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            Abstract
The eukaryotic exosome is a conserved RNA-degrading complex that functions in RNA surveillance, turnover and processing. How the same machinery can either completely degrade or precisely trim RNA substrates has long remained unexplained. Here we report the crystal structures of a yeast nuclear exosome containing the 9-subunit core, the 3′–5′ RNases Rrp44 and Rrp6, and the obligate Rrp6-binding partner Rrp47 in complex with different RNAs. The combined structural and biochemical data of this 12-subunit complex reveal how a single-stranded RNA can reach the Rrp44 or Rrp6 active sites directly or can bind Rrp6 and be threaded via the central channel towards the distal RNase Rrp44. When a bulky RNA is stalled at the entrance of the channel, Rrp6–Rrp47 swings open. The results suggest how the same molecular machine can coordinate processive degradation and partial trimming in an RNA-dependent manner by a concerted swinging mechanism of the two RNase subunits.
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                    Figure 1: Exo-12 structure bound to single stranded RNAs: closed Rrp6–Rrp47 and open Rrp44 conformations.[image: ]


Figure 2: Rrp6 in RNA-binding mode.[image: ]


Figure 3: Rrp6 in RNA-degrading mode.[image: ]


Figure 4: Exo-12 structure bound to a structured RNA: open Rrp6–Rrp47 and closed Rrp44 conformations.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Comparison of Rrp44 and Rrp6 conformations in exosome structures.
a, Schematic diagrams of the multi-domain organization of Rrp44 (in pink) and Rrp6 (in red). The individual domains and their functions discussed in the text are labelled. The exoribonuclease regions (exo) are indicated. In white is the low complexity nuclear localization signal (NLS)-containing region of Rrp6 that is not present in the current crystal structures. b, Conformations of Rrp44 domains in Exo-12 (pink, direct RNA route) and in a previous structure (grey, channel-dependent RNA route)13 after superposition of Exo-9–Rrp44PIN. To appreciate the conformational change, the same helix in Rrp44exo in the two structures is highlighted (dark and light cyan) (see also panel c). The position of the PIN domain active site is indicated (with the mutated residue D171N in stick representation). c, Structures of Exo-9–Rrp44–Rrp6–Rrp47–(A/U)18 (this work), Exo-9–Rrp44–Rrp6–Rrp47–duplexU31 (this work), Exo-9–Rrp6C-exo–A24 (PDB 4OO1) and Exo-9–Rrp44–Rrp6C–duplexU31 (PDB 4IFD) are shown in the same two orientations, related by a 90° rotation around a vertical axis.


Extended Data Figure 2 Structural and biochemical properties of the Rrp6 exoribonuclease.
a, The exoribonuclease region of Rrp6 is a rather rigid unit. Superposition of the Rrp6exo subunits of Rrp6exo–U15 (in red, this work), of Exo-9–Rrp44–Rrp6–Rrp47 (Exo-12)–(A/U)18 (dark grey, this work), and of Exo-9–Rrp6C-exo–A24 (light grey, PDB 4OO1). The HRDC and DEDD-Y domains of Rrp6exo and the intricate loops in between have similar conformations. b, RNA path from Rrp6iexo in RNA-binding mode to the central channel. Magnified views of the superposition of Rrp6iexo–U15 in RNA-binding mode (coloured as in Fig. 2a) on Rrp6i in the Exo-12–(A/U)18 structure (proteins coloured as in Fig. 1, RNA in grey, and Exo-10 in a semi-transparent surface representation). Views are related by a 45° rotation around the vertical axis. c, RNA path of Rrp6iexo in RNA-degrading mode versus Exo-12–(A/U)18 RNA (RNA-binding mode). Magnified views of the superposition of Rrp6iexo–U15 in RNA-degrading mode (coloured as in Fig. 3a) on Rrp6i in the Exo-12–(A/U)18 structure (proteins coloured as in Fig. 1, RNA in grey, and Exo-10 in a semi-transparent surface representation). d, RNA-degradation activity of catalytically active Rrp6–Rrp47N mutants alone and in context of Exo-12 towards GC-rich duplex RNA with a 3′ A35 overhang (ds17A35; left panel) and a 3′ A10 overhang (ds17A10, a full-view copy of Fig. 3c; middle panel). A Coomassie-stained SDS–PAGE gel of the respective proteins is shown on the right. The 35 nucleotide single-stranded 3′ overhang of ds17A35 is able to reach Rrp44exo via the exosome channel whereas the 3′ overhang of ds17A10 is too short to reach Rrp44exo. Shown are representative gels of three technical replicates (n = 3).


Extended Data Figure 3 Influence of Rrp6 mutants on Rrrp44 exoribonuclease activity.
a, Left panel, RNA degradation assay of Exo-10 in presence of catalytically inactive Rrp6i–Rrp47N mutants towards single-stranded RNA (ss17A35). Right panels: top, Coomassie-stained gel with input protein samples; bottom, quantification of the fraction of remaining substrate (average of three technical replicates (n = 3), error bars represent s.d.). b–e, Comparison of the RNA decay rates. The RNA decay rate of Exo-9–Rrp44 in the presence of Rrp6i–Rrp47N (blue) is significantly different (P < 1 × 10−5, F-test) from decay rates in the presence of Rrp6i(Y244A;R245A)–Rrp47N (purple, b), Rrp6i(Y244A;R245A;F294A;Y315A)–Rrp47N (green, c) and in the absence of Rrp6i–Rrp47N (red, d). The decay rate in presence of Rrp6i(F294A;Y315A)–Rrp47N (orange, e) shows no significant difference. Individual points for each of the three experiments are coloured and represented with the same symbols as above in a.


Extended Data Figure 4 Interplay of Rrp6 and Rrp44 in RNA degradation.
Schematic drawing of the sequence of events leading to RNA degradation by the 12-subunit nuclear exosome (drawn in a longitudinal section, showing the inner central channel). RNA binds at the top of Rrp6–Rrp47 and stochastically reaches the distributive active site of Rrp6 (left panel). At steady state, the RNA is channelled to the processive active site of Rrp44 (right panel) and Rrp6 functions only in RNA-binding mode. The expectation is that in the absence of RNA (left panel), Rrp44 can be in an open conformation, which allows direct access of 3′ single-stranded RNA.


Extended Data Figure 5 Rrp6–Rrp47 is in an open conformation in the Exo-12–duplexU31 structure.
a, Snapshot of the electron density (2mFo − DFc, contoured at 0.8σ) around the DEDD-Y domain of Rrp6 in the Exo-12–duplexU31 structure. b, Silver-stained SDS–PAGE gel showing the content of the Exo-12–duplexU31 crystals. The crystals were extensively washed (three successive washes, lanes W1, W2 and W3) before dissolving them and running them on the gel (Xtal lane). The protein sample used in crystallization experiments is shown on the left (Prot). c, Superposition of both Exo-12 structures shows that the presence of the 5′ duplex RNA (in semi-transparent surface representation) in the Exo-12–duplexU31 structure would sterically clash at the loop regions that connect the HRDC and DEDD-Y domain of Rrp6 in the Exo-12–(A/U)18 structure.


Extended Data Figure 6 FRET-based detection of Rrp6 conformational changes in Exo-9–Rrp44–Rrp6 (Exo-11).
a, Coomassie-stained gel of the reconstituted eCFP/eYFP-labelled exosome complexes. b, FRET efficiency (dark red) of Exo-11–eCFP–eYFP (Exo-10–eYFP–eCFP–Rrp6iexo-C) fusion complex upon excitation at 429 nm. Control emission spectra for Exo-11–eCFP (cyan) and Exo-11–eYFP (yellow). c, FRET efficiency of Exo-11–eCFP–eYFP in the presence of a 2.5-fold molar excess of (A/U)18 RNA (orange). d, FRET efficiency of Exo-11–eCFP–eYFP in the presence of a 2.5-fold molar excess of duplexU31 RNA (blue).


Extended Data Figure 7 Handover from Rrp44-mediated degradation to Rrp6-mediated trimming.
Model of the sequence of events leading to exosome-mediated 5.8S rRNA processing. Within the pre-60S ribosomal particle, the 5.8S-152 rRNA precursor (generated from endonucleolytic cleavage of 7S rRNA) is targeted to the exosome (drawn in a longitudinal section, with the inner central channel highlighted). The 152 nucleotide extension6 is first stochastically degraded by the distributive activity of Rrp6 (Extended Data Fig. 4) and then threaded through the central channel to the processive exoribonuclease site of Rrp44 (left panel). At about 5.8S-30, the 3′-end extension is entirely embedded in the central channel, and the bulk of pre-60S would sterically clash with Rrp6–Rrp47. As a result, Rrp6–Rrp47, and probably also Rrp44, undergo conformational changes and contribute, together with Mtr4 and Mpp6, to extract the 30-nucleotide extension, which is then trimmed by Rrp6. This step would require the pre-ribosome to be kept in the vicinity of Rrp6–Rrp47–Mtr4–Mpp6 by additional interactions. Such a mechanism involves an open conformation of Rrp6–Rrp47 that is detached from the core. We note that the Rrp6ΔC mutant (lacking the C-terminal Exo-9 binding region) is still capable of performing the Rrp6-mediated step in 5.8S rRNA biogenesis25. In this mutant, Rrp6 is expected to detach from Exo-9–Rrp44 and to form a ternary Rrp6–Rrp47–Mtr4 complex. It is possible that such a sub-complex is still able to target the pre-ribosome, allowing the 152-nucleotide extension to be degraded by Rrp6.


Extended Data Table 1 Data collection and refinement statistics of Exo-12–RNA complexesFull size table


Extended Data Table 2 Data collection and refinement statistics of Rrp6iexo–U15Full size table
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