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Abstract 25 

Cyclic GMP-AMP synthase (cGAS) is a double-stranded DNA (dsDNA) 26 

sensor that functions in the innate immune system. Upon binding dsDNA in the 27 

cytoplasm, cGAS and dsDNA form phase-separated aggregates in which cGAS 28 

catalyzes synthesis of 2’3’-cyclic GMP-AMP that subsequently triggers a 29 

STING-dependent, type I IFN response. Here, we showed that cytoplasmic RNAs, 30 

especially tRNAs, regulate cGAS activity. We discovered that RNAs did not activate 31 

cGAS but rather promoted phase separation in vitro. In cells, cGAS colocalized with 32 

RNAs and formed phase-separated granules even in the absence of cytoplasmic 33 

dsDNA. An Opti-prep gradient analysis of cell lysates showed that the endogenous 34 

cGAS was associated with cytoplasmic RNAs in an aggregative form. Further in vitro 35 

assays showed that RNAs compete for binding of cGAS with dsDNA and inhibit 36 

cGAS activity when the dsDNA concentration is high and promote the formation of 37 

phase separations and enhance cGAS activity when the dsDNA concentration is low. 38 

Thus, cytoplasmic RNAs regulate cGAS activity by interfering with formation of 39 

cGAS-containing aggregates. 40 

41 
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Introduction 42 

Recognition of pathogen-derived nucleic acids by protein sensors allows the 43 

innate immune system to sense infection and initiate host defense mechanisms (1-3). 44 

The cyclic GMP-AMP synthase (cGAS) is the primary cytosolic double-stranded 45 

DNA (dsDNA) sensor in mammalian cells (4-7). Upon binding to dsDNA, cGAS 46 

undergoes conformational changes that activate its ability to catalyze synthesis of a 47 

noncanonical 2’3’ cyclic-GMP-AMP dinucleotide (2’3’-cGAMP) that triggers type I 48 

interferon production through the endoplasmic reticulum membrane protein STING 49 

(also known as TMEM173, MPYS, MITA, and ERIS) (8-13). cGAS binds dsDNA in 50 

a sequence-independent manner (14-20). Abnormal activity of cGAS can lead to 51 

disease such as Aicardi-Goutières syndrome (21). cGAS activity is regulated by 52 

degradation or modification of the enzyme through ubiquitination, SUMOylation, 53 

phosphorylation, or glutamylation (22-25). A recent report suggests that cGAS 54 

activity is also regulated  by the formation of phase-separated aggregates upon 55 

dsDNA engagement, which confine the activated cGAS to a particular location (26). 56 

Previous studies indicated that a variety of parameters, including the concentration 57 

and length of the dsDNA, influence sensitivity of cGAS-mediated detection of 58 

cytosolic DNA (27, 28). However, cellular cGAS activity is not well explained by 59 

current structural and biophysical models (26, 28).   60 

Here we showed that cGAS activity is regulated through RNA-mediated phase 61 

separation. We found that cGAS forms phase-separated granules with RNAs as well 62 

as dsDNA. Aggregation with cytoplasmic RNAs, especially tRNAs, promotes enzyme 63 
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activity of cGAS at low concentrations of dsDNA but inhibits cGAS enzyme activity 64 

when high concentrations of dsDNA are present. Thus, RNA plays a novel and 65 

important role in regulating cGAS activity. 66 

 67 

DNA- and RNA-induced phase separation of cGAS 68 

 We observed the formation of phase-separated granules soon after mixing the 69 

recombinant full-length human cGAS (FL-hcGAS) with a 45-bp double stranded 70 

interferon stimulatory DNA (ISD) (Figure S1A). Our results are consistent with the 71 

recently published work (26). In addition to dsDNA, previous studies showed that 72 

cGAS can bind RNAs, single-stranded DNAs (ssDNAs), and RNA-DNA hybrids 73 

(29-31). We also observed that the ssDNA without complementary regions can induce 74 

the formation of phase-separated granules when incubated with FL-hcGAS (Figure 75 

S1B). However, activation of FL-hcGAS was not observed when the ssDNAs had no 76 

complementary regions (Figure S1C). Short dsDNAs with one or more ssDNA arms 77 

induced strong phase separations of FL-hcGAS and activated the enzyme (Figure S2).  78 

We next performed similar assays using total RNA extracted from HeLa cells. 79 

tRNAs are abundant in cytoplasm with an estimated concentration of approximately 80 

1.2-1.8 mg/mL in mammalian cells and up to 20 mg/mL in yeast cells (32-34). 81 

Phase-separated granules were observed when FL-hcGAS was mixed with yeast 82 

tRNA and total RNA from HeLa cells over a wide RNA concentration range, although 83 

activation of FL-hcGAS was not detected (Figure 1). Phase separation of FL-hcGAS 84 

was observed after DNase treatment of the RNA preparation and in presence of a 85 
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large amount of BSA (Figure S3); the later mimics the crowded environment in the 86 

cytoplasm. The binding of RNAs to FL-hcGAS was estimated using an 87 

electrophoretic mobility shift assay, and the results showed that RNA bound cGAS 88 

with a similar affinity as that of dsDNA (Figure S4), which is consistent with previous 89 

studies (29). 90 

 91 

RNA induces phase-separation of cGAS in cells 92 

The concentration of RNAs, including tRNA and mRNA, in cytoplasm is 93 

much higher than is the concentration of DNA, probably even under abnormal 94 

conditions such as when cells are infected by viruses (35, 36). To test the hypothesis 95 

that cGAS forms phase-separated granules with RNA in the absence of DNA, we 96 

over-expressed hcGAS as a C-terminal fusion with the fluorescent tag YFP in the 97 

HEK293T cells. The YFP-hcGAS gene was controlled under a doxycycline-inducible 98 

promoter and was integrated in the cell genome. Confocal microscopy revealed that a 99 

portion of the cells with the YFP signals had phase-separated granules in the 100 

cytoplasm (Figure 2A). Staining of the cells with Hoechst 33342 and pyronin Y, 101 

which as previously described stain DNA and RNA, respectively (37), showed that 102 

the YFP-hcGAS colocalized with cytoplasmic RNAs, especially in the granules of 103 

YFP-hcGAS (Figure 2A). In vitro assays showed that dsDNAs and RNAs in the 104 

cGAS-containing aggregates are differentially stained by using the combination of the 105 

two dyes (Figure S5).  106 

The interactions between cGAS and RNAs in a cytoplasmic extract of Hela 107 
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cells were analyzed using an Opti-prep gradient (Figure 2B). There were five major 108 

bands in the gradient after centrifugation (Figure 2C). hcGAS was detected in 109 

fractions from each of these bands by western blot with a cGAS-specific antibody. 110 

The endogenous cGAS proteins was located mainly in band 5. Band 5 was sensitive 111 

to RNase but not DNase (Figure 2C & 2D). Sequencing of the RNA in band 5 showed 112 

high numbers of reads for rRNAs and tRNAs (Figure S6), consistent with the 113 

abundance of different RNAs in cells (33). In the control gradient loaded with purified 114 

FL-hcGAS, the FL-hcGAS signals were detected by western blot mainly in fractions 115 

1 and 2, near the top of the gradient (Figure 2C & 2D). These results indicate that 116 

endogenous hcGAS associates with RNAs in cells prior to sensing cytoplasmic 117 

dsDNAs, which are usually not present in the cytoplasm.  118 

 119 

dsDNA replaces RNA in preformed phase-separated granules  120 

It was previously shown that molecules in the phase-separated granules are in 121 

dynamic equilibration with the molecules in solution (38). We observed that when 122 

Cy5-labeled ISD (Cy5-ISD) was transfected into HEK293T cells, the Cy5-ISD was 123 

eventually incorporated into the preformed granules of hcGAS-YFP (Figure 2E). As 124 

the electrophoretic mobility shift assays showed that the binding affinity of RNAs for 125 

hcGAS was comparable to that of dsDNA, in these cells where phase-separated 126 

granules exist prior to transfection, the transfected Cy5-ISD may replace RNA 127 

molecules in the granules.  128 

To verify this, we performed in vitro assays with the 129 
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fluorescein-5-thiosemicarbazide-labeled tRNA (FTSC-tRNA). Different amounts of 130 

ISD were added to solutions containing the preformed FTSC-tRNA-cGAS granules, 131 

and then the granules were separated from the solution by centrifugation and the 132 

signal due to FTSC-tRNA was measured in the supernatants (Figure 3A). As the 133 

concentration of the dsDNA was increased, the FTSC-tRNA signal increased in the 134 

supernatant until a plateau was reached (Figure 3B). This is indicative of a gradual 135 

substitution of the tRNAs by the dsDNAs until a dynamic equilibration was reached. 136 

Similarly, when granules were preformed from ISD and hcGAS, we observed a 137 

concentration dependent substitution of the dsDNAs by tRNAs (Figure 3C). Analyses 138 

by confocal microscopy also demonstrated that the nucleic acid component of the 139 

granules is in dynamic equilibrium (Figure 4).  140 

Long dsDNAs such as ISD, 380-bp dsDNA and herring testis DNA displaced 141 

the tRNA in the phase-separated granules even at a low concentration of 0.025 mg/mL 142 

(Figure 3B & Figure 4). In contrast, 14-bp and 20-bp dsDNAs, which bound to cGAS 143 

but did not induce the formation of aggregates (Figure S7), did not displace the tRNA 144 

(Figure 3B). A Y-form DNA, which is a 14-bp duplex with unpaired GGG at the 145 

termini, a structure previously shown to activate cGAS (39), induced the formation of 146 

the phase separations and also displaced tRNA from granules (Figure S7 and Figure 147 

3B).  148 

 149 

tRNA-induced phase separation regulates cGAS activity 150 

 Since hcGAS is not activated by binding to RNA, we reasoned that the 151 
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competitive binding of RNAs to hcGAS should have a negative impact on the 152 

dsDNA-dependent activation of the enzyme. We measured the hcGAS activity with or 153 

without tRNA and showed that cGAS activity was significantly inhibited by tRNA 154 

when DNA concentration exceeded 0.05 mg/mL (Figure 5A). tRNA had little or no 155 

effect on cGAS activity when the DNA concentration was less than 0.01 mg/mL, 156 

however (Figure 5A). At a high dsDNA concentration (0.0544 mg/mL), tRNA 157 

inhibited production of 2’3’-cGAMP catalyzed by hcGAS (Figure 5B), whereas at a 158 

low dsDNA concentration (0.0068 mg/mL) enzyme activity was stimulated (Figure 159 

5C). Robust phase separation was observed at high DNA concentration (Figure 5D) 160 

but not at low DNA concentration (Figure 5E). The phase separation-related turbidity 161 

of the solution did not change significantly as a function of tRNA concentration with a 162 

high concentration of dsDNA (Figure 5F). However, the fluorescent signal due to 163 

FAM-labeled dsDNA was reduced within the granules upon addition of higher 164 

concentrations of tRNA (Figure 5D & 5H). The phase separation related turbidity of 165 

the solution increased significantly as a function of tRNA concentration when the 166 

tRNA was added with a low concentration of dsDNA (Figure 5G). The fluorescent 167 

signal in the phase-separated granules remains constant. Thus, tRNA promotes the 168 

formation of phase separation when the dsDNA concentration is not high to induce 169 

aggregation (Figure 5E & 5I). This tRNA mediated formation of phase separation 170 

promotes the activation of cGAS with even only a few dsDNA molecules (Figure 5C).  171 

 172 

Discussion  173 
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By combining biochemical and cellular assays, we have unequivocally 174 

established that cGAS forms phase-separated granules with RNAs in cytoplasm of 175 

human cells and that these RNA-containing granules regulate the sensitivity of cGAS 176 

activity to cytosolic dsDNA. At a low dsDNA concentration that is not enough to 177 

induce the formation of phase separation, cytoplasmic RNAs, especially tRNAs, form 178 

aggregates with cGAS that provide platforms for dsDNA-mediated cGAS activation. 179 

When the cytoplasmic concentration of dsDNA is high enough to induce phase 180 

separation and activate cGAS, tRNAs compete with dsDNA to bind cGAS and inhibit 181 

cGAS activity, presumably to limit of over activation of the enzyme. Given the high 182 

concentration of the RNAs in cytoplasm, the RNAs are likely the dominant regulators 183 

of cGAS activity. Our observation offers a reasonable mechanism by which cGAS 184 

sensitively detects cytosolic dsDNA but is modulated to ensure an appropriate 185 

immune response to cytosolic dsDNA. Our finding that short dsDNAs, such as 14- 186 

and 20-bp duplexes do not efficiently displace RNAs from phase-separated granules 187 

provides an explanation of why short dsDNAs do not activate cGAS in cells, although 188 

they can active cGAS in vitro (39, 40). The abundances of tRNAs and mRNAs are 189 

altered under stress conditions (41), suggesting that RNAs could have complex 190 

functions in regulation of cGAS-mediated innate immune responses.  191 

 192 

Materials and methods 193 

Protein expression and purification 194 

 The coding sequence of hcGAS was optimized for E. coli expression using 195 
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the GeneOptimizer algorithm (Thermo). The synthetic gene (Qinglan) was cloned into 196 

a modified pETDuet at a site designed to fuse a 10x His tag and a sumo tag at the 197 

N-terminus of the protein. The pETDuet-hcGAS plasmid was transformed into E. coli 198 

BL21 Star (DE3) competent cells. The transformed cells were cultured in six 800-mL 199 

aliquots of LB at 37 ℃ until the absorbance at 600 nm reached ~ 0.6. The cells and 200 

medium were cooled to 16 ℃, and 1 mM IPTG was added to induce protein 201 

expression. The cells were harvested 16 h after the induction and were resuspended in 202 

100 mL PBS buffer at pH 7.0 with 300 mM NaCl. The resuspended cells were 203 

homogenized and the cell lysate was centrifugated at 20,000 g for 15 min. The 204 

supernatant was applied to 4-mL Talon Metal Affinity Resin (Clontech, cat# 635503). 205 

After washing with 30 mL wash buffer containing 20 mM HEPES at pH 7.5, 150 mM 206 

NaCl, and 10 mM imidazole, the resin was resuspended in 11 mL of buffer containing 207 

20 mM HEPES, pH 7.5, 150 mM NaCl, and 0.1 mg/mL ULP1 and incubated at 4 ℃ 208 

for 12 h to remove the sumo tag. The hcGAS released from the resin was purified 209 

over a heparin column (GE Healthcare) to remove any dsDNA contamination and was 210 

further purified over a Superdex 75 size-exclusion column (GE Healthcare) using a 211 

running buffer containing 20 mM HEPES, pH 7.5, and 150 mM NaCl. 212 

 213 

Fluorescence labeling of the tRNA, dsDNA, ssDNA, cGAS  214 

Yeast tRNAs (Solarbio, cat# T8630) were labeled with FTSC as described by 215 

Qiu et al. (42). In brief, a solution containing 20 µL tRNA (10 mg/mL) was mixed 216 

with 200 µL of 0.25 M sodium acetate. The mixture was diluted with ddH2O to a final 217 
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volume of 700 µL, and 50 µL of 1 mM NaIO4 was added to oxidize the tRNAs. After 218 

incubation for 90 min in the dark at room temperature, the oxidization reaction was 219 

stopped by adding 40 µL of 2.5 mM Na2SO3 to the solution followed by incubation 220 

for 15 min at room temperature. Labeling of the tRNAs was performed by adding 60 221 

µL of 2.5 mM FTSC in DMF, and the solution was incubated for 3 h in the dark at 222 

room temperature. Excess FTSC was removed using a 10-kDa cutoff Ultra 223 

Centrifugal Filter (Millipore) using 20 mM HEPES, pH 7.5, and 150 mM NaCl as the 224 

buffer.  225 

ISD and the 55-bp dsDNA were labeled by primer extension with the forward 226 

primer conjugated to FAM or Cy5 on the 5’ terminus (Sangon). The ISD sequence is 227 

5’-TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3’. The 55-bp 228 

dsDNA sequence is 229 

5’-TCGATACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACAAT230 

CACT-3’. The 380-bp dsDNA was amplified from the SARS-CoV genome using a 231 

forward primer with a 5’ TAMRA label (Sangon). The primer sequences are forward 232 

5’-TAATACGACTCACTATAGGGATGTCTGATAATGG-3’ and reverse 5’- 233 

AGCTTCTGGGCCAGTTCCTAG-3’. 234 

The cGAS protein was labeled with FITC (Thermo, cat# 46424). The protein 235 

in 20 mM HEPES, pH 7.5, and 150 mM NaCl at a concentration of 1-5 mg/mL and 236 

FITC were mixed at a molar ratio of 1:1 to 1:1.5. After incubation for 5 min in the 237 

dark at room temperature, 2 mM Tris-HCl, pH 8.0 was added to the solution to stop 238 

the reaction. Protein aggregates were removed by centrifugation at 20,000 g for 5 min, 239 
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and excess FITC was removed using a 30-kDa cutoff Ultra Centrifugal Filter 240 

(Millipore) with the 20 mM HEPES, pH 7.5, and 150 mM NaCl as buffer. 241 

 242 

Observation of phase-separated aggregates 243 

For the phase separations induced by the total RNA from HeLa cells or yeast 244 

tRNA, RNAs and FITC-labeled cGAS were mixed at the indicated concentrations and 245 

were transferred into a 384-well plate. The samples were prepared in 20 mM HEPES 246 

at pH 7.5 and 150 mM NaCl. Total RNA was extracted from HeLa cells with an RNA 247 

purification kit (Thermo, cat# K0731). Phase separations of the RNAs and 248 

FITC-labeled cGAS were observed by using laser scanning confocal microscopy with 249 

excitation set at 488 nm and emission filter set at 499-641 nm. 250 

For substitution of FTSC-tRNA in cGAS-associated phase-separated granules 251 

by dsDNAs, FTSC-tRNA and cGAS were mixed first and then dsDNAs (Cy5-ISD or 252 

TAMRA-380 bp dsDNA) were added at the indicated concentrations. The samples 253 

were prepared in 20 mM HEPES at pH 7.5 and 150 mM NaCl. The samples were 254 

transferred into a 384-well plate. Observation was achieved by using laser scanning 255 

confocal microscopy. Excitation wavelengths and emission filters were set as follows: 256 

FTSC excitation: 488 nm; FTSC emission filter: 491-535 nm; Cy5 excitation: 633 nm; 257 

Cy5 emission filter: 638-759 nm; TAMRA excitation: 543 nm; TAMRA emission 258 

filter: 558-682 nm. 259 

To observe the influence of tRNA on the phase separation of cGAS and 260 

dsDNA, FAM labeled 55-bp dsDNA, tRNA and cGAS were mixed at the indicated 261 
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concentrations. The samples were prepared in 25 mM Tris-HCl at pH 8.0, 20 mM 262 

NaCl, 5 mM MgCl2, 1 mM ATP and 1 mM GTP. Phase separation was observed by 263 

using laser scanning confocal microscopy with excitation set at 488 nm and emission 264 

filter set at 499-641 nm. 265 

 266 

Stable cell line generation 267 

To generate the cell line that stably expresses doxycycline-inducible 268 

YFP-hcGAS, the sequence encoding YFP-hcGAS was cloned into the lentiviral vector 269 

pLVX-TetOne-Puro. A mixture of 2 µg pLVX-TetOne-Puro-YFP-hcGAS, 1 µg 270 

pMD2.G, and 1 µg psPAX2 was transfected into the HEK293T cells using 271 

Lipofectamine 2000 (Thermo, cat# 11668019) when cells were at ~70% confluence. 272 

The cells were cultured in a 6-well plate with the DMEM medium (Thermo) and 10% 273 

FBS (Gibco, cat# 10091148) to generate the lentivirus. The medium containing 274 

lentiviruses was collected 60 h after the transfection, and the dead cell debris were 275 

removed by centrifugation. Polybrene was added to the solution at a final 276 

concentration of 0.8 µg/mL to enhance the lentiviral infection. The lentivirus was 277 

added to HEK293T cells cultured in a 6-well plate when cells were at 50-60% 278 

confluence. Virus was replaced 12 h after infection with fresh DMEM medium 279 

containing 10% FBS. The cells were cultured for another 12 h, and then puromycin 280 

was added to the medium at a final concentration of 2.5 µg/mL. After passaging the 281 

cells three times in medium containing 2.5 µg/mL puromycin, the cells were 282 

maintained in the medium containing 2.5 µg/mL puromycin. 283 
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 284 

Cell imaging 285 

For RNA/DNA staining and imaging, YFP-hcGAS HEK293T cells were 286 

seeded on a coverslip. After 24 h, expression of YFP-hcGAS was induced by addition 287 

0.1 µg/mL doxycycline, and cells were allowed to grow for 9-20 h. Cells were fixed 288 

with 4% polyformaldehyde in PBS and were washed with PBS after 15 min. The cells 289 

were permeabilized with 0.5% Triton X-100 in PBS for 15 min, and then the cells 290 

were washed three times with PBS. PBS containing 2 µg/mL Hoechst 33342 and 4 291 

µg/mL pyronin Y (Amresco, cat# 0207) was added to the cells to stain DNA and RNA, 292 

respectively. After 15 min, coverslips were mounted on glass slides with Thermo 293 

Prolong Glass Antifade Mountant. After 2 h or longer, the slides were observed by 294 

confocal microscopy (Zeiss LSM 880). For each dye, excitation lasers and emission 295 

filters were as follows: Hoechst 33342 excitation, 405 nm; Hoechst 33342 emission, 296 

410-489 nm; YFP excitation, 514 nm; YFP emission, 525-588 nm; pyronin Y 297 

excitation, 561 nm; and pyronin Y emission, 625-758 nm. Phase-separated granules of 298 

cGAS and the 55-bp dsDNA, total RNA, or tRNA were observed as controls (Figure 299 

S5). 300 

For imaging of YFP-hcGAS HEK293T cells transfected with Cy5-ISD, cells 301 

were cultured in a four-chamber glass bottom dish (Cellvis, cat# D35C4-20-1.5-N). 302 

After expression was induced by treatment with 0.1 µg/mL doxycycline for 6-9 h, 0.5 303 

µg of Cy5-ISD was transfected into the cells in one chamber using Lipofectamine 304 

2000. Cells were observed using a confocal microscope (Zeiss LSM 710). 305 
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 306 

tRNA displacement assays 307 

FTSC-labeled tRNA and cGAS were mixed to allow tRNA-cGAS aggregates 308 

to form, and then DNA was added. After a short incubation of 5 min at room 309 

temperature, cGAS-nucleic acid aggregates were spun down at 20,000 g for 5 min. 310 

The fluorescence signal of the free FTSC-tRNA in the supernatant was measured 311 

using a NanoDrop 3300 (Thermo Scientific). Release of the FAM-labeled ISD from 312 

the aggregates was measured in a similar way. The concentrations of the FTSC-tRNA 313 

and of the FAM-dsDNA had linear relationships with fluorescent signals in the range 314 

of 0.0125 to 0.2 mg/mL (Figure S8). The percentage of FTSC-tRNA displaced in the 315 

aggregates was calculated by using the following equation: P=(Fi-F0)*100/(F-F0). P: 316 

percentage of the substituted FTSC-tRNA. Fi: fluorescence signal of FTSC-tRNA in 317 

the supernatant of each test. F0: fluorescence signal of FTSC-tRNA in the supernatant 318 

when DNA was not added. F: fluorescence signal of FTSC-tRNA without adding 319 

DNA and cGAS. The percentage of Cy5-ISD displaced in the aggregates was 320 

calculated by using a similar equation. 321 

 322 

Cytoplasmic cGAS isolation and density gradient centrifugation 323 

The isolation of cytoplasmic cGAS from HeLa cells was previously described 324 

(26). The cytoplasm was extracted by hypotonic treatment (10 mM HEPES, pH 7.5, 5 325 

mM KCl, 3 mM MgCl2) and homogenization through a 26G needle. The 326 

homogenized cells were centrifuged at 2,000 g to remove cell debris and nuclei. The 327 
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supernatant (S2) was collected and centrifuged at 20,000 g to obtain the supernatant 328 

fraction S20 and the pellet fraction (P20). P20 was resuspended in an isotonic buffer 329 

(20 mM HEPES, pH 7.5, 250 mM sucrose, 25 mM KCl, 5 mM MgCl2) containing 330 

17.5 % Opti-prep (Sigma, cat# D1556). The resuspended P20 (500 µL) was further 331 

fractionated over an Opti-prep density gradient after treatment with RNase (20 μL of 332 

10 mg/mL RNase A, 5 μL of 10 U/μL RNase I), DNase (25 μL of 1 U/μL DNase I), or 333 

buffer for 30 min at 37 °C. After further fractionation over an Opti-prep density 334 

gradient (isotonic buffer containing 35%, 32.5%, 30%, 27.5%, 25%, 22.5%, or 20% 335 

Opti-prep, from bottom to top, 500 µL per layer, with resuspended P20 on the top of 336 

the gradient). 337 

 338 

In vitro analysis of cGAS activity 339 

In vitro enzymatic activities of cGAS were measured by monitoring the 340 

formation of the product 2’3’-cGAMP by using a HPLC system (SHIMADZU, 341 

LC-10A) equipped with LC-10AT pumps and an SPD-10AV ultraviolet detector. The 342 

strands of the 55-bp dsDNA were chemically synthesized: 343 

5’-TCGATACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACAAT344 

CACT-3’ and 345 

5’-AGTGATTGTAGATCATGTACAGATCAGTCATAGATCACTAGTAGATCTGTA346 

TCGA-3’. The reaction mixture contained 5.5 μM (0.323 mg/mL) FL-hcGAS, 25 mM 347 

Tris-HCl, pH 8.0, 20 mM NaCl, 5 mM MgCl2, 1 mM ATP, 1 mM GTP, the 55-bp 348 

dsDNA at various concentrations (0.0034 – 0.2166 mg/mL) with or without 5 μM 349 
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(0.125 mg/mL) tRNA. Reactions were also performed by varying tRNA 350 

concentrations (0.5-8 μM, 0.005-0.200 mg/mL) at 0.0068 or 0.0544 mg/mL 55-bp 351 

dsDNA with all other components the same as described above. Each reaction in 40 352 

μL total volume was incubated at 25 ℃ for 5 min, and terminated by heating at 85 °C 353 

for 15 min. After centrifuging at 16,000 g for 10 min, the supernatant was analyzed 354 

using an YMC-pack pro-C18 reverse phase column (4.6 x 250 mm, 5 μm). Analytes 355 

were monitored using 254 nm light. Buffer A contained 5 mM ammonium acetate (pH 356 

5.0) in water, and phase B was 100% acetonitrile. The samples were eluted using a 357 

linear gradient from 2% B to 15% B at a flow rate of 1 mL/min over 15 min. The 358 

product 2’3’-cGAMP was quantified by measuring the peak area (uAU·sec) of 359 

2’3’-cGAMP visualized with 254 nm light. Each experiment was performed in 360 

triplicate.  361 

 362 

Figure Legends 363 

Figure 1. RNA mediates phase separation of cGAS. A. Fluorescent images of FITC-labeled 364 

full-length human cGAS (FITC-FL-hcGAS) incubated with yeast tRNA at the indicated 365 

concentrations. B. Fluorescent and bright field images of samples of FITC-FL-hcGAS (0.265 366 

mg/mL) and total RNA from HeLa cells at the indicated concentrations. C. TLC analysis of 367 

cGAMP, which is indicative of the activation of cGAS. The FL-hcGAS concentrations was 368 

0.265 mg/mL. Total RNA concentrations were 0.025, 0.05, 0.1, 0.25, and 0.85 mg/mL. NC 369 

indicates negative control which has only the FL-hcGAS. The dsDNA ISD was tested at 0.05 370 

mg/mL as a positive control. The samples were prepared in 20 mM HEPES at pH 7.5 and 150 371 
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mM NaCl. 372 

 373 

Figure 2. hcGAS associates with RNAs in cells. A. Hoechst 33342 and Pyronin Y staining 374 

of HEK293T cells showing colocalization of the YFP-cGAS granules and RNAs. 375 

Overexpression of the YFP-hcGAS was induced by doxycycline. B. A schematic diagram 376 

showing the extraction and fractionation procedure. To release the cytoplasm without 377 

disrupting the nuclear membrane, the cell membranes were disrupted in a hypotonic buffer by 378 

passing the cells through a 29G needle three times. The hypotonic buffer contained 10 mM 379 

HEPES, pH 7.5, 5 mM KCl, 3 mM MgCl2. C. Opti-prep gradient analysis of the HeLa cell 380 

cytoplasm extract. D. Western blotting analysis of samples of Opti-prep gradient bands with 381 

and without DNase and RNase treatment. E. Real time observation showing the eventual 382 

incorporation of the lipofectamine 2000 transfected Cy5-ISD into a preformed granule of 383 

YFP-hcGAS in a HEK293T cell. 384 

 385 

Figure 3. Substitution of the tRNA in the cGAS-tRNA phase separations by dsDNA. A. 386 

A schematic diagram showing the methods used to quantify tRNA/dsDNA released from the 387 

phase-separated granules. FTSC-tRNA and FL-hcGAS were pre-mixed. dsDNA was added, 388 

and the sample was centrifuged. The fluorescent signal of FTSC-tRNA in supernatant was 389 

measured. B. The percentage of FTSC-tRNA released in the supernatant as measured by 390 

fluorescence spectroscopy. The percentage of FTSC-tRNA released from the aggregates was 391 

calculated by using the following equation: P=(Fi-F0)*100/(F-F0). P: percentage of 392 

substituted FTSC-tRNA. Fi: fluorescence of FTSC-tRNA in the supernatant of each test. F0: 393 
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fluorescence of FTSC-tRNA in the supernatant when DNA was not added. F: fluorescence of 394 

FTSC-tRNA without adding DNA and cGAS. The dsDNAs tested were ISD, 14 bp dsDNA, 395 

20 bp dsDNA, 380 bp dsDNA, herring testis DNA (HT DNA) and Y-form DNA (a 14-bp 396 

dsDNA with unpaired GGG on each end). C. The percentage of Cy5-ISD released in the 397 

supernatant as measured by fluorescence spectroscopy. The yeast tRNA was used to trigger 398 

the release of the ISD from the phase separations of cGAS-ISD. The percentage of Cy5-ISD 399 

released from the aggregates was calculated by using the following equation: 400 

P=(Fi-F0)*100/(F-F0). P: percentage of substituted Cy5-ISD. Fi: fluorescence of Cy5-ISD in 401 

the supernatant of each test. F0: fluorescence of Cy5-ISD in the supernatant when tRNA was 402 

not added. F: fluorescence of Cy5-ISD without adding tRNA and cGAS. All experiments 403 

were performed three times. 404 

 405 

Figure 4. tRNA replacement by dsDNA in the cGAS-containing phase-separated 406 

granules observed by microscopy. A. Microscopy images of FTSC-tRNA in granules 407 

preformed with cGAS and indicated concentrations of FTSC-tRNA in the presence of 408 

indicated concentrations of ISD. B. Microscopy images of FTSC-tRNA in granules preformed 409 

with cGAS and indicated concentrations of FTSC-tRNA in the presence of indicated 410 

concentrations of a 380-bp dsDNA. 411 

 412 

Figure 5. tRNA regulates cGAS activity. A. cGAS activity (as measured by cGAMP peak 413 

area) with or without 0.125 mg/mL tRNA at indicated concentrations of a 55-bp dsDNA. The 414 

inset is an expanded view of the region boxed in yellow. B. cGAS activity in presence of 415 
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0.0544 mg/mL of 55-bp dsDNA as a function of tRNA concentration. C. cGAS activity in 416 

presence of 0.0068 mg/mL of 55-bp dsDNA as a function of tRNA concentration. D. 417 

Fluorescent and bright field photographs of phase-separated granules of FL-hcGAS and 418 

0.0544 mg/mL of FAM-labeled 55-bp dsDNA at the indicated tRNA concentrations. E. 419 

Fluorescent and bright field photographs of phase-separated granules of FL-hcGAS and 420 

0.0068 mg/mL of FAM-labeled 55-bp dsDNA at the indicated tRNA concentrations. F. 421 

Turbidities of samples of FL-hcGAS and 0.0544 mg/mL of FAM-labeled 55-bp dsDNA at the 422 

indicated tRNA concentrations measured at 395 nm. G. Turbidities of samples of FL-hcGAS 423 

and 0.0068 mg/mL of FAM-labeled 55-bp dsDNA at the indicated tRNA concentrations 424 

measured at 395 nm. H. Fluorescent signals of the FAM-labeled 55-bp dsDNA in the 425 

supernatants of the samples of FL-hcGAS and 0.0544 mg/mL of FAM-labeled 55-bp dsDNA 426 

at the indicated tRNA concentrations. I. Fluorescent signals of the FAM-labeled 55-bp 427 

dsDNA in the supernatants of the samples of FL-hcGAS and 0.0068 mg/mL of FAM-labeled 428 

55-bp dsDNA at the indicated tRNA concentrations. Each condition was evaluated in 429 

triplicate.  430 

 431 

Supplemental Figure 1. ssDNA mediates phase separation of FL-hcGAS. A. Fluorescent 432 

and bright field photographs showing phase-separated granules of FITC-labeled FL-hcGAS 433 

induced by the dsDNA referred to as ISD (for interferon stimulatory DNA), with the sequence 434 

5’-TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3’. The 435 

FITC-labelled FL-cGAS concentration was 0.188 mg/mL and the ISD concentration was 436 

0.018 mg/mL. B. Bright field photographs showing samples of FL-hcGAS (0.265 mg/mL) 437 
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and a 48 nt ssDNA at the indicated concentrations. The 48 nt ssDNA has the sequence 438 

5’-AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG-3’. 439 

C. TLC analysis for the presence of cGAMP, which is indicative of cGAS activation. The 440 

FL-hcGAS concentrations was 0.265 mg/mL. ssDNA concentrations were 0.011, 0.028, 0.054 441 

and 0.111 mg/mL. NC indicates negative control which has only the FL-hcGAS. The dsDNA 442 

ISD was tested at 0.055 and 0.111 mg/mL as positive controls. Samples were prepared in 20 443 

mM HEPES at pH 7.5 and 150 mM NaCl.  444 

 445 

Supplemental Figure 2. Short dsDNAs with ssDNA arms promote phase separation and 446 

activation of cGAS. A. Sequences of short dsDNAs with ssDNA arms and dsDNA controls. 447 

B. Photographs of samples of FL-hcGAS (0.265 mg/mL, 4.4 µM) with indicated DNAs (2 448 

µM) taken with a differential interference contrast microscope. C. TLC analysis for cGAMP, 449 

which is indicative of the activation of cGAS, in the presence of short dsDNAs with ssDNA 450 

arms. The FL-hcGAS and DNA concentrations were 4.4 µM and 2 µM, respectively. Samples 451 

were prepared in 20 mM HEPES at pH 7.5 and 150 mM NaCl.  452 

 453 

Supplemental Figure 3. RNA mediates phase separation of cGAS. A. Upper: Bright field 454 

photographs of samples of FL-hcGAS (0.264 mg/mL) and total RNA from HeLa cells at the 455 

indicated concentrations. Lower: Bright field photographs of samples of FL-hcGAS (0.264 456 

mg/mL) and DNase I-treated total RNA at the indicated concentrations. B. Fluorescent 457 

images of FITC-labeled FL-hcGAS and total RNA from HeLa cells in presence of 100 458 
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mg/mL BSA; concentrations of FL-hcGAS and total RNA are indicated. Samples were 459 

prepared in 20 mM HEPES, pH 7.5, 150 mM NaCl. 460 

 461 

Supplemental Figure 4. RNA and DNA bind cGAS with similar affinity. Electrophoretic 462 

mobility shift analysis of ISD, 380-bp dsDNA, yeast tRNA and ssRNA in presence of 463 

FL-hcGAS. The nucleic acid concentration was 10 ng/µL. The cGAS concentrations were 0, 464 

0.17, 0.85, 1.7, 3.4, 5.1, 8.5, and 13.6 µM.  465 

 466 

Supplemental Figure 5. Hoechst 33342 and pyronin Y differentially stain dsDNA and 467 

RNA in the cGAS involved phase separations. Confocal microscopy images of FL-hcGAS 468 

incubated with 55-bp dsDNA, total RNA from HeLa cells, or yeast tRNA and stained with 2 469 

µg/mL Hoechst 33342 and 4 µg/mL pyronin Y. The FL-hcGAS concentrations was 0.2 470 

mg/mL. 55-bp dsDNA, total RNA and yeast tRNA concentrations were both 0.1 mg/mL. 471 

 472 

Supplemental Figure 6. Sequencing of RNA in the cGAS-containing fraction from 473 

cytoplasm. Two libraries were generated from band 5 from the Opti-prep gradient: one for 474 

non-coding RNA and one for mRNA sequencing. The histograms show the numbers of 475 

non-coding RNA sequencing reads. mRNA was also sequenced and the results showed 476 

coverage of most of the actively transcript genes.  477 

 478 

Supplemental Figure 7. Y-form DNA and 14-bp dsDNA mediate phase separation of 479 

FL-hcGAS. A. Sequences and structures of the, 14-bp dsDNA, 20-bp dsDNA and Y-form 480 
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DNA. B. Fluorescent images of samples of FITC-FL-hcGAS and the 14-bp dsDNA at 481 

indicated concentrations. C. Corresponding bright field photographs of samples of 482 

FITC-FL-hcGAS and the 14-bp dsDNA at indicated concentrations. D. Fluorescent images of 483 

samples of FITC-FL-hcGAS and the Y-form DNA at indicated concentrations. E. 484 

Corresponding bright field photographs of samples of FITC-FL-hcGAS and the Y-form 485 

DNA.  486 

 487 

Supplemental Figure 8. Correlation of fluorescence signal (RFU) with concentration for 488 

fluorophore labeled ISD and tRNA.  489 
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Supplemental Figure 1. ssDNA mediates phase separation of FL-hcGAS. A. Fluorescent and 16 

bright field photographs showing phase-separated granules of FITC-labeled FL-hcGAS induced by 17 

the dsDNA referred to as ISD (for interferon stimulatory DNA), with the sequence 5’-18 

TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3’. The FITC-labelled 19 

FL-cGAS concentration was 0.188 mg/mL and the ISD concentration was 0.018 mg/mL. B. Bright 20 

field photographs showing samples of FL-hcGAS (0.265 mg/mL) and a 48 nt ssDNA at the indicated 21 

concentrations. The 48 nt ssDNA has the sequence 5’-22 

AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG-3’. C. TLC 23 

analysis for the presence of cGAMP, which is indicative of cGAS activation. The FL-hcGAS 24 

concentrations was 0.265 mg/mL. ssDNA concentrations were 0.011, 0.028, 0.054 and 0.111 mg/mL. 25 

NC indicates negative control which has only the FL-hcGAS. The dsDNA ISD was tested at 0.055 26 

and 0.111 mg/mL as positive controls. Samples were prepared in 20 mM HEPES at pH 7.5 and 150 27 

mM NaCl.  28 
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Supplemental Figure 2. Short dsDNAs with ssDNA arms promote phase separation and 32 

activation of cGAS. A. Sequences of short dsDNAs with ssDNA arms and dsDNA controls. B. 33 

Photographs of samples of FL-hcGAS (0.265 mg/mL, 4.4 µM) with indicated DNAs (2 µM) taken 34 

with a differential interference contrast microscope. C. TLC analysis for cGAMP, which is indicative 35 

of the activation of cGAS, in the presence of short dsDNAs with ssDNA arms. The FL-hcGAS and 36 

DNA concentrations were 4.4 µM and 2 µM, respectively. Samples were prepared in 20 mM HEPES 37 

at pH 7.5 and 150 mM NaCl.  38 
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Supplemental Figure 3. RNA mediates phase separation of cGAS. A. Upper: Bright field 43 

photographs of samples of FL-hcGAS (0.264 mg/mL) and total RNA from HeLa cells at the indicated 44 

concentrations. Lower: Bright field photographs of samples of FL-hcGAS (0.264 mg/mL) and DNase 45 

I-treated total RNA at the indicated concentrations. B. Fluorescent images of FITC-labeled FL-46 

hcGAS and total RNA from HeLa cells in presence of 100 mg/mL BSA; concentrations of FL-hcGAS 47 

and total RNA are indicated. Samples were prepared in 20 mM HEPES, pH 7.5, 150 mM NaCl. 48 
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Supplemental Figure 4. RNA and DNA bind cGAS with similar affinity. Electrophoretic mobility 51 

shift analysis of ISD, 380-bp dsDNA, yeast tRNA and ssRNA in presence of FL-hcGAS. The nucleic 52 

acid concentration was 10 ng/µL. The cGAS concentrations were 0, 0.17, 0.85, 1.7, 3.4, 5.1, 8.5, and 53 

13.6 µM.  54 
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Supplemental Figure 5. Hoechst 33342 and pyronin Y differentially stain dsDNA and RNA in 59 

the cGAS involved phase separations. Confocal microscopy images of FL-hcGAS incubated with 60 

55-bp dsDNA, total RNA from HeLa cells, or yeast tRNA and stained with 2 µg/mL Hoechst 33342 61 

and 4 µg/mL pyronin Y. The FL-hcGAS concentrations was 0.2 mg/mL. 55-bp dsDNA, total RNA 62 

and yeast tRNA concentrations were both 0.1 mg/mL. 63 
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Supplemental Figure 6. Sequencing of RNA in the cGAS-containing fraction from cytoplasm. 68 

Two libraries were generated from band 5 from the Opti-prep gradient: one for non-coding RNA and 69 

one for mRNA sequencing. The histograms show the numbers of non-coding RNA sequencing reads. 70 

mRNA was also sequenced and the results showed coverage of most of the actively transcript genes.  71 
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Supplemental Figure 7. Y-form DNA and 14-bp dsDNA mediate phase separation of FL-hcGAS. 76 

A. Sequences and structures of the, 14-bp dsDNA, 20-bp dsDNA and Y-form DNA. B. Fluorescent 77 

images of samples of FITC-FL-hcGAS and the 14-bp dsDNA at indicated concentrations. C. 78 

Corresponding bright field photographs of samples of FITC-FL-hcGAS and the 14-bp dsDNA at 79 

indicated concentrations. D. Fluorescent images of samples of FITC-FL-hcGAS and the Y-form DNA 80 

at indicated concentrations. E. Corresponding bright field photographs of samples of FITC-FL-81 

hcGAS and the Y-form DNA.  82 
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Supplemental Figure 8. Correlation of fluorescence signal (RFU) with concentration for 87 

fluorophore labeled ISD and tRNA.  88 
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