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Introduction

The proteome1 is much bigger in size than expected by the number of genes in a genome.

Two mechanism account for the additional diversity, alternative splicing2 [START_REF] Douglas | Mechanisms of alternative pre-messenger rna splicing[END_REF] [START_REF] Maniatis | Alternative pre-mrna splicing and proteome expansion in metazoans[END_REF] and post-translational modifications (PTMs) [START_REF] Mann | Analysis of protein phosphorylation using mass spectrometry: deciphering the phosphoproteome[END_REF]. PTM involves the covalent attachment of some molecule to the side chain or backbone of a target protein, or the cleavage of a backbone peptide bond. The spectrum of PTMs is especially in eukaryotic cells extremely broad, in regard to the molecule that is attached and the group it is attached to.

The most common PTMs are phosphorylation, acetylation, glycosylated, methylation, and ubiquitination, whereas the latter one involves the attachment of a 8.5kDa protein to a target protein [START_REF] Christopher T Walsh | Protein posttranslational modifications: the chemistry of proteome diversifications[END_REF]. Some PTMs are permanent and required for the function of a protein (like myristoylation serves a an anchor for membrane associated proteins [START_REF] Mclaughlin | The myristoyl-electrostatic switch: a modulator of reversible protein-membrane interactions[END_REF]) others can change the localisation of a protein, activate/inactivate it, serve as a protein recognition platform or target proteins for proteolytic destruction [START_REF] Christopher T Walsh | Protein posttranslational modifications: the chemistry of proteome diversifications[END_REF].

Understanding the proteome, as the current state of a cell, is crucial to understand how cells function. PTMs are not encoded by the genome, but increase the proteome by estimated three orders of magnitude, hence unveiling the mechanism of PTMs is of great importance. Most PTMs are reversible, which leads to a highly flexible composition of the proteome. Therefore any aberrations in this tightly controlled system can have severe consequences. Ubiquitination for example can target proteins for destruction by the protea-1.1. The ubiquitin system Chapter 1. Introduction some, whereas substrates include many oncoproteins3 (N-myc, c-Myc, c-Fos, c-Jun, and Src) [START_REF] Ciechanover | The ubiquitin system: pathogenesis of human diseases and drug targeting[END_REF]. If aberrations in the ubiquitination system lead to failure in targeting these proteins for destruction, cells become malignant. Improper ubiquitination and degradation of proteins can cause a multitude of diseases like Cystic Fibrosis, neurodegenerative diseases and Parkinson's disease, to give just some examples [START_REF] Ciechanover | The ubiquitin system: pathogenesis of human diseases and drug targeting[END_REF].

The ubiquitin system

Ubiquitin is a 76 amino acids protein, that is covalently attached to other proteins and serves as a cellular signal [START_REF] Cecile | Ubiquitin: structures, functions, mechanisms[END_REF] [START_REF] Varshavsky | Regulated protein degradation[END_REF]. Ubiquitin is conjugated via its C-terminal glycine to a -amino group of a lysine or the N-terminal amino group to a target protein [START_REF] Ciechanover | Characterization of the heat-stable polypeptide of the atp-dependent proteolytic system from reticulocytes[END_REF] [START_REF] Hershko | Proposed role of atp in protein breakdown: conjugation of protein with multiple chains of the polypeptide of atp-dependent proteolysis[END_REF].

The whole conjugation process is in general catalyzed by three enzymes called ubiquitinactivating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin-ligating enzyme 4 (E3), that work in a sequential manner [START_REF] Hershko | The ubiquitin system[END_REF] [START_REF] Cecile | Ubiquitin: structures, functions, mechanisms[END_REF] [START_REF] Varshavsky | The ubiquitin system[END_REF]. In the first step ubiquitin is activated in a reaction catalyzed by E1. Under ATP hydrolysis and via a ubiquitin C-terminal adenylate intermediate, an activated thiol ester bond is formed between the E1's active side cysteine and the glycine 76 in ubiquitin. In a transesterification reaction ubiquitin is transferred to a cysteine in the active side [START_REF] Hershko | Components of ubiquitinprotein ligase system. resolution, affinity purification, and role in protein breakdown[END_REF] [START_REF] Varshavsky | The ubiquitin system[END_REF]. The E2/E3 complex is responsible for substrate recognition and depending on the E3 ligase, ubiquitin is either directly transfered from the E2 to the substrate (RING domain E3) [START_REF] Cecile | Polyubiquitin chains: polymeric protein signals[END_REF], or in case of HECT domain containing E3s via a thiol-ester intermediate [START_REF] Scheffner | Protein ubiquitination involving an e1-e2-e3 enzyme ubiquitin thioester cascade[END_REF]. E3s might also have the function to allosterically activate E2s [START_REF] Wu | A conserved catalytic residue in the ubiquitin-conjugating enzyme family[END_REF] [25] [START_REF] Hicke | Ubiquitin-binding domains[END_REF].

Most organisms encode only one E1 (two in case of the human genome, UBE1 and UBE1L2) but a couple of E2s (in human at least 38) and an enormous number of E3s (600-1000 in human) [START_REF] Schulman | Ubiquitin-like protein activation by e1 enzymes: the apex for downstream signalling pathways[END_REF] [START_REF] Raymond | Ring domain e3 ubiquitin ligases[END_REF]. It should be mentioned, that the substrate specificity is mainly defined by the E3s [START_REF] Hochstrasser | Ubiquitin-dependent protein degradation[END_REF] [START_REF] Pickart | Ubiquitin in chains[END_REF]. As ubiquitin contains 7 lysines (K6, K11, K27, K29, K33, K48 and K63), it can be attached to other ubiquitin molecules to form polymeric ubiquitin chains [START_REF] Chau | A multiubiquitin chain is confined to specific lysine in a targeted short-lived protein[END_REF]. Under consideration of the N-terminal amino group, eight different linkages are possible, giving rise to chains with different conformations. Hence, they display different binding surfaces that can be recognized by ubiquitin receptor proteins and translated into distinct signals, thus making ubiquitin an extremely versatile signal.

All possible linkages were identified in eukaryotic cells [START_REF] Peng | A proteomics approach to understanding protein ubiquitination[END_REF] [START_REF] Meierhofer | Quantitative analysis of global ubiquitination in hela cells by mass spectrometry[END_REF].

An important question that rises is, what determines the kind of linkage and length of ubiquitin chains attached to a substrate? A certain E2 can engage with different E3s, which is reflected in the much higher number of E3s over E2s. Thus, diverse substrates are recognized depending on the choice of E3 [START_REF] Komander | The emerging complexity of protein ubiquitination[END_REF]. Interestingly, the E2's interaction surface for the E1 and E3s overlap, therefore the E1 needs to be released before an E3 can bind and vise versa [START_REF] Ziad M Eletr | E2 conjugating enzymes must disengage from their e1 enzymes before e3-dependent ubiquitin and ubiquitin-like transfer[END_REF]. For multiple rounds of ubiquitination, which are necessary for chain synthesis, release of the E3 is required before a E2 can be recharged with 1.1. The ubiquitin system Chapter 1. Introduction ubiquitin [START_REF] Huang | Structural basis for recruitment of ubc12 by an e2 binding domain in nedd8's e1[END_REF] [START_REF] Ziad M Eletr | E2 conjugating enzymes must disengage from their e1 enzymes before e3-dependent ubiquitin and ubiquitin-like transfer[END_REF]. The mechanism of chain elongation can differ depending on the E2/E3 pair. In case of yeast APC/C, the E2 (Ubc4) is swapped with another E2 (Ubc1) responsible for chain elongation [START_REF] Morgan | Sequential e2s drive polyubiquitin chain assembly on apc targets[END_REF], after attaching a ubiquitin to a substrate lysine.

This switching from an initiator E2 to an elongator E2 has been observed for a couple of other E2/E3 systems [START_REF] Matthew D Petroski | Substrate modification with lysine 63-linked ubiquitin chains through the ubc13-uev1a ubiquitin-conjugating enzyme[END_REF] [START_REF] Christensen | E2-brca1 ring interactions dictate synthesis of mono-or specific polyubiquitin chain linkages[END_REF]. In some cases the initiating E2 is capable of elongating up to short chains before it is exchanged by an elongating E2 [START_REF] Michael Rape | The processivity of multiubiquitination by the apc determines the order of substrate degradation[END_REF]. Another class of E2s is both initiating and elongating the ubiquitin chain formation, therefore no change of the E2 is required [START_REF] Matthew | Mechanism of lysine 48-linked ubiquitin-chain synthesis by the cullin-ring ubiquitin-ligase complex scf-cdc34[END_REF] [START_REF] Ye | Building ubiquitin chains: E2 enzymes at work[END_REF].

Two other important factors are the processivity and choice of chain type. In this case processivity corresponds to the number of ubiquitins attached to a chain during one round of E3 engagement [START_REF] Hochstrasser | Lingering mysteries of ubiquitin-chain assembly[END_REF]. The processivity can be of significant importance, considering that for some signaling events the length of the ubiquitin chain is crucial [START_REF] Jin | Mechanism of ubiquitin-chain formation by the human anaphase-promoting complex[END_REF].

An increase in processivity can be due to the attachment of pre-assembled ubiquitin chains to the substrate [START_REF] Li | Mechanistic insights into active site-associated polyubiquitination by the ubiquitin-conjugating enzyme ube2g2[END_REF] [45] [START_REF] Wu-Baer | The brca1/bard1 heterodimer assembles polyubiquitin chains through an unconventional linkage involving lysine residue k6 of ubiquitin[END_REF]. On the other hand, some E2s display a (non covalent) binding side for ubiquitin, that is thought to serve as oligomerisation platform of ubiquitin charged E2s [START_REF] Peter S Brzovic | A ubch5/ubiquitin noncovalent complex is required for processive brca1-directed ubiquitination[END_REF].

The chain selectivity in most cases seems to be determined by the E2, depending on how the acceptor ubiquitin is oriented with respect to its active side [START_REF] Michael | Mms2-ubc13 covalently bound to ubiquitin reveals the structural basis of linkage-specific polyubiquitin chain formation[END_REF] [START_REF] Matthew | Mechanism of lysine 48-linked ubiquitin-chain synthesis by the cullin-ring ubiquitin-ligase complex scf-cdc34[END_REF]. The crystal structure of the Ubc13/Mms2 complex supports this idea [START_REF] Vandemark | Molecular insights into polyubiquitin chain assembly: crystal structure of the mms2/ubc13 heterodimer[END_REF]. In case of HECT E3s orienting of ubiquitin might fall into the E3's responsibility.

Ubiquitin as a monomer or multiple ubiquitin monomers attached to a protein, called mono-ubiquitination and multi-mono-ubiquitination, respectively, can modify the activity and localization of a protein. Mono-ubiquitination has been shown to be involved in endocytosis, meiosis and chromatin remodeling [START_REF] Dikic | Ubiquitin-binding domainsfrom structures to functions[END_REF]. In contrast, K48-linked tetraubiquitin, as the minimum chain length, is a signal for degradation by the 26S proteasome [START_REF] Baumeister | The proteasome: paradigm of a self-compartmentalizing protease[END_REF] [3] [START_REF] Thrower | Recognition of the polyubiquitin proteolytic signal[END_REF]. Up to now, the involvement of ubiquitin in many other cellular mechanisms like endocytosis, receptor sorting [START_REF] Hicke | A new ticket for entry into budding vesicles-ubiquitin[END_REF] [52] [START_REF] Staub | Role of ubiquitylation in cellular membrane transport[END_REF], DNA repair [START_REF] Huang | Regulation of monoubiquitinated pcna by dub autocleavage[END_REF], signaling [START_REF] Paolo | When ubiquitin meets ubiquitin receptors: a signalling connection[END_REF] [START_REF] Haglund | Ubiquitylation and cell signaling[END_REF], stress response, cell cycle control, transcription and gene silencing [START_REF] Hicke | Protein regulation by monoubiquitin[END_REF] has Some structural features of ubiquitin should be mentioned. Ubiquitin is a globular protein with as surface area of 4,800Å 2 resembling a β grasp fold 5 , and a short 3 10 helix 6 . Ubiquitin exposes a hydrophobic surface comprising residues around Leu8, Ile44

and Val70, the so called hydrophobic patch. The hydrophobic patch serves for many UBDs as a recognition region [START_REF] Dikic | Ubiquitin-binding domainsfrom structures to functions[END_REF] [5] [START_REF] Hicke | Ubiquitin-binding domains[END_REF]. With the exception of the C-terminal tail Leu-Arg-Gly-Gly, the secondary structure is quite unflexible. Nevertheless, it has been reported that ubiquitin can undergo slight structural modification under binding to UBDs [START_REF] Oliver F Lange | Recognition dynamics up to microseconds revealed from an rdc-derived ubiquitin ensemble in solution[END_REF]. Ribbon representation of the ubiquitin structure (1D3Z.pdb) [START_REF] Cornilescu | Validation of protein structure from anisotropic carbonyl chemical shifts in a dilute liquid crystalline phase[END_REF]. In the structure to the left, lysines and methionine 1 are shown in orange, including their side chains. In the ribbon/surface representation on the right, the hydrophobic patch around Ile44, Val70 and Leu8 is highlighted in red.

Ubiquitin chains
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Ubiquitin chains

As already mentioned, the first type of ubiquitin chain discovered was K48-linked [START_REF] Chau | A multiubiquitin chain is confined to specific lysine in a targeted short-lived protein[END_REF].

Therefore K48-linked chains are called canonical chains, while all other linkages resemble atypical ubiquitin chains. Mass spectrometric analysis on yeast cells expressing epitope tagged ubiquitin gave a first insight into the relative abundance of different chain types. Chains connected by all 7 lysines were found, with an abundance of K48 > K11 and K63 K6, K27, K29 and K33, and in addition a small population of K29/K33 mixed chains [START_REF] Peng | A proteomics approach to understanding protein ubiquitination[END_REF]. In a more recent study an abundance ratio of 29.1%±1.9%(K48):

28.0%±1.4%(K11): 16.3%±0.4%(K63): 10.9%±1.9%(K6): 9.0%±0.1%(K27): 3.5%± 0.1%(K33): 3.2% ±0.1%(K29) in log phase yeast cells was determined [START_REF] Xu | Quantitative proteomics reveals the function of unconventional ubiquitin chains in proteasomal degradation[END_REF].

In the following section important structural features of the different chains types are summarized.

K48-linked ubiquitin chains

K48-linked poly-ubiquitin chains, with a minimum chain length of four ubiquitins, target proteins to the 26S proteasome 7 for degradation [START_REF] Thrower | Recognition of the polyubiquitin proteolytic signal[END_REF]. The ubiquitin chain is not degraded but rather removed by deubiquitinating enzymes and recycled [START_REF] Komander | Breaking the chains: structure and function of the deubiquitinases[END_REF]. Among all the different chain types the structure and function of K48-linked chains has been studied most extensively. Several NMR and crystal structures of K48-linked dimer and tetramer are solved. The first structures of K48-linked Ub 2 and K48-linked Ub 4 solved by crystallography were inconsistent with each other. In case of the dimer structure (1AAR.pdb), the hydrophobic patch is sequestered at the Ub-Ub interface [START_REF] Cook | Structure of a diubiquitin conjugate and a model for interaction with ubiquitin conjugating enzyme (e2)[END_REF]. In one of the tetramer structures the second and third Ub unit interact via their hydrophobic patch (1F9.pdb) [START_REF] Phillips | Structure of a new crystal form of tetraubiquitin[END_REF], while in another Ub 4 crystal structure the hydrophobic patches of all Ub subunits are solvent exposed [START_REF] Cook | Structure of tetraubiquitin shows how multiubiquitin chains can be formed[END_REF]. Structural studies by NMR and combined studies of NMR and crystallography showed that the conformation of K48-linked Ub chains is pH dependent, with a closed conformation under physiological conditions (Fig- pairwise interact. The Ub-Ub interface is opening and closing in an equilibrium that is shifted to the closed conformation, at neutral pH. A small population is in a more open conformation under this equilibrium [START_REF] Varadan | Structural properties of polyubiquitin chains in solution[END_REF]. Thus, the fact that the Ub-Ub interface is dynamic has further implication on the binding of UBDs to K48-linked ubiquitin chains.

Indeed, a UBD needs to find an open Ub-Ub interface to facilitate its interaction with the hydrophobic patch.

K63-linked ubiquitin chains

K63-linked ubiquitin chains are involved in multiple cellular processes like signal transduction [START_REF] Matthew | Shared principles in nf-kappab signaling[END_REF], receptor endocytosis, endosomal sorting and DNA repair [START_REF] Bennett | Dna damage: ubiquitin marks the spot[END_REF] [56] [69] [START_REF] Verstrepen | Tlr-4, il-1r and tnf-r signaling to nf-kappab: variations on a common theme[END_REF].

The crystal structures for K63-linked di-, tri-and tetra-ubiquitin have been solved [START_REF] Stephen D Weeks | Crystal structures of lys-63-linked tri-and di-ubiquitin reveal a highly extended chain architecture[END_REF].

Unlike K48-linked chains which adopt a compact structure, K63-linked chains have an extended conformation (Figure 1.3 on the next page). The different ubiquitin subunits do not show inter-domain contact, except for residues in the linker region [START_REF] Varadan | Solution conformation of lys63-linked di-ubiquitin chain provides clues to functional diversity of polyubiquitin signaling[END_REF] [START_REF] Tenno | Structural basis for distinct roles of lys63-and lys48-linked polyubiquitin chains[END_REF]. The hydrophobic patch of each Ub domain is freely accessible and the Ub domains can rotate with respect to each other due to a flexible linker [START_REF] Sato | Structural basis for specific recognition of lys 63-linked polyubiquitin chains by nzf domains of tab2 and tab3[END_REF].

Linear ubiquitin chains

Up to now only one example of the involvement of linear chains has been proven. Linear chains were shown to participate in NF-κB activation [START_REF] Tokunaga | Involvement of linear polyubiquitylation of nemo in nf-kappab activation[END_REF] [START_REF] Rahighi | Specific recognition of linear ubiquitin chains by nemo is important for nf-kappab activation[END_REF].

In contrast to all of the other chain types, linear chains are connected head-to-tail by a peptide bond, between Met1 and Gly76. As Met1 is in spatial proximity to Lys63, linear chains adopt a conformation close to that of K63-linked chains [START_REF] Komander | Molecular discrimination of structurally equivalent lys 63-linked and linear polyubiquitin chains[END_REF]. In contrast to the isopeptide linkage, the peptide linkage might provide a more restricted flexibility in the orientation of the domains relatively to each other. Therefore, it is likely that the Ribbon representation of K48-linked di-ubiquitin in the closed conformation (left structure, 1AAR.pdb [START_REF] Cook | Structure of a diubiquitin conjugate and a model for interaction with ubiquitin conjugating enzyme (e2)[END_REF]). The distal and proximal domain are shown in dark blue and marine blue, respectively. The side chains of Ile44, Val70 and Leu8 are highlighted in orange. The structure to the right shows K63-linked di-ubiquitin (3H7P.pdb [START_REF] Stephen D Weeks | Crystal structures of lys-63-linked tri-and di-ubiquitin reveal a highly extended chain architecture[END_REF]), the coloring is the same as for the K48-linked dimer.

different orientation of the Ub subunits may result in a different UBD specificity when more than one UBD is involved [START_REF] Komander | The emerging complexity of protein ubiquitination[END_REF].

K11-linked ubiquitin chains

A first proposed function of K11-linked chains, is targeting of substrates for the destruction by the proteasome, like K48-linked chains [START_REF] Baboshina | Novel multiubiquitin chain linkages catalyzed by the conjugating enzymes e2epf and rad6 are recognized by 26 s proteasome subunit 5[END_REF]. In addition, K11 chains seem to be involved in cell cycle control [START_REF] Jin | Mechanism of ubiquitin-chain formation by the human anaphase-promoting complex[END_REF] [79] [START_REF] Mathew | Ube2s elongates ubiquitin chains on apc/c substrates to promote mitotic exit[END_REF]. Therefore, one possibility is, that during the cell cycle proteins are target for proteasomal destruction by the attachment of K11-linked chain.

Recently two crystal structures of a K11-linked ubiquitin dimer were published [START_REF] Bremm | Lys11-linked ubiquitin chains adopt compact conformations and are preferentially hydrolyzed by the deubiquitinase cezanne[END_REF] [82]. In one crystal structure (2XEW.pdb), crystallized at acidic pH, K11-linked Ub 2 has a compact conformation with a Ub-Ub interaction surface in the distal domain around Glu24 and in the proximal domain around Lys33 and Lys29. The hydrophobic patch is solvent exposed in this compact conformation [START_REF] Bremm | Lys11-linked ubiquitin chains adopt compact conformations and are preferentially hydrolyzed by the deubiquitinase cezanne[END_REF]. In the second structure (2O6V.pdb), the K11 dimer adopts a compact form, where the hydrophobic patch is only partially Chapter 1. Introduction
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solvent exposed [START_REF] Marissa L Matsumoto | K11-linked polyubiquitination in cell cycle control revealed by a k11 linkage-specific antibody[END_REF]. The relative orientation of the two Ub units in the two dimer structures is very different. These two different structures could be two snapshots of a dynamic chain.

K6-linked ubiquitin chains

Only very little is known about the cellular function of K6-linked chains. In yeast it represents 10% of all ubiquitin linkages [START_REF] Xu | Quantitative proteomics reveals the function of unconventional ubiquitin chains in proteasomal degradation[END_REF]. A low resolution crystal structure (3Å) of a K6-linked dimer has recently been solved [START_REF] Virdee | Engineered diubiquitin synthesis reveals lys29-isopeptide specificity of an otu deubiquitinase[END_REF]. In this structure K6-linked Ub 2 is an asymmetric dimer with a compact conformation due to Ub-Ub interactions. In the proximal domain the hydrophobic patch around Ile44 and Val77 is in close contact with the hydrophobic area in the distal domain around Leu71, Ile36 and Leu8. Therefore, a reduced hydrophobic patch in the distal domain is still solvent accessible. For longer K6-linked chains it is proposed, that they adopt a helical filamentous structure [START_REF] Virdee | Engineered diubiquitin synthesis reveals lys29-isopeptide specificity of an otu deubiquitinase[END_REF].

K27-, K29-& K33-linked ubiquitin chains

So far no structures of K27-, K29-and K33-linked ubiquitin chains are solved. In addition the function of these atypical chains is merely known. K29-linked ubiquitin was shown to be involved in lysosomal degradation of proteins [START_REF] Chastagner | Itch/aip4 mediates deltex degradation through the formation of k29-linked polyubiquitin chains[END_REF].

Mixed & heterologous chains

Ubiquitin attached to two different lysines of one ubiquitin results in branched or mixed chains. The abundance of this type of chains in cells is not known. K29/K33-linked mixed chains were shown to block activation of AMP-activated protein kinase (AMPK)related kinases like ARK5 and MARK by preventing them from being phosphorylated [START_REF] Abdallah | Control of ampk-related kinases by usp9x and atypical lys(29)/lys(33)-linked polyubiquitin chains[END_REF]. In addition, a mass spectrometry study detected K11/K27 and K27/K29 mixed chains [START_REF] Tagwerker | A tandem affinity tag for two-step purification under fully denaturing conditions: application in ubiquitin profiling and protein complex identification combined with in vivocrosslinking[END_REF].

Ubiquitin is not the only protein that can be covalently linked to a target protein.

Many so called ubiquitin-like (Ubl) proteins, like the small Ub-like modifier (SUMO),

Deubiquitinating enzymes

Chapter 1. Introduction autophagy 8 (ATG8), interferon stimulated gene 15 (ISG15), neutral precursor cell expressed and developmentally downregulated 8 (NEDD8) have been identified [START_REF] Kerscher | Modification of proteins by ubiquitin and ubiquitin-like proteins[END_REF]. Ub and Ubls share the ubiquitin fold and the mechanism to be linked to a target protein's lysine. But they use different Ubl specific enzymes for these reaction [START_REF] Cecile | Ubiquitin: structures, functions, mechanisms[END_REF]. Like ubiquitin, Ubls are involved in a multitude of cellular precesses like gene transcription, signal transduction, autophagy and cell cycle control [START_REF] Kerscher | Modification of proteins by ubiquitin and ubiquitin-like proteins[END_REF]. For SUMO2/3 and NEDD8 the formation of chains has been showed [START_REF] Tatham | Polymeric chains of sumo-2 and sumo-3 are conjugated to protein substrates by sae1/sae2 and ubc9[END_REF] [89] [90] [START_REF] Xirodimas | Novel substrates and functions for the ubiquitin-like molecule nedd8[END_REF].

Chains that are composed of ubiquitin and ubiquitin like proteins are called heterologous chains. RNF4 is a E3, that comprises SUMO-interacting motifs and targets SUMOylated PML (promyelocytic leukemia) proteins for ubiquitination, which results in heterologous chain formation [START_REF] Michael H Tatham | Rnf4 is a polysumo-specific e3 ubiquitin ligase required for arsenic-induced pml degradation[END_REF]. These proteins are finally degradation by the proteasome [START_REF] Lallemand-Breitenbach | Arsenic degrades pml or pml-raralpha through a sumo-triggered rnf4/ubiquitinmediated pathway[END_REF] [92].

Redundancy of the ubiquitin chain system

Yeast cells, whose proteasome was inhibited, accumulated chains of all linkages, except of K63-linked chains. And the other way around substrate, ubiquitinated with chains of any linkage type, was in vitro degraded by the proteasome. Whereas K48-linked ubiquitin chains were the most effective trigger for proteolysis [START_REF] Xu | Quantitative proteomics reveals the function of unconventional ubiquitin chains in proteasomal degradation[END_REF].

Deubiquitinating enzymes

Deubiquitinating enzymes (DUBs) are specific proteases, that cleave the isopeptide bond between two Ub subunits in a chain, or between substrate and chain. The human genome encodes for estimated 84 active DUBs [START_REF] Sebastian | A genomic and functional inventory of deubiquitinating enzymes[END_REF]. DUBs fulfill mainly 3 different functions.

The human genome encodes 14 copies of ubiquitin in 4 genes, therefore newly synthesized ubiquitin needs to be cleaved by DUBs to become monomers [START_REF] Komander | Breaking the chains: structure and function of the deubiquitinases[END_REF]. Furthermore, ubiquitin chains can be removed from a substrate, which can change the fate of a protein from degradation by the lysosome or proteasome to a recycling pathway. Another function Chapter 1. Introduction
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of DUBs has the purpose of recycling ubiquitin. After a substrate is delivered to the proteasome or reached a non reversible state of the lysosomal pathway, ubiquitin chains are cleaved and thereby the free ubiquitin pool is replenished [START_REF] Komander | Breaking the chains: structure and function of the deubiquitinases[END_REF].

DUBs can display specificity against different criteria. Specificity for ubiquitin chains versus Ubl chains, for the type of bond, isopeptide or peptide bond, for the type of ubiquitin chains in regard to the used lysine residue for the linkage and at which position in the chain cleavage occurs [START_REF] Komander | Breaking the chains: structure and function of the deubiquitinases[END_REF].

Deubiquitination, like ubiquitination needs to be tightly regulated. Some DUBs are regulated by post-translational modifications like phosphorylation [START_REF] Mizuno | 14-3-3-dependent inhibition of the deubiquitinating activity of ubpy and its cancellation in the m phase[END_REF] or even ubiquitnation or sumoylatyion [96] [97]. Others are allosterically activated or inhibited [START_REF] Mccullough | Activation of the endosome-associated ubiquitin isopeptidase amsh by stam, a component of the multivesicular body-sorting machinery[END_REF] [99] [START_REF] Kimura | An inhibitor of a deubiquitinating enzyme regulates ubiquitin homeostasis[END_REF]. Many complexes have been identified, that contain DUBs and E3 ligases at the same time [START_REF] Mathew E Sowa | Defining the human deubiquitinating enzyme interaction landscape[END_REF]. Since many E3 ligases ubiquitinate them selfs, the activity of the associated DUB can reverse the ubiquitination and therefore stabilize the E3, whereas vise versa the E3 ligase can ubiquitinate the DUB [START_REF] Li | Ubiquitination of a novel deubiquitinating enzyme requires direct binding to von hippel-lindau tumor suppressor protein[END_REF].

Ubiquitin binding domains

The ubiquitin code needs to be translated and in most cases this is mediated by proteins harboring so called ubiquitin binding domains (UBD). But not only ubiquitin adapter/receptor proteins contain UBDs, proteins involved in Ub chain synthesis and chain disassembly need to bind to ubiquitin as well. So far at least 20 UBDs have been described, UIM, MUIM, DUIM, UBA, UBAN, CUE, GAT, NZF, A20 ZnF, UBP ZnF, UBZ, Ubc, UEV, GLUE, PRU, UBM, Jab/MPN, PFU, SH3 and VHS, but the number is still rising [START_REF] James H Hurley | Ubiquitin-binding domains[END_REF]. A selection of UBD:ubiquitin structure is shown in Figure 1.4. For many of these UBDs the interaction with mono-ubiquitin has been characterized and the structure of the UBD:ubiquitin complex has been solved. For some UBDs binding to K48-and K63-linked and even for a few binding to other chain types was shown. The most common binding site on ubiquitin is the hydrophobic patch located in a region around Ile44 [START_REF] Winget | The diversity of ubiquitin recognition: hot spots and varied specificity[END_REF]. The affinity of UBDs for ubiquitin varies from a few µM to mM, but

Ubiquitin binding domains

Chapter 1. Introduction in general UBDs exhibit a weak binding with a K d ≥100 µM [START_REF] James H Hurley | Ubiquitin-binding domains[END_REF]. These low affinities are increased in different ways. Some UBDs present a weak binding to mono-ubiquitin but a much stronger affinity for Ub chains due to additional interaction surfaces. One example is given by the UBA domain of HHR23A, which binds to K48-linked di-ubiquitin like a sandwich [START_REF] Varadan | Structural determinants for selective recognition of a lys48-linked polyubiquitin chain by a uba domain[END_REF]. Ubiquitinated and ubiquitn binding proteins can oligomerize, like in the case of ESCRT-0, giving rise to multiple UBD-ubiquitin binding events and therefore increased avidity. Similar to this, many ubiquitin binding proteins contain more than one UBD, that are stacked one behind the other [104] [105]. Furthermore in addition to UBD-ubiquitin binding, proteins can interact via different domains, independent from ubiquitin.

Reviewing all the so far characterized ubiquitin binding domains is out of the scope of this thesis but is nicely summarized in 3 reviews [START_REF] Hicke | Ubiquitin-binding domains[END_REF] [5] [START_REF] Dikic | Ubiquitin-binding domainsfrom structures to functions[END_REF]. Therefore only some aspects of UBDs will be summarized and more details about UBDs used in this study will be presented at a later point.

A large diversity among UBDs regarding structure, affinity and binding surface on ubiquitin makes it difficult to point out some general features of UBDs. An attempt is to group them according to some structural characteristics, like α-helical UBDs, Zinc fingers, ubiquitin conjugating domains (UBC) and plekstrin homology (PH) folds.

A major group of UBDs displays a α-helical structure, this includes the UIM (ubiquitininteracting motif), the 2 related domains DUIM (double-sided UIM) and MIU (motif interacting with ubiquitin), UBA (ubiquitin associated), CUE (coupling of ubiquitin conjugation to endoplasmatic reticulum degradation), GAT (GGA and TOM) and VHS (Vps27/Hrs/STAM). Even between these α-helical domains exist a high diversity, from small domains, that are only one α-helix of 20 residues (UIM) to 8 α-helices of 140 residues (VHS). All of these domains seem to bind ubiquitin around its hydrophobic patch but with a different involvement of surrounding residues. UIM, MIU and DUIM, all consist of one α-helix and bind to ubiquitin in a shallow hydrophobic groove, whereas a conserved Ala interacts with Ub's Ile4 [START_REF] Swanson | Solution structure of vps27 uim-ubiquitin complex important for endosomal sorting and receptor downregulation[END_REF] [107] [START_REF] Wang | Structure of s5a bound to monoubiquitin provides a model for polyubiquitin recognition[END_REF]. MIU differs from UIM in the Chapter 1. Introduction 1.4. Ubiquitin binding domains directionality of binding [START_REF] Lee | Structural basis for ubiquitin recognition and autoubiquitination by rabex-5[END_REF] [110] and DUIM can bind 2 ubiquitins on opposite sides of the helix [START_REF] Hirano | Double-sided ubiquitin binding of hrsuim in endosomal protein sorting[END_REF]. UBA domains consist of 3 α-helices, that bind via a conserved hydrophobic patch to the hydrophobic patch of ubiquitin [START_REF] Wang | Ubiquitin recognition by the dna repair protein hhr23a[END_REF] [113] [START_REF] Ohno | Structure of the uba domain of dsk2p in complex with ubiquitin molecular determinants for ubiquitin recognition[END_REF] [6] [START_REF] Swanson | Structural basis for monoubiquitin recognition by the ede1 uba domain[END_REF]. Interesting are the difference in binding to differently linked ubiquitin dimers among UBA domains.

The hHR23A UBA2 and Mud UBA bind the two Ub subunits of the K48-linked dimer in a sandwich like fashion, whereas both ubiquitins bind the same UBA domain via their hydrophobic patch, therefore decreasing the K d significantly [6] [116]. Other UBA domains bind preferentially K63-linked dimers, whereas again others show no preference at all [START_REF] Raasi | Diverse polyubiquitin interaction properties of ubiquitin-associated domains[END_REF].

CUE domains, like UBA domains, consist of 3 α-helices and bind ubiquitin in a similar way as UBA.

The VHS domain represents one of the biggest UBDs with about 140 amino acids. For the VHS domains of STAM1&2 it has been shown, that they recognize the hydrophobic patch of ubiquitin mainly via helices, α2 and α4 [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF].

A second group contains UBDs that complex a zinc ion, whereas this group displays a high complexity regarding the ubiquitin binding surface as well as their structural appearance. Members of this group recognize at least three different binding surfaces on ubiquitin. The most commonly used hydrophobic patch around Ile44, as an example is recognized by the nuclear protein localization 4 ZnF (NZF) domain [START_REF] Steven L Alam | Ubiquitin interactions of nzf zinc fingers[END_REF] and ubiquitinbinding zinc finger (UBZ) domain in the translesion synthesis polymerase [START_REF] Bienko | Ubiquitin-binding domains in y-family polymerases regulate translesion synthesis[END_REF]. Another surface on ubiquitin is used by the A20-type zinc finger (ZnF) domain of RABEX5. This domain binds a polar surface around Asp58 [START_REF] Lee | Structural basis for ubiquitin recognition and autoubiquitination by rabex-5[END_REF]. A third binding side on ubiquitin is recognized by isopeptidase C. The ZnF domain binds to the C-terminus of ubiquitin.

Since Isopeptidas C is a DUB, which disassembles free chains, this binding site might be necessary for its function [START_REF] Amerik Ayu | In vivo disassembly of free polyubiquitin chains by yeast ubp14 modulates rates of protein degradation by the proteasome[END_REF].

To increase processivity, many E2s or Ubcs (ubiquitin conjugating enzymes) bind ubiquitin noncovalently. Class II Ubcs have UBDs in addition to the catalytic core domain. Class I Ubcs in contrast have an intrinsic ubiquitin binding site. UbcH5c for example binds ubiquitin with a K d of around 300µM via its β sheet [START_REF] Peter S Brzovic | A ubch5/ubiquitin noncovalent complex is required for processive brca1-directed ubiquitination[END_REF]. UEV (Ubc The last group of UBDs, that will be described at this place belongs to the Pleckstrin homology (PH) domains. The GRAM-like ubiquitin binding-binding in EAP45 (GLUE)

and PH receptor for ubiquitin (PRU) domains fall into this group, whereas the PRU domain shows an unconventional binding mechanism that is worth mentioning. The PRU domain of RPN13, that is part of the proteasome, binds to the hydrophobic patch on ubiquitin. Thereby it covers a large interaction surface and makes hydrogen bonds with His68 on ubiquitin, which results in a high affinity to mono-ubiquitin [START_REF] Husnjak | Proteasome subunit rpn13 is a novel ubiquitin receptor[END_REF].

So far it is not possible, considering structure and/or sequence, to predict any features of UBDs like affinity and chain linkage preferences. Even the diversity between homolog domains is as high as between structural completely unrelated domains. The structures of several UBD:Ub complexes are shown. Ubiquitin is always shown colored in dark blue, with the hydrophobic patch residues Ile44, Leu8 and Val70 side chains highlighted as sticks. A) Cartoon representation of the PRU domain of mouse RPN13 (yellow) with ubiquitin (2Z59.pdb) [START_REF] Schreiner | Bibliography Bibliography Ubiquitin docking at the proteasome through a novel pleckstrin-homology domain interaction[END_REF]. B) UbcH5c, represented in dark red in complex with ubiquitin (2FUH.pdb) [START_REF] Peter S Brzovic | A ubch5/ubiquitin noncovalent complex is required for processive brca1-directed ubiquitination[END_REF]. C) Cartoon representation of TSG101 UEV (violet) in complex with ubiquitin (1S1Q.pdb) [START_REF] Wesley I Sundquist | Ubiquitin recognition by the human tsg101 protein[END_REF]. D) Crystal Structure of the ZnF UBP domain of the deubiquitinating enzyme isopeptidase T (cyan) in complex with ubiquitin (2G45.pdb) [START_REF] Reyes-Turcu | Recognition of polyubiquitin isoforms by the multiple ubiquitin binding modules of isopeptidase t[END_REF]. E) Cartoon presentation of the Cin85 SH3-C domain (light blue):ubiquitin complex (2K6D.pdb) [START_REF] Bezsonova | Interactions between the three cin85 sh3 domains and ubiquitin: implications for cin85 ubiquitination[END_REF]. F) Solution structure of the Ede1 UBA domain (red) in complex with ubiquitin (2G3Q.pdb) [START_REF] Swanson | Structural basis for monoubiquitin recognition by the ede1 uba domain[END_REF]. G) Cartoon representation of the bovine Rabex-5 A20-ZnF (orange):ubiquitin complex (2FIF.pdb) [START_REF] Lee | Structural basis for ubiquitin recognition and autoubiquitination by rabex-5[END_REF]. H) Cartoon representation of the DUIM domain from Hrs (light green) with 2 ubiquitin molecules (2D3G.pdb) [START_REF] Hirano | Double-sided ubiquitin binding of hrsuim in endosomal protein sorting[END_REF]. I) Structure of the NPL4 ZnF domain (yellow-green) bound to ubiquitin (1Q5W.pdb) [START_REF] Steven L Alam | Ubiquitin interactions of nzf zinc fingers[END_REF].

Chapter 1. Introduction 1.5. The ESCRT machinery

The ESCRT machinery

The ESCRT (endosomal sorting complex required for transport) machinery is a complex system, that is integrated in a wide range of cellular mechanisms. It is not realistic to cover all the diversity of this system in a short chapter. Therefore, the purpose of the following paragraphs is to give a general overview of the ESCRT machinery and especially its role in ubiquitin mediated receptor sorting.

The plasma membrane separates the cytosol from the extracellular space. Even so cells need to be able to communicate with each other, respond to their environment and to take up material from the extracellular space [START_REF] Conner | Differential requirements for ap-2 in clathrinmediated endocytosis[END_REF]. Therefore, a variety of proteins is embedded in the cell membrane. For a cell to stay responsive and adapt to changes in their extracellular environment the composition of the membrane (regarding proteins and lipids) needs to be highly flexible. Since transmembrane proteins are tightly integrated in the membrane, the only way of removing these proteins from the plasma membrane is endocytosis [START_REF] Conner | Differential requirements for ap-2 in clathrinmediated endocytosis[END_REF].

The general responses of ligand binding to a receptor are conformational changes and posttranlational modification of the receptor, mainly phosphorylation or ubiquitination, which triggers signaling events. Internalization of a ligand bound receptor can have three functions. First, the intracellular part of the internalized activated receptor is still exposed to the endoplasmatic space, thus the signal is further spatially transmitted.

Second, removing the ligand bound receptor from the cell membrane, when fast recycled, can lead to re-sensitization, hence restore responsiveness, or when degraded de-sensitizes the cell. A third function is the uptake of compounds, that are required by the cell or have to be removed from the extracellular space.

Cells use different endocytotic mechanism, clathrin-mediated 8 , caveolin-mediated 9 and 1.5. The ESCRT machinery Chapter 1. Introduction clathrin-and caveolin-independent endocytosis [START_REF] Mayor | Pathways of clathrin-independent endocytosis[END_REF]. Nevertheless, the different internalization mechanism all lead to early endosomes [START_REF] Conner | Differential requirements for ap-2 in clathrinmediated endocytosis[END_REF]. Endosomes exhibit a extended morphology with vacuolar and tubular systems. During the maturation process from early to late endosomes, depending on their fate, proteins are either sorted into the tubular systems and recycled back to the plasma membrane or trans-golgi network (TGN) [START_REF] Ganley | A syntaxin 10-snare complex distinguishes two distinct transport routes from endosomes to the trans-golgi in human cells[END_REF] [137], or further internalized into interluminal vesicles for degradation [START_REF] Philip | Multivesicular bodies: co-ordinated progression to maturity[END_REF].

The final step of endosome maturation is the fusion [START_REF] Futter | Multivesicular endosomes containing internalized egf-egf receptor complexes mature and then fuse directly with lysosomes[END_REF], or a kiss and run with the lysosome 10 [140]. Proteins that have not been removed by then are destined for degradation.

Which pathway a protein is subjected to depends on the nature of the protein and/or posttranslational modifications. For the recycling of LDLRs and TFRs no additional signal is needed, they are transported back to the membrane by default [START_REF] Frederick | Endocytic recycling[END_REF]. Other proteins contain a specific recognition peptide sequence at their cytoplasmic side as signal [141] [142]. And again others are tagged by the attachment of ubiquitin for endocytosis followed by lysosomal degradation [143] [144]. In early endosomes ubiquitinated proteins are clustered and further internalized by the ESCRT machinery into multivesicular endosomes (MVEs).

The ESCRT machinery consists of five complexes, ESCRT 0-III, Vps4-Vta1, and an assortment of accessory proteins [7] [8], that are mainly conserved from yeast to human.

The nomenclature differs between yeast and human homologs. In the following text, the names for the human proteins are used, if not further indicated. Ubiquitinated proteins are recognized via ubiquitin binding domains of ESCRT-0, ESCRT-I and ESCRT-II.

ESCRT-0 is a heterodimer of STAM (signal transducing adapter molecule) and Hrs (Hepatocyte growth factor-regulated tyrosine kinase substrate), that of all complexes contains most UBDs, with a DUIM [START_REF] Hirano | Double-sided ubiquitin binding of hrsuim in endosomal protein sorting[END_REF] [145] [START_REF] Urbé | The uim domain of hrs couples receptor sorting to vesicle formation[END_REF] and a VHS [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF] domain in Hrs and a VHS [START_REF] Mizuno | Stam proteins bind ubiquitinated proteins on the early endosome via the vhs domain and ubiquitin-interacting motif[END_REF] [118] and UIM domain [START_REF] Mizuno | Stam proteins bind ubiquitinated proteins on the early endosome via the vhs domain and ubiquitin-interacting motif[END_REF] [147] in STAM2. Only two UBDs are present in ESCRT-I and one in ESCRT-II, a UEV (ubiquitin-conjugating enzyme E2 variant) [START_REF] Teo | Structural insights into endosomal sorting complex required for transport (escrt-i) recognition of ubiquitinated proteins[END_REF] Chapter 1. Introduction 1.5. The ESCRT machinery [START_REF] Wesley I Sundquist | Ubiquitin recognition by the human tsg101 protein[END_REF] domain and Mvb12 [START_REF] Shields | Escrt ubiquitin-binding domains function cooperatively during mvb cargo sorting[END_REF] in ESCRT-I and a GLUE (GRAM-like ubiquitin binding in EAP45) domain [START_REF] Slagsvold | Eap45 in mammalian escrt-ii binds ubiquitin via a phosphoinositide-interacting glue domain[END_REF] [150] [START_REF] Steven L Alam | Structural basis for ubiquitin recognition by the human escrt-ii eap45 glue domain[END_REF] in ESCRT-II.

Assembly of the ESCRT complex on the cytosolic face of endosomal membranes is initiated by the interaction of Hrs's FYVE domain with PtdIns3P, an abundant phospholipid in early endosomes [152] [8]. In addition, Hrs contains a clathrin binding motif [START_REF] Raiborg | Hrs recruits clathrin to early endosomes[END_REF]. Hence ESCRT-0 concentrates ubiquitinated proteins in flat clathrin-coated patches at the endosomal membrane [START_REF] Slagsvold | Endosomal and non-endosomal functions of escrt proteins[END_REF]. It has been shown that ESCRT-0 is the only complex being able to effectively cluster ubiquitinated cargo [START_REF] Wollert | Molecular mechanism of multivesicular body biogenesis by escrt complexes[END_REF]. The other complexes are sequentially recruited due to interaction sides for each other and membrane binding properties. AMSH, a K63-linked chain specific deubiquitinating enzyme, has been shown to bind to the SH3 domain of STAM and to promote recycling of the EGF receptor [START_REF] Mccullough | Amsh is an endosomeassociated ubiquitin isopeptidase[END_REF] [156] [START_REF] Michael | Endocytosis: the dub version[END_REF]. Thus at the stage of the early endosome the fate of a protein can still be changed from degradation to recycling.

Recent studies suggest that membrane budding into the endosomal lumen occurs via the concerted action of ESCRT-I and ESCRT-II, which are suggested to form a membrane neck [START_REF] Wollert | Molecular mechanism of multivesicular body biogenesis by escrt complexes[END_REF], while ESCRT-III is essential for membrane scission [START_REF] Wollert | Membrane scission by the escrt-iii complex[END_REF]. Before a substrate is degraded either by proteolysis through the proteasome or the lysosomal enzymes, attached ubiquitin is removed for recycling. In yeast the DUB Doa4 (degradation of alpha 4), that has the mammalian homolog UBPY/USP8, binds to components ot the ESCRT-III complex [START_REF] Bowers | Protein-protein interactions of escrt complexes in the yeast saccharomyces cerevisiae[END_REF]. Deletion of Doa4 results in a reduced free ubiquitin pool, [START_REF] Amerik | The doa4 deubiquitinating enzyme is functionally linked to the vacuolar protein-sorting and endocytic pathways[END_REF] indicating an involvement of Doa4 in ubiquitin recycling.

A significant difference between membrane budding at the plasma membrane and the endosomal membrane needs to be pointed out. In order to recycle the components of the ESCRT machinery, these need to operate from the cytoplasmic side of the endosomal membrane. In vitro studies showed, that ESCRT-I and ESCRT-II localize as a neck around the bud and further recruit ESCRT-III [START_REF] James | Membrane budding and scission by the escrt machinery: it's all in the neck[END_REF]. In contrast to the other complexes ESCRT-III components exist as monomeric inactive form in the cytosol. The subunits are recruited and assembled to long filamentous structures. A model of the ESCRT-III driven bud scission proposes that its filamentous structure serves as a collar bringing and by viruses such as HIV-1 for envelop budding [172] [173].

Before a receptor enters the ESCRT machinery, it needs to be ubiquitinated and internalized, to reach the endosomal membrane. It is necessary to go a step backward to understand how a ubiquitinated receptor gets to the endosomal membrane in first place.

In mammalian cells platelet-derived growth factor receptor (PDGFR) and epidermal growth factor receptor (EGFR) were the first receptors identified to be ubiquitinated [174] [175]. Both, EGFR and PDGFR belong to the receptor tyrosine kinases and nowadays many other receptors were shown to be ubiquitinated, as well. In these cases ligand binding induces ubiquitination of the receptor due to the recruitment of E3 ligase.

In many cases mono-ubiquitination is sufficient to induce the internalization of a receptor, while attachment of K63-linked chains is proposed to increase the efficiency [START_REF] Galan | Ubiquitin lys63 is involved in ubiquitination of a yeast plasma membrane protein[END_REF] (or change the destiny of a receptor). In fact, for different receptors mono-ubiquitination, multi-mono-ubiquitination, K63-linked poly-ubiquitination and K48-linked poly-ubiquitination has been shown [START_REF] Acconcia | Ubiquitin in trafficking: the network at work[END_REF]. Still an unresolved issue is the involvement of ubiquitination in the initial process of endocytosis, as for fibroblast growth factor receptor (FGFR) and EGFR, mutants lacking the ubiquitin conjugation site were still internalized [START_REF] Margrethe Haugsten | Ubiquitination of fibroblast growth factor receptor 1 is required for its intracellular sorting but not for its endocytosis[END_REF] [179] [180] [START_REF] Duan | Cbl-mediated ubiquitinylation is required for lysosomal sorting of epidermal growth factor receptor but is dispensable for endocytosis[END_REF]. EGFR, in its non-ubiquitinated form (low EGF concen-Chapter 1. Introduction 1.5. The ESCRT machinery tration) seems to be internalized via clathrin dependent endocytosis, while it is only endocytosed in a clathrin independent manner, when ubiquitinated [START_REF] Sigismund | Clathrin-independent endocytosis of ubiquitinated cargos[END_REF]. Furthermore internalization of EGFR in a clathrin mediated manner mainly leads to receptor recycling back to the cell membrane. In contrast EGFR following a clathrin independent internalisation pathway is degraded [START_REF] Sigismund | Clathrin-mediated internalization is essential for sustained egfr signaling but dispensable for degradation[END_REF].

However 2. Why bothering with little pieces of a enormously complex system?

What defines the preference of ubiquitin adapter proteins for a particular Ub-chain linkage over the others?

This is probably one of the most important and unanswered question raised in the field of ubiquitin research. Since most isolated UBDs don't show any selectivity for one kind of ubiquitin chains (a few UBDs like HHR23A UBA show preferences [START_REF] Varadan | Structural determinants for selective recognition of a lys48-linked polyubiquitin chain by a uba domain[END_REF]) another factor has to exist that bias the chain selectivity. Many so far identified ubiquitin adapter proteins contain more than one UBD and the UBDs are stringed after each other, which gives rise to the possibility that adapter proteins can bind multiple ubiquitins at the same time. This raises another question:

Can these ensemble of UBDs bind to ubiquitin subunits of the same chain and is the effect of these multiple binding events more than just the sum of the single events?

A prerequisite to determine the effect of the assembly of UBDs is the full characterisation of the isolated domains, in regard to their binding mode to mono-ubiquitin and ubiquitin chains.

To test whether specificity is designated by the ensemble of UBDs, the UBDs of STAM2 were chosen as a model system. STAM2, as a component of the ESCRT machinery is supposed to bind preferentially to mono-ubiquitin and K63-linked ubiquitin chains.

Nuclear Magnetic Resonance is one of the methods which provide dynamical as well Chapter 2. Why bothering with little pieces of a enormously complex system?

as structural information at an atomic level. As a consequence, NMR is suitable to study biological events on a wide range of time. Among the different NMR techniques available, mainly Chemical Shift Perturbations (CSPs) mapping, spin relaxation and Paramagnetic Relaxation Enhancement (PRE) effect were used. Each of these methods provide different informations useful in the determination of protein-protein complex structures and dynamics. Amicon Ultra-15 (Millipore). The protein concentration was determined with the Pierce 660nm Protein Assay (Pierce), using BSA fraction V (Sigma-Aldrich) as standard protein. In case of UIM a tyrosine mutant was used and the concentration was determined spectroscopically using the extinction coefficient of tyrosine at a wavelength of 280nm
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(1,370 M -1 cm -1 ).

The plasmid for TEV expression was kindly provided by Dr. Daniela Höller as well.

TEV was expressed N-terminal fused with MBP -TEV-cleavage-site -His 6 -tag. During expression the fusion protein underwent autocleavage leaving His 6 -tagged TEV. The TEV construct was transformed into E.coli BL21 (DE3) and cultures were grown in LB medium at 37 For STAM2, the VHS sequence is highlighted in blue, UIM in red and SH3 in green. The numbering corresponds to the annotated sequence. For the VHS, UIM, VHS-UIM, UIM-SH3 and VHS-UIM-SH3 constructs the amino acids are numberd according to the deposited structure of VHS (1X5B.pdb, not published).

Protein expression and purification

Chapter 3. Methods

Ubiquitin and enzymes for ubiquitin chain synthesis

Ubiquitin

Plasmids for ubiquitin and all ubiquitin mutants (in pET2a) were kindly provided by Dr. David Fushman and most of them were produced during my stay in David Fushman's group. Cultures for Ub expression were grown in auto-induction medium. For unlabeled protein the auto-induction medium contained 3.3g (NH 4 ) 2 SO 4 , 6.8g KH 2 PO 4 , 7.1g Na 2 HPO 4 , 10g tryptone, 5g yeast extract, 1mM MgCl 2 , 0.5g glucose, 2g lactose and 5g glycerol per liter medium. For 15 N isotopic labeled ubiquitin cells were grown in auto-induction medium comprised of 3.3g (NH 4 ) 2 SO 4 , 6.8g KH 2 PO 4 , 1.4g Na 2 SO 4 , 0.04% ferric citrate, 1mM MgCl 2 , 0.5g glucose, 2g lactose and 5g glycerol supplemented with 1g 15 NH 4 Cl. Ubiquitin was expressed in E.coli BL21 (DE3) pLysS or pJY. Cultures were started with 1 /10 of volume of pre-culture grown for 6 hours. The cultures were grown for 18 hours at 37 • C. The harvested cells were resuspended in 50mM Tris/HCl pH 7.6, 0.02% (v/v) Triton X-100, 10mM MgCl 2 , 1mM PMSF and 2.5µg/mL STI. After sonication, the lysate was centrifuged for 20 minutes at 22,000rpm (Beckman Coultier, 45Ti). The clarified supernatant was acidified by the dropwise addition of 1-2% (v/v) of 70% perchloric acid under continuous stirring. Precipitates were removed by centrifugation using the same settings as previously described. The supernatant was dialyzed against 50mM ammonium acetate buffer pH 4.5 for at least 6 hours. Afterwards the protein was loaded onto a 5ml SP Sepharose Fast Flow column (GE Healthcare) equilibrated with 50mM ammonium acetate buffer pH 4.5. A salt gradient up to 350mM NaCl was applied to elute ubiquitin. Using Amicon Ultra-15 with 3kDa cutoff the protein was concentrated and buffer exchanged into 20mM sodium phosphate pH 6.8. The concentration was determined by the absorbance at 280nm using the extinction coefficient of 0.16(mg/mL) -1 cm -1 .

The following ubiquitin mutants were used in this study: Ub D77, Ub K48C, Ub T12CD77, Ub K48R, Ub K63R, Ub K63RT12C, Ub K48RT12C, Ub G76C, Ub L8AI44AD77. Chapter 3. Methods

Protein expression and purification

GST-Ubc13 and GST-E2-25K

GST-Ubc13 and GST-E2-25K are both GST tagged and were purified following the same protocol. E.coli BL21 (DE3) cells transformed with the desired E2 expression vector were grown in LB medium and induced with IPTG at OD 600 =0.8. After 3 hours of induction the cells were harvested. The cells were sonicated in PBS (phosphate buffer saline) pH 7.4 supplemented with 1mM DTT, 1mM PMSF and 2.5µg/mL STI. After sonication, the clarified supernatant was loaded onto a GST-TRAP-FF column (GE Healthcare) equilibrated with PBS pH 7.4. The protein was eluted from the column with 50mM Tris/HCl pH 8.0 and 10mM reduced glutathione. The eluted protein was exchanged into 20mM Tris/HCl pH 8.0 and concentrated with Amicon Ultra-15 with 10kDa cutoff.

The concentrations were determined using the extinction coefficient at 280nm, which is for GST-E2-25K 1.7mg ml -1 cm -1 and for GST-Ubc13 55,400M -1 cm -1 .

MMS2

His 10 -tagged MMS2, transformed into E.coli BL21 (DE3), was grown in LB medium at 37 • C until OD 600 =0.8. After addition of 1mM IPTG, cells were induced for 3 hours.

Lysis of the cells was performed by sonication in 50mM

Tris/HCl pH 8.0, 10mM MgCl2, 5% glycerol, 1mM PMSF and 2.5µg/mL STI. The lysate was centrifuged for 20 minutes at 20,000rpm (Beckman Coultier, 45Ti). The His 10 -tag of MMS2 is burried in the protein, therefore the protein has to be denatured prior to further purification steps.

The clarified supernatant was mixed 1:1 with 50mM Tris/HCl pH 8.0, 1M NaCl, 8M Urea, 5% glycerol and 1mM DTT. The lysate was loaded onto a 5mL HisTrap T M FF column (GE Healthcare) equilibrated with 50mM Tris/HCl pH 8.0, 4M urea, 0.5M NaCl and 5% glycerol. MMS2 was eluted with an imidazole gradient.

To achieve refolding of MMS2, urea was stepwise removed by dialysis against 50 mM Tris/HCl pH 8.0, 0.5M NaCl, 5% glycerol, 0.1M EDTA, 1mM DTT and steps of 2M urea, 1M urea, 0.5M urea and without urea. In the last two dialysis steps the buffer was without NaCl. The refolded protein was concentrated with a Amicon pressure cell (Millipore) and stored at -80 • C. The concentration was determined using the extinction

Protein expression and purification

Chapter 3. Methods coefficient of 27,550M -1 cm -1 .

human UBE1

Most ubiquitin chains were produced during my visit in David Fushman's group. There the His 6 -tagged human UBE1 from baculovirus transfected insect cells was kindly expressed and produced by Ming-Yih Lai. The other E1 protein (UBE1) used was purified from a pellet of baculovirus transfected insect cells, that was a kind gift of Dr. Olivier Coux.

Ubiquitin-affinity gel was produced as described by Ciencanover et al. [START_REF] Ciechanover | covalent affinity" purification of ubiquitin-activating enzyme[END_REF]. 1g of activated CH-sepharose 4B (GE Healthcare) was dissolved in 1mM hydrochloric acid and immediately washed with the same solution in a sintered funnel. The gel cake was mixed with 5mL 0.1M NaHCO 3 at pH 8.0 and incubated at 24 • C horizontally shaking. 

Protein expression and purification

DTT and 10mL of the same buffer without salt. UBE1 was eluted with 15mL 20mM Tris/HCl pH 8.0, 0.5mM DTT, 2mM AMP and 2mM pyrophosphate. Fractions of 1mL were collected and analyzed on a 7.5% SDS-PAGE. Fractions containing UBE1 were pooled, concentrated and exchanged into 20mM Tris/HCl pH 8.0 with 0.5mM DTT using Amicon Ultra 15 (Millipore).

Ubiquitin chain synthesis

Chapter 3. Methods

Ubiquitin chain synthesis

K48-linked and K63-linked dimer

The protocol for ubiquitin chain synthesis was derived from Pickart et al. [START_REF] Cecile | Controlled synthesis of polyubiquitin chains[END_REF]. The procedure for both K63-linked and K48-linked chains is very similar. Instead of wild type ubiquitin a combination of Ub K48R and Ub D77 or Ub K63R and Ub D77 for K48-linked or K63-linked chains, respectively, were used to prevent the formation of higher molecular weight chains. The reaction for K48-linked dimer contained 1 /5 th. volume PBDM8 (250mM Tris/HCl pH 8.0, 25mM MgCl 2 , 50mM creatine phosphate (Sigma), 3U/mL inorganic pyrophosphatase, (Sigma) and 3U/mL creatine phosphokinase), 10mg/mL of each ubiquitin mutant, 2mM ATP, 3mM TCEP, 20µM E2-25K and 0.1 -0.15nM E1. The dimer reaction was incubated over night at 37 • C. In the K63-linked dimer reaction, 10µM-15µM of each Chapter 3. Methods

Ubiquitin chain synthesis

,MMS2 and Ubc13, were used in exchange for E2-25K.

The dimer reaction was stopped with the addition of 5mM DTT, which removed dimer bound to the E2's active side. After 10 more minutes of incubation, the pH was brought to ≈4.5 with acetic acid. Formed precipitates were removed and the dimer reaction was loaded onto a 5mL SP Sepharose Fast Flow column (GE Healthcare) equilibrated with 50mM ammonium acetate buffer pH 4.5. The dimer was eluted with a shallow gradient increasing from 0mM to 350mM NaCl. The dimer was further separated from monomers and trimers by size exclusion chromatography, using a Superdex 75 16/60 column (GE Healthcare). Pure dimer fractions were concentrated and exchanged into 20mM sodium phosphate buffer pH 6.8. The final yield of dimer was between 30% and 50% of the initial amount of monomer. The two ubiquitin subunits in the dimer are called distal and proximal domain, depending on their position in the dimer. The ubiquitin, that contributes with its C-terminus to the chain formation is the distal domain, whereas the ubiquitin with the free C-terminus is referred as proximal domain. The different Ub dimers used in this study are summarized in Table 3 

Spin labeling of Ub
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K63-linked trimer

The basis for any longer ubiquitin chain is the dimer. To elongate the dimer to a trimer, the proximal domain of the dimer was deblocked. This was achieved by removing the D77 from the proximal domain with the C terminal hydrolase YUH-1. The cleavage reaction contained between 20 -40mg/mL ubiquitin dimer, 1mM EDTA, 0.5mM DTT, 25µg/mL YUH-1 in 50mM Tris/HCl pH 7.6. The reaction was incubated for 1 hour at 37 • C and stopped by addition of 4mM DTT. The dimer was subsequently separated from YUH-1 by anion exchange chromatography. The reaction was loaded onto a HiTrap T M Q FF column (GE Healthcare), equilibrated with 50mM Tris/HCl pH 7.6, 1mM EDTA and 5mM DTT. Under these conditions YUH-1 but not the ubiquitin dimer was retained.

The deblocked dimer was concentrated and buffer exchanged in 50mM Tris/HCl pH 7.6.

The protocol for the trimer reaction is the same as for the dimer reaction with the only difference, that a 10% excess of ubiquitin D77 over dimer was used. The trimer reaction was incubated over night at 37 • C and stopped by the addition of 5mM DTT. After the pH was dropped to 4.5 with acetic acid, the reaction mixture was loaded onto a 5mL SP Sepharose Fast Flow column (GE Healthcare) equilibrated with 50mM ammonium acetate buffer pH 4.5. A very shallow gradient of 250mL length from 120mM -350mM

NaCl was applied to elute the trimer. The trimer was further separated from dimer and tetramer by size exclusion chromatography using a Superdex 75 16/60 column (GE Healthcare). Pure trimer fractions were concentrated and buffer exchanged into 20mM sodium phosphate buffer pH 6.8.

Spin labeling of Ub

To obtain distance constraints a paramagnetic spin label, 1-oxy(-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)methanethiosulfonate (MTSL), was attached to different monoUb and Ub 2 mutants. In this study MTSL was attached to Ub K48C, Ub T12CD77, K48 Ub 2 with T12C in the distal or proximal domain and K63 Ub 2 with T12C in the distal or proximal domain. In case of the dimer a combination of K48RT12C:D77, K48R:T12CD77, Chapter 3. Methods

Spin labeling of Ub

K63RT12C:D77 and K63R:T12CD77, respectively, was used in the dimer reactions (see Table 3.1 on page 35). The SL reaction was performed either in sodium phosphate pH 6.8 or Tris/HCl pH 8.0. 40mM MTSL (Toronto Research Chemicals Inc.) dissolved in methanol was added in a 3-4 fold molar excess to the protein solution. The reaction was incubated at room temperature over night. Excess SL was removed by ultra filtration with Amicon Ultra (Millipore) and the labeled ubiquitin was exchanged into the desired buffer.

Protein mutations
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Protein mutations

Side directed mutagenesis was achieved using primer with the desired mutation (Table 3.2). The full constructs were amplified by PCR (polymerase chain reaction) using Phusion high fidelity DNA polymerase (NEB). After amplification, the template DNA was DpnI (NEB) digested for 2 hours at 37 • C. 10µL of the PCR product was transformed into E.coli DH5α competent cells. The mutations were verified by sequencing. Cβ carbon chemical shifts the presence, position and length of secondary structure elements were predicted with TALOS [START_REF] Cornilescu | Protein backbone angle restraints from searching a database for chemical shift and sequence homology[END_REF]. CS-ROSETTA [191] [192] was then used and predicted the eight α-helices of the VHS domain, allowing to use the solution NMR VHS structure previously released (1X5B.pdb). Compared to the sequence corresponding to 15 N, 2 H(80%), 13 C VHS-UIM sample. Both UIM-Y and VHS-UIM were assigned using CARA [START_REF] Rochus | The computer aided resonance assignment tutorial[END_REF].

mutation nucleotide sequence 5' to 3' VHS D32A GTACAACACTACAGAAGCTTGGAGTCTTATTATGG VHS D32A CCATAATAAGACTCCAAGCTTCTGTAGTGTTGTAC VHS N82A CTTGGGGCTTGTGTGGCAGCCTGTGAAAAGATATTTCG VHS N82A CGAAATATCTTTCCACAGGCTGCCACACAAGCCCCAAG VHS W33A CAACACTACAGAAGATGCGAGTCTTATTATGGA VHS W33A GTCCATAATAAGACTCGCATCTTCTGTAGTGTT UIM T193Y GAACAGAAACAGCAACACTACGAATAGAAATCCTTATATCC UIM T193Y GGATATAAGGATTTCTATTCGTAGTGTTGCTGTTTCTGTTC UIM-SH3 I181A GAAGACATAGCTAAAGCTGCTGAATTATCGCTGCAAG UIM-SH3 I181A CTTGCAGCGATAATTCAGCAGCTTTAGCTATGTCTTC UIM-SH3 I181E GATGAAGACATAGCTAAAGCTGAGGAATTATCGCTGCAAGAAC UIM-SH3 I181E GTTCTTGCAGCGATAATTCCTCAGCTTTAGCTATGTCTTCATC UIM-SH3 S260C GTTTTGGATGACTGTGATGCCAATTGGTGG UIM-SH3 S260C CCACCAATTGGCATCACAGTCATCCAAAAC

NMR titration experiments

1:1 and 2:1 stoichiometry

The affinity between two molecules (or proteins) is quantified by the so called association constant (K a ). In the simplest case two molecules X and Y bind to each other, forming the complex X•Y. Under equilibrium conditions the kinetics of this process are described by the rate constants k 1 and k 2 (Equation 3.1).

X + Y k 1 -- k 2 X • Y (3.1)
Chapter 3. Methods
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the association constant in this case is defined as

K a = [X • Y ] [X][Y ] (3.2)
Another way to quantify the affinity between two molecules is the dissociation constant (K d ), that is simply the reciprocal of the association constant (K d =K a -1 ).

To obtain the K d of a complex, that consists of a protein and a ligand, that can be another protein or a small molecule, NMR titration experiments were performed. These consist of a set of 15 N-HSQC spectra where a ligand is added to a 15 N-labeled protein in successive steps until saturation. To extract the K d it is assumed that the response of the system, the measured chemical shift (δ obs ), depends linearly on the ratio between the concentration of protein in the bound state ([P•L]) and the total protein concentration

([P 0 ]) δ obs = δ 0 + (δ max -δ 0 ) [P • L] [P 0 ] (3.3)
with δ 0 the chemical shift of the protein and δ max the chemical shift after saturation of the protein with ligand. After replacing the term [P• L]/[P 0 ] by an expression that contains only the total protein concentration, the total ligand concentration and the K d , one yield:

δ obs = δ 0 + (δ max -δ 0 ) [P 0 ] + [L 0 ] + K d ([P 0 ] + [L 0 ] + K d ) 2 -4[P 0 ][L 0 ] 2[P 0 ] (3.4)
The assumption of linear dependence between the proportion of ligand bound protein and chemical shift limits this method to processes in fast exchange. Hence

k 1 + k 2 >
1/(2π)(ω P -ω P L ) has to be valid, whereas ω P and ω P L are the amide proton or nitrogen resonance frequencies in the isolated protein and the ligand bound protein, respectively

NMR data acquisition & processing
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CSPs were calculated from the combined amide chemical shift perturbation:

∆δ = (∆δ H ) 2 + ∆δ N 5 2 2 (3.5)
with ∆δ H and ∆δ N the chemical shift perturbation (δ obs -δ 0 ) in the proton and nitrogen dimensions, respectively. Different binding models have been tested for the different titration curves [START_REF] Varadan | Solution conformation of lys63-linked di-ubiquitin chain provides clues to functional diversity of polyubiquitin signaling[END_REF]. 

∆δ = ∆δ LB [L 0 ] + [P 0 ] + K d ([L 0 ] + [P 0 ] + K d ) 2 -4 [L 0 ] [P 0 ] 2 [P 0 ] (3.6)
where [P 0 ] and [L 0 ] are the total molar concentrations of VHS/UIM and Ub 2 respectively.

For the 2:1 binding model, with 2 binding sites on the ligand (Figure 3.3 E), the following equation was used:

∆δ = ∆δ LB 2 [L 0 ] + [P 0 ] + K d (2 [L 0 ] + [P 0 ] + K d ) 2 -8 [L 0 ] [P 0 ] 2 [P 0 ] (3.7)
For measurements on the distal or the proximal domains, the 1:1 model (Figure 3.3 B)

gives: 

∆δ = ∆δ LB [L 0 ] + [P 0 ] + 1 2 K d ([L 0 ] + [P 0 ] + K d ) 2 -4 [L 0 ] [P 0 ] 4 [P 0 ] (3.
∆δ = ∆δ LB [L 0 ] + 2 [P 0 ] + K d ([L 0 ] + 2 [P 0 ] + K d ) 2 -8 [L 0 ] [P 0 ] 4 [P 0 ] (3.9)
was used. The dissociation constant K d and ∆δ LB were fitted with non-linear regression by using a in-house Matlab (The MathWorks, Inc) based program. Errors were estimated by sampling 100 initial guesses, assuming 10% error on the protein and ligand concentrations.
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A X

1:1 protein to ligand binding mode A) A X The protein is shown in blue, with the ligand binding sides A and B, whereas the red/orange ovals is the ligand, with the interaction sides X and Y. In (A) the simplest case of a 1:1 stoichiometry is given, with both, protein and ligand displaying only one binding side (Equation 3.6 on page 42). A 1:1 stoichiometry with either the protein or the ligand containing 2 binding sides is presented in (B) and (C), respectively. In case of scenario (B), Equation 3.8 and for (C) Equation 3.6 were used. (D) & (E) show a 2:1 binding mode for the protein (D) or the ligand (E) with 2 binding sides. The Equations 3.9 and 3.7 were used to fit the two cases represented in (D) and (E), respectively.
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The sequential model for cooperativity

In the sequential model for cooperativity [START_REF] Krishnamoorthy | Auto-face: an nmr based binding site mapping program for fast chemical exchange protein-ligand systems[END_REF] it is assumed, i) that binding occurs, as the name states, in a sequential manner, but without a specific order. ii) The first binding event changes the dissociation constant for the second.

P + L K d1 --P L 1 + L K d2 --P L 2 (3.10)
the dissociation constants are:

K d1 = [P ][L] [P L 1 ] and K d2 = [P L 1 ][L] [P L 2 ] (3.11)
with [P] the molar concentration of free protein, [PL 1 ] and [PL 2 ] the molar concentrations of the partially and totally bound protein, respectively. Under this binding scheme, the observed chemical shift δ obs is defined as

δ obs = X P δ P + X P L 1 δ P L 1 + X P L 2 δ P L 2 (3.12)
and expressed in terms of chemical shift perturbations

∆δ obs = X P L 1 ∆δ P L 1 + X P L 2 ∆δ P L 2 (3.13)
the Mol fractions X are specified as:

X P = [P ] [P tot ] , X P L 1 = [P L 1 ] [P tot ] and X P L 2 = [P L 2 ] [P tot ]
3.5. NMR data acquisition & processing Chapter 3. Methods and the total protein and ligand concentrations [P tot ] and [L tot ] are:

[P tot ] = [P ] + [P L 1 ] + [P L 2 ] and [L tot ] = [L] + [P L 1 ] + [P L 2 ] (3.14)
combining Equation 3.12 and Equation 3.14 yields an expression for [PL 1 ] and [PL 2 ],

that depend on K d1 and K d2 .

[P L 1 ] = [L][P tot ]K d2 K d1 K d2 + [L]K d2 + [L] 2 (3.15)
and

[P L 2 ] = [L] 2 [P tot ] K d1 K d2 + [L]K d2 + [L] 2 (3.16) 
[L] is obtained from Equation 3.17, which is based on Cardano's method to solve cubic equations

0 = L 3 + L 2 K d2 + P tot -L tot + L K d1 K d2 + K d2 P tot -K d2 L tot -L tot K d1 K d2 (3.17)

NMR relaxation experiments

Spin relaxation is a method, that is widely used in NMR and represents a field of research by itself. As a consequence, and for the sake of simplicity, only its basic concept and definition will be mentioned in the this manuscript. Briefly, spin relaxation is a mechanism by which an ensemble of nuclear spins return to equilibrium after being perturbed.

The way nuclear spins return to equilibrium is driven by molecular motions. Therefore, spin relaxation measurements have two purposes in the present study, i) it provides orientational constraints to derive the structure of a complex. ii) Since the molecular tumbling rate is strongly linked to the molecular weight, it provides information about the stoichiometry of the protein-protein complex under investigation.
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Relaxation experiments included 15 N longitudinal (R 1 ), 15 N transverse (R 2 ) relaxation and the 15 N-1 H cross-relaxation rates via steady-state 15 N-1 H NOE (Nuclear Overhauser Effect) were obtained from experiments previously described [START_REF] Fushman | The main-chain dynamics of the dynamin pleckstrin homology (ph) domain in solution: analysis of 15n relaxation with monomer/dimer equilibration[END_REF]. For 15 N-1 H heteronuclear NOE experiments, 2D spectra were recorded with and without presaturation of amide protons [START_REF] Kay | Backbone dynamics of proteins as studied by 15n inverse detected heteronuclear nmr spectroscopy: application to staphylococcal nuclease[END_REF]. The recycle delay was set to 6 seconds, in order to allow the bulk water magnetization to return as close as possible to its equilibrium value. All NMR data were processed with NMRpipe [START_REF] Delaglio | Nmrpipe: a multidimensional spectral processing system based on unix pipes[END_REF] and analyzed with NMRViewJ [START_REF] Johnson | Nmr view: A computer program for the visualization and analysis of nmr data[END_REF] or Sparky [START_REF] Goddard | SPARKY 3[END_REF] in combination with Relaxfit [START_REF] Fushman | The main-chain dynamics of the dynamin pleckstrin homology (ph) domain in solution: analysis of 15n relaxation with monomer/dimer equilibration[END_REF]. The 15 N relaxation rates and heteronuclear NOEs were analyzed using ROTDIF [START_REF] Walker | Efficient and accurate determination of the overall rotational diffusion tensor of a molecule from (15)n relaxation data using computer program rotdif[END_REF] by only considering residues which belong to the well-defined secondary structure of the protein. that was used in this study belong to the latter group.

N ubiquitin + VHS × × × 15 N VHS × × × 15 N VHS + ubiquitin × × × 15 N K63 Ub 2 distal + VHS - × - 15 N K48 Ub 2 distal + VHS - × - 15 N UIM × × - 15 N ubiquitin × × - 15 N UIM + ubiquitin × × - K63 15 ND77 + UIM-Y - × - K48R 15 ND77 + UIM-Y - × - 15 N VHS-UIM × × × 15 N VHS-UIM + K63 Ub 2 - × - Table 3.
MTSL was first introduced by Berliner et al. [START_REF] Berliner | A novel reversible thiol-specific spin label: papain active site labeling and inhibition[END_REF] as a paramagnetic spin label for EPR, but found its way as label for NMR a couple of years later [START_REF] Schmidt | Distance measurements in spin-labeled lysozyme[END_REF]. PRE data can provide useful distance constraints to solve the structure of proteins or protein-protein complexes. In contrast, the other three effects mentioned above give rise to orientational constraints. Relaxation enhancement of nuclei due to a paramagnetic center is caused by dipolar interactions between the unpaired electrons and the nuclei. Even so, longitudinal relaxation rates as well as transverse relaxation rates are elevated, it is experimentally easier to obtain the effects on T 2 , that is not distorted by cross relaxation effects [START_REF] Clore | Theory, practise, and applications of paramagnetic relaxation enhancement for the characterization of transient low-populaten states of biological macromolecules in their complex[END_REF].

In general only two 15 N-HSQC spectra, one of the sample in the paramagnetic state and the second one in the diamagnetic state need to be acquired to extract the PRE effect. In this study MTSL was attached to the cysteine side chain of different ubiquitin mutants (K48C and T12C). The PRE effect was measured as a ratio of signal intensities in the oxidized (paramagnetic) and reduced (diamagnetic) state [START_REF] Varadan | Structural determinants for selective recognition of a lys48-linked polyubiquitin chain by a uba domain[END_REF]. The oxidized spectrum was obtained by directly looking at the 15 N-HSQC, whereas three molar equivalents of ascobic acid to MTSL were added to the sample, to obtain the reduced state. The PRE data were converted into distances between the unpaired electron and the amide proton spins according to equation 3.18 [START_REF] Battiste | Utilization of site-directed spin labeling and highresolution heteronuclear nuclear magnetic resonance for global fold determination of large proteins with limited nuclear overhauser effect data[END_REF] [207]: B.1 on page 177) with an additional upper and lower bound distance of 4Å. In addition, CSPs were introduced to define ambiguous interaction restraints (AIRs). Active residues were defined as those having CSPs above 0.05ppm and 0.1ppm for VHS and monoUb, respectively, and a relative residue accessible surface area larger than 50% for side chains or backbone atoms. Passive residues were identified as residues close to active residues. Flexible segments were defined as stretches of active and passive residues plus one sequential residue. To provide orientational restraints, relaxation data were included in the rigid body minimization as a R 2 /R 1 ratio for both proteins in the bound state. Finally, the structure calculation was done with the standard 3 step refinement found in HADDOCK with i) a rigid body energy minimization generating 3000 structures ii) semi-flexible refinement using the best 4. STAM2's UIM domain
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Introduction to UIM domains

The first protein found to bind ubiquitin was the S5a subunit of the 26S proteasome [START_REF] Deveraux | A 26 s protease subunit that binds ubiquitin conjugates[END_REF].

Using deletion mutants two stretches, called pUbS1 and pUbS2 in the C-terminal part of S5a of about 30 amino acid were identified to mediate the ubiquitin binding properties [START_REF] Young | Characterization of two polyubiquitin binding sites in the 26 s protease subunit 5a[END_REF]. Later on, the name for this type of domain was changed to ubiquitin interacting motif (UIM). Iterative database searches and Hidden Markov Models identified a highly conserved sequence pattern of X-Ac-Ac-Ac-Ac-Φ-X-X-Ala-X-X-X-Ser-X-X-Ac-X-X-X-X, with Ac acidic residues (Glu or Asp), Φ large hydrophobic residues (typically Leu) and X less conserved residues [START_REF] Hofmann | A ubiquitin-interacting motif conserved in components of the proteasomal and lysosomal protein degradation systems[END_REF]. UIM domains fold into short α-helical structures and are embedded as independent domains into modular proteins. UIM domains are the smallest domains amongst the UBDs. The affinity of UIMs to monoUb ranges from 100µM to some mM [START_REF] Robert D Fisher | Structure and ubiquitin binding of the ubiquitin-interacting motif[END_REF] and binding is mediated by the hydrophobic residues in UIM's helix, which interact with the hydrophobic patch on ubiquitin. with an identity of 55% and a similarity of 70% (see Figure 4.5 on page 61). Especially residues in the core of the sequence are identical. The solution structure of the Vps27 UIM1:monoUb complex has been solved (1Q0W.pdb) [START_REF] Swanson | Solution structure of vps27 uim-ubiquitin complex important for endosomal sorting and receptor downregulation[END_REF]. Considering the high homology between both UIM domains and that they display a similar binding profile on ubiquitin [START_REF] Swanson | Solution structure of vps27 uim-ubiquitin complex important for endosomal sorting and receptor downregulation[END_REF] suggests a comparable binding mode between STAM2 UIM:monoUb and Vps27 UIM:monoUb. In From the 15 N ubiquitin side, a K d of 309±35µM was derived and 266±32µM on 15 N UIM-Y side, which is, under consideration of different buffer compositions and temperature, in agreement with previously determined affinities of 180µM [START_REF] Robert D Fisher | Structure and ubiquitin binding of the ubiquitin-interacting motif[END_REF]. The STAM2 UIM sequence was pairwise aligned with STAM1 UIM, Vps27 UIM-1 and Vps27 UIM-2. Red colored residues indicate identical residues between both sequences, whereas orange residues are similar between both sequences. STAM1 UIM and STAM2 UIM share 80% identity and 100% similarity. The identity between STAM2 UIM and Vps27 UIM-1 is 55%, with a similarity of 70%. Alignment of STAM2 UIM with Vps27 UIM-2 revealed 40% identity and 70% similarity. The residue numbering corresponds to the position in the full length proteins, therefore the numbering of STAM2 UIM has an offset of +7 from the numbering used for the UIM construct. 
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STAM2's VHS domain

Introduction to VHS domains

Based on its redundancy in proteins involved in signal transduction, the VHS domain was first identified by a data base search using SMART (simple modular architecture research tool) [START_REF] Schultz | Smart, a simple modular architecture research tool: identification of signaling domains[END_REF]. Due to its occurrence in Vps-27, Hrs and STAM, the name VHS was derived. In all so far identified proteins that contain a VHS domain, which counts at least 60, VHS occupies the very N-terminal end [START_REF] Lohi | Vhs domain marks a group of proteins involved in endocytosis and vesicular trafficking[END_REF]. In human nine proteins are known to contain a VHS domain, Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate), STAM1&2 (signal transducing adapter molecule 1&2) , GGA1&2&3

(Golgi-localized, gamma ear-containing, ARF-binding protein 1&2&3), TOM1 (target of Myb protein 1), TOM1L1 (TOM1-like protein 1) and TOM1L2 (TOM1-like protein 2). The first structure of VHS (from HRS of D.melanogaster) solved showed a superhelical structure comprised of eight α-helices [START_REF] Mao | Crystal structure of the vhs and fyve tandem domains of hrs, a protein involved in membrane trafficking and signal transduction[END_REF]. So far, the structures of VHS domains from human Tom1 [START_REF] Misra | Structure of the vhs domain of human tom1 (target of myb 1): insights into interactions with proteins and membranes[END_REF], human STAM1 & 2 (1X5B.pdb and 2LDZ.pdb) [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF] have been solved. All of them show some common structural features, like the superhelical arrangement of the eight α-helices with a dimension of 20×35×45 Å. The VHS domain displays a asymmetric shape with a concave face that involves helices α2, α4 and α7.

The opposite face is convex, due to the arrangement of the helices α1, α3, α6 and α8.

The two layers of helices are connected by helix α5 [START_REF] Lohi | Vhs domain -a longshoreman of vesicle lines[END_REF]. Sequence alignment of different VHS domains (see Figure 5.1 on the following page) reveals a sequence similarity between some VHS domains as low as 25%, whereas those residues that are conserved are mainly located at the interface between the two layers, therefore defining the characteristic helix The sequences of all VHS domains found in human proteins were aligned with ClustalW2 [START_REF] Larkin | Clustal w and clustal x version 2.0[END_REF]. An asterisk (red background) indicates a residue that is highly conserved through all aligned sequences, residues marked by two dots (yellow background) or one dot are semi-conserved or low-conserved residue, respectively.

VHS is a domain that mediates protein-protein interactions. The first binding partner for a VHS domain was found for the VHS domain of GGA, which binds to the mannose-6phosphate receptor and more precisely an acidic-cluster-dileucine motif [START_REF] Puertollano | Sorting of mannose 6-phosphate receptors mediated by the ggas[END_REF] [224] [START_REF] Takatsu | Golgi-localizing, gammaadaptin ear homology domain, adp-ribosylation factor-binding (gga) proteins interact with acidic dileucine sequences within the cytoplasmic domains of sorting receptors through their vps27p/hrs/stam (vhs) domains[END_REF].

Only the VHS domain of GGA isoforms binds this sequence motif. Deletion mutants of STAM lacking the VHS domain identified the VHS domain as a ubiquitin binding domain [START_REF] Mizuno | Stam proteins bind ubiquitinated proteins on the early endosome via the vhs domain and ubiquitin-interacting motif[END_REF].

Recently all so far identified human VHS domains were tested for their ability to bind to ubiquitin [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF]. Only one of the VHS domains, GGA1's VHS, did not show any ability to bind to ubiquitin (in the range detectable by SPR). Among all the VHS domains, those of GGA proteins showed the lowest affinity for ubiquitin. In contrast, the VHS For the structures the coordinates from 1X5B.pdb (RIKEN Structural Genomics/Proteomics Initiative) for VHS and 1D3Z.pdb [START_REF] Cornilescu | Validation of protein structure from anisotropic carbonyl chemical shifts in a dilute liquid crystalline phase[END_REF] for monoUb were used. The spectra were acquired on a 600MHz spectrometer, at 288K, in 20mM sodium phosphate pH 6.8.

Chapter 5. STAM2's VHS domain 5.2. The VHS:monoUb complex

Stoichiometry of the VHS:monoUb complex

Analysis of spin relaxation parameter in combination with CSPs were used to extract the stoichiometry of the VHS:monoUb complex. 15 N longitudinal relaxation rates (R 1 ),

15 N transversal relaxation rates (R 2 ) and heteronuclear NOEs were measured for the free proteins as well as for the complex from both sides, 15 N VHS: 14 N monoUb and 14 N VHS: 15 N monoUb under saturation (Figure 5.4 on page 73). 15 N R 1 and 15 N R 2 rates depend on the overall tumbling of a protein and therefore the molecular mass [START_REF] Fushman | Determining domain orientation in macromolecules by using spin-relaxation and residual dipolar coupling measuremnts[END_REF].

Using all three measures, R 1 , R 2 and NOEs, the correlation time (τ c ) of a protein can be extracted. For the calculation of average R 1 and R 2 values only residues in secondary structure elements were considered. Looking at monoUb, the average R 1 decreased from 1.860±0.074s -1 in the free form to 0.972±0.11s -1 in the complexed form. From the VHS side R 1 dropped from 1.084±0.074s -1 for VHS alone to 0.966±0.120s -1 in complex with monoUb.

The R 2 values for the VHS:monoUb complex correspond to a molecular mass between 20.6kDa and 27.5kDa, which confirms a 1:1 stoichiometry between VHS and monoUb, resembling a molecular mass of 25.4kDa. Furthermore, R 2 values scale linearly with the molecular mass. In complex, monoUb and VHS experience almost the same R 2 , 22.5±1.8s -1 and and 23.4±1.7s -1 , respectively. Whereas in the free form the R 2 for monoUb is 7.3±0.4s -1 and 17±1.0s -1 for VHS. Another indicator for a 1:1 stoichiometry is the correlation time of 15.7±1.4ns and 16.2±1.3ns of the complex, measured on monoUb and VHS, respectively. Ub alone in contrast has a τ c of 5.6±0.4ns, which is roughly 3 fold less than τ c for the complex and therefore corresponds to a 1:1 complex.

The VHS:monoUb complex

Chapter 5. STAM2's VHS domain The calibration curve was obtained by taking into account relaxation parameters for monoUb, Ub 2 (K48-linked Ub 2 ) and Ub 4 [START_REF] Varadan | Structural properties of polyubiquitin chains in solution[END_REF] and adjusted to temperature and spectrometer frequency. For each molecular mass, an overall isotropic tumbling was assumed from which the correlation time derived [START_REF] Cavanagh | Protein NMR Spectroscopy[END_REF] after including a 3.2 hydration shell. Other parameters included a viscosity of 0.00114 PI, a temperature of 288K and a protein specific density of 0.73cm 3 g -1 . The NH backbone dynamic is characterized by a squared order parameter of 0.82 and a local correlation time of 20ps. The R 1 values for 15 N Ub:VHS and 15 N VHS:Ub have been represented for a theoretical molecular mass of the complex (25.45kDa) whereas dashed lines correspond to the standard deviation over the averaged experimental R 1 . bound form (grey circles). The relative shifts of the different levels reflect the change in the overall molecular tumbling for each partner and hence their molecular mass upon complex formation. The data were acquired on a 600MHz spectrometer at 288K, in 20mM sodium phosphate pH 6.8, 100mM NaCl.

The VHS:monoUb complex
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Affinities of the VHS:monoUb complex

With the knowledge of the stoichiometry of the complex, the affinity in terms of the dissociation constant (K d ) can be obtained from titration experiments. K d s were determined in 20mM sodium phosphate buffer at pH 6.8 for different ionic strength and three VHS mutants. Titration of monoUb into 15 N VHS in the absence of NaCl gave an average K d of 64±8µM. From the 15 N monoUb side a K d of 54±6µM was obtained. The presence of 100mM NaCl increased the K d to 156±14µM and 166±12µM, measured on 15 N VHS and 15 N monoUb, respectively. This shift in K d , due to changes in the salt concentration, is indicative for an electrostatic effect in the VHS:monoUb interaction.

To determine the significance of some selected residues on the formation of the complex, three VHS mutants with different point mutations were designed. Those residues that displayed strongest CSPs, Try33, Asn32 and Asp82, were replaced by an Ala. K d s were obtained upon addition of monoUb to the 15 N labeled VHS mutant. In case of VHS D32A the K d increased to 362±22µM whereas for VHS W33A the K d increased as much as to 4.1±0.4mM. The N82A mutation destabilized the VHS:monoUb complex in a way, that even a small amount of monoUb resulted in significant precipitation of the sample. All spectra were acquired on a 600MHz spectrometer at 288K, in 20 mM sodium phosphate pH 6.8 without salt, if not further indicated.

The VHS:monoUb complex
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Diffusion tensor & distance constraints from PRE effects

Spin relaxation measurements report on the overall rotational diffusion and structure of molecules. This information can be used to orient the components of the monoUb:VHS complex with respect to each other [START_REF] Walker | Efficient and accurate determination of the overall rotational diffusion tensor of a molecule from (15)n relaxation data using computer program rotdif[END_REF] and also to drive molecular docking [START_REF] Aalt | Combining nmr relaxation with chemical shift perturbation data to drive proteinprotein docking[END_REF].

Therefore, the relative orientation of VHS with respect to monoUb can be obtained by simply rotating their respective diffusion tensor so that they become collinear [START_REF] Varadan | Structural properties of polyubiquitin chains in solution[END_REF] [236] [237] [START_REF] Ryabov | Structural assembly of multidomain proteins and protein complexes guided by the overall rotational diffusion tensor[END_REF]. Analysis of the relaxation data was performed by means of the rho factor approach [START_REF] Walker | Efficient and accurate determination of the overall rotational diffusion tensor of a molecule from (15)n relaxation data using computer program rotdif[END_REF] [239] [START_REF] Ghose | Determination of the rotational diffusion tensor of macromolecules in solution from nmr relaxation data with a combination of exact and approximate methods-application to the determination of interdomain orientation in multidomain proteins[END_REF] implemented in Rotdif [START_REF] Walker | Efficient and accurate determination of the overall rotational diffusion tensor of a molecule from (15)n relaxation data using computer program rotdif[END_REF]. The rotational diffusion tensor orientation was determined for each protein in the free form and in the complexed form. According to statistical analysis (Table B.2 on page 178), the axially symmetric model agrees with the experimental relaxation data for the free form of both monoUb and VHS, whereas the orientation of the corresponding rotational diffusion tensor is given by α=107±10 

Docking of the VHS:monoUb complex

The structure of the monoUb:VHS complex was modeled using molecular docking methods with NMR constraints (CNS) [START_REF] Brünger | Crystallography & nmr system: A new software suite for macromolecular structure determination[END_REF] and the Haddock2.0 program [212] [213]. The NMR structure of each individual protein (PDB code 1D3Z for monoUb [START_REF] Cornilescu | Validation of protein structure from anisotropic carbonyl chemical shifts in a dilute liquid crystalline phase[END_REF] and 1X5B

for VHS) was used as starting structures. To take into account the fact, that the paramagnetic effect originates from the unpaired electron of the SL, cysteine residues and MTSL atoms were introduced in silico at position 12 and 48 on monoUb. Three different kinds of constraints were included to drive the docking (see Table B.1 on page 177):

i) nine different distances derived from PREs included as unambiguous distances constraints, ii) chemical shift perturbations were included as ambiguous distances and iii) the rotational diffusion tensor measurements were included as R 2 /R 1 ratios [START_REF] Aalt | Combining nmr relaxation with chemical shift perturbation data to drive proteinprotein docking[END_REF]. The monoUb:VHS complex was modeled using 9 and 20 different distances derived from PREs data. Because the resulting structures did not differ, the 9 most reliable distances were kept as constraints for the docking. The resulting structures were subjected to clustering. Details of the docking results are summarized in Table B.3 on page 179 for the ten best structures of the best cluster, whereas the ten best structures of the best cluster are represented in Figure 5.8 on page 82. Moreover, there is a good agreement between the reconstruction of the MTSL position from the PRE data and the modeling of the complex, thus validating our approach.

Hydrophobic and electrostatic interactions contribute to the monoUb:VHS interaction

According to the docking results, VHS binds mainly through the helices α2 and α4 to a surface on monoUb, defined by the strands β3 and β4. The surface of ubiquitin, that is in contact with VHS involves a deep hydrophobic pocket and appears to be stabilized by From the K63-linked Ub 2 side, the distal and the proximal domain, both exhibit the same mode of binding for VHS. The latter assessment is supported by several observations. First, the CSP pattern at saturation is identical for both distal and proximal domains. Second, the same residues of the distal or the proximal domain of K63-linked The symbols represent the experimental data, whereas the fit is shown as solid line. The data were fitted with different models as described in subsection 3.5.3 on page 40. The experiments were acquired on a 600MHz spectrometer at 288K, in 20mM sodium phosphate ph 6.8.

The VHS di-ubiquitin interaction
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Model of the VHS:Ub 2 complex

According to the CSP data for the interaction of VHS with K48-linked Ub 2 , it is evident that VHS does not experience any extended perturbation surface compared to the monoUb:VHS interaction. To gain further inside into the interaction of VHS with both K48-and K63-linked Ub 2 chains, Ub dimers with a Ub D77T12C mutant as proximal domain were produced (see Table 3.1 on page 35). From the SL experiments distance constraints could be extracted. As it can be seen from Figure 5.11 A for K48-linked Ub 2 , the spin label affects regions on VHS, which are different from those seen for the interaction with monoUb C12 (Figure 5.6 B). Indeed, it is noteworthy that three main areas are affected by a decrease of signal intensity of at least 60%. These regions are characterized by residues Thr29, Thr30, Glu31, Ser45, Thr46, Ala50, Asn82, Ile86, Phe87 and Lys129, which are significantly affected by the spin label. Surprisingly, it was not possible to reconstruct the position of the spin label by using only one paramagnetic center. Therefore, the PRE data could only originate from two populations (see subsection 3. where the proximal domain is somewhat rotated around the G76-K63 isopeptide bond, which is in fact not surprising considering a certain flexibility of the bond as previously reported [START_REF] Ajit B Datta | The structure and conformation of lys63-linked tetraubiquitin[END_REF]. Analysis of the PRE data for VHS in presence of a 1:1 equivalent of SL attached to the proximal domain of K48 Ub 2 at position C12 (A) and the proximal domain of K63 Ub 2 at position C12 (B). The reconstruction of the paramagnetic center yield 2 positions corresponding to two populations of the K48 Ub 2 :VHS complex. Putative models of the K48 Ub 2 :VHS complex are shown in (C). They are in good agreement with the position of the paramagnetic centers (magenta and brown spheres) and the theoretical position of MTSL for both populations. The distal and the proximal domain of K48 Ub 2 are represented in red and blue, respectively, whereas VHS is colored in orange. A putative model of the K63 Ub 2 :VHS complex based on the monoUb:VHS complex is presented in (D). This model has been obtained by assuming that the paramagnetic SL affects both VHS molecules under saturating conditions.
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STAM2 VHS versus STAM1 VHS

The STAM1 protein is a STAM isoform and shares 74% identity with STAM2. The interaction of STAM2 with monoUb has been characterized by NMR [246] and a crystal structure for the STAM1 VHS:monoUb complex has recently been published [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF] (3LDZ.pdb). The STAM2 VHS:monoUb structure is slightly different, considering the orientation of Ub with respect to VHS (Figure 5.12 on the following page). Indeed, the α-helix is rotated approximately 10 • with respect to monoUb in the monoUb:STAM1

VHS crystal structure and the NMR structure exhibits a somewhat closer contact between monoUb and VHS. Nevertheless, monoUb targets the same interface on STAM1

VHS as the one observed on STAM2 VHS. For instance, the STAM1 VHS residues at the interface cluster around Gly27-Asp34 and Ala71-Asn75 and are in good agreement with STAM2 residues Thr29-Asp41 and Thr74-Asn82 that show the most significant CSPs.

The interaction surfaces on STAM1 and STAM2 are similar and mainly involve conserved residues, except STAM2 Ser34 and Ala81 which are replaced in Stam1 by Gly27 and Ser74, respectively. Thus, the residues conserved only in STAM proteins are likely to play an important role in ubiquitin binding, as the sequence homology of the VHS domains among the STAM isoforms is much higher, than that between STAM proteins and others (see Figure 5.1 on page 68).

The VHS di-ubiquitin interaction

Chapter 5. STAM2's VHS domain The crystal structure of the STAM1 VHS:monoUb complex (3LDZ.pdb) [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF] is shown in red, with ubiquitin in brown-red and VHS in medium red. The NMR structure of the STAM2 VHS:monoUb complex (2LOT.pdb) is colored in blue, with ubiquitin in medium blue and VHS in light blue. The structure of STAM1 and STAM2 VHS in their complex with monoUb were aligned, to highlight their slight differences.
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Same apparent K d but different mode of binding

The presented results show a chain-dependent mode of bindings of VHS for K63-and K48-linked Ub 2 chains, whereas VHS displays an asymmetric binding to K48-linked Ub 2 with the proximal domain exhibiting a five fold weaker dissociation constant than the distal domain. Moreover, two differentially populated structures were identified in solution, likely reflecting the complexity of this binding event. Such a situation has been reported earlier for other UBDs [START_REF] Zhang | Structure of the s5a:k48-linked diubiquitin complex and its interactions with rpn13[END_REF]. To date, this is the first experimental evidence that the VHS domain of STAM2 enters the hydrophobic pocket of K48-linked Ub 2 to bind directly to each Ub subunit with a different affinity. The observed weaker binding of the proximal domain to VHS may be explained by the fact that Lys48, which is the most affected residue in the monoUb:VHS interaction (Figure 5.2 A on page 70), participates in the Gly76-Lys48 isopeptide bond. As a consequence, Lys48 of the proximal domain may be less able to interact with VHS and this may have a negative effect on the binding to VHS. In contrast, Gly76 of the distal domain is significantly perturbed compared to its interaction with monoUb. A possible explanation is a higher accessibility of Gly76 owing to the opening of the hydrophobic interface, allowing Gly76 to interact directly with VHS.

These observations are unique with respect to what has been reported previously with

The VHS di-ubiquitin interaction

Chapter 5. STAM2's VHS domain other protein interactions involving diverse UBDs and K48 Ub 2 chains. For instance, the proximal domain appears to be the primary binding site for hHR23A-UBA, which binds to Ub 2 in a sandwich-like fashion [START_REF] Varadan | Structural determinants for selective recognition of a lys48-linked polyubiquitin chain by a uba domain[END_REF], whereas the UQ1-UBA does not show any preference for either of the two Ub 2 subunits [START_REF] Zhang | Affinity makes the difference: nonselective interaction of the uba domain of ubiquilin-1 with monomeric ubiquitin and polyubiquitin chains[END_REF].

Diverse modes of binding to K48-linked Ub 2 may arise from a compromise between the size of the receptor, which could give rise to steric constraints and the electrostatic surface of the receptor, which could offer a second binding site to another Ub 2 subunit.

Binding between VHS and K48-linked chains could be complicated by the fact that the functionally important hydrophobic residues are sequestered at the interface at neutral Therefore K63-linked chains might harbor a better accessibility of Ub subunits and can then accommodate more than one UBD per chain owing to avid binding [START_REF] Sims | Linkage-specific avidity defines the lysine 63-linked polyubiquitin-binding preference of rap80[END_REF].

STAM VHS, the best Ub binder among the VHS domains

The VHS domain is present in 8 mammalian proteins (GGA1/2/3, Hrs, STAM1/2, TOM1 and TOM1L1), where it occupies the N-terminal end suggesting that its positioning is important for its function [9] [221]. The VHS domain of STAM2 interacts with monoUb via its concave surface and primarily involves residues located on helices α2 and α4. Interestingly, the helix α4 is mainly hydrophobic, surrounded by negatively charged residues Asp32, Asp38, Asp41 on α2 and Glu114, Glu122, Glu125, Glu 126 on α7. The VHS domain recognizes a region on monoUb centered on Ile13, Lys48 and Val70 which is essential for its function as a sorting signal [START_REF] Sloper-Mould | Distinct functional surface regions on ubiquitin[END_REF] [143] [252] [START_REF] Nakatsu | A di-leucine signal in the ubiquitin moiety. possible involvement in ubiquitination-mediated endocytosis[END_REF]. Among the 8 mammalian proteins containing a VHS domain, the VHS domain of the STAM family has been reported to bind monoUb with the lowest K d [9] [118] [246]. Deletion of the VHS domain from full length STAM1 or STAM2 dramatically reduced their ubiquitin binding ability [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF], thus indicating that the VHS domain of STAM is of high importance.

Among other VHS containing proteins, TOM1, TOM1L1 and TOM1L2 form a subfamily, that is characterized by an N-terminal VHS domain followed by a central GAT domain, and is involved in the multivesicular body machinery [254] [255]. In addition, TOM1 and TOM1L1 interact with ubiquitin through their GAT domain [START_REF] Yamakami | Tom1, a vhs domain-containing protein, interacts with tollip, ubiquitin, and clathrin[END_REF] [257],

but less is known about the interaction of their VHS domain with ubiquitin, except that TOM1 has a stronger ability to bind K48-linked tetra-ubiquitin chains than monoubiquitin. This interaction occurs via the region containing both the GAT domain and the C-terminal part of the VHS domain [START_REF] Yamakami | Tom1, a vhs domain-containing protein, interacts with tollip, ubiquitin, and clathrin[END_REF]. On the concave face of TOM1's VHS domain, a set of negatively charged residues stretch across the α2 helix and the loop be- The GGAs protein family comprises GGA1, 2 & 3, which are modular proteins consisting of an arrangement of 3 folded domains, the VHS, GAT and GAE domains [START_REF] Boman | Gga proteins: new players in the sorting game[END_REF].

The GAT domains are responsible for the Ub binding capability of GGA3, whereas no or a low binding activity has been detected for the VHS domain [259] [118]. Furthermore, NMR titrations on the GAT domain of GGA3 yield a Kd of 20-80µM [START_REF] Scott | Gga proteins bind ubiquitin to facilitate sorting at the trans-golgi network[END_REF]. For the VHS domain of GGA1 no binding to Ub was detected [9] [118]. Among the important residues involved in the interaction of the STAM2 VHS with monoUb, Asp32 and Trp33 are conserved in GGA 1, 2 & 3, whereas other interacting residues (Glu31, Ser34, Leu35) are less conserved. In sharp contrast, interacting residues Gly77, Ala81 of STAM2 are replaced by negatively and positively charged residues Glu71, Lys75 and Glu70, Lys74 on GGA1 and GGA3, respectively. Whereas Gly77 and Asn82 are replaced by Glu87 and His92 on GGA2, giving rise to a disruption of the mainly hydrophobic helix α4.

As a conclusion, Ub binding is a general property of most of the VHS domains. The highly conserved residues Asp32, Trp33 and Asn82 are likely to play an important role and the replacement of these, or surrounding residues by amino acids harboring different electrostatic charges, give rise to lowered affinities to Ub.

From isolated domains to an ensemble of UBDs

As seen in the previous chapters, the UIM and VHS domains of STAM2 by itself are not sufficient to account for the specificity of STAM2 for K63-over K48-linked ubiquitin chains. The apparent K d s for VHS binding to monoUb, K63-linked Ub 2 and K48-linked Ub 2 , are all about 50µM, whereas all apparent K d s for UIM lie in the range of 250µM.

At this point it is necessary to refrain from apparent K d s and to look closely at the mode of binding and to consider the domain arrangement of the full length STAM2.

Regarding the mode of binding, the VHS domain discriminates between K63-and K48linked di-ubiquitin with a 2:1 and 1:1 stoichiometry for the VHS:K63 Ub 2 and VHS:K48 Ub 2 complex, respectively, even so the apparent K d is the same.

In the context of the whole STAM2 protein, which contains the VHS and UIM domains connected by a 20 amino acid long linker, a possible structural organization involving VHS-UIM and K63-linked Ub 2 can be predicted. According to the orientation of the VHS domain with respect to monoUb, as well as K63-linked Ub 2 , it is likely that the VHS domain might bind one Ub moiety, whereas the UIM domain might bind the other Ub subunit of K63-linked Ub 2 , leading to an increase of the affinity of the interaction.

Conversely, it seems unlikely that K48-linked Ub 2 chains can accommodate more than one UBD (besides VHS), because of steric hindrance and the 1:1 stoichiometry of the VHS:K48 Ub 2 equilibrium. Recognition of K48-linked Ub 2 chains by the VHS and UIM domains might be complicated by several factors. First, according to the stoichiometry of the VHS:K48 Ub 2 complex, it can be reasonably predicted, that two K48-linked Ub 2 Chapter 6. From isolated domains to an ensemble of UBDs will be necessary to bind the VHS-UIM domains. Second, according to the fact that an average of 15% of K48-linked Ub 2 chains are in an open conformation at neutral pH [START_REF] Varadan | Structural properties of polyubiquitin chains in solution[END_REF],

it is likely that the recognition of K48-linked chains by the VHS-UIM domains will not be kinetically favorable. The combination of these factors could give rise to a less efficient sorting of K48-compared to K63-linked poly-ubiquitinated targets. These hypotheses, of course have to be confirmed by further structural studies which should provide insight into the advantages, that might be offered by such structural organization.

7. STAM2's VHS-UIM

Avid binding due to multiple UBDs

Besides some examples, where a single UBD determines chain specificity (HHR23A UBA [START_REF] Varadan | Structural determinants for selective recognition of a lys48-linked polyubiquitin chain by a uba domain[END_REF], Mud1 UBA [START_REF] Trempe | Mechanism of lys48-linked polyubiquitin chain recognition by the mud1 uba domain[END_REF] and Tab2 NZF [START_REF] Kulathu | Two-sided ubiquitin binding explains specificity of the tab2 nzf domain[END_REF] domain) most UBDs bind with low affinity to ubiquitin and ubiquitin chains, without discrimination between the linkage type [START_REF] James H Hurley | Ubiquitin-binding domains[END_REF]. Interestingly, many proteins contain multiple UBDs, that occur often one after another. Some examples are S5a, Rap80, Ataxin, Usp5, Hrs and STAM1&2 [START_REF] Kristi G Bache | Stam and hrs are subunits of a multivalent ubiquitin-binding complex on early endosomes[END_REF] (see Figure 7.1 on the next page). Again other proteins increase the local concentration of UBDs by dimerising with other UBD containing proteins, like the STAM/Hrs heterodimer, resembling the ESCRT-0 complex. Another example is the NEMO homodimer, a subunit of the IKK signalosome [START_REF] Scheidereit | Ikappab kinase complexes: gateways to nf-kappab activation and transcription[END_REF].

Just recently, chain specificity on a structural level was shown for three different UBD arrangements, the tandem UIMs (tUIM) of Rap80 [START_REF] Sato | Structural basis for specific recognition of lys 63linked polyubiquitin chains by tandem uims of rap80[END_REF] [105], the UIM domains of Ataxin-3 [START_REF] Song | Structure and interaction of ubiquitin-associated domain of human fasassociated factor 1[END_REF] and the heterodimer of NEMO [START_REF] Yoshikawa | Crystal structure of the nemo ubiquitin-binding domain in complex with lys 63-linked di-ubiquitin[END_REF] [76] [START_REF] Lo | Structural basis for recognition of diubiquitins by nemo[END_REF].

Rap80 is a protein involved in DNA damage response [START_REF] Kim | Ubiquitin-binding protein rap80 mediates brca1-dependent dna damage response[END_REF], that recognizes specifically K63-linked ubiquitin chains but not K48-linked or linear ubiquitin chains, due to the tandem arrangement of its UIMs. The two UIMs are connected by a 7 amino acids linker.

Involved in a complex with K63-linked Ub 2 , the two UIM domains and the linker form a 60Å long continuous α-helix, which orients the two UIM domains in a way suitable for K63-linked Ub Architecture of UBDs of some proteins (STAM2, Hrs, S5A, Rap80, Ataxin-3, USP25, EPS15, Hhr23A) that contain multiple UBDs, like UIM, DUIM, UBA, VHS, SH3, UBP. SIM is a SUMO (a ubiquitin like protein) interacting motif.

Another example of chain specificity due to the arrangement of multiple UBDs is given by NF-κ essential modulator (NEMO). NEMO is a heterodimer, that preferentially binds to linear ubiquitin chains via its ubiquitin binding in ABIN and NEMO (UBAN) domain [76] [266]. The structure of a fragment of NEMO containing the UBAN domain, that is still able to homo-dimerize in complex with linear di-ubiquitin is solved [START_REF] Rahighi | Specific recognition of linear ubiquitin chains by nemo is important for nf-kappab activation[END_REF] (Figure 7.2 E) . The NEMO dimer accommodates 2 Ub 2 s, whereas both NEMO protomers contribute to the binding to each Ub 2 . In contrast to Rap80, Nemo specifically recognizes the linker region of linear chains and can therefore distinguish between linear chains and K63-linked chains (100-fold stronger binding). Met1 in K63 Ub 2 is shifted by 2Å away from the UBAN domain compared to linear chains and consequently other residues are differently oriented as well, which leads to a reduced affinity [START_REF] Rahighi | Specific recognition of linear ubiquitin chains by nemo is important for nf-kappab activation[END_REF]. Di-ubiquitin is colored in blue, with the distal domain in dark blue and the proximal domain in marine blue. A) The UBA domain of Hhr23A (violet), binds with high affinity to K48 Ub 2 , due to a sandwich like binding mode, interacting with the hydrophobic patch of both Ub units at the same time (1ZO6.pdb [START_REF] Varadan | Structural determinants for selective recognition of a lys48-linked polyubiquitin chain by a uba domain[END_REF]), B) TAB2's NZF domain (orange) shows specificity for K63 Ub 2 (2WWZ.pdb [START_REF] Kulathu | Two-sided ubiquitin binding explains specificity of the tab2 nzf domain[END_REF]), C) AMSH-LP DUB (green) cleaves selectively K63-linked ubiquitin chains, due to the specific recognition of the linkage (2ZNV.pdb [START_REF] Sato | Structural basis for specific cleavage of lys 63-linked polyubiquitin chains[END_REF]), D) the linker (light green) between the two UIM domains of Rap80 tUIM (dark green), puts both UIMs in perfect distance and orientation for binding to K63-linked ubiquitin (3A1Q.pdb [START_REF] Sato | Structural basis for specific recognition of lys 63linked polyubiquitin chains by tandem uims of rap80[END_REF]), E) homodimerisation of NEMO brings the 2 UBAN domains (pink/violet) in close proximity, and optimal arrangement for the binding to linear di-ubiquitin. One heterodimer can accommodate 2 Ub dimer, where both protomers contribute to the binding to each dimer (2ZVN.pdb [START_REF] Rahighi | Specific recognition of linear ubiquitin chains by nemo is important for nf-kappab activation[END_REF]), F) the NEMO UBAN heterodimer (yellow/light yellow) can only bind one Ub subunit of K63 Ub 2 at a time, resulting in low affinity (3JSV.pdb [START_REF] Yoshikawa | Crystal structure of the nemo ubiquitin-binding domain in complex with lys 63-linked di-ubiquitin[END_REF]), G) overlay of K63 Ub 2 (blue, 2JF5.pdb [START_REF] Komander | Molecular discrimination of structurally equivalent lys 63-linked and linear polyubiquitin chains[END_REF]), linear Ub 2 (cyan, 2WSN.pdb [START_REF] Komander | Molecular discrimination of structurally equivalent lys 63-linked and linear polyubiquitin chains[END_REF]), K48 Ub 2 in closed (yellow, 2BGF.pdb [START_REF] Aalt | Combining nmr relaxation with chemical shift perturbation data to drive proteinprotein docking[END_REF]) and open (red, 2PE9.pdb [START_REF] Ryabov | Structural assembly of multidomain proteins and protein complexes guided by the overall rotational diffusion tensor[END_REF]) conformation, with the proximal domain of each dimer aligned.
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Characterization of VHS-UIM

In STAM2, the VHS and UIM domain are separated by a 26 amino acids long linker, that is supposed to be unstructured. To characterize the dynamics in the ps-ns timescale R 1 , R 2 and heteronuclear NOEs were acquired on 15 N labeled VHS-UIM.

As seen in Figure 7.4 on page 110, the linker region between residue Phe150 and Glu175 is highly flexible, which is especially reflected in the negative NOEs as well as in the low R 2 values, which are below those of UIM. It has to be mentioned, that an accurate processing of the data would request to take into account the interdomain motion between the UIM and the VHS domain. Treatment of interdomain motion is not trivial and Tjandra and coauthors used a model based on a variant of the so called 'extended model free' approach [START_REF] Baber | Analysis of slow interdomain motion of macromolecules using nmr relaxation data[END_REF]. In this model, the overall tumbling and interdomain dynamics are considered independent from each other, and the latter is characterized by an order parameter that measures the angular amplitude of domain motions. We made the assumption, that the interdomain motion is not correlated with the global reorientation of the VHS-UIM protein. If the interdomain motion occurs at a lower time scale (µs-ms), it would have been interesting to perform relaxation dispersion experiment or RDCs that can probe molecular motion on a broader time scale than relaxation.

The R 2 values (at 23.7 • C) for the VHS and UIM domain are 21.2±0.5s -1 and 5.9±0.6s -1 , respectively. According to reference [START_REF] Fushman | Determination of protein dynamics using 15 n relaxation measurements[END_REF], R 1 and R 2 would scale linearly with temperature and the R 2 s would be 18.4±0.5s -1 for VHS and 5.1±0.6s -1 for UIM at 15 • C.

Interestingly, the ratio between the R 2 s of VHS and UIM in VHS-UIM is comparable to the ratio of the R 2 s of the isolated domains, with a ratio of 3.6 to 3.4, respectively.

The longitudinal relaxation rates are 0.94±0.02s -1 for VHS and 1.62±0.01s -1 for UIM, which would account for 1.06±0.02s -1 and 1.83±0.1s -1 at 15 • C.

Another indication for the absence of interactions between the VHS and UIM domain is given by the position of the resonances in the HSQC spectra of the isolated domains compared to those in VHS-UIM. The experiments were acquired on a 600MHz spectrometer in 20mM sodium phosphate pH 6.8.
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VHS-UIM binding to mono-ubiquitin

In the previous section the dynamics of the VHS and UIM domain with respect to interdomain motion was described as mainly independent. To test whether the independence of the VHS and UIM domain also accounts for their binding to ubiquitin, NMR titration experiments were performed.

The CSP pattern on 15 N labeled Ub (Figure 7. Binding of VHS-UIM to mono-ubiquitin has been characterized in the previous section, both, UIM and VHS, bind to ubiquitin with the same or comparable binding mode. It can be assumed, that the binding stoichiometry is 2:1, which means, that the UIM and VHS domain can bind to ubiquitin in parallel. This raises the next question, how these two domains will behave regarding the binding to K63-and K48-linked di-ubiquitin. It has been shown that the UIM domain binds to mono-and di-ubiquitin, K48-or K63linked, without any preference (Section 4.3 & Section 4.4). Furthermore, due to its small size UIM can bind to both ubiquitin units in the dimer, resulting in a 2:1 stoichiometry.

For the VHS domain, it has been shown (Section 5.3), that in case of K48-linked Ub 2 , only one VHS domain can bind at a time, with a preference for the proximal domain.

Even though UIM is a small domain, it seems uncertain that K48-linked Ub 2 can bind a VHS and a UIM domain together. Under these assumptions Figure 7.6 and Figure 7.7 summarize the possible bindingmodes for VHS-UIM in complex with K63-linked Ub 2 or K48-linked Ub 2 . In case of the VHS-UIM:K63 Ub 2 interaction all possible combinations are imaginable (Figure 7.6 on the following page). In a first step either UIM or VHS can bind to the distal or proximal domain. In a second step, the free ubiquitin unit can bind another UBD (UIM or VHS).

Both, VHS and UIM, bind to ubiquitin adopting an orientation, where its N-terminal end points to the C-terminal end of ubiquitin. As a consequence, binding of a VHS and UIM domain of one chain to the same ubiquitin dimer is only possible, when the VHS domain binds to the proximal domain and the UIM domain to the distal domain of di-ubiquitin.

In case of the VHS-UIM:K48 Ub 2 complex (Figure 7.7 on page 116), some binding modes can be excluded a priori. After binding of VHS to one of the ubiquitin units, the second Ub domain is blocked. Furthermore it can be predicted, that the VHS domain The different potential binding modes for the VHS-UIM:K63 Ub 2 complex are represented schematically. Ub 2 is colored in blue, with the distal domain in dark and the proximal domain in light blue. The VHS-UIM construct is shown as a red polygon (VHS) and a green barrel (UIM) connected by a brown bow, of variable shape. Different binding events are connected by double sided arrows, labeled with K d s ranging from 1-14. 

Experimental discrimination between binding modes

To gain insight into the predominant mode of binding of VHS-UIM to K48-and K63linked Ub 2 , chemical shift perturbations on each Ub domain of di-ubiquitin as well as on VHS-UIM were monitored. In addition to the general CSP pattern, the trajectories of the chemical shifts perturbations on ubiquitin upon addition of VHS-UIM were compared to those observed due to the interaction with the isolated VHS and UIM domain. A closer look at the CSPs, by comparing the trajectories of different resonances upon complex formation, confirms the latter observation. In Figures 7.9 on page 122 to 7.12, the trajectories of ubiquitin resonances that differ between the complex with UIM, VHS and VHS-UIM are summarized. On the proximal domain of K48-linked Ub 2 (Figure The interpretation of these data has to be considered carefully since i) binding of VHS to ubiquitin produces in general lower perturbations than UIM and ii) The CSP pattern caused by VHS and UIM are different. Both, VHS and UIM, introduce shifts on ubiquitin around Ile44 and Leu70. Interestingly, residues Gln49, Leu50 and Leu43 of the proximal domain in complex with VHS-UIM display the same trajectories as in complex with UIM, whereas the same residues in the distal domain shift in the same direction as in interaction with VHS. This fact might indicate, that even thought VHS can bind to the distal and proximal domain of K48-linked Ub 2 , the preferred binding mode is binding to the distal domain, as it has been previously shown for the isolated VHS domain.

Switching to the VHS-UIM:K63 Ub 2 complex, the differences between the distal and proximal domain are more evident. Comparison of the trajectories of residues of the distal domain (Figure 7.11 on page 124) in complex with UIM, VHS and VHS-UIM binding reveals, that binding to UIM and VHS-UIM induces perturbations in the same direction for all residues. On the proximal domain (Figure 7.12 on page 124) binding to VHS-UIM induces in most residues (Thr9, Ile30, Ile44, Ile61, Ser65, His68 & Leu69) the same trajectories as VHS does. Only Leu73 and Gly75 shift in the same direction as induced by the interaction with UIM. This underlines the previous interpretation of the CSP plots, that the UIM domain in VHS-UIM binds preferentially to the distal domain, while the VHS domain primary binds to the proximal domain of K63-linked Ub 2 .

To gain additional information and maybe even distance constraints, MTSL was attached to different ubiquitin dimer mutants with a cystein at position 12 either in the distal or proximal domain (see Table 3.1 on page 35) and the PRE effect was quantified. The sigmoidal shape and the low apparent K d of the VHS-UIM:K63 Ub 2 complex indicate possible cooperative binding, which means that the first binding event increases the probability of the second. The events leading to the cooperative binding can be visualized by looking back to Figure 7.6 on page 114. The predominant binding mode is described by K d4 + K d14 and K d2 + K d8 , resulting in a complex with a 1:1 stoichiometry, whereas the VHS domain binds to the proximal Ub domain and UIM to the distal domain. Furthermore, binding of either VHS to the proximal or UIM to the distal domain increases the probability of the other UBD of the same chain to bind to the second ubiquitin domain of the same dimer. Therefore, the sigmodial curves can be described by two K d s. On the proximal domain, these two K d s correspond to K d2 and K d14 and on the distal domain these areK d4 and K d8 .

The titration curves of the VHS-UIM:K63 Ub 2 complex were all fitted with the sequential model for cooperativity (derived in subsection 3.5.3 on page 45).The following 

STAM2's UIM-SH3 (preliminary results)

The Src homology 3 (SH3) domain is a motif that mediates protein-protein interactions, whereas the main target are prolin rich sequences with a PXXP consensus sequence [START_REF] Musacchio | How sh3 domains recognize proline[END_REF] [271]. Besides the PXXP motif other protein interaction sides, like the hydrophobic patch on ubiquitin [START_REF] Svetoslava D Stamenova | Ubiquitin binds to and regulates a subset of sh3 domains[END_REF] or a PX(V/I)(D/N)RXXKP motif [START_REF] Kato | A deubiquitinating enzyme ubpy interacts with the src homology 3 domain of hrs-binding protein via a novel binding motif px(v/i)(d/n)rxxkp[END_REF] A hint, that the SH3 domain of STAM2 might bind with low affinity to ubiquitin came from D. Höller (personal discussion). To test whether STAM2's SH3 domain was actually binding to ubiquitin, or if the observation was an artifact from experimental conditions, a construct containing the UIM and SH3 domain of STAM2 was expressed.

Since UIM is a small α-helix and SH3 mainly consists of β-strands and loop regions, it is possible to distinguish between resonances from these domains. In Figure 8.1 spectra of STAM2's UIM-SH3 following the addition of ubiquitin were acquired, which clearly proves, that STAM2's SH3 domain binds to ubiquitin. The ESCRT machinery is responsible for the delivery of ubiquitinated membrane proteins to the lysosome, whereas the ESCRT-0 component seems to be required for the initial integration of ubiquitinated cargo [START_REF] Raiborg | Differential functions of hrs and escrt proteins in endocytic membrane trafficking[END_REF] [START_REF] James | The escrt complexes[END_REF]. ESCRT-0 is formed by Hrs and STAM (which occurs in 2 isoforms, STAM1 and STAM2). Hrs and STAM heterodimerize due to their GAT domains [START_REF] Xuefeng Ren | Hybrid structural model of the complete human escrt-0 complex[END_REF]. From all ESCRT complexes, ESCRT-0 harbors most UBDs, five in total (UIM, VHS & SH3 in STAM and DUIM & VHS in Hrs [START_REF] Hirano | Double-sided ubiquitin binding of hrsuim in endosomal protein sorting[END_REF] [145] [146] [9] [118] [START_REF] Robert D Fisher | Structure and ubiquitin binding of the ubiquitin-interacting motif[END_REF]), which display six ubiquitin interaction surfaces. In a recent study Ren et al. [START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF] determined the K d s for the binding of different parts of the ESCRT-0 complex to mono-ubiquitin and ubiquitin chains using surface plasmon resonance (Table 9.1 gives an selection of some of the K d s). According to this study both, VHS and VHS-UIM, display a moderate preference for K63-linked Ub 2 over K48linked Ub 2 . Surprisingly, VHS-UIM binds only slightly stronger to K63-and K48 Ub 2 than VHS alone. However, K d s for longer Ub chains are decreased due to avid1 binding.

Besides the use of the isoform STAM1 and a different buffer (20mM Hepes with 150mM NaCl), which might give rise to altered K d s, a different approach was used to calculate the K d s from the data. The data were either fitted with a single-side-binding-model, or in cases where this model could not fit the data a term, called non-specific binding Chapter 9. Potential impact of the mode of binding on the function of ESCRT-0 model, was introduced (completely ignoring different possible binding modes). Furthermore, the different GST fused ESCRT-0 constructs were immobilized on the chip, which means that the K d was only determined from the side of one interaction partner, whereas the other side (monoUb and Ub chains) could be more interesting. The presented manuscript clearly proves that the interaction of VHS-UIM with K6linked Ub 2 is not only avid but also cooperative. And fitting of the data with a model that takes the cooperative effect into account a 2 nd. K d in the low µM range was obtained.

On the other hand, these affinities have to be interpreted with care, since the cargo of ESCRT-0 is not ubiquitin or ubiquitin chains floating around in the cytosol. The FYVE motif in Hrs binds to PtdIns3P with high affinity (10s of nM [START_REF] Robert V Stahelin | Phosphatidylinositol 3-phosphate induces the membrane penetration of the fyve domains of vps27p and hrs[END_REF], which recruits ESCRT-0 to early endosomes [START_REF] Raiborg | Hrs recruits clathrin to early endosomes[END_REF]. A model of the structure of the full ESCRT-0 complex was build by Ren et al [START_REF] Xuefeng Ren | Hybrid structural model of the complete human escrt-0 complex[END_REF], which shows that even though STAM and Hrs Numbers in parentheses represent standard errors in the derived parameters.

a The principal values of the rotational diffusion tensor, in 10 7 s -1 . b The Euler angles (a,b,g) in degrees, define the orientation of the principal axes frame of the rotational diffusion tensor with respect to the coordinate frame. c the overall rotational correlation time,  c =(6D iso ) -1 , in nanoseconds. d The residual of fit per degree of freedom. e The probability that an improvement in the fit when applying a more complex model has occurred by chance?

Table B.2.: Details of the rotational diffusion tensor determination as a function of the overall tumbling models

Numbers in parentheses represent standard errors in the derived parameters.

a The principal values of the rotational diffusion tensor, in 10 7 s -1 .

b The Euler angles (α, β, γ) in degrees, define the orientation of the principal axes frame of the rotational diffusion tensor with respect to the coordinate frame. c The overall rotational correlation time, τ c =(6D -1 iso ), in nanoseconds. d The residual of fit per degree of freedom. e The probability that an improvement in the fit when applying a more complex model has occurred by chance. 

Figure 1 . 1 .:

 11 Figure 1.1.: Schematic presentation of the ubiquitination process (A) Ubiquitin (Ub) is activated by the ubiquitin activating enzyme (E1) under ATP hydrolysis. (B) The activated ubiquitin is transfered from the E1 to the E2's active side. (C) Depending on the kind of E3, ubiquitin is either directly transfered to the substrate or via an E3-Ub intermediate.

Chapter 1. Introduction 1 . 1 .

 11 The ubiquitin system been shown. The diversity of ubiquitin as a signal is encoded by the different chain linkages or even just mono-or multiple mono-ubiquitins. Therefore ubiquitin receptor proteins are required to translate the ubiquitin code properly. Most of these proteins have a modular architecture and contain at least one of the so called ubiquitin binding domains (UBDs)

Figure 1 . 2 .:

 12 Figure 1.2.: Structure of ubiquitin

  the following page), while under acidic conditions the chains adopt an open conformation [65] [66]. In the closed conformation two Ub units interact with each other via their hydrophobic patch. In the tetramer, the Ub subunits 1 & 2 and 3 & 4

Figure 1

 1 Figure 1.3.: Structure of Lys48-and Lys63-linked di-ubiquitin

1. 4 .

 4 Ubiquitin binding domainsChapter 1. Introduction E2 variant) domains are related to Ubc domains, they share the Ubc fold, but lack the cysteine in the active side. For the UEV domains from Tsg101 and Vps23, two contact sides on ubiquitin were demonstrated. In addition to the hydrophobic patch around Ile44, a second binding event occurs between a loop in the UEV domain and a hydrophilic region around Gln62 on ubiquitin, giving rise to a unique interaction feature[START_REF] Teo | Structural insights into endosomal sorting complex required for transport (escrt-i) recognition of ubiquitinated proteins[END_REF] [START_REF] Wesley I Sundquist | Ubiquitin recognition by the human tsg101 protein[END_REF].
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 14 Figure 1.4. (following page): Selection of UBD:ubiquitin complex structures
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 31 Figure 3.1.: Amino acid sequence of the STAM2 constructs

After 1 .

 1 5 hours the reaction was stopped by the addition of 500µL 1M ethanolamine pH 9.0 and another hour of incubation. The gel was filled in 10mL polyprep columns (Biorad) and washed in 3 alternate cycles with 50mM sodium acetate pH 4.0 with 1M NaCl and 50mM Tris/HCl pH 8.0 with 1M NaCl. The pellet of 1 /2 L baculovirus transfected insect cells was resuspended in 10mL 50mM Tris/HCl pH 8.0, 100mM NaCl, 1% Igepal-C630 (Sigma-Aldrich), and 1mM DTT and incubated for 1 /2 hour on ice. The cell lysate was spinned for 20 minutes at 13,000rpm (JA-20) and the supernatant loaded onto 3x5mL HiTrap Q FF columns (GE Healthcare) equilibrated with 20mM Tris/HCl pH 8.0 100mM NaCl and 0.5mM DTT. The flowthrough was reloaded twice. The protein was eluted with 400mM NaCl. The Eluate was dialyzed (cutoff 12-14 kDa) over night against 4.5L 20mM Tris/HCl pH 8.0 0.5mM DTT and for 4 more hours against 2L fresh buffer. Precipitates were removed by centrifugation at 13,000rpm (JA-20) and filtration with a 45µm syringe filter. The protein was supplemented with 5mM MgCl 2 , and 2mM ATP and loaded onto approximately 1.2mL ubiquitin affinity gel equilibrated with 20mM Tris/HCl pH 8.0, 0.5mM DTT, 2mM ATP and 5mM MgCl 2 . The flowthrough was twice reloaded. Afterwards the column was washed with 10mL 20mM Tris/HCL pH 8.0, 400mM NaCl and 0.5mM Chapter 3. Methods

Figure 3 . 2 .:

 32 Figure 3.2.: Schematic presentation of Ub chain synthesis In (A) the protein components, the different Ub mutants and the enzymes, for the synthesis of K48-linked dimer are shown. K63-linked trimer and dimer synthesis is represented in (B).

3. 5 .

 5 NMR data acquisition & processing Chapter 3. Methods the Stam2 VHS released (1X5B.pdb), the here used VHS domain contains the extension GAMG instead of GSSGSS at the N-terminus and also doesn't contain the extension TSGPSSG at the C-terminus. Thus, the use of the current solution NMR structure (1X5B.pdb) is justified by the fact that no interactions between the N-or C-terminus and monoUb or Ub 2 was detected. For the backbone resonance assignment of UIM-Y the following experiments were acquired: ( 15 N, 1 H)-HSQC, 2D NOESY, 2D TOCSY, HMQC-HSQC. In addition the assignment of the UIM resonances in VHS-UIM were used. VHS-UIM was assigned with the assistance of the assignment of the isolated VHS domain. Furthermore for the assignment of the linker residues and overlapping resonances of VHS and UIM, 13 Cedited triple-resonance experiments were acquired. HNCACB and CBCACONH were recorded on a 15 N, 1 H, 13 C VHS-UIM sample, HNCA and HNCOCA were acquired on a

8 )

 8 Chapter 3. Methods 3.5. NMR data acquisition & processing where [P 0 ] and [L 0 ] are the total molar concentrations of Ub 2 and VHS/UIM, respectively. Looking at Ub 2 , the 2:1 model (Figure 3.3 D),

1: 1 Figure 3

 13 Figure 3.3.: Schematic representation of different protein-ligand binding-modes

  3.: Overview of all acquired relaxation experiments 3.5. NMR data acquisition & processing Chapter 3. Methods3.5.5. Paramagnetic spin labelingParamagnetic labeling of proteins is a powerful tool to gain structural constraints. A paramagnetic center can cause 4 different effects, paramagnetic relaxation enhancement (PRE), pseudocontact shifts (PCS) residual dipolar couplings (RDC) and crosscorrelation relaxation (CCR). Depending on the paramagnetic center, the contribution of these effects can strongly vary. In case of a paramagnetic center with anisotropic electron spin distribution, all four effects are induced[START_REF] Su | Paramagnetic labelling of proteins and oligonucleotides for nmr[END_REF] [START_REF] Otting | Prospects for lanthanides in structural biology by nmr[END_REF]. Paramagnetic center that contain an isotropic electron spin distribution only produce PRE. Nitroxide radicals like 1-oxy(-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)methanethiosulfonate (MTSL),

2 = 1

 21 t ln I ox /I red (3.18) with τ c the rotational correlation time of the molecule, γ H and ω H the proton gyromagnetic ratio and resonance frequency, respectively, g e the electron g-factor and β e the Bohr magneton. The variable t is the time the amide protons spend in the transverse plane during the INEPT and reverse-INEPT period of the HSQC. The angular brackets represent the averaging between the two populated structures in the state A and B, corresponding to distances r A and r B . If the exchange between the two states occurs in a much faster time-scale than the spin relaxation: p A and p B give the fraction of spins, that populate state A and state B, respectively. Furthermore r A and r B represent the distance between the unpaired electron and a given proton of the 15 N-labeled sample in state A or B. For those cases that populated only a single state, p B was set to 0. For a two state case, a grid search was generated by sampling p A between 0 and 1. The value of p A which gave the lowest target function has been retained as well as the position of the two centers (hence six coordinates) for the current value of p A . For the residues, whose resonance disappeared in the oxidized state, the intensity was estimated from the noise level in the spectrum. For the monoUb:VHS complex τ c was derived from spin relaxation data analysis. For the Ub 2 :VHS complex τ c was estimated by assuming a linear dependence of τ c with the molecular weight. R dia 2 was estimated from the transverse relaxation rate of monoUb bound to VHS, Ub 2 bound to VHS or monoUb in the free state. The position of the unpaired electron was derived after a global fit of the observed PREs and by selecting residues in well structured part of the protein. The fit was carried out by using the SLfit program [208], modified to take into account two paramagnetic centers. Distances were calculated between the position of the paramagnetic center and the position of a given amide proton. Chapter 3. Methods 3.6. Homology based structure modeling 3.6. Homology based structure modeling The structure of STAM2's UIM domain was modeled with the MODELLER software [209] [210] using a homolog structure as template. The Vps27 UIM-1 domain (S. cerivisiae), whose structure has been solved, shares 70% homology and 55% identity with STAM2 UIM (Figure 4.5 on page 61) and was therefore used for the homology based modeling. Out of the 10 structures proposed by MODELLER, the one with the minimum energy was retained. The quality of the structure was determined using the program Procheck [211].3.7. Protein-protein docking 3.7.1. VHS:monoUb & VHS:Ub 2 complex structures The structure of the monoUb:VHS complex has been calculated with the HADDOCK2.0 program [212] [213]. Ten NMR structures of monoUb and VHS were used (1D3Z.pdb and 1X5B.pdb) as starting points. To take into account PRE data, a cysteine residue and MTSL have been introduced in silico at position 48 and 12 in the monoUb structure. The PRE intermolecular distances were introduced as distances separating the oxygen atom of MTSL and a given amide proton of VHS (see Table

3. 7 .

 7 Protein-protein docking Chapter 3. Methods 300 structures iii) final refinement in water. The 300 final solutions were ranked according to the Haddock score, defined as 1.0•E vdw +0.2•E elec +0.1•E AIR +1.0•E desolv . Thus, they were clustered based on a backbone RMSD of 5.5Å and the 10 best structures of the best cluster in terms of Haddock score were retained for analysis. All docking calculations have been carried out on the e-NMR web portal.

Figure 4 . 1 .:

 41 Figure 4.1.: Multiple sequence alignment of UIM domainsSequences of UIM domains from different proteins were aligned. Except of Vps27 and Hse1 from S. cerivisiae, all UIM domains are from human proteins. Residues defined by the consensus sequence are highlighted, blue for acidic residues (Ψ), orange for large hydrophobic residues (Φ) and red for the highly conserved Ser and Ala.

Figure 4 .

 4 Figure 4.2.: Overlay of HSQC spectra of UIM-Y and UIM 15 N-HSQC spectra at 600MHz of UIM and UIM-Y are overlayed. The UIM resonances (in 25mM sodium phosphate pH 7.5 100mM NaCl, 288K) are shown in blue and the UIM-Y resonance (in 20mM sodium phosphate pH 6.8, 288K) are shown in red. The peak assignment corresponds to UIM-Y.

Chapter 4 .

 4 STAM2's UIM domain 4.3. Binding of UIM to mono-ubiquitin4.3. Binding of UIM to mono-ubiquitinCombined15 N -1 H amide chemical shift perturbations were monitored to map the interaction surface of the UIM-Y:monoUb complex. On ubiquitin, the interaction surface involves its hydrophobic patch, whereas the largest perturbations occur around the βsheets 3 and 4, with Lys48 and Gln49 (Figure 4.3 on page 59). Other perturbed residues cluster around Val70 (β5), Thr9, Gly10 and Ile13, Thr14 (the β1-β2 loop). The latter residues exhibit chemical shift perturbations to a lesser extend. Only Gly47 disappeared upon complex formation, indicating intermediate exchange. Addition of ubiquitin to UIM-Y, early in the titration, resulted in a strong signal attenuation of the hydrophobic residues Ile177, Ala178, Ala180, Ile181 and Leu185 and the two negative and positive charged residues Glu182 and Gln186, respectively. This is an indication for intermediate exchange on the NMR time-scale. After saturation, the same number of resonances reappeared, but with significant shifts (Figure A.1 on page 172). It is not possible to relate these UIM resonances in the UIM-Y:monoUb complex without reassignment. Mapped on the structure model of UIM, these residues are mainly exposed to one face of the helix (Figure 4.4 A on page 60). Sequence alignment revealed a high homology between the UIM domain of STAM2 and the UIM-1 domain of Vps27 (S. cerivisiae),

Figure 4 .

 4 6 on page 61 the Vps27 UIM domain is replaced by the STAM2 UIM model, generated with the MODELLER software [209] [210]. Those residues on UIM that displayed strongest perturbations upon binding to monoUb, colored in red, face towards the UIM-Ub interface. The dissociation constants between STAM2 UIM and monoUb were derived from NMR titration experiments (some representative curves are shown in Figure 4.3), using 4.3. Binding of UIM to mono-ubiquitin Chapter 4. STAM2's UIM domain a 1:1 equilibrium model (as described in section 3.5.3 on page 40). The 1:1 equilibrium model is supported by the fact that: i) CSPs do not reveal any other perturbations than the well known hydrophobic patch on Ub. ii) The 1:1 model yield the lowest target function over the other models.

Figure 4 .Figure 4 . 5 .:

 445 Figure 4.3.: Chemical shift perturbation mapping and titration curves of the UIM:monoUb complex CSP plots on monoUb (A) and UIM-Y (B) upon saturation with each other. Grey bars indicate residues that disappeared due to intermediate exchange. Titration curves of some representative residues for Ub (C) and UIM-Y (D), fitted under assumption of a 1:1 stoichiometry are shown. All spectra were acquired at a 600MHz spectrometer, at 288K in 20mM sodium phosphate pH 6.8.

Figure 4 . 6 .:

 46 Figure 4.6.: Structure model of STAM2 UIM aligned with the Vps27 UIM1:monoUb complex Cartoon representation of the STAM2 UIM model aligned with Vps27 UIM-1 in the Vps27 UIM-1:monoUb complex (1Q0W.pdb) [106]. The Vps27 UIM-1 domain is not shown. Residues on UIM that experienced intermediate exchange are colored in red.
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 4 UIM binding to di-ubiquitin Chapter 4. STAM2's UIM domain4.4. UIM binding to di-ubiquitinThe interaction of UIM-Y with monoUb has been described in the previous section. UIM-Y binds ubiquitin in a well defined region around the hydrophobic patch. K63-linked Ub 2 chains adopt an elongated conformation with the hydrophobic patches exposed to the solvent. In case of K48-linked Ub 2 , the two hydrophobic patches are sequestered at the interface due to intersubunit contacts. Thus, an important question for each UBD is, if it can distinguish between different chain architectures, reflected in the mode of binding and/or binding affinity. Combined amide chemical shift titration experiments were monitored with both, K63-linked Ub 2 and K48-linked Ub 2 , and the interaction surface, as well as the K d s were extracted. As seen on Figure 4.7, the CSP pattern for each Ub domain, K63-linked Ub 2 distal, K63-linked Ub 2 proximal, K48-linked Ub 2 distal and K48-linked Ub 2 proximal in complex with UIM-Y, is similar to the CSPs observed on monoUb (Figure 4.3 on page 59). In addition, the amplitude of the CSPs between the different Ub 2 subunits is comparable. From the UIM side, the perturbation profile does not differ from the pattern obtained for the monoUb:UIM-Y complex. Furthermore, comparison of the trajectories of resonances in the different titrations show neither discrimination on UIM-Y titrated with K63-linked Ub 2 or K48-linked Ub 2 nor on the different domains of the dimers titrated with UIM-Y. The peaks shift in the same directions as for the monoUb:UIM-Y complex. A slight difference between K63-linked Ub 2 and K48-linked Ub 2 exists, binding of K63-linked Ub 2 to UIM-Y induces slightly larger CSPs. These lines of evidence strongly support the same mode of binding for each of the K48-linked Ub 2 and K63-linked Ub 2 subunits. Fitting of the titration experiments (Figure 4.8 on page 65) and determination of the R 2 values revealed for both Ub chain types a stoichiometry of 2:1, in which one Ub 2 molecule can accommodate two UIM domains. The R 2 values for the K48 Ub 2 :UIM-Y and K63 Ub 2 :UIM-Y complex, measured on the dimer with 15 N labeled proximal domain, are 21.3±3.4s -1 and 20.8±3.8s -1 , respectively. This indicates the same stoichiometry for the interaction of UIM-Y with K48-linked Ub 2 and K63-linked Ub 2 . In addition, the titration curves were fitted assuming both, a 1:1 and a 2:1 stoichiometry, whereas the Chapter 4. STAM2's UIM domain 4.4. UIM binding to di-ubiquitin 2:1 model gave the lowest target function. The apparent K d for the UIM-Y:K63 Ub2 complex is 207±26µM, somewhat lower than 330±35µM for the UIM-Y:K48 Ub 2 complex. Deconvolution of the apparent K d into the different affinities for the distal and proximal domains of K48-linked Ub 2 gives a picture of a bit stronger binding to the distal domain than to the proximal, with 297±69µM and 420±87µM, respectively. Considering that the closed conformation of K48 Ub 2 is mainly populated at neutral pH, UIM might need to find a ubiquitin dimer in the open conformation prior to binding.Besides, Lys48, which is part of the UIM:Ub interface, is involved in the linkage formation and could impede binding to UIM. This particular structural feature could give rise to the difference in affinity between distal and proximal domain. In contrast, K63-linkes chains present an elongated structure with its hydrophobic part freely accessible to the UIM domain.

Figure 4 . 7 .

 47 Figure 4.7. (following page): CSP mapping of the Ub 2 :UIM-Y complexThe upper panels show CSPs on K48 Ub 2 , to the left on the distal, to the right on the proximal domain. The middle panels show the same for K63 Ub 2 , to the left for the distal and to the right for the proximal domain. From the UIM-Y side, CSPs for the complex with either, K48 Ub 2 and K63 Ub 2 are plotted in the lower panel. To the left saturated with K48 Ub 2 , to the right saturated with K63 Ub 2 . Residues represented as grey bars disappeared due to intermediated exchange. A star over a bar indicates a residue in intermediate exchange that did not disappear. Measured on a 600MHz spectrometer at 288K, in 20mM sodium phosphate pH 6.8.

Figure 4 . 8 .

 48 Figure 4.8.: CSP titration curves of the UIM-Y:Ub 2 complex CSPs monitored during titrations were plotted against the ligand to protein ratio. In the upper panels UIM-Y was 15 N labeled and K48 Ub 2 (left) or K63 Ub 2 (right) was added. The lower panels shows titration curves measured on the distal (left) and proximal (right) domain of K48 Ub 2 . Measured on a 600MHz spectrometer at 288K, in 20mM sodium phosphate pH 6.8.

Chapter 5 .

 5 Figure 5.2.: CSP mapping of the VHS:monoUb complex Chemical shift perturbations on monoUb (A) and VHS (B) under saturation. Residues represented as grey bars disappeared due to intermediate exchange. Residues that experienced strong perturbations are highlighted in red (CSP ≥0.175ppm) and yellow (CSP ≥0.075ppm) on the structure of VHS (D) and monoUb (C).For the structures the coordinates from 1X5B.pdb (RIKEN Structural Genomics/Proteomics Initiative) for VHS and 1D3Z.pdb[START_REF] Cornilescu | Validation of protein structure from anisotropic carbonyl chemical shifts in a dilute liquid crystalline phase[END_REF] for monoUb were used. The spectra were acquired on a 600MHz spectrometer, at 288K, in 20mM sodium phosphate pH 6.8.
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 53 Figure 5.3.: Simulation of R 1 as a function of the molecular mass

Figure 5 . 4 .

 54 Figure 5.4.: R1, R2 & NOEs of the VHS:monoUb complex Relaxation parameters R 1 , R 2 and heteronuclear NOE for both monoUb (A) and VHS (B) in the free (black circles) and

Figure 5 . 5 .:

 55 Figure 5.5.: Titration curves for the VHS:monoUb complex Titration curves of some representative residues for the different performed titration experiments are shown. Symbols represent experimental data, while the solid lines are fits using a 1:1 binding model. A) & B) are curves measured on monoUb and VHS, respectively, without supplementation of salt. C) & D) were obtained upon addition of 100mM NaCl, whereas C) is on monoUb and D) on VHS. E) and F) are titration curves measured on VHS D32A (E) and on VHS W33A (F).All spectra were acquired on a 600MHz spectrometer at 288K, in 20 mM sodium phosphate pH 6.8 without salt, if not further indicated.

  Figure B.1 on page 174). Either on the K48C or T12C mutant, the position of MTSL derived from the analysis of PRE data is in good agreement with the position of a fitted MTSL radical attached to the in silico mutated Cys48 or Cys12. The distance between the reconstructed SL position and the α-carbon of monoUb's C48 or monoUb's C12 is 10.8Å and 10.2Å, respectively, which is in good agreement with the theoretical distance of 9.2Å between the oxygen of the MTSL molecule and the α-carbon of C48 and C12 of Ub. Furthermore PREs were observed on 15 N VHS in the presence of monoUb with a SL attached to Cys48 or Cys12 (Figure 5.6 on the following page). The decrease in signal intensity affects not only residues that exhibit strong chemical shift perturbations located around Glu31 and Asn82, but also residues flanking Met120. The observed PREs are in good agreement with the chemical shift perturbations. Indeed, the SL affects the same interface as the binding interface identified by CSPs. Additionally, when the Ub T12C mutant was used, perturbations occurred around residue Thr30 of VHS, indicating that Cys12 is mainly facing a region that encompass residue Thr30 (α1/α2 loop). The derived distances indicate that Lys48 of monoUb is approaching Asn82 of VHS at a distance of 8Å, whereas monoUb's Thr12 is facing VHS's Asp32 with a distance of 10Å. Furthermore, the reconstruction of the paramagnetic center allowed to discriminate between the two remaining models obtained from the alignment of the rotational diffusion tensors. The structure (A/C) from Figure 5.7 on page 79 exhibits the best agreement between i) the position of the SL for monoUb C48 and 15 N VHS:monoUb C48 and ii) the position of the SL for monoUb C12 and 15 N VHS:monoUb C12.

Figure 5 . 6 .:

 56 Figure 5.6.: Analysis of the PREs data for VHS:monoUb-MTSL Experimental intensity ratios for VHS:Ub C48-MTSL (A) and VHS:Ub C12-MTSL (B) are represented by grey bars, whereas the circles connected by a red line represent back-calculated PREs for the fitted MTSL position. Residues affected by PRE are marked by blue spheres on the cartoon representation of VHS (C, D). The position of the reconstructed SL is shown as a sphere colored cyan for Ub C48-MTSL (C) and blue for Ub C12-MTSL (D).

Figure 5 .

 5 Figure 5.7.: VHS:monoUb alignment derived from SL positions and diffusion tensor Relative orientation of monoUb with respect to VHS determined from the rotational diffusion tensor for monoUb and VHS in the bound state. Among the four possible orientations, only the structures (A) and (B) are in good agreement with the obtained CSPs. Structures (C) & (D) are the same structures as (A) & (B), respectively, but rotated around the Z-axis by 90 • . The best structure was discriminated using PRE data and reconstruction of the spin label. The MTSL position derived from Ub C48-MTSL is represented by a magenta sphere, whereas it is represented by a red sphere for Ub C12-MTSL. Reconstruction of the MTSL position for the 15 N VHS:Ub C48-MTSL complex is represented by a cyan sphere and the reconstruction of the MTSL position for the 15 N VHS:Ub C12-MTSL complex is represented by a blue sphere.

Figure 5 . 8 .:Figure 5 . 9 . 2 complex

 58592 Figure 5.8.: Structure of the VHS:monoUb complexCartoon representation of the best structures for the VHS:monoUb complex obtained from Haddock docking using the constraints summarized in TableB.1 on page 177. 1 & 2 are enlargements of the interface of the VHS:monoUb complex for the best structure of the cluster (lowest energy). The complex is stabilized by hydrogen bonds mainly originating from helix α4 and the loop between helix α1 and α2 of VHS.
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 3 The VHS di-ubiquitin interaction Chapter 5. STAM2's VHS domain Ub 2 (Gly47, Lys48, Gln49, Leu50, Val70) experience strong attenuation (≥70%) early in the titration. Third, the K d s for residues in the distal and proximal domain are similar. Fourth, K63-linked Ub 2 chains can accommodate up to two VHS molecules under saturating conditions as stated by R 2 measurement on the distal domain of K63-linked Ub 2 . The average R 2 is 35.7s -1 with a standard deviation of 6.2s -1 , corresponding to a molecular weight range of 42.4-58.1kDa, which is conform to a 2:1 stoichiometry.
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 510 Figure 5.10. (following page): Titration curves for the VHS:K63 Ub 2 and VHS:K48 Ub 2 complex CSPs were observed on each component, VHS, the distal and proximal domains of both K63-and K48-linked Ub 2 upon titration with its binding partner. A & B) show representative curves on VHS, titrated with K63 Ub 2 and K48 Ub 2 , respectively. In C) shifts were observed on the distal and in D) on the proximal domain of K48 Ub 2 . E & F) are plots of titration curves on K63 Ub 2 distal and proximal domain, respectively.The symbols represent the experimental data, whereas the fit is shown as solid line. The data were fitted with different models as described in subsection 3.5.3 on page 40. The experiments were acquired on a 600MHz spectrometer at 288K, in 20mM sodium phosphate ph 6.8.

5 . 5

 55 on page 48). Fitting of the data indicates two populated structures of 20% and 80% that correspond to two distinct positions of the paramagnetic center. For the highest populated structure, the distal domain interacts with the VHS domain in the same mode as for the monoUb:VHS interaction. The reconstruction of the two paramagnetic centers allowed to model two different VHS:K48 Ub 2 complexes by means of the Haddock software [213]. The used constraints were, i) CSPs obtained for VHS as well as the distal and the proximal domain of K48-linked Ub 2 , ii) unambiguous distances derived from MTSL attached to the proximal domain of K48-linked Ub 2 and a given proton of VHS, and iii) unambiguous distances describing the isopeptide linkage between the distal and the proximal domain. A closer look at the structure (Figure 5.11 C) reveals the involvement residues Leu8, Val70, Ile44, Gly47 and Leu73 of the distal domain of K48-linked Ub 2 , making contact with Trp33, Ala78, Ala81 and Asn82 of VHS. From the proximal domain, residues Ile44, Val70 and Leu73 are in close proximity to Thr30 and Asn28 of VHS. These findings are consistent with the CSPs and titration data, indicating that the VHS domain can bind the distal or the proximal domain.Chapter 5. STAM2's VHS domain 5.3. The VHS di-ubiquitin interaction In contrast, attaching the SL to the proximal domain of K63-linked Ub 2 gives a complete different PRE profile, as can be seen in Figure 5.11B, as residues located around Glu31 experience a stronger decrease in signal intensity. Surprisingly, regions surrounding Ser45 and Asn82 are slightly affected as well. It is important to recall, that the CSPs and spin relaxation data indicate that K63-linked Ub 2 can accommodate two VHS molecule under saturating conditions. Accordingly, the PRE data suggest that the SL could affect not only the VHS molecule bound to the proximal domain, but also the VHS molecule bound to the distal domain, if sufficiently close. According to the alignment of the previously determined monoUb:VHS structure with the crystal structure of K63-linked Ub 2 [33] (not shown), the putative model can account for the position of the attached spin label, that would affect VHS bound to either of the Ub domains in K63-linked Ub 2 at the same time. This gives rise to a K63-linked Ub 2 structure

Figure 5 . 11 .

 511 Figure 5.11. (following page): PRE plots and models of VHS:K48 Ub 2 & VHS:K63 Ub 2Analysis of the PRE data for VHS in presence of a 1:1 equivalent of SL attached to the proximal domain of K48 Ub 2 at position C12 (A) and the proximal domain of K63 Ub 2 at position C12 (B). The reconstruction of the paramagnetic center yield 2 positions corresponding to two populations of the K48 Ub 2 :VHS complex. Putative models of the K48 Ub 2 :VHS complex are shown in (C). They are in good agreement with the position of the paramagnetic centers (magenta and brown spheres) and the theoretical position of MTSL for both populations. The distal and the proximal domain of K48 Ub 2 are represented in red and blue, respectively, whereas VHS is colored in orange. A putative model of the K63 Ub 2 :VHS complex based on the monoUb:VHS complex is presented in (D). This model has been obtained by assuming that the paramagnetic SL affects both VHS molecules under saturating conditions.

Figure 5 .

 5 Figure 5.12.: Overlay of the STAM1 VHS:monoUb (3LDZ.pdb) and STAM2 VHS:monoUb (2LOT.pdb) structureThe crystal structure of the STAM1 VHS:monoUb complex (3LDZ.pdb)[START_REF] Ren | Vhs domains of escrt-0 cooperate in high-avidity binding to polyubiquitinated cargo[END_REF] is shown in red, with ubiquitin in brown-red and VHS in medium red. The NMR structure of the STAM2 VHS:monoUb complex (2LOT.pdb) is colored in blue, with ubiquitin in medium blue and VHS in light blue. The structure of STAM1 and STAM2 VHS in their complex with monoUb were aligned, to highlight their slight differences.

  More detailed analysis of the CSP titration experiments at an early stage ([VHS]/[Ub 2 ] =0.1) give further clues to understand the difference in the binding affinity among the K48-linked Ub 2 subunits. Phe45, Gly47, Leu50, Val70 and Leu71 are the first perturbed residues on the distal domain and also experience intermediate exchange, indicating strong interaction with VHS. In contrast, Thr9, Arg42, Val70, Leu71 and Leu73 are the first perturbed residues on the proximal domain and are located in an opposite region from the one constituted by the Gly76-Lys48 isopeptide bond. Previous studies have shown, that the Ub:Ub interface of K48-linked Ub 2 is dynamic in solution [65]. This implies a possible mechanistic event where VHS binds first the partially open Ub 2 interdomain interface. As the interface opens further upon titration with VHS, the distal residues Arg72 to Gly76 become strongly perturbed.

  pH. K48-linked Ub 2 chains are predominantly closed at neutral pH, whereas binding of the VHS domain requires the open conformation of the K48-linked Ub 2 chain. As a consequence, the VHS domain, or possibly other UBD components of the STAM2/Hrs complex must find the proper open candidate prior to binding. The sequestered nature of the Ub:Ub interface would then slow down the entry into the MVB pathway. Considering that the VHS domain is present in many proteins involved in the endocytic pathway, these results provide a possible explanation for the increased efficiency of multi-monoubiquitination or K63-linked poly-ubiquitination signals over K48-linked chains for cargo delivery to the lysosome [249] [250]. K63-linked Ub 2 adopts a different mode of binding to VHS, that is more similar to the binding of monoUb to VHS. Each of the K63-linked Ub 2 subunits can accommodate one VHS molecule under saturating conditions. Indeed, VHS binds K63-linked Ub 2 with no preference for the distal or the proximal domain and exhibit a dissociation constant in the range 30-40 µM. With K63-linked Ub 2 adopting an elongated conformation, the hydrophobic patch presents a higher accessibility to VHS and can bind as two independent Ub sites with no cooperativity as exhibited by the titration curves (Figure 5.10 on page 88). Accordingly, it is likely that the VHS domain recognizes a given topology/structure of polyUb chains which favors its interaction with the Ub hydrophobic patch. The extended conformation of K63-linked Ub 2 exposes the Ub hydrophobic patch on both subunits and offers the possibility for direct interactions with VHS, with-Chapter 5. STAM2's VHS domain 5.3. The VHS di-ubiquitin interaction out the need to compete with an opening/closing equilibrium of the Ub:Ub interface.

tween α1 and α2 .

 α2 This includes Glu28, Asp29 and Asp38, which counterpart residues on Stam2's VHS domain are conserved and include Glu31, Asp32 and Asp41. Conversely, Glu35 and Glu42 are not conserved in STAM2's VHS domain and are replaced by Asp38 5.3. The VHS di-ubiquitin interaction Chapter 5. STAM2's VHS domain and Ser45, Asp38 being involved in hydrogen bond contact with monoUb. Additionally, STAM2's VHS residues Gly77 and Ala81, which are likely to interact with monoUb are replaced by a negatively and positively charged residue Glu75 and Lys79 and might disrupt the mainly hydrophobic helix α4.
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 71 Figure 7.1.: Ubiquitin binding proteins with multiple UBDs

Chapter 7 .Figure 7 . 2 .

 772 Figure 7.2. (following page): Selection of UBD:Ub 2 complex structures
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 71 3 on page 109 shows HSQC spectra of the isolated UIM and VHS domain overlayed on a spectrum of the connected VHS-UIM Chapter 7. STAM2's VHS-UIM 7.2. Characterization of VHS-UIM 15 N (ppm)

Figure 7 .

 7 Figure 7.4.: R 1 , R 2 and heteronuclear NOEs of VHS-UIM at 23.7 • C

  5 upper left panel on page 112) displays a similar pattern as shown for the monoUb:UIM (Figure 4.3 A on page 59) and the monoUb:VHS (Figure 5.2 A on page 70) complex, with strong perturbations around Ile44, Val70 and Ile13 of the hydrophobic patch.From the VHS-UIM side on both, VHS and UIM, the same regions are perturbed as observed for the single domains (Figure7.5 upper right panel on page 112). In addition, residues of the linker show moderate perturbations. The latter effect may result from two facts, i) in the Ub:UIM complex, the C-terminus of ubiquitin extends over the length of the UIM domain, ii) binding of ubiquitin to VHS-UIM could slightly change the orientation of the linker. K d s for the VHS-UIM:Ub complex were obtained from titration experiments. The data were fitted under the assumption of a 1:1 and 2:1 stoichiometry, whereas the 2:1 model gave the lowest RMSD (Equation 3.7 on page 42, on15 N ubiquitin and Equation 3.9 on page 43, on 15 N VHS-UIM). From the ubiquitin perspective, a K d of 102±34µM was determined. From the VHS-UIM side, the protein was classified into three parts, VHS, UIM and the linker and the K d for each region was extracted separately. Under consideration of only VHS residues, a K d of 90±49µM, and considering only the linker region a K d of 160±68µM was obtained. From the few peaks of UIM that didn't experience intermediate exchange a K d of 230±86µM was extracted. These values are in the same range as the K d s previously determined for the interaction of ubiquitin with the isolated VHS and UIM domain. This clearly indicates, that the VHS and UIM domain in the VHS-UIM construct bind independently to ubiquitin, whereas the CSP data additionally support this mode of binding.

Figure 7 . 8 .

 78 Figure 7.5.: CSP mapping and titration curves of VHS-UIM:Ub The upper panels show chemical shift perturbations of the VHS-UIM:Ub complex on ubiquitin (left panel) and VHS-UIM (right panel), under saturation with its binding partner. The binding isotherms for some representative residues of ubiquitin (lower left panel) and VHS-UIM (lower right panel) were plotted. All experiments were performed on a 600 MHz spectrometer at 288K, in 20mM sodium phosphate pH 6.8.
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 4 VHS-UIM binding to Ub 2 Chapter 7. STAM2's VHS-UIM will preferentially bind to the distal domain of K48-linked Ub 2 . UIM bound to one of the Ub domains, leaves the second Ub domain still available for binding to another UIM domain. In any case, engagement of the VHS and UIM domain of one chain to ubiquitin units of different dimers (two examples are given in Figure 7.7 B) will result in high molecular weight complexes. The population of all the different binding modes depends on the K d of the individual steps.

Figure 7 . 6 .

 76 Figure 7.6. (following page): Hypothetical binding modes of VHS-UIM to K63-linked Ub 2The different potential binding modes for the VHS-UIM:K63 Ub 2 complex are represented schematically. Ub 2 is colored in blue, with the distal domain in dark and the proximal domain in light blue. The VHS-UIM construct is shown as a red polygon (VHS) and a green barrel (UIM) connected by a brown bow, of variable shape. Different binding events are connected by double sided arrows, labeled with K d s ranging from 1-14.

Chapter 7 .

 7 STAM2's VHS-UIM 7.4. VHS-UIM binding to Ub 2

Furthermore, distance constraints

  were extracted from PRE effects measured on VHS-UIM, whereas MTSL was attached to Cys12 in the distal or proximal domain of either K63-linked Ub 2 or K48-linked Ub 2 . In Figure 7.8 on the following page the CSP profiles of the VHS-UIM:Ub 2 complexes are summarized. The CSP pattern on the proximal (Figure 7.8 B) and distal (Figure 7.8 A) domain of K48-linked Ub 2 display no significant differences compared to each other or to the CSPs obtained on mono-ubiquitin (Figure 7.5 on page 112). There is a striking difference between the results on the distal (Figure 7.8 C) and proximal (Figure 7.8 D) domain of K63-linked Ub 2 . The CSP profile obtained on the distal domain matches well the one previously observed on the distal domain upon binding to UIM (Figure 4.7 on page 63). This is especially true for residues Leu8 and Ile61 and around Ile30, which display significant shifts upon binding to UIM but not VHS. On the other hand, the CSP pattern observed on the proximal domain is quiet similar to those seen for of the K63 Ub 2 :VHS complex (Figure 5.9 H on page 85) and mainly reflects weak CSPs around Ile30, and residues Leu8 and Ile61. Besides these specific sides, the overall CSPs are significantly lower compared to those observed on the distal domain bound to UIM. On VHS-UIM the CSPs show the same pattern, if in complex with K63-(Figure 7.8 E) or K48-linked Ub 2 (Figure 7.8 F), with strong perturbations mainly located around Thr30, Val80 and Ala180.

Figure 7 .

 7 Figure 7.8.: CSP pattern of the VHS-UIM:K48 Ub 2 & VHS-UIM:K63 Ub 2 complex. Chemical shift perturbations were mapped on K48 Ub 2 's distal (A) & proximal (B) domain and K63 Ub 2 's distal (C) & proximal (D) domain saturated with VHS-UIM, as well as on VHS-UIM saturated with K63 Ub 2 (E) and K48 Ub 2 (F). Grey bars indicate residues, that disappeared by the end of titration. An asterisk over a residue marks residues in intermediate exchange, that did not disappear. Spectra were acquired on a 600 MHz spectrometer at 288K, in 20mM sodium phosphate pH 6.8.

7. 4 . 2 Figure 7 . 2 Figure 7 .

 42727 Figure 7.13. (following page): PRE profile on VHS-UIM in complex with different Ub 2 -MTSL mutants The PRE effect as a ratio of signal intensity in the diamagnetic and paramagnetic state is plotted for different 15 N VHS-UIM:Ub 2 -MTSL complexes. In (A) & (B), VHS-UIM was saturated (1:1.1 ratio) with K63 Ub 2 , with MTSL attached to Cys12 at the proximal (A) or distal (B) domain. Under consideration of only VHS residues (6-152) the SL position was reconstructed. The red circles are the intensity ratio expected from the fitted MTSL position. The structure of K63 Ub 2 (2JF5.pdb) with MTSL attached to Cys12 is shown in (C) and (D), with MTSL on the proximal and distal domain, respectively. The proximal domain is colored in blue and the distal domain in dark blue. PRE plots for the 15 N VHS-UIM:K48 Ub 2 -MTSL complexes (1:2 ratio) are shown in (E) and (F), with MTSL linked to Cys12 of the proximal domain (E) and to Cys12 of the distal domain (F). In (G) and (H) the open structure of K48 Ub 2 (2PE9.pdb) with Cys12-MTSL on the proximal (G) and distal (H) domain is represented, using the same color coding as previously.

Figure 7 .

 7 Figure 7.15.: Binding isotherms of the VHS-UIM:K48 Ub 2 & VHS-UIM:K63 Ub 2 complex Binding curves for the interaction of VHS-UIM with K63-and K48-linked Ub 2 were obtained, by the stepwise addition of VHS-UIM to K63 Ub 2 with the distal (A) or proximal (B) domain 15 N-labeled or K48 Ub 2 with 15 N-labeled distal (C) or proximal (D) domain. (E) and (F) represent binding curves on 15 N VHS-UIM titrated with K63 Ub 2 and K48 Ub 2 , respectively.

  [START_REF] Naviglio | Ubpy: a growth-regulated human ubiquitin isopeptidase[END_REF], as present in UBPY, were identified to recognize SH3 domains. The so far assigned function of the SH3 domain of STAM2 is the recruitment of DUBs like AMSH (associated molecule with the SH3 domain of STAM) and UBPY (ubiquitin specific protease Y)[START_REF] Tanaka | Possible involvement of a novel stam-associated molecule "amsh" in intracellular signal transduction mediated by cytokines[END_REF] [START_REF] Kato | A deubiquitinating enzyme ubpy interacts with the src homology 3 domain of hrs-binding protein via a novel binding motif px(v/i)(d/n)rxxkp[END_REF].SH3 domains are about 60 amino acids long, which form 5 β-strands, a short 3 10 -helix and two predominant loop regions, the RT loop and n-Src loop. Identified binding sides for PXXP, non PXXP-motifs, and ubiquitin's hydrophobic patch overlap, involving the RT loop, n-Src loop and the 3 10 -helix[276] [272] [277][START_REF] Musacchio | How sh3 domains recognize proline[END_REF].

Figure 8 . 1 .:

 81 Figure 8.1.: Overlay of 15 N-HSQC spectra of UIM-SH3 titrated with increasing concentrations of mono-ubiquitin Spectra of UIM-SH3 acquired during titration with mono-ubiquitin are overlayed. The resonances of UIM-SH3 before the addition of ubiquitin are colored in red. The trajectories of some residues, that experience strong perturbations are indicated by arrows. The spectrum is partially assigned based on the assignment provided by the RIKEN institute and the assignment of the UIM domain. The spectra were acquired in 20mM phosphate buffer with 100mM NaCl.
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 9 Potential impact of the mode of binding on the function of ESCRT-0

Figure B. 4 .:

 4 Figure B.3.: HSQC spectra VHS + Ub T12C-MTSL Overlapped 1 H, 15 N-HSQC spectra for 15N-VHS + oxidized (blue) and reduced (red) MTSL attached to Ub T12C showing perturbations mainly centered around Asp32.

Model

  

Figure C. 1 .

 1 Figure C.1.: HSQC spectra of VHS-UIM:K48 Ub 2 proximal C12-MTSL in reduced and oxidized form.

Figure C. 2 .

 2 Figure C.2.: HSQC spectra of VHS-UIM:K48 Ub 2 distal C12-MTSL in reduced and oxidized form.

Figure C. 3 .

 3 Figure C.3.: HSQC spectra of VHS-UIM:K63 Ub 2 proximal C12-MTSL in reduced and oxidized form.

Figure C. 4 .

 4 Figure C.4.: HSQC spectra of VHS-UIM:K63 Ub 2 distal C12-MTSL in reduced and oxidized form.

  

  

  

  

  

  

  

  

  • C until OD 600 reached ≈ 1. Expression was induced by the addition of

	1mM IPTG. The cells were left over night at 20 • C. The harvested cells were immediately
	lysed by sonication. The same buffers were used as previously described for the STAM2
	construct. The clarified lysate was loaded on a HisTrap T M FF column (GE Healthcare)
	and eluted with an imidazole gradient. Fractions were pooled, brought to 50% glycerol
	and frozen at -80 • C.

  .1.

	distal domain proximal domain	purpose
	D77	K63R	interaction on UBD
	D77	15 N K63R	interaction on K63 Ub 2 proximal domain
	15 N D77	K63R	interaction on K63 Ub 2 distal domain
	D77T12C	K63R	SL on the distal domain of K63 Ub 2
	G76C	K63R	SL on the distal domain of K63 Ub 2
	D77	T12CK63R	SL on the proximal domain of K63 Ub 2
	D77	K48R	interaction on UBD
	15 N D77	K48R	interaction on K48 Ub 2 proximal domain
	D77	15 N K48R	interaction on K48 Ub 2 distal domain
	D77T12C	K48R	SL on the proximal domain of K48 Ub 2
	D77	T12CK48R	SL on the distal domain of K48 Ub 2

Table 3 .

 3 

1.: Summary of used ubiquitin dimers

The table summarizes the Ub mutants used for the different types of Ub dimer and the purpose of the dimer.

Table 3 .

 3 2.: Mutagenesis primerThe table summarizes the used mutagenesis primer. For each mutation forward and reverse primer are given. All primer were purchased from IDT (Integrated DNA Technologies).

	Chapter 3. Methods	3.5. NMR data acquisition & processing
	3.5. NMR data acquisition & processing
	3.5.1. NMR data collection	
	The ensemble of NMR data was acquired at 288K (except for the relaxation data on
	VHS-UIM that were collected at 296K). The NMR samples were exchanged into a buffer
	containing 20mM sodium phosphate at pH 6.8, 10%D 2 O, 0.02% (w/v) NaN 3 and either
	with 100mM NaCl or without NaCl. Assignment and relaxation experiments of the
	VHS sample have been acquired on a Bruker Avance 900MHz and 600MHz equipped

with triple resonance probes (Large scale NMR facility Utrecht), whereas titration and SL experiments have been carried out on a Varian Inova Unity 600 equipped with a triple resonance probe. Experiments for the assignment of UIM-Y were collected at a Bruker Avance 600MHz spectrometer with cryogenic probe at the NMR facility at John's Hopkins. All UIM-Y titration experiments were acquired on a Varian Inova Unity 600MHz with a triple resonance probe. Most of the NMR experiments concerning VHS-UIM were acquired at the University of Maryland on a Bruker Avance 600MHz either with or without cryogenic probe. The remaining experiments on VHS-UIM were collected on a Varian Inova Unity 600MHz.

3.5.2. Protein backbone assignment

The backbone resonance of VHS were assigned by Hans Wienk. The assignment was obtained by means of the combination of the following experiments: ( 15 N, 1 H)-HSQC, CBCA(CO)NH, HNCA, HNCACB and 3D NOESY-( 15 N, 1 H)-HSQC. Experiments were processed with NMRpipe

[START_REF] Delaglio | Nmrpipe: a multidimensional spectral processing system based on unix pipes[END_REF] 

and analyzed with SPARKY

[START_REF] Goddard | SPARKY 3[END_REF]

, starting with the assignment list provided by the RIKEN Structural Genomics/Proteomics Initiative (structure determination of the STAM2 VHS, 1X5B.pdb). Based on amide 1 H,

15 

N, Cα and

Table 3

 3 

	sample	R 1	R 2	hetNOE
	15 N ubiquitin	×	×	×
	15			

.3 summarizes all performed relaxation experiments. The concentration of the 15 N labeled protein was between 200 and 280µM and was saturated with its binding partner.

  Many proteins involved in different ubiquitin mediated cellular functions contain UIM domains[START_REF] Kim | Ubiquitin-binding protein rap80 mediates brca1-dependent dna damage response[END_REF] [START_REF] Hofmann | A ubiquitin-interacting motif conserved in components of the proteasomal and lysosomal protein degradation systems[END_REF]. Hrs, STAM, Eps and Vps27, that are involved in endosomal receptor sorting, S5A as part of the proteasome or Rap80 that has a function in DNA damage response, harbor UIM domains. In most cases these proteins contain UBDs in addition to the UIM domain.

	EEEEELLRKAIAESLNSCRPS
	4.1. Introduction to UIM domains S5AUIM-2 -TEEEQIAYAMQMSLQGAEFG 20	Chapter 4. STAM2's UIM domain
	Rap80UIM-1	MTEEEQFALALKMSEQEA---18
	EpsinUIM-2	-GDDLRLQMAIEESKRETGGK 20
	S	-EEDPDLKAAIQESLREAEEA 20
	Hse1	-SDDEELQKALKMSLFEYEKQ 20
	AtaxinUIM-1	-EDEEDLQRALALSRQEIDME 20
	EpsinUIM-1	-EEELQLQLALAMSKEEADQE 20
	Eps15UIM-2	-QEQEDLELAIALSKSEISEA 20
	AtaxinUIM-2	-DEEADLRRAIQLSMQGSSRN 20
	USP25UIM-1	-DDKDDLQRAIALSLAESNRA 20
	STAM1	-KEEEDLAKAIELSLKEQRQQ 20
	STAM2	-KEDEDIAKAIELSLQEQKQQ 20
	Vps27	-DEEELIRKAIELSLKESRNS 20
	Rap80UIM-2	EEEEELLRKAIAESLNSCRPS 21
	USP25UIM	TDEEQAISRVLEASIAEN---18
	Eps15UIM-1	-SEEDMIEWAKRESEREEEQR 20
	AtaxinUIM-3	GKACSPFIMFATFTLYLT---18
		:	:
	Consensus sequence	XΨΨΨΨΦXXAXXXSXXΨXXXX
	S5A UIM-2		211 -TEEEQIAYAMQMSLQGAEFG
	Rap80 UIM-1		79 MTEEEQFALALKMSEQEA---
	Epsin UIM-2		208 -GDDLRLQMAIEESKRETGGK
	Vps27 UIM-2		301 -EEDPDLKAAIQESLREAEEA
	Hse1 UIM		262 -SDDEELQKALKMSLFEYEKQ
	Ataxin3 UIM-1		224 -EDEEDLQRALALSRQEIDME
	Epsin UIM-1		852 -EEELQLQLALAMSKEEADQE
	Eps15 UIM-2		878 -QEQEDLELAIALSKSEISEA
	Ataxin3 UIM-2		244 -DEEADLRRAIQLSMQGSSRN
	USP25 UIM-1		97 -DDKDDLQRAIALSLAESNRA
	STAM1 UIM		171 -KEEEDLAKAIELSLKEQRQQ
	STAM2 UIM		165 -KEDEDIAKAIELSLQEQKQQ
	Vps27 UIM-1		258 -DEEELIRKAIELSLKESRNS
	Rap80 UIM-2		104 EEEEELLRKAIAESLNSCRPS
	USP25 UIM-2		123 TDEEQAISRVLEASIAEN---
	Eps15 UIM-1		852 -SEEDMIEWAKRESEREEEQR
	Ataxin UIM-3		331 -GKACSPFIMFATFTLYLT---
	These can be other UIMs, like in case of Ataxin and Rap80, or different UBDs like VHS
	domains (STAM, Hrs).	

TCOFFE CLUSTAL W (1.83) multiple sequence alignment

Table 9 .

 9 K d for: (µM) monoUb K63Ub 2 K48Ub 2 K63Ub 4 K48Ub 4 1.: K d s determined for different components of the ESCRT-0 complex by Ren et al. The K d s determined by Ren et al. for the whole ESCRT-0 complex and the isolated VHS and VHS-UIM domains of STAM1 [118].

	Full ESCRT-0	920±90.5 110±2.8 370±5.2 18±2.3	43±2.2
	STAM VHS	220±3.2 110±7.8 380±71 33±3.7	76±4.7
	STAM VHS-UIM 320±5.0	76±7.3 310±16 17±3.3	55±3.8

Table 2 :

 2 Haddock restraints as well as the results of the structure calculation for the ten best structures of the best cluster. rmsd calculated with respect to the lowest Haddock score structure Table B.3.: Haddock restraints as well as the results of the structure calculation for the ten best structures of the best cluster a Intermolecular energy: sum of the van der Waals and electrostatic energies (kcal.mol -1 ) b NOE energy: sum of the ambiguous and unambiguous energies (kcal.mol -1 ) c DANI energy: Diffusion ANIsotropy (relaxation data) energy (kcal.mol -1 ) d Total buried surface area for Ub and VHS (Å 2 ) e Number of hydrogen bonds f number of hydrophobic contact g Haddock score (arbitrary units) h RMSD calculated with respect to the lowest Haddock score structure

	Haddock restraints								
	Ambiguous restraints from CSPs				Active				Passive
						11 (Ub)				8 (Ub)
					11 (VHS)			4 (VHS)
	Unambiguous distance restraints from PREs			9 (4 from C48 ; 5 from C12)
	DANI restraints							50	
	Ub/VHS complex structure calculation E inter a E vdW E elec E NOE b -413,4 -34,6 -378,8 9.0	E DANI 54	c	BSA d H bond 1138 9.4	e	Hydro f Score g Rmsd h 20 -72.0 1.54
	(23.0)	(5.4)	(26.0)	(2.4)	(5)		(102)	(1.0)	(2)	(3.7)	(0.7)
	Procheck analysis								
	Residues in most favoured region (%)				88.0		
	Residues in additional allowed region (%)				11.6		
	Residues in generously allowed regions (%)			0.4		
	Residues in disallowed regions (%)				0.0		

a Intermolecular energy: sum of the van der Waals and electrostatic energies (kcal.mol -1 ) b NOE energy: sum of the ambiguous and unambiguous energies (kcal.mol -1 ) c DANI energy: Diffusion ANIsotropy (relaxation data) energy (kcal.mol -1 ) d Total buried surface area for Ub and VHS (Å 2 ) e Number of hydrogen bonds f number of hydrophobic contact g Haddock score (arbitrary units) h

The proteome is the complete set of proteins, taking into account all PTMs, expressed in a given tissue at a specific and time.

Alternative splicing is a variation in the processing or rather of joining the exons of pre-mRNA to become mRNA, which leads to an altered mRNA sequence and hence an altered protein or isoform.

Oncoproteins are gene products from oncogenes, whose expressions transforms cells into cancer cells. Oncogenes are results of mutations a normal genes, so called proto-oncogenes.

Most ubiquitin-ligating enzymes are actually no enzymes per definition.

A β grasp fold is a type of secondary structure, in which a five-stranded antiparallel β sheet is oriented as it would grasp the α-helix.

A 3 10 helix is a helix type with the hydrogen bonds between the NH group of one amino acid and the CO of another amino acid three residues before.

The 26S proteasome is a large protein complex of ≈2.5MDa. Is is responsible for proteolysis of proteins tagged with K48-linked ubiquitin chains.

The building block of clathrin-coated vesicles ( ≈ 40nm) is the clathrin triskelion. Clathrin triskelion consists of 3 heavy chains, adopting a bent structure, and 3 light chains. Due to its intrinsic curvature, polymerisation of clathrin at the membrane leads to bud formation[START_REF] Pearse | Clathrin and coated vesicles[END_REF] [START_REF] Pishvaee | Clathrin coats-threads laid bare[END_REF].

Caveolin is a integral membrane protein, which is abundant at caveolae[START_REF] Yamada | The fine structure of the gall bladder epithelium of the mouse[END_REF]. Caveolae are small invaginations of the plasma membrane ( = 50-80nm). Invagination of caveolae is thought to be driven by it membrane composition, that is enriched in lipid rafts of cholesterol and sphingolipids[START_REF] Kurzchalia | Vip21, a 21-kd membrane protein is an integral component of trans-golgi-network-derived transport vesicles[END_REF] [START_REF] Glenney | Sequence and expression of caveolin, a protein component of caveolae plasma membrane domains phosphorylated on tyrosine in rous sarcoma virus-transformed fibroblasts[END_REF].

Lysosomes are organelles responsible for the degradation of a variety of compounds. The lysosomal lumen has an acidic pH of 4-5 and contains different hydrolytic enzymes.

The term avidity is used to describe interactions, in which the affinity is increased due to the summation of multiple binding events

allostery is an effect, that describes the structural rearrangement in a protein, due to ligand binding, in a part of the protein, that is distant from the binding side. Allosteric effects can change the activity of an enzyme or the affinity of a binding side.

The residues on UIM-Y that experienced significant signal decrease during the titration are highlighted in red on the UIM model (A1). The second structure (A2) is 180 • rotated. On ubiquitin (B, 1D3Z.pdb [START_REF] Cornilescu | Validation of protein structure from anisotropic carbonyl chemical shifts in a dilute liquid crystalline phase[END_REF], residues that experienced CSPs ≥0.25 are colored in red, while those with CSPs ≥0.15 are shown in orange.

The VHS di-ubiquitin interaction

The results presented on VHS are published in: NMR reveals a different mode of binding of the Stam2 VHS domain to ubiquitin and diubiquitin.

A. Lange, D. Hoeller, H. Wienk, O. Marcillat, J-M. Lancelin, O. Walker Biochemistry, 2011, 50, 48-62 The STAM2 VHS:monoUb solution structure is available under the pdb code 2LOT in the RCSB PROTEIN DATABANK.

Chapter 7. STAM2's VHS-UIM domains. Neither residues of VHS nor of UIM in the VHS-UIM construct display any significant shifts, which clearly suggests that these 2 domains do not interact with each other. 

Y, VHS and VHS-UIM

A yellow background marks residues that display the same trajectories, whereas VHS-UIM residues with a green background indicates a trajectory, that is an intermediate between VHS and UIM. This model of course ignores the small population, that displays a different binding mode, but it can be assumed that only the 1:1 binding with VHS on the proximal and UIM on the distal domain results in a cooperative binding, hence the actual cooperativity between the first and second binding event might be higher. --MDSDWLMGE-----------R 349 . :* : .: . . * provided by the Riken Institute, and of the assignment of UIM, the UIM-SH3 resonances could be partially assigned. On SH3, residues Glu221, Ala222, Gly256, as part of the RT loop, Phe230 in the n-Src loop and Ser260 of the 3 10 -helix display strong perturbations in complex with ubiquitin (in Figure 8.4 B the location of these residues is indicated).

On K48 Ub2 proximal domain

In the Sla1 SH3:ubiquitin complex (Figure 8.4), the interaction with ubiquitin's hydrophobic patch is mainly mediated by Tyr362 and Phe364 of the RT loop, Trp391 in the n-Src loop and Pro406 and Phe407 of the 3 10 -helix [START_REF] He | Structural basis for ubiquitin recognition by sh3 domains[END_REF], which are all conserved residues among Sla1 and STAM2 (Figure 8.3). Therefore, it can be assumed, that the interaction surface of STAM2's SH3 domain for ubiquitin and the deubiquitinating enzymes at least partially overlap. Kaneko et al. [START_REF] Kaneko | Structural insight into modest binding of a non-pxxp ligand to the signal transducing adaptor molecule-2 src homology 3 domain[END_REF] determined the affinity of STAM2's SH3 domain to SH3:UBPY-peptide (A), cartoon representation of the solution structure of Sla1 SH3-3 (green) in complex with ubiquitin (orange) (2JT4.pdb [START_REF] He | Structural basis for ubiquitin recognition by sh3 domains[END_REF]). (B), cartoon presentation of the crystal structure of (mouse) STAM2's SH3 (green) bound to a UBPY-derived peptide (red)(1UJ0.pdb [START_REF] Kaneko | Structural insight into modest binding of a non-pxxp ligand to the signal transducing adaptor molecule-2 src homology 3 domain[END_REF]). Mouse and human STAM2 SH3 domain share 86.7% identity and the non-conserved residues are mainly clustered at the N-terminal end (last 15 residues).

Chapter 9. Potential impact of the mode of binding on the function of ESCRT-0 binding first to the dimer does not remain long enough for the second UBD to bind.

But for the combination of VHS, UIM and SH3, the VHS and UIM domains cooperate, therefore it is reasonable to think that the off rate might be slow enough to allow SH3

to experience cooperativity when binding to another Ub, as long as VHS and UIM are already bound.

Of course this is very speculative and the function of the SH3:ubiquitin interaction might be more regulatory rather than an involvement in the clustering of ubiquitinated cargo proteins. Ubiquitin competes with DUBs for SH3 binding, whereas the affinity for Ub is rather low. On the other hand only small DUB derived peptides with the ubiquitin recognition sequence were used to determine the K d s. Assuming a weaker binding of ubiquitin to STAM2's SH3 domain than to DUBs, this would mean, that at low cargo concentrations DUBs will bind, which results in deubiquitination and therefore recycling of the cargo. At high cargo concentrations ubiquitin will supersede DUBs from SH3, and therefore prevent recycling of ubiquitinated proteins. But when are concentrations of ubiquitinated cargo proteins high? After extensive stimulation of receptors, like EGFR, the activated receptor will be internalized and guided to endosomes. In this case, due to the abundance of ubiquitinated receptors, they might rather be degraded then recycled back. This would cause de-sensitization of the cell.

Appendices

15 N ubiquitin 2.08±0.15 7.42±0.48

15 N ubiquitin + UIM 1.29±0.06 13.3±0.75

15 N UIM 1.98±0.13 5.08±0.13

15 N UIM + ubiquitin 1.51±0.12 14.90±0.56

Table A.1.: R 1 and R 2 parameter of the UIM:monoUb complex Relaxation experiments were performed on UIM:monoUb complex from both sides as well as the separate domains. The average R 1 and R 2 values were calculated from residues in regions with structured secondary structure.

Appendix A. STAM2's UIM domain