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Cyclicoligonucleotide-based antiphage signalling systems (CBASS) protect
prokaryotes fromviral (phage) attack through the production of cyclic
oligonucleotides, which activate effector proteins that trigger the death of the
infected host"2. How bacterial cyclases recognize phage infection is not known.
Here we show that staphylococcal phages produce a structured RNA transcribed
from the terminase subunit genes, termed CBASS-activating bacteriophage RNA
(cabRNA), which binds to a positively charged surface of the CdnEO3 cyclase and
promotes the synthesis of the cyclic dinucleotide cGAMP to activate the CBASS
immune response. Phages that escape the CBASS defence harbour mutations that
lead to the generation of alonger form of the cabRNA that cannot activate CdnEO3.
Since mammalian oligoadenylate synthetases also bind viral double-stranded RNA
during the interferon response, our results reveal a conserved mechanism for the

activation of innate antiviral defence pathways.

Many recently discovered antiviral systems in bacteria share struc-
tural and functional homology to components of metazoan innate
immunity>*. One example of this ancestral connection includes
CBASS in bacteria®?, which are analogous to the cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) antivi-
ral pathway in metazoans>°. CBASS contain two core components:
a cGAS/DncV-like cyclic nucleotidyltransferase (CD-NTase, also
known as Cdn) enzyme that generates cyclic nucleotides in response
to viral (bacteriophage) infection’®, and an effector protein that
binds the cyclic nucleotides to trigger the death or growth arrest
of the host and thus inhibit viral propagation'?%, In addition to the
cyclase and effector genes, CBASS operons can encode accessory
proteins®™ that are used for their classification into four major
types, I-1V2.

A central aspect of cyclic nucleotide-based immunity is the mech-
anism of activation of the cyclase—that is, how the enzyme senses
viral infection to begin the synthesis of the second messenger.
For human cGAS, this is achieved through direct interaction with
viral double-stranded DNA present in the cytosol®? . Other cGAS
homologues present in animals, however, can sense RNA instead of
DNA"%°, However, the mechanisms behind cyclase activation during
the bacterial CBASS response are poorly understood. Biochemical
analyses of bacterial cyclases fromavariety of divergent CBASS oper-
ons have demonstrated that some of these enzymes are constitutively
activeinvitro®, suggesting that their activity in vivo is negatively regu-
lated and only unleashed upon phage recognition®. Conversely, there
are also many examples of CBASS cyclases that are inactive in vitro,
and must therefore require a mechanism of activation to initiate the
immune response’. Here we investigated the mechanism of activation
of type | CBASS cyclases in staphylococci.

CBASS neutralizes staphylococcal phages

Bioinformatic analyses have previously uncovered more than 100
CBASS operons in diverse Staphylococcus strains. We characterized
atype I-B CBASS present in Staphylococcus schleiferi strains 2142-05,
2317-03 and 5909-02%, hereafter designated Ssc-CBASS (Extended
DataFig. 1a). This system consists of a two-gene operon harbouring a
Cdnbelonging to the E clade, cluster 3% (Ssc-CdnE03) and a transmem-
brane effector, Capl5, which was recently demonstrated to limit phage
propagation by disrupting the host membrane®. Since we were unable
to identify a phage that infects this organism, we cloned Ssc-CBASS,
as well as the cyclase gene alone as a control, into the staphylococcal
vector pC194* for expression in the laboratory strain Staphylococ-
cus aureus RN4220%, The resulting strain was infected with four lytic
phages on soft-agar plates to quantify plaque formation. We found that
Ssc-CBASS, but not Ssc-CdnEO3 alone, strongly reduced the propaga-
tion of ®80a-vir (a lytic derivative of the temperate phage ®80a*
created for this study) and ®NM1y6?, but not for ®NM4y4*® (although
plaque size was reduced) or ®12y3% (Fig.1laand Supplementary Fig.1,
whichprovidesallthe unedited images presented in this study). Similar
results were obtained using a chromosomally expressed Ssc-CBASS
(Extended Data Fig. 1b). Quantification of plaque-forming units
(PFU) over time corroborated these results (Extended Data Fig. 1c,d).
Consistent with previous reports’, infection of liquid cultures with
®80a-vir at different multiplicity of infection (MOI) showed that
Ssc-CBASS, but not Ssc-CdnEO3 alone, enables a complete recovery
ofthe bacterial population at low phage concentrations (Extended Data
Fig.le-g). Theseresults were corroborated by counting colony-forming
units (CFU) (Extended Data Fig. 1h,i). Finally, we used fluorescence
microscopy to analyse the Ssc-CBASS response in more detail.
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Fig.1|Aviral RNA produced during ®80«-virinfection activates
Ssc-CdnEO3invitro. a, Detection of phage propagation after spotting
tenfold dilutions of the lytic DNA phages ®80a-vir, DNM1y6, PNM4y4 and
®12y3 onto lawns of S. aureus RN4220 harbouring a plasmid expressing an
incomplete (Ssc-CdnEO3 alone) orintact Ssc-CBASS operon. b, Thin-layer
chromatography analysis of Ssc-CdnEO3 productsin the presence of S. aureus
RN4220 crudelysate, whole purified ®80a-vir particles, host genomic DNA
(RN4220gDNA), phage genomic DNA, and total RNA from S. aureus RN4220 in
the presence or absence of ®80a-vir infection (before the completion of one
lytic cycle). Anagarose gel stained with ethidium bromide (middle) and SDS-
PAGE stained with Coomassie blue (bottom) are shown asloading controls.

P, free phosphates;int,intermediate cyclase product; CDN, cyclic dinucleotide.
Dataarerepresentative of threeindependent experiments. Inall main figures,

We infected cells with a modified ®80a«-vir that expresses GFP
(d80a-vir®™; Extended Data Fig. 1j), in the presence of propidium
iodideinthe growth medium. This dye displays red fluorescence upon
beingincorporated into the cytoplasm of bacteria with a damaged
membrane. We observed that staphylococciharbouring the Ssc-CBASS
systemdisplayed green fluorescence after infectionand thenred fluo-
rescence, without lysing (Extended Data Fig. 1k). By contrast, in the
absence of Capl5, cells emitgreen—but not red—fluorescence, and lyse.
Together, these data show that, similar to other species, Ssc-CBASS
protects staphylococcal populations by triggering membrane disrup-
tion without lysis to prevent the growth of infected hosts and limit
viral propagation.

A phage RNA activates Ssc-CdnEO3

Next, we investigated how Ssc-CBASS is activated by ®80«-vir. First,
using quantitative PCR with reverse transcription (RT-qPCR) (Extended
DataFig.2a)and overexpression (Extended DataFig. 2b) assays, weruled
out the possibility of transcriptional activation of the operon during
infection®. We therefore searched for CBASS activators by performing
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sizeinnucleotides (nt) is with reference to asingle-strand RNA (ssRNA) ladder.
¢, Agarose gel electrophoresis of theinput and output RNA obtained after
incubation of Ssc-CdnEO3 with no RNA, total RNA extracted from uninfected
staphylococci (RN4220) or from cells infected with ®80a-vir phage. SDS-PAGE
stained with Coomassie blue (bottom) is shown as aloading control. Dataare
representative of threeindependent experiments.d,Asinc, but withinput
RNA extracted from staphylococciinfected with ®NM1y6, ®80a-vir, DNM4y4
or ®12y3 phages. Data are representative of three independent experiments.
e, Diagram of ®80a-vir and ®80a-vir(terS*) genomes with localization of the
cabRNA and escaper RNAsequences, respectively. Thelocationof the escaper
mutation, C221>T, is shown. f, Asin b, but using cabRNA isolated from a pull-
down assay. Dataarerepresentative of three independent experiments.

nucleotide synthesis assays in vitro using purified Ssc-CdnE03 and
trace *’P-labelled NTPs, and visualizing the reaction products using
thin-layer chromatography®. We tested S. aureus RN4220 crude lysate,
purified ®80a-vir particles, host genomic DNA, phage genomic DNA
and total RNA from uninfected and infected S. aureus RN4220 cells.
Notably, only RNAisolated from cells infected with ®80«-vir enabled
the generation of a cyclic nucleotide product by wild-type Ssc-CdnE03
(Fig.1b) but not the active site mutant D86A/D88A that does not medi-
ateimmunity (Extended Data Fig. 2¢). Further analysis of this product
by performing reactions with different radiolabelled NTPs and using
liquid chromatography-mass spectrometry and P1 nuclease diges-
tionidentified itas 3’,2’-cyclic guanosine monophosphate-adenosine
monophosphate (3’,2’)-cGAMP, with the reaction occurring through
the pppG[3’-5’]pA linear intermediate, GpA (Extended DataFig.2d-g
and Supplementary Text).

Toidentify the activating RNA species, weimmobilized a hexahistidyl-
tagged, maltose-binding protein fusion of Ssc-CdnEO3 to a cobalt
resin column that was loaded with total RNA extracted from either
infected or uninfected staphylococci. Extraction and separation of
thenucleicacids bound by the cyclaserevealed the presence of an RNA



thatmigrated atapproximately 800 nucleotidesinlength (compared
with an ssRNA ladder; Fig. 1c). We isolated a similar species for the
Ssc-CBASS-sensitive ®NM1y6 phage, but not for the resistant DNM4y4
and ®12y3viruses (Fig.1d). Next-generation sequencing of the isolated
®80a-vir RNA determined that it mapped to a400-nucleotide region
beginning within the gp40 gene and extending into gp41, which encode
the terminase small subunit (TerS) and large subunit (TerL) (Fig. 1e
and Supplementary Sequences). Similar results were obtained for
the cyclase-bound RNA generated during ®NM1y6 infection (Extended
Data Fig. 2h and Supplementary Sequences). Northern blot analysis
of total RNA extracted from S. aureus RN4220 using a probe comple-
mentary to this RNA sequence confirmed the presence of an approxi-
mately 400 nt RNA only during phage infection (Extended Data Fig. 2i).
Finally, we purified the RNA molecules obtained during the pull-down
assays and found that they activate cGAMP productionin vitro (Fig. 1f).
We therefore named this viral-derived RNA CBASS-activating bacte-
riophage RNA (cabRNA).

cabRNA contains secondary structures

The electrophoretic migration of cabRNA, higher than its nucleotide
length, indicates the existence of secondary structures that may be
important for cyclase activation. Using the ViennaRNA package®,
we found several hairpins and double-stranded RNA (dsRNA) regions
within the cabRNA (Supplementary Sequences). To test for the pres-
ence of these structures, we used RNase A, RNase T1 (both of which
cleave ssRNA) and RNase I1I** (which degrades dsRNA). We found that
RNaselll, but not RNase T1, degraded the pulled-down cabRNA (Fig. 2a).
Wealsotreated the total RNA extracted frominfected staphylococciand
found that RNase Ill, but not RNase T1or RNase A, abrogated the ability
toinduce cGAMP production (Fig. 2b). These results demonstrate that
dsRNA structures, but not ssRNA, within the cabRNA areimportant for
Ssc-CdnEO3 activation.

To determine whether the cabRNA alone is sufficient for activation
ofthe cyclase, we produced cabRNA invitro using T7 RNA polymerase.
The obtained transcript migrated similar to assRNA of approximately
400nucleotides after agarose gel electrophoresis and was completely
digested by RNase T1; that s, it lacked secondary structures (Fig. 2c). To
promote the folding of thein vitro transcribed (IVT) cabRNA, we heated
the sample to 95 °C for 5 min before slowly cooling to room tempera-
ture. After thistreatment, the IVT cabRNA migrated at approximately
800 ntand wasresistant to RNase T1degradation (Fig. 2c). Notably, only
the folded speciesinduced cGAMP synthesis to the same high levels as
the cabRNA produced in vivo (Fig. 2d and Extended Data Fig. 3a). We
alsotested theactivating properties of an IVT RNA with asequence com-
plementary to that of the cabRNA, heated and cooled to promote fold-
ing, and found it unable toactivate Ssc-CdnEO3 (Extended DataFig. 3b).
Finally, we used synthetic RNA oligonucleotides with the sequences of
the two most prominent predicted hairpins (hairpin-1and hairpin-2;
Supplementary Sequences) and found that—albeit at lower levels than
the full cabRNA—hairpin-1, but not hairpin-2,induced cGAMP produc-
tion (Extended Data Fig. 3c,d). Other synthetic RNAs, including the
stem portion of hairpin-1 (without the bulge and loop), an unrelated
hairpin, a dsRNA and a ssRNA oligonucleotide (all with a similar size
to hairpin-1but with adifferent sequence; Supplementary Sequences)
did not activate the cyclase (Extended DataFig.3c,d). Together, these
dataindicate that specific secondary and/or tertiary structures within
the cabRNA are essential for activation of Ssc-CdnEO3.

Wealsoinvestigated the ability of the cabRNA to activate Ssc-CBASS
invivo inthe absence of phage infection, which given that Ssc-CBASS
causes cell death without lysis (Extended Data Fig. 1k), should result
in a proliferation defect and/or death of staphylococci. However,
cabRNA transcription using an anhydrotetracycline (ATC)-inducible
promoter did not affect the growth of the cultures (Extended Data
Fig. 3e). Pull-down assays using total RNA extracted from this strain
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Fig.2|Secondary structures within the cabRNA are required for
Ssc-CdnEO3 activation. a, Agarose gel electrophoresis of pulled-down
cabRNA treated with RNases T1orll, or DNase (D). AssRNA oligonucleotide
was digested withRNase Tlasacontrol. Dataarerepresentative of three
independent experiments. b, Thin-layer chromatography analysis of Ssc-
CdnEO3 productsinthe presence of total RNA extracted frominfected cells
andtreated with RNaseslIl, A, T1or untreated. Data are representative of
threeindependent experiments. ¢, Agarose gel electrophoresis of IVT cabRNA,
unfolded (left) and folded (right), untreated or treated with RNase T1. Dataare
representative of threeindependent experiments.d, Asinb, butincubating
the cyclase with pulled-down, unfolded or folded IVT cabRNA.

after addition of ATC (Extended Data Fig. 3f) recovered acabRNA with
an electrophoretic mobility consistent with the RNase T1-sensitive,
unfolded form of the cyclase inducer (lower band). This observation
suggests that the unfolded cabRNA caninteract with—but not activate—
Ssc-CdnEO03. Given that mostly RNase Ill-sensitive, folded cabRNA
is detected during pull-down assays using total RNA extracted from
infected cells (Fig. 1c,d and Extended Data Fig. 3f), we speculate that
®80a-vir infection is critical for the proper generation, modification
and/or folding of the inducer RNA.

A positive surface of CAnEO3 binds the cabRNA

The predicted structure of Ssc-CdnEO3 (Fig. 3a and Extended Data
Fig. 4a) revealed shared features and organization with mammalian
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Fig.3| A positively charged surface within Ssc-CdnEO3 binds the cabRNA
toinitiate immunity. a, AlphaFold model of Ssc-CdnEO3 displayed with
surfaceelectrostatics (=77 to +77,red to blue). Inset, positively charged region
harbouring the mutated lysine residues 9 and 13. b, Thin-layer chromatography
analysis of the products of different Ssc-CdnEO3 lysine mutantsin the presence
oftotal RNA extracted frominfected cells. A representative image of multiple
replicatesis shown. WT, wild type. c, Electrophoretic mobility shift assay of

0AS1and cGAS despite low sequence similarity® (around 20%). In par-
ticular, Ssc-CdnEO3 and OAS1 share: (1) the common DNA polymerase
B-like nucleotidyltransferase superfamily protein fold and conserved
activesite architecture (Extended DataFig. 4a); (2) apocketontherear
of the active site with positive charge (Extended Data Fig. 4b); (3) two
positively charged residues (Arg and Lys) at the first helix of the PBCD
domain; and (4) surface exposed lysine and arginine residues along
the enzyme ‘spine’ (K9, K13, K20 and R83; Fig. 3a and Extended Data
Fig. 4c). Given that these conserved positive residues participate in
dsRNA sensing by OAS1>¢?°, we substituted K9 and K13 in Ssc-CdnE0Q3
(Fig. 3a and Extended Data Fig. 4c) for glutamic acid residues and
assayed for cGAMP productionin vitro, through TLC analysis, as well as
invivo, by quantifying the membrane disruption caused by Cap15acti-
vation through the measurement of propidiumiodide fluorescence
at 615 nm of infected cells (Extended Data Fig. 1k). We found that the
K9E mutation completely abrogated cyclase activity and K13E substi-
tution substantially impaired the production of cGAMP, both in vitro
(Fig.3band Extended DataFig. 4d) and in vivo (Extended Data Fig. 4e).
Electrophoretic mobility shift assays (Fig. 3c and Extended Data Fig. 4f)
as well as pull-down assays (Extended Data Fig. 4g) demonstrated
that the mutations have asimilar effect on the binding of the cabRNA.
Consistent with these in vitro observations, CBASS immunity against
®80a-vir was most severely abrogated by the K9E mutation, and mildly
reduced instaphylococcicarrying the KI3E mutant cyclase (Fig. 3d and
Extended DataFig.4h). These results demonstrate that the cabRNA is
bound by a positively charged surface present in Ssc-CdnEO3.

CdnEOlis also activated by the cabRNA

CBASS cyclases that belong to the EQ3 family are widely distributed
indifferent organisms (Extended DataFig. 5a). In staphylococci, most
CBASS systems belong to the typel class and contain cyclases that are
phylogenetically diverse (Extended Data Fig. 5b). Cyclases belonging
tothe EO1family also contain the conserved lysine or arginine residues
that we identified as necessary for the interaction with the cabRNA
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cabRNAinthe presence of increasing concentrations of different Ssc-CdnEO3
mutants.d, Growth of staphylococciharbouring the Ssc-CBASS operon with
wild-type, K9E or K13E Ssc-CdnEO3 measured by optical density at 600 nm
(ODyq) afterinfection with ®80a-vir at aMOI of 1. A culture expressing only
Ssc-CdnEO3isusedasacontrol. Dataare mean +s.d. of three biological
replicates.

(Extended Data Fig. 5a). We therefore studied the cyclase from the
Staphylococcus haemolyticus CBASS system (Sha-CBASS), Sha-CdnEO1,
whichcontains this positively charged surface and shares asimilar struc-
ture with Ssc-CdnEO3 (Extended Data Fig. 4a; root mean squared devia-
tion 0f 0.912 A over 1,273 atoms; 33% sequence identity). We expressed
the Sha-CBASS system in S. aureus RN4220 and found that, similar to
Ssc-CBASS, it provides immunity against ®80a«-vir and ®NM1y6, but
not ®NM4y4 or ®12y3 (Extended Data Fig. 5¢). In a pull-down experi-
ment using RNA extracts from staphylococciinfected with ®80a«-vir,
we found that Sha-CdnEOl interacts with two RNA species made during
infection (Extended DataFig. 5d). RNA-sequencing (RNA-seq) analysis
showed that the larger species has the same sequence of the cabRNA
pulled downwiththe Ssc-CdnEO3 cyclase, whereas the smaller species
isa 70-nucleotide transcript that contains hairpin-1 of the cabRNA
(Supplementary Sequences). These results demonstrate that divergent
cyclases have evolved to recognize the cabRNA.

Longer cabRNAs do not activate CdnEO3

Togain further insightinto the mechanism of Ssc-CBASS induction, we
sought toisolate phage mutantsthat can evade the host defence. Since
we were unable to observe discrete ®80a-vir or PNM1y6 plaques in our
assays (Fig.1a), we used ethyl methanesulfonate (EMS) tointroduce ran-
dom mutationsintoa ®80«-vir population and select for variants that
areableto form plaques evenin the presence of Ssc-CBASS immunity
(Extended DataFig. 6a), and analyse them by next-generation sequenc-
ing (Extended Data Fig. 6b). In line with recent findings** ¢, many of
these phages had mutations in the gp46 gene, which generated
missense amino acid substitutions in the scaffold protein for the viral
capsid®. We first corroborated the evasion of Ssc-CBASS immunity,
as well as the restoration of sensitivity in staphylococci expressing
wild-type Gp46 (Extended Data Fig. 6¢,d). We observed that these
phages still activate cGAMP productioninvitroand in vivo (Extended
Data Fig. 6e,f). In addition, pull-down assays retrieved the same
cabRNA isolated from cells infected with wild-type viruses (Fig. 4d).



Fig.4 |Phage mutants that evade Ssc-CBASS immunity do not produce
cabRNA. a, Growth of staphylococciharbouring either anincomplete
(Ssc-CdnEO3 alone) orintact Ssc-CBASS operon measured by optical density at
600 nm after infection with ®80a-vir or ®80a-vir(terS>*") ataMOl of 1, the
latterinthe presence or absence of TerS overexpression using plasmid pTerS.
Dataaremean = s.d. of three biological replicates. b, Detection of phage
propagation after spotting tenfold dilutions of ®80a-vir or ®80a-vir(terss™*)
ontolawns ofthe S. aureus RN4220 strains describedin a. ¢, Thin-layer
chromatography analysis of Ssc-CdnEO3 productsin the presence of total RNA
extracted from uninfected staphylococcior cellsinfected with ®80a-vir or
®80a-vir(terSs*), the latter in the presence or absence of TerS overexpression
using plasmid pTerS. An agarose gel stained with ethidium bromide (middle) and
SDS-PAGE stained with Coomassie blue (bottom) are shown as loading controls.

Therefore, we conclude that escapers that produce mutant capsids
evade Ssc-CBASS immunity through a mechanism that does not
affect the generation of cabRNA or cyclase activation.

A different escaper mutation mapped to terS (also known as gp40).
This was a C-to-T transition that changes serine 74 (UCU) to phenyla-
lanine (UUU) in the small terminase subunit, located six nucleotides
upstream of the cabRNA start. Infection of staphylococci harbour-
ing Ssc-CBASS with the ®80a-vir(terSs™*F) mutant phage prevented
bacterial growth (Fig.4a) and resulted in the production of high num-
bers of viral particles (Fig. 4b). cGAMP production was not detected
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Dataarerepresentative of threeindependent experiments. d, Agarose gel
electrophoresis of theinputand output RNA obtained after incubation of
Ssc-CdnEO3 with total RNA extracted from uninfected staphylococci (RN4220)
or from cells infected with ®80a-vir, ®80a-vir(gp46£°°) or ®80a-vir(terSS’*),
thelatterinthe presence or absence of TerS overexpression using plasmid
pTerS.Dataarerepresentative of threeindependent experiments.e,Asinc,
butinthe presence of cabRNA, escaper (esc.) RNA, orescaper RNA pre-treated
with RNaselll. Data are representative of threeindependent experiments.
f,Enumeration of plaque-forming units (PFU) from cultures harbouring
Ssc-CdnEO3 alone (-) or Ssc-CBASS (+) and either anempty vector (-) ora
plasmid with cabRNA (+) under the control of an ATC-inducible promoter. OE,
overexpression. Individual data points are shown with error bars representing
themean +s.e.mforn=3biological replicates.

in vitro after incubation of Ssc-CdnEO3 with total RNA from infected
cultures (Fig. 4c) or in vivo, demonstrated by the lack of Cap15 activa-
tion (Extended Data Fig. 6f). Surprisingly, pull-down assays revealed
that the cyclase binds an RNA species generated during infection that
is several hundreds of nucleotides larger than the cabRNA (Fig. 4d).
RNA-seq of this species identified it as a1,237-nucleotide-long tran-
script that starts at rinA (also known as gp39) and extends into terL
(gp4I1), harbours the C-to-T mutation and shares the same 3’ end with
the cabRNA (Fig. leand Supplementary Sequences). In contrast to the
cabRNA, this species was susceptible to RNase T1, was only partially
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degraded by RNaselll (Extended Data Fig. 7a), and retained alow level
of cyclase activation that was eliminated after RNase Il treatment
(Fig.4e). Consistent with the pull-down assay, electrophoretic mobility
shiftassays showed that anIVT escaper RNA was bound by the cyclase
(Extended DataFig. 7b) at similar levels as the cabRNA (Extended Data
Fig. 7c), but was unable to induce cGAMP production (Extended Data
Fig.7d). Together, these results indicate that the ‘long’ escaper RNA has
adifferent secondary and tertiary structure thanthe cabRNA and medi-
ates low levels of Ssc-CdnEO3 binding and activation. Finally, we intro-
duced the escape mutation into the terS homologue of ®NM1y6 and
showed that the recombinant phage acquired resistance to Ssc-CBASS
(Extended Data Fig. 7e and Supplementary Sequences). Of note, over-
expression of wild-type TerS (Extended Data Fig. 7f), Gp46 (Extended
Data Fig. 7g) or the complete set of phage genes required for capsid
formation, gp40-gp47 (Extended Data Fig. 7h)—whose expression was
shown to form ®80a capsids in the absence of phage infection*’—were
insufficient to activate Ssc-CdnEO3.

We also performed experiments to restore Ssc-CBASS immunity
against ®80a-vir(ter§™*f) through plasmid-mediated overexpression of
either wild-type TerS (pTerS) or cabRNA (pcabRNA). Protein expression
during infection restored cell growth (Fig. 4a) and prevented mutant
phage propagation (Fig. 4b) through the generation of a structured
cabRNA (Fig.4c,d). Since the pTerS construct lacks the terL-encoded,
downstream half of the cabRNA, it cannot produce a transcript that
induces cGAMP production. Thus, these data suggest that TerS pro-
teinis required for the generation of an activating cabRNA with the
proper length. Infection of staphylococci harbouring pcabRNA with
®80a-vir(terSs*) only partially restored Ssc-CBASS immunity (Fig. 4f).
In this experiment, both the inactive and active forms of the cabRNA
are present in the infected cells, produced by ®80a-vir(terS*) and
pcabRNA, respectively. However, the long cabRNA was not detected
inpull-down assays (Extended Data Fig. 3f), aresult that suggests that
the small binding preference of Ssc-CdnEO3 for the short form of the
cabRNA (Extended Data Fig. 7c) is amplified when the RNA is overex-
pressed. Notably, compared with the RNA pulled down in staphylococci
harbouring pcabRNA in the absence of ®80a-vir(terS*) infection,
agreater fraction of the pulled-down cabRNA displayed an electro-
phoretic mobility consistent with its structured form (Extended Data
Fig. 3f). These data supportour previous hypothesis that the secondary
structures presentin theinducer RNA, whichis required for the activa-
tion of Ssc-CdnEO03, are generated during phage infection.

Mutant cabRNAs can activate CdnEO3

We were intrigued by the absence of phage escapers harbouring
mutations within the cabRNA sequence, a result that suggests that:
(1) mutations in the cabRNA alter the viability of ®80a-vir (even if
they do not alter expression or protein sequence of TerS and TerL); or
(2) multiple mutations are required to affect the ability of the cabRNA to
induce cGAMP synthesis. In either situation, the mutant phages would
benearly absentintheviral population. Toinvestigate theimportance
ofthe cabRNA sequence on phage viability and Ssc-CBASS escape, we
mutated the terS—terL region of ®80a-vir that generates the cabRNA,
introducing nucleotide substitutions at codon wobble positions that
do not disrupt the TerS and TerL protein sequences. We engineered
122 (the maximum number of mutations at the third codon position
that are possible without altering the protein sequence or the ribo-
some bindingsite for TerL translation), 100 or 57 mutations, generating
®80a-vir(cabRNA?), ®80a-vir(cabRNA) and ®80a-vir(cabRNAY),
respectively (Supplementary Sequences). Although the mutations
changed the predicted secondary structure of the cabRNA (Supple-
mentary Sequences), they were tolerated, leading to the generation
of viable phages (Extended Data Fig. 8a,b). However, competition
assays between ®80a-vir and ®80a-vir(cabRNA?) showed that the
relative titre of the mutant phage decreased over the course of three
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Fig.5|Mutationsreduce thelength ofthe cabRNA but do not eliminate its
activating properties.a, Growth of staphylococci carrying the full Ssc-CBASS
locus, measured by optical density at 600 nm after the addition of ®80a-vir
mutants that contain122,100 or 57 mutations within the cabRNA sequence
ataMOIl of 1. Anuninfected culture is shown as control. Dataare mean + s.d.
ofthree biological replicates. b, Enumeration of PFU from cultures shownina,
0.5,1.0and 3.0 hafterinfection. Dataare mean + s.e.m. of three biological
replicates. ¢, Agarose gel electrophoresis of the RNA obtained after incubation
of Ssc-CdnEO3 with no RNA (-) or total RNA extracted from staphylococci
infected with wild-type or cabRNA mutants of the ®80a-vir phage. Dataare
representative of threeindependent experiments. d, Thin-layer chromatography
analysis of Ssc-CdnEO3 productsinthe absence of RNA (-) orinthe presence of
thelVT cabRNA (wild type), cabRNA¥ and cabRNA!?°. Arepresentative image of
multiplereplicatesis shown.

passages (Extended Data Fig. 8c). We also competed ®80a-vir (terS5™)
and obtained similar results. Therefore, these data demonstrate that
mutations affecting either the cabRNA sequence or length impair
maximal viral propagation on staphylococci.

Toinvestigate the effect of the cabRNA mutations onimmunity, we
infected staphylococci carrying the Ssc-CBASS system and found that
®80a-vir(cabRNA™) and ®80a-vir(cabRNA*’) were able to induce a
partialimmune response, resulting in intermediate levels of bacte-
rialgrowth (Fig. 5a) and phage propagation (Fig. 5b), when compared
with the wild-type virus. By contrast, ®80a-vir(cabRNA??) completely
escaped CBASS immunity (Fig. 5a,b), although the plaques formed
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Fig. 6| Diverse staphylococcal phages produce different cabRNAs to initiate
theSsc-CBASSresponse. a, Detection of phage propagation after spotting
tenfold dilutions of the lytic DNA phages ®J1, ®J2 and ®J4 onto lawns of
S.aureusRN4220 harbouring a plasmid expressing anincomplete (Ssc-CdnE03
alone) orintact Ssc-CBASS operon. b, Agarose gel electrophoresis of the RNA
obtained afterincubation of Ssc-CdnEO3 with total RNA extracted from
uninfected staphylococci (-) or from cells infected with ®J1, ®J2 or ®J4.

on lawns of staphylococci carrying Ssc-CBASS were smaller than
those formed on lawns of a control strain (Extended Data Fig. 8d), a
result that suggests the presence of low levels of immunity against
®80a-vir(cabRNA™?). Of note, when using RNA extracted from cells
infected with ®80a-vir(cabRNA®) or ®80a-vir(cabRNA), the cyclase
pulled down RNAs thatare smaller than the cabRNA produced during
infection with wild-type phage (Fig. 5¢), which were able to activate
¢GAMP synthesisinvitro and invivo (Extended Data Fig. 8e,f). RNA-seq
determined the presence of 200 and 80 nucleotide-long species pro-
duced during ®80a-vir(cabRNA¥) and ®80a-vir(cabRNA") infec-
tion, respectively, which corresponded with the unmutated regions
of the original cabRNA (Supplementary Sequences). Synthetic RNAs
containing these sequences also activated Ssc-CdnEQ3 in vitro (Fig. 5d
and Extended Data Fig. 8f). By contrast, no RNA was recovered during
the pull-down of RNAs extracted from staphylococci infected with
®80a-vir(cabRNA™) (Fig. 5¢), aresult that is consistent with the lack
of Capl5 activation (Extended Data Fig. 6f) and the CBASS escape
phenotype.

Phages generate diverse cabRNAs

Weisolated additional phages from different S. aureus clinical strains
and tested them for their ability to induce cGAMP production by
Ssc-CdnEO03. We found three novel phages, ®J1, ®J2 and ®J4, that are
more phylogenetically divergent to ®80a-vir than ®NM1y6 (Extended
Data Fig. 9a) and were restricted by the Ssc-CBASS system (Fig. 6a).
Pull-down assays using RNA from cells infected with these phagesled to
theisolation of cabRNAs less than 50 ntlong (Fig. 6b) that were able to
induce cGAMP productionin vitro (Fig. 6¢). RNA-seq of these cabRNAs
showed that they are transcribed from terSin the case of the ®J1and ®J2
phages, which share identical terS sequences (Extended Data Fig. 9b),
and fromthe terS-terl boundary for ®J4 (Extended DataFig.9c). None
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Dataarerepresentative of threeindependent experiments. ¢, Thin-layer
chromatography analysis of Ssc-CdnEO3 productsin the absence of RNA (-)
orinthe presence the cabRNAs pulled downinthe experimentshowninb.
Arepresentativeimage of multiple replicatesisshown.d, Asinc, butincubating
the cyclase with synthetic oligonucleotides with the sequences of the cabRNAs
produced by the ®J1, ®J2 and ®J4 phages.

of these cabRNAs have sequence homology to each other or to the
®80a-vir and ®NM1y6 cabRNA, but in all cases they are predicted
to form hairpins (Supplementary Sequences). Finally, we obtained
synthetic versions of the ®J1/2 and ®J4 cabRNAs and found that both
induced cGAMP productioninvitro (Fig. 6d). These results expand our
previous findings to diverse phages and demonstrate a conservation
of the region from which the cabRNAs are produced—that is, the terS
and terlL genes.

Discussion

Here we show that RNAs produced by staphylococcal phages during
infection—cabRNAs—trigger CBASS immunity through the activation of
cyclicnucleotidyltransferases from the E clade. We found that although
cabRNAsare transcribed from the viral terS and terL genes and are pre-
dicted to form secondary structures, they can have different lengths
and sequences. For the ®80a-vir and ®NM1y6 phages, the cabRNA
lengthis400 ntand contains secondary structures thatareimportant
for its activating properties. The size of the Ssc-CdnEO3 positively
charged surface (approximately 40 A inlength) should be able to only
accommodate adsRNA of approximately 20 base pairs (Supplementary
DiscussionFile). A similar observation has beenreported for the human
antiviral 2’,5"-oligoadenylate synthetase (OAS) enzymes OAS1and OAS3,
which also require large dsSRNA molecules for optimal activity®. In
OAS], the positively charged surface caninteract with approximately
18-20 base pairs (Extended Data Fig. 4a,b), yet dsRNAs of this length
can only provide limited activity*® (around 7 to 8% of the maximum).
The othertwo cabRNAs isolatedin this study have lengths (34 and 49 nt)
that would make them optimally fit the size of Ssc-CdnEO3 binding area.

To prevent the rapid evolution of phages that avoid recognition,
defence systems are usually triggered by processes that are essential
forinfection, where deletion or mutation causes aconsiderable fitness
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cost for the virus®. The cabRNA seems to have these characteristics
as well, possibly a consequence of its origin as a transcript from the
terS-terl generegion, whichis essential for the viral lytic cycle. In the
case of the ®80a-vir cabRNA, we found that phages carrying muta-
tions thatincrease the length or mutate the sequence of the cabRNAin
®80a-vir(ters$s*) and ®80a-vir(cabRNA'??), respectively, do not acti-
vate CBASS immunity (Fig.4a,b and Fig. 5a, b) and are viable. However,
they exhibit a substantial fitness loss when competed with the wild-type
phage (Extended Data Fig. 8c). In addition, ®80a-vir(cabRNA*°) and
®80a-vir(cabRNA¥) phages, which have extensive sequence altera-
tionsinthe cabRNA, produce smaller cabRNA molecules (Fig. 5c) that
cantrigger the Ssc-CBASS response (Fig. 5a,b,d). Althoughitis unclear
how the mutations reduce the cabRNA length, this result demonstrates
that the cabRNA constitutes a target molecule with strong immuno-
genicity that must accumulate a high number of mutations to lose its
cyclase-activating properties. The evolutionary difficulty of such muta-
geniceventsis perhapsthe reason why additional routes of escape have
been found** ¢, namely mutationsin capsid-related proteins (Gp46in
the case of ®80a-vir). Indeed, we found that the ®80a-vir(gp46-°P)
escaper phagestill produces astructured cabRNA (Fig. 4d) thatis capa-
ble of inducing cGAMP synthesis by the Ssc-CdnEOQ3 cyclase (Extended
Data Fig. 6e) and activating Capl5 (Extended Data Fig. 6f). However,
in contrast to the terS*™*" mutant phages, the gp46%° escapers com-
pletely kill staphylococciin liquid cultures (Extended Data Fig. 6c,
compared to Fig. 4a) and form larger plaques than ®80a-vir(terSs™*)
phages (Extended Data Fig. 6d, compared to Fig. 4b). Therefore, we
hypothesize that the low frequency and/or high fitness cost of cabRNA
mutations that disrupt its recognition by CBASS cyclases (and pos-
sibly also mutations in other cyclase activators), led to the rise of
capsid mutations that interfere with CBASS immunity after cGAMP
production during the evolutionary arms race between bacteria and
their phages.

Eukaryotic synthases are activated by long, unmodified dsRNAina
sequence-independent manner, since the presence of these molecules
in the cytoplasm usually signals infection by RNA viruses’. Given the
lack of nuclear compartmentalizationinbacteria, our results demon-
strate that prokaryotic CBASS cyclases require aspecific phage-derived
RNAwith special properties that distinguish it from other host-derived
transcripts to avoid the induction of autoimmunity. Future studies
will focus on these special properties of the cabRNA, such as its bio-
genesis, structure, function and molecular interactions with CBASS
cyclases, that enable it to initiate the synthesis of cyclic nucleotide
second messengers.
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Methods

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Supplementary
Table 1. S. aureus strain RN4220% was grown at 37 °C with shak-
ing (220 RPM) in brain heart infusion (BHI) broth, supplemented
with chloramphenicol (10 pg m1™) or erythromycin (10 pug ml™) to
maintain pC194-based® or pE194-based plasmids*’, respectively.
Cultures were supplemented with chloramphenicol (5 ug ml™) to
select for strains with chromosomally integrated Ssc-CBASS or
Ssc-CdnEO03. Gene expression was induced by the addition of 1 mM
isopropyl-D-1-thiogalactopyranoside (IPTG) or 100 ng mI* ATC, where
appropriate.

Bacteriophage propagation

The bacteriophages used in this study are listed in Supplementary
Table 2. To generate a high-titre phage stock, an overnight culture of
S. aureus RN4220 was diluted 1:100 and outgrown to mid-log phase
(-90 min) in BHIbroth supplemented with 5 mM CacCl,. The culture was
diluted to an ODgq, 0f 0.5 (-1 x 108 CFU ml™). The culture was infected
by adding phage at a MOI of 0.1 (-1 x 10’ PFU ml™), or by inoculating
with either a single picked plaque or scrape of a frozen stock. The
infected culture was grown at 37 °C with shaking and monitored for lysis
(fullloss of turbidity was typically observed at-3-4 h). Culture lysates
were centrifugated (4,300g for 10 min) to pellet cellular debris. The
supernatant was collected, passed through a sterile membrane filter
(0.45 um), and stored at 4 °C. Phage concentrations were determined by
serially diluting the obtained stock in tenfold increments and spotting
5 pl of each dilution on BHI soft agar mixed with RN4220 and supple-
mented with 5 mM CaCl,. Afterincubation overnight at 37 °C, individual
plaques (that is, zones of no bacterial growth) were counted, and the
viral titre was calculated.

Molecular cloning

The plasmids (and details of their construction) and the oligonucleo-
tide primers used in this study are listed in Supplementary Tables 3
and 4, respectively. The coding sequences of Ssc-CBASS and phage
gene products were obtained from genomic DNA preparations of
S. schleiferi 2142-05 cultures® or phage stocks*, respectively.

Chromosomalintegration of Ssc-CBASS

Ssc-CBASS or Ssc-CdnE03, along with a chloramphenicol resistance
(cmR) cassette, was integrated into the hsdR gene (which encodes
the defective R-subunit of the restriction-modification system in
S. aureus RN4220), an insertion site which was previously shown
to not impact growth*?, Ssc-CBASS-cmR and Ssc-CdnE03-cmR
were amplified from the plasmids pDVB303 and pDVB301 respec-
tively, using primers oDVB565 and oDVB566, which were flanked
with loxP sites at both ends followed by 60-bp homology regions
to hsdR. Electrocompetent S. aureus RN4220 cells harbouring
the recombineering plasmid pPM300 were electroporated with
1-2 pg of PCR product and selected for with chloramphenicol
(5 pg ml™). Potential integrants were screened by colony PCR
as well as for functional immunity, and then verified by Sanger
sequencing.

Isolation of strictly lytic phage mutants

To constructavirulent mutant of the phage ®80a*, we used a variation
of amethod previously described to generate ®NM1y6%, DNM4y4%
and ®12y3%. ®80a-vir was isolated as a spontaneous escaper form-
ing a clear plaque following ®80a infection of a BHI soft-agar lawn of
S. aureus RN4220 cells harbouring plasmid pDVBO0S8, which encodes
atype IlI-A CRISPR-Cas system targeting the ®80« cl-like repressor.
PCRofthe ®80a-vir c/gene and Sanger sequencing confirmed an 8-bp
deletion.

Isolation of ®J1, ®J2, and ®J4

S. aureus strains NRS52, NRS102, and NRS110 from the Network on
Antimicrobial Resistancein S. aureus (NARSA) repository (BEI/NIAID)
were grown overnight at 37 °C with shaking (200 RPM) in Mueller
Hinton Il (MHII) broth. The next day, cultures were diluted 1:100 into
10 ml fresh MHII and grown for one hour to enter early log phase.
Prophages were then induced by adding ciprofloxacin at a final
concentration of 0.8 mg ml™to each culture. Following a4 hincubation
at 37 °C, each culture was spun down, and the supernatants filtered
througha0.22 umsyringe-driven filter. Singles plaques of these filtrates
were obtained via serial dilution onto lawns of S. aureus RN4220, and
high-titre phage stocks were produced as described above.

Soft agar phage infection

One-hundred microlitres of an overnight bacterial culture was mixed
with5 mIBHIsoftagar supplemented with 5 mM CaCl, and poured onto
BHI agar plates to solidify at room temperature (-15 min). Phage lysates
were serially diluted tenfold and 4 pl was spotted onto the soft-agar
surface. Once dry, plates were incubated at 37 °C overnight and visu-
alized the next day. Individual plaques (zones of no bacterial growth)
were counted manually.

Liquid culture phage infection

Overnight cultures were diluted 1:100 in BHI supplemented with 5 mM
CaCl, and the appropriate antibiotic for selection, outgrown at 37 °C
with shaking to mid-log phase (~90 min), and normalized to 0D, 0.5.
For the desired MOI, a calculated volume of phage stock was added to
each culture and 150 pl was seeded into each well of a 96-well plate.
0Dy, was measured every 10 minina microplate reader (TECAN Infinite
200 PRO) at 37 °C with shaking.

RT-qPCR

Total RNA was extracted from S. aureus cells using a Direct-Zol RNA
MiniPrep Plus Kit (R2072). Extracted RNA was treated with TURBO
DNase (Thermo Fisher Scientific) before cDNA first-strand synthesis
with SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific)
using random hexamers. qQPCR was performed using Fast SYBR Green
Master Mix (Life Technologies) and 7900HT Fast Real-Time PCR System
(Applied Biosystems) with primer pairs for the S. aureus house-
keeping gene ptsG (0DVB426/427), cdnEO3 (0DVB610/611) or capls
(oDVB614/615).

Protein expression and purification

Ssc-CdnEQ3, Sha-CdnEO1, and various mutants were expressed and
purified using the following approach: transformed BL21 (DE3)
E. coli were grown in LB broth at 37 °C with shaking to mid-log
phase (OD,, 0.6-0.8), at which point the culture was cooled onice
for 10 min and induced with 0.2 mM IPTG for 16 h at 18 °C. Bacte-
ria were harvested, resuspended in lysis buffer (25 mM Tris pH 7.4,
300 mM Nacl, 5% glycerol, 2 mM -mercaptoethanol), and subjected
to asingle freeze-thaw cycle. The cells were incubated on ice with
lysozyme, DNase I, and EDTA-free protease inhibitor cocktail. After
incubating onice for 40 min, the cells were lysed using sonication.
Lysates were clarified by centrifugation and applied to cobalt affin-
ity resin. After binding, the resin was washed extensively with lysis
buffer prior to elution with lysis buffer containing 300 mM imida-
zole. Eluted proteins were then proteolysed with TEV protease to
remove the affinity tag during overnight 4 °C dialysis to reaction
buffer (25 mM HEPES-KOH pH 7.5, 250 mM KCl, 5% glycerol, 2 mM
B-mercaptoethanol). The cleaved proteins were then passed over
cobalt resin to collect the remaining tag (or uncleaved protein) and
concentrated using 10,000 MWCO centrifugal filters (Amicon). Puri-
fied proteins were visualized by SDS-PAGE and used for downstreamin
vitro assays.
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Nucleotide synthesis assays

Nucleotide synthesis assays were performed using a variation of the
method described by Whiteley et al.%. The final reactions (50 mM
3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (CAPSO)
pH9.4,50 mMKCI, 5 mM magnesiumacetate,1 mM DTT, 25 or 250 uM
individual NTPs, trace amounts of [a->*P]INTP, 5 uM nucleic acid
ligand, and 5 tM enzyme) were started with the addition of enzyme.
Allreactions except for those with RNA activator (2 h) wereincubated
overnight at 37 °C. For reactions with total RNA extracts, 500 ng was
added to each condition. The sequences of the ssRNA oligonucleotides
used as activators are reported in Supplementary Table 5. Reactions
were stopped with the addition of 1 U of alkaline phosphatase, which
removes triphosphates on the remaining NTPs and enables the visu-
alization of cyclized nucleotide species. After alhincubation, 0.5 pl
of the reaction was spotted 1.5 cm from the bottom of a PEI-cellulose
thin-layer chromatography (TLC) plate, spaced 0.8 cm apart. TLC plates
were developed in 1.5 M KH,PO, pH 3.8 until the buffer front reached
1cm from the top (- 12 cm). The TLC plates were completely dried,
covered with plastic wrap and exposed to a phosphor screen before
detection by a Typhoon Trio Imager System.

For the putative activator screeningin vitro, RN4220 cells were lysed
using lysostaphin (5 mg ml™) treatmentat 37 °C for1 h, clarified lysate
was thenadded to nucleotide synthesis reactions. Phage particles were
enriched using polyethylene glycol (PEG8000) precipitation. Resus-
pended phage was then treated with DNase and RNase to ensure that
only phage structural elements remained. Genomic DNA from RN4220
was prepared according to the Wizard Genomic DNA Purification Kit
(A1120). Genomic DNA of phage was isolated following phage particles
purification, using polyethylene glycol precipitation and CsCl gradient,
according to the manufacturer’s protocol. Total RNA was extracted
from S. aureus cells with or without infection using a Direct-Zol RNA
MiniPrep Plus Kit (R2072).

To purify the Ssc-CdnEO3 cyclic nucleotide product for mass spec-
trometry analysis, nucleotide synthesis reaction conditions were scaled
uptolmlreactions containing 5 uM Ssc-CdnE03, 250 uM ATP, 250 uM
GTP, approximately 5 ng of cabRNA, in 50 mM CAPSO pH 9.4, 50 mM
KCI, 5 mM Mg(OAc),,1 mM DTT buffer. Reactions were incubated with
gentle shaking for 24 h at 37 °Cfollowed by Quick CIP (NEB) treatment
for4 hat37 °C.Followingincubation, reactions were filtered through
210,000 MWCO centrifugal filter (Amicon) to remove protein.

Nucleotide high-resolution mass spectrometry analysis

All solvents and reagents used for chromatography were liquid
chromatography-mass spectrometry grade. Ultrahigh performance
liquid chromatography-high-resolution mass spectrometry
(UPLC-HRMS) data were acquired on a Sciex ExcionLC UPLC coupled
to an X500R mass spectrometer, controlled by SCIEXOS software.
Chromatography was carried out on a Waters XBridge BEH Amide
Column XP (2.1 x 150 mm, 2.5 pm), under the following conditions:
100%Bfrom 0.0t01.0 min, from100%to 70% B from1.0t0 8.9 min, 60%B
from 9.0 t0 13.0 min, 100% B from 13.2 to 20.0 (A: 10 mM ammonium
formate + 0.1% formic acid; B: 90% acetonitrile in 10 mM ammonium
formate +0.1% formic acid buffer), with a flow rate of 0.40 ml min" and
0.5 pl of injection volume. HRMS analysis were performed in positive
and negative electrospray ionization mode in the range m/z100-1,200
for MS' and MS? scans; the maximum candidate ions subjected for
Q2-MS? experiments was 7, declustering potential of 80V, collision
energy of 5Vand temperature of 500 °C. For electrospray ionozation
high-resolution mass spectrometry (ESI-HRMS) experiments the spray
voltage was setin 5,500V, the Q2 collisionenergy at 30 Vwith aspread
of10 V, whereas the spray voltage for ESI-HRMS was setin 4500 V and
the Q2 collision energy at 35 Vwithaspread of 10 V. The concentration
ofthe standard solutions was 6.25 uM, and all the solutions were centri-
fuged (13,000 rpm x 3 min) before injection. The molecularions for ESI

modes were analysed for all compounds, but the fragmentationin ESI
mode showed abetter consistency and was consequently used for the
structural analysis. The data analysis was carried out with MestReNova
software (14.3.0), data output was converted with MSConvert from
Proteowizard, MS? mirror plot was obtained from GNPS using averaged
MS? spectra from GNPS molecular networking.

Nuclease P1cleavage analysis

Nuclease P1 cleavage analysis was performed using Ssc-CdnEO3 reac-
tions labelled with a-*?P-ATP or a-*P-GTP. Radiolabelled nucleotide
products were incubated with nuclease P1(80mU; N8630, Sigma) in
buffer (30 mM sodium acetate pH 5.3, 5 mM ZnSO,, and 50 mM NacCl)
for30 minat37 °Cinthe presence of Quick CIP (NEB). Reactions were
terminated by heatinactivation at 95 °C for 2 min before PEI-cellulose
TLC analysis as described above.

RNA extraction from phage infection

Tenmillilitres of amid-log phase S. aureus RN4220 culture normalized
to ODg¢y, 0.5 was infected with phage at MOI 10. Infection was allowed
to proceed for 30 min, just before the completion of the first burst.
Cells were pelleted at 4,300g for 5 min and flash-frozen with liquid
nitrogen. The pellet was resuspended in 150 pl PBS and 50 pllysostaphin
(5 mgml?) andincubated at 37 °C for 30 min. Total RNA was extracted
from . aureus cells using a Direct-Zol RNA MiniPrep Plus Kit (R2072).In
brief,450 pl Trizol was added to the lysate, vigorously vortexed and cen-
trifuged at 16,000g for 30 s. In total, 650 pl of 100% ethanol was added
to the supernatant and the samples were thoroughly vortexed. The
entire volume was passed through aZymo-Spin IlICG Column followed
byin-column treatment with DNase I for 15 minat room temperature.
The column was washed according to the manufacturer’s protocol and
RNA was eluted in 100 pl nuclease-free water.

RNA pull-down assay

His,~MBP-tagged or His,-tagged Ssc-CdnEO3 as well as Sha-CdnEO1
were expressed and purified as described above. Purified His,-MBP tag
alone was prepared alongside as a negative control. Afterimmobilizing
~0.2 mgof protein on cobaltresin, the column was washed extensively
with lysis buffer prior to the addition of 5 ml of lysis buffer containing
1mMMgCl,, 5units of RNaseOUT (ThermoFisher,10777019),and 100 pg
oftotal RNA extracted from cultures with or without phage infection.
The RNA was incubated with the tagged Ssc-CdnEO3 on the column
for 40 min before washing the column with 5 volumes of lysis buffer.
The column was treated with His¢-tagged TEV protease to release the
Ssc-CdnEO3 and bound RNA. Eluted protein was collected for each
sample and combined with TRIReagent (Zymo Research, R2050-1-200).
RNA was then extracted according to the Direct-Zol RNA MiniPrep
Plus Kit (R2072) manufacturer’s protocol. The final RNA product was
run on a 2% agarose 1x TAE gel and stained with SyBr Gold or ethid-
ium bromide. Eluted protein samples were collected as controls for
visualization by SDS-PAGE.

RNA sequencing

cDNA library preparation was performed using the lllumina TruSeq
Stranded mRNA (for >100 nt) or Small RNA (for <100 nt) library prepa-
rationkits. Inbrief, reverse transcription of the RNA isolated from the
CD-NTase pull-down assays was performed using the Illumina manu-
facturer’s protocol, or alternatively as follows: RNA was treated with
TURBO DNase (Thermo Fisher Scientific) before cDNA first-strand
synthesis with SuperScript IV Reverse Transcriptase using random
hexamers. Second-strand synthesis of the cDNA was performed with
Q5DNA polymerase at15 °Cfor 2 h, followed by 75 °C for 10 mininthe
presence of RNase H and DMSO. Chemical fragmentation was then
performed using the lllumina manufacturer’s protocol, or alterna-
tively as follows: cDNA was sheared to 150-bp fragments using an S220
Covaris Focused-Ultrasonicator (peak incident power: 175 W, duty



factor:10%, cycles per burst: 200, treatment time: 430 s, temperature
4 °C)in S-Series Holder microTUBEs (PN 500114). Quantification and
quality check of cDNA libraries were performed by Qubit 4.0 Fluo-
rometer and Agilent Bioanalyzer/Tapestation, respectively. 12 pM
of indexed cDNA libraries was loaded on an Illlumina MiSeq instru-
ment for either single-read (150 cycle) or paired-end sequencing
(2x75cycle). Bowtie2 via the Galaxy open-source interface* was used
toalignsequencing readsto phage and host genomes and then visual-
ized using Geneious Prime. A custom Python script was used to con-
vert the output SAM alignmentsinto CSV files containing the number
of aligned reads at each nucleotide location along a given reference
genome.

RNA structure prediction
RNA secondary structures were analysed using the ViennaRNA 2.0
package® and visualized via the SnapGene interface.

Invitro transcription of cabRNA

IVT was performed according to the Thermo Scientific TranscriptAid
T7HighYield TranscriptionKit protocol (KO441). Linear dsDNA for the
cabRNA, and terS* phage escaper RNA sequences were PCR-amplified
using 0CR190/193 (sense cabRNA), 0CR191/192 (antisense cabRNA), and
oDVB691/0CR193 (terS** phage escaper RNA). The target sequence was
placed downstream of a T7 promoter, which was inverted for antisense
transcriptionreactions. For highyield in vitro transcriptionreactions,
1pg of PCR product was combined with TranscriptAid Enzyme mix
and NTPs. Following a4 hincubation period at 37 °C, transcripts were
purified according to the Direct-Zol RNA MiniPrep Plus Kit (R2072)
manufacturer’s protocol. To stimulate the refolding and formation
of astructured RNA product, the purified IVT samples were heated
at 95 °C for 5minin a heat block, which was slowly cooled down to
roomtemperature over1h. Whereindicated, IVT products were either
heat-treated (folded) or untreated.

Electrophoretic mobility shift assay

Analysis of in vitro protein-nucleic acid complex formation was per-
formed as previously described™®. 1 uM cabRNA or escaper RNA was
incubated with Ssc-CdnEQ3 at a concentration of 0, 1, or 10 pM. Com-
plex formation was performed in the reaction buffer: 50 mM CAPSO
pH 9.4, 50 mM KCI, 5 mM magnesium acetate, 1 mM DTT. Reactions
(20 pl) were incubated at 4 °C for 25 min before separation on a 2%
agarose gel using 1x TB buffer as running buffer. The agarose gel was
stained with ethidium bromide and complex formation was visual-
ized using an Amersham ImageQuant 800 (Cytiva). Fraction of RNA
bound in each sample was calculated by dividing the mean intensity
of the shifted band over the sum of the mean intensity for the shifted
and unshift bands. Mean intensity of signal was generated using Fiji
(measure tool).

Invivo Ssc-Cap15 activation assay

Overnight cultures of S. aureus RN4220 harbouring either Ssc-CdnE0O3
alone or the full Ssc-CBASS operon were diluted 1:100 in BHI sup-
plemented with 5 mM CaCl,, 10 puM propidium iodide (PI), and the
appropriate antibiotic for selection, outgrown at 37 °C with shaking
tomid-log phase (-90 min), and then normalized to OD, 0.5. Cells were
then infected with phage at MOI 10 and allowed for grow at 37 °C for
another 10 minbefore collection (4,000 rpm, 5 min), and resuspension
of 2 x108 cells in 200 pl 1x PBS. Upon binding to DNA or RNA in cells
propidiumiodide fluorescenceis enhanced 20 to 30-fold Excitation,,,, =
540 nm/Emission,,,, = 617 nm, a process which requires disruption of
the bacterial membrane. Thus, cGAMP-induced membrane disruption
by Ssc-Capl5 was measured by adding cells to a 96-well plate and using
amulti-well fluorescence scanner to report emission in each well at
615 nm. Experiments were performed with six independent clones
(biological replicates), each with three technical replicates.

Structural prediction and analysis of Ssc-CdnEQ3

The amino acid sequence of Ssc-CdnEO3 sequence was used to
seed a position-specific iterative BLAST (PSI-BLAST) search of the
NCBI non-redundant protein and conserved domain databases
(composition-based adjustment, E-value threshold 0.01). Putative
domainsidentified from this search include a C-terminal nucleotidyl-
transferase (NT) domain of 2’,5’-oligoadenylate (2-5 A) synthetase
(NT_2-50AS) domain (residues 61-204; E-value 2.63 x 10™°) and an
N-terminal tRNA nucleotidyltransferase (CCA-adding enzyme) domain
(residues 5-158; E-value 8.01 x 10™*). Astructure of the Ssc-CdnEO3 was
predicted using AlphaFold (ColabFold). Following structure determi-
nation, pairwise structural comparison of the rank 1 model to the full
PDB database was performed using DALIL The ConSurf database was
used to visualize conserved structural features of the Ssc-CdnEO3.
Structural alignments and generation of surface electrostatics with
apo-0AS1 (PDB:4RWQ) and OAS1:dsRNA (PDB:4RWO) were performed
using PyMOL.

Generation of GFP-tagged ®80a«-vir

Wild-type ®80a-vir was passaged on a liquid culture of S. aureus
RN4220 harbouringa plasmid (pDVB434) encoding thegfp gene flanked
by 500-nucleotide upstream and downstream homology arms cor-
responding to ®80a gpI8and gp19, respectively. Toisolateindividual
plaques, the lysed culture supernatant spotted onto alawn of RN4220
harbouring atype II-A Sau CRISPR-Cas targeting plasmid (pDVB435) in
BHIsoftagar for counter-selection against wild-type phage and enrich-
ment of ®80«-vir::GFP. The gp18and gp19genes were amplified by PCR
and the gfp insertion was confirmed by Sanger sequencing.

Time-lapse fluorescence microscopy

S. aureus cells harbouring Ssc-CBASS or lacking Cap15 were loaded
onto microfluidic chambers using the CellASIC ONIX2 microfluidic
system. After cellsbecame trapped in the chamber, they were supplied
with BHI medium with 5 mM CaCl, and 10 pM propidium iodide
under a constant flow of 5 ul h™. After 1 h, GFP-tagged ®80a-vir was
flowed throughthe chambers for1h, before switching back to growth
medium. Phase contrastimages were captured at1,000x magnification
every 2 min using a Nikon Ti2e inverted microscope equipped with a
Hamamatsu Orca-Fusion SCMOS camera and the temperature-
controlled enclosure set to 37 °C. GFP was imaged using a GFP filter
set and propidium iodide stain with DSRed filter set, both using an
Excelitas Xylis LED llluminator set to 2% power, with an exposure time
of 300 ms. Images were aligned and processed using the NIS Elements
software. Further downstream analysis of images was performed with
Fijiv.2.3.0.

Generation and isolation of escaper bacteriophages

Overnight cultures of S. aureus RN4220 were diluted 1:100 and out-
grown at 37 °Cwith shaking for 1 h, infected with ®80a-vir (MOI 1) for
20 min, and then treated with 1% EMS, a chemical mutagen. Cultures
were allowed tolyse for 3 hbefore pelleting debris and sterile-filtering
the supernatant to obtain an EMS-treated mutant phage library.
One-hundred microlitres of RN4220 overnight cultures harbouring
Ssc-CBASS were infected with a high-titre mutant phage library in BHI
softagarand then plated. Afterincubating at 37 °C overnight, individual
phage plaques were picked from the top agar and resuspended in 50 pl
of BHIliquid medium. Phage lysates were further purified over two
rounds of passaging on RN4220 harbouring Ssc-CBASS.

Whole-genome sequencing and analysis

Genomic DNA from high-titre phage stocks was extracted using a
previously described method*. DNA was sheared to 300-bp frag-
ments using an S220 Covaris Focused-Ultrasonicator (peak incident
power:140 W, duty factor:10%, cycles per burst: 200, treatment time:
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80 s, temperature 4 °C) in S-Series Holder microTUBEs (PN 500114).
Library preparation was performed using the lllumina Nextera XT DNA
Library PreparationKit protocol (FC-131-1096).12 pM of the library was
loaded on an Illumina MiSeq instrument for paired-end sequencing
(2 x150 cycles). Bowtie2 via the Galaxy open-source interface* was
used toalign sequencing reads to phage and host genomes. A custom
Python script was used to convert the output SAM alignments into
CSVfiles.

Generation of recombinant ®NM1y6 terS** mutants

Wild-type ®NM1y6 was passaged on S. aureus RN4220 harbouring
Ssc-CBASS and pTerS or pTerS# to enable recombination. The infected
culture supernatant was spotted onto alawn of RN4220 with Ssc-CBASS
in BHI soft agar to isolate individual escaper plaques. The terS gene
was amplified by PCR and the S74F mutation was confirmed by Sanger
sequencing.

Generation of recoded ®80a«-vir cabRNA mutants

Wild-type ®80a-vir was passaged on a liquid culture of S. aureus
RN4220 harbouring a plasmid (pDVB442, pDVB443, or pDVB460)
encoding amutant cabRNA sequence with silent transition mutations
at the wobble positions of each codon and flanking homology arms.
To isolate individual plaques, the lysed culture supernatant spotted
onto alawn of RN4220 harbouring a type II-A Sau CRISPR-Cas target-
ing plasmid (pDVB444) in BHI soft agar for counter-selection against
wild-type phage and enrichment of the recoded mutants. The terS and
terl genes were amplified by PCR and the recombined phage mutants
was confirmed by Sanger sequencing.

Northern blot analysis

RNA was extracted from S. aureus RN4220 cells, with or without infec-
tion by ®80a-vir, according to the Direct-Zol RNA MiniPrep Plus
Kit (R2072) manufacturer’s protocol. RNA samples were diluted in
an equal volume of sample buffer (90 mM Tris-borate, 2 mM EDTA,
pH 8.3, 8 M Urea, 10% sucrose, 0.05% bromophenol blue, and 0.05%
xylene cyanol) and denatured by heating at 65 °C for 15 min, fol-
lowed by chilling onice. Denatured samples were separated by 12%
polyacrylamide-8 M urea denaturing gel electrophoresis at 250 V in
0.5x TBE buffer (45 mM Tris, 45 mM borate, and 1 mM EDTA, pH 8.0).
For blotting, separated RNA was transferred onto BrightStar-Plus
positively charged nylon membrane (ThermoFisher, AM10100)
by semidry electroblotting in molecular grade water at 300 mA
for 60 min. After EDC crosslinking, the membrane was blocked in
6xSSC and 7% SDS in a 65 °C oven for 1 h. The membrane was then
incubated overnight at 42 °C with PCR-generated double-stranded
DNA probes against the cabRNA labelled with fluorescein. After
washing with 0.1% SDS in 3x SSC 3 times for 10 min at 42 °C the blots
were imaged using a Typhoon Trio Imager System for detection of
fluorescein signal.

Phylogenetic analysis of CD-NTase sequences

The CD-NTases from S. schleiferi are most similar to the CdnE subtype
03 (CdnEO3) described by Whiteley et al.®. All CD-NTase enzymes were
aligned using TCoffee Multiple Sequence Alignment tool (default
parameters) and used to construct a phylogenetic tree with Geneious
Prime using the neighbour-joining method and Jukes-Cantor genetic
distance model with no outgroup.

Statistical analysis

All statistical analyses were performed using GraphPad Prism v9.5.1.
Error bars and number of replicates for each experiment are defined
inthe figure legends. Comparisons between groups for viral titre, gene
expression, colony-forming units, and signalling intensity were ana-
lysed by unpaired parametric t-test, two-tailed with no corrections.
Comparisons of signal intensities from phosphor screenimages were
quantified using Fiji v2.3.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Any additional data from this
study areavailable from the lead contact uponrequest. The raw FASTQ
files for the next-generation sequencing experiments canbe found at
the NCBISequence Read Archive (SRA) under BioProject PRINA1016327.
The complete genomes of ®J1, ®J2 and ®J4 are deposited in GenBank
with accession numbers OR453397, OR453398 and OR453399, respec-
tively. The crystal structures in Extended Data Fig. 4a-c are derived
from Protein Data Bank 4RWQ and 4RWO.

Code availability

Custom Python scripts used for data analysis are deposited at github.
com/Marraffini-Lab/Banh_Roberts_etal 2023.
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Extended DataFig.1| Typel-B CBASS confers anti-bacteriophage
immunity instaphylococci. (a) Schematic of the typeI-B CBASS operon
presentin Staphylococcusschleiferi(Ssc) 2142-05,2317-03, and 5909-02
genomes, flanked by atypelIrestriction-modification system. The CBASS
operon consists of two genes encoding a cyclase belonging to the E clade,
cluster 3 (Ssc-CdnE03) and a two-transmembrane domain-containing effector,
Capl5. (b) Detection of phage propagation after spotting ten-fold dilutions of
thelytic DNA phages, ®80a-vir, DNM1y6, ®NM4y4, and ®12y3 onto lawns of
S.aureusRN4220 harboringeither anincomplete (Ssc-CdnEO3 alone) or intact
Ssc-CBASS operonintegratedinits genome. (c) Enumeration of plaque-
forming units (PFU) from cultures harboring Ssc-CdnEO3 alone or Ssc-CBASS
immediately before infection (Pre), after initial absorption of the phage (0 h),
after onelytic cycle (1 h), and after complete culture lysis (3 h) by ®80a«-vir at
MOI5.Mean + SEM of three biological replicatesisreported. (d) Sameas (c) but
using ®NM4y4. Mean + SEM of three biological replicatesisreported. (e) Growth
of staphylococciharboring aSsc-CBASS operon measured by optical density at
600 nm after the addition of ®80a-vir ata multiplicity of infection (MOI) of O,
0.1,1,0r10. The mean of three biological replicates + SDis reported. (f) Same as
(e) but following the growth of staphylococciexpressing only the Ssc-CdnEQO3
cyclase. Themean of three biological replicates + SD is reported. (g) Replicates

oftheinfectionshownin panel (e), at MOI10. There-growth of two of the
curvesat-11hafterinfectionis presumably due to the selection of non-CBASS
resistant bacteria, which are presentataverylow frequency in the population.
(h) Enumeration of colony-forming units (CFU) from cultures harboring
Ssc-CdnEO3 alone or Ssc-CBASS immediately before infection (Pre), after initial
absorptionofthe phage (0 h), after onelytic cycle (1 h), and after complete
culturelysis (3 h) by ®80a-vir at MOI 5. Mean + SEM of three biological replicates
isreported. (i) Same as (h) but using ®NM4y4. Mean + SEM of three biological
replicatesisreported. (j) Genome of the ®80a-vir®* phage, showing the site of
insertion of the gfp gene, the early (P;) and late (P,) promoters activated during
thelyticcycle of the phage (green arrows), the geneinactivated to prevent the
lysogenic cycle of ®80a (cl-like repressor, red star), and the terminase subunit
genes (terS/L,inred). (k) Fluorescence microscopy of staphylococciharboring
Ssc-CdnEO3 alone or the full Ssc-CBASS operon at different times after infection
with ®80a-vir phage, in the presence of propidiumiodide. Green cells
indicate asuccessfulinfection due to the expression of the viral GFP. Red cells
indicate activation of the Cap15 CBASS effector, which causes membrane
disruption and enables the internalization of the dye. Scale bar corresponding
to2umisdisplayed. Dataare representative of threeindependent experiments.
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Extended DataFig.2|Activation of Ssc-CdnEO3 invivo andinvitro.

(a) Regulation of Ssc-CBASS operon. Expression of the Ssc-CdnEO3 and Ssc-
Capl5effector genes during log-phase growth of S. aureus RN4220::Ssc-CBASS
inthe presence or absence of infection by ®80a-vir measured by RT-qPCR. For
each condition, expression ratios were determined by normalizing Cq values
for Ssc-CBASS genes to Cq values for the housekeeping gene glcC. The mean
ofthree biological replicates + SEMis reported. No significant differences
were observed between values obtained in the presence or absence of phage,
suggesting that thereis not transcriptional regulation of the Ssc-CBASS operon
uponinfection. (b) Growth of staphylococci harboring an overexpression
plasmid containing either the Ssc-CdnEO3 alone, Ssc-Capl5 alone, or the intact
Ssc-CBASS operon under the transcriptional control of aP-spac promoter,
measured by optical density at 600 nm after the addition of IPTG. The mean
ofthree biological replicates + SDis reported. (c) Growth of staphylococci
harboringeither anincomplete (Ssc-CdnEO3 alone) or intact Ssc-CBASS
operon, witheither wild-type or D86A,D88A mutant Ssc-CdnEO3, measured by
optical density at 600 nm after the addition of ®80a-virataMOI of 1. The mean
ofthree biological replicates + SDis reported. (d) Thin-layer chromatography
analysis of Ssc-CdnEO3 productsinthe presence of total RNA from S. aureus
RN4220 after ®80a-vir infection, using different radiolabeled nucleotides
toinvestigate the nucleotide composition of the enzymatic product. Pi, free
phosphates;int,intermediate cyclase product; cdn, cyclicdinucleotide. Data
arerepresentative of three independent experiments. (e) TIC analysis of the
reaction products of wild-type Ssc-CdnEQ3. The retention time of the peak
corresponding tothe cyclase products coincides with theretention time of the
3’,2-cGAMP. This peakis not presentin the reaction products of the active site

mutant cyclase, D8B6A-D88A. Peaks for other cyclic dinucleotides that contain
adenine and guanosine, which do not overlap with3’,2’ cGAMP, are shown.

(f) Comparison of averaged MS/MS spectra of the reaction products of wild-
type Ssc-CdnEO3 (purple spectrum) and 3’,2-cGAMP (green spectrum). The
mostabundantionsare presentinbothsamples (see Supplementary Text fora
complete MS analysis). (g) Treatment of the Ssc-CdnEO3 reaction products
with P1nuclease. Asshownin (d), after treatment of the Ssc-CdnEO3 reaction
products with calfintestinal phosphatase (CIP), anintermediate species is
observed when ATP, but not when GTP, is radiolabeled (“-”). Given that the
Ssc-CdnEO3 productis 3’,2-cGAMP, this intermediate should result from the
formation of either the canonical (pppG[3'-5’]pA) or the non-canonical
(pppA[2-5'1pG) phosphodiester bond during the first step of the cyclase
reaction. To distinguish between these two possibilities, the reaction
products were treated with CIPand P1nuclease (“+”), which cleave 5’ and 3’
phosphodiester bonds, respectively. This treatment eliminated both the
32p-labeled intermediate and cyclic nucleotide when ATP was radiolabeled. In
contrast, when GTP was radiolabeled, treatment withboth enzymes eliminated
theradioactive cyclic nucleotide to generate the linear intermediate. This
resultis consistent with the formation of a (pppG[3™-5']pA) intermediate,
asshowninthe Supplementary Text File. Data are representative of three
independent experiments. (h) Diagram of the ®NM1y6 genome showing
thelocalization of the cabRNA sequence. (i) Northernblot analysis of RNA
extracted from S. aureus/pSsc-CBASS cells before (-) and 30 min after (+)
infection with ®80a-vir, usingacabRNA probe.A400-nt RNA thatis present
only during phage infection, presumably the cabRNA, is marked by the
arrowhead. Dataare representative of threeindependent experiments.
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Extended DataFig. 3| Analysis of cabRNA activation of Ssc-CdnE03.

(a) Quantification of the cyclase reaction products of triplicates of the
experimentshowninFig.3d. pvalues determined using a t-test (unpaired,
two-tailed), individual data points are shown with error bars representing the
mean +/-s.e.mofn=3technical replicates representative of three independent
experiments. (b) Thin-layer chromatography analysis of Ssc-CdnEO3 reaction
productsinthe presence of the cabRNAisolated froma pull-down assay, or the
sense or antisense strands of in vitro transcribed (IVT) cabRNA.IVT RNA was
subjected to heatrefolding (see Methods). An agarose gel stained with ethidium
bromide (middle) and SDS-PAGE stained with Coomassieblue (bottom) are
shownasloading controls. Pi, free phosphates. Data arerepresentative of three
independent experiments. (c) Same asin (b) butincubating the cyclase with
pulled-down RNA or different synthetic RNA oligonucleotides described in detail
inthe Supplementary Sequences File and Supplementary Methods Table 5.

(d) Quantification of the cyclase reaction products of triplicates of the
experimentshownin (c), induced by the pull-down, hairpin-1and random
dsRNA oligonucleotide. Pvalues determined using a t-test (unpaired, two-
tailed), individual data points are shown with error bars representing

the mean +/-s.e.mofn=3technical replicates representative of three
independent experiments. (e) Growth of staphylococciharboringeither an
incomplete (Ssc-CdnEO3 alone, “-”) orintact Ssc-CBASS (“+”) operon and an
empty vector (“-”) oraplasmid encoding cabRNA (“+”) under the control of an
aTcinducible promoter measured by optical density at 600 nm. The mean of
threebiological replicates £ SDisreported. (f) Agarose gel electrophoresis of
theinputand output RNA obtained after incubation of Ssc-CdnEO3 with total
RNA extracted from cellsinfected with ®80a-vir or ®80a-vir(terS**) phage,
inthe presence or absence of cabRNA plasmid overexpression. Dataare
representative of threeindependent experiments.
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Extended DataFig. 4 |Structural analysis of Ssc-CdnE03. (a) Structures of
porcine OAS1bound to dsRNA (PDB: 4RWO), Ssc-CdnE0O3 and Sha-CdnEO1
(AlphaFold rank #1 models). Black lines define a conserved primary dsRNA-
binding surface presentin OAS1that seems conserved inthe CBASS cyclases.
(b) Surface electrostatics of the structures shownin (a); blue and red, positive
and negative charge, respectively. Black lines define the dsSRNA-binding surface.
(c) Structural alignment of Ssc-CdnEO3 (red) and crystal structure of porcine
OAS1:dsRNA (PDB: 4RWO) (blue) withzoomed-in cutaways highlighting
conservation of theactive site (top inset) and positively charged residues within
theligand binding surface (bottominset). (d) Quantification of the cyclase
reaction products of triplicates of the experiment shownin Fig. 4d. p values
determined usinga t-test (unpaired, two-tailed), individual data points are shown
witherrorbarsrepresenting the mean +/-s.e.mof n = 3 technical replicates
representative of three independent experiments. (e) Quantification of

propidiumiodide (PI) fluorescence at 615 nm of S. aureus cultures expressing
the Ssc-CdnEO3 alone, or the full CBASS system harboring a wild-type, K9E or
K13E cyclase, 15 min after infection with ®80a-vir. p values determined using a
t-test (unpaired, two-tailed). Individual data points are shown with error bars
representing the mean +/-s.e.mfor n = 6 biological replicates. (f) Quantification
ofthefraction of the cyclasebound to cabRNAinthe experiment shownin
Fig.4c.pvalues determined using a t-test (unpaired, two-tailed), Individual
datapointsareshownwith error barsrepresentingthe mean+/-s.e.mn=3
technicalreplicatesrepresentative of three independent experiments.

(g) Agarose gel electrophoresis of the input and output RNA obtained after
incubation of Ssc-CdnEO03, wild-type or K9E/K13E mutant, with total RNA
extracted from cellsinfected with ®80a-vir. Data arerepresentative of three
independent experiments. (h) Replicates of the infection growth curve shown
inFig.4d, for the cultures expressing Ssc-CdnEQ3*"*,
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Extended DataFig.5|The Sha-CdnEO1cyclasealsobindsthecabRNAduring  S.vitulinus WP_016911376.1; S. epidermidis W23144 (Cd-E03) - EES35648.1;
®80«-virinfection. (a) Alignment of porcine OAS1, D. erecta cGLR, and S.sp.HMSCO077B09 WP_070485035.1; S. schleiferi WP_050329628.1;
bacterial CdnEO3s. Conserved residues are highlighted in blue. (b) Alignment S.chromogenes WP_037576868.1. (c) Detection of phage propagation after
of the N-terminal helix, PBCD and C-terminal domains CD-NTases from spotting ten-fold dilutions of the lytic DNA phages, ®80a-vir, DNM1y6,
staphylococcal species, belonging to different families (in different colors). ®NM4y4, and ®12y3 onto lawns of S. aureus RN4220 harboring a plasmid
The conserved basic residues involved in cabRNA binding by Ssc-CdnEO3 are expressing anincomplete (Sha-CdnEOl alone) orintact Sha-CBASS operon.
highlightedinred. Accession numbers are:S. nepalensis WP_096808822.1; (d) Agarose gel electrophoresis of theinputand output RNA obtained after
S. hominis WP_0494417910.1; S. epidermidis WP_020363757.1 (CdnB03); incubation of Sha-CdnEO1 with total RNA extracted from uninfected
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S.argenteus WP_076688059.1; S. hominis WP_071561002.1; S. sp. EGD-HP3 Dataarerepresentative of threeindependent experiments.
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Extended DataFig. 6 |Isolationand characterization of CBASS escapers.

(a) Anovernight culture of S. aureus RN4220 was diluted and outgrown to early
log-phase, at which time ®80a-viratan MOl of 1was added. Just before the
firstburst (-30 min), 1% ethyl methanesulfonate (EMS) was added to generate
mutations. Infectionsinthe presence of EMS were allowed to proceed at 37 °C
for4 htoallow phage to propagate and lyse the culture. Culture supernatants
were collected and used to infect staphylococci expressing Ssc-CBASS to
enrich for phage escapers. Supernatants of these cultures were serially
diluted and spotted onalawn of S. aureus RN4220::Ssc-CBASS or Ssc-CdnEO3.
A controlexperiment without the addition of the EMS mutagenis shown.

(b) Diagram of ®80a-vir genome with localization of four unique escaper
mutationsidentified in terS or gp46. (c) Growth of staphylococciharboring
eitheranincomplete (Ssc-CdnEO3 alone) orintact Ssc-CBASS operon measured
by optical density at 600 nmafter the addition of ®80a-vir or ®80a-vir(gp46:°°°)

atMOI1.The mean of three biological replicates + SDisreported. (d) Detection
of phage propagation after spotting ten-fold dilutions of ®80a-vir or
®80a-vir(gp46°°) onto lawns of S. aureus RN4220 harboring either an
incomplete (Ssc-CdnEO3 alone) orintact Ssc-CBASS operon, thelatterinthe
presence or absence of Gp46 overexpression using plasmid pGp46. (e) Thin-
layer chromatography analysis of Ssc-CdnEO3 reaction productsin the presence
oftotal RNA extracted from uninfected staphylococcior cellsinfected with
wild-type or gp46°°° ®80a-vir. Pi, free phosphates. (f) Quantification of
propidiumiodide (PI) fluorescence at 615 nm of S. aureus cultures expressing
the Ssc-CdnEO3 alone or the full CBASS system, 15 min after infection with
wild-type or different mutant versions of ®80a-vir. p values determined using
at-test (unpaired, two-tailed). Individual data points are shownwith error bars
representing the mean +/-s.e.mn=9biological replicates.
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Extended DataFig.7|Mechanism of escape mediated by the terS
mutation. (a) Agarose gel electrophoresis of the escaper RNA generated
duringinfection with ®80a-vir(ter§**") isolated from a pull-down assay,
treated withRNase T1or Ill. Data arerepresentative of threeindependent
experiments. (b) Electrophoretic mobility shift assay of cabRNA and the
escaper (long) cabRNA pulled down during infection with the ®80«-
vir(ter§*") phage, in the presence of increasing concentrations of Ssc-
CdnEO03. (c) Quantification of the fraction of the cyclase bound to cabRNA in
the experimentshownin (b). p values determined using a t-test (unpaired,
two-tailed), individual data points are shown with error bars representing the
mean +/-s.e.mn =3technical replicates representative of three independent
experiments. (d) Thin-layer chromatography analysis of Ssc-CdnEO3 reaction

productsinthe presence of cabRNA orinvitrotranscribed escaper RNA. Pi,
free phosphates. (e) Wild-type ®NM1y6 was propagated in liquid cultures of
S.aureus RN4220::Ssc-CBASS harboring a plasmid-borne terS gene, wild-type
or carrying the S74F mutation. Culture supernatants were collected and

serial dilutions were spotted onto lawns of S. aureus RN4220::Ssc-CdnEO3 or
RN4220::Ssc-CBASS. (f) Growth of staphylococci harboring pTerS, providing
IPTG-inducible expression of the ®80a-vir TerS protein, measured by optical
density at 600 nm after the addition of the inducer. The mean of three biological
replicates+SDis reported. (g) Same as (f) but using pGp46 plasmid, providing
IPTG-inducible expression of the ®80a-vir Gp46 protein. (h) Same as (f) but
using pGp40-47 plasmid, providing IPTG-inducible expression of the complete
®80a-virviral capsid.
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Extended DataFig. 8| Characterization of ®80a-vir phages carrying
mutationsin the cabRNA. (a) Growth of staphylococciexpressing the
Ssc-CdnEO3 cyclase alone, measured by optical density at 600 nm after the
addition of ®80a-vir mutants that contain122,100 or 57 mutations within the
cabRNAsequence, at MOI1. An uninfected culture is shownas control. The
mean of three biological replicates + SDisreported. (b) Enumeration of PFU
from cultures shownin (a), 0.5,1.0 and 3.0 h after infection. Mean + SEM of
threebiological replicatesisreported. (c) competition assays between
®80a-vir and ®80a-vir(terSs*) or ®80a-vir(cabRNA'?). Al:1ratio mix of
both phageswas used toinfect S. aureus RN4220 and supernatants were
collected every three hours to enumerate total and ®80a-vir(terSS’*) or
®80a-vir(cabRNA'??) PFUs (mutant phages were enumerated through plating
onlawns of staphylococciexpressing the Ssc-CBASS system, on which

wild-type phages cannot form plaques), and diluted into a fresh bacterial
culture. Each dilution constitutes one passage. p values determined usingat
test (unpaired, two-tailed), individual data points are shown with error bars
representing the mean +/-s.e.mof n=3biological replicates. (d) Detection

of phage propagation after spotting ten-fold dilutions of ®80a-vir or ®80a-
vir(cabRNA'?) onto lawns of S. aureus RN4220 harboring either anincomplete
(Ssc-CdnEO3 alone) or intact Ssc-CBASS operon. (e) Thin-layer chromatography
analysis of Ssc-CdnEO3 reaction productsin the presence of cabRNA* or
cabRNA'”isolated from pull-down assays. Pi, free phosphates. (f) Quantification
of the cyclase reaction products of triplicates of the experiment shownin
Fig.5e.pvalues determined using a t-test (unpaired, two-tailed), individual
datapointsareshownwith error barsrepresenting the mean +/-s.e.mofn=3
technical replicates representative of threeindependent experiments.
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Extended DataFig. 9| Characterization of Ssc-CBASS immunity against
®@J1, ®J2and ®J4 phages. (a) Phylogenetic tree of the phages used in this
study, generated usingJalview. The scale barindicates the genetic distance

calculated by this software. (b) Diagram of the ®J1/2 genomes showing the
localization of the cabRNA sequence within the terS/L region. (c) Same as
(b) but for the ®J4 genome.
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