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Stimulator of interferon genes (STING) binds cyclic dinucleotides (CDNs),
which induce a large conformational change of the protein. The structural basis
of activation of STING by CDNs is rather well understood. Unliganded STING
forms an open dimer that undergoes a large conformational change (~10 A) to
a closed conformation upon the binding of a CDN molecule. This event activates
downstream effectors of STING and subsequently leads to activation of the type
1 interferon response. However, a previously solved structure of STING with
3',3"-c-di-GMP shows Mg atoms mediating the interaction of STING with this
CDN. Here, it is shown that no Mg atoms are needed for this interaction; in fact,
magnesium can in some cases obstruct the binding of a CDN to STING.

1. Introduction

A major marker of intracellular infection by a pathogen is the
presence of double-stranded DNA (dsDNA) in the cytoplasm.
There it is sensed by the cyclic GMP-AMP (cGAMP) synthase
(cGAS), which in turn starts the synthesis of the second
messenger 2',3'-cyclic GMP-AMP (cGAMP). cGAMP and
other cyclic dinucleotides (CDNs) bind to and activate the
stimulator of interferon genes (STING), which is the axis of
the cGAS-STING pathway (Chen et al., 2016). Upon activa-
tion, STING recruits the kinase TBK1, which phosphorylates
the transcription factor IRF3, thus promoting IRF3 dimer-
ization and the transcription of interferons and inflammatory
cytokines (Fitzgerald et al., 2003). Notably, overactivation of
the cGAS-STING pathway may lead to autoinflammatory
diseases such as Aicardi-Goutieres syndrome (Barber, 2015;
Strzyz, 2019). The cGAS-STING pathway also plays an
important role in tumour surveillance (Barber, 2015), and
STING agonists have been shown to exert potent antitumor
activity (Corrales et al., 2015; Fu et al., 2015).

STING is an ER-resident 379-amino-acid protein that
consists of an N-terminal transmembrane domain and a
C-terminal ligand-binding domain that is responsible for its
dimerization. The activation of STING by CDNs is relatively
well understood. Unliganded STING is a dimer with an open
conformation (Shu ef al., 2012). Upon binding a CDN the
C-terminal ligand-binding domain dramatically shifts by
~10 A to a closed conformation (Fig. 1). Additionally, it has
been shown by cryo-EM that cGAMP binding induces the
tetramerization of STING, which leads to the transphos-
phorylation of STING by TBK1 (TBK1 bound to one STING
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dimer phosphorylates the other STING dimer) and the
subsequent recruitment of the transcription factor IRF3
(Shang et al., 2019). High-order oligomer formation between
STING and TBK1 upon cGAMP binding has been proposed
as a structural mechanism for the phosphorylation of IRF3 by
TBKI in another cryo-EM study (Zhang et al., 2019).

Activation of STING by CDNs is still not fully understood
despite the structural advances mentioned above. Notably,
one of the first X-ray structures of STING (PDB entry 4f5d;
Huang et al., 2012) has Mg atoms in the active site, while other
structures do not (PDB entries 4ksy, 4f9g and 5bqx; Zhang
et al., 2013; Yin et al., 2012; Shi et al., 2015). This discrepancy
could be caused by the low resolution of some of the struc-
tures, as small ligands such as smaller atoms or water mole-
cules are usually not modelled at low resolution, or by
misinterpretation of the electron-density maps. Here, we
provide biophysical and structural evidence that STING does
not bind to CDNs via Mg atoms. We show that a high
concentration of magnesium in fact destabilizes CDN-STING
complexes and that the best crystals of a CDN-STING
complex can be grown using EDTA as an additive in the
crystallization trials.

2. Materials and methods
2.1. Protein expression and purification

A DNA sequence encoding the cytosolic domain of human
STING (residues 140-343) was inserted into pHis2 vector with
an N-terminal 8xHis-SUMO solubility tag by restriction
cloning. The protein was expressed and purified according to
standard protocols (Hercik et al., 2017; Boura et al., 2010).
Briefly, the protein was expressed in the Escherichia coli BL21
(DE3) NiCo bacterial strain using ZY5052 autoinduction
medium. The cells were grown at 310 K until they reached an
ODygq of 1. The temperature was then decreased to 291 K and
the cells were cultivated overnight. The cells were harvested
and were lysed in lysis buffer (300 mM NaCl, 50 mM Tris pH 8,
30 mM imidazole, 3 mM B-mercaptoethanol, 10% glycerol)
using a French press. The lysate was centrifuged for 30 min at

30 000g to remove cell debris, and the supernatant was incu-
bated with Ni-NTA resin (Machery-Nagel) for 30 min. The
resin was then washed with lysis buffer and the protein was
eluted with elution buffer (300 mM NaCl, 50 mM Tris pH 8,
300 mM imidazole, 3 mM B-mercaptoethanol, 10% glycerol)
at room temperature. The 8xHis-SUMO solubilization tag
was removed by recombinant yeast Ulpl protease (1 h or
overnight at 277 K). The protein was further purified by size-
exclusion chromatography (SEC) on a HilLoad 16/600
Superdex 75 pg column (GE Healthcare) in SEC buffer
(50 mM NaCl, 50 mM Tris pH 7.4) followed by anion-
exchange chromatography on a HiTrap Q HP column (GE
Healthcare; buffer A, 50 mM NaCl, 50 mM Tris pH 7.4; buffer
B, 1 M NaCl, 50 mM Tris pH 7.4) both at 277 K. Fractions
containing the protein of interest were pooled and the protein
was concentrated to 20 mgml~' (the concentration was
determined using the absorbance at 280 nm measured using a
NanoDrop 1000 spectrophotometer from Thermo Fisher
Scientific), aliquoted, flash-frozen in liquid nitrogen and
stored at 193 K for future use.

2.2. Crystallization and crystallographic analysis

To set up drops, wild-type STING was supplemented with
0.5 mM 3',3"-c-di-GMP and 10 mM EDTA. The protein crys-
tals grew in sitting drops consisting of a 1:1 mixture of protein
solution and well solution [0.2 M lithium sulfate, 20% (w/v)
PEG 3350]. The crystals grew in approximately two weeks at
291 K. The crystals were cryoprotected in mother liquor
supplemented with 20% (v/v) glycerol and were flash-cooled in
liquid nitrogen. An X-ray data set was collected from a single
cooled crystal using the home source. The data set was
processed (integration and scaling) by XDS (Kabsch, 2010) as
summarized in Table 1. The structure was solved by molecular
replacement (MR) using Phaser (McCoy et al., 2007) from the
CCP4 package (Winn et al., 2011). The structure of STING
(PDB entry 4ksy) was used as a search model. The ligand was
placed using Coot (Debreczeni & Emsley, 2012) and the
structure was further improved using PHENIX (xyz coordi-
nates and real-space refinement with twinning fraction 50%

Figure 1

The closure of the ligand-binding domain of STING upon the binding of 3’,3’-c-di-GMP. The monomers of the STING receptor cytosolic domain are
coloured in shades of green, the C atoms of the ligand are grey and other atoms are coloured according to convention. The picture of STING in the open
conformation is based on PDB entry 4emu and the picture of STING in the closed conformation is based on the structure presented in this study (PDB
entry 6s86).
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Table 1
Data collection and processing for STING in complex with 3'3'-c-di-
GMP.

Values in parentheses are for the outer shell.

Diffraction source Rigaku MicroMax-007 HF

rotating anode

Wavelength (A) 1.54187

Temperature (K) 100

Detector Dectris PILATUS 200K
Crystal-to-detector distance (mm) 60

Rotation range per image (°) 0.1

Total rotation range (°) 180

Exposure time per image (s) 10

Space group P4,

a, b, c(A) 110.69, 110.69, 34.33

a, B,y () 90, 90, 90

Resolution range (A)
Total No. of reflections
No. of unique reflections

39.14-2.60 (2.693-2.600)
85649 (9136)
13223 (1325)

Completeness (%) 99.76 (100)
Multiplicity 6.5 (6.9)
CCyp 0.998 (0.82)
(Ilo(1)) 17.72 (2.79)
ReimT ) 7.60 (51.67)
Overall B factor from Wilson plot (A?) 56.92

+ The R;im. value was estimated by multiplying the conventional Ry, value by the
factor [N/(N — 1)]"?, where N is the data multiplicity.

for h, —k, —I; Adams et al, 2010). The final statistics are
summarized in Table 2. Structural figures were generated by
PyMOL v.1.3r1 (Schrodinger). The structure was deposited in
the Protein Data Bank (https://www.wwpdb.org/) with acces-
sion code 6s86.

2.3. In vitro thermal stability assay

The ligands were dissolved in water and mixed with protein
in TSA buffer (150 mM NaCl, 50 mM Tris pH 7.4). The final
concentrations of the ligand and protein were 150 and 5 uM,
respectively. Alternatively, the TSA buffer also contained
10 mM MgCl, or 100 mM EDTA. The mixtures were incu-
bated on ice for 15 min. SYPRO Orange Protein Gel Stain
(Sigma-Aldrich) was subsequently added (final 5x concen-
tration) and the mixtures were again incubated on ice for a
further 15 min. The protein melting curves were measured
using a LightCycler 480 Instrument II and the data were
analysed using the LightCycler 480 software.

3. Results and discussion
3.1. Magnesium does not stabilize the CDN-STING complex

When we first started to grow STING crystals with various
ligands, we supplemented the protein with 2 mM magnesium
ion based on the first crystal structure of STING and the
‘common’ knowledge that phosphate groups bind to proteins
via magnesium ions. However, we often observed crystals in
conditions containing chelating agents such as 100 mM citrate
buffer. Therefore, we decided to elucidate the role of
magnesium more closely. We employed differential scanning
fluorimetry, a method that can measure the melting
temperature (Ty,) of a protein in various conditions (ligand
concentration, buffer composition, presence of chelating

Table 2
Structure solution and refinement for STING in complex with 3',3'-c-di-
GMP.

Values in parentheses are for the outer shell.

Final Ryork (%) 21.0 (28.5)
Final Ryee (%) 24.7 (31.8)
No. of non-H atoms
Total 2741
Protein 2669
Ligand 46
Water 26
R.m.s. deviations
Bonds (A) 0.007
Angles (°) 0.96
Average B factors (AZ)
Overall 56.92
Protein 57.29
Ligands 40.99
Solvent 47.43
Ramachandran plot
Most favoured (%) 97.26
Outliers (%) 0

agents etc.). As expected, the T,,, of STING was dependent on
the presence of ligand and additives (Fig. 2). In the case of
3',3’-c-di-AMP [Fig. 2(a)], the change in melting temperature
(AT,) of the protein with and without ligand was approxi-
mately 5.2 K. Surprisingly, the presence of magnesium ions (at
10 mM) led to significant destabilization of the protein-ligand
complex, with the T,, decreasing by 1.5 K to 325.1 K, contrary
to what would be expected if magnesium were participating in
the binding. However, the T,, still remained significantly
higher compared with the unliganded protein (7, = 321.45 £+
0.14 K). Addition of the chelating agent EDTA (100 mM) to
the protein-ligand mixture led to an improvement in the
stability of the complex (T}, = 327.95 £ 0.25 K), suggesting
that even small concentrations of divalent cations that are
perhaps bound to the protein during purification interfere
with the ligand binding.

Next, we characterized the role of magnesium in the binding
of another well known STING ligand, 3',3'-c-di-GMP
[Fig. 2(b)]. In this case, the differences between the T, values
of the protein-ligand complex alone and in the presence of
magnesium ions or EDTA were not significant. However,
these results also argue that there is no need for magnesium in
the binding site of STING, because its presence would
increase the stability of the protein-ligand complex and
EDTA would decrease it in the case in which magnesium was
participating in the binding of the CDNs to STING. Instead,
we observed no significant difference. In conclusion, magne-
sium ions do not stabilize the STING-3",3’-c-di-GMP complex
and even destabilize the STING-3',3'-c-di-AMP complex. This
was also indirectly confirmed by our crystallization trials:
when comparing the quality of the crystals (shape, size,
cryoprotection and diffraction limit) the best crystals were
grown in the presence of EDTA.

3.2. The structure of the STING-3’,3’-c-di-GMP complex

To further confirm that magnesium is not present
in the STING-ligand complex, we grew crystals of the
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Influence of 3',3’-c-di-AMP (33AA) the thermal stability of wild-type STING

Ligand-free, 7, =321.45 £ 0.14 K
33AA, T,,=326.62+0.05K
33AA + 10 mM Mg™, T,, =325.1+0.17K

33AA + 100 mM EDTA, T,, =327.95+ 025K

—(d/dT) fluorescence (465-580 nm)

-20 L] 1
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Temperature (K)
(a)
Influence of 3',3"-c-di-GMP (33GG) the thermal stability of wild-type STING
5-

Ligand-free, 7,, = 322.97 £ 0.12K
— 33GG, T,,=325.01£0.11 K

—(d/dT) fluorescence (465-580 nm)

= — 33GG+ 10 mM Mg”, T,, =324.9+0.10K
— 33GG + 100 mM EDTA, 7,, = 3251+ 0.04 K
-10 T T 1
320 340 360
Temperature (K)
®)

Figure 2

EDTA stabilizes the CDN-STING complex when magnesium is present. Representative melting curve of ligand-free STING and melting curves of the
same protein in complex with 3',3'-c-di-AMP (a) or 3',3'-c-di-GMP (b) alone and with Mg®* or EDTA as an additive are shown. Three independent
measurements were performed for each ligand.
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Figure 3

New structure of STING in complex with 3’,3"-c-di-GMP and its comparison with PDB entry 4£5d. (a) Our structure of STING in complex with 3',3'-c-di-
GMP (PDB entry 6rm0); the F, — F, map is contoured at 20. (b) Alignment of our structure of STING (PDB entry 6rm0, green) and the structure solved
by Huang and coworkers (PDB entry 4f5d, blue; Huang er al., 2012); the r.m.s.d. on C* atoms is 0.6163 A. (c) Detailed view of the ligand in the F, — F,
map contoured at 20.
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Arg232
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Red spheres: water mol?cule.s Gly166
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Figure 4

Magnesium versus water in the active site. (a) ADP is bound to N-acetylhexosamine 1-kinase via Mg atoms; the coordination bonds are arranged in an
octahedral manner (PDB entry 4wh2). (b) Incorrect interpretation of the interaction of STING and 3',3'-c-di-GMP via an Mg atom (PDB entry 4f5d). (¢)
Binding of 3',3’-c-di-GMP in the active site of STING via a water molecule. For clarity, only amino-acid residues that interact with the ligands are shown.
Colours of atoms are as follows: carbons in the protein, green; carbons in the ligand, grey; oxygen, red; nitrogen, blue; magnesium, brown. Bonds are

shown as yellow dots.

STING-3',3’-c-di-GMP complex in the presence of 10 mM
EDTA. We obtained crystals that diffracted to 2.6 A resolu-
tion (as summarized in Table 1) at the home source and
belonged to the tetragonal space group P4,. The structure is
virtually the same as the previous 3 A resolution structure
(Huang et al., 2012) as long as only the positions of the C*
atoms (r.m.s.d. on C* atoms of 0.6163 A) and the ligand are
considered (Fig. 3). However, how the ligand is held in the
ligand-binding pocket is different (Fig. 4).

In an excellent publication entitled Mg*" ions: do they bind
to nucleobase nitrogens? (Leonarski et al., 2017) several
structures with correctly or wrongly placed magnesium ions
are described. Fig. 4(a) shows the typical binding mode of
magnesium ions by the phosphate groups of ADP in complex
with N-acetylhexosamine 1-kinase (Sato et al, 2015). In this
high-resolution structure (1.8 A) magnesium ions are bound
to their interaction partners by six coordination bonds, which
must be always arranged in an octahedral molecular geometry.
On the other hand, the magnesium ions placed in the structure
of STING by Huang and coworkers [Fig. 4(b)] are involved in
just four coordination bonds, which are arranged in the shape
of a pyramid (Huang et al., 2012). In addition, these coordi-
nation bonds are made with two hydrogen-bond donors and
two hydrogen-bond acceptors, which is another sign of the
presence of a water molecule at the given position. These facts
indicate that an Mg atom was placed where a water molecule
should have been. Our structure illustrates that water in fact
mediates the interaction of Gly166, Arg232 and Tyr240 with
the phosphate group of 3',3’-c-di-GMP.

In conclusion, the correct identification of ligands is far
from trivial, especially in low-resolution structures, and
knowledge of the chemistry may be necessary. In addition, for
isoelectric ligands (Mg®" and the water molecule are those
encountered most often in protein crystallography) high
resolution in itself will not help without considering other
factors such as proper geometry and the lengths of hydrogen
and coordination bonds.
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