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to cGAS mislocalization in cytoplasm and nucleus and 
hyper-response to genotoxic stress but a weaker response to 
viral infection (Barnett et al. 2019). Solution NMR studies 
on the cGAS N-terminal domain will enable a better under-
standing of its biophysical properties and associated inter-
molecular interactions. As a basis for such studies, we report 
the assignments of chemical shifts for its residues 5-146.

Methods and experiments

Expression and purification of cGAS NTD

The cDNA encoding M. musculus cGAS N-terminal 
domain (residues 1–146) was cloned into a pOPIN-8xHis-
eGFP plasmid and overexpressed in E. coli RIL-X cells as 
an eGFP fusion protein with a PreScission protease cleav-
age site. To produce a uniformly 15N- and 13C-labeled pro-
tein, a single colony of E.coli RIL-X cells was inoculated in 
1 L of a standard M9 minimal medium supplemented with 
100 μg/ml ampicillin, 1 g/L 15NH4Cl, 2 g/L 13C-D-glucose, 
and 2 g/L 15N/13C-labeled ISOGRO algal extract, and cells 
were grown at 37  °C and 110  rpm until an OD600 of 0.8 
was reached. The culture was chilled on ice for 20 min and 
expression was induced by the addition of isopropyl β-D-
thiogalactopyranoside (IPTG) to a final concentration of 
0.5 mM. Cells continued to grow upon shaking at 120 rpm 
and 20  °C for another 20  h, followed by harvesting by 

Biological context

cGAS is a major DNA sensor in humans and other ani-
mals that binds to double-stranded DNA and activates the 
STING-TBK1-IRF3 signaling axis to induce production of 
type I interferons and trigger innate immunity or apoptosis 
(Gao et al. 2013). Activation of cGAS by DNA makes it a 
promising drug target for autoimmune diseases and cancer 
(Decout et al. 2021; Gan et al. 2022). cGAS is a Mg2+- and 
Zn2+-binding enzyme belonging to the Mab-21-like family 
of nucleotidyltransferases (NTases). It was initially reported 
as a cytosolic DNA sensor, however, recent findings showed 
that the major fraction of cGAS resides in the nucleus bound 
to chromatin (Song et al. 2022; Jiang et al. 2019; Michal-
ski et al. 2020), and cytoplasmic cGAS is anchored to the 
plasma membrane (Barnett et al. 2019). The NTD is critical 
for sensing nuclear chromatin, and this interaction is abro-
gated by multiple hyperphosphorylation at various serine 
and threonine residues. Chromatin-bound cGAS is kept 
inhibited, with its activity being maintained at a level 200-
fold lower than that of cGAS stimulated with exogeneous 
DNA (Gentili et al. 2019). Truncation of cGAS NTD leads 
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Abstract
Cyclic GMP-AMP synthase (cGAS) is a DNA-sensing enzyme that is a member of the nucleotidyltransferase (NTase) 
family and functions as a DNA sensor. The protein is comprised of a catalytic NTase core domain and an unstructured 
hypervariable N-terminal domain (NTD) that was reported to increase protein activity by providing an additional DNA-
binding surface. We report nearly complete 1H, 15N, and 13C backbone chemical-shift assignments of mouse cGAS NTD 
(residues 5-146), obtained with a set of 3D and 4D solution NMR experiments. Analysis of the chemical-shift values 
confirms that the NTD is intrinsically disordered. These resonance assignments can provide the basis for further studies 
such as activation by DNA and protein-protein interactions.
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centrifugation at 4 °C and 4,000 g for 20 min; pellets were 
frozen at -80 °C until further use. Frozen cell pellets were 
thawed at room temperature and resuspended in lysis buf-
fer (50 mM HEPES pH 8.0, 0.3 M NaCl, 1 mM TCEP, 1 
mM PMSF, 10% (w/v) glycerol, 20 mM imidazole). After 
vortexing, cells were lysed with an Avestin Emulsiflex C3. 
Lysates were aliquoted into 45 ml tubes and centrifuged at 
100,000 g and 4 °C for 20 min, then incubated at 100 °C 
for 10 min to precipitate cellular proteases and centrifuged 
again as described above. The cleared lysate was applied 
onto a 5 ml HisTrap HP column (GE Healthcare) using an 
ÄKTA Pure chromatography system (GE Healthcare) in 
equilibration buffer. eGFP-mNTD fusion protein was eluted 
with a gradient of elution buffer (50 mM HEPES pH 8.0, 
0.3 M NaCl, 1 mM TCEP, 1 mM PMSF, 10% (w/v) glycerol, 
0.5 M imidazole) at 150–200 mM imidazole concentration. 
Elution fractions were then pooled together and concen-
trated to 2 ml using Amicon Ultra centrifugal filters with 
a molecular weight cut-off (MWCO) of 30  kDa (Sigma-
Aldrich). The protein was buffer-exchanged into cleavage 
buffer (50 mM HEPES pH 8.0, 0.3 M NaCl, 1 mM TCEP) 
using a PD 10 desalting column (Cytiva). The protein was 
then mixed with 12 mg of PreScission protease (prepared 
in-house) and cleavage was performed overnight at 4 °C on 
a rocking shaker. After cleavage, the protein mixture was 
mixed 1:5 (v/v) with 6 M guanidine hydrochloride (Gu-HCl) 
to cancel electrostatic interactions of the eGFP tag and the 
protein. The protein was then concentrated to 1–2 ml using 
Amicon Ultra centrifugal filters (MWCO 3 kDa). The pro-
tein mixture was applied onto a manually packed Ni-NTA 
gravity flow column (5 ml) equilibrated with equilibration 
buffer. A total volume of 70 ml of a flow-through fraction 
that contained the protein was collected. The protein was 
then concentrated to 1–2 ml volume and renatured by rapid 
dilution with renaturing buffer at a ratio of 1:10 (v/v). The 
protein was then concentrated again to a final volume of 
2 ml and exchanged into NMR buffer (20 mM MES pH 6.0, 
0.1 M NaCl, 5 mM TCEP, 1 mM PMSF). For preparation of 
NMR samples, 270 μl of protein solution was mixed with 
D2O to a final concentration of 10% (v/v) and 0.1 M DSS to 
a final concentration of 1–3 mM.

NMR spectroscopy

An approximately 1 mM uniformly 15N/13C-labeled mNTD 
sample in NMR buffer was used for resonance assignments. 
DSS was used for direct 1H chemical shift referencing, 
whereas 13C and 15N chemical shifts were indirectly refer-
enced. Protein backbone resonances were assigned via stan-
dard 2D HSQC, 3D HNCO, 3D HNCA, 3D HN(CO)CA, 
3D HN(CA)CO, and 3D CBCANH experiments, as well 
as a 4D HN(COCA)NH (Bracken et al. 1997) experiment. 

All NMR experiments were recorded at 25 °C on a Bruker 
Avance III HD 800  MHz spectrometer equipped with a 
2H, 1H, 13C, 15N four-channel cryogenic TCI probe. The 
4D HN(COCA)NH experiment was recorded using non-
uniform sampling with 0.1% sampling density and recon-
structed using the SSA algorithm (Stanek and Koźmiński 
2010). NMR data were processed using TopSpin (Bruker) 
and nmrPipe (NIST IBBR) and analyzed using CCPNMR 
Analysis v. 3.2.2 (Skinner et al. 2016). Automated sequence 
assignment was performed in FLYA (Schmidt and Gün-
tert 2012), and prediction of chemical shifts was done in 
POTENCI (Nielsen and Mulder 2018).

Extent of assignments and data deposition

The mNTD 1H-15N HSQC spectrum displays limited peak 
dispersion, with 1HN chemical shifts clustered between 7.7 
and 8.7 ppm, indicating a predominantly disordered struc-
ture (Fig. 1). An initial set of 1H-detected 3D experiments 
suffered from signal overlap in the carbon dimension, and 
the resonances could hardly be assigned unambiguously 
without the 4D HN(COCA)NH spectrum. This experiment 
benefits from the long T2 time of IDPs and allows to obtain 
unambiguous sequential assignments in a reasonably short 
time. Automated sequence assignment in FLYA resulted in 
77% assignments of non-proline residues, which was then 
improved to 92% by manual assignment in combination 
with chemical shift prediction from POTENCI (Fig. 1a/b). 
Figure 1c represents the sequential connectivity through the 
4D HN(COCA)NH experiment as well as the carbon chemi-
cal shifts for residues i and i + 1 for an exemplary amide 
peak.

The backbone N/H resonances are completely assigned 
other than residues Met1, Glu2, Asp3, Gln111, His127, 
Arg128, and Arg138. The protein primary sequence pos-
sesses two repeats, bearing the amino acid motif RGARS, 
in positions 39–43 and 129–133. These repeats show over-
lapping signals for residues Ala41 and Ala131, as well as 
for residues Arg42 and Arg132, which complicates unam-
biguous assignment. The number of assignments made for 
individual types of nuclei is: 1HN: 113, 15NH: 113, 13Cα: 131, 
13Cβ: 120, and 13C’: 134. The protein sequence contains 146 
amino acids, of which ten are Gly (having no 13Cβ) and 22 
are Pro (lacking 1HN and yielding no 15NH assignments in 
the triple-resonance experiments). Consequently, 92% of 
back- bone 15N and 1H resonances could be assigned and, 
excluding proline residues, 89% of 13Cα, 96% of 13Cβ, and 
91% of 13C’ resonances could be assigned. By using Cα and 
Cβ NMR chemical shifts (∆δ(Cα) − ∆δ(Cβ), we determined 
the deviation from random-coil chemical shift values to 
identify potential α-helices, β-sheets, and disordered loops. 
Analysis via CheSPI (Nielsen and Mulder 2021) showed 
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similar overall structural propensities, which indicate the 
probability of the protein to be mostly in random-coil con-
formation with short transient α-helices around residues 115 
and 120 (Fig. 2, top). To address proline cis/trans isomeriza-
tion, we have recorded a dedicated, carbon-detected experi-
ment (13C-CON), in which we do not see extra peaks in the 
proline region. In the triple-resonance experiments, no extra 

peaks hinting to alternative proline confirmations were con-
fidently detected either. On the basis of the signal-to-noise 
ratio obtained, we can hence exclude major secondary (cis) 
proline populations (> around 10% or higher). The assiged 
proline shifts (major conformer) all have a 13Cβ chemical 
shift of around 32 ppm and agree very well with (trans) 

Fig. 1  (a) Assigned 2D 1H-15N HSQC of mouse cGAS N-terminal 
domain, recorded at 800 MHz 1H Larmor frequency at 25°C. (b) 
Excerpt from the most crowded region of the HSQC as marked by the 
black box in (a). (c) Representation of the assignment process using 
the 4D HN(COCA)NH experiment. The process starts with choosing 
a reasonably well-separated peak in the 2D HSQC and navigating to 

the 3D HNCA/CBCANH window to identify the amino acids types 
of residues i and i + 1 based on Cβ and Cα chemical shifts. Navigating 
from the 2D HSQC to the 4D HN(COCA)NH window will usually 
result in seeing exactly one peak corresponding to amino acid i + 1. 
The connectivity can then be confirmed by comparison of Cα, Cβ, and 
C’ chemical shifts between complementary 3D experiments

 

1 3

37



H. Aucharova, R. Linser

at pH 6.0 and 25 °C have been deposited in the Biological Magnetic 
Resonance Data Bank (BMRB, http://www.bmrb.wisc.edu/) under the 
BMRB accession number 52649.
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