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            Abstract
The CRISPR system in bacteria and archaea provides adaptive immunity against mobile genetic elements. Type III CRISPR systems detect viral RNA, resulting in the activation of two regions of the Cas10 protein: an HD nuclease domain (which degrades viral DNA)1,2 and a cyclase domain (which synthesizes cyclic oligoadenylates from ATP)3,4,5. Cyclic oligoadenylates in turn activate defence enzymes with a CRISPR-associated Rossmann fold domain6, sculpting a powerful antiviral response7,8,9,10 that can drive viruses to extinction7,8. Cyclic nucleotides are increasingly implicated in host–pathogen interactions11,12,13. Here we identify a new family of viral anti-CRISPR (Acr) enzymes that rapidly degrade cyclic tetra-adenylate (cA4). The viral ring nuclease AcrIII-1 is widely distributed in archaeal and bacterial viruses and in proviruses. The enzyme uses a previously unknown fold to bind cA4 specifically, and a conserved active site to rapidly cleave this signalling molecule, allowing viruses to neutralize the type III CRISPR defence system. The AcrIII-1 family has a broad host range, as it targets cA4 signalling molecules rather than specific CRISPR effector proteins. Our findings highlight the crucial role of cyclic nucleotide signalling in the conflict between viruses and their hosts.
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                    Fig. 1: DUF1874 is an anti-CRISPR protein specific for cA4 signalling.[image: ]


Fig. 2: AcrIII-1 rapidly degrades cA4 to linear products.[image: ]


Fig. 3: Structure of AcrIII-1 bound to cA4.[image: ]
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                Data availability

              
              The structural coordinates and data have been deposited in the Protein Data Bank (PDB) with deposition code 6SCF. The genome sequence of the SSeV virus has been submitted to GenBank with accession code MN53972. Raw data are available in the Supplementary Information for the plasmid immunity analysis presented in Fig. 1 and Extended Data Fig. 3, and the kinetic analysis presented in Fig. 2 and Extended Data Figs. 5, 6.
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Extended data figures and tables

Extended Data Fig. 1 Multiple sequence alignment of DUF1874-family members, and purity of DUF1874 and CRISPR ancillary enzymes used in biochemical assays.
a, This multiple sequence alignment includes the AcrIII-1 proteins from the archaeal viruses SIRV1, STIV, AFV3, ARV1, SIFV, SMV4 and ATV, the ICEBs1 protein YddF from B. subtilis, the bacteriophage proteins from Thermoanaerobacterium phage THSA-485A, Synechococcus phage S-CBWM1, Fusobacterium phage Fnu1 and Hydrogenobaculum phage 1, and the Crn2 protein from Crenothrix polyspora. Conserved residues H47, R66, R85 and E88 are indicated by asterisks. Light and dark grey shading indicate regions of partial and strong sequence conservation, respectively. b, SDS–PAGE of SIRV1 gp29 (wild-type, H47A and E88A variants), YddF, the Crn1 enzyme Sso2081, and the Csx1 enzyme Sso1389. The gel is representative of two or more biological replicates.


Extended Data Fig. 2 Construction of RJW007 Δtype I-A and RJW007 Δtype I-AΔcsx1 mutant strains.
a, Genomic context of the CRISPR system in the genetic host (S. islandicus RJW007) and in mutant strains. A1 and A2 denote two different CRISPR arrays, the orientations of which are indicated with arrows. b, PCR verification of Δtype I-A mutants. A representative Sulfolobus transformant with integrated type I-A knockout plasmid was grown in dextrin-tryptone liquid medium, and the cell cultures were plated on dextrin-tryptone plates containing 5-fluoroorotic acid (5-FOA, 50 µg mg−1), uracil (20 µg ml−1), and agamatine (1 mg ml−1). Seven randomly selected 5-FOA-resistant (5-FOAR) colonies were screened using the primers that bind outside of the flanking homologous regions to confirm the type I-A deletion. A representative Δtype I-A mutant was further colony purified for subsequent experiments. The expected sizes of the PCR products amplified from the genomic DNA of the parental strain (referred to wild type, wt) and the Δtype I-A mutant are 8,830 base pairs (bp) and 3,001 bp, respectively. The minus symbol denotes a negative control (using water as the template for PCR). L, log-2 DNA ladder (NEB). Seven biological replicates were screened. c, PCR analysis of the RJW007 Δtype I-AΔcsx1 mutant and its parental strain RJW007 Δtype I-A using primers that anneal to the outside of the flanking homologous regions of csx1, generating amplicons of 2,312 bp and 3,650 bp, respectively. Minus symbol, negative control (using water as the template for PCR). L, Gene Ruler Express DNA ladder (Thermo Scientific). The experiment carried out once. d, Plaque counts for the three strains tested (n = 3 biological replicates).


Extended Data Fig. 3 Effect of DUF1874 on plasmid immunity provided by a heterologously expressed M. tuberculosis type III-A CRISPR system, providing cA4- or cA6-mediated immunity.
Unprocessed images of sample plates are shown for all replicates (two biological replicates with four technical replicates each; n = 8). Cell-culture dilutions are indicated above the plates.


Extended Data Fig. 4 Substrate preference of the AcrIII-1 proteins SIRV1 gp29 and YddF, and effective range of cA4 degradation.
a–d, TLC images visualizing (under 254 nm UV light) cA4 and cA6 (450 μM) degradation by SIRV1 gp29 (a, b) and YddF (c, d) over time (in minutes). Both AcrIII-1 enzymes display a clear preference for cA4 over cA6. All TLC images are representative of three technical replicates. e, Denaturing PAGE showing activation of Csx1 (0.5 μM dimer) by the indicated amounts (500–0.5 μM) of HPLC-purified cA4, and its subsequent deactivation when either AcrIII-1 or Crn1 (2 μM dimer) was present to degrade cA4. The AcrIII-1 enzyme degraded 100-fold more cA4 than did Crn1. The control reaction (C) shows RNA incubated with Csx1 in the absence of cA4 (n = 3 technical replicates). For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 5 Structure of SIRV1 gp29 bound to cA4.
a, b, Orthogonal views of SIRV1 gp29 dimer in complex with cA4. The protein monomers are coloured purple and gold, with catalytic residue H47 from the apo structure shown in salmon. cA4 is shown as a spacefill model, with green, blue, red and orange representing carbon, nitrogen, oxygen and phosphorus atoms, respectively. Conserved residues (Extended Data Fig. 1) in the AcrIII-1 family are indicated and discussed in the text. c, Interactions between each monomer of the SIRV1 dimer (orange and blue), with cA4 shown in green. d, Diagram showing the interaction between SIRV1 gp29 and cA4. Dotted lines represent hydrogen bonds, with distances annotated. Spheres represent water molecules.


Extended Data Fig. 6 Single-turnover cA4 cleavage by SIRV1 gp29 and variants, and chemical rescue with imidazole.
a, Phosphorimage of TLC visualizing cA4 cleavage by SIRV1 gp29 H47A (4 μM dimer, 50 °C) in the presence or absence of 500 mM imidazole, over time. The rate of cA4 cleavage to generate A2>P and A2-P was calculated by quantifying densiometric signals from the phosphorimage (n = 3 technical replicates). b, Plot comparing the single-turnover rates of cA4 by SIRV1 gp29, its E88A variant and its H47A variant, in the presence or absence of imidazole. Cleavage of cA4 by the H47A variant can be partially restored when the reaction is supplemented with 500 mM imidazole. Data are mean and s.d. (n = 3 technical replicates). For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 7 Maximum likelihood phylogeny of AcrIII-1 homologues.
The maximum likelihood phylogenetic tree was constructed with automatic selection of the best-fit substitution model for a given alignment (LG + G + I). Red circles indicate 95–100% branch support, as assessed using aBayes implemented in PhyML. The scale bar represents the number of substitutions per site. Branches and labels are colour coded: red, archaea; black, bacteria; blue, bacteria and archaea in which AcrIII-1 homologues are associated with CRISPR loci; green, archaeal viruses and plasmids; orange, bacteriophages.


Extended Data Fig. 8 Genomic context of crn2 genes in selected bacteria.
Type III CRISPR loci in the bacterial species Crenothrix polyspora, Methylovulum psychrotolerans, Methylomagnum ishizawai, Thioalkalivibrio sufidiphilus and Marinitoga piezophilia are shown, with genes labelled and colour coded. The crn2 gene is shown in pale yellow with a bold outline; CRISPRs are indicated by small black arrowheads; and unrelated/hypothetical genes are shown as small white arrows. The sizes and orientations of genes are not reflected. Ago, Argonaute; CARF, CRISPR-associated Rossman fold; CARF-RelE, CARF domain fused to the RelE toxin; DUF1887, predicted CARF nuclease; RT, reverse transcriptase.


Extended Data Fig. 9 CRISPR-associated AcrIII-1 homologues.
Genomic neighbourhoods were analysed using the enzyme function initiative–genome neighbourhood tool (EFI-GNT) against the Pfam profile database53. Gene annotations are colour coded according to the key at the right.


Extended Data Table 1 Data collection and refinement statistics for AcrIII-1 in complex with cA4Full size table
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