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Single phage proteins sequester signals from
TIR and cGAS-like enzymes
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Prokaryotic anti-phage immune systems use TIR and cGAS-like enzymes to produce
1”-3’-glycocyclic ADP-ribose (1”-3’-gcADPR) and cyclic dinucleotide (CDN) and
cyclictrinucleotide (CTN) signalling molecules, respectively, which limit phage
replication'. However, how phages neutralize these distinct and common systems

is largely unclear. Here we show that the Thoeris anti-defence proteins Tad1* and
Tad2’both achieve anti-cyclic-oligonucleotide-based anti-phage signalling system
(anti-CBASS) activity by simultaneously sequestering CBASS cyclic oligonucleotides.
Apart from binding to the Thoeris signals 1”-3’-gcADPR and 1”-2’-gcADPR, Tadl also
binds to numerous CBASS CDNs and CTNs with high affinity, inhibiting CBASS systems
that use these molecules in vivo and in vitro. The hexameric Tadl has six binding sites
for CDNs or gcADPR, which are independent of the two high-affinity binding sites for
CTNs. Tad2 forms atetramer that also sequesters various CDNs in addition to gcADPR
molecules, using distinct binding sites to simultaneously bind to these signals. Thus,

Tadland Tad2 are both two-pronged inhibitors that, alongside anti-CBASS protein 2
(Acb2%78), establish a paradigm of phage proteins that use distinct binding sites to
flexibly sequester a considerable breadth of cyclic nucleotides.

Bacteria encode numerous immune systems that protect them from
phage infection®™. In turn, phages have mechanisms to antagonize
theseimmune systems and effectively replicate, such as expressing pro-
teins with anti-immune activities,among which anti-CRISPR (Acr) pro-
teins have been studied extensively® 8, Thus far, phage anti-immune
proteins have been identified for many different systems, including
CRISPR-Cas, restriction modification and bacteriophage exclusion,
which largely rely on protein-protein interactions to block immune
function”. However, recently identified inhibitors of cyclic nucleotide
signalling-based anti-phage systems, such as CBASS, Thoeris, Pycsar
and type Il CRISPR-Cas, have revealed the ability of phage proteins
to sequester or degrade cyclic nucleotides* 722,

The Thoeris anti-phage system encodes ThsB, a protein with a Toll/
interleukin-1receptor/resistance (TIR) domain that senses phage infec-
tion and produces the 1”7-3’ gcADPR that subsequently activates the
NADase effector ThsA**. CBASS encodes a cyclic GMP-AMP synthase
(cGAS)/DncV-like nucleotidyltransferase (CD-NTase) that produces
CDNs or CTNs after phage infection®. A broad diversity of CD-NTases
has been identified in bacteria??, which are able to produce at least 12
different cyclic oligonucleotide species®*?. These cyclic nucleotides
bindto a cognate effector, whichis proposed toinduced dormancy or
death to stop successful phage replication.

The Thoeris anti-defence proteins Tadland Tad2 antagonize immu-
nity by sequestering the signalling molecule17-3’-gcADPR**. For CBASS,

two phage proteins have beenidentified that antagonize itsimmunity.
Anti-CBASS protein 1 (Acbl) degrades the cyclic oligonucleotide sig-
nals®, and Acb2 is a sponge for CDNs®” and CTNs with two distinct
binding sites®. Here we report that Tadl and Tad2 both also possess
anti-CBASS activity by sequestering a breadth of CBASS signals, each
using two distinct binding pockets. CBASS is generally more common
than Thoeris®; thus, these findings greatly broaden our appreciation
of the utility of these proteins to the many phages that encode them.
Some bacterial species also encode both Thoeris and CBASS immune
systems'?, which Tadl and Tad2 could inhibit simultaneously. Tadl
and Tad2 are therefore two-pronged inhibitors that block Thoeris and
CBASS activity due to the similar nature of their immune signalling
molecules despite theindependentevolutionary origins of the enzymes
that create them.

Tadlsequesters CBASS CTNs and CDNs

Owingto the overall similarities between signalling molecules used by
multiple defence systems, we examined whether anti-Thoeris Tadland
Tad2 sponges also sequester cyclic nucleotides used in Pycsar, CBASS
or type lll CRISPR-Cas signalling systems>°~2, Four cyclic mononucleo-
tides (cCMP, cUMP, cGMP and cAMP), eight CDNs (3’,3’-cGAMP, cGG,
cUG, cUA, cUU, cAA, 2,3’-cGAMP and 3’,2’-cGAMP), two CTNs (cA; and
cAAG), as well as cA, and cA, were tested. Native gel assays showed a
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Fig.1| The Tad1 hexamer binds to two molecules of cyclic trinucleotides.
a,ITCassay of cyclicoligonucleotide binding to ChTadl and CmTad1.
Representative binding curves and binding affinities are shown. The K},
valuesaremean +s.d.n=3independent experiments. Raw dataare shownin
SupplementaryFig.3.b, The ability of ChTad1 tobind to and release cA;and
2’,3’-cGAMP when treated with proteinase K was analysed using HPLC. c, The
overallstructure of CmTadl hexamer. The Znionisshownasasphere. Three
views areshown.d, SLS assays of CbTadl and CmTadl. Theoretical and
measured values are shown. The chromatogram shows the elution profile of
proteinstandards. e, Detailed bindingin the hexamer interface of CmTad1.
Residuesinvolved in hexamer formation are shown as sticks. The red dashed
linesrepresent polarinteractions. f, SLS assays of CmTadland its mutant. 5x mut,
CmTad1(Q98A/E99A/M102A/W103A/K106A).g, The overall structure of the

shiftin Tadlfrom both Clostridium botulinum prophage (CbTad1) and
Clostridioides mangenotii prophage (CmTad]) after the addition of
cA,or cAAG, and ashiftin CbTad1 after the addition of 2/,3’-cGAMP or
37,2’-cGAMP (Supplementary Figs.1and 2). These binding events were
further verified by isothermal calorimetry (ITC) experiments (Fig. 1a
and Supplementary Fig. 3), which showed that ChTadl and CmTad1l
bind to cA, with a K, of around 14.0 nM and 9.8 nM, respectively, and
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CmTadlhexamerboundto cA,. Two views are shown. The red circles mark
thebindingsites of gcADPR. h, Detailed binding between CmTadl and cA,.
Residuesinvolvedin cA;bindingare shown as sticks. The red dashed lines
represent polarinteractions. 2Fo-Fc electron density of cA; within one binding
pocketisshownand contoured at1o.i, Native-PAGE analysis showing the
binding of ChTadland its mutants to cA;and1”-2-gcADPR. Gel source dataare
providedin SupplementaryFig.1.j, ITC assays of the binding of17,2-gcADPR to
CbTadl mutants. The K valuesare mean +s.d. n=3independent experiments.
RawdataareshowninSupplementary Fig. 3.k, The overall structure of the
CmTadl hexamerboundto cAjand1”-3-gcADPR. cA;and 17-3-gcADPR are
shownas greenand orange sticks, respectively. 2Fo-Fc electron density of cA,
and1”-3-gcADPR within the CbTadl hexamer contoured at1o.

theybind to cAAG with a K, of about12.5 nM and 20.1 nM, respectively
(Fig.1a). ChTadl bound to 2’,3’-cGAMP and 3’,2’-cGAMP with a K, of
around 31.1 nM and 24.5 nM, respectively (Fig.1a and Supplementary
Fig. 3); however, it bound only weakly (K, > 0.4 pM) to 3’,3’-cGAMP,
¢GG, cUA and cAA (Fig.1aand Supplementary Fig. 3). An analysis using
high-performance liquid chromatography (HPLC) revealed thatincu-
bating ChTadlwithcA3 or2’,3’-cGAMP depleted detectable molecules,



but they were detected again in unmodified form after proteolysis of
CbTad1(Fig.1b). The strong binding values reported here are more than
one order of magnitude stronger than the reported CmTadl binding
affinity for 1”-2’-gcADPR of 241 nM (ref. 4), which was the first identi-
fied ligand for this protein. Bioinformatic analysis of the Clostridium
genus revealed CBASS CD-NTases that produce cA,/cAAG (CdnD) and
3/,2’-cGAMP (CdnG)**?* (Extended Data Fig. 1a and Supplementary
Table1), highlighting the likely biological driver for the observed bind-
ing spectraof CbTadl and CmTadl. Taken together, these results dem-
onstrate that Tadl also binds to and sequesters both CTNs and CDNs
used in CBASS immunity in addition to Thoeris gcADPR molecules.

Tadl hexamer binds to CTNs and gcADPR differently

Tounderstand how Tadlinteracts with CTNs, we first determined crys-
tal structures of apo CmTad1(2.56 A) and its complex with cA, (2.80 A)
or cAAG (3.27 A) (Extended Data Table 1). Notably, in all of the structures
solved, CmTadlis ahexamer (Fig.1c), rather than adimer as previously
proposed for ChTad1*. To verify the oligomeric state of Tad1 in solu-
tion, we performed static light scattering (SLS) analysis of CmTadland
CbTad1, which also showed that both are hexamers in solution (Fig. 1d).
The Tadl hexamer canbe viewed as atrimer of dimers with dihedral D,
symmetry (Fig. 1c), and analysis of the interface between two dimers
showed that each protomer interacts with protomers from the other
two dimers (Fig. 1e). By mutating the interface residues of ChTadland
CmTadl, the protein peaks of the mutants shifted in the gel-filtration
assay, and SLS analysis showed that both mutant proteins were dimers
(Fig.1fand Extended Data Fig. 2e).

We nextinvestigated the binding pockets of the CTNs. We found that
a Tadl hexamer binds to two CTNs in distinct pockets separate from
gcADPR-binding sites. CTNs arebound inthe trimericinterface of the
three Tadl dimers (Fig. 1g and Supplementary Fig. 4c), coordinated
by conserved residues Arg88 and Thr95 in CmTad1 (Fig. 1h). Muta-
tions R90A and T97A in ChTadl reduced cA; binding but not gcADPR
binding (Fig.1i,j), confirming independent binding sites for CTNs and
gcADPR. An analysis of the structure of Tadl is provided in the Sup-
plementary Information. Thus, one Tadl hexamer binds to two CTNs
through two pockets independent of those for gcADPR, which was
confirmed by solving astructure of CmTadlinacomplexwith cA;and
1”-3’-gcADPR (Fig. 1k).

Tadlbinds to CDNs and gcADPR in the same pocket

To understand how Tadlinteracts with CDNs, we determined crystal
structures of ChTadlinacomplexwith2’,3-cGAMP at 2.37 A (Extended
DataFig.3aand Extended Data Table 1). Notably, 2’,3’-cGAMP binds in
the same binding pocket as gcADPR in ChTad1 (Extended Data Figs. 3b
and 4a,b) and a ChTadl hexamer therefore binds to six 2’,3’-cGAMP
molecules in total with two in each ChTadl dimer (Extended Data
Fig.3a). A detailed structural analysis and the structural basis of CDN
specificity are provided in Extended Data Fig. 4c,d and Supplementary
Information.

Tadl homologues differin CDN binding spectra

The different binding spectra of CDNs between ChTadl and CmTad1
suggested that other Tad1 homologues might show diverse CDN bind-
ing spectra. Generation of a phylogenetic tree using PSI-BLAST toiden-
tify Tadl homologues revealed numerous distinct clades of Tadl and
showed that ChTadland CmTadlarerepresented on distant branches
of the Tadl phylogenetic tree (Supplementary Fig. 7). Importantly,
most Tadl orthologues are expected toretain both CDN/gcADPR-and
CTN-bindingsites, whereas only 12% and 6% of proteins have substitu-
tionsin CDN/gcADPR- or CTN-bindingsites, respectively (Supplemen-
tary Fig. 7). To test the binding activities of diverse homologues, we

purified Tad1from Bacillus cereus phage SBSphi7 (called SBS Tad1 here)
and Colidexitribacter sp. OB.20 (called ColiTadl here) and determined
their binding to the same array of cyclic oligonucleotides by native gel
(Supplementary Fig. 8) combined with ITC assays (Supplementary
Fig. 9). Both SBS Tadl and ColiTadl also bind to cA;/cAAG and cADPR
isomers, demonstrating a broadly conserved function of this family.
Notably, SBS Tad1 binds to 3’,3’-cGAMP/cUA with a high affinity (K,
values of 48.7 nM and 53.9 nM, respectively) and 2’,3’-/3’,2’-cGAMP
with a low affinity (Fig. 2a and Supplementary Figs. 8 and 9), which
is the opposite of CbTadl. These K, values are also strong compared
with the SBS Tadl binding affinity for 1’-2’- and 1’-3’-gcADPR of
284 nM and 210 nM, respectively (Fig. 2a and Supplementary Fig. 9).
Moreover, ColiTadl binds to 2’,3’-cGAMP with a high affinity and
37,3’-/3/,2’-cGAMP with a low affinity. Analysis of the well-sequenced
B.cereusgroup, the bacterial hosts for SBS Tadl, revealed multiple com-
monly encoded CBASS CD-NTases (thatis, CdnB, CdnD, CdnE and CdnG)
that produce the spectrum of cyclic oligonucleotides that SBS Tad1 binds
to (Extended Data Fig. 1d). This observation puts forthaclear biological
need to inhibit diverse CBASS systems. None of the known CD-NTases
used in our search were identified in Colidexitribacter genomes. Taken
together, these results indicate that Tadl homologues maintain a con-
served ability to bind to CBASS CTN and gcADPR signals, withavariable
spectrum of high-affinity binding to CBASS CDNs (Fig. 2b).

Tadl antagonizes two CBASS systems

As SBS Tadl1 displays high-affinity binding to 3,3’-cGAMP, we tested
whether SBS Tad1 can inhibit type 1I-A°* CBASS immunity that uses
3,3’-cGAMP to activate a phospholipase (CapV) effector protein. To this
end, we firstused aninvitro CapV activity assay we set up previously®.
While CapV activity could be activated by 3/,3’-cGAMP, its activity was
abolished when SBS Tadl was preincubated with 3/,3’-cGAMP (Fig. 2c).
After proteolysis of SBS Tadl, the released molecule again activated
the CapV activity. The SBS Tadl mutants FIOOA/N110A and R127A/
R131A, designed on the basis of its conserved CDN-binding sites, both
displayed decreased 3’,3’-cGAMP binding (Supplementary Fig. 10)
and reduced inhibition of CapV activity (Fig. 2c). Compared with SBS
Tadl, other Tadl homologues did not show significant inhibition of
CapV activity, probably due to their weak binding to 3’,3’-cGAMP
(Fig. 2d). These results demonstrate that SBS Tadl antagonizes type
11-A°* CBASS immunity in vitro through sequestering 3’,3’-cGAMP.
To determine whether SBS Tad1 caninhibit this same 3’,3’-cGAMP-based
CBASS system in vivo, the different Tad1l proteins were expressed in
the Pseudomonas aeruginosa strain BWHPSAO11 (Pa011) with an active
type II-A® CBASS system®. The Tadl homologs were also expressed
in a strain that expresses a Thoeris operon (PAO1:Tn7 Thoeris SIR2),
to confirm expression and function of Tad1 proteins in this host. We
performed phage infection assays with the CBASS-targeted phage
PaMx41 that lacks the anti-CBASS gene acb2 (PaMx41(Aacb2)) or the
Thoeris-targeted phage F10. We observed that SBS Tad1, but not CmTad1
or CbTadl, inhibited typelI-A°* CBASS activity to nearly the same extent
as the Acb2 positive control, while all Tadl proteins blocked Thoeris
function (Fig. 2e). These data collectively demonstrate the SBS Tadl
homologue inhibiting a3’3’-cGAMP CBASS systemin vivo, consistent
withinvitro binding patterns.

Asall ofthe Tad1 homologues tested display high-affinity binding to
CTNs, we tested whether Tad1 can inhibit type I1I-C*** CBASS immunity
that uses cA; to activate a non-specific endonuclease (NucC) effector
protein®*?*, Using the NucC enzyme from P. aeruginosa strain ATCC
27853 (Pa278), we showed that addition of cA, activates the DNA cleav-
age activity, whereas adding ChTad1significantly decreased NucC acti-
vity (Fig. 2f). Moreover, after proteolysis of ChTadl, the released cA,
molecule again activated the NucC activity (Fig. 2f). The ROOA and
T97A CbTadl mutant proteins, with diminished cA; binding, displayed
no inhibition of NucC activity. To test in vivo activity, the same Pa278

Nature | www.nature.com | 3



Article

(1]

= 3,3'-cGAMP
v‘_w 40 Fkkdk
E . **-**
= 0 Zas SBS Tad1 0 ColiTad1 @ 30 T
g -5 ’y_,,,rvr"‘ Syringe KD(nM) g Syringe KD(nM) ©
£ 10 = CA, 26.4+52 £ -10 = CA, 458149 2 20
] cAAG 46.321.8 8 —=— CAAG 205+9.3 s
Z e Al =
. - 273- 2204+91713 o v
€ = 33-cGAMP  48.7+420 & 30 T BT oOAND a2l o 10
g 20 = cUA 53.9: 195 B = 17-2-gcADPR 408104 £
2 -30 —= 1,2-gcADPR  284.1 2 111.5 2 40 "-2"-go .8+ 10. =
=5 o i —a 173-gcADPR  210.4 +52.9 IS —# 1"-3-gcADPR  77.9+09 g 0
_ T T T T T T T T T T T T T T T T \* N ?. ?.
0 0.30.6091.21.51.82.1 0 0.30.6091.2151.82.1 Aé\ /\,bb ﬁ.{@qz{b" &e‘l_
Molar ratio Molar ratio L & SO
@) o% \QQ \q:\ ‘6‘
< < % 2
’ 2 $9¢s & & d
¢ D i < 0 < B % < < < < o
o > G 23 3 7 7 3 g S S
e 2208 % % 9 % T T H H DO N 2
2 2230 abh hHHh hn by e I
O © 0 0 ®™® ®» ® ®™® ®» ® ®™» ® &N ®» & O + * ‘é‘
CbTadl| X | X | X | X X | x Z
2
Q
CmTadl| X | X | X | X X | X g
€
SBSTadl| X | X | X | X X | X 3
e
w
ColiTad1| X | X | X | X X
B strong binding [ weak binding No binding
e P. aeruginosa Pa231 P. aeruginosa Pa011 f NucC - + + + + + +
N GA
Thoeris SIR2 operon log, [change in phage titre] CBASS II-A™ operon CA; - - + + + + +
TR Effector TIR Effector CD-NTase E1/E2  JAB WT - - + +
------ D B> e -] © | RIS
GOADPR 3',3'-cGAMP R9OA - - - - + - -
PAO1:Tn7 empt PAO1:Tn7 Thoeris SIR2 TOTA = = = = =+ -
Sinremply sinf thoeris Pa011(ACBASS) II-A** Pa011 WT Proteinase K — — — — — — +
M M bp
30T-empt: 5,000
’ oY 3000 | = - [N
p30T-Acb2 2,000 | = |sc
~ 1,000
p30T-SBS Tad1 900 (=
p30T-CbTad1 500 | = Cut
p30T-CmTad1 ?gg -
F10 phage PaMx41(Aacb2) phage
g9 P. aeruginosa Pa278 h 1
CBASS III-C*** operon
Effector CD-NTase TRIP13 HORMA2/3 Iogm[change in phage titre]
...... NucC / cdnD  ZliGERB), Caps 4/Cap7 2o
s = 5 BRI
PAO1:Tn7 empty PAO1:Tn7 CBASS IlI-C**
PAO1:Tn7 PAO1:Tn7
_(CAMA phiKZ WT phage  phiKZ(Aorf184) phage
p30T-empty empty CBASS III-C
p30T-Acb2 JBD67 WT n PAO1:Tn7 empty [§ @ @ |
p30T-SBS Tad1 JBDG7 (dach?) = PAO1:Tn7 CBASS II-A®
PAO1:Tn7 CBASS IlI-C**
p30T-CbTad1 =
JBD67 SBS Tad1 i n PAO1:Tn7 Thoeris SIR2 (@ & © 5 |

p30T-CmTad1

JBD67(Aach2) phage
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a, ITC analysis of cyclic oligonucleotides binding to SBS Tadland ColiTad1.
Representative binding curves and binding affinities are shown. The K, values
aremeants.d.n=3independent experiments. Raw datafor these curvesare
showninSupplementary Fig. 3. b, Summary of Tadl-binding results. X, no
binding; W, weak, K;, >400 nM. S, strong, K, <400 nM, as determined using ITC
or SPR. ¢, CapV enzyme activityinthe presence of 3/,3-cGAMP and resorufin
butyrate. The enzyme activity rate was measured by theaccumulationrate

of fluorescence units (FU) per second. Dataare mean +s.d. n =3 independent
experiments.d, CapV enzyme activity with Tadlhomologues. The experiment
was performedasinc. Forcand d, statistical analysis was performed using
GraphPad Prism using the in-built one-way analysis of variance ANOVA with
Dunnett’s multiple-comparison test versus CapV only. e, Phage plaque assays
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with F10 phage spotted in tenfold serial dilutions (dil.) against Thoeris or
PaMx41(Aach2) against type II-A“* CBASS, with p30T plasmid expressing Tadl
genes. The asterisksindicate the presence of faint phage plaques. f, Agarose gel
showing cAAA activation of NucCnuclease on DNA. L, linear; N, nicked plasmid;
SC, supercoiled plasmid. Linear and cut denote digested DNA. g, Plaque assays
withJBD67(Aacb2) phage spotted in tenfold serial dilutions onto alawn of
P.aeruginosa cells with or without the Pa278 CBASS operon. h, Plaque assays
withWTJBD67 phage, JBD67(Aach2) or JBD67 SBS Tadl (introduction of SBS
tadlgeneinplaceoftheach2genein)BD67 genome), plated asing. i, Plaque
assays with phiKZ or phiKZ(4orf184) phage spotted in tenfold serial dilutions
onto lawns of P. aeruginosa cells expressing theindicated defence system. For
e-i, threereplicates were performed for each experiment and the results were
similar each time.****P < 0.0001; NS, not significant.



type III-C*** CBASS operon was chromosomally integrated into strain
PAO1 (PAO1:Tn7 CBASS IlI-C). Pa278 CBASS reduced the titre of phage
JBD67(Aach2) by three orders of magnitude (Fig. 2g). Co-expression of
SBSTadl, ChTadl, CmTadloranAcb2control all fullyinhibited cA,-based
CBASS activity and rescued JBD67(Aach2) phage titre. Introduction of
R127A/R131A mutations in SBS Tadl, which disrupt 1”-3’-gcADPR and
3’,3’-cGAMP binding, led to the loss of anti-Thoeris and anti-CBASS
1I-A* activity, while the RI08A mutation, which disrupts cAAAe bind-
ing, abolished anti-CBASS III-C*** activity in vivo (Extended DataFig. 5).
Moreover, introduction of the SBS tadl gene into the genome of phage
JBD67 inplace of the endogenous ach2 gene functionally replaced ach2,
enabling the phage to replicate on the type IlI-C** host (Fig. 2h).

Todetermine whether phages encoding Tadl are naturally resistant
to CBASS, we used BLASTp to search for Tadl homologuesin P. aerugi-
nosa phages. We identified a Tadl homologue encoded by the jumbo
phage phiKZ, encoded by orf184 (Extended Data Fig. 6a). This gene is
predicted to encode a protein that has a Tadl domainin additionto a
domainthat probably enables packaging of the proteininto the phiKZ
virion (Extended Data Fig. 6b). phiKZ gp184 is proteolysed before the
His109 position® and the proteolysed gp184, with just the Tadl domain
remaining, is packaged into the phage virion and delivered into the cell
during infection®. To examine its role in immune evasion, we used a
previously established method* to delete orf184. While wild-type (WT)
phiKZ is resistant to type II-A®*, the Aorfi184 mutant phage was fully
targeted by type II-A°* CBASS, demonstrating a natural anti-CBASS
role (Fig. 2i). However, the mutant phage still resisted I1I-C*** CBASS.
Notably, gp184 in vitro bound tightly to 3’3’-cGAMP but poorly to cA,
(Extended Data Fig. 6¢,d). Indeed, the CTN-binding site for gp184 is
mutated (Glu195 and Asn202 residues) and is probably unable to sup-
portbinding (Extended Data Fig. 6a), suggesting that phiKZ resists type
I1I-C*ACBASS for another reason. WT phiKZ was partially targeted by
typel Thoeris while the phiKZ AorfI84 mutant was completely targeted
in the presence of Thoeris (Fig. 2i). Expression of the Tadl domain of
gp184 complemented the phiKZ(4orf184) titre on a CBASS II-A® lawn
and partially restored the titer onatypel Thoeris lawn (Extended Data
Fig. 6e). Consistent with these data, phiKZ gp184 binds only weakly
to gcADPRin vitro, explaining why the WT phage is partially targeted
(Extended Data Fig. 6c,d). Together, these data provide in vivo and
invitro evidence that Tadl s a flexible anti-CBASS sponge protein,
binding to both CDNs and CTNs involved in immunity, as well as an
effective anti-Thoeris sponge protein.

HgmTad2 sequesters multiple CBASS CDNs

Tad2isarecentlyidentified anti-Thoeris sponge encoded by B. cereus
phage SPO1 that works by sequestering gcADPR through a structural
fold completely different from Tad1’. Using the same array of cyclic
nucleotides that we used to study Tad1, we first tested SPO1 Tad2 bind-
ing. While binding to gcADPR molecules was confirmed by native gel
(Extended DataFig. 7a), no substantial shiftin SPO1 Tad2 was observed
after the addition of any of the other cyclic nucleotides (Extended
DataFig.7a), suggesting that SPO1 Tad2 might not bind to any of these
signalling molecules.

The Tad2 family of proteinsis quite widespread in numerous mobile
genetic elements, with a previously annotated domain of unknown
function DUF2829. We therefore selected a diverged homologue
(called HgmTad2 here), derived from human gut metagenomic librar-
ies®®. We decided to test whether HgmTad2 also sequesters gcADPR
molecules. Notably, during purification, HgmTad2 eluted in three sepa-
rate peaksin the process of ion-exchange chromatography (Extended
Data Fig. 8a), which displayed different migrations through a native
gel. We collected the three components separately and tested whether
theybind togcADPR molecules. A native gel assay showed a shiftin the
purified HgmTad2 proteinin all of the three states after the addition of
1”7-2’-gcADPR (Extended Data Fig. 8b), suggesting gcADPR binding.

We next solved the structures of HgmTad2 and the HgmTad2-1"-
2’-gcADPR and HgmTad2-1"-3’-gcADPR complexes (Extended Data
Table1).Purified HgmTad2inthe three different states was used sepa-
rately during crystallization. Notably, during structure solution, we
found that a clear density with a shape similar to that of 3’,3’-cyclic
di-GMP (cGG) was visiblein all of the solved structures using HgmTad2
of states 2 and 3 (Fig. 3a), which simultaneously contained gcADPR
molecules atadistinct site when co-expressed with gcADPR-producing
enzymes. However, there was no such cGG-like density in the structures
usingHgmTad2instate 1. This suggested that HgmTad2 in states2and 3
contains cGG or another similar molecule bound duringits expression
inEscherichia coli. To verify that the density corresponds to ¢GG, puri-
fied HgmTad2 in states 2 and 3 was denatured by heating and filtered
to obtain the nucleotide within the protein. The filtered nucleotide
showed a similar retention time to cGG, but markedly different from
that of 3,3’-cGAMP (Fig. 3b), further supporting that the nucleotide
within purified HgmTad2instates2 and 3 is cGG. However, the sample
of HgmTad2 in state 1 after the same procedure showed no peak here
(Fig. 3b). Together, these findings show that HgmTad2 can bind to
¢GG and gcADPR simultaneously, and a large fraction of the purified
HgmTad2 contains bound cGG from expression in E. coli.

Binding of cGG by HgmTad2 was unexpected, and this inspired us
to consider that HgmTad2 might also bind to other CDNs. To exclude
the influence of bound cGG within HgmTad2 in binding assays, we
collected only HgmTad2 in state 1 to test its binding spectrum using
native gel assays, which showed a substantial shift in HgmTad2 after
the addition of 3’,2’-cGAMP, 3’,3’-cGAMP, cGG and cUG, and a minor
shift after the addition of 2/,3’-cGAMP, but no shift after the addition
of CTNs or other nucleotides (Fig. 3c). These binding events were fur-
ther verified by surface plasmon resonance (SPR) experiments, which
showed that HgmTad2 binds to 3’,2’-cGAMP, 3’,3’-cGAMP, 2,3’-cGAMP
and cUG with a K of around 0.51, 0.83, 670 and 1.01 nM, respectively
(Fig. 3d and Extended Data Fig. 8c). Notably, the binding K, of cGG to
HgmTad2 was calculated as high as 24.2 pM, possibly explaining why
HgmTad2 stably bound to endogenous cGG during its expression in
E. coli. HPLC assays demonstrated that HgmTad2 depletes 3,3’-cGAMP,
but does not degrade it (Fig. 3e), while SPO1 Tad2 does not deplete
the molecule (Extended Data Fig. 7b,c). Taken together, these results
demonstrate that HgmTad2 sequesters cGG and multiple CDNs used
in CBASS immunity, in addition to gcADPR molecules.

Tad2 binds to CDNs and gcADPR differently

We next show the structures of HgmTad2 alone and in complex with
gcADPRand CDNs. We solved a total of six structures of HgmTad2 and
compared them with the structure of SPO1 Tad2’. HgmTad2 forms a
tetramer similarly to SPO1 Tad2 (Fig. 3f,g), and the tetrameric state
of HgmTad2 and SPO1 Tad2 were also verified by SLS analysis (Sup-
plementary Fig.12a). Both SPO1 Tad2 and HgmTad2 tetramer bind to
two gcADPR molecules with two identical binding pockets, which are
located in the middle region of the tetramer at the interface of two
protomers from different dimeric units (Fig. 4a). Specifically, the bind-
ingbetween1”-2’-gcADPR and HgmTad2 involves hydrogenbonds and
hydrophobic interactions with specific residues, mutations of which
significantly reduce gcADPR binding and the inhibition of ThsANADase
activity by HgmTad2 (Fig. 4b,c and Extended Data Fig. 9¢).
Structuralanalysis subsequently revealed that HgmTad2 additionally
binds to CDNs 3’,3’-cGAMP, cGG, cUG and 3’,2’-cGAMP in a region of
the protein distinct from that of 1”-2’-gcADPR (Fig. 4d), with the CDNs
all binding to the same pocket (for example, cGG and 3’,3’-cGAMP,
compared in Extended DataFig. 9d,e).Inthe HgmTad2-cGG complex,
ligand binding is mediated by extensive hydrophobic and polarinter-
actions. To verify these residues, we mutated interacting residues of
HgmTad2 (S47A, F70A and R31A/N85A) and tested their binding to
bothcGGand 3’,3’-cGAMP. Consistently, native gel analysis showed no
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cyclicoligonucleotides and gcADPR molecules. Gel source dataare provided
inSupplementaryFig.1.d, Overlay of sensorgrams from SPR experiments used

shiftin these mutants after the addition of either cGG or 3’,3’-cGAMP
(Fig. 4e,f and Extended Data Fig. 9i). We next confirmed that the
binding sites of the cyclic dinucleotides and gcADPR in HgmTad2 are
independent of each other. We tested the binding of 1-2’-gcADPR to
S47A, F70A and R31A/N85A mutant proteins, as well as the binding
of ¢GG or 3’,3’-cGAMP to W21A/N22A and S90A/T92A/D93A mutant
proteins. Theresults showed that mutation of the binding site for one
molecule does not decrease the binding of the other (Fig. 4g). This
is also consistent with the fact that we obtained the co-structures
of HgmTad2-1"-2’-gcADPR-cGG and HgmTad2-1"-3’-gcADPR-cGG
(Fig. 4h-i). Thus, an HgmTad2 tetramer can bind to two cyclic dinu-
cleotides and two gcADPR molecules simultaneously.

HgmTad2 binds to CDNs with its insertion between 32 and 35; this
region is much shorter in SPO1 Tad2 (Fig. 5a). As the binding to cGG
results from the insertion between 2 and 35 of HgmTad2 (Extended
DataFig. 9f), we performed a sequence-based analysis to search for
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to determinekinetics of HgmTad2 binding to CDNs. Data were fit with amodel
describing one-site binding for the ligands (blacklines). e, The ability of state 1
HgmTad2 to bind and release 3’,3-cGAMP when treated with proteinase K was
analysed using HPLC. 3,3"-cGAMP standard was used as a control. The remaining
nucleotides afterincubation with HgmTad2 were tested. f, The overall structure
ofthe HgmTad2 tetramer. Two views are shown. g, Structure of a protomer of
HgmTad2.Secondary structures arelabelled.

Tad2 homologues with longinsertions like HgmTad2 that may enable
binding to CDNs (Fig. 5b and Supplementary Fig. 13). Notably, two of
such Tad2 homologues from Sphingobacterium thalpophilum (SptTad2)
and Salegentibacter sp. BDJ18 (SaTad2) with similarly long insertions
also bind to CDNs with different affinities (Fig. 5c-e and Supplemen-
tary Fig.14). SptTad2 binds to cGG with a high affinity and has a similar
¢GG-binding pocket to HgmTad2 (Fig. 5f,g), demonstrating that Tad2
homologues canbind to CDNs with their large insertion domain, while
the gcADPR-binding site is highly conserved across Tad2 proteins.

Structural analysis of Tad2 binding to other CDNs and gcADPR is
shown inthe Supplementary Information.

Tad2blocks two CBASS systems

Diguanylate cyclases produce cGG in many Gram-negative bacteriaand
aredistinct enzymes fromthe CD-NTases that make CBASS nucleotides.
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¢GG signalling in many bacteria controls motility and biofilm forma-
tion*. HgmTad2 is encoded by phages that infect the Gram-negative
host Bacteroides but, in this organism, these EAL-containing digua-
nylate cyclases are absent*. Instead, cGG signalling is mediated by
a CBASS CD-NTase (CdnE) that signals to a TIR- or TM-STING fusion
effector protein®’. After further investigation of the Bacteroides and
Sphingobacterium genomes, which are the bacterial hosts of HgmTad2-
and SptTad2-encoding phage, respectively, we found that these bacteria
bothencode CBASS CD-NTases that are known to produce ¢GG (CdnE
and CdnB)?*° (Extended DataFig.1b,c), providing a biologically neces-
saryroleforthese Tad2 proteins to strongly bind to and sequester cGG
signalling molecules. Thus, we tested whether HgmTad2 or SptTad2 can
inhibit type I-D®© CBASS immunity that uses cGG signalling molecules
with a previously reported TIR-STING activity assay*°. While NADase
activity of TIR-STING from Sphingobacterium faecium DSM 11690
couldbeactivated by cGG, its activity was abolished when HgmTad2 or
SptTad2 was preincubated with cGG (Fig. 5h). The R31A/N85A and S47A
HgmTad2 mutant proteins, which exhibited decreased cGG binding,
displayed reduced inhibition of TIR-STING activity (Fig. 5i). Moreover,
after proteolysis of HgmTad2, the released cGG again partially activated

State 1 HgmTad2 20 uM

ThsAonly.d, The overall structure of HgmTad2 tetramer bound to cGG, which
isshownas purple sticks. HgmTad2 is shown as asurface model. e, Detailed
binding between HgmTad2 and cGG. Residuesinvolvedinligand binding are
shownassticks. Thered dashed lines represent polar interactions. f, Native-
PAGE showed the binding of HgmTad2 mutants to cGG. g, Native-PAGE showed
thebinding of HgmTad2 mutantsto1”-2"-gcADPR, 3',3’-cGAMP or cGG. Gel source
dataforfandgare providedin Supplementary Fig. 1. h,i, The overall structure
of HgmTad2 tetramer bound to cGG and 1"-2-gcADPR simultaneously (h), or
cGGand1”-3-gcADPR simultaneously (i). cGG,1”-2-gcADPR and 1”-3"-gcADPR
areshownas purple, grey and orange sticks, respectively. 2Fo-Fc electron density
oftheligands within HgmTad2 tetramer is contoured at1o.

the TIR-STING activity (Fig. 5i). These results demonstrate that Tad2
antagonizes typeI-D° CBASS immunity in vitro through sequestering
c¢GGmolecules. We further confirmed that Tad2 antagonizes type II-A%*
CBASS immunity in vitro (Extended Data Fig.10a,b).

Despite the Tad2 proteinsinhibiting Thoeris activity invivo (Extended
Data Fig. 10c), we did not observe inhibition of the Pa011 type II-A%
CBASS activityinvivo, probably because the 3’,3’-cGAMP-binding site
is saturated with the highly abundant cGG in P. aeruginosa (Extended
DataFig.10d). We therefore identified a Tad2 homologue derived from
aGammaproteobacteria-infecting phage (GPBTad2). This protein did
not bind to ¢GG in vitro but maintained strong 3’3’-cGAMP binding.
When expressed in Pa0ll, this protein showed inhibition of type II-A%*
CBASS (Supplementary Table 2 and Extended Data Fig. 11). These data
demonstrate the activity of a versatile anti-CBASS and anti-Thoeris
protein family in vitro and in vivo.

Tad2 does not antagonize SpyCas9 activity

We have demonstrated that HgmTad2 could simultaneously inhibit
CBASS and Thoeris immunity as a sponge protein with two different
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Fig. 5| Tad2antagonizes typel-D CBASS immunity that uses cGG.

a, Structural superimposition between HgmTad2-cGG-1"-3-gcADPR and
SPO1Tad2.HgmTad2is coloured pink.SPO1 Tad2is coloured grey.b, Sequence
alignmentamong Tad2 homologues. Residues with100% identity, over 75%
identity and over 50%identity are shaded in dark blue, pink and cyan, respectively.
Secondary structural elements of HgmTad2 are shown above the alignment. The
insertionregion (residues 32-72) between 32 and 35 of HgmTad2 or between 32
and B3 of SPO1Tad2 (residues 36-59) isindicated by arectangle. Biochemically
studied Tad2homologues are marked with anasterisk beforeits speciesname.

binding pockets. However, this very same protein has been previously
identified as an anti-CRISPR (Acr) protein, AcrlIA7%, although the
inhibitory mechanismis unknown. HgmTad2 (AcrllA7) was previously
shownto notinteract with Streptococcus pyogenes Cas9 (SpyCas9), but
somehow inhibited its activity. It was surprising to us that this pro-
tein might have three inhibitory activities. Thus, to investigate this
activity, wefirst repeated the in vitro SpyCas9 cleavage assay fromthe
previous study®®. Despite many trials and optimization of the reac-
tion system, we still did not see Acr activity of HgmTad2 or the other
Tad2 homologues in this study while a control protein, AcrllAll, suc-
cessfully inhibits SpyCas9-mediated DNA cleavage (Extended Data
Fig.10e). Consistent with this, chromosomal integration of SpyCas9
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c,d, SPRassay of SptTad2 (c) and SaTad2 (d). e, Summary of the binding results of
Tadlhomologues. Thefigureislabelled asin Fig.2b.f, The overall structure of
SptTad2boundto cGG. A close view of the bound cGG with 2Fo-Fcelectron density
contoured atloisshownatthebottom.g, Structuralsuperimposition between
HgmTad2-cGGand SptTad2-cGG. HgmTad2 and cGGare coloured asina.SptTad2
anditsbound cGGare coloured grey. h,i, TIR-STINGNAD" cleavage activity in the
presence of cGGand e-NAD, which emits fluorescence when cleaved. The enzyme
activity rate was measured by the accumulation rate of fluorescence units
persecond.Dataaremean+s.d.n=3independent experiments.

into the P. aeruginosa strain PAO1demonstrated that the JBD30 phage
is targeted*, but HgmTad2 did not exhibit Acr activity (Extended Data
Fig. 10f). Notably, this experiment is on the same strain background
(PAO1) onwhich HgmTad2 had robust anti-Thoeris activity (Extended
DataFig.10c). Taken together, our datasuggest that HgmTad2 inhibits
CBASS and Thoeris, but not the CRISPR-Cas9 system.

Discussion

Thoeris and CBASS are two anti-phage systems that use different signal-
ling molecules to mediate immunity. Two anti-immune proteins, Tadl
and Tad2, have beenidentified for Thoeris system and two anti-immune



proteins, Acbl and Acb2, for CBASS. Here we demonstrated that the
anti-Thoeris proteins Tadland Tad2 also inhibit CBASS systems, which
are generally more common, by sequestering a broad array of CDNs
and CTNs. Thus, Tadl and Tad2 are phage-encoded sponge proteins
that sequester multiple signalling molecules that are involved in two
different anti-phage immune systems. Notably, Tadland Tad2 seques-
ter cyclic oligonucleotides with completely distinct mechanisms. One
Tadl hexamer sequesters two CTNs using two separate pockets formed
only in the case of the hexameric assembly, in which each pocket is
composed of three interlocking protomers. Inaddition to CTNs, Tadl
also sequesters CDNs using the same binding pocket as gcADPR mol-
ecules. By contrast, Tad2is atetramer that binds to two CDNs and two
gcADPR molecules simultaneously. The binding pocket of CDNs in
Tad2isfarfromthat of gcADPR and s also different from those of other
known CDN binding proteins. Notably, both Tadland Tad2 sequester
3’,2’-cGAMP, asignalling molecule that is not cleaved by Acb1, but has
beenrecently implicated in both CBASS and cGAS-like signalling sys-
temsin eukaryotes®***,

CTNsare used by many CBASS systems and some type Il CRISPR-Cas
systems (using cA;, butalso cA,and cA,, to activate effectors***) to stop
phage infection**. Thus, Tadl may also inhibit type Il CRISPR-Cas sys-
temsrelyingon cA,. Both Tadland Acb2 canantagonize CTN signalling,
although this was not the originally identified function for either. While
the bindingmode of CTNsis similar between Tadland Acb2, the assembly
mechanism of the hexamer and residuesinvolved in binding are different
between these proteins®. As bacterial species can contain multiple signal-
ling defence systems'?, the pressure for multifunctional inhibitors has
emerged, with Tadland Tad2 representing a unique class of proteins that
inhibit more than one defence system. Together, our findings demon-
strate the considerable potency of two anti-immune sponge proteins.
Together with data on Acb2, these data on Tadl and Tad2 establish a
paradigm of anti-immune sponge proteins having more than one binding
site. We predict that abroad distribution of anti-immune sponges with
multiple binding sites for signalling molecules may exist for anti-viral
immune signalling systems across all domains of life.
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Methods

Bacterial strains and phages

The P. aeruginosa strains (BWHPSAO11, ATCC 27853, MRSN390231,
PAO1) and E. coli strains (DH5a) were grown in lysogeny broth (LB)
medium at 37 °C both with aeration at 225 rpm. Bacteria plating was
performed on LB broth supplemented with gentamicin for maintain-
ing pHERD30T plasmid (50 pg ml™ for P. aeruginosa and 20 pg ml™
for E. coli), as well as with 10 mM MgSO, for phage spot assays. Gene
expression in P. aeruginosa was induced by the addition of 0.2-0.3%
L-arabinose or 0.3 mM isopropyl-f-D-thiogalactopyranoside (IPTG)
unlessstated otherwise. The £. coli BL21 (DE3) strain was used for recom-
binant protein overexpressionand grownin LB medium. The cells were
grown at 37 °Cuntil the optical density at 600 nm (ODy,,) reached 0.8
and were theninduced at18 °Cfor12 h.

Protein expression and purification
TheC. botulinum Tad1, C. mangenotii Tadl, SBSphi)7 Tadl, Colidexitrib-
acterTadl, S. thalpophilumTad2, Salegentibacter sp.BDJ18 Tad2,SPO1
Tad2, P. aeruginosa BWHPSAOQ11 CapV, P. aeruginosa ATCC 27853 NucC,
B. cereus MSX-D12 ThsA, S. faecium DSM 11690 STING and S. pyogenes
Cas9 genes were synthesized by GenScript and codon-optimized for
expression in E. coli. The full-length CmTad1, SBS Tadl, ColiTadl,
SptTad2, SaTad2, EcTad2, ThsA, CapV, NucC, SfSTING and SpyCas9
genewasamplified by PCRand cloned into amodified pET28a vector in
which the expressed protein contains aHisé6 tag or His6-SUMO tag. The
full-length ChTad1gene was amplified by PCR and cloned into amodi-
fied pRSFDuet vector in which the expressed CbTadl protein contains a
His6 tag. The Tadl or Tad2 mutants were generated by two-step PCR and
weresubcloned, overexpressed and purified in the same way as for the
WT protein. All of the proteins were expressed in £. coli strain BL21 (DE3)
andinduced by 0.2 mMIPTG when the cell density reached an OD, of
0.8. After growthat18 °Cfor12 h, the cells were collected, resuspended
inlysis buffer (50 mM Tris-HCI pH 8.0,300 mM NaCl,10 mMimidazole
and 1 mM PMSF) and lysed by sonication. The cell lysate was centrifuged
at 20,000¢ for 50 min at 4 °C to remove cell debris. The supernatant
was applied onto a self-packaged Ni-affinity column (2 mI Ni-NTA,
Genscript) and contaminant proteins were removed with wash buffer
(50 mM Tris pH 8.0,300 mM NacCl, 30 mM imidazole). The protein
was then eluted with elute buffer (50 mM Tris pH 8.0, 300 mM Nacl,
300 mMimidazole). The eluant of protein was concentrated and further
purified using a Superdex-200 increase 10/300 GL (GE Healthcare)
column equilibrated with a buffer containing 10 mM Tris-HCI pH 8.0,
200 mM NaCland 5 mM DTT. The purified proteins were analysed by
SDS-PAGE. The fractions containing the target protein were pooled
and concentrated. Specifically, SBS Tadl was purified using the same
approachas described above, but the buffer pH was 8.8, with 500 mM
NaCl and 10% glycerol throughout the whole purification process.

The cells expressing CapV were resuspended with lysis buffer con-
taining 50 mM phosphate buffer pH 7.4,300 mM NaCl, 10% glycerol
(v/v). The CapV proteins bound to Ni-NTA beads were washed with
a buffer containing 50 mM phosphate buffer pH 7.4, 300 mM NaCl,
10% glycerol (v/v), 30 mM imidazole and then eluted with the 50 mM
phosphate buffer pH 7.4,300 mM NaCl, 10% glycerol (v/v) and 300 mM
imidazole. The eluant of CapV was concentrated and further purified
using a Superdex-200 increase 10/300 GL (GE Healthcare) column
equilibrated withareactionbuffer containing 50 mM phosphate buffer
pH 7.4,300 mM NacCl, 10% glycerol (v/v). The purified protein was ana-
lysed as described above. The fusion protein of NucC with His6-SUMO
tag was digested with Ulpl on the Ni-NTA column at 18 °C for 2 h after
removing contaminant proteins with wash buffer. The NucC protein
was then eluted with wash buffer. The eluant of NucC was concentrated
and further purified as His-tagged proteins as described above.

The full-length genes encoding HgmTad2 and AcrllAll were synthe-
sized by GenScript and amplified by PCR and cloned into pGEX6p-1to

produce aGST-tagged fusion protein with a PreScission Protease cleav-
agesite between GST and the target protein. The HgmTad2 mutants
were subcloned, overexpressed and purified in the same way as for
the WT protein. The proteins were expressed and induced similarly
asabove. After growth at16 °Cfor 12 h, the cells were collected, resus-
pended inlysis buffer (1x PBS,2 mM DTT and 1 mM PMSF) and lysed
by sonication. The cell lysate was centrifuged at 18,000g for 50 min
at 4 °C toremove cell debris. The supernatant was applied onto a
self-packaged GST-affinity column (2 mlglutathione Sepharose 4B; GE
Healthcare) and contaminant proteins were removed with wash buffer
(1x PBS and 2 mM DTT). The fusion protein was then digested with
PreScission protease at 16 °C for 2 h. The protein with an additional
five-amino-acid tag (GPLGS) at the N terminus was eluted with buffer
containing 25 mM HEPES pH 7.5, 200 mM NaCl and 2 mM DTT. The
eluant was concentrated and further purified using the Superdex-200
(GE Healthcare) column equilibrated with a buffer containing 10 mM
Tris-HCI pH 8.0,200 mM NaCl and 5 mM DTT. Next, the HgmTad2
protein was desalted into QA buffer containing 25 mM Tris pH 8.0,
10 mM NaCl and 2 mM DTT by a desalting column (GE Healthcare),
and was further purified by ion-exchange chromatography using the
Resource Q column (GE Healthcare). The protein bound to the column
was eluted with a gradient concentration of 10-100 mM NacCl, and
the protein purity and states were then verified using native-PAGE
and SDS-PAGE, respectively, together with the protein sample
flowed through the column. Selenomethionine (Se-Met)-labelled
HgmTad2 was expressed in E. coli B834 (DE3) cells grown in M9
minimal medium supplemented with 60 mg 1™ SeMet (Acros) and
specific amino acids: Ile, Leu and Val at 50 mg 1% Lys, Phe and Thr
at100 mg1™". The SeMet protein was purified as described above.
The four Acb2 homologues were cloned and purified as described
previously®. The sequences of proteins used in this study are provided
inSupplementary Table 3.

Crystallization

All of the protein samples in this study were diluted in buffer contain-

ing 10 mM Tris-HCI pH 8.0,200 mM NaCl and 5 mM DTT before crys-

tallization. Each protein was crystallized at 18 °C using the following
conditions:

(1) Apo CmTadland HgmTad2: the concentration of both proteins was
30 mg ml™. The crystals of CmTadl were grown for 3—-4 days using
areservoir solution containing 2.0 M ammonium sulfate, 0.1M
sodium HEPES pH 7.5 and 1.4% (v/v) PEG 400. The crystals of
HgmTad2 were grown for 2-3 days using a reservoir solution con-
taining 1.0 M lithium chloride, 0.1 M citrate pH 4.0, 20% (w/v) PEG
6000. Before being collected, the crystals were cryoprotected in
thereservoir solution containing 20% glycerol before flash-freezing
inliquid nitrogen.

(2) CmTadlinacomplexwith cA;or cAAG, and ChTadlinacomplexwith
cA,/2',3’-cGAMP-cA;: before crystallization, cA; or CAAG was mixed
with protein at a molar ratio of 0.8:1, and 2’,3’-cGAMP was mixed
with proteinatamolarratio of1.2:1. The crystals of CmTadl-cA, and
CmTad1-cAAG grew to full size in about 4-5 days, their reservoir
solution contains 1.6 M ammonium sulfate, 10% (v/v) 1,4-dioxane.
The crystallization condition of ChTad1-cA;was 0.1 M MIB (sodium
malonate dibasic monohydrate, imidazole, boricacid) pH 6.0, 55%
(v/v) MPD and the crystallization condition of the ChTadl-cA, was
0.1 M PCTP (sodium propionate, sodium cacodylate trihydrate,
Bis-Tris propane) pH 8.0, 60% MPD.

(3) CbTadlinacomplexwith1”-3’-gcADPR or1”-3’-gcADPR-cA,: ChTadl
co-expressed with ThsB” was purified, and was then mixed with cA,
atamolar ratio of 1:0.8. The crystals of purified ChTad1 or its mix
with cA;were growninareservoir solution containing 3.2 Mammo-
niumsulfateand 0.1 M citrate pH 5.0 for 4-5 days. They were stored
in antifreeze containing 20% glycerol and quick-frozen with liquid
nitrogen.



(4) HgmTad2inacomplex withcGG,1”-2’-gcADPR, 1”-2’-gcADPR-cGG
or 3’,3’-cGAMP: these four structures were crystallized under the
same conditions containing 1.0 M lithium chloride, 0.1 M citrate
pH 4.0 and 20% (w/v) PEG 6000. For HgmTad2 in a complex with
cGG, purified HgmTad2 in the cGG-bound state was used. For
HgmTad2 in a complex with 1”-2’-gcADPR or 1”-2’-gcADPR~-cGG,
HgmTad2 co-expressed with BATIR (TIR protein from Brachypodium
distachyon) was purified, and the no-cGG or cGG-bound form was
used, respectively. For HgmTad2 in a complex with 3’,3’-cGAMP,
HgmTad2in the no-cGG state was used and mixed with 3’,3’-cGAMP
atamolarratio of 1:1.2.

(5) HgmTad2 in a complex with 1”7-3’-gcADPR-cGG: HgmTad2
co-expressed with ThsB’ (ThsB’ protein from B. cereus MSX-D12*)
was purified and the cGG-bound form was used in crystallization.
The crystallization condition was 0.2 M ammonium sulfate, 0.1M
sodium acetate trihydrate pH 4.6 and 25% (w/v) PEG 4000.

(6) Apo SPO1Tad2: after purifying SPO1Tad2, the protein was diluted to
24 mg ml™, and thengrown under conditions with 0.5 M ammonium
sulfate, 1.0 Msodium citrate tribasic dihydrate pH 5.6,1.0 Mlithium
sulfate monohydrate conditions for about 1 week.

(7) SptTad2-cGG: the SptTad2 protein purified from £. coli Bl-21 natu-
rally carries c-di-GMP. The protein was diluted to 24 mg ml™, and
then grown under conditions containing 0.3 M magnesium nitrate
hexahydrate, 0.1 M Tris pH 8.0, 23% (w/v) PEG 2000 for 4-5 days,
transferred into antifreeze and then flash-frozenin liquid nitrogen.

Data collection, structure determination and refinement

All data were collected at SSRF beamlines BLO2U1 and BL19U]1, inte-
grated and scaled using the HKL2000 package*®. The initial model of
CbTadlwasused from Protein Data Bank (PDB) 7UAV. The initial models
of CmTadl, SPO Tad2 and SptTad2 were obtained using AlphaFold2*. The
structure of apo HgmTad2 was solved by SAD phasing using Autosolin
PHENIX*®. The structures of protein in complexes with cyclic oligonucle-
otidesweresolved through molecular replacementand refined manually
using COOT?, All of the structures were further refined with PHENIX*
using non-crystallographic symmetry and stereochemistry informa-
tion as restraints. The final structure was obtained through several
rounds of refinement. Final Ramachandran statistics: 96.75% favoured,
3.25%allowed and 0% outliers for the apo CmTad1-Znstructure; 96.62%
favoured, 3.38% allowed and 0% outliers for CmTadl-Zn-cA;; 96.75%
favoured, 3.25% allowed and 0% outliers for the CmTad1-Zn-cAAG struc-
ture; 97.59% favoured, 2.41% allowed and 0% outliers for the CbTadl-
17,3’-gcADPR structure; 96.37% favoured, 3.63% allowed and 0% outliers
for the ChTad1-1”,3’-gcADPR~-CA; structure; 96.99% favoured, 3.01%
allowed and 0% outliers for the CbTad1-2’,3’-cGAMP structure; 97.82%
favoured, 2.18% allowed and 0% outliers for the CbTad1-2’,3’-cGAMP-
cA, structure; 97.55% favoured, 2.45% allowed and 0% outliers for the
apoHgmTad2 structure; 96.32% favoured, 3.68% allowed and 0% outli-
ers for the HgmTad2-1”,2’-gcADPR structure; 95.34% favoured, 4.66%
allowed and 0% outliers for the HgmTad2-1",2’-gcADPR-cGG structure;
97.06% favoured, 2.94% allowed and 0% outliers for the HgmTad2-1"-
3’-gcADPR-cGG structure; 97.06% favoured, 2.94% allowed and 0% outli-
ersforthe HgmTad2-cGGstructure; 98.77% favoured, 1.23% allowed and
0% outliers for the HgmTad2-3’,3’-cGAMP structure; 97.98% favoured,
2.02% allowed and 0% outliers for the SptTad2-cGG structure; 98.63%
favoured, 1.37 allowed and 0% outliers for apo SPO1 Tad2 structure.
Structural illustrations were generated using PyMOL (https://pymol.
org/). Data collection and structure refinement statistics are summa-
rized in Extended Data Table 1.

ITCbinding assay

The dissociation constants of binding reactions of CmTadl or CbTad1
with cA;, cAAG, 3,2’-cGAMP, 2’,3’-cGAMP, 3’,3’-cGAMP, cAA, cGG, cUG,
cUA or cUU, of SBS Tad1 with cA;, cAAG, 3’,2’-cGAMP, 2’,3’-cGAMP,
3’,3’-cGAMP, cUA,1”-2’-gcADPR or1”-3’-gcADPR, and of ColiTadl with

cA;, cAAG, 3’,2’-cGAMP, 2’,3’-cGAMP or 3’,3’-cGAMP were determined
by ITCusingaMicroCalITC200 calorimeter. All of the protein and cyclic
oligonucleotides were desalted into the working buffer containing
20 mMHEPES pH 7.5and 200 mM NaCl. The titration, for example, was
carried out with19 successive injections of 2 pl cA; or cAAG at 25 pM con-
centration, spaced 120 sapart, into the sample cell containing ChTad1
with a concentration of 5 pM by 700 rpm at 25 °C. Correspondingly,
37,2’-cGAMP or 2’,3’-cGAMP at 150 uM concentration was titrated into
50 uM ChTadl. cA; or cAAG at 150 pM concentration was titrated into
30 uM CmTadl, and 3’,2’-cGAMP, 2,3’-cGAMP, 3’,3’-cGAMP, cAA, cGG,
cUG, cUA or cUU at 300 pM concentration was titrated into 100 uM
CmTadl. For SBS Tadl, 3’,2’-cGAMP, 3/,3’-cGAMP, 2’,3’-cGAMP, cUA,
1”-2’-gcADPR or 1”7-3’-gcADPR at 300 pM concentration was titrated
into 100 pM SBS Tad1, and 3’,2’-cGAMP, 3’,3’-cGAMP or 2’,3’-cGAMP at
300 pM concentration was titrated into 100 pM ColiTadl. For both SBS
Tadland ColiTadl, cA; or cAAG at 150 pM concentration was titrated
into 30 uM SBS Tad1 or ColiTadl. All of the above titration experiments
were performed using the same experimental procedure. The Origin
software was used for baseline correction, integration and curvefitting
to asingle site binding model.

ThsANADase activity assay

The NADase assay was performed using ThsA enzyme from B. cereus
MSX-D12, which was expressed and purified as described previously, as
areporter for the presence of cyclic ADPR isomers. The NADase reac-
tion was performed in a black 96-well plate (Corning 96-well half area
black non-treated plate with a flat bottom) at 37 °C in a 95 pl reaction
volume, and the final concentration of ThsA and 1”-3’-gcADPR was
50 nM and 5 nM, respectively. Next, 5 pl of 2 mM &-NAD solution was
added to each well immediately before measurement and mixed by
pipetting rapidly. e-NAD was used as a fluorogenic substrate to report
ThsA enzyme NADase activity by monitoringincrease in fluorescence
(excitation 300 nm, emission 410 nm) using the EnSpire Multimode
Plate Reader (PerkinElmer) at 37 °C. To examine the inhibitory effect
of HgmTad2 or its mutants on ThsA, HgmTad2 or its mutants (40 nM
of each) was incubated with 5nM 1”-3’-gcADPR in incubation buffer
(50 mM Tris pH 7.5 and 50 mM NacCl) at room temperature for 5 min
inadvance. ThsA was then added at a final concentration of 50 nM.
After anincubation for 5 min, e-NAD was added to start the reaction.

SPR assay

The SPR analysis was performed using a Biacore 8K (GE Healthcare) at
room temperature (25 °C). Equal concentrations of HgmTad2, SPO1
Tad2, SptTad2 and SaTad2 were immobilized on channels of the
carboxymethyldextran-modified (CM5) sensor chip to about 280
response units (RU). To collect data for kinetic analysis, aseries of con-
centrations (12.5nM, 25 nM, 50 nM,100 nM and 200 nM) of 3’,3’-cGAMP,
37,2’-cGAMP, 2",3’-cGAMP, cGG and cUG/cA;, diluted in binding buffer
(20 mM HEPES pH 7.5,200 mM NaCl and 0.05% (v/v) Tween-20), was
injected over the chip at a flow rate of 30 pl min™. The protein-ligand
complex was allowed to associate for 60 s and dissociate for 600 s.
Data were fit with amodel describing a bivalent analyte. Kinetic rate
constants were extracted from this curve fit using Biacore evaluation
software (GE Healthcare).

HPLC analysis

For analysis of ligand sequestering, 40 M Tad1 or Tad2 protein was
pre-incubated with 4 pM cA;, 2/,3’-cGAMP or 3’,3’-cGAMP for 30 min
at18 °C. Next, for Tadlseries, proteinase K was subsequently added to
thereactionsystematafinal concentration of 0.5 puM and the reaction
was performed at 58 °C for 1 h. For Tad2, the sample was first heated
at100 °C for 10 min, and then proteinase K was subsequently added
to the reaction system at a final concentration of 25 uM and the reac-
tionwas performed at 58 °C for 3 h. For analysis of intrinsically bound
nucleotide inHgmTad2 during expression, 40 pM HgmTad2in different
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states was treated as reported for Tad2 in the above. 4 pM 3’,3’-cGAMP
and cGG were used as standards.

Thereaction samples were transferred to Amicon Ultra-15 Centrifu-
gal Filter Unit 3 kDa and centrifuged at 4 °C, 4,000g. The products
obtained by filtration were further filtered with a 0.22 pm filter and
were subsequently used for HPLC experiments. The HPLC analysis
was performed on the Agilent 1200 system with a ZORBAX Bonus-RP
column (4.6 x 150 mm). A mixture of 2% acetonitrile and 0.1% trifluoro-
acetic acid solution in water (98%) was used as the mobile phase with
0.8 mlmin™. For cA;, 5% acetonitrile and 0.1% trifluoroacetic acid solu-
tioninwater (95%) was used as the mobile phase. The compounds were
detected at 254 nm.

Fluorogenic biochemical assay
Theenzymatic reaction velocity was measured as previously described®.
Inbrief, the esterase activity of the 6 xHis-tagged CapV was probed with
the fluorogenic substrate resorufin butyrate, whichis aphospholipase
substrate that emits fluorescence when hydrolysed. The CapV protein
was dilutedin 50 mM sodium phosphate pH 7.4,300 mM NaCl, 10% (v/v)
glycerol to afinal concentration of 2 pM. To determine the enzymatic
activity of CapV activated by 3’,3’-cGAMP, 0.8 uM of 3’,3’-cGAMP was
added to DMSO solubilized resorufin butyrate (stock of 20 mM mixed
with 50 mM sodium phosphate pH 7.4,300 mM NaCl, 10% (v/v) glycerol
reachingafinal concentration of 100 uM). Subsequently, the purified
6xHis-tagged CapV was added to the reaction solution containing
3’,3’-cGAMP to afinal assay volume of 50 pl, and fluorescence was meas-
ured in a 96-well plate (Corning 96-well half area black non-treated
plate with a flat bottom). Plates were read once every 30 s for 10 min
at 37 °C using a EnSpire Multimode Plate Reader (PerkinElmer) with
excitation and emission wavelengths of 550 and 591 nm, respectively.
To determine the function of inhibitory proteins, 8 uM protein was
pre-incubated with 0.8 uM 3’,3’-cGAMP for 10 min at 18 °C, and the
subsequent detection method was as described above. To examine
whether thereleased molecule from HgmTad2 or SBS Tadlis still able to
activate CapV, 0.8 pM 3’,3’-cGAMP was incubated with 8 uM HgmTad2
or SBS Tad1for 10 minat18 °C. Proteinase K was subsequently added to
thereaction systematafinal concentration of 25 uM and the reaction
was performed at 58 °C for 3 h. Reaction products were transferred
to Amicon Ultra-4 Centrifugal Filter Unit 3 kDa and centrifuged at
4°C,4,000g.Filtered products were used for CapV activity assay as
described above.

SfTIR-STING NAD' enzyme activity assay
The enzymatic reaction velocity was measured as previously
described*°. The enzymatic activity of SfTIR-STING was activated by
¢GG. 500 pM e-NAD and 50 nM c¢GG were mixed ina 96-well plate format
with reaction buffer (50 mM Tris pH 7.5, 50 mM NacCl). Subsequently,
purified 6xHis-tagged SfTIR-STINGwas added to the reactiontoafinal
assay volume of 50 pl and plates were read once every 15 s for 10 min at
37 °Cusing the EnSpire Multimode Plate Reader (PerkinElmer) with exci-
tation and emission wavelengths of 410 and 300 nm, respectively. The
reactionrate was calculated fromthe linear part of the initial reaction.
To determine the function of inhibitory proteins, 1 uM HgmTad2,
SPO1Tad2, SptTad2 and SaTad2 were pre-incubated with 50 nM cGG
for 20 min at 18 °C, and the subsequent detection method was as
described above. To determine the function of HgmTad2 mutants,
200 nM HgmTad2 and its mutants was pre-incubated with 50 nM cGG
for 20 min at 18 °C. To examine whether the released molecule from
HgmTad2isstill able to activate SfTIR-STING, 50 nM cGG was incubated
with 200 nM HgmTad2 for 10 min at 18 °C. Proteinase K was subse-
quently added to the reaction system at a final concentration of 1 uM
andthereactionwas performedat 58 °Cfor1h. Thereaction products
were transferred to the Amicon Ultra-4 Centrifugal Filter Unit 3 kDaand
centrifuged at 4 °C, 4,000g. Filtered products were used for SfSTING
activity assay as described above.

InvitroNucCactivity assay

The nuclease activity assay was measured as previously described?®.
The pUC19 plasmid was used as the substrate. NucC (10 nM) and cA,
molecules (5 nM) were mixed with 0.4 pg DNA in a buffer containing
25 mM Tris-HCI pH 8.0,10 mM NaCl,10 mM MgCl,and2 mM DTT (20 pl
reaction volume), incubated at 37 °C for 20 min, then separated ona1%
agarose gel. Gels were stained with Goldview and imaged by ultraviolet
illumination.

Todetermine the function of ChTadl,200 nM CbTadl or its mutants
was pre-incubated with the other components at 18 °C for 30 min,
and the subsequent reaction and detection method was performed
as described above. To examine whether the released molecule from
CbhTadl s able to activate NucC, 5 nM cA; was incubated with 200 nM
CbTad1at 18 °C for 20 min. Proteinase K was subsequently added to
the reaction system at a final concentration of 1 uM and the reaction
was performed at 58 °Cfor1h, the proteinase K-treated samples were
then heated with 100 °C for 10 min to extinguish proteinase Kand the
subsequent detection method was performed as described above.

Invitro SpyCas9 DNA cleavage assay

SpyCas9 sgRNA was generated using the in vitro T7 transcription kit
(Vazyme). A total of 100 nM SpyCas9 and 150 nM sgRNA was incu-
bated with 10 pM purified Tad2 or AcrllA1l in cleavage buffer 20 mM
HEPES-KOH pH 7.5, 75 mM KCl, 10% glycerol, 1mM DTT and 10 mM
MgCl,) for 30 min at 37 °C. Plasmid pUC57 containing the target proto-
spacer 25 sequence inserted using Kpnl/Xbal was linearized by Scal
digestion. Linearized plasmid was added to the Cas9-sgRNA complex
atal0 nM final concentration. The reactions were incubated at 37 °C
for 10 min and extinguished by 1 pM proteinase K for 15 min at 58 °C,
then separated on a 1% agarose gel. Gels were stained with Goldview
and imaged by ultraviolet illumination.

SpyCas9 sgRNA DNA template. ATGTAATACGACTCACTATAGG
AAATTAGGTGCGCTTGGCGTTTTAGAGCTAGAAATAGCAAGTTAAAA
TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTT.

Cleavage assay DNA sequence. TCGGTGCGGGCCTCTTCGCTA
TTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTG
GGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCA
GTGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCAATCCC
AGCCAAGCGCACCTAATTTCCGAATTCGTAATCATGGTCATAGCTGTT
TCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCC
GGAAGCATAAA.

Native-PAGE assay

For ligand binding native-PAGE assay, proteins were pre-incubated with
cyclicnucleotides for 20 minat18 °C, where protein was 20 pM and the
concentrations of cyclic nucleotides was 5,10 or 20 pM, respectively.
Products of the reaction were analysed using 5% native polyacrylamide
gels and visualized by Coomassie blue staining.

Multi-angle light scattering

Multi-angle light scattering experiments were performedin10 mM Tris
pH 8.0,200 mM NaCland 2 mM TCEP using the Superdex-20010/300 GL
size-exclusion column from GE Healthcare. All protein concentrations
werediluted to1.7 mg mI™. The chromatography system was connected
to the Wyatt DAWN HELEOS Laser photometer and a Wyatt Optilab
T-rEX differential refractometer. Wyatt ASTRA v.7.3.2 software was
used for data analysis.

Episomal gene expression

The shuttle vector pHERD3O0T, which replicates in P. aeruginosa and
E. coli®?*, was used for episomal expression of Acb2 and Tad proteinsin
P.aeruginosastrains. pHERD30T has an arabinose-inducible promoter



and aselectable gentamicinmarker. The vector was digested with Ncol
and Hindlll restriction enzymes. Inserts were amplified by PCR using
bacterial overnight culture or synthesized by Twist Bioscience and
joined with the digested vector using Hi-Fi DNA Gibson Assembly (NEB)
according to the manufacturer’s protocol. The resulting plasmids were
transformed into E. coli DH5a. All plasmid constructs were verified by
whole plasmid sequencing. P. aeruginosa cells were electroporated with
the pHERD30T constructs and selected on gentamicin.

Chromosomal Thoeris integration

For chromosomal insertion of the MRSN390231 Thoeris SIR2 (Pa231)
operon at the Tn7 locus in P. aeruginosa PAO1(PAO1 Tn7:Thoeris
SIR2), the integrating vector pUC18-mini-Tn7T-LAC® carrying Tho-
eris operon and the transposase-expressing helper plasmid pTNS3**
were used. pUC18-mini-Tn7T-LAC empty vector was used for the crea-
tion of the control strain (PAO1 Tn7:empty). The vector was linearized
using around-the-world PCR (in positions of Kpnl and BamHI sites),
treated with Dpnl and then purified. The insert was amplified using
MRSN390231overnight culture asaDNA template and joined with lin-
earized pUC18-mini-Tn7T-LAC vector using Hi-Fi DNA Gibson Assembly
(NEB) according to the manufacturer’s protocol. The resulting plas-
mids were used to transform E. coli DH5a. All plasmid constructs were
verified by whole-plasmid sequencing. P. aeruginosa PAO1 cells were
electroporated with pUC18-mini-Tn7T-LAC and pTNS3 and selected on
gentamicin-containing plates. Potential integrants were screened by
colony PCRwith primers PTn7R and PglmS-down®. Electrocompetent
cell preparations, transformations, integrations, selections, plasmid
curing and FLP-recombinase-mediated marker excision with pFLP were
performed as described previously®.

Phage growth

The phages F10, phiKZ andJBD67(Aach2) were grown on P. aeruginosa
PAO1, whichlacks CBASS and Thoeris systems. Phage PaMx41(Aacbh2)
was grown on P. aeruginosa BWHPSAO11 (PaO11) ACBASS strain. For
phage propagation 100 pl of P. aeruginosa overnight cultures was
infected with10 pl of low-titre phage lysate (>10*7 plaque-forming units
(PFU) per ml) and then mixed with 3 ml of 0.35% top agar 10 mM MgSO,
forplating onthe LB solid agar (20 ml LB agar with10 mMMgSO,). After
incubating at 37 °C overnight, 2.5 ml SM phage buffer was added on the
solid agar lawn and then incubated for 10 min at room temperature.
The whole-cell lysate was collected, a10% volume of chloroform was
added and the tubes were left for 20 min at room temperature with
gentle shaking, followed by centrifugation at maximum speed for 3 min
4 °Ctoremove cell debris. The supernatant phage lysate was stored at
4 °C for downstream assays.

Phage gene knockout
Deletion of orf184in the phiKZ genome was performed using the pro-
tocol developed previously™.

Inbrief,100 plof overnight culture of P. aeruginosa PAO1 strain bear-
ing the editing plasmid for homologous recombination (with homolo-
gous arms of 600 bp with insertion of acrVIAI gene in place of phiKZ
orf184) was infected with 10 pl of phiKZ WT phage (10° PFU per ml),
mixed with 4 ml of 0.35% top agar 10 mM MgSO, for plating on the LB
solid agar (20 mI LB agar with 10 mM MgSO,). After incubating 30 °C
overnight, the phage was collected from plates. The lysates were plated
on PAO1strains bearing CRISPR-Cas13a system with crRNA targeting
phiKZ genome to screen for recombinants. Individual phage plaques
were picked from top agar and purified for three more rounds. The
deletion of the gene was confirmed by PCR with primers flanking the
deletionregion and sequencing of the corresponding PCR product.

Plaque assays
Plaque assays were conducted at 37 °C (30 °C for phiKZ phage) with
solid LB agar plates supplemented with 10 mM MgSO,, 50 pg mi™

gentamicin, 0.2-0.3% L-arabinose and 0.3 mM IPTG for PAO1 strains
with CBASS or Thoeris operon chromosomal integration, and the
same conditions except without IPTG for the native CBASS and Tho-
eris strains. A total of 100 pl of overnight bacterial culture was mixed
withtop agar (0.35% agarin LB) and plated. Phage lysates were diluted
tenfold, then 2.5 pl spots were applied to the top agar after ithad been
poured and solidified. The plates were incubated overnight at 37 °C
(30 °C for phiKZ phage).

Bioinformatic analysis of CD-NTases

CD-NTases wereidentified within the bacterial hosts relevant for each
Tad protein by using a protein BLAST (BLASTp) search. A previously
curated list of CD-NTase sequences? was queried against Clostridium
(taxid: 1485), Clostridoioides (taxid:1870884), Bacteroides (taxid: 816),
Sphingobacterium (taxid: 28453) and B. cereus group (taxid: 86661).
Thereis only one CD-NTase record for Salegentibacter (taxid: 143222)
and zero for Colidextribacter (taxid: 1980681), so a list of CD-NTase
across bacterial taxonomies was used from a previous study?. These
lists of CD-NTases were queried against the NCBI non-redundant pro-
tein database of each respective bacterial genus as indicated above.
A genus-level analysis was chosen due to the diversity of CD-NTase
sequences associated with the different clades, which are known or
predicted to produced specific cyclic oligonucleotides. Hits from
the BLASTp search with >24.5% amino acid identity, >50% coverage,
and an E value of <0.0005 were identified as CD-NTases. Two or more
CD-NTases per CD-NTase clade per bacterial genus were queried using
Defense Finder®®*, which revealed that all CD-NTases identified are
a part of a CBASS system. A total of 183 CD-NTase hits were identi-
fied in Clostridium and nine hits were identified in Clostridoides, so
their results were combined as 202 total hits in Extended Data Fig. 1.
Atotal of 107 hits were identified in Bacteroides, 71 were identified
in Sphingobacterium and 270 were identified in B. cereus group. Six
hits were found for Salegentibacter and zero hits were found for
Colidextribacter.

Phylogenetic tree analysis

Tadl and Tad2 homologues were identified using SBSTadl (NCBI:
PODWS57) and SPO1Tad2 (NCBI: YP_002300464.1), respectively, as
query proteins to seed a position-specific iterative blast (PSI-BLAST)
search of the NCBI non-redundant protein database. Three rounds of
PSI-BLAST searches were performed with a max target sequence of
5,000 and E-value cut-off of 0.005 for inclusionin the next search round,
BLOSUMS®62 scoring matrix, gap costs settings existence 11 and exten-
sion1and using conditional compositional score matrix adjustment.
Hits from the third search round of PSI-BLAST with >70% coverage,
Evalue of <0.0005 and length less than 190 amino acids (for Tadl) and
length 70-120 amino acids (for Tad2) were clustered using MMSeq2°
to remove protein redundancies (minimum sequence identity = 0.9
for Tadland 0.8 for Tad2, minimum alignment coverage = 0.9), which
resulted in 410 and 667 representative Tadl and, correspondingly,
Tad2 homologue sequences. MAFFT (FFT-NS-I iterative refinement
method)* was used to create protein alignment. Manual analysis of
the MAFFT protein alignment was performed to ensure the presence
of atleast one of the cyclic oligonucleotide-binding site regions and
to remove non-relevant sequences. The final aligned 385 and 568
sequences (Tadl and Tad2, respectively) were used to construct a
phylogenetic tree using FastTree*® and then visualized and annotated
iniTOL®.

Statistics and Reproducibility
All PAGE assays and histogram analyses in this Article are from three
independentreplicate experiments to ensure reproducibility. Statistics
were calculated in GraphPad Prism by applying the built-in one-way
ANOVA and Dunnett’s multiple comparison test. ****P < 0.0001,
**P=0.0012; NS, not significant.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The coordinate and structure factors reported in this paper have
been deposited at the PDB: 8KBB (apo CmTad1), 8KBC (CmTadl-cA;),
8KBD (CmTadl-cAAG), 8KBE (CbTad1-1”,3’-gcADPR), 8KBF (ChTadl-
17,3’-gcADPR-cA;), 8KBG (CbTad1-2’,3’-cGAMP), 8KBH (ChTad1-
2’,3’-cGAMP-cA,), 8KBI (apo HgmTad2), 8KBJ (HgmTad2-1”,2’-gcADPR)
8KBK (HgmTad2-1”,2’-gcADPR-cGG), 8KBL (HgmTad2-1"-3’-gcADPR~
¢GG), 8KBM (HgmTad2-cGG), 8WJC (HgmTad2-3’,3’-cGAMP), 8WJD
(SptTad2-cGG) and 8WJE (apo SPO1Tad2). All other dataare availablein
the Article, Extended Data Figs.1-11, Extended Data Table 1and the Sup-
plementary Information. Source data are provided with this paper.
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Extended DataFig.3|Tadlbinds to 2'3"-/3’,2’-cGAMP using the same
binding pocket as gcADPR molecules. a, Overall structure of CbTadl
hexamerboundto 2’,3-cGAMP, which is shown as yellow sticks. b, Structural
superimposition of apo,1-3’ gcADPR-bound and 2’,3-cGAMP-bound CbTad1
protein.1”-3’ gcADPR and 2’,3"-cGAMP are shown as orange and yellow sticks,
respectively. The two loops that undergo conformational changes uponligand
binding are highlighted. ¢, Detailed binding between CbTadland 2,3"-cGAMP.
Residuesinvolved in2’,3-cGAMP binding are shown as sticks. Red dashed lines
represent polarinteractions. 2Fo-Fc electron density of 2,3’-cGAMP within one
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binding pocketis shown and contouredat1o.d, ITCassaystotest binding
of2’,3’ ~cGAMP to CbTad1 mutants. Representative binding curves and
binding affinities are shown. The KD valuesare mean +s.d. (n =3 independent
experiments). Raw datafor these curves are shownin Supplementary Fig. 3.

e, Native PAGE showed the binding of CbTadl and its mutants to 2’,3-cGAMP.
For gelsource data, see Supplementary Fig.1.f, Overall structure of CmTad1
hexamer complexed withcA3 and 2’,3’-cGAMP. cA3 and 2’,3-cGAMP are shown
asgreen and yellow sticks, respectively. Two views are shown. 2Fo-Fc electron
density of cA3and 2’,3’-cGAMP within CbTad1 hexamer contoured at1o.
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Extended DataFig.4|Binding of1’-3"-gcADPR by CbTad]1. a, Overall binding of CbTadl mutants to cA;and 1’2’ gcADPR. For gel source date, see
structure of CbTadl hexamer bound to1”-3’ gcADPR, whichis shown as orange SupplementaryFig.1.d, ITC assays to test binding of cA; to CbTadl mutant.
sticks. b, Detailed binding between CbTadland 1”-3’ gcADPR. Residues Representative binding curves and binding affinities are shown. The K, values
involved in1”-3’ gcADPRbinding are shown as sticks. Red dashed lines aremean=s.d. (n=3independent experiments). Raw data for these curves are
represent polarinteractions. 2Fo-Fc electron density of 1’-3’ gcADPR within showninSupplementary Fig. 3.

onebinding pocketis shown and contoured at1o. ¢, Native PAGE showed the



d PAO1:Tn7 empty PAO1:Tn7 Thoeris SIR2

10-fold dil. 10-fold dil.
30T_empty : . 1

30T_SBSTad1
30T_SBSTad1_R127A/R131A I i 1)
30T_SBSTad1_R108A

\

F10 phage

Pa011ACBASS II-A Pa011 wt

10-fold dil. 10-fold dil.

30T_empty
30T_SBSTad1
30T_SBSTad1_R127A/R131A L

30T_SBSTad1_R108A :

PaMx41Aacb2 phage PaMx41Aach2 phage

C PAO1:Tn7 empty PAO1:Tn7 CBASS III-C

10-fold dil. 10-fold dil.

30T_SBSTad1 |
30T_SBSTad1_R127A/R131A h_

py
|
30T_SBSTad1_R108A Q |

JBD67Aach2 phage JBD67Aach2 phage

}

30T _empty

Extended DataFig. 5|See next page for caption.
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Extended DataFig.5|Mutationsinindependent nucleotide binding sites
of SBS Tad1 disrupt specificinhibitory activities. a, Plaque assay to test the
activity of SBS Tadlagainst Thoerisimmunity in vivo. F10 phage was spotted in
10-fold serial dilutions onalawn of P. aeruginosa cells expressing Thoeris
operongenes (PAO1:Tn7 Thoeris SIR2), or without Thoeris (PAO1:Tn7 empty),
electroporated with pHERD3O0T plasmids carrying SBS tadI (wild type or
mutant gene) or empty vector. b, Plaque assay to test the activity of SBS Tadl
against CBASSII-A®* immunity in vivo. PaMx41Aach2 was spotted on alawn of

PaOl1cells with deletion of CBASS operon (PaO11ACBASS 11-A%) or PaO11 wild
type cells (Pa011wt), electroporated with pHERD30T plasmids carrying SBS
Tadl(wild type or mutant gene) or empty vector. ¢, Plaque assay to test the
activity of SBS Tadlagainst CBASS IlI-C***immunity in vivo.JBD67Aach2 phage
was spotted in10-fold serial dilutions onalawn of P. aeruginosa cells expressing
Pa278 CBASS operon genes (PAOL:Tn7CBASS I1I-C***), or without the system
(PAO1:Tn7 empty), electroporated with pHERD30T plasmids carrying SBS tadl
(wild type or mutant gene) or empty vector.
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Extended DataFig. 6 | PhiKZ gp184 is Tad1sponge protein that binds
CDN/gcADPR molecules. a, Sequence alignment among phiKZ Tadl
homologues and SBS Tadl. For Tadl proteins from phiKZ, PA7, phiPA3,
Phabio phages the sequences without N-terminal domain (putative packaging
domains) were used for alignment. CDN/gcADPR binding sites are shown
withred frames, CTN binding sites are shown with yellow frames. Arrows
indicate mutationsin the binding sites. The enumeration of startand end
amino acid positions isshown for phiKZ gp184.b, ColabFold prediction of
phiKZ gp184 structure. The Tadldomainisingold, and the putative packaging
domainisinblue. The protease cleavage site position HI09 is indicated with
aredarrow.c, ITCassaysto testbinding of 3,3-cGAMP,17,3”-and 1”,2"-gcADPR

to phiKZ Tadl. Representative binding curves and binding affinities are shown.
TheK,valuesare meants.d. (n=3independent experiments). Raw data for
these curvesare showninSupplementary Fig.9.d, Native PAGE showed the
binding of phiKZ Tad1to cyclic nucleotides and gcADPR molecules. For gel
source date, see Supplementary Fig. 1. e, Plaque assay to test the activity

of phiKZ gp184 against CBASS II-A®* immunity in vivo. phiKZAgp184 was
spotted onalawn of P. aeruginosa cells expressing Pa278 CBASS operon genes
(PAO1:Tn7CBASS I1I-C**4), Pa011 CBASS operon genes (PAOL:Tn7CBASS I1-A%4),
Thoeris SIR2 operon genes (PAO1:Tn7 ThoerisI) or without the system
(PAO1:Tn7 empty). Cells were electroporated with pHERD30T plasmids
carrying phiKZ gp184 (109-230 amino acids) or empty vector.
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Extended DataFig.7|SPO1Tad2does notbind to cyclicdinucleotides.

a, Native PAGE showed the binding of SPO1 Tad2 to cyclic nucleotides and
gcADPR molecules. For gel source date, see Supplementary Fig.1.b, The ability
of SPO1Tad2 tobind and release 3’,3-cGAMP when treated with proteinase K
was analysed by HPLC. 3’,3’-cGAMP was used as a control. The remaining
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0-
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nucleotides after incubation with SPO1 Tad2 was tested. ¢, Overlay of
sensorgrams fromsurface plasmon resonance (SPR) experiments, used to
determine kinetics of SPO1 Tad2 binding to cyclic dinucleotides. Data were fit
withamodel describing one-site binding for the ligands (black lines).
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Extended DataFig. 8 | HgmTad2binds to cGG and gcADPRmolecules.

a, Profile ofion exchange chromatography of HgmTad2 using Resource
Qcolumn (1mL, GE Healthcare). Proteins in peaks 1-3 are collected separately
and marked as State 1-3. The proteinsin three states were then subjected to

Time (s)

native PAGE and SDS-PAGE, respectively. b, Native PAGE showed the binding
of HgmTad2inthree statesto1”,2’ gcADPR.For gelsource date ofaandb,
see Supplementary Fig.1.c, SPR analysis of HgmTad2 binding to 2’,3-cGAMP.

The datawasfitted with affinity model and the calculated K, was shown.
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Extended DataFig.9|Thebinding pockets of 1”-2’gcADPRand c¢GG. a, The
binding pocket of1”-2’ gcADPRin the HgmTad2-1"-2’ gcADPR structure. 2Fo-Fc
electron density of1”-2’ gcADPRis shown and contoured at1c. b, Structural
superpositionamong HgmTad2in the apo form (two types of conformations)
and1”-2’ gcADPR-bound form.HgmTad2 in the apo formis coloured orange
and green for two types of conformations, respectively. HgmTad2 in the 1-2’
gcADPR-bound formis coloured cyan and pink for the two protomers. ¢, Native
PAGE showed the binding of HgmTad2 and its mutants to1”-2’ gcADPR.d, The
binding pocket of 3’,3-cGAMP in the HgmTad2-3’,3’-cGAMP structure. 2Fo-Fc
electrondensity of 3/,3-cGAMPis shown and contoured at10. e, Structural

superposition between HgmTad2-3’,3-cGAMP and HgmTad2-cGG. 3’,3-cGAMP
and cGGbind at the same position. f, The binding pocket of cGGin the HgmTad2-
c¢GGstructure. 2Fo-Fcelectron density of cGGisshown and contoured at1o.

g, Structural superpositionamong HgmTad2in the apo form (two types of
conformations) and cGG-bound form. HgmTad2 in the apo formis coloured
orange and green for two types of conformations, respectively. HgmTad2 in
the cGG-bound formis coloured light magenta and pink for the two protomers.
h, Closer view of the binding of the adenine base of 3/,3’-cGAMP in the binding
pocket of HgmTad2.1i, Native PAGE showed the binding of HgmTad2 mutants to
3’,3"-cGAMP. For gel source date of cand i, see Supplementary Fig. 1.
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Extended DataFig.10 | HgmTad2 has anti-Thoeris activity, butlacks totesttheactivity of SPO1Tad2 and HgmTad2 against SIR2 containing Thoeris
anti-CBASS and anti-CRISPR-Cas activity in vivo.a,b CapV enzyme activity systeminvivo.Acb2/Tad2 expressed from p30T plasmid. d, Plaque assays with
inthe presence of 3/,3-cGAMP and resorufin butyrate. The enzyme activity 10-fold dilutions of PaMx41Aacb2to test the activity of SPO1Tad2 and HgmTad2
rate was measured by the accumulation rate of fluorescence units (FUs) against Type ll-A°* CBASS invivo. e, In vitro DNA cleavage with SpyCas9 (100 nM),

persecond.HgmTad2 (8 pM) wasincubated with3’,3-cGAMP (0.8 pM) for10 min ~ sgRNA (150 nM), substrate DNA (10 nM), and AcrllA11/Tad2 proteins (10 pM).
and then proteinase K (0.708 mg/mL) was added to release the nucleotidefrom  Cleavage produce presenceindicates noinhibitor activity. For gel source date,
the HgmTad2 protein. Filtered nucleotide products were used for the CapV see Supplementary Fig.1.f, Plaque assays with 10-fold dilutions of phage JBD30
activity assay. Dataare mean = SD (n = 3 independent experiments). P-value: totest theactivity of HgmTad2 against CRISPR-Cas9 systemin P. aeruginosa.
***+p < 0.0001.**p = 0.0012. ¢, Plaque assays with 10-fold dilutions of phage F10
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Extended DataFig.11|GPBTad2is active against Thoeris SIR2and CBASS
II-A%*invivo. a, Plaque assays to test the activity of GPBTad2 against SIR2
containing Thoeris systemin vivo. Organization of P. aeruginosa Pa231 Thoeris
operonshown.F10 phage was spotted in10-fold serial dilutions onalawn of
P.aeruginosa cells (PAO1) expressing Pa231 Thoeris operon genes (PAO1:Tn7
Thoeris SIR2), or cells without the system (PAO1:Tn7 empty), electroporated
with pHERD3O0T plasmids carrying Acb2 and GPBTad2 genes or empty vector.
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Cap2 _Cap3
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aMx41 Aach2 phage

b, Plaque assays to test the activity of GPBTad2 against Type [I-A°* CBASS
invivo. Organization of the P. aeruginosa Pa011 CBASS 1I-A°* operon shown.
PaMx41Aacb2was spotted in10-fold serial dilutions onalawn of PaOl1 cells
with deletion of CBASS operon (PaO11ACBASSII-A) or PaO11 wild type cells
(Pa011wt), electroporated with pHERD30T plasmids carrying Acb2 and
GPBTad2 genes or empty vector.



Extended Data Table 1| Data collection and refinement statistics

HgmTa HgmTa HgmTa
apo- . CmTad Cle;dl Cle;d] CbTadl g‘,’:ﬁdl - d- Dy BT o
CmTad 1-cAs 1- gcl;DP gc/j\DP -2'3- CG’AMP HgmTa 1",2"- 1",2'- 3’ 12-¢GG d2-3'3'- <GG SPO1
1 cAAG cGAMP d2 gcADP  gcADP  gcADP cGAMP Tad2
R R-cA3 -CA3
R R-cGG R-¢cGG
Data collection
Space group P2|2121 P212121 P212|21 P213 P2]3 P2| C2 P3221 P4’_7212 C 2 P4222 C 222 P21 P6422 C 2
Cell dimensions
a,b,c(A) 138.8 138.9 138.7 101.1 101.3 71.9 140.7 91.0 101.8 104.3 63.7 88.1 50.2 61.6 111.1
1445 145.7 145.1 101.1 101.3 66.0 81.2 91.0 101.8 57.7 63.7 89.8 81.6 61.6 69.1
150.1 150.8 150.0 101.1 101.3 89.4 128.6 99.1 923 92.5 63.2 63.2 50.4 97.5 92.2
o, B,y (°) 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
90.0 90.0 90.0 90.0 90.0 98.3 106.2 90.0 90.0 121.7 90.0 90.0 1023 90.0 959
90.0 90.0 90.0 90.0 90.0 90.0 90.0 120.0 90.0 90.0 90.0 90.0 90.0 120.0 90.0
Resolution (A) 41.13- 44.14- 50.00- 31.97- 32.02- 31.47- 38.84- 19.33- 44.58- 26.97- 31.86- 19.77- 31.40- 48.76- 35.19-
2.56 2.80 3.15 2.16 2.31 237 1.54 1.70 2.10 2.28 1.98 1.38 2.11 1.71 227
(2.65- (2.91- (3.20- (2.24- (2.39- (2.46- (1.60- (1.76- (2.18- (2.36- (2.05- (1.45- (2.16- (1.75- (2.33-
2.56)* 2.80) 3.15) 2.16) 2.31) 2.37) 1.54) 1.70) 2.10) 2.28) 1.98) 1.38) 2.11) 1.71) 2.27)
Rsym OF Rnerge 0.241 0.218 0.199 0.070 0.134 0.161 0.199 0.277 0.234 0.093 0.211 0.107 0.197 0.092 0.170
(2.489) (2.143) (133.5)  (1.232) (2.305) (1.400) (1.140) (1.862) (2.055) (1.211) (2.161) (1.687) (1.259) (2.369) (2.055)
1/al 10.1 9.4 8.88 31.8 22.0 10.2 5.8 7.8 15.7 11.5 18.6 15.0 8.5 25.8 8.9
(1.1) (1.4) (1.0) 2.3) (2.3) (1.8) (1.6) (2.6) (5.8) (1.7) (8.1) (2.0) (2.0) 2.1) (1.6)
Completeness (%) 100 100 99.2 100 100 99.9 100 100 100 98.2 100 97.9 99.7 99.2 99.3
(100) (100) (97.8) (100) (100) (100) (99.9) (100) (100) 97.2) (100) (95.8) (99.7) (99.7) (98.5)
Redundancy 12.9 13.1 5.0 35.1 40.0 6.8 6.1 399 253 6.8 243 26.4 6.5 353 6.6
(12.8) (13.7) 4.1) (17.8) (41.1) (7.1) 4.8) (40.0) (24.8) (6.3) (26.0) (27.6) (6.5) (32.4) (6.8)
Refinement
Resolution (A) 41.13- 44.14- 34.76- 31.97- 32.02- 31.47- 38.84- 19.33- 44.58- 26.97- 31.86- 19.77- 31.36- 30.77- 32.51-
2.56 2.80 3.15 2.16 231 237 1.54 1.70 2.10 2.28 1.98 1.38 2.11 1.71 2.27
(2.65- (2.91- (3.26- (2.24- (2.39- (2.46- (1.60- (1.76- (2.18- (2.36- (2.05- (1.43- (2.19- (1.77- (2.35-
2.56) 2.80) 3.15) 2.16) 2.31) 2.37) 1.54) 1.70) 2.10) 2.28) 1.98) 1.38) 2.11) 1.71) 2.27)
No. reflections 97006 74744 52431 18756 15410 33876 204857 51811 28922 21044 9542 50735 22794 12276 31937
(9462) (6907) (4950) (1878) (1500) (3364) (20288)  (5206) (2847) (2047) (932) (4912) (2306) (1187) (3147)
Ryvork / Riree 0.221/ 0.234/ 0.202/ 0.205/ 0.204/ 0.206/ 0.239/ 0.213/ 0.192/ 0.228/ 0.200/ 0.201/ 0.233/ 0.201/ 0.234/
0.261 0.269 0.239 0.250 0.250 0.247 0.262 0.228 0.236 0.289 0.238 0.218 0.272 0.236 0.261
No. atoms 13130 12881 12885 2175 2303 6346 10772 3659 3618 3546 985 1977 3451 907 4260
Protein 12615 12615 12615 2059 2048 5982 8994 3288 3288 3288 827 1644 3288 816 4189
Ligand/ion 2 266 270 70 202 270 603 / 140 232 81 92 90 46 /
Water 513 / / 45 53 94 1175 371 190 26 77 268 73 45 71
B-factors 47.39 59.91 73.72 60.66 59.78 55.65 17.60 35.16 30.37 61.49 27.59 25.80 46.47 40.19 50.17
Protein 47.60 59.90 73.97 60.78 60.68 5591 17.17 34.44 30.60 61.78 27.09 24.52 46.55 40.67 50.28
Ligand/ion 55.94 60.36 62.16 57.73 52.81 52.58 11.78 / 20.28 58.26 25.75 17.40 45.34 27.52 /
Water 42.10 / / 56.78 51.52 47.70 23.83 41.50 33.89 52.75 34.90 36.55 4433 44.39 43.49
R.m.s. deviations
Bond lengths
A 0.025 0.014 0.011 0.006 0.01 0.013 0.009 0.013 0.018 0.01 0.014 0.012 0.01 0.012 0.017
Bond angles
© 2.52 2.12 1.26 1.02 1.43 2.05 1.24 1.52 220 1.18 1.54 2.03 1.13 1.30 1.59

For each structure one crystal was used.

*Values in parentheses are for highest-resolution shell.

Table containing details of X-ray crystallographical data collection, processing, and refinement including relevant statistics of the maps and models generated in this study.
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