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            Abstract
NLRP3 is an intracellular sensor protein that when activated by a broad spectrum of exogenous and endogenous stimuli leads to inflammasome formation and pyroptosis1,2. The conformational states of NLRP3 and the way antagonistic small molecules act at the molecular level remain poorly understood2,3. Here we report the cryo-electron microscopy structures of full-length human NLRP3 in its native form and complexed with the inhibitor CRID3 (also named MCC950)4. Inactive, ADP-bound NLRP3 is a decamer composed of homodimers of intertwined leucine-rich repeat (LRR) domains that assemble back-to-back as pentamers. The NACHT domain is located at the apical axis of this spherical structure. One pyrin domain dimer is in addition formed inside the LRR cage. Molecular contacts between the concave sites of two opposing LRR domains are mediated by an acidic loop that extends from an LRR transition segment. Binding of CRID3 considerably stabilizes the NACHT and LRR domains relative to each other. CRID3 binds into a cleft, connecting four subdomains of the NACHT with the transition LRR. Its central sulfonylurea group interacts with the Walker A motif of the NLRP3 nucleotide-binding domain and is sandwiched between two arginine residues, which explains the specificity of NLRP3 for this chemical entity. With the determination of the binding site of this key therapeutic agent, specific targeting of NLRP3 for the treatment of autoinflammatory and autoimmune diseases and rational drug optimization is within reach.
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                    Fig. 1: Structure of the NLRP3 decamer.[image: ]


Fig. 2: The acidic loop interacts with the concave side of the LRR domain.[image: ]


Fig. 3: Interfaces in the NLRP3 decamer assembly.[image: ]


Fig. 4: CRID3 binds into a crevice in NLRP3 interacting with five subdomains.[image: ]
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                Data availability

              
              The cryo-EM density reconstructions and models have been deposited in the Electron Microscopy Data Bank (EMDB) (accession codes EMD-13687 for the NLRP3 apo decamer and EMD-13684, EMD-13685, EMD-13686, EMD-13692, EMD-13693 and EMD-13699 for the NLRP3â€“ADPâ€“CRID3 decamer), and in the PDB under accession code 7PZC. All data are available in the Article or itsÂ Supplementary Information files.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Preparation of full length, wild-type human NLRP3 for electron microscopy analyses.
a, Analytical SEC of recombinant, human MBPâ€“NLRP3 (3â€“1036) reveals two elution peaks, one close to the void volume (peak 1) and one at a size larger than 1â€‰MDa (peak 2). The peak ratio is shifted from peak 1 under standard buffer conditions (50â€‰mM HEPES pH 7.5, 150â€‰mM NaCl, 10â€‰mM MgCl2, 1â€‰mM ADP, 0.5â€‰mM TCEP) towards peak 2 by addition of CRID3 (10â€‰ÂµM CRID3). Analytical SEC runs were performed on a Superose 6 Increase 10/300â€‰GL column with 700â€‰Âµl applied at a concentration of 3â€‰mg/ml (repeated >3 times). b, Coomassie-stained SDS PAGE analysis of purified MBP-NLRP3 (repeated >3 times). c, SECâ€“MALS experiment of MBP-NLRP3 Peak 2 plus ADP on a Superose 6 Increase 10/300â€‰GL column. The calculated mass of an MBP-NLRP3 monomer is 158â€‰kDa. d, SECâ€“MALS experiment of MBP-NLRP3 Peak 2 plus ADP plus CRID3 on a Superose 6 Increase 10/300â€‰GL column. The average apparent mass of Peak 2 from both experiments equals 10-times the calculated mass of the protein. e, Analytical SEC of recombinant, human NLRP3 (3â€“1036) after TEV digestion using a Superose 6 Increase 3.2/300 column. f, Negative-stain micrograph of TEV-digested, gel filtered NLRP3 plus CRID3 plus BS3 Peak 2 elution fraction that was used for subsequent cryo-EM grid preparation (right, one among a few hundred images). An SDS-PAGE analysis of the protein w/o BS3 is shown left. The scale-bar equals 200â€‰nm. g, Exposure of NLRP3 peak 2 to ATP does not convert the decamer assembly into another state. MBP-NLRP3 expressed in Sf9 cells and purified by affinity chromatography in the absence of any nucleotide elutes in two peaks (top). Incubation of MBP-NLRP3 peak 2 (from top) with 1â€‰mM ATPâ€¢Mg2+ for 2â€‰h at 4â€‰Â°C does not lead to a change in the elution profile, indicating the autoinhibition of the decamer assembly (bottom). h, THP-1 cells contain an oligomeric endogenous NLRP3 species. Immunoblotting of BN-PAGE of THP-1 cell lysate supernatant and pellet fractions from PMA-differentiated, untreated and LPS-treated wild-type cells pre-incubated with or without CRID3 (repeated 2 times). The supernatant of LPS-treated and BS3 cross-linked cell lysates contains an oligomeric NLRP3 fraction in the presence or absence of CRID3 (left). In the pellet fractions of LPS-treated cell lysates only an oligomeric NLRP3 species was detected at a molecular mass around 1.15â€‰MDa, in line with the formation of a decamer (middle). Anti-NLRP3 Cryo-2 and anti-Î² actin antibodies were used for the WB analysis. BN-PAGE analysis of recombinant human (MBP-)NLRP3 protein expressed in Sf9 cells and purified by affinity chromatography and SEC (right). Source data are provided as a source data file.
Source data


Extended Data Fig. 2 Biochemical characterization of NLRP3 peak 1 and peak 2.
a, Analytical SEC of NLRP3 (3â€“1036) mutants S198E and S198A. The phospho-mimetic S198E mutant shows a decreased content of peak 2. b, Using a multi-cycle turnover reverse-phase HPLC assay with 3â€‰ÂµM protein and 100â€‰ÂµM ATP concentration at 25â€‰Â°C, NLRP3 peak 1 shows an ~10-times higher ATP turnover number than peak 2. c, Negative stain electron micrographs of TEV-cleaved human NLRP3 peak 1 or peak 2, co-incubated with ASC-mCherry in a 1:10 molar ratio or ASC-mCherry incubated alone for 3â€‰min at 25â€‰Â°C. All samples show a comparable prevalence of ASC filament formation events. Images are representative of two independent experiments. The scale bars are 500â€‰nm. d, Pull-down experiments of Sf9 cell expressed GST-NEK7 (bait) with MBP-NLRP3 peak 2 (prey) after incubation for 2â€‰h at 4â€‰Â°C. Experiments were repeated 2 times. e, Sf9 cell expressed GST-NEK7 and MBP-NLRP3 (peak 2) were separately purified and co-incubated (2x molar excess of GST-NEK7) at 4â€‰Â°C for 4â€‰h and subjected to gel filtration on a Superose 6 increase 10/300â€‰GL column (repeated 3 times). Both recombinant proteins elute separately from each other. f, Elution profile (S6 increase 10/300â€‰GL column) and SDS-PAGE analysis of Sf9 cell co-expressed MBP-NLRP3 and GST-NEK7 (repeated 2 times). An elution peak containing both proteins indicates the formation of a NLRP3â€“NEK7 heterodimer complex. Source data are provided as a source data file.
Source data


Extended Data Fig. 3 Cryo-EM data processing of apo-NLRP3 and the NLRP3â€“CRID3 complex.
a, Representative cryo-EM micrograph of the human NLRP3 oligomer in the apo state eluting as Peak 2 (replicated more than 35,000 times). Scale bar, 50â€‰nm. b, Representative 2D class averages. c, Processing tree describing particle classification of the NLRP3 cryo-EM data in RELION3.135. d, Top, tilted, and side views of the cryo-EM density of the NLRP3 protein w/o CRID3 at ~10â€‰Ã… resolution. The 3.9â€‰Ã… structure of the NLRP3â€“CRID3 complex is fitted into the density map showing that the apo and the inhibitor-bound NLRP3 decamer structures do not exhibit large conformational rearrangements. e, Representative 2D class averages of the NLRP3â€“CRID3 complex. f, Processing tree of cryo-EM data in cryo-SPARC leading to 3 ab initio models. g, The second model, which was based on 409,755 particles, was further refined with D5 symmetry resulting in a 3.8â€‰Ã… resolution map. h, Model 2 was further processed into two 3D classes, one of which contained 237,390 particles. Non-uniform (NU) refinement of the latter class in C1 symmetry led to a 4.8â€‰Ã… resolution map. The centre region of the NLRP3 cage showed extra density that was fitted with a PYD dimer as described in the main text.


Extended Data Fig. 4 Cryo-EM data processing of the NLRP3â€“CRID3 complex.
a, Representative cryo-EM micrograph of the human NLRP3 decamer in complex with CRID3 (replicated more than 20,000 times). Scale bar, 50â€‰nm. b, c, Representative 2D class averages. d, e, Processing tree of cryo-EM data in RELION3.135 as described in the Methods section and gold standard FSC plots of masked final maps (grey) as calculated from phenix-mtriage40. fâ€“h, Orientation distribution of particles and heat maps of local resolution estimations.


Extended Data Fig. 5 Quality of cryo-EM densities.
Sections of focused-refined NLRP3â€“CRID3 cryo-EM density overlaid with their respective atomic models. Densities are shown as a blue mesh, and sticks are shown for the structure model coloured as in Fig. 2a. The labels â€˜*â€™ and â€˜â€ â€™ refer to the â€˜multibody refine monomerâ€™ and â€˜best decamerâ€™ density, respectively.


Extended Data Fig. 6 Conformational transitions in NLRP3.
a, Overlay of NLRP3 (7PZC) from the decamer structure with the NLRP3â€“NEK7 complex structure (6NPY)15. The proteins were aligned to the NBD-HD1 subdomains. Only the last three repeats of the LRRs are coloured for clarity. The C-terminal lobe of NEK7 (blue) adopts the space in the concave site of the LRR that is occupied in the NLRP3 decamer structure by the acidic loop (red). b, Overlay of NLRP3 from the decamer assembly with NLR family proteins NOD2 (5IRN)18, monomeric NLRC4 (4KXF)19, and the disc-like NLRC4 (3JBL)48 structure. c, Amino acid register shift in HD2 and trLRR between the NLRP3 decamer and the NLRP3â€“NEK7 structure. Overlay of residues 435â€“828 between our structure (7PZC, dark grey/coloured) and the NLRP3â€“NEK7 structure (6NPY, light grey)15 showing WHD, HD1, trLRR and 3 repeats of the cnLRR. There is a shift in the amino acid register starting from position E538 that varies between -12 residues in the first helix of HD2 and +44 residues in the first Î²-strand of trLRR. The register synchronizes again at L737 at the beginning of the cnLRR domain. Segments are coloured according to the amino acid register shifts.


Extended Data Fig. 7 Arrangements of the trLRR and the cnLRR.
a, Sequence alignment of individual repeats of the LRR domain. The trLRR starts at position F650 with the FXXIXI motif and a 26-aa repeat. An LRR-mismatching region of 42 residues interrupts the conventional fold from residue F683 on, forming a flexible, acidic loop. A highly charged stretch of 14 residues (689â€“702, theoretical pI 4.4) with acidic residues at the tip binds into the concave side of the LRR. The cnLRR starts at position L743 and contains 10 repeats of a proto-typic 28/29 residue alteration49. Charged residues in the concave surface of the LRR are coloured blue and red. Leucine residues or homologous hydrophobic residues at LRR-defining positions are indicated bold, and cysteines are boxed yellow. Mismatching residues that preclude a cnLRR fold are boxed cyan. Secondary structure elements of a cnLRR fold are indicated at the top. b, Electrostatics of the LRRâ€“acidic loopâ€“LRRâ€™ interaction. On the left side is the acidic loop interaction in the LRR without the loop (650â€“1036, Î”683â€“727) shown. On the right is the interaction of the C-terminal repeat (998â€™-1036â€™) of the cognate LRR binding into the concave LRR side shown.


Extended Data Fig. 8 Mapping of pathogenic disease mutations in human NLRP3.
a, Structural mapping of all missense mutations listed in the Infevers database23. Missense mutations are highlighted as spheres in light blue; validated, pathogenic mutations are marked in red. Although disease mutations are found in the entire protein, a particular accumulation is seen in the NBD of the NACHT domain. b, Overview of the 20 validated CAPS-associated pathogenic mutations from the Infevers database23 with their predicted effect based on the NLRP3 structure. CAPS, Cryopyrin associated periodic syndrome; CINCA, chronic infantile neurological cutaneous articular; FCAS1, familial cold auto-inflammatory syndrome 1; NOMID, neonatal-onset multisystem inflammatory disorder; MWS, Muckle-Wells syndrome. c, Nineteen of twenty pathogenic NLRP3 mutations locate to an interface in the NACHT domain that shears upon activation. The proposed change to an â€˜openâ€™ conformation would lead to a disruption of the NBD to WHD/HD2 interface by a ~90Â° rotation in the linker region between HD1 and WHD. The rotation can be seen by the last helix of HD1 (coloured bordeaux) relative to the first helix of WD1 (coloured olive). The pathogenic mutations may disrupt the integrity of the interface between NBD and WHD/HD2, preventing NLRP3 from entering the resting state of the autoinhibited conformation. The CINCA mutation Y861C is the only residue outside the NACHT domain with a validated pathogenic phenotype. As Y861 interacts with the acidic loop, its mutation could affect the dimer formation mediated by interface A.


Extended Data Fig. 9 Multiple sequence alignment of NLRP3 proteins.
Secondary structure elements are indicated for human NLRP3 as determined here. Subdomain boundaries are labelled and conserved sequence motifs are written italic. Residues in the decamer assembly interfaces A, B and C are labelled with asterisks. Smaller asterisks correspond to 10â€“50, larger toâ€‰>â€‰50â€‰Ã…2 buried surface area, respectively. Pathogenic disease mutations FCAS1 (familial cold auto-inflammatory syndrome 1), CINCA (chronic infantile neurological cutaneous articular), MWS (Muckle-Wells syndrome) and CAPS (Cryopyrin associated periodic syndrome) are marked with circles as indicated. Sequences of human (UniProt accession number Q96P20), macaque (B0FPE9), mouse (Q8R4B8), rat (D4A523), and bovine (A6QLE5) NLRP3 proteins were aligned with MultAlin and the secondary structure annotated with ESPript50.


Extended Data Fig. 10 The CRID3-binding site in NLRP3.
a, CRID3 binds into a deep crevice that is spanned by subdomains NBD, HD1, WHD, HD2 and trLRR. Only the tertiary alcohol group reaches out of this binding cleft. b, Close-up of CRID binding to subdomains NBD, HD1 and WHD (left) and HD1, WHD, HD2 and trLRR (right). To visualize the binding sites, the other subdomains in each case were omitted. c, Density map around CRID3 displayed at 4 (black), 7 (red) and 10 (magenta) RMSD threshold. d, SPR measurements of NLRP3 mutants A228Q, R351T and R578A showed no binding to CRID3. e, Mutational analysis of the CRID3-binding interface in NLRP3 shows that all three mutants could not be activated by nigericin in cell-based assays. This suggests that the integrity of the binding site in between the NBD/HD1 and WHD/HD2 subdomains is critical for the activation mechanism of NLRP3. An ASC speck activation assay was used with HEK293T cells stably expressing an ASC-BFP fusion and transfected with a doxycycline-inducible NLRP3-T2A-mCherry construct containing either wild-type (wt) or CRID3-binding interface mutants. Data are mean Â± SEM of nâ€‰=â€‰3 independent experiments (ns pâ€‰>â€‰0.05, * pâ€‰<â€‰0.05, **** pâ€‰<â€‰0.0001) (two-way ANOVA with Tukeyâ€™s multiple comparisons test).
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