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STING cyclic dinucleotide sensing originated 
in bacteria

Benjamin R. Morehouse1,2, Apurva A. Govande1,2, Adi Millman3, Alexander F. A. Keszei4, 
Brianna Lowey1,2, Gal Ofir3, Sichen Shao4, Rotem Sorek3 & Philip J. Kranzusch1,2,5 ✉

Stimulator of interferon genes (STING) is a receptor in human cells that senses foreign 
cyclic dinucleotides that are released during bacterial infection and in endogenous 
cyclic GMP–AMP signalling during viral infection and anti-tumour immunity1–5. STING 
shares no structural homology with other known signalling proteins6–9, which has 
limited attempts at functional analysis and prevented explanation of the origin of 
cyclic dinucleotide signalling in mammalian innate immunity. Here we reveal 
functional STING homologues encoded within prokaryotic defence islands, as well as 
a conserved mechanism of signal activation. Crystal structures of bacterial STING 
define a minimal homodimeric scaffold that selectively responds to cyclic di-GMP 
synthesized by a neighbouring cGAS/DncV-like nucleotidyltransferase (CD-NTase) 
enzyme. Bacterial STING domains couple the recognition of cyclic dinucleotides with 
the formation of protein filaments to drive oligomerization of TIR effector domains 
and rapid NAD+ cleavage. We reconstruct the evolutionary events that followed the 
acquisition of STING into metazoan innate immunity, and determine the structure of a 
full-length TIR–STING fusion from the Pacific oyster Crassostrea gigas. Comparative 
structural analysis demonstrates how metazoan-specific additions to the core STING 
scaffold enabled a switch from direct effector function to regulation of antiviral 
transcription. Together, our results explain the mechanism of STING-dependent 
signalling and reveal the conservation of a functional cGAS–STING pathway in 
prokaryotic defence against bacteriophages.

Bioinformatics analysis of the bacteriophage defence islands of 
prokaryotes has revealed a group of divergent genes that encode the 
first known candidate proteins outside of metazoan innate immunity 
that have predicted homology to STING10 (Extended Data Fig. 1a). To 
understand a potential role for STING in bacterial signalling, we deter-
mined 1.8 Å and 2.8 Å crystal structures of candidate homologues from 
Flavobacteriaceae sp. (Integrated Microbial Genomes (IMG) gene iden-
tifier 2624319773) and Capnocytophaga granulosa (IMG gene identi-
fier 2541326748), respectively (Supplementary Table 1). The bacterial 
structures exhibit clear homology to the cyclic-dinucleotide-binding 
domain of human STING and confirm that this subset of defence island 
proteins represent newly identified prokaryotic members of the STING 
family of receptors (Fig. 1a). Flavobacteriaceae sp. STING (FsSTING) 
and Capnocytophaga granulosa STING (CgSTING) adopt a canonical 
V-shaped, homodimeric architecture with a hydrophobic α-helix stem 
that is similar to that observed in all structures of metazoan STING 
proteins6–9 (Fig. 1b). We determined the FsSTING structure in complex 
with 3′–5′/3′–5′-cyclic GMP–AMP (3′,3′-cGAMP), which confirms that 
bacterial STING proteins are functional cyclic dinucleotide receptors 
(Fig. 1a). Alignment of the FsSTING–3′,3′-cGAMP complex with apo 
CgSTING revealed that cyclic dinucleotide binding induces rotation of 
the monomeric domains and results in the closure of β-strands 2 and 3 

to form a lid that seals a central cyclic-dinucleotide-binding pocket 
(Fig. 1a, Extended Data Fig. 1b–d). Although the overall architecture 
is conserved with metazoan STING, bacterial STING proteins are 20% 
smaller and notably compact. Metazoan insertions into the core bac-
terial STING fold include an extension within the β-strand lid domain, 
the addition of a terminal α-helix required for induction of autophagy, 
and an unstructured C-terminal tail that contains motifs required for 
the recruitment of kinases and transcription factors in vertebrates11–14 
(Fig. 1b).

We analysed bacterial STING sequences and found that 84% are 
encoded in cyclic oligonucleotide-based signalling system (CBASS) 
immunity operons10 (Fig. 2a). Similar to cGAS-dependent sensing of 
viral replication in human cells4,5, CBASS immunity relies on the activa-
tion of a CD-NTase enzyme to initiate a second messenger-dependent 
antiviral effector response10,15,16. We cloned the Flavobacteriaceae sp. 
CD-NTase CdnE (CD-NTase in clade E) that is adjacent to FsSTING, 
and observed that FsCdnE specifically synthesizes the cyclic dinu-
cleotide cyclic di-GMP (c-di-GMP)15 (Fig. 2b). FsCdnE is constitutively 
active in vitro, consistent with an emerging model in which CBASS 
immune systems may function through inhibitory molecules that 
repress CD-NTase activation in the absence of phage infection10,15–17. 
We confirmed the exclusive production of c-di-GMP by CdnE enzymes 
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encoded within three additional divergent STING-containing CBASS 
operons (Extended Data Figs. 2a, 3a–c). In addition, we determined 
1.5 Å and 2.3 Å crystal structures for two CdnE homologues, which 
revealed an active enzyme conformation and unique substitutions in 
the nucleobase acceptor pocket that are consistent with adaptation 
for c-di-GMP synthesis15 (Extended Data Figs. 2b, 3d–f). c-di-GMP is a 
common nucleotide second messenger that is used to regulate bacte-
rial growth and intracellular signalling18, and it is therefore difficult to 
conceive how bacteria could distinguish these functions of c-di-GMP 
from the induction of CBASS immunity that results in rapid bacte-
rial death10,16,17. To explain the unexpected role of c-di-GMP in CBASS 
immunity, we analysed the genomic context of all STING-containing 
CBASS operons and discovered that these systems are encoded almost 
exclusively in bacteria that are devoid of canonical GGDEF and EAL 
c-di-GMP signalling domains, which suggests complete co-option of 
normal c-di-GMP function for a role in STING activation (Fig. 2c).

Bacterial STINGs bind c-di-GMP with nanomolar affinity and exhibit a 
clear preference for canonical 3′–5′-linked cyclic dinucleotides (Fig. 2d, 
Extended Data Fig. 4a, b). In the FsSTING–3′,3′-cGAMP structure, the 
cyclic dinucleotide backbone is coordinated with N91 and N172, and 
each nucleobase is sandwiched between a stacking interaction formed 
with F92 and R153 (Fig. 2e). In agreement with the strong preference 
of bacterial STING for c-di-GMP, a universally conserved D169 residue 

reads out the guanosine nucleobase by making a sequence-specific con-
tact to the N2 position (Fig. 2e). Using mutational analysis, we verified 
the importance of residues in the cyclic-dinucleotide-binding pocket of 
STING and confirmed that conserved nucleobase contacts are required 
for the recognition of c-di-GMP (Extended Data Figs. 5, 6a–e). Human 
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Fig. 1 | Structure of bacterial STING, and definition of metazoan-specific 
insertions. a, Crystal structure of a STING receptor from a bacterial species of 
the family Flavobacteriaceae (orange) in complex with the cyclic dinucleotide 
3′,3′-cGAMP. The FsSTING–3′,3′-cGAMP structure demonstrates a conserved 
mechanism for sensing cyclic dinucleotides that is shared between bacteria 
and human cells, and allows direct comparison with the human STING–
2′,3′-cGAMP complex (Protein Data Bank (PDB) code 4KSY) (blue). For clarity, 
one monomer of each homodimer is depicted in grey. b, STING topology 
diagrams denoting α-helices (rectangles), β-strands (arrows) and residues 
important for ligand recognition (FsSTING: F92, D169 and R153; human STING: 
Y167, E260, R232 (in red) and R238). Bacterial STING receptors reveal a minimal 
protein architecture that is required for cyclic dinucleotide sensing and allow 
direct definition of the structural insertions (red) in metazoan STING 
sequences that are required for signalling in animal cells.
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Fig. 2 | Bacterial STING systems signal through the 3′–5′-linked nucleotide 
second messenger c-di-GMP. a, Schematic of STING-containing CBASS 
prokaryotic defence operons. STING is encoded downstream of a clade-E 
CD-NTase nucleotide second messenger synthase (CdnE) and exists as a fusion 
protein appended to TIR or transmembrane (TM) effector modules with 99 and 
4 sequences found, respectively. b, Thin-layer chromatography analysis of 
nucleotide second messenger synthesis by FsCdnE. CdnE enzymes in 
STING-containing CBASS operons require GTP for catalysis and specifically 
synthesize the 3′–5′-linked product c-di-GMP. Control c-di-GMP synthesis 
reactions were performed with the GGDEF enzyme WspR from Pseudomonas 
aeruginosa. N, all four radiolabelled NTPs; Pi, inorganic phosphate. Data are 
representative of three independent experiments. c, Analysis of the genomic 
context of all STING-containing CBASS operons. STING-containing CBASS 
operons in bacteria occur mainly in Bacteroidetes (top). Sequenced 
Bacteroidetes genomes are generally devoid of canonical GGDEF and EAL 
c-di-GMP signalling domains (bottom), and 97 out of 99 STING-containing 
bacteria lack any other predicted c-di-GMP signalling component. Loss of 
canonical c-di-GMP signalling provides an explanation for co-option of 
c-di-GMP as a CD-NTase immune signal. Numbers alongside the bar graphs 
denote the number of genomes that contain at least one gene with a GGDEF or 
EAL domain out of the total number of genomes in the analysed database.  
d, Electrophoretic mobility shift assay monitoring the formation of a bacterial 
STING–cyclic dinucleotide (CDN) complex. Bacterial TM–STING and TIR–
STING proteins preferentially recognize c-di-GMP and exhibit weaker  
affinity for 3′,3′-cGAMP. Bacterial STING receptors are unable to recognize  
the mammalian second messenger 2′,3′-cGAMP. TM–STING (Roseivirga 
ehrenbergii, ΔTM) and TIR–STING (Sphingobacterium faecium, full-length). 
Data are representative of three independent experiments. e, Enlarged 
cutaway of the cyclic-dinucleotide-binding pocket in the FsSTING–3′,3′-cGAMP 
structure. Top, FsSTING makes sequence-specific contacts to the guanine 
base, consistent with preferential c-di-GMP recognition. Bottom, bacterial 
STING recognizes 3′,3′-cGAMP (yellow) in a compact conformation similar to 
2′,3′-cGAMP (grey) in complex with human STING (PDB 4KSY).
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STING does not form prominent sequence-specific contacts with cyclic 
dinucleotides. Instead, the R232 residue in human STING makes an 
additional contact to the phosphodiester backbone and is critical for 
high-affinity recognition of the mammalian cGAS product 2′–5′/3′–5′ 
cGAMP (2′,3′-cGAMP)7,19. A notable feature of bacterial STING receptors 
is an inability to recognize mammalian 2′,3′-cGAMP (Fig. 2d, Extended 
Data Fig. 4a, b). Cyclic dinucleotides occupy a similar, compact con-
formation in both bacterial STING and human STING, but in bacterial 
STING the R232-equivalent position (R151) is flipped outwards and does 
not contact the cyclic dinucleotide backbone (Extended Data Fig. 1e). 
Furthermore, a universally conserved T173 residue in bacterial STING, 
located beneath the cyclic-dinucleotide-binding pocket, reduces the 
space that would be necessary to accommodate a free 3′-OH within 
2′,3′-cGAMP (Extended Data Fig. 1f). We observed that bacterial STING 
is over 1,000× more sensitive to c-di-GMP than a synthetic analogue 
with a 2′–5′ linkage (2′,3′-c-di-GMP) (Extended Data Fig. 5g), further 
confirming the strict specificity of bacterial STING for 3′–5′-linked 
cyclic dinucleotides.

Activation of CBASS immunity induces bacterial growth arrest or 
cell death to destroy virally infected cells and limit the propagation 
of phages10,16,17. Bacterial STING domains occur primarily as fusions to 
a Toll/interleukin-1 receptor (TIR) adaptor domain, or more rarely are 
appended to predicted transmembrane segments (Fig. 2a, Extended 
Data Fig. 1a). TIR domains can function as β-nicotinamide adenine 
dinucleotide (NAD+) hydrolases in plant and animal immunity20–22. We 

therefore tested a full-length TIR–STING fusion from Sphingobacte-
rium faecium (SfSTING) (IMG gene identifier 2735805876) for catalytic 
function, and observed rapid hydrolysis of NAD+ to nicotinamide and 
adenine diphosphate-ribose (Fig. 3a, b, Extended Data Fig. 5a–d). SfST-
ING potently responds to c-di-GMP and weakly to 3′,3′-cGAMP, and 
catalysis is abolished by mutating a conserved TIR glutamic acid residue 
in the active site (Fig. 3b, Extended Data Fig. 6f, g). Activation of bacte-
rial TIR–STING requires lower than 100 nM c-di-GMP, and results in 
cleavage of NAD+ at 10× the rate observed for plant and animal TIR pro-
teins involved in immune defence (Fig. 3c, Extended Data Fig. 5h, i). We 
expressed SfSTING in Escherichia coli cells that synthesize c-di-GMP and 
observed potent growth inhibition (Fig. 3d). SfSTING-induced toxicity 
is lost with a D259A mutation that prevents c-di-GMP recognition, and 
can be partially overcome with nicotinamide supplementation (Fig. 3d, 
Extended Data Fig. 6h, i), which provides further support for a role for 
bacterial STING in CBASS-mediated immunity as a c-di-GMP-responsive 
NADase effector.

Recognition of cyclic dinucleotides drives bacterial STING oli-
gomerization and the formation of ordered filaments that are readily 
observable with negative-stain electron microscopy (Fig. 3e, f, Extended 
Data Fig. 7). In the presence of activating c-di-GMP, SfSTING assembles 
into filaments that are typically 25–30 nm in length, and that exhibit 
four-fold symmetry and contain an ordered array of parallel-stacked 
homodimers (Fig. 3f, Extended Data Fig. 7j–l). Electron microscopy and 
biochemical analysis of SfSTING in the presence of the weak agonist 
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Fig. 3 | Cyclic dinucleotide recognition controls bacterial STING 
oligomerization and TIR NAD+ cleavage activity. a, Analysis of S. faecium 
TIR–STING (Sf STING) NAD+ cleavage activity using the fluorescent substrate 
ε-NAD. TIR–STING activity is potently stimulated in the presence of c-di-GMP 
(0, 5, 10, 15 and 20 nM, and 20 μM). Data are mean ± s.e.m. for n = 3 biological 
replicates. b, High-performance liquid chromatography analysis of TIR–STING 
NAD+ cleavage. Sf STING cleaves NAD+ into the products ADPr and NAM, and 
activity is strictly dependent on the TIR active-site residue E84. Data are 
representative of three independent experiments. WT, wild type. c, 
Quantification of Sf STING activity and comparison with the previously 
characterized NADase and glycosyl hydrolase enzymes human SARM132, 
Mycobacterium tuberculosis TNT33 and Streptococcus pyogenes SPN34. Data are 
mean for n = 2 independent replicates and are representative of 3 independent 
experiments. d, Analysis of Sf STING toxicity in E. coli cells expressing normal 
c-di-GMP signalling enzymes. Expression of SfSTING from an 

arabinose-inducible promoter (induced) results in a potent growth-arrest 
phenotype. Toxicity is lost with a D259A mutation to the SfSTING 
cyclic-dinucleotide-binding domain that inhibits c-di-GMP recognition. Each 
line represents the average of two technical replicates for each of four 
separately outgrown colonies. Data are representative of two independent 
experiments. OD600, optical density at 600 nm. e, Negative-stain electron 
microscopy analysis and quantification demonstrates that SfSTING forms 
stable filaments only in the presence of c-di-GMP. Data are mean ± s.d. for 
quantification of n = 4 groups of 10 micrograph images. f, Electron microscopy 
analysis of Sf STING filament formation. Top, 2D class averages demonstrate 
that Sf STING forms well-ordered filaments in the presence of c-di-GMP and 
smaller fragmented assemblies in the presence of 3′,3′-cGAMP. Bottom, 
Sf STING–c-di-GMP filaments can be >30 nm in length. Two dimensional class 
averages were derived from particles selected from 75 micrographs for each 
condition. Scale bars, 100 Å.
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3′,3′-cGAMP reveals partial filament formation and STING complexes 
in a tetramer-like conformation, indicating that cyclic dinucleotide 
stabilization of STING tetramers is probably required to seed filament 
growth (Fig. 3e, f, Extended Data Fig. 7j–l). Higher-order oligomeri-
zation is a known requirement for TIR activation21,22, and mutations 
to the SfSTING cyclic-dinucleotide-binding domain that disrupt 
c-di-GMP-induced oligomerization prevent activation of TIR–STING 
NAD+ cleavage (Extended Data Fig. 6b, f, g). Filament formation by 
bacterial STING is consistent with a recently proposed model of human 
STING activation, in which parallel-stacking of STING homodimers 
initiates oligomerization and recruitment of the kinase TBK112,23. Using 
the cryo-electron microscopy structure of chicken STING as a guide9, 
we constructed a model of bacterial STING oligomerization and identi-
fied surfaces in the bacterial STING domain at the beginning of helix 
α2 and end of helix α4 that are predicted to mediate oligomerization 
(Extended Data Fig. 8a). Mutations to these surfaces do not disrupt 
c-di-GMP binding by SfSTING, but do prevent oligomerization into 
filaments (Extended Data Fig. 8b, c). In the absence of filament forma-
tion, all SfSTING NADase activity is lost (Extended Data Fig. 8d), which 
confirms that c-di-GMP-induced oligomerization is essential for TIR 
domain activation and effector function. These results define a core role 
of filament formation in STING activation and suggest that the primor-
dial mechanism of STING signalling is cyclic-dinucleotide-dependent 
effector oligomerization.

Our high-resolution crystal structures of FsSTING and CgSTING 
allowed us to construct a structure-guided phylogenetic alignment of 
103 bacterial and 492 metazoan STING proteins for comparative analysis 
of STING function and adaptation (Fig. 4a, Extended Data Figs. 9a, 10a). 
The distribution of STING is most consistent with a bacterial origin and 
acquisition into an early metazoan ancestor (Extended Data Fig. 10a). 
The distinct residues of the cyclic-dinucleotide-binding pocket that are 
required for preferential recognition of c-di-GMP or 2′,3′-cGAMP are 
fixed and nearly exclusive to bacterial or metazoan STING sequences. 
Strict kingdom-specific conservation further supports 2′,3′-cGAMP 
as the dominant functional ligand throughout metazoan STING sig-
nalling, and suggests that a clear transition occurred from c-di-GMP 
signalling in bacteria to noncanonical cyclic dinucleotide signalling in 
animals8,11,24 (Extended Data Fig. 10b). We identified several instances of 
invertebrate metazoan TIR–STING fusions with a predicted architecture 
similar to that of bacterial STING, including within oyster genomes that 
have previously been noted to encode marked expansions of innate 
immune receptors and predicted CD-NTase enzymes8,24,25. To further 
understand the adaptation of STING to signalling in animal cells, we 
determined a 2.4 Å crystal structure of metazoan TIR–STING from 
the Pacific oyster C. gigas (oyster TIR–STING). The structure of the 
full-length oyster TIR–STING reveals a domain-swapped configura-
tion with a linker region that intertwines to connect the appended TIR 
effector module with the STING dimerization α-helix stem (Fig. 4b). 
We next determined a 2.9 Å crystal structure of oyster TIR–STING in 
complex with 2′,3′-cGAMP, confirming the phylogenetic analysis of 
strict retention of 2′,3′-cGAMP-interacting residues in invertebrate 
metazoan STING receptors (Fig. 4b, Extended Data Figs. 9f, 10b). Dis-
tinct from a recent cryo-electron microscopy analysis of full-length 
human STING with the N-terminal transmembrane domain, no 180° 
rotation is observed in the linker that connects the oyster STING and 
TIR domains in the presence of 2′,3′-cGAMP9. Instead, closure of oyster 
STING around 2′,3′-cGAMP re-aligns intermonomer contacts between 
the adjacent STING and TIR domains, inducing a downward 4° rota-
tion in TIR domain orientation (Fig. 4b). We did not observe oyster 
TIR–STING catalytic NAD+ cleavage activity in the presence of cyclic 
dinucleotides, which suggests additional requirements for enzyme 
activation or that reorientation of the TIR domain may instead facilitate 
protein–protein interactions similar to the signalling adaptor function 
of TIR domains in human MyD88 and TRIF26 (Extended Data Fig. 9b–h). 
These results further explain the adaptation of STING in metazoans and 

provide a molecular mechanism for how cyclic dinucleotide sensing by 
STING is structurally communicated to appended effector modules.

Our data define a conserved mechanism of STING-dependent signal-
ling that is shared by bacteria and human cells, and support a unified 
model to explain the emergence of cyclic dinucleotide sensing in ani-
mal innate immunity8,11,24 (Fig. 4c). Bacterial STING proteins function 
as c-di-GMP receptors that control the oligomerization-dependent 
activation of appended effector domains, and are frequently encoded 
in the genomes of species in Bacteroidetes that grow as commensals 
enriched in human and animal microbiota27. Notably, c-di-GMP was 
the first ligand of human STING to be discovered3, and the recogni-
tion of bacterial cyclic dinucleotides by human STING is critical for 
the immune detection of intracellular pathogens such as Listeria 
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signalling in vertebrate cells. Structures shown: bacterial STING–3′,3′-cGAMP 
(FsSTING), oyster STING–2′,3′-cGAMP (C. gigas), sea anemone STING–
2′,3′-cGAMP (Nematostella vectensis PDB 5CFQ), human STING–2′,3′-cGAMP 
(H. sapiens PDB 6NT5, modelled with 6NT7). CTT, C-terminal tail.
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monocytogenes28–30. Acquisition of STING as a c-di-GMP receptor 
could therefore provide an immediate selective advantage that ena-
bled animal cells to sense intracellular bacteria through detection of 
essential cyclic dinucleotide second messengers that are conserved 
in prokaryotes. Our structural analysis defines mutations of the 
cyclic-dinucleotide-binding pocket that adapted metazoan STING for 
recognition of endogenous 2′,3′-cGAMP signalling, and explains how 
the emergence of metazoan-specific insertions enabled autophagy and 
effector responses dependent on type I interferon. Together with the 
previous identification of diverse cGAS homologues and 2′–5′-linked 
signals in prokaryotic antiviral immunity10,15,17,31, the functional con-
servation of STING in bacteria reveals that each of the core protein 
components that define human cGAS–STING signalling arose from an 
ancient mechanism of defence against bacteriophages.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation during experiments and outcome assessment.

Phylogenetic distribution of STING-domain proteins in 
bacterial genomes
CBASS operons and STING proteins were taken from the list identi-
fied in refs. 10,35, supplemented by additional bacterial STING homo-
logues identified using the ‘top IMG homologue hits’ function in the 
IMG database36. To assess the prevalence of c-di-GMP use in different 
phyla, Pfam annotation data of all genes in 38,167 bacterial and archaeal 
genomes were downloaded from the IMG database36 in October 2017. 
Genomes were supplemented with 44 genomes manually identified 
with STING-containing operons that were absent from the October 
2017 dataset. Genes annotated with the diguanylate cyclase GGDEF 
domain (pfam00990) or the diguanylate phosphodiesterase EAL 
domain (pfam00563) were counted for each phylum represented by 
at least 200 genomes in the database.

Protein expression and purification. Recombinant STING homologues 
were generated and purified as previously described15,37. In brief, syn-
thetic DNA constructs (Integrated DNA Technologies) were cloned via 
Gibson assembly into a modified pET16 vector for expression of recom-
binant N-terminal 6×His-, 6×His–SUMO2, or 6×His–MBP–SUMO2 fusion 
proteins in BL21-CodonPlus(DE3)-RIL E. coli (Agilent). Transformed 
bacteria were grown overnight in MDG medium before inoculation in 
M9ZB medium for large-scale protein expression (2–3 × 1-l flasks, grown 
at 37 °C with 230 rpm shaking). Once M9ZB cultures reached OD600 of 
about 2.5, flasks were placed on ice for 20 min to slow bacterial growth. 
Cultures were induced with 500 μM final IPTG concentration and in-
cubated at 16 °C for about 20 h at 230 rpm. Cultures were collected by 
centrifugation and the pellets were washed once with chilled PBS before 
flash-freezing with liquid nitrogen and storage at −80 °C. Functional 
bacterial TIR–STING constructs were expressed in cultures addition-
ally supplemented with 10–30 mM nicotinamide to limit TIR toxicity.

Bacterial pellets were lysed by sonication in 1× lysis buffer (20 mM 
HEPES–KOH pH 7.5, 400 mM NaCl, 30 mM imidazole, 10% glycerol and 
1 mM DTT). Clarified lysates were purified by gravity-flow over Ni-NTA 
resin (Qiagen). Resin was washed with 1× lysis buffer supplemented to 
1 M NaCl, and recombinant protein was eluted with 1× lysis buffer sup-
plemented to 300 mM imidazole. Recombinant human SENP2 protease 
(D364–L589, M497A) was incubated with purified samples overnight 
during dialysis at 4 °C against dialysis buffer (20 mM HEPES–KOH pH 
7.5, 250 mM KCl, 10% glycerol, 1 mM DTT) to cleave the SUMO2 tag. Pro-
teins were concentrated with 30-kDa-cutoff Amicon centrifuge filters 
(Millipore) before loading onto a 16/600 Superdex 200 size-exclusion 
column equilibrated in gel filtration buffer (20 mM HEPES–KOH pH 7.5, 
250 mM KCl, 1 mM TCEP). Protein purity was assessed by SDS–PAGE 
with Coomassie staining before concentrating samples to >10 mg ml−1. 
Final proteins samples were flash-frozen in liquid nitrogen and stored 
at −80 °C.

Synthetic cyclic dinucleotide standards
Synthetic cyclic dinucleotide ligands used for structural biology and 
biochemistry experiments were purchased from Biolog Life Science 
Institute: 3′,3′-c-di-AMP (cat no. C 088), 3′,3′-c-di-GMP (cat no. C 057), 
3′,3′-cGAMP (cat no. C 117), 2′,3′-cGAMP (cat no. C 161), 3′,3′-c-UMP–AMP 
(cat no. C 357) and 2′,3′-c-di-GMP (cat no. C 182).

Protein crystallization and structure determination
Crystals for all proteins were initially grown at 18 °C using the 
hanging-drop vapour diffusion method. Concentrated protein 
stocks were thawed from −80 °C on ice and diluted in buffer (25 mM  

HEPES–KOH pH 7.5, 70 mM KCl, 1 mM TCEP) to final concentration. 
STING–cyclic dinucleotide complexes were formed by incubat-
ing protein with ligand on ice for 20 min before setting trays. In all 
cases, optimized crystals were obtained using EasyXtal 15-well 
hanging-drop trays (Qiagen) in 2-μl drops mixed 1:1 over a 350-μl 
reservoir of mother liquor after 1–3 d of growth at 18 °C. Final opti-
mized crystal-growth conditions were as follows: crystals of native and 
selenomethionine-substituted FsSTING bound to 3′,3′-cGAMP grew at 
10 mg ml−1 with 0.5 mM 3′,3′-cGAMP in 2 M ammonium sulfate, 0.2 M 
sodium acetate pH 4.5 and were cryoprotected with NVH oil (Hampton). 
Crystals of selenomethionine-substituted CgSTING grew at 18 mg ml−1 
with 0.5 mM c-di-GMP in 0.1 M HEPES–NaOH pH 7.5, 20% PEG-10,000 
and were cryoprotected with mother liquor supplemented with 20% 
ethylene glycol (CgSTING continually precipitated upon incubation 
with c-di-GMP probably resulting in specific crystallization of the 
soluble apo form). Crystals of selenomethionine-substituted FsCdnE 
grew at 7 mg ml−1 with 10.5 mM MgCl2 and 0.5 mM GpCpp in 0.1 M  
sodium acetate pH 4.6, 2 M sodium formate and were cryoprotected 
by supplementing reservoir solution with 25% ethylene glycol and 
0.5 mM GpCpp. Crystals of selenomethionine-incorporated CgCdnE 
grew at 7 mg ml−1 with 10.5 mM MgCl2 and 0.5 mM GpCpp and grew 
in 0.2 M sodium thiocyanate, 20% PEG-3350 and were cryoprotected 
with NVH oil (Hampton). No GpCpp density is visible in either of the 
FsCdnE or CgCdnE crystal structures. Crystals of apo oyster TIR–STING 
(C. gigas XP_011430837.1) grew at 7 mg ml−1 in 0.2 M MgCl2, 0.1 M Tris 
pH 8.5, and 16% PEG-4000 and were cryoprotected by supplementing 
mother liquor with 20% glycerol. Crystals of oyster TIR–STING bound 
to 2′,3′-cGAMP grew at 7 mg ml−1 protein with 0.5 mM 2′,3′-cGAMP in 
0.2 M ammonium citrate pH 7.0, 20% PEG-3350 and were cryoprotected 
with mother liquor supplemented with 20% ethylene glycol and 0.5 mM 
2′,3′-cGAMP. X-ray diffraction data were collected with single crystals 
at the Advanced Photon Source (beamlines 24-ID-C and 24-ID-E) with 
a wavelength of 0.97918 Å and temperature of 80 K.

Data were processed with XDS and AIMLESS38 using the SSRL autoxds 
script (A. Gonzalez). Experimental phase information for all proteins was 
determined using data collected from selenomethionine-substituted 
crystals. Anomalous sites were identified and an initial map generated 
with AutoSol within PHENIX 1.1739. Iterative model building and refine-
ment was performed using Coot 0.8.940 and PHENIX. Final structures 
were refined to stereochemistry statistics for Ramachandran plot, rota-
mer outliers and MolProbity score as follows: FsSTING–3′,3′-cGAMP, 
97.49%/2.51% (favoured/allowed), 1.12% and 1.26; CgSTING apo, 
97.23%/2.77%, 1.90% and 1.55; C. gigas STING apo, 95.68%/4.32%, 0.72% 
and 1.58; C. gigas STING–2′,3′-cGAMP, 97.25%/2.75%, 0.67% and 1.38; 
FsCdnE apo, 98.86%/1.14%, 0.30% and 0.97; CgCdnE, 98.63%/1.37%, 
0.70% and 1.09. Deposited PDB codes are in Supplementary Table 1 
and ‘Data availability’. All structure figures were generated with  
PyMOL 2.3.4.

Structure-guided alignment of bacterial and metazoan STING 
domains
To guide alignment and phylogenetic analysis of all STING family 
receptors, the bacterial FsSTING, CgSTING and oyster STING struc-
tures were superposed with human STING and representatives from 
all previously published metazoan STING structures6–9,12,19,23,41–47 using 
the secondary-structure matching algorithm in Coot40,48. A sequence 
alignment was extracted from the superposed structures according to 
Cα position, and extended to include a list of all known STING protein 
sequences using PROMALS3D49. In brief, the list of bacterial STING 
protein sequences was prepared from analysis of bacterial defence 
islands as described in ‘Phylogenetic distribution of STING-domain 
proteins in bacterial genomes’ and included 103 sequences. Sequences 
were aligned with MAFFT50 and manually trimmed in Jalview51 
based on boundaries of the FsSTING crystal structure to remove 
effector domain sequences and obtain an alignment of the STING 



cyclic-dinucleotide-binding domain. Metazoan STING sequences were 
obtained from the Interpro (IPR033952) and Pfam (PF15009) data-
bases and trimmed to the cyclic-dinucleotide-binding domain based 
on boundaries of the human STING and oyster STING crystal structures, 
resulting in 492 unique sequences. The output PROMALS3D align-
ment was inspected to ensure accurate secondary-structure matching 
between bacterial and metazoan STING, and includes 34 gap-free sites. 
A STING family phylogenetic tree was then calculated using the MAFFT 
server and visualized with iTOL52 for analysis.

Cyclic dinucleotide synthesis and thin-layer chromatography 
analysis
CdnE homologues were tested for cyclic dinucleotide synthesis capabil-
ity using α32P-labelled NTPs and product resolution with thin-layer chro-
matography as previously described15. In a 20-μl final reaction volume, 
5 μM enzyme was incubated with 25 μM of each cold NTP (ATP, GTP, CTP 
and UTP, 100 μM total) and with trace radiolabelled NTP (about 1 μCi) 
as indicated for 3 h at 37 °C in buffer containing 50 mM Tris-HCl pH 7.5, 
50 mM KCl, 10 mM magnesium acetate, and 1 mM TCEP. Reactions were 
treated with calf intestinal phosphatase (New England Biolabs) at 37 °C 
for 30 min to remove excess starting nucleotides. Then, 0.5 μl of sample 
was separated on a PEI-Cellulose F TLC plate (EMD Biosciences) using a 
running solvent of 1.5 M KH2PO4 pH 3.8 for 0.5–1 h. Plates were dried for 
1 h at ambient temperature before exposure to a phosphor-screen and 
imaging with a Typhoon Trio Variable Mode Imager (GE Healthcare). 
Control cyclic dinucleotides were generated with recombinant purified 
Mus musculus cGAS, Vibrio cholerae DncV, Bacillus thuringiensis DisA,  
E. coli CdnE and P. aeruginosa WspR (with D70E constitutively activating 
mutation) as previously described15,53. cGAS reactions were addition-
ally supplemented with 5 μM ISD45 double-stranded DNA for enzyme 
activation37. E. coli CdnE reactions to generate 3′,3′-c-UMP–AMP were 
conducted at pH 9.4 with 50 mM CAPSO.

STING–cyclic dinucleotide complex formation and 
electrophoretic mobility shift assay
STING interactions with cyclic dinucleotide ligands were monitored by 
electrophoretic mobility shift assay, as previously described8. Each 10 μl  
reaction was generated in buffer (5 mM magnesium acetate, 50 mM 
Tris-HCl pH 7.5, 50 mM KCl, and 1 mM TCEP) with 20 μM final protein  
concentration and 1 μM α32P-labelled cyclic dinucleotide (about  
0.1 μCi). Protein titration reactions used serial dilutions of stock protein 
to final concentrations ranging from 0.3 nM to 150 μM, with around 
250 nM cyclic dinucleotide. Reactions were incubated at 25 °C for 5 min 
before resolution on a 7.2-cm 6% nondenaturing polyacrylamide gel 
run at 100 V for 45 min in 0.5× TBE buffer. The gel was fixed for 15 min 
in a solution of 40% ethanol and 10% acetic acid before drying at 80 °C 
for 1 h. The dried gel was exposed to a phosphor-screen and imaged on 
a Typhoon Trio Variable Mode Imager (GE Healthcare). Signal intensity 
was quantified using ImageQuant 5.2 software.

TIR NAD+ cleavage activity analysis with fluorescent ε-NAD
Plate reader reactions were prepared in a 96-well plate format in 50-μl 
final volume with reaction buffer (20 mM HEPES–KOH pH 7.5, 100 mM 
KCl), 500 μM ε-NAD, 500 nM protein and between 1 nM–100 μM cyclic 
dinucleotide, as indicated. In brief, a master mix was prepared on ice 
containing each ligand and protein was added immediately before 
beginning analysis. Reactions were read in 96-well plates continu-
ously over 1 h using a Synergy H1 Hybrid Multi-Mode Reader (BioTek) 
in fluorescence mode at 410 nm after excitation at 300 nm. Reactions 
were performed in technical duplicate and data are representative of 
independent biological replicates. Error bars indicate standard error 
of the mean for biological replicates. TIR oligomerization depend-
ence experiments were performed in the absence of cyclic dinucleo-
tide using glutathione or nickel-NTA resin at a 1:1 ratio, as previously 
described21,22. Resin was pre-equilibrated and re-suspended in 100 μl of 

buffer containing 500 nM protein, 20 mM HEPES–KOH pH 7.5, 100 mM  
KCl and 500 μM ε-NAD, and 50 μl of mixture was used for analysis.

High-performance liquid chromatography TIR NAD+ cleavage 
activity analysis
High-performance liquid chromatography (HPLC) was used to measure 
TIR–STING NAD+ cleavage activity and to directly observe product 
formation. Reactions were prepared in 20 mM HEPES–KOH pH 7.5, 
100 mM KCl at a final concentration of 500 nM enzyme with or without 
addition of 10 μM of cyclic dinucleotides, or as indicated. TIR–STING 
and cyclic dinucleotide ligands were incubated on ice for 10 min before 
addition of NAD+ at 500 μM. Reactions were incubated for 1 h at 25 °C, 
and then heat-inactivated at 95 °C for 1 min and incubation on ice for 
at least 5 min. Reactions were filtered through Millipore Amicon Ultra 
0.5-ml filters with a 30-kDa cutoff by centrifugation for 10 min at 9,300g 
to remove protein before HPLC analysis. Products were separated and 
analysed by HPLC with absorbance monitoring at 254 nm. Samples were 
injected onto a C18 column (Zorbax Bonus-RP 4.6 × 150 mm, 3.5 μm) 
attached to an Agilent 1200 Infinity Series LC system. Two separate 
elution strategies were used: (1) isocratic elution at 40 °C with a flow 
rate of 1 ml min−1 with 50 mM NaH2PO4 pH 6.8 supplemented with 3% 
acetonitrile; and (2) gradient elution at 50 °C with a flow rate of 1 ml 
min−1 using solvent A (10 mM ammonium acetate) and solvent B (100% 
methanol), and a gradient from 5–100% solvent B over 12 min.

Reactions to measure discontinuous kinetics were assembled on 
ice in reaction buffer (20 mM HEPES–KOH pH 7.5, 100 mM KCl) with 
final concentration of 50 nM protein, 2 μM c-di-GMP and indicated 
concentrations of NAD+. Reactions were started simultaneously and 
quenched after 10, 30, 120, 300 and 600 s. Products were analysed by 
HPLC as described in the previous paragraph, product ADPr peaks were 
integrated for each time point and concentrations were calculated 
according to a standard curve. Data were analysed using GraphPad 
Prism 8.4.2 software and the kinetics data fitted using a Michaelis–
Menten model to calculate Km and Vmax. Results are representative of 
two independent biological replicates and plotted with errors bars 
denoting the standard deviation.

STING toxicity analysis in E. coli
SfSTING and mutant constructs were cloned into pBAD33 for 
arabinose-inducible expression in E. coli strain MG1655. Cells were 
transformed by electroporation, four colonies for each construct were 
sequence-verified and used to inoculate individual LB liquid cultures 
supplemented with 30 μg ml−1 chloramphenicol for 6 h at 37 °C with 
200 rpm shaking. Cultures were diluted 1:10 into fresh LB medium 
with 30 μg ml−1 chloramphenicol, and 180 μl of diluted culture was 
divided into wells in a 96-well plate. Plate cultures were supplemented 
with 0.2% arabinose and 30 mM nicotinamide, as indicated, to a final  
volume of 200 μl per well. The OD600 was followed using a TECAN Infinite  
200 plate reader with measurement every 10 min.

Electron microscopy sample preparation, data collection and 
processing
Samples for negative-stain electron microscopy analysis were prepared 
by diluting purified SfSTING (E84A mutation) protein alone, or with an 
equimolar-ratio cyclic dinucleotide as indicated, to a concentration 
of 50 μM in gel filtration buffer (20 mM HEPES–KOH pH 7.5, 150 mM 
KCl, 1 mM TCEP). Protein samples were further serially diluted in gel 
filtration buffer to a final concentration of 0.026 mg ml−1. For protein–
ligand mixtures, gel filtration buffer was supplemented with 1 μM of 
ligand for each serial dilution step. Three μl of the diluted sample was 
applied onto a glow-discharged (30 s, 30 mA) 400-mesh copper grid 
(Electron Microscopy Sciences) coated with an approximately 10-nm 
layer of continuous carbon (Safematic CCU-010), followed by a 30-s 
absorption step and side blotting to remove bulk solution. The grid 
was immediately stained with 1.5% uranyl formate and then blotted 
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from the side. The staining procedure was repeated twice with a 30-s 
incubation with uranyl formate before the final blotting step. The grid 
was air-dried before imaging.

Electron microscopy images for 2D classification were collected 
using an FEI Tecnai T12 transmission electron microscope operating 
at 120 keV and equipped with a Gatan 4,000 × 4,000 charge-coupled 
device (CCD) camera at a nominal magnification of 67,000×, pixel size 
of 1.68 Å, at a nominal defocus range of 1.0–2.0 μm. Electron microscopy 
images for SfSTING oligomerization mutants (R307E, A309R; L201R, 
D203R; Δ L275–Q282) were collected using a Philips CM10 transmission 
electron microscope operating at 100 keV and equipped with a Gatan 
UltraScan 894 (2,000 × 2,000) CCD camera at a nominal magnification 
of 52,000×, pixel size of 2.06 Å, at a nominal defocus range of 1.5 μm.

Micrographs were converted to JPEG format using e2proc2d.py 
script54. All image processing was performed in RELION-355. After CTF 
estimation with GCTF56, particle picking was carried out with gau-
tomatch (K. Zhang, https://www.mrc-lmb.cam.ac.uk/kzhang/) fol-
lowed by manual review. Where present, fibres were picked separately 
and treated as independent datasets. Particles were extracted with 
a 224-pixel box size (about 375 Å) and subjected to one round of 2D 
reference-free classification to generate 2D class averages.

Size-exclusion chromatography with multi-angle light 
scattering
Purified protein samples for size-exclusion chromatography with 
multi-angle light scattering (SEC-MALS) analysis were diluted in ice-cold 
running buffer (150 mM KCl, 20 mM HEPES–KOH pH 7.5, and 1 mM TCEP) 
to a final concentration of 2 mg ml−1. Samples including ligand were 
prepared with 100 μM cyclic dinucleotide and incubated on ice for at 
least 5 min. All samples were subjected to brief centrifugation (21,000g, 
5 min, 4 °C) to remove precipitated protein before injection onto an SRT 
SEC-300 column (SEPAX). Refractive index (dRI) was measured with a 
Wyatt Optilab T-rex Refractive Index Detector and protein concentra-
tion estimated assuming a dn/dc of 0.185. The system was also equipped 
with a Wyatt Dawn Heleos II Multi-Angle Light Scattering detector used 
to determine molar mass. All analysis was carried out using ASTRA 7 
software and figures produced with GraphPad Prism 8.4.2.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Data that support the findings of this study are available within the 
Article, its Extended Data and Supplementary Information. IMG data-
base accessions are listed in Extended Data Fig. 1, and PDB accessions 
are listed in each figure legend. Coordinates and structure factors 
of FsSTING–3′,3′-cGAMP, CgSTING, oyster TIR–STING, oyster TIR–
STING–2′,3′-cGAMP, FsCdnE and CgCdnE have been deposited in PDB 
under accession codes 6WT4, 6WT5, 6WT6, 6WT7, 6WT8 and 6WT9, 
respectively. Source data are provided with this paper.
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Extended Data Fig. 1 | Structural analysis of bacterial STING–cyclic 
dinucleotide complex formation. a, Phylogenetic tree of all CBASS-
associated bacterial STING homologues based on structure-guided sequence 
alignment and previous bioinformatics analysis10,35. STING homologues 
investigated in this study are highlighted in orange, and a star denotes 
determined STING crystal structures. All TM–STING fusions cluster together. 
b, Crystal structure of a STING receptor from the bacterium C. granulosa 
(CgSTING) in the apo state reveals an open configuration with a solvent 
exposed cyclic-dinucleotide-binding pocket at the dimeric interface 
(monomers in gold and grey for clarity). The CgSTING structure confirms that 
both divergent TM–STING and TIR–STING fusions are members of the same 
structurally conserved family of STING receptors. c, Comparison of the 
CgSTING, FsSTING–3′,3′-cGAMP and human STING–2′,3′-cGAMP structures 
demonstrates conservation of an open-to-closed β-strand lid movement upon 
ligand binding. d, Overlay of the β-strand lid of CgSTING (grey) and FsSTING 
(orange) shows both inward translation and slight rotation resulting in a 
displacement of about 5 Å. R153 of FsSTING stacks between the bases of 
3′,3′-cGAMP and R151 is splayed away from ligand. e, Comparison of the human 

STING and FsSTING lid region shows conserved contacts from β-strand 
arginine residues. Unlike in bacterial STING, human STING R232 makes an 
additional contact with the cyclic dinucleotide phosphodiester backbone that 
is critical for recognition of the 2′–5′ linkage in 2′,3′-cGAMP. A detailed 
comparison is in Extended Data Fig. 10b. f, Modelling of 2′,3′-cGAMP into the 
FsSTING–3′,3′-cGAMP structure demonstrates an additional feature of 
bacterial STING preventing recognition of 2′–5′-linked cyclic dinucleotides. 
Although the overall cyclic dinucleotide conformation is shared between 
human and bacterial STING, the α-helix ending at P264 in human STING is a half-
turn longer in FsSTING (also ending in a proline) which places a conserved T173 
residue in a position that occludes where the free 3′-OH of 2′,3′-cGAMP would 
be positioned. g, Structure-guided alignment of FsSTING and human STING 
cyclic-dinucleotide-binding domains. FsSTING and human STING exhibit no 
detectable sequence homology but share a conserved structural fold. Key 
residues involved in cyclic dinucleotide binding that are shared between 
bacterial and human STING are boxed in orange and human STING specific 
cyclic dinucleotide contacts are boxed in red. In FsSTING, D169 directly reads 
out the guanine base of c-di-GMP.
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Extended Data Fig. 2 | Structural analysis of STING-associated CD-NTase 
enzymes. a, Sequence and secondary structure alignment of STING- 
associated CD-NTases reveals the extent of homology between CdnE 
homologues from unrelated bacterial strains. Highlighted positions include 
active-site residues (pink box), and an aspartic acid substitution at a position 
known to be involved in nucleotide substrate selection (orange box) that is 
unique to CD-NTases in STING-containing CBASS operons15. A divergent E. coli 

CdnE that synthesizes cyclic UMP–AMP is included for comparison. b, Crystal 
structures of FsCdnE and CgCdnE from STING-containing CBASS operons 
allow direct comparison with previously determined bacterial and human 
CD-NTase structures. The FsCdnE and CgCdnE structures are most closely 
related to the clade-E CD-NTase structure from Rhodothermus marinus  
CdnE (RmCdnE). RmCdnE: PDB 6E0L15; V. cholerae DncV: PDB 4TY057; and 
human cGAS: PDB 6CTA (DNA omitted for clarity)37.
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Extended Data Fig. 3 | Biochemical analysis of c-di-GMP synthesis by bacterial 
STING-associated CD-NTases. a, In addition to FsCdnE (Fig. 2b), CdnE 
homologues from three divergent STING-containing CBASS operons were 
purified and tested for cyclic-dinucleotide-synthesis specificity using α32P-
radiolabelled NTPs and thin-layer chromatography. Deconvolution experiments 
show a single major product requiring only GTP that migrates identically to  
c-di-GMP synthesized by the GGDEF enzyme WspR. All reactions were treated with 
alkaline phosphatase to remove exposed phosphates. Only two bacterial genomes 
encoding a STING-containing CBASS operon retain proteins with a predicted 
canonical GGDEF c-di-GMP signalling domain. The exceptions are chlorobi 
bacterium EBPR_Bin_190, which contains a single GGDEF domain that is fused  
to a SLATT domain and may be part of a CBASS-like system10, and a Lachnospiraceae 
bacterium RUG226 genome that encodes many GGDEF genes. The Lachnospiraceae 
bacterium RUG226 CdnE retains exclusive production of c-di-GMP suggesting the 
CdnE–STING system is sequestered in this bacterium or that an unknown 
mechanism may exist to prevent toxic STING activation. ReCdnE, Roseivirga 
ehrenbergii; CgCdnE, Capnocytophaga granulosa; LbCdnE, Lachnospiraceae 
bacterium; N, all four rNTPs; Pi, inorganic phosphate; ori., origin. Data are 
representative of two independent experiments. b, Nuclease treatment confirms 
that the FsCdnE enzymatic product contains only canonical 3′–5′ phosphodiester 
bonds. The [α32P]GTP cyclic dinucleotide product is susceptible to cleavage by 
nuclease P1 resulting in release of GMP as a new species, which migrates further up 
the TLC plate. Further digestion with calf-intestinal phosphatase (CIP) removes all 
exposed phosphates, resulting in complete loss of a labelled product spot. DncV 
(Dinucleotide cyclase in Vibrio)-derived 3′,3′-cGAMP is similarly susceptible to 

complete digestion by P1 and CIP treatment, whereas 2′,3′-cGAMP synthesized by 
mouse cGAS is only partially digested owing to the presence of the non-canonical 
2′–5′ bond. Data are representative of two independent experiments. c, High-
resolution mass spectrometry analysis confirms the identity of the major FsCdnE 
enzymatic product as canonical c-di-GMP. Chemically synthesized c-di-GMP was 
used for direct spectral comparison. d, Sequence alignment and enlarged inset of 
the active-site of the RmCdnE structure in complex with nonhydrolyzable UTP and 
ATP analogues (PDB 6E0L), demonstrating a contact in the CD-NTase lid domain 
known to control nucleobase sequence specificity15. RmCdnE synthesizes cyclic 
UMP–AMP and uses N166 to specifically contact the uridine Watson–Crick edge. 
By contrast, FsCdnE and CgCdnE contain an aspartic acid substitution at this 
position and synthesize c-di-GMP, and V. cholerae DncV and human cGAS contain a 
serine substitution at this position and synthesize 3′,3′-cGAMP and 2′,3′-cGAMP. An 
aspartic acid at the FsCdnE D233 position is conserved among 93% of STING-
associated CD-NTase enzymes (96 of 103), consistent with strict specificity of c-di-
GMP as the nucleotide second messenger that controls bacterial STING activation. 
RmCdnE: PDB 6E0L15; V. cholerae DncV: PDB 4TY057; and human cGAS: PDB 6CTA 
(DNA omitted for clarity)37. e, f, Mutational analysis of the importance of D233 in 
FsCdnE c-di-GMP synthesis activity. D233 substitutions do not disrupt the overall 
ability of FsCdnE to selectively synthesis c-di-GMP, but a D233A substitution 
causes a mild reduction in nucleobase selectivity and efficiency of c-di-GMP 
synthesis. These results are consistent with a role for D233 in nucleobase selection 
but demonstrate full selectively is achieved by additional contacts in the active site 
pocket. Data are representative of three independent experiments.
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Extended Data Fig. 4 | Biochemical analysis of bacterial STING cyclic 
dinucleotide recognition specificity. a, b, Electrophoretic mobility shift 
assay (EMSA) of purified bacterial STING proteins with radiolabelled cyclic 
dinucleotide ligands. Bacterial STING receptors specifically recognize c-di-
GMP and have a weak ability to bind 3′,3′-cGAMP. No interaction was observed 
with c-di-AMP or 2′,3′-cGAMP. Lachnospiraceae bacterium STING: LbSTING; 
Aggregatibacter actinomycetemcomitans STING, AaSTING. Data are 
representative of two independent experiments. c, EMSA analysis of a diverse 
panel of bacterial STING homologues demonstrates conservation of c-di-GMP 
binding in both TM–STING and TIR–STING CBASS immunity. NdSTING, 
Niabella drilacis; FdSTING, Flavobacterium daejeonense. Higher-order 
complex formation visible as well-shifted complexes is consistent with STING 
oligomerization results (Fig. 3f, Extended Data Fig. 7). Data are representative 

of three independent experiments. d, EMSA analysis of diverse bacterial STING 
homologues broadly demonstrates no interaction with the 3′,3′-c-UMP–AMP 
second messenger synthesized by the divergent CD-NTase E. coli CdnE15 and 
further confirms the specificity of c-di-GMP signalling in bacterial STING-
containing CBASS operons. Data are representative of two independent 
experiments. e–h, EMSA analysis and quantification of the affinity of bacterial 
STING homologues for c-di-GMP and 3′,3′-cGAMP. Signal intensity analysis is 
plotted as fraction bound (shifted/total signal) as a function of increasing 
protein concentration and fit to a single binding isotherm. CgSTING and 
ReSTING have a >10-fold preference for c-di-GMP whereas SfSTING has a similar 
apparent affinity for c-di-GMP and 3′,3′-cGAMP. Data are representative of two 
independent experiments.
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Extended Data Fig. 5 | Bacterial STING activation of TIR NADase activity.  
a, HPLC analysis of chemical standards separated with an ammonium 
acetate:methanol gradient elution used to analyse bacterial TIR–STING 
activity (Methods). The NAD+ and ADPr peaks have overlapping bases under 
these conditions. cADPr, cyclic adenosine diphosphate-ribose; ADPr, 
adenosine diphosphate-ribose; NAD+, β-nicotinamide adenine dinucleotide; 
NAM, nicotinamide. b, HPLC analysis of Sf STING NAD+ cleavage activity with 
gradient elution. SfSTING at 500 nM protein with 2 μM c-di-GMP converts  
500 μM NAD+ into ADPr and NAM in 30 min at ambient temperature. SfSTING 
does not generate any cyclized product and is therefore a standard glycosyl 
hydrolase. Inset, schematic of NAD+ cleavage reaction. c, HPLC analysis of 
chemical standards separated with an alternative isocratic elution strategy 
(Methods) that results in clearer separation of NAD+ and ADPr peaks. d, HPLC 
analysis of SfSTING NAD+ cleavage activity with isocratic elution. SfSTING 
NAD+ cleavage activity requires specific activation with c-di-GMP (30-min 
reactions). e, HPLC analysis of Sf STING NAD+ cleavage activity and cyclic 
dinucleotide agonist specificity. Each reaction was tested with 500 nM 
Sf STING, 500 μM cyclic dinucleotide and 500 μM NAD+ and sampled at 45, 90 
or 180 min (gradient colouring in bars). SfSTING preferentially responds to 
c-di-GMP, but 3′,3′-cGAMP and c-di-AMP can function as weak agonists. Data are 
representative of three independent experiments. f, HPLC analysis of Sf STING 
NAD+ cleavage activity in the presence of 3′,3′-c-UMP–AMP. 3′,3′-c-UMP–AMP is 
a >1,000×-weaker agonist than c-di-GMP. Data are representative of three 
independent experiments. g, HPLC analysis of Sf STING NAD+ cleavage activity 
in the presence of a synthetic c-di-GMP analogue with a noncanonical 2′–5′ 
linkage (2′,3′-c-di-GMP). 2′,3′-c-di-GMP is not capable of stimulating robust 
Sf STING activation even at very high concentrations (250 μM versus 250 nM 

canonical c-di-GMP), confirming the specificity of bacterial STING for 
3′–5′-linked cyclic dinucleotides. Data are representative of three independent 
experiments. h, Plate reader analysis of SfSTING NAD+ cleavage activity using 
the fluorescent substrate ε-NAD. ε-NAD increases in fluorescence intensity 
after cleavage. Sf STING exhibits rapid catalysis with complete turnover at  
500 nM protein with 500 nM c-di-GMP after 10 min at 25 °C. No background 
activity is observed in the absence of ligand. Data are representative of three 
independent experiments. i, Plate reader analysis of SfSTING NAD+ cleavage 
activity in the presence of 500 nM protein with increasing c-di-GMP 
concentration reveals that low nM c-di-GMP levels are sufficient to induce 
ε-NAD cleavage. Greater c-di-GMP concentrations are required for maximal 
activity, consistent with binding data and the higher amount of c-di-GMP 
required for complete stabilization of the SfSTING–c-di-GMP complex 
(Extended Data Fig. 4e–h). Saturation occurs above 100 nM c-di-GMP with  
40-min reactions. Data are ± s.d. of n = 3 technical replicates and are 
representative of 3 independent experiments. j, k, TIR-domain NAD+ cleavage 
activity requires protein oligomerization. For other systems21,22, TIR activation 
has been observed at very high in vitro protein concentrations or in the 
presence of affinity resins as an artificial oligomerization-inducing matrix21,22. 
We used a GST–TIR construct to express the Sf STING TIR domain in absence of 
the STING cyclic-dinucleotide-binding domain and observed that even at 
>200× the concentrations for which the full-length protein shows c-di-GMP 
induced activity, or in the presence of multivalent affinity resin, no NAD+ 
cleavage activity occurs. These results demonstrate NAD+ cleavage activity 
specifically requires STING cyclic dinucleotide recognition for activation. Data 
are representative of two independent experiments.
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Extended Data Fig. 6 | Mutagenesis analysis of bacterial STING cyclic 
dinucleotide recognition and TIR activation. a, Table of bacterial STING 
cyclic dinucleotide contacts tested with mutagenesis analysis. Residues were 
selected according to contacts observed in the structure of the FsSTING–3′,3′-
cGAMP complex (FsSTING residues listed in parentheses) and tested in 
Sf STING to allow analysis of the effect on both c-di-GMP binding and NADase 
activity. b, Plate reader analysis of mutant SfSTING NAD+ cleavage activity in 
the presence of 500 nM protein and increasing c-di-GMP concentration. 
Mutant Sf STING variants with cyclic-dinucleotide-binding pocket mutations 
require 10–1,000× greater c-di-GMP concentration for NADase activation. Data 
are ± s.d. of n = 3 technical replicates and are representative of 3 independent 
experiments. c–e, EMSA analysis demonstrating that SfSTING R234A and 
D259A mutations reduce stable c-di-GMP complex formation compared  
to Sf STING wild type (Fig. 2d). Sf STING(D259A) protein titration and 
quantification confirms significantly reduced affinity for c-di-GMP. Data are 
representative of three independent experiments. f, g, HPLC and plate reader 

analysis of mutant Sf STING NAD+ cleavage activity in the presence of 500 nM 
protein and 10 μM c-di-GMP (HPLC) or 500 nM protein and ± 20 μM c-di-GMP 
(plate reader). Mutation of residues responsible for ligand recognition in the 
cyclic-dinucleotide-binding domain (R234 and D259) and catalysis in the TIR 
enzymatic domain (E84) disrupts Sf STING NADase activity and explains loss of 
E. coli toxicity observed in Fig. 3d. One hundred μM of c-di-GMP was used for 
Sf STING(D259A) plate reader NAD+ cleavage analysis to confirm complete loss 
of c-di-GMP-induced activation. HPLC data are representative of three 
independent experiments. Plate reader data are ± s.d. of n = 3 technical 
replicates and are representative of 3 independent experiments. h, i, Analysis 
of Sf STING toxicity in E. coli cells expressing normal c-di-GMP signalling 
enzymes with and without nicotinamide (NAM) supplementation. NAM 
supplementation is sufficient to partially alleviate Sf STING-wild-type-induced 
NADase toxicity. Each line represents the average of two technical replicates 
for each of four separately outgrown colonies. Data are representative of two 
independent experiments.
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Extended Data Fig. 7 | Conservation of oligomerization as a mechanism of 
STING activation. a–i, STING SEC-MALS analysis. a, b, Full-length Sf STING 
changes oligomeric state in the presence of c-di-GMP or the weak agonist 
3′,3′-cGAMP, and does not change oligomeric state in the presence of 
2′,3′-cGAMP. c, With the TIR domain removed (ΔTIR), SfSTING no longer forms 
higher-order complexes but notably remains dimeric in the apoprotein form. 
Bacterial TIR–STING proteins therefore appear to require the TIR domain to 
maintain stable higher-order oligomerization, suggesting that intermolecular 
contacts are made with both TIR and STING domains. d, A TIR-only construct of 
Sf STING with the cyclic-dinucleotide-binding domain removed (ΔCDN)  
elutes as a single species that is consistent with the molecular weight for a 
homodimer. h, Human STING (ΔTM) is a dimer in solution with or without 
2′,3′-cGAMP, confirming that transmembrane contacts are required for 
oligomerization and filament formation12,23. Nearly all tested bacterial and 
metazoan STING constructs migrate as dimers in solution, consistent with the 
cyclic-dinucleotide-binding domain forming a constitutive homodimeric 
complex for ligand recognition. Two exceptions include ReSTING(ΔTM) and 

FsSTING(ΔTM), which form a mixture of monomeric and dimeric states in the 
absence of ligand and dimers or tetramers in the presence of 3′,3′-cGAMP. 
These results indicate that alternative oligomerization events may be required 
for activation of bacterial TM–STING effector function. j, Negative-stain 
electron microscopy 2D class averages for SfSTING (E84A mutant) alone or in 
the presence of cyclic dinucleotide ligands. Stable STING filament formation 
requires c-di-GMP. Two-dimensional class averages were derived from particles 
selected from 75 micrographs for each condition. k, Representative 
micrograph images reveal extensive filament formation of varying length and 
orientation in the presence of c-di-GMP. Apo, c-di-AMP and 2′,3′-cGAMP 
micrographs lack filaments. Images are each representative of n = 75 
micrographs for each condition. l, Particle counting analysis of micrograph 
images shows that c-di-GMP induces more filament formation than 
3′,3′-cGAMP, and stable filament formation does not occur in the presence of 
c-di-AMP or 2′,3′-cGAMP. Data are mean ± s.d. for quantification of n = 4 groups 
of 10 micrograph images each.



a

Free
c-di-GMP

SfSTING Mutant: — W
T R3
07

E,
A3

09
R

Δ 
L2

75
–Q

28
2

L2
01

R,
 D

20
3R

Well

STING–CDN
Complex

c

2.0 2.2 2.4 2.6 2.8 3.0
0

250

500

750

1000

Retention time (min)

Ab
so

rb
an

ce
25

4
nm

(m
AU

)

SfSTING R307E, A309R
Apo
250 μM c-di-GMP

Retention time (min)

Ab
so

rb
an

ce
25

4
nm

(m
AU

)

SfSTING L201R, D203R

2.0 2.2 2.4 2.6 2.8 3.0
0

250

500

750

1000
Apo
250 μM c-di-GMP

2.0 2.2 2.4 2.6 2.8 3.0
0

250

500

750

1000

Retention time (min)

Ab
so

rb
an

ce
25

4
nm

(m
AU

)

SfSTING Δ L275–Q282
Apo
250 μM c-di-GMP

b

d

c-di-GMP

WT

Apo

R307E, A309R L201R, D203R Δ L275–Q282

Filaments No filaments No filaments No filaments

500 Å

500 Å500 Å

500 Å

500 Å

500 Å

500 Å

500 Å

90°

90°

Regions of cross-dimer contact

Predicted regions of contact

D205–D210

Q273–S280

A300–A302

D119–S123

Q217–L221

V181–S193

T200–N204

G306–A310

L275–F284

SfSTING
equivalent

FsSTING
predicted

Human STING
observed contacts

Regions of cross-dimer contact

Predicted regions of contact

Human STING tetramer

Modeled bacterial STING tetramer

a

c
WT

Human STING filament

Modeled bacterial STING filament

Extended Data Fig. 8 | Filament formation is required for bacterial  
TIR–STING activation. a, Model of bacterial STING oligomerization and 
identification of surfaces involved in c-di-GMP-mediated filament formation. 
Electron microscopy analysis of SfSTING in the presence of c-di-GMP reveals 
filament formation probably occurs through parallel stacking of the 
homodimeric cyclic-dinucleotide-binding domain (Extended Data Fig. 7).  
To construct a potential model of this interaction, we used the X-ray crystal 
structure of the human STING–2′,3′-cGAMP complex (PDB 4KSY)7 and the 
cryo-electron microscopy structure of the chicken STING tetramer (PDB 
6NT8)9 (top) as guides to position the FsSTING–3′,3′-cGAMP complex  
structure into a tetrameric conformation. The resulting model predicts that 
oligomerization-mediating surfaces in Sf STING include T200–N204,  
L275–F284 and G306–A310. b, EMSA analysis of SfSTING variants indicates that 
mutations to the predicted oligomerization surfaces do not prevent c-di-GMP 

recognition. Sf STING mutants tested include R307E/A309R, L201R/D203R and 
the loop L275–Q282 replaced with a short GlySer linker (GSGGS). Data are 
representative of two independent experiments. c, Electron microscopy 
analysis of Sf STING variants in the presence of c-di-GMP. Mutations to the 
Sf STING surfaces identified in the structural model prevent all observable 
cyclic-dinucleotide-induced filament formation, supporting their predicted 
role in mediating oligomerization and bacterial STING filament formation. 
Images are each representative of n = 5 micrographs for each condition.  
d, HPLC analysis of mutant SfSTING NAD+ cleavage activity in the presence  
of 500 nM protein and 250 μM c-di-GMP for 3 h. In the absence of cyclic- 
dinucleotide-mediated oligomerization, all Sf STING NADase activity is lost, 
confirming the requirement of filament formation in TIR domain activation. 
Data are representative of three independent experiments.
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Extended Data Fig. 9 | Structural analysis of metazoan TIR–STING 
homologues. a, Structure-guided alignment of the TIR domain in oyster  
TIR–STING with reference bacterial and metazoan TIR-domain-containing 
proteins. SARM1 is an example of a human TIR domain that catalyses NAD+ 
cleavage, and MyD88 is an example of a human TIR domain that signals through 
protein–protein interaction. The catalytic glutamate responsible for 
supporting NAD+ cleavage is conserved at the same spatial position among 
bacterial and oyster TIRs but is mutated in MyD88 (green box). However, it is 
not currently possible to predict from structure or sequence alone whether TIR 
domains have enzymatic activity. b, Distinct from other TIR domain structures, 
the TIR domain in oyster TIR–STING contains a proline-rich loop region at the 
interface, suggesting a specific role in dimer stabilization. c, Superposition of a 
homology model of the SfSTING TIR domain with the TIR domain of oyster  
TIR–STING shows the predicted catalytic glutamates for both proteins occupy 
distinct locations in the TIR fold. d, Superposition of a homology model of the 
Sf STING TIR domain compared to the crystal structure of human SARM1 bound 
to ribose implies that different NAD+ binding pockets may exist between 

bacterial and eukaryotic TIRs, as previously suggested21. e, Superposition of a 
homology model of the SfSTING TIR domain with the bacterial TIR domain 
from Paracoccus denitrificans shows a high degree of similarity. No crystal 
structures are available for bacterial TIR domains in an active state, preventing 
identification of a specific mechanism of catalytic activation. f, EMSA analysis 
of oyster TIR–STING and mouse STING demonstrates a wide preference for 
cyclic dinucleotide interactions and clear ability to recognize the mammalian 
cGAS product 2′,3′-cGAMP. Data are representative of three independent 
experiments. g, h, Oyster TIR–STING, which binds all tested cyclic 
dinucleotides, does not exhibit NAD+ cleavage activity even at 10× the protein 
and ligand concentrations used to achieve robust activity with bacterial TIR–
STING. We tested four other oyster TIR–STING homologues and observed no 
cyclic-dinucleotide-stimulated NAD+ cleavage activity. These results support a 
potential switch in TIR-dependent protein–protein interactions to control 
downstream signalling similar to the TIR domain in human MyD88. Data are 
representative of two independent experiments.
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Extended Data Fig. 10 | Structure-guided analysis of STING phylogenetic 
conservation and cyclic dinucleotide recognition. a, Structure-guided 
alignment and phylogenetic tree of STING proteins across bacterial and 
metazoan kingdoms. Bacterial STING homologues form a distinct cluster 
separate from all metazoan STING sequences, and are mostly represented by 
TIR–STING fusions. A single STING-domain containing protein was identified 
in the choanoflagellate Monosiga brevicollis (denoted as an open black circle, 
as this species is outside of the kingdom Metazoa); no STING-domain 
containing proteins were found in Archaea. TIR–STING fusions are rare in 
eukaryotes and cluster among invertebrate metazoans. No TIR–STING 
examples occur in vertebrates. Specific species of interest are highlighted to 
show the breadth of sequence diversity and stars mark proteins with available 
structures. b, Direct comparison of bacterial, oyster, anemone and human 
STING crystal structures reveals conservation of specific cyclic dinucleotide 
contacts and critical differences in phosphodiester linkage recognition. 

Stacking interactions formed with the cyclic dinucleotide nucleobase face, 
aromatic side chains at the top of the α-helix stem and arginine residues 
extending downward from the lid region are major conserved features shared 
between bacterial and metazoan STING proteins. Nucleotide-specific contacts 
are divergent between distinct STING structures, but notably the critical D169 
guanosine N2-specific contact present in bacterial STING is conserved with a 
glutamic acid side chain in nearly all metazoan STING proteins. A critical 
feature absent in bacterial STING receptors is additional arginine-specific 
contacts to the phosphodiester backbone. The human STING R232 side chain 
contact, known to be critical for high-affinity interactions with 2′,3′-cGAMP, is 
conserved throughout metazoan STINGs, representing a unique adaptation 
not found within bacterial STING receptors. Bacterial STING–3′,3′-cGAMP 
(FsSTING), oyster STING–2′,3′-cGAMP (C. gigas), sea anemone STING–2′,3′-
cGAMP (N. vectensis PDB 5CFQ)8, human STING–2′,3′-cGAMP (H. sapiens PDB 
4KSY)7.
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