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The cyclic GMP-AMP synthase (cGAS)–cGAMP–STING pathway
plays a key role in innate immunity, with cGAS sensing both path-
ogenic and mislocalized DNA in the cytoplasm. Human cGAS (h-
cGAS) constitutes an important drug target for control of antiinflam-
matory responses that can contribute to the onset of autoimmune
diseases. Recent studies have established that the positively charged
N-terminal segment of cGAS contributes to enhancement of cGAS
enzymatic activity as a result of DNA-induced liquid-phase conden-
sation. We have identified an additional cGASCD–DNA interface (la-
beled site-C; CD, catalytic domain) in the crystal structure of a human
SRY.cGASCD–DNA complex, with mutations along this basic site-C
cGAS interface disrupting liquid-phase condensation, as monitored
by cGAMP formation, gel shift, spin-down, and turbidity assays, as
well as time-lapse imaging of liquid droplet formation. We expand
on an earlier ladder model of cGAS dimers bound to a pair of
parallel-aligned DNAs to propose a multivalent interaction-mediated
cluster model to account for DNA-mediated condensation involving
both the N-terminal domain of cGAS and the site-C cGAS–DNA
interface. We also report the crystal structure of the h-cGASCD–DNA
complex containing a triple mutant that disrupts the site-C inter-
face, with this complex serving as a future platform for guiding
cGAS inhibitor development at the DNA-bound h-cGAS level. Fi-
nally, we solved the structure of RU.521 bound in two alternate
alignments to apo h-cGASCD, thereby occupying more of the cata-
lytic pocket and providing insights into further optimization of
active-site–binding inhibitors.

h-cGAS–DNA complex | DNA-binding cGAS mutations | multivalent
interactions | liquid-phase condensation

The sensing of double-stranded DNA (dsDNA) by cyclic
GMP-AMP synthase (cGAS) is a danger signal in cells (1,

2), leading to conformational transitions within the cGAS sensor
to form a catalytically competent pocket for generation of cyclic
dinucleotide 2′,3′-cGAMP (3–8), which then acts as second
messenger by binding and activating stimulator of IFN genes
(STING) and inducing the expression of type I IFN (3, 9–11).
Notably, cGAS is essential for the immune response to many
microbes that usually present long DNA at low abundance to the
cytoplasm (12–16). Consistent with this distinction, cGAS ex-
hibits a DNA length-dependent manner of activation, with
longer DNA duplexes producing a significantly stronger immune
response of cGAS (14, 17–19).
Based on the structure of an N-terminally truncated mouse

cGAS (m-cGASCD, where CD stands for catalytic domain)
bound to a 39-bp DNA complex, a ladder model was proposed to
explain the preferential activation of m-cGASCD by long DNA
(17). In this model, m-cGASCD dimers were predicted to co-
operatively bind at adjacent sites along two parallel-aligned long
DNA duplexes, resulting in formation of a ladder-like complex.
However, human cGAS (h-cGAS) exhibits different DNA-length
specificity from m-cGAS for enhanced control of immune sur-
veillance (14, 17, 20). Previous structural studies have primarily

focused on dimeric mouse/porcine cGASCD–dsDNA complexes
(5–7, 17, 21–23), and only recently has attention turned to re-
lated studies on a dimeric h-cGASCD(K187N and L195R)–DNA
complex (20). This complex shows the human-specific K187 and
L195 residues reduce the h-cGAS binding ability for short DNAs
(<45 bp) in contrast to m-cGAS, thereby promoting DNA-length
specificity of h-cGAS.
Recently, it has been shown that DNA-induced liquid-phase

separation of cGAS promotes cGAMP production and innate
immune signaling (24). This was primarily attributed to the en-
hancement of cGAS–DNA liquid-phase condensation by the basic
and disordered N-terminal segment of cGAS, thereby facilitating
multivalent DNA complex formation. These studies also estab-
lished that long DNAs were more efficient than their shorter
counterparts, as was the presence of Zn2+ cations, in promoting
cGAS enzymatic activity and liquid-phase condensation.
We now report on the structure-based identification and

characterization of an unanticipated h-cGAS–DNA interface (la-
beled site-C) that promotes cGAMP production and multivalency-
induced liquid-phase condensation. We have used enzymatic assay,
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electrophoretic mobility shift assay (EMSA), spin-down assay, and
turbidity assay, together with time-lapse imaging of liquid droplet
formation, to monitor cGAMP production, and multivalency-
induced liquid-phase condensation in this system. We have also
investigated the impact of cGASmutations of basic residues located
on the cGAS–DNA site-C interface, including a pair of tumor
mutations, on cGAMP formation and liquid-phase condensation.
This cGAS–DNA interface is evolutionarily strengthened on pro-
ceeding from m-cGAS to h-cGAS, providing an additional molec-
ular explanation of h-cGAS DNA sensing specificity.
These efforts in turn have not only allowed the design of a site-

C disrupting triple mutant of h-cGASCD and structure de-
termination of its dimeric h-cGASCD–DNA complex but also led
to the identification of a site-C disrupting dual mutant to im-
prove apo h-cGASCD crystallization. Such structures of dimeric
h-cGASCD–DNA complexes (this study and ref. 20), together
with the structure of apo dual mutant h-cGASCD, provide a ro-
bust platform for structural characterization of small-molecule
inhibitors of cGAMP production in humans, thereby opening
opportunities for therapeutic treatment of autoimmune diseases.
As an example, we report on the structure of RU.521 inhibitor
(25) bound in two alternate alignments within the catalytic
pocket of apo h-cGASCD.

Results
Full-Length cGAS Proteins Can Exist as DNA-Free Dimers in Solution.
cGAS is composed of a flexible N-terminal domain and a C-

terminal catalytic domain (designated cGASCD) (Fig. 1 A,
Upper). We found that DNA-free full-length (FL) h-cGAS and
m-cGAS exist as dimers in solution by size-exclusion chromatog-
raphy coupled with in-line multiangle light-scattering analysis
(SEC-MALS) (SI Appendix, Fig. S1 A and D). By contrast, in the
absence of the N-terminal domain, h-cGASCD (152–522) eluted as
two peaks on a heparin column, that were determined to be
monomers and dimers by SEC-MALS (SI Appendix, Fig. S1 B
and C), while nearly all m-cGASCD existed as monomers in so-
lution (SI Appendix, Fig. S1E). Agilent RapidFire mass spec-
trometry (RF-MS) assays (25) showed that the dimerization of
apo h-cGASCD is required for effective DNA-mediated cGAS
activation (SI Appendix, Fig. S1F). Thus, apo h-cGAS and m-
cGAS proteins can form DNA-free dimers, and the N-terminal
domain of cGAS promotes the dimerization (26).

Structure of SRY.h-cGASCD–DNA Complex. Besides promoting di-
merization, the lysine/arginine-rich N-terminal domain of cGAS
also has the potential for enhancing cGAS–DNA binding (27) as
well as serves as the phosphoinositide-binding domain (28). To
mimic FL h-cGAS and stabilize the protein–DNA interaction, we
replaced the N-terminal domain of h-cGAS with the sequence-
specific HMG box of human SRY (29), resulting in the formation
of a hybrid protein, termed SRY.h-cGASCD, as shown in Fig. 1 A,
Lower. Similar to apo h-cGASCD, apo SRY.h-cGASCD existed as
both dimers and monomers in solution (SI Appendix, Fig. S1 G
and H). SRY.h-cGASCD dimers, when mixed with a 21-bp DNA

Fig. 1. Identification of an additional protein–DNA
interface in the crystal structure of the SRY.h-
cGASCD–DNA complex. (A) Schematic drawing of
human full-length (FL) cGAS protein, showing N-
terminal domain in gray and catalytic domain (CD)
in green, and a fusion SRY.h-cGASCD protein with
the SRY domain in orange. Numbers above the se-
quence indicate the domain boundaries. (B) A sche-
matic of the fusion SRY.h-cGASCD–DNA complex
with the SRY domain binding to its sequence-specific
DNA element and h-cGASCD binding nonsequence
specifically to an adjacent DNA site. (C and D) Views
of the monomeric (C) and dimeric (D) structure of
the SRY.h-cGASCD–DNA complex. An individual h-
cGASCD (1) interacts with DNA (1) (site-A) and DNA
(2) (site-B) as reported previously for a dimeric
complex (h-cGASCD in green and DNA in teal) (PDB ID
code 4LEY). (E) Two views of the SRY.h-cGASCD–DNA
complex highlighting an additional protein–DNA
interface (site-C) involving recognition by cGASCD (1)
of DNA (3) in magenta.
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(plus 1-nt 5′overhang at either end) containing an SRY-sequence-
specific element yielded diffraction quality crystals (I222 space
group) that diffracted to 3.2-Å resolution, with the structure of the
complex solved by molecular replacement using modified m-
cGASCD–DNA structure (PDB ID code 4K96) and SRY–DNA
structure (PDB ID code 2GZK) as search models (X-ray statistics
listed in SI Appendix, Table S1). The final structure included
residues 6–73 of SRY and residues 164–521 of h-cGASCD to-
gether with the entire length of bound DNA, while the linker
segment between SRY and cGASCD was disordered in the
structure of the complex. Each asymmetric unit contains one
SRY.h-cGASCD bound with one DNA (Fig. 1C) and forms a dimeric
SRY.h-cGASCD–DNA complex with its partner in the adjacent
asymmetric unit (Fig. 1D), revealing a near-identical organiza-
tion of dimers as reported previously for the dimeric m-cGASCD–
DNA complex (21, 30).
The dimeric SRY.h-cGASCD–DNA complex contains a deep

positively charged groove for dsDNA binding formed by two
different interfaces of h-cGAS. Consistent with previous struc-
tural reports of cGASCD–DNA complexes, we refer to the two
corresponding DNA-binding surfaces in the dimeric complex as
site-A and site-B (Fig. 1D). The site-A provides an interface area
of 649 Å2, while site-B provides an interface area of 360 Å2. The
intermolecular site-A and site-B contacts between the protein
and DNA in the complex are summarized in SI Appendix, Fig.
S2A, with the majority of the contacts involving interactions
between h-cGASCD and the sugar-phosphate backbone of the
DNA, consistent with h-cGASCD sensing DNA in a non–
sequence-specific manner. The entrance to the catalytic pocket
widens on complex formation as reported previously (5).

Identification of an Additional DNA-Binding Interface in the SRY.h-
cGASCD–DNA Complex. The dimeric SRY.h-cGASCD–DNA struc-
ture and its positioning relative to the third adjacent asymmetric
unit revealed an unanticipated additional interface for DNA
binding, named site-C (Fig. 1E). The total interface area of site-
C is 663 Å2, with this surface of cGAS showing an extended basic
patch of positively charged residues formed mainly by three
segments labeled the α-region (261–286), the KRKR-loop (299–
302), and the KKH-loop (427–432) (Fig. 2A). The site-C in-
termolecular contacts between the protein and DNA in the
complex are summarized in SI Appendix, Fig. S2B. The site-C
interface (SI Appendix, Fig. S3A) is compared with its site-A
(SI Appendix, Fig. S3B) and site-B (SI Appendix, Fig. S3C)
counterparts in the SRY.h-cGASCD–DNA complex, with the
cGASCD domain shown in ribbon (left panel), electrostatic (middle
panel), and intermolecular interface (in green, right panel)
representations.
Interestingly, although not reported previously, the corre-

sponding site-C interface also exists in the previously published
structures of DNA-bound porcine cGASCD (p-cGASCD; PDB ID
code 4KB6) (Fig. 2B and SI Appendix, Fig. S4A) and m-cGASCD

(PDB ID code 4LEY) (Fig. 2C and SI Appendix, Fig. S4B).
Compared with h-cGASCD, the corresponding interactions be-
tween p-cGASCD and m-cGASCD with DNA at site-C are less
extensive as reflected by the smaller surface areas for p-cGASCD

(329 Å2) and for m-cGASCD (413 Å2), with the extent of basic
patch for site-C decreasing in the order h-cGASCD (Fig. 2 A,
Right), p-cGASCD (Fig. 2B) and m-cGASCD (Fig. 2C). Sequence
alignment of cGAS proteins (31, 32) also showed that, at site-C,
the basic residues of the α-region (261–286) are conserved be-
tween m-cGAS, p-cGAS, and h-cGAS, while the number of basic
residues in the KRKR- and KKH-loops decrease on proceeding

Fig. 2. Site-C DNA interaction interface of cGAS is evolutionarily strengthened. (A) Two views of the basic cGASCD site-C DNA interface in the structure of the
SRY.h-cGASCD–DNA complex, with the protein shown in an electrostatic representation and DNA colored in magenta. (B and C) The basic cGASCD site-C DNA
interface in the structures of cGASCD–DNA complexes from porcine (B) (PDB ID code 4KB6) and mouse (C) (PDB ID code 4LEY), with the protein shown in an
electrostatic representation and DNA colored in magenta. Electrostatic surface potentials were calculated in PyMol and contoured at ±100 (D) Sequence
alignment of cGAS residues on the site-C interface from Homo sapiens (human; Uniprot Q8N884), Macaca mulatta (monkey; Uniprot A0A1D5QFG4), Sus scrofa
(porcine; Uniprot I3LM39), Mus musculus (mouse; Uniprot Q8C6L5), and Rattus norvegicus (rat; Uniprot A0A0G2JVC4). Numbering above the sequences corre-
sponds to that for h-cGAS. Black and orange triangles denote residues that interact with DNA at site-C partitioned into α-region, KRKR-loop and KKH-loop
segments, with orange triangles in addition denoting tumor-associated mutation sites G303E and K432T. The alignment was visualized with ENDscript server.
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from h-cGAS to p-cGAS to m-cGAS (Fig. 2D). These results
imply that the DNA binding affinity of site-C interface is evo-
lutionarily strengthened on proceeding from m-cGAS to p-cGAS
to h-cGAS.

Site-C Interface Is Essential for cGAS Activity. The site-C interface
between h-cGASCD (1) and DNA (3) is formed by an extended
basic patch of positively charged residues originating from the
α-region (Q264, K275, K279, K282, and K285), the KRKR-motif
(K299, R300, K301, and R302), and the KKH-loop (K427, K428,
and K432) (Fig. 2 A and B), allowing h-cGASCD to bind the
phosphate backbone of the DNA through extensive nonspecific
electrostatic interactions (Fig. 3A and SI Appendix, Fig. S2B),
while the side chain of R300 reaches into the minor groove of the
DNA (Fig. 3A).
To test whether the site-C h-cGAS interface is essential for

DNA-induced cGAMP production, we generated multiple Ala
and charge reversal mutants of FL h-cGAS spanning site-C in-
terfacial residues and tested their in vitro activities with a 100-bp
immunostimulatory DNA (designated ISD100) for cGAMP
production by RapidFire-MS (25). As shown in Fig. 3B, charge
reversal mutants K275E, K279E, and K279E/K282E within the
α-region of site-C showed about 3-fold to 5-fold reductions in
cGAMP production, while K282E, K285E, and dual-mutant
K275E/K285E also within the α-region of site-C essentially
abolished activity. For mutations within the KRKR-loop, charge
reversal single-mutant R300E showed about a 4-fold reduction in
cGAMP production, while dual charge reversal mutant R300E/
K301E and dual Ala mutant R300A/K301A abolished cGAMP
production (Fig. 3B). For KKH-loop mutants, the dual charge
reversal mutant K427E/K428E essentially abolished activity,
while the dual Ala mutant K427A/K428A resulted in about a 3-
fold reduction in cGAMP production (Fig. 3B). These muta-
genesis results support the essential contribution of site-C in-
terface for the enzymatic function of h-cGAS.
In addition, to further test whether the importance of the site-

C interface is conserved between different species, we also pre-
pared FL m-cGAS mutants of the site-C interface and tested
their propensity for cGAMP formation as a function of DNA
length. cGAMP formation was length-dependent and plateaued
at 45 bp of DNA (SI Appendix, Fig. S2C). Charge reversal sub-
stitutions of Lys by Gln at K268 and K275 (α-region of site-C),
and K286 and K288 (KRKR-loop of site-C) resulted in 1.5- to 2-
fold reduction of m-cGAS activity (SI Appendix, Fig. S2C). These
mutagenesis results are consistent with a reduced contribution by
the site-C interface to the activation of m-cGAS, given that m-
cGAS (with fewer basic residues in the KRKR and KKH loops,
Fig. 2D) shows less extensive interactions with DNA at the site-C
interface compared with h-cGAS.

Impact of Tumor-Associated Mutations Spanning the Site-C Interface.
The discovery of the site-C interface in the SRY.h-cGASCD–
DNA complex allowed us to investigate the contribution of hu-
man cGAS tumor-associated mutations lining this interface to
cGAMP activation. We identified and investigated the impact of
two tumor-associated mutations, G303E within the KRKR-loop
and K432T within the KKH-loop on cGAMP formation (orange
triangles, Fig. 2D). In particular, K432T is a dominant mutation in
uterine endometrioid carcinoma, with a variant allele frequency of
0.44 based on cBioPortal for Cancer Genomics (33). Based on
structural results, the G303E mutation would introduce a nega-
tively charged residue within the basic patch of site-C, while
K432T mutation would lead to the loss of a positively charged
residue, both of which have the potential to weaken the site-C
DNA binding (Fig. 3 A, close-up view). As shown in Fig. 3B,
the G303E and K432T mutants caused about a 1.4-fold and
about 2-fold reduction of cGAMP production, in the context of
FL h-cGAS, respectively (Fig. 3B). These results establish that

the two tumor-associated mutations located within site-C DNA
binding interface impeded the DNA-induced cGAS activity.

Site-C Interface of h-cGAS Is Essential for DNA Condensate Formation.
It has been shown that FL wild-type (WT) h-cGAS and m-cGAS
exhibit different DNA binding behaviors using 45-bp immunos-
timulatory DNA (ISD45) in EMSA (20). WT m-cGAS can form
either lower molecular-weight cGAS–DNA complex(es) or
higher-order cGAS–DNA condensate staying on the top of the
gel. By contrast, WT h-cGAS preferentially forms high-order
cGAS–DNA condensate (20). Given that the site-C interface
of cGAS has the potential to increase the multivalency of cGAS–
DNA interactions, we hypothesized that the stronger site-C in-
terface of h-cGAS should result in preferential formation of
high-order cGAS–DNA condensate, while the smaller site-C
interface of m-cGAS should lead to a mixture of lower-order
cGAS–DNA complex(es) and cGAS–DNA condensate.
We next tested the binding behaviors of Cy3-labeled ISD45

45-mer DNA to FL WT h-cGAS and mutants spanning site-C
interface using EMSA. As shown in Fig. 4A, most of WT h-
cGAS-Cy3-ISD45 formed condensate staying on the top of the

Fig. 3. Details of h-cGASCD site-C DNA interaction interface and impact of
site-C mutations on cGAMP formation. (A) Structural details of site-C in-
terface of h-cGASCD (1) (green) bound to DNA (3) (magenta) in the SRY.h-
cGASCD–DNA complex. Residues involved in intermolecular contacts are
shown in yellow stick representation and partitioned between α-region,
KRKR-loop and KKH-loop segments. The tumor-associated site-C mutations
(G303E and K432T) are colored orange in the expanded panel. (B) Impact of
site-C mutations on cGAMP production detected by RF-MS assay using FL h-
cGAS and 100-bp DNA. Each reaction contains 25 nM DNA, 100 nM FL h-
cGAS proteins, 100 μM ATP/GTP, incubated at 37 °C for 3 h. Data are rep-
resented as means ± SD of three independent experiments. The data are
partitioned by α-region, KRKR-loop, KKH-loop, and tumor (K432T and
G303E) mutations on cGAMP production.
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gel, similar to observations made previously (20, 22, 27). Dual
charge reversal mutations on the site-C interface of h-cGAS
(R300E/K301E, K279E/K282E, and K427E/K428E) resulted in
not only reduction in DNA-binding ability but also significant
appearance of a mixture of lower bands corresponding to for-
mation of the lower molecular-weight cGAS–DNA complex(es)
(Fig. 4 A and B), similar to what was observed for DNA com-
plexes of FL WT m-cGAS (Fig. 4C). Combined mutations
(R300E/K301E/K427E/K428E) at the site-C interface of h-cGAS
essentially abolished DNA binding (Fig. 4C). In addition, two
tumor-associated mutants (G303E and K432T) of FL h-cGAS
also showed an increased formation of the lower-order cGAS–
DNA complex(es) (Fig. 4D). These results imply that site-C
mutations of h-cGAS exhibit DNA-binding behaviors that are
similar to those observed for WT m-cGAS, which exhibits a
smaller site-C DNA interface than h-cGAS.
The flexible N-terminal domain of cGAS has been shown to

exhibit DNA binding affinity, thereby increasing the multivalency
of cGAS–DNA interactions (24, 27). To rule out the influence of
the N-terminal domain to cGAS–DNA binding behavior, we
tested the binding modes of Cy3-labeled ISD45 to the cGASCD

using the same protocol as used for FL cGAS. Like FL h-cGAS,
WT h-cGASCD preferentially forms high-order cGAS–DNA
condensate on the top of the gel, while WT m-cGASCD forms
both condensate and lower and less-condensed cGAS–DNA
complex(es) (SI Appendix, Fig. S5A). Similar to what was ob-
served for FL h-cGAS samples (Fig. 4 A and B), mutations at
site-C of h-cGASCD changed the DNA binding pattern, resulting
in the appearance of lower molecular-weight cGASCD–DNA
complex(es) (SI Appendix, Fig. S5B).

Site-C Interface Promotes DNA Condensation Ability of cGAS as
Monitored by a Spin-Down Assay. We noticed that, consistent
with EMSA results, native h-cGAS mixed with ISD100 quickly
became milky. Thus, we could use a spin-down assay (34) to test
whether the site-C interface could promote the formation of
cGAS–DNA condensate in solution. The 1-pmol Cy3-labeled
ISD100 was mixed with 0.25- to 16-pmol cGAS proteins with
2-fold increase in physiological buffer (20 mM HEPES, pH 7.2,
150 mM NaCl). After 1-h incubation at room temperature, we
used centrifugation to remove the cGAS–DNA condensation
particles and tested the free Cy3-ISD100 concentration (by
monitoring Cy3 fluorescence intensity) remaining in the super-
natant (schematic in SI Appendix, Fig. S6A). We prepared native

FL h-cGAS, h-cGASCD, multiple FL h-cGAS mutants of site-A/B
(K173E/R176E, C396A/C397A, and K407E/K411E) and site-C
(K279E/K282E, R300E/K301E, and K427E/K428E). As shown
in Fig. 5 A and B, the Cy3 fluorescence intensities in solution
following spin down for all samples containing the h-cGASCD or
FL h-cGAS mutants were significantly higher than FL h-cGAS
sample, implying the N-terminal domain and the three interfaces
of h-cGAS all contribute to the DNA condensation ability of h-
cGAS. A similar pattern of results was observed when testing the
two FL h-cGAS site-C tumor-associated mutants (Fig. 5C). We
then compared the contributions of different DNA binding sites
of h-cGAS to DNA condensation ability using the samples
containing 1-pmol Cy3-ISD100 and 4-pmol cGAS proteins. The
samples containing mutations on site-C interface (including
tumor-associated mutations) showed higher Cy3 fluorescence
intensities in the supernatant than the h-cGASCD or site-A/B
mutants samples, supporting the essential role of the site-C in-
terface in promoting cGAS–DNA condensation (Fig. 5D).
We also tested the DNA condensation abilities of Cy3-labeled

ISD100 on binding to the cGASCD, using the same protocol as
used for FL cGAS. The Cy3 fluorescence intensities in solution
for all samples containing h-cGASCD site-C mutants were sig-
nificantly higher than WT h-cGASCD (SI Appendix, Fig. S6B),
similar to what was observed for these site-C mutants in FL h-
cGAS samples (Fig. 5 B and C).
Consistent with EMSA data, mouse cGAS samples showed

higher concentrations of Cy3-ISD100 remaining in solution
compared with the FL WT h-cGAS samples (Fig. 5E), indicating
m-cGAS has a weaker DNA condensation ability than h-cGAS.
We predicted that mutations of m-cGAS that strengthen the site-
C interface would be gain-of-function mutations in cGAS–DNA
condensation. We then introduced the h-cGAS site-C KRKR-
loop and KKH-loop to replace the corresponding regions of native
m-cGAS, resulting in two chimera proteins, m-cGAS+KRKR-loop

[E285K/E287K] and m-cGAS+KKH loop [replacing m-QE (413–
414) with h-KDKKH (425–429)]. As shown in Fig. 5E, both chi-
mera proteins showed significantly enhanced DNA condensation
abilities compared with native m-cGAS. These results support our
hypotheses that, despite evolutionary conservation of domain ar-
chitectures among mammalian cGAS sensors, the evolutionarily
strengthened site-C interface of cGAS promotes cGAS–DNA
condensation.

Fig. 4. Impact of the site-C interface mutations on
DNA-binding property as monitored by EMSA. (A)
Comparison of binding properties of WT (Left) and
R300E/K301E KRKR-loop mutant (Right) of FL h-cGAS
with DNA. (B) Comparison of binding properties of
K279E/K282E α-region mutant (Left) and K427E/
K428E KKH-loop mutant (Right) of FL h-cGAS with
DNA. (C) Comparison of binding properties of
R301E/K301E KRKR-loop and K427E/K428E KKH-loop
mutants of FL h-cGAS (Left) and WT FL m-cGAS
(Right) with DNA. (D) Comparison of binding prop-
erties of G300E (Left) and K432T (Right) FL h-cGAS
tumor mutants with DNA. Each reaction contains
1 pmol of Cy3-ISD45 DNA. cGAS proteins were added
at 2-fold increment from 1 to 32 pmol. The corre-
sponding molar ratio of cGAS to DNA is shown at the
top of the gel. The positions of DNA-cGAS conden-
sate, the lower-order forms of DNA–cGAS com-
plex(es), and free Cy3-ISD45 45-bp DNA are indicated
on the right side of the 6% DNA retardation Gels.
Data are representative of at least two independent
experiments.
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Higher Valency of cGAS Associated with Site-C Interface Identified
from Quantitative Turbidity. To further evaluate the contribution
of site-C intermolecular contacts in FL h-cGAS–DNA to liquid-
phase condensation, we performed turbidity assays (35, 36) by
incubating purified 10 μM FL WT and mutant h-cGAS proteins
with 10 μM ISD100 in the buffer containing different NaCl con-
centrations. The h-cGAS–DNA turbidity measurements moni-

toring liquid-phase condensation showed a salt-dependent trend,
reflecting contributions from protein–DNA electrostatic interac-
tions (Fig. 6A). N-terminally truncated h-cGASCD (Fig. 6A), FL h-
cGAS site-A/B disrupting mutants (Fig. 6B), site-C disrupting
mutants (Fig. 6C), and site-C tumor-associated mutants (Fig. 6D)
all showed reduced propensity to phase condensate formation as
measured by turbidity formation. Among all samples, site-C dis-
rupting mutant (R300E/K301E) (Fig. 6C) and Zn-thumb dis-
rupting mutant (C396A/C397A) (Fig. 6B) of cGAS exhibited the
most reduced turbidity, supporting the role of site-C cGAS–DNA
and Zn-ion-coordination contacts to promote cGAS–DNA liquid-
phase condensation.

Higher Valency of cGAS Associated with Site-C Interface Identified
from Time-Lapse Imaging of Liquid Droplet Formation. A recent
study established that DNA-induced liquid-phase condensation
of cGAS activates innate immune signaling (24). The emphasis
of this study was on the basic N-terminal domain of cGAS and
the contribution of its multivalent interactions with DNA to
liquid-phase condensation. Our research complements these
studies but with a focus on the existence of the site-C interface
and its additional contribution toward a significant increase in
the multivalency of cGAS–DNA interactions (37, 38). We have
tested the above concept that site-C cGAS–DNA intermolecular
contacts are essential for cGAS–DNA liquid-phase condensation
by time-lapse imaging of liquid droplet formation.
Time-lapse imaging of liquid droplet formation was performed

by incubating purified 10 μM cGAS proteins with 10 μM ISD100
in a buffer containing 300 mM NaCl as previously reported (24).
Upon mixing, WT h-cGAS and ISD100 formed micrometer-
sized liquid droplets, which gradually fused into larger ones
(left and central panels of Fig. 7A and SI Appendix, Fig. S7A),
consistent with the previous study (24). N-terminally truncated
h-cGASCD exhibited a mixture of a few liquid droplets and leopard-
print–like structures (Fig. 7 A, Right), implying h-cGASCD exhibits
weaker liquid-phase condensation than FL WT h-cGAS. Fur-
thermore, FL h-cGAS site-A/B disrupting mutant samples showed
more numerous but smaller liquid droplets (SI Appendix, Fig.
S7B) under the same conditions as recorded for FL WT h-cGAS
(Fig. 7 A, Left). Among all samples, FL h-cGAS site-C disrupting
mutants exhibited the most reduced liquid droplet formation (Fig.
7B). In particular, FL h-cGAS site-C R300E/K301E mutant only
showed a few pellets and failed to form any liquid droplets (Fig. 7
B, central panel). We also tested the liquid droplet formation of
FL h-cGAS site-C tumor-associated G303E and K432T mutants,
which also showed weaker liquid-phase condensation (Fig. 7C)
than their FL WT h-cGAS counterpart (Fig. 7 A, Left).
The smaller site-C interface area of m-cGAS suggested that

m-cGAS should have weaker phase condensation than h-cGAS.
As expected, the FL WT m-cGAS sample only exhibited a

Fig. 5. The site-C interface promotes the DNA condensation ability of cGAS
as monitored by a spin-down assay. (A–C) DNA condensation assays of Cy3-
ISD100 with FL WT and mutant h-cGAS proteins. Twofold increasing con-
centrations of h-cGAS proteins (from 0.25 to 16 pmol) were mixed with
1 pmol of ISD100 for 1 h at room temperature. After centrifugation to
remove the cGAS–DNA condensate, the fluorescence intensity values of
Cy3 in the supernatant were plotted against cGAS protein concentrations.
(D) Quantification of 4-pmol h-cGAS proteins to 1-pmol DNA condensation
experiments in A, B, and C. (E) FL m-cGAS mutants to mimic h-cGAS show
enhanced DNA condensation ability.

Fig. 6. The site-C interface promotes the liquid-phase condensation ability of cGAS as monitored by turbidity. Quantitative turbidity graphs data on (A) FL h-
cGAS and h-cGASCD, (B) site-A/B mutants of FL h-cGAS, (C) site-C mutants of FL h-cGAS, and (D) site-C tumor mutants of FL h-cGAS. Data are represented as
means ± SD of three independent experiments.
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mixture of small liquid droplets and branch-like structures (Fig. 7
D, Left) under the same condition in which sizeable liquid
droplets could be formed by WT FL h-cGAS sample (Fig. 7 A,
Left). By contrast, we observed significant enhancement of liquid
droplet formation for chimera m-cGAS+KRKR-loop (swapping of
KRKR-loop of mouse for human) (Fig. 7 D, central panel), and
less enhancement for chimera m-cGAS+KKH loop (swapping of
KKH-loop of mouse for human) (Fig. 7 D, Right).

Disrupting Site-C Interface Represents a Strategy for Crystallization
of h-cGASCD–DNA Complex. An important and challenging current
goal has been to discover specific inhibitors of h-cGAS, given

their potential as valuable therapeutics (39–43). Such structure-
guided rational drug design approaches have been undertaken to
date on the apo h-cGASCD (44, 45) and the m-cGASCD–DNA
complexes (25), but have been hindered until recently (20), by
the absence of a structure of the DNA-bound h-cGASCD com-
plex. The discovery of site-C interface made it likely that re-
ducing the number of protein–DNA interfaces could represent
an approach toward successful crystallization of a h-cGASCD–
DNA complex. Thus, we rationalized that insertion of a mini-
mum set of mutations that disrupt the site-C interface had the
potential for generating diffraction-quality crystals of the com-
plex. To this end, we designed h-cGASCD containing a triple
mutant (K299E/R300A/K301E) in the KRKR-loop (designated
mutant h-cGASCD) (Fig. 8A) and successively obtained crystals
of mutant h-cGASCD bound to 16-bp DNA (with 1-nt overhang)
that diffracted to 2.7-Å resolution. The crystals belong to
P6122 space group with each asymmetric unit containing one
mutant h-cGASCD bound to one DNA and forming a dimeric
mutant h-cGASCD–DNA complex with its partner in the adja-
cent asymmetric unit (Fig. 8B).
Recently, a crystal structure was reported for a dimeric h-

cGASCD–DNA complex containing a dual K187N/L195R mutant

Fig. 7. Site-C DNA binding surface of cGAS is essential for DNA-induced
liquid-phase condensation as identified from time-lapse imaging of liquid
droplet formation. (A) Bright-field and GFP imaging of liquid droplet for-
mation for FL h-cGAS and h-cGASCD complexes. (B) Bright-field imaging of
liquid droplet formation for FL site-C h-cGAS K279E/K282E, R300E/K301E,
and K427E/K428E mutant complexes. (C) Bright-field imaging of liquid
droplet formation for FL site-C h-cGAS G303E and K432T tumor mutant
complexes. (D) Bright-field imaging of liquid droplet formation for WT FL m-
cGAS and swaps containing the human-specific KRKR loop and human KKH
loop inserted into m-cGAS. The images shown are representative of all fields in
the well. Data are representative of at least two independent experiments. FL
h-cGAS mutants are indicated on the top of the panels. (Scale bar, 10 μm.)

Fig. 8. Crystal structure of h-cGASCD (K299E/R300A/K301E) bound to DNA
and comparison with apo h-cGASCD structure. (A) Schematic showing posi-
tioning of K299E/R300A/K301E triple mutant within h-cGASCD. (B) Side and
top views of dimeric structure of h-cGASCD (K299E/R300A/K301E) bound to
16-bp DNA (containing 1-nt overhang). h-cGASCD monomers are colored in
magenta and pink, while the pair of bound DNAs are colored in teal, with
labeling of sites-A and site-B. The triple mutation sites are shown in a space-
filling representation and indicated by red circles. (C) Superposed structures
of apo h-cGASCD (PDB ID code 4LEV; in green) and DNA-bound h-cGASCD

(K299E/R300A/K301E) (this study; in magenta). The structures of the two
complexes exhibit an rmsd of 0.637 Å. The blow-up views compare confor-
mational changes of the α-helix spine (Left), activation loop (Upper Right), and
β-sheet segments (Lower Right). The black arrows indicate the small shift in
β-strands on proceeding from apo- to DNA-bound states for m-cGASCD.
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(SI Appendix, Fig. S8A) on the long spine helix within the site-A
interface of the dimeric h-cGAS (PDB ID code 6CT9) (20) (SI
Appendix, Fig. S8B), thereby representing an alternate solution to
the same problem. Notably, the two structures of these distinct
dimeric mutant h-cGASCD–DNA complexes superpose well with
an rmsd of 0.286 Å (SI Appendix, Fig. S8C).

Comparison of Conformational Transitions in Mouse and Human apo-
cGASCD on DNA Complex Formation. Previous structural studies had
shown the m-cGASCD exhibited large conformational changes in
the spine helix and a β-sheet segment, in addition to the acti-
vation loop, on proceeding from the apo-state (in cyan) to the
DNA-bound state (in red) as shown in SI Appendix, Fig. S9. By
contrast, the conformational changes are restricted to the activa-
tion loop on proceeding from the apo-state (in green) to the DNA-
bound state (in magenta) of h-cGASCD as shown in Fig. 8C. The
less pronounced global structural changes for h-cGAS on pro-
ceeding from the apo- to DNA-bound state has allowed studies of
inhibitor binding to be undertaken on apo h-cGAS (44–46).

Positioning of Inhibitor RU.521 in Two Orientations in the Catalytic
Pocket of Apo h-cGASCD (K427E/K428E).We found that another dual
mutant (K427E/K428E) disrupting the site-C interface signifi-
cantly improved the crystallization of apo h-cGASCD, potentially
serving as a future platform for characterizing inhibitor devel-
opment at the DNA-free h-cGAS level. Our group previously
reported on the crystal structure of RU.521 (Fig. 9A) bound to
the m-cGASCD–DNA complex (25). We have now extended these
studies to the human system by attempting to crystallize RU.521
with both apo h-cGASCD(K427E/K428E) and h-cGASCD(K299E/
R300A/K301E)–DNA complex and were successful in obtaining
diffraction-quality crystals of the former complex. The structure of
RU.521 bound to apo h-cGASCD at 2.2-Å resolution is shown in
Fig. 9B (X-ray statistics listed in SI Appendix, Table S1), with
RU.521 bound in two orientations in the catalytic pocket (Fig.
9C). In one orientation, the planar benzimidazole-pyrazole ring
system of bound RU.521 is intercalated between the side chains of
Arg376 and Tyr436, while the carbonyl of the phthalide ring hy-
drogen bonds with the side chains of both Arg376 and K362 (Fig.
9D). In a second orientation, the planar benzimidazole-pyrazole
ring system of bound RU.521 is directed downward and positioned
in a channel, while the carbonyl of the phthalide ring hydrogen
bonds with the side chains of both Arg376 and K362 (Fig. 9E). In
both orientations, the benzimidazole-pyrazole rings are snugly
anchored in place (Fig. 9 F and G). Given that RU.521 binds in
two orientations, it occupies a larger segment of the catalytic
pocket of apo-h-cGASCD.

Discussion
Identification and Perturbation of Additional Site-C Interface and Its
Impact on h-cGAS–DNA Phase Condensation. In an earlier study, it
was shown that the basic and unstructured N terminus of cGAS
contributed to DNA-induced liquid-phase condensation and
activation of innate immune signaling (24). In this study, we have
expanded on this observation by structural studies that identified
an additional site-C cGAS–DNA interface (Fig. 1E) that also
contributes to liquid-phase condensation. This site-C cGAS in-
terface is very basic in human (Fig. 2 A, Right) and less so in
mouse (Fig. 2C), with mutations (including tumor mutations)
spanning the site-C interface disrupting phase condensation as
monitored by cGAMP formation assays (Fig. 3B), gel shifts
reflecting complex and condensate formation (Fig. 4), spin-down
(Fig. 5), and turbidity (Fig. 6) assays, and most importantly, time-
lapse imaging of liquid droplet formation (Fig. 7).

Cluster Model Contributing to h-cGAS–DNA Liquid-Phase Condensation.
The earliest structures of m-cGASCD bound to short DNA du-
plexes identified complexes composed of a pair of proteins bound

to a pair of DNAs (schematic labeled 1 in Fig. 10) (21). A recent
crystallographic effort that extended these studies to longer 39-bp
DNAs established formation of a m-cGASCD–DNA structure
composed of a pair of protein dimers bound at adjacent sites to a
pair of DNAs (schematic labeled 2 in Fig. 8, with the X-ray
structure shown in SI Appendix, Fig. S10A, Left) (17). This study
highlighted the concept of cooperative binding of m-cGASCD di-
mers at adjacent sites to a pair of DNA duplexes generating a
ladder model of higher-order complex formation (schematic la-
beled 3 in Fig. 10).
In our case, we propose an extension of the ladder model to a

cluster model based on the participation of site-C protein–DNA
interface in multivalent interactions. Thus, in a stepwise manner,

Fig. 9. Structure of RU.521 bound to apo h-cGASCD. (A) Chemical formula of
RU.521. (B) Crystal structure of RU.521 bound to apo h-cGASCD(K427E/
K428E). The bound RU.521 positioned in the catalytic pocket in two orien-
tations is shown in a space-filling representation. (C) 2Fo-Fc electron density
map of RU.521 bound in two orientations contoured at 1.2σ level. (D and E)
Pairing alignments of bound RU.521 in one orientation where the planar
benzimidazole-pyrazole rings are intercalated between the side chains of
Arg-376 and Tyr-436 (D) and a second orientation where the planar
benzimidazole-pyrazole rings is positioned in a channel at the bottom of the
catalytic pocket (E). (F and G) Pairing alignments of bound RU.521 in two
orientations in the catalytic pocket of apo h-cGASCD, with the protein shown
in an electrostatic representation and RU.521 colored in yellow stick repre-
sentation. Electrostatic surface potentials were calculated in PyMol and
contoured at ±100.
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one generates a h-cGAS–DNA complex involving a pair of cGAS
dimers bound to a pair of short DNAs (schematic labeled 4 in
Fig. 10), which can be extended to cGAS dimers binding at ad-
jacent sites on a pair of longer DNAs (schematic labeled 5 in Fig.
10 and modeled in SI Appendix, Fig. S10B, Left), which due to
the additional site-C interface can result in formation of a cluster
model (schematic labeled 6 in Fig. 10). Notably, the two adjacent
site-C interfaces can form one extended basic surface with the
total area of 1,325 Å2 as shown in SI Appendix, Fig. S10B, Right
(with the corresponding surface for m-cGAS–DNA complex
shown in SI Appendix, Fig. S10A, Right), even larger than the
total area of sites A+B (1,009 Å2), suggestive of a strong binding
potential at site-C for DNA. Two adjacent DNAs bound along
site-C can be aligned to mimic a slightly bent long DNA (sche-
matic labeled 5 in Fig. 10 and SI Appendix, Fig. S10B, Left). The
existence of the site-C interface significantly increases the mul-
tivalency of cGAS interactions with DNA (schematic labeled 6,
Fig. 10). The increased valency suggested to us that the structure
of h-cGAS bound to long DNA could result in the onset of DNA
condensation (schematic labeled 7, Fig. 10), consistent with the
ability of DNA-bound cGAS to form puncta in the cytoplasm (1,
13, 24, 47–49).
The proposed multivalency concept represents an approach

for sensitive detection of long DNA by cGAS, since longer DNA
has the potential for higher valency protein–DNA interactions to
further promote phase condensation. Previous demonstration of
the role of the N-terminal unstructured basic domain in DNA-
induced phase condensation of cGAS (24) and our identification
of an additional h-cGAS–DNA binding interface in support of
the cluster model (schematic labeled 6, Fig. 10), together provide
a molecular explanation for the role of DNA-induced cGAS
phase condensation in promoting cGAMP production and acti-
vation of innate immune signaling.

Structure Determination of a Dimeric h-cGAS–DNA Complex Should
Facilitate Development of Inhibitors Targeting the h-cGAS Scaffold.
Two different strategies have been used to generate, crystallize,
and solve structures of h-cGASCD–DNA complexes as a step
toward design and development of inhibitors that therapeutically
target the DNA-bound cGAS catalytic pocket in humans as an
approach to design and optimize inhibitors toward the treatment
of cGAS-STING pathway-mediated autoimmune diseases (41).
This goal has been achieved by either mutating (K187N/L195R)
the site-A interface (SI Appendix, Fig. S8B) (20) or mutating
(K299E/R300A/K301E) the site-C interface (Fig. 8) (this study),
with structures of both complexes superposing well on each other
(SI Appendix, Fig. S8B). We note that crystals of the dimeric h-
cGASCD(K187N/L195R)–DNA complex were grown under high

salt crystallization conditions (1.4 M Na-citrate), which could
potentially impede protein–DNA electrostatic interactions so
that the site-C interface was not observed in this crystal structure
of the complex (20). By contrast, crystals of dimeric h-cGASCD

(K299E/R300A/K301E)–DNA complex in this study were grown
under a low salt condition (0.2 M NaCl), potentially facilitating
structure-guided drug development, since low salt conditions
may help to increase solubility and prevent disruption of polar
interactions involving bound activators/inhibitors of the cGAS–
STING pathway.
The availability of crystal structures of both apo mutant h-

cGASCD and mutant h-cGASCD–DNA complexes (ref. 20 and
our study) open opportunities for structure-guided testing of
small-molecule inhibitors of cGAMP production, as therapeutic
agents against autoimmune diseases. Notably, conformational
changes are restricted to the catalytic pocket following compar-
ison of structures of apo- and DNA-bound h-cGASCD (Fig. 8C),
allowing both apo h-cGASCD and h-cGASCD–DNA to be used as
scaffolds for inhibitor development. To date, crystal structures
are only available for inhibitors bound to apo h-cGASCD (44,
45), with the structure of the complex of RU.521 bound to h-
cGASCD (Fig. 9) reported in this paper added to this list.
The rectangular-shaped pocket of cGAS is quite large, with

bound cGAMP (SI Appendix, Fig. S11A) and other ligands oc-
cupying one end of the binding pocket. In addition, cGAMP
binding is stabilized by three factors: intercalation of the adenine
ring between Arg and Tyr side chains, hydrogen bonding be-
tween the Watson–Crick edge of the guanine and a pocket Arg
side chain, and between the 2-NH2 group of guanine and a pair
of catalytic Asp side chains (SI Appendix, Fig. S11B). Our study
shows a single stereoisomer of the ligand RU.521 was bound in
two orientations to the catalytic pocket of apo h-cGAS (Fig. 9C).
In one alignment, the interaction and hydrogen bonding to Arg
side chain requirements are met (Fig. 9D), while in the other
alignment only the hydrogen bonding to Arg side chain re-
quirement is met (Fig. 9E). Nevertheless, by binding in two
orientations, the single RU.521 stereoisomer occupies more of
the binding pocket. The biochemical in vitro IC50 values for
RU.521 binding to m-cGAS (0.11 μM) (25) using a RapidFire
assay are on the low side, as is the cellular IC50 value for m-
cGAS (0.70 μM) using a mouse RAW-Lucia macrophage cells
(25). Further improvement toward optimization of RU.521 ef-
ficacy could be facilitated by positioning polar functional groups
on the phthalide ring of RU.521 in efforts to introduce hydrogen-
bonding potential to target the catalytic Asp residues toward meeting
all three recognition requirements. Alternately, a molecule that
mimics both orientations of bound RU.521 would occupy a larger

Fig. 10. Proposed cluster model of long DNA sensed
by h-cGAS. Apo cGAS proteins can exist as dimers in
solution, capable of forming a dimeric cGAS–DNA
complex composed of a pair of cGAS dimers bound
to a pair of DNAs (structure labeled 1). Binding of an
additional pair of cGAS dimers results in formation
of structure labeled 2 (PDB ID code 5N6I), eventually
resulting in the formation of a ladder-like model of
complex formation with longer DNA (schematic la-
beled 3). The availability of site-C interfaces results in
increased multivalency generating the proposed
cluster model shown in schematics labeled 4, 5, and 6,
reflecting formation of higher-order DNA complexes
contributing to DNA binding affinity. Such a net-like
structure shown in schematic labeled 7 can contribute
to DNA condensation and phase separation.
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proportion of the binding pocket, thereby potentially enhancing
binding affinity.

Materials and Methods
Details of the materials and methods including protein expression and pu-
rification, crystallization, structure determination, RapidFire-MS, EMSA, DNA
condensation, and turbidity assays, as well as time-lapse imaging of liquid
droplet formation measurements are presented in SI Appendix, SI Materials
and Methods.
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