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            Abstract
Protein poly(ADP-ribosyl)ation (PARylation) has a role in diverse cellular processes such as DNA repair, transcription, Wnt signalling, and cell death1,2,3,4,5,6. Recent studies have shown that PARylation can serve as a signal for the polyubiquitination and degradation of several crucial regulatory proteins, including Axin and 3BP2 (refs 7, 8, 9). The RING-type E3 ubiquitin ligase RNF146 (also known as Iduna) is responsible for PARylation-dependent ubiquitination (PARdU)10,11,12. Here we provide a structural basis for RNF146-catalysed PARdU and how PARdU specificity is achieved. First, we show that iso-ADP-ribose (iso-ADPr), the smallest internal poly(ADP-ribose) (PAR) structural unit, binds between the WWE and RING domains of RNF146 and functions as an allosteric signal that switches the RING domain from a catalytically inactive state to an active one. In the absence of PAR, the RING domain is unable to bind and activate a ubiquitin-conjugating enzyme (E2) efficiently. Binding of PAR or iso-ADPr induces a major conformational change that creates a functional RING structure. Thus, RNF146 represents a new mechanistic class of RING E3 ligases, the activities of which are regulated by non-covalent ligand binding, and that may provide a template for designing inducible protein-degradation systems. Second, we find that RNF146 directly interacts with the PAR polymerase tankyrase (TNKS). Disruption of the RNF146â€“TNKS interaction inhibits turnover of the substrate Axin in cells. Thus, both substrate PARylation and PARdU are catalysed by enzymes within the same protein complex, and PARdU substrate specificity may be primarily determined by the substrateâ€“TNKS interaction. We propose that the maintenance of unliganded RNF146 in an inactive state may serve to maintain the stability of the RNF146â€“TNKS complex, which in turn regulates the homeostasis of PARdU activity in the cell.
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                    Figure 1: Binding of iso-ADPr or PAR activates RNF146 E3 ubiquitin ligase activity.[image: ]


Figure 2: Crystal structure of the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex.[image: ]


Figure 3: Mechanism of RNF146 PAR-mediated RING activation.[image: ]


Figure 4: RNF146 and TNKS form a tight complex crucial to PARdU in vivo.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Multiple sequence alignment of RNF146 orthologues.
The coloured bars above the sequence alignment indicate regions of interest in human RNF146: RING domain (blue), WWE domain (purple), and potential TNKS-binding motifs, numbered I to V (orange). Although there are no apparent RXXGDG TNKS-binding motifs, the five potential binding motifs indicated here are based on the TNKSâ€“substrate interface plasticity demonstrated by a recent crystal structure of the Axinâ€“TNKS complex26.


Extended Data Figure 2 Both PAR and iso-ADPr can activate RNF146 E3 ligase activity.
a, Coomassie-stained E2âˆ¼Ub/lysine reactivity of the RNF146(RING) domain with and without iso-ADPr. The RING domain does not enhance E2âˆ¼Ub conjugate reactivity in the absence or presence of ligand. b, Intrinsic lysine reactivity of the UbcH5câˆ¼Ub conjugate with and without iso-ADPr. iso-ADPr does not enhance the reactivity of the conjugate in the absence of RNF146. c, Oriole-stained E2âˆ¼Ub/lysine reactivity with increasing iso-ADPr (3 min after lysine addition). The rate of E2âˆ¼Ub/lysine reactivity is increased as a function of [iso-ADPr] up to 5 ÂµM ligand addition (1.2 equiv.), consistent with the affinity of RNF146 for iso-ADPr (see Extended Data Fig. 3). d, Auto-ubiquitination of full-length RNF146 in the absence or presence of iso-ADPr or PAR polymer. Image shows western blot for T7-tagged RNF146. Because full-length RNF146 and the RING-WWE fragment have similar abilities to enhance E2âˆ¼Ub reactivity (see Fig. 1), the additional auto-ubiquitination seen with PAR is probably due to increased local concentration of RNF146 near PAR polymers, allowing auto-ubiquitination in trans. e, E2/lysine reactivity of UbcH5a, UbcH5b, and UbcH5c ubiquitin conjugates with RNF146(RING-WWE) in the absence or presence of iso-ADPr (Coomassie-stained). All three isoforms function with ligand-activated RNF146. f, Technical triplicates of RNF146(RING-WWE) E2âˆ¼Ub/lysine reactivity assays (Oriole-stained; left) and a plot of relative densitometry values of the E2âˆ¼Ub conjugate (right). Error bars indicate the mean Â± s.d. from three separate experiments. All times are given in minutes. â€˜No E3â€™ samples do not contain RNF146.


Extended Data Figure 3 Both RNF146(RING) and RNF146(WWE) domains contribute to iso-ADPr binding.
a, Summary of iso-ADPr binding (Kd values) for RNF146(RING-WWE) obtained from the ITC titrations in the current work, and for the WWE-only fragment (previously published; indicated by asterisk)13. These data indicate that the RING domain contributes to iso-ADPr binding. b, Raw ITC titrations of RNF146(RING-WWE) fragments: (left to right) wild type, Lys61Ala, and Lys61Asp. c, Limited proteolysis of RNF146(RING-WWE) and of a construct of RNF146 including the linker between the RING and WWE domains, and the WWE domain (RNF146(linker-WWE); residues 83â€“183). Both seem to result in the same product when treated with subtilisin. The RING-WWE construct is more resistant to subtilisin in the presence of ligand.


Extended Data Figure 4 1Hâ€“15N HSQC-TROSY spectra of RNF146 reveal a conformational change in the RING domain after iso-ADPr binding.
a, RNF146(RING-WWE) spectra in the absence (black) and presence (red) of saturating iso-ADPr concentrations show a marked change in most amide chemical environments. b, Overlay of the RNF146(RING-WWE) spectrum (black) with the spectrum of the RNF146(RING)-only domain (green) in the absence of iso-ADPr. Nearly all RING-only peaks overlay with a peak in the RING-WWE fragment spectrum, confirming that the RING-only domain adopts the same conformation as the RING domain in the larger fragment. c, Overlay of the liganded RING-WWE spectrum (red) with the isolated RING domain (green) shows very few corresponding peaks between the two spectra, indicating environment changes of most RING domain peaks in the presence of iso-ADPr consistent with a conformational change. Notably, there are no changes in the spectrum of the RING-only construct when iso-ADPr is added under these conditions (data not shown). d, Close-up of c to illustrate that the RING domain samples a minor conformational state in liganded RNF146(RING-WWE). The minor peaks all correspond to RING peaks of unliganded RNF146 (black arrows). Therefore, the RING domain can still sample the non-activated conformation when saturated with ligand. Spectra were obtained with 200 Î¼M protein and 300 Î¼M iso-ADPr (saturating conditions).


Extended Data Figure 5 Comparison of ligand binding in the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex and in the WWE-only structure.
a, Left, superposition of the WWE domain of the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex (purple) and the previous iso-ADPr/WWE structure (cyan, PDB code 3V3L)13. Middle and right, WWE residues involved in binding iso-ADPr in the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex (purple) (middle), and in the previous iso-ADPr/WWE structure (cyan) (right). Waters are shown as non-bonded spheres; hydrogen bonds are shown as dashed lines. Side-chain contacts between ligand and protein are maintained in both structures. b, Stereoview of the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex ligand-binding site showing the 2Fo âˆ’ Fc map (grey mesh) contoured at 1.5Ïƒ. The ligand and waters are well defined within the binding site. Waters are shown as red non-bonded spheres, iso-ADPr is shown in cyan, and the RING and WWE domains are coloured as in Fig. 2a. c, Stereoview of the iso-ADPr-binding site indicating residues within 4.5 Ã… of the ligand. Protein and ligand are represented as sticks, waters as red non-bonding spheres, and hydrogen bonds as dashed yellow lines. The RING and WWE domains and ligand are coloured as in Fig. 2a.


Extended Data Figure 6 Rotation and crystal packing at the E2â€“E3 binding interface of the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex.
a, Superposition of the E2 in the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr (coloured as in Fig. 2a) with a representative RING E3â€“E2 structure, the Bmi1â€“Ring1bâ€“UbcH5c complex (grey) (PDB code 3RPG)18. The WWE domain is excluded for clarity. Boxes show close-up views of the RING domains revealing a rotation of the RING domain relative to the E2. Bottom right, RING domains rotated 90Â° to show the E2 binding surface of the E3s. The RING of the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr structure is rotated relative to Ring1bâ€“UbcH5c and other E3â€“E2 complexes15,16,17,18,19,20,23 (indicated by red arrow) when the E2s are aligned. b, Close-up view of the E2â€“E3 interface of the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex shows that RING residue Arg 74 (yellow) is too far (âˆ¼7.7 Ã…) from the E2 Gln 92 (magenta) carbonyl to make the hydrogen bond observed in activated E3â€“E2âˆ¼Ub structures17,21,22,24. The side chain of Arg 74 in the RING domain packs against Phe 128 (orange), a WWE domain residue of a symmetry-related molecule in this crystal form. It is likely that crystal packing interferes with the formation of the â€˜allostericâ€™ hydrogen bond. c, E2âˆ¼Ub/lysine reactivity with RNF146(RING-WWE)(Arg74Ala) shows a dependence of RNF146 activity on the allosteric arginine17,21,22,24 with or without ligand. Because RNF146 activation requires Arg 74, which does not make contacts with the E2 in our structure, and because RNF146 shows canonical E2 binding in solution (see Extended Data Fig. 7), we conclude that the orientation of RNF146 in the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex is probably an unproductive E2â€“E3 association. The observed rotation is probably a crystallographic artefact.


Extended Data Figure 7 RNF146â€“iso-ADPr binding allows the RING domain to bind and activate a ubiquitin conjugating enzyme (E2).
a, Left, superposition of the RING domain of unliganded RNF146 (PDB code 2D8T; grey, Trp 65 is shown as orange spheres) with the RNF146(RING-WWE)â€“UbcH5aâ€“iso-ADPr complex (coloured as in Fig. 2a), shows a clash of Trp 65 with UbcH5a at the E2â€“E3 binding interface. This clash is observed when the RNF146(RING) structure (2D8T) is aligned with all other E2â€“E3 structures15,16,17,18,19,20,23. b, Peak broadening (top; intensity relative to free E2) and CSPs (bottom) of 15N-UbcH5c(Ser22Arg/Cys85Ser) resonances (data are from the spectra shown in Fig. 3b). Histograms shown in blue compare the spectral properties of free E2 to E2 plus RNF146(RING-WWE); histograms shown in red compare free E2 to E2 plus RNF146(RING-WWE) and iso-ADPr. Dashed lines indicate one standard deviation from the mean value of the liganded (red) plots. Values below and above the dashed lines for the relative intensities and CSPs respectively are plotted on the E2 surface shown in c and Fig. 3b. c, Left, the RNF146(RING-WWE) binding surface inferred from data in b (light blue, on green E2), is compared with (right) the BRCA1â€“BARD1 binding surface on E2 (yellow, on green E2; residues 1â€“112 and residues 26â€“115, respectively) previously inferred by an analogous experiment25. When the NMR perturbations are mapped to the surface of UbcH5c, the revealed binding sites are very similar, and are consistent with previously reported binding surfaces for RING E3s on free ubiquitin conjugating enzymes15,16,17,18,19,20,23. d, Chemical shift perturbations and broadening of resonances from 15N-E2â€“Oâ€“Ub conjugate (UbcH5c(Ser22Arg/Cys85Ser)â€“Oâ€“Ub) after RNF146(RING-WWE)â€“iso-ADPr binding (determined by the same method as shown in b, but with only 0.125 mol. equiv. E3 added to minimize hydrolysis of the E2â€“Oâ€“Ub oxyester during NMR data collection). Left, perturbed residues are mapped onto UbcH5b (magenta on green E2) and ubiquitin (yellow on red ubiquitin). Centre and right, perturbed residues mapped onto the structure of E2â€“Oâ€“Ub as it appears in the E3/E2â€“Oâ€“Ub complex of BIRC7â€“UbcH5bâ€“Ub (PDB code 4AUQ; BIRC7 not shown for clarity)24 show that the surfaces highlighted in the left panel are buried in the â€˜closedâ€™ state. The data show that RNF146 activates the E2âˆ¼Ub conjugate by inducing the closed conformation17,21,22,24. Because only the most perturbed residues are mapped to the E2âˆ¼Ub surface, the E3 binding surface is not highlighted on the E2 in d.


Extended Data Figure 8 Stabilizing helix 1 of RNF146 activates the RING domain.
a, Complete images of gels shown in Fig. 3c (Oriole-stained) for Gly62Ala, Trp65Ala, Gly62Ala/Trp65Ala (GAWA), Lys61Ala, and Lys61Asp mutants of RNF146(RING-WWE) with or without iso-ADPr. Gly62Ala and GAWA mutants show reduced enhancement with iso-ADPr relative to wild type, probably owing to a clash of the Ala side chain with a turn in the WWE domain at position 62 (data not shown). b, Alignment of RNF146(RING) solution structure (PDB code 2D8T; white) and the crystal structure determined in this study (blue) shown in stereoview. Side chains are excluded for clarity; the backbone is represented by sticks. Comparison of the conformation of Gly 62 in the two structures suggests a need for a small side chain at position 62 to allow the structural transition from the inactive to active form of RNF146. c, Anti-HA western blot of the E2âˆ¼Ub/lysine reactivity assay of RNF146(RING-WWE) compared with RNF146(RING) and RNF146(RING)(Gly62Ala) showing enhanced reactivity for the Gly to Ala mutation. d, Left, 1Hâ€“15N HSQC-TROSY of 15N-UbcH5c(Ser22Arg/Cys85Ser) in the presence of 0.0 (black), 0.25 (red), 0.5 (green) and 1.0 (magenta) mol. equiv. of RNF146(RING)(Gly62Ala). Right, the same experiment performed with wild-type RNF146(RING). The most perturbed residues, indicated by letter and position (S100, etc.), show increased chemical shift perturbations for the RNF146(RING)(Gly62Ala) mutant.


Extended Data Figure 9 RNF146 directly interacts with TNKS.
a, Left, SEC profiles of untagged TNKS(5ARC) (blue), His6T7-RNF146 (red), and a 1:1 mixture of these proteins (green). Numbers above the peaks indicate the average mass obtained by multi-angle static light scattering (MALS) for each peak. His6T7-RNF146 and TNKS(5ARC) co-migrate as a single peak with an apparent mass of 128 kDa. Right, Coomassie-stained SDSâ€“PAGE analysis of the SEC peaks in left panel show the presence of both proteins within the peak of the TNKS(5ARC)â€“His6T7-RNF146 complex (bottom right). b, GST pull-down of partially purified full-length mouse tankyrase-1 (FL-mTNKS1) with GST-tagged RNF146(Arg163Ala) (PAR-binding deficient RNF146 mutant)11. Full-length mTNKS1 can be pulled down by GSTâ€“RNF146, but not GST. c, Co-immunoprecipitation of HAâ€“RNF146 variants with transiently transfected flag-tagged TNKS(Met1207Val) (catalytically inactive mutant). The Met1207Val mutation prevents auto-PARylation of TNKS and therefore PAR-mediated interactions between RNF146 and TNKS38. Under the experimental conditions, both the motif I mutant, Gly199Val, and the motifs I + IV mutant, Gly199Val/Gly337Val/Gly338Val, markedly reduce the RNF146â€“TNKS interaction. d, Coomassie-stained SDSâ€“PAGE of proteins used in the GST pull-down assay shown in Fig. 4a (inputs). Samples were used in a 1:2 ratio (3 Î¼M GSTâ€“RNF146 to 6.7 Î¼M TNKS(5ARC)) for these GST pull-down experiments.


Extended Data Table 1 Data collection, phasing and refinement statisticsFull size table
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