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Structure of CRISPR-related Enzyme mCpol Reveals Novel Antiviral Signaling Mechanism  

Production of oligonucleotide second messengers to activate antiviral immunity is an ancient and 
evolutionarily conserved defense mechanism. In eukaryotes this includes cGAS-STING, and in 
prokaryotes this comprises related enzymes in the cyclic oligonucleotide-based antiphage signaling 
system (CBASS) and Type III CRISPR systems.1 In all known systems, antiviral cyclases are tightly 
regulated, becoming active upon the detection of viral infection. Here, the authors characterize the 
Panoptes prokaryotic immune system, which comprises a cyclase (minimal CRISPR polymerase, 
mCpol) and antiviral effector (2TMβ).2,3 While other antiviral cyclases remain inactive until infection, 
the structure of mCpol reveals a striking deviation: it produces cyclic oligonucleotides without 
external stimulus. This structure, in concert with biochemical characterization, reveals that 
Panoptes acts through a novel signaling paradigm where the oligonucleotide second messenger is 
constitutively produced, repressing the immune response. This signaling logic allows for Panoptes 
activation in response to viral encoded anti-defense proteins that aim to subvert immunity by 
depleting antiviral second messengers.  

A previous comparative genomics analysis identified this putative cyclase, mCpol, as a relative of the 
characteristic enzyme of Type III CRISPR systems, Cas10.4 Cas10 is a cyclase that produces 
oligonucleotide messengers upon binding of a target RNA, indicating the presence of virus.5,6 
Allosteric regulation of Cas10 activity provides control over cyclic oligonucleotide synthesis, fine-
tuning it in response to viral infection.7 The Loop L1 region of Cas10 (residues 19-23 of SthCsm1) is 
disordered prior to target RNA binding. However, in the presence of target RNA this loop becomes 
ordered, increasing cyclic oligonucleotide synthesis to activate an antiviral response.7  

This work examined a putative antiviral system, Panoptes, containing mCpol and an antiviral effector. 
Incubation of recombinant mCpol with ATP showed the formation of cyclic oligonucleotide products, 
primarily 2’3’-c-diAMP, indicating that mCpol was an active cyclase. This activity paralleled that seen 
by Cas10 in previous studies.5,6 However, it did not seem to require additional stimulus such as target 
RNA binding. To gain insight into this divergent mechanism of regulation, a high-resolution crystal 
structure of mCpol bound to an ATP analog (ApNHpp) was determined at 2.3 Å resolution using data 
collected on SSRL BL12-2. The structure of the Panoptes cyclase, mCpol, and corresponding 
biochemical analysis show that this enzyme folds into a single Palm domain which dimerizes to form 
a pocket where two ATP analogs are bound. This dimer structure is structurally homologous to the 
two Palm domains that comprise Cas10,8,9 allowing for the comparison of regulatory features 
between the two cyclases.  

Examining the region of mCpol homologous to Loop L1 in Cas10 revealed a divergence in this 
allosteric regulatory region. The disordered loop in Cas10 was replaced by a highly ordered turn in 
mCpol, anchoring this catalytic-adjacent region. Additionally, mCpol lacked structural homology to 
other regulatory regions of Cas10.8 This insight was consistent with the lack of RNA-dependence and 
constitutive in vitro activity of mCpol. However, it was unclear how constitutive oligonucleotide 
synthesis could lead to a response specific to viral infection.  

Due to mCpol’s constitutive activity, it was then hypothesized that the system containing mCpol 
operated through oligonucleotide mediated negative regulation, where the messenger suppressed 
the effector protein. Cell-based and biochemical assays demonstrate that the presence of 2’3’-c-
diAMP produced by mCpol suppresses the active, oligomeric form of the associated effector protein 
thereby suppressing Panoptes activity. This inversion of known oligonucleotide signaling logic allows 
the system to become active upon oligonucleotide depletion. Notably, the bacterial viruses sensitive 
to Panoptes all encode anti-defense proteins that degrade or sequester oligonucleotides. Because 



this system only activates when cyclic nucleotides are absent, viral anti-defense proteins that aim to 
subvert immune responses by depleting host messengers10,11 paradoxically switch defense on. 

The authors conclude that the constitutive cyclase activity by mCpol, supported by structural 
analysis, reveals a novel signaling paradigm in oligonucleotide-based immunity. This work expands 
on the recent identification of virus-encoded anti-immunity proteins10,11 to show how host systems 
can counter virus-mediated immune suppression, and suggests the possibility of similar protective 
roles for cyclic oligonucleotides across the tree of life.  

 

Figure 1. mCpol lacks regulatory elements seen in other related cyclases. a. Domain map and structure of 
Cas10 (Csm1) from PDB ID: 6ifk, highlighting the allosteric regulatory Loop L1 in red and Palm domains in pink 
and yellow. b. Structure of mCpol reported in this work (PDB ID: 9NWN) reveals a homodimer that binds two 
ATP analogs (ApNHpp) in the active site. c. Loop L1 in Cas10 before (6IFL) and after (6IFK) binding target RNA. 
d. Residues equivalent to Loop L1 in mCpol are highly ordered without RNA binding.  
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Links  
1. How Microbes – and Humans – Defend Against Viruses  
https://innovativegenomics.org/news/how-microbes-and-humans-defend-against-viruses/  

2. This Week in Microbiology: Nucleotides to the Defense  
https://asm.org/podcasts/twim/episodes/nucleotides-to-the-defense-twim 
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