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During the prokaryotic type Il CRISPR-Cas immune response, infection triggers

the production of cyclic oligoadenylates, which bind and activate CARF
domain-containing proteins'2. Many type Il loci are associated with proteinsin
which the CARF domain is fused to an endonuclease-like domain®*; however, with
the exception of the well-characterized Csm6/Csx1 RNases>®, whether and how
these inducible effectors provide defense is not known. Here we investigated one of
such typelll CRISPR accessory proteins, Cardl. Cardlforms a symmetrical dimer
with alarge central cavity between its CARF and restriction endonuclease (REase)
domains that binds cA,. Ligand binding resultsin a conformational change where
individual monomers rotate relative to each other to form a more compact dimeric
scaffold wherein a Mn cation coordinates to the catalytic residues and activates the
cleavage of single, but not double, stranded nucleic acids (DNA and RNA). /n vivo,
Cardlactivationinduces dormancy of the infected hosts to provide immunity
against phage infection and plasmids. Our results highlight the diversity of
strategies used by CRISPR systems to provide immunity.

Clustered, regularly interspaced short palindromic repeat (CRISPR)
loci consist of repetitive DNA sequences intercalated with “spacer”
sequences that match the genomes of viruses and plasmids that infect
bacteria and archaea’. These loci are transcribed and processed to
generate short RNA guides that contain the spacer sequence, known as
the CRISPRRNA (crRNA)’. Different effector complexes, encoded by the
CRISPRassociated (cas) genes, use the crRNA guides to find and destroy
the nucleicacids of theinvader'®. Dependingontheir casgene content,
CRISPR-Cas systems can be classified intosix different types™. Of these,
type lll systems display the most complex targeting mechanism. The
crRNA in the type Ill Casl0 effector complex recognizes complemen-
tary invader’s transcripts>'®, resulting in the activation of two catalytic
domains within Cas10. The HD domain initiates single-stranded DNA
(ssDNA) cleavage near the target transcription site™®"; i.e. within the
genome of theinvader. At the same time the Palm domain converts ATP
into3’-5' cyclic oligoadenylate (cA) of various sizes, commonly cA, and
cA%. These molecules function as secondary messengers that bind
the CRISPR-Cas Associated Rossmann Fold (CARF) domain of Csmé6®
or Csx1'¢, accessory RNases most commonly foundin type IlI-A or 11I-B
loci, respectively. Binding of cA to the CARF domain activates an RNase
HEPN domain, through which Csmé degrades host and invader tran-
scripts non-specifically’, inducing agrowth arrest essential for the type
II-A CRISPR-Casimmune response against targets that are transcribed
either at low levels® or late in the viral infection cycle”.

Recent bioinformatics studies revealed the existence of a great
diversity of genes associated with type Ill CRISPR-cas loci'®®. Many of
them contain CARF domains fused to different effector domains with
predicted catalytic or regulatory functions*. One of the most abun-
dant (found in 929/6665 CARF-containing proteins) is the PD-D/ExK
domain®. Biochemical and structural analysis determined that one

such protein, Thermus thermophilus Canl, is activated by cA, binding
to introduce nicks in supercoiled DNA at 60 °C®. However, whether
and how these type lll-associated, CARF:PD-D/EXK proteins, can be
activated to provide immunity to prokaryotes remains to be demon-
strated. Toinvestigate this, we characterized Tresu_2185, found in the
type llI-A CRISPR-caslocus of the mesophilic gram-negative spirochete
Treponemasuccinifaciens* (Extended DataFig. 1a). Tresu_2185 contains
373 amino acids (43.9 kDa), isamember of the Pfam family pfam09002
(domain of unknown function 1887, DUF1887), and is composed of an
N-terminal CARF domain and a C-terminal restriction endonuclease-like
(PD-D/ExK) domain, typically found in type Il restriction endonucle-
ases or Holliday junction resolvases®, where the two acidic residues
coordinate a divalent cationimportant for catalysis.

Cardl-cA,degrades ssDNA and ssSRNA

To evaluate the biochemical activity of Tresu_2185, we expressed and
purified it from Escherichia coli, and incubated with different nucleic
acids and cAs. We found that the addition of cA,, but not cA,, resulted
inthe degradation of circular ®X174 (Fig. 1a, and Supplementary Fig-
urel, which provides the unedited pictures for all gels presented in this
study) and M13 ssDNA (Extended Data Fig. 1b), but neither cA, nor cA,
promoted cleavage of supercoiled PUT-7 plasmid dsDNA (Extended
Data Fig. 1c), nor supercoiled or linearized ®X174 dsDNA (Extended
Data Figs. 1d, e), at least at 37 °C. ssDNA degradation required the
addition of Mn, but not Mg, Ca or Zn, divalent cation (Extended Data
Fig. 1f) and resulted in a smear of products, suggesting that ssDNA
cleavageis non-specific. These results demonstrate that Tresu_2185isa
cA,-activated, non-specific ssDNA nuclease. Next generation sequenc-
ing of the ®X174 and M13 ssDNA degradation products showed cleavage
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acrossbothgenomes (Extended Data Figs. 1g, h), withan average prod-
uct size of 150 nucleotides (Extended Data Figs. 1i, j), preferentially
upstream of T(A/G) sites (Figs. 1b and Extended data Fig. 1k).

We also tested activity against RNA substrates. Surprisingly,
Tresu_2185 robustly degraded ssRNA oligonucleotides (Fig. 1c), but
not dsRNA (Extended Data Fig. 2a). Both Mn and Mg cations sup-
ported the ssRNase activity (Extended Data Fig. 2b). We explored the
sequence specificity using polyA, polyC and polyU oligonucleotides
harboring fluorescent-quencher pairs, and found that all were equally
degraded (Extended Data Fig. 2c), similarly to the non-specific RNase |
control. Neither Tresu_2185nor RNase I cleaved polyG, most likely due
to the formation of higher order structures by G quartets®. Therefore,
given the cleavage of both ssSRNA and ssDNA, we renamed Tresu_2185
cA-activated ssRNase and ssDNase 1, or Cardl. Comparison of the effi-
ciencies of both activities showed that ssRNA oligos were cleaved at
lower nuclease concentrations than those required to degrade ssDNA
oligos of the same sequence (Extended Data Fig. 2d). Finally, we per-
formed calorimetric studies to measure the affinity of Cardl for each
cA.We calculated K, values of 15and 78 nM for cA, and cA,, respectively
(Extended Data Fig. 3a, b), with this modest 5-fold difference inligand
affinity not being sufficient to explain the drastic contrast in nuclease
activity.

cA,induces structural changesin Card1l

Toaddress the effect of cA on the activity of Cardl at the atomic level, we
solved the crystal structures ofthe apo-, cA,-, and cA,-bound protein.
The 2.3 A crystal structure of apo-Cardl showed a symmetric dimeric
topology (statistics in the Methods section) with a sizeable central
hole between the CARF and REase domains (ribbon and electrostatic
views in Fig. 1d and Extended Data Fig. 3e, respectively). SEC-MALS
studies confirmed that apo-Cardlretains adimer topology insolution
(Extended data Fig. 4a). The crystal structure of the co-crystallized
cA,-Cardl complexat 3.0 A (dimer of dimers topology, Extended Data
Fig. 4b) and cA,-Card1 D294N mutant complex (dimer topology).at
1.95 A resolution (statistics in the Methods section), shows the second
messenger bound in the central cavity, with aMn cation bound to the
individual catalytic pocket of eachmonomer (ribbonand electrostatic
views in Fig. 1le and Extended Data Fig. 3f, respectively). We readily
placed the bound cA, (Extended Data Figs. 4d, f) and the bound Mn
cation (Extended Data Figs. 4e, g) in the observed electron density
for the complexes. The bound cA, withinthe central cavity adopts an
approximately square planar alignment andis positioned towards the
CARF domain end of the dimeric topology. SEC-MALS measurements
onthe cA,-Cardl complex are consistent with dimer formation for the
complex insolution (Extended Data Fig. 4c).

Pronounced conformational changes are observed following super-
position of the apo- and cA,-bound dimeric structures of Card1 with
anr.m.s.d.=5.2 A (over 709 residues, Fig. If, Extended Data Fig. 5a).
However, superposition of individual monomers of apo- and cA,-bound
Cardlyieldsamuchsmallerr.m.s.d.of 1.0 A over 301 residues (Fig. 2a),
suggesting that the transition to the active conformation involves a
rotation of themonomersrelative to each other after cA, binding (see
Supplementary Information Video 1). In the context of monomer struc-
tural comparison, localized conformational transitions are observed
for loop segments 122-129 and 336-341in the proximity of bound cA,
(Fig.2b), and aselective shift observed for catalytic residue E308 asso-
ciated with Mn binding in the catalytic pocket on complex formation
(Fig. 2¢). The structural transitions involving breaking and making
of key interactions between monomers of the dimeric alignment of
apo-Cardl on complex formation with cA, are shown in movie format
forthe cA,-binding pocket (Supplementary Information Video 2), the
loop 336-341segments (Supplementary Information Video 3) and the
top half of the REase domains (Supplementary Information Video 4)
with relevant text attached to the movie captions.
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A comparative DALI search for folds related to the cA,-bound
Cardl REase domain dimer identified DNA duplex (with looped out
bases)-containing type Il restriction endonucleases EndoMS (PDB:
5GKE)**with a Z score of 9.6 and PspGl (PDB: 3BM3)* with a Z score of
6.8 (Extended DataFig.5c-e). Yet, we were unable to detect cA,-bound
Cardl-mediated cleavage of mismatch-containing DNA duplexes
(Extended Data Fig. 5f-h).

Next, we defined the hydrogen bonding (Fig. 2d) and hydrophobic
(Fig. 2e and Extended Data Fig. 6a) interactions between bound cA,
and Cardl. Notably, bases Aland A3 adopt anti while A2 and A4 adopt
synglycosidic bond alignments for cA, in the bound state (Fig. 2d). The
side chains of T39 and E41 recognize adenosines Al and A3 through
hydrogenbondinginteractions, accounting for cA recognition speci-
ficity. Notably, L339 and Y340 sense bound cA, and are also adjacent
tothe REase active site (Fig. 2e). Within the active site, the Mn cationis
bound to the E259,D294, E308, C309 and K310residues (Extended data
Fig. 6b). To experimentally validate these interactions, we monitored
cA,-mediated ssDNase cleavage activity foralanine mutants of residues
lining the cA,-binding (majority completelyabolished cleavage activ-
ity) and catalytic (completely abolished cleavage activity) pockets of
Card1 (Fig. 2f). With the exception of the Q13A change, we obtained
similar trends when we analyzed the effect of these same mutations
on the degradation of ssRNA (Fig. 2g). One notable difference, how-
ever, was the rapid RNA cleavage by all the mutants, probably due to
the much lower substrate complexity (60-nt RNA oligonucleotide vs.
5,386-nt ®X174 ssDNA), as well as the more efficient degradation of
ssRNA compared to ssDNA (Extended Data Fig. 2d). Isothermal titra-
tion calorimetry (ITC)-based binding affinities between cA, and Card1
mutants (Extended Data Fig. 3f, g) yielded dissociation constants con-
sistent with theloss of ssDNA degradation activity. Collectively, these
dataidentify the structural changes and critical residues responsible
for the activation of Card1 ssDNA cleavage upon binding of cA,. Of
note, the CARF domain of Cardl, unlike Csmé%, is not aring nuclease,
since conversion of cA, to ApA>p was not detected in the cA,-Cardl
complex (Extended Data Fig. 6¢, d).

We also solved the structure of co-crystallized cA,-Cardl complex
at 2.1 A resolution (statistics in the Methods section) with ribbon and
electrostatic views shownin Extended Data Figs. 6e and 3g, respectively.
Bound cA¢is positioned in the same pocket as bound cA,, with four of
its bases (Al, A2, A4 and A5) adopting an approximate square planar
alignment, while two poorly defined bases (A3 and A6) are directed
downwards from the plane towards the REase domain (Extended Data
Figs. 4h, 4i, 6f). Importantly, superposition of apo- and cA,-bound
dimericstructures exhibited minimal conformational changes (Fig. 2h;
Extended DataFig. 5b;r.m.s.d.=0.36 A over 669 residues). The absence
of a conformational transition likely reflects a steric clash between
the side chain of L339 with the downward pointing A3 and A6 bases of
bound cA, (Extended Data Fig. 6g).

Cardl activationleads to growth arrest

Next, we investigated the function of Cardl during the type
I1I-A CRISPR-Cas immune response. To do this, we constructed
pCRISPR(+Card1) by cloning, into the staphylococcal plasmid pC194,
the Staphylococcus epidermidis RP62 type llI-Alocus®, which Cas10 com-
plex genes display a high similarity (30-58%) to those of the T. succini-
facienstypelll-Alocus, carrying the cardl openreading frame instead
of that of the cA-activated accessory protein of staphylococci, Csmé6
(Extended DataFig.1a). As a control we introduced mutations thatinac-
tivate Card1(E308A,K310A) in pCRISPR(dCardl), thatinactivate Csm6
in pCRISPR(-Cardl) or that lack a targeting spacer in pCRISPR(Aspc).
Each of these plasmids were transformed into Staphylococcus aureus
RN4220 cells containing pTarget, a second plasmid producing a tar-
get transcript, i.e. complementary to the crRNA expressed by the
pCRISPR plasmids, that is under the control of an anhydrotetracyclin



e(aTc)-inducible promoter®. In this experimental system, the addition
oftheinducer triggers the type lll-Aresponse, with the production of cA
by the Palm domain of Cas10 and the subsequent activation of Card1.
First, welooked at the effect of Cardl activationon the transcriptome. In
striking contrast to previous results obtained for the type Ill-associated
RNase Csmé, whose activation leads to significant RNA degradation’,
we were not able to detect significant differences between the presence
orabsence of Cardl nucleases activities by RNA-seq analysis (Extended
DataFig. 7a-c), nor by Northern blot of select host and target plasmid
transcripts (Extended Data Fig. 7d).

Next, we explored whether Cardl attacks the host DNA. We hypoth-
esized that chromosomal DNA lesions caused by the ssDNA activity of
Cardlwouldresultin cell toxicity. To test this, we monitored the growth
of the different cultures after the addition of aTc, in the absence of
antibiotic selection of pTarget (Fig. 3a). +Card1, but not dCard1, Cas10
with an inactive Palm mutant (D586A, D587A; Cas10™'™), nor Aspc,
cultures displayed asevere growth defect after the induction of target
transcription (Fig. 3a). We observed an increase in OD, at around 10
hours after addition of aTc, which was a result of the propagation of
“escaper” cells carrying re-arranged, non-functional pCRISPR or pTar-
get plasmids within +Cardl cultures (Extended DataFigs. 7e, f). Thelack
of growthinduced by Cardlcould be duetoeitherthearrestorthe death
ofindividual cells within the culture. To distinguish between these pos-
sibilities, we enumerated viable staphylococci after Cardlinduction,
plating culture aliquots taken at different times after addition of aTc
onsolid medialacking theinducer (Fig.3b).+Card1 cultures showed an
initial decrease in colony counts of an order of magnitude that slowed
down after one hour, demonstrating the presence of a population of
viable cells that cannot grow, but do not quickly die, upon activation of
the nuclease. Half of the cellsin the culture are escapers that can form
colonies even in the presence of aTc; the other half are bona fide dor-
mant cells (Fig. 3b). Next, welooked at the effects of Cardl activation on
pTarget by agarose gel electrophoresis of plasmid DNA (Fig. 3c). +Cardl,
butnotdCardl, cells cleared pTarget, but not pCRISPR, 20 minutes after
addition of theinducer. However, in cells lacking the ssDNase activity
of Casl0 (H14A, D15A; Cas10"P), but that are still able to produce cA',
pTargetremainedintact (Fig. 3d) and the Cardl-mediated growth arrest
was maintained (Extended Data Figs. 7g-j), aresult that highlights the
importance of CaslO for target DNA destruction. Together with the
datashowing the absence of detectable transcript degradation, these
results suggest that the ssDNase, but not the ssRNase, activity of Cardl,
can produce agrowth arrest of the host cell, presumably by introduc-
ing DNA lesions in the host chromosome, and act synergistically with
CaslO tospecifically eliminate the target DNA (but not pCRISPR, which
has the same replication mechanism as pTarget).

Cardlprovides anti-phage immunity

Totest theimportance of Cardl during immunity against phage infec-
tion we programmed the different pCRISPR plasmids with spacers
targeting either early- or late-expressed viral genes, infected the cul-
tures with staphylococcal virulent phages at amultiplicity of infection
(MOI) of 2-8 and followed their growth. Similarly to previous results
for the Csmé6 accessory RNase", when the early ORF9 transcript of
the lambda-like, dsDNA phage ®12y3* was targeted, the presence of
Cardl activity was not required for immunity (Fig. 4a, Extended Data
Fig. 8a).In contrast, when immunity was activated by the late ORF27
transcript, +Cardl but not dCardl cultures were able to survive infec-
tion (Fig. 4b and Extended Data Fig. 8b). Mutations in the cA, bind-
ing pocket of Cardl also prevented immunity (Fig. 4c). Similar results
were obtained after targeting of the staphylococcal phage ®NM1y62
(Extended Data Figs. 8a, c-d). We also measured phage propagationin
cellsprogrammed to target the ORF27 transcript of ®12y3 by counting
plaque forming units (pfu) at different times after infection (Fig. 4d).
We found that while the phage propagated to high titersin both-Card1l

and Aspc cultures, +Cardl cells effectively suppressed ®12y3 from the
culture. Finally, in cells that express Cas10"°, Card1 was able to provide
immunity to growing cells, both when the ORF9 (Fig. 4a) and ORF27
(Fig. 4b) transcripts were targeted, as well as reduce the phage titer in
the cultures (Extended Data Fig. 8e). At a higher MOI (-25), however,
when the great majority of cells are infected, Card1 failed to provide
immunity (Extended Data Figs. 8f-g), suggesting that in the absence
of Casl0 nuclease activity and low MOlIs, defense is achieved through
the growth of the cells that are not infected and not arrested by Card1
activity. Altogether, these results demonstrate that Cardl is sufficient
to provide anti-phage defense in staphylococci at low MOIs and also
required for an efficient type IlI-A CRISPR-Cas immune response when
the target is expressed late during infection.

Discussion

To date, two prokaryotic defense systems have been described that
use cyclic oligonucleotide second messengers to activate auxiliary
proteins needed for immunity, type 11l CRISPR-Cas"? and CBASS
(cyclic-oligonucleotide-based anti-phage signaling system)®%°, While
the mechanisms of invader recognition and cyclic oligonucleotide
synthesis are very different, both pathways lead to the activation of
non-specific nucleases that affect host viability>*s, For type Ill CRISPR,
the most common effector proteins are the non-specific ssRNases Csm6
and Csx1'®%, In contrast, for CBASS, the cyclic oligonucleotides have so
far mainly been shown to activate amajority of non-specific dsDNases
such as NucC? and Cap4?®. Based on our findings, we propose that, at
least in staphylococci, Cardl protective function is achieved by two
separate but overlapping mechanisms. First, Card1 toxicity can provide
anabortiveinfectionmechanism of defense in which compromised cells
stop growing and prevent the exponential replication of the phage.
This activity is similar to both the function of Csmé during type IlI-A
immunity against plasmid-borne, weakly transcribed targets®and viral
threats recognized late in the infection cycle”, as well as to the defense
provided by type VIsystems®. The CBASS effector dsDNases NucC and
Cap4 also provide defense causing abortive infection??®. These nucle-
ases, however, causetheirreversible death of the cell, most likely due to
theintroduction of more severe lesions to the host genome in the form
of dsDNA cuts. The great diversity of non-specific nucleases associated
with CRISPR and CBASS that mediate abortive infection mechanisms
couldreflect the adaptation to the many different viral threats and
infectious cycles to which prokaryotes are exposed. Second, in contrast
to Csmé which lacks ssDNase activity, Cardl could directly destroy
the phage genome. Many phages and plasmids copy their DNA through
rolling-circle replication, which involves the formation of ssDNA
intermediates®, likely making them sensitive to Cardl digestion.
Moreover, since Casl0 also cuts ssDNA, possibly at the transcription
fork of the target™, it could generate more ssDNA intermediates that
are sensitive to Cardl cutting, a hypothesis that explains our result
showing synergy between both nucleases to specifically destroy pTar-
get (Figs. 3e,f).

Card1 (Fig. 1e), ssRNA-specific Csmé6" (Extended Data Fig. 9a)
Csx1' (Extended Fig. 9b), and supercoiled dsDNA-specific nickase
Can1® (Extended data Fig. 9c) all bind cA,, while dsDNA-specific Cap4*®
binds cA; (Extended dataFig.9d), in each case within a dimeric pocket
formed by a pair of CARF domains. There s little sequence conservation
amongst the CARF domains of Card1 (classified as CARF4 family?°),
Csmé6 (CARF1), Canl (CARF4) and Cap4 (SAVED3) proteins as shown
for example in a comparative analysis of the sequence and topology
of the ssDNA/ssRNA-specific Cardl (Extended Data Fig. 9¢) and the
ssRNA-specific Csmé6 (Extended Data Fig. 9f), which both bind cA,
using distinct topologies and intermolecular interactions (compare
Fig.2dfor Cardl with Extended DataFig. 9afor Csmé), highlighting the
unique features of cA, recognition by the CARF domains of Cardl and
activation of the ssDNase and ssRNase activities of its REase domains.
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At the atomic level, there are also many differences between
Cardl (Fig. 1 and 2) and the other effector nucleases activated by
cyclic-oligonucleotides (Extended Data Fig. 9a-d). When compared to
Csmé, where cA, is bound to the CARF domains in the dimeric Csmé6
complex® (Extended Data Fig. 9a), cA, is located between the CARF
and REase domains in the dimeric Card1 complex (Fig. 1h).In addition,
unlike Csmé6®, degradation of cA, was not observed for Cardl (Extended
DataFig. 6¢,d), raising the possibility that its ssDNase activity could be
controlled by trans-acting ring nucleases®. We can also compare Cardl
with Canl, a type Ill-associated, CARF-containing nickase activated
by cA, whose structure was recently solved, but its role during type
111 CRISPR-Cas immunity is unknown?. Canl contains a pair of CARF
domainsinterspaced between nuclease and nuclease-like domains and
bindscA,asamonomer (Extended DataFig. 9c). Both CARF domains are
involvedin cA, recognition with the nuclease and nuclease-like domains
brought together to form a postulated nucleic acid binding site. It is
unclear whether these structural differences account for the distinct
substrate specificity of each nuclease. Finally, Card1 has many structural
differences with CBASS effectors. For example, NucCadoptsatrimeric
scaffold, with bound cA; ligands promoting the formation of a dimer
of trimers with endonuclease activity”. Cap4?%, which is composed
of an endonuclease followed by a SAVED domain, recognizes diverse
cA,; with mixed 2’5" and 3’,5 linkages through a pair of tandem CARF
domains within the SAVED module (Extended Data Fig. 9d). Further,
Cap4 proteins are activated through ligand-dependent oligomeriza-
tion, with this higher order state proposed to mediate cleavage of target
dsDNA.

Our inability to date at growing crystals of cA,-bound Cardlin the
presence of bound ssDNA, led us to undertake docking studies (using
HDOCK program™®) towards positioning ssDNAs (there are severe steric
clashes on positioning dsDNA) in the individual catalytic pockets of
the REase domains guided by available information from published
structures of type Il restriction enzyme-DNA complexes®**, Our
modeling effort is premised on stacked bases of B-DNA flanking the
cleavage site and a two divalent cation-mediated catalytic mechanism
of phosphodiester bond cleavage®. Energetically favored structural
models (computational protocols outlined in the Methods section)
of B-form ssDNA (ApCpT1pG2pA3, with the cleavable phosphate in
bold) positioned with alternate strand directionalities in the REase
pocket of one monomer are shown in Extended Data Fig.10a, b; see
Figure caption for additional alignment details). Further, thereis ample
room to position the modeled individual ssDNAs in the pair of REase
catalytic pockets within the structure of cA,-Cardl dimer (Extended
DataFig.10c, d). Future structural studies will directly address the
remaining mechanistic issues.

We wonder whether the ssRNase activity, which we failed to detect in
staphylococci, is more relevant in Cardl’s natural host, T. succinifaciens.
Cardl-mediated RNA degradation is robust in vitro, and there is the
possibility that the S. aureus cellular environment is inhibitory of this
activity. Onthe other hand, arecent neighborhood analysis?® showed
anenrichment of the csxI RNase (cd09741,cd09732 and cd09747) near
cardl (pfam09002). The absence of significant in vivo RNase degra-
dation for Cardl would assign these two genes with complementary,
ratherthanredundant, functions, and perhapsinfluence the observed
co-localization. Our study highlights the variety of defense systems and
mechanisms that prokaryotic organisms have evolved to counteract
the diversity and rapid evolution of their genetic parasites.
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Fig.1|CardlisacA,-activated single-stranded DNase and RNase. (a) Cardl
cleavage of ®X174 ssDNA for 30 minutesin the presence of cA, and cA,;
performed two times. (b) Cleavage preference of Cardl, represented as a
WebLogo, determined after next generation sequencing of ®X174 degradation
products. Five nucleotide positions upstream (-5to-1)and downstream (1to 5)
ofthe detected cleavage sites are shown. (c) Cardl cleavage of a 60-nt sSRNA
oligonucleotide for 15minutesin the presence of cA, and cA,; performed three
times. (d) Crystal structure of dimeric apo-Card1at2.3 Aresolution. The
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monomers are colored yellow and magentain the symmetrical dimer, with
labeling of the CARF, hinge and REase domains, and highlighting the central
hole between domains. (e) Crystal structure of co-crystallized cA,-bound to
dimeric Cardlat3.0 A resolution, with one cA, (in space-filling representation)
bound per dimer and positioned within the periphery of the central hole.
Inaddition, one Mn (in green) per monomer is bound in each REase catalytic
pocket. (f) Conformational transitions following superposition of apo-
(insilver) and cA,-bound (in color) states of dimeric Card1.
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hydrogen bonds (d) and hydrophobicinteractions (e) between bound cA,and
aminoacids of dimeric Cardl. (f) Impact of mutations of the residues identified
in(d, e) oninvitro ®X174 ssDNA cleavage activity; performed three times. (g)
Sameas (f) butusing a fluorescently labeled 60-nt ssRNA substrate; performed
two times. (h) Lack of conformational transitions following superposition of
apo-(insilver) and cAs-bound (in color) states of dimeric Card1.
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Methods

Sequence alignments

Alignments and calculation of sequence identity and similarity
(Extended Data Figure 1a) were determined using EMBOSS Needle
pairwise sequence alignment®

Protein expression and purification

The corresponding sequence of full-length Card1 (1-372) was cloned
to plasmid pJTR330 with a C-terminal hexahistidine (His6)-tag. The
protein was overexpressed in E. coli strain BL21-CodonPlus(DE3)-RIL
(Stratagene).Bacteriawere grownat 37 °Cto OD600 of 0.8 and induced
by 0.5 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG) at 18 °C
overnight. Bacteria cells were lysed by sonication in buffer A (20 mM
Tris-HCI, 500 mM NacCl, pH 8.0) supplemented with 20 mMimidazole
and 1 mM phenylmethylsulfonyl fluoride (PMSF). Cell lysates were
centrifuged, and the supernatant was loaded onto a 5 mL HisTrap FF
column (GE Healthcare) with extensive washing by buffer A supple-
mented with 50 mM imidazole. The target protein was eluted with
buffer Asupplemented with 300 mMimidazole. The eluate was further
purified on 5 mL HiTrap Heparin column (GE Healthcare) by a linear
gradient from 100 mM to 1M NaCl, and then on Superdex 200 16/60
column pre-equilibrated in buffer B (20 mM Tris-HCI, pH 7.5,150 mM
NaCl, ImM DTT). The high purity eluting fractions were detected by
SDS-PAGE and collected. The protein was flash-frozen in liquid nitrogen
and stored at -80 °C.

Selenomethionine (Se-Met) proteins were expressed in M9 medium
(Sigma) supplied with L-selenomethionine. All Card1 mutants were
generated by site-directed mutagenesis and confirmed by sequenc-
ing. The purifications of Se-Met and mutant proteins were the same
as that for native proteins.

Crystallization and structure determination

Crystallization conditions were determined with crystal screens
(Qiagen) by sitting-drop vapor diffusion. As for apo Cardl, the protein
was prepared at 15 mg/mL in buffer B. As for cA,-Cardl or cA¢-Card1
complex, cA, or cAatthe final concentration of ImMwas added to the
15mg/mL Cardlinbuffer Bandincubated onice for 1L hr before crystal-
lization. Apo Card1 crystals were grown from drops with 1.5 pL protein
solutionand 1.5 pL reservoir solution (0.2 M K,HPO,, and 20% PEG3350
(w/v)). cA,-Cardl crystals were grown from drops with 1.5 pL protein
solutionand 1.5 pL reservoir solution (0.1 M citricacid, 10% PEG6000
(w/v), final pH 5.0). cA-Cardl1 crystals were grown from drops with
1.5 pL protein solutionand 1.5 pL reservoir solution (0.2MNaCl, 0.1M
Na/K phosphate, pH 6.2, and 20% PEG1000 (w/v)). cA,-Card1(D294N)
crystals were grown from drops with 1.5 puL protein solutionand 1.5 puL
reservoir solution (0.1MHEPES, pH7,and 30% Jeffamine M-600 (v/v)).
Crystals were cryoprotected by mother liquor containing 25% glycerol
and flash-frozen in liquid nitrogen.

Allthe diffraction datasetswere collected on the 24-ID beamline at
the Advanced Photon Source (APS) at the Argonne National Labora-
tory, and auto-processed by XDS package® in the NE-CAT RAPD online
server. The structure of apo- Cardl was solved by single wavelength
anomalous diffraction method with the AutoSol and AutoBuild pro-
grams and followed by molecular replacement with PHASER program®
in the PHENIX package*’. The structure of cA,-Cardl complex was
solved by molecular replacement using one monomer of apo Cardl
structure as the search model. The structure of cA,-Cardl complex was
solved by molecular replacement using the dimeric apo-Cardl1 struc-
ture as the searchmodel. The structure of cA,-Card1(D294N) complex
was solved by molecular replacement using the dimeric cA,-Cardl
structure as the search model. Iterative manual model building was
performed using the program COOT*, and refinement with phenix.
refine* to produce the final models. The statistics of the data collec-
tion and refinement are shown in Supplementary Methods Table 1.

Figures were generated using PyMOL (http://www.pymol.org). Videos
were generated by Chimera®.

SEC-MALS experiments

For protein molar mass determination, purified Cardl proteins in
buffer B with 1 mM cA, were analyzed using an AKTA-MALS system.
A miniDAWN TREOS multi-angle light scattering detector (Wyatt
Technology) and an Optilab T-rEX refractometer (Wyatt Technology)
were used in-line with Superdex200 10/300 gel filtration column (GE
Healthcare) pre-equilibrated in buffer B at a flow rate of 0.2 mL/min.
Separation and ultraviolet detection were performed by AKTA Pure
system (GE Healthcare), light scattering was monitored by miniDAWN
TREOS system, and concentration was measured by the Optilab T-rEX
differential refractometer. Molar masses of proteins were calculated
using the Astra 6.1 program (Wyatt Technology) with a dn/dc value of
0.185mL/g.

Invitro DNA/RNA cleavage assays

Allreactions were performed at 37 °C in a reaction buffer containing
20 mM Tris-HCI, pH 7.5,150 mM NaCl,1mM DTT, and 5mM MnCl,, unless
otherwise stated. /n vitro DNA cleavage assays for circular ssDNA and
supercoiled dsDNA were performed by incubating 10 pg ®X174 ssDNA
(New England Biolabs) or PUT-7 plasmid dsDNA (laboratory stock)
substrates with different concentrations (200,400 and 800 nM) of
recombinant wild-type Cardlin the presence of 10 uM cA, or cAqin
20 plreaction buffer. After 0.5 hr reaction at 37 °C, 6 X Orange DNA
Loading Buffer (Thermofisher) was added. cA4 and cA6 was obtained
from Biolog Life Science Institute GmbH & Co. KG (Bremen, Germany)

For the reactions in Extended Data figure 1b, d-e, the reactions
were done as above, but with 250 nM Cardl and 2.5 uM of cA4, with
2ugM13 ssDNA (NEB), 500 ng of non-linearized and linearized ®X174
dsDNA (NEB), or 2 ug ®X174 ssDNA (NEB), for 15minutes, before being
quenched by 25 mM EDTA. For testing the metal dependence of Cardl,
the reaction was performed as above, but with 5 mM of MgCl,, CaCl,,
or ZnSO,, inthe presence of 1 mM EDTA.

For the RNA oligo cleavage assay, 250 nM of a Cy3-labelled RNA
oligo was added to the reaction. The reaction products were run on
Mini-PROTEAN TBE-Urea precast gel with 15% acrylamide (Bio-Rad),
and visualised on an Amersham Typhoon 5 Biomolecular Imager. For
degradation of ssRNA or dsRNA ladders, 1 ug of either ssRNA ladder
(NEB) or dsRNA ladder (NEB) was digested. After 15 minutes, the reac-
tions were stopped by the addition of 25 mM of EDTA. The reaction
products were visualised by agarose gel electrophoresis.

For determining the nucleotide cleavage preference of the RNase
activity of Cardl, the reaction was performed as above, with 1 uM of
each RNA oligo (IDT). The RNA oligos had a 5’ end fluorophore (FAM)
and a 3’ end quencher (lowa black), generating a fluorescent signal
upon cleavage of the linker RNA. Fluorescent measurements were
taken in a microplate reader (TECAN Infinite 200 PRO), using values
fromwhenthereaction was complete. 0.5 ul of RNase I (Thermo Fisher
Scientific), which cuts next to all four RNA nucleotides, was used as a
positive control. Guanine polynucleotides could not be tested due to
their propensity to form degradation-resistant secondary structures.

For comparing relative catalytic rates of the DNase and RNase activi-
ties of Cardl, Cardl was incubated with the reaction buffer described
before, inthe presence of one pair of DNA/RNA fluorescently labelled
oligonucleotide of the same sequence (IDT). The increasing Cardl
concentrations are 50 nM, 250 nM, 1.25uM, and 6.25 pM respectively,
and the cA4 concentrationsare250 nM, 1.25uM, 6.25uM, and 31.25 uM,
respectively. The 30 nucleotide oligonucleotides (with the sequence
of the top ®X174 cut site as determined by NGS) had the DNA oligonu-
cleotide labelled with Cy3 and the RNA oligonucleotide labelled with
Cy5, and for the 50 nucleotide oligonucleotides (with the sequence
of the top M13 cut site as determined by NGS) the DNA species was
labelled with Cy5, and the RNA species labelled with Cy3. This allowed
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the RNA and DNA oligonucleotides to be visualised on the same gel
using different fluorescent filters. Each fluorophore was at 250 nM,
andbothreactions were done for 15 minutes before being quenched by
25mMEDTA. The products were separated onal5%acrylamide TBE-urea
gels, and visualised onan Amersham Typhoon 5 Biomolecular Imager.

Invitro cA, cleavage assays

Invitro cA, cleavage assays were performed by incubating 2 uM Cardl
or Csmé6 with 100 uM cA4 in 150 pL reaction buffer containing 20 mM
Tris—-HCI, pH 7.5,50 mM KCI, 50 mM NacCl, at 37 °C (for Card1) or 55°C
(for Csmé) in a time course. At desired time points, the protein was
separated by using an Amicon Ultra 0.5-ml 10-kDa filter (Millipore)
at 10,000 x g for 20 min at 4 °C. The filtered 100 L reactions were
analyzed usingalmL monoQ column (GE Healthcare) on an AKTA Pure
system (GE Healthcare). Elution was performed with alinear gradient
from0.1Mto1MNaClata flow rate of 0.5 ml/min. The UV absorbance
datarecorded at 260 nm were employed, and final graphs were repre-
sented by GraphPad Prism v8.0.

Isothermal titration calorimetry

Wild-type and mutant Card1 proteins were diluted to the final con-
centrations of 11to 41 uM in the ITC buffer composed (20 mM HEPES,
pH?7.5,150 mM NacCl, 0.5% 3-mercaptoethanol) and were titrated against
150t0 500 pM cA, or cAinthe same buffer at 20 °C by using MicroCal
PEAQ-ITC range (Malvern Panalytical, HTRSC, Rockefeller University).
Thetitration sequencesincluded asingle 0.5 pL injection, followed by
18 injections of 2 puL each, with 2 min interval between injections and
astirring rate of 1000 rpm. Calorimetric data were analyzed using
OriginLab software (GE Healthcare) and AFFINmeter web-based soft-
ware (www.affinimeter.com), and final graphs were represented by
GraphPad Prism v8.0.

Modeling of ssDNA into cA,-Cardl complex using HDOCK
Molecular modeling was performed using the Maestro module from
the Schrodinger suite of programs, version 2019-3. Since catalysis most
likely involves atwo divalent cation (metal) mechanism, we positioned
asecond metal within the catalytic pocket of the monomeric cA,-Card
1complex following comparison with the two metal structure of the
catalytic pocket of the type Il restriction enzyme NgoMIV-dsDNA com-
plex that contains a similar positioning of catalytic residues. Superpo-
sition of the catalytic sites from the structure of the NgoMIV-dsDNA
complex (IFIU.pdb)** and cA,-Cardl complex has been performed
by direct manipulation in three dimensions of the molecular images
of the two structures on the graphical user interface of the Maestro
program. Thesecond divalent cation (metal2) from 1FIU.pdb has been
transferred into the file with a superpositioned cA,-Cardl complex.
The side chains of E259, D294 and K310 of cA,-Cardl complexand E70,
D140, and K187 of NgoMIV-dsDNA complex are fully superimposed. The
carboxylate group of E308 of cA,-Cardl coincided with the carboxylate
of the co-crystallized acetic acid molecule, which coordinated two
catalyticmetalions withits COO- group inthe NgoMIV-dsDNA complex.
The position of E201in the NgoMIV-dsDNA complex was very close to
that of K238 inthe cA,-Cardl complex. There is no analog for K238 in
the NgoMIV-dsDNA complex. The substrate of NgoMIVis a dsDNA and
hence the base-pairing provides substantial rigidity for coordinating
itssubstrate. The residues E292 of cA,-Cardl and E201 of NgoMIV-DNA
complex are thus non-equivalent, but equidistant in their positions
relative to the second metal ion in the NgoMIV-dsDNA complex. Due
tothe presence of K238, the COO- group of E292in cA,-Cardl occupies
another position in the metal coordination sphere.

The monomeric cA,-Cardl complex with two metals has been
processed with protein preparation wizard of the Schrodinger suite
and subjected to HDOCK docking protocol on addition of ssDNA.
The protocol did not include any definition of the sites from the
monomeric cA,-Cardl receptor to interact with the ssDNA ligand.

Theligand for docking computations had the sequence ApCpT1pG2pT3
in a single-stranded form with idealized B-DNA geometry and was
positioned in one (labeled directionality 1) of two alternating strand
directionalities. The only close contact observed in the complex of
ssDNA bound to monomeric cA,-Cardl obtained by docking was that
of1le190 and the base C upstream of T1. It has been resolved by select-
ing an alternative rotamer for 1le190. The conformations of N193 and
R251 have been changed by the selection of the allowed conformers
from the library of Schrodinger program. As a result of such a con-
certed conformer search, the conformation of R251 interacting with
dG2 was identified. The orientations of NH, and C=0 groups of N194
andN199interacting with T1and dT3 respectively were selected by the
hydrogen-bond optimizer module of the protein preparationwizard.
The docked structure of ApCpT1pG2pT3 with bound directionality 1
positioned onto the monomer of cA,-Cardlis shownin Extended Data
Fig.10a and its strand directionality is similar to that observed in the
EcoR5-dsDNA complex.

The dimericstructure of cA,-Card1l complex was obtained by copying
the ssDNA (directionality 1)-bound monomeric form into the coordi-
nates of the free monomer’s position via structural alignment of two
Cardl monomers by all their C-alphaatoms.

We also modeled ApCpT1pG2pT3 bound withthe opposite direction-
ality (labeled directionality 2) onto the monomer of cA,-Card1 with the
results shown in Extended Data Fig. 10b. Such a strand directionality
has been observed in the crystal structure of most type Il restriction
enzyme-dsDNA complexes®. The close contact with the side chain of
1le190 has beenresolved by selecting an alternative conformer. The
close contacts between the C3” and O3~ atoms of T3 and C[3 and Cy
carbons of K187 were resolved by energy minimization.

Bacterial growth

S. aureus strain RN4220* was grown in brain heart infusion (BHI)
mediumat 37 °C, supplemented with chloramphenicol at 10 pg/ml for
maintaining pCRISPRs, and erythromycin at 10 pg/ml for maintaining
pTarget. 5 pM CaCl, was supplemented in phage experiments.

Molecular cloning

The plasmids used in this study are listed in Supplementary Methods
Table 2. The oligonucleotides used for this cloning arelisted in Supple-
mentary Methods Table 3. The cloning strategies for generating these
plasmidsarelistedin Supplementary Methods Table 4. For obtaining the
coding sequence of Cardl, theamino acid sequence of Tresu_2185 (NCBI
Reference Sequence WP_013702306.1) from Treponema succinifaciens
DSM 2489 (Genbank accession number CP002631) was codon optimised
for expressionin S. aureus and synthesised by Genewiz (NJ, USA).

Growth curves
For invivo Card1 toxicity induction, triplicate RN4220 overnight cul-
tures harbouring pTarget and a pCRISPR are diluted 1:100, outgrown
for aboutan hour, and normalised for OD. Cells are then seeded ina 96
well plate. To induce targeting, 6.25-12.5 ng/ml of anhydrotetracycline
(aTc) isadded to the appropriate wells. Absorbance at 600 nm is then
measured every 10 minutes by amicroplate reader (TECAN Infinite 200
PRO). To analyse targeting escapers, cells fromthe end of the experiment
(either cells fromwells without aTc, i.e. naive cells, or cells from wells that
recovered laterinthetime course due to Card1toxicity) are re-streaked
on BHI agar plates, and individual colonies were launched in liquid cul-
ture, diluted the next day, and used for a new time course experiment.
Fromthese overnight cultures, plasmid DNA was isolated (QIAgen Spin
Miniprep Kit), digested by BamHI-HF (single-cutter for both pTarget and
pCRISPR) (New England Biolabs), and visualised by gel electrophoresis.
The deletion of important features in pTarget (making it unable to be
targeted by pCRISPR) or pCRISPR was confirmed by Sanger sequencing.
For invivo anti-phage immunity, cells harbouring various pCRISPRs
werelaunchedintriplicate overnight, diluted 1:100, outgrown for about
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anhour, and normalised for OD. Cells were seeded into a96 well plate.
Phage ®12y3% ®NM1y6% or was added at the specified multiplicity of
infection, and OD measurements were taken every 10 minutes.

Card1 toxicity assay

Tomeasure the effect of Cardl activity on S. aureus viability over time,
colonies of S. aureus harbouring pTarget and the specified pCRISPR
were launched in liquid culture overnight in triplicate. The next day,
cellswere diluted 1:100 and grown out for about an hour, and normal-
ised for OD. One aliquot was taken from each culture, and then aTc was
added toinduce CRISPR targeting and Card1 activity (to a concentra-
tionof3 ng/mlinFig.3bor125ng/mlin Extended DataFig. 7h). Ateach
timepoint, cell aliquots were removed, centrifuged, resuspended in
medialacking aTc, and serial dilutions were plated on solid BHI agar
plateswithor withoutaTc. All viable cells should grow on the solid agar
plates, but only targeting escapers (cells that recover due to mutations
in pTarget or pCRISPR) should form CFUs on plates with aTc.

Liquid anti-phage infection

To obtain CFU and PFU counts over time from cultures infected with
phage, RN4220 cultures harbouring various pCRISPRs were launched
overnight, diluted 1:100, and outgrown for about one hour. Cells were
then infected with phage ®12y3 at an MOl of 10, and an aliquot was
taken shortly after to obtain PFUs at time 0. The cultures were then
incubated further, with aliquots taken at1and 4 hours.

Plasmid curing

To assess Card1’s ability to promote plasmid curing under low tran-
scription conditions, aplasmid curing assay was performed, similarly
to previously described®. Briefly, overnight cultures of S. aureus cells
harbouring pTarget and a pCRISPR containing either Card1, dCard1,
ornospacer (4spc) were diluted to exactly OD 0.15in tryptic soy broth
with 10 ug/ml chloramphenicol. After removing a cell aliquot for the O
timepoint, aTc was added to a concentration of 9.3 ng/ml (Fig. 3c) or
125 ng/ml (Fig. 3d) and the cells were incubated at 37 °C, with further
aliquotstakenattheindicated times. The cells were thenlysed, and the
plasmid DNAisolated using a QIAprep Miniprep kit (Qiagen) according
to the manufacturer’s protocol (Qiagen). 400 ng of plasmid was then
linearised using BamHI-HF (NEB), which cutsboth pTarget and pCRISPR
once, followed by visualisation by gel electrophoresis.

Next-generation sequencing of ssDNA degradation products
To assess the ssDNA cleavage patterns of Cardl, 2 ug of ®X174 virion
DNA (NEB) or M13 ssDNA (M13mp18) (NEB) was first digested by 250 nM
Cardlwith2.5uM of cA4. Atthe specified time points, the reaction was
quenched by adding 25 mM of EDTA. Half the reaction was visualised by
agarose gel electrophoresis. The remaining digestion products from
the 2 hour timepoint were purified by phenol chloroform extraction.
Without further fragmentation, the purified digested DNA was sub-
jectedtothe Accel-NGS 1S Plus DNA Library Kit (Swift Biosciences), pro-
ceedingaccording to the manufacturer’s protocol, usingal.5x ratio of
magneticbeads (AMPure XP beads by Beckman Coulter) toalsoinclude
small DNA fragments. One of the library preparation steps involves
the addition of onaverage 8 nucleotides to the 3’ end of the DNA. The
5 end of the input DNA molecules remains unchanged. Paired-end
sequencing was performed on an Illlumina MiSeq. The 5’ end of each
read Rl represents the start of a DNA molecule, and thus a Card1 cut
site. Using a custom python script, the location of 7,020,067 ®X174
reads (mapping to Genbank reference NC_001422) and 7,670,616 M13
reads (mapping to Genbank reference X02513) was determined. To
account forreads mappingat the circular junctions, 65 nucleotides of
the first 5’ end of the maps were copied and added at the 3’ end of the
maps. The DNA sequence 20 nucleotides upstream and downstream of
the cut sites was extracted using a custom Python script, and the Card1
cleavage motifs for ®X174 and the M13 were determined separately

using Weblogo3*, with basal nucleotide compositions determined by
the base compositions in each map (®X174 with A:24.0, C:21.4, G:23.3,
T:31.3,and M13 with A:24.4, C:21.1, G:21.1, T:33.4). For the fragment size
analysis, 8 nucleotides wereremoved from all the reads fromthe 3’ end
pair mate by the “Trim Ends” option in the Geneious Bioinformatics
Software platform*. Using the STAR aligner (version 2.7.3)¥,7,505,136
reads were successfully mapped to ®X174, and 8,179,356 reads were suc-
cessfully mapped to M13, using default arguments with the addition of
--alignIntronMax 1 --alignMatesGapMax 6000 --peOverlapNbasesMin
5--alignEndsProtrude 10 ConcordantPair.

Northernblotting

Northernblotting was done as previously described®. Briefly, overnight
RN4220 cultures harbouring pTarget and pCRISPR (carrying Cas10"°
and either Cardl or dCardl) were diluted to exactly OD 0.15 before
targeting was induced by the addition of 125ng/ml of aTc. After three
minutes, cells were spun down, lysed in PBS with1mg/ml of lysostaphin
and 2mg/ml of lysozyme for 10 minutes. TRIzol (Thermo Fisher Scien-
tific) was thenadded, and RNA was purified according to the manufac-
turer’s protocol. The RNA was separated by gel electrophoresis ona 6%
acrylamide gel, and blotted onto a nylon filters (Invitrogen BrightStar
Plus) with a semi-dry blotting unit (Fisher Scientific). The filters were
incubated with **P-labelled oligonucleotides (IDT) overnight at 42 °C,
and visualised on an Amersham Typhoon 5 Biomolecular Imager.

RNA-seq of +Cardl and dCard1 cells

Toinvestigatethe RNaseactivity of Cardlinvivo, RNA-seq using spike-in
normalisation was performed similarly to described before®. In dupli-
cate, cells containing pTarget and pCRISPR with Cas10"° and either
+Cardl or dCardl were grown overnight and normalised to an OD of
exactly 0.15. Cells were harvested (quenching growth with the addition
of ice-cold media) for the O minute timepoint, and aTc was added to
125 ng/ml toinitiate pTarget transcription and Cardl activation. At 3
minutes, the cell growth was quenched. The cells were lysed in PBS with
1mg/mloflysostaphinand 2 mg/mlof lysozyme at 37 °C for 5 minutes
before adding TRI reagent. At this step, 3 pg of Listeria seeligeri was
added to each sample to serve as an internal normalisation control.
RNA was then purified with the Quick-RNA Miniprep Plus kit accord-
ing to the manufacturer’s protocol (Zymo Research). The RNA was
DNase treated (Invitrogen TURBO DNA-free kit) and rRNA depleted
(Ribo-Zero Plus rRNA Depletion Kit (Illumina)), before undergoing
library preparation with a TruSeq Stranded mRNA kit (Illumina). The
samples were sequenced using an lllumina NextSeq at the Rockefeller
University Genomics Core. Mapping was performed by STAR v2.7.5
allowing one mismatch. To determine the scaling factor to apply to
thereads (to normalise the read depth for spikereads), the reads were
firstmapped tothe genome of S. aureus NCTC 8325 (GenBank reference
CP000253) to remove non-spike reads, and the remaining reads were
mapped tothe L. seeligerigenome (NC_013891.1). This process was then
reversed, first mapping all the original reads to L. seeligeri (to remove
spike reads), and the remaining reads were mapped to S. aureus. Reads
were assigned to each gene with featureCounts** with largestOVERLAP
set to TRUE. The number of reads per gene for each sample was then
scaled according to the previously calculated scaling factor, allowing
direct comparison of read depth per gene between all samples.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The atomic coordinates have been deposited in the Protein Data Bank
with the codes 6WXW (apo Cardl), 6WXX (cA,-Cardl complex), 6WXY
(cA-Cardl complex), and 6XL1 (cA,-Card1(D294N) complex). The raw
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datafor the DNAseq and RNAseq experiments performed in this study
is found at the Sequence Read Archive (NIH) through accession code
PRJNA672128.

Code availability
Custom Python code is available upon request.
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Extended DataFig.1|cA, -mediated cleavage of ssDNA by Cardlat37°C.

(a) Schematicof the S. epidermidis type lllI-Alocus showing the replacement of
csmé6 by cardl and the different mutationsinvestigated in this study. A
comparisonwiththe T.succinifacienstypelll-Alocusis provided. Numbers
indicate the % identity between the genes that encode the Cas10 complex (with
% similarity in parenthesis. (b-e) Cardl digestion of (b) M13 ssDNA, performed
two times, (c) pUT7 dsDNA plasmid (30 minutes), performed two times, (d)
®X174 supercoiled dsDNA (30 minutes), performed two times, or (e) ®X174
linearized dsDNA (30 minutes), performed two times, in the presence or
absence of cA,, visualized by agarose gel electrophoresis. (f) Card1 digestion of
®X174 ssDNA (60 minutes) inthe presence of cA, and different divalent cations,
visualized by agarose gel electrophoresis; performed two times. (g) Overview
of Cardlcleavagesites across the ®X174 genome based on the 5 end mapping
of DNA degradation products obtained after 2 hours of digestion, per 1 million

reads. There appears to be preferential cleavage sites that may reflect lack

of Cardlaccess tosecondary structures formed within the ssDNA molecule.
26.7% of cuts occur atthe 25 most frequent positions. (h) Same as (g) but after
the analysis of M13 ssDNA degradation products obtained after 2 hours of
digestion. 31.1% of cuts occur at the 25 most frequent positions. (i) Fragment
size distribution of the ®X174 degradation products after 2 hours of Card1
digestion. The average fragment length (163.6 nucleotides) is marked by the
dottedline. (j) Same as (i) but analyzing M13 degradation products after 2
hours of digestion. The average fragment length (150.1 nucleotides) is marked
by the dotted line. (k) Cleavage preference of Cardl, represented as a WebLogo,
determined after NGS of M13 degradation products. Five nucleotide positions
upstream (-5to-1) and downstream (1to 5) of the detected cleavage sites are
shown.
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Extended DataFig. 4 |Oligomeric composition of the apo-Cardland
cA,-Cardlcomplexinthe crystalandinsolution and quality of 2Fo-Fc
density mapsincA,-and cA;,-bound structures of Cardl. (a) SEC-MALS
measurement of the molecular weight ofapo-Cardlinsolution. The measured
solution molecular weight of 88.1kDais close to the calculated molecular
weight of the dimeric Card1(90.0 kDa). (b) Two alternate views of the head-to-
taildimer of dimers alignment of cA,-Cardlcomplexin the crystal. One dimeris
showninaribbonwhile the other dimerisshowninasurfacerepresentation.
(c) SEC-MALS measurement of the molecular weight of cA,-Cardlcomplexin
solution. The measured solution molecular weight of 87.6 kDais close to the
calculated molecular weight of the dimeric cA,-Cardl complex (91.2 kDa)

rather thanthe tetrameric complex. (d, e) Fitting of electron density contoured
at1.2ofor (paneld) two orthogonal views of bound cA, and (panel e) the Mnin
the catalytic pocketinthe cA,-dimeric Cardl complex. (f, g) Fitting of electron
density contoured at1.2 o for the CARF pocket (panel f) and the catalytic
pocket withbound Mn cation (panelg, shown asagreenball) in the structure of
thecA,-dimeric Card1 D294N mutant complex. Bound waters (shown as red
balls) canbe observedin this1.95A high-resolution structure of this mutant
complex. (h, i) Fitting of electron density contoured at 1.2 o for two orthogonal
views of bound cA, (panel h) and key residuesin the catalytic pocket (paneli)in
the cA¢-dimeric Cardlcomplex.
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Csm6
cA

Extended DataFig. 6 | Intermolecular contactsand Mn coordinationinthe
cA,-Cardl complex, comparative cleavage propensity of conversionof cA,
to ApA>pby Csmé and Cardlinatime-dependent manner and structure of
thecA6-Cardlcomplexand clashesbetween cA6 and dimeric Cardlloop
residuesinamodel of cA6in thebound state.. (a) Intermolecular
hydrophobicinteractions betweenbound cA,and amino acids of dimeric
Cardl. (b) Amino acidslining the catalytic pocket of the structure of the

cA, + Card1(D294N)
catalytic pocket

E308 r D294N
C309 gl" w2

K310

Card1

cA,-Card1(D294) complex. Thebound Mnis shown as agreenball. The water
molecules are shown as red balls. (c) Mono-Q column analysis of cA, cleavage
by Csmé6. (d) Mono-Q column analysis of the time-dependent stability of cA,
incubating with Card1l. (e) Structure of the cA,-dimeric Card1l complex. (f, g)
Clashbetween cAgand L339 of loop residues of Cardlin space-filling (panel f)
andribbon (panel g) representationsinamodel of the cAs-dimeric Cardl
complex.
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Extended DataFig7|The RNase activity of Cardlis notdetected invivo,
howeveritsactivationleads to agrowtharrest. (a) RNA-seq of staphylococci
harbouring pTarget and pCRISPR-Cas10"°, and +Card1. At O minutes, targeting
isinduced by the addition of aTc, and cells are harvested after 3 minutes. An
equal amount of RNA from Listeria seeligeriwas added to all samples prior to
RNA purification to allow absolute comparison between timepoints. Each dot
representsagene, and is the average of two biological replicates. Genes that
fall on or near the identity line are unchanged by 3 minutes of Cardl activity.
(b) Like (a), butin cells carrying a catalytically dead Card1(dCard1).

(c) Acomparisonbetween the log;, read depth for allindividual chromosomal
genesbetween +Cardl cellsand dCard1cells, at 3 minutes. A value of O means
thatagene showed no difference between +Cardland dCard1cells. Overall,
thereisno clear trend for depletion (or enrichment) in +Cardl1 cells relative to
dCardicells. (d) Northern blot analysis of cells carrying pTarget and pCRISPR-
Casl0"?, with either +Card1, dCard1, +Csmé, or dCsmé; performed three times.
Targeting was induced at time O with the addition of aTc, and RNA was analysed
with probes specificto the protospacertarget transcript (in pTarget), the
plasmidreplication gene repF (in pTarget), the defgene (peptide deformylase,
intheS. aureus chromosome), or the msaB gene (in the msaABCR operon, inthe
S.aureus chromosome). 5SrRNAisused as aloading control. Cardlactivation
showed nodetectable RNA degradation, in contrast to robust RNA depletion
following Csmé activation. OD4,, measurements confirmed that the +Cardl
and +Csmé cellsboth experienced growth arrest. (d) Growth of staphylococci
carrying different pCRISPR(+Cardl) taken from six escaper colonies obtained

attheend of the experimentin Figure 3c, measured as OD,, after the addition
ofaTctoinduce the production of cA, by the Casl0 complex. Mean of three
biologicaltriplicates +s.e.m.arereported. (e) Agarose gel electrophoresis of
plasmid DNA was extracted from escaper cellsgrownin (d), showing deletions
in pTarget or pCRISPR. Sanger sequencing determined the same promoter
deletionin pTarget escapers1-3,and similar pCRISPR deletionsin escapers 4-6,
all comprising the whole CRISPR-caslocus. (f) Growth of staphylococci
carrying different pCRISPR variants expressing Cas10"°, measured as OD,
after the addition of aTc to induce the production of cA, by the Cas10"°
complex. Mean of three biological triplicates + s.e.m. arereported.

(g) Enumeration of colony-forming units (cfu) within staphylococcal cultures
carrying different pCRISPR variants expressing Cas10"° where cA, production
was activated by the addition of aTc. At the indicated times afterinduction
aliquots were removed and plated on solid media with or without aTc to count
theremainingviable cells. Mean of three biological replicates £s.e.mare
reported. (h) Growth of staphylococci carrying different pCRISPR(+Card1,
Cas10"") taken from five escaper colonies obtainedin (g), measured as OD,
after the addition of aTc to induce the production of cA; by the Cas10"°
complex. Mean of three biological triplicates+s.e.m.are reported. (j) Agarose
gelelectrophoresis of plasmid DNA was extracted fromescaper cells grownin
(i), showing deletions in pTarget. Sanger sequencing determined the same
deletionin pTarget escapers1-5, comprising both the promoter and target
sequences.
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Extended DataFig 8 | Cardl-mediated anti-phage immunity. (a) Schematic
ofthe genomes ofthe staphylococcal phages used in this study, ®12y3 and
®NM1y6, showing the location of the transcripts targeted by the typelll-A
CRISPR-Cas system. Grey arrows indicate promoters. (b) Growth of
staphylococcicarrying different pCRISPR variants with mutationsin the
catalytic pocket of Cardl, programmed to target the ORF27transcript of
®12y3, measured as OD, at different times after infection, atanMOI -15. Mean
ofthree biological triplicates +s.e.m.are reported. (c) Growth of staphylococci
carrying different pCRISPR variants programmed to target the gpI4 transcript
of ®DNM1y6, measured as OD,, at different times after infection, atan MOI -15.
Mean of three biological triplicates +s.e.m. are reported. (d) Same asin (c) but
targetingthe gp43transcript, atan MOI-2. Mean of three biological triplicates
ts.e.m.arereported. (e) Enumeration of plaque-forming units (pfu) within
staphylococcal cultures carrying different pCRISPR variants after infection
with ®12y3 atan MOI -10. At theindicated times after infection aliquots were

removed and plated on top agar media seeded with a susceptible strain. Mean
ofthree biological replicates +s.e.mare reported. (f) Growth of staphylococci
carrying different pCRISPR variants programmed to target the ORF9 transcript
of ®12y3, measured as ODq, at different times after infection atan MOI -25.
Theimmunity provided by the Cas9 nuclease, which directly recognizes and
cleaves the phage genome shortly afteritsinjection and therefore allows the
survival of the infected cells, is used as a control to show that the observed
growth delays are not due to an excessive amount of phage added inthe
experiment. Mean of three biological triplicates £ s.e.m. are reported. (g) Same
asin (f) but targeting the ORF27transcript. Inboth (f) and (g), Cas10™" cells with
+Cardldonotlyse frominfection (asitis the case for Aspccells), indicating an
incomplete phagelife cycle. Mean of three biological triplicates + s.e.m. are
reported.In (f) and (g), the datarepresenting Cas9 and 4spcis from the same
experiment.
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Extended DataFig 9| Comparison of the cA bound structures of dimeric complex (PDB: 6SCE). (d) cA;-Cap4 monomeric complex (PDB: 6VM6). Thereis
Csm6, dimeric Csx1, monomeric Camland monomeric Cap4 with the atrimeric alignment of monomersin this complex. (e, f) Sequence and
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betweenbound cA and catalyticresiduesin the dimeric CARF pockets and complex (PDB: 606V) (panelf). Thesecondary structure (helices and sheets) is
acomparative study of sequence and topology between cA,complexes shownabove the sequences. The CARF domains are highlighted by yellow.
withdimeric Cardland dimeric Csmé.. (a) cA,-dimeric Csmé6 complex (PDB: Theimages were generated by PHENIX.refine and modified.

606V). (b) cA,-dimeric Csx1complex (PDB: 6R9R). (c) cA,-monomeric Canl
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Extended DataFig10|Docking model of ssDNA two possible strand
directionalities positioned inthe catalytic pocket of one monomer of the
structure ofthe cA,-bound Card1l complex and model of alignment of a pair
of ssDNAs (strand directionality 1) within the catalytic pockets of the
opposing REase domains of cA,-Card1 complex. (a) We used the HDOCK
program* to position a B-form ssDNA with the sequence ApCpT1pG2pA3 with
one (labeled strand directionality 1) of two possible strand directionalities in
the catalytic pocket whereby the cleavable phosphate (in bold) was positioned
relative to the pair of divalent cations coordinated to the catalytic acidic
residues (seered arrow). One divalent cation (labeled 1) was observed inthe
x-ray structure of cA,-bound Card1, while the other (labeled 2) was modeled
based onits positioninthe structure of the NgoMIV restriction enzyme-DNA
complex (PDB: 1FIU) *°, which exhibits a similar catalytic residue alignment.
The model outlines hydrogen bonding alignments (dashed lines) in the model
ofthe T1-G2-T3 segmentinteracting with side chains of the REase domain. It

alsoshows positioning of the sugar-phosphate backbone flanking the
cleavable phosphate (red arrow) of the modeled bound ssDNA within the REase
catalytic pocket, thereby outlining the alignment of the cleavable phosphate
relative to the pair of divalent cations and acidic catalytic residues (E259
coordinated to cation E292 coordinated to cation 2, while D294 and E308
coordinated to both cations). A pair of lysine side chains (K310 and K328)
formsaltbridges (dashed lines) to the cleavage site and flanking phosphates.
(b) The ApCpT1pG2pT3isboundtothe REase domainwithanopposite
directionality (labeled strand directionality 2). See the Methods section for
modeling computations using strand directionality 2. (c) Side view of the
modeled complex emphasizing the space available to readily accommodate
ssDNAs (strand directionality 1) positioned in the pair of opposing REase
pockets. (d) A top-down view of the modeled complex emphasizing the strand
directionalities of the bound ssDNAs (strand directionality 1) positioned in the
pair of opposing REase pockets.
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