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Abstract

Cyclic GMP-AMP synthase (cGAS), as a DNA sensor, plays an important role in cGAS-STING pathway, which further induces expression
of type Ilinterferon as the innate immune response. Previous studies reported that liquid-liquid phase separation (LLPS) driven by cGAS
and long DNA is essential to promote catalytic activity of cGAS to produce a second messenger, cyclic GMP-AMP (cGAMP). However,
the molecular mechanism of LLPS promoting cGAS activity is still unclear. Here, we applied dual-color fluorescence cross-correlation
spectroscopy (dcFCCS), a highly sensitive and quantitative method, to characterize phase separation driven by cGAS and DNA from
miscible individual molecule to micronscale. Thus, we captured nanoscale condensates formed by cGAS at close-to-physiological
concentration and quantified their sizes, molecular compositions and binding affinities within condensates. Our results pinpointed
that interactions between DNA and cGAS at DNA binding sites A, B, and C and the dimerization of cGAS are the fundamental molecular
basis to fully activate cGAS in vitro. Due to weak binding constants of these sites, endogenous cGAS cannot form stable interactions at
these sites, leading to no activity in the absence of LLPS. Phase separation of cGAS and DNA enriches cGAS and DNA by 2 to 3 orders
of magnitude to facilitate these interactions among cGAS and DNA and to promote cGAS activity as an on/off switch. Our discoveries
not only shed lights on the molecular mechanisms of phase-separation-mediated cGAS activation, but also guided us to engineer a
cGAS fusion, which can be activated by 15 bp short DNA without LLPS.

Significance Statement:

cGAS needs to form high-order oligomerization and liquid-liquid phase separation with long DNA to activate its downstream
immune pathway. However, the molecular mechanism of phase-separation-mediated cGAS activation is unclear. Here, with the
highly sensitive dcFCCS method, we captured nanoscale condensates formed by cGAS and DNA under close-to-physiological con-
ditions and quantified their sizes, molecular compositions, and binding affinities within condensates. Based on our new findings,
we proposed that having DNA binding sites A/B/C and dimer interface bound is the fundamental molecular basis to activate cGAS.
Phase separation provides a highly concentrated microenvironment to ensure binding of these weak-interacting sites. Guided by
our model, a cGAS fusion is engineered and can be highly activated by short DNA without phase separation.

Introduction (Mycobacterium tuberculosis), DNA viruses (adenovirus), and retro-

As important parts of the innate immune system, germline-
encoded pattern recognition receptors (PRRs) specifically recog-
nize DNA, as a potential marker to indicate infection or cellu-
lar damage, to trigger downstream pathways in inflammation,
immunity, and pathogen resistance (1-3). A dozen of DNA sen-
sor proteins have been identified as the PRRs in recent years,
including the well-known toll-like receptor (TLR9), absent in
melanoma (AIM2) and cyclic GMP-AMP synthase (cGAS), which
play important roles in different types of cells (4-6). cGAS cat-
alyzes the production of an endogenous second messenger 2'—
3" cyclic GMP-AMP (cGAMP) from substrates ATP and GTP (7,
8). Synthesized cGAMP activates endoplasmic-reticulum-resident
membrane adaptor (STING), which eventually induces the pro-
duction of type I interferon (9-11). The defense against bacteria

viruses (HIV-1) through the cGAS-STING pathway have been
revealed (12-16). Recent studies reported that SARS-CoV-2 in-
fection induces an immune response through the cGAS-STING
pathway, whereas its viral protease can inhibit the cGAS-STING
signal pathway (17-19). Furthermore, the cGAS-STING pathway
also induces antitumor immunity via sensing tumor-derived cy-
tosolic DNA (20-22). Together, cGAS, as an initial DNA sensor, plays
essential roles in the immune signaling pathways.

cGAS activation requires direct binding to double-stranded
DNA (dsDNA) to form cGAS-dsDNA complexes, within which
the catalytic site of cGAS is structurally rearranged to activate
its enzymatic activity to synthesize cGAMP (23-28). Both in vitro
and in vivo studies have shown that interactions between cGAS
and DNA result in high-order oligomerization and formation of
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liquid-liquid phase separation (LLPS) (29-31). LLPS of biomacro-
molecules have been reported to be crucial in diverse biolog-
ical processes, including RNA processing, TLR signaling and B
cell receptor (BCR) signaling (32-37). DNA-induced LLPS of cGAS,
driven by multivalent interactions between cGAS and DNA, is
essential in vivo to induce cGAS activation and to trigger the
cGAS-STING signaling pathway (30, 38). On the other hand, mu-
tation and truncation of cGAS and short DNA (< 45 bp) attenu-
ate the oligomerization and LLPS of cGAS-DNA, resulting in re-
duced or even eliminated cGAS activity (29, 30, 39). DNA-induced
liquid phase condensation of cGAS has been hypothesized to
serve a microreactor to accelerate cGAMP production by increas-
ing local concentrations of proteins and reactants (40). Further
studies also demonstrated that cGAS-DNA condensates protect
DNA from DNA exonuclease (TREX1) degradation to aid cGAMP
production (41). However, the molecular mechanisms regarding
how DNA-induced LLPS of cGAS leads to a none-to-all transi-
tion in cGAS activity remain unclear, because structures of cGAS-
DNA suggest that DNA binding should be sufficient to activate
cGAS. In addition, the physiological concentration of cGAS in cell
is estimated around 10 nM (30), which is lower than the crit-
ical concentration to form micron-scale condensates identified
in previous studies (30 to 50 nM). Whether cGAS is able to form
nanoscale condensates with cGAMP production activity remains
unknown.

Recently, we applied dual-color fluorescence cross-correlation
spectroscopy (dcFCCS) to quantitatively examine the dynamic for-
mation of nanoscale condensates driven by LLPS (42). Although
dynamic light scattering (DLS) is a commonly used method to
quantify radius of freely diffusing particles in solution (43), it re-
quires high concentration (1 to 10 uM), which is far above the
physiological concentrations of many biomolecules. The single-
molecule sensitivity provided by dcFCCS enabled us to systemati-
cally examine formation of cGAS-DNA condensates from miscible
individual molecule to micronscale. Thus, for the first time, we re-
vealed that cGAS at its physiological concentration is able to form
nanoscale condensates with DNA, beyond the detection limit
of the conventional fluorescence microscopy, to fully promote
its activity. Besides the size of cGAS-DNA condensates, dcFCCS
can quantify additional important unknown properties, includ-
ing molecular compositions and binding affinities within con-
densates, which allow us to perform a comprehensive survey to
understand how cGAS activity is regulated by phase-separation-
induced condensation. Our results revealed that the dimerization
of cGAS and interactions between DNA and cGAS at three binding
interfaces (sites A, B, and C) are the fundamental molecular basis
to activate cGAS. The function of phase separation is to enrich
concentrations of cGAS and DNA by 2 to 3 orders of magnitude
to permit these interactions, whose binding affinities are low and
cannot be permitted under physiological concentrations. Guided
by our mechanistic insight, we engineered a fusion cGAS, which
can be activated by 15 bp DNA without LLPS.

Results

Quantification of cGAS-DNA condensates at the
nanoscale via dcFCCS

We expressed, purified and labeled full-length human cGAS (FL-
cGAS) protein with fluorophore Alexa Fluor 488 (AF488) or Cya-
nineS (CyS) (24). Labeling procedure was carefully optimized, so
that cGAS was nearly 100% labeled and cGAMP production ac-
tivity of labeled FL-cGAS was almost the same as the unlabeled

one (Figure S1A-D and Tables S1 and S2, Supplementary Material).
With a conventional fluorescence microscope, liquid phase con-
densates formed at the micronscale were captured after mixing
AF488-labeled FL-cGAS (AF488-FL-cGAS) and Cy5-labeled DNA
(Cy5-DNA) together as previously reported (Figure S1E and F, Sup-
plementary Material).

Next, we applied dcFCCS method to quantify the size and
molecular stoichiometry of condensates formed from AF488-FL-
cGAS and 99 bp Cy5-DNA (Fig. 1). DNA sequence was based on
the one used in previous study and shown in Table S3 (Supple-
mentary Material) (30). When concentrations of AF488-FL-cGAS
increased from 0.5 to 200 nM and [AF488-FL-cGAS]/[CyS5-DNA]
maintained at 1, relaxation times of their corresponding dcFCCS
curves increased (Fig. 1A and B), indicating that large conden-
sates were formed at high concentrations and presented long
residence times within the confocal detection volume. Based
on our previous procedure (details in method section) (42), re-
laxation times of dcFCCS curves were extracted, from which
the hydrodynamic radii of condensates were quantified (Fig. 1C;
Figure S2A-C, Supplementary Material). When concentrations of
FL-cGAS were 0.5 nM and 1 nM, the hydrodynamic radii of cGAS-
DNA heterocomplexes were 8 nm and 20 nm, respectively, and
remained almost constant over time (Figure S2D, Supplemen-
tary Material). Under these conditions, the proportions of AF488-
FL-cGAS and Cy5-DNA interacting with each other, roughly esti-
mated by the ratio of amplitude of dcFCCS curve (Ax) to ampli-
tudes of autocorrelation curves of Cy5 channel (Agso) and AF488
channel (Asgg), respectively, were very low (~10%; Fig. 1D and
E; Figure S2A-C, Supplementary Material). Therefore, most FL-
cGAS and DNA remained in the diluted phase under these low
concentrations. When FL-cGAS reached 2 nM, nanoscale conden-
sates were formed and growth rate of condensates accelerated
over time (Fig. 1C-E; Figure S2D, Supplementary Material). When
concentrations of FL-cGAS were 5 nM or higher, radii of conden-
sates did not change significantly within our 5-min observation,
suggesting the formation and growth of condensates mainly oc-
curred within the initial 2-min period after sample mixing and
before data collection (Figure S2E, Supplementary Material). In ad-
dition, the vast majority of FL-cGAS and DNA participated in con-
densates when concentrations of FL-cGAS were 2 nM or higher
suggesting that 2 nM may serve as the critical concentration of
FL-cGAS to form condensates with 99 bp DNA (Fig. 1C-E). To be
visible by the conventional fluorescence microscope, concentra-
tions of FL-cGAS had to be 20 nM or higher to form large conden-
sates (Fig. 1C; Figure S1E and F, Supplementary Material). Consis-
tent with our previous report, the dcFCCS method enables us to
capture nanoscale condensates formed at the concentration an
order of magnitude lower than the one defined by commonly used
fluorescence microscopy.

Then, dcFCCS measurements were performed by varying con-
centrations of AF488-FL-cGAS and 99 bp Cy5-DNA from 0.5 to
200 nM independently. Total 81 different combinations of con-
centrations were used. Radii of heterocomplexes and condensates
formed under these conditions were quantified and plotted in a 2D
diagram (Fig. 1F). Clearly, high cGAS and DNA concentrations led
to formation of large condensates. The critical concentrations to
form nanoscale condensates (radius > 70 nm) were 2 nM for FL-
cGAS and 1 nM for 99 bp DNA. In the presence of 10 nM FL-cGAS,
close to physiological concentration, the radii of condensates were
in the range of 100 to 250 nm with different DNA concentrations.
With a close-to-physiological buffer condition containing 150 mM
NacCl, the electrostatic interactions between cGAS and DNA were
attenuated, which reduced the radii of condensates (Figure S3A-C,
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Fig. 1. Quantifying cGAS-DNA condensates at the nanoscale by dcFCCS. (A) Schematic diagram of dcFCCS assay. AF488-cGAS (green ovals) and
Cy5-dsDNA (black helixes with red dots) diffuse through the excitation volume of 488 and 640 nm lasers. Only complexes and condensates carrying
both AF488-cGAS and Cy5S-dsDNA contribute to cross-correlation curves, whose relaxation times correlate with their sizes. (B) Normalized dcFCCS
curves of condensates formed by AF488-FL-cGAS and 99 bp Cy5-DNA. 0.5 to 200 nM FL-cGAS were used as indicated. The initial [FL-cGAS]/[99 bp DNA]
maintained constant at 1. (C) Hydrodynamic radii of condensates derived from dcFCCS curves shown in (B). (D)-(E) Ax/Aeso (D) and Ay/Asss (E) roughly
estimating proportions of FL-cGAS and DNA participating in condensates, respectively, under indicated cGAS concentrations (details in the Methods
section). (F) 2D diagram of cGAS-DNA radii under indicated FL-cGAS and 99 bp concentrations. (G) Relation between cGAS:DNA stoichiometry in
condensates and the initial concentration ratio of cGAS:DNA when [FL-cGAS] are 5 nM and higher. Color code is based on [FL-cGAS]. Data are
presented as mean + SD (N = 3), with individual points plotted in bar graphs.



4 | PNAS Nexus, 2022, Vol. 1, No. 3

Supplementary Material). Nevertheless, 45-nm condensates were
formed and the majority of cGAS participated in condensation
when 10 nM cGAS was used. Therefore, the high sensitivity pro-
vided by the dcFCCS method revealed that nanoscale condensates
can form between DNA and cGAS at the endogenous expression
level, whereas previous studies usually examined condensates
formed from high concentrations of purified cGAS in vitro or over-
expressed cGAS in vivo at the micronscale (30, 31).

The molecular stoichiometry of AF488-FL-cGAS and Cy5-DNA
within condensates was quantified from the ratio of AF488:Cy5 in-
tensities in the sparsely distributed fluorescence bursts after cor-
recting FRET efficiency between AF488 and Cy5, which were gen-
erated when cGAS-DNA condensates randomly diffused through
the excitation volume (Figure S4A-D, Supplementary Material).
Interestingly, when the initial [AF488-FL-cGAS]/[Cy5-DNA] varied
over two orders of magnitude from 0.05 to 20, the molecular stoi-
chiometries of AF488-FL-cGAS and 99 bp Cy5-DNA within conden-
sates remained almost constant around 0.5, corresponding to one
FL-cGAS protein per two 99 bp DNA within the condensed phase
(Fig. 1G; Figure S4E, Supplementary Material). Together, our results
revealed that molecular composition within the condensed phase
formed by FL-cGAS and 99 bp DNA is insensitive to their concen-
tration ratio in the diluted phase. The condensed phase exhibits
as an excellent buffer zone to provide a robust microenvironment.
Furthermore, we revealed the salt concentration is able to regu-
late the molecular composition within the condensed phase (Fig-
ure S3D, Supplementary Material).

Condensate formation affected by DNA length

Structure of cGAS-DNA complex shows that their interaction in-
terfaces cover about 10 bp on dsDNA. However, biochemical as-
says have shown that short DNAs (10 to 25 bp) are unable to
elicit activity of cGAS, whereas long DNAs (> 45 bp) are needed
to activate cGAS and to stimulate innate immunity with high effi-
ciency (24, 27, 30, 39, 44). LLPS driven by multivalent interactions
between cGAS and long DNAs has been proposed as the key ele-
ment to activate cGAS (30). Herein, we designed a series of Cy5-
DNAs (15 to 600 bp, DNA sequences in Table S3 (Supplementary
Material)) and quantified properties of phase-separated conden-
sates between them and AF488-FL-cGAS (Fig. 2A-D). In our exper-
iments, at the same FL-cGAS concentration, the concentration of
base pair (bp) remained constant among DNAs of different length.
Thus, the initial [FL-cGAS]/[bp] kept constant at 1/50.

Overall, high concentrations of FL-cGAS and DNA led to form-
ing large cGAS-DNA heterocomplexes and condensates and long
DNAs were more prone to form phase-separated condensates
with FL-cGAS than short DNAs (Fig. 2A). For instance, the FL-cGAS
concentrations needed to form ~50 nm condensates with 15 bp,
20 bp, 25 bp, 45 bp, 99 bp, 300 bp, and 600 bp DNAs were approxi-
mately 200 nM, 200 nM, 50 nM, 20 nM, 2 nM, 1 nM, and 1 nM, re-
spectively. For long dsDNAs (> 45 bp), these concentrations were
likely to be the critical concentrations for the corresponding DNAs
to induce formation of nanoscale condensates. When above the
critical concentrations, almost all DNAs participated in the con-
densed phase, indicated by the values of A/A4gs close to or above
1 (Fig. 2C). Because the molar ratios of [FL-cGAS] to [bp] within
the condensates were around 1/100 to 1/500 (Fig. 2D), which were
smaller than [FL-cGAS]/[bp] (1/50) used to initiate LLPS, a signifi-
cant portion of FL-cGAS remained in the diluted phase, indicated
by the values of Ay/Ags in the range of 0.2 to 0.8 (Fig. 2B). In to-
tal, two 45 bp DNAs of different sequences displayed similar be-
haviors (Figure SSA-C, Supplementary Material), confirming that

interactions between cGAS and DNA to promote condensates for-
mation are DNA sequence-independent (23, 45).

The stoichiometries of AF488-FL-cGAS and Cy5-DNA within
condensates were ~0.5 for 45 and 99 bp DNAs, ~0.8 for 300 bp
DNA, and ~1.5 for 600 bp DNA (Fig. 2D). The overall trend was
reasonable, as each long DNA molecule can interact with more
cGAS molecules than short one. Consistent with our previous
findings (Fig. 1G), the stoichiometries of AF488-FL-cGAS and Cy5-
DNA remained almost constant while their initial concentrations
and concentration ratios changed over two orders of magnitude
(Fig. 2D; Figure SS5D and E, Supplementary Material). Also, the
values of stoichiometry were insensitive to DNA sequence (Fig-
ure S5D and E, Supplementary Material). Next, we applied flu-
orescence imaging based approach to quantify concentrations
of AF488-FL-cGAS and Cy5-DNA within micronscale condensates
formed at high concentrations (Figure S6A-D, Supplementary Ma-
terial). Interestingly, FL-cGAS was always enriched to ~16 puM
within the condensates regardless of the DNA length and salt con-
centration, whereas DNAs were enriched to 10 to 32 uM depend-
ing on their length (Fig. 2E; Figure S3E, Supplementary Material).
Although imaging-based approach cannot quantify concentra-
tions within nanoscale condensates beyond the optical diffraction
limit, the ratios of AF488-FL-cGAS and Cy5-DNA within nanoscale
condensates determined by dcFCCS agreed with the ratios within
micronscale condensates measured by imaging method, which
confirmed the accuracy of these measurements (Figure S6E, Sup-
plementary Material). In summary, our results revealed that con-
densation of FL-cGAS and DNA provides a stable buffering zone
to maintain FL-cGAS at ~16 uM regardless of the DNA length,
salt concentration, the initial concentrations of FL-cGAS and DNA,
and their concentration ratio.

Binding affinities with ATP/GTP and activities of
cGAS affected by DNA of different length

Previous studies have suggested that interactions between cGAS
and DNA in the absence of phase separation is insufficient to acti-
vate cGAS and to permit cGAMP production (30). Herein, we specu-
lated whether phase-separation-induced condensation enhances
binding affinities of substrates to promote cGAS activities. To this
end, we aimed to quantitatively examine how binding affinities of
cGAS with substrates (ATP and GTP) and cGAMP production are
affected by DNA binding in the absence and presence of conden-
sation, respectively. Short DNAs could not form large condensates
with FL-cGAS at low concentration (< 10nM for 25 bp DNA and <
50 nM for 15- and 20 bp DNAs), permitting us to use dcFCCS to
quantify binding affinities (Kg4) of FL-cGAS with 15 bp, 20 bp, and
25 bp DNAs as 590 + 190 nM, 300 + 70 nM, and 150 + 20 nM,
respectively (Fig. 2F; Figure S7A, Supplementary Material). There-
fore, a mixture of FL-cGAS with 5 uM 15 bp DNA was used to rep-
resent DNA-bound cGAS in the absence of condensation (Fig. 2G
and H).

The binding affinities of ATP with FL-cGAS in the apo and
DNA-bound state were 5.6 £ 0.4 uM and 4.5 + 0.9 uM, re-
spectively (Fig. 2G; Figure S7B and C, Supplementary Material),
whereas the binding affinities of GTP with FL-cGAS in both the
apo and DNA-bound state were beyond the detection limit of our
dcFCCS method (> 50 uM; Figure S7E and F, Supplementary Mate-
rial). On the other hand, phase-separation induced condensation
greatly enhanced the binding affinities of cGAS with ATP and GTP,
which were ~2 uM and 3-4 uM, respectively, when 45 to 600 bp
DNAs were used (Fig. 2G; Figure S7D and G, Supplementary Mate-
rial). In addition, FL-cGAS in the apo and DNA-bound state were
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Fig. 2. Quantifying condensates formed from cGAS and DNA of different length. (A) Hydrodynamic radii of condensates formed from FL-cGAS and
DNA of different length, which varies from 15 to 600 bp. The initial [FL-cGAS]/[bp] maintained constant at 1/50. (B) and (C) Ax/Asso (B) and Ax/Asss (C)
roughly estimating proportions of FL-cGAS and DNA participating in condensates, respectively, with DNA of different length under different
concentrations. (D) Stoichiometries of FL-cGAS and DNA of different length within condensates under indicated concentrations. (E) Concentrations of
FL-cGAS (green) and DNA (red) within condensates quantified via TIRF imaging based assays (Figure S6A-D, Supplementary Material). Condensates
were formed from 100 nM FL-cGAS with 110 nM 45 bp DNA, 50 nM 99 bp DNA, 16.5 nM 300 bp DNA, or 8.3 nM 600 bp DNA. (F) Binding affinities of
FL-cGAS with 15, 20, and 25 bp DNAs. (G) Binding affinities of FL-cGAS under different conditions with substrates GTP (green) and ATP (red). The
experiments were carried out when FL-cGAS were at the apo state, the DNA-bound state in the absence of phase separation (with 5 uM 15 bp DNA)
and condensed states formed with DNA of different length. 100 nM cGAS and 100 nM labeled GTP/ATP were used in all conditions. Concentrations of
DNA were the same as (E). (H) cGAMP production of 100 nM FL-cGAS under different states as shown in (G). Data are presented as mean =+ SD (N = 3),
with individual points plotted in bar graphs. Statistical significance was assessed by two-tailed unpaired t test in (G) and (H). Statistical differences
were represented as follows: ns not significant, *** P < 0.001 and **** P < 0.0001.
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unable to produce cGAMP, whereas phase separation of FL-cGAS
with long DNAs activated cGAMP production (Fig. 2H; Figure S8A,
Supplementary Material). Decreasing concentration of FL-cGAS
from 200 to 10 nM had almost no influence on cGAMP produc-
tion per cGAS molecule, whereas increasing concentration of NaCl
from 100 to 150 mM reduced cGAS activity by ~50% (Figure S8B-E,
Supplementary Material). Together, our results showed that DNA
binding induced condensation not only activates FL-cGAS but
also enhancesits binding affinities with ATP and GTP by ~3-and >
10-fold, respectively, whereas DNA binding alone without conden-
sation is insufficient to enhance ATP/GTP binding and cGAMP pro-
duction. Next, we aimed to further examine whether enhanced
binding affinities of substrates within condensates generally cor-
relate with the promoted cGAS activities.

Condensate formation, ATP/GTP recruitment,
and cGAMP production of cGAS variants

Phase separation of cGAS was mediated via multivalent interac-
tions between cGAS and DNA. FL-cGAS has four DNA binding
sites, including three positive-charged surfaces, named sites A,
B, and C, respectively, and a positive-charged intrinsically disor-
dered N-terminal tail (23, 29, 38, 46-49). In addition, once bind-
ing to DNA, cGAS assembles into a complex containing two cGAS
molecules and two DNA molecules via a dimerization interac-
tion site (29, 49). Previous studies have shown that all of these in-
teraction sites (residues summarized in Table S4 (Supplementary
Material)) were important for phase separation and activation of
cGAS (10). Here, we generated a series of cGAS variants to dis-
rupt these important interaction sites contributing to multivalent
interactions, which included A160-cGAS (N-terminal truncated),
cGAS-K394A (dimer interface mutated), cGAS-K384E (site A mu-
tated), cGAS-K347E (site B mutated), and cGAS-K427E/K428E (site
C mutated; Fig. 3A and B; Figure S9A, Supplementary Material).
In addition, we generated the cGAS-K187N/L195R variant, which
contained two mutations within the site A and was reported to
sense short DNA, to induce high-order oligomerization of cGAS
and to enhance cGAS activity in vitro and in vivo (50, 51). To test
our hypothesis raised above, we applied dcFCCS to quantify how
condensation is affected by cGAS mutations to modulate cGAS
activities.

First of all, we quantified binding affinities of these cGAS
mutants with 25 bp DNA (Fig. 3C). Among them, A160-cGAS
presented the weakest binding affinity (K4 ~2 pM), which was
~10-fold weaker than FL-cGAS. cGAS-K427E/K428E exhibited
~2-fold weaker binding affinity than FL-cGAS, whereas GAS-
K394A, cGAS-K384E, and cGAS-K347E displayed similar Kyq with
DNA as FL-cGAS. Binding affinity of cGAS-K187N/L195R with
DNA was slightly stronger than FL-cGAS. To quantify binding
affinity between DNA and each DNA binding sites, we con-
structed a cGAS mutant (A160-cGASsy) based on cGASsv (CGAS-
K394A/K384E/K347E/K427E/K428E) with sites A, B, C and the
dimerization interaction site mutated and N-terminal truncated.
A160-cGAS4y presented the lowest binding affinity (Kq ~4 pM,
Fig. 3D) with 25 bp DNA. When one of these mutated or truncated
sites was restored to their original sequences, the binding affin-
ity between cGAS variant and DNA increased (Fig. 3D). Together,
these results indicated that the N-terminal tail is the strongest
DNA binding site (K4 ~0.5 uM), whereas the binding between DNA
and other sites (sites A, B, and C) are weak with Kg ~2 puM.

Next, condensate formation between the cGAS variants and
99 bp DNA under different concentrations was examined (Fig. 3E-
G). In general, the abilities of cGAS variants to form phase

separation were strongly correlated with their binding affinities
with DNA. Condensation of A160-cGAS was attenuated the most.
Even at the highest concentration we tested (200 nM), ~50%
of A160-cGAS remained in the diluted phase and the radius of
cGAS-DNA heterocomplex was ~100 nm, while the condensate
of FL-cGAS reached micronscale at the same concentration. For
cGAS-K394A, cGAS-K384E, cGAS-K347E, and cGAS-K427E/K428E
containing mutations to disrupt dimer interface, site A, site B, and
site C, respectively, their critical concentrations, above which the
majority of cGAS variants participated in the condensed phase,
were ~10 nM and 5-fold higher than FL-cGAS (2 nM; Fig. 3E-G).
They also formed smaller cGAS-DNA heterocomplexes and con-
densates than FL-cGAS at low concentration (Fig. 3E). Under most
concentrations, cGAS-K187N/L195R displayed similar behaviors
as FL-cGAS. However, at the lowest concentration we tested (1 nM),
condensate formed from cGAS-K187N/L195R was larger and its
proportions of cGAS and DNA within the condensed phase were
higher than FL-cGAS. In addition, when 45 bp DNA was used,
cGAS-K187N/L195R was more prone to participate in the con-
densed phase and to form larger condensates than the FL-cGAS
(Figure S9B-D, Supplementary Material).

Then, we quantified the molecular stoichiometry with the con-
densates and the abilities of cGAS variants to recruit ATP and GTP.
The ratio of cGAS and 99 bp DNA remained around 0.5 confirmed
by both dcFCCS and imaging methods, no matter which cGAS
variants were used (Fig. 3H; Figure S9E, Supplementary Material).
However, the local concentrations of cGAS and DNA within the
condensates were highly affected by protein mutations (Fig. 3I).
Concentrations of cGAS variants in the condensed phase were
strongly correlated with their binding affinities with DNA. Partic-
ularly, the concentrations of A160-cGAS and cGAS-K427E/K428E,
which presented weak binding with DNA, were ~7-fold and ~5-
fold lower than the FL-cGAS, respectively. On the other hand, the
abilities of cGAS to recruit ATP and GTP in their apo state and
in the condensed phase were only moderately affected by the
N-terminal truncation and protein mutations we tested (Fig. 3J;
Figure S9F, Supplementary Material). There were two exceptions.
cGAS-K187N/L195R presented the highest binding affinity with
GTP (Kg ~1 uM), enhanced 4-fold compared with FL-cGAS. On the
other hand, the binding between GTP and A160-cGAS in the con-
densed phase was greatly reduced, whose K4 was beyond the de-
tection limit (> 50 uM) of our dcFCCS assay.

Lastly, cGAMP production of cGAS variants after condensa-
tion was quantified (Fig. 3K; Figure S9G, Supplementary Mate-
rial). Consistent with previous reports, cGAS-K187N/L195R pro-
duced more cGAMP than the FL-cGAS, whereas A160-cGAS
synthesized slightly less cGAMP than the FL-cGAS. The activi-
ties of the other four cGAS variants were completely abolished,
although all of them displayed higher DNA and ATP/GTP bind-
ing affinities and better condensation formation than A160-cGAS.
Our results clearly invalidated the hypothesis raised above and in-
dicated that enhanced cGAS activities are not caused by enhanced
binding affinities of ATP/GTP. Instead, the essential roles of DNA
bindingsites A, B,and C and the dimer interface in activating cGAS
are emphasized, even in the presence of phase-separated conden-
sation.

Effect of Zn?*, Mn2+*, and RNA on condensate
formation and activity of cGAS

To provide a quantitative comprehensive view to elucidate the
role of condensate formation in cGAS activation, we examined
effect of Zn?*, Mn?*, and RNA. Clearly, the presence of either
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Fig. 3. Quantifying condensates formed from cGAS variants. (A) Scheme of FL-cGAS and mutants. (B) Structure of cGAS-DNA heterocomplex. Site A
(blue), site B (magenta), site C (yellow), and dimer interface (green) were colored. The structure information was superimposed from PDB 4LEV, 4LEY,
and 6EDB. The specific sites were summarized from previous reports and shown in Table S4 (Supplementary Material) (29, 49, 51). (C) Binding affinities
of cGAS variants with 25 bp DNA. (D) Binding affinities of cGAS variants with 25 bp DNA. cGASsy: cGAS-K394A/K384E/K347E/K427E/K428E with DNA
binding sites A, B, and C and dimerization interaction site mutated; A160-cGAS4y: N-terminus truncated cGASay; A160-cGAS4-A394K: dimerization
site restored from A160-cGASsu; A160-cGAS4-E384K: site A restored from A160-cGASay; A160-cGAS4y-E347K: site B restored from A160-cGASa4y; and
A160-cGAS4-E427K/E428K: site C restored from A160-cGASy. (E) Hydrodynamic radii of cGAS-DNA condensates formed under indicated cGAS
concentrations. A length of 99 bp DNA was used to interact with FL(black), A160 (red), K187N/L195R (cyan), K394A (green), K384E (blue), K347E
(magenta), and K427E/K428E (yellow). The initial [cGAS]/[99 bp DNA] maintained constant at 1. (F) and (G) Ax/Agso (F) and A,/Asgg (G) roughly
estimating proportions of cGAS and DNA participating in condensates, respectively. (H) Stoichiometries of cGAS and 99 bp DNA within condensates
quantified by dcFCCS method (open) and TIRF imaging-based assays (solid). (I) Concentrations of cGAS (green) and 99 bp DNA (red) quantified via TIRF
imaging-based assays. (J) Binding affinities of cGAS variants with substrates GTP (green) and ATP (red) in their condensed state. A total of 100 nM
labeled GTP/ATP were used. (K) cGAMP production of cGAS variants in their condensed state. A total of 100 nM cGAS was used to form condensates
with 100 nM 99 bp DNA in (H), (I), (J), and (K). Data are presented as mean =+ SD (N = 3), with individual points plotted in bar graphs. Statistical
significance was assessed by two-tailed unpaired t test in (C). Statistical differences were represented as follows: ns not significant, * P < 0.1 and

**P <0.01.
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Zn** or Mn”* greatly enhanced the phase separation of cGAS and
DNA, which was indicated by the formation of ~100 nm conden-
sates even in the presence of 1 nM FL-cGAS (Fig. 4A-C). However,
condensate formation was moderately attenuated when double-
stranded RNA (dsRNA) was used to replace dsDNA (Fig. 4A-C;
RNA sequence in Table S3 (Supplementary Material)). The molec-
ular stoichiometries of FL-cGAS and DNA (or RNA) and the con-
centration of FL-cGAS within condensates remained almost con-
stantin the presence of Zn?*, Mn?*, and RNA, respectively (Fig. 4D
and E; Figure S10A, Supplementary Material). In the apo state,
Mn?* slightly enhanced binding affinity between FL-cGAS and
ATP, whereas the binding between FL-cGAS and GTP was still
beyond our detection limit. Consistent with our results above
(Fig. 2G), FL-cGAS in the condensed phase, in the presence of Zn’*,
Mn?*, or RNA, all displayed stronger binding affinities with GTP
and ATP than FL-cGAS in the apo state (Fig. 4F). However, con-
sistent with previous reports (26, 30, 52-54), both Zn?* and Mn?*
enhanced cGAMP production after DNA-induced condensation,
whereas condensates formed from FL-cGAS and RNA had no de-
tectable activities (Fig. 4G; Figure S10B, Supplementary Material).
Mn?* was able to activate FL-cGAS in the apo state (Fig. 4G; Fig-
ure S10B, Supplementary Material). Clearly, condensation and en-
hanced ATP/GTP recruitment are not necessary and not sufficient
to activate cGAMP production.

cGAS activation in the absence of phase
separation

Our results confirmed previous reports that DNA binding sites A,
B, and C and the dimer interface are all essential sites to acti-
vate cGAS (Fig. 3B). Mutations in these essential sites completely
abolish cGAS activities while only mildly attenuate condensation,
whereas the N-terminal truncated cGAS exhibits greatly reduced
condensation with mildly affected activity (Fig. 3). Our quantita-
tive comparison strongly supports that the activation of cGAS is
directly mediated by interactions at these essential sites, not di-
rectly caused by phase-separation-induced condensation.

Our measurements showed that binding affinities between
DNA and these three essential DNA binding sites were weak with
K4 ~2 pM (Fig. 3D). In addition, the apparent binding affinity be-
tween FL-cGAS monomers to form cGAS dimer was ~2 uM in
the absence of DNA and decreased to ~400 nM when 5 puM of
15 bp DNA was added (Fig. 5A). However, the physiological con-
centration of cGAS in cell (~10 nM (30)) is 1 to 2 orders of mag-
nitude lower than binding affinities of these essential sites, sug-
gesting that, in the absence of phase separation, most of these
sites would be unbound so that the majority of cGAS remained
in its inactive apo state. We hypothesized that the function of
cGAS-DNA phase separation is to provide enriched cGAS and
DNA local concentrations (>10 uM, Fig. 2E) within the condensed
phase, which are significantly higher than binding affinities of
these essential sites. Therefore, within the condensates, DNA
binding sites A, B, and C and the dimer interface are mostly bound
with their partners, inducing the activation of cGAS and cGAMP
production.

Our hypothesized model provided the fundamental molecular
mechanism of cGAS activation and a rational explanation why
condensate formation is necessary but not sufficient to activate
cGAS in the absence of Mn?*t. To validate our model, we further
engineered cGAS to activate it in the absence of phase separa-
tion. Within all three conditions we tested, 100 uM 15 bp DNA
and 100 nM FL-cGAS or glutathione transferase (GST) tag-fused
CcGAS (GST-cGAS) were used (Fig. 5B and C). The concentration

of 15 bp DNA was 50-times higher than binding affinities to fully
occupy DNA binding sites A, B, and C. However, the concentra-
tion of FL-cGAS was significantly lower than the binding affinity
between FL-cGAS monomers, resulting in low level of dimeriza-
tion and almost no cGAMP production. When crowding reagent
(20% polyethylene glycol-8000, PEG8000) was added to facilitate
formation of 50 nm radius cGAS-DNA heterocomplexes, dimer-
ization of cGAS is likely to be promoted due to high local concen-
tration within the heterocomplexes, leading to a significant boost
in cGAMP production. To further minimize the size of heterocom-
plexes of cGAS-DNA while inducing dimerization of cGAS, a GST
tag was fused to the N terminal of cGAS. The GST tag is known to
form dimer at 1 nM or lower (55). The size-exclusion chromatog-
raphy and fluorescence correlation spectroscopy (FCS) measure-
ments confirmed the dimerization of GST-cGAS (Figure S11A and
B, Supplementary Material), which would facilitate interactions
between two cGAS monomers via their authentic dimer interface.
Consistent with our expectation, GST-cGAS only formed 10 nm
radius heterocomplexes in the presence of 100 uM 15 bp DNA
while exhibiting high activity (Fig. 5B and C). We further decreased
concentration of GST-cGAS to 10 nM to reduce the probability
to form GST-cGAS tetramer and heterocomplexes. Using buffer
containing 100 mM or 150 mM NacCl, 10 nM GST-cGAS with 15 bp
DNA with reduced radii displayed similar activity as FL-cGAS with
99 bp DNA (Figure S11C and D, Supplementary Material). Under
these conditions, conventional fluorescence microscopy could not
capture any sign of phase separation (Figure S11E, Supplemen-
tary Material). Together, we not only activate cGAS using 15 bp
short DNA in the absence of phase separation, but also validate
our mechanistic model in which the activation of cGAS is medi-
ated by binding of cGAS sites A, B, and C and the dimer interface
with their correct partners (Fig. SD-H).

Discussion

As the key element of the cGAS-STING pathway and an innate
immune system response to protect cells from viral or micro-
bial infection or self-DNA (13, 20), cGAS functions as an initial
DNA sensor to synthesize the second messenger cGAMP, which
activates STING and further induces the production of interferon
(1, 8-10). Dysregulation or loss of function of cGAS are known to
associate with inflammatory, autoimmune disease, or tumorige-
nesis (56-58). Due to the essential role of cGAS in the immune
system, many structural, biochemical, and cellular studies have
been conducted to shed lights on its molecular mechanisms. Bind-
ing of DNA with cGAS induces its catalytic pocket to undergo
a structural rearrangement to permit cGAMP synthesis (26, 27).
In addition, DNA and cGAS can form oligomers and micronscale
condensates through LLPS, which promotes activation of cGAS
and mounts a robust immune defense (26, 29, 30). Several core-
ceptors were demonstrated to promote the cGAS-mediated in-
nate immune response via dramatically enhancing oligomeriza-
tion and condensation of cGAS-DNA (59-61). On the other hand,
several viral proteins were reported to inhibit formation of cGAS-
DNA condensates and to suppress the antiviral innate immune
response (31, 62, 63). Together, these studies conclude that DNA
binding induces conformational change and phase-separation-
induced condensation of cGAS in vivo to activate and to promote
cGAMP production, respectively.

Despite all these researches, the molecular mechanisms of con-
densation to enhance cGAMP production of cGAS remain un-
known. A recent study revealed that, although diverse vertebrate
cGAS homologs can all form condensates with DNA under certain
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conditions, their cGAMP production has no direct relation-
ship with condensate formation (41). Thus, they constructed a
chimeric cGAS from human cGAS and mouse cGAS with a dra-
matic reduction in condensate formation while retaining activity
to synthesize cGAMP. In addition, dsRNA is able to induce phase

separation of cGAS without enzymatic activity. Together, these
phenomena suggest that phase separation of cGAS is unlikely to
directly contribute to cGAMP production. Here, with the highly
sensitive dcFCCS method, we captured nanoscale cGAS-DNA con-
densates and quantified their molecular composition and binding
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affinities, shedding light on molecular mechanisms of cGAS acti-
vation and the roles of phase separation in promoting activation.

Our study revealed that the critical cGAS concentration to form
nanoscale condensates is ~2 nM, which is an order of magni-
tude lower than the critical concentration (30 to 50 nM) to form
micron-scale condensates identified by conventional fluorescence
microscopy in previous studies (Fig. 1C and E; Figure S1E and F,
Supplementary Material), suggesting that cGAS expressed at the
endogenous level (~10 nM) is sufficient to form condensates upon
sensing DNA to activate cGAMP production (Figure S8B-E, Supple-
mentary Material) and the downstream signal pathway. Unlike the
engineered yeast SmF variants examined in our previous report
showing linear growth of their condensates over time (42), 2 nM
of FL-cGAS leads to accelerated increase of condensate radii indi-
cating that cGAS and DNA induce fast LLPS (Figure S2D, Supple-
mentary Material). When FL-cGAS concentration is 5 nM or higher,
the major growth phase of phase-separated cGAS-DNA conden-
sates completes within 2 min, suggesting that the response of the
endogenous cGAS after sensing DNA is fast and occurs within sev-
eral minutes (Figure S2E, Supplementary Material).

In structures of DNA-cGAS (27, 49, 64), each cGAS molecule in-
teracts with three DNA molecules via sites A, B, and C, respec-
tively, while forming a dimer with a nearby cGAS molecule. These
interactions cooperatively promote LLPS, which is the previous
proposed model to activate cGAS. Our results confirmed previ-
ous reports that interactions between DNA and cGAS at these
DNA binding sites and the dimerization of cGAS are all neces-
sary to activate cGAS (Fig. 3B and K). In addition, we further re-
vealed that these interactions are sufficient and the fundamen-
tal molecular basis to fully activate cGAS, even in the absence of
LLPS (Fig. 5). Hooy and Sohn established a model that dimeriza-
tion of cGAS is essential for DNA-mediated activation, allosteri-
cally regulated by DNA in a length-dependent manner (44). Built
on their model, we proposed that having cGAS dimerization and
all these DNA binding sites occupied is sufficient and necessary to
activate cGAS (Fig. 5D). Therefore, mutating any one of these in-
dispensable sites would only mildly affect phase separation while
completely abolishing cGAS activity. The binding affinities of these
sites with their partners are relative weak (~2 uM, Figs 3D and 5A).
When phase separation is not induced in the presence of short
DNA, physiological concentrations of cGAS and DNA in the di-
luted phase are far below binding affinities of these sites, which
leads to vacancy of these essential sites resulting almost no activ-
ity of cGAS (Fig. SE). Even with high concentration of short DNA
to fully occupy cGAS sites A, B, and C in the diluted phase, cGAS
under close to physiological concentration cannot form dimers,
whose binding constant is ~0.4 uM, resulting in almost no ac-
tivity (Fig. 5F). On the other hand, in the presence of long DNA,
the phase-separation-induced cGAS-DNA condensates provide an
excellent buffering zone to enrich cGAS to ~16 uM (Fig. 2E), re-
gardless of the DNA length, the initial concentrations of cGAS
and DNA and their relative ratios, which are higher than bind-
ing affinities of these sites. Thus, these essential sites are mostly
bound in the condensed phase, leading to enhanced cGAS activity
(Fig. SH).

Guided by our proposed model, we are able to activate cGAS
in the absence of phase separation. GST tag, which is known to
form dimer by itself, is fused onto the N-terminal of cGAS to facil-
itate interactions between two cGAS molecules via their authentic
dimerization site. In addition, 100 uM of 15 bp short DNA, whose
concentration is significantly higher than binding affinities of sites
A, B, and C with DNA, is used to fully occupy these sites (Fig. 5G).
Consistent with our design, GST-cGAS only forms 10-nm-radius

heterocomplexes with DNA and displays no signal of LLPS while
maintaining high cGAMP production activity (Fig. 5B and C; Fig-
ure S11E, Supplementary Material). Thus, our proposed model is
further validated.

In our proposed model, the fundamental molecular basis to
activate cGAS is to have its DNA binding sites A, B, and C and
dimer interface bound, whereas phase separation mediated by
DNA serves as an important auxiliary factor to increase local
concentrations and to facilitate binding among cGAS and DNA
molecules. Our model reconciles several experimental phenom-
ena, in which the phase separation does not correlate with activ-
ity. Although phase separation and enrichment of cGAS and DNA
are greatly reduced for A160-cGAS, A160-cGAS and DNA concen-
trations in the condensed phase are only decreased to ~2 puM
and ~5 uM, respectively (Fig. 31), which are still above the binding
affinities of these key sites. Therefore, even in the absence of the
N-terminus, these essential sites still mostly remain bound, lead-
ing to an activity close to FL-cGAS (Fig. 3K). dsRNA, an incorrect
binding partner with DNA binding sites, can induce phase sepa-
ration but cannot activate cGAS by itself (Fig. 4) (30). However, the
cGAS-RNA condensates provide highly concentrated cGAS to fa-
cilitate binding between cGAS and DNA and dimerization of cGAS,
which would enhance cGAS activity in the presence of low con-
centration of DNA as previously reported (65).

We also revealed that binding affinities of cGAS with its sub-
strates, ATP and GTP, in the condensed phase are enhanced by
~3- and > 10-fold, respectively (Fig. 2G), which is likely caused
by the reduced excluded volume in the condensed phase to en-
hance association of molecules (33, 66, 67). Because the concen-
trations of ATP and GTP in cells are ~1 mM (68), which are signifi-
cantly higher than their binding affinities with cGAS and sufficient
to provide saturated binding. As a result, the enhanced substrate
binding does not correlate with cGAS activity (Figs 3] and K, and 4F
and G).

Besides DNA, Mn?* alone is able to activate cGAS in the ab-
sence of DNA and LLPS. Mn?*-activated cGAS adopts a similar
conformation as the DNA-activated one (52, 54). Unlike DNA-
induced cGAS activation, our results revealed that truncation of
N-terminus and mutations in site B, site C and dimer interface
do not abolish Mn?*-induced activation (Figure S10C, Supplemen-
tary Material), which emphasizes their mechanistic difference.
K384E mutation, located in the site A, completely abolished Mn?*-
induced activation, suggesting this site might directly involve in
structural rearrangement or enzymatic process of the catalytic
center (Figure S10C, Supplementary Material).

Controversy has been raised in the literatures regarding how
to differentiate aggregates of molecules and phase-separation-
induced condensates (69-71). The interactions of cGAS and DNA
are mainly driven by electrostatic forces among protein domains
and DNA helixes, which are visualized in published structures (29,
49, 51). Based on our measurements, the concentration of cGAS
with micronscale condensates is ~16 uM (Fig. 2E), indicating the
cGAS-DNA condensates are not densely packed. In addition, cGAS
exhibits similar activity, quantified as cGAMP production per cGAS
molecule, in nanoscale and micronscale condensates (Figure S8C,
Supplementary Material). Thus, we speculated that, when above
the critical concentration, formation of cGAS-DNA condensates,
regardless of their sizes, is driven by LLPS. When below the critical
concentration, the majority of cGAS and DNA molecules remain
in the diluted phase without interacting with each other, whereas
a minor proportion of them form small cGAS-DNA heterocom-
plexes (< 60 nm). Quantifying local concentration within the con-
densed phase and size-dependent activity might provide hints to
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differentiate aggregates and phase-separation-induced conden-
sates.

LLPS has been proposed to utilize several mechanisms to func-
tion in cells, including concentrating or excluding molecules of in-
terest, buffering, enhancing interaction between molecules, and
accelerating reactions (33). Although LLPS is not the direct fac-
tor to activate cGAS, it provides concentrated cGAS and DNA
to enhance binding between them at four essential activation
sites. Thus, LLPS is essential to activate cGAS in vivo. More im-
portantly, the enrichment of the four-sites-bound state and the
enhancement of activity of cGAS can be up to the fourth power of
the enrichment in concentrations until the four-sites-bound state
becomes dominant, which is the fundamental mechanism to ex-
plain how phase separation promotes cGAS activity in a none-
to-all fashion. Similar mechanisms might be generally used by
LLPS to construct on/off switches to achieve switchlike responses
in regulating downstream process, such as in transcription reg-
ulation (72). Together, our studies not only shed lights on the
molecular mechanism of phase-separation-mediated cGAS acti-
vation, but also provide guidance and quantitative tools to eluci-
date mechanisms of LLPS of other biomolecules.

Materials and Methods
Phase separation detected by dcFCCS

According to our previous procedure (42), dcFCCS measurements
were performed on a home-built confocal microscope, based on
a Zeiss AXIO Observer D1 fluorescence microscope with an oil-
immersion objective (100x, NA = 1.4), solid-state 488 and 640 nm
excitation lasers (Coherent Inc. OBIS Smart Lasers) and avalanche
photodiode (APD) detectors (Excelitas, SPCM-AQRH-14). Fluores-
cence excited passed through a 50-pum diameter pinhole and was
split by a T635lpxr dichroic mirror (Chroma). Fluorescence was
further filtered by bandpass filters ET525/50 m for AF488 detec-
tion channel (Chroma) and ET700/75 m for Cy5 detection channel
(Chroma), and detected by APDs. It took 2 min to mix the sam-
ples well, load them onto slides, turn on the lasers and detectors,
and initiate data collection. Raw data of photon arriving time was
recorded for another 5 min. At least three repeats were performed
for each experiment.

In most conditions, dcFCCS experiments were performed with
488 and 640 nm lasers at 25°C in 20 mM Tris-HCl pH 7.5, 100 mM
NaCl, 5 mM MgCl,. To examine the effects of Mn?* and Zn?* on
phase separation, 5 mM MnCl, or 200 uM ZnCl, were added in
20 mM Tris-HCl pH 7.5, 100 mM NacCl, separately. The specific
types and concentrations of protein and DNA are indicated in
each figure legend and the corresponding schematics.

Analysis of dcFCCS data

Autocorrelation and cross-correlation curves were calculated us-
ing collected raw photon arriving time by a home-made MATLAB
script. Autocorrelation curves of AF488 and Cy5 detection chan-
nels were fitted using Eq. 1.

1 1

(1+%) [+ = )<1+1TT'Q¥“)’ =

a’tp

G(r)= A

in which A is the amplitude of the autocorrelation curve, tp is the
diffusion time of the labeled molecules, T is the triplet-state frac-
tion, 7y is the relaxation time of the triplet state, and a is the ratio
of the vertical radius of the laser over its horizontal radius. Herein,

Aygg and Agao were calculated as the amplitudes of the autocorre-
lation curves of AF488 and Cy5 detection channels, respectively.
The cross-correlation curves were fitted using Eq. 2.

1 1
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in which Ay is the amplitude of the cross-correlation curve, tpy is
the diffusion time of the dual-labeled molecules.

When there are multicomponents in the solution, the ampli-
tudes of the autocorrelation curves (Asgg and Ags) and cross-
correlation curves (Ay) can be expressed as

Gx (T) = Ax (2)
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where n4gg i and neqo, ; are the brightness of the species i in the
AF488 and Cy5 detection channels, respectively. ¢; is the concen-
tration of the species i. N, is the Avogadro constant. Vagg, Veao, and
Vx represent the effective detection volumes of the AF488, Cy5,
and cross-correlation detection channels, respectively.

When interactions of AF488-labeled molecules and Cy5-
labeled molecules do not lead to formation of condensates or
oligomerization, the brightness (nsgg i and ne40, ;) can be ignored
in Egs. 3-5. Then, the fraction of AF488-labeled molecules form-
ing dual-labeled molecules can be calculated by

N A
Nags  Agy0 x (V640/VX) ’

and the fraction of Cy5-labeled molecules forming dual-labeled

molecules can be calculated by
Ny — # . (7)
Newo  Aygg x (V488/VX)

)

According to previous procedure, correction factor V488,(/X and

v640;(/X of our instrument were determined to be 0.6 and 0.66, re-
spectively, which were based on a dual-labeled dsDNA contain-
ing both AF488 and CyS5 (73, 74). However, nanoscale condensates
should contain species of different size and brightness, whose size
might follow a narrow distribution (42). Thus, under these condi-
tions, the corrected Ayx/Agso and Ax/Asgs should only be used as
semiquantitative values to provide a rough estimation of propor-
tions of AF488-cGAS and Cy5-DNA participating in condensates,
respectively.

Fluorophore AF488, whose diffusion time and radius were
0.09 ms and 0.58 nm, respectively, was used as a standard sample
to calibrate the instrument and to calculate hydrodynamic radii
of condensates via Stokes-Einstein equation (75).

Quantifying binding affinities of DNA with cGAS
via dcFCCS

To quantify binding affinities between DNA and cGAS, dcFCCS
experiments were performed with AF488-labeled cGAS and Cy5-
labeled DNA in 20 mM Tris-HCl pH 7.5, 100 mM NacCl, and 5 mM
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MgCl, at 25°C. For 15 and 20 bp DNAs, 50 nM cGAS and 100 nM
DNA were used. For 25 bp DNA, 10 nM cGAS and 20 nM DNA were
used. Fractions of Cy5-labeled DNA forming dual-labeled cGAS-
DNA complex were calculated by Eq. 7, with which binding con-
stant of cGAS and DNA can be calculated. Other cGAS variants
with 25 bp DNA followed the same procedure. Raw data of photon
arriving time and FCS curves were recorded for 5 min right after
mixing samples. At least three repeats of dcFCCS measurements
were performed for each condition.

Burst analysis and estimation of stoichiometry
Briefly, raw data of photon were binned into 1-ms bins to gener-
ate fluorescence trajectories. Only bursts exceeding the thresh-
old, defined as three SDs above the mean, were selected to calcu-
late intensity ratio of AF488 and Cy5 detection channel (Iapass/Icys)
by a home-made MATLAB script. The individual brightness of la-
beled molecules was estimated by the product of fluorescence
intensity and amplitude of autocorrelation curve in the corre-
sponding detection channels. After calibration, the stoichiometry
was calculated from Iarsgs/Icys using the molecular brightness of
Alexa Fluor 488 and Cy5 (nass and neso), and correcting FRET be-
tween AF488 and Cy5 within condensates. The FRET efficiencies
were quantified by fluorescence lifetime of AF488, measured by
a commercial FV1200 confocal fluorescence lifetime microscope
(Figure S4B-D, Supplementary Material).

See Supplementary Material Appendix for further details of
sample preparation, spinning disk confocal microscopy, quanti-
fying binding affinity of cGAS dimer, and binding affinities of ATP
and GTP with cGAS, TIRF microscopy, and cGAS activity assay.
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