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Porcine NLRC3 specially binds short dsDNA
to regulate cGAS activation

Minjie Li,1,2,5 Cheng Zhu,3,5 Ye Yuan,1,2 Xiangyu Huang,1,2 Lei Wu,1,2 Jiayang Wu,3 Hongyan Yin,1,2 Lvye Chai,1,2

Weiyu Qu,1,2 Ya Yan,1,2 Pingwei Li,4 and Xin Li1,2,6,*
SUMMARY

Host immune system has evolved multiple sensors to detect pathogenic and damaged DNA, where pre-
cise regulation is critical for distinguishing self from non-self. Our previous studies showed that NLRC3 is
an inhibitory nucleic acid sensor that binds to viral DNA and thereby unleashing STING activation. In this
study, we demonstrate that human NLRC3 favors long dsDNA, while porcine NLRC3 shows an affinity for
shorter dsDNA. Mechanistically, a conserved arginine residue within the leucine-rich repeats of primates
NLRC3 forms a structural bridge facilitating the binding of long dsDNA. Conversely, a glycine residue that
replaces the arginine in non-primates disrupts this bridge. Furthermore, porcine NLRC3 negatively regu-
lates type I interferon by interacting with cyclic GMP-AMP synthase (cGAS) to inhibit its DNA binding,
thereby preventing cGAS activation. These results reveal an unrecognized mechanism by which a spe-
cies-specific amino acid variation of NLRC3 influences nucleic acid recognition, providing insights into
the evolution of innate immunity to pathogens.

INTRODUCTION

Innate immune system is the first line of defense against pathogens and tumorigenesis. Over decades, Toll-like receptors (TLRs), retinoic acid-

inducible gene-I (RIG-I)-like receptors (RLRs), NOD-like receptors (NLRs) and other cytosolic sensors have been discovered to sense path-

ogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs).1 NLRs represent the largest family of

intracellular innate immune receptors, comprising 22 proteins.2 Inflammasomes are well-known complexes of the NLR proteins, which regu-

late the activation of IL-1b and IL-18.3 Based on their association with inflammasomes, NLRs are divided into inflammasome NLRs, including

NLRP1, NLRP3, NLRP6, and NLRC4, and non-inflammasome NLRs, including NLRX1, NLRC3, NLRC5, and NLRP12, which negatively regulate

innate immune pathways.4 However, there is much debate as to whether all NLRs serve as receptors for ligands, particularly since most NLR

ligands are bacterial in origin. For example, the ligands for NOD1 andNOD2 are bacterial peptidoglycans5–8 and lipoteichoic acid (LTA) is the

ligand for NLRP6.9 NAIPs (neuronal apoptosis inhibitory proteins) bind to type III secretion system (T3SS) proteins and induces NLRC4 inflam-

masome activation.10 Contrary to bacterial ligands, the LRR domain of NLRX1, which is rich in positive charged residues, specifically binds

dsRNA.11,12 Most nucleic acid sensors possess a specificity for DNA or RNA of different lengths. For example, retinoic acid-inducible

gene-I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) preferentially recognize short and long dsRNA, respectively.13,14 Ab-

sent-in-melanoma-2 (AIM2) and interferon-inducible protein 16 (IFI16) bind dsDNA in a length-dependent manner, which assemble with

longer dsDNA to oligomerize in filament formation.15,16 Cyclic GMP-AMP synthase (cGAS) is another dsDNA sensor, which senses long

dsDNA inducing oligomerization and liquid phase separation in a length-dependent manner.17,18 NLRC3 is an inhibitory sensor that nega-

tively regulatesmultiple signaling pathways, including nuclear factor kappa B (NF-kB),19,20 type I interferon (IFN-I),21 andmammalian target of

rapamycin (mTOR) pathways.22 Besides the inhibitory function, we discovered NLRC3 directly binds to herpes simplex virus (HSV-1) dsDNA

with high affinity.23 However, NLRC3 from other species have not been reported except the fish, which impedes evolutionary knowledge of

this subgroup of inhibitory NLRs. In addition, it is not known the binding properties of DNA sensor from other species and whether DNAbind-

ing in a length-dependent manner is evolutionarily conserved. Here, we present the findings that porcine NLRC3 (pNLRC3) directly interacts

with dsDNA via its NBD-LRR domain, unlike its human counterpart. Strikingly, pNLRC3 exhibits a preference for short DNA, a stark contrast to

human NLRC3 (hNLRC3) which preferentially binds long DNA. Mechanistically, an arginine (R) residue in the LRR 13–16 is evolutionarily

conserved in primates that formed a bridge to associate with long dsDNA, while in non-primates, this arginine residue is replaced by a glycine

(G) residue that disrupts the bridge. Interestingly, swapping these amino acids through either ‘‘R to G’’ or ‘‘G to R’’ mutations inverse the DNA
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binding propensities of hNLRC3 and pNLRC3. Mechanistically, the NBD of pNLRC3 interacts with catalytic domain of cGAS and prevents its

activation by dsDNA. Furthermore, pNLRC3 releases bound cGAS upon association with short DNAbut not longDNA. In summary, this study

provides critical insights into the evolution of immune sensors, demonstrating how a single amino acid residue influences the preference of

DNA binding by primates and non-primates NLRC3, providing critical insight into the evolution of the innate immune system.
RESULTS
Porcine NLRC3 binds to viral DNA via its NBD and LRR domain

NLRC3 is an inhibitory NLR that directly binds to viral DNA because the LRR domain of NLRC3 is rich in positive charged amino acids that

interacts with dsDNA through electrostatic interaction.23 We detected the expression of pNLRC3 in multiple tissues including tonsil, spleen,

bone marrow, and thymus by qPCR and amplified full-length pNLRC3 (pNLRC3FL) in spleen (Figures S1A and S1B). Then, we aligned the

amino acid sequences of pNLRC3 with hNLRC3 and the results showed CARD, NBD, and LRR domain of pNLRC3 shared homology of

80.7%, 82.45%, and 88.17% with those of hNLRC3, respectively (Figures 1A and S2). To understand DNA binding by pNLRC3 at molecular

level, we predicted the structure of pNLRC3 by AlphaFold and the predicted structure showed a number of positive charged amino acids

distributed amongNBD and LRR, which are likely involved in dsDNA binding (Figure 1B). To determine the DNA binding domain of pNLRC3,

we cloned pNLRC3FL and various truncations including pNLRC3CARD, pNLRC3CARD�NBD, pNLRC3NBD, pNLRC3NBD�LRR, and pNLRC3LRR, then

verified the interactionwith dsDNAby pull-down (Figures 1A and S3). To test if pNLRC3binds toDNAdirectly, biotinylated-HSV60 dsDNA co-

precipitated with hemagglutinin (HA)-tagged pNLRC3 and showed that it efficiently precipitated pNLRC3 and the positive controls hNLRC3,

human cGAS (hcGAS) but not RNA-binding protein human RIG-I (hRIG-I) in HEK-293T cells (Figure 1C). To further probe the DNA binding

domains of pNLRC3, pNLRC3FL, pNLRC3CARD, pNLRC3CARD�NBD, pNLRC3NBD, pNLRC3NBD�LRR, pNLRC3LRR were transfected into HEK-

293T cells. Biotinylated-HSV60 dsDNA co-precipitated with pNLRC3FL, pNLRC3CARD�NBD, pNLRC3NBD, pNLRC3NBD�LRR, pNLRC3LRR but

not pNLRC3CARD (Figure 1D). These results showed that the NBD and LRR domain contribute to DNA binding by pNLRC3, while only the

LRR is involved in DNA binding by hNLRC3. To test whether pNLRC3 and hNLRC3 also bind to DNA/RNA hybrids and dsRNA, bio-

tinylated-HSV60 DNA/RNA hybrids and HSV60 dsRNA co-precipitated with pNLRC3FL and hNLRC3FL. The results showed that both pNLRC3

and hNLRC3 interacted with DNA/RNA hybrids and dsRNA (Figures 1E and 1F). To test whether pNLRC3FL directly binds to DNA, we con-

structed a cell line stably expressingGFP-Strep-II-pNLRC3 in HEK-293T cells using PiggyBac Transposase system and the fluorescence of GFP

indicated the insertion of pNLRC3 (Figure S4A). Subsequently, pNLRC3FL recombinant proteins were purified by strep resins and followed by

SDS-PAGE and western blot (Figures S4B and S4C). Furthermore, we expressed pNLRC3NBD and pNLRC3LRR proteins in E. coli. The

pNLRC3NBD proteins were purified by glutathione resin (Figure S4D). The pNLRC3LRR proteins were purified by Ni-NTA and followed by

size exclusion chromatography (Figures S4E and S4F).

Pull-down assay showed purified pNLRC3FL, pNLRC3NBD, and pNLRC3LRR recombinant proteins directly bind to HSV60 dsDNA, consistent

with the pull-down results in cells (Figures 1G–1I). Collectively, these results showed that pNLRC3 directly binds to dsDNA, DNA/RNA hybrid

and dsRNA via its NBD and LRR domains.
Human and porcine NLRC3 prefer dsDNA of different lengths

cGAS is activated by dsDNA in a length-dependent manner,18,24 and small cytoplasmic dsDNA, but not long dsDNA, represses cGAS acti-

vation and induces autophagy.25 In addition, other DNA sensors, for example, AIM2 and IFI16 also bind to dsDNA in a length-dependent

manner.15,16 Previously, we reported hNLRC3 LRR 1–4 and LRR 13–16 bind to HSV60, while HSV15 only binds to hNLRC3 LRR 1–4 (Figure 2A).

To investigate whether pNLRC3 also binds to DNA in a length-dependent manner, we simulated the interactions between pNLRC3 with

15 bp, 30 bp, and 60 bp dsDNA using all-atom molecular dynamics. The simulations showed that shorter strands (HSV15 and HSV30) tightly

associatedwith theNBD and LRR 1–4 of pNLRC3 (Figures 2B and S5A–S5C), while the longer strands (HSV60) detached frompNLRC3 in >50%

frames throughout the 100 ns trajectories (Figure 2C). The average distance between pNLRC3 and HSV15 was 8.31 G 0.28 Å, while the sys-

tems with HSV60 featured larger and fluctuating distance, which was 54.71G 2.33 Å (Figures 2D and 2E), indicating lower affinities between

pNLRC3 and longerDNA strands. To determine the affinity of the pNLRC3proteinwith different lengths of DNA, we usedGFP-pNLRC3 as the

target and performed microscale thermophoresis (MST) assays with HSV30, HSV60, and HSV120, respectively. The results showed binding

affinities were 1.6 mM, 5.7 mM, and 10.1 mM, indicating that pNLRC3 has a higher affinity for short dsDNA (Figure 2F). We applied various

lengths of biotinylated-HSV15, 30, 60, and 120 bp dsDNA in pull-down to compare the DNA binding properties of pNLRC3FL and hNLRC3FL,

respectively. Indeed, pNLRC3 recognizes short dsDNA or DNA/RNA hybrids, while hNLRC3 prefers binding to long dsDNA and DNA/RNA

hybrids in a length-dependent manner (Figures 2G–2J). Taken together, these results indicate a species-specific preference of NLRC3, with

pNLRC3 specializing in the recognition of short dsDNA through its NBD-LRR domains, distinct from the preference of long dsDNA of

hNLRC3.
The replacement of a single residue within LRR 13–16 determines the preference of different dsDNA by NLRC3

To explore themolecular mechanism underlying the preference of pNLRC3 toward short DNA strands, we compared the electrostatic surface

between pNLRC3 and hNLRC3. The positive-charge enriched area (Figure 3A bottom, blue color) usually mediated high-affinity and low-

specificity associations between proteins and nucleic acids. hNLRC3 featured two positive charged surface patches at LRR 1–4 and LRR

13–16 regions, both of which contributed to the recognition of relatively long DNA strands.23 In contrast, pNLRC3 featured only one such
2 iScience 27, 111145, November 15, 2024



Figure 1. Porcine NLRC3 binds to viral DNA via NBD and LRR domain

(A) Schematics view of the domain architecture of porcine and human NLRC3.

(B) Electrostatic potential surfacemaps of pNLRC3FL by AlphaFold (blue represents positive charge enriched area, red represents negative charge enriched area).

(C) Streptavidin pull-down assay of HA-pNLRC3FL, HA-hNLRC3FL, HA-hcGASFL and HA-hRIG-IFL in HEK-293T cells. The whole cell lysate for streptavidin pull-

down was incubated with biotin-HSV60. HA-hNLRC3FL and HA-hcGASFL serve as positive controls, and HA-hRIG-IFL is a negative control.

(D) Streptavidin pull-down assay for the binding of biotin-HSV60 dsDNA to HA-pNLRC3FL or indicated domains of pNLRC3 in HEK-293T cells.

(E and F) Streptavidin pull-down assay of HA-pNLRC3FL(E) and HA-hNLRC3FL(F) binding to biotin-HSV60 dsDNA, biotin-HSV60 DNA-RNA hybrids and biotin-

HSV60 dsRNA.

(G–I) Streptavidin pull-down assay for the binding of biotin-HSV60 dsDNA to Strep-II-pNLRC3FL (G), GST-pNLRC3NBD(H) and His-pNLRC3LRR (I) recombinant

proteins.
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site at LRR 1–4 (Figures 2B and 2C). Hence, we hypothesized the lack of charged residues (e.g., arginine) at LRR 13–16 may lead to the altered

preference of pNLRC3 toward short DNA. Indeed, we identified a mutation in the LRR 13–16 region (G1032 for pig and R1031 for human,

Figure 3A middle). To explore the evolutionary significance of these residues, we constructed a phylogenetic tree to analyze full-length

NLRC3 sequences across species. The results showed the gene of NLRC3 evolved from Zebrafish and was highly homologous among
iScience 27, 111145, November 15, 2024 3



Figure 2. Human and porcine NLRC3 prefer different lengths of dsDNA

(A) Computationally derived binding model of hNLRC3 NBD-LRR with HSV15 (upper) and HSV60 (bottom) dsDNA. hNLRC3, NBD is highlighted in blue, and LRR

is highlighted in purple.

(B and C) Computationally derived binding model of pNLRC3 NBD-LRR with HSV15 (B) and HSV60 (C) dsDNA. The binding conformations between pNLRC3 and

dsDNA were derived from all-atom MD simulations at the equilibrium states. HSV15 associated with either NBD or LRR domains, while HSV60 dissociated from

pNLRC3 (distance >50 Å) in representative conformations suggesting weaker affinities. pNLRC3, NBD is highlighted in yellow, and LRR is highlighted in pink.

(D and E) The distance between 15 bp dsDNA (D) or 60 bp dsDNA (E) and pNLRC3 was estimated by measuring the distance between pNLRC3 and DNA

backbone atom.

(F) MST assays showing pNLRC3 binding affinities with HSV30, HSV60 and HSV120. Each experiment was independently repeated three times.

(G and H) Streptavidin pull-down assay for the binding of biotin-HSV30, biotin-HSV60 and biotin-HSV120 dsDNA to HA-pNLRC3FL (G) or HA-hNLRC3FL

(H) transfected in HEK-293T cells.

(I and J) Streptavidin pull-down assay of HA-pNLRC3FL(I) and HA-hNLRC3FL(J) binding to biotin-HSV15 DNA/RNA hybrids and biotin-HSV60 DNA/RNA hybrids.
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different organisms, possibly originating from invertebrate. The alignments of the amino acids among different species of NLRC3 were

conserved and the sequences of primates formed a separate clade (blue) (Figure 3B). To further explore the conservation of hNLRC3

R1031 and pNLRC3G1032 among species, a single amino acid sequence alignment was performed at site R1031 in hNLRC3 (refer to pNLRC3
4 iScience 27, 111145, November 15, 2024



Figure 3. The replacement of a single residue within LRR 13-16 determines the preference of different dsDNA by NLRC3

(A) The three dimensional structure (upper) and electrostatic potential surface maps(bottom) alignment of the NBD and LRR domain of pNLRC3 and hNLRC3.

(B) Phylogenetic analysis of NLRC3 proteins in different species including invertebrate and vertebrate. The tree was drawn to scale, with branch lengths in the

same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the p-distance method.

Evolutionary analyses were conducted in MEGA7.

(C) The amino acid sequence alignment of pNLRC3 G1032 site in 14 different species.

(D and E) Streptavidin pull-down assay of HA-pNLRC3FL WT and G1032R mutant (D) or HA-hNLRC3FL WT and R1031G mutant (E) binding to biotin-HSV60.

(F and G) Streptavidin pull-down assay for the binding of different lengths biotin-dsDNA to HA-pNLRC3 G1032R mutant (F) and HA-hNLRC3 R1031Gmutant (G).

(H and I) Streptavidin pull-down assay for the binding of different lengths biotin-DNA/RNA hybrids to HA-pNLRC3 G1032R mutant (H) and HA-hNLRC3 R1031G

mutant (I).
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at G1032). Surprisingly, all the primates showed an R at 1031, however, non-primates displayed a G (Figure 3C). To further verify the conser-

vation of R1031 in primates, we aligned thirteen species in primates, including human, monkey, baboon, and orangutan, which showed R1031

was completely conserved indicating a uniform feature in primates (Figure S6). Since R is positive charged, while G is uncharged, which may

explain why hNLRC3 has a higher affinity for long dsDNA. To test this hypothesis, the mutants of pNLRC3 G1032R and hNLRC3 R1031G were
iScience 27, 111145, November 15, 2024 5



ll
OPEN ACCESS

iScience
Article
constructed to precipitate with various lengths of dsDNA by pull-down assay. Interestingly, we observed that the pNLRC3 G1032R mutation

enhanced the protein’s capacity to bind long dsDNA, whereas the hNLRC3 R1031Gmutation decreased this binding compared to wild-type

(WT) control (Figures 3D and 3E). To further confirm whether the interaction between NLRC3 and dsDNA is length-preference, pNLRC3

G1032R and hNLRC3 R1031G mutants were subjected to pull-down assays with HSV15, HSV60, and HSV120. Indeed, pNLRC3 G1032R ex-

hibited a preference for longer dsDNA strands in a length-dependent manner, whereas hNLRC3 R1031G displayed stronger binding to

HSV15 compared to HSV60, suggesting the important role of this conserved R/G residue in the recognition of dsDNA of different lengths

(Figures 3F and 3G). Consistently, pNLRC3 G1032R variant showed an increased affinity for longer nucleic acid hybrids, contrasting with

the hNLRC3 R1031G variant which favored shorter hybrids (Figures 3H and 3I). Taken together, the replacement of an arginine residue by

glycine in NLRC3 LRR 13–16 distinguishes the preference for DNA of different lengths in primates and non-primates.
Porcine NLRC3 negatively regulates IFN-I induction by interacting with cGAS and STING

hNLRC3 inhibits IFN-I induction by interacting with STING and TBK1 via the NBD domain.21 To investigate whether pNLRC3 affects signal

transduction of the cGAS-STING pathway, we detected IFN-b promoter activity by overexpressing pNLRC3 in HEK-293T cells. The results

indicated that pNLRC3 significantly suppressed IFN-b promoter activation by cGAS, STING, TBK1, and IRF3 (Figures 4A, S7A, and S7B).

To further explore the inhibitory effect of pNLRC3, we overexpressed and knocked down pNLRC3 in PK-15 cells and immortalized PAMs

(PAM-Tang) cells upon poly(dA:dT) stimulation. The results showed that overexpressing pNLRC3 remarkably suppressed the mRNA level

of IFN-b and RNAi of pNLRC3 promoted the mRNA level of IFN-b in PK-15 and PAM-Tang cells upon transfection of poly(dA:dT)

(Figures 4B and 4C). The results were consistent in HeLa cells (Figure 4D). Furthermore, pNLRC3 also reduced IFN-b production upon stim-

ulation by 20,30-cGAMP, suggesting an inhibitory role in STING-mediated signaling (Figure 4E). To explore whether pNLRC3 interacts with

porcine cGAS (pcGAS), STING (pSTING), TBK1 (pTBK1), and IRF3 (pIRF3), we co-transfected Flag-pNLRC3 with HA-pcGAS, HA-pSTING,

and HA-pIRF3 or Flag-pTBK1 with HA-pNLRC3 in HEK-293T cells, respectively. Co-immunoprecipitation (Co-IP) showed pNLRC3 efficiently

precipitatedwith pcGAS and pSTING (Figures 4F and 4G) but not pTBK1 and pIRF3 (Figure S7C and S7D). In addition, we performed confocal

microscopy to visualize the co-localization of pNLRC3 with pcGAS and pSTING in HEK-293T cells and pIRF3 was as a negative control

(Figures 4H, 4I, and S7E). Previous results have showed hNLRC3 interacts with human STING (hSTING) and TBK1 (hTBK1).21 We confirmed

the interaction between hNLRC3 and hSTING, however, we did not observe the interaction between hNLRC3 and human cGAS (hcGAS)

(Figures S8A and S8B). Collectively, these results suggest pNLRC3 negatively regulates IFN-I induction through cGAS and STING.
Porcine NLRC3 interferes with DNA binding and inhibits the activation of cGAS

Previous studies showed that hNLRC3 interacts with hSTING and hTBK1 but not hcGAS. To explore the new roles of pNLRC3 in cGAS regu-

lation, we generated constructs of various domains of pNLRC3 (CARD, NBD, and LRR) and pcGAS (NT and CT) and tested their interactions in

cells (Figure 5A). The NBD domain of pNLRC3 showed a strong association with pcGAS and pSTING (Figures 5B and 5C). pNLRC3 specially

precipitated with pcGASCT but not pcGASNT (Figures 5D and 5E). To further confirm these results, pNLRC3NBD and pcGASCT were co-ex-

pressed in HEK-293T cells and Co IP showed that pNLRC3NBD interacted with pcGASCT (Figure 5F). These results suggested that pNLRC3

NBD likely blocks DNA binding by cGAS and inhibits its enzymatic activity. As nucleic acid receptors, both pNLRC3 and pcGAS can interact

with dsDNA to mediate innate immune responses. To explore whether pNLRC3 affects the binding of pcGAS and dsDNA, we performed a

competitive pull-down assay. The results showed that the addition of pNLRC3 significantly reduced the interaction between pcGAS and

dsDNA (Figure 5G), indicating pNLRC3 competes with pcGAS in DNA binding. cGAS is activated by dsDNA and produces 20,30-cGAMP,

which is essential to activate STING-mediated signaling.26 To probe whether pNLRC3 affects the catalytic activity of pcGAS, we expressed

and purified pcGAS recombinant proteins in E. coli as previous protocol.27 Subsequently, we set up an enzymatic assay to detect the produc-

tion of 20,30-cGAMP using a Mono Q ion-exchange column (black peak) as our previous study.27 Next, we added pNLRC3FL or pNLRC3LRR

proteins in this enzymatic system, respectively. The results showed that the level of 20,30-cGAMP was significant reduced after adding

pNLRC3FL (orange peak) or pNLRC3LRR (blue peak) proteins (Figure 5H). In addition, pNLRC3FL exhibited a stronger inhibitory effect than

pNLRC3LRR on cGAS enzymatic activity. Taken together, these results demonstrate that pNLRC3 interferes with DNA binding and inhibits

the enzymatic activity of cGAS.
Porcine NLRC3 facilitates the activation of cGAS by binding short dsDNA

Our previous work demonstrated that viral DNA binding to hNLRC3 unleashes STING and TBK1 activation. To determine whether viral DNA

binding to pNLRC3 results in pcGAS activation, HSV60 and HSV30 dsDNAwas added to the intact cell lysates of co-transfected pNLRC3 and

pcGAS in HEK-293T cells by immunoprecipitation, respectively. The results suggested that HSV60 did not affect the interaction of pNLRC3

with pcGAS (Figure 6A). However, we observed that HSV30 prevented pcGAS from pNLRC3 inhibition in a dose dependent manner (Fig-

ure 6B). Furthermore, we performed similar experiment on the interaction of pNLRC3 with porcine STING (pSTING) by adding HSV60 or

HSV30. Surprisingly, pSTING unleashed from pNLRC3 was triggered upon HSV30 addition but not by HSV60 (Figures 6C and 6D). These re-

sults demonstrate pNLRC3’s marked affinity for short dsDNA that hampers its interaction with proteins, such as cGAS and STING. In addition,

we conducted pcGAS enzymatic activity assay using HSV60. We observed pNLRC3 G1032R (green peak) produced more 20,30-cGAMP than

WT (orange peak), suggesting the weaker inhibition of pNLRC3 G1032R of cGAS. Because pNLRC3 G1032R exhibits enhanced HSV60 bind-

ing, thus reducing its inhibition of cGAS (Figure 6E). Similarly, we detected the effects of hNLRC3 WT and R1031G on hcGAS enzymatic
6 iScience 27, 111145, November 15, 2024



Figure 4. Porcine NLRC3 negatively regulates IFN-I via interacting with cGAS and STING

(A) Luciferase assay was performed to detect the effects of pNLRC3FL overexpression on the activation of IFN-b promoter triggered by cGAS-STING. HEK-293T

cells were transfected with an IFN-b-Luc reporter plasmid, plus expression plasmids for pNLRC3FL, pcGAS and pSTING for 24 h before luciferase assay. Statistics

indicate significance by Two-tailed unpaired t-test: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; ns, not significant.

(B–E) RT-qPCR experiments were performed to determine the effects of pNLRC3FL overexpression or knock down with siRNA on poly(dA:dT) triggered IFN-b

production in PK-15 (B), PAM-Tang (C) and HeLa cells (D). PK-15 cells were stimulated with 20,30-cGAMP as indicated, and IFN-b levels were determined after

stimulation (E). All data are depicted as mean G SD of three independent experiments.

(F andG) Anti-Flag immunoprecipitates of HA-pcGAS (F) and HA-pSTING (G) with Flag-pNLRC3 in HEK-293T cells. The cell lysates and immunoprecipitates were

analyzed by immunoblotting as indicated.

(H and I) The confocal microscopy analysis of co-localization between Flag-pNLRC3 (green) and HA-pcGAS (red) (H) or HA-STING (red) (I) in HEK-293T cells.

Nuclei was stained with 40,6-diamidino-2-phenylindole (DAPI). Scale bars represent 10 mm.
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Figure 5. Porcine NLRC3 interferes with DNA binding and attenuates enzymatic function of cGAS

(A) Schematic diagram of pNLRC3 and pcGAS domains.

(B and C) Anti-Flag immunoprecipitates of HA-pcGAS (B) or HA-pSTING (C) with Flag-pNLRC3mutants in HEK-293T cells. The cell lysates and immunoprecipitates

were analyzed by immunoblotting.

(D and E) Anti-Flag immunoprecipitates of HA-pcGASCT (D) and V5-pcGASNT (E) with Flag-pNLRC3 in HEK-293T cells.

(F) Anti-Flag immunoprecipitates of HA-pcGASCT with Flag-pNLRC3NBD in HEK-293T cells.

(G) Streptavidin pull-down assay for the binding of biotin-HSV60 dsDNA to HA-pcGAS in HEK-293T cells. Flag-pNLRC3 was added in a dose as a competitor.

(H) cGAS activity assay by ion-exchange chromatography. 10 mMpcGASFL was incubated with the Salmon SpermDNA in reaction buffer at 37�C for 2 h. Analyzing

the effects of pNLRC3FL or pNLRC3LRR on cGAMP production using a Mono Q ion-exchange column.
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activity. As a control, both hNLRC3 WT and G1032R significantly inhibit pcGAS to produce 2’,30-cGAMP. The inhibition is likely because

hNLRC3 outcompetes cGAS on DNA but not the interaction with cGAS (Figures 6F and S8A).

DISCUSSION

The cytosolic nucleic acids sensors defense the invasion of foreign pathogens through transducing innate immune responses,28–30 however,

the excessive reaction results in immune imbalance, called ‘‘cytokine storm’’. Many literatures reported the excessive inflammatory responses

caused the death, such as COVID-19.31–35 A sub-group of NLRs, including NLRX1, NLRC3, NLRP12, NLRC5, are important proteins to inhibit

inflammatory responses as checkpoint,4,12,36,37 which is similar to programmed cell death-1 (PD-1) and PD-L1. NLRX1 was identified the first

inhibitory NLR protein that negatively regulates IFN-I induction. It is an RNA binding protein and binds RNA via its LRR domain.12 NLRC3 is an

intracellular NLR, which negatively regulates multiple innate immune pathways.20,38–43 We discovered hNLRC3 directly binds to nucleic acids

via the LRR with high affinity. Recently, the Hornung group reported that human NLRP1 but not murine NLRP1B binds to dsRNA via LRR with

high affinity in a similar manner.44
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Figure 6. Porcine NLRC3 facilitates the activation of cGAS by binding short dsDNA

(A and B) Anti-Flag immunoprecipitates from HEK-293T cells transfected with Flag-pNLRC3 and HA-pcGAS and increasing HSV60 (A) or HSV30 (B) dsDNA in a

dose.

(C and D) Anti-Flag immunoprecipitates from HEK-293T cells transfected with Flag-pNLRC3 and HA-pSTING and increasing HSV60 (C) or HSV30 (D) dsDNA in a

dose.

(E) cGAS activity assay was performed with HSV60 to detect the cGAMP level when adding equal pNLRC3WTor pNLRC3G1032R lysate fromHEK-293T cells. The

total proteins were determined by BCA quantitative kit.

(F) cGAS activity assay was performed with HSV60 to detect the cGAMP level when adding equal hNLRC3WT or hNLRC3 R1031G lysate fromHEK-293T cells. The

total proteins were determined by BCA quantitative kit.
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pNLRC3 binds to viral dsDNA through both its NBD and LRR domains, contrasting hNLRC3, hNLRX1, and hNLRP1, which engage nucleic

acids predominantly via the LRR, highlighting distinct dsDNA binding capabilities between pNLRC3 and hNLRC3 variants. Furthermore, we

used all-atomMD to simulate the interactions betweenNLRC3 and various lengths of dsDNA. Interestingly, we found pNLRC3 tended to bind

short DNA, whereas hNLRC3 preferred long dsDNA. Previously, we showed that hNLRC3 binds to dsDNA through LRR 1–4 and 13–16 by pull-

down andmutagenesis. Here, we reported pNLRC3 binds to dsDNA via LRR 1–4. In addition, we observed the difference in electrostatic sur-

face of LRR 13–16 region between hNLRC3 and pNLRC3 and then aligned the sequences. Interestingly, we observed that hNLRC3 processes

an arginine at residue 1031 while this residue is replaced by a glycine residue in pNLRC3, which attracted our attention to determine the bio-

logical significance of this replacement. Surprisingly, hNLRC3 R1031G shows a preference for binding to short DNA, in line with the native

binding affinity observed in pNLRC3 WT. Conversely, pNLRC3 G1032R prefers to bind to longer DNA, similar to the binding behavior of

hNLRC3 WT. There are two binding regions in hNLRC3 LRR, which anchor long dsDNA to form a ‘‘bridge’’. However, pNLRC3 LRR only
iScience 27, 111145, November 15, 2024 9
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processes one end to interact with DNA, explaining why it prefers to bind shorter DNA. It is reported that HSV-1 UL37 tegument protein dea-

midates a critical Asn on cGAS of humans and mice but not many non-human primates to defines HSV-1 species-specific permissiveness.45

Therefore, mutation in a single residue in different species may lead to distinction in their innate immune defense and viral evasion.

Since pNLRC3 interacts and inhibits both cGAS and STING, we sought to test whether pNLRC3 could dissociate from cGAS and STING

upon binding to DNA in a length-dependent manner. Consistently, pNLRC3 dissociates from cGAS and STING when binding to short DNA

but not long DNA. What is the function of short DNA and long DNA in the cytosol? Interestingly, there are a population of small cytosolic

dsDNA (scDNA)molecules, which are 20–30 nucleotides (nt) in the human cells were identified as the byproducts of nucleotide excision repair

(NER).25 Recently, scDNAmolecules have been reported to repress cGAS activation by competing with long dsDNA and induce autophagy.25

Hence, we speculated why primates show preference for binding to long DNA while non-primates exhibit preference for binding to short

DNA. Primates have evolved the precise recognition to distinguish DNA from self and non-self for avoiding excessive cytokine secretion

and autoimmune diseases. hNLRC3 is not easily recognized to short DNA and processes a tight regulation of STING and TBK1 for a high

threshold to be activated. However, non-primates, for example, pigs aremore sensitive to short DNA (20–40 bp) and unleash the cGAS-STING

pathway activation, which may result in immune imbalance. The absence of the AIM2 in the porcine genome piques interest in alternative

immune detection mechanism. Further study into the porcine immune response is crucial to understand the evolution of the innate immune

responses across species.

Limitations of the study

Despite multiple attempts, we have been unable to obtain large quantities of high-purity recombinant pNLRC3 protein, making it impossible

to directly resolve the structure of pNLRC3 complexed with DNA, which hinders our understanding of its precise binding sites. There is also a

lack of direct physiological evidence for pNLRC3’s role during viral infection, as we do not have endogenous antibodies with high specificity

and sensitivity. Althoughwe have identified that pNLRC3 interacts with pcGAS through its NBDdomain, themotif of the binding sites remains

unknown. These questions need further studies to be resolved.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Flag Sigma-Aldrich Cat# F1804; RRID: AB_262044

Rabbit anti-HA Cell Signaling Technology Cat# 3724; RRID: AB_1549585

Rabbit anti-V5 Cell Signaling Technology Cat# 13202; RRID: AB_2153491

Mouse anti-His GeneScript Cat# A00186-100; RRID: AB_914704

Rabbit anti-Strep-II Abcom Cat# ab76950; RRID: AB_1524456

GAPDH Rabbit Polyclonal antibody Proteintech Cat# 10494-1-AP; RRID: AB_2263076

Anti-mouse IgG HRP-Linked Antibody Cell Signaling Technology Cat# 7076; RRID: AB_330924

Anti-rabbit IgG HRP-Linked Antibody Cell Signaling Technology Cat# 7074; RRID: AB_2099233

ALexa Flour 633 goat anti-mouse IgG(H + L) Invitrogen Cat# A21052; RRID: AB_2535719

ALexa Flour 488 goat anti-Rabbit IgG(H + L) Invitrogen Cat# A11034; RRID: AB_2576217

Bacterial strains

BL21 Tsingke Biotech Cat# CD601

DH5a Vazyme Cat# C502-02

Plasmids

pcDNA3.1-HA/Flag-pNLRC3 This paper N/A

pcDNA3.1-GFP-pNLRC3-8xHis This paper N/A

pcDNA3.1-HA-pNLRC3 G1032R This paper N/A

pcDNA3.1-HA/Flag-pNLRC3 CARD This paper N/A

pcDNA3.1-HA/Flag-pNLRC3 CARD-NBD This paper N/A

pcDNA3.1-HA/Flag-pNLRC3 NBD This paper N/A

pcDNA3.1-HA/Flag-pNLRC3 NBD-LRR This paper N/A

pcDNA3.1-HA/Flag-pNLRC3 LRR This paper N/A

pcDNA3.1-HA-pcGAS This paper N/A

pcDNA3.1-HA-pSTING This paper N/A

pcDNA3.1-HA-pTBK1 This paper N/A

pcDNA3.1-HA-pIRF3 This paper N/A

pcDNA3.1-HA/Flag-hNLRC3 This paper N/A

pcDNA3.1-HA-hNLRC3 R1031G This paper N/A

pcDNA3.1-HA-hcGAS This paper N/A

pcDNA3.1-HA-hSTING This paper N/A

pcDNA3.1-HA-hTBK1 This paper N/A

pcDNA3.1-HA-hIRF3 This paper N/A

pcDNA3.1-HA-hRIG-I This paper N/A

PiggyBac-EGFP-Strep-II-pNLRC3 This paper N/A

pGEX-4T-1-GST-pNLRC3 NBD This paper N/A

pET28a-His-pNLRC3 LRR This paper N/A

pET28a-His-pcGAS This paper N/A

Chemicals

DMEM Macgene Cat# CM10013

RPMI medium 1640 Macgene Cat# C11875500CP

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PBS Macgene Cat# P1020

Fetal Bovine Serum CellMax Cat# SA211.02

Puromycin Solarbio Cat# P8230

Fixative solution Solarbio Cat# P1110

NP-40 Solarbio Cat# N8032

Isopropyl b-D-1-thiogalactoside Solarbio Cat# 18070

Mycoplasma OUT Genloci Cat# 24010301

Opti-MEM Gibco Cat# 31985070

Lipofectamine2000 Invitrogen Cat# 11668019

RNAiMAX Invitrogen Cat# 13778150

Lipofectamine8000 Beyotime Cat# C0533-0.5mL

DAPI Beyotime Cat# C1002

Cell lysis buffer for Western and IP Beyotime Cat# P0013J

PVDF Millipore Cat# ISEQ00010

cOmplete� Protease Inhibitor Cocktails Roche Cat# 5892970001

Serum-Free Cell Freezing Medium NCM Cat# C40100

DMSO Sigma Cat# D2650

Bovine serum albumin Sigma Cat# A7906-100G

poly(dA:dT) Invitrogen Cat# tlrl-patn

20,30-cGAMP Invitrogen Cat# tlrl-nacga23

Prestained Protein Ladder Thermo Scientific Cat# 26616

SuperSignal� West Pico PLUS Thermo Scientific Cat# 34578

Strep-Tactin�XT 4Flow� high capacity column IBA Lifesciences Cat# 2-5032-001

Streptavidin MagPoly beads Smart-Lifesciences Cat# SM017010

D-Biotin Smart-Lifesciences Cat# SLR00602

Protein A/G Santa cruz Cat# sc-2003

HiloadTM 16/600 SuperdexTM 200 pg Cytiva Cat# 28989335

Mono Q ion-exchange column Cytiva Cat# 17516601

Stripping Buffer CWBIO Cat# CW0056M

DL500 DNA Marker TaKaRa Cat# 3590A

DL1000 DNA Marker TaKaRa Cat# 3591A

DL2000 DNA Marker TaKaRa Cat# 3428A

DL5000 DNA Marker TaKaRa Cat# 3427A

Primestar TaKaRa Cat# R045A

T4 DNA Ligase TaKaRa Cat# 2011A

23Taq Master Mix Vazyme Cat# P112-01

HiScript II Q RT SuperMix Vazyme Cat# R223-01

Taq Pro Universal SYBR Qpcr Master Mix Vazyme Cat# Q712-02

Ni-NTA resin QIAGEN Cat# 30230

Glutathione Resin GeneScript Cat# L00206

Critical commercial assays

BCA protein assay kit Solarbio Cat# PC0020

ClonExpress II One Step Cloning Kit Vazyme Cat# C112-02

Mut Express� II Fast Mutagenesis Kit Vazyme Cat# C214

Qiaquick PCR purification kit QIAGEN Cat# 28104

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNA simple total RNA extraction kit TIANGEN Cat# DP419

Dual-Luciferase Reporter Assay System kit Promega Cat# E1960

Experimental models: Cell lines

HEK-293T This paper N/A

Immortalized PAM cells (PAM-Tang) Harbin Veterinary Research Institute N/A

PK-15 This paper N/A

HeLa This paper N/A

Oligonucleotides

HT-DNA Thermo Scientific Cat# 15632011

Biotin-HSV120 This paper N/A

Biotin-HSV60 This paper N/A

Biotin-HSV30 This paper N/A

Biotin-HSV15 This paper N/A

HSV120 This paper N/A

HSV60 This paper N/A

HSV30 This paper N/A

Software and algorithms

Graphpad Prism 8 GraphPad Software https://www.graphpad.com/

MO. Affinity Analysis MO. Affinity Analysis software https://www.bioz.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

HEK-293T cells (Human embryonic kidney cells), PK-15 cells (Porcine kidney-15) and HeLa cells were cultured in Dulbecco’s Modified Eagle

Medium (DMEM) (MACGENE, #CM10013) containing 10% fetal bovine serum (FBS) (CellMax, #SA211.02), 100 mg/mL streptomycin, 1% peni-

cillin. Immortalized PAMs (PAM-Tang) were provided by Dr. Yandong. Tang (Harbin veterinary research institute of Chinese Academy of Agri-

cultural Sciences (CAAS), Harbin, China)46 and maintained in RPMI medium 1640 (MACGENE, #C11875500CP) supplemented with 10% FBS,

100 mg/mL streptomycin, 1% penicillin. HEK-293T cell line stably expressing Strep-II-pNLRC3 was constructed using PiggyBac Transposon

system and detected by the microscope (Falcon S400, Alicelligent Technologies). All cells were grown at 37�C incubator under 5% CO2.
METHOD DETAILS

The UniProt accession ID of NLRC3 gene

All sequences of NLRC3 in different species are from UniProt. Human (Q7RTR2), black snub-nosed monkey (A0A2K6MM34), Golden monkey

(A0A2K6MM34), Sapajou (A0A6J3G830), Green monkey (A0A0D9RC41), Ma’s night monkey (A0A2K5D8M7), Cynomolgus monkey

(A0A2K5VQA3), Pig-tailed macaque (A0A2K5VQA3), White-cheeked gibbon (G1REY0), Chinese tree shrew (L9LB10), Olive baboon

(A0A096NLC5), Sumatran orangutan (H2NPZ4), Chimpanzee (H2QAG9), Pig (A0A287AW79), Deer (A0A6J0ZAC0), Goat (A0A452FN27),

Panda (G1LVY7), Lion (A0A8C8WRG8), Mouse (Q5DU56), Sewer rat (D3ZYP9), Duck (A0A493U1Q4), Chicken (A0A8F2F4X1), Zebrafish

(A0A8M3APF3), Drosophila melanogaster (Q7YWY1) and Elegans (A0A0A1XNV3).
Plasmids and molecular cloning

The cDNA of porcine spleen or THP-1 cells were amplificated via polymerase chain reaction (PCR) with specific primers, then the products

were cloned into pcDNA3.1 vector by Primestar (TaKaRa, #R045A) and ClonExpressII One Step Cloning Kit (Vezyme, #C112-02). pNLRC3

G1032R and hNLRC3 R1031Gmutants were engineered into pcDNA3.1 usingMut Express II FastMutagenesis Kit V2 (Vazyme, #C214) accord-

ing to the manufacturer’s instructions. Construction results were confirmed by DNA sequencing (Tsingke, Beijing, China).
Plasmids transfection

HEK-293T cells were seeded in 24-well plates culturing for overnight. The successfully constructed plasmids were mixed with lipofect-

amine2000 reagent (Invitrogen, #11668019), incubated at room temperature for 15 min, then added to the cells. Six hours later, the superna-

tant was removed and the cells were incubated in DMEM containing 10% FBS for 24 h. Proteins expressing were confirmed by western blot.
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DNA and RNA sequences

15 bp DNA: 50-biotin-TAAGACACGATGCGA-30; 30 bp DNA: 50-biotin-TAAGACACGATGCG ATAAAATCTGTTTGTA; HSV60 bp DNA:

50-biotin-TAAGACACGATGCGATAAAATCTGTTTGTAAAATTTATTAAGGGTACAAATT-GCCCTAGC-30; 120 bp DNA: 50-biotin-TAAGAC

ACGATGCGATAAAATCTGTTTGTAAAATTTATTAAGGGTACAAATGCCCTAGCTAGACACGATGCGATAAAATCTGTTTGTAAAATTTATTA

AGGGTACAAATTGCCCTAGC-30; 60 bp RNA: 50-biotin UAAGACACGAUGCGAUAAAAUCUGUUUGUAAAAUUUAUUAAGGGUACAAAU-

UGCCCUAGC-30; 15 bp RNA: 50-biotin-UAAGACACGAUGCGA-30; All biotinylated nucleic acids were synthesized by Sangon Biotech

(Shanghai, China)

Western blot analysis

Cells were lysed withWestern and IP lysis buffer (Beyotime, #P0013J) supplemented with phosphatase and protease inhibitor cocktail (Roche,

#5892970001). The total protein concentrations were detected using a Bicinchoninic Acid (BCA) Protein Assay Kit (Solarbio, #PC0020). The

same amount of the extract was treated with SDS buffer separated by SDS-PAGE, and transferred onto polyvinylidene fluoride (PVDF) mem-

branes (Millipore, #ISEQ00010) for immunoblot analysis. Values were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Pull-down assay

HEK-293T cells were cultured in 6-well plates and transfected with indicated plasmids. After 24 h of transfection, HEK-293T cells were washed

twice with PBS, collected and lysed with Western and IP buffer supplemented with protease inhibitor cocktail for 30 min. Cell lysate was har-

vested by centrifugation at 12,000 rpm for 10 min at 4�C, and incubated with biotinylated nucleic acids (synthesized by Sangon Biotech,

Shanghai, China) for 4 h at 4�C. Then themixture containing protein and biotinylated nucleic acids were incubated with streptavidin magnetic

beads (Changzhou Smart-Lifesciences Biotechnology, # SM017010) for another 2 h. After washing fives times, the beads were denatured with

SDS buffer at 95�C for 10 min and subjected to western blot analysis.

Dual-luciferase reporter assay

HEK-293T cells were cultured in 24-well plates overnight. pRL-TK (30 ng), pGL3.0-IFN-b-Luc (300 ng), pcGAS (200 ng), pSTING (100 ng), or

pTBK1 (500 ng), pIRF3 (500 ng) and pNLRC3 (500 ng) plasmids were co-transfected using lipofectamine8000 (Beyotime, #C0533). Samples

were harvested at 24 h post-transfection and lysed with 13passive lysis buffer. The supernatant was collected after centrifugation at 4�C
for 10 min, and added to 96-well plates. Then the activities of firefly and renilla luciferase were measured according to the Dual-Luciferase

Reporter Assay System (Promega, #E1960).

Real time RT-PCR

Total RNA was extracted by RNA simple Total RNA extraction kit (TIANGEN, #DP419) and was reversely transcribed to cDNA using HiScriptII

Q RT SuperMix (Vazyme, #R223-01) according to themanufacturer’s protocol. Real-time PCRwas performed using 23Taq Pro Universal SYBR

qPCR Master Mix (Vazyme, #Q712-02) on a LightCycler480II system (Roche, Switzerland) in triplicated determinants. The cycle threshold

(DDCT) method was used to analyze the target gene expression levels. Data were normalized to GAPDH expression.

Primers used: pIFN-b:

50-AGTTGCCTGGGACTCCTCAA-30, 50-CCTCAGGGACCTCAAAGTTCAT-3’; pGAPDH: 50-ACATGGCCTCCAAGGAGTAAGA-30, 50-GA

TCGAGTTGGGGCTGTGACT-3’; pNLRC3: 50-GGTCAACTCAAGCCTCCGAA-30, 50-CAGGACCGGTGGAATTGGAA-3’;

hIFN-b: 50-CCAACAAGTGTCTCCTCCAAAT-30,
50-AATCTCCTCAGGGATGTCAAAGT-3’;

hGAPDH: 50-CTCTGCTCCTCCTGTTCGAC-30,
50-AATCCGTTGACTCC GACCTT-3’

RNA interference

PK-15 and PAM-Tang cells were transfected with small interfering RNA (siRNA) synthesized by GenePharma (Suzhou, China) when the density

of cells reached 60% by RNAiMAX transfection reagent (Invitrogen, #13778150) according to the manufacturer’s protocol. After 36 h, cells

were stimulated with 1 mg/mL of poly(dA:dT) (Invivogen, #tlrl-patn) or 20,30-cGAMP (Invivogen, #tlrl-nacga23). The IFN-bmRNA level was de-

tected by RT-qPCR.

Stimulation assay

PK-15, PAM-Tang and HeLa cells were plated in 24-well plates and grown to 80% confluence overnight. The cells were transfected with

pNLRC3 using lipofectamine8000 (Beyotime, #C0533) or siRNA of pNLRC3 using RNAiMAX transfection reagent. Transfection of poly(dA:dT)

or 20,30-cGAMP at 1 mg/mL using lipofectamine 8000 were followed after 24 h post-transfection.

Co-immunoprecipitation (Co-IP)

HEK-293T cells cultured in 6-well plates were transfected with the indicated plasmids by using lipofectamine8000. 24 h post-transfection, cells

were collected and lysed with NP-40 (Solarbio, #N8032). After centrifugation for 10 min at 12,000 rpm, supernatant was immunoprecipitated
16 iScience 27, 111145, November 15, 2024
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with mouse anti-Flag monoclonal antibody (Sigma Aldrich, #F1804) and protein A/G plus-agarose (Santa Cruz Bio-technology, #sc-2003). Af-

ter 6 h of incubation, beadswerewashed three timeswith ice-clod PBS. Immunoprecipitates or whole cell lysates were boiledwith SDS sample

buffer, separated by SDS-PAGE, transferred onto PVDF membranes, and then blotted with specific antibodies.

Confocal microscopy

HEK-293T cells were seeded onto glass coverslips in 24-well plates. When cell density reached up to 40–50%, the cells were co-transfected

with Flag-pNLRC3 and HA-pcGAS, HA-pSTING, HA-pIRF3 or Flag-pTBK1 and HA-pNLRC3 plasmids. After 24 h, the cells were washed with

PBS, treated with 4% fixative solution (Solarbio, #P1110) for 30 min and permeabilized with 0.1% Triton X-100 for 10 min at room temperature.

Then the cells were washed and blocked in 1% bovine serum albumin (Sigma Aldrich, #A7906-100G) at 4�C for 30 min. Subsequently, the cells

were incubated with primary antibodies (mouse anti-Flag (Sigma Aldrich, #F1804) and rabbit anti-HA (Cell Signaling Technology, #13202)) for

2 h at 37�C, washed four times with PBS, then stained with secondary antibodies (Alexa Flour 633 goat anti-mouse IgG (H + L) (Invitrogen,

#A21052) and Alexa Flour 488 goat anti-rabbit IgG (H + L) (Invitrogen, #A11034)) for 30 min, and the nuclei were treated with DAPI (Beyotime,

#C1002) for 5 min. After washing with PBS, the stained cells were analyzed using Falcon S300, Intelligent cell imaging and analysis system

(Alicelligent Technologies).

Recombinant protein purification and in vitro pull-down assay

For expression andpurification of the full-length pNLRC3 recombinant protein, N-terminal Strep-II-tagged pNLRC3was cloned into PiggyBac

vector. Strep-II-pNLRC3-HEK-293T stable expression cell line was constructed by co-transfection PiggyBac-Strep-II-pNLRC3 plasmid and Su-

per PiggyBac Transposase. HEK-293T cell line was washed three times with cold PBSwhengrown to 100% confluence and lysedwithNP-40 for

1 h at 4�C. Samples were centrifuged at 12,000 rpm for 10 min to isolate the supernatant containing full-length pNLRC3 protein. The super-

natant was filtered in advance with a 0.45 filter to remove any aggregates that may have formed, then was incubated with 2 mL column bed

volume (CV) Strep-TactinXT resins (IBA Lifesciences, #2-5032-001) pre-equilibrated with buffer W (100 mM Tris pH 8.0, 1 mM EDTA, 150 mM

NaCl). The supernatant was outflowed and resins were washed with 53 1 CV of Buffer W. The full-length pNLRC3 proteins were finally eluted

with 6 3 0.5 CV of Buffer BXT (100 mM Tris/HCl, pH 8.0, 1mM EDTA, 150 mM NaCl, 50 mM biotin). GFP-pNLRC3-83His was cloned into

pcDNA3.1 vector, which transfected into HEK-293T cell to purify GFP-pNLRC3 recombinant proteins by Ni-NTA resin (QIAGEN, #30230).

pNLRC3 NBD was cloned into pGEX-4T-1 vector with N-terminal GST tag and pNLRC3 LRR was cloned into pET-28(a) vector with N-terminal

63His-SUMO tag. Successful clones were transformed into E. coli BL21(DE3) (Tsingke Biotech, #CD601). The bacteria were cultured at 37�C
and the protein expressing was induced by 1 mM isopropyl b-D-1-thiogalactoside (Solarbio, #18070) at 16�C when OD600 arrived at 1.0. The

bacteria were harvested and lysed with buffer containing 50 mM Tris-HCl (pH 8.0), 300 mMNaCl. The pNLRC3 NBD supernatant was applied

to Glutathione resin (GeneScript, #L00206). The proteins were washed with 10 mM Glutathione elution buffer (L-Glutathione is soluble in

50 mM Tris-HCl (pH 8.0)). The pNLRC3 LRR supernatant was applied to Ni-NTA resin. The proteins were washed with buffer containing

500 mM NaCl, 20 mM Tris-HCl (pH 7.5) and 25 mM imidazole, and eluted in 150 mM, NaCl 20 mM Tris-HCl (pH 7.5), and 250 mM imidazole.

Subsequently, the pNLRC3 LRR proteins were further purified with running buffer (150mMNaCl, 20mMTris-HCl (pH 7.5)) using HiloadTM 16/

600 SuperdexTM 200 pg (Cytiva, #28989335) gel filtration chromatography. The pcGASFL recombinant proteins were purified by Ni-NTA

beads, Hiload 16/600 Superdex 200pggel filtration chromatography and resource S ion exchange according to Yan et al.27 Finally, all proteins

were concentrated by ultrafiltration and the concentration was determined by Bradford assay. Purified proteins were frozen in liquid nitrogen

and stored in running buffer containing 5 mM DTT.

Computational modeling

The all-atom MD simulations of pNLRC3 and DNA chains (HSV15 and HSV60) were performed on Gromacs 2019.6 with CHARMM36

force field and explicit solvent model TIP3P for waters.47,48 The structural model of pNLRC3 was downloaded from the AlphaFold

Protein Structure Database with the UniProt accession ID A0A287AW7.49 The structural models of double strands DNA were adapted

from the previous study.23 Throughout the simulations, no constraints were implemented on neither protein chains nor DNA chains. The

initial poses of the NLRC3-DNA complex were adapted from the productive trajectories of simulations on hNLRC3 and the 15 bp/60 bp

dsDNA chains were close to the LRR domain. The system (63 136–226 805 atoms) was embedded in a water box (115 3 115 3 110 Å3 for

15 bp and 187 3 187 3 187 Å3 for 60 bp) neutralized with 150 mM NaCl, minimized using steepest descent method before equilibration

of 10 ns at 303.15 K. Throughout the simulations, velocity-rescale thermostat (Nose-Hoover) and constant pressure (1 bar, Parrinello-

Rahman NPT ensemble) were adopted. The non-bonded interaction cut-off for electrostatics calculations was set as 10 Å and the par-

ticle mesh Ewald (PME) method was used in the calculation of long-range electrostatic interactions with h-bonds LINCS constraints.

After reaching equilibrium, gmx cluster tool was then applied to extract representative conformations throughout the trajectories.

The electrostatic surfaces were calculated by the PyMOL (Schrödinger, LLC.) APBS plugins using AlphaFold2 predicted full-length struc-

tural models.

The MicroScale thermophoresis assay (MST)

HSV30, HSV60 and HSV120 were serially diluted with deionized water. Then, 256 nMGFP-pNLRC3 recombinant protein, diluted with a buffer

(1 mg/mL BSA, 0.05% Tween 20 in PBS), was incubated with dsDNA of different lengths at room temperature in a total volume of 20 mL. The
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mixture was loaded into Monolith NT.115 capillaries. Binding affinity analysis was performed using a NanoTemper Monolith NT.115 instru-

ment, and Kd values were obtained using MO. Affinity Analysis software.

The cGAS activity assay

The full-length pcGAS and the Salmon Sperm DNA (Thermo Fisher, #15632011) or HSV60 (synthesized by Sangon Biotech) were incubated in

reaction buffer containing 2 mM GTP, 2 mM ATP, 5 mM MgCl2 and 20 mM HEPES (pH 7.5) for 2 h at 37�C. Samples were centrifuged at

12,000 rpm for 10 min. The supernatant was separated by ultrafiltration and further analyzed by Mono Q ion-exchange column (Cytiva,

#17516601) with running buffer containing 50mMTris-HCl (pH 8.5) and followed by elution with gradient NaCl running buffer. The production

of 20,30-cGAMP was analyzed by ion-exchange chromatography.

Animal silhouettes
All animal silhouettes are from PhyloPic and are free of known restrictions or are dedicated to the public domain under the following licenses.

Animal Creator License

Human Yan Wong Public Domain Mark 1.0

Monkey T. Michael Keesey Public Domain Mark 1.0

Lion T. Michael Keesey Public Domain Mark 1.0

Pig Steven Traver CC0 1.0 Universal Public Domain Dedication

Goat Steven Traver CC0 1.0 Universal Public Domain Dedication

Chicken Steven Traver CC0 1.0 Universal Public Domain Dedication

Chimpazee T. Michael Keesey CC0 1.0 Universal Public Domain Dedication

Baboon Augustin BROUILLET CC0 1.0 Universal Public Domain Dedication

Mouse Tony Goldberg CC0 1.0 Universal Public Domain Dedication

Deer Jody Taylor CC0 1.0 Universal Public Domain Dedication

Duck Marie Aimée ALLARD CC0 1.0 Universal Public Domain Dedication
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was carried out with GraphPad Prism version 8.0.1. All data were shown asmeanG SD. Themean values for data from each

group were compared by Two-tailed unpaired t-test. In all tests, p values of <0.05 were considered statistically significant. ****p < 0.0001,

***p < 0.001, **p < 0.01, *p < 0.05. ns, no significance.
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