Summary

Pervasive transcription is a common phenomenon both in eukaryotes and prokaryotes that consists in the massive production of non-coding RNAs from non-annotated regions of the genome. Pervasive transcription poses a risk that needs to be controlled since it can interfere with normal transcription of canonical genes. In S.cerevisiae, the helicase Sen1 plays a key role in restricting pervasive transcription by eliciting early termination of non-coding transcription. Sen1 is highly conserved across species and mutations in the human Sen1 orthologue, senataxin (SETX), are associated with two neurological disorders. Despite the major biological relevance of Sen1 proteins, little is known about their biochemical properties and precise mechanisms of action.

During my PhD I have studied in detail the mechanisms of termination by Sen1.

In a first project, I have characterized the biochemical activities of Sen1 and investigated how these activities partake in termination. To this end I have employed a variety of in vitro approaches, including a minimal transcription-termination system containing only purified Sen1, RNA polymerase II (RNAPII) and DNA transcription templates that allows modifying the different elements of the system in a controlled manner to understand their role in termination. First, I have analysed the function of the different domains of Sen1 in termination. Sen1 is a large protein composed of a central catalytic domain flanked by additional domains with proposed roles in protein-protein interactions. I have demonstrated that the central helicase domain is sufficient to elicit transcription termination in vitro. Next, I have shown that Sen1 can translocate along single-stranded nucleic acids (both RNA and DNA) from 5' to 3'.

Then, I have analysed the role of the different nucleic acid components of the elongation complex (i.e. nascent RNA and DNA transcription templates) in termination. My results indicate that termination does not involve the interaction of Sen1 with the DNA but requires Sen1 translocation on the nascent RNA towards the RNAPII. Importantly, I have shown that upon encountering RNAPII, Sen1 can apply a mechanical force on the polymerase that results in transcription termination when RNAPII is paused under certain conditions. This indicates that RNAPII pausing is a strict requirement for Sen1-mediated termination.

In a second project, in collaboration with the group of E. Conti we have performed a structure-function analysis of the helicase domain of Sen1. Comparison of Sen1 structure with that of other related helicases has revealed an overall similar organization consisting in two tandem RecA-like domains from which additional accessory subdomains protrude. In general, the core RecA-like domains are very well conserved among related helicases and most variation is found in the accessory subdomains, which often confer specific characteristics to different helicases. Indeed, we have found that Sen1 contains a unique but evolutionary conserved structural feature that we have dubbed the "brace". In addition, Sen1 is different from other helicases in an auxiliary subdomain that we have named the "prong". Importantly, we have shown that the integrity of this subdomain is critical transcription termination by Sen1. We propose that the specific features identified in our structural analyses are important determinants of the transcription termination activity of Sen1.

Finally, we have used Sen1 as a model to investigate the molecular effect of SETX mutations linked to neurodegenerative diseases. We have introduced a set of disease-associated mutations in Sen1 and performed a complete biochemical characterization of the different mutants in vitro. Importantly, we found that all mutants were severely affected in transcription termination. Taken together, our results elucidate the key structural determinants of the function of Sen1 and shed light on the molecular origin of the diseases associated with SETX mutations.

Résumé

La transcription cachée est un phénomène répandu aussi bien chez les eucaryotes que chez les procaryotes. Elle se caractérise par une production massive d'ARNs non-codants au niveau de régions non-annotées du génome et est potentiellement dangereuse pour la cellule car elle peut interférer avec l'expression normale des gènes.

Chez S. cerevisiae, l'hélicase Sen1 induit la terminaison précoce de la transcription non-codante et joue ainsi un rôle clé dans le contrôle de la transcription cachée. Sen1 est très conservée et des mutations dans son homologue humain, senataxin (SETX), ont été associées à des maladies neurodégénératives. Malgré de nombreuses recherches menées sur ces protéines, leurs propriétés biochimiques ainsi que leurs mécanismes d'action restent peu connus. Durant ma thèse, j'ai étudié le mécanisme de terminaison par Sen1.

Premièrement, j'ai caractérisé les activités biochimiques de Sen1 et analysé comment elles permettent d'induire la terminaison. Pour cela, j'ai utilisé un ensemble de techniques in vitro, notamment un système de transcription-terminaison qui contient uniquement des composants purifiés : Sen1, l'ARN polymérase II (Pol II) et les ADN matrices. Ce système permet de modifier les différents éléments de façon contrôlée afin de comprendre leur rôle précis dans la terminaison. J'ai tout d'abord analysé la fonction des différents domaines de Sen1 dans la terminaison. Sen1 est une protéine de taille importante qui possède un domaine central catalytique flanqué par deux domaines impliqués dans l'interaction avec d'autres facteurs. J'ai montré que le domaine hélicase est suffisant pour déclencher la terminaison de la transcription in vitro. Ensuite, j'ai montré que Sen1 utilise l'énergie de l'hydrolyse de l'ATP pour se déplacer sur des acides nucléiques simple bras (ARN et ADN) dans le sens 5' vers 3'. J'ai alors étudié le rôle des différents acides nucléiques du système dans la terminaison par Sen1 et j'ai montré que l'interaction de Sen1 avec l'ADN n'est pas nécessaire; en revanche Sen1 doit s'associer à l'ARN naissant et se déplacer vers la polymérase. J'ai aussi montré qu'une fois que Sen1 entre en collision avec la Pol II, elle y exerce une action mécanique qui conduit à la terminaison uniquement quand la Pol II marque une pause. Cela indique que la terminaison est fortement dépendante de la pause transcriptionnelle.

Deuxièmement, en collaboration avec le groupe d'E. Conti, nous avons réalisé une analyse structure-fonction du domaine hélicase de Sen1. Nous avons observé que Sen1 présente une organisation similaire à celle d'autres hélicases proches avec un core composé de deux domaines de type RecA avec plusieurs domaines auxiliaires.

En général, le core est très conservé au sein des hélicases proches, alors que les domaines accessoires ont des caractéristiques distinctes qui confèrent des propriétés spécifiques aux différentes hélicases. En effet, nous avons identifié un sous-domaine spécifique à Sen1 mais conservé au cours de l'évolution que nous avons appelé le "brace". Nous avons également détecté des différences notables au niveau d'un autre domaine accessoire que nous avons nommé le "prong". Nous avons pu montrer que le "prong" est essentiel pour la terminaison par Sen1. Nos données suggèrent que les caractéristiques structurales spécifiques de Sen1 que nous avons révélées sont des déterminants majeurs de son activité dans la terminaison de la transcription.

Finalement, nous avons utilisé Sen1 comme modèle pour étudier des mutations dans SETX qui sont associées à des maladies neurodégénératives. Nous avons introduit chez Sen1 une partie des mutations liées à des maladies et nous avons réalisé une caractérisation biochimique complète de chaque mutant. Nous avons ainsi montré que toutes les mutations sont fortement délétères pour la terminaison de la transcription.

En conclusion, nos résultats ont permis d'améliorer la compréhension de l'origine des maladies provoquées par des mutations dans SETX. however mRNAs comprise only 1-5% of total cellular RNA. Most of the RNA in cells is non-coding RNA. Some of them accomplish important cellular functions, while many others do not have any assigned role. For example, ribosomal RNAs (rRNAs) are involved in forming ribosomes and catalyzing protein synthesis [START_REF] Yusupov | Crystal structure of the ribosome at 5.5 A resolution[END_REF].

HELICASES AS

Transfer RNAs (tRNAs) play important roles in protein synthesis as adaptors between mRNA and amino acids [START_REF] Sharp | Structure and transcription of eukaryotic tRNA genes[END_REF]. Small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) function in processing of pre-messenger RNA and rRNAs respectively [START_REF] Matera | Non-coding RNAs: lessons from the small nuclear and small nucleolar RNAs[END_REF]. MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) play important functions in RNA silencing and post-transcriptional regulation of gene expression [START_REF]The functions of animal microRNAs[END_REF]. Cryptic unstable transcripts (CUTs) from yeast and promoter upstream transcripts (PROMPTs) from human, on the other hand, are rapidly degraded in wild-type cells and are considered to be non-functional [START_REF] Jensen | Dealing with pervasive transcription[END_REF].

The enzymes responsible for transcription of DNA into RNA are called RNA polymerases. In bacteria there is one RNA polymerase (RNAP), which catalyzes the synthesis of both coding and non-coding RNAs. In contrast, eukaryotes possess three RNA polymerases, which are structurally and mechanistically similar and share a common set of subunits, but they also harbor specific subunits (Table 1) [START_REF] Porrua | Transcription Termination: Variations on Common Themes[END_REF] and are in charge of producing different sets of RNAs (Table 2). 

RNAP I RNAP II RNAP III A190 Rpb1 C160 A135 Rpb2 C128 AC40 Rpb3 AC40 Rpb5 Rpb5 Rpb5 Rpb6 Rpb6 Rpb6 Rpb8 Rpb8 Rpb8 A12.2a Rpb9 C11a Rpb10 Rpb10 Rpb10 AC19 Rpb11 AC19 Rpb12 Rpb12 Rpb12 A14 Rpb4 C17 A43 Rpb7 C25 A49 C37c A34.5 C53c C31 C34d C82d
Adapted from [START_REF] Porrua | Transcription Termination: Variations on Common Themes[END_REF]. 

The RNAP II transcription cycle

Transcription of genes is a highly complicated and tightly regulated process. The cycle of RNAP II transcription can be divided into three stages: initiation, when polymerase is recruited to a promoter and begins to synthesize RNA, elongation, when polymerase adds nucleotides to the growing RNA chain and termination when the polymerase and the RNA product are released from the DNA template.

Initiation

Initiation involves promoter binding, DNA opening and initial RNA synthesis and is finished when the polymerase escapes from the promoter and forms a stable elongation complex (Figure 1) [START_REF] Martinez-Rucobo | Structural basis of transcription elongation[END_REF]. The first step of a canonical promoter binding process is the binding of the TATA box binding protein (TBP) to the consensus sequence TATA(A/T)A(A/T)(A/G) (TATA box) in the promoter region [START_REF] Basehoar | Identification and distinct regulation of yeast TATA box-containing genes[END_REF]. TBP and TBP-associated factors (TAFs) make up TFIID, which has been shown to be involved in expression of most RNAP II-transcribed genes in yeast [START_REF] Huisinga | A genome-wide housekeeping role for TFIID and a highly regulated stress-related role for SAGA in Saccharomyces cerevisiae[END_REF]. TBP has a saddle-shaped structure so that, upon binding the TATA box, it induces a 90-degree bend in the DNA [START_REF] Nikolov | Crystal structure of TFIID TATA-box binding protein[END_REF][START_REF] Kim | Co-crystal structure of TBP recognizing the minor groove of a TATA element[END_REF]. Surprisingly, only around 20% of genes in yeast possess a TATA box ( 13), but TBP is somehow located genome-wide on most yeast promoters [START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF]. Only few base-specific interactions between TBP and DNA are detected; instead the hydrophobic surface formed by A/T-rich DNA is important for binding [START_REF] Kim | Co-crystal structure of TBP recognizing the minor groove of a TATA element[END_REF]. In fact, most of the TATA-less promoters possess a sequence containing two or less mismatches to the consensus TATA box, referred to as TATA-like elements [START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF]. Analyses of promoter sequences resulted in additional promoter elements that can be recognized by TAFs [START_REF] Sainsbury | Structural basis of transcription initiation by RNA polymerase II. Nature reviews[END_REF]. For example, the initiator element, which overlaps TSS, can be recognized by TAF1-TAF2 [START_REF] Chalkley | DNA binding site selection by RNA polymerase II TAFs: a TAF(II)250-TAF(II)150 complex recognizes the initiator[END_REF].

The presence of the auxiliary factor TFIIA can stabilize the TBP-DNA complex, albeit it is not necessary for constitutive transcription. On the contrary, TFIIB is essential for RNAP II recruitment and improves TBP-DNA association. The C-terminal domain of TFIIB recognizes sequences flanking the TATA box and binds TBP, thus facilitating TBP binding to the TATA box [START_REF] Nikolov | Crystal structure of a TFIIB-TBP-TATA-element ternary complex[END_REF]. The N-terminal domain of TFIIB, on the other hand, can interact with RNAP II and recruit it [START_REF] Bushnell | Structural basis of transcription: an RNA polymerase II-TFIIB cocrystal at 4.5 Angstroms[END_REF].

Approximately half of the RNAP II is associated with TFIIF in yeast [START_REF] Rani | RNA polymerase II (Pol II)-TFIIF and Pol II-mediator complexes: the major stable Pol II complexes and their activity in transcription initiation and reinitiation[END_REF]. Similar to TFIIB, TFIIF can interact with the flanking regions of the TATA box. It can also bind to TFIIB, stabilizing its association with the promoter and therefore facilitates the recruitment of the polymerase to the promoter [START_REF] He | Structural visualization of key steps in human transcription initiation[END_REF]. Subsequently, TFIIE binds to the polymerase [START_REF] Flores | Factors involved in specific transcription by mammalian RNA polymerase II. Factors IIE and IIF independently interact with RNA polymerase II[END_REF] and promotes the recruitment of TFIIH to the PIC via its C-terminal region that strongly interacts with TFIIH [START_REF] Ohkuma | Analysis of the role of TFIIE in basal transcription and TFIIH-mediated carboxy-terminal domain phosphorylation through structure-function studies of TFIIE-alpha[END_REF]. TFIIH is composed of 10 subunits and mediates the ATP-dependent opening of the PIC. Subunit ssl2 functions as an ATP-dependent, double-strand DNA translocase. It translocates along the downstream DNA and threads DNA into RNAP II [START_REF] Grunberg | Architecture of the RNA polymerase II preinitiation complex and mechanism of ATP-dependent promoter opening[END_REF], causing strain that aids DNA melting. TFIIB also facilitates this process by binding the melted DNA [START_REF] Sainsbury | Structure and function of the initially transcribing RNA polymerase II-TFIIB complex[END_REF] and stabilizing the transcription bubble [START_REF] Kostrewa | RNA polymerase II-TFIIB structure and mechanism of transcription initiation[END_REF].

After the formation of the open complex, the first ribonucleotide is brought to the active site to initiate polymerization without any primer. The process of initial synthesis can be divided into 3 stages depending on whether the length of the transcript is 5, 10 or 25 nucleotides (nt). Transcripts of less than 5 nt are prone to dissociate and release, leading to frequent abortive initiation. After transcribing the first 5 nt, the transcript enters the space occupied by TFIIB, which may result in a partial displacement of it. When the RNA is around 10-nt long, it can form a much stronger hybrid with the template strand and the extensive transcript contacts with the polymerase lead to stabilization of the elongation complex. The separation of 5' RNA from the template then favors promoter escape [START_REF] Pal | The initiation-elongation transition: lateral mobility of RNA in RNA polymerase II complexes is greatly reduced at +8/+9 and absent by +23[END_REF]. At around 25 nt, transcription initiation is achieved and productive elongation commences [START_REF] Sainsbury | Structural basis of transcription initiation by RNA polymerase II. Nature reviews[END_REF][START_REF] Saunders | Breaking barriers to transcription elongation[END_REF].

Elongation

After escaping the PIC, RNAP II enters the phase of elongation. For many years, studies of transcription regulation have been focused on transcription initiation, and elongation has been considered as the trivial addition of ribonucleoside triphosphates to the growing RNA chain. However, it has become evident that transcription elongation by RNAP II is a highly regulated process [START_REF] Sims | Elongation by RNA polymerase II: the short and long of it[END_REF]. Elongation can be divided into two stages: early elongation and productive elongation. Regulation happens both during early steps of elongation and after RNAP II is released to enter a phase of productive elongation.

The role of the CTD of RNAPII

The C-terminal domain (CTD) extends from the largest subunit of RNAP II (Rpb1) as a long, repetitive and largely unstructured polypeptide chain. The CTD is necessary for the regulation of multiple transcription steps and transcription-associated processes, though it is not required for RNAP II catalytic activity [START_REF] Harlen | The code and beyond: transcription regulation by the RNA polymerase II carboxy-terminal domain[END_REF][START_REF] Hsin | The RNA polymerase II CTD coordinates transcription and RNA processing[END_REF]. This domain is composed of repeats of the heptapeptide YSPTSPS. There are 26 repeats in budding yeast and 52 in humans (Figure 2) [START_REF] Harlen | The code and beyond: transcription regulation by the RNA polymerase II carboxy-terminal domain[END_REF].

The CTD is subject to a plethora of post-translational modifications, including peptidyl prolyl isomerization (Pro), glycosylation (Ser and Thr), and phosphorylation. RNAP II is recruited to promoters with an unphosphorylated CTD [START_REF] Lu | The nonphosphorylated form of RNA polymerase II preferentially associates with the preinitiation complex[END_REF].

Phosphorylation of the Ser5 of the CTD by TFIIH aids promoter escaping [START_REF] Wong | TFIIH phosphorylation of the Pol II CTD stimulates mediator dissociation from the preinitiation complex and promoter escape[END_REF] and favors the recruitment of the RNA capping complex [START_REF] Bharati | The mRNA capping enzyme of Saccharomyces cerevisiae has dual specificity to interact with CTD of RNA Polymerase II[END_REF] during early elongation (before 25 nt). During the transition between early and productive elongation, it exists a key regulatory event in some metazoans called promoter proximal pausing, whereby

RNAP II pauses at 30-60 nt downstream of the transcription start site (TSS). Release of the polymerase from this stage into productive transcription requires CTD Ser2 phosphorylation [START_REF] Peterlin | Controlling the elongation phase of transcription with P-TEFb[END_REF]. The Ser2 phosphorylated CTD also promotes the recruitment of transcription elongation factors, such as the PAF1 complex [START_REF] Qiu | Pol II CTD kinases Bur1 and Kin28 promote Spt5 CTR-independent recruitment of Paf1 complex[END_REF] and Spt6 [START_REF] Sun | A tandem SH2 domain in transcription elongation factor Spt6 binds the phosphorylated RNA polymerase II C-terminal repeat domain (CTD)[END_REF], ensuring an efficient transition to productive elongation, and transcription termination factors (see next section).

The phosphorylation pattern of the CTD in yeast has been extensively characterized (Figure 3) [START_REF] Kim | Gene-specific RNA polymerase II phosphorylation and the CTD code[END_REF]. The first and most studied modifications are the phosphorylation of Ser5 and Ser2. Several studies have revealed that the Ser5 phosphorylation (Ser5P) peaks near the TSS and gradually decreases along the gene, while Ser2P accumulates across the gene and decreases after the polyadenylation site (PAS) [START_REF] Komarnitsky | Different phosphorylated forms of RNA polymerase II and associated mRNA processing factors during transcription[END_REF][START_REF] Licatalosi | Functional interaction of yeast pre-mRNA 3' end processing factors with RNA polymerase II[END_REF], consistent with their distinct roles in the transcription cycle. The Thr4P level increases across the gene and peaks downstream of the PAS. The Thr4P CTD has been shown to interact with Rtt103, a protein involved in transcription termination (see the next section), and it has been proposed that this mark regulates the process of transcription termination and cleavage and polyadenylation [START_REF] Harlen | The code and beyond: transcription regulation by the RNA polymerase II carboxy-terminal domain[END_REF][START_REF] Jasnovidova | Structural insight into recognition of phosphorylated threonine-4 of RNA polymerase II C-terminal domain by Rtt103p[END_REF][START_REF] Zaborowska | The pol II CTD: new twists in the tail[END_REF][START_REF] Harlen | Comprehensive RNA Polymerase II Interactomes Reveal Distinct and Varied Roles for Each Phospho-CTD Residue[END_REF]. The Tyr1P level also rises downstream of the TSS, but it decreases sharply before the PAS. Importantly, it has been shown that the presence of Tyr1P prevents binding of termination factors (e.g. Nrd1, Rtt103

and Pcf11) to the CTD and therefore defines the window of termination [START_REF] Hsin | RNAP II CTD tyrosine 1 performs diverse functions in vertebrate cells[END_REF][START_REF] Descostes | Tyrosine phosphorylation of RNA polymerase II CTD is associated with antisense promoter transcription and active enhancers in mammalian cells[END_REF][START_REF] Mayer | CTD tyrosine phosphorylation impairs termination factor recruitment to RNA polymerase II[END_REF]. The phosphorylation pattern of the CTD across protein-coding genes in budding yeast. See the main text for details. Adapted from ( 28)

Elongation factors

Elongation factors can be defined as any proteins that interact with RNAP II to increase (positive elongation factor) or reduce (negative elongation factor) the rate of transcription elongation. They play fundamental roles in the regulation of gene transcription. There are numerous elongation factors belonging to different classes.

Some factors can modulate RNAPII catalytic activity, others can help RNAP II transcribe through chromatin [START_REF] Sims | Elongation by RNA polymerase II: the short and long of it[END_REF][START_REF] Kwak | Control of transcriptional elongation[END_REF]. I will describe a few examples to gain some insights into the mechanisms of action of elongation factors.

Spt5 (NusG in bacteria) is the only elongation factor that is universally conserved in all domains of life. It binds to Spt4 in eukaryotes, forming the Spt4-Spt5 complex (also named DSIF or DBR sensitivity factor in metazoans). Genome-wide chromatin immunoprecipitation (ChIP) data show that the distribution of Spt4-Spt5 complex along genes mostly mirrors that of RNAP II. The Spt4-Spt5 complex can enhance both the translocation rate and the processivity of the elongating RNAP II in vivo [START_REF] Mason | Distinction and relationship between elongation rate and processivity of RNA polymerase II in vivo[END_REF].

Structural and biochemical data [START_REF] Li | Insights into how Spt5 functions in transcription elongation and repressing transcription coupled DNA repair[END_REF][START_REF] Martinez-Rucobo | Architecture of the RNA polymerase-Spt4/5 complex and basis of universal transcription processivity[END_REF] show that Spt5 binds to RNAP II in a way that it can stabilize the association of Rpb4/7 with the core RNAP II (see the structure of RNAP II in following sections), thereby stabilizing RNAP II in the closed conformation and enclosing the DNA in the central cleft of the polymerase to increase transcription processivity (Figure 4).

TFIIS is another well-studied elongation factor that is able to reactivate arrested RNAP II. During gene transcription, RNAP II can move backwards, at certain sequences, causing misalignment of the RNA 3'-OH with the polymerase active site and leading to transcription arrest [START_REF] Cheung | Structural basis of RNA polymerase II backtracking, arrest and reactivation[END_REF][START_REF] Galburt | Backtracking determines the force sensitivity of RNAP II in a factor-dependent manner[END_REF]. This phenomenon is called backtracking.

In most instances, a backtracked polymerase resumes productive elongation via an evolutionarily conserved mechanism that requires the cleavage of the extruded RNA 3' end, and this process can barely be accomplished by RNAP II itself. TFIIS can stimulate this process by extending from the surface of RNAP II through a pore into the internal active center, positioning a metal ion and a water molecule to enhance the intrinsic nuclease activity of RNAP II [START_REF] Kettenberger | Architecture of the RNA polymerase II-TFIIS complex and implications for mRNA cleavage[END_REF]. The FACT complex (Facilitates Chromatin Transcription) regulates transcription by promoting RNAP II elongation through nucleosomes. This complex functions as a histone chaperone that facilitates transcription by removing the H2A-H2B dimer from nucleosomes and reassembling nucleosomes after RNAP II passage [START_REF] Hsieh | Histone chaperone FACT action during transcription through chromatin by RNA polymerase II[END_REF].

The P-TEFb (positive transcription elongation factor b) complex plays a central role in releasing RNAP II from promoter proximal pausing. This regulatory activity depends on the kinase activity of its subunit CDK9 (Bur1 in yeast) [START_REF] Peterlin | Controlling the elongation phase of transcription with P-TEFb[END_REF]. The P-TEFb complex mediates phosphorylation of the CTD Ser2, as well as the negative elongation factor (NELF) and DSIF (the Spt4-Spt5 complex). Phosphorylation of NELF provokes its eviction from RNAP II, whereas phosphorylation of DSIF turns it from a negative to a positive elongation factor. There are many similar elongation factors that can modify the CTD phosphorylation pattern, thereby regulating transcription (Figure 5). 

Termination

The final stage of transcription is termination, which results in the release of the transcript and the dissociation of the RNA polymerase from the DNA template.

Transcription termination is required for the partition of the genetic information by defining the boundaries of transcription units. However, the functional significance of termination extends beyond the mere definition of gene borders. As termination factors interact with RNA processing and degradation enzymes, they are critical to determine the cellular fate and half-life of the transcript. In this section I will describe the two main pathways for termination of RNAP II-dependent transcription in yeast, which are the cleavage and polyadenylation factor -cleavage factor (CPF-CF) and the Nrd1-Nab3-Sen1 (NNS) dependent pathways.

Termination at protein--coding genes: the CPF--CF pathway

Transcription termination of protein-coding genes relies mainly on the cleavage and polyadenylation factor (CPF)-cleavage factor (CF) (Figure 6). Several components of CPF-CF complex (Rna15, Cft1, Cft2, Yth1, Mpe1 and Hrp1) can recognize specific termination and processing signals at the 3' untranslated region (UTR) of the mRNA.

In addition, the Pcf11 subunit interacts with the Ser2P form of the CTD [START_REF] Xiang | Delineating the structural blueprint of the pre-mRNA 3'-end processing machinery[END_REF], which culminates at the 3' ends of protein-coding genes. Therefore, the CPF-CF complex is recruited to the 3' end of genes. Subsequently, the CPF subunit Ysh1 cleaves the nascent RNA at the poly(A) site [START_REF] Zhao | Cleavage factor II of Saccharomyces cerevisiae contains homologues to subunits of the mammalian Cleavage/ polyadenylation specificity factor and exhibits sequence-specific, ATP-dependent interaction with precursor RNA[END_REF] and adenosine nucleotides are added to the free hydroxyl group on the 3' end (3'OH) by the CPF-associated poly(A) polymerase

Pap1. The poly(A)-binding protein (Pab1) then binds to the newly synthesized poly(A) tail, thereby protecting the transcript from 3' degradation and promoting nuclear export. RNAs produced by this pathway are rapidly exported to the cytoplasm and their half-lives are generally dictated by the cytoplasmic turnover pathways [START_REF] Zenklusen | Single-RNA counting reveals alternative modes of gene expression in yeast[END_REF].

After the mRNA is cleaved from the nascent RNA, the RNAP II transcribes the downstream DNA for less than 150 nucleotides on average [START_REF] Creamer | Transcriptome-wide binding sites for components of the Saccharomyces cerevisiae non-poly(A) termination pathway: Nrd1, Nab3, and Sen1[END_REF]. The RNAP II is subsequently dissociated from the DNA by mechanisms that are still under debate.

Two models have been proposed for termination by this pathway (Figure 6). The allosteric model posits that after transcribing through the poly(A) site, binding of termination factors leads to a conformational change of the elongation complex, possibly accompanied by the loss of anti-termination factors, which causes termination [START_REF] Richard | Transcription termination by nuclear RNA polymerases[END_REF]. Consistent with this model, it has been shown that Pcf11 can destabilize an elongation complex in vitro by simultaneous binding to RNAP II CTD and to the nascent RNA [START_REF] Gilmour | Transcription termination factor Pcf11 limits the processivity of Pol II on an HIV provirus to repress gene expression[END_REF][START_REF] Gilmour | Pcf11 is a termination factor in Drosophila that dismantles the elongation complex by bridging the CTD of RNA polymerase II to the nascent transcript[END_REF][START_REF] Gilmour | CTD-dependent dismantling of the RNA polymerase II elongation complex by the pre-mRNA 3'-end processing factor, Pcf11[END_REF][START_REF] Gilmour | Analysis of polymerase II elongation complexes by native gel electrophoresis. Evidence for a novel carboxyl-terminal domain-mediated termination mechanism[END_REF]. The torpedo model postulates that the cleavage of the nascent RNA at 3' end of protein-coding genes by the CPF-CF complex provides an entry point for the 5'-3' exonuclease Rat1, which degrades the downstream portion of the transcript up to the transcribing RNAP II, leading to the dissociation of the elongation complex [START_REF] West | Human 5' --> 3' exonuclease Xrn2 promotes transcription termination at co-transcriptional cleavage sites[END_REF][START_REF] Kim | The yeast Rat1 exonuclease promotes transcription termination by RNA polymerase II[END_REF].

This would explain the coupling between cleavage and termination, and the occurrence of readthrough transcription when the 5'-3' exonuclease is defective [START_REF] West | Human 5' --> 3' exonuclease Xrn2 promotes transcription termination at co-transcriptional cleavage sites[END_REF][START_REF] Kim | The yeast Rat1 exonuclease promotes transcription termination by RNA polymerase II[END_REF]. In support of this model, Rat1-Rai1 has been shown to be able to dismantle stalled elongation complex in vitro [START_REF] Park | Unraveling the mechanistic features of RNA polymerase II termination by the 5'-3' exoribonuclease Rat1[END_REF][START_REF] Pearson | Dismantling promoter-driven RNA polymerase II transcription complexes in vitro by the termination factor Rat1[END_REF]. Recent genome-wide experiments also shed light on the function of Rat1 (Xrn2 in humans) in termination of protein-coding genes and provided in vivo support for this model [START_REF] Baejen | Genome-wide Analysis of RNA Polymerase II Termination at Protein-Coding Genes[END_REF][START_REF] Fong | Effects of Transcription Elongation Rate and Xrn2 Exonuclease Activity on RNA Polymerase II Termination Suggest Widespread Kinetic Competition[END_REF]. However, there is also in vitro data showing that termination can take place in a poly(A) signal dependent-manner but without RNA cleavage [START_REF] Zhang | Poly(A) Signal-Dependent Transcription Termination Occurs through a Conformational Change Mechanism that Does Not Require Cleavage at the Poly(A) Site[END_REF], suggesting that different mechanisms of termination might coexist.

It is apparently not contradictory to combine the two models and propose a unified allosteric-torpedo one according to which the recruitment of both Pcf11 and Rat1 at sites of cleavage and termination ensures efficient and accurate transcription termination of protein-coding genes in vivo [START_REF] Luo | The role of Rat1 in coupling mRNA 3'-end processing to transcription termination: implications for a unified allosteric-torpedo model[END_REF].

Termination at non--coding genes: the NNS--dependent pathway

As mentioned above, RNAP II transcribes a plethora of non-coding RNAs (ncRNAs) besides protein-coding genes. Some of them play important functional roles, such as snRNAs and snoRNAs, but most of the ncRNAs in yeast are actually non-functional.

In other words, they are considered as by-products of transcription that occurs at the wrong place or in the wrong direction.

In S. cerevisiae, the Nrd1-Nab3-Sen1 (NNS) complex is responsible for termination of transcription of most ncRNAs, including snRNAs, snoRNAs and ncRNAs without any assigned function (e.g. cryptic unstable transcripts or CUTs, see below). The ncRNAs terminated in this pathway are normally rapidly processed or degraded.

The NNS-complex is composed of three essential proteins: the sequence-specific RNA binding proteins Nrd1 and Nab3 and the RNA and DNA helicase Sen1 [START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF][START_REF] Vasiljeva | Nrd1 interacts with the nuclear exosome for 3' processing of RNA polymerase II transcripts[END_REF].

Nrd1 and Nab3 form a tight heterodimer that recognize specific motifs that are enriched in the target ncRNAs [START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF][START_REF] Wlotzka | The nuclear RNA polymerase II surveillance system targets polymerase III transcripts[END_REF][START_REF] Lunde | Structural insights into cis element recognition of non-polyadenylated RNAs by the Nab3-RRM[END_REF][START_REF] Hobor | Recognition of transcription termination signal by the nuclear polyadenylated RNA-binding (NAB) 3 protein[END_REF][START_REF] Vasiljeva | The Nrd1-Nab3-Sen1 termination complex interacts with the Ser5-phosphorylated RNA polymerase II C-terminal domain[END_REF][START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Carroll | Interaction of yeast RNA-binding proteins Nrd1 and Nab3 with RNA polymerase II terminator elements[END_REF]. Nrd1 also contains an N-terminal region that interacts with the CTD of the largest subunit of RNAPII, named CID for CTD interacting domain [START_REF] Vasiljeva | The Nrd1-Nab3-Sen1 termination complex interacts with the Ser5-phosphorylated RNA polymerase II C-terminal domain[END_REF][START_REF] Kubicek | Serine phosphorylation and proline isomerization in RNAP II CTD control recruitment of Nrd1[END_REF]. Specifically, Nrd1 recognizes the Ser5-P form of the CTD, which predominates during early elongation [START_REF] Vasiljeva | The Nrd1-Nab3-Sen1 termination complex interacts with the Ser5-phosphorylated RNA polymerase II C-terminal domain[END_REF][START_REF] Kubicek | Serine phosphorylation and proline isomerization in RNAP II CTD control recruitment of Nrd1[END_REF]. This specific interaction is important for early recruitment of the NNS-complex and for efficient transcription termination (Figure 7). The NNS-complex is recruited to the elongation complex by both the recognition of specific motifs at the ncRNA by Nrd1 and Nab3 and by the interaction of Nrd1 CID with the Ser5-P form of the CTD of RNAP II. Dissociation of the elongation complex is then mediated by the Sen1 helicase.

Nrd1 was discovered in a genetic selection in which Nrd1 acts as a trans-acting factor for nuclear pre-mRNA downregulation (NRD) [START_REF] Steinmetz | Repression of gene expression by an exogenous sequence element acting in concert with a heterogeneous nuclear ribonucleoprotein-like protein, Nrd1, and the putative helicase Sen1[END_REF]. It was subsequently found that Nrd1 was required for termination of snRNAs and snoRNAs. Nrd1 binds specific terminator sequences (GUAA/G) through its RNA recognition motif (RRM) [START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Steinmetz | Control of pre-mRNA accumulation by the essential yeast protein Nrd1 requires high-affinity transcript binding and a domain implicated in RNA polymerase II association[END_REF][START_REF] Carroll | Identification of cis elements directing termination of yeast nonpolyadenylated snoRNA transcripts[END_REF]. Nuclear magnetic resonance (NMR) and fluorescence anisotropy data show that not only GUAA/G but also several other G-rich and AU-rich sequences are able to bind Nrd1 with good affinity [START_REF] Bacikova | Structure and semi-sequence-specific RNA binding of Nrd1[END_REF]. The Nab3 interaction domain (Nab3ID) also plays important roles in recruitment of Nrd1, consistent with the need for cooperativity between Nrd1 and Nab3 for high affinity binding to the RNA [START_REF] Carroll | Interaction of yeast RNA-binding proteins Nrd1 and Nab3 with RNA polymerase II terminator elements[END_REF][START_REF] Carroll | Identification of cis elements directing termination of yeast nonpolyadenylated snoRNA transcripts[END_REF]. Nrd1 also bears a C-terminal low-complexity region enriched in glutamine and proline amino acids (Q/P rich) of unknown function (Figure 8).

Nab3 was found to be able to associate with Nrd1 in a stable heterodimer by genetic and biochemical assays [START_REF] Carroll | Interaction of yeast RNA-binding proteins Nrd1 and Nab3 with RNA polymerase II terminator elements[END_REF][START_REF] Nicholas | A Yeast Heterogeneous Nuclear Ribonucleoprotein Complex Associated With RNA Polymerase II[END_REF]. Similar to Nrd1, Nab3 also has a conserved RNA recognition motif (RRM), which is indispensable for cell viability and binds to a consensus target of UCUUG [START_REF] Hobor | Recognition of transcription termination signal by the nuclear polyadenylated RNA-binding (NAB) 3 protein[END_REF][START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Carroll | Interaction of yeast RNA-binding proteins Nrd1 and Nab3 with RNA polymerase II terminator elements[END_REF][START_REF] Nicholas | A Yeast Heterogeneous Nuclear Ribonucleoprotein Complex Associated With RNA Polymerase II[END_REF] (Figure 8). Flanking the conserved RRM, Nab3 contains two low-complexity domains: a N-terminal aspartic/glutamic acid-rich region (D/E-rich) and a C-terminal glutamine/proline-rich region (Q/P-rich). The N-terminal D/E-rich region is not required for cell viability and its function is unknown, whereas the C-terminal Q/P-rich domain is essential and might play important roles in Nab3 self-association [START_REF] Loya | Yeast Nab3 protein contains a self-assembly domain found in human heterogeneous nuclear ribonucleoprotein-C (hnRNP-C) that is necessary for transcription termination[END_REF][START_REF] Loya | A network of interdependent molecular interactions describes a higher order Nrd1-Nab3 complex involved in yeast transcription termination[END_REF][START_REF] Loya | A genetic screen for terminator function in yeast identifies a role for a new functional domain in termination factor Nab3[END_REF]. Sen1 was recognized as of importance in short transcript termination in the same screen that yielded Nrd1 [START_REF] Steinmetz | Repression of gene expression by an exogenous sequence element acting in concert with a heterogeneous nuclear ribonucleoprotein-like protein, Nrd1, and the putative helicase Sen1[END_REF]. It is the only subunit of the NNS-complex that possesses a catalytic activity. It contains a Superfamily I helicase domain flanked by N-terminal and C-terminal extensions involved in protein-protein interactions [START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF] (Figure 8). Specifically, the N-terminal domain of Sen1 was proposed to mediate interaction with Rnt1, Rad52 and the largest subunit of RNAP II, Rpb1 [START_REF] Finkel | Sen1p performs two genetically separable functions in transcription and processing of U5 small nuclear RNA in Saccharomyces cerevisiae[END_REF][START_REF] Ursic | Multiple protein/protein and protein/RNA interactions suggest roles for yeast DNA/RNA helicase Sen1p in transcription, transcription-coupled DNA repair and RNA processing[END_REF]. The C-terminal region of Sen1 is involved in the interaction with Nab3 and Glc7 [START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF].

Helicases are enzymes that utilize the energy from hydrolysis of ATP to remodel nucleic acid molecules or nucleo-protein complexes and are involved in most processes related to RNA and DNA metabolism. A previous in vitro work performed in my group has shown that Sen1 is the key protein in the transcription termination reaction. Specifically, Sen1 by itself can elicit the dissociation of an elongation complex through a mechanism involving the interaction of Sen1 with the nascent RNA and ATP hydrolysis [START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. It has been proposed that upon recruitment to the nascent transcript, Sen1 translocates along the RNA until it reaches the RNAP II and dissociates the elongation complex [START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF][START_REF] Hazelbaker | Kinetic competition between RNA Polymerase II and Sen1-dependent transcription termination[END_REF]. In addition, a mutation in the RNAP II that increases the elongation rate results in increased read-through at Sen1-mediated terminators, and termination defects in a Sen1 mutant can be partially suppressed by a slowly transcribing RNAP II mutant. These connections between the transcription rate and Sen1 activity support the model that Sen1 needs to translocate along the RNA to catch up with the RNAP II and terminate transcription [START_REF] Hazelbaker | Kinetic competition between RNA Polymerase II and Sen1-dependent transcription termination[END_REF].

Pervasive transcription

Occurrence and significance of pervasive transcription

The development of new sequencing technologies has unveiled an unexpected level of complexity in the eukaryotic and prokaryotic transcription landscapes.

High-resolution techniques such as tiling arrays and, more recently, RNA-seq have revealed that a large proportion of transcripts are not associated with any annotated feature, giving rise to the concepts of "pervasive" and "hidden" transcription ( 5).

These transcripts are often rapidly degraded, and therefore remain invisible unless RNA degradation is prevented, for example, by inactivation of the degradation machinery. In Saccharomyces cerevisiae, one of the main products of pervasive transcription constitutes a class of ncRNAs dubbed cryptic unstable transcripts (CUTs). CUTs are transcribed by the RNA polymerase II (RNAPII), they are capped, relatively small, with an average length of 200 to 500 bp and contain heterogeneous 3' ends [START_REF] Wyers | Cryptic pol II transcripts are degraded by a nuclear quality control pathway involving a new poly(A) polymerase[END_REF]. As mentioned above, their transcription is terminated by the NNS-complex, which also promotes their degradation by the nuclear exosome [START_REF] Thiebaut | Transcription termination and nuclear degradation of cryptic unstable transcripts: a role for the nrd1-nab3 pathway in genome surveillance[END_REF][START_REF] Arigo | Termination of cryptic unstable transcripts is directed by yeast RNA-binding proteins Nrd1 and Nab3[END_REF].

Work from several laboratories has provided a detailed picture of the genomic distribution of CUTs [START_REF] Schulz | Transcriptome surveillance by selective termination of noncoding RNA synthesis[END_REF]100,101), showing that the vast majority of these transcripts originate from nucleosome-free regions (NFRs) often correspond to promoter regions of bona fide genes. This strongly suggests that most yeast promoters are intrinsically bidirectional. Another abundant class of ncRNAs has been named

SUTs for stable unannotated transcripts (102). Their origin is the same as for the CUTs, but they likely differ in their transcription termination mode since they are stable and often longer than CUTs. Finally, a third category of ncRNAs includes mainly antisense transcripts that are stabilized upon mutation of the major cytoplasmic 5' to 3' exoribonuclease Xrn1 (103) and have therefore been designed as XUTs for xrn1-sensitive unannotated transcripts. However, there is considerable overlap between the three classes of transcripts, as their classification is based on the relative contribution of different exonucleases to their turnover rather than on functional criteria.

The biological significance of pervasive transcription is still a matter of debate. Some authors propose an evolutionary role for the production of ncRNAs in the generation of new protein-coding genes (104). In addition, in a growing number of cases, expression of an ncRNA has proved to play a role in the regulation of gene expression.

This is for instance the case of several genes of amino acid and nucleotide biosynthetic pathways, genes involved in phosphate metabolism and genes involved in meiosis ( 105). Although the precise mechanisms of regulation are not always fully understood, ncRNAs whose transcription affects the expression of an associated gene are normally either transcribed upstream of a tandem gene or antisense to the cognate gene. In both cases, non-coding transcription that progresses through the promoter region of the downstream or antisense gene induces repression by mechanisms that involve the deposition of repressive chromatin modifications at the promoter and/or chromatin remodeling that prevents the association of activator proteins (106). 108). This mechanism is, however, only partially efficient so a second pathway plays an additional and major role in the control of pervasive transcription at a post-initiation level. This pathway relies on the NNS-complex, described above, which both elicits early transcription termination and promotes polyadenylation and degradation of the non-coding transcripts by the TRAMP and the exosome complexes, respectively [START_REF] Vasiljeva | Nrd1 interacts with the nuclear exosome for 3' processing of RNA polymerase II transcripts[END_REF][START_REF] Wyers | Cryptic pol II transcripts are degraded by a nuclear quality control pathway involving a new poly(A) polymerase[END_REF][START_REF] Thiebaut | Transcription termination and nuclear degradation of cryptic unstable transcripts: a role for the nrd1-nab3 pathway in genome surveillance[END_REF].

The exosome is a conserved multisubunit complex that functions in degradation of defective transcripts as well as in processing of the 3' ends of stable ncRNAs (snRNAs, snoRNAs and the 5.8S rRNA). It possesses a cytoplasmic and a nuclear form that differ in their associated factors. The cytoplasmic form contains only one catalytic subunit (Rrp44/Dis3) endowed with both endonuclease and 3'-5' exonuclease activities while the nuclear form contains an additional 3'-5' exonuclease, Rrp6 (109-113). The TRAMP complex is considered as a cofactor of the nuclear exosome. It has two alternative forms with a common structure, containing a polyA polymerase (either Trf4 or Trf5), a zinc-knuckle RNA binding protein (either Air1 or Air2) and the DExH-box helicase Mtr4. Both the addition of poly(A) tails by Trf4/5-Air2/1 and the unwinding activity of Mtr4 aid the exosome in degradation of structured RNA substrates [START_REF] Wyers | Cryptic pol II transcripts are degraded by a nuclear quality control pathway involving a new poly(A) polymerase[END_REF](113)(114)(115) The fast removal of CUTs relies not only on the independent function of NNS, TRAMP and the exosome but also on the coordinated interactions between these complexes. Specifically, Nrd1-CID also recognizes a CTD-mimic in the Trf4 component of TRAMP, a sequence that has been dubbed NIM for Nrd1-interaction motif (116). The Nrd1-Trf4 interaction mediated by the CID and the NIM is important for the stimulation of RNA polyadenylation by the TRAMP complex in vitro, and for efficient RNA degradation/processing by the exosome in vivo (117). In addition, crystallographic analyses reveal that the N-terminus of Mtr4 binds to a composite surface groove formed by N-terminal domains of Rrp6 and Rrp47, which might be important for efficient recruitment of Rrp6-containing exosome (118-120).

Similarly, another exosome cofactor Mpp6 also contains a NIM sequence, which binds Nrd1-CID and provides an additional connection between the NNS complex and the exosome (121, 122). Finally, in vitro data support the idea that both Nrd1 and Nab3 can interact directly with Rrp6 (117, 123).

Structural basis of transcription

Structure of RNAP II and elongation complex

Yeast and human RNAP II are both comprised of 12 subunits, Rpb1 to Rpb12 with a total mass of more than 500KD. It can dissociate into a 10 subunit core and a heterodimer composed of subunits Rpb4 and Rpb7 (Table 1). Structural data shows that Rpb1 and Rpb2 form the central scaffold, dubbed the "cleft", that contains the active site (Figure 10). Subunits Rpb3, Rpb10, Rpb11 and Rpb12 form a subcomplex that bridges the two largest subunits. Rpb5, Rpb6 and Rpb8 assemble on Rpb1, and During elongation, RNAP II associates with the DNA template and harbors an RNA-DNA hybrid at the active site, forming the elongation complex. The catalytic center of the RNA polymerase includes the binding sites for the RNA 3'-terminus (i site) and the insertion site for the incoming NTP (i+1 site) (128). The structure of the elongation complex also exhibits a closed conformation. The downstream DNA duplex is unwound before the active center, allowing the template strand to reach the active site. The upstream DNA rewinds as the transcription bubble progresses along the DNA. Within the transcription bubble, the RNA is attached to the catalytic site with its 3' end and forms a 8-9 bp hybrid with the DNA template (Figure 11) [START_REF] Martinez-Rucobo | Structural basis of transcription elongation[END_REF]127,129). The DNA-RNA hybrid is the distinguishing feature of the elongation complex.

Most interactions between RNAP II and nucleic acids occur in the region of the DNA-RNA hybrid (129, 130). The tight binding of RNAP II to DNA-RNA hybrid is one of the main determinants of the stability of the elongation complex and transcription processivity (131). In addition, extensive interactions between RNAP II and the DNA duplex regions also play an important role in stabilizing the elongation complex: Rpb1 and Rpb5 residues interact with the downstream duplex, while Rpb2 residues interact with the upstream duplex (130, 132). 

Nucleotide addition cycle

A complete nucleotide addition cycle includes several steps: selection of the correct NTP, addition of a nucleotide to the 3' end of the RNA, release of pyrophosphate (PPi)

and forward translocation of RNAP II along the DNA and the RNA to free the new nucleotide binding site (i+1 site) (Figure 12). The NTP substrate base-pairs with the DNA template at the i+1 site, located between the RNA 3'-end, the RNAP II bridge helix and the trigger loop (Figure 11 The mechanism of translocation has also been elucidated with structures of RNAP II bound by the mushroom toxin α-amanitin (136, 144). The toxin contacts the bridge helix and the trigger loop, traps the elongation complex in a new conformation that is intermediary between the pre-and the post-translocation states and thereby interfering with the translocation process.

Pausing, proofreading and backtracking

Various factors can induce transcriptional pausing during elongation, such as certain DNA sequences, a mismatched NTP incorporation and DNA lesions [START_REF] Martinez-Rucobo | Structural basis of transcription elongation[END_REF]141,145).

Pausing can be divided into two stages. The first phase is referred to as the elemental pause (145). At elemental pausing, an initial rearrangement of the active site, including a conformational change of the trigger loop, interrupts elongation (146).

Further rearrangements then lead to a long-lived pause or polymerase backtracking along the DNA and RNA. It was proposed that in the elemental pause step, the RNA 3'-end frays away from the DNA template due to the aforementioned rearrangement of the active center (146).

A misincorporated nucleotide can be removed by proofreading (Figure 12). After 147) (Figure 13). Backtracking by one position may thus be facilitated, but further backtracking is probably disfavored because RNA base stacking must be disrupted at the gating tyrosine. This also explains the preference of the polymerase for cleaving dinucleotides (147). However, backtracking often happens more extensively and the RNA extrudes beyond the gating tyrosine and into the secondary pore because the free energy of the elongation complex is lower at an upstream position. Backtracked RNAP II can resume transcription with the help of the transcription factor TFIIS as described before. In short, TFIIS interacts with the polymerase surface and inserts its C-terminal domain (a zinc ribbon) into the pore, reaches the active site and thereby stimulates the RNAP II intrinsic endonucleolytic cleavage activity (Figure 13). 

Classification

According to sequence and structural and functional analyses, all helicases are classified into six superfamilies (SFs). SFs 3 to 6 helicases are hexamers, and most of them can form a ring-shape structure, while helicases from SF1 and 2 do not form the toroidal shape (158, 167). There are several structural and mechanistic features that are conserved across these diverse superfamilies of enzymes. In all cases, the core domains adopt a RecA or an AAA + -like phosphate-loop (P-loop) NTPase fold and can be located either within the same polypeptide chain or between different subunits.

These motifs convert chemical into mechanical energy by coupling the cycle of NTP hydrolysis to protein conformational changes (167, 168).

Most of SFs 3 to 6 helicases have similar ring-shape structural features (167) (Figure 14). Although all of them contain a P-loop NTPase core, individual evolution happens in different superfamilies (169). The nucleotide-binding sites are located at the interface between monomers and include amino-acid residues coming from neighbouring subunits. The ring structure has a central channel which encircles substrate oligonucleotides. The topological link between the protein and the nucleic acid substrate might increase the stability and processivity of the enzyme. This is probably the reason why unwinding of dsDNA ahead of the replication fork seems to be almost carried out by a toroidal helicase in all kingdoms of life (169). SF1 and SF2 helicases share a catalytic core with high structural similarity, consisting of two RecA domains. Based on phylogenetic analyses of the sequence of these helicases, they are further divided into families or groups (Figure 15). Proteins within each of the identified families display similar sequence characteristics. In addition, some mechanistic features are also shared by proteins within the same family, such as the preference for a particular NTP, the ability to unwind nucleic acid duplexes and the translocation polarity. Several characteristic sequence motifs can be identified (Figure 16), although not all motifs are present in each family (158). These motifs were originally considered to be equivalent between the two groups, however structural studies showed later that this was not always the case (159). The level of conservation in the characteristic motifs is high within each family, but only limited conservation remains across both SFs. The highest level of sequence conservation across both SFs is located in motifs responsible for NTP binding and hydrolysis (motif I, II and VI Figure 16) (171). Because my PhD work is focused on the mechanism of action of the SF1 helicase Sen1, in the next sections I will describe the main features of SF1 helicases.

Superfamily 1 helicases

Members of the SF1 superfamily of helicases are defined by several specific sequence motifs, for example the highly conserved motif III sequence GDxxQ is a useful hallmark and diagnostic of SF1 proteins. Several distinct families have been defined within SF1, among them three families are better studied: UvrD/Rep-like helicases, Pif1-like helicases and Upf1-like helicases. Upf1-like helicases are one of the main families in SF1 that can work on RNAs, and Sen1 is one of the important members of this family. Unlike some special helicases, which can translocate along nucleic acids without unwinding activity (eg. dsDNA translocase EcoR124I) (172) or can unwind duplexes without translocation (eg. DEAD-box helicases) (173), SF1 enzymes are mostly canonical helicases (174). In other words, SF1 helicases can translocate on either single-strand DNA (ssDNA) or RNA (ssRNA) and are capable of unwinding duplexes. Based on the direction of translocation on the single-strand nucleic acid, they are further divided into two groups: SF1A helicases can translocate from 3' to 5', whereas SF1B helicases translocate 5' to 3'.

Domain architecture

All SF1 helicases share a common domain architecture comprising two tandem RecA-fold domains constituting the motor domains of the helicase. The NTP binding pocket is located at the interface of the two core domains and motifs contacting the nucleic acids are located across the top surface of both core domains (Figure 17). SF1 helicases normally contain accessory domains either flanking or inserted within the core domains. The position, primary sequence and structural conformation of the accessory domains are quite variable between different SF1 helicases, which endows them with specific functions. The accessory domains can play important roles in targeting helicases to specific substrates or directing them to specific cellular locations, in modulating the helicase activity and in mediating the interaction with other proteins (159,174,175). 

NTP hydrolysis and nucleic acid binding

As mentioned above, the binding sites for the nucleotide are conserved across all six superfamilies of helicases. The NTP binding pocket in SF1 helicases is located at the interface between the RecA1 and RecA2 domains (Figure 17), with only subtle differences observed in available structures. Some specific roles have been elucidated for the amino acids in the binding pockets. For example, the glutamine residue in the Q-motif (in both SF1 and SF2) forms hydrogen bonds with the adenine resulting in a preference for ATP over other NTPs (176). Binding to the NTP leads to closing of the core domains because conserved residues from motif III (RecA1 domain) and motif VI (RecA2 domain) approach to coordinate the γ-phosphate (177). Catalysis is promoted by a divalent cation that is coordinated between the β-and γ-phosphates via a conserved threonine and an aspartate in motifs I and II, respectively (177).

As illustrated above (Figure 16), numerous conserved motifs within the core domains are involved in nucleic acid binding. Regardless the polarity of the helicase, the single-strand nucleic acid is always bound to the core domains with the same orientation: the 3'-end associates with the RecA1 domain and the 5'-end associates with the RecA2 domain (158,174). Accessory domains in SF1 helicases are also able to associate with nucleic acid. Importantly, for some helicases these interactions have been shown to be critical for translocation (177,178).

SF1 enzymes typically display a very low or even undetectable basal ATPase activity

that is remarkably increased by binding to single-strand nucleic acids (159, 174).

Evidence obtained with the PcrA helicase suggests that nucleic acid binding to the helicase leads to a conformational change in the ATP binding pocket that allows the coordination of Mg 2+ required for ATP hydrolysis (174, 179).

Translocation and translocation polarity

The interaction with the single-strand nucleic acid stimulates the helicase ATPase 

Coupling of translocation and strand separation

One common structural feature involved in duplex unwinding in SF1 helicases is a "pin" or "wedge" which locates at ss-ds nucleic acid junction and helps to prise the incoming strands apart during translocation (Figure 19). The location of the pin varies according to the direction of translocation. For SF1A helicases, the RecA2 domain leads during translocation. The structures of PcrA and UvrD show that the pin emanates from the leading RecA2 domain (Figure 19). For some SF1B helicases, on the contrary, the pin is located on the RecA1 domain as an insertion (Figure 19). Whether there is also a pin structure involved in strand separation in Upf1-like helicases remains unclear.

Modulation of the helicase activity and function

Functional specificity of SF1 helicases arises from the presence of distinctive accessory domains and/ or the interaction with partner proteins.

Accessory domains can regulate the helicase activity. It has been shown that monomers of Rep, a SF1A helicase from E. coli, cannot unwind duplex DNA, whereas monomers carrying the deletion of its domain 2B results in proficient, albeit poorly processive, unwinding activity (182). It was suggested that the auto-inhibitory effect of the 2B domain could be relieved by dimerization of Rep proteins or by the interaction with partner proteins (183). A similar auto-inhibition mechanism operates on Upf1 protein as well. The N-terminal domain of Upf1, named the CH domain (rich in cysteine and histidine domain), exerts a cis inhibitory action on both the ATPase and unwinding activity of the helicase core. The CH domain forces Upf1 to bind RNA in a clamping conformation that prevents its function ( 181). The inhibition can be relieved by binding of Upf2 to the CH domain. This interaction triggers a conformational change on the CH domain that promotes the activation of the helicase core. The C-terminal domain of Upf1, conserved in higher eukaryotes, can also lock the Upf1 helicase core in a conformation that is not productive for ATP hydrolysis or duplex unwinding (175).

Partner proteins help helicases to target their specific substrates. For example, E. coli UvrD is involved in both mismatch DNA repair and nucleotide excision DNA repair.

The function of UvrD in the distinct pathways is directed by the interaction with different protein partners. MutL recruits UvrD to the mismatch repair pathway, whereas UvrB directs UvrD to the nucleotide excision repair pathway (184, 185). In the case of yeast Sen1, the aforementioned Upf1-like helicase that plays a key role in non-coding transcription termination, it has been proposed that its recruitment to specific ncRNA targets is enabled by the interaction with Nrd1 and Nab3 [START_REF] Porrua | Transcription termination and the control of the transcriptome: why, where and how to stop[END_REF]. As detailed in a previous section (see section 1.2.3.2), Nrd1 and Nab3 are RNA binding proteins that can recognize specific motifs that are highly enriched on certain classes of ncRNAs.

Helicases as transcription termination factors

In this section I will summarize the most recent advances on the function and mechanisms of action of helicases, both prokaryotic and eukaryotic, that specifically work as transcription termination factors.

Rho

Rho is a bacterial homo-hexameric toroidal motor protein, belonging to the SF5 of helicases according to its sequence. It utilizes the energy from ATP hydrolysis to translocate along the RNA from 5' to 3' and dissociate the transcription elongation complex (EC) [START_REF] Porrua | Transcription Termination: Variations on Common Themes[END_REF](186)(187)(188)(189). Rho is well conserved across the different bacteria kingdom, and more than 90% of the species contain at least one copy of the rho gene (190). In the gram-negative bacterium E.coli it is an essential and abundant protein that is responsible for more than 20% of transcription termination events (191,192).

The number of genes terminated by Rho in the gram-positive model organism B.

subtilis, where Rho is dispensable and low abundance, is believed to be substantially lower (187,193). Rho expression is auto-regulated by attenuation, which means that Rho recognizes termination signals located at the 5' end of its own gene and induces premature termination of part of transcription events (194). Rho performs a number of functions that are important for a variety of biological processes. For example, genome-wide analyses suggest that Rho-dependent termination plays a role in repressing pervasive antisense transcription in both E. coli and B. subtilis (192, 195).

Rho can terminate transcription of untranslated mRNAs via transcription-translation coupling, a phenomenon also known as polarity (186,196). Rho has also been shown

to play important roles in removing R-loops in E. coli, which otherwise can be processed into deleterious double-stranded breaks that lead to genomic instability (197)(198)(199). (191,204,205). There are two distinct types of rut binding sites on a Rho hexamer, called primary and secondary (206). The RBD mentioned above is the primary binding site (PBS), which supports the specific interaction of Rho to the rut site without ATP hydrolysis. In addition to the PBS, the Rho N-terminal domain (NTD) contains a positively charged N-terminal helix bundle (NHB) that may help binding of RNA (Figure 20) (207). After initial binding to the rut site, the inward tilt conformation of the PBS helps directing the RNA into the central pore of the hexameric ring, where the secondary binding site (SBS) locates (206, 208) (Figure 20).

There are several key sequence motifs located in the C-terminal RecA-like ATPase domain (AD) (Figure 20). One is the P-loop, which is required for ATP binding and hydrolysis (208). A second important motif in Rho's CTD is the Q-loop, which makes intimate contacts with the RNA. For example, a backbone carbonyl from V284 forms a hydrogen bond with the 2'-OH of the RNA ribose, explaining the specificity of Rho for RNA substrates (209,210). A third motif, the R-loop, makes a single contact with the nucleic acid substrate. The location of the R-loop is consistent with biochemical data showing that this motif is involved in coupling RNA binding with ATP hydrolysis (209,211,212). The ATP-binding pocket of Rho is formed at the interface between two adjacent CTDs and contains the conserved P-loop motif (Figure 20). The binding of the RNA to the SBS stimulates Rho ATPase activity, which in turn promotes ring closure ( 213) and allow Rho to translocate along the RNA (209, 214).

Rho has been crystalized as both a closed-ring and a notched-shape (201,208,211,215) After recruitment to the rut site, Rho couples ATP hydrolysis to translocation via its secondary binding site. It has been shown that the rut site sticks to the PBS during translocation, a process named "tethered tracking", leading to formation of an RNA loop between the PBS and the SBS upon translocation (206,216,218,219) The mechanism by which Rho dislodges the RNAP from the DNA template remains relatively obscure. Several models have been proposed (Figure 21). The hybrid shearing model posits that Rho can generate a pulling force on the nascent RNA that can disrupt the RNA-DNA hybrid in the elongation complex, giving rise to EC collapse (228,229). This proposal is based on the fact that double-stranded nucleic acids are known to separate briefly due to thermal motions (called breathing), so that Rho can capture the RNA in a form that will not be able to reform a duplex with the DNA template ( 229). The hyper-translocation model postulates that Rho exerts a pushing force on the polymerase, rather than pulling the nascent RNA, causing RNAP to translocate forward without RNA synthesis and leading to EC destabilization (230).

This model is supported by evidence showing that rewinding of the DNA duplex upstream of the transcription bubble, which can also promote forward translocation of RNAP, facilitates Rho-dependent transcription termination (230). In addition, it has also been shown that Rho can promote forward translocation of RNAP stalled by DNA-binding protein serving as a roadblock (230). Finally, the allosteric model proposes that Rho triggers a rapid rearrangement of the RNAP active center that induces EC inactivation and is followed by a relatively slow step of EC dissociation.

Several experiments support this model (231). For example, crosslinking data shows that the RNA 3' terminus remains in the RNAP catalytic center upon Rho treatment, but exhibits a different crosslinking pattern, suggesting that a conformational change rather than RNAP hyper-translocation is induced by Rho during termination.

Furthermore, the antibiotic tagetitoxin, which binds RNAP near the active center and traps RNAP in an inactive conformation (232, 233), can abolish Rho-mediated EC dissociation (231), consistent with the idea that a conformational change in RNAP is the key element in the termination process. Finally, Rho cannot promote dissociation of an EC composed of T7 RNAP, even though it is less stable than the E. coli EC, suggesting that a specific Rho-RNAP interaction is required for termination (231).

Strikingly, there is also evidence showing that in vitro E. coli Rho can efficiently terminate transcription of Saccharomyces cerevisiae RNAP II, but not RNAP I and III (234, 235), suggesting that Rho might require features that are shared by E. coli RNAP and S. cerevisiae RNAPII.

Genome-wide ChIP-chip analyses suggest that Rho might associate with RNAP throughout transcription cycle ( 236). Consistently, one study showed that Rho is able to bind to the RNAP in the absence of DNA, RNA or other proteins (231). However, another group claims that the interaction with nascent RNA is the primary event enabling the recruitment of Rho to the EC (237). Further studies are required to elucidate these discrepancies. 

Mfd (mutation frequency decline)

E. coli Mfd is a monomeric, multimodular protein, belonging to the RecG-like family of SF2 helicases according to its sequence (158). In terms of catalytic activity, it is actually a double-stranded DNA (dsDNA) translocase rather than a helicase because it translocates along dsDNA without unwinding the DNA duplex (238,239). Mfd plays a pivotal role in DNA repair, specifically in transcription-coupled repair (TCR), one of the two main pathways in nucleotide excision repair (NER).

The NER pathway is responsible for removing bulky DNA lesions, such as thymine dimers and 6,4-photoproducts induced by ultraviolet light (UV). NER can be divided into two subpathways: global genomic repair (GGR) and transcription-coupled repair (TCR). The main difference between the two subpathways is the damage recognition step. In GGR, the UvrA-UvrB complex scans the DNA and binds to the damage site with high affinity (Figure 22). After damage recognition, UvrA dissociates and UvrC is recruited to the damage site, producing DNA cleavage at both sides around the site.

Following incision, the UvrD helicase is recruited, removing UvrB and UvrC as well as the damage-containing oligonucleotides. Finally, the resultant gap is filled in by the action of the DNA Polymerase I and DNA ligase (240). In TCR, RNAP plays the main role in DNA damage scanning via transcription. When RNAP encounters a DNA damage, such as a thymine dimer, it stalls at the damage site. Then Mfd is recruited through the direct interaction with the polymerase and elicits dissociation of the stalled EC. Finally Mfd recruits UvrA-UvrB to the damage site and thus triggers the DNA repair process (241). In such way, damages on the template strand can be removed more efficiently than those on the non-template strand (239,(242)(243)(244). (252,254,256,257).

The process of resolving damage-stalled TEC (Figure 24) begins with the recruitment of Mfd to the blocked RNAP via the interaction between Mfd RID and the RNAP β1 along the dsDNA with RNAP attached to it (261, 262). This complex is then released from the DNA template upon recruitment of the UvrA/B complex and ATP hydrolysis (244). In this way, TCR can take place much more efficiently than GGR

Sen1

Sen1 is a SF1, Upf1-like helicase. In S. cerevisiae, it is one of the components of the Nrd1-Nab3-Sen1 (NNS) complex, which plays important roles in termination of transcription of most ncRNAs, like snRNAs, snoRNAs and CUTs, as well as some small protein-coding RNAs [START_REF] Porrua | Transcription termination and the control of the transcriptome: why, where and how to stop[END_REF](264)(265)(266). Sen1 is the only subunit in the NNS complex that performs enzymatic functions. It is a 252-KD protein harboring a central helicase domain that is essential for cell viability (Figure 25), N-terminal and C-terminal regions that have been shown to mediate protein-protein interactions (see section 1.2.3.2 for details) [START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF][START_REF] Finkel | Sen1p performs two genetically separable functions in transcription and processing of U5 small nuclear RNA in Saccharomyces cerevisiae[END_REF][START_REF] Ursic | Multiple protein/protein and protein/RNA interactions suggest roles for yeast DNA/RNA helicase Sen1p in transcription, transcription-coupled DNA repair and RNA processing[END_REF]267). Yeast Sen1 is an exclusively nuclear protein that contains two nuclear localization signals flanking the helicase domain (Figure 25) (268).

The helicase domain of Sen1 is composed of two tandem RecA-like domains (RecA1 and RecA2), which contains all the conserved motifs of SF1 helicases (Figure 25)

(158). According to the structure of Upf1, the RecA1 domain is predicted to contain two insertion domains (1B and 1C) (181, 269), which in Upf1 are involved in the interaction with the RNA. The helicase domain of Sen1, produced in E. coli, has been proved to be able to translocate on single-stranded nucleic acids (both RNA and DNA) and unwind double-stranded nucleic acids [START_REF] Martin-Tumasz | S. cerevisiae Sen1 Helicase Domain Exhibits 5' to 3' Helicase Activity With a Preference for Translocation on DNA Rather Than RNA[END_REF]. Translocation occurs in the 5' to 3' direction, as for the Upf1 helicase [START_REF] Martin-Tumasz | S. cerevisiae Sen1 Helicase Domain Exhibits 5' to 3' Helicase Activity With a Preference for Translocation on DNA Rather Than RNA[END_REF]269). A single amino acid mutation in the helicase domain of Sen1 (Sen1-E1597) is sufficient to generate transcription termination defects at both ncRNAs and some short protein-coding genes (265). Unlike Rho, Sen1 cannot recognize specific sequences on the nascent RNA for its appropriate function in transcription termination [START_REF] Creamer | Transcriptome-wide binding sites for components of the Saccharomyces cerevisiae non-poly(A) termination pathway: Nrd1, Nab3, and Sen1[END_REF]. However, Nrd1 and Nab3, the other two components of the NNS complex, can bind to short sequence motifs that contribute to the specificity and efficiency of termination [START_REF] Creamer | Transcriptome-wide binding sites for components of the Saccharomyces cerevisiae non-poly(A) termination pathway: Nrd1, Nab3, and Sen1[END_REF][START_REF] Wlotzka | The nuclear RNA polymerase II surveillance system targets polymerase III transcripts[END_REF][START_REF] Porrua | In vivo SELEX reveals novel sequence and structural determinants of Nrd1-Nab3-Sen1-dependent transcription termination[END_REF][START_REF] Carroll | Interaction of yeast RNA-binding proteins Nrd1 and Nab3 with RNA polymerase II terminator elements[END_REF]266). In addition, Nrd1 interacts with the Ser5-phosphorylated C-terminal domain (CTD) of RNAP II [START_REF] Vasiljeva | The Nrd1-Nab3-Sen1 termination complex interacts with the Ser5-phosphorylated RNA polymerase II C-terminal domain[END_REF], which peaks over the 5' end of genes; therefore, the NNS complex usually promotes transcription termination at short non-coding genes (73, 78, 270, In addition, it has been proposed that Sen1, through its helicase activity, can help resolving RNA/DNA hybrids (R-loops) that are formed when the nascent RNA invades the DNA and pairs with the template strand during transcription (277). Sen1 also plays a role in resolving conflicts between replication and transcription (278), which can cause genome instability (279). Specifically, it was proposed that a fraction of Sen1 associates with replication forks and counteracts R-loop formation at sites of collision between the replisome and the RNAP II transcription machinery (278). In addition, the Sen1 N-terminal domain, rather than the helicase domain, has been shown to play an important role in transcription-coupled repair (280). It should be noted that Sen1 dysfunction may cause indirect effects on other cellular processes because inefficient non-coding transcription termination by the NNS-complex can impact the expression of numerous protein-coding genes via transcriptional interference (see section 1.3 about pervasive transcription). For example, Sen1 was originally identified in a screening for mutants that affect tRNA splicing endonuclease activity (281). However it was shown subsequently that this phenotype is likely due to transcriptional interference on the SEN2 gene encoding a subunit of the tRNA splicing endonuclease, upon impaired termination of upstream SNR79 [START_REF] Demarini | SEN1, a positive effector of tRNA-splicing endonuclease in Saccharomyces cerevisiae[END_REF].

Sen1 is the only protein of the NNS-complex that is conserved in most eukaryotes. Its human ortholog, senataxin (SETX), is a 302-kDa protein and localizes to both the nucleus and the cytoplasm (282,283). Mutations in the most conserved regions of senataxin, the N-terminal and the helicase domains, are linked to amyotrophic lateral sclerosis type 4 (ALS4) and ataxia-ocular apraxia type 2 (AOA2) (Figure 26) (162,163,284). Introducing some of the AOA2-associated mutations in the equivalent residues of Sen1 provokes transcription termination defects in vivo (268). Human Transcription termination by Sen1 is crucial for the control pervasive transcription and plays a role in regulation of gene expression [START_REF] Jensen | Dealing with pervasive transcription[END_REF][START_REF] Porrua | Transcription termination and the control of the transcriptome: why, where and how to stop[END_REF]164,264). The high conservation of Sen1 across species together with evidence associating mutations in Sen1 human orthologue SETX with two several neurodegenerative diseases suggests that Sen1 proteins have maintained important biological roles during evolution (164).

However, despite intense investigations on the function of Sen1 in vivo during the last few years, little is known about the biochemical properties and precise mechanisms of action. In a previous work from our lab some of the key features of Sen1-dependent transcription termination were revealed using a minimal in vitro system [START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF].

However, many relevant aspects remain obscure. The objective of my thesis work is to characterize the mechanism of termination by Sen1. To this end, I have taken a major part in two projects that have generated the following publications:

1) Biochemical characterization of the helicase Sen1 provides new insights into the mechanisms of non-coding transcription termination (Han et al, 2017).

In this article, we have characterized the biochemical activities of Sen1 and we have studied how these activities partake in transcription termination in vitro.

2) Sen1 has unique structural features grafted on the architecture of the Upf1-like helicase family (Leonaite*, Han* et al, 2017).

In this study, we have performed a structure-function analysis of the helicase domain of Sen1, which is sufficient for termination in vitro, and we have revealed important determinants of Sen1 function. We have also employed Sen1 as a model to understand the molecular origin of diseases associated with SETX mutations. In my thesis, I have performed a functional dissection of Sen1 to explore these aspects.

I have found that the helicase domain can bind single-stranded nucleic acids and it is active for ATPase and helicase functions. Importantly, it is sufficient for the step of dissociation of the EC, indicating that this region contains all the properties that are essential for the final step of termination. The N-terminal and C-terminal domains of Sen1 do not play a direct role in the step of EC dissociation. However, they might be important for the regulation of Sen1 activity in vivo (See discussion later).

In the previous report, it has been shown that the capacity to dismantle an EC is not an unspecific property of any RNA helicase [START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. Thus, it seems interesting to undertake structural analyses of Sen1 helicase domain to identify the determinants of Sen1 termination activity.

Distinctive structural features of Sen1 helicase domain involved in transcription termination

Our collaborators from Elena Conti's Lab have managed to determine the crystal structure of Sen1 helicase domain at high resolution. In addition to the catalytic and auxiliary subdomains characteristic of SF1B helicases, Sen1 has a distinct and evolutionary conserved structural feature at the N-terminus of the helicase domain that we have dubbed the "brace". This subdomain appears to fasten and stabilize the overall fold of the protein since in vitro, deletions of "brace" residues result in insoluble proteins and in vivo, a deleted variant of Sen1 lacking part of the "brace" is inviable (268).

We also find that accessory subdomain 1C (the "prong") is an essential element for Strick, unpublished) indicate that the "prong"-deleted mutant can still translocate on single-stranded nucleic acids, which strongly suggests that the "prong" specifically helps melting both strands of a duplex region. Because the "prong" is critical for transcription termination both in vitro and in vivo, it is tempting to speculate that upon encountering that RNAPII, further translocation of Sen1 might provoke the invasion of the RNA exit channel by the "prong". The consequent opening of the channel would lead to profound conformation changes and destabilization of the elongation complex (Figure 27). This process might be facilitated by the partially unstructured nature of the "prong" and by specific interactions between the "prong" and RNAPII.

Indeed, combing a deletion of the disordered portion of the "prong" with a mutation in a residue of the "prong" (L1549D) putatively involved in protein-protein interactions resulted in a substantial impairment of the termination efficiency, whereas the unwinding activity remained almost unaffected. helicase core harboring Sen1 "prong" would gain the capacity to induce transcription termination while a Sen1 variant carrying the Upf1 auxiliary subdomain would lose the ability to release the elongation complex. However, it remains possible that the specific activity of Sen1 in termination is a consequence of not only the distinctive features of the "prong", but also the presence of the "brace" that imposes a particular conformation on other subdomains like the "barrel", which would also theoretically be located close to or in contact with RNAPII during the termination process. In that case, constructing a termination-proficient chimeric Upf1 protein would be extremely challenging. The XL-MS experiments proposed above followed by mutational analyses could help understanding the role of subdomains of Sen1 other than the "prong" in EC dissociation.

Features of the elongation complex with a potential impact on Sen1-mediated termination

The elongation complex adopts different translocation states during transcription.

According to the Brownian ratchet model, the EC is in an equilibrium between the pre-and post-translocation states during active transcription (135,139) and it has also been shown that RNAP II can undergo backtracking at some sequence-specific pausing sites (151, 152). In addition, the efficiency of termination by Rho helicase, with which Sen1 shares important mechanistic traits, is closely related to the translocation state of RNAP since the rate of the EC dissociation is reduced if the EC is backtracked (227). It is unclear whether part or the totality of the ECs paused in our in vitro transcription termination assays undergo backtracking. The existence of backtracking could be unveiled by RNase footprinting analyses of the EC in our conditions. It would be interesting to test whether similar to Rho, Sen1 works less efficiently on backtracked RNAPIIs. If that would be the case, we could perform complementary in vitro termination assays in the presence of TFIIS, an elongation factor that, as detailed in a previous section (see section 1.2.2.2), promotes the rescue of backtracked ECs. In addition, it would be important to test whether Sen1 exhibits a "preference" for RNAPIIs in the pre-translocated or in the post-translocated state.

There are protocols available that allow characterizing the translocation state of RNAPs (293).

In addition, a structural element within the active site of bacterial RNAP, the trigger loop, has been found to be important for Rho-dependent EC dissociation [START_REF] Porrua | Transcription Termination: Variations on Common Themes[END_REF]. The Elucidating these aspects is crucial not only to attain a full comprehension of the mechanisms of Sen1-mediated termination, but also eventually to spot critical steps of the process of termination that could be a target of regulation.

Regulation of Sen1 function

Helicases are enzymes that often have little substrate specificity and that require Nrd1 and Nab3 [START_REF] Porrua | Transcription termination and the control of the transcriptome: why, where and how to stop[END_REF]. In addition, the N-terminal domain of Sen1 has been proposed to interact with Ser2-phosphorylated CTD of RNAP II [START_REF] Ursic | Multiple protein/protein and protein/RNA interactions suggest roles for yeast DNA/RNA helicase Sen1p in transcription, transcription-coupled DNA repair and RNA processing[END_REF]267), which might also be involved in the recruitment of Sen1. Further investigations are required for better understanding of the mechanism of Sen1 recruitment to termination sites.

The C-terminal domain of Sen1 has also been shown to interact with Glc7, a yeast type1 phosphatase that dephosphorylates the CTD of RNAPII phosphorylated at Tyr1, and the removal of Glc7 cause termination defects at snoRNA genes [START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF]. However, the mechanism by which Glc7 is involved in the transcription termination of snoRNA targets and the role of the interaction between Sen1 and Glc7 are still unclear. It is possible that Glc7 regulate the function of the NNS complex via modulating the phosphorylation state of the NNS components. Other members of our laboratory are currently exploring this possibility.

In addition, it would be interesting to identify new facilitators or inhibitors of Sen1-dependent termination. Quite a few antitermination factors for Rho have been identified in E. coli (296). For example, RfaH associates with RNAP and reduces EC pausing, thereby decreasing Rho-dependent termination efficiency (297,298). YaeO binds directly to Rho and block the interaction between Rho and rut sites (296, 299).

On one hand, an in vivo genetic screening could be performed in sen1 hypomorphic mutants using an appropriate reporter system to try to identify factors that can supress the termination defects when overexpressed (i.e. facilitators of Sen1 action) or when mutated (i.e. antiterminators). On the other hand, partially purified yeast ECs can be used in our in vitro transcription termination assays to try to identify RNAPII-associated proteins that can affect the efficiency of termination by Sen1.

Finally, there is an ongoing project in our lab that aims at characterizing in detail the network of Sen1-interacting factors to try to detect proteins that can modulate the efficiency of termination in vivo.

Implications for the function of senataxin

Although many studies have linked mutations in SETX to amyotrophic lateral sclerosis type 4 (ALS4) and ataxia-ocular apraxia type 2 (AOA2) (162)(163)(164)284), for the moment it is unclear how SETX mutations can lead to these neurodegenerative diseases.

SETX mutants present a plethora of phenotypes, none of which can univocally be spotted as the main cause of ALS4 and/or AOA2. For instance, SETX depletion or mutation leads to defective transcription termination and/or decreased expression of several protein-coding genes (285,291,292), accumulation of R-loops (285,(287)(288)(289), an increased basal level of oxidative DNA damage and an increased sensitivity to agents that cause oxidative stress (282, 300).

Recently, using yeast Sen1 as a surrogate for SETX the group of D. Brow investigated if the AOA2 mutations observed in patients could be associated with defects in transcription termination. Interestingly, out of the 13 missense AOA2 mutations studied that are located in the SETX helicase domain, 10 (77%) caused lethality or growth defects and decreased termination efficiency in vivo (268), which lead the authors of that study to suggest that defects in transcription termination may be a primary cause of the AOA2 disease.

We extended the above in vivo results with our structural and biochemical analyses performed in collaboration with E. Conti's lab. Comparing the primary sequence of Sen1 and SETX, we found that the unique "brace" subdomain, which stabilizes the overall fold of the helicase domain, also exists in SETX, and one AOA2-associated mutation (F1756S, W1166S in Sen1) affects indeed one of the key residues on the 1B subdomain that interacts with the "brace". Given the high conservation between Sen1

and SETX we took advantage of our structural data on Sen1 to get insight into the molecular effect of SETX mutations. Mapping of 30 disease-associated mutations on Sen1 structure allowed us to predict that 2/3 of them would disrupt the overall folding of the protein, whereas 1/3 of them would affect the catalytic activity. We produced several Sen1 variants harboring some of these AOA2 disease-associated mutations predicted to impact directly Sen1 catalytic activity and we perform a complete biochemical characterization of the different mutants in vitro. We found that theses mutations either affected ATP hydrolysis or decrease the affinity of Sen1 for the RNA, thereby impairing the unwinding activity as well as the termination efficiency. These results strongly suggest that AOA2 is a consequence of the dysfunction of the helicase domain of SETX. However, because the determinants of the duplex unwinding activity more often coincide with those of the transcription termination activity, the in vivo study mentioned above (268) and our present results cannot establish a clear link between the termination defects and AOA2. This neurodegenerative disease could still be due to other functions of Sen1 that more directly depend on its capacity to unwind RNA:DNA duplexes (i.e. the resolution of R-loops).

Nevertheless, in the absence of a recombinant version of SETX, Sen1 remains a powerful model to investigate mutations associated with AOA2 and ALS4. Using the biochemical assays we have set up, additional disease mutants could be tested and might possibly lead to the identification of residues that are important for transcription termination but not for duplex unwinding. For instance, the L1549D mutant, which locates in Sen1 "prong" subdomain, cause a substantial decrease in termination efficiency with a very minor effect on Sen1 unwinding activity.

According to the alignment of Sen1 and SETX sequences, one ALS4-associated mutation (R2136H/C in SETX) is expected to locate in the same helix as L1549 in Sen1, within the "prong" subdomain. It would be interesting to test whether the R2136H/C mutations specifically impair transcription termination.

Concerning the mechanism of SETX-dependent transcription termination it has been proposed that SETX could resolve R-loops that naturally form at termination sites so that the nascent RNA becomes accessible to the 5 291). Subsequently, XRN2 degrades the nascent transcript and induces RNAP II release. However, it has recently been shown that XRN2 is not required for SETX-mediated early transcription termination at virus-induced genes (292). The precise mechanism by which SETX mediates RNAP II transcription termination requires further investigation. To address this aspect, it will be crucial to analyse the behavior of SETX in vitro using a highly purified transcription system to test whether it can elicit the dissociation of elongation complex as its yeast counterpart. Our collaborators from V. Pena lab are currently attempting the purification of a recombinant version of SETX, if they succeed we will be able to perform an in vitro characterization of SETX and address this important question.

nécessaires pour un repliement correct de la protéine car la délétion ou la mutation des résidus clés du "brace" génèrent une protéine insoluble in vitro et sont fortement délétères in vivo.

Nous avons également détecté des différences notables au niveau de deux autres domaines accessoires, quand nous comparons la structure du domaine hélicase de Sen1 avec celui 
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Figure 1 :

 1 Figure 1: Schematic of RNAP II transcription initiation Canonical model for stepwise assembly of a pre-initiation complex (PIC) on promoter DNA by RNAP II (grey) and general transcription factors (various colors). Adapted from (8).

  So far the most studied CTD modification is phosphorylation. Generally phosphorylation of the CTD modulates the interaction with different factors, thus enabling the recruitment of specific proteins to the polymerase during different steps of transcription.

Figure 2 :

 2 Figure 2: The composition of the CTD Comparison of the CTD in budding yeast and human. Each rectangle represents one CTD repeat. Repeats conserved in yeast and human are highlighted in green. Adapted from[START_REF] Harlen | The code and beyond: transcription regulation by the RNA polymerase II carboxy-terminal domain[END_REF] 

Figure 3 :

 3 Figure 3: CTD code of S. cerevisiaeThe phosphorylation pattern of the CTD across protein-coding genes in budding yeast. See the main text for details. Adapted from[START_REF] Harlen | The code and beyond: transcription regulation by the RNA polymerase II carboxy-terminal domain[END_REF] 

Figure 4 :

 4 Figure 4: Schematic of the architecture of an elongation complex. The dashed line indicates the open clamp position observed in the absence of Rpb4/7. See the main text for details. Adapted from (47).
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 5 Figure 5: Summary of CTD modifying enzymes in mammals and yeast. Adapted from[START_REF] Zaborowska | The pol II CTD: new twists in the tail[END_REF] 

Figure 6 :

 6 Figure 6: Transcription termination at mRNA-coding genes in yeast. See the main text for details. Adapted from (62).

Figure 7 :

 7 Figure 7: Overview of the NNS-dependent pathway.The NNS-complex is recruited to the elongation complex by both the recognition of specific motifs at the ncRNA by Nrd1 and Nab3 and by the interaction of Nrd1 CID with the Ser5-P form of the CTD of RNAP II. Dissociation of the elongation complex is then mediated by the Sen1 helicase.
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 8 Figure 8: The domain structure of the Nrd1, Nab3, and Sen1. The lengths of the proteins are indicated on the right (in amino acids). The boxes indicating domains are approximately to scale. The CTD interaction domain (CID), Nab3 interaction domain of Nrd1 (Nab3ID) and Nrd1 interaction domain of Nab3 (Nrd1ID) are defined by Vasiljeva et al (77). The RNA recognition motifs (RRM) of Nrd1 and Nab3 are defined by Bacikova et al and Hobor et al[START_REF] Hobor | Recognition of transcription termination signal by the nuclear polyadenylated RNA-binding (NAB) 3 protein[END_REF][START_REF] Bacikova | Structure and semi-sequence-specific RNA binding of Nrd1[END_REF]. Q/P-rich, prion-like domains of Nrd1 and Nab3 are described byAlberti et al (90). The length of the helicase domain (HD) and N-terminal domain (NTD) of Sen1 are indicated according to Tumasz and Brow[START_REF] Martin-Tumasz | S. cerevisiae Sen1 Helicase Domain Exhibits 5' to 3' Helicase Activity With a Preference for Translocation on DNA Rather Than RNA[END_REF] and DeMarini[START_REF] Demarini | SEN1, a positive effector of tRNA-splicing endonuclease in Saccharomyces cerevisiae[END_REF].

Figure 9 :

 9 Figure 9: Schematic representation of examples in which non-coding transcription plays a role in regulation of gene expression. (A) Transcription of a ncRNA represses expression of a downstream gene. In the example showed, non-coding transcription induces chromatin remodelling at the SER3 promoter that prevents the binding of the specific activation factors. (B) Antisense non-coding transcription represses expression of the associated gene at the transcriptional level. In the case of PHO84 and others, chromatin repressive marks are deposited at the promoter of the repressed gene.

  Rpb9 binds to both Rpb1 and Rpb2. The Rpb1 side of the cleft is named the "clamp". The clamp is mobile and together with the Rpb2 side of the cleft can adopt two distinct conformations, the closed and the open conformation (124). The Rpb4/7 complex forms a wedge structure, inserts into the pocket generated by Rpb1 clamp Rpb2 and Rpb6 via the N-terminal tip of Rpb7, thereby restricting the clamp to the closed conformation (125, 126).

Figure 10 :

 10 Figure 10: Two views of the complete yeast RNAP II. The 12 subunits are shown as ribbon diagrams in different colors, as indicated in the schematic diagram. The active site manganese ion is depicted as a pink sphere. Zinc ions are shown as cyan spheres. See the main text for details. Adapted from (127).
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 11 Figure 11: Structure of the RNAP II elongation complex (A) Overview of the RNAP II elongation complex with bound NTP. The bridge helix (green), trigger loop (yellow), and metal A (pink) are highlighted. DNA template, DNA non-template, RNA, and NTP are shown in blue, cyan, red, and orange, respectively. (B) Nucleic acids and RNAP II structural elements involved in transcription bubble maintenance. Refer to the text for details. Adapted from[START_REF] Martinez-Rucobo | Structural basis of transcription elongation[END_REF] 

  ). The RNAP II active center can be in an open or closed conformation. The NTP substrate can bind transiently to the mobile trigger loop in the open active center conformation. If the substrate is the cognate NTP, there will be a conformational change that will lead to closing of the active center and subsequent catalysis. Otherwise, binding of a non-complementary NTP keeps the active center opened, favoring the release of the incorrect NTP rather than its incorporation, therefore preventing misincorporation (135). In addition, yeast RNAP II has a 500-to 5000-fold preference for NTPs over dNTPs(136). A conserved asparagine residue in the active center has been shown to play a role in the NTP/dNTP discrimination by contacting the ribose 2 138).
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 12 Figure 12: Schematic of functional states of the elongation complex.Models of the nucleotide addition cycle (left) and the proofreading cycle (right). Adapted from[START_REF] Martinez-Rucobo | Structural basis of transcription elongation[END_REF] 

  nucleotide misincorporation, the 3'-nucleotide frays away from the DNA template, inducing pausing. The polymerase then backtracks by one nucleotide, allowing the alignment of the phosphodiester bond with the catalytic site (147). The RNA 3'-end then stimulates the intrinsic endonucleolytic activity of the polymerase, cleaving a dinucleotide containing the mismatched nucleotide (148), thereby allowing resumption of transcription. The proofreading process, together with the NTP selection as described above, accounts for the fidelity of transcription (149).It has been shown that both bacterial RNAP and eukaryotic RNAP II undergo backtracking at some sequence-specific pausing sites (150-153). During backtracking, the polymerase moves back along the DNA and the RNA, the RNA 3'-end disengages from the active site and extrudes into the secondary pore and funnel, where NTP substrates enter into the catalytic center during active transcription (154, 155) (Figure13), rendering the elongation complex inactive (156). Fraying of the RNA 3'-end is proposed to trigger both backtracked and non-backtracked pausing (149). The first backtracked nucleotide stacks between the i+1 site and the Rpb2 gating tyrosine(49, 

Figure 13 :

 13 Figure 13: RNAP II backtracking and reactivation (A) Schematic of RNAP II backtracking, see the main text for details. (B) Schematic cutaway view of yeast RNAP II-TFIIS. Adapted from (7, 157).
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 14 Figure 14: Ring helicases share similar structural features (A) The papilloma virus E1 helicase bound to DNA (PDB: 2GXA). (B) The E. coli Rho transcription termination factor bound to RNA (PDB: 3ICE). (C) The G. stearothermophilus DnaB helicase bound to DNA (PDB: 4ESV). DNA and RNA molecules are located in the central hole and are shown in violet, the nucleotides are indicated in magenta, the magnesium ions are indicated in cyan. Adapted from (170).
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 15 Figure 15: The families of the SF1 and SF2 helicases. Schematic, cladogram showing the three identified families of SF1 (right), and the ten families of SF2 (left). Adapted from (158).
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 16 Figure 16: Sequence of the helicase core of SF1 and SF2 proteins. (A) Sequence organization of SF1 and SF2 helicase cores. Characteristic sequence motifs are colored according to their predominant biochemical function: red, ATP binding and hydrolysis; yellow, coordination between nucleic acid and ATP binding sites; blue, nucleic acid binding. Green circled asterisks mark insertions of additional subdomains. The lengths of the blocks and the distance between the conserved domains are not to scale. (B) Sequence

Figure 17 :

 17 Figure 17: Representative structures of SF1 helicases The structures shown are B. stearothermophilus PcrA (UvrD/Rep-like family), Deinococcus radiodurans RecD2 (Pif1-like family) and the core of human Upf1 (Upf1-like family). The helicase core domains are shown in red and blue respectively for all three proteins and a non-hydrolysable ATP analogue bound at their interface appears in magenta. Where present, DNA is shown in gray. Accessory domains are shown in different colors and are specific to each helicase. Adapted from (174)

  activity, and ATP hydrolysis in turn triggers conformational changes of the two core domains, leading to a movement of the helicase on the nucleic acid. The translocation polarity is a consequence of the alteration of the relative grip of the RecA1 and RecA2 domains on the single-strand nucleic acid during the ATP hydrolysis cycle. It has been shown for SF1 helicases that the accessory domains are important for translocation. The mechanism of translocation has been nicely illustrated for the SF1B model helicase RecD2, member of the Pif1-like family. Without ATP binding, the RecA1 domain of RecD2 binds tightly to the DNA, and both RecA domains are in an open, more extended, conformation. Binding of an ATP analog results in the closing of the two RecA domains, enabling the RecA2 to slide along the DNA and to move toward the RecA1. This conformational change also leads to increased interactions between the RecA2 with the DNA (180) (Figure 18). Upon ATP hydrolysis and nucleotide release, the RecA1 domain, that is weakly bound to the DNA, moves 1 nt forward along the ssDNA (in the 5' to 3' direction), so that the two RecA domains adopt again an open conformation. A similar mechanism also applies to translocation of the SF1A model helicase PcrA that belongs to the UvrD/Rep family helicase (177, 180). The mechanism of translocation of Upf1-like family helicases is less clear. Nonetheless it is very possible that they use an analogous mechanism for translocation since they adopt the same domain organization when bound to nucleic acids (Figure 17) (181).

Figure 18 :

 18 Figure 18: Translocation mechanism of RecD2. Schematic of the translocation mechanism for the RecD2 helicase in a cycle of ATP binding and hydrolysis. Red circles represent domains that have a tight grip on the ssDNA, and blue circles represent domains that have a weaker grip and can slide along the DNA. In the absence of ATP, both RecA1 and RecA2 are at position "i", and RecA1 binds tightly to the DNA while RecA2 binds loosely. When the enzyme binds the ATP, the cleft between Rec1A and Rec2A motor domains closes, causing RecA2 to slide along the DNA backbone (black) by one nucleotide, at position "i+1" site. The contacts between RecA1 and the DNA remain tight to anchor the DNA as RecA2 slides along it. When the conformational change is complete, the grip of RecA1 on the DNA is loosened and that of RecA2 is tightened. Then, ATP hydrolysis takes place and allows the cleft to relax to the open conformation, thereby enabling RecA1 to slide forward along the DNA to the position "i+1". The result is translocation by one base in the 5′-3′direction during a single round of ATP binding and hydrolysis. Adapted from (159, 180)

Figure 19 :

 19 Figure 19: Crystal structures of SF1A (PcrA, UvrD) and SF1B (RecD2, Dda) helicases (A) The PcrA helicase from Bacillus stearothermophilus (PDB code 3PJR). The RecA-like domains 1A and 2A are shown in grey and green, respectively. The structure shows the pin (purple) separating the strands of duplex DNA. (B) Structure of Escherichia coli UvrD helicase (PDB code 2IS1). (C) Structure of the RecD2 helicase from Deinococcus radiodurans (PDB code 3GPL). The beta-hairpin pin (1B) is indicated in red. (D) Structure of the bacteriophage T4 Dda helicase (PDB code 3UPU), indicating the pin in red. Adapted from (159).

  The first step of transcription termination is the recruitment of Rho to the nascent RNA. Rho can recognize specific sequences on the nascent transcript, called rut (Rho utilization) site, via its N-terminal RNA binding domain (RBD). At each Rho monomer, the RBD forms a cleft that is only big enough to fit two pyrimidine bases, preferentially YC dinucleotides (where Y represents a pyrimidine)(200). A spacer of at least 12 nucleotides is required between two consecutive YC dinucleotides(201, 202). Therefore a rut site usually comprises 60-90 nucleotides (203), including the 6 YC dinucleotides bound by the six Rho monomers and the respective spacers, which are typicallyC-rich and G-poor (204). The depletion of G within a rut site decreases the probability of forming secondary structures, which are obstacles for Rho binding

  , suggesting that the Rho hexamer can transiently open to allow the RNA to get into the central channel. There are also recent single-molecule experiments showing two RNA binding patterns for Rho: one consisting in Rho bound to around 57 nt, corresponding to the PBS alone, and another in which Rho binds about 85 nt corresponding to both the primary and the secondary binding sites (216), confirming previous structural and biochemical data.

Figure 20 :

 20 Figure 20: Structure of Rho and RNA loading (A) Schematic representation of Rho domain architecture. Structured domains are represented as colored blocks, while black lines denote flexible connecting linkers (B) Left: Open-ring structure of a Rho hexamer (PDB: 1PVO). Right: Rho protomer from a closed-ring structure containing RNA bound to the SBS (PDB: 3ICE). Rho domain colors are labeled as in (A). The RNA is indicated in red. The ATP is shown in magenta. (C) Schematic of RNA loading. Sequence specific contacts happen between the RNA substrate and the Rho hexamer at its PBS. Transient opening of Rho helps threading the RNA into the central channel of the hexamer. The RNA then binds to the SBS, promoting ring closure. Adapted from (217).

  . Structural blocks on the nascent RNA, such as RNA hairpins, RNA binding proteins or ribosomes, can impede Rho translocation, thus affecting Rho-dependent termination (220). It has been shown that, by translocating on the RNA, Rho can displace a streptavidin molecule bound to biotinylated RNA (221, 222) and can unwind up to 80base-pairs RNA-DNA hybrids, indicating that Rho is a strong but moderately processive motor[START_REF] Porrua | Transcription Termination: Variations on Common Themes[END_REF].The last step of transcription termination (i.e. dissociation of the EC) is triggered when the moving Rho catches up with the polymerase. There is a considerable amount of studies showing a correlation between RNAP pausing and transcription termination(203,(223)(224)(225)(226), and polymerase pausing is considered as a prerequisite for Rho-dependent termination(188, 220). However transcriptional pausing does not necessarily result in termination as backtracked and arrested ECs have been shown to be poor substrates for Rho termination (227). It remains to be determined whether most sites of Rho termination are elemental pauses (see section1.4.3).

Figure 21 :

 21 Figure 21: Models for Rho-dependent EC dissociation Black lines indicate the DNA template. Red lines indicate the RNA. Proteins are indicated in the figure. See main text for more details.

Figure 22 :

 22 Figure 22: Model for nucleotide excision repair (NER) in E. coli. See the main text for more details. Adapted from (245).

  subunit. Whether Mfd is only recruited to the stalled RNAP or it can be brought to the transcribing RNAP as well remains unclear. Structures of eukaryotic RNAP II encountering TCR-related damage sites, such as cyclobutane pyrimidine dimers and cisplatin lesions, show a polymerase conformation that is nearly identical to that in a normal EC in the absence of DNA lesions(129, 259, 260), suggesting non-allosteric recruitment of repair factors. However the structure of Mfd RID in complex with RNAP β1 reveals a conformational change in RNAP, suggesting this novel conformation might be involved in the recruitment of Mfd (249), although it might also be a consequence of the interaction between both proteins. Once bound to RNAP, Mfd undergoes a structural rearrangement and reveals otherwise repressed activities. Specifically, Mfd binds to dsDNA upstream of RNAP, and translocates toward the stalled RNAP exerting a pushing force that ultimately induces forward translocation of RNAP and the collapse of the transcription bubble (239, 261). Approximately 25 bp of dsDNA upstream of RNAP, but not downstream, is required for stalled EC dissociation (239). Interestingly, Mfd can also push forward backtracked and arrested RNAP in vitro, thereby rescuing an arrested EC (239). Recent single-molecule experiments have shown that after transcription termination by Mfd, the displaced RNAP remains associated with Mfd, which translocates slowly and processively

Figure 25 :

 25 Figure 25: Scheme and sequence of Sen1 (A). Schematic representation of Sen1. The conserved helicase domain is indicated by an orange bar, and it is composed of RecA1 and RecA2 domains, with 1B and 1C subdomains inserted within RecA1 (91, 181, 269). The black thin bars within the helicase domain represent motifs conserved across SF1 helicases (158). The N-terminal domain (NTD) and the nuclear localization signals (NLS) are shown in gray (268). (B). Sequence and organization of the helicase domain of Sen1. The two RecA domains (RecA1 and RecA2) and the two insertion domains (1B and 1C) are indicated above the respective sequences. Motifs involved in ATP binding and hydrolysis are shown in red. Motifs responsible for nucleic acid binding are indicated in blue and sequences necessary for the coordination between ATP binding and nucleic acid binding are shown in green (158).

  senataxin has also been shown to play a role in transcription termination at several model genes(285)(286)(287). It was proposed that senataxin could resolve R-loops, which are formed at termination sites and facilitate RNAP II pausing, so that the nascent RNA becomes accessible to the 5'-3' "torpedo" exonuclease Xrn2 (285).Consequently, Xrn2 degrades the 3' portion of the cleaved transcripts and induces at least two subunits, the RNase III Drosha and the double-stranded RNA (dsRNA) binding protein Dgcr8, orchestrates the recruitment of senataxin and Xrn2 to initiate RNAP II premature termination at HIV-1 promoter region and a subset of cellular genes (291). Senataxin also promotes premature termination at virus-induced genes via the interaction with transcriptional cofactor TAF4 (TBP associated factor 4) (292). In SETX-deficient cells, the overactivation of virus-induced genes can cause abnormally high inflammation and cause tissue damage and contribute to AOA2/ALS4 clinical symptoms (292). SETX performs a function in the circadian rhythms as well. Specifically, a negative feedback loop is established by autonomous regulation of circadian clock genes PERIOD (PER) and CRYPTOCHROME (CRY).PER and CRY proteins bind to the elongation complex at Per and Cry termination sites, inhibiting the function of SETX and impeding RNAP II transcription termination, which leads to downregulation of gene expression (286).

  work, it has been demonstrated that full-length Sen1 can elicit RNAP II transcription termination in vitro[START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. The integrity of helicase domain is required for Sen1-mediated transcription termination in vivo (164, 268) and the N-terminal and C-terminal domains flanking the helicase core are involved in mediating the interaction of Sen1 with RNAP II and Nab3, respectively[START_REF] Nedea | The Glc7 phosphatase subunit of the cleavage and polyadenylation factor is essential for transcription termination on snoRNA genes[END_REF][START_REF] Ursic | Multiple protein/protein and protein/RNA interactions suggest roles for yeast DNA/RNA helicase Sen1p in transcription, transcription-coupled DNA repair and RNA processing[END_REF] 267). However, whether the Sen1 helicase core alone can elicit transcription termination in vitro and whether N-terminal and C-terminal domains of Sen1 participate in the step of elongation complex (EC) dissociation have remained open questions.

5'- 3 '

 3 unwinding activity and for Sen1-mediated transcription termination in vitro. A Sen1 variant lacking most of the "prong" can still bind to single-stranded nucleic acids and hydrolyze ATP. However, it can neither unwind double-stranded nucleic acids nor release the elongation complex. Preliminary single-molecule analyses performed with several variants of Sen1 helicase domain (Shuang Wang and Terence

Figure 27 :

 27 Figure 27: An allosteric model of transcription termination by Sen1. See the main text for details.

  antibiotic tagetitoxin (Tgt) can bind RNAP trigger loop in the vicinity of the catalytic site and restrict the movement of the trigger loop (232). Interestingly, ECs composed of Tgt-bound RNAP are refractory to Rho-mediated transcription termination(227, 231). It was later found that Tgt can increase the stability of the pre-translocated state of the EC by stabilizing a folded conformation of the trigger loop, which inhibits forward and backward translocation of the complex (294). Similarly, the mushroom toxin α-amanitin can also contact the bridge helix and trigger loop of RNAP II, trapping the EC in a new conformation that is intermediate between pre-and post-translocation structures(136, 144). It would be interesting to test whether α-amanitin can affect Sen1-dependent transcription termination and explore the possible underlying mechanisms. For instance, if α-amanitin can indeed prevent termination it will be important to understand whether the inhibition is due to the fact that the toxin blocks RNAPII conformational changes that are citical for termination or is a consequence of the action of this molecule on the translocation state of RNAPII (or both).

  additional factors to specify their biological function and regulate their activity(158, 295). During my thesis work, I have found that in vitro, the presence of the N-terminal domain decreases Sen1 ATPase activity and the efficiency of Sen1-mediated termination. This behavior is reminiscent of that of Upf1. In the case of Upf1, intra-molecular interactions mediated by N-terminal and C-terminal extensions of the helicase domain induce autorepression. The autoinhibition exerted by the N-terminal domain, is relieved upon interaction with the Upf1 partner Upf2(175, 181). It remains to be tested whether the N-terminal domain of Sen1 also mediates intra-molecular interactions. We have an ongoing collaboration with the group of Vlad Pena (Max Planck, Gottingen), which has recently succeeded in producing recombinant full-length Sen1 and are currently attempting structural analyses by cryo-electron microscopy. We expect to obtain a more complete picture of the architecture and the network of intra-molecular interactions of Sen1 within the next few months. I have also observed that the presence of the C-terminal domain improves Sen1 helicase activity, especially on RNA:DNA duplexes. Helicases often possess additional nucleic-acid binding domains at the extensions of their core helicase domains (174). It is therefore possible that the C-terminal domain contains an additional RNA-binding domain. Such possible RNA-binding activity could be particularly relevant for termination in vivo, where the presence of a multitude of competing RNA-binding proteins (e.g. RNP factors) might limit the access to the nascent RNA. Indeed, we have recently purified a recombinant form of the C-terminal domain of Sen1 (aa 1930-2231) that is soluble and preliminary EMSA assays indicate that this domain can bind nucleic acids in vitro. Our collaborators from R. Stefl lab (CEITEC, Brno) are working to solve the structure in solution of this domain and characterize in more detail its nucleic acid-binding activity. Sen1 is the catalytic subunit of the Nrd1-Nab3-Sen1 complex (NNS) and the C-terminal domain of Sen1 plays the role in mediating interaction with Nrd1 and Nab3 (71). We considered the possibility that Nrd1 and Nab3 play a role in regulating directly Sen1 catalytic activity. For that reason, I performed a set of in vitro experiments with recombinant Nrd1 and Nab3 together with full-length Sen1 purified from yeast to test whether the biochemical activities of Sen1 are affected by the interaction with Nrd1 and Nab3. Although we could reproduce the interaction of Sen1 with recombinant Nrd1 and Nab3 in vitro, we did not detect any clear effect of Nrd1-Nab3 on any of the measurable activities of Sen1 (data not shown). These results suggest either that Nrd1 and Nab3 cannot to directly modulate Sen1 catalytic activity or that this modulation requires protein modifications that are absent in the recombinant proteins. Unlike bacterial Rho helicase, which can bind Rho utilization sites (rut) on the nascent RNA and recruit itself to the termination substrates, Sen1 cannot recognize specific sequences on the nascent RNA. Instead, it has been proposed that the recruitment of Sen1 is mediated by the other two components of the NNS complex,

  d'hélicases proches. Concernant le "barrel", nous avons remarqué une position différente, très rapprochée de RecA2 et du "prong" qui est probablement une conséquence des interactions avec le "brace". Nous avons aussi observé que le "prong" a une structure beaucoup moins élaborée que chez d'autres hélicases de la même famille. Notamment, une bonne partie du "prong" est non-structuré. Nous avons pu montrer que ce domaine est essentiel aussi bien pour la dissociation des hybrides ARN-ADN que pour la terminaison de la transcription par Sen1 in vitro. Nous avons généré un mutant de délétion du "prong" pour analyser le rôle de ce sous-domaine in vivo et nous avons pu constater que délétion du "prong" est létale, ce qui confirme l'importance majeur de ce sous-domaine pour la fonction de Sen1.Schéma-résumé des principales caractéristiques structurales révélés par cette étude.La capacité de dissocier des duplex d'acide nucléique est une propriété générale des hélicases, Dans une deuxième partie de ce travail nous avons utilisé Sen1 comme modèle pour étudier la fonction de son homologue chez l'homme, senataxin. Des nombreuses études ont proposé pour senataxin des fonctions dans la terminaison de la transcription et le contrôle de la formation des R-loops. Des mutations dans senataxin sont à l'origine de deux maladies neurodégénératives : sclérose amyotrophique latérale de type 4 (ALS4) et ataxie avec apraxie oculomotrice de type 2 (AOA2). Sen1 et senataxin partagent une organisation similaire avec un domaine central catalytique, un domaine N-terminale de taille importante qui est impliqué dans des interactions avec d'autres protéines et une region C-terminale qui n'a pas de structure secondaire prédite. Le domaine catalytique ou hélicase de senataxin est 50% identique à celui de Sen1 et notamment les résidus clés du "brace" sont aussi conservés chez senataxin, ce qui suggère que senataxin pourrait effectivement posséder les mêmes propriétés que Sen1. En plus, une des mutations qui sont à l'origine de AOA2 (F1756S, W1166S dans Sen1) empêche précisément une des interactions intramoléculaires médiées par le "brace".Puisque jusqu'à présent il n'existe aucune donnée structurale sur senataxin, nous avons décidé de profiter de la forte conservation entre Sen1 et senataxin pour étudier au niveau moléculaire l'effet des mutations associées à des maladies.

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 Subunit composition of different eukaryotic RNA polymerases

 1 

Table 2 Functions of different RNA polymerases in eukaryotic cells

 2 

	Type of polymerase	Genes transcribed
	RNAP I	5.8S, 18S, 28S rRNA genes
	RNAP II	Protein-coding genes, a variety of ncRNAs, snoRNA genes and some snRNA genes
	RNAP III	tRNA genes, 5S rRNA genes, some snRNA genes
	Because my thesis work exclusively concerns RNAP II transcription, in the next
	sections I will mainly focus on describing the relevant aspects of RNAP II
	transcription in eukaryotes.

 (246,249,250). The N-terminal region of Mfd is composed of three modules, with sequence and structure similarity with the UvrB component of the NER machinery.

Both proteins interact with the same region of UvrA as revealed by biochemical and structural evidences (251)(252)(253)). An N-terminal truncated version of Mfd missing the UvrB homology region is active for dissociation of stalled ECs but defective in UvrA recruitment (248,254). Module D7 interacts with module D2 and occupies the UvrA interaction sites (246, 252), therefore it is inhibitory for UvrA binding. This domain is dispensable for RNAP release (246). Mfd binds the stalled RNAP and begins translocating toward the RNAP, applying a pushing force on the polymerase that eventually dismantles the EC. The nascent RNA is released but the RNAP remains associated with Mfd, which translocates slowly along the dsDNA until the recruitment of the UvrA/B complex to the DNA lesion site.

271).

After recruitment of the NNS complex to the nascent RNA, Sen1 applies a mechanism of termination similar to E. coli Rho-dependent termination [START_REF] Porrua | Transcription termination and the control of the transcriptome: why, where and how to stop[END_REF][START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]272).

By using highly purified in vitro transcription termination system, it has been demonstrated that Sen1 alone can dissociate the EC, preferentially at transcription pausing sites [START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. Similar to Rho, Sen1-dependent termination in vitro requires interaction with the nascent RNA and ATP hydrolysis. Contrary to Rho, which can release elongation complex of both E. coli RNAP and S. cerevisiae RNAP II in vitro,

Sen1-dependent termination is specific to S. cerevisiae RNAP II [START_REF] Porrua | A bacterial-like mechanism for transcription termination by the Sen1p helicase in budding yeast[END_REF]. Experiments

showing that the RNAP II transcription rate could affect the position of Sen1-dependent termination sites in vivo [START_REF] Hazelbaker | Kinetic competition between RNA Polymerase II and Sen1-dependent transcription termination[END_REF] together with data showing that Sen1 helicase domain can translocate along the RNA from 5' to 3' in vitro [START_REF] Martin-Tumasz | S. cerevisiae Sen1 Helicase Domain Exhibits 5' to 3' Helicase Activity With a Preference for Translocation on DNA Rather Than RNA[END_REF], support a model whereby Sen1 translocate along the nascent RNA to catch up with the polymerase to provoke transcription termination.

Aside from its role in terminating non-coding transcription, additional functions have also been proposed for Sen1. Evidence from a few candidate genes suggests a role for Sen1 in transcription termination of some long protein-coding genes (273, 274).

However, in contrast to these studies, Photoactivatable Ribonucleoside-Enhanced

Crosslinking and Immunoprecipitation (PAR-CLIP) analyses detected very little, if any, differences in RNAP II localization at the 3' end of most protein-coding genes in