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Abstract

Microbial nucleic acids induce potent innate immune responses by stimulating the expression of
type I interferons. Cyclic GMP-AMP synthase (CGAS) is a cytosolic dSDNA sensor mediating the
innate immunity to microbial DNA. cGAS is activated by dsDNA and catalyzes the synthesis of a
cyclic dinucleotide cGAMP with 2',5" and 3',5' phosphodiester linkages. cGAMP binds to the
adaptor STING located on the endoplasmic reticulum membrane and mediates the recruitment and
activation of the protein kinase TBK1 and transcription factor IRF3. Phosphorylated IRF3
translocates to the nucleus and initiates the transcription of the IFN-f3 gene. The crystal structures
of cGAS and its complex with dsDNA, STING and its complex with various cyclic dinucleotides
have been determined recently. Here we summarize the results from these structural studies and
provide an overview about the mechanism of cGAS activation by dSDNA, the catalytic
mechanism of cGAS, and the structural basis of STING activation by cGAMP.
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1. Introduction

Nucleic acids, such as DNA, RNA, or nucleotides, from viral or bacterial pathogens induce
potent immune responses in the infected cells [1-7]. The detection of microbial nucleic
acids is a central strategy by which the host senses infection and initiates protective immune
responses [6, 7]. A number of innate sensors for microbial DNA or RNA have been
identified [3, 4, 8, 9]. For example, Toll-like receptor TLR9 recognizes CpG DNA, TLR3
recognizes dsRNA, and the RIG-1 like receptors recognize dsRNA. Microbial DNA in the
cytosol have long been known to induce potent innate immune responses by inducing the
expression of type | interferons [10-12]. The search for cytosolic DNA sensors first lead to
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the discovery of STING (also known as MITA, ERIS, MPY'S, and TMEM173), an adaptor
protein located on the ER membrane, that mediates the signaling to cytosolic DNA and
bacterial cyclic dinucleotides such as c-di-GMP and c-di-AMP [13-18] (Fig.1). Although
STING serves as a direct sensor of cyclic dinucleotides, it is not a direct sensor for cytosolic
DNA and exhibits very low affinity for dsSDNA [7]. Another key cytosolic DNA sensor,
AIM2, was also identified in this search as well [19-21]. AIM2 mediates the inflammatory
response by activating caspase-1 through the AIM2 inflammasome and inducing the
maturation of proinflammatory cytokines IL-1p and IL-18. Although the response mediated
by the AIM2 inflammasome is important for host defense to microbial infection, the
dominant response to cytosolic DNA is mediated by the transcriptional regulation of type |
interferons [5].

In a search for the cytosolic DNA sensor mediating the induction of type I interferons,
Zhijian Chen and his colleagues used brute force biochemical approaches and identified the
enzyme cyclic GMP-AMP synthase (cGAS) as the dsDNA sensor upstream of STING [22].
cGAS is activated by dsDNA and catalyzes the synthesis of a noncanonical cyclic
dinucleotide 2',5' cGAMP (referred to as cGAMP hereafter) from ATP and GTP [23-26]
(Fig. 1). cGAMP serves as a endogenous second messenger to stimulate the induction of
type | interferons via STING. Ligand binding by STING induces the recruitment of the
protein kinase TBK1 and transcription factor IRF3 to the signaling complex [27] (Fig. 1).
Phosphorylation of IRF3 by TBK1 at the signaling complex promotes the oligomerization of
IRF3 and its translocation into the nucleus, where it activates the transcription of the IFN-
gene together with NF-xB [27-29] (Fig. 1).

Recent structural studies of human, mouse, and porcine cGAS catalytic domains in isolation
and in complex with dsDNA provided critical insights into the mechanism of cGAS
activation by dsDNA and the catalytic mechanism of the enzyme [24, 30-34]. Although the
conclusions from these studies are different from each other, the emerging picture,
supported by extensive biochemical, biophysical, and in vivo characterization of cGAS
mutants, is that cGAS is activated by dsDNA induced oligomerization [30, 32, 35]. In
addition, the structures of STING in isolation and in complex with various cyclic
dinucleotides including cGAMP have also been determined as well [23, 36-41]. In this
review, we will give a brief overview of the mechanisms of cGAS activation by dSDNA, the
structural basis of STING activation by cGAMP, and discuss several unresolved questions
about the mechanism of cytosolic DNA sensing via the cGAS-STING pathway.

2. cGAS is activated by dsDNA and catalyzes the synthesis of cGAMP, a
high affinity ligand for STING

The antiviral activity of cGAS (also known as C60rf150) was first described by Charles
Rice’s group in a systematic screening of the antiviral activities of interferon inducible genes
(ISGs) [42]. However, the mechanism underpinning the antiviral activity of cGAS was not
established in this study. In a search of the cytosolic dsSDNA sensor, Zhijian Chen’s group
used classical biochemical fractioning technique and identified cGAMP as the type |
interferon inducing molecule in cells stimulated with dsDNA [43]. Although the exact
molecular structure of cGAMP was not determined in this study due to the technical
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limitations of mass spectrometry, the identification of cGAMP as the second messenger was
a major breakthrough in understanding the mechanism of dsDNA sensing in innate
immunity. To search for the enzyme that catalyzes the synthesis of cGAMP, the Chen group
identified cGAS as the dsDNA sensor upstream of STING. cGAS is activated by dsSDNA
and catalyzes the synthesis of cGAMP from ATP and GTP [22]. The critical roles of cGAS
in antiviral immunity and cytosolic DNA sensing were confirmed by recent studies of
cGAS-deficient mice [44, 45].

CGAS is protein of around 500 amino acid residues. The catalytic domain of cGAS, which
include residues 160 to 522 in human cGAS (hcGAS), is highly conserved in the sequences
of cGAS from fish to human [7]. The catalytic domain of cGAS shows some sequence
homology to 2'-5'-oligoadenylate synthase (OAS1). The N-terminal domain of cGAS is not
highly conserved and rich of positively charged residues. Secondary structure prediction
showed that the N-terminal domain of cGAS is flexible. Truncation of the N-terminal
domain of cGAS does not abolish its catalytic activity as well as its ability to induce IFN-
gene expression in cells [22]. Both the catalytic domain and the N-terminal domain of cGAS
have dsDNA binding activity [22]. DNA pull-down assays using a biotinylated 45 bp
interferon stimulatory DNA (ISD) showed that full-length cGAS as well as its catalytic
domain and N-terminal domain bind dsDNA, but not dsRNA [22]. DNA binding studies
shows that the catalytic domain of cGAS binds the 45 bp ISD with an affinity of a few
micromolars and the catalytic domain binds the ISD with an affinity of ~10 pM [30]. DNA
binding studies by isothermal titration calorimetry (ITC) showed the catalytic domain of
hcGAS binds the ISD at an affinity of ~20 uM [30]. In addition, DNA binding studies by
fluorescence anisotropy showed that full-length cGAS binds dsDNA with an affinity of ~90
nM and associate with a sSSDNA with an affinity of ~1.5 uM [46].

Both full-length cGAS and its the catalytic domain catalyzes the synthesis of cGAMP upon
the stimulation by dsDNA [22]. The catalytic activity of cGAS is dependent on the length of
dsDNA [30]. However, dsDNA of more than 20 bp in length are fully active compared to
salmon sperm DNA, which contains a mixture of dsSDNA with an average length of ~1 kb.
In contrast, both sSRNA and dsRNA failed to activates cGAS [22]. cGAS is highly specific
and only catalyzes the synthesis of cGAMP with ATP and GTP as substrates [22, 24, 25].
The Chen group initially proposed that cGAMP is a cyclic dinucleotide containing only 3',5'
phosphodiester linkages [43]. Further studies at cellular and molecular level revealed that
cGAMP synthesized by cGAS contains a 2',5' phosphodiester linkage between the 2'-OH of
GMP and the 5' phosphate of AMP and a 3',5' phosphodiester linkage between the 3'-OH of
AMP and the 5' phosphate of GMP [24-26]. The structure of cGAS product was further
confirmed by extensive chromatographic and NMR analysis of chemically and
enzymatically synthesized cGAMP and other cyclic dinulceotides [23-26].

Nucleotide binding studies by ITC demonstrated that human STING binds cGAMP at an
affinity of ~60 nM, which is over 50 folds higher compared to its affinity for 3',5' cGAMP
[30]. The significant difference between the binding affinities of STING for 3', 5' cGAMP
and 2', 5' cGAMP was also obvious in binding studies by gel filtration chromatography [30].
Consistent with these results, Zhang et al. also showed that STING binds 2',5' cGAMP with
much higher affinity (~5 nM) compared to 3',5' cGAMP (~ 1.0 uM) [23]. In addition, cell
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based studies showed cGAMP is more potent in stimulating the expression of IFN-f§
compared to 3',5' cGAMP [23, 30]. In contrast, the studies by Gao et al. showed similar
binding affinities in the micromolar range for 2',5' and 3',5' cGAMP with various forms of
mouse and human STING [41].

3. The structures of DNA free cGAS. Why it is not active?

The crystal structures of DNA free human, mouse, and porcine cGAS catalytic domains
(residues 157 to 522 for hcGAS) have been determined recently [24, 30-34]. The overall
structures of cGAS from different species are similar to each other [30]. The structure of
CGAS catalytic domain also shows significant structural similarities to the structure of the
dsRNA activated enzyme OAS1 (rmsd of 3.1 A between hcGAS and OAS1). The cGAS
catalytic domain exhibits a bi-lobed structure (Fig. 2A). The N-lobe of cGAS contains a
canonical nucleotidyl transferase (NTase) fold. The C-lobe contains a tight five-helix
bundle. The active site of cGAS is located on the edge of a deep groove between the N-lobe
and the C-lobe (Fig. 2B). Mutations of any of the three catalytic residues, Glu225, Asp227,
and Asp319 in hcGAS abolish the enzymatic activity cGAS [30]. Comparison of the
structures of ligand free human cGAS and the structure of OAS1 shows that cGAS contains
a unique zinc-binding loop (also known as zinc-thumb) between residues His390 and
Cys404. Residues His390, Cys396, Cys397, and Cys404 in this loop coordinate with a Zn?*
ion in tetrahedral geometry [30]. The zinc-binding loop is conserved in mouse, human, and
porcine cGAS [30, 31]. Although both mouse and human cGAS catalytic domains are
monomeric in solution, they form similar dimers in the crystals via either crystallographic or
non-crystallographic interactions [24, 30, 33] (Fig. 2B). The buried surface area at the
hcGAS dimer interface is ~1330 A2 [30], which is near the lower end of a typical protein-
protein interface, explaining why dimerization of DNA free cGAS was not observed in
solution. The two cGAS molecules in the dimer interact with each other mainly through
hydrogen bonds involving residues from the zinc-binding loop [30] (Fig. 2B).

Comparison of the DNA free structures of human, mouse and porcine cGAS showed that
their C-lobe structures are highly conserved, while the NTase domains show considerable
flexibility [30]. Other minor structural differences between these structures are likely due to
the different crystal packing contacts. Since cGAS is not active without binding to dsDNA,
none of these DNA free structures should represent the active conformation of cGAS. The
reason that cGAS is not active without binding to dsDNA is likely due to the local
destabilization of the NTase domain and the scrambled structure of the active site [30].

4. cGAS is activated by dsDNA induced oligomerization

A number of structures of cGAS catalytic domains bound to dsDNA have been determined
recently [24, 30-32]. However, the mechanisms of cGAS activation by dsSDNA proposed in
these studies are different from each other. In the first two reports on the structures of mouse
and porcine cGAS:dsDNA complexes [24, 31], the authors proposed that cGAS binds to
dsDNA with a 1:1 stoichiometry and interacts with dsDNA through a single binding site in a
similar manner as how OASL1 binds dsRNA [47]. In contrast, two other studies published
recently showed that two cGAS molecules form a 2:2 complex with two dsDNA and each

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shuetal.

Page 5

cGAS molecule interacts with two dsDNA through two binding sites [30, 32] (Fig. 3A).
Both of these studies proposed that cGAS is activated by dsDNA induced oligomerization
instead of simple 1:1 DNA binding [30, 32]. The first DNA binding site (site A) revealed by
these two new papers is essentially the same as the DNA binding site described by Gao and
Civril et al. [24, 31]. However, the second DNA binding site (site B) is new and not
described previously. The buried surface area between mouse cGAS (mcGAS) and an 18 bp
dsDNA at site A is about ~1,500 A2 [30]. The buried surface area between mcGAS and the
18 bp dsDNA at site B is 800-900 A2, which account for ~35% of the total buried surface
area between mcGAS and the dsDNA [30]. Both of the DNA binding sites are rich of
positively charged residues and show shape and charge complementarity to negatively
charged dsDNA. cGAS associates with the dsDNA through extensive electrostatic
interactions and hydrogen bonds. The dimerization of cGAS plays a critical role in the
formation of the 2:2 cGAS:dsDNA complexes. Analysis of all the published structures to
date showed that similar 2:2 complexes are formed in all the cGAS/dsDNA complex
structures through either crystallographic or non-crystallographic interactions [30], so it is
unlikely that the dSDNA induced dimerization of cGAS is an artifact of crystal packing
contacts.

To confirm the dsDNA binding induced oligomerization of cGAS, Li et al. conducted small
angle X-ray scattering (SAXS) studies of cGAS in isolation and its mixture with dsSDNA and
observed the formation of a higher order complex in solution [30]. Consistent with these
observations, analytical ultracentrifugation (AUC) analysis of cGAS alone and its mixture
with dsDNA also showed the formation of higher order complexes [30, 32]. In addition,
mutations of key residues at either DNA binding site A or B disrupted the oligomerization of
cGAS [30, 32]. Moreover, mutations at the cGAS dimer interface also abolished the
formation of higher order complex [30]. To confirm that cGAS is activated by dSDNA
induced oligomerization, Li et al. purified 18 mutants of mcGAS at the two DNA binding
sites and the dimer interface and analyzed how these mutations affect the catalytic activity
of cGAS [30]. These assays demonstrated that mutations of key residues at either site A, site
B, or the cGAS dimer interface influence the activity of cGAS (Fig. 3B). These results
clearly showed that dsDNA binding at site A, site B, and the dimerization of cGAS are
needed for its activation. Consistent with results from these enzyme assays, IFN-3 reporter
assays with several mutants of full-length cGAS also showed that mutations at the two DNA
binding sites and the dimer interface affect the activity of cGAS in cells [30]. Additional cell
based assays showed that similar mutations of hcGAS affect the phosphorylation and
oligomerization of IRF3 in cells [32]. In summary, these in vitro and in vivo studies of
cGAS mutants confirmed that DNA binding at site A and site B as well as the dimerization
are essential for cGAS activation.

A comparison of crystal structures of cGAS in isolation and in complex with dsSDNA
revealed that DNA binding induces significant conformational changes in the catalytic
domain of cGAS [24, 30-32] (Fig. 3C). The three active site residues are realigned for
catalysis when cGAS binds dsDNA (Fig. 3C). In addition, the activation loop (residues 197
to 206 in mcGAS) is restructured upon DNA binding. Residues in this restructured
activation loop are likely involved in substrate binding. For example, it has been shown
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Ser199 in this loop interacts with the y phosphate of ATP or GTP [24]. Crosslinking of the
cGAS dimer by dsDNA plays a critical role in stabilizing the active conformation of cGAS.
As reflected by the uniform distribution of temperature factors of the dsSDNA bound cGAS
structures, dsDNA binding reduces the structural flexibility of the NTase domain and
stabilizes the active conformation of cGAS [30].

To further investigate how DNA binding activates cGAS, Li et al. purified a number of
mutants of mouse cGAS catalytic domain and full-length mouse cGAS and conducted DNA
binding studies [30]. Surprisingly, these studies demonstrated that mutation of each of the
ten key residues at site A does not affect dSDNA binding by cGAS significantly [30]. In
contrast, mutations of any of the six residues at site B dramatically reduced DNA binding
[30] (Fig. 3B). It is hard to draw a direct correlation between DNA binding and the activity
of these mutants. In addition, mutations at the cGAS dimer interface also have limited effect
on DNA binding [30] (Fig. 3B). The explanation for these observations is that cGAS binds
dsDNA cooperatively through the two binding sites and site B plays a more important role
in the cooperative DNA binding [30]. It is likely that DNA binding at site A plays a major
role in driving the conformational change that is needed for the activation of cGAS, while
the crosslinking of the cGAS dimer by dsDNA stabilizes the active conformation of the
enzyme [30].

5. The catalytic mechanism of cGAS

Based on extensive structural studies of cGAS bound to ATP, GTP, and various reaction
products or intermediates and biochemical studies of cGAS catalyzed reaction with various
kinds of substrates, two groups proposed similar catalytic mechanisms for cGAS [24, 25].
cGAS is highly specific when both ATP and GTP are used as substrates. In the first step of
the cGAS catalyzed reaction, the triphosphate group of ATP binds to the active site (Fig. 4).
The 2'-OH of GTP attack the a-phosphate of ATP, resulting in the formation of a linear
intermediate pppGp(2',5")A (Fig. 4). This intermediate flips over in the active site to allow
the triphosphate of GTP to associate with the active site (Fig. 4). Next, the 3'-OH group of
AMP attacks the a-phosphate of GTP, resulting in the formation of the second
phosphodiester bond with 3',5' linkage (Fig. 4). The formation of the 2',5' phosphodiester
bond was demonstrated by the structure of mcGAS bound to pppGp(2',5")G [24], which is a
major product of cGAS when GTP alone is used as a substrate. The structure of mouse
cGAS bound to cGAMP revealed how the product interacts with cGAS immediately after
the formation of the 3',5' phosphodiester bond [30] (Fig. 4). Another structure of mcGAS
bound to cGAMP revealed that the product bound to cGAS in a different orientation [24].
This structure likely represents how cGAMP associates with cGAS before its release from
the active site. Although it is not complete clear why cGAS is specific for ATP and GTP as
substrate, the structure of porcine cGAS active site mutant associated with ATP and GTP
revealed roughly how cGAS binds the two substrates [31]. However, the resolution of data
(3.08 A) does not allow the identity of ATP or GTP to be accurately determined. It is likely
GTP associate with the active site Mg2*, while ATP is positioned to attack the a-phosphate
of GTP with its 2'-OH group (Fig. 4). When GTP alone is used as a substrate, the
predominant product is pppGp(2',5")G and a little cyclic product [pG(2',5)Gp(3',5)] [25]. In

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shu et al. Page 7

contrast, the product when ATP alone is used as substrate is pppAp(3',5)A and this product
cannot be further cyclized by cGAS [25].

6. The mechanism of STING activation by exogenous and endogenous
ligands

The critical role of STING as a direct sensor of exogenous cyclic dinucleotide was first
demonstrated by the landmark studies of the VVance group [14]. In this work, they expressed
the cytosolic domain of STING and confirmed its interaction with c-di-GMP by in vitro
binding studies [14]. The first glimpse into the mechanism of cyclic dinucleotide sensing by
STING were demonstrated by the structural studies of human STING (hSTING) ligand
binding domain in isolation and in complex with c-di-GMP from five labs [36—40]. These
structures revealed that residues 155 to 174 of STING are part of the ligand binding domain
instead of a transmembrane helix as predicted previously [13]. These structures showed that
ligand free STING forms a dimer and adopt an open V-shaped conformation (Fig. 5). When
STING binds to c-di-GMP, it can adopt either an open or a closed conformation and binds c-
di-GMP at dimer interface. The STING/c-di-GMP complex structure determined by Huang
et al. using the G230A/H232R variant of hSTING adopts a unique closed conformation [39].
It was suggested that this ligand induced conformational change was involved in the
activation of STING by c-di-GMP [39].

After the endogenous ligand of STING was identified, the structures of both human and
mouse STING bound to cGAMP were determined [23, 41]. These structures revealed that
both mouse and human STING adopt a closed conformation when they bind to cGAMP [23,
41] (Fig. 5). Although two different variant of hNSTING, G230/H232 and G230/R232, were
used in these structural studies, the structures of the complexes are essentially the same and
are very similar to the closed structure of hSTING bound to c-di-GMP described by Huang
et al [39]. In addition, similar structures were also observed for the complexes of mouse
STING (mSTING) bound to either 3', 5' or 2', 5 cGAMP [41]. The long hairpin containing
residues Arg232 and Arg238 in hSTING or Arg231 and Arg237 in mSTING seems play a
critical role in forming the closed or active conformation of STING upon ligand binding.
Residue Arg238 of hSTING or Arg237 of mSTING interacts with the phosphate groups of
the c-di-GMP or cGAMP through electrostatic interactions [23, 39, 41]. Variants of hSTING
at residues Gly230 and Arg232 in this loop have different binding properties to endogenous
and exogenous ligands [41]. The replacement of Gly230 in hSTING by 11229 in mSTING
likely contributes to the different ligand binding and signaling activities of mSTING. It has
been shown that the mutation of Arg231 to alanine of mSTING in this loop disrupts its
response to c-di-GMP but does not affect the response to dSDNA [14]. It is likely that this
mutation disrupts the ligand induced conformational change of the STING dimer induced by
c-di-GMP but not that induced by cGAMP. Taken together, these structural studies of
STING bound to both endogenous and exogenous cyclic dinucleotides demonstrated that the
conformational changes of the STING dimer upon ligand binding (Fig. 5) is likely how these
ligands activates the downstream signaling via STING. Consistent with this hypothesis,
structures of two synthetic activators CMA and DMXAA bound to mSTING also showed
similar ligand binding induced conformational changes [41, 48].
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7. New developments and future directions

The major components of the cGAS-STING pathway have been identified in the last few
years. The mechanism of how these molecules mediate the signaling of the cGAS-STING
pathway is emerging. However, details of the cGAS-STING pathway are still not
completely clear. For example, the mechanism of how full-length cGAS recognizes dsSDNA
is still not clear. The contribution of the N-terminal regions of cGAS to dsDNA sensing and
cGAS activation remains to be established. The detailed mechanism of cGAS activation by
dsDNA still needs further investigations. Although a plausible catalytic mechanism of cGAS
has been proposed, the molecular details are not fully established. For example, it is still not
quite clear how the enzyme catalyzes the synthesis of two different kinds of phosphodiester
bonds with a single active site. The specificity of cGAS for ATP and GTP remains to be
elucidated.

Although the identity of the cGAS product has been determined and its interactions with
STING were studied extensively, the kinetic properties of endogenous and exogenous
ligands binding by STING have not been studied. The significant differences in ligand
binding and signaling by exogenous and endogenous cyclic dinucleotides are still not fully
understood. Even though the structures cGAMP bound to either human or mouse STING
have been determined, this does not mean that we know exactly how cGAMP interacts with
STING and how ligand binding induces the conformational changes of the STING dimer.
Since cGAMP is an asymmetrical dimer, the electron density maps observed in all of these
structures are an average of cGAMP in two different orientations and do not allow an
unambiguous modeling of the ligand at the resolution of around 2.0 A [23, 41]. Further
studies of cGAMP with STING by other techniques such as NMR should provide additional
insight into these questions.

Another question that remains to be addressed is how ligand binding activates the signaling
via STING. The current model suggests that ligand binding by STING facilitate the
recruitment and activation TBK1 at the signaling complex. IRF3 is then recruited to the
signaling complex and phosphorylated by TBK1 and translocates to the nucleus. The
structures of TBK1 and IRF3 have been studied extensively, but the exact mechanism of
their recruitment and activation via the cGAS-STING pathway remains to be established. It
is also not clear why the over expression of STING can also activated TBK1 and IRF3.

Recently, a number of new molecules have been identified in the cGAS-STING pathway.
For example, the protein kinase ULK1 seems negatively regulate the signaling via STING
by phosphorylating the C-terminal tail of STING [49]. The nucleotide-binding, leucine-rich
repeat-containing-protein NLRC3 also negatively regulates STING-dependent responses to
dsDNA, c-di-GMP, and DNA viruses [50]. It was suggested that NLRC3 interacts directly
with STING and TBKZ1. In addition, a recent study showed that Beclin-1 suppresses cGAMP
synthesis by cGAS and inhibits IFN-f induction by dsDNA transfection and HSV infection
[51]. It is likely these new proteins play critical roles in regulating the signaling of the
cGAS-STING pathway. However, the mechanism about how these protein functions need to
be confirmed by further in vitro and in vivo studies.
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In our studies, we observed that suspension cultures of human THP-1 cells can be stimulated
by cGAMP added to the culture medium and the intravenous injection of cGAMP in mice
induces the production of IFN-p [30]. A recent study by Ablasser et al. shows that cGAMP
can transfer from a producing cell to neighboring cells via the gap junction and stimulate the
anti-viral responses in those cells directly [52]. The mechanism of how cells pick up
cGAMP still needs further investigation.

As a novel endogenous second messenger, cGAMP likely plays other roles in addition to
regulating the induction of type | interferons. It is evident cGAMP also mediates the
activation of NF-xB via STING [30, 53]. However, the mechanism of NF-xB activation by
cGAMP is still not clear. Moreover, our studies shows cGAMP regulates the induction of a
wide spectrum of genes, including a number of cytokines, chemokines, and non-coding
RNAs (P. Li unpublished data). Interestingly, cGAMP does not induce the synthesis or
maturation of the inflammatory cytokine IL-1f in THP1 cells (P. Li unpublished data). It has
been shown the cGAS-STING pathway is also critical for the restriction of RNA viruses in
addition to DNA viruses [45, 54]. In contrast, the RIG-I like receptors only mediates the
response to RNA viruses. However, the mechanism of how cGAS mediates the restriction of
such a wide spectrum is still not fully understood.

Since cGAMP is an endogenous second messenger with a molecular mass of 675 daltons, it
has the potential to be used directly as an adjuvant for vaccines, antiviral reagent, and
antitumor reagent. Indeed, a recent study already demonstrated that cGAMP stimulates the
adaptive responses mediate by both B-cells and T-cells [44]. The activity of cGAMP to
induce IFN-p expression in cells and in mice suggest that it has the potential to replace IFN-
B to treat infectious disease and cancer that are currently treated with IFN-f. These potentials
of cGAMP need to be investigated in appropriate animal models and tested in clinical trials.
These studies may lead to conceptually new approaches to treat viral diseases and cancer.
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Figure 1.
Innate immune sensing of bacterial cyclic dinucleotides and microbial DNA through the

CGAS-STING pathway.
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A

Figure 2.
Structure of cyclic-GMP-AMP synthase (cGAS). (A). Structure of human cGAS catalytic

domain colored rainbow. (B). Non-crystallographic symmetry related human cGAS dimer.
The zinc ions are shown by the gray spheres.
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Figure 3.
CGAS is activated by dsDNA induced oliogomerization. (A). Structure of mouse cGAS

catalytic domain bound to an 18 bp dsDNA and cGAMP (ball-and-stick models). (B). The
DNA two binding sites of cGAS. Mutations of residues that result over 50% loss of enzyme
activity are underlined. Mutations of residues that dramatically reduced DNA binding are
labeled with asterisks. (C). Conformational changes of mouse cGAS active sites upon
dsDNA binding.
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Figure 4.
The catalytic mechanism of cGAS. These models are generated based on the crystal

structures of porcine cGAS bound to ATP and GTP (PDB 4KB6), mouse cGAS bound to
pppGp(2',5)G (PDB 4K98), and mouse cGAS bound to cGAMP (PDB 4LEZ).
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hSTING
+ cGAMP

Figure 5.
Conformational changes of human STING upon cGAMP binding. Ligand free STING is

shown by the green ribbons (PDB 4EMU). STING bound to cGAMP is shown by the blue
ribbons (P. Li, unpublished data). cGAMP in two different orientations are shown by the
yellow stick models.
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