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Structural basis for nucleosome-mediated inhibition of cGAS
activity
Duanfang Cao1, Xiaonan Han1, Xiaoyi Fan1,2, Rui-Ming Xu1,2 and Xinzheng Zhang1,2,3

Activation of cyclic GMP-AMP synthase (cGAS) through sensing cytosolic double stranded DNA (dsDNA) plays a pivotal role in
innate immunity against exogenous infection as well as cellular regulation under stress. Aberrant activation of cGAS induced by
self-DNA is related to autoimmune diseases. cGAS accumulates at chromosomes during mitosis or spontaneously in the nucleus.
Binding of cGAS to the nucleosome competitively attenuates the dsDNA-mediated cGAS activation, but the molecular mechanism
of the attenuation is still poorly understood. Here, we report two cryo-electron microscopy structures of cGAS–nucleosome
complexes. The structures reveal that cGAS interacts with the nucleosome as a monomer, forming 1:1 and 2:2 complexes,
respectively. cGAS contacts the nucleosomal acidic patch formed by the H2A–H2B heterodimer through the dsDNA-binding site B
in both complexes, and could interact with the DNA from the other symmetrically placed nucleosome via the dsDNA-binding site C
in the 2:2 complex. The bound nucleosome inhibits the activation of cGAS through blocking the interaction of cGAS with ligand
dsDNA and disrupting cGAS dimerization. R236A or R255A mutation of cGAS impairs the binding between cGAS and the
nucleosome, and largely relieves the nucleosome-mediated inhibition of cGAS activity. Our study provides structural insights into
the inhibition of cGAS activity by the nucleosome, and advances the understanding of the mechanism by which hosts avoid the
autoimmune attack caused by cGAS.
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INTRODUCTION
The innate immune system deploys a variety of sensors to detect
signs of pathogen invasion or other cellular damage signal.1

Among them, cyclic GMP-AMP synthase (cGAS) is an important
cytosolic sensor recognizing double-stranded DNA (dsDNA).2–4

Normally, self-DNA is strictly sequestered within the nucleus and
mitochondria in eukaryotic cells. When cells are threatened by
pathogen infection or cellular stress, microbial DNA or self-DNA
could be present in the cytosol.5 Binding with cytosolic dsDNA
activates cGAS to synthesize the secondary messenger, cyclic
dinucleotide cyclic GMP-AMP (cGAMP).2,4,6,7 Recognition of
cGAMP by the adaptor protein stimulator of interferon genes
(STING) further recruits TANK-binding kinase (TBK1) and IκB kinase,
resulting in the activation of IFN regulatory factor 3 (IRF3) and
nuclear factor κB (NF-κB), which induce downstream inflammatory
responses such as the production of type I interferons and other
cytokines.5,6,8–11

Whereas cGAS undoubtedly plays an important role in both
defense of exogenous infection and regulation of cellular
environment, aberrant activation of cGAS could lead to auto-
immune diseases, such as Aicardi-Goutieres Syndrome (AGS) and
systemic lupus erythematosus (SLE).12–15 In particular, cGAS is
activated by dsDNA with no DNA sequence specificity,7,16–18

therefore, cells have to develop mechanisms to tightly regulate
the activity of cGAS to avoid autoimmune attack. One interesting
thing is that how cGAS escapes from activation by self-DNA. Some

studies suggest that cGAS is located in the cytosol during
interphase, and this compartmentalization prevents its access to
nuclear DNA. However, cGAS is exposed to and accumulates at
chromosomes during mitosis due to the breakdown of the nuclear
envelop.19,20 Meanwhile, some other studies pointed out that
cGAS is located both in the nucleus and the cytosol regardless of
cell cycle stages, and the nuclear cGAS is associated with
chromatin.21–24 In both cases, the activity of cGAS is inhibited.
Recently, a study showed that nucleosomes could competitively
interact with cGAS and attenuate dsDNA-induced cGAS activa-
tion.25 This study found that during mitosis, cGAS associates with
mitotic chromosomes and slowly triggers cGAS-mediated IRF3
phosphorylation, and the accumulation of the phosphorylated
IRF3 in mitotic arrest leads to cell apoptosis. This intriguing finding
provides an attractive and plausible resolution of the puzzle of
how hosts regulate the activity of cGAS against self-DNA.
Crystal structures of the catalytic domain of cGAS alone and in

complex with dsDNA have shown that the association with dsDNA
makes the two lobes of cGAS closer and promotes cGAS
activation.7,16–18,26–29 cGAS binds dsDNA in a sequence-
independent manner via contacts with the sugar-phosphate
backbone, and forms a minimal 2:2 complex with DNA.17,28,30

This binding mode is believed to be important for the activation of
cGAS. However, the structural basis and detailed inhibitory
mechanism for nucleosome-mediated attenuation of cGAS activity
are still poorly understood. Here, we report two cryo-electron
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microscopy (cryo-EM) structures of human cGAS bound to
nucleosomes, with 1:1 and 2:2 binding stoichiometry, respectively.
We demonstrate that the interaction between cGAS and the
nucleosome prevents cGAS from further binding to dsDNA and
abolishes the dimerization of cGAS, and thus blocking the dsDNA-
mediated stimulation of cGAMP synthesis. Analysis of the
interfaces between cGAS and nucleosomes reveals key residues
mediating the inhibition. These results reveal the structural basis
for cGAS–nucleosome interaction, and should facilitate the
understanding of the mechanism of avoiding autoimmune attack
by cGAS.

RESULTS
Inhibition of dsDNA-mediated cGAS activation by nucleosomes
We generated both a full-length human cGAS (cGAS-FL) and a
truncated variant of human cGAS containing only the catalytic
domain (cGAS-CD) (Fig. 1). The dsDNA-induced cGAS dimerization
is known to be critical for cGAS activation.17 Consistent with
previous reports,18 our purified cGAS-CD existed as both dimers
and monomers (Supplementary information, Fig. S1a). Further, we
found that the purified cGAS-FL also existed as both dimers and
monomers, despite that only the cGAS-FL dimer was observed
previously.18 These observations confirmed that the ligand-free
cGAS proteins could assemble as dimers.18 In agreement with the
previous report,18 the cGAS-FL dimer showed stronger dsDNA-
induced enzyme activity than those of the cGAS-CD dimer
(Supplementary information, Fig. S1b). Surprisingly, we also found
that while the cGAS-CD monomer could not be activated after
exposed to dsDNA, the cGAS-FL monomer still possessed the
ability of cGAMP synthesis, although at a weaker level than that of
the cGAS-FL dimer, but at a level comparable to that of the cGAS-
CD dimer (Supplementary information, Fig. S1b). These results
suggest that the N-terminal domain of cGAS (cGAS-NTD), which is
lacking in cGAS-CD and has been demonstrated to bind
dsDNA,31,32 helps to enhance the dsDNA-induced cGAS activation,
probably through facilitate the 2:2 cGAS–dsDNA complex
formation.
Next, we prepared mononucleosomes with purified human

histones and 147 bp DNA (see Method), and examined the
binding affinity between cGAS and the nucleosome through
electrophoretic mobility shift assay (EMSA). Both dimeric and

monomeric forms of cGAS-FL and cGAS-CD shifted the nucleo-
somes, and the binding between cGAS-CD and the nucleosome
appeared to be stronger than that between cGAS-FL and the
nucleosome (Fig. 1b). These results indicate that cGAS directly
interacts with the nucleosome mainly through its catalytic domain
and in a manner independent of cGAS dimerization. Further, as
the previous study showed that cGAS interacts with the H2A–H2B
heterodimer,25 we analyzed the interaction between cGAS
proteins and purified human H2A–H2B heterodimer through a
pull-down assay using the poly(histidine)-tagged cGAS proteins.
Both cGAS dimers and monomers bound similarly to H2A-H2B no
matter whether the cGAS-NTD was present (Supplementary
information, Fig. S1c), indicating a dimerization-independent
interaction between cGAS-CD and the histones. To further
determine the effect of cGAS activity upon binding nucleosomes,
we measured the activities of cGAS dimers against dsDNA under
different concentrations of nucleosomes. Consistent with previous
reports,25 nucleosomes inhibited the cGAS activity in a dose-
dependent manner (Fig. 1c). Moreover, we found that the
activities of both the cGAS-FL and cGAS-CD dimers could be
almost completely blocked by nucleosomes at a 5:3 cGAS-to-
nucleosome molar ratio (Fig. 1c). The free histone H2A–H2B
heterodimer could also competitively suppress the dsDNA-
induced cGAS activity (Supplementary information, Fig. S1d).
These observations indicate that the binding of cGAS to
nucleosomes, which is mainly through cGAS-CD and in a
dimerization-independent manner, accounts for the competitive
inhibition of the dsDNA-induced cGAS activation by nucleosomes.

Overall structures of cGAS–nucleosome complexes
To investigate the mechanism of nucleosome-mediated inhibition
of cGAS activity, we determined the cryo-EM structures of
cGAS–nucleosome complexes using single particle reconstruction
(Supplementary information, Fig. S2). During the cryo-EM sample
preparation, we found that the complex of the cGAS-CD and
nucleosomes possesses a better property for structural studies
than that of the complex of cGAS-FL and nucleosomes. Moreover,
since mutating the residues (KRKK, K173E/R176E/K407E/K411A)
critical for dsDNA binding does not interfere with the interaction
between cGAS and nucleosome as mentioned in the previous
report,25 we generated the cGAS-CD with the KRKK substitution to
minimize non-specific DNA binding. Interestingly, although we

Fig. 1 Nucleosome-mediated inhibition of cGAS activity against dsDNA. a A schematic diagram showing domains of the full-length cGAS
(cGAS-FL) and the truncated cGAS (cGAS-CD) used for cryo-EM analysis. b EMSA analysis for binding of cGAS-FL and cGAS-CD in dimer or
monomer states to mononucleosomes. Each lane contains 1 pmol of nucleosome reacting with 1–4 pmol of cGAS protein. The molar ratio of
cGAS to the nucleosome is indicated at the top of the gel. c A bar diagram showing dose-dependent inhibition of cGAS activity by
mononucleosomes. The inhibitory effects of 0–3 μM purified nucleosomes on the enzymatic activity of 5 μM dimeric cGAS against 7 μM 45 bp
dsDNA were examined. Data are represented as means ± SEM (n= 3). NCP nucleosome core particle. AUC absorbance area under the curve.
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prepared the complexes with the cGAS-CD–KRKK dimer, our cryo-
EM analysis showed that cGAS interacts with the nucleosome as a
monomer (Fig. 2; Supplementary information, Fig. S2). We
obtained two structures representing cGAS–nucleosome com-
plexes at 1:1 and 2:2 molar ratios, respectively. For the structure of
the 1:1 complex, which reached an overall resolution of 3.8 Å, the
cGAS monomer is positioned besides the H2A–H2B patch as
shown in Fig. 2a, b. A model has been built against the 1:1
complex (see Materials and Methods). Although the part of cGAS
distant from the interaction region became flexible, as indicated
by a relatively lower local resolution (4.7 Å) of this region
(Supplementary information, Fig. S3e), the structure of cGAS
around the interface between cGAS and nucleosome was well
defined in the 3.8 Å map and the side chain density could be
clearly observed (Supplementary information, Fig. S3a–d). For the
structure of the 2:2 complex, the model of the 1:1 complex was
fitted into the density map, which was determined at an overall
resolution of 4.9 Å. In the 2:2 complex, one cGAS monomer binds
to one nucleosome in a manner similar to that in the 1:1 complex,
but the cGAS molecule is sandwiched between two nucleosomes
through binding to another nucleosome via interactions with the
nucleosomal DNA (Fig. 2c, d). The two nucleosomes are related by
an approximately two-fold symmetry, and so are the two cGAS
molecules.
It has been demonstrated that cGAS possesses three binding

sites (site A, B and C) to mediate dsDNA interaction, and all of the
three sites participate in the stimulation of cGAS activity.17,18,29 As
shown in the structures of cGAS–nucleosome complexes, cGAS
interacts with the H2A–H2B heterodimer through the region
around site B, and contacts the DNA from the adjacent
nucleosome via residues within site C (Fig. 2). Thus, the dsDNA
binding site B and site C are occupied by the bound nucleosomes

(Fig. 2). Although site A does not directly contact the nucleosome,
it is not accessible to dsDNA due to steric hindrance (Supple-
mentary information, Fig. S4b). Thus, the absence of the
interaction with dsDNA via cGAS site A would prevent the
triggering of the activation loop formation as suggested by
previous studies,16,28 resulting in the inhibition of the enzymatic
activity of cGAS. Moreover, the cGAS dimer in both the apo state
and ligand-bound forms would be captured by the bound
nucleosome around the cGAS site B and disrupted into monomers
(Supplementary information, Fig. S4a, b). Our data indicated that
cGAS bound to nucleosome in an inactive form similar to that of
the apo cGAS, with the two lobes more open compared with that
of the active cGAS bound to dsDNA ligands (Supplementary
information, Fig. S4c). These observations suggest that cGAS is
locked to the inactive state by the binding of nucleosomes, and
this binding disrupts cGAS dimerization and prevents further
dsDNA binding, thus blocking dsDNA-triggered cGAS activation.

Interface between cGAS site B and the H2A–H2B heterodimer
The structures of cGAS–nucleosome complexes showed that the
cGAS monomer is tightly bound to the nucleosome mainly
through the acidic patch formed by the H2A–H2B heterodimer
(Fig. 3a). Three loop regions protruding from the β sheet and a
flanking α helix at the N-lobe of cGAS contribute to the
maintenance of the complex via forming multiple electrostatic
interactions and hydrogen bonds with H2A and H2B (Fig. 3b–f).
The loop 1 between β2 and β3 is positioned above the
nucleosomal acidic patch by the residue R236. Density of the
side chain of R236, which is inserted into the acidic pocket formed
by E61 and E64 from H2A, was clearly observed in the map
(Fig. 3c). The loop 2 between α3 and β4 is also well resolved in our
structures (Fig. 3d), whereas this loop is disordered18,26,29,33 or

Fig. 2 Overall structure of cGAS–nucleosome complexes. a High-resolution composite cryo-EM map of the 1:1 cGAS–nucleosome complex.
b Cartoon representation of the 1:1 cGAS-nucleosome complex in different views. c High-resolution composite cryo-EM map of the 2:2
cGAS–nucleosome complex. d Cartoon representation of the 2:2 cGAS–nucleosome complex in different views.
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shifted away17,18,30 in several reported cGAS structures in ligand-
free or dsDNA-bound states (Supplementary information, Fig. S5a),
suggesting that the loop 2 is stabilized by the interaction between
cGAS and the nucleosome. R255 within the loop 2 binds in the
acidic cavity formed by E61, D90 and E92 from H2A, resembling
the common binding mode of arginine residues to the acidic
patch in other nucleosome binding proteins (Fig. 3d; Supplemen-
tary information, Fig. S5c–j).34–39 Furthermore, acidic patch
binding by residues K254 and K258 may be responsible for
stabilizing the loop 2 in the complex with the nucleosome
(Fig. 3d). Interestingly, our density map shows that the side chain
of H2A R71 projects toward the residues S328 and S329 within the
loop protruding from β7 (loop 3) (Fig. 3e). The flanking helix α5 is
also positioned adjacent to the H2A–H2B heterodimer. Although
the density of this helix is relatively disordered, it is in a position
to form potential contacts with H2B D51 through the side
chains of R349 and R353, and interacts with H2A T76 via the side
chains of K350 (Fig. 3f). Besides the above described interactions
between cGAS site B and the H2A–H2B heterodimer, potential
contacts between several positive charged residues from the
flanking helices and nucleosomal DNA may also help to stabilize
the cGAS–nucleosome complex (Supplementary information,
Fig. S5b).

Binding sites within cGAS site B critical for nucleosome-mediated
cGAS inhibition
To determine the binding specificity of cGAS to nucleosomes, we
separately mutated all of the cGAS residues within site B that may
contact with the HA2–H2B heterodimer, based on analysis of our
structures (Supplementary information, Table S1), and examined
their binding ability to both the H2A–H2B and the nucleosome
through pull-down assays or EMSA. All the mutations were
generated within cGAS-CD. From the pull-down results (Fig. 4a),
we found that substitutions of either R236A in loop 1 or R255A in
loop 2 almost totally blocked the interaction between cGAS and
H2A-H2B. Both mutations of R353A from α5 and K254A from loop
2 largely impaired the binding ability of cGAS with H2A-H2B. The
S329A mutant in loop 3 and the R349A mutant in α5 partially
weakened the interaction. Other mutants K258A, S328A, K327A
only slightly diminished the binding between cGAS and H2A–H2B,
while the K350A mutant showed no effect on the interaction.
Consistently, results from EMSA showed that R236A and R255A
mutants largely weakened the mobility shift compared to that of
wild type (WT) cGAS, and K254A and K258A also partially impaired
the binding between cGAS and the nucleosome (Fig. 4b). Other
mutants shifted the nucleosomes similarly to WT cGAS (Supple-
mentary information, Fig. S6a–c). Because the presence of trace

Fig. 3 Interaction between the cGAS site B and the nucleosomal acidic patch formed by H2A–H2B heterodimer. a Location of the cGAS
binding site on the acidic nucleosomal surface. The histone octamer is shown as electrostatic surface representation. Red represents negative
charge, and blue represents positive charge. b Overview of the cGAS site B bound to the H2A–H2B heterodimer. c–f Detailed view of the
interaction between cGAS and H2A–H2B heterodimer formed by Loop 1 (c), Loop 2 (d), Loop 3 (e) and α5 (f) from cGAS site B. Residues at the
interface are shown as sticks. Densities of the side chains of the residues from the interaction regions are shown as blue meshes based on our
3.8 Å map. The side chains of the residues from the helix α5 of cGAS that may form potential interactions are also indicated (f), although their
densities could not be well resolved.

Article

1091

Cell Research (2020) 30:1088 – 1097



amount of free dsDNA in the purified nucleosome sample, we
compared the binding abilities of cGAS-CD toward the nucleo-
some and free dsDNA. In agreement with the results from a
previous study,25 the nucleosome shifted with cGAS much more
efficiently than with free dsDNA of different lengths (Supplemen-
tary information, Fig. S6e). Thus the results from the EMSA data
reflect the different binding abilities of WT cGAS-CD or cGAS-CD
mutants toward the nucleosome. Moreover, we generated a
K394A mutation, which is located at the cGAS dimer interface and
it blocked cGAS dimerization as previously reported.17 The results
further demonstrated that dimerization of cGAS is not required for
cGAS binding with H2A-H2B (Fig. 4a), as well as interaction with
the nucleosome (Supplementary information, Fig. S6d).
Then we analyzed the effect of these mutations on inhibition of

cGAS activity by nucleosomes (Fig. 4c). Since the mutations are
located around the DNA binding site B, most of the mutants
showed relatively weaker dsDNA-mediated cGAS activation
compared to that of WT cGAS. Consistent with the results from
EMSA and binding assays, both mutations of R236A and R255A
rescued the dsDNA-induced cGAS activation from the
nucleosome-mediated inhibition, and the production level
reached 80%–90% of that in the control without nucleosome
treatment in both samples. Binding with nucleosomes still blocked
the cGAS activation for the mutations K254A, K258A, K327A,
S328A and S329A. The effects of R349A, K350A and R353A
mutations could not be reliably judged because of their extremely
low enzyme activities. These observations demonstrated that

residues R236 from loop 1 and R255 from loop 2 are the key
determinants contributing to the nucleosome-mediated preven-
tion of cGAS activity through binding with the acidic patch formed
by H2A–H2B heterodimer.

Interface between cGAS site C and the nucleosomal DNA
The structure of the 2:2 cGAS–nucleosome complex showed that
each cGAS monomer interacts with the DNA from the opposite
nucleosome through the DNA binding site C (Fig. 5a), which is
recently reported to contact a third dsDNA and thus plays an
important role in stimulating cGAS activity.18 The α-region, the
KRKR-loop and the KKH-loop from site C that mediates interaction
between cGAS and dsDNA are also employed in binding
nucleosomal DNA through positive-charged residues within the
three regions (Fig. 5b, c). Although the densities of side chains
within site C could not be resolved because of the relatively lower
resolution in the region, we mutated the cGAS residues in these
regions that have the potential to interact with nucleosomal DNA
(Supplementary information, Table S1), and examined the
nucleosome-binding abilities of these mutants through EMSA.
Mutations in all three regions significantly affected the mobility
shift (Fig. 5d). Compared to the WT cGAS, the R300A/K301A/R302A
mutation from site C completely blocked the formation of the
larger complex, but shifted the nucleosomes to two lower bands,
which may represent the cGAS-nucleosome complex in a 1:1 (with
only one cGAS bound to one H2A–H2B heterodimer from the
nucleosome) and 2:1 manner (with two cGAS bound to the

Fig. 4 Analysis of the cGAS Mutations at the site B interface. a Pull-down assays showing the effects of cGAS-CD mutants on H2A-H2B
binding. MBP-His-tagged WT cGAS-CD and cGAS-CD mutants in monomer state were incubated with no-tagged H2A-H2B and NI-beads for 2
h. The bound proteins were analyzed by coomassie blue staining. b EMSA data for binding of cGAS-CD mutants to mononucleosomes. The
monomeric cGAS-CD proteins were used in the EMSA experiments. Each lane contains 1 pmol of nucleosome reacting with 1–4 pmol of cGAS
protein. The molar ratio of cGAS to the nucleosome is indicated at the top of the gel. c The cGAMP production level of 5 μM WT cGAS-CD or
cGAS-CD mutants in dimer state against 7 μM dsDNA with or without 3 μM mononucleosomes. Data are represented as means ± SEM (n= 3).
NCP nucleosome core particle. AUC absorbance area under the curve.
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H2A–H2B heterodimers at both sides of the nucleosome),
respectively. The other two mutations (K282A/K285A and K427A/
K428A) also greatly inhibited the formation of the larger
complexes. These results suggest that the specific interactions
via cGAS site C mediate the binding of cGAS to the symmetry-
related nucleosome, which contributes to the formation of the 2:2
cGAS–nucleosome complex.
We further determined the effect of the mutations from site C

on the nucleosome-mediated inhibition of cGAS activity and
found that nucleosomes could still block the dsDNA-induced
enzyme activation by all of the mutations under a molar ratio of
5:3 (Supplementary information, Fig. S7). Note that although
mutations from site C prevented the formation of larger
complexes, these mutants could also shift nucleosomes to lower

bands efficiently (Fig. 5d). Thus, cGAS mutants at site C and
nucleosomes could still interact with each other through other
regions, probably the cGAS site B and the nucleosomal H2A–H2B
heterodimer, which plays a critical role in the inhibition of cGAS
activity by the bound nucleosomes.

Higher-order cGAS–nucleosome complex
During the cryo-EM sample screening, we observed a small
amount of ladder-shaped particles indicating the
cGAS–nucleosome complex may form a higher-order assembly
(Supplementary information, Fig. S2f). After multiple rounds of
classifications, we successfully obtained a density map with a
resolution of 20 Å that representing cGAS bound to nucleosomes
forming a 4:3 complex (Fig. 6a). The structures of the 1:1 and 2:2

Fig. 5 Interaction between the cGAS site C and the nucleosomal DNA. a Overview of the cGAS site C bound to the DNA from the adjacent
nucleosome at the opposite side. b Detailed view of the interaction between cGAS site C and the nucleosomal DNA. c The electrostatic surface
representation of the cGAS site C interface. Red represents negative charge, and blue represents positive charge. d EMSA analysis for binding
of the cGAS-CD mutants at site C to mononucleosomes. The monomeric cGAS-CD proteins were used in the EMSA experiments. Each lane
contains 1 pmol of nucleosome reacting with 1–4 pmol of cGAS protein. The molar ratio of cGAS to the nucleosome is indicated at the top of
the gel. NCP, nucleosome core particle.

Fig. 6 Higher-order cGAS–nucleosome complex. a–d cryo-EM map and structure of higher-order cGAS-nucleosome complex in a 4:3
manner. The models of cGAS and nucleosome are fitted into the map using UCSF chimera. The model of the 1:1 cGAS–nucleosome complex
on the top is colored blue, the model of the 2:1 cGAS–nucleosome complex in the middle is colored orange and the model of the 1:1
cGAS–nucleosome complex at the bottom is colored pink.
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cGAS–nucleosome complexes could be well fitted into the map,
resembling three twisted hamburgers connected by additional
sandwich layers (Fig. 6b–d). Two molecules of the cGAS monomer
is bound symmetrically to the H2A–H2B heterodimers at both
sides of the middle nucleosome, and the cGAS site C interacting
with the adjacent nucleosomal DNA contributes to further binding
of the other two cGAS–nucleosome complexes (Fig. 6b–d). These
observations suggest that the cGAS proteins could form higher-
order complexes with the nucleosome, and the higher-order
complexes may further regulate the inhibition of cGAS activity.

DISCUSSION
The activation of cGAS is induced by the interaction with dsDNA
ligands and dimerization of cGAS to form a minimal 2:2 complex.
Since cGAS binds to dsDNA with no sequence specificity, aberrant
activation of cGAS by endogenous DNA has been related to
autoimmune diseases and tumors. Strict regulation of the catalytic
activity is needed for the cytosolic cGAS in mitosis as well as the
nuclear cGAS, which have many opportunities to contact the host
DNA from chromatin. In this study, we used structural data to
demonstrate that nucleosomes could not stimulate cGAS activity,
but block cGAS activation through interacting with cGAS
monomer and thus interfering dsDNA binding as well as cGAS
dimerization. Therefore, whether in the case that cGAS accumu-
lated to the chromosomes during mitosis, or that cGAS may be
located in nucleus, the nucleosomes competitively capture cGAS
to inhibit the dsDNA-induced activation and thus prevent auto-
immune responses. Moreover, nucleosomes may also protect self-
DNA from recognition by cGAS through tight association of the
nucleosomal DNA with the histone octamers. However, we
suggest that if cGAS proteins are abundant under special
circumstances, they may be still able to be activated by the linker
DNA within the nucleosome-free regions or other free DNA
appeared in the cytosol. Thus, as previously reported, the dsDNA-
induced cGAS activation was largely inhibited by nucleosomes in
normal mitosis, but during mitosis arrest the mitotic chromosomes
could stimulate cGAMP synthesis slowly, which led to the
accumulation of phosphorylated IRF3 and further promoted
mitotic apoptosis.25 Other cases were also reported to cause
chromatin-related cGAS activation. For instance, cGAS is localized
to the micronuclei generated by genome instability, and activated
by the chromatin DNA from the micronuclei triggering down-
stream innate immune responses.40

According to the structures of cGAS–nucleosome complexes,
we demonstrated that both the residues R236 and R255 are critical
for binding of cGAS to the nucleosomal acidic patch formed by
H2A and H2B, and play an important role in the inhibitory effect of
nucleosomes on cGAS activity. A recent study also found that the
residues R236 and R255 are pivotal for cGAS nuclear tethering and
inhibition of self-DNA triggered activation by analyzing the
nuclear tethering and cGAMP production in cells.22 Note that
both R236 and R255 are completely conserved, indicating a
common inhibitory mechanism of nucleosomes to block cGAS
activation against endogenous DNA among different species.
While this work was prepared for the revised manuscript, several
structural studies of the cGAS–nucleosome complex were
published online,41–45 which reached conclusions consistent with
ours. Interestingly, human cGAS could bound to nucleosome
forming 2:2 or higher-order complex as seen in our and the other
two studies,41,44 but mouse cGAS only interacts with nucleosome
in a 1:1 manner.42,43,45 The basic residues from the site C which
contact the nucleosomal DNA from the symmetrically related
nucleosome help to maintain the oligomerization of the human
cGAS–nucleosome complex. Lack of protein sequence conserva-
tion within the site C region of human and mouse cGAS may
account for this difference. Several basic residues in the KRKR-loop
and KKH-loop of human cGAS that were demonstrated critical for

the formation of higher-order complex in our study were
substituted by acidic residues in mouse cGAS. It is interesting to
investigate the biological functions of the higher-order complex in
further studies, which seems unique to human cells.
Besides the C-terminal catalytic domain, cGAS contains an N-

terminal domain that contributes to ligand DNA interaction, DNA-
induced condensation and cGAS localization.21,31,32 Here we
found that the NTD helps to improve the dsDNA-mediated
stimulation of cGAS activity, indicating the importance of the NTD
in regulation of cGAS activation. Moreover, other studies also
reported that NTD regulates the activity of cGAS.18,31,46,47 For
instance, GTPase-activating protein SH3 domain-binding protein 1
(G3BP1) promotes efficient DNA-mediated cGAS activation via
binding to the cGAS-NTD.46 It is interesting to find out the position
and function of NTD while cGAS-FL bound to the nucleosome, and
whether the NTD contributes to the nucleosome-mediated
inhibition of cGAS activity or helps further compaction of the
nucleosomes through binding with the nucleosomal DNA. A
recent study found that the non-enzymatic cGAS-NTD is
responsible for the enrichment of cGAS on centromeres and LINE
DNA repeats in the nucleus, as well as the limited activation of the
nuclear cGAS.21 These chromosomal loci are known to be enriched
with nucleosomes and they can form higher order chromatin
structure. It is possible that the high nucleosome density and/or
their specific spatial arrangement may facilitate the enrichment of
cGAS, especially in view of our observation that cGAS can form
higher oligomers with the nucleosome. Interestingly, they also
found that endogenous cGAS did not activate the innate immune
response, but overexpressed cGAS resulted in limited activation
which is at least 200-fold less active compared to the induction by
exogenous cytosolic DNA.21 Furthermore, nuclear tethering of
cGAS should be released to sense exogenous DNA when it is
localized in the cytosol during interphase. Since cGAS-CD interacts
with nucleosomes with strong binding affinity,22,25 the mechanism
by which cGAS is separated from nucleosomes is still unknown. It
is possible that other cellular factors may help this process, for
example, through contacting the regulatory cGAS-NTD. Further
studies are needed to answer these questions.
In summary, our structures of cGAS–nucleosome complexes

provide the structural basis and inhibitory mechanism of
nucleosomes to inhibit the dsDNA-induced cGAS activation. The
structures obtained here should help understanding the strategy
by which hosts regulate cGAS activation to avoid autoimmune
diseases.

MATERIALS AND METHODS
Protein expression and purification
Sequence encoding the human cGAS (UniProtKB accession
Q8N884) was optimized for synthesis. The sequences correspond-
ing to full-length (residues 1–522) and truncated (residues
157–522) cGAS were inserted into a modified pET22b vector
(Novagen), in which cGAS contained an N-terminal MBP-His tag
followed by a prescission protease cleavage site. Mutant proteins
were constructed by site-directed mutagenesis based on the
truncated cGAS-CD (157–522), respectively. All proteins were
expressed in E.coli BL21 (DE3) strain. The cells were grown at 37 °C
until the OD600 reached 0.6–0.8. The cells were then induced by
addition of 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
at 16 °C for 18 h.
Proteins were purified by Ni-NTA affinity column. The MBP-His

tag was removed by prescission protease cleavage in a buffer
containing 20mM Hepes, pH 7.5, 400mM NaCl, 10% glycerol, 1
mM DTT at 4 °C overnight. For the WT protein samples, the
digested samples were further purified by a Heparin column (GE
Healthcare) and then eluted with a linear gradient of 0.4–1.0 M
NaCl in 20 mM Hepes buffer (pH 7.5), 10% glycerol and 1mM DTT.
For the mutant protein samples, the digested samples were
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further purified by a Heparin column and then eluted with linear
gradient of 0.3–1.0 M NaCl in the same buffer. The two peaks from
the Heparin chromatography were collected separately and
further purified by size exclusion chromatography using a
Superdex 200 increase 10/300 column (GE Healthcare) with a
buffer containing 20mM Hepes, pH7.5, 400mM NaCl and 1mM
DTT, respectively. The results of gel-filtration chromatography and
SDS-PAGE analysis indicated that the first peak eluted from the
Heparin column is the cGAS protein in monomer state and the
second peak is the cGAS protein in dimer state. For the cGAS
proteins containing the MBP-His tag in the pull-down assays, the
protein samples were not treated with protease digestion and
purified the same as mentioned above.

Preparation of cGAS–nucleosome complex
Recombinant human histones H2A, H2B, H3, and H4 were
expressed from pET3a plasmids in E.coli BL21 (DE3) as inclusion
bodies and purified and reconstituted into histone octamers as
described previously.48 Excessive histone H2A/H2B dimer was
separated from octamers by gel filtration and pooled for pulldown
experiments. Plasmid containing 12 tandem repeats of 147 bp
“601” DNA49 was digested with EcoRV. The completely digested
DNA fragments were separated from vector fragments using PEG
precipitation following a final ethonal precipitation step. For cryo-
EM sample preparation, a 40 bp linker was attached on the 3′ of
“601” sequence corresponding to 601-GCATGTATTGAACAGCGA
CCTTGCCGGTGCCAGTCGGGATATC (EcoRV site underlined). For
nucleosome reconstitution, histone octamer and DNA were mixed
with a molar ratio of DNA: octamer= 1:1.1, and dialyzed against a
gradient of decreasing salt concentration from 2M KCl, 20 mM
Hepes, pH 7.5, 1 mM DTT to 200mM KCl, 20 mM Hepes, pH 7.5, 1
mM DTT, as described previously.48 Reconstituted nucleosomes
were purified by DEAE-5PW exchange chromatography (Tosoh
Corporation) to remove free DNA. The nucleosomes eluted were
pooled and dialyzed to 20 mM Hepes, pH 7.5 and adjusted to
corresponding salt concentration for future use.
Human cGAS catalytic domain with KRKK mutation was mixed

with purified nucleosomes with molar ratio of cGAS:NCP= 2:1,
and dialyzed to 200mM KCl, 20 mM Hepes, pH 7.5, 1 mM DTT
before loading onto a superdex 200 10/300 column (GE
Healthcare) previously equilibrated with dialysis buffer. Unbound
cGAS was separated from cGAS–NCP complex in different peaks.

Cryo-EM sample preparation and data collection
The complex samples with a nucleic acid concentration of 200 ng/
μL were incubated with Glutaraldehyde solution (Sigma) at a final
concentration of 0.25% for 30 min on ice for cross-linking reaction
terminated by adding a final concentration of 90 mM Tris (pH 7.5).
Holey carbon grids (GIG, 300 mesh, R2/1) were glow-discharged
for 1 min before use. 3 μL of sample was placed onto the grid,
incubated for 15 s and blotted for 4 s at 10 °C in 75% humidity,
and then plunge-frozen in liquid ethane using an automatic
plunge freezer (Leica EM GP2).
Cryo-EM single-particle data collection was carried out through

the beam-image shift data collection method recently developed
by our research group50 using a 200 kV FEI Tecnai Arctica
microscope equipped with a K2 camera (Gatan). Images were
recorded at a defocus range of −1.5 μm to −2.0 μm with a pixel
size of 1.0 Å. The exposure time was 5.12 s, with a total exposure
dose of ~50 electrons per Å2 over 32 frames.

Data processing
All movie stacks were corrected for beam-induced motion using
MotionCor2.51 The parameter of the contrast transfer function on
each micrograph was determined by the program CTFFIND4.52

Then the data were further processed in the software RELION
2.1.53 A subset of protein particles was manually picked and
processed for reference-free 2D classification. Six class-averaged

images were selected as references for particle auto-picking. A
total of 1,955,418 particles were auto-picked and extracted from
7270 micrographs and processed for several rounds of reference-
free 2D classifications. 1,060,637 particles were selected for
subsequent 3D classification, which were classified into ten classes
using the density map generated by the structure of the single
nucleosome (PDB: 5AV5)54 as the initial model. Class 7 from the 3D
classification containing 191,718 particles, represents the cGAS-
nucleosome monomer with cGAS bound to nucleosome in a 1:1
manner, while class 9 from the 3D classification containing
107,374 particles, is the cGAS–nucleosome dimer with cGAS
bound to nucleosome in a 2:2 manner. For the cGAS–nucleosome
monomer, the particles from 3D auto-refinement were subtracted
to remove most parts of the nucleosome, and the subtracted
particles containing the cGAS and bound H2A–H2B were further
processed for no-alignment 3D classification with a soft edged
mask. 133,590 particles from the good class were selected for
focused refinement and generated a map of cGAS bound with
H2A-H2B at a resolution of 4.7 Å (monomer-subtracted). The
particles were further re-extracted from the micrographs and used
for 3D auto-refinement, generating a map of the cGAS-
nucleosome monomer at 3.8 Å resolution (monomer-overall). For
the cGAS–nucleosome dimer, the particles were subjected to 3D
auto-refinement with C2 symmetry, yielding a 4.9 Å density map
(dimer-overall). To further improve the density map, the
C2 symmetry was expanded and a no-alignment classification
was applied on the cGAS–nucleosome monomer with particle
subtraction of the signal of the other cGAS–nucleosome mono-
mer. The good class was selected and subjected for further
focused refinement, and the resolution of the cGAS–nucleosome
monomer from the 2:2 complex (dimer-subtracted) was improved
to 4.3 Å using 82,617 particles. All the resolutions were estimated
according to the gold-standard Fourier shell correlation with the
0.143 criterion, and the local resolution of the maps were
calculated using ResMap.55

Model building and refinement
The models derived from the crystal structures of apo human
cGAS (PDB: 4LEW)17 and human mononucleosome (PDB: 5AV5)54

were fitted into the cryo-EM density maps using UCSF chimera56

and manually adjusted in Coot.57 Then the models were further
refined using real-space refinement in Phenix,58 and manually
adjusted in Coot iteratively until no further improvement could be
achieved. For the model building of cGAS protein in the 1:1
cGAS–nucleosome complex, the initial model of human cGAS was
fitted, manually adjusted and refined based on the 4.7 Å cryo-EM
map (monomer-subtracted), and the side chains of the amino
acids from the interacting regions were further manually adjusted
and refined according to the 3.8 Å cryo-EM map of the overall
monomer. For the model building of the 2:2 cGAS-nucleosome
complex, the structure of cGAS–nucleosome monomer was used
as initial model and further fitted into the 4.3 Å cryo-EM map
obtained from the subtracted dimer particles. Then the model was
fitted into the 4.9 Å cryo-EM map of cGAS-nucleosome dimer. The
refinement statistics of the models are summarized in Table 1.
Analysis of the structures and generation of the figures
representing the structural features were made using UCSF
chimera56 and PyMOL (http://pymol.org).

Pull-down assays
MBP-His-tagged cGAS proteins (1 μM) or free MBP-His (1 μM,
control) were mixed with no-tagged H2A–H2B heterodimers
(2 μM), and incubated with Ni-beads at 4 °C for 2 h in the binding
buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM imidazole,
0.3% (v/v) Tween-20, 5% (v/v) glycerol) with a final volume of 400
μl. The beads were washed five times with the washing buffer
containing 30mM imidazole to remove the unbound proteins. The
bound proteins were then eluted using the eluting buffer
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containing 500mM imidazole and analyzed by SDS-PAGE. The
washing buffer and eluting buffer are the same as the binding
buffer, except for the different concentrations of imidazole.

EMSA
Recombinant human mononucleosomes were incubated with full
length or catalytic domain of human cGAS in EMSA buffer (50 mM
Hepes, pH 7.5, 150 mM NaCl, 1 mM DTT) for 30 min at 4 °C, and
further analyzed by 6% polyacrylamide, 0.25× TBE PAGE. Each lane
contained 1 pmol of nucleosome reacting with indicated pmol of
cGAS protein. Gels were stained by SYBR-gold to visualize DNA
and loss of free NCP bands were used to indicate protein binding.
The inputs of the EMSA experiments were examined by SDS-PAGE
and coomassie blue staining.

cGAMP production assays
The production level of the cGAMP synthesized in the cGAS
activity assay was measured using anion-exchange chromatogra-
phy as previously described.17,30 5 μM purified cGAS proteins were

incubated with 7 μM 45 bp dsDNA in a total of 100 μL reaction
buffer (20 mM Tris, pH 7.5, 150mM NaCl, 10 mM MgCl2, 2 mM GTP,
2 mM ATP, 1 mM DTT, 10% glycerol) at 37 °C for different time
points and stopped by addition of EDTA with a final concentration
of 5 μM. The reaction mixtures were centrifuged and the samples
in the supernatant were diluted by 15-fold using the low salt
buffer (50 mM Tris pH 8.5, 0 M NaCl) and loaded into a QHP
exchange column (GE healthcare, 1 ml). The cGAMP product, the
remaining GTP and ATP were eluted separately from the anion-
exchange chromatography with a gradient of 0–0.5 M NaCl (50
mM Tris, pH 8.5). The absorbance area under the curve (AUC) of
cGAMP at 280 nm calculated by peak integration was kept
representing the production level of cGAMP. For the assays
containing nucleosomes, different concentrations of nucleosomes
reconstituted from 147 bp DNA were incubated with 5 μM cGAS
proteins at 4 °C for 1 h in the buffer same as mentioned above,
and then 7 μM 45 bp dsDNA were added into the mixtures,
respectively. The samples were incubated at 37 °C for 2.5 h and
analyzed by the QHP chromatography. The 45 bp dsDNA was
designed as previous reports:17,18 forward sequence, 5′-TACAG
ATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3′; reverse
sequence, 5′-TGTAGATCATGTACAGATCAGTCATAGATCACTAGTAG
ATCTGTA-3′.
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