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            Abstract
Ubiquitination is a crucial cellular signalling process, and is controlled on multiple levels. Cullin–RING E3 ubiquitin ligases (CRLs) are regulated by the eight-subunit COP9 signalosome (CSN). CSN inactivates CRLs by removing their covalently attached activator, NEDD8. NEDD8 cleavage by CSN is catalysed by CSN5, a Zn2+-dependent isopeptidase that is inactive in isolation. Here we present the crystal structure of the entire ∼350-kDa human CSN holoenzyme at 3.8 Å resolution, detailing the molecular architecture of the complex. CSN has two organizational centres: a horseshoe-shaped ring created by its six proteasome lid–CSN–initiation factor 3 (PCI) domain proteins, and a large bundle formed by the carboxy-terminal α-helices of every subunit. CSN5 and its dimerization partner, CSN6, are intricately embedded at the core of the helical bundle. In the substrate-free holoenzyme, CSN5 is autoinhibited, which precludes access to the active site. We find that neddylated CRL binding to CSN is sensed by CSN4, and communicated to CSN5 with the assistance of CSN6, resulting in activation of the deneddylase.
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                    Figure 1: Overall architecture of CSN.[image: ]


Figure 2: PCI ring assembly.[image: ]


Figure 3: Helical bundle assembly.[image: ]


Figure 4: CSN5 autoinhibition within CSN.[image: ]


Figure 5: The CSN–SCF interaction and CRL1-dependent CSN5 activation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Protein complexes used in this study.
a–d, f, j, k, SDS–PAGE analysis of CSN variants used in the study. g, The N8CRL4ADDB2 substrate used for enzymatic measurements. a, The CSN5 E76A mutant catalytically inactivates CSN: activity of CSN (full-length) and CSN (CSN5(E76A)), a holocomplex carrying the active site mutant, was determined by fluorescence polarization measurements using a substrate with a PT22-labelled N8CRL4ADDB2. The decrease in signal for CSN (CSN5(E76A)) and in the buffer control is due to fluorophore photobleaching. Determination of steady-state kinetics using N8CRL4ADDB2 as substrate: initial rates observed following incubation of CSN or mutants thereof, with increasing concentrations of PT22-labelled N8CRL4ADDB2 substrate, as indicated on the abscissa. The fit of the observed initial velocities to the Michaelis–Menten equation is shown as a red line in b, endogenous CSN purified from HEK293T cells (CSN (HEK293T)); c, recombinant full-length CSN (CSN (full-length)); d, CSN with the boundaries used for crystallization (CSN); e, CSN (CSN6ΔMPN), lacking the CSN6 MPN domain (comprising residues 192–327); and f, CSN (CSN6Δloop), lacking residues 174–179 of the CSN6 Ins-2 loop. a–f, Data are the average of three technical replicates. c, e, f, Error bars show standard error of the mean (s.e.m.). l, Table of steady-state kinetic parameters (errors show ± s.e.m.). A previous study46 described a CSN variant where the mouse CSN6 MPN domain was deleted (retaining CSN6 residues 171–324). This construct when immunoprecipitated from cells with the remainder of CSN was found to be active. For human CSN (CSN6ΔMPN), detailed quantitative kinetic analysis revealed a ∼100-fold reduction in kcat compared with CSN (full-length). Interestingly, mouse CSN6 171–324 retains the residues involved in the CSN4–CSN6 interface including the Ins-2 loop. Determination of steady-state kinetics using ubiquitin-rhodamine 110 as substrate: CSN variants were assayed for proteolytic release of the rhodamine 110 fluorescent group from the C-terminal glycine of ubiquitin (ubiquitin-rhodamine), using fluorescence quenching as readout. h, Wild-type CSN was not sufficiently active on ubiquitin-rhodamine to determine Michaelis–Menten parameters. To benchmark wild-type CSN against CSN (CSN5(E104A)), we assessed the relative rates at a fixed concentration of 0.5 µM ubiquitin-rhodamine substrate and 1 nM CSN (CSN5(E76A)), CSN (full-length) (23.0 ± 2.9 fmol s−1) and CSN (CSN5(E104A)) (137.8 ± 2.2 fmol s−1), using the CSN (CSN5(E76A)) active site mutant as a control. i, j, k, Increasing concentrations of ubiquitin-rhodamine with CSN (CSN6Δloop) (i), CSN (CSN5(E104A)) (j) and CSN (CSN6Δloop, CSN5(E104A)) (k) double mutant were assayed. Fit of the initial velocities to the Michaelis–Menten equation is shown as a red line. h–k, Data are the average of three technical replicates. m, Table summarizing the activity of CSN variants on ubiquitin-rhodamine (errors show ± s.e.m.). Assayed protein concentrations and Vmax values are indicated.


Extended Data Figure 2 CSN structure solution and validation.
a, Table of differentially substituted SeMet crystals used for CSN structure determination. b, The final experimentally determined heavy atom positions for one CSN complex in the ASU are shown as spheres and coloured differently for each data set. The Zn2+ ion, which is found in the LLG maps calculated for all CSN data sets, is labelled. The models of CSN1 and CSN4, which are relatively poorly described by heavy atoms, were based on similar high-resolution structures. c, To avoid potential complications due to twinning in the 3.8 Å resolution data set (c343), the final model was also validated against the untwinned 4.1 Å (c318) data set. A full 2mFo − DFc simulated annealing composite omit map calculated for c318 by CNS and displayed at a contour level of 1 r.m.s.d. with a radius of 3 Å about the model. The map coefficients were sharpened by a B-factor of −80 Å2. d, Portion of the 2mFo − DFc electron density calculated for c318 surrounding the CSN4 and CSN2 WH subdomains (coloured sticks) sharpened by a B-factor of −80 Å2 and contoured at 1.5 r.m.s.d. at a radius of 3 Å about the displayed model. e–g, Close-up of the electron density for the CSN5 active site in the composite omit map shown in c; e, overlaid with an anomalous LLG map (pink mesh) calculated for c318 and contoured at 6 r.m.s.d., indicating the position of the zinc ion (peak height 10.3 r.m.s.d.); f, shown with a ribbon diagram (cyan) of the final model with the Zn2+ ion as a sphere (mauve); and g, the same as f, with sticks and two active site residues labelled.


Extended Data Figure 3 The overall fold of each CSN protein.
a–h, Cartoon representation of the individual subunits as found in CSN: CSN1 (a); CSN2 (b); CSN3 (c); CSN4 (d); CSN7a (e); CSN8 (f); CSN5 (g); and CSN6 (h). C-terminal helices (dark grey) are numbered in roman numerals. The WH subdomain of the PCI domain is coloured light grey. i–l, Structural comparisons with previously reported CSN structures. Superposition of CSN1 (red) and A. thaliana CSN1 (grey) (PDB accession 4LCT38; r.m.s.d. 0.8 Å (296 residues) with 50% sequence identity) (i); CSN7 (blue) and A. thaliana CSN7 (grey) (PDB accession 3CHM34; r.m.s.d. 1.4 Å (151 residues) with 36% sequence identity) (j); CSN5 (cyan) and human CSN5 (grey) (PDB accession 4F7O22; r.m.s.d. 2.2 Å (168 residues) with 100% sequence identity) (k); and CSN6 (orange) and D. melanogaster CSN6 (grey) (PDB accession 4E0Q36; r.m.s.d. 1.9 Å (87 residues) with 56% sequence identity) (l).


Extended Data Figure 4 Fit of the CSN model to reported electron microscopy maps of CSN, the 19S lid, and eIF3.
a, Isolated CSN (Electron Microscopy Data Bank (EMDB) accession 2176)10. The electron microscopy maps are represented as surfaces and CSN is styled in cylindrical cartoon. We note that CSN electron microscopy maps (EMDB accessions 1700 (ref. 23) and 2176) are largely inconsistent with each other (cross-correlation between the maps is ∼0.36). b, Table of CSN paralogues in 19S lid and eIF3. The CSN crystal structure explains features of the 19S lid and eIF3 electron microscopy maps. c, d, CSN fit to the isolated 19S proteasome lid25 (EMDB accession 1994) (c); and CSN fit to the map of the 19S lid bound to the proteasome in the absence of substrate24 (EMDB accession 2165) (d). The electron microscopy maps of 19S lid are represented as surface (light pink), with the base and the 20S proteasome shown in grey. e, Superposition of the CSN5 (cyan)–CSN6 (orange) MPN dimer with the RPN11 (green)–RPN8 (purple) MPN dimer from the 19S lid (PDB accession 4O8X40). The structures superpose well with an r.m.s.d. of 1.8 Å (719 residues). f, Structural comparison of the CSN helical bundle (coloured as in c) with the predicted model of the helical bundle in the 19S lid (grey) (PDB accession 3J47)69. g, h, CSN fit into the maps of isolated eIF3 complex (yellow)32 (EMDB accession 2166) (g); and to the eIF3 segment of the 43S preinitiation complex map31 (EMDB accession 5658) (h).


Extended Data Figure 5 Details of the PCI ring interactions and PCI ring capping features.
a, Location of the composite β-sheet within CSN. b, c, Close-up views of the interface between the CSN1–CSN3 (b) and the CSN2–CSN4 WH subdomains (c). d, CSN8 carries a helix-turn-β2 motif in the WH subdomain that is reduced by six residues (magenta), retracting the available interaction interface for further PCI interactions (see Supplementary Data). e, Superposition of PCI subunits, highlighting the position of conserved aromatic residues (Tyr/Phe shown as sticks) interconnecting PCI subunits. CSN7 lacks an equivalent residue. Interactions between subunits within CSN: f, g, Interactions between the CSN3 and CSN8 helical repeats (f); and the CSN7 helical repeats and the proximal end of the C-terminal helical bundle (g).


Extended Data Figure 6 The role of the PCI domain and the C-terminal helix in CSN assembly.
a–e, SDS–PAGE analysis of the effects of C-terminal helix and/or PCI domain deletions in CSN subunits: CSN1 (a); CSN2 (b); CSN3 (c); CSN4 (d); and CSN8 (e) on their ability to incorporate into CSN. All complexes contained one Strep(II)-tagged subunit (as indicated) and His6-tags on the other subunits. The cell lysate was divided and subjected to parallel Strep(II)-tag pull-downs using Strep-Tactin beads to probe complex integrity (top) and His6-tag pull-downs using Ni-NTA beads for expression controls (bottom). CSN1 (a) and CSN4 (d) are dependent on the presence of their C-terminal helix (CSN1 isoform 2 residues 466–527; and CSN4 364–406) for integration into CSN. The deletion of C-terminal helix of CSN3 (residues 364–423) impaired its ability to incorporate into the holoenzyme (c). For CSN2 (b) and CSN8 (e), deletion of their C-terminal helices (CSN2 residues 417–443 and CSN8 residues 159–209/166–209) had no effect on complex incorporation and integrity. f, SDS–PAGE analysis showing the inability of C-terminally truncated CSN5 to incorporate into CSN. The co-expressed complexes bore a Strep(II)-tag on CSN6 and His6-tags on the other subunits. g, The CSN (CSN (CSN6ΔMPN)) complex pulled down by the Strep(II)-tagged C-terminal fragment of CSN6 (residues 192–327) was stoichiometric. Arrows indicate truncated subunits. Topological knot between CSN5 and CSN6: h, CSN5 and CSN6 are tightly interlinked. Cartoon representation of the topological knot made by CSN5 (cyan) and CSN6 (orange) immediately before entering the helical bundle. The CSN6 loop (residues 208–214) that crosses CSN5 was disordered in most crystals and is not included in the CSN model.


Extended Data Figure 7 CSN5 integration into a preassembled seven-subunit CSN complex.
a, A preassembled seven-subunit CSN complex lacking CSN5 with a Strep(II)-tag on CSN6 and His6-tags on the other subunits (CSN 7mer) was incubated with His6-tagged CSN5 for 30 min, followed by pull-down using Strep-Tactin beads. CSN5 enters the seven-subunit CSN, reconstituting the complex. b, CSN5 incorporation over time measured by the catalytic activity of the reconstituted complex. 2 nM seven-subunit CSN was mixed with the indicated concentrations of CSN5 and incubated for 24 h at 4 °C. Catalytic activity was assessed using a fluorescence polarization-based assay with a PT22-labelled N8CRL4ADDB2 substrate. CSN5 enters the preassembled seven-subunit complex in a concentration-dependent manner. CSN5 relies on the other seven holoenzyme subunits for efficient integration: c, We examined the effect individual subunits have on the integration of CSN5 into CSN by pull-down assay. Complexes contained a Strep(II)-tag on CSN6 and His6-tags on the other subunits. When CSN6 was omitted, the Strep(II)-tag was placed on CSN8. Full-length CSN subunits were pulled-down from the same lysate using Strep-Tactin beads (top), and Ni-NTA beads (bottom). d, In-gel quantification of CSN5 incorporation into CSN by Strep-Tactin pull-down normalized against CSN1 or, if absent, relative to CSN4 normalized against CSN1 in the control lane.


Extended Data Figure 8 CSN5 autoinhibition in the CSN holoenzyme and isolated CSN5.
a, Cartoon representation of the active site of isolated CSN5 (PDB accession 4F7O)22. b, A cullin Lys-NEDD8 isopeptide conjugate modelled in the isolated CSN5 active site (see Fig. 4d). c, Superposition of the CSN5 Ins-1 loop conformations in CSN (cyan) and isolated CSN5 (cream). d, Active site of the zinc metalloprotease, pro-astacin (PDB accession 3LQ0)70, showing the zinc coordinating and active site residues (green), and the autoinhibitory residue, Asp 21, from its pro-region in sticks (orange). e, Removal of the pro-region bearing Asp 21 produces catalytically active astacin (PDB accession 1AST71). f, Structure-based sequence alignment (PROMALS3D72) of the JAMM motif region in CSN5 and its 19S lid paralogue, RPN11.


Extended Data Figure 9 Crystal structure of isolated CSN4 (residues 1–363) and model of CRL binding-induced conformational remodelling in CSN.
a, Overall fold of isolated CSN4 shown as cartoon (mauve) with the chain termini and the WH subdomain (light grey) labelled. The second orientation highlights the hinge loop (residues 291–298) (red) and indicates the conformationally variable N-terminal region (mauve background). b, CSN4 conformers in the CSN holoenzyme (purple) and the structure of isolated CSN4 (mauve), which matches the SCF-bound conformation of CSN4 (Extended Data Fig. 9a). c, CSN5 is autoinhibited in the context of the holoenzyme by Glu 104 in the Ins-1 loop (red sphere), which coordinates to the catalytic Zn2+ ion (closed lock). Binding of the neddylated SCFSKP2/CKS1 cullin RING ligase pulls the CSN4 N-terminal domains towards CUL1/RBX1. The CSN5–CSN6 dimer undergoes conformational rearrangement resulting in CSN5 activation (open lock). CSN5 activation results in proteolytic removal of NEDD8 from SCFSKP2/CKS1.


Extended Data Table 1 CSN and CSN4 data collection and refinement statisticsFull size table
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