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Summary 

 

The ubiquitination of proteins serves as molecular signal to control an enormous number 

of physiological processes and its dysregulation is connected to human diseases like 

cancer. The versatility of this signal stems from the diverse ways by which ubiquitin can 

be attached to its targets. Thus, specificity and tight regulation of the ubiquitination are 

pivotal requirements of ubiquitin signaling. Ubiquitin-conjugating enzymes (E2s) act at 

the heart of the ubiquitination cascade, transferring ubiquitin from a ubiquitin-activating 

enzyme (E1) to a ubiquitin ligase (E3) or substrate. When cooperating with a RING-type 

E3, ubiquitin-conjugating enzymes can determine linkage specificity in ubiquitin chain 

formation. Our understanding of the regulation of E2 activities is still limited at a structural 

level.  

The work described here identifies two regulation mechanisms in UBE2S, a cognate E2 

of the human RING-type E3 anaphase-promoting complex/cyclosome (APC/C). UBE2S 

elongates ubiquitin chains on APC/C substrates in a Lys11 linkage-specific manner, 

thereby targeting these substrates for degradation and driving mitotic progression. In 

addition, UBE2S was found to have a role in DNA repair by enhancing non-homologous 

end-joining (NHEJ) and causing transcriptional arrest at DNA damage sites in 

homologous recombination (HR). Furthermore, UBE2S overexpression is a 

characteristic feature of many cancer types and is connected to poor prognosis and 

diminished response to therapy. 

The first regulatory mechanism uncovered in this thesis involves the intramolecular auto-

ubiquitination of a particular lysine residue (Lys+5) close to the active site cysteine, 

presumably through conformational flexibility of the active site region. The Lys+5-linked 

ubiquitin molecule adopts a donor-like, ‘closed’ orientation towards UBE2S, thereby 

conferring auto-inhibition. Notably, Lys+5 is a major physiological ubiquitination site in 

~25% of the human E2 enzymes, thus providing regulatory opportunities beyond UBE2S. 

Besides the active, monomeric state and the auto-inhibited state caused by auto-

ubiquitination, I discovered that UBE2S can adopt a dimeric state. The latter also 

provides an auto-inhibited state, in which ubiquitin transfer is blocked via the obstruction 

of donor binding. UBE2S dimerization is promoted by its unique C-terminal extension, 

suppresses auto-ubiquitination and thereby the proteasomal degradation of UBE2S.  

 

Taken together, the data provided in this thesis illustrate the intricate ways by which 

UBE2S activity is fine-tuned and the notion that structurally diverse mechanisms have 

evolved to restrict the first step in the catalytic cycle of E2 enzymes.  



 

VIII 

       

  



 

IX 

 
 

Zusammenfassung 

 

Die Ubiquitinierung von Proteinen fungiert als molekulares Signal zur Kontrolle einer 

Vielzahl physiologischer Prozesse, wobei eine gestörte Regulation der Ubiquitinierung 

eng mit zahlreichen Erkrankungen, wie beispielsweise Krebs, verbunden ist. Aufgrund 

der verschiedenen Verknüpfungsmöglichkeiten von Ubiquitin, die das zelluläre Schicksal 

des Zielproteins bestimmen, sind Spezifität und stringente Regulation unabkömmliche 

Voraussetzungen im Ubiquitinierungsprozess. 

Ubiquitin-konjugierende Enzyme (E2s) fungieren in der Mitte der 

Ubiquitinierungskaskade. Sie übernehmen ein Ubiquitinmolekül vom Ubiquitin-

aktivierenden Enzym (E1) und übertragen es auf eine Ubiquitin-Ligase (E3) oder direkt 

auf das Zielprotein. Arbeiten Ubiquitin-konjugierende Enzyme mit E3s des RING-Typus 

zusammen, so bestimmen E2s die Art der Verknüpfung. Die Regulation der Aktivität 

Ubiquitin-konjugierender Enzyme auf struktureller Ebene ist jedoch bisher nur bedingt 

verstanden.  

Die hier dargelegte Arbeit umfasst die Identifizierung zweier Regulationsmechanismen 

des Ubiquitin-konjugierenden Enzyms UBE2S. UBE2S arbeitet mit einem humanen E3 

des RING-Typus‚ dem ‚Anaphase Promoting Complex/Cyclosome‘ (APC/C) zusammen 

und bildet Lys11-spezifische Ubiquitinketten auf Substraten des APC/Cs. Hierdurch 

werden die Substrate für den Abbau durch das Proteasom markiert, was das 

Fortschreiten der Mitose bedingt. Zusätzlich wird UBE2S eine Rolle in der DNS-

Reparatur zugeschrieben. Hierbei verstärkt UBE2S die nicht-homologe Rekombination 

(NHEJ) und verhindert außerdem die Transkription an DNS-Bruchstellen, die durch 

Homologe Rekombination (HR) repariert werden. Die Überexpression von UBE2S ist ein 

Charakteristikum verschiedenster Krebsarten, vermindert den Erfolg herkömmlicher 

Krebstherapien, und führt somit zu schlechten Prognosen für betroffenen Patienten.  

 

Der erste hier beschriebene Regulationsmechanismus beinhaltet die intramolekulare 

Ubiquitinierung eines Lysins (Lys+5) nahe des katalytischen Cysteins, mutmaßlich durch 

strukturelle Flexibilität der Region des aktiven Zentrums. Das Lys+5-verknüpfte Ubiquitin 

nimmt eine Donorubiquitin-ähnliche Position auf UBE2S ein, wodurch UBE2S gehemmt 

wird. Da ein Lysin an der Position +5 in ~25% der humanen E2-Enzyme vorhanden und 

eine physiologische Ubiquitinierungsstelle ist, birgt dieser Mechanismus 

Regulationsmöglichkeiten über UBE2S hinaus. Zusätzlich zum aktiven monomeren 

Zustand und dem durch Autoubiquitinierung ausgelösten inhibierten Zustand, kann 

UBE2S auch als Dimer vorliegen. In diesem Zustand ist es ebenfalls inaktiv, da die 
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Donorubiquitin-Bindestelle auf UBE2S durch ein zweites Molekül des E2s blockiert wird. 

Begünstigt wird die Dimerisierung durch die C-terminale Verlängerung von UBE2S und 

verhindert so deren Autoubiquitinierung, und folglich den proteasomalen Abbau von 

UBE2S. Es handelt sich hierbei somit um einen zweiten Regulationsmechanismus von 

UBE2S. 

Zusammenfassend veranschaulichen die in dieser Arbeit dargelegten Daten die 

komplexen Möglichkeiten, durch die die Aktivität von UBE2S reguliert werden kann, 

sowie die Erkenntnis, dass strukturell unterschiedliche Mechanismen existieren, um den 

ersten Schritt der von Ubiquitin-konjugierenden Enzymen katalysierten Reaktion zu 

hemmen. 
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Introduction 

1. Introduction 
 

Ever since Rudolf Virchow stated his hypothesis “Omnis cellula e cellula” [1] – all 

cells come from cells – a main interest of life scientists has been to understand 

cells, the cell cycle and its regulation as well as the potential pathogenic 

consequences of these mechanisms on a molecular level. The discovery of the 

proteasomal degradation of proteins by the post-translational modification with 

ubiquitin, for which Aaron J. Ciechanover, Avram Hershko and Irwin Rose were 

awarded the Nobel Prize in Chemistry in 2004 was a milestone.  

But ubiquitination does not only regulate the degradation of proteins, it plays a role in 

nearly every cellular process, because it controls the lifetimes, conformational dynamics, 

as well as the localization and interaction patterns of eukaryotic proteins [2]. Thus, its 

dysregulation leads to neurological diseases and is found in many cancer types, among 

many other human pathologies. Therefore, it is of particular importance to study the 

ubiquitination cascade and its regulation to ultimately understand and efficiently treat 

human disease. 

The modification with ubiquitin proceeds through a three-step enzymatic cascade, 

wherein ubiquitin-conjugating enzymes (E2s) cooperate with their respective ubiquitin 

ligases (E3s), to mediate the isopetide formation of the C-terminus of ubiquitin with a 

primary amino group of the target protein. Whereas the molecular mechanisms of many 

human E2s are studied at a molecular level, their regulation is incompletely understood. 

Thus, the question of whether the human ubiquitin-conjugating enzyme UBE2S is 

regulated by mechanisms other than E3-enhanced auto-ubiquitination and degradation 

at the end of the cell cycle [3], namely on the E2 level, was not answered. 

My structural and mechanistic work on UBE2S lays the foundation for understanding the 

different layers of regulation of a highly important enzyme, functioning in cell cycle 

regulation [3–6] and DNA repair [7,8], whose upregulation is found in many cancer types 

and is associated with a poor response to therapeutics [8–10]. Also common principles 

for the regulation of ubiquitin-conjugating enzymes can be derived from my work. 
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1.1 The ubiquitin conjugating system 
 

Ubiquitin is a small globular protein comprised of 76 amino acids (Figure 1A) that is 

ubiquitously expressed in eukaryotic cells. Ubiquitination describes the process of 

modifying a cellular target protein with ubiquitin by the ubiquitination machinery [11]. This 

machinery consists of ubiquitin-activating enzyme (E1) that activates ubiquitin and 

transfers it in a thioester transfer reaction to the catalytic cysteine of a ubiquitin-

conjugating enzyme (E2) [12,13]. The E2 then cooperates with a ubiquitin ligase (E3), to 

mediate isopeptide formation of the C-terminus of ubiquitin with a primary amino group 

of a target protein. When the E2 interacts with a ‘Homologous to the E6-AP Carboxyl 

Terminus’ (HECT) or ‘RING-between-RING’ (RBR)-type E3, the ubiquitin is first 

transferred to the catalytic cysteine of the E3 and subsequently passed to the target 

protein. On the contrary, in case of ‘Really Interesting New Gene’ (RING)-type E3s, the 

E3 works as a scaffold and the ubiquitin moiety is directly transferred to the primary 

amino group of the target protein (Figure 1B). The target is either mono-ubiquitinated or 

multi-mono-ubiquitinated (I), because ubiquitin cannot only be attached to a target 

protein, but also to one of its seven lysine residues or its free N-terminus (Met1; Figure 

1A). This allows for the formation with homotypic (II) or heterotypic (III) ubiquitin chains 

(Figure 1B, [14]), in which the ubiquitin molecules are linked by (iso)peptides between 

the primary amino group of one ubiquitin molecule and the C-terminus of another 

ubiquitin molecule. 

 

The E3 mediates substrate recognition, and together with its respective E2, linkage 

specificity. However, the structural mechanisms are not completely understood. All 

components together allow for the extraordinary versatility of ubiquitin as a molecular 

signal because the different modification types serve as protein-protein interaction 

platforms that elicit distinct signaling functions [2]. It was shown that mono-ubiquitination 

has a function in chromatin remodeling [15] and DNA repair [16], Lys11- and Lys48-

linked ubiquitin chains as well as their branched form lead to the proteasomal 

degradation of the target protein [17–19], and Lys27 linkages are involved in the DNA 

damage response [20] and in innate immunity [21]. Ubiquitin chains linked via Lys29 are 

found to repress Wnt/β-catenin signaling [22], although the regulation of this pathway 

also involves Lys48 and Lys63 linkages at several steps [23]. Lys63-linked ubiquitin 

chains are found to directly target proteins to the endocytotic pathway [24] and to function 

in the regulation of the NF-κB pathway [25], which is also regulated by liner ubiquitin 

chains (linked via Met1) in inflammatory and immune responses [26].  
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Figure 1: Ubiquitin and its conjugation system. (A) Crystal structure of ubiquitin (PDB: 1UBQ, [27]) shown 

in ribbon representation with the lysine side chains shown in ball-and-stick-representation. The N-terminus 

and the lysine side chains represent potential linkage sites with another ubiquitin molecule to form ubiquitin 

chains. (B) Ubiquitin is conjugated to its target by the sequential action of three enzymes. The ubiquitin-

activating enzyme (E1) activates ubiquitin in an ATP-dependent manner and catalyzes the thioester 

formation between its catalytic cysteine (Ccat) and the C-terminal glycine of ubiquitin, as well as the thioester 

transfer to the ubiquitin-conjugating enzyme (E2). In the next step the ubiquitin ligase (E3) facilitates the 

ubiquitin transfer from the E2 to a substrate, either directly (in case of ‘Really Interesting New Gene’ (RING) 

ligases) or through an E3-ubiquitin intermediate (in case of ‘Homologous to E6AP C-Terminus’ (HECT) or 

‘RING-between-RING’ (RBR) ligases). The target can be modified with one or multiple ubiquitin molecules. 

For the latter, one discriminates multi-mono-ubiquitination (I), homotopic ubiquitin chains (II) and heterotypic 

ubiquitin chains (III). The modification with ubiquitin can be reversed by the action of deubiquitinating 

enzymes (DUBs). 

 

B 

A 
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In addition, the diverse ubiquitin code can be expanded by other posttranslational 

modifications. Phosphorylation of ubiquitin at Ser65 activates the E3 Parkin allosterically 

[28] and affects ubiquitin chain assembly and hydrolysis [29], whereas acetylation at 

Lys11 of the ubiquitin-like SUMO2 modifier favors the formation of non-canonical SUMO 

chains under basal and stress conditions [30]. The pathogen Legionella pneumophila 

has developed a ubiquitin modification to hijack the eukaryotic ubiquitin system to 

establish its replicative niche. Therefore, they phosphoribosylate ubiquitin at Arg42 and 

attach it to a serine residue of the substrate, which is required for replication in host cells 

and prevents the activation of E1 and E2 enzymes of the conventional ubiquitination 

cascade [31,32]. 

Ubiquitination can be reversed by the action of deubiquitinating enzymes (DUBs, Figure 

1), which makes it a highly dynamic modification, as required for the regulation of protein 

levels and activity [33].  

 

Understanding the ubiquitin system mechanistically is of high importance, because 

components of this system can be used as drug targets [34,35]. Bortezomib (PS341, 

Velcade) and carfilzomib (PR-171, Kyprolis) are extraordinary potent proteasome 

inhibitors that are successfully used for the treatment of multiple myoloma [36–39]. 

Proteasome inhibitors shut down protein degradation globally. Although they are highly 

efficient, it can be advantageous to target E2 or E3 enzymes to generate higher 

specificity and fewer side effects. Examples therefore are the immune modulators 

(IMiDs) lenalidomide and pomalidomide that are thalidomide derivates. They reprogram 

Cereblon (CRBN), a substrate receptor of the E3 ligase complex CRL4CRBN, to 

ubiquitinate the transcription factors IKZF1 and IKZF3 (Ikaros family zinc finger protein 

1 and 3), while the ubiquitination of the endogenous substrates is assumed to be blocked 

[40–42]. 

 

Another promising concept in drug discovery are PROTACs, proteolysis targeting 

chimeras, that do not target the ubiquitination pathway in a classical way but hijack it to 

induce the ubiquitination and subsequent degradation of a protein of interest (POI) [43–

45]. PROTACs are hetero-bifunctional molecules composed of a POI ligand and an E3 

ligand, connected by a linker. The formation of a ternary complex of the POI with the 

PROTAC and the E3 induces the ubiquitination of the POI by the E3. The ubiquitinated 

POI is recognized by the 26S proteasome and subsequently degraded. This concept 

may allow for the targeting not only of enzymatically active proteins, but also of those, 

considered undruggable, such as scaffolding proteins [46]. 
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1.2 Ubiquitin-conjugating enzymes 
 

The family of human ubiquitin-conjugating enzymes (E2s) is comprised of ~40 members 

that are in average only twice the size of ubiquitin (~14-35 kDa [47]) and share a 

conserved catalytic core domain (UBC). They are sub-grouped into four classes: E2s in 

class I contain the catalytic domain only, whereas E2s in class II have an N-terminal 

extension. E2s in class III contain a C-terminal extension and E2s in class IV have both. 

An overview of the ubiquitin conjugating enzymes and their classification is shown in 

Figure 2. 

 

 

 
 

Figure 2: Classification of ubiquitin-conjugating enzymes (E2s). The E2s are classified upon the 

absence (class I) or presence of an N-terminal (class II) or C-terminal (class III) extension. Class IV E2s 

have extensions at the N- and C-terminus. The figure is adapted from [47]. 

 

 

The UBC domain has a canonical α/β-fold with four α-helices and four β-strands, 

connected by loops (Figure 3). It contains the active-site region with the catalytic cysteine 

residue (Ccat) and is therefore needed for catalytic activity. In addition, the UBC domain 

harbors binding sites for the E1 and E3 enzymes that are partially overlapping, thus 

ensuring the correct timing of the reactions carried out by the E2s [48–50]. The binding 

of ubiquitin also occurs via the UBC domain, including a site for non-canonical ubiquitin 

backside binding (grey; further discussed in 1.2.1) as well as the conserved donor 

ubiquitin binding site (orange circle, Figure 3). 
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Figure 3: Structural representation of the catalytic core domain (UBC) of an E2. The crystal structure 

of UBE2D1 (PDB: 2C4P) is depicted in ribbon-and-surface representation. Highlighted are the active-site 

region (pink) with the catalytic cysteine (CCat) in ball-and-stick representation, the E1 and E3 binding sites 

as well as the backside for non-covalent ubiquitin binding. The orange circle represents the donor ubiquitin 

binding site. 

 

The various interaction sites for ubiquitin reflect the complexity of the activity of E2 

enzymes. They act in the middle of the ubiquitination cascade, where they receive a 

ubiquitin from the E1 and subsequently transfer it to the E3. In the first step, the C-

terminal glycine of ubiquitin is thioester-linked to the catalytic cysteine of the E2. In the 

second step, the E2 transfers ubiquitin to the catalytic cysteine of a HECT- or RBR-E3 

or it interacts with a RING E3 to transfer ubiquitin to a lysine residue of the target protein, 

resulting in an isopetide linkage. In the latter case, the RING E3 works as a scaffold to 

bring the charged E2 and the substrate in close proximity so that the ubiquitin can be 

transferred. When interacting with RING-type E3s, the specific interaction of ubiquitin 

with the catalytic domain of the E2, known as ‘closed conformation’ (Figure 4), is of 

immense importance. In this state, the C-terminus of ubiquitin is covalently linked to the 

catalytic cysteine of the E2 and there are additional, non-covalent interactions between 

the globular domain of ubiquitin and the UBC domain. These interactions are mediated 

by the hydrophobic patch of ubiquitin (around Ile44) and helix α2 of the E2 (Figure 3).  
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Figure 4: Conformational space of the E2-linked donor ubiquitin. (A) Crystal structure and cartoon 

model of a ternary ubiquitin-E2-RING E3-complex (E2: UBE2D1, E3: RING domain of RNF4, extracted from 

PDB: 4AP4 [51]; note that the RING domain dimerizes, but only one monomer is displayed here). In this 

complex, the C-terminus of the donor ubiquitin is isopeptide-linked to an engineered lysine (K85), replacing 

the catalytic cysteine (‘Ccat’). The RING domain stabilizes the closed donor conformation, as opposed to 

open states that have no significant interface between ubiquitin and the E2. The structure is shown in a 

combined ribbon-and-surface representation; the side chain of K85 (UBE2D1) and main chain of G76 (Ub) 

in ball-and-stick mode. (B) Analogous representations of the closed state of a complex of UBE2SUBC with 

ubiquitin, extracted from PDB: 5BNB [52]. Here, the ubiquitin (G76C variant) is disulfide-linked to the catalytic 

cysteine of UBE2S; in the crystal, however, the closed interface is formed between neighboring molecules 

in trans. Therefore, the C-terminal tail of ubiquitin (residues 73-76) is not displayed. This figure is taken from 

[53]. 

 

In many cases, the closed conformation is stabilized by the RING (Figure 4A), which also 

enhances the reactivity of the E2. In other cases, the closed conformation does not 
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require the RING for the stabilization, and the RING fulfills other functions (Figure 4B, 

[4]).  

The closed conformation of the donor is conserved among many E2s and was shown to 

promote thioester formation [54] as well as catalytic efficiency and processivity [4] if 

interacting with RING ligases. In contrast, it is not necessary for the interaction of E2s 

with HECT and RBR ligases [55–58]. This reflects the fact that E2s can catalyze several 

specific reactions. Besides thioester bond formation and (iso)petide bond formation, E2s 

have also been shown to drive oxyester bond formation of the C-terminus of ubiquitin 

with a serine or threonine. For example, UBE2J2 ubiquitinates the histocompatibility 

complex via hydroxyl groups, together with the viral RING E3 murine K3 [59,60].  

 

 

 

 

Figure 5: Reactions catalyzed by ubiquitin-conjugating enzymes. The thioester-linked E2-ubiquitin 

conjugate (E2~Ub, left side) can react with a cysteine e.g. of a HECT- or RBR-E3 to form a thioester bond 

or with a lysine residue of the target protein to form an isopetide bond. In addition, reactions with serine and 

threonine residues (oxyester bond formation) and with an unstructured N-terminus of a target protein are 

described (peptide bond formation). This figure is adapted from [61]. 

 

 

Taken together, the members of the E2 family are shown to catalyze at least four 

enzymatic reactions, as summarized in Figure 5, whereas the last two are chemically 

very similar. 
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1.2.1 Regulation of ubiquitin-conjugating enzymes 
 

To date, many regulatory mechanisms that occur on the E3 level have been described, 

but it becomes more and more clear that regulation can also occur upstream of the E3s. 

It has also emerged that E2 enzymes are not only regulated via their levels, but are 

subjects to regulation at additional levels [61], such as posttranslational modifications: 

UBE2A, UBE2R1 and yeast UBC2 are phosphorylated in an acidic loop, which makes 

the active site more accessible to ubiquitin and thereby facilitates the charging of the E2 

[62–66]. Furthermore, E2s can be inhibited [53,67,68] or targeted for proteasomal 

degradation [6,69,70] by auto-ubiquitination, either in the conserved UBC domain or their 

N- or C-terminal extensions. In addition, modifications with the ubiquitin-like modifier 

SUMO were described for the SUMO E2 UBE2I as well as for the ubiquitin-specific 

UBE2K. For the latter, SUMOylation in the E1 and E3 binding site leads to inhibition [71], 

whereas the SUMOylation of UBE2I has different outcomes, such as increasing or 

decreasing activity, depending on the attachment sites [72,73].  

Many E2s bind ubiquitin through their ‘backside’, the β-sheet-containing region of the 

UBC domain (Figure 3), in a non-covalent manner, resulting in allosterical activation of 

the E2s, e.g. UBE2D2, UBE2D3 and UBE2B [74–78]. In contrast, ubiquitin binding to the 

backside of UBE2E3 inhibits its processivity so that UBE2E3 mainly performs mono-

ubiquitination of its products. Mutations disrupting the backside binding enable the 

formation of K63-linked ubiquitin chains by UBE2E3 [61,79].  

Additionally, the activity of some ubiquitin-conjugating enzymes is influenced by their 

oligomeric states. CDC34 from Saccharomyces cerevisiae was shown to self-associate 

upon thioester formation with ubiquitin and this self-association is required for its catalytic 

activity [80]. The dimerization of human UBE2G2 is induced by the thioester formation 

with ubiquitin, as well and in addition, promoted by the oligomerization of the E3 

glycoprotein 78 (GP78) and is needed for ER-associated degradation of their substrates 

[81–83]. The SUMO-E2 UBE2I, which undergoes oligomerization [84], was speculated 

to enhance non-covalent interactions with SUMO, as required for poly-SOMO chain 

formation by dimerization [85]. However, a low-affinity homodimer of UBE2I was also 

found to be formed through the same interaction sites that are involved in E1 and SUMO 

binding. Thus, the outcome of UBE2I dimerization requires further investigation [86].  

 

In summary, various mechanisms have evolved to regulate the level and activity of E2s, 

including post-translational modifications, non-covalent backside binding of ubiquitin and 

oligomerization. This demonstrates the importance of this enzyme family, whose 

dysregulation is connected to human disease. 
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1.2.2 Ubiquitin-conjugating enzymes in human disease 
 

An emerging body of data on the E2 family emphasizes their role in human diseases 

such as genetic, immunological and neurodegenerative disorders as well as cancer 

[9,47,87]. One of the best studied E2s in pathology and disease is UBE2T. It mono-

ubiquitinates the Fanconi anemia (FA) protein FANCD2 after aldehyde-induced DNA 

damage, leading to FANCD2 accumulation on chromatin and co-localization with DNA-

repair factors. Defects in FANCD2 mono-ubiquitination increase chromosomal 

abnormalities and hypersensitivity to DNA interstrand crosslinking agents like cisplatin 

or reactive aldehydes [67,87–91]. These symptoms as well as bone marrow failure, 

mental birth defects and affected haematopoesis are characteristics of Fanconi anemia, 

an autosomal recessive genetic disorder in which the alleles that carry the FA genes 

including FANCD2 and FANCL (the RING E3 of the FA complex) are mutated. 

Additionally, UBE2D1 [92], UBE2U [93] and UBE2W [94] are associated with genetic 

disorders.  

Polymorphism in the genomic locus of UBE2L3 however, is found to be a high risk factor 

for the development of autoimmune diseases like systemic lupus erythematosus [95,96], 

inflammatory bowel disease (IBD) [97] and rheumatoid arthritis [98].  

Patients with the autoimmune disease Sjögren's syndrome (SS) express higher amounts 

of the ERAD machinery, including the E2s UBE2J1 and UBE2G2. This in turn triggers 

higher levels of pro-inflammatory cytokines [99]. However, the same effect was found to 

be triggered by the formation of auto-antibodies specific for the RING domain of TRIM21, 

an E3 that negatively regulates the production of pro-inflammatory cytokines. This 

inhibits the binding of TRIM21 to UBE2E1 in patients with SS, indicating a putative role 

of UBE2E1 inhibition in the development of this immunological disorder [100]. 

Parkinson´s disease has been associated with several ubiquitin-conjugating enzymes 

with biological roles in DNA repair [47]. Parkinson´s disease is mainly caused by 

mutations in the mitochondrial kinase PINK1 or the E3 Parkin, leading to a loss of 

function, causing mitochondrial dysfunction and the selective loss of dopamine-

producing neurons. Normally, PINK1 activates Parkin which is activated by ubiquitin 

loading through UBE2L3 and UBE2D2/3. UBE2N affects the translocation of Parkin to 

de-energized mitochondria and mitochondrial clustering, whereas the interaction of 

Parkin with UBE2R1 negatively affects the translocation of Parkin [101]. Thus, Parkin is 

regulated by several E2s. 

UBE2W and UBE2K were found to have a crucial role in Huntington´s disease, in which 

they modify the mutated protein huntingtin (mHTT) with ubiquitin. E2 deficient cells [102] 
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or those expressing an antisense sequence of the E2 [103] showed reduced mHTT 

aggregate formation and neurotoxicity.  

Besides genetic, immunological and neurodegenerative disorders, many ubiquitin-

conjugating enzymes are de-regulated in cancer as they impact cell proliferation, DNA 

repair and other oncogenic pathways [9,47]. This is exemplified by the tumor-promoting 

roles of UBE2C and UBE2O: Overexpression of the cell-cycle-regulating E2 UBE2C was 

identified in several cancer types, such as non-small cell lung, liver and breast cancer, 

where it is correlated with poor prognosis and drug resistance and thus serves as a 

biomarker [104–107]. UBE2O poly-ubiquitinates the activated protein kinase alpha 2 

(AMPKα2), thereby targeting it for degradation. This induces the mTOR-HIF-1α pathway 

and promotes tumor growth and metastasis. Thus, it is not surprising that UBE2O is 

overexpressed in various cancer types, whereas its depletion or inhibition by arsenite 

inhibits tumorigenesis [9,108,109]. Together, these examples illustrate roles of E2s as 

biomarkers for cancer diagnosis, and possible therapeutic targets. 

 

Understanding their biological roles and molecular mechanisms in homeostasis and 

disease is, therefore, of particular importance. 
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1.3 The human ubiquitin-conjugating enzyme UBE2S 
 

The ubiquitin-conjugating enzyme UBE2S, also named E2-EPF, is a ~24 kDa protein 

that consists of a canonical catalytic domain (UBE2SUBC, residues 1-156) and a C-

terminal extension (residues 157-222), defining UBE2S as a class III-E2 (Figure 19 and 

Figure 37). The catalytic domain contains the binding sites for ubiquitin as well as the 

active site region (residues 95-103) with the catalytic cysteine (Cyscat = Cys95). The C-

terminal extension is structurally uncharacterized and predicted to be mainly 

unstructured with the exception of an α-helix at the C-terminus (C-helix) (Figure 6). 

 

 

 

Figure 6: Secondary structure prediction of UBE2S. While the catalytic domain (UBE2SUBC, residues 1-

156) shows defined secondary structure regions, the C-terminal extension is predicted to be mainly 

unstructured. The C-terminal residues are predicted to form an α-helix (C-helix) .The prediction was 

conducted with the PSIPRED server [110,111]. 
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The role of the lysine-rich C-terminal extension that is unique to UBE2S within the human 

E2 family, is not completely understood. It was shown that the C-terminal extension 

harbors the binding site for a RING-type E3, the anaphase promoting 

complex/cyclosome (APC/C) [112,113], with which UBE2S interacts when modifying 

cell-cycle regulators with Lys11-linked ubiquitin chains. This marks them for proteasomal 

degradation and promotes mitotic exit [3,5,114] (chapter 1.3.1). The mutation of Leu222 

in UBE2S to alanine decreases its affinity for the APC/C [112] and impairs substrate 

ubiquitination [114]. In addition, it was shown that the C-terminal extension is auto-

ubiquitinated in an E3-enhanced manner and presumed that this auto-ubiquitination 

leads to the proteasomal degradation of UBE2S during G1 phase, when the APC/C 

substrates are on the decline [3]. Whether the C-terminal extension is also needed for 

the interaction with the RING-type E3 RNF8 in DNA double strand break repair (chapter 

1.3.2) has not been investigated. In the context of DNA repair, UBE2S was shown to 

form Lys11-linked ubiquitin chains on the histones H2A and H2AX and cause 

transcriptional arrest at the DNA lesion site [7].  

 

The ability of UBE2S to form Lys11-linked ubiquitin chains was first described in 1996 

[115], while the role of these chains and their abundance in the cell remained elusive for 

a decade (see the following chapters). UBE2S has been reported to have important roles 

in cancer: In contrary to the normal state, in primary liver, colon and breast tumors, 

UBE2S levels were found to correlate with the level of the α-subunit of the hypoxia-

inducible factor (HIF-1α) [116]. UBE2S ubiquitinates the von Hippel-Lindau tumor 

suppressor protein (pVHL), targeting it for degradation [116] and thus triggering the 

expression of Hypoxia-inducible genes [117]. The same interplay of UEB2S and HIF-1α 

was found in cervical squamous cancer [118] and papillary renal cell carcinoma [119]. 

Additionally, UBE2S can enhance the ubiquitination of the tumor suppressor p53 in 

hepatocellular carcinoma [120] and presumably in lung adenocarcinoma cells [121], 

favoring tumor growth and colony formation [120,121]. In contrast to the proteasomal 

degradation of target proteins, modified by UBE2S, the UBE2S-dependant β-catenin 

ubiquitination was found to stabilize β-catenin. This promotes its cellular accumulation, 

mesendoderm specification and colorectal cancer development [122]. Most of the above 

studies have in common that UBE2S overexpression in cancer is associated with 

unfavorable patient survival [10,118–121], tumor growth and invasion 

[10,116,118,120,121,123] and poor response to therapy [8,10,118,124].  

To provide the basis for understanding the pathogenic functions of UBE2S and evaluate 

therapeutic opportunities, it is of particular importance to understand the non-pathogenic 

roles of UBE2S and its interplay with interaction partners. 
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1.3.1 The role of UBE2S in cell cycle regulation 
 

The exact timing of the cell cycle is of immense importance to avoid homeostatic 

imbalance. Thus, every step of the cell cycle is tightly controlled. One layer of regulation 

is the transition from prometaphase to anaphase, as mediated by the spindle assembly 

checkpoint (SAC) (Figure 7). 

 

 
Figure 7: The transition from prometaphase to anaphase of the somatic cell cycle is regulated by the 

spindle assembly checkpoint (SAC). As long as not all kinetochores are attached to microtubules, the 

SAC generates the mitotic checkpoint complex (MCC), inactivating the APC/C. When all kinetochores are 

attached properly, the SAC is inactivated and the MCC disassembles. The APC/C then ubiquitinates cyclin 

B1 and securin, leading to their proteasomal degradation and chromosome segregation. 

 

The SAC monitors the attachment of microtubules to kinetochores. As long as 

attachment is incomplete, the SAC generates the mitotic checkpoint complex (MCC) 

which inactivates the APC/C by blocking its substrate binding site and keeping the 
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APC/C in a closed conformation [125]. Once the SAC is inactivated and MCC 

disassembled, APC/C is activated [126]. The APC/C then ubiquitinates cell cycle 

mediators, such as cyclins and securin which induces their degradation by the 

proteasome [6,127,128].  

The ~1.2 MDa APC/C comprises of 14 proteins, of which five exist in two copies (a total 

of 19 subunits) in humans [129,130] and a coactivator, either CDH1 or CDC20, regulating 

its activity and substrate specificity [129,131]. Interestingly, most of the subunits have a 

scaffolding function and only five are related to the catalytic function: APC2 and APC11 

form the catalytic module of cullin repeats and RING-domain and APC10 and the 

respective coactivator form the substrate recognition module [129] which recognizes 

destruction (D box: (RxxLxxxxN, [132]) and KEN boxes (KENxxxN, [133]) in APC/C 

substrates. During mitotic exit, the APC/C interacts with the coactivator CDC20, 

facilitated by the phosphorylation of APC1 by cyclin-dependent kinases in prophase 

[134,135]. In late mitosis, the CDH1-bound APC/C is activated and remains active during 

G1 phase and quiescence, where it prevents unscheduled proliferation [136] by cyclin 

B1 degradation [137]. 

 

To modify substrates with Lys11-linked ubiquitin chains to mark them for degradation by 

the proteasome (Figure 8) [114,138,139], the APC/C interacts with two E2 enzymes: 

UBE2C for starting substrate ubiquitination and UBE2S for elongating these ubiquitin 

chains [4,5,114] and encoding linkage specificity [4] (chapter 1.3.3). While the depletion 

of UBE2S is dispensable during unperturbed mitosis, it was found to prolong mitotic exit 

and prevent mitotic slippage in case of drug-induced mitotic arrest [5]. In the context of 

UBE2C knockout, an additional knockout of UBE2S causes a more pronounced 

phenotype, manifesting in prolonged nuclear envelope breakdown to anaphase onset 

times [3,140]. Nevertheless, ∆UBE2C/∆UBE2S cells are viable, although suffering from 

massively prolonged mitosis [140]. This can be explained by the ability of the APC/C to 

interact additionally with UBE2D1 for ubiquitin chain formation initiation in vitro 

[3,5,114,141] and to a minimal extend in vivo. 

 

Cryo-electron microscopy (cryo-EM) in combination with in vitro analysis 

[112,113,125,129,130,134,135,142] have unraveled the structural architecture of the 

APC/C and its interplay with UBE2C and UBE2S. During chain priming, UBE2C interacts 

with the RING-E3 in a canonical fashion, thus favoring the closed conformation of the 

E2~ubiqutin complex and promoting the nucleophilic attack of an acceptor lysine [143]. 

UBE2C interacts not only with ubiquitin and the RING-domain (APC11), but additionally 

with the winged-helix B domain (WHB) of APC2 (cullin) via its backside (Figure 8A) [143].  
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Figure 8: Substrate ubiquitination by the anaphase promoting complex/cyclosome (APC/C). In (A) 

and (B), the APC/C is depicted in grey, with subunits important for substrate and E2 binding, highlighted in 

color. (A) For chain priming, the APC/C clamps UBE2C via canonical interactions with the RING domain 

(APC11) and interactions between the winged-helix B domain (WHB) of APC2 and the backside of the E2. 

The substrate is bound to the coactivator via KEN- or D-boxes. (B) Ubiquitin chain elongation via UBE2S: 

UBE2S is recruited to the APC/C by interactions between the coactivator and the C-terminal extension of 

UEB2S that thereafter binds in the APC4/APC2 groove. A reorientation of the RING allows it to bind a 

substrate-linked ubiquitin with its ‘exosite’. (C) Modified substrates are degraded by the proteasome to 

facilitate cell cycle progression (D). 

 

In this state, substrates can be mono-ubiquitinated at several lysine residues [112] which 

provides an additional signal for their proteasomal degradation [144]. Without interacting 

partners, the catalytic core consisting of the RING and the cullin are mobile [145], 

pointing towards dynamic flexibility of this subunits. Indeed, the non-canonical interaction 

of UBE2S with the APC/C is associated with structural rearrangements of the RING-

domain [112,113]. After the recruitment of UBE2S to the APC/C by interactions of the C-

terminal extension of UBE2S with the coactivator [3,131,146], the C-helix of UBE2S 
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inserts into the groove between APC2 and APC4 (Figure 8B), placing UBE2S at the edge 

of the APC/C to give space for the elongation of the ubiquitin chains in a Lys11-linked 

manner [112]. UBE2S does not directly interact with the RING, but the exosite of the 

RING instead interacts with ubiquitin that is bound to the substrate. UBE2S also does 

not seem to interact with the WHB domain of UBE2S-bound APC2, as this domain is not 

visible in the cryo-EM structure of the APC/C, indicating conformational flexibility of this 

domain [112]. 

The structures of different E2-bound APC/C states highlight the conformational dynamics 

within the APC/C and the specific arrangements that mediate UBE2C binding, as 

required for priming, mono-ubiquitination or UBE2S binding, as required for ubiquitin 

chain elongation. Together, these substrate modifications mark them for the degradation 

by the proteasome to facilitate cell cycle progression (Figure 8C, D).  

Interestingly, substrate degradation was shown to be enhanced by branched ubiquitin 

chains [18]. Such chains result from the property of UBE2C to start promiscuously-linked 

chains in additive to multi-mono-ubiquitination. These chains can be linked via Lys11, 

but also via Lys48 and Lys63 [70,147]. UBE2S elongates these chains in a Lys11-linked 

manner, thus synthesizes branched ubiquitin chains [18]. The development of an 

antibody specific for Lys11/Lys48-branched ubiquitin chains enabled the cell-based 

detection of these chain-type on APC/C substrates in mitosis, proving their role as 

proteasome-targeting signals [148]. 

 

In sum, UBE2S functions in cell cycle control by elongating Lys11-linked ubiquitin chains 

on cell cycle regulators in collaboration with UBE2C, targeting the substrates for 

proteasomal degradation and ensuring the correct timing of mitotic progression. 

 

1.3.2 The role of UBE2S in DNA repair 
 

Besides its role in cell-cycle regulation, UBE2S was demonstrated to have a role in the 

DNA repair mechanism of non-homologous end joining (NHEJ) [8]. Double strand breaks 

(DSBs) in DNA that are induced by ionizing radiation can lead to cell death [149]. They 

can be repaired by the NHEJ machinery [150]. The DSBs are recognized by the 

KU70/KU80 heterodimer that additionally binds to the DNA-dependent Protein Kinase 

catalytic subunit (DNA-PKcs) that is recruited to the damage site. Subsequent auto-

phosphorylation of DNA-PKcs results in the recruitment of the DNA repair machinery, 

including the X-ray Repair Cross-Complementing protein 4 (XRCC4) and DNA Ligase 4 

(LIG4), which initiate repair [149].  
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Cancer cells harboring a loss of function mutation in phosphatase and tensin homologue 

deleted on chromosome ten (PTEN) have a constantly active PI3K/AKT/mTOR signaling 

pathway, which leads to the activation of NHEJ [151]. UBE2S interacts with the activated 

RAC-alpha serine/threonine-protein kinase AKT1 and is phosphorylated at Thr152, what 

stabilizes UBE2S in those cancer cells. Additionally, UBE2S can interact with KU70. 

Upon double-strand breaks, the interaction of UBE2S and KU70 is enhanced and the 

proteins are re-localized to nuclear foci, which co-localize with foci of the phosphorylated 

histone H2AX (γ-H2AX), marking the DNA damage site. The knockdown of UBE2S 

diminishes the NHEJ efficiency by ~20%, enhances the sensitivity to DSB-inducing 

agents like etoposide, which results in subsequent cell death in cells and in vivo. 

Inhibition of AKT1 by inhibitors prevents UBE2S phosphorylation and the associated 

stabilization of UBE2S. This reduces the level of NHEJ and drug resistance (Figure 9, 

[8]). 

 

 

 

 

Figure 9: UBE2S is involved in NHEJ and mediates drug resistance in PTEN-mutated cancer. In 

cancer cells expressing mutated PTEN (mPTEN), AKT1 activation by phosphorylation causes the 

phosphorylation of UBE2S at Thr152. This increases UBE2S stability, leading to its interaction with the NHEJ 

machinery and increased DNA repair and drug resistance (middle). Interference by AKT1-inhibition (left) or 

UBE2S knockdown (right) reverse these effects. The figure is adapted from Hu et al. [8].  
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DNA double-strand breaks can also be repaired by homologous recombination (HR). 

This repair mechanism is based on an undamaged sister chromatid that is used as a 

template. After the recognition of the damage by the MRE11-RAD50-NBS-complex, ATM 

kinase is recruited and activated, thus leading to the formation of a 3´-single stranded 

DNA overhang by nucleases. Finally, RAD51 binds the single-stranded DNA in an ATP-

dependent manner, searches for homology and catalyzes the strand exchange. This is 

followed by DNA synthesis and ligation [149].  

Furthermore, ATM kinase is crucial for transcriptional arrest at double strand breaks. It 

phosphorylates histone H2AX (γ-H2AX) and its interactor MDC1 (mediator of DNA 

damage checkpoint protein 1) and then recruits the RING-type E3 RNF8. Together with 

UBE2N, RNF8 catalyzes the modification of histone H1 with Lys63-linked ubiquitin 

chains [152] and recruits the RING E3 RNF168 to the DSB [153]. RNF168 mono-

ubiquitinates the histones H2A and H2AX. These modifications can be elongated in a 

Lys63-linkage specific manner by RNF8 [154] and lead to the recruitment of the DNA 

repair machinery and represses transcription [152,155,156].  

Together with UBE2C and UBE2S, RNF8 can also catalyze the formation of Lys11-linked 

ubiquitin chains on histone H2A and H2AX at the DNA damage site. As in the APC/C-

dependent mechanism, UBE2C initiates the modification of the substrates and UBE2S 

elongates the chains in a Lys11-specific manner what is antagonized by the Lys11-

specific DUB Cezanne. It was demonstrated that the depletion of UBE2C and UBE2S 

results in the reduction of transcriptional silencing after DNA damage. The modification 

of the histones with Lys11 chains occurs as extensively as the modification with Lys63-

linked ubiquitin chains, but does not interfere with it. Interestingly, in contrast to the 

APC/C-mediated modification of cell cycle regulators with Lys11-linked ubiquitin chains, 

Lys11-linked chains on histones appear not to be degradative. Instead, they may have 

a specific signaling function in this context, which inhibits transcription of genes close to 

the DNA damage site ([7], Figure 10). 
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Figure 10: ATM-dependent transcription arrest after DNA double-strand breaks. Upon DSBs, the ATM 

kinase gets activated and phosphorylates H2AX to recruit the mediator protein MCD1 and the E3 ligase 

RNF8. RNF8, together with the E2 UBE2S, modifies histone H1 with Lys63-linked ubiquitin chains what 

recruits RNF168 that mono-ubiquitinates H2A histones. These chains can further be elongated by RNF8 

and UBE2N in a Lys63-specific manner. Together, this causes RNA polymerase II pausing and the 

recruitment of the DNA damage repair machinery. Additionally, RNF8 can interact with UBE2C and UBE2S 

to catalyze the ubiquitination of the histones H2A and H2AX with Lys11-linked chains to cause transcription 

arrest at DNA damage sites. The figure is adapted from [149] and [7].  

 

 

1.3.3 Molecular mechanism of UBE2S 
 

An important question in the ubiquitin field is how the specificity of ubiquitinating and 

deubiquitinating enzymes is encoded. UBE2S is highly specific for the formation of 

Lys11-linked ubiquitin chains. For the formation of those chains, which are formed by 

UBE2S even in the absence of a ubiquitin ligase, UBE2S has to interact with two ubiquitin 

molecules. First, UBE2S binds a donor ubiquitin (orange) covalently via its active site 

cysteine (Cys95) in a closed conformation (Figure 4). Second, UBE2S interacts with an 

acceptor ubiquitin (yellow), which should be oriented in a way that the primary amino 

group of Lys11 can nucleophilically attack the thioester bond (Figure 11A).  
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Figure 11: UBE2S interacts with the donor and acceptor ubiquitin. (A) Cartoon model of donor ubiquitin 

bound UBE2S (UBE2S~Ub, blue), interacting with an acceptor ubiquitin molecule (yellow) in a way that 

Lys11-linked ubiquitin chains can be formed. (B) NMR-derived, docked model of the ternary complex of 

UBE2S with donor and acceptor ubiquitin, adapted from [4].  

 

The structural basis of the Lys11 specificity and the molecular mechanism of ubiquitin 

chain formation by UBE2S was explained by an NMR-derived, docked model of the 

ternary complex of UBE2S with donor and acceptor ubiquitin, as shown in Figure 11B 

[4]. Unexpectedly, NMR-experiments revealed that UBE2S already interacts with 

ubiquitin in a closed conformation in the absence of a thioester linkage or a RING-

domain. The binding interface on ubiquitin encompass the hydrophobic patch, including 

residues Leu8, Ile44, Ala46, Val70 and Leu71 (Figure 12A). Those residues are 

interacting with residues around helix α2 (see Figure 3) on UBE2S, namely Asp29, 

Glu51-Thr53, Lys117, Cys118 and Ile121-Pro123 among others (Figure 12B) [4]. 

Although the interaction of UBE2S with donor ubiquitin in trans is extremely weak, with 

KD-values of 1.1 mM for UBE2SUBC and 1.7 mM for the full-length protein [4], they 

reproduce the donor-E2 interface seen in a crystal structure of a UEB2SUBC-ubiquitin 

conjugate mimicking the thioster-linked complex. Note that the relevant interface therein 

is formed in trans [52]. 

Donor-ubiquitin bound UBE2S interacts highly transiently with the acceptor ubiquitin 

molecule in isolation, but the interaction is assisted by the APC/C [113]. Mostly 

electrostatic interactions between Glu139, Glu131, Arg135 and Asn97 of UBE2S and 

Glu34, Lys6 and Lys63 of ubiquitin orient the acceptor ubiquitin molecule in a position 

that brings Lys11 into close proximity of the active site region (illustrated by Cys95, pink, 
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Figure 12C) [4]. Interacting residues on the acceptor ubiquitin, most importantly Glu34, 

are crucial for Lys11-linked formation by UBE2S. In fact, Glu34 was found to suppress 

the pKa of Lys11, promoting its deprotonation [4]. Thus, the Lys11-specificity of ubiquitin 

chain formation by UBE2S is achieved by substrate-assisted catalysis [4]. 
 

 
 
 

Figure 12: Interaction sites of UBE2S with the donor and acceptor ubiquitin. (A) Surface representation 

of ubiquitin (orange, PDB: 1UBQ) showing the interfacing residues (within a radius of 4 Å) of donor ubiquitin 

with UBE2SUBC (blue) [4]. (B) Surface representation of UBE2SUBC (blue, PDB: 1ZDN) showing the 

interfacing residues (within a radius of 4 Å) of UBE2SUBC with the donor ubiquitin (orange) [4]. (C) Detail on 

the electrostatic interactions of UBE2SUBC (blue) with the acceptor ubiquitin (yellow) in the NMR-derived, 

docked model shown in Figure 11B) [4]. Interacting residues are depicted in ball-and-stick representation 

and the active site cysteine of UBE2S (Cys95) and Lys11 of ubiquitin are highlighted in pink.  



 

23 

 
Introduction 

1.4 Objectives 
 

Although historically simply termed ‘ubiquitin carriers’, E2s actively participate in the 

ubiquitination cascade, and determine linkage specificity when interacting with RING-

type E3s. Emerging evidence suggests that E2s get regulated by distinct mechanisms 

influencing their levels, conformational dynamics and macromolecular interactions [61]. 

The importance of stringent control of E2 activities manifests in the severe physiological 

consequences of E2 dysregulation, which comprises immunological and 

neurodegenerative disorders as well as cancer [9,47,87]. However, the precise structural 

underpinnings and molecular consequences of E2 regulatory pathways are incompletely 

understood. 

 

This work interrogates the regulatory mechanisms of the ubiquitin-conjugating enzyme 

UBE2S at the structural and mechanistic level. While UBE2S was shown to undergo (E3-

enhanced) auto-ubiquitination at the C-terminal extension that presumably drives its 

proteasomal degradation at the end of mitosis [3], it is not understood whether auto-

ubiquitination at alternative sites has regulatory consequences. Furthermore, it was 

reported that E2s can oligomerize with different outcomes for their function [80–86]. 

Therefore, I set out to investigate the potential regulation of UBE2S by dimerization and 

auto-ubiquitination. 

 

To gain information about the regulatory mechanism of UBE2S on a structural level may 

open up avenues towards a rational therapeutic manipulation of UBE2S. After all, several 

studies have uncovered the severe consequences of UBE2S dysregulation (chapter 

1.3). Because UBE2S overexpression is linked to poor prognosis and poor response to 

therapeutics [8–10] in many cancer types, it is of great importance to understand the 

function and regulation of this E2, to outline common principles of regulation in the E2 

family and ultimately generate powerful cancer therapies. 
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2. Material 

2.1  Primers 
 

Oligonucleotides for site-directed mutagenesis, restriction free (RF) cloning and 

sequencing were purchased from Sigma-Aldrich in high purity salt free (HPSF) quality 

and lyophilized form and dissolved in reagent-grade water.  

 

Table 1: Oligonucleotide sequences, used in polymerase chain reactions (PCRs). F denotes forward; 

R reverse 

 

Name 
 

Nucleotide sequence (5’-3’) 

T7 F TAATACGACTCACTATAGGG 

 R GCTAGTTATTGCTCAGCGG 

CMV F CGCAAATGGGCGGTAGGCGTG 

 R AGTAGGAAAGTCCCGTAAGG 

UBE2S pMal Mod F ATGAACTCCAACGTGGAG 

  CAGCCGCCGCAGCGCCCG 

UBE2S C95S FL-
His6_RF-Cloning pMal 
Mod 

F TCTGCTCACAGAGATCCACGGGGGCGCCGGCGGGCCC
AGC 
 

 R CCTAGTGGTGGTGGTGGTGGTGCAGCCGCCGCAGCGC
CCG 

Del G2 for UBE2SUBC 
C95S His6 pMal Mod         

F 
R 

GAAGGAGATATACCATGAACTCCAACGTGGAGAAC 
GTTCTCCACGTTGGAGTTCATGGTATATCTCCTTC 

3HA UBE2S pCCA1 F 
 

GCTCACAGAGAACAGATTGGTGGGATGTACCCATACGAT
GTTCCAG 

 R TGATAGGCCTGCATTCGATGAGGTGCTACAGCCGCCGC
AGCGC 

3HA UBE2SUBC pCCA1 F GCTCACAGAGAACAGATTGGTGGGATGTACCCATACGAT
GTTCCAG 

 R TGATAGGCCTGCATTCGATGAGGTGTTATTACCCGTGGA
TCTCTGTGAG 

UBE2S C95A                 F CCAGTGGCGAGATCGCAGTCAACGTGCTCAAG 

 R CTTGAGCACGTTGACTGCGATCTCGCCACTGG 

UBE2S K100R pCCA1 F GATCTGCGTCAACGTGCTCCGTAGGGACTGGACGGCTG
AG 

 R CTCAGCCGTCCAGTCCCTACGGAGCACGTTGACGCAGA
TC 

UBE2S K100R with 
C95S pCCA1 

F ATCTCCGTCAACGTGCTCTGCAGGGACTGGACGGCTGA
G 

 R CTCAGCCGTCCAGTCCCTGCAGAGCACGTTGACGGAGA
T 

K0 UBE2SUBC R100K F GAAATTTGCGTTAATGTTCTGAAACGTGATTGGACCGCA
GAACTG 

 R CAGTTCTGCGGTCCAATCACGTTTCAGAACATTAACGCA
AATTTC 
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Name 
 

Nucleotide sequence (5’-3’) 

UBE2S R101A pCCA1 F TGCGTCAACGTGCTCAAGGCGGACTGGACGGCTGAGCT
G 

 R CAGCTCAGCCGTCCAGTCCGCCTTGAGCACGTTGACGC
A 

UBE2S D102A pCCA1 F GTCAACGTGCTCAAGAGGGCCTGGACGGCTGAGCTGGG 

 R CCCAGCTCAGCCGTCCAGGCCCTCTTGAGCACGTTGAC 

UBE2S L107A pCCA1 F GGGACTGGACGGCTGAGGCGGGCATCCGAACGTACTG 

 R CAGTACGTGTCGGATGCCCGCCTCAGCCGTCCAGTCCC 

UBE2S L114A pCCA1 F GGCATCCGACACGTACTGGCGACCATCAAGTGCCTGCT
G 

 R CAGCAGGCACTTGATGGTCGCCAGTACGTGTCGGATGC
C 

UBE2S L114E pCCA1 F GGCATCCGACACGTACTGGAAACCATCAAGTGCCTGCTG 

 R CAGCAGGCACTTGATGGTTTCCAGTACGTGTCGGATGCC 

UBE2S L114R pCCA1 F CATCCGACACGTACTGCGTACCATCAAGTGCCTGC 

 R GCAGGCACTTGATGGTACGCAGTACGTGTCGGATG 

UBE2S L137A pCCA1 F AACGAGGAGGCGGGCCGCCTGGCGTTGGAGAACTACGA
GGAGTAT 

 R ATACTCCTCGTAGTTCTCCAACGCCAGGCGGCCCGCCTC
CTCGTT 

UBE2S L138A pCCA1 F GGGCCGCCTGCTCGCGGAGAACTACGAGGAGTAT 

 R ATACTCCTCGTAGTTCTCCGCGAGCAGGCGGCCC 

UBE2S K197R/K198R 
pCCA1 

F 
R 

GGTCCCATGGCCCGTCGTCATGCTGGAGAAAG 
CTTTCTCCAGCATGACGACGGGCCATGGGACC 

E2insert pCDNA5 
FRT/TO-MCS-IRES2-
eGFP 

F GCGTTTAAACTTAAGCTTGGTACCGAGATGAATAGTAATG
TCGAAAATTTGC 
 

 R GAGGGAGAGGGGCGGATCCCGGCTATAATCTTCTTAAG
GCTCTTTTT 

K/R tail pCDNA5 
FRT/TO-MCS-IRES2-
eGFP 

F GGGGACGGAGGCGAGTAGTACGGATCCGGGCGCGCCC
GGC 
 

 R TTCGGCCAGTAACGTTAGGGGGGGGGGAGGGAGAGGG
GCG 

pCDNA5 FRT/TO-MCS-
IRES2-eGFP-linear 

F AAAAAGAGCCTTAAGAAGATTATAGCCGGGATCCGCCCC
TCTCCCTC 

 R GCAAATTTTCGACATTACTATTCATCTCGGTACCAAGCTT
AAGTTTAAACGC 

UBE2S C95Sw F GGCGAACGGGGAAATAAGCGTGAATGTCTTGAAACG 

 R CGTTTCAAGACATTCACGCTTATTTCCCCGTTCGCC 

UBE2S K100Rw F GTGTGAATGTCTTGAGGCGCGATTGGACCGCG 

 R CGCGGTCCAATCGCGCCTCAAGACATTCACAC 

UBE2S R101Aw F GTGAATGTCTTGAAAGCCGATTGGACCGCGG 

 R CCGCGGTCCAATCGGCTTTCAAGACATTCAC 

UBE2S D102Aw F GAATGTCTTGAAACGCGCCTGGACCGCGGAATTAG 

 R CTAATTCCGCGGTCCAGGCGCGTTTCAAGACATTC 

UBE2S L107Aw F ATTGGACCGCGGAAGCCGGGATAAGGCATGTC 

 R GACATGCCTTATCCCGGCTTCCGCGGTCCAAT 
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Name 
 

Nucleotide sequence (5’-3’) 

UBE2S H111Aw F CGCGGAATTAGGGATAAGGGCCGTCTTATTAACG 

 R CGTTAATAAGACGGCCCTTATCCCTAATTCCGCG 

UBE2S L114Aw F AGGGATAAGGCATGTCTTAGCCACGATAAAATGTTTATTA
A 

 R TTAATAAACATTTTATCGTGGCTAAGACATGCCTTATCCC
T 

UBE2S T115Aw F GGGATAAGGCATGTCTTATTAGCCATAAAATGTTTATTAA
TAC 

 R GTATTAATAAACATTTTATGGCTAATAAGACATGCCTTATC
CC 

UBE2S K117Aw F GGGATAAGGCATGTCTTAGCCACGATAAAATGTTTAT 

 R ATAAACATTTTATCGTGGCTAAGACATGCCTTATCCC 

UBE2S C118Sw F CATGTCTTATTAACGATAAAAAGCTTATTAATACATCCGA
ATCCG 

 R CGGATTCGGATGTATTAATAAGCTTTTTATCGTTAATAAG
ACATG 

UBE2S H122Aw F GATAAAATGTTTATTAATAGCCCCGAATCCGGAGAGCGC
C 

 R GGCGCTCTCCGGATTCGGGGCTATTAATAAACATTTTAT
C 

FLAG-
UBE2S_pCDNA5_FRT/
TO-UBE2S_L114A 

F CAGATATCATGGATTACAAGGATGACGACGATAAGAACT
CCAACGTGGAGAACC 
 

 R CCCTCTAGACTCGAGCGGCCGCCTACAGCCGCCGCAGC
GC 

C1ins ubiquitin_pET30a F GGAGATATACATTGCATGCAGATTTTCGTGAAAAC 

 R GTTTTCACGAAAATCTGCATGCAATGTATATCTCC 

K11R ubiquitin_pET30a F GAAAACCCTTACGGGGCGTACCATCACCCTCGAGG 

 R CCTCGAGGGTGATGGTACGCCCCGTAAGGGTTTTC 

 

Additional primers were designed by Dr. Sonja Lorenz, while working at the University of 

California, Berkeley, CA/USA. 
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2.2 Bacterial strains and expression constructs 
 

Table 2: Bacterial strains for cloning and protein expression 

 

Organism Strain Genotype Supplier 

E. coli Top10 F- mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 
araD139 Δ(ara leu) 7697 galU 
galK rpsL (StrR) endA1 nupG 
 

Invitrogen 
 

E. coli DH5a F- φ80lacZΔM15 Δ(lacZYA-
argF)U169 recA1 endA1 
hsdR17(rk -, mk +) phoA supE44 
thi-1 gyrA96 relA1 λ- 
 

Invitrogen 

E. coli BL21 (DE3) F- ompT hsdS(rB – mB -) dcm+ 
gal l (DE3) 
 

Invitrogen 

E. coli Rosetta (DE3) 
pLysS 

F- ompT hsdS(rB – mB -) dcm+ 
gal l (DE3) [pLysS CamR] 

Novagen 

 

Table 3: Vectors for protein expression in bacterial and mammalian cells 
 

Vector Host Affinity tag 
Cleavage 

site 
Resis-
tance 

Supplier 

pCCA1, (pET-28, 
modified) 

bacterial N-terminal 
His6-SUMO 
tag 

ULP1 Kan Merck 

pMAL-TEV bacterial C-terminal 
His6-taq 

TEV Amp  

pET-30a bacterial N-/C-terminal 
His6-tag 

Thrombin Kan Merck 

pRK793 bacterial N-terminal His6 TEV Amp Addgene 

pFGET19 bacterial N-terminal His6  Kan Addgene 

pGEX TEV bacterial Cleavable N-
terminal GST-
tag,  
uncleavable C-
terminal His6-
tag  

TEV Amp Prof. 
Brenda 
Schulman 

pSKB2 bacterial N-terminal 
His6-tag 

 Kan  

pCDNA5/FRT/TO
-3xFLAG 

mammalian N-terminal 
3xFLAG-tag 

 Amp Dr. 
Catherine 
Lindon 

pCDN5/FRT/T0 
3xFLAG Venus 
(pCDNA5/FRT/T
O-3xFLAG, 
modified) 

mammalian N-terminal 
3xFLAG-tag 

 Amp Dr. Jörg 
Mansfeld 
(Dr. 
Catherine 
Lindon) 
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Vector Host Affinity tag 
Cleavage 

site 
Resis-
tance 

Supplier 

pCS2 mammalian   Amp  

pCDNA5 
FRT/TO-MCS-
IRES2-eGFP 
(pcDNA5/FRT/TO
-neo, modified) 

mammalian   Amp Dr. Jörg 
Mansfeld 
(Prof. 
Jonathon 
Pines) 

 

 

Table 4: Expression constructs. The protein sequences are from Homo sapiens, expect for the ones of 

the proteases.  
 

Vector Insert Residue number Provided by 

pCCA1 UBE2S 1-222 Dr. Sonja Lorenz [4] 

pCCA1 UBE2S pointmutants 1-222  

pCCA1 UBE2SUBC 1-156 Dr. Sonja Lorenz [4] 

pCCA1 UBE2SUBC pointmutants 1-156  

pCCA1 UBE2S1-196 1-196 Marie-Annick Letzelter 

pCCA1 HA-UBE2S 1-222  

pCCA1 HA-UBE2S pointmutants 1-222  

pCCA1 HA-UBE2SUBC 1-156  

pCCA1 HA-UBE2SUBC 
pointmutants 

1-156  

pSKB2 His-UBE2S 1-222 Dr. Sonja Lorenz [4] 

pSKB2 His-UBE2S pointmutants 1-222  

pSKB2 His-UBE2SUBC 1-156  

pSKB2 His-UBE2SUBC 
pointmutants 

1-156  

pET-30a Ubiquitin 1-76 Dr. Sonja Lorenz [4] 

pET-30a Ubiquitin pointmutants 1-76 / -1-76  

pGEX 
TEV 

ubiquitin-cyclin B1NTD Ubiquitin: 1-74 
Cyclin B1NTD: 1-95 
+ C-terminal Cys 

Prof. Brenda Schulman 
[142] 

pRK793 TEV protease 1-303 Prof. John Kuriyan 

pFGET19 ULP1 protease 403-621 Prof. John Kuriyan 
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2.3 Bioreagents, kits and enzymes 
 

Table 5: Bioreagents, enzymes and kits 
 

Designation Supplier 

5x Q5 reaction buffer New England Biolabs 

5x Q5 High GC Enhancer New England Biolabs 

10x Standard Taq Reaction Buffer New England Biolabs 

Albumin Fraktion V (BSA) Roth 

DNaseI Invitrogen 

DpnI New England Biolabs 

GC buffer (PCR) New England Biolabs 

Gel Filtration Standard Bio-Rad 

GeneRulerTM 1 kb DNA Ladder Thermo Fisher Scientific 

Lysogeny broth (LB) medium Carl Roth 

Midori Green Advance DNA stain NIPPON 

NucleoSpin Gel and PRC cleanup kit Macherey & Nagel 

NucleoSpin Plasmid kit Macherey & Nagel 

PageRuler Prestained Protein Ladder Thermo Fisher Scientific 

Pierce Silver Stain Kit Thermo Fisher Scientific 

Q5 high fidelity DNA Polymerase New England Biolabs 

SignalFire ECL Reagent Cell Signalling Technology 

Taq DNA Polymerase New England Biolabs 

Terrific Broth (TB) medium Carl Roth 

 

2.4 Chemicals 
 

Table 6: Chemicals 
 

Substance Supplier 

2-Deoxyadenosine 5-triphosphate (dATP) sodium salt 
solution 

New England Biolabs 

2-Deoxycytidine 5-triphosphate (dCTP) sodium salt 
solution  

New England Biolabs 

2-Deoxyguanosine 5-triphosphate (dGTP) sodium salt 
solution 

New England Biolabs 

2-Deoxythymidine 5-triphosphate (dTTP) sodium salt 
solution 

New England Biolabs 

2-Propanol (Isopropanol) Carl Roth 

3-Morpholinopropane-1-sulfonic acid (MOPS) Sigma-Aldrich 

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) 

Carl Roth 
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Substance Supplier 

5,5-Dithiobis-2-nitrobenzoic acid (DTNB)  Carl Roth 

Acetic acid  Carl Roth 

Agarose NEEO ultra quality  Carl Roth 

Ammonium persulfate (APS)  Carl Roth 

Ammonium acetate (NH4COOH)  Carl Roth 
15N-labeled Ammonium chloride (15NH4Cl)  Sigma-Aldrich 

Ampicillin sodium salt  Carl Roth 

Benzamidin hydrochloride monohydrate  Carl Roth 

Beta-mercapthoethanol (β-ME)  Sigma-Aldrich 

Bis-Acrylamid 29:1  Fisher Bioreagents 

Bromphenol blue  Carl Roth 

Calcium chloride dihydrate (CaCl2)  Carl Roth 

Chloramphenicol  Carl Roth 

Coomassie Brilliant Blue G-250  Carl Roth 

Coomassie Brilliant Blue R-250 Carl Roth Carl Roth 

Deuteriumoxid (D2O)  Sigma-Aldrich 

Dibromobimane (bBBr)  Sigma-Aldrich 

Dimethylsulfoxide (DMSO) Carl Roth 

Disodium hydrogen phosphate (Na2HPO4)  Carl Roth 

Dithiothreitol (DTT) Carl Roth 

Ethanol (EtOH) Carl Roth 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth 

Ethylene glycol Sigma-Aldrich 

Glucose Carl Roth 
13C-labeled glucose Sigma-Aldrich 

Glycerol Carl Roth 

Glycine Carl Roth 

Hydrochloric acid (HCl) Carl Roth 

Imidazole Carl Roth 

Iron(II) sulfate heptahydrate (FeSO4) Sigma-Aldrich 

Isopropyl-β-D-thiogalactopyranoside (IPTG) Carl Roth 

Kanamycin sulfate Carl Roth 

Magnesium chloride hexahydrate Carl Roth 

Magensium sulfate heptahydrate (Mg2SO4) Sigma-Aldrich 

Manganese(II) chloride tetrahydrate (MnCl2∙4 H2O) Sigma-Aldrich 

Methanol Carl Roth 

N-Ethylmaleimide (NEM) Carl Roth 

Nickel(II) sulfate hexahydrate Carl Roth 

Perchloric acid Sigma-Aldrich 
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Substance Supplier 

Phenylarsine oxide (PAO) Sigma-Aldrich 

Polyethylenglycol (PEG) 3350 Sigma-Aldrich 

Polyethylenglycol (PEG) 4000 Sigma-Aldrich 

Potassium dihydrogen phosphate Carl Roth 

Potassium formate (KOOH) Carl Roth 

Rubidium chloride (RbCl) Sigma-Aldrich 

Sodium acetate Carl Roth 

Sodium cacodylate trihydrate Sigma-Aldrich 

Sodium chloride (NaCl) Carl Roth 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich 

Sodium dihydrogenphosphate dihydrate (NaH2PO4) Carl Roth 

Sodium hydroxide (NaOH) Carl Roth 

Tetramethylethylenediamin (TEMED) Carl Roth 

Thiamine hydrochloride Sigma-Aldrich 

Tris-(2-carboxyethyl)-phosphine (TCEP) Carl Roth 

Tris-(hydroxymethyl)-aminoethane (Tris) Carl Roth 

Triton X-100 Sigma-Aldrich 

Tween 20 Sigma-Aldrich 

Yeast nitrogen base Sigma-Aldrich 

Zinc chloride (ZnCl2) FlukaBioChemica 

 

2.5 Crystallization screens 
 

All crystallization screens were prepared by the in-house facility, according to the 

composition of the commercial crystallization screens: 

 

Table 7: Commercial crystallization screens used as templates for in-house screens. 
 

Screen Supplier 

Additive Screen Hampton Research 

Crystal Screen, Crystal Screen 2 Hampton Research 

Index Screen HT Hampton Research 

JCSG+ Molecular Dimensions 

Nextal PEG Suite  Qiagen 

Nucleix Suite Qiagen 

Optimix 3 Fluidigm 

Optimix PEG Fluidigm 

PEGs Suite, PEGs II Suite Qiagen 
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Screen Supplier 

pH Clear Suite, pH Clear II Suite Qiagen 

Protein Complex Suite Qiagen 

Silver Bullets Bio Hampton Research 

Wizard 1+2, Wizard 3+4 Emerald BioSystems 

 

2.6 Specialized consumables 
 

Table 8: Specialized consumables 
 

Type Model Supplier 

24-well hanging-drop crystal-
lization plates 

Crystalgen SuperClear Plate Jena Bioscience 

96-well sitting-drop crystal-
lization plates 

Crystalquick 1 square well, flat 
bottom, low profile 

Greiner Bio-One 

Microplate 96 well 96-well half area microplates Greiner Bio-One 

Cover slides 22 mm, siliconised Jena Bioscience 

Dialysis membranes Spectra/Por Spectrum 
Laboratories 

Nickel-beads Ni-NTA agarose Macherey & 
Nagel 

PVDF membrane Roti -PVDF Carl Roth 

SDS gels Novex 10-20% Tris-Glycine 
Mini Gels, Wedge Well 

Thermo Fisher 
Scientific 

Ultrafiltration units Amicon MWCO 3-30 kDa, 0.5-
20 ml 

Merck Millipore 

 

2.7  Relevant scientific equipment  
 

Table 9: Scientific equipment 
  

Device Model Company 

Affinity chromatography 
column 

HisTrap HP 1 ml/5 ml GE Healthcare 

Agarose gel electrophoresis 
system 

Mini-Sub Cell GT System Bio-Rad 

Analytical ultra centrifuge Optima XL-I Beckmann 
Coulter 

Anion exchange 
chromatography column 

Mono Q 10/100 GL 
Mono Q 4.6/100 PE 

GE Healthcare 

Cation exchange 
chromatography column 

HiTrap SP 5 ml GE Healthcare 

CD cuvette QS-110 Hellma 

CD spectropolarimeter J-810 Jasco 
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Device Model Company 

Chemiluminescence imager FluorchemQ Multi image Alpha Innotech 

Crystallization loops CryoLoop Hampton 
Research 

Crystallization robot Analytic Honey Bee 963 Digilab 

Differential refractometer Optilab T-rEX Wyatt 
Technologies 

SEC columns HiLoad 16/600 Superdex (SD) 
75/200 pg 
HiLoad 26/600 Superdex 75 
Superdex 75/200 10/300 GL 

GE Healthcare 

FPLC systems AKTA pure 25 
AKTA purifier (SEC-MALS) 

GE Healthcare 

Gel electrophoresis chamber 
(SDS-PAGE) 

Mini-ProteanR 3-cell 
Xcell SureLock Mini-Cell 

Bio-Rad 
Invitrogen 

Liquid handling robot LISSY 2002 Zinsser Analytik 

MALS detector DAWNR 8 + HELEOSR II Wyatt 
Technologies 

Microplate Reader CLARIOstar BMG LABTECH 

Robotic sealing unit for 
microplates 

RoboSeal HJ-
BIOANALYTIC 

Scanner Odyssey LI-COR 

Sonicator LabsonicR B. Braun Biotech 
International 

Spectrophotometer Bio-Photometer Plus Eppendorf 

Nanodrop ND 2000c Thermo Fisher, 
PEQLAB 

Thermo block Rotilabo-Block Heater250 
Thermomixer Comfort 

Carl Roth 
Eppendorf 

UV imaging system Gel Doc XR System Bio-Rad 

Western blot Trans-Blot Turbo Transfer-
System 

Bio-Rad 

 

2.8 Software, servers and databases 
 

The software as well as server-based tools and databases were used in the latest version 

published at the time. 

 

Table 10: Software, server-based tools and databases 
 

Program Description Supplier / Reference 

AIMLESS Scaling and merging of 
diffraction data  

[157,158] 

AlphaView Capturing images of the 
FluorchemQ system 

Alpha Innotech 

Astra VI MALS control and data analysis Wyatt Technologies 
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Program Description Supplier / Reference 

blastp/ blastn Sequence search [159] 

CCP4 Software suite for 
macromolecular X-ray 
crystallography 

[160] 

COOT Model-building software [161] 

Clustal Omega Sequence alignments [162] 

ExPASy ProtParam Computation of physical and 
chemical properties of proteins  

[163] 

   

ExPASy Translate Translation tool of nucleotide 
sequences to protein 
sequences 

[163] 

ImageJ image processing program, 
1.48v 

[164] 

Image Studio 
Software 

image processing program LI-COR  

MARS Clariostar data analysis 
software 

BMG LABTECH 

Microsoft Excel Spreadsheet software Microsoft Corporation 

Microsoft Power 
Point 

Generation of figures Microsoft Corporation 

MolProbity Structure validation for 
macromolecular crystallography 

[165] 

NMRViewJ Software for visualization and 
analysis of NMR Spectra 

One Moon Scientific 

ODYSSEY Infra-red imaging software LI-COR 

OriginPro Graphics and data analysis 
software 

OriginLab 

PDB Protein Data Bank [166] 

PHASER Phasing software [167] 

Phenix Software suite for 
macromolecular X-ray 
crystallography 

[168] 

Phyre2 Biosequence analysis; protein 
3D structure prediction 

[169] 

PISA Bioinformatic characterization of 
interfaces 

[170] 

PrimerX Automated design of mutagenic 
primers for site-directed 
mutagenesis 

Lapid, 2003 

PyMOL 3-dimensional visualization and 
graphical illustration software 

DeLano Scientific LLC 

Pubmed Literature search [171] 

RF-cloning.org automated primer design 
process for RF cloning 

[172] 

Quantity One UV imaging system control; UV 
image recording and analysis 

Bio-Rad 

SEDFIT Analysis of AUC data [173] 
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Program Description Supplier / Reference 

Spectra Manager CD data acquisition and 
analysis 

Jasco 

UNICORN FPLC instrument control; 
recording, analysis and 
management of chromatograms 

GE Healthcare 

XDS indexing, and integration of 
diffraction images 

[174] 
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3. Methods 
 

Several of the listed methods in this chapter have been originally described in the 

associated publications by Liess et al. [53,175] and represent an original excerpt of these 

manuscripts, extended or adapted, as appropriate. 

 

3.1 Molecular biology 
 

3.1.1 Preparation of chemically competent E. coli cells 
 

LB medium:  20 g/l LB medium 

TFB1: 30 mM KCOOH, pH 5.8, 75 mM CaCl2, 10 mM RbCl, 15% glycerol 

TFB2: 10 mM MOPS, pH 6.5, 75 mM CaCl2, 10 mM RbCl, 15% glycerol 

 

The competent cells were mostly prepared by Julia Haubenreißer (TA, Lorenz lab). 

Therefore, a single colony of the respective E. coli cells was transferred into 2.5 ml of LB 

medium and incubated overnight at 37 °C. 1 ml of this culture was sub-cultured into 

100 ml of pre-warmed LB-medium, supplemented with the appropriate antibiotic, and 

shaken at 37 °C until an OD600 of 0.4 - 0.6 was reached. Then the cells were incubated 

on ice for 5 min and pelleted for 5 min at 1500 x g in a cooled centrifuge. The pellet was 

re-suspended in 30 ml of ice-cooled transformation buffer 1 (TFB1), incubated on ice for 

90 min, and pelleted as before. Thereafter, the cell pellet was re-suspended in 4 ml of 

ice cooled TFB2, incubated on ice for 60 min and aliquoted (50 µl fractions). The aliquots 

were flash-frozen in liquid nitrogen and stored at −80 °C. 

 

3.1.2 Transformation 
 

LB agar plates: 20 g/l LB medium, 15 g/l agar, appropriate antibiotic 

Antibiotics:  100 µg/ml ampicillin 

   100 µg/ml kanamycin 

 

Bacterial cells (E. coli TOP 10, E. coli BL 21/DE3 or E. coli Rosetta pLysS) were thawed 

on ice and supplemented with 50 ng – 100 ng of the appropriate plasmid DNA and 

incubated for 30 min at 4 °C before the heat shock at 42 °C for 45 s. Thereafter, 600 µl 

of LB medium were added and the cells were incubated for 45 – 60 min at 37 °C and 
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1000 rpm. The cells were spun down, the pellet was dissolved in 100 µl of LB. 50 – 100 µl 

were plated on LB agar plates including the appropriate antibiotic for selection and 

incubated at 37 °C overnight.    

 

3.1.3 DNA amplification and isolation 
 

For DNA amplification and isolation, the respective plasmid DNA was transformed into 

E. coli TOP10 (see 3.1.2), plated on the appropriate LB agar plate and incubated 

overnight at 37 °C. One to three of the grown colonies were used to inoculate 5 ml of LB 

medium, supplemented with the appropriate antibiotics. The cultures were grown at 

37 °C and 300 rpm for nine hours up to overnight. Hereafter, the DNA was isolated using 

the NucleoSpin plasmid kit (Macherey & Nagel), following the manufacturer´s 

instructions. The DNA concentration was determined as described in section 3.2.15. For 

DNA sequencing, the DNA was sent for sequencing to Eurofins Genomics, LGC 

Genomics or Microsynth Seqlab.  

 

3.1.4 Site-directed mutagenesis via QuickChange  
 

For single amino acid substitutions or the introduction or deletion of a few amino acids 

in the encoded proteins, QuickChange site-directed mutagenesis (QC) was used. 

Therefore, primer pairs containing the mutation of interest in the middle with an overhang 

of at least 16 base pairs (bp) on each site were designed using the online program 

PrimerX (Carlo Lapid, 2003). The amplification of the plasmid with the appropriate primer 

pairs was performed according to the manufacturer´s protocol (Stratagene) using Q5 

high fidelity DNA polymerase (New England Biolabs), with an appropriate annealing 

temperature and extension time. Thereafter, the methylated, non-mutated parental DNA 

template was digested with DpnI at 37 °C for at least 2 h and the reaction mixture 

transformed into competent E. coli (see 3.1.2). The mutation was finally verified by 

sequencing (see above). 

 

3.1.5 Restriction-free cloning 
 

Restriction-free cloning (RF cloning) was used for the insertion of longer DNA fragments 

or whole genes into a vector of interest [176]. Therefore, primers that contain overhangs 

that are homologous to the vector were designed with the online tool RF-Cloning.org 

[172]. In a first PCR, the desired template was amplified and purified by agarose-gel 
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extraction, using the NucleoSpin Gel and PCR cleanup kit (Macherey & Nagel). In a 

second PCR, the insert was inserted into the vector, whereas the insert and the vector 

were used in ratio of 10:1. The methylated parental DNA template was digested with 

DpnI at 37 °C for at least 2 hours and the reaction mixture was transformed into 

competent E. coli cells (see 3.1.2). The DNA sequence was verified as described above. 

 

 Sequence and ligation independent cloning 
 

For sequence and ligation independent cloning (SLIC) [177], an insert and a vector of 

interest need complementary ends. Thus, the primers for the insert (RF primers) were 

designed to contain overhangs that are homologous to the vector ends. With this method, 

the wobbled UBE2S sequence (provided as gene block) was inserted into the pCDNA5 

FRT/TO-MCS-IRES2-eGFP vector and simultaneously a point mutation was introduced. 

In a first step, two polymerase chain reactions (PCRs), were performed. In the first PCR, 

the forward RF primer and the reverse primer to introduce the point mutation (QC primer) 

were used, and the second PCR was performed with the reverse RF primer and the 

forward QC primer. The resulting fragments were purified by agarose-gel extraction, 

using the NucleoSpin Gel and PCR cleanup kit (Macherey & Nagel). In the second step, 

the inserts of step 2 were combined, amplified by using the RF primers and purified by 

agarose-gel extraction, as described above. In a third step, the vector was linearized, 

digested with DpnI at 37 °C for at least 2 hours and purified by PCR cleanup (NucleoSpin 

Gel and PCR cleanup kit, Macherey & Nagel). The vector as well as the insert were 

digested by T4 DNA polymerase (New England Biolabs, NEB), using 1 µl DNA, 5 µl NEB 

buffer 2, 1 µl BSA, 0.5 µl T4 DNA polymerase and 42.5 µl ddH2O. The reaction mixture 

was incubated at room temperature for 30 min and was stopped by the addition of 1 µl 

of dGTP to a final concentration of 1 mM. For the annealing of the insert and the vector, 

2 µl of the vector and 8 µl of the insert were mixed with 10 µl ddH2O and incubated for 

5 min at 75 °C and then cooled down to 30 °C. 10 µl of the reaction mixture were 

transformed into competent E. coli cells (see 3.1.2) and the DNA sequence was verified 

by sequencing (see above). 

 

3.1.6 Agarose gel electrophoresis 
 

TAE buffer:  40 mM Tris, pH 8, 20 mM acetic acid, 1 mM EDTA 

DNA loading dye (6x): 4 mM  urea,   10 mM  EDTA,  50%  (v/v)   glycerol,  0.1%   (w/v)  

 bromphenol blue 
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For the separation of DNA fragments according to their size, agarose gel electrophoresis 

was used. Depending on the size of the DNA fragments 1.6% (w/v) agarose (for 

fragments < 1 kb) or 1% (w/v) agarose (fragments > 1kb) was resuspended in TAE 

buffer, supplemented with the DNA-intercalating Midori Green Advanced dye (NIPPON) 

and poured in a caster. The DNA samples were mixed with the DNA loading dye (1x final 

concentration) and the gel electrophoresis was performed in TAE buffer for 30 min at 

120 V. DNA fragments were visualized by UV light and cut out for gel extraction 

(NucleoSpin Gel and PCR cleanup kit, Macherey & Nagel) if required. DNA 

concentrations were measured by UV/VIS absorbance at 260 nm with a Nanodrop ND 

2000c (Peqlab). 

 

3.1.7 Protein expression and harvesting 
 

TB media:   50.8 g/l, 4 ml glycerol  

M9 media: 47.9 mM Na2HPO4 x 2H2O, 22 mM KH2PO4, 8.6 mM NaCl, 

pH 7.4; supplemented with 0.4% (w/v) glucose, 2 mM 

MgSO4, 0.1 mM CaCl2, 1 mg/l thiamine, 10 µM FeSO4, 

10 µM ZnCl2, 0.1% (w/v) 15NH4Cl, 0.17% (w/v) YNB 

 

For the expression of unlabeled Proteins, the DNA of interest was transformed into E. 

coli BL21/DE3 cells, with the expectation of UBE2S K100R, UBE2SUBC K100R and Ub-

Cyclin BNTD. These were expressed in E. coli Rosetta pLysS. One day prior to large-scale 

expression, a 100 ml pre-culture (100 ml LB media containing the appropriate antibiotic 

for selection) was inoculated with a single colony and incubated overnight at 37 °C and 

200 rpm. The following day, 2 l of TB media, supplemented with the appropriate 

antibiotics, were inoculated with the pre-culture and incubated at 37 °C and 200 rpm until 

an OD600 of 0.6 – 1.0 was reached. Thereafter, expression was induced by the addition 

of 0.5 mM IPTG. The proteins were expressed at 20 °C and 200 rpm overnight.  

 

15N-labeled as well as 15N- and 13C-labeled proteins were expressed in supplemented 

M9-based medium. One day prior to large-scale expression, the pre-culture (50 ml M9-

based medium containing the appropriate antibiotics) was inoculated with a single colony 

and incubated, as described above. The following day, 1 l of M9-based medium was 

supplemented with the appropriate antibiotics and inoculated with the pre-culture, to an 

OD600 of 0.05 was reached. The bacterial culture was incubated at 37 °C and 190 rpm, 
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and protein expression induced with 0.5 mM IPTG at an OD600 of 0.8. Expression was 

conducted at 20 °C and 190 rpm overnight. 

Cells were generally harvested by centrifugation for 12 min at 4 °C and 4500 x g and 

either used directly for protein purification or stored at –80 °C.  

 

3.2 Protein purification 
 

3.2.1 Cell lysis 
 

UBE2S lysis buffer: 50 mM Tris, pH 8.0, 500 mM NaCl, 5 mM benzamidine, 

8 mM β-ME, 0.4% Triton X-100, protease-inhibitor cocktail 

(Roche)  

Ub lysis buffer:  50 mM Tris, pH 7.4, 50 mM NaCl 

 

The cell pellets were resuspended in the respective lysis buffer at 4 °C and lysed by 

sonification at 4 °C. The lysate was cleared by centrifugation at 57500 x g for one hour 

at 4 °C.  

 

3.2.2 Affinity chromatography 
 

 Immobilized metal ion affinity chromatography 
 

Buffer A IMAC: 50 mM Tris, pH 8.0, 500 mM NaCl, 20 mM imidazole, 

8 mM β-ME  

Buffer B IMAC:  50 mM Tris, pH 8.0, 500 mM NaCl, 500 mM imidazole, 

8 mM β-ME 

Buffer A2 IMAC:  50 mM HEPES pH 8.0, 150 mM NaCl, 8 mM β-ME 

Buffer B2 IMAC: 50 mM HEPES pH 8.0, 150 mM NaCl, 500 mM imidazole, 

8 mM β-ME 

 

For the purification of His-tagged proteins, immobilized metal ion affinity chromatography 

(IMAC) was applied as initial purification step. This method is based on the non-

biospecific interactions between exposed histidine groups and Ni2+ ions that are 

immobilized on beads via a chelating group. Therefore, a HisTrap Ni Sepharose affinity 

column (GE Healthcare) was used that selectively retains proteins containing a His6-tag. 
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To perform IMAC, the column was equilibrated in buffer A/A2 IMAC, the filtered lysate 

loaded and the column and washed with buffer A/A2 IMAC for 15 - 20 column volumes 

(CV) to remove unbound proteins. The His6-tagged proteins were eluted in 100% Buffer 

B IMAC (for UBE2S) or by a gradient from 20 - 100% buffer B2 IMAC (for Ub-Cyclin 

BNTD). 

 

 Affinity chromatography using immobilized glutathione 
 

GST buffer A: PBS pH 7.4 (140 mM NaCl, 2.7 mM KCl, 10 mM NaHPO4, 

1.8 mM KH2PO4, pH 7.4), 2 mM DTT 

GST buffer B:   50 mM Tris, 10 mM reduced glutathione, pH 8.0 

 

By affinity chromatography with immobilized glutathione, glutathione S-Transferase 

(GST) tagged proteins can be purified.   

A GSTrap HP column (GE Healthcare) was equilibrated in GST buffer A and the protein 

solution was loaded. After washing with 10 CV of GST buffer A, the GST-tagged proteins 

were eluted with GST buffer B. 

 

3.2.3 Ion exchange chromatography 
 

IEX buffer A1:   50 mM ammonium acetate pH 4.5 

IEX buffer B1:   50 mM ammonium acetate pH 4.5, 500 mM NaCl 

IEX dilution buffer:  25 mM Tris pH 7.4 

IEX buffer A2:   25 mM Tris pH 7.4, 25 mM NaCl 

IEX buffer B2:   25 mM Tris pH 7.4, 500 mM NaCl 

 

For ion exchange chromatography (IEX) the protein solution was either dialyzed 

overnight at 4 °C, desalted by using a HiPrep 26/10 Desalting column (GE Healthcare) 

into the respective buffer A or diluted with the IEX dilution buffer to reach the salt 

concentration of the respective buffer A. Before sample application, a HiTrap SP HP 

column (GE Healthcare, for the purification of ubiquitin; see 3.2.10) or a MonoQ 4.6/100 

PE column (GE Healthcare, for isolation and preparation of the conjugates, see 3.2.13 

and 3.2.14) was washed with the respective buffer B to remove proteins sticking to the 

column and thereafter in the corresponding buffer A. The sample was then applied to the 

column and the column washed with 5 - 10 CV of 20% of buffer B in buffer A. For protein 

elution, an increasing gradient of buffer B was used. For details, see chapters 3.2.10, 

3.2.13 and 3.2.14. According to the elution profile, selected fractions were analyzed by 



 

42 

       

SDS-PAGE and fractions containing the target protein or protein complex pooled and 

concentrated. 

 

3.2.4 Tag cleavage by SMT3-specific protease ULP1 and TEV protease 
 

Dialysis buffer UBE2S:      50 mM Tris pH 7.5, 300 mM NaCl, 2 mM DTT 

Dialysis buffer Ub-Cyclin B1NTD: 50 mM HEPES pH 7, 300 mM NaCl, 2 mM DTT  

 

For some protein purifications the affinity tag (His6-SUMO-tag for UBE2S and variants 

and the GST-tag for Ub-Cyclin B1NTD) was removed. To this end, the proteins were 

dialyzed into the respective dialysis buffers using pre-treated Spectra/Pro Dialysis 

Membrane (Spectrum Labs) with the appropriate cut-off. After 4 h the buffer was 

replaced, and the protease added. To cleave His6-SUMO-tag off UBE2S, ULP1 was 

used whereas the GST-tag of Ub-Cyclin B1NTD was cleaved by Tobacco Etch Virus (TEV) 

protease. The cleavage was performed at 4 °C overnight. The cleaved tags and the His-

tagged proteases were subsequently removed from the protein solution by affinity 

chromatography. 

 

3.2.5 Preparative size exclusion chromatography 
 

SEC buffer 1:   25 mM Tris pH 7.4, 100 mM NaCl, 2 mM DTT  

SEC buffer 2: 75 mM sodium phosphate pH 7.2, 1 mM EDTA, 5 mM DTT 

SEC buffer 3:   50 mM Tris pH 7.4, 100 mM NaCl 

SEC buffer 4: 50 mM HEPES pH 7, 150 mM NaCl, 2 mM DTT 

 

The last purification step for all proteins was size exclusion chromatography (SEC). 

According to the molecular weight of the protein and the protein amount, a 

HiLoad SD 75 16/600 or HiLoad SD 75 26/600 gel filtration column (GE Healthcare) was 

used. Prior to sample application, the column was equilibrated in the gel filtration buffer. 

Thereafter the protein was loaded on the column, eluted in the respective SEC buffer, 

and analyzed by SDS-PAGE. Pooled fractions were concentrated with amicon ultra 

centrifugal filters (Merck Millipore) with a suitable MW cut-off for further use or aliquoted, 

flash frozen in liquid nitrogen and stored at −80 °C. 
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3.2.6 Purification of SMT3-specific protease ULP1 
 

Buffer A IMAC (ULP1): 50 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 10% 

glycerol, 5 mM β-ME 

Buffer B IMAC (ULP1): 50 mM Tris pH 8.0, 500 mM NaCl, 500 mM imidazole, 10% 

glycerol, 5 mM β-ME 

Storage buffer (ULP1): 50 mM Tris pH 8.0, 250 mM NaCl, 10% glycerol, 5 mM β-

ME 

 

The SMT3-specific protease ULP1 was mostly prepared by Julia Haubenreißer (TA, 

Lorenz lab). Therefore, TB medium, supplemented with the appropriate antibiotic, was 

inoculated with E. coli Rosetta pLysS, expressing His6-tagged ULP1 protease (provided 

by Prof. John Kuriyan, University of California, Berkeley, CA/USA). Protein expression 

was induced by IPTG induction and conducted at 18 °C overnight. At the next morning, 

the bacteria cells were harvested, resuspended in buffer A and lysed by sonication. ULP1 

protease was purified as His6-fusion protein from the supernatant by Ni-affinity 

chromatography, using a HisTrap Ni Sepharose affinity column (GE Healthcare) and 

eluted in 50 ml of buffer B. In a final step, buffer B was exchanged against the storage 

buffer, using Zeba Spin Desalting Columns (Thermo Fisher Scientific) and the protein 

aliquoted in 200 µl aliquots of 2.5 mg/ml, flash frozen in liquid nitrogen and stored at 

−80 °C.  

 

3.2.7 Purification of tobacco etch virus (TEV) protease 
 

Lysis buffer (TEV): 25 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 2 mM 

β-ME, 0.005% Triton X-100, 10% glycerol, Dnase, 

lysozyme 

Buffer A IMAC (TEV): 25 mM Tris pH 8.0, 500 mM NaCl, 20 mM imidazole, 10% 

glycerol, 2 mM β-ME 

Buffer B IMAC (TEV): 25 mM Tris pH 8.0, 150 mM NaCl, 20 mM imidazole, 10% 

glycerol, 2 mM β-ME 

Buffer C IMAC (TEV): 25 mM Tris pH 8.0, 150 mM NaCl, 500 mM imidazole, 10% 

glycerol, 2 mM β-ME 

Storage buffer (TEV): 25 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 10% 

glycerol, 5 mM DTT 
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TEV protease was mostly prepared by Julia Haubenreißer (TA, Lorenz lab). The TEV 

protease was expressed as a His6-tagged fusion in antibiotic-supplemented TB medium, 

inoculated with E. coli Rosetta pLysS. After the induction by IPTG, the culture was 

shaken at 25 °C overnight. The bacterial cells were harvested, resuspended in the lysis 

buffer and disrupted by sonication. The lysate was cleared by centrifugation and the 

supernatant loaded on a HisTrap Ni Sepharose affinity column (GE Healthcare), 

equilibrated in buffer A. The column was washed with buffer B and the TEV protease 

eluted with a linear gradient of buffer C, dialyzed overnight into the storage buffer and 

aliquoted in 200 µl aliquots of 2.5 mg/ml. The aliquots were flash-frozen in liquid nitrogen 

and stored at −80 °C. 

 

3.2.8 Purification of the human E1 enzyme UBA1 
 

Human UBA1 was prepared from insect cells by Dr. Sonja Lorenz, as described 

previously [4]. 

 

3.2.9 Purification of human UBE2S and variants  
 

Untagged UBE2S and variants as well as HA-tagged UBE2S were purified as a His6-

SUMO-tag-UBE2S fusion from the supernatant by Ni-affinity chromatography, using a 

HisTrap Ni Sepharose affinity column (GE Healthcare). The column was equilibrated in 

buffer A IMAC and thereafter the cleared and filtered lysate loaded on the column. 

Unbound proteins were removed by washing with buffer A for 18 CVs. The His6-SUMO-

tag-UBE2S fusion proteins were then eluted with 5 CVs buffer B IMAC and the column 

was re-incubated into buffer A IMAC (see 3.2.2). To cleave off the His6-SUMO-tag and 

further purify UBE2S and variants, the tagged proteins were dialyzed into the dialysis 

buffer for 4 h at 4 °C, using pre-treated Spectra/Pro Dialysis Membrane (MWCO 3.5 kDa; 

Spectrum Labs). After 4 h, His-tagged ULP1 was added and the cleavage performed 

overnight. The His6-tag as well as the protease were removed by IMAC and the UBE2S-

containing flow-through was injected on a HiLoad 16/600 Superdex 75 column (GE 

Healthcare) using the SEC buffer 1 (see 3.2.5).  

Isotope-enriched UBE2S and variants were purified as described above but SEC buffer 

2 was used for the final preparative size exclusion chromatography (see 3.2.5). 

His6-tagged UBE2SUBC and UBE2S were expressed after induction with 0.5 mM IPTG at 

20 °C overnight. Cells were harvested and lysed as described in section 3.2.1. The 

proteins were purified by Ni-affinity chromatography (HisTrap Ni sepharose, GE 
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Healthcare, see 3.2.2.1), buffer-exchanged into SEC buffer 1 (see 3.2.5), and polished 

by gel filtration (HiLoad 16/600 Superdex 75, GE Healthcare) in the same buffer.  

 

3.2.10 Purification of ubiquitin 
 

Ubiquitin and variants were purified from the supernatant by precipitation with 75% 

perchloric acid while stirring on ice for 10 min. The mixture was centrifuged at ≥ 8 x g for 

30 min and the supernatant dialyzed into 50 mM ammonium acetate pH 4.5 for at least 

4 h or overnight, using pre-treated Spectra/Pro Dialysis Membrane (MWCO 3.5 kDa; 

Spectrum Labs). Thereafter, the solution was applied on a HiTrap SP HP column (GE 

Healthcare) and an ion exchange chromatography performed with IEC buffer A2 and B2. 

The column was washed for 5 CV with IEC buffer A2 and eluted by using a gradient from 

0 - 44% IEC buffer B2 in 4 CV, 45% IEC buffer B2 for 6 CV followed by 4 CV of 100% 

IEC buffer B2 (see 3.2.3) The ubiquitin containing fractions were pooled and applied to 

a HiLoad 16/600 Superdex 75 column (GE Healthcare) in SEC buffer 3 (see 3.2.5). For 

NMR, SEC buffer 2 was used, while Cys-ubiquitin for labeling with IRDye 800CW 

Maleimide (LI-COR) was purified in SEC buffer 4 (see 3.2.5). 

 

3.2.11 Purification of Ub-Cyclin B1NTD 
 

The preparation of the ubiquitin-cyclin B1NTD fusion carrying an N-terminal GST and a C-

terminal His6-tag has also been described in [113]. In brief, Ub-Cyclin B1NTD was 

expressed in E. coli Rosetta pLysS and purified by Ni-affinity chromatography, using 

buffer A2 IMAC and buffer B2 IMAC (see 3.2.2.1). TEV-cleavage was performed at 4 °C 

overnight (see 3.2.4) and the GST-tag was removed by affinity chromatography with 

immobilized glutathione (see 3.2.2.2). Ub-Cyclin B1NTD was finally polished by size 

exclusion chromatography, using SEC buffer 4 (see 3.2.5). 

 

3.2.12 IRDye 800CW maleimide-labeling of Cys-ubiquitin and Ub-Cyclin B1NTD 
 

To label ubiquitin at the N-terminus (Cys-1) and ubiquitin-cyclin B1NTD at the C-terminus 

[113] with a fluorophore, the purified proteins were first incubated with 10 mM DTT for 

10 min and desalted in 50 mM HEPES pH 7.0 and 150 mM NaCl. IRDye 800CW 

maleimide (LI-COR) was added to the proteins at 3-fold molar excess, the reactions 

incubated at room temperature for 2 h, and then quenched with 10 mM DTT. To 

quantitatively remove unreacted fluorophores the samples were desalted twice (HiPrep 
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26/10 desalting column; GE Healthcare), followed by an additional size-exclusion 

chromatography (Superdex 75 10/300 GL increase column; GE Healthcare) in 50 mM 

HEPES pH 7.0, 150 mM NaCl, and 2 mM DTT (ubiquitin-cyclin B1NTD) and 25 mM Tris 

pH 7.4, 100 mM NaCl, and 2 mM DTT (ubiquitin), respectively.  

 

3.2.13 Isolation of the UBE2SUBC-Ub K11R-conjugate 
 

For activity assays, a UBE2S-ubiquitin conjugate was isolated from an in vitro 

ubiquitination reaction. Therefore, 0.5 µM UBA1, 20 µM UBE2SUBC, 120 µM ubiquitin 

K11R, 3 mM ATP, and 9 mM MgCl2 were incubated in 25 mM Tris pH 7.0 and 100 mM 

NaCl at 30 °C for 1 h. The reaction was subsequently diluted in 25 mM Tris pH 7.4 and 

2 mM DTT to adjust the salt concentration to 25 mM NaCl. Mono-ubiquitinated UBE2S 

was isolated by anion exchange chromatography (Mono Q 4.6/100 PE; GE Healthcare), 

using a gradient from 25 to 500 mM NaCl in 25 mM Tris pH 7.4, and 2 mM DTT and 

purified by size-exclusion chromatography (HiLoad 16/600 SD 75; GE Healthcare) in 

25 mM Tris pH 7.4, 100 mM NaCl, and 2 mM DTT. The fraction of unmodified UBE2SUBC 

from the reaction was also recovered to serve as a control in the activity assays. 

 

3.2.14 Preparation of UBE2SUBC C95S/C118M/K100C-Ub G76C conjugates 
 

For NMR studies, disulfide-linked conjugates of ubiquitin G76C and 

UBE2SUBC C95S/C118M/K100C were prepared according to established protocols 

[4,52]. Briefly, the required purified protein variants were buffer exchanged into 50 mM 

sodium phosphate pH 7.4. Ubiquitin was activated by incubation with a 9-fold molar 

excess of 5,5’-dithio-bis-2-nitrobenzoic acid (DTNB) at room temperature for 40 min and 

the excess of DTNB removed by desalting (HiPrep 26/10 desalting column; GE 

Healthcare). Then the activated ubiquitin was incubated with a sub-stoichiometric 

amount of UBE2SUBC C95S/C118M/K100C at room temperature for 30 min. After 

exchange into 25 mM Tris pH 7.4 and 100 mM NaCl, the disulfide-linked complex was 

purified by anion exchange chromatography (MonoQ 4.6/100 PE; GE Healthcare) using 

a NaCl-gradient from 25 to 500 mM in 25 mM Tris pH 7.4 and subsequent size-exclusion 

chromatography (SD 75 16/600: GE Healthcare) in 75 mM sodium-phosphate pH 7.2 

and 1 mM EDTA.  

For chemical shift mapping studies, either the ubiquitin or the E2 in the complex was 

supplied in a 15N-enriched form. To generate backbone resonance assignments for the 

complex, both components were 15N- and 13C-enriched. 
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3.2.15 Protein concentration determination 
 

Protein concentrations of folded proteins in their reduced state were determined by 

UV/VIS spectroscopy based on the Lambert-Beer law. 

 

Equation 1: The Lambert-Beer law. [c]: protein concentration / mol∙l-1 A280: measured absorption at 

280 nm, ε: molar extinction coefficient / l∙mol-1∙cm-1, d: path length of light through the sample / cm 

 

𝑐  
𝐴
𝜀 ∙ 𝑑

 

 

The extinction coefficient ε, that is characterized by the number of tryptophan, tyrosine 

and cysteine residues, was determined for each protein using the online tool ExPASy 

ProtParam [178]. The measurements were performed in triplicates, utilizing a Nanodrop 

ND 2000c spectrophotometer (Peqlab), and the values averaged. 

 

3.3 Circular dichroism spectroscopy 
 

CD buffer:   50 mM K2H / H2K-PO4, pH 7.9 

 

Circular dichroism (CD) spectroscopy was used to confirm the structural integrity of 

protein samples in solution. The measurements were recorded at a Jasco J-810 

spectropolarimeter in a temperature-controlled quartz cuvette with a layer thickness of 

1 mm at 20 °C. All UBE2S variants were at a concentration of 5 µM in the CD buffer and 

the CD spectra were recorded in the range of 190 to 260 nm in 0.1 nm steps at a 

scanning speed of 20 nm/min and a band width of 1 nm. To improve the signal-to-noise 

ratio, a total of 15 spectra were accumulated per sample and the spectrum of the 

reference buffer was recorded and subtracted from the protein spectra. Finally, the the 

molar ellipticity [ϴ] was calculated according to Equation 2. 

 

 

Equation 2: Calculation of the molar ellipticity [ϴ]. ϴ: measured ellipticity in mdeg, [c]: protein 

concentration in mM, d: thickness of the cuvette in cm, NAA: number of amino acids of the protein 

𝛳
𝜃 ∙ 100
𝑐 ∙ 𝑑 ∙ 𝑁
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3.4 SDS-polyacrylamide gel electrophoresis and immunoblotting 
 

3.4.1 SDS-polyacrylamide gel electrophoresis 
 

Separating gel: 10-15% (w/v) Bis-Acrylamide 29:1, 375 mM Tris pH 8.8, 

0.1% (w/v) SDS, 0.1% APS, 0.025 TEMED 

Stacking gel:  4% (w/v) Bis-Acrylamide 29:1, 125 mM Tris pH 6.8, 0.1% 

(w/v) SDS, 0.1% APS, 0.025 TEMED 

SDS sample buffer (4x): 62.5 mM Tris pH 7.0, 40 mM EDTA, 15% (w/v) SDS, 48% 

(w/v) glycerol, 0.04% (w/v) bromphenol blue, ± 120 mM β-

ME  

SDS running buffer: 25 mM Tris pH 7.0, 192 mM glycine, 0.1% (w/v) SDS 

Staining solution: 0.1% (w/v) Coomassie Brilliant Blue G-250/R-250, 25% 

(v/v) isopropanol, 10% (v/v) acetic acid 

De-staining solution: 10% (v/v) acetic acid 

 

Gels with an appropriate amount of Bis-Acrylamide 29:1 in the separating gel section, 

were prepared in Bio-Rad casting frames or stands. For SDS-PAGE of protein 

purifications and in vitro assays 12 - 15% gels were used and for SDS-PAGE followed 

by immunoblotting, 10 - 12% gels were used. Protein samples were mixed with SDS 

sample buffer to a final concentration of 1x and incubated at 95 °C for 5 min. To estimate 

the molecular weight of the samples, a protein standard marker (PageRuler protein 

ladder, Thermo Fisher Scientific) was used. The gels were inserted into a Mini-Protean 

electrophoresis chamber (Bio-Rad), filled with SDS running buffer and the 

electrophoresis was carried out at 220 V for ~50 min. 

To separate proteins samples in the low, as well as in the high-molecular range, pre-cast 

gradient gels (Novex 10 - 20% Tris-Glycine Mini Gels, Thermo Fisher Scientific) were 

used according to the manufacturer´s instructions. 

Gels were stained in the staining solution for 15 min, including brief heating in a 

microwave, and de-stained in the de-staining solution. Thereafter, the gels were scanned 

with an Odyssey system (LI-COR) for documentation.  

If samples with low protein concentrations needed to be visualized, silver staining was 

performed using the Pierce Silver Stain kit (Thermo Fisher Scientific) according to the 

manufacturer´s instructions. For documentation, those gels were scanned with a 

common document scanner. 
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3.4.2 Immunoblotting 
 

Transfer buffer:   25 mM Tris pH 7.5, 192 mM glycine, 20% methanol 

TBS-T:    20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween®20 

Blocking buffer 1:  5% BSA in TBS-T  

Blocking buffer 2:  5% milk powder in TBS-T 

Blocking buffer 3:  5% BSA in PBS, 0.1% Tween®20, 0.01% SDS 

 

Table 11: Antibodies  
 

Antibody Supplier Dilution 
Blocking 
buffer 

rabbit polyclonal anti-UBE2S self-made, Moravian 
Biotechnology 

1:1000 2 

rabbit monoclonal anti-HA 
tag (clone C29F4) 

Cell Signaling Technology 
(RRID: AB_1549585) 

1:1000 1 

mouse monoclonal anti-
ubiquitin (P4D1) 

Santa-Cruz Biotechnology 
(RRID: AB_628423) 

1:1000 2 

mouse monoclonal anti-His 
H1029 (HIS-1) 

Sigma-Aldrich 
(RRID: AB_260015) 

1:3000 2 

Horse anti-mouse IgG, HRP-
linked 

Cell Signaling Technology 
(RRID: AB_330924) 

1:10000 depending 
on the 
primary 
antibody 

Goat anti-rabbit IgG, HRP-
linked 

Cell Signaling Technology 
(RRID: AB_2099233) 

1:10000 depending 
on the 
primary 
antibody 

Donkey anti-rabbit IgG, 
IRDye 800CW conjugated 
(diluted 1:1 in PBS, pH 7.4.) 

LI-COR Biosciences 
(RRID: AB_621848) 

1:10000 3 

 

For immunoblotting (Western blot), protein samples were separated by SDS-PAGE 

(3.4.1) and then the gel was incubated in transfer buffer for three times 5 min. The PVDF 

membrane was activated in methanol and thereafter incubated in transfer buffer. For 

transfer, a Trans-Blot Turbo Transfer System (Bio-Rad) was used and the transfer was 

carried out for 35 min at 25 V. Then the membrane was blocked in the appropriate 

blocking buffer for at least one hour and subsequently incubated overnight at 4 °C in the 

primary antibody that was diluted in the appropriate blocking buffer. Thereafter, the 

membrane was washed with TBS-T three times for 15 min and incubated with the 

secondary antibody, diluted in blocking buffer, for one hour at room temperature. If the 

secondary antibody was coupled to horseradish peroxidase (HRP), chemiluminescent 

detection with SignalFire ECL Reagent (Cell Signaling) was performed with a 

FluorochemQ Multi image system (Alpha Innotech). If the secondary antibody was 
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coupled to IRDye 800CW (LI-COR), the incubation was performed in the dark and the 

signals were detected by fluorescence scanning with an Odyssey system (LI-COR). 

 

3.5 In vitro assays 
 

3.5.1 In vitro isopetide bond formation assay 
 

The in vitro isopetide bond formation activity assay was performed to monitor di-ubiquitin 

formation as well as auto-ubiquitination of UBE2S. 0.25 µM E1 enzyme, 2 µM E2, 30 µM 

ubiquitin, 3 mM ATP and 7.5 mM MgCl2 were mixed in 25 mM Tris pH 7.0 and 100 mM 

NaCl. The activity of the dimer interface mutants was tested at the concentrations 

described above and at 0.5 µM E1, 100 µM and 150 µM ubiquitin, supplemented with 

3 mM ATP and 7.5 mM MgCl2 in the same reaction buffer as before. The reaction was 

incubated for 1 h at 30 °C, stopped by adding SDS-loading dye containing DTT, 

separated via SDS-PAGE and visualized by Coomassie staining. To enhance the 

sensitivity, IR-dye-labelled ubiquitin was used. In those cases, the activity of the proteins 

was monitored by SDS-PAGE and fluorescence scanning (Odysse System, LI-COR) in 

addition to Coomassie staining. 

The quantification of di-ubiquitin formation and auto-ubiquitination was performed with 

Image Studio Lit2 Ver 5.2 (LI-COR). 

 

3.5.2 In vitro charging assay 
 

The E2 charging assay was performed by mixing 0.25 µM E1 enzyme, 30 - 60 µM 

ubiquitin, 3 mM ATP and 9 mM MgCl2 in 25 mM Tris pH 7.5 and 100 mM NaCl. The 

reaction mixture was incubated for 3 min on ice, 2 - 5 µM of the appropriate E2 enzyme 

were added and thereafter the reaction mixture was incubated at room temperature for 

2 - 10 min. Afterwards, the reaction was quenched with non-reducing SDS-loading dye 

to monitor thioester-formation between the E2 enzyme and ubiquitin. As a control, the 

samples were quenched with DTT-containing SDS-loading dye. All samples were 

analyzed by SDS-PAGE and Coomassie staining. 
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3.5.3 Cis-trans assay 

 

To discriminate auto-ubiquitination of UBE2S in cis and trans, 0.25 µM UBA1, 1 µM HA3-

UBE2S C95A (catalytically dead), 1 µM or 5 µM untagged UBE2S WT, 60 µM ubiquitin, 

3 mM ATP, and 7.5 mM MgCl2 were mixed in 25 mM Tris pH 7.0 and 100 mM NaCl. The 

reaction was incubated at 30 °C for 30 min and 1 h, respectively, and quenched by 

adding SDS-PAGE loading dye that contained 100 mM DTT. The samples were 

analyzed by SDS-PAGE and Western blotting using an HA-antibody (C29F4, Cell 

Signaling). 

 

3.6 Protein interaction analyses 
 

3.6.1 Size exclusion chromatography coupled to multi-angle light scattering (SEC-
MALS) 

 

SEC-MALS was performed at room temperature using a Superdex 75 10/300 GL column 

(GE Healthcare) coupled to a Dawn 8+ MALS detector and Optilab T-rEX refractive index 

detector (Wyatt Technology). Proteins were injected at a concentration of 300 µM in a 

buffer containing 25 mM Tris pH 6.8 and 100 mM NaCl. The total volume was 100 µl. 

MWs were determined at the absorbance peak tips using the ASTRA 6 software (Wyatt 

Technology). 

 

3.6.2 In vitro pull-down 
 

Washing buffer: 500 mM NaH2PO4 pH 7.5, 500 mM NaCl, 30 mM 

imidazole, 2 mM DTT 

 

For in vitro pull-down experiments, 500 µg of His-tagged UBE2S / UBE2SUBC were 

incubated with 500 µg of HA-tagged UBE2S / UBE2SUBC in 25 mM Tris pH 7.4, and 

100 mM NaCl for 1 h on ice and Ni-NTA agarose beads were pre-washed 3x with the 

washing buffer. Thereafter, the protein mixture was incubated with the Ni-NTA agarose 

beads at 20 °C for 12 min. The mixture was washed at least five times with the washing 

buffer and the supernatant removed. Proteins were eluted in SDS-loading dye and 

heated for 5 min at 95 °C. The samples were separated by SDS-PAGE and analyzed by 

anti-HA and anti-His Western blotting (see 3.4). 

 



 

52 

       

3.6.3 Crosslinking 
 

 Crosslinking with phenylarsine oxide 
 

Phenylarsine oxide (PAO) reacts with vicinal thiol groups and therefore can be used for 

cysteine selective crosslinking approaches. For crystallization, UBE2SUBC was buffer-

exchanged into 25 mM Tris pH 7.4 and 100 mM NaCl and concentrated to 10 mg/ml. 

PAO was dissolved in DMSO (150 mM) and added to the protein solution in the molar 

ratios 1:1 and 1:5, either without or with the addition of 1 mM TCEP (see 3.8).  

 

 Crosslinking with dibromobimane 
 

Dibromobimane (bBBr) was purchased from Sigma-Aldrich and dissolved in DMSO. 

End-point assay: For analytical size-exclusion chromatography, 40 µM of the proteins 

were incubated with 60 µM bBBr in 25 mM Tris pH 6.8 and 100 mM NaCl for 40 min at 

room temperature. The reaction was quenched with 5 mM N-ethylmaleimide (NEM, 

Sigma-Aldrich) for 10 min and subsequently used for analytical SEC. 

To isolate the bBBr-linked UBE2S dimer, 600 µM UBE2S WT were mixed with bBBr in a 

ratio of 3:1 for 30 min on ice and 15 min at room temperature, using 25 mM Tris pH 6.8 

and 100 mM NaCl as reaction buffer. The reaction was quenched by the addition of 2 mM 

DTT and loaded onto the size-exclusion column (see analytical size-exclusion 

chromatography 3.6.4).  

To visualize dimerization via SDS-PAGE, 40 µM of the proteins were incubated with 

40 µM bBBr in 25 mM Tris pH 6.8 and 100 mM NaCl for 40 min at room temperature. 

The reaction was quenched by the addition of DTT-containing SDS-loading dye 

separated by SDS-PAGE and visualized by Coomassie staining. 

Kinetic analyses: Dimerization of UBE2S via bBBr crosslinking was followed by detecting 

the fluorescence of reacted bBBr (excitation: 315 - 390 nm, emission: 420 - 480 nm). 

Therefore, 20 µM UBE2S WT and variants were mixed with bBBr in a ratio of 1:1.5 in 

25 mM Tris pH 6.8 and 100 mM NaCl. After 2 mins of mixing at 500 rpm, the 

fluorescence was measured with a CLARIOstar (BMG LABTECH) microplate reader. 

Reaction rates detected after the first 5 min of the experiment in the linear region were 

fitted by linear regression using OriginPro 2016G (OriginLab). 
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3.6.4 Analytical size-exclusion chromatography 
 

Proteins at indicated concentrations were subjected to analytical SEC. A Superdex 75, 

10/300 GL column (GE Healthcare) was used and the runs were performed at 4 °C in 

25 mM Tris pH 6.8 and 100 mM NaCl. 

 

3.6.5 Analytical ultracentrifugation (AUC) 
 

Sedimentation velocity runs were conducted with UBE2S at a concentration of 160 µM 

in 25 mM Tris pH 7.4, 100 mM NaCl and 2 mM DTT in a Beckman Optima XL-I analytical 

ultracentrifuge (Beckman Coulter) using an eight-hole An-50 Ti rotor at 40,000 rpm and 

20 °C, with 400 μl samples in standard double-sector charcoal-filled Epon centerpieces 

equipped with sapphire windows. Data were collected using interference detection and 

analyzed using the software SEDFIT to determine continuous distributions for solutions 

to the Lamm equation c(s), as described previously [173]. Analysis was performed with 

regularization at confidence levels of 0.68 and floating frictional ratio (f/f0), time-

independent noise, baseline, and meniscus position to root mean square values of 

<0.016. The performance of the experiment and data processing and analysis was kindly 

assisted by Dr. Bodo Sander and Dr. Ingrid Tessmer. 

 

3.7 Nuclear magnetic resonance 
 

All NMR measurements were done at the North Bavaria Center for High Resolution NMR 

Spectroscopy, Bayreuth/Germany. A Bruker Avance IIIHD 700 MHz spectrometer 

equipped with a 1H/15N/13C cryo-probe was used. All samples were in 75 mM sodium 

phosphate pH 7.2, 1 mM EDTA, 5 mM DTT, and 2 mM TCEP except for the disulfide-

linked conjugates, which were kept in non-reducing conditions. NMR data were 

processed using the University of Bayreuth´s in-house routines (Kristian Schweimer, 

unpublished). For visualization and chemical shift analysis, NMRViewJ [179] was used. 

The backbone chemical shift assignments were transferred from Biological Magnetic 

Resonance Data Bank (BMRB) entry 17437 (UBE2SUBC, [4]), BMRB entry 17439 

(ubiquitin at pH 7.2, [4]), BMRB entry 27768 (UBE2SUBC C95S/C118M/K100C, [53]) and 

BMRB entry 27799 (disulfide-linked UBE2SUBC C95S/C118M/K100C-ubiquitin G76C-

complex, [53]) 
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3.7.1 Relaxation rate measurements 
 

For the determination of the transverse relaxation (R2) rates (κ) of amide protons located 

in structured regions of the UBE2SUBC two-point spin-echo experiments were performed 

with UBE2SUBC as well as full-length UBE2S at three different concentrations in the range 

of 0.2 - 2 mM. The transverse relaxation rate was calculated according to the following 

equation: 

 

Equation 3: Transverse relaxation (R2) rate κ. T1: longitudinal relaxation time; T2: transverse relaxation 

time 

 

𝑘
ln

𝑇1
𝑇2

0.01
 

 

15N longitudinal (R1) and transverse (R2) relaxation rates were measured as previously 

described [180]. The temperature was controlled by a Bruker NMR thermometer which 

makes use of the difference in the 2H signals of HDO and 50 mM sodium acetate-d3 in 

the NMR sample. The relaxation delays were fitted to a mono-exponential decay 

(NMRViewJ). Data acquisition and analyses was performed by Dr. Kristian Schweimer 

(University of Bayreuth, Bayreuth/Germany). 

 

3.7.2 1H-15N HSQC titrations 
 

To determine the dissociation constant (KD) of donor ubiquitin binding to UBE2S WT and 

variants and to map this interaction on UBE2S, 1H-15N-TROSY spectra of 15N-labeled 

UBE2S WT or variants without (apo) or with unlabeled ubiquitin were collected. Ubiquitin 

was titrated in a concentration range of 0.25 - 6.5 mM. Weighted combined chemical 

shift perturbations, ∆δ(1H15N), were calculated according to the following equation: 

 

Equation 4: Calculation of the chemical shift perturbations, ∆δ (1H15N). δ(1H)/(15N): 1H/15N chemical 

shift perturbations of the perturbed spectrum; δ(1H)0/(15N)0: 1H/15N chemical shift perturbations of the 

unperturbed spectrum (apo spectrum, without ligand) 

 

∆𝛿 𝐻 𝑁  𝛿 𝐻 𝛿 𝐻 0.04 ∙ 𝛿 𝑁 𝛿 𝑁  
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The KD was derived by fitting the binding curves for defined resonances globally to a 

single-site model with Origin (OriginLab):  

 

Equation 5: Determination of KD-values. ∆δ (1H15N): weighted combined chemical shift perturbation; [Ptot]: 

concentrations of 15N-enriched protein; [Ltot]: concentration of the unlabeled ligand 

 

∆𝛿 𝐻 𝑁

∆𝛿 𝐻 𝑁 𝑃 𝐿 𝐾 𝑃 𝐿 𝐾 4 𝑃 𝐿
2 𝑃

 

The dissociation constant is defined by Equation 6, if the protein P interacts with the 

ligand L in a simple binding equilibrium: 

 

Equation 6: Definition of the dissociation constant KD. [P]: concentration of the free protein, [L]: 

concentration of the free ligand, [PL]: concentration of the protein-ligand complex. 

 

𝐾
𝑃 ∙ 𝐿
𝑃𝐿

 

 

The concentration of the free (unbound) protein and ligand are not known, [P] can be 

replaced by ([Ptot]-[PL]), where [Ptot] describes the total amount of protein (bound and 

unbound), and [L] can be replaced by [Ltot] respectively. Thus, the concentration of the 

protein-ligand complex is given by Equation 7: 

 

Equation 7: Calculation of the concentration of the protein-ligand complex [PL]. 

 

𝑃𝐿
𝑃 𝐿 𝐾 𝑃 𝐿 𝐾 4 ∙ 𝑃 ∙ 𝐿

2
 

 

Due to the fast exchange of the bound and free states in the conducted NMR 

experiments of the UBE2S-ubiquitin complex at 75 MHz resonance frequency, the 

binding-induced chemical shift perturbations ∆δ (1H15N) are linearly dependent on the 

fraction of protein in the ligand-bound state (Equation 8). 

 

Equation 8: Linear dependency of the binding induced weighted combined chemical shift 

perturbations on the protein-ligand complex. ∆δ(1H15N)max: maximum experimental signal, observed at 

100% saturation of the protein with ligand, ∆δ(1H15N)0: signal of the protein in absence of the ligand 

 

∆𝛿 𝐻 𝑁 ∆𝛿 𝐻 𝑁 ∆𝛿 𝐻 𝑁 ∆𝛿 𝐻 𝑁 ∙
𝑃𝐿
𝑃
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Thus, Equation 6 to Equation 8 form the basis for the estimation of the KD as described 

in Equation 5. 

To study the UBE2SUBC-ubiquitin interactions in the context of the disulfide-linked 

conjugate, 1H-15N-HSQC spectra of samples containing 200 µM conjugate, in which 

either UBE2SUBC C95S/C118M/K100C or ubiquitin G76C was 15N-enriched were 

recorded and compared to the corresponding spectra for the apo protein components. 

Weighted combined chemical shift perturbations, ∆δ(1H15N) were calculated based on 

Equation 4. 

 

3.7.3 De novo backbone-assignment of 13C-15N-labeled proteins 
 

The de novo backbone assignments of UBE2SUBC C95S/C118M/K100C and the 

UBE2SUBC C95S/C118M/K100C-ubiquitin G76C conjugate were generated by Dr. 

Kristian Schweimer (University of Bayreuth, Bayreuth/Germany). Therefore, BEST-

TROSY-based triple resonance data [181] of a uniformly 15N, 13C protein sample (600 µM 

for the triple mutant of UBE2S and 400 µM of the complex) were recorded using non-

linear sampling (NUS) with 25% of the total data points. Data processing was performed 

with in-house software (Kristian Schweimer, unpublished). The signals of the disulfide-

linked complex with ubiquitin G76C were assigned by comparison of the HSQC and 

HNCA spectra with the corresponding data from ubiquitin and the UBE2SUBC 

C95S/C118M/K100C variant. Due to missing signals, the following residues of the 

UBE2SUBC C95S/C118M/K100C variant could not be assigned: S3, N4, N11, and A90. 

Additionally, K18, E19, I31, H111, T115, R135 and L150 could not unambiguously be 

assigned in the context of the UBE2SUBC-Ub conjugate, due to signal overlap. 

 

3.8 X-ray crystallography 
 

3.8.1 Protein crystallization 
 

Crystal growth was achieved by vapor diffusion. Therefore, freshly purified protein was 

concentrated to 8 - 30 mg/ml and centrifuged for 15 min at 16,000 x g and 4 °C. Initial 

screens (see chapter 2.5) were set up at room temperature using the HoneyBee 963 

crystallization robot (Digilab). The robot prepared 96-well crystallization plates in sitting 

drop format containing 40 μl of reservoir solution and a sitting drop consisting of 0.3 μl 

of the same reservoir solution mixed with 0.3 μl of the protein solution in each well. Plates 

were sealed with an adhesive film and stored at 20 °C.  
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The initial crystallization screens were used for screening (see Table 7) and fine screens 

in the 24-well hanging drop format were pipetted manually with 500 µl reservoir solution 

and 0.5 µl - 1 µl of the reservoir, mixed with the protein solution in the ratios of 0.5:1, 1:1 

and 2:1 (v/v) on a cover slip that was placed headfirst onto the respective well and sealed 

with silicon grease. Plates were stored at 20 °C. 

Crystals were cryo-protected if needed and flash frozen in liquid nitrogen. To test whether 

a cryo-protection is needed, the corresponding mother liquor and mother liquor including 

5 - 30% glycerol were pipetted onto a cover slip and flash frozen. If the drop stayed clear, 

the solution was considered sufficiently cryo-protected. When needed, the crystal was 

transferred into a drop of the cryo-protected solution before freezing. 

 

The crystallization and cryo-protection conditions for UBE2SUBC/UBE2S crystals are 

listed in Table 12. 
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Table 12: Crystallization and cryo-protection conditions 

 

 

 

Crystal name Growing condition Cryo-protection 

UBE2SUBC WT 
(PDB: 6S98) 

11.7 mg/ml in 
 
0.2 M sodium acetate 
trihydrate, 0.1 M Tris pH 8.5, 
and 30% PEG 4000; 
 
20 °C; in sitting drops 

 
 
0.2 M sodium acetate 
trihydrate, 0.1 M Tris pH 8.5, 
and 30% PEG 4000, 10% 
glycerol 

UBE2SUBC WT 
(PAO-linked, PDB: 
6QHK) 

12 mg/ml in 
 
0.2 M MgCl2, 0.1 M Tris 
pH 8.5, 30% PEG 4000, 
1 mM TCEP, 0.67 mM 
phenylarsine oxide (PAO) 
 
20 °C; in sitting drops 

 
 
0.2 M MgCl2, 0.1 M Tris 
pH 8.5, 30% PEG 4000, 1 mM 
TCEP, 0.67 mM PAO, 10% 
glycerol 
 

UBE2SUBC C118M 
(PDB: 6QH3) 

18 mg/ml 
 
0.2 M MgCl2, 0.1 M HEPES 
pH 7.5, and 25% PEG 3350 
 
20 °C in sitting drops 

 
 
0.2 M MgCl2, 0.1 M HEPES 
pH 7.5, and 25% PEG 3350, 
20% glycerol 
 

UBE2SUBC C118A 
(PDB: 6S96) 

22.0 mg/ml 
 
2.5 M potassium formate and 
0.1 M sodium cacodylate 
pH 6.5 
 
20 °C in sitting drops 

 
 
2.5 M potassium formate and 
0.1 M sodium cacodylate 
pH 6.5, 20% glycerol 
 

UBE2SUBC L114E 
`monomer´ 

11 mg/ml 
 
1 M sodium citrate tribasic, 
0.1 M ches pH 9.4  
 
20 °C in hanging drops 

 
 
1 M sodium citrate tribasic, 
0.1 M ches pH 9.4, 20% 
glycerol 
 

UBE2SUBC L114E 
dimer 

11 mg/ml 
 
1.33 M magnesium formate 
dihydrate, 15% PEG 3350 
 
20 °C in sitting drops 

 
 
1.33 M magnesium formate 
dihydrate, 15% PEG 3350, 
20% glycerol 
 

UBE2S T115A 15 mg/ml 
 
1.33 M MgCl2, 0.1 M Tris 
pH 8.5, 18% PEG 3350, 
0.625 mM PAO 
 
20 °C in sitting drops 

 
 
1.33 M MgCl2, 0.1 M Tris 
pH 8.5, 18% PEG 3350, 
0.625 mM PAO, 20% glycerol 
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3.8.2 Data collection, processing and refinement 

 
Diffraction data were collected at the European Synchrotron Radiation Facility (ESRF), 

Grenoble/France, beamline ID30A-3 (UBE2SUBC WT, PDB: 6S98 and UBE2SUBC WT 

PAO-linked, PDB: 6QHK), at the Deutsches Elektronen-Synchrotron (DESY), 

Hamburg/Germany, beamline P14 (UBE2SUBC C118M, PDB: 6QH3) and P13 (UBE2SUBC 

C118A, PDB: 6S96) and at the Berliner Elektronenspeicherring-Gesellschaft für 

Synchrotronstrahlung (BESSY), Berlin/Germany at beamline 14.1 (UBE2S T115A, 

UBE2SUBC L114E monomer and dimer).  

The data were processed with XDS [174]; molecular replacement was performed with 

Phaser [167], as implemented in the Collaborative Computational Project No. 4 (ccp4) 

suite [160], using an available structure of UBE2SUBC (PDB: 1ZDN [182]) as a search 

model. Refinement was performed with Phenix [168] and manual model building with 

Coot [161]. Data collection, processing and refinement was kindly assisted by Dr. 

Christian Feiler. 

 

3.9  MD simulations 
 

The MD simulations were performed by Mathias Diebold and Prof. Dr. Christoph Sotriffer, 

University of Würzburg, as described in [53]. 

 

3.10  Backbone RMSD calculations 
 

All backbone RMSD calculations were performed by Mathias Diebold and Prof. Dr. 

Christoph Sotriffer, University of Würzburg using CPPTRAJ V4.14.0 [190] 

 

3.11  pKa measurements 
 

The pKa-values of the thiol groups of the catalytic cysteine (Cys95) and Cys118 of 

UBE2S were derived from the kinetics of the reaction of single-cysteine variants of 

UBE2S (C95S and C118S) with 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) at 10 °C by 

Marie-Annick Letzelter. The protein concentration was 14.4 µM (in 100 mM NaCl, 1 mM 

EDTA and one of the following buffers covering a pH-range from 3.8 to 11: 20 mM 

sodium acetate, 20 mM sodium phosphate, 20 mM Tris-HCl, or 20 mM glycine), the 

DTNB concentration was 100 µM. Reaction rates were monitored by absorbance 
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(λ = 412 nm), using an SFM-3000S stopped-flow spectrometer (Bio-Logic). Rate 

constants obtained from three replicates were averaged, plotted against the pH-value, 

and fitted to the following two-state model (Equation 9), using the OriginPro 2017 

software (OriginLab). 

 

Equation 9: Calculation of the pKa value. kapp: experimentally derived apparent rate constant, kSH and kS: 

rate constants of the reaction of fully protonated and fully deprotonated cysteines 

 

𝑘 k
𝑘   𝑘

1 10
 

 

3.12  Mass spectrometry 
 

Mass spectrometry analyses were performed in Prof. Dr. Henning Urlaub´s laboratory 

(Bioanalytical Mass Spectrometry Group, Max Planck Institute for Biophysical Chemistry, 

Göttingen, Germany) and analyzed by Dr. Olexandr Dybkov or Uwe Pleßmann.  

The mapping of ubiquitination sites in UBE2S by semi-quantitative mass spectrometry is 

described in [53]. 

For denaturing intact ESI-MS (electrospray ionization mass spectrometry) analyses, the 

bBBr-linked UBE2S dimer was purified as described above and the buffer exchanged to 

20 mM ammonium acetate, pH 8.0. The sample (20 µl of 28.9 µM) was then diluted with 

60 µl of a solution containing 20% acetonitrile and 0.2% formic acid and injected into a 

LTQ XL mass spectrometer (Thermo Scientific). The measurements were performed 

using Tune Plus v.2.5.0 (Thermo Scientific) and Spectra were deconvoluted with 

ProMass for Xcalibur v.2.8 (Thermo Scientific). 

For the MS-based mapping of crosslinking sites, the bBBr-crosslinked dimer sample was 

analyzed by SDS PAGE; the band corresponding to the dimer was cut out and split into 

two halves. One half was reduced with 10 mM DTT and alkylated with 55 mM 

iodoacetamide before in-gel digestion with 12.5 mg/l trypsin; the other was digested 

without reduction and alkylation. Extracted peptides were dissolved in 5% acetonitrile 

and 0.1% formic acid (FA) and injected into a UHPLC instrument (UltiMateTM 3000 

RSLC, Thermo Scientific), in-line desalted and separated on a 28 cm analytical column 

(packed in-house with C18 1.9 µm Reprosil beads, Dr. Maisch GmbH). The separated 

peptides were analyzed on-line by ESI-MS using a Q Exactive HF-X mass spectrometer 

(Thermo Scientific). MS2 was performed for the 40 most abundant precursors observed 

in the MS1 scan. 
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To identify protein-protein crosslinks, the raw files were searched with the pLink 2.3.0 

software (http://pfind.ict.ac.cn/software/pLink, [183,184]) against a database containing 

UBE2S as well as 293 common contaminating proteins. Oxidation of methionines and 

carbamidomethylation of cysteines were considered as variable modifications. The 

crosslink and monolink mass additions were set to 188.059 and 267.985 Da, 

respectively.  
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4. Results and Discussion 
 

4.1 Auto-inhibition mechanism of the ubiquitin-conjugating 
enzyme UBE2S by auto-ubiquitination 

 

This section is published in ”Autoinhibition Mechanism of the Ubiquitin-Conjugating 

Enzyme UBE2S by Autoubiquitination,” in Structure (2019) [53]. It describes the 

structural basis and functional consequences of UBE2S-auto-ubiquitination at a distinct 

lysine residue (Lys100, hereafter Lys+5) in the catalytic domain (UBE2SUBC, residues 1-

156) of UBE2S, close to the active site cysteine (Cys95, hereafter Cyscat). Figures are 

taken and adapted from the publication [53], as permitted by Elsevier. 

 

4.1.1 The active-site region of UBE2S is flexible, allowing a conserved 
ubiquitination site to come close to the catalytic cysteine  

 

Sequence alignment of the 34 human E2 family members, excluding pseudogenes and 

E2-like proteins that lack a catalytic cysteine residue (UBE2V1, UBE2V2, AKTIP) reveals 

that ~25% of the E2s have a conserved lysine residue (Lys+5). Lys+5 is located five 

residues downstream of the catalytic cysteine, whereas the remaining E2s have a Arg, 

Gln, Glu, Asn, Asp, Ser, Thr, His, or Gly residue at this position (Figure 13). This implies 

that neither a positive charge nor specifically a lysine is needed at this position to confer 

catalytic activity. Analysis of proteomic data compiled in the PhosphoSitePlus server for 

posttranslational modifications [109] highlight Lys+5 as a major ubiquitination site in all 

Lys+5-containing E2 enzymes (Table 13). This raises the question of whether 

ubiquitination of Lys+5 provides the basis for a common regulatory function. 

To examine the structural basis as well as functional consequences of Lys+5-

ubiquitination, two available crystal structures of UBC2SUBC were compared. These are 

the crystal structure of apo UBE2SUBC WT (PDB: 1ZDN [182], molecule A is shown in 

grey) and of a UBE2SUBC-ubiquitin conjugate (PDB: 5BNB [52], molecule A is shown in 

cyan), in which the active-site conjugated ubiquitin molecule is not shown. Both 

structures share the canonical UBC fold (Figure 14A). The only major difference between 

them is the active-site region (residues 95-103). In the apo UBE2SUBC WT structure, the 

active site region adopts a ‘Lys+5-out’ conformation, in which Lys+5 and Cyscat are located 

at opposite sides of a short α-helix (residues 96-100), their side chains thus pointing 

away from each other. In contrast, the active site region in the crystal structure of the 
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UBE2SUBC-ubiquitin conjugate adopts a ‘Lys+5-in’ in molecule A and D (not shown) 

(Figure 14A). 

 

 

 

Figure 13: Lys+5 is conserved in ~25% of the human E2 enzymes. Sequence alignment of 34 human 

E2s, focusing on a stretch that contains the active site. The list was compiled with the HUGO Gene 

Nomenclature Committee (HGNC) [185], excluding pseudogenes and E2-like proteins that do not have a 

catalytic cysteine residue (UBE2V1, UBE2V2, AKTIP). The amino acid sequences were extracted from 

UniProt [186], aligned with Clustal Omega [187], illustrated with JalView [188], and colored according to the 

Blosum62 score [189].Ccat and the +5 position are highlighted. 

 

Table 13: Lys+5 is an ubiquitination site in human E2s. Proteomic data from the PhosphoSite server [109] 

were analyzed for Lys+5-ubiquitination. 

E2  
total # references 

for all ubiquitination 
sites 

# references for 
Lys+5-ubiquitination 

Is Lys+5 the most 
detected site? 

UBE2C 83 69 yes 

UBE2E1 64 48 yes 

UBE2E2 49 49 yes 

UBE2E3 48 48 yes 

UBE2K 29 8 yes 

UBE2N 537 163 yes 

UBE2S 35 25 yes 

UBE2T 108 90 yes 
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Figure 14: Comparative analysis of four crystal structures of UBE2SUBC. (A) Superposition of two 

structures of UBE2SUBC: apo UBE2SUBC WT, PDB: 1ZDN (molecule A, grey, [182]) and a UBE2SUBC-

ubiquitin conjugate, 5BNB (molecule A, cyan, [52]; the Cyscat-linked ubiquitin is not shown) (left). Details of 

the active-site region, showing the side chains of Cyscat and Lys+5 in ball-and-stick representations (right), 

helical axes are indicated by arrows. For 5BNB, the three likely rotamers of the Lys+5 side chain are displayed 

(white), since the side chain was not modeled unambiguously in the structure. (B, C) Analogous details of 

the active-site region in the new crystal structures of UBE2SUBC WT (PDB: 6QHK; yellow) and UBE2SUBC 

C118M (PDB: 6QH3; blue). (D, E) 2Fo-Fc omit map, countered at 1 σ, for the residues 95-103 (active site 

region) in the UBE2SUBC apo structures 6QHK (yellow) and 6QH3 (blue).  

 

Here, the short α-helix of the active site region starts with residue 97 and is tilted by 42° 

with respect to the Lys+5-out state, permitting the ε-amino group of Lys+5 to reach the 

catalytic center (Figure 14A). This rearrangement is likely not induced by ubiquitin bound 

to Cyscat, as the active site regions of molecules B and C in the same structure are in the 

Lys+5-out conformation. In addition, this is consistent with two new crystal structures of 

apo UBE2SUBC that I determined. These two apo structures are UBE2SUBC WT (PDB: 

6QHK), in which molecule A is shown in yellow and UBE2SUBC C118M (PDB: 6QH3, 

chain A is shown in blue) (Figure 14B, D). In the latter structure, Cys118 that is located 

outside of the active side region is mutated to methionine (Figure 15). Both structures 

are in the Lys+5-in state, with the side chain positions of Cyscat and Lys+5 well-defined 

(Figure 14D, E). The overall fold of the catalytic domain in the new crystal structures is 

similar to 1ZDN (backbone RMSD-values of 1.17 Å and 1.07 Å). The conformational 

differences seen in the active-.site regions of the apo UBE2SUBC crystal structures do not 

originate from lattice contacts in this region. 
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Figure 15: Dimeric arrangement of UBE2S. (A) Superposition of the WT UBE2SUBC crystal structures 

(PDB: 1ZDN, grey [182] and PDB: 6QHK, yellow). Backbone RMSDs are given for the entire chain and the 

active-site region, as calculated with CPPTRAJ: Trajectory Analysis, V18.01 [190] (B) Superposition of 1ZDN 

(UBE2SUBC WT, grey) with the structure of the C118M variant (PDB: 6QH3, blue) and respective backbone 

RMSDs, calculated as in (A). All backbone RMSDs were calculated by Mathias Diebold. (C) Crystallographic 

dimers of UBE2SUBC in 1ZDN (top), 6QHK (middle, superposed with 1ZDN), and 6QH3 (bottom, superposed 

with 1ZDN). Residue 118 at the dimer interface is highlighted. 1ZDN has a cysteine at position 118, which 

forms a disulfide bond, connecting the subunits; in 6QHK, a covalent crosslinker (phenylarsine oxide, ‘PAO’) 

connects the two cysteine residues. It adopts two alternate conformations. In 6QHK, Cys118 is mutated to 

methionine and therefore the subunits are not linked. 
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Table 14: X-ray crystallographic data collection and refinement statistics for the structures of 

UBE2SUBC WT and C118M. Values in parentheses correspond to the highest resolution shell. 

 

 

 

All UBE2SUBC apo structures described here, show a similar crystallographic dimer, albeit 

UBE2S was found to be active as monomer in solution [4]. In 1ZDN, the two WT subunits 

are linked via a Cys118-mediated disulfide bond (Figure 15C, top). In 6QHK, a covalent 

linkage between the two Cys118 is mediated by the cysteine-reactive crosslinker 

phenylarsine oxide (PAO) (Figure 15C, middle). In 6QH3, a structure of the UBE2SUBC 

C118M variant, a dimer is formed without any covalent linkage (Figure 15C, bottom). 

 UBE2SUBC WT  
(PDB: 6QHK) 

UBE2SUBC C118M  
(PDB: 6QH3) 

data collection   

wavelength (Å)           0.9680 0.9762 

space group P 65 P 65 

unit cell parameters  
a, b, c (Å)  
α, β, γ (°) 

 
83.15   83.15   83.13 

90   90   120 

 
84.62   84.62   87.83 

90   90   120 

total reflections 46726 (4620) 15965 (1589) 

unique reflections 23393 (2317) 7984 (795) 

Rpim 2.32 (28.1) 2.63 (17.29) 

completeness (%) 99.72 (99.44) 99.94 (100.00) 

I/σ(I) 20.05 (2.64) 21.40 (4.19) 

redundancy 2.0 (2.0) 2.0 (2.0) 

Wilson B factor 32.04 63.58 

CC ½  1 (0.938) 0.999 (0.896) 

refinement   

resolution (Å) 19.42 – 1.96 (2.03 – 1.96) 38.12 – 2.90 (3.004 – 2.90) 

Rwork  / Rfree  18.93 / 22.34 18.47 / 22.89 

no. of atoms 
protein 

water 

2364 
2253 

84 

2270 
2270 

 

average B-factors 
protein 

water 

39.11 
39.16 
35.65 

67.17 
67.17 

 

RMSD from ideality 
bond lengths (Å) 
bond angles (°) 

 
0.003 

0.7 

 
0.004 
0.80 

Ramachandran statistics 
favored (%) 

disallowed (%) 

 
98.63 
0.00 

 
98.28 
0.00 

MolProbity clash score 1.77 13.24 

MolProbity overall score 0.93 1.63 
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Despite the differences at position 118, the overall dimeric arrangement of the three 

crystal structures is similar, as indicated by backbone RMSD-values of 2.96 Å and 3.18 Å 

with respect to 1ZDN.  

 

This analysis, along with the finding that the dimeric interface is distant from the active-

site region, suggests that the mode of dimerization is not causing the particular 

conformations of the active-site region. To further investigate the flexibility of the active-

site region, molecular dynamics (MD) simulations of each of the two molecules in the 

three UBE2SUBC apo crystal structures were performed, using the NAMD 2.12 package 

[191] with AMBER ff14sb [192] forcefield parameters during 200 ns of simulation time. 

Considerable motions in the active-site region of UBE2S are observed, as reflected by 

high backbone root-mean-square fluctuations (RMSFs), plotted as pseudo B-factors 

(Figure 16A), compared to the surrounding α-helices. This flexibility also manifests itself 

in the distribution of backbone RMSD-values of the active-site region – the active-site 

state in 6QH3 and 6QHK changes from a Lys+5-in conformation to a Lys+5-out 

conformation in the case of the simulation. Significantly less movement is detected for 

the active-site region in 1ZDN, where it adopts a Lys+5-out conformation (Figure 16B). 

These observations are visualized by superpositions of the snapshots of the active-site 

region after equilibration (0 ns, white) and after 100 ns of simulation (colored, Figure 

16C). Taken together, the MD data support the idea that the active-site region of UBE2S 

is flexible and indicate that the Lys+5-out state is energetically favored over the Lys+5-in 

state in silico.  
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Figure 16: The active-site region of UBE2S is conformationally malleable. (A) MD simulations (200 ns 

total sampling) with the two unique molecules (A and B) from each of the three apo UBE2SUBC crystal 

structures (PDB: 1ZDN, 6QH3 and 6QHK). Per-residue backbone RMSF-values in relation to the averaged 

structure are displayed as pseudo B-factors. Residues 95 to 103 (active site region) are marked by dotted 

lines and secondary structure elements for 1ZDN are indicated and were determined by STRIDE [193]. (B) 

Distribution of backbone RMSD-values during 200 ns of MD simulation for each of the 6 molecules compared 

to the corresponding starting structures. (C) Snapshots of the active-site region during the MD simulations, 

showing superpositions of the equilibrated structures (0 ns; white) and their state after 100 ns of simulation 

(colored). The side chains of Ccat and K+5 are presented as ball-and-sticks. All MD simulations were 

performed in a collaboration with Prof. Dr. Sotriffer, University of Würzburg, Würzburg/Germany and data 

were kindly provided by Mathias Diebold.  

 

4.1.2 Auto-ubiquitination of UBE2S occurs in cis 
 

As noted above, Lys+5 is an important ubiquitination site in many E2s. The finding that 

UBE2S can adopt a Lys+5-in conformation motivated the investigation of whether the 

ubiquitination of this site occurs in cis. To test this idea, a cis-trans activity assay was 

performed in vitro. Therefore, a hemagglutinin (HA)-tagged, catalytically dead UBE2S 
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variant (C95A), either full-length UBE2S or UBE2SUBC, was mixed with WT 

UBE2S/UBE2SUBC in the molar ratios 1:1 or 1:5 and UBE2S-ubiquitination of the HA-

tagged variants were detected by anti-HA immunoblotting (Figure 17).  

 
Figure 17: Auto-ubiquitination of UBE2S occurs in cis. (A) ‘Cis-trans assay’ monitoring the ubiquitination 

of 1 µM HA-tagged WT (lanes 1-3) UBE2S or catalytically dead UBE2S (‘HA-C95A’; lanes 4-13) in the 

presence of untagged WT UBE2S at molar ratios of 1:1 and 1:5. The assay was performed for 30 and 60 min 

and visualized by SDS-PAGE and anti-HA immunoblotting. The asterisk marks a background signal from 

untagged UBE2S. (B) Analogous assay as in (A) using UBE2SUBC. 

 

While an auto-ubiquitination pattern is detected in cis (lanes two and three that contain 

HA-tagged WT UBE2S/UBE2SUBC only), no auto-ubiquitination is detectable in trans, 

even when the wild-type protein is added in a four-fold molar access (Figure 17), in 
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agreement with previous studies of UBE2S [194]. These experiments demonstrate that 

UBE2S and UBE2SUBC auto-ubiquitinate in cis. 

 

The in vitro auto-ubiquitination sites of UBE2S and UBE2SUBC were determined by mass 

spectrometry (in collaboration with Prof. Dr. Henning Urlaub, Max Planck Institute for 

Biophysical Chemistry, Göttingen/Germany). These data revealed that Lys+5 is a major 

auto-ubiquitination site in the catalytic domain of UBE2S and is also modified in the full-

length protein. In contrast to UBE2SUBC, however, the full-length protein contains the 

lysine-rich C-terminal extension that is auto-ubiquitinated, e.g. at Lys197 and Lys198, in 

addition to Lys+5 (Table 15). This points to the possibility that the C-terminal extension 

can reach the active site of UBE2S. Notably, lysines of the C-terminal extension other 

than Lys197 and Lys198 are likely modified with ubiquitin, but those sites cannot be 

identified by tryptic digestion-based methods, due to an accumulation of positively 

charged amino acids in the C-terminal extension.  

 

 

Table 15: Semi-quantitative mass spectrometric analysis of auto-ubiquitination sites in UBE2S in 

vitro. The analysis is based on a MaxQuant (Tyanova et al., 2015) search against the human SwissProt 

database [186] for Lys-Gly-Gly modifications, after tryptic digest. The mass spectrum 1 (MS1) intensity 

typically correlates with the peptide abundance in the samples. The same tendency is detected in the peptide 

spectrum matches (PSMs), although they do not provide a reliable quantitative read-out. The lysines 

modified the most (Lys100 (Lys+5’), Lys197, and Lys198) are highlighted in bold. 

 

 

 

Consistently, mutating Lys+5 to arginine in UBE2SUBC has a drastic effect on the auto-

ubiquitination pattern, as shown in in vitro auto-ubiquitination assays with UBE2SUBC and 

wild-type ubiquitin (Figure 18A, left part of the gel); while in the full-length protein, the 

same mutation does not have a visible effect (Figure 18B, left part of the gel).  

Gly-Gly-Lys 
site detected 

MS1 intensity PSMs 

UBE2SUBC UBE2S UBE2SUBC UBE2S 

18 1.94E+08 1.49E+08 2 1 

68 2.98E+08 2.64E+08 1 1 

76 1.30E+08 1.01E+08 2 2 

82 6.06E+07 4.31E+07 2 1 

100 (= Lys+5) 8.55E+09 7.02E+09 47 15 

117 9.34E+07 4.45E+07 3 1 

197 0 9.43E+09 0 15 

198 0 9.43E+09 0 19 



 

71 

 
Results and Discussion 

 
 

Figure 18: Impact of Lys+5 on the auto-ubiquitination of UBE2SUBC and UBE2S. (A) In vitro isopetide 

bond formation assay of UBE2SUBC WT and UBE2SUBC Lys+5, using ubiquitin WT (left part of the gel) and 
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K11R (right part of the gel) to monitor auto-ubiquitination as well as di-ubiquitin (Ub2) formation after 

separation by SDS-PAGE. (B) Analogous assay as in (A) using UBE2S. The asterisk marks a contaminant 

running at the same height as Ub2 in (A). (C) In vitro isopetide bond formation assay of UBE2S WT and 

UBE2S K+5R, using fluorescently labeled ubiquitin WT to quantify (right) auto-ubiquitination and Ub2-

formation based on fluorescence scanning (left). Note that two images were depicted for the reaction 

products, because of differences in their relative intensities. The mean and standard deviations (SDs) of the 

quantified reaction products from three independent experiments were plotted and the amount of reaction 

product formed by UBE2S WT after 30 min was set to 1. (D) Quantification of the amounts of unmodified 

UBE2S (WT and K+5R) based on SDS-PAGE and Coomassie staining (Figure 18B, left part); the input 

amount of the enzymes (‘minus ATP’ lane) was set to 100%. (E) In vitro isopetide bond formation assay 

using UBE2S K197R/K198R and UBE2S K+5/K197R/K198R, supplemented with ubiquitin WT to monitor 

auto-ubiquitination and Ub2-formation at two different time points by SDS-PAGE and Coomassie staining 

(left) for quantification (right). The mean and SDs of the quantified reaction products from three independent 

experiments were plotted and the amount of reaction product formed by UBE2S K197R/K198R after 30 

minutes was set to 1. (F) Analogous quantification of the amount of unmodified E2. The input amount of the 

enzyme (‘minus ATP’ lane) was set to 100%. (G) In vitro isopetide bond formation assay of UBE2S 

K197R/K198R and UBE2S K+5/K197R/K198R, using ubiquitin K11R. (H) Quantification of the unmodified E2 

enzymes as in (F), the input amount (‘minus ATP’ lane) was set to 100%. 

 

The auto-ubiquitination and di-ubiquitin (Ub2) formation activities of UBE2S K+5R are 

comparable to the ones of UEB2S WT (Figure 18C, D), underlining that the small fraction 

of auto-inhibited UBE2S is not visible in this in vitro setup because the lysine-rich C-

terminal extension is the dominant auto-ubiquitination site in UBE2S under these 

conditions. 

To test this hypothesis and enhance the fraction of Lys+5-modified UBE2S, the in vitro 

auto-ubiquitination sites in the C-terminal extensions that were identified by mass 

spectrometry analysis (Lys197 and Lys198, Table 15) were exchanged by alanine in the 

wild-type, as well as the K+5R background (Figure 18E-H). Thereafter, an in vitro 

isopetide bond formation assay was performed, and the reaction products and the 

enzyme turnover were quantified (Figure 18E, F). However, the C-terminal extension still 

got modified with ubiquitin chains on residues other than Lys+5, hence Lys197 and 

Lys198 are not the only auto-ubiquitination sites in the C-terminal extension that can 

accept ubiquitin in this this in vitro system. The other acceptor sites escape the detection 

in the mass spectrometry experiments based on tryptic digest, due to the enrichment of 

positive charges in the very C-terminus of UBE2S. 

 

In the next step, it was investigated whether the auto-ubiquitination sites including Lys+5 

can be modified with ubiquitin chains. Ubiquitin K11R does not support the formation of 

ubiquitin chains by UBE2S, thus only mono- or multi-mono-ubiquitination can be 

detected in this case. The comparison of UBE2SUBC and UBE2S demonstrate that all 
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tested proteins, independent of the wild-type or K+5R background, are modified with 

Lys11-linked chains (Figure 18A, B). At least in the context of UBE2SUBC, chains 

assembled on Lys+5 are included. Although this result is in contrast to the finding that 

auto-ubiquitination occurs in cis (Figure 17), our observations imply that auto-

ubiquitination of UBE2S is initiated in cis, whereas chain elongation can occur in trans. 

The same results were obtained in the K197R/K198R background (Figure 18G, H). 

These results are in principle consistent with the MD simulations (Figure 16B, C) which 

have suggested that the Lys+5-out state is energetically favored by UBE2S.  

 

To get insights in the interaction of the last 26 C-terminal amino acids of UBE2S with the 

remaining part of UBE2S (residues 1-196) that should be needed to allow for auto-

ubiquitination of the C-terminal lysine residues, the interaction of a peptide comprising of 

the lysine-rich 26 C-terminal amino acids of UBE2S, and UBE2S1-196 were studied by 

NMR. The peptide contains the C-terminal auto-ubiquitination sites of UBE2S and is 

predicted to form an α-helix (hereafter referred to as ‘C-helix’, (Figure 19A)). 1H15N-

HSQC spectra were recorded by titrating the peptide to the 15N-labeled UBE2S1-196 

construct. The comparison of the 1H15N-HSQC spectra in the absence and presence of 

the peptide reveals major chemical shift perturbations around the active site region of 

UBE2S, including residues 93, 95-97 and 99-101 as well as the nearly residues 127 and 

129 (Figure 19B, C). These observations indicate that the C-helix either interact with the 

active-site region or impacts its conformation allosterically. If the C-helix was, indeed, 

close to the active site, this could reflect the conformation in which it undergoes auto-

ubiquitination. 

 

In summary, these experiments illustrate that Lys+5 is also a major auto-ubiquitination 

site of UBE2SUBC in vitro, although auto-ubiquitination of full-length UBE2S occurs not 

only at Lys+5 but dominantly at the C-terminal extension. The C-helix can reach the 

active-site region, providing a basis for auto-ubiquitination of the lysine residues in the 

C-helix in cis. Nevertheless, Lys+5 gets modified with Lys11-linked ubiquitin chains in 

vitro, whereas the first ubiquitin must be attached in cis. However, the following ubiquitin 

molecules of the chain need to be added in trans because mono-ubiquitination of Lys+5 

leads to auto-inhibition of UBE2S, as will be pointed out in the next paragraph. 
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Figure 19: The C-helix can reach the active site region of UBE2S. (A) Schematic representation of the 

architecture of the UBE2S monomer. The UBC-domain (residues 1-156) represents a structurally studied, 

folded domain, whereas the C-terminal extension is predicted to be mainly unstructured, besides the last 25 

residues that are predicted to form a helix. (B) Weighted combined chemical shift perturbations, δΔ(1H15N), 

of residues in the catalytic domain upon addition of the C-terminal UBE2S peptide (residues 107-222) to 

UBE2S1-196 resonances. Gaps are due to proline residues (9, 10, 27, 28, 35, 50, 54, 71, 74, 75, and 86) or 

missing assignments (1, 18, 38, 74, 83, 87, 98, 102, 104, 111, 150). (C) Combined cartoon and surface 

representation of the crystal structure of UBE2SUBC (PDB: 6S98). Residues that undergo marked chemical 

shift perturbations (δΔ(1H15N) ≥ 0.1 ppm) upon peptide addition (C-helix, see B) are highlighted in yellow.  
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4.1.3 Auto-ubiquitination at Lys+5 results in auto-inhibition of UBE2S 
 

The above analyses suggested that the auto-ubiquitination of Lys+5 occurs with low 

efficiency in vitro. Therefore, the enzymatically made conjugate of UBE2SUBC and 

ubiquitin K11R (UBE2SUBC-Ub) was isolated by anion-exchange chromatography (Figure 

20A), to test the effect of the modification on activity. UBE2SUBC was used instead of 

UBE2S full-length protein to rule out the effects of UBE2S tail-ubiquitination. The 

attachment sites of ubiquitin in the conjugate were determined by mass spectrometry (in 

collaboration with Prof. Dr. Henning Urlaub, Max Planck Institute for Biophysical 

Chemistry, Göttingen/Germany), confirming that the conjugate was predominantly linked 

through Lys+5. The ability of UBE2SUBC-Ub to accept ubiquitin from the E1 was tested 

and compared to UBE2SUBC in a thioester-transfer assay. While UBE2SUBC readily forms 

thioester-linked conjugates with ubiquitin to its active site cysteine, this ability is 

suppressed by ~85% in the context of the conjugate (Figure 20B). Whether the residual 

activity of the conjugate (< 15% compared to the WT) resulting in the (UBE2SUBC-Ub)~Ub 

reaction product is indeed formed by the conjugate or stems from the small fraction (5%) 

of UBE2SUBC-Ub conjugate, in which ubiquitin was bound to Lys68 instead remains 

unclear. However, either way, the attachment of ubiquitin to Lys+5 efficiently suppresses 

thioester formation. Based on this finding, it is expected that auto-ubiquitination at Lys+5 

also suppresses isopeptide formation by UBE2SUBC-Ub. Indeed, this is found in in vitro 

isopeptide formation assays comparing UBE2SUBC and UBE2SUBC-Ub: While UBE2SUBC 

catalyzes auto-ubiquitination and Ub2-formation efficiently, di-ubiquitin formation was 

strongly reduced by UBE2SUBC-Ub (Figure 20C). Note that this assay does not allow for 

the detection of auto-ubiquitination of the conjugate, as the conjugate contains ubiquitin 

K11R to suppress chain formation on UBE2S (Figure 20A). 

 

Thus, the modification of UBE2S with a single ubiquitin molecule at position Lys+5 leads 

to auto-inhibition of UBE2S by interfering with thioester formation and consequently also 

minimizes the ability to form isopetide-linked ubiquitin chains. 
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Figure 20: Ubiquitination at position +5 inhibits UBE2S activity. (A) Purification of a UBE2SUBC-Ub 

conjugate (UBE2SUBC WT and Ub K11R) from an in vitro reaction by anion-exchange chromatography (left). 

The peak containing the conjugate (see SDS-PAGE and Coomassie stain on the right) is highlighted in blue. 

(B) In vitro thioester-bond formation assay comparing UBE2SUBC and UBE2SUBC-Ub, performed at two 

timepoints. The addition of DTT serves to distinguish thioester (visualized as ~) from isopetide bonds (left). 

Reaction products were monitored by SDS-PAGE and Coomassie staining, quantified, normalized to the 

input amount of unmodified enzyme (+DTT) and the mean and standard deviation (SD) of three independent 

experiments plotted (middle). The cartoon (left) illustrates the differences between the thioester-linked 

conjugate of UBE2S and ubiquitin (UBE2SUBC~Ub) and the isopeptide-linked conjugate (UBE2SUBC-Ub). (C) 

In vitro isopeptide bond formation assay, comparing UBE2SUBC and UBE2SUBC-Ub, using fluorophore-

labeled ubiquitin. Ub2-formation was monitored at three different time points by SDS-PAGE and Coomassie 

staining (top left) as well as fluorescence scanning (bottom left). The asterisk marks a minor amount of 

UBE2SUBC in the UBE2SUBC-Ub preparation. Right: Quantification of Ub2, followed by fluorescence scanning. 

The means and SDs of three independent experiments are plotted. 
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4.1.4 Lys+5-linked ubiquitin can adopt a closed conformation on UBE2S 
 

To study the structural mechanism of UBE2SUBC auto-inhibition by Lys+5 modification, 

NMR experiments on two types of disulfide-linked UBE2SUBC-Ub conjugates were 

performed, that mimic the isopetide-linked conjugate. Therefore, a variant of UBE2SUBC, 

UBE2SUBC C95S/C118M/K+5C, was cloned, expressed and purified. In this UBE2SUBC 

variant, in which Lys100 was mutated to a cysteine for disulfide-formation with a modified 

ubiquitin variant (Gly76 to Cys). To ensure conjugation of ubiquitin to position +5, the 

native cysteine residues, Cys95 (≙ Cyscat) and Cys118 were mutated to serine and 

methionine, respectively. The latter was chosen because it was shown that a methionine 

at position 118 does not interfere with donor ubiquitin binding in the closed conformation 

[52]. This conformation is critical for the catalytic activity of UBE2S and a similar interface 

has been predicted to be important for the thioester transfer of ubiquitin from the E1 to 

the E2 [54].  

In one conjugate, UBE2SUBC was 15N-labeled and ubiquitin unlabeled and in the other 

UBE2SUBC was unlabeled and ubiquitin 15N-labeled (Figure 21, see 3.2.14) and both 

could be prepared in feasible amounts for NMR experiments that allow for the detection 

of the binding mode of Lys+5-linked ubiquitin on UBE2S. 

 

 

 

Figure 21: Preparation of a disulfide-linked UBE2SUBC C95S/C118M/K+5C-Ub G76C conjugate for 

NMR. (A) Anion-exchange chromatography of the disulfide-linked UBE2SUBC-Ub G76C conjugate, in which 

UBE2SUBC C95S/C118M/K+5C is 15N-labeled. (B) Gel filtration profile for both NMR-conjugates: blue: 15N-

labeled UBE2SUBC C95S/C118M/K+5C, red: 15N-labeled ubiquitin G76C (left) and associated SDS-PAGE 

(right). 

 

Due to the flexibility of the active site region in UBE2S, it is possible that ubiquitin bound 

to Lys+5 can adopt a similar, closed conformation as the donor ubiquitin towards UBE2S. 

To test this hypothesis, 1H-15N-HSQC spectra of the two conjugates were recorded and 

compared to the apo spectra of ubiquitin and UBE2SUBC. To this end, the backbone 

chemical shift assignments for ubiquitin and the UBE2SUBC-Ub-conjugate in which 
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ubiquitin was 15N-labeled, were taken from BMRB Entry 17439 [4], while the assignments 

of the UBE2SUBC C95S/C118M/K+5C variant and the +5-modified conjugate were 

generated with the help of triple resonance experiments, performed by Dr. Kristian 

Schweimer, (University of Bayreuth, Bayreuth/Germany), on double-labeled (15N, 13C) 

protein that I purified.  

The analysis of the weighted combined chemical shift perturbations (Δδ(1H15N)) plotted 

over the ubiquitin residue number reveals that hydrophobic patch of ubiquitin including 

residues Lys48, His68, Leu71 and Arg72 is needed for UBE2S binding. These residues 

had also been shown to be functionally critical for the closed UBE2S-donor interface 

[4,52]. Furthermore in both cases, major chemical shift perturbations can be mapped to 

the C-terminus of ubiquitin, which is conjugated to the E2 (Figure 22A, B and D; [4]). Vice 

versa, major shift perturbations of UBE2S resonances in the Lys+5-linked UBE2SUBC-Ub-

conjugate coincide with the previously defined donor ubiquitin binding site (Figure 22A, 

C and E). The interface contains functionally-validated key contacts, such as Glu51, 

Arg101, Asp102, Cys118 and Ser127, needed for appropriate donor ubiquitin binding in 

the closed conformation [4,52]. The similarity of the two interfaces is further illustrated in 

Figure 23, comparing the UBE2SUBC-Ub-conjugates mimicking the Lys+5-linked and the 

thioester-linked (characterized by Dr. Sonja Lorenz) conjugate. This supports the 

hypothesis that ubiquitin bound to Lys+5 can adopt a closed, donor-like conformation on 

UBE2S. 

Note that a second set of chemical shift perturbations specifically induced by Lys+5-linked 

ubiquitin, is detected opposite to the closed donor binding site (Figure 22E, right). These 

perturbations are most probably induced by propagated changes in the chemical 

environment upon linkage of ubiquitin to Lys+5; however, it cannot be ruled out that they 

reflect a second binding mode of ubiquitin to UBE2S.  
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Figure 22: Lys+5-linked ubiquitin adopts a closed conformation on UBE2SUBC. (A) Cartoon 

representation of the two UBE2SUBC C95S/C118M/K+5C-ub G76C conjugates, mimicking UBE2SUBC, 

modified with ubiquitin at position +5. In color, 15N-enriched components are highlighted. (B) Weighted 

combined chemical shift perturbations (Δδ(1H15N)) of ubiquitin resonances in the covalently linked conjugate 

with UBE2SUBC, compared to the apo protein. Δδ(1H15N) is plotted over the ubiquitin residue number and 

the asterisk marks line broadening. (C) Weighted combined chemical shift perturbations (Δδ(1H15N)) of 

UBE2SUBC C95S/C118M/K+5C resonances of the covalently linked conjugate with ubiquitin, compared to the 

apo protein. Δδ(1H15N) is plotted over the ubiquitin residue number; the asterisk marks line broadening 

and/or signal disappearance caused by chemical exchange on the intermediate chemical shift timescale. 

Gaps result from missing assignments (residues 3, 4, 7, 11, 18, 19, 31, 90, 111, 115, 135 and 150) and 

prolines (residues 9, 10, 27, 28, 35, 50, 54, 71, 74, 75 and 86). (D) Cartoon and surface representation of 

the crystal structure of ubiquitin (PDB: 1UBQ, [27]). In yellow, residues that undergo chemical shift 

perturbations Δδ(1H15N) > 0.1 ppm or line broadening in the context of the conjugate are pointed out. 

Underlined residue numbers are functionally validated key contacts in the UBE2SUBC-donor ubiquitin 

interface [4]. (E) Cartoon and surface representation of the crystal structure of UBE2SUBC (PDB: 1ZDN) [182] 

in two orientations. The color code is analogous to (D), whereas residues with Δδ(1H15N) > 0.12 ppm are 

labeled.  
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Figure 23: Comparison of the UBE2SUBC-Ub-conjugate mimic and a mimic of the thioester-linked 

donor conjugate. Cartoon representation of two UBE2SUBC-Ub conjugates for NMR, mimicking the 

UBE2SUBC-Ub conjugate with ubiquitin bound to position +5 (blue) and the thioester-linked conjugate (purple) 

by an oxyester bond, as studied previously by Dr. Sonja Lorenz [4] (left). The weighted, combined chemical 

shift perturbations (Δδ(1H15N)) of the UBE2SUBC C95S/C118M/K+5C-Ub G76C (blue) and the 

UBE2SUBC C95S-ub conjugate (purple) are plotted over the UBE2SUBC residue number, analogous to Figure 

22C (right).  

 

Thus, the NMR data analysis highlights that ubiquitin linked to Lys+5 of UBE2S interacts 

with UBE2SUBC similarly to the closed donor conformation. This provides a structural 

basis for UBE2S auto-inhibition by Lys+5-auto-ubiquitination, as donor ubiquitin binding 

and ubiquitin bound to position +5 are mutually elusive. 

 

 

In summary, this chapter reveals that auto-ubiquitination of Lys+5 confers auto-inhibition 

in UBE2S. Specifically, it was shown that the active-site region of UBE2S is flexible, 

allowing Lys+5 to come in close proximity to the catalytic cysteine (Figure 14 and Figure 

16) an allowing Lys+5-auto-ubiquitination in cis (Figure 17). When ubiquitin is conjugated 

to Lys+5, it can adopt a donor ubiquitin-like closed orientation towards UBE2S (Figure 22 

and Figure 23). This inhibits the E1-induced thioester-transfer of ubiquitin to the E2 

(Figure 20B) and subsequently isopetid bond formation (Figure 20C). This auto-inhibition 

mechanism may affect substrate ubiquitination by UBE2S in the context of the APC/C 

and / or UBE2S stability in the cell (Figure 24) – hypotheses that require further 

investigation. 
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Figure 24: Lys+5-auto-ubiquitination confers auto-inhibition. Model of the active state of UBE2S with 

donor ubiquitin (orange) thioester-linked to Cyscat and in the closed orientation towards the E2 and the 

acceptor ubiquitin (yellow) presenting Lys11 for the nucleophilic attack of the thioester bond. Active UBE2S 

can either perform E3-mediated substrate ubiquitination to promote substrate degradation by the 

proteasome, or (E3-enhanced) auto-ubiquitination of the C-terminal extension, promoting UBE2S turnover 

[3]. UBE2S can adopt an auto-inhibited state through intramolecular auto-ubiquitination of Lys+5. Lys+5-linked 

ubiquitin adopts a closed conformation towards UBE2S, similar than the donor ubiquitin in the active state, 

thus inhibiting the E2. 
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4.2 Auto-inhibition of UBE2S by UBE2S dimerization  
 

Parts of this section are going to be published in [175]. It delineates the structural basis 

and functional consequences of UBE2S dimerization.  

 

4.2.1 UBE2SUBC crystallizes as a dimer 
 

As mentioned in section 4.1, the various crystal structures of UBE2S show a dimeric 

arrangement (Figure 15). The tendency of UBE2S to crystallize as a dimer is supported 

by two new crystal structures of UBE2SUBC (Figure 25 and Table 16). The new high 

resolution crystal structure of UBE2SUBC WT (1.55 Å; PDB: 6S98) adopts the typical 

canonical α/β-fold with four α-helices and four β-sheets in each of the two subunits and 

reflects the over-all shape of the crystal structure of UBE2SUBC that was deposited by the 

Structural Genomics Consortium (PDB: 1ZDN, [182]; Figure 15). 

The two subunits are linked by a disulfide bond via Cys118, the catalytic cysteines 

(Cys95) are oxidized to a sulfoxide, as the crystal was grown in non-reducing conditions. 

The dimer interface is symmetric, tightly packed and hydrophobic, with an interface area 

of 1051.1 Å, a solvation free energy gain upon formation of -10.8 kcal/M and a P-value 

of P = 0.235. The majority of interfacing residues reside in helix αB (residues 109-121), 

of which the axes are arranged in a 113°angle between the two subunits. 

The disulfide bond formed through Cys118 is surrounded by a hydrophobic network 

including His111, Leu114, Thr115, Cys118, Leu119, Ile121, His122, and Pro123 (Figure 

25B). Additional hydrophobic inter-subunit contacts are provided by Pro50, Thr53, 

Pro54, and the aliphatic side chain portion of Glu51, all of which are located in a turn 

within the adjacent β-sheet region of UBE2S. With the exception of one flanking 

hydrogen bond (between Asp102 and Tyr141), the dimer interface is devoid of polar or 

electrostatic interactions. [170]. 

Based on the considerable size and hydrophobic nature of the interface, I speculate that 

its formation may not require an inter-subunit disulfide linkage. To test this idea, a 

UBE2SUBC variant in which Cys118 was replaced by alanine was crystallized and its 

structure determined at 2.18 Å resolution (Figure 25C and Table 16; PDB: 6S96). Indeed, 

this crystal structure contains a dimer, similar to the UBE2SUBC WT structure (backbone 

RMSD of 1.13 Å), despite the lack of an inter-subunit disulfide bond. This implies that 

the dimer-formation in UBE2S is not dependent on the disulfide bond, similar to what 

was observed for UEB2SUBC C118M (Figure 15C). 
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Figure 25: UBE2SUBC crystallizes as a dimer. (A) Crystallographic dimer structure of UBE2SUBC with a 

resolution of 1.55 Å (Table 16, PDB: 6S98). Each monomer contains one catalytic domain of UBE2S, 

connected by a disulfide bond via Cys118 (left). Note that the active-site cysteine (Ccat = C95) is overoxidized 

to a sulfoxide in each subunit. Cartoon representation of the dimer (right). (B) Detail of the hydrophobic 

dimerization interface in the crystal structure of the UBE2SUBC WT shown in (A). Key residue side chains at 

the subunit interface are illustrated as sticks. (C) Crystal structure of UBE2SUBC C118A (PDB: 6S96). The 

monomers are not covalently linked in this case. (D) Superposition of the crystallographic dimers formed by 

UBE2SUBC WT and the C118A variant, demonstrating high overall similarity. 

 

 

Together, these analyses imply that UBE2S can form a symmetric crystallographic dimer 

via its catalytic domain, independent of a disulfide linkage at position 118 in the interface. 
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Table 16: X-ray crystallographic data collection and refinement statistics for the structures of 

UBE2SUBC WT and C118A. Values in parentheses correspond to the highest resolution shell. 
 

 

 

4.2.2 UBE2S has the capacity to dimerize in vitro. 
 

Together with our collaborators, we demonstrated that UBE2S dimerizes via the 

crystallographic interface in cells [175]. In this chapter, however, I focus on the 

associated in vitro studies.  

 
 

UBE2SUBC WT  
(PDB: 6S98) 

UBE2SUBC C118A  
(PDB: 6S96) 

data collection   

wavelength (Å)           0.9680 1.033 

space group P 1 21 1 P 61 

unit cell parameters  
a, b, c (Å)  
α, β, γ (°) 

 
44.8  49.05  71.93 

90  106.03  90 

 
120.9  120.9   45.3 

90  90  120 

total reflections 78466 (7412) 39533 (3800) 

unique reflections 43484 (4292) 19810 (1898) 

Rpim 2.5 (43.0) 4.4 (40.8) 

completeness (%) 99.4 (98.9) 98.8 (95.1) 

I/σ(I) 14.5 (2.0) 8.6 (1.5) 

redundancy 1.8 (1.7) 2.0 (2.0) 

Wilson B factor 18.8 44.02 

CC ½  0.999 (0.638) 0.997 (0.992) 

refinement   

resolution (Å) 42.15 – 1.55 (1.605 – 1.55) 34.91 – 2.18 (2.258 – 2.18) 

Rwork  / Rfree  16.14 / 18.39 20.38 / 24.53 

no. of atoms 
protein 

water 

 
2358 
171 

 
2241 

32 

average B-factors 
protein 

water 

 
29.5 
32.1 

 
57.2 
49.8 

RMSD from ideality 
bond lengths (Å) 
bond angles (°) 

 
0.013 
1.35 

 
0.014 
1.21 

Ramachandran statistics 
favored (%) 

disallowed (%) 

 
98.96 
0.00 

 
98.36 
0.00 

MolProbity clash score 3.35 9.42 

MolProbity overall score 1.22 1.5 
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First, dimerization in solution was investigated using in vitro pull-down experiments with 

His6-tagged and HA-tagged variants (either in the UBC or full-length context of UBE2S). 

A weak self-association of UBE2SUBC could be detected, while it appeared to be 

enhanced in the full-length protein (Figure 26). UBE2S self-association had previously 

also been observed by Lim and colleagues [195]. 

 

 

 

Figure 26: UBE2S dimerizes weakly in solution. (A) In vitro pull-down of UBE2SUBC, monitored by SDS-

PAGE and immunoblotting. The control contains HA-tagged UBE2SUBC only. (B) Pulldown as in (A), using 

His- and HA-tagged UBE2S. 

 

 

However, standard biophysical techniques like analytical ultracentrifugation (Figure 27) 

and SEC-MALS did not show significant dimerization of UBE2S in solution under the 

conditions used (Figure 29A, B; black curves). This indicates that dimerization of UBE2S 

occurs transiently.  

 

 

 

Figure 27: Analytical ultracentrifugation data for UBE2S. The peak at a sedimentation coefficient of ~2 S 

corresponds to a species with a molecular mass of ~23 kDa.  
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To be able to capture such transient dimerization events, a crosslinking experiment 

based on the cysteine-reactive crosslinker dibromobimane (bBBr) was conducted. This 

assay makes use of the central position of cysteine 118 in the dimeric interface. Thus, 

bBBr would be able to trap the dimer if it were transiently occupied in solution. 

 

Indeed, incubation of UBE2SUBC with bBBr yielded a second species in SEC 

experiments. The amount of the second species correlated with the incubation time. 

 

 

 

Figure 28: UBE2S crosslinking with bBBr reveals a second protein species. SEC experiments with 

UBE2SUBC WT (40 µM), crosslinked with bBBr. The reactions were quenched with 5 mM NEM at the 

indicated time points. 

 

 

The two species were further characterized by SEC-MALS. UBE2SUBC and UBE2S were 

incubated with bBBr for 40 min and yielded a dimeric form of UBE2S. The experimentally 

determined molecular weights of the eluted protein species are 16.5 ± 0.3 and 

31.7 ± 0.5 kDa for UBE2SUBC and 26 ± 2 and 47 ± 2 kDa for UBE2S. These molecular 

weights are in excellent agreement with the expected molecular weights of a UBE2SUBC 

monomer (17.4 kDa) and dimer (34.7 kDa) and the monomeric and dimeric forms of 

UBE2S (23.9 and 47.7 kDa), respectively (Figure 29A, B). The results are correlated by 

the analysis of non-crosslinked and crosslinked samples of the two UBE2S variants by 

SDS-PAGE: While the non-treated protein samples show a single band at the size of the 

monomeric protein, an additional band at the size of a UBE2S dimer is detected in the 

bBBr-treated samples (Figure 29C, D), highlighting that UBE2S dimerizes in solution. 
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Figure 29: Transient dimerization of UBE2S captured by crosslinking. (A) SEC-MALS experiments of 

UBE2SUBC (300 µM) with and without bBBr-mediated crosslinking. The proteins were incubated with bBBr 

for 40 min and thereafter injected onto the gel filtration column. The derived molecular masses are 

16.5 ± 0.3 kDa for the UBE2SUBC monomer and 31.7 ± 0.5 kDa for the dimer. (B) SEC-MALS experiments 

of UBE2S (300 µM) with and without bBBr-mediated crosslinking. The derived molecular masses are 

26.2 ± 1.7 kDa for the UBE2S monomer and 47.4 ± 1.4 kDa for the dimer. (C) SDS-PAGE of untreated and 

bBBr-crosslinked UBE2SUBC (40 µM). (D) SDS-PAGE of untreated and bBBr-crosslinked UBE2S (40 µM). 

 

 

Since bBBr is a cysteine-reactive crosslinker, these experiments raised the question of 

whether UBE2S dimerizes in solution via Cys118 or the catalytic cysteine (Cys95), or 

both. To discriminate between these scenarios, UBE2SUBC WT as well as the single 

cysteine variants C95S (Cys118 only), C118S (Cys95 only) and the double cysteine 

variant C95S/C118S were analyzed by size exclusion chromatography: In the absence 

of the crosslinker, all variants elute in their monomeric form (Figure 30A). Upon 

incubation with bBBr for 40 min, followed by quenching with N-ethylmaleimide (NEM), 

WT UBE2SUBC and UBE2SUBC C95S respectively, crosslink with similar efficiencies. In 

contrast, UBE2SUBC C118S elutes as monomer, just like the cysteine-free variant 

(UBE2SUBC C95S/C118S (Figure 30B). 
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Figure 30: The bBBr-crosslink occurs exclusively via Cys118. (A) SEC experiments with UBE2SUBC WT 

and three cysteine variants, C95S, C118S, and C95S/C118S (40 µM). (B) SEC experiments with the same 

proteins as in A, following bBBr-mediated crosslinking. The crosslinking reaction was quenched with 5 mM 

NEM after 40 min. (C) pKa determination for the thiol group of Cys95 (CysCat) in the single-cysteine variant 

UBE2S C118S, based on stopped-flow kinetic measurements of the reaction rates towards DTNB. (D) pKa 

determination for the thiol group of Cys118 in the single-cysteine variant UBE2S C95S, based on stopped-

flow kinetic measurements of the reaction rates towards DTNB. In (C) and (D) the mean and SDs from at 

least three replicates are plotted. The pKa determination experiments and analyses were performed by 

Marie-Annick Letzelter. 

 

The bBBr crosslink is therefore specific to Cys118, in line with the hypothesis that UBE2S 

transiently dimerizes through the crystallographic interface in solution. Furthermore, this 

is remarkable, since the catalytic cysteine Cys95 is expected to be more reactive than 

Cys118. So, if crosslinking was defined by chemical reactivity rather than conformational 

restrains, it should preferentially occur through Cys95.  

 

Cysteine reactivity towards small-molecule electrophiles is expected to correlate with 

their pKa-value [196] – the lower the pKa, the more reactive the respective cysteine 

residue. Thus, Marie-Annick Letzelter determined the pKa-value of Cys95 (Ccat; using 
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UBE2S C118S) and Cys118 (using UBE2S C95S) of UBE2S. The pKa of the active site 

cysteine (Cys95) is 6.4 ± 0.2 and is lower than the one for Cys118 (9.4 ± 0.1), as 

expected (Figure 30C, D). Nevertheless, crosslinking of UBE2S with bBBr occurs only 

via Cys118 (Figure 30B). The crosslinking site was additionally verified by mass 

spectrometry, showing that the crosslinked form of UBE2S is connected via Cys118, 

while Cys95 was not modified. 

 

Taken together, these experiments demonstrate that UBE2S is crosslinked by bBBr 

specifically via Cys118, which is part of the dimer interface seen in the crystal structures 

of UBE2SUBC (Figure 15 and Figure 25). Dimerization via the active-site cysteine, located 

opposite of the dimerization interface is disfavored, although, it is chemically more 

reactive. This is in line with the idea that UBE2S forms a transient dimer in solution which 

resembles the crystallographic one. 

 

4.2.3 The dimerization of UBE2S is concentration-dependent 
 

A second interesting finding is that bBBr-mediated crosslinking is increased at higher 

UBE2S concentrations, as seen by comparing SEC-MALS experiments at 300 µM 

protein concentration (Figure 29A, B) with SEC experiments at 40 µM protein 

concentration (Figure 30A and B). This suggests that UBE2S dimerization is 

concentration-dependent, as expected from a bimolecular experiment. Therefore, SEC 

experiments with bBBr-treated UBE2SUBC WT or the full-length protein were performed 

at different protein concentrations (Figure 31A, B). Increasing UBE2S concentrations 

result in increased populations of the crosslinked form of the proteins (Figure 31B). This 

correlates with the SDS-PAGE analysis of the crosslinked samples (Figure 28C, D).  
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Figure 31: UBE2S crosslinking with bBBr is concentration dependent. (A) SEC experiments with 

UBE2SUBC WT at indicated concentrations, crosslinked with bBBr in the molar ratio 1:1.5. The reactions 

were quenched with 5 mM NEM after 60 min of incubation. (B) SEC experiments with UBE2S WT at 

indicated concentrations, crosslinked with bBBr. The samples were treated as in A. (C) SDS-PAGE analysis 

of the concentration-dependency of the UBE2SUBC-bBBr crosslink. (D) SDS-PAGE analysis as in (C), using 

UBE2S. 

 

Another approach capable of detecting weak association events, as used to monitor the 

dimerization of other E2 enzymes, is NMR [84,197,198]: Concentration-dependent 

relaxation measurements were performed to derive the average transverse relaxation 

(R2) rates of amide protons located in structured regions of UBE2SUBC based on two-

point spin echo experiments. The obtained values were 53 ± 8 s-1 at 230 µM, 60 ± 8 s-1 

at 1 mM, and 80 ± 10 s-1 at 2.3 mM protein concentration. The same experiments were 

repeated with full-length UBE2S and revealed the same trend. In this case, the average 

transverse relaxation (R2) rates of the amide protons in the structured regions of UBE2S 

are 70 ± 15 s-1 at 200 µM, 83 ± 15 s-1 at 1 mM, and 115 ± 23 s-1 at 2 mM. The increasing 

transverse relaxation rates with increasing protein concentrations indicate a 
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concentration-dependent self-association of both, UBE2SUBC and full-length UBE2S in 

solution, independent of a crosslinking reagent.  

A second NMR approach to detect weak association events is the determination of the 

average longitudinal (R1) and transverse (R2) relaxation rates of the nitrogen nuclei in 

the structured regions of a protein, as performed by Dr. Kristian Schweimer (University 

of Bayreuth, Bayreuth/Germany) for UBE2SUBC. The average R1 and R2 relaxation rates 

were 0.93 +/- 0.06 and 15.0 +/- 1.6 s-1, respectively at 200 μM protein concentration and 

a magnetic field strength of 16.8 T, corresponding to a rotational correlation time of 11 ns. 

This is in good agreement with the size of a globular protein of ~ 160 amino acids [199], 

like monomeric UBE2SUBC. The R2 relaxation rates globally increased by 20 to 30% at 

600 µM protein concentration, which is not a result of concentration-dependent structural 

rearrangements in UBE2SUBC, since the corresponding 1H15N-HSQC spectra overlay 

perfectly (Figure 32). 

 

 

 

Figure 32: 1H15N-HSQC spectra of UBE2SUBC. The spectra were recorded at 600 µM (black) and 200 µM 

(blue) protein concentration. 
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Based on the knowledge from the crosslinking experiments, this self-association can be 

assumed to reflect UBE2S dimerization. 

 

4.2.4 The dimerization of UBE2S in solution mirrors the interface seen 
crystallographically. 

 

As crosslinking of UBE2S occurs only through Cys118, which lies at the center of the 

dimerization interface, it is likely that the transient dimerization of UBE2S in solution 

occurs via the same interface that is found in the crystal structures (Figure 25B). To test 

this, a series of mutations was introduced, individually replacing each key residue in the 

dimer interface by alanine an glutamate in the case of Leu114, both in the context of 

UBE2SUBC and the full-length protein. The mutated protein variants were expressed, 

purified and subjected to crosslinking experiments with bBBr. All UBE2SUBC variants 

elute in a monomeric form in SEC experiments without bBBr (Figure 33A).  

Upon crosslinking, dimeric UBE2SUBC can be detected in the WT as shown in Figure 

30B. However, crosslinking is drastically reduced for all mutated variants. Only 

UBE2SUBC N124A and UBE2SUBC Y141A show crosslinking efficiencies similar to the WT 

protein (Figure 33B). 

 

 

 
 

Figure 33: UBE2SUBC dimerizes via the crystallographic interface in solution. (A) SEC experiments with 

purified UBE2SUBC WT (as in Figure 30A) and the dimer interface variants (40 µM). (B) SEC experiments 

with UBE2SUBC WT (as in Figure 30B) and the dimer interface variants (40 µM) after incubation with 60 µM 

bBBr for 40 min. The reactions were quenched with 5 mM NEM before injection on the gel filtration column. 

 

To follow the crosslinking kinetics and provide a quantitative read-out of the dimerization 

of UBE2S, fluorescence measurements were conducted. Those made use of the fact 
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that bBBr generates a fluorescent product when both alkylating groups have reacted 

([200], Figure 34A).  

 
 

Figure 34: UBE2SUBC / UBE2S crosslinking followed by fluorescence detection. (A) Schematic 

representation of the fluorescence dimerization assay using bBBr (star) as crosslinking reagent. bBBr is 

fluorescent after the reaction with two cysteine residues. (B) UBE2S dimerization (plotted as fluorescence) 

over time for UBE2S WT and the dimer interface variants. For each variant, the experiment was performed 

with UBE2S and UBE2SUBC in technical triplicates, error bars indicate the standard deviation (SD) of those 

replicates.  
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While no significant increase in fluorescence could be measured for the C95S/C118S 

variant, which serves as negative control as it contains no cysteine residues for 

crosslinking, an increase of the fluorescence and therefore of the crosslinked, dimeric 

species is seen for the WT protein. The C95S variant, which contains a substitution of 

the catalytic cysteine to alanine, shows a comparable pattern to the WT, in line with the 

previous crosslinking experiments (Figure 30B, Figure 34B). Mutating critical interface 

residues such as Leu107, Leu114 and Cys118 to alanine leads to a significantly slower 

increase in the fluorescence.  

Notably, all UBE2S variants in the full-length context (black curves) crosslink faster 

compared to those in the context of the catalytic domain (red curves; Figure 34B). 

The dimerization rates were calculated to quantify the impact of mutational effects on the 

crosslinking propensity of UBE2S. Figure 35 shows that all point mutations in the dimer 

interface significantly slow down the bBBr-induced dimerization. The only expectations 

are the I121A and Y141A variants, which still crosslinked as efficiently as the wild-type 

protein. 

 

 

 

Figure 35: Crosslinking kinetics recapitulate the interface seen in the UBE2SUBC crystal structures. 

Rates of bBBr-mediated crosslinking of 13 purified variants of UBE2SUBC (light grey) and UBE2S (dark grey), 

respectively. The mean and SDs from three experiments are plotted. The raw data of one experiment are 

shown in Figure 34B.  

 

Next, it was investigated whether the UBE2SUBC L114E construct, whose crosslinking 

capacity is significantly reduced compared to WT still crystallizes as a dimer or as a 

monomer. Interestingly, I obtained, indeed, the first monomeric crystal structure of apo 

UBE2SUBC (Figure 36A and Table17). In this crystal structure, the cysteine at position 

118 is oxidized to a sulfoxide, while the catalytic cysteine is not oxidized. However, the 

structure does not show major differences in the UBC fold compared to previous 
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structures. The monomer overlays perfectly with a subunit of the UBE2SUBC dimer 

(Figure 36B). Interestingly, the L114E variant crystallized in different conditions (see 

3.8.1) as a dimer, in which the subunits are tilted compared to the arrangement seen for 

the WT. This is possibly caused by the larger size and charge of the glutamate side chain 

compared to leucine (Figure 36C and Table17).  

 

 

 

 

Figure 36: Monomeric and dimeric arrangements of UBE2SUBC L114E in crystal structures. (A) 

Monomeric UBE2SUBC L114E with Glu114 and Cys118 shown in ball-and-stick representation. Note that 

Cys118 in chain A (green) is oxidized to sulfoxide. (B) Overlay of monomeric UBE2SUBC L114E with 

UBE2SUBC WT (PDB: 6S98, grey). (C) Crystal structure of dimeric UBE2SUBC L114E, overlaid with 

UBE2SUBC WT (PDB: 6S98). Glu114 is shown in ball-and-stick representation. 

 

 

Overall it appears that the favored state of UBE2S in crystals is the dimer. That one of 

the structures has the L114E variant also in a dimeric arrangement does not conflict with 

the crosslinking data because the L114E mutation does not abolish crosslinking and, 

apparently, the physicochemical parameters during crystallization are different from a 

solvation-based assay.  

In summary, it can be concluded that the transient dimerization of UBE2S in solution, as 

followed by bBBr-crosslinking, occurs via a similar interface as seen in UBE2SUBC crystal 

structures. Single amino acid substitutions at the interface to alanine strongly interfere 

with crosslinking. In addition to the interface formed by the catalytic domain of UBE2S, 

the unique C-terminal extension of UBE2S, enhances crosslinking. 
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Table17: X-ray crystallographic data collection and refinement statistics for the structures of 

UBE2SUBC L114E monomer and dimer. Values in parentheses correspond to the highest resolution shell. 

 

 

 

4.2.5 The C-terminal extension of UBE2S stimulates dimerization. 
 

The finding that full-length UBE2S constructs generally have higher crosslinking rates 

than UBE2SUBC constructs, motivated further analyses of the C-terminal extension. The 

C-terminal extension comprises residues 157-222 and is structurally uncharacterized. It 

is predicted to have no to little secondary structure, except for the C-terminal 22 residues, 

 
 

UBE2SUBC L114E  
(monomer) 

UBE2SUBC L114E  
(dimer) 

data collection   

Wavelength (Å) 0.968 0.968 

space group P 2 21 21 P 1 21 1 

unit cell parameters  
a, b, c (Å)  

                          α, β, γ (°) 

 
64.08  79.38  82.56   

90  90  90 

 
45.32  48.41  70.13 

90  107.07  90 

total reflections 157517 (9471) 59830 (5875) 

unique reflections 25719 (2513) 15981 (1546) 

Rpim 3.99 (35.68) 4.69 (31.38) 

completeness (%) 99.67 (99.37) 98.8 (95.1) 

I/σ(I) 12.12 (1.99) 12.23 (2.31) 

multiplicity 6.1 (3.8) 3.7 (3.8) 

Wilson B factor 36.80 32.21 

CC ½  0.999 (0.941) 0.998 (0.832) 

refinement   

resolution (Å) 41.28 – 2.08 (2.159 – 2.08) 43.32 – 2.15 (2.23 – 2.15) 

Rwork  / Rfree  21.32 / 25.91 20.33 / 24.92 

no. of atoms 
protein 

water 

 
2378 

75 

 
2218 

22 

average B-factors 
protein 

water 

 
50.70 
43.49 

 
48.04 
32.85 

RMSD from ideality 
bond lengths (Å) 
bond angles (°) 

 
0.004 
0.89 

 
0.012 
1.40 

Ramachandran statistics 
favored (%) 

disallowed (%) 

 
98.98 
0.00 

 
97.95 
0.00 

MolProbity clash score 1.04 4.81 

MolProbity overall score 0.96 1.77 
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which are predicted to form an α-helix (C-helix; Figure 37A). To dissect the role of 

different regions within the C-terminal extension in dimerization, UBE2S constructs of 

different length were subjected to crosslinking experiments with bBBr: UEB2SUBC 

(residues 1-156), UBE2S1-196 (residues 1-196) that contains the unstructured part of the 

C-terminal extension and UBE2S (residues 1-222) that also includes the C-helix. These 

studies showed that the presence of the unstructured region of the C-terminal extension 

does not alter the dimerization behavior compared to the catalytic domain. If the C-helix 

is included, however, a boost in the crosslinking rate is observed (Figure 37B, C). Thus, 

the C-helix is responsible for the enhanced crosslinking of UBE2S full-length compared 

to shorter constructs. 

Based on these results, a competition experiment was performed, in which a large 

excess of a peptide comprising the C-terminal 25 amino acids of UBE2S (i.e. including 

the C-helix) was titrated to UBE2S in trans. The addition of the peptide interfered with 

the crosslinking of UBE2S in a concentration-dependent manner (Figure 37D, E). Thus, 

the C-helix peptide can interact with UBE2S in trans. That a large excess of peptide is 

required makes sense, because UBE2S already contains the C-helix and thus an 

intermolecular interaction competes with an intramolecular interaction.  

The auto-ubiquitination experiments (see 4.1) confirmed that the C-terminal extension of 

UBE2S becomes auto-ubiquitinated, in accordance with previous studies [3,194]. It is 

conceivable that auto-ubiquitination of the C-terminal extension interferes with 

dimerization. To test this hypothesis, Marie-Annick Letzelter cloned, expressed and 

purified a construct in which UEB2S1-197 is C-terminally fused to ubiquitin. Crosslinking 

experiments with this fusion protein showed significantly reduces bBBr-induced 

crosslinking as compared to UBE2S1-196 (Figure 37F, G), in line with the idea that the 

ubiquitination of the C-terminal extension may interfere with dimerization of UBE2S. 
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Figure 37: Impact of the C-terminal helix on UBE2S-dimerization. (A) Schematic representation of the 

architecture of the UBE2S monomer. The catalytic domain (UBE2SUBC) represents a structurally studied, 

folded domain, whereas the C-terminal extension is predicted to be mainly unstructured, besides the last 25 

residues that are predicted to form a helix (C-helix). (B) UBE2S dimerization (plotted as fluorescence) over 

time for UBE2S and two shortened constructs: UBE2SUBC (residues 1-156) and UBE2S1-196 (residues 1-196). 

For each variant, the experiment was performed in technical triplicates, error bars indicate the SD. (C) Rates 

of bBBr-mediated crosslinking of the UBE2S constructs shown in B. The mean and SDs from three 

experiments are plotted. (D) Competition experiment testing the effect of a peptide representing the C-

terminal helix (residues 197-222) in indicated ratios, in trans on the bBBr-mediated crosslinking kinetics of 

UBE2S. The experiment was performed in technical duplicates, error bars indicate the SD. (E) Rates of 

bBBr-mediated crosslinking of UBE2S in the competition experiment in D. The mean and SDs from three 

experiments are plotted. (F) UBE2S dimerization (plotted as fluorescence) over time for UBE2S1-196 and an 

UBE2S1-197-Ub constructs (UBE2S residues 1-197, fused to Ubiquitin at the C-terminus). The experiment 

was performed in technical triplicates, error bars indicate the SD. (G) Crosslinking rates of the experiment 

shown in F, the mean and SDs from three experiments are plotted. 
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Together, these studies are compatible with a model, in which the unmodified C-helix 

enhances dimerization either by interacting with the UBC domain in cis (and thus 

promote dimerization allosterically) or in trans or in a ‘cherry-like’ assembly (Figure 38). 

To distinguish between these models requires further analyses. However, based on the 

NMR titration that showed that the C-helix can interact with the active site region of 

UBE2S (Figure 19), I favor model A and B. 

 

 

 
 

Figure 38: Models for C-helix-enhanced dimerization. (A) Dimerization enhanced by allosteric effects 

through interactions of the C-helix with the catalytic domain of UBE2S in cis. (B) Dimerization enhanced by 

interactions of the C-helix with the UBC domain in trans. (C) Dimerization enhanced by interactions between 

the C-helices of the two monomers (‘cherry-like’ assembly). 

 

 

4.2.6 Dimerization of UBE2S confers auto-inhibition 
 

To elucidate the effect of dimerization on UBE2S activity, three UBE2S variants with 

point mutations in the dimer interface that reduce the dimerization capacity of UBE2S 

were chosen for in vitro auto-ubiquitination assays. Therefore, it was of importance to 

choose mutation sites that do not interfere with the binding of the donor ubiquitin in order 

to monitor only effects caused by diminished dimerization.  

As Leu107 and His111 lie outside of and Leu114 peripheral to the donor binding site but 

their mutation disrupts dimerization (Figure 39A, B), the 15N-labeled mutated variants 

were purified (UBE2S L107A, UBE2S H111A and UBE2S L114E) and used in chemical 

shift mapping experiments with unlabeled ubiquitin. Whereas the mutations L107A and 

H111A leave the interaction between UBE2S and ubiquitin intact, L114E was found to 

weaken it (Figure 39C). 
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Figure 39: Leu107, His111 and Leu114 are required for dimerization but are dispensable for donor 

ubiquitin binding. (A) Crystal structure of UBE2SUBC in complex with a donor-like ubiquitin, whereas the 

interaction in the crystal is formed in trans (PDB: 5BNB [52]). The side chains of Cys95 and Leu107, His111 

and Leu114 are shown in stick representation. The latter three residues (pink) are part of the dimer interface 

(see B), but outside or at the rim of the donor ubiquitin interface. (B) Crystal structure of the UBE2SUBC dimer 

(PDB: 6S98, Table 16), presented as in (A). Here, Cys95 is overoxidized to a sulfoxide. (C) Weighted and 

combined chemical shift perturbations (Δδ(1H15N)) of resonances of the catalytic domain of UBE2S WT and 

the three dimer interface variants, induced by donor ubiquitin binding in trans (32.5-fold molar excess of 

ubiquitin). 

 

This is reflected in the NMR-derived KD-values that are 1.34 ± 0.04 mM for UBE2S WT, 

1.43 ± 0.03 mM for UBE2S L107A, 1.84 ± 0.04 mM for UBE2S H111A and 3.3 ± 0.1 mM 

for UBE2S L114E (Figure 40). This is consistent with Leu107 and His111 being located 

outside of the donor ubiquitin binding site, while Leu114 is close to it (Figure 39A). 
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Figure 40: KD-determination of the interaction of UBE2S with ubiquitin. (A) Ubiquitin-induced weighted, 

combined chemical shift perturbations, δ∆(1H15N), of UBE2S WT resonances, plotted over the ubiquitin 

concentration. The data points were fitted globally to a single-site model including those resonances for 

which δ∆(1H15N) was at least 0.048 ppm at the highest ubiquitin concentration. The resonance for Gly52 

undergoes line broadening and was thus not included in the fit. (B) Analogous data and fit as in (A) for the 

UBE2S L107A variant. (C) Analogous data and fit as in (A) for the UBE2S H111A variant. The resonances 

for Gly52 and Ile109 undergo line broadening and could, therefore, not be included in the fit. (D) Analogous 

data and fit as in (A) for the UBE2S L114E variant.  

 

Next, the auto-ubiquitination and the di-formation of the UBE2S variants L107A, H111A 

and L114E were compared with WT UBE2S to possibly uncover a function of UBE2S 

dimerization. The in vitro activity assay did not show a clear trend (Figure 41). Whereas 

the di-ubiquitin formation and the auto-ubiquitination for UBE2S 107A are reduced, 

UBE2S H111A and UBE2S L114E show a pattern similar to the WT, with UBE2S L114E 

being slightly compromised in both read-outs. The trend seen in this assay thus does not 

strictly recapitulate the ubiquitin binding capacity of this protein variants (Figure 40B). In 

APC/C-dependent activity assay performed by Alena Kucerova and Dr. Jörg Mansfeld 

(Technische Universität Dresden, Dresden/Germany) [175], the activities of the mutated 

proteins were indistinguishable from the WT. 
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Figure 41: Mutational analysis of the dimer interface variants in vitro. (A) Assay, comparing di-ubiquitin 

formation and auto-ubiquitination of UBE2S variants (WT, L107A, H111A, and L114E), monitored by SDS-

PAGE and Coomassie staining. The asterisk (*) denotes contaminations. (B, C) Quantification of Ub2-

formation and UBE2S auto-ubiquitination (UBE2S-Ubn). The amount of reaction products formed by WT 

after 45 min was set to 100%. Depicted are the means and the SDs of three independent experiments.  

 

To identify whether the reduced activity of UBE2S L107A is caused by folding defects, 

circular dichroism (CD) spectra of UBE2S WT and of the dimer interface variants were 

recorded (Figure 42). CD provides information about the secondary structure elements 

of a protein because the secondary structure elements absorb right- and left-circularly 

polarized light at asymmetric optical centers unequally. The signal is dominated by the 

contributions of the peptide bonds of the chiral amino acids, except for glycine, in the far 

UV range (170 nm to 260 nm). A maximum at around 192 nm and minima at about 



 

103 

 
Results and Discussion 

209 nm and 222 nm are characteristics of α-helical structures, whereas a minimum 

between 210 nm and 225 nm and positive signals in the range of 190 nm to 200 nm 

characterizes β-strands. Disordered (random coil) or unfolded structures show minima 

near 200 nm [201].  
 

 
 

Figure 42: CD spectra of UBE2S WT and the dimer interface variants. For all samples the molar ellipticity 

was calculated according to Equation 2 (see Methods) and plotted against the wavelength in nm. 

 

The CD spectra of UBE2S WT (black) and the dimer interface variants are nearly 

identical, showing a maximum at around 190 nm and two minima, one at 206 nm and a 

less pronounced one at around 225 nm, pointing towards a high content of α-helices and 

some β-strands. This is in accordance with the crystal structures of the catalytic domain 

of UBE2S (Figure 14, Figure 15 and Figure 25) and the structural predictions of the full-

length protein (Figure 19A and Figure 37A). Taking this into account and the fact that the 

signal at 200 nm and below is positive, it can be concluded that all UBE2S variants are 

correctly folded and differences in activity are unlikely to result from structural defects. 

 

The interpretation of the in vitro activities with respect to the dimerization of UBE2S is 

complicated by the fact that dimerization is extremely weak and transient, as 

demonstrated by the NMR relaxation (Figure 32) and crosslinking experiments (Figure 

29). Hence, it is challenging to follow dimerization in solution in vitro to determine the 

functional consequences of dimerization. To overcome these difficulties, the bBBr-

crosslinked dimer was isolated. From the same reaction, unmodified, monomeric UBE2S 

was isolated to ensure an identical treatment of the monomeric and the dimeric protein. 
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The ability to catalyze the formation of ubiquitin linkages (isopeptide bond formation) and 

accept ubiquitin from the E1 (thioester formation) of both, monomeric and dimeric UBE2S 

was compared in an in vitro assay.  

Dimeric UBE2S was found not to assemble free ubiquitin chains (Ub2), nor auto-

ubiquitinate (Figure 43C). In agreement with the finding that the closed donor ubiquitin 

conformation is also important for thioester formation by Olsen and Lima [54], thioester 

formation with ubiquitin is also suppressed, if the UBE2S dimer is formed (Figure 43D). 

Therefore, dimerization confers auto-inhibition by the ability to prevent donor ubiquitin 

binding. 

 

 
 

Figure 43: Dimerization causes auto-inhibition of UBE2S. (A) Crystal structure of UBE2SUBC in complex 

with a donor-like ubiquitin, whereas the interaction in the crystal is formed in trans (PDB: 5BNB [52]). The 

side chain of Cys95 (active site) is highlighted. (B) Crystal structure of the UBE2SUBC dimer (PDB: 6S98, 

Table 16). Note that Cys95 (highlighted in pink) in this particular structure is overoxidized to a sulfoxide. (C) 

In vitro isopeptide bond formation assay comparing the monomeric state of UBE2S with the purified and 

crosslinked dimeric state. Auto-ubiquitination (‘monomerUb’) and free chain formation (Ub2) can be detected 

for monomeric UBE2S. (D) In vitro thioester formation assay comparing the binding of ubiquitin to the 

monomeric state of UBE2S and the purified and crosslinked dimeric state. Thioester-linked species are 

sensitive to reducing agent (DTT) and indicated by ‘~’. In C and D, the ‘-ATP’ reaction serves as control. 
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This is in agreement with the analysis of the crystal structures of donor-bound UBE2SUBC 

and dimeric UBE2SUBC, indicating that UBE2S in its dimeric form represents an auto-

inhibited state. Dimerization conflicts with donor ubiquitin binding in the critical closed 

conformation, because the two binding sites overlap to a considerable degree (Figure 

43A, B). Thus, the two interactions should be mutually exclusive.  

 

In summary, it could be shown that UBE2S undergoes a weak self-association in solution 

(Figure 26). This process can be followed by crosslinking (Figure 29), which reveals that 

the association mirrors the dimeric arrangement seen in several crystal structures of 

UBE2SUBC (Figure 33 - Figure 35). Dimerization occurs through the catalytic domain, but 

is enhanced by the C-helix. Ubiquitination of lysine residues in the C-terminal extension 

of UBE2S likely diminishes dimerization (Figure 37).  

Finally, in vitro activity assays with dimeric UBE2S indicate that dimerization confers 

auto-inhibition. This is consistent with the observation that dimerization and donor 

ubiquitin binding are mutually exclusive structurally (Figure 43). Thus, auto-inhibition of 

UBE2S by dimerization presents a third level for the regulation of the UBE2S activity, 

besides proteasomal degradation of UBE2S by (E3-enhanced) auto-ubiquitination and 

auto-inhibition by auto-ubiquitination of Lys+5 (Figure 44). 
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Figure 44: Graphical summary of UBE2S auto-inhibition. Model of the active state of UBE2S with donor 

ubiquitin (orange) thioester linked to Cyscat in the closed orientation towards the E2 and the acceptor ubiquitin 

(yellow) presenting Lys11 for the nucleophilic attack of the thioester bond (as shown in Figure 24). The active 

UBE2S can then either perform E3-mediated substrate ubiquitination what leads to substrate degradation 

by the proteasome, or (E3-enhanced) auto-ubiquitination of the C-terminal extension that causes the 

proteasomal degradation of UBE2S [3]. For auto-regulation of UBE2S activity, UBE2S can perform an 

intramolecular ubiquitin transfer to ubiquitinate Lys+5 as elaborated in chapter 4.1 or UBE2S can dimerize 

via the UBC-domain what is enhanced by the C-helix of UBE2S. It remains to be studied, how the 

dimerization enhancement is driven by the C-helix (see Figure 38) as indicated by the grey dashed lines. 

Both, the Lys+5-ubiquitinated as well as the dimeric form of UBE2S present auto-inhibited states of UEB2S. 
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5. Conclusion and future perspectives 
 

Historically simplified as ‘ubiquitin carriers’, ubiquitin-conjugating enzymes are crucial 

regulators of ubiquitin-mediated cellular pathways. When interacting with a RING-type 

E3, they determine linkage specificity in substrate ubiquitination and thereby impact the 

fate of the substrate. The importance of E2s is underscored by their critical role in human 

disease. 

One E2 associated with poor prognosis and poor response to cancer therapy if 

overexpressed is UBE2S, which makes it particularly interesting as a biomarker 

candidate and putative drug-target. UBE2S functions in DNA-repair by promoting non-

homologous end-joining (NHEJ) [8] and transcriptional arrest at DNA double-strand 

breaks [7]. UBE2S has a well understood role in cell cycle regulation. Here, it interacts 

with the APC/C to elongate or branch ubiquitin chains on primed cell cycle regulators 

specifically through Lys11-linkages, labeling them for proteasomal degradation and 

promoting cell cycle progression towards mitotic exit [3–6,18,114,138,139,148]. 

Although the molecular mechanism of Lys11-linked ubiquitin chain formation is well-

studied, the regulation of UBE2S remained to be uncovered. It was known that UBE2S 

is stabilized by phosphorylation of Thr152 by the RAC-alpha serine/threonine-protein 

kinase AKT1 in cancer cells [8]. Additionally, UBE2S can undergo auto-ubiquitination at 

its C-terminal extension [3,194]. This auto-ubiquitination was supposed to be enhanced 

by the APC/C during G1, when substrates are limiting, leading to the proteasomal 

degradation of UBE2S [3].  

There is growing evidence that E2s are regulated by mechanisms other than auto-

ubiquitination-induced turnover [61]. This raises the question of whether UBE2S also has 

such mechanisms that influence or fine-tune its activity and thereby the activity of the 

APC/C.  

In this thesis, two new regulatory mechanisms of UBE2S are described. Both 

mechanisms have in common that they block the conserved donor ubiquitin binding site 

and thereby inhibit thioester formation and isopetide bond formation by the E2, as 

summarized in Figure 45. Firstly, UBE2S can be auto-inhibited by auto-ubiquitination of 

a specific lysine residue (Lys+5) close to the catalytic cysteine, which may present a 

general regulatory mechanism, as Lys+5 is found in ~25% of the human E2s and was 

shown to also confer auto-inhibition in UBE2T upon ubiquitination [67]. Secondly, UBE2S 

dimerization can render the donor ubiquitin binding site inaccessible. This mechanism is 

presumably specific for UBE2S, as this particular dimer interface has not been seen in 

any other human E2 so far.  
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Together, this work lays the foundation for understanding the different layers of 

regulation of UBE2S and points out how this important enzyme may be used as a drug 

target for cancer therapy. Furthermore, this work establishes common principles in E2 

regulation, as discussed below. 

 
 

Figure 45: Model of UBE2S auto-inhibition in the context of the APC/C. In the context of the APC/C, 

UBE2S elongates ubiquitin chains on cell cycle regulators in a Lys11-linked manner to enable mitotic exit by 

marking the substrates for proteasomal degradation (top) The C-helix of UBE2S is bound in the groove 

between APC2 and APC4. UBE2S auto-ubiquitination at Lys+5 blocks donor binding and thereby auto-

inhibits UBE2S activity (left). From a structural perspective, this could happen while the C-helix is attached 

to the APC/C whereas the UBC-domain is detached for receiving a new ubiquitin molecule from the E1. 

Auto-inhibition by dimerization (right) involves the C-helix and confers auto-inhibition by blocking donor-

ubiquitin binding. UBE2S undergoes (E3-enhanced) auto-ubiquitination at its C-terminal extension, if the C-

helix becomes accessible (middle). This induces the proteasomal degradation of UBE2S (bottom). 
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5.1 Auto-inhibition by auto-ubiquitination 
 

Auto-ubiquitination is a common feature in ubiquitin-conjugating enzymes, linked to 

proteasomal degradation [3,6,69] or inhibition [67,202]. UBE2S can auto-ubiquitinate its 

C-terminal extension, which is thought to promote its proteasomal degradation [3]. The 

catalytic domain contains eight lysine residues, one of which is heavily ubiquitinated in 

cells [109]. This lysine, Lys+5, is positioned five residues downstream of the catalytic 

cysteine and is also ubiquitinated in vitro (Table 15). Additional crystal structures of the 

catalytic domain of UBE2S determined here, in combination with MD simulations, 

unveiled structural flexibility of the active site region, resulting in two extreme 

conformations, the Lys+5-in and the Lys+5-out state. In the Lys+5-in state, the primary 

amino group of Lys+5 is in close proximity to the catalytic cysteine, whereas it is removed 

from it in the Lys+5-out state (Figure 14). I demonstrated that mono-ubiquitination at Lys+5 

occurs by intramolecular transfer of the ubiquitin (Figure 17) and inhibits donor ubiquitin 

binding in the closed conformation (Figure 22) and thus activity (Figure 24). Auto-

inhibition occurs at the first step, thioester-bond formation.  

Interestingly, Lys+5 is found mutated to asparagine in lung adenocarcinoma [203,204], 

where UBE2S is overexpressed and is required to be active for enhancing the 

ubiquitination of the tumor suppressor p53 [121]. This may reflect selective pressure to 

upregulate UBE2S activity in certain cancer settings. This was further addressed in a 

collaboration with Alena Kucerova and Dr. Jörg Mansfeld (Technische Universität 

Dresden, Dresden/Germany). Together, we generated a polyclonal antibody against 

UBE2S that also enabled the detection of mono-ubiquitinated UBE2S. The fraction of 

mono-ubiquitinated cells amounts to 40% in prometaphase-arrested cells and is 

significantly diminished 120 min after release from prometaphase-arrest, as monitored 

by mass spec analyses in collaboration with Dr. Jyoti Choudhary's group (The Institute 

of Cancer Research, London/UK) [53]. At this timepoint, the levels of UBE2S decrease 

slightly as well, but this is not connected to Lys+5-modification. Cycloheximide-chase 

experiments with UBE2S WT and a K+5R variant revealed that mono-ubiquitination of 

Lys+5 does not induce proteasomal degradation [53]. Taken together, these findings 

imply that Lys+5-auto-ubiquitination presents a cell-cycle regulated auto-inhibition 

mechanism. This regulation is presumably required as the malleability of the active-site 

region and the ability to auto-ubiquitinate may otherwise constantly inactivate the 

enzyme. The cellular factors that influence Lys+5+-auto-ubiquitination are not yet defined 

and provide an exciting area for further studies.  

One possibility is that the E3 impacts E2 regulation. On the APC/C, the C-helix of UBE2S 

is bound to the APC2/4 groove and the catalytic domain is positioned at the edge of the 
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complex, interacting with APC2 [112]. As such, the C-helix cannot be auto-ubiquitinated, 

which may render UBE2S prone to Lys+5-modification. Alternatively, release of the C-

helix of UBE2S from the APC2/4 groove may allow for Lys+5-ubiqutination, for example 

as triggered by the APC/C inhibitor EMI1, which displaces UBE2S by binding to the same 

groove [142,205]. Lys+5-auto-ubiquitination may thus present a ‘safe-lock’ to protect 

UBE2S from auto-ubiquitination at the C-terminal extension and proteasomal 

degradation. On the other hand, interaction with the APC/C may promote the Lys+5-out 

conformation, thus, keeping the enzyme active. Another possibility to influence the 

ubiquitination status of UBE2S involve deubiquitinating enzymes (DUBs), as they my 

cleave ubiquitin off Lys+5 or the C-terminal extension. This would ensure that the 

modification of Lys+5 with ubiquitin does not result in a dead-end but presents a dynamic 

cell cycle regulated mechanism. Finally, the auto-ubiquitination of UBE2S at Lys+5 may 

be influenced by other post-translational modifications, such as phosphorylation. It was 

already shown that the phosphorylation of Thr152 in UBE2S can enhance its stability in 

cancer cells [8]. It would be interesting to investigate whether this phosphorylation (or 

others) occurs also under non-pathogenic conditions and influences the conformation of 

the active-site region. Intriguingly, Thr152 is only ~6 Å away from a loop adjacent to the 

active-site region.  

 

A lysine at position +5 is found in ~25% of the human ubiquitin-conjugating enzymes. 

Therefore, Lys+5-ubiquitination might not only regulate the activity of UBE2S but also of 

other E2s that contain this lysine. Indeed, in UBE2T, the modification of Lys+5 with 

ubiquitin was found to inactivate the enzyme [67].  

 

Taken together my studies suggest that the auto-ubiquitination of Lys+5 provides an auto-

inhibition mechanism in UBE2S and presumably other Lys+5-containing E2s. The 

inhibition is caused by interference with donor ubiquitin binding, thus preventing the E1-

mediated first step of ubiquitin transfer to the E2. Therefore, the E2s have the ability to 

fine-tune their activities and influence substrate ubiquitination. Additionally, in the case 

of UBE2S I speculate that the Lys+5-modification may crosstalk with the auto-

ubiquitination of the C-terminal extension and thus regulate the proteasomal degradation 

of the enzyme. In this model, Lys+5-modified UBE2S may provide an inactivated ‘storage 

form’, that could be reactivated by a DUB. To test this model and identify the putative 

DUB is the subject of our ongoing studies. 
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5.2 Auto-inhibition by dimerization 
 

Different crystal structures of the catalytic domain of UBE2S suggest that the donor 

ubiquitin binding site on UBE2S may also mediate dimerization (Figure 15 and Figure 

25). This idea was confirmed in solution by pull-down (Figure 26) and NMR experiments, 

revealing weak association of UBE2S. However, this association was not detectable by 

analytical gel filtration (Figure 30A) or analytical ultra-centrifugation (Figure 27). To 

overcome this challenge, a crosslinking assay was established, which disclosed that 

dimerization in solution occurs via the same interface as seen in the crystal structures 

(Figure 35). Crosslinker-induced dimerization was concentration-dependent (Figure 31) 

and enhanced by the C-helix of UBE2S (Figure 35 and Figure 37). It was further shown 

by NMR that a C-helix-derived peptide can interact with the active site of UBE2S, 

suggesting a possible mechanism for this effect. However, clearly, structural studies of 

the full-length protein are needed to uncover the position of the C-terminal extension of 

UBE2S and test the different models of dimerization (Figure 38). Since 66 residues of 

the C-terminal extension are unstructured, crystallizing the full-length protein is 

challenging. Crystals of full-length UBE2S grew after a minimum of six month, but no 

density for the bulk of the C-terminal extension could be detected. Only three additional 

residues after the catalytic domain could be modeled (data not shown). So it remains 

unclear whether the C-terminal extension has been cleaved in this crystals or was 

disordered. Further structural analyses of UBE2S may require binding partners to 

stabilize the extension and/or the entire APC/C. 

When interacting with the APC/C, the C-helix is either bound to the coactivator for 

recruitment [3,131,146] or buried in the APC2/4 groove [112] and thus, cannot promote 

dimerization at the same time. To enhance dimerization, the C-helix ought to be 

displaced from the APC/C, for example as mediated the APC/C inhibitor EMI1. EMI1 has 

a C-terminal region that is highly similar to the one of UBE2S [142] and dislodges UBE2S 

from the APC2/4 groove. 

My activity assays with the cross-linked dimer showed that dimerization inhibits UBE2S 

activity (Figure 43). However, dimerization is highly transient in vitro and the effects of 

mutating the dimer interface do not manifest themselves in this context. I detected 

mutations that interfere with crosslinking but not or only weakly with donor ubiquitin 

binding to UBE2S (Figure 39 and Figure 40) and found that H111A shows a similar 

activity in di-ubiquitin formation and auto-ubiquitination as the wild-type. L114E, 

however, is slightly inhibitory, possibly since it is located at the edge of the donor ubiquitin 

binding site, which might cause a reduction in the affinity of donor ubiquitin binding 

(Figure 40). Unexpectedly, the activity of UBE2S L107A was strongly reduced in in vitro 
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activity assays, although binding of ubiquitin to the donor binding site of UBE2S in trans 

seems not to be diminished (Figure 40). Together these results highlight that UBE2S 

activity depends on several interconnected factors and point out the need to test 

dimerization in the context of the cell. 

We thus used proximity-ligation amplification, together with Alena Kucerova and Dr. Jörg 

Mansfeld (Techische Universität Dresden, Dresden/Germany). These experiments 

demonstrated that HA- and FLAG-tagged UBE2S co-localize within the same efficiency 

as UBE2S with ubiquitin. This argues strongly for the self-association of UBE2S in the 

cell. Intriguingly, this self-association depends on the dimeric interface: HA- and FLAG-

tagged point mutations in UBE2S that interfere with dimerization in vitro, also disrupt co-

localization in the cell [175]. We speculated that UBE2S dimerization in the cell may 

inhibit C-helix auto-ubiquitination. This was based on the finding that dimerization 

requires the C-helix. Based on this model, mutations in the dimer interface should 

decrease the half-life of UBE2S in the cell. Indeed, UBE2S L107A, H111A and L114E 

were found to have reduced stability compared to the WT, while the effect was strongest 

for UBE2S H111A [175]. This is in good agreement with the in vitro data because UBE2S 

L107A and L114E showed an impairment in auto-ubiquitination. Additionally, it could be 

demonstrated that UBE2S H111A is functional in the cell and its expression rescues the 

delay in mitotic exit caused by dimethylenastron-induced SAC arrest in prometaphase 

upon UBE2S-depletion. We speculate that dimerization could provide a pool of ‘ready-

to-use’ UBE2S in an inactive storage form that could be activated when APC/C activity 

rises. This would provide an elegant way to allow for energy saving by hindering UBE2S 

auto-ubiquitination and thereby its proteasomal degradation.  

UBE2S was found to control mitotic slippage [5], a process by which mitotically arrested 

cells abnormally exit mitosis due to the degradation of cyclin B1, leading to aneuploidy 

or cell death. Whereas the expression of UBE2S WT (in an UBE2S-/- background) 

reduced the median duration of taxol-induced arrested cells by ~50%, UBE2S H111A 

expression only reduced the median duration by ~20%, indicating that this variant does 

not boost mitotic slippage.  

Thus, we speculate that UBE2S H111A is able to release cells from SAC but does not 

promote mitotic slippage to the same extent as the wild-type as the latter phenomenon 

is exquisitely sensitive to the concentration of UBE2S. In consequence, the dimeric state 

could be particularly important in cancer cells, where high levels of UBE2S are needed 

to promote mitotic slippage after drug-induced mitotic arrest (see 1.3). This would in turn 

suggest that interfering with the dimerization of UBE2S might provide a new therapeutic 

window as discussed in chapter 5.4. 



 

113 

 
Conclusion and future perspectives 

Taken together, dimerization provides a second regulatory mechanism in UBE2S – 

cellular factors initializing dimerization remain to be uncovered. 

 

5.3 What we can learn from UBE2S 
 

E2s share a conserved catalytic domain sufficient for catalysis of the ubiquitin transfer. 

However, different E2s encode different linkage types, interact with different ubiquitin 

ligases and perform different types of reactions (Figure 5). The structural basis of this 

specialization is mostly unknown but thought to be influenced by their diverse N- and C-

terminal extensions. 

 

My case studies on UBE2S illustrated several principles that apply broadly to ubiquitin-

conjugating enzymes: 

 

1) I showed that the donor-ubiquitin binding site is a conserved regulatory linchpin 

that controls the first step in catalysis and can be modulated by structurally and 

functionally diverse mechanisms. 

 

2) I exemplified that the extensions outside of the catalytic domain can serve 

important regulatory functions. This underscores the need to characterize these 

extensions structurally, ideally in the context of molecular complexes of E2s. 

 

3) I showed that low-affinities are critical in catalysis and regulation of E2s, in line 

with previous analyses [4,82,83,113].  

 

Overcoming the challenge of studying such transient, low-affinity interactions will be an 

important aim for future studies, exploiting chemical biology and other crosslinking tools 

to reconstitute specific states or complexes and resolve them structurally by cryo-EM. 

The body of data on the APC/C provide an impressive example of the exceptional level 

of detail such analyses can reveal. 

 

5.4 UBE2S as a drug target in cancer therapy 
 

Considering the roles of ubiquitin-conjugating enzymes in cancer (see 1.2.2), E2s may 

serve as potential drug targets. In contrast to the clinically used Bortezomib and 

Carfilzomib, which are potent proteasome inhibitors that shut down protein degradation 
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globally, targeting an E2 may provide more specificity to interfere with selected 

pathways. 

In 2011, Ceccarelli and colleagues uncovered a specific UBE2R1 (also called DC34) 

inhibitor, CC0651. This compound interferes with substrate ubiquitination while 

promoting UBE2R1 auto-ubiquitination [206]. However, despite a strong interest in 

developing E2 inhibitors, the number of candidates is limited. A reason for that could be 

the exposed active site region and the lack of pockets around this site. Therefore, 

uncovering new regulatory mechanisms in E2s and the roles of the N- or C-terminal 

extensions might open up new avenues towards understanding E2s structurally and 

identify targetable vulnerabilities. 

An E2 highly expressed in many cancer types is UBE2S. Its overexpression is also 

connected with unfavorable patient survival [10,118–121], tumor growth and invasion 

[10,116,118,120,121,123] and poor response to cancer therapy [8,10,118,124]. This is 

explained by the critical cellular roles of UBE2S in the cell cycle, DNA repair and other 

key pathways, whose dysregulation lead to tumorigenesis [3–5,7,8,116–121]. In 

consequence, knockdown or depletion of UBE2S in cancer cells was found to increase 

the responses to cancer treatments and diminished tumor growth and invasion in most 

cases [10,118,121,123]. In contrast, UBE2S depletion does not show a phenotype during 

unperturbed mitosis [5]. This makes UBE2S a promising target for cancer therapy and it 

would be of great interest to dissect mechanisms to manipulate its activity.  

 

In this thesis, two regulatory mechanism of UBE2S were uncovered that rely on a 

blockage of donor ubiquitin binding, either by auto-ubiquitination or dimerization. On the 

one hand, inhibition of UBE2S by these mechanisms may be beneficial for cancer 

therapy. On the other hand, this may enrich a pool of inactive enzymes, poised to be 

reactivated, which may be counter-productive. A second challenge might be the 

conservation of the donor ubiquitin binding site in E2s and the fact that this binding site 

is hydrophobic and does not contain obvious pockets. Whether the donor binding site 

can be accessed by small molecules thus requires further investigation. 

To overcome the problem of specificity, it may be conceivable to target the interactions 

of the C-terminal extension. Interfering with the ability of the extension to bind the APC/C 

may inhibit its role in promoting Lys11-chain formation. Notably, however, Lys11-linked 

ubiquitin chains can be compensated for by multi-mono-ubiquitination and the formation 

of short ubiquitin chains by UBE2C and UBE2D in particular settings. Whether modifying 

the C-terminal extension would also interfere with the ability of UBE2S to interact with 

RNF8 and thereby blocks its function in transcription arrest at double strand breaks 
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remains to be elucidated, just as the effect on modifying the tumor suppressors pVHL 

and p53. 

However, manipulation of the C-terminal extension bears another complication: Due to 

the enrichment in lysines, the C-terminal extension provides auto-ubiquitination sites, 

which are thought to mediate UBE2S turnover [3]. A putative UBE2S inhibitor should 

ideally not interfere with this auto-ubiquitination in order to avoid enriching UBE2S in the 

cell and thus, promote tumorigenesis.  

However, dissecting the precise impact of each of the regulatory and conformational 

states identified here will help provide insights into which function or structural feature 

may provide useful vulnerabilities. 

 

5.5 Outlook and future directions 
 

UBE2S is an important enzyme, functioning in cell cycle regulation [3–6] and DNA repair 

[7,8], that is found overexpressed in many cancer types and associated with poor 

prognosis and diminished response to therapeutics [8–10]. The discovery of UBE2S self-

regulation opens up new directions for a detailed understanding of the cellular role of 

UBE2S in health and disease and possible anti-cancer strategies. For example, it would 

be important to study the impact of Lys+5-auto-ubiquitination and dimerization in DNA 

repair. The structural basis of the interactions of UBE2S with KU70 in NHEJ, and of the 

stabilization of UBE2S by Thr152 phosphorylation require further investigation. It will also 

be insightful to broadly explore whether phosphorylation has an influence on the 

conformation and activity status of UBE2S in the DNA repair context. It would be 

interesting to test whether dimerization and/or Lys+5-modification regulate UBE2S also 

in DNA repair. Such studies may be able to reveal the missing link between Lys+5-

ubiquitination and dimerization. Maybe phosphorylation at Thr152 provides this missing 

link. Therefore, it should be studied whether phosphorylation of Thr152 occurs also under 

steady state conditions, when the PI3K/AKT/mTOR signaling pathway is not constantly 

activated.  

Structural analyses of the interaction of RNF8 with UBE2C and UBE2S could uncover 

whether this interplay to modify histones with Lys11-linked ubiquitin chains works in a 

similar way as in the context of the APC/C. This could allow for general conclusions 

about UBE2S-E3 interactions. Does UBE2S generally interact in a non-canonical way 

with the RING domain or is this APC/C-specific? Is the C-terminal extension needed for 

this interaction? If RNF8 dimerizes, as seen in several crystal structures [154,207,208], 

does this allow for UBE2C and UBE2S to bind simultaneously?  
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Lastly, it is reported that the modification of histone H2A/H2AX [7] and ß-catenin [122] 

with Lys11-linked ubiquitin chains by UBE2S does not lead to proteasomal degradation 

and instead stabilizes the substrate. Thus, investigating the role of Lys11-linked ubiquitin 

chains in these contexts might provide insights into new functions of this chain type 

beyond degradation, adding an additional facet to the complex kaleidoscope of ubiquitin 

signaling. 
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7. Appendix 
 

7.1 List of abbreviations 
 

Prefixes  
 

µ micro 
m milli 
k  kilo 
M mega   

Units  
 

° degree 
°C  degree Celsius 
A ampere 
Å Angström 
Da Dalton 
g  gram 
x g gravitational force 
h  hour 
Hz Hertz 
K  Kelvin 
l  liter 
m  meter 
min  minute 
M  molar (mol/l) 
OD  optical density 
rpm  revolutions per minute 
s  second 
v/v  volume per volume 
w/v  weight per volume   

Further abbreviations  
# number 
α anti 
A adenine 
A alanine, Ala 
A280 measured absorbance at 280 nm 

AA amino acids 

AKT1 serin/threonine-protein kinase 
AMP adenosine-5´-monophosphate 
Amp ampicillin 
AMPKα2 activated protein kinase alpha 2 
APC anaphase promoting complex subunit 
APC/C anaphase-promoting complex/cyclosome 
APS ammonium persulfate 
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ATP  adenosine-5´-triphosphate 
bBBr diromobimane 
BESSY  Berliner Elektronenspeicherring-Gesellschaft für 

Synchrotronstrahlung 
bp  base pairs 
BMRB  Biological Magnetic Resonance Bank 
BSA  bovine serum albumin 
[c]  concentration 
C  cytosine 
C  cysteine, Cys 
cat catalytic 
CC1/2  correlation coefficient 1/2 
CCP4  Collaborative Computational Project, Number 4, 1994 
CD  circular dichroism 
CDC20 cell division cycle protein 20 homolog 
CDC34 Ubiquitin-conjugating enzyme E2-34 kDa from yeast 
CDH1 Fizzy-related protein homolog 
CRBN Cereblon 
cryo-EM cryo-electron microscopy 
CV  column volume 
D  aspartic acid, Asp 
D2O deuterium oxide 

ddH2O  Bi-destilled water 
DESY Deutsches Elektronen-Synchrotron 
DMF  dimethylformamide 
DMSO  dimethylsulfoxide 
DNA  desoxyribonucleic acid 
DNA-PKc DNA-dependent Protein Kinase catalytic subunit 
DNase  desoxyribunucelase 
DNS Desoxyribonukleinsäure 
dNTP  desoxyribonucleoside-5´-triphosphate (dATP, dCTP, dGTP, dTTP) 
DSB double strand break 
DTNB  5,5´-Dithiobis-2-nitrobenzoic acid (Ellman´s reagent) 
DTT  dithiothreitol 
DUB  deubiquitinating enzyme 
E  glutamic acid, Glu 
E1  ubiquitin-activating enzyme 
E2  ubiquitin-conjugating enzyme 
E3  ubiquitin ligase 
E. coli  Escherichia coli 
ECL  enhanced chemiluminescence 
EDTA  ethylendiamintetraacetate desoxyribonucleic acid 
ESI-MS electrospray ionization mass spectrometry 
ESRF European Synchrotron Radiation Facility 
ER endoplasmic reticulum 
ERAD endoplasmic-reticulum-associated protein degradation 
EtOH ethanol 
F  phenylalanine, Phe 
F  forward 
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FA Fanconi anemia 
FANCD2 Fanconi anemia protein D2 
FL  full-length 
FPLC  fast protein liquid chromatography 
G  guanine 
G  glycine, Gly 
GST  gluatathione-S-transferase 
GTP  guanosine-5´f-triphosphate 
H  histidine, His 
H2O  water 

HA  human influenza hemagglutinin 
HF  high fidelity 
HIF-1α hypoxia-inducible factor 1-alpha 
His6  hexahistidine 

HECT  homologous to E6AP C-Terminus 
HEPES  2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 
HPSF high purity salt free 
HR homologous recombination 
HRP horseradish peroxidase 
HSQC heteronuclear single quantum correlation 
I  isoleucine, Ile 
IBD inflammatory bowel disease 
IEX  ion exchange chromatography 
IgG  Immunoglobulin 
IKZF Ikaros familiy zinc finger protein 
IMAC  immobilized metal affinity chromatography 
IMiD immune modulators 
IPTG  Isopropyl β-D-1-thiogalactopyranoside 
K  lysine, Lys 
Ka acid dissociation constant 

Kan  kanamycin 
KD  dissociation constant 

KU70 5'-deoxyribose-5-phosphate lyase Ku70 
L  leucine, Leu 
LB  lysogeny broth 
LIG4 DNA Ligase 4 
m mutated  
M  methionine, Met 
MALS  multi-angle light scattering 
MCC mitotic checkpoint complex 
MD molecular dynamics 
MDC1 mediator of DNA damage checkpoint protein 1 
Β-ME  β-mercapthoethanol 
MeOH Methanol 
mHTT mutated protein huntingtin 
MOPS  (3-(N-morpholino)propanesulfonic acid 
MR  molecular replacement 
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MS  mass spectrometry 
MS1/2 mass spectrum 1/2 
mTOR mammalian target of rapamycin 
MW  molecular weight 
MWCO  molecular weight cut-off 
N  asparagine, Asn 
NEB New England Biolabs 
NEM  N-ethylmaleimide 
NF-kB  nuclear factor kappa-light-chain-enhancer of activated B cells 
NHEJ non-homologous end-joining 
NMR  nuclear magnetic resonance 
NTD N-terminal domain 
NUS Non-linear sampling 
OD600  optical density (= absorbance) measured at a wavelength of 600 nm 

P  phosphor 
P proline, Pro 
PAGE  polyacrylamide gel electrophoresis 
PAO phenylarsine oxide 
PCR  polymerase chain reaction 
PDB  protein data bank 
PEG  polyethylene glycol 
pI  isoelectric point 
PINK1 serine/threonine-protein kinase PINK1 
POI protein of interest 
PROTAC Proteolysis Targeting Chimeras 
PSMs peptide spectrum matches 
PTEN  Phosphatase and Tensin homolog 
PVDF  polyvinylidene difluoride 
pVHL von Hippel-Lindau tumor suppressor protein 
R  arginine, Arg 
R  reverse 
RAD51 DNA repair protein RAD51 
RBR  RING-between-RING E3 enzyme 
RF  restriction-free 
RING  Really Interesting New Gene 
RMSD root-mean-square deviation 
RMSF root-mean-square fluctuation 
RNA  ribonucleic acid 
RNF RING-type E3 ubiquitin transferase 
ROS reactive oxygen species 
RPim  precision indicating merging R-factor 

RRID Research Resource Identifier 
PROTAC Proteolysis targeting chimeras 
RT  room temperature 
S  serine, Ser 
SAC spindle assembly checkpoint 
SD standard deviation 
SD  Superdex 
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SDS  sodium dodecyl sulfate 
SEC  size-exclusion chromatography 
SGC  Structural Genomics Consortium 
SS Sjörgren´s disease 
SUMO  Small ubiquitin-related modifier 
T  thymine 
T  threonine, Thr 
TB  Terrific Broth 
TBS-T  Tris-buffered saline with tween 20 
TCEP Tris-(2-carboxymethyl)-phosphine 
TEMED  N,N,N´,N´-tetramethylethylendiamine 
TEV  Tobacco Etch Virus 
TFB  transformation buffer 
TM  melting temperature 
TRIM21 E3 ubiquitin-protein ligase TRIM21 
Tris  Tris-(hydroxymethyl)-aminomethan 
U  Uridine 
Ub  ubiquitin 
UBC  catalytic core domain of ubiquitin-conjugating enzymes 
UBC2 Ubiquitin-conjugating enzyme E2 2 from yeast 
UBE2 ubiquitin-conjugating enzyme E2 
ULP1  ubiquitin-like-specific protease 1 
V  valine, Val 
W tryptophane, Trp 
Wnt  wingless-type MMTV integration site family member 
WT  wild-type 
XRCC4 X-ray repair Cross-Complementing protein 4 
Y  tyrosine, Tyr 
YNB  yeast nitrogen base 
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