 should be investigated in the future.

Figure 42 Confirmation of the interaction of 35S-labeled PAIP2 with CTD-Ub. 25 % of the elution 
fractions of the affinity enrichment experiment were analyzed by tricine SDS-PAGE, Coomassie 
staining and fluorography. Input represents 5% of the reaction mix used in the affinity enrichment. 
experiment.  

Figure 43 Confirmation of interaction of Ku70. Western blot analysis of Ku70. 5 % of the elution 
fractions of the affinity enrichment experiments were subjected to western blot analysis with anti-Ku70 
antibody. Input represents 0.2 % of the U2OS cell lysate used in affinity enrichment experiments. Anti-
strep is shown as loading control of the CTD variants or SUb. *= p53 CTD dimer 
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 Investigation of the interactome of unmodified and PA-modified p53 
CTD 

Due to the presence of PA-modified CTD in the CTD-Ub variants, some of the obtained 
interactions (Appendix Figure 56 and Figure 58; Cluster F and G) seem to be more ambiguous. 
Interestingly, some of these interactors harbor also enzymatic activity to remove or add PTMs. 
To shed light on this issue, we also investigated Cul4a, SIRT1 and CDC27. Due to the 
important regulatory function of the Cul4a complex (Cul4a/DDB1/ROC1) upon DNA damage 
and the known interaction with p53 (97, 187), we performed affinity enrichment experiments 
followed by western blotting against Cul4a (Figure 44 A). As before, p53 CTD variants bind to 
Cul4a, but in the CTD-Ub variants the interaction was slightly increased. Based on the different 
potential compositions of the Cul4a complex and the additional possible interaction of p53 CTD 
with DDB1 (Appendix, and (188)), a direct interaction of Cul4a and p53 CTD could not be 
demonstrated. Previous experiments by others have described an interaction of p53 with 
SIRT1 in cellula as well as in vitro (189). Thereby, the interaction seems to be dependent on 
the acetylation state of the C-terminal lysine residues of p53 (190). In our quantitiative affinity 
enrichment experiments, SIRT1 interacted with p53 CTD independent of its modification state, 
which we could also confirm in affinity enrichment experiments followed by western blotting 
against SIRT1 (Figure 44 A). In preliminary experiments using in vitro translated SIRT1, 
however, we found only an interaction with p53 CTD-Ub. Similar results were obtained for 
CDC27. In Figure 44, unphosphorylated CDC27 binds equally well to all p53 CTDs, but 
phosphorylated CDC27 (95 kDa) was only enriched by CTD-386PA, indicating an additional 
level of interaction and crosstalk. In first affinity enrichment experiments with in vitro translated, 
35S-labeled CDC27, the interactions with wild-type CTD, CTD-372PA, CTD-386PA similar 
while the interaction with CTD-Ub was significantly increased. To our knowledge, a direct 
interaction of p53 and CDC27 as well as the APC/C complex was not described before. 
To sum up, we could confirm the interaction of SIRT1, Cul4a and CDC27 with CTD variants in 
affinity enrichment experiments. Strikingly, interaction studies with in vitro translated, 35S-
labeled proteins in showed significant increased interaction with p53 CTD-Ub. Two possibilities 
have to be considered: First, also the interactor can be post-translationally modified which may 
influence the mode of interaction, as already seen with CTD-386PA and phosphorylated 
CDC27. Second, an effect of the N-terminal part of p53 that is missing in the CTD as well as 
of the CuAAC reaction components need to be excluded in additional experiments, as at least 
SIRT1 harbors a metal binding site. 
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Figure 44 Confirmation of the interaction of Cul4a, SIRT1 and CDC27 with p53 CTD. A Western 
blot analysis of Cul4a, SIRT1 and CDC27. 5% of the elution fractions of the affinity enrichment 
experiments were subjected to western blot analysis with specific antibodies for the respective protein 
as indicated. Input represents 0.2% of the U2OS cell lysate used in affinity enrichment experiments. 
Anti-strep blot is shown as loading control of the CTD variants or SUb. B Affinity enrichment experiment 
using in vitro translated, 35S-labeled SIRT1 and CDC27. 25% of the elution fractions of the affinity 
enrichment experiments were analyzed by 10% SDS-PAGE and fluorography. Input represents 5% of 
the reaction mix used in affinity enrichment experiments. Coomassie stained Tricine SDS-PA gel (cbb) 
of SIRT1 is shown as loading control of the eluted p53 CTD variants. 
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3 DISCUSSION 

3.1 Ubiquitylation sites in p53 

Ubiquitylation of p53 not only determines the half-life of p53 but also affects its activity and 
subcellular localization. In previous studies, the lysine residues ubiquitylated by Hdm2 and 
E6/E6AP were mainly identified by mutation of single or several lysine residues in p53 (55, 
142, 191), revealing the importance of the six C-terminal lysine residues for Hdm2-mediated 
ubiquitylation. To corrobotate these findings, we determined the ubiquitylation sites in p53 
using either Hdm2 or E6/E6AP by mass spectrometric analysis. We showed that both E3 
ligases prefer to target the C-terminal lysine residues 381, 382 and 386. Unfortunately, we 
were not able to identify the C-terminal lysine residues 370, 372 and 373 in a reliable manner 
upon tryptic digest under the chosen ubiquitylation conditions (4.2.5.3). Possibly, the 
modification state of these resiudes is highly increased leading to more miscleavages and thus 
difficult detection. With different settings and different search algorithms, the potentially 
modified peptide(s) was not identified with higher frequency. Also other studies missed to 
identify these ubiquitylation sites for Hdm2, but were able to find 370, 382 and 386 for the E3 
RING ligase Pirh2 (192). In cellula, only lysine residue 370 was identified as ubiquitylation site 
by using an antibody recognizing the C-terminal 13 amino acids of Ub after LysC digestion 
(153). Most recently, the stepwise poly-ubiquitylation of p53 by the E6/E6AP complex was 
described and all C-terminal residues were identified to be ubiquitylated (143).  
In comparison, Hdm2 mediates ubiquitylation of a distinct set of lysine residues in the DBD of 
p53 with a higher frequency than E6/E6AP. As Hdm2 mainly binds to the N terminus of p53 
(6), the lysine residues in the DBD may be more accessible. In contrast, the E6/E6AP complex 
interface is located to α-helix 1, β-sandwich 1 and 3 as well as at the edge of the β-sandwich 
10 of p53 DBD (193, 194), thereby shielding the binding interface (K101, K164, K291; K292) 
from ubiquitylation.  
In general, the ubiquitylation sites identified in our in vitro experiments were partially found in 
cellula by several ubiquitome studies at the following positions: K120, K164, K292, K319, 
K305, K351, K357 and K370 (153, 195-197). Notably, high throughput approaches to identify 
modified lysine residues commonly use tryptic digestion and identify the GG motif, which is not 
a unique signal for Ub, and, thus, it is also possible that Nedd8 or ISG15 are attached to these 
positions.  
To sum up, the mass spectrometric analysis of the ubiquitylation sites confirmed the results 
obtained by mutagenesis studies (55, 142). Further, it highlights additional potentially important 
sites for ubiquitylation such as K120, K164 or K292. Moreover, our in vitro ubiquitylation 
conditions revealed no significant differences in the usage of lysine resiudes, as the majority 
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of lysines in p53 are ubiquitylated. To investigate possible differences in lysine usage, the 
ubiquitylation pattern has to be determined at earlier time points. 

3.2 CuAAC for site-specific mono-ubiquitylation of full-
length p53  

Initially, we generated site-specifically mono-ubiquitylated p53 at residue 372 utilizing 

unnatural amino acids harboring either an azide or an alkyne moiety to link p53 and Ub via 

CuAAC as previously described (120, 121, 125). To do so, we generated alkyne-functionalized 

p53-372 by amber codon suppression using the unnatural amino acid Plk. Expression analysis 

(Figure 13) disclosed a 50% incorporation efficiency regardless of which tag was used (GST 

or Hld). In parallel, we introduced an azide moiety into Ub as described before (120, 121, 125). 

To link not only Ub to p53, we also introduced an azide moiety into Nedd8 by amber codon 

suppression using the pyrrolysine ortholog AzK to avoid additional mutations in Nedd8 (198). 

After purification of Nedd8, we confirmed successful incorporation of AzK by mass 

spectrometry (measured mass: N8 75Azk (M)+= 8687.47 Da and calculated (M)+= 8687.4 Da). 

To set up the system, we first performed CuAAC with p53-372Plk and UbAha and linked them 

successfully with high efficiency (Figure 15). Thereby, we generated sufficient amounts of p53-

372Ub and mock-treated p53-372Plk to investigate whether mono-ubiquitylation affects the 

recognition of p53 as substrate by the E3 ligases Hdm2 and E6/E6AP. However, ubiquitylation 

assays using mock-treated p53 as control revealed that the conditions used for CuAAC are 

not compatible with p53 serving as a substrate for ubiquitylation (Figure 16). Furthermore, a 

closer characterization revealed that already the presence of copper interferes with p53 

ubiquitylation via the E6/E6AP complex and that this negative effect is exerted on the p53 level 

(Figure 17 A) rather than on the level of the ubiquitin-conjugation system (Figure 17 B). 

Moreover, in the presence of low concentrations of copper, the DNA binding ability of p53 is 

also altered (Figure 18). To rescue p53 activity/function after CuAAC, different approaches 

were employed. First, different purification methods ranging from dialysis and anion exchange 

chromatography to gel filtration were used (data not shown), but none of these helped. 

Additionally, to mitigate the copper-mediated effect, we tried additives like heparin or DNA to 

stabilize p53 during CuAAC but without success (data not shown). A resonable explanation for 

this negative effect is that Cu alters the conformation of p53 by exchange of the Zn2+ ion in the 

DNA-binding domain of p53. In previous studies, removal of Zn2+ in p53 (apo-p53) resulted in 

thermodynamic instability, increased aggregation behavior as well as structural fluctuation (78, 

199-201). The alteration in p53 structure is supported by the failed recognition of mock-treated 

p53 by the E6/E6AP complex, as E6 recognizes only a wild-type like conformation of p53 (162, 

202). Furthermore, the hypothesis is supported by previous studies indicating an aberrant 
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function of zinc finger proteins after copper-mediated click chemistry (203). Moreover, we 

cannot exclude an additional effect of intermolecular metal ion binding to surface cysteine and 

histidine residues, as described not only for p53 but also for other proteins (199). 

Taken together, CuAAC is not suitable to generate functionally intact mono-ubiquitylated full-

length p53. 

3.3 Oxime ligation, a new tool to generate mono-
ubiquitylated full-length p53  

In consequence of the results obtained with full-length p53 and CuAAC, we decided to switch 
to a metal ion-free bioconjugation strategy, namely oxime ligation. The oxime linkage exhibits 
an unrivalled isostery to the isopeptide bond and is thus a suitable mimicry of mono-
ubiquitiylated p53 (111). Using genetic code expansion, we incorporated a keto and an 
aminooxy moiety into p53 and Ub, respectively. Incorporation of Nε-aminooxy-(tert-
butoxycarbonyl)-L-lysine in Ub at residue 76 was successful with both utilized Pyl-tRNA/Pyl-
tRNA synthetase 349W and 349F mutants, which confirms the hypothesis of Stanley and 
Virdee (2015 (111)) that alternative 349 mutations facilitate the incorporation of ε-
augmentations of lysine derivatives. However, amber codon suppression of the very C-terminal 
amino acid does most likely not proceed with 100 percent efficiency resulting in a not readily 
traceable amount of truncated protein, thereby impeding proper calculation of Ub76ONH2 

concentration. To overcome this pitfall, a removeable C-terminal tag could allow the purification 
of full-length Ub76ONH-Boc. Yet, a traceless C-terminal cleaving protease is so far not known. 
Nonetheless, we gained aminoxy-functionalized but not calculable amounts of Ub (Figure 20). 
Since a test expression of p53 372TAG revealed low incorporation efficiency of the keto group-
containing lysine derivative KeK, we used p53 120TAG to establish the incorporation system 
and the oxime ligation system. Due to orthogonality of AcK and KeK we incorporated KeK with 
the published AcK-RS-1 (139). Our data revealed to some extent also incorporation of AcK, as 
AcK naturally occurs in E. coli (Figure 21; Table 2) (154, 157). Moreover, AcK can be post-
translationally deacetylated in E. coli, as E. coli has a single characterized deacetylase CobB 
culminating in a mixture of p53 population containing 120KeK, AcK and K as shown by mass 
spectrometric analysis (Table 2) (204). To improve the production of KeK-containing p53, it 
would be worthwhile to deplete the free AcK in E. coli through overexpression of the 
deacetylase (CobB) (205). 
We performed oxime ligation with Ub76ONH2/UbΔ76 mixture and p53-120KeK. Based on the 
results with CuAAC, we also added non-denaturing amounts of SDS to increase the 
accessibility of the reaction groups (119) and obtained reasonable amounts of oxime-linked 
p53-120Ub, which was dependent on the SDS concentration (Figure 22 B). Furthermore, 
different reaction conditions like overnight incubation at RT or freeze-thaw cycles (Figure 22 
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and Figure 24, respectively) did not lead to better efficiencies (132, 206). Also, the addition of 
water-soluble catalysts like aniline or aniline derivatives (159) did not increase the ligation 
efficiency (Figure 23). 
As we were not able to achieve a 100 percent ligation efficiency, separation of p53 120Ub from 
120KeK by heparin affinity chromatography and subsequent anion exchange chromatography 
was performed (Figure 26). We observed only weak binding of p53-120Ub to heparin, 
indicating a hindered interaction of mono-ubiquitylated p53-120 with this glycosaminoglycan. 
A low DNA-binding affinity of a mixed tetrameric complex composed of two acetylated and two 
non-acetylated monomers was shown before (161, 164) suggesting a similar effect of p53-
120Ub, which led to the separation of the mixed p53 population in a less (≤ 2) and more (>2) 
Ub-linked p53 tetramer pool. In comparison, p53-120KeK or the enzymatically ubiquitylated 
p53 were not affected in their ability to bind to heparin (data not shown).  
Recent structural data suggests that acetylation of p53 at Lys120 triggers an RE-dependent 
binding mode of p53 by inducing a conformational change in the loop l1 of the DBD, thereby 
increasing p53 DNA-binding specificity towards apoptotic RE (69-72, 164). Unlike acetylation 
at lysine 120 in the DBD of p53, effects of ubiquitylation at lysine 120 remain elusive. Therefore, 
we examined the effect of mono-ubiquitylation on the specific DNA binding mode of p53 by 
EMSA (2.2.2.4.2). Indeed, p53-120Ub binds less well to RE p21 in comparison to wild-type 
p53. Additionally, the change in binding affinity of p53-120Ub to glycosaminoglycan in 
comparison to wild-type p53 potentially indicates that non-specific DNA binding, which is 
mediated by electrostatic interaction between the CTR and DNA, is also affected. To draw a 
conclusion about the DNA-binding specificity, competitive binding experiments with non-
specific DNA would be necessary. Additionally, other REs should be investigated to determine 
the potential influence of mono-ubiquitylation of p53 on different pathways. Furthermore, the 
actual composition of p53 tetramers containing mono-ubiquitylated p53 in presence and 
absence of DNA should be determined by mass spectrometric analysis, since in vitro studies 
revealed that p53 tetramers preferentially form homocomplexes with DNA (e.g. tetramers are 
mainly composed of either acetylated p53 or non-modified p53) (161). 
Importantly, it turns out that oxime-linked p53-120Ub as well as mock-treated p53-120KeK had 
no or only little impact on ubiquitylation by the E6/E6AP complex, indicating that p53 adopts a 
proper confirmation under the used reaction conditions ((162); 4.2.3.3.3). We also tested the 
ability of p53-120Ub, p53-120KeK and p53-120AcK and wild-type p53 to serve as substrate 
for Hdm2. Again, there were only slight differences between the different p53 variants 
demonstrating the minor influence of lysine 120 modification on Hdm2-mediated ubiquitylation.  
As the impact of ubiquitylation at position 120 on p53 has not been studied so far, we tested 
the hydrolytic stability of the oxime linkage in cell lysate as well as in the presence of purified 
DUBs. Notably, in contrast to enzymatically Ub-linked p53 oxime-linked p53-120Ub was 
hydrolytically stable in cell lysate (Figure 29 A). Since no DUB enzyme has been described to 
deubiquitinate p53-120Ub, we tested several OTUDs. Oxime-linked p53-120Ub was not 
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cleaved, but unspecific enzymatically Ub-linked p53 was cleaved by OTUD3, OTUD3*, 
OTUD6B and OTUD7A (Figure 29 B), which has been not reported. However, oxime-linked 
p53-120Ub was not cleaved implying its hydrolytic stability under physiological conditions. 
Recently described for oxime-linked Ub dimers (111). Thus, we performed a small-scale affinity 
enrichment experiment with p53-120KeK, p53-120Ub and wild-type p53 resulting in the 
enrichment of some known interactors including Hdm2 and Hdm4 (data not shown). However, 
the data are rather preliminary, so that no conclusion concerning significant differences can be 
made. 
Taken together, oxime ligation is a useful approach to link proteins to Ub. The oxime linkage is 
hydrolytically stable at physiological pH and in cell lysate, allowing further investigations, e.g. 
to identify interacting proteins of a site-specifically modified protein.  

3.4 Mono-ubiquitylated p53 CTD  

Due to loss of function of full-length p53 using CuAAC (3.2), we decided to switch to a truncated 
version of p53 consisiting of amino acids residue 325-393 termed CTD, which contains the 
oligomerization domain and the C-terminal region (CTR, Figure 1). The CTR (aa 363-393) itself 
is involved in many aspects of p53 functions as a transcription factor including cofactor 
recruitment, protein stability, subcellular localization as well as the intricated binding behavior 
to nucleic acids (reviewed in (207)). Thus, the use of the CTD should at least partially enable 
to characterize the effect(s) of site-selective mono-ubiquitylation of the C-terminal lysine 
residues of p53.  

 Generation of mono-ubiquitylated p53 CTD 

The lysine residue (K370, K372 and K386) to be modified was replaced with a cysteine (CTD-
KxC) and functionalized by Michael addition with propargyl acrylate (124). Mass analysis via 
electrospray-ionization mass spectrometry validated the successful functionalization with a 
single alkyne moiety as the determined mass of CTD-KxC-PA M+=11254.96 Da corresponded 
well to the calculated mass of M+=11254.4 Da (Figure 31,C). The PA-functionalization 
procedure did not significantly influence the total protein yield for CTD-370PA and CTD-372PA, 
but the yield of CTD-386PA was reduced by 50 percent with respect to the protein amount 
deployed. Nevertheless, we performed CuAAC with all modified p53 CTDs and UbAha as well 
as N8Azk (Figure 32). Unfortunately, we were not able to establish conditions (e.g. different 
molecular ratios of UbAha to CTD-xPA and SDS concentration) to efficiently link the CTD and 
Ub irrespective of the position. This is in contrast to full-length p53 modified by ACS at position 
372, where we were able to mono-ubiquitylate p53 to high amounts (up to 90%; see Figure 
15). Considering that the CTD forms oligomers and the possibility that the CTR has a different 
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impact on the isolated CTD than on the full-length p53, higher SDS concentration may be 
necessary to enable CuAAC with CTD more efficiently. 
Moreover, purification of CTD-Ub was not successful, as either renaturation after separation 
was not possible or the reactants UbAha and CTD-CxPA could not be separated efficiently by 
either denaturing gel filtration or cation exchange (Figure 33). In the end, we used heparin 
chromatography to separate CTD/CTD-Ub and UbAha. To improve the purification of CTD-Ub, 
it would be worthwhile to try purification of the mixture of CTD/CTD-Ub with a flat gradient step 
using a small-scale heparin column in combination with the Äkta FPLC system to fractionate 
different oligomeric CTD/CTD-Ub tetramers as done for acetylated full-length p53 (unpublished 
observation, S.Kienle).  

 Oligomerization is not influenced by mono-ubiquitylation 

To be recognized by several p53 modifiers including Hdm2, p300 or Ck2, p53 has to be in an 
oligomeric state (208-210). Furthermore, changes in the oligomeric state of p53 leads to a 
different fate of p53 (211). In cellula, multiple mono-ubiquitylation, poly-ubiquitylation or 
acetylation of the lysine residues within the oligomerization domain (K351 or K357) or the 
nuclear localization sequence (aa 305-322) seem to have a higher impact on the 
oligomerization behavior (61, 212, 213). However, the employed CTD variants - irrespective of 
the state of modification - revealed no difference in their oligomerization behavior in small-
scale crosslinking experiments (Figure 34). Similar results with SumoI-modified p53 K386 were 
obtained before (209). Previously, also mutation of the phosphorylation site at position 392 was 
shown to have no significant influence on the oligomerization state of full-length p53, whereas 
deletion of the CTR shifts the equilibrium to the dimeric state (214). Potentially, mono-
ubiquitylation is insufficient to change the oligomeric state of p53. 

 Modification of p53 CTD impairs DNA binding ability 

Since the CTD harbors the ability to interact with different types of polyanions e.g. DNA, RNA 
and PAR in a sequence-independent manner, we studied the influence of mono-ubiquitylation 
on CTD’s DNA binding ability. Depending on the modified lysine residue, modification with PA, 
which may have chemical properties similar to an acetyl-group or crotonyl-group, had a 
significant impact on sequence-independent DNA binding. The most prominent effect on DNA 
binding in presence and absence of competitor nucleic acids was observed for PA modification 
of position 372, followed by 370, while modification of 386 had almost no effect. Notably, it has 
previously been shown that acetylation of different lysine residues (372, 373, 382 and 383) 
influences the ability CTR peptides to bind DNA in a sequence-unspecific manner (19): The 
more acetylated lysine residues the weaker the binding of the CTR to DNA. In comparison to 
PA modification, modification by mono-ubiquitylation at position 370 had an even more 
prominent influence on the DNA binding ability of the CTD. This data indicates that the attached 
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Ub somehow shield the DNA binding region of the CTR (aa 365-382). To further validate these 
findings, high amounts of concentrated CTDs mono-ubiquitylated at different positions have to 
be generated. 

 Mono-ubiquitylation changes the interactome of p53 CTD 

Different site-specific PTMs like acetylation and neddylation of the lysine residues in the CTR 
of p53 have been shown to mediate and augment the interaction with for instance Tip60 
thereby increasing the interactome of p53 (215). Until to date, it was not possible to investigate 
the interactome of mono-ubiquitylated forms of p53. In this study, we added new interaction 
partners to the p53 interactome by developing an approach to generate uncleavable mono-
ubiquitylated p53 CTD and performing affinity enrichment experiments followed by quantitative 
mass spectrometry. For two different CTR lysine residues (K372 and K386), we gained new 
p53 network information with the goal to investigate how mono-ubiquitylation alters the 
subcellular localization and function(s) of p53.  
In general, across all used CTD variants including wild-type, PA-modified and mono-
ubiquitylated CTD, we identified 176 interactors which were already described before such as 
CDK9, Cul4a, Cul7 and SIRT1 (in comparison to BioGrid 3.5, 2019; https://thebiogrid.org/). 
Based on the z-scores of the quantitative mass analysis some interactions with the different 
CTD variants proved to be modification specific (Cluster A, B, H, I), while others showed some 
potential influence (Cluster D, F, G) or no influence of the modifications (Cluster E). 
Subsequently, we validated some interactions of interest using cell lysate and western blot 
analysis as well as in vitro translated, S35-labeled proteins (see 3.4.4.1-3.4.4.4).  
The mono-ubiquitylated CTD interactomes were selected especially to reveal the mode of 
interaction, the interface and the possible subcellular localisation. According to this, we 
clustered the obtained interactome (Cluster B) further into readers, erasers, writers and 
proteins of other functions (i.e. proteins that do not contain a known Ub binding domain or CTR 
binding domain; see Table 5). Additionally, we included clusters, in which Ub binders (Cluster 
I and H) or to some extent z-scores were slightly increased in mono-ubiquitylated CTD samples 
(Cluster C, G and F).  

3.4.4.1 Mono-ubiquitylated p53 CTD binds various DUBs 

Ubiquitylation and deubiquitylation have emerged as important players involved in p53 
regulation (reviewed in (64)). In the current study, we identified USP5, USP7, USP9x, USP11, 
USP13, USP15, USP16, USP36, USP39 and USP42 as potential CTD interactors. Some of 
the USP interactions depend on the ubiquitylation state of the CTD like USP5, USP11, USP15 
and USP13 (Cluster B, C, F and I; Appendix Figure 48, 48, 55 and 57), while other USPs like 
USP7, USP39 and USP42 seem to interact with th CTD independently of the modification state 
(Cluster E, Appendix Figure 51-Figure 55).  
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Further investigation using the CTD-Ub and 35S-labeled USP 5, 7 and 11 to compare the 
different possible interfaces revealed similar results as obtained in the enrichtment analysis 
(Figure 39). Some DUBs have a specificity for substrates. For instance, USP7 recognizes 
amino acid 359-367 of p53 independent of the modification state (216). Furthermore, USP7 
targets Hdm2 as well as p53 but a stress-induced molecular switch targets p53 for 
deubiquitylation by USP7 rather than Hdm2 (65, 173, 217).  
The recruitment of DUBs to CTD-Ub indicates the recognition of either anchored or free Ub by 
the respective DUB. USP11 binds with low affinity to both unanchored Ub and Ub-linked to the 
CTD of p53. Thus, in vitro USP11 does not appear to have aby specificity for CTD-Ub. Notably, 
USP11 is located in the nucleus and has been reported to deubiquitylate p53 upon DNA 
damage (218). Yet, the interaction was not investigated in cell free experiments and thus, the 
modification state of p53 interacting with USP11 remains unclear. Along this line, USP11 has 
been associated to the HR DNA repair pathway, as silencing of USP11 expression by siRNA 
leads to aberrant double-strand break (DSB) repair (219, 220). Other reported substrates of 
USP11 include PML, BRCA1, RanBPM and IκBα (218, 221, 222). Until now, USP11 was 
reported to cleave preferentially K63-, K6-, K11- and K33 Ub-chains but our data indicate that 
mono-ubiquitin is also recognized and potentially cleaved (223). A homolog of USP11 is USP15 
that was also identified in this study (Cluster C, Appendix Figure 49). USP15 is well known for 
its roles in DNA repair and in mitophagy by counteracting PARKIN (171, 224-226).  
USP5 is known to recognize unanchored Ub chains. Our data revealed a low efficiency 
interaction with free Ub and CTD-372Ub, indicating that the interface of the attached Ub plays 
an important role in recognition of the Ub by USP5. The selective recognition of Ub chains is 
also supported by the presence of additional Uba domains in USP5 that are necessary to bind 
tri- and tetrameric Ub-chains (227) and may recognize CTD-372Ub by a mode similar to K48- , 
K33- and K29-linked Ub-chains ((228), J.Lutz personal communication). Preliminary reciprocal 
affinity enrichment experiments using GST-USP5 and poly-ubiquitylated p53 revealed that 
USP5 mainly interacts with poly-ubiquitylated forms of p53 rather than with mono-ubiquitylated 
or unmodified p53 (Appendix Figure 59, experiments performed by N. Richter-Müller under 
supervision). In agreement with these results, USP5 is considered to activate p53 in cells, as 
USP5 knockdown leads to the enrichment of Ub chains and also poly-ubiquitylated p53 (228). 
In addition, loss of USP5 leads to the accumulation of DNA damage in pancreatic cancer cells 
(229). Previously, USP5 has also been associated with the DNA damage response, as it 
disassembles free Ub chains at sites of damage, increasing the efficiency of DSB repair (230).  
Taken together, the validation data indicate selectivity of the identified DUBs for either the CTD 
or mono-ubiquitylated CTD or free Ub. Thus, to recognize the Ub signal, a single Ub moiety 
seems to be sufficient for some USPs. 
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3.4.4.2 Ub domain containing proteins bind to mono-ubiquitylated p53 CTD  

The ability of Ub domain containing proteins to recognize mono-ubiquitylation modifications 
(readers) affects not only interaction but also localization. In our interactome study we identified 
diverse Ub domain containing proteins including PLAA, p62, TOM1 and CUEDC1 in the CTD-
Ub Cluster B (Figure 40 and Heat map Appendix Figure 48 ). 
PLAA, the human homolog of yeast Doa1, mainly interacts with K63-, K29- and K11-linked Ub 
chains via its Pfu-domain and the WD40 beta-propeller repeat (231, 232). Furthermore, PLAA 
forms a ternary complex with the segregase p97/VCP to extract ubiquitylated substrates from 
cellular compartments or protein complexes for recycling or degradation (233, 234). Recently, 
it was shown that Doa1 deletion causes the accumulation of ubiquitylated proteins at 
mitochondria suggesting an important regulatory role of the yeast homolog (235, 236). 
Moreover, p97/VCP in cooperation with PLAA, Yod1 and Ubxd1 drives the clearance of 
ruptured lysosomes by autophagy (233). A key regulator of autophagy is p62 
(Sequestosome1), which also harbors a Ub binding domain. Previous data suggests that 
inhibition of autophagy leads to p62 accumulation, which impairs the flux of ubiquitylated 
substrates like p53 to the proteasome (237). In line with these result, partial knockdown of the 
proteasomal Ub receptors PSMD4 and ADRM1 showed that the autophagy pathway 
compensates for the loss of degradation of poly-ubiquitylated proteins by the proteasome 
(238). As the UBA domain of p62 has a low affinity for Ub in comparison to PSMD4, this 
difference may under normal growth conditions suffice to determine the final destination of 
ubiquitylated proteins, i.e. degraded by the proteasome. Notably, induction of autophagy 
seems to require low cytoplasmic p53 levels (239) and high nuclear p53 levels to activate the 
transcription of several autophagy associated genes (reviewed in (240)). 
In our study, we also found Ub binding domains belonging to the helical subfamily of Ub binders 
including GGA, GAT (TOM1), VHS and CUE (coupling of ubiquitin conjugation to endosomal 
reticulum degradation) domains (241-243). TOM1 recognizes ubiquitylated proteins and Ub-
dimers, which are mainly linked via K63, K29 and K33 (124, 244, 245). Association of TOM1 
with Tollip recruits TOM1 to the the early endosome and enables sorting of ubiquitylated 
substrates to their target subcellular compartment (246, 247). Additionally, colocalization of 
TOM1 with myosin VI links TOM1 to mature autophagosomes(248, 249), again, like PLAA and 
p62, linking the UPS and the autophagy pathway to regulate the fate of ubiquitylated 
substrates. 
We also identified the Cue domain containing protein CUEDC1. Besides the interaction with 
Ub-dimers (K63, K6 and K11) nothing is known about human CUEDC1 (244). Our data suggest 
that CUEDC1 binds (mono-)ubiquitylated forms of p53 (Figure 40). Indeed, preliminary data 
indicate efficient binding of GST-CUEDC1 to Hdm2-mediated ubiquitylated p53 (Appendix 
Figure 59), but if CUEDC1 binds to multi-mono-ubiquitiylated p53 or to p53 modified by di-Ub 
must be investigated in the future. Due to the known interactions with site-specifically linked 
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Ub dimers it is possible that CUEDC1 involved in trafficking and sorting of proteins to their final 
destination, potentially the ER or the proteasome. To address this, the intracellular localization 
of CUEDC1, has to be further investigated, e.g. by using GFP-CUEDC1 and fluorescence 
microscopy. 
To summarize, trafficking and sorting of ubiquitylated p53 is suggested to either lead to p53 
degradation by the proteasome or autophagy or to shuttle p53 to subcellular compartments 
like the mitochondria. 

3.4.4.3 p53 interaction surface of MSH6 and PAIP2 

Some of the proteins like MSH6, FEN1 or PAIP2 in cluster B do not harbor a known Ub binding 
domain and are not known to interact with p53. In the cell, the Mut complexes, which contain 
MSH6, sense base mispairing during post-replicative mismatch repair and after DNA damage 
(250). Like p53, MutSα interacts with insertions and deletions as well as with recombinant 
junctions with high affinity (180, 182). In further analogy, p53 and MSH2, another component 
of the Mut complex, associate both with recombinative DNA repair complexes in S-Phase, but 
a direct interaction has not been reported (181, 251). Our data suggests a direct interaction of 
MSH6 and p53 mediated via mono-ubiquitylation (Figure 41). Alignments of the partially solved 
structure of MSH6 with known Ub binding domains did not reveal a UBD (data not shown). 
Further enrichment experiments with truncated variants of MSH6 may reveal the interaction 
interface. Potentially, the interaction of MSH6 and ubiquitylated p53 depends on the cell cycle 
phase and/or DNA damage. This could be addressed by further affinity enrichment 
experiments using cell extract either synchronized in different phases of the cell cycle or 
induced DNA damage. Further, the interaction of the p53-Ub and MSH6 could lead to 
sequester MSH6 or p53 from the DNA, as MSH6 translocates to the nucleolus for inactivation 
(252). The ternary complex could also be formed to enhance or reduce binding of other 
recombination complexes, as p53 3’-5’ exonuclease activity could play a role also in mismatch 
repair (reviewed in (253)).  
The small translation inhibitor protein, PAIP2, was also shown to bind mono-ubiquitylated as 
well as polyubiquitylated p53 forms (Figure 42 and Appendix Figure 59). Until now, a Ub 
binding domain within PAIP2 is not known. Thus, more detailed investigation of truncated 
PAIP2-variants may reveal the Ub interaction interface. Possibly, the interaction with 
ubiqutiylated proteins prevents binding of PAIP2 to PABP, which normally results in repression 
of PABP function. PABP binds to the poly(A) tail of mRNAs and stimulates binding of eLF4G 
and E, which results in stimulation of translation (254). 
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3.4.4.4 The interactome of unmodified p53 CTD  

Although the CTR is described to be modified by various post-translational modifications, our 
data suggests an interactome for unmodified CTR of p53 as well. With our approach we 
identified XRCC6, XRCC5 and DNA-PK in cluster A (Appendix Figure 47), linking unmodified 
p53 to the non-homologous end-joining (NHEJ) pathway. NHEJ is the predominant pathway 
for the repair of DNA double strand breaks, which occur throughout the cell cycle (reviewed in 
(255)). The heterodimer of XRCC6 and XRCC5 associates with double strand breaks and 
recruits DNA-PK. After conformational change of the XRCC6/XRCC5 complex, diverse DNA 
repair enzymes bind to the complex including DNA nucleases, polymerases and ligases. 
Previous data revealed also a connection of p53 to the NHEJ, due to an interaction of p53 with 
XRCC6/XRCC5 and DNA-PK. So far, direct interaction of p53 and XRCC6 has been shown to 
be independent of p53 acetylation at position 382 in cellula (73). However, in our enrichment 
experiments with PA modified p53 CTD the presence of PA seems to be sufficient to disturb 
the interaction with XRCC6 at least partially (Figure 43). Furthermore, amino acid residues 
surrounding the acetylated lysine may also play a role in XRCC6 binding. To exclude a potential 
artificial effect of PA , additional in vitro experiments should be carried out using site-specifically 
acetylated, mutated (K to R or A) as well as unmodified p53. Previous studies directly linked 
p53 to DNA double strand breaks with cohesive ends, an activity that is based on the non-
specific DNA binding ability of p53 (256, 257). If this plays a role in the assembly of the NHEJ 
complex, is not known.  

3.4.4.5 Crosstalk between PTMs mediates p53 CTD interactions 

As we identified in our interactome study methylases, deacetylates, acetylates, ubiquitin 
ligases and kinases, all of which trigger the addition or removal of the respective modification, 
this may indicate a potential crosstalk of these modifications. For instance, SUMOylation of 
lysine residue 386 was shown to inhibit acetylation of the CTR lysine residues via p300 (209). 
Hence, we investigated some hits more thoroughly. 
SIRT1 is a known deacetylase of p53 acetylated at lysine 382 (190) . Our data suggest binding 
of SIRT1 to all used CTD variants suggesting that the specific interaction of SIRT1 with 
acetylated p53 does not only depend on modification of p53 but also on modification of SIRT1 
itself (Figure 44 A). Indeed, Ck2-mediated phosphorylation of SIRT1 enhances its interaction 
with acetylated p53 (258, 259). Thus, as our in vitro enrichment experiments suggest 
potentially unmodified SIRT1 may transiently interact with both non modified p53 and 
acetylated p53 (Figure 44 B). In contrast to the enrichment experiments with cell lysate, in vitro 
translated SIRT1 was significantly enriched in the CTD-Ub samples, suggesting a direct 
crosstalk of ubiquitylation and acetylation. Structural alignments of SIRT1 and Ub binding 
domains using FATCAT revealed the presence of a potential ubiquitin binding domain in SIRT1 
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(Appendix Figure 60). Thus, characterization of truncation mutants or isolated domains of 
SIRT1 will shed light on the interaction mechanism.  
There is evidence that the E3-Ring ligase Cul4 complex ubiquitylates p53. Respective ligase 
activity was reported to be dependent on Hdm2 and ROC1 (97, 187). In fact, mono-
ubiquitylated p53 appears to be recruited to the Cul4a/DDB1 complex for further ubiquitylation, 
a scenario that is also supported by our study (Figure 44). Another E3 ligase complex that was 
identified in our study is the anaphase-promoting complex (APC; cluster F, Figure 56). The 
scaffold subuntit CDC27 of APC was also confirmed in vitro to interact with p53 CTD variants. 
Interestingly, crosstalk between modification of both proteins may trigger different interactions 
e.g. PA modification of the CTD enhanced interaction with phosphorylated CDC27 (Figure 44 
A). Due to the high complexity of the APC, we tested a direct interaction of the CTD with in 
vitro translated CDC27 and observed only an interaction with mono-ubiquitiylated CTD (Figure 
44 B). It should be noted that upon DNA damage, an indirect influence of p53 on APC activity 
has been reported (260). However, this does not exclude the possibility that a physical 
interaction with p53 may modulate APC function, e.g. in distinct cell cycle phases. Further 
studies are required to prove this intriguing possibility. 
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3.5 Conclusion and Outlook 

During the course of this work, different bioconjugation methods were applied to generate 
mimics of site-specifically mono-ubiquitylated p53. Initially, it was demonstrated that 
bioconjugation of full-length p53 by CuAAC is not suitable to retain functional p53. Thus, in 
cooperation with Vanessa Radtke, we established a metal-free bioconjugation method, oxime 
ligation, to link full-length p53 and Ub. Exploring the suitability of oxime ligation to generate 
mimics of mono-ubiquitylated p53, we investigated known interactions with the E3 ligase Hdm2 
as well as the E6/E6AP complex and ascertained that the bioconjugation procedure does not 
affect the functionality of p53. Furthermore, it was shown that p53 oxime-linked to Ub at 
position 120 slightly reduce the DNA binding ability of p53 to p21 RE. Future studies to 
elucidate the p53-DNA binding kinetics will be the next step of this project (ongoing work of S. 
Jäger). A simulation model of the p53-120Ub DNA complex would be highly interesting, as the 
modified residue is important in the loop l1-mediated interaction of p53 with the minor groove 
of the DNA. In addition, NMR studies of the DNA binding domain of p53 oxime-linked to Ub at 
position 120 would provide intimate insights into the DNA binding behaviour of p53-120Ub. 
Besides characterization of the DNA binding ability of p53-120Ub, quantitative interactome 
studies of p53-120Ub in comparison to p53-120AcK and unmodified p53 would be of significant 
interest. Since all studies have been performed exclusively with Ub-linked to position 120, it 
will be important to transfer the bioconjugation system to other sites of p53, including lysine 
164 and the six C-terminal lysine residues. In the future, side-by-side investigation of site-
specifically modified residues should be performed to identify and compare the mono-ubiquitin- 
and acetyl-interactome of full-length p53, as ubiquitylation and acetylation frequently occur on 
the same lysine residue. 
In the second part of this thesis, the isolated CTD of p53 was mono-ubiquitylated at lysine 
residue 370, 372 and 386 via CuAAC. As we only partially characterized the biochemical 
properties of CTD-Ub, it will be important to examine the DNA binding properties of site-
specifically mono-ubiquitylated forms of the CTD also with regard to binding of DNA containing 
mismatches. Furthermore, we focussed on the identification of the interactome of mono-
ubiquitylated CTD. All in all, we developed a suitable approach to enrich CTD-Ub interactors. 
and validated some of the interactions in additional studies in vitro. The interactome of mono-
ubiquitylated p53 may depend on cell cycle phase as well as cellular stress. Thus, affinity 
enrichment experiments with cell lysate of stressed or cell cycle-synchronized cells would be 
interesting. To gain further insights of the functions of mono-ubiquitylation of the CTD, further 
studies like cellular fractionation assays or immunofluorescence microscopy to investigate the 
subcellular localization of ubiquitylated forms of p53 as well as its interactome should be 
carried out. The binding interface of some identified proteins for CTD-Ub remains elusive; 
therefore, defined deletions mutants of e.g. MSH6, PAIP2 and SIRT1 should be generated and 
their binding behavior further investigated. Finally, since some lysine residues of the CTD are 
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not subjected to ubiquitylation but also to neddylation or sumoylation, the approach should be 
extended to these modifications 
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4 MATERIAL AND METHODS 

4.1 MATERIAL 

 Chemicals 

Chemicals Supplier 

Aceton VWR 

Acetonitril VWR 

Amplifyer  PerkinElmer 

Acrylamide/Bis-acrylamide 30 ROTH 

Acrylamide/Bis-acrylamide 40 ROTH 

Aprotinin/Leupeptin  SIGMA 

Ammonium persulfate  ROTH 

Aniline SIGMA 

ATP  SIGMA 

Azidohomoalanine Iris Biotech 

β‐Mercaptoethanol  Merck 

Biotin ROTH 

CaCl2  Merck  

Cu(MeCN)4BF4 SIGMA 

DTT  ROTH 

EDTA  ROTH 

Et2-O Merck  

Ethidiumbromide  ROTH 

FeSO4*7H2O  Merck  

Glutathione Sepharose 4B  GE Healthcare 

Glucose  Riedel de Häen  

Glycine ROTH ROTH 

Guanidinium Hydrochloride  SIGMA 

HEPES  SIGMA 

HisTrap HP, 1mL GE Healthcare 

HisTrap HP ,5mL GE Healthcare 

HiTrap Heparin HP,1mL GE Healthcare 

HiTrap SP HP,1mL GE Healthcare 

HiTrap Q HP,1mL GE Healthcare 

Imidazole  ROTH 

IPTG ROTH 

Isopropanol VWR 
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Lipofectamine 2000  Invitrogen 

Lys-Boc HCl Iris Biotech 

MgCl2  ROTH 

MgSO4*7H2O  ICN Biomedicals  

MnCl2*4H2O  AcrosOrganics  

Na2MoO4  abcr  

NaCl  Roth  

Milk powder  ROTH 
Nε-acetyl-lysine  ABCR 

Na2HPO4  SIGMA 

NaH2PO4  SIGMA 

NP‐40 for cellular fractionation Fluka 

ONPG  SIGMA 

PBS  Gibco 

PefaBloc  Roth 

Propargyl acrylate SIGMA 

Q Sepharose Fast Flow  GE Healthcare 

SDS ROTH 

Sepharose CL‐4B  GE Healthcare 

Strep beads  IBA 

TCEP ROTH 

TEMED  ROTH 

Thiamine-hydrochloride ROTH 

Tricine ROTH 

Triton X100  ROTH 

Trizma Base (Tris) SIGMA 

Tween 20  ROTH 

Western Lightning ECL  Perkin Elmer 

ZnCl2  AcrosOrganics  

 Synthesized chemicals 

Chemical Synthesized by 

Keto-lysine Vanessa Radtke, AG Marx 

Nε-aminooxy-(tert-butoxycarbonyl)-L-lysine Vanessa Radtke, AG Marx 

THPTA  AG Marx 

Nε -(2-azidoethoxy)carbonyl-l-lysine (Azk) Kathrin Götz, AG Marx (149) 

Nε-propargyl-lysine (Plk) Alexandra Julier (149) 



MATERIAL 

76 

 Buffers and solutions 

Buffer  Component Concentration 

Lysis buffer p53 Sodium phosphate pH 8 50 mM 

 NaCl 300 mM 

 DTT 10 mM 

 IGEPAL 0.01% 

 Aprotinin/Leupeptin 1 µg/µL 

 Pefa bloc 100 µM 

His-Trap p53 Sodium phosphate pH 7.2 50 mM 

 NaCl 150 mM 

 IGEPAL 0.01% (v/v) 

 DTT 2 mM 

 Imidazole 20 mM (Buffer A) 

 Imidazole 1000 mM (Buffer B) 

Heparin p53 Sodium phosphate pH 7.2 50 mM 

 DTT 2 mM 

 IGEPAL 0.01% (v/v) 

 NaCl 0mM (Buffer A) 

 NaCl 1000 mM (Buffer B) 

Dialysis buffer p53 Sodium phosphate pH 7.2 50 mM 

 NaCl 150 mM 

 IGEPAL 0.01% (v/v) 

 DTT 2 mM 

storage buffer p53 Sodium phosphate pH 7.2 50 mM 

 NaCl 150 mM 

 Glycerine  10% 

 IGEPAL 0.01% (v/v) 

 DTT 2 mM 

Lysis buffer p53 CTD HEPES pH 7,8 50 mM 

 NaCl 300 mM 

 DTT 10 mM 

 IGEPAL 0.01% (v/v) 

 Protease inhibitor 0.1% (v/v) 

His-Trap p53 CTD HEPES pH 7.8 50 mM 

 NaCl 150 mM 

 DTT 1 mM 

 Imidazole 0 mM (Buffer A) 

 Imidazole 1000 mM (Buffer B) 
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SP HP p53 CTD HEPES pH 7.0 50 mM 

 TCEP 1 mM 

 NaCl 0 mM (Buffer A) 

 NaCl 1000 mM (Buffer B) 

buffer p53 CTD HEPES pH 7.8 50 mM 

 NaCl 150 mM 

 DTT 1 mM 

 IGEPAL 0,01% (v/v) 

Lysisbuffer (general)   

 PBS 1x 

 Triton X-100 1% 

 DTT 1 mM 

 Pefa bloc 100 µM 

 Aprotinin/Leupeptin 1µg/mL 

1x PBS/T PBS 1x 

 Triton X-100 1% (v/v) 

T25 Tris pH 7.5 25 mM 

GSH Elution buffer Tris pH 7.5 25 mM 

 GSH 20 mM 

Cleavage buffer GST-SUMO TRIS pH 7.5 25 mM 

 NaCl 150 mM 

Cleavage buffer GST-Ub Aha PBS 1x 

   

EMSA Component Concentration 

EMSA 10x TBE buffer   TRIS   500 mM 

 Boric acid  500 mM 

 EDTA 10 mM 

EMSA running buffer TBE buffer  0,5x 

 IGEPAL 0,02% (v/v) 

EMSA CTD 5x binding buffer  HEPES pH 7,8 250 mM 

 NaCl 650 mM 

 Glycerine  50% (v/v) 

 BSA 1 mg/mL 

 DTT 10 mM 

 NP-40 0,02% (v/v) 

 p21 RE  50 nM 

EMSA p53 fl 5x binding buffer  NaP pH 7,2 125 mM 

 NaCl 650 mM 

 Glycerine  50% (v/v) 
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 BSA 1 mg/mL 

 DTT 10 mM 

 NP-40 0,02% (v/v) 

 p21 RE  50 nM 

   

SDS-PAGE buffer Component Concentration 

Loading dye (5x) TRIS / HCl pH 6.8 312.5 mM 

 DTT 500 mM 

 Brophenol blue  0.001% (v/v) 

Stacking gel H2O 1.8 mL 

 Stacking gel buffer  0.8 mL 

 30% Bis- Acrylamide 0.5 mL 

 10% APS 30 µL 

 TEMED 3 µL 

Separation gel 10% H2O 2.5 mL 

 Separation gel buffer  1.5 mL 

 30% Bis- Acrylamide 2 mL 

 10% APS 60 µL 

 TEMED 6 µL 

Electrophoresis buffer (10 x) TRIS / HCl pH 8.4 250 mM 

 Glycine 2 M 

 SDS 1% (v/v) 

Coomassie staining solution Coomassie Brilliant Blue R250 2 g/L 

 Methanol  40% (v/v) 

 Acetic acid 10% (v/v) 

Coomassie destaining solution Methanol  40% (v/v) 

 Acetic acid 10% (v/v) 

Stacking gel buffer TRIS / HCl pH 6.8 0.5 M 

 SDS 0.4% (v/v) 

 Bromphenol blue 0.001% 

Separation gel buffer TRIS / HCl pH 8.8 1.5 M 

 SDS 0.4% (v/v) 

   

Western blot buffer Component Concentration 

TNE-T buffer  TRIS / HCl pH 7.6 10 mM 

 NaCl 50 mM 

 EDTA 2.5 mM 

 Tween-20 0.1% (v/v) 

Western blot transfer buffer  TRIS / HCl pH 8.3 12.5 mM  
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 Glycine  100 mM 

 

 Bacterial culture media 

 Component Concentration 

LB (Luria Broth) Tryptone/peptone 1% (w/v) 

 Yeast extract 0,5% (w/v) 

 NaCl 171.11 mM 

SOB  Tryptone/peptone 2% (w/v) 

 Yeast extract 0.5% (w/v) 

 NaCl 8.56 mM 

 KCl 2.5 mM  

 MgCl2 10 mM 

2 YT Tryptone/peptone 1,6% (w/v) 

 Yeast extract 1% (w/v) 

 NaCl 85.56 mM 

NMM (NH4)2SO4 7.5 mM 

 NaCl 8.5 mM 

 KH2PO4 55 mM 

 K2 HPO4 100 mM 

 MgSO4 10 mM 

 CaCl2 1 mg/L 

 FeCl2 1 mg/L 

 CuCl2 1 µg/L 

 MnCl2 1 µg/L 

 ZnCl2 1 µg/L 

 Na2 Mo04 1 µg/L 

 Glucose  20 mM 

 Amino acids mix(-Met) 50 mg/L 

 L-Biotin 10 mg/L 

 Thiamin 10 mg/L 

 Carbenicillin 100 mg/L 

 Bacterial strains 

Strain Supplier 

E. coli XL-10 gold AG Scheffner 

E. coli DH5α AG Scheffner 

E. coli BL21(DE3)  AG Scheffner 

E. coli Rossetta BL21(DE3)  AG Scheffner 
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E. coli pLysS BL21(DE3)  AG Scheffner 

E. coli B834 methionine auxotrophic AG Marx 

 

 Mammalian cell line 

Cell line Supplier 

U2OS AG Scheffner 

H1299 AG Scheffner 

 

 Antibodies 

4.1.7.1 Primary antibodies 

Protein Name Dilution Species Source 

p53 DO-I 1:1000 mouse, monoclonal Calbiochem 

p53 120AcK p53 120AcK 1:1000 mouse, monoclonal abcam 

Ubiquitin P4G7 1:1000 mouse, monoclonal abcam 

Ubiquitin FK2 1:1000 mouse, monoclonal  

His6 His6-HRP coupled 1:500 mouse, monoclonal SIGMA 

MSH6 NBP2-37537 1:1000 mouse, monoclonal Novus biologicals 

XRCC6  NB100-1915 1:1000 mouse, monoclonal Novus biologicals 

PLAA EPR5481 1:1000 rabbit, monoclonal Novus biologicals 

TOM1 Ab77549 1:1000 mouse, monoclonal abcam 

USP15 Ab71713 1:1000 rabbit, polyclonal abcam 

USP13 Ab99421 1:1000 rabbit, polyclonal abcam 

CDC27 No 363 1:1000 Rabbit AG TU Mayer 

SIRT1 Ab32441 1:1000 rabbit, monoclonal abcam 

Cul4a A300-739A-T 1:1000 rabbit, polyclonal Biomol 

 

4.1.7.2 Secondary antibodies 

Protein Dilution Species Source 

HRP coupled α-mouse 1:30000 Goat Dianova 

HRP coupled α-rabbit 1:30000 Goat Dianova 
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 Oligonucleotides 

4.1.8.1 Oligonucleotides  

Oligonucleotides Sequence 5’-3’ Supplier 

AJ-14 K370C 5’  ATAGCAGCCATCTGTGCAGCAAAAAAGGTCA IDT 

AJ-15 K370C 3’ TGACCTTTTTTGCTGCACAGATGGCTGCTAT IDT 

AJ-16 K372C 5’  CCATCTGAAAAGCTGCAAAGGTCAGAGCA IDT 

AJ-17 K372C 3’  TGCTCTGACCTTTGCAGCTTTTCAGATGG IDT 

AJ-18 K373C 5’  TCTGAAAAGCAAATGCGGTCAGAGCACCA IDT 

AJ-19 K373C 3’ TGGTGCTCTGACCGCATTTGCTTTTCAGA IDT 

AJ-20 K386C 5’ AAAAAACTGATGTTTTGCACCGAAGGTCCGGAT IDT 

AJ-21 K386C 3’  ATCCGGACCTTCGGTGCAAAACATCAGTTTTTT IDT 

AJ-24 K382C 3’ GTTTTAAACATCAGGCATTTATGACGGCTGG IDT 

AJ-25 K381C 3’ GTTTTAAACATCAGTTTGCAATGACGGCTGG IDT 

AJ-26 K382C 5’ CCAGCCGTCATAAATGCCTGATGTTTAAAAC IDT 

AJ-27 K381C 5’ CCAGCCGTCATTGCAAACTGATGTTTAAAAC IDT 

AJ-28 K370C 5’ ATAGCAGCCATCTGTGCAGCAAAAAAGGTCA IDT 

AJ-35 5’ CCATCTGAAAAGCTAGAAAGGTCAGAGCA IDT 

AJ-36 3’ TGCTCTGACCTTTCTAGCTTTTCAGATGG IDT 

AJ-37 5’ AAAAAACTGATGTTTTAGACCGAAGGTCCGGAT IDT 

AJ-38 3’ ATCCGGACCTTCGGTCTAAAACATCAGTTTTTT IDT 

AJ-46 381TAG 5’ CACCAGCCGTCATTAGAAACTGATGTTTAAAACCG IDT 

AJ-47 381TAG 3’ CGGTTTTAAACATCAGTTTCTAATGACGGCTGGTG IDT 

AJ-48 382TAG 5’ CACCAGCCGTCATAAATAGCTGATGTTTAAAACCG IDT 

AJ-49 382TAG 3’ CGGTTTTAAACATCAGCTATTTATGACGGCTGGTG IDT 

AJ-57 Ub76TAG 5’ GCCTGCGTGGTTAGTAATAACGGGATCCGA IDT 

AJ-58 Ub76TAG 3’ TCGGATCCCGTTATTACTAACCACGCAGGC IDT 

AJ-103 p53 120TAG 5’ CAGCCTAGTCTGTGACTTGCACGTACTCC IDT 

AJ-104 p53 120TAG 3’ GAGTACGTGCAAGTCACAGACTAGGCTGTCC IDT 

AJ-122 pGEX tRNA_5’  CAGCCATCGGAAGCTGTGGTGTCGACCGCCGCTTCTTTG IDT 

AJ-123 pGEX tRNA_3’  TGATTTACGACCTGCACAGCGTCGACTAAAAAAAATCCTTAG

CTTTCGC 

IDT 

AJ-124tRNA_5’  GAGTCGCATAAGGGAGAGCGCGCCGCTTCTTTGAGCGAAC IDT 

AJ-125 tRNA_3’  GAAGGCTCTCAAGGGCATCGTAAAAAAAATCCTTAGCTTTCG

CTAAGGATCTG 

IDT 

AJ-126 pGEX tRNA GTGCACCAATGCTTCTG IDT 

AJ-133 del M CTD  5’ GCAGCCATCACGGTGAATATTTCAC IDT 

AJ-134 del M CTD  5’ GTGAAATATTCACCGTGATGGCTGC IDT 
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AJ-141 Strep CTD p53 TTGGAGCCATCCGCAGTTTGAAAAAGGCAGCAGCGGTGAAT

ATTTCACCCTGCAAATTCG 

IDT 

AJ-142 Strep CTD p53 CCGCTGCTGCCTTTTTCAAACTGCGGATGGCTCCAATGGCT

GCCGCGCGGCACCAGGCCG 

IDT 

AJ-155 120Q 5’ GCACCGCACAGAGCGTTACCTGTAC IDT 

AJ-156 120Q 3’ GTACAGGTAACGCTCTGTGCGGTGC IDT 

AJ-157 120 R 5’ GCACCGCAAGGAGCGTTACCTGTAC IDT 

AJ-158 120R 3’ GTACAGGTAACGCTCCTTGCGGTGC IDT 

AJ-180 Strep p53 5’ TGGAGCCATCCGCAGTTTGAAAAAGGCAGCAGCATGGAAGA

ACCGCAGAGCGATCCGAGC 

IDT 

AJ-181 Strep p53 3’ TTCAAACTGCGGATGGCTCCAATGGCTGGATCCAACCGAGG

CACGACGGCTGCCGCGTGG 

IDT 

AJ 182 Hld p53 3’  GGATCCAACCGAGGCACG IDT 

AJ 183 Hld_p53 5’ ATGGAAGAACCGCAGAGC IDT 

AJ-200 USP5 5’ ACTCACTATAGGGAGACCCAAGCTTATGGACTACAAGGATGA

C 

IDT 

AJ-201 USP5 3’ ACTGGCGGCCGTTACTAGTGGATCCTTATCGAACCACTTTGT

AC 

IDT 

AJ-202 USP11 5’ ACTCACTATAGGGAGACCCAAGCTTATGGACTACAAGGATGA

C 

IDT 

AJ-203 USP11 3’ ACTGGCGGCCGTTACTAGTGGATCCAATTAACATCCATGAAC

TCAG 

IDT 

AJ-214 Ku70 5’ CAAGGATGACGACGATAAGGGATCCTCAGGGTGGGAGTCAT

ATTAC 

IDT 

AJ-215 Ku70 3’ TTAGTCCTGGAAGTGCTTG IDT 

AJ-216 Ku80 5’ CAAGGATGACGACGATAAGGGATCCATGGTGCGGTCGGGGA

AT 

IDT 

AJ-217 Ku80 3’ AGTGTGATGGATATCTGCAGAATTCTTATATCATGTCCAATAAA

TCGTCCACATCAC 

IDT 

AJ-225 CUEDC1 3’ GATGGATATCTGCAGAATTCTTACTGTCCTTCTCGCAGG IDT 

AJ-226 PAIP2 5’ CCCAGACTACGCGGGATGCCACAAGCTTGGTACCGAGCTC IDT 

AJ-227 PAIP2 3’ GATGGATATCTGCAGAATTCTTAGATATTGCCGTACTTGACG IDT 

AJ-230 pCNDA lin 5’ GAATTCTGCAGATATCCATCACACTGGCG IDT 

AJ-233 MSH6 3’ GATGGATATCTGCAGAATTCGCGGCCGCTCATTTTTTAAAAAT

AAAG 

IDT 

AJ-234 MSH6 5’ CGTCCCAGACTACGCGGGATCCATGTCGCGACAGAGCACC IDT 

AJ-235 CUEDC1 5’ CACGTGTTCGACCGGCCCTAC IDT 

AJ-236 pCDNA lin 3’ CATGGATCCCGCGTAGTCTG IDT 

AJ-238 USP5 C318A 5’ TGGGCAACACGGCCTTCATGAACTC IDT 
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AJ-239 USP5 C318A 3’ GAGTTCATGAAGGCCGTGTTGCCCA IDT 

AJ-240 USP11 C335A 5’ GGGTAACAGCGCCTACCTCAACTC IDT 

AJ-241 USP11 C335A 3’ GAGTTGAGGTAGGCGCTGTTACCC IDT 

AJ-242 USP5 5’ ATCGGATCTGGTTCCGCGTGGATCCATGGCGGAGCTGAGTG
AG IDT 

AJ-243 USP5 3’  TCACGATGAATTGTCTAGACTTATCGAACCACTTTGTACAAGA

AAG 

IDT 

AJ-244 USP11 5’ ATCGGATCTGGTTCCGCGTGGATCCATGGCAGTAGCCCCGC

GA 

IDT 

AJ-245 USP11 3’ TCACGATGAATTGTCTAGACTTACTAGTGGATCCAATTAACAT

CCATGAACTCAG 

IDT 

 

4.1.8.2 Oligonucleotides response elements 

Oligonucleotides Sequence 5’-3’ Supplier 

p21 RE fwd 

(5’- Fluorescein) 

ATCAGGAACATGTCCCAACATGTTGAGCTC IDT 

p21 RE rev GAGCTCAACATGTTGGGACATGTTCCTGAT IDT 

 

 DNA Fragments 

Fragments Sequence 5’-3’ Supplier 

PAIP2_co ATGAAAGATCCGAGCCGTAGCAGCACCAGCCCGAGCA
TCATCAATGAGGATGTCATTATTAACGGTCACAGCCACG
AAGATGACAATCCGTTCGCTGAGTATATGTGGATGGAG
AATGAAGAAGAGTTCAACCGTCAAATTGAGGAAGAGTT
ATGGGAGGAAGAGTTCATTGAGCGCTGCTTCCAGGAG
ATGCTGGAAGAAGAAGAAGAGCATGAGTGGTTTATCCC
GGCGCGTGATCTTCCGCAGACCATGGACCAAATTCAG
GACCAGTTCAACGACTTGGTCATTAGCGATGGCAGCA
GCTTGGAGGATTTAGTAGTGAAAAGCAACTTGAATCCG
AACGCGAAGGAGTTTGTTCCGGGCGTCAAGTACGGCA
ATATCTAA 
 

IDT 

ΔCUE CUEDC1_co ATGCACGTGTTCGACCGGCCCTACCCTCTGGCTCCCC
CGACTCCGCCTCCCCGTATCGACGCGCTGGGCTCTGG
AGCCCCTACAAGCCAGAGACGCTATCGGAACTGGAAC
CCACCACTGCTGGGCAACCTTCCGGATGACTTTCTCC
GCATCCTGCCCCAGCAGCTGGACAGCATACAGGGTAA
CGCTGGGGGCCCCAAGCCTGGGAGTGGAGAGGGATG
TCCACCTGCCATGGCTGGGCCAGGGCCCGGAGACCA
GGAGAGCCGCTGGAAGCAGTACCTGGAGGACGAGAG
GATCGCGCTTTTCCTGCAGAACGAGGAGTTCATGAAG
GAGCTGCAACGGAACCGCGACTTCCTCCTCGCTCTGG
AGAGAGATCGATTGAAATACGAATCCCAGAAATCTAAAT
CCAGCAGCGTGGCTGTCGGAAACGACTTTGGCTTTTC
CTCTCCTGTCCCAGGAACTGGCGACGCCAACCCCGCT
GTGTCTGAAGATGCCTTATTCAGGGACAAGCTGAAACA
CATGGGAAAGTCCACCCGGAGGAAACTGTTTGAACTT

IDT 
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GCCCGAGCCTTCTCAGAGAAGACCAAAATGAGGAAGT
CAAAGAGGAAACACTTGTTGAAGCATCAGAGCCTGGG
TGCGGCCGCGTCAACAGCCAACCTCCTGGATGATGTG
GAGGGCCACGCGTGTGATGAAGACTTCCGGGGCAGG
CGTCAGGAGGCACCCAAGGTGGAGGAAGGCCTGCGA
GAAGGACAGTAA 
 

CUE domain_co ATGACAAGCTTATTCCGTCGTTCAAGCTCTGGTTCGGG
CGGTGGCGGTACAGCAGGAGCACGCGGAGGCGGCG
GTGGGACGGCTGCCCCTCAAGAGCTTAATAACTCTCG
CCCCGCTCGTCAGGTGCGTCGCTTAGAGTTCAATCAA
GCTATGGATGATTTCAAGACAATGTTCCCGAACATGGA
CTACGACATTATTGAATGTGTGTTACGCGCTAATTCCGG
TGCGGTAGACGCTACAATTGACCAGTTGCTTCAGATGA
ATTTGGAAGGGGGAGGGTCTAGTGGAGGTGTATATGA
GGATTCCTCTGATTCTGAAGATTCAATTCCCCCCGAGAT
TCTGGAGCGTACGCTGGAGCCAGACTCAAGCGACGAG
GAGCCGCCGCCTGTATACTCTCCCCCCGCATATCAC 
 

IDT 

Nedd8 ATGCTGATTAAAGTGAAAACCCTGACCGGTAAAGAAAT
CGAGATTGATATTGAACCGACCGATAAAGTGGAACGCA
TTAAAGAACGTGTGGAAGAAAAAGAAGGTATTCCGCCT
CAGCAGCAGCGTCTGATTTATAGCGGTAAACAGATGAA
TGATGAAAAAACCGCAGCCGATTACAAAATTCTGGGTG
GTAGCGTTCTGCATCTGGTTCTGGCACTGCGTTAG 
 

IDT 

His9-lipoyl domain_co CATATGTCGCACCATCACCATCATCATCACCATCACGGA
TCGGCTTTTGAATTTAAATTGCCAGACATTGGCGAAGG
TATCCATGAGGGGGAAATTGTTAAGTGGTTTGTCAAGC
CAGGGGACGAAGTAAATGAAGACGACGTTTTATGTGAA
GTTCAAAACGATAAGGCGGTGTGGGTCGAAATTCCCTC
ACCAGTCAAAGGCAAGGTTCTTGAAATCCTGGTACCGG
AAGGAACAGTCGCTACGGTCGGACAAACTTTAATTACC
CTGGATGCACCTGGGTACGAGAATATGACATTCTTGGT
CCCACGCGGCAGCCGTCGTGCCTCGGTTGGATCC 

IDT 

 

 Plasmids 

4.1.10.1 Empty vectors 

Name Vector Insert Source 

 pcDNA3  - Invitrogen 

To-V pCDNA3 HA -  

 pET11a tRNA    

 

4.1.10.2 Gene expression plasmids constructed in this work 

Name Vector Insert  

AJ-14 pGEX2TK p53 CTD K372C SDM 

AJ-16 5’ /AJ-17 3’ 

AJ-15 pGEX2TK p53 CTD K386C SDM 
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AJ-20 5’ /AJ-21 3’ 

AJ 19 pGEX2TK p53 CTD K370C SDM 

AJ-14 5’ /AJ-15 3’ 

AJ 20 pGEX2TK p53 CTD K373C SDM 

AJ-18 5’ /AJ-19 3’ 

AJ-22 pET11a  Nedd8 75TAG Pyl-tRNA  Sub-cloning (5’-

NdeI,3’-BamHI) 

AJ-77 pET11a His6-lipoyl domain p53wt co Pyl-tRNA Sub-cloning (5’-

NdeI,3’-BamHI) 

AJ-76 pET11a His6-lipoyl domain p53372TAG co Pyl-tRNA Subcloning (5’-

NdeI,3’-BamHI) 

AJ-141 pET11a His6-lipoyl domain p53120TAG co Pyl-tRNA SDM 

SMK 004 5’/ SMK 

004 3’ 

AJ-158 pET11a His6-lipoyl domain p53120R co Pyl-tRNA SDM  

AJ-157 5’/ AJ-158 3’ 

AJ-159 pET11a His6-lipoyl domain p53120Q co Pyl-tRNA SDM  

AJ-155 5’/ AJ-156 3’ 

AJ148 pGEX NdeI-GST-Ub Pyl-tRNA SDM 

KS /KS 

AJ-160 pGEX ΔGEX His6-lipoyl domain p53wt co Pyl-tRNA Subcloning AJ-127 5’ 

(NdeI )/AJ 130 3’ 

(BglII) 

AJ-161 pGEX ΔGEX His6-lipoyl domain p53120TAG co Pyl-

tRNA 

Subcloning AJ-127 5’ 

(NdeI )/AJ 130 3’ 

(BglII) 

AJ-167 pGEX ΔGEX His6-lipoyl domain p53372TAG co Pyl-

tRNA 

Subcloning AJ-127 5’ 

(NdeI )/AJ 130 3’ 

(BglII) 

AJ-174 pGEX ΔGEX His6-lipoyl domain Strep p53wt co 

Pyl-tRNA 

GA AJ-183 5’/AJ 182 

3’; aligned AJ-180 

5’/AJ 181 3’  

AJ-172 pGEX ΔGEX His6-lipoyl domain Strep p53120TAG co 

Pyl-tRNA 

GA AJ-183 5’/AJ 182 

3’; aligned AJ-180 

5’/AJ 181 3’ 

AJ-85 pET11a  Ub76TAG Pyl-tRNA SDM 

5’ AJ 57 /3’ AJ 58 

AJ-64 pTZ His6-CTD wt Subcloning 

5’ XbaI /3’ BglII 
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AJ-69 pTZ His6-Strep CTD 386C Subcloning 

5’ XbaI /3’ BglII 

AJ92 pTZ His6 p53 CTD 373C Subcloning 

5’ XbaI /3’ BglII 

AJ93 pTZ His6 p53 CTD 381C Subcloning 

5’ XbaI /3’ BglII 

AJ-94 pTZ His6-Strep CTD 372C Subcloning 

5’ XbaI /3’ BglII 

AJ-97 pTZ His6-Strep CTD 370C Subcloning 

5’ XbaI /3’ BglII 

AJ-139 pTZ His6-Strep CTD 386C Q5-Insertion AJ-138 

5’/AJ 137 3’ 

AJ-150 pTZ His6-Strep CTD wt Q5-Insertion AJ-138 

5’/AJ 137 3’ 

AJ-151 pTZ His6-Strep CTD 372C Q5-Insertion AJ-138 

5’/AJ 137 3’ 

AJ-183 pTZ His6-Strep CTD 370C Q5-Insertion AJ-138 

5’/AJ 137 3’ 

AJ-183 pTZ His6-Strep CTD 373C Q5-Insertion AJ-138 

5’/AJ 137 3’ 

AJ-200 pCDNA 3 Flag HA-USP11 Subcloning 

AJ-202 5’ (BamH1)/ 

AJ-203 3’ (KpnI) 

AJ-201 pCDNA 3 Flag-USP5 Subcloning 

AJ-200 5’ (BamH1)/ 

AJ-201 3’ (KpnI) 

AJ-213 pCDNA 3 HA-Ku70 GA 

AJ-230 5’/AJ 231 3’ 

AJ-228 5’/AJ-229 3’ 

AJ-210 pCDNA 3 HA-Ku80 GA 

AJ-230 5’/AJ 231 3’ 

AJ-216 5’/AJ 217 3’ 

AJ-212 pCDNA 3 HA-MSH6 GA 

AJ-230 5’/AJ 231 3’ 

AJ-234 5’/AJ 233 3’ 

AJ-211 pCDNA 3 MSH2 Subcloning 

5’-KpnI-3’-NotI 

AJ-214 pCDNA 3 HA-CUEDC1 fl GA  

AJ-230 5’/AJ 231 3’ 
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AJ-224 5’/AJ 225 3’ 

AJ-216 pCDNA 3 HA-PAIP2 GA  

AJ-230 5’/AJ 231 3’ 

AJ-226 5’/AJ 227 3’ 

AJ-217 pCDNA 3 HA-PLAA GA 

AJ-230 5’/AJ 231 3’ 

AJ-222 5’/AJ 237 3’ 

 

4.1.10.3 Other gene expression plasmids used in this work 

Name Vector Insert Primer cloning 

To-19 pGEX-SUMO Hdm2 H Tang  

DP84 pCDNA 3 p53 D Paligrini 

AJ-1 pET11a Pyl-tRNA GST-p53 wt codon optimized D Schneider 

AJ-2 pET11a Pyl-tRNA GST-p53 372TAG codon optimized D Schneider  

AJ-13 pET11a Pyl-tRNA GST-p53 Δ325-393 D Schneider 

AJ-17 pET11a Pyl-tRNA GST-p53 Δ325-393372TAG D Schneider 

 pET11a Pyl-tRNA GST-p53 Δ325-393370TAG D Schneider 

AJ-18 pET11a Pyl-tRNA GST-p53 Δ325-393386TAG D Schneider 

AJ-12 pRSF-Duet 1 Pyl RNA-Syntethase wt M. bakeri M Rubini 

AJ-81 pRSF-Duet 1 Pyl RNA-Syntethase 349W M. 

bakeri 

V Radtke/AG Marx 

AJ-82 pRSF-Duet 1 Pyl RNA-Syntethase 349F M. 

bakeri 

V Radtke/AG Marx 

AJ-83 pRSF-Duet 1 Pyl RNA-Syntethase L270I, 

Y271F, L274A, C313F, 266V M. 

bakeri 

V Radtke/AG Marx 

 pGEX TEV-ΔM Ub75M J Lutz/AG Marx 

 pR/CV β-Galactosidase  M Scheffner 

AJ-187 pCDNA 3 Nub1 D Paligrini 

AJ-188 pCDNA 3 Nub1l D Paligrini 

AJ-189 pCIneo Flag-USP7 H.Tang 

AJ-193 pCDNA SIRT1 S Kienle 

AJ-196 pDEST Flag HA-USP11 Addgene 22566 

AJ-197 pDEST Flag-USP5 Addgene 22590 

AJ-204 pCDNA 3 GFP-MSH6 J Jirinicy  

AJ-205 pCDNA 3 GFP-MSH2 J Jirinicy 

AJ-206 pENTRC3 MSH2 J Jirinicy 
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AJ-207 pEGFP Ku70 Addgene 46957 

AJ-208 pEGFP Ku80 Addgene 46958 

 pEGFP PLAA Addgene 85669 

 

 Protein and DNA standards 

Standard / Kit Supplier  

PageRuler prestained Protein Ladder  ThermoFischer Scientific 

PageRuler unstained Protein Ladder  ThermoFischer Scientific 

GeneRuler 1Kb Plus DNA Ladder  Fermentas  

 

 Equipment 

Equipment Supplier  

384 well plates, PS, non-binding, black flat bottom Greiner 

Biofuge primo R Hereaus 

Centrifuge 5415D Eppendorf 

Centrifuge Tube, 500 mL Corning 

Falcon Tubes (15 mL, 50 mL) Sarstedt 

FPLC ÄKTA pure system GE- Healthcare 

FLA 5000 gel scanner Fujifilm  

Heating block Eppendorf 

LAS 300 imaging system Fujifilm 

Incubator shaker New Brunswick Scientific 

Incubator Eppendorf 

Infinite F500 plate reader Tecan 

CD spectrometer Jasco J-815 JASCO 

Magnetic stirrer Heidolph 

Multifuge 1 L-R Thermo Scientific 

Membrane pump Vacuubrand 

Nanophotometer IMPLEN 

pH Meter 765, Calimatic Knick  

PAGE system Bio-Rad 

Parafilm Parafilm 

Reaction tubes (1.5 mL, 2 mL) Sarstedt 

Snake Skin Pleated Dialysis Tubing Thermo Scientific 

Sorvall RC6 Plus Thermo Scientific 

Syringe sterile filtration filters (0.2 µm) Millipore 

Tips for laboratory pipettes Sarstedt 
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Transsonic TS540 Elma 

UV- cuvettes Sarstedt 

Water baths JULABO 

Whatman paper 0.2 µm  GE- Healthcare 

 

 Software 
• ChembioDraw 14, Perkin Elmer 

• AIDA Image Analyzer, Raytest 

• Clone Manager 9, Scientific & Educational Software 

• Proteinscape 3.1, Bruker (Proteomics Facility) 

• Perseus 16.2.2. 

• Adobe illustrator  

• Graph pad prism 
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4.2 METHODS 

 PCR and cloning 

4.2.1.1 Polymerase chain reaction 

Polymerase chain reaction (PCR) was performed using Phusion High-fidelity DNA-Polymerase 
(NEB) in Phusion HF or GC buffer in accordance to manufacturer’s instructions. To screen for 
positive insertion, colony PCR was performed using Taq polymerase (AG Scheffner) and 10x 
ThermoPol buffer (NEB). Primer were synthesized and desalted by Integrated DNA 
technologies.  

4.2.1.2 Site-directed mutagenesis 

Site-directed mutagenesis is a technique to introduce point mutations at a defined site into 
plasmid DNA. Therefore, a PCR is performed in which either overlapping primers 
(QuickChange) both containing the desired base change or with back-to-back orientated 
primers (Q5® Site-Directed Mutagenesis) only one of two primer contains the desired base 
change, are used. Site-directed mutagenesis was performed according to respective 
manufacturer’s instructions. 5 µL of PCR product were digested with DpnI (NEB) in a total 
volume of 10 µL with reaction buffer at 37°C for 30 min. Subsequently the digest was 
transformed into super competent XL-10 gold E. coli cells. 

4.2.1.3 Annealing of oligonucleotides and fill-in for cloning 

To generate small DNA fragments (<90 bp) completely or partially complementary 
oligonucleotides were annealed using 0.7 nmol of each primer and 1x GC Phusion buffer in a 
total volume of 25 µL in a thermocycler as follows: the reaction mixture was incubated at 95°C 
for 5 min, the reaction was gradually cooled down to 70°C with a decay of 1.2°C per min. With 
a second incubation step at 70°C for 10 min followed by cooling down the reaction to 20°C 
with a decay of 1.2°C per min. 
Annealed partially complementary oligonucleotides were further processed to be filled-in to 
obtain a complete complementary fragment. For this purpose, 25 μL annealed 
oligonucleotides were incubated at 72°C for 30 min in a total volume of 50 μL containing 
0.4 mM dNTPs, Phusion GC buffer and one unit Phusion High-Fidelity DNA Polymerase 
(NEB). 
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4.2.1.4 Restriction digest 

All restriction enzymes were obtained from NEB. According to the manufacturer’s instructions, 
the DNA (2 µg) was incubated with the respective restriction enzymes and recommended 
buffer in a total volume of 40 µL. 

4.2.1.5 5’-Dephosphorylation of digested vector-DNA 

The digested vector-DNA (40 µL) was dephosphorylated at 5’-ends to reduce re-ligation of the 
linearized plasmid using 1 U ‘Antartic Alkaline Phosphatase (NEB) and recommend buffer in a 
total volume of 50 µL. After incubation at 37°C for 1 h, inactivation and purification were 
performed by agarose gel electrophoresis (4.2.1.6) and subsequent DNA-gel extraction 
(4.2.1.7). 

4.2.1.6 Agarose gel-electrophoresis 

Separation of DNA fragments was performed via agarose gel-electrophoresis. In accordance 
to the size of the DNA fragments, 0.8-2.0% (w/v) TAE agarose gels supplemented with 
0.005% (v/v) Midori Green (Biozym) were prepared. Agarose gels were submerged in TAE 
buffer in a horizontal gel electrophoresis chamber. Samples containing 6x loading dye or 
Orange G loading buffer were applied to the agarose gel and electrophoresis was performed 
at 3 V/cm of gel length. Separated DNA fragments were visualized using a UV transilluminator 
(UVP) and documented using LAS-3000 Image Analyzer (Fujifilm). 

4.2.1.7 DNA gel extraction 

After separation of digested DNA-fragments via agarose gel-electrophoresis (4.2.1.6), DNA 
fragments were excised and isolated using NucleoSpin Gel and PCR Clean-up kit (Macherey 
Nagel) according to manufacturer’s instructions. 

4.2.1.8 Ligation of DNA fragments 

To create a new vector, vector and insert DNA fragments were mixed in a molar ratio of 1:1-5 
together with 5 U T4 DNA Ligase and recommended buffer. The reaction mixture was allowed 
to proceed 1h at RT or overnight at 16°C.  
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4.2.1.9 Gibson assembly 

Another technique to assemble two or more DNA fragments is Gibson Assembly (261). For 
this purpose, the DNA fragments were generated by PCR containing an overlapping region of 
adjacent fragments. The primers were designed with NEBuilder Assembly Tool (NEB) and PCR 
was performed as described in 4.2.1.1. Linearization of the vector was obtained either by 
restriction digest as described in 4.2.1.4 or by PCR as described 4.2.1.1. Vector and insert 
were mixed in a molar ratio of 1:1-5 using 2x HiFi DNA Assembly Master Mix (NEB) in a total 
volume of 4 μl. After incubation of the reaction mixture at 50°C for 20 min, the whole reaction 
was transformed into chemically super competent XL-10 gold E. coli (4.2.1.10). 

4.2.1.10 Transformation of DNA in chemically competent E. coli 

Plasmid DNA (5 µL SDM reaction, GA reaction. ligation reaction or 100 ng of purified DNA) 
was mixed with 100 µL competent bacteria. After incubation on ice for 10-30 min, a heat shock 
at 42°C for 90 sec was performed and kept on ice for 5 min. Depending on the antibiotic 
resistance cells were treated as follows: (I) Transformants carrying a ampicillin resistance were 
plated directly on LB agar selection plates (II) Transformants carrying only or in addition a 
Chloramphenicol or Kanamycin resistance 800 µL SOB Medium were added and cells were 
incubated for at least 30 min at 37°C. The cells were harvested at 4000 x g for 5 min. The 
supernatant was discarded and the cell pellet was resuspended in the remaining supernatant 
(~100 µL) and plated on LB agar selection plates. Plates were incubated overnight at 37°C.  

4.2.1.11 Small-and large-scale DNA preparation 

Small-scale Plasmid DNA preparation (2-5 mL culture) was carried out using Quiagen plasmid 
miniprep kit in according to the manufacturer’s instruction. Large-scale Plasmid DNA 
preparation was performed using the PureYieldTM Plasmid Midiprep System (Promega) with 
100 mL LB culture in according to manufacturer’s instructions.   

4.2.1.12 Determination of DNA concentration 

DNA concentration was determined using a NanoPhotometer (IMPLEN) according to 
manufacturer’s instructions. 

4.2.1.13 DNA sequencing 

DNA Sequence analysis was performed by GATC using 30-80 ng DNA and 25 pmol of 
respective sequencing primer in a total volume of 10µL (Lightrun).  
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 Preparation of recombinant proteins 

4.2.2.1 In vitro translation 

In vitro translation of recombinant proteins was performed with TNT quick coupled Reticulocyte 
lysate System according to manufacturer’s instructions (Promega). Proteins were labeled with 
35S-Methionine (PerkinElmer). 

4.2.2.2 Gene expression in E. coli 

 Gene expression 

For gene expression plasmid compromising the gene of interest were freshly transformed in 
E. coli BL21 cells using the procedure described before (4.2.1.10). A single clone was 
inoculated in LB medium supplemented with the appropriate antibiotics and cultivated at 37°C 
overnight. The overnight culture was diluted in LB medium supplemented with the appropriate 
antibiotics to OD600~0.1 and cultivated at 37°C. At an OD600~ 0.6-0.8, expression was induced 
by adding 1 mM IPTG. Cells were cultivated at 25°C for 20 h and harvested afterwards by 
centrifugation (4,000 x g, 4°C, 15 min). Pellets were either directly used or stored at –20°C.   

 Selective pressure incorporation 

Methionine auxotrophic E. coli B834 (DE3) containing GST-TEV-Ubiquitin ΔM G75M in pGEX 
were kindly provided by Joachim Lutz (AG Marx, University of Konstanz). To express GST-
TEV-Ubiquitin ΔM G75M, 50 mL LB medium containing 100 mg/mL ampicillin were inoculated 
with the respective bacteria and incubated at 37°C overnight. The overnight culture was diluted 
to a OD600~0,1 in 1 L new minimal media (NMM) containing 0.4 mM methionine and grown to 
stationary growth phase (OD600~1.4-1.8).The E. coli cells were harvested by centrifugation 
(4,000 x g, 4°C, 15 min) and resuspended in 1 L NMM supplemented with 0.5 mM 
azidohomoalanine. After 30 min at 37°C, gene expression was induced with 1 mM IPTG. After 
growing for 16-20 h at 25°C, bacteria were harvested (4000 x g, 4°C, 15 min), and the pellet 
was stored at -80°C until further use. GST-Ubiquitin G76M (Aha) were purified as described in 
Schneider, 2013 (125, 132). 

 Amber codon suppression 

To incorporate unnatural amino acids at distinct position amber codon suppression was used. 
The codon optimized cDNA of the protein of interest (p53, Ub) were cloned in tRNAPyl 
containing backbone (pET11a Pyl-tRNA or pGEX Pyl-tRNA) and the desired codon was 
replaced to an amber codon TAG via site-directed mutagenesis (4.2.1.2). E. coli BL21 were 
co-transformed (4.2.1.10) with this plasmid and the pRSF-duet1 containing the wildtype or 
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respective mutant of the Pyl-tRNA synthetase of M. barkeri. A single clone was inoculated in 
LB medium supplemented with the appropriate antibiotics and cultivated to OD600 ~ 1. The pre-
culture was diluted in LB medium supplemented with the appropriate antibiotics to an OD600 ~ 
0.1 and cultivated at 37°C. At an OD600 ~ 0.3 the unnatural amino acid (3 mM PlK or AzK; 
10 mM Keto-lysine; 1 mM Nε-aminooxy-(tert-butoxycarbonyl)-L-lysine) was added and at 
OD600 0.6-0.8 expression was induced by adding 1 mM IPTG. Cells were cultivated at 25°C for 
20 h, afterwards cells were harvested by centrifugation (4000 x g 4°C 20 min). Pellets were 
either directly used or stored at –20°C.  
 

4.2.2.3 Purification of His-tagged p53 CTD  

After bacterial gene expression, the obtained cell pellet derived from 1 L bacterial culture were 
resuspended in 30 mL lysis buffer and sonicated (Branson Sonifier 250; 4 x 20 pulses, duty 
cycle: 20%, output control: 3-4). Cell debris was removed by centrifugation (27,000 x g, 4°C, 
20 min). The supernatant was then loaded onto a Ni-NTA affinity chromatography column, 
washed with 5 CV of buffer A 95% and buffer B 5% followed by a gradient of 20 CV to 100% 
buffer B. Fractions containing p53 CTD were pooled and subjected to a second purification 
step by cation exchange chromatography (HiTrap SPHP, 1 mL column, GE Healthcare), using 
a linear gradient from 0 to 100% buffer B in 20 CV.   
 

4.2.2.4 Purification of GST-tagged proteins 

After bacterial gene expression, the obtained cell pellet derived from 1 L bacterial culture were 
resuspended in 30 mL lysis buffer and sonicated (Branson Sonifier 250, 4 x 20 pulses, duty 
cycle: 20%, output control: 3-4). Cell debris was removed by centrifugation (27000 x g, 4°C, 
20 min). The supernatant was transferred into a fresh tube and incubated at 4°C for 90 min 
under continuous rotation with Glutathione Sepharose 4B (GE Healthcare; beads: culture = 
1:1000, v/v) equilibrated in PBS-T. After centrifugation at 500 x g at 4°C for 10 min, supernatant 
was discarded. Next, the beads were washed three times with 15 mL PBS-T and once with 
15 mL 25 mM TRIS (pH 7.5) by incubation at 4°C for 5 min under the continuous rotation, 
centrifugation (500 x g, 4°C, 10 min) and supernatant was discarded. Finally, GST-tagged 
proteins were eluted from the beads by incubation at 4°C for 30 min under continuous rolling 
using elution buffer containing 10 mM L-reduced glutathione (beads: elution buffer = 1:1, v/v) 
in 25 mM TRIS pH 7.5. 
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4.2.2.5 Purification of His-lipoyl tagged p53 

His-lipoyl domain tagged p53 was expressed in E. coli BL21 (DE3) as previously described 
(78) at 25 °C overnight. Cells were lysed in 50 mM phosphate buffer pH 8.0, 300 mM NaCl, 
0.01% (v/v) NP-40, 1 µg/mL aprotinin and leupeptin, 100 µM Pefabloc, 10 mM DTT. The lysate 
was cleared by centrifugation (15000 x g, 4°C,20 min) and the supernatant was loaded onto a 
Ni-NTA column. His-tagged p53 was eluted with a gradient of 25 CV from His Trap p53 buffer 
A to 100% His Trap p53 buffer B and dialyzed overnight in p53 dialysis buffer at 4°C in the 
presence of thrombin (Sigma-Aldrich), as thrombin cleaves between the His-lipoyl domain and 
p53. Cleaved p53 was separated from the His-tagged lipoyl domain via affinity chromatography 
using a heparin column. p53 was eluted from the heparin column with a gradient over 25 CV 
from heparin p53 buffer A to 100% heparin p53 buffer B. Fractions containing the pure protein 
were pooled followed by dialysis against storage buffer p53, flash frozen with liquid nitrogen 
and stored at -80°C.   

4.2.2.6 Purification of GST or GST-Sumo tagged proteins using elution via on 
bead cleavage 

For purification of tag free proteins, the purification procedure was similar as described in 
4.2.2.4. Instead of elution by glutathione the protein of interest was proteolytically digested on 
beads with the respective protease.  
In case of GST-TEV-Ub2-75Aha TEV protease was added to equilibrated beads in TEV 
protease buffer and incubated overnight at RT. Tag free Ub2-75Aha was eluted with 1x PBS in 
a maximal Volumen of 15 mL and further purified using size exclusion chromatographie 
(4.2.2.7).  
Further tag free purification via on bead cleavage was performed for GST-SUMO-Hdm2. 
Therefor the special SUMO protease Ulp1, which was also immobilized via a GST tag, was 
used. Immobilized GST-SUMO-Hdm2 and GST-Ulp1 were mixed in a 2:1 ration and incubated 
overnight at 4°C. Tag-free Hdm2 were eluted in three times the CV. 

4.2.2.7 Size exclusion chromatography ubiquitin and ubiquitin like proteins 

After bacterial gene expression of untagged Ub or Ubls, the obtained cell pellet derived from 
1 L bacterial culture were resuspended in 30 mL lysis buffer and sonicated (Branson 
Sonifier 250, 4 x 20 pulses, duty cycle: 20%, output control: 3-4). Cell debris was cleared by 
centrifugation (27,000 x g,4°C,20 min). The supernatant was then transferred into a fresh tube. 
Ubiquitin like proteins were subjected first to tandem ion exchange (4.2.2.7) before loaded to 
the HiLoad column. Untagged ub was precleared by heating to 60°C for 10 min and 
subsequently centrifugation. Before loaded onto a HiLoad 26/600 Superdex 200 pg (GE 
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Healthcare) equilibrated with 1x PBS using a Äkta purifier FPLC system. The protein was 
eluted using an isocratic gradient (1x PBS), the absorption was detected at 280 nm, 254 nm 
and 214 nm. Fractions were analyzed by SDS-PAGE and visualized by Coomassie blue 
staining. 

4.2.2.8 Ion exchange chromatography 

Ion exchange chromatography is a purification technique based on electrostatic interactions of 
the protein of interest with the ion exchange matrix. The net surface charge of proteins varies 
according to the surrounding pH. The pH at which a protein has no net charge is called 
isoelectric point (pI). Above its pI, a protein will bind to a positively charged anion exchanger. 
Below its pI, a protein will bind to a negatively charged cation exchanger. Due to the increase 
of the NaCl concentration or a pH shift the charged protein of interest is replaced by stronger 
binding ions and gets eluted.  
 

 Purification of p53 CTD by Cation exchange chromatography 

During this work the cation exchange column SPHP 1 mL (GE Healthcare) was used to purify 
p53 CTD. The purification was carried out with Äkta purifier FPLC system as follows: the 
column was equilibrated using 5 CV water, 5 CV p53 CTD buffer B followed by 5 CV buffer A. 
Sample was loaded on equilibrated column and washed with 5 CV p53 CTD buffer A. p53 CTD 
was eluted with a gradient from 5% to 100% CTD p53 buffer B in 20 CV. The absorption was 
detected at 280 nm, 254 nm and 214 nm. Fractions were analyzed by SDS-PA gel and 
visualized with Coomassie brilliant blue. Fractions containg the pure protein were pooled 
followed by dialysis in p53 CTD storage buffer and stored at -20 °C. 
 

4.2.2.9 Tandem ion exchange chromatography 

Tandem ion exchange was used as a preclearing step to separate charged proteins and 
uncharged proteins like Nedd8. The purification was carried out with Äkta purifier FPLC system 
as follows:  
A SPHP and a Q column were connected in a row. The tandem column was equilibrated using 
5 CV water, 5 CV p53 heparin buffer B followed by 5 CV p53 heparin buffer A. Sample was 
loaded on equilibrated column and washed with 5 CV p53 heparin buffer A. Charged proteins 
were eluted with a gradient from 5% to 100% CTD p53 buffer B in 10 CV. The absorption was 
detected at 280 nm, 254 nm and 214 nm. Fractions were analyzed by SDS-PA gel and 
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visualized with Coomassie brilliant blue. Fractions containing the uncharged protein were 
pooled and subsequently further purified (4.2.2.7). 
 

4.2.2.10 Small-scale purification using gravity flow  

In general, small-scale purification using gravity flow was carried out for bioconjugated p53 
and p53 CTD variants. For this purpose, small gravity columns (50-200 µL CV) were packed 
with Q Sepharose or heparin matrix and equilibrated with 5 CV water, 5 CV of either CTD buffer 
or p53 heparin buffer B followed by 5 CV of respective buffer A. After sample loading, the 
column was washed with 5 CV of 15% buffer B. Proteins were eluted in 100 mM steps from 
200 mM-1000 mM NaCl in 2 CV of the respective buffer. Fractions were examined via SDS-
PAGE and visualized with Coomassie brilliant blue. 
 

4.2.2.11 Small-scale purification using the Äkta purifier 

Small-scale purification using the Äkta purifier was carried out for Ub-linked or unmodified p53. 
For this purpose, 200 µL prepacked heparin column from Repligen was used. After loading of 
the sample on the equilibrated column, the column was washed with 5 CV of p53 heparin buffer 
A. Proteins were eluted with a gradient from 15-35% in 5 CV followed by 5 CV 35% and 35-
100% in 8 CV p53 heparin buffer B the Äklta purifier. Fractions were analyzedd via SDS-PAGE 
and visualized by Coomassie brilliant blue. 
 

 Bioconjugation methods 

4.2.3.1 Functionalization of p53 CTD KxC via Michael addition 

The isolated CTD KxC (with x= 370, 372, 373, 381, 382 or 386) of p53 was reduced with 1 mM 
TCEP for 30 min at 30°C. Subsequently, Michael addition was carried out by addition of 500-
fold propargyl acrylate (PA) in acetonitrile (10% (v/v) of the total reaction volume) and 
incubation of the reaction mixture at 30°C, 1000 rpm. As control a sample was treated identical 
except PA was omitted. The reaction was monitored at several time points by incubation of 
10 µL reaction mixture with a 10-fold excess of fluorescein maleimide per mol p53 CTD for 
10 min at room temperature in the dark. Afterwards, the reaction was analyzed with 8% Tricine 
SDS-PA gel and fluorescence detection with LBP channel using lex=473 nm for fluorescein 
detection with a FUJIFILM FLA 5000. After complete substitution the reaction was quenched 
with 5-10-fold excess of DTT per mol PA. The reaction was first dialyzed against p53 CTD 
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buffer supplemented with 2.5% (v/v) MeOH and 2 mM DTT and afterwards two times 
againstp53 CTD buffer without DTT. Funktionalized CTD was aliquoted and stored at -20°C. 

4.2.3.2 Cu(I)-catalyzed azide-alkyne cycloaddition 

In general, all CuAAC reaction were performed on ice.  

 Cu(I)-catalyzed azide-alkyne cycloaddition of full-length p53 

In order to generate mono-ubiquitylated p53, p53 K372Plk (1 eq) in 40 mM Tris pH 8.0, 50 mM 
NaCl and 5% (v/v) glycerol was mixed with Ub G75Aha (3-10 eq) in 1x PBS were mixed. 
Different SDS concentrations were added and reaction mixture were flushed with argon. 
THPTA (2 mM) and Cu(I) (1 mM) were added. After each addition the reaction vessel was 
flushed with argon to prevent Cu(I)-induced protein oxidation. After incubation at 4°C for 30 min 
the reaction was stopped with a 10 mM of EDTA . 

 Cu(I)-catalyzed azide-alkyne cycloaddition of p53 CTD 

In order to generate mono-ubiquitylated p53 CTD, p53 CTD KxC was functionalized with PA 
as described in 4.2.3.1. CTD in 50 mM HEPES, 150 mM NaCl pH 7,8 and a three to 10-fold 
excess of Ub G75Aha in 50 mM HEPES, 150mM NaCl pH 7,8 were mixed with 1 mM SDS 
concentration and flushed with argon. THPTA (2 mM) and Cu(I) (1 mM) was added, both 
followed by flushing the reaction vessel with argon to prevent Cu(I)-induced protein oxidation. 
After incubation at 4°C for 30 min the reaction was stopped with a 10-fold excess of EDTA.  

4.2.3.3 Oxime ligation  

 Deprotection of Purified Ub76-BocONH2 

Ub76-BocONH2 was deprotected by the addition of TFA (final, 60% (v/v)) followed by 
incubation at 37°C for 2 h. Subsequent ice-cold ether precipitation and lyophilization afforded 
unprotected Ub76-ONH2. Lyophylized Ub76-ONH2 was dissolved in 1x PBS aliquoted and 
stored at -20°C. An aliquot was analyzed via high-resolution MS (4.2.4.7.1). 

 Standard oxime ligation 

Dependent on the reactivity of Ub76-ONH2 (20-200 eq) was mixed with p53 120KeK (1 eq) or 
372KeK in p53 buffer and 0,5 mM SDS followed by incubation at 4-25°C for 20-40 h. The 
reactions were analyzed via SDS-PA gel and visualized with Coomassie brilliant blue or 
western blotting (4.2.4.5). Formation of oxime linkage was validated using tryptic digest 
followed by LC-MS/MS. 
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 Freeze-induced oxime ligation 

Dependent on the reactivity of Ub76-ONH2 (20-200 eq) was mixed with p53 120KeK (1 eq) or 
372KeK in p53 buffer and 0.5 mM SDS followed 2 times freeze-thaw process at -20°C. The 
reaction was analyzed via SDS-PA gel and visualized with Coomassie brilliant blue or western 
blotting (4.2.4.5). Formation of oxime linkage was validated using tryptic digest followed by LC-
MS/MS (4.2.4.7.2). 
 

 Protein analysis 

4.2.4.1 BCA assay 

To determine protein concentration bicinchoninic acid (BCA) assay was performed using the 
Pierce BCA Protein Assay Kit (Thermo Scientific) according to manufacturer’s instruction. High 
concentrated samples were diluted 1:5 -1:20. 

4.2.4.2 SDS-PAGE 

The technique of discontinuous sodium dodecylsulfat polyarcylamid gelelectrophorese (SDS-
PAGE) separates proteins according to their electrophoretic mobility. Due to the 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 features. SDS-
PAGE was performed according to the protocol of Laemmli (262). Depending on the analyzed 
protein mixture 8-15% (v/v) final concentration of acrylamide in the resolving gel were used. 
The samples were mixed 5:1 with 5x reducing buffer and boiled at 95°C for 5-10 min. 
Electrophoresis was carried out at 70 mA for about 45 min. Gels were analyzed either with 
Coomassie brilliant blue staining, western blot or fluorography. Dependent on the used 
visualization procedure unstained marker (Coomassie brilliant blue) or prestained marker 
(western blot or fluorography) was used. 

4.2.4.3 Tricine-SDS-PAGE 

Another very similar technique like SDS-PAGE is Tricine-SDS-PAGE which based on a Tricine-
SDS-buffer instead of a glycine-SDS buffer like in standard SDS-PAGE. Tricine-SDS-PAGE 
allow to separate small proteins (<30 kDa) with a higher resolution than standard SDS-PAGE. 
An 8% (v/v) resolving and a 3% (v/v) stacking gel were used to ensure separation of the low 
molecular mass range (1-100 kDa). The samples were mixed 5:1 with 5x reducing buffer and 
boiled at 95°C for 5-10 min. Electrophoresis was carried out at a constant current of 80 mA. 
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Gels were analyzed either with Coomassie brilliant blue staining, western blot or fluorography. 
Dependent on the used visualization procedure unstained marker (Coomassie brilliant blue) or 
prestained marker (western blot or fluorography) was used. 

4.2.4.4 Fluorography 

To detect 35S-labeled proteins, gels were fixed for 30 min in destain solution followed incubation 
in Autoradiography enhancer solution (Perkin Elmer) for 30 min. afterwards, the gel was dried 
at 80°C for 75 min using vaccum, gels were applied to an Imaging Plate BAS-MS (Fujifilm) and 
signals were detected by the BIO-IMAGING ANALYZER IPR-1000 (Fujifilm).  

4.2.4.5 Western Blot 

After SDS-PAGE, gels were equilibrated in transfer buffer. The PVDF membrane (0,2 µm or 

0,45 µM AmershamTM Hybond®) was activated in 100% (v/v) methanol and subsequently 

washed in transfer buffer. Western blotting was performed in a wet transfer apparatus (BIO-

RAD) for 1.5 h at 60 V. For visualization of the transferred proteins of interest the membrane 

was treated as follows. First, membrane was blocked 30 min at RT or overnight in 5% (w/v) 

milk or 3% BSA (w/v) in TNE-T. Afterwards, the membrane was washed with TNE-T three times 

for 5 min. After incubation of the primary antibodie for 2 h at RT or overnight at 4°C, the 

membrane was again washed three times for 5 min. The secondary antibody conjugated to a 

horse radish peroxidase was applied for 60 min at RT. After washing, the membrane was 

developed using Western Lighting-Plus ECL (Perkin Elmer) in the LUMINESZENZ IMAGE 

ANALYZER LAS-3000 (Fujifilm). Quantification was performed using AIDA. 

4.2.4.6 Fluorescence imaging 

To detect either fluorescently labeled DNA or fluorescently stained proteins after PAGE 
analysis, the FLUORESCENT IMAGE ANALYZER FLA-5000 (Fujifilm) at the respective 
wavelength was used. 

4.2.4.7 Mass analysis 

 High resolution mass spectrometry using micrOTOF 

Mass analysis for intact proteins was performed together with the group of Andreas Marx of 

the University of Konstanz. For this purpose, 20 µL of 0.1-0.5 µg/µL protein solution were were 

separated on a EC 150/4.6 nucleodur 300-5 C18 column (Macherey-Nagel) with a gradient of 

5% B to 100% B over 20 min. Solution A water and solution B 100% ACN were supplemented 



METHODS 

101 

with 0.1% (v/v) Na format. For regeneration the column was washed with 100% B followed by 

equilibration in 5% B at a flow rate of 300 µL/min.MS measurements were performed on a 

micrOTOF II (Bruker) in negative mode using a mass range of 300 to 900 m/z. 2x rolling 

average was used and spectra were recorded at a frequency of 1 Hz. Mass accuracy was 

assured by calibration using ammonium formate clusters as internal standard. 

 Mass spectrometry 

Standard mass analysis of peptide fragments was performed together with the Proteomics 
Facility Center of the University of Konstanz.  

 LC-MS/MS analysis of protein enrichment experiments 

Mass analysis of protein enrichment experiments were performed in collaboration with Carolin 
Sailer (Stengel). Samples of protein enrichment experiments were reduced, alkylated, and 
digested with trypsin (4.2.4.7.5). Digested peptides were extracted, enriched and desalted 
using U-C18 ZipTips (Merck Millipore). A volume of 6 µL tryptic digested peptides were loaded 
with a flow rate of 20 µL/min and separated on an EASY-nLC 1000 liquid chromatography 
system (Thermo Scientific) with a flow rate of 300 nL/min using the following gradient: 6% to 
35% over 160 min, 35% to 44% over 10 min, 44% to 56% over 10 min 56% to 100% in 1 min 
and a step at 100% over 9 min as a washing step using solution A HPLC pure water and 
solution B 80% (v/v) MeCN each supplemented with 0.1% (v/v) formic acid. Each of the 2 
independent biological replicates was measured in technical duplicates. Mass spectra were 
collected on an LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) poreated 
in data dependent with dynamic exclusion set at 45 s and a total cycle time of 3 s. MS 1 spectra 
were acquired in the Orbitrap at a resolution of 120000 (at m/z range of 300-1500) with an 
automatic gain control ion target value of 4.0e5 and a maximum injection time of 50 ms. 
Precursor ions with charge states of 2-7 and intensities greater than 5.0e3 were selected 
isolated in the quadropole with an isolation window of 1.6 m/z for MS/MS experiments. 
Therefore, ions were fragmented using CID with 35% collision energy and MS/MS spectra 
were analyzed in the Ion Trap at a rapid scan rate with an automatic gain control ion target 
value of 2.0e3 and a maximum injection time of 300 ms.  

 Mass spectrometry data analysis  

Raw files from LC-MS/MS measurements (4.2.4.7.2) of biological duplicates measured as 
technical replicates were analyzed using MaxQuant (version 1.6.5.0) with the andromeda 
search engine (263) with default settings and match between runs and label free quantification 
(LFQ) (minimum ration count 2) enabled. To identify proteins, the human reference proteome 
downloaded from the UniProt database (download date: 2018-02-06) was used. In addition, 
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an integrated database of common contaminants was used. Data processing was performed 
using Perseus software 1.6.2.2 (264, 265). LFQ intensities were Log2 transformed and filtered 
based on valid values defined as followed: Values should be valid in three of four 
measurements. Further missing values were calculated from a normal distribution (width = 0.3 
and down shift = 1.8). GO and KEGG annotations were added. Significantly enriched proteins 
were identified by multiple sample t-test ANOVA (FDR < 0.01, S0 = 1). For the ANOVA a 
permutation-based FDR estimation was applied and for the randomization the grouping was 
preserved for the technical replicates. The data was normalized using Z-score. The Euclidian 
distance matrix was used for the hierarchical cluster analysis of the normalized data. 
Subclusters were set manually.  

 Tryptic in solution digest 

To digest the protein in solution, protein sample was transferred in low binding tubes and was 
evaporated at 45°C. To unfold a 100 µg protein sample 100 µL 8 M Urea was added and 
reduced with 250 nmol TCEP for 30 min at 37°C. subsequently, protein sample was alkylated 
with freshly prepared 500 nmol Iodacetamide for 30 min at RT in the dark. After alkylation, 
sample was diluted to 1 M Urea with 50 mM ammonium bicarbonate, followed by addition of 
trypsin in a 1:50 ratio and incubated overnight at 37°C at 300 rpm. At the next day trypsin was 
deactivated by lowering the pH to 2 with aound 0.01% (v/v) TFA. Samples were lyophylized 
and stored at -20°C. Before LC-MS/MS analysis peptides were desalted using ZipTip C18 
(Merck Millipore) and eluted in 1.5 µL 0.1% (v/v) TFA in 75% (v/v) ACN. After elution peptides 
were diluted with 21.5 µL 0.1% formic acid and analyzed by LC-MS/MS (4.2.4.7.2 and 
4.2.4.7.3).  

 Tryptic in-gel digest 

After separation using SDS-PAGE and staining of the proteins, protein bands were excised, 
cutted in small pieces and playced in a 1.5 mL tube. Gel pieces were incubated in 50 mM 
ammonium bicarbonate containing 10 mM DTT for 60 min at 56°C to reduce the disulfide 
bonds. DTT containg solution was removed after centrifugation. The cysteine residues were 
alkylated with 50 mM iodacetamide in ammonium bicarbonate for 60 min at RT. The gel pieces 
were washed with HPLC pure water followed by 50mM ammonium bicarbonate and 
dehydrated with 75% (v/v) ACN in H2O. this step was repeated until the gel pieces were 
colorless. After dehydration with pure ACN for 10 min, ACN was removed. Gel pieces were 
stored at -20°C. Before LC-MS/MS analysis the gel pieces were hydrated in cold 50 mM 
ammonium bicarbonate buffer containing 10 ng/µL trypsin for 45 min at 4°C. After rehydration 
solution were exchange to 50 mM ammonium bicarbonate without trypsin. The gel pieces were 
incubated overnight at 37°C. After centrifugation the supernatant was collect. In a second step, 
the peptides were adititonally extracted twice with 75% (v/v) ACN with 0.1% (v/v) TFA in water 



METHODS 

103 

at RT and collected. The combined samples were dried in a vaccum centrifuge and peptides 
were desalted using ZipTips as described before in 4.2.4.7.5. 

4.2.4.8 Circular dichroism spectroscopy 

To analyze the secondary structure of p53 CTD after refolding and MeOH/PA treatment far-UV 
circular dichroism (CD) spectroscopy from 250 to 180 nm using a Jasco J-815 CD was utilized. 
After the respective treatment p53 CTD were freshly dialyzed in 25 mM Tris-HCl and 150 mM 
NaCl pH 7.5 and 0.2 -0.5 µg/µL p53 CTD was used. 

 Biomolecular interaction studies 

4.2.5.1 Electrophoretic mobility shift assay 

For the electrophoretic mobility shift assay (EMSA), a 4% (v/v) native gel was cast using 10x 
TBE buffer and pre-equilibrated in EMSA running buffer by loading dye and running for 30 min 
at 200 V (4°C). A dilution series of recombinant p53 wase incubated with 400 fmol of double 
stranded fluorescein labeled p21 response element at 25°C for 30 min. Subsequently, the 
loaded gel was run for 90 min at 200 V at 4°C. Detection was performed with a FUJIFILM FLA 
5000 LBP channel using lex=473 nm. 

 Generation of double stranded response element 
 EMSA doubled stranded response element  

To generate double stranded response elements HPLC purified complementary 
oligonucleotides (IDT DNA) were annealed using 200 pmol of each primer in annealing buffer 
in total volume of 50 µL in a thermocycler as follows: reaction mixture was incubated at 95°C 
for 10 min, the reaction was gradually cooled down to 20°C with a decay of 1.2°C per min.  

 Purified double stranded response element  

To generate double stranded response elements HPLC purified complementary 
oligonucleotides were annealed using 200 pmol of labeled primer A and 1,2 molar excess of 
reverse unlabeled primer B in annealing buffer in total volume of 50 µL in a thermocycler as 
follows: reaction mixture was incubated at 95°C for 10 min, the reaction was gradually cooled 
down to 20°C with a decay of 1.2°C per min. Reaction was applied on a 10% native TBE Gel 
and separated wit 10 V per cm of gel length. The high molecular band was excised, the gel 
was crushed and incubated in nuclease-free buffer at RT overnight. Gel pieces were removed 
by filtration through a syringe filled with glass wool and DNA was precipitated using ice-cold 
ethanol. An aliquot was checked on native PAGE to ascertain double stranded DNA.  
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4.2.5.2 In vitro ubiquitylation assay of p53 

For in vitro ubiquitylation assay, 20-50 ng recombinant p53 variants, 150 ng of baculovirus-
expressed E1, 150 ng of UbcH5b, 5 µg of ubiquitin and 200 ng Hdm2 or 200 ng of bacterial-
expressed E6AP in the absence or presence of 200 ng GST-16 E6 were incubated in 25 mM 
Tris HCl pH 7.5, 1 mM DTT, 2 mM ATP, and 4 mM MgCl2 in total reaction volume of 30 µL. After 
incubation at 30 °C for 0 to 90 min, total reaction mixtures were stopped by addition of 5x 
Laemmli buffer and subsequently boiling at 95°C for 5 min. Samples were electrophoresed in 
8-10% (v/v) SDS-polyacrylamide gels and subjected to western blot analysis through p53 
antibody (DO-I). 

4.2.5.3 In vitro ubiquitylation assay of p53 to identify ubiquitylation sites 

For high-scale in vitro ubiquitylation assay, 20 µg recombinant Sp53 wt, 6 µg of baculovirus-
expressed E1, 6 µg of UbcH5b, 10 mg of ubiquitin wt or 11/48R or 11/63R and 8 µg Hdm2 or 
5 µg of bacterial-expressed E6AP in the presence of 5 µg GST-16 E6 were incubated in 25 mM 
Tris⋅HCl pH 7.5, 1 mM DTT, 2 mM ATP, and 4 mM MgCl2 in total reaction volume of 350 µL. 
After incubation at 30 °C for 60 min, total reaction mixtures were stopped by addition of 2 nmol 
EDTA pH 8. Strep-p53 were immobilized to Streptactin beads and washed 3 times with 1 ml 
1xPBS/T. Sp53 was eluted with 20 µL 2x Laemmli buffer. Samples were electrophoresed in 
10% (v/v) SDS-polyacrylamide gels. Proteins were stained using Coomassie brilliant blue R-
250 and for further analysis porteins >50kDa were excised, in-gel digested (4.2.4.7.6) and 
analyzed.  

4.2.5.4 In vitro ubiquitylation assay of 35S-labeled proteins 

For in vitro ubiquitylation assay, 1 µL of rabbit reticulocyte lysate-translated 35S-labeled 
substrate (p53, E6AP and Ring1B-I53S) was incubated like described before (4.2.5.2). After 
incubation at 25°C for 2 h, total reaction mixtures were electrophoresed in 8-10% (v/v) SDS-
polyacrylamide gels, and 35S-labeled proteins were detected by fluorography. 
 

4.2.5.5 Generation of enzymatically ubiquitylated p53 

To generate enzymatically multiple-mono-ubiquitylated p53 in vitro ubiquitylation assay was 
performed using 10 µg recombinat p53 variants or 10 µL 35S-labeled p53 , 1000 ng of 
baculovirus-expressed E1, 1000 ng of UbcH5b, 20 µg of ubiquitin and 1000 ng Hdm2 or 
1000 ng E6AP in presence of 500 ng GST-16E6 were incubated in 25 mM Tris HCl pH 7.5, 
100 mM NaCl, 1 mM DTT, 2 mM ATP, and 4 mM MgCl2 in total reaction volume of 60 µL as 
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before (4.2.5.2). After incubation at 30°C for 5 min (E6AP/E6) or 30 min (Hdm2), total reaction 
mixtures were stopped by addition of 10 mM EDTA pH 8.  

4.2.5.6 Co-precipitation analysis to identify new interactors  

To identify new interactors of mono-ubiquitylated p53 CTD affinity enrichment experiments 
were performed. Mono-ubiquitylated p53 CTD was generated via CuAAC (4.2.3.2.2), 
centrifuged for 5 min at 16000 x g and dialyzed against p53 CTD buffer supplemented with  
2 mM EDTA. To couple mono-ubiquitylated CTD variants and unmodified CTD variants onto 
StrepTactin beads 100 μl of StrepTactin beads were equilibrated with 50 mM HEPES pH 7.8, 
150 mM NaCl, 0,01% (v/v) NP-40, 1 mM DTT (50% (v/v) slurry, IBA) were mixed with 25 nmol 
of CTD variants. The mixture was incubated by end-over-end rotation overnight at 4°C. The 
beads were collected by centrifugation at 300 x g for 5 min at 4°C in a benchtop centrifuge, 
washed three times with 500 μl of CTD pull down buffer 1 x PBS, 1 mM DTT, 0.02% NP-40, 
1 µg/µL Aprotinin/Leupeptin and 100 µM Pefa-bloc. U2OS cells were seeded in 100 mM dishes 
harvested and lysed as described (4.2.6.4). Protein concentration was determined using BCA 
assay (4.2.4.1).Same amount of beads of each CTD variant was incubated by end-over-end 
rotation with the same amount of U2OS lysate (5 mg) for 2 h at 4°C. The beads were collected 
and washed 5 times with 500 µL CTD pull down buffer and for MS Analysis 3 times with 500 µL 
CTD pull down buffer without NP-40. Immobilized proteins were eluted with 3 x 100 µL 20 mM 
Biotin in 50 mM HEPES pH 7.8, 150 mM NaCl, 1 mM DTT for 30 min at 34°C. Supernatant 
was collected in a new vial for each variant. For LC-MS/MS analysis samples were prepared 
as described in 4.2.4.7.5 and 4.2.4.7.4.  
In case of validation using western blot analysis beads were resuspended in 400 μl of reducing 
sample buffer (2x) and boiled for 10min at 95°C. The interaction between proteins was 
analyzed by western blot analysis using antibodies reactive against the epitopes of interest 
(4.1.7).  

4.2.5.7 Co-precipitation analysis to validate interactors 

To validate interaction partners of mono-ubiquitylated p53 CTD affinity enrichment experiments 
were performed. According to previous affinity enrichment experiments (4.2.5.6) p53 CTD 
variants were immobilized on StrepTactin beads. Each p53 CTD variant was incubated by end-
over-end rotation with the same amount of in vitro translated protein of interest (5 µL), crude 
UbcH5b extract (10 µL) and CTD pull down buffer in a total reaction volume of 200 µL for 1.5 h 
at 4°C. The beads were collected and washed 3 times with 500 µL CTD pull down buffer. 
Immobilized proteins were eluted with 2 x 20 µL 20 mM Biotin in 50 mM HEPES pH 7.8, 
150 mM NaCl, 0,01% (v/v) Np-40, 1 mM DTT for 30 min at 34°C. Supernatant was collected 
in a new vial for each variant and 5x Laemmli buffer was added. Beads were resuspended in 
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20 µL 2x Laemmli buffer. 5% input 25% elution, 5% flow through and 25% bead elution were 
analyzed via Tricine-SDS-PAGE or SDS-PAGE followed by Coomassie brilliant blue staining 
and fluorography. 

 In cellula experiments 

4.2.6.1 Maintenance of mammalian cells 

As model system the osteocarcinoma cell line U2OS and non-small cell lung carcinoma cell 
line H1299 were used for all experiments. The cells were cultivated on 10 cm TC-plates at 
37°C in a humified 5% (v/v) CO2 containing atmosphere in the Hareus CO2 Incubator BBD 
6220 (Thermo Scientific). The cells were maintained in DMEM (Gibco) medium containing 10% 
(v/v) FCS. For passing the cells, medium was aspirated. Cells were washed with 1x PBS and 
subsequently treated with 2 mL Trypsin. For maintenance the cells were passed every 2-3 
days in a 1:3 or 1:4 dilution. Cell samples were frozen in FCS 10% (v/v) DMSO at -80°C. 

4.2.6.2 Transfection of mammalian cells 

Day before transfection, cells were seeded in a density corresponding to 90% confluency at 
the time of transfection. Depending on the experiment cells were seeded on different plate 
sizes. In case of cells were seeded on a six-well plate, plasmid DNA in a total amount of 2,5 µg 
was transfected. Transfection was performed by using Lipofectamin 2000 according to 
manufacturer’s instructions. Cells were harvested 24 h after transfection. 

4.2.6.3 Cryopreservation of mammalian cells 

Cells (90% confluent) on 10 cm dishes were trypsinized and collected by centrifugation at 
500 x g for 5 min. The cell pellet was resuspended in 1.5 mL FCS containing 10% (v/v) DMSO 
(v/v) and transferred into a cryogenic storage vial. These vials were then placed into Mr. Frosty 
cryo-freezing container (Nalgene) and were stored at -80°C. After one day, cryovials were 
stored in the vapor phase of liquid nitrogen. 

4.2.6.4 Lysis of mammalian cells 

Harvested cells were resuspended in mammalian cell lysis buffer and incubated for 30 min on 
ice. For affinity enrichment cells were additionally sonicated by Branson Sonifier 250 (2 x 10 
pulses, duty cycle: 10%, output control: 1). Samples were centrifuged at 16000 x g for 30 min, 
supernatant was transferred into a fresh tube for further analysis.  
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4.2.6.5 β-Galactosidase assay 

To determine transfection efficiency a β-Galactosidase assay was performed. For this purpose, 
expression constructs of β-Galactosidase were co-transfected (one-tenth of total transfected 
DNA amount). After harvest and lysis (4.2.6.4) 10 µL of the cell lysate was incubated with 
100 µL Buffer Z and 10 µL ONPG in duplicates in a 96-well plate. For a reference, blank sample 
was prepared with mammalian cell lysis buffer instead of cell lysate. The reaction was 
incubated at 37°C until the reaction turned yellow. The absorbance was measured at 405 nm 
in a mico-plate reader (VICTOR3 Multilabel Reader, PerkinElmer). 
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Appendix 
Table 6 Mass analysis of ubiquitylation sites mediated by E6/E6AP on p53.  
Lysine residues were identified by mass spectrometry of the p53 ubiquitin adduct in in vitro ubiquitylation assay. Percentage [%] of ubiquitylation sites of p53 
calculated as a percentage of total spectra count (KxPSMKxGG]/KxPSMtotal) for each biological experiment with Ub wt, 11/48R and 11/68R in duplicates. Percentage 
average of all experiments (% MWbiol) are displayed from red (high) to blue (low). Peptide spectrum matches (PSM); diGly modified peptide spectrum matches at 
position x (PSM KxGG); * diGly position could not be annoted to a specific site of the peptide.  
                     
E6/E6AP wt II 

 
  wt I I  11/48R 

I 

 
 11/48R 

II 

 
   63/48R 

I 
   63/48R 

II 
  

 
  

  
p53 K PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% % 

MWbiol. 
STABWN 

K24 67 0 0.0 84 0 0.0 63 0 0.0 68 0 0.0 53 0 0.0 44 0 0.0 0.0 0.0 
K101 118 7 5.9 118 11 9.3 85 11 12.9 122 8 6.6 101 8 7.9 61 8 13.1 9.3 1.2 
K120 93 20 21.5 103 19 18.4 98 23 23.5 125 49 39.2 105 31 29.5 105 20 19.0 25.2 4.7 
K132 119 9 7.6 121 8 6.6 104 8 7.7 161 2 1.2 120 7 5.8 101 9 8.9 6.3 1.3 
K139 71 5 7.0 75 0 0.0 80 0 0.0 94 3 3.2 65 2 3.1 82 4 4.9 3.0 1.0 
K164 101 43 42.6 95 33 34.7 117 56 47.9 102 48 47.1 84 31 36.9 94 51 54.3 43.9 3.8 
K291* 116 22 19.0 108 20 18.5 72 14 19.4 137 20 14.6 137 19 13.9 71 14 19.7 17.5 0.9 
K292* 296 46 15.5 299 58 19.4 160 41 25.6 338 60 17.8 310 55 17.7 180 40 22.2 19.7 1.7 
K305 325 77 23.7 347 87 25.1 206 61 29.6 399 123 30.8 371 114 30.7 226 73 32.3 28.7 3.1 
K319* 98 37 37.8 95 32 33.7 97 57 58.8 120 75 62.5 124 71 57.3 104 58 55.8 51.0 10.9 
K320 250 69 27.6 248 87 35.1 271 97 35.8 287 102 35.5 265 100 37.7 233 101 43.3 35.8 3.8 
K321* 227 72 31.7 345 88 25.5 303 114 37.6 365 97 26.6 340 116 34.1 305 117 38.4 32.3 3.1 
K351 150 1 0.7 164 3 1.8 140 3 2.1 186 4 2.2 169 12 7.1 111 4 3.6 2.9 1.8 
K357 39 8 20.5 29 7 24.1 44 16 36.4 50 23 46.0 47 19 40.4 56 19 33.9 33.6 8.1 
K370             12 12 100.0     0.0     0.0 27 27 100.0 33.3 23.6 
K372             12 12 100.0     0.0     0.0 27 27 100.0 33.3 23.6 
K373             12 12 100.0     0.0     0.0 27 27 100.0 33.3 23.6 
K381* 29 29 100.0 42 42 100.0 43 39 90.7 38 38 100.0 47 47 100.0 18 18 100.0 98.4 2.2 
K382* 48 38 79.2 65 54 83.1 74 45 60.8 62 52 83.9 70 57 81.4 43 22 51.2 73.3 6.1 
K386 62 34 54.8 85 62 72.9 104 49 47.1 79 49 62.0 89 50 56.2 62 52 83.9 62.8 6.4 

 

  



APPENDIX 

109 

 

Table 7 Mass analysis of ubiquitylation sites mediated by Hdm2 on p53.  
Lysine residues were identified by mass spectrometry of the p53 ubiquitin adduct in in vitro ubiquitylation assay. Percentage [%] of ubiquitylation sites of p53 
calculated as a percentage of total spectra count (KxPSMKxGG]/KxPSMtotal) for each biological experiment with Ub wt, 11/48R and 11/68R in duplicates. Percentage 
average of all experiments (% MWbiol) are displayed from red (high) to blue (low). Peptide spectrum matches (PSM); diGly modified peptide spectrum matches at 
position x (PSM KxGG); * diGly position could not be annoted to a specific site of the peptide. 
                     
Hdm2 wt II 

 
  wt I I  11/48R 

I 

 
 11/48R 

II 

 
   63/48R 

I 
   63/48R 

II 
  

 
  

  
p53 Kx PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% PSM PSM 

Kx GG 
% % 

MWbiol. 
STABWN 

K24 62 0 0.0 95 0 0.0 66 0 0.0 68 0 0.0 76 0 0.0 78 0 0.0 0.0 0.0 
K101 108 7 6.5 143 11 7.7 80 8 10.0 102 10 9.8 109 16 14.7 78 15 19.2 11.3 4.2 
K120 39 18 46.2 115 43 37.4 68 20 29.4 87 32 36.8 135 60 44.4 90 32 35.6 38.3 3.7 
K132 140 6 4.3 145 8 5.5 110 7 6.4 143 9 6.3 171 18 10.5 137 6 4.4 6.2 1.0 
K139 119 2 1.7 97 5 5.2 93 1 1.1 89 1 1.1 105 5 4.8 104 2 1.9 2.6 1.1 
K164 74 11 14.9 92 26 28.3 65 16 24.6 74 21 28.4 79 25 31.6 69 18 26.1 25.6 3.0 
K291* 179 70 39.1 178 69 38.8 218 56 25.7 185 78 42.2 181 76 42.0 189 62 32.8 36.8 2.1 
K292* 407 155 38.1 379 156 41.2 427 140 32.8 375 167 44.5 367 172 46.9 357 143 40.1 40.6 2.1 
K305 457 104 22.8 434 134 30.9 496 125 25.2 437 144 33.0 431 164 38.1 412 127 30.8 30.1 3.2 
K319* 85 45 52.9 112 51 45.5 103 57 55.3 111 55 49.5 110 59 53.6 93 47 50.5 51.3 1.4 
K320 301 74 24.6 312 101 32.4 342 118 34.5 306 118 38.6 281 123 43.8 309 121 39.2 35.5 5.4 
K321* 394 88 22.3 404 129 31.9 433 131 30.3 404 142 35.1 393 152 38.7 414 141 34.1 32.1 3.8 
K351 200 15 7.5 175 17 9.7 213 1 0.5 212 23 10.8 210 22 10.5 223 24 10.8 8.3 2.0 
K357 58 19 32.8 56 24 42.9 113 24 21.2 70 35 50.0 64 37 57.8 87 34 39.1 40.6 5.6 
K370     0.0     0.0     0.0     0.0     0.0     0.0 0.0 0.0 
K372     0.0     0.0     0.0     0.0     0.0     0.0 0.0 0.0 
K373     0.0     0.0     0.0     0.0     0.0     0.0 0.0 0.0 
K381* 23 20 87.0 33 31 93.9 27 27 100.0 27 26 96.3 30 30 100.0 40 40 100.0 96.2 4.1 
K382* 53 34 64.2 61 42 68.9 62 41 66.1 60 46 76.7 65 50 76.9 76 60 78.9 71.9 4.7 
K386 80 55 68.8 86 53 61.6 89 62 69.7 88 66 75.0 88 62 70.5 109 84 77.1 70.4 3.7 
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Figure 45 Refolding of p53 CTD is possible. Analysis of the secondary structure of native, refolded 
and PA/MeOH treated p53 CTD by CD spectroscopy. The spectra of the proteins native (solid black 
lines) or refolded (solid green line) or PA/MeOH (solid grey line) are shown.  

Figure 46 Analysis of affinity enrichment experiments. 1,5% of the elution fractions of the affinity 
enrichment experiments were analyzed by Tricine- SDS-PAGE followed by Coomassie brilliant blue 
staining. 
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Figure 48 Heat map of cluster B 

Figure 47 Heat map of cluster A 
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Figure 49 Heat map of Cluster C 

Figure 50 Heat map of Cluster D 
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Figure 51 Heat map of Cluster E1 
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Figure 52 Heat map of cluster E2 
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Figure 53 Heat map of cluster E3 
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Figure 54 Heat map of cluster E4 
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Figure 55 Heat map of Cluster E5 
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Figure 56 Heat map of Cluster F 
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Figure 578 Heat map of Cluster H and I 

Figure 58 Heat map of cluster G. 
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Figure 60 Reciprocal affinity enrichment experiments are in-line with mono-ubiquitylated p53 
CTD studies. Affinity enrichment experiments via GSH sepharose were performed with bacterial 
expresssed GST-tagged CUEDC1, PAIP2, Ku70 and inactive USP5 and either 35S-labeled p53 wild-
type (A) or 35S-labeled ubiquitylated p53 wild-type (B). 10% of p53 and affinity enrichment samples were 
subjected to SDS-PAGE, visualized with Coomassie brilliant blue (cbb; C) and fluorography. Experiment 
was performed by N. Richter-Müller. 

Figure 59 Structural alignment of SIRT1 and UBA domain of NBR reveal a potential Ub binding 
domain. The crystal structure of the NAD-dependent deacetylase SIRT1 (4zzj.pdb; sea-green) was 
aligned with the UBA domain of NBR (2mgw.pdb; grey) using pairwise alignment tool FATCAT, which 
allows to twist the rigid structure. The alignment has 43 equivalent positions between the N-terminus of 
SIRT1 (aa 183-233) and the UBA domain. 
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List of Abbrevations 
aa Amino acids 

aaRS Aminoacyl-tRNA synthetase 

AcK  Acetyl-lysine 

ACS Amber codon suppression 

Aha Azidohomoalanine 

AMP Adenosine monophosphate. 

ATP  Adenosine triphosphate. 

AzK Azid-derivatized lysine 

bp Base pairs 

Boc  tert-Butyloxycarbonyl 

CAM Chloramphenicol 

Carb  Carbenicillin 

CTD C-terminal domain 

CTR C-terminal region 

CuAAC  Copper-catalyzed azide alkyne cycloaddition 

DBD DNA binding domain 

DNA Desoxy ribonucleic acid 

dNTP Desoxynucleoside triphosphate 

DTT Dithiothreitol 

DUB  Deubiquitinating enzyme 

E1 UBL-activating enzyme 

E2 UBL-conjugating enzyme 

E3 UBL ligase 

EDTA Ethylendiaminetetraacetic acid 

eq  equivalente 

FCS Fetal calf serum 

g Gram 

GSH Glutathione 

GST Glutathione-S-transferase 

His-tag 6x Histidin-tag 

HLD 9x Histidin-lipoyl domain-tag 

IPTG  Isopropyl-β-D-thiogalactopyranosid 

k Kilo 

Kan  Kanamycin 

kDa Kilo Dalton 

KeK  Keto-lysine 

L Liter 

LB Lysogeny Broth 
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m Milli 

M Molar 

µ 10-6 

MeCN Acetonitrile 

Mw  Molekular weight marker 

mRNA  Messenger RNA 

n Nano (10-9) 

NaCl  Sodium chloride 

Nedd8 Neural precursor cell-expressed developmentally down-regulated 8 

NMM  New minimal medium 

NMR Nuclear magnetic resonance 

NTD N-terminal domain 

OD Oligomerization domain 

OD600 Optical density 600 

o.n. Over night 

Ox Oxime-ligated 

PA Propargyl acrylate 

PBS Phosphate buffered saline 

Plk  Propargyl-derivatized lysine 

PP Pyrophosphate 

Pyl Pyrrollysine 

Pyl-RS  Pyrrolysine tRNA synthetase 

PTM  Post-translational modification 

POI  Protein of interest 

PPM Parts per million 

RE Response element 

RT  Room temperature 

RNA Ribonucleic acid 

RL Rabbit reticulocyte lysate 

SDS-PA Sodium dodecyl sulfate polyacrylamide 

SDS-PAGE Sodium dodecyl sulfate polyacrylamidegel electrophoresis 

SPAAC Strain-promoted azide alkyne caycloaddition 

SPI  Selective pressure incorporation 

SumoI Small ubiquitin-like modifier I 

TFA  Trifluoroacetic acid 

tRNA  Transfer RNA 

UbK0 Ubiquitin 7 lysine to arginine mutant 

Ub  Ubiquitin 

Ubl Ubiquitin like proteins 
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UAA Unnatural aminoacids 

wt wild-type 

The one- and three-letter codes for amino acids were used according to the IUPAC-IUB 
commission’s recommendation for biochemical nomenclature. 
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