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            Abstract
Inflammatory caspases cleave the gasdermin D (GSDMD) protein to trigger pyroptosis, a lytic form of cell death that is crucial for immune defences and diseases. GSDMD contains a functionally important gasdermin-N domain that is shared in the gasdermin family. The functional mechanism of action of gasdermin proteins is unknown. Here we show that the gasdermin-N domains of the gasdermin proteins GSDMD, GSDMA3 and GSDMA can bind membrane lipids, phosphoinositides and cardiolipin, and exhibit membrane-disrupting cytotoxicity in mammalian cells and artificially transformed bacteria. Gasdermin-N moved to the plasma membrane during pyroptosis. Purified gasdermin-N efficiently lysed phosphoinositide/cardiolipin-containing liposomes and formed pores on membranes made of artificial or natural phospholipid mixtures. Most gasdermin pores had an inner diameter of 10â€“14â€‰nm and contained 16 symmetric protomers. The crystal structure of GSDMA3 showed an autoinhibited two-domain architecture that is conserved in the gasdermin family. Structure-guided mutagenesis demonstrated that the liposome-leakage and pore-forming activities of the gasdermin-N domain are required for pyroptosis. These findings reveal the mechanism for pyroptosis and provide insights into the roles of the gasdermin family in necrosis, immunity and diseases.
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                    Figure 1: Lipid binding, biomembrane association and disruption by the gasdermin-N domain.[image: ]


Figure 2: Liposome-leakage-inducing activity of the gasdermin-N domain.[image: ]


Figure 3: Membrane pore-forming activity of the gasdermin-N domain.[image: ]


Figure 4: Crystal structure of GSDMA3 and structural autoinhibition of the gasdermin family.[image: ]


Figure 5: Residues in the autoinhibited region in gasdermin-N are important for pyroptosis, membrane disruption and pore formation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Multiple gasdermin-N domains can induce mammalian cell pyroptosis and also exhibit cytotoxicity in bacteria.
a, b, Full-length (FL) or N-terminal domain regions of different gasdermin-family members were transfected into 293T cells for 20â€‰h. Human GSDMD and mouse GSDMA3 had an N-terminal 3â€‰Ã—â€‰Flag tag and human GSDMA, GSDMB, GSDMC and DFNA5 had a C-terminal Flag tag. ATP-based cell viability is expressed as meanâ€‰Â±â€‰s.d. from three technical replicates (a). Representative views of cell death morphology are shown in b. c, d, Cytotoxicity of the gasdermin-N domain in bacteria. Indicated gasdermins were cloned into an IPTG-inducible vector for transformation into E. coli. c, Representative agar plates showing transformed E. coli colonies for GSDMD. d, Bacterial colony-forming units (CFU) per transformation for GSDMD and other gasdermins are shown in the logarithmic form (log10) as meanâ€‰Â±â€‰s.d. from three technical replicates. All data shown are representative of three independent experiments.


Extended Data Figure 2 Membrane phospholipid binding of the gasdermin-N domain.
aâ€“d, f, Liposomes with indicated lipid compositions (aâ€“d) or prepared using bovine liver or brain-derived polar lipid extracts (f) were incubated with purified gasdermin proteins. After ultracentrifugation, the liposome-free supernatant (S) and liposome pellet (P) were analysed by SDSâ€“PAGE and Coomassie blue staining. e, Noncovalent complex of cleaved GSDMD and GSDMA3 with a Flag tag attached to the end of the gasdermin-N domain or the corresponding uncleaved full-length proteins were incubated with the lipid strips, and the strips were then probed with the anti-Flag antibody. Right, protein loading control. All data shown are representative of three independent experiments.


Extended Data Figure 3 Biomembrane association and lysis by the gasdermin-N domain.
a, b, Subcellular fractionation of the gasdermin-N domains of GSDMD and GSDMA during pyroptosis. Gsdmdâˆ’/âˆ’ iBMDMs expressing 2â€‰Ã—â€‰Flag and haemagglutinin (HA)-tagged GSDMD were untreated or stimulated with LPS electroporation (a). 293T cells expressing PPase-cleavable Flagâ€“GSDMA were untreated or electroporated with purified PPase (b). Homogenized cell extracts were sequentially centrifuged at 700g, 20,000g and 100,000g to separate membrane fractions (P7, P20 and P100) from the S100 soluble fraction. The factions were immunoblotted as indicated. c, Microscopy of GSDMA3-N domain localization in cells undergoing pyroptosis. The gasdermin-N domain of GSDMA3 (GSDMA3-N(L184D)) fused N-terminally to eGFP was stably expressed in HeLa cells under a tetracycline-inducible promoter. Shown are representative time-lapse cell images (brightfield and fluorescence) taken from 4â€“5â€‰h after doxycycline addition. Scale bar, 15â€‰Î¼m. For videos of two representative cells, see Supplementary Videos 3 and 4. d, e, Effects of extracellular or intracellular delivery of purified gasdermin proteins on 293T cell viability. Equal amounts of indicated gasdermin proteins or PFO were added directly into cell culture medium (d) or electroporated into the cytosol (e). ATP-based cell viability is expressed as meanâ€‰Â±â€‰s.d. from three technical replicates. f, g, Bacterial protoplast lysis by purified gasdermin proteins. Protoplasts of B. megaterium were treated with indicated gasdermin proteins or PFO. Membrane lysis was assessed by measuring the OD600 of the protoplasts. Triton-X 100 treatment was used to achieve 100% lysis of the protoplasts. Time-course measurement of GSDMD treatment is shown in f. Relative protoplast lysis by GSDMD and other gasdermins is expressed as meanâ€‰Â±â€‰s.d. from three technical replicates (g). All data shown are representative of three independent experiments.


Extended Data Figure 4 Liposome-leakage-inducing activity of the gasdermin-N domain.
aâ€“c, Liposomes with indicated lipid compositions were treated with purified gasdermin proteins or PFO as indicated. Liposome leakage was monitored by measuring DPA chelating-induced fluorescence of released Tb3+. Time course of relative Tb3+ release is shown. A dose titration of GSDMA proteins is shown in b. CTL, control. All data shown are representative of three independent experiments.


Extended Data Figure 5 Membrane binding-induced oligomerization of and pore formation by the gasdermin-N domain.
a, Gel filtration chromatography of full-length GSDMD, GSDMA and GSDMA3. Indicated gasdermin proteins were loaded on the Superdex G75 column. Arrows indicate elution volume of the molecular mass markers. b, Oligomerization of gasdermin-N domain on the liposome membrane. Indicated gasdermin proteins or PFO were incubated with cardiolipin or cholesterol liposomes, respectively. Intact proteins or proteins associated with the liposomes were mock treated or treated with glutaraldehyde and analysed by SDS-agarose gel electrophoresis and Coomassie blue staining. The gasdermin-C domain migrating at the bottom of the gel was omitted for clarity. c, Oligomerization of the gasdermin-N domain during pyroptosis. To trigger pyroptosis, Gsdmdâˆ’/âˆ’ iBMDMs expressing 2â€‰Ã—â€‰Flag-HAâ€“GSDMD and HeLa cells expressing the PPase-cleavable Flagâ€“GSDMA were electroporated with LPS and PPase, respectively. The cytosol (S) and membrane (P) fractions from unstimulated and pyroptotic cells were subjected to glutaraldehyde-mediated crosslinking followed by SDS-agarose (top) or SDSâ€“PAGE (bottom) gel electrophoresis. d, Pore-forming activity of the gasdermin-N domain. Liposomes with 80% phosphatidylcholine and 20% PtdIns(4, 5)P2 were treated with indicated gasdermin proteins. Shown are representative negative-stain electron microscopy micrographs of the liposomes (scale bar, 100â€‰nm). All data shown are representative of three independent experiments.


Extended Data Figure 6 Analyses of the gasdermin pore.
a, b, Size distribution of GSDMD and GSDMA3 pores formed on cardiolipin liposomes. The inner diameters of pores were measured and plotted. A total of 200 or 100 pores for 5â€‰Î¼M or 0.5â€‰Î¼M GSDMD/GSDMA3-treated liposome samples, respectively, were randomly selected from the negative-stain electron microscopy micrographs in Fig. 3a. c, Effects of different PEG molecules on lactate dehydrogenase (LDH) release from caspase-1-mediated pyroptotic cells. iBMDMs harbouring a sensitive Nlrp1b allele were treated with indicated mass concentration of different PEG molecules and then stimulated with anthrax lethal toxin or LFn-BsaK to activate the canonical NLRP1B or NAIP2/NLRC4 inflammasomes, respectively. 1.2% PEG200 and 12% PEG2000 (mass concentration) have roughly the same molar concentration. Shown are LDH release expressed as meanâ€‰Â±â€‰s.d. from three technical replicates. d, Pores formed by active GSDMD and GSDMA3 on monolayer membranes containing 80% phosphatidylcholine and 20% cardiolipin. Shown are representative negative-stain electron microscopy micrograph images (scale bar, 100â€‰nm). e, Symmetry determination of the gasdermin pore. GSDMA3 pores formed on the monolayer membrane (d) were subjected to 2D reference-free classification. One class of pores with the best particle contrast were subjected to rotational auto-correlation calculation and the inlet electron microscopy image (scale bar, 20â€‰nm) shows the averaged view of the class of pores (242 particles). The analyses revealed 16-fold symmetry. Data shown in aâ€“d are representative of three independent experiments.


Extended Data Figure 7 Crystal structure of GSDMA3 and Dali search results for its gasdermin-N domain.
a, 2Foâ€‰âˆ’â€‰Fc electron density map (contoured at 1.0Ïƒ) of GSDMA3 gasdermin-N domain (GSDMA3-N) structure. b, Cartoon diagram of GSDMA3-N structure. c, Structural model of GSDMD obtained from homology modelling and the conserved autoinhibitory interactions. Bottom, overall structure of modelled GSDMD; top, comparisons of the hydrophobic core (left) and the second inter-domain contact (right) with the corresponding structures in GSDMA3. Conserved residues involved in the autoinhibitory interactions are labelled and shown as sticks. Cyan, GSDMD-N; orange, GSDMD-C; green, GSDMA3-N; yellow, GSDMA3-C. d, Dali search results for the GSDMA3-N structure.


Extended Data Figure 8 Multiple sequence alignment of gasdermin family members.
GSDMA3 is a mouse protein and sequences of other gasdermins are from human. The secondary structures determined from GSDMA3 are marked along the sequence. The alignment was performed with the ClustalW2 algorithm with structure-based manual adjustment of the Î±4 region in GSDMA3 and GSDMD. Identical residues are highlighted by dark red background and conserved residues are coloured red. The residues involved in the autoinhibitory interactions are marked underneath the sequences with blue triangle for polar residues, orange rhombus for hydrophobic residues and black rhombus for hydrophobic residues in the second inter-domain interface. The residue number is indicated on the left of the sequence.


Extended Data Figure 9 Mutations in GSDMA3-N affecting lipid binding and pore formation also reduce pyroptosis.
a, Effects of L184D/E14K mutations on pyroptosis-inducing activity of GSDMA3-N (residues 1â€“284). Full-length GSDMA3 or its gasdermin-N domain (wild type or indicated mutants) was transfected into 293T cells. ATP-based cell viability is expressed as meanâ€‰Â±â€‰s.d. from three technical replicates. b, c, Effects of L184D/E14K mutations on lipid-binding and liposome-leakage-inducing activities of GSDMA3-N domain. Liposomes containing 80% phosphatidylcholine and 20% phosphatidylethanolamine, cardiolipin, phosphatidylinositol or PtdIns(4,5)P2 were treated with purified GSDMA3. After ultracentrifugation, the liposome-free supernatant (S) and the liposome pellet (P) were analysed by SDSâ€“PAGE (b). Liposome leakage was monitored by measuring DPA chelating-induced fluorescence of released Tb3+ (c). Triton-X 100 treatment was used to achieve 100% leakage. d, Effects of L184D/E14K mutations on pore formation by GSDMA3-N. Representative electron microscopy images of the pores on the cardiolipin liposome are shown (scale bar, 100â€‰nm). All data shown are representative of three independent experiments.
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Membrane targeting of the Gasdermin-N domain of GSDMD during pyroptosis
The Gasdermin-N domain of GSDMD (GSDMD-N L192D) fused N-terminal to EGFP was stably expressed in HeLa cells under a tetracycline-inducible promoter. Pyroptosis was triggered by doxycycline addition to induce GSDMD-N L192D-EGFP expression. Shown are real-time videos of two representative pyroptotic cells. Scale bar, 15 Î¼m. The time-lapse images for Video 1 are in Fig. 1c. (MP4 9991 kb)
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The Gasdermin-N domain of GSDMA3 (GSDMA3-N L184D) fused N-terminal to EGFP was stably expressed in HeLa cells under a tetracycline-inducible promoter. Pyroptosis was triggered by doxycycline addition to induce GSDMA3-N L184D-EGFP expression. Shown are real-time videos of two representative pyroptotic cells. Scale bar, 15 Î¼m. (MP4 9569 kb)
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