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The cyclic dinucleotide (CDN)-stimulator of interferon
genes (STING) pathway plays an important role in the detec-
tion of viral and bacterial pathogens in animals. Previous
studies have shown that the metazoan second messenger cyclic
[G(2�,5�)pA(3�,5�)p] (2�,3�-cGAMP) generated by cyclic GMP-
AMP synthase cGAS binds STING with high affinity compared
with bacterial CDNs such as c-di-GMP, c-di-AMP, and 3�,3�-
cGAMP. Despite recent progress indicating that the CDN-bind-
ing domain (CBD) of dimeric STING binds asymmetric 2�,3�-
cGAMP preferentially over symmetric 3�,3�-CDNs, it remains
an open question whether STING molecules, such as human
STING, adopt a symmetric dimeric conformation to efficiently
engage its asymmetric ligand. Here, structural studies of the
CBD from porcine STING (STINGCBD) in complex with CDNs
at 1.76 –2.6 Å resolution revealed that porcine STINGCBD,
unlike its human and mouse counterparts, can adopt an asym-
metric ligand-binding pocket to accommodate the CDNs. We
observed that the extensive interactions and shape complemen-
tarity between asymmetric 2�,3�-cGAMP and the ligand-bind-
ing pocket make it the most preferred ligand for porcine STING
and that geometry constraints limit the binding between sym-
metric 3�,3�-CDN and porcine STING. The ligand-discrimina-
tion mechanism of porcine STING observed here expands our
understanding of how the CDN–STING pathway is activated
and of its role in antiviral defense.

The innate immunity system forms the first line of defense
against bacterial and viral infections through pattern recogni-
tion receptors (PRRs)5 that detect pathogen-associated molec-
ular patterns (PAMPs) and damage-associated molecular pat-
terns (DAMPs) (1–4). DNAs in the cytosol originating from a
bacterial or viral invasion are PAMPs that are recognized by the
cytosolic double-strand DNA (dsDNA)-sensing pathways (5).
A major cytosolic DNA sensor is cyclic GMP-AMP (cGAS),
which synthesizes cyclic [G(2�,5�)pA(3�,5�)p] (2�,3�-cGAMP)
upon activation by binding of dsDNA (6). Numerous studies
have established that cGAMP functions as the second messen-
ger to bind and activate the endoplasmic reticulum (ER)-lo-
cated stimulator of interferon genes (STING) (also known as
MITA (7, 8), MPYS (9), ERIS (10), and TMEM173 (11)).
Ligand-activated STING is quickly translocated from ER to
the ER–Golgi intermediate compartment to form punctate
structures (12–14). STING uses its C-terminal tail to recruit
and activate the TBK1 kinase, which phosphorylates the
transcription factor IRF3 (15, 16). Phosphorylated IRF3
becomes an active dimer and then enters the nucleus to
induce the expression of type I IFNs, which trigger the host
antiviral action.

STING also functions as the direct PRR for other CDNs (17),
such as c-di-GMP, c-di-AMP, and 3�,3�-cGAMP, which were
first found in bacteria, having important roles in biofilm forma-
tion, motility, and virulence (18, 19). The cGAS product 2�,3�-
cGAMP is unique in that it not only has two different purine
moieties (guanine and adenine) but also contains mixed phos-
phodiester linkages in which the hydroxyl group of ribose in
guanosine was connected at 2�- and 5�-position. In contrast,
ribose moieties in all the bacterial CDNs are connected at 3�-
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and 5�-positions. 2�,3�-cGAMP as the endogenous ligand has
been shown previously to have higher binding affinity for STING
than the bacterial second messengers (20, 21).

The STING protein consists of four transmembrane helices
in the N terminus that is followed by the cytosolic CDN-bind-
ing domain (CBD). A flexible tail at the C terminus of STING is

Figure 1. MST assays for quantification of binding between porcine STINGCBD protein and four CDNs. The normalized change in the fluorescence of the
labeled porcine STINGCBD protein was plotted against the CDN concentration. The experiments were performed in triplicate. Mean values � S.D. (n � 3) are
shown. A, 2�,3�-cGAMP. B, c-di-GMP. C, c-di-AMP. D, 3�,3�-cGAMP.

Figure 2. Cell-based luciferase assay of STING in response to CDNs. Cells were transfected with 0.5 �g of IFN-� promoter along with 0.25 �g of pRL-TK. After 18 h
of transfection, PAM cells and RAW264.7 cells were incubated with 60 �M CDNs, whereas HEK293 cells were transfected with 60 �M CDNs by using lipo3000. Luciferase
reporter assay was performed after an additional 24-h incubation. Values stand for the mean average of triplicate experiments. Error bars indicate S.D. A, luciferase
reporter assay for PAM cells expressing endogenous porcine STING stimulated by CDNs. B, luciferase reporter assay for RAW264.7 cells expressing endogenous mouse
STING stimulated by CDNs. C, luciferase reporter assay for HEK293 cells expressing endogenous human STING stimulated by CDNs.
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important for recruiting and activating TBK1 and IRF3. In the
past few years, a myriad of apo-STING and STING–CDNs
complex structures from different species has been deter-
mined, revealing a dimeric architecture that forms the CDN-
binding pocket between the two protomers (22). In the apo-

form, the angle between two protomers is relatively large, and
the ligand-binding pocket is open. Ligand binding induces con-
formational changes characterized by a reduced angle between
the two protomers and the closure of the “lid” �-strand that
encloses the ligand in the deep pocket formed between the two

Figure 3. Structure of porcine STINGCBD in complex with 2�,3�-cGAMP. Protomers A and B are colored green and cyan, respectively. The black dashed line
represents the hydrogen bond formed between ligand and protein. The values indicate the length of hydrogen bond with the unit of Å. The waters are shown
as red sphere. The ligand is shown as a stick model colored in magenta. The simulated annealing omit Fo � Fc electron-density map for 2�,3�-cGAMP (blue mesh)
is contoured at 3 �. A, overall structure of porcine STINGCBD–2�,3�-cGAMP complex (side view). The red dashed circle shows the disordered lid region in protomer
B. B, detailed interactions between GMP(2�,5�) moiety of 2�,3�-cGAMP and G site of STING protein. C, detailed interactions between AMP(3�,5�) moiety of
2�,3�-cGAMP and A site of STING protein.

Figure 4. Asymmetric ligand-binding pocket in porcine STINGCBD. Protomer A and B are colored green and cyan, respectively. 2�,3�-cGAMP is shown as a
magenta stick. A, cross-section of 2�,3�-cGAMP– binding pocket in porcine STINGCBD. Left panel shows the complete A site, and right panel shows the incomplete
G site. Electrostatic potential is shown. B, left panel shows the interactions between hairpin tip of protomer A and protomer B. The water molecule is shown as
a red sphere. The black dashed lines represent the hydrogen bond, and the values show the length of hydrogen bond with the unit of Å. The simulated annealing
omit Fo � Fc electron-density map for 2�,3�-cGAMP (blue mesh) is contoured at 3 �. Middle panel shows the top view of porcine STING-2�,3�– cGAMP complex.
Right panel shows the interaction between disordered hairpin of protomer B and protomer A.
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protomers. Recently, the full-length STING was solved by the
cryo-EM method (23). It reveals that ligand binding not only
induces these conformational changes mentioned above but
results in the cytosolic domain half-turn rotation relative to the
transmembrane region as well, which adds another layer of reg-
ulation of STING signaling.

Until now, all the structures of STING CBD adopt a sym-
metric dimeric conformation, which is intriguing consider-
ing that the asymmetric ligand 2�,3�-cGAMP shows the
highest binding affinity. The mechanistic basis for ligand
discrimination therefore remains elusive. Here, we deter-
mined the CBD of porcine STING complex with four CDNs:
2�,3�-cGAMP; 3�,3�-cGAMP; c-di-GMP; and c-di-AMP.
Surprisingly, we found that porcine STING adopts an asym-
metric conformation to bind the CDNs. Our analyses of this
asymmetric conformation led to a mechanism for ligand rec-
ognition and discrimination of STING.

Results

High-affinity binding of porcine STING for 2�,3�-cGAMP

The binding affinities of natural CDNs and various isomers
for STING from other species have been extensively studied in
the past few years (17, 20, 21, 24 –32). These studies show that,
in general, the order of binding affinity for natural CDNs
is 2�,3�-cGAMP � 3�,3�-cGAMP � c-di-GMP � c-di-AMP.
Here, we used the microscale thermophoresis (MST) assay to
measure the binding affinity between porcine STING and
CDNs. The results show that the binding affinity for 2�,3�-

cGAMP with the dissociation constant (Kd) of 3.4 nM (Fig. 1A)
is comparable with those reported previously for STING from
human (4.59 nM) and sea anemone (�1 nM) (21, 31) but is sub-
stantially higher than those in mouse and rat STING (submi-
cromolar level, 0.18 and 0.12 �M) (20, 30). The binding affini-
ties of porcine STING for c-di-GMP and c-di-AMP are
similar (	6 �M) (Fig. 1, B and C), which are lower than their
human counterpart (21). Furthermore, the binding affinity
of porcine STING for 3�,3�-cGAMP ligand is the lowest with
a Kd of 12.8 �M in our MST assay (Fig. 1D). These results
show that, like STING from other species, porcine STING
binds the endogenous ligand 2�,3�-cGAMP with the highest
binding affinity.

Strong activation of porcine STING by 2�,3�-cGAMP

We then examined whether 2�,3�-cGAMP functions as a
potent inducer for IFN-� in porcine immune cells. The IFN-�
promoter along with the luciferase reporter gene were trans-
fected into porcine alveolar macrophage (PAM) cells, which
have endogenous porcine STING expression. Cells were
treated with equal concentrations of CDNs. Fig. 2A shows that
the 2�,3�-cGAMP stimulated the highest level of IFN-� pro-
moter activity, which is consistent with the results obtained by
using mouse and human STING (Fig. 2, B and C). These results
correlate well with the in vitro ligand-binding assays, thereby
suggesting that 2�,3�-cGAMP is the preferred ligand for porcine
STING, as well as human and mouse STING.

Figure 5. Recognition modes of AMP(3�,5�) and GMP(2�,5�) moieties by porcine STINGCBD. The black dashed lines represent the hydrogen bond, and the
values show the length of hydrogen bond with the unit of Å. The red dashed line represents the repulsive van der Waals contact (bad contact or bump), and the
values show the distance between nonhydrogen-bonding atoms. The black dashed curve represents the boundary of TP motif. A, adenine-binding pocket in A
site. B, guanine was modeled into adenine-binding pocket, and the steric clashes will limit its binding. C, sugar edge of guanosine with 2�,5�-phosphodiester
bond linkage is recognized by TP motif in G site, whereas the sugar edge of adenosine with 3�,5� phosphodiester bond linkage will generate steric clashes.
c-di-AMP and 2�,3�-cGAMP are shown as sticks colored in silver and magenta, respectively. D, recognition of sugar edge of adenosine with 3�,5�-phosphodiester
bond linkage by TP motif in A site. The water is shown as a red sphere.
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Overall structure of porcine STINGCBD–2�,3�-cGAMP complex

The structure of porcine STINGCBD–2�,3�-cGAMP complex
was determined at 1.8 Å resolution. The asymmetric unit con-
tains two STINGCBD molecules (protomer A and B) that form
the dimer as seen in previous structures of STINGCBD from
other species (Fig. 3A). All residues except residues 228 –236
located at the lid region of protomer B are modeled. Porcine
STINGCBD adopts the same � 
 �-fold as STING from other
species (22). The individual protomers make extensive interac-
tions with each other through the �1, �2, �3, and central
�-sheet region, which forms a deep U-shaped cleft. The 2�,3�-
cGAMP ligand is located at the cleft using its purines pointing
upward and the ribose ring sticking in the downward position
(relevant to the membrane). The base, phosphate, and ribose
groups all contribute to binding to STING (Fig. 3, B and C). The
purine rings of 2�,3�-cGAMP stack against Tyr-167 and Arg-
238 from two promoters. The phosphate moieties of 2�,3�-
cGAMP are recognized by Arg-238 through charge– charge
interactions and hydrogen bonds. Arg-238 also forms hydrogen
bonds at the Hoogsteen edge of the nucleoside moieties. Beside
the stacking interactions, the adenosine and guanosine moi-
eties have different interaction modes with STING. For both,
the interactions involve their Watson-Crick, Hoogsteen, and
sugar edges (Fig. S1). All the N atoms (except the position-9
amino) and O atom in the purines interact directly or indirectly

(water-mediated) with the STING protein (also see details in
Table S1). These extensive interactions are consistent with the
high binding affinity between ligand and porcine STINGCBD as
demonstrated in our in vitro binding experiment.

Asymmetric ligand-binding pocket in porcine STING

A strikingly distinctive feature of the porcine STINGCBD–
2�,3�-cGAMP complex is that the two protomers adopt differ-
ent conformations, resulting in an asymmetric ligand-binding
pocket. Consequently, 2�,3�-cGAMP, which is also asymmetric,
is held in one well-defined conformation in the ligand-binding
pocket (Fig. 4). This unique binding mode is in sharp contrast
with that seen in previous structures involving STING proteins
from other species (22), where 2�,3�-cGAMP binds the sym-
metric STING dimer in two alternative modes with the adeno-
sine and guanosine moieties switching positions.

The recognition sites in porcine STINGCBD for the adeno-
sine with 3�,5�-phosphodiester bond-linked phosphate (or
AMP(3�,5�)) and guanosine with 2�,5�-phosphodiester bond-
linked phosphate (or GMP(2�,5�)) moieties show very different
conformations. The AMP(3�,5�) moiety recognition pocket
(designated as A site) is complete with the ordered lid region
and a shallow 3�,5�-phosphodiester linkage sugar edge recogni-
tion pocket (Fig. 4A, left panel). In contrast, the GMP(2�,5�)
moiety recognition pocket (designated as G site) is partially

Figure 6. Structural comparison between two protomers in porcine STINGCBD–2�,3�-cGAMP complex. 2�,3�-cGAMP is shown with stick colored in
magenta. The simulated annealing omit Fo � Fc electron-density map for 2�,3�-cGAMP and R238 (blue mesh) is contoured at 3 �. A. superimposition of protomer
A and protomer B. The arrow indicates the tilt of �2–�3 in protomer A relative to it in protomer B. The red dashed oval shows the disordered lid region in
protomer B. B, working model of the conformational changes of �2–�3 induced by GMP(2�,5�) moiety recognition. C, hydrophobic core difference between
protomer A and protomer B. D, Arg-238 adopts different rotamer in protomer A and protomer B.
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exposed with the �-hairpin tip totally invisible in the density
and a deep 2�,5�-phosphodiester linkage sugar edge recognition
pocket (Fig. 4A, right panel).

In the A site, Leu-212 from protomer B flips out and interacts
with Phe-221 (protomer B) and Lys-236 (protomer A) through
hydrophobic interactions. Leu-212 also buttresses the hairpin
tip (Gly-234, Ile-235, and Lys-236) from protomer A, further
stabilizing and rigidifying the �-hairpin structure, resulting in
the closure of the A site (Fig. 4B, left panel). Several distinctive
features in this pocket of porcine STING appear to underlie its
preference for adenosine. The loop region (Val-239, Tyr-240,
and Thr-241) and Tyr-167 form an adenine-binding motif,
which is found in many adenylate-containing proteins to rec-
ognize the adenine ring (Fig. 5A, and Fig. S2) (33). Meanwhile,
hydrophobic interactions between the aromatic C2 atom of
adenine and the aliphatic side chain of Ile-235 further enhance
the specific binding of adenine to the pocket. This type of spe-
cific adenine recognition mode can also be seen in the double-
strand RNA– binding motif such as ADAR2, which uses the
side chain of Met to specifically recognize the C2 atom of ade-
nine from RNA (34, 35). However, guanine has an extra
exocyclic–amino group at position-2 and carbonyl oxygen at
position-6, which are expected to generate van der Waals repul-
sion (bad contact or bump) with the side chain of Ile-235 and
the carbonyl group of Val-239, respectively, disfavoring its
binding in this pocket (Fig. 5B).

The G site is partially open, as the �-hairpin tip from
protomer B is disordered. The loop accommodating the �-hair-
pin tip adopts a different conformation with the Leu-212 buried
in the hydrophobic core of protomer A (Fig. 4B, right panel). As
a result, the guanine moiety of the ligand is partially exposed to
solvent. As discussed above, the closed lid as seen for the ade-
nine recognition pocket is not favorable for the binding of the
guanine duo to the selectivity of Ile-235. The configuration of
sugar edges of adenosine and guanosine in 2�,3�-cGAMP are
quite different especially in their connection by phosphate moi-
eties. Adenosine moiety is linked by the usual 3�,5�-phosphodi-
ester bond with the convex-free 2�-hydroxyl group, whereas the
guanosine moiety is connected by the unusual 2�,5�-phosphodi-
ester bond with the concave-free 3�-hydroxyl group (Fig. S1B).
To accommodate these two different sugar edges of the nucle-
oside, helix 2 from each STING protomer adopts different con-
formations. The hydroxyl group of Thr-263 in helix 2 from
protomer A in the G site specifically forms two hydrogen bonds
with the guanine moiety, whereas only one hydrogen bond can
be formed if the guanine moiety was replaced by the adenine
moiety because of the absence of an extra exocyclic-amino
group at the C6-position. The recognition of guanine moiety by
Thr-263 will generate a steric clash if the usual 3�,5�-phos-
phodiester linkage with convex-free 2�-hydroxyl group pres-
ents. However, the unusual 2�,5�-phosphodiester linkage with
the concave- free 3�-hydroxyl group could solve this problem

Figure 7. Structure of porcine STINGCBD in complex with c-di-GMP. The black dashed line represents the hydrogen bond formed between ligand and
protein. The values indicate the length of hydrogen bond with the unit of Å. The red dashed line represents the repulsive van der Waals contact (bad contact or
bump), and the values show the distance between nonhydrogen-bonding atoms. The waters are shown as red sphere. The ligand is shown in stick model
colored in yellow. The simulated annealing omit Fo � Fc electron-density map for c-di-GMP (blue mesh) is contoured at 3 �. A, overall structure of porcine
STINGCBD– c-di-GMP complex (side view). The red dashed circle shows the disordered lid region in protomer B. B, structural comparison between two protomers
in porcine STINGCBD– c-di-GMP complex. The arrow indicates the tilt of �2–�3 in protomer A relative to it in protomer B. C, detailed interactions between
c-di-GMP and G site of STING protein. D, detailed interactions between c-di-GMP and A site of STING protein.
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properly by shifting away from the side chains of Thr-263
and Pro-264 (Fig. 5C). Therefore, Thr-263 and Pro-264 from
protomer A in the G site form a specific recognition motif
(designated as TP motif) to engage the unique sugar edge of
guanosine with 2�,5�-phosphodiester linkage. However, Thr-
263 in helix 2 from protomer B in the A site could not spe-
cifically recognize the sugar edge of adenosine, which lacks
the exocyclic-amino group at position-C2 of the purine ring.
The indirect interaction (water-mediated hydrogen bond)
between Thr-263 and the N3 atom of adenine will generate
enough space resolving the possible steric clashes between
the convex-free 2�-hydroxyl group and Thr-263 and Pro-264
(Fig. 5D).

Superimposing protomer B to protomer A shows helix 2 and
helix 3 in protomer A tilts upward, and the hydrophobic core
undergoes rearrangement in protomer A (Fig. 6, A–C). The
conformational changes of helix 2 and helix 3 in protomer A
during ligand recognition can be considered as the movement
of a lever. Helix 2 and helix 3 function as the beam, whereas
Pro-264 is the turning point. The recognition of GMP(2�,5�)
moiety by the TP motif will input the force at one end of the
lever and result in the movement of the beam. In addition,
the phosphate moiety in the 2�,5�-linkage part sticks higher
than its counterpart in the 3�,5�-linkage, and therefore, the
side chain of Arg-238 is bumped up by the phosphate moiety,

and its �3 dihedral angle is forced to adopt an unfavored
gauche rotamer other than the anti-rotamer in protomer A,
further contributing to the asymmetric conformation of the
lid region (Fig. 6D). As described above, porcine STING
using complete A site specifically recognizes AMP(3�,5�)
moiety, while using incomplete G site specifically recognizes
GMP(2�,5�) moiety.

Structures of porcine STINGCBD complex with other CDNs
reveal the binding preference

As shown above, porcine STINGCBD adopts asymmetric
conformation to bind 2�,3�-cGAMP. This prompted us to
explore how porcine STING binds other more symmetric 3�,3�-
CDNs. We crystallized porcine STINGCBD complex with bac-
terial second messengers, including c-di-GMP, c-di-AMP, and
3�,3�-cGAMP. All the crystals belong to the P212121 space
group with two molecules of STING protein per asymmetric
unit. To our surprise, all the three 3�,3�-CDNs can induce
porcine STINGCBD to adopt the similar asymmetric confor-
mation as the 2�,3�-cGAMP does (Figs. 7–9). Besides, the
c-di-AMP can induce porcine STINGCBD to form a much
more symmetric conformation with all the lid region becom-
ing totally visible (Fig. 10). However, the tilt of helix 2 and
helix 3 in protomer A (comparing with that in protomer B) of
the 3�,3�-CDN–porcine STINGCBD complex is not as dra-

Figure 8. The structure of porcine STINGCBD in complex with 3�,3�-cGAMP. The black dashed line represents the hydrogen bond formed between ligand and
protein. The values indicate the length of hydrogen bond with the unit of Å. The red dashed line represents the repulsive Van der Waals contact (bad contact or
bump) and the values show the distance between nonhydrogen-bonding atoms. The waters are shown as red sphere. The ligand is shown as a stick model colored
in salmon. The simulated annealing omit Fo � Fc electron-density map for 3�,3�-cGAMP (blue mesh) is contoured at 3 �. A, overall structure of porcine STINGCBD-3�,3�-
cGAMP complex (side view). The red dashed circle shows the disordered lid region in protomer B. B, structural comparison between two protomers in porcine
STINGCBD-3�,3�-cGAMP complex. The arrow indicates the tilt of �2-�3 in protomer A relative to it in protomer B. C, detailed interactions between Guanosine moiety of
3�,3�-cGAMP and G site of STING protein. D, detailed interactions between Adenosine moiety of 3�,3�-cGAMP and A site of STING protein.
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matic as that seen in 2�3�-cGAMP–porcine STINGCBD com-
plex (Figs. 7–10B).

In c-di-GMP– bound structure, the guanosine moiety in the
A site shows unfavorable interactions with STING (Fig. 7D).
For example, the extra-exocyclic-amino group at C2-position
has bad contact with the aliphatic side chain of Ile-235; car-
bonyl oxygen in position-6 has bad contact with the carbonyl
oxygen of Val-239; N3 nitrogen has bad contact with side chain
of Tyr-167; N7 nitrogen and carbonyl oxygen in the C6-posi-
tion have bad contacts with the side chain of Tyr-240; the free
2�-hydroxyl group in A site has the bad contact with the side
chain of Thr-263 in protomer B. There is no hydrogen bond
between Arg-238 and the N7 nitrogen in the guanine moiety
within this binding pocket (supporting Table 1). These bad con-
tacts can also be seen in the other CDN-porcine STING com-
plexes (Figs. 8 –10, C and D).

Superimposition of these five complex structures shows that
overall these complexes look the same, especially for protomer
B (Fig. 11A). The only difference in protomer A exists in �2 and
�3 where it tilts more dramatically in the 2�,3�-cGAMP–
STING complex than the other four CDN–STING complexes
(Fig. 11B). As for the superimposed ligands, it clearly shows the
preference for ligand binding. The unique sugar edge of
GMP(2�,5�) moiety in 2�,3�-cGAMP is snugly engaged by the
TP motif from protomer A in the G site, whereas the 3�,3�-
CDNs are disfavored in this site because of steric clashes or the

absence of hydrogen bonds (Fig. 11C). Similarly, the adenine-
binding motif and Ile-235 selection lead to the preference of
adenine in the A site. In other words, all the 3�,3�-CDNs adopt-
ing a symmetric conformation cannot fit them well in the asym-
metric binding pocket resulting in a lower binding affinity
complex.

Discussion

Since the identification of the CDN–STING pathway, many
structural studies have revealed the binding and activation
mechanism of STING by CDNs (22, 23). By superimposing por-
cine STING–ligand complex structure with other complex
structures from human, mouse, and chicken, structural varia-
tions were observed among these STING proteins (Fig. 12A),
although they share about 80% sequence identities (Fig. 12B).
Except for its disordered lid region, protomer B from porcine
STING is almost identical to the protomers from other species.
However, protomer A from porcine STING cannot be super-
imposed well with its counterparts from other species. The
striking difference is that the two helices (�2 and �3) in
protomer A from porcine STING tilt upward, and in other spe-
cies they adopt the same conformation as in protomer B. These
differences make porcine STING exhibit an asymmetric pocket
to engage asymmetric 2�,3�-cGAMP. There are several possible
reasons why the STING-CDN complex structures from other
species do not capture asymmetric conformation. As is known

Figure 9. Structure of porcine STINGCBD in complex with c-di-AMP with incomplete lid region. The black dashed line represents the hydrogen bond
formed between ligand and protein. The values indicate the length of hydrogen bond with the unit of Å. The red dashed line represents the repulsive van der
Waals contact (bad contact or bump), and the values show the distance between nonhydrogen-bonding atoms. The waters are shown as a red sphere. The
ligand is shown as a stick model colored in silver. The simulated annealing omit Fo � Fc electron-density map for c-di-GMP (blue mesh) is contoured at 3 �. A,
overall structure of porcine STINGCBD– c-di-AMP complex (side view). The red dashed circle shows the disordered lid region in protomer B. B, structural
comparison between two protomers in porcine STINGCBD– c-di-AMP complex. C, detailed interactions between c-di-AMP and G site of STING protein. D,
detailed interactions between c-di-AMP and A site of STING protein.
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to all, the protein crystal structure is only a snapshot of various
conformers in thermodynamic equilibrium. The crystals repre-
sent the state of the global minimum free energy taking into
account both natural and unspecific interactions (36). Consid-
ering that the extensive interactions occurred between the
N-terminal region and the CDN-binding domain of STING
(23) and only the C terminus of STING itself is included in
crystallization, the unspecific interactions observed in the
crystalline state of STINGCBD may sacrifice the natural con-
formation and choose the lowest-energy one. Another point
is that (e.g. PDB code 4KSY) the crystallographic 2-fold axis
passes through the dimer interface, which can average the
electron density resulting in two identical protomers. As for
the chicken STING–2�,3�-cGAMP complex solved by the
cryo-EM method, C2 symmetry was applied during 3D focus
refinement, which will make the two protomers totally the
same (23).

It is difficult to explain why STING prefers the asymmetric
ligand by using the complex structures solved before. Shi et al.
(32) reported that the 2�,3�-cGAMP does not undergo large
conformational change when it binds to STING and has less
entropy costs leading to the highest binding affinity for 2�,3�-
cGAMP. However, they ignored the contribution of protein–
ligand interaction, which plays a critical role in determining the
binding affinity. Although all the CDNs can induce porcine
STING to form an asymmetric binding pocket, only the asym-
metric 2�,3�-cGAMP can fit into this pocket well, whereas other

3�,3�-CDNs can generate constraint and suboptimal contacts,
thereby limiting the interaction.

All in all, our structural investigation of porcine STINGCBD–
CDN complexes has provided novel insight into the structural
basis for ligand binding and discrimination that has implica-
tions in activation and regulation of the STING pathway.

Experimental procedures

Protein expression and purification

The cDNA encoding the porcine STING CBD domain
(from 152 to 379 amino acids) was amplified and inserted
into the pET-22b(
) vector (Novagen) generating the pET-
22b–STINGCBD expression vector. The BL21(DE3) cells
carrying pET-22b–STINGCBD vector were grown in Luria
broth (LB) medium. When the A600 reached 0.8, the protein
expression was induced by using 0.1 mM isopropyl 1-thio-�-
D-galactopyranoside. After 14 h induction, the cells were col-
lected by centrifugation (15 min, 12,000 � g). Then, the cell
pellet was resuspended in ice-cold lysis buffer (25 mM Tris-
HCl, pH 8.0, 500 mM NaCl) and lysed by sonication. The
lysate was centrifuged at 30,000 � g for 45 min, and the
supernatant was loaded onto a nickel-chelating Sepharose
column (GE Healthcare) equilibrated with lysis buffer. After
washing with wash buffer (25 mM Tris-HCl, pH 8.0, 300 mM

NaCl, 20 mM imidazole), the bound protein was eluted by
using elution buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl,
250 mM imidazole). Then, the protein was treated with the

Figure 10. Structure of porcine STINGCBD in complex with c-di-AMP with complete lid region. The black dashed line represents the hydrogen bond
formed between ligand and protein. The values indicate the length of hydrogen bond with the unit of Å. The red dashed line represents the repulsive van
der Waals contact (bad contact or bump), and the values show the distance between nonhydrogen-bonding atoms. The waters are shown as a red
sphere. The ligand is shown as a stick model colored in slate blue. The simulated annealing omit Fo � Fc electron-density map for c-di-GMP (blue mesh)
is contoured at 3 �. A, overall structure of porcine STINGCBD– c-di-AMP complex (side view). B, structural comparison between two protomers in porcine
STINGCBD– c-di-AMP complex. C, detailed interactions between c-di-AMP and G site of STING protein. D, detailed interactions between c-di-AMP and A
site of STING protein.
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protease trypsin in a 1:10,000 mass ratio overnight at 4 °C to
remove the flexible tail region. The protease inhibitor phen-
ylmethylsulfonyl fluoride was added to the protein solution
to stop the enzymatic reaction. The protein was then applied
to the Q column and eluted using a linear 160-ml gradient of
0 – 0.5 M NaCl. Porcine STINGCBD was further purified by
gel-filtration chromatography by using a Superdex-200 (GE
Healthcare) column equilibrated with gel-filtration buffer
(10 mM Tris-HCl, pH 8.0, 100 mM NaCl). The peak was
pooled and concentrated to 20 mg ml�1 for crystallization.

Crystallization, data collection, structure determination, and
refinement

Before crystallization screening, porcine STING was
mixed with 2�,3�-cGAMP and three other 3�,3�-CDNs at a
1:1.2 and 1:5 molar ratio, respectively, and incubated for 2 h
at 293 K. Sitting-drop vapor-diffusion method was used for
the initial screening, and the hits were optimized by using
hanging-drop vapor-diffusion method at 293 K. Porcine
STINGCBD– c-di-AMP complex can be crystallized with 3.5
M sodium formate or 1.5 M Li2SO4 as precipitant at 0.1 M

NaOAC, pH 4.6. Porcine STINGCBD–3�,3�-cGAMP, c-di-
GMP, and 2�,3�-cGAMP complexes were crystallized in the
same condition with 1.5 M Li2SO4 as precipitant at 0.1 M

NaOAc, pH 4.6.
The crystals were cryoprotected by 20% (v/v) glycerol and

flash-frozen in liquid nitrogen before data collection. The dif-

fraction data were collected on beamline BL17U1 at Shanghai
Synchrotron Radiation Facility (SSRF). The data collected were
indexed, integrated, and scaled with HKL-2000 (16).

All five complex structures were solved by the molecular
replacement method with the human STINGCBD structure
(PDB code 4F5W) as the search model. Coot (17) and PHE-
NIX (18) were used for manual model building and refine-
ment, respectively. The final models were deposited in the
PDB with entries 6A03, 6A04, 6A05, 6A06, and 6IYF. The
statistics of data collection and structure refinement are
listed in Table 1. All the structure figures were rendered with
PyMOL.

MST assay

MST assay was performed to measure the affinity of the puri-
fied porcine STING for CDNs with Monolith NT.115 from
Nanotemper Technologies. Proteins were fluorescently labeled
according to the manufacturer’s protocol, and the concentra-
tion of labeled protein used for each assay was about 200 nM. A
solution of unlabeled CDNs was diluted for appropriate serial
concentration gradients. The samples were loaded into silica
capillaries (Polymicro Technologies) after incubation at room
temperature for 30 min. Measurements were performed at
293 K in buffer containing 50 mM BisTris, pH 7.6, 150 mM

NaCl, and 0.05% Tween 20, by using 12% LED power and 40%
MST power. The assays were repeated three times for each

Figure 11. Structural comparison of porcine STINGCBD–CDNs complex. A, structural comparison of protomer B of porcine STINGCBD–CDNs complex. The lid
regions of protomer B are incomplete except one of porcine STINGCBD– c-di-AMP complex. The red dashed circle shows the disordered lid region in protomer
B. B, structural comparison of protomer A of porcine STINGCBD–CDN complex. The tilt of �2–�3 in 2�,3�-cGAMP is the most dramatic one. The black arrow
indicates the upward movement of �2–�3. C, superimposition of CDNs shows the 2�,3�-cGAMP is the favorite ligand for STING. The black dashed line represents
the hydrogen bond. The red dashed line represents the repulsive van der Waals contact (bad contact or bump).
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affinity measurement. Data analyses were performed with
Nanotemper Analysis software and OriginPro 8.0 software
provided by the manufacturer.

Cell-based interferon-� luciferase reporter assay

PAM, RAW264.7 or HEK293 cells were seeded in 12-well
plates and grown to 80% confluence, respectively. Cells were
transfected with 0.5 �g of IFN-� promoter along with 0.25 �g of
pRL-TK using Lipofectamine 3000 reagent (Invitrogen). At
18 h post-transfection, PAM and RAW264.7 cells were incu-

bated with 60 �M c-di-AMP, c-di-GMP, 3�,3�-cGAMP, or 2�,3�-
cGAMP for 19 h. For HEK293 cells, 60 �M c-di-AMP, c-di-
GMP, 3�,3�-cGAMP, or 2�,3�-cGAMP were transfected into
cells using Lipofectamine 3000 reagent. Luciferase activities
were measured using a Dual-Luciferase reporter assay kit (Pro-
mega, Madison, WI) according to the manufacturer’s protocol.
The values were normalized with respect to Renilla luciferase
activities. Then, the results were expressed as relative luciferase
activities, which were shown as relative fold changes compared
with the mock-treated control (untransfected cells). All assays

Figure 12. Structural comparison of STINGCBD–2�,3�-cGAMP complex from different species. A, protomer B except for the lid region in porcine
STING is the same as protomers from other species. The red dashed circle shows the disordered lid region in protomer B. Protomer A in porcine STING
cannot be superimposed well with protomers from other species. PDB code for human STINGCBD–2�,3�-cGAMP complex, 4LOH; PDB code for mouse
STINGCBD–2�,3�-cGAMP complex, 4LOJ; PDB code for chicken STINGCBD–2�,3�-cGAMP complex, 6NT7. B, sequence alignment of human, mouse, chicken,
and porcine STINGCBD domain. The residues in the adenine-binding motif are marked by cyan triangles. The residues in the TP motif are marked by green
stars.
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were repeated at least three times, with each experiment per-
formed in triplicate.
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