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Summary

In humans, the cGAS-STING immunity pathway signals in response to cytosolic DNA via 2/,3/
cGAMP, a cyclic dinucleotide (CDN) second messenger containing mixed 2’-5’ and 3'-5/
phosphodiester bonds. Prokaryotes also produce CDNs, but these are exclusively 3’ linked, and
thus the evolutionary origins of human 2/,3’ cGAMP signaling are unknown. Here we illuminate
the ancient origins human cGAMP signaling by discovery of a functional cGAS-STING pathway
in Nematostella vectensis, an anemone species >500 million years diverged from humans.
Anemone cGAS appears to produce a 3’,3’ CDN that anemone STING recognizes through
nucleobase-specific contacts not observed in human STING. Nevertheless, anemone STING binds
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mixed-linkage 2/,3’ cGAMP indistinguishably from human STING, trapping a unique structural
conformation not induced by 37,3’ CDNSs. These results reveal that human mixed-linkage cGAMP
achieves universal signaling by exploiting a deeply conserved STING conformational
intermediate, providing critical insight for therapeutic targeting of the STING pathway.

Graphical abstract

Mechanism of Universal 2',3' cGAMP-STING Signaling

Unrotated Rotated
“Closed” “Open"
"_.“. --' - _4’
S Apo STING is . SO
Eﬁﬁ.\ Th @ ‘ Structurally Dynamic 'ﬁ;\ S E.- s

Apo Only
Conformation

m‘j&vﬂi‘\,

¥ A
rlr

Linkage Evolution Exploits a Universal STING Conformational Intermediate

Introduction

Cyclic dinucleotides (CDNs) are critical second messenger signaling molecules widely
dispersed throughout prokaryotes (Danilchanka and Mekalanos, 2013). Until recently,
CDNs were not thought to function in animals. However, the discovery of an innate
immunity pathway responsible for surveillance of cytosolic DNA has revealed a prominent
role for CDN signaling in vertebrates (Sun et al., 2013). In this pathway, cytosolic double-
stranded DNA is detected after it binds directly to an enzyme called cyclic GMP-AMP
synthase (cGAS). Upon dsDNA binding, cGAS is allosterically activated to produce a CDN
second messenger called cyclic GMP-AMP (cGAMP). cGAMP binds directly to an
endoplasmic reticulum receptor protein called STING (Stimulator of IFN Genes), thereby
activating a signaling pathway that induces transcription of type I interferon and other co-
regulated genes (Burdette et al., 2011; Ishikawa and Barber, 2008; Jin et al., 2008; Sun et al.,
2013; Sun et al., 2009; Zhong et al., 2008). Whereas all currently known prokaryotic CDNs
have two canonical 3’5 phosphodiester linkages, the human cGAS product contains a
unigue 2/-5’ bond resulting in a mixed linkage cyclic GMP-AMP molecule, denoted as 27,3’
CGAMP (Ablasser et al., 2013; Diner et al., 2013; Gao et al., 2013a; Zhang et al., 2013). The
bacterium Vibrio cholerae encodes an enzyme called DncV that is a structural homolog of
CcGAS and synthesizes a related second messenger with canonical 3’5" bonds (3,3’
cGAMP), suggesting that human CDN signaling may have deep ancestral roots (Davies et
al., 2012; Kranzusch et al., 2014).
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In mammals, the ER-resident receptor protein STING is essential for interpreting CDN
signals (Jin et al., 2011a; Sauer et al., 2011). The carboxy-terminal domain of STING forms
a homodimer that creates a recessed binding pocket for endogenous 2/,3' cGAMP or
prokaryotic 3/,3” CDNs released by intracellular pathogens (Burdette et al., 2011; Huang et
al., 2012; Ouyang et al., 2012; Shang et al., 2012; Shu et al., 2012; Woodward et al., 2010;
Yin et al., 2012). Upon its activation, STING recruits the downstream TBK1 kinase to
phosphorylate the transcription factor IRF3. Activated IRF3 enters the nucleus where it
mediates transcription of interferon § and other co-regulated genes (Blaauboer et al., 2014;
Ishikawa et al., 2009; Liu et al., 2015; Tanaka and Chen, 2012). Additionally, STING
signaling can lead to STAT6 phosphorylation and NF-«xB activation (Chen et al., 2011;
McWhirter et al., 2009). Endogenous 2/,3’ cGAMP is a significantly more potent agonist of
human STING than are prokaryotic 3/,3" CDNs, and triggers a structural rearrangement in
the STING beta-strand lid domain that is thought to be responsible for establishing a
signaling competent state (Gao et al., 2013b; Zhang et al., 2013). It is not known how these
structural rearrangements result in recruitment and activation of downstream signaling
molecules, and thus it remains unclear why 2,3’ cGAMP is a particularly potent STING
agonist.

Recent analyses of cGAS and STING deficient mice have shown that the cGAS-STING
pathway is essential for cytosolic immune detection of DNA and is critical for immune
responses against numerous viral and bacterial pathogens (Gall et al., 2012; Ishikawa et al.,
2009; Li et al., 2013; Sauer et al., 2011; Schoggins et al., 2014; Zhang et al., 2014). The
small-molecule nature of 2/,3' cGAMP and the ability of STING to initiate potent immune
responses in diverse cell types has spurred interest in using STING agonists as novel vaccine
adjuvants or immunotherapeutics. In particular, recent data highlight the potency of CDNs
as anti-tumor immunotherapy agents (Corrales et al., 2015; Deng et al., 2014; Fu et al.,
2015; Woo et al., 2014). However, current understanding of the molecular principles
underlying the unique ability of 2/,3’ cGAMP to broadly activate various STING alleles
remains incomplete. We rationalized that analyzing the evolutionary origins of the human
cGAS-STING pathway would help establish the principles underlying universal 2,3’
cGAMP signaling.

Prior bioinformatics analyses have identified candidate STING homologs throughout diverse
metazoans (Wu and Chen, 2014; Wu et al., 2014). However, only mammalian STING
proteins have been functionally characterized and shown to bind CDNs. Thus it remains
possible that ancestral STING had other functions and that the ability to bind CDNs is a
recent innovation that arose in vertebrates alongside modern innate immunity. In contrast to
this view, we show here that binding to CDNs is a deeply evolutionarily conserved function
of STING. Using a paleo-biochemical approach, we tracked the function of STING through
diverse animal lineages and identified functional cGAS and STING homologs in the sea
anemone Nematostella vectensis, an animal divergent from humans by >500 million years of
evolution. These results reveal the surprisingly ancient evolutionary origins of cGAS-
STING signaling and demonstrate that the CDN second messenger pathway in animals
predates the emergence of interferon signaling and modern innate immunity. We show that
anemone cGAS activates human STING, and specific reporter and CDN phosphodiesterase
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assays suggest that the anemone cGAS product is 3’,3 cGAMP. Moreover, we determined a
complete series of seven crystal structures of anemone STING, encompassing two unbound
structures and five ligand-bound structures. These structures comprise the only complete set
of STING structures in any species and reveal an unexpected nucleobase-specific
recognition of 3/,3' cGAMP by anemone STING. Most importantly, however, our results
illustrate that a unique property of 2,3’ cGAMP is its ability to trap a distinct and deeply
evolutionarily conserved STING conformation not seen with 3’,3” CDNs. We propose that
the cGAS-STING pathway has exploited a unique mode of evolution where the protein
components remain structurally conserved, while chemical changes in the interconnecting
second messenger drive functional innovation. These results illuminate the evolution and
ancestral origins of a critical second-messenger signaling pathway in human immunity, and
outline the conserved functionality required for design of broadly active STING
chemotherapeutics.

STING cyclic dinucleotide recognition predates modern innate immunity

To probe STING function in diverse animal lineages, candidate STING genes were
identified by protein homology using a hidden Markov model to search published animal
genomes. The C-terminal STING domains of eleven different STING orthologs were
expressed and purified from E. coli, and tested for their ability to interact with 32p-
radiolabelled CDNs using an electrophoretic mobility gel-shift assay. All four known
naturally occurring CDNs were tested: 3/,3 ¢c-di-AMP (cAA), 3,3’ cGAMP, 2,3’ cGAMP
and 3,3’ c-di-GMP (cGG) (Figure 1A). The vertebrate STING orthologs we analyzed
readily interacted with the endogenous product 2/,3’ cGAMP. While all mammalian STING
proteins tested also bound to 3/,3” CDNs, we did not detect robust 3/,3" CDN binding with
STING proteins from more diverse vertebrates including D. rerio (zebrafish) and X.
tropicalis (western clawed frog). In support of preservation of a functional cGAS-cGAMP-
STING pathway across vertebrate evolution, mammalian, Xenopus and Danio genomes
contain readily identifiable cGAS homologs with an intact active site and Zn-ribbon
insertion critical for human cGAS function (Ablasser et al., 2013; Kranzusch et al., 2013;
Wu et al., 2014).

In contrast to vertebrate STING proteins, we observed no interaction between the insect
Drosophila STING and any of the four naturally occurring CDNs. To ascertain the
generality of this result, we tested three additional STING alleles from insect genomes
(bumble bee, B. terrestris; wasp, N. vitripennis; and silkworm, B. mori), and again were
unable to detect CDN interaction other than nonspecific well-shifts. A search for cGAS
homologs in insect genomes reveals possible nucleotidyltransferase superfamily related
genes but no obvious homologs of human cGAS that contain both an enzymatic active site
and a Zn-ribbon domain for dsDNA-specific recognition (Civril et al., 2013; Hancks et al.,
2015; Kranzusch et al., 2013; Wu et al., 2014). These results suggest that insect STING
proteins may have lost or decreased the ability to bind to CDNs, or may only do so with
additional co-factors missing from our assay.
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Amongst invertebrates, we characterized putative STING homologs within phyla Annelida,
Mollusca and Cnidaria. Despite <30% amino acid identity with vertebrate STING proteins,
the invertebrate STING homologs we tested exhibited a robust ability to bind both 3,3
CDNs and 2/,3' cGAMP (Figure 1A). The most divergent STING homolog examined was
from the starlet sea anemone (Nematostella vectensis), an animal with >500 million years of
evolutionary divergence from humans (Putnam et al., 2007). Consistent with our
biochemical findings, phylogenetic alignment of human STING (hSTING) and anemone
STING (nvSTING) indicates that despite low sequence identity (29%) the key residues
previously implicated in hSTING CDN recognition are conserved in ancestrally divergent
STING homologs (Figure 1B,C, Figure S1).

STING architecture is conserved in anemone

To confirm that invertebrate STING homologs exhibit evolutionary conservation of key
structural features, we determined crystal structures of the C-terminal CDN receptor domain
of nvSTING using selenomethionine-derivatized crystals for experimental phase
determination (Figure 1D,E, Table 1). Apo nvSTING crystallized in two distinct crystal
forms, an open “rotated” wing conformation (2.1 A) and a closed “unrotated” wing
conformation (2.9 A). In each case, the structures reveal a dimeric protein receptor with
clear structural homology to human and mouse STING (Chin et al., 2013; Huang et al.,
2012; Ouyang et al., 2012; Shang et al., 2012; Shu et al., 2012; Yin et al., 2012). Our two
distinct “rotated” and “unrotated” apo nvSTING structures correlate with previously
observed apo structures of human and mouse STING, respectively, indicating that these two
forms likely represent alternatively sampled STING conformations, and not species-specific
differences between the human and mouse proteins (Figure 1D,E). Importantly, the
structures of apo nvSTING reveal the conserved presence of a beta-strand lid domain poised
to arch over a deep central ligand-binding pocket (Figure 1D,E). Taken together, our results
provide strong evidence that the overall STING fold, and its ability to bind CDNSs, is deeply
conserved throughout metazoans, predating the clear emergence of interferons and ‘modern’
innate immunity (Zhang et al., 2015).

The cGAS-STING signaling pathway is conserved in sea anemone

To determine if the entire cGAS-STING pathway is evolutionarily conserved, we next asked
if invertebrate genomes encode a functional cGAS-like enzyme that is able to produce an
endogenous CDN second messenger. We focused our efforts on the sea anemone N.
vectensis, as this was the most divergent species found to encode a functional STING
ortholog. We cloned all 12 N. vectensis genes encoding putative cGAS-like proteins with
predicted functional active sites. We screened these enzymes for CDN synthase activity by
transiently transfecting them into human STING-interferon f§ luciferase reporter cells that
respond to all known naturally occurring CDNs and CDN synthases from bacteria and
humans (Diner et al., 2013) (Figure 2A). We found that expression of only a single anemone
gene, nv-A7SFB5.1 (Ensembl accession A7SFB5.1), induced robust hSTING-dependent
interferon B signaling in human cells (Figure 2B and Figure S2). Overexpression of all other
candidate N. vectensis genes, including the closely related protein nv-A7S0T1.1, did not
result in any detectable STING activation (Figure 2B and Figure S2). The other candidate
genes are inactive in this assay either because they are functionally diverse
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nucleotidyltransferases unrelated to CDN synthases or possibly because essential co-factors
are missing from the cellular assay. Alignment of nv-A7SFB5.1 and human cGAS reveals a
shared predicted catalytic active site (Figure S2), and disruption by amino-acid substitution
of the predicted magnesium ion coordination motif in nv-A7SFB5.1 (E131A/D133A)
abolishes all signal induction in human cells. Identification of nv-A7SFB5.1 (now renamed
nv-cGAS) extends the occurrence of CDN synthases to invertebrate animals, and
demonstrates that cGAS and STING are ancestrally conserved signaling components in
animal biology.

Anemone cGAS signals via a 3’,3’-linked cyclic dinucleotide

Human cGAS produces a cyclic GMP-AMP second messenger containing a mixed 2/-5
and 3’-5’ phosphodiester linkage (2/,3’) distinct from all previously characterized bacterial
3,3’ CDNs. To determine the nv-cGAS product identity and linkage specificity we first
attempted to reconstitute nv-cGAS enzymatic activity in vitro using purified components. In
contrast to the robust in vitro activity of recombinant human cGAS, nv-cGAS activity is not
detected in vitro upon stimulation in the presence of dsSDNA (Figure S3). These results
suggest that an alternative ligand present within the complex cellular environment may be
responsible for controlling nv-cGAS activity.

As the activating ligand for nv-cGAS is currently unknown, we instead further characterized
nv-cGAS activity and product identity in transfected cells, where we observed the enzyme to
be active and able to stimulate STING signaling (Figure 2B). We took advantage of
polymorphic hSTING alleles that exhibit differing specificities for 2,3’ and 3/,3' CDNs:
hSTING R232 (the wild-type allele), which responds to all CDNSs, and hSTING R232H
which responds preferentially to 2/,3" cGAMP (Ablasser et al., 2013; Corrales et al., 2015;
Diner et al., 2013; Jin et al., 2011b; Kranzusch et al., 2014).

To confirm that the hSTING alleles behave as expected, we tested their responsiveness to
transfection of well-characterized CDN synthases. Human cGAS produces 2/,3' cGAMP and
thus activates both hSTING variants (Figure 2C). In contrast, the Vibrio cholerae synthase
DncV, which produces a 3/,3 cGAMP dinucleotide, is unable to activate the hSTING
R232H allele (Diner et al., 2013; Kranzusch et al., 2014). Similarly, overexpression of nv-
cGAS was unable to activate the hSTING R232H allele (Figure 2C). Collectively, these data
indicate that nv-cGAS produces a 3/,3" linked CDN distinct from human 2/,3' cGAMP.

We next sought to determine the dinucleotide base identity produced by nv-cGAS. Vibrio
cholerae DncV is a close structural homolog of human cGAS (Kato et al., 2015; Kranzusch
etal., 2014; Zhu et al., 2014), and the enzyme active sites of DncV and cGAS are similar
enough that a single amino acid substitution converts human cGAS into a DncV-like 3/,3/
cGAMP synthase (Kranzusch et al., 2014). Given that the nv-cGAS sequence is predicted to
have similar changes to catalytic pocket amino acids important for substrate positioning
(Figure S2), we hypothesized that the 3’,3" CDN nv-cGAS product is most likely to be 3,3’
cGAMP. To test this hypothesis, we took advantage of a recently characterized
phosphodiesterase that is highly specific for degradation of 3/,3’ cGAMP (Gao et al., 2015).
Vibrio cholerae cGAPL1 efficiently hydrolyzes 3/,3’ cGAMP, but has no activity on any other
CDN product (Gao et al., 2015). We confirmed this specificity in our reporter system by
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showing that co-expression of cGAP1 ablated DncV 3/,3’ cGAMP signaling but only had a
minimal (<2-fold) impact on STING activation by bacterial 3,3’ cGG (Pseudomonas WspR)
or 3,3’ cAA (Bacillus DisA) synthases (Figure 2D). Importantly, cGAP1 abolished the
ability of nv-cGAS to induce STING signaling (Figure 2D), consistent with nv-cGAS
producing 3,3’ cGAMP (Figure 2E). These results demonstrate that nv-cGAS produces a 3/,
3’ CDN and suggest that the mixed phosphodiester-linkage chemistry found in human 2/,3
cGAMP is an evolutionarily recent immune second messenger adaptation.

nvSTING specifically recognizes guanine bases in 3,3 second messengers

In order to characterize the interaction of nvSTING with CDN ligands, we determined
crystal structures of nvSTING bound to 3,3’ cGAMP (2.0 A), 3/,3’ ¢GG (1.8 A) and 3',3/
cAA (3.0 A) (Figure 3A). Interestingly, this series of structures uncovered a nucleobase-
specific recognition of guanine not previously seen in mammalian STING structures.
Similar to the previously reported beta-strand lid observed to form in hSTING in response to
its agonist ligand, the nvSTING beta-strand lid domain undergoes an ~4 A movement to
close tightly over the top of 3/,3' cGAMP and 3,3’ cGG ligands, but is notably splayed open
and more loosely organized when nvSTING is bound to 3/,3' cAA (Figure 3B). In line with
the contrasting activities of 3,3’ vs. 2/,3’ second messengers, the ability of the nvSTING
beta-strand lid to specifically reorganize upon 3,3’ cGAMP or 3’,3' ¢cGG binding is in stark
contrast to previous crystal structures of hSTING bound to 3/,3' ¢cGG, where the hSTING
beta-strand lid remained disordered (Figure 3C) (Ouyang et al., 2012; Yin et al., 2012).
These results suggest that recognition of the guanine nucleobase is a unique property of
nvSTING.

To validate the base-specific contacts observed in the nvSTING 3’,3' cGAMP and 3,3’ cGG
structures, we measured ligand affinity using isothermal titration calorimetry (ITC).
nvSTING exhibited a remarkably high affinity of for 3/,3' cGAMP and cGG ligands (50 and
15 nM respectively) compared to the previously described affinity of hSTING for 3,3’ cGG
(~1,000-4,400 nM) (Figure 3D, Table S1) (Ouyang et al., 2012; Yin et al., 2012; Zhang et
al., 2013). In further confirmation of the selective recognition of guanine nucleobases, the
affinity of nvSTING for 3/,3’ cAA is two orders of magnitude lower (~1,500 nM) and in
closer agreement to the previously measured low-micromolar affinities of hSTING and
mouse STING for 3/,3" CDNs (Figure 3D).

Structural basis of nvSTING guanine-specific cyclic dinucleotide recognition

We next sought to explain the structural basis for specific recognition of guanine bases by
nvSTING. In our nvSTING-CDN crystal structures we observe three main types of protein—
CDN contacts; for clarity, these contacts are described in relation to the hSTING equivalent
amino-acid positions (Figure 4A). First, a nucleobase stacking interaction sandwiches the
purine CDN bases in place through hydrophobic base-stacking between nvSTING Y167 and
F236. Second, R232 residues reach down from the organized beta-strand lid to interact with
the phosphates linkage on either side of the CDN. Similar contacts are also seen between
Y167 and R232 of hSTING and 2/,3' cGAMP. However, nvSTING has additional contacts
between the beta-strand lid R238 and the Hoogsteen edge of the guanine base resulting in
sequence specific interactions not possible with an adenine base (Figure 4A). Interestingly,
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the R238 residue is also conserved in hSTING at the identical amino acid position, but in
hSTING, R238 contacts the phosphate linkage rather than making guanine-specific contacts.
This key difference is explained by the unique presence of phenylalanine at position 236 in
nvSTING. This residue generates an additional base-stacking interaction that is not provided
by the corresponding K236 in hSTING. hSTING compensates for the lack of F236 by
positioning R238 over the CDN nucleobase face. In nvSTING, the presence of F236 frees
R238 to make base-specific interactions.

To confirm these results and the specific importance of nvSTING F236, we created a
humanized version of nvSTING with an F236K mutation and re-crystallized this mutant in
complex with 3,3/ ¢GG (2.1 A). The humanized nvSTING(F236K)-3',3' ¢GG structure
reveals an open beta-strand lid in the identical confirmation as the nvSTING-3',3’ cAA
structure (Figure 4B and Figure S4). Likewise, when bound to the humanized
nvSTING(F236K) protein, the 3,3’ ¢cGG base now adopts the less rigid nvSTING-3",3' cAA
conformation and ITC measurements demonstrate greatly reduced guanine-specific affinity
(Figure S4B,C, Table S1). Together, these results demonstrate that subtle changes in the
STING lid domain have a cascading affect, allowing adaptation of STING from base-
specific recognition in anemone to that of the human phosphodiester-linkage specific
system.

2’,3” cGAMP traps a unique and conserved STING conformation

Collectively, our data demonstrate that the N. vectensis cGAS-STING signaling pathway
relies on endogenous production and base-specific recognition of a 3’,3’ second messenger.
However, our initial phylogenetic survey of STING alleles by gel-shift assay demonstrated
that all functional ancestrally-related STING alleles exhibited the ability to complex with the
endogenous human second messenger 2,3’ cGAMP (Figure 1). Indeed, ITC measurements
with nvSTING confirmed a specific high-affinity interaction with 2/,3' cGAMP (<1 nM)
(Figure 5A, Table S1). We hypothesized that understanding the evolutionary origins of the
STING-2/,3' cGAMP interaction might reveal the conserved structural principles underlying
specific recognition of 2,3’ cGAMP. Therefore, we determined the crystal structure of the
nvSTING-2/,3' cGAMP complex. Crystals of nvSTING-2/,3 cGAMP grew in a unique
crystal form distinct from each of the other six nvSTING structures, and we determined the
structure by molecular replacement using a monomer core derived from the nvSTING-3',3’
CGAMP structure as an initial search model.

Surprisingly, the structure of nvSTING-2/,3' cGAMP (2.1 A) reveals a partially rotated
conformational state distinct from all previous nvSTING-3’,3’ CDN structures. In this
partially rotated 2,3’ cGAMP-bound state, the apical wings of each STING monomer are
rotated by ~15° from the apo positions, in comparison to the ~26° of rotation observed in the
3,3’ CDN-bound structures (Figure 5B,C,D). Remarkably, the partially rotated state
observed in the nvSTING-2’,3' cGAMP structure is essentially identical to the rotation
observed in the hNSTING-2/,3’ cGAMP structures (Figure 5B, Figure S5) (Gao et al., 2013b;
Zhang et al., 2013). Although nvSTING and hSTING are only 29% identical at the amino
acid level, and exhibit significant structural differences when bound to 3/,3 CDNs, the 2/,3/
cGAMP bound structures are nearly superimposable (1.3 A main-chain RMSD). This
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observation indicates that the unique chemical nature of 2/,3’ cGAMP, rather than the
protein allele itself, dictates the wing pitch conformation of STING.

2/,3' cGAMP appears to be a recent vertebrate innovation. Yet, despite this, our results
demonstrate that the unique partially rotated conformation adopted by hSTING when bound
to 2/,3' cGAMP is conserved in a distant STING ortholog. To test whether such structural
conservation is accompanied by functional conservation, we asked whether nvSTING could
successfully replace hSTING in a human cell setting. As noted above, nvSTING lacks the
long unstructured carboxy-terminal tail (CTT) previously shown to be required for hNSTING
to recruit the critical downstream TBK1 and IRF3 signaling components (Liu et al., 2015;
Tanaka and Chen, 2012). Consistent with its lack of a CTT, wt nvSTING is unable to
activate interferon B luciferase signaling upon stimulation by human cGAS (Figure 5E).
Remarkably, however, appending the hSTING CTT (residues 341-379) to nvSTING is
sufficient to permit low-level interferon 8 stimulation in human cells. The ability of
nvSTING to functionally replace hSTING in human cells is further enhanced by the addition
of the humanizing F236K mutation, where chimeric nvSTING(F236K) signaling is now
boosted to ~20-25-fold over background levels (Figure 5E). Together these results
demonstrate the minor changes required to adapt a STING allele to modern 2/,3' cGAMP
interferon signaling, and reveal a possible path for cGAS-STING functional evolution.

Discussion

In vertebrates, the cGAS-STING signaling pathway enables cells to initiate interferon-
mediated gene expression in response to foreign DNA from viruses, bacteria and tumors.
Although STING homologs are present in diverse animals, it has been unclear whether
activation by CDNSs is an evolutionarily conserved function of STING, and if so, whether
STING first evolved to respond to exogenous CDNSs produced by bacteria, or endogenous
CDNs produced as second messengers. To determine the evolutionary origins and conserved
signaling principles of cGAS-STING immunity, we investigated the pathway in divergent
metazoan species. By surveying phylogenetically distant STING variants, we found that
CDN binding is a deeply conserved function of STING that was likely present >500 million
years ago in the common ancestor of humans and cnidaria. This observation implies that the
ability to respond to CDNs via STING may have been a conserved property of the common
metazoan ancestor. Furthermore, our data suggest that most features of modern innate
immunity, including the evolution of interferons, followed the evolution of the STING—
CDN interaction. In addition to interferon signaling, STING-CDN recognition causes
downstream activation of the NF-xB pathway (McWhirter et al., 2009), and ancestral NF-kB
signaling (Wolenski et al., 2011) may explain evolutionary conservation of the cGAS-
STING pathway prior to interferon-based immunity.

To investigate whether cGAS, like STING, is evolutionarily ancient, we focused on the most
divergent species in which we observed a robust STING-CDN interaction, the sea anemone
N. vectensis. Although N. vectensis contains several candidate cGAS-like genes, these
enzymes all lack defining features of human cGAS, including the Zn-ribbon that is critical
for binding to dsDNA. Thus, signaling assays were essential to identify a true functional
ortholog of cGAS capable of activating human STING. Our identification of nv-cGAS
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implies that the entire cGAS-STING signaling network was also already present >500
million years ago. Although it remains possible that STING first evolved to detect
exogenous bacterial CDNSs, our data suggest that the likely function of STING in the
primitive metazoan ancestor was to detect an endogenous second messenger produced by a
cGAS-like enzyme. Recombinant purified nv-cGAS is not active in vitro and the
biochemical trigger that activates nv-cGAS remains unknown. However, the ability of nv-
cGAS to signal in transfected human cells suggests that, analogous to DNA-dependent
activation of human cGAS, an additional cellular co-factor or activator is able to induce nv-
CcGAS enzymatic activity.

Anemone cGAS appears to differ from its human ortholog in the regiochemistry of its CDN
product. By taking advantage of human STING variants that respond specifically to 2/,3’
cGAMP, as well as a 3’,3’ cGAMP-specific phosphodiesterase from V. cholerae, we propose
that nv-cGAS produces 3/,3' cGAMP. This product is distinct from the 2/,3' cGAMP
produced by vertebrate cGAS enzymes, and suggests that 2/,3’ cGAMP is a recent vertebrate
innovation, though we cannot formally rule out the possibility that uncharacterized enzymes
in anemone or other invertebrates might also make a 2/,3’-linked CDN. Nevertheless,
consistent with the apparent production of 3’,3’ cGAMP in the anemone system, crystal
structures and biochemical analysis demonstrate intimate contacts within the high affinity
nvSTING-3",3’ cGAMP complex. The ability of nvSTING to specifically recognize guanine
bases is particularly striking, and is a capability not seen in hSTING.

Evolution-based model of STING signaling

Our coherent series of seven nvSTING structural states now allow collective placement of
available hSTING and mouse STING structures to illustrate a dynamic movement of STING
monomers rotating against each other, analogous to the opening and closing of a butterfly’s
wings. Our crystallographic studies captured two distinct apo forms of nvSTING. In one of
these forms, apo nvSTING adopts an unrotated “closed” conformation similar to a
previously published mouse STING apo structure (Chin et al., 2013). The other apo
nvSTING structure has a rotated “open” wing pitch and exhibits a loosely organized lid,
similar to published apo hSTING structures (Huang et al., 2012; Ouyang et al., 2012; Shang
etal., 2012; Shu et al., 2012; Yin et al., 2012). The most parsimonious explanation of these
results is that inactive apo STING in all species samples diverse conformations. In contrast
to the existing model of hSTING activation, in which ligand binding induces a transition
from a rotated-apo to a compact-bound conformation, we propose that apo STING is
structurally dynamic and that the primary function of CDN binding is to stabilize a specific
STING conformation (Figure 6, Movie S1).

The ability of hSTING to induce downstream signaling is believed to require the formation
of a beta-strand lid that covers the CDN binding pocket (Gao et al., 2013b; Zhang et al.,
2013). hSTING appears to form this lid preferentially in response to 2/,3’ cGAMP. In
contrast, we found that nvSTING readily forms an ordered beta-strand lid in response to
multiple CDNs, including 2/,3' cGAMP, 3,3’ cGAMP and 3,3’ ¢GG. Lid formation thus
appears to be a conserved feature of STING. However, 3/,3' CDN binding to nvSTING
results in a significantly more rotated wing pitch than is observed in the hSTING-2/,3’
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cGAMP structure. We conclude that key species-specific positions within the lid regulate
CDN recognition to induce a ratchet-like movement that controls overall pitch of STING
monomers. High affinity nvSTING-3',3' CDN interactions are made possible by a
phenylalanine at the hSTING position 236, allowing a type of nucleobase stacking not
possible with mammalian STING alleles. The uniquely compact regiochemical
conformation of 2/,3' cGAMP (Shi et al., 2015) allows it to target a more intermediately
rotated state of STING where R238, a key residue involved in base-specific nvSTING-3’,3’
CDN, now completes the nucleobase stacking (Figure 6). It is possible that subsequent to the
evolution of 2,3’ cGAMP, F236 was lost to enhance discrimination of endogenous
mammalian 2/,3’ cGAMP from bacterial 3’,3’ CDNSs. Indeed, we observed that a humanizing
F236K mutation specifically reduces 3/,3" CDN binding while retaining 2/,3' cGAMP
recognition.

A unique feature of 2,3’ cGAMP thus appears to be its ability to stabilize an intermediate,
partially-rotated form that is not captured by canonical 3/,3" CDNs (Figure 6). Importantly,
our results demonstrate that this specific structural state, and thus the associated ability of
STING to distinguish bacterial (3/,3) from mixed-linkage (2/,3") CDNs, is not a recent
adaptation of hSTING, but is instead a fundamental and deeply evolutionarily conserved
feature of the STING architecture, offering an explanation for the universal signaling
potential of 2,3 cGAMP.

STING agonists are being developed as novel immunotherapeutics and vaccine adjuvants
(Corrales et al., 2015; Deng et al., 2014; Fu et al., 2015; Woo et al., 2014). A previous small
molecule STING agonist, DMXAA, showed considerable promise in pre-clinical mouse
models as a potent anti-tumor agent. However, DMXAA failed in a phase Il clinical trial
because subtle variation in hSTING versus mouse STING affects DMXAA binding (Gao et
al., 2014; Lara et al., 2011; Prantner et al., 2012). This experience suggests that a more
detailed molecular understanding of how CDN binding translates into STING activation is
critical for the development of therapeutics targeting STING. Our work has produced a
complete set of STING structures encompassing its unbound conformational states and its
conformations when bound to each of the four naturally occurring CDNs. These results
identify the partially rotated 2/,3' cGAMP-bound structure as a unique evolutionarily
conserved state that provides a molecular template that we propose should be targeted in
future efforts to develop effective STING agonists.

Experimental Procedures

STING-CDN Complex Gel-Shift Assay—Recombinant STING proteins were
expressed and purified from E. coli and radiolabelled CDNs were enzymatically prepared
according to previously developed conditions (Kranzusch et al., 2014). STING-CDN
reaction mixtures were separated on a native acrylamide gel. See also supplemental
experimental procedures.

Structure Determination—nvSTING was crystallized in apo form or in complex with
CDN ligands by hanging drop vapor diffusion, and structures were determined using single
anomalous dispersion methods. See also supplemental experimental procedures.
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Cell-Based Interferon g Luciferase Assay—Synthase assays, and the N. vectensis
screen for cGAS-like enzymes, were conducted in 293T human kidney cells as previously
described (Diner et al., 2013; Kranzusch et al., 2014). Briefly, cells were transfected using
Lipofectamine 2000 (Invitrogen) in a 96-well format as indicated, and at 24 h post-
transfection control Renilla and interferon p Firefly luciferase values were assayed as
previously described (Lee et al., 2015). Data were combined from multiple experiments and
analyzed by an unpaired, two-tailed t test in Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Cnidaria Mollusca Annelida Insecta Chordata
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Figure 1. STING Cyclic Dinucleotide Recognition Predates Modern Innate Immunity
(A) Gel-shift assay measuring complex formation between recombinant STING proteins and

radiolabeled CDNs. Each panel shows reactions in order: (1) 3,3’ cAA, (2) 3,3’ cGAMP,
(3) 2,3’ cGAMP and (4) 3,3’ cGG. (B) Phylogenetic alignment of animal STING proteins
colored by amino-acid conservation. Key CDN interacting residues are indicated. (C)
Cartoon schematic of human and anemone STING proteins. Predicted transmembrane
domains are indicated in grey, and the crystallized CDN receptor domain is indicated in
magenta or blue. Notably, the cterminal tail required for hNSTING interferon signaling is
absent in nvSTING. (D,E) Crystal structure of apo nvSTING CDN receptor domain in
“rotated” and “unrotated” states. Overlaid structures compare the apo nvSTING structures
(blue) and apo hSTING (PDB 4F9E) or apo mouse STING (PDB 4KCO0) (magenta)
revealing conformational dynamics and an ancestrally conserved STING fold. See also
Figure S1.
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Figure 2. Anemone cGAS Signals Via a 3/,3’-Linked Cyclic Dinucleotide
(A) Cell culture assay using wildtype hSTING (R232) and an interferon f luciferase reporter

to measure CDN synthase activity in transfected human cells. Titrated synthases include
human cGAS (h-cGAS), Vibrio cholerae DncV (V¢ DncV), Pseudomonas aeruginosa
WspR D70E (Pa WspR*), Bacillus subtilis DisA (Bs DisA) and the product CDNs are
indicated. (B) Cartoon schematic of candidate N. vectensis cGAS-like enzymes, and screen
for CDN synthase activity using interferon  assay as in A. Activity is detected with gene
nv-cGAS (nv-A7SFB5.1), but not in a catalytic inactive nv-cGAS control (E/D mutant) or in
the closely related candidate gene nv-A7S0T1.1. (C) Cell interferon 3 luciferase as in A,
using either a wildtype hSTING (R232) allele responsive to all CDNs, or a mutant hSTING
(R232H) allele highly selective for 2/,3' cGAMP. Production of 2,3’ cGAMP by human
CGAS activates both STING alleles, while 3,3 CDN production by bacterial synthases and
nv-cGAS only activates wildtype hSTING. (D) Cell interferon f luciferase as in A, with
supplementation of a 3’,3’ cGAMP specific phosphodiesterase (PDE) (Vibrio cholerae
VCAO0681). Vc DncV and nv-cGAS 3,3 cGAMP production is ablated by 3’,3’ cGAMP
PDE co-expression, while other synthases are not significantly affected. (E) Cartoon
schematic of proposed anemone 3,3’ cGAMP and human 2/,3’ cGAMP second messengers.
Data in C and D are normalized to hSTING wt and synthase control. Error bars represent the
SE of the mean of at least three independent experiments (asterisk denotes p <0.002). See
also Figures S2 and S3.
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x\ Lid Closure
N

0A 45A
3'3'cAA = 3',3' cGAMP

nvSTING - 3',3' cGAMP / cGG Complexes
(Fully Ordered Lid Domain)

S

hSTING - 3',3' cGG Complex
(Disordered Lid Domain)

P

Figure 3. nvSTING Specifically Recognizes Guanine Bases in 3,3’ Second Messengers
(A) Crystal structure of nvSTING in complex with 3,3’ cGAMP, 3,3’ ¢GG or 3',3' cAA as

indicated. Zoomed-in cutaway includes simulated-annealing Fo—F; omit maps of ligand
density contoured to 5.0 ¢ (3,3 cGAMP, cGG) or 4.0 o (CAA). (B) Top-down view of
nvSTING-3,3’ cAA crystal structure. The beta-strand lid domains are highlighted and
colored according to range of movement compared to the closed nvSTING-3",3' cGAMP /
cGG crystal structures. Red arrows denote the direction of beta-strand lid closure upon 3,3’
cGAMP / cGG binding. (C) Crystal structures of nvSTING-3",3 cGAMP / cGG (blue) and
hSTING-3,3' ¢cGG (PDBs 45FY [R232] and 4F9G [H232]) (magenta) complexes. The beta-
strand lid domain is highlighted illustrating the fully closed nvSTING lid domain compared
with the disordered and loosely organized hSTING lid domain. (D) ITC measurements of
nvSTING affinity for specific 3/,3” CDN ligands as indicated. ITC data is representative of
at least three independent experiments. See also Figure S4 and Table S1.
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Figure 4. Structural Basis of nvSTING Guanine-Specific Cyclic Dinucleotide Recognition
(A) Detailed STING-CDN interactions in nvSTING-3',3' ¢cGG (blue) and hSTING-2,3’

cGAMP (magenta) complexes as described in the Results. nvSTING exhibits guanine base-
specific ligand recognition while hSTING exhibits 2/,3” phosphodiester linkage-specific
ligand recognition. Variance between nvSTING and hSTING at position F236/K236 induces
repositioning of R238 to support either guanine-specific contacts (nvSTING, red arrow) or
phosphodiester-linkage contacts (hSTING, red arrows). For clarity, nvSTING amino acids
are numbered according to hSTING sequence. (B) Top-down view of nvSTING-3’,3' CDN
crystal complexes and relative positioning of the beta-strand lid domain. The wildtype
nvSTING lid domain (blue) is tightly closed over 3/,3' cGAMP / cGG ligands (blue arrows)
and in contrast the lid domain remains open in the 3’,3’ cAA bound structure (red cAA
ligand and indicating red arrows). A humanizing F236K mutation in nvSTING prevents
guanine-recognition and the nvSTING(F236K) lid domain (red) remains open when bound
to 3,3/ cGG. See also Figure S4.
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Figure 5. 2,3 cGAMP Traps a Unique and Conserved STING Conformation
(A) ITC measurements of nvSTING affinity for 2/,3' cGAMP. (B) Structural overlay of

nvSTING-2",3' cGAMP complex (blue) and hSTING-2/,3' cGAMP complex (magenta)
(PDB 4KSY) demonstrating the monomer wing rotation and core CDN-interacting portion
of nvSTING and hSTING are unchanged. (C) Structural comparison of nvSTING structures
in various ligandbound complexes. CDN ligands lock STING in alternative conformations
as measured by the distance between the apical monomer wing domains (monomer 1 in
blue, monomer 2 in grey). nvSTING-3’,3’ CDN interactions result in complete monomer
rotation (blue vertical line) while primary hSTING-2/,3’ cGAMP signaling traps a partially
rotated intermediate structure (magenta line). (D) Endogenous anemone 3’,3” second
messengers trigger an ~26° rotation in monomer wing domains from the apo state (apo grey,
3,3’-bound in blue), while human 2/,3’ cGAMP traps an ~15° rotated structural intermediate
in the nvST ING and hSTING structures (2/,3’-bound in magenta). (E) Cell interferon 8
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luciferase as in Figure 2A, using indicated STING plasmids stimulated with human cGAS
overexpression. Error bars represent the SE of the mean of at least three independent
experiments (asterisk denotes p <0.002). ITC data is representative of at least three
independent experiments. See also Figure S5 and Table S1.
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Ratchet Model of STING Activation
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Figure 6. Ratchet Model of STING Activation
(A,B) Ratchet model of CDN-induced conformational change leading to STING activation

as described in Results. Specific lid domain interactions allow STING to discriminate
endogenously produced second-messengers in a species-specific manner. Correct CDN
engagement transduces reorganization of the STING lid to create large conformation
changes in the apical wing domains. The unique ability of 2/,3' cGAMP to capture a
conserved structural intermediate allows universal signaling independent of STING allele
diversity. See also Movie S1.
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