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            Abstract
Infections by pathogens that contain DNA trigger the production of type-I interferons and inflammatory cytokines through cyclic GMP–AMP synthase, which produces 2′3′-cyclic GMP–AMP (cGAMP) that binds to and activates stimulator of interferon genes (STING; also known as TMEM173, MITA, ERIS and MPYS)1,2,3,4,5,6,7,8. STING is an endoplasmic-reticulum membrane protein that contains four transmembrane helices followed by a cytoplasmic ligand-binding and signalling domain9,10,11,12,13. The cytoplasmic domain of STING forms a dimer, which undergoes a conformational change upon binding to cGAMP9,14. However, it remains unclear how this conformational change leads to STING activation. Here we present cryo-electron microscopy structures of full-length STING from human and chicken in the inactive dimeric state (about 80 kDa in size), as well as cGAMP-bound chicken STING in both the dimeric and tetrameric states. The structures show that the transmembrane and cytoplasmic regions interact to form an integrated, domain-swapped dimeric assembly. Closure of the ligand-binding domain, induced by cGAMP, leads to a 180° rotation of the ligand-binding domain relative to the transmembrane domain. This rotation is coupled to a conformational change in a loop on the side of the ligand-binding-domain dimer, which leads to the formation of the STING tetramer and higher-order oligomers through side-by-side packing. This model of STING oligomerization and activation is supported by our structure-based mutational analyses.
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                    Fig. 1: Structure of full-length human STING in the apo state.[image: ]


Fig. 2: Interaction between the N-terminal segment and the body of human STING.[image: ]


Fig. 3: Structure of full-length chicken STING bound to cGAMP.[image: ]


Fig. 4: Structure of STING tetramer.[image: ]
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                Data availability

              
              The cryo-EM maps generated in this study have been deposited in the Electron Microscopy Data Bank (EMDB) under the accession numbers EMD-0502 (human STING, apo dimer), EMD-0503 (chicken STING, apo dimer), EMD-0504 (chicken STING, cGAMP-bound dimer) and EMD-0505 (chicken STING, cGAMP-bound tetramer). The atomic coordinates have been deposited in the PDB under the accession numbers 6NT5 (human STING, apo dimer), 6NT6 (chicken STING, apo dimer), 6NT7 (chicken STING, cGAMP bound dimer) and 6NT8 (chicken STING, cGAMP bound tetramer).
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Extended data figures and tables

Extended Data Fig. 1 Flow chart of cryo-EM image processing for chicken STING in the apo state.
a, Representative micrograph. b, Representative 2D classes. c, Final reconstruction with colours based on local resolution. d, Gold-standard FSC curve of the final 3D reconstruction. e, Image processing procedure.


Extended Data Fig. 2 Flow chart of cryo-EM image processing for human STING in the apo state.
a, Representative micrograph. b, Representative 2D classes. c, Final reconstruction with colours based on local resolution. d, Gold-standard FSC curve of the final 3D reconstruction. e, Image processing procedure.


Extended Data Fig. 3 Structure of full-length chicken STING in the apo state.
a, Side view of the cryo-EM 3D reconstruction. The two subunits in the dimer are coloured in yellow and green. b, Cartoon representation of the structure in two orthogonal side views. c, Cartoon representation of the transmembrane domain dimer in the top view, from the cytosolic side. d, Interactions between the N-terminal segment and the body of chicken STING. e, Sequence alignment of STING from human, mouse and chicken (denoted by h-, m- and ch- prefixes, respectively). Secondary structure assignments are based on the structures. Residue numbers of human and chicken STING are shown above and below the aligned sequences, respectively.


Extended Data Fig. 4 Flow chart of cryo-EM image processing for cGAMP-bound chicken STING.
a, Representative micrograph. b, Representative 2D classes of the dimer (two top panels) and tetramer (bottom panel). c, e, Final reconstructions of the dimer and tetramer, respectively, coloured on the basis of local resolution. d, f, Gold-standard FSC curves of the final 3D reconstructions of the dimer and tetramer. g, Image processing procedure.


Extended Data Fig. 5 Additional mutational analyses of the transmembrane–LBD connector of human STING.
a, c, Effects of mutations in the connector and LBDα1 on cGAMP-stimulated IFNβ expression. Data are mean ± s.d. and representative of three biological replicates. b, d, Effects of STING mutations on phosphorylation of STING, TBK1 and IRF3. The result is representative of two independent experiments. The analyses for gene expression in a, c and phosphorylation in b, d were carried out in the same manner as in Fig. 2c and in Fig. 2d, respectively.


Extended Data Fig. 6 Tetramer of full-length STING.
a, Rigid docking of the atomic model of the cGAMP-bound full-length chicken STING dimer (green and yellow) to the 3D reconstruction of the tetramer (grey). b, Left, tetrameric model of chicken STING in the apo state. The model is generated by superposition of two chicken STING inactive dimers on the active tetramer, on the basis of the transmembrane domain. Right, expanded view of the LBDα2–LBDα3 loop at the tetramer interface. The same loop in the active tetramer structure is shown for comparison; arrows indicate conformational differences between the two states. c, Model of full-length human STING tetramer. The model is constructed by superimposing two inactive human STING dimers on the active chicken STING tetramer, on the basis of the transmembrane domain. Right, top panel, packing between Phe153 in the connector loop and the LBDα2–LBDα3 loop. Right, bottom panel, Cys88 and Cys91—which have been shown to be palmitoylated—are highlighted. d, Cys206, Arg281 and Arg284—alterations of which cause constitutive activation of human STING—are located near the LBDα2–LBDα3 loop that forms the tetramer interface. These residues are highlighted in the tetramer model of the human STING LBD bound to cGAMP (based on PDB code 4KSY, as shown in Fig. 4c).


Extended Data Fig. 7 Sample density maps.
a–c, Sample density maps for various parts of chicken (a) and human (b) STING in the apo state, and cGAMP-bound chicken STING (c).


Extended Data Fig. 8 Data collection and model statistics.
a, Data collection and model refinement statistics. b, FSC curves between the maps and models.


Extended Data Table 1 Crystal-packing analyses of crystal structures of the human STING LBD in the ligand-bound, lid-closed conformationFull size table
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Reporting Summary

Video 1
Morph video showing the transition from the inactive to the active state of chSTING induced by cGAMP.
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