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Introduction I. Context

RNA degradation plays an essential role for cell homeostasis in all domains of life. RNA turnover is involved in the control of the steady-state levels of all cellular RNAs, eliminates misprocessed and non-functional RNA species and recycles maturation by-products that arise from RNA processing (Houseley and Tollervey, 2009;Lykke-Andersen et al., 2009). Another role of RNA degradation is partial trimming of RNA precursors to their mature form since most of RNA molecules require multiple co-and post-transcriptional processing steps involving endo-and exoribonucleases.

Endoribonucleases use a hydrolytic mechanism to degrade RNA, while exoribonucleases use either hydrolysis or phosphorolysis. Hydrolytic exoribonucleases use water to attack the phosphodiester bond of their substrate and release nucleoside monophosphates (NMPs). Phosphorolytic exoribonucleases degrade RNA by using inorganic phosphate (Pi) to attack the phosphodiester bond and release nucleoside diphosphates (NDPs) (Figure 1). Phosphorolysis salvages the energy of the phosphodiester bond, whereas this energy is lost upon hydrolytic degradation of RNA. Hence, the activity of phosphorolytic enzymes is reversible.

Therefore, phosphorolytic enzymes degrade RNAs in the presence of excess Pi, but synthesize non-templated polynucleotide tails in the presence of excess NDPs.

In eukaryotic cells, exoribonucleolytic RNA degradation involves two major pathways, the 5'-3' pathway and the 3'-5' pathway (Houseley and Tollervey, 2009;Kilchert et al., 2015;Lykke-Andersen et al., 2009). The bulk of 5'-3' degradation is performed by the exoribonucleases of the XRN family (Jones et al., 2012;Nagarajan et al., 2013;Parker, 2012;Siwaszek et al., 2014). In yeast, flies and mammals, XRN1

is mainly cytoplasmic while XRN2/RAT1 resides in the nucleus. Plants have no homologs of XRN1 but three homologs of XRN2/RAT1, named AtXRN2-4. In Arabidopsis, AtXRN4 is a cytoplasmic enzyme while AtXRN2 and AtXRN3 are located in the nucleus (Kastenmayer et al., 2001). The main role of the cytoplasmic members of the XRN family is the bulk turnover of both non-coding RNAs and mRNAs (He et al., 2003;Souret et al., 2004) including co-translational mRNA decay (Hu et al., 2009;Merret et al., 2015;Pelechano et al., 2015). In the nucleus, XRN proteins degrade pre-mRNAs, contribute to mRNA quality control and function in transcription termination (El Hage et al., 2008;Kim et al., 2004;Luo et al., 2006).

XRN proteins contribute also to the processing, quality control and degradation of rRNAs and other non-coding transcripts (Chernyakov et al., 2008;Henry et al., 1994;Kurihara et al., 2012;Zakrzewska-Placzek et al., 2010). In plants, all three AtXRNs function as silencing suppressors by eliminating transcripts that would otherwise be recognized by the siRNA machinery (Gazzani et al., 2004;Gy et al., 2007).

The main 3'-5' degradation machinery in eukaryotic cells is the RNA exosome.

The exosome is a multisubunit complex that is present in both nucleus and cytoplasm. The eukaryotic RNA exosome was originally discovered as the 3'-5' exoribonuclease that generates the 3' end 5.8S ribosomal RNA (rRNA) in yeast (Mitchell et al., 1997(Mitchell et al., , 1996)). The majority of exosome subunits were named Rrp (for rRNA-processing) or Mtr (for mRNA transport). Nearly two decades after being discovered, the exosome complex is known to be involved in degradation and processing of virtually all kinds of coding and non-coding RNAs. The exosome degrades pre-mRNAs, eliminates mRNAs that are recognized by nonsense-mediated decay, nonstop decay or no-go decay pathways, and contributes to mRNA turnover (Anderson and Parker, 1998;Bousquet-Antonelli et al., 2000;Doma and Parker, 2007;Gudipati et al., 2012;van Hoof et al., 2000;Houseley and Tollervey, 2009;Schneider et al., 2012). Another important role of the exosome is the processing and degradation of small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs)

and ribosomal RNAs (rRNAs) (Allmang et al., 1999a(Allmang et al., , 1999b;;van Hoof et al., 2000). The exosome also degrades misfolded transfer RNAs (tRNAs) and tRNA precursors, cryptic unstable transcripts (CUTs), PROMPTs (promoter upstream transcripts), or RISC-cleaved transcripts (transcripts cleaved by RNA Induced Silencing Complex) (Branscheid et al., 2015;LaCava et al., 2005;Neil et al., 2009;Orban and Izaurralde, 2005;Preker et al., 2008;Schneider et al., 2012;Vanácová et al., 2005;Wyers et al., 2005).

II. From bacterial RNase PH to eukaryotic exosomes

A.

RNase PH

The eukaryotic exosome is structurally and evolutionarily related to prokaryotic phosphorolytic 3'-5' exoribonucleases. The simplest phosphorolytic 3'-5' exoribonuclease is bacterial RNase PH, that is mainly involved in the 3' end processing of structured RNAs such as tRNAs (Harlow et al., 2004). A functional RNase PH enzyme consists of six monomers that form a characteristic ring-shaped structure with a central channel. The RNase PH ring includes six phosphorolytic active sites that are located at the interface between the six RNase PH monomers (Choi et al., 2004;Harlow et al., 2004). The characteristic ring of RNase PH is also found in other protein complexes with RNase PH-like domains such as bacterial phosphorolytic 3' exoribonuclease, polynucleotide phosphorylase (PNPase) and both archaeal and eukaryotic exosomes (Figure 2) (Januszyk and Lima, 2014).

B. PNPase

PNPase is a homotrimer. Each monomer contains a duplicated RNase PH fold, PH1 and PH2, and two RNA-binding domains of the KH and S1 types. The KH and S1 domains are located on top of the ring and participate in substrate binding and in feeding the RNA substrate through the central channel of PNPase (Stickney et al., 2005). Deletion of any or both of RNA-binding domains of Escherichia coli

PNPase substantially reduces its RNA binding and its enzymatic activity (Stickney et , 2005). Since only the C-terminal PH2 domains harbor a catalytic site, PNPase enzymes have three active sites situated inside the channel (Shi et al., 2008).

PNPase is evolutionary conserved and present in almost all species from bacteria to plants (present in the mitochondria and chloroplasts) and mammals (present in mitochondria) (Schuster and Stern, 2009;Slomovic et al., 2008Slomovic et al., , 2006Slomovic et al., , 2005)). By contrast, archaea, yeast and trypanosomes do not possess a PNPase (Slomovic et al., 2006). PNPase is a highly processive enzyme that has the ability to degrade its substrates without releasing it after each catalytic cycle (removal of a single nucleotide) (Shi et al., 2008). E. coli PNPase favors single-stranded substrates and is impeded by secondary structures such as stem-loops. PNPase-mediated degradation of structured RNAs can be facilitated by the ATP-dependent RNA-unwinding helicase RhIB (Liou et al., 2002). E. coli PNPase, RhIB, endoribonuclease RNaseE and the metabolic enzyme enolase can form a high-molecular-weight complex, called the degradosome (Carpousis et al., 1994;Coburn and Mackie, 1999;Py et al., 1994).

Related complexes containing endo-and exoribonucleases, an RNA helicases and a metabolic enzyme have also been found in other bacteria (reviewed in (Aït- Bara and Carpousis, 2015). In both bacteria and organelles, RNA degradation by PNPase is stimulated by the addition of non-templated poly(A) or poly(A)-rich tails to the 3' ends of its substrates (Hajnsdorf et al., 1995;Haugel-Nielsen et al., 1996;Mohanty andKushner, 2016, 2002;Schuster et al., 1999). Such tails can be added by dedicated poly(A) polymerases or by PNPase itself (Mohanty and Kushner, 2000;Slomovic et al., 2008).

C. Archaeal exosome

Archaeal exosomes are processive phosphorolytic enzymes that share mechanistic and structural similarities with bacterial PNPase (Lorentzen and Conti, 2012;Lorentzen et al., 2005). Archaeal exosomes are composed of three heterodimers of the two PH-like proteins Rrp41 and Rrp42, that form the hexameric ring with the central channel. On top of the hexameric ring three additional subunits form a cap-like structure (Figure 3). In vivo, the cap of archaeal exosomes contains Csl4 (for CEP1 synthetic lethal 4) and Rrp4 subunits in different combinations, giving rise to different versions of archaeal exosomes. Reconstitution experiments with exosomes containing either only Csl4 or only Rrp4 subunits revealed that Rrp4 confers poly(A) specificity to the exosome, while Csl4

preferentially binds heteropolymeric over homopoly(A) substrates (Roppelt et al., 2010). Moreover, Csl4 is responsible for the interaction of the archaeal exosome with DnaG. DnaG is related to bacterial topoisomerases and primases and present in all archaea that have been sequenced to date. In Sulfolobus solfataricus, DnaG binds tightly to the exosome complex and confers an additional poly(A) binding site. In addition, DnaG is required for the synthesis of non-templated tails by the archaeal exosome (Evguenieva-Hackenberg et al., 2014).

The ring components of archaeal exosomes, Rrp41 and Rrp42, share 25% sequence identity with bacterial RNase PH (Evguenieva-Hackenberg et al., 2014).

Both Rrp41 and Rrp42 have an RNase PH-like fold, with more than 75% of their residues having a similar α-carbon position (Lorentzen et al., 2005). However, the superposed structures of the active sites of E. coli RNase PH, the C-terminal RNase PH domain of E. coli PNPase and S. solfataricus Rrp41 and Rrp42 revealed that the residues essential for the phosphorolytic activity are conserved between RNase PH, PNPase and SsRrp41 but not in SsRrp42 (Figure 4) (Lorentzen et al., 2005).

Phosphorolysis requires amino acid residues involved in the coordination of the inorganic phosphate ion and residues involved in the cleavage of the phosphodiester bond (Lorentzen et al., 2005). In RNase PH, the phosphate is coordinated by Thr 125 and Arg 126 . In PNPase, the phosphate is coordinated by Thr 462 and Ser 463 . Ser 138 and Arg 139 coordinate the phosphate ion in S. solfataricus Rrp41. Besides coordination of the inorganic phosphate, the cleavage of the RNA substrates phosphodiester bond requires two negatively charged residues that are located in the close proximity to the phosphate-coordination site: Asp 181 and Asp 187 in E. coli RNase PH, Asp 514 and Asp 520 in E. coli PNPase and Asp 182 and Asp 188 in S. solfataricus Rrp41 (Lorentzen andConti, 2012, 2005). In S. solfataricus Rrp42 proteins, the catalytic site is disrupted with Val 153 , Leu 154 , Glu 218 and Lys 224 at the respective positions of phosphate coordination and cleavage sites, and therefore, Rrp42 is catalytically inactive (Lorentzen et al., 2005).

Hence, the archaeal exosome contains three active sites within the channel.

The central channel of the S. solfataricus exosome has a diameter of 13 Å at its narrowest point (Lorentzen et al., 2005). Therefore, the central channel of archaeal exosomes can accommodate only single stranded RNA molecules. The distance from the entrance of the central channel to the Rrp41's active site spans 10-15 nt (Audin et al., 2016). Like bacterial PNPase, the archaeal exosome is a highly processive enzyme. Recent data from Remco Sprangers group suggest that the RNA-binding sites located in the neck region of the channel play an important role for the processivity of the archaeal exosome (Audin et al., 2016). In addition, they have shown that all three active sites inside the central channel contribute to the speed of substrate degradation by the archaeal exosome (Audin et al., 2016). Whether the number of active sites is also important for the processive character of the archaeal exosome remains to be investigated.

D. The structural organization of eukaryotic exosomes

The eukaryotic exosome consists of a conserved core complex, EXO9, which associates with various exoribonucleases and cofactors (Chlebowski et al., 2011;Lubas et al., 2012). The components of the eukaryotic exosome were originally identified in genetic screens. Subsequent co-purification experiments in yeast and human cell lines identified a nine-subunit core complex of 300-400 kDa comprising Rrp4, Rrp40, Rrp41, Rrp42, Rrp43, Rrp45, Rrp46, Mtr3 andCsl4 (Allmang et al., 2000, 1999;Mitchell et al., 1997). The structures of yeast and human exosomes were solved by the laboratories of Christopher Lima and Elena Conti and showed that EXO9 resembles the characteristic ring-shaped structure of bacterial phosphorylases and archaeal exosomes (Liu et al., 2006;Makino et al., 2013).

The barrel of EXO9 is made of six RNase PH-like domain proteins organized in three heterodimers: Rrp41-Rrp45, Rrp46-Rrp43 and Mtr3-Rrp42. The trimeric cap situated on top of the barrel is composed of Csl4, Rrp4 and Rrp40 that contain S1 and/or KH RNA-binding domains. The diameter of the central channel of yeast exosome is 10-12 Å, making it suitable for accommodating a single-stranded RNA substrate (Liu et al., 2006;Makino and Conti, 2013).

The ring subunits of eukaryotic exosome can be divided into two groups based on their sequence similarity with archaeal Rrp41 and Rrp42 subunits. Rrp41, Rrp46 and Mtr3 show 25-35% sequence identity with archaeal Rrp41 and substantially lower similarity with Rrp42 (10-15%), whereas Rrp42, Rrp43 and Rrp45 share 30% sequence identity with the archaeal Rrp42 but only 10-15% sequence identity with Rrp41 (Lorentzen et al., 2005). The exosome was described as a "complex of exonucleases," with multiple subunits proposed to have RNase activity (Liu et al. 2006;Mitchell et al. 1997). Later work revealed that actually none of the PH-domain proteins of yeast and human EXO9 contains the residues required for phosphorolytic activity (Dziembowski et al., 2007). Residues potentially involved in structural interactions, RNA-binding and cleavage of the phosphodiester bond are conserved in yeast and human Rrp41p/hRRP41. By contrast, the Ser 138 and Arg 139 residues required for phosphate coordination in S. solfataricus RRP41 are replaced by

Ile 135 and Met 136 in yeast Rrp41 and by Thr 133 and Tyr 134 in human RRP41 (Lorentzen et al. 2005;Dziembowski et al., 2007).

Indeed, yeast and human EXO9 do not possess phosphorolytic activity (Dziembowski et al., 2007;Greimann andLima, 2007 erratum to Liu et al., 2006).

Therefore, EXO9 complexes in yeast and humans rely on the activities of the associated ribonucleases Rrp6p/hRRP6 and Rrp44p/hRRP44 (Dziembowski et al., 2007;Wasmuth and Lima, 2012;Wasmuth et al., 2014). However, all subunits of yeast and human EXO9 are essential for viability, probably because EXO9 serves as a scaffold for the assembly and regulation of active exoribonucleases and cofactors involved in exosome activation or substrate recognition.

E. The plant exosome

All nine subunits of the core exosome complex are conserved in plants. All plant genomes encode at least one of each subunit of EXO9 and many plant species have two genes for individual subunits (Lange and Gagliardi, 2012). In Arabidopsis, two genes encode an AtRRP40 subunit. However, only AtRRP40A (AT2G25355)

was detected in immunopurified exosome complexes complexes (Chekanova et al., 2007;Lange et al., 2014) and therefore, it remains unknown whether RRP40B is incorporated into exosome complexes. The Arabidopsis genome encodes also two isoforms of AtRRP45. Both AtRRP45A (AT3G12990) and AtRRP45B/CER7 (AT3G60500) were shown to rescue the growth defect of yeast rrp45 mutants suggesting that they may have partially overlapping functions (Hooker et al., 2007).

Co-immunoprecipitation experiments in plants detected exosome complexes with both AtRRP45B and AtRRP45A, indicating that both AtRRP45 isoforms are functional subunits and can be incorporated into EXO9 (Lange et al., 2014, this work). While loss of AtRRP45B leads to a cuticular wax deposition defect (Hooker et al., 2007), no such phenotype is observed for plants lacking AtRRP45A. However, simultaneous down-regulation of both AtRRP45B and AtRRP45A is lethal (Hooker et al., 2007). This observation may indicate that exosome complexes containing either AtRRP45A or AtRRP45B have both distinct and overlapping functions.

However, it is still unknown whether exosome complexes containing either AtRRP45B or AtRRP45A have different biochemical properties or differ in their ability to associate with different cofactors. All other subunits of EXO9 are encoded by single genes in Arabidopsis. One of the subunits that were studied in Arabidopsis is AtMTR3, also called RRP41-like in one study (Yang et al., 2013). A T-DNA insertion located in the 7 th exon of the 8 exons of the MTR3 (AT4G27490) gene leads to the expression of a truncated MTR3 transcript and causes a delayed germination and a slow growth phenotype (Yang et al., 2013). The molecular phenotype of this hypomorphic mutant remains to be thoroughly studied.

By contrast, the essential roles of AtRRP4 Chekanova et al., 2007).

Moreover, knock-down of AtCSL4 did not affect the integrity of exosome complex as judged from gel-filtration experiments (Chekanova et al., 2007).

Therefore, it was suggested that CSL4 is not essential for exosome function in (Chekanova et al., 2007). Interestingly, the TbCSL4 subunit of Trypanasome brucei seems not to be essential neither, since its down-regulation does not destabilize the CSL4-free exosome complex (Haile et al., 2003). Hence, exosome complexes without CSL4 may still be functional in Arabidopsis and Trypanosome. One possible explanation is that the exosome cap proteins may have overlapping functions and remaining cap proteins may take over CSL4's function.

Arabidopsis

The roles of exosome subunits in other plants are not well investigated.

While studying host-pathogen response in barley (Hordeum vulgare) infected with the pathogenic fungus Blumeria graminis, Xi and colleagues isolated a barley mutant bcd1

(for bgh-induced tip cell death 1) carrying a deletion of six genes, among them (Xi et al., 2009). As mentioned before, the RRP41 subunits of most species including yeast and mammals harbor point mutations in the phosphate coordination site, and are indeed catalytically inert (Dziembowski et al., 2007;Greimann and Lima, 2007). By contrast, these residues essential for the phosphorolytic activity of RNase PH domain are conserved in the RRP41 subunit of both rice and Arabidopsis (Dziembowski et al., 2007). The residues involved in the coordination of the 5). The fact that all residues essential for the phosphorolytic activity of RRP41 are conserved suggests that plant EXO9 complex, unlike most of eukaryotic exosomes, could indeed have retained a catalytic activity comparable to archaeal exosome complexes.

HvRRP46

Actually, recombinant AtRRP41 has been claimed to be catalytically active in vitro as a monomer. Chekanova et al tested the catalytic activity of N-terminal GST fusion of AtRRP41 expressed and purified from E. coli (Chekanova et al., 2000).

Unfortunately, the presented work is questionable for two main reasons. First, no catalytic mutant of AtRRP41 was used as a control. Second, recombinant proteins were expressed in a standard BL21 E. coli strain and purified with a single-step purification for all but one experiment. The BL21 strain expresses a functional PNPase protein, a common contaminating protein in purifications of recombinant RNases (Liu et al., 2006). Hence, it cannot be excluded that the activity that was observed after the single step purification was due to a PNPase contamination. 

III. Ribonucleases associated with yeast and human exosomes

As mentioned above, EXO9 in yeast and human are catalytically inert. Therefore, the enzymatic activity of yeast and human exosomes is only provided by associated ribonucleases, namely Rrp44p/hDIS3 (for chromosome disjunction) and Rrp6p/hRRP6 (Dziembowski et al., 2007;Schneider and Tollervey, 2013). Both

Rrp44p and Rrp6p have hydrolytic activities, i.e. they catalyze the irreversible cleavage of phosphodiester bond using water and release nucleoside monophosphates.

A. The endo-/exoribonuclease Rrp44/Dis3

Rrp44p/hRRP44 is related to the bacterial exoribonuclease RNAse R/II and binds to the bottom of eukaryotic exosome core (Makino and Conti, 2013;Schneider et al., 2009). Rrp44p contains three RNA binding domains (one S1 and two cold shock RNA-binding domains, so called CSD1 and CSD2), and two catalytic domains, RNB (named after the gene locus encoding bacterial RNase II in E. coli) and PIN (named after its identification in the N-terminus of the PilT protein ) (Schneider and Tollervey, 2013). The C-terminal RNB domain provides a processive 3'-5' exoribonucleolytic activity that is magnesium-dependent (Dziembowski et al., 2007;Schneider and Tollervey, 2013). The exoribonucleolytic activity is responsible for the bulk RNA degradation by Rrp44p/Dis3p. The N-terminal PIN domain provides a manganese-dependent endonucleolytic activity that was proposed to be involved in the release of structured RNA substrates stalled at the exoribonucleolytic active site of Rrp44p/Dis3 (Schneider et al., 2012;Lebreton et al., 2008;Schaeffer et al., 2009;Tomecki et al., 2010). In addition, the PIN-domain of Rrp44/Dis3 is involved in the interaction with the EXO9 core complex (Schneider et al., 2009). Rrp44 can degrade not only single stranded RNA substrates (ssRNA) but it is also able to unwind and degrade duplex and hairpin structures as long as they possess 3' single-stranded extensions (Wasmuth and Lima, 2012).

The S. cerevisiae genome encodes a single and essential Rrp44p protein that localizes in the nucleolus, nucleoplasm and cytoplasm. By contrast, humans possess three homologs of S. cerevisiae Rrp44p. The closest homolog that has both endo-and exonuclease activities is hDIS3, located both in the nucleoplasm and cytoplasm. Due to point mutations, the cytoplasmic protein hDIS3-like (DIS3L) lacks the endonuclease activity albeit is has a PIN domain that enables its interaction with EXO9 (Staals et al., 2010;Tomecki et al., 2010). Finally, the cytoplasmic exoribonuclease hDIS3L2 lacks the PIN domain and does not associate with the exosome core. The hDIS3 isoform is essential and its mutations were correlated with occurrence of cancers such as multiple myeloma (Tomecki et al., 2014;Weißbach et al., 2015).

B. The exoribonuclease Rrp6

The second 3'-5' exoribonuclease associated with the exosome core in yeast and humans is Rrp6p/hRRP6, a homologue of bacterial RNase D. Unlike Rrp44p, Rrp6p is a distributive exoribonuclease, i.e. it releases its RNA substrate after removal of each nucleotide and needs to rebind to perform the next catalytic step. Alike Rrp44p's, the mechanism of RNA degradation by Rrp6p is hydrolytic. Rrp6p and hRRP6 proteins preferably degrade single-stranded RNA substrates, although structured substrates can also be degraded as long as they contain a single-stranded region on their 3' end. Rrp6p/hRRP6 bind to the top of the exosome barrel and its C-terminal part contacts the exosome core (Wasmuth et al., 2014). Rrp6p harbors three distinct domains, PMC2NT, DEDD and HRDC. The N-terminal PMC2NT

(polycystin 2 N-terminal) domain of Rrp6p serves as a binding site for Rrp47p/C1D, an RNA-binding protein (Januszyk et al., 2011;Schuch et al., 2014). The DEDD domain of Rrp6 is required for its 3' -5' exoribonucleolytic activity (Januszyk et al., 2011). Rrp6p proteins possess also a RNAse H-fold that harbors the 3'-5' exoribonucleolytic activity and a helicase/RNase D C-terminal domain (HRDC), that is believed to mediate its interaction with nucleic acids (Assenholt et al., 2008;Callahan and Butler, 2010;Januszyk et al., 2011).

Known endogenous substrates of Rrp6p include the 7S 5.8S pre-rRNA, small nuclear RNAs and snoRNAs. Rrp6p is the only subunit of yeast exosome that is not essential, however its deletion leads to a thermosensitive slow growth phenotype and the accumulation of the 5' external transcribed spacer (5'ETS, a fragment released during rRNA maturation), 5.8S rRNA precursors with 3' extensions, polyadenylated rRNA species and oligoadenylated box C/D snoRNAs (Allmang et al., 1999;Briggs et al., 1998;Grzechnik and Kufel, 2008;Kuai et al., 2004;Mitchell and Tollervey, 2003).

C. Composition and localization of exosome complexes in yeast and human

In yeast, cytoplasmic exosome complexes consist of EXO9 and Rrp44p bound to the bottom of the exosome barrel (EXO9+Rrp44p form EXO10) (Bonneau et al., 2009;Wang et al., 2007), whereas the nuclear exosome form contains a second exoribonuclease, Rrp6p, bound to its top (EXO9+Rrp44p+Rrp6p form EXO11) (Cristodero et al., 2008;Makino et al., 2013). Human exosome complexes are more diverse and exists in at least four variants. Since all human homologs of Rrp44p are excluded from nucleoli, exosome complexes in this compartment consist of EXO9 and hRRP6. By contrast, nucleoplasmic human exosomes contain both hDIS3 and hRRP6. Due to low cytoplasmic levels of hRRP6 (Lubas et al., 2011), cytoplasmic human exosomes are mostly represented by EXO9 associated with hDIS3L, although trace amounts of EXO9 with hRRP6 and hDIS3 also exist (Lubas et al., 2011;Tomecki et al., 2010).

D. Mode of action of Rrp44 and Rrp6

Several studies combining in vitro activity assays of reconstituted exosome complexes and structural data helped to understand the mode of action of yeast EXO10 and EXO11 (Bonneau et al., 2009;Makino et al., 2015;Wasmuth and Lima, 2012).

Bonneau and colleagues showed that RRP44 alone protects an RNA substrate fragment of 9-12 nt, while RRP44 associated to the EXO9 (EXO10) protects two fragments of 11-12 nt and 31-33 nt. This indicated that there are two routes to access the active site of Rrp44p: the RNA substrates are both threaded through the central channel of EXO9 and can reach RRP44's active site directly, without going through the channel (Bonneau et al., 2009). However, even though these two pathways exist, a genome wide study using RNA-Protein Crosslinking (CRAC)

suggested that most of the exosome's substrates are threaded through the central channel in vivo (Schneider et al., 2012).

Hence, although the exosome core is catalytically inert in yeast and humans, the mechanism of threading the RNA substrate through its central channel has been conserved from prokaryotes to eukaryotes. Supporting the idea that threading through the exosome's central channel is important, mutations occluding the central channel of yeast EXO9 have been shown to negatively affect the RNase activities of Rrp6p and Rrp44p in reconstituted EXO10 and EXO11 complexes (Wasmuth and Lima, 2012a). In vivo, partial channel occlusion leads to the accumulation of typical exosome substrates such as misprocessed RNA precursors (Drazkowska et al., 2013;Wasmuth and Lima, 2012), while complete occlusion of EXO9s central channel is lethal (Bonneau et al., 2009;Wasmuth and Lima, 2012). Moreover, the presence of EXO9 also alters RNA-binding and ribonucleolytic activities of Rrp44p and Rrp6p.

For example, free Rrp44p degrades RNA substrates roughly ten times more efficiently than RRP44 associated with EXO10 complexes in vitro (Wasmuth and Lima, 2012). This finding may explain why expression of free Rrp44p was reported to have deleterious effects on cell viability (Schaeffer et al., 2009).

Interestingly, the exoribonucleolytic activities of Rrp44 and Rrp6 in EXO11 are also interconnected. Rrp6p stimulates RNA binding and activity of RRP44 in EXO11. Conversely, Rrp44p lacking its exoribonuclease activity (RRP44 exo-) severely inhibits Rrp6 activity in EXO11 et al., 1999a;Briggs et al., 1998;van Hoof et al., 2000), while Dis3p was implicated in 5'ETS elimination (Lebreton et al., 2008;Schneider et al., 2012). On a genomewide level, the relative contributions of RRP6 and RRP44 were recently addressed by Schneider and colleagues in yeast, and by Gudipati et al. in human cell lines (Schneider et al., 2012;Gudipati et al., 2012). Gudipati at al. used genome-wide tiling arrays to map the RNA substrates that accumulate in human cell lines expressing catalytic mutants of hDIS3 and hRRP6 (Gudipati et al., 2012). Schneider and colleagues used in vivo RNA crosslinking combined with deep sequencing (crosslinking analysis of cDNAs, CRAC) with two subunits of the yeast exosome, Rrp41p and Csl4p, the two exosome-associated ribonucleases Rrp6p and Rrp44p, and the poly(A) polymerase Trf4 of the TRAMP complex (Trf4/5-Air1/2-Mtr4;

further described in part IV of this introduction) (Schneider et al., 2012).

These experiments revealed that RRP44 and the exosome core subunits on one side, and RRP6 on the other side protected different fragments of the 5' ETS, confirming that the two exoribonucleases cooperate but make also distinct contributions to the degradation of this rRNA maturation by-product. In addition, RRP6 but neither RRP44 nor the exosome core subunits were precipitated with specific fragments mapping inside the 18S rRNA, indicating that RRP6 has a specific role in the elimination of misprocessed 18S species. By contrast, both RRP44 and RRP6 were crosslinked to 5.8S precursors. In fact, Rrp44p and Rrp6p, assisted by the TRAMP complex, were found to cooperate or act redundantly in processing or degradation of many exosome targets. For example, Rrp44p, Rrp6p and Trf4 were crosslinked to the Pol III transcripts 5S rRNA, U6 snoRNA or SRP RNA, and to Pol II transcripts such as CUTs (cryptic unstable transcripts) and SUTs (stable unannotated transcripts). By contrast, highly structured tRNAs precursors were identified as specific targets of RRP44p, and other small structured RNA such as snRNAs and snoRNAs were preferentially crosslinked to RRP6. Interestingly, the exosome subunits Rrp4p and Csl4p were not crosslinked to these short structured

RNAs. Therefore, it was proposed that such small highly structured RNA substrates may be degraded by RRP6 and RRP44 in pathways that are independent of the central channel of the core exosome (Schneider et al., 2012).

Both mRNAs and pre-mRNAs accumulated in cells expressing activity mutants of hRRP44 and hRRP6 (Gudipati et al., 2012), or were crosslinked to the exosome core subunits or Rrp6p and Rrp44p (Schneider et al., 2012). In yeast, Rrp6p was crosslinked to most intron-containing mRNAs, while RRP44 was preferentially bound to pre-mRNAs containing particular long introns. In human cells, hRRP44 seemed to be more important for the degradation of pre-mRNAs than hRRP6. However, both studies demonstrated that the exosome systematically degrades pre-mRNAs, possibly as part of a quality control pathway that constantly monitors mRNA processing (Gudipati et al., 2012;Schneider et al., 2012).

Interestingly, tRNA precursors were also frequently crosslinked to yeast Rrp44p or detected in cells expressing mutant hDIS3. This suggested that RRP44/DIS3 has a specific role in the surveillance of tRNA production.

Taken together, these two genome-wide studies provided a transcriptomewide map of exosome substrates and untraveled the relative contribution of the active exoribonucleases RRP6 and RRP44 in both human and yeast. This identified new roles of the exosome in pre-mRNA and tRNA surveillance and highlighted the specific and the redundant roles of RRP44 and RRP6.

F. Plant homologues of Rrp44p and Rrp6p

The Arabidopsis genome encodes three RNase II/R-like proteins, AtmtRNaseII/AtRNR1 (for RNase R homolog) (At5g02250), AtSOV (for suppressor of varicose) (AT1G77680) and AtRRP44 (AT2G17510).

AtmtRNaseII/AtRNR1 resides in chloroplasts and mitochondria and was implicated in the maturation of 23S, 16S, 5S rRNAs and mRNAs (Bollenbach et al., 2005;Germain et al., 2012;Perrin et al., 2004). AtSOV, a non-essential cytoplasmic protein closely related to human hDIS3L2 (Astuti et al., 2012;Lubas et al., 2013), was shown to be involved in the degradation of selected mRNAs (Zhang et al., 2010). AtSOV lacks a PIN domain that was shown to promote the interaction of hDIS3L with the human exosome (Bonneau et al., 2009;Schneider et al., 2009;Tomecki et al., 2010). Therefore, SOV is unlikely to associate with the exosome core and probably acts independently of the exosome complex, similar to hDIS3L2 (Lubas et al. 2013;Tomecki et al. 2010). In all accessions of Arabidopsis but Col-0

AtSOV is catalytically active. In Col0, a single nucleotide polymorphism (SNP) (A.

thaliana R705P) appears to alter AtSOV activity (Zhang et al., 2010).

AtRRP44 is an essential protein located both in the nucleus and cytoplasm (Zhang et al., 2010). Alike yeast Rpp44p/Dis3p or human hDIS3 and hDIS3L, AtRRP44 contains a N-terminal PIN domain that may promote its interaction with EXO9, and a C-terminal RNB domain endowed with exoribonucleolytic activity (Zhang et al., 2010). Whether AtRRP44 has also an endonucleolytic activity conferred by its PIN domain has not been investigated yet. AtRRP44 interacts with EXO9 in vivo, since it reproducibly co-purifies, albeit to low amounts, with Arabidopsis EXO9 ((Lange et al., 2014) this work). Down-regulation of RRP44 leads to an increase in the level of 5.8S rRNA processing intermediates with 3'end extensions (Kumakura et al., 2013). However, knock-down mutants of AtRRP44 displayed wild-type levels of mature 5.8S rRNA (Kumakura et al., 2013). This may be explained by the fact that the remaining levels of AtRRP44 were sufficient to allow the processing of rRNA. Alternatively, when AtRRP44 is down-regulated both elimination of P-P' and processing of 5.8S rRNA precursors may be performed by compensating exoribonucleases. One possible candidate is one of the RRP6-like proteins in Arabidopsis, AtRRP6L2, that was shown to play a role in both of these processes (Lange et al., 2011(Lange et al., , 2008)). Another substrate of AtRRP44 is the P-P' fragment, a maturation by-product generated from the 5' External Transcribed Spacer (5'ETS) (Kumakura et al., 2013).

The Arabidopsis genome encodes three Rrp6p homologues called RRP6-like, AtRRP6-like1 (AtRRP6L1, At1g54440), AtRRP6-like2 (AtRRP6L2, At5g35910) and AtRRP6-like3 (AtRRP6L3, At2g32415) (Chekanova et al., 2007;Lange et al., 2008).

Phylogenetic analysis of RRP6-like proteins revealed that AtRRP6L1 and AtRRP6L2 cluster together with yeast and animal RRP6 proteins, whereas AtRRP6L3 homologues are only found in plants (Lange et al., 2008). All three AtRRP6-like proteins contain the IPR002562, 3'-5' exoribonuclease and the IPR002121 HDRC (for helicase/ RNase D C-terminal) motifs that are characteristic for RRP6 proteins.

By contrast, the PMC2NT domain that is present in the N terminus of S. cerevisiae and H. sapiens Rrp6 proteins and promotes the interaction with the Rrp6p co-factor Rrp47p, is found only in AtRRP6L2 (Lange et al., 2008). Accordingly, only RRP6L2

but not RRP6L1 or RRP6L3 interact with the Arabidopsis RRP47 homologue (Sikorski et al., 2015). By now, none of the Arabidopsis RRP6-like proteins was shown to physically interact with EXO9 (Chekanova et al., 2007;Lange et al., 2014),

suggesting that either such interactions are transient and therefore difficult to detect, or that the interaction of EXO9 and RRP6 is not conserved in Arabidopsis.

Interestingly, each of the Arabidopsis RRP6-like proteins occupies a distinct intracellular compartment. While RRP6L3 is a cytosolic protein, RRP6L1 is found in the nucleoplasm and the nucleolar vacuole. RRP6L2 is predominantly located in nucleoli.

The role of the cytoplasmic isoform AtRRP6L3 was not investigated so far and the Arabidopsis mutant down-regulated for the expression of AtRRP6L3 does not exhibit any morphological phenotype (Lange et al., 2008). AtRRP6L2 participates in the processing of 5.8S ribosomal RNA precursors and elimination of maturation byproducts generated from the 5' external transcribed spacer (5'ETS) (Kumakura et al., 2013). In addition, AtRRP6L2 has also an exosome-independent function in the processing of 18S rRNA precursors (Sikorski et al., 2015). However, rrp6l2 mutants have wild-type levels of mature rRNAs and no particular phenotype, indicating that the role of AtRRP6L2 in rRNA processing is not essential and can be compensated by other exoribonuclease such as AtRRP44 (see above).

In AtTrimmer 1 and 2 were found to be responsible for the trimming of several siRNAs required to initiate RdDM at specific loci. Whether AtRRP6L1 is processing these sidRNAs in an exosome-dependent or independent pathway was not investigated.

Another role of AtRRP6L1 in RdDM was proposed by Zhang et al. (Zhang et al., 2014). This study showed that AtRRP6L1 positively regulates chromatin-associated long non-coding RNAs named scaffold lncRNAs and siRNAs in the RdDM pathway.

AtRRP6L1 was demonstrated to associate with Pol V-dependent lncRNAs and maintain the levels of scaffold lncRNAs, and therefore proposed to mediate RdDM through retention of lncRNAs in the chromatin (Zhang et al., 2014). Interestingly, these functions of RRP6L1 in the RdDM pathway may be independent of the exosome (Zhang et al., 2014).

IV. Exosome cofactors

In vivo, exosome complexes are associated with a number of additional cofactors involved in exosome activation, substrate recognition and eventually transcription termination. In many cases, exosome cofactors form so-called activator/adaptor complexes containing an RNA helicase of the MTR4/SKI2 family, one or several RNA binding proteins (adaptors), proteins that mediate protein to protein interactions, and sometimes poly(A) polymerases.

RNA helicases of the MTR4/SKI2 DExH-box family are central to exosome activity. The crystal structure of Mtr4p and Ski2p revealed that besides the helicase domains RecA1 and RecA2, both helicases contain also a unique domain with a characteristic shape, called arch domain (Halbach et al., 2013(Halbach et al., , 2012;;Jackson et al., 2010;Weir et al., 2010). The arch domain consists of two anti parallel coiled coils forming an arm ending in a globular structure, the so called KOW motif (Kyrpides-Ouzounis-Woese). The KOW motif is an RNA binding motif commonly found in ribosomal proteins (Thoms et al., 2015).

A. RNA helicase Ski2 and the SKI complex Ski2p, the founding member of the family, is a cytoplasmic protein and a component of the SKI complex, comprising also the tetratricopeptide protein Ski3p

and two copies of the WD4O proteins Ski8p (Brown et al. 2000). The "superkiller" genes (SKI) were originally identified in a genetic screen in yeast, where their depletion led to the accumulation of viral dsRNAs and the production of toxins (Toh-E et al., 1978). Ski2, Ski3 and Ski8 are conserved among eukaryotes (van Dijk et al., 2007;Dorcey et al., 2012). The SKI complex is required for all cytoplasmic functions of the exosome including the degradation of mRNAs via the nonsensemediated or no-stop decay pathways (van Hoof et al., 2002;Mitchell and Tollervey, 2003). In plants, SKI2 is also required for the degradation of RISC-cleaved mRNAs (Branscheid et al., 2015). In yeast, the interaction of the SKI complex with the exosome is mediated by the GTPase Ski7p (Araki et al. 2001). A recently published structure of the yeast cytoplasmic exosome complex showed that Ski7p binds to the top of the exosome barrel, suggesting that Ski7 is constitutively bound to the cytoplasmic exosome complex in yeast (Kowalinski et al., 2016). The comparison of structures of the nuclear exosome containing Rrp6p (EXO11) and the cytoplasmic exosome containing Ski7 (EXO10+SKI7) suggests that Ski7p and Rrp6p evolved to bind to the same surface of the exosome core (Kowalinski et al., 2016;Wasmuth et al., 2014).

Ski7 is crucial for the recognition of exosome substrates in the cytoplasm and mRNA quality-control since it was proposed to release transcripts from stalled ribosomes by binding to the A site (Van Hoof et al., 2002). Because Ski7p resembles translation-associated GTPases such as the eukaryotic elongation factor 1α eEF1α

and the eukaryotic release factor 3 eRF3, it was suggested to mediate the interaction between the exosome/SKI complex and mRNA-associated ribosomes (Klauer and van Hoof, 2012). Notably, Ski7p has no sequence homologs in humans or plants.

However, its function is probably fulfilled by isoforms of the ribosome recycling factor HBS1 (Saito et al., 2013). Both SKI7 and HBS1 proteins contain a GTPase domain (Kowalinski et al., 2016) and recognize and release transcripts from stalled ribosomes (Van Hoof et al., 2002).

B. RNA helicase MTR4

The central activator of the nuclear exosome is the RNA Helicase Mtr4. Its best studied role is to assist the exosome in the processing of 5.8S ribosomal rRNA and the degradation of rRNA maturation by-products such as the 5' external transcribed spacer (5'ETS). Both processing of the 5.8S 3' end and elimination of the 5' ETS require Mtr4's arch domain (Thoms et al., 2015). A recent study has shown that the arch domain serves as a binding site for the adapter proteins Nop53p and Utp18p, each containing a specific arch interaction motif (AIM) (Thoms et al., 2015). Nop53p and Utp18p are components of pre-ribosomal particles and specifically recognize 5.8S precursors and the yeast 5' ETS, respectively. Their interaction with the RNA Helicase Mtr4p recruits and activates the exosome for processing of the 5.8S rRNA and degradation of the 5' ETS (Thoms et al., 2015).

Likely, additional adapters exist to recruit the exosome to other specific substrates.

Such specific adapters are at least partially conserved among eukaryotes. Indeed, homologs of both Nop53p (At2g40430) and Utp18p (At5g14050) were among the proteins that co-immunoprecipitaded with Arabidopsis AtMTR4 ( Lange et al., 2014) suggesting that similar mechanism may take place in plants.

In yeast, Mtr4p associates with the non-canonical poly(A) polymerases Trf4p

or Trf5p and the Zn-knuckle RNA-binding proteins Air1p or Air2p in TRAMP complexes (LaCava et al., 2005;Vanácová et al., 2005;Wyers et al., 2005).

Trf4p/Air2p/Mtr4p and Trf5p/Air1p/Mtr4p are largely but not fully redundant (Holub et al., 2012;Jia et al., 2012). The current data indicate that Trf5p is more important for nucleolar surveillance while Trf4p acts predominantly on nucleoplasmic substrates of the exosome exosome (San Paolo et al., 2009;Schmidt et al., 2012). Substrates of TRAMP complexes include sn(o)RNAs, rRNA precursors, aberrant tRNAs, mRNAs and ncRNAs like CUTs and antisense RNAs for degradation by the exosome domain (LaCava et al., 2005;Vanácová et al., 2005;Wyers et al., 2005).

Trf4p and Trf5p strongly interact with Rrp6p (Tudek et al., 2014). In addition, TRAMP binding to certain RNA substrates such as cryptic unstable transcripts recruits both the exosome and the Nad3-Nrb1-Sen1 transcription termination complex (Tudek et al., 2014). Furthermore, the TRAMP complex stimulates exosome activity by adding non-templated oligo(A) tails to the 3' ends of exosome substrates (LaCava et al., 2005;Vanácová et al., 2005;Wyers et al., 2005).

As in the case of PNPase, polyadenylation promotes exoribonucleolytic degradation by the exosome complex that binds poly(A) with high affinity.

The TRAMP complex is conserved in fission yeast, Drosophila and humans (Bühler et al., 2008;Lubas et al., 2011;Nakamura et al., 2008). Human TRAMP comprising hMTR4, the non-canonical poly(A) polymerase hTRF4-2 (PAPD5), and the Znknuckle RNA-binding protein hZCCHC7 is restricted to nucleoli and required for the degradation of the 5' ETS (Lubas et al., 2011). By contrast, processing of 5.8S

precursors requires hMTR4 but is independent of TRAMP (Lubas et al., 2011).

Plants posses a homologue of the non-canonical poly(A) polymerase Trf4p, namely

AtTRL that is involved in the polyadenylation of ribosomal exosome substrates (Sikorski et al., 2015). However, a plant TRAMP-like complex was not identified yet and no poly(A) polymerases were detected in co-immunoprecipitations of AtMTR4.

Instead, Arabidopsis MTR4 co-purifies with EXO9 and a large number of proteins involved in the biogenesis of ribosomal particles (Lange et al., 2014).

Interestingly, the nucleoplasmic fraction of hMTR4 is part of another trimeric complex located in the nucleoplasm, the so-called NEXT complex (for nuclear exosome targeting) (Lubas et al., 2011). The human NEXT complex comprises hMTR4, the strictly nucleoplasmic Zn-knuckle protein ZCCHC8 and the RNAbinding protein RBM7. The NEXT complex targets promoter upstream transcripts (PROMPTs) and other unstable transcripts for exosome-mediated degradation (Andersen et al., 2013;Lubas et al., 2015Lubas et al., , 2011)). Moreover, the NEXT complex physically interacts with the cap-binding complex (CBC) and the ARS2 protein (forming together the CBCA complex). CBCA suppresses read-through products by promoting transcription termination (Andersen et al., 2013).

NEXT-like complexes are also conserved in plants (Lange et al., 2014).

Instead of MTR4, plant NEXT contains the plant-specific Mtr4 homologue AtHEN2, which shares 43% identity and 59-60% similarity with plant or yeast MTR4 proteins (Lange et al., 2014). Unlike Arabidopsis AtMTR4 that is a predominantly nucleolar protein, AtHEN2 resides in the nucleoplasm and in nucleoplasmic speckles, and promotes the degradation of non-ribosomal nuclear exosome targets, such as snoRNA precursors, miRNA precursors, lincRNAs, transcripts derived from intergenic regions or pseudogenes, excised introns and misprocessed mRNAs (Lange et al., 2014). In addition to EXO9, AtHEN2 co-purifies with At4g10110, a homologue of the human NEXT component hRBM7, and with At5g38600 and At1g67210, both of which are related to ZCCHC8. AtHEN2 also co-purifies with two subunits of the cap binding complex (CBC), namely AtCBP80 (AT2G13540)

and AtCBP20 (AT5G44200) and with MAGO NASHI (AT1G02140), which is a component of the exon junction complex (EJC) (Lange et al., 2014).

Another cofactor of the plant nuclear exosome is AtSOP1, a large Zn-finger protein that co-localizes with AtHEN2 in nucleoplasmic speckles (Hématy et al., 2016). A direct interaction of AtHEN2 and AtSOP1 was not demonstrated yet, however, AtSOP1 is required for the degradation of a subset of HEN2-dependent nuclear exosome targets, including mis-spliced mRNAs (Hématy et al., 2016).

AtSOP1 appears to be a novel, plant-specific exosome cofactor, however, its Znfinger domain shares limited sequence similarity with the zinc finger domain of S.

pombe Red5. SpRed5 is part of the so-called NURS (for nuclear silencing) or MTREC (for Mtl1-Red1 core) complex that also contains second, exosome-associated helicase Mtl1 (for MTR4-like). MTREC mediates the association of the nuclear exosome with protein complexes involved in the recognition of various types of RNAs (Egan et al., 2014;Zhou et al., 2015). The precise composition of nuclear exosome activator/adaptor complexes varies between organisms and cellular compartments. Future studies should further characterize the composition and variety of exosome-associated proteins.

V. Functions of the exosome in ribosomal RNA processing

The surveillance of ribosome assembly by degrading both misprocessed and superfluous rRNA precursors is one of the best conserved roles of the eukaryotic exosome (Lafontaine, 2010). The prominent role of the Arabidopsis exosome in the quality control of ribosome assembly is illustrated by the stable association of the exosome cofactor AtMTR4 with components of 90S pre-ribosomal particles and the 2012;Turowski and Tollervey, 2015). A scheme of the cleavage sites within the Arabidopsis 35S precursor and the major processing intermediates are depicted in Figure 6. Only a few of the endo-and exonucleolytic activities involved in plant pre-rRNA processing have been identified so far. As determined in Brassica oleracea, a close relative of Arabidopsis, the cleavage at the P-site is mediated by a ribonucleoprotein complex containing U3 snRNA and nucleolin (U3 snoRNP) (Sáez-Vasquez et al., 2004). The endonucleolytic cleavage in the 3' ETS (at B0 site) is performed by AtRTL2, an orthologue of yeast Rnt1 (Comella et al., 2008;Kufel et al., 1999). An Arabidopsis homologue of the yeast endonuclease Nob1 generates the mature 3' end of the 18S rRNA (Missbach et al., 2013). The ribonucleases that cleave at A2, A3 and C2 or generate mature ends of 5.8S or 25S rRNAs have not been identified yet.

In addition to endonucleases, both 5'-3' and 3'-5' exoribonucleases are required for rRNA processing. Exoribonucleases also ensure the degradation of misprocessed, misfolded or hypomodified rRNA precursors. In Arabidopsis, the nuclear 5′-3′ exoribonucleases AtXRN2 and AtXRN3 are involved in the processing of the 5′ extremities of 5. 8S and 25S rRNA (Zakrzewska-Placzek et al., 2010).

AtXRN2 and AtXRN3 have also redundant roles for the elimination of maturation by-products generated from the 5' ETS and the ITS1 (Zakrzewska-Placzek et al., 2010). In addition, AtXRN2 has a unique function in trimming the 5' extremity of the primary precursor transcript, which removes a sequence called the A123B cluster, a 123 nt region located in the 5'ETS, upstream of the P site. This trimming step is required to enable the endonucleolytic cleavage at the P site (Zakrzewska-Placzek et al., 2010). 3'-5' exoribonucleolytic degradation of rRNA precursors and fragments released by endonucleolytic cleavages is performed by the nuclear exosome. The two archetypical roles of the exosome in rRNA processing are 3' trimming of the 5.8 S rRNA and the elimination 5' ETS. In addition, 3'-5' exoribonucleolytic degradation contributes to the processing or quality control of 18S rRNA precursors (Lange et al., 2011;Preti et al., 2013;Rouquette et al., 2005;Sikorski et al., 2015;Tafforeau et al., 2013). However, some of the fragments that are excised from rRNA precursors do not accumulate upon down-regulation of either 5'-3' and 3'-5' or exoribonucleolytic pathways, suggesting that both pathways act also redundantly.

A. The exosome monitors early steps of rRNA processing

The largest precursor that can be detected in wild-type Arabidopsis plants is the P-3' ETS 33S precursor (Zakrzewska-Placzek et al., 2010;Lange et al., 2011;Missbach et al., 2013). The P-3' ETS 33S precursor accumulates in mutants lacking the RNA helicase AtMTR4 or upon down-regulation of the exosome subunits AtRRP4 or AtRRP41, indicating that it is a substrate of the nuclear exosome (Lange at al., 2011;Chekanova et al., 2007;Sikorski et al., 2015). However, no accumulation is observed upon loss of either AtRRP6L2 or down-regulation of RRP44, suggesting that both exoribonucleolytic activities contribute to its degradation (Sikorski et al., 2015). The P-3' ETS precursors can be further processed at P' in the 5' ETS, the mature 5' end of the 18S rRNA, or the 3' end of the 25S rRNA. However, the P'-25S and 5' 18S-25S intermediates are barely detectable and accumulate only upon loss of AtMTR4 or down-regulation of RRP4 or RRP41, indicating that they are low abundant side products rapidly degraded by the exosome, rather than intermediates of the main rRNA processing pathway (Sikorski et al., 2015). An alternative explanation for their low abundance in wild-type plants may be that they undergo rapid processing by cleavage at A2 in a pathway proposed as "5' ETS-first" by the group of E. Schleiff (Weis et al., 2015).

B. The exosome and AtRRP6 have different roles in the degradation of 18S precursors

In yeast, the precursors destined for the small and large ribosome subunits are separated by cleavage at the A2 site located 30 nt downstream of the mature 3' end of 18S rRNA. Cleavage at a site alike A2, 200 nt 3' downstream of the 18S 3' end, occurs also in Arabidopsis (Zakrzewska-Placzek et al., 2010). However, a substantial proportion of the P-25S precursors are cleaved at the A3 site, located 200nt downstream of the A2 site (Zakrzewska-Placzek et al., 2010;Lange et al., 2011;Sikorski et al., 2015). 5' processing of the resulting P-A3 intermediates generates P'-A3 and 18S-A3 18S precursors. P-A3, P'-A3 and 18S-A3 are substrates of the nuclear exosome, as they accumulate as polyadenylated species upon downregulation of RRP6L2, RRP44, MTR4 and components of EXO9 (Lange et al., 2011;Sikorski et al., 2015). Interestingly, intermediates alike P-A3 are also observed in yeast and human cells and are also substrates of exoribonucleolytic degradation by the exosome (Carron et al., 2011;Preti et al., 2013;Rouquette et al., 2005;Sloan et al., 2013;Tafforeau et al., 2013). Therefore, it was proposed that exoribonucleolytic trimming rather than endonucleolytic cleavage generates 18S-A2 intermediates in humans. However, an alternative scenario is that 18S precursors that are produced by cleavage at A3 are dead-end products that cannot be further processed into mature 18S and are therefore removed by rRNA surveillance as it seems to be the case in yeast (Allmang et al., 2000;Carron et al., 2011;de la Cruz et al., 1998).

Since P-A2 or P'-A2 intermediates have never been detected in Arabidopsis, cleavage at A2 likely requires 18S-25S as a substrate. In addition, cleavage at A2 can probably occurs on 18S-A3 intermediates, since the existence of excised A2-A3

fragments has been proven (Sikorski et al., 2015;Zakrzewska-Placzek et al., 2010).

A2-A3 fragments accumulate upon impairment of the 5'-3' exoribonucleolytic pathway, but not upon down-regulation of the exosome (Sikorski et al., 2015;Zakrzewska-Placzek et al., 2010).

Interestingly, 18S-A2 precursors do not accumulate upon down-regulation of AtMTR4, the exosome core complex or AtRRP44 (Sikorski et al., 2015). Instead, Arabidopsis 18S-A2 precursors are exclusively processed by AtRRP6L2 (Sikorski et al., 2015). Suggesting that the role of AtRRP6L2 in the degradation of these intermediates is an exosome-independent function of AtRRP6L2. Moreover, 18S-A2 substrates are frequently uridylated, whereas precursors cleaved at A3 undergo predominantly adenylation. The nucleotidyltransferase activity that is involved in the uridylation of 18S-A2 intermediates remains to be identified. It is also not clear whether AtRRP6L2 has an intrinsic specificity for uridylated substrates.

Interestingly, human 18S-E precursors (equivalent to 18S-A2 in Arabidopsis) also undergo uridylation and exoribonucleolytic trimming (Preti et al., 2013). However,

18S-E intermediates do not accumulate upon down-regulation of hRRP6 or the exosome, indicating that they are trimmed by another activity. As in yeast, the mature 3' ends of human and plant 18S rRNA is generated in the cytoplasm by the endonuclease AtNOB1 hNOB1/AtNOB1 (Fatica et al., 2004;Lamanna and Karbstein, 2009;Pertschy et al., 2009;Missbach et al., 2013).

C.

The exosome is required for the elimination of the 5' ETS As briefly depicted above, the Arabidopsis 5' EST contains two cleavage sites named P and P'. Cleavage at the P site is an early event and the resulting 5' part of the 5' ETS is degraded by AtXRN2 and AtXRN3 (Zakrzewska-Placzek et al., 2010).

Cleavage at P' generates a 482 nt P-P' fragment. Oligoadenylated P-P' fragments accumulate upon loss of AtMTR4, the exosome, AtRRP44 and to a lesser extent in AtRRP6L2 (Chekanova et al., 2007;Kumakura et al., 2013;Lange et al., 2011Lange et al., , 2008) ) demonstrating that the 5' ETS is eliminated by 3'-5' exoribonucleolytic degradation by both AtRRP44 and AtRRP6L2 activities.

In yeast and humans, the ETS is polyadenylated by the non-canonical poly(A) polymerases Trf4/5 and hTRF4-1/hTRF4-2, respectively (LaCava et al., 2005;Lubas et al., 2011). The Arabidopsis homologue AtTRL is a nuclear protein that is enriched in nucleoli (Sikorski et al., 2015). In trl mutants, oligo-A tails at the 3' ends of several rRNA precursors and the P-P' fragment are hardly detectable but not completely abolished. This demonstrates that AtTRL is the main activity for the adenylation of rRNA processing intermediates. However, other activities can adenylate rRNA processing intermediates and partially compensate for loss of AtTRL. trl mutants accumulate misprocessed 18S precursors that still contain the 5' ETS. In addition, trl mutants accumulate degradation intermediates of P-P' of about 278 and 330 nt (Sikorski et al., 2015). Interestingly, specific, 150-180 nt intermediates of P-P' degradation, so-called P-P1 fragments, are also detected in wild-type plants (Lange et al., 2011;Sikorski et al., 2015). The P-P1 region contains stem-loop structures that may impede exoribonucleolytic degradation, which may explain the relative abundance of these maturation by-products (Sáez-Vasquez et al., 2004;Sikorski et al., 2015;Zakrzewska-Placzek et al., 2010). Indeed, P-P1 fragments accumulate in several exosome mutants, demonstrating that they are substrates 3' exoribonucleolytic decay. Therefore, P-P1 fragments are an ideal model substrate to study the relative contribution of the different activities associated with the nuclear exosome.

D.

The exosome contributes to processing of 5.8S rRNA

Besides the 5' ETS, 5.8S rRNA precursors are the archetypical substrates of exosome-mediated RNA degradation in all eukaryotes that have been studied so far.

5.8S precursors are generated by cleavage at A3 and C2 in the ITS1 and ITS2, respectively (Henras et al., 2015;Weis et al., 2015).

In yeast, the mature 5' extremity of mature 5.8 is generated by the 5'-3' exoribonuclease Xrn1p (Henry et al. 1994). Similarly, plant AtXRN2 and AtXRN3 contribute to the maturation of 5.8S 5' ends, however, the relative mild accumulation of 5' misprocessed Arabidopsis xrn2 xrn3 mutants may suggest the involvement of additional factors (Zakrzewska-Placzek et al., 2010). Maturation of the 3' end of 5.8S rRNA involves 3'-5' exoribonucleolytic degradation by the exosome (Allmang et al., 1999;Briggs et al., 1998;de la Cruz et al., 1998). The mechanism of 5.8S processing by the yeast exosome was recently elucidated by E.

Conti's laboratory (Makino et al., 2015). They studied the relative contributions of Rrp44p and Rrp6p in the processing of 5.8S 3' extremities by a combination of enzymatic assays and structural data and proposed that both exosome-associated activities collaborate in a sequential manner during processing of 5.8S rRNA precursors. Larger 5.8S rRNA precursors are threaded through the exosome channel to reach the active site of the processive exoribonuclease Rrp44p that is bound to the bottom of the EXO9 core complex. When 5.8S precursors are degraded to a size of 5.8S+30nt they are too short to span the central channel of EXO9 and become a substrate of Rrp6p, which further trims them to 5.8S+6nt (Makino et al., 2015).

In yeast, the final step of 5.8S processing, removal of the last nucleotides, is performed by Ngl2p in the cytoplasm (Thomson and Tollervey, 2010). Interestingly, Ngl2p is not essential for viability indicating that ribosomes that contain 5.8S rRNA with short 3' extensions are (at least partially) functional (Thomson and Tollervey, 2010).

In Arabidopsis, processing of the 5.8S rRNA involves the RNA helicase AtMTR4, the exosome core complex and the exoribonucleases AtRRP6L2 and AtRRP44 (Chekanova et al., 2007;Kumakura et al., 2013;Lange et al., 2011). Three types of 5.8S precursors are easily detected in plant exosome mutants: 5.8S+120 nt, +70 nt and +10 nt. The 5.8S+120 nt precursor is generated by cleavage at C2 site.

5.8S+70nt species are predominantly observed in mtr4 mutants. Finally, 5.8S+10 nt precursors accumulate in both mtr4 and rrp6L2 mutants, although to different levels (Lange et al., 2011). However, the relative contributions of the two exoribonucleases AtRRP6L2 and AtRRP44 to processing of plant 5.8S precursors have not been studied in directly comparable experiments so far. An additional challenge is to unravel the contribution of the unique phosphorolytic activity of plant EXO9 to individual steps of 5.8S processing.

Aims of the thesis

In all eukaryotes studied to date, the EXO9 core complex of the RNA exosome is catalytic inert, and catalytic activity is provided solely by associated exoribonucleases of the RRP44 and RRP6 families. Importantly, the sequence analysis of the plant exosome subunit AtRRP41 suggested that this protein possesses residues shown to be essential for phosphorolytic exoribonuclease activity in the related enzymes PNPase and archaeal EXO9. This suggested that plant EXO9

could have an intrinsic phosphorolytic activity, which would be unique among eukaryotic exosomes.

Therefore, the first goal of this study is to investigate the catalytic activity of the exosome core complex (EXO9) in Arabidopsis. I used rrp41 mutants complemented either with wild-type (RRP41 WT ) or mutated (RRP41 Pi-, RRP41 Pi-Cat-)

versions of AtRRP41 to purify EXO9 complexes and perform in vitro activity assays.

These experiments show that AtRRP41 is indeed the active subunit of EXO9. In this manuscript I demonstrate that EXO9's activity meets the three criteria for phosphorolytic catalysis, namely phosphate dependency, release of nucleoside diphosphates and reversibility of the reaction. I also investigate some basic requirements of this activity and address the question whether EXO9 has a distributive or processive activity.

Ribosomal RNA processing is one of the most conserved roles of the eukaryotic exosome, and the relative contributions of both Rrp6p and Rrp44p to this Logo illustrating the conservation of the phosphate coordination site among plant RRP41 proteins. Sequences of RRP41 proteins from 27 plant species including mosses, mono-and dicotyledons were aligned with ClustalX. The 13 amino acid sequences including the GGTRSA phosphate coordination site were used to calculate a sequence logo illustrating sequence conservation using the weblogo.berkeley.edu/logo.cgi site. The overall height of each stack indicates the sequence conservation at that position (measured in bits), whereas the height of symbols within the stack reflects the relative frequency of the corresponding amino acid at that position. 

Results

Chapter 1. Transgenic lines to study the catalytic activity of EXO9 and its function in Arabidopsis thaliana

I. The phosphate coordination site is conserved in all land plant RRP41 proteins

The residues essential for phosphorolytic activity of RNase PH or the RNase PH-like proteins like bacterial PNPase and archaeal Rrp41 comprise residues responsible for RNA binding, phosphate binding and cleavage (Lorentzen et al., 2005). While yeast and human Rrp41p/hRRP41 proteins do contain the residues required for RNA binding and cleavage, the positively charged arginine residue essential for phosphate coordination is absent (Dziembowski et al., 2007). By contrast, a putative phosphate coordination site is conserved in Arabidopsis and rice RRP41 proteins (Dziembowski et al., 2007). Based on this observation it was suggested that Arabidopsis and rice RRP41 may have retained a phosphorolytic activity similar to archaeal enzymes (Dziembowski et al., 2007). To further investigate whether the presence of a potentially functional phosphate coordination site is present in RRP41 proteins from other plant species, we performed a sequence alignment of RRP41 proteins from 27 plant species including mosses, mono-and dicotyledons (listed in the legend of Figure 7). The sequences of the phosphate coordination sites GGTRSA with surrounding aminoacids were used to create a sequence logo (Crooks et al., 2004) illustrating the conservation of this sequence in plants. All residues reach the highest possible conservation (4.32 bits), except serine which has slightly lower conservation and in rare cases is replaced by alanine (Figure 7, position 9 in the logo). This results show that the residues essential for transgenes are detected with a reverse primer complementary to the sequence encoding the myc-tag, which replaces the natural 3' UTR in RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-plants. For Nde1 and Bsr1 digestions, PCR products were amplified with a reverse primer complementary to both endogenous and transgenic RRP41 genes.

RRP41 rrp41 RRP41 transgene Nde1 Bsr1 C o l -0 r r p 4 1 R R P 4 1 P i - r r p 4 1 R R P 4 1 P i -C a t - r r p 4 1 R R P 4 1 W T GGA ACA AGA TCA GCT [---] GAA GAC AGT GCT G T R S A [---] E D S A Nde1 GGA ACA TAT GCA GCT [---] GAA GAC AGT GCT G T Y A A [---] E D S A RRP41 WT RRP41 Pi- RRP41 Pi-Cat- Nde1 GGA ACA TAT GCA GCT [---] GAA GCC AGT GCT G T Y A A [---] E A S A Bsr1 
phosphate coordination are strictly conserved and suggest that all land plant RRP41 proteins have a functional phosphate coordination site.

II. Characterization of plant lines expressing wild-type and mutated versions of AtRRP41

A.

Expression of wild-type and catalytic inactive RRP41 proteins in Arabidopsis thaliana

The strict conservation of aminoacid residues essential for phosphate binding further supported the idea that plant EXO9 might be catalytically active. Therefore, we decided to experimentally study the catalytic activity of plant EXO9 using

Arabidopsis thaliana as a model. To this end, three constructs were designed by Heike Lange to express tagged versions of wild-type and catalytic inactive RRP41 in stable Arabidopsis transformants.

In RRP41 Pi-, the phosphate binding site was mutated by changing R131 and S132 to Y and A, respectively, in order to mimic the respective residues of the catalytically inactive human hRRP41 (R131Y, S132A) (Figure 8 A). In RRP41 Pi-Cat- both the phosphate binding residues and the D174 residue required for cleavage of the phosphodiester bond were mutated (R131Y, S132A and D174A). All versions of RRP41 were expressed under the control of the endogenous RRP41 promoter and contained a C-terminal GFP or myc tag. In order to replace the essential endogenous RRP41 protein with the tagged versions of RRP41, the constructs encoding wildtype and mutated versions of RRP41 were transformed into heterozygous RRP41/rrp41 (Salk_112819) plants. Homozygous rrp41 mutants expressing either myc-or GFP-tagged RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-proteins were identified from the selfed progeny of primary transformants using PCR and restriction analysis, since the mutations in the phosphate coordination site and in the cleavage site introduced NdeI and BsrI restriction sites, respectively. An example illustrating the genotyping of rrp41 mutants expressing either myc-tagged RRP41 WT , RRP41 Pi- and RRP41 Pi-Cat-is provided in Figure 8B. The fact that it was possible to obtain homozygous rrp41 mutants suggests that the putative activity of EXO9 is not essential for viability since both wild-type and mutated versions of AtRRP41 rescued lethality of rrp41.

To test the expression of the RRP41 transgenes at the protein level and to determine whether wild-type and mutated AtRRP41 are expressed to similar levels, a western blot analysis was performed. As can be seen in Figure 9A, a signal at 40 kDa was detected in all three samples from plants expressing myc-tagged versions of AtRRP41. The observed size fits approximately to the calculated size of RRP41-myc of about 35 kDa. Moreover, comparable expression levels are observed for both wild-type (RRP41 WT ) and mutated versions (RRP41 Pi-, RRP41 Pi-Cat-). All GFP-tagged versions of RRP41 migrated slightly above 55 kDa (Figure 9B), closely to their calculated size of 54 kDa. As for myc-tagged RRP41, also GFP-tagged versions accumulated to similar levels. However, even if the endogenous RRP41 promoter was used to control the expression of the transgene, it would be interesting to compare the expression level of the transgenic AtRRP41 proteins with that of the endogenous AtRRP41 in wild-type plants. This additional control would require an antibody against AtRRP41 and ideally, a second antibody against another subunit of the core exosome. Both antibodies are being produced in the host laboratory.

B. Wild-type and mutated RRP41 proteins show similar intracellular distributions

The intracellular localization of GFP tagged wild-type (RRP41 WT ) and mutated (RRP41 Pi-and RRP41 Pi-Cat-) versions of RRP41 protein was analyzed by confocal microscopy (Figure 10). The subcellular localization of GFP-tagged This localization pattern of RRP41 is in agreement with the expected localization of exosome complexes (Allmang et al., 1999;Huh et al., 2003;Tomecki et al., 2010;Schilders et al., 2007;Staals et al., 2010) and shows that both wild type and mutated versions of RRP41 have identical intracellular distributions. Moreover, all three RRP41 transgenic lines displayed similar intensity of GFP signal in agreement with the results of the Western blot analysis and confirm that the three versions of RRP41 are expressed to similar levels.

RRP41 WT RRP41 Pi- RRP41 Pi-Cat- v n c RRP41 WT RRP41 Pi- RRP41 Pi-Cat- MTR4 np no PAB2-RFP RRP4-GFP

C.

Both RRP41 WT and RRP41 Pi-Cat-are incorporated into high molecular weight complexes

The calculated size of an Arabidopsis EXO9 exosome complex is 274 kDa (Chekanova et al., 2007;Lange et al., 2014). The size of myc-tagged AtRRP41 is 35 kDa. Due to the substantial size difference between RRP41 monomer and EXO9 complex, tagged AtRRP41 assembled into EXO9 can be discriminated from unincorporated RRP41 subunits by gel filtration analysis. Previously gel filtration experiments using Tap-tagged RRP41 determined a complex size of 210-443 kDa (Chekanova et al., 2007).

To test whether active and inactive versions of AtRRP41 are incorporated into exosome complexes, proteins from RRP41 WT and RRP41 Pi-Cat-plants were extracted under native conditions and analyzed by gel filtration chromatography followed by plants complemented with myc-tagged RRP41 WT or RRP41 Pi-Cat-. Total plant extracts were clarified by centrifugation and were then analysed by gel filtration using a Superose 6 20 10/300 column (GE Healthcare Life Sciences). The column was calibrated using Thyroglobulin (669 kDa), Aldolase (158 kDa) and RNaseA (14 kDa) markers (GE Healthcare Life Sciences). Elution fractions were collected and fractions containing myc-tagged AtRRP41 subunits were identified by western blot analysis using an anti-myc monoclonal antibody (Roche).

western blot analysis. As can be seen in Figure 11, both versions of myc-tagged AtRRP41 migrated at a size of > 400 kDa corresponding to a large molecular weight complex. The small difference in the migration pattern of proteins extracted from RRP41 WT or RRP41 Pi-Cat-may be explained by experimental variations. The size of >400 kDa is larger than the calculated size for EXO9 of 270 kDa. This discrepancy between calculated and determined complex size may be due to the inherent imprecision of such experiments, but could also reflect the association of additional co-factors to EXO9. However, the important point is that no signals corresponding to AtRRP41 monomers were detected and that both wild-type and mutated versions of AtRRP41 were incorporated in complexes of comparable sizes.

These results indicate that both wild-type and mutated AtRRP41 proteins are fully incorporated in high molecular weight complexes, which indeed corresponded to EXO9 complexes as detailed below.

D.

All versions of AtRRP41 are incorporated into EXO9 complexes Next, I performed co-immunoprecipitation using myc-tagged RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat-as baits. Col-0 (wild-type plants from Colombia ecotype) plants were used for mock-IP. Samples were extracted from inflorescences, purified with anti-myc antibodies coupled to magnetic MicroBeads and eluted with SDS-PAGE loading buffer. SDS-PAGE followed by silver stain revealed a similar pattern of bands in all RRP41 samples, different from the pattern in Col-0 (Figure 12.A).

Mass-spectrometric analysis identified all nine subunits of EXO9, namely RRP41, RRP42, RRP43, both isoforms of RRP45 (RRP45A and RRP45B), RRP46, MTR3, CSL4, RRP4 and RRP40A with high Mascot scores and high number of spectra (Figure 12.B, all subunits of EXO9 are marked in green). This result demonstrated that both wild-type and mutated versions of RRP41 are incorporated into EXO9.

Additionally, I identified low amounts of the helicases AtHEN2 or AtMTR4 and A. Silver stain analysis of eluates from co-immunopreciptation of RRP41-myc revealed similar pattern of bands in RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat-but different from the Col-0 sample. Coimmunoprecipitation was performed on rrp41 mutants complemented with myc-tagged RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat-as baits. Col-0 plants were used for mock-IP. Eluates were subjected to LC-MS/MS analysis to identify proteins co-purifying with AtRRP41. Briefly, proteins were extracted under native conditions by grinding, followed by extract clarification by ultracentrifugation at 150 000 x g. Next, protein extracts were incubated with anti-myc antibodies coupled to magnetic MicroBeads (Miltenyi Biotec), washed and eluted with SDS-PAGE loading buffer, resolved by 10 % SDS-PAGE and visualized by silver stain. B. All nine canonical subunits of exosome are detected with a high Mascot score and high number of spectra in IP on rrp41 mutants complemented with myc-tagged RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat-. Massspectrometric analysis was carried out as previously described (Lange et al., 2014). Nine subunits of the exosome core are marked in green. exoribonuclease AtRRP44, in agreement with previously published data (Lange et al., 2014).

Therefore, these data confirm that the high molecular complex AtRRP41 versions are incorporated in is the exosome and also demonstrate that I can purify intact exosome complexes from plants.

III. Conclusions and brief discussion

Interestingly, both wild-type and mutated RRP41 versions complement the otherwise lethal rrp41 mutation and grew similar to wild-type, suggesting that the putative phosphorolytic activity of RRP41 is not essential at least under standard laboratory conditions (Figure 13). However, it cannot be excluded at this stage that EXO9's phosphorolytic activity may become essential under specific biotic or abiotic stress. The impact of certain stress conditions on rrp41 complemented lines was tested, like viral infection, however with negative results. Another explanation for the wild-type growth of RRP41 Pi-and RRP41 Pi-Cat-plants is that the lack of phosphorolytic activity can be compensated by other exoribonucleolytic activity.

This second possibility is further explored in Chapter 3.

All versions of AtRRP41 showed a similar intracellular localization pattern in both cytoplasm and nuclei, with enrichment in nucleoli. This is in agreement with predicted exosome localization (Allmang et al., 1999;Huh et al., 2003;Tomecki et al., 2010;Schilders et al., 2007;Staals et al., 2010) and previously published data (Chekanova et al., 2007;Lange et al., 2014). However, a different localization was reported for AtRRP45B and AtRRP45A which were both detected in cytoplasm and nuclei but excluded from the nucleoli (Hooker et al., 2007). However, this localization was determined using transient expression of fusion proteins in Nicotiana benthamiana. The disadvantage of transient expression experiments is that overexpression of proteins may alter their subcellular localization. Therefore, another type of localization studies should be used for confirmation. Localization studies using GFP tag, especially in the case of such small protein as AtRRP41 (27kDa) may lead to some artefacts too. However, the fact that all AtRRP41 versions rescue the lethality of rrp41 mutation shows that mutations introduced in AtRRP41 do not affect plant viability and therefore very likely localize to their correct compartments. Moreover, the very same localization pattern as for AtRRP41

was shown for another subunit of plant EXO9, AtRRP4, supporting dual localization pattern with enrichment in nuclei (Lange et al., 2014).

Both wild-type and mutated version of AtRRP41 are incorporated into high molecular weight complexes with an apparent size of more than 400 kDa. Gel filtration due to its imprecision does not allow for exact estimation of the size of the protein complex. Importantly, no signal corresponding to AtRRP41 monomer was detected, showing that both wild-type and mutated version of AtRRP41 are fully incorporated into high molecular weight complex.

The mass spectrometric analysis of proteins co-purified with AtRRP41 identified all nine subunits of EXO9 proving that both wild-type (RRP41 WT ) and mutated (RRP41 Pi-, RRP41 Pi-Cat-) versions of AtRRP41 are incorporated into exosome complexes. This result also shows that I am able to purify intact exosome complexes from Arabidopsis. Interestingly also additional associated factors copurified with EXO9, such as helicases AtHEN2 and AtMTR4 and exoribonuclease AtRRP44, although in low amounts. This may reflect the dynamic character of interactions between those EXO9-associated factors and core exosome in plants. By contrast, we did not detect a single spectrum corresponding to any of the three RRP6-like proteins, similar to previous results (Chekanova et al., 2007;Lange et al., 2014). Because of the negative nature of this observation, one must remain cautious in its interpretation. It is possible that, unlike their homologues in yeast and humans, AtRRP6-like proteins do not associate with EXO9 in plants or that this interaction is weak.

As demonstrated in this chapter, rrp41 plants complemented with wild-type (RRP41 WT ) or mutated (RRP41 Pi-, RRP41 Pi-Cat-) versions of AtRRP41 can be used as a source material for studying catalytic properties of EXO9 in vitro and as tools for addressing EXO9's functions in vivo.

Chapter 2. Catalytic activity of EXO9 in Arabidopsis

The key question of this work is whether the plant EXO9 is catalytically active. As detailed in the introduction plant EXO9 adopts a ring-shaped structure that resembles bacterial phosphorolytic enzymes such as PNPase or the archaeal exosome. However, while bacterial PNPase and archaeal exosomes contain three phosphorolytically active subunits, plant EXO9 contains only one subunit, AtRRP41, that possesses all amino acid residues required for phosphorolytic activity. Phosphorolytic enzymes use inorganic phosphate (Pi) to attack the phosphodiester bond of RNA substrate, releasing nucleoside diphosphates (NDPs).

Moreover, when NDPs are present in excess, phosphorolytic enzymes have polymerizing activity and synthesize RNA tails. In this chapter I studied the catalytic properties of plant EXO9. First, I tested whether RRP41 is enzymatically active and investigate some basic requirements of this activity (Mg 2+ -dependency, inhibition by Ca 2+ and ATP). Next, I tested whether EXO9s activity fulfils the three requirements of phosphorolysis that are phosphate-dependency, release of nucleoside diphosphates (NDPs) and reversibility (synthesis of RNA tails). Finally, I tested some catalytic properties of EXO9.

I. The plant exosome is catalytically active

A. AtRRP41 is the catalytically active subunit of plant core exosome

To test whether AtRRP41 is the active subunit of plant exosome I performed in vitro activity assays using EXO9's purified from plant lines expressing wild-type (RRP41 WT ) or mutated (RRP41 Pi-and RRP41 Pi-Cat-) versions of AtRRP41 proteins.

Mock-purified proteins from plants not expressing any myc-tagged protein served as an additional control (mock-IP). Samples obtained by Mock-IP, immunopurified EXO9 complexes containing wild-type or mutated versions of AtRRP41, or buffer (comprising 100 mM NaCl, 20 mM MOPS pH 7.5, 0.1% Triton X100) only were incubated with the RNA substrate in the presence of 3.5 mM inorganic phosphate (Pi). The RNA substrate was 5'[ 32 P]-labeled oligo(U) 21 . Samples were collected after 0, 15, and 30 minutes, resolved by denaturing PAGE and analyzed by autoradiography. No degradation of the radiolabeled RNA substrate was observed in buffer, in mock-IP, or when substrates were incubated with EXO9 containing mutated RRP41 (RRP41 Pi-or RRP41 Pi-Cat-) (Figure 14). By contrast, the RNA substrate was degraded in the presence of EXO9 containing the wild-type RRP41 (RRP41 WT ). Degradation products of up to 6 nucleotides smaller than the undigested RNA substrate were observed after 30 minutes of the time course.

This result shows that EXO9 has a catalytic activity conferred by the RRP41 subunit and trims a RNA substrate in vitro. observed when Mg 2+ was omitted or in the presence of EDTA. As can be seen in Figure 15, the activity of EXO9 was stimulated by increasing concentrations of Mg 2+ . These results confirm that the activity of plant EXO9 is Mg 2+ -dependent.

Even though I observed a slightly higher activity in the presence of 5 and 10 mM Mg 2+ , I decided to work with 1.5 mM Mg 2+ since these rather low concentrations are more similar to the magnesium concentrations in living plant cells.

C. Activity of RRP41 is inhibited by Ca 2+ EXO9 containing either wild-type or mutated RRP41 proteins in the presence of inorganic phosphate and 0, 1 or 5 mM ATP. 5'[ 32 P]-labeled oligo(U) 21 served as a RNA substrate. As seen in Figure 17 no degradation was observed when the substrate was incubated with mutated RRP41 (RRP41 Pi-), while RNA degradation was observed in presence of EXO9 purified from RRP41 WT plants. In absence of exogenously added ATP, EXO9 removed several nt from the RNA substrate. By contrast, no trimming was observed in presence of 1 or 5 mM ATP. This shows that ATP inhibits the activity of EXO9.

Taken together, my results show that plant EXO9 has an RNA-trimming activity conferred by AtRRP41, and that this activity is Mg2+-dependent and inhibited by Ca2+ and ATP.

II. EXO9 has a phosphorolytic activity

To investigate whether EXO9s activity is phosphorolytic I tested three characteristic properties of phosphorolysis: phosphate-dependency, release of nucleoside diphosphates (NDPs) and reversibility (synthesis of RNA tails).

A. EXO9s activity is phosphate-dependent

To test whether EXO9's activity is phosphate-dependent I performed an in vitro activity assay with exosome complexes containing either active (RRP41 WT ) or inactive (RRP41 Pi-and RRP41 Pi-Cat-) versions of RRP41, alongside with mock-IP and buffer controls. All assays were performed either in the presence of 3.5 mM inorganic phosphate (Pi) or in the absence of Pi. A 5'[ 32 P]-labeled oligo(U) 21 was used as substrate. As seen in Figure 18 degradation performed by RRP41 WT is strongly stimulated by inorganic phosphate. In the absence of phosphate (Pi-), the activity observed in the sample containing wild-type EXO9 was substantially decreased compared to the activity observed in presence of phosphate. This shows that the activity is stimulated by inorganic phosphate, as expected for a phosphorolytic reaction. The remaining activity in absence of added Pi can be explained by residual inorganic phosphate present in the buffers used during the EXO9s purification or during the activity assay.

B. RNA degradation by EXO9 releases nucleoside diphosphates (NDPs)

In order to determine the reaction product released by the degradation by EXO9 I incubated exosome complexes containing either active (RRP41 WT ) or inactive (RRP41 Pi-and RRP41 Pi-Cat-) versions of RRP41, alongside with mock-IP and a IP elution buffer samples, with 3'[ 32 P]-labeled oligo(U) 22-23 RNA as a substrate in the presence of inorganic phosphate (Pi). To prepare the substrate used in this assay, oligo(U) 21 RNA was 3' labeled with α[ 32 P]-UTP using Cid1 poly(U) polymerase. The time course was performed as previously described. The products of the reaction were separated by thin layer chromatography using polyethylenimine-cellulose plates and analyzed by autoradiography. α[ 32 P]-UTP, α[ 32 P]-UDP and α[ 32 P]-UMP were loaded as references on the left side of the plate (Figure 19). UDP and UMP would be released as products of phosphorolytic and hydrolytic activity, respectively. When the PEI-TLC is developed with 0.5 M lithium chloride 1M formic acid, UTP stays at the loading origin while UDP and UMP migrate to the middle and the top of the TLC plate respectively. No release of nucleotides was observed in control reactions. In the presence of EXO9 containing wild-type RRP41, the reaction released nucleoside diphosphates (NDPs) as products of degradation, the typical product of phosphorolytic exoribonucleases. These results are key to the demonstration that RRP41's activity is phosphorolytic. C. Plant exosome has an intrinsic capacity to synthesize RNA tails Finally, to test if plant EXO9 has polymerizing activity I performed an in vitro synthesis assay with exosome complexes containing either active (RRP41 WT ) or inactive (RRP41 Pi-and RRP41 Pi-Cat-) versions of AtRRP41, this time in the presence of 1 mM UDP but in absence of inorganic phosphate. As seen in Figure 20, no addition of uridines was observed in buffer, in mock-IP, or when substrates were incubated with EXO9 containing mutated AtRRP41 (RRP41 Pi-and RRP41 Pi-Cat-). In the presence of EXO9 containing wild-type version of RRP41 (RRP41 WT ) I observed the synthesis of oligo(U) tails. This result demonstrates that the reaction is reversible, showing that plant EXO9 has another characteristic feature of a phosphorolytic enzyme. presence of GDP, I could observe both, synthesis and to some extent degradation.

Taken together my results show that the activity of Arabidopsis

III. Plant EXO9's substrate specificity

Interestingly, the length of the synthesized tails differed. This differences may reflect intrinsic affinity properties of EXO9 in respect of each nucleoside diphosphate. In the presence of GDP, I observed a distinct reaction product of 22 nt. This showed that the RNA substrates was extended by a single nucleotide. In addition, signals of 40 nt and longer products were detected, but no synthesis intermediates between them. This suggested that the first nucleotide was added in a distributive reaction, whereas 40 nt and longer products of synthesis were created in a processive reaction. To formally show that A-, C-and G-tails are indeed synthesized by EXO9

these in vitro synthesis assays should also be performed with catalytic inactive EXO9.

However, no synthesis was detected in the presence of EXO9 with abolished activity (Figure 20), strongly suggesting that EXO9 and not a contaminating polymerase is responsible for the synthesis of these tails.

The fact that EXO9 has a polymerizing activity in vitro opens the possibility that EXO9 can also synthesize tails in vivo. Indeed, both bacterial PNPase and RNA substrates. Unexpectedly, EXO9 degraded the 5'[ 32 P]-labeled oligo(U) 21 , but not the 5'[ 32 P]-labeled oligo(A) 21 substrate, indicating that EXO9 has a stronger preference for oligo(U) RNA in vitro (Figure 22). This preference of oligo(U) over oligo(A) in vitro was surprising since substrates of the plant exosome are often polyadenylated in vivo (Chekanova et al., 2007;Lange et al., 2014Lange et al., , 2011Lange et al., , 2008)). For comparison, I performed a control reaction with bacterial PNPase. As shown in Figure 22, PNPase degraded both oligo(U) and oligo(A) substrates in a similar manner. In both cases, short oligonucleotides, appeared after 15 minutes.

To further investigate whether EXO9 has an intrinsic preference for uridylated sequences, I tested the degradation of three different substrates. Each substrate had a similar core sequence, however, the first substrates terminated with two uridines (5'FAM-CCCCACCACCAUCACUUCACCACCAUCACUU, 5'-FAM- CCCCACCACCAUCACUUAAAAAAAAAAAA-AA, 5'-FAM-(H) 17 (A) 14 ), and the third substrate terminated with 12 adenosines and two uridines (5'FAM-CCCCACCACCAUCACUUAAAAAAAAAAAAAAUU, 5'-FAM-(H) 17 (A) 12 (U) 2 ). All three substrates were 5'FAM-labelled 31-nt heteropolymers. Each of the substrates was incubated with EXO9 complexes purified from RRP41 WT and RRP41 Pi-plants in the presence or absence of inorganic phosphate (Pi). As observed previously no degradation was observed in control reactions and degradation of the substrates occurred only with EXO9 containing wild-type RRP41, and was stimulated by the presence of inorganic phosphate (Pi) (Figure 23). Interestingly, this preliminary experiment showed that the three RNA substrates were not degraded to the same extent. Both substrates containing two uridines at the 3' end, namely 5'-FAM-(H) 29 (U) 2 and 5'-FAM-(H) 17 (A) 12 (U) 2 were trimmed to larger extent as compared with the 5'-FAM-(H) 17 (A) 14 substrate. (Figure 23). However, the experiment was done only once and must be regarded as preliminary. To further support the hypothesis that plant EXO9 has an intrinsic preference for uridylated substrates, more experiments with additional substrates should be performed. However, this experiment also demonstrates that plant EXO9 can degrade a substrate containing a homopolymeric tail of 14As. The fact that plant EXO9 can degrade adenylated substrates in vitro is in line with in vivo data (Chekanova et al., 2007;Schneider et al., 2012;West et al., 2006). Hence, the intriguing observation is that plant EXO9 did not degrade the 21-nt oligo(A) RNA. One possible explanation may be that the efficient recognition or degradation of short oligo(A) RNA substrates requires additional factors, such as RNA helicases or RNA binding proteins that may be absent from immunopurified EXO9 complexes. For example, tight binding of the RNA substrate to the exosome cap may impair its degradation in vitro, while RNA helicases may release such substrates from the cap and allow feeding in the central channel in vivo. Alternatively, a 21-nt substrate bound to the poly(A) binding sites of the cap may be simply too short to reach some RNA-binding sites in EXO9, while 31-nt adenylated substrate is long enough to be efficiently bound.

As described above, I observed that plant EXO9 can nibble oligo(U) 21 but not oligo(A) 21 suggesting that the nucleotide composition of short RNA substrates can influence EXO9's activity. This raised the question whether EXO9 can also degrade a heteropolymeric substrate of 21 nt. For this purpose, I incubated EXO9 complexes containing active AtRRP41 with 5'[ 32 P]-labeled 21-nt miRNA168. Samples were collected at indicated time points and analyzed by PAGE and autoradiography. As seen in Figure 24, EXO9 removed several nucleotides from miRNA168. This result shows that EXO9 can bind and trim a 21-nt heteropolymeric miRNA substrate. In plants, miRNAs are 3' methylated by the methyltransferase HEN1. In absence of HEN1, unmethylated miRNAs become 3' uridylated by the uridyltransferase AtHESO1, and are degraded by yet unknown exoribonucleases (Chen et al., 2002;Zhao et al., 2012). As my result show that EXO9 can degrade an unmethylated miRNA, I next tested whether 2´-0-methylation of the 3´ribose will protect a miRNA substrate against degradation by EXO9 in vitro. As seen in Figure 24 (RNAme) the methylated miRNA substrate was trimmed to the same extent as the non methylated substrate. This result showed that 2' O-methylation does not protect a 21-nt oligo RNA from degradation by EXO9 in vitro.

IV. Plant EXO9 has a distributive activity

Bacterial phosphorylases like RNase PH and PNPase and the archaeal exosome are processive ribonucleases, i.e. they degrade their RNA substrates completely without releasing degradation intermediates. With processive enzymes, both full-length substrates and the end-products of the degradation reaction are observed at the same time. By contrast, distributive enzymes release their substrates after the removal of one or few nucleotides, and then rebind to perform the next catalytic step. Therefore, the pool of substrates is degraded step by step, and degradation intermediates can be observed.

Interestingly, the degradation of 5' labelled RNA substrates by EXO9 produced distinct degradation intermediates (Figure 14), suggesting a rather distributive mode of action. To further investigate this possibility, I performed a degradation experiment during a longer time course, and compared EXO9s activity to the activity of bacterial PNPase as a reference for a processive phosphorylase. A time course with PNPase was performed separately. Briefly, EXO9 or a sample from mock-IP were incubated with 5'[ 32 P]-labeled oligo(U) 21 RNA substrate in the presence of inorganic phosphate (Pi). Samples were collected at 0, 5, 10, 15, 30, 60 and 120 minutes and analyzed by denaturing PAGE and autoradiography. Upon incubation of RNA substrates with PNPase for 15 and 30 min, I observed both nondegraded substrates and the short oligonucleotides that are the end-product of the reaction. These results are in line with published data (Del Favero et al., 2008) and are typically observed with processive enzymes, because the substrate molecule is bound and not released until the degradation is accomplished. By contrast, intermediate products of the degradation process were observed when the substrate was incubated with EXO9. This suggests that EXO9 releases degradation intermediates after removal of each single nucleotide. This experiment strongly indicates that the phosphorolytic activity of plant EXO9 is indeed distributive. My in vitro activity assays revealed that plant EXO9 has a distributive phosphorolytic activity. Furthermore, EXO9 was rather trimming than completely degrading its RNA substrates in vitro. However, due to presence of cofactors in vivo, EXO9 may both trim and completely degrade its endogenous RNA substrates. In all organisms studied so far, both the 5' ETS and 5.8S rRNA precursors are archetypical substrates of 3' -5' exoribonucleolytic activity of the exosome. To decipher whether the activity of plant EXO9 degrades or trims endogenous RNAs, I therefore analyzed the processing of 5'ETS and 5.8S rRNA in plants expressing either wild-type or mutated versions of RRP41.

To sum up, I showed here that

In Arabidopsis, the 5'ETS is eliminated in a stepwise manner involving both 5'-3' and 3'-5' degradation pathways. First the 5' extremity of the polycistronic 35S rRNA precursor is shortened by the 5'-3' exoribonuclease XRN2 to expose the P site for the endonucleolytic cleavage carried out by the U3 snoRNP (Sáez-Vasquez et al., 2004;Zakrzewska-Placzek et al., 2010). Cleavage at P site generates a 33S

precursor. Next, cleavage at the P' site releases a 482 nt P-P' fragment from the 5'ETS (Figure 26). The further degradation of the P-P' intermediate involves the exosome core complex, the RNA helicase AtMTR4, the exoribonucleases AtRRP44 and AtRRP6L2, and the terminal nucleotidyltransferase AtTRL (Chekanova et al., 2007, Lange et al., 2008;Kumakura et al., 2013;Lange et al., 2011, Sikorski et al., 2015). Exoribonucleolytic degradation by the exosome and its cofactors generates several smaller intermediates of about 200-150 nt in size, named P-P1 fragments (Figure 26). Initially, P-P1 intermediates were thought to be a product of another endonucleolytic cleavage event (Zakrzewska-Placzek et al., 2010). However, putative cleavage products such as P1-P' were not detected to date and in fact, P-P1 intermediates are likely generated by 3' exoribonucleolytic degradation of P-P' fragments. Since the 5' part of the P-P1 fragment contains a stem-loop structure of approximately 120 nt (Sáez-Vasquez et al., 2004) that could be a potential obstacle for exoribonucleases, P-P1 fragments are quite abundant and easily detected in wildtype plants (Lange et al., 2011;Kumakura et al., 2013;Sikorski et al., 2015;Zakrzewska-Placzek et al., 2010).

A second potential target of EXO9's activity is 5.8S rRNA precursors (Figure 26). The 3' maturation of 5.8S rRNA starts with a cleavage within the ITS2 at the C2 site, which produces a 284 nt 5.8S precursor harboring a 3' extension of 120 nt. 

I. Arabidopsis mutant lines to study impact of the activity of RRP41 on ribosomal RNA processing

To test if EXO9's activity contributes to rRNA processing I examined the degradation of the 5'ETS and the processing of 5.8S precursors rRNA in rrp41 mutants complemented with either wild-type version of AtRRP41 (RRP41 WT ) or catalytically inactive (RRP41 Pi-or RRP41 Pi-Cat-). In addition, I used a number of established plant lines for the generation of double mutants or as controls.

The impact of the exosome in its role as a protein complex can be estimated in rrp41 iRNAi plants, where an estradiol-inducible RNAi construct triggers the downregulation of the RRP41 mRNA (Chekanova et al., 2007). As probably all EXO9s subunits except AtCSL4 are required for the integrity of EXO9, the down-regulation of RRP41 results in the down-regulation of the entire exosome complex. Growing of rrp41 iRNAi plants in the presence of estradiol leads to silencing of the RRP41 mRNA, which results in growth arrest and subsequent death of seedlings. Down-regulation of the exosome via RRP41 silencing leads to accumulation of P-P' and P-P1 maturation by-products generated from 5'ETS and 3′-extended 5.8S rRNA species (7S rRNA) (Chekanova et al., 2007).

MTR4 encodes a conserved RNA helicase, that is reported to be a crucial exosome cofactor involved in the processing and degradation of P-P' and the processing or degradation of both 18S and 5.8S rRNA precursors (Lange et al., 2011;Sikorski et al., 2015). In this study, I used the mtr4-1 T-DNA insertion line (GK_048G02) (Lange et al., 2011). mtr4 plants exhibit a phenotype typical for ribosomal protein mutants and for plants lacking factors involved in rRNA processing (Byrne, 2009), such as triple or fused cotyledons and pointed first leaves.

On the molecular level, loss of MTR4 results in the accumulation of the P-P' fragment and of 5.8S rRNA precursors (Lange et al., 2011;Sikorski et al., 2015).

RRP44 is an essential gene that encodes the conserved exosome-associated exoribonuclease RRP44 present in the nucleus and cytoplasm (Zhang et al., 2010).

As in other eukaryotes, Arabidopsis RRP44 is required for rRNA processing (Kumakura et al., 2013;Sikorski et al., 2015). In this study, I used RRP44KD knock down lines in which the down-regulation of RRP44 is achieved by the expression of artificial miRNAs under the control of a mesophyll-specific promoter (Kumakura et al., 2015). Therefore, knock-down of RRP44 occurs only in mature leaves and does Total RNA extracted 35 days post-germination (dpg) from rosette leaves was separated on 6% denaturing PAGE, transferred to membranes and hybridized using probe S1 located between P and P' processing sites in the 5' ETS (see Figure 26). Ethidium bromide (EtBr) staining of the 5S rRNA was used as a loading control. The migration of the 0.5 kb RNA marker (kb) is indicated on the left.
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not affect overall growth or fertility. RRP44KD plants show a mild phenotype manifested in slightly curly leaves. On the molecular level, down-regulation of RRP44 leads to the accumulation of P-P' and several pre-5.8S rRNAs (Kumakura et al., 2013;Sikorski et al., 2015). and RRP41 Pi-Cat-plants.

RRP6-like2 (RRP6L2

To assess the silencing of RRP44 mRNA in individual transformants I analyzed the levels of P-P', a key substrate of AtRRP44 by northern blots. The hybridization probe was complementary to positions 1275-1297 of the 35S precursor located in the 5' region of the P-P' fragment (Figure 26, probe S1). As expected, the level of P-P' accumulation varied between transformants (Figure 27)

indicating that the efficiency of silencing was different in individual plants.

However, accumulation of P-P' was detected in 11 of the 18 lines tested, indicating that these 11 lines were indeed plants with a sufficient down-regulation of RRP44.

For further analysis, I selected transformants showing comparable levels of P-P' accumulation, namely the transformants 7, 16 and 18 for RRP41 WT RRP44KD, and transformants 6, 11 and 13 for RRP41 Pi-Cat-RRP44KD (Figure 27, chosen transformants are indicated in color, green for RRP41 WT RRP44 KD and red for RRP41 Pi-Cat-RRP44KD).

II. The activity of plant EXO9 contributes to the elimination of 5'ETS

A. EXO9 activity generates the smallest P-P1 fragment

In order to test whether the activity of plant EXO9 plays a role in the elimination of the 5'ETS I analyzed the accumulation of P-P' fragments by northern blot. Alongside the plants expressing either RRP41 WT (active) or RRP41 Pi-or RRP41 Pi-Cat-(inactive), I included Col-0 and rrp41 iRNAi lines as controls. All plants were grown either in presence or absence of estradiol. Total RNA was resolved by denaturing PAGE, transferred to nylon membranes and hybridized with probe S1.

As can be seen in Figure 28, I detected a fragment of approximately 500 nt corresponding to P-P', and three fragments of around 150-200 nt corresponding to P-P1 in wild-type plants. Similar levels of both P-P' and P-P1 fragments were detected in rrp41 iRNAi samples grown in the absence of estradiol and wild-type Col-0 plants. By contrast, estradiol-induced down-regulation of RRP41 led to a pronounced accumulation of P-P', P-P1 and additional intermediates generated from the 5'ETS, as previously reported by Chekanova and colleagues (Chekanova et al., 2007). No accumulation of P-P' nor the additional intermediates were observed in RRP41 WT or RRP41 Pi-Cat .

However, the patterns of P-P1 seemed to be slightly different between RRP41 WT and RRP41 Pi-Cat . To explore this initial finding, I analyzed RNA isolated from Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-with a higher resolution denaturing PAGE, and performed a northern blot with the same probe as before. In

Col-0 and in the presence of active exosome, three distinct intermediates of about DNase treated, dephosphorylated and separated on 6% denaturing PAGE. Two gels were prepared in parallel, one for mapping and one for Northern as a control (panel A, Northern blot performed as in Figure 28). RNAs of about 100-210 nt were excised from the gel (panel B), eluted, treated with phenol-chloroform and precipitated. Next a RNA adapter was ligated to the 3'ends of obtained RNAs and the cDNA synthesis was performed by using a primer complementary to the adapter sequence. Then P-P1 fragments were amplified using primers binding to the 5' of P-P1 and to the 3' adapter sequence. An aliquot of PCR products was resolved on agarose gel (panel C) and the rest was treated with PCR clean-up kit and then cloned and sequenced (results illustrated in Figure 31). 200-150 nt were detected (Figure 29). Interestingly, I detected only the two larger intermediates in catalytically inactive mutants, RRP41 Pi-and RRP41 Pi-Cat-(Figure 29). This suggested that the smallest intermediate was generated by the EXO9 activity (Figure 29, the intermediate generated by EXO9 activity is marked by an asterisk).

In order to better understand the contribution of EXO9's activity to 5'ETS degradation I mapped the 3' ends of P-P1 intermediates by 3'RACE-PCR followed by cloning and sequencing. The experimental scheme is illustrated in Figure 30. Briefly, total RNA was extracted from flowers of Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat- resolved on 6% denaturing PAGE and stained with ethidium bromide. The fractions corresponding to 100-210 nt were excised from the gel, and RNAs were eluted and precipitated. Next, an RNA adapter was ligated to the 3' extremities of the sizeselected RNAs and cDNA synthesis was initiated using a primer complementary to the adapter sequence. Finally, P-P1 fragments were amplified using a forward primer in the 5' region of P-P1 and a reverse primer complementary to the 3' adapter sequence. Aliquots of the PCR products were analyzed by electrophoresis.

In Col-0 and RRP41 WT samples, I observed two main bands of around 200 and 180 bp (Figure 30, panel C, lanes 7 and 8). By contrast, in RRP41 Pi-and RRP41 Pi-Cat- samples I observed only one prominent band of around 200 bp, while the smallest band was missing (Figure 30, panel C, lanes 9 and 10). This was in agreement with the pattern of RNA fragments observed by northern blot (Figure 30, panel A). Next, the 3' RACE PCR products were cloned and analyzed by Sanger sequencing. The experiment was repeated using seedlings as a starting material. Since the results obtained with both tissues were similar, the sequences obtained in both experiments were analyzed together. 171, 132, 145 and 141 sequences corresponded to P-P1 in Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-, respectively. The frequency of fragments with identical 3' extremities was plotted against their length (Figure 31). Three main populations of P-P1 fragments of 162, 171 and 186 nt respectively, AtRRP6L2 and EXO9s activity seems to be rather minor. Interestingly, the additional P-P1 intermediate that we detected in mtr4 mutants (Figure 32A) was also detected in the rrp6L2 background (Figure 32C, lanes 5 and 6, marked by a dot). Again, this additional fragment is detected in RRP41 WT rrp6L2 but not in RRP41 Pi-Cat-rrp6l2 samples. This indicates that this fragment is generated by EXO9's activity, and subsequently efficiently degraded by AtRRP6L2. Alternatively, as seen in mtr4 mutant background, this fragment may be further trimmed by EXO9's activity in the absence of AtRRP6L2. 
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III. The activity of plant EXO9 contributes to the processing of 5.8S rRNA precursors

A. RNA helicase AtMTR4 is crucial for efficient processing of 5.8S rRNA precursors Since the activity of EXO9 is involved in trimming of the P-P1 intermediates generated during degradation of the the 5'ETS, I hypothesized that it could also be involved in the trimming of another common substrate of AtMTR4, AtRR6L2 and AtRRP44, namely 5.8S rRNA precursors. To address the question whether EXO9 activity contributes to 5.8S rRNA processing, I first analyzed the accumulation of 5.8S rRNA precursors in Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-plants by northern blot. In the same time, I also analyzed mtr4 mutants and plants expressing either wild-type or mutated RRP41 in the mtr4 mutant background. The probe hybridized to the region in the very beginning of the ITS2 and 3' of mature 5.8S and therefore, detected only precursors of 5.8S rRNA (Figure 26, probe S2). In agreement with published data, I detected two pronounced bands corresponding to 5.8S+120 and 5.8S+10 precursors, and a faint band corresponding to 5.8S+70

precursors in Col-0 samples (Figure 33, lane 1). All three precursors accumulated to similar levels in RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-samples (Figure 33, lanes 2-4).

One possible explanation could be that EXO9's activity is not involved in 5.8S

processing. Alternatively, redundant activities may compensate for loss of EXO9 activity in RRP41 Pi-and RRP41 Pi-Cat-plants. Indeed, the results obtained in mtr4 mutant background may argue for the second possibility. As described previously, loss of AtMTR4 alone resulted in a massive accumulation of all three forms of 5.8S precursors, namely 5.8S+120nt, +70nt and +10nt (Figure 33, lane 5). But despite the overall high accumulation in all samples lacking AtMTR4, I could repetitively observe a stronger accumulation of the smallest band corresponding to 5.8S+10 a box-plot (Figure 34B). The quantitative analysis confirmed that the shorter 5.8S+10 precursors accumulate in the double mutant lacking both EXO9 and RRP44 activities.

Another RNase that may compensate for the lack of EXO9 activity is AtRRP6L2. To address the potential redundancy between EXO9 and AtRRP6 activities for the processing of 5.8S rRNA precursors, I analyzed the levels of 5.8S

precursors in Col-0, RRP41 WT , RRP41 Pi-Cat-, rrp6l2, RRP41 WT rrp6L2 and RRP41 Pi- Cat-rrp6L2 plants. As in previous experiments, similar levels of both larger and smaller 5.8S precursors were detected in Col-0, RRP41 WT , RRP41 Pi-Cat-(Figure 34A, lanes 12-14). In agreement with published data (Lange et al., 2011), the smaller 5.8+10 precursors were slightly accumulated in rrp6L2 (Figure 34A, lane 15).

Similar slightly accumulated levels of 5.8S+10 precursors were also detected in RRP41 WT rrp6L2. By contrast, the double mutant devoid of both EXO9 and RRP6L2 activities showed a clearly increased accumulation of the 5.8S+10 precursors (Figure 34A, lane 17).

This result shows that activity of EXO9's contributes, together with the activity of AtRRP6L2, to processing of small 5.8S precursors.

C. EXO9, AtRRP44 and AtRRP6L2 cooperate for trimming of 5.8S rRNA precursors To better understand the relative contributions of EXO9's and RRP6L2's activities to 5.8S processing I mapped the 3' extremities of the smallest 5.8S

precursors by 3'RACE PCR. The experimental procedure was similar to the procedure to map the extremities of P-P1 fragments described above. To substantially enrich the pool of 5.8S precursors, RNA of about 170 nt to about 350 nt was size-selected prior to adapter ligation and cDNA synthesis. In agreement with the poor detection of small 5.8S precursors in Col-0, RRP41 WT , RRP41 Hence, 5.8S +10 precursors are likely the substrate of RRP6L2, as revealed by their accumulation in rrp6l2 mutants. This explanation would be in line with recent structural data demonstrating that yeast 5.8S precursors are sequentially processed by the activities of Rrp44p and Rrp6p of EXO11 (Makino et al., 2015).

Taken together, my results show that the three activities of AtRRP44, 

B. No detectable activity of AtRRP44 in EXO9 preparations

AtRRP44 was identified as one of EXO9's interactants by mass spectrometry analysis of proteins co-purifying with EXO9 (this study; (Lange et al., 2014)).

Hence, plant exosome complexes are associated with AtRRP44 in vivo, and therefore have, in all likelihood also the hydrolytic activity conferred by this enzyme. An obvious explanation for the fact that I do not observe a hydrolytic activity in my in vitro assays with purified exosome complexes is that my preparations contained only trace amounts of AtRRP44. This suggests that the interaction between EXO9 and At44P44 in plants is less stable than in yeast and humans. Another possible explanation for the lack of detection of AtRRP44's activity could be the related to the biochemical conditions used in my assays. Yeast and human Rrp44 contains two catalytic domains, RNB and PIN, which provide exoribonucleolytic and endoribonucleolytic activities, respectively (Drazkowska et al., 2013;Lebreton et al., 2008;Schaeffer et al., 2009;Tomecki et al., 2010). Since both RNB and PIN domains are conserved in AtRRP44, it very likely possesses exo-and endoribonucleolytic activities as well (Lange and Gagliardi, 2012). However, even if the trace amounts of AtRRP44 would be enough to detect both activities, the experimental conditions used in the degradation assays in vitro are likely not compatible with the conditions required for AtRRP44 endo and exoribonucleolytic activities (Dziembowski et al., 2007). The exoribonucleolytic activity of AtRRP44 may be inhibited by the 1.5 mM magnesium ions present in the reaction buffer, since it was reported that yeast

Rrp44p is active at submillimolar concentrations of magnesium ions but strongly inhibited by concentrations higher than 1mM (Dziembowski et al., 2007). The endoribonucleolytic activity of Rrp44p requires non-physiological concentrations (5 mM) of manganese ions, which were absent from the reaction buffer I used.

In addition to the minute amount of AtRRP44 and the inadequate biochemical conditions, another reason for not detecting AtRRP44 activity is probably linked to the nature of the RNA substrates used in most experiments.

According to structural and biochemical data obtained with yeast and human EXO10 complexes, the minimal size of RNA substrates must be 31-33 nt to reach the Rrp44p exoribonucleolytic active site via the central channel (Bonneau et al., 2009). In most experiments I used 21 nt long RNA substrates, that are long enough to reach AtRRP41's catalytic site but not AtRRP44's one via the central channel.

However, a direct access to Rrp44p is possible and requires RNA substrates of only 9-12 nt. Despite the existence of this direct route, mutations occluding the central channel of EXO9 impair the RNase activities of Rrp44p in the context of EXO10 and are lethal (Bonneau et al., 2009;Wasmuth and Lima, 2012). Hence, albeit direct access to the RRP44's active site is possible, it is more likely that the substrates are threaded through the exosome central channel to reach the AtRRP44 active site. In addition, the direct path to the active site of Rrp44p is likely used only by a small subset of substrates in vivo, such as incorrectly folded tRNAs (Mitchell, 2014;Schneider et al., 2012). Hence, the 21 nt substrates used in my study may not fulfil the requirements for direct access to AtRRP44.

Taken together, both the biochemical conditions of the assays, the length and nature of the RNA substrates used and the extremely low level of co-purifying AtRRP44 in vitro requires testing multiple conditions for protein-complex binding and for catalytic activity, such as testing a range of magnesium concentrations suitable for both EXO9 and AtRRP44. Therefore, this approach is severely limited by the minute amounts of available EXO9. In theory, this could be solved by optimizing the EXO9 purification conditions in order to obtain more EXO9.

However, the affinity purification of endogenously expressed EXO9 is unlikely to allow the purification of massive amounts of EXO9. This strategy was extremely successful to demonstrate the intrinsic phosphorolytic activity of EXO9 in Arabidopsis, but is limited for an extensive biochemical study of the plant EXO9.

Alternatively, the reconstitution of plant EXO9 from individual recombinant subunits should provide large amounts for biochemical experiments. Unfortunately, such a reconstitution by a collaborating laboratory was so far unsuccessful and is yet to be set up. , 2008, 2006, 2005). Therefore, the poly(A)-rich tails added by the phosphorolytic PNPases or the archaeal exosome play the same role in stimulating RNA degradation as the short homopolymeric poly(A) tails added by TNTases.

My previous results have shown that plant EXO9 can not only degrade RNA but also add untemplated ribonucleotides to the RNA substrate. Although this tailing is irrefutable when performed in a test tube, it remains to be determined whether EXO9 could tail RNAs in vivo. Plant EXO9 has the potential to synthesize heteropolymeric tails because the four ribonucleotides can be substrates of EXO9 in vitro. The exact composition of hypothetical heteropolymers synthesized by EXO9

both in vitro and in vivo will depend on the respective amounts of each ribonucleotide and on their respective affinity for EXO9 and remains to be determined.

To date no endogenous RNA with heteropolymeric tails was detected in the cytosol or nucleus of plants. One possibility is that such tails were not detected due to technical limitations of the method used for detection and characterization of RNA tails, such as oligo(dT)-primed RT-PCR combined with Sanger sequencing.

Interestingly, the recently established technique TAIL-seq may help to better characterize 3' tails of various endogenous and exogenous (e.g. viral) tails. TAIL-seq was set up in mammalian cells (Chang et al. 2014), but soon after was adapted for Arabidopsis (Zuber et al., 2016).

The first heteropolymeric tails detected in the plant cytosol were reported in a recent study. Those tails were not detected on endogenous RNAs but on viral RNAs.

Addition of non-templated poly(A)-rich and heteropolymeric tails added to the 3' To test whether EXO9 is involved in the tailing of viral RNAs, I infected Arabidopsis plants expressing active or catalytically inactive RRP41 with Tobacco mosaic virus (TMV) or Oilseed Rape Mosaic Virus (ORMV). A subset of plants of each genotype was mechanically treated without the virus (mock infection). I did not observe any phenotypical differences between wild-type, RRP41 WT and RRP41 Pi-, RRP41 Pi-Cat-plants upon infection. To characterize the tails added to viral RNAs I used the same approach as Li and colleagues. Briefly, 4 days post inoculation (4dpi), total RNA was extracted and reverse transcribed using an oligo d(T) primer containing 18 Ts and an adapter sequence. In the first PCR step, I used forward primers situated in the 3' end of the sequence encoding the coat protein and a reverse primer complementary to the adapter sequence added during cDNA synthesis (Figure 36A and Figure 37A for TMV and ORMV, respectively). The obtained PCR products served as a template for the second, nested PCR. In both cases the amplified products had the expected size of about 400bp, corresponding to 372nt of the 3' end plus the non-templated tail and the primer for TMV, or about 300bp, corresponding to 266nt plus tail and primers for ORMV. I did not observe obvious differences between the PCR products amplified from wild-type, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-(Fig. 36B and37B). Nevertheless, we decided to clone and sequence the PCR products to precisely analyze the polyadenylation sites as well as PCR products obtained from ORMV infected wild-type and RRP41 lines by oligo dT-primed RT-PCR. Total RNAs were isolated from ORMV-inoculated leaves of Col-0, RRP41WT, RRP41Pi-and RRP41Pi-Cat-4days post inoculation (4dpi). Then, oligo dT-primed cDNA synthesis was performed using primer P18. cDNA served as a template for the first PCR (ORMV-6015-36/ P1) and obtained products were used as a template in the second nested PCR (ORMV-6037-59/P2) and separated on 1% agarose gel. C. Individual clones obtained from Col-0, RRP41WT, RRP41Pi-and RRP41Pi-Cat-are shown on separate panels. The 3'end of ORMV gRNA is shown in blue and nontemplated nucleotides (tails) are shown in orange. The position of 3'end is marked on ax i s x and the clone number on ax i s y. ORMV-Oilseed rape mosaic virus, WT-wild-type. length and composition of non-encoded tails. If the exosome would be solely responsible for tailing viral RNAs we would not expect any non-templated tails in RRP41 Pi-and RRP41 Pi-Cat-samples. In addition, differences in tail composition could hint to the involvement of compensating activities.

The analyzed sequences of tails obtained from TMV-infected plants containing active (wild-type and RRP41 WT ) and inactive exosome (RRP41 Pi-and RRP41 Pi-Cat-) were very similar in length and composition. The maximal size TMV gRNA tails detected in plants containing active or inactive exosome was 34 or 28 As respectively (including 18As of the primer used for cDNA synthesis). Similarly, the maximal size of tails added to ORMV gRNA detected in plants containing active or inactive was exosome 35 or 36 As respectively. However, the majority of tails added to viral gRNAs were of size barely exceeding the size of 18 As, corresponding to the 18Ts of the primer used for initiating reverse transcription. These results show that viral RNAs are indeed tailed in Arabidopsis. However, I detected only short polyA tails. Therefore, we cannot conclude whether or not EXO9 is involved in synthesis of heteropolymeric tails.

It was unexpected that I did not detect heteropolymeric viral tails although I used the same experimental approach and the same virus (TMV) as Li and colleagues. This could be due to technical issues. Another technical approach that allows the detection of untemplated nucleotides with no preconceived idea of their nature should be tested. One possibility to avoid preselection of templates by oligo(dT) priming would be 3'RACE-PCR after ligation of an adapter to the RNA 3' ends. This approach would allow the analysis of the nucleotide composition of tails in an unbiased way to reveal a hypothetical involvement of EXO9. However, the outcome of such an experiment depends on the proportion of tailed versus unmodified viral RNAs. Of note, the presence of heteropolymeric tails on viral RNAs awaits independent confirmation by another laboratory. However, if these heteropolymeric tails indeed exist, EXO9 stands as a very interesting candidate for their synthesis, provided that the detection method is optimized.

E. Arabidopsis EXO9 preferentially degrades oligo(U) 21 over oligo(A) 21 RNA substrate in vitro

Another interesting feature of plant EXO9's activity that I observed in my in vitro degradation assays was its preference for oligo(U) 21 RNA substrates, while oligo(A) 21 was not degraded. In addition, I observed that plant EXO9 is trimming heteropolymeric substrates containing an oligo(A) tail less efficiently than a substrate of the very same sequence containing uridines at the 3' end. This was an unexpected observation since exosome substrates are often polyadenylated in vivo.

However, the observed in vitro substrate specificity of purified EXO9 likely reflects intrinsic binding properties of the plant core exosome. By contrast, the in vivo binding specificity of the plant exosome complex is likely modulated by associated cofactors, such as AtMTR4, AtHEN2, or the SKI complex. Purified EXO9 is likely to lack some cofactors that confer the binding of oligo(A) RNA substrates in vivo. In archaeal exosomes, the Csl4 or Rrp4 subunits of the exosome cap confer the substrate specificity to the exosome complex (Roppelt et al., 2010). Csl4 binds poly(A)-poor RNAs, whereas Rrp4 confers binding to poly(A)-rich RNA substrates.

However, this is not the case for the yeast exosome. Wasmuth and Lima showed that reconstituted exosome complexes containing both Rrp44p and Rrp6p degrade poly(A) RNA substrate 28-fold more efficiently than exosome complexes containing only Rrp44p (Wasmuth and Lima, 2012), suggesting that Rrp6p participates in conferring the preference for poly(A) RNA in yeast. Since the association of any of RRP6-like proteins with plant EXO9 was not demonstrated so far, is not known whether RRP6-like proteins or other factors would mediate the recognition of adenylated substrates. An alternative possibility is that EXO9 may indeed preferentially degrade uridylated RNA substrates in Arabidopsis.

Interestingly, exosome substrates can be also uridylated. Ibrahim et al.

showed that the C. reinhardtii terminal nucleotidyltransferase MUT68 uridylates small RNAs in vivo, and that the presence of uridines stimulated the degradation by RRP6 in vitro (Ibrahim et al., 2010). Lim and colleagues showed in mammalian cell lines that uridylation of miRNA precursors by the two terminal uridylyltransferases TUT7 and TUT4 facilitated their degradation by exosome complex (Lim et al., 2014). They also showed how the substrate specificity of two catalytic subunits of the human exosome complex, hDIS3 and hRRP6, helps to distinguish productive from aberrant pre-miRNAs. By performing a transcriptome-wide analysis of 3' mRNAs tails, Lim and colleagues demonstrated that TUT7 and TUT4 also uridylate mRNAs and that this oligo-uridylation marks them for subsequent degradation by several RNases including the exosome (Lim et al., 2014). Finally, a collaborative work between our group and Joanna Kufel's laboratory revealed that distinct rRNA processing intermediates, in particular 5' 18S-A2 and 5.8S+70nt precursors, can have short U tails (Sikorski et al., 2015). The accumulation of uridylated 5' 18S-A2 and 5.8S+70 precursors in Arabidopsis rrp6L2 mutants supported the idea that these uridylated rRNA precursors may be substrates of AtRRP6L2. Alternatively, 18S-A2

precursors may be exported to the cytoplasm and uridylated there, similarly to the situation in human. However, we did not yet investigate whether the presence of Utails facilities the degradation by AtRRP6L2 or EXO9 in vivo. To understand how uridylation affects the stability and degradation of rRNA processing intermediates we first need to identify the responsible uridylation activity. In order to determine the respective impact of adenylation vs uridylation on EXO9's activity in vivo, we also need to identify more substrates of EXO9's activity as discussed at the end of this thesis.

F. EXO9 has a distributive activity

The catalytic activity of the plant core exosome has some similarities with the activity of archaeal exosome complexes or bacterial phosphorolytic enzymes such as RNase PH or PNPase: all are phosphorolytic enzymes. But in contrast to PNPase or the archaeal exosome which are processive, plant EXO9 has a distributive activity in vitro. Whether an exoribonuclease possesses a distributive or a processive activity can be influenced by the number, the binding force and the spatial distribution of RNA binding sites. Audin and colleagues recently showed that the processivity of archaeal exosome is influenced by the RNA binding sites in the neck-region of the exosome's central channel (Audin et al., 2016). They demonstrated that a point mutation (R67G) in each of the three Rrp41 subunits of the S. sulfolobus exosome reduced the affinity between the exosome and the RNA substrate by three orders of magnitude. Moreover, exosome complexes bearing these mutations produced degradation intermediates, indicating that the processivity of the enzyme was compromised. Similarly, the processivity of bacterial PNPase was affected upon deletion of the KH/S1 RNA binding domains or upon mutation of RNA binding sites within the central channel (Shi et al., 2008). Whether and how the activity of plant EXO9 is influenced by RNA binding to the channel is not known. Since no structural data are available for plant EXO9, the residues that could be responsible for RNA binding within the central channel have not been formally identified.

However, point mutations at the entry and exit of the central channel of yeast exosome (S. cerevisiae Rrp41 K62E, S63D and R95E, R96E respectively) impacts channeling through the catalytically inert EXO9 complex towards the active site of Rrp44p. This demonstrates that the neck region is definitively also important in eukaryotic exosomes (Bonneau et al., 2009).

Another prominent difference between archaeal and plant EXO9 is the number of catalytic active sites. While archaeal exosomes possess three active sites, plant EXO9 has only one (Lorentzen et al. 2005, this work). Audin et al. analyzed in detail the mechanism of degradation by the archaeal exosome. By using a specific NMR technique they demonstrated that all three active sites of the archaeal exosome are used during the degradation reaction. They showed that the RNA substrate jumps from one active site to another and that all three active sites are exploited during catalysis. Upon reduction of the number of active sites, the activity of the exosome was markedly reduced from 15 to 10 cleavages per second. Unfortunately, they did

not report yet the effect of a reduced number of active sites on the processivity of the exosome. The archaeal exosome with its three catalytic active sites is a perfect model to test the impact of the number of active sites on the processivity of the complex. Hence, to date we do not understand whether the reason for the distributive character of plant EXO9's activity is linked to the fact that it has only a single catalytic active site, or, similar to what has been shown for the PNPase and the archaeal exosome, related to the number, the binding force and the distribution of its internal RNA-binding sites.

It is interesting to compare the activities of plant, yeast and human exosomes.

Exosome complexes in yeast and humans possess the processive activity of Rrp44p/hDIS3 and the distributive activity of Rrp6p/hRRP6. A similar combination of activities is achieved in plant exosome complexes comprising EXO9 and AtRRP44. Hence, it is tempting to speculate that the combination of a processive and a distributive activity within a single protein complex is important for exosome function in eukaryotes. Maybe the activity of EXO9 was evolutionary conserved in all land plants to compensate for the absent or weak interaction with AtRRP6-like proteins? situation. Lower frequency of +10 species suggests that EXO9's activity contributes to generating them. However, since +10 precursors are still detected in plants with inactive EXO9, another activity/activities can generate these precursors as well.

Since in the absence of AtRRP6L2 the +10/+11 precursors are still detected it

suggests that yet another activity is involved in generating them. A possible explanation for accumulation of +10/+11 precursors may be that the putative additional activity can trim longer precursors only until these are extended by 10-11

nt. Yet +10/+11 precursors are likely substrates of AtRRP6L2. Sequence analysis showed that the +10/+11 precursors are most frequent in the absence of AtRRP6L2. However, by Northern blot we do not observe accumulation. The only possible explanation is that these precursors are removed by a compensating activity.

The results presented in this work show that the catalytic activity residing inside the channel of plant EXO9 contributes to the processing of 5.8S precursors. This is in line with the idea that 5.8S precursors that are too short to reach the catalytic site of RRP44, i.e in all likelihood 5.8S precursors with extensions of less than 33nt, are further trimmed by the phosphorolytic activity conferred by the RRP41 subunit of the exosome core complex. The results obtained by cloning of 3' RACE products suggest that EXO9 trims precursors extended for 16-25nt. This is in line with in vitro data showing that EXO9 trims its RNA substrates to a final size of 15 nt. Smaller than 15 nt substrates are probably too short to reach the active site of AtRRP41. Therefore, the 5.8S precursors with extensions of 10 and 11 nt are probably generated by a yet unknown activity. Hence, another ribonucleolytic activity yet to be identified contributes to 5.8S processing in Arabidopsis. However, similar to the situation in yeast, further processing of 5.8S+10 precursors requires AtRRP6L2. Hence, our current working model is that AtRRP44, EXO9 and a yet unidentified activity, and lastly AtRRP6L2 act sequentially to trim 5.8S rRNAs. The final maturation of 5.8S rRNA may require additional ribonucleases alike the situation in yeast.

Testing this model will require further experiments. One interesting experiment that could be done immediately is to experimentally measure the distance between the entry of the exosome to the AtRRP41's active site. Substrates composed of double stranded RNAs with single stranded 3' extensions of different length should be tested in in vitro activity assays. If the reconstitution of an EXO9

+RRP44 complex in vitro would be successful, similar experiments could be performed to determine the length required to reach AtRRP44's active site. Of course, the minimal size to reach the active site of AtRRP44 or EXO9 might be different in vivo, due to the binding of exosome co-factors to the top of the plant exosome complex.

H. Does AtRRP6L2 interact with plant EX09?

Yeast and humans RRP6 homologs are systematically co-purified with exosome complexes, suggesting that they are tightly bound (Allmang et al., 1999;Mitchell et al., 1997;Tomecki et al., 2010). By contrast, the physical association of plant EXO9 with any of the homologues of Rrp6p (AtRRP6L1-3) was not shown to date (Chekanova et al., 2007;Lange et al., 2014). One possible explanation is that the association of AtRRP6L2 (or any other AtRRP6-like protein) is transient and is therefore not maintained during co-immunoprecipitation of the core exosome, under experimental conditions optimized to obtain mainly intact EXO9. Another technical reason may be that AtRRP6L2 could be difficult to detect by mass spectrometry, for instance because it is degraded during the experimental procedure.

To further investigate whether AtRRP6L2 binds to the exosome complex or not we Another scenario would be that AtRRP6-like proteins do indeed not interact with exosome core in plants. In fact, exosome core-independent functions were reported for RRP6-like proteins in plants: AtRRP6L1 was shown play an exosomeindependent role in an RNA dependent DNA methylation (RdDM) pathway (Zhang et al., 2014). RRP6L2, was shown to specifically degrade a specific 18S rRNA precursor that is not a substrate of the exosome (Sikorski et al., 2015). In this context it is interesting to note that AtMTR4 is readily detected in plant exosome preparations. In yeast, the interaction of Mtr4 with the exosome is actually mediated by Rrp6 and Rrp47 (Schuch et al., 2014). The interaction of RR6L2 and RRP47 is conserved in plants (Sikorski et al., 2015), however, former work in the laboratory indicates that none of the plant RRP6-like proteins binds to AtMTR4, at least in yeast two-hybrid assays (unpublished data of Lucas Philippe). Hence, we can also not rule out that plant RRP6 homologs have lost the capacity to interact with the exosome core complex, and may even speculate that AtMTR4 can bind to EXO9 independently of AtRRP6L2. Maybe the activity that was retained within the core of the plant exosome has enabled the evolution of three AtRRP6-like proteins that do not bind or bind only transiently to the exosome core.

I. Other endogenous substrates of plant EXO9?

The most challenging task for future work is to identify further endogenous substrates of the plant EXO9's activity. Possibly, the activity of EXO9 may generally contribute to many if not all degradation functions of the exosome. However, it may also have unique roles alike the trimming of particular rRNA precursors. An unbiased way to detect the substrates of EXO9's activity would be a genome-wide approach on rrp41 plants complemented with catalytically active or inactive versions of AtRRP41. However, if the defects due to EXO9 lack of activity correspond only to extensions of few nucleotides, their genome-wide detection is technically challenging. In addition, as redundancy is a general problem in analyzing RNA degradation pathways, we cannot expect a pronounced accumulation of EXO9's substrates. Hence, approaches that are based on substrate accumulation as standard RNA-seq are not very promising. In fact, such an experiment was performed in collaboration with A. Dziembowski's laboratory but failed to identify new substrates of EXO9.

Applying a method like CRAC (in vivo RNA crosslinking) (Schneider et al., 2012), successfully used to identify the substrates of Rrp6p or Rrp44p in yeast, would be technically difficult to apply for EXO9 for several reasons. First, it would not allow to discriminate between the substrates of AtRRP41 and AtRRP44, since in both cases the substrates are threaded through the central channel. Second, reliable procedures to perform CRAC in plants have not been established yet.

Hence, targeted approaches to investigate the contribution of EXO9's activity to selected processes may be more straightforward. An obvious and interesting question to address is whether plant EXO9's contributes to the trimming of microRNA. In fact, my in vitro activity tests have shown that plant EXO9 degrades 21-nucleotide oligo(U) substrates, and that the substrate is only nibbled and not completely degraded. These findings are reminiscent of plant microRNAs that can be uridylated (tailed) and trimmed when the methyltransferase AtHEN1 is absent (Li et al., 2005). hen1 mutants exhibit a pleiotropic phenotype comprising reduced organ size, altered rosette leaf shape and increased number of inflorescences (Ibrahim et al., 2010). Activities responsible for miRNA uridylation have been assigned to the nucleotidyltransferases AtHESO1 and AtURT1 (Chen et al., 2002).

By contrast, the exoribonuclease responsible for trimming uridylated miRNAs remains unknown. To check whether EXO9 activity is involved in microRNA trimming I crossed heterozygous HEN1/hen1 plants with homozygous rrp41 lines expressing either wild-type or mutated AtRRP41 protein. If miRNAs are degraded by EXO9 we would have expected to observe a partial rescue of the hen1 phenotype by inactivation of EXO9. Intriguingly, genotyping of the progeny revealed that the rrp41 mutation complemented with the transgenes did not segregate in a regular Mendelian manner. We would have expected to re-isolate plant carrying the RRP41 transgenes in a ration of 1:4. However, in average, only 1-5 out of one hundred F2 plants were homozygous rrp41 plants. Even more intriguingly, this effect was similar for both RRP41 WT and RRP41 Pi-Cat-transgenes. For now, we cannot explain this observation although it seems that the abnormal segregation is not linked to Exo9's activity. By now I obtained plants heterozygous for HEN1 allele, but homozygous for rrp41 complemented with AtRRP41 WT or AtRRP41 Pi-Cat-. In the progeny of obtained heterozygous plants we expect to obtain plants that are homozygous for both hen1 rrp41, complemented with AtRRP41. In the meantime, another strategy to elucidate the possible role of EXO9 in miRNA trimming must be developed.

The potential involvement of EXO9 in small RNA trimming is only one out of many possible functions that remain to be tested. The identification of novel endogenous substrates of plant EXO9's activity, though technically challenging, is critical to understanding its function.

galactosidase and the recombinant clones can be identified by color screening on indicator plates (containing ampicillin for vector selection, and IPTG and X-Gal for vectors containing inserts selection). 100 ng of DNA was added to 200 μL chemically competent Agrobacterium tumefaciens cells (strain GV3101). Samples were incubated for 30 minutes on ice. Samples were frozen in liquid Nitrogen and heat-shocked for 5 minutes at 37°C. Cells were incubated for 2 hours at 28 °C in 1 ml of LB medium before spreading on LB plates supplemented with rifampicin (34 μg/mL) and gentamycin (15 μg/mL) (to select for the strain and the helper plasmid present in the GV3101 strain) and a third antibiotic specific for transformed construct. Transformed colonies appeared after 3 days at 28 °C. For each construct, a single colony was transferred to 1 ml LB supplemented with rifampicin, gentamicin and a construct-specific antibiotic.

Methods

Cultures were incubated at 28°C overnight.

Plant methods

Genomic DNA was isolated from Arabidopsis leaf tissue (8mm 2 ) of Col-0 or mutant plants. The plant material was homogenized with glass beads in a Precellys grinder Four days post inoculation, total RNA for tails composition analysis was extracted using TRI Reagent® (MRC) according to the manufacturer's instructions, and then quantified with a Nanodrop 2000 (Thermo Scientific). RNA was reverse transcribed into cDNA using SuperScript II Reverse Transcriptase (Invitrogen). For cDNA synthesis 5 μg of total RNA was added to 4 μM oligo(dT) primer comprising a 3' adapter sequence and 18Ts, 0.5 mM dNTPs and water in a final volume of 15 μL.

analyzed by gel filtration using a Superose 6 20 10/300 column (GE Healthcare Life Sciences) equilibrated in 20 mM Tris HCl pH 7.6, 150 mM NaCl, 0.1% Tween20 and run at 0.25 ml/min. Elution fractions containing myc-tagged RRP41 subunits were identified by western blot analysis using an anti-myc monoclonal antibody (Roche).

The Superose 6 column was calibrated using Thyroglobulin (669 kDa), Aldolase (158 kDa) and RNaseA (14 kDa) markers (GE Healthcare Life Sciences). Elution fractions were collected and samples were separated by SDS-PAGE and analyzed by western blot using an anti-myc monoclonal antibody (Roche).

All procedures were performed at 4°C. 200 mg of frozen Arabidopsis thaliana flowers from Col-0, RRP41 WT , RRP41 Pi-, RRP41 Pi-Cat-were ground in liquid nitrogen in icecold lysis buffer comprising 150 mM NaCl, 50 mM Tris HCl (pH 8.0), 1% Triton X100, and protease inhibitors cocktail (EDTA-free, cOmplete™, Sigma Aldrich). The lysate was clarified by centrifugation at 16 000 g for 5 min. The clarified lysate was centrifuged at 150 000 g for 15 min and the supernatant was incubated with anti- Labelling was performed in a water bath at 37°C for 30 minutes. The reaction products were purified using G-50 columns. 

RNA analysis

RNA from seedlings or leaves or flowers of Col-0 and mutant plants was extracted using the TRI Reagent® (MRC). Plant tissue was ground to a fine powder in liquid nitrogen using a mortar and pestle. 1 mL of TRIzol® Reagent was added per 100 mg of tissue. When samples were thawed, the suspension was transferred to a 1.5 mL tube, supplemented with 0.2 mL chloroform per each mL of TRIzol added. Samples were vortexed and incubated at room temperature for 5 minutes. Samples were centrifuged at 16,000 x g, for 15 minutes at room temperature. The aqueous phase was transferred to a fresh 1.5 ml tube. 0.5 volumes of isopropanol were added and samples were incubated for another 5 minutes at room temperature. Precipitated RNA was collected by centrifugation at 16,000 x g for 5 minutes at 4 °C. The supernatant was removed and pellets were washed with 1 ml of ice cold 70 % ethanol and then dissolved in 50 μL of water. samples were subjected into a second round of purification. Samples were further purified by adding 1 volume of a 25:24:1 mix of acid-phenol: chloroform: isoamyl alcohol, vortexed and incubated for 5 minutes at room temperature. Next, samples were centrifuged at 16,000 x g for 15 minutes at 4 °C. The upper aqueous phase was transferred to a fresh 1.5 mL tube, and supplemented with 1/10 volumes of 3 M NaAc pH 5.2, 2.5 volumes of 100 % ethanol, and 0,05-1μg/μL glycogen (Thermo Scientific) as a carrier when working with small amounts of RNA. RNA precipitation was carried out overnight at -20°C or for 2 hours at -80 °C.

RNA was collected by centrifugation at 16,000 x g for 15 minutes at 4 °C. The supernatant was removed, and the RNA pellet was washed with ice cold 70 % ethanol and centrifuged at 16,000 x g for 15 minutes at 4 °C. The ethanol was removed and the pellet was dissolved in 20 μL of water. RNA was quantified by measuring the absorption at 260 and 280 nm with a Nanodrop 2000 (Thermo Scientific). RNA samples were stored at -80°C.

For mapping of 3' extremities of EXO's endogenous substrates 20 μg of total RNA extracted from seedlings or flowers of Col-0, RRP41 WT , RRP41 Pi-, RRP41 103

For mapping of 3' extremities, RNA of 100 to 210 nt or 170-350 nt (for mapping 5'ETS or 5.8S rRNA precursors, respectively) were excised from the gel. Gel slices were frozen on dry ice, fragmented using a sterile 1 mL tip and eluted overnight in Maxam and Gilbert buffer (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA and 0.1 % SDS) at 24°C. Size-selected RNAs were treated with 1 volume of 25:24:1 mix of acid-phenol: chloroform: isoamyl alcohol, precipitated and dissolved in water. Next, size-selected RNA was ligated to an RNA primer R1(5'P-CUAGAUGAGACCGUCGACAUGAAUUC-3'NH2) using T4 RNA ligase (Thermo Scientific). cDNA synthesis was initiated using a primer complementary to the ligated adapter (primers are listed in Table 3). 3' ends were amplified by PCR using Dream Taq polymerase (30 cycles of 30 s denaturation at 94°C, 30 s annealing at 52°C and 10 s elongation at 72°C). 3' RACE PCR products were cloned in pGEM®-T Easy (Promega) and analyzed by sequencing.

Stock solution for 16% polyacrylamide urea gels was prepared as follows: 14.8 g urea, 16 mL 40% acrylamide (19:1) solution and 8 mL of 5X TBE were combined in a 50 mL falcon tube for a final volume of ~40 mL. The solution was incubated in water bath at 37°C and stirred until the urea dissolved completely. Then, 40 μL TEMED and 400 μL 10% APS were quickly added (a fresh APS aliquot was used for each gel). The mixture was quickly vortexed and the gels were poured using 10 mL pipet. Before loading the samples, the gel was pre-run in 1x TBE for 15 minutes at 15W. 5 μg of total RNA were ethanol-precipitated and dissolved in RNA loading buffer (95% (v/v) formamide, 0.025% (w/v) bromophenol blue, 0.025% (w/v) xylene cyanol FF, 5 mM EDTA, 0.025% (w/v) SDS, pH 8.5) and pre-heated at 65°C

prior to loading onto the gel. Electrophoresis was performed in 1x TBE buffer at 15

Protein analysis

Arabidopsis thaliana inflorescences (2-3 flower buds) were homogenized in 1.5 mL tubes in 150-300 μL of SDS Urea extraction buffer (80 mM Tris HCl pH 6.8, 0.1 M DTT, 4 M Urea, 2 % (w/v) SDS, 10 % (v/v) Glycerol) using a pestle. Samples were heated for 3 minutes at 80 °C and cell debris were removed by centrifugation at 16,000 x g for 5 minutes at room temperature. The supernatant was transferred to a fresh 1.5 ml tube and stored at -20°C.

100 mg of frozen Arabidopsis thaliana inflorescences were ground in a mortar in the presence of liquid nitrogen and extracted with 600 μL of extraction buffer (0.7 M sucrose, 0.5 M Tris-Cl pH 8.0, 0.1 M NaCl, 5 mM EDTA pH 8.0, 2% βmercaptoethanol) and vortexed. 600 μL of Tris buffered phenol were added and the mixture was vortexed for 5 minutes at RT. Samples were centrifuged at 13,000 x g for 10 min at 4°C. To detect myc-tagged proteins, membranes were incubated for 1 hour at room temperature with 1/10000 α-myc antibody (Roche) in TBS-T supplemented with 5% milk. Membranes were rinsed 3 times with TBS-T and incubated with 1/10000 goat anti-mouse secondary antibody in TBS-T with 5% milk. To detect GFP-tagged proteins, membranes were incubated with HRP-coupled anti-GFP antibodies (Milteyi) (1:5000 in TBS-T, 2 % milk) for 1 hour at RT. Membranes were washed three times in TBS-T for 5 minutes. After washing, membranes were revealed with Lumi LightPlus (Roche). Luminescence was detected with a Fusion FX camera system.

SDS-PAGE gels were rinsed with water and incubated with Coomassie staining solution (0.0025% Coomassie Brilliant Blue R-250, 90% methanol, 10% acetic acid)

for 30 min -16h before the the staining solution was removed incubation with destaining solution (90% methanol, 10% acetic acid) for 30-60 minutes.

SDS-PAGE gels were fixed in 50% methanol, 12% trichloric acid, 2% CuCl2 for 25 minutes, washed in 10% ethanol, 5% acetic acid for 20 minutes, sensitized in 0.01 % KMnO4 for three minutes, and washed for 10 minutes in 10% ethanol, 5% acetic acid, for 10 min in 10% ethanol, and for 10 min in water. Gels were incubated in 0.2 % silver nitrate (AgNO3) for 20 minutes. The excess of silver nitrate was removed by brief rinsing the gel with water. Gels were incubated with 10% potassium carbonate (K2CO3) for 1 minute and developed with 3% potassium carbonate and 0.05% formaldehyde solution until protein bands were visualized.

The developing reaction was stopped by incubating the gel with 1% acetic acid for 5-10 minutes. et al., 1999a, 1999b;van Hoof et al., 2000). Parmi les substrats de l'exosome nucléaire figurent également les précurseurs des sn(o)RNA, des ARNm et les ARN de transfert (ARNt) présentant des défauts de maturation. L'exosome est aussi crucial pour l'élimination d'ARN non-codants issus de la transcription de régions intergéniques comme les CUTs (cryptic unstable transcripts) chez la levure ou les PROMPTs (PROMoter uPstream Transcripts) chez l'homme (LaCava et al., 2005;Neil et al., 2009;Orban and Izaurralde, 2005;Preker et al., 2008;Schneider et al., 2012;Vanácová et al., 2005;Wyers et al., 2005). Enfin, l'exosome est responsable de l'élimination des sous-produits de la maturation de transcrits primaires. Ces sous-produits de maturation incluent les introns épissés ou les espaceurs internes et externes excisés au cours de la maturation des ARNr. Parker, 1998;Bousquet-Antonelli et al., 2000;Doma and Parker, 2007;Gudipati et al., 2012;van Hoof et al., 2000;Houseley and Tollervey, 2009;Schneider et al., 2012).

L'exosome cible une très grande variété de substrats grâce à de nombreuses protéines adaptatrices qui fournissent une spécificité de reconnaissance permettant d'identifier les substrats de l'exosome et de discriminer entre les ARN destinés à la dégradation ou à la Des analyses de gel filtration révèlent aussi que les différentes versions de RRP41 sont incorporées dans des complexes protéiques de haut poids moléculaire (Figure 1C). Enfin, des analyses en spectrométries de masse, montrent que toutes les sous-unités de l'EXO9 sont copurifiées avec les différentes versions de RRP41, qu'elles soient sauvage (RRP41 WT ) ou catalytiquement inactives (RRP41 PI-ou RRP41 PI-CAT ) (Figure 2A andB).

RESULTATS A. L'EXO9 d'Arabidopsis possède une activité phosphorolytique

Chez la plante, la conservation des acides aminés du site de coordination du phosphate présent au sein de la sous-unité RRP41 suggère que l'exosome a retenu une activité phosphorolytique. Une telle activité phosphorolytique implique que l'activité des fractions d'EXO9 purifiées soit dépendante de la présence de phosphate inorganique (Pi), conduise à la libération de nucléosides diphosphates (NDP) et soit réversible (c'est à dire que EXO9 ayant incorporé RRP41 actif soit capable de synthétiser de l'ARN en présence d'excès de nucléosides diphosphates). En vue de tester l'activité enzymatique de ces fractions, j'ai réalisé des expériences de cinétiques enzymatiques à partir de fractions d'exosomes purifiées contenant la version de RRP41 sauvage (RRP41 WT ) ou catalytiquement inactives (RRP41 PI-, RRP41 PI-CAT-) ainsi que d'un substrat ARN radiomarqué.

J'ai dans un premier temps incubé les différentes versions purifiées de l'EXO9 avec de l'ARN radiomarqué avec ou sans ajout de phosphate inorganique. J'ai observé une dégradation d'un substrat ARN en présence d'exosome contenant la version sauvage de RRP41 mais pas en présence de celles contenant les versions catalytiquement inactives.

Cette activité, c.-à-d. la dégradation des substrats ARN par l'exosome, est de surcroît stimulée par l'addition de Pi dans le milieu réactionnel (Figure 3A). Dans un second temps j'ai analysé le produit de cette réaction par chromatographie sur couche mince (TLC pour Thin Layer Chromatography). Cette expérience a révélé que la réaction produit bien des nucléosides diphosphates (Figure 3B). J'ai finalement procédé à un dernier type de test d'activité dans lequel j'ai ajouté un excès de NDP sans ajout de Pi. J'ai observé, dans ces conditions, que l'EXO9 est capable de synthétiser de l'ARN et donc que la réaction est réversible (Figure 3C). La stimulation de l'activité de l'exosome suite à l'ajout de phosphate inorganique, le relargage de NDP et la réversibilité de la réaction ont démontré que l'EXO9 d'Arabidopsis a bel et bien une activité phosphorolytique conférée par la sous-unité RRP41.

En sus, l'ensemble de ces expériences m'a permis de révéler des caractéristiques inattendues concernant l'activité catalytique de l'exosome. J'ai montré que, de façon surprenante, l'EXO9 dégrade préférentiellement des substrats oligo(U) plutôt qu'oligo(A).

De plus, et en opposition avec l'activité processive observée pour les enzymes phosphorolytiques procaryotes (l'exosome des archées ou les PNPase bactériennes), la dégradation par l'exosome chez la plante est une activité distributive (Figure 3D). Ces deux observations pourraient avoir un rôle fondamental pour la compréhension des fonctions liées à l'activité phosphorolytique de l'exosome chez les plantes.

B. L'EXO9 contribue à la dégradation des ARN ribosomiques

Mes tests d'activité in vitro ont révélé que l'EXO9 d'Arabidopsis a une activité phosphorolytique distributive. De plus, EXO9 est capable de rogner plutôt que de complètement dégrader ses substrats in vitro. Il est important de noter que la présence de co-facteurs in vivo pourrait modifier ces propriétés, et il est possible que l'activité de EXO9 puisse à la fois rogner et complètement dégrader ses substrats in vivo. Afin de rechercher des substrats d'EXO9 in vivo, j'ai décidé de tester l'influence potentielle de l'activité intrinsèque de EXO9 sur deux substrats archétypiques de l'exosome : la partie 5' du précurseur des ARNr ou 5'ETS (pour External Transcribed Spacer) et les précurseurs des ARNr 5.8S, tous deux connus comme étant des substrats de l'exosome chez tous les eucaryotes (Schneider et al., 2012;Gudipati et al., 2012;Lange et al., 2011, Kumakura et al. 2013, Sikorski et al. 2015).

Pour ce faire, j'ai dans un premier temps analysé par northern blot l'accumulation des fragments P-P1, sous-produits de maturation dérivant de la 5'ETS. De manière intéressante, j'ai observé des profils particuliers de ces fragments dans les plantes exprimant la version sauvage ou inactive de RRP41. Tandis que trois fragments de tailles différentes sont observés dans des plantes sauvages et des plantes de la lignées mutante rrp41 complémentées avec RRP41 WT , seulement deux des fragments les plus larges sont observés dans les lignées mutantes complémentées avec les versions catalytiquement inactives de RRP41 (Figure 4A). Cette observation indique que la production des intermédiaires P-P1 de plus petite taille est exclusivement permise par l'activité catalytique de RRP41. Ceci a été confirmé après analyse des fragments P-P1 par 3' RACE PCR (Figure 4B) et m'a permis d'obtenir les premières évidences quant à un rôle in vivo de l'activité phosphorolytique de l'exosome chez les plantes.

Il existe plusieurs RNases pouvant avoir des fonctions partiellement redondantes dans la maturation des ARNr. La présence de ces RNases pourrait rendre difficile la mise en évidence et l'étude des fonctions additionnelles de l'EXO9. Afin de palier ce problème, et d'analyser plus en détails le rôle joué par l'activité de l'EXO9 dans la maturation des ARNr, j'ai produit différentes lignées d'intérêts :

-Deux lignées résultantes du croisement de plantes transgéniques RRP41 WT et RRP41 PI-CAT avec des plantes mutantes homozygotes pour l'exoribonucléase RRP6L2 (rrp6l2). Ces lignées ont été nommées rrp6l2 RRP41 WT et rrp6l2 RRP41 PI-CAT- respectivement.

-Trois lignées résultantes de la transformation des plantes transgéniques RRP41 WT , RRP41 PI-ou RRP41 PI-CAT avec des microARN artificiels (amiRNA) permettant une inactivation partielle de l'expression de l'exoribonucléase RRP44 (Kumakura et al., 2013). Lesdites lignées ont été nommées RRP41 WT 44KD, RRP41 PI-44KD et RRP41 PI-CAT-44KD respectivement.

L'analyse par northern blot de l'accumulation des précurseurs d'ARNr 5,8S (pré-ARNr 5,8S), dans ces différents fonds génétiques, m'a permis de mettre en évidence la contribution de RRP44, RRP6L2 et de l'EXO9 dans la maturation des ARN 5,8S. J'ai en effet observé que la perte simultanée de l'activité de l'exosome et de l'expression de RRP44 ou RRP6L2 entraîne une accumulation différentielle des précurseurs des ARNr 5,8 (pré-ARNr 5,8S). En effet, les plantes dont l'expression de RRP44 est réduite mais qui expriment la version catalytiquement active de RRP41 (RRP41 WT 44KD) accumulent des pré-ARNr 5,8S ayant une extension de 120 nucléotides (pré-ARNr +120nt). A contrario lorsque les versions catalytiquement inactives de RRP41 sont exprimées, c'est à dire dans un fond génétique RRP41 PI-44K ou RRP41 PI-CAT-44K, on observe une accumulation des pré-ARNr 5,8S avec des extensions de petite taille. Un tel phénomène est également observé dans les lignées dans lesquelles à la fois l'expression de RRP6L2 et l'activité de l'exosome sont abolies (lignées rrp6l2 RRP41 PI-CAT-) (Figure 4C). Afin de caractériser plus en détails la contribution de l'activité de l'EXO9 dans la maturation de ARNr 5,8S j'ai analysé et comparé par 3' RACE le profil des extrémités 3' des pré-ARN 5,8S dans les fonds génétiques suivants :

Col0, RRP41 WT , RRP41 PI-, RRP41 PI-CAT , rrp6l2, rrp6l2 RRP41 WT , rrp6l2 RRP41 PI-CAT-. La 
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Figure 1 .

 1 Figure 1. Mechanism used by hydrolytic ribonucleases vs phosphorolytic ribonucleases. A. Hydrolytic ribonucleases, like Rrp44p/hRRP44/AtRRP44 and Rrp6p/hRRP6/AtRRP6L2 use water to cleave phosphodiester bonds of attacked RNA substrates and in irreversible reaction release nucleoside monophosphates (NMPs). B. Phosphorolytic ribonucleases like RNase PH, PNPase or archaeal exosome use inorganic phosphate (Pi) to attack the phosphodiester bond of the RNA substrate and release nucleoside diphosphates (NDPs). The reaction is reversible: in presence of inorganic phosphate, RNA is degraded; in excess of NDPs, RNA is synthesized.

Figure 2 .

 2 Figure 2. Bacterial phosphorylases RNase PH and PNPase, archaeal exosome and eukaryotic exosome share a characteristic ring-shaped structure. Description in the main text. (Adapted from Januszyk et al., 2014)

Figure 3 .

 3 Figure 3. The ring-shaped structure of archaeal exosome with a prominent central channel. A. Side view of the Sulfolobus solfataricus exosome structure (Lorentzen et al., 2007). The RNase PH-like subunits Rrp41 and Rrp42 are depicted in blue and green respectively; the S1/KH subunit Rrp4 is in magenta and RNA is shown in ball-and-stick representation in black. The zoomed-in view shows the phosphorolytic active site. B. Top view of the S. solfataricus exosome, looking down the central channel. The zoomed-in view shows the RNA trapped at the entrance pore of the channel. (Figure taken from Bonneau et al., 2009)

Figure 4 .

 4 Figure 4. The residues essential for the phosphorolytic activity are conserved in bacterial RNase PH, C-terminal RNase PH-like domain of bacterial PNPase and archaeal exosome subunit Rrp41 but not Rrp42. A. Structural superposition of the active site regions of RNase PH (light gray), the C-terminal RNase PH-like domain of PNPase (dark gray) and the Rrp41 subunit of Archaeal exosome (Sulfolobus solfataricus) (blue). Residues of Archaeal Rrp41 involved in phosphate ion coordination: Ser 138 and Arg 139 (corresponding to Thr 462 and Ser 463 in PNPase and Thr 125 and Arg 126 in RNase PH); residues of Archaeal Rrp41 involved in the catalytic mechanism Asp 182 and Asp 188 (corresponding to Asp 181 and Asp 187 in RNase PH and Asp 514 and Asp 520 in PNPase) B. Structural superposition of the active site regions of Archaeal Rrp41 (blue) and Rrp42 (green); Residues of Rrp42 are not compatible with phosphate binding. (Figure adapted from Lorentzen et al., 2005)

Figure 7 .

 7 Figure 7. Residues essential for phosphate coordination in RRP41 are conserved in all land plants (Embryophyte).Logo illustrating the conservation of the phosphate coordination site among plant RRP41 proteins. Sequences of RRP41 proteins from 27 plant species including mosses, mono-and dicotyledons were aligned with ClustalX. The 13 amino acid sequences including the GGTRSA phosphate coordination site were used to calculate a sequence logo illustrating sequence conservation using the weblogo.berkeley.edu/logo.cgi site. The overall height of each stack indicates the sequence conservation at that position (measured in bits), whereas the height of symbols within the stack reflects the relative frequency of the corresponding amino acid at that position. The maximum sequence conservation per site is log 2 20 4.32 bits for proteins. Sequences from following plants were used to calculate the logo: Physcomitrella patens, Selaginella moellendorffii, Populus trichocarpa, Vitis vinifera, Aquilegia caerulea, Camellia sinensis, Citrus clementina, Crocus sativus, Setaria italica, Thellungiella halophila, Capsella rubella, Arabidopsis thaliana, Arabidopsis lyrata, Brassica rapa, Mimulus guttatus, Sorghum bicolor, Oryza sativa, Zea mays, Brachypodium distachyon, Glycine max, Phaseolus vulgaris, Prunus persica, Carica papaya, Manihot esculenta, Ricinus communis, Medicago truncatula, Eucalyptus grandis.

Figure 8 .

 8 Figure 8. Expression of wild-type and mutated AtRRP41 in Arabidopsis.A. Scheme depicting mutations introduced in phosphate coordination site and cleavage site in RRP41 Pi-(mutated only in phosphate coordination site) or RRP41 Pi-Cat (mutated in phosphate coordination site and cleavage site) compared to wild-type AtRRP41. B. All versions of RRP41 were cloned as genomic constructs to produce fusion proteins with C-terminal myc-or GFPtags and expressed under the control of the endogenous RRP41 promoter in the rrp41 mutant background. All PCRs were carried out with the same forward primer in the RRP41 coding sequence. The reverse primer for RRP41 PCR products is complementary to the 3' UTR that is only present in the endogenous RRP41 gene. rrp41 PCR products are amplified with a reverse primer complementary to the T-DNA insertion present in Salk_112819 rrp41 mutants. RRP41 transgenes are detected with a reverse primer complementary to the sequence encoding the myc-tag, which replaces the natural 3' UTR in RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-plants. For Nde1 and Bsr1 digestions, PCR products were amplified with a reverse primer complementary to both endogenous and transgenic RRP41 genes.

Figure 9 .

 9 Figure 9. Expression of myc or GFP-tagged RRP41 proteins in stable Arabidopsis transformants. Protein extracts from Arabidopsis thaliana rrp41 lines complemented with myc or GFP-tagged wild-type (RRP41 WT ) and mutated (RRP41 Pi-or RRP41 Pi-Cat-) versions of AtRRP41 were analysed by western blot. Proteins were separated by SDS PAGE and transferred to a PVDF membrane. Fusion proteins were detected using anti-myc (panel A) and anti-GFP (panel B) antibodies. Middle lane containing size marker was removed from panel A. URT1-myc and eGFP plants were used as controls. Membrane stained with Coomassie blue is shown as loading control.

Figure 10 .

 10 Figure 10. All three versions of AtRRP41 protein show similar intracellular localization (nucleus and cytoplasm). The intracellular localization of GFP tagged wild-type and mutated versions of AtRRP41 protein was analysed by confocal microscopy. Arabidopsis thaliana rrp41 plants complemented with RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat were grown on MS agar plates supplemented with 0.5 % sucrose. Samples prepared from the root tips of 10-day old seedlings were analysed with a ZEISS LSM 700 confocal microscope using a 510nm laser. MTR4-GFP is shown as nucleolar marker. PAB2-RFP is shown as cytoplasmic marker. RRP4-GFP (subunit of EXO9's cap) is used as a marker for dual localization (nucleus and cytoplasm). c: cytoplasm, n: nucleus, no: nucleolus, np: nucleoplasm, v: vacuole. The scale bars are 20 m except panel with PAB2 and RRP4 where scale bars are 10 m.

Figure 11 .

 11 Figure 11. Both active and inactive versions of AtRRP41 protein are incorporated into high molecular weight complexes. Proteins were extracted under native conditions from rrp41plants complemented with myc-tagged RRP41 WT or RRP41 Pi-Cat-. Total plant extracts were clarified by centrifugation and were then analysed by gel filtration using a Superose 6 20 10/300 column (GE Healthcare Life Sciences). The column was calibrated using Thyroglobulin (669 kDa), Aldolase (158 kDa) and RNaseA (14 kDa) markers (GE Healthcare Life Sciences). Elution fractions were collected and fractions containing myc-tagged AtRRP41 subunits were identified by western blot analysis using an anti-myc monoclonal antibody (Roche).

Figure 13 .

 13 Figure 13. Both the wild-type (RRP41 WT ) and mutated (RRP41 Pi-or RRP41 Pi-Cat-) AtRRP41 versions complement the lethal rrp41 mutation and grew similar to wild-type. rrp41 plants complemented with wild-type and mutated versions of AtRRP41 protein were grown in soil in 16h light/ 8h darkness. Photo was taken 30 days post germination (30 dpg).

Figure 14 .Figure 15 .Figure 16 .

 141516 Figure14. Plant EXO9 activity is conferred by RRP41. Exosome complexes purified from Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-plants and IP eluate buffer were incubated with 5'-labeled oligo(U) 21 RNA substrate in presence of 3.5 mM inorganic phosphate. Samples were collected at the indicated time points and analysed by denaturing 17% PAGE and autoradiography. Each reaction contained 1.4 nM of EXO9 and 25 nM of RNA substrate. Mock-IP: IP on Col-0 plants, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-: rrp41 mutants complemented with myc-tagged RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat-respectively, Pi: phosphate.

Figure 17 .

 17 Figure17. Activity of plant EXO9 is inhibited by ATP. EXO9 purified from RRP41 WT and RRP41 Pi-plants was incubated with 5'-labeled oligo(U)21 in the presence of inorganic phosphate(Pi) and 0, 1 or 5 mM ATP. Samples were collected at the indicated time points (minutes), stopped by adding 1 volume of RNA loading buffer and analysed by denaturing 17% PAGE and autoradiography.Each reaction contained 1.4 nM of exosome complexes and 25 nM of RNA substrate. RRP41 WT : rrp41 mutants complemented with myc-tagged RRP41 WT , Pi: phosphate.

Figure 18 .

 18 Figure18. Plant EXO9 activity is stimulated by phosphate. Exosome complexes purified from Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-plants and IP wash buffer were incubated with 5'labeled oligo(U) 21 RNA substrate in the presence (+Pi) or absence (-Pi) of inorganic phosphate. Reactions in +Pi assay contained 3.5 mM phosphate. Samples were collected at the indicated time points and analysed by denaturing 17% PAGE and autoradiography. Each reaction contained 0.4 nM of Exo9 and 6 nM of RNA substrate. Mock-IP: IP on Col-0 plants, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-: rrp41 mutants complemented with myc-tagged RRP41 WT , RRP41 Pi- or RRP41 Pi-Cat-respectively, Pi: phosphate.

Figure 19 .

 19 Figure19. Activity of plant EXO9 releases NDPs. Exosome complexes purified from Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-plants and IP wash buffer were incubated with 3'[ 32 P]labeled oligo(U) 22-23 RNA substrate (oligo(U) 21 RNA was 3' labeled with [ 32 P] UTP using Cid1 poly(U) polymerase. Aliquots were taken at indicated time points, stopped by addition of EDTA, separated on thin-layer chromatography (TLC) plate (polyetyleneimine-cellulose) and analysed by autoradiography. UTP, UDP and UMP seen on the left side of each panel were used as references. Each reaction contained 1.4 nM of EXO9 and 25 nM of RNA substrate. Mock-IP: IP on Col-0 plants, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-: rrp41 mutants complemented with myctagged RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat-respectively, Pi: phosphate.

Figure 20 .

 20 Figure20. Plant EXO9 can synthesize RNA tails. EXO9 purified from Col-0, RRP41 WT and RRP41 Pi-plants and IP wash buffer were incubated with 5'-labeled oligo(U) 21 in the presence of 1 mM UDP. Samples were collected at the indicated time points, reactions were stopped by adding 1 volume of RNA loading buffer and analysed by denaturing 17% PAGE and autoradiography. Each reaction contained 1.4 nM of Exo9 and 25 nM of RNA substrate. Mock-IP: IP on Col-0 plants, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-: rrp41 mutants complemented with myc-tagged RRP41 WT , RRP41 Pi-or RRP41 Pi-Cat-respectively, UDP-uridine diphosphate.

AFigure 21 .

 21 Figure 21. Different patterns of RNA tails synthesised by plant EXO9 depending of the nature of NDPs. EXO9 purified from RRP41 WT plants were incubated with 5'-labeled oligo(U) 21 in the presence of 1 mM ADP, CDP, GDP or UDP. Samples were collected at the indicated time points, reactions were stopped by adding 1 volume of RNA loading buffer and analysed by denaturing 17% PAGE and autoradiography. Each reaction contained 1.4 nM of Exo9 and 25 nM of RNA substrate. RRP41 WT : rrp41 mutants complemented with myc-tagged RRP41 WT , ADPadenosine diphosphate, CDP-cytidine diphosphate, GDP-guanosine diphosphate, UDP-uridine diphosphate.

Figure 22 .

 22 Figure 22. Plant EXO9 trims oligo(U) 21 and does not degrade oligo(A) 21 substrate.Exosome complexes purified from Col-0 (mock-IP), RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-plants and IP wash buffer were incubated with 5'-labeled oligo(U) 21 or 5'-labeled oligo(A) 21 RNA substrate in the presence or absence of inorganic phosphate (Pi). PNPase was used as a control. Samples were collected at the indicated time points, reactions were stopped by adding 1 volume of RNA loading buffer and analysed by denaturing 17% PAGE and autoradiography. Each 20 μl reaction contained 0.4 nM of Exo9 and 25 nM of RNA substrate. Mock-IP: IP on Col-0 plants, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-: rrp41 mutants complemented with myc-tagged RRP41 WT , RRP41 Pi- or RRP41 Pi-Cat-respectively, Pi: phosphate.

(Figure 23 .

 23 Figure23. Plant EXO9 preferentially degrades uridylated substrates in vitro. EXO9 purified from Col-0 (mock-IP), RRP41 WT and RRP41 Pi-plants was incubated with three different 31nt 5'FAM-labeled heteropolymeric RNA substrates. The sequences of the substrates are indicated on the bottom part of the figure. Samples were collected at the indicated time points (minutes), stopped by adding 1 volume of RNA loading buffer and analysed by denaturing 17% PAGE and autoradiography. Each reaction contained 1.4 nM of exosome complexes and 35 nM of RNA substrate. Mock-IP: IP on Col-0 plants, RRP41 WT , RRP41 Pi-: rrp41 mutants complemented with myc-tagged RRP41 WT or RRP41 Pi-respectively, Pi: phosphate.

Figure 24 .

 24 Figure 24. Plant EXO9 is trimming 21 nt heteropolymeric substrate (both non-methylated and methylated at 3' ribose). Exosome complexes containing active RRP41 were incubated with 5'-labeled heteropolymeric oligo RNA (miR168) with or without methyl group at the 3' ribose in the presence or absence of inorganic phosphate (Pi). Samples collected at indicated time points were analysed by 17% denaturing PAGE and autoradiography. Each 20 μl reaction contained 1.4 nM of Exo9 and 25 nM of RNA substrate. RRP41 WT : rrp41 mutants complemented with myc-tagged RRP41 WT , Pi: phosphate.

Figure 25 .

 25 Figure 25. Activity of plant EXO9 unlike bacterial PNPase is distributive. Exosome complexes purified from Col-0 (mock-IP) or RRP41 WT plants were incubated with 5'-labeled oligo(U) 21 RNA substrate in the presence of inorganic phosphate (Pi). PNPase was used as a control. Samples were collected at the indicated time points, reactions were stopped by adding 1 volume of RNA loading buffer and analysed by denaturing 17% PAGE and autoradiography. Each reaction contained 1.4 nM of Exo9 and 25 nM of RNA substrate. Mock-IP: IP on Col-0 plants, RRP41 WT : rrp41 mutants complemented with myc-tagged RRP41 WT , Pi: phosphate.

  has a distributive activity. Together with the fact that EXO9 removed only several nucleotides from all substrates that I tested in vitro, this raises the interesting possibility that EXO9 could be involved in trimming RNA substrates in vivo. However, the presence of EXO9's co-factors may also modulate the intrinsic properties of EXO9 in vivo.

Figure 26 .

 26 Figure 26. Diagram illustrating the rRNA maturation by-products generated from the 5 ETS (P-P and P-P1) and the 5.8S rRNA processing intermediates. Description in the main text. Red bars show location of S1 and S2 probes used for detection P-P' maturation by-product and 5.8S rRNA precursors respectively.

Figure 27 .

 27 Figure 27. Assessment of RRP44 KD efficiency in RRP41 WT and RRP41 PI-Cat-backgrounds. Northern blot showing the accumulation of the P-P' fragment in Col-0 and primary transformants of RRP41 WT RRP44KD and RRP41 PI-Cat-RRP44KD. Established RRP44KD-1 and RRP44KD-2 lines (Kumakura et al., 2013) are shown on the right.Total RNA extracted 35 days post-germination (dpg) from rosette leaves was separated on 6% denaturing PAGE, transferred to membranes and hybridized using probe S1 located between P and P' processing sites in the 5' ETS (see Figure26). Ethidium bromide (EtBr) staining of the 5S rRNA was used as a loading control. The migration of the 0.5 kb RNA marker (kb) is indicated on the left.

  ) encodes one of the three RRP6-like proteins expressed in Arabidopsis. It resides mainly in the nucleolus. rrp6L2 is a T-DNA insertion mutant line (rrp6l2-1, Gabi_825G09) showing mild accumulation of polyadenylated P-P' fragments and mild accumulation of 5.8S rRNA precursors(Lange et al., 2011(Lange et al., , 2008)).Importantly, single mutants lacking MTR4 and RRP6L2 or plants with downregulated RRP44 expression show wild-type levels of mature 5.8S rRNA, probably because they have partially redundant functions. Possibly, both exoribonucleases could also act partially redundantly with the activity of the core exosome, which could mask the effects of the compromised activity in RRP41 Pi-Cat-lines. Therefore, I generated rrp41 plants complemented with RRP41 WT or RRP41Pi-Cat-in mtr4, rrp6L2 and RRP44 KD mutant backgrounds, either by crosses or by introducing the artificial microRNA targeting the RRP44 mRNA(Kumakura et al., 2013) into rrp41 RRP41WT 

Figure 28 .

 28 Figure 28. Down-regulation of RRP41 led to a pronounced accumulation of P-P', P-P1 and additional intermediates generated from the 5'ETS. Total RNAs were isolated from 11 dayold seedlings of Col-0, rrp41 iRNAi , RRP41 WT and RRP41 Pi-Cat-grown in the presence (+) or absence (-) of estradiol. RNAs were separated on 6% denaturing PAGE, transferred and hybridized using probe S1. Equal loading is indicated by the image of part of the gel with 5S rRNA stained with ethidium bromide (EtBr). Sizes of the RNA markers (kb) are given of the left. Labels indicating intermediates derived from 5'ETS (P-P' and P-P1) are shown on the right.

Figure 29 .

 29 Figure 29. EXO9 activity generates the smallest P-P1 fragment. Total RNAs were isolated from inflorescences of Col-0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-. RNAs were separated on 6% denaturing PAGE, transferred and hybridized using probe S1. 5S rRNA stained with ethidium bromide (EtBr) is shown as loading control. Sizes of the RNA markers (kb) are given of the left. P-P' and P-P1 intermediates are indicated on the right. The intermediate generated by activity of EXO9 is marked with asterisk.

Figure 30 .

 30 Figure 30. Diagram illustrating the experimental procedure of mapping P-P1 degradation intermediates in Col0, RRP41WT , RRP41 Pi-and RRP41 Pi-Cat-by 3'RACE PCR. Total RNAs were DNase treated, dephosphorylated and separated on 6% denaturing PAGE. Two gels were prepared in parallel, one for mapping and one for Northern as a control (panel A, Northern blot performed as in Figure28). RNAs of about 100-210 nt were excised from the gel (panel B), eluted, treated with phenol-chloroform and precipitated. Next a RNA adapter was ligated to the 3'ends of obtained RNAs and the cDNA synthesis was performed by using a primer complementary to the adapter sequence. Then P-P1 fragments were amplified using primers binding to the 5' of P-P1 and to the 3' adapter sequence. An aliquot of PCR products was resolved on agarose gel (panel C) and the rest was treated with PCR clean-up kit and then cloned and sequenced (results illustrated in Figure31).

Figure 31 .

 31 Figure31. Graph illustrating the frequencies of P-P1 intermediates in Col0, RRP41 WT , RRP41 Pi-and RRP41 Pi-Cat-. The 3' extremities of P-P1 fragments were determined by 3' RACE PCR followed by cloning and sequencing. Bars represent P-P1 fragments with a defined length, their frequency is indicated by the bar size. The sequences obtained from two independent experiments (using seedlings or flowers as a starting material) were analysed together.

  Figure 32. AtMTR4, AtRRP44, AtRRP6L2 and EXO9 cooperate for the degradation of 5'ETS. Total RNAs were extracted from 11-days seedlings (panel A) or 35 dpg (days post germination) rosette leaves (panels B and C), separated on 6% denaturing PAGE, transferred and hybridized with probe S1. Samples are indicated above the panels. Ethidium bromide (EtBr) staining of 5S rRNA was shown as a loading control. Panel A: single and double mutants of AtRRP41 and mtr4, panel B: single and double mutants of AtRRP41 and AtR-RP44KD, panel C: single and double mutants of AtRRP41 and rrp6L2. Sizes of RNA markers (kb) are indicated on the left. P-P' and P-P1 intermediates are indicated on the right. Intermediate generated exclusively by EXO9 activity is marked with asterisk. Additional intermediate observed in the mtr4 or rrp6L2 background is marked with a dot.

AtRRP44Figure 33 .

 33 Figure 33. The impact of RNA helicase AtMTR4 on the processing of 5.8S rRNA may mask the effect of other activities involved in this process. Total RNAs were isolated from 11-days seedlings of plants indicated on top of the panel, separated on 6% denaturing PAGE, transferred and hybridized with probe S2. Ethidium bromide (EtBr) staining of 5S rRNA shows equal loading. Sizes of the RNA markers (kb) are given of the left. 5.8S rRNA precursors are indicated on the right.

  Figure34. AtRRP44, AtRRP6L2 and EXO9 cooperate for trimming of 5.8S precursors A. Total RNAs isolated from 35dpg rosette leaves were separated on 6% denaturing PAGE, transferred and hybridized with a probe S2 complementary to ITS2 (Figure26). Samples names are indicated on top of the panel. 5S rRNA stained with ethidium bromide (EtBr) is shown as a loading control. Sizes of RNA markers (kb) are indicated on the left. B) The levels of pre-5.8S rRNA were analysed in 21 independent plant lines of RRP41 WT RRP44KD and 16 of RRP41 Pi-Cat- RRP44KD by northern blot (as described in A), quantified by Fhosphorimager and ImageJ, and the ratio between the larger and the smaller precursor is presented as a box-plot. Sizes of the RNA markers (kb) are given of the left. 5.8S rRNA precursors are indicated on the right.

FFigure 35 .

 35 Figure35. Graph illustrating the frequencies of 5.8S RNA precursors in Col0, RRP41 WT , RRP41 Pi-Cat-, rrp6L2, RRP41 WT rrp6L2 and RRP41 Pi-Cat-rrp6L2. The 3' extensions of 5.8S rRNA were determined by 3' RACE PCR followed by cloning and sequencing. Bars represent P-P1 fragments with a defined length, their frequency is indicated by the bar size. The sequences obtained from two independent experiments (using seedlings or flowers) were analysed together. The number of obtained clones for each genotype is indicated in the top right corner of each panel. A: Col0, B: RRP41 WT , C: RRP41 Pi-Cat-, D: rrp6L2, E: RRP41 WT rrp6L2, F: RRP41 Pi-Cat-rrp6L2.

  of AtRRP6L2. Efficient processing of larger precursors requires the action of the RNA helicase AtMTR4, as illustrated by the pronounced accumulation of larger precursors with 70 and 120 nt extensions in mtr4 mutants. Prominent accumulation of a population of small precursors in the absence of EXO9's and AtRRP6L2's activities suggests that both activities cooperate in processing small 5.8S precursors.

Fig. 36 .

 36 Fig.36. Oligo dT-primed RT-PCR detection of the polyadenylated TMV gRNA in Arabidopsis. RRP41WT, RRP41Pi-and RRP41Pi-Cat-infected with TMV. A. Schematic diagram of TMV gRNA with three open reading frames encoding viral components of polymerase (RdRp), movement protein (MP) and coat protein (CP). Primers used for oligo dT-primed RT PCR are mark e d as bars with arrows (oligo dT P18 and first PCR) or circles (nested PCR). B.PCR products obtained from mock and infected wild-type and RRP41 lines by oligo dT-primed RT-PCR. Total RNAs were isolated from TMV-inoculated or mock -treated leaves of Col-0, RRP41WT, RRP41Pi-and RRP41Pi-Cat-4days post inoculation (4dpi). Nex t , oligo dT-primed cDNA synthesis was performed using primer P18. cDNA served as a template for the first PCR (TMV-6001-22/ P1) and obtained products were used as a template in the nested PCR (TMV-6023-44/P2) and separated on 1% agarose gel. C. Individual clones obtained from Col-0, RRP41WT, RRP41Pi-and RRP41Pi-Cat-are shown on separate panels. The 3'end of TMV gRNA is shown in blue and nontemplated nucleotides (tails) are shown in orange. The position of 3'end is mark e d on ax i s x and the clone number on ax i s y. TMV-Tobacco mosaic virus, WT-wild-type.

  2014; He et al. 2015). Such heteropolymeric tails are characteristic signatures of phosphorolytic enzymes, three of which are present in plants: chloroplastic PNPase, mitochondrial PNPase and, as I discovered during my thesis, EXO9. Li and al already tested whether the tails detected on TMV-derived RNAs were synthesized by chloroplastic PNPase (cpPNPase), by analyzing viral tails in infected N. benthamiana transformed with a construct that triggered the down-regulation of cpPNPase. Since down-regulation of cpPNPase had no effect on tailing viral RNAs Li et al. did not identify the responsible enzyme. Therefore, I explored the possibility whether EXO9 activity could be responsible for the tailing of viral RNAs.

Fig. 37 .

 37 Fig.37. Oligo dT-primed RT-PCR detection of the polyadenylated ORMV gRNA in Arabidopsis. RRP41WT, RRP41Piand RRP41Pi-Cat-infected with ORMV. A. Schematic diagram of the oligo dT-primed RT-PCR in ORMV gRNA. Primers used for oligo dT-primed RT PCR are mark e d as bars with arrows (oligo dT P18 and first PCR) or circles (nested PCR). B.PCR products obtained from ORMV infected wild-type and RRP41 lines by oligo dT-primed RT-PCR. Total RNAs were isolated from ORMV-inoculated leaves of Col-0, RRP41WT, RRP41Pi-and RRP41Pi-Cat-4days post inoculation (4dpi). Then, oligo dT-primed cDNA synthesis was performed using primer P18. cDNA served as a template for the first PCR (ORMV-6015-36/ P1) and obtained products were used as a template in the second nested PCR (ORMV-6037-59/P2) and separated on 1% agarose gel. C. Individual clones obtained from Col-0, RRP41WT, RRP41Pi-and RRP41Pi-Cat-are shown on separate panels. The 3'end of ORMV gRNA is shown in blue and nontemplated nucleotides (tails) are shown in orange. The position of 3'end is marked on ax i s x and the clone number on ax i s y. ORMV-Oilseed rape mosaic virus, WT-wild-type.

Figure 38 .

 38 Figure 38. . Processing of 5.8S rRNA precursor requires cooperation of processive Rrp44p and distributive Rrp6p activities. A model of pre-5.8S rRNA processing in yeast, proposed by Makino et al. The large 5.8S rRNA precursor is threaded through the exosome channel to reach the active site of the processive RRP44 bound to the bottom of EXO9 (catalytically inert in yeast). When 5.8S precursors are degraded to a size of 5.8S+30nt they are too short to span the central channel of EXO9 and are handed over to distributive RRP6 bound to the top of EXO9. (Adapted from Makino et al., 2016)

  plan to perform co-immunoprecipitation experiments with tagged version of AtRRP6L2. Knowing that in yeast and humans the C-terminal part of RRP6 contacts exosome core, this experiment should be performed with N-terminal tagged version of RRP6. Furthermore, formaldehyde crosslinking should be considered to stabilize transient interactions. To this end, I produced suitable Arabidopsis transgenic lines expressing tagged RRP6L2 in the rrp6l2 background which could be used to perform these experiments. However only a positive outcome of the crosslinking experiment would allow final conclusions about a possible interaction of AtRRP6L2 with the core exosome.

  Competent E. coli cells stored at -80°C were thawn on ice for approximately 20 minutes. DNA (10 ng of plasmid DNA or 5 μL of the pGEM-Teasy® (Promega) ligation reaction) was added to each tube. The content of each tube was mixed by swirling gently. The tubes were stored on ice for 30 minutes. The tubes were transferred to a rack placed in a preheated 42 °C circulating water bath. The tubes were incubated at 42 °C for exactly 90 seconds. Samples were transferred to ice and chilled for about 1 minute. 1 mL of LB medium (10 g/L bacto-tryptone, 5 g/L yeast extract, 5 g/L NaCl, pH 7.2) was added to each tube. The cultures were incubated for 45 minutes at 37 °C to allow the bacteria to recover and to express the antibiotic resistance marker encoded by the plasmid. Cells were collected by centrifugation 5000 x g, resuspended in 100 μL of LB media and plated onto LB plates supplemented with appropriate antibiotics. Plates were incubated at 37 °C for 12-16 hours.Plasmids were isolated from transformed E. coli cells using the NucleoSpin® Plasmid kit according to the manufacturer's protocol. Cells were collected by centrifugation (30 seconds at 11,000 x g). The pellet was resuspended in 200 μL buffer A1 (50 mM Tris HCl pH 8, 10 mM EDTA, 5.5 μg/ml RNase A). Cells were lysed with 150 μL of buffer A2 (200 mM NaOH, 1 %(w/v) SDS). Lysates were neutralized with 150 μL Buffer A3 (3 M potassium acetate pH 5.3). Cell debris were removed by centrifugation for 1 min at 11,000 x g. Next, the supernatant was applied to a NucleoSpin® Plasmid column. The column was washed with 500 μL of AW Buffer (50 % guanidine hydrochloride, 50 % isopropanol) and centrifuged at 11,000 x g for 1 minute. 600 μL of Buffer A4 (70 % EtOH, 10 mM Tris HCL pH 8) was added and samples were centrifuged for 1 minute at 11,000 x g. The columns were dried by centrifugation for 2 minutes at 11,000 x g. The plasmid DNA was eluted with 50 μL of Buffer AE (10 mM Tris HCl, 0.5 mM EDTA, pH 8.5). The DNA concentration was estimated by measuring UV absorption at 260nm with a Nanodrop 2000 Spectrophotometer (Thermo Scientific).

( 6 ,

 6 500 rpm x 30 seconds x 2 x 5 second pause) in DNA extraction buffer(200 mM Tris HCl pH 7.5, 250 mM NaCl, 25 mM EDTA). Cell debris were removed by centrifugation (12,000 x g, 5 minutes, 4 °C). 0.7 vol isopropanol were added to the supernatant, and after 5 minute incubation at room temperature, the precipitated DNA was collected by centrifugation for 10 minutes at 12000 x g. The pellet was washed with 70 % ethanol and collected by centrifugation for 10 minutes at 12000 x g. The pellet was dissolved in 40 μL of water and the DNA concentration was estimated by measuring UV absorption at 260 nm with a Nanodrop 2000 Spectrophotometer (Thermo Scientific). For high-throughput genotyping, 96-well plates were used. Plant material was homogenized with metal beads using TissueLyserII (Retch, force 30/s x 2) in DNA extraction buffer. Cell debris were removed by centrifugation (3700 x g, 10 minutes, 4 °C). 0.7 vol isopropanol were added to the supernatant, and after 5 minute incubation at room temperature, the precipitated DNA was collected by centrifugation for 10 minutes at 3700 x g. The pellet was washed with 70 % ethanol and collected by centrifugation for 10 minutes at 3700 x g. The pellet was dissolved in 40 μL of water and the DNA concentration was measured by Nanodrop.The presence or absence of T-DNA insertions was determined by PCR amplification.Two gene-specific primers were used for the amplification of wild-type alleles. A gene-specific primer and a primer complementary to the left border of the T-DNA insertion were used for the detection of mutant alleles (primers used in this study are listed in Table3).Each PCR reaction of 20 μL contained 1x GoTaq Buffer (Promega), 1.5 mM MgCl2, 0.2 mM of each of dNTPs, 0.2 μM of each forward and reverse primers, 0.2 U (5 U/μL) GoTaq® DNA Polymerase and 100 ng of extracted DNA. PCR settings were 29 cycles of 30 s denaturation at 94°C, 30 s annealing at 50-54°C (depending on the primers used), and 1 minute elongation at 72 °C. PCR amplification products were separated by electrophoresis (135 mV, 20 minutes) in 1.5 % agarose in TBE 0.5x (89 mM Tris; 89 mM Boric Acid; 2 mM EDTA), and visualized with ethidium bromide (0.7 μg/ml).Arabidopsis plants were transformed by the flower-dip method adapted from Clough and Bent(Clough and Bent, 1998). Three days prior to plant transformation, 5-ml liquid cultures (pre-cultures) of Agrobacterium carrying the binary vector of interest were inoculated and incubated at 28ºC with vigorous agitation in LB medium containing suitable antibiotics. After 2 days, 200 ml of LB medium was inoculated with 1 ml of the pre-culture and incubated again with vigorous agitation for an additional 24 hours at 28ºC. Agrobacterium cells were collected by centrifuging at 3000 x g for 10 minutes, at room temperature. The cell pellet was resuspended in 400 ml of infiltration medium (0.5x Murashige and Skoog salts supplemented with Gamborg's B5 vitamins (Duchefa), 5% sucrose (w/v), 50 μL/liter Silwet L-77). The Agrobacterium suspension was transferred the to a convenient vessel for dipping plants. Pot of plants were inverted and inflorescences were dipped the into the suspension and allowed to soak for 30 seconds. After dipping, the pots were layed on their sides for 15 minutes to remove excess of infiltration medium with Agrobacterium. After infiltration plants were placed under a plastic dome and protected by a non-transparent cover for the 48 hours before plants were returned to their normal growing conditions. After about 3 weeks, seeds were collected. In some experiments the T-DNA contained a GFP-tagged OLE0 protein expressed in the seed coat, allowing the selection of transformants with an epifluorescence microscope (Zeiss, Axio Zoom). In other experiments the T-DNA conferred resistance to the herbicide Bialophos.Virions used in this study were a kind gift from Dr Khalid Amari and were prepared from infected N. benthamiana leaves. Leaves were homogenized to fine powder in liquid nitrogen. 1 ml 0.5 M sodium phosphate buffer pH 7.4 and 0.1 % 2mercaptoethanol was added for each gram of leaf material. After addition of 1 vol butanol/chloroform 1:1 (v/v), phases were separated by centrifugation (2x 15 min at 12000 x g) and virions in the aqueous phase were precipitated with 4 % polyethylene glycol 8000 at 20000 x g. The pellet was resuspended in 10 mM sodium-phosphate buffer pH 7.4 and cleared by centrifugation at 5000 x g for 10 min. The supernatant was precipitated again with 4 % polyethylene glycol 8000 and 1 % NaCl and resuspended in 10 mM sodium phosphate buffer pH 7.4. Virion concentration was estimated from absorbance values at 260 nm.Arabidopsis plants infected with Tobacco mosaic virus (TMV) or Oilseed Rape Mosaic Virus (ORMV) by rubbing the surface of the third true rosette leaf with carborundum (silicon carbide) covered with virion suspension or with 50 mM phosphate buffer (Mock). Upon systemic infection 4th day post inoculation (dpi) leaves 8 and 6 were harvested, snap-cooled in liquid nitrogen and stored at -80°C. Nine independent plants for each treatment were used.

  myc tagged magnetic MicroBeads (MACS Tech by Miltenyi Biotec) by rotating for 30 minutes. MACS Separation columns (M Columns, MACS Tech by Miltenyi Biotec) were placed in the magnetic field of the μMACS separator and equilibrated with lysis buffer. The lysates were applied onto the columns. Columns were rinsed four times with lysis buffer, two times washed with high salt buffer consisting of 250 mM NaCl, 20 mM MOPS, 0.1 % Triton X100. The two final washing steps were performed with elution buffer comprising 100 mM NaCl, 20 mM MOPS pH 7.5, 0.1% Triton X100. Proteins were eluted with 100 μL elution buffer (to be further used in in vitro activity assays) or with 100 μL Laemmli buffer (60 mM Tris-Cl pH 6.8, 2 % SDS, 10 % glycerol, 5 % β-mercaptoethanol, 0.01 % bromophenol blue) to be analyzed by SDS-PAGE and silver stain or by mass spectrometry. Mass-spectrometric analysis was carried out by the Proteomic Platform at the Institut de Biologie Moléculaire et Cellulaire (IBMC) in Strasbourg. Each 20 μL reaction contained 0.4 or 1.4 nM EXO9 complexes bound to anti-myc beads and 6.25, 25 or 35 nM of RNA substrate (EXO9 and RNA substrates concentrations are indicated in each figure). Activity assays were carried out at 20°C in reaction buffer comprising 50 mM NaCl, 20 mM MOPS pH 7.5, 1.5 mM MgCl2, 1.5 mM DTT, 1 U/μL RNase inhibitor, 0.05 % Triton X100. "+Pi" assays contained 3.5 mM potassium phosphate. Synthesis assays contained 1 mM of the indicated NDPs. 5 μL aliquots were taken at indicated time points and the enzymatic reaction was stopped by adding 5 μL formamide supplemented with 10 mM EDTA, 0.1 % bromophenol blue, and 0.1 % xylene cyanol FF. Samples were separated on 16% polyacrylamide, 7 M Urea and TBE and visualized by autoradiography. For TLC analysis, reactions were stopped with EDTA before samples were loaded on PEI-Cellulose F plates (Merck Millipore), resolved in 0.5 M LiCl 1 M formic acid, and visualized by autoradiography.To obtain 3' labelled substrates for the in in vitro activity assays analyzed by thin layer chromatography, 10 pmol of RNA oligo were dissolved in 14.7 μL of water, heated at 70°C for 3 minutes and quenched on ice for 1 minute. 2 μL NEB buffer 2 (10x), 1 μL of Cid1 polyU polymerase (New England Biolabs) (2U/ μL) and 25 pmol of [α-32 P] UTP was added to the sample. The labelling was performed at room temperature for 15 minutes. Because of the respective concentrations of the RNA oligo and the labeled UTP, only 1 to 2 uridines were added to the 3' end of the RNA substrate. The reaction products were purified using G-50 columns. 5 pmol of RNA (used as a substrate for EXO9 in in vitro activity assays)/DNA oligo (reverse complement of the RNA to be detected, used for northern blot) was resuspended in 9.5 μL water and heated at 70°C for 3 minutes and quenched on ice for 1 minute. 2 μL buffer A (10X, provided with T4 Polynucleotide Kinase (PNK), Thermo Scientific), 1 μL of T4 PNK (10U/ μL; Thermo Scientific) and 25 pmol of [γ-32P] ATP was added to the sample. Reaction was mixed by tapping the tube gently.

  Afin de déterminer expérimentalement si EXO9 de plante a maintenu une activité phosphorolytique, j'ai effectué des tests d'activité in vitro en présence d'exosome purifié de plantes d'Arabidopsis. La purification de complexes d'exosomes a été réalisée à partir de lignées mutantes rrp41 complémentées avec une version sauvage de RRP41 (RRP41 WT ), ou des versions mutées de ce dernier (RRP41 PI-, RRP41 PI-CAT-), fusionnée à une étiquette à leur extrémité C-terminale. Les versions mutées de RRP41 correspondent à des mutants catalytiques qui ont été soit mutés dans le site de coordination du phosphate (RRP41 PI-) ou doublement mutés dans le site de coordination du phosphate et le site catalytique (RRP41 PI- CAT-). L'expression des protéines recombinantes RRP41 WT , RRP41 PI-et RRP41 PI-CAT-se fait sous la dépendance du promoteur endogène de RRP41. Plusieurs expériences tendent à démontrer d'une intégrité et d'une fonctionnalité préservées des différentes versions de RRP41 in vivo. Tout d'abord, une analyse en western blot a montré que les versions sauvage et mutées de RRP41 étiquetées soit par myc soit par la GFP sont exprimées à des niveaux comparables (Figure1A). De plus, l'ensemble des versions de RRP41 (RRP41 WT , RRP41 PI- et RRP41 PI-CAT-) présentent une double localisation nucléaire et cytoplasmique (Figure1B).

Figure 1 .

 1 Figure 1. Caractérisation des protéines RRP41 sauvage et mutées exprimées dans des lignées stables d'Arabidopsis. A. Les protéines RRP41 sauvage et mutées sont exprimées à des niveaux comparables. Des extraits protéiques totaux issus de plantes rrp41 complémentées par expression de versions active ou inactives de RRP41 ont été analysés par western blots. B. Localisation de RRP41 , RRP41 et RRP41 fusionnées à la GFP dans des racines de lignées transgéniques d'Arabidopsis. Toutes les protéines de fusion sont détectées avec une intensité de fluorescence comparable. La fluorescence est présente dans le noyau et le cytoplasme. La fusion MTR4-GFP est utilisée comme marqueur nucléolaire. n, noyau ; c, cytosol; v, vacuole; no, nucléole; np, nucléoplasme. La barre d éc elle représente 20 m. C. Les protéines RRP41 sauvage et mutées sont incorporées dans des complexes de haut poids moléculaire. Des extraits protéiques totaux issus de plantes rrp41 complémentées par expression de versions active ou inactives de RRP41 ont été analysés par filtration sur gel, suivie d'analyses en western blots utilisant un anticorps dirigé contre l'étiquette myc. Le profil d'élution de marqueurs de taille est indiqué au dessus des fractions. La migration de marqueurs de poids moléculaires est indiquée à gauche des gels.

Figure 2 .

 2 Figure 2. Toutes les versions de AtRRP41 sont incorporées dans des complexes de l'exosome. A. Des extraits protéiques de plantes Col-0, RRP41 , RRP41 and RRP41 ont été soumis à une immunopurification à l'aide d'anticorps anti-myc, séparés par SDS-PAGE et colorés à l'argent. La taille des marqueurs de poids moléculaires est indiquée en kDa. B. Analyse par spectrométrie de masse des complexes EXO9 immunopurifiés de plantes RRP41 , RRP41 and RRP41 . Les neuf sous-unités du coeur de l'exosome sont indiquées en vert.

Figure 3 .

 3 Figure 3. EXO9 d'Arabidopsis possède une activité phosphorolytique distributive conférée par la sous-unité RRP41. Tests d'activité in vitro avec des exosomes immunopurifiés de plantes Col-0 (mock-IP), RRP41 , RRP41 and RRP41 . A. Dégradation en présence et absence de phosphate inorganique (Pi) d'un substrat ARN de 21 Us marqué en 5' par P. B. Analyse par chromatographie en couche mince montrant la production de nucléosides diphosphates à partir d'un substrat ARN de 21 Us marqué en 3' par P. C. Synthèse d'extensions nucléotidiques en présence d'1 mM UDP. D. Le profil de détection de produits de dégradation intermédiaire à partir d'un substrat ARN de 21 Us marqué en 5' par P indique la nature distributive de l'activité de EXO9 d'Arabidopsis. Pour comparaison, l'activité processive d'une PNPase bactérienne est montrée à droite.

  

  

  

  

  

  and AtRRP41 have been demonstrated. Heterozygous rrp41/RRP41 plants produce viable seeds and aborted ovules showing that AtRRP41 is crucial for female gametogenesis in Arabidopsis

(Chekanova et al., 2007)

. Knock-out of RRP4 (AT1G03360) leads to arrest of seed growth at early stage of embryo development indicating that AtRRP4 is dispensable for gametogenesis, but essential for embryogenesis in Arabidopsis

(Chekanova et al., 2007)

. However, down-regulation of RRP4 or RRP41 by inducible RNAi results in growth arrest and seedlings death, indicating that both subunits are essentially required for post-embryonic growth

(Chekanova et al., 2007)

. The molecular effects of RRP41 and RRP4 down-regulation have been studied by genome-wide tiling arrays that revealed that loss of either AtRRP4 or AtRRP41 result in the accumulation of polyadenylated RNA substrates including mRNAs, snRNAs, snoRNAs and ribosomal RNA precursors. By contrast, plants harboring a T-DNA insertion in the CSL4 gene (AT4G27490) were viable and showed a slight accumulation only of a small subset of exosome substrates (

  The phenotype of bcd1 mutants was restored by introducing a RRP46 transgene, which proved that loss of HvRRP46 was responsible for the mutant phenotype. Besides being susceptible to infection with B. graminis

bcd1 mutants suffered from pathogen-induced apoptosis in the leaf tip and accumulated polyadenylated, misprocessed rRNA precursors, a hallmark of impaired exosome function in any organism studied to date.

Taking together down-regulation or mutation of distinct plant EXO9 subunits affects different stages of plant development or other aspects of plant health such as resistance to pathogens. Whether these findings are linked to the different levels of EXO9 down-regulation due to limiting availability of individual subunits, or truly indicate that distinct subunits of EXO9 have specialized roles in plant growth and development remains to be experimentally addressed.

Intriguingly, dimers of the rice (Oryza sativa) homologue of AtRRP46 were convincingly shown to possess both a DNase and a phosphorolytic RNA degradation activity in vitro

(Yang et al., 2010)

. However, one of the critical amino acids required for OsRRP46 activity in vitro (OsLys 75 ) is not conserved in Arabidopsis. In vivo studies that address the question whether such OsRRP46 dimers exist and contribute to RNA degradation in vivo are lacking to date. In fact, sequence alignments of exosome ring subunits from different organisms, including the enzymatic active proteins E. coli RNase PH and S. solfataricus Rrp41 identified the RRP41 subunit as the best candidate for conferring catalytic activity to eukaryotic exosomes

(Dziembowski et al., 2007)

.

  inorganic phosphate ion in Arabidopsis, AtRRP41 Thr 130 and Arg 131 and rice, OsRRP41 Thr 132 and Arg 133 corresponded to Thr 125 and Arg 126 in E. coli RNase PH

or Ser

138 

and Arg 139 in archaeal Rrp41. Similarly, the residues involved in the cleavage of the phosphodiester bond in Arabidopsis AtRRP41 Asp 168 and Asp 174 and rice OsRRP41 Asp 170 and Asp 176 mirror corresponding residues in E. coli RNase PH (Asp 181 and Asp 187 ) and archaeal Rrp41 (Asp 182 and Asp 188 ) (Figure

  The only experiment that was carried out in the PNPase -E. coli strain was technically not convincing due to electrophoresis artefacts. Therefore, the ensemble of the data presented in the Chekanova et al. paper does not fulfil the requirements to demonstrate the catalytic activity of Arabidopsis RRP41.

	Moreover, the structural and biochemical data from Elena Conti's group
	provided solid arguments against an enzymatic activity of an SsRRP41 monomer
	(Lorentzen et al., 2005). Using in vitro degradation assays they demonstrated that
	first, SsRRP41 confer the catalytic activity to the SsRRP41/SsRRP42 dimer, which is
	abolished upon mutation of the catalytic site present in SsRRP41. Second, they

showed that SsRRP41 is not active as a monomer. Based on the crystal structure of the Rrp41/Rrp42 dimer from S. solfataricus (SsRrp41/SsRrp42) they suggested that positively charged residues involved in RNA binding are provided by both SsRrp41 and SsRrp42 subunits and form a prominent surface groove with the EXO9 central channel lined with arginines (so-called arginine patch). In conclusion, formation of the RRP41/RRP42 dimer in archaeal exosomes is a requirement for the enzymatic activity. These structural and biochemical data put additional question marks on the experiments of Chekanova et al. that claimed a catalytic activity of the Arabidopsis RRP41 monomer.

The main aims of this work are to investigate whether Arabidopsis EXO9 is active as a complex and what are its roles in vivo, what has not been addressed so far.

  44exo

Figure 6. rRNA precursors detected in Arabidopsis.

  

		U3 Small subunit processome (Lange et al., 2014). 5S rRNA is transcribed by RNA
		Polymerase III (Pol III), whereas 18S, 5.8S and 25S rRNA (28S rRNA in human) are
		transcribed as a single polycistronic 35S precursor by RNA Polymerase I (Pol I).
		P With about 60% of the cellular transcription, the 35S rRNA precursor is the most A3 C2 P' P1 A2 B0
	A B 123	18S transcribed RNA (Kos and Tollervey, 2010). In this polycistronic transcript 18S, 5.8S 25S ITS1 ITS2 3' ETS 5' ETS 1757 1275 1424 1837 3635 3835 3916 4077 4197 4267 7641 1455 3665 primary rRNA precursor 5.8S and 25/28S rRNAs are separated by Internal Transcribed Spacers (ITS1 and
		35S (A123B-3' ETS) ITS2) and flanked by External Transcribed Spacers (5'ETS and 3'ETS) which are
		33S (P-3' ETS) eliminated during the maturation of pre-ribosomal particles to finally give rise to
		(A123B -P) mature rRNAs.	
		A3 In Arabidopsis, the 35S precursor has a size of about 7700 nt, 2500 nt of which P P1 P' (P-A3)
		27SA (C2-3' ETS) are eliminated by both endo-and exoribonucleolytic processes. rRNA processing is
	(P-P')	P by far best studied in S. cerevisiae and is believed to be largely conserved. However, P' P1 C2 P' A3 (P'-A3) 27SB (5' 5.8S -3' 25S) mapping of the endonucleolytic cleavage sites revealed an additional processing site
	(P-P1)	(5.8S+120 nt) in the 5' ETS of both human and plant 35 precursors (Mullineux and Lafontaine, P P1 A3 (5' 18S-A3)
			(5.8S+70 nt)	(C2 -3' 25S)
		(5' 18S-A2)	A2
			(5.8S+10 nt)
		18S	5.8S	25S
		The diagram is explained in the main text.

12. All versions of AtRRP41 are incorporated into exosome complexes.

  

	Accession	Name	Mascot score	#Spectra	Mascot score	#Spectra	Mascot score	#Spectra
	At1g03360	AtRRP4	1586	713	1793	750	1519	745
	At1g60080 AtRRP43	2172	279	2444	310	2247	296
	At2g25355 AtRRP40A	1804	183	1974	198	1769	208
	At3g07750 AtRRP42	1677	363	1653	431	1705	369
	At3g46210 AtRRP46	780	74	875	97	695	81
	At3g60500 AtRRP46B/	2394	273	2484	317	2264	299
		CER7						
	At3g61620 AtRRP41	1765	354	1444	265	1257	251
	At4g27490	AtMTR3	1741	211	1753	235	1729	235
	At5g38890	AtCSL4	1542	283	1672	311	1432	299
	At1g59760	AtMTR4	910	27	916	28	215	6
	At2g17510 AtRRP44	779	26	767	25	697	19
	At2g06990	AtHEN2	274	6	289	8	215	6

B

Figure

  The replacement of Mg 2+ by other divalent cations such as Ca 2+ usually results in the complete loss of the activity of Mg 2+ -dependent enzymes. To test whether the activity of EXO9 is inhibited by Ca 2+ , I performed activity assays with different concentrations of CaCl 2 . EXO9 purified from RRP41 WT and RRP41 Pi-plants and control from mock IP were incubated with 5'[ 32 P]-labeled oligo(U) 21 in the presence of phosphate (Pi) and either 0, 50 or 200 μM CaCl 2 . The samples collected during the time course were analyzed by denaturing PAGE and autoradiography. In all samples except buffer a contaminating processive activity was observed, however, this did not severely compromise the experiment. As seen in Figure16, RRP41dependend degradation of the RNA substrate was most efficient in presence of phosphate but in absence of Ca 2+ . While the presence of 50 μM CaCl 2 did not affect the activity of EXO9, the addition of 200 μM CaCl 2 abolished it. Hence, as many Mg 2+ -dependent enzymes, plant EXO9 is indeed inhibited by Ca 2+ .

	D. Activity of RRP41 is inhibited by ATP
	It has been reported that ATP binds to and inhibits the bacterial

phosphorolytic enzyme PNPase

(Del Favero et al., 2008)

. To test whether ATP has also an inhibitory effect on EXO9 activity I performed in vitro activity assays with

  Pi-Cat-, 
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Table 1 .

 1 Examples of heteropolymeric tails.(Adapted from Slomovic et al., 2008) 

	Slomovic et al.

  Table 4 lists sequences of RNA oligos used in in vitro activity assays (Figures 14-25). Table 3 lists probes used to detect RNA species by northern blot (Figures 27-34).

Table 4 .

 4 RNA oligonucleotides used in this study.

	Contexte biologique
	La dégradation des ARN est un processus finement contrôlé jouant un rôle primordial
	dans le traitement et le renouvellement des ARN codants et non codants. Parmi les acteurs
	de la dégradation, l'exosome constitue un complexe exoribonucléolytique ayant une activité
	majeure dans la régulation d'un panel varié de substrats ARN. L'exosome a été découvert
	comme l'activité 3'-5' exoribonucléolytique responsable de la maturation de l'extrémité 3'
	de l'ARN ribosomal (ARNr) 5.8S chez la levure Saccharomyce cerevisiae (Mitchell et al.,
	1997, 1996). Depuis, plusieurs études transcriptomiques globales réalisées chez les plantes,
	les levures, les insectes ou chez l'homme ont révélé l'exosome comme un facteur primordial
	impliqué dans la maturation ou la dégradation de virtuellement toutes les classes d'ARN
	codants et non-codants (Chekanova et al. 2007, Kiss and Andrulis, 2010, Gudipati et al.,
	2012, Schneider et al. 2012, Szczepinska et al., 2015).

Dans le noyau, les fonctions principales de l'exosome sont la maturation de précurseurs d'ARN non-codants, ainsi que la détection et l'élimination d'ARN aberrants et de sous-produits de maturation. L'exosome nucléaire est notamment impliqué dans la maturation des ARNr, des petits ARN nucléaires ou snRNA et des petits ARN nucléolaires ou snoRNA (Allmang

  Bien que le nombre de sous-unités varie, l'organisation structurale de l'exosome est globalement conservée entre les eucaryotes et les archées(Dziembowski et al., 2007; Chlebowski et al., 2011, Schneider et al., 2012). Chez les eucaryotes, l'exosome est composé de 9 sous-unités (EXO9) qui forment une structure en tonneau dont le centre renferme un canal assurant le passage des macromolécules d'ARN. Cette architecture est similaire à celle observée pour la RNase PH et la polynucléotide phosphorylase (PNPase), deux enzymes phosphorolytiques bactériennes. Chez les archées, l'exosome possède une activité phosphorolytique processive assurée par ses 3 sites catalytiques situés dans le canal central.A contrario, chez l'homme et la levure, la présence d'une mutation au sein du site de coordination du phosphate rend EXO9 catalytiquement inactif. De ce fait l'activité de l'exosome chez l'homme et la levure est assurée par l'activité hydrolytique de RNases qui lui sont physiquement associées. Ces enzymes comprennent Rrp6, Rrp44/Dis3 et, uniquement chez l'homme, Dis3L(Chlebowski et al., 2011). Bien qu'il existe des voies par lesquelles les

	Les objectifs de ma thèse ont été les suivants :
	i.	Tester l'existence de l'activité catalytique du coeur de l'exosome chez les plantes
	ii.	Comprendre quelle est la contribution apportée par l'activité phosphorolytique de
		EXO9 par rapport à l'activité hydrolytique des protéines RRP44 et RRP6-Like dans
		les processus de dégradation des ARN in vivo.
	maturation. Ainsi, l'exosome interagit dans le noyau et le cytosol avec des hélicases ARN de L'ensemble des résultats obtenus permet de mieux appréhender le rôle joué par l'activité
	type MTR4/SKI2. Ces hélicases participent à la reconnaissance des RNPs dont l'ARN phosphorolytique de l'EXO9 et les raisons évolutives de sa conservation dans toute la lignée
	devient substrat de l'exosome. Elles déstabilisent les structures secondaires des ARN et les verte.
	interactions de protéines associées à l'ARN. Enfin, elles orientent l'extrémité 3' des ARN
	substrats au travers du canal central de l'exosome afin de les présenter au site actif, siège de
	la dégradation ribonucléolytique de 3' en 5'. L'hélicases nucléaire MTR4 s'associe à des
	facteurs accessoires comme des poly(A) polymérases et des protéines de liaison à l'ARN
	2013).	
	L'interaction entre EXO9 et RRP44 est conservée chez Arabidopsis (Lange et al.,
	2014). En revanche si trois homologues de RRP6 (RRP6-Like) sont bien présents chez les
	plantes, aucune étude d'interaction entre ces derniers et l'exosome n'a jusqu'alors permis de
	valider un quelconque lien physique. De manière intéressante, la protéine RRP41, une des
	Schizosaccharomyces pombe et les plantes, il existe un deuxième type d'hélicase nucléaire de sous-unités du coeur de l'exosome, semble avoir retenu son activité phosphorolytique
	type MTR4, appelées Mtl1 (pour MTR4-like) et HEN2, respectivement. Ces hélicases chez la plante. Des alignements de séquences suggèrent que les résidus requis pour cette
	s'associent avec différents facteurs pour assister l'exosome dans la dégradation de transcrits dernière sont conservés dans toute la lignée verte bien qu'absent chez ses homologues
	cryptiques ou défectueux comme des ARNm non-épissés (Lange et al., 2014; Zhou et al., eucaryotes dont le coeur de l'exosome est catalytiquement inactif. L'exosome rencontré chez
	2015). les plantes pourrait alors être le seul, parmi l'ensemble de ceux présents chez les eucaryotes,
	En raison de son implication dans la maturation, le contrôle de qualité et la à avoir maintenu une activité phosphorolytique au sein de son canal central.

(Schneider and Tollervey, 2013; Lubas et al., 2012)

. Chez la levure, Mtr4 est en complexe avec une poly(A) polymérase non-canonique (Trf4 ou Trf5) et une protéine de liaison à l'ARN (Air1 ou Air2) formant le complexe TRAMP (pour Trf4/5-Air1/2-Mtr4 polyadenylation complex). Chez l'homme, MTR4 est partie intégrante de deux complexes distincts, dans le nucléole et le nucléoplasme. Dans le nucléole, MTR4 forme un complexe de type TRAMP, alors que dans le nucléoplasme, elle s'associe avec d'autres types de protéines de liaison à l'ARN formant le complexe NEXT (pour nuclear exosome-targeting complex) qui est notamment impliqué dans l'élimination de transcrits PROMPTs ou d'ARN défectueux

(Lubas et al., 2011; Lubas et al., 2015)

. De manière intéressante, chez dégradation de virtuellement toutes les classes d'ARN, l'exosome représente un acteur clé du métabolisme des ARN dans la cellule eucaryotique. substrats de l'exosome peuvent être dégradés indépendamment de l'utilisation de son canal central

(Schneider et al., 2012; Liu et al., 2014)

, la majorité des ARN passent à travers ce dernier pour atteindre soit le site actif de Rrp41 (dans le cas des archées) ou Rrp44 (chez l'homme et la levure)

(Schneider et al, 2012; Wasmuth and Lima, 2012; Drazkowska et al., 
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were obtained from both wild type and RRP41 WT samples (Figure 31,panels A and B). By contrast, only the two larger populations of intermediates with 171 and 186 nt length were obtained from RRP41 Pi-and RRP41 Pi-Cat-(Figure 31, panels C and D). These data show that the enzymatic activity of EXO9 removes about 9-10 nucleotides from the medium-sized 171 nt intermediate, thereby generating the smallest 162 nt P-P1 fragment.

In conclusion, EXO9's activity contributes to the degradation of the 5' ETS by trimming P-P1 fragments.

B. AtMTR4, AtRRP44, AtRRP6L2 and EXO9 cooperate for the degradation of 5'ETS To test whether a potential effect of mutated EXO9 activity on the accumulation of P-P' could be masked by other factors, I also analyzed the accumulation of the 5'ETS in Col-0, RRP41 WT , RRP41 Pi-Cat-and mtr4 single mutants and in plants expressing only tagged versions of active or inactive RRP41 in the mtr4 background. As compared to Col-0, RRP41 WT , RRP41 Pi-Cat-, all plants lacking MTR4 (mtr4, RRP41 WT mtr4 and RRP41 Pi-Cat-mtr4) showed a marked accumulation of both P-P' and P-P1 fragments (Figure 32A, lanes 5-9). In addition, the pattern of bands corresponding to P-P1 fragments was different in mtr4 samples as compared to Col-0, RRP41 WT , RRP41 Pi-Cat-, as an additional fragment slightly smaller than the largest P-P1 fragment was detected (Figure 32A, lanes 1 vs lane 5, marked by a dot). This additional band was also detected in RRP41 WT mtr4, but not in RRP41 Pi-Cat-mtr4 (Figure 32A, lanes 6,7 vs 8,9). These results suggest that this additional P-P1 fragment is generated by EXO9. The fact that this fragment is only detected in mtr4 background may indicate that this fragment is rapidly degraded by an MTR4dependent process in wild-type. Alternatively, it is possible that in the absence of MTR4, that usually sits the top of the EXO9, the substrates can reach deeper into the central channel of exosome to be further trimmed by EXO9's activity.

Next, I analyzed by northern blots the accumulation of 5' ETS-derived intermediates in plants down-regulated for the exoribonuclease AtRRP44 with samples of Col-0, RRP41 WT , RRP41 Pi-Cat-and RRP44KD single mutants and plants expressing only active or inactive RRP41 in an RRP44KD background (RRP41 WT RRP44KD and RRP41 Pi-Cat-RRP44KD). As compared to Col-0, RRP44 KD plants had elevated levels of P-P'. However, similar amounts of P-P' were detected in RRP41 WT RRP44KD and RRP41 Pi-Cat-RRP44KD (Figure 32B, lanes 6 and 7 vs 8 and 9). As observed before, three P-P1 fragments were observed in Col-0 and RRP41 WT while only two P-P1 fragments were detected in RRP41 Pi-Cat-samples. By contrast, a smear without discrete bands suggesting intermediates of heterogeneous sizes were present in two independent RRP44KD samples. RRP41 WT RRP44KD samples accumulated three fragments similar to Col-0 and RRP41 WT . By contrast, RRP41 Pi- Cat-RRP44KD samples showed a clear accumulation of the mid-size P-P1 fragment. This result suggests that AtRRP44 generates the mid-size P-P1 fragment, that is subsequently trimmed by EXO9's activity.

Next, I analyzed 5' ETS-derived fragments in mutants lacking both AtRRP6L2 and EXO9 activity. In this experiment, I analyzed Col-0, RRP41 WT , RRP41 Pi-Cat-and rrp6L2 alongside with RRP41 WT rrp6L2 and RRP41 Pi-Cat-rrp6L2 double mutants. In agreement with previous data (Lange et al., 2008), I noticed a slight accumulation of P-P' in rrp6l2 single mutant (Figure 32C, lane 5). A similar accumulation of P-P' was observed in RRP41 WT rrp6l2 samples. By contrast, a more pronounced accumulation of P-P' was observed in RRP41 Pi-Cat-rrp6L2 samples (Figure 32C, lane 7). This suggested that both RRP6L2's and EXO9's activities act redundantly in the degradation of the P-P' fragment. However, as compared to AtMTR4, the impact of precursors in plants lacking both EXO9 activity and AtMTR4 (Figure 33, lanes 8 and 9 vs. 6 and 7).

This suggested that EXO9 activity may indeed contribute to the processing of a population of smaller 5.8S precursors. However, the relative small differences between RRP41 WT mtr4 and RRP41 Pi-Cat-mtr4 may indicate that the contribution of EXO9's activity is masked by a compensating exoribonucleolytic activity.

B. EXO9 contributes to trimming of 5.8S rRNA precursors One prominent candidate for such a compensating activity is the exosomeassociated exoribonuclease AtRRP44. To test whether AtRRP44 acts together with EXO9 in the processing of 5.8S rRNA precursors I compared the accumulation of 5.8S rRNA precursors in the Col-0, RRP41 WT , RRP41 Pi-Cat-, RRP44KD, RRP41 WT RRP44KD and RRP41 Pi-Cat-RRP44KD plants by northern blot. In agreement with previously published data (Kumakura et al., 2013) both longer (5.8S+120) and shorter (5.8S+10) precursors slightly accumulated already upon down-regulation of RRP44 alone (Figure 34A, lanes 4 and 5). Interestingly, simultaneous downregulation of RRP44 and loss of RRP41 activity resulted in increased accumulation of the shortest 5.8S rRNA precursors, while accumulation of the longer precursor was similar in RRP44 KD, RRP41 WT RRP44KD and RRP41 Pi-Cat-RRP44KD (Figure 34, lanes 9-11). These data indicated that the enzymatic activity of AtRRP44 is required for the processing or degradation of the 5.8S+120 precursor, while the activities of both EXO9 and AtRRP44 are involved in trimming 5.8S precursors. To confirm this observation, I quantified the accumulation of 5.8S rRNA precursors in all RRP41 WT RRP44KD and RRP41 Pi-Cat-RRP44KD lines that were confirmed to silence RRP44 efficiently. RNA from 21 independent lines of RRP41 WT RRP44KD and 16 of RRP41 Pi-Cat-RRP44KD lines was analyzed by northern blots, visualized using a FUJI PhosphorImager, and quantified using ImageJ software. The results are presented as only 37-47% of the cloned sequences mapped to the 5.8S precursors in these samples. By contrast, 85-98% of the sequences corresponded to 5.8S precursors in rrp6l2, RRP41 WT rrp6l2 or RRP41 Pi-Cat-rrp6l2. The frequency of each precursor was calculated for each sample. In the wild-type and RRP41 WT samples the 5.8S precursors had extensions of 10,11,16,20,24 and 28 nt (Figure 35A and B). A population of +11 nt was also detected in RRP41 Pi-Cat-samples, while the frequency of +10 nt precursors was decreased (Figure 35C). By contrast, precursors with an extension of 16 and 20 nt were more frequent as compared to Col-0 and RRP41 WT .

In rrp6l2 and RRP41 WT rrp6l2, the +11 precursors were clearly more frequent as compared to Col-0 and RRP41 WT alone, while precursors with 16 nt or larger extensions were virtually absent (Figure 35D andE). By contrast in RRP41 Pi-Cat- rrp6l2 plants the majority of precursors were extended by 10-11 nt, although +16 up to +25 nt species are also detected (Figure 35F).

Mapping the 3' ends of 5.8S precursors provided molecular details about the heterogenic nature of the population of short 5.8S precursors that were detected by northern blots and confirmed that the activity of EXO9 contributes to 5.8S processing in Arabidopsis. The higher frequency of precursors with extension of more than 11 nt in plants with inactive EXO9 suggests that these intermediates are substrates of EXO9's activity in the wild-type situation. Vice versa, the lower frequency of 5.8S +10/+11 in these plants suggests that EXO9's activity makes an important contribution to the production of these smaller precursors. However, as 5.8S +10 precursors are still detected in RRP41 Pi-Cat-plants, other activities can also generate 5.8S+10 and +11 precursors in plants. One activity capable of producing 5.8S +10/+11 may be RRP6L2. But since 5.8S +10/+11 precursors are still detected in RRP41 Pi-Cat-rrp6L2 samples, another yet unknown activity can also generate these precursors, at least in this genetic background. Based on my in vitro studies, an extension of 10 nt is too short to reach the active site of plant EXO9.

Discussion and perspectives

A. Plant EXO9 has a phosphorolytic activity conferred by AtRRP41 Eukaryotic exosome complexes are structurally related to bacterial phosphorolytic enzymes such as RNase PH and PNPase or archaeal exosomes. They share with a common ancestry enzyme the ring-shaped structure with a prominent central channel. Since in the bacterial phosphorolytic exoribonucleases and in the archaeal exosome complex the active sites are buried within the central channel, the RNA substrates are threaded through it in order to be processed or degraded.

Threading of RNA through the central channel also applies to eukaryotic exosomes.

However, the exosome of yeast and human are catalytically inert and rely on the enzymatic activity of two associated hydrolytic ribonucleases bound at each side of the exosome's channel: Rrp6p/hRRP6 sitting at the top and Rrp44p/hRRP44 curled up on the bottom (Dziembowski et al., 2007;Makino et al., 2013;Schneider et al., 2009;Wasmuth and Lima, 2014).

In this work I demonstrated that the plant exosome possesses a single active site within the central channel. The active site is provided by AtRRP41, since the enzymatic activity was abolished when the phosphate coordination site of AtRRP41 was mutated. The catalytic activity of EXO9 is strongly stimulated by inorganic phosphate (Pi), releases nucleoside diphosphates (NDPs) and is reversible, and therefore, meets all three criteria of a phosphorolytic activity.

The presence of a phosphorolytic activity within the exosome core complex is is an outstanding feature of the plant exosome and makes it unique among eukaryotic exosomes.

D. Does EXO9 synthesize tails in vivo?

The stimulation of RNA degradation by oligoadenylation was first described in bacteria, then in chloroplast and plant mitochondria (Lange et al., 2009;Norbury, 2013;Slomovic et al., 2008). Later on, it was shown that oligoadenylation also stimulates the degradation of most nuclear non-coding RNAs by the exosome in all eukaryotes (Chekanova et al., 2007;LaCava et al., 2005;Vanácová et al., 2005;Wyers et al., 2005). Those non-coding RNAs include snRNAs, snoRNAs, miRNA precursors, antisense RNAs, spliced introns, rRNAs, tRNAs as well as cryptic Recently, AtTRL, a homologue of Trf4 and one of the 15 ncPAPs encoded by the Arabidopsis genome, was shown to adenylate 3' ends of 5.8S and 18S precursors and rRNA maturation by-products such as P-P' (Sikorski et al., 2015). Polyadenylationinduced RNA degradation is not restricted to nuclear non-coding RNAs and it is also suspected to operate in the cytosol (Harnisch et al. 2016;Slomovic et al. 2008).

In addition to bona fide ncPAPs, PNPases can also synthesize poly(A)-rich tails in chloroplasts and bacteria (Slomovic et al., 2008). In archaea, poly(A)-rich tails are synthesized by the exosome (Evguenieva-Hackenberg et al., 2014). Therefore, phosphorolytic enzymes such as bacterial PNPase or archaeal exosome provide two activities, namely RNA degradation and tailing (Mohanty and Kushner, 2000;Portnoy et al., 2005;Slomovic et al., 2008). A characteristic signature of the tails synthesized by these phosphorolytic enzymes is their heteropolymeric nature.

Examples of heteropolymeric tails are presented in Table 1. These heteropolymeric poly(A)-rich stretches found on transcripts in bacteria, chloroplasts and archaea attract 3'-5' exoribonucleases and stimulate degradation (Schuster and Stern, 2009; correspond to the footprint of a particular plant exosome complex. The minimal length of an RNA substrate to reach through the central channel of plant EXO9 to the active site of AtRRP44 is probably similar to the minimal length of yeast exosome's substrates of 30-33nt. Hence, a footprint of 70nt implies the binding of additional factors to the top of the EXO9 -RRP44 complex. However, this remains speculative until all factors involved in this process will be identified and more biochemical and structural data become available for the plant exosome.

Northern blot analysis combined with mapping 3' ends of 5.8S rRNA precursors using 3'RACE clearly showed that EXO9's activity is involved in the processing of 5.8S precursors. Indeed, the absence of both activities, EXO9 and AtRRP6L2, lead to pronounced accumulation of small 5.8S precursors. This pronounced accumulation of +10 and larger species shows that EXO9's activity, alongside AtRRP6L2, plays a role in the processing of 5.8S rRNA precursors (Figure 34).

Mapping the 3' ends of 5.8S precursors provided molecular details about the heterogenic nature of the population of short 5.8S precursors that were detected by northern blots and confirmed that the activity of EXO9 contributes to 5.8S processing in Arabidopsis. Briefly, in a wild-type situation, precursors of +10/+11, +16, + 20 and +25 nt were detected. When EXO9 was inactive, the majority of precursors was extended by 16-25 nt and the +10 precursors were less frequent. By contrast, in the absence of AtRRP6L2 the most frequent precursors were the ones extended by 10-11 nt, and the other species observed in the wild type situation (extended by 16-25 nt) were barely detected. In plants devoid of both activities, EXO9 and AtRRP6L2, the majority of precursors were extended by 10-11 nt, although +16 up to +25 nt species are also detected. It is tempting to speculate what are respective contributions of each activity in generating these precursors.

The shift in precursor's size towards longer forms (16-25 nt) in plants with inactive EXO9 suggest that these longer precursors are substrates of EXO9 in a wild-type

General conclusion

Taken together, my work demonstrated that plant EXO9 has a phosphorolytic activity that is unique among eukaryotic exosomes. This activity contributes to ribosomal rRNA processing and may well be involved in other processes that remain to be identified.

My results are well in line with current models of 5.8S rRNA processing. However, further work will be required to better understand the precise contributions of each of the three activities that are associated with the plant exosome.

In particular, we should experimentally address the interaction of the plant exosome core complex and AtRRP6L2, and exploit in vitro approaches to better define the minimal length of the RNA substrates required to reach the active sites of plant EXO9 and EXO10.

Another interesting issue is to investigate the respective preferences for oligoadenylated and oligouridylated RNA substrates both in vitro and in vivo.

The identification of the endogenous substrates of the plant EXO's activity is a technical challenge, but could be crucial to finally understand why this unique activity is conserved in all land plants.

Materials and methods

Materials

Escherichia coli strain used for plasmid amplification was TOP10F' (Invitrogen), of genotype F-mcrA Δ( mrr-hsdRMS-mcrBC) Φ80lacZΔM15 Δ lacX74 recA1 araD139 Δ( ara leu)7697 galU galK rpsL (StrR) endA1 nupG.

Agrobacterium tumefaciens strain used for Arabidopsis transformation was GV3101 (pMP90), carrying the resistance to gentamycin on its chromosome and rifampicin resistance on Ti plasmid. Ti plasmid is disarmed, it possesses the vir genes needed for T-DNA transfer, but has no functional T-DNA region of its own.

All Arabidopsis thaliana plants are in the Columbia-0 (Col-0) genetic background. All plant lines used or generated in this study are presented in Table 2. Plants were grown at 20-24 °C with 16h day/8h darkness cycles, either on soil or in vitro on MS agar plates supplemented with 0.5 % sucrose.

pGEM-T® easy (Promega)

The pGEM-T® easy vector allows direct cloning of PCR products using TA cloning technique. This technique relies on the ability of adenine (A) and thymidine (T) on different DNA fragments to hybridize and become ligated in the presence of ligase. This linearized vector contains a single 3'-terminal thymidine at both ends. PCR products are generated by thermostable Taq DNA polymerase, which preferentially adds an adenine to the 3' end of the product. The cloning region is located within the region coding for β-galactosidase (under IPTG-inducible lac promoter), therefore successful cloning of an insert into this vector interrupts the coding sequence of β-After 2 minute denaturation at 60 °C samples were chilled on ice and the cDNA synthesis was performed in 25 μL reactions comprising 200 U SuperScript II Reverse Transcriptase (Invitrogen), 1 x reaction buffer provided by the manufacturer, 10 mM DTT and 1 U of RNaseOUT (Invitrogen). Samples were incubated 1 h at 50°C before the reaction was stopped by incubation for 15 minutes at 70°C. cDNAs were stored at -20°C.

To amplify tails added to 3' extremity of viral RNAs two PCR were performed. In the first PCR step, the viral tails were amplified using primers binding to the 3' end of the sequence encoding the coat protein and complementary to the adapter sequence added by the cDNA synthesis primer. Obtained PCR products served as a template for the second, nested PCR. Next, 3' RACE PCR products were cloned in pGEM®-T Easy (Promega) and analyzed by sequencing.

The intracellular localization of GFP tagged wild-type and mutated versions of AtRRP41 proteins was analyzed by confocal microscopy. Plants expressing AtPAB2-RFP, AtMTR4-GFP and AtRRP4-GFP were used as controls for cytoplasmic, nucleolar and dual (cytoplasm and nuclei) localization. Plants were grown on MS agar plates supplemented with 0.5 % sucrose. Samples prepared from the root tips of 10-day old seedlings were analyzed with a ZEISS LSM 700 confocal microscope using a 510nm laser. 200 mg of Arabidopsis thaliana flowers from myc-RRP41 WT or myc-RRP41 Pi-Cat- transgenic lines were ground in 1 ml of 20 mM Tris HCl pH 7.6, 150 mM NaCl, 0.5% Tween20, EDTA-free cOmplete™protease inhibitors (Sigma Aldrich) at 4°C. Crude extracts were clarified by centrifugation at 16 000 x g and 150 000 x g for 5 and 15 min, respectively. 250 μl of the ultracentrifugation supernatant were W. Quality of electrophoresis and the equal loading of samples was assessed by staining the gel with ethidium bromide.

Once separated by denaturing electrophoresis RNAs were transferred to HybondN+ (Amersham) nylon membranes using semi-dry horizontal transfer system (Bio-Rad).

A nylon membrane and two identically-sized pieces of Whatmann paper were cut to fit the gel. All blot components were briefly soaked in 1x TBE. All components were placed in the transfer system, on the anode, as follows, first Whatmann paper, nylon membrane, gel and the second Whatmann paper. Bubbles were removed and top electrode (cathode) was assembled. Transfer was performed for 45 minutes at 20V.

Immediately after transfer was completed the membrane was UV crosslinked with an energy of 120 mJ (Hoefer).

Membranes were placed into a hybridization tube with the RNA-side facing to the interior, and 10-15 mL of 0.5 M sodium phosphate pH 7.2, 7 % SDS buffer were added. Pre-hybridization was carried out 30 minutes at 45-50°C (depending on the melting temperature of the primer used as a probe). 5' labeled probe was added to hybridization buffer and hybridization was performed at 42°C for 10-18 h.

Membranes were washed three times with 2x SSC, 0.5% SDS for 30 minutes at 35°C. The last washing step was performed using 2x SSC. Finally, membranes were exposed to X-ray film (Kodak) with an enhancer screen at -80°C for 5-24 h depending on the strength of the signal.

For reprobing, membranes were stripped with 0.1% SDS pre-heated to 85°C. The solution was allowed to cool down at room temperature, and the procedure was repeated with pre-heated 0.1% SDS. Efficiency of stripping was checked by exposing the membrane to a X-ray film. After stripping, membranes were rinsed for 5 minutes with 2x SSC at RT to remove the excess SDS, transferred to a hybridization tube and hybridized with a new probe. The phosphorolytic activity of the exosome core complex contributes to rRNA maturation in Arabidopsis Résumé L'exosome joue un rôle fondamental dans la dégradation de 3' en 5' et la maturation des ARNs chez les eucaryotes. Le "coeur" de l'exosome est composé de 9 sous-unités (EXO9). EXO9 est catalytiquement inactif chez l'homme et la levure, et est associé à deux RNases, Rrp6 et Rrp44, responsables de l'activité exonucléolytique de l'exosome.

Mes travaux de thèse démontrent que chez Arabidopsis, le coeur de l'exosome EXO9 possède une activité catalytique intrinsèque. Cette activité est dépendante de la présence de phosphate, produit des nucléosides diphosphates et est réversible. Elle possède de ce fait toutes les caractéristiques d'une activité phosphorolytique. L'activité d'EXO9 est impliquée dans l'élimination de sous-produits de la maturation des ARNr et dans la maturation de l'ARNr 5.8S, deux fonctions typiques de l'exosome. Mes travaux révèlent également que AtRRP44, EXO9 et AtRRP6L2 coopèrent de manière séquentielle pour la maturation de l'ARN 5.8S. Mes travaux de thèse constituent la base de travaux futurs visant à comprendre les rôles de l'activité phosphorolytique de l'exosome chez un organisme eucaryote.

Mots-clés : dégradation des ARNs, exosome, EXO9, exoribonucléase phosphorolytique, Arabidopsis thaliana

Abstract

The eukaryotic RNA exosome complex is the main 3'-5' degradation machinery that plays an essential role in RNA decay, quality control and maturation. The exosome core complex (EXO9) is catalytically inert in yeast and humans, and therefore relies on the catalytic activity of associated RNases, Rrp6 and Rrp44.

In this study I demonstrated that EXO9 is catalytically active in Arabidopsis. EXO9's activity is phosphate-dependent, releases nucleoside diphosphates and is reversible, meeting all criteria of a phosphorolytic activity. Importantly, EXO9's in vivo substrates include the archetypical exosome substrates, rRNA maturation by-products and 5.8S rRNA precursors. My data show that AtRRP44, EXO9 and AtRRP6L2 sequentially cooperate for the processing of 5.8S rRNA. This work sets a basis for studies aiming at further understanding the biological functions of EXO9's phosphorolytic activity in a eukaryotic organism.