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CRISPR systems are widespread in the prokaryotic world, providing adaptive
immunity against mobile genetic elements2. Type Ill CRISPR systems, with the
signature gene cas10, use CRISPR RNA to detect non-self RNA, activating the
enzymatic Cas10 subunit to defend the cell against mobile genetic elements either

directly, via the integral histidine-aspartate (HD) nuclease domain®® or indirectly,
viasynthesis of cyclic oligoadenylate second messengers to activate diverse ancillary
effectors®®. A subset of type Il CRISPR systems encode an uncharacterized
CorA-family membrane protein and an associated NrN family phosphodiesterase
that are predicted to functionin antiviral defence. Here we demonstrate that the
CorA-associated type I1I-B (Cmr) CRISPR system from Bacteroides fragilis provides
immunity against mobile genetic elements when expressed in Escherichia coli.
However, B. fragilis Cmr does not synthesize cyclic oligoadenylate species on
activation, instead generating S-adenosyl methionine (SAM)-AMP (SAM s also known
as AdoMet) by conjugating ATP to SAM via a phosphodiester bond. Once synthesized,
SAM-AMP binds to the CorA effector, presumably leading to cell dormancy or death
by disruption of the membrane integrity. SAM-AMP is degraded by CRISPR-associated
phosphodiesterases or a SAM-AMP lyase, potentially providing an ‘off switch’
analogous to cyclic oligoadenylate-specific ring nucleases'®. SAM-AMP thus
represents a new class of second messenger for antiviral signalling, which may
functionindifferent rolesin diverse cellular contexts.

Bacteroides spp.are Gram-negative, anaerobic bacteria that constitute
asignificant portion of the human gut microbiome™. The Bacteroidales
are host to the most widespread and abundant phage found in the
human digestive system, CrAssphage'. B. fragilis is an opportunistic
pathogen, and is responsible for more than 70% of Bacteroides infec-
tions®. Bioinformatic analyses have revealed the presence of three
CRISPRtypes—I-B, lI-Cand IlI-B—in B. fragilis strains, with the type lll-B
system being the most common'. Sequence analysis shows that
B.fragilis Cas10, the main enzymatic subunit of type Ill effectors, lacks
an HD nuclease domain but has an intact cyclase domain, similar to
the Vibrio metoecus Cas10®. This suggests that the system functions
viacyclicoligoadenylate (cOA) signalling to associated ancillary effec-
tors. In B. fragilis and more generally in the Cytophaga-Bacteroides—
Flavobacterium bacterial phylum these type Ill CRISPR systems are
strongly associated withanuncharacterized gene encoding adivergent
member of the CorA-family of divalent cation channel proteins'®"”
(Fig.1a). The CRISPR-associated CorA proteins have not been studied
biochemically but are predicted to consist of a C-terminal membrane
spanning helical domain fused to a larger N-terminal domain with a
unique fold. To investigate this further, we first generated a phylo-
genetic tree of Casl0 proteins and identified those associated with
agene encoding the CorA protein. Three phylogenetically distinct
clusters of CorA-associated type Ill CRISPR systems were apparent,

with the largest (CorA-1) being associated with type IlI-B systems
(Fig.1a).

The genomic context of CorA-containing type Il CRISPR loci
from cluster CorA-1 (Fig. 1b) reveals that the corA gene is typically
found next to a gene encoding a phosphodiesterase (PDE)—the
DHH-family nuclease NrN in the case of B. fragilis and M. vanielii,
and a DEDD-family nuclease in the case of S. oralis and S. lipocalidus.
In the genome of A. butzleri and related species, the nrn and corA
genes are fused, suggestive of a close functional relationship. The
closest predicted structural matches for B. fragilis NrN are to the
pGpG-specific PDE PggH from Vibrio cholerae, which has arole in
the turnover of the cyclic nucleotide c-di-GMP™ and the GdpP PDE
from Staphylococcus aureus, which degrades pApA molecules as a
component of c-di-AMP signalling systems®. Analysis of the DEDD
proteinsuggests structural matches to RNaseT?, oligoribonuclease”,
and the mammalian REXO2 protein, which degrades linear RNA and
DNA dinucleotides®. Thus, the CRISPR-associated NrN and DEDD
proteins appear to be homologous to protein families that degrade
small RNA and DNA species. Of note, in some CorA-containing type
Il systems including Clostridium botulinum, the PDE is replaced
by a protein that is predicted to resemble a family of phage SAM
lyase enzymes involved in evasion of host immune systems??*
(Fig.1b).
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Fig.1| Typelll CRISPR systems with a CorA effector. a, A phylogenetic tree of
Casl0 proteins from type Il CRISPR systems of complete bacterial and archaeal
genomes, colour coded by subtype**. Red bars on the outer ringindicate systems
associated with a CorA-family effector protein. There are three main clusters of
CorA-associated CaslOs, labelled CorA-1, CorA-2and CorA-3.b, Genome context
and effectors of selected type IlI-B CRISPR systems with a corA gene (cluster
CorA-1:B. fragilis, Aliarcobacter butzleri, Methanococcus vannielii, Streptococcus
oralis, Snytrophothermus lipocalidus, Clostridium botulinum). The type llI-B cas
genes cmrl-6areshowningrey, withcaséin purple and the adaptation genes
casl (orageneencodingafusedreverse transcriptase-Casl protein) and cas2
ingreen. The putative membrane channel proteinis encoded by the corA gene

B. fragilis Cmris active in vivo

Toinvestigate the activity of the B. fragilis type Il CRISPR system, two
plasmids were constructed. Plasmid pBfrCmr1-6, built using Gibson
assembly®, expresses synthetic versions of the codon-optimized genes
cmrl-6 and plasmid pBfrCRISPR encodes Casé6 and a mini-CRISPR
array (Extended DataFig.1a). We expressed the complexin E. coliwith
a targeting (pCRISPR-Tet) or non-targeting (pCRISPR-pUC) crRNA
and challenged cells by transformation with a pRAT-Duet plasmid
expressing one or both of the CorA and NrN effector proteins (Fig. 1c).
The pRAT-Duet plasmid also contains the tetR gene for activation of
B. fragilis Cmr carrying the targeting crRNA. Cells were transformed
with the pRAT-Duet vectors and grown in the presence of tetracycline
toselect for transformants. We included vectors expressing wild-type
and cyclase-defective (Cas10 D328A/D329A variant) Cmr for com-
parison. We previously used this experimental design to investigate
the V. metoecus Cmr system®. In conditions in which the Cmr system
was activated and had the required ancillary effector proteins, lower
numbers of colony-forming units were expected. The vector control
(no effectors) served as a baseline for transformation. When only the
NrN effector was present, noreductionin colonies was observed, sug-
gesting no active targeting. When only the CorA protein was expressed,
fewer colonies were observedinbothtarget and non-target conditions,
for both the wild-type and cyclase-deficient mutant (Acyclase) Cmr,
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(blue), whichis adjacent to or fused with the genes encoding the PDEsNrN or
DEDD (red).In C. botulinum, the PDE is replaced with a predicted SAM lyase.
Thewyland nprR genes encode predicted transcriptional regulators.

¢, Plasmid challenge assay. E. coli BL21 Star cells expressing B. fragilis Cmr
(wild-type or cyclase-defective variant) programmed with target (tetR) or
non-target (pUC19) CRISPRRNA (crRNA) species were transformed witha
PRAT plasmid that expressed the NrN and/or CorA proteins and carried a
tetracyclineresistance gene. Resistance was observed only when atargeting
crRNA, active cyclase and both effector proteins were all present. Raw data
arepresentedinSupplementary DataFig.1.

suggesting some toxicity of the CorA protein. When both the CorA
and NrN effectors were expressed, immunity—indicated by amarkedly
reduced number of colonies—was observed only for the wild-type Cmr
system with tetR targeting. Inmunity was lost when wild-type NrN was
substituted with a variant mutated in the DHH active site motif (D85A/
H86A/H87A), or when the CorA protein was truncated to remove the
transmembrane domain (Extended Data Fig. 1b).

These data suggest that the B. fragilis Cmr system is functional in
E. coli and requires the activity of the Cas10 cyclase domain and the
presence of both effector proteins. The toxicity of CorA appearstobe
reduced by the presence of the NrN protein, regardless of activation
of the type Ill system, suggestive of a strong functional link. Intrigu-
ingly, the type IlI-B complex from Mycobacterium tuberculosis, which
synthesizes cyclic oligoadenylate 3-6 (cA,_¢) in vitro®, did not provide
immunity when combined with the NrN and CorA effectors, hintingata
non-canonical activation mechanism (Extended Data Fig. 1c). The strict
requirement for the SAM-AMP degrading NrN protein in addition to
CorA for plasmid immunity is an unusual aspect of the system and is
discussed further below.

RNA processing and degradation

Co-transformation of the expression plasmids into E. coli strain
BL21 (DE3) enabled the expression of the B. fragilis Cmr effector and



purification by immobilized metal-affinity and size-exclusion chro-
matography (Extended Data Fig. 2a). We also purified B. fragilis Cas6
individually using the same chromatography steps. We first confirmed
that Casé6 processed crRNAin the expected manner. The recombinant
Cas6 enzyme cleaved synthetic fluorescein (FAM)-labelled crRNA at the
base of a predicted hairpin with a2-bp stem, reminiscent of Methano-
coccus maripaludis Cas6b?. This generates a canonical 8-nucleotide
(nt) 5’handle, (Extended Data Fig. 2b). Cleavage of anin vitro transcript
comprising 2 repeats flanking one spacer generated the expected set of
reaction products, culminatingina processed crRNA of 72 nt (Extended
Data Fig. 2¢). To investigate the composition of the crRNA present in
the effector complex purified from E. coli, we isolated and labelled
the crRNA using y-**P-ATP and polynucleotide kinase. This revealed
3 major crRNA species differing in length by 6 nt (Extended Data
Fig.3a,b). These products correspond to 3’ end trimming of the crRNA
to remove the repeat-derived sequence and probably reflect effector
complexes that differ in the number of Cas7 subunits and thus length
of backbone, as has been seen for other type Ill systems (reviewed
inref.28).

Typelll CRISPR systems also cleave bound target RNA using the Cas7
subunit, either for direct defence against mobile genetic elements® or
for regulatory purposes®. We proceeded to test for cleavage of target
RNA bound to the crRNA in the effector. The 5’-end-labelled target
RNA was cleaved at 4 positions with 6-nt spacing, corresponding to
the placement of the Cas7 active sites in the backbone®. Cleavage was
extremely rapid and was essentially complete after 2 min, the first time
point (Extended Data Fig. 3c). As these sites interconvert and site 1
is furthest from the 5’ label, this cleavage was only observed for the
Cmr4 or Cas7 D27A variant, which cleaves target RNA more slowly
(Extended Data Fig. 3d). We also observed cleavage of target RNA at
the boundary of the crRNA-target RNA duplex. This activity, which
has not been observed for other type Ill systems, appeared to be due
to the Cmr4 subunit, as it was not observed for the D27A variant. As
target RNA cleavage hasbeen shown to correlate with the deactivation
of the Cas10 subunit®?°, this suggests that the Cmr complex remains
active for a very short time after target RNA binding. This groups
B. fragilis Cmr together with the type Il effectors from Streptococcus
thermophilus and Thermotoga maritima, which cleave target RNA
rapidly>*°. By contrast, the type lll systems from S. solfataricus and
V. metoecus have much slower RNA cleavage kinetics®*. In the absence
of structural data to define the number and positions of Cas7 subunits
inthe complex, we could not analyse the cleavage pattern further with
any degree of certainty.

Identification of the signalling molecule

As B. fragilis Cmr lacks a HD nuclease domain in the Cas10 subunit,
immune function would be expected to be mediated by the cyclase
domainviathe generation of nucleotide second messengers. However,
although the system provided cyclase-dependent immunity in vivo,
activation of the wild-type Cmr in vitro resulted in very low yields of
any observable product when incubated with ATP, in contrast to the
Cmr complex from V. metoecus, which synthesizes cA;”. This hinted
at the possibility that a vital component was missing in the in vitro
assays. Accordingly, we activated B. fragilis Cmr in E. coli using a plas-
mid to express target RNA and then processed cell lysates to allow
isolation of nucleotide products. These were purified and analysed by
high-performanceliquid chromatography (HPLC). A prominent peak
was observed following HPLC of extracts with activated Cmr, which
was absent in the absence of target RNA or when the cyclase activity
was knocked out by mutagenesis (ACy) (Fig. 2a). Mass spectrometry
yielded a m/z value of 728.196 for the positive ion; to our knowledge,
this m/z value did not correspond with any known cyclic nucleotide
orindeed any other previously characterized metabolite (Fig. 2b).
To identify the product, we fragmented the purified molecule using

tandem mass spectrometry (MS/MS). This enabled the identification
of fragments characteristic of AMP and methionine (Fig. 2c). Further
examination suggested that the molecule under study was SAM that was
adenylated ontheribose moiety (Fig. 2d), amolecule that we hereafter
refer to as SAM-AMP. To our knowledge, SAM-AMP has not previously
been described in the literature—from either chemical or enzymatic
synthesis perspectives—suggesting thatitisapreviously undiscovered
class of signalling molecule.

To confirm that B. fragilis Cmr synthesized SAM-AMP, we recon-
stituted the reaction in vitro with ATP and SAM, analysing reaction
products by HPLC and thin-layer chromatography (TLC) (Fig. 2e,f).
We observed SAM-AMP production when SAM and ATP were present
in vitro. S-adenosyl-L-homocysteine (SAH) and the SAM analogue
sinefungin®, which differ at the sulfur centre, were also conjugated
with ATP by Cmr (Fig. 2e,f and Extended Data Fig. 4c). No significant
products were observed in the presence of ATP or all four ribonu-
cleotides. The synthesis of SAM-AMP and SAH-AMP by B. fragilis Cmr
were consistent with rapid, multiple-turnover kinetics that were essen-
tially complete within the first 2 min of the reaction (Extended Data
Fig. 4a,b). The observation of only SAM-AMP, and not SAH-AMP, in
E. coli cell extracts is probably the result of the much higher concen-
tration of SAM than SAH in E. coli*? (0.4 mM versus 1.3 pM). Overall,
these dataprovide strong evidence that the B. fragilis Cmr system gen-
erates a previously undescribed conjugate of SAM and ATP, rather
than cOA.

Since Casl0 family enzymes synthesize 3’5" phosphodiester
bonds®’, we consideredit likely that SAM was fused to AMP at the 3’ posi-
tionontheribosering, but the mass spectrometry datadid not rule out
a2’-5’phosphodiester bond. To address this, we incubated SAM-AMP
and SAH-AMP with nuclease P1, which is specific for 3’'-5’ phosphodi-
ester bonds. Whereas SAH-AMP was completely degraded by nuclease
P1, we observed only partial degradation of SAM-AMP (Extended Data
Fig. 5). Thus, although we consider a 3’-5’ phosphodiester linkage
to be likely, we cannot rule out a 2’-5’ linkage completely. Final con-
firmation of the linkage will require further analysis—for example,
by NMR.

The crystal structure of Pyrococcus furiosus Cas10-Cas5 bound to
two ATP molecules® shows one ATP in the ‘donor’ ATP1 site next to
the GGDD cyclase catalytic motif and another in the ‘acceptor’ site
(Fig. 3a). For the enzymes that synthesize SAM-AMP, SAM must bind
inthe acceptor ATP2 binding site, next to ATP1lin the donor site*. This
arrangement would allow nucleophilic attack from the 3’-hydroxyl
group of SAM to the a-phosphate of ATP], resulting in the formation
ofa3’-5'phosphodiester bond linking SAM with AMP, and the release
of pyrophosphate. The reaction chemistry is essentially the same as
the one that takes place in canonical type Il CRISPR systems that syn-
thesize cOA species®*. The major difference is that the triphosphate of
ATP2inthe acceptor siteisreplaced by the methionine moiety of SAM,
resulting in a change in local charge of the ligand from net negative
to net positive, raising the possibility that Cas10s binding SAM will
have a less basic binding site in this area. Examination of sequence
conservationin the Cas10s associated with a CorA-1cluster (Extended
DataFig. 6) revealed the presence of two absolutely conserved acidic
residues, D70 and E151. Modelling of the B. fragilis Cas10 structure
places these two residues in the vicinity of the methionine moiety of
SAMinthe acceptorsite (Fig. 3b). D70 occupies the position equivalent
toN300in P, furiosus Cas10, which neighbours the 3-phosphate of the
acceptor ATP2ligand, while E151isinasimilar position to R436, which
forms a bidentate hydrogen bond with the y-phosphate (Fig. 3a). We
created variants of Cas10 with D70N, E151R and D70ON/E151R muta-
tions, which were expressed and purified as for the wild-type protein
(Extended Data Fig. 2a), and assessed them for their ability to syn-
thesize nucleotide products (Fig. 3c). The E151R variant had a limited
effect on SAM-AMP synthase activity, but the D70N variant was sig-
nificantly compromised and the double mutant showed no detectable
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Fig.2|Identification of SAM-AMP from cells containing the activated
Cmr complex.a, HPLC analysis of E.coli extracts expressing the wild-type
(WT) or mutant (ACy) B. fragilis Cmr system with target or non-target crRNA.
The putative signal molecule was only observed for the activated system
(tracei). b, Characterization of the extracted signal molecule by liquid
chromatography-mass spectrometry (LC-MS) in positive mode.[M + H]" and
[M +2H]* represent two differentionization forms. ¢, MS/MS analysis of the
signalmolecule withm/z728.1963.d, The proposed structure of the signalling
molecule, whose fragmentation patternis shown by dashed arrows. The
MS/MS data cannot distinguish between 2’-5 and 3'-5’ phosphodiester bonds.

activity (Fig. 3c,d). Moreover, the double mutant displayed an enhanced
pppApA synthase activity when compared with the wild-type enzyme,
suggesting a partial reversion of the acceptor binding site to favour ATP
over SAM (Extended DataFig. 7). A deeper understanding of the reac-
tion mechanism and substrate specificity of the SAM-AMP synthases
will require structural data in the presence of ligands, and could also
involve discrimination by the Cas5 subunit, whichisin the vicinity of the
ATP2ligand.

SAM-AMP signalling and turnover

To test the suggestion that SAM-AMP is the activator of the CorA effec-
tor, we expressed B. fragilis CorA in E. coli and purified the protein to
near homogeneity inthe presence of detergent (Extended Data Fig. 8a).
CorAwasincubated withradiolabelled SAM-AMP, SAH-AMP or cA; and
then analysed by native gel electrophoresis. A clear shifted species,
close to the wells of the gel, was observed to accumulate as the CorA
proteinwasincubated atincreasing concentrations with SAM-AMP or
SAH-AMP (Fig. 4a). By contrast, cA, was not shifted. These data support
amodelwhere CorAbinds the SAM-AMP second messenger to provide
immunity. To investigate this in more detail, we generated a model of
the pentameric B. fragilis CorA structure (Fig. 4b and Extended Data
Fig. 8) and mapped the positions of conserved residues in the CorA-1
cladeidentified from amultiple sequence alignment (Supplementary
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The 3’-5' phosphodiester bonds are more likely and is shown here, but a
2’-5bond cannot be completely ruled out. e, HPLC analysis of compounds
synthesized by the purified wild-type B. fragilis Cmr complex in vitro.
Cmr synthesizes the signal molecule SAM-AMP from ATP and SAM (trace ).
Cmralsoaccepts SAH and sinefungin (SFG) as substrates (tracesiiiand v,
respectively). Tracesii, ivand viare control reactions. f, TLC analysis of
invitroreaction products. SAM, SAH and sinefungin plus ATP yielded
radioactive products (red stars) but ATP alone did not. cA; generated by
wild-type V. metoecus Cmr complex® is shown for comparison. Uncropped
HPLC and TLC data are presented in Supplementary Data Fig. 2.

DataFig.10). A cluster of conserved residues at the interdomaininter-
face hinted at a putative SAM-AMP-binding site. To test this, we created
twossite-directed variants of CorA by mutating two pairs of conserved
residues (R152-R153 and D219-D220) in this cluster to alanine. The
variant proteins were expressed similarly to the wild-type CorA, but no
longer provided immunity in the plasmid challenge assay (Extended
Data Fig. 8). Although these observations are consistent with arole
in SAM-AMP binding, we cannot rule out the possibility that these
mutations alter the quaternary structure of the protein. Although
the mechanism of the CorA effector has not yet been determined, it
most probably functions as a SAM-AMP-activated membrane chan-
nel, analogous to the Csx28 protein associated with Cas13* and to a
number of other predicted membrane proteins associated with typelll
CRISPR systems'®

As described previously, most type Il systems with a CorA effector
alsoencode aPDE of the NrN or DEDD family'®. We therefore incubated
the B. fragilis NrN protein with SAM-AMP and observed that it specifi-
cally degrades SAM-AMP (Fig. 4c), but not the linear dinucleotide pApA,
orcOAmolecules cA,_¢ (Extended Data Fig. 9a). One possibility is that
specialized NrN and DEDD-family PDEs represent a type of ‘off switch’
toreset the system, analogous to the ring nucleases that degrade cOA
moleculesincanonical type Ill CRISPR systems'. In the Clostridia, the
NrN proteinis replaced with a predicted SAM lyase (Fig.1b), suggesting
an alternative means to degrade the SAM-AMP signalling molecule.
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Fig.3|Changesintheactive site of Cas10 during synthesis of SAM-AMP.

a, The crystal structure of the P. furiosus (Pfu) Cas10 subunit with 2bound ATP
molecules®, Side chains for the two metal binding aspartate residues of the DD
motif, together withresidues N300 and R436 thatinteract with ATP2, are shown.
b, Equivalent view of the AF2 model of the B. fragilis (Bfr) Cas10 structure with
ATP1fromthe P.furiosus CaslO structure and ATP2 replaced by SAM. The precise
conformation and position of SAMis unknown. The conserved acidic residues

Wetested thisby cloningand expressingthe SAM lyase from C. botulinum
and measuring its ability to degrade SAM-AMP, observing efficient deg-
radation of the molecule to 5’-methylthioadenosine (MTA) (Fig. 4¢,d).
The other product of a lyase reaction, L-homoserine lactone, is not
detectable by UV. The C. botulinum lyase degrades SAM-AMP more
efficiently than SAM (Extended DataFig. 9b), consistent with a special-
izedrolein defence.

Discussion

The polymerase active site of CaslO0, the catalytic subunit of type IlI
CRISPR systems, which consists of two DNA polymerase family B palm
domains, is known to synthesize a range of cOA second messengers
for antiviral defence. Here we have shown that some type Il CRISPR
systems signal via synthesis of SAM-AMP, a previously unknown mol-
ecule created by the adenylation of SAM (Fig. 5), which thus repre-
sents a novel nucleotide-based second messenger. In bacteria, the
most recently discovered anti-phage signalling moleculesinclude the
cUMP and cCMP of the PYCSAR system*®, a wide range of cyclic di- and
tri-nucleotides of the CBASS system® and the cOAs typically made by
type lll CRISPR systems®”. Given the structural similarity between ATP
and SAM, it is perhaps not surprising that SAM can substitute for ATP
as an acceptor for anew 5’-3’ phosphodiester bond in the active site
of nucleotide cyclases, following limited sequence divergence. Clearly
this reaction reaches a natural end point as there is no possibility of
cyclization or further polymerization. Judging by the distribution of
CorA effectors, SAM-AMP signalling has a patchy but wide distribu-
tion in members of the bacteroidetes, firmicutes, 5-proteobacteria,
e-proteobacteriaand euryarchaea. Thisis consistent with the high levels
of defence system gain (by lateral gene transfer) and loss observed
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D70, E151, D328 and D329 are shown. ¢, In vitro SAM-AMP synthase activity of
wild-type and variant B. fragilis Cmr, analysed by HPLC following incubation of
2 uM Cmrwith 0.5 mM ATP and SAM for 30 min. Raw HPLC dataare presented
inSupplementary DataFig. 3. d, Relative SAM-AMP synthase activity of Cmr
variants. Threeindependent experiments; data are mean +s.d., calculated
using GraphPad Prism 9.

generally,and may be areflection of the pressures exerted by viruses,
driving diversity.

CRISPR-associated CorA proteins are predicted to have aN-terminal
soluble domain fused to a C-terminal transmembrane helical domain
related to the CorA family of divalent cation transporters'. We postu-
late that binding of SAM-AMP to the cytoplasmic domainresultsinan
opening of the transmembrane pore to effectimmunity, but alterna-
tive mechanisms of membrane disruption have been observed for
bacterial immune effectors®, so this is a priority for future studies.
The CorA effectors seem to be obligately associated with degradative
enzymes such as NrNin B. fragilis, sometimes even being fused'. The
observation that SAM-AMP is easily purified from extracts of E. coli
expressingthe activated B. fragilis Cmr system suggests that SAM-AMP
is not a substrate for the generalist ribonucleases present in bacteria,
necessitating the addition of a specialized PDE such as NrN. In these
respects, NrN is reminiscent of the ring nucleases (Crn1-3 and Csx3)
that are frequently found associated with cOA generating CRISPR
systems'. This suggests that it is beneficial to the cell to deplete the
SAM-AMP signalling molecule, perhaps to avoid unnecessary cell
death when phage infection has been cleared. In this regard, it is tell-
ing that the NrN PDE is sometimes replaced by a SAM-AMP lyase—an
enzyme that degrades SAM-AMP using an entirely different mecha-
nism?, yielding different products. SAM lyases are typically phage
related genes and are thought to function by neutralizing DNA methy-
lases in host restriction-modification systems*?. In the context of
CorA-family CRISPR systems, SAM-AMP lyases encoded by mobile
genetic elements may also function as anti-CRISPRs, similarly to viral
ring nucleases®.

Someimportant open questions remain. It is difficult to explain the
toxicity of CorA when no SAM-AMP is synthesized and NrN is absent,

Nature | www.nature.com | 5
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showninSupplementary DataFig.4.b, Two views of the predicted structure

of the pentameric CorA channel, with one subunit coloured green. ¢, NrN
specifically degrades SAM-AMP to SAM and AMP. HPLC analysis of samples in

as well as the observation that both CorA and NrN are required for
immunity. These datasuggest a close functional link between CorA and
NrN, although we have detected no physical interaction between the
two proteins in vitro. Rather than functioning in a manner analogous
to ring nucleases, an alternative hypothesis is that NrN (or SAM-AMP
lyase) is required to prevent de-sensitization of the CorA channel—a
phenomenon observed for other pentameric ligand-gated ion chan-
nels when activator concentrations remain high*’. Answers to these
questions will probably require further analysis of the systemina cog-
nate host at native expression levels, coupled with structure-function
studies of the CorA channel.

Given the wide range of SAM and ATP analogues available, the dis-
covery of an enzymatic route to synthesis of SAM-AMP opens the way
to the generation of anew family of bioactive molecules. For example,
there is considerable interest in the development of specific inhibi-
tors of methyltransferases, alarge family of enzymes (more than 300
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which purified SAM-AMP was incubated with NrN and NrN*, an inactive variant
with D85A/H86A/H87A mutations. C. botulinumlyase degrades SAM-AMP to
generate MTA and L-homoserine lactone (not UV visible). Small amounts of
MTA are presentin the SAM-AMP sample purified from E. coli. Uncropped HPLC
tracesareavailablein Supplementary DataFig. 4.d, Schematic representation
ofthereactions catalysed by NrN and SAM-AMP lyase.

methyltransferases are encoded in the human genome) involved in
many key cellular reactions*. Depending on the specificity of the
Casl0 enzyme, a range of SAM and ATP analogues could be provided
asbuilding blocks to make a diverse family of SAM-AMP analogues with
altered properties. As we have seen, replacement of the methyl group
on the sulfur atom of SAM with a proton (in SAH) or an amino group
(sinefungin) still supports catalysis by B. fragilis Cas10. Many other
modification sites are available on the parental molecules.

In conclusion, wereport the discovery of SAM-AMP, whichis synthe-
sized from two of the most abundant molecules in the celland functions
asasecond messenger of viral infection. This broadens the repertoire
of type Ill CRISPR systems and may have implications forimmune sig-
nalling more generally, as family B polymerases are awidespread and
diverse superfamily foundinall branches of life. The recent expansion
of our knowledge of signalling molecules reflects the fact that Nature
tends touse and repurpose suchmoleculesindiverse cellular processes.
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Methods

Cloning
Supplementary Table 1shows the synthetic gene, DNA and RNA oligo-
nucleotide sequences used in this study.

The synthetic genes encoding B.fragilis Cas6, CorA, NrN and C. botu-
linum SAM lyase purchased as g-blocks (IDT) were codon-optimized for
expressionin . coli C43 (DE3) viathe vector pEhisVSTEV, which encodes
eight histidines, a V5 epitope tag and the cleavage site of Tobacco Etch
Virus (TEV) protease®.

The pACE-based Cmr expression plasmid pBfrCmrl-6 was
designed to contain six codon-optimized genes cmri-6 (Twist
Biosciences), with a polyhistidine tag on the N-terminus of Cmr3.
We then divided pBfrCmrl-6 into five overlapping segments with
similar length (designated as BfrCmr a, b, ¢, d and e). These seg-
ments were amplified by PCR using primers BfrCmrSG-f and
BfrCmrSG-r (Supplementary Table 1) and then assembled into
pBfrCmr1-6 using NEBuilder HiFi DNA Assembly Master Kit. The
obtained plasmid pBfrCmr1-6 was verified by restriction digest and
sequencing.

For the construction of the crRNA over-expression vector, the
codon-optimized casé gene was synthesized as a g-Block (IDT) and
inserted into the Ndel and Xhol restriction sitesin MCS-2 of the vector
pCDFDuet. The synthetic gene of CRISPR pre-array with two CRISPR
repeats and two divergent Bpil sites between two repeats for a spacer
sequenceinsertion was clonedinto 5’ Ncoland 3’ Sall sites in MCS-1 of
pCDFDuet containing casé. Spacers targeting the tetracycline resist-
ancegene tetR or lacZwereligated into the Bpil sites of CRISPR pre-array
to obtain the plasmid, designated as pCRISPR_Tet or pCRISPR_pUC.
A CRISPR array, consisting of one spacer targeting the gene encoding
late promoter activating protein (Lpa) of phage P1, flanked by two
B.fragilis CRISPR repeat sequences, was assembled by annealing primers
Bfr-rep-5p-T, Bfr-rep-5p-C, Bfr-rep-3p-T, Bfr-rep-3p-C, Bfr-sp-phagelPA-T
and Bfr-sp-phagelPA-C (Supplementary Table 1). The array was then
ligated into MCS-1 of pCDFDuet containing cas6 in MCS-2 to give
pCRISPR_Lpa.

To construct pRAT-Duet-derived plasmids, for single effector
expression, synthetic genes encoding CorA, NrN or their variants
were inserted into Ncol and EcoRl sites in MCS-1 under control of
the pBAD promoter. The nrn gene was cloned into the Ndel and Xhol
site in MCS-2 of pRAT-Duet containing corA in MCS-1 for effector
co-expression.

For mutagenesis, all variants were generated by PCR using Phusion
enzyme (Thermo Scientific) with wild-type constructs as the templates
in presence of two overlapping primers containing the target muta-
tions. The correct variants were confirmed by sequencing.

Protein production and purification

B. fragilis NrN, Cas6 and C. botulinum SAM lyase were expressed and
purified using standard procedures described previously, with removal
of the N-terminal his-tags by TEV protease*’. The Cmr complex with
crRNA expressed from cells co-transformed with pACE-BfrCmr and
pCRISPR_Lpa was purified using the same procedures. The purifica-
tion of membrane protein BfrCorA was followed the similar proce-
dures. In brief, after induction of CorA expression with 0.2 mM IPTG,
the cells were harvested and lysed in the lysis buffer (50 mM HEPES
pH 7.5,250 mM NaCl, 5% glycerol, 10 mM imidazole). The membrane
fraction was isolated by ultra-centrifuge at 40,000 rpm at 4 °C for
2 h and then resuspended in the lysis buffer supplement with 1%
n-dodecyl-B-b-maltopyranoside (Glycon Biochemical) and incubated
at4 °Cfor1h.Thesolubilised CorA was purified by nickel affinity chro-
matography and size-exclusion chromatography, where buffers con-
tained 0.03% n-dodecyl-B-D-maltopyranoside. Subsequently, aseries of
variants were constructed and purified following the same procedure
asthe wild type.

Plasmid challenge assay

pBfrCmrl1-6 and pCRISPR _Tet (or pCRISPR_pUC) were co-transformed
into E. coli BL21 Star cells. Single colonies were picked for competent cell
preparationinto L-Broth (100 pg ml™ ampicillinand 50 pg ml™ spectino-
mycin) and cultivated at 37 °C overnight. Overnight culture was diluted
50-fold into 20 mlselective LB medium and grown at 37 °C with shaking
at 220 rpm until the OD,,, reached 0.4-0.5. Cell pellets were collected
andthenresuspendedinanequal volume of pre-chilled competent cells
solution (60 mM CaCl,, 25 mM MES, pH 5.8, 5 mM MgCl,, 5 mM MnCl,).
Cells were incubated on ice for 1 h, centrifuged and the collected pel-
let was resuspended in 0.1 volumes of the same buffer containing 10%
glycerol. Aliquots (100 pl) were flash frozen by liquid nitrogen and then
stored at —80 °C. 100 ng pRAT or pRAT derived plasmids carrying the
target gene were added to the competent cells, incubated on ice for
30 minand transformed by heat shock. Following addition of 0.5 mILB
medium, the transformation mixture was incubated at 37 °C for 2.5 h.
3 plofal0-fold serial dilution was applied in duplicate to LB agar plates
(supplemented with100 pg mI™ampicillinand 50 pg ml™ spectinomycin)
for the uninduced condition. The transformants were selected on LB
agar containing 100 pg ml™ ampicillin, 50 pg ml™ spectinomycin and
12.5 pg ml™ tetracycline. Addition of 0.2% (w/v) lactose and 0.2% (w/v)
L-arabinose was used for full induction. Plates were incubated at 37 °C
overnight. The experiment was performed as two independent experi-
mentswith twobiological replicates and atleast two technical replicates.

Synthesis of SAM-AMP and its analogues

Forinvitrosynthesis, 2 pM wild-type Cmr wasincubated with ATP and
SAM, SAH or sinefungin (0.1 mM each for radiolabelled products or
0.5 mM each for HPLC analysis) in reaction buffer (20 mM Tris-HCI,
pH 7.5,10 mM NacCl, 1% glycerol and 5 mM MnCl,). The reaction was
initiated by adding 5 pM target RNA-Lpa (using non-target RNA-pUC
as negative control) and carried out at 37 °C for 1 h or the times indi-
cated.4 nM a*P-ATP as atracer was added in each reaction to generate
radiolabelled products, if needed for TLC analysis or electrophoretic
mobility shift assay (EMSA).

Forinvivo production, asingle colony of E. coli BL21 Star cells trans-
formed with the plasmids pBfrCmr1-6, pCRISPR_Tet (or pCRISPR_pUC)
and pRAT-Duet was inoculated into 10 ml of L-broth with antibiotics
(50 pg ml™ampicillin, 50 pg ml™ spectinomycinand 12.5 pg ml™ tetra-
cycline) and grown overnight at 37 °C with shaking at 180 rpm. 20-fold
overnight culture was diluted into 20 ml fresh L-broth with same anti-
biotics and thenincubated at 37 °C. The culture was fully induced with
0.2% (w/v) D-lactose and 0.2% (w/v) L-arabinose after reaching an OD,,
between 0.4 and 0.6. After overnight induction at 25 °C, the cell cul-
ture was mixed with 4 volumes of cold PBS and then centrifuged at
4,000 rpm for 10 min at 4 °C. Cell pellet was resuspended into 2 ml
coldextractionsolvent (acetonitrile:methanol:water, 2:2:1by volume),
vortexed for 30 s and stored at —20 °C until needed. The supernatant
was obtained by centrifuging at 13,200 rpm for 10 min at4 °C, followed
by evaporation until samples were completely dry, then resuspended
in water and analysed by HPLC or LC-MS. HPLC data were collected
and analysed using Chromeleon 6.8 Chromatography Data System
software (Thermo Fisher).

Treatment with nuclease P1

For nuclease treatment, 100 pM of compound was incubated with
0.02 units P1 nuclease (New England Biolabs) in P1 reaction buffer
(50 mM sodium acetate pH 5.5) at 37 °C for 1 h. Each reaction solution
was deproteinised with a spin filter (Pall Nanosep® MWCO 3 kDa) fol-
lowed by HPLC analysis.

Liquid chromatography and mass spectrometry
Enzymatic reactions were analysed on an UltiMate 3000 UHPLC system
(Thermo Fisher scientific) with absorbance monitoring at 260 nm.
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Samples were injected into a C18 column (Kinetex EVO 2.1 x 50 mm,
particle size 2.6 pm) at 40 °C. Gradient elution was performed with
solvent A (10 mM ammonium bicarbonate) and solvent B (acetonitrile
plus 0.1% TFA) at aflow rate of 0.3 ml min™as follows: 0-0.5 min, 0% B;
0.5-3.5min, 20% B; 3.5-5min, 50% B; 5-7 min, 100% B.

LC-MS and LC-MS/MS analysis were carried out on a Eksigent 400
LC coupled to Sciex 6600 QTof mass spectrometer, in trap elute con-
figurationat micro flow rates. Samples were loaded onto a YMC Triart
Cl18trap cartridge 0.5x5.0 mmin99.95% water, 0.05% TFA at 10 pl min™.
After 3 min washing the salts to waste, the trap was switched in-line
with the analytical column:aYMC Triart 150 x0.075 mm. Gradient elu-
tionwas performed with solvent A (99.9% water, 0.1% formicacid) and
solvent B (20% water 80% acetonitrile 0.1% formicacid) at aflow rate of
5 pl minas follows: 0 min3% B; 0-6 min 95% B; 6-8 min 95% B; 8-9 min
3% B; 9-13 minre-equilibrate 3% B. The flow from the column sprayed
directly into the ESIturbospray orifice of the mass spectrometer. Data
were collected in positive ionization mode from 120-1,000 m/z. lons
ofinterest were selected for CID fragmentation at collision voltages of
25-45V,and the fragmentation spectra collected from 50-1,000 m/z.
The mass spectrometer was externally calibrated prior to analysis with
Sciex tuning solution 4457953.

Thin-layer chromatography

Radio-labelled SAM-AMP and its analogues were separated by TLC.
1ulradiolabelled products were analysed on 20 x 20 cm Silicagel TLC
aluminium plates (Sigma-Aldrich) with 0.5 cm of TLC buffer (0.2 M
ammonium bicarbonate, 70% ethanol, and 30% water pH 9.3) at 35 °C.
The TLC plate was left in the TLC chamber until the solvent front was
approximately 5 cm from the top of the TLC plate and finally phospho-
rimaged using a Typhoon FLA 7000 imager (GE Healthcare).

Electrophoretic mobility shift assay

In total, 40 nM *P-radiolabelled SAM-AMP, SAH-AMP or cA, was incu-
bated with varying amounts of purified B. fragilis CorA (0.1,0.2, 0.4,
0.8,1.6 and 3.3 puM) in binding buffer (12.5 mM Tris-HCI, pH 8.0,10%
(v/v) glycerol, 0.5 mM EDTA) at 25 °C for 15 min. Reactions were mixed
with ficoll loading buffer and then analysed on the native polyacryla-
mide gel (8% (w/v) 19:1 acrylamide:bis-acrylamide). Electrophoresis
was carried out at 200 V for 2 h at room temperature using 1x TBE
buffer as the running buffer, followed by phosphorimaging (Typhoon
FLA 7000 imager (GE Healthcare), photomultiplier tube setting =
700-900).

SAM-AMP degradation assay

SAM-AMP degradation assay was carried out by incubating 1 pM
wild-type B. fragilis NrN or C. botulinum SAM lyase and their inactive
variants with 100 uM purified SAM-AMP, its analogues or standards like
SAM, pppApA, pApA or cOA mixture (cA,, cA;, cA,and cA), respectively
inbuffer (20 mM Tris-HCIpH 7.5,20 mM NaCl, 1% glyceroland 0.5 mM
MnCl,) at37 °Cfor1horatindicated time points for time course assay.
Thereactionwas stopped by mixing with 2 volumes pre-chilled metha-
nol and vortexing for 30 s, before centrifuging at 13,000 rpm at 4 °C
for 20 min to remove denatured protein. The supernatant was dried
and then resuspended in the water, followed by HPLC or LC-MS/MS
analysis.

Western blotting for detection of B. fragilis CorA

For detection of B. fragilis CorA wild-type and variants expression,
proteins were expressed from the pEV5hisTEV plasmid in E. coli C43
(DE3). The cells were grown in 5 ml LB containing 50 pg ml™ kanamy-
cin at 37 °C until OD,, reached 0.6-0.8, followed by 0.2 mM IPTG
induction. After growth at 16 °C for 16 h, the pellets were collected by
centrifugation at 4,000 rpm for 10 min and then resuspended in 1 ml
lysis buffer (50 mM HEPES, pH 7.5, 250 mM NacCl, 5% glycerol, 10 mM
imidazole). Ten microlitres of 20-times-diluted lysate was loaded onto

a precast NUPAGE Bis-Tris Gel (Thermo Fisher Scientific) for separa-
tion and transferred into a nitrocellulose membrane using iBlot 2 Dry
Blotting System (Invitrogen). Membranes were blocked for at least
1 hwith shaking in 0.03% milk in TBST (20 mM Tris, 150 mM NaCl,
pH7.6,0.1% Tween-20) and thenincubated with mouse anti-V5antibody
(Invitrogen, cat.no.R960-25, clone SV5-Pk1) diluted 1:10,000 in 0.03%
milk in TBST buffer at 4 °C with overnight shaking. Membranes were
washed three times with 0.03% milk in TBST and then incubated with
anti-mouse IgG antibody (LI-COR Biosciences) at 1:20,000 dilution
with 0.03% milk in TBST for 1 h at room temperature with shaking.
The membranes were washed again with 0.03% milk in TBST twice
and TBST once, beforeimaging on an Odyssey imager system (LI-COR
Biosciences).

Nuclease assay

Nuclease activity of Cas6 was assayed by incubating 1.2 uM B. fragi-
lis Cas6 with 300 nM 5’ end FAM-labelled B. fragilis CRISPR repeat
RNA (Table S1, purchased from Integrated DNA Technologies (IDT))
in reaction buffer (20 mM Tris-HCI pH 7.5, 50 mM NaCl and 1 mM
EDTA), at 37 °C for 5 min. The reaction was stopped by heating at
95 °C for 5 min and then analysed by 20% acrylamide, 7 M urea, 1x
TBE denaturing gel, which was run at 30 W, 45 °C for 2 h. An alkaline
hydrolysis ladder was generated by incubating RNA in 5 mM NaHCO,,
pH 9.5 at 95 °C for 5 min. The gel was finally imaged using a Typhoon
FLA 7000 imager (GE Healthcare) at a wavelength of 532 nm (PMT =
600-700).

Aninternally radiolabelled transcript RNA containing two CRISPR
repeats and one guide sequence (Supplementary Table 1) was incu-
bated with 2 pM Casé6 in the same condition mentioned above and
the reaction products were checked on the 20% acrylamide dena-
turing gel at different time points. The transcript was generated
by following the instruction of MEGAscript®Kit (Invitrogen). The
template used in transcription was obtained by PCR of plasmid
pCRISPR_Lpa using primer Duet-up and Duet-Down (IDT; Supple-
mentary Table 1). PCR product (120 ng) mixed with ATP, GTP, UTP,
CTP solution and 133 nM o**P-ATP as a tracer was incubated at 37 °C
for 4 hin the 1x reaction buffer with T7 enzyme mix. Transcript was
then purified by phenol: chloroform extraction and isopropanol
precipitation.

Target RNA cleavage assay

The 5’ end labelled RNA-Lpa was generated as described previously®.
RNA cleavage assays using 1 pM wild-type Cmr (or variant with Cmr4
D27A) and 5’-end-labelled RNA-Lpa substrates were conducted in
reaction buffer (20 mM Tris-HCI, pH 7.5,10 mM NaCl, 1% glycerol and
5mM MnCI,, 0.1U pl™ SUPERasesIn (Thermo Scientific)) at 37 °C. The
reaction was stopped at indicated time points by adding EDTA (pH
8.0) and extracted with phenol-chloroform to remove protein. After
adding equal volume100% formamide, the samples were loaded onto
20% denaturing polyacrylamide sequencing gel. The gel electropho-
resis was carried out at 90 W for 3-4 h. Visualization was achieved by
phosphorimaging as above. A 5’-end-labelled RNA-Lpawas subjected
toalkaline hydrolysis generating a single nucleotide resolution ladder
for RNA size determination.

Bioinformatic analyses

To investigate the phylogenetic diversity of Cas10 proteins across
type Il CRISPR-Cas loci and their associations with CorA, 50,924
bacterialand 992 archaeal genomes from NCBI, marked as ‘complete’,
were downloaded on 14 March 2023. The genomes were filtered for
the presence of Cas10 by performing a hidden Markov model (HMM)
search using Hmmer 3.3.2* and previously published Cas10 HMM
profiles*2. Hits with an E-value less than 1072° and minimum protein
length above 500 AA were considered. The Cas10s from the resulting
2,209 genomes were clustered with CD-hit (similarity cutoff 0.80



and word size 5) resulting in 613 representative Cas10 sequences.
All CRISPR-Cas loci in the associated 613 genomes were annotated
with CRISPRCasTyper1.8.0*and type Il loci (or hybrid lociwith type
Il as acomponent) that had an interference completeness percent-
age of over 30% were picked for further analysis. This threshold was
chosen to exclude any solo CaslO0 proteins, but also to include small
CRISPR-Cas loci that may include effector proteins such as CorA.
From this point forward all CRISPR-Cas loci were treated as inde-
pendent of their host, i.e multiple type Illloci from asingle host were
permitted, resulting in 745 loci. Proteins within these loci (and 2 kb
upstream and downstream of the CCTyper-reported locus bounda-
ries) were searched for CorA using Hmmer 3.3.2* with HMM profiles
derived from CCTyper** using an E-value cutoff of 1072, To create the
CaslO0 phylogenetic tree, the Cas10 proteins from each locus were
aligned using Muscle 5.1* with the SuperS5 algorithm intended for
large datasets. The Cas10 phylogenetic tree was constructed from
the alignment using FastTree 2.1.11* with the WAG + CA model and
Gamma20-based likelihood. The tree was visualized inR 4.1.1 and
RStudio 2021.9.0.351 (http://www.rstudio.com/) using ggtree*
and ggplot2*8, These steps were wrapped in a Snakemake 7.22.0%°
pipeline and an R script (available at Github: https://github.com/
vihoikka/Cas10_prober).

Structural modelling of B. fragilis Cas10 and B. fragilis CorA

The structure of the B. fragilis Cas10-Cas5 heterodimer and B. fragilis
CorA monomer were predicted using AlphaFold2°°*! (AF2) as imple-
mented by the Colabfold server®. The structure of the C-terminal 172
amino acids of CorA, including the transmembrane domain, which is
the region with detectable similarity to the CorA magnesium trans-
porter, was modelled as a pentamer using Alphafold2. Five individual
monomerswere thensuperimposed onthe pentameric transmembrane
structure toyield amodel of the full-length pentameric B. fragilis CorA
structure. Thisapproach avoided memory and processor constraints
inherent in Colabfold for such a large modelling project. The local
distance different test (LDDT) scores for all three models are shown
in Extended DataFig. 10.

Statistics and reproducibility

The CorA binding assay in Fig. 4a was repeated as duplicates. Assays
for nuclease activity of Cas6 (Extended Data Fig. 2) and target RNA
cleavage activity of B. fragilis Cmr complex (Extended Data Fig. 3) were
conducted asthree independent experiments and representative exam-
ples are shown. The purification of CorA (Extended Data Fig. 8a) was
repeated three times and the western blot of CorA (Extended Data
Fig.8e) was performed as two independent experiments (two biological
replicates) with comparable results.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Mass spectrometry data are available on FigShare: https://doi.
org/10.6084/m9.figshare.c.6646859.v1. Coordinates for experimen-
tally determined protein structures (for example Protein Data Bank ID
3W2W) are available at https://www.rcsb.org/. The genome sequences
used to make Fig. 1a were downloaded from NCBI (https://www.ncbi.
nlm.nih.gov) on 14 March 2023.

Code availability

Code used to generate the phylogenetic tree was wrapped in a Snake-
make 7.22.0* pipeline and an R script that are available in Github:
https://github.com/vihoikka/Cas10_prober.
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Extended DataFig.1|Plasmid challenge assay. a, Plasmid pBfrCmrl-6 was
constructed by Gibson assembly to express genes cmrl-cmré (junctions
indicated by black squares); Plasmid pCRISPR was constructed to express the
CRISPRarray along with Cas6. Plasmid maps were generated by Benchling
(https://benchling.com/). b, Different variants of ancillary effectors were
testedin the B. fragilis Cmr wild type target (tetR) and non-target (pUC19)
system. CorA" is the truncated CorA (aa1-428) and NrN* is an inactive variant

of NrN (D85A/H86A/H87A). The schematic shows cartoons of the three
plasmidsusedinthese experiments. c, The ancillary effectors CorAand NrN
were assayed in the Mycobacterium tuberculosis (Mtb) Cmr wild type system.
TsuCsx1from Thioalkalivibrio sulfidiphilus (activated by cA,) acted asa
positive control. Uncropped images and gels are available in Supplementary
DataFig. 4.
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b, Thecleavage site of Cas6 within the CRISPR repeat RNA was mapped by
incubating 5’ end FAM-labelled repeat RNA (300 nM) with Cas6 nuclease (1.2 pM).
Alkaline hydrolysis (OH") ladder was used to mark the size of 5 RNA cleavage
products (green arrow). Potential secondary structure of CRISPR repeat RNA

with cleavage site was indicated (green arrow). ¢, Aninternally radio-labelled

transcript RNA containing two CRISPR repeats (blue) and one guide (targeting
Phage P1) sequence (orange) wasincubated with BfrCasé6 (2 pM). Samples were

collected atthe indicated time points and analysed by denaturing gel. The

expected sizes and compositions of cleavage products are indicated based on

the specific cleavage site of Cas6 within each repeat. Uncropped gels are

availablein Supplementary Data Figs.3-5.
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Extended DataFig. 3| B. fragilis Cmr crRNA compositionand target RNA
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ladderandindicated by red arrows. d, Time course of cleavage on the 5-radio-
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Syntrophothermus RSVERKLRQRRAVLLQIL- - - - - - ASNSREERSSRLS SQEEEG- - - - - - - HGATL 480
Methanococcus 472 N- -EINENGKILQSFKIKIAEDEVLENSLYDLHINNGNKDFEEFNTS ID.Y KIN KKDI.KA- -NEQQI 537

Bacteroides 553 EDIQTLLCLRYQENIQDYQNRNEI IQQNTILTSDEKEILIVSPAMDAFHTIFTAEQ lH INYNKDE - - - 599
Clostridium 526 NYLIKFIYLIYGE - -------c------- IKTDEDKN - - - - - - - - KCIEQIYTY, DEDINLDN - 570
Prevotella 454 KKFHEFMIISSCT- - - - - -« -« -« o-o-- YPDGNKG- - - - - - - - KSIELLHAL YVEL[ ISKN- - - - - 493

Camphylobacter 433 EQLVDFMVEAYKH - - -EDKE -KALDVIYST VQGDKA - a0

Aliarcobacter 48 EKLISYIKEE - - -QNINNIYGT IKGNKQ - a3

Syntrophothermus 481 KLVQD I LGKNLDE - -FSSPH------- --EALETTEAVLS AR GEWEEATQD 523

Methanococcus 538 DNIKNLLKACYYE- - - - - - - ---------- YPYDNSKDDNTNNN-TA.QTFERI LLSFLNEGGE- - - - 585
Extended DataFig. 6 | Alignment of Cas10 sequences from the CorA-1 Prevotella- Xylanibacter muris WP_172276208; Camphylobacterales bacterium
cluster. Key binding siteresidues shownin Fig. 3 areindicated. Sequence IDs HIP52383.1; Aliarcobacter butzleriWP_260918755; Syntrophothermus lipocalidus

are: Bacteroides fragilis ANQ60746.1; Clostridium botulinum WP_011986674; WP_013175521; Methanococcusvoltae WP_209731901).
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Extended DataFig.7| pppApA synthesis by the wild-typeand variantBfrCmr  The D70N/E151R double mutant synthesises pppApA but not SAM-AMP.
complexes. Invitro pppApA synthase activity of wtand variants B. fragilisCmr, ~ Uncropped HPLC traces are available in Supplementary DataFig. 7.
analysed by HPLC following incubation of 2 pM Cmr with 0.5 mM ATP for 30 min.
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Extended DataFig. 8 | Purification, modelling and mutagenesis of the CorA
protein. a, SDS-PAGE analysis of the final gel filtration step for purification of
B.fragilis CorA, which was used for SAM-AMP binding assays. The four tightly
spaced proteinbandsinthe gel all correspond to CorA, perhapsindicating
limited proteolysis of the termini. M - M.Wt. markers, S - sample applied to gel
filtration; the horizontal barindicates the three fractions pooled for further
analysis. b, Top-down view of the pentameric BfrCorA model with individual
subunits coloured differently and the conserved R152/R152/D219/D220 residues
indicated by black spheres. ¢, Orthogonal view of the BfrCorA model showing

the TM helical bundle at the bottom. d, Close up of the intersubunitinterface
for CorA, with conserved residues (defined in Supplementary Data Fig. 2)
shownand amodel of SAM-AMP in sphererepresentationincluded forscale.
e, Westernblot using the V5antibody to detect expression of the wild-type
(WT),R152A/R153A (RA) and D219A/D220A (DA) variantsin E. coli. f, Plasmid
challenge assay, showing that wild-type CorA in conjunction with NrN provides
immunity from plasmids carrying a target sequence, but neither CorA variant
does.Uncroppedimages and gels are available in Supplementary DataFig. 8.
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Extended DataFig.9|Specificity of the NrN and SAM-AMP lyase effectors. incubationwith C. botulinum SAM-AMP lyase for 30 min. SAM-AMP is preferred
a, HPLC analysis of reaction products when the NrN PDE was incubated with asasubstrate over SAM. Uncropped gel and HPLC traces are availablein

cA,, cA;, cA,, cA, pApA and SAM-AMP for 30 min. Only SAM-AMP is a substrate Supplementary DataFig. 9.

for NrN. b, HPLC analysis of reaction products for SAM-AMP and SAM following
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Data collection  Phosphorimage data were collected using GE Healthcare ImageQuant TL 7.0
HPLC data were collected using Chromeleon 6.8 Chromatography Data System software (ThermoFisher).

Data analysis Graphpad Prism 9 was used for data analysis. Bioinformatic analysis was carried out using a custom script. These steps were wrapped in a
Snakemake 7.22.0 48 pipeline and an R script (Rstudio 2021.9.0.351) that are available in Github: https://github.com/vihoikka/Cas10_prober.
Software packages used in the pipeline were Hmmer 3.3.2, CD-hit 4.8.1, CRISPRCasTyper 1.8.0, Muscle 5.1, FastTree 2.1.11, R4.1.1).
Plasmid maps were generated using freeware Benchling software (https://benchling.com/)
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The genome sequences used to make figure 1a were downloaded from NCBI (https://www.ncbi.nlm.nih.gov) on 14/03/2023.
Mass spectrometry data are available on FigShare at the following address: https://doi.org/10.6084/m39.figshare.c.6646859.v1
Experimentally determined 3D protein structure coordinates are available at https://www.rcsb.org
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Sample size technical triplicates and biological duplicates or triplicates (as stated) were obtained for all measurements. This represents the accepted norm
for a biochemical study, allowing standard deviation and mean to be calculated.

Data exclusions  No data were excluded
Replication Duplicate or triplicate experiments were carried out, as stated for each experiment
Randomization  Randomization was not applied to the small biochemical datasets studied, in keeping with established norms for this type of study.

Blinding Blinding was not applied to the small biochemical datasets studied, in keeping with established norms for this type of study.
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Antibodies used V5 tag monoclonal antibody was purchased from Thermofisher (cat. no. R960-25; clone SV5-Pk1)
anti-mouse 1gG was purchased from LI-COR Biosciences, catalog: 926-32212, Lot No. D10811-15

Validation Western blot analysis of V5 tag was performed by loading 20 ug of whole cell extracts of untransfected HEK-293 and HEK-293
transiently overexpressing V5- His-LacZ using Novex® NUPAGE® 4-12% Bis-Tris gel (Product # NP0321BOX), Xcell SureLock
Electrophoresis system (Product # EI0002), Novex sharp Pre-stained Protein Standard (LC5800). Proteins were transferred to a PVDF
membrane and blocked with 5% skim milk for 1 hour at room temperature. V5- His-LacZ was detected at ~117 kDa using V5 Tag
Mouse Monoclonal Antibody (Product # R960-25) at a 1:1000 dilution in 2.5% skim milk at 4°C overnight on a rocking platform. Goat
Anti-Mouse 1gG - HRP Secondary Antibody (Product # 62-6520) at 1:4000 dilution was used and chemiluminescent detection was
performed using Pierce™ ECL Western Blotting Substrate (Product # 32106).

The anti-mouse IgG antibody was isolated by affinity chromatography using antigens coupled to agarose beads. Based on ELISA, this
antibody reacts with the heavy and light chains of mouse IgG and with the light chains of mouse IgM and IgA. This antibody was
tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, horse, human,
rabbit, and sheep serum proteins, but the antibody may cross-react with immuno-globulins from other species. The conjugate has
been specifically tested and qualified for Western blot and In-Cell Western Assay applications.




