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            Abstract
Protein ubiquitination is a multifaceted post-translational modification that controls almost every process in eukaryotic cells. Recently, the Legionella effector SdeA was reported to mediate a unique phosphoribosyl-linked ubiquitination through successive modifications of the Arg42 of ubiquitin (Ub) by its mono-ADP-ribosyltransferase (mART) and phosphodiesteraseÂ (PDE) domains. However, the mechanisms of SdeA-mediated Ub modification and phosphoribosyl-linked ubiquitination remain unknown. Here we report the structures of SdeA in its ligand-free, Ub-bound and Ubâ€“NADH-bound states. The structures reveal that the mART and PDE domains of SdeA form a catalytic domain over its C-terminal region. Upon Ub binding, the canonical ADP-ribosyltransferase toxinÂ turn-turn (ARTT) and phosphate-nicotinamide (PN) loops in the mART domain of SdeA undergo marked conformational changes. The Ub Arg72 might act as a â€˜probeâ€™ that interacts with the mART domain first, and then movements may occur in the side chains of Arg72 and Arg42 during the ADP-ribosylation of Ub. Our study reveals the mechanism of SdeA-mediated Ub modification and provides a framework for further investigations into the phosphoribosyl-linked ubiquitination process.
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                    Fig. 1: Overall structure of SdeA(231â€“1190).[image: ]


Fig. 2: SdeA mART undergoes conformational changes upon Ub binding.[image: ]


Fig. 3: UbR72 and UbR74 mediate Ub recognition by SdeA mART.[image: ]


Fig. 4: Proposed conformational changes during the reaction and function of SdeA CTD.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Sequence alignment of SidE family members, spanning the regions corresponding to the SdeA fragment used in crystallization.
Residues with 100% homology, over 75% homology and over 50% homology are shaded in dark blue, pink and light blue, respectively. Secondary structural elements of SdeA are shown above the sequences. The residue ranges of the PDE, mART, pCTD and the Î±-helical lobe of the mART domain are marked with brackets or lines.


Extended Data Fig. 2 SdeA(231â€“1190) is an active monomer in solution.
a, SdeA, wild-type SdeA(231â€“1190), SdeA(231â€“1190)E860A/E862A or SdeA(231â€“1190)H277A were incubated with NAD+ and Ub in the presence or absence of Hisâ€“RAB33B. Ubiquitinated Hisâ€“RAB33B were analysed using tricine gels, Coomassie staining and immunoblotting with anti-His and anti-Ub antibodies. b, SdeA(231â€“1190) and RAB33B(15â€“202) were incubated with GSTâ€“Ub and NAD+, and self-ubiquitinated SdeA was detected by Coomassie staining, immunoblotting with anti-Ub antibodies, and Pro-Q diamond phosphoprotein staining. c, SdeA(231â€“1190), NAD+ and RAB33B were incubated with 0, 1, 2 or 5 mM NADH. The ubiquitination reactions were analysed using tricine gel and Coomassie staining. d, Analytical ultracentrifugation results showed that SdeA(231â€“1190) is a monomer. Analytical ultracentrifugation analysis yielded a sedimentation coefficient of 5.13 S, and a molecular mass of approximately 106 kDa. The buffer is 10 mM Tris pH 8.0, 200 mM NaCl and 5 mM DTT. e, Gel filtration profile of the SdeA(231â€“1190) protein and the molecular markers on Superdex-75 column (GE Healthcare) are shown. The sizes of the molecular markers are marked on top of the peaks. The samples of SdeA(231â€“1190) collected from the Superdex-75 column were run on SDSâ€“PAGE gels and detected by Coomassie staining. aâ€“e, Similar results were obtained in three independent experiments. aâ€“c, e, Uncropped blots and gel images are shown in Supplementary Fig.Â 1. f, Two views of the superimposition of the structures of the two molecules in the asymmetric unit, coloured in different colours. g, Structure of the CTD region in the crystallized protein can be divided into two parts (left and right). The Î± helices are numbered according to their orders in the residue region from 908 to 1190. h, Topological diagram of the CTD region shown in g. The N and C termini of the pCTD domain are labelled.


Extended Data Fig. 3 Interactions between SdeA mART and SdeA PDE are essential for the activity of SdeA mART.
a, Overview of the interactions between SdeA mART and SdeA PDE. SdeA is coloured as in Fig.Â 1b. The major interaction region between the two domains is outlined. b, An expanded view of the region outlined in a. Interaction residues are shown in stick representation and the red dashed lines represent polar interactions. The plug loop in SdeA mART is indicated. c, The interaction between SdeA mART and SdeA PDE. SdeA mART and SdeA PDE are shown in cartoon and surface electrostatic models, respectively. d, A view of the interaction from c rotated by 180 degrees. In this view, SdeA mART and SdeA PDE are shown as surface electrostatic and cartoon models, respectively. e, Testing the ability of SdeA PDE to process ADPR-Ub into PR-Ub. SdeA(231â€“588), wild-type âˆ†NC SdeA or the H277A mutant were incubated with ADPR-Ub and RAB33B for 30 min. The samples were stained with Coomassie and Pro-Q diamond phosphoprotein stain. f, Testing the importance of domain interaction for the activity of SdeA mART. Various SdeA segments, and mixtures of SdeA(231â€“588) and SdeA(597â€“935) or SdeA(193â€“935)H277A, were incubated with RAB33B, NAD+ and Ub for 30 min. The samples were analysed using Coomassie staining, immunoblotting with anti-Ub antibodies and Pro-Q diamond phosphoprotein staining. e, f, Similar results were obtained in three independent experiments. Uncropped blots and gel images are shown in Supplementary Fig.Â 1.


Extended Data Fig. 4 SdeA mART exhibits novel conformations of ARTT and PN loops.
a, Superimposition of SdeA mART (green) and HopU1 (pink) from Pseudomonas syringae (PDB: 3U0J). The ARTT loop is indicated. The r.m.s.d. value is indicated beside the PDB code (panels b and c are arranged in the same way). b, Superimposition of SdeA mART (green) and ADP-ribosyltransferase Vis (blue) (PDB: 4XZK). c, Superimposition of SdeA mART (green) and XopAI from Xanthomonas axonopodis pv. citri (cyan) (PDB: 4ELN). d, Superimposition of SdeA mART structure (green) and the three other structures from aâ€“c. e, f, Mass spectra of the samples in Fig.Â 2f. The sample name and their molecular masses are indicated in the figures. g, h, Different fragments and different combinations of SdeA proteins were incubated with Ub, RAB33B and NAD+ at 37â€‰Â°C for the indicated amounts of time. The samples were analysed using Coomassie staining and Pro-Q diamond phosphoprotein staining. i, Testing the ubiquitination ability of the catalytic core. 0.09 or 0.9 Î¼M âˆ†NC SdeA or SdeA(193â€“935) was incubated with or without Ub and NAD+ for the indicated amounts of time. The samples were analysed using Coomassie staining, immunoblotting with anti-Ub antibodies and Pro-Q diamond phosphoprotein staining. eâ€“i, Similar results were obtained in three independent experiments. gâ€“i, Uncropped blots and gel images are shown in Supplementary Fig.Â 1.


Extended Data Fig. 5 SdeA(231â€“1190) binds three Ub molecules.
a, Overall structure of the SdeA(231â€“1190)â€“Ub complex. SdeA is coloured as in Fig.Â 1b. The three Ub molecules are coloured in magenta and labelled as Ub1â€“3 according to the order of their binding region in SdeA(231â€“1190). Q935 and S998, which are two common C termini of the clones used in this study, are shown as spheres. b, Ub binding causes prominent structural changes of SdeA. The SdeAâ€“Ub complex structure is shown as in a, and the apo-SdeA structure is coloured in pink. The N-terminal region of SdeA pCTD which undergoes pronounced conformational changes is outlined with a circle. c, d, Expanded views of the two Ub binding sites in SdeA pCTD. The proteins are coloured as in a. Red dashed lines indicate polar interactions. eâ€“h, Structural alignments of the Ub molecule (magenta) in the SdeA mARTâ€“Ub complex with the proximal (yellow) and distal (orange) Ubs of the K11- (e), K48- (f), K63- (g) and M1-linked (h) diubiquitins. The two R42 residues in each of the four diUbs are shown in stick representation.


Extended Data Fig. 6 Specific recognition of Ub by SdeA mART.
a, The interaction between SdeA mART and Ub. SdeA mART is shown as a surface electrostatic potential model and Ub is in magenta cartoon representation. The R42, R72 and R74 residues of Ub are shown in stick representation. b, UbR72 and UbR74 are bound in the negatively charged groove of SdeA mART. The front part of SdeA mART is cut away to reveal the inner surface. c, Superimposition of SUMO1 (PDB: 1WM3), NEDD8 (PDB: 1NDD) and Ub in the SdeA mART-Ub complex. The conserved Arg residues in Ub, SUMO1 and NEDD8 are shown in stick representation, out of which UbR42, UbR72, and UbR74 are marked. The polar interactions with UbR72 and UbR74 are shown as red dashed lines. d, The purified SUMO and NEDD8 proteins were incubated with SdeA(193â€“935)H277A and NAD+ under the conditions stated in the â€˜Top-down LCâ€“MS analysis of modified Ub and Ub-like proteinsâ€™ section of the Methods. Mass spectra of the samples are also shown. The sample names and their molecular masses are indicated in the figures. Similar results were obtained in three independent experiments.


Extended Data Fig. 7 Molecular dynamics simulations indicate the movements of the side chains of UbR42 and UbR72.
aâ€“d, Wild-type âˆ†NC SdeA and indicated mutants were incubated with Ub, RAB33B and NAD+ at 37â€‰Â°C for the indicated amounts of time. The samples were analysed using Coomassie staining and Pro-Q diamond phosphoprotein staining. Similar results were obtained in three independent experiments. Uncropped blots and gel images are shown in Supplementary Fig.Â 1. e, The structure of the SdeA mARTâ€“Ubâ€“NADH complex. SdeA mART is shown as an electrostatic surface potential model. White, blue and red indicate neutral, positive and negative surfaces, respectively. Shown in green mesh is the 2Foâˆ’Fc electron density map contoured at 1Ïƒ around the NADH molecule. f, Galactose-inducible pYES2 plasmids containing wild-type âˆ†NC SdeA or the mutants were transformed into yeast W303 strain. Five microlitres of cells in three tenfold serial dilutions were spotted on both glucose- and galactose-containing plates lacking uracil for two days before image acquisition. g, Purified ADPR-Ub proteins were treated with or without wild-type âˆ†NC SdeA. The samples were analysed using Coomassie staining and Pro-Q diamond phosphoprotein staining. h, Purified ADPR-Ub protein was subjected to top-down LCâ€“MS analysis. The results indicated 100% ADPR-Ub. i, Wild-type âˆ†NC SdeA or other mutants were incubated with RAB33B and the prepared ADPR-Ub verified in g and h. The samples were analysed using SDSâ€“PAGE, with Coomassie staining and Pro-Q diamond phosphoprotein staining. fâ€“i, Similar results were obtained in three independent experiments. g, i, Uncropped blots and gel images are shown in Supplementary Fig.Â 1. j, k, The time series for the r.m.s.d. of the non-hydrogen atoms of the proteinâ€“ligand complex (j) and the ligand (k) in the SdeA mARTâ€“Ubâ€“intermediate and SdeA mARTâ€“Ubâ€“NAD+ systems during molecular dynamics simulations. These two plots indicate that both systems have reached equilibrium during the 200-ns simulations. l, m, The time series for the shortest distance between the NH1/2 atom of UbR72 and C1D of the ligand (l) and the distance between the NH1/2 atom of UbR42 and C1D of the ligand (m) in the two systems during molecular dynamics simulations.


Extended Data Fig. 8 The overall shape of SdeA and the function of SdeA CTD.
a, Superimposition of various Ub structures (PDB codes: 5M93 (orange), 1UBQ (pink), 5CRA (chain C, cyan), 3ZLZ (chain B, yellow) and 4BOZ (chain B, grey)) onto the SdeA mARTâ€“Ubâ€“NADH structure with R42 residues of all the Ub molecules shown in stick representation. SdeA mART and Ub from the SdeA mARTâ€“Ubâ€“NADH complex are shown in green and magenta, respectively. b, In vitro GST pull-down assays to detect the interactions of SdeA with IcmS or its complexes. GST-fused SdeA protein was incubated with IcmS, the IcmSâ€“IcmW complex, the IcmSâ€“IcmWâ€“DotLc (residues 656â€“783 of DotL) ternary complex or the IcmSâ€“IcmWâ€“DotLcâ€“LvgA quaternary complex. The protein samples bound to glutathione resins were washed three times and analysed by SDSâ€“PAGE and Coomassie blue staining. IcmS/W represents IcmS + IcmW. The band marked with an asterisk represents the degraded GST tag. Similar results were obtained in three independent experiments. Uncropped blots and gel images are shown in Supplementary Fig.Â 1. c, Experimental PDDFs (pair distance distribution function) for SdeA(231â€“1190), SdeA(1â€“1499), SdeA(1â€“1190) and SdeA(1092â€“1496). d, Overlay of the experimental scattering profiles (exp) from the four samples in the SAXS analysis with the back-calculated scattering profile of the crystal structure of SdeA(231â€“1190) (cal). e, Fitting the crystal structure of SdeA(231â€“1190) into the SAXS envelope of SdeA(231â€“1190). Two perpendicular views are shown. f, Superimposition of the SAXS envelopes of SdeA(231â€“1190) (coloured as in e) and SdeA(1â€“1190) (light magenta) with the crystal structure of SdeA(231â€“1190) fitted. g, SAXS envelopes of SdeA(1092â€“1496). h, Superimposition of the SAXS envelopes of SdeA(1â€“1190) (light magenta), SdeA(1092â€“1496) (cyan) and SdeA(1â€“1499) (wheat) with the crystal structure of SdeA(231â€“1190) fitted.


Extended Data Table 1 Data collection and refinement statisticsFull size table


Extended Data Table 2 Data collection and structural parameters derived from SAXS experimentsFull size table
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