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SUMMARY 
 

Ubiquitylation regulates the vast majority of cellular processes through the modification 

of protein substrates. In addition to substrate lysine residues, internal lysines within 

ubiquitin undergo ubiquitylation, creating structurally distinct ubiquitin polymers which 

signal for specific biological outcomes. For example, K48 and K11 chains drive 

proteasomal degradation whereas K63 chains plays essential roles in DNA repair, 

protein trafficking and signaling. Numerous diseases including cancer and 

neurodegenerative disorders are caused by a breakdown in the Ubiquitin Proteasome 

System (UPS). Additionally, there is emerging interest in reprograming UPS to target 

disease-causing proteins for degradation, using molecular glues or Proteolysis 

Targeting Chimeras (PROTACs). Thus, understanding the basic principles of ubiquitin 

chain formation on biochemical and structural level has broad and emerging 

implications for human health and disease.  

Sequential activity of the E1-E2-E3 enzymes cascade controls this process. It is known 

that E2 or E3 enzymes are responsible for the assembly of specific ubiquitin chain 

types. However, the mechanisms and key determinants of UB chain specificity remain 

elusive. The first part of this thesis moves the field one step closer towards 

understanding these basic principles of ubiquitin modifications. The project employed 

a multidisciplinary, cooperative effort to elucidate striking, atomic-level specificity of 

E2s and E3s. Using chemically synthetized UB analogs, we showed that shortening or 

extending the lysine acceptor by one hydrocarbon almost entirely abolishes 

ubiquitylation. Thus, revealing that the UB’s acceptor lysine is an unexpected 

determinant of UB specificity. The phenomenon was extensively characterized using 

biochemistry, enzyme kinetics, NMR, MS and molecular dynamics on multiple different 

components of the ubiquitin system. Together, this multidisciplinary approach provided 

insights into the importance of proper geometry in UB chain formation and revealed 

pleiotropic effects of changing the acceptor lysine length, where catalysis or binding 

can be influenced.  UBA 

It seems possible that in the cellular environment many natural components might 

impact presentation of the acceptor lysine. Binding to the protein partners or linkage 

within a chain might result in E2 and E3 enzymes specificity. Additionally, strong 

preference for the native lysine geometry may play a role in robust and sufficient 
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ubiquitylation for proteasomal degradation, even when the favored targeted lysines are 

inaccessible. Such features, may also have an effect on the success or failure of 

molecular glues and PROTACs.  

CRLs, being responsible for more than 20% of all degradation events in the eukaryotic 

system remain not fully understood. The mechanism of K48-linked UB chain formation, 

catalyzed by UBE2R, in complex with CRL, remains elusive as well. Moreover, finding 

favored CRL-E2 pairs awaits further investigation. Recent studies, along with data from 

this study, have shown exquisite preference of UBE2R for CRL2, not only in the 

presence of native substrates but also in the context of neo-substrates. Thus, the 

second part of this thesis focuses on the structural studies of UBE2R-mediated K48-

linked UB chain formation in complex with CRL2VHL. Importantly, proceeding structural 

studies of CRL2VHL complex with Hif1 as a substrate is to the great interest of many 

fields. The complex is associated with von Hippel-Lindau syndrome (VHL), a disease 

associated especially with kidney and pancreatic cancers. Additionally, Hif1 was 

identified as an important transcription factor responsible for oxygen homeostasis in 

the cellular environment. All in all, the mechanism of Hif1 polyubiquitylation to this 

date is not known, despite the importance of the complex and its role in tumorigenesis.  

Even though the UB code writers function on millisecond time-scale, it is possible to 

visualize the active conformations with the help of chemical biology. As such, the 

electrophilic traps were designed to mimic native intermediate of K48-linked diUB 

formation.  As a result, 4.2 Å map was solved giving an insight into the mechnism of 

UBE2R1-mediated polyubiquitylation. The obtained density allowed to fit crystal 

structures, nonetheless due to the lack of high resolution data in crucial parts of the 

complex, especially catalytic core, the structure could not be build and extensively 

analyzed on side chain level. However, many interesting features arose from the cryo-

EM data. First, the CUL2 CR3, 4HB and C/R domains with RBX1 undergo major 

rearrangements in comparison to apo crystal structure (PDB 5N4W) to place UBE2R1-

UBD in proximity of UBA and acceptor lysine for efficient catalysis. Second, the position 

of UBA
 bound to UBE2R1 helix 3 could be determined. Third, essential for chain 

formation, acidic loop could be visualized, wraping around the active site. Fourth, 

required for UBE2R1’s catalysis and binding, acidic tail was visible in CUL2’s CTD. 

Lastly, the collected data suggested the allosteric role of UBE2R1’s NEDD8 activation.  

As far as the captured model gives more insight into the UBE2R1’s mode of action 

many questions remain unanswered. Precise position of UBA’s K48, catalytic cysteine 
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and UBD’s C-terminus await to be resolved. Obtained map does not provide a sufficient 

information to conclude catalytic site conformation. Additional structural efforts, either 

cryo-EM or crystal studies, need to be proceeded. High resolution data confirming 

many of the conclusions and visualizing not visible parts will be the next goal of this 

project. Furthermore, extensive kinetics studies need to be performed to verify the role 

of many mutants identified in this study. 
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ZUSAMMENFASSUNG 

 

Die Ubiquitinierung reguliert die überwiegende Mehrheit der zellulären Prozesse durch 

die Modifikation von Proteinsubstraten. Zusätzlich zu den Lysinresten des Substrates 

durchlaufen auch interne Lysine innerhalb von Ubiquitin eine Ubiquitinierung, wodurch 

strukturell unterschiedliche Ubiquitinpolymere entstehen, die Signale für spezifische 

biologische Resultate sind. Beispielsweise treiben K48- und K11-Ketten den 

proteasomalen Abbau voran, während K63-Ketten eine wesentliche Rolle bei der 

DNA-Reparatur, dem Proteintransport und der Signalübertragung spielen. Zahlreiche 

Krankheiten, darunter Krebs und neurodegenerative Erkrankungen, werden durch 

einen Zusammenbruch des Ubiquitin-Proteasom-Systems (UPS) verursacht. Darüber 

hinaus gibt es ein wachsendes Interesse an der Umprogrammierung von UPS, um 

krankheitsverursachende Proteine für den Abbau unter Verwendung von molekularen 

Klebstoffen oder Proteolyse-hervorrufenden Chimeras (PROTACs) zu markieren. 

Daher hat das Verständnis der Grundprinzipien der Ubiquitin-Kettenbildung auf 

biochemischer und struktureller Ebene weitreichende und sich abzeichnende 

Auswirkungen auf die menschliche Gesundheit und Krankheit. Die sequentielle 

Aktivität der E1-E2-E3-Enzymkaskade steuert diesen Prozess. Es ist bekannt, dass 

E2- oder E3-Enzyme für den Aufbau spezifischer Ubiquitin-Kettentypen verantwortlich 

sind. Die Mechanismen und Schlüsseldeterminanten der UB-Kettenspezifität bleiben 

jedoch schwer fassbar. Der erste Teil dieser Arbeit bringt das Feld einen Schritt näher 

an das Verständnis der Grundprinzipien von Ubiquitin-Modifikationen heran. Das 

Projekt setzte eine multidisziplinäre, kooperative Anstrengung ein, um die 

bemerkenswerte Spezifität von E2s und E3s auf atomarer Ebene aufzuklären. Unter 

Verwendung chemisch synthetisierter UB-Analoga zeigten wir, dass die Verkürzung 

oder Verlängerung des Lysin-Akzeptors um einen Kohlenwasserstoff die 

Ubiquitinierung fast vollständig aufhebt. Dies zeigt, dass das Akzeptor-Lysin von UB 

eine unerwartete Determinante der UB-Spezifität ist. Das Phänomen wurde mithilfe 

von Biochemie, Enzymkinetik, NMR, MS und Molekulardynamik an mehreren 

verschiedenen Komponenten des Ubiquitin-Systems umfassend charakterisiert. 

Zusammengenommen lieferte dieser multidisziplinäre Ansatz Einblicke in die 

Bedeutung der richtigen Geometrie bei der UB-Kettenbildung und enthüllte pleiotrope 

Effekte der Änderung der Lysinlänge des Akzeptors, durch die die Katalyse oder 

Bindung beeinflusst wurden. Es scheint möglich, dass viele natürliche Komponenten 
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in der zellulären Umgebung die Präsentation des Akzeptor-Lysins beeinflussen. Die 

Bindung an die Proteinpartner oder die Verknüpfung innerhalb einer Kette könnte zur 

Spezifität der E2- und E3-Enzyme führen. Darüber hinaus kann eine starke Präferenz 

für die native Lysingeometrie eine Rolle bei der robusten und ausreichenden 

Ubiquitinierung für den proteasomalen Abbau spielen, selbst wenn die bevorzugten 

Ziellysine nicht zugänglich sind. Solche Merkmale könnten sich auch auf den Erfolg 

oder Misserfolg von molekularen Klebstoffen und PROTACs auswirken. CRLs, die für 

mehr als 20 % aller Abbauereignisse im eukaryotischen System verantwortlich sind, 

sind noch nicht vollständig verstanden. Auch der Mechanismus der K48-verknüpften 

UB-Kettenbildung, katalysiert durch UBE2R im Komplex mit CRL, ist weiterhin unklar.  

Darüber hinaus besteht weiterhin Forschungsbedarf im Auffinden bevorzugter CRL-

E2-Paare. Jüngste Studien haben, zusammen mit Daten aus dieser Studie, eine 

herausragende Präferenz von UBE2R für CRL2 gezeigt, nicht nur in Gegenwart nativer 

Substrate, sondern auch im Zusammenhang mit Neosubstraten. Daher konzentriert 

sich der zweite Teil dieser Arbeit auf die Strukturstudien der UBE2R-vermittelten K48-

verknüpften UB-Kettenbildung im Komplex mit CRL2VHL. Maßgeblich ist, dass die 

Fortführung von Strukturstudien des CRL2VHL-Komplexes mit Hif1 als Substrat von 

großem Interesse für viele Bereiche ist. Der Komplex ist mit dem von Hippel-Lindau-

Syndrom (VHL) assoziiert, einer Erkrankung, die insbesondere mit Nieren- und 

Bauchspeicheldrüsenkrebs einhergeht. Darüber hinaus wurde Hif1 als wichtiger 

Transkriptionsfaktor identifiziert, der für die Sauerstoffhomöostase in der zellulären 

Umgebung verantwortlich ist. Insgesamt ist der Mechanismus der Hif1-

Polyubiquitinierung trotz der Bedeutung des Komplexes und seiner Rolle bei der 

Tumorentstehung bis heute nicht bekannt. Obwohl die Schreiber des Ubiquitincodes 

im Millisekunden-Maßstab arbeiten, ist es möglich, die aktiven Konformationen mithilfe 

der chemischen Biologie zu visualisieren. Als solche wurden die elektrophilen Fallen 

so gestaltet, dass sie das native Intermediat der K48-verknüpften diUB-Bildung 

nachahmen. Als Ergebnis wurde eine 4,2-Å-Karte gelöst, die einen Einblick in den 

Mechanismus der UBE2R1-vermittelten Polyubiquitinierung gibt. Die erhaltene Dichte 

ermöglichte das Einsetzen von Kristallstrukturen, jedoch konnte die Struktur aufgrund 

des Mangels an hochauflösenden Daten in entscheidenden Teilen des Komplexes, 

insbesondere im katalytischen Kern, nicht aufgebaut und auf Seitenkettenebene 

umfassend analysiert werden. Aus den CryoEM-Daten ergaben sich jedoch viele 

interessante Merkmale. Erstens werden die CUL2-CR3-, 4HB- und C/R-Domänen mit 
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RBX1 im Vergleich zur Apo-Kristallstruktur (PDB 5N4W) erheblichen Umlagerungen 

unterzogen, um UBE2R1-UBD für eine effiziente Katalyse in die Nähe von UBA und 

Akzeptor-Lysin zu bringen. Zweitens konnte die Position von an die Helix 3 von 

UBE2R1 gebundenem UBA bestimmt werden. Drittens konnte eine für die 

Kettenbildung wesentliche Säureschleife sichtbar gemacht werden, die sich um das 

aktive Zentrum wickelt. Viertens war der für die Katalyse und Bindung von UBE2R1‘s 

erforderliche saure Schwanz in der CTD von CUL2 sichtbar. Schließlich deuteten die 

gesammelten Daten auf die allosterische Rolle der NEDD8-Aktivierung von UBE2R1 

hin. Obwohl das erfasste Modell mehr Einblick in die Wirkungsweise von UBE2R1 gibt, 

bleiben viele Fragen unbeantwortet. Die genaue Position von UBA‘s K48, 

katalytischem Cystein und UBD‘s C-Terminus muss noch geklärt werden. Die erhaltene 

Karte liefert keine ausreichenden Informationen, um die Konformation des 

katalytischen Zentrums zu schlussfolgern. Zusätzliche strukturelle Bemühungen, 

entweder durch CryoEM oder Kristallistationsstudien, müssen fortgesetzt werden. 

Hochauflösende Daten, die viele der Schlussfolgerungen bestätigen und nicht 

sichtbare Teile visualisieren, werden das nächste Ziel dieses Projekts sein. Darüber 

hinaus müssen umfangreiche Kinetikstudien durchgeführt werden, um die Rolle vieler 

in dieser Studie identifizierter Mutanten zu verifizieren.  
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1. INTRODUCTION 

 

1.1 The UB system 

 

Ubiquitylation is a post-translational modification, which controls the vast majority of 

eukaryotic, cellular processes, such as protein trafficking, quality control, signal 

transduction, differentiation and cell division1-3. The outcome of ubiquitylation depends 

on the chain topology, substrate and enzyme localization and interactions with other 

effectors4,5. The most known function of ubiquitin is targeting proteins to the 

proteasome and their subsequent degradation. As such, specific K48 polyubiquitin 

chains need to be assembled on the protein substrate6. Additionally, the failure in 

ubiquitin system was found to be involved in a variety of cancers, inflammatory 

diseases and neurodegenerative disorders7.  

 

1.1.1 UB 

 

Ubiquitin (UB) is a small, 76-amino acid, highly stable and conserved protein8. The UB 

core structure adopts a -grasp fold and it contains a six-residue long C-terminal, 

flexible extension9 (Figure 1.1a). UB’s tail conjugates with catalytic cysteines of UB 

cascade enzymes and other UBs to form chains10-12 (see section 1.1.2, Ubiquitylation 

cascade). This small protein contains a couple of hydrophobic recognition surfaces (so 

called F4, I36, I44 patches and TEK-box), which play an important role in UB’s 

interactome (Figure 1.1b)13. The F4 patch (Q2, F4 and T12) seems to function in 

trafficking14 and is essential for yeast’s cell division14 and interaction with Ubiquitin-

Specific Protease (USP) domain belonging to Deubiquitylating enzymes (DUBs)15. 

Containing L71, L73 and UB’s tail, the I36 patch moderates interactions between UB 

moieties in chains and it is being recognized by DUBs15, Ubiquitin-Binding domains 

(UBDs)16 and Homologous to E6AP C terminus (HECTs) E3s17. Residues L8, I44, H68 

and V70 belong to the I44 patch. This hydrophobic surface binds to most UBDs and 

the proteasome, thus being crucial for cell division13,14,18. Lastly, the TEK-box of UB 

carry K6, K11, T12, T14 and E34 and it is involved in mitotic degradation19.The most 

essential parts of UB are its seven lysines, distributed throughout the whole protein 

and N-terminus, which are modified to form UB chains (Figure 1.1c)8. Details regarding 

UB chain formation are described in 1.1.3.  
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Figure 1.1 Structure of UB with its essential features (PDB 3CMM). (a) Structure of UB 

depicting -grasp and C-terminal tail. (b) Structure of UB with marked hydrophobic patches. 

(c) Structure of UB with all seven lysines and the N-terminus depicted.  

 

1.1.2 Ubiquitylation cascade 

 

The ubiquitylation cascade starts with UB activation. First, catalyzed by UB-activating 

enzyme (E1), UB’s C-terminus undergoes acyl-adenylation in an ATP- and Mg-

dependent manner (Figure 1.2, step 1-2)11. Subsequently, E1’s catalytic cysteine 

attacks UB-adenylate to form thioester-bound UB (E1∼UB, where “∼” refers to a 

thioester bond) (Figure 1.2, step 1-2)11. Secondly, activated UB (here called donor UB 

(UBD)) is transferred to the catalytic cysteine of a UB-conjugating enzyme (E2) in a 

transthiolation reaction (Figure 1.2, step 3)20. Further, E2 can either interact with Really 

Interesting New Gene (RING) type of UB ligase (E3) to directly transfer UB to the 

substrate lysine  and form an isopeptide bond between the acceptor lysine and C-

terminus of UB or pass UB in another transthiolation reaction to the catalytic cysteine 

of an E3 (Figure 1.2, step 4)21. These types of E3s are divided into two classes: HECTs 

and RING-between-RINGs (RBRs) (Figure 1.2, step 4)21. Finally, HECT and RBR E3s 

catalyze isopeptide bond formation on a target lysine either on substrate protein or 

another UB (here called acceptor UB (UBA))( (Figure 1.2, step 5)21. More about specific 
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E2s and E3s is discussed in section 1.2 and 1.3.  Taken together, the UB system is 

orchestrated by sequential activity of different classes of enzymes and it is uniquely 

complex with 2 E1s, around 40 E2s and around 600 of E3s10,11.  The ubiquitylation 

system also contains around 100 DUBs, removing this post-translation modification 

from protein substrates22. 

 

 

 

Figure 1.2 Ubiquitylation cascade. Step 1-2: UB gets activated in an ATP and Mg-dependent 

manner and gets conjugated to E1’s catalytic cysteine to form a thioester bond. Step 3:  E1 

catalyzed transthiolation reaction to transfer UB C-terminus to E2’s catalytic cysteine to form 

a thioester bond. Step 4: E2 can either be recruited by RING E3 ligases to stimulate UB transfer 

to a targeted lysine (left site) or pass UB to E3’s catalytic cysteine (HECT and RBR type of E3 

ligases) in a transthiolation reaction (right site). Step 5: UB’s C-terminus gets conjugated to 

acceptor lysine on another UB or substrate to form an isopeptide bond. 
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1.1.3 UB chains  

 

Ubiquitylation cascade may result only in the monoubiquitylation of a target protein, 

where just a single UB moiety is attached to the substrate’s lysine (Figure 1.3a)8. That 

is the case for modification of histone H2A by human Polycomb Repressive Complex 

1-Like (hPRC1L)23. The E3 ligase, Bmi1/Ring1b, which is a part of hPRC1L, 

collaborates with the E2 UBE2D to transfer UB onto H2A’s K11924. Histone 

monoubiquitylation plays a role in gene activation and it is one of the major histone 

modification in eukaryotic cells25.  

Some substrates, like the member of Receptor Tyrosine Kinases (RTK) family: 

Epidermal Growth Factor Receptor (EGFR) undergo multi-monoubiquitylation (Figure 

1.3)26. EGFR is associated with many important cellular functions such as cell 

proliferation, differentiation and survival27. The ligand-dependent ubiquitylation is 

involved in the receptor’s endocytosis and degradation by the lysosome26,28. 

 

 

 

Figure 1.3 The complexity of UB code. (a) Monoubiquitylation of the substrate, targeting single 

lysine. (b) Multi-monoubiquitylation of the substrate, targeting many lysines by single UB. (c) 

Single linkage chain formation on the substrate, targeting one type of UB’s lysine. (d,e) 

Branched chain formation, targeting multiple lysines of UB.  

 

In most of the cases, sequential activity of E1-E2-E3 cascade leads to protein 

polyubiquitylation (Figure 1.3 c-e)8. As mentioned above, UB chains can be formed via 

one of the seven lysines and the N-terminus of UB (Section 1.1.1 Figure 1.1c)8. Two 

different types of chains can be determined: homotypic, where UBs are connected by 

a single linkage type and heterotypic, where UBs are bridged by multiple linkages29. 

The most abundant homotypic UB connections in cells are K48-linked chains, targeting 
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substrate proteins for degradation by the 26S proteasome30. There are multiple E2-E3 

pairs assembling K48 linkages. SCF E3 ligases are one of the best characterized K48 

chain building complexes responsible for a cell cycle regulation and it will be further 

discussed in section 1.631. Another well described UB chain topology is a K63-linked 

one, with its many non-proteasomal functions29. In contrast, K63-linked chains 

modulate DNA repair32, NF-B transcription factor activation33 and innate immune 

response34. The UBE2N/UBE2V1 E2 pair is a model K63-linked chain former35. K11 

linkages play a role in cell cycle regulation, via proteasomal degradation and were 

detected to be preferentially produced in early G1 phase as well as mitosis36. A well-

known K11-linked chain former is the Anaphase-Promoting Complex (APC/C) with its 

designated E2, UBE2S37. N-terminally (M1)-linked linear chains were shown to be 

quickly assembled upon inflammatory signaling cascades activation38-40, by a RBR E3 

ligase LUBAC. Other UB linkages remain poorly characterized. K6-linked chains were 

associated with removal of damaged mitochondria41, K27-linked chains were 

associated with proteasomal degradation42 and K33 linkages are thought to regulate 

trafficking via trans-Golgi network43. Moreover, heterotypic chain types are further 

divided into mixed chains, where UB is modified with only one additional UB moiety 

but different lysines and branched chains, where a single UB can be modified with 

multiple UBs (Figure 1.3 d,e)29. Formation of K11/K48 branched chains was shown to 

enhance proteolytic signal44. A compelling example of branched chain former is the 

HECT E3 ligase, TRIP12, which was recently discovered to build K29-linked UBs on a 

preassembled K48 chain in the context of small-molecule-degrader and its neo-

substrate, BRD445. Many functions of branched UB chains still remain unclear.  

 

1.2 UB-conjugating enzymes 

 

1.2.1 E2 structure 

 

The E2 family commonly contains a highly homologous UB-Conjugating (UBC) core 

domain with the active site cysteine and E1 interaction site (Figure 1.4)12. Contrary, 

UB E2 Variant (UEV) possesses a UBC domain without the catalytic cysteine35.  The 

UBC domain consists of a classic /-fold with four -helixes and anti-parallel four-

stranded -sheet (Figure 1.4). The catalytic cysteine is located in a groove in the 

central part of the protein (Figure 1.4)46-48. The backside of the UBC domain can non-
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covalently bind UB or UB-Like (UBL) proteins to further stimulate the activity49,50. Apart 

from the canonical fold, a couple of E2s accommodate additional insertions20. As such, 

UBE2R (which is discussed in details in section 1.5) and UBE2G contain an extra loop 

nearby the active site51. Moreover, extensions of the UBC domain are a common 

feature of many E2s20. For example, UBE2R consists of a C-terminal acidic tail (section 

1.5.5) and a UBE2K UB-Associated domain (UBA)52,53.  These auxiliary insertions and 

extensions encompass for additional features and functions of different E2s20. 

 

 

 

Figure 1.4 Conserved structure of E2’s catalytic core (UBC domain) (PDB 2ESK). The catalytic 

cysteine is depicted with conserved HPN motif. E1, E3, and backside binding sites and HTH 

motif are shown. Helices and -sheets are marked.  

 

1.2.2 E2∼UB thioester  

 

E2∼UB conjugate is highly flexible with multiple conformations occurring between the 

two proteins (Figure 1.5 a)54. Thus, this open state is not beneficial for further transfer 

of UBD. One E2 can associate with multiple E3s and upon binding, the E2∼UB closed 

conformation is favored (Figure 1.5 a,b). Multiple crystal structures have shown closed 

conformation between E2∼UB and the RING domain of an E3 ligase. In a closed state, 

UBD’s hydrophobic I44 patch is interacting with E2’s crossover helix (Figure 1.5 b). This 

is further stabilized by an arginine from the RING domain (so called “Linchpin 
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Arginine”), bridging E2 and UB. Additionally, with UB folded back to the E2, the 

thioester bond is positioned for the nucleophilic attack of the acceptor’s lysine and 

primed for catalysis (more about the mechanism of E2 catalysis is described in section 

1.4.1)55-57.  

Interestingly, recent studies showed that UBE2S’s UBC’s domain HTH (Helix-Turn-

Helix) motif (Figure 1.4) functions to recruit UBD, thus promoting the open state58. 

UBE2S∼UB binding to APC/C interrupts HTH-UBD
 interactions and supports the 

closed conformation58. 

 

 

 

Figure 1.5 RING domain stimulates closed conformation. (a) Cartoon representation of RING-

stimulated stabilization of flexible E2∼UB. (b) Structural representation of E2~UB bound to the 

RING domain. Linchipin arginine and UBD I44 are depicted (PDB 4AUQ).  
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1.2.3 Intrinsic activity of E2 enzymes 

 

Even though most of the E2s share high sequence and structure homology, their 

activity varies substantially20. As demonstrated in section 3.1.1, the easiest assay to 

assess such intrinsic reactivity is E2∼UB discharge towards small-molecules20. As 

such, most of the E2s catalyze release of UBD to free nucleophile – lysine, which is 

consistent with their ability to work with RING E3 ligases20. In contrast, UBE2L3 was 

shown to discharge only to free cysteine, thus confirming their ability to work with HECT 

and RBR types of E3s59. Interestingly, UBE2W is known to react in the presence of 

lysine-less peptides, transferring UBD
 to an -amino group60. Indeed, studies have 

shown UBE2W involvement in substrate’s disordered N-terminal recognition and 

modification60.  

 

 

 

Figure 1.6 Intrinsic activity of the E2 enzymes. Thioester bound UBD can be transferred to the 

substrate’s: (1) lysine to form isopeptide bond, (2) serine or threonine to form oxyester bond, 

(3) N-termius amine to form peptide bond, (4) cysteine to form thioester bond.  

 

Additionally, another E2, UBE2J2 functions to transfer UBD
 to serines and threonines 

of the histocompatibility complex together with the viral murine K3 RING E3 ligase61,62.  

Taken together E2s can catalyze the formation of isopeptide, oxyester,  peptide and 
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thioester bonds as shown in Figure 1.620. At the top of different E2’s activities towards 

various amino acids and groups, most of the E2s exhibit exceptional specificity towards 

specific lysines on the substrate and/or acceptor UB. More about the E2 catalysis 

mechanism as well as the lysine specificity is described in section 1.4. 

 

1.3 UB ligases  

 

At the end of the ubiquitylation cascade E3 UB ligases come to play63. With around 

600 enzymes and three major classes (RING, HECT and RBR), E3s are most diverse 

amongst UB enzymes21.  

RING E3 ligases are the largest family characterized by the presence of a RING or U-

box domain10.  They act as a scaffold, bringing substrate and E2∼UB together for 

catalysis. In some cases, the catalytic and substrate-recruiting part are a single protein 

as for Casitas b-lineage lymphoma (c-Cbl) ligase64. In other cases, these modules 

appear as multiprotein complexes like for: Breast Cancer 1 (BRCA1) and BRCA1-

Associated RING domain 1 (BARD1), APC and Cullin-RING Ligases (CRLs)65-68. CRLs 

are described in more detail in section 1.6. The mechanism of E2∼UB activation by 

RING E3 is characterized above (section 1.2.2). 

 

With around 30 members, all HECT E3 ligases contain homologous, C-terminal, 

catalytic HECT domain, with its most characterized members: E6-Associated Protein 

(E6AP) and NEDD4 family69,70. The reactive core consists of two lobes: N- and C-lobe 

with a short linker between them. This highly flexible domain accounts for: (1) binding 

E2∼UBD to the N-lobe, (2) superposition of N-lobe-bound E2∼UBD and C-lobe’s 

catalytic cysteine, (3) further movement to modify substrate (Figure 1.7 a-c)17,71-75. In 

more detail, first, E2∼UBD adopts an open conformation upon association to the HECT 

domain (Figure 1.7 a)17. Secondly, the C-lobe positions UBD by contacting its C-

terminus for a transthiolation reaction. After the transfer, interaction between UBD
 and 

C-lobe is maintained, however, the tail conformation extends. This resembles RING-

E2∼UBD pre-thioester aminolysis state (Figure 1.7 b)74. Lastly, C-lobe rotates to 

position HECT∼UBD in vicinity of substrate’s lysine (Figure 1.7 c)75.   
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Figure 1.7 Structural representation of HECT E3 ligases mode of action. (a) N-lobe HECT 

domain stimulates E2-UBD closed conformation and positions UBD in vicinity of C-lobe (PDB 

3JW0). (b) C-lobe-bound UBD structure (PDB 4BBN). (c) C-lobe-UBD rotation for substrate 

ubiquitylation (PDB 4LCD).  

 

RBRs were discovered to be a hybrid between RING and HECT E3 ligases59,76,77. With 

two RING domains (RING1 and RING2) and the central In-Between-RINGs (IBR) 

domain, the catalytic architecture differs from other E3 ligases. RING1 recruits E2∼UB 

and RING2, containing the catalytic cysteine, receives UBD, which is then further 

transferred to the substrate’s lysine21. More than ten RBRs were found in the human 

genome78. Most known and well-studied RBRs include: (1) PARKIN (protein mutated 

in Parkinson disease), (2) HOIL-1L Interacting Protein (HOIP), part of the LUBAC 

(Linear UB Chain Assembly) complex playing a role in NF-B signaling, (3) ARIH1 and 

TRIAD, proteins associated with CRLs79-82. The first crystal structure of PARKIN RBR 

revealed a compact conformation, with buried RING2’s catalytic cysteine, suggesting 

an autoinhibited state (Figure 1.8 a)76. Different topology was found in a co-crystal 

structure of activated HOIP and UBCH5B-UBD. Surprisingly, additional UB moiety was 

observed, packing against RING1-IBR and allosteric activation/release from 

autoinhibition mechanism was proposed (Figure 1.8 b)77.  Another example of RBR 

activation by UBL is shown and described in more detail in section 1.6.4. In summary, 

RBRs exhibit different topology, mechanism of action and activation21.  
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Figure 1.8 Structural representation of RBR E3 ligase’s mode of action. (a) Autoinhibited state 

of PARKIN RBR (PDB 4K95). (b) Co-crystal structure of UBCH5B-UB and HOIP RBR in 

activated state with allosterically bound UB (PDB 5EDV).  

 

1.4 Acceptor lysine  

 

1.4.1 Mechanism of acceptor lysine activation 

 

Final step of UB cascade involves transfer of UBD’s C-terminus from E2/E3’s catalytic 

cysteine most often to the -amino group of substrate’s acceptor lysine and isopeptide 

bond formation83. Pioneering studies to decipher the mechanism of this reaction 

catalyzed by E2/E3 have focused on Small UB-related Modifier 1 (SUMO1) – UBL and 

its cognate E2 Ubc983. The co-crystal structure of Ubc9 with SUMO-RanGAP1 

substrate revealed the acceptor lysine in the active site (Figure 1.9). Close inspection 

of the active site as well as careful biochemical characterization reported the role of E2 

active site residues in the lysine activation. First, it requires nucleophile formation, 

through deprotonation of the attacking lysine’s -amino group (and/or protonation of 

the leaving group of E2’s catalytic cysteine). This deprotonation occurs thanks to the 

unique microenvironment of E2 active site, which allows to suppress lysine pKa
83. 

Second, lysine is guided and positioned towards the thioester bond. Several conserved 

residues (N85, Y87 and D127) from E2 active site play a role in these two steps (Figure 

1.9). 
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Figure 1.9 Acceptor lysine is activated by multiple residues in E2 active site. Amino acids 

playing a role in isopeptide bond formation catalysis are depicted. Substrate’s acceptor lysine, 

catalytic cysteine and active site gate loop are shown (PDB 1Z5S).  

 

Upon mutation of N85Q, Y87A and D127A, the isopeptide bond formation between 

SUMO and substrate was impaired, but not binding (Figure 1.10 a). Additional assays 

revealed, that previously mentioned mutations failed to effectively suppress pKa of the 

acceptor lysine (Figure 1.10 b), thus accounting for slower catalysis. Computational 

data suggested pKa suppression via desolvation. In detail, the optimal water 

surrounding lysine and hydrogen bonds with solvent get replaced by suboptimal 

contacts with E2’s active site side chains and solvent, which promotes deprotonation83. 

Additionally, D127 as well as Y87 (as a hydrophobic platform) play a role in proper 

lysine coordination (Figure 1.10 c). Next, the nucleophile attacks the thioester bond 

and an oxyanion intermediate is formed83. The highly conserved N85 was proposed to 

serve as an oxyanion hole and functions to stabilize the negative tetrahedral 

intermediate (Figure 1.10 c)84,85. Furthermore, N85 was shown to position the active 

site loop containing D127, which functions as a gate to the active site83,85,86. Taken 

together, many E2’s conserved residues participate in lysine activation to achieve 

reactive configuration and further to catalyze isopeptide bond formation83-85.  

 



 28 

 

 

Figure 1.10 The role of E2 active site residues in acceptor lysine activation. (a) Mutations of 

N85, Y87 and D127 in Ubc9 active site impairs catalysis. (b) N85, Y87 and D127 are playing 

a role in acceptor lysine pKa suppression. (c) E2 multiple sequence alignment depicting 

conserved asparagine, polar residues and hydrophobic platform residues important for 

catalysis. Adapted from Yunus et al 200683.  

 

1.4.2 Lysine specificity  

 

The UB code relies on accuracy and specificity. First, in many cases, it is crucial which 

targeted protein’s lysine gets ubiquitinylated along with its recruitment and recognition 

by E3. Second, as the fate of the substrate often depends on the topology of the built 

UB chain, it is essential that proper lysine on the acceptor UB is modified. In general, 

the last enzyme transferring UBD
 to the acceptor lysine dictates specificity: E2s in the 

presence of RING E3s, HECTs and RBRs87.  

 

1.4.2.1 Target protein recognition and substrate lysine specificity 

 

In some cases, target selection limits to its recruitment by UB machinery, usually via a 

domain outside of the catalytic part of E387. Degrons, sequences of substrate proteins 
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that gets recognized by E3s, mediate this interaction88,89. Interestingly, in many 

instances these degrons can be post-translationally modified (for example 

hydroxylated and phosphorylated), which adds additional layer of regulation90-92. Three 

different lysine selectivity mechanisms were described: (1) E3 ligases with low lysine 

specificity and large ubiquitylation zone, like in case of Skp, Cullin, F-box (SCF) ARIH1 

and p2793-97; (2) lysine-specific E3 ligases having limited area of action via structural 

constraints like for SCF-TrCP and I90; (3) E3 ligases achieving specificity, when only 

one lysine is available for ubiquitylation like for the HECT E3 Rsp5p and Sna3p98. 

 

1.4.2.2 Lysine specificity in chain formation 

 

Polyubiquitin chain forming E2s and E3s catalyze a reaction, where UB itself is a 

substrate.  Frequently, only one specific lysine, out of seven available, gets targeted. 

To achieve specificity, E2s are known to bind and orient UBA in a way that precisely 

one lysine is placed in vicinity of the active site. As mentioned before, UBE2K, a K48-

linked chain former, possesses an additional UBA domain99. A recent crystal structure 

of trapped complex revealed the mode of UBA
 recruitment by UBA to orient K48 for 

UBE2K∼UBD attack (Figure 1.11 a)53. Moreover, UBE2N cooperates with UBE2V, a 

catalytically inactive E2 variant, to modify UBA’s K6335. The backside of UBE2V’s UBC 

domain was found to non-covalently bind UBA and direct K63 for modification as shown 

in Figure 1.11 b48,100. On the other hand, UBE2S that is forming K11-linked chains, 

uses a different mechanism to ensure specificity101. Upon UBD
 recruitment, UBE2S 

binds UBA
 via electrostatic interactions to bring K11 into the active site. Further, E34 

on UBA suppresses acceptor’s lysine pKa. This substrate-assisted catalysis supports 

effective isopeptide bond formation between UBs (Figure 1.12)101. For HECT E3 

ligases,the C-terminal part of the C-lobe was found to participate in chain 

specificity74,102. Crystal structure of HOIP, a member of RBR family showed RING2 

and LDD domain to position UBA for linear UB chain formation (Figure 1.11 c)103,104. 

Thus, many different mechanisms are adapted by E2s and E3s to catalyze specific 

chain formation.  
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Figure 1.11 Structural studies of UB chain formation. (a) Crystal structure of RING-bound 

UBE2K with UBD and UBA
 (PDB 7OJX). (b) Close-out view at the UBE2K’s active site with 

UBD’s C-terminus and UBA’s acceptor lysine (21 Å apart). (c) Crystal structure of 

UBE2N/UBE2V1-RNF4 RING dimer with UBD and UBA (PDB 5AIT). (d) Close-out view at the 

UBE2N’s active site with UBD’s C-terminus and UBA’s acceptor lysine (15 Å apart). (e) Crystal 
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structure of HOIP RBR with UBD and UBA
 (PDB 4LJO). (f) Close-out view at the HOIP’s active 

site with UBD’s C-terminus and UBA’s N-terminus (6.8 Å apart). 

 

 

 

Figure 1.12 UBE2S UBD
 and UBA model. Adapted from Wickliffe et al. 2011101.  

 

1.5  UBE2R  

 

UBE2R, also known as CDC34, is one of the best characterized, K48-linked chain 

forming enzymes. Initial studies in yeast Saccharomyces cerevisiae showed that 

mutants lacking the CDC34 gene were defective in cell cycle G1 to the S phase 

transition and DNA replication initiation105. This discovery in 1988 led to the 

identification of a new UB-conjugating enzyme. Further research identified CDC34p to 

be essential for degradation of many substrates including the cyclin-dependent kinase 

inhibitor (Sic1p). Sic1p has to be removed by the proteasome for the cell to enter S 

phase106-108. CDC34p was early associated to work with SCF complexes, part of the 

CRL family109,110. Unique architecture of UBE2R, which will be the topic of this chapter, 

allows its fast processivity to assemble K48-linked UB chains on CRL-bound 

substrates31.  

 

1.5.1 UBE2R catalysis  

 

UBE2R was shown to catalyze rapid K48-linked chain formation on a substrate primed 

already with one UB31. Targeted protein priming was found to be rate limiting. Later 
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studies on I ubiquitylation by SCFTRCP2 complex has revealed handoff mechanism 

of SCF substrate polyubiquitylation 31,111. UBE2D3 was assigned to efficiently prime 

the target protein with one UB, followed by a rapid chain elongation catalyzed by 

UBE2R111. Moreover, in the context of the whole assembled SCF complex, UBE2R 

exhibits a significantly lower KM in the presence of UB-modified substrate compared to 

substrate alone112.   

 

 

Figure 1.13 Previously identified residues important for UBE2R1 catalysis. (a) Scheme 

depicting the architecture and residues important for UBE2R1 catalysis, UBD and UBA 

interactions and E3 binding. (b) UBD
 residues, essential for UBE2R1 interactions, colored in 

red. (c) UBA
 residues essential for UBE2R1 interactions, colored in red. Acceptor K48 colored 

in yellow. 

 

Along with what is described in section 1.4.1 UBE2R’s N85, Y87 as well as S138 (D127 

residues in model presented in Figure 1.9) function to catalyze efficient isopeptide 
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bond formation113. Multiple residues and UBC extensions afford for UBE2R activity 

(Figure 1.13), which will be discussed in the following sections. 

 

1.5.2 UBE2R – UBD interactions  

 

Recruitment of UBE2R∼UB by CRL accelerates the rate of UBD discharge ∼40-fold, 

by RBX1’s RING-mediated closed conformation stabilization31. UBE2R’s S95, E108 

and E112 were suggested to participate in UBD’s C-terminal tail orientation and 

stabilization113. Moreover, another two important interaction points with UBD were 

identified. First, I44A donor UB mutation was found to abolish substrate 

monoubiqutylation and chain extension114. I44 packs against S129 on UBE2R’s 

surface and S129L mutant partially compensates the I44A mutation (Figure 1.14). 

Secondly, UBD’s R42E mutant exhibited defects in UBE2R∼UB discharge, which was 

fully rescued by elegant UBE2R E133R charge swap mutation (Figure 1.14). Taken 

together, proper interactions between UBE2R and UBD
 are crucial for efficient thioester 

discharge and proper organization of the active site for nucleophilic attack114. A recent 

crystal structure with UBD-bound UBE2R2 explained how the proximal part of the tail 

stabilizes E2∼UB closed conformation115. Specifically, Y190, C191 and L187 contact 

UBD’s A46 and G47 (Figure 1.14)115. 

 

 

Figure 1.14 Crystal structure of UBE2R2 in complex with UBD (PDB 6NYO). Important 

residues for UBE2R2-UBD interactions are depicted (panel 1 and 2). 
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1.5.3 UBE2R – UBA interactions  

 

Robust chain formation by UBE2R depends on its interactions with UBA. By screening 

UB residues essential for yeast vegetative growth, early studies have identified 

important residues on acceptor UB to play a role in chain extension14,31. I44 

hydrophobic patch residues I44 and G47, as well as T12 and the C-terminal part (70-

76) seemed to contribute to efficient diUB synthesis by UBE2R (Figure 1.15 a)31.  

 

 

 

Figure 1.15 Previously identified important residues for UBE2R-UBA interactions. (a) UBA’s 

I44 hydrophobic patch residues, T12, and the C-terminal residues 70-76 contribute to efficient 

diUB synthesis by UBE2R. Adapted from Petroski et al. 200531. (b) UBE2R’s R149 plays a role 

in UBA binding. Adapted from Welsh et al. 202258. (c) UBE2R’s D143 and UBA’s R54 pair as 

an important interaction for UBA recruitment. Adapted from Hill et al. 2016116. (d) R54A/Y59A 

UBA’s mutants disrupt UBE2R-mediated chain formation. Adapted from Chong et al. 2014117. 

 

Furthermore, a charged, conserved stretch on UBE2R (residues 143-153) was found 

to play a role in chain formation113. Recent experiments carefully examined HTH 

residues and proved that R149 is important for UBE2R-UBA interaction (Figure 1.15 

b)58. Additionally, another investigation proved importance of D143 in acceptor UB 
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recruitment and orientation via its contact with R54 of UBA
 (Figure 1.15 c)116. R54 is a 

part of E51-Y59, which was identified to play an important role in K48-linked chain 

formation (Figure 1.15d). Introduction of R54A/Y59A loop disruption mutants into 

mammalian cells caused a decrease in K48-linked chain production117.  

 

1.5.4 Acidic loop 

 

The acidic loop, a unique UBC extension found only in UBE2R and UBE2G E2s, has 

an essential role in processivity and specificity of UBE2R31.  

 

 

 

Figure 1.16 The importance of UBE2R’s acidic loop in K48-linked UB chain formation. (a) 

Deletion or acidic stretch mutation of the acidic loop abolishes diUB formation. Adapted from 

Petroski et al. 200531. (b) H98, E108 and E112 play a role in UBE2R’s catalysis, by lowering 

pKa of the acceptor lysine. Adapted from Ziemba et al. 2013118. 
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It was hypothesized that it might support chemical steps of nucleophilic attack and 

further isopeptide bond formation31. Additionally, it might position K48 in proximity of 

the active site, thus determining specificity31.  Deletion of the loop (residues 102-113) 

along with its mutation to alanines abolished diUB formation (Figure 1.16 a). 

Interestingly, the acidic loop was not required for efficient substrate 

monoubiquitylation31,119. A careful biochemical study revealed the importance of H98, 

E108 and E112 in acceptor lysine pKa suppression, thus their role in catalysis (Figure 

1.16 b)118.  The highly acidic loop was also proposed to interact with Rbx1, thus 

mediating binding to CRL116,120. Conversely, other work has suggested acidic loop 

collaboration with UBA’s E51-Y59 loop117. 

 

1.5.5 Acidic tail 

 

Following catalytic core, UBE2R contains a 40 amino acid long C-terminal tail. Deletion 

of the whole UBE2R’s extension was shown to be lethal in yeast121,122. The acidic tail 

was proved to be essential for UBE2R binding to SCF and its catalytic function52,109,123. 

A kinetic study has identified ∼100-fold increase in KM for tail UBE2R mutant, proving 

the importance of the tail binding to SCF for effective substrate polyubiquitylation 

(Figure 1.17a)52. Residues between amino acids 210 and 220 (CDC34p) were 

described, as playing a role in direct interaction with SCF (Figure 1.17 a)52. 

Additionally, the tail interaction with E3 stabilizes the catalytic domain recruitment and 

it is responsible for fast association with the complex124. Moreover, the rate of substrate 

ubiquitylation was significantly reduced (∼33-fold) for UBE2R tail construct (Figure 

1.17 b) and proximal region of the CDC34p tail (residues 191-210) was found to affect 

catalysis52.  Furthermore, the acidic part of UBE2R’s tail was found to engage with 

SCF’s basic canyon via electrostatic interactions52,124.  A crosslinking experiment 

proved acidic tail binding in multiple conformations to SCF125. Other investigations 

argued the importance of four hydrophobic residues (F206, Y207, Y210, Y211) in 

efficient chain formation126. The previously mentioned crystal structure (PDB 6NYO) 

revealed the proximal part of the human tail (V181, P184 and T185 ) packing against 

UBE2R2’s backside (Figure 1.14)115. To date, structural basis of UBE2R tail 

recruitment by E3 remains elusive.  
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Figure 1.17 Acidic tail importance in UBE2R’s E3 binding and catalysis. (a) KM and kcat 

determination of yeast CDC34’s tail truncations. Adapted from Kleiger et al. 200952. (b) CDC34 

tail construct significantly reduces the rate of ubiquitylation in the presence of SCF. Adapted 

from Kleiger et al. 200952. 

 

1.5.6 Allosteric UBE2R inhibitor 

 

The UB system is often perturbed in many neurological disorders and cancers. As 

such, it is of great interest to develop drugs, selectively modulating activity of UB 

cascade enzymes127,128. CC0651 was found to inhibit the UBE2R1 activity in vitro and 

in vivo129. Biological relevance of the drug was confirmed by inhibiting proliferation and 

accumulation of one of the SCF substrates p27 in human cancer cell lines129.  The 

crystal structure revealed binding of the inhibitor away from the catalytic site and 
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allosterically stabilizing E2-UB non-covalent complex (Figure 1.18). Thus, CC0651 

works by slowing down UBD’s discharge from the catalytic cysteine129. Recent studies 

have identified a molecule with ∼1000-fold better efficiency129,130. Interestingly, the 

discovered inhibitor selectively works with UBE2R1 but not with its close homolog - 

UBE2R2. Apart from their biological relevance, inhibitors became an important tool for 

structural biology to stabilize UBE2R-UB intermediates115.  

 

 

 

Figure 1.18 Crystal structure of UBE2R1-UBD with CC0651 bound (PDB 3RZ3). CC0651 

stabilized UBE2R1-UBD closed conformation.  

 

1.6 Cullin RING ligases (CRLs) 

 

1.6.1  Introduction to CRLs 

 

CRLs control the vast majority of important cellular functions including development, 

cell division, metabolism, signal transduction, hormone perception, transcription 

differentiation, and circadian rhythm131. Moreover, they are responsible for more than 

20% of all degradation events by the 26S proteasome in cells132. CRL superfamily is 

divided to five canonical families named based on the Cullin (CUL) protein present in 

the complex. As such: CUL1 (CRL1), CUL2 (CRL2), CUL3 (CRL3), CUL4A/B (CRL4) 
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and CUL5 (CRL5) (Figure 1.19)131. Cullin, a 100kDa protein, acts as a scaffold 

recruiting a substrate receptor module on the N-terminus and a RBX RING protein on 

the C-terminus. Each CRL family associates with specific substrate adaptors and/or 

substrate receptors133. CRL1 partners with SKP1 as substrate adaptor, which is known 

to bind F-BOX substrate receptor134.  

 

 

 

Figure 1.19 Schematic representation of canonicals CRLs. CUL1-CUL5 (in green) associate 

with different substrate adaptors and substrate receptors (in purple) as well as various RING 

proteins: RBX1 and RBX2 (in pink).  

 

Elongin B and Elongin C (ELOB/C) is a substrate adaptor designated to CRL2 and 

CRL5, recruiting the substrate binding BC-BOX135.  CRL3 consists of the BTB-3-BOX 

substrate binding module, a single protein homologous to SKP1 and F-BOX, known to 

dimerize136-138. Finally, CRL4 comprises DDB1 adaptor with the DCAF substrate 

receptor139,140. Additionally, CRLs collaborate with their designated RING domain 

proteins: RBX1 for CRL1, CRL2, CRL3 and CRL4 and RBX2 for CRL5 (Figure 1.19)131. 

Interestingly, RBX1/2 can either recruit E2∼UBD or RBR∼UBD ARIH1 (RBX1) and 

ARIH2 (RBX2)81,82. Apart from ARIH1/2 working specifically to monoubiquitinylate 

CRL-bound substrates, a couple of E2 enzymes were assigned to work with CRLs: 

UBE2D to prime a substrate with UB, UBE2R1/2 and UBE2G1 for processive K48-

linked chain formation50,112. 
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1.6.2 CUL architecture 

 

All canonical CUL proteins (CUL1-5) show a similar architecture. First, the N-Terminal 

Domain (NTD) consists of three tandem CUL-repeat domains (CR1, CR2 and CR3) 

followed by a 4-Helix Bundle (4HB) (Figure 1.20)141. CR1 recruits a substrate adaptor 

and/or substrate receptor as described in section 1.6.1 and the NTD engages with 

CAND1, a substrate exchange protein141,142. Second, the C-Terminal Domain (CTD) is 

composed of a C/R domain and a Winged-Helix B (WHB) domain (Figure 1.20)141. The 

C/R domain binds RBX1’s N-terminus and it was identified to engage with the CSN 

deneddylation machinery141,143,144. Following C/R domain and helix 29, WHB 

accommodates the conserved lysine, which is known to be modified by NEDD8145. 

WHB as well as RBX1’s RING domain were shown to be the most flexible parts of CUL 

assembly50,146. WHB and RING domains pack against each other, remaining in an 

autoinhibited state in the absence of NEDD8146,147. More about CUL regulation is 

described in section 1.6.3. 

 

 

 

Figure 1.20 Crystal structure of CUL1 (PDB 1LDK) with main structural components depicted. 

The architecture of NTD and CTD is shown.  

 

1.6.3 CUL regulation 

 

Multiple additional proteins and complex machineries assemble with CRLs to control 

its activation and subsequently substrate degradation131. First, the NEDD8-specific E1-

E2-E3 cascade acts to conjugate NEDD8’s C-terminus to WHB’s lysine (Figure 

1.21)148-150.  Neddylation is triggered by a substrate being bound to the substrate 
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receptor. Further, this leads to conformational changes, promoting E2/E3∼UB 

recruitment as well as UB transfer catalysis stimulation50,146,151. Second, COP9 

signalosome (CSN) cleaves the isopeptide bond between WHB and NEDD8 (Figure 

1.21)143,144. This occurs only when no substrate is bound to the substrate 

receptor143,144,152,153.  Lastly, CAND1 binds to the unneddylated CUL and promotes 

substrate module exchange (Figure 1.21)142,154.  

 

 

 

Figure 1.21 Schematic representation of CUL activation and deactivation cycle. Substrate 

receptor exchange cycle is depicted.  

 

1.6.4 Structures of active CUL complexes  

 

Recent Cryo-EM development allowed to visualize CRLs in action. Specifically, CRL-

E2 and CRL-RBRs structures were solved demonstrating a snapshot of substrate 
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monoubiquitylation and/or E2/RBR activation by CRL-NEDD850,82,97. A chemical 

disulfide probe allowed to visualize a ubiquitylation intermediate of the NEDD8-

CRL1TRCP1-UBE2D3-UBD complex. The structure revealed the basis of NEDD8 

activation for CRL1TRCP1-UBE2D3. NEDD8 interacted with TRCP1, CUL1’s WHB 

and the backside of UBE2D3 to position and activate E2-UBD for IκB ubiquitylation 

(Figure 1.22 a)50. A similar approach was taken to visualize ARIH1-mediated substrate 

priming. A UBE2L3-UB electrophilic probe was used to capture the first transition state 

of UBD transfer from UBE2L3 to ARIH1’s catalytic cysteine. 

 

 

 

Figure 1.22 Structures of active CUL complexes. (a) CryoEM structure of trapped NEDD8-

CRL1TRCP1-UBE2D3-UBD complex (PDB 6TTU). (b) CryoEM structure of the first transition 

state of UBD transfer from UBE2L3 to ARIH1’s catalytic cysteine in the presence of NEDD8-

CRL1SKP2 (PDB 7B5L). (c) CryoEM structure of the second transition state of UBD transfer 

from ARH1’s catalytic cysteine to substrate peptide in the presence of NEDD8-CRL1SKP2 (PDB 

7B5M). (d) CryoEM structure of NEDD8-CUL5-ARIH2 complex (PDB 7ONI).  
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Cryo-EM maps explained how ARIH1 is recruited to NEDD8-CRL1 and activated in a  

NEDD8-dependent manner, by contacting and releasing ARIH1 from its autoinhibited 

state (Figure 1.22 b). The second transition state, visualized using DHA substrate 

probes, showed how E3-E3 assembly places UB-bound ARIH1’s active site in vicinity 

of the substrate’s lysine (Figure 1.22 c)97.  Additionally, recent Cryo-EM investigation 

explained how RBR ARIH2 associates with NEDD8-CRL5. In contrast to ARIH1, 

ARIH2 was allosterically activated by NEDD8. NEDD8 conjugation to CUL5’s WHB 

stimulated major conformational changes, which allowed ARIH2 tail binding to CUL5 

(Figure 1.22 d)82. Thus, these approaches proved how activity-based probes can be 

used to capture transient ubiquitylation intermediates. However, structural basis of 

CRL-based substrate polyubiquitylation remains elusive. 

 

1.6.5 CRL2 

 

CRL2 ligase is mostly known to associate with the von Hippel-Lindau (VHL) substrate 

receptor155. VHL was named after its crucial role in VHL syndrome development156. 

Identified at the beginning of the last century, VHL disease characterizes in 

development of vascular tumors and mutation of both VHL gene alleles157. Most of the 

VHL tumor suppressor gene products were not able to bind to the substrate adaptor: 

ELOB/C158,159. Further studies identified Hypoxia-Inducible Factor 1 (Hif1), as a VHL 

substrate, being recruited to CRL2 for proteasomal degradation160,161. Hif1 is a part 

of the Hif-1 transcription factor, which activity is tightly dependent on oxygen 

concentration. When the oxygen level is normal (normoxia), two of Hif1’s proline 

residues are hydroxylated by Hif prolyl hydroxylases (PHD1-3)162,163. This triggers 

hydroxylated Hif1 binding to VHL’s -domain and subsequent substrate 

polyubiquitylation161. Structural basis of Hif1 recognition by VHL is discussed further 

in this section. Conversely, when the cell is deprived of oxygen (hypoxia), PHD’s 

activity towards Hif1 is inhibited, which leads to Hif1 accumulation. Hif1 

dimerization with Hif1 activates transcription of many genes is response to hypoxia164. 

It is estimated, that Hif-1 controls the expression of hundreds of genes165. As such, in 

the VHL disease, no matter the oxygen concentration, Hif1 gets accumulated, which 

is thought to be a major oncogenic force. Many cancers as clear cell renal carcinoma, 

pheochromocytoma or hemangioblastoma were related to VHL syndrome166. Other 

substrates like Sprouty2 (Spry2), subunits of RNA polymerase II Rbp1 and hsRBP7 or 
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EGFR were also identified to associate with VHL and get targeted for degradation by 

CRL2167-170. However, the most known and studied function of CRLVHL is Hif1 

degradation. Apart from VHL, CUL2 binds to numerous other substrate receptors via 

ELOB/C such as Leucine-Rich Repeat protein 1 (LRR-1), Feminization-1 (FEM-1), 

Preferentially Expressed Antigene in Melanome (PRAME), ZYG-11, BAF250 and 

Receptor for the Activated C Kinase 1 (RACK1)171-176.  

 

 

 

Figure 1.23 Crystal structure of CUL2 NTD with ELOB/C-VHL bound (PDB 4WQO). Key 

interactions are depicted in panels 1-3.  

 

Crystallography studies revealed the basis of ELOB/C-VHL recognition by CUL2, 

CUL2 scaffold as well as Hif1 recruitment to VHL (Figure 1.23)155,177. ELOC was 

found to bind to CUL2 via hydrophobic interactions. CUL2’s L3 inserts into the 

hydrophobic pocket of ELOC (M105, F109) (Figure 1.23, panel 1)177. Additionally, P5 

of ELOC interacts with VHL’s V181 and ELOC’s M105 (Figure 1.23, panel 1)177. The 

complex formation is further mediated by CUL2’s helix 5 contacts with VHL (CUL2’s 

Q111 and K114 with VHL’s K159 and D187) and this interface is thought to be crucial 

for ELOB/C-VHL recruitment by CUL2 over CUL5 (Figure 1.23, panel 2)177. The same 

helix 5 also participates in ELOC binding (Figure 1.23, panel 3)177.  

 

Full length CUL2 crystal structure revealed inter-domain flexibility between CUL2’s 

NTD and CTD, which was previously observed for other CULs (Figure 1.24)142,155,178.   
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The hinge points between CUL repeats as well as NTD and CTD allow CUL to adapt 

different conformations in response to binding distinct substrate receptor modules, 

substrates and for processive chain formation (Figure 1.24)144,155,178,179. 

 

 

Figure 1.24 CUL1, CUL2 and CUL4A crystal structure comparison showing inter-domain 

flexibility (PDB 4A0K, 5N4W, 1U6G).  

 

VHL- Hif1 structure showed how post-translationally modified Hif1’s proline is in the 

center of substrate recognition (Figure 1.25 a)92  

 

 

Figure 1.25 Crystal structure of ELOB/C-VHL with Hif1 substrate peptide bound (PDB 1LM8). 

(a) Hif1’s hydroxylated proline is in the center of substrate recognition. (b) Multiple 

contacts between Hif1’s hydroxylated proline and VHL drive its specific recognition. 
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First, the pyrrolidine ring of hydroxylated proline makes multiple van der Waals 

contacts with VHL’s hydrophobic core containing W88, Y98 and W117 (Figure 1.25 b). 

Second, hydrogen bonds between His115, Ser111 and the hydroxyl group of proline 

Lastly, the Hif1 backbone in proximity of hydroxylated proline is stabilized by multiple 

hydrogen bonds with VHL92.  Despite many partial crystal structures of CRL2VHL 

complex, the structural basis of the Hif1 ubiquitylation with the whole assembled 

complex remains unknown.  

 

1.6.6 Targeted protein degradation 

 

In the last two decades, Proteolysis-targeting chimeras (PROTACs) and molecular 

glues emerged as a great tool to drug undruggable proteins180. PROTACs are 

heterobifunctional molecules on one site binding the substrate receptor of an E3 ligase 

and on the other site the target protein. Both sites of the molecule (ligands) are 

connected by a linker181-184.  Whereas in molecular glues one ligand interacts both with 

substrate and substrate receptor180. The function of the drug is to recruit a non-

endogenous substrate (neo-substrate) for degradation. Thus, these molecules 

emerged as a great opportunity to degrade disease-causing proteins131. Importantly, 

they are working in substoichiometric range, as after one target polyubiquitylation, the 

drug can associate with another substrate185. Their activity to degrade was proved in 

vivo and in 2019 first PROTAC entered clinical trials186. PROTACs, as well as 

molecular glues, were initially designed to associate with CRL4CRBN and CRL2VHL180. 

Multiple crystal structures elucidate the molecular basis of drug recognition by the E3 

ligase along with substrate recruitment. CRBN binds molecular glues: thalidomide and 

its analogs, lenalidomide and pomalidomide. These FDA-approved 

immunomodulatory drugs were used for multiple myeloma treatment, before their 

association with CRBN187. Further investigations showed their function in Ikaros-family 

transcription factors degradation188,189.  The crystal structure revealed how CRBN-

bound pomalidomide interacts with Zinc-Finger 2 (ZF2) of IKZF1 (Figure 1.26 a)187. 

Furthermore, VHL-based PROTACS, like MZ1, were shown to efficiently degrade BET 

family members, such as BRD4182,190. The crystal structure reported MZ1 sandwiched 

in between substrate receptor and targeted protein, explaining ternary complex 

formation (Figure 1.26 b)190. Along with new PROTACs development, understanding 

the molecular mechanism of drug-dependent degradation is of great interest. UBE2G1 
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was proved to build K48-linked UB chains on CRBN-bound neo-substrates191.  Recent 

genome-wide CRISPR/Cas9 screens have identified UBE2R2 as an important E2 for 

VHL-based targeted protein degradation192. 

 

 

 

Figure 1.26 Crystal structures showing neo-substrate recruitment to the substrate receptor. 

(a) Crystal structure of DDB1-CRBN bound to the molecular glue, Pomalidomide and IKZF1’s 

ZF2 (PDB 6H0G). (b) Crystal structure of ELOB/C-VHL bound to PROTAC, MZ1 and BRD4’s 

BD2 (PDB 5T35). 
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2. MATERIALS AND METHODS 

 

2.1 Plasmid and bacmid generation 

 

2.1.1 Plasmid generation 

 

All constructs listed in Table 2.1 were generated either using Gibson assembly193 or 

QuikChange Site-Directed Mutagenesis Kit (Agilent). After Gibson assembly or 

QuikChange PCR reaction DNA was transformed into DH5 or XL1-Blue. Briefly, 10l 

reaction was added to 100l of the competent cell and incubated on ice for 5min. Next, 

for heat-shock, cells were put into 42C for 45sec. Afterwards 2min incubation on ice 

was performed and 900l of SOC medium added. After 1h recovery in 37C, 800rpm 

all cells were plated on the agarose plates, with respective antibiotics and incubated 

overnight (O/N) in 37C. Next day, 5ml of LB medium was inoculated with a single 

colony, respective antibiotics were added (50g/ml Kanamycin; 100g/ml Ampicillin; 

34g/ml Chloramphenicol always used) and the cultures were grown O/N, 37C, 

180rpm. DNA was isolated using QIAprep Spin Miniprep Kit (Qiagen) and sequenced.  

 

2.1.2 Bacmid generation 

 

Plasmid was added to the 50l of emBacY competent cells and incubated on ice for 

30min. Next, for heat-shock, cells were put into 42C for 1min and afterwards chilled 

on ice for 2min. 900l of SOC medium was added and the cells were grown for 6h in 

in 37C, 800rpm. Further, 100l was plated on the agarose plates containing 200g/ml 

Ampicillin, 50g/ml Kanamycin, 7g/ml Gentamycin, 10g/ml Tetracycline, 100g/ml 

X-gal and 100M IPTG. The plates were incubated 24h in 37C or until the color 

developed. The white colonies were used to inoculate 5ml LB with 200g/ml Ampicillin, 

50g/ml Kanamycin, 7g/ml Gentamycin, 10g/ml Tetracycline and grown O/N, 37C, 

180rpm. Next day standard bacmid isolation protocol was used to isolate DNA. 
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2.2 Recombinant protein generation 

 

2.2.1 Bacterial protein purification 

 

Proteins depicted in Table 2.1 were expressed in bacterial cells. Table 2.1 contains an 

information about the tag used, cleavage site as well as an origin of the protein. All 

protein productions were performed in either BL21-Gold(DE3) or Rossetta (DE3) cells, 

working under T7 RNA polymerase promoter. First 1l of plasmid was transformed into 

the competent cells. After the recovery, 30l of the cells was plated on the agarose 

plates with respective antibiotics. Next day, 100ml of LB medium (pre-culture), 

containing respective antibiotic (50g/ml Kanamycin; 100g/ml Ampicillin; 34g/ml 

Chloramphenicol always used) was inoculated with a single colony and grown at 37C, 

180rpm. After O/N incubation, 1L TB medium cultures were started with 10ml of 

preculture and respective antibiotics were added (50g/ml Kanamycin; 100g/ml 

Ampicillin; 34g/ml Chloramphenicol always used). The cells were grown at 37C 

180rpm to OD600 ∼0.8 and the temperature was lowered to 18C or 22C for UB 

constructs. The 0.5mM IPTG was added to induce protein expression. The next day, 

cells were spinned down for 15min 7240rpm 4C and the pellet was resuspended in 

Buffer A (Table 2.2). Bacterial cells were either flash frozen or directly used for 

purification. Protease inhibitor, 2.5mM PMSF, was added before sonication, which was 

typically performed in 2 cycles, 30% amplitude, 1 sec on 2 sec off. The length of the 

cell disruption varied depending on the sample volume. Next, lysate was centrifuged 

at 20000rpm for 30min, 4C. The soluble fraction was collected and incubated with 

previously equilibrated beads. The purification scheme for tagless UB is described in 

section 2.2.2. Typically, 2ml of HIS-Select Nickel Affinity Gel (Sigma) and Glutathione 

Sepharose 4B (Cytiva) per 1l of culture was used. For proteins overexpressed in large 

quantities (like E2 and UB constructs) the volume of the beads used was scaled up. 

After 1h incubation at 4C on the tube roller, the Flow-Through (FT) was collected and 

beads washed on the column with 5 Column Volume (CV) either Buffer B (Table 2.2) 

for His-tagged proteins, or Buffer A (Table 2.2) for Glutathione S-Transferase (GST)-

tagged proteins. All E2s were cleaved O/N on beads with respective proteases. All the 

other proteins were eluted with either Buffer C for His-tagged or with Buffer D for GST-

tagged proteins and cleaved O/N. On the next day, cleaved proteins were subject to 
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Ion-Exchange chromatography (IEX). In general, either Q or S IEX was run, depending 

on protein’s pI. The pH of the buffer was also adjusted accordingly (Buffer E, Table 

2.2). Proteins were eluted with 1M NaCl (Buffer F, Table 2.2), concentrated and 

subjected to Size-Exclusion Chromatography (SEC). SEC Buffer G is listed in Table 

2.2. Each purification step was controlled by running SDS-PAGE. Proteins were 

concentrated, flash frozen and stored at -80C. 

 

Protein name Tag and cleavage site Origin 

UBE2R1 GST_TEV Human 

UBE2R1 1-187 GST_TEV Human 

UBE2R1 1-191 GST_TEV Human 

UBE2R1 1-196 GST_TEV Human 

UBE2R1 1-201 GST_TEV Human 

UBE2R1 1-206 GST_TEV Human 

UBE2R1 1-207 GST_TEV Human 

UBE2R1 1-208 GST_TEV Human 

UBE2R1 1-209 GST_TEV Human 

UBE2R1 1-210 GST_TEV Human 

UBE2R1 1-211 GST_TEV Human 

UBE2R1 1-212 GST_TEV Human 

UBE2R1 1-213 GST_TEV Human 

UBE2R1 1-214 GST_TEV Human 

UBE2R1 1-215 GST_TEV Human 

UBE2R1 1-216 GST_TEV Human 

UBE2R1 1-221 GST_TEV Human 

UBE2R1 1-226 GST_TEV Human 

UBE2R1 1-231 GST_TEV Human 

UBE2R1 C223A GST_TEV Human 

UBE2R1 C191G GST_TEV Human 

UBE2R1 C191A GST_TEV Human 

UBE2R1 C191S GST_TEV Human 

UBE2R1 C191V GST_TEV Human 

UBE2R1 C191L GST_TEV Human 
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UBE2R1 C191I GST_TEV Human 

UBE2R1 C191T GST_TEV Human 

UBE2R1 C191M GST_TEV Human 

UBE2R1 C191V C223A GST_TEV Human 

UBE2R1 C191I C223A GST_TEV Human 

UBE2R1 C191A C223A GST_TEV Human 

UBE2R1 C93A GST_TEV Human 

UBE2R1 F206G GST_TEV Human 

UBE2R1 Y207G GST_TEV Human 

UBE2R1 Y210G GST_TEV Human 

UBE2R1 Y211G GST_TEV Human 

UBE2R1 F206G Y207G GST_TEV Human 

UBE2R1 Y210G Y211G GST_TEV Human 

UBE2R1 F206G Y207G 

Y210G Y211G 

GST_TEV Human 

UBE2R1 R149E   

UBE2R2 GST_TEV Human 

UBE2N GST_TEV Human 

UBE2N K92R GST_TEV Human 

UBE2D2 GST_TEV Human 

UBE2D3 GST_TEV Human 

UBE2V1 His_GST_Ps3C Human 

UBE2G1 GST_TEV Human 

UBE2S GST_TEV Human 

UBE2S 1-196 IsoT GST_TEV Human 

NEDD4 GST_TEV Human 

Rsp5p 383-C GST_TEV Yeast 

SKP1-FBW7 GST_TEV Human 

NEDD8 GST_Ps3C Human 

APPBP1-UBA3 His_Thrombin Human 

UBE2M GST_Thrombin Human 

UB Tagless Human 

UB A46V Tagless Human 
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UB A46M Tagless Human 

UB A46L Tagless Human 

UB A46I Tagless Human 

UB A46S Tagless Human 

UB D58R   

UB G76S GSGSLPETGG Tagless Human 

UB G76S GSGSLPETGG 

K48R 

Tagless Human 

UB G76S GSGSLPETGG 

K11R 

Tagless Human 

UB G76S GSGSLPETGG 

K63R 

Tagless Human 

UB G76S GSGSLPETGG 

K48C 

Tagless Human 

C_UB GST_Ps3C Human 

C_UB K11R GST_Ps3C Human 

C_UB K48R GST_Ps3C Human 

C_UB K63R GST_Ps3C Human 

UB_intein G76 A46V His Human 

RRASVG_UB K48R GST_TEV Human 

RRASVG_UB K63R GST_TEV Human 

RING-RING RNF4 GST_TEV Human 

VHL*-ELOB/ELOC Coexpressed; 

GST_thrombin 

Human 

 

Table 2.1 List of bacterially expressed, recombinant proteins used in this study. The asterix  

depicts tagged protein, which was used to purify coexpressed complex. 

 

Buffer name Buffer components 

Buffer A • 50mM TRIS pH 7.5 

• 200mM NaCl  

• 5mM DTT 

Buffer B • 50mM TRIS pH 7.5 
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• 200mM NaCl  

• 1mM -mercaptoethanol 

Buffer C • 50mM TRIS pH 7.5 

• 200mM NaCl  

• 1mM -mercaptoethanol 

• 300mM imidazole 

Buffer D • 50mM TRIS pH 7.5 

• 200mM NaCl  

• 5mM DTT 

• 10mM Glutathione 

Buffer E • 25mM TRIS/HEPES/MES pH depends on protein’s pI 

• 1mM DTT 

Buffer F • 25mM TRIS/HEPES/MES pH depends on protein’s pI 

• 1M NaCl 

• 1mM DTT 

Buffer G • 25mM HEPES pH 7.5 

• 150mM NaCl 

• +/- 1mM DTT 

Buffer H • 25mM NaoAc pH 4.5 

Buffer I • 25mM NaoAc pH 4.5 

• 250mM NaCl 

Buffer J • 50mM TRIS pH 7.5 

• 200mM NaCl  

• 5mM DTT 

• 100M Leupeptin 

• 2g/ml Aprotinin 

• Protease Inhibitor Cocktail Tablets (1 Tablet per 100ml 

of the buffer) 

Buffer K • 50mM TRIS pH 7.5 

• 200mM NaCl  

• 5mM DTT 

• 2.5mM Desthiobiotin 
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Table 2.2 List of buffers used for purification of recombinant proteins derived from E.coli and 

insect cells. 

 

2.2.2 Tagless UB purification 

 

All the step till lysate centrifugation at 20000rpm for 30min, 4C were followed as in 

section 2.2.1. Afterwards, the acetic acid was added to the soluble fraction which was 

continuously stirred, to precipitate all impurities. When pH 4.5 was reached, the 

solution was still incubated and stirred at RT for 20min. Next, to get rid of precipitated 

proteins, solution was centrifuged at 20000rpm for 30min, 4C. Supernatant was 

collected and dialyzed O/N into 25mM sodium acetate pH 4.5 at 4C. Next day, the 

dialyzed solution was centrifuged at 3700rpm, for 10 min, 4C to remove precipitant. 

Further the protein was subjected to S IEX and eluted with Buffer I (Table 2.2). Next, 

SEC was performed for final purification step into the Buffer G (Table 2.2). Each 

purification step was controlled by running SDS-PAGE. Proteins were concentrated, 

flash frozen and stored at -80C. 

 

2.2.3 Insect cell protein purification 

 

Proteins depicted in Table 2.3 were expressed or coexpressed in insect cells. The 

Table 2.3 contains an information about the tag used, cleavage site as well as an origin 

of the protein. After bacmid generation (section 2.1.2), baculoviruses were made and 

isolated from Sf9 cells. Proteins were expressed by infection or coinfection of Hi5 cells. 

The cells were harvested (15min, 720rpm, 4C) and resuspended in Buffer J (Table 

2.2). Insect cells were either flash frozen or directly used for purification. Protease 

inhibitor, 2.5mM PMSF, was added before sonication, which was typically performed 

in 2 cycles, 30% amplitude, 1 sec on 2 sec off. The length of the cell disruption varied 

depending of the sample volume. In general, the length of sonication was significantly 

shorter than for bacterial cells. Next, lysate was centrifuged at 20000rpm for 30min, 

4C. The soluble fraction was collected and incubated with previously equilibrated 

beads. Typically, 2ml Glutathione Sepharose 4B (Cytiva) and 0.5ml StrepTactin 

Sepharose High Performance (Cytiva) per 1l of culture was used. After 1h incubation 

at 4C on the tube roller, the beads were collected by spinning them down for 10min, 

1800rpm, 4C.  The supernatant (FT) was discarded and beads were washed on the 
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column with 5 Column Volume (CV) of Buffer A (Table 2.2). Proteins were eluted with 

either Buffer D for GST-tagged proteins or Buffer K (Table 2.2) for Strep-tagged 

proteins and cleaved O/N. On the next day cleaved proteins were subject to ion-

exchange chromatography (IEX). In general, either Q or S IEX was run, depending on 

protein pI. The pH on the buffer was also adjusted accordingly (Buffer E, Table 2.2). 

Proteins were eluted with 1M NaCl (Buffer F, Table 2.2), concentrated and subjected 

to Size-Exclusion Chromatography (SEC). SEC Buffer G is listed in Table 2.2 Each 

purification step was controlled by running SDS-PAGE. Proteins were concentrated, 

flash frozen and stored at -80C. 

 

Protein name Tag and cleavage site Origin 

CRBN-DDB1* Coexpressed; His_TEV Human 

CUL1-RBX1 5-C* Coexpressed; GST_TEV Human 

GGGG IKZF1 141-243 

197-238 ZF23187 

GST_TEV Human 

CUL2*-RBX1 5-C Coexpressed; 

CUL2: 2xStrep_DAC_TEV 

RBX1: His_MBP_TEV 

Human 

CUL2 D660K E664K 

D675K*-RBX1 5-C 

Coexpressed; 

CUL2: 2xStrep_DAC_TEV 

RBX1: His_MBP_TEV 

Human 

CUL2 1-660*-RBX1 5-C Coexpressed; 

CUL2: 2xStrep_DAC_TEV 

RBX1: His_MBP_TEV 

Human 

CUL4A 38-C – RBX1 5-C* Coexpressed; GST_TEV Human 

UBA1 GST_TEV Human 

 

Table 2.3 List of recombinant proteins expressed in insect cells, used in this study. The asterix 

depicts tagged protein, which was used to purify coexpressed complex. 
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2.2.4 UB MESNa generation 

 

UB_intein plasmid was transformed into Rossetta (DE3) cells. Typically, 6x1L TB 

medium cultures containing 100g/ml Ampicillin and 34g/ml of Chloramphenicol were 

started with 10ml of preculture. The cells were grown at 37C 180rpm to OD600 ∼0.8 

and the temperature was lowered to 18C. The 2.5mM IPTG was added to induce 

protein expression. The next day, cells were spinned down for 15min 7240rpm 4C 

and the pellet was resuspended in 20mM HEPES pH 6.8, 50mM NaOAc, 100mM NaCl 

buffer. Bacterial cells were either flash frozen or directly used for purification. Protease 

inhibitor, 2.5mM PMSF, was added before sonication, which was typically performed 

in 2 cycles, 30% amplitude, 1sec on 2sec off for 10min. Next, lysate was centrifuged 

at 20000rpm for 30min, 4C. The soluble fraction was collected and incubated with 

previously equilibrated His beads (20ml). After 1h incubation at 4C on the tube roller, 

the Flow-through (FT) was collected and beads washed on the column with 5 Column 

Volume (CV) of  in 20mM HEPES pH 6.8, 50mM NaOAc, 100mM NaCl buffer and 

eluted with 20mM HEPES pH 6.8, 50mM NaOAc, 100mM NaCl, 300mM Imidazole 

buffer. Elutions were collected, concentrated to 50ml and diluted to 500ml with 

cleavage buffer (20mM HEPES pH 6.8, 50mM NaOAc, 100mM NaCl, 100mM 

MESNa). After O/N MESNa cleavage at RT, on the roller, sample was concentrated 

and subjected to SEC in 50mM HEPES pH 6.8, 100mM NaCl buffer. Final product was 

analyzed by intact mass. Each purification step was controlled by running SDS-PAGE. 

 

2.2.5 Fluorescent labelling of UB 

 

UB, UB K11R, UB K48R and UB K63R with a N-terminal Cysteine, for fluorophore 

modification, were purified from E.coli. After SEC, proteins were concentrated to mM 

range and incubated 15 min on ice with 1mM DTT to reduce the cysteines. To remove 

reducing reagent, UB’s were desalted two times using PD10 (GE Healthcare) desalting 

columns and incubated for 2h at RT with 5 molar excess of Fluorescin-5-maleimide 

(AnaSpec Inc.). To get rid of an excess of fluorophore, proteins were doubly desalted, 

concentrated and submitted for SEC (Buffer G, Table 2.2). To make sure the full 

removal of the dye, SEC was repeated. Each purification step was controlled by 

running SDS-PAGE. Proteins were concentrated, flash frozen and stored at -80C. 
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2.2.6 Radiolabelling of UB 

 

UB K48R and UB K63R with N-terminal protein kinase A consensus sequence 

(RRASVG), were purified from E.coli. After SEC proteins were concentrated to 50 or 

100M. Radiolabeling was performed using  [γ32P]-adenosine triphosphate (ATP) and 

5 kU of cyclic adenosine monophosphate-dependent protein kinase (New England 

Biolabs) for 1h at 30C. Proteins were concentrated, flash frozen and stored at -80C. 

 

2.2.7 CUL neddylation 

 

Purified CUL1-RBX1, CUL2-RBX1 and CUL4A-RBX1 were covalently modified by 

UBL NEDD8 (neddylated) in the presence of APPBP1-UBA3 (NEDD8 E1) and UBE2M 

(NEDD8 E2) and excess of NEDD8. The reaction buffer contained 25mM HEPES pH 

7.5, 100mM NaCl, 2.5mM MgCl2 and 1mM ATP. First, the efficiency of the reaction 

was checked. As such, the small scale reaction was run, where 12M of CUL-RBX1 

was incubated with 0.2M of APPBP1-UBA3, 2M of UBE2M and 25M NEDD8. The 

samples were taken and quenched with reducing SDS-PAGE sample buffer after 

5,8,10 and 20min. The products were analyzed by SDS-PAGE and the time of the 

reaction was adjusted accordingly to obtain fully neddylated CULs and avoid 

overneddylation. The large scale reaction was run using the same reagents 

concentrations and quenched with 10mM DTT. Neddylated CULs were subjected to 

SEC (Buffer G, Table 2.2) for a final purification step, purity was analyzed by SDS-

PAGE. Proteins were concentrated, flash frozen and stored at -80C. 

 

2.3 Peptides  

 

Table 2.4 contains the list of the peptides used for transpeptidation reactions, cryo-EM 

and assays. All peptides were synthetized in Max Planck Institute of Biochemistry Core 

Facility and had >95% purity by HPLC.  
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N Name of 

the 

peptide 

Sequence 

1 cyclin E H-GGGGLPSGLL(pT)PPQ(pS)GKKQSSDYKDDDDK-OH 

2 cyclin E Ac-KAMLSEQNRASP LPSGLL(pT)PPQ(pS)GKKQSSDYKDDDDK-OH 

3 Sna4p H-GGGGQSLVESPPPYVPENLYFQGDYKDDDDK-OH 

4 Hif1 H-GGGGEMLA(hP)YIPMDDDLQLRSFDDYKDDDDK-OH 

5 Hif1 Ac-KNPFSTQDTDLDLEMLA(hP)YIPMDDDLQLR-OH 

6 Hif1* Ac- KLRREPDALTLLA(hP)AAGDTIISLDFGSNK*-OH 

 

Table 2.4 List of peptides used in this study. pT- phosphorylated Threonine, pS- 

phosphorylated Serine, hP- hydroxylated Proline. Asterix depicts fluorescent label.  

 

2.4 Transpeptidation reaction 

Sortase-mediated transpeptidation reaction was performed to link C-terminus of 

acceptor UBs to the N-terminus of various peptides: cycline E phosphopeptide, Sna4p, 

Hif1 and GGGG IKZF1141-243 197-238 ZF23. The exact sequences of the peptides 

are listed in Table 2.4. UBs were either synthetized or recombinantly expressed in 

E.coli (Section 2.2.2). All UB versions contained C-terminal G76S mutation followed 

by a GSGS linker and LPETGG sortase recognition sequence. 50M UB was added 

to 100M peptides or IKZF1 ZF23. Reaction was started with 10M His-sortase and 

incubated on ice for 1h in a 50mM TRIS pH 8.0, 150mM NaCl, 10mM CaCl2 buffer. 

Next, the mixture was submitted to His-passback to remove His-sortase and final 

products were separated on SEC in 25mM HEPES pH 7.5, 200mM NaCl, 1mM DTT 

buffer. Additionally, UB-Sna4p fusions were incubated O/N with TEV protease for 

FLAG tag removal, followed by SEC. 

 

2.5 Activity-Based Probes (ABPs) generation 

 

2.5.1 UB BmDPA generation 

 

UB BmDPA was a basis for all ABPs generated in this study. First, previously made 

UB MESNa was incubated O/N, 30C, 300rpm with Molecule 1 ((E)-3-[2-
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(bromomethyl)-1,3-dioxolan-2-yl]prop-2-en-1-amine (BmDPA) (>95% purity, 

ChiroBlock), Figure 2.1). Reaction solution contained 90mg of Molecule 1 per 1ml, 

5mg/ml UB MESNa (final concertation, non-hydrolyzed), 50mM HEPES pH 6.7, 1mM 

N-hydroxysuccinimide and 10% DMSO. Full conversion of UB MESNa to Molecule 2 

(Figure 2.1) was checked by mass spectrometry and Molecule 2 was dialyzed O/N to 

50mM HEPES pH 6.7, 100mM NaCl buffer. Next deprotection step was performed. As 

such, Molecule 2 was mixed with 0.04M p-TsOH dissolved in 54% TFA (v/v) with the 

ratio 1:4 and incubated 1h at RT. Next, to get rid of TFA from the mixture, UB was 

precipitated and the protein flakes were washed with cold ether (45-fold reaction 

volume). Afterwards, precipitant was air-dried and respuspnded in 100mM Phosphate 

buffer pH 6.0, 500mM NaCl and 8M urea. Subsequently, UB was refolded into the 

100mM Phosphate buffer pH 6.0, 100mM NaCl by O/N dialysis. Generated UB BMDPa 

(Molecule 3, Figure 2.1) was controlled by mass spectrometry. 

 

 

 

Figure 2.1 Schematic representation of chemical reactions performed to generate UB BmDPA. 

 

2.5.2 diUB probe generation 

 

To synthetize diUB probes, following reagents were firstly prepared: (1) N-terminus of 

Hif1 peptide 4 (Table 2.4) was linked in a sortase-mediated transpeptidation reaction 
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into the C-terminus of UB K48C (details of the reaction are described in section 2.4); 

(2) UB BMDPa.  

Hif1-UB K48C was incubated with 1mM TCEP on ice for 20min for cysteine reduction. 

Afterwards, Hif1-UB K48C was desalted using Zeba desalting columns into 25mM 

HEPES pH 7.5, 150mM NaCl buffer and immediately added to UB BMDPa. Both 

reagents were mixed in 1:3 ratio and incubated at 30C for 1h. Final product was 

purified by SEC in 25mM HEPES pH 7.5, 150mM NaCl buffer and analyzed by SDS-

PAGE. 

 

2.6 Biochemical assays 

 

2.6.1 Discharge assay to free amino acids (pulse-chase) 

 

20M UBE2N was charged with 20M fluorescently-labeled donor UB K63R (UB*) 

using 0.3M UBA1 (E1) in 50mM HEPES pH 7.5, 100mM NaCl, 2.5mM MgCl2, 1.5mM 

ATP and 0.05mg/ml BSA buffer for 30min. The pulse reaction was stopped by EDTA 

addition to a final concentration of 30mM. Next, UBE2N~UB* (final concertation 0.5M) 

was added to initiate chase reaction in a mixture containing 0.5M RNF4 RING dimer, 

0.5M UBE2V1 and 35mM free amino acids acceptors (L-Serine, L-Dap, Nα-acetyl-L-

ornithine, L-lysine, D-lysine, Nα-acetyl-L-lysine, Nε-acetyl-L-lysine and L-homolysine) 

in 25mM HEPES pH 7.5, 150mM NaCl buffer. The reducing and non-reducing SDS-

PAGE sample buffer was used to quench the reactions after 0, 5, 10, 20, 30, 45, 60, 

120 or 180min. Products and substrates were separated on SDS-PAGE and the 

Amersham Typhoon system (GE Healthcare) was used to scan the gels. Fluorescent 

bands intensities were quantified using ImageQuantTL (GE Healthcare). Further, 

UBE2N~UB* band intensities were divided by each lane’s total fluorescence. The data 

was normalized to the 0 time point, plotted in GraphPad Prism 8 (GraphPad Software) 

and fitted, using nonlinear regression, to an exponential decay function. Assays were 

performed in duplicate. 
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2.6.2 Discharge assay to UB analogs (pulse-chase)  

 

20M E2 was charged with 20M fluorescently-labeled donor UB (UB*) using 0.3M 

UBA1 (E1) in 50mM HEPES pH 7.5, 100mM NaCl, 2.5mM MgCl2, 1.5mM ATP and 

0.05mg/ml BSA buffer for 30min. The pulse reaction was stopped by EDTA addition to 

a final concentration of 30mM. Next, E2~UB* (final concertation 0.5M) was added to 

initiate chase reaction in a mixture containing UB acceptor analogs and in some cases 

E3s in 25mM HEPES pH 7.5, 150mM NaCl buffer. Tables 2.5-2.7 describe exact 

concentrations of UB analogs and E3s used in specific assays. All reactions where 

quenched with non-reducing SDS-PAGE sample buffer after indicated time. Products 

and substrates were separated on SDS-PAGE and the Amersham Typhoon system 

(GE Healthcare) was used to scan the gels. Fluorescent bands intensities were 

quantified using ImageQuantTL (GE Healthcare). Further, diUB* band intensities were 

divided by each lane’s UB* total fluorescence intensity and then multiplied by the 

amount of UB* used in the reactions. Assays were performed in duplicate. 

 

For UBE2S assays, to minimize E2 autoubiquitylation, E1~UB* pulse reaction was 

performed. 10M UBA1 was charged with 10M fluorescently-labeled donor UB (UB*) 

for 10min in 50mM HEPES pH 7.5, 100mM NaCl, 2.5mM MgCl2, 1.5mM ATP and 

0.05mg/ml BSA buffer. The pulse reaction was stopped by EDTA addition to a final 

concentration of 30mM and desalted twice using Zeba desalting columns. Next, ~5M 

E1-UB* was added to initiate chase reaction in a mixture containing UB acceptor 

analog, 0.2M UBE2S and in some assays APC/C with its coactivator CDH1. All 

proteins concentrations used in these assays can be found in Tables 2.5 and 2.8 

UBE2S reactions were analyzed as described above. 

 

For substrate-dependent reactions, either phosphorylated cyclin E (CRL1) or IKZF1 

ZF23 (CRL4) fused to UB analogs were used with its respective substrate receptors: 

SKP1-FBW7 and CRBN. To facilitate complex formation between IKZF1 ZF23 and 

CRBN 2M small molecule pomalidomide was added to the reactions. Similarly, 0.5M 

E2~UB* was added to the chase reactions. Table 2.8 describes exact concentrations 

of substrate-UB analogs and E3s used in specific assays. Substrate-dependent 

reactions were analyzed as described above. 
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E2 enzyme UB 

[μM] 

UBE2N/UBE2V1 300 

UBE2R2 750 

UBE2G1 550 

UBE2S_IsoT  50 

 

Table 2.5 Final acceptor UB concentrations, used in chase reactions, in the absence of an E3.  

 

 

E2 enzyme UB 

[μM] 

RNF4 

[μM] 

UBE2N/UBE2V1 30 0.5 

UBE2D3 100 1.0 

 

Table 2.6 Final acceptor UB and E3 concentrations, used in chase reactions, in the presence 

of RNF4 E3.  

 

Assay type UB 

[μM] 

HECT 

E3 

[μM] 

UB-

substrate 

[μM] 

UBE2D2/NEDD4 30 1.0 - 

UBE2D2/Rsp5p 10 0.3 - 

UBE2D2/Rsp5p - 0.3 0.5 

 

Table 2.7 Final acceptor UB and E3 concentrations, used in chase reactions, in the presence 

of HECT E3s NEDD4 and Rsp5p.  

 

 

 

 

 

 

 



 63 

E2 enzyme UB 

[μM] 

UB-

substrate 

[μM] 

NEDD8-

CRL1 

[μM] 

SKP1/FBW7 

[μM] 

NEDD8-

CRL4 

[μM] 

CRB

N 

[μM] 

APC/C

+CDH1 

[μM] 

UBE2R2 40 - 0.4 - - - - 

UBE2R2 - 0.4 0.2 0.2 - - - 

UBE2G1 100 - - - 1.0 - - 

UBE2G1 - 2.0 - - 1.0 1.0 - 

UBE2S 20 - - - - - 0.1 

 

Table 2.8 Final acceptor UB and E3 concentrations used in chase reactions, in the presence 

of CRL1FBW7, CRL4CRBN and APC with its coactivator CDH1.  

 

2.6.3 Multiturnover assays 

 

Multiturnover assays were performed in 50mM HEPES pH 7.5, 100mM NaCl, 2.5mM 

MgCl2, 1.5mM ATP and 0.05mg/ml BSA buffer. Typically, 0.3M UBA1, 1M UBE2R1, 

20M UB* K48R, 0.5M E3 (either N8C2R1+ELOB/C-VHL or N8C1R1 + SKP1/FBW7) 

and 2M substrate peptide, were used. All reactions were quenched with reducing 

SDS-PAGE sample buffer after indicated time. Products and substrates were 

separated on SDS-PAGE and the Amersham Typhoon system (GE Healthcare) was 

used to scan the gels. 

 

2.6.4 CUL2 pulse-chase assays  

 

CUL2 pulse-chase assays were performed as described in section 2.6.2. Several 

following changes were made: the chase reactions were run in 25mM HEPES pH.7.5, 

20mM NaCl buffer. For diUB formation assays, 100M acceptor UB and 0.5M 

NEDD8-CUL2 were used. In substrate-dependent experiments, 2M Hif1-UB  and 

0.5M NEDD8-CRL2VHL (or different CUL2 mutats) were added. Reactions were 

analyzed as described above. For the assays, where non-labeled UBD was used, final 

10M E2~UB* was added to the chase reactions. 
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2.6.5 Steady-state assays 

 

Steady-state assays were performed in 30mM TRIS pH 7.5, 100mM NaCl, 5mM MgCl2, 

2mM ATP and 1mM DTT buffer. 1M E1, 1M E2 and 20M UB were mixed and 

incubated in RT for 15 min (tube 1). Parallelly, 0.5M NEDD8-CRL2VHL and 0.2M 

Hif1* were pre-mixed (tube 2). Ubiquitylation reactions were started with mixing 10l 

of the reaction components from tube 1 and tube 2, resulting in 2x dilution. All reactions 

were quenched with reducing SDS-PAGE sample buffer after indicated time. Products 

and substrates were separated on SDS-PAGE and the Amersham Typhoon system 

(GE Healthcare) was used to scan the gels. 

 

2.7 Cryo-EM 

 

2.7.1 Sample preparation 

 

Previously generated diUB ABPs were used to trap and form the complex mimicking 

catalyzed by UBE2R1 transfer of UBD
 to substrate-linked UBA. As such, first UBE2R1 

was incubated with 1mM TCEP on ice for 20 min. Afterwrads, UBE2R1 was desalted 

using Zeba desalting columns into 25mM HEPES pH 7.5, 150mM NaCl buffer and 

immediately added to the rest of complex components. Reaction mixture contained 

7.5M UBE2R1, 7.5M N8C2R1, 7.5M ELOB/C-VHL and 30M diUB ABP. Proteins 

were incubated together for 30min in 30C and subsequently complex was purified by 

SEC into 25mM HEPES pH 7.5, 100mM NaCl, 1mM TCEP buffer. The purity and 

reaction efficiency was assessed by SDS-PAGE and appropriate fractions pooled and 

concentrated to around 0.4 mg/ml. To further stabilize the complex, CC0651 to the 

final concentration of 200M was added129 and complex was crosslinked with 0.05% 

Glutaraldehyde for 15min on ice. Crosslinking was quenched with 50mM Tris pH 7.5. 

3.5l of the sample was applied onto R1.2/1.3 holey carbon grids (Quantifoil), blotted 

for 3.5s with blot force 4 (100% humidity, 4C) and plunge-frozen in liquid ethane. 

Vitrobot Mark IV was used for all plunging experiments.  
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2.7.2 Data collection 

 

All screening datasets were collected on a 200kV Glacios Transmission Electron 

Microscope (TEM), containing Gatan K2 direct detection camera with counting mode. 

On average, per dataset, 2000 micrographs were collected with a 1.885Å pixel size. 

Data collection scheme included defocus range from -1.5m to -2.7m  and total 

exposure between 60 to 70 e− Å−2 (45 frames). High resolution dataset was collected 

on a 300kV Titan/Krios TEM, containing a post-GIF Gatan K3 Summit direct electron 

camera with counting mode. Around 20000 micrographs were collected with a 0.885 

Å pixel size. Data collection scheme included defocus range from -0.7m to -2.2m  

and total exposure 70 e− Å−2. 

 

2.7.3 Data processing 

 

All screening datasets were processed in RELION 3.0194 and Titan/Krios dataset in 

RELION 4.0195. First, raw movie frames were align and dose-weighted. Second, 

contrast-transfer-function was used via Gctf to correct micrographs196. Particles were 

picked using Gautomatch (K.Zhang). All further operations including 2D classification, 

3D classification, local and global 3D refinement, post-processing were done using 

RELION 3.0 or RELION 4.0 software.  

Ab-initio reconstruction for initial model generartion was performed in cryoSPARC197. 

Additionally, DeepEMhancer was used to generate post-processed final maps198.  

 

2.8 Liquid chromatography-tandem mass spectrometry 

 

The Liquid Chromatography-tandem Mass Spectrometry (LC/MS) experiments were 

done in collaboration with Fynn Hansen, Ozge Karayel and Matthias Mann from 

Department of Proteomics and Signal Transduction, Max Planck Institute of 

Biochemistry, Martinsried, Germany. 

 

2.8.1 In-gel digestion 

 

UBE2D3-madiated pulse-chase reactions were done as described in section 2.6.2. 

First, UBE2D3 was charged with either GST-UB or fluorescent UB (UB*). The GST-
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tagged UBD was used to differentiate between diUBD, which is a side product of pulse 

reaction and diUB between UBD
 and UBA. Second, 0.5M UBE2D3~UBD* was added 

to the reactions containing 100M UBC4, K11UBC5, K48UBC5, 
K63UBC5 and 1M RNF4 

RING dimer. Assays were run 15min for UBC4 and 1h for UBC5s and stopped with SDS-

PAGE sample buffer. Products and substrates were separated on SDS-PAGE and 

scanned on an Amersham Typhoon system (GE Healthcare) for reactions consisting 

UB*. For assays run in the presence of GST-UBD, gels were stained with Coommassie 

brilliant blue to visualize GST-UBD-UBA product band. Subsequently, the gels were 

destained in 40% methanol, 10% acetic acid and 60% de-ionized water for several 

hours. The destaining solution was changed at least two times to achieve a clear 

background. Desired GST-UBD-UBA
 gel band was cut from the gel and chopped into 

smaller pieces (~1x1mm). Next, gel pieces were washed twice in 50% EtOH/50% 

50 mM ammonium bicarbonate, pH 8.0 (ABC) followed by their dehydration in absolute 

EtOH. Further, gel pieces were dried in Speed-vac system (Eppendorf, Concentrator 

plus), rehydrated by incubation at 37C O/N in 200 µl of 1% (wt/vol) Sodium 

deoxycholate (SDC) buffer (40 mM 2-chloroacetamide (CAA), 10 mM Tris-(2-

carboxyethyl)phosphine (TCEP), 0.5 µg LysC, 0.5 µg trypsin, in 100 mM Tris-HCl 

pH 8.5). To extract peptides from gel pieces, isopropanol buffer (1% 2,2,2-

trifluoroacetic acid (TFA) in isopropanol) was added in two consecutive rounds and 

liquid phase was collected. Next, Stable Isotope-Labeled (SIL) analogs of native, 

chain-specific di-Gly were added to the samples. These peptide standards provided 

chromatographic orientation for light, endogenous counterparts detection. In UBC4 

samples, for di-Gly peptides absolute quantification, SIL analogs amounts were 

modified to yield peptide quantification ratios between 0.1 and 10 (2fmol and 20fmol 

for K27_GG, K29_GG, K33_GG and K11_GG, K48_GG, K63_GG, respectively).  

 

2.8.2 LC/MS sample preparation 

 

In-house prepared syringe device (described previously in199,200) was used to insert 

three layers of a Styrenedivinylbenzene-reverse phase sulfonate (SDB-RPS) matrix 

(Empore) into a pipette tip for StageTips preparation. Next, previously mixed with 

isopropanol buffer peptides, were loaded onto the StageTips followed by tips wash 

with (1) isopropanol buffer and (2) 0.2% TFA/2% ACN. 1.25% NH4OH/80% ACN was 

used for sample elution and collected fractions were dried in a Speed-vac centrifuge. 
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Before LC/MS analysis, peptides were resuspended in 0.2% TFA/2% CAN and shortly 

sonicated (Branson Ultrasonics). 

 

2.8.3 LC/MS sample measurements 

 

Prepared peptides were loaded onto 50-cm, 75 µm inner diameter reversed-phase 

column (in-house packed with eproSil-Pur C18-AQ 1.9-µm resin (Dr Maisch)), which 

temperature was kept at 60C by a homemade column oven. The mass spectrometer 

(Exactive HF-X, Thermo Fisher Scientific) was connected online into an EASY-nLC 

1200 system (Thermo Fisher Scientific) via a nano-electrospray source. Binary buffer 

system of buffer A (0.1% formic acid (FA)) and buffer B (0.1% FA, 80% acetonitrile) 

was used for peptides elution at 300 nl min−1 flow rate. Elution was done as follows:  

first, 7% buffer B gradient was used (0.1% (vol/vol) FA, 80% (vol/vol) ACN), second 

the gradient was stepwise increased to 14% in 4min, then to 26% in 22min. Lastly, the 

gradient  was developed to 95% in 2min and maintained for 6min.  

 

The programmed targeted scan mode was used by mass spectrometer. Every full 

acquisition scan (resolution of 60,000 at 200 m/z (3 × 106 ions accumulated with a 

maximum injection time of 20 ms)), 20 multiplexed Selected Ion Monitoring (SIM) 

scans were done (multiplexing degree of four). Heavy and light (endogenous) 

counterparts were simultaneously recorded. In every SIM scan m/z of 150–2,000 range 

was covered with resolutions of 120,000 (5 × 104 ions accumulated with a maximum 

injection time of 65 ms, 1.4-m/z isolation window and 0.4-m/z isolation offset). Detected 

tagerted peptide with their respective values are listed in Table 2.9. 
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Peptide Sequence Mass [m/z] Charge 

State [z] 

NleQIFVK NleQIFVK 374.24181 2 

K06_GG (light) NleQIFVKGGTLTGK 454.60989 3 

K11_GG (light) TLTGKGGTITLEVEPSDTIENVK 801.42688 3 

K11_GG (heavy) TLTGKGGTITLEVEPSDTIENVK 803.09703 3 

K27_GG (light) TITLEVEPSDTIENVKGGAK 701.03895 3 

K27_GG (heavy) TITLEVEPSDTIENVKGGAK 703.04356 3 

K29_GG (light) AKGGIQDK 408.73233 2 

K29_GG (heavy) AKGGIQDK 412.24092 2 

K33_GG (light) IQDKGGEGIPPDQQR 546.61291 3 

K33_GG (heavy) IQDKGGEGIPPDQQR 548.61751 3 

K48_GG (light) LIFAGKGGQLEDGR 487.60005 3 

K48_GG (heavy) LIFAGKGGQLEDGR 490.93614 3 

K63_GG (light) TLSDYNIQKGGESTLHLVLR 561.80503 4 

K63_GG (heavy) TLSDYNIQKGGESTLHLVLR 563.55932 4 

 

Table 2.9 List of targeted peptides. Superscripted “GG” mark Gly-Gly modified lysines and 

bold/italic characters point stable isotope labeled amino acids.  

 

2.8.4 LC/MS data analysis 

 

Collected raw MS data was analyzed in an open-source software project, Skyline199,200. 

Proper peak picking of MS1 filtered light (endogenous) peptides based on their co-

elution with heavy (SIL) peptides, was manually inspected on graphical representation 

of chromatographic traces. Quantifications were done only on the most abundant 

peaks of the isotope cluster, based on area and on the precursor level. 

 

Subsequent bioinformatics analyses were implemented in Microsoft Excel and plotted 

in GraphPad Prism 8 (GraphPad Software). From the signals, of the samples, run in 

the presence of UBAs, background signal, detected in sample where no UBA
 was added 

was subtracted. Further, the first tryptic peptide “NleQIFVK” of N-terminally modified 

UBA (Met1 mutated to Norleucine (Nle)) was used to normalize each chain peptide. As 
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the normalization peptide contained K6, this chain type was not measured in the 

protocol. Relative to WT fold change of each chain peptide was calculated using 

equations specified below.  

 

Equation 1: 

Background correction: 

 

𝑨𝑼𝑪𝒓𝒆𝒑 𝒊
𝑼𝑩𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓,𝑩𝑮𝒄𝒐𝒓𝒓

= 𝑨𝑼𝑪𝒓𝒆𝒑 𝒊
𝑼𝑩𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓

− 𝑨𝑼𝑪̅̅ ̅̅ ̅̅ 𝑼𝑩𝒏𝒐 𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓
 {𝒊|𝟏 ≤ 𝒊 ≤ 𝟑} 

 

Equation 2: 

Normalization to “NleQIFVK” peptide: 

 

𝑨𝑼𝑪𝑮𝑮−𝑷𝒆𝒑.
 

𝒓𝒆𝒑 𝒊
𝑼𝑩𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓,𝑵𝒐𝒓𝒎

=
𝑨𝑼𝑪𝑮𝑮−𝑷𝒆𝒑.
 

𝒓𝒆𝒑 𝒊
𝑼𝑩𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓,𝑩𝑮𝒄𝒐𝒓𝒓

𝑨𝑼𝑪𝑵𝒍𝒆𝑸𝑰𝑭𝑽𝑲
 

𝒓𝒆𝒑 𝒊
𝑼𝑩𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓,𝑩𝑮𝒄𝒐𝒓𝒓  {𝒊|𝟏 ≤ 𝒊 ≤ 𝟑} 

 

Equation 3: 

Fold change calculation relative to WT: 

 

𝑭𝑪𝑮𝑮−𝑷𝒆𝒑.
 

𝒓𝒆𝒑 𝒊
𝑼𝑩𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓,𝑵𝒐𝒓𝒎

=
𝑨𝑼𝑪𝑮𝑮−𝑷𝒆𝒑.
 

𝒓𝒆𝒑 𝒊

𝑼𝑩𝑪𝟓
𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓,𝑵𝒐𝒓𝒎

𝑨𝑼𝑪̃𝑮𝑮−𝑷𝒆𝒑.
 

 
𝑼𝑩𝑪𝟒

𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓,𝑵𝒐𝒓𝒎  {𝒊|𝟏 ≤ 𝒊 ≤ 𝟑} 

 

2.9 Kinetics  

 

Kinetics experiments were done in collaboration with Nicholas Purser, Daniel Houston, 

Nicole Burton and Gary Kleiger from Department of Chemistry and Biochemistry, 

University of Nevada, Las Vegas, Nevada, USA. 

 

2.9.1 pKa
app estimation 

 

Steady-state kinetics assays were used to determine pKa
app for synthetic UBC4 and 

K63UBC5 in the presence of UBE2N/UBE2V1 complex. The assay monitors isopeptide 

bond formation between radiolabeled UBD and unlabeled UBA. Initially, BIS-TRIS 

propane buffer titration series was created with pH values 5.7, 6.1, 6.5, 6.9, 7.3, 7.7, 
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8.1, 8.5, 8.9, 9.3, 9.7 and 10.1. The reaction mixtures were prepared with BIS-TRIS 

stock buffer (final concentration 50mM), 5µM radiolabeled UBD K63R, 2µM UBE2N 

(WT or K92R)/UBE2V1 and 0.25µM UBA1 in 50mM NaCl, 2mM ATP, 5mM MgCl2,1mM 

DTT. All the components were incubated for 1min before addition of synthetic UBAs 

(either UBC4 or K63UBC5, final concertation 100µM). Reactions run in a presence of UBC4 

were quenched after 2min 45sec and with K63UBC5 after 15min with either reducing or 

non-reducing SDS-PAGE sample buffer. Products and substrates were separated on 

SDS-PAGE, followed by audioradiography. Gels were scanned on a Typhoon 9410 

Imager (GE Healthcare) and bands intensities were quantified using ImageQuantTL 

(GE Healthcare). Next, diUB band intensities were divided by each lane’s total signal 

intensity and then multiplied by the amount of radiolabeled UBD used in the reactions. 

Finally, obtained value was divided by the time of incubation and UBE2N/UBE2V1 

complex concentration. GraphPad Prism software was used to plot velocities as a 

function of the reaction’s pH and fit to a sigmoidal four-parameter logistic curve with 

the Hill slope constrained to 1. Importantly, this model is based on an assumption, that 

the reaction velocity depends on a single ionizing species being activated under higher 

pH. A similar approach was used to determine pKa
app for synthetic UBC4 and K48UBC5 

in the presence of UBE2R. Following changes were made: (1) 15µM radiolabeled UBD 

K48R, 10µM UBE2R2 and 0.5µM UBA1was used, (2) UBC4 reactions were stopped 

after 5 min and K48UBC5 ones after 60min. The incubation times were adjusted to make 

sure all velocities were within the linear range. Assays were performed in duplicate. 

 

2.9.2 KM estimation 

 

Steady-state kinetics assays were used to determine KM for synthetic UBC4 and 

K63UBC5 in the presence of UBE2N/UBE2V1 complex with or without its E3, RNF4 

RING dimer.  The assay monitored isopeptide bond formation between radiolabeled 

UBD and unlabeled UBA. First, UBAs were dialyzed into 30 mM BIS-TRIS propane, 

pH 7.3. Next, the two fold UBA’s dilution series was prepared, starting from 1.4mM for 

UBC4 made in E.coli, 1.6mM for synthetic UBC4 and 1.3mM for K63UBC5. UBAs were 

further diluted by two fold in the reaction mixture, which was composed of 0.25µM 

UBA1, 5µM radiolabeled UBD K63R, 2µM UBE2N /UBE2V1 for UBC4s and 15µM 

radiolabeled UBD K63R, 10µM UBE2N /UBE2V1 for K63UBC5 in 50mM BIS-TRIS pH 

7.3, 50mM NaCl, 2mM ATP, 5mM MgCl2, 1mM DTT buffer. After 2 min incubation of a 
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reaction mixture, ubiquitylation was initiated by adding acceptor UBs. Reactions were 

quenched with either non-reducing or reducing SDS-PAGE sample buffer after either 

15 or 30min for UBC4 or K63UBC5, respectively. Further processing was done as 

described in section 2.9.1. Obtained velocities values were fitted to the Michaelis-

Menten equation for KM estimation (GraphPad Prism). A similar approach was used to 

determine KM in the presence of RNF4 RING dimer E3. Following changes were made: 

(1) reaction mixture contained 0.5µM UBA1, 15µM radiolabeled UBD K63R, 10µM 

UBE2N /UBE2V1 and 1µM RNF4, (2) dilution series was started from 1.3mM UBC4 and 

1.25mM K63UBC5, (3) incubation was changed to 0.5 or 2.5min for UBC4 or K63UBC5, 

respectively. The incubation times were adjusted to make sure all velocities were within 

the linear range. Assays were performed in duplicate. 

 

Steady-state kinetics assays to determine KM for synthetic UBC4 and K48UBC5 in the 

presence of UBE2R2 were measured similarly to the experiments described above 

with the following modifications. Acceptor UB dilution series was started from 8.5mM 

for synthetic UBC4 and 12.5mM for K48UBC5. Reaction mixture was composed of 0.5µM 

UBA1, 15µM radiolabeled UBD K48R and 10µM UBE2R2. The reactions were run for 

either 1 or 2.5 min for UBC4’s replicates and either 15 or 16 min for K48UBC5’s. Steady-

state kinetics assays to determine KM for synthetic UBC4 and K63UBC5 in the presence 

of HECT E3 Rsp5p, was followed in a similar pattern. The starting concentrations for 

dilution series were 1.6mM, for both, synthetic UBC4 and K63UBC5. Reaction mixture 

contained 0.5µM UBA1, 7µM radiolabeled UBD K63R 5µM UBE2D2 and 5µM Rsp5p. 

Reactions were quenched after 5 or 30 min in the presence of UBC4 or K63UBC5, 

respectively. The incubation times were adjusted to make sure all velocities were within 

the linear range. Assays were performed in duplicate. 

 

2.10 UB analogs synthesis 

 

UB analogs synthesis was performed by Gerbrand J. van der Heden van Noort and 

Huib Ovaa from Oncode Institute and Department of Cell and Chemical Biology, 

Chemical Immunology, Leiden University Medical Centre, Leiden, the Netherlands.  
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2.10.1 Solid peptide synthesis (SPPS) 

 

Syro II MultiSyntech Automated Peptide synthesizer was used for SPPS. 25µM scale 

syntheses were performed with standard 9‐fluorenylmethoxycarbonyl (Fmoc) based 

solid phase peptide chemistry, where four-fold amino acids excess was used over the 

pre‐loaded Fmoc amino acid trityl resin (0.2 mM/g, Rapp Polymere GmbH). Following 

reagents were purchased from Iris Biotech GmbH: Fmoc-Dap(Boc)-OH (C1), Fmoc-

Dab(Boc)-OH (C2) and Fmoc-hLys(Boc)-OH (C5). Fmoc-Orn(Boc)-OH (C3) was 

bought from ChemImpex Int’l Inc. UB analogs were synthetized on resin according to 

the previously described protocol followed by 2.5h incubation in 

TFA/TIS/H2O/Phenol201. Next, UBs were precipitated from Et2O/Pentane and purified 

by RP/HPLC. The fractions were analyzed by LC/MS, pooled, lyophilized and stored 

at -20C.  

 

2.10.2 RP/HPLC 

 

RP-HPLC Water preparative system was used with a C18‐Xbridge 5 μm OBD column 

(30 x 150 mm). Purification was performed using 3 mobile phases: Buffer A: miliQ, 

Buffer B CH3CN and Buffer C: 1% TFA in miliQ. Separation was done at a flow rate of 

37.5ml/min with the gradient 20-45% Buffer B, 5% Buffer C.  

 

2.10.3 LC/MS 

 

LC/MS measurements were performed on Waters Acquity UPLC (Waters Acquity BEH 

C18-column (2.1x50 mm, 1.7 μm)) connected with LCTTM ESI-Mass Spectrometer. 

Samples were analyzed at a flow rate of 0.6ml/min (run time: 6min; column 

temperature: 60C). Two mobile phases were used: Buffer A: 1% CH3CN, 0.1% formic 

acid in miliQ and Buffer B: 1% miliQ and 0.1% formic acid in CH3CN, with the gradient 

0-95% Buffer B. Data was processed on Waters MassLynx Mass Spectrometry 

Software 4.1 (deconvolution with MaxEnt1 function). 
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2.10.4 High resolution Mass Spectrometry (HRMS) 

Waters XEVO-G2 XS Q-TOF mass spectrometer was used for UB analogs HRMS. 

Spectra were recorded with an electrospray ion source in positive mode (temperature 

250C, desolvation gas flow 900L/h, source voltage 3.0kV) with resolution (R) 22000 

(mass range m/z 50-2000) and 200 pg/uL Leu-Enk (m/z = 556.2771, “lock mass”). 

2.11 1D and 2D proton NMR 

 

NMR was done in collaboration with Mark J. Bostock and Michael Sattler from 

Biomolecular NMR and Center for Integrated Protein Science Munich at Department 

Chemie, Technical University of Munich, Garching, Germany and Institute of Structural 

Biology, Helmholtz Zentrum München, Neuherberg, Germany.  

Bruker Avance AVIII 600 MHz spectrometer (1H frequency) was used to record NMR 

experiments at 298 K or 310 K with a 5 mm QCI cryoprobe. First, ~200 μM UBC4,  

UBC4 Bio and 
K48

UBC5 samples were dialyzed into 50mM sodium phosphate pH 6.2, 

50mM NaCl buffer and supplemented with 10% D2O. The watergate W5 double echo 

sequence with gradients was used to acquire 64 scans for 1D spectra202. To record 2D 

[1H,1H] spectra, 2D NOESY pulse sequence with water flip-back and watergate water-

suppression was performed (32 scnas, mixing time 120ms)203,204. Acquisition for 

NOESY spectra were done with a 1H spectral width of 8417.5 Hz and 1024 x 256 

complex points. Data was processed with the Azara package (W. Boucher, 

unpublished) and analyzed in CcpNmr Analysis205.  

 

2.12 Molecular modelling 

 

Molecular dynamics simulations were performed by Vinh H. Truong and Joseph S. 

Harrison from Department of Chemistry, University of the Pacific, Stockton, CA, USA. 

 

2.12.1 C5 incorporation for Rossetta and Molecular Dynamics (MD) 

 

Neither the molecular dynamics software nor the Rosetta206 molecular modelling 

program consist a noncanonical homolysine (C5) amino acid. To incorporate C5 into 

UB, Rosetta protocol was used to incorporate non-natural amino acids207. PubChem 
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chemical database was a source of iSDF file with dealized atom coordinates for 2,7- 

Diaminoheptanoic Acid (C5). Subsequently, SDF file was converted to a params file 

by the molfile2params script in Rosetta. Additionally, Spartan was used to create a 

deprotonated version of 2,7-Diaminoheptanoic acid with a neutral terminal amine. 

Finally, C5 was installed into the UB with the help of fixbb application in Rosetta. 

In order to performed MD simulations all amino acid residues within the protein must 

be characterized by its topology file, containing the type, charge and mass of every 

atom within the simulated protein. Spartan software was applied for C5 partial charges 

calculation. Full ab-initio calculations were done in Hartree-Fock 6-31* G basis set 

(both for neutral C5 residues and individual charges) and inserted into the topology 

file.  

2.12.2 UBE2N~UBD/UBE2V1/UBA complex building 

 

To create a thioester bond between UBD and UBE2N, Roesetta’s UBQ_E2_Thioester 

protocol was used. The protocol not only sampled E2 enzyme in thioester-linked state 

but also positioned a nucleophile approaching the active site116. Importantly, existing 

version of this code positions the amine in plane with the carbonyl bond, which does 

not resemble tetrahedral intermediate geometry. Thus, 3-D tetrahedron geometry 

calculation were applied to estimate acceptor position with respect to the active site. 

In details, UBA’s K63 amine nitrogen and UBE2V1 were placed at specific coordinated, 

which enabled tetrahedral conformation with UBD’s carbon atom of G76 carbonyl 

carbon.  

With the modified protocol, 10000 models were created containing thioester bond and 

transition-state-like geometry. First, model was selected by looking at lowest-RMDS 

comparing UBD position to the closed conformation found in 4AUQ structure. Second, 

RMSD for the UBE2V1 position in 5AIT UBE2V1/UBA
 structure was used. Next, the 

lowest RMSDs for UBE2N/UBD and UBE2V1/UBA were combined.  Finally, UBE2V1 

protein from the new complex was subjected to the Rosetta Relax protocol, where all 

the other chains were fixed to get rid of any side chain clashes after structure merge.  

Generated complex was further used as a template to make a version of the model 

with incorporated C5, while keeping acceptor amine position. As such, K63UBC5 was 

created by Rosetta’s fixbb application. All atomic coordinates were kept in the same 

position except K63’s side chain. To specify K63UBC5 side chain torsion angles, set of 
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them were taken from free K63UBC5 simulations. Best side chain rotamer was selected 

based on an overlap in nitrogen atom position in the side chain, in comparison to the 

native UBA C4. Additionally, side chain placement was manually assessed to reduce 

clashing with surrounding residues. Developed model was used to replace native UBA 

structure with K63UBC5  in the complex.  

 

To perform molecular dynamics simulations, more values must be specified regarding 

thioester bond. Parameters concerning bond, angle and dihedral entries were 

accommodated from Amaro et al. thioester bond values and inserted into the 

parameter files208. Thioester bond partial charges were adapted from Jones et al86. 

and used for PSF generation by formatting them into a patch residue topology entry.   

 

2.12.3 MD simulations   

MD simulations were run in the CHARMM36 force field and NAMD software209,210. For 

simulations performed for free UB, the protein was solvated in a rectilinear water box 

consisting TIP3P water molecules, r=5.0 Å. To generate PSF and solvate the structure, 

autopsf and solvate plug-ins were used in VMD molecular visualization software. At 

the time of simulation, system was exposed to optimization stabilization, heated to 

298K and subsequently equilibrated (50ns, 2fs time steps). The Particle Mesh Ewald 

methods, Langevin dynamics and constant pressure control was used to execute the 

runs. Simulations performed for UBE2N~UBD/UBE2V1/UBA
 complex were executed 

similarly. Complex was solvated in a rectilinear water box consisting TIP3P water 

molecules, r=12.5 Å. System optimization involved heating to 298 K and equilibration 

(25ns, 2fs time steps). All the other settings remained the same.  

2.12.4 MD simulations analysis 

 

MDAnalysis from the Python library was used to assess completed MD simulations211. 

Additionally, Python script was developed in MDAnalysis module for RMSD alignment 

and calculations to determine structure preservation212. Moreover, separate script was 

written to calculate the gate loop region RMSD in UBE2N~UBD/UBE2V1/UBA
 complex. 

To examine free UB residues flexibility, Chi torsion angles were analyzed at the 

position 11, 48 and 63. Dihedral module, from MDAnalysis package, was used to 

retrieve the torsion angles from each frame of trajectory files, generated in MD runs. 
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Other Python scripts were established to assess each torsion angle frequency and 

extent of its change. To inspect the degrees of freedom, conformational space was 

divided into bins, as it was done before for libraries containing side chain rotamers213.  

Briefly, chi angles were divided into 120 degrees bins (3 bins in total) and phi and psi 

angles were divided into 10 degrees bins (36 bins in total). The frequency of each 

torsion angle movement between bins was measured for free UB and complex 

trajectories. Same framework was used to catalogue each residues’s different 

rotameric states. C4 versus C5 was always measured from the C atom to the side 

chain nitrogen atom. For the UBE2N~UBD/UBE2V1/UBA
 complex simulations, the 

distance between UBA’s acceptor side chain nitrogen atom and UBD’s G76 carbonyl 

atom was plotted as a function of simulation time.  

Additional Python scripts were developed to calculate the time of different geometries, 

in the complex simulations, created between UBA’s C4/C5 at the position 63 and 

thioester bond. Relative to the active site acceptor’s side chain angle was measured 

by the torsion angle between UBE2N’s C and S and UBA’s side chain amine C. The 

angle was recorded at every simulation’s frame using a MDAnalysis-utilizing script 

together with distance between the cysteine and amine. Angles/distances pairs were 

filtered with 2 types of binning. First combinations were classified by 3Å distance bins 

(ranged from 2-20Å). Second, 30 degrees bins (total 12) were also used to categorize 

the combinations.  
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3. RESULTS 

 

3.1 Role of acceptor lysine  

 

3.1.1 E2~UB discharges to nucleophiles of various free amino acids  

 

In order to examine geometric constraints of the polyubiquitin chain formation reaction 

and the role of acceptor lysine, first the assays for the simplest activity of an E2 were 

performed. A discharge assay monitors the transfer of UBD from E2~UBD to a free 

nucleophilic amino acid. For some UB-conjugating enzymes, a strong correlation 

between preferred residue-type modified in the presence of protein substrate and the 

free amino acid acceptor like lysine, serine or cysteine can be observed59,214. One of 

the best characterized K63-linked chain forming enzyme is the heterodimeric 

UBE2N/UBE2V1 E2 complex, where UBE2N partners with catalytically inactive, E2-

like UBE2V185,100,215.  

 

 

 

Figure 3.1 Discharge assay reaction scheme. E2~UB reactivity is monitored to various amino 

acids.  

 

The role of UBE2V1 is to guide acceptor UB’s K63 towards the thioester linkage 

between C-terminus of the donor UB and catalytic cystine of UBE2N48,215. The reaction 

is further catalyzed by the RING domain of RNF4 (here used RNF4 RING dimer) via 

active conformation stabilization of UBE2N~UBD100. The ability of the 

UBE2N/UBE2V1-RNF4 complex to forge isopeptide bonds between donor UB and 

various free amino acid acceptors was examined using a pulse-chase assay format. 

In the first step of the assay, UBE2N was charged with fluorescently labeled donor UB 
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K63R using E1. After quenching E1 activity with EDTA, the discharge of UBE2N~UB 

was observed in the presence of UBE2V1, RNF4 RING dimer and acceptor amino 

acids. The reaction scheme is depicted in Figure 3.1.  

 

Initially, reactions were carried out with L-lysine (native acceptor, with four methylene 

groups in the side chain, here called C4), N-acetyl-L-lysine with blocked backbone 

amino group, N-acetyl-L-lysine with blocked side chain amino group and L-serine. As 

expected, discharge occurred only to the native lysine and N-acetyl-L-lysine with 

available side chain amino group (Figure 3.2).   

 

 

 

Figure 3.2 UBE2N~UBD discharges to various nucleophilic free amino acids. (a) Time course 

of UBE2N~UBD* discharge to indicated amino acids. Reactions were run in the presence of 

UBE2V1 and RNF4 RING. Signal was normalized to the starting UBE2N~UBD* amount. (b) 

Calculated rates of UBE2N~UBD* discharge.  
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No UB transfer was observed for N-acetyl-L-lysine and L-serine, as these two amino 

acids do not harbor a nucleophile in the side chain (Figure 3.2). Further, other amino 

acids were assayed: L-2,3-diaminopropionic acid, N-acetyl-L-ornithine and L-

homolysine with one (C1), three (C3) and five (C5) methylene groups in the side chain, 

respectively. All mentioned free amino acids showed native-like reactivity, 

demonstrating lack of aliphatic chain length specificity (Figure 3.2).  

 

3.1.2 A K63-specific E2 enzyme displays exquisite sensitivity on acceptor 

lysine architecture 

 

Since removal or addition of methylene groups to the acceptor’s side chain had only a 

very modest effect on the amount of donor UB discharged from UBE2N/UBE2V1-

RNF4, we next wondered more generally how L-lysine length within the folded 

acceptor UB would influence UBE2N/UBE2V1-RNF4 activity.   
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Figure 3.3 Experimental design for UB analogs test. (a) Structure of UB (PDB 3CMM) with all 

seven lysines depicted. Lysine mutants used in this study are colored in yellow. (b) 

Experimental scheme of UB analogs test, monitoring E2~UBD discharges to different 

acceptors. Color code is used to specific UB mutants (UBA C1-C5). KR- lysine mutation to 

arginine.  

 

Solid-phase peptide synthesis was employed to generate a series of UBs with different 

K63 lysine side chain lengths. UB analogs differed by the number of methylene groups 

between side chain amino group and alpha carbon: L-2,3-diaminopropionic acid (Dap, 

here called K63UBC1, with one methylene group in the side chain replacing K63), L-2,4-

diamonobutyric acid (Dab, here called K63UBC2, with two methylene groups in the side 

chain replacing K63), L-ornithine (Orn, here called K63UBC3 for three methylene groups 

in the side chain replacing K63), L-lysine (Lys, here called K63UBC4 for four methylene 

groups in the  side chain, native acceptor), L-homolysine (hLys, here called K63UBC5 

for five methylene groups in the side chain replacing K63) (Figure 3.3). 

 

 

Figure 3.4 A K63-specific UBE2N/UBE2V1 displays striking sensitivity to acceptor lysine 

architecture. (a) The K63 UB chain forming UBE2N/UBE2V1 strongly prefers the K63UBC4 

acceptor in the absence (upper panel) and in the presence (lower panel) of the E3 RNF4 RING 

domain (b) The K63UB C1-5 series demonstrates equal reactivity with the K48 UB chain forming 

E2 UBE2G1 in the absence (upper panel) and in the presence (lower panel) of NEDD8-CRL4 

catalytic platform. 
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The activity of UBE2N/UBE2V1 was again assayed in a pulse-chase format. This time 

UBE2N~UBD discharged to different K63 UB analogs and formation of diUB chain was 

observed. Remarkably, in contrast to the discharge to free amino acids, side chain 

length change by only one methylene group essentially abolished free UB chain 

formation. DiUB formation was only observed in the presence of native K63 (K63UBC4 

or K63UBC4Bio derived from E.coli) (Figure 3.4 a).  Moreover, while the RING domain of 

the E3 enzyme RNF4 accelerated the reaction, the striking preference for the lysine 

chain persisted (Figure 3.4 a). On the other hand, the levels of free diUB formation 

between the K63UBC1-5 analogs and a donor UB in complex with the K48-specific E2 

UBE2G1 were all similar, demonstrating the proper folding for all of the synthetic UBs 

harboring K63 substitutions (Figure 3.4 b). In summary, UBE2N/UBE2V1 showed 

exquisite specificity for the attacking lysine architecture, but only when in the context 

of an acceptor UB.  

 

3.1.3 A K48-specific E2 enzymes display exquisite sensitivity on acceptor 

lysine architecture 

 

Recruitment of acceptor UB by UBE2N is unique, in that it collaborates with its partner 

subunit UBE2V1 to bind and orient the acceptor100. As UBE2V1 specifically binds 

acceptor UB to position K63 within UBE2N’s active site, the system might be especially 

sensitive to the acceptor length change.  Thus, the next set of experiments was carried 

out using E2s which orient the acceptor UB with their own surface. Hence two K48 

linkage-specific E2s, UBE2G1 and UBE2R2, were assayed in the presence of the 

K48UBC1-5 suite31,51,116.  Interestingly, once again diUB formation was only observed in 

the presence of native K48UBC4, for both intrinsic activity as well as UBE2R2 and 

UBE2G1 together with their cognate cullin-RING ligase E3s CRL1 and CRL4 

respectively31,51,112,116,191. (Figure 3.5 a,b) 

 

CRLs are multiprotein complexes, wherein a specific receptor protein recruits a 

substrate degron motif.  A well-studied CRL1 receptor is FBW7, a tumor suppressor 

protein that recruits the phosphopeptide from various substrates including 

phosphorylated cell cycle regulator,  Cyclin E216. Another well-studied CRL4 receptor 

is CRBN, for which chemotherapeutic thalidomide analogs such as pomalidomide act 
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as molecular glues to neo substrates including zinc finger domain transcription factors 

in the Ikaros family188,189.   

 

 

Figure 3.5 K48-specific UBE2G1 and UBE2R2 displays striking sensitivity to acceptor lysine 

architecture. (a) The K48 UB chain forming UBE2G1 and UBE2R2 enzymes strongly prefer 

the K48UBC4 acceptor in the absence of the E3 (upper panel). The K48UBC1-5 series demonstrates 

equal reactivity with the K63 UB chain forming E2 UBE2N/UBE2V1 in the absence of the E3 

(lower panel) (b) The K48 UB chain forming UBE2G1 and UBE2R2 enzymes strongly prefer 

the K48UBC4 acceptor in the presence of NEDD8-CRL4 and NEDD8-CRL1 respectively (upper 

panel). The K48UBC1-5 series demonstrates equal reactivity with the K63 UB chain forming E2 

UBE2N/UBE2V1 in the presence of the RNF4 E3 (lower panel). (c) The K48 UB chain forming 

UBE2G1 and UBE2R2 enzymes strongly prefer the native acceptor, in the presence of K48UB 

C1-5 analogs were sortased to the substrate peptides: IKZF1 ZF23 and phospho-cyclineE 

respectively. 
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One drawback to the diUB synthesis assay is that the reactivity of the acceptor UB 

may differ substantially when attached to an E3-bound protein substrate188,189. To 

address this, sortase-mediated transpeptidation was employed to append both CRL1- 

and CRL4-based substrates (a cyclin E phosphopeptide and IKZF1 zinc fingers 23, 

respectively) to a UB from the K48UBC1-5 suite and reacted in the presence of E3s and 

UBE2R2 or UBE2G1, respectively112,191. Even in this context, only in the presence of 

a native lysine considerable UB-chain elongation was observed (Figure 3.5 c).  

 

 

 

Figure 3.6 UBC4’s recombinant UB (UBC4 Bio) and K48UBC5 1D and 2D proton NMR spectra are 

greatly superimposable. (a) 2D Nuclear Overhauser effect spectroscopy (NOESY) spectra 

recorded for UBC4 (blue), UBC4 Bio (pink) and K48UBC5 (purple) at 298K. (b) 1D spectra recorded 

for UBC4 (blue), UBC4 Bio (pink) and K48UBC5 (purple) at 298K. (c) 2D Nuclear Overhauser effect 

spectroscopy (NOESY) spectra recorded for UBC4 (blue), UBC4 Bio (pink) and K48UBC5 (purple) 

at 310K. (d) 1D spectra recorded for UBC4 (blue), UBC4 Bio (pink) and K48UBC5 (purple) at 310K. 

The 1D spectra show signals from amide protons (6 – 10 ppm), Cα-protons (3.5 – 6 ppm), and 

methyl protons (-0.5–1.0 ppm). The 2D NOESY spectra show NOE interactions between 

amino acid side chain protons (y-axis) and amide protons (x-axis). 
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Moreover, as a control, K48UBC1-5 suite was assayed with K63 specific UBE2N/UBE2V1 

complex, producing nearly equivalent amounts of free diUB chains with UB mutants, 

with or without RNF4 E3 (Figure 3.5 a,b). As an additional control for proper synthetic 

UBs folding, proton nuclear magnetic resonance spectroscopy (NMR) was carried out. 

The measurement was run for UBC4 Bio (recombinant UB derived from E.coli), synthetic 

UBC4 and K48UBC5. Overall, the spectra were superimposable and showed good 

dispersion. Few resonances variability, presumably were caused by sequence 

differences between three UBs (Met1 in UBC4 Bio was replaced by NorLeu in synthetic 

UBs, longer K48 side chain in K48UBC5) (Figure 3.6). In summary, the synthetic UBs 

show wild type-like folding and behavior in the assays. K63- and K48-specific E2 

enzymes employing different modes of acceptor UB recruitment are nevertheless 

highly specific for lysine architecture.  

 

3.1.4 A HECT E3 enzymes display exquisite sensitivity on acceptor lysine 

architecture 

 

Next, we examined if this remarkable preference for the native lysine also occurs in 

the context of HECT E3 ligase family. These E3 ligases are known to transfer UB from 

E2 to HECT domain’s catalytic cysteine and then to the substrate lysine69.  The 

NEDD4-1 ligase, the eponymous member of the NEDD4 family of HECT ligases, and 

its yeast ortholog Rsp5p75 were assayed. Both E3s are well-known to form K63-linked 

chains74,102.  Nevertheless, efficient diUB formation was only found for K63UBC4 

acceptor, while no detectable amount of diUB was formed with K63UBC1-3 or K63UBC5 

(Figure 3.7 a). Additionally, Rsp5p’s substrate degron peptide of Sna4p was linked to 

K63UBC5 in a sortase-mediated transpeptidation reaction. Substrate targeting was only 

observed in the presence of native lysine (Figure 3.7 c). Similar to the other reactions 

assayed here, discharge is equally maintained when NEDD4-1and Rsp5p were 

assayed in the presence of the K48UBC1-5 analogs (Figure 3.7 b). In summary, K48- and 

K63 specific E2s and E3s showed striking specificity for lysine architecture within an 

acceptor UB. The phenomenon was discovered, not only for different modes of 

acceptor UB recruitment but for distinct active site architectures as well (E2~UBD 

versus HECT E3~UBD).  
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Figure 3.7 K63-specific Rsp5p and NEDD4 HECT E3 ligases display striking sensitivity to 

acceptor lysine architecture. (a) The K63 UB chain forming Rsp5p and NEDD4 HECT E3 

ligases strongly prefer the K63UBC4 acceptor. (b) The K48UBC1-5 series demonstrates equal 

reactivity with the K63 UB chain forming Rsp5p and NEDD4 HECT E3 ligases (c) The K63 UB 

chain forming Rsp5p strongly prefers native acceptor geometry, in the presence of K63UB C14-5 

analogs sortased to Sna4p substrate peptide. 

 

3.1.5 K11-specific enzyme UBE2S displays lack of preference for acceptor 

lysine architecture 

 

Given the results so far, we wondered, whether different linkage-specific enzymes 

might also rely on native lysine architecture. The E2 UBE2S, which forms K11 diUB 

chains, seemed like an interesting candidate, as it is thought that UBE2S harbors an 

incomplete active site which is complemented by several acceptor UB side chains101. 

UB-assisted catalysis of UBE2S was not easy to assay, as this E2 poorly synthetizes 

diUB chains on its own. This was overcome by fusion of UBE2S’s catalytic domain to 
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the UB-binding domain: IsoT (UBE2S_IsoT)101. Intriguingly, UBE2S_IsoT did not show 

any  

 

 

Figure 3.8 K11-specific UBE2S displays lack of preference for acceptor lysine geometry. (a) 

The K11 UB chain forming UBE2S_IsoT displays equal reactivity towards K11UBC2-C5 acceptors. 

(b) E34D K11UBC2 mutation does not perturb diUB formation catalyzed by UBE2S_IsoT. (c) The 

K11 UB chain forming UBE2S displays equal reactivity towards K11UBC2-C5 acceptors in the 

presence of APC (upper panel). The K48UBC1-5 series demonstrates equal reactivity with the 

K11 UB chain forming UBE2S in the presence of APC (lower panel). (d) The K11UBC1-5 series 

demonstrates equal reactivity with the K63 UB chain forming UBE2N/UBE2V1 in the absence 

(left panel) and presence (right panel) of RNF4 RING E3 ligase. 
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specificity for acceptor side chain length, when tested with K11UBC2-5 analogs (Figure 

3.8 a). It was previously shown that E34 of the acceptor UB plays a role in UBE2S’s 

diUB catalysis, via K11 orientation and pKa suppression101. Thus, the E34D mutation 

was designed to test, whether shortening of the “guiding” amino acid would influence 

K11UBC2’s ability to act as an acceptor. All tested mutants did not show any significant 

defects, suggesting that UBE2S mode of action strongly relies on more than one amino 

acid and can not be simply examined (Figure 3.8 b). Further, K11UBC1-5 suite was tested 

in the presence of the APC/C E3, which stimulates UBE2S activity via RING domain 

recruitment of acceptor UB37,217. Similarly, no strong preference was observed for any 

acceptor lysine side chain length (Figure 3.8 c). Detected activities were not due to 

inappropriate UBs folding, as K11UBC1-5 analogs were fully active as acceptors in K63-

dependent UBE2N/UBE2V1 reactions (Figure 3.8 d). 

 

3.1.6 Promiscuous UBE2D3 activity is impacted by K48 side chain   

 

Motivated by the observation that UBE2S is less sensitive to lysine architecture, we 

next sought to characterize the ubiquitin chain forming enzyme UBE2D3 (aka 

UBCH5C). UBE2D3 activity is particularly perplexing, as it collaborates with a large 

swath of E3s, can transfer UB to numerous protein substrates as well as to active site 

cysteines in HECT- and RBR-family E3s, and generates a range of branched UB chain 

linkage types involving UB residues such as K11, K48 and K6320,111,218-220. First, 

absolute quantitation by Mass Spectrometry (MS) was used to determine diUB 

products formed by UBE2D3 in a pulse-chase assay format. Under the tested 

conditions, K63 and K11 linkages were made preferentially (Figure 3.9 a).  Next, the 

same assay was performed in the presence of K11UBC5, K48UBC5, or K63UBC5 acceptors. 

We were intrigued by the observation that when a K48UBC5 acceptor is added to 

UBE2D3~UBD, the mobility of the diUB products differed on an SDS-PAGE gel, in 

comparison to the wild type UB.  Because ubiquitin’s high stability, coupled with varying 

conformations and compactness of different diUB chains could cause variable 

migrations on SDS-PAGE, the result hinted at the formation of several different linkage 

types amongst the diUB products (Figure 3.9 b). 
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Figure 3.9 UBE2D3 produces different diUB linkages in the presence of K48UBC5 analog. (a) 

Distribution of diUB linkages produced by UBE2D3 with wild type UBA. (b) Fluorescent gel 

scan after the UBE2D3 reaction with various UBC5 analogs. Different diUB gel mobility can be 

noticed in the presence of K48UBC5, indicating chain redistribution 

 

To compare these reaction products, a targeted mass spectrometry strategy was 

developed to quantify the distribution of UB chain linkage types in the presence of 

K11UBC5, K48UBC5, or K63UBC5 compared to the distribution of UB chain linkage types 

produced in the presence of wild type acceptor UB. Addition of K11UBC5 and K63UBC5 

did not change diUB’s linkage-type in comparison to UBC4 (Figure 3.10 a-c).  

Remarkably, the increase of K48 by one methylene group drastiacally altered, which 

residue preferentially accepts UB in the course of chain building. First, the 

redistribution of K63 and K11 linkages was observed. Second, there was an increase 

in formation of non-preferred linkage types: K27, K29 and K33 (Figure 3.10 c,d). Thus, 

the promiscuous ubiquitylating enzyme depends on the location of the UBC4 acceptor 

lysines. 
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Figure 3.10 The location of the UB lysine mutation determines the distribution of diUB linkage 

types produced by UBE2D3. (a) The bar graph comparing chain types produced with K11UBC5 

to wild type UB as an acceptor. (b) The bar graph comparing chain types produced with K63UBC5 

to wild type UB as an acceptor. (c) Heatmap showing relative fold-change of diUB linkage type 

produced (rows) by UBE2D3/RNF4 when assayed with C5 acceptors (columns) compared to 

reactions with a UBC4. (d) The bar graph comparing chain types produced with K48UBC5 to wild 

type UB as an acceptor. N.D- not detected.  

 

3.1.7 Molecular dynamics reveal impact of side chain architecture 

 

Molecular dynamics (MD) simulations were run to reveal how addition of a hydrocarbon 

to the acceptor side chain at the position 11, 48, and 63 may influence UB structure. 

Two separate, 50-ns long runs showed that the overall UB globular fold (amino acids 

1-70) was maintained with 1.618, 1.271, 1.209 and 1.494 Å average Cα Root Mean 

Square Deviation (RMSD) for native UBC4, K11UBC5, K48UBC5 and K63UBC5, respectively. 
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However, other relative differences for all UBC5s were observed. Firstly, the range of 

potential distances between side chain amine for C5 and α carbon was  

 

 

Figure 3.11 C5 acceptor side chain displays increased range of distances from α carbon. 

 

increased (Figure 3.11). Thus, this would mean the greater radius to the C5 side chain 

when the backbone would be considered the axis of rotation. Secondly, the potential 

number of rotamers was expanded from 81 (C4) to 273 for C5 side chain (C4: C5 

rotamer ratios were 56:82, 65:117 and 43:96 at the positions 11, 48 and 63, 

respectively). Lastly, the dynamics of χ angles changed, especially χ4, which fluctuated 

more frequently, for C5, between the three rotamer bins. 
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Figure 3.12 Molecular dynamics reveal various structural perturbations for UBC5 analogs. (a) 

Schematic representation of nucleophilic attack of acceptor lysine on E2~UBD with χ4, φ and 

ψ angles depicted. (b) Bar graph showing χ4 angles dynamics for UBC5 analogs in comparison 

to UBC4. (c) Bar graph showing φ angles dynamics for UBC5 analogs in comparison to UBC4. 

(d) Bar graph showing ψ angles dynamics for UBC5 analogs in comparison to UBC4. (e) Bar 

graphs showing rotamer interconversions for various side chains in UBC5 analogs. 

 

Hence, this would result in more rapid fluctuation of side chain amine (Figure 3.12 b). 

Additionally, the φ and ψ angles fluctuated more for K48UBC5 and K63UBC5 (Figure 3.12 

c,d), increasing number of allowable φ/ψ combinations (C4: C5 ratios were 185:175, 

138:169 and 73:90 for residues 11, 48 and 63, respectively). Taken together, more 

states were accessible for C5 (backbone and rotamer combinations), with over 1000 

additional states for K48UBC5 and K63UBC5 (C4: C5 ratios were 2,942:3,016, 2,942:4,261 

and 1,188:2,561 at the residues 11, 48 and 63, respectively) (Figure 3.12 e). 

 

Further, additional simulations were performed to unveil a potential effect of longer 

lysine side chain in diUB formation. UBE2N~UBD/UBE2V1/UBA complex is one of the 

structurally characterized complexes, where acceptor lysine, in this case K63, points 

towards the thioester-linked donor UB, but it is 12.5 Å away53,100. Nonetheless, the 

acceptor K63 intermediate was adapted, based on enzymology constraints, previous 

crystal structures and modeling221,222. Similarly, to the simulations with UB alone, three 

independent, 25 ns long MD simulations demonstrated that C5 acceptor favorably 

adopts extended conformations. Furthermore, rotamers were fluctuating more 

frequently (Figure 3.13 b,c). Even though side chain’s amines of C4 and C5 maintained 

a comparable distance to the active site of UBE2N~UBD (Figure 3.13 a), two important 

differences could be noticed between the simulations. Firstly, for the longer time of 

simulation, the native lysine employed more favorable trajectory to approach the active 

site. In contrast, the rotamers of C5 were changing more often and the active site was 

accessed from different angles (Figure 3.13 d,e).  Secondly, the active site gate loop 

of UBE2N (residues 115-120) deviated greatly in the presence of longer acceptor.  

Intriguingly, the gate loop stabilizes interactions between UBE2N and donor UB’s C-

terminus, placing the acceptor lysine in the proper position for nucleophilic attack and 

ensuring proper configuration of catalytic residues221,223. Disruption of the active site 

gate loop conformation, as found for C5, possibly could favor non-catalytic 

configurations (Figure 3.13 f,g).  
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Figure 3.13 Molecular dynamics reveal various structural perturbations for UBC5 analogs in 

the presence of the UBE2N~UBD/UBE2V1/UBA complex. (a) Distance distribution for K63UBC5 

and UBC4 from acceptor lysine amine to α carbon. (b) Bar graph showing φ and ψ angles 

dynamics for K63UBC5 in comparison to UBC4 within UBE2N~UBD/UBE2V1/UBA complex (c) 

Bar graph showing rotamer interconversions for K63UBC5 in comparison to UBC4 within 

UBE2N~UBD/UBE2V1/UBA complex. (d) Rose plot showing angle and distance of UBC4’s 

acceptor lysine side chain amine relative to UBE2N’s active site. (e)  Rose plot showing angle 

and distance of K63UBC5’s acceptor lysine side chain amine relative to the UBE2N’s active site. 
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(f) RMSD of UBE2N’s gate loop, when run with UBC4. (g) RMSD of UBE2N’s gate loop, when 

run with K63UBC5. 

 

3.1.8 Kinetic parameters are impacted by UB acceptor lysine 

 

To provide mechanistic insight into a preference for UBC4, quantitative kinetic 

experiments were carried out.  These required conditions, in which it was possible to 

obtain quantifiable amounts of product for UBC5. Considerable increase of reaction 

times as well as protein concentrations allowed to detect diUB formation by the E2s 

UBE2R2, UBE2N/UBE2V1 (with or without E3 RNF4) and by the HECT E3 Rsp5p.  

 

Figure 3.14 UBC5 analogs impact the rate of UBE2N/UBE2V1’s and UBE2R2’s catalysis but 

not the pKa. (a) Reaction velocities, performed in the presence of wild type UBE2N/UBE2V1, 

plotted as a function of pH. Either UBC4 (left panel) or K63UBC5 (right panel) were used as 

acceptor. (b) Reaction velocities for UBC4 and K63UBC5, performed in the presence of UBE2N 

K92R/UBE2V1, plotted as a function of pH. (c) Reaction velocities for UBC4 and K48UBC5, 

performed in the presence of UBE2R2, plotted as a function of pH. 
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The experiments with both E2s demonstrated similar profiles and the results were 

consistent with the striking effects from the pulse-chase assays (Figure 3.14 b,c).  

Specifically, the values of kcat for UBC5s were lower by 16-fold and 14-fold for 

UBE2N/UBE2V1 and UBE2R2, respectively (Table 3.1; Figure 3.14 b,c). While a 

variety of perturbations can affect enzyme activity, inability to activate attacking 

acceptor lysine amine or weakening of the binding affinity of the acceptor UB for the 

E2 are quite frequent48,83,101. A cutting-edge study on UBL SUMO proposed that pKa 

suppression of the acceptor lysine is, at least in part, achieved through the active site 

complementation83. More specifically, several E2 active site residues considerably 

suppress the substrate lysine pKa through stabilizing interactions that compensate for 

the energetic penalty of desolvation83,85. In spite of being unable to measure apparent 

pKa for E3-dependent reactions, as a result of loss of enzymatic activity at high pH, 

apparent pKa values were determined for E2-catalyzed reactions.  

 

E2/E3 UB Lys pKa
app kobs (hr -1) 

top pH 

KM (10-6 M) kcat (hr -1) 

UBE2N/V1 C4bio
 K63   190 6.1 

UBE2N/V1 C4 K63 8.9 15.8 398 3.4 

UBE2N/V1 C5 K63 9.0 0.58 284 0.21 

UBE2N/V1 + 

RNF4 

C4 K63   23 39.1 

UBE2N/V1 + 

RNF4 

C5 K63   58 9.3 

UBE2R2 C4 K48 6.6 2.67 528 15.8 

UBE2R2 C5 K48 7.3 0.028 1940 1.1 

Rsp5p C4 K63   21 1.11 

Rsp5p C5 K63   335 0.44 

 

Table 3.1 Estimates of kcat, KM, and pKa
app for various E2s and E3s, assayed with UBC4 ,K48UBC4 

and K63UBC4. 

 

As such, UBE2N/UBE2V1 activity (where UBE2N harbors a K93R mutation to reduce 

auto-ubiquitylation at higher pH)100,  was assayed with either UBC4 or  K63UBC5 under 

different pH conditions (Table 3.1; Figure 3.14 b). As both, kcat and KM values may 
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exhibit pH-dependent effects alone, the apparent pKa values should be interpreted with 

caution. However, the model where a single ionizing residue is responsible for the kcat 

dependency on pH, fits the best to the data (Figure 3.14 b). 

 

Yet surprisingly, both UBC4 and K63UBC5 share similar apparent pKa values (8.9 and 9.0, 

respectively; Table 3.1; Figure 3.14 b). Alongside experiments with UBE2R2, again 

demonstrated similar apparent pKa values (6.6 and 7.3 for UBC4 and K48UBC5 

respectively Table 3.1; Figure 3.14 c). For both, UBE2N/UBE2V1 and UBE2R2, 

apparent pKa values differences were not sufficient to explain the change of diUB 

formation rate while using UBC5 in comparison to UBC4 at elevated pH (almost 100-fold 

at pH 9.7 for UBE2R2, Table 3.1). Further, the KM values were estimated for UBC4 and 

K63UBC5 in the presence of UBE2N/UBE2V1 and UBC4 and K48UBC5 for UBE2R2. The 

observed two-fold and four-fold binding defects for UBC5, respectively, suggested 

similar affinities for acceptor UB bearing either native lysine or C5 (Table 3.1; Figure 

3.15 a,c). Taken together, the observed defects in catalysis emerge from other effects 

of the longer side chain in the acceptor UB. 

An E3 stimulating E2 activity, may influence the mechanism responsible for acceptor 

UB lysine specificity. RNF4 RING greatly impacted diUB formation catalyzed by 

UBE2N/UBE2V1(KM for acceptor UB was lowered and kcat was increased by 17-fold 

and 11-fold for K63UBC4 and K63UBC5 respectively (Table 3.1, Figure 3.15 b). However, 

only mild effects were found for kcat (~4 fold) and KM (~2.5 fold) while carrying out the 

assay with K63UBC5 (Figure 3.15 b). Thus, the detected effects were not greater than 

those without E3.  

Conversely, a kinetic measurement that was done for the HECT E3 Rsp5p highlighted 

a significantly lower KM (16-fold) for the UBC4 in comparison to K63UBC5, while kcat was 

mildly affected (~2.5-fold) (Table 3.1, Figure 3.15 d). Collectively, a diverse spectrum 

of outcomes of the acceptor lysine side chain on different E2s and E3s was observed 

in the kinetic results. 
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Figure 3.15 UBC5 analogs differently impact KM for UBE2N/UBE2V1, UBE2N/UBE2V1+RNF4, 

UBE2R2 and Rsp5p (a) Reaction velocities, performed in the presence of UBE2N/UBE2V1, 

plotted as a function of UBA concentration.  (b) Reaction velocities, performed in the presence 

of UBE2N/UBE2V1+RNF4, plotted as a function of UBA concentration.  (c) Reaction velocities, 

performed in the presence of UBE2R2, plotted as a function of UBA concentration. (d) Reaction 

velocities, performed in the presence of Rsp5p, plotted as a function of UBA concentration.   
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3.2 Structural studies of K48-linked UB chain forming complex 

 

3.2.1 UBE2R preference for CRL2 

 

K48-linked UB chains control proteasomal degradation of plenty of substrates, thus 

playing an important role in maintaining cellular homeostasis. One of the major classes 

of E3 ligases, CRLs, are responsible for more than 20% of all degradation events132.  

 

Figure 3.16 UBE2R preference for CRL2. (a) CRL2’s Hif1 substrate gets stabilized in 

UBE2R1/2 double knockout cell lines. Adapted from Hill et al. 2019112. (b) Quantitative 

comparison of CRL2’s and CRL1’s substrates in HEK 293T and UBE2R1/2 double knockout 

cell lines. Adapted from Hill et al. 2019112. (c) Main genetic determinants of targeted protein 

degradation identified by CRISPR/Cas9. Adapted from Mayor-Ruiz et al. 2019192. 
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CRLs were first discovered, over a quarter century ago, and studied in budding yeast 

Saccharomyces cerevisiae106,110,134,224. Initial observations included the importance of 

different F-box proteins for proteasomal degradation and an essential role of Cdc53 

(yeast CUL1) and Cdc34 (yeast ortholog of UBE2R) in this process134. To this date 

most of the studies on mechanisms of CRL-mediated K48-linked chain formation focus 

on UBE2R in the context of SCF31,52,81,111-113,116,124,125,225. Thus, initial structure 

determination efforts, for this project, were targeting SCF system. In more details, 

trapped complexes were made, consisting either CUL1FBW7 with a CyclinE substrate 

peptide or CUL1TRCP1 with a I substrate peptide and UBE2R-diUB intermediate. 

Similar stabilization strategies were used, as described in sections 3.2.2 and 3.2.3. 

The lack of rigidity of the examined complexes limited the resolution and did not lead 

to a < 7Å reconstructions.  

 

Interestingly, recent studies have shown that no model SCF substrate (CyclinE, p27, 

I and -Catenin) was stabilized in UBE2R1/2 double knockout HEK 293T cell 

lines112.  This surprising result suggested that SCF’s substrate degradation must be 

complemented by another K48-linked chain forming enzyme. UBE2G1, known to work 

with CRL4, was found to ubiquitinylate SCF substrates in the absence of UBE2R1/2 

and buffer their loss in the cells112,131. Strikingly, Hif1, a CRL2 substrate was stabilized 

in UBE2R1/2 double knockout cell lines (Figure 3.15 a,b)112.  

 

Another study, investigating genetic determinants of targeted protein degradation, 

performed a CRISPR/Cas9 knockout screen in the presence of different PROTACs192. 

Consistent with well-established knowledge, CRL4 and CRL2 substrate receptors 

were identified as well as UBE2G1, which was previously characterized to target CRL4 

neomorphic substrates191,192,226. Notably, CRL2-dependent neosubstrate degradation 

was dependent on UBE2R2 (Figure 3.16 c)192.  

 

Intrigued by these results, suggesting specific UBE2R collaboration with CRL2, site-

by-site polyubiquylation assays were performed. Hif1 and the SCF substrate CyclinE 

were tested in a multiturnover assay in the presence of UBE2R1 and UBE2R2 (Figure 

3.17 a). The experiment has shown significantly faster polyubiquitylation of the CRL2 

substrate for both versions of UBE2R (Figure 3.17 a). Moreover, a pulse-chase assay 

was run, where CUL-dependent UBE2R~UBD discharge and formation of diUB* was 
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observed. Once more, CUL2-stimulated UBE2R chain synthesis was more efficient 

(Figure 3.17 b). Additionally, kinetics studies in collaboration with Gary Kleiger from 

the Department of Chemistry and Biochemistry, University of Nevada, Las Vegas, NV, 

USA identified a substantial 28-fold decrease in UBE2R2 KM to CRL2 in comparison to 

CRL1 (data not shown). These experiments, as well as previously published data, 

constituted a rational to switch to a CRL2-VHL complex to structurally study 

mechanisms of K48-linked chain formation by UBE2R. 

 

 

 

Figure 3.17 UBE2R catalysis is faster in the presence of CRL2. (a) Multiturnover assay 

comparing UBE2R-catalyzed CyclinE and Hif1 substrates polyubiqutination in the presence 

of CRL1 and CRL2, respectively. (b) Pulse-chase assay comparing CRL-stimulated diUB 

formation catalyzed by UBE2R. 

 

3.2.2 Electrophilic probe enables mimicking native tetrahedral intermediate  

 

In order to visualize fast enzymatic reactions, protein complexes have to be trapped in 

a certain, active conformation. Recent advances in cryo-EM, as well as chemical 

biology tools allowed to capture E2s and E3s in action. Cysteine chemistry was used 

to form a disulfide bond between activated substrate-UBD fusion and the catalytic 

cysteine of UBE2D3, which allowed to solve the first structure of the whole 

monoubiquitylating  CRL1TRCP1 complex50. Moreover, CRL1SKP2-RBR ARIH1 complex 

structure was determined explaining the mechanism of UBD transfer from UBE2L3 to 

ARIH1 in CRL1-dependent manner and ARIH1-mediated substrate 

monoubiquitylation97. Capturing these transient intermediates was enabled by the use 

of a UBE2L3-UBD
 activity-based probe to trap ARIH1’s catalytic cysteine and 
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dehydroalanine chemistry to mimic the substrate-UBD-ARIH1 transition state97. 

Stability of the intermediates was ensured by three-way crosslinks between enzymes, 

UBD
 and substrate. A similar approach was taken to peruse structural studies of 

polyubiquitin chain formation catalyzed by UBE2R1.  

 

To mimic a tetrahedral intermediate between UBE2R1~UBD and the attacking acceptor 

K48 of substrate-linked UBA’s (Figure 3.18 a) the activity-based diUB probe strategy 

was employed, previously described and designed for DUBs227. As discovered and 

shown in the previous result section (3.1) the acceptor lysine geometry is a major 

determinant of UB code228, thus the probe had to fully resemble native intermediate 

(Figure 3.18 b). 

 

 

 

Figure 3.18 Electrophilic probe enables mimicking native tetrahedral intermediate. (a) Cartoon 

representation of the native tetrahedral intermediate. (b) Cartoon representation of the 

electrophilic probe used in this study. 

 

3.2.2.1 UBE2R1 single cysteine version generation 

 

The trapping strategy used in this study was based on cysteine chemistry. As such, a 

UBE2R1 single cysteine version had to be generated. UBE2R1 contains 2 additional, 

tail-based cysteines: proximal C191 and distal C223, apart from the catalytic one.  

First, C223A and C191 mutations to smaller hydrophobic residues were tested in a 

multiturnover assay, to test for obvious catalytic defects (Figure 3.19). 
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Figure 3.19 Multiturnover assay screen for single cysteine mutants of UBE2R1. 

 

 

 

Figure 3.20 (a) Pulse-chase assay screen for double cysteine mutants of UBE2R1. (b) UBD 

A46V mutation rescues activity of UBE2R1 C191I C223A 
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An initial screen revealed a couple of cysteine mutant pairs, which were further tested 

in the more sensitive pulse-chase assay format (C191A C223A; C191V C223A; C191I 

C223A) (Figure 3.20 a). As the UBE2R1 double cysteine mutant’s activity was not fully 

rescued, additional compensatory mutations were introduced on the UBD site. A recent 

crystal structure pointed out the importance of C191 in UBD
 A46 binding115. As such: 

A46M, A46V, A46S, A46L, A46I UBD were made, tested for E1 loading and further 

assayed with UBE2R1 C191I C223A (data not shown). In summary, the WT-like 

activity was fully rescued by UBD’s A46V mutation (Figure 3.20 b) and these versions 

were further used for structural studies. 

 

3.2.2.2 Electrophilic probe validation 

 

First, UBA K48C was linked in a sortase-mediated transpeptidation reaction to the 

model substrate peptide, the N-terminus of Hif1 229. Second, a diUB-Hif1 probe was 

made, installing a reactive electrophile between UBs (see Method section for details, 

Figure 2.1).  

 

 

 

Figure 3.21 The electrophilic probe specifically reacts with catalytic cysteine of UBE2R1. 

UBE2R1 trapping depends on CRL2VHL-UBE2R1 complex assembly. 
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To validate the probe reactivity, a control experiment was performed. Importantly, the 

trapping reaction depended on the catalytic cysteine, as UBE2R1 C93A did not show 

any reactivity (Figure 3.21). Additionally, trapping relied on the whole CRL2VHL complex 

assembly, as UBE2R1 1-187 (tail, deficient in binding to CUL2) failed to react with 

the probe (Figure 3.21). All in all, validated probes as well as the UBE2R1 C191I 

C223A UBD A46V mutants were taken further to peruse cryo-EM of UBE2R1-mediated 

UB chain formation in the presence of CRL2VHL. 

 

3.2.3 Structural studies of polyubiquitylation by cryo-EM 

 

In order to ensure maximum complex stabilization for transient K48-linked UB chain 

formation, apart from the chemical probes, additional strategies were used. First, 

CC0651 inhibitor129 was added to stabilize UBE2R1-UBD closed conformation. 

Second, the complex was crosslinked with glutaraldehyde. Figure 3.22 demonstrates 

representative gels from independent complex preps before crosslinking and SEC. 

Relatively higher probe reactivity (Figure 3.22, lane 4), in comparison to other samples, 

resulted in more stable complex formation, underlining the importance of highest 

possible trap quality.     

 

 

 

Figure 3.22 Representative gels depicting complex formation reactions used for cryo-EM. 

Samples were submitted to SEC before plunging. 
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Obtained Krios dataset, from the sample shown in Figure 3.22, lane 4,  led to a map 

of 4.2 Å resolution, giving an insight into the mechanims of UB chain formation 

catalyzed by UBE2R1. Briefly, four maps were generated, one global one (map 1) and 

three focused ones concentrating on substrate receptor VHL-ELOB/C (map 2), CUL2 

(map3) and catalytic core with CUL2 CTD (map 4). The processing scheme is depicted 

in Figure 3.23 and parameters of all maps are included in Figure 3.24. All complex 

components are illustrated in Figure 3.25a. Following sections discuss important 

features of the generated model.   

 

3.2.3.1 Cryo-EM data analysis  

 

Following crystal structures were fitted to the obtained density: 1LM8 (ELOB/C-VHL-

Hif1), 4MDK (UBE2R1-UBD), 5N4W (CUL2-RBX1) and 3CMM (UBA)92,129,155,230. Due 

to the lack of high resolution data in crucial parts of the complex, especially in the 

catalytic core, the structure couldn’t be build and extensively analyzed on side chain 

position level. As such, the Namdinator software was used to place crystal structures 

into the density231.  A global map with colour coded, fitted proteins is depicted in Figure 

3.25 b. Overall, almost all complex components are visible expect CUL2’s WHB 

domain and NEDD8. Crystal structure of substrate receptor VHL and substrate adaptor 

ELOB/C fits very well into the map and the Hif1 peptide density, bound to VHL, can 

be observed (Figure 3.26 b)92. There is no obvious conformational change. 

Additionally, CUL2 NTD-ELOC-VHL binding mode seems to be preserved as well177.  

Catalytic core components: UBE2R1, UBD
, UBA and RBX1 were docked separately, as 

there is no structure available visualizing UBE2R1-diUB active conformation. The map 

contains clear density for both UBs, however the crucial loops and side chains, 

especially for UBA are not present (Figure 3.26 c). UBE2R1’s secondary structures, 

especially helix1, crossover helix and helix-turn-helix motif can be easily spotted and 

placed into the density (Figure 3.26 c). 
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Figure 3.23 Processing workflow of Titan dataset, done in RELION 4.0195.  
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Figure 3.24 Obtained maps parameters. (a) Local resolution plot. (b) Angular distribution of 

particles. (c) FSC curves. 
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Figure 3.25 (a) Schematic representation of all the complex components. (b) Cryo-EM map 

with fitted crystal structures: 1LM8 (ELOB/C-VHL-Hif1), 4MDK (UBE2R1-UBD), 5N4W 

(CUL2-RBX1) and 3CMM (UBA). 

 

Nonetheless, the loops and some parts of the -sheet modelling awaits higher 

resolution structure. Finally, RBX1’s RING domain was easily docked, binding 

UBE2R1, UBD and CUL2 CTD. Furthermore, the 5N4W CUL2-RBX1 crystal structure 

was placed into the map (Figure 3.27 b)155. The apo E3 conformation did not resemble 

observed CUL-Repeat 3 (CR3) and CTD architecture. The CR3, 4HB and C/R domains 

active arrangement substantially differs from the previous structure (Figure 3.27 c)155. 

Additional loops, not present in the crystal structure can be observed.  Moreover, 

significant RBX1’s RING domain displacement can be noticed (Figure 3.27 c). Both, 

CUL2’s CTD and RBX1’s rearrangements seem to happen to bring E2-UBD into the 

proximity of substrate-UBA-bound VHL for efficient catalysis.  

 

 

Figure 3.26 (a) Cryo-EM map with fitted crystal structures and marked area of interests shown 

in this figure. (b) ELOB/C-VHL and Hif1 density with fitted crystal structure (PDB 1LM8). (c) 
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UBE2R1-UBD-UBA-RBX1 density with fitted crystal structures (4MDK (UBE2R1-UBD), 5N4W 

(RBX1) and 3CMM (UBA)). 

 

Figure 3.27 (a) Cryo-EM map with fitted crystal structures and marked area of interests shown 

in this figure. (b) Cryo-EM map CUL2 density with fitted apo crystal structure of CUL2-RBX1 

(PDB 5N4W).  (c) Comparison of apo crystal structure of CUL2 and Namdinator-modelled 

CUL2, based on obtained Cryo-EM map. (d) Comparison of apo crystal structure of RBX1 and 

Namdinator-modelled RBX1, based on obtained Cryo-EM map. 

 

3.2.3.2 UBE2R1’s catalytic site, UBD
 and UBA

 interactions  

 

As noted above, the catalytic core resolution did not allow side chain modelling. 

However, many important features arise from docked UBE2R1-UBD-UBA-RBX1. First, 

the UBD
 position fairly resembles previously observed E2-UBD

 conformations56,115,129. 

The I44 and R54 point towards S129 and E133, previously identified as important for 

UBD
 positioning (Figure 3.28 a). Additionally, the RBX1’s RING domain situates UBD

 in 

well known, closed conformation with linchpin R46 sandwiched between UBE2R1 and 

UBD
 (Figure 3.28 b). The position and orientation of UBA in complex with UBE2R1 

remained elusive for years. Previous investigations, based on molecular modelling, 

have identified UBA’s R54 and UBE2R’s D143, as residues playing a role in acceptor 
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UB binding116. Modelled location of UBA in this study confirms the importance of these 

amino acids (Figure 3.29 a). 

 

Figure 3.28 UBE2R-UBD interactions. (a) Key residues playing a role in UBE2R1-UBD
 binding. 

(b) Linchpin arginine sandwiched between UBE2R1 and UBD. 

 

Even though, the exact positions of side chains of interest can not be determined, they 

definitely belong to UBE2R1-UBA
 interface (Figure 3.29 a). Close inspection of the 

model allowed to identify two more residues potentially impacting UBA binding to 

UBE2R1.  
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Figure 3.29 UBE2R-UBA interactions. (a) Key residues, previously and newly identified, 

playing a role in UBE2R1-UBA
 binding58,116. (b) diUB pulse-chase assay showing the 

importance of UBA’s D58 and UBE2R1’s R149 in UBA recruitment. (c) Superposition of 

UBE2K-UBA
 crystal structure (PDB 7OJX) with UBE2R1-UBA model obtained from Cryo-EM 

data.  

 

As such, UBA’s D58R and UBE2R1’s R149E mutations were tested in a diUB formation 

assay (Figure 3.29 b). The experiment indicated importance of D58 and R149 in 

polyubiquitylation, as both mutants almost completely abolished diUB formation. 

Indeed, R149 was previously suggested to play a role in acceptor UB binding58. 

Interestingly, the position of UBA in UBE2R1-UBA complex differs from the one 

identified in a recent crystal structure of K48-linked UB chain former UBE2K (Figure 

3.29 c)53. It appears that the same patch of UBA is bound by a different part of UBE2R1, 

suggesting diverse mode of action. It is worth to mention, that UBE2K contains an 

additional UBA domain, which is known to bind and orient acceptor UB53. Furthermore, 

the model discussed in this study was resolved in the presence of substrate and the 

whole CRL2 assembled complex.  

 

Acceptor UB binding to UBE2R1 determines its chain specificity. The above discussed 

interface ensures that K48 points towards the active site. However, precise position of 

UBA’s K48, catalytic cysteine and UBD’s C-terminus remain to be resolved. The 

obtained map does not provide sufficient information to conclude the catalytic site 

conformation. Thus, additional structural studies need to be performed to accurately 

evaluate UBE2R1’s mode of action.  

 

3.2.3.3 UBE2R1’s acidic loop 

 

UBE2R1’s acidic loop plays an essential role in chain formation. Despite many 

biochemical studies revealing its importance, the catalytically active position of the loop 

was never resolved31,116,118-120. Chemical trapping of UBE2R1 in the presence of CRL2, 

mimicking the native intermediate, enabled acidic loop visualization (Figure 3.30 a). 

The loop wraps around the active site, suggesting its role in acceptor K48 positioning 

and/or catalysis, as it was suggested by previous studies31,118. As far as the loop 
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resolution limits its precise modelling, it is worth speculating the position of conserved 

H98. The loop begins with three bulky residues: H98, P99 and P100. The map’s density 

pointed out in Figure 3.30 a suggests HPP position. Moreover, the loop seems to 

contact RBX1’s R91, which was previously proposed (R91 RBX1- D103 UBE2R1) to 

play a role in loop binding (Figure 3.30 b)116. All in all, further structural studies and/or 

modelling needs to be proceeded to unveil the position of the loop’s amino acids.  

 

 

 

Figure 3.30 Acidic loop of UBE2R1. (a) Pointed out density belonging to UBE2R1’s acidic 

loop. (b) Previously identified RBX1’s R91 contacts acidic loop density116.  

 

3.2.3.4 UBE2R1’s acidic tail 

 

UBE2R’s acidic, C-terminal extension plays a role, not only in catalysis of UB chain 

formation, but also in binding to CRL, thus it is essential for its function52,109,124. 
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However, the main postprocessed map, generated in DeepEMhancer, does not 

contain any tail density binding CUL2’s C/R domain (Figure 3.31 a) and therefore, 

additional particle sorting was performed. As such, the additional map was resolved 

with the tail density visible in CUL2’s CTD (Figure 3.31 b).  

 

 

Figure 3.31 Acidic tail of UBE2R1. (a) Cryo-EM map with fitted crystal structures and marked 

area of interests shown in this figure. (b) Pointed out density belonging to UBE2R1’s acidic 

tail. (c) UBE2R1’s acidic tail sequence. Acidic residues are colored in blue. Important 

hydrophobic residues are bolded. (d) Steady state assay examining UBE2R1’s tail truncations. 

(e) Steady state assay examining UBE2R1’s hydrophobic residues mutations. 

 

Yet again, the resolution limited the tail modelling and CUL2’s residues determination, 

responsible for tail-E3 interaction. Nonetheless, it seems that the tail not only binds to 

the previously investigated basic canyon (Figure 3.31 b)125. Earlier studies have 

identified the importance of UBE2R’s tail acidic residues (Figure 3.31 c) in the context 

of SCF52. To ascertain the role of acidic patches in the presence of CRL2, UBE2R1 tail 

truncations were generated and assayed in steady-state conditions.  Consistently with 



 113 

previous results, UBE2R lacking acidic residues in the tail (1-216) failed to catalyze 

Hif1 ubiquitylation (Figure 3.31 d)52,124,125. Moreover, other investigations have 

suggested significance of the tail’s hydrophobic residues (F206, Y207, Y210, Y211, 

Figure 3.31 c)82,126.  Thus, F206G, Y207G, Y210G and Y211G single, double and 

quadruple mutants were made and tested. The single mutations did not show 

significant deficiency, expect Y210G, however the quadruple mutant impaired 

UBE2R’s catalysis substantially. The position of hydrophobic residues, their binding 

mode to CUL2, as well as acidic patch interactions await further structural studies. 

 

3.2.3.5 UBE2R1’s NEDD8 activation 

 

CUL neddylation is required for efficient ubiquitylation145.  Unneddylated CUL remains 

in an autoinhibited state, where WHB contacts RBX1’s RING domain and prevents 

E2/E3 binding146. Upon NEDD8 conjugation to WHB, this autoinhibition is released, 

thus active complex is formed, ready to engage with E2/E3~UBD. Recent cryo-EM 

structures revealed mechanisms of NEDD8 activation in CRL1-UBE2D3, CRL1-ARIH1 

and CRL5-ARIH2 complexes50,82,97. For CRL1-UBE2D3 and CRL1-ARIH1 complexes 

direct NEDD8 engagement was required with E2/E3 and for CRL5-ARIH2, complex 

allosteric activation mechanism was revealed.  

 

 

 

Figure 3.32 The role of NEDD8 in UBE2R1’s activation. (a) CUL2 (PDB 5N4W) and CUL5 

(7ONI) superposition with helix 29’s acidic residues depicted. (b) Pulse-chase compering 

UBE2R’s activity to form Hif1-diUBs in the presence of various CUL2 mutants. 
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These assemblies are well-known to catalyze substrate monoubiquitylation50,82,97. 

However, the role of NEDD8 in UBE2R-dependent chain formation remains unknown. 

Importantly, CUL2 neddylation highly stimulates Hif1 polyubiquitylation (Figure 3.32 

b, lane 1,2) in the presence of UBE2R1. The WHB-NEDD8 are not visible in the 

obtained maps, suggesting its high flexibility. To unveil the mechanism of NEDD8 

stimulation for CRL2-UBE2R1 complex, following mutants were design. First, based 

on the closest CUL2 homolog, CUL5 and its allosteric NEDD8 activation, three acidic 

residues in helix 29 were mutated to the positive ones (Figure 3.32 a). Helix 29 

connects CUL’s CTD with WHB. The same strategy applied for CUL5 rescued lack of 

NEDD8 by repelling helix 29 from C/R domain and thus releasing CUL5 from 

autoinhibition. Second, the CUL2 version lacking WHB domain was tested. 

Surprisingly, both mutants were fully active despite lack of NEDD8, suggesting that no 

direct interaction is required between NEDD8 and the catalytic core (Figure 3.32 b). 

Careful kinetic experiments with quantitive data need to performed to fully characterize 

above mentioned mutants. 

 

3.2.3.6 Sample improvement efforts 

 

Lack of high resolution data in crucial parts of the complex, especially catalytic core, 

limited the analysis and modelling. Additionally, many lingering questions regarding 

UBE2R1 mode of action remained unanswered. Thus, many different strategies were 

employed to improve the sample. First, various plunging conditions were tried to 

overcome preferential complex orientation in ice (Figure 3.24 b). FOM, CHAPSO and 

-OG detergents were tested. None of the additives improved complex behavior – 

CHAPSO and -OG substantially lowered the number of particles in ice, even though 

higher complex concentrations were tried. Whereas FOM did not varied complex 

orientation in ice. Furthermore, data collection on golden grids was attempted to 

minimize beam-induced motions and improve resolution. This strategy did not lead to 

any map improvement, suggesting not enough rigidity on the sample site. Moreover, 

couple of different complex variations were tested. First, CUL2 WHB and CUL2 3K 

mutant complexes were made, as data depicted in Figure 3.32 b suggested full rescue 

for these CUL2 versions, under qualitive conditions tested. Lack of WHB-N8 in the 

complex, not visible in the obtained maps, could potentially improve the sample. 

However, both specimens seemed to be highly unstable: CUL2 WHB generated 
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greatly heterogenous sample and CUL2 3K + UBE2R1 could not be trapped. Second, 

various trap versions were made with longer and shorter Hif1 to test for substrate 

peptide optimal length. The shortest degron variant (Table 2.4) led to the best 

reconstruction so far.  Lastly, apart from glutaraldehyde batch crosslinking, GraFix was 

also tested232. The longer crosslinking followed by desalting, to remove glycerol, 

caused substantial complex loss and breakdown. All in all, other strategies need to be 

employed for further sample improvement, which is further described in the Discussion 

section.  
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4. DISCUSSION 

 
The UB system, with its myriad components collectively form a UB code, that oversees 

a tremendous number of distinct signal transduction events without producing 

undesirable cross-talk, is thus exquisitely dependent on specificity.  Indeed, there has 

been great focus on how specificity is determined over large scales – tens to hundreds 

of angstroms – in terms of how substrates are placed relative to the active sites of 

ubiquitylating enzymes. Major effort has also been applied to deciphering the 

combined catalytic roles of many conserved residues beyond active site cysteines in 

UB carrying enzymes85,100,101,103,233. The roles of acceptor residues have been also 

studied in terms of different nucleophilic atoms within natural protein amino acid side 

chains. Indeed, ubiquitin carrying enzymes display remarkable ranges of reactivities 

with distinct acceptors within various contexts, including discharge of their thioester-

bonded UB to nonspecific amines such as hydroxylamine, free lysine amino acids or 

even free cysteine or threonine20,59,214,225. Moreover, UB can be forcibly enzymatically 

linked to serine or lysine replacements of E2 or E3 catalytic cysteines, as well as to 

such residues in the vicinity of the active site to enable structural biology17,21,234. Thus, 

in light of the previous findings, it was not surprising that an E2 conjugating enzyme, 

UBE2S, could tolerate K11UBC2-C5 acceptors101. Unexpectedly, however, data in the first 

part of this thesis shows that multiple E2s and E3s are sensitive to the acceptor lysine 

side chain length. This sensitivity occurs on the ångstrom length scale, as shortening 

or extending the acceptor lysine by a single methylene group had a profound effect on 

the chain formation. The study included many K48 and K63-linked UB chain forming 

enzymes like: UBE2N/UBE2V1, UBE2R2, UBE2G1, NEDD4 and Rsp5p (Figure 3.4; 

3.5; 3.7). Their activity was examined with or without partner E3 enzymes as well as in 

the presence of the substrate peptides. Striking preference for the native lysine 

geometry was not only proved for the E2 enzymes but also for the members of the 

HECT E3 ligase family (Figure 3.7). Careful kinetics analysis demonstrated that KM, 

kcat and pKa can be influenced by UBC5’s (Table 3.1). Additionally, MD simulations 

revealed pleiotropic structural effects of UBC5: increased acceptor side chain and UB 

backbone dynamics and flexibility, along with additional degrees of freedom. Moreover, 

MS experiments with promiscuous E2 enzyme, UBE2D3, revealed that distribution of 

diUB chain linkages is impacted by the location of C5 on acceptor UB’s surface (Figure 

3.9; 3.10).  
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It might be easily reasoned, why UBC1-C3 analogs were defective, as the side chain 

was too short to reach the active site and attack E2~UBD. Nonetheless, the fact that 

the longer acceptor in UBC5’s influenced most of the tested enzymes suggested 

additional roles of the lysine hydrocarbon.  

 

The mild observed effects on KM and/or apparent pKa for UBE2R2 and 

UBE2N/UBE2V1 were insufficient to justify the kcat defects in the presence of UBC5s 

analogs (Table 3.1). Performed MD simulations indicated a few aspects of the lysine 

side chain length, which may be most favorable for UB chain formation catalyzed by 

E2s and E3s. For instance, for enzymes where lysine positioning and/or substrate 

binding are rate-limiting, it appears that elevated entropy, caused by extra hydrocarbon 

in the acceptor side chain could influence the frequency of catalytic encounter (Figure 

3.11; 3.12). Intriguingly, this mechanism would contrast from UBE2W mode of action, 

where disordered, flexible substrate’s N-terminus is guided by a non-canonical, 

disordered UBE2W’s C-terminal extension for UB conjugation60. Rather than 

demanding disorder, E2 and E3 enzymes tested in this study appear to benefit from 

calibrated nucleophile length with the restrained degrees of freedom.  

 

Furthermore, the acceptor lysine length would not only affect entropy but also catalysis. 

Previous computational studies done for UBE2N (modelled without UBE2V1 and RING 

E3) has supported a model, where the E2 contains a precise “hole” to fit the lysine 

amine. Additionally, the data supported the claim that the nucleophilic attack on the 

thioester carbonyl is rate-limiting86. As such, data included in this study may suggest 

that the acceptor lysine length is not only optimal for the ubiquitylation chemistry but 

also for accessing the amine hole. Certainly, UBE2N~UBD/UBE2V1/UBA’s MD 

simulations suggested multiple ways how the catalysis could be impacted by the 

acceptor lysine side chain length. First, the native lysine approaches the active site in 

an optimal way. Second, four hydrocarbon-long acceptor can conformationally 

influence the active site gate loop in the E2~UBD
 intermediate. This conclusion goes in 

agreement with previous investigations suggesting the role of active site gate loop in 

formation of the transition state by closing around the acceptor K63223. Importantly, MD 

simulations performed in this study showed active site gate loop distortion in the 

presence of UBC5 analog. This would agree with a UB discharge experiment to free 
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amino acid, where all nucleophiles served as a good acceptor irrespective of side chain 

length and great impact on kcat in the context of UBA analogs oriented by UBE2V1 

(Figure 3.14). In such a case, little impact on KM could be predicted. However, lack of  

KM effect might be due to acceptor K63 not playing a role in UBA recruitment to 

UBE2V1’s UB-binding domain.  

 

In contrast, the acceptor side chain length impacted KM in the presence of HECT E3 

Rsp5p (Table 3.1). This implied the role of the acceptor lysine in effective binding to 

Rsp5p E3. Potential local interactions – awaiting structural studies – might dominate 

UBA recruitment235.  On the other hand, acceptor lysine placement in the active site 

might allosterically stabilize conformation of enzyme-UB, which binds the acceptor145.  

Even though, the first part of this thesis relied on installing the acceptor side chain 

chemical variants, it seems possible that in the cellular environment many natural 

components might impact presentation of the acceptor lysine. Binding to the protein 

partners or linkage within a chain might result in E2 and E3 enzyme’s specificity. 

Additionally, strong preference for the native lysine geometry may play a role in robust 

and sufficient ubiquitylation for proteasomal degradation, even when the favored 

targeting lysines are inaccessible. Such features, may also have an effect on the 

success or failure of molecular glues and PROTACs. As targeted protein degradation 

strategies strictly rely on small molecule binding and recruitment of proteins of interest 

to the ubiquitylation machinery for therapeutic effect236,237.  

 

CRLs, being responsible for more than 20% of all degradation events132 in the 

eukaryotic system remain not fully understood. Moreover, the full success of the 

emerging field of targeted protein degradation, employing CRL systems, depends on 

a mechanistical understanding of ubiquitylation reactions. First, finding favored CRL-

E2 pairs awaits further investigation. Recent studies have shown exquisite preference 

of UBE2R for CRL2, not only in the presence of native substrate but also in the context 

of neo-substrate112,192.  Second, the mechanism of K48-linked UB chain formation, 

catalyzed by UBE2R, remains elusive. Interestingly, there are many long-standing 

questions, regarding UBE2R mode of action, UB field awaits to answer: (1) How does 

UBE2R achieve specificity? (2) What is the role and position of the acidic loop? (3) 

How does the acidic tail bind to CUL? (4) How is UBE2R activated by CRL? The 
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second part of this study attempted to answer some of the lingering mysteries by 

proceeding structural studies of UBE2R-UBD-UBA-CRL2VHL complex.  

 

To explore the recent hints from the literature, respecting UBE2R preference of CRL2 

over CRL1, both systems were compared (Figure 3.17). Furthermore, extensive 

kinetics studies were performed in collaboration with Gary Kleiger from the Department 

of Chemistry and Biochemistry, University of Nevada, Las Vegas, NV, USA (data not 

shown), showing powerful 28-fold decrease in UBE2R2’s KM with CRL2, in comparison 

to CRL1. As the biochemical, cellular and kinetics data pointed towards the advantage 

of CRL2 over CRL1, this system was chosen for structural investigations of UBE2R-

mediated chain formation. Even more importantly, proceeding CRL2VHL complex with 

Hif1 as a substrate is to the great interest of many fields. The complex is associated 

with von Hippel-Lindau syndrome (VHL), a disease linked to multiple tumors growing 

in many organs, especially developing kidney cancer and pancreatic cancer156,157. 

Hif1 was identified as an important transcription factor responsible for oxygen 

homeostasis in the cellular environment161-163. All in all, the mechanism of Hif1 

polyubiquitylation to this date is not known, despite the importance of the complex and 

its role in tumorigenesis.  

 

Even though, the UB code writers function on millisecond time-scale, it is possible to 

visualize the active conformations with the help of chemical biology. As such, 

electrophilic traps were designed (Figure 3.18) and validated (Figure 3.21) to mimic 

native intermediate of K48-linked diUB formation. Apart from the probes, additional 

stabilization strategies, such as the CC0651 inhibitor and chemical crosslinking with 

glutaraldehyde, were used to stabilize the complex for cryo-EM. As a result, a 4.2 Å 

map was solved giving an insight into the mechanism of UBE2R1-mediated 

polyubiquitylation in the context of CRL2VHL and bound Hif1. The obtained density 

allowed to fit crystal structures, nonetheless due to the lack of high resolution data in 

crucial parts of the complex, especially catalytic core, the structure could not be build 

and extensively analyzed on side chain level. However, many interesting features 

arose from the cryo-EM data. First, the CUL2 CR3, 4HB and C/R domains with RBX1 

undergo major rearragmenets in comparison to apo crystal structure (PDB 5N4W) to 

place UBE2R1-UBD in proximity of UBA and acceptor lysine for efficient catalysis155. 

Second, the position of UBA
 bound to UBE2R1 helix 3 could be determined. UBE2R1 
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seems to orient UBA
 to achieve specificity via a couple of interactions: previosuly 

identified UBA R54-UBE2R1 D143 pair116, recently suggested UBE2R1’s R14958 and 

newly determined UBA D58 (Figure 3.28).  Interestingly, the relative position of UBA
 in 

respect to E2 differs from the lately solved structure of UBE2K-UBA
 (Figure 3.28 c)53

.  

The difference might be due to the additional UBA domain of UBE2K, which binds and 

orients UBA53
.  Furthermore, the model discussed in this study was resolved in more 

native environment, in the presence of substrate and the whole CRL2 assembled 

complex. Third, essential for chain formation, the acidic loop could be visualized, 

wraping around the active site (Figure 3.29). As far as the loop resolution limits its 

precise modelling, it is worth speculating the position of conserved H98, playing a role 

in lowering K48’s pKa. Moreover, the loop seems to contact RBX1’s R91, which was 

previously proposed (R91 RBX1- D103 UBE2R1) to play a role in loop binding116. 

Fourth, required for UBE2R catalysis and binding, acidic tail density was visible in 

CUL2’s CTD (Figure 3.30).  Yet again, the resolution limited the tail modelling and 

CUL2’s residues determination, responsible for tail-E3 interaction. Nonetheless, it 

seems that tail not only binds to the previously investigated basic canyon125. 

Consistently with previous results, UBE2R lacking tail’s acidic residues (1-216) failed 

to catalyze Hif1 ubiquitylation and quadruple hydrophobic mutant (F206G, Y207G, 

Y210G, Y211G) impaired UBE2R’s catalysis substantially52. Lastly, the collected data 

suggested the role of UBE2R1’s NEDD8 activation, which presence is required for 

efficient chain formation. WHB-NEDD8 is not visible in the obtained maps, suggesting 

its high flexibility. Surprisingly, WHB domain removal or helix 29 mutations, releasing 

CUL2 from autoinhibition, fully rescued the lack of NEDD8 (Figure 3.31). Thus, an 

allosteric mechanism of UBE2R1’s NEDD8 activation might be proposed.  

 

As far as the captured model gives more insight into UBE2R1’s mode of action, many 

questions remain unanswered. Precise position of UBA’s K48, catalytic cysteine and 

UBD’s C-terminus remain to be resolved. The obtained map does not provide sufficient 

information to argue catalytic site conformation. Moreover, the resolution limits exact 

determination of UBE2R1-UBA interactions, acidic loop position and the role of CUL2-

UBE2R1’s acidic tail binding mode. Thus, many different complex stabilization and 

plunging strategies were tested to improve the map and resolution (section 3.2.3.6), 

which, so far, did not lead to any map improvements. Hence, additional structural 

efforts, either by cryo-EM or crystal studies, need to be proceeded to obtain high 
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resolution data confirming many of the conclusions and giving insight into the parts not 

yet visible. Different stabilization strategies can be used for cryo-EM, like changing 

chemical crosslinker or chemical probe. Additional complex purification step can be 

included, where the FLAG-tag on a substrate peptide would be used, enabling 

enrichment for CRL2VHL-UBE2R1-trapped sample. Crystal studies of UBE2R1 UBC 

domain with crosslinked UBD
 and UBA can be advanced. First, UBE2R1 A140K C191I 

1-202 – UBD
 A46V – UBA K48C crystals will be improved. Throughout this project, the 

intermediate mimicking chain formation was made, as described in Streich and Lima, 

2016238. Briefly, UBD A46V was linked via an isopeptide bond to an UBE2R1’s A140K 

and UBA K48C was attached to an UBE2R1’s catalytic cysteine via bis-disulfide. 

Crystalized complex diffracted to 5 Å, thus further optimization rounds have to be 

performed, like seeding in larger drops. Moreover, one more sample will be prepared 

following similar strategy, as recently published53. UBD A46V will be reacted with 

UBE2R1’s C93K to form isopeptide bond and UBA’s R54C will form a BMOE crosslink 

with UBE2R1’s D143C. The approach is based on the natural interaction between 

acceptor UB and UBE2R1, thus potentially placing K48 in the active site116. To stabilize 

UBE2R1-UBD close conformation, RBX1’s RING domain will be used. Possibly, CUL2 

CTD with peptide tail crystal trails will be proceeded to visualize acidic tail binding 

mode. Furthermore, extensive kinetics studies need to be performed to verify the role 

of many mutants identified in this study. Quantitive experiments determining KMs and 

kcats will help to understand UBE2R1-CUL2VHL-catalyzed polyubiquitin chain formation. 

The interesting concept of CUL-E2 pair specificity, could be further investigated in the 

context of cell biology. Finally, having in mind the importance of targeted protein 

degradation and CUL2VHL PROTACs, a similar strategy could be used to attempt 

visualization of neo-substrate-bound complexes. 
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