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OPEN 8ACCESS Type lll CRISPR-Cas systems make use of a multi-subunit effector complex to target
foreign (m)RNA transcripts complementary to the guide/CRISPR RNA (crRNA). Base-
pairing of the target RNA with specialized regions in the crRNA not only triggers target
RNA cleavage, but also activates the characteristic Cas10 subunit and sets in motion a
variety of catalytic activities that starts with the production of cyclic oligoadenylate (cOA)
second messenger molecules. These messenger molecules can activate an extensive
arsenal of ancillary effector proteins carrying the appropriate sensory domain. Notably,
the CARF and SAVED effector proteins have been responsible for renewed interest in
type lll CRISPR-Cas due to the extraordinary diversity of defenses against invading
genetic elements. Whereas only a handful of CARF and SAVED proteins have been
studied so far, many of them seem to provoke abortive infection, aimed to kill the host
and provide population-wide immunity. A defining feature of these effector proteins is the
variety of in silico-predicted catalytic domains they are fused to. In this mini-review, we
discuss all currently characterized type lll-associated CARF and SAVED effector proteins,
highlight a few examples of predicted CARF and SAVED proteins with interesting pre-
dicted catalytic activities, and speculate how they could contribute to type Il immunity.

Introduction

CRISPR-Cas is an adaptive immune system in prokaryotes that provides sequence-specific immunity
against mobile genetic elements (MGEs), such as phages, transposons and (conjugative) plasmids,
although other non-immune functions have been identified as well [1,2]. Well over a decade of
research has highlighted the immense diversity of these systems, as reflected by their classification that
currently distinguishes two main classes, six types, and many different subtypes [3]. Nevertheless, all
CRISPR-Cas systems make use of an RNA-guided protein (complex) that binds and degrades comple-
mentary MGE-derived sequences. However, type III CRISPR-Cas systems seem to be equipped with
an additional layer of defense that involves the production of signaling molecules and effector proteins
that respond to them.

A typical type III system consists of several cas genes and a CRISPR array containing MGE-derived
spacer sequences separated by repeat sequences (Figure 1A). Expression of the CRISPR array results
in pre-crRNAs (pre-CRISPR RNAs) that are processed by the Cas6 protein into crRNAs [4]. These
are typically further processed at their 3’ ends, resulting in mature crRNAs that start with an 8 nt
repeat-derived handle at their 5 ends and with a variable 3" spacer-derived end [5]. Expression of the
type III cas genes forms a complex with these crRNAs, resulting in a heterogenous population of type
III ribonucleoprotein (RNP) complexes (Figure 1A).
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Figure 1. Mechanism of type lll CRISPR-Cas immunity.
(A) Overview of type lll effector complex formation. Expression of the cas genes and processing of the CRISPR array. Repeats

and spacers are indicated by blue diamonds and gray rectangles, respectively. Following endonucleolytic cleavages of Cas6, a
variable 3’ end processing step of the crRNAs leads to a heterogeneous complex size population. (B) Biological context of type
lIl CRISPR-Cas systems. A transcription bubble is formed when MGE-derived dsDNA is transcribed by an RNA polymerase
into (M)RNA, which is subsequently targeted by type Ill CRISPR-Cas. (C) Target RNA requirements for the various activities of
type lll. Note that RNA cleavage only relies on complementarity in the seed region, whereas ssDNase and cyclase (COA
production) activity requires additional strict base-pairing in the CAR and no base-pairing interactions with the 5’ handle.

cleaved by the Cas7 subunits of the type III complex, cleaving it at 6-nt intervals [9-12]. Further base-pairing
of the target RNA with the 5 end, spacer-derived region on the crRNA will result in activation of the large
Cas10 subunit of the complex; a region we designated as the CAR (Cas10-activating region). However, activa-
tion of Casl0 is prevented when binding self-RNAs (i.e. antisense RNA transcripts form the CRISPR array)
(Figure 1C). This autoimmune protection is governed by sensing base-pairing interactions between the 5’
handle and the corresponding ribonucleotides on the target RNA. Casl0 typically contains an HD domain,
capable of cleaving ssDNA substrates (potentially cleaving the exposed ssDNA regions in the transcription
bubble) and a Palm domain. The Palm domain acts as a cyclase that generates cyclic oligoadenylate (cOA,,
where x stands for the number of adenosine residues in the ring-like structure) signaling molecules from ATP
[13,14]. The number of adenosine residues can vary between different type III systems, but typically are in the
range of cOA,-cOAg. Subsequently, cOAs bind and allosterically activate proteins containing the appropriate
sensory domains: CARF (CRISPR-associated Rossmann fold) or SAVED (second messenger oligonucleotide or
dinucleotide synthetase-associated and fused to various effector domains). These sensory domains are often
fused to a wide range of (predicted) catalytic domains. Over the last years, a handful of these auxiliary type III
effectors have been characterized. Here, we will provide a short summary of our current understanding of these
proteins (Table 1). Furthermore, we will highlight a couple of interesting examples of predicted, (non-nuclease)
auxiliary type III effectors and speculate how they might contribute to type III immunity.

CARF nucleases

The first cOA-activatable proteins to be described were CARF nucleases, in particular Csmé6 and Csx1, because
they are frequently encoded in type IIT CRISPR-Cas operons [15] (Figure 2A). Csm6 and Csx1 were shown to
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Table 1. Summary of characterized type lll-associated, cOA-activatable effectors, their activating cOA species,
substrate specificity, and phenotypic outcomes upon activation

Ring
Domain No. of subunits in Activating Phenotypic nuclease
Protein architecture the active form cOAs Substrate  outcome activity
Nucleases
Csm6 CARF-6H-HEPN 2 cOA, [14,94] ssRNA Phage clearance [16] Yes
cOAg Dormancy [35] [21,23,94]
[13,14,22,26]
Csx1 CARF-HTH-HEPN 2 cOA, [26-31] ssRNA Dormancy? [35] Yes
6 [95] [30,31]
No
[27,29]
Cant CARF-nuclease-like- 1 cOA, [36] dsDNA [36] Phage clearance [36] No [36]
CARF-PD-D/ExK
Can2/Card1  CARF-PD-D/ExK 2 cOA, [37,38] ssDNA [37]  Dormancy [37] No [37,38]
dsDNA [38] Phage clearance
ssRNA [37,38]
[37,38]
NucC PD-D/ExK 6 cOA3z [90,91] dsDNA Cell death [90,91] No data
[90,91]
Non-nucleases
CRISPR-LON Lon-SAVED 1 cOA4 [72] CRISPR-T  Cell death [72] No data
[72]
TIR-SAVED  TIR-SAVED >3 cOAg [87] NAD* [87] Cell death [87] No data
Csa3 CARF-HTH 1 cOA, [53] dsDNA [53]  Transcriptional No [53]

regulation [53]

function as RNases in type III interference, despite their lack of physical associations with type III complexes
[10,16-20]. Investigations into how Csmé6 and Csx1 are activated upon target recognition by type III complexes
led to the discovery of the cOA signaling system and the function of CARF domains [13,14]. Since then, new
CARF nucleases have been characterized, showing different nuclease activities aiding in defense by promiscu-
ously degrading both self and non-self nucleic acids. Here, we will summarize the characterized CARF
nucleases, their catalytic activities, and their phenotypic outcomes.

Csm6

Among the first CARF proteins to be described was Csm6, in part due to its high prevalence in type III-A
CRISPR-Cas operons [15]. These proteins have an N-terminal CARF domain and a C-terminal HEPN (higher
eukaryotes and prokaryotes nucleotide-binding) domain, interspaced with an a-helical region (6H) [17]. Csm6
forms homodimers in solution to form a cOA binding pocket and a composite ribonuclease active site, in a
dynamic conformational equilibrium between active and inactive forms, conferring low levels of non-specific
RNase activity [16,17,21]. Upon cOA binding, Csm6 homodimers stabilize to the activated conformation formed
by the histidine residues of the catalytic HEPN domain, leading to a highly-active, non-specific RNAse that cleaves
single-stranded RNAs (ssRNAs) after purines (Figure 2A) [13,17,22]. Besides ssRNase activity, some Csm6 homo-
logs have ring nuclease activity (conferred by either the CARF or HEPN domain) that cleaves bound cOAs,
thereby autoregulating their activity [21,23]. In vivo, the contribution of Csmé6 to type III immunity becomes
important in situations with sub-optimal type III targeting, such as with late-expressed viral genes, mutated targets,
or infrequently transcribed plasmid genes. Here, Csm6-mediated RNA degradation becomes indispensable when
Cas10 HD-mediated DNA degradation is insufficient in halting MGE DNA accumulation [16,24]. During viral
infections, Csmé6 activity does not seem to impair cell growth, while for plasmid invasions, it causes temporary
growth arrest until the plasmid is cleared [16,24]. This may be due to a high concentration of phage genomes and
transcripts during infections, saturating the active Csmé6, thereby reducing the impact on host transcripts.
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Figure 2. Schematic illustration of the activities of characterized type Illl-associated, cOA-activatable effectors.

(A) Csmé6 and Csx1 homodimers bind cOA, stabilizing them into an active form where the HEPN domains catalyze ssRNA
degradation. (B) Can1 occurs as monomers with two CARF domains, a nuclease-like and nuclease domain. Upon cOA
binding, the nuclease-like and nuclease domain form a composite active site that catalyzes dsDNA nicking. (C) Can2
homodimers bind cOA and shift to an active form where the nuclease domains form a composite active site that catalyzes
dsDNA nicking, ssRNA and ssDNA degradation. (D) Lon-SAVED is initially bound to CRISPR-T, and upon cOA binding, cleaves
CRISPR-T into CRISPR-T,3 and CRISPR-T4,. CRISPR-T,3 then proceeds to degrade a yet unknown nucleic acid target. (E)
TIR-SAVED forms superhelical structures upon cOA3 binding, forming multiple composite NADase active sites for NAD*
degradation. (F) NucC homotrimers bind cOAz, causing conformational changes that promote homohexamer formation, and
forming dsDNA cleavage sites across the two homotrimers.

Csx1

Another CARF protein that was identified early on through bioinformatic analyses of type III-B CRISPR-Cas
operons was Csx1 [15]. Similar to Csm6, Csx1 also has an N-terminal CARF domain and a C-terminal HEPN
domain, but are separated by a helix-turn-helix (HTH) region, and forms homodimers (Figure 2A)
[18,21,25,26]. Interestingly, Sulfolobus islandicus Csx1 (SisCsx1) has a unique structure where it forms a
hexamer built from a trimer of homodimers [27]. Csx1 has non-specific ssRNase activity upon cOA binding,
catalyzed by the HEPN domains. The sequence specificity of this ssRNase activity can vary between homologs:
Pyrococcus furiosus Csx1 (PfuCsx1) cleaves after adenosines, while SisCsx1 cleaves in between two cytosine resi-
dues [18,28]. Some Csx1 homologs exhibit ring nuclease activity: PfuCsx1 can degrade cOA, through the
HEPN domain, while Thermus thermophilus Csx1 does so through the CARF domain [27,29-31]. Others, such
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Figure 3. Schematic illustration of the anticipated activities of bioinformatically-predicted type lll-associated,
cOA-activatable effectors.

(A) CARF or SAVED proteins with promiscuous nuclease activity, cleaving both self- and non-self nucleic acids. (B) CARF or
SAVED proteins with DNA binding domains could enhance or repress downstream effector genes. (C) CARF or SAVED proteins
with transmembrane domains could form pores that depolarize the membrane, depriving the cell of energy. Alternative
strategies to disrupt the membrane could be employed too. (D) CARF proteins with predicted adenosine deaminase domains
converting ATP into Inosine triphosphate (ITP), depleting cellular ATP levels. (E) CARF or SAVED proteins with a fused Lon
protease domain liberating a toxin that kills the cell.

Toxin

as SisCsx1 and S. solfataricus Csx1, do not exhibit ring nuclease activity but seem to be dependent on dedicated
ring nuclease proteins to break down the cOAs [27,32]. Interestingly, the Marinitoga piezophila Csx1 homolog
was found fused to a dedicated ring nuclease domain, Crn2. The binding sites on both Csxl and Crn2
domains appear to compete for cOA,, with the Crn2 domain having a higher affinity and faster enzyme
kinetics than the Csx1 domain. This fusion may ensure that Csx1-dependent ssRNase activity is only activated
when cOA, levels are high enough to overcome their Crn2-dependent degradation [33]. Biologically, the
importance of Csx1-related ssRNase activity in type III defense varies among different species. For example,
SisCsx1 is necessary for type III-B CRISPR-Cas plasmid interference in S. islandicus [34]. However, in P. furio-
sus, PfuCas10 and PfuCsxl seem to serve redundant roles in plasmid interference, where a combination of
PfuCas10 HD domain mutations and either PfuCsx1 or PfuCasl0 Palm domain mutations are necessary to
abrogate defense [30]. The impact of Csx1-mediated RNA degradation on the fitness of the host remains to be
determined, but it is suggested that it would be similar to Csmé6 [35].
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Can1

Besides RNA, cOA-activatable nucleases can also degrade DNA, as seen with Canl (CRISPR ancillary nuclease
1). Canl appears to be limited to the genus Thermus, and unlike Csm6 and Csx1, Canl operates as a
monomer and contains two CARF domains separated by a nuclease-like domain and a C-terminal PD-D/ExK
nuclease domain [36]. Binding of cOA to TtCanl induces a conformational change to form a composite DNA
cleavage site, formed by the nuclease-like and PD-D/ExK domains, nicking supercoiled DNA at random sites
(Figure 2B). This nicking activity is believed to slow down viral replication by mediating the collapse of DNA
replication forks and subsequently causing dsDNA breaks in rapidly replicating phage genomes.

Can2/Card1

A close relative of Canl, Can2/Cardl (cOA-activated ssRNase and ssDNase 1) has a domain architecture com-
posed of an N-terminal CARF and a C-terminal PD-D/ExK nuclease domain, and forms homodimers similar
to Csmé6 and Csx1 [37,38]. Upon cOA, binding, two studies have shown that Can2 degrades ssRNA in vitro
[37,38]. For DNase activity, one study showed ssDNase but not dsDNAse activity with the Treponema succini-
faciens Can2, while another study showed progressive DNA nicking activity that eventually led to dsSDNA deg-
radation with Sulfobacillus thermosulfidooxidans and Thioalkalivibrio sulfidiphilus Can2 (Figure 2C) [37,38]. It
is likely that its canonical function is DNA nicking, given two homologs are known to exhibit this activity. In
vivo, Can2 is suggested to induce dormancy in response to phage infection and plasmid transformation [37].
Can2 is thought to introduce DNA lesions in both the host and phage genome and acts in parallel with Cas10
to eliminate target DNA [37]. In contrast with this, another study found that Can2 provided phage immunity
without causing any noticeable growth defects of the host, suggesting that Can2 adequately slows down phage
replication similar to Canl [38].

Non-nuclease CARF

Many of the currently characterized CARF proteins associated with type III immunity are nucleases, which aid
in defense by promiscuously degrading both self and non-self nucleic acids. Although more research is needed,
it appears that most of these systems operate as an altruistic mechanism to protect the population by inducing
cell dormancy or cell death of the infected individual. Similar to other abortive infection mechanisms, there are
multiple ways to induce dormancy or cell death and this is reflected by the many catalytic activities that are
predicted to be associated with CARF proteins [39-48]. Here, we will discuss a few interesting examples of
downstream type III effectors and speculate how they might induce dormancy or cell death.

cOA-responsive transcriptional regulator

The only experimentally characterized non-nuclease CARF effector known to date is a transcriptional regulator,
Csa3, which is often found in type I-A systems (Figure 3B) [49]. These proteins are a fusion between a CARF
domain and an HTH domain, commonly involved in DNA binding and influencing expression. The complete
regulatory functions of these effectors appear to be very complex, but hints at cross-talk between type III and
type I systems. It has been shown that Csa3 is involved in the regulation of type I CRISPR adaptation, as well
as providing a feedback loop to type III interference [50-54]. Furthermore, Csa3-mediated activation of DNA
repair genes has been demonstrated, indicating that the network of gene regulation by type III associated effec-
tors might not be constricted to CRISPR-related genes [55].

Transmembrane CARF effectors

In silico analyses indicated that many CARF proteins are fused to a transmembrane (TM) domain [39]. One
mechanism could be that these CARF-TM proteins form ion channels in the membrane upon activation by
cOAs (Figure 3C). Subsequent depolarization of the membrane would be a means to disrupt many processes in
the cell, eventually resulting in altruistic cell death, akin to some superinfection exclusion systems encoded on
prophages [40]. Alternatively, CARF-TM activation could also result in complete mechanical disruption of the
membrane, as seen in other abortive infection systems [47,56].

CARF adenosine deaminase

Although not as widespread as the CARF-TM fusions, some CARF proteins have an adenosine deaminase
(ADA) domain. These enzymes typically convert adenosines into inosine residues, and some
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non-CARF-associated ADAs have important housekeeping roles in prokaryotes, such as the editing of tRNAs
[57]. Activated CARF-ADA could, therefore, act by dysregulating these processes to induce cell death.
However, the deamination of nucleotides could also be leveraged to deplete the cell of ATP, similar to a strategy
that is employed by other phage defense systems (Figure 3D) [48].

CARF-Lon effectors

The active domain of a family of housekeeping proteases, the Lon domain, also seems to be adapted for type
III-mediated phage defense, as demonstrated by the bioinformatically predicted CARF-Lon fusions [39].
Canonical Lon proteases are involved in the degradation of misfolded and abnormal proteins as well as certain
regulatory proteins [58-61]. In the context of phage defense, we speculate that the CARF-Lon protein, when
activated by cOA, could either cleave essential host protein targets or acts as an aggressive promiscuous prote-
ase, both geared towards killing the host (Figure 3D).

SAVED effector proteins

In archaea and bacteria, cyclic oligonucleotide-based antiphage signaling system (CBASS) immunity systems
are widespread, providing a diverse arsenal of anti-phage defense tools [62-66]. Typically, these systems encode
a ¢cGAS/DncV-like nucleotidyltransferase (CD-NTase) protein, responsible for sensing the presence of phage
and the subsequent synthesis of a second messenger molecule [67,68]. The messenger molecules resemble sig-
naling molecules of type III defense but can contain a variety of nucleotide moieties and different linkages
between them. Upon recognition by CD-NTase-associated protein (Cap) effectors, an elaborate immune
response is initiated that can lead to cell death. SAVED is a common sensing domain for these Cap proteins
and has long been predicted to be involved in type III immunity, but was until recently not experimentally
demonstrated [39,69]. Although this sensing domain has limited sequence similarity to CARF domains, it is
thought to be a highly divergent version of CAREF, fused to a variety of effector domains [39,68,70].

SAVED nucleases

Similar to the abovementioned CARF-nuclease fusions, a large array of different domains predicted to confer
non-specific (ribo)nucleases are commonly found in SAVED proteins (Figure 3A) [39]. Notably, the
SAVED-HNH fusion proteins appear to be a common example. Of note, this domain, named after the catalytic
residues, is also responsible for sequence-specific target cleavage in some type II CRISPR-Cas systems [3,71].

Lon-SAVED

The first example of a connection between SAVED and type III CRISPR-Cas, a Lon-SAVED protease, was
recently demonstrated and revealed a new mechanism by this system to aid in defense [72]. The Lon-SAVED
effector (CRISPR-Lon) contains a C-terminal SAVED sensing domain, consisting of two CARF-like domains,
fused to a N-terminal Lon protease domain. Binding of a cOA, messenger molecule induces an allosteric
change in the protein that activates this effector (Figure 2D). Interestingly and in contrast with canonical Lon
proteases, CRISPR-Lon appears to have a specific target protein, CRISPR-T. The 32 kDa CRISPR-T protein is
cleaved by activated CRISPR-Lon into two fragments (~23 and ~10 kDa). The ~23 kDa fragment bears struc-
tural similarity to MazF, which is a toxin known to cleave specific rRNA, mRNA and tRNA molecules, leading
to abortive infection [73,74]. The triggering of a toxin/cell-death signal by a protease is something observed in
both prokaryotes and eukaryotes and seems to be an evolutionarily conserved strategy for inducing cell death
[75,76]. 1t is, therefore, anticipated that similar type III CRISPR-Cas protease-mediated defense strategies will
be uncovered, acting through different protease-like toxins that perturb essential cellular targets. A similar strat-
egy was found to be deployed by a type III-E associated caspase effector, which is activated via protein:protein
interactions between it and the type III complex rather than cOA signaling [77-79].

TIR-SAVED

The Toll/interleukin-1 receptor (TIR) domain is widely found in all domains of life [80-84]. In humans, this
domain is often present in Toll-like receptors to mediate signaling for innate immunity. In response to binding their
ligand(s), TIR domains of certain immune receptors in plants synthesize a signaling molecule to induce cell death
[82]. In Thoeris, a bacterial anti-phage defense system, TIR domains are responsible for the production of nicotina-
mide adenine dinucleotide (NAD) derived signaling molecules which in turn allosterically activate a TIR domain-
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containing enzyme that aggressively depletes NAD" to arrest cell growth [85]. The depletion of NAD™ is a strategy
that is also employed by a prokaryotic short Argonaute immune system upon the detection of invading DNA [86].

The modularity of known CBASS systems and their interplay with CRISPR-Cas defense is highlighted by a
recent study on a TIR-SAVED effector protein [87]. The CBASS system it originated from generates cOA; mes-
senger molecules. These are bound by TIR-SAVED and mediate its multimerization, forming composite active
sites to degrade NAD" (Figure 2E). TIR-SAVED can induce cell death in vivo when placed in the context of a
type III system by replacing the canonical Csm6 CARF ribonuclease by the TIR-SAVED effector. This demon-
strates interchangeability between CBASS and CRISPR-Cas defense systems, but natural examples of type III
CRISPR-Cas systems in combination with the NucC nuclease and TIR-SAVED effectors exist as well [39]. The
widespread usage of TIR domains in defense systems across the domains of life can be seen as proof that
several eukaryotic immune systems originated from an ancestral prokaryotic anti-phage system [83].

Transmembrane SAVED effectors

Similar to CAREF effectors, many SAVED proteins containing a TM domain have been predicted bioinformati-
cally [3]. A similar mechanism as described for the CARF-TM fusions could be employed by this type of
SAVED effector (Figure 3B). Although rather speculative, an exciting possibility arises that these TM type III
effectors position the sensory SAVED domain on the outside of the cell, hinting at intercellular signaling.
Signaling the presence of infection to others in the population can be seen in other CRISPR-Cas systems as a
means to strengthen the immune response [88,89].

NucC, a non-CARF and non-SAVED effector

cOA-activatable effectors are not limited to CARF and SAVED proteins, as exemplified by NucC. NucC (nucle-
ase, CD-NTase associated) is a CBASS-associated protein that has also been found in 31 type III CRISPR-Cas
loci [90]. In both CBASS and type III systems, NucC forms homotrimers with three active sites on the outer
edge. Upon binding of cOA;, pairs of NucC homotrimers bind to form homohexamers, juxtaposing pairs of
partial active sites between the two homotrimers and forming dsDNase active sites (Figure 2F). This results in
double-stranded breaks on dsDNA with two-base 3’ overhangs [90]. In vivo, in both CBASS and type III
CRISPR-Cas systems, NucC appears to act through an abortive infection mechanism whereby its activation
causes the complete destruction of the host chromosome, culminating in cell death [90,91]. This can be a bene-
ficial characteristic of this nuclease to overcome phage escape strategies, such as the ability of type
III-associated NucC to overcome jumbo phage infections in Serratia [91]. These phages protect their DNA
after injection using a proteinaceous nucleus inside the host [92]. Instead of targeting phage DNA, NucC
degrades the host genome and thereby kills the host to prevent phage progeny (abortive infection).

Perspectives

e Type lll CRISPR-Cas systems are sophisticated multilayered immune systems, aiming to clear
invading MGEs by cleaving target RNAs complementary to the guide RNA, but will also
produce cOA signaling molecules to activate its second layer of defense, mediated by CARF
and SAVED proteins.

e CARF and SAVED proteins have a plethora of catalytic activities associated with them, most of
which seem to be geared towards killing the infected host (and thereby preventing viral progeny) to
provide population-wide immunity; a mechanism known as abortive infection. Collateral damage
observed in other CRISPR-Cas systems indicates that this strategy is not limited to type Il [2].

e Most CARF proteins characterized to date are sequence-unspecific (ribo)nucleases that
induce cell death or dormancy by cleaving both self and non-self nucleic acids. However, bio-
informatic analyses have shown that many other CARF and SAVED proteins are fused to other
catalytic domains (proteases, deaminases, NADases, etc.). If and how these different activities
contribute to type Il mediated defense and what effect they will have on the fitness of the
host will be an interesting challenge for the future.
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e An unresolved issue is how adaptive type Il CRISPR-Cas systems that elicit abortive infection
select for interference-proficient spacers in nature. To resolve this issue, more work on investi-
gating the fate of clonal subpopulations in spatially structured ecological niches is required [93].

Competing Interests
J.A.S. is a founder and shareholder of Scope Biosciences. R.H.J.S. is a shareholder and member of the scientific
board of Scope Biosciences.

Funding
R.H.J.S. is supported by a VIDI grant (VI.Vidi.203.074) from The Netherlands Organization for Scientific Research
(NWO).

Author Contributions
All authors contributed to the manuscript, read and approved the final manuscript.

Abbreviations

ADA, adenosine deaminase; Can, CRISPR ancillary nuclease; Cap, CD-NTase-associated protein; CAR,
Cas10-activating region; Card, cOA-activated ssRNase and ssDNase; CARF, CRISPR-associated Rossmann
fold; CBASS, cyclic oligonucleotide-based antiphage signaling system; CD-NTase, cGAS/DncV-like
nucleotidyltransferase; cOA, cyclic oligoadenylate; CRISPR-Cas, clustered regularly interspaced short
palindromic repeats-CRISPR-associated genes; HEPN, higher eukaryotes and prokaryotes nucleotide-binding;
HTH, helix-turn-helix; MGE, mobile genetic element; NAD, nicotinamide adenine dinucleotide; NucC, nuclease,
CD-NTase associated; SAVED, second messenger oligonucleotide or dinucleotide synthetase-associated and
fused to various effector domains; TIR, Toll/interleukin-1 receptor; TM, transmembrane.

References

1 Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S. et al. (2007) CRISPR provides acquired resistance against viruses in
prokaryotes. Science 315, 1709—1712 https://doi.org/10.1126/science.1138140

2 Mohanraju, P., Saha, C., van Baarlen, P., Louwen, R., Staals, R.H.J. and van der Qost, J. (2022) Alternative functions of CRISPR—Cas systems in the
evolutionary arms race. Nat. Rev. Microbiol. 20, 351-364 https://doi.org/10.1038/s41579-021-00663-z

3 Makarova, K.S., Wolf, Y.I., Iranzo, J., Shmakov, S.A., Alkhnbashi, 0.S., Brouns, S.J.J. et al. (2020) Evolutionary classification of CRISPR—Cas systems: a
burst of class 2 and derived variants. Nat. Rev. Microbiol. 18, 67—83 https://doi.org/10.1038/s41579-019-0299-x

4 Carte, J., Wang, R., Li, H., Terns, R.M. and Terns, M.P. (2008) Cas6 is an endoribonuclease that generates guide RNAs for invader defense in
prokaryotes. Genes Dev. 22, 34893496 https://doi.org/10.1101/gad. 1742908

5 Hale, C., Kleppe, K., Terns, R.M. and Terns, M.P. (2008) Prokaryotic silencing (psi)RNAs in Pyrococcus furiosus. RNA 14, 2572—-2579 https://doi.org/
10.1261/ma. 1246808

6 Samai, P., Pyenson, N., Jiang, W., Goldberg, G.W., Hatoum-Aslan, A. and Marraffini, L.A. (2015) Co-transcriptional DNA and RNA cleavage during type
Il CRISPR—Cas immunity. Cel/ 161, 1164—1174 https://doi.org/10.1016/j.cell.2015.04.027

7 Lin, J,, Shen, Y., Ni, J. and She, Q. (2021) A type IIl-A CRISPR—Cas system mediates co-transcriptional DNA cleavage at the transcriptional bubbles in
close proximity to active effectors. Nucleic Acids Res. 49, 7628—7643 https://doi.org/10.1093/nar/gkab590

8 Steens, J.A., Zhu, Y., Taylor, D.W., Bravo, J.P.K., Prinsen, S.H.P., Schoen, C.D. et al. (2021) SCOPE enables type Ill CRISPR—Cas diagnostics using
flexible targeting and stringent CARF ribonuclease activation. Nat. Commun. 12, 1-12 https://doi.org/10.1038/s41467-021-25337-5

9 Staals, R.H.J., Agari, Y., Maki-Yonekura, S., Zhu, Y., Taylor, D.W., VanDuijn, E. et al. (2013) Structure and activity of the RNA-targeting type Ill-B
CRISPR-Cas complex of Thermus thermophilus. Mol. Cell 52, 135—145 https://doi.org/10.1016/j.molcel.2013.09.013

10 Hatoum-Aslan, A., Samai, P., Maniv, I., Jiang, W. and Marraffini, L.A. (2013) A ruler protein in a complex for antiviral defense determines the length of
small interfering CRISPR RNASs. J. Biol. Chem. 288, 27888-27897 https://doi.org/10.1074/jbc.M113.499244

11 Benda, C., Ebert, J., Scheltema, R.A., Schiller, H.B., Baumgartner, M., Bonneau, F. et al. (2014) Structural model of a CRISPR RNA-silencing complex
reveals the RNA-target cleavage activity in Cmr4. Mol. Cell 56, 43-54 https://doi.org/10.1016/j.molcel.2014.09.002

12 Taylor, D.W., Zhu, Y., Staals, R.H.J., Kornfeld, J.E., Shinkai, A., Van Der, 0.J. et al. (2015) Structures of the CRISPR-Cmr complex reveal mode ofRNA
target positioning. Science 348, 581-586 https://doi.org/10.1126/science.aaa4535

13 Kazlauskiene, M., Kostiuk, G., Venclovas, C., Tamulaitis, G. and Siksnys, V. (2017) A cyclic oligonucleotide signaling pathway in type lll CRISPR—Cas
systems. Science 357, 605609 https://doi.org/10.1126/science.aao0100

14 Niewoehner, 0., Garcia-Doval, C., Rostgl, J.T., Berk, C., Schwede, F., Bigler, L. et al. (2017) Type Il CRISPR—Cas systems produce cyclic oligoadenylate
second messengers. Nature 548, 543-548 https://doi.org/10.1038/nature23467

15 Makarova, K.S., Aravind, L., Wolf, Y.I. and Koonin E, V. (2011) Unification of Cas protein families and a simple scenario for the origin and evolution of
CRISPR—Cas systems. Biol. Direct. 6, 1-27 https://doi.org/10.1186/1745-6150-6-38

16  Jiang, W., Samai, P. and Marraffini, L.A. (2016) Degradation of phage transcripts by CRISPR-associated RNases enables type Il CRISPR—Cas immunity.
Cell 164, 710-721 https://doi.org/10.1016/j.cell.2015.12.053

PORTLAND
PRESS

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1361

220z Jequisoaq 20 uo 1senb Aq Jpd-06820-220Z-1SA/PSE8EB/ESE |/S/0S/1P-0[OIIE/SUBID0SWIBLO0IG/WO0"sSeIdpUELOd)/:d)Y WO papeojumoq


https://doi.org/10.1126/science.1138140
https://doi.org/10.1038/s41579-021-00663-z
https://doi.org/10.1038/s41579-021-00663-z
https://doi.org/10.1038/s41579-021-00663-z
https://doi.org/10.1038/s41579-021-00663-z
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1101/gad.1742908
https://doi.org/10.1261/rna.1246808
https://doi.org/10.1261/rna.1246808
https://doi.org/10.1016/j.cell.2015.04.027
https://doi.org/10.1093/nar/gkab590
https://doi.org/10.1038/s41467-021-25337-5
https://doi.org/10.1038/s41467-021-25337-5
https://doi.org/10.1038/s41467-021-25337-5
https://doi.org/10.1038/s41467-021-25337-5
https://doi.org/10.1016/j.molcel.2013.09.013
https://doi.org/10.1074/jbc.M113.499244
https://doi.org/10.1016/j.molcel.2014.09.002
https://doi.org/10.1126/science.aaa4535
https://doi.org/10.1126/science.aao0100
https://doi.org/10.1038/nature23467
https://doi.org/10.1186/1745-6150-6-38
https://doi.org/10.1186/1745-6150-6-38
https://doi.org/10.1186/1745-6150-6-38
https://doi.org/10.1186/1745-6150-6-38
https://doi.org/10.1016/j.cell.2015.12.053
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

Biochemical Society Transactions (2022) 50 1353-1364
https://doi.org/10.1042/BST20220289

Niewoehner, 0. and Jinek, M. (2016) Structural basis for the endoribonuclease activity of the type Ill-A CRISPR-associated protein Csm6. RNA 22,
318-329 https://doi.org/10.1261/rna.054098.115

Sheppard, N.F., Glover, C.V.C., Terns, R.M. and Terns, M.P. (2016 ) The CRISPR-associated Csx1 protein of Pyrococcus furiosus is an
adenosine-specific endoribonuclease. ANA 22, 216—224 https://doi.org/10.1261/rma.039842.113

Staals, R.H.J., Zhu, Y., Taylor, D.W., Kornfeld, J.E., Sharma, K., Barendregt, A. et al. (2014) RNA targeting by the type Ill-A CRISPR-Cas Csm complex
of Thermus thermophilus. Mol. Cell 56, 518—-530 https://doi.org/10.1016/j.molcel.2014.10.005

Tamulaitis, G., Kazlauskiene, M., Manakova, E., Venclovas, C., Nwokeoji, A.0., Dickman, M.J. et al. (2014) Programmable RNA shredding by the type
Ill-A CRISPR-Cas system of Streptococcus thermophilus. Mol. Cell 56, 506517 https://doi.org/10.1016/j.molcel.2014.09.027

Garcia-Doval, C., Schwede, F., Berk, C., Rostal, J.T., Niewoehner, 0., Tejero, O. et al. (2020) Activation and self-inactivation mechanisms of the cyclic
oligoadenylate-dependent CRISPR ribonuclease Csmé. Nat. Commun. 11, 1-9 https://doi.org/10.1038/s41467-020-15334-5

Foster, K., Kalter, J., Woodside, W., Terns, R.M. and Terns, M.P. (2019) The ribonuclease activity of Csm6 is required for anti-plasmid immunity by type
Ill-A CRISPR-Cas systems. RNA Biol. 16, 449-460 https://doi.org/10.1080/15476286.2018.1493334

Smalakyte, D., Kazlauskiene, M., Havelund, J.F., RukSenaite, A., Rimaite, A., Tamulaitiene, G. et al. (2020) Type lll-A CRISPR-associated protein Csm6
degrades cyclic hexa-adenylate activator using both CARF and HEPN domains. Nucleic Acids Res. 48, 9204-9217 https://doi.org/10.1093/nar/gkaa634
Wang, L., Mo, C.Y., Wasserman, M.R., Rostal, J.T., Marraffini, L.A. and Liu, S. (2019) Dynamics of Cas10 govern discrimination between self and
non-self in type lll CRISPR-Cas immunity. Mol. Cell 73, 278-290.e4 https://doi.org/10.1016/j.molcel.2018.11.008

Kim, Y.K. and Kim B-HO, Y.-G. (2013) Crystal structure and nucleic acid-binding activity of the CRISPR-associated protein Csx1 of. Proteins Struct.
Funct. Bioinform. 81, 261-270 https://doi.org/10.1002/prot.24183

Grlischow, S., Athukoralage, J.S., Graham, S., Hoogeboom, T. and White, M.F. (2019) Cyclic oligoadenylate signalling mediates Mycobacterium
tuberculosis CRISPR defence. Nucleic Acids Res. 47, 9259-9270 https://doi.org/10.1093/nar/gkz676

Molina, R., Stella, S., Feng, M., Sofos, N., Jauniskis, V., Pozdnyakova, . et al. (2019) Structure of Csx1-cOA4 complex reveals the basis of RNA decay
in type III-B CRISPR-Cas. Nat. Commun. 10, 1-14 https://doi.org/10.1038/s41467-019-12244-z

Han, W., Li, Y., Deng, L., Feng, M., Peng, W., Hallstrgm, S. et al. (2017) A type Ill-B CRISPR-Cas effector complex mediating massive target DNA
destruction. Nucleic Acids Res. 45, 1983—1993 https://doi.org/10.1093/nar/gkw1274

Athukoralage, J.S., Rouillon, C., Graham, S., Griischow, S. and White, M.F. (2018 Oct 19) Ring nucleases deactivate type Il CRISPR ribonucleases by
degrading cyclic oligoadenylate. Nature 562, 277—280 https://doi.org/10.1038/s41586-018-0557-5

Foster, K., Grlischow, S., Bailey, S., White, M.F. and Terns, M.P. (2020) Regulation of the RNA and DNA nuclease activities required for Pyrococcus
furiosus type lll-B CRISPR-Cas immunity. Nucleic Acids Res. 48, 4418-4434 https://doi.org/10.1093/nar/gkaal 76

Athukoralage, J.S., Graham, S., Griischow, S., Rouillon, C. and White, M.F. (2019) A type lll CRISPR ancillary ribonuclease degrades its cyclic
oligoadenylate activator. J. Mol. Biol. 431, 2894-2899 https://doi.org/10.1016/j.jmb.2019.04.041

Athukoralage, J.S., Graham, S., Rouillon, C., Grischow, S., Czekster, C.M. and White, M.F. (2020) The dynamic interplay of host and viral enzymes in
type i crispr-mediated cyclic nucleotide signalling. eLife 9, 1-16 https://doi.org/10.7554/eLife.55852

Samolygo, A., Athukoralage, J.S., Graham, S. and White, M.F. (2020) Fuse to defuse: a self-limiting ribonuclease-ring nuclease fusion for type Ill
CRISPR defence. Nucleic Acids Res. 48, 6149-6156 https://doi.org/10.1093/nar/gkaa298

Deng, L., Garrett, R.A., Shah, S.A., Peng, X. and She, Q. (2013) A novel interference mechanism by a type lIB CRISPR-Cmr module in sulfolobus. Mol.
Microbiol. 87, 1088-1099 https://doi.org/10.1111/mmi.12152

Rostal, J.T. and Marraffini, L.A. (2019) Non-specific degradation of transcripts promotes plasmid clearance during type lll-A CRISPR-Cas immunity. Nat.
Microbiol. 4, 656—662 https://doi.org/10.1038/s41564-018-0353-x

McMahon, S.A., Zhu, W., Graham, S., Rambo, R., White, M.F. and Gloster, T.M. (2020) Structure and mechanism of a type lll CRISPR defence DNA
nuclease activated by cyclic oligoadenylate. Nat. Commun. 11, 500 https://doi.org/10.1038/s41467-019-14222-x

Rostal, J.T., Xie, W., Kuryawyi, V., Maguin, P., Kao, K., Froom, R. et al. (2021) The Card1 nuclease provides defence during type IIl CRISPR immunity.
Nature 590, 624—629 https://doi.org/10.1038/s41586-021-03206-x

Zhu, W., McQuarrie, S., Griischow, S., McMahon, S.A., Graham, S., Gloster, T.M. et al. (2021) The CRISPR ancillary effector Can2 is a dual-specificity
nuclease potentiating type Il CRISPR defence. Nucleic Acids Res. 49, 27772789 https://doi.org/10.1093/nar/gkab073

Makarova, K.S., Timinskas, A., Wolf, Y.I., Gussow, A.B., Siksnys, V., Venclovas, C. etal. (2020) Evolutionary and functional classification of the CARF
domain superfamily, key sensors in prokaryotic antivirus defense. Nucleic Acids Res. 48, 8828-8847 https://doi.org/10.1093/nar/gkaa635

Parma, D.H., Snyder, M., Sobolevski, S., Nawroz, M., Brody, E. and Gold, L. (1992) The rex system of bacteriophage A tolerance and altruistic cell
death. Genes Dev. 6, 497-510 https://doi.org/10.1101/gad.6.3.497

Aizenman, E., Engelberg-Kulka, H. and Glaser, G. (1996) An Escherichia coli chromosomal ‘addiction module’ regulated by 3’,5'-bispyrophosphate: a
model for programmed bacterial cell death. Proc. Nat/ Acad. Sci. U.S.A. 93, 6059-6063 https://doi.org/10.1073/pnas.93.12.6059

Bingham, R., Ekunwe, S.I.N., Falk, S., Snyder, L. and Kleanthous, C. (2000) The major head protein of bacteriophage T4 binds specifically to elongation
factor Tu. J. Biol. Chem. 275, 23219-23226 https://doi.org/10.1074/jbc.M002546200

Meeske, A.J., Nakandakari-Higa, S. and Marraffini, L.A. (2019) Cas13-induced cellular dormancy prevents the rise of CRISPR-resistant bacteriophage.
Nature 570, 241-245 https://doi.org/10.1038/s41586-019-1257-5

Watson, B.N.J., Vercoe, R.B., Salmond, G.P.C., Westra, E.R., Staals, R.H.J. and Fineran, P.C. (2019) Type I-F CRISPR-Cas resistance against virulent
phages results in abortive infection and provides population-level immunity. Nat. Commun. 10, 1-8 https://doi.org/10.1038/s41467-018-07882-8
Lopatina, A., Tal, N. and Sorek, R. (2020) Abortive infection: bacterial suicide as an antiviral immune strategy. Annu. Rev. Virol. 7, 371-384 https://doi.
org/10.1146/annurev-virology-011620-040628

Tal, N., Morehouse, B.R., Millman, A., Stokar-Avihail, A., Avraham, C., Fedorenko, T. et al. (2021) Cyclic CMP and cyclic UMP mediate bacterial
immunity against phages. Cell 184, 5728-5739.e16 https://doi.org/10.1016/j.cell.2021.09.031

Duncan-Lowey, B., McNamara-Bordewick, N.K., Tal, N., Sorek, R. and Kranzusch, P.J. (2021) Effector-mediated membrane disruption controls cell
death in CBASS antiphage defense. Mol. Cell 81, 5039-5051.€5 https://doi.org/10.1016/j.molcel.2021.10.020

Tal, N., Millman, A., Stokar-avihail, A., Fedorenko, T., Leavitt, A., Melamed, S. et al. (2022) Bacteria deplete deoxynucleotides to defend against
bacteriophage infection. Nat. Microbiol. https://doi.org/10.1038/s41564-022-01162-4

1 362 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

220z JoquiedaQ L0 uo 3senb Aq ypd-06820-2202-1S0/7S68E6/ESE 1/S/0S/4Pd-8]0IHE/SUBO0SWAYD0Iq/WOD"ssadpueod//:dny woly papeojumod


https://doi.org/10.1261/rna.054098.115
https://doi.org/10.1261/rna.039842.113
https://doi.org/10.1016/j.molcel.2014.10.005
https://doi.org/10.1016/j.molcel.2014.09.027
https://doi.org/10.1038/s41467-020-15334-5
https://doi.org/10.1038/s41467-020-15334-5
https://doi.org/10.1038/s41467-020-15334-5
https://doi.org/10.1038/s41467-020-15334-5
https://doi.org/10.1080/15476286.2018.1493334
https://doi.org/10.1093/nar/gkaa634
https://doi.org/10.1016/j.molcel.2018.11.008
https://doi.org/10.1002/prot.24183
https://doi.org/10.1093/nar/gkz676
https://doi.org/10.1038/s41467-019-12244-z
https://doi.org/10.1038/s41467-019-12244-z
https://doi.org/10.1038/s41467-019-12244-z
https://doi.org/10.1038/s41467-019-12244-z
https://doi.org/10.1093/nar/gkw1274
https://doi.org/10.1038/s41586-018-0557-5
https://doi.org/10.1038/s41586-018-0557-5
https://doi.org/10.1038/s41586-018-0557-5
https://doi.org/10.1038/s41586-018-0557-5
https://doi.org/10.1093/nar/gkaa176
https://doi.org/10.1016/j.jmb.2019.04.041
https://doi.org/10.7554/eLife.55852
https://doi.org/10.1093/nar/gkaa298
https://doi.org/10.1111/mmi.12152
https://doi.org/10.1038/s41564-018-0353-x
https://doi.org/10.1038/s41564-018-0353-x
https://doi.org/10.1038/s41564-018-0353-x
https://doi.org/10.1038/s41564-018-0353-x
https://doi.org/10.1038/s41467-019-14222-x
https://doi.org/10.1038/s41467-019-14222-x
https://doi.org/10.1038/s41467-019-14222-x
https://doi.org/10.1038/s41467-019-14222-x
https://doi.org/10.1038/s41586-021-03206-x
https://doi.org/10.1038/s41586-021-03206-x
https://doi.org/10.1038/s41586-021-03206-x
https://doi.org/10.1038/s41586-021-03206-x
https://doi.org/10.1093/nar/gkab073
https://doi.org/10.1093/nar/gkaa635
https://doi.org/10.1101/gad.6.3.497
https://doi.org/10.1073/pnas.93.12.6059
https://doi.org/10.1074/jbc.M002546200
https://doi.org/10.1038/s41586-019-1257-5
https://doi.org/10.1038/s41586-019-1257-5
https://doi.org/10.1038/s41586-019-1257-5
https://doi.org/10.1038/s41586-019-1257-5
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1146/annurev-virology-011620-040628
https://doi.org/10.1146/annurev-virology-011620-040628
https://doi.org/10.1146/annurev-virology-011620-040628
https://doi.org/10.1146/annurev-virology-011620-040628
https://doi.org/10.1146/annurev-virology-011620-040628
https://doi.org/10.1016/j.cell.2021.09.031
https://doi.org/10.1016/j.molcel.2021.10.020
https://doi.org/10.1038/s41564-022-01162-4
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2022) 50 1353-1364 ° PORTLAND
https://doi.org/10.1042/BST20220289 ... PRESS

49  Haft, D.H., Selengut, J., Mongodin, E.F. and Nelson, K.E. (2005) A guild of 45 CRISPR-associated (Cas) protein families and multiple CRISPR/cas
subtypes exist in prokaryotic genomes. PLoS Comput. Biol. 1, 0474-0483 https://doi.org/10.1371/journal.pchi.0010060

50 Lintner, N.G., Frankel, K.A., Tsutakawa, S.E., Alsbury, D.L., Copié, V., Young, M.J. et al. (2011) The structure of the CRISPR-associated protein csa3
provides insight into the regulation of the CRISPR/Cas system. J. Mol. Biol. 405, 939955 https://doi.org/10.1016/j.jmb.2010.11.019

51 He, F., Vestergaard, G., Peng, W., She, Q. and Peng, X. (2017) CRISPR-Cas type I-A Cascade complex couples viral infection surveillance to host
transcriptional regulation in the dependence of Csa3b. Nucleic Acids Res. 45, 1902—1913 https://doi.org/10.1093/nar/gkw1265

52 Ye, Q., Zhao, X., Liu, J., Zeng, Z., Zhang, Z., Liu, T. et al. (2020) CRISPR-associated factor Csa3b regulates CRISPR adaptation and Cmr-mediated RNA
interference in Sulfolobus islandicus. Front. Microbiol. 11, 1-12 https://doi.org/10.3389/fmicb.2020.00001

53  Charbonneau, A.A., Eckert, D.M., Gauvin, C.C., Lintner, N.G. and Lawrence, C.M. (2021) Cyclic tetra-adenylate (Ca,) recognition by csa3; implications
for an integrated class 1 crispr-cas immune response in Saccharolobus solfataricus. Biomolecules 11, 1-23 https://doi.org/10.3390/biom11121852

54 Xia, P., Dutta, A., Gupta, K., Batish, M. and Parashar, V. (2022) Structural basis of cyclic oligoadenylate binding to the transcription factor Csa3 outlines
cross talk between type Il and type | CRISPR systems. J. Biol. Chem. 298, 101591 https://doi.org/10.1016/}.joc.2022.101591

55 Liu, T, Liu, Z., Ye, Q., Pan, S., Wang, X., Li, Y. et al. (2017) Coupling transcriptional activation of CRISPR-Cas system and DNA repair genes by Csa3a
in Sulfolobus islandicus. Nucleic Acids Res. 45, 8978-8992 https://doi.org/10.1093/nar/gkx612

56  Cohen, D., Melamed, S., Millman, A., Shulman, G., Oppenheimer-Shaanan, Y., Kacen, A. et al. (2019) Cyclic GMP-AMP signalling protects bacteria
against viral infection. Nature 574, 691-695 https://doi.org/10.1038/s41586-019-1605-5

57 Wolf, J., Gerber, A.P. and Keller, W. (2002) Tada, an essential tRNA-specific adenosine deaminase from Escherichia coli. EMBO J. 21, 3841-3851
https://doi.org/10.1093/emboj/cdf362

58  Lee, I. and Suzuki, C.K. (2008) Functional mechanics of the ATP-dependent Lon protease- lessons from endogenous protein and synthetic peptide
substrates. Biochim. Biophys. Acta 1784, 727-735 https://doi.org/10.1016/j.bbapap.2008.02.010

59  Rotanova, T., Botos, I., Melnikov, E.E., Rasulova, F., Gustchina, A., Michael, R. et al. (2009) Slicing aprotease: structural features of the ATP-dependent
Lon proteases gleaned from investigations of isolated domains. Protein Sci. 15, 1815-1828 https://doi.org/10.1110/ps.052069306

60  Pinti, M., Gibellini, L., Nasi, M., De Biasi, S., Bortolotti, C.A., lannone, A. et al. (2016) Emerging role of Lon protease as a master regulator of
mitochondrial functions. Biochim. Biophys. Acta 1857, 1300—1306 https://doi.org/10.1016/j.bbabio.2016.03.025

61  Wlodawer, A., Sekula, B., Gustchina, A. and Rotanova T, V. (2022) Structure and the mode of activity of Lon proteases from diverse organisms. J. Mol.
Biol. 434, 167504 https://doi.org/10.1016/j.jmb.2022.167504

62  Lowey, B. and Kranzusch, P.J. (2020) CD-NTases and nucleotide second messenger signaling. Curr. Biol. 30, R1106-8 https://doi.org/10.1016/j.cub.
2020.06.096

63  White, M.F. (2020) Bacteria SAVED from viruses. Cell 182, 5-6 https://doi.org/10.1016/).cell.2020.06.015

64  Morehouse, B.R., Govande, A.A., Millman, A., Keszei, AF.A., Lowey, B., Ofir, G. et al. (2020) STING cyclic dinucleotide sensing originated in bacteria.
Nature 586, 429-433 https://doi.org/10.1038/s41586-020-2719-5

65 Millman, A., Melamed, S., Amitai, G. and Sorek, R. (2020) Diversity and classification of cyclic-oligonucleotide-based anti-phage signalling systems. Nat.
Microbiol. 5, 1608—1615 https://doi.org/10.1038/s41564-020-0777-y

66  Duncan-Lowey, B. and Kranzusch, P.J. (2022 Feb 1) CBASS phage defense and evolution of antiviral nucleotide signaling. Curr. Opin. Immunol. 74,
156-163 https://doi.org/10.1016/j.c0i.2022.01.002

67  Whiteley, A.T., Eaglesham, J.B., de Oliveira Mann, C.C., Morehouse, B.R., Lowey, B., Nieminen, E.A. et al. (2019) Bacterial cGAS-like enzymes
synthesize diverse nucleotide signals. Nature 567, 194—199 https://doi.org/10.1038/s41586-019-0953-5

68  Lowey, B. (2020) CBASS immunity uses CARF-related effectors to sense 3'-5'- and 2'—5'-linked cyclic oligonucleotide signals and protect bacteria from
phage infection. Physiol. Behav. 176, 139—148 https://doi.org/10.1016/j.cell.2020.05.019

69  Burroughs, A.M., Zhang, D., Schffer, D.E., lyer, L.M. and Aravind, L. (2015) Comparative genomic analyses reveal a vast, novel network of
nucleotide-centric systems in biological conflicts, immunity and signaling. Nucleic Acids Res. 43, 10633—10654 https://doi.org/10.1093/nar/gkv1267

70  Shmakov, S.A., Makarova, K.S., Wolf, Y.I., Severinov K, V. and Koonin E, V. (2018) Systematic prediction of genes functionally linked to CRISPR-Cas
systems by gene neighborhood analysis. Proc. Natl Acad. Sci. U.S.A. 115, E5307-E5316 https://doi.org/10.1073/pnas. 1803440115

71 Shmakov, S., Abudayyeh, 0.0., Makarova, K.S., Wolf, Y.I., Gootenberg, J.S., Semenova, E. et al. (2015) Discovery and functional characterization of
diverse class 2 CRISPR-Cas systems. Mol. Cell 60, 385—-397 https://doi.org/10.1016/j.molcel.2015.10.008

72 Rouillon, C., Schneberger, N., Chi, H., Peter, M.F., Geyer, M., Boenigk, W. et al. (2021) SAVED by a toxin: structure and function of the CRISPR Lon
protease. bioRxiv 2021.12.06.471393 https://doi.org/10.1101/2021.12.06.471393

73 Zhang, Y., Zhang, J., Hoeflich, K.P., lkura, M., Qing, G. and Inouye, M. (2003) Mazf cleaves cellular mRNAs specifically at ACA to block protein
synthesis in Escherichia coli. Mol. Cell 12, 913-923 https://doi.org/10.1016/51097-2765(03)00402-7

74 Nariya, H. and Inouye, M. (2008) Mazf, an mRNA interferase, mediates programmed cell death during multicellular Myxococcus development. Cell 132,
55-66 https://doi.org/10.1016/j.cell.2007.11.044

75 Koonin, E., Aravind, L., Koonin, E.V. and Aravind, L. (2002) Origin and evolution of eukaryotic apoptosis: the bacterial connection. Cell Death Differ. 9,
394-404 Cell Death Differ. 2002;9:394—404. https://doi.org/10.1038/sj.cdd.4400991

76  Fink, S.L. and Cookson, B.T. (2005) Apoptosis, pyroptosis, and necrosis: mechanistic description of dead and dying eukaryotic cells. Infect. Immun. 73,
1907-1916 https://doi.org/10.1128/1A1.73.4.1907-1916.2005

77  van Beljouw, S.P.B., Haagsma, A.C., Rodriguez-Molina, A., van den Berg, D.F., Vink, J.N.A. and Brouns, S.J.J. (2021) The gRAMP CRISPR-Cas effector
is an RNA endonuclease complexed with a caspase-like peptidase. Science 373, 1349—1353 https://doi.org/10.1126/science.abk2718

78  Hochstrasser, M.L. and Nufiez, J.K. (2021) CRISPR meets caspase. Nat. Microbiol. 6, 1481-1482 https://doi.org/10.1038/s41564-021-01001-y

79  Hu, C., van Beljouw, S.P.B., Nam, K.H., Schuler, G., Ding, F., Cui, Y. et al. (2022) Craspase is a CRISPR RNA-guided, RNA-activated protease. Science
1285, 1278-1285 https://doi.org/10.1126/science.add5064

80  O'Neill, L.A.J. and Bowie, A.G. (2007) The family of five: TIR-domain-containing adaptors in Toll-like receptor signalling. Nat. Rev. Immunol. 7, 353—364
https://doi.org/10.1038/nri2079

81  Essuman, K., Summers, D.W., Sasaki, Y., Mao, X., Yim, A.K.Y., DiAntonio, A. et al. (2018) TIR domain proteins are an ancient family of NAD
+-consuming enzymes. Curr. Biol. 28, 421-430.e4 https://doi.org/10.1016/j.cub.2017.12.024

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1363

220z JoquiedaQ L0 uo 3senb Aq ypd-06820-2202-1S0/7S68E6/ESE 1/S/0S/4Pd-8]0IHE/SUBO0SWAYD0Iq/WOD"ssadpueod//:dny woly papeojumod


https://doi.org/10.1371/journal.pcbi.0010060
https://doi.org/10.1016/j.jmb.2010.11.019
https://doi.org/10.1093/nar/gkw1265
https://doi.org/10.3389/fmicb.2020.00001
https://doi.org/10.3390/biom11121852
https://doi.org/10.1016/j.jbc.2022.101591
https://doi.org/10.1093/nar/gkx612
https://doi.org/10.1038/s41586-019-1605-5
https://doi.org/10.1038/s41586-019-1605-5
https://doi.org/10.1038/s41586-019-1605-5
https://doi.org/10.1038/s41586-019-1605-5
https://doi.org/10.1093/emboj/cdf362
https://doi.org/10.1016/j.bbapap.2008.02.010
https://doi.org/10.1110/ps.052069306
https://doi.org/10.1016/j.bbabio.2016.03.025
https://doi.org/10.1016/j.jmb.2022.167504
https://doi.org/10.1016/j.cub.2020.06.096
https://doi.org/10.1016/j.cub.2020.06.096
https://doi.org/10.1016/j.cell.2020.06.015
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.1038/s41564-020-0777-y
https://doi.org/10.1038/s41564-020-0777-y
https://doi.org/10.1038/s41564-020-0777-y
https://doi.org/10.1038/s41564-020-0777-y
https://doi.org/10.1016/j.coi.2022.01.002
https://doi.org/10.1038/s41586-019-0953-5
https://doi.org/10.1038/s41586-019-0953-5
https://doi.org/10.1038/s41586-019-0953-5
https://doi.org/10.1038/s41586-019-0953-5
https://doi.org/10.1016/j.cell.2020.05.019
https://doi.org/10.1093/nar/gkv1267
https://doi.org/10.1073/pnas.1803440115
https://doi.org/10.1016/j.molcel.2015.10.008
https://doi.org/10.1101/2021.12.06.471393
https://doi.org/10.1016/S1097-2765(03)00402-7
https://doi.org/10.1016/S1097-2765(03)00402-7
https://doi.org/10.1016/S1097-2765(03)00402-7
https://doi.org/10.1016/j.cell.2007.11.044
https://doi.org/10.1038/sj.cdd.4400991
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.1126/science.abk2718
https://doi.org/10.1038/s41564-021-01001-y
https://doi.org/10.1038/s41564-021-01001-y
https://doi.org/10.1038/s41564-021-01001-y
https://doi.org/10.1038/s41564-021-01001-y
https://doi.org/10.1126/science.add5064
https://doi.org/10.1038/nri2079
https://doi.org/10.1016/j.cub.2017.12.024
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press

1364

82

83

84

85

86

87

88

89

90

91

92

93

94

95

Biochemical Society Transactions (2022) 50 1353-1364
https://doi.org/10.1042/BST20220289

Wan, L., Essuman, K., Anderson, R.G., Sasaki, Y., Monteiro, F., Chung, E.H. et al. (2019) TIR domains of plant immune receptors are NAD+-cleaving
enzymes that promote cell death. Science 365, 799-803 https://doi.org/10.1126/science.aax1771

Wein, T. and Sorek, R. (2022) Bacterial origins of human cell-autonomous innate immune mechanisms. Nat. Rev. Immunol 22, 629-638 https://doi.
0rg/10.1038/s41577-022-00705-4

Essuman, K., Milbrandt, J., Dangl, J.L. and Nishimura, M.T. (2022) Shared TIR enzymatic functions regulate cell death and immunity across the tree of
life. Science 0001, 1-21 https://doi.org/10.1126/science.abo0001

Ofir, G., Herbst, E., Baroz, M., Cohen, D., Millman, A., Doron, S. et al. (2021) Antiviral activity of bacterial TIR domains via immune signalling molecules.
Nature 600, 116-120 https://doi.org/10.1038/s41586-021-04098-7

Koopal, B., Potocnik, A., Mutte, S.K., Aparicio-Maldonado, C., Lindhoud, S., Vervoort, J.J.M. et al. (2022) Short prokaryotic Argonaute systems trigger
cell death upon detection of invading DNA. Cell 185, 14711486 https://doi.org/10.1016/j.cell.2022.03.012

Hogrel, G., Guild, A., Graham, S., Rickman, H., Grlischow, S., Bertrand, Q. et al. (2022) Cyclic nucleotide-induced helical structure activates a TIR
immune effector. Nature 608, 808—812 https://doi.org/10.1038/s41586-022-05070-9

Patterson, A.G., Jackson, S.A., Taylor, C., Evans, G.B., Salmond, G.P.C., Przybilski, R. et al. (2016) Quorum sensing controls adaptive immunity through
the regulation of multiple CRISPR-Cas systems. Mol. Cell 64, 1102-1108 https://doi.org/10.1016/j.molcel.2016.11.012

Hoyland-Kroghsbo, N.M., Paczkowski, J., Mukherjee, S., Broniewski, J., Westra, E., Bondy-Denomy, J. et al. (2017) Quorum sensing controls the
pseudomonas aeruginosa CRISPR-Cas adaptive immune system. Proc. Natl Acad. Sci. U.S.A. 114, 131-135 https://doi.org/10.1073/pnas. 1617415113
Lau, RK., Ye, Q., Birkholz, E.A., Berg, K.R., Patel, L., Mathews, I.T. et al. (2020) Structure and mechanism of a cyclic trinucleotide-activated bacterial
endonuclease mediating bacteriophage immunity. Mol. Cell 77, 723-733.e6 https://doi.org/10.1016/.molcel.2019.12.010

Mayo-Mufioz, D., Smith, L.M., Garcia-Doval, C., Lucia, M., Malone1, K.R., Harding, S.A. et al. (2022) Type lll CRISPR—Cas provides resistance against
nucleus-forming jumbo phages via abortive infection. bioRxiv 1-37 https://doi.org/10.1101/2022.06.20.496707

Chaikeeratisak, V., Nguyen, K., Khanna, K., Brilot, A.F., Erb, M.L., Coker, J.K.C. et al. (2017) Assembly of a nucleus-like structure during viral replication
in bacteria. Science 355, 194—197 https://doi.org/10.1126/science.aal2130

Berngruber, T.W., Lion, S. and Gandon, S. (2013) Evolution of suicide as a defence strategy against pathogens in a spatially structured environment.
Ecol. Lett. 16, 446-453 https://doi.org/10.1111/ele.12064

Jia, N., Jones, R., Yang, G., Ouerfelli, 0. and Patel, D.J. (2019) CRISPR-Cas Ill-A Csm6 CARF domain is a ring nuclease triggering stepwise cA4
cleavage with ApA > p formation terminating RNase activity. Mol. Cell 75, 944—956.e6 https://doi.org/10.1016/j.molcel.2019.06.014

Molina, R., Jensen, A.L.G., Marchena-Hurtado, J., Lopez-Méndez, B., Stella, S. and Montoya, G. (2021) Structural basis of cyclic oligoadenylate
degradation by ancillary type Ill CRISPR-Cas ring nucleases. Nucleic Acids Res. 49, 12577-12590 https://doi.org/10.1093/nar/gkab1130

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

220z JoquiedaQ L0 uo 3senb Aq ypd-06820-2202-1S0/7S68E6/ESE 1/S/0S/4Pd-8]0IHE/SUBO0SWAYD0Iq/WOD"ssadpueod//:dny woly papeojumod


https://doi.org/10.1126/science.aax1771
https://doi.org/10.1038/s41577-022-00705-4
https://doi.org/10.1038/s41577-022-00705-4
https://doi.org/10.1126/science.abo0001
https://doi.org/10.1038/s41586-021-04098-7
https://doi.org/10.1038/s41586-021-04098-7
https://doi.org/10.1038/s41586-021-04098-7
https://doi.org/10.1038/s41586-021-04098-7
https://doi.org/10.1016/j.cell.2022.03.012
https://doi.org/10.1038/s41586-022-05070-9
https://doi.org/10.1038/s41586-022-05070-9
https://doi.org/10.1038/s41586-022-05070-9
https://doi.org/10.1038/s41586-022-05070-9
https://doi.org/10.1016/j.molcel.2016.11.012
https://doi.org/10.1073/pnas.1617415113
https://doi.org/10.1016/j.molcel.2019.12.010
https://doi.org/10.1101/2022.06.20.496707
https://doi.org/10.1126/science.aal2130
https://doi.org/10.1111/ele.12064
https://doi.org/10.1016/j.molcel.2019.06.014
https://doi.org/10.1093/nar/gkab1130
https://creativecommons.org/licenses/by/4.0/

	The diverse arsenal of type III CRISPR–Cas-associated CARF and SAVED effectors
	Abstract
	Introduction
	CARF nucleases&#x202F;
	Csm6
	Csx1
	Can1
	Can2/Card1

	Non-nuclease CARF
	cOA-responsive transcriptional regulator&#x202F;
	Transmembrane CARF effectors
	CARF adenosine deaminase
	CARF-Lon effectors

	SAVED effector proteins&#x202F;
	SAVED nucleases
	Lon-SAVED
	TIR-SAVED
	Transmembrane SAVED effectors

	NucC, a non-CARF and non-SAVED effector
	Competing Interests
	Funding
	Author Contributions
	References


