Abstract

The signal recognition particle (SRP) and its receptor (FtsY in Escherichia coli) mediate cotranslational protein targeting by delivering ribosome nascent chain complexes (RNCs) to the target membrane. Recognition of an RNC cargo by SRP is dependent on an N-terminal signal sequence. Binding of FtsY to the RNC-SRP complex leads to several conformational changes of SRP and FtsY during the targeting cycle: first, an "early" GTP-independent state is adopted which is stabilized by the RNC, subsequently a "closed" GTP-dependent conformation is formed which can activate itself to hydrolyze GTP (the "activated" state).

Faithful completion of all three steps leads to release of the cargo from SRP-FtsY and hand over of the RNC to the translocation pore.

It has been shown for E. coli that cargos can be rejected from the SRP pathway during all targeting steps. In the first project, our interest concentrates on ribosomes translating the EspP signal sequence (RNC EspP ). In vivo, EspP is a post-translationally targeted protein, but RNC EspP has been shown to be bound by SRP and FtsY leading to a non-productive "early"like RNC EspP -SRP-FtsY complex. Using single particle cryo-electron microscopy (EM), we analysed the structural basis for the rejection of RNC EspP by SRP and FtsY. Comparison of our RNC EspP -SRP-FtsY cryo-EM structure to other available cryo-EM structures of cotranslational targeting complexes containing the correct cargo RNC FtsQ unravelled differences in the SRP-FtsY structure between a correct cargo and an incorrect cargo. Two major differences between the targeting complexes containing the cargos RNC FtsQ and RNC EspP were observed: first, the Ffh M-domain was attached to ribosomal RNA helix 59 of RNC EspP , while it was detached from this site in the case of RNC FtsQ . It could be that such an ordered M-domain is hampering the release of the signal sequence which is required for successful completion of targeting. Second, the Ffh-FtsY NG-domain arrangement was flexible in the complex with RNC EspP in comparison to RNC FtsQ indicating that the "early"-like complex formed on RNC EspP is less stable. Biochemical data using fluorescence resonance energy transfer corroborated these results, showing that FtsY is bound with lower affinity in the RNC EspP "early" complex and that the rearrangement to the "closed" conformation is less efficient. Further biochemical analysis of EspP signal sequence variants showed that mainly the N-terminal extension of the EspP signal sequence is responsible for its rejection from the SRP pathway.

In a second project the "closed" conformation of SRP and FtsY formed in complex with the RNC cargo stabilized by a non-hydrolysable GTP-analogue (GMPPCP) was studied. To overcome the kinetic barrier to rearrange from the "early" to the "closed" conformation, we used an N-terminally truncated version of FtsY lacking the complete acidic (A-) domain and the first alpha helix of the NG-domain. Furthermore, a RNC construct containing the first 50 amino acids of leader peptidase (RNC Lep50 ) was used for complex formation. In absence of nucleotide, our cryo-EM reconstruction shows an "early"-like conformation where the FtsY and Ffh NG-domains are close to the tetraloop of the 4.5S RNA. Incubation with GMPPCP induces a detachment of the NG-domains from the tetraloop end. Our data indicates that the NG-domains are flexible in the "closed" state and not attached to the distal end of the RNA.

Translation of a messenger RNA by the ribosome is terminated when a stop codon is located in the aminoacyl-tRNA site of the ribosome. In eukaryotes a complex consisting of eukaryotic release factor 1, eukaryotic release factor 3a and GTP (eRF1-eRF3a-GTP) catalyses translation termination. We reconstituted ribosomal termination complexes that are stalled on an mRNA with a stop codon in the aminoacyl-tRNA site from an in vitro translation system in HeLa cell extract by using a mutant form of eRF1, which is impaired in nascent chain hydrolysis. The termination complexes were purified by sucrose gradient centrifugation and mRNA affinity purification. Presence of all components in the purified complexes was confirmed by Northern-and Western blots, agarose gel chromatography and negative stain electron microscopy. The termination complexes were reconstituted by addition of excess of eRF1-eRF3a-GTP complexes to the stalled terminating ribosomes. This sample was used to collect a negative stain electron microscopy dataset, and a 3D reconstruction was calculated. Electron microscopy and image processing revealed significant heterogeneity in the purified complex. Hence, no transfer RNA could be detected in the peptidyl-tRNA site and only little density for the release factors was visible in the ribosomal aminoacyl-tRNA site. In conclusion, a large dataset and extensive computational sorting is required to solve a structure of a translation termination complex from this sample.

Résumé

La particule de reconnaissance du signal (signal recognition particle-SRP) et son récepteur (FtsY chez Escherichia coli) médiatise le processus simultané de traduction-ciblage de la protéine en dirigeant le complexe ribosome-nascent chain (RNCs) vers la membrane de destination. La reconnaissance par la SRP d'une charge RNC à transporter dépend de la présence de la partie N-terminale. L'assemblage de Ftsy au complexe RNC-PRS entraine plusieurs changements de configuration de SRP et de FtsY durant le cycle de direction. D'abord un stade « précoce » sans GTP est adopté. Celui-ci est stabilisé par le RNC. Ensuite une configuration « fermée » avec GTP est formée. Cette dernière peut s'activer pour hydrolyser GTP, elle entre alors dans sa configuration « active ». La succession de ces trois étapes conduit à la libération du complexe SRP-récepteur d'avec le ribosome et de sa protéine en cours de traduction, et leur mise à disposition au pore de la membrane. Dans ce projet, notre intérêt se limite à la traduction par le ribosome de la séquence signale EspP (RNC EspP ).

In vivo, EspP est une protéine dont le ciblage vers le récepteur membranaire se réalise après la traduction. Cependant il arrive que RNC EspP se lie au complexe SRP-FtsY, faisant échouer le ciblage. Nous avons étudié les bases structurales du rejet de RNC EspP par SRP et FtsY.

Pour cela nous avons effectué la comparaison de la structure RNC EspP -SRP-FtsY obtenue par observation au cryo-microscope électronique avec d'autres complexes ribosome-SRPrécepteurs traduisant la charge FtsQ, qui est elle normalement ciblé par SRP. Nous avons cherché à observer la différence de structure entre les complexes SRP-FtsY dans les deux cas.

Deux différences majeurs entre les complexes de ciblages contenants les séquences RNC FtsQ et RNC EspP ont été observés. Premièrement, dans le cas de la structure de RNC EspP le domaine M -Ffh est attaché à l'hélice 59 du ribosome, alors que celui-ci est détaché dans le cas de la structure de RNC FtsQ . Nous pensons que le domaine M empêche la libération de la séquence de signal, étape nécessaire à la réalisation du ciblage. Deuxièmement, dans le cas de la structure du complexe avec RNC EspP l'arrangement Ffh-FtsY avec le domaine NG était flexible. Ceci indiquerait que le complexe "précoce" formé sur RNC EspP est moins stable que celui formé sur RNC FtsQ . Une étude biochimique utilisant le transfert d'énergie via résonance fluorescente a corroboré ce résultat, montrant que FTS Y est lié avec une affinité moindre dans le cas du complexe précoce formé sur RNC EspP et que la reconfiguration au stade de complexe fermé est moins efficace. Une analyse biochimique plus poussée des variantes de la séquence de EspP montre que la partie N-Terminale de la séquence est la principale cause de rejet du cycle de ciblage via SRP.

Dans un second projet, nous avons étudié la configuration "fermée" de SRP et ftsY en complexe avec une charge RNC stabilisée par un analogue non-hydrolysable de GTP (GMP-PCP). Pour franchir la barrière cinétique qui permet de passer du complexe précoce au complexe fermé, nous avons utilisé une version tronquée de FtsY, à laquelle la séquence terminale avait été amputée de tout le domaine acide (A-) ainsi que de la première hélice alpha du domaine NG. De plus, pour la formation du complexe, nous avons utilisé une construction contenant les 50 premiers acides aminés du leader peptidase (RNC Lep50 ). En l'absence de nucléotides, notre reconstruction au cryo-EM a montré une configuration similaire à celle du stade précoce, dans laquelle Ftsy et Ffh-domaine NG, sont proche du tetraloop de la 4.5 S ARN. Une incubation avec GMP-PCP induit un détachement du domaine NG d'avec la queue du tetraloop. Il semblerait que les domaines NG soient flexibles dans l'état clos, et non attaché à la terminaison ouverte de l'ARN.

La traduction du mARN par le ribosome s'achève lorsqu'un codon stop entre en contact avec le site aminoacyl-tRNA du ribosome. Chez les Eukaryotes, un complexe constitué par les facteurs de terminaison 1, 3a, et GTP (eRF1-eRF3a-GTP), catalyse l'arrêt de la traduction.

Dans un système in vitro en cours de traduction issu d'extrait de cellules Hela, nous avons reconstitué les complexes d'arrêt de la traduction callés sur un mARN avec un codon stop en place dans le site aminoacyl-tRNA, en utilisant une forme mutante de eRF1, qui a été préalablement désactivée via une hydrolyse de la chaîne protéinique naissante . Le complexe d'arrêt a été purifié via centrifugation sur un gradient de sucrose et une purification basée sur l'affinité avec le mARN. La présence de toutes les composant dans le complexe purifié a été confirmé par Northern et Western blots, chromatographie sur gel agarose, et negativ stain EM. Le complexe d'arrêt de la traduction a été reconstruit en ajoutant en excès le complexe eRF1-eRF3a-GTP aux ribosomes callés en position de terminaison de la traduction. Cet échantillon a été utilisé pour collecter un jeu de données via negativ stain EM à partir duquel une reconstruction a été calculée. La microscopie électronique et le calcul des images ont révélé un important degré d'hétérogénéité du complexe purifié. Ainsi, aucun transfert d'ARN n'a pu être détecté au niveau du site peptidyl-tRNA, seul une faible densité au niveau des facteurs de libération était perceptible sur le site aminoacyl-tRNA du ribosome. En conclusion, afin de reconstruire la structure d'un complexe de terminaison de la traduction à partir de cet échantillon, beaucoup plus de données récoltées au microscope électronique et un triage dans le détail de ces images, seront nécessaires.
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Protein Targeting

The existence of a cell membrane is an absolute requirement for all living organisms. About 30% of all proteins synthesized in a cell are membrane-proteins or secreted proteins [START_REF] Daley | Global topology analysis of the Escherichia coli inner membrane proteome[END_REF]. These proteins need to be actively targeted to their correct target membrane and translocated into or across the membrane. In eukaryotes, many organelle-proteins are encoded in the nucleus, synthesized in the cytosol and need to be targeted from the cytosol to their final destination. Protein mistargeting leads to death or severe diseases (e.g. Parkinson's disease, mad cow disease, Zellweger syndrome (faulty transport to peroxisomes), Alzheimer's disease). On the other hand, inhibition of targeting factors that are specific for the bacterial targeting system would provide a powerful approach for new antibiotic development [START_REF] Segers | Traffic jam at the bacterial sec translocase: targeting the SecA nanomotor by small-molecule inhibitors[END_REF]. Thus understanding the exact mechanism of protein targeting would help to develop powerful pharmaceutical tools.

Signal sequences are used to target proteins to the correct membrane [START_REF] Von Heijne | Signal sequences. The limits of variation[END_REF] and are recognized by specific targeting factors. Dependent on whether the proteins are targeted during or after translation, the targeting process is called co-translational or post-translational, respectively. In this work, co-translational protein targeting complexes using E. coli as a model organism are studied by cryo-EM in order to understand how the targeting is coordinated and how fidelity of targeting is ensured.

Protein Targeting in E. coli E. coli presents an excellent model organism to understand co-translational protein targeting.

SRP and its receptor are universally conserved and E. coli SRP and FtsY can mediate targeting in canine microsomal membranes [START_REF] Powers | Co-translational protein targeting catalyzed by the Escherichia coli signal recognition particle and its receptor[END_REF] indicating that the molecular mechanism of SRP targeting is the same in all kingdoms of life. Two membrane pores (SecYEG and YidC) which mediate protein insertion and/or secretion have been identified in E. coli. Since E. coli contains only one membrane accessible from the cytosol, the problem of multiple targeting possibilities which exists in eukaryotes due to compartmentation is avoided. E. coli contains also post-translational targeting mechanisms.

Therefore, the molecular mechanism of co-and post-translational targeting can be studied more easily in E. coli than in eukaryotes and a scheme of co-and post-translational protein targeting in E. coli is shown in Publication 1.
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Most secreted E. coli proteins take the post-translational route, catalysed by SecA and SecB.

SecB binds to nascent chains which are at least 150 amino acids long, and keeps them in an unfolded targeting compatible state [START_REF] Kumamoto | Highly selective binding of nascent polypeptides by an Escherichia coli chaperone protein in vivo[END_REF]. SecA has high affinity to the SecYEG translocon [START_REF] Hartl | The binding cascade of SecB to SecA to SecY/E mediates preprotein targeting to the E. coli plasma membrane[END_REF]. Interaction between SecA and SecB recruits the nascent chain to SecYEG [START_REF] Hartl | The binding cascade of SecB to SecA to SecY/E mediates preprotein targeting to the E. coli plasma membrane[END_REF][START_REF] Zimmer | Structure of a complex of the ATPase SecA and the protein-translocation channel[END_REF], where SecA actively helps the precursor protein to be secreted under the consumption of ATP (reviewed in [START_REF] Rapoport | Protein translocation across the eukaryotic endoplasmic reticulum and bacterial plasma membranes[END_REF][START_REF] Lycklama | The bacterial Sec-translocase: structure and mechanism[END_REF].

In addition to the SecA/B mediated pathway, more specialized post-translational protein targeting pathways have been described. A DnaK-dependent pathway seems to exist, which targets tail-anchored E. coli proteins to YidC (Aschtgen et al., 2012). Moreover, the twin arginine translocation (Tat) system [START_REF] Weiner | A novel and ubiquitous system for membrane targeting and secretion of cofactorcontaining proteins[END_REF] is able to transport folded substrates [START_REF] Palmer | The twin-arginine translocation (Tat) protein export pathway[END_REF].

This work focusses on co-translational protein targeting mediated by the signal recognition particle (SRP) and the SRP receptor FtsY. Most membrane proteins [START_REF] Ulbrandt | The E. coli signal recognition particle is required for the insertion of a subset of inner membrane proteins[END_REF] and some secreted proteins (e.g. disulfide bond oxidoreductase (DsbA) [START_REF] Schierle | The DsbA signal sequence directs efficient, cotranslational export of passenger proteins to the Escherichia coli periplasm via the signal recognition particle pathway[END_REF], hemoglobin protease [START_REF] Sijbrandi | Signal recognition particle (SRP)-mediated targeting and Sec-dependent translocation of an extracellular Escherichia coli protein[END_REF]) rely on this pathway to reach their target. SRP and FtsY usually target the translating ribosomes to the SecYEG translocon (reviewed e.g. in Publication 1). A subset of membrane proteins is targeted by SRP to the YidC translocase [START_REF] Welte | Promiscuous targeting of polytopic membrane proteins to SecYEG or YidC by the Escherichia coli signal recognition particle[END_REF].

Autotransporters -Secretion over Two Membranes

Autotransporters use a remarkable mechanism to pass through the periplasmic membrane and the outer membrane of bacteria. They contain an N-terminal signal sequence, a passenger domain and a -domain. In the first step of their secretion, autotransporters are translocated through the SecYEG translocon, where they are released from the plasma membrane by cleavage of the signal peptide. Subsequently, the -domain inserts itself into the outer membrane through which the passenger domain gets exported. The mature autotransporter is then released into the culture medium by self-cleavage from the -domain or by cleavage via other proteases (reviewed in [START_REF] Henderson | The great escape: structure and function of the autotransporter proteins[END_REF]. Since autotransporters are transported into the environment of the bacterium it is not surprising that many of these proteins contribute to biofilms and toxicity (reviewed in [START_REF] Weiss | Prevalence, biogenesis, and functionality of the serine protease autotransporter EspP[END_REF] of the bacterium.
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One class of autotransporters consists out of serine proteases (serine protease autotransporters of enterobacteriae (SPATE)). All members of the SPATE family have an unusual N-terminal extension [START_REF] Dautin | Protein secretion in gram-negative bacteria via the autotransporter pathway[END_REF], which has been shown to prevent co-translational protein targeting [START_REF] Peterson | An unusual signal peptide extension inhibits the binding of bacterial presecretory proteins to the signal recognition particle, trigger factor, and the SecYEG complex[END_REF]Publication 2). EspP (extracellular serine protease, Plasmid-encoded) belongs to the SPATE family [START_REF] Henderson | The great escape: structure and function of the autotransporter proteins[END_REF] and is encoded by the Shiga toxin-producing virulence plasmid. This plasmid is widespread in pathogenic E. coli strains [START_REF] Weiss | Prevalence, biogenesis, and functionality of the serine protease autotransporter EspP[END_REF] such as enterohemorrhagic E. coli (EHEC) [START_REF] Brunder | EspP, a novel extracellular serine protease of enterohaemorrhagic Escherichia coli O157:H7 cleaves human coagulation factor V[END_REF], causing extremely severe diseases such as haemorrhagic colitis and the haemolytic uraemic syndrome (HUS). Homologues to the E. coli EspP are also found in Shigella (diarrhea), Haemophilus parasuis (Glasser's disease in pigs), Helicobacter cinaedi (cellulitis)

and Campylobacter (diarrhea) (information retrieved from Uniprot database). EspP has been

shown to be involved in cleaving coagulation factor V in human plasma and host proteins involved in immune response [START_REF] Von | Structure and function relationship of the autotransport and proteolytic activity of EspP from Shiga toxinproducing Escherichia coli[END_REF][START_REF] Brunder | EspP, a novel extracellular serine protease of enterohaemorrhagic Escherichia coli O157:H7 cleaves human coagulation factor V[END_REF][START_REF] Orth | EspP, a serine protease of enterohemorrhagic Escherichia coli, impairs complement activation by cleaving complement factors C3/C3b and C5[END_REF][START_REF] Schmidt | Identification and characterization of a novel genomic island integrated at selC in locus of enterocyte effacement-negative, Shiga toxin-producing Escherichia coli[END_REF]. Moreover, EspP processes toxins like the EHEC-hemolysin [START_REF] Brockmeyer | Enterohaemorrhagic Escherichia coli haemolysin is cleaved and inactivated by serine protease EspPalpha[END_REF]. EspP has been used as a model substrate to study the different steps of autotransportation [START_REF] Peterson | An unusual signal peptide extension inhibits the binding of bacterial presecretory proteins to the signal recognition particle, trigger factor, and the SecYEG complex[END_REF]Peterson et al., 2010a;Peterson et al., 2010b;[START_REF] Szabady | An unusual signal peptide facilitates late steps in the biogenesis of a bacterial autotransporter[END_REF][START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF][START_REF] Zhang | Translation elongation regulates substrate selection by the signal recognition particle[END_REF].

Signal Sequences

Signal sequences determine whether a protein is targeted co-translationally or posttranslationally. SRP-dependent signal sequences are bound directly when they emerge from the translating ribosome [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF]Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF]; consequently, they are located at the N-terminus of the nascent protein.

Recent fluorescence resonance energy transfer (FRET) data using fluorescently labeled nascent chains indicated that the signal sequence folds already to an alpha helix inside the ribosomal exit tunnel [START_REF] Robinson | Compaction of a prokaryotic signal-anchor transmembrane domain begins within the ribosome tunnel and is stabilized by SRP during targeting[END_REF]. In presence of SRP, the N-terminus of the nascent chain remains close to the tunnel exit [START_REF] Robinson | Compaction of a prokaryotic signal-anchor transmembrane domain begins within the ribosome tunnel and is stabilized by SRP during targeting[END_REF]. In absence of SRP, the emerging nascent chain is extended [START_REF] Robinson | Compaction of a prokaryotic signal-anchor transmembrane domain begins within the ribosome tunnel and is stabilized by SRP during targeting[END_REF], indicating that folding does not occur beyond the signal sequence helix. The unfolded part could be easily bound by other cytosolic chaperones like trigger factor. As a consequence of its -helical shape, a signal sequence needs around 47 amino acids to stretch over the length of the ribosomal exit tunnel (calculated from published data [START_REF] Robinson | Compaction of a prokaryotic signal-anchor transmembrane domain begins within the ribosome tunnel and is stabilized by SRP during targeting[END_REF]).
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Signal sequences of secreted proteins consist of three parts: A generally positively charged Nterminal part, an up to 20 amino acids hydrophobic part and a C-terminal part, which defines the cleavage site [START_REF] Von Heijne | Signal sequences. The limits of variation[END_REF]. In membrane proteins, the first trans-membrane helix functions as the signal anchor sequence (e.g. the first trans-membrane domain of FtsQ [START_REF] Scheffers | Contribution of the FtsQ transmembrane segment to localization to the cell division site[END_REF]), which is consequently hydrophobic, alpha-helical and around 20 amino acids long. A sequence conservation of signal sequences does not exist [START_REF] Von Heijne | Signal sequences. The limits of variation[END_REF], but signal sequences of the same targeting route share similar biophysical properties.

Hydrophobicity, length and flanking charges of the signal sequences were found to be important for correct targeting [START_REF] Von Heijne | Signal sequences. The limits of variation[END_REF][START_REF] Kriechbaumer | Subcellular distribution of tail-anchored proteins in Arabidopsis[END_REF][START_REF] Lee | The targeting pathway of Escherichia coli presecretory and integral membrane proteins is specified by the hydrophobicity of the targeting signal[END_REF][START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. SRP favors highly hydrophobic sequences, while signal sequences for post-translational protein targeting are less hydrophobic. This was analyzed in a systematic manner using synthetic signal sequences with varying hydrophobicity [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. Yet, hydrophobicity is not enough to identify the targeting route of the precursor protein: several proteins have been identified with decently hydrophobic signal sequences to be recognized by SRP which however take the post-translational route [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF][START_REF] Huber | Use of thioredoxin as a reporter to identify a subset of Escherichia coli signal sequences that promote signal recognition particle-dependent translocation[END_REF]). EspP is one example. The hydrophobicity of the EspP signal sequence is in the range of the hydrophobicity of SRP substrates (see Publication 2). However, a positively charged N-terminal extension of this signal sequence prevents its targeting by SRP leading to rejection from the SRP pathway after initial SRP binding [START_REF] Peterson | An unusual signal peptide extension inhibits the binding of bacterial presecretory proteins to the signal recognition particle, trigger factor, and the SecYEG complex[END_REF][START_REF] Szabady | An unusual signal peptide facilitates late steps in the biogenesis of a bacterial autotransporter[END_REF][START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]; Publication 2). The structural basis for the rejection of the EspP signal sequence from the co-translational targeting pathway is described in Chapter 2.1.

The Signal Recognition Particle

The first direct evidence that SRP binds signal sequences was obtained by crosslinking the signal sequence of pre-prolactin to SRP [START_REF] Krieg | Photocrosslinking of the signal sequence of nascent preprolactin to the 54-kilodalton polypeptide of the signal recognition particle[END_REF]. E. coli SRP has been discovered after the eukaryotic SRP [START_REF] Luirink | Signal-sequence recognition by an Escherichia coli ribonucleoprotein complex[END_REF][START_REF] Phillips | The E. coli ffh gene is necessary for viability and efficient protein export[END_REF][START_REF] Ribes | E. coli 4.5S RNA is part of a ribonucleoprotein particle that has properties related to signal recognition particle[END_REF]. It et al., 2011;[START_REF] Siu | SRP RNA provides the physiologically essential GTPase activation function in cotranslational protein targeting[END_REF], but the essential part could be truncated from the distal end to residues 30 to 80 without affecting viability [START_REF] Von | Crystal structure of the ribonucleoprotein core of the signal recognition particle[END_REF]. Basically, two conserved and functionally important areas in the 4.5S RNA were identified (see red bases in Figure 1.1b): The first one is the area around the tetraloop, which is important for Ffh binding to the RNA [START_REF] Von | Crystal structure of the ribonucleoprotein core of the signal recognition particle[END_REF][START_REF] Von | Crystal structure of the complete core of archaeal signal recognition particle and implications for interdomain communication[END_REF] and initial complex formation with FtsY [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF][START_REF] Shan | Conformational changes in the GTPase modules of the signal reception particle and its receptor drive initiation of protein translocation[END_REF]; the second area is located in the middle of the RNA (residues 14 to 25 and residues 80-96). This site has been
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Chapter 1 Ottilie von Loeffelholz Introduction proposed to be important for later steps in the targeting process (Ataide et al., 2011;[START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF] and is referred to as the "distal end" of the SRP RNA. In the SRP targeting cycle, the SRP RNA has a stabilizing [START_REF] Zheng | Domain interactions in E. coli SRP: stabilization of M domain by RNA is required for effective signal sequence modulation of NG domain[END_REF] and a scaffold role [START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF]. For example, it has been shown that complex formation and GTPase activity of the SRP-FtsY complex is enhanced in presence of 4.5S RNA [START_REF] Peluso | Role of 4.5S RNA in assembly of the bacterial signal recognition particle with its receptor[END_REF][START_REF] Siu | SRP RNA provides the physiologically essential GTPase activation function in cotranslational protein targeting[END_REF] indicating a more effective arrangement of the NG-domains in presence of the SRP RNA. Also on the ribosome, the formation of a productive RNC-Ffh-FtsY complex requires the presence of the 4.5S RNA [START_REF] Shen | Synergistic actions between the SRP RNA and translating ribosome allow efficient delivery of the correct cargos during cotranslational protein targeting[END_REF].

Ffh is conserved in all kingdoms of life and is called SRP54 in higher eukaryotes [START_REF] Bernstein | Functional substitution of the signal recognition particle 54-kDa subunit by its Escherichia coli homolog[END_REF]; see sequence alignment in Appendix II). Ffh can be sub-divided into two structurally separated domains, which are connected by a linker helix: the NG-domain contains a GTPase domain (G), which is N-terminally flanked by a four helix bundle (N) responsible for ribosome binding [START_REF] Freymann | Structure of the conserved GTPase domain of the signal recognition particle[END_REF][START_REF] Von | The signal recognition particle binds to protein L23 at the peptide exit of the Escherichia coli ribosome[END_REF]Figure 1.1c). The C-terminal methionine-rich domain (M) contains the signal sequence binding site (Figure 1.1c). The M-and the NG-domains are connected by a long, flexible linker helix (e.g. et al., 2003).

Rosendal

Besides its binding to the signal sequence, the SRP M-domain also builds the bridge between Ffh and the 4.5S RNA [START_REF] Zopf | The methionine-rich domain of the 54 kd protein subunit of the signal recognition particle contains an RNA binding site and can be crosslinked to a signal sequence[END_REF]. Here, the strong interaction (K D = 40 pM) with the 4.5S RNA is mediated by the C-terminal part of the M-domain [START_REF] Von | Crystal structure of the ribonucleoprotein core of the signal recognition particle[END_REF]. In the crystal structure of the E. coli SRP core binding to the minor groove of the RNA double helix close to the tetraloop was observed to occur via a helix-turn-helix motif in the M-domain [START_REF] Von | Crystal structure of the ribonucleoprotein core of the signal recognition particle[END_REF][START_REF] Freymann | Structure of the conserved GTPase domain of the signal recognition particle[END_REF][START_REF] Von | Crystal structure of the complete core of archaeal signal recognition particle and implications for interdomain communication[END_REF]. In chemical footprinting assays of free SRP, a weak interaction (0.6 µM) of the Ffh NG-domain with the 4.5S RNA was described [START_REF] Buskiewicz | Domain rearrangement of SRP protein Ffh upon binding 4.5S RNA and the SRP receptor FtsY[END_REF]. However, high flexibility between the M and the G domain of Ffh are required for the proper function of SRP, since crosslinking between the Mand G-domains abolished FtsY binding [START_REF] Buskiewicz | Domain rearrangement of SRP protein Ffh upon binding 4.5S RNA and the SRP receptor FtsY[END_REF]. In fact, in the crystal structure of the free form of SRP, its Ffh G-domain interacts with the 4.5S RNA [START_REF] Hainzl | Interaction of signal-recognition particle 54 GTPase domain and signal-recognition particle RNA in the free signal-recognition particle[END_REF], while in both cryo-EM reconstructions of SRP bound to RNCs the NG-domain of Ffh did not contact the 4.5S RNA (Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF].

Ffh binding to 4.5S RNA is not impaired, when the RNA tetraloop is mutated [START_REF] Jagath | Important role of the tetraloop region of 4.5S RNA in SRP binding to its receptor FtsY[END_REF][START_REF] Siu | SRP RNA provides the physiologically essential GTPase activation function in cotranslational protein targeting[END_REF]. In contrast, RNA tetraloop mutations interfere with proper FtsY binding and GTPase activity [START_REF] Shen | Synergistic actions between the SRP RNA and translating ribosome allow efficient delivery of the correct cargos during cotranslational protein targeting[END_REF][START_REF] Siu | SRP RNA provides the physiologically essential GTPase activation function in cotranslational protein targeting[END_REF][START_REF] Spanggord | RNA-mediated interaction between the peptide-binding and GTPase domains of the signal recognition particle[END_REF]. In

Thesis

Chapter 1 Ottilie von Loeffelholz Introduction fact, mutation of the tetraloop residues has been shown to impair Ffh-FtsY "early" complex formation [START_REF] Shen | Synergistic actions between the SRP RNA and translating ribosome allow efficient delivery of the correct cargos during cotranslational protein targeting[END_REF] thus hampering also the formation of all subsequent targeting states, i.e. the "closed" and "activated" state [START_REF] Siu | SRP RNA provides the physiologically essential GTPase activation function in cotranslational protein targeting[END_REF][START_REF] Zhang | Demonstration of a multistep mechanism for assembly of the SRP x SRP receptor complex: implications for the catalytic role of SRP RNA[END_REF].

Consequently, tetraloop mutations impair co-translational protein targeting [START_REF] Zhang | Demonstration of a multistep mechanism for assembly of the SRP x SRP receptor complex: implications for the catalytic role of SRP RNA[END_REF]. In the presence of the 4.5S RNA, the Ffh M domain binds more effectively to a signal sequence [START_REF] Bradshaw | Signal sequences activate the catalytic switch of SRP RNA[END_REF][START_REF] Peluso | Role of SRP RNA in the GTPase cycles of Ffh and FtsY[END_REF] or the RNC [START_REF] Shen | Synergistic actions between the SRP RNA and translating ribosome allow efficient delivery of the correct cargos during cotranslational protein targeting[END_REF] respectively, confirming a stabilizing effect of the 4.5S RNA on Ffh.

During evolution, the SRP complex became larger and adopted a more complicated architecture: in eukaryotes and archea, the RNA part of SRP has an additional RNA-loop, adopting a Y-shape (reviewed in [START_REF] Nagai | Structure, function and evolution of the signal recognition particle[END_REF]. SRP19 is an additional protein subunit binding at the tetraloop end which has been suggested to aid in shaping of the ribonucleoprotein [START_REF] Von | Induced structural changes of 7SL RNA during the assembly of human signal recognition particle[END_REF]. The eukaryotic SRP is extended at the distal end forming an additional domain, called Alu domain. The Alu domain slows down translation by binding to the elongation factor binding site of the ribosome [START_REF] Halic | Structure of the signal recognition particle interacting with the elongation-arrested ribosome[END_REF] until the RNC is targeted to the membrane [START_REF] Siegel | Removal of the Alu structural domain from signal recognition particle leaves its protein translocation activity intact[END_REF][START_REF] Terzi | Signal recognition particle Alu domain occupies a defined site at the ribosomal subunit interface upon signal sequence recognition[END_REF]. It has been shown that SR concentrations are limiting in eukaryotes [START_REF] Lakkaraju | SRP keeps polypeptides translocation-competent by slowing translation to match limiting ER-targeting sites[END_REF]. Therefore, pausing of translation after signal sequence recognition by SRP is important to prevent the nascent chain from becoming too long to be targeted efficiently [START_REF] Flanagan | Signal recognition particle binds to ribosome-bound signal sequences with fluorescence-detected subnanomolar affinity that does not diminish as the nascent chain lengthens[END_REF]. Disregarding the higher complexity of the eukaryotic SRP system, E. coli SRP and FtsY can replace the mammalian SRP and SR in vitro [START_REF] Powers | Co-translational protein targeting catalyzed by the Escherichia coli signal recognition particle and its receptor[END_REF]. This is due to the fact that the part of SRP which is important for catalyzing protein targeting is structurally conserved (Halic et al., 2006a). This strongly suggests that the actual co-translational targeting mechanism is conserved and our findings about the E. coli targeting system most likely apply also to eukaryotic protein targeting to the endoplasmic reticulum membrane.

Signal Sequence Recognition by SRP

SRP has decent affinity to empty ribosomes and high affinity for translating ribosomes, containing a nascent chain in the ribosomal tunnel indicating that SRP is recruited to translating ribosomes [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF]. When bound to non-translating ribosomes, SRP can be mainly cross-linked to the ribosomal protein L23 [START_REF] Von | The signal recognition particle binds to protein L23 at the peptide exit of the Escherichia coli ribosome[END_REF]. This interaction was also observed in the cryo-EM structure of SRP bound to non-translating ribosomes [START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF]. Here, only the NG-domain, which contacts L23/L29,
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Chapter 1 Ottilie von Loeffelholz Introduction could be detected while the remaining parts of SRP were flexible and not visualized in the EM reconstruction [START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF]. If a protein is translated, which does not contain a hydrophobic signal sequence, SRP dissociates form the RNC [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF].

However, if a SRP signal sequence is emerging from the tunnel exit, SRP binding enhances [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF] by extending the interaction surface between SRP and the RNC (Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF].

When no signal sequence is bound to the M-domain, the residues around the hydrophobic pocket are flexible [START_REF] Von | Crystal structure of the ribonucleoprotein core of the signal recognition particle[END_REF]. This density is resolved in crystal structures containing a bound signal sequence [START_REF] Hainzl | Structural basis of signal-sequence recognition by the signal recognition particle[END_REF][START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF]; see below and In the crystal structure of Methanococcus jannashii SRP bound to an engineered leucinealanine signal sequence shows that signal sequence binding is mediated by hydrophobic interactions [START_REF] Hainzl | Structural basis of signal-sequence recognition by the signal recognition particle[END_REF]Figure 1.2 c and d). The M-domain forms an isoleucinemethionine rich hydrophobic pocket, which represents the signal sequence binding site. Weak electron density in this pocket indicates flexibility in the interactions with the signal sequence.

This finding is in line with the lack of a conserved, defined binding motif for signal sequences and the low sequence similarity of co-translational signal sequences. Nevertheless, the affinity of SRP to signal sequences is reported to be in the micromolar range (e.g. K D =1.7 µM for RNC FtsQ (Ariosa et al., 2013)) indicating that there must be some kind of specific interactions with the signal sequence. [START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF] observed that bulky hydrophobic side chains like tryptophan can be accommodated inside the hydrophobic pocket of the M-domain.

Comparing their structure with other available structures of the SRP M-domain, they proposed an induced fit model for the signal sequence binding [START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF]. Both observations [START_REF] Hainzl | Structural basis of signal-sequence recognition by the signal recognition particle[END_REF][START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF] show that the orientations of the unpolar residues in the hydrophobic pocket are flexible enough to accommodate any type of hydrophobic sequence. Taken together, these results provide an explanation for the affinity and the promiscuity of the M-domain for hydrophobic signal sequences.

In line with the structural data, FRET measurements showed that the M-domain becomes more ordered upon binding to a signal sequence [START_REF] Buskiewicz | Conformation of the signal recognition particle in ribosomal targeting complexes[END_REF]. Additionally, it has been observed that binding to a signal sequence changes the conformation of the SRP Mdomain, which facilitates complex formation with FtsY [START_REF] Bradshaw | Signal sequences activate the catalytic switch of SRP RNA[END_REF]Buskiewicz et Thesis al., 2009). In fact, complex formation with FtsY is up to 400-fold faster in presence of a cargo [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. 
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A highly conserved "finger loop" in the M domain [START_REF] Keenan | Crystal structure of the signal sequence binding subunit of the signal recognition particle[END_REF] position is indicated in Figure 1.2a) has been observed to be either structured [START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF] or unstructured [START_REF] Hainzl | Structural basis of signal-sequence recognition by the signal recognition particle[END_REF][START_REF] Keenan | Crystal structure of the signal sequence binding subunit of the signal recognition particle[END_REF]compare et al., 2013), indicating a functional role of the finger loop in signal sequence recognition by SRP. In the SRP-RNC cryo-EM reconstructions (Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF][START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF] the finger loop was positioned closed to ribosomal RNA helix 59 (Halic et al., 2006a; Publication 2). Thus, the contact between the M-domain and the RNC at helix 59 might be mediated by this loop, explaining its additional stabilizing effect in protein targeting. Recent work found that deletion of the finger loop has more effect on the complex assembly with FtsY and GTPase activity than on signal sequence binding [START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF]. Therefore, the finger loop folding might rather contribute to required structural arrangements that happen only upon signal sequence binding and influence recruitment of FtsY. Here, the finger loop is most likely involved in the communication between the signal sequence binding event by the M-domain and the subsequent structural rearrangement of the Ffh NG-domain that is a prerequisite for the interaction with FtsY.

The cryo-EM structures of the mammalian and E. coli SRP-RNC complexes revealed that cargo binding by SRP is very similar in both systems [START_REF] Halic | Structure of the signal recognition particle interacting with the elongation-arrested ribosome[END_REF]Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF]. The M-domain mediates contacts with ribosomal RNA helices 59

and 24 as well as with the ribosomal proteins L23, L29 (rpL25 and rpL35 in eukaryotes) and L24 and covers therefore large parts of the ribosomal tunnel exit [START_REF] Halic | Structure of the signal recognition particle interacting with the elongation-arrested ribosome[END_REF]Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF]. In addition, the 4.5S RNA is close to the ribosome contacting ribosomal protein L32 (rp16 in eukaryotes) at a more distal end [START_REF] Halic | Structure of the signal recognition particle interacting with the elongation-arrested ribosome[END_REF]Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF]. The most significant difference between eukaryotic and E. coli SRP is the large Alu domain, which binds to the elongation factor binding site at the interface of the large and the small ribosomal subunit thus blocking access of aminoacyl-tRNA-elongation factor complexes to the ribosomal A-site [START_REF] Halic | Structure of the signal recognition particle interacting with the elongation-arrested ribosome[END_REF].

FtsY -The SRP Receptor

The E. coli SRP receptor is called FtsY. FtsY contains two domains (see Figure 1.1 a): an Nterminal acidic (A) domain and a C-terminal NG-domain, which is homologous to the Ffh NG-domain [START_REF] Montoya | Crystal structure of the NG domain from the signal-recognition particle receptor FtsY[END_REF]Figure 1.1 d).
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Interaction of FtsY with the membrane is maintained by the 197 amino acids long A-domain.

Although a cytosolic form of FtsY exists, FtsY has been mainly localized at the inner membrane of E. coli [START_REF] Herskovits | Evidence for coupling of membrane targeting and function of the signal recognition particle (SRP) receptor FtsY[END_REF][START_REF] Mircheva | Predominant membrane localization is an essential feature of the bacterial signal recognition particle receptor[END_REF]. The FtsY A-domain does not contain a trans-membrane domain, but is positively charged and interacts with anionic phospholipids [START_REF] Stjepanovic | Lipids trigger a conformational switch that regulates signal recognition particle (SRP)mediated protein targeting[END_REF][START_REF] Weiche | A cleavable Nterminal membrane anchor is involved in membrane binding of the Escherichia coli SRP receptor[END_REF]. Membrane binding of FtsY is responsible for recruitment of the co-translational targeting complex to the membrane [START_REF] Mircheva | Predominant membrane localization is an essential feature of the bacterial signal recognition particle receptor[END_REF]. Further, an interaction between FtsY and the SecYEG translocon was

shown by co-immunoprecipitation assays and co-affinity purification (Angelini et al., 2005).

Interaction of FtsY to the translocation pore might further enhance the affinity of FtsY to the membrane (Angelini et al., 2006).

The NG-domain of FtsY forms a heterodimer with the homologous Ffh NG-domain [START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF]. Two distinct sites in the FtsY NG-domain were found to be important for co-translational targeting complex formations: residues K399, G455 and E475 are needed for initial binding of FtsY to the SRP-RNC complex by interaction with the tetraloop of the 4.5S RNA [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF] and residues N302, R333, A335, A336 and R386 are necessary for GTPase activity [START_REF] Shan | Conformational changes in the GTPase modules of the signal reception particle and its receptor drive initiation of protein translocation[END_REF]. Importantly, FtsY interacts only with the tetraloop, if Ffh is present [START_REF] Jagath | Important role of the tetraloop region of 4.5S RNA in SRP binding to its receptor FtsY[END_REF] indicating that a second contact to Ffh is necessary to stabilize FtsY binding. Details of FtsY-Ffh interactions are discussed below.

FtsY is the bacterial homologue of the eukaryotic SR . SR does not interact with the membrane itself. In eukaryotes, membrane localization is mediated by SR , which is anchored to the membrane via a trans-membrane domain [START_REF] Schwartz | Structural basis for the function of the beta subunit of the eukaryotic signal recognition particle receptor[END_REF]. SR interacts with SRP via the pairing of the homologous NG-domains. Moreover, SR also interacts with SR and thus recruits the targeting complex to the endoplasmic reticulum membrane.

GTP Independent Interaction between SRP and FtsY

FRET data and mutational studies provided profound insights into the interactions between the Ffh and FtsY NG-domains during the different targeting steps. In these studies, Ffh and monitored [START_REF] Zhang | Demonstration of a multistep mechanism for assembly of the SRP x SRP receptor complex: implications for the catalytic role of SRP RNA[END_REF]. With this technique, a transient GTP-independent intermediate state during the Ffh-FtsY interaction was observed for the first time [START_REF] Zhang | Demonstration of a multistep mechanism for assembly of the SRP x SRP receptor complex: implications for the catalytic role of SRP RNA[END_REF][START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. In this "early" conformation, a larger distance was observed
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Chapter 1 Ottilie von Loeffelholz Introduction between the Ffh and FtsY G-domains (40-60 Å) [START_REF] Zhang | Direct visualization reveals dynamics of a transient intermediate during protein assembly[END_REF] compared to the distance observed in the crystal structure of the NG-domain complex [START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF]. In fact, while the NG-domain interaction is mediated by the N domains in the "early" state complex (Figure 1.3 left;[START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF]. Additionally, it could be shown that

RNCs have a stalling effect on the "early" complex [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]: the "early" complex in RNC-SRP-FtsY is stabilized 200-500 fold in comparison to the "early" complex without RNCs [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. Furthermore, the activation of the GTP hydrolysis is delayed in presence of RNCs. This could help to ensure faithful delivery of the cargo to the translocon avoiding futile cycles of GTP hydrolysis [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. Since the "early" conformation is transient, visualization of the RNC-SRP-FtsY complex by cryo-EM required the use of a single chain construct, which ensures a high local concentration of Ffh and FtsY [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF]. In the cryo-EM structure of the "early" conformation, FtsY binding to the SRP-RNC complex induces the following conformational rearrangements in SRP: first, the Ffh Ndomain detaches from ribosomal proteins L23/L29 and binds to the FtsY N-domain; second, the signal sequence binding part of the M-domain detaches from rRNA helix 59 and becomes flexible; third, the 4.5S RNA distal end detaches from the RNC [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF]. FtsY was found to bind to the 4.5S RNA tetraloop via a conserved, positively charged alpha-helix [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF]. This interaction with the SRP RNA is stabilizing the FtsY binding in the "early" complex. The atomic interpretation fits well with previous biochemical observations, where either mutation of the tetraloop to GAAU or of the basic residues at the lateral side of FtsY (especially K399A) abolishes dominantly the "early" complex formation 100-fold [START_REF] Shen | Transient tether between the SRP RNA and SRP receptor ensures efficient cargo delivery during cotranslational protein targeting[END_REF][START_REF] Zhang | Demonstration of a multistep mechanism for assembly of the SRP x SRP receptor complex: implications for the catalytic role of SRP RNA[END_REF]. It was even proposed that the interaction between FtsY K399 and the tetraloop positions FtsY to form a stable complex with Ffh [START_REF] Shen | Transient tether between the SRP RNA and SRP receptor ensures efficient cargo delivery during cotranslational protein targeting[END_REF]. In presence of a correct cargo the destabilizing effect of the FtsY K399A mutation is 1800-fold, suggesting that cargo binding prepositions SRP such that FtsY binding is facilitated [START_REF] Shen | Transient tether between the SRP RNA and SRP receptor ensures efficient cargo delivery during cotranslational protein targeting[END_REF].

The SRP-FtsY GTPase Cycle

In the presence of GTP, the "early" complex rearranges to the "closed" complex [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. Arrangement to the "closed" complex involves a rearrangement of the NG-domains where the Ffh and FtsY G-domains come closer to each other [START_REF] Zhang | Direct visualization reveals dynamics of a transient intermediate during protein assembly[END_REF] to form a
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Chapter 1 Ottilie von Loeffelholz Introduction NG-domain complex which likely resembles the crystal structure of the FtsY-Ffh NG-domain complex [START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF]Figure 1.3).

The basal GTPase activity of the isolated Ffh and FtsY NG-domains is very low [START_REF] Neher | SRP RNA controls a conformational switch regulating the SRP-SRP receptor interaction[END_REF]. Thus, even when SRP is bound to a signal sequence its GTP binding is inhibited in the absence of SRP receptor [START_REF] Miller | GTP binding and hydrolysis by the signal recognition particle during initiation of protein translocation[END_REF]. In fact, efficient binding of GTP and GTP hydrolysis can only be obtained by the hetero-dimeric complex of the FtsY and Ffh NGdomains [START_REF] Miller | GTP binding and hydrolysis by the signal recognition particle during initiation of protein translocation[END_REF]. Truncation experiments suggest that the first helix (N1) in the FtsY and Ffh NG-domains block their basal GTPase activity [START_REF] Neher | SRP RNA controls a conformational switch regulating the SRP-SRP receptor interaction[END_REF]. The fact that this part was proteolysed in both crystal structures of the Ffh-FtsY NG-domain complex (Egea/ Focia) indicates that helix N1 moves away from the GTPase binding site during FtsY-Ffh complex formation [START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF][START_REF] Neher | SRP RNA controls a conformational switch regulating the SRP-SRP receptor interaction[END_REF]. GTPhydrolysis is necessary for the handover of the cargo to the translocon. In agreement with this replacement of GTP by a non-hydrolysable analog (GMPPNP) in targeting assays stabilizes the interaction between SRP and SR, and prevents dissociation of SRP from the membrane [START_REF] Connolly | Requirement of GTP hydrolysis for dissociation of the signal recognition particle from its receptor[END_REF]. Thus, GTP hydrolysis catalyzes the release of SRP from the targeting complex and the hand-over of the RNC to the translocon (Figure 1.4, Step 5). The crystal structure of the FtsY-Ffh NG-domain complex [START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF] provided insights into the mechanism by which the heterodimeric complex stimulates GTP hydrolysis without the need of a GTPase activating protein: Here, the Ffh and FtsY G-domains form extensive contacts and a composite active site in which two GMPPCP molecules are bound [START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF]Figure 1.3 d). By using the GTP analogue GDP:AlF 4 it
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Chapter 1 Ottilie von Loeffelholz Introduction Figure 1.4: Schematic summary of co-translational protein targeting (adapted from [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. 1: cargo binding by SRP. 2: Recruitment of FtsY and formation of the GTPindependent "early" conformation. 3: GTP binding and tight interaction between the FtsY and Ffh NG domains by formation of the closed complex. 4: Hand-over of the cargo to SecYEG and activation of GTP hydrolysis. 5: Dissociation of SRP and FtsY.

could be observed that the catalytic site in each G domain is completed by a glutamine side chain of the other molecule [START_REF] Focia | Structure of a GDP:AlF4 complex of the SRP GTPases Ffh and FtsY, and identification of a peripheral nucleotide interaction site[END_REF]. Thus, the two NG domains are activating each other for catalysis.

The crystal structure of the complete SRP-FtsY complex revealed that this tight interaction of the NG-domains is likely formed at the distal end of the RNA and does not involve binding to the tetraloop (Ataide et al., 2011;Figure 1.3 right). The identification of a conserved GUGCCG patch at the distal end of the 4.5S RNA (Figure 1.1 b) and their finding that truncation mutants lacking the distal end are impaired in GTP hydrolysis activity corroborate this hypothesis (Ataide et al., 2011). Thus, the "activated" complex (Figure 1.4 step 4)

requires detachment of FtsY from the tetraloop and attachment at the distal end of the SRP RNA.

Handing Over for Co-Translational Insertion

Cryo-EM reconstructions of the RNC-SecYEG complex revealed that the SecYEG translocon has the same binding surface at the ribosome as SRP [START_REF] Frauenfeld | Cryo-EM structure of the ribosome-SecYE complex in the membrane environment[END_REF][START_REF] Mitra | Structure of the E. coli protein-conducting channel bound to a translating ribosome[END_REF]. Here, SecY interacts with ribosomal RNA helices 59 and 24 as well as ribosomal proteins L24, L23, L29, and SecE contacts L23 and L29 [START_REF] Frauenfeld | Cryo-EM structure of the ribosome-SecYE complex in the membrane environment[END_REF][START_REF] Mitra | Structure of the E. coli protein-conducting channel bound to a translating ribosome[END_REF]. As a consequence, the SRP-FtsY targeting complex needs to be replaced by the translocon during the handover without losing the cargo.

Recent single molecule FRET studies using fluorescence labels at the distal end of the RNA and in the Ffh G domain suggest that GTP binding by the SRP-SR complex initiates in 25% of the complexes a fast formation of a conformation similar to the one observed in the crystal structure of the "closed/activated" SRP-FtsY complex (Ataide et al., 2011;[START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF].

This event is followed by fast GTP hydrolysis [START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF]. In presence of cargo, this conformational change to the "closed/activated" state is hampered and only addition of SecYEG to the complex can re-establish docking at the distal end [START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF]. This indicates an active role of SecYEG in the Ffh-FtsY GTPase cycle. Moreover, it has been

Thesis

Chapter 1 Ottilie von Loeffelholz Introduction

shown that SecYEG has a stimulatory effect on "closed" complex formation by destabilization of the "early" conformation (Akopian et al., 2013). A higher rate of GTP hydrolysis has been observed in presence of SecYEG (Akopian et al., 2013) which indicates a stimulatory effect of SecYEG on the handover of the cargo from the SRP-FtsY complex to the translocon. Therefore, the authors of this study proposed an intermediate "quaternary complex" containing SecYEG, SRP, SR and the RNC (Akopian et al., 2013). However, no structural data confirming this biochemical data is available to date.

FtsY interacts via it's A domain with the SecYEG translocon [START_REF] Kuhn | The bacterial SRP receptor, SecA and the ribosome use overlapping binding sites on the SecY translocon[END_REF]. However, how exactly this interaction would stimulate a "closed" complex formation remains to be investigated. Conceptually, the idea that targeting can be completed only in the presence of the translocon is very attractive.

Substrate Rejection by SRP and FtsY

It has been shown that SRP on its own binds only to decently hydrophobic signal sequences and nascent chains without a signal sequence are released by SRP [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF][START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. Indeed, SRP-binding to correct cargos is ca. 100 fold stronger than to incorrect cargos i.e. a RNC which is not targeted by SRP to the translocon [START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF][START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. After signal sequence binding, SRP adopts several different conformations [START_REF] Holtkamp | Dynamic switch of the signal recognition particle from scanning to targeting[END_REF][START_REF] Zhang | Direct visualization reveals dynamics of a transient intermediate during protein assembly[END_REF]. It is well possible, that only one of these RNC-SRP conformations is able to recruit FtsY and that SRP has more difficulties to adopt this conformation in the presence of an incorrect cargo. Indeed, complex formation with FtsY occurs faster, when a correct cargo is bound by SRP [START_REF] Holtkamp | Dynamic switch of the signal recognition particle from scanning to targeting[END_REF]. However, substrate rejection has been found to happen at every step during the SRP targeting cycle.

Hence, the "early" complex in presence of a correct cargo is more stable [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF] Publication 2). When a correct cargo is bound by SRP, the 4.5S RNA stabilizes the "early" conformation between FtsY and Ffh more efficiently in comparison to an incorrect cargo [START_REF] Shen | Synergistic actions between the SRP RNA and translating ribosome allow efficient delivery of the correct cargos during cotranslational protein targeting[END_REF]. In the case of the EspP signal sequence, which is targeted posttranslationally in vivo, SRP binds efficiently to RNC EspP and an "early"-like intermediate is formed [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. This intermediate however has a lower FRET signal than the «early» intermediate of a correct cargo [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. This difference in the "early" intermediate is most likely responsible for the low efficiency of the SRP-FtsY complex to rearrange into the "closed" complex [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]; Publication 2).
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An Alternative Model for Co-Translational Protein Targeting

An alternative model for co-translational protein targeting has been proposed. Here, it is assumed that a permanent RNC-SRP-FtsY complex exists at the membrane and mRNAs encoding membrane proteins are targeted explicitly to the membrane-localized RNCs [START_REF] Nevo-Dinur | Translationindependent localization of mRNA in E. coli[END_REF]. In this case, the release of RNCs translating a cytosolic protein from the membrane upon emerging of the nascent chain could be an alternative "general" mechanism for accidently targeted mRNAs encoding cytosolic proteins. Also here the signal sequence surveillance mechanism of SRP and SR would play a central role during co-translational protein targeting.

Aim of the Project

We aim to understand the molecular mechanism of signal sequence selection during cotranslational protein targeting in E. coli. Biochemical experiments indicated that RNCs can be rejected from the SRP pathway after SRP binding and that this rejection involves the formation of an "early" complex with a different structure compared to the one on a correct cargo. In fact, a lower FRET signal between the G-domains of Ffh and FtsY has been observed in the presence of an incorrect cargo compared to a correct cargo [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. Therefore, we solved the cryo-EM structure of RNC EspP -SRP-FtsY to get insight into the molecular mechanism of substrate rejection by SRP and FtsY.

Furthermore, the cryo-EM reconstruction of the mammalian RNC-SRP-SR -SR indicated that the SRP-SR heterodimeric NG-domain complex becomes flexible upon GMPPNP binding (Halic et al., 2006b). In contrast, the crystal structure of SRP-FtsY-GMPPCP showed the Ffh-FtsY NG-domain complex attached to the distal end of the 4.5S RNA (Ataide et al., 2011) indicating that the prokaryotic "closed" conformation may actually be different from the mammalian "closed" complex. To test this hypothesis, we prepared a RNC Lep50 -SRP-FtsY-GMPPCP complex and generated a cryo-EM reconstruction with the aim to visualize the "closed" conformation of the E. coli targeting complex and to localize the NG-domains in this state. 

Sorting Strategy Used for the RNC EspP -scSRP Dataset

To obtain good resolution of an EM-reconstruction the sample needs to be homogeneous in conformation and composition. Since we expected that there was heterogeneity in our sample, an in silico sorting was necessary to obtain the required homogeneity. Therefore, referencebased and reference-free sorting strategies were tested on the complete RNC EspP -scSRP dataset, containing 168 000 particles. Using supervised classification with masked volumes as references (described below) is very efficient. However, model-bias can be easily introduced into the resulting reconstructions. The reference-free supervised classification method described by Conell et al. (2008) is dependent on an input volume. Here, binary masks are not required and this method is consequently free of model-bias. On the other hand using this method it is difficult to direct the computational sorting towards a requested feature (see below). The use of maximum likelihood-based unsupervised classification in XMIPP (see below) can be initiated with an initial reference, which does not need to be very similar to the dataset (e.g. a 50S map for a ribosome dataset is sufficient to obtain the Euler angles for each particle). Also, the quality of the reconstructions is generally good, when calculations are performed in XMIPP. However the assignment of particles to different conformations or compositions using K-means clustering [START_REF] Scheres | Image processing for electron microscopy single-particle analysis using XMIPP[END_REF] is not as absolute as in a hierarchical supervised classification and consequently a good separation of particle pools is difficult. To find the best sorting strategy for the RNC EspP -scSRP dataset al.l three sorting methods were tested.

Hierarchical Supervised Classification

The biggest conformational difference in a dataset containing translating ribosomes is the movement of the large ribosomal subunit (50S) towards the small ribosomal subunit (30S) (Agirrezabala et al., 2008;[START_REF] Fischer | Ribosome dynamics and tRNA movement by time-resolved electron cryomicroscopy[END_REF]Valle et al., 2003c). Here, the so-called ratcheted and unratcheted states have the largest differences between each other and the highest population (Valle et al., 2003b). Therefore, the RNC EspP -scSRP dataset was subjected to supervised classification offering a ratcheted ribosome containing EF-G, an A-and a P-site tRNA (Valle et al., 2003c; EMDB ID: 1363) and a not-ratcheted ribosome containing a P-site tRNA (Valle et al., 2003b;EMDB ID: 1056 ). The sorting resulted in 1/3 of the dataset representing the ratcheted state and 2/3 of the dataset representing the not-ratcheted state Compositional and conformational heterogeneity is present in the initial reconstruction using the entire dataset (first line). Therefore, the dataset was separated in a ratcheted and a not-ratcheted pool (second line) using a ratcheted and a not-ratcheted ribosome as references. These pools were further sorted for the presence/absence of scSRP at the ribosomal exit tunnel (third line) using masked volumes as references. The figure was prepared using denoised volumes in PyMol (Schrodinger, 2010). [START_REF] Julian | Structure of ratcheted ribosomes with tRNAs in hybrid states[END_REF]EMDB ID: 1553) was also tried (data not shown), but the sorting was not as efficient as with the ratcheted ribosome containing also EF-G. The ratcheted and notratcheted sub-pools were subsequently sorted for presence of scSRP at the ribosomal tunnel Valle et al., 2003b;Valle et al., 2003c).

Reference-Free Supervised Classification

Masking electron density maps creates an artificially strong signal for the electron density, where the background is set to zero. Thus, using these masked volumes for supervised classification can lead to miss-aligned particles. This may result in particle assignment to the wrong particle pool. Therefore, reference-free sorting strategies were tested. A reference-free Thus, this method could be efficiently applied to extract the sub-pool of interest, which contained particles representing the RNC EspP -scSRP complex. However, inspection of the final four volumes generated by this sorting strategy revealed that in our case the sorting was most efficient for features at the periphery of the complex, i.e. the ribosomal stalks and in three new volumes (fourth row). Round 4: Repeating the supervised classification using the two volumes from Round 3 and the seed volume as references results in four new volumes (fifth row). 28% of the dataset contains scSRP according to this method. The figure was prepared from volume files using the program Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF].
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Chapter 2.1 Ottilie von Loeffelholz Results scSRP, while a sorting for the ratcheting movement could not be observed. Thus, the sorting for the ribosomal ratcheting on the RNC EspP -scSRP sub-pool would be still necessary to obtain good resolution. In addition, a lower number of particles was assigned to the RNC EspP -scSRP sub-pool compared to the supervised classification method. The most likely explanation for this is that some particles containing scSRP were assigned to the RNC EspP pools which did not show density for scSRP. This indicates that in this case this reference-free sorting strategy is not as efficient as the classical supervised classification method described above. Since the number of particles in the reconstruction is a limiting factor for the resolution, we decided to use the reference-based supervised classification to sort the dataset.

Maximum Likelihood-Based 3D Multi-Reference Refinement in XMIPP

The maximum likelihood-based 3D multi-reference refinement in Fourier space (mlfrefine3D) implemented in XMIPP was tested to sort the complete dataset. To generate an initial reference, a 50S map was created from X-Ray coordinates [START_REF] Schuwirth | Structures of the bacterial ribosome at 3.5 A resolution[END_REF] of which the stalk regions were deleted (Figure 2.1.3, row 1). As recommended in the tutorial [START_REF] Scheres | Image processing for electron microscopy single-particle analysis using XMIPP[END_REF], this input map was grayscale-corrected using the RNC EspP -scSRP dataset and lowpass-filtered to 50 Å (Figure 2.1.3, row 2). The dataset was then subdivided into ten equal parts, from which ten volumes were generated in XMIPP using the grayscale-corrected, lowpass-filtered 50S map as an initial reference. After visual inspection six volumes were identified to be different in composition or conformation. These were used for further 3Drefinement by XMIPP. Three of the resulting volumes contained density for scSRP (Figure 2.1.3, row 3) representing 67.5% of the complete dataset. Thus, the RNC EspP -scSRP particle pool is bigger using this method as compared to the reference-based classification method, which indicated 55% occupancy. Because this sorting was not performed in a hierarchical manner, it is likely that the separation is not as good as in the reference-based classification i.e. the volumes without scSRP may also contain some RNC EspP -scSRP particles and the volumes with scSRP density may also contain a subset of "vacant" ribosomes. The presence of "vacant" ribosome particles in the scSRP-ribosome volumes could also contribute to the weak connection observed between the scSRP density and the ribosome ( [START_REF] Schuwirth | Structures of the bacterial ribosome at 3.5 A resolution[END_REF]; PDB ID: 2AW4, first row) was grayscale-corrected, lowpass-filtered and used as an initial reference (second row) for mlf3Drefine in XMIPP. The six resulting volumes showed differences in their composition and/or conformation (third row). The largest sub-pools contained scSRP and were used for further refinement in SPIDER (fourth row). The figure was prepared from volume files using Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF].
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and conformationally different states. However, since the reference-based classification resulted in similar volumes, which had better defined scSRP density, the sorting using XMIPP was not continued.

The two largest particle subsets with 30% and 22.5% of all particles (Figure 2.1.3,row 3) were subjected to a refinement (alignment with reference projections having a 15°, 10° and 5°

angle difference) in SPIDER with a not-ratcheted ribosome as initial reference [START_REF] Valle | Cryo-EM reveals an active role for aminoacyl-tRNA in the accommodation process[END_REF]EMDB ID: 1045;Figure 2.1.3, row 4). The resulting volumes (Figure 2.1.3,bottom) did not refine to the same resolution as the not-ratcheted RNC EspP -scSRP volume (12 Å) which was generated by refinement from the reference-based supervised classification (see above). Moreover, this subset of the data likely contained a larger amount of "vacant" ribosomes making the scSRP density less well-defined. For this reason the sorting strategy using reference-based supervised classification was applied for our dataset to obtain the cryo-EM structure of the RNC EspP -SRP-FtsY complex.
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Chapter 2.2: The SRP-FtsY Complex in the "Closed" Conformation as Observed by Cryo-EM Summary of Chapter 2.2

Here, we describe the "closed" conformation of SRP and FtsY on the RNC by cryo-EM.

Biochemical studies indicate that in the presence of RNC FtsQ the rearrangement from the "early" to the "closed" state is very slow and requires the membrane and the translocon as a trigger. In agreement with this, we observed mainly the "early" conformation of SRP and FtsY in a test reconstruction of RNC FtsQ -SRP-FtsY that contained GMPPCP. Therefore, we changed the RNC construct and used the N-terminal 50 amino acids of leader peptidase as a nascent chain (RNC Lep50 ). Moreover, a single-chain FtsY-SRP (scSRP) construct was used which lacks the acidic (A) domain and the N-terminal alpha helix of the NG-domain of FtsY 
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Rationale for using scSRP N and RNC Lep50

A cryo-EM test-dataset containing scSRP-RNC FtsQ revealed mainly the "early" conformation of SRP and FtsY even after incubation of the sample with GMPPCP for 1h at room temperature (Figure 2.2.1). This nucleotide-independent "early" conformation of SRP and FtsY is stabilized in the presence of the ribosome by a factor of 200-500 (K rel , [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. As a result, the conformational rearrangement to the "closed" conformation is disfavored [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. In order to overcome the high energy barrier between the "early" conformation and the "closed" conformation and to favor the formation of a targeting complex in the "closed" conformation, we designed a new single-chain SRP construct [START_REF] Neher | SRP RNA controls a conformational switch regulating the SRP-SRP receptor interaction[END_REF] and used a different nascent chain construct which was tested by the Wintermeyer laboratory.

In previous studies we used a RNC construct with the FtsQ nascent chain. This nascent chain has a length of 108 amino acids and the transmembrane helix of FtsQ, which is a very hydrophobic signal anchor sequence, is well-exposed because it is outside of the ribosomal tunnel [START_REF] Schaffitzel | Generation of ribosome nascent chain complexes for structural and functional studies[END_REF]. The kinetics of "early" to "closed" complex rearrangement for SRP and FtsY in the presence of RNC FtsQ have been studied previously in collaboration measurements [START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. Now, we compared the kinetics of targeting complex formation in the presence of RNC FtsQ (used in previous studies) with the kinetics in the presence of RNC Lep50 which was used in earlier studies by the Wintermeyer laboratory (e.g. [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF][START_REF] Holtkamp | Dynamic switch of the signal recognition particle from scanning to targeting[END_REF] see Table 2.2 nascent chain construct compared to our FtsQ108 nascent chain construct (Table 2.2.1). In contrast, the "early" conformation is formed in the presence of both nascent chain constructs with comparable affinities (Table 2.2.1). Based on these data, we decided to use the Lep50 construct for our experiments -with the rationale that with the same experimental setup, we would obtain about 20-fold more scSRP-RNC complexes in the "closed" conformation in our dataset. This would significantly increase the chance to detect this conformation by cryo-EM and to solve its structure. Therefore, a mRNA construct containing a StrepII-tag, a TEV Table 2.2.1: Kinetic characterization of SRP-FtsY "early" and "closed" complex formation. The RNC FtsQ complexes were prepared in our laboratory and compared to RNC Lep50 complexes prepared in the Wintermeyer laboratory using stopped-flow FRET measurements.

(unpublished data) cleavage site and the first 50 amino acids of leader peptidase (see Appendix I) was prepared and translated in vitro using membrane-free E. coli cell extract [START_REF] Schaffitzel | Generation of ribosome nascent chain complexes for structural and functional studies[END_REF]. The RNCs were purified by ultra-centrifugation using a 10-50% sucrose gradient. The 70S of the RNC Lep50 purification are described in Chapter 6.5) [START_REF] Schaffitzel | Generation of ribosome nascent chain complexes for structural and functional studies[END_REF]. Since our Lep50 construct does not contain a SecM stalling sequence, dissociation of the RNCs was prevented by the lack of a stop-codon in the mRNA. Furthermore, 500 µg/ml chloramphenicol was added directly after the in vitro translation reaction and was present in all purification buffers. To prepare a sample for cryo-EM, 150 nM RNCs and scSRP N were mixed on ice in a 1:25 molar ratio and incubated for 15 min on ice to obtain the GTP-independent "early" complex.

k 1 "early" k 2 "closed" RNC-SRP + FtsY RNC-SRP-FtsY RNC-SRP-FtsY* k -1 k -2 FtsY binding to RNC Lep50 -SRP RNC FtsQ108 -SRP Comment k 1 (µM-1s-1) 7 ± 1 11 ± 1 Slope linear conc.- dep. k -1 (s-1) 1.6 ± 0.1 1.3 ± 0.1 Y-intercept lin. conc.-dep.
In a second step, the sample was supplemented with 1 mM GMPPCP (a non-hydrolysable GTP analogue) and incubated at room temperature for 1h before flash freezing in liquid ethane. A cryo-EM dataset was collected on a Polara microscope operating at 300 kV using the automatic data acquisition software EPU (FEI, micrograph shown in Figure 2.2.3). After CTF-correction using the Bsoft software [START_REF] Heymann | Bsoft: image processing and molecular modeling for electron microscopy[END_REF], 60,000 particles were picked automatically using batchboxer [START_REF] Von | EMAN: semiautomated software for high-resolution single-particle reconstructions[END_REF] and a 3D reconstruction was calculated using template matching in SPIDER [START_REF] Shaikh | SPIDER image processing for single-particle reconstruction of biological macromolecules from electron micrographs[END_REF] This indicates that the scSRP N construct does not adopt the "early" conformation and possibly rearranged into the "closed" conformation. However, no density could be assigned to the FtsY and Ffh NG-domains in this 3D reconstruction (Figure 2.2.4). Based on previous biochemical and structural studies, we expect the FtsY and Ffh GTPase domains to form an intimate complex with a composite active site where two GMPPCP nucleotides are bound (Ataide et al., 2011;[START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF][START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF]. A larger data set and further sorting of this dataset is required to confirm the presence of a "closed" conformation and to refine the cryo-EM structure. sequence [START_REF] Hainzl | Structural basis of signal-sequence recognition by the signal recognition particle[END_REF] gave the best cross correlation coefficient (0.844 in comparison to 0.816 [START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF] and 0.820 (Ataide et al., 2011)). In fact, our cryo-EM reconstruction of the E. coli "closed" complex strongly resembles the previously published cryo-EM structure of the mammalian RNC-SRP-SR-GMPPNP complex (Halic et al., 2006b).

Generation of a

The authors described the disappearance of the SRP54 NG-domain from the RNC-SRP complex upon addition of the eukaryotic SRP receptor and GMPPNP. The NG-domain heterodimer could not be detected in this reconstruction either. According to their interpretation the SRP NG-domain detaches from the ribosome upon interaction with the SR NG-domain and the twin NG-domains are delocalized (Halic et al., 2006b). As a result the SRP S-domain is destabilized what makes the translocon binding-site at the ribosome accessible to the Sec translocase (Halic et al., 2006b).

Sorting of the scSRP-RNC Lep50 Dataset

Based on the kinetic data (see Table 2.2.1), we cannot expect 100% of the SRP-FtsY complex to be in the "closed" conformation. Furthermore, the ribosome undergoes a ratcheting movement during translation (see also Chapter et al., 2004).

which can be assigned to the M-domain was also too large in this reconstruction, indicating that several M-domain conformations are present in this reconstruction. The localization of the FtsY and Ffh NG-domains could not be detected. Therefore we cannot experimentally confirm the "closed" conformation of the NG-domains as described in the crystal structure of the NG-domain heterodimer [START_REF] Egea | Substrate twinning activates the signal recognition particle and its receptor[END_REF][START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF]. Since the NG-domain density cannot be localized in our EM reconstruction, we assume that the NG-domains are detached from the SRP RNA tetraloop during "closed" complex formation. As a result the NG-domains are flexible and not visible in the cryo-EM reconstruction.
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Heterogeneity Analysis in 2D and 3D

The particles were subjected to heterogeneity analysis in 2D (Imagic; [START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF] and in 3D (XMIPP; [START_REF] Scheres | Image processing for electron microscopy single-particle analysis using XMIPP[END_REF]. To analyze the data in 2D, views in which the position of scSRP N could be assigned were extracted and analyzed by multivariate pools. After visual inspection of the volumes, five volumes, which looked sufficiently different with respect to scSRP N, were selected and used as initial references for the multireference refinement procedure in Fourier space. All 33,768 particles were used for sorting in XMIPP (mlf3Drefine; [START_REF] Scheres | Image processing for electron microscopy single-particle analysis using XMIPP[END_REF]. After 45 refinement rounds, the main differences of the resulting maps were in the position of the tRNAs, in the ribosomal stalk-regions and in 2013; Publication 2). In the scSRP-RNC EspP dataset, the two different conformations had a similar NG-domain arrangement in space. Here, the "mlf3d refine" method revealed mainly differences in the Ffh M-domain and the ribosome, but did not lead to a localization of the NG-domains. In fact, it is possible that the NG-domains are flexible. Conformational heterogeneity which is not due to a limited, defined amount of conformations but rather due to a continuous movement of the NG-domains is very hard to assort with any computational sorting strategy.

In the current experiment, every volume contained only 5,000 particles after refinement. This led to a low signal to noise ratio in the reconstructions rendering these maps difficult to interpret. In conclusion, a larger dataset needs to be collected. The most likely interpretation of our result is that we trapped the "closed" conformation(s) in this dataset, since an "earlylike" conformation could not be identified. XMIPP sorting indicated that the NG-domains detach from the 4.5S RNA tetraloop while rearranging into the "closed" conformation and then the NG domains are too flexible to be visualized in our map.

Reconstruction of scSRP N-RNC Lep50 without GTP

A sample of scSRP N-RNC Lep50 without nucleotide was prepared to ensure that the deletion variant of scSRP behaves similarily to scSRP. Here a 10-fold excess of scSRP N was used for 200 nM RNC Lep50 . Automated particle picking using batchboxer [START_REF] Von | EMAN: semiautomated software for high-resolution single-particle reconstructions[END_REF] was applied to pick 24,827 particles. The data was sorted according to scSRP N occupancy with binary masks yielding 13,844 particles (55.8%) with scSRP N. This subset of particles was further cleaned from "junk" particles using unsupervised refinement in XMIPP (Scheres et al., 2008), manual sorting of particles and cross correlation-based exclusion. The resulting particle pool contained 9,841 particles (39.6%). This subset of particles representing the "early" state of scSRP N-RNC Lep50 was refined in SPIDER at 15 degrees and 10 degrees for three rounds each using a "vacant" ribosome as initial reference (EMDB ID: 1045; 2.2.1), wild type SRP and FtsY form the GTP independent "early" conformation as efficiently on RNCs containing the FtsQ nascent chain (RNC FtsQ ) as on RNC Lep50 . Our test-reconstruction exhibits density for FtsY N next to the tetraloop of the 4.5S RNA. However this density is much weaker in the scSRP N-RNC Lep50 complex compared to the FtsY NG-domain in the previously described "early" state complex [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF]; compare with Figure 2.2.1). It is possible that this effect is due to a lower occupancy of the "early" conformation because the "early" state is destabilized in the scSRP N construct [START_REF] Neher | SRP RNA controls a conformational switch regulating the SRP-SRP receptor interaction[END_REF]. Nevertheless, this reconstruction shows clearly a preferred localization of the Ffh and FtsY NG-domains at the tetraloop end of the 4.5S RNA.

This indicates a steric hindrance for the NG-domains in absence of GMPPCP to become as flexible as observed in the cryo-EM reconstruction of the RNC Lep50 -scSRP N complex prepared with GMPPCP.
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Gold-Labeling of SRP and FtsY using Ni-NTA Nanogold

Since the main difficulty for the visualization of flexible domains is the low signal to noise ratio in the class averages, we decided to gold-label the FtsY NG-domain in the scSRP∆N construct with 1.8 nm Ni-NTA nanogold (Nanoprobes). In the previous constructs, the Histag was located at the C-terminus of scSRP N and thus linked to the Ffh M-domain. To label the FtsY NG-domain with Ni-NTA nanogold, the His-tag and the StrepII-tag were swapped (see vector maps in the Appendix I). The resulting H_scSRP N_S construct was coexpressed with Ffs in E.coli BL21* cells and purified as previously described for the scSRP N construct (see Chapter 6.4 for details). H_scSRP∆N_S complex was obtained by purification using Ni-NTA affinity chromatography, streptactin affinity chromatography and anion exchange chromatography using a MonoQ column (Figure 2.2.9). Here, well dispersed gold particles with around 2 nm size could be detected.

For collection of a cryo-EM dataset, RNC Lep50 (150 nM) was incubated with a 10-fold molar excess of gold-labeled H_ scSRP N_S and 1.5 mM GMPPCP for 1 h at room temperature.

Subsequently, the sample was used for preparation of cryo-EM grids. Data collection and image processing of this dataset are planned in close future.
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Summary and Conclusion of Chapter 2.2

Biochemical data indicate that the kinetics for "early" to "closed" rearrangement of SRP and FtsY can vary depending on the signal sequence emerging from the translating ribosome. A twenty fold difference has been shown when comparing the rearrangement rate from the "early" to "closed" state for RNC FtsQ and RNC Lep50 . The reason for this difference may be the signal sequence itself, the length of the nascent chain and the presence of a SecM stalling motif in the ribosomal tunnel in the case of FtsQ. Accordingly, the cryo-EM reconstruction of the RNC FtsQ -scSRP-GMPPCP complex represents mainly the "early" conformation, confirming that rearrangement to the "closed" conformation upon binding of GMPPCP is kinetically disfavored in the presence of this nascent chain construct.

A N-terminal truncation variant of FtsY has been shown to form the GTP-dependent "closed" complex more efficiently than wild type FtsY [START_REF] Neher | SRP RNA controls a conformational switch regulating the SRP-SRP receptor interaction[END_REF]. Here, we prepared a testreconstruction of RNC Lep50 -scSRP N-GMPPCP from 33,876 particles. This reconstruction shows density for the 4.5S RNA, weak density for the Ffh M-domain and no density for the FtsY and Ffh NG-domains. Heterogeneity analysis revealed that in 40% of the dataset the Mdomain is attached to rRNA helix 59 and rRNA helix 24, while in 60% of the dataset the Mdomain only contacts rRNA helix 24. Density for the Ffh and FtsY NG-domains could not be detected at the tetraloop of the 4.5S RNA. A recent crystal structure of SRP and FtsY suggested that the NG-domains would relocate to the distal end of the 4.5S RNA in the "closed" complex (Ataide et al., 2011). However, we could not identify additional density corresponding to the NG-domains at the distal end in the 3D reconstruction of the RNC Lep50 -scSRP N-GMPPCP. In a control experiment, we calculated the structure of RNC Lep50 -scSRP N without nucleotide which should adopt the "early" state. In fact, the 3D reconstruction shows density for the Ffh/FtsY NG-domains close to the tetraloop indicating an "early"-like arrangement.

In order to confirm the position and the flexibility of the NG-domains, we prepared a goldlabeled RNC Lep50 -H_scSRP N_S-GMPPCP complex. In cryo-EM, it will be possible to generate 2D class averages to visualize the ribosome-scSRP∆N construct and to determine the position of the nanogold relative to the scSRP. If the NG-domains are really flexible in the "closed" state, we would expect the gold to show a broad distribution between the tetraloop and the distal end of the SRP RNA.
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Taken together, our data suggest that GTP binding induces detachement of the FtsY-Ffh NGdomain complex from the 4.5S RNA tetraloop. However, nucleotide binding and formation of the "closed" complex likely are not sufficient for the NG-domain complex to attach at the distal end of the 4.5S RNA. This may happen during the activation of the GTPases.
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Chapter 3: Discussion

This work concentrates on the molecular mechanism of co-translational protein targeting in E.

coli. Using cryo-electron microscopy, we aim to provide insight into two important aspects of co-translational protein targeting: first, how does E. coli ensure its fidelity for substrates?

Second, which rearrangements occur in SRP and FtsY when they adopt the GTP-dependent "closed" conformation?

Differentiation between Co-and Post-Translational Targeting Substrates

An E. coli protein precursor can be either targeted co-or post-translationally to the plasma membrane. The two best understood pathways for protein targeting are the pathways for cotranslational protein targeting, mediated by SRP and SR, and the SecA/SecB-mediated posttranslational protein targeting pathway. An important finding revealed that during the different targeting steps of co-translational protein targeting, SRP and FtsY undergo several "checkpoints" to maintain their fidelity for only co-translational protein targeting substrates [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. With the cryo-EM structure of RNC EspP -scSRP, we have investigated one of these "checkpoints" namely the formation of the first GTP-independent "early" state of SRP and FtsY in the presence of the RNC. Since the co-and post-translational targeting pathways are converging at the SecYEG translocation pore in the plasma membrane of E. coli, it is not obvious why a differentiation between co-translational and post-translational targeting is necessary.

At least for membrane proteins the choice of the co-translational targeting route is crucial:

SRP dependent co-translational protein targeting delivers nascent membrane proteins to either SecYEG or YidC [START_REF] Welte | Promiscuous targeting of polytopic membrane proteins to SecYEG or YidC by the Escherichia coli signal recognition particle[END_REF]reviewed in Xie & Dalbey, 2008). Rerouting membrane proteins to the post-translational targeting pathway would most likely impair their correct insertion into the membrane and lead to aggregation in the cytosol. This is often observed when membrane proteins are overexpressed. Moreover, a potential rapid folding in the cytoplasm of some secreted proteins is prevented by their co-translational secretion [START_REF] Huber | Use of thioredoxin as a reporter to identify a subset of Escherichia coli signal sequences that promote signal recognition particle-dependent translocation[END_REF]. These two arguments explain the necessity of co-translational targeting for certain substrates.
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Many studies have demonstrated that the choice of the post-translational targeting route for secreted proteins is actually broadly important in E. coli: post-translational and cotranslational protein targeting seem both to have an impact on folding of the secreted protein in the cytosol. For example, replacement of the post-translational signal peptide to an SRPsignal sequence in alkaline phosphatase (PhoA) resulted in unfolded protein in the periplasmic space [START_REF] Kadokura | Detecting folding intermediates of a protein as it passes through the bacterial translocation channel[END_REF]. This demonstrates that there must be a major difference in the protein folding between the targeting routes.

One important factor for maintaining the fidelity might be the lack of translation arrest during co-translational protein targeting in E. coli. For example, the misfolding effect of posttranslational targets, which are targeted co-translationally, can be accomplished by lowering the cell growth and translation speed with tetracycline [START_REF] Zhang | Translation elongation regulates substrate selection by the signal recognition particle[END_REF]. Zhang et al.

showed that the usually post-translationally secreted protein EspP is only totally exported in tetracyclin-treated cells when Ffh is present in the cytosol [START_REF] Zhang | Translation elongation regulates substrate selection by the signal recognition particle[END_REF]. Also, addition of the translation elongation inhibitor cycloheximide to the cell extracts increases cotranslational targeting of usually post-translationally targeted proteins up to 50% in vitro [START_REF] Zhang | Translation elongation regulates substrate selection by the signal recognition particle[END_REF].

Co-Translational Protein Targeting needs to be a Fast Process in E. coli E. coli SRP does not contain an Alu domain which mediates translation arrest in eukaryotes [START_REF] Siegel | Removal of the Alu structural domain from signal recognition particle leaves its protein translocation activity intact[END_REF]) upon signal sequence binding [START_REF] Terzi | Signal recognition particle Alu domain occupies a defined site at the ribosomal subunit interface upon signal sequence recognition[END_REF]. Therefore, the nascent chain is continuously growing during the targeting process in E. coli. If the nascent chain exceeds a critical length of ca. 140 amino acids, SRP is still able to bind but targeting to the membrane does not occur efficiently anymore [START_REF] Flanagan | Signal recognition particle binds to ribosome-bound signal sequences with fluorescence-detected subnanomolar affinity that does not diminish as the nascent chain lengthens[END_REF]. Thus, cotranslational protein targeting needs to occur in a certain time window before the nascent chain becomes too long. An instable "early" arrangement as observed in the presence of RNC EspP (von Loeffelholz et al., 2013) may lead to dissociation of FtsY rather than rearrangement to the "closed" state. Ultimately, the SRP-FtsY targeting complex may disassemble irreversibly from incorrect cargos because the nascent chain length exceeds the required size during cycles of inefficient complex formation.
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Co-Translational Targeting by SRP of Post-Translational Targeting Substrates Can

Result in Aggregated Proteins

The choice of the post-translational targeting pathway seems to ensure correct folding of some secreted proteins [START_REF] Peterson | An unusual signal peptide extension inhibits the binding of bacterial presecretory proteins to the signal recognition particle, trigger factor, and the SecYEG complex[END_REF] maybe by a slower translocation process [START_REF] Desvaux | A conserved extended signal peptide region directs posttranslational protein translocation via a novel mechanism[END_REF]. When the signal sequence of EspP is changed to an SRP-dependent hydrophobic sequence, EspP tends to aggregate in the cytosol [START_REF] Szabady | An unusual signal peptide facilitates late steps in the biogenesis of a bacterial autotransporter[END_REF]. The growth temperature also has an effect on EspP: It is only possible to find EspP in the culture medium when the cells were grown at 37°C, but not when the cells were grown at 20°C [START_REF] Brunder | EspP, a novel extracellular serine protease of enterohaemorrhagic Escherichia coli O157:H7 cleaves human coagulation factor V[END_REF]. This may be explained by incorrect folding of EspP in the periplasmic space, for [START_REF] Zhang | Translation elongation regulates substrate selection by the signal recognition particle[END_REF] showed that EspP is rerouted to the SRP pathway at lower translation speeds.

Role of the N-Terminal Extension in Protein Targeting

We have shown in Chapter 2.1 that the main contribution to the rejection of RNC EspP by SRP-FtsY lies in the N-terminal extension of the EspP signal sequence: increasing hydrophobicity of the EspP signal sequence does not completely reroute its targeting to the co-translational pathway, neither in vivo [START_REF] Peterson | An unusual signal peptide extension inhibits the binding of bacterial presecretory proteins to the signal recognition particle, trigger factor, and the SecYEG complex[END_REF] nor in vitro (Publication 2). In fact, our results

indicate that the N-terminal extension in the EspP signal sequence prevents effective binding of SRP-FtsY. All members of the serine protease autotransporters of enterobacteriae (SPATE)

family but only 10% of all autotransporters have this N-terminal extension [START_REF] Dautin | Protein secretion in gram-negative bacteria via the autotransporter pathway[END_REF]. This indicates that the N-terminal extension directly influences the functional domain of the SPATE family members. In E. coli this N-terminal extension of the signal sequence has probably evolved because of folding problems of the substrates in cotranslational targeting. Accordingly, if the N-terminal domain of EspP is cleaved off, the protein is still secreted into the periplasmic space, but does not fold to its native form [START_REF] Szabady | An unusual signal peptide facilitates late steps in the biogenesis of a bacterial autotransporter[END_REF]. Since a large part of the secreted form of these autotransporters forms a -helical core (see the structure of e.g. hemoglobin protease; [START_REF] Otto | Crystal structure of hemoglobin protease, a heme binding autotransporter protein from pathogenic Escherichia coli[END_REF], their folding may be sensitive to the translocation speed.

What is the function of the N-terminal extension? Crosslinking followed by immunoprecipitation indicated that the N-terminal extension of EspP may interact with ribosomal protein L24 (Peterson et al., 2010b), which is the main interaction site for the SRP-FtsY complex to the ribosome in the "early" conformation [START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF]). An proteins exhibit similar features (e.g. cytochrome b 2 ; [START_REF] Beasley | The signal that sorts yeast cytochrome b2 to the mitochondrial intermembrane space contains three distinct functional regions[END_REF]. Accordingly, cleavage of the N-terminal extension from these mitochondrial precursor proteins results in rerouting of the substrate to the endoplasmic reticulum [START_REF] Miyazaki | Switching the sorting mode of membrane proteins from cotranslational endoplasmic reticulum targeting to posttranslational mitochondrial import[END_REF].

Rejection of Substrates by SRP-FtsY is Not Limited to Proteins Containing an N-Terminal Extension

Zhang et al. (2010) found a similar rejection mechanism for RNCs translating the PhoA nascent chain during the "early" GTP independent interaction between SRP and FtsY. Here, SRP binds well to the PhoA signal sequence and FtsY is recruited to the RNC PhoA -SRP complex, but PhoA is not translocated by SRP-FtsY efficiently [START_REF] Zhang | Sequential checkpoints govern substrate selection during cotranslational protein targeting[END_REF]. PhoA is a typical substrate for post-translational translocation [START_REF] Zhang | Translation elongation regulates substrate selection by the signal recognition particle[END_REF]. Crosslinks between the Ffh M-domain and the Ffh NG-domain to the PhoA signal sequence were identified [START_REF] Von | Exploring the interactions between signal sequences and E. coli SRP by two distinct and complementary crosslinking methods[END_REF]. This indicates that in the case of PhoA and EspP, SRP may undergo a different binding mode to this "incorrect" cargo compared to "correct" cargos,

where only an interaction between the signal sequence and the M-domain are observed [START_REF] Hainzl | Structural basis of signal-sequence recognition by the signal recognition particle[END_REF][START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF]. PhoA does not have an N-terminal extension.

Therefore, a similar substrate rejection mechanism which is dependent on the kinetics of SRP and FtsY binding may also apply to other post-translational targeting substrates that do not contain an N-terminal extension and to cytosolic proteins with hydrophobic sequences. Most likely an unstable Ffh/FtsY NG-domain arrangement is also important for substrate rejection of the PhoA signal sequence. However, whether RNC PhoA -SRP-FtsY forms a similar "early"like complex as RNC EspP -SRP-FtsY, remains to be investigated.
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Involvement of RNC Binding Factors in Selection of the Targeting Pathway

Trigger factor (TF) and SRP have the same binding sites to the ribosome [START_REF] Merz | Molecular mechanism and structure of Trigger Factor bound to the translating ribosome[END_REF] and were proposed to bind simultaneously with SRP to the ribosomal protein L23 [START_REF] Buskiewicz | Trigger factor binds to ribosome-signal-recognition particle (SRP) complexes and is excluded by binding of the SRP receptor[END_REF][START_REF] Raine | Simultaneous binding of trigger factor and signal recognition particle to the E. coli ribosome[END_REF]. TF binding has been proposed to counter-play SRP binding for SecA/B-dependent substrates [START_REF] Beck | Discrimination between SRP-and SecA/SecBdependent substrates involves selective recognition of nascent chains by SRP and trigger factor[END_REF][START_REF] Ullers | Sequence-specific interactions of nascent Escherichia coli polypeptides with trigger factor and signal recognition particle[END_REF] thus impacting the signal sequence selection by the SRP. However in a recent study, TF was found to bind only to nascent polypeptides which are longer than 100 amino acids leaving a window for the SRP to bind before TF [START_REF] Von | Selective ribosome profiling reveals the cotranslational chaperone action of trigger factor in vivo[END_REF]. In contrast, SRP has been shown to bind to nascent polypeptide chains of a length of only 40 amino acids [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF].

Post-translational targeting of EspP has been suggested to be TF-independent [START_REF] Peterson | An unusual signal peptide extension inhibits the binding of bacterial presecretory proteins to the signal recognition particle, trigger factor, and the SecYEG complex[END_REF]. However, in ribosome profiling experiments using TF, EspP was found to be associated with TF [START_REF] Von | Selective ribosome profiling reveals the cotranslational chaperone action of trigger factor in vivo[END_REF]. Taken together, it is likely that TF does not influence the substrate selection of SRP. Rather, incorrect cargos are rejected from the SRP pathway and then bound by TF.

TF and SRP are not the only factors binding to short nascent chains: two further factors, peptide deformylase (PDF) and methionine aminopeptidase (MAP) bind to RNCs in the same time window as the SRP [START_REF] Sandikci | Dynamic enzyme docking to the ribosome coordinates N-terminal processing with polypeptide folding[END_REF] i.e. after the nascent chain exits from the ribosomal tunnel. In this study it was shown that binding of SRP and MAP/PDF is not exclusive, while TF binding excludes binding of MAP/PDF [START_REF] Sandikci | Dynamic enzyme docking to the ribosome coordinates N-terminal processing with polypeptide folding[END_REF]. This further supports the concept that SRP and TF do not bind to RNCs at the same time and that a competition of SRP and TF for substrates is not required for substrate specificity of SRP.

The Signal Sequence Fold Affects Co-Translational Substrate Selection

In contrast to in vitro data, the affinity of SRP to post-translational signal sequences was found to be very low in vivo [START_REF] Lee | The targeting pathway of Escherichia coli presecretory and integral membrane proteins is specified by the hydrophobicity of the targeting signal[END_REF]. One explanation for this could be the finding that signal sequences for co-translational protein targeting adopt an alpha-helical shape [START_REF] Woolhead | Nascent membrane and secretory proteins differ in FRET-detected folding far inside the ribosome and in their exposure to ribosomal proteins[END_REF][START_REF] Lin | Cotranslational protein folding within the ribosome tunnel influences trigger-factor recruitment[END_REF], while secretory signal sequences were found to emerge from the ribosome in an unfolded state [START_REF] Woolhead | Nascent membrane and secretory proteins differ in FRET-detected folding far inside the ribosome and in their exposure to ribosomal proteins[END_REF]. Trigger factor binding to alpha helical structures was found to be reduced [START_REF] Lin | Cotranslational protein folding within the ribosome tunnel influences trigger-factor recruitment[END_REF] while SRP targets are expected to form an alpha helical signal sequence [START_REF] Von Heijne | Signal sequences. The limits of variation[END_REF].

Moreover, it has been suggested that SRP is recruited to translating ribosomes when the nascent chain is still buried in the ribosomal exit tunnel [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF]. In the case
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Chapter 3 Ottilie von Loeffelholz Discussion of hydrophobic signal sequences, the affinity of SRP to the RNC is then further increased when the signal sequence emerges from the tunnel exit. However, in the case of non-SRP substrates, SRP affinity is decreased leading to fast dissociation from this RNC [START_REF] Bornemann | Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel[END_REF]. This explains how substoichiometric amounts of SRP still could efficiently monitor all the translating ribosomes for nascent chains with hydrophobic signal sequences.

The subsequent quality control steps ensure the fidelity of targeting.

In contrast, in eukaryotes a competitive targeting to the ER or mitochondria has been observed for some proteins. Differentiation between mitochondrial and secretory proteins was proposed to depend on the folding of the emerging signal sequence from the tunnel of the ribosome [START_REF] Pfeiffer | Structural features Thesis List of References Ottilie von Loeffelholz within the nascent chain regulate alternative targeting of secretory proteins to mitochondria[END_REF].

The Ffh M-Domain Behaves Differently When Bound to Different Nascent Chains

When comparing all available cryo-EM structures of RNC-SRP complexes [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF]Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF][START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF] it is surprising that density for the Ffh M domain is pronounced in some structures but not in all. In the RNC-SRP reconstructions (Halic et al., 2006a;[START_REF] Schaffitzel | Structure of the E. coli signal recognition particle bound to a translating ribosome[END_REF] the SRP seems to be rather rigid and tightly bound to the RNC forming four ribosomal contacts. The most flexible part of the reconstruction is the NG-domain of Ffh (Halic et al., 2006a). In the cryo-EM reconstructions of the SRP-FtsY "early" conformation on a "correct" cargo the M-domain is flexible and not visible in the 3D reconstructions (Estrozi et al., 2011 and Chapter 2.2). In the cryo-EM reconstruction of the RNC EspP -scSRP sample [START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF] and in a subset of the particles of the RNC EspP -scSRP N-GMPPCP complex (Chapter 2.2), the Mdomain is not flexible and attached to rRNA helix 59. Moreover, when we fit the crystal structure of SRP-FtsY in the "closed" conformation (Ataide et al., 2011) into any RNC-SRP cryo-EM reconstruction, the M-domain of this X-ray structure would contact rRNA helix 59.

Thus it is surprising that the M domain is not visible in both 3D reconstructions representing the "early" conformation in the presence of a correct cargo. As described in the Introduction, the highly flexible finger loop which has been proposed to fold upon interaction with some nascent chains may be interacting with rRNA helix 59. However, until now no biochemical data exist which could explain the movement of the M-domain towards and away from rRNA helix 59 depending on the targeting complex. Therefore, we assume that the position of the M-domain is highly variable during co-translational targeting which follows not yet understood rules.
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The Ffh and FtsY NG-Domains Detach from the SRP RNA Tetraloop in the "Closed"

Conformation, but Do Not Re-Localize to the Distal End

To visualize the "closed" conformation of SRP and FtsY on the RNC, we used RNC Lep50 , a truncated version of FtsY in our single chain FtsY-SRP construct (scSRP N) and the nonhydrolyzable GTP analogue GMPPCP to stabilize of the "closed" conformation in our cryo-EM reconstruction. In fact, the resulting 3D reconstruction did not resemble the "early" and GMPPNP (Halic et al., 2006b). In their structure, which most likely represents the GTPdependent "closed" conformation, the density of the SRP54 NG-domain at the tetraloop region got lost. The authors could also not assign any density to the NG-domains of SRP54 and SR. Additional density at the distal end of the 7S RNA was assigned to the additional SR X1-SR heterodimer of the mammalian SRP receptor proteins SR and SR which does not exist in prokaryotes (Halic et al., 2006b). Since detachment of the NG-domains from the tetraloop could be seen in both systems, this rearrangement of the NG-domains leading to a movement away from the ribosomal tunnel exit is very likely a conserved mechanism. We speculate that in this step the flexible NG-domains could help the RNC to associate with the SecYEG translocon, whose major contact is formed with ribosomal protein L23 [START_REF] Frauenfeld | Cryo-EM structure of the ribosome-SecYE complex in the membrane environment[END_REF]. L23 is accessible in the "closed" conformation before GTP is hydrolyzed and the SRP-FtsY complex dissociates from the RNC (Figure 3.1, step 4).

Time Point for Attachment of the NG-Domains at the Distal End

Single molecule studies suggest that, when SRP and FtsY are bound to a RNC, addition of SecYEG induces attachment of the NG-domains at the distal end [START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF]; Figure 3.1, step 4). When SecYEG was omitted from the reaction, the NG-domains were observed to be further away from the distal end [START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF]. This corroborates our finding that GTP binding is not sufficient to induce an attachment of the NG-domains at the distal end of the SRP RNA. It suggests that the attachment of NG-domains to the distal end of the 4.5S

RNA requires recruitment of SecYEG to the complex. Likely, attachment at the distal end induces activation of GTP hydrolysis and dissociation of SRP-FtsY from the RNC. Indeed, very short times for the attachment of the NG-domains at the distal end have been measured [START_REF] Shen | Activated GTPase movement on an RNA scaffold drives co-translational protein targeting[END_REF] which may be explained by fast dissociation of SRP and FtsY upon GTP hydrolysis. However, it remains to be clarified whether attachment at the distal end induces GTP hydrolysis and whether this conformation resembles the "activated" complex rather than the "closed" complex.

Therefore, the activated conformation could then be a tetrameric complex consisting of the RNC, SRP, FtsY and SecYEG as suggested by Akiopan et al. (2012). Until now such a tetrameric complex is difficult to imagine or to prepare in vitro since the interaction sites of SRP-FtsY and SecYEG on the RNC are mutually exclusive.
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Chapter 4: The Eukaryotic Translation Termination Complex

Summary of Chapter 4

In eukaryotes, the eukaryotic release factor 1 (eRF1) and eukaryotic release factor 3a (eRF3a)

bind in complex with GTP to translating ribosomes containing a stop codon in the aminoacyltransfer RNA site. This triggers peptide release from the peptidyl-transfer RNA in the ribosomal peptidyl-tRNA site and leads to translation termination. To visualize this eukaryotic termination complex, a stalled human translation termination complex was produced with the help of a mutant eukaryotic release factor 1 which is inactive in peptide release. The purified complex was analyzed by electron microscopy.

Here, we describe the purification of recombinant eukaryotic release factors, their assembly to eRF1-eRF3a-GTP complexes and use in in vitro translation reactions with HeLa cell extract.

The terminating ribosomes were separated from the cell extract by sucrose gradient centrifugation and mRNA affinity purification. The presence of all components in the purified sample was confirmed by Northern blotting, Western Blotting, agarose gel electrophoresis and electron microscopy. A 3D reconstruction calculated from negative stain electron microscopy data revealed significant compositional heterogeneity in this sample and necessity for computational sorting or alternatively, for optimization of sample preparation. of the mRNA as shown by crosslinking, site directed mutagenesis and genetic screens [START_REF] Bertram | Terminating eukaryote translation: domain 1 of release factor eRF1 functions in stop codon recognition[END_REF][START_REF] Bulygin | Three distinct peptides from the N domain of translation termination factor eRF1 surround stop codon in the ribosome[END_REF][START_REF] Frolova | Highly conserved NIKS tetrapeptide is functionally essential in eukaryotic translation termination factor eRF1[END_REF]. The M domain contains a GGQ motif which is conserved between all class I release factors. Several crystal structures of prokaryotic release factor-ribosome complexes [START_REF] Jin | Structure of the 70S ribosome bound to release factor 2 and a substrate analog provides insights into catalysis of peptide release[END_REF][START_REF] Korostelev | Crystal structure of a translation termination complex formed with release factor RF2[END_REF][START_REF] Laurberg | Structural basis for translation termination on the 70S ribosome[END_REF][START_REF] Weixlbaumer | Insights into translational termination from the structure of RF2 bound to the ribosome[END_REF] et al., 2008) and the fact that mutation of this motif in eRF1 impairs its nascent chain hydrolysis activity (Alkalaeva et al., 2006) suggests that the function of the GGQ motif is evolutionary conserved. The eukaryotic release factor 3 is a class II release factor and has GTPase activity. Two homologues of eRF3 have been found: the ubiquitously expressed eRF3a and the brainspecifically expressed eRF3b [START_REF] Chauvin | Involvement of human release factors eRF3a and eRF3b in translation termination and regulation of the termination complex formation[END_REF]. Since eRF3b is not abundant in all cell types, eRF3a is considered as the canonical eukaryotic class II release factor. eRF3a contains a N-terminal domain that is highly variable in sequence, followed (first) by a GTPase domain (domain 1), (second) domain 2 and (third) domain 3 [START_REF] Kong | Crystal structure and functional analysis of the eukaryotic class II release factor eRF3 from S. pombe[END_REF]; see Figure 4.1.1 a and c). The N-terminus of eRF3a contains two PAM domains which interact with the Poly(A)binding protein [START_REF] Kononenko | GTP-dependent structural rearrangement of the eRF1:eRF3 complex and eRF3 sequence motifs essential for PABP binding[END_REF][START_REF] Kozlov | Molecular basis of eRF3 recognition by the MLLE domain of poly(A)-binding protein[END_REF]. Interaction of eRF3a with the Poly(A)-binding protein has been shown to stimulate translation termination [START_REF] Ivanov | Interactions between UPF1, eRFs, PABP and the exon junction complex suggest an integrated model for mammalian NMD pathways[END_REF]. It needs to be further clarified, whether the N-terminus of eRF3a is essential for its function in vivo or not. Interaction of eRF1 with eRF3a is mediated via the C-terminal domain of eRF1 [START_REF] Cheng | Structural insights into eRF3 and stop codon recognition by eRF1[END_REF]Figure 4.1.1 d) and the domain 3 of eRF3a [START_REF] Cheng | Structural insights into eRF3 and stop codon recognition by eRF1[END_REF] see Figure 4.1.1 d). When bound to the ribosome, the interaction surface between the release factors is extended such that domain 2, 3 and the GTPase domain of eRF3a are also contacting eRF1 [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF].
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The Mechanism of Translation Termination by Eukaryotic Release Factors

The overall shape of eRF1 resembles a tRNA [START_REF] Von | The crystal structure of human eukaryotic release factor eRF1--mechanism of stop codon recognition and peptidyl-tRNA hydrolysis[END_REF]Figure 4.1.1 b and d).

Therefore, we can expect high similarities between the mechanisms of eRF1-binding to the ribosomal A-site and that of tRNA-binding to the A-site. However, the order and composition of the subsequent steps in the eukaryotic translation termination are not completely understood. Several points indicate one common model: Free, cytosolic eRF1 forms an extended conformation, which cannot fit into the ribosomal A-site [START_REF] Cheng | Structural insights into eRF3 and stop codon recognition by eRF1[END_REF].

Accordingly, the structure of active eRF1 in complex with the ribosome needs to be more condensed. In agreement with this, eRF1 alone is able to terminate translation, but termination efficiency is very low compared to the activity of eRF1/eRF3a complex (Alkalaeva et al., 2006). This could be due to the compaction of eRF1 upon eRF3a binding. Indeed, studies by small angle X-ray scattering (SAXS) indicate that a more favorable conformation of eRF1 is induced by eRF3a binding [START_REF] Cheng | Structural insights into eRF3 and stop codon recognition by eRF1[END_REF]; see Figure 4.1.1 d in comparison to Figure 4.1.1 b), and it is likely that the affinity to ribosomes is much higher for the eRF1-eRF3a-GTP complex than for the single components. Since interaction of eRF1 and eRF3a is GTPindependent [START_REF] Cheng | Structural insights into eRF3 and stop codon recognition by eRF1[END_REF], but the affinity of the release factor complex to ribosomes is only high when GTP is bound to eRF3a, GTP-binding triggers most likely a conformational change in the release factor complex (Alkalaeva et al., 2006;[START_REF] Kononenko | GTP-dependent structural rearrangement of the eRF1:eRF3 complex and eRF3 sequence motifs essential for PABP binding[END_REF].

A recent cryo-EM structure of a pre-termination complex comprising a rabbit ribosome, eRF1, a N-terminally truncated version of eRF3a in a GMPPNP bound state corroborates the assumption that eRF1 becomes even more compact when bound to the ribosome [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF]. In the cryo-EM structure of this termination complex, the GGQ motif which triggers peptide release is positioned 80 Å away from the peptidyl transferase center [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF]. Therefore, binding of the eRF1/eRF3a/GMPPNP complex to terminating ribosomes seems not to result in an active termination complex. Since effective peptide release is dependent on GTP (Alkalaeva et al., 2006) and GTP hydrolysis occurs only in presence of the ribosome [START_REF] Frolova | Eukaryotic polypeptide chain release factor eRF3 is an eRF1-and ribosome-dependent guanosine triphosphatase[END_REF], the structure from [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] provides an important snapshot before accommodation of the eRF1 in the active site of 80S but does not fully explain the molecular mechanism of peptide release during translation termination.
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Difference between Prokaryotic and Eukaryotic Translation Termination

Several cryo-EM [START_REF] Klaholz | Visualization of release factor 3 on the ribosome during termination of protein synthesis[END_REF][START_REF] Klaholz | Structure of the Escherichia coli ribosomal termination complex with release factor 2[END_REF][START_REF] Rawat | Interactions of the release factor RF1 with the ribosome as revealed by cryo-EM[END_REF] and crystal structures [START_REF] Jin | Structure of the 70S ribosome bound to release factor 2 and a substrate analog provides insights into catalysis of peptide release[END_REF][START_REF] Korostelev | Crystal structure of a translation termination complex formed with release factor RF2[END_REF][START_REF] Weixlbaumer | Insights into translational termination from the structure of RF2 bound to the ribosome[END_REF] Hence, eukaryotic and prokaryotic release factors seem to have evolved differently, and the mechanisms of translation termination in eukaryotes and prokaryotes are not directly comparable. In addition, translation termination is a very important step in eukaryotic mRNA quality control and therefore highly regulated.

Aim of the Project

In order to obtain insight into the molecular mechanism of human translation termination we decided to solve the cryo-EM structure of a human ribosomal termination complex. To this end, a purification strategy of stalled ribosomes via an mRNA-tag was designed. An in vitro translation system to stall ribosomes with a stop codon in the A-site was established. The 

Optimization of the Expression in HeLa Cell Extract

First, the in vitro translation reaction was optimized with the aim to get a maximal amount of translating ribosomes from HeLa cell extract. Optimal Mg 2+ and K + concentrations were determined in a luciferase assay. Luciferase activity was tested after in vitro translation of luciferase mRNA using a magnesium acetate range between 0 mM and 5 mM, and a potassium glutamate range between 0 mM and 300 mM (data not shown) respectively (see Material and Methods in Chapter 6.5 for details). Highest luciferase activity was found when translation was performed with 4 mM magnesium acetate and 160 mM potassium glutamate.

These conditions were used in all subsequent experiments. Translation initiation is more efficient on capped mRNA in comparison to uncapped mRNA.

Furthermore, capping the mRNA prevents its degradation from the 5' end [START_REF] Cougot | Cap-tabolism[END_REF]. We used vaccinia capping enzyme (VCE) [START_REF] De La Pena | Structural insights into the mechanism and evolution of the vaccinia virus mRNA cap N7 methyl-transferase[END_REF] for capping our mRNAs in vitro. The VCE is a complex of two proteins which were co-expressed in E. coli 

Rossetta cells (De la

Expression and Purification of Eukaryotic Release Factors

The eukaryotic release factors were expressed as recombinant proteins and purified to homogeneity. eRF1 is the eukaryotic homologue of the prokaryotic class-I RFs [START_REF] Klaholz | Molecular recognition and catalysis in translation termination complexes[END_REF] containing the conserved GGQ motif responsible for GTP-dependent nascent chain release. A GTPase-deficient mutant of eRF1 (eRF1AGQ), which was mutated from the catalytically active GGQ motif to AGQ, was used instead of the wild type. Mutating this motif was described earlier to prevent the release of the nascent chain and therefore to result in a stalled translation termination complex (Alkalaeva et al., 2006). eRF1AGQ fused to a C- 
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Since the yield of full-length eRF3a appeared to be reduced by digestion with an endogenous E. coli protease during expression, the expression system for the full-length eRF3a was 

Translation and Stalling of Terminating Ribosomes in HeLa Cell Extract

The capability of the eRF1AGQ/eRF3a release factor complexes to stall translating ribosomes at the stop codon was tested in a luciferase activity assay. Capped luciferase mRNA was translated and luciferase activity was used as a reporter system (see Material and Methods in Chapter 6.5 for details). If the ribosomes are stalled during the termination step by using a eRF1AGQ-eRF3a complex (which is deficient in peptide release), the trapped luciferase- 3), we concluded that the use of eRF3aS to inhibit peptide chain release at the stop codon would result in a higher yield of terminating ribosomecomplexes than the use of eRF3aFL.

Optimization of the mRNA Purification Tag

Since our HeLa cell extract contains a very high amount of inactive ribosomes, the translating ribosomes need to be purified from the inactive 80S complexes in the cell extract. Using a streptactin-tag in the nascent chain was not efficient due to low expression yields. In fact, the tag could not be detected by Western blotting after translation (data not shown). Therefore, we decided to use a very short open reading frame comprising only four amino acids and a stop codon (MVHC-stop), which does not require a very efficient translation system (Alkalaeva et al., 2006) and avoids the formation of polysomes. We also decided to purify the translating ribosome-complexes via a tag in the mRNA. Three different mRNA-tags were tested (Figure 4.2.4): First the BoxB secondary structure was shown in biochemical studies to be an efficient and highly specific tag [START_REF] Czaplinski | Identification of 40LoVe, a Xenopus hnRNP D family protein involved in localizing a TGF-beta-related mRNA during oogenesis[END_REF]. It interacts with a 21 amino acid peptide of the phage N anti-terminator protein (lambda; [START_REF] Czaplinski | Identification of 40LoVe, a Xenopus hnRNP D family protein involved in localizing a TGF-beta-related mRNA during oogenesis[END_REF]. A GST-lambda-His construct [START_REF] Czaplinski | Identification of 40LoVe, a Xenopus hnRNP D family protein involved in localizing a TGF-beta-related mRNA during oogenesis[END_REF] was purified (see Material and Methods in Chapter 6.3 for details). The fusion protein was immobilized on glutathione beads and used to pull down an mRNA construct containing four BoxB elements. Second, the S1 RNA secondary structure has been described to interact specifically and efficiently with streptavidine beads [START_REF] Srisawat | RNA affinity tags for purification of RNAs and ribonucleoprotein complexes[END_REF]. Elution of the RNA from the streptavidine beads can be achieved by displacement of the S1-tagged mRNA with biotin. For this experiment, the BoxB elements in the mRNA construct with a 4 aa ORF were replaced by an S1-tag. As a third option, an mRNA pull down using biotinylated oligo(dT) primers which base-pair with the poly(A) tail of the mRNA was tested. Elution was obtained by digestion of the DNA-RNA hybrid with RNaseH [START_REF] Von | Direct observation of distinct A/P hybrid-state tRNAs in translocating ribosomes[END_REF].

To pull down the mRNA containing the BoxB elements, GST-lambda-His was expressed in E. coli Rosetta cells and purified via its GST-tag and it's His-tag. Contaminating RNases were removed by a further purification step using a SP-Sepharose column. An excess of purified protein was pre-incubated with glutathione beads and unbound protein was removed by a washing step (lambda-glutathione beads). The BoxB-mRNA was incubated for 1h with the lambda-beads at 4°C. Unbound BoxB-mRNA was removed, and the beads were washed with binding buffer before elution with GSH (see Material and Methods in Chapter 6.3 for details).

The S1-mRNA was bound to streptavidin beads by incubation for 1 h with the beads 4°C.

Unbound S1-mRNA was removed by four washing steps and the S1-mRNA was eluted with biotin (see Material and Methods in Chapter 6.3 for details).
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We used the BoxB-mRNA, which contains a poly(A) tail to test the efficiency of mRNA affinity purification using biotinylated oligo(dT) primers. The oligo(dT) primers were annealed to the mRNA by heating up the primer/RNA mixture to 70ºC and slow cooling down of the mixture. The mRNA-DNA hybrids were then bound to streptavidine beads for 1h. Unbound mRNA was removed by four washing steps and elution was done by digestion of the hybrid mRNA with RNaseH which specifically digests DNA -RNA hybrids (see Material and Methods in Chapter 6.3 for details). recovery of mRNA. In all cases, the majority of the mRNA was found in the flow through indicating extremely inefficient binding to the column material. It cannot be excluded that the BoxB and the S1 secondary structure RNA elements which are needed for the interaction of the mRNA with the beads are not formed efficiently. This would interfere with efficient binding to the affinity column and thus affect the efficiency of the pull down. In case of the pull down using oligo(dT) primers, however, the efficiency of the elution by RNase H as well as the binding to the beads seems to be the limiting factor. Since the BoxB-lambda pulldown showed the best results, we decided to use this strategy for purification of stalled terminating ribosomes despite its low efficiency.

Purification of Stalled Termination Complexes

Stalled termination complexes were purified in four steps from HeLa cell extract ( 
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Translation Termination during purification. It is likely that the stalling of the ribosomes during purification is not 100% efficient, and some of the complexes fall apart during the gradient centrifugation and the mRNA-tag purification. Nevertheless, using this approach 2 µg complexes could be isolated from 6 ml of in vitro translation with a concentration of 50-100 ng/µl (ca. 33 nM, determined with the Nanodrop at A 260 ). Using this sample, we could observe 80S ribosome particles using negative stain EM (Figure 4.2.5 e).

Image Reconstruction from Negative Stain Data

A test-reconstruction from negative stain EM data was calculated to confirm presence of the translation termination complex in our sample. To this end, negative stain images were recorded at 30 000 x magnification at room temperature, from which 10 000 particles were picked manually. A translating rabbit ribosome [START_REF] Von | Direct observation of distinct A/P hybrid-state tRNAs in translocating ribosomes[END_REF]see Figure 4.2.6) was low-pass filtered to 30 Å and used as an initial reference to align the particles in space. A negative stain EM-structure was reconstructed in SPIDER [START_REF] Shaikh | SPIDER image processing for single-particle reconstruction of biological macromolecules from electron micrographs[END_REF] by iterative alignments at 15, and 10 degrees. Since the particles had a strong preferred orientation on the carbon film, only 3000 particles could be included in the reconstruction.

Figure 4.6 shows the obtained 3D reconstruction from negative stain EM data in comparison with the initial reference [START_REF] Von | Direct observation of distinct A/P hybrid-state tRNAs in translocating ribosomes[END_REF] and the reconstruction of the mammalian pretermination complex [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] that were both obtained by cryo-EM. The low amount of particles and the use of negative stain EM data rather than cryo-EM data had a big impact on the quality of the final reconstruction. However, the following conclusions could be drawn: the P-site tRNA which is a clear indication for a translating ribosome can be seen in the volumes from Flanagan et al. and from Taylor et al. (2012)(Figure 4.2.6, green), but not in our negative stain reconstruction. This suggests either that mainly vacant, not translating ribosomes are contaminating the sample (the P-site tRNA could be lost during purification), or that the stain, accumulated in the interface, covers the P-site tRNA. Moreover, we could observe only weak density at the A-site, which could represent the eRF1/eRF3a release factor complex. In comparison, pronounced density for the release factors at the A-site (Figure 4.2.6, red) can be seen clearly in the mammalian pre-termination complex structure [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF]. In conclusion, a large cryo-EM dataset and very extensive computational sorting would be needed to solve a translation termination structure using this sample. 

3: Conclusion and Discussion

This study aims to obtain insights into the molecular mechanism of translation termination by solving the structure of the human translation termination complex. To this end, we developed a protocol to purify translating ribosomes which contain a P-site tRNA and a stop codon in the A-site from HeLa cell extract. The translation termination complex was reconstituted by binding the release factor-GTP complex to the purified translating ribosomes. Two different release factor-GTP complexes were compared for this purpose: eRF1AGQ-eRF3aS-GTP contained N-terminally truncated version of eRF3a and was found to be more efficient in its activity to stall the translating ribosome (Figure 4.2.2). This complex was therefore used to stall the ribosomes on the mRNA during the translation reaction. eRF1AGQ-eRF3aFL-GTP contains the less active full length eRF3a protein, and this complex was bound to the purified stalled ribosomes to reconstitute the entire translation termination complex. To ensure that only 80S complexes were purified and not polysomes, an mRNA containing a very short open reading frame comprising four amino acids and a stop codon was used. The ribosome-mRNA complexes were purified by sucrose gradient centrifugation and mRNA affinity purification using the BoxB-lambda interaction. At the end of this purification procedure, all components of the termination complex could be detected biochemically. However, a test-reconstruction from this sample analyzed by negative stained EM indicated the need for extensive computational sorting, since the majority of the complexes lacked the P-site tRNA and had only weak density for the release factors near the A-site. It has been reported that release factors can also bind to vacant 80S ribosomes (data not shown). Taken together, our EM analysis indicated significant compositional heterogeneity of the sample.

Influence of the eRF3a N-Terminal Domain on Translation Termination

Using the luciferase activity as a reporter for stalled ribosomes during the translation termination step, a lower luciferase activity was reproducibly observed with the eRF1AGQ-eRF3aS-GTP when compared to eRF1AGQ-eRF3aFL-GTP (Figure 4.2.2). Considering that all proteins were RNase-free, the only explanation for this effect is a higher stalling rate for eRF1AGQ when it is in complex with eRF3aS-GTP compared to eRF3aFL-GTP. Even though the N-terminal domain of eRF3a was described as being not essential in earlier studies (Alkalaeva et al., 2006;[START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF], our results implicate that the N-terminal domain
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Chapter 4 Ottilie von Loeffelholz Translation Termination of eRF3a has a modulating effect on translation termination and thus might be important for the correct function of the release factors in termination events in vivo. In fact, the poly(A)

binding protein has been shown to interact with the N-terminus of eRF3a [START_REF] Kononenko | GTP-dependent structural rearrangement of the eRF1:eRF3 complex and eRF3 sequence motifs essential for PABP binding[END_REF][START_REF] Kozlov | Molecular basis of eRF3 recognition by the MLLE domain of poly(A)-binding protein[END_REF] and to have a stimulating effect on translation termination [START_REF] Ivanov | Interactions between UPF1, eRFs, PABP and the exon junction complex suggest an integrated model for mammalian NMD pathways[END_REF]. It would be interesting to test whether the addition of poly(A) binding protein affects the termination efficiency of eRF1-eRF3aFL-GTP in the luciferase activity assay.

Purification of Human Ribosome Nascent Chain Complexes Using Lambda-Glutathione

Beads

Human ribosomes stalled on mRNA could be successfully purified using lambda-glutathione beads. However, the yields were very low. The test mRNA pull-down showed that the purification yield for all mRNA-tags tried was below 10%, and the majority of the mRNA was found in the flow-through (Figure 4.2.3). This can be explained by low binding and elution efficiencies. Thus, optimization of the purification procedure or a better tag is required to improve the yield of stalled termination complexes.

Moreover, our EM test reconstruction indicates that not all ribosomal complexes isolated contained a P-site tRNA (Figure 4.2.6). Likely, this effect could have been prevented using a longer nascent chain, which contains a purification tag. However, [START_REF] Becker | Structure of the no-go mRNA decay complex Dom34-Hbs1 bound to a stalled 80S ribosome[END_REF] also report that about 50% of their ribosomes lack a P-site tRNA after purification of yeast RNCs via a tag at the N-terminus of the nascent chain. This shows that using a nascent chain tag does also not ensure that only translating ribosomes are purified.

Recently it has been suggested, that shortening the purification time of ribosomal complexes can improve the quality of the sample [START_REF] Prongidi-Fix | Rapid purification of ribosomal particles assembled on histone H4 mRNA: a new method based on mRNA-DNA chimaeras[END_REF]. The most time-consuming step of the presented strategy was the sucrose gradient centrifugation. In contrast, we expected that purification of the RNCs directly from the cell extract after translation omitting the sucrose gradient centrifugation step would yield mainly un-programmed mRNAs. Therefore, we did not perform a RNC purification comprising only the lambda-glutathione-purification step. However, this approach might be faster and more efficient, as it could be used in similar studies [START_REF] Von | Direct observation of distinct A/P hybrid-state tRNAs in translocating ribosomes[END_REF][START_REF] Prongidi-Fix | Rapid purification of ribosomal particles assembled on histone H4 mRNA: a new method based on mRNA-DNA chimaeras[END_REF]. On the other hand, a sample contaminated with initiation and elongation complexes and possibly empty 80S ribosomes would demand a considerable effort in in silico sorting.
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Chapter 4 Ottilie von Loeffelholz Translation Termination [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] used a different approach to obtain the mammalian pre-termination complex: in their study, an in vitro reconstituted translation system was used and the only purification step was a centrifugation through a sucrose gradient. This results in a good yield of sample. From this sample, [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] collected a very large cryo-EM dataset comprising 400 000 particles which was sorted extensively in silico. Interestingly, their published structure contains only about 10% of the particles present in their total dataset [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF]. This indicates significant conformational and compositional heterogeneity in their sample.

We have foreseen this inherent heterogeneity when purifying the ribosomal complexes only via a sucrose gradient. We addressed this issue by including a second affinity purification step to enrich the translating ribosomes from the 80S fraction. In fact, we observed that after centrifugation through a sucrose gradient the mRNA quantities in the 80S fraction were under the detection limit for Northern blotting. Since the 80S concentration in this fraction is very high (ca. 100 ng/µl) and Northern blotting is a very sensitive technique it can be concluded that the majority of the 80S ribosomes is not active in the in vitro translation.

In most cases, a small fraction containing a certain conformation is difficult to isolate by image processing, and the success of such an approach is uncertain. Accordingly, the approach of [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] [START_REF] Carr-Schmid | Novel G-protein complex whose requirement is linked to the translational status of the cell[END_REF][START_REF] Graille | Structure of yeast Dom34: a protein related to translation termination factor Erf1 and involved in No-Go decay[END_REF][START_REF] Lee | Structural and functional insights into Dom34, a key component of no-go mRNA decay[END_REF]. In both structures the flexible decoding loops NIKS/L 3-4 of eRF1 and Dom34 respectively contact the stop codon in the A-site of the small ribosomal subunit (Figure 4.3.1;[START_REF] Becker | Structure of the no-go mRNA decay complex Dom34-Hbs1 bound to a stalled 80S ribosome[END_REF][START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF].

The eRF1 GGQ motif as well as the analogous Dom34 10-3 loop is not accommodated in the peptidyl-transferase center [START_REF] Becker | Structure of the no-go mRNA decay complex Dom34-Hbs1 bound to a stalled 80S ribosome[END_REF][START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] where they are supposed to catalyze nascent chain release. GTP hydrolysis is proposed to induce a
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Chapter 4 Ottilie von Loeffelholz Translation Termination conformational change which could cause the looping of the GGQ motif into the PTC and as a consequence stimulate nascent chain release. In both cryo-EM structures the nonhydrolysable GTP analogue GMPPNP was used. Consequently, both structures do most likely resemble a pre-termination event before GTP hydrolysis. In both structures the GGQ loop is too far away to catalyze nascent chain release, and therefore the following issues are unresolved: First, GTP hydrolysis is necessary for the catalysis of translation termination, but the exact conformational changes in the release factors induced by GTP-hydrolysis are not known. It is enigmatic whether GTP hydrolysis would trigger a larger conformational change in the complex which would stabilize a conformation which is active in nascent chain hydrolysis. It is also possible that GTP-hydrolysis triggers dissociation of eRF3a from the ribosome-eRF1 complex. Consequently, it is unknown, whether nascent chain release only occurs after eRF3a dissociation or replacement of eRF3a by the recycling factor ABCE1/Rli1 [START_REF] Pisarev | The role of ABCE1 in eukaryotic posttermination ribosomal recycling[END_REF]. Our approach to stall the termination complex with the hydrolysisimpaired eRF1AGQ mutant in the presence of GTP would most likely give a mixture of all steps involving eRF1 and/or eRF3a. Therefore, we assume that a cryo-EM reconstruction of an eukaryotic translation termination complex containing GTP would clarify above questions. Our first test-reconstruction from negative stain EM data indicates that the sample did not have the required quality and quantity to answer these questions, and cryo-EM data would be required to solve the structure of the translation termination complex.

In an earlier biochemical study, a two nucleotides forward shift of the ribosome upon release factor binding was observed in toe-printing assays (Alkalaeva et al., 2006), and it was suggested that the release factors trigger the translocation of eRF1 to the P-site. However, [START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] observed conformational changes in the 40S subunit towards 60S, which explain the toe-printing result. Therefore, translation termination very likely does not involve a translocation step which would promote eRF1 to the P-site.

Ribosomal Recycling

Recycling of the mammalian terminating ribosome is performed by ABCE1 (Rli1 in yeast) [START_REF] Becker | Structural basis of highly conserved ribosome recycling in eukaryotes and archaea[END_REF][START_REF] Pisarev | The role of ABCE1 in eukaryotic posttermination ribosomal recycling[END_REF]. The peptide releasing conformation of the eRF1 homologue Dom34 was trapped in a cryo-EM structure containing a terminating yeast ribosome with P-site tRNA, Dom34 and Rli1 [START_REF] Becker | Structural basis of highly conserved ribosome recycling in eukaryotes and archaea[END_REF]Figure 4.3.1). Here, the Dom34 L 3-4 loop, which is homologous to the GGQ motif of eRF1, is pointing inside the PTC where the nascent chain would be hydrolyzed from the tRNA in case of eRF1 (Figure 4.3.1). The authors argue that eRF3a dissociates from the ribosome before Rli1 binding because Rli1 and eRF3a have the same interaction surface on the ribosome. Rli1 is expected to stabilize or even induce the peptide-releasing conformation of eRF1 making it to a coplayer of the translation termination event. This seems unlikely because translation can be reconstituted in vitro with isolated components until full termination without inclusion of the recycling factors (Alkalaeva et al., 2006). Because of the high structural homology between Dom34 and eRF1 the two structures showing yeast RNC-Dom34-Hbs1 [START_REF] Becker | Structure of the no-go mRNA decay complex Dom34-Hbs1 bound to a stalled 80S ribosome[END_REF] and yeast RNC-Dom34-Rli1 [START_REF] Becker | Structural basis of highly conserved ribosome recycling in eukaryotes and archaea[END_REF] represent very likely the beginning and the end point of translation termination on a canonical stop codon. Whether GTP hydrolysis by eRF3 induces its dissociation from the ribosome-eRF1 complex leading to the conformational change in eRF1 requires further investigation.
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Proposed Model for Eukaryotic Translation Termination

Based on the structural knowledge about prokaryotic translation termination [START_REF] Jin | Structure of the 70S ribosome bound to release factor 2 and a substrate analog provides insights into catalysis of peptide release[END_REF][START_REF] Klaholz | Visualization of release factor 3 on the ribosome during termination of protein synthesis[END_REF][START_REF] Klaholz | Structure of the Escherichia coli ribosomal termination complex with release factor 2[END_REF][START_REF] Korostelev | Crystal structure of a translation termination complex formed with release factor RF2[END_REF][START_REF] Weixlbaumer | Insights into translational termination from the structure of RF2 bound to the ribosome[END_REF]), biochemical data (Alkalaeva et al., 2006;[START_REF] Frolova | Eukaryotic polypeptide chain release factor eRF3 is an eRF1-and ribosome-dependent guanosine triphosphatase[END_REF][START_REF] Frolova | Highly conserved NIKS tetrapeptide is functionally essential in eukaryotic translation termination factor eRF1[END_REF], the available cryo-EM structures of eukaryotic complexes [START_REF] Becker | Structure of the no-go mRNA decay complex Dom34-Hbs1 bound to a stalled 80S ribosome[END_REF][START_REF] Becker | Structural basis of highly conserved ribosome recycling in eukaryotes and archaea[END_REF][START_REF] Taylor | Cryo-EM structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex[END_REF] and the crystal structures of the single components [START_REF] Cheng | Structural insights into eRF3 and stop codon recognition by eRF1[END_REF][START_REF] Kong | Crystal structure and functional analysis of the eukaryotic class II release factor eRF3 from S. pombe[END_REF][START_REF] Von | The crystal structure of human eukaryotic release factor eRF1--mechanism of stop codon recognition and peptidyl-tRNA hydrolysis[END_REF] eukaryotic translation termination may occur as follows (Figure 4.3.2): preassembled eRF1-eRF3a-GTP complexes bind specifically to translating ribosomes which have a stop-codon in the A-site forming a pre-termination complex. GTP is hydrolyzed by eRF3a. This triggers a conformational or compositional change that allows eRF1 to accommodate into the peptidyl transferase center of the large ribosomal subunit. The nascent polypeptide is subsequently hydrolyzed from the P-site tRNA stimulated by the GGQ motif. eRF3a is exchanged by the ABCE1/Rli1 recycling factor. et al., 2006;[START_REF] Jackson | Termination and post-termination events in eukaryotic translation[END_REF][START_REF] Pisarev | The role of ABCE1 in eukaryotic posttermination ribosomal recycling[END_REF]. Translating ribosomes containing a stop-codon in the A-site (red) are recognized by a pre-assembled eRF1/eRF3a/GTP complex (blue, purple, green) and a pre-termination complex is formed. GTP is hydrolyzed by eRF3a. A conformational change in eRF1 triggers nascent chain release from the P-site tRNA. This is either induced by dissociation of eRF3a or a conformational change in the release factors after GTP-hydrolysis. A post-termination complex is formed after ABCE1/Rli1 (pink) recruitment, which results eventually in complex dissociation and ribosome recycling.
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Finally, binding of ATP to ABCE1/Rli1 induces dissociation of the post-termination complex.

The steps occurring between pre-termination and post-termination and the question whether eRF3a or ABCE1/Rli1 is present during the nascent chain release still needs to be addressed.

Therefore, a termination complex in which eRF1 alone or in complex with eRF3a reaches inside the peptidyl transferase center would be very helpful to understand the molecular mechanism of nascent peptide release.
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Chapter 5: Concluding Remarks Single particle cryo-EM has significantly improved our understanding of translation [START_REF] Fischer | Ribosome dynamics and tRNA movement by time-resolved electron cryomicroscopy[END_REF]Valle et al., 2003a;Valle et al., 2003b;Valle et al., 2003c). Ribosomes are a kind of a central interaction-"hub", since complex formation with co-factors (ligands) is required in all steps of translation. Although the structures of these ligands have been solved by crystallography, their conformation usually changes upon interaction with the ribosome.

Therefore, the mechanism of their function cannot be entirely understood from the structures of the isolated components. The visualisation the conformational changes of a ribosomebound ligand is essential to understand the molecular mechanism of its action during translation or other ribosome-associated mechanisms, e.g. co-translational folding and targeting. Cryo-EM is most suited to reveal the structure of these biologically important complexes, since many of these ribosome-ligand complexes fail to crystallize. Furthermore, single particle cryo-EM can provide a first structural understanding of a ligand as some of these ligands have not been crystallized alone, e.g. mammalian full-length SRP [START_REF] Halic | Structure of the signal recognition particle interacting with the elongation-arrested ribosome[END_REF] or the ribosome associated complex [START_REF] Leidig | Structural characterization of a eukaryotic chaperone--the ribosomeassociated complex[END_REF]. Binding them to the ribosome is a powerful tool to approach their structure. Hence, cryo-EM imaging and comparison to existing knowledge (e.g. crystal structures of single domains and biochemical data about their interactions), allows us to go deeper in the understanding of the function of these ligands.

This work focuses on two ligand-ribosome complexes. The first complex is the structure of the SRP and FtsY when they are bound to translating ribosomes. Here we especially focused on the difference in the "early" conformation, when an "incorrect" cargo is bound by SRP-FtsY and the rearrangement of the SRP-FtsY-RNC complex upon addition of GMPPCP, when a "correct" cargo is bound. Second, the conformational changes in the eukaryotic observed for all ligands e.g. the "early" SRP-FtsY conformation is unlikely to crystallize because the ribosome is necessary to stabilize it [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF][START_REF] Zhang | Multiple conformational switches in a GTPase complex control co-translational protein targeting[END_REF].

The single particle approach does not require crystallisation or complicated labelling of the sample and allows observation of large molecular complexes in a quasi-natural buffer environment. Imaging of single particles in a "native" buffer environment has the advantage that snapshots of cellular processors like ribosomes can be taken in action and unravelled by computational sorting [START_REF] Fischer | Ribosome dynamics and tRNA movement by time-resolved electron cryomicroscopy[END_REF]. Additionally, cryo-EM is a rapidly developing field in structural biology. Recent advances include commercially available direct electron detectors (Bammes et al., 2012;[START_REF] Grigorieff | Direct detection pays off for electron cryo-microscopy[END_REF], automated data acquisition (e.g. EPU (FEI)) and particle picking [START_REF] Von | SwarmPS: rapid, semi-automated single particle selection software[END_REF], and improved CTF-correction, alignment and classification in the available software-packages. Automation of data collection and particle picking has significantly accelerated the time needed to generate a dataset.

Application of these advances that got available during the time this work was carried out made the analysis of the generated samples much more time-efficient. Thus, a generation of the 3D test-reconstructions presented in Chapter 2.2 was much faster than the structure presented in Publication 2 [START_REF] Von Loeffelholz | Structural basis of signal sequence surveillance and selection by the SRP-FtsY complex[END_REF], where the cryo-EM data was collected manually and all particles were picked manually. Direct detectors and conformational sorting of the data will further improve the expected resolution of cryo-EM reconstructions. A recent Publication reports a ribosome structure at near-atomic resolution (~4 Å) that could be achieved from only 30,000 particles using the latest cryo-EM applications (Bai et al., 2013). Thus, the possibility exists that imaging at near atomic resolution by electron microscopy of any rigid particle may be possible. Interesting developments can be observed in the field of tomography in cryo-EM (cryo-ET), where a 3Dreconstruction can be made from multiple images of a single molecule. Therefore, molecules can be observed directly "in action" inside the cell. As an example, this technique was applied to visualize polyribosomes in human cells [START_REF] Brandt | The three-dimensional organization of polyribosomes in intact human cells[END_REF]. Correlation of this method with light microscopy by induction of fiducial markers that can be recognized by both techniques represents a further step towards visualizing complexes in vivo, in their natural environment [START_REF] Lucic | Cryo-electron tomography of cells: connecting structure and function[END_REF]. Sub-tomogram averaging of the tomograms [START_REF] Castano-Diez | Dynamo: a flexible, userfriendly development tool for subtomogram averaging of cryo-EM data in high-performance computing environments[END_REF][START_REF] Scheres | Averaging of electron subtomograms and random conical tilt reconstructions through likelihood optimization[END_REF] moves the limits of electron tomography reconstruction to a resolution up to 15 -20 Å. At this resolution, it is possible to build a quasiatomic model by placement of available crystal structures into the EM density. Generation of sub-nanometre structures directly from the cell is for example one of the key challenges of this method. It is likely that with these new developments in cryo-EM, initial models in single
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Chapter 5 Ottilie von Loeffelholz Concluding Remarks particle cryo-EM will be generated by sub-tomogram averaging in the future rather than random conical tilt reconstructions [START_REF] Lucic | Cryo-electron tomography of cells: connecting structure and function[END_REF][START_REF] Radermacher | Three-dimensional reconstruction from a single-exposure, random conical tilt series applied to the 50S ribosomal subunit of Escherichia coli[END_REF].

Cryo-electron microscopy has also limitations. Good resolution in single particle based reconstructions depends on the compositional and conformational homogeneity of the sample, a perfectly operating microscope and excellent detectors. Imaging at low dose to prevent radiation damage of the sample leads to very low signal to noise ratios in the micrographs and thus, particles smaller than 100 kilo Dalton cannot easily be visualized by cryo-EM. To date, an integrative approach combining cryo-EM structures with high resolution structures of domains and individual proteins from crystallography or NMR, biochemical data from mutagenesis, fluorescence spectroscopy and mass spectrometry is best suited to study large macromolecular machines and their dynamics. Invitrogen in a T 3000 Thermocycler (Biometra). PCR reactions were set up using the protocols provided by the manufacturer and the primers listed in Table 6.2.1. The PCR products were purified using a PCR purification kit (Qiagen). DTT, pH 7.5) for 1 h at room temperature. The ligation reactions were directly transformed into E. coli after the incubation time.

Transformation into E. coli (heat shock)

E. coli cells were thawed on ice. DNA was directly added to the cells and incubated on ice for 20 min before the heat-shock for 45 sec at 42°C. 100-300 µl LB medium was added to the cells directly after the heat shock and the cells were shaken at 37°C for 1-2 before they were plated out on LB-agar plates containing the appropriate antibiotic for selection. Sodium acetate pH 4.5, incubated for 30 min on ice and centrifuged at 13 000 rpm for 30 min at 4ºC in a tabletop centrifuge. The pellet were washed with 70% EtOH and re-suspended in 40 µl water.

In vitro transcription with T3 RNA polymerase Luciferase mRNA from puC19-CA_fireflyLUC (Promega) plasmid was transcribed using the mMESSAGE mMACHINE® High Yield Capped RNA Transcription Kit (Ambion).

RNAse Test

To test proteins for contaminating RNAse 5 µg of mRNA was incubated alone or with 10 µg protein at 37ºC for 1h. Intactness of mRNA was checked by subjecting 1 µg of RNA per lane on a denaturing agarose gel.

Denaturing Agarose Gel Electrophoresis

For RNA detection a 2% agarose gel containing 3.5 µg/ml ethidium bromide and 20 mM guanidinium isothiocyanate in TBE buffer. The RNA sample mixed with 2x RNA gel loading dye (Fermentas; 95% formamide, 0.025% SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 0.025% ethidium bromide, 0.5 mM EDTA) was separated in a Bio-Rad running tank at 70 V, Ethidium bromide stained RNA was detected under UV light ( =215 nm).

Northern Blotting

Northern blottings were performed according to the protocol in Molecular Cloning [START_REF] Sambrook | Molecular Cloning: A Laboratory Manual[END_REF], Volume 3: First, oligonucleotide primers (here: oligo(dT)) were labeled using the DIG DNA labeling kit (Roche). Therefore 100 pmol primers were incubated in 20 µl reaction mixture (25 mM CoCl 2 , 1 µl/20 µl DIG-ddUTP, 1 µl/20 µl terminal transferase) at 37ºC for 15 min. To purify the DNA, 1.6 µl LiCl and 75 µl EtOH were added to the reaction and the mixtures were incubated at -80ºC for 30 min before centrifugation at maximal speed for 15 min. The pellet was dried in a Speed Vac (Savant) and resuspended in 10-20 µl H 2 O. Na(OAC) 2 , 20 mM EDTA, pH 7.0)) were added to 10 µl RNA. The mixture was heated for 5 min at 65ºC, and directly cooled down on ice. 40 µl 20 x SSC (3 M NaCl, 300 mM Sodium citrate, pH 7.0) were added and the sample was applied on the washed membrane using a dot blot machine (Biometra). Each dot blot was washed two times with 1 ml 10 x SSC before the membrane was layed on filter paper (Sigma) with the sample-side up and fixed with UV light.

To anneal the labeled oligos to the RNA sample, hybridization buffer (250 mM sodium phosphate buffer, pH 7.2, 1 mM EDTA, 1% (w/v) BSA, 7% (w/v) SDS) was preheated to the annealing temperature (T(A) = T(M) -10C = (2 x AT + 4 x GC) -10ºC). The membrane was incubated in the hybridization buffer at T(A) for 30 min. The DIG-labeled oligonucleotides were diluted 1 : 5 with H2O, denatured at 95ºC for 5 min and directly put on ice. The membrane was then hybridized over night at T(A) with DIG-labeled solution containing 20-50 ng per 1 ml hybridization buffer. The hybridized membrane was washed two times with 2

x SSC containing 0.1% SDS at room temperature for 5 min and two times with 0.1 x SSC (150 mM NaCl, 15 mM Sodium citrate, pH 7.0) containing 0.1% SDS at T(A) for 15 min.

To detect the DIG-label, the membrane was washed shortly with washing buffer (0.1 M Maleic acid, 1 M NaCl, pH to 7.5, 0.3% Tween-20) and incubated for 30 min in 5-15 ml blocking solution (0.1 M Maleic acid, 1 M NaCl, pH to 7.5,, 1 x blocking solution (Roche)).

The anti-DIG antibody was diluted 1 : 5000 in the blocking solution and the membrane was incubated for 1h. The membrane was washed two times with washing buffer for 15 min and one time with detection buffer. Then 200 µl color substrate was added to 10 ml detection buffer (0.1 M Tris, pH 9.5, 0.1 M NaCl) and the membrane was incubated with the detection solution in the dark until the color reaction was appearing on the membrane. Finally, the reaction was stopped by exchanging the solution with water several times.

MRNA Affinity Batch Purifications

MRNA Affinity Batch Purification Using Lambda-GST Samples of 50 µg lambda-GST [START_REF] Czaplinski | Identification of 40LoVe, a Xenopus hnRNP D family protein involved in localizing a TGF-beta-related mRNA during oogenesis[END_REF] were bound to 50 µl glutathione sepharose beads (GE Healthcare). The beads were washed to remove unbound protein and 20 MRNA Affinity Batch Purification with the S1-Tag

In the case of S1-taged [START_REF] Srisawat | RNA affinity tags for purification of RNAs and ribonucleoprotein complexes[END_REF] mRNA, 20 µg RNA was incubated with 50 µl streptavidine beads (Sigma) in binding buffer containing 25 µg/ml Heparin and 0.1 mg/ml E. coli tRNA for 1h at 4ºC. The beads were washed 6 times with binding buffer and the mRNA was eluted 6 times with an incubation step of 20 min on ice in 50 µl binding buffer containing 3 mM Biotin.

MRNA Affinity Batch Purification with oligo(dT) Primers

Affinity purification using bioinylated oligo-dT [START_REF] Von | Direct observation of distinct A/P hybrid-state tRNAs in translocating ribosomes[END_REF] was performed according to [START_REF] Von | Direct observation of distinct A/P hybrid-state tRNAs in translocating ribosomes[END_REF] by annealing 200 µg 35 bp oligo-dT primer, which is biotinylated at its 5' end, with 20 µg mRNA and subsequent incubation with 50 µl streptavidine beads (Sigma) in binding buffer containing 25 µg/ml Heparin and 0.1 mg/ml E.

coli tRNA for 1h at 4ºC. The beads were washed 6 times with binding buffer and the mRNA was eluted 6 times with an incubation step of 5 min on ice in 50 µl binding buffer containing 3 mM Biotin.

Capping of Eukaryotic mRNA

Prior to capping the mRNA was denatured by heating to 70°C for 10 min, followed by immediate cooling down on ice. For capping 0.6 mg/ml mRNA was incubated with 0.48 mg/ml VCE, 1 mM GTP, 0.1 mM SAM, 4 U/µl RNAsine for 1h at 37ºC. The eluted protein was loaded on a 1 ml MonoQ column (GE Healthcare) equilibrated with Buffer S2 (50 mM Hepes-KOH pH 8.0, 100 mM KOAc, 8 mM Mg(OAc) 2 , 1 mM EDTA, 1 mM DTT) and eluted by a 30 ml gradient from 0 -1 M NaCl.

The protein was concentrated using Millipore concentration tubes (50 K cutoff), in which the buffer was exchanged to Buffer ST1 and the concentrated protein was stored at -80 °C.

Expression and Purification of eRF1AGQ

The plasmid encoding for eRF1,having a G183A point mutation which impairs its GTPhydrolysis, pQE30eRF1AGQ (Alkalaeva et al., 2006), was transformed into chemically competent BL21(DE3)* cells. E. coli cells from a single colony were grown at 37ºC overnight in LB medium in presence of 100 µg/ml Ampicillin and 10 ml of overnight were used for The protein was loaded on a 5 ml Q-XL column (GE Healthcare), which was equilibrated with buffer E2, and eluted by a 40 ml gradient ranging from 150-1000 mM KOAc. The buffer was exchanged against buffer E2 (50 mM Hepes, pH 7.5, 150 mM KOAc, 10 mM Mg(OAc) 2 , 5% Glycerol, 1 mM DTT) with a 10 ml desalting column (GE Healthcare). The protein was concentrated with a Millipore concentration tube (50 K cutoff) and stored at -80°C.

Expression and Purification of eRF3a Constructs

The plasmid encoding for eRF3a full length with C-terminal His-tag (pET15b_eRF3a), eRF3a

full length with N-terminal His-tag (pProEX-Htb-eRF3aFL) and eRF3aD (pET15b_eRF3delta), which lacks the first 138 amino acids (Alkalaeva et al., 2006) were transformed into chemically competent BL21(DE3)* cells. E. coli cells from a single colony were grown at 37ºC overnight in LB medium in presence of 100 µg/ml Ampicillin and 10 ml of overnight culture were used per liter of culture for inoculation. The temperature was decreased to 20ºC at OD 600 =0.4. Expression was induced over night by addition of 1mM IPTG at OD 600 =0.8 and the cells were harvested by centrifugation.

Expression of full length eRF3a in insect cells was done with pFastBac-eRF3aFL by Frederick Garzoni. Cells were harvested by centrifugation.

For purification of eRF3aS 80g of the cell pellet was re-suspended in buffer E1 containing 1 mM PMSF and one complete protease inhibitor tablet (Roche) and cells were lysed in an M-110L Microfluidizer Processor (Quadro Engineering Corp.). The cleared lysate was loaded overnight on a 5 ml pre-packed Ni-NTA column (GE Healthcare). On the next day the column was washed with buffer E1 containing 500 mM KOAc and with buffer E1 containing 30 mM Imidazole. The protein was eluted with 200 mM Imidazole in buffer E1 and directly loaded on a 5 ml Q-XL column (GE Healthcare) followed by a 5 ml SP-Sepharose column (GE Healthcare), which were equilibrated with buffer E2. After the loading step the Q-XL column was removed and the protein was eluted from the SP-Sepharose column by a 60 ml gradient ranging from 150-1000 mM KOAc. The buffer was exchanged against buffer E2 with a 10 ml desalting column (GE Healthcare). The protein was concentrated with a Millipore concentration tube (50 K cutoff) and stored at -80°C.

The purification of eRF3aFL from E. coli was performed in a similar manner. Here the protein eluted from the NiNTA column was subjected to chromatography in a 5 ml Q-XL column (GE Healthcare), which was equilibrated with buffer E2 and the protein was eluted by a 40 ml gradient ranging from 150-500 mM KOAc. The buffer was exchanged to buffer E2 with a 10 ml desalting column (GE Healthcare). The protein was concentrated with a Millipore concentration tube (50 K cutoff) and stored at -80°C.

For the purification of eRF3aFL from insect cells, cells corresponding to 100 ml culture were resuspended in Buffer E1 containing 0.1% Triton-X100 and cells were opened by sonication.

All subsequent steps were identical to purification of eRF3aFL from E. coli.

Expression and Purification of GST-Lambda-His

Plasmid containing the gene for GST-lambda-His (pBR322GSTlambdaHis; [START_REF] Czaplinski | Identification of 40LoVe, a Xenopus hnRNP D family protein involved in localizing a TGF-beta-related mRNA during oogenesis[END_REF] was transformed into chemically competent Rosetta cells. Cells from a single colony were grown over night at 37ºC in LB medium supplemented with 100 µg/ml Ampicillin. A volume of 10 ml of preculture was used to inoculate 1 liter of 2YT culture which was allowed to grow at 30ºC. The expression of GST-lambda-His was induced at OD 600 =0.4 by addition of 1 mM IPTG at 30ºC and cells were harvested by centrifugation after 2h.

Cell pellets corresponding to 4 liter of culture were re-suspended in buffer G (50 mM Tris pH 8.0, 500 mM NaCl, 5% Glycerol, 1 mM PMSF, 1mM DTT, 0.1% Triton-X100) and lysed in Imidazole. The buffer of the concentrated protein sample was exchanged to Buffer E2 using a 10 ml Desalting column (GE Healthcare). To obtain RNAse-free protein, the protein was subjected to a SP-sepharose column (GE Healthcare), equilibrated with Buffer E2, and eluted by a 60 ml gradient in from 150 mM to 1 M KOAc. The buffer of the concentrated protein sample was exchanged to Buffer E2 using a 10 ml Desalting column (GE Healthcare).

Expression and Purification of Vaccinia Capping Enzyme (VCE)

Plasmid containing the Vaccinia capping enzyme genes (pET16b-D1D12; De la Peña M, 2007) was transformed into chemically competent BL21(DE3)* cells. An overnight culture was grown at 37ºC from a single colony in LB medium containing 100 µg/ml Ampicillin. 1 liter of TB medium containing 100 µg/ml Ampicillin was inoculated with 10 ml of overnight culture and grown until OD 600 =0.8 was reached. The expression was induced over night by addition of 0.5 mM IPTG at 20ºC. Cells were harvested by centrifugation.

An amount of 80 g cell pellet was re-suspended in buffer V (40 mM Tris-HCl pH 8.0, 200 mM NaCl) containing one complete EDTA free protease inhibitor tablet (Roche) and 40 mM

Imidazole. After cell lysis by sonication the cleared lysate was applied to 10 ml Ni-NTA resin (Qiagen) and washed with buffer V containing 1 M NaCl and buffer V containing 60 mM Imidazole. The protein was eluted with buffer V containing 300 mM Imidazole. Betamercapto ethanol was added to the eluted protein sample to a final concentration of 3 mM and the sample was loaded on 5 ml pre-packed Heparin column (GE Healthcare), equilibrated with buffer V containing 3 mM beta-mercapto ethanol. VCE was eluted by a 20 ml gradient from 200 mM -1 M NaCl. The concentrated protein was applied to a Superdex200 column (GE Healthcare) for buffer-exchange to buffer V containing 3 mM DTT. 

Determination of Protein Concentration

Protein concentrations were determined at 280 nm using the Nanodrop (Thermo Scientific).

The concentration of scSRP constructs was calculated by measuring the absorbance of the 4.5S RNA. Molar concentrations were calculated with the individual molar extinction coefficients ( ) listed in Table 6.4.1. 

Prokaryotic Ribosome Nascent Chain Purification

The purification of Lep-50 RNCs was accomplished according to Schaffitzel and Ban (2004).

The translation mixture was centrifuged at maximal speed at 4C for 10 min after translation.

The supernatant was transferred onto a 10%-50% sucrose gradient (18 gradients, 850 µl per gradient) in Solution I (50 mM Hepes-KOH, 100 mM KOAc 2 , 100 mM MgOAc 2 , 500 µg/ml chloramphenicol) and centrifuged at 23000 rpm in a SW28 rotor for 15h at 4C. The 70S fractions were collected with a fractionator (Biocomp) and loaded onto a 1.5 ml Streptactin column (IBA), which was equilibrated with Solution II (50 mM Hepes-KOH, 100 mM KOAc 2 , 8 mM MgOAc 2 , 500 µg/ml chloramphenicol). The resin was washed with 20 ml Solution II and eluted with 15 ml Solution II containing 3 mM desthiobiotin. RNCs were concentrated by centrifugation for 3 h at 55000 rpm at 4°C in a TLA-55 rotor (Beckman Optima) followed by resuspension of the ribosomal pellets in Solution II and stored at -80°C.

Purification of Human Translation Termination Complexes

To stall ribosomes at the stop codon, 40 µM eRF1AGQ and 40 µM eRF3aGQ were preincubated with 4 mM GTP at 37ºC for 10 min and added to the translation mixture that 4 µM release factor complexes were included in each translation reaction. The in vitro translation was stopped after 45 min at 37ºC by addition of cycloheximide to a final concentration of 0.2 Thesis Chapter 6 Ottilie von Loeffelholz Materials and Methods mg/ml and the mixture was centrifuged at maximal speed for 5 min. A volume of 0.75 ml translation mix was transferred on each 5-30% sucrose gradient (18 gradients) in Buffer A+ (20mM Hepes pH7.5, 130 mM KCl, 3.5 mM Mg(OAc)2, 2 mM DTT, 10 µg/ml cycloheximide, 0.2 mM Spermidine) and centrifuged for 4h 24 min in a SW28 rotor at 27000 rpm. The 80S band was collected with a fractionator (Biocomp). Heparin was added to the collected fractions to a final concentration of 12µg/ml and the pooled fractions were incubated with 1.8 ml lambda-glutathione-beads for 3 h at 4ºC. The beads were washed seven times with 0.5 ml binding buffer 2 (250 mM Sucrose, 20 mM Hepes, pH 7.6, 150 mM KCl, 6 mM Mg(OAc) 2 , 2mM DTT, 10µg/ml cycloheximide) containing 0.02% Tween-20 and eluted with six times with 0.2 ml binding buffer 2 containing 20 mM GSH and 0.02% Tween-20.

The elution was concentrated by a pelleting step at 55, 000 rpm in a TLA-55 rotor for 3 h at 4ºC. The pelleted ribosome complexes were re-suspended two times for 1h in 22 µl binding buffer 2.

Ribosome Binding Assays

To test for ribosome binding, a fivefold molar excess of protein was added to the ribosomes and incubated for 5 min on ice or at 37ºC. The complexes were co-sedimented by centrifugation through a 0.5M Sucrose cushion at 55 000 rpm in a TLA-55 rotor for 3-4 h at 4ºC and resuspended in the appropriate buffer (80S: binding buffer 2; 70S: Binding buffer S).

The sample was centrifuged at maximal speed for 10 min and concentrations were determined at A260 on a Nanodrop (Thermo scientific). When possible at least 7 µg ribosomes per well were loaded on a tricine gel or a SDS gel for analysis.

Luciferase Assay

The luciferase assay was carried out directly after in vitro translation of capped firefly luciferase mRNA. After 45 min incubation at 37ºC the 50 µl translation reaction was stopped by addition of 20 µl passive lysis buffer (Promega). 20 µl triplicates of each sample was supplemented with 50 µl luciferase assay reagent (Promega) and luminescence was read out from a 96 well plate on a plate reading luminometer (Mithras, Berthold Technologie).

Luminescence was detected 1.6 s after injection of the substrate solution for 10 s.

For determination of translation inhibition by the eRF1AGQ-eRF3a-GTP complexes, the release factors were pre-incubated with 1 mM GTP at 37ºC for 10 min in buffer E2 and added

to the translation mixture to a final concentration of 20 pM prior to translation of capped firefly luciferase mRNA.

Reconstitution of RNC-SRP Complexes

The RNC FtsQ -scSRP-GMPPCP complex was prepared at a concentration of 300 nM RNC FtsQ with a 15 fold molar excess of scSRP and 1.5 mM GMPPCP in RNC buffer (50 mM Hepes-KOH, 100 mM KOAc 2 , 8 mM MgOAc 2 , 500 g/ml chloramphenicol). The sample was incubated for 1h at room temperature before grids were frozen.

To obtain the RNCLep50-scSRP N-GMPPCP complex, 150 nM purified RNC Lep50 were incubated with a 5-26 fold molar excess of scSRP N in RNC buffer (50 mM Hepes-KOH, 100 mM KOAc 2 , 8 mM MgOAc 2 , 500 g/ml chloramphenicol) and incubated on ice for 15 min. 1 mM GMPPCP was added and the sample was incubated at room temperature for 1 h before grids were frozen.

Reconstitution of human translation termination complexes

To form an active release factor complex, equal amounts (80 pmol) of eRF1AGQ and eRF3aFL were incubated with 1 mM GTP at 37°C for 10 min. The active release factor complex was added in a 5 fold molar excess to the purified stalled ribosomes and the mixture was incubated for 5 min at 37°C to reconstitute the translation termination complex.

Gold Labeling Using NiNTA Nanogold H_scSRPdN_S was incubated for 1h at 4C with a 5 fold molar excess of 1.8 nM Ni-NTA nanogold in gold labelling buffer (50 mM Hepes-KOH, 100 mM KOAc 2 , 8 mM Mg(OAc 2 )).

To remove unbound gold 200 µl streptactin resin (Qiagen) was added to the sample and incubated for 1h at 4*C. The resin was washed four times with 500 µl with gold labelling buffer containing 500 µg/ml chloramphenicol and H_scSRPdN_S was eluted 8 times with 200 µl gold labelling buffer containing 3 mM desthiobiotin and 500 µg/ml chloramphenicol. The protein was concentrated in a 0.5 ml concentration tube (Millipore, 50 kDa cut-off) and used directly for grid preparation. The protein sample was applied on a carbon film and stained in 2% uranyl acetate solution.

The carbon film was layed on 300 mesh copper grids and the grids were dried before they were placed into the microscope holder for imaging.

Negative Staining Electron Microscopy

Image acquisition was performed at room temperature in a JEOL JEM-1200EX II microscope using high magnification (30K -50K). Micrographs were recorded with a Gatan ORIUS CCD camera.

Cryo-Electron Microscopy

Either holey agar lacey grids for manual data collection or quantifoil grids for automated data collection were used. To obtain better sample distribution and more accurate CTFestimations, quantifoil grids were covered with a home-made thin carbon film. The carbon side of the grids was glow-discharged with a Glow Discharge Coater for Carbon Films (Emitech K100X) and 2-5 µl of the sample (100-300 nM RNCs) was applied on the carbon side. Grids were blotted and frozen in liquid Ethane in an automated manner using a Vitrobot (FEI), which was set to 100% humidity and either room temperature or 6°C.

Cryo-EM Data collection

Cryo-EM data of RNC EspP -scSRP was collected manually or automated at a FEI Tecnai G2

Polara microscope (FEI) situated in the IBS. Data for RNC Lep50 -scSRP N-GMPPCP and RNC Lep50 -scSRP N was collected automatically with Gatan software by Manikandan Karuppasamy at a FEI Tecnai G2 Polara microscope (FEI) situated in the IBS. Micrographs were recorded on a 4k x4k CCD camera (Gatan). The micrographs were converted from .dm3 or .tif format to .mrc format (dm2mrc or tif2mrc; [START_REF] Kremer | Computer visualization of threedimensional image data using IMOD[END_REF]. In the case of recording with a CCD camera, X-rays were removed from the images (ccderaser, IMOD package; [START_REF] Kremer | Computer visualization of threedimensional image data using IMOD[END_REF]. For each micrograph the power spectra and corresponding defocus average and astigmatism were calculated (bctf, Bsoft package; [START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF] and the ctf curve was adjusted to the power spectrum to obtain the best fit. Any micrograph containing drift, no information in the power spectrum or high astigmatism were discarded.

The selected micrographs were CTF corrected (bctf, Bsoft Package; Heymann, 2001) using the phase flipping option or a wiener filter. Particles were picked semi-automatically with e2boxer.py (EMAN2; [START_REF] Ludtke | 3-D structures of macromolecules using single-particle analysis in EMAN[END_REF] or automatically using batchboxer (EMAN1; [START_REF] Von | EMAN: semiautomated software for high-resolution single-particle reconstructions[END_REF] and projection images of a ribosome as references. Particles were extracted from the micrograhs using batchboxer (EMAN1; [START_REF] Von | EMAN: semiautomated software for high-resolution single-particle reconstructions[END_REF], the stack files were split with Imagic-5 or bsplit (Bsoft package;[START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF]. The extracted particles were re-sampled to at least nyquist-frequency and inverted (bint, Bsoft package; [START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF]. Inverted particles were bandpass-filtered using 5-15 Å as a high frequency cutoff and 500 Å as a low frequency cutoff (bfilter, Bsoft;[START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF].

2D Classification in Imagic-5

For processing a particle stack containing all images was created (Em2em or Append, Imagic;

van [START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF]. The particles were bandpass-filtered (inc-prep in Imagic;[START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF] and re-sampled to two times nyquist frequency (coarse-image in Imagic). Eigenimages were created (msa-run in Imagic;[START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF] and used for classification of the dataset into different groups (msa-classify, msa-sum in Imagic;[START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF]. Representative averages were chosen, normalized (norm-var in Imagic;[START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF], aligned against each other (prep-mra in Imagic;[START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF] and used as references for multi-reference alignment (m-r-a in Imagic; [START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF]. The classification and alignment was iterated until the class averages did not further improve. To concentrate on conformational differences in specific views, similar classes were extracted to a new particle stack (mode-acc, msa-extract, mode-stop, ex-copy in Imagic; [START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF] and subjected to the same procedure of classification and alignment.

Structure Determination and Refinement in SPIDER

As an initial reference either the 50S crystal structure [START_REF] Schuwirth | Structures of the bacterial ribosome at 3.5 A resolution[END_REF] was converted to an electron density map (bgex; [START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF] and lowpass-filtered to 30 Å (bfilter; [START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF], or a map of a translating 70S ribosome (EMDB ID: 1045; [START_REF] Valle | Cryo-EM reveals an active role for aminoacyl-tRNA in the accommodation process[END_REF] lowpass-filtered to 30 Å and scaled to the sampling and box size of the particles (bint, bimg, bfilter;[START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF], was used. Reference projections were produced (PJ 3Q) with an initial 15 angular step size, which was reduced to 10, 5, 4,3,2,1 degree during refinement.

The best matching projection for each particle and the corresponding angles and shift parameters were calculated (AP SH; [START_REF] Shaikh | SPIDER image processing for single-particle reconstruction of biological macromolecules from electron micrographs[END_REF] and particles were aligned according to these parameters in each round (RT SQ; [START_REF] Shaikh | SPIDER image processing for single-particle reconstruction of biological macromolecules from electron micrographs[END_REF]. The 10% -20% of particles aligning with the lowest cross-correlation to the reference projections were omitted and the dataset was corrected that the particle distribution in 3D space was equal in every round of alignment. A 3D volume was obtained in every round by back-projecting the aligned particles using the calculated angles (BP RP; [START_REF] Shaikh | SPIDER image processing for single-particle reconstruction of biological macromolecules from electron micrographs[END_REF] and used as reference for the following round of alignment.

Supervised classification was applied to achieve higher homogeneity of the dataset used for reconstruction. The two major ratcheting states of the ribosome during translation were separated by comparing alignments against a ratcheted (EMDB ID: 1363; Valle et al., 2003c) and a not-ratcheted ribosome (EMDB ID: 1056; Valle et al., 2003b). The particles aligning better to the ratcheted state of the ribosome were eliminated from further calculations. Also the occupancy of scSRP was not complete and "vacant" ribosomes needed to be eliminated from the calculation. Therefore the initial average 3D map was filled with water molecules to Thesis Chapter 6 Ottilie von Loeffelholz Materials and Methods obtain an editable .pdb file. Expected density differences between a ribosome in complex with scSRP and a ribosome alone were obtained by leaving or deleting the additional weak density of scSRP at the ribosomal exit tunnel. A crystal card was given to the resulting .pbd files with moleman and these pdb files were converted to binary masks (ccp4i; Winn et al., 2011, which were then multiplied with the EM density (ccp4i; [START_REF] Winn | Overview of the CCP4 suite and current developments[END_REF] to obtain the corresponding references for supervised classification.

Computational Sorting in XMIPP

As an alternative method, 3D-refinement in XMIPP [START_REF] Scheres | Image processing for electron microscopy single-particle analysis using XMIPP[END_REF] was used to sort the heterogeneity of the dataset. Here 10 initial volumes were randomly created after alignment against 50S or a translating ribosome [START_REF] Valle | Cryo-EM reveals an active role for aminoacyl-tRNA in the accommodation process[END_REF]EMDB ID: 1045) and inspected for differences in scSRP and possible differences of the 30S position towards the 50S subunit.

The remaining volumes were rotated against each other and merged to one volume to use as a "bad particles" reference. Refinement in XMIPP (mlfrefine3D; [START_REF] Scheres | Image processing for electron microscopy single-particle analysis using XMIPP[END_REF] was iterated for 25-50 rounds using these volumes as references.

Estimation of Resolution

The dataset was split into two equal halves from which two independent reconstructions were calculated in SPIDER [START_REF] Shaikh | SPIDER image processing for single-particle reconstruction of biological macromolecules from electron micrographs[END_REF]. The overall resolution of the reconstruction was then estimated using the 0.5 cut off value of the Fourier shell correlation function calculated with either SPIDER (operation RF 3; Shaikh et al., 2008) or Bsoft (bresolve;[START_REF] Von | Bsoft: image and molecular processing in electron microscopy[END_REF].

Rigid Body Fitting of Crystal Structures

Available crystal structures or models (Ataide et al., 2011;[START_REF] Focia | Heterodimeric GTPase core of the SRP targeting complex[END_REF][START_REF] Hainzl | Structural basis of signal-sequence recognition by the signal recognition particle[END_REF]Halic et al., 2006a;[START_REF] Janda | Recognition of a signal peptide by the signal recognition particle[END_REF][START_REF] Montoya | Crystal structure of the NG domain from the signal-recognition particle receptor FtsY[END_REF][START_REF] Schuwirth | Structures of the bacterial ribosome at 3.5 A resolution[END_REF] were placed into the EM-densities as rigid bodies. The Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF] tool "fit in map" was used to optimize the fit of the individual structures. 

Preparations of Figures

Figures of EM density maps and crystal structures were prepared using Chimera [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF] or PyMOL [START_REF] Von | The PyMOL Molecular Graphics System[END_REF]. Figures were composed and Table 2.2.1: Kinetic characterization of SRP-FtsY "early" and "closed" complex formation 

Figure 1 . 1 :

 11 Figure 1.1: Architecture of SRP and FtsY from E. coli. a: Schematic view of the domain arrangement of SRP (composed out of Ffh and Ffs) and its receptor, FtsY. b: Secondary structure of the 4.5S RNA (Ffs). Conserved bases are highlighted in red (data according to Ataide et al. (2011)). c: Atomic model of SRP, when bound to a ribosome nascent chain complex (PDB ID: 2j28; Halic et al., 2006a). d: Crystal structure of the FtsY NG domain (PDB ID: 1fts; Montoya et al., 1997). Positions of N, G and M-domains as well as of the signal sequence (ss) are labeled.

Figure

  Figure 1.2 a and b).

Figure 1 . 2 :

 12 Figure 1.2: The SRP M-domain bound to signal sequences. a and c: Signal sequence binding part of the Sulfolobus solfataricus SRP54 structure bound to the yeast dipeptidyl aminopeptidase B signal sequence (PDB ID: 3kl4; Janda et al., 2010). b and d: Zoom onto the signal sequence binding part of the M. jannaschii SRP structure bound to an 14 amino acids long engineered signal sequence (PDB ID: 3ndb; Hainzl et al., 2011). a: Cartoon view of the M-domain (yellow) bound to the signal sequence (ss, red). Position of the finger loop is indicated. b: Cartoon view showing the signal sequence (ss, red) and the SRP RNA (orange) binding part of the M-domain (yellow). The position of the highly conserved tetraloop is indicated. The finger loop is flexible in this structure. c and d: Surface charge of the signal sequence binding pocket. Negatively charged areas are shown in red and positively charged areas are shown in blue. The binding pocket surrounding the signal sequence (shown as cartoon and sticks) is mainly not polar (white).

  Figure 1.2a with Figure 1.2b) in crystal structures. Deletion of the finger loop partially impairs co-translational protein targeting by SRP (Ariosa

FtsYFigure 1 . 3 :

 13 Figure 1.4 b). By measuring the FRET signal, the distance between the labels could be directly

(

  Figure 2.1.1: Sorting scheme using hierarchical supervised classification. Compositional and conformational heterogeneity is present in the initial reconstruction using the entire dataset (first line). Therefore, the dataset was separated in a ratcheted and a not-ratcheted pool (second line) using a ratcheted and a not-ratcheted ribosome as references. These pools were further sorted for the presence/absence of scSRP at the ribosomal exit tunnel (third line) using masked volumes as references. The figure was prepared using denoised volumes in PyMol (Schrodinger, 2010).

  exit(Figure 2.1.1, line 3). Here, the ratcheted or not-ratcheted average maps, in which either the surrounding noise (RNC-scSRP) or scSRP and the surrounding noise (vacant RNC) was masked out by multiplication with a binary mask, were used as references. The sorting of the sub-pools resulted in four different reconstructions. For refinement of the scSRP structure on RNCs translating the EspP-signal sequence in the not-ratcheted ribosome subpool with scSRP Thesis Chapter 2.1 Ottilie von Loeffelholz Results density was used (Fig. 2.1.1). For each sub-pool the shown volumes were generated by alignment to a reference 70S ribosome map which does not contain scSRP to minimize model bias in the reconstruction (EMDB ID: 1363 and EMDB ID: 1056;

  sorting strategy was presented byConnell et al. (2008): here, a seed volume, which is sufficiently similar to the complete dataset, is used for the first round of alignment. Using the seed volume (70S ribosome) and the reconstructed volume from the first alignment as references for a supervised classification results in a heterogeneity-based sorting of the dataset into two volumes (Figure2.1.2). Subsequently, this step is repeated by using the seed-volume and the reconstructed volumes from the previous round as references for the classification.In our case the alignment to the seed volume which did not contain scSRP (Figure2.1.2, first row) resulted in a first reconstruction that already contained weak density for scSRP (Figure 2.1.2, Round 1). Providing the seed volume and the first reconstruction as references for supervised classification led to two new reconstructions of which one contained density for scSRP and one did not (Figure 2.1.2, Round 2). A second supervised classification was performed by providing the two generated volumes from the previous round of supervised classification and the seed volume as references resulting in three maps of which one volume contained scSRP-density (61% of all particles) and two volumes did not (Figure 2.1.2, Round 3). Repeating the supervised classification in the same manner resulted in four maps of which only one contained scSRP representing 28% of the dataset (Figure 2.1.2, Round 4). In every round the density of scSRP became stronger in the sub-pool representing RNC EspP -scSRP.

  Figure 2.1.2: Sorting scheme for the reference-free supervised classification described by Connell et al.(2008): Round 1: Creation of a first "average"-reconstruction (second row) using a seed volume as reference for alignment (first row). Round 2: Supervised classification for these two volumes resulting in one volume, which has density for scSRP and one volume representing a vacant ribosome (third row). Round 3: Repeating the supervised classification using the two volumes from Round 2 and the seed volume as references results in three new volumes (fourth row). Round 4: Repeating the supervised classification using the two volumes from Round 3 and the seed volume as references results in four new volumes (fifth row). 28% of the dataset contains scSRP according to this method. The figure was prepared from volume files using the program Chimera[START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF].

  Figure 2.1.3: Sorting scheme for the maximum likelihood-based 3D multi-reference refinement in XMIPP: A 50S map without stalks created from a pdb file[START_REF] Schuwirth | Structures of the bacterial ribosome at 3.5 A resolution[END_REF]; PDB ID: 2AW4, first row) was grayscale-corrected, lowpass-filtered and used as an initial reference (second row) for mlf3Drefine in XMIPP. The six resulting volumes showed differences in their composition and/or conformation (third row). The largest sub-pools contained scSRP and were used for further refinement in SPIDER (fourth row). The figure was prepared from volume files using Chimera[START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF].

(

  scSRP N). The test reconstruction of RNC Lep50 -scSRP N-GMPPCP revealed a new conformation of SRP and FtsY bound to the ribosome: the Ffh and FtsY NG-domains are not bound to the tetraloop of the 4.5S RNA and likely to be too flexible to be visualized in the 3D reconstruction. Weak density for the methionine rich (M) domain can be observed indicating some heterogeneity in the SRP M-domain. Omitting GMPPCP from the sample resulted in a cryo-EM reconstruction strongly resembling the "early" conformation previously observed for the scSRP-RNC FtsQ sample. This indicates that addition of GMPPCP may have induced the "closed" conformation on RNC Lep50 -scSRP N. To confirm that the NG-domains were detached from the 4.5S RNA (both from the proximal and distal end) and therefore flexible, the scSRP N sample was gold labeled at the FtsY N-terminus. This construct will be used for cryo-EM and localization of the FtsY-NG-domain in the RNC Lep50 -scSRP N-GMPPCP "closed" complex in near future. Nous décrivons ici la configuration fermée de SRP et FtsY sur le RNC. Des études biochimiques indiquent qu'en présence de RNC FtsQ le réarrangement du stade précoce au stade fermé est très lent et nécessite la présence de la membrane et du translocon comme déclencheur. En accord avec ce qui précède, nous avons principalement observé dans un test de reconstruction du complexe RNC FtsQ -SRP-FtsY contenant GMPPCP, la configuration précoce de SRP et FtsY. Ainsi, nos avons changé l'ensemble RNC et utilisé la partie Nterminal de 50 acides aminés d'un leader peptidase comme chaine peptidique naissante (RNC Lep50 ). De plus, un ensemble FtsY-SRP (scSRP) à chaîne unique, auquel manque le domaine acide-A et l'hélice N-terminale du domaine NG de FtsY (scSRP N) a été utilisé. La première reconstruction de RNC Lep50 -scSRP N-GMPPCP a révélé une nouvelle configuration de la liaison de SRP et de FtSY aux ribosomes. Ici, les domaines Ffh et le domaine NG de FtsY ne sont pas liés au tertraloop du 4.5 S-ARN et semblent être trop flexible pour être visualisable via une reconstruction en 3D. Une faible densité pour le domaine M peut-être observée, indiquant une certaine hétérogénéité dans le domaine M de SRP. Lorsque que GMPPCP a été omise dans l'échantillon, nous avons constaté que la reconstruction au cryo -EM, ressemblait fortement à la configuration du stade précoce observée précédemment dans le cadre de l'échantillon scSRP-RNC FtsQ . Ceci indique qu'un ajout de GMPPCP peut avoir induit la configuration "fermée" sur RNC Lep50 -scSRP N. Afin de confirmer que le domaine NG était détaché du 4.5 S ARN, et donc flexible, l'échantillon scSRP N a été étiqueté avec des billes d'or de 1.8 nm au niveau de la terminaison FtsY N. Cet assemblage va être utilisé pour observation au cryo-EM, afin de localiser le domaine NG-FtsY dans le complexe RNC Lep50 -scSRP N-GMPPCP.
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 221 Figure 2.2.1: Test reconstruction of RNC FtsQ -scSRP-GMPPCP. Left: shown in the crown view; right: shown with view on the tunnel exit. The 70S ribosome is depicted in blue, the single-chain FtsY-SRP (scSRP) in red. The figure was prepared from denoised volumes in PyMol (Schrodinger, 2010).

  .1). RNC Lep50 contains the Nterminal 50 amino acids of leader peptidase (Lep) and no SecM stalling motif in the ribosomal tunnel. Stopped-flow FRET data measured in the Wintermeyer laboratory indicate that the "closed" complex formation is up to 20 times faster in the presence of the Lep50

  Figure 2.2.2: Purification of Lep50 RNCs and scSRP N. a: left: Purification scheme for the ribosome Lep50 nascent chain complex; middle: Western blot to detect the StrepII-tag in RNC FtsQ and RNC Lep50 . The stained StrepII-tag band is highlighted with an asterix. right: Negative stain micrograph of the purified Lep50 RNCs showing mainly 70S ribosomes and only few polysomes. The scale bar is 50 nM. b: left: Elution profile for scSRP N from the Ni-NTA affinity column; middle: Anion exchange chromatography (MonoQ) of the streptactin-and his-tag purified scSRP N protein; right: Coomassie-stained SDS-gel showing the concentrated scSRP N after Ni-NTA, Streptactin affinity chromatography and anion exchange chromatography.

  Figure 2.2.3: Binding of scSRP N to ribosomes and preparation of a scSRP N-RNC Lep50 test-dataset. left: Ribosome binding assays to compare the binding of scSRP (full size FtsY fused to Ffh) and scSRP N (FtsY N fused to Ffh) to 70S, RNC FtsQ and RNC Lep50 (see text for details); middle: Representative micrograph from the scSRP N-RNC Lep50 cryo-EM dataset collected on the Polara microscope at 300 kV; right: 3D reconstruction of RNC Lep50 scSRP N using 60,000 particles of the cryo-EM dataset. The figure was prepared with Chimera[START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF].

  Figure 2.2.4: Reconstruction of the scSRP N-RNC Lep50 complex. left/middle: Denoised electron density map of the scSRP N-RNC Lep50 complex. Density for 50S is shown in blue, 30S is shown in yellow and scSRP N is shown in red. The reconstruction is shown in the crown view (left) and with view on the tunnel exit (middle). right: Placement of the crystal structures for the 4.5S RNA (PDB ID: 2xxa, (Ataide et al., 2011), orange) and the Ffh Mdomain (PDB ID: 3ndb; (Hainzl et al., 2011), yellow) bound to a signal sequence (red) inside the scSRP N density. The figure was prepared with PyMol (Schrodinger, 2010).

  Figure 2.2.5, row 1), and the first 3D reconstruction (Figure 2.2.5, row 2) resulted in two volumes of which one did not contain density for scSRP N. The other volume had enriched density of scSRP N at the exit of the ribosomal tunnel (Figure 2.2.5, row 3). With this method, it was possible to eliminate most particles that did not contain scSRP N from the dataset. This resulted in 33,876 particles (55%) representing the scSRP N-RNC Lep50 complex. The position of the 4.5S RNA and the M-domain can be easily assigned in this 3D reconstruction. The main contact between the SRP and the ribosome is mediated by the Ffh M-domain. It binds to ribosomal RNA helix 24 and ribosomal protein L24. Two other contacts between the ribosome and the M-domain can be identified: first, a connection to ribosomal RNA helix 59; second, density next to the ribosomal tunnel exit. The density,

  statistical analysis (MSA) and classification inIMAGIC-5 (van Heel et al., 1996; see Figure 2.2.6,). The exact position of the FtsY and Ffh NG-domains could not be defined in the resulting 2D class averages (Figure2.4.6). However, from the 2D analysis it appears that different conformations of scSRP N are present in this dataset (Figure2.2.6, location of scSRP N is indicated by white arrows). Moreover, many 2D class averages show no density next to the tetraloop of the 4.5S RNA indicating that a new conformation has been adopted by the SRP-FtsY N complex.

Figure 2

 2 Figure 2.2.6: 2D class averages of the scSRP N-RNC Lep50 dataset after 2D MSA and classification[START_REF] Van Heel | A new generation of the IMAGIC image processing system[END_REF]. Crown view (first row), view on the interface (second row) and two different side views (fourth and fifth row) were chosen for the 2D heterogeneity analysis. Surface representations of the scSRP-RNC FtsQ complex in the "early" conformation[START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF] in the corresponding views are shown on the left side for comparison. The position of scSRP N is indicated by a white arrow.

Figure 2

 2 Figure 2.2.8: Reconstruction of RNC Lep50 -scSRP N complex in absence of nucleotide. Left: EM density of RNC Lep50 -scSRP N shown in the crown view; right: View on the tunnel exit. Density for the RNC is depicted in blue and scSRP N is shown in red. The map was denoised before the figure was prepared in PyMOL (Schrodinger, 2010).
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 229 Figure 2.2.9: Purification of H_scSRP N_S. left: Elution profile for the Ni-NTA column; middle: Anion exchange (MonoQ) purification of the streptactin-and His-tag purified with a MonoQ column; right: Coommassie-stained SDS-gel showing eluted scSRP after Ni-NTA affinity chromatography, Streptactin affinity chromatography and anion exchange chromatography.

  the N-terminal extension for co-translational protein targeting (see Publication 2) could be explained for instance by a steric hindrance for correct binding of SRP to the RNC and the signal sequence. Moreover, rearrangements inside the Ffh M-domain induced by EspP signal sequence binding (Ariosa et al., 2013) might be inhibited by the Nterminal extension of EspP. The pronounced M-domain density in our RNC EspP -scSRP reconstruction gives evidence for this. Interestingly, N-terminal extensions like the one of the EspP signal sequence are not specific to bacterial autotransporters, since precursors of mitochondrial inner membrane space (IMS)

  conformation which was published by[START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF] Figure 3.1, step 2). Surprisingly, the 3D reconstruction did not reveal a localization of the FtsY-Ffh NG-domain complex at the distal end of the 4.5S RNA as suggested by the crystal structure of the SRP-FtsY-GMPPCP complex(Ataide et al., 2011). In contrast, our reconstruction indicates that GTP-binding induces detachment of the NG-domains from the tetraloop but not an attachment at the distal end (Figure3.1, step 3).

Figure 3 . 1 :

 31 Figure 3.1: Proposed mechanism of co-translational protein targeting in E. coli: SRP binds tightly to RNCs translating a hydrophobic signal sequence. Four ribosomal contacts are formed stabilizing an elongated conformation of SRP. Recruitment of FtsY induces detachment of the Ffh N-domain from ribosomal proteins L23 and L29 and the 4.5S RNA from ribosomal proteins L32 as well as of the SRP M-domain from rRNA helix 59 leaving a single connection to rRNA helix 24 and ribosomal protein L24. The GTP-independent "early" conformation is formed at the tetraloop of the 4.5S RNA. FtsY binding to the SRP RNA tetraloop stabilized the complex. GTP binding triggers the rearrangement of the Ffh and FtsY NG-domains to form an intimate complex and detachment of the NG-domains from the tetraloop. Contact with the membrane and the SecYEG translocon is suggested to result in a transient tetrameric complex of RNC-SRP-FtsY-SecYEG in which the Ffh and FtsY NGdomains are attached to the distal end of the 4.5S RNA. This activated complex then triggers handover of the RNC to SecYEG and GTP hydrolysis.

  Figure 4.1.1 a, b and d). The N-domain recognizes the stop codon. Two conserved motifs, NIKS and YxCxxxF, are positioned in the N-domain and interact directly with the stop codon

  describe that the GGQ motif coordinates a water molecule inside the peptidyl transferase center of the large ribosomal subunit. Thus, the GGQ motif of prokaryotic class I release factors catalyzes the hydrolysis of the nascent chain from the P-site tRNA (shown in Figure 4.1.2). The structural localization of the GGQ motif in eRF1 (Song et al., 2000; see Figure 4.1.1 b,d in comparison with Figure 4.1.2; Weixlbaumer

Figure 4

 4 Figure 4.1.1: The eukaryotic release factors eRF1 and eRF3a. a: Schematic structure of eRF1 (cyan) and eRF3a (magenta). b: Crystal structure of human eRF1 (PDB ID: 1dt9; Song et al., 2000. Conserved GGQ and NIKS motifs are highlighted in orange. c: Crystal structure of yeast eRF3a domains 1, 2, and 3 (PDB ID: 1r5o; Kong et al., 2004. GMPPNP bound in domain 1 is highlighted in yellow. d: Crystal structure of human eRF1 (cyan) in complex with domain 3 of human eRF3a (magenta) (PDB ID: 3e1y chains b and e; Cheng et al., 2009). See text for details. The figure was prepared with PyMOL (Schrodinger, 2010).

  of 70S ribosomes in complex with the prokaryotic release factors RF1, RF2 and RF3 helped to provide a very good understanding of the molecular mechanism of translation termination in prokaryotes. For the following three reasons it is not possible to entirely transfer the knowledge gained from prokaryotic translation termination structures to eukaryotes: (1) Even though the genetic code including the stop codons is universal, the termination event in prokaryotes and eukaryotes is different. Two different class I release factors, RF1 and RF2, exist in prokaryotes which recognize different stop codons and are therefore not exchangeable (reviewed in[START_REF] Klaholz | Molecular recognition and catalysis in translation termination complexes[END_REF]. In contrast, eukaryotes only have one class I release factor: eRF1. (2) A second difference is that the prokaryotic class II release factor, RF3, only enhances translation termination[START_REF] Grentzmann | Release factor RF-3 GTPase activity acts in disassembly of the ribosome termination complex[END_REF], while the class II release factor in eukaryotes eRF3a is required(Alkalaeva et al., 2006). This suggests another mechanism
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 412 Figure 4.1.2: Mechanism of prokaryotic translation termination by RF2. a: Detail of the translation termination structure of the 70S-RF2 ribosome crystal structure from Weixlbaumer et al. (2008, PDB ID: 2wh1, chain v,w,x,y) showing P-and E-site aminoacyl-tRNAs, RF2 and mRNA (orange, cyan and gray, respectively). b: Close-up view showing the GGQ motif of RF2 in close proximity of the peptidyl transferase center. c: Close-up view on the RF2stop-codon interaction. The stop codon residues are highlighted in red. The figure was prepared with PyMOL (Schrodinger, 2010).

  stalled ribosomes were purified using sucrose gradient centrifugation and mRNA affinity purification. Recombinant full-length human release factors were expressed and purified to homogeneity. The human translation termination complexes were reconstituted with the individually purified ribosomal complexes, and release factors. The quality of the reconstituted human translation termination complexes was assessed biochemically and by
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 421 Figure 4.2.1: Influence of mRNA capping on translation efficiency. Left: Purified Vaccinia capping enzyme used to cap the luciferase mRNA. Right: Luciferase activity after translation of capped and uncapped luciferase mRNA in HeLa cell extract. As control the luciferase activity after translation without mRNA (no mRNA) and luminescence of the luciferase reagent alone (background) were measured.

  [START_REF] De La Pena | Structural insights into the mechanism and evolution of the vaccinia virus mRNA cap N7 methyl-transferase[END_REF]: a methyl-transferase domain (MT-D1) and a stimulatory subunit (D12). The protein complex was purified by Ni-NTA, cation exchange column) and size exclusion (Superdex 200 column) (see Material and Methods in Chapter 6.4 for details).

  Figure 4.2.1 shows the purified, active VCE protein complex. Using luciferase mRNA, capped with VCE, enhanced luciferase activity fifteen times compared to the luciferase activity after translation of uncapped mRNA (Figure 4.2.1).

terminal

  Figure 4.2.2: Purification of eukaryotic release factor constructs. a: Chromatograms for purification of human eRF3a-His with Ni-NTA, MonoQ and SP-Sepharose, and SDS gel showing purified eRF3aS and eRF3aL; b: Purification profiles for human His-eRF3a with NiNTA and MonoQ, and purified protein; c: Chromatogram for purification of human eRF3aFL from insect cells with Ni-NTA and MonoQ, and purified protein after concentration; d: Elution profiles for purification of human eRF1AGQ with NiNTA and MonoQ, and purified protein after concentration.

  changed from E. coli to insect cells (pFastBAC_eRF3a, see Appendix I). The latter contain a lower amount of endogenous proteases. Pure, RNase-free protein could be obtained in a high yield by His-tag purification and anion exchange chromatography (MonoQ) (yield: 40 mg/liter of culture) (Figure 4.2.2 c, Figure 4.2.3, see Material and Methods in Chapter 6.4 for details).
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 423 Figure 4.2.3: Efficiency of the different release factor complexes in ribosomal stalling. Left: Agarose gels showing the integrity of mRNA after incubation of mRNA with individual release factors for 1h at 37ºC. Right: Luciferase activity after translation of luciferase mRNA in presence/absence of release factor complexes. As positive control luciferase activity was measured after translation without addition of release factor complexes. Luciferase activity after translation without mRNA (no mRNA) and the luciferase reagent alone (background) were measured as negative controls.

Figure 4

 4 Figure 4.2.4: Efficiency of different mRNA-tags in mRNA affinity purification. Left:Agarose gel showing eluted mRNA after pulldown using lambda-BoxB interaction[START_REF] Czaplinski | Identification of 40LoVe, a Xenopus hnRNP D family protein involved in localizing a TGF-beta-related mRNA during oogenesis[END_REF]; Middle: Agarose gel showing pulldown of S1-mRNA using Streptavidin-agarose beads and elution with biotin[START_REF] Srisawat | RNA affinity tags for purification of RNAs and ribonucleoprotein complexes[END_REF]; Right: Agarose gel showing pulldown of mRNA using biotinylated oligo(dT) primers and elution with RNase[START_REF] Von | Direct observation of distinct A/P hybrid-state tRNAs in translocating ribosomes[END_REF]. The yield was estimated by comparison of band intensities with defined amounts of mRNA loaded onto the same gel. Schemes of the three different tags are drawn for clarity.

Figure 4

 4 Figure 4.2.4 shows agarose gels of the eluted mRNAs. Using the BoxB elements, ca. 5% of the input mRNA could be eluted from the glutathione beads. In comparison, only 2% of the S1-tagged mRNA could be eluted from streptavidin beads after addition of biotin and elution of the oligo(dT)-hybrid mRNA by RNaseH digestion from streptavidin beads resulted in 3%

  Figure 4.2.5a, see Material and Methods in Chapter 6.5 for details): First, BoxB-mRNA was translated in vitro in presence of GTP activated eRF1AGQ-eRF3aS complexes. The translation was stopped by addition of cycloheximide which should also prevent nascent chain release. Next, the 80S ribosomes were purified by a 5-30% sucrose gradient centrifugation. Subsequently, the fractions corresponding to 80S were incubated with lambda-glutathione beads. Finally, since the release factors are only loosely bound, they dissociate from the complex during the sucrose gradient centrifugation. Therefore, pre-incubated eRF1AGQ-eRF3aFL-GTP complexes were re-bound to the eluted ribosome-mRNA complexes (see Material and 6.6 for details). The complexes were concentrated by centrifugation through a sucrose cushion, and the ribosomal pellet was re-suspended.The presence of the mRNA in the ribosomal fraction was confirmed by a Northern blot (Figure4.2.5 b). The mRNA amount is clearly enriched after concentration of the ribosome-mRNA complexes eluted from the lambda-glutathion beads (Figure4.2.5 b, Elution), while the amount of mRNA present in the 80S containing fractions collected from the sucrose gradient remains under the detection limit (Figure4.2.5 b, Input and Flow through).Additionally, the presence of the 40S and 60S ribosomal RNA as well as the BoxB-mRNA in the purified complex could be confirmed by an agarose gel (Figure 4.2.5 c). A Western blot against His-tag confirmed the presence of eRF1AGQ, eRF3aFL and GST-lambda-His in the re-suspended pellet (Figure 4.2.5 d). The agarose gel (Figure 4.2.5 c) and the Western blot (Figure 4.2.5 d) both indicate that also free BoxB-mRNA-lambda complexes were enriched
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 425 Figure 4.2.5: Purification of stalled terminating ribosomes using BoxB-lambda. a: Scheme of the purification strategy used; b: Northern blot of the affinity purification steps using lambda-GST chromatography. c: Agarose gel showing the rRNA and mRNA present in the resuspended pellet of the purified translation termination complexes after the final sucrose cushion centrifugation step. d: Anti-his-tag Western blot of the resuspended pellet of the purified translation termination complexes after the sucrose cushion centrifugation step. e: negative stain EM picture of the resuspended ribosome pellet.
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 426 Figure 4.2.6: Comparison of the reconstruction from negative stain data with the reference used for the reconstruction (EMDB ID: 1670)(Flanagan et al., 2010) and the mammalian pretermination complex (EMDB ID: 5518; Taylor et al., 2012). Ribosomes presented with view on the A-site (top) and on the E-site (bottom). Left: Translating ribosome from rabbit reticulocyte lysate (EMDB ID: 1670; Flanagan et al., 2010), lowpass filtered to 20 Å for clarity. 60S is shown in blue, 40S in yellow and tRNA in green. Middle: Reconstruction from negative stained particles. Right: Mammalian pre-termination complex (EMDB ID: 5518; Taylor et al., 2012), 60S is shown in blue, 40S in yellow and tRNA in green, eRF1-eRF3a is shown in red. The figure was prepared with PyMOL (Schrodinger, 2010).

  resulted in a reconstruction of relatively low resolution (19 Å) indicating remaining heterogeneity in the subset of the data used for the 3D reconstruction. The Mammalian Pre-Termination and the Yeast No-Go Decay Structure What can we expect from a structure of a human translation termination by cryo-EM? To date, two EM-structures addressing translation termination complexes were published: Tailor et al. (2012) solved a rabbit ribosome-eRF1-eRF3a N-GMPPNP structure. Becker et al. (2010) describe a yeast ribosome with Dom34-Hbs1 (Figure 4.3.1). The complex of Dom34-Hbs1 is involved in No-Go mediated decay and is structurally homologous to eRF1-eRF3a
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 431 Figure 4.3.1: Quasi atomic models for the mechanism of translation termination in No-Go decay[START_REF] Becker | Structure of the no-go mRNA decay complex Dom34-Hbs1 bound to a stalled 80S ribosome[END_REF][START_REF] Becker | Structural basis of highly conserved ribosome recycling in eukaryotes and archaea[END_REF]. Left: Conformation of Dom34-Hbs1 (cyan and magenta), when bound to the A-site of a No-Go stalled yeast ribosome (picture prepared from PDB ID: 3izq;Becker et al., 2011 and 3j16;[START_REF] Becker | Structural basis of highly conserved ribosome recycling in eukaryotes and archaea[END_REF]; Right: Conformation of Dom34 (cyan) in complex with the yeast recycling factor Rli1 (purple), when bound to the A-site of a No-Go stalled yeast ribosome (picture prepared from PDB ID: 3j16;[START_REF] Becker | Structural basis of highly conserved ribosome recycling in eukaryotes and archaea[END_REF]. The P-site tRNA is shown in orange. The L 3-4 loop which is homologous to the GGQ-motif and the decoding site of Dom34 are highlighted in orange. The figure was prepared with PyMOL (Schrodinger, 2010).
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 432 Figure 4.3.2: Current model of the molecular mechanism of eukaryotic translation termination (adapted from scheme in Alkalaevaet al., 2006;[START_REF] Jackson | Termination and post-termination events in eukaryotic translation[END_REF][START_REF] Pisarev | The role of ABCE1 in eukaryotic posttermination ribosomal recycling[END_REF]. Translating ribosomes containing a stop-codon in the A-site (red) are recognized by a pre-assembled eRF1/eRF3a/GTP complex (blue, purple, green) and a pre-termination complex is formed. GTP is hydrolyzed by eRF3a. A conformational change in eRF1 triggers nascent chain release from the P-site tRNA. This is either induced by dissociation of eRF3a or a conformational change in the release factors after GTP-hydrolysis. A post-termination complex is formed after ABCE1/Rli1 (pink) recruitment, which results eventually in complex dissociation and ribosome recycling.

  release factor-GTP complex, when bound to ribosomes. Here the ligand conformation becomes more compact, when it binds to the ribosomes.A not yet understood switch triggers a conformational change in the release factors that results in nascent chain release. Cryo-EM investigations could help to unveil this open question in the future. In both cases the protein(s) undergo conformational changes upon ribosome-binding. Therefore, SRP-FtsY and the eukaryotic release factors are a typical example for these conformational changes

  Plasmid DNA PurificationPlasmid DNA purification was performed from overnight cultures with Mini-,Midi-or Maxiprep (Qiagen) using the protocols provided by the manufacturer. DNA Sequencing 100 µg/µl DNA were sent for sequencing to Macrogen. Either provided standard primers were used or 50 µg/µl primers were shipped along with the plasmid DNA for the sequencing reaction.Chapter 6.3: RNA MethodsIn vitro transcription with T7 RNA polymerase Plasmid DNA (pUC19 NCboxBpolyA, pUC19 NCS1polyA or pUC19 Lep50) were linearized by restriction digest with HindIII. The transcription reactions (10 µg of DNA, 7 mM NTPs, 2 U/µl T7 RNA Polymerase, 0.8 U/µl RNAsine, 200 mM Hepes-KOH (pH 7.6), 30 mM Mg(OAc)2, 2 mM Spermidine, 40 µM DTT) were incubated for 2-4 h at 37ºC. To purify the transcription products, the RNA was precipitated by addition of LiCl to a final concentration of 3M followed by centrifugation at 13 000 rpm for 30 min at 4° in a tabletop centrifuge. The pellet was washed with 70% EtOH and re-suspended in 200 µl water. In a second purification step the re-suspended solutions were again precipitated by addition of 5/7 V EtOH and 1/10

  linkFfh) were co-transfected with a plasmid encoding for 4.5S RNA (pUC19_Ffs) into chemically competent BL21(DE3)*. Cells were grown over night at 37ºC in LB medium, containing 100 µg/ml Ampicillin and 50 µg/ml Kanamycin. Each liter of culture was inoculated with 10 ml of overnight culture and grown at 37°C until OD 600 =0.8 was reached and grown further on at 30°C. Expression was induced by addition of 1mM IPTG at OD 600 =1 for 4-5 h and cells were harvested by centrifugation. 40-80g of the cell pellet was re-suspended in buffer S1 (50 mM Hepes-KOH pH 8.0, 100 mM KCl, 10 mM MgCl 2 , 10 mM Imidazole, 1mM -mercapto-ethanol) containing 0.1 mM Triton X-100 and 0.1 mM PMSF. Cells were lysed by French press and the cleared lysate was subjected to a 5 ml Ni-NTA column (GE-Healthcare). The column was washed with buffer S1 containing 500 mM KCl and buffer S1 containing 30 mM Imidazole. The scSRP construct was eluted with buffer S1 containing 160 mM Imidazole and directly loaded onto a 1.5 ml Strep-tactin sepharose column (IBA, Göttingen Germany). The column was washed extensively with 50 ml Buffer ST1 ( 50 mM Hepes-KOH pH 7.5, 100 mM KOAc, 8 mM Mg(OAc) 2 , 0.5 mM EDTA, 0.01% Tween-20, 1 mM PMSF) and the protein was eluted with Buffer ST1 containing 3 mM D-Desthiobiotin (Sigma).

  of the RNC FtsQ -scSRP-GMPPCP dataset were taken on a Phillips CM200 microscope (EMBL Heidelberg) operating at 200 kV. The data was recorded on film and good negatives were scanned on a Photoscan TD Scanner (Zeiss) with resulting pixel size of 1
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	E. coli Strain	Genotype				Application
	Top10 (Invitrogen)	F-mcrA (mrr-hsdRMS-	Cloning/Plasmid
		mcrBC) 80lacZM15 lacX74	propagation
		recA1 ara139 (ara-leu)7697
		galU galK rpsL (Str R ) endA1
		nupG			
	XL1 blue (Stratagene)	endA1 gyrA96(nal R ) thi-1	Plasmid	propagation
		recA1 relA1 lac glnV44 F'[ ::Tn10 proAB + lacI q	(containing PolyA)
		(lacZ)M15] m K + )	-hsdR17(r K
	Omnimax (Invitrogen)	F´ [proAB lacI q lacZ M15 Tn10(Tet R ) (ccdAB)] mcrA	Cloning/Plasmid propagation	(easily
		(mrr hsdRMS-mcrBC)	mutated)
		80(lacZ) M15	(lacZYA-
		argF)U169 endA1 recA1
		supE44 thi-1 gyrA96 relA1
		tonA panD			
	BL21* (Invitrogen)	F -ompT hsdS B (r B	-, m B	-)	Expression
		galdcmrne131 (DE3)		
	Rosetta (Millipore)	F -ompT hsdS B (r B dcm pRARE (Cam R ) -m B	-) gal	Expression
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	.1.2: Media		
	Name	Purpose	Composition
	LB Medium	overnight cultures	10 g/l Tryptone
			5 g/l Yeast extract
			10 g/l NaCl
	2YT Medium	expression	16 g/l Tryptone
			10 g/l Yeast extract
			5 g/l NaCl
	TB Medium	expression	12g/l Tryptone
			24g/l Yeast extract
			0.4%(v/v) Glycerol
			10%(v/v)	Phosphate
			solution (0.17M KH 2	PO 4	,
			0.72M K 2	HPO 4	)
	Table 6.1.3: List of Buffers		
	Buffer	Composition	
	binding buffer	20 mM Hepes, pH 7.6
		150 mM KCl	
		10 mM Mg(OAc) 2
		1 mM DTT	
		5% Glycerol	
		0.05% Tween-20	
	binding buffer 2	250 mM Sucrose	
		20 mM Hepes, pH 7.6
		150 mM KCl	
		6 mM Mg(OAc) 2
		2 mM DTT	
		10 µg/ml cycloheximide
	Binding buffer S	50 mM Hepes-KOH pH 7.5
		100 mM KOAc	
		8 mM Mg(OAc) 2
	Buffer E1	50 mM Hepes pH 8
		150 mM KCl	
		10 mM Mg(OAc) 2
		10 mM Imidazole
		5% Glycerol	
	Buffer E2	50 mM Hepes pH 7.5
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	.2.1: List of Primers		
	Construct	Template forward primer	reverse primer
	pUC19_NCPestovaS1	pUC19_NCboxb	5'-	5'-cgtgtagatctcccggcccgcgactatcttacgcacttgcatgattctgg-
	PolyA	polya	acacacggcggccgcctgcagaccgaccagaat	3'
			catgcaagtgcg-3'	
	pPROEX_eRF3aFL	pEt15b_eRF3a	5'-gatataccatggatccgggcagtg-3'	5'-gcatgctcgagttagctagcgtctttctctggaaccagtttcag-3'
	pFastBac_eRF3aFL	pEt15b_eRF3a	5'-gatataccatggatccgggcagtg-3'	5'-gcatgctcgagttagctagcgtctttctctggaaccagtttcag-3'
	biotinylated_dT	-		5'-biotin-acacattttttttttttttttttttttttttttttttttt-3'
	pET24a_H_FtsYdNlin	pET24a_FtsYdN	5'-	5'-
	kFfh_S	linkFfh	aattaacatatgcatcatcaccatcaccatggtaaaa	attaataagcttagccgctacccgctttctcaaactgcggatggctccatgacg
			aaatcgacgatgatc-3'	cagatctgcgaccagggaag-3'
	DNA Ligation			
	Ligations were performed with T4 DNA ligase (NEB) using a molar ratio of plasmid to insert
	between 1:3 to 1:10 in ligase buffer (50 mM Tris-HCl, 10 mM MgCl 2 , 1 mM ATP, 10 mM

  110L Microfluidizer Processor (Quadro Engineering Corp.). The cleared lysate was loaded on 9 ml Glutathione pre-packed column (GE Healthcare), washed with 50 ml Buffer G and eluted with 15 ml Buffer G containing 20 mM Glutathione. The buffer of the elution was exchanged to Buffer G by passing the over a 10 ml desalting column (GE Healthcare) and loaded on a 1 ml His-trap column (GE Healthcare). The column was washed with 20 ml Buffer G containing 30 mM Imidazole and eluted with 15 ml Buffer G containing 250 mM
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	.4.1: Extinction coefficients of the proteins used in this study
	Protein	(M -1 cm -1 )
	scSRP (from 4.5S RNA concentration A260) 37620
	eRF1AGQ	29300
	eRF3aFL	45660
	eRF3aS	39970
	Lambda-GST	49500
	VCE	117000
	Chapter 6.5: Protein Analysis	
	SDS-Poly-Acrylamide Electrophoresis	
	Proteins were supplemented with 4x loading dye (8% SDS, 40% Glycerol, 0.24 M Tris pH
	6.8, 20% -mercapto ethanol, 0.0036% bromophenol blue) and separated by denaturing
	sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Gels ranging
	between 10% and 15% poly-acrylamide were cast in a Mini-PROTEAN 3 Multi-Casting
	Chamber (Biorad) using standard protocols (separating gel: 10-15% Acrylamide/Bis-
	acrylamide (30%/0.8% (w/v)), 0.375 M Tris pH 8.8, 0.1% SDS,1% APS, 0.5% TEMED;
	stacking gel: 2.5% Acrylamide/Bis-acrylamide (30%/0.8% (w/v)), 0.25 M Tris pH 6.8, 0.1%
	SDS, 1% APS, 0.5% TEMED) and run at 150-200 V in running buffer (24.7 mM Tris, 191.8
	mM Glycine, 0.1% (w/v) SDS) in a 2-gel vertical electrophoresis system (Bio-Rad).
	To obtain better resolved gels, Tricine-Gels were cast (separation gel:15% Acryamide (40%;
	29:1), 1M Tris/HCl pH 8.45, 0.1% SDS, 8% (v/v) Glycerol, 0.75% APS, 0.075% TEMED ;
	stacking gel : 4% Acryamide (40%; 29:1), 1M Tris/HCl pH 8.45, 0.1% SDS, 0.75% APS,
	0.075% TEMED), the gels were run with cathode buffer (0.1 M Tris/HCl, 0.1 M Tricine,
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membrane ou dans l'espace extérieur de la cellule, est crucial. Les informations pour l'acheminement sont fournies sous forme de séquence de signal par la protéine. Dans le cas d'E.coli, les protéines membranaires sont orientées vers la membrane simultanément à la traduction via la particule de reconnaissance du signal (Signal recognition particule-SRP). La SRP et ses récepteurs sont chacun des GTPases qui délivrent le RNC vers le tunnel d'acheminement de la protéine. Ainsi le polypeptide naissant est introduit à travers la membrane. Aujourd'hui, beaucoup de données biochimiques et plusieurs structures d'importants complexes de ce processus sont disponibles. Elles ont mises en lumières les mécanismes moléculaires des processus de ciblages et de déplacement.
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Chapter 1: Introduction

Summary of Chapter 1

Targeting of proteins to their proper location inside the cell, in the membrane or in the extracellular space is crucial to the cell. The targeting information is provided in form of a signal sequence by the protein itself. In E. coli, mostly membrane proteins are targeted cotranslationally via the signal recognition particle (SRP) to the membrane. The SRP and its receptor are both GTPases which handover the ribosome-nascent chain complex to the protein-conducting channel. Subsequently, the nascent polypeptide is translocated into or across the membrane. To date, many biochemical data and several structures of important complexes along the pathway are available which shed light on the molecular mechanism of the targeting and translocation process.

Résumé de Chapitre 1

Le transport des protéines vers leur cible propre à l'intérieur de la cellule, au niveau de la

Thesis

Chapter 2.1 Ottilie von Loeffelholz Results

Summary and Conclusion of Chapter 2.1

SRP and FtsY are able to bind to RNCs translating the post-translationally secreted protein EspP (Publication 2, Figure 1, Supplementary Figure 1b). We solved the structure of the RNC EspP -scSRP complex after computational sorting using SPIDER and XMIPP. We tested different strategies for computational sorting which showed similar overall results. In the end, reference-based supervised classification was used to generate a RNC EspP -scSRP sub-pool which was refined to 12 Å (Publication 2, Supplementary Figure 3). The EM reconstruction of the RNC EspP -scSRP complex revealed that SRP and FtsY form an "early-like" complex, when bound to RNC EspP (Publication 2, Figure 2a). However, this complex does not fully adopt the targeting-compatible "early" state that has been reported in the reconstruction of RNC FtsQ -scSRP which contains a correct cargo [START_REF] Estrozi | Cryo-EM structure of the E. coli translating ribosome in complex with SRP and its receptor[END_REF]. A heterogeneity analysis in XMIPP and SPARX showed that at least two different conformations are formed by SRP and FtsY in the presence of the incorrect cargo RNC EspP confirming that the interaction between SRP and FtsY is not as stable as the interaction with RNC FtsQ (see Publication 2, Supplementary Figure 56). This is an effect of the unusual N-terminal extension of the EspP signal sequence which does not prevent binding of scSRP to RNC EspP but inhibits full rearrangement into the "early" state and subsequent formation of the "closed" state (Publication 2, Figure 2a, 3, 5, Table 1). This somewhat unstable arrangement of SRP and FtsY on RNC EspP likely leads predominantly to dissociation of FtsY from the RNC EspP -SRP complex. Due to this, co-translational targeting of RNC EspP is delayed and ultimately abandoned when the nascent chain becomes too long (Publication 2, Figure 1 and Supplementary Figure 1). -----------E.coli_Ffh -----------