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Abstract 
Alteration of the activity of a single enzyme can have major impacts on proper human development 

and health. The ubiquitin ligase E6AP is a prime example for this notion due to its causal association 

with three distinct pathologies: (I) Reduced activity of E6AP because of deletion of or point mutation 

in UBE3A, the gene encoding E6AP, results in the neuro-developmental disorder Angelman syndrome. 

(II) Hyperactivation of E6AP, due to UBE3A copy number variation, is associated with the Dup15q 

syndrome, an autism spectrum disorder. (III) Complex formation with high-risk human papillomavirus 

(HPV) E6 oncoproteins induces activation as well as alteration of the substrate spectrum of E6AP. 

Hence, the tumor suppressor p53 is efficiently targeted for ubiquitination and degradation, ultimately 

contributing to the formation of cervical carcinoma and other types of cancer. In principle, a therapy 

for all three disorders is feasible by readjusting their molecular cause, namely the altered enzymatic 

activity of E6AP. To do so, among other approaches, small molecules which correct the respective 

dysfunction can be envisioned. However, presumably due to the lack of robust high-throughput 

methods to identify ubiquitin ligase modulators, small molecules acting on E6AP have not been 

reported so far, despite their sincere need. 

For this purpose, a novel fluorescence polarization-based method to monitor ubiquitination reactions 

was developed in the present study. It was then applied to screen a library containing around 50,000 

diverse and drug-like chemicals to identify inhibitors of the E6-E6AP complex as well as activators of 

E6AP. In the screen for E6-E6AP inhibitors 351 hits were obtained. However, secondary assays revealed 

that they were either false-positive hits or acted unspecifically on earlier steps of the ubiquitination 

cascade. In contrast, the screen for E6AP activators yielded 53 hits of which several could be confirmed 

as specific activators of E6AP. Furthermore, Tamoxifen was found in this study as potent and specific 

activator of E6AP. Additionally, some of the small molecule activators rescue at least partially the 

activity of catalytically impaired Angelman syndrome-derived point mutants of E6AP. Finally, 

quantitative chemical crosslinking coupled to mass spectrometry (known as qXL-MS) was used to 

explore conformational rearrangements induced by HPV-16 E6 or small molecule activators. The 

obtained data indicate that binding of both HPV-16 E6 and the small molecule activators affect the 

structural dynamics of E6AP and the Angelman syndrome-derived mutants in such a way that upon 

binding the N and C termini come into closer proximity. These findings underpin our model that E6AP 

is typically present in a low-activity conformation, that can however be transferred into a high-activity 

conformation. 

Generally speaking, the newly developed FP-based ubiquitination assay offers a broadly applicable tool 

to identify modulators of ubiquitin-associated enzymes and to characterize mutants thereof. 

Moreover, the identified small molecule activators represent a first step towards an Angelman 
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syndrome therapy by stimulation and reactivation of the enzymatic activity of E6AP and certain 

catalytically impaired E6AP mutants, respectively. 
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Zusammenfassung 
Eine Veränderung der Aktivität eines einzelnen Enzyms kann einen entscheidenden Einfluss auf die 

normale Entwicklung und Gesundheit eines Menschen haben. Hierfür ist die Ubiquitinligase E6AP ein 

Musterbeispiel, da sie mit drei verschiedenen Krankheitsbildern ursächlich verknüpft ist: 

(I) Eine verminderte Aktivität von E6AP bedingt durch Deletion oder Punktmutation im UBE3A Gen, 

welches E6AP kodiert, führt zu der neurologischen Entwicklungsstörung Angelman-Syndrom. 

(II) Eine Hyperaktivierung von E6AP verursacht durch eine Amplifikation des UBE3A Gens ist mit dem 

Dup15q-Syndrom, einer Autismus-Spektrum-Störung, assoziiert. (III) Eine Komplexbildung mit E6 

Onkoproteinen von ''Hochrisikotypen'' humaner Papillomaviren (HPV) induziert sowohl eine 

Aktivierung als auch eine Veränderung des Substratspektrums von E6AP. Infolgedessen wird der 

Tumorsuppressor p53 effizient polyubiquitiniert und abgebaut, was schlussendlich zur Entstehung von 

Gebärmutterhalskarzinomen und weiteren Krebsarten wesentlich beiträgt. Im Prinzip ist eine 

Behandlung aller dieser drei Krankheitsbilder denkbar, indem deren molekulare Ursache, nämlich die 

Deregulierung der enzymatischen Aktivität E6APs, korrigiert wird. Hierfür sind neben anderen 

Herangehensweisen kleine Moleküle, die der jeweiligen Fehlfunktion entgegenwirken, durchaus 

vorstellbar. Ein Mangel an robusten Hochdurchsatzmethoden zur Identifikation von kleinen 

Molekülen, welche die Aktivität von Ubiquitinligasen modulieren können, hat jedoch dazu geführt, 

dass, trotz des dringenden Bedarfs, bisher noch keine kleinen Moleküle, welche spezifisch auf E6AP 

wirken, berichtet wurden. 

Zu diesem Zweck wurde in der vorliegenden Studie eine neuartige, auf Fluoreszenzpolarisation 

basierende Methode entwickelt, um Ubiquitinierungsreaktionen zeitlich aufgelöst verfolgen zu 

können. Diese wurde anschließend angewandt, um eine Bibliothek von circa 50.000 verschiedenen 

wirkstoffartigen kleinen Molekülen sowohl auf eine Inhibierung des E6-E6AP Komplexes als auch auf 

eine Aktivierung von E6AP zu testen. Dabei wurden insgesamt 351 chemische Verbindungen 

identifiziert, welche den E6-E6AP Komplex inhibieren. Folgeexperimente zeigten jedoch, dass deren 

Wirkung entweder nicht reproduzierbar war oder auf unspezifischer Inhibierung früherer Schritte der 

Ubiquitinierungskaskade beruhte. Im Screen für E6AP Aktivatoren wurden hingegen 53 kleine 

Moleküle identifiziert, von denen mehrere als E6AP-spezifisch bestätigt wurden. Außerdem wurde in 

dieser Studie Tamoxifen als spezifischer Aktivator von E6AP gefunden. Des Weiteren konnten einige 

der Aktivatoren die Aktivität katalytisch stark beeinträchtigter, Angelman-Syndrom verursachender 

E6AP-Mutanten, zumindest teilweise wiederherstellen. Schließlich wurde ''quantitatives chemisches 

Crosslinking verknüpft mit Massenspektrometrie'' (auch bekannt als qXL-MS) eingesetzt, um 

Konformationsänderungen von E6AP, die potenziell durch Bindung von HPV-16 E6 oder den 

Aktivatoren induziert werden, zu erforschen. Die erhaltenen Daten deuten darauf hin, dass die 
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strukturelle Dynamik von E6AP und der Angelman-Syndrom Mutanten tatsächlich beeinflusst wird, 

insofern dass der N- und der C-Terminus durch Bindung von HPV-16 E6 oder der Aktivatoren in 

räumliche Nähe gelangen. Diese Forschungsergebnisse untermauern unser Modell, dass E6AP allein 

meist in einem Zustand geringer Aktivität vorliegt, jedoch durch Interaktionspartner in eine hochaktive 

Konformation überführt werden kann. 

Zusammengefasst bietet der neu entwickelte Ubiquitinierungsassay ein allgemein anwendbares 

Werkzeug, um Modulatoren von Enzymen des Ubiquitinierungssystems und deren Mutanten zu 

identifizieren und zu charakterisieren. Darüber hinaus stellen die identifizierten Moleküle einen ersten 

Schritt in Richtung einer Therapie für das Angelman-Syndrom dar, da sie sowohl E6AP stimulieren als 

auch bestimmte katalytisch beeinträchtigte Angelman-Syndrom Mutanten reaktivieren können. 
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1 Introduction 
The central topic of this work is E6AP, an exceptionally health-relevant and mechanistically fascinating 

enzyme. E6AP acts as a ubiquitin ligase and is thus part of the ubiquitin-proteasome system. In the 

following sections of this dissertation, first, the ubiquitin-proteasome system and the role of E6AP in 

it will be introduced. Then, the current knowledge about structure and mechanism of action, as well 

as known substrates and interaction partners of E6AP will be summarized. Afterwards, disorders 

caused by malfunction of E6AP, namely cervical cancer, Angelman syndrome (AS) and Dup15q 

syndrome will be described, and the mechanism how E6AP is involved as well as potential approaches 

for therapeutic intervention will be outlined. Finally, an overview over existing methods to identify 

small molecule modulators of ubiquitin ligases and over already identified modulators targeting other 

ubiquitin ligases will be given. Additionally, fluorescence polarization, the method applied in the 

present study to identify small molecule modulators of E6AP, will be discussed. 

1.1 The ubiquitin-proteasome system 

In 2004, Aaron Ciechanover, Avram Hershko and Irwin Rose received the Nobel Prize in chemistry 'for 

the discovery of the ubiquitin-mediated protein degradation'. Ubiquitin is a small protein that is 

attached via an isopeptide bond between its C-terminal carboxyl group and the ε-amino group of a 

lysine residue or the N-terminal amino group of a substrate protein. This post-translational 

modification is called ubiquitination or ubiquitylation and is mediated by an enzymatic process that 

will be described in more detail below (chapter 1.1.2). Ubiquitination influences a myriad of cellular 

processes including cell cycle regulation, DNA repair, cell growth, apoptosis, immune function, 

vesicular trafficking pathways including autophagy, regulation of histone modification, viral budding 

and many more (Hershko et al., 2000, Nath & Shadan, 2009, Komander & Rape, 2012, Varshavsky, 

2012, Swatek & Komander, 2016, Dikic, 2017, Kwon & Ciechanover, 2017, Zheng & Shabek, 2017). 

Ubiquitin itself contains seven lysine residues with a primary amine group and another amino group 

at its N-terminal methionine, all of which can be used for ubiquitination, so that not only a single 

ubiquitin residue (mono-ubiquitination) but also ubiquitin chains (poly-ubiquitination) can be attached 

to a substrate. Ubiquitination results in different fates of the modified substrate depending on the 

number and linkage type of attached ubiquitin residues (Swatek & Komander, 2016). For example, a 

well accepted doctrine is that ubiquitination with K11- or K48-linked chains leads to degradation of the 

labeled protein by the proteasome (Kerscher et al., 2006). The proteasome is a huge protein complex 

of approximately 1700 kDa which cleaves proteins into short peptides and in a simplistic view consists 

of several proteases and regulatory proteins. For detailed information about the structure, mechanism 

and function of the proteasome see (Voges et al., 1999, Dikic, 2017, Bard et al., 2018). 
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1.1.1 Structure and function of ubiquitin 

Ubiquitin is a small (8.5 kDa) protein found in all eukaryotes. It consists of 76 highly conserved amino 

acids and has a globular structure with a flexible, six amino acids long C-terminal tail. Its canonical fold 

is a 5-stranded β-sheet, a short 310-helix and a 3.5-turn α-helix (Vijay-Kumar et al., 1987). The surface 

of ubiquitin is further characterized by a canonical hydrophobic patch mainly formed by I44, L8 and 

V70. This hydrophobic patch plays a crucial role in interactions of ubiquitin with proteins bearing 

ubiquitin binding domains that are for example involved in the recognition of differently linked 

ubiquitin chains at the proteasome (Dikic et al., 2009). Hydrophobic patch mutants are well studied 

and show for instance defects in the activation by E1 and recognition by E6AP and the 26 S proteasome 

(Beal et al., 1996, Sloper-Mould et al., 2001, Mortensen et al., 2015, Singh et al., 2017).  

 

1.1.2 The ubiquitination cascade 

For attachment to substrate proteins, ubiquitin is activated and transferred via a three-step enzymatic 

cascade comprising E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes and E3 

ubiquitin ligases (figure 1 and (Oh et al., 2018)). The first step of the ubiquitination cascade is the 

activation of ubiquitin by E1 enzymes under ATP consumption. The carboxyl group of ubiquitin's C-

terminal glycine is activated by formation of a high-energy bond to adenosine monophosphate. 

Subsequently, the catalytically active cysteine of E1 attacks this bond resulting in an E1-ubiquitin 

thioester conjugate. In the next step, ubiquitin is transthiolated from E1 to the catalytic cysteine on an 

E2 enzyme forming another thioester. Finally, it is transferred from E2 to the substrate through E3 

ubiquitin ligases by forming a stable isopeptide bond. Two E1, approximately 40 E2s and over 600 

potential E3 enzymes are encoded in the human genome (Li et al., 2008, Stewart et al., 2016). These 

ascending numbers of the components of the ubiquitination cascade indicate that E3 ubiquitin ligases 

are responsible for substrate specificity and that a huge number of substrates can be specifically 

targeted for ubiquitination illustrating the enormous impact of ubiquitination on cellular life. The 

ubiquitination cascade is counteracted by deubiquitinating enzymes (DUBs), which remove ubiquitin 

from substrates or cleave ubiquitin chains. 
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Figure 1: Schematic overview over the ubiquitination cascade 
In the ubiquitination cascade, an E1 ubiquitin activating enzyme forms a 'high energy' thioester with 
the C-terminal carboxyl group of ubiquitin under ATP consumption. Next, ubiquitin is passed to the 
catalytic cysteine of an E2 ubiquitin conjugating enzyme in a transthiolation reaction. The last step is 
the transfer of ubiquitin to the substrate facilitated by an E3 ubiquitin ligase. Three different families 
of E3 ubiquitin ligases exist. RING E3 ligases act as scaffolds and activators of the direct transfer of 
ubiquitin from E2~Ub thioester to the substrate, whereas HECT and RBR E3 ligases form a further 
thioester with ubiquitin before it is transferred to the substrate, thereby being directly involved in the 
catalysis.  
 

1.1.3 E3 ubiquitin ligases 

E3 ubiquitin ligases are, by reason of shared structural elements and distinct transfer mechanisms, 

subdivided into three subgroups, namely RING (with over 600 members in humans), HECT (28 human 

members), and RBR E3 ligases (14 human members). RING (Really Interesting New Gene) ligases 

contain a so-called RING domain that coordinates a pair of zinc ions which are involved in E2 binding. 

RING ligases themselves are not directly catalytically implicated in the transfer of ubiquitin from E2 to 

the substrate, but rather act as scaffolds to bring ubiquitin-charged E2s and their substrates into 

proximity. In addition, they activate E2 enzymes allosterically to facilitate an efficient reaction 

(Deshaies & Joazeiro, 2009, Metzger et al., 2014). In contrast, HECT (Homologous to E6AP C Terminus) 

ubiquitin ligases contain a cysteine residue as catalytic center that forms a thioester intermediate with 

ubiquitin, so that HECT ligases are directly catalytically involved in ubiquitination (reviewed in (Rotin & 

Kumar, 2009, Lorenz, 2018, Sluimer & Distel, 2018, Weber et al., 2019)). In addition, RBR (RING-

between-RING) E3 ligases appeared as a third subgroup as hybrids between RING and HECT E3 ligases 

harboring two RING domains, one of which contains a catalytically active cysteine (Eisenhaber et al., 

2007, Wenzel et al., 2011, Riley et al., 2013, Dove & Klevit, 2017, Reiter & Klevit, 2018). 

 

Besides E6AP, three different E3 ligases (HDM2, RLIM, HUWE1) with pathological relevance have been 

investigated in this study and will thus be shortly introduced in this section. HDM2 (the human 

orthologue of MDM2) is a RING E3 ligase that ubiquitinates the tumor suppressor p53 leading to its 
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degradation. This makes HDM2 an important target in cancer research (Haupt et al., 1997, Honda et 

al., 1997, Kubbutat et al., 1997, Urso et al., 2016). RLIM is a RING-H2 zinc finger protein that acts as 

negative co-regulator of LIM homeodomain transcription factors, which are involved in specification 

of cell lineages and regulation of differentiation during development. Altered RLIM expression has also 

been associated with cancer (Ostendorff et al., 2000, Ostendorff et al., 2002). In addition, pathogenic 

variants of RLIM lead to a syndromic X-linked intellectual disability and behavioral disorder (Frints et 

al., 2019). HUWE1 (also known as HECTH9, ARF-BP1, URE-B1, LASU1 or Mule) is a HECT E3 ligase which 

among other targets ubiquitinates the transcription factor Myc with mixed K6-, K48-, and K63-linked 

poly-ubiquitin chains (Adhikary et al., 2005). Subsequently, transactivation of multiple target genes is 

induced, the coactivator p300 is recruited, and cell proliferation is turned on. HUWE1 is overexpressed 

in multiple human tumors and is essential for proliferation of a subset of tumor cells, underlining its 

key role in cancer (Adhikary et al., 2005, Kao et al., 2018). 

 

1.2 The HECT ligase E6AP  

The main focus of this study is on the ubiquitin ligase E6AP (E6-associated protein), which was the first 

known member of the HECT ubiquitin ligase family, to that 27 other human members with a conserved 

C-terminal so-called HECT domain were affiliated (Huibregtse et al., 1995). E6AP is known to attach 

mainly K48-linked ubiquitin chains to substrates resulting in their proteasomal degradation (Wang & 

Pickart, 2005, Kim & Huibregtse, 2009). As already mentioned, malfunction of E6AP is associated with 

three distinct disorders: cervical cancer, Angelman syndrome and Dup15q syndrome (Matentzoglu & 

Scheffner, 2008, Scheffner & Kumar, 2014, Khatri & Man, 2019). Understanding the mechanisms that 

regulate its activity is therefore fundamentally important to develop strategies to interfere with E6AP 

malfunction in the mentioned human disorders. For this reason, all available structural information of 

E6AP will be summarized. 

 

1.2.1 Structure of E6AP (in comparison to other HECT E3s) 

Originally the E6AP cDNA was described to be 2700 bp long encoding about 850 amino acids 

(Huibregtse et al., 1993a). Later, E6AP was found to be expressed from the UBE3A gene on the long 

arm of chromosome 15 in the 15q11.2-q13.3 region and that three different isoforms are produced by 

alternative splicing (Yamamoto et al., 1997). The three isoforms differ in their extreme N termini with 

isoform one being the shortest form with a length of 852 amino acids. Isoform two and three own an 

N-terminal extension of 23 or 20 amino acids, respectively (figure 2). Although similar ubiquitination 

activity was confirmed, it remains elusive whether substrate specificity is altered due to the extensions 

(Yamamoto et al., 1997). Recent studies revealed that the different isoforms of E6AP are localized in 
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different subcellular compartments (Avagliano Trezza et al., 2019). Another recent study identified a 

non-coding function of an alternative UBE3A transcript, lacking the catalytic domain region of E6AP, in 

dendritic protein synthesis (Valluy et al., 2015). Potential different localization and roles of the 

different isoforms need to be kept in mind as in the present study isoform one was investigated only.  

 

 
Figure 2: Structural knowledge of E6AP 
(A) The three isoforms of E6AP according to (Yamamoto et al., 1997). Isoform 1 is the shortest expressed 
version of E6AP with 852 amino acid residues and the catalytic center at position 820. All positions in 
this dissertation refer to isoform 1. Isoform 2 and 3 have a 23 or 20, respectively, amino acids long N-
terminal extension. The scheme below shows known domains and binding sites within E6AP. 
(B) Ensemble of NMR structures of the AZUL domain of E6AP with the coordinated zinc ion colored in 
blue (pdb entry 2KR1) (Lemak et al., 2011). (C) E6-binding α-helix of E6AP containing residues 383-394 
(ELTLQELLGEER) with leucine residues from the LXXLL motif shown (pdb entry 4GIZ) (Zanier et al., 2013). 
(D) Crystal structure of the HECT domain of E6AP with the cognate E2 enzyme UbcH7 bound (pdb entry 
1C4Z) (Huang et al., 1999). The structures shown were modified with UCSF chimera software (Pettersen 
et al., 2004). 
 
Soon after its discovery, regions of E6AP responsible for E6 and p53 binding and regions responsible 

for ubiquitin ligase activity were determined (Huibregtse et al., 1993b). Shortly afterwards, a family of 

proteins that are structurally and functionally related to E6AP was discovered, which all share a C-

terminal, ~350 amino acids long domain with a highly conserved catalytically active cysteine 

(Huibregtse et al., 1995). 20 years ago, the structure of the HECT domain of E6AP with a bound cognate 

E2 enzyme could be solved by X-ray crystallography (Huang et al., 1999). To note, for the full-length 

protein or the whole N-terminal part of E6AP no structures could be obtained yet. The HECT domain 

forms an L-shape with two lobes, the N lobe and the C lobe. The C lobe harbors the catalytically active 
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cysteine and the N lobe contains the E2 binding site. Two aspects are interesting in this crystal 

structure: first, the catalytic cysteines of the E2 and E6AP are 41 Å apart so that no direct transfer of 

ubiquitin from the catalytic cysteine of the E2 to the catalytic cysteine of E6AP can take place without 

major structural rearrangements. The second interesting new finding was that the HECT domain forms 

a trimer that was, however, concluded to represent an artifact due to high crystal packaging forces. 

Later, also structures of the HECT domains of WWP1 (Verdecia et al., 2003), Smurf1 (Ogunjimi et al., 

2005) and NEDD4L (Kamadurai et al., 2009) were solved. The structures of the two lobes are for each 

HECT domain highly similar, but the orientation of the two lobes differs by a rotation around a hinge 

region between the two of them. This possibility to swivel around an axis between the two lobes 

indicates large structural rearrangements during catalysis. Indeed, the two lobes of the HECT domains 

seem to be able to swivel in an angle of about 100° allowing to accept ubiquitin from the E2 enzyme 

and to pass it to the substrate. Mutational analysis of this hinge region proved that rotation is essential 

for catalysis (Verdecia et al., 2003). Additionally, modelling and molecular dynamic simulations of the 

interaction between the HECT domain of the E3 ubiquitin ligase Itch and the E2 enzyme UbcH7 showed 

two different hinge regions in the HECT domain, the known one between the N and C lobe and another 

between two subdomains of the N lobe (Raimondo et al., 2008). Additionally, the structure of the HECT 

domain of NEDD4 was solved on its own and in complex with ubiquitin showing a new binding mode 

that involves two surfaces on ubiquitin and both subdomains of the N lobe (Maspero et al., 2011). 

However, this regulatory interaction seems to be only valid for NEDD4-type HECT ligases, as the key 

interacting cysteine is not present in other HECT ligase family members (Maspero et al., 2011). 

Furthermore, the structure of a ubiquitin loaded HECT domain of NEDD4 revealed the molecular basis 

for catalytic priming by providing insight into interactions between the C lobe of the HECT domain and 

ubiquitin. It could be revealed that ubiquitin is locked in an extended conformation resulting in the 

formation of specific K63-linked ubiquitin chains (Maspero et al., 2013), while the determinants for 

K48-linked chains formed by E6AP are not known yet. Another study determined experimentally the 

complete 1H, 13C, and 15N backbone and side chain resonance assignments for the C lobe of the HECT 

domain of ITCH (residues 784–903) using heteronuclear, multidimensional NMR spectroscopy. The 

resonance assignments can be used in future NMR-based studies to examine dynamics and 

conformational flexibility in ubiquitination by HECT ligases. Moreover, the structural and biochemical 

basis for ubiquitin chain synthesis and specificity can thus be investigated (Beasley et al., 2019). Taken 

together, structures of HECT domains shed some light on the molecular mechanism of ubiquitin 

ligation to substrates, however questions remain, for example, how different chain specificities are 

maintained.  

Besides the HECT domain, the structure of two other parts of E6AP (AZUL domain and E6-interacting 

α-helix) have been solved yet so that 50% of the structure of E6AP is known at this time. The structure 
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of the AZUL (Amino-terminal Zn-finger of Ube3a Ligase) domain was solved by solution NMR of a 

truncated construct spanning residues 1-64 according to isoform 1 of E6AP (Lemak et al., 2011). The 

AZUL domain adopts a helix-loop-helix architecture with an atypical, C4 type zinc finger with the Zn2+ 

ion coordinated by four cysteine residues arranged in a C-X4-C-X4-C-X28-C motif (with X representing 

any other amino acid). Interestingly, a mutation of C21, one of the Zn2+ ion coordinating residues, was 

found in an AS patient (Cooper et al., 2004), and was further characterized in the present work. 

The other structural feature of E6AP of which the three-dimensional structure is known is the E6-

binding motif containing α-helix. It spans residues 372-383 with the core LXXLL motif. The E6-binding 

motif forms an α-helix which was solved first by NMR (Be et al., 2001). Mutational analysis in the same 

study proved that all three leucine residues form a hydrophobic patch that is essential for E6 binding 

and substitution of any of the amino acids in the α-helix disrupted the interaction. Later, the structure 

of the E6-binding motif was also solved by X-ray crystallography, first in complex with full-length HPV-

16 E6 (Zanier et al., 2013) and then also in a ternary complex with full-length HPV-16 E6 and the core 

domain of p53 (Martinez-Zapien et al., 2016). 

The 28 human HECT E3 ligases have been grouped based on shared structural domains into the NEDD4-

like family with nine members, the HERC-like family with six members and 'others', which do not share 

any structural feature in the N terminus with other HECT ligases like it is the case for E6AP. For a 

detailed description and classification of the HECT ligases see (Scheffner & Kumar, 2014, Lorenz, 2018, 

Sluimer & Distel, 2018). To recapitulate the most essential information it can be said that size as well 

as structural motifs are divergent and regulatory mechanisms like asymmetric auto-inhibiting 

dimerization of HUWE1 (Sander et al., 2017), auto-inhibitory interaction of N-terminal domains with 

the HECT domain of NEDD4 subfamily as shown for SMURF1 (Wan et al., 2011), SMURF2 (Wiesner et 

al., 2007), ITCH (Gallagher et al., 2006, Riling et al., 2015, Zhu et al., 2017), NEDD4 (Mari et al., 2014, 

Chen et al., 2017), NEDD4L (Escobedo et al., 2014) or the ubiquitin-binding domain controlled 

oligomerization resulting in inhibition of Rsp5 (the yeast ortholog of NEDD4) (Attali et al., 2017) are 

only valid for the particular ligase and cannot be transferred to other members of the HECT family. 

Additionally, HECT ligases form distinct ubiquitin chains regardless of the paired E2 enzyme from which 

ubiquitin is received (Weber et al., 2019). 

 

1.2.2 Cellular interaction partners of E6AP 

E6AP was found to be expressed in all cell types and tissues (Su et al., 2004). Moreover, E6AP is 

localized in the nucleus since it harbors a nuclear localization signal sequence but it is also localized in 

the cytoplasm (Hatakeyama et al., 1997, Avagliano Trezza et al., 2019). This spatial presence suggests 

that E6AP interacts with diverse cellular proteins.  
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1.2.2.1 Non-substrate interaction partners of E6AP 

The protein-protein interaction database BioGRID (version 3.5.177 (Oughtred et al., 2019)) recognizes 

318 potential protein interaction partners of E6AP found in 133 publications. Only a limited number of 

these interactions has been validated as E6AP substrates while some of the interaction partners have 

been shown not to be substrates, but to have other functions. Other functions are for example 

regulation of E6AP activity or to act as adaptors, which modify the substrate spectrum of E6AP. 

Obviously, E2 enzymes need to bind to E6AP for ubiquitin transfer from themselves to E6AP. The 

sequence properties of E2 enzymes needed for E6AP binding were investigated, shedding some light 

on the question of E2-E3 specificity (Eletr & Kuhlman, 2007). UbcH5, UbcH7 and UbcH8 were identified 

as cognate E2 enzymes for E6AP. 

Besides E2 enzymes, the E6 protein of high-risk human papilloma viruses (see chapter 1.2.4.1.2) is well 

known to serve as adaptor between E6AP and p53. While ubiquitination of E6 proteins by E6AP in 

cellula might happen to some extent (Li et al., 2019), HPV-16 E6 is in in vitro ubiquitination assays not 

ubiquitinated (Ebner, 2019). Another example for an adaptor function is the interaction of the AZUL 

domain of E6AP with PSMD4 which mediates binding of E6AP to the proteasome (Kühnle et al., 2018) 

and for which the structure was solved recently (Buel et al., 2020). The AZUL domain is a zinc 

coordinating domain and zinc fingers are known to interact with DNA, however E6AP-DNA interaction 

was not reported yet.  

Furthermore, two proteins that act as allosteric activators of E6AP have been characterized so far, 

namely HERC2 and HPV-16 E6. The giant HECT ligase HERC2 was identified to bind to the N-terminal 

part of E6AP (encompassing amino acid residues 150 to 200 according to isoform 1) and thereby to 

stimulate E6AP's catalytic activity (Kühnle et al., 2011). In an early study, HPV-16 E6 was shown to 

induce self-ubiquitination of E6AP (Kao et al., 2000). In a later study, HPV-16 E6 could be confirmed as 

allosteric activator of E6AP in auto- as well as substrate ubiquitination assays (Mortensen et al., 2015). 

Moreover, binding of HPV-16 E6 enables the rescue of the catalytically impaired Angelman syndrome 

(AS) mutant E6AP Y533A (Ronchi et al., 2014).  

Besides the mentioned interaction partners that act either as scaffolds or allosteric activators, several 

other unrelated interaction partners were identified. A couple of studies suggest interaction of E6AP 

with estrogen and progesterone receptors as well as a possible co-transactivation activity of E6AP and 

ERα independent of the ubiquitin ligase activity of E6AP (Nawaz et al., 1999, Dhananjayan et al., 2006, 

El Hokayem et al., 2018, Obeid et al., 2018). E6AP contains three LXXLL motifs, which are in general 

important for receptor interaction (Heery et al., 1997). However, further evidence is needed to support 

the regulation of nuclear hormone receptors by E6AP and whether this interaction plays a role in the 

neurological disorders AS or Dup15q syndrome. Furthermore, the synapse regulating protein Arc was 

suggested as a substrate of E6AP (Greer et al., 2010); however no ubiquitination in vitro was 
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recognizable and a transcriptional regulation of the Arc gene by E6AP was suggested (Kühnle et al., 

2013). Moreover, further potential interaction partners of E6AP were found by mass spectrometry, 

where E6AP was shown to be in complex with the proteasome or in a high-molecular weight complex 

of approximately 2 MDa with HERC2, NEURL4 and MAPK6 (Martinez-Noel et al., 2012). Network 

analysis of E6AP associated proteins (including MCM6, SUGT1, EIF3C, and ASPP2) identified in affinity 

purification coupled to mass spectrometry (AP-MS) and yeast two- or three-hybrid assays, revealed 

that E6AP-associated proteins are involved in several fundamental cellular processes including 

translation, DNA replication, intracellular trafficking, and centrosome regulation (Martinez-Noel et al., 

2018). For most interaction partners, it is not finally clarified whether they are substrates of E6AP or 

act as adaptors or regulators of E6AP activity.  

 

1.2.2.2 Substrates of E6AP 

The main mode of action of E3 ligases is the specific recognition and modification of target proteins 

with ubiquitin, why it is of fundamental importance to know the targets of an E3 ligase to understand 

its physiological functions. In the past, a most studies searched for substrates of E6AP in presence of 

HPV E6 proteins (Vande Pol & Klingelhutz, 2013). In the meantime, an increasing number of studies 

also aimed at identifying substrates of E6AP alone. A summary of identified substrates will be given in 

the following section. 

Firstly, E6AP has been identified to serve as its own substrate, in a process called auto-ubiquitination, 

as it holds true for most E3 ligases (Nuber et al., 1998). Next, HHR23A, one of the human homologues 

of the yeast DNA repair protein Rad23, was identified in a yeast two-hybrid screen with E6AP as bait, 

and could be confirmed as substrate of E6AP in absence of HPV E6 proteins (Kumar et al., 1999). In 

addition, the PRC1-like complex member Ring1B is a well-established substrate (Zaaroor-Regev et al., 

2010)). Ring1B is itself an E3 ligase, monoubiquitinates histone H2A and can thereby substantially 

impact global gene expression. To selectively inactivate its E3 function thereby facilitating the 

characterization of E6AP-mediated ubiquitination in in vitro and in cellula experiments, Ring1B is 

rendered catalytically inactive by mutation of isoleucine 53 to serine (Ben-Saadon et al., 2006). 

Furthermore, the proteasomal shuttling factor RPN10 (also known as PSMD4 or S5A) and other 

regulators of the proteasome were identified as direct targets for DUBE3A (the Drosophila analogue 

of E6AP) in a neuronal cell culture system (Lee et al., 2014), and several subunits of the proteasome 

were shown to be ubiquitinated in situ by E6AP (Jacobson et al., 2014). However, this stands in contrast 

to a study reporting that PSMD4 is only an interaction partner of E6AP and is not ubiquitinated by it 

(Kühnle et al., 2018). 

Further reported potential substrates of E6AP are BLK (Oda et al., 1999), MCM7 (Kuhne & Banks, 1998), 

UBQLN1/2 (Kleijnen et al., 2000, Kleijnen et al., 2003), the Estrogen Receptor α (Li et al., 2006), 
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hepatitis C virus core protein (Shirakura et al., 2007, Shoji et al., 2007), TSC2 (Zheng et al., 2008), 

ANNEXIN A1 (Shimoji et al., 2009), α-Synuclein (Mulherkar et al., 2009), the tumor suppressor PML 

(Louria-Hayon et al., 2009), Peroxiredoxin (Nasu et al., 2010), Ephexin5 (Margolis et al., 2010), the core 

clock component ARNTL/BMAL1 (Gossan et al., 2014), the potassium channel SK2 (Sun et al., 2015, 

Sun et al., 2019), MNT (Kapoor et al., 2016), clusterin (Gulati et al., 2018), p18/LAMTOR1 (Sun et al., 

2018), XIAP (Khatri et al., 2018), PTPA (Wang et al., 2019) and ENO1 (Mishra et al., 2019). Furthermore, 

a recent proteomics study used an orthogonal ubiquitin transfer approach to identify 130 substrates 

from which MAPK1, CDK1, CDK4, PRMT5, β-catenin and UbxD8 were reported to be directly 

ubiquitinated by E6AP in vitro and in cellula (Wang et al., 2017b) with β-catenin being supported as 

E6AP substrate by an independent study (Kuslansky et al., 2016). However, many other of the 

mentioned identified substrates have not been confirmed nor have been followed up as physiological 

substrates of E6AP yet. In any case, to be able to make final conclusions about the function of an E3 

ligase and to understand its enzymatic mechanism, it is necessary to know the full range of substrates. 

Therefore, the mentioned potential E6AP substrates should be evaluated carefully in future studies. 

However, it should be kept in mind that ubiquitination of a given substrate may only be relevant for 

certain tissues or during certain phases of differentiation or development (Scheffner & Kumar, 2014). 

Tissue specific substartes in neurons are of special interest due to the connection of E6AP to 

neurodevelopmental disorders (Khatri & Man, 2019). 

 

1.2.3 Mechanism of function and activity regulation of E6AP 

Most of the recent scientific reviews covering HECT ubiquitin ligases presume that E6AP is active as a 

trimer. The origin of this hypothesis lies in the crystal structure of the HECT domain of E6AP forming a 

trimer, that was, however, originally ascribed to an artifact due to crystal packaging forces (Huang et 

al., 1999). In contrast to that explanation, a later study claimed that the actual active form of E6AP is 

indeed a trimer as indicated by the size of recombinantly expressed E6AP determined by static light 

scattering measurements and size-exclusion chromatography (Ronchi et al., 2014). In the same study, 

mutational analysis of Phe727, that is absolutely conserved in HECT ligases and interacts with a 

hydrophobic pocket in the adjacent subunit in the crystal structure, showed that mutation to aspartic 

acid led to a dramatic decrease of auto-ubiquitination activity. It was furthermore reported that N-

acetyl-phenylalanyl-amide reversibly antagonized trimer formation and inhibited catalytic activity with 

a Ki of 12 mM supporting the trimer model. On the contrary, the authors of another study 

overexpressed HA-tagged E6AP in mammalian cells and investigated the lysate by size-exclusion 

chromatography. They found E6AP either present in huge complexes with the proteasome or with 

HERC2, NEURL4 and MAPK6 or, and actually the majority, E6AP was found in lower molecular-mass 

complexes ranging from 100 to 200 kDa, indicating a monomeric state of E6AP (Martinez-Noel et al., 
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2012). Besides, as already described above (chapter 1.2.2.2), biochemical experiments revealed that 

E6AP for its own mainly performs auto-ubiquitination in a trans mechanism (ubiquitination of one 

E6AP molecule by another E6AP molecule) (Nuber et al., 1998), whereas addition of HPV-16 E6 shifted 

E6AP auto-ubiquitination mainly to a cis mechanism (meaning transfer of ubiquitin from the catalytic 

cysteine residue to a lysine residue on the very same E6AP molecule) (Kao et al., 2000). These findings 

also indicated transient interactions between E6AP molecules which could be reduced in presence of 

HPV-16 E6.  

Apart from oligomerization, post-translational modification is believed to regulate activity of E6AP. 

E6AP performs efficient auto-ubiquitination. Additionally, it was reported that E6AP is ubiquitinated 

by the HECT ligase UBR5 (Tomaic et al., 2011) and possibly also by other E3 ligases, as ubiquitination 

of other ubiquitin ligases is a common feature of several E3 ligases (de Bie & Ciechanover, 2011). To 

date, auto-ubiquitination of E6AP has only been regarded as negative feedback loop to counteract 

hyperactivity of E6AP by its degradation through the proteasome. Mono-ubiquitination may, however, 

also influence the catalytic activity of E6AP as mono-ubiquitination has been shown to activate NEDD4-

like HECT ligases (Chen et al., 2017). 

Besides ubiquitination, phosphorylation plays a potential role in E6AP regulation as E6AP was found in 

different proteomic studies to be ubiquitinated and phosphorylated (PhosphoSitePlus v.6.5.8 

(Hornbeck et al., 2015)). For example, tyrosine at position 636 was proposed to be phosphorylated by 

c-Abl kinase (Chan et al., 2013). This modification was considered to disrupt putative trimer formation 

of the HECT domain and consequently act inhibitory on ligase activity. Another known phosphorylation 

site of E6AP is T485. This mutation was identified as an autism-linked mutation (Yi et al., 2015). This 

study showed that E6AP T485A is hyperactive and that this mutation leads to increased synapse 

formation in vivo. In contrast, a phospho-mimetic mutation of position 485 to glutamate decreased 

ligase activity. Thus, it was concluded that phosphorylation of T485 inhibits ligase activity of E6AP (Yi 

et al., 2015). Additionally, serine at position 195 was identified to be phosphorylated in proteomic 

studies, however no functional consequence has been associated to this modification site yet 

(Matsuoka et al., 2007, Mayya et al., 2009). 

Besides understanding the regulation of E6AP by interaction partners or post-translational 

modification, knowledge about the mechanism by which E6AP modifies substrates with K48-linked 

ubiquitin chains is helpful to be able to manipulate it. To do so, Krist et al. developed a novel acid-

cleavable photo-crosslinker to identify catalytic important residues of E6AP (Krist & Statsyuk, 2015). 

Except of the catalytic cysteine C820, two residues (K799 and K847) reacted with the photo-crosslinker 

which was loaded on the catalytic cysteine of a cognate E2 enzyme. K847 is required for the formation 

of K48-linked poly-ubiquitin chains, while a K799A mutant was hyperactive in producing K48-linked 

ubiquitin chains. However, a major drawback of this study is that, like in many other studies, only the 
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HECT domain but not full-length E6AP was utilized. Full-length E6AP forms linkage-specific K48 chains 

in auto- as well as substrate ubiquitination, whereas the HECT domain only creates mono- and to a 

smaller amount di- and tri-ubiquitinated species in auto-ubiquitination assays and does not 

ubiquitinate substrates. Mass spectrometric analysis revealed that also free dimers are formed by 

E6AP HECT, which, however, do not show any specificity in linkage type (Kobayashi et al., 2018).  

Another study probed the interactions of the HECT domain of E6AP with ubiquitin by NMR and 

mutational analysis. Ries and colleagues identified distinct surface regions which are important for the 

initial step of catalysis, the trans-thiolation reaction, as well as other regions that are important for the 

subsequent step, the isopeptide bond formation between two ubiquitin molecules (Ries et al., 2019). 

In addition, it was suggested that the HECT domain of E6AP harbors two distinct E2 binding sites 

(Ronchi et al., 2013, Ronchi et al., 2017), providing a possible mechanism by which ubiquitin chain 

elongation may occur, but further studies are needed to substantiate the proposed model. In general, 

despite intense efforts over the last two decades, the molecular details underlying the synthesis of 

ubiquitin chains is still not completely understood. Two alternative, but not mutually exclusive models 

exist. In one, one ubiquitin moiety is transferred at a time to a growing substrate-linked chain 

(sequential addition model); in the other, a pre-assembled ubiquitin chain is transferred to a substrate 

(en bloc model) (Deol et al., 2019).  

Taken together, a number of studies investigated potential physiological functions of E6AP and how 

its activity is regulated. However, despite this increasing knowledge, many questions remain to be 

solved including how chain specificity is achieved, how the N terminal half of E6AP is structured, how 

E6AP changes its conformation in the catalytic cycle to attach K48-linked ubiquitin chains to substrates, 

where on E6AP different substrates bind, and if common binding sites exist for different substrates. 

 

1.2.4 Role of E6AP in human health and disease 

1.2.4.1 E6AP and cervical cancer 

1.2.4.1.1 Human papillomaviruses (HPVs) 

Human papillomaviruses (HPVs) are small DNA viruses leading to hyperproliferative lesions of the skin 

and mucosal epithelia (Doorbar et al., 2015). HPVs infecting mucosal epithelia can be subdivided into 

low-risk types such as type 6 or 11, which induce benign lesions like warts, and high-risk types such as 

type 16, 18, 31, 33, 45 which can cause the formation of epithelial cancers (Giuliano et al., 2008, 

Klingelhutz & Roman, 2012). HPV-16 and -18 are the most abundant high-risk types found in at least 

70% of cervical cancers. Infection with high-risk HPVs has been associated with virtually all cases 

(99.7%) of cervical cancer (zurHausen, 1996). Moreover, high-risk HPV infection is also the source of 

additional cancers in the anogenital tract and the head and neck region, with about 5% of total human 
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cancers being attributable to HPV infection (de Martel et al., 2017). High-risk HPVs thus represent a 

global clinical problem (Bosch et al., 2013). 

The key viral factors promoting cancer development are the early proteins E6 and E7 which are 

constitutively expressed in HPV-positive cancer cells and appear to associate with a plethora of host 

cellular proteins. When expression of either E6 or E7 is extinguished, the cellular senescence program 

is rapidly executed (Goodwin et al., 2000). This indicates that HPV infected cells are oncogene-addicted 

so that they need continuous E6 and E7 expression for their proliferation and neoplastic progression, 

presenting a great potential for molecular treatment options off HPV-related pre(neo)plastic lesions 

(Manzo-Merino et al., 2013, Hoppe-Seyler et al., 2018).  

The E7 protein targets several cellular pathways, with the most prominent target being the tumor 

suppressor pRB (retinoblastoma protein) leading to dissociation of the E2F1 transcription factor which 

in turn induces transition from G1 to S phase, ultimately leading to cell cycle progression and 

replication of the viral genome (Mittal & Banks, 2017). The role of the E6 protein will be explained in 

more detail in the following chapter. 

 

1.2.4.1.2 Deregulation of E6AP by viral E6 proteins 

The interrelation of E6, E6AP and p53 and the following consequences for HPV-infected cells are 

reviewed in (Scheffner & Whitaker, 2003, Beaudenon & Huibregtse, 2008, Lehoux et al., 2009, Hoppe-

Seyler et al., 2018). Briefly, HPV E6 proteins were originally found to stimulate the degradation of p53 

(Scheffner et al., 1990). Next, it was shown that a cellular protein mediates association of p53 with the 

E6 oncoprotein of HPV types 16 or 18 (Huibregtse et al., 1991). Shortly afterwards, it could be shown 

that E6-associated protein (that is how E6AP received its name) leads in complex with HPV E6 to 

proteasomal degradation of the tumor suppressor p53 (Huibregtse et al., 1993a, Scheffner et al., 

1993). This concerted degradation of p53 and other proteins by the E6-E6AP complex is crucial to by-

pass host-cell defenses and to prevent apoptosis, thus presenting a major mechanism of 

carcinogenesis of infected cells (Howie et al., 2009). The E6-E6AP complex is known to ubiquitinate 

p53 at several sites by a stepwise mechanism (Masuda et al., 2019).  

Several studies showed that stabilization of p53 (or an increase in p53 levels) can be achieved by 

depletion of the E6 oncoprotein. For instance, it has been shown that inhibition of E6 and E7 expression 

by expressing the HPV E2 protein via a recombinant virus (Goodwin & DiMaio, 2000) or by transfection 

(Wells et al., 2000) leads to apoptosis. This means that the malignant phenotype of HPV-positive cancer 

cells is critically dependent on the expression of the E6 and E7 oncogenes, but is in principle reversible 

by interfering with their activities (Zanier et al., 2014). In this regard, HPV-positive cells fulfill the 

criteria for oncogene addiction (Weinstein & Joe, 2008), providing a promising therapeutic approach 

by the functional inhibition of E6 and/or E7 and, furthermore, the conceptual advantage of no or 
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reduced side effects on uninfected cells. Especially E6 has emerged as target by different approaches 

like antisense RNA (BeerRomero et al., 1997), peptide aptamers (Butz et al., 2000), siRNA (Butz et al., 

2003, Yamato et al., 2006), or intracellular antibodies (Griffin et al., 2006, Lagrange et al., 2007). Later 

on, it could be confirmed in a mouse model that E6 requires E6AP to cause cervical cancer (Shai et al., 

2010) and that E6 and E7 act synergistically to cause head and neck cancer in mice (Jabbar et al., 2010). 

All studies emphasize that targeting E6 restores p53 levels and induces consequently cell cycle arrest 

and/ or apoptosis of HPV-positive cells. 

The crystal structure of HPV-16 E6 in complex with the E6-binding α-helix of E6AP revealed a pocket 

that presents a possible target site for E6 specific inhibitors (Zanier et al., 2013). In a follow-up study 

including the core domain of p53 in addition to the E6AP α-helix and E6, it was shown that binding of 

E6AP renders the conformation of E6 competent for interaction with p53 by structuring a p53-binding 

cleft on E6 (Martinez-Zapien et al., 2016). The structure of the complex should aid in finding small 

molecules that interfere with E6-p53 complex formation, possibly by rational design of small molecules 

fitting into the E6AP binding site of E6. All solved structures and functions of E6 and E7 proteins are 

reviewed in (Suarez & Trave, 2018).  

  

1.2.4.1.3 Small molecule inhibitors of the E6-E6AP complex  

The available vaccines (Cervarix® or Gardasil 9®) protect against infection with the most common high-

risk HPV types, but they are ineligible to prevent the progression of or to eliminate cervical cancer 

(Schiffman et al., 2016). Despite several studies which aimed to identify peptides or small molecules 

that prevent the complex formation of HPV-16 E6 with E6AP and thereby the targeted degradation of 

p53, no therapeutic treatments are currently available for already infected individuals. 

An early approach to inhibit formation of the E6-E6AP complex was the design of α-helical peptides 

containing the LQELLGE motif critical for binding to E6 with the goal to utilize them in a dominant-

negative manner in HPV infected cells(Liu et al., 2004). Two peptides, containing different extensions 

for stabilization, were created and shown to be stable and correctly folded in aqueous solutions. These 

peptides showed inhibition of binding of in vitro translated S35-labeled HPV-16 E6 to a GST fusion 

protein of E6AP in pulldown experiments (Liu et al., 2004). A follow-up study used the structure of the 

α-helical LXXLL motif as pharmacophore for an in silico screen, however, identified hits had no or only 

a low potency in in vitro competitive binding assays (Baleja et al., 2006). A new high-throughput binding 

assay was developed in the same group resulting in the identification of Luteolin, a yellow flavonoid, 

found in different plants and suggested already for a long time as natural medicine for various cancers 

and other diseases. In that study, Luteolin and several other flavonoids displayed a high degree of 

specificity to inhibit proliferation of HPV-positive cells (Cherry et al., 2013). In a follow-up study, the 

authors derivatized the flavonoid scaffold to several differently 2,6-disubstituted benzopyranones, 
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which were probed by induced fit modelling to the E6 binding groove of E6AP. The results were also 

compared to in vitro binding assays and cell proliferation experiments. This led to the identification of 

a group of flexible arginine residues from E6 forming a rim-cap over the helix binding groove that offers 

a compensatory role in binding and plays a key role in recognition of the small molecule probes (Rietz 

et al., 2016). 

Other studies focused on peptides unrelated to the LXXLL motif containing E6 binding peptide, since 

the LXXLL containing peptide did not show anti-proliferative effects in HPV-positive cells. Therefore, a 

yeast two-hybrid screen was performed and different linear peptides that bound E6 were identified 

(Dymalla et al., 2009). The peptides were further optimized with respect to solubility and shown to 

occupy the binding pocket of E6 in NMR studies (Zanier et al., 2014). Optimized versions of these 

peptides inhibited proliferation specifically in HPV-positive cells and were intracellularly shown to bind 

E6 and to reshape it such that E6 interacts with p53 (Stutz et al., 2015). Giving the proof-of-principle 

that the E6 binding pocket can be occupied by peptides with sequences other than the LXXLL α-helix 

and that this blockage leads to p53 accumulation, provides evidence that the E6 binding pocket is 

druggable. However, peptides are difficult to deliver inside human tissues, so that the identified 

peptides can be regarded rather as blueprints to identify small molecules with similar properties. 

Several studies aimed to identify small molecules acting on E6. A large high-throughput screen (HTS) 

with over 88,000 compounds yielded 30 validated hits that disrupted binding of an MBP-fusion 

construct of the LXXLL α-helix to a GST fusion protein of HPV-16 E6 (Malecka et al., 2014). Several hits 

were validated by p53 stabilization in vitro (30 compounds) and in HPV-positive cells compared to HPV-

negative cells (7 compounds). One hit was a flavonoid (gossypetin) so that another flavonoid (baicalein) 

that was not identified in the screen but has a structural similarity to gossypetin even blocked p53 

degradation and inhibited proliferation in cells stably transfected with HPV-16 E6 (Malecka et al., 

2014). In addition, another study underlines the effect of flavonol and imidazole derivatives to block 

E6 activities and reactivate pro-apoptotic pathways in HPV-positive cells by screening a 2,000 small 

molecule containing library and characterizing the two best hits (spinacine and myricetin) by in vitro 

binding and showing that the compounds can sensitize HPV-positive cells to chemotherapeutics (Yuan 

et al., 2016). Also, a Bristol-Myers Squibb's group performed a phenotypic high-throughput cell culture 

screen that identified a series of quinoxaline compounds that inhibited proliferation of HPV-

transformed cell lines approximately 10-fold stronger than HPV-negative cell lines. Unexpectedly, 

however, the compounds did not act via the E6 or E7 proteins, but induced apoptosis via the extrinsic, 

death receptor-mediated pathway (Sheaffer et al., 2016).  

Another approach is based on the structural information of the crystal structure of E6 with the bound 

E6AP α-helical peptide as pharmacophore and to screen in silico for small molecules fitting in the 

binding pocket. A recent, small bioinformatic study did so and modeled binding of a few marine 
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substances (Dhamodharan et al., 2018). Furthermore, another study developed an in silico pipeline to 

identify small molecule inhibitors of the E6-E6AP complex that was applied to screen a large library. 

The top three hits were compared with Luteolin in molecular dynamics simulations (Ricci-Lopez et al., 

2019).  

An alternative approach is to target the E6-p53 interaction interface. One study used the crystal 

structure of the ternary complex for an in silico screen and identified a compound that could restore 

p53 intracellular levels and transcriptional activity, thus reducing viability and proliferation of HPV-

positive cancer cells (Celegato et al., 2019). The compound could even block formation of 3D 

cervospheres of HPV-positive cells. Mechanistic studies revealed that the anti-tumor activity of this 

compound mainly relies on induction of cell cycle arrest and senescence (Celegato et al., 2019). A 

quantitative LumiFluo assay to test inhibitory compounds blocking p53 degradation by HPV E6 in living 

cells was developed and published by the same group previously (Messa et al., 2018). 

Moreover, single compounds were tested, for example a copper anthracenyl-terpyridine complex that 

induced E6 aggregation thereby stabilizing p53 in HPV-positive cells (Kumar et al., 2018). In line with 

this, zinc-ejecting compounds have been proposed and successfully tested to destabilize the E6 protein 

and to lead to apoptosis in HPV-positive cells (Beerheide et al., 1999, Foster & Phelps, 1999). Another 

study investigated the effect of iron chelating substances with the example of the topical antifungal 

agent ciclopirox that strongly repressed HPV E6/E7 oncogene expression both at the transcript and 

protein level (Braun et al., 2019). Moreover, a strong repression of cellular proliferation in both 2D and 

3D cell culture and induction of cellular senescence could be achieved (Braun et al., 2019). To note, 

cells inside cervical tumors seem to fall in dormancy, so that patients need probably to undergo 

multiple treatments with a drug (Hoppe-Seyler et al., 2017).  

Notwithstanding the distinct correlation between induction of apoptosis by targeting E6 in HPV-

positive cells and the mentioned substantial efforts to identify and evaluate new compounds, still no 

drug for HPV-induced cancers was launched on the market, making it indispensable to continue the 

quest for new lead molecules. 

 

1.2.4.2 E6AP and Angelman syndrome 

Angelman syndrome (AS) is a rare neuro-developmental disorder, first described in 1965 by the 

pediatrician Harry Angelman as 'happy puppet syndrome'. The name originated from the distinctive 

phenotype and behavior of three affected children which conveyed the association of puppets to him 

(Angelman, 1965). AS was later named after Angelman and became known as debilitating 

developmental disorder with virtual absence of speech and jerky movements as the most prominent 

symptoms (Williams et al., 1995, Williams et al., 2006). AS is clinically further characterized by severe 

mental retardation, movement and balance anomalies, ataxia, epileptic seizures, sleep disturbances 
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and abnormal behaviors like excessive laughter and an overall happy demeanor, tongue protrusions 

and hyperactivity (Bird, 2014, Bindels-de Heus et al., 2019, Khatri & Man, 2019). The incidence of AS is 

estimated to be between 1 in 10,000 (Petersen et al., 1995), 12,000 (Steffenburg et al., 1996), 15,000 

(Clayton-Smith, 1993), 20,000 (Clayton-Smith & Pembrey, 1992, Buckley et al., 1998) or 24,000 (Mertz 

et al., 2013). As the special needs of AS individuals are so demanding that they are unable to live 

independently and as the AS symptoms have such a devastating impact on the quality of life of AS-

affected individuals and their caregivers, the development of still missing therapeutic approaches is 

highly desired.  

 

1.2.4.2.1 Role of E6AP in Angelman syndrome 

E6AP was originally ascertained to play a key role in AS development through the identification of 

several heterozygous mutations in the maternal allele of the UBE3A gene in different AS individuals 

(Kishino et al., 1997, Matsuura et al., 1997). Thus, several other genes could be ruled out which were 

previously also considered as candidate genes since they were as well as the UBE3A gene affected by 

large chromosomal deletion. In addition to single point mutations in the UBE3A gene, mutations found 

in AS patients can either be deletion (Magenis et al., 1987, Pembrey et al., 1989), uniparental disomy 

(Wagstaff et al., 1992) or imprinting mutations (Reis et al., 1993, Saitoh et al., 1997) of chromosomal 

region 15q11.2-q13.3. Subsequently, UBE3A was identified to be genomically imprinted specifically in 

the brain, so that only the maternal allele is expressed (Rougeulle et al., 1997, Vu & Hoffman, 1997), 

while both alleles are expressed in other tissues (Nakao et al., 1994). These findings explained the 

deleterious effects of the heterozygous gene defects present on the maternal allele, which had already 

been evident for some time, since improper expression of the maternal allele results in absence of 

functional E6AP in neurons. To note, the 15q11.2-13.3 region is also associated with the Prader-Willi 

syndrome, a disorder with certain symptoms related to AS, with affected people showing absence of 

expression of several genes due to paternal deletion, maternal uniparental disomy or in rare cases due 

to imprinting defects; E6AP, however, does not play a central role in this disorder (Driscoll et al., 2017). 

According to distinct gene defects underlying the loss of E6AP function, AS individuals can be 

subdivided into five classes (Lossie et al., 2001, Clayton-Smith & Laan, 2003) (the following percentages 

of affected individuals are adopted from (Daily et al., 2012)). In class I, large deletions are found in the 

15q11.2-13.3 chromosomal region of the maternal allele. Class I is by far the largest subgroup 

associated with approximately 70% of the investigated cases. In class II (2 to 3%), paternal uniparental 

disomy of chromosome 15 results in loss of UBE3A expression in neurons, and class III (7 to 9%) is 

characterized through imprinting defects due to abnormal methylation of certain regions of 

chromosome 15, also resulting in loss of maternal UBE3A expression. Class IV (12-15%) patients have 

point mutations in the maternal allele of UBE3A (Fang et al., 1999, Sadikovic et al., 2014). For most of 
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the mutations found in AS, a strong correlation with loss of E6AP ubiquitination activity has been 

discovered (Cooper et al., 2004). A further study showed that the AS phenotype results from a defect 

in the ubiquitin ligase activity of E6AP and not from a proposed coactivation role of the nuclear 

hormone receptor superfamily (Nawaz et al., 1999). Missense mutations are distributed all over the 

UBE3A gene (Sadikovic et al., 2014) with clusters located in exon 9 which contains the HECT domain 

and several other mutations being located in the hinge region between the two lobes of the HECT 

domain (Cooper et al., 2004, Yi et al., 2015). Finally, patients with no genetic abnormalities identified 

on chromosome 15 but with Angelman syndrome-like phenotypes are grouped in class V that is 

increasingly called Angelman-like syndrome. Class V contains either individuals with another syndrome 

with similar symptoms like AS, mostly caused by microdeletions or microduplications of other 

chromosomal segments or genes (Tan et al., 2014, Luk, 2016), or cases with genetic defects leading to 

indirect targeting of E6AP, for example by mutations in the HERC2 gene, a known interactor and 

modulator of the catalytic activity of E6AP (Kühnle et al., 2011, Puffenberger et al., 2012, Harlalka et 

al., 2013, Cubillos-Rojas et al., 2016). 

In order to develop a therapy for AS, it is important to gain a comprehensive understanding of the 

temporal and spatial silencing of UBE3A in the brain. Silencing of UBE3A is mediated by an extremely 

long non-coding RNA (named UBE3A-ATS) that is only paternally expressed and overlaps the paternal 

UBE3A gene (Rougeulle et al., 1998). The UBE3A-ATS has a size of ~460 kb and is under the coordinated 

control of an imprinting center (IC) at the 5' end of the SNURF-SNRPN gene (Runte et al., 2001). Murine 

Ube3a-ATS is an atypical RNA polymerase II transcript that represses expression of Ube3a from the 

paternal chromosome (Meng et al., 2012), probably due to collision of the two polymerases 

transcribing UBE3A and UBE3A-ATS, respectively (Meng et al., 2013). 

Early studies found that genomic imprinting of UBE3A is restricted to cerebellar Purkinje cells, 

hippocampal neurons and mitral cells of the olfactory bulb (Lalande & Calciano, 2007) or as described 

in another study to the hippocampus, hypothalamus, olfactory bulb, cerebral cortex, striatum, 

thalamus, midbrain, and cerebellum (Gustin et al., 2010) while both alleles are active in glial cells and 

peripheral tissues (Yamasaki et al., 2003). In contrast, more recent studies showed imprinting also in 

neural tissues of the spinal cord and sciatic nerve but confirmed no imprinting in oligodendrocytes and 

astrocytes (Grier et al., 2015).  

Similar imprinting in UBE3A also exists in rats and mice (Albrecht et al., 1997) also mediated by a 

paternal Ube3a-ATS that is restricted to the brain (Chamberlain & Brannan, 2001). Several different AS 

mouse models exist with all of them exhibiting similar symptoms as human AS individuals (Mabb et al., 

2011). Two Angelman mouse models, harboring a null mutation in exon 2 (Jiang et al., 1998), or a 

deletion comprising a part of exon 15 and complete exon 16 of Ube3a (coding for the HECT domain of 

E6AP) (Miura et al., 2002) are the most prevalently used. Much of the state-of-the-art knowledge about 
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the molecular and biochemical changes in the central nervous system associated with AS has been 

obtained through these murine models. Additional sophisticated test batteries to evaluate drugs or 

other approaches to rescue the AS phenotype in mouse models have been established (Sonzogni et 

al., 2018). 

Despite the imprinting defects, it needs to be kept in mind that paternal expression of the UBE3A gene 

is, however, not totally silenced as indicated by E6AP protein detected by western-blot analysis of mice 

with a knock-out of the maternal Ube3a allele (Ube3am-/p+) and post mortem samples from AS patients 

(Daily et al., 2012). Moreover, relaxed imprinting of Ube3a in neurons of the postnatal developing 

cortex could be observed, however not in structures with already more complete neurogenesis and 

migration where more stringent imprinting was observed (Grier et al., 2015). This finding supports the 

notion that at least certain stages of neuronal development occur also in AS patients under biallelic 

expression of the UBE3A gene, maintaining a relative preservation of Ube3a expression during this 

crucial stage of early development and resulting in a complete development of the brain before birth 

(Grier et al., 2015). A further study identified persistent expression of E6AP from both alleles in neurons 

of the suprachiasmatic nucleus, the master circadian pacemaker, highlighting the complexity of Ube3a 

imprinting in the brain (Jones et al., 2016). That the time point during development seems to play a 

critical role for UBE3A imprinting was shown in different Ube3am-/p+ mouse model studies revealing 

that E6AP is expressed during the first one (Judson et al., 2014), two (Sato & Stryker, 2010) or four 

weeks after birth (Stanurova et al., 2016) from the paternal allele but afterwards its expression is 

strongly reduced. In line with these results, induced pluripotent stem cells (iPSCs) isolated from human 

patients displayed late on-set of paternal UBE3A silencing (Stanurova et al., 2016). In contrast, a single 

study demonstrated that genomic imprinting does not reduce the dosage of E6AP in neurons (Hillman 

et al., 2017). This result argues against a dosage-regulating mechanism that has been widely used to 

explain why certain genes are imprinted; however no alternative explanation for why the paternal 

UBE3A allele is imprinted was provided in this study.  

Besides the mechanism of imprinting, intracellular localization of E6AP protein is also of interest. 

Investigation of a transgenic mouse model expressing maternally a Ube3a-YFP fusion protein showed 

that E6AP is in vivo intracellularly located in the nucleus as well as in dendrites and that it is in cultured 

hippocampal neurons located in the nucleus as well as pre- and postsynaptic compartments (Dindot 

et al., 2008). High-resolution light and electron microscopic immunocytochemistry of E6AP has shown 

a broad neuronal distribution including both axon terminals and euchromatin-rich nuclear domains 

(Burette et al., 2017, Burette et al., 2018). Taken all mentioned studies together, E6AP seems to be 

expressed biallelically for a short period of time in all tissues but afterwards the paternal allele is 

silenced in all neurons of the CNS but not in peripheral tissues. The efficiency of the silencing is not 
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quantified in any of the studies, but roughly estimated 5 - 10% of wild-type E6AP may still be present 

in AS conditions.  

 

1.2.4.2.2 Approaches for AS therapy 

To date most treatments focus on alleviating symptoms of AS. Examples are pharmaceuticals to control 

mood and sleep disorders, which have been partially effective (Clayton-Smith & Laan, 2003), or 

Levodopa (L-Dopa), which is commonly used to treat Parkinsonian symptoms, proved partially 

effective in treating late onset movement disorders in a subset of AS patients (Harbord, 2001). 

However, no drug exists targeting the actual source of AS, the reduced E6AP levels in neurons; 

however, several studies probed various approaches to interfere with the molecular mechanisms 

resulting in AS. 

The genetic variety underlying AS makes it more demanding to tackle, however for most cases the 

paternal UBE3A allele is still intact so that several recent approaches aim to unsilence the dormant 

paternal allele (Mabb et al., 2011). Unsilencing was achieved in one approach by indenoisoquinoline-

derived topoisomerase inhibitors with topotecan, the most potent compound, showing upregulation 

of E6AP protein in neurons of AS mice (Huang et al., 2012, Lee et al., 2018). Another strategy was 

induction of global methylation by dietary supplements (i.e. betaine or folic acid), however, with no 

significant effects visible in clinical studies (Bacino et al., 2001, Peters et al., 2010, Han et al., 2019). 

Alternatively, unsilencing was achieved by expression of a truncated UBE3A-ATS that proved to 

ameliorate behavioral deficits in AS mice (Meng et al., 2013, Meng et al., 2015).  

Restoring E6AP expression in general proved to be beneficial as it was shown to suppress epileptic 

seizures in GABAergic neurons (Gu et al., 2019). In addition, two studies using Cre-dependent 

temporally controlled induction of the maternal Ube3a allele in mice showed that during early 

development a rescue of the behavioral phenotype was possible and that in adults electrophysiological 

deficits in layer 5 pyramidal neurons could be extenuated (Silva-Santos et al., 2015, Rotaru et al., 2018). 

The same group deleted E6AP at three different time points during brain development. They found 

that only early embryonic deletion and not deletion after 3 or 12 weeks after birth recapitulates all 

behavioral deficits of AS mice (Sonzogni et al., 2019). The authors concluded that E6AP critically 

impacts early brain development but plays a more limited role in adulthood. These results suggest that 

even transient UBE3A reinstatement during a critical window of early development is likely to prevent 

most adverse Angelman syndrome phenotypes (Sonzogni et al., 2019). This means that treatment 

during the prenatal period could greatly reduce the severity of symptoms or even prevent AS from 

developing (Zylka, 2019). Besides, inducible pluripotent stem cells (iPSCs) derived from AS patients 

have allowed researchers to investigate AS in a more human relevant context (Chamberlain et al., 

2010). De novo targeting of CGI methylation was used in such iPSCs resulting in normal UBE3A 
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expression (Takahashi et al., 2017). Moreover, new and highly sensitive non-invasive prenatal tests 

that take advantage of single-cell genome sequencing technologies are expected to enter the clinic in 

the coming years. These technologies are sensitive enough to sequence fetal-derived DNA that is 

circulating in the mother’s blood (Zylka, 2019). 

Taken together, all mentioned studies underline that restoration of E6AP expression or activity is a 

feasible approach for AS therapy. However, the presented approaches are not readily applicable as 

cure for AS due to specificity or delivery issues. Nevertheless, chances exist that low levels of remaining 

paternally expressed E6AP can be used to restore the physiological duties of E6AP. 

 

1.2.4.3 E6AP and Dup15q syndrome 

1.2.4.3.1 Dup15q syndrome - an autism spectrum disorder 

Autism spectrum disorders (ASDs) are characterized by decreased communication, impaired social 

interest, and increased repetitive behavior (Levy et al., 2009). These three core clinical symptoms are 

often accompanied by developmental comorbidities, like cognitive and intellectual disability, language 

deficits, attention problems, hyperactivity, and motor delays; furthermore, psychiatric and -related 

behavioral comorbidities including anxiety, depression, obsessive-compulsive disorder, defiant and 

aggressive behavior, and self-injurious behavior; moreover other common comorbid features like 

seizures and epilepsy, gastrointestinal difficulties, and sleep disruption go along with ASDs (Khatri & 

Man, 2019). Environmental factors such as prenatal exposure to air pollution and short inter-

pregnancy intervals have been well-studied to contribute to ASD etiology aside from genetic factors 

(Lyall et al., 2017). Nowadays, the median worldwide prevalence of autism is 0.62 – 0.70%, although 

higher estimates of 1 to 2% have been made in the latest large-scale surveys (Lai et al., 2014, Baxter et 

al., 2015, Lyall et al., 2017). To note, it becomes more and more accepted that high rates of comorbidity 

across ASD, schizophrenia, intellectual disability and other brain-based disorders exist, and recent 

studies using chromosomal microarray analysis and whole exome sequencing detected many of the 

same pathogenic copy number and sequence level variants across cohorts with these different clinical 

classifications (Finucane et al., 2016). Consequently, the more general term of 'developmental brain 

dysfunction' has been proposed to encompass disorders arising from impaired neuro-development 

that can manifest clinically in diverse ways (Mitchell, 2015). For this reason, it must be kept in mind 

that prevalence numbers of affected people need to be taken with caution, also since ASDs are solely 

diagnosed based on behavioral criteria. However, also genetic evidence exists for ASD like small 

genomic DNA copy number variants that are found in 10 to 20% of cases (Morrow et al., 2008, Glessner 

et al., 2009, Pinto et al., 2010). Among those, maternally inherited duplications and triplications of the 

15q11.2-13.3 chromosomal region are the most common and penetrant genomic CNVs observed in 
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individuals with ASD identified in 1 to 3% of the entirety of affected persons (Glessner et al., 2009, 

Hogart et al., 2010).  

 

1.2.4.3.2 Role of E6AP in Dup15q syndrome 

As the UBE3A gene is located on the 15q11.2-13.3 chromosomal region it has become a candidate 

gene for a subset of ASD cases (Glessner et al., 2009). In the CNVs of the 15q11.2-13.3 chromosomal 

region is in some cases one additional copy of the maternal allele present through interstitial insertion. 

This situation is known as dup15q (Browne et al., 1997, Mao et al., 2000, Thomas et al., 2003). In other 

cases, two additional copies from an extranumerary isodicentric chromosome 15 are present (referred 

to as idic15). In cases with two maternal gene copies only mild symptoms are present, whereas in cases 

with three maternal gene copies much more severe phenotypes are observed (Borgatti et al., 2001, 

Hogart et al., 2010). However, both cases are classified as Dup15q syndrome. Although about 40 genes 

are located in the affected chromosomal region, overexpression of UBE3A gene is thought to be the 

predominant molecular cause of the phenotypes observed in Dup15q syndrome (Finucane et al., 

2016). This has become obvious as one study narrowed down the possible candidate genes to UBE3A, 

since a patient harbored a duplication encompassing only the UBE3A gene (Noor et al., 2015). Besides 

that, another study showed a clear-cut correlation between increase of UBE3A and autism traits by 

introducing two extra copies of Ube3a in mice (Smith et al., 2011). These mice showed autism-related 

behavioral deficits including impaired sociability, diminished conspecific ultrasonic vocalizations and 

heightened repetitive self-grooming. Moreover, consistent with neuronal imprinting of the UBE3A 

gene known from AS, only maternal but not paternal CNVs have been associated with ASD (Cook et al., 

1997). Taken together, genetic analysis associated E6AP with certain subtypes of ASD that are known 

as Dup15q syndrome.  

In addition, another hint that Dup15q syndrome is linked with E6AP is the circumstance that a high 

percentage of individuals with Angelman syndrome show phenotypes (i.e. impaired communication, 

absence of speech, attentional deficits, hyperactivity, feeding and sleeping problems, and delay of 

motor development) with some similarity to symptoms of individuals with Dup15q syndrome (Samaco 

et al., 2005, Williams et al., 2006, Bonati et al., 2007). The actual mechanism how loss of both function 

and gain of function result in the same symptoms is, however, not fully elucidated yet. Having said this, 

a role of several potential E6AP substrates in regulation of synaptic plasticity and function has been 

suggested, critically depending on the presence of a small window of defined E6AP concentration to 

maintain physiological function and prevent impaired neuro-development (Vatsa & Jana, 2018). 

As mentioned above in this chapter, Smith and coworkers demonstrated that Ube3a2x mice (displaying 

a ~3-fold increase in total E6AP protein) display deficits in glutamate synaptic transmission and 

consequently autism traits (Smith et al., 2011). A follow-up study identified 190 up- and 408 down-
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regulated genes in an affymetrix microarray analysis of total RNA from entire cortices of adult Ube3a2x 

and wild type littermate mice. Pursuing characterization showed that Cbln1 (the glutamatergic synapse 

organizer cerebellin-1), one of the genes downregulated by E6AP, is a key node in the expanding 

protein interaction network of autism genes and is needed for sociability in mice (Krishnan et al., 2017). 

It must be taken into consideration, however, that Kühnle et al. found that addition of a C-terminal 

FLAG-tag, which was the case for the utilized mouse model, renders E6AP catalytically inactive, 

suggesting rather an E6AP dominant-negative effect instead of an overexpression mode of action or 

effects that are independent of the ubiquitin ligase function of E6AP (Kühnle et al., 2013). Besides, 

another transgenic mouse model has been created, overexpressing Ube3a isoform 2 in excitatory 

forebrain neurons (Copping et al., 2017). These mice exhibited increased anxiety-like behaviors, 

learning impairments, and reduced seizure thresholds. However, these mice displayed undisturbed 

social approach and interactions and no repetitive motor stereotypies, indicating limitations of this 

model organism (Copping et al., 2017). Iossifov and colleagues identified in a whole exome sequencing 

study that aimed to identify the contribution of de novo coding mutations to autism spectrum disorder 

an E6AP T485A mutation in a proband (Iossifov et al., 2014). This mutation resulted in hyperactivity of 

E6AP ubiquitin ligase activity as mentioned above (chapter 1.2.3) (Yi et al., 2015). The authors of this 

study showed that phosphorylation of threonine 485 by PKA reduced ubiquitin ligase activity. 

Moreover, activation of PKA by chronic treatment with forskolin or rolipram increased E6AP levels in 

neurons presumably by reducing its auto-ubiquitination activity. This opens the possibility to interfere 

with up-stream pathways to regulate the activity of E6AP to finally restore normal enzymatic activity.  

As described in this chapter and reviewed in (Lopez et al., 2019), cellular pathways affected by E6AP 

and the genome-wide impact of alterations in UBE3A expression levels are currently investigated to 

gain deeper insights into how E6AP affects the developing brain and how gain of E6AP function leads 

to Dup15q syndrome. However, no therapy for Dup15q is available yet, so that small molecule 

inhibitors of E6AP may open a first avenue for therapeutic intervention. 

 

1.2.4.4 Further pathological conditions associated with E6AP 

Apart from the three disorders already discussed, E6AP has been suggested to be associated with 

additional diseases. For example, E6AP was proposed to drive cancer progression in B-cell lymphoma 

by degrading PML (promyelocytic leukemia protein) allowing tumor cells to by-pass PML-induced 

senescence (Wolyniec et al., 2012). Furthermore, a few publications claim a possible tumor-

suppressive function of E6AP in breast and prostate cancer and non-small cell lung cancer (Srinivasan 

& Nawaz, 2011, Levav-Cohen et al., 2012, Ramamoorthy et al., 2012, Birch et al., 2014, Gamell et al., 

2017, Gamell et al., 2019). However, one study supporting this connection (Mansour et al., 2016) was 

retracted recently (Mansour et al., 2019). Nonetheless, E6AP may, in addition to its well-established 
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role in cervical cancer, AS, and Dup15q syndrome, also be associated with several other viral-induced 

(like hepatitis C and encephalomyocarditis virus) and non-viral cancers as reviewed in (Bandilovska et 

al., 2019). Even HIV infection was associated with E6AP in a recent publication (Pyeon et al., 2019). The 

role of E6AP in the proposed diseases, however, needs to be investigated in more detail. This will 

possibly expand our knowledge of the physiological role of E6AP in proteostasis in general and 

potentially represents further applications for small molecule modulators of E6AP. 

 

1.3 Small molecule modulation of ubiquitin ligase activity  

The ubiquitin system plays a key role in proteostasis and its malfunction has hence been tightly linked 

to various diseases like neurodegenerative diseases including Alzheimer’s disease, Huntington’s 

disease and amyotrophic lateral sclerosis as well as neuronal disorders like ataxia (Hegde & Upadhya, 

2011, George et al., 2018) and numerous types of cancers (Hoeller et al., 2006, Wang et al., 2017a, Ong 

& Torres, 2019). To develop therapies for diseases associated with the ubiquitin system, E3 ubiquitin 

ligases are the most selective components and should be preferred as targets over E1 or E2 enzymes 

or the proteasome in order to reduce side-effects (Landre et al., 2014, Zhang & Sidhu, 2014). Despite 

the multitude of connections between E3 ubiquitin ligases and health and disease, to date, not many 

small molecule modulators of E3 ubiquitin ligases have been identified. Moreover, the ubiquitination 

system is ill-reputed as being undruggable (Huang & Dixit, 2016). Nonetheless, E6AP is a key player in 

cervical cancer, AS and Dup15q syndrome. Hence, it is of fundamental interest to identify approaches 

to interfere with malfunction of E6AP. One often applied strategy to alter an enzyme's activity are 

small molecules. The following chapters will summarize strategies to identify such small molecules 

acting on E3 ligases developed by others. Also, examples of identified small molecule modulators will 

be given. Finally, fluorescence polarization, the method applied to develop a novel ubiquitination assay 

in the present study, will be introduced. 

 

1.3.1 HTS methods to identify small molecule modulators of E3 ligases 

A major bottleneck for the identification of compounds acting on E3 ligases is the lack of simple and 

robust assays to determine the effect of small molecules on the ubiquitin ligase activity of the E3 ligase 

of interest. One reason for this is the complexity of the ubiquitination cascade consisting of three 

consecutive steps performed by three different classes of enzymes (see chapter 1.1.2). Furthermore, 

the speed of the ubiquitination reaction makes it difficult to be recorded (Pierce et al., 2009, Melvin et 

al., 2013). In addition, the outcome of ubiquitination reactions is difficult to monitor. In former days, 

laborious and in an HTS format error-prone SDS-PAGE analyses or detection of ubiquitin chains by 

special reagents coupled to antibodies were commonly utilized, making real-time monitoring and high-
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throughput screenings rather unfeasible. More recently, several assays with different underlying 

detection methods were developed to identify small molecules modulating the activity of distinct E3 

ligases (Landre et al., 2014).  

One feature of the ubiquitination reaction is that ubiquitin is covalently attached to the substrate for 

which ubiquitin and the substrate have to come into close proximity. Two different methods to 

determine proximity have been applied for the ubiquitination reaction, namely FRET and AlphaScreen 

technology. FRET assays were already developed 20 years ago. As a proof of principle, a rather complex 

assay design was conceptualized: europium-labeled anti-GST antibody bound to GST-tagged RSC 

(serving as substrate) that was modified under ubiquitination conditions with biotinylated ubiquitin; 

upon ubiquitination, APC-strepavidin was bound to the biotinylated ubiquitin. Bringing europium and 

APC in proximity resulted in FRET enabling real-time monitoring of the ubiquitination reaction 

(Boisclair et al., 2000). A similar HTS FRET assay was developed for p53 ubiquitination (Murray et al., 

2007). An advance was the development of a ubiquitin chain assembly assay by labeling ubiquitin with 

a FRET donor and another ubiquitin with a corresponding FRET acceptor, so that ubiquitin chain 

formation could be monitored (Hong et al., 2003, Gururaja et al., 2005). This assay design has the 

advantage that it can be used for all different types of E3 ligases and deubiquitinating enzymes. More 

recently, a commercial company (SouthBayBio) started selling kits for time resolved FRET with 

ubiquitin FRET donors and ubiquitin FRET acceptors. Furthermore, AlphaScreen technology was used 

to identify inhibitors of E6-E6AP (Sehr et al., 2007) and of E6AP only (Street et al., 2012) resulting in 

multiple hits. However, both screens were not followed up nor yielded an established inhibitor so far. 

An alternative assay principle was used to identify inhibitors of HUWE1 (Peter et al., 2014). The 

biotinylated HECT domain of HUWE1 was captured on streptavidin-coated plates and incubated under 

ubiquitination conditions with MYC-tagged ubiquitin. After washing, europium-labeled anti-MYC 

antibodies were added to detect MYC-tagged ubiquitin used for auto-ubiquitination and being thus 

still present in the wells after washing (Peter et al., 2014). This method has, besides the rather complex 

ELISA-like capturing method with the need for tagging ubiquitin as well as the target protein and the 

expensive antibody conjugates, the drawback of error-prone washing steps. Another study used 

glutathione-coated paramagnetic beads to capture GST-tagged HDM2 with which in vitro 

ubiquitination assays were performed (Davydov et al., 2004). Afterwards, an ORIGEN-tagged antibody 

against ubiquitin was added and electro-chemiluminescence signals were measured. This assay was 

used in an HTS to identify inhibitors of HDM2 auto-ubiquitination (Yang et al., 2005). The identified 

inhibitors were later further developed and shown to bind to the RING domain of HDM2 and thus 

prevented p53 ubiquitination (Roxburgh et al., 2012). 

With advancing technologies new methods surfaced, as seen for a fluorescent confocal on-bead 

microscopy assay (Koszela et al., 2018) or a MALDI-TOF in cellula ubiquitination assay (De Cesare et al., 



Introduction 

26 
 

2018), which were however not applied to screen for small molecules so far. Additionally, an assay was 

developed with ubiquitin traps to capture ubiquitinated species from cell lysates that were then 

quantified by AlphaLISA or DELFIA (Mata-Cantero et al., 2015). Another cell-based HTS assay based on 

a ubiquitin-reference technique was utilized to test a 5,000 compounds library for SMURF1 inhibitors 

(Tian et al., 2019). Most of the described assays were revealed to be prone to identify false-positives 

due to effects on the level of the E1 and E2 enzymes, so that Krist et al. developed a by-passing system 

with chemically activated ubiquitin that can be directly used by the tested HECT ubiquitin ligase 

thereby bypassing the enzymatic cascade (Krist et al., 2016). This method can also be applied to screen 

for small molecule inhibitors of RBR ubiquitin ligases as shown for PARKIN (Park et al., 2017). However, 

interference of the assay by reaction of the chemically modified ubiquitin with reactive compounds 

and altered modes of interaction of the modified ubiquitin with the E3 ligases due to the modification 

or the absence of cognate E2 enzymes are possible limitations of the method.  

Although the outlined methods to monitor ubiquitination in a high-throughput format are available, 

none of them has been established in the scientific research community (i.e. they have not been used 

by other laboratories), so that there is still a major demand for novel, robust, and broadly transferable 

HTS assays. 

 

1.3.2 Reported small molecule modulators of E3 ligases 

Ubiquitin ligases, and especially HECT ligases, share certain features, so that information about small 

molecules, their identification and characterization process can possibly be transferred to E6AP. 

Considerable progress in identification of small molecule inhibitors of RING ubiquitin ligases has been 

made. Examples are Siah1/2 inhibitors which proved to have activity in melanoma and prostate cancer 

cells (Feng et al., 2019), inhibitors for HDM2/HDMX (Herman et al., 2011), and inhibitors for RNF5 that 

could rescue expression levels of F508del-CFTR in cystic fibrosis airway epithelia (Sondo et al., 2018). 

Additionally, several inhibitors were identified for SCF RING ubiquitin ligase complexes and VHL, the 

substrate recognition component of a ubiquitin ligase complex, as well as inhibitors specific HDM2-

mediated ubiquitination of p53 (e.g. nutlins). These compounds are summarized in (Nalepa et al., 2006, 

Buckley & Crews, 2014, Bielskiene et al., 2015). In addition, gliotoxin was identified in an HTS that 

reduced signal-induced NF-κB activation by selectively inhibiting LUBAC-mediated linear ubiquitin 

chain formation (Sakamoto et al., 2015). 

In contrast to RING ubiquitin ligases, only few inhibitors of HECT ubiquitin ligases have been reported 

(Chen et al., 2018). Mund and coworkers were the first to describe HECT ligase inhibitors (Mund et al., 

2014). They isolated bicyclic peptides that targeted the E2 binding sites on the HECT domains of 

SMURF2, NEDD4, HUWE1, and WWP1 by phage display, and thus act as specific inhibitors of the E2-E3 

interaction. Next, they screened for displacement of one of these peptides from the SMURF2 HECT 
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domain by small molecules and thereby identified a compound called Heclin that inhibited several 

HECT ligases in tissue culture cells. In vitro experiments showed that heclin, however, does not block 

E2 binding but causes a conformational change that results in oxidation of the active site cysteine. 

Although the mechanism of action is inconclusive, this demonstrated that HECT domains are 

potentially druggable (Mund et al., 2014). Moreover, indole-3-cabinol (I3C) was found to interact with 

NEDD4 and to inhibit NEDD4-mediated PTEN degradation (Aronchik et al., 2014). To overcome 

disadvantages of I3C such as low affinity and chemical instability, derivatives were generated and 

tested with 1-benzyl-I3C being the most potent one, with inhibition of NEDD4 auto-ubiquitination and 

inhibition of melanoma cell proliferation in the low micromolar range(Quirit et al., 2017). Hence, I3C 

derivatives have been proposed as novel set of anti-cancer compounds for treatment of human 

melanomas and other cancers. Furthermore, a small molecule was identified that could switch NEDD4-

mediated ubiquitination from a processive to a distributive enzymatic mechanism (Kathman et al., 

2015). Two small molecule inhibitors for HUWE1 were identified that showed great potency and 

selectivity in in vitro assays but were not suited for in vivo applications due to unfavorable 

pharmacokinetic properties (Peter et al., 2014). Other studies identified inhibitors of the HECT ligase 

SMURF1 (Cao et al., 2014, Zhang et al., 2017), and 1,4-Naphthoquinones were identified as inhibitors 

of the HECT ligase ITCH (Liu et al., 2017b). Moreover, clomipramine was identified in another HTS study 

to inhibit ITCH and several other HECT ligases including E6AP in in vitro assays (Rossi et al., 2014). 

Furthermore, natural product-like macrocyclic N-methyl-peptide inhibitors against E6AP were 

uncovered from a ribosome-expressed de novo library (Yamagishi et al., 2011). However, the effect of 

E6AP inhibitors is quite modest or not specific. More than anything, no small molecule activators of E3 

ubiquitin ligases have been identified, despite the fact that in particular HECT and RBR ubiquitin ligases 

can be activated as they are present in an auto-inhibited state that can be released in different ways. 

 

1.3.3 Fluorescence polarization as readout for ubiquitination 

Fluorescence polarization (FP) is an in-solution, biophysical method that can be used to monitor 

changes of the molecular weight of an investigated molecule (Lakowicz, 2006). FP can detect covalent 

as well as non-covalent binding or respective release of the investigated molecule to other molecules. 

FP has been widely used in HTS to identify small molecules interfering with binding or the enzymatic 

function of the investigated protein (Lea & Simeonov, 2011, Du, 2015, Hall et al., 2016, Kim et al., 2017, 

Rinken et al., 2018). To be able to measure FP a fluorophore needs to be attached to the investigated 

molecule. This fluorophore is excited with linearly polarized light. After a specific time (called 

fluorescence lifetime of the fluorophore) light is emitted again with an altered wavelength. The 

orientation of the fluorophore may have changed substantially in that time if attached to a small 

molecule but remained mostly unchanged if bound to a large molecule or complex of several 
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molecules. As readout, the emitted light is measured with two detectors, one with a polarization filter 

with the same orientation as the excitation filter (FI) and the other with a perpendicular orientated 

filter (FꞱ). FP can be calculated from these values according to equation FP = (FI - FꞱ)/(FI+ FꞱ). 

Consequently, low values indicate attachment of the fluorophore to smaller molecules while high FP 

values indicate conjugation to larger molecules.  

In the ubiquitin field, FP was mainly used so far to investigate non-covalent interactions of fluorophore-

labeled ubiquitin with different ubiquitin-interacting proteins (Maspero et al., 2011). An example for 

such an application are competition assays to monitor interaction of ubiquitin binders to different 

ubiquitin chains (Clerici et al., 2014, Du & Strieter, 2018). Another application of FP in the ubiquitin 

field is C-terminally fluorophore-tagged ubiquitin to determine the activity of deubiquitinating 

enzymes (DUBs). DUBs cleave off the fluorophore resulting in a strong decrease of FP values (Tirat et 

al., 2005, Geurink et al., 2012). Another application is a ubiquitin variant to which a fluorophore is C-

terminally attached via a thiol-reactive bond. This reactive probe can be utilized to measure HECT or 

RBR ligase activity in an assay in the absence of E1 or E2 enzymes (Krist et al., 2016, Park et al., 2017). 

Finally, fluorophore-labeled ubiquitin was used to monitor formation of free ubiquitin chains (von 

Delbruck et al., 2016) or substrate ubiquitination (Mot et al., 2018). However, FP of fluorophore-

labeled ubiquitin was so far not used to study enzymatic activities of E3 enzymes in a high-throughput 

manner and it was not used to identify small molecule modulators of such enzymes. Consequently, the 

development of an HTS assay that takes advantage of the large differences in FP values between free 

ubiquitin and products of ubiquitination reactions as readout would be an advance for ubiquitin 

research. 
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2 Aims of the study 
Nowadays, vaccines can protect against infection with the most common types of human 

papillomaviruses and can thus prevent formation of cervical and other HPV-related cancers. However, 

harsh and unspecific procedures like surgery, chemotherapy or radiotherapy are still the only 

treatment option for infected individuals that already developed tumors. The reason for this is that, 

despite considerable research efforts, no drug against cervical and other HPV-related cancer has been 

released yet. Complex formation of the viral E6 protein with the human ubiquitin ligase E6AP plays a 

key role in HPV-induced cancer formation. This complex formation leads to the activation of E6AP as 

well as to an altered substrate spectrum of E6AP, resulting ultimately in p53 degradation, a main 

mechanism of HPV-induced carcinogenesis. Several studies confirmed that disruption of the E6-E6AP 

complex is sufficient to induce apoptosis of infected cells. Inhibition of the E6-E6AP complex represents 

thus a promising approach for therapeutic intervention. Therefore, this work aimed to identify small 

molecules that inhibit the E3 activity of the E6-E6AP complex and thus could serve as lead structures 

for the development of therapeutics for HPV-related cancers.  

Since activation of E6AP by HPV-16 E6 is one of the consequences of E6-E6AP complex formation, 

ubiquitin ligase activity can be used as read-out for complex formation and in turn also for inhibition 

of the complex by small molecules. However, robust and easy to use in vitro methods to monitor 

ubiquitination reactions in a high-throughput format are lacking. Therefore, to identify inhibitors of 

the E6-E6AP complex, a method had first to be developed that can be applied in the setting of a high-

throughput screen. 

In addition, loss of function of E6AP underlies the rare neuro-developmental disorder Angelman 

syndrome. As E6AP can be activated by HERC2 or HPV-16 E6, it should be possible to activate E6AP by 

small molecules. In fact, compounds with stimulating effects on the catalytic activity of E6AP may 

represent a novel approach to treat individuals with Angelman syndrome, for which no therapy is 

available yet. Therefore, another aim of this study was to apply the newly developed ubiquitination 

assay in a second high-throughput screen to identify small molecule activators of E6AP. Such 

compounds may eventually serve as lead structures for the development of drugs for the Angelman 

syndrome. Moreover, investigation of their mode of action on E6AP should help to gain a deeper 

understanding how E6AP functions mechanistically and how its activity is regulated. 
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3 Material and Methods 

3.1 Material 

Chemical Manufacturer 

4'OH-Tamoxifen (Cat#H6278) Sigma-Aldrich 

4,4,5,5-deuterated lysine Cambridge Isotope Laboratories 
13C6/15N4-labeled arginine Cambridge Isotope Laboratories 

Acetic acid Sigma-Aldrich 

Acriflavin (Cat#A8126) Sigma-Aldrich 

Acrylamide/Bisacrylamide solution 37.5% Serva Electrophoresis 

Alloxazine (Cat#A28651) Sigma-Aldrich 

Ampicillin Carl Roth 

Aprotinin (Cat#A162) Carl Roth 

ATP (sodium salt) Sigma-Aldrich 

Chloramphenicol Carl Roth 

Chloroacetamide Sigma-Aldrich 

Coomassie brilliant blue R250 Carl Roth 

DMSO (gaschromatography grade) Merck 

DpnI (Cat#R0176) NEB 

DSS-H12/D12 (Disuccinimidyl suberate) 

(Cat#001S) 

Creative Molecules 

DTT (Dithiothreitol) Carl Roth 

E/Z view anti-HA agarose beads (Cat#E6779) Sigma-Aldrich 

Endoxifen (Cat#E8284) Sigma-Aldrich 

Gentamycin (10,000 U/ml) Carl Roth 

Glutathione, reduced Sigma-Aldrich 

Glutathione Sepharose 4 Fast Flow GE Healthcare 

Glycerol Carl Roth 

Heclin Sigma-Aldrich 

Imidazole Carl Roth 

IPTG (Isopropyl-thio-β-D-galacto-pyranoside) Carl Roth 

Kanamycin Carl Roth 

LB (Luria Broth) Carl Roth 



Material and Methods 

31 
 

Leupeptin (Cat#CN33) Sigma-Aldrich 

Lipofectamine 2000 ThermoFisher 

Luteolin (Cat#ALX-385-007) Enzo Life-Sciences  

Methanol Sigma-Aldrich 

MgCl2 (Magnesiumchloride) Carl Roth 

MTT Sigma-Aldrich 

NaCl (Sodiumchloride) Carl Roth 

NaOAc Carl Roth 

NH4OAc (Ammoniumacetate) Sigma-Aldrich 

Nickel-NTA beads QIAGEN 

OF100 - OF124 see appendix table I 

OF201 - OF238 see appendix table II 

PBS (Phosphate buffered saline) Life Technologies 

Pefabloc (Cat#154) Carl Roth 

Pen/Strep (10,000 U/mL Penicillin, 

10,000 µg/mL Streptomycin) 

Gibco 

PFU Turbo polymerase (Cat#600250) Agilent 

Q-Sepharose beads GE Healthcare 

Raloxifen Sigma-Aldrich 

S35-methionine PerkinElmer 

SDS (Sodiumdodecylsulfate) Carl Roth 

Tamoxifen (Cat#5648) Sigma-Aldrich 

TAMRA-NHS (SE, 5-and-6-isomer) (Cat#C1171) Life Technologies 

TEMED (N,N,N',N'-Tetramethylethylendiamine) Carl Roth 

Triton X-100 Carl Roth 

Trizma®Base Sigma-Aldrich 

Trypsin (Cat#V511C) Promega 

Tryptone Carl Roth 

Tyrphostin 47 (Cat# BML-EI188-0005) Enzo Life Sciences 

Ubiquitin from bovine erythrocytes 

(Cat#U6352) 

Sigma-Aldrich 

HCCA (α-Cyano-4-hydroxycinnamic acid) Sigma-Aldrich 

β-Mercaptoethanol Merck 

Crystal violet Serva 
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Compound library Manufacturer 
Maybridge HitFinderTM Collection Thermo Fisher Scientific, Waltham, MA, USA 
Screen-Well® ICCB known Bioactives Library Enzo Life Sciences, Lörrach, Germany 
AnalytiCon Discovery AnalytiCon Discovery GmbH, Potsdam, Germany 
NATx semi-synthetic screening compounds AnalytiCon Discovery GmbH, Potsdam, Germany 
ChemDiv ChemDiv, San Diego, CA, USA 
ChemBioNet 1-4 ChemBioNet, Germany 
In-house synthetic compound library  
(MDB library) Screening facility, University of Konstanz 

 

Kit Manufacturer 

Bac-to-Bac®  Invitrogen 

PureYield Plasmid Midiprep  Promega 

Pierce BCA Protein Assay  Life technologies 

High-molecular weight calibration for SEC GE Healthcare  

T7-coupled TNT in vitro translation system Promega 

 

Buffers and solutions Composition or supplier 

T25N50 25 mM Tris-HCl pH 7.5, 50 mM NaCl 

2x Laemmli SDS-PAGE sample buffer 125 mM Tris-HCl (pH 6.8), 200 mM DTT, 4% 

SDS, 0.001% Bromphenol blue 

5x Laemmli SDS-PAGE sample buffer 312.5 mM Tris-HCl (pH 6.8), 500 mM DTT, 10% 

SDS, 0.001% Bromphenol blue 

Colloidal Coomassie staining solution  Carl Roth 

Coomassie staining solution  2 g/L Coomassie brilliant blue solved in 50% 

MilliQ, 40% methanol, 10% acetic acid 

Destain solution  50% MilliQ, 40% methanol, 10% acetic acid 

Laemmli SDS-PAGE running buffer 25 mM Tris-HCl (pH 8.4), 200 mM glycine, 0.1% 

(w/v) SDS 

Lightning Autoradiography Enhancer  PerkinElmer 

ONPG 4 mg/mL in 100 mM Na2HPO4 (pH 7.0) 

Puffer Z 100 mM Na2HPO4/NaH2PO4 (pH 7.0), 10 mM 

KCl, 1 mM MgSO4, 50 mM β−Mercaptoethanol 

Roti-Block solution  Carl Roth 

SDS-PAGE separating gel buffer 1.5 M Tris-HCl pH 8.8, 0.4% SDS 
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SDS-PAGE stacking gel buffer 0.5 M Tris-HCl pH 6.8, 0.4% SDS, 0.0001% 

Bromophenol blue 

TNE-T  50 mM Tris-HCl (pH 7.6), 50 mM NaCl, 2.5 mM 

EDTA, 0.1% (v/v) Tween 20 

TNN buffer  100 mM Tris-HCl pH 8, 100 mM NaCl, 1% NP40, 

1 µg/mL A/L, 100 µM Pefabloc, 1 mM DTT  

WB detection reagent ThermoScientific  

WB transfer buffer 12.5 mM Tris-HCl (pH 8.3), 100 mM glycine 

 

Protein and DNA marker Supplier 

Unstained Protein Ladder (Cat#26614) Thermo Scientific  

Prestained Protein Ladder (Cat#26616) Thermo Scientific  

1 kb Plus DNA Ladder (Cat#SM1331) Thermo Scientific  

 

Antibody Species Dilution Supplier 

HA.11 (Clone 16B12) mouse 1:2500 BioLegend Covance 

E6AP rabbit 1:500 AG Scheffner  

HRP-coupled α-mouse goat 1:30,000 Dianova 

HRP-coupled α-rabbit goat 1:30,000 Dianova 

 

Media Supplier 

SOC (20 g/l tryptone, 5 g/l yeast extract, 0.5 g/l 

NaCl, 20 mM glucose) 

Carl Roth 

LB (10 g/l NaCl, 5 g/l yeast extract, 10 g/l 

tryptone (pH 7.5)) 

Carl Roth 

DMEM (4.5 g/L D-Glucose, L-Glutamine, 

pyruvate free) 

Gibco 

OptiMEM Gibco 

FCS Biochrome AG 

 

Bacterial cells Strain 

E. coli BL21 (DE3) F-ompT gal Ion hsdSB (rB- mB-) λ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 nin5]) 
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E. coli BL21 (DE3) Rosetta 2 F- ompT hsdSB (rB
- mB

-) gal dcm (DE3) pLysSRARE 

(CamR) 

E. coli BL21 (DE3) ril F–ompT hsdSB (rB
– mB

–) dcm+ Tetrgal λ(DE3) endA 

Hte [argU ileY leuWCamr] 

E. coli BL21 (DE3) pLysS F–, ompT, hsdSB (rB–, mB–), dcm, gal, λ(DE3), 

pLysS, Cmr 

E. coli DH5 α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 

nupG purB20 φ80dlacZΔM15 Δ(lacZYA-argF) 

U169, hsdR17(rK‐ mK+), λ– 

E. coli XL-10 gold Tetrdelta- (mcrA)183 delta- (mcrCB-hsdSMR-

mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 

lac Hte [F´ proAB lacIqZDM15 Tn10 (Tetr) Amy 

Camr] 

 

Eukaryotic cells  Description 

High Five (BTI-Tn-5B1-4) Insect cell line isolated from Trichoplusia ni 

HeLa  Human cervical cancer cell line 

H1299 Human non-small cell lung carcinoma cell line 

H1299 K3 Single clonal E6AP knockdown (siRNA mediated) 

cell line derived from H1299 cells created in AG 

Scheffner (Kuballa et al., 2007) 

H1299 E6AP 1C3 CRISPR-Cas mediated E6AP knockout cell line 

(clone 1C3) derived from H1299 cells created in 

AG Scheffner (Schroff, 2017) 

 

Equipment Manufacturer 

384 well plate, PS, non-binding, black,  

flat bottom 

Greiner BIO-ONE 

96 well plates transparent, flat bottom Sarstedt 

Cell culture dishes Sarstedt 

ÄKTA UPC-900 series Amersham Biosciences 

Dialysis membrane 

(MWCO 12,000 to 14,000 Da) 

Carl Roth 

FLA-5000 gel scanner Fujifilm 
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Freedom Evo (HTS workstation) Tecan 

Gravity-flow column (10 mL) Bio-Rad 

Heraeus B6 Microbial incubator Thermo Scientific 

HisTrapTM FF crude 5 mL GE Healthcare 

HiTrapTM Q HP 1 mL GE Healthcare 

HiTrapTM SP HP 1 mL GE Healthcare 

VICTOR multilabel plate reader  PerkinElmer 

Infinite F500 plate reader Tecan 

LAS-3000 imaging system Fujifilm 

BAS MS-2040 imaging plate  Fujifilm 

MicroFlex MALDI-TOF instrument  Bruker 

Sorvall RC6 Plus Thermo Scientific 

VaCo2-II (Lyophilizer) Zirbus technology 

0.22 µm syringe filter, CME membrane, sterile Carl Roth 

Amicon (ultra centrifugal units)  Merck-Millipore 

Amersham Hybond PVDF membrane 0.22 µm GE Healthcare 

COUNTess automated cell counter  Thermo Fisher 

VIAFLO electronic pipettes Integra 

 

Software  Company 

AIDA image analysis software Elysia-Raytest 

Prism 6 GraphPad  

KNIME 4.1.0 KNIME AG (Berthold et al., 2008) 

Clone Manager 9 Sci-Ed software 

UCSF Chimera 1.14 UCSF (Pettersen et al., 2004) 
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3.2 Methods 

3.2.1 Cell culture 

3.2.1.1 Bacterial cell culture 

Bacterial cells were incubated at 37°C and 180 rpm shaking in liquid Luria broth (LB) medium containing 

appropriate antibiotics in the following concentrations: Ampicillin (50 mg/L), Kanamycin (12.5 mg/L), 

Chloramphenicol (34 mg/L). 

 

3.2.1.2 Insect cell culture 

High Five insect cells (BTI-TN-5B1-4) were grown in 10 cm cell culture dishes at 26 to 28°C. Cells were 

split in a 1 to 5 ratio every 2 to 3 days in serum free insect medium (TC-100 insect medium 

supplemented with 10% FCS and 50 mg/L Gentamycin). For E1 and E6AP expression cells were 

transfected with recombinant baculovirus generated previously with the Bac-to-Bac® kit (Life 

technologies). 

 

3.2.1.3 Mammalian cell culture 

Mammalian cells were cultivated in 10 cm cell culture dishes at 37°C, 95% humidity and 5% CO2 in 4.5 

g/L D-Glucose, L-Glutamine, pyruvate free DMEM (Dulbecco's Modified Eagle Medium) supplemented 

with 10% FCS and 1:100 Pen/Strep solution. 

For longtime storage mammalian cells were washed with PBS, trypsinated with 2 mL Trypsin-EDTA 

(0.05%) and washed again with 10 mL cell culture media. Cells were resuspended in 2 mL sterile FCS 

supplemented with 10% DMSO and cells were slowly frozen in an isopropanol bath at - 80°C before 

they were transferred into a liquid nitrogen tank. To cultivate them again, cells were thawed at room 

temperature, washed with cell culture media and resuspended in 10 mL cell culture media. 

 

3.2.2 Recombinant gene expression 

3.2.2.1 Site-directed mutagenesis 

To introduce point-mutations into a gene PCR based Quik-change site-directed mutagenesis was 

carried out with overlapping primers harboring the desired nucleotide mutation and PFU Turbo 

polymerase. Subsequent DpnI digest of template DNA was performed according to the manufacturer's 

instructions (NEB) prior to transformation in super-competent E. coli XL-10 gold cells.  
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3.2.2.2 Transformation of chemically competent E. coli cells 

An aliquot of 100 µL of chemically competent E. coli cells were thawed on ice, mixed with 10 ng plasmid 

DNA and incubated for 30 min on ice. For transformation a 90 seconds heat-shock at 42°C and 2 min 

incubation on ice followed. Bacteria transformed with plasmids with Kanamycin selection marker were 

resuspended in 500 µL SOC medium and incubated for 1 h at 37°C prior to transfer to agar plates 

containing LB plus appropriate antibiotics. 

 

3.2.2.3 Preparation of plasmid DNA and sequencing procedure 

Plasmid DNA was purified using the PureYield Plasmid Midiprep kit (Promega) according to the 

manufacturer's instructions. Purified DNA was sequenced by GATC (Konstanz) with an ABI 3730XL DNA 

analyzer. For sample preparation 5 µL plasmid DNA (100 ng/µL) were mixed with 5 µL of the respective 

primer (5 µM). 

 

3.2.3 Gene expression and protein purification 

3.2.3.1 Production of UbLIA 

UbLIA was expressed in E. coli BL21 (DE3) cells. After induction with 500 µM IPTG at OD600 of about 0.6 

cells were cultured at 37°C for 5 h. Pellets from 1 L bacterial culture were resuspended in 20 mL T25N50 

containing 1 µg/mL Aprotinin, 1 µg/mL Leupeptin and 100 µM Pefabloc. The solution was sonicated 

and centrifuged for 15 min at 4°C and 30,000 x g. The supernatant was heated up to 70°C for 20 min 

and afterwards centrifuged with 30,000 x g. The supernatant was additionally purified via ion-exchange 

chromatography using a 1 mL HiTrap SP HP column and size exclusion chromatography using a HiLoad 

26/60 Superdex75 prep grade column with an ÄKTA FPLC system. 

 

3.2.3.2 Production of E1 enzyme 

For E1 (UBA1) expression, confluent High Five insect cells were resuspended and plated to 60% 

confluency. After 90 min, media was exchanged and 200 µL E1 baculovirus stock solution was added 

to each plate. After 44 h incubation at 27°C, cells were harvested and washed with PBS. Next, they 

were resuspended in TNN cell lysis buffer and incubated on ice for 90 min. 1 mL Q-Sepharose beads 

for each 10 plates was loaded on a gravity-flow column and equilibrated with 20 mL T25N125 (pH 7.4). 

The protein solution was cleared by centrifugation (20 min, 4°C, 30,000 x g) and the supernatant was 

loaded on the beads. Next, the beads were washed with 25 mL T25N125 and E1 was eluted in 1 mL 

fractions with elution buffer (T25N300, 1 µg/mL Aprotinin and Leupeptin, 100 µM Pefabloc, 1 mM DTT, 

pH 7.4). Fractions containing E1 were pooled and diluted with T25N25 containing 1 mM DTT (pH 7.4), 

and protein was stored in aliquots at - 80°C. 
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3.2.3.3 Production of E2 enzymes 

C-terminal His-tagged UbcH5b and UbcH7 was expressed in E. coli BL21 (DE3) cells. After induction 

with 500 µM IPTG at OD600 of about 0.6 cells were cultured at 37°C for 5 h. Pellets from 500 mL bacterial 

culture were resuspended in 10 mL lysis buffer (PBS, 1% Triton X-100, 10 mM imidazole, 1 mM DTT, 1 

µg/mL Aprotinin and Leupeptin, 100 µM Pefabloc). After 10 min incubation on ice, cells were sonicated 

and centrifuged (15 min, 30,000 x g, 4°C). The supernatant was incubated with 1 mL, with lysis buffer 

pre-equilibrated, Ni-NTA beads. After 1 h to overnight incubation at 4°C, beads were spun down, 

washed first with 15 mL wash buffer 1 (PBS, 0.1% Triton X-100) and then with 20 mL wash buffer 2 

(PBS, 0.1% Triton X-100, 1 mM DTT, 50 mM imidazole). Afterwards, beads were resuspended in 10 mL 

wash buffer 3 (T25N300, 0.1% Triton X-100, 1 mM DTT, 50 mM imidazole, pH 7.5) and loaded onto a 

gravity-flow column. Beads were washed with 10 mL wash buffer 3 and eluted six times with 1 mL 

elution buffer (T25N300, 1 mM DTT, 250 mM imidazole, 1 µg/mL Aprotinin and Leupeptin, 100 µM 

Pefabloc, pH 7.5). United fractions containing E2 enzyme were dialyzed against 2 L of dialysis buffer 

(T25N300, 0.2 mM DTT, 5% glycerol, pH 7.5). The dialyzed protein solution was diluted with storage 

buffer (T25N100, 5% glycerol, 1 mM DTT, 1 µg/mL Aprotinin and Leupeptin, 100 µM Pefabloc, pH 7.5) to 

100 ng/µL and stored in aliquots at - 80°C. 

 

3.2.3.4 Production of E6AP 

N-terminal His-tagged E6AP as well as point or truncation mutants thereof were expressed in E. coli 

Rosetta2 (DE3) cells. After induction with 500 µM IPTG at OD600 of about 0.6 cells were cultured at 20°C 

overnight. Pellets from 1 L bacterial culture were resuspended in 50 mL lysis buffer (T25N50, 0.1% Triton-

X-100, 1 mM DTT, 1 µg/mL Aprotinin and Leupeptin, 100 µM Pefabloc, pH 7.5), sonicated and 

centrifuged (30,000 x g, 4°C, 15 min). The supernatant was first purified via Nickel-NTA 

chromatography (5 mL HisTrap FF crude column) with 8 CV 4% buffer B followed by a gradient to 100% 

buffer B in 20 CV with buffer A (T25N50, 1 mM DTT, pH 7.5) and buffer B (T25N50, 1 mM DTT, 500 mM 

imidazole, pH 7.5). Fractions containing E6AP were united and subjected to a second purification step 

via anion-exchange chromatography (1 mL HiTrap Q HP column), with a gradient from 0 to 50% buffer 

B in 20 CV with buffer A (T25N50, 1 mM DTT, pH 7.5) and buffer B (T25N1000, 1 mM DTT, pH 7.5). Elution 

fractions containing E6AP were united and subjected to buffer exchange (T25N50, 1 mM DTT, pH 7.5) 

with 4 mL Amicon Ultra Centrifugal Units with a cut-off of 30 kDa. Concentration was adjusted to 100 

ng/µL in storage buffer (T25N50, 10% glycerol, 1 mM DTT, 1 µg/mL Aprotinin and Leupeptin, 100 µM 

Pefabloc, pH 7.5) and protein was stored in aliquots at - 80°C. 
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3.2.3.5 Production of heavy (stable isotope labeled) E6AP 

For SILAC experiments heavy (stable isotope labeled) E6AP was generated. An E. coli strain auxotrophic 

for arginine and lysine (Matic et al., 2011) was used to incorporate 4,4,5,5-deuterated lysine 

(K +4.025108 Da) and 13C6/15N4-labeled arginine (R +10.00826 Da). Expression was performed 

overnight at 20 °C in M9 minimal media (7.52 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 0.5 g/L NH4Cl) 

containing 0.4 % glucose, 1 mM MgSO4, 0.3 mM CaCl2, 1 μg/L biotin, 1 μg/L thiamine, 134 μM EDTA, 

31 μM FeCl3, 6.2 μM ZnCl2, 0.76 μM CuCl2, 0.42 μM CoCl2, 1.62 μM H3BO3, and 81 nM MnCl2. 

Purification of isotope-labeled E6AP was performed as described above (chapter 3.2.3.4) for His-E6AP. 

 

3.2.3.6 Production of E6AP_HECT 

N-terminal His-tagged HECT domain of E6AP (E6AP_HECT) was expressed in E. coli Rosetta2 (DE3) cells. 

After induction with 500 µM IPTG at OD600 of about 0.6 cells were cultured at 20°C overnight. Pellets 

from 1 L bacterial culture were resuspended in 50 mL lysis buffer (T25N50, 0.1% Triton X-100, 1 mM DTT, 

1 µg/mL Aprotinin and Leupeptin, 100 µM Pefabloc, pH 7.5), sonicated and centrifuged (30,000 x g, 

4°C, 15 min). The supernatant was first purified via Nickel-NTA chromatography (5 mL HisTrap FF crude 

column) with 8 CV 4% buffer B followed by a gradient to 100% buffer B in 20 CV with buffer A (T25N50, 

1 mM DTT, pH 7.5) and buffer B (T25N50, 1 mM DTT, 500 mM imidazole, pH 7.5). Fractions containing 

E6AP_HECT were pooled and dialyzed against 2 L dialysis buffer (T25N50, 0.2 mM DTT, pH 7.5). The 

dialyzed protein solution was adjusted to 100 ng/µL, and 1 µg/mL Aprotinin and Leupeptin, 100 µM 

Pefabloc and 1 mM DTT final concentration was added. The purified protein was stored in aliquots at 

- 80°C. 

 

3.2.3.7 Production of GST fusion proteins of HPV E6 proteins, HDM2_RING, 

RLIM_RING, and HUWE1_trunc 

GST fusion proteins of HPV-11 E6, HPV-16 E6, HPV-16 E6_L50E, HPV-18 E6, HDM2_RING, RLIM_RING 

and HUWE1_trunc were expressed in E. coli BL21 (DE3) pLysS cells. After induction with 500 µM IPTG 

at OD600 of about 0.6 cells were cultured at 20°C overnight. Pellets from 1 L bacterial culture were 

resuspended in 50 mL lysis buffer (PBS, 1% Triton X-100, 1 mM DTT, 1 µg/mL Aprotinin and Leupeptin, 

100 µM Pefabloc), sonicated and centrifuged with 30,000 x g at 4°C for 15 min. The supernatant was 

added to 150 µL, with lysis buffer pre-equilibrated, Glutathione Sepharose 4B beads. After incubation 

at 4°C for 90 min in a tube roller incubator, beads were spun down afterwards, washed 3 times with 

1 mL washing buffer (PBS, 0.1% Triton X-100, 1 mM DTT) and protein of interest was eluted six times 

with 500 µL elution buffer (25 mM Tris-HCl, 10 mM glutathione, 1 mM DTT, pH 8.0).  
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3.2.3.8 Production of HDM2 

HDM2 was expressed and purified as described previously (Tang, 2017). In brief, after a heat-shock for 

increased chaperone presence and induction using low concentrations of IPTG, proteins were 

produced over 48 h in TB media. Since the proteins contain an N-terminal GST-SUMO tag, it was 

cleaved off by ULP1 protease to obtain pure and active protein. 

  

3.2.3.9 Ubiquitin-TAMRA coupling and purification of Ub-T 

In order to attach the fluorescent dye 5(6)-carboxytetramethylrhodamine (TAMRA) to ubiquitin, 

ubiquitin from bovine erythrocytes was solved in 50 mM NaOAc (pH 7.2) and incubated for at least 

30 min on ice. TAMRA-NHS was freshly dissolved in DMSO and added in a molar ratio of 1:3 and mixed 

well. The final reaction concentrations were 3 mg/mL ubiquitin, 0.55 mg/mL TAMRA-NHS and 10% 

DMSO (v/v). After overnight incubation at 4°C, the reaction was quenched with 50 mM Tris-HCl pH 8.0 

for 30 min at 30°C. The reaction mixture was added to 30 mL of 25 mM NaOAc (pH 4.0), the pH was 

adjusted to 4.0 and the solution was filtrated with a 0.22 µm syringe filter.  

Ub-T (TAMRA-labeled ubiquitin) was next purified with an ÄKTA FPLC system using a 1 mL HiTrap SP 

HP column with a gradient to 100% buffer B in 20 CV with buffer A (25 mM NaOAc, pH 4.0) and buffer 

B (25 mM NaOAc, 1 M NaCl, pH 4.0). 4 mL Amicon Ultra filter devices with 3 kDa cut-off were used for 

buffer exchange to 25 mM Tris-HCl, 50 mM NaCl, 1 mM DTT, pH 7.5 and to concentrate the sample to 

2 µg/µL. Purified protein was stored at - 80°C.  

 

3.2.4 Fluorescence polarization measurements with Ub-T 

3.2.4.1 Reader settings for FP measurements 

A Tecan Infinite F500 micro plate reader was employed to determine FP of Ub-T. Measurements were 

carried out in 384 well plates (flat bottom, black, non-binding) in 80 µL volume. Ub-T was excited at 

550 nm with linear polarized light and excited light passed through polarization filters (either parallel 

or peripendicular orientated to the excitation filter) with 580 nm before detection. The G-factor of the 

instrument was determined to be 0.90657 by using 10 nM free TAMRA solution and a theoretical FP 

value of 22 mP (millipolarization units) therefore. The Z-position (distance between detector and plate) 

was adjusted to 22 mm and the gain of the photomultiplier tube was set to 70 using 23 nM Ub-T 

solution as reference for all measurements. 

  

3.2.4.2 FP-based ubiquitination assays 

In vitro ubiquitination assays with Ub-T were monitored with FP measurements. Reactions were 

started by adding 20 µL of premix 2 (containing E1, E2, Ub and Ub-T) to 60 µL of premix 1 (containing 
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ATP and E6AP and may additionally contain HPV-16 E6 or compounds). Final amounts (and 

concentrations) of components were the following: 25 ng E1 (3 nM), 20 ng E2 (27 nM), various 

amounts of E6AP or other E3 ligases as indicated, 160 ng Ub (234 nM), 16 ng Ub-T (23 nM) in 25 mM 

Tris-HCl, 50 mM NaCl, 0.01% Triton X-100, 0.5 mM ATP, 2 mM MgCl2, 1 mM DTT, pH 7.5. All reactions 

contained the same concentration of DMSO. Plates were incubated at 30°C inside the reader during 

reaction and FP was measured every 10 min for 2 h. Data was evaluated with GraphPad Prism 6 

software. Error bars indicate standard deviations of three technical replicates. 

 

3.2.4.3 High-throughput screening of small molecule libraries 

The FP in vitro ubiquitination assay as described above (chapter 3.2.4.2) was used for high-throughput 

screening (HTS) of small molecule libraries. For automation, assays were carried out by a Tecan EVO 

Freedom HTS workstation. A screen for inhibitors of E6-E6AP and another for activators of E6AP were 

performed.  

Premix 1 and 2 were stored in open vessels cooled to 4°C during one run with 10 to 20 plates. The 

room was constantly kept at 22°C using air conditioning. Plates were started every 27 min (inhibitor 

screen) or 28.5 min (activator screen), respectively. The last column of each plate was filled manually 

with reaction buffer as blank prior to screening runs. For HTS, first, 60 µL premix 1 containing 100 ng 

(12 nM) E6AP and 50 ng (15 nM) GST tagged HPV-16 E6 as well as 0.5 mM ATP in the inhibitor screen 

or 100 ng E6AP only in the activator screen as well as 0.5 mM ATP were transferred in all sample and 

negative control wells. Next, 60 µL of the positive control (containing no HPV-16 E6 in the inhibitor 

screen or containing additionally 100 ng HPV-16 E6 in the activator screen) were transferred into the 

respective wells. Next, compounds were transferred with a compound transfer tool from 10 mM stock 

solutions in DMSO in the library plates to the assay plate so that final assay concentrations of 50 µM 

were obtained. Plates were incubated at 30°C and 500 rpm shaking for 20 min in incubation towers 

with heating floors. Then, reactions were started by addition of 20 µL of premix 2 (containing E1, 

UbcH7, Ub and Ub-T) by a Tecan Multidrop device. FP was measured after 0 min and 35 min (inhibitor 

screen) or after 0, 45 and 55 min (activator screen) with short plate shaking in advance of each 

measurement. In total, 50,961 (E6-E6AP inhibitor screen) or 48,077 (activator screen) small molecules 

from commercially available libraries (Maybridge HitKit9000, ChemBioNet 1-3, ChemDiv, Analyticon 

Discovery I (1,000 natural compounds), Analyticon Discovery II (5,000 semi-natural compounds) and 

Biomol ICCB (480 FDA approved drugs with known targets)) were screened with 50 µM and 675 small 

molecules from an in-house library (MDB) were screened with 12.5 µM. Screening data were evaluated 

using KNIME (Konstanz Information Miner) software (Berthold et al., 2008) with following node 

packages: KNIME Core, KNIME Database and KNIME HCS Tools (provided by Max Planck Institute of 

Molecular Cell Biology and Genetics, Dresden, Germany). 
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3.2.5 Methods for protein characterization 

3.2.5.1 SDS-PAGE 

To separate proteins according to their size, sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was applied. Gels were cast in Bio-Rad gel frames according to table 1. Acrylamide 

concentrations of the resolving gel varied depending on the size of the investigated proteins between 

8 and 15%. The stacking gel contained 5% acrylamide. Samples were mixed with the respective volume 

of 2x or 5x SDS-PAGE sample buffer and boiled for 5 min prior to loading. 6 µL pre- or unstained protein 

marker was used. 18 x 8 cm pocket gels were run for 45 min with 70 mA in Lämmli running buffer. 

 

Table 1: Composition of SDS-PA gel ingredients. Indicated volumes suffice for 18 x 8 x 0.1 cm gels. 

 
resolving 

gel (8%) 

resolving 

gel (10%) 

resolving 

gel (12%) 

resolving 

gel (15%) 

stacking 

gel (5%) 

MilliQ 14.5 mL 12.5 mL 10.5 mL 7.5 mL 8.75 mL 

Separating gel buffer 7.5 mL 7.5 mL 7.5 mL 7.5 mL - 

Stacking gel buffer - - - - 3.75 mL 

30% Acrylamide 8 mL 10 mL 12 mL 15 mL 2.5 mL 

10% APS 300 µL 300 µL 300 µL 300 µL 150 µL 

TEMED 30 µL 30 µL 30 µL 30 µL 15 µL 

 

3.2.5.2 Fluorescence scan of SDS-PA gels 

Gels were incubated in MilliQ on an orbital shaker until bromophenol blue from the running front 

diffused out of the gel. Then, gels were scanned with a FLA-5000 (Fujifilm) using 532 nm laser excitation 

and 575 nm (LPG) emission filter with 800 V detection mode.  

 

3.2.5.3 Coomassie blue staining of SDS-PA gels 

Gels were stained with Coomassie stain solution for 1 h. Afterwards gels were incubated in destain 

solution until the background was colorless. Then, gels were stored in MilliQ and pictures were taken 

with a LAS-3000 imager. For detection of low protein amounts Colloidal Coomassie solution (Carl Roth) 

was used according to the manufacturer's instructions for overnight staining of SDS-PA gels. Gels were 

destained with 40% methanol in MilliQ and stored afterwards in MilliQ for complete destain. 
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3.2.5.4 Western blot analysis 

For western blot analysis gels were blotted onto a 0.22 µm Amersham Hybond PVDF membrane. 1x 

Roti-Block solution was used for blocking for 1 h at room temperature or overnight at 4°C. After 3 times 

5 min washing with TNE-T, the membrane was incubated with primary antibody for 1 h at room 

temperature or overnight at 4°C. After 3 times 5 min washing with TNE-T, the membrane was 

incubated with HRP-coupled corresponding secondary antibody for 1 h at room temperature. After 

washing 3 times 5 min with TNE-T, enhanced chemiluminescence solution was used for detection with 

LAS-3000 imager. 

 

3.2.5.5 Fluorography of SDS-PA gels with radio-labeled proteins 

S35 radio-labeled proteins were separated by electrophoresis with 12% SDS-PA gels, fixed for 15 min in 

destain solution and incubated afterwards for 15 min in Lightning Autoradiography Enhancer solution. 

Subsequently, gels were dried at 80°C and vacuum, subjected to a BAS MS-2040 imaging plate for 4 to 

12 h. Signals were read out with a FLA-5000 scanner. 

 

3.2.5.6 BCA assay for protein concentration determination 

In order to determine total protein concentration of a sample, the Pierce BCA Protein Assay kit was 

applied according to the manufacturer’s instruction. 

 

3.2.5.7 In vitro thermal shift assays 

In order to determine stabilizing or destabilizing effects on proteins due to binding of a compound in 

vitro thermal shift assays were performed similar as described previously (Molina et al., 2013). In brief, 

proteins of interest were pre-incubated with compounds for 10 min on ice. Then a 2 min step at 

indicated temperatures in a PCR cycler was followed by 15 min centrifugation at 16,000 x g. The 

supernatant was transferred into a fresh reaction tube and analyzed by SDS-PAGE and Coomassie 

staining. 

 

3.2.5.8 Size-exclusion chromatography 

Size exclusion chromatography was performed to determine oligomerization behavior of E6AP. 100 µg 

E6AP were loaded on a Superdex75 10I300 column (GE Healthcare) and T25N150 with 1 mM DTT was 

used for gelfiltration. Proteins of the high-molecular weight calibration kit from GE Healthcare were 

used as standards for molecular weight determination. 
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3.2.5.9 HPLC analysis of Ub-T 

Samples were analyzed by UHPLC (Ultra High-Performance Liquid Chromatography) on a Dionex 

UltiMate3000 (Thermo Fisher Scientific) using an analytical Aeris WIDEPORE XB-C8 column (150 mm x 

2.1 mm) with 3.6 µm silica as a stationary phase (Phenomenex). Prior to purification, all samples were 

acidified with 0.1% TFA. Gradient elution (2 min at 0% B; in 38 min to 70% B; then in 7 min to 100% B 

and finally for 5 min at 100% B) with eluent A (0.04% TFA in water) and eluent B (0.04% TFA in 

acetonitrile/water (80:20, v/v)) was performed at a flow rate of 250 µl/min. The signals were 

monitored by UV absorbance at 220 nm. 

 

3.2.5.10  Mass spectrometric analysis 

3.2.5.10.1 MALDI-TOF-MS of Ub-T 

Reaction product of TAMRA to ubiquitin coupling was investigated by MALDI-TOF mass spectrometry 

with a MicroFlex MALDI-TOF instrument from Bruker. 1 µL α-cyano-4-hydroxycinnamic acid (HCCA) 

was spotted as matrix on the sample target chip. 2 µg sample in 2 µL aqueous solution was mixed with 

the matrix and measured after drying. The instrument was calibrated before with commercially 

available protein standards from Bruker. 

  

3.2.5.10.2 ESI-MS of Ub-T 

Intact proteins from UHPLC peak fractions of Ub-T were analyzed by direct infusion on an amaZon 

speed ETD mass spectrometer (Bruker Daltonics) with a flow rate of 4 µl/min. The mass spectrometric 

data were acquired for about 6 min and the final mass spectrum was averaged over the whole 

acquisition time. Mass spectrometric data were evaluated and deconvoluted using the Compass Data 

Analysis Version 4.4 (Bruker Daltonics) software. 

 

3.2.5.10.3 LC-MS/MS analysis of tryptic digested proteins 

In order to identify modification sites of ubiquitin with TAMRA and E6AP with ubiquitin LC-MS/MS 

measurements were performed. Ub-T and E6AP autoubiquitinated with Ub-T were separated using 

SDS-PAGE. Bands of interest were cut out, stored in 50 mM NH4HCO3, destained with 

acetonitrile/NH4HCO3 (1:1, v/v) solution and dried in acetonitrile. Samples containing E6AP were 

reduced with 10 mM DTT for 1 h at 56°C and alkylated with chloroacetamide for 1 h at room 

temperature. After washing twice for 5 min with acetonitrile/NH4HCO3 (1:1, v/v) solution, samples 

were stored in 1 mM DTT at 4°C. Later, gel pieces were dried with acetonitrile and covered with 10 

µg/mL trypsin solution in 50 mM NH4HCO3 for 1 h at 4°C. After removing the supernatant proteins 

were in-gel digested at 30°C overnight. On the next day, peptides were eluted with 0.1% formic acid 
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during 1 h incubation at 4°C. Peptides were desalted and concentrated using C18-ZipTip (Millipore) 

according to the manufacturer’s instructions. 

All digested samples were analyzed by reversed phase liquid chromatography nanospray tandem mass 

spectrometry (LC-MS/MS) using an LTQ-Orbitrap mass spectrometer (Thermo Fisher) and an Easy-nLC 

1,000 (Thermo Fisher). The dimensions of the reversed-phase LC column were 3 μm, 100 Å pore size 

C18 resin in a 75 μm i.d. × 15 cm long piece of fused silica capillary (Acclaim PepMap100, Thermo 

Scientific). After sample injection, the column was washed for 5 min with 94% mobile phase A (0.1% 

formic acid) and 6% mobile phase B (0.1% formic acid in acetonitrile), and peptides were eluted using 

a linear gradient of 6% mobile phase B to 36% mobile phase B in 45 min, then to 100% B in an additional 

5 min, at 300 nL/min. The LTQ-Orbitrap mass spectrometer was operated in a data dependent mode 

in which each full MS scan (30,000 resolving power) was followed by five MS/MS scans where the five 

most abundant molecular ions were dynamically selected and fragmented by collision-induced 

dissociation (CID) using a normalized collision energy of 35% in the LTQ ion trap. Dynamic exclusion 

was allowed. Tandem mass spectra were searched against a StandardProt database using Proteome 

Discoverer 1.4 (Thermo Scientific) and an in-house Mascot Server 2.5 (Matrix Science) with “Trypsin/P” 

enzyme cleavage, static cysteine alkylation by chloroacetamide and variable methionine oxidation as 

well as variable TAMRA modification at lysine residues.  

 

3.2.6 In vitro enzyme assays 

3.2.6.1 E1 activity assays 

The influence of E6-E6AP inhibitors on E1 activity was determined by monitoring ATP cleavage as 

described previously (Hacker et al., 2013). To do so, 10 µM Probe IV (Cy3-Cy5-dilabeled ATP analogue), 

500 nM E1, 60 µM ubiquitin, 1 mM DTT, and the respective concentration of compounds (pre-solved 

in DMSO) in 30 µL of T25N50 pH 7.5 reaction buffer. Measurements were started with addition of 10 mM 

MgCl2. Reactions were incubated at 37°C and monitored with a Tecan Infinite F500 reader with 525 nm 

excitation filter and 590 nm emission filter with a gain of 35. 

At a later time, an improved version of the ATP sensor cleavage assay was developed (Hammler et al., 

2020). This assay was applied for the E6AP activators. 5 µM DH582 (ATP sensor), 250 nM E1, 23 µM 

ubiquitin, 1 mM DTT, and the respective concentration of compounds (pre-solved in DMSO) in 30 µL 

reaction buffer (T25N50 pH 7.5). Measurements were started with addition of 10 mM MgCl2. Reactions 

were incubated at 30°C and monitored in a Tecan Infinite F500 reader with 360 nm excitation filter, 

465 nm emission filter and a gain of 75. 
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3.2.6.2 Conventional in vitro auto-ubiquitination assays 

Conventional in vitro auto-ubiquitination assays were performed in 30 µL volume essentially as 

described previously (Nuber et al., 1998). The assay mixture with 150 ng E1 (50 nM), 75 ng E2 (166 nM), 

750 ng E6AP (250 nM), 2 µg ubiquitin (7.78 µM) in reaction buffer (25 mM Tris-HCl, 50 mM NaCl, 2 mM 

ATP, 2 mM MgCl2, 2 mM DTT, pH 7.5) was incubated for 90 min or indicated time at 30 °C or the 

indicated temperature. Reactions were stopped by addition of 7.5 µL 5x Laemmli buffer and boiling for 

5 min. Proteins were separated by electrophoresis in a 12% SDS-PA gel and detected by Coomassie 

blue staining. 

 

3.2.6.3 In vitro substrate ubiquitination assays 

To investigate substrate ubiquitination HA-tagged Ring1B_I53S was in vitro translated with S35-

methionine using the T7-coupled TNT in vitro reticulocyte lysate translation system according to the 

manufacturer's instructions. HA-Ring1B_I53S was purified with E/Z view anti-HA agarose beads. For 

purification, beads were washed two times with 500 µL T25N50 pH 7.5. 1 µL bead slurry and 1 µL in vitro 

translated proteins were used for each ubiquitination assay sample. After 1 h incubation with 

1,000 rpm shaking at 4°C, beads were washed 3 times with 500 µL T25N50 pH 7.5. Next, in vitro auto-

ubiquitination assays were performed in 30 µL volumes. The assay mixture with 150 ng E1 (50 nM), 75 

ng E2 (166 nM), 400 ng E6AP (100 nM), 10 µg Ub (39 µM) and 1 µL in vitro translated on beads 

immobilized HA-Ring1B_I53S in reaction buffer (25 mM Tris-HCl, 50 mM NaCl, 2 mM ATP, 2 mM MgCl2, 

2 mM DTT, pH 7.5) was incubated for 90 min or indicated time points at 30°C. Reactions were stopped 

by addition of 7.5 µL 5x Laemmli buffer and boiling for 5 min. Proteins were separated by 

electrophoresis with a 12% SDS-PA gel that was subsequently subjected to fluorography analysis. 

 

3.2.7 Mammalian cell culture experiments 

3.2.7.1 Transient transfection of mammalian cells 

Mammalian cells were transfected by using Lipofectamine 2000 according to the manufacturer's 

instruction. 2 µL Lipofectamine 2000 were used for each 1 ng plasmid DNA to be transfected. To adjust 

transfection efficiencies 300 ng beta-galactosidase vector were co-transfected. 

 

3.2.7.2 Harvest of mammalian cells 

To harvest mammalian cells, they were cooled on ice, media was removed, and cells were washed with 

2 mL ice-cold PBS. Then, 1 mL ice-cold PBS was added, and cells were detached with a cell scraper. 

Cells were centrifuged (4°C, 1,000 x g, 30 min), the supernatant was removed, and pellets were stored 

at - 80°C or processed directly.  
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3.2.7.3 Lysis of mammalian cells 

For lysis, pellets were resuspended in 90 µL TNN lysis buffer, the suspension was vortexed and 

incubated 30 min on ice before it was cleared by centrifugation (30 min, 16 400 x g, 4°C). The 

supernatant was transferred into fresh Eppendorf tubes and β-Gal assays were performed.  

 

3.2.7.4 Beta-Galactosidase assays (β-Gal assays) 

To determine and adjust transfection efficiencies β-galactosidase (β-Gal) assays were performed. β-

Gal assays were done in duplicates in 96 well plates (transparent, flat bottom). 5 µL lysate were mixed 

with a mixture of 5 µL ONPG and 120 µL buffer Z. A blank control with TNN lysis buffer only was run to 

distract background signal. After 5 min incubation at 37°C absorbance at 405 nm was measured with 

a VICTOR multilabel plate reader. 

 

3.2.7.5 In cellula Ring1B degradation assays 

Mammalian cells were seeded in 6 well tissue culture plates. At 80 to 90% confluency, cells were 

transiently transfected with the indicated amounts of vectors as described above (chapter 3.2.7.1). 

After 5 h media was exchanged with fresh media containing compounds. The same volume DMSO was 

added to each well. After 16 h cells were harvested and lysed. Loading amounts were adjusted 

according to results of the β-Gal assays. SDS-PAGE and WB analysis with anti-HA antibody was 

executed and band intensities were determined with AIDA image analysis software. 

 

3.2.7.6 Colony formation cytotoxicity assays 

H1299 or HeLa cells were resuspended in cell culture media and counted with a COUNTess automated 

cell counter. 50,000 cells were seeded in 500 µL media in 24 well tissue culture plates. After 20 h media 

was exchanged with media containing compound in the indicated concentrations. After 24 h or 48 h 

treatment cells were twice carefully washed with ice-cold PBS. 500 µL crystal violet/formaldehyde 

solution were added. After 20 min incubation on a rocking incubator, cells were washed carefully with 

tap water, dried at room temperature, and pictures were taken with LAS-3000 imager. 
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4 Results 
Ubiquitination is an abundant post-translational modification that regulates properties and/or 

localization and thus cellular functions of a myriad of proteins. Consequently, it has an impact on 

virtually all cellular processes (Kwon & Ciechanover, 2017, Oh et al., 2018), and malfunction of 

ubiquitination has been associated with diverse pathologies including developmental disorders, neuro-

degenerative diseases, cancers or diseases caused by bacteria or viruses which hijack the 

ubiquitination system (Nath & Shadan, 2009, Wang et al., 2017a). In most cases, no therapy has been 

developed acting directly on the molecular defect of the respective component of the ubiquitin-

proteasome system. A main reason for this is that no practicable and robust method to monitor 

ubiquitination in a high-throughput format has been available so far. Therefore, a novel method to 

monitor ubiquitination that is based on fluorescence polarization (abbreviated as FP) of fluorophore-

labeled ubiquitin was developed in the present study. 

4.1 Development of FP-based ubiquitination assays 

To date, ubiquitination reactions of E3 ligases are routinely investigated in in vitro assays with 

recombinant enzymes. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for 

separation of the reaction products followed for instance by Coomassie blue staining or Western blot 

analysis is performed as readout (figure 3 A). Such procedures are laborious and error-prone when 

performed in a high-throughput manner. Additionally, the reaction is difficult to follow in real-time in 

a quantitative manner. In order to monitor E6AP-mediated ubiquitination in real-time and in a high-

throughput manner, a first version of an assay to monitor ubiquitination using fluorescence 

polarization (FP) as readout was initially set up during my master thesis (Offensperger, 2015). In this 

study, this approach was significantly improved and expanded to the analysis of additional ubiquitin 

ligases. 

The basic idea of the FP-based ubiquitination assay is that free ubiquitin is small compared to the 

ubiquitination reaction product. In fact, due to the small size of ubiquitin, typical reaction products are 

approximately 5- to 20-fold larger than free ubiquitin, allowing for clear separation of these two 

species according to their size difference. FP is a commonly applied method to investigate the size of 

a molecule that is labeled by a fluorophore (Hall et al., 2016). Hence, ubiquitin was labeled with the 

fluorescent dye TAMRA to monitor its increase in size upon attachment to other proteins. In general, 

to measure FP a fluorophore is excited with linearly polarized light. After a certain time, the so-called 

fluorescence lifetime, light is emitted by the fluorophore. Small molecules tumble fast as the velocity 

of rotation of a molecule is dependent on its molecular mass due to Brownian motion. Consequently, 

the orientation of smaller molecules changes significantly during the fluorescence lifetime, leading in 
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average to depolarization of the originally polarized light and consequently low fluorescence 

polarization values. In contrast, larger molecules tumble slowly, maintaining a more similar orientation 

after the fluorescence lifetime so that the light emitted is still mainly polarized, resulting in high 

fluorescence polarization values (figure 3 B). 

  

 
Figure 3: Principles of conventional in vitro ubiquitination assays and the envisioned fluorescence 
polarization (FP)-based ubiquitination assay 
(A) Coomassie stained SDS-PA gel of in vitro E6AP auto-ubiquitination assays (in this study referred to 
as conventional in vitro ubiquitination assays) stopped at indicated times. Proteins are labeled and 
ubiquitinated forms of E6AP are marked by an asterisk. (B) Scheme of the principle of FP as basis for 
the envisioned FP-based ubiquitination assay. 
 

4.1.1 Generation of TAMRA-labeled ubiquitin (Ub-T) 

To be able to measure FP, ubiquitin was labeled with the fluorescent dye TAMRA (5-/6-

Carboxytetramethylrhodamine) via N-hydroxysuccinimide (NHS) coupling with NHS-activated TAMRA. 

Reactions were carried out basically as described for the modification of ubiquitin with NHS-activated 

biotin (Shang et al., 2005). MALDI-TOF-MS analysis of purified reaction products showed that mainly a 

single TAMRA molecule was attached to ubiquitin, as the molecular mass shifts from 8565 Da, which 

corresponds to the mass of unmodified ubiquitin, to 8981 Da corresponding to the mass of one TAMRA 

molecule linked via an isopeptide bond to a primary amine of ubiquitin (figure 4 A). HPLC analysis 

confirmed that mainly mono-modified ubiquitin (peak 2, 55% according to integration of areas under 

the peak) and only smaller amounts of multiple-modified ubiquitin species (peak 3, 24% according to 

integration of areas under the peak) were generated (figure 4 B). In addition, also unmodified ubiquitin 

(peak 1, 21% according to integration of areas under the peak) was still present in the purified reaction 

product. ESI-MS analysis confirmed that peak 1 contained non-modified ubiquitin (8564.19 Da), peak 

2 contained single-modified ubiquitin (8976.58 Da) and peak 3 contained mainly double-modified 

ubiquitin (9388.68 Da) (figure 4 C). Notably, the TAMRA-NHS ester can theoretically react with each 

primary amine of ubiquitin (either at the N terminal amino acid or at the ε-amino group of each of the 

seven lysine residues). However, tryptic digest followed by LC-MS/MS analysis proved that under the 

optimized reaction conditions used for coupling, mainly lysine 6 was labeled. However, also peptides 
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with the TAMRA modification at lysine residues 11, 33, 48, and 63 were identified (figure 4 D and E). 

As mainly a single TAMRA fluorophore was linked to ubiquitin, the labeled ubiquitin will be called 

hereafter Ub-T. 

 

 
Figure 4: Analytics of TAMRA-labeled ubiquitin (Ub-T) 
(A) MALDI-TOF analysis of the reaction product from the ubiquitin-TAMRA coupling. In the upper panel 
as reference a spectrum of unmodified ubiquitin is shown, and in the lower panel a spectrum of the 
reaction product is shown. Calculated masses of the different ubiquitin species are: 
Mcalc (Ub++) = 4283 Da, Mcalc (Ub-T++) = 4491 Da, Mcalc (Ub-T2

++) = 4669 Da, Mcalc (Ub+) = 8565 Da, 
Mcalc (Ub-T+) = 8981 Da, Mcalc (Ub-T2

+) = 9397 Da. (B) HPLC chromatograms of unmodified ubiquitin as 
reference (upper panel) and purified Ub-T (lower panel). (C) ESI-MS analysis of the three HPLC peaks 
with peak 1 in the upper panel, peak 2 in the middle panel and peak 3 in the lower panel. (D) Peptides 
identified in LC-MS/MS analysis of tryptic digested Ub-T to identify modification sites with TAMRA. (E) 
Corresponding MS2 spectrum of the peptide MQIFVKTLTGK containing the TAMRA modification at 
lysine 6 (marked in bold). Red color indicates peptide fragments harboring the TAMRA modification. 
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4.1.2 Development of an FP-based E6AP auto-ubiquitination assay  

In order to establish the FP-based ubiquitination assay, auto-ubiquitination of E6AP was investigated. 

E6AP was chosen as model E3 ligase due to its high pathological relevance and since it efficiently 

ubiquitinates itself in in vitro assays using a purely recombinant system.  

To set up the assay, increasing concentrations of E6AP were incubated with a mixture of ATP, Ub-T, 

unlabeled ubiquitin (ten-fold excess to Ub-T), E1 and E2 enzymes in absence or presence of HPV-16 E6. 

Reactions took place in a 384 well plate format and FP values were measured every 10 min over 

120 min. Free Ub-T had at 30°C FP values of 170 to 180 mP (millipolarization units), whereas values of 

250 to 260 mP were reached when Ub-T was covalently attached to E6AP (figure 5 A). Furthermore, 

FP values increased faster for reasctions with higher E6AP concentrations. As expected (Mortensen et 

al., 2015), in presence of HPV-16 E6 reactions were strongly activated, as recognizable at the earlier 

onset and much faster increase of FP values in respective samples. Several controls were included, 

each with one essential component of the ubiquitination reaction missing. In absence of ATP, E1, E2, 

or E6AP the FP values stayed approximately at 180 mP indicating that no reaction took place. 

Furthermore, in presence of ATP, E1, E2 and a ligase-dead mutant of E6AP (substitution of cysteine 

820 to alanine according to isoform 1) FP values stayed constant at 180 mP as well, also in presence of 

HPV-16 E6. Moreover, SDS-PAGE and fluorescence scan analysis of aliquots of the reaction samples 

showed that the increase of FP values is in line with the emergence of poly-ubiquitinated species 

typical for E6AP auto-ubiquitination reactions (figure 5 B). In presence of HPV-16 E6, all Ub-T is 

consumed and shifted to a high molecular mass smear after 60 min corresponding to constant FP 

values of 250 mP from 60 min onwards (figure 5 B). Due to the complex outcome of ubiquitination 

(multiple different lysine residues of E6AP can be ubiquitinated and different chain lengths and 

topologies can be formed), the actual mode of ubiquitination is difficult to determine in general. 

Nonetheless, the assay is clearly dependent on ubiquitination conditions and offers a great dynamic 

range to monitor ubiquitination in real-time. 

A commonly accepted measure for robustness of a high-throughput screening assay is the Z' value that 

is calculated by equation: Z' = 1 - ((3*(stdev (PC) + stdev (NC)) / (mean (PC) - mean (NC))) as described 

by (Zhang et al., 1999). The closer the Z' value is to 1, the more robust is the assay. Assays with Z' values 

between 0.3 and 0.5 are considered as reliable and those with Z' values between 0.5 and 1 are 

considered as excellent (Zhang et al., 1999). In our case, Z' values larger than 0.8 between HPV-16 E6-

activated reactions and control reactions are reached demonstrating the robustness of the FP-based 

ubiquitination assay.  
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Figure 5: Development of the FP-based E6AP auto-ubiquitination assay 
(A) Exemplary FP-based ubiquitination assay with different concentrations of E6AP in absence or 
presence of HPV-16 E6. Several controls show that increase of FP values over time is indeed dependent 
on the ubiquitination reaction. (B) Exemplary FP-based E6AP auto-ubiquitination assays in presence or 
absence of HPV-16 E6 including a control reaction without ATP. A fluorescence scan (532 nm excitation 
and 575 nm emission filter) of an SDS-PA gel of samples taken at the indicated reaction times is shown 
on the right-hand side. The marker band represents 70 kDa. Free Ub-T is marked by an arrow, while 
poly-ubiquitin species of Ub-T are marked with an asterisk. 
 

4.1.3 Transfer of the FP-based ubiquitination assay to other E3 ligases 

The next step was to test whether the FP-based ubiquitination assay can be transferred to other 

ubiquitin ligases. This would not only broaden application possibilities but could also serve later on as 

specificity controls for the identification of compounds that act on E6AP.  

Different RING and HECT type ligases were recombinantly expressed and FP-based auto-ubiquitination 

assays were performed (figure 6). Aside from E6AP, an N-terminally truncated and GST-tagged version 

of HUWE1 (spanning the 900 C-terminal residues 3474-4374 and abbreviated as HUWE1_trunc) 

(Adhikary et al., 2005), full-length HDM2 as well as GST fusion constructs of its isolated RING domain 

(HDM2_RING) and of the RING domain of RLIM (RLIM_RING) (Ostendorff et al., 2002, Johnsen et al., 

2009) were investigated. Moreover, samples with E6AP in presence of its allosteric activator HPV-16 

E6 and samples with the isolated HECT domain of E6AP (E6AP_HECT) were included. A Coomassie blue 

stained SDS-PA gel of the proteins used for this experiment is shown (figure 6 C). Reactions with the 

different E3 ligases were performed over a time course of 120 min and FP values determined at 

different times (figure 6 A). In addition to the FP readout, aliquots of the reaction were taken after 120 

min and subjected to SDS-PAGE and fluorescence scan analysis (figure 6 B). In line with the results 

obtained for E6AP, free Ub-T and samples without ubiquitin ligase had FP values of about 180 mP, 
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whereas FP values of reactions with the various ubiquitin ligases used up all Ub-T over time resulting 

in FP values of 260 to 280 mP. However, it should be mentioned that E6AP_HECT produces only mono- 

and to a smaller amount di- and tri-ubiquitinated species so that also only a slight increase of FP values 

to approximately 200 mP was obtained. 

Taken together, the results obtained prove that the FP-based ubiquitination assay can be readily 

transferred to other ubiquitin ligases. In addition, the assays with different ubiquitin ligases confirmed 

the great dynamic range of the assay. This feature combined with the possibility to measure a sample 

multiple times in a 384 well plate format makes the assay well-suited for high-throughput screening 

for modulators of ubiquitin ligases. 

 

 
Figure 6: Transfer of the FP-based ubiquitination assay to other ubiquitin ligases 
(A) FP-based auto-ubiquitination assays with different RING or HECT type ubiquitin ligases as indicated 
were performed with UbcH5b as E2 enzyme. Final assay concentrations of enzymes were: 60 nM E6AP, 
120 nM HUWE1_trunc, 120 nM HDM2, 300 nM HDM2_RING, 120 nM RLIM_RING, 60 nM E6AP + 
15 nM HPV-16 E6, 300 nM E6AP_HECT. (B) Samples of the FP-based assays were taken after reactions 
were finished (after 120 min) and separated via SDS-PAGE. Ub-T species were detected by fluorescence 
scan. The marker band represents 70 kDa. Free Ub-T is marked by an arrow while poly-ubiquitin species 
of Ub-T are marked by an asterisk. (C) Coomassie blue stained SDS-PA gel with recombinantly expressed 
proteins used for the FP-based ubiquitination assays. 

4.2 Identification of small molecule inhibitors of E6-E6AP  

Drugs that target HPV-induced cancers in a specific manner (i.e. not targeting uninfected tissue) are 

currently not available, and only a few lead structures that disrupt the E6-E6AP complex have been 

published in the meantime (see chapter 1.2.4.1.3). For this reason, the developed FP-based 

ubiquitination assay was used in a high-throughput screen (HTS) to identify small molecules that inhibit 
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activation of E6AP by HPV-16 E6 and, thus, may potentially disrupt the interaction of HPV-16 E6 and 

E6AP. Moreover, it was speculated that inhibitors of E6AP could be identified concurrently.  

 

4.2.1 High-throughput screen for E6-E6AP inhibitors 

To identify small molecule inhibitors of E6-E6AP by HTS, it was decided to measure only a single time 

point to be able to interleave assay plates with the aim to reduce the number of runs with different 

enzyme master mix solutions during the screen and to increase the throughput substantially. Protein 

concentrations of HPV-16 E6 (15 nM) and E6AP (12 nM) were adjusted so that E6-activated reactions 

reached after 35 min nearly the plateau with about 90% of their final FP value, whereas FP values of 

non-activated reactions did not start to increase yet. These adjustments should ensure a large window 

of FP values between unaffected and inhibited reactions. Negative controls (representing 0% 

inhibition) and positive controls without HPV-16 E6 (representing 100% inhibition of the activation of 

E6AP by HPV-16 E6) were included in 8 wells each on every plate. 

 

4.2.1.1 Stability assessment of the E6-E6AP inhibitor screening assay  

Before the screen was started, a pretest was performed to ensure that the enzyme master mix 

solutions remained stable while being stored in a Tecan Freedom Evo HTS workstation during the 

screen. Enzyme premixes were prepared, and automated handling was carried out exactly as planned 

for the HTS. Seven plates were started with 90 min in between each run so that enzyme premixes for 

the last plate had been stored for 9 hours (figure 7 A). Negative controls (i.e. auto-ubiquitination 

occurs) showed at 35 min FP values of around 240 mP whereas positive controls (no auto-

ubiquitination) had FP values of around 180 mP (figure 7 B). This large separation between controls 

and small standard deviations of those resulted in high Z' values proving robustness of the assay and 

ascertaining identification of possible hits in the screen (figure 7 C). Additionally, a dilution series of 

Luteolin (a published E6-E6AP inhibitor) and Tyrphostin 47 (a previously identified E1 inhibitor 

(unpublished data)) were included. Both compounds showed a dose-dependent inhibition of the 

reaction with highly comparable effects in all seven runs with half maximal inhibitory concentrations 

(IC50s) of 3 µM (Luteolin) and 9 µM (Tyrphostin 47), respectively (figure 7 D). Accordingly, the pretest 

proved that the assay, the chosen concentrations of components as well as the quality of prepared 

enzymes as well as of Ub-T were suited for the planned HTS. 
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Figure 7: Stability test for the E6-E6AP inhibitor screen 
To assess robustness of the assay and stability of components, a pretest for the E6-E6AP screen was 
performed. Assay plates with a dilution series of Luteolin (a published E6-E6AP inhibitor) and 
Tyrphostin 47 (a previously identified E1 inhibitor) were started with a time interval of 90 min in 
between with enzymes mixtures stored in open vessels at 4°C in the HTS workstation. In the first two 
columns quadruplicates of a serial dilution of Luteolin and in the second two columns quadruplicates 
of a serial dilution of Tyrphostin 47 were placed. (A) Heatmaps of the plates are shown from 0 min and 
35 min reactions. The color code is indicated below. (B) Column bar graphs of the mean of FP values of 
the 8 positive and 8 negative control wells. Error bars indicate standard deviations. (C) Z' values and 
equation to calculate Z' values with standard deviations (σ) and means (μ) of positive (pos) and negative 
(neg) controls according to (Zhang et al., 1999). (D) IC50 determination of dilution series of Luteolin 
and Tyrphostin 47 by non-linear regression (fitting with a variable slope with four parameters) using 
GraphPad Prism. 
 

4.2.1.2 Primary screen for E6-E6AP inhibitors 

As the potential for the identification of inhibitors as well as same reaction conditions for plates started 

at different time points was ensured, an HTS of 156 plates with in total 50,961 compounds was 

performed with 50 µM compound concentration. The average Z' value of the screened plates was 0.82 

ranging from 0.60 to 0.93. 48 compounds that interfered with the fluorescence readout at the 0 min 

time point were excluded. 9 of them showed theoretically impossible low FP values (FP (t0) ≤ 150 mP), 

probably due to autofluorescence, and 39 of them showed unexpected high FP values (FP 

(t0) ≥ 200 mP), probably due to precipitation of Ub-T.  
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To give examples of the data obtained by the HTS, heatmaps of FP values of the ten plates with the 

most hits as well as their Z' values are shown (figure 8). To compare the strength of inhibition, FP values 

of the samples were normalized relative to the controls for each plate separately (with negative 

controls corresponding to 0% inhibition and positive controls corresponding to 100% inhibition). 

According to the given definition, 351 compounds (~0.64%) showed over 50% inhibition, 200 

compounds (~0.36%) showed over 75% inhibition, and 129 compounds (~0.24%) showed over 90% 

inhibition. Note that besides of the 8 negative control wells on each plate, additionally 3903 wells 

contained no compound because some library plates were not completely full. None of these 5151 

reactions showed decreased FP values that would correspond to an inhibition ≥ 50%, indicating that 

the false positive rate was neglectable. 

 

 
Figure 8: Exemplary data of the primary screen for E6-E6AP inhibitors  
(A) Heatmaps of FP values from the ten plates with most hits in the HTS for E6-E6AP inhibitors. The 
color code is given below. Grey color indicates samples with FP values ≤ 150 mP or ≥ 200 mP at 0 min 
that were excluded from evaluation. Data were evaluated with KNIME software. (B) Column bar graphs 
of corresponding Z' values of the ten shown plates. 
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4.2.2 Counter screen with RLIM_RING to exclude unspecific inhibitors 

A caveat of the established FP-based ubiquitination assay is that the whole ubiquitination cascade is 

involved so that compounds acting on E1 or E2 enzymes will inhibit the monitored reaction also. To 

exclude such compounds as well as compounds that interfere with the assay due to other yez unknown 

reasons, a counter screen was performed with RLIM_RING. RLIM_RING was previously investigated in 

our laboratory and is hence known to be readily prepared in large amounts and to perform efficient 

auto-ubiquitination (Johnsen et al., 2009) (see also figure 6). Besides, RLIM as a member of the RING 

E3 ligase family acts with a completely different mechanism than E6AP, so that in principle not only 

inhibitors of E6-E6AP but also inhibitors of E6AP (HECT ligases in general) should not act on RLIM.  

 

4.2.2.1 Stability assessment of the inhibitor counter screen assay  

First, the stability of the FP-based assay with RLIM_RING and UbcH5b (a cognate E2 enzyme of RLIM 

and many other human E3 ligases including E6AP) was assessed. To do so, a concentration of 

RLIM_RING was chosen so that comparable reaction kinetics were achieved as seen in the E6-E6AP 

inhibitor screen by using 100 nM RLIM_RING per sample. Samples without RLIM_RING were used as 

positive control and surrogate for complete inhibition. A stability test (4 runs started with 2 h time lag) 

with the same compound plate as used for the E6-E6AP inhibitor pretest showed clear separation 

between positive and negative controls as well as stability of enzyme solutions stored in the HTS 

workstation for the investigated period (maximum of 6 h storage) (figure 9 A and B). Z' values ≥ 0.8 

confirmed robustness of the counter screen assay (figure 9 C). Interestingly, Luteolin exhibited much 

weaker inhibition for RLIM_RING compared to the E6-E6AP stability tests (figure 9 D), whereas 

Tyrphostin 47 showed a comparably strong inhibition with an IC50 of approximately 10 µM (figure 9 D). 
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Figure 9: Stability test of the inhibitor counter screen assay 
To assess robustness of the assay and stability of components, a pretest for the RLIM_RING counter 
screen was performed. It was designed like the pretest for the E6-E6AP inhibitor screen. Enzymes 
mixtures were stored in the HTS workstation at 4°C. Every 2 h an assay plate was started with a 
compound transfer from the compound plate containing the dilution series of Luteolin and Tyrphostin 
47. In the first two columns quadruplicates of a serial dilution of Luteolin and in the second two columns 
quadruplicates of a serial dilution of Tyrphostin 47 were placed. Reactions were performed at 30°C 
temperature. (A) Heatmaps of FP values after 0 min and 35 min reaction times. The color code of the 
heat maps is given below. (B) Column bar graphs of the mean of the 8 positive and negative controls of 
the four runs are shown. Error bars indicate standard deviations. (C) Z' values of the four runs. (D) IC50 
determination of the dilution series of Luteolin and Tyrphostin 47 by non-linear regression (fitting with 
a variable slope with four parameters) with GraphPad Prism. 
 

4.2.2.2 Counter screen with RLIM_RING 

To get an impression how trustful the hits from the primary screen are and to already evaluate as many 

hits as possible, the 10 plates that contained the most hits in the primary screen were chosen to be 

counter screened with RLIM_RING so that overall 149 hits from those with ≥ 50% were tested. Many 

compounds inhibited also RLIM_RING auto-ubiquitination as visible in the heatmaps of the counter 

screened plates (figure 10 A). Z' values ≥ 0.8 confirmed robustness of the counter screen (figure 10 B). 

In total, 23 of the hits showed ≤ 10% inhibition, whereas the majority (~85%) also inhibited RLIM_RING 

auto-ubiquitination and were thus classified as unspecific inhibitors of the ubiquitination cascade (see 

appendix table 1). 
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Figure 10: Inhibitor counter screen 
The ten plates with most hits in the E6-E6AP inhibitor primary screen were counter screened with 
RLIM_RING with the same procedure as applied in the primary screen, besides that UbcH5b instead of 
UbcH7 was used as E2 enzyme. (A) Heatmaps of FP values with the color code indicated below. Dark 
grey color indicates samples that showed at 0 min FP values lower 150 mP or larger 200 mP and that 
were therefore excluded from further evaluation. (B) Column bar graphs of Z' values of the respective 
plates. 
  

4.2.3 Secondary assays with cherry-picked screening hits 

The counter screen revealed that about 85% of the 149 tested compounds had also an inhibiting effect 

on RLIM_RING auto-ubiquitination. Hence, specificity of the 202 other compounds needed to be 

confirmed as well before they were further followed. Despite the disadvantage that compounds could 

only be tested with a maximal final concentration of 10 µM instead of the 50 µM which was used in 

the primary screen, due to economic reasons it was decided not to counter screen all original plates 

but to retest cherry-picked compounds. Therefore, hits from the Maybridge library were cherry-picked 

at the Screening Centre of the University of Konstanz and hits from ChemDiv and ChemBioNet libraries 

were kindly supplied from Screening facilities from the FMP Berlin and the Max Planck Institute of 

Molecular Cell Biology and Genetics in Dresden (for small molecule libraries used in the screen, see 

Material and Methods, chapter 3.1).  
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4.2.3.1 Cherry-picked compounds from Maybridge library 

22 compounds from the Maybridge library were cherry-picked and tested in the FP assay with a 

dilution series from 6 µM to 30 nM. Note that many of the compounds were colorful. However, since 

all different kinds of colors were covered, interference with the FP readout was not immediately 

apparent. These compounds were tested in FP-based auto-ubiquitination assays with E6-E6AP and 

E6AP (figure 11). One compound (MB021D08) showed preferred inhibition of E6-E6AP auto-

ubiquitination, two compounds (MB021A08, MB022P17) unexpectedly inhibited preferably E6AP and 

14 compounds clearly inhibited both reactions. Six compounds (MB002D11, MB006F17, MB008B03, 

MB009J16, MB015B08, MB027L20) showed no effect at all, with the lower concentrations used in 

comparison to the primary screen as possible explanation. Since no controls were included in this 

experiment, no percentages of inhibition can be stated. Future studies should assess specificity of the 

active compounds in respect to other ubiquitin ligases and especially the three compounds with 

preference for E6AP or E6-E6AP should be further characterized. 

 

 
Figure 11: FP-based E6AP auto-ubiquitination assays with cherry-picked screening hits from the 
Maybridge library 
A dilution series of the compounds in a library plate was prepared and the assays were handled like in 
the screen for E6-E6AP inhibitors in the HTS workstation. The 50 min time point from FP auto-
ubiquitination assays with E6-E6AP and E6AP is shown. Compounds and final assay concentrations are 
indicated. The color code of the heatmaps is given below. 
 

4.2.3.2 Cherry-picked compounds from ChemBioNet and ChemDiv libraries 

121 hits from the ChemBioNet (CBN) and 48 hits from ChemDiv (CD) libraries were ordered to be 

cherry-picked (see above in chapter 4.2.3). Additionally, 14 of the 23 compounds, that were inactive 

in the counter screen with RLIM_RING, were purchased as they were commercially available (note that 

these 14 compounds were different from the cherry-picked ones). Stock solutions of all compounds 

were plated on a 384 well library plate and tested under the conditions used in the E6-E6AP inhibitor 

primary screen and the RLIM_RING counter screen, respectively. It should be emphasized, that 

concentrations of the cherry-picked compounds were five-times lower than in the primary screen due 
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to the small amounts provided so that a final assay concentration of 10 µM was obtained. For this 

reason, the 14 purchased compounds were also applied with 10 µM. Consequently, the threshold for 

E6-E6AP inhibitors was set to 30% due to the lower concentrations. Compounds that inhibited 

RLIM_RING auto-ubiquitination with more than 10% (this threshold corresponds also to a three-fold 

standard deviation of respective positive controls) were regarded as unspecific. According to these 

criteria, 41 of the 183 tested compounds turned out to be unspecific, 124 compounds showed no 

effect, and 18 compounds were specific for E6-E6AP (a comprehensive overview over results of these 

experiments is given in appendix table I). 

 

4.2.4 Evaluation of purchased and synthesized screening hits 

4.2.4.1 Evaluation of compounds OF101-114 

14 of the 23 hits that showed promising results in the counter screen with RLIM_RING were, as 

mentioned above (chapter 4.2.3.2), commercially available (for structures see figure 12). In addition 

to the described HTS assays these compounds were also tested in further assays more extensively. 

 
Figure 12: Chemical structures of purchased hits from the E6-E6AP inhibitor screen 
All ordered compounds were numbered according to an internal name assignment with OF1XX 
compounds as potential E6-E6AP inhibitors. A list with these IDs, unique IDs (uiid) from the Screening 
Centre of the University of Konstanz, suppliers and order numbers, HTS assay results and final 
conclusions about the specificity is given in appendix table I. 
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FP auto-ubiquitination assays were performed with RLIM_RING, E6AP and E6-E6AP with 50 µM of the 

14 compounds or Luteolin (figure 13 A). Four compounds (OF101, 107, 109, 110) showed no effect, 

four compounds (OF105, 106, 112, 113) showed complete inhibition of the three E3 ligases, and seven 

compounds (OF102, 103, 104, 108, 111, 114, Luteolin) showed partial inhibition of a part of or all E3 

ligases. OF114 showed solubility problems and was thus excluded from further experiments. 

Unfortunately, none of the compounds exhibited specific inhibition of E6-E6AP or E6AP. Next, effects 

of the compounds on the E1 level were tested according to (Hacker et al., 2013). OF106 showed 

complete inhibition and OF111 showed partial inhibition of E1. In contrast, most other compounds did 

not affect E1 in this assay format (figure 13 B). Additionally, the 14 compounds were also tested in 

conventional SDS-PAGE auto-ubiquitination assays with different E3 ligases. Comparable results as in 

the FP auto-ubiquitination assays shown with either no significant inhibition of E6-E6AP and E6AP or 

unspecific inhibition also of the other E3 ligases were obtained. 
 

 
Figure 13: Reaction monitoring of 14 purchased compounds in FP-based auto-ubiquitination assays 
and in E1 activity assays 
(A) FP assays with E6-E6AP, E6AP, RLIM_RING, and HUWE1_trunc were performed in absence and 
presence of 50 µM of the indicated compounds. FP values were measured every 10 min over 2 h while 
the assay plate was incubated in the multiwell reader at 30°C. (B) E1 activity assay with 50 µM 
compound concentration according to (Hacker et al., 2013). Fluorescence intensities (F.I.) were 
measured every 10 min over 3 h. 
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4.2.4.2 Synthesis and investigation of flavonoid-like compounds 

In the HTS assays with cherry-picked compounds a group of three structurally related compounds 

OF122, OF123, and OF124 showed strong inhibition of E6-E6AP and only mild effects on RLIM_RING. 

Moreover, these compounds own a similar scaffold as Luteolin (figure 14 A). They showed great 

potency in preliminary assays to inhibit E6-E6AP-mediated ubiquitination of p53 (figure 14 B). As none 

of these compounds was commercially available, one of them (OF122) was synthesized in collaboration 

with Kathrin Götz and Lena Schneider (AG Marx, University of Konstanz) and named OF122b. FP-based 

ubiquitination assays with E6-E6AP, E6AP and RLIM_RING (figure 14 C) showed that not only E6-E6AP 

but also E6AP and RLIM_RING auto-ubiquitination was strongly inhibited. Interestingly, OF122b 

showed similar cytotoxic effects on HeLa cells (HPV-18-positive cancer cells) as Luteolin (figure 14 D), 

while OF122b showed significantly stronger E1 inhibition in in vitro E1 activity assays than Luteolin 

(figure 14 E). Therefore, it can be concluded that OF122b and Luteolin act unspecifically, however, 

possibly with different mechanisms. 
 

 
Figure 14: OF122 and structurally related flavonoid derivatives act unspecifically 
(A) Structures of Luteolin and the three flavonoid derivatives identified in the primary screen and 
confirmed in HTS assays with cherry-picked hits are shown. (B) E6-E6AP-mediated p53 substrate 
ubiquitination assays in presence of 10 µM Luteolin or OF122. Polyubiquitinated species of p53 are 
marked with an asterisk. (C) Comparison of effects of cherry-picked (OF122) and synthesized (OF122b) 
compound in FP-based auto-ubiquitination assays with E6-E6AP, E6AP, or RLIM_RING with 10 µM assay 
concentration. (D) Colony formation cytotoxicity assays with HeLa cells treated for 24 h with the 
indicated concentrations of OF122b or Luteolin, respectively. (E) E1 activity assays in presence of 
indicated concentrations of OF122b or Luteolin according to (Hacker et al., 2013). Fluorescence 
intensities (F.I.) were measured every 10 min over 3 h. 
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4.2.5 Final experiments with purchased and synthesized compounds  

Later, more potential E6-E6AP inhibitors (OF115-121) with promising results in the experiments with 

the cherry-picked compounds were purchased (for structures see figure 15 A). These compounds and 

selected compounds that were purchased previously were retested in FP-based auto-ubiquitination 

assays with E6-E6AP, E6AP and RLIM_RING. As additional read-out, reactions were analyzed by SDS-

PAGE followed by fluorescence scan, which are exemplary shown (figure 15 B). 

 

 

 
Figure 15: Final experiments with purchased and synthesized compounds 
(A) Chemical structures of the newly purchased potential E6-E6AP inhibitors. (B) FP-based auto-
ubiquitination assays performed with 12 nM E6AP + 15 nM HPV-16 E6; 100 nM E6AP; or 100 nM 
RLIM_RING. Samples of these assays were taken after 40 min and analyzed by SDS-PAGE and 
fluorescence scan. Free Ub-T is marked with an arrow while poly-ubiquitin species of Ub-T are marked 
with an asterisk. The marker band represents 70 kDa. 
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Unfortunately, despite the promising results in the HTS assays all tested compounds showed in these 

and subsequent experiments either no consistent inhibition of E6-E6AP or E6AP, or they inhibited 

RLIM_RING or other tested E3 ligases as well. How the discrepancies between these and the first 

promising preliminary results can be explained, has not been finally clarified for the reasons of time. 

Taken together, it can be concluded that none of the tested compounds inhibits the E6-E6AP complex 

or E6AP in a specific and exclusive manner. A schematic overview of the results of the HTS and 

secondary assays for E6-E6AP inhibitors is given in figure 16. The aim to identify specific inhibitors in 

vitro was not reached, as none of the closer characterized (i.e. purchased) hits showed a clear-cut 

specificity profile towards the E6-E6AP complex or E6AP that would justify more detailed in cellula 

evaluation. 51 hits were not completely evaluated, but preliminary results indicate that they too act 

either unspecifically or are inactive (appendix table I). Consequently, due to time reasons and since the 

focus was put on other aims of this study, characterization of the inhibitors was not further pursued. 

 

 
Figure 16: Schematic overview over results from the E6-E6AP inhibitor screen and secondary assays 
Results from the primary screen, secondary HTS assays, and further secondary assays are displayed. 
The experiments are ordered in a time-related manner with early experiments in the upper part and 
later experiments in the lower part of the scheme. An overall summary of the screening hits is given in 
the lower right corner. For more details see appendix table I. 
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4.3 Identification of small molecule activators of E6AP 

E6 proteins from high-risk human papillomaviruses strongly activate E6AP (Mortensen et al., 2015) and 

E6AP can be additionally stimulated by HERC2 (Kühnle et al., 2011). Therefore, we proposed that E6AP 

is on its own not fully active and can be converted into more active states by interacting partners. As 

activation of E6AP by interacting proteins is possible, activation by small molecules is feasible as well. 

Real-time monitoring of E6AP ubiquitination reactions with the FP-based assay proved to be reliable; 

thus, we decided to perform a second HTS to identify small molecule activators of E6AP.  

 

4.3.1 Adjustment of the FP-based ubiquitination assay for the identification of 

small molecule E6AP activators 

For the planned screening E6AP concentrations needed to be adjusted so that a slight auto-

ubiquitination reaction was obtained that could be strongly accelerated by addition of activators. 

However, choosing the optimal reaction time to identify activators turned out to be challenging due 

to the sigmoidal reaction curve. Variations in E6AP concentration did not only result in a premature or 

delayed start of the increase of the FP value and an altered slope of the curve but also in different final 

FP values as shown for a reaction with E6AP alone, a reaction containing E6AP and HPV-16 E6 and a 

reaction containing E6AP and Tamoxifen (a small molecule activator of E6AP described later) (figure 

17 A). While stimulation by HPV-16 E6 was for all different E6AP concentrations clearly visible at all 

times, in the absence of HPV-16 E6 low E6AP concentrations at early reaction times bore the risk to 

miss some or all activators as demonstrated for Tamoxifen. Too high E6AP concentrations or too late 

time points were also not suitable, since FP values of non-activated reactions were rather high resulting 

in a smaller detection window and decreased signal to noise ratio between different reaction samples. 

In addition, under these conditions temperature differences were visible on the 384 well plate as the 

reader needs over 5 min to read out the whole plate and variations between different plates were 

obvious (data not shown). Furthermore, preincubation as well as temperature control was different in 

the HTS workstation compared to pipetting the reactions by hand (which was initially used to set-up 

the reaction conditions) resulting in different reaction kinetics (data not shown). Due to these reasons, 

we performed pretests in the HTS workstation (figure 17 B) and subsequently decided to perform 

reactions with low concentrations of E6AP (15 nM) and to measure FP of the assay plate at two 

different time points (after 45 and 55 min).  
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Figure 17: E6AP titration in FP-based ubiquitination assays to adjust conditions for activator screen 
(A) FP-based E6AP auto-ubiquitination assays were performed with different concentrations of E6AP as 
indicated either for its own, with 50 µM Tamoxifen, or in presence of HPV-16 E6. The assays were 
pipetted manually. (B) FP-based E6AP auto-ubiquitination assays performed in absence or presence of 
HPV-16 E6 with the indicated amounts of E6AP in the HTS workstation. Additional controls without ATP 
were included. Liquid handling and temperature control were implemented as planned for the HTS.  
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4.3.2 Primary screen for E6AP activators 

142 library plates with in total 48,077 compounds were screened with 50 µM to identify activators of 

E6AP. 53 hits were identified by setting a threshold of either 32% activation after 45 min or 70% 

activation at the 55 min time point. This corresponds to a hit rate of 0.11%. FP values of positive and 

negative controls were constant in an acceptable manner for most plates (figure 18 A). Due to 

unknown reasons, positive controls of the last 13 screened plates reached FP values of only 210 mP 

instead of 250. Therefore, two of the last 13 plates had Z' values between 0.2 and 0.5 resulting in an 

increased probability of false negative results for these plates. Z' values of all other plates were 

between 0.54 and 0.93 with a mean of 0.84 (figure 18 B). None of the 3263 wells containing DMSO nor 

any of the 1136 negative controls scored as false positive hit. 

 

 
Figure 18: Results of the HTS for small molecule activators of E6AP 
(A) Boxplot graphs with FP values of samples and controls from all 142 screened plates are shown. 
Negative controls (NC) are colored red, positive controls (PC) are colored green and samples (SM) are 
shown in blue. (B) Corresponding Z' values of the 142 screened plates. 
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4.3.3 Secondary assays with small molecule activators of E6AP 

4.3.3.1 Counter screen with RLIM_RING 

As with the hits from the E6-E6AP inhibitor screen, a counter screen with RLIM_RING was performed 

to probe whether hits from the E6AP activator screen lead to an unspecific increase of FP values and 

thus should be excluded from subsequent experiments. To do so, the 14 library plates with the most 

hits (29 hits) were counter tested. Low RLIM_RING concentrations (50 nM) were employed to monitor 

a possible stimulation resulting in an increase of FP values. Twice the concentration (100 nM) was used 

as positive control. None of the tested compounds resulted in a significant increase of FP values at the 

45- or 55- min (figure 19 A and appendix table II). Importantly, the increase of the positive controls to 

230 mP respective 240 mP at the two time points resulted in Z' values of about 0.8 indicated proper 

functioning of the counter screen (figure 19 B). Although RLIM_RING auto-ubiquitination is 

mechanistically not directly comparable to E6AP auto-ubiquitination, E1, E2 and Ub-T concentrations, 

the compounds and their concentrations, reaction temperatures, incubation times and other 

parameters were identical to the primary screen with E6AP so that compounds acting at a stage other 

than E6AP should be identified in this set-up. Consequently, as none of the compounds induced an 

increase of FP values, it was concluded that these compounds act specifically at the E6AP level.  

 
Figure 19: E6AP activators counter screen with RLIM_RING  
(A) Heatmaps of FP values of the 14 counter screened plates (that were chosen as they contained the 
most screening hits) at 55 min reaction time are shown. The compounds were tested with assay 
concentrations of 50 µM like in the E6AP activator primary screen. All other concentrations and 
ingredients were identical to those of the E6AP activator screen. However, UbcH5b instead of UbcH7 
was used as E2 enzyme. The third positive control (namely well 23 C) was due to a technical error not 
pipetted correctly for all plates and was thus excluded from evaluation. The color code of the heatmaps 
is given below them. (B) Column bar graphs with respective Z' values. 
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4.3.3.2 Evaluation of cherry-picked screening hits 

For further evaluation, 43 compounds that scored positive in the E6AP activator screen were cherry-

picked from ChemBioNet (12 hits), Maybridge (11 hits) or NATx (12 hits) libraries or purchased (8 hits). 

23 of them were tested to not score in the counter screen with RLIM_RING as described above (chapter 

4.3.3.1). The 43 compounds were retested with the screening assay in the HTS workstation with a 

concentration of 10 µM for activation of E6AP. 21 of them were reproduced with ≥ 10% activation at 

55 min reaction time (corresponding to ≥ 3-fold standard deviation of the negative controls), while 22 

showed less than 10% activation and were thus considered as weak activators or to be inactive 

(appendix table II). From the 8 purchased compounds, 4 scored active while the 4 others scored 

inactive according to the set threshold. 

 

4.3.3.3 Evaluation of purchased hits  

Three compounds (OF211, OF216 and OF227) from the NATx library that showed strong activation of 

E6AP in the experiment with the cherry-picked compounds were purchased for further evaluation. 

Hence 7 of the 21 hits confirmed in the cherry-picking experiments and 4 compounds that showed 

mild effects in this experiment were available for further experiments (all 11 structures are shown in 

figure 20 A). Moreover, in the meantime, five compounds (OF232-236), had been identified by 

Franziska Müller in our group in a screen for activators of the Angelman syndrome-derived mutant 

E6AP_F583S. These isoalloxazine derivatives showed strong activation of E6AP (appendix table II) so 

that they were included in further evaluation (structures are shown in figure 20 B). 
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Figure 20: Chemical structures of closer investigated E6AP activators  
(A) Chemical structures of purchased screening hits are displayed. (B) Chemical structures of the 
identified isoalloxazine derivatives are shown. These compounds were found by Franziska Müller in a 
screen for E6AP_F583S activators from an in-house chemical library (MDB library, note that this library 
was not included in the primary screen for E6AP activators). All compounds were numbered according 
to an internal name assignment with OF2XX as potential E6AP activators. A list with respective unique 
IDs (uiid) from the Screening Centre of the University of Konstanz, suppliers and order numbers as well 
as secondary assay results is given in appendix table II. 
 

In secondary assays with a first group of ordered compounds (OF201 to OF207) and conditions as in 

the primary screen, the activating effect of the compounds on E6AP was confirmed (figure 21 A). Aside 

from the bacterially expressed E6AP also E6AP expressed by the baculovirus system in insect cells was 

tested. Reactions with baculovirus expressed E6AP were in general slower, however comparable 

results regarding small molecule activation were obtained. The strongest activation was by compound 

OF204 while the other compounds showed mild to medium effects (figure 21 A). 

Next, purchased OF211, 216 and 227 were tested in the FP-based E6AP auto-ubiquitination assays 

together with OF204 and the isoalloxazine derivatives (OF232 to 236). As E2 enzyme either UbcH5b or 

UbcH7 were used, with similar results obtained for both (figure 21 B). These results further confirmed 

that the compounds target E6AP and not the E2 enzyme. Furthermore, the compounds were tested 

with the catalytically inactive E6AP_C820A mutant. No increase of FP values could be observed with 

any of the compounds, supporting the notion that the compounds indeed stimulate the catalytic 

activity of E6AP (figure 21 B). The natural product derived compounds (OF211, OF216, OF227) as well 

as the five isoalloxazine derivatives (OF232-236) stimulated E6AP. The strongest activation was 

achieved by OF227.  
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The two isoalloxazine derivatives OF232 and OF234 showed with concentrations lower than 10 µM 

clear activation of E6AP; however, both, especially OF234, showed with higher concentrations also 

unspecific inhibition of E6AP and of other E3 ligases (as shown below in chapter 4.3.3.8). Therefore, 

the effect of the most potent compounds (OF204, OF211, OF227, OF232 and OF234) on E1 activity was 

assessed. To do so, a refined version of the ATP sensor cleavage assay was employed (Hammler et al., 

2020) showing that OF232 and OF234 act as E1 inhibitors (figure 21 C). However, follow-up 

experiments showed that by increasing E1 amounts, an overall activating effect towards E6AP could 

be achieved also with higher OF234 concentrations.  

 

 
Figure 21: Purchased hits from the E6AP activator screen were evaluated in FP-based E6AP auto-
ubiquitination assays and E1 activity assays 
(A) FP-based auto-ubiquitination assays with bacterially expressed or baculovirus-expressed E6AP as 
indicated were performed to verify the purchased screening hits. (B) Further FP-based E6AP auto-
ubiquitination assays with purchased compounds. The left panel shows assays with the catalytically 
inactive E6AP_C820A mutant. The middle and right panel show FP-based E6AP auto-ubiquitination 
assays with wild-type E6AP and UbcH5b or UbcH7 as E2 enzyme, respectively. Assays were performed 
with 10 µM compounds at 30°C. (C) E1 enzyme activity assays with a novel ATP probe according to 
(Hammler et al., 2020) with used compound concentrations indicated. Error bars indicate SEM of 
technical triplicates.  
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4.3.3.4 Comparison of commercially available OF211 analogues 

Two of the confirmed hits (OF211 and OF216) have a highly similar scaffold. 17 analogues with a related 

scaffold were commercially available (OF209 to OF226). These compounds were purchased and tested 

in a dilution series in FP-based E6AP auto-ubiquitination assays. EC50s were determined from FP values 

at the 55 min reaction time from samples of a dilution series of the compounds from 50 µM to 50 nM. 

Structures and EC50s are shown in figure 22. Three of them showed activation with EC50s lower than 

10 µM, nine showed activation between 10 µM and 75 µM, while five did not show any activating 

effect. These results confirmed the potency of the activators identified by HTS, while none of the 

additionally tested compounds showed more potent effects on E6AP activation. 

 

 

 
Figure 22: Comparison of purchased OF211 analogues in their potency to activate E6AP  
FP-based E6AP auto-ubiquitination assays were performed with concentrations from 50 nM to 50 µM 
of in total 17 structurally related purchased compounds. FP values of the 55 min reaction time were 
used to determine the given EC50 values by non-linear regression (fitting with a variable slope with four 
parameters) with GraphPad Prism. 
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4.3.3.5 Tamoxifen and derivatives activate E6AP 

Besides the screening hits another discovery was made in the present study. In the course of an early 

pilot screen for E6AP activators two candidate small molecules were identified (Offensperger, 2015). 

Their activating effects were not consistent, however, a bioinformatic tool (Reid et al., 2008) revealed 

that one of them owns a pharmacologic profile closely related to drugs acting on nuclear hormone 

receptors. Therefore, several different estradiol-related hormones and pro-hormones (β-Estradiol, 

Testosterone, Progesterone, Dehydroandrosterone (DHEA), Dehydroisoandrosterone, 17α-

Hydroxypregnenolone) as well as drugs acting on nuclear hormone receptors (Tamoxifen, Fulvestrant, 

G-1, G36, MPP, DL-Aminoglutethimide, Dexamethasone) and further small molecules that may be 

related to E6AP or associated cellular pathways (Retinoic acid, Vitamin D3, Anastrozol, Letrozol, MDL-

28170, Y27632, UO126, LY294002, Rapamycin, CHIR99021, Latrunculin A) were tested in the FP assay. 

Most of them showed neither activating nor inhibiting effects (data not shown). However, Tamoxifen 

strongly stimulated E6AP. Therefore, 4-Hydroxytamoxifen and Endoxifen (the active metabolites of 

Tamoxifen in estrogen receptor modulation) as well as Raloxifen, a SERM (selective estrogen receptor 

modulator), that is chemically closely related to Tamoxifen were purchased (figure 23 A) and tested in 

FP-based E6AP auto-ubiquitination assays. All four compounds showed comparably potent activation 

of E6AP with UbcH5b or UbcH7 as E2 enzyme (figure 23 B). In absence of E2 enzymes, no increase of 

FP values was observed confirming that E6AP-mediated ubiquitination was indeed needed. Noteably, 

although it is apparently present in the ICCB library, Tamoxifen was not identified in the HTS for 

unknown reasons (data not shown). 

 

 
Figure 23: Tamoxifen and derivatives of it activate E6AP 
(A) Chemical structures of Tamoxifen and investigated derivatives are shown. (B) FP-based E6AP auto-
ubiquitination assays with 10 µM of the compounds indicated. Either UbcH5b or UbcH7 was used as E2 
enzyme as indicated with wild-type E6AP or the catalytically inactive E6AP_C820A mutant. 
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Tamoxifen is administered as selective estrogen receptor modulator (SERM) in breast cancer therapy 

in pre-menopausal women (Shagufta & Ahmad, 2018). In this context, Tamoxifen is a prodrug that is 

metabolized by Cytochrome P450 (CYP) enzymes. CYP3A4 demethylates Tamoxifen at the terminal 

nitrogen and CYP2D6 hydroxylates Tamoxifen at its 4-position. The 4-hydroxy group increases affinity 

to estrogen receptor α (ERα) nearly 100-fold (Malet et al., 1988). The major effects of the 4-hydroxy 

group were underlined by solving a complex of ERα with 4-Hydroxytamoxifen (Shiau et al., 1998). As 

shown above in this chapter, Tamoxifen and its metabolites showed similar effects on E6AP. To 

increase specificity of Tamoxifen for E6AP, we hypothesized that blockage of the 4-position by a methyl 

group should reduce in vivo effects on ERα dramatically. Thus, 4-Methyltamoxifen (4Met-Tamoxifen) 

was synthesized (Meike Liebmann, AG Marx, University of Konstanz) and purity was confirmed by mass 

spectrometry and NMR (not shown). Next, FP-based E6AP auto-ubiquitination assays were performed 

to test whether 4Met-Tamoxifen showed the desired effects on E6AP. Indeed, different concentrations 

of 4Met-Tamoxifen showed comparable effects to the same concentrations of Tamoxifen or 4-

Hydroxytamoxifen with the E2 enzyme used not making a difference (figure 24). Taken together, 

Tamoxifen and its derivatives showed consistently strong activation of E6AP. 

 

 
Figure 24: Comparison of Tamoxifen, 4-Hydroxytamoxifen and 4-Methyltamoxifen in FP-based E6AP 
auto-ubiquitination assays 
FP-based E6AP auto-ubiquitination assays were performed with the indicated concentrations of 
Tamoxifen, 4OH-Tamoxifen or 4Met-Tamoxifen with (A) UbcH5b or (B) UbcH7 as E2 enzyme. Negative 
and positive (HPV-16 E6 containing) controls were included. 
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4.3.3.6 Evaluation of isoalloxazine-related compounds 

Since compounds OF232-236 have an isoalloxazine scaffold, also known as flavin-like scaffold, different 

physiologically relevant flavins (Riboflavin, FMN, FAD) and polycyclic aromatic hydrocarbons (Fluorene, 

Fluorenone, Fluoranthrene, Phenanthrene, Anthracene) were tested for E6AP modulation. They 

showed neither activating nor inhibiting effects (data not shown). However, the structurally more 

distant Acriflavin showed a mild activation of E6AP (data not shown). Moreover, flavins are known to 

act as DNA intercalators and metal ion chelators (Herfeld et al., 1994). Therefore, other DNA 

intercalators (propidium iodide that scored also as hit in the primary screen and has a chemical 

structure related to Raloxifen, Cisplatin and Doxorubicin) and an ion metal chelator (EDTA) were tested 

(with 1, 10, 50 µM) in E6AP auto-ubiquitination assays with no obvious effects (data not shown). 

 

4.3.3.7 Fluorescence scan of SDS-PA gels confirms stimulation of ubiquitination by 

small molecules 

To determine whether activation of E6AP by the small molecules resulted in the same typical pattern 

of poly-ubiquitin smear as seen in conventional ubiquitination assays (see figure 5 for example), 

aliquots of the FP assays were also separated by SDS-PAGE and Ub-T was visualized by fluorescence 

scan. Indeed, the pattern looks identical to non-activated ubiquitination reactions and indicates typical 

poly-ubiquitination of E6AP. The band of free Ub-T disappears whereas a poly-ubiquitin smear appears 

at the junction of separating and stacking gel. Mild activation of E6AP by OF202, 204, 207 and strong 

activation of E6AP by Tamoxifen and OF211 can be seen in the FP assays (figure 25 A). These 

observations are in line with the fluorescence scans (figure 25 B). 
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Figure 25: Fluorescence scan analysis of SDS-PA gels of FP-based E6AP auto-ubiquitination assays in 
presence of small molecule E6AP activators 
(A) FP-based E6AP auto-ubiquitination assays were performed without or with 10 µM compound as 
indicated at 30°C. (B) Additional samples were incubated in the same plate in the FP reader. Samples 
were taken at the indicated reaction times and separated by SDS-PAGE. Ub-T was visualized by 
fluorescence scan. The marker band indicates 70 kDa, the arrow marks free ubiquitin and the asterisk 
marks poly-ubiquitin species of Ub-T. 
 

 

4.3.3.8 Specificity of activators for E6AP 

The results presented so far showed that the faster increase of FP values in presence of the small 

molecule activators was dependent on ubiquitination conditions (i.e. presence of ATP, MgCl2 and all 

enzymes of the ubiquitination cascade) and catalytically active E6AP. The next step was to confirm that 

the small molecule activators were specific for E6AP. To do so, FP-based ubiquitination assays were 

performed with HUWE1_trunc and RLIM_RING. Their concentrations were adjusted so that a slow 

ubiquitination reaction was achieved. All other enzyme concentrations and parameters were 

maintained as in the FP-based E6AP auto-ubiquitination assays. Exemplary data from assays with 

Tamoxifen are shown in figure 26. A strong stimulation of E6AP but no effect on HUWE1_trunc or 

RLIM_RING auto-ubiquitination was observed in FP-based (figure 26 A) as well as in fluorescence scans 

of aliquots of reactions of the FP-based assays (figure 26 B). 
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Figure 26: Tamoxifen activates E6AP auto-ubiquitination of but not of HUWE1_trunc or RLIM_RING  
(A) FP-based auto-ubiquitination assays were performed with 20 nM E6AP, 100 nM HUWE1_trunc or 
100 nM RLIM_RING with or without 50 µM Tamoxifen. (B) Samples incubated on the same plate were 
stopped after the indicated reaction times and afterwards analyzed by SDS-PAGE and fluorescence scan 
(532 nm excitation and 575 nm emission filter). The marker band indicates 70 kDa, the arrow marks 
free Ub-T, and poly-ubiquitin species of Ub-T are labeled by an asterisk. 
 

 

Next, FP-based auto-ubiquitination assays were performed with different concentrations of the seven 

most potent small molecules with E6AP, HUWE1_trunc, RLIM_RING, or HDM2_RING (figure 27). As 

additional positive control, samples with the doubled E3 concentration were included for each E3 

ligase. OF204, OF208, OF211, and OF216 showed with concentrations of 5, 10 and 20 µM activation of 

E6AP that is comparable to activity of the 2xE6AP control, but no effects on the other E3 ligases. OF227 

showed a strong dose-dependent stimulation of E6AP and with higher concentrations also mild 

stimulating effects on HUWE1_trunc but no effects on the RING E3 ligases. For the isoalloxazine 

derivatives OF232 and OF234 stimulation of E6AP with concentrations up to 10 µM were observed, 

which turned into inhibition with higher concentrations. OF232 and OF234 also showed inhibiting 

effects on HUWE1_trunc and mild inhibiting effects on RLIM_RING with the low concentrations tested 

(figure 27).  

The inhibitory effect of the compounds, especially of OF234, most likely originates from their inhibiting 

effects on the E1 level, as shown in figure 21. In follow-up experiments with higher E1 concentrations, 

overall stimulating effects on E6AP could be obtained even with higher concentrations of E1. For 

comparability reasons, the E1 concentration was maintained as used in the screen for the following 

experiments. 
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Figure 27: Specificity assessment of small molecule activators in FP-based ubiquitination assays with 
different E3 ligases 
FP-based auto-ubiquitination assays were performed with E6AP, HUWE1_trunc, RLIM_RING or 
HDM2_RING. Approximately 25 nM of each E3 was used with 50 nM ot them used in the 2x E3 conc 
controls. Note that GST fusion proteins of HUWE1_trunc, RLIM_RING and HDM2_RING were used. 
Compound concentrations were used as indicated on the right hand side. 
 

4.3.3.9 Evaluation of activators in conventional E6AP ubiquitination assays 

To test whether the stimulating effects were an artifact due to the TAMRA labeling of ubiquitin, 

conventional in vitro ubiquitination assays followed by SDS-PAGE and Coomassie blue staining were 

performed. It should be noted that the enzyme concentrations in this type of assay are significantly 

higher (10x E1, 10x E2, 5x E6AP, 10x total ubiquitin) than in the FP-based assays. Furthermore, assays 

need to be stopped at rather early time points so that the reaction has not come to completion. 
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Ubiquitination assays with the eight compounds ordered first showed activation of E6AP by Tamoxifen, 

4-Hydroxytamoxifen, OF204 and OF207 (figure 28 A). In a later experiment, strong stimulating effects 

could be confirmed for OF204, OF211, OF216, OF232, and OF234, while OF207 and OF227 showed 

only mild effects (figure 28 B). It was previously published that the hydrophobic patch mutant UbLIA 

(replacement of L8 and I44 by alanine) is impaired in E6AP auto-ubiquitination but that this defect can 

be rescued by HPV-16 E6 (Mortensen et al., 2015). The UbLIA defect could also be rescued by 

compounds OF211 and OF234 and in particular by OF204 and OF232 (figure 28 C). None of the 

compounds showed an effect on ligase-dead E6AP_C820A so that off-target effects could be excluded 

in this assay format (figure 28 D). 

 

 
Figure 28: Evaluation of activators in conventional in vitro E6AP auto-ubiquitination assays 
(A) Conventional E6AP auto-ubiquitination assays with 50 µM compounds and stopped after 20 min at 
30°C. (B) Conventional E6AP auto-ubiquitination assays with 20 µM of further compounds and stopped 
after 10 min at 30°C. (C) Conventional E6AP auto-ubiquitination assays with the hydrophobic patch 
mutant UbLIA incubated with 20 µM compounds at 37°C for 90 min. (D) Conventional E6AP auto-
ubiquitination assays with the catalytic inactive E6AP_C820A mutant in presence of 20 µM compounds 
and incubation at 30°C for 90 min. 
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Taken together, several compounds including five Tamoxifen derivatives and five isoalloxazine 

derivatives were identified that showed consistent, potent and specific activation in FP-based E6AP 

auto-ubiquitination assays. They can be classified in three groups. The first class contains compounds 

that show effects in FP assays. The second class contains compounds that show also effects in 

conventional in vitro E6AP ubiquitination assays analyzed by SDS-PAGE and Coomassie blue staining. 

The third class of compounds can additionally rescue the inability of E6AP to use UbLIA in in vitro E6AP 

auto-ubiquitination assays. A summary of our efforts to identify small molecule activators of E6AP is 

shown in figure 29. 

 

 
Figure 29: Overview over the identification of small molecule E6AP activators 
A schematic overview over results from the primary screen and secondary assays is given. Detailed 
primary and HTS secondary assay results as well as unique IDs (uiid) from the Screening Centre of the 
University of Konstanz, suppliers and order numbers of the small molecule E6AP activators are given in 
appendix table II. 
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4.4 Investigation of the effects of small molecule activators on AS-

derived mutants  

We identified several compounds that can reproducibly and strongly stimulate E6AP activity. Since 

point mutations in the UBE3A gene reduce the catalytic activity of respective E6AP mutants in certain 

cases of Angelman syndrome (AS), we investigated next whether the identified compounds are able to 

rescue such AS-derived E6AP mutants. 

 

4.4.1 Characterization of AS mutants 

Six different E6AP point mutations were selected ((Sadikovic et al., 2014), and F583S kindly provided 

by SJ Chamberlain, affiliation) with one located in the N-terminal AZUL domain (C21Y), one located in 

the central region of E6AP (S349P) and a cluster of four located in the middle of the N lobe of the HECT 

domain (ΔS582, F583S, E584Q, Q588P; called 58X AS mutants in the following) (figure 30 A). The 58X 

AS mutants are located at one side of the N lobe in some distance to the E2 binding site and not in 

direct vicinity to the C lobe (figure 30 B). Therefore, their defect is not easily explainable with the 

current knowledge about the catalytic activity of E6AP.  

All six mutants were recombinantly expressed and characterized in auto-ubiquitination assays (figure 

30 C). The C21Y mutant was as active as wild-type E6AP and therefore not further followed. With the 

S349P mutant, only low yields were obtained so that the protein remained impure after standard 

purification. Nonetheless, some, albeit impaired, ubiquitination activity was observed which could be 

stimulated by HPV-16 E6 to some extent. In contrast, the 58X AS mutants showed nearly complete 

absence of ligase activity which could however be rescued by HPV-16 E6 (figure 30 C). FP-based E6AP 

auto-ubiquitination assays confirmed our findings that C21Y is at least as active as wild-type E6AP, 

S349P is seriously impaired in catalysis and cannot be efficiently rescued by HPV-16 E6, while the 58X 

AS mutants are almost completely inactive on their own but can be clearly rescued by HPV-16 E6 (figure 

30 D). 

 



Results 

83 
 

 
Figure 30: Characterization of AS-derived E6AP point mutants 
(A) Scheme of domains and known interaction sites of E6AP with AS point mutants investigated in this 
study labeled in bold. (B) Illustration of the 58X AS mutations in the crystal structure of the HECT domain 
of E6AP (pdb:1C4Z). (C) Conventional in vitro E6AP auto-ubiquitination assays with wild-type E6AP 
(called E6AP) and investigated E6AP AS mutants in absence and presence of HPV-16 E6. Assays were 
analyzed by SDS-PAGE and Coomassie blue staining. (D) FP-based E6AP auto-ubiquitination assays with 
investigated AS mutants in absence and presence of HPV-16 E6. FP-based ubiquitination assays with 
C21Y and S349P were performed with the standard 15 nM E3 concentration at 30°C. Note that, for FP-
based ubiquitination assays with catalytically impaired AS 58X mutants always 60 nM of them were 
used and assays were performed at 37°C.  
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4.4.2 Small molecule activators rescue catalytically impaired AS-derived E6AP 

mutants 

4.4.2.1 Rescue of AS mutants by small molecules in FP auto-ubiquitination assays 

Since the 58X AS mutants could be activated by HPV-16 E6, we tested all ordered activators for rescue 

of the 58X AS mutants in FP-based auto-ubiquitination assays (data not shown). Four compounds 

(OF204, OF227, OF232, OF234) showed substantial and consistent activation of all four mutants as 

shown for F583S (figure 31 A) and E584Q (figure 31 B). To note, higher concentrations of OF234 

inhibited the reactions, due to its inhibitory effect on E1 as shown in figure 21 C. 

 

 
Figure 31: Rescue of 58X AS mutants by small molecules in FP-based E6AP auto-ubiquitination assays  
Indicated concentrations of compounds OF204, OF227, OF232 and OF234 were tested for rescue of the 
strongly impaired ubiquitin ligase activity of (A) E6AP_F583S or (B) E6AP_E584Q in FP-based auto-
ubiquitination assays. 60 nM of the 58X AS mutants were used and assays were performed at 37°C.  
 
To confirm that the increase in FP values was indeed due to ubiquitination, further FP assays were 

performed with different compounds and analyzed by both determing FP values and SDS-PAGE 

followed by fluorescence scan. Tamoxifen stimulated E6AP but did not rescue the F583S mutant. In 

contrast, addition of OF227 clearly resulted in an increase of poly-ubiquitinated species confirming 

that indeed ubiquitin chains were formed and that thus the increase of the FP signal was not due to 

interference with the fluorescent readout (figure 32 A). The stimulating effect of OF234 on F583S was 

also visible in a time course experiment with fluorescence scan of SDS-PA gels and quantitation of band 

intensities confirmed these results (figure 32 B). 
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Figure 32: Fluorescence scan of SDS-PA gels of FP-based auto-ubiquitination assays supports rescue 
of 58X AS mutants by small molecule activators 
(A) FP-based auto-ubiquitination assays with wild-type E6AP (E6AP, 15 nM) or E6AP_F583S (F583S, 
60 nM) were performed at 37°C to test effects of 10 µM OF227 or Tamoxifen. After 2 h reactions were 
finished, and samples were analyzed by SDS-PAGE and fluorescence scan (with 532 nm excitation and 
575 nm emission filter). (B) E6AP auto-ubiquitination reactions in absence or presence of 10 µM OF234 
were performed under FP assay conditions, stopped at the indicated times and analyzed by SDS-PAGE 
and fluorescence scan. The marker band indicates 70 kDa, the arrow marks free Ub-T, and poly-
ubiquitin species of Ub-T are labeled by an asterisk. Quantified band intensities are shown on the right 
hand side with free Ub-T shown in blue and conjugated Ub-T species shown in red. 
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4.4.2.2 Rescue of AS mutants by small molecules in conventional SDS-PAGE assays 

Next, rescue of 58X AS mutants was investigated in conventional in vitro E6AP auto-ubiquitination 

assays analyzed by SDS-PAGE and Coomassie blue staining. Clear stimulating effects of compounds 

OF232 and OF234 could be seen for all four mutants, whereas OF227 showed only mild effects in this 

assay format (figure 33). In addition, also a mild rescue of the 58X AS mutants could be observed with 

OF232 and OF234 when UbLIA was used as source of ubiquitin (not shown). 

 

 
Figure 33: Conventional in vitro auto-ubiquitination assays with 58X AS mutants and small molecule 
activators  
58X AS mutants were tested with 10 µM of compound OF227, OF232, or OF234 in conventional in vitro 
E6AP auto-ubiquitination assays. Reaction mixtures were incubated at 37°C for 2 h before samples were 
subjected to SDS-PAGE and Coomassie blue staining. Poly-ubiquitin species are labeled with an asterisk. 
 

 

4.4.2.3 Investigation of the release of a potential auto-inhibitory function of the AZUL 

domain by compound OF232 

Characterization of C21Y and ΔAZUL mutants showed that both were at least as active as wild-type 

E6AP if not even more active. Besides this, OF232 (and related compounds; data not shown) exhibited 

no activating effect on E6AP_ΔAZUL (figure 34 A). As the recombinant E6AP preparations applied in 

these experiments were already highly active, experiments with UbLIA instead of wild-type ubiquitin 

proved to be better suited to detect stimulating effects on E6AP and active mutants of it in 

conventional in vitro auto-ubiquitination assays. Yet also in experiments with UbLIA, no activating 

effect of OF232 on ΔAZUL was observed (figure 34 B). For these reasons, we hypothesized that the 

AZUL domain may act auto-inhibitory and that OF232 and similar compounds might be able to 

counteract this auto-inhibition. Since strong activating effects of OF232 could be observed for the 58X 

AS mutants, we asked whether these stimulating effects were also observed for a double mutant 

harboring a 58X AS mutation and lacking the AZUL domain.  
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Conventional in vitro auto-ubiquitination assays revealed that E6AP_F583S_ΔAZUL was as inactive as 

the F583S mutant (figure 34 C). While no activation of the double mutant was observed in conventional 

auto-ubiquitination assays (figure 34 C), a rescue similar as seen for the F583S mutant was observed 

in FP auto-ubiquitination assays (figure 34 D). Thus, regulation of E6AP's activity seems to be controlled 

at several layers and a more complex mechanism than just the possible auto-inhibition through the 

AZUL domain. In other words, the mechanism of action of OF232 (and possibly also of the other small 

molecules) as well as the nature of the 58X AS defect needs to be addressed by means other than the 

here applied mutational analysis approach. 

 

 
Figure 34: Investigation of a potential release of a potential auto-inhibitory function of the AZUL 
domain through OF232 
Conventional auto-ubiquitination assays were performed with wild-type E6AP or the E6AP_ΔAZUL 
mutant in presence of indicated concentrations of OF232 with (A) ubiquitin (10 min reaction at 30°C). 
or (B) with UbLIA (2 h reaction at 37°C). (C) Same experiment with the E6AP_F583S_ΔAZUL double 
mutant. Reaction times and temperatures were used as indicated. (D) FP-based auto-ubiquitination 
assays with the indicated concentration of E6AP variants and with 10 µM of the indicated compounds. 
Reactions took place at 37°C. 
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4.5 Investigation of E6AP-mediated substrate ubiquitination  

In order to regulate proteostasis, the main function of ubiquitin ligases is the modification of substrate 

proteins. Auto-ubiquitination is mainly thought to be an auto-regulatory mechanism and may proceed 

via a mechanism that is different from substrate ubiquitination. For this reason, the next step was to 

find out whether the identified activators are also able to stimulate substrate ubiquitination, 

additionally to auto-ubiquitination as investigated in all experiments so far. 

  

4.5.1 In vitro Ring1B_I53S substrate ubiquitination assays with small molecules 

One of the best studied and mostly used substrate of E6AP is Ring1B. As it is an E3 ligase itself (i.e. it 

also performs auto-ubiquitination), the catalytically inactive mutant Ring1B_I53S is usually used as 

substrate in ubiquitination assays. To be able to distinguish between poly-ubiquitinated E6AP and poly-

ubiquitinated substrate, Ring1B_I53S is radioactively labeled (i.e. in vitro translated with S35-

methionine as sole methionine source) so that it can be detected by fluorography. Substrate 

ubiquitination assays were performed with all ordered activators (OF200-236), most of them showing 

mild effects (data not shown). However, four compounds showed consistent and potent stimulation 

of E6AP (figure 35 A) and, remarkably, F583S and E584Q (figure 35 B and C). For OF227, higher 

concentrations (50 and 100 µM) were needed to see clear-cut effects but those were highly convincing 

for wild-type E6AP as well as the AS-derived mutants. It is worth mentioning that these high OF227 

concentrations did not result in a switch from auto- to substrate ubiquitination, as could be the case, 

but stimulated both reactions (data not shown). Furthermore, the overall inhibiting effect of higher 

concentrations (≥ 20 µM) of compounds OF232 and 234 were observed again. As shown above in 

figure 21 C, this issue originates presumably from inhibitory effects on the E1 enzyme. 
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Figure 35: Stimulation of wild-type E6AP and the E6AP_F583S and E6AP_E584Q mutants by OF204, 
OF227, OF232 and OF234 in in vitro Ring1B_I53S substrate ubiquitination assays 
In vitro substrate ubiquitination assays with radioactively labeled Ring1B_I53S were performed with 
the indicated concentrations of compounds. For wild-type E6AP UbLIA was used, while wild-type 
ubiquitin was used for the AS 58X mutants. A control reaction without any compound and a positive 
control reaction containing HPV-16 E6 were included. Input represents control samples stopped after 0 
min while all other reactions were incubated at 37°C for 90 min. Unmodified Ring1B_I53S is marked by 
an arrow while ubiquitinated species are labeled with an asterisk. 
 

4.5.2 Evaluation of small molecule activators in in cellula assays 

In vitro assays have the great advantage that a specific enzyme can be investigated by its own. 

However, main drawbacks of in vitro assays are an altered environment of the investigated enzyme 

that is different from that in cells and that it cannot be excluded that the compounds of interest may 

also affect proteins other than the enzyme investigated. Thus, mammalian cell culture is presumably 

a more realistic system to investigate the effects of the identified small molecule activators. Therefore, 

in the next phase of this study, activation of E6AP and AS mutants was tested in in cellula Ring1B_I53S 

degradation assays, as increased ubiquitination of Ring1B_I53S by activation of E6AP should in 

principle lead to enhanced degradation by the proteasome and thus reduced Ring1B_I53S levels. 

However, first, cytotoxicity assays had to be performed to assure that depletion of Ring1B_I53S was 

due to increased targeted ubiquitination by E6AP and not due to cytotoxic effects of the compounds. 
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4.5.2.1 Cytotoxicity assays 

Cytotoxicity assays were performed with H1299 parental cells, H1299 K3 cells (clonal cell line with 

stable knockdown of E6AP by siRNA (Kuballa et al., 2007)), and H1299 1C3 cells (clonal cell line with 

CRISPR-Cas knockout of E6AP (Schroff, 2017)). Western blot analysis of the cell lines with an α-E6AP 

antibody confirmed strong reduction or absence of E6AP in the respective cell lines (figure 36 A). 

OF227 showed some cytotoxicity with concentrations higher than 10 µM (figure 36 B). OF232 showed 

strong cytotoxicity in all three cell lines with concentrations higher than 10 µM (figure 36 C). OF234 

showed even stronger cytotoxicity with no surviving cells with 5 µM in colony formation assays (figure 

36 D). No difference for any of the tested compounds was visible between the different cell lines, 

indicating E6AP-independent cytotoxic effects.  

 

 
Figure 36: Cytotoxicity assays with small molecule activators OF227, OF232 and OF234 
(A) Western blot analysis of two different biological samples of H1299, H1299 K3 and H1299 1C3 cells 
using an α-E6AP antibody. 100 ng recombinant E6AP was included as reference. (B - D) Colony 
formation cytotoxicity assays with the indicated cell lines and concentrations of compound OF227, 
OF232 and OF234, respectively.  
 

4.5.2.2 In cellula Ring1B_I53S degradation assays with small molecules 

As OF232 and OF234 showed inhibition of E1 (figure 21 C) and strong cytotoxic effects in cellula (figure 

36 C and D), they were not suited for in cellula experiments. OF204 also showed inhibiting effects on 

E1 (figure 21 C) and was thus also considered as not suited for cellular experiments. Therefore, the 

only compound left that showed clear effects in in vitro Ring1B_I53S substrate ubiquitination assays 

was OF227. Hence, its effect on in cellula Ring1B_I53S degradation was examined in H1299 1C3 cells. 

The use of H1299 1C3 cells allowed to investigate E6AP AS point mutants in absence of any wild-type 

E6AP and to include controls to reveal potential E6AP-independent effects. OF227 showed a clear 

decrease of Ring1B_I53S levels with higher concentrations (5 to 10 µM) (figure 37). However, with 10 

µM OF227, Ring1B_I53S levels were reduced also in samples with no E6AP co-transfected. Even if these 

effects are weaker compared to those in the presence of E6AP or 58X AS mutants, clear E6AP-
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independent reduction of Ring1B_I53S was obtained with higher OF227 concentrations, presumably 

reflecting slight cytotoxic effects. In contrast, lower OF227 concentrations tested (2 to 5 µM) resulted 

in Ring1B_I53S reduction only in the presence of wild-type E6AP. With lower OF227 concentrations, 

no decrease of Ring1B_I53S levels in the absence of E6AP was observed but also, only a slight reduction 

of Ring1B_I53S levels in the presence of the 58X AS mutants. This indicates that the concentration 

range of OF227, in which E6AP-dependent and thus desired effects can be observed, is rather small. In 

addition, the reproducibility of the results obtained in transient transfection experiments proved to be 

limited, as significant deviations in the results obtained in several independent experiments were 

observed, as exemplified by the experiments shown. Therefore, a stable cell line expressing a substrate 

reporter construct may be superior to study the potential effects of small molecule activators on E6AP 

and AS mutants. 

 

 
Figure 37: Evaluation of compound OF227 in in cellula substrate degradation assays  
H1299 1C3 (E6AP knockout) cells were transiently transfected with 1200 ng HA-Ring1B_I53S and 
300 ng beta-galactosidase expression construct. Samples were co-transfected with 900 ng HA-tagged 
E6AP or 58X AS mutant as indicated. Additionally, for positive control samples, 1500 ng HA-16 E6 vector 
was co-transfected. After 5 h, medium was exchanged with fresh medium containing compound in the 
indicated concentrations. After 20 h cells were harvested, and sample amounts were adjusted 
according to transfection efficiencies determined by beta-galactosidase activity. (A) E6AP_F583S 
treated with 2 or 5 µM OF227. (B) E6AP_E584Q treated with 5 or 10 µM OF227. Ring1B_I53S band 
intensities of two western blot replicates for each experiment were quantified with AIDA software and 
visualized with Prism6 software and are shown below. The column bars show the mean of the replicates 
and the error bars indicate standard deviations of the replicates. 
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4.6 Analysis of the mechanism of E6AP activation 

The small molecule activators were identified in our unbiased activity-based HTS so that neither their 

binding site nor their mechanism of action remained unclear. However, for newly identified small 

molecules it is important to show that they indeed bind to their target. Ideally, X-ray crystallography is 

used to solve the structure of the ligand-bound protein. As for E6AP, only the structure of the HECT 

domain is solved, while there is no information about the structure of the full-length protein (Huang 

et al., 1999). Yet, the evidence obtained so far clearly indicates that the stimulating compounds require 

the N-terminal region of E6AP to exert their stimulating effect an that the N terminus plays a key role 

for the enzymatic function of E6AP (i.e. the isolated HECT domain is not fully active in auto-

ubiquitination but forms mainly mono-, di- and tri-ubiquitinated species and it cannot be stimulated 

by the compounds). Hence, X-ray crystallography was not the method of choice in this study.  

Another method to study binding is biolayer interferometry which was employed in this study by using 

an Octet K2 instrument from ForteBio. To do so, full-length His-tagged E6AP was immobilized on Ni-

NTA biosensor tips and binding of several small molecule activators was tested. However, no significant 

signal changes upon potential binding could be detected (data not shown). This is likely explained by 

the huge size difference of the analyte (small molecules with 300 to 500 g/mol) to the immobilized 

molecule (E6AP with 100,000 g/mol) (i.e. the small increase in mass is below the detection limit). 

 

4.6.1 In vitro thermal shift assays to investigate compound binding 

Other approaches use the fact that binding of ligands often alters the thermal stability of a protein 

(Molina et al., 2013, Huynh & Partch, 2015). A simple variant to test this thermal shift are in vitro 

thermal shift assays (figure 38 A). While with 10 µM Tamoxifen no effects were recognizable (figure 38 

B), 20 µM Tamoxifen showed mild destabilizing effects at a temperature of 60°C on E6AP and 

E6AP_HECT, but also on HUWE1_trunc and RLIM_RING (figure 38 C). Other tested compounds (OF227 

and OF234) as well as HPV-16 E6 did also not show any remarkable effect (data not shown). Therfore, 

in vitro thermal shift assays were also not suited for E6AP. 
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Figure 38: In vitro thermal shift assays with Tamoxifen 
(A) Outline of in vitro thermal shift assays as performed. The heat denaturation step took place for two 
minutes in thin-walled PCR tubes in a standard PCR cycler and samples were incubated for two further 
minutes on ice prior to centrifugation. Similar E6AP, E6AP_HECT, HUWE1_trunc, and RLIM_RING 
concentrations were tested simultaneously with Tamoxifen. Shown are obtained results with (B) 10 µM 
and (C) 20 µM Tamoxifen.  
 

4.6.2 Crosslinking mass spectrometry to study activation of E6AP 

Chemical crosslinking coupled to mass spectrometry (XL-MS) is an emerging technique that can be 

used to obtain information about interactions of proteins or protein regions in protein complexes. 

Quantitative XL-MS (qXL-MS) can additionally allow investigation of conformational changes of protein 

complexes and even single proteins (Leitner et al., 2016, Chen & Rappsilber, 2018, Yu & Huang, 2018). 

The basic principle of XL-MS is the formation of a covalent bond between amino acid side chains of 

proximal proteins or protein domains by a small molecule containing two reactive groups, a so-called 

crosslinker. In this study, isotopically labeled disuccinimidyl suberate (DSS) was used. This 

homobifunctional crosslinker contains two NHS-activated carboxyl groups, which react predominantly 

with primary amines at pH 7 to 9, and is therefore able to link the ε-amino group of lysine residues 

which are in close proximity; this chemistry is used in most crosslinking studies (Iacobucci et al., 2019). 

For evaluation of crosslinked regions, proteins are enzymatically digested with trypsin after reduction 

and alkylation of cysteine residues. Afterwards, crosslinked peptides are desalted via C18 columns, 

enriched via size-exclusion chromatography and identified via LC-MS/MS and respective data 

processing and evaluation. 
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Identified crosslinks can either originate from different proteins (so-called interlinks) or they originate 

from the same protein (so-called intralinks). Crosslinks can contain a wealth of information about 

spatial proximity (and reactivity) of the crosslinked amino acid residues. Interlinks, on the one hand, 

can be used to determine neighboring proteins in protein complexes. Intralinks, on the other hand, 

can contain information about different conformational states of a protein. Furthermore, the entirety 

of crosslinks can be used as distant constraints for integrative modeling. In collaboration with Florian 

Stengel and his group, several XL-MS methods were applied to investigate how the E6-E6AP complex 

is assembled, how a substrate (i.e. p53) is positioned in the context of the full-length E6-E6AP complex 

and towards the catalytic center of E6AP. Moreover, effects of HPV-16 E6 and one of the small 

molecule activators on E6AP's structural dynamics were investigated. Finally, the crosslinking pattern 

of the AS mutants F583S and E584Q was compared to that of wild-type E6AP and the effect of HPV-16 

E6 and the small molecules on the conformational dynamics of the 58X AS mutants was explored. 

 

4.6.2.1 XL-MS confirms binding of HPV-16 E6 to its known binding site on E6AP and 

reveals proximity of HPV-16 E6 to N- and C-terminal regions of E6AP  

First, the complex of full-length E6AP with HPV-16 E6 was analyzed by XL-MS. To do so, three 

preparations of E6AP, HPV-16 E6 and HPV-16 E6_L50E, an E6AP binding-deficient mutant (Zanier et al., 

2013), were generated (figure 39 A). In vitro ubiquitination assays with ubiquitin (figure 39 B) and 

UbLIA (figure 39 C) confirmed stimulation of E6AP by HPV-16 E6 but not by HPV-16 E6_L50E. Since all 

proteins were functional as expected, XL-MS experiments were performed. Three different conditions, 

namely E6AP only, E6AP + E6 and E6AP + E6_L50E were investigated (figure 39 D). Each of those 

conditions was prepared with three biological replicates of E6AP. Concise technical details concerning 

chemical crosslinking, sample processing and mass spectrometric analysis as well as results are 

described in (Sailer et al., 2018). For E6AP only samples, a total of 145 unique crosslinks was identified 

in all three replicates (396 unique crosslinks were identified in one or two replicates only). For the E6AP 

+ E6 sample, XL-MS analysis yielded 146 unique crosslinks with 8 interlinks between E6AP and E6 

identified over all three replicates (408 identified crosslinks were identified in one or two replicates). 

In contrast, in the E6AP + E6_L50E samples, just one interlink was identified, although a similar number 

of 131 crosslinks was identified for E6AP over all three replicates (and 325 crosslinks were identified in 

one or two replicates), confirming the marginal binding of HPV-16 E6_L50E to E6AP and the validity of 

our approach. One of the identified interlinks connects lysine 350 of E6AP with lysine 94 of HPV-16 E6 

and confirms so the known E6 binding site of E6AP. Besides this one, several interlinks were identified 

between the AZUL domain of E6AP (originating from lysine 7) and the two zinc fingers of HPV-16 E6. 

Moreover, several crosslinks connect the HECT domain of E6AP (lysines 708, 779, 799, 841) also with 

the two zinc fingers of HPV-16 E6.  
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Since high-resolution structures of the HECT domain of E6AP (Huang et al., 1999) and of HPV-16 E6 

(Martinez-Zapien et al., 2016) are known, integrative structural modeling using crosslinks in a Bayesian 

scoring scheme was used to create a model of the complex (figure 39 E). 

 

 
Figure 39: XL-MS confirms binding of HPV-16 E6 to its known binding site on E6AP and reveals 
proximity of HPV-16 E6 to N- and C-terminal regions of E6AP 
(A) Coomassie stained SDS-PA gel of the protein preparations used. Note that a GST fusion construct of 
HPV-16 E6 was utilized. (B) Conventional in vitro E6AP auto-ubiquitination assays with HPV-16 E6 or 
HPV-16 E6_L50E stopped at the indicated time points. (C) Conventional in vitro E6AP auto-
ubiquitination assay with HPV-16 E6 or HPV-16 E6_L50E with UbLIA. Reactions were stopped after 
90 min and analyzed by SDS-PAGE and Coomassie staining. Poly-ubiquitinated species are marked by 
an asterisk. (D) Graphs indicating identified crosslinks with an Id-score ≥ 25 identified within all three 
replicates for E6AP, E6AP + E6 and E6AP + E6_L50E (sample processing, MS measurements and data 
evaluation were done by Carolin Sailer). (E) Table showing identified interlinks between E6AP and HPV-
16 E6 with interlinks that can be mapped to existing PDB structures highlighted. Model of the complex 
of the HECT domain of E6AP (1C4Z) and HPV-16 E6 (4XR8) obtained from integrated modeling using 
the identified interlinks as restraints. Modeling experiments were done by Kai-Michael Kammer. The 
figure is adapted from (Sailer et al., 2018). 
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4.6.2.2 XL-MS data allows structural modeling of the ternary E6AP-E6-p53 complex 

Furthermore, we asked the question how the transfer of ubiquitin from the catalytic center of E6AP to 

the substrate can be achieved. Therefore, we performed XL-MS experiments with E6AP and HPV-16 E6 

and recombinantly expressed p53 (figure 40 A).  

We found that the identified interlinks between E6AP and HPV-16 E6 alone were highly comparable to 

the previously identified interlinks between E6AP and HPV-16 E6 (figure 40 B). Furthermore, interlinks 

connecting the DNA binding domain of p53 (residues 92-292) with the HECT domain of E6AP, but also 

with its N-terminally located AZUL domain were identified in all three replicates. Integrated 

computational modeling including the crystal structure of the DNA binding domain of one p53 

molecule in complex with HPV-16 E6 (Martinez-Zapien et al., 2016) as a single rigid body, resulted in a 

model with a highly comparable orientation of HPV-16 E6 towards the HECT domain of E6AP. In this 

model, p53 is located adjacent to the C lobe and the catalytic cysteine of E6AP so that potential 

ubiquitination sites of the DNA binding domain of p53 are placed closely to the catalytic center of E6AP 

(figure 40 C). Moreover, p53 is positioned between HPV-16 E6 and the C lobe of the HECT domain of 

E6AP and thus does not interfere with E2 binding to the HECT domain. Strikingly, the N-terminal AZUL 

domain of E6AP is also crosslinked with different lysine residues of p53 (lysine 120, 164, 357, 373). 

Additionally, the same lysine residues were also identified to be crosslinked with lysine residues of 

E6AP that are close to its catalytic center. It needs to be considered that p53 forms a homotetramer 

so that interactions of the apparently same residue of p53 to both the AZUL and the HECT domain of 

E6AP may originate from different p53 molecules within the tetramer.  

In any case, the data indicates that both HPV-16 E6 and p53 are in direct vicinity to the catalytic center 

of E6AP and to the AZUL domain. This compact conformation opens the possibility that HPV-16 E6 may 

function as a cofactor in E6AP catalysis. Moreover, this model of the ternary enzyme-substrate 

complex may be used to identify amino acid residues on the proteins that are critical for the formation 

of the complex. 
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Figure 40: XL-MS-based structural model of the ternary E6AP-E6-p53 enzyme-substrate complex 
(A) SDS-PAGE of protein preparations used. Recombinant p53 was provided by Alexandra Julier. 
(B) Graphs indicating identified crosslinks with an Id-score ≥ 25 identified within all three replicates. 
Tables showing identified interlinks of the ternary complex with interlinks that can be mapped to 
existing PDB structures highlighted. (C) Integrated modeling of the HECT domain of E6AP (1C4Z) and 
the complex of the DNA binding domain of p53 bound to HPV-16 E6 (4XR8) using interlinks as restraints. 
XL-MS sample processing, MS measurements and data evaluation were done by Carolin Sailer and 
computational modeling experiments were done by Kai-Michael Kammer. The figure is adapted from 
(Sailer et al., 2018). 
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4.6.2.3 SILAC-XL-MS indicates a monomeric state of E6AP in absence as well as in 

presence of HPV-16 E6 

Conventional XL-MS is not able to discriminate interlinks between two different protomers and 

intralinks inside a single protomer within a homooligomer. Besides this, it needs to be considered that 

very high protein concentrations of E6AP of 1 µg/µL are needed for XL-MS that could trigger 

oligomerization. Moreover, transient interactions between different E6AP molecules may be stabilized 

through the crosslinker so that two E6AP molecules are coupled and subsequently erroneously heavily 

crosslinked. These limitations of XL-MS and the contradictory results concerning E6AP oligomerization 

(Ronchi et al., 2014) prompted us to ask whether the identified crosslinks between E6AP's C and N 

terminus are intralinks within a single E6AP molecule or interlinks between different E6AP molecules. 

To scrutinize this, XL-MS was combined with SILAC (stable isotope labelling in cell culture) (Chen et al., 

2015).  

To do so, E6AP was expressed in a strain auxotrophic for lysine and arginine (Matic et al., 2011) in M9 

minimal medium with heavy (13C6/15N4-labeled) lysine and heavy (4,4,5,5-deuterated) arginine (called 

'heavy E6AP' in this context). In vitro auto-ubiquitination assays ensured that heavy E6AP behaved like 

'normal' E6AP (figure 41 A). Next, SILAC-XL-MS experiments were performed with a stoichiometric 

mixture of heavy and light E6AP. Note that in total similar numbers of E6AP intralinks were identified 

as before in conventional XL-MS with 379 intralinks for E6AP only (204 light-light, 168 heavy-heavy and 

7 light-heavy crosslinks) and 383 for E6AP in presence of HPV-16 E6 (204 light-light, 172 heavy-heavy 

and 7 light-heavy links) proving that no errors emerged in the evaluation. Interestingly, while an overall 

similar number of crosslinks was identified compared to conventional XL-MS only two homodimeric 

interlinks (between E6AP and heavy E6AP) were identified. These interlinks connect two N-terminal 

regions (lysine 148 with 170 and 439 with 66, according to isoform 1 of E6AP) (figure 41 B). In presence 

of HPV-16 E6, a third homodimeric interlink was identified (between lysine 7 and 7) in addition to the 

two homodimeric interlinks identified in absence of HPV-16 E6. The low number of identified 

homodimeric interlinks suggests that E6AP is mainly in a monomeric or transient polymeric state and 

that the presence of HPV-16 E6 does not have an influence on the polymerization behavior of E6AP.  

To corroborate these findings, we performed size-exclusion experiments. Comparison to calibration 

standards revealed that E6AP migrates like a 170 kDa protein (figure 41 C). This could in principle be 

explained by short-lived interactions between E6AP molecules leading in average to an increase in size. 

However, more likely, E6AP has not a globular shape but an extended conformation in solution so that 

its running behavior corresponds to an apparently larger protein. Several further size-exclusion 

chromatography experiments proved that full-length, as well as isolated HECT domains of E6AP, E6AP 

F727 mutants and certain disease-associated variants migrate as a monomer. Especially, no evidence 

for interactions of HECT domains was obtained (Engelke, 2019).  
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To sum up, the SILAC-XL-MS data suggest that E6AP has weak homo-oligomeric interactions that are 

however, not mediated through the HECT domain as previously assumed (Ronchi et al., 2014) but 

through N-terminal regions and that HPV-16 E6 does not alter the oligomerization behavior of E6AP. 

 

 
Figure 41: SILAC-XL-MS indicates a monomeric state of E6AP in absence and presence of HPV-16 E6 
(A) In vitro auto-ubiquitination assays with conventional and heavy (stable isotope labeled) E6AP. 
(B) SILAC-XL-MS in absence and presence of HPV-16 E6. SILAC-XL-MS sample processing, MS 
measurements and data evaluation were done by Carolin Sailer. (C) Size-exclusion chromatography 
experiments with E6AP and calibration standard proteins. Fractions were analyzed by SDS-PAGE and 
Coomassie blue staining. High-molecular weight standards are marked with T: Thyroglobulin (669 kDa, 
dimer), C: Conalbumin (75 kDa), Ovalbumin (42 kDa), A: Aldolase (158 kDa, tetramer). The figure is 
adapted from (Sailer et al., 2018). 
 

4.6.2.4 qXL-MS reveals structural dynamics of E6AP upon binding of HPV-16 E6  

Quantitation of crosslinks via their MS1 or MS2 intensities has turned out to be a valuable method to 

analyze different conformations of a protein so that quantitation of intralinks can in principle be used 

to observe structural dynamics of a protein (Walzthoeni et al., 2015, Walker-Gray et al., 2017, Yu & 

Huang, 2018). Quantitation of the 106 unique high-confidence crosslinks found in all three replicates 

of the E6AP + E6 samples in comparison to the E6AP only samples resulted in the identification of 

enriched or depleted intralinks indicating indeed a conformational rearrangement of E6AP in presence 

of HPV-16 E6 (figure 42). In detail, the abundance of the majority of crosslinks did not change, while 

multiple crosslinks inside the HECT domain or connecting the HECT domain with the central regions of 

E6AP were decreased (log2 change ≤ -1.5) and several crosslinks connecting N and C termini of E6AP 

(spanning from lysines inside or close to the AZUL domain to lysines close to the catalytic center of 

E6AP) were increased (log2 change ≥ +1.5).  
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Quantitation of experiments with HPV-16 E6_L50E in comparison to E6AP only revealed marginal 

changes of crosslink abundances, indicating minor conformational rearrangements. This control 

experiment confirms that changes in crosslink abundance are due to binding and interaction and not 

just due to the mere presence of the HPV-16 E6 protein. Taken together, our qXL-MS data substantiate 

our model of stabilization or inducation of a high-activity conformation of E6AP through HPV-16 E6. 

 

 
Figure 42: qXL-MS reveals structural dynamics of E6AP upon HPV-16 E6 binding 
Quantitation of data shown in figure 39 revealed a distinct pattern of enriched and depleted intralinks 
of E6AP + E6 compared to E6AP (Id-score ≥ 25, p-value ≤ 0.01, log2 change ≥ +1.5). Quantitation of 
E6AP + E6_L50E with E6AP resulted in neglectable changes of intralink abundances. The figure is 
adapted from (Sailer et al., 2018). 
 

 

4.6.2.5 qXL-MS reveals conformational rearrangements of E6AP and AS-derived E6AP 

mutants induced by small molecule activators comparable to those induced by 

HPV-16 E6 

As the HPV-16 E6-mediated transition of E6AP into its high-activity conformation could be detected by 

qXL-MS, we wanted to investigate the 58X AS mutants with this method next. A different conformation 

may give hints why the mutants are deficient their catalytic activity. Possibly, an overall more open 

conformation would underline our model that E6AP is in its active conformation more compact. 

Furthermore, investigation of the impact of HPV-16 E6 and the small molecule activators on wild-type 

E6AP and the 58X AS mutants by qXL-MS could provide further insights into how activation is achieved. 

Therefore, proteins were generated in sufficient amounts and tested in biochemical activity assays. 

SDS-PAGE analysis of purified proteins and the structures of OF232 and Alloxazine (a structurally highly 

related compound to OF232 that served as control) are shown (figure 43 A and B). FP-based auto-

ubiquitination assays with the protein preparations confirmed that OF232 activates E6AP and rescues 

the activity of F583S and E584Q, whereas Alloxazine showed no effects (figure 43 C). Conventional 

E6AP auto-ubiquitination assays with ubiquitin (figure 43 D) and UbLIA (figure 43 E) confirmed that 

OF232 and HPV-16 E6 activate wild-type E6AP and rescue the 58X AS mutants (that were in control 

reactions virtually inactive), whereas Alloxazine did not show activating nor inhibiting effects. 
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Figure 43: Quality control of reagents for XL-MS experiments with 58X AS mutants and OF232 
(A) Coomassie blue stained SDS-PA gel of proteins used for the XL-MS experiments. (B) Chemical 
structures of OF232 and Alloxazine. (C) FP-based auto-ubiquitination assays with E6AP or E584Q with 
10 µM of compounds OF227, OF232 or Alloxazine (abbreviated as Allox). A control reaction without 
compound as well as a positive control containing HPV-16 E6 were included. (D) In vitro E6AP auto-
ubiquitination assays with protein preparations and compounds used for XL-MS with ubiquitin 
(reactions with E6AP were incubated for 10 min at 30°C, whereas reactions with F583S or E584Q were 
incubated for 90 min at 37°C). (E) Same experiment as in (D) with UbLIA (all reactions were incubated 
at 37°C for 90 min). 
 

As the purified proteins performed as expected in the auto-ubiquitination assays, we performed XL-

MS experiments. The three E6AP variants were investigated either on their own or in presence of 

OF232, Alloxazine or HPV-16 E6. First, intralinks of the 58X AS mutants were quantified against E6AP. 

Here, only minor changes with little increase or decrease of intralinks were obtained (figure 44). 

Altogether, a possible slightly more compact conformation (i.e. slightly increased interaction of N and 

C termini) can be construed and not a more extended conformation that would fit to an inactive 

conformation as our working-model implies the high-activity conformation (induced by HPV-16 E6) to 

be the more compact one. 
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Figure 44: qXL-MS reveals only minor differences in intralink abundances identified for 58X AS 
mutants compared to those identified for wild-type E6AP 
Quantitation of identified high-confidence crosslinks (ld-score ≥ 25, p-value ≤ 0.01) of F583S and E584Q 
samples in comparison to E6AP is shown. Note that samples contained 1 % DMSO (v/v) in contrast to 
earlier shown data. Grey lines indicate intralinks with no significant change, while green lines indicate 
increased intralinks (log2ratio ≤ -1) and red lines indicate decreased intralinks (log2ratio ≥1). Sample 
processing, MS measurements and data evaluation were done by Jasmin Jansen. 
 

As only marginal differences in the conformation of the 58X AS mutants in comparison to wild-type 

E6AP were revealed, we turned our interest towards the question what impact HPV-16 E6 and OF232 

may have on the conformation of 58X AS mutants. Quantitation of identified intralinks in E6AP + E6 

samples versus E6AP showed an overall similar picture as the previously performed experiments 

(figure 45 A). In fact, binding of HPV-16 E6 led again to enhanced proximity of N and C termini of E6AP 

as illustrated by the green arcs connecting them. However, a large number of previously not observed 

decreased intralinks between the central part of E6AP and its termini appeared in presence of HPV-16 

E6 (note that in these experiments a 1.5-fold molar excess of HPV-16 E6 was used in contrast to 

equimolar ratios used in previous experiments). Remarkably, quantitation of E6AP + OF232 with E6AP 

only showed a nearly identical pattern as seen for samples containing HPV-16 E6. Measurements with 

the highly similar compound OF234 showed a similar change in the crosslinking pattern (data not 

shown). In contrast, Alloxazine showed almost no effect on the intralink pattern of E6AP, with only a 

small number of decreased intralinks in the AZUL domain and from that to central regions of E6AP. In 

addition, conformational changes of F583S and E584Q induced by HPV-16 E6 and OF232 (figure 45 B 

and C) compare well to those seen for wild-type E6AP (figure 45 A). 

To sum up, the tested small molecule activator OF232 affects the structural dynamics of E6AP and the 

investigated 58X AS mutants in a manner similar to HPV-16 E6. Alloxazine, which features a highly 

related scaffold to OF232 but does not show effects in ubiquitination assays induces minor changes of 

crosslink abundances for wild-type E6AP as well as for both 58X AS mutants. Therefore, it can be 

concluded that OF232 and HPV-16 E6 induce both a similar transition of E6AP and 58X AS mutants 

towards a more compact and more active conformation. 
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Figure 45: OF232 and HPV-16 E6 induce similar structural dynamics of both E6AP and 58X AS mutants  
Quantitation of identified high-confidence crosslinks (ld-score ≥ 25, p-value ≤ 0.01) of samples of E6AP, 
F583S and E584Q in presence of Alloxazine (Allox), OF232 or HPV-16 E6 compared to samples of the 
respective E6AP variant only. Note that respective samples contained 100 µM of the compound and 
that all samples contained 1 % DMSO (v/v). Additionally, note that HPV-16 E6 samples contained a 1.5-
fold molar excess of HPV-16 E6 to E6AP in contrast to an equimolar ratio used in earlier shown 
experiments. Grey lines indicate intralinks with no significant change, green lines indicate increased 
intralinks (log2ratio ≥ 1) and red lines indicate decreased intralinks (log2ratio ≤ -1). Sample processing, 
MS measurements and data evaluation were done by Jasmin Jansen. 
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5 Discussion 
During the course of this dissertation an FP-based ubiquitination assay was developed that was used 

in two high-throughput screens to identify small molecule inhibitors of the E6-E6AP complex and small 

molecule activators of E6AP. The effect of identified activators on E6AP were studied in various 

ubiquitination assays, and -quantitative chemical crosslinking coupled to mass spectrometry 

experiments revealed that they affect the structural dynamics of E6AP in such a way that a high-activity 

conformation of E6AP is induced and/or stabilized. The results obtained will be discussed in the 

following sections. 

5.1 Assessment of the developed FP-based ubiquitination assay 

A novel fluorescence polarization (FP)-based assay to monitor the activity of E3 ubiquitin ligases was 

developed in this study. E6AP was used as model E3 ligase to establish the assay but the assay can be 

readily transferred to other HECT ligases and RING ligases, as shown for HUWE1 and HDM2 and RLIM, 

respectively. The only requirements are that the E3 ligase can be purified in sufficient amounts and 

performs efficient auto-ubiquitination in vitro. Nonetheless, it should be kept in mind that different 

ligases act mechanistically different (i.e. HECT vs. RING vs. RBR ligase or catalytic domain vs. full-length 

protein) and thus, outcome of ubiquitination may differ (i.e. linkage type, chain length, free chains vs. 

cis- vs. trans-auto-ubiquitination vs. substrate ubiquitination) as well as that the FP readout monitors 

solely ubiquitin consumption. These differences between different E3 ligases may result in different 

sigmoidal curves in FP-based ubiquitination assays with different onsets of increase of FP values, 

different slopes and different finally reached plateaus, making an accurate quantitation of the 

reactions challenging and impeding calculation of reaction kinetics. In addition, we have recognized 

that E3 ligases vary in their actual catalytic efficiency so that with similar concentrations very slow or 

very fast reactions are obtained, making activity changes difficult to detect. Conversely, adjustment of 

E3 ligase concentration to achieve a similar reaction curve of FP values, may result in unequal ratios 

between the analyzed E3 ligases and assayed compounds making a quantitative comparison of the 

effects of a compound on different E3 ligases rather difficult or even impossible. However, although, 

quantitative comparisons of the influence of compounds on different E3 ligases may be intricate, 

qualitative comparison can certainly be made. Furthermore, comparing the effects of different 

compounds on the same E3 ligase in a quantitative manner is readily feasible.  

For technical reasons, it should be noted that the Tecan Infinite F500 reader needs (also due to the 

chosen 10 flashes per measurement) approximately 5 min to measure FP for a whole 384 well plate. 

This makes accurate measurements at the critical time when the reaction in the absence and the 

presence of an activating compound differs most prominently somewhat challenging. Thus, for the 
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identification of small molecule activators, ideally, reaction conditions should be established at which 

the E3 ligase is more or less inactive in the absence of compounds. This could in principle be achieved 

by using UbLIA, the hydrophobic patch mutant of ubiquitin used in this study for conventional 

ubiquitination assays. However, labeling of UbLIA with TAMRA resulted in precipitation of the protein-

dye conjugate under several different conditions (not shown). An alternative approach would be the 

use of ubiquitin K11/48R or K48/63R mutants. They are also not efficiently used by E6AP and this 

impairment can also be rescued by HPV-16 E6 and possibly also by small molecule activators of E6AP. 

Overall, the developed FP-based ubiquitination assays proved to be easy-to-handle and robust in 

several applications. Recently, another group published a similar FP-based ubiquitination assay where 

cysteine containing ubiquitin variants were labeled with Alexa Fluor 488 C5 maleimide to investigate 

ubiquitin chain formation by the CUE domain of Cue1 (von Delbruck et al., 2016). Moreover, when the 

experimental part of this study was already finished, another FP-based ubiquitination assay was 

published (Franklin & Pruneda, 2019). To note, while differently labeled ubiquitins (either N-terminally 

TAMRA labeled ubiquitin or ubiquitin labeled at all primary amines with fluorescein) were used in that 

study, a 10-fold excess of unlabeled ubiquitin was necessary for an efficient reaction, similar to the 

reaction conditions used here. While Franklin and Pruneda addressed additional applications like 

tracking ubiquitin transfer in the ubiquitination cascade or cleavage of ubiquitin chains by DUBs, they 

also indicated the suitability of the FP-based ubiquitination assays to monitor activity of E3 ligases. 

 

5.2 Identification of E6-E6AP inhibitors 

5.2.1 High-throughput screen for E6-E6AP inhibitors 

Links between HPVs and cervical cancer were suspected almost 50 years (zur Hausen, 2002). Since 

then DNA of specific HPV types has been found in almost every cervical cancer biopsy and 

epidemiological studies underlined that HPVs are the main etiological factor for cervical cancer (zur 

Hausen, 2002). In 2018, approximately 570,000 new cases of cervical cancer were diagnosed 

worldwide, and about 311,000 women died from this cancer (Gultekin et al., 2020). The key viral 

oncoproteins E6 and E7 were identified almost 30 years ago and have been extensively characterized 

in the meantime (Hoppe-Seyler et al., 2018). But how has the knowledge of the molecular mechanisms 

leading to cervical cancer been implicated in the development of therapeutics? Until today, no drug 

targeting E6 and/or E7 has been released for the treatment of cervical cancer, although several studies 

were able to identify lead structures for the development of small molecule inhibitors (see chapter 

1.2.4.1.3 and (D'Abramo & Archambault, 2011)). However, the identified structures presumably lack 

potency and/or selectivity as suggested by the notion that they were not further evaluated in clinical 

trials. To identify new lead structures, 50,961 compounds were screened using the newly developed 
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FP assay with conditions optimized to identify inhibitors of E6-activated E6AP auto-ubiquitination. 351 

hits (with ≥ 50% inhibition) were identified in the primary screen. As first evaluation step, about half 

of the hits (149 compounds) were counter screened with RLIM_RING to exclude compounds acting on 

ubiquitin, E1 or E2 enzyme. The counter screen revealed that approximately 85% of the tested hits 

were unspecific. Overall, 21 putatively specific hits were purchased and evaluated in further secondary 

assays with E6-E6AP, E6AP, RLIM_RING and HUWE1_trunc to distinguish inhibitors of E6-E6AP or E6AP, 

respectively, and to sort out false positives from the primary screen. The counter screen with 

RLIM_RING did apparently not work robustly, since 8 of the compounds which showed no inhibition 

of RLIM_RING in the counter screen showed clear inhibition of RLIM_RING in later experiments. A 

possible explanation could be that certain compounds precipitated on the library plates so that the 

primary screen was performed actually with lower concentrations. Altogether, of the 351 screening 

hits, 179 showed definitely unspecific inhibition, probably on the E1 or E2 level; 121 hits could not be 

confirmed to inhibit E6-E6AP with lower concentrations of cherry-picked compounds; and 51 hits were 

not finally evaluated. From these 51 not finally evaluated compounds, 14 were not followed up at all 

and 37 were partly tested with several of them showing mild inhibition of E6-E6AP, so that it was 

decided not to investigate them further. However, some specificity towards E6-E6AP, E6AP and HECT 

ligases in general may exist (data not shown) and needs to be addressed in future studies. Independent 

of the obtained results, possible applications of the different classes of inhibitors will be discussed in 

the following sections. 

 

5.2.2 Assessment of E1 and E2 inhibitors 

Interestingly, most of the hits tested in the counter screen (126 of 149) showed additional inhibition 

of RLIM_RING suggesting a mode of action on the E1 or E2 enzyme level.  

In general, E1 inhibitors are also of interest since alterations in ubiquitination are observed in a wide 

range of pathologic conditions so that the ubiquitin-proteasome system is a therapeutic target, e.g. in 

cancers like leukemia and multiple myeloma (Yang et al., 2007). Previously, several studies aimed to 

identify E1 inhibitors (Yang et al., 2007, Xu et al., 2010, Ungermannova et al., 2012, Huang & Dixit, 

2016). An assay to monitor E1 activity, e.g. the assays used in this study (Hacker et al., 2013, Hammler 

et al., 2020), could be used to differentiate further at which stage the different compounds identified 

in the present study act. It is worth mentioning that Hacker et al. screened 1,279 compounds (AD151, 

AD153, ICCB204, ICCB205) for E1 inhibition that were also screened for inhibition of the E6-E6AP 

complex. In that study, four of five hits were confirmed, including β-Lapachon. All four compounds 

were identified to act inhibitory in this study, too (not shown). 
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Inhibitors of E2 enzymes may also be of interest since recent work suggested that E2 enzymes do not 

only serve as 'ubiquitin carriers', but can dictate chain linkage and length and determine substrate 

specificity in several cases (Streich & Lima, 2014, Huang & Dixit, 2016). Furthermore, given that there 

are 38 E2 enzymes in humans, but only 2 E1 enzymes, E2 inhibition is at least in theory more specific 

than E1 inhibition (Ye & Rape, 2009, Harper & King, 2011). However, although the inhibitors identified 

here could be further characterized, this was not done as the focus of this study was to identify 

inhibitors of the E6-E6AP complex and/or E6AP. 

 

5.2.3 Assessment of E6AP inhibitors 

A common and highly penetrant genetic form of ASD results from maternally inherited 15q11-13 

amplification causing an increase of E6AP levels. For this reason, small molecule E6AP inhibitors are 

conceivable as therapeutics. Only two inhibitors of HECT ubiquitin ligases have been reported so far. 

Heclin was published to inhibit several members of the HECT ligase family (Mund et al., 2014) and 

Clomipramine was published to inhibit ITCH but also showed some effects on E6AP (Rossi et al., 2014).  

In the present study, it was speculated that E6AP inhibitors might be identified simultaneously in the 

screen for E6-E6AP inhibitors. Moreover, the existence of inhibitors acting on several or even all 

members of the HECT ligase family is well possible due to high conservation of the catalytic HECT 

domain (Lorenz, 2018). To distinguish between the different classes of inhibitors (i.e. specific for E6AP 

or acting on HECT E3s in general), potential hits were tested with HUWE1. However, no compound 

with clear-cut properties (i.e. either acting only on E6AP or on HECT ligases without showing any 

unspecific effect on RLIM_RING) was identified in this study. A possible explanation may be that the 

reaction conditions were optimized to identify inhibitors of the E6-E6AP complex. Since HPV-16 E6 

stabilizes the active conformation of E6AP, it might be that inhibitors of E6AP that recognize the 

''low activity'' conformation were not detectable. Even if inhibitors of E6AP may bind to the high-

activity conformation, their inhibiting effects may be compensated by the impressively strong 

activation of E6AP by HPV-16 E6. Therefore, a separate screen with higher enzyme concentrations of 

E6AP in absence of HPV-16 E6 would be the strategy of choice to identify E6AP inhibitors. 

 

5.2.4 Assessment of E6-E6AP inhibitors 

Fourteen already preliminary confirmed hits were purchased and tested in secondary assays. However, 

none of them inhibited the E6-E6AP complex specifically. Moreover, Luteolin, a flavonoid that was 

published as inhibitor of the E6-E6AP complex (Cherry et al., 2013, Kumar et al., 2015, Yuan et al., 

2016), showed unspecific inhibition of auto-ubiquitination of other tested E3 ligases. Application of the 

TRASE assay (Hacker et al., 2013) showed that Luteolin and likely also other published flavonoids, 
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inhibit also the E1 enzyme. These results fit to other studies revealing that flavonoids are promiscuous 

inhibitors targeting numerous different enzymes (Dangles & Dufour, 2008, Tritsch et al., 2015, Liu et 

al., 2017a) and multiple cellular pathways (Lin et al., 2008, Tang, 2016). However, cytotoxic side effects 

would be less problematic if the drug could be specifically delivered to cervical cancer. Therefore, the 

identified compounds, even if they have unspecific properties in addition to the disruption of the E6-

E6AP complex, may still be regarded as lead structures for cervical cancer therapy. 

Another issue may be that in all experiments E6 and E6AP were first mixed and afterwards compounds 

were added. It seems possible that the 15 min preincubation time before the assays were started were 

to short or to put it in other words, that the E6-E6AP complex is too stable so that the compounds had 

no chance to disrupt the complex. A possible improvement would therefore be to incubate HPV-16 E6 

with the compounds first so that these can bind to the binding groove of HPV-16 E6, thereby occupying 

the binding site of the α-helical LXXLL binding motif of E6AP. Furthermore, a recent study showed that 

interaction of HPV-16 E6 and E6AP is more complex than just an interaction of the α-helical LXXLL motif 

with the E6 binding groove, that is, other regions of E6AP interact with HPV-16 E6 and these 

interactions seem to be important for ubiquitin ligase stimulation (Drews et al., 2020). Thus, these 

additional regions may also represent potential target sites for small molecules. 

Taken together, our results go unfortunately hand in hand with the fact that until today no drug for 

cervical cancer targeting the E6 protein was released. This underlines the immense challenge of 

identifying inhibitors specific for the E6-E6AP complex. The knowledge that formation of the E6-E6AP 

complex plays a key role in the development of cervical and other HPV-related cancers and presents 

thus a great target for drugs, hence still awaits a small molecule that can disrupt this complex efficiently 

and without severe side effects. Be it is it may, this study added a novel tool to identify and evaluate 

such small molecules that might hopefully be helpful in the future. 

5.3 Identification of small molecule activators of E6AP 

E6AP plays a key role in the two neurodevelopmental disorders Angelman syndrome and Dup15q 

syndrome as described above (chapters 1.2.4.2 and 1.2.4.3, respectively). Despite increasing research 

efforts, mechanisms of E6AP regulation and how malfunction of E6AP results in these disorders are 

still only partially understood. Furthermore, incomplete knowledge of the mechanism and the 

structural basis of E6AP-mediated catalysis has precluded rational approaches to target E6AP 

therapeutically (Chen et al., 2018). Therefore, a further aim of this study was to identify small molecule 

activators of E6AP that could serve as tools for its characterization. Compounds with such properties 

could beyond that serve as lead compounds in drug discovery for Angelman syndrome therapeutics. 
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5.3.1 High-throughput screen for E6AP activators 

Until now, no small molecules that stimulate enzymatic activity of E6AP or any other ubiquitin ligase 

(meaning directly enhancing enzymatic activity and not increasing ubiquitination of a specific target as 

e.g. PROTACs do) are known. Therefore, we decided to screen libraries of drug-like small molecules to 

identify activators specific for E6AP. According to our selection criteria 53 small molecules out of 

48,077 tested compounds were identified. From those, 43 were retested with the FP screening assays 

with 10 µM instead of 50 µM as used in the primary screen, as due to limited amounts of cherry-picked 

compounds higher concentrations were not possible. 50 µM is a rather high concentration for high-

throughput screenings, but it was used as it was unknown whether E6AP activators exist at all and we 

did not to miss any due to too low compound concentrations. 21 of the 43 retested hits could be 

confirmed to stimulate E6AP also with the lower concentration used. The other 22 hits may be 

characterized and optimized later, but 21 potent compounds sufficed to be followed-up in this study. 

As next step, twelve compounds that were cherry-picked and confirmed were commercially available 

and were further tested in conventional SDS-PAGE-based auto-ubiquitination assays with seven of 

them showing clear stimulation of E6AP. At this stage, it needs to be mentioned that it is expected that 

not all compounds identified in the screen score positive in other assays as enzyme concentrations 

differ between FP-based and conventional E6AP auto-ubiquitination assays with about 10-fold higher 

E1, 10-fold higher E2, 20-fold higher E6AP, and 30-fold higher ubiquitin concentrations in conventional 

E6AP auto-ubiquitination assays. The reason for this is that when the FP assay was developed, Ub-T 

concentrations were set to 20 nM (as this concentration can be readily detected by the reader and due 

to limited amounts of Ub-T) and the other enzyme concentrations were reduced accordingly. In detail, 

E1 and E2 concentrations were adjusted to 10-fold higher concentrations than necessary for optimal 

auto-ubiquitination and E6AP concentration was adjusted so that a slow, which means activatable, 

reaction was obtained. In SDS-PAGE assays, higher concentrations are commonly used to be able to 

visualize proteins by Coomassie blue staining. Another point that needs to be considered for 

conventional E6AP auto-ubiquitination assays is the speed of the reaction that needs to be stopped 

early on before reactions have reached completion. At these early time points, weak activation can be 

difficult to observe due to only slight differences in band intensities. However, activation of E6AP by 

HPV-16 E6 is clearly visible such assays, and four compounds (OF204, OF227, OF232, OF234) show also 

clear-cut activation of E6AP (figure 28). 
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For this reason, E6AP auto-ubiquitination assays with a hydrophobic patch mutant of ubiquitin (UbLIA, 

substitution of L8 and I44 to alanine) that is poorly used by E6AP are preferred as unambiguous 

differences between control and activated reactions are obtained. The rationale to do so is that E6AP 

experiences a defect in isopeptide bond formation with UbLIA, while the first step of HECT ligase 

catalysis, the transthiolation reaction, is unaffected (Mortensen et al., 2015). Interestingly, three 

(OF204, OF232, OF234) of the four compounds that show activation with wild-type ubiquitin also 

rescue the UbLIA defect of E6AP. This suggests that these compounds act, like HPV-16 E6 (Mortensen 

et al., 2015), on the isopeptide bond formation step, providing first evidence evidence about their 

mechanism of action.  

Two of the four most extensively characterized activators (OF204 and OF227) show stronger activation 

of wild-type E6AP while the isoalloxazine derivatives (OF232 and OF234) are more proficient in 

rescuing the activity of 58X AS mutants. From OF204 (CBP31F04), a derivative (CBP31H04) with just an 

additional hydroxyl group was identified in the primary screen. This compound was not commercially 

available and was thus not further characterized, but it strengthens the notion that OF204 is an E6AP 

activator. OF227 is a derivatized natural product that activates E6AP potently in FP-based auto-

ubiquitination assays. Also, mild effects in conventional E6AP auto-ubiquitination assays (figure 28) 

and with concentrations larger than 20 µM strong effects in Ring1B_I53S substrate ubiquitination 

assays were obtained (figure 35). OF232 and OF234 are structurally closely related alloxazine 

derivatives that show the strongest effects of all identified compounds in rescuing the 58X AS mutants 

(figures 31, 33, and 43). While several different synthesized alloxazine derivatives scored positive, 

other tested derivatives from the same library and the naturally occurring isoalloxazine containing 

molecules FMN, FAD and Riboflavin showed no activation of E6AP. The decisive difference could so far 

not be unraveled, but it can be speculated that alloxazine and OF232 bind both to the N terminus of 

E6AP as suggested by the qXL-MS data (indicated by altered crosslink abundancies in N terminal 

regions with bot compounds but globally changed crosslink abundancies with OF232 (figure 45). The 

activating compounds interact presumably additionally with other regions of E6AP inducing thus 

structural rearrangements and enzyme activation. 

Notably, larger concentrations of some of the identified compounds (especially OF232 and OF234) lead 

to inhibition of E6AP auto-ubiquitination. It might sound contradictory that those compounds were 

identified in the screen with high concentrations (50 µM for the primary screen; and 12.5 µM for the 

MDB plates containing OF232 and OF234). However, this may be explained by the notion that as stock 

solutions of many compounds on the library plates tend to precipitate so that actually lower assay 

concentrations were obtained.  
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Nonetheless, a serious disadvantage of the identified molecules remains, namely their off-target, 

inhibiting effect on E1 and their cytotoxicity. The cytotoxicity is probably associated with E1 inhibition 

or due to DNA intercalation that can be anticipated due to their chemical structure (Herfeld et al., 

1994). For this reason, the identified compounds must be regarded as scaffolds that need to be 

derivatized and pharmacologically optimized before they can be tested in AS patient-derived iPSC 

systems or AS mouse models (Fink et al., 2017, Sonzogni et al., 2018). Several screening hits were not 

fully characterized in respect to specificity and further properties like cytotoxicity. These compounds 

may potentially be better suited candidates. Notwithstanding, this study could identify ''first-in-class'' 

E6AP activators and could prove that the developed FP-based ubiquitination assay is suited not only 

to screen for inhibitors but also activators of ubiquitin ligases. 

 

5.3.2 Evaluation of Tamoxifen and derivatives 

In this study, Tamoxifen was identified as potent activator of E6AP. Since 1990, Tamoxifen is an FDA-

approved drug for breast cancer therapy. Tamoxifen blocks binding of estrogen to estrogen receptor 

alpha (ERα). ERα is a ligand-activated transcription factor with divergent functions in different tissues 

with some of these playing a critical role in the etiology of breast cancer (Couse & Korach, 1999). 

Tamoxifen belongs to a group of drugs named selective estrogen receptor modulators (SERMs), which 

act as either ERα agonists or antagonists depending on the tissue and environmental context and is 

thus applied for treating breast cancer in pre- and postmenopausal women (Wu et al., 2005, Deroo & 

Korach, 2006, Shagufta & Ahmad, 2018).  

Tamoxifen was not directly identified in our high-throughput screen but by bioinformatic analysis of 

the obtained hits as some of them were found to have a pharmacologic profile closely related to drugs 

acting on ERα. Endoxifen and 4-Hydroxytamoxifen, the active metabolites of Tamoxifen in ERα 

modulation (Sanchez-Spitman et al., 2019) and Raloxifen, a structurally related SERM, were also tested 

and shown to activate E6AP while estrogen, its prohormones and related hormones and other tested 

SERMs (like Fulvestrant) showed no effect. This means that Tamoxifen-induced effects on ERα and 

E6AP are presumably a coincidence. However, due to its ability to modulate ERα, Tamoxifen might 

have side effects when used as medication for Angelman syndrome. Though, possible side effects may 

not be too severe as Tamoxifen is approved as a drug and hence tested thoroughly.  

Furthermore, it needs to be recalled that Tamoxifen is a prodrug that is metabolized to hydroxylated 

forms at its position 4. These hydroxylated forms are 50-100 times more potent than Tamoxifen 

((Jordan et al., 1977, Fabian et al., 1981)). A crystal structure of 4-Hydroxytamoxifen and ERα explains 

the strongly enhanced binding as the 4-hydroxy group forms distinct hydrogen bonds to ERα (Shiau et 

al., 1998). We hypothesized that blockage of position 4 by a methyl group should have minor effects 

on E6AP (as Tamoxifen and 4-Hydroxytamoxifen have similar activation potencies).  
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Conversely, a methyl group should dramatically decrease effects on ERα. 4-Methyltamoxifen was, thus, 

kindly synthesized by Meike Liebmann (AG Marx, University of Konstanz) and showed indeed a potent 

activation of E6AP similar to Tamoxifen. Effects of 4-Methyltamoxifen on ERα has still to be evaluated 

in future studies, but it is likely that mild, if any, effects will be obtained. If so, 4-Methyltamoxifen 

would exemplify how rational drug design can help to minimize adverse or unwanted effects of a drug 

that acts on more than one known cellular target. 

Another issue to consider in this context is that besides its function as E3 ligase, a possible role of E6AP 

as transcriptional cofactor was suggested (Nawaz et al., 1999, Kühnle et al., 2013). Hence, it seems 

possible that Tamoxifen plays a yet unknown role in the crosstalk between E6AP and ERα in 

transcriptional regulation that might be unveiled in the future. Besides this, an independent 

proteomics study identified E6AP as molecular target of Tamoxifen in MCF-7 cells (Lochab et al., 2012). 

It was shown that Tamoxifen treatment reduces E6AP levels. As mechanism of E6AP depletion, it was 

indicated that Tamoxifen affects nuclear export of E6AP. With the knowledge from the present study, 

an alternative explanation might be that Tamoxifen activates E6AP auto-ubiquitination resulting in its 

proteasomal degradation and thus in its depletion.  

 

5.3.3 Small molecule activators of E6AP as potential treatment for AS 

This study identified several small molecule activators of E6AP, giving proof of principle that small 

molecules can be used to stimulate E6AP's ubiquitin ligase activity. In general, small molecule 

activators of E6AP can be envisioned for application as therapeutic regimen in AS. To do so, two 

different scenarios of their usage can be imagined. 

First, in the majority of AS individuals the paternal allele is intact but is imprinted. Yet, long-noncoding 

RNA (lncRNA)-mediated imprinting may not completely silence expression of the paternal allele, so 

that low levels E6AP are still present (Daily et al., 2012). If these remaining small amounts could be 

activated, overall substrate ubiquitination by E6AP may be shifted to more physiological conditions. 

Another feasible option could be the combination of small molecule activators of E6AP with 

approaches to unsilence paternal UBE3A which are currently under investigation. Such approaches 

bear great potential, but it is not clear yet, whether reconstitution of paternal UBE3A expression results 

in physiological E6AP levels (Meng et al., 2012, Meng et al., 2013, Meng et al., 2015). Thus, 

simultaneous activation of wild-type E6AP by small molecules should prove beneficial. 

 

 

 

 



Discussion 

113 
 

The second scenario is the rescue of catalytically inactive point mutants of E6AP. Approximately 10% 

of AS individuals carry a point mutation in the maternal allele leading to expression of full-length but 

functionally impaired E6AP (Bird, 2014). These point mutations can be subdivided into mutants that 

are not stable (i.e. have a short half-life) and are removed by the cellular quality control system or into 

stable mutants (i.e. half life is comparable to wild-type E6AP) with disturbed protein-protein 

interaction properties and/or reduced ubiquitin ligase function (Cooper et al., 2004, Yi et al., 2015). In 

the present study, six AS-derived mutants were characterized. One (C21Y) showed ligase activity 

similar to the one of wild-type E6AP and another (S349P) showed decreased activity and only low yields 

were obtained from bacterial expression, probably due to folding defects. On the contrary, a cluster of 

four point mutants (ΔS582, F583S, E584Q, Q588P; called here 58X AS mutants) were obtained in high 

yields upon bacterial expression. Their ability to form thioester complexes with ubiquitin was not 

affected (Franziska Müller, unpublished observation) but they were strongly deficient in isopeptide 

bond formation. Excitingly, this defect could be rescued by HPV-16 E6 as well as by four of the 

identified small molecule activators (figures 31, 33, and 43). S582 was described to be 'located at the 

middle of the N lobe of the HECT domain and thus to play a key role in bridging two roughly globular 

substructures of the N lobe' (Sadikovic et al., 2014). These atomic interactions remain relatively stable 

after ubiquitin binding, highlighting the importance of the S582 residue in maintaining the overall 

structure stability (Sadikovic et al., 2014). In contrast, the other three mutants that are located also 

between the two parts of the N lobe are facing outwards in the crystal structure of the HECT domain 

(Huang et al., 1999), so that different mechanisms leading to the defect in E3 activity than the one 

proposed for S582 may apply.  

AS-derived E6AP point mutants differ in their defect (Cooper et al., 2004, Sadikovic et al., 2014) and it 

is possible that not all can be rescued by small molecules. Moreover, certain AS mutants are 

enzymatically as active as wild-type E6AP. An example for this subgroup of mutants is E6AP C21Y. 

Disturbed interactions of E6AP C21Y with other proteins were suggested as cause for its dysfunction 

(Kühnle et al., 2018). Nonetheless, further screenings for activators should be performed with E6AP 

mutants other than the 58X ones but with affected ubiquitin ligase activity, as it is likely that different 

causes underlie the catalytic dysfunction of different AS mutants (e.g. some mutations interfere with 

the ability of E6AP to form thioester complexes with ubiquitin, others affect the ability to catalyze 

isopeptide bond formation). From a clinical point of view, it would be interesting to know whether AS 

point mutants can be grouped into distinct subclasses based on which step of E6AP-mediated catalysis 

is affected. If such subgroups could exist, new cases that fit into one subgroup could be tackled in a 

shorter time frame (as their activity may be rescued by already knwon small molecules. 
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A possible drawback of small molecule-induced E6AP activation is that increased auto-ubiquitination 

may lead to a decrease in E6AP levels due to increased proteasomal degradation and thus overall 

effects on substrate protein levels may be difficult to predict. Therefore, it needs to be tested in vivo 

whether small molecule activators of E6AP are indeed effective in enhancing substrate ubiquitination. 

For AS, several different mouse models have been created, and test batteries for their phenotype have 

been established that are well-suited to evaluate possible therapies for AS (Sonzogni et al., 2018, 

Rotaru et al., 2020). Alternatively, patient-derived inducible pluripotent stem cell (iPSC) systems are 

close to reality models to evaluate E6AP activators (Chamberlain et al., 2010, Fink et al., 2017). 

Determing efficiency of therapies with AS individuals according to FDA-approved regimes appears to 

be rather difficult due to the rare number of AS individuals. Similarly, chances to find identical twins 

for a placebo-controlled trial are very low (and ethically questionable), even though such a study was 

performed recently (Han et al., 2019). Furthermore, a major concern is that most likely AS needs to be 

treated in the first months of life, while it is currently diagnosed as late as at an age of nine months to 

six years (Zylka, 2019). 

In conclusion, while it is still a long way with several obstacles to overcome towards an AS therapy with 

small molecule E6AP activators, this study hopefully makes a first into this direction step by showing 

that E6AP as well as certain AS-derived E6AP mutants can be activated by small molecules. While the 

most potent compounds (OF204, OF227, OF232, OF234) need to be derivatized to reduce cytotoxicity, 

Tamoxifen and 4-Methyltamoxifen should be tested in AS mouse and iPSC models in the near future.  
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5.4 Mechanism of E6AP activation 

The identified small molecules proved to be able to activate E6AP in several different experiments. The 

mechanism by which the activity of E3 ligases can be regulated in general and a possible mechanism 

how the small molecules activate E6AP will be discussed in the following sections. 

 

5.4.1 Activability of ubiquitin ligases in general and of E6AP in particular 

Our laboratory previously showed that E6AP can be activated by HPV-16 E6 (Mortensen et al., 2015) 

and by HERC2, another ubiquitin ligase (Kühnle et al., 2011). In general, it is not surprising that E6AP 

can be activated, since it is a common feature of many enzymes to be not fully active in their naturally 

occurring state and to be transferred into more active states for example by post-translational 

modifications, binding of cofactors or by interaction or complex formation with other proteins (Oliveira 

& Sauer, 2012). Furthermore, it is known that also ubiquitin ligases can be activated as described in 

this chapter.  

For instance, several HECT ligases are kept in a catalytically inactive state by intramolecular interactions 

between N-terminal regions (either the C2 linker or the linker region between the WW domains) and 

the HECT domain (Weber et al., 2019). Auto-inhibition of these ligases was uncovered when removal 

of specific domains increased their activity (Wiesner et al., 2007, Weber et al., 2019). However, since 

E6AP does not contain comparable N-terminal regions, it is unlikely that E6AP is regulated by a similar 

auto-inhibitory mechanism. Nonetheless, N-terminal regions of E6AP and probably interactions of 

these with the HECT domain seem to be decisive for its ligase activity, as supported by the facts that 

(I) the HECT domain of E6AP by its own is catalytically rather inactive, (II) an AZUL domain deletion 

mutant is more active than full-length E6AP and (III) qXL-MS indicated conformational rearrangements 

of all domains of E6AP when it is transferred into a high-activity conformation.  

For other members of the HECT family, non-covalent interactions of the HECT domain with ubiquitin 

seem to be important to control catalysis but E6AP seems to behave differently also in this respect 

(Jackl et al., 2018). Furthermore, inhibition by homodimerization as proposed for HUWE1 (Sander et 

al., 2017) or activation by trimerization as suggested for E6AP itself (Ronchi et al., 2014) are unlikely as 

size-exclusion chromatography and SILAC-XL-MS experiments performed in this study indicate a 

monomeric state of E6AP (figure 41). However, additional mechanisms of regulation exist for ubiquitin 

ligases, as most, if not all, RBR E3s are for example known to be auto-inhibited, yet by different 

mechanisms (reviewed in (Dove & Klevit, 2017)). Furthermore, a study using high-throughput 

mutagenesis of Ube4b (an RBR ligase) could identify activity-enhancing point mutations (Starita et al., 

2013). This shows that small changes like substitution of a single amino acid can have major effects on 

the activity of ubiquitin ligases which may also be achieved by post-translational modifications or 
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bound small molecules. Indeed, also for E6AP a hyperactive point mutant (T485A, numbering according 

to isoform 1) was identified in an ASD individual (Yi et al., 2015). In line with these results, it could be 

shown that E6AP K847R is more active than wild-type E6AP (Krist & Statsyuk, 2015). These findings 

were confirmed during the present study (not shown) and emphasize the notion that also small 

differences can result in large activity changes of E6AP. 

Interestingly, E6AP shows certain similarity to several RBR ligases as both have to make large domain 

movements to allow ubiquitin transfer from the E2~Ub thioester to the active site cysteine (Huang et 

al., 1999, Dove & Klevit, 2017). In support of this hypothesis, regions of E6AP close to the E6 binding 

site are disordered, indicating conformational flexibility that allows domains to adopt distant locations 

(as in the proposed low-activity conformation) as well as proximal ones (as in the proposed high-

activity conformation).  

 

5.4.2 Interaction between N and C termini of E6AP as regulatory mechanism  

Quantitative XL-MS experiments could show that N and C termini of E6AP get in closer proximity when 

E6AP is prevalently in its high-activity conformation (figures 42 and 45). Interestingly, this 

conformational rearrangement was obtained for wild-type E6AP as well as for the F583S and E584Q 

mutants by addition of HPV-16 E6 or of small molecule activators (as shown with OF232 in this study). 

In each case, an enrichment of crosslinks between N and C termini and a decrease of crosslinks 

between the HECT domain and central regions was observed (figures 45). Comparison of the 

crosslinking patterns of wild-type E6AP and the investigated 58X AS mutants did not reveal major 

differences (figure 44). These results fit to the fact that these mutants are capable of forming ubiquitin-

thioesters and are not completely impaired in their ligase activity. The underlying mechanism of the 

defect of the 58X AS mutants in isopeptide bond formation could not be solved yet. The defect seems 

to be independent of the interaction with the AZUL domain as a double mutant (E6AP_F583S_ΔAZUL) 

is as strongly impaired as the AS mutant itself. Regardless, an interaction of N and C termini seems to 

be characteristic for a high-activity conformation of both E6AP and the AS-derived point mutants as 

summarized in the current model of E6AP activation (figure 46). 
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Figure 46: Model of the mechanism of E6AP activation by HPV-16 E6 and OF232 
A hypothetical model of the mechanism of activation of E6AP-mediated ubiquitination is shown for 
(A) E6AP alone, (B) E6AP in presence of HPV-16 E6, and (C) E6AP in presence of the small molecule 
activator OF232. The first reaction step, namely the transthiolation reaction (the transfer of ubiquitin 
from the E2 enzyme to the catalytic center of E6AP) is unaffected by both allosteric activators. In 
contrast, the second reaction step, namely the isopeptide bond formation (transfer of ubiquitin from 
the catalytic center of E6AP to a lysine residues of the substrate) is stimulated by both HPV-16 E6 and 
the small molecule activator (as indicated by larger reaction arrows). Note that the model is valid not 
only for wild-type E6AP but also for the E6AP 58X AS mutants. Binding of HPV-16 E6 or OF232 results 
in similar structural rearrangements of E6AP in such a way that N-terminal regions (e.g. the AZUL 
domain) get into closer proximity to the HECT domain (N lobe and C lobe harboring the catalytic center 
of E6AP). E6AP is colored blue, E2 is colored orange, the substrate is colored red, ubiquitin is colored 
grey, HPV-16 E6 is colored green, and OF232 is colored yellow. Arrows indicate the two reaction steps 
of the catalysis. Double-headed arrows indicate structural flexibility and/or movements of E6AP.  
 

Interaction of very N and C termini of E6AP could also be seen in alternative experiments (data not 

shown). E6AP auto-ubiquitination shows always mono- and to a smaller extent diubiquitinated species 

at very early time points that rapidly shift to high-molecular mass smear indicating poly-ubiquitination. 

Mass spectrometric analysis revealed that main mono-ubiquitination sites are lysine 54, 78 and 847 

(numbering according to isoform 1 (Yamamoto et al., 1997), data not shown). These lysine residues 

need to be proximal to the catalytic center to be ubiquitinated, that is, that the AZUL domain needs to 

be in short distance to the HECT domain when ubiquitin is passed onto them. While lysine 847 was 

already known to play an important role in catalysis (Krist & Statsyuk, 2015), mono-ubiquitination of 
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lysine 54 and 78 needs to be elaborated in more detail, especially in presence of activators or for AS-

derived E6AP mutants.  

First results by mutational analysis of the respective lysines to alanine or arginine suggests that mono-

ubiquitination of E6AP in the very N terminus indeed regulates E6AP activity as the mutants are less 

active than wild-type E6AP (Benedikt Steinle, under supervision). This fits to the notion that release of 

auto-inhibited states by auto-ubiquitination is a more common feature of E3 ligases, as previously 

demonstrated for HDM2 (Ranaweera & Yang, 2013). However, the precise impact of E6AP mono-

ubiquitination and possible structural rearrangements, especially regarding positioning of the AZUL 

domain, needs to await solution of structures of respective species. So far, it remains unanswered 

whether mono-ubiquitination of E6AP's N terminus happens accidentally in in vitro assays or whether 

it truly plays a regulating role in E6AP auto- or substrate ubiquitination.  

Mono-ubiquitination may be one mechanism of E6AP regulation, but several further layers exist for 

sure, as it was already shown for phosphorylation (i.e. T485 (Yi et al., 2015)) and interacting proteins 

like HERC2, HPV-16 E6 (Kühnle et al., 2011, Mortensen et al., 2015). Therefore, it remains interesting 

to not only obtain structures of full-length E6AP in different stages of the catalytic cycle but also in 

differently active conformations induced by post-translational modifications or allosteric activators. 

With such structures in hand, it could be rationalized which domains or residues of E6AP are critical 

for regulation of its activity. This information could be used to fine-tune E6AP activity. Furthermore, 

such structures could ultimately explain the deleterious effects of AS-derived point mutations. The 

activators identified in this study can perhaps contribute in this case by stabilizing certain 

conformations so that E6AP can be crystallized, which is on-going work in collaboration. In addition, 

the recent progress in cryo-electron microscopy (Nogales & Scheres, 2015, Ognjenovic et al., 2019) 

offers a promising alternative approach to solve the structure of normal and high-activity 

conformations of E6AP.  

Taken together, we obtained evidence that allosteric activators of E6AP act by inducing conformational 

rearrangements bringing N and C termini into closer proximity. Consequently, a model could be that 

in the absence of interacting proteins or molecules, E6AP is mainly in a conformation in which the HECT 

domain interacts with central regions (e.g. E6-binding or neighboring regions). Binding of HPV-16 E6 

could disperse these interactions leading to far-reaching conformational rearrangements that favor 

interaction of the N-terminal domain with the HECT domain resulting in a high-activity conformation. 

Whether or not this model is correct and how HPV-16 E6 and the small molecule activator OF232 

achieve this conformational rearrangement, will have to await high-resolution structures of full-length 

E6AP with bound HPV-16 E6 or OF232, respectively. 
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6  Conclusions and Outlook 

6.1 Conclusions 

In the present study, a novel FP-based ubiquitination assay was developed. The assay can be used to 

monitor enzymatic activity of ubiquitin ligases in real-time thus allowing several consecutive 

measurements in multiwell plates, increasing throughput and simplifying reaction monitoring. The 

assay proved to be functional in two independent high-throughput screens to identify small molecule 

inhibitors as well as activators. Furthermore, the FP assay was transferred to different E3 ubiquitin 

ligases including full-length E6AP and its isolated HECT domain, a truncated variant of HUWE1, full-

length HDM2 and its isolated RING domain and the isolated RING domain of RLIM. Thus, in principle, 

the FP assay should be transferable to many other HECT ligases, RING ligases and RBR ligases as well 

as to enzymes conjugating ubiquitin-like proteins like SUMO and NEDD8. The only criterion is that the 

ligase performs efficient in auto- or substrate ubiquitination. Moreover, the assay could be used to 

identify modulators of E1 and E2 enzymes or of deubiquitinating enzymes, enabling the identification 

of modulators of all members of the previously as undruggable designated ubiquitination system 

(Huang & Dixit, 2016). However, the main application of the FP assay is likely to remain the 

identification of small molecule modulators of ubiquitin ligases or disease-related point mutants of 

those. Identified modulators are promising lead structures for drug development for associated 

diseases and will contribute to a deeper understanding of the physiological roles of the respective 

ligases.  

Our efforts to identify small molecule inhibitors of the E6-E6AP complex resulted, unfortunately, in the 

lesson learned that the great majority of identified hits inhibits also auto-ubiquitination of 

mechanistically unrelated RING ligases. Although protein-protein interactions are known to be difficult 

to target, multiple examples emerged recently showing that protein-protein interactions can be 

interrupted by small molecules (Ivanov et al., 2013, Arkin et al., 2014). Moreover, since the binding 

pocket of HPV-16 E6 was characterized as druggable (Zanier et al., 2014), it is not immediately clear 

why no inhibitor that acts unequivocally on the HPV-16 E6-induced activation of E6AP was identified 

in our study. Thus, the screen should be continued with further compounds and possibly with altered 

screening conditions in order to find a desired candidate. 

In contrast to the inhibitor screen, the screen for activators of E6AP yielded the identification of diverse 

compounds that stimulate E6AP not only for auto- but also for substrate ubiquitination. Furthermore, 

certain AS-associated mutants of E6AP could be rescued by a subset of the identified activators. The 

investigated 58X AS mutants were characterized to be defective in isopeptide bond formation. 
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Interestingly, the same compounds that rescue the 58X AS mutants also rescue the UbLIA defect of 

wild-type E6AP, supporting the notion that the compounds act on the isopeptide bond formation step.  

Finally, qXL-MS was introduced as a method to study conformational rearrangements of E6AP. The 

structure of E6AP has not been investigated so far by other methods as E6AP appears to resist crystal 

formation for X-ray analysis and is too large for NMR. In any case, qXL-MS could show that distinct 

structural rearrangements of E6AP are induced by HPV-16 E6 and small molecule activators. Both types 

of allosteric activators induce or stabilize a conformation with the main characteristic that N and C 

termini are in closer proximity compared to E6AP or the 58X AS mutants in the absence of the 

activators. Furthermore, qXL-MS came in handy, as standard methods to verify binding of small 

molecules did not work for E6AP. In other words, structural rearrangements, as observed in this study 

by qXL-MS, induced by a compound provide strong evidence for the interaction of the compound with 

the protein of interest. 

In conclusion, the present study introduces the FP-based ubiquitination assay as a novel tool to study 

enzymes involved in ubiquitination reactions and to identify promising compounds that may either be 

used as chemical probes or as lead structures for drug development in scientific and pharmaceutical 

research. 
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6.2 Outlook 

In the future, the FP-based ubiquitination assay will hopefully be adapted by others for small molecule 

screenings or to characterize mutants of ubiquitin ligases in a high-throughput manner. Furthermore, 

either published E6-E6AP inhibitors will be verified or further small molecule libraries will be screened 

to identify such desired compounds. Besides this, a screen for E6AP inhibitors should be performed to 

eventually identify compounds for basic research with E6AP or lead structures for therapeutics in the 

context of Dup15q syndrome. Moreover, if not already in progress, screens for inhibitors of 

HUWE1_trunc, RLIM_RING and HDM2 should be performed since these ubiquitin ligases are of 

significant scientific and medicinal interest. Last but not least, AS-derived ligase-deficient mutants of 

E6AP should be screened for activators to obtain additional lead compounds and to characterize 

possible catalytic differences between the mutants.  

In line with this, it would be exciting to investigate further AS mutants or hyperactive E6AP variants 

(i.e. Y533A, C21Y, and T485A) by qXL-MS to characterize them on a structural level. Moreover, 

structural dynamics of E6AP in presence of HERC2 or its RLD2 domain (that was shown to be sufficient 

for E6AP activation (Kühnle et al., 2011)) were not performed yet and should be done to complete the 

picture of E6AP activation. It is well imaginable that similar structural dynamics as for HPV-16 E6 are 

obtained. However, also other mechanisms of activation are conceivable, which could also be valid for 

a subset of the identified small molecule activators.  

Another issue that needs to be addressed in future studies is the optimization of the identified small 

molecule activators of E6AP. They should be examined by medicinal chemistry experts to improve 

them for tests in AS iPSC systems or AS mouse model test batteries. Additionally, it would be exciting 

to explore the influence of the small molecule activators on ubiquitination of different substrates of 

E6AP. In the same direction, activators could be used to identify new bona-fide substrates of E6AP in 

quantitative proteomics. If future work identifies a substrate that plays a key role in Angelman 

syndrome, activators of E6AP might possibly be used to develop PROTACs (proteolysis targeting 

chimeras) (Burslem & Crews, 2020) for targeted and efficient ubiquitination of that single protein while 

other substrates would be less affected. However, since only a narrow range of activity alteration of 

E6AP appears to be allowed for normal neural development, it may be extremely challenging to fine-

tune E6AP activity properly, in particular in imprinting-affected neurons of AS individuals. Nonetheless, 

the identified small molecule activators of E6AP present a further step towards understanding 

regulation and physiological functions of E6AP and possibly towards novel therapeutics for AS. 
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9 Appendix 

9.1  Abbreviations 

16 E6 HPV type 16 early protein 6 

4Met-Tamoxifen 4-Methyltamoxifen 

4OH-Tamoxifen 4-Hydroxytamoxifen 

AS Angelman syndrome 

ASD Autism spectrum disorder 

AZUL Amino-terminal Zn-finger of Ube3a Ligase 

DTT Dithiothreitol 

E1 Ubiquitin-activating enzyme 

E2 Ubiquitin-conjugating enzyme 

E3 Ubiquitin ligase 

E6 HPV early protein 6 

E6AP  E6 Associated Protein 

ERα Estrogen Receptor alpha 

FP Fluorescence polarization 

HECT Homologous to E6AP C terminus 

HPV Human papillomavirus 

HTS High-throughput screen 

iPSC inducible Pluripotent Stem Cell 

qXL-MS quantitative XL-MS 

RBR RING-in between-RING 

RING Really interesting new gene 

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SERM Selective estrogen receptor modulator 

TAMRA 5/6-Carboxytetramethylrhodamine 

T25N50 25 mM Tris and 50 mM NaCl containing buffer 

TRIS Tris(hydroxymethyl)-aminomethan 

UBE3A Ubiquitin-protein ligase E3A; E6AP  

UbLIA Ubiquitin with substitution of L8 and I44 to alanine 

Ub-T Ubiquitin-TAMRA 

XL-MS Crosslinking coupled to mass spectrometry 
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9.2  Appendix table I: Small molecule E6-E6AP inhibitors 

Primary screen and secondary assay results of hits from E6-E6AP inhibitor screening 
uiid  

Screening 
Centre Uni 
Konstanz 

Internal ID Chemical 
structure 

shown  
in figure  

Supplier with order 
number 

% Inhibition 
E6-E6AP in 

primary 
screen 

% Inhibition of 
RLIM_RING  
in counter 

screen 

% Inhibition of 
E6-E6AP with 
cherry-picked 
compounds 

% Inhibition of 
RLIM_RING with 

cherry-picked 
compounds 

Final result 

CBP1006K06 OF106 12 Vitas-M STK598610 93 10 87 -5 unspecific 
CBP4008A07 OF101 12 Vitas-M STK151319 108 -4 3 -4 inactive 
CBP4008O03 OF105 12 Vitas-M STL414410 92 4 14 -6 unspecific 
CBP4008E13 OF103/OF117 12/15 Vitas-M STK121570 61 3 42 -11 unspecific 
CBP4008I13 OF104 12 Vitas-M STL181347 52 -15 -3 -2 inactive 
CBP4008A15 OF102 12 Vitas-M STK125413 50 -3 -2 -2 unspecific 

AD151J11 OF107 12 Analyticon NP-000876 73 10 3 -6 inactive 
AD151M19 OF113 12 Analyticon NP-011196 53 12 10 0 unspecific 
AD151P07 OF108 12 Analyticon NP-000129 92 2 6 0 inactive 
AD152L05 OF109 12 Analyticon NP-000872 64 9 -1 -1 inactive 
AD152P12 OF110 12 Analyticon NP-001438 71 0 15 -1 inactive 
AD153A04 OF111 12 Analyticon NP-000502 72 6 16 -3 inactive 
AD153E15 OF112 12 Analyticon NP-000841 50 8 49 31 unspecific 
CBP3I01    63  9 3 inactive 
CBP3F05    63  21 11 inactive 
CBP3L09    95  41 11 unspecific 
CBP4I12    68  39 13 unspecific 
CBP4H05    88  60 24 unspecific 
CBP4M07    76  28 -7 inactive 
CBP4C12    97  49 36 unspecific 
CBP4H22    84  10 -4 inactive 
CBP5L11    95  32 3 not finally tested 
CBP6E14    69  17 7 inactive 
CBP6K14    76  28 24 unspecific 
CBP7G02    94  54 28 unspecific 
CBP7I02    68  51 17 unspecific 
CBP7J06    64  14 -3 inactive 
CBP7I11    93  3 -2 inactive 
CBP7K14    79  5 -5 inactive 
CBP7O14    60  10 7 inactive 
CBP8F10    106  41 31 unspecific 
CBP8F17 OF118 15 Vitas-M STK762336 101  35 -10 unspecific 
CBP8P20    86  40 11 unspecific 
CBP9E13    52  35 5 not finally tested 
CBP9G13 OF115 15 Vitas-M STL431978 55  72 12 inactive 

CBP10D03    103  38 13 unspecific 
CBP10I17    71  23 11 unspecific 
CBP10H22    71  11 3 inactive 
CBP12D16    76  8 -5 inactive 
CBP12N21    84  11 4 inactive 
CBP13D18    60  2 -2 inactive 
CBP15E07    76  29 -8 inactive 
CBP15O08    65  0 -2 inactive 
CBP15A19    61  11 -7 inactive 
CBP16J20    89  9 -1 inactive 
CBP17A21    78  4 0 inactive 
CBP17N20    52  13 5 inactive 
CBP19I04    51  23 -4 inactive 
CBP20B13    70  4 3 inactive 
CBP21J03    70  24 9 inactive 
CBP22D15    86  13 -1 inactive 
CBP25E02    51  20 -2 inactive 
CBP25L06    64  7 -24 inactive 
CBP25H13    60  13 -14 inactive 
CBP25J13    101  45 19 unspecific 
CBP25F22    54  30 4 not finally tested 
CBP26I10    64  14 8 inactive 
CBP26L10    86  18 -4 inactive 
CBP27M14    102  71 16 unspecific 
CBP27H19    61  47 14 unspecific 
CBP28F18    52  28 8 inactive 
CBP29L03    84  14 -3 inactive 
CBP29E05    66  9 0 inactive 
CBP29F05    51  7 -5 inactive 
CBP29G07    63  8 -3 inactive 
CBP29K13    51  18 3 inactive 
CBP31H08 OF116 15 Vitas-M STK683738 96  33 7 unspecific 
CBP34L05    80  27 11 unspecific 
CBP35K11    79  2 -3 inactive 
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CBP36E06    107  -6 -25 inactive 
CBP36E07 OF120 15 ChemDiv K310-0067 63  32 -6 unspecific 
CBP36A20    100  -2 1 inactive 
CBP38C02    99  -1 1 inactive 
CBP39E19    94  30 8 not finally tested 
CBP42L22    82  8 -3 inactive 
CBP42P22    81  11 -8 inactive 
CBP45J06    113  25 7 inactive 
CBP47F21    83  39 7 not finally tested 

CBP1003M05    74  16 -2 inactive 
CBP1003N15    79  6 -1 inactive 
CBP1004L01    99  23 5 inactive 
CBP1005J12    88  15 -2 inactive 
CBP1005K12    66  35 32 unspecific 
CBP1007K16    102  26 9 inactive 
CBP1007K18    92  17 -2 inactive 
CBP1007K22    93  11 -2 inactive 
CBP1007N16    107  78 45 unspecific 
CBP1008N02    75  10 -12 inactive 
CBP1009L07    59  -20 -23 inactive 
CBP1011F05    100  21 6 inactive 
CBP1011J14    78  18 7 inactive 
CBP1011F19    107  26 22 inactive 
CBP1011M19    106  47 21 unspecific 
CBP1012F04    113  45 14 unspecific 
CBP1012P09    60  8 5 inactive 
CBP1013B02    59  18 6 inactive 
CBP1013M06    118  41 12 unspecific 
CBP1014N22    103  20 7 inactive 
CBP1015M01    54  -4 6 inactive 
CBP1015L05    88  -3 -4 inactive 
CBP1015J21    106  36 12 unspecific 
CBP1016F18    73  32 12 unspecific 
CBP1016F03    73  8 1 inactive 
CBP1016M13    63  9 -8 inactive 
CBP1016K20    66  11 5 inactive 
CBP1016H21    97  46 30 unspecific 
CBP1016I22    78  6 -3 inactive 
CBP1017D14    84  30 9 not finally tested 
CBP1017K21    68  34 15 unspecific 
CBP1018L16    89  24 9 inactive 
CBP1018I22    63  11 -1 inactive 
CBP1018P17    53  4 -9 inactive 
CBP1018I19    90  14 12 inactive 

CBP1019M03    76  20 1 inactive 
CBP1019B06    101  32 13 unspecific 
CBP1019D14    79  -1 -2 inactive 
CBP1020K12    70  11 -2 inactive 
CBP1022B08    58  16 -4 inactive 
CBP4009P16    81  25 -1 inactive 
CBP4009B08    99  12 3 inactive 
CBP4009D11    71  -3 -7 inactive 
CBP4009A18    77  3 -3 inactive 
CBP4009D21    100  20 1 inactive 
CBP4011B04    119  8 -5 inactive 
CBP4011A06    121  2 7 inactive 
CBP4012C10    106  6 -5 inactive 
CBP4012J11    107  72 50 unspecific 
CBP3001O01    91  101 66 unspecific 
CBP3001I09    64  18 4 inactive 
CBP3001G11    66  34 5 not finally tested 
CBP3006D12    108  38 15 unspecific 
CBP3006A17    61  5 -1 inactive 
CBP3006C19    70  -1 -4 inactive 
CBP3012G06    52  -3 -4 inactive 
CBP3012F07    61  3 1 inactive 
CD101G01    59  48 6 not finally tested 
CD101G18    88  16 -6 inactive 
CD101N18    63  0 -3 inactive 
CD102I20    62  -1 -5 inactive 
CD103H17    76  6 -4 inactive 
CD104B10    52  51 29 unspecific 
CD104D08    103  66 38 unspecific 
CD104F08    72  44 18 unspecific 
CD104F19    102  20 7 inactive 
CD104H08    100  94 51 unspecific 
CD104P08    102  69 58 unspecific 
CD105C03 OF122 14  57  53 0 unspecific 
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CD105E03 OF123 14  70  43 1 unspecific 
CD105G03 OF124 14  78  35 -5 unspecific 
CD105I03    55  28 -5 inactive 
CD107F19    61  8 -2 inactive 
CD108D16    76  24 0 inactive 
CD108F17    78  6 -1 inactive 
CD108H17    70  5 -4 inactive 
CD109J19    90  5 -1 inactive 
CD110J08    104  -6 -2 inactive 
CD110J16    65  15 -1 inactive 
CD112K10    106  2 -6 inactive 
CD113O04    88  77 48 unspecific 
CD114G20    109  34 15 unspecific 
CD114P19    100  9 -1 inactive 
CD116C20    79  19 -1 inactive 
CD116E13    71  14 2 inactive 
CD117A01    129  41 53 unspecific 
CD117G13    78  12 2 inactive 
CD118I08    90  50 25 unspecific 
CD119L16    98  3 -1 inactive 
CD122A05    101  54 16 unspecific 
CD123A11    77  19 0 inactive 
CD123F02    82  47 22 unspecific 
CD123O11    96  5 -2 inactive 
CD124E08    99  23 -4 inactive 
CD124I08    97  20 -4 inactive 
CD124J14    88  22 -2 inactive 
CD126B04    85  24 -1 inactive 
CD126D04 OF119 15 ChemDiv 4243-1246 81  41 7 unspecific 
CD126D08    51  16 3 inactive 
CD126H02    109  25 13 inactive 
CD126H08    83  12 -15 inactive 
CD126J02    52  51 20 unspecific 
CD126J06    61  11 -3 inactive 
CD126L06 OF121 15 ChemDiv 8008-3444 106  30 -6 unspecific 
CD126L08    110  10 -17 inactive 
CBP2G11    65 25   unspecific 
CBP2F07    111 39   unspecific 
CBP2E10    101 32   unspecific 
CBP2I10    122 106   unspecific 
CBP2A12    108 39   unspecific 
CBP2H17    53 20   unspecific 

CBP11M06    72 15   unspecific 
CBP11O06    98 78   unspecific 
CBP11E08    62 21   unspecific 
CBP11G08    75 46   unspecific 
CBP11K08    101 99   unspecific 
CBP11O08    107 90   unspecific 
CBP11M10    93 66   unspecific 

ICCB205A07    70 26   unspecific 
ICCB205C20    105 19   unspecific 
ICCB205E10    107 53   unspecific 
ICCB205E22    73 11   unspecific 
ICCB205I17    85 58   unspecific 
ICCB205I19    140 101   unspecific 

ICCB205M11    133 103   unspecific 
ICCB205O12    133 78   unspecific 
ICCB205O16    81 16   unspecific 
ICCB205O17    126 69   unspecific 
CBP1002D03    58 23   unspecific 
CBP1002D12    107 100   unspecific 
CBP1002P16    98 41   unspecific 
CBP1002J04    78 32   unspecific 
CBP1002J06    58 12   unspecific 
CBP1002L16    97 29   unspecific 
CBP1002P06    71 27   unspecific 
CBP1006E16    100 13   unspecific 
CBP1006E04    100 16   unspecific 
CBP1006M14    98 41   unspecific 
CBP1006M19    80 25   unspecific 
CBP1006O21    96 15   unspecific 
CBP4008C07    107 93   unspecific 
CBP4008C17    76 20   unspecific 
CBP4008K17    88 55   unspecific 
CBP4008K18    107 69   unspecific 
CBP4008K19    50 36   unspecific 
CBP4010E02    88 66   unspecific 
CBP4010L03    67 15   unspecific 
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CBP4010N03    51 8   not finally tested 
CBP4010A06    73 25   unspecific 
CBP4010P06    80 20   unspecific 
CBP4010G07    98 19   unspecific 
CBP4010L07    73 5   not finally tested 
CBP4010A10    81 1   not finally tested 
CBP4010B10    83 10   unspecific 
CBP4010K11    101 92   unspecific 
CBP4010A17    61 10   unspecific 
CBP4010C17    66 18   unspecific 
CBP4010M21    100 84   unspecific 

AD151B09    71 26   unspecific 
AD151B19    55 18   unspecific 
AD151C13    61 15   unspecific 
AD151D07    51 21   unspecific 
AD151D11    101 97   unspecific 
AD151E05    79 34   unspecific 
AD151E13    79 14   unspecific 
AD151E16    105 102   unspecific 
AD151E20    96 30   unspecific 
AD151G07    61 42   unspecific 
AD151L04    65 5   not finally tested 
AD151G03    67 17   unspecific 
AD151G13    78 22   unspecific 
AD151G14    58 7   not finally tested 
AD151I08    64 27   unspecific 
AD151I09    67 23   unspecific 
AD151I10    77 31   unspecific 
AD151I12    74 21   unspecific 
AD151I14    102 92   unspecific 
AD151K07    73 16   unspecific 
AD151L01    55 16   unspecific 
AD151L09    94 58   unspecific 
AD151L11    56 17   unspecific 
AD151M02    77 22   unspecific 
AD151M09    61 24   unspecific 
AD151M13    72 14   unspecific 
AD151M18    70 17   unspecific 
AD151N07    56 6   not finally tested 
AD151N11    95 44   unspecific 
AD151O12    54 26   unspecific 
AD151O14    65 26   unspecific 
AD151O18    76 14   unspecific 
AD151P03    80 23   unspecific 
AD151P19    64 22   unspecific 
AD152B04    73 17   unspecific 
AD152B15    81 26   unspecific 
AD152C08    57 21   unspecific 
AD152E16    104 42   unspecific 
AD152F13    109 95   unspecific 
AD152F16    93 50   unspecific 
AD152G13    57 4   not finally tested 
AD152F20    72 28   unspecific 
AD152G08    100 53   unspecific 
AD152H03    92 50   unspecific 
AD152H11    61 29   unspecific 
AD152H12    57 21   unspecific 
AD152H16    108 102   unspecific 
AD152J11    67 38   unspecific 
AD152J15    66 39   unspecific 
AD152J17    104 50   unspecific 
AD152K16    89 27   unspecific 
AD152K17    90 25   unspecific 
AD152N03    57 16   unspecific 
AD152M18    62 19   unspecific 
AD152N18    62 19   unspecific 
AD152P16    71 -2   not finally tested 
AD153A06    90 35   unspecific 
AD153A14    107 46   unspecific 
AD153A15    73 24   unspecific 
AD153C02    75 29   unspecific 
AD153C13    82 19   unspecific 
AD153C15    90 26   unspecific 
AD153E07    86 26   unspecific 
AD153E09    64 25   unspecific 
AD153F03    50 18   unspecific 
AD153F10    108 103   unspecific 
AD153G07    61 18   unspecific 
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AD153G12 OF114 12 AD NP-003818 92 13   unspecific 
AD153H08    105 93   unspecific 
AD153I12    58 13   unspecific 
AD153J02    51 18   unspecific 
AD153J05    96 37   unspecific 
AD153K03    106 99   unspecific 
AD153K13    79 26   unspecific 
AD153L10    73 36   unspecific 
AD153M11    68 32   unspecific 
AD153M02    102 96   unspecific 
AD153M20    98 28   unspecific 
AD153O06    71 32   unspecific 
AD153O16    63 -2   not finally tested 
MB029E07    96    not finally tested 
CD121A06    100    not finally tested 
CD121E18    59    not finally tested 
CD121I12    98    not finally tested 
NATx6K04    74    not finally tested 

NATx11G15    54    not finally tested 
MB009J16    51    not finally tested 
MB002D11    104    not finally tested 
MB002L07    101    not finally tested 
MB006F17    77    not finally tested 
MB006P17    95    not finally tested 
MB007J16    100    not finally tested 
MB008B03    57    not finally tested 
MB008C12    74    not finally tested 
MB013F05    104    not finally tested 
MB013I04    98    not finally tested 
MB013J05    97    not finally tested 
MB015B08    73    not finally tested 
MB016K04    100    not finally tested 
MB017A10    68    not finally tested 
MB021A08    63    not finally tested 
MB021B15    59    not finally tested 
MB021D08    97    not finally tested 
MB022P17    92    not finally tested 
MB023B13    97    not finally tested 
MB026N09    52    not finally tested 
MB027L20    60    not finally tested 
CBP1K01    101    not finally tested 
CBP1M04    101    not finally tested 
CBP1M18    107    not finally tested 

ICCB204B08 β-Lapachon  Sigma L2037 89    unspecific 
ICCB204F14    115    not finally tested 
ICCB204F18    112    not finally tested 
ICCB204L18    57    not finally tested 
ICCB204P19    115    not finally tested 
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9.3  Appendix table II: Small molecule E6AP activators 

Overview primary and secondary screening assays for small molecule activators of E6AP  
Uiid 

Screening Centre 
University of 

Konstanz 

Internal ID 
or common 

name 

Chemical 
structure 
shown in 

figure 

Supplier and  
order number 

 
 

Primary screen  
 (% activation of E6AP) 

Counter screen  
(% activation of 

RLIM_RING) 

Confirmation of 
cherry-picked or 

purchased compounds 
(% activation of E6AP) 

t = 45 min t = 55 min t = 45 min t = 55 min t = 45 min t = 55 min 

Screening hits       

AD152J04    25 76     

AD153M07    20 62 1 -8   

AD153O18    24 63 -3 -7   

CBP1001G05    40 53   1 -2 

CBP14P15 OF200 20 Vitas-M STK208427 20 72   -1 6 

CBP15G01    83 85 4 -1 -2 6 

CBP16I03    30 77     

CBP17N05    32 83 1 3 14 34 

CBP25C01    40 68 -6 -1 -1 -3 

CBP25D12    56 71 -3 1 17 33 

CBP25P04    37 64 -7 -19 8 14 

CBP27E14 OF203 20 Vitas-M STK760173 17 61   6 13 

CBP28J08    40 62 -8 -6 3 2 

CBP28P11    81 78 2 0 2 2 

CBP31F04 OF204 20 Vitas-M STK682896 51 73 -9 -1 3 16 

CBP31H04    54 64 -2 -1 8 26 

CBP31P13 OF205 20 Vitas-M STK777064 49 77 -12 -15 -1 -3 

CBP35K22    17 53   8 1 

CBP36H12    49 83 -4 0 -1 -1 

CBP36P02    60 68 3 8 17 33 

CBP4007J04 OF206 20 Vitas-M STK306587 18 78   1 -7 

CBP7B01 OF201 20 Vitas-M STK327397 22 76   2 1 

CBP7M10 OF202 20 Vitas-M STL353122 25 69   8 19 

CD120M08 OF207/ OF208 20 Vitas-M STK722575 28 82   78 78 

ICCB204B11 Dichloro-
benzamil   18 62     

ICCB204B22 U-74389G   12 61     

ICCB205K08 TPEN   58 77 -13 -14   

ICCB205K14 Tunicamycin   28 77 -4 -9   

ICCB205M15 Mastoparan   33 76 -6 0   

ICCB205M19 Gliotoxin   60 81 -5 -15   

MB002O11    38 63   3 4 

MB004I16    20 68   0 12 

MB005F03    32 66   0 3 

MB006O12    36 72   8 20 

MB007F03    28 84   8 23 

MB009J02    37 74   3 6 

MB013P14    22 78   9 16 

MB015L17    20 62   10 30 

MB020H01    24 60   8 10 
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MB022E08    21 63 4 -2 2 3 

MB022I06    16 62 -2 -1 2 -7 

NATx03D15 OF227 20 Analyticon NAT13-262412 21 55   89 86 

NATx04P08 OF222 22 Analyticon NAT14-350408 76 82 -2 -2 4 14 

NATx05A13    12 62   8 15 

NATx08F05    13 64 -2 4 2 0 

NATx08O12    56 85 -9 -21 8 8 

NATx11F07    77 79 -17 -10 -1 3 

NATx13O05    40 78 1 -7 0 0 

NATx13P03    90 89 0 -4 17 26 

NATx14H04    36 79 -10 -9 6 8 

NATx14L12 OF216 20 Analyticon NAT14-350412 41 70 1 -3 62 84 

NATx14N04    38 79 -1 -6 5 8 

NATx15H20 OF211 20 Analyticon NAT14-350422 29 69   81 82 

Further compounds characterized in this study       

MDB1H12 OF233 22 Screening Centre #144       

MDB1H22 OF236 22 Screening Centre #332       

MDB1I08 OF232 22 Screening Centre #147       

MDB1J12 OF234 22 Screening Centre #156       

MDB1P02 OF235 22 Screening Centre #88       

NATx13L11 OF209 23 Analyticon NAT14-350417 27 60     

NATx15D20 OF210 23 Analyticon NAT14-350137 -11 -38     

NATx16M13 OF212 23 Analyticon NAT14-350393 3 6     

NATx8E22 OF213 23 Analyticon NAT14-350133 -7 -24     

NATx5K17 OF214 23 Analyticon NAT14-349953 1 2     

NATx9N18 OF215 23 Analyticon NAT14-350124 -6 -26     

NATx4G06 OF218 23 Analyticon NAT14-350132 3 15     

NATx4K12 OF219 23 Analyticon NAT14-350143 -5 1     

NATx4M12 OF220 23 Analyticon NAT14-350454 28 67     

NATx4O12 OF221 23 Analyticon NAT14-350119 -3 -4     

NATx4J20 OF223 23 Analyticon NAT14-350416 -2 -9     

NATx5M03 OF224 23 Analyticon NAT14-350424 8 27     

NATx5M13 OF225 23 Analyticon NAT14-350405 -6 -18     

NATx5I19 OF226 23 Analyticon NAT14-349955 -19 -44     

ICCB205I12 Tamoxifen       31 68 

 4OH-
Tamoxifen       25 52 

 Endoxifen       23 51 

 Raloxifen       4 15 
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9.4  Publications 

Parts of this thesis have been published as: 

 

Sailer C1, Offensperger F1, Julier A, Kammer KM, Walker-Gray R, Gold MG, Scheffner M, Stengel F 
(2018) Structural dynamics of the E6AP/UBE3A-E6-p53 enzyme-substrate complex. Nat Commun 9: 
4441, 1These authors contributed equally. 
 
 
Offensperger F, Müller F, Jansen J, Hammler D, Götz KH, Marx A, Sirois CL, Chamberlain S, Stengel F, 
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