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Introduction

The expression of genetic information in eukaryotic cells is regulated at many levels – one of them is the control of the RNA decay rate. Moreover, the majority of eukaryotic transcripts are subject to precisely controlled processing pathways, leading to the formation of functional RNA molecules. Both RNA processing and degradation are mediated mostly by exoribonucleases, digesting RNA from either the 5’ or 3’ end. 5’→3’ degradation is performed by proteins from the Xrn family, whereas 3’→5’ decay is executed by the exosome complex (reviewed in[1,2]).
The exosome is an evolutionary conserved protein complex endowed with ribonucleolytic activity that is present both in the nucleus and cytoplasm.[3,4] It was discovered in Saccharomyces cerevisiae as an enzyme playing an essential role in 5.8S rRNA processing,[3] and most research on its functions has been performed using yeast as a model organism. The exosome is the only essential 3’→5’ exoribonuclease in yeast – deletion of any of its subunits except for nuclear-specific Rrp6 proves to be lethal[3–5] – and it has been found to be involved in several different aspects of cellular RNA metabolism (Figure 1). The exosome in the nucleus participates in the maturation of stable RNA molecules, such as rRNA, snRNA and snoRNA, as well as in the degradation of RNA processing by-products.[6–8] It is also responsible for the elimination of aberrant transcripts in various RNA surveillance pathways, operating both in the nucleus and cytoplasm. Therefore, exosome action ensures the removal of incorrectly spliced pre-mRNAs and hypomodified tRNAs and prevents the incorporation of faulty rRNA molecules in the structures of maturing ribosomes.[9–12] Similarly, defects in mRNA 3’-end processing or packaging into mRNPs prior to their export to the cytoplasm result in the rapid degradation of affected transcripts by the nuclear exosome.[13–17] Another important role of the exosome is precluding the translation of defective mature mRNAs. Thus, it is involved in nonsense-mediated decay (NMD – elimination of transcripts containing a premature termination codon, PTC), non-stop decay (NSD – removal of mRNAs lacking termination codon) and no-go decay (NGD – degradation of mRNA molecules with sequences hindering proper ribosome translocation during translation) (reviewed in [18,19]). Cytoplasmic exosome also participates in more specialised RNA metabolism pathways, such as the degradation of transcripts containing AU-rich elements (AREs) within the 3’-UTR (AMD – ARE-mediated decay).[20–22] Exosome also plays a substantial role in the degradation of mRNA decay intermediates arising during RNA interference process upstream of the endonucleolytic cleavage site of the Argonaute protein – the catalytic component of the RISC complex.[23] Recently discovered novel classes of exosome substrates are so-called cryptic unstable transcripts (CUTs) in yeast, synthesised by RNA polymerase II from intergenic promoters, and promoter upstream transcripts (PROMPTs) in human cells.[24–29] How the exosome is able to target such a wide repertoire of different RNA molecules is still the subject of intense research. Nevertheless, it is widely assumed that one possible way of regulating its specificity is through the interactions with accessory complexes, such as TRAMP (involved in nuclear RNA surveillance)[28,30,31], the Nrd1/Nab3/Sen1 complex (participating in sn/snoRNA and CUT processing and degradation)[32] in the nucleus and the Ski7 GTPase/SKI complex involved in RNA turnover as well as different RNA quality control pathways in the cytoplasm[23,33] (Figure 1).
The analysis of these processes, collectively referred to as “RNA metabolism”, is currently in the limelight because it seems that posttranscriptional RNA life is much more complicated than previously assumed. The exosome is a prominent player interconnecting these phenomena; therefore, the precise definition of its biochemical properties and mechanism of action is crucial for understanding how it recruits and degrades different RNA substrates.
Over recent years, several important and sometimes unexpected findings have been made that have significantly increased our knowledge of exosome biochemistry and structural organisation. The aim of this review is to present and discuss these breakthrough discoveries, focusing particularly on the mechanism of action of the different catalytic activities of the complex.

Architecture of eukaryotic exosome complexes

The eukaryotic exosome is a 400 kDa complex composed of the nine-subunit core and associated catalytic subunits. The core is highly evolutionarily conserved between eukaryotes and resembles the exosome-like complexes in the Archaea that were structurally characterised in detail.[34–38] Moreover, exosome core proteins are composed mostly of the domains found in polyribonucleotide phosphorylase (PNPase), which is one of the catalytic components of the prokaryotic degradosome complex responsible for RNA degradation.[39,40] Overall, both exosome complexes and PNPase form a ring-like structure composed of proteins homologous to bacterial exoribonuclease – RNase PH.[41–43] Although RNase PH forms a homohexameric ring with a central channel (Figure 2A), the analogous doughnut-shaped PNPase structure is a homotrimer, in which every subunit encompasses two RNase PH domains; however, only one of them is catalytically active[39] (Figure 2B). In the archaeal exosome, a similar ring is composed of two RNase PH homologues, Rrp41 and Rrp42, which form a trimer of Rrp41-Rrp42 heterodimers (Figure 2C). Because only Rrp41 subunits display phosphorolytic activity, the archaeal exosome core, similar to PNPase, possesses three active sites localised within pockets in the inner side of the central channel. Non-catalytic Rrp42 subunits have a structural function – they facilitate substrate binding and mediate interactions of the ring with Rrp4 and Csl4 proteins, containing PNPase-like KH and S1 domains involved in RNA binding. Three copies of Rrp4 and/or Csl4 proteins are located at the top of the archaeal exosome core, forming a hole that is continuous with the central channel inside the RNase PH-like ring of Rrp41-Rrp42 subunits (Figure 2C). The channel is essentially only compatible with single-stranded substrates and serves to thread unfolded RNA molecules into the buried phosphorolytic sites.[38,44]
Before the eukaryotic exosome structures became available, results from two-hybrid analyses and pull-down experiments defined most of the reciprocal interactions between its subunits,[45–49] which were latter unambiguously verified by proteomic analysis performed with the use of native mass-spectrometry.[50] Recent structural studies employing electron microscopy and X-ray crystallography  has helped solve the structure of exosomes from different species and provide an explanation of the role of the core, thereby offering valuable mechanistic insights into the regulation of its catalytic activities.[51–54]
 The eukaryotic exosome core consists invariably of nine subunits[52] (Figure 2D). Six of them are the orthologues of RNase PH and PNPase, and among them three are more similar to the archaeal exosome subunit Rrp41 (Rrp41, Rrp46 and Mtr3), whereas the remaining three [Rrp42, Rrp45 (PM/SCl-75 in humans) and Rrp43 (OIP2 in humans)] resemble the Rrp42 component of the equivalent complex in Archaea. The abovementioned subunits form a doughnut-shaped ring-like structure of three Rrp41/Rrp42-like heterodimers (Rrp41/Rrp45; Rrp43/Rrp46; Rrp42/Mtr3) which, unlike in the cases of the archaeal exosome and bacterial PNPase, are biochemically inert because the active site residues are missing from most of the RNase PH subunits.[50,52] Three RNA-binding subunits – Rrp4, Rrp40 and Csl4 – form a trimeric cap on top of the hexameric ring and are indispensable for bridging the interactions between RNase PH-like subunits[52] (Figure 2D).

Contrary to its archaeal counterparts, the nine-subunit yeast exosome core was found to associate with additional catalytic components. The 10th subunit of the S. cerevisiae exosome is Dis3 (also called Rrp44) – a processive exoribonuclease (see below) (Figure 2D). Dis3 is the largest subunit of the exosome (110 kDa) and displays modular domain arrangement with an N-terminal PIN domain followed by a region highly similar to Escherichia coli RNase II/R class of enzymes. The RNase II/R-homology region consists of three oligonucleotide-binding (OB)-fold RNA-binding domains [cold shock domains (CSD) 1 and 2 at the N-terminus and S1 at the C-terminus] as well as a central RNB domain[55–57] (Figure 3A). Dis3 interaction with the core seems to be more salt-sensitive than for the remaining exosome subunits;[4] nevertheless, it is regarded as an integral component of the complex because it is present in both the nuclear and cytoplasmic exosome and is indispensable for cell viability.[3,4] There has been some controversy about whether Dis3 homologues are genuine exosome subunits in other eukaryotes because they seemed to be absent from the protozoan and human exosome preparations.[4,20,48,54,58] However, it has clearly been shown that Drosophila melanogaster Dis3 interacts with the core.[59,60]

The 10-subunit complex of S. cerevisiae associates in the nucleus with the additional catalytic subunit Rrp6, forming an 11-subunit exosome[4] (Figure 2D). Contrary to the highly processive Dis3, Rrp6 is a distributive exoribonuclease homologous to E. coli RNase D, and its activity plays a minor role in the nuclear RNA metabolism. For instance, it is responsible for the removal of the last 30 nucleotides of the 3’-terminal from the precursor of 5.8S rRNA during its maturation. Indeed, the deletion of the RRP6 gene is not lethal in contrast to the deletion of other exosome subunits.[5] Interestingly, the intracellular localisation of the yeast Rrp6 orthologues from other taxa is not restricted to the nucleus, and the protein was also reported to be present in the cytoplasm.[60–62]
Native mass-spectrometry analysis of the yeast exosome has provided compelling data, suggesting that Dis3 associates with the RNase PH-like ring on the side opposite to the trimeric cap of RNA-binding proteins[50] (Figure 2D). This finding was largely confirmed by the low-resolution negative-staining electron microscopy structure of the S. cerevisiae exosome, where Dis3 emerged as a two-lobed extra density located at the bottom of the RNase PH-like ring.[51] The two lobes, termed the “head” and “body”, corresponded approximately to the N-terminal PIN domain and an RNase II/R-like region of Dis3, respectively (Figure 2D). The head was shown to contact mainly the Rrp41 exosome component, whereas the body interacted predominantly with the Rrp45 as well as the Rrp41 and Rrp43 core subunits.[51] Pull-down assays demonstrated that Dis3 could form a ternary complex with the Rrp41/Rrp45 heterodimer. The structure of this complex was solved very recently, and it corroborated that the N-terminal part of the Dis3 PIN domain is responsible for mediating the majority of the contacts with the N-terminus of the Rrp41 subunit of the core, whereas the RNase II/R-like region binds to both Rrp41 and Rrp45 (Figure 2D).[53] The proposed principal role of the PIN domain in establishing the interaction between Dis3 and the exosome core, as based on in vitro experiments and structural data, is in perfect agreement with the results of functional in vivo studies, indicating that its deletion leads to the dissociation of Dis3 from the core, both in yeast and higher eukaryotes.[59,63]

Since no structure of the 11-subunit exosome exists to date, it is not known where exactly Rrp6 attaches to the core. Nevertheless, it is assumed that it is situated somewhere near the trimeric cap of the Rrp4/Rrp40/Csl4 RNA-binding subunits, opposite to the location of Dis3, as suggested by the presence of extra density at the top of the core in the electron microscopy structure of the Leishmania tarentolae exosome.[54] Although this structural evidence is rather weak, it agrees well with the biochemical data showing that the activity of Rrp6 does not change upon association with the exosome core,[52] which would probably be the case if Rrp6 had been localised below the core and the substrates would have to pass through the central channel before entering its active site. This interesting issue should be addressed more precisely in the future, ideally by fitting the high-resolution structure of Rrp6 into the yet-to-be-solved electron density map of the 11-subunit exosome.
Besides serving as a platform for interactions with catalytic subunits, the exosome core is also considered a molecular scaffold indispensable for the coordination of exosome activities with accessory cofactors, such as the TRAMP complex and Ski7, which interacts with the SKI complex, which have been shown to significantly enhance the catalytic potential of the exosome in the nucleus and cytoplasm, respectively (refer to Figure 1 for representative examples). The role of the aforementioned auxiliary complexes is beyond the scope of this review and has recently been thoroughly described elsewhere.[64–66]
Catalytic activities of the exosome
In a study identifying the existence of the yeast exosome complex, three subunits – Rrp4, Rrp41 and Dis3[3] – were reported to display ribonucleolytic activity in vitro, suggesting that it might be regarded as a multinuclease assembly.[3,4] However, later biochemical studies unequivocally demonstrated that although the exosome core, including Rrp41 in the hexameric RNase PH-ring and Rrp4 in the trimeric RNA-binding cap, is catalytically inactive, the major exonucleolytic activity of the complex resides in Dis3.[52,67] Ten-subunit exosomes, either native or reconstituted from recombinant proteins, displayed only processive, magnesium-dependent hydrolytic activity, producing nucleoside monophosphates as the degradation products. D551N mutation within Dis3, abrogating the coordination of divalent cations, resulted in the complete loss of the exoribonucleolytic activity of the exosome purified from yeast cells, confirming that it is absolutely dependent on the intact RNB domain, similar to E. coli RNase II.[55,57,67] 

In addition to the RNase II/R-like region and OB-fold RNA-binding domains, Dis3 possesses an N-terminal PIN domain. As discussed above, this plays an important structural role by anchoring Dis3 to the core. The additional catalytic function of this domain escaped detection until recently, when three different groups, including us, demonstrated that it is associated with a novel endoribonucleolytic activity,[63,68,69] which is abolished by the mutations of acidic residues coordinating divalent cations. This discovery was unexpected because the exosome was previously believed to be responsible only for the exonuclease activity. However, in vivo studies proved that the endonucleolytic activity is involved in the degradation of nuclear exosome substrates. The combination of mutations in both RNB and PIN catalytic Dis3 domains led to severe growth phenotypes, close to lethality.[68,69]
It is not known precisely how PIN activity is regulated, but it has been reported that it is more pronounced for substrates bearing 5’-monophosphate rather than 5’-hydroxyl.[69] This phenomenon, known as “5’-sensing”, is reminiscent of E. coli endoribonuclease, RNase E – the major catalytic and structural component of the degradosome RNA-degrading complex – and its close paralogue, RNase G. They are both significantly more active on 5’-monophosphorylated than triphosphorylated substrates, and the removal of pyrophosphate by RppH enzyme is a prerequisite for efficient RNase E/G-mediated cleavage.[70–72] It is therefore likely that in vivo PIN endonucleolytic activity is stimulated after decapping, which removes the protecting 5’-cap structure and generates 5’-monophosphate. Moreover, the PIN domain retains its activity after the deletion of the RNase II/R-like portion of Dis3, being able to degrade substrates even more efficiently than in the context of the full-length protein.[68,69] It is then tempting to speculate that other Dis3 domains somehow influence PIN activity, for example by modifying its affinity towards the substrate or remodelling its catalytic site. Clearly, both these regulatory mechanisms need more biochemical and structural investigations to be fully explained. By contrast, it should be pointed out that the PIN activity, unlike the Dis3 RNB exonuclease activity (see below), does not seem to be affected by the association of Dis3 with the rest of the complex, because it is able to degrade circular RNA molecules in the context of the core, and from the structural analysis it seems that the PIN active site faces solvent rather than the central channel[53] (see below and Figure 4B).

In addition to the catalytic activities of Dis3, the nuclear form of the yeast exosome contains an additional catalytic subunit Rrp6.[3,5] Rrp6 is homologous to RNase D – a prokaryotic enzyme involved in the processing of structured RNA molecules, in that it consists of the DEDD exonuclease domain in the middle and is flanked by the HRDC (helicase and RNase D C-terminal) domain, as well as having a unique N-terminal extension[73,74] (Figure 3B). The latter encompasses the PMC2NT region, which is responsible for the interaction between Rrp6 and its RNA-binding cofactor Rrp47.[75] Structural analysis of the truncated protein encompassing both RNase D-like domains combined with biochemical data revealed that Rrp6 displays a distributive exonucleolytic activity that is dependent on the intact DEDD nuclease domain, as well as on its proper intramolecular contacts with the HRDC domain[74,76]. Rrp6 activity seems to be unaffected by its association with the core,[52] but similar to Dis3 activities it requires the presence of divalent cations.[52,74,76]
Interestingly, all exosome enzymatic activities prefer different buffer conditions, which makes their direct comparison challenging. The Dis3 exo activity is highest in the presence of Mg2+ ions at a relatively low concentration (in the range of 10–100 μM)[67] and is strongly inhibited by a milimolar Mg2+ concentration, which is in turn optimal for Rrp6 exo activity.[67,76] The endo activity of the Dis3 PIN domain is highest in vitro at a milimolar concentration of Mn2+, whereas it is undetectable at a submilimolar concentration of this cation.[63,68,69] Data about the concentrations of divalent cations in yeast cells if free status (not bound to nucleotides, polyphosphates and RNA) is unavailable but by analogy to higher eukaryotes [Mg2+] is probably within the range of several hundred μM.[77] The optimal Mn2+ concentration of 3 mM that stimulated PIN activity in vitro is two orders of magnitude higher than the physiological concentration of manganese, which corresponds to about 20 μM.[78,79] In view of these measures, it remains to be explained how the activity of the PIN domain is achieved in vivo, especially that it has to be coordinated with RNB exoribonuclease, which prefers magnesium instead of manganese. By contrast, it cannot be excluded that the intracellular environment, by creating suboptimal conditions for PIN activity, provides some means of its regulation, preventing it from triggering the indiscriminate degradation of exosome substrates.

How different exosome activities are coordinated in the cell has not been precisely defined so far, and despite numerous biological, structural and functional studies it is not yet possible to estimate their relative contributions to the yeast RNA metabolism.

Dis3 activity and interactions with the catalytically inert nine-subunit ring
The only catalytic activity of the exosome studied in detail was Dis3 exonuclease. Because its role is most important for the cell physiology, we will focus on this activity in the latter part of the review. We will also discuss the role of the nine-subunit ring in RNA degradation by the exosome.

Both recombinant Dis3 and the entire complex purified from the native source degrade single-stranded RNA (ssRNA) substrates to 3–4 nt oligonucleotide fragments and are characterised by highly similar kinetic parameters, such as Km and kcat.[57,67] In addition, there is no significant difference in the rate of degradation of ssRNA substrates between full-length Dis3 (Dis3 FL) and Dis3 ΔN, suggesting that the N-terminal PIN domain does not affect the processive exoribonucleolytic activity of Dis3 on ssRNA. Similarly, D. melanogaster Dis3 exonucleolytic activity is not affected by deletions of the PIN domain.[80] The degradation of ssRNA substrates is barely affected by the association of Dis3 with the exosome core. Interestingly, although our studies showed that it is slightly enhanced when Dis3 is in the context of the core,[57] another group reported that it is diminished when Dis3 becomes a part of 10-subunit reconstituted complex.[52] However, the latter observation might have been significantly affected by the fact that the biochemical assays were done in the presence of magnesium at a concentration of 5 mM,[52] i.e. at least one order of magnitude higher than is optimal for Dis3 activity.[57] For the same reason, biochemical studies on the Dis3 sequence specificity showing that the recombinant Dis3 and 10-subunit exosome are more active on AU-rich sequences and generic substrates rather than with respect to the poly(A) sequences,[52] should be also treated with caution and their definite validation will require further experimental evidence.

In vitro, recombinant Dis3 alone can completely degrade double-stranded RNA (dsRNA) substrates, both generic and natural, such as precursor tRNA molecules, provided that they have at least four nucleotide-long unstructured overhang at their 3’-end.[57,67] This particular feature implies that the exoribonucleolytic activity of Dis3 resembles the catalytic properties of E. coli RNase R,[81–85] rather than RNase II, which stalls on encountering a secondary structure in the RNA molecule.[56] The degradation of dsRNA is accompanied by a releasing of the complementary strand from the duplex, which suggests that Dis3 is able to destabilise secondary structures on its own. Interestingly, the presence of the PIN domain seems to contribute to the binding and/or unwinding of RNA duplexes possessing 3’ single-stranded extensions of intermediate length.[57]
The apparent difference in the catalytic activities of Dis3 and RNase II has been explained by structural data. Although the functional domains that are homologous between the two proteins are organised in the same order, they adopt significantly distinct conformations in the three-dimensional space and, consequentially, the RNA-binding paths in both cases are different. The combination of biochemical and structural approaches allowed us to propose a molecular mechanism for the unwinding of secondary structures by Dis3. According to this model, the translocation of the substrate during consecutive rounds of degradation might lead to the unwinding of the strands in the vicinity of the entrance pore to the catalytic site of the enzyme, which is specific towards single-stranded fragments of the substrate. Instead of ATP hydrolysis, as is the case for helicase enzymes, Dis3 is more likely to employ chemical energy released during the hydrolysis of an RNA chain to drive substrate translocation. This process most probably leads to the rotation of the substrate, which in turn induces tension that facilitates the unwinding of the secondary structure.[57]
Two studies have reported independently that the exosome complex degrades dsRNA substrates around 10-fold less efficiently than Dis3 alone, which indicates that the association of Dis3 with the core might downregulate its activity towards substrates containing structured regions, most probably because of limiting the access of such substrates to the Dis3 exonuclease catalytic site.[52,57] This is likely to be one of the means that enables the regulation of Dis3 activity, most probably preventing excessive or uncontrolled RNA degradation, which might otherwise cause deleterious effects to the cell. The precise tuning of Dis3 activity is therefore of particular importance, especially taking into account that the catalytic potential of the enzymes belonging to the RNase II/R family seems to be much greater than expected, as exemplified by a recent study of RNase II, where the mutation of a single residue resulted in a supernaturally active exoribonuclease, with enhanced processivity and affinity towards the RNA substrate.[86]
The reconstruction of the exosome core alone was insufficient to explain the lower activity of the 10-subunit complex towards substrates with secondary structures. Nevertheless, it was proposed that this might be because of the steric occlusion of the Dis3 active site or because the substrates have to pass through the central channel inside the exosome core to reach the catalytic centre of the enzyme, similar to the archaeal exosomes. The mechanistic answer to this intriguing issue came with the recent study reporting on the X-ray structure of the Rrp41/Rrp45/Dis3 trimer, accompanied by a series of elegant RNase protection assays.[53] Although Dis3 alone protected fragments of around 10 nt, consistent with the binding site of 9 nt observed in Dis3 ΔN co-crystal with an RNA substrate,[57] the 10-subunit exosome protected much longer fragments (approximately 31–33 nt) and this phenomenon was dependent on the presence of both the Dis3 PIN domain and RNase II/R-homology region, irrespective whether as a part of a single protein or added in trans. These results pointed to the conclusion that RNA substrates are threaded via the central channel of the exosome core before reaching the Dis3 RNB domain active site (Figure 4A). Further biochemical analyses employing reconstituted exosomes bearing mutations of key amino acid residues in the Rrp41 subunit that were predicted to be involved in RNA binding unambiguously confirmed that the RNA path starting from the Rrp4/Rrp40/Csl4 trimeric cap and leading through the central channel of the hexameric RNase PH-like ring is indeed exploited in the eukaryotic exosome.[53] Consistently, only dsRNA substrates with 3’ overhangs and whose lengths exceed the path of a ssRNA are prone to degradation by the 10-subunit complex.[52,53,57] The RNA recruitment mechanism involving the central channel seems to be highly evolutionarily conserved because it exists in both the archaeal and eukaryotic exosomes.[38,53] This would also partially explain why the degradation of many exosome substrates with secondary structures in the nucleus is dependent on the addition of an unstructured oligo(A) tail by a stimulatory TRAMP complex.
Nonetheless, it is highly probable that there is an alternative path to the Dis3 RNB active site that is not visible in the crystal structure because Rrp41 mutations blocking the path through the central channel have no significant growth phenotype in yeast (Figure 4B). The structure of the 10-subunit exosome, where the channel route has been blocked by appropriate mutations, along with the RNA substrate would definitely contribute to the discovery of such an alternative path. We can only speculate at this stage that the PIN domain is involved in such recruitment because structural data suggest its active site is exposed to the solvent.
Moreover, taking into account that Rrp6 activity is not significantly changed upon its association of the core points towards yet another possible route that could be utilised by at least some nuclear exosome substrates, such as those polyadenylated by the TRAMP complex. Using such a path, RNA molecules could directly reach the Rrp6 catalytic centre independent of the channel route (Figure 4C).
Conclusions

It can be concluded that the concerted action of three different catalytic subunits of the exosome complex is required to efficiently degrade its natural substrates. We can speculate that the major physiological role of the endoribonuclease activity is providing alternative entry sites for the exosome when the progression of the complex is blocked by the presence of secondary structures in the substrate. We can also hypothesise that this activity might also facilitate the regular turnover of mRNA molecules, whose termini are protected by the cap and poly(A) tail with bound proteins and, therefore, are not directly accessible to exoribonucleases. It remains to be biochemically and structurally investigated how different nucleases of the exosome are coordinated and what is the mechanism of their target sequence selection within the particular RNA substrates.

The combination of various nucleolytic activities seems to be a common theme in RNA degradation in various biological systems. It is probably highly advantageous for any cell by greatly facilitating and accelerating the decay of substrates with different secondary structures. This enables rapid and effective degradation, particularly when various kinds of RNases are structurally coordinated as subunits of the complex, as is the case of the eukaryotic exosome or E. coli degradosome, encompassing endoribonuclease E and phosphorolytic exoribonuclease PNPase (reviewed in [87]), or even within one protein, as exemplified by yeast Dis3 and Bacillus subtilis RNase J1, which is both 5’→3’ exoribonuclease and endoribonuclease.[88,89]
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Figure legends
Figure 1. The exosome is a central player in different pathways of RNA metabolism in cells. The exosome in the nucleus (represented by a blue rectangle) is involved in various RNA processing and surveillance pathways, as well as in the degradation of unstable transcripts. The exosome in the cytoplasm (green rectangle) participates in normal mRNA turnover, precludes the translation of aberrant transcripts in non-stop decay (NSD), nonsense-mediated decay (NMD) and no-go decay (NGD) quality control pathways and is involved in more specialised degradation pathways such as ARE-mediated decay (AMD), as well as taking part in RNA interference in higher eukaryotes. Abbreviations and colour code: EXO (pink) – nine-subunit exosome core with Dis3 exo/endonuclease; Rrp6 (red): nuclear-specific exonuclease associating with the exosome; orange – the exosome’s accessory cofactors: Rrp47 – RNA-binding cofactor of Rrp6, TRAMP (Trf4-Air1/2-Mtr4 polyadenylation) complex, SKI – complex of Ski2/Ski3/Ski8 and Ski7 proteins, NNS – complex of Nrd1/Nab3/Sen1 proteins, ABP – AU-rich element binding proteins; dark blue – other protein factors: RISC (RNA-induced silencing complex) (RNAi); UPF – complex of Upf1/Upf2/Upf3 proteins (NMD); Dom34/Hbs1 protein complex (NGD); 

acofactor specific to rRNA processing; bcofactor specific to sn/snoRNA processing; ccofactor specific to sno/rRNA processing.
Figure 2. Archaeal and eukaryotic exosome complexes share structural similarities with bacterial RNase PH and PNPase RNA-degrading enzymes. Schematic representation of: A) bacterial RNase PH, B) PNPase, C) archaeal exosome and D) eukaryotic exosome. Dark green and red ovals represent phosphorolytically active and inactive RNase PH subunits of the hexameric ring, respectively. Violet ovals correspond to RNA-binding domains (KH/S1) or proteins in PNPase and exosome complexes, respectively. Light green ovals represent catalytically active subunits of the eukaryotic exosome. Dis3 protein, displaying both processive exoribonuclease and endoribonuclease activities, is anchored to the bottom of the core via the PIN domain. Nuclear-specific Rrp6 distributive exonuclease is located most probably at the opposite site of the core, in proximity of the trimeric cap of the RNA-binding subunits.
Figure 3. The domain organisation of the eukaryotic exosome catalytic subunits: A) Dis3, B) Rrp6. Catalytic domains and RNA-binding domains are depicted as green and blue rectangles, respectively. Domains involved in protein–protein interactions are indicated with grey dots. Domains of unknown function and unstructured regions are shown as white rectangles.
Figure 4. Possible pathways of the RNA substrates to the eukaryotic exosome catalytic subunits. A) Most of the single-stranded substrates or structured RNA molecules possessing sufficiently long single-stranded overhangs are recognised by the trimeric cap of RNA-binding proteins and then pass through the central channel of the exosome core before gaining access to the Dis3 exoribonuclease active site. B) It can be envisioned that RNA substrates with secondary structures, which lack 3’ single-stranded extensions of sufficient length to pass through the central channel, could directly access the Dis3 exoribonuclease active site from the solvent, possibly following their recognition by the OB-fold RNA-binding domains. The PIN domain would perform endonucleolytic cleavages (marked schematically with yellow scissors) within single-stranded loops of the secondary structure, assisting in 3’→5’ exoribonucleolytic degradation by RNB domain catalytic activity. C) In the nucleus, transcripts polyadenylated by the TRAMP stimulatory complex can be trimmed by Rrp6 without passing the central channel and afterwards further degraded as in A).
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