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Reversible conjugation of a CBASS 
nucleotide cyclase regulates bacterial 
immune response to phage infection

Larissa Krüger    1 , Laura Gaskell-Mew1, Shirley Graham1, Sally Shirran1, 
Robert Hertel    2 & Malcolm F. White    1 

Prokaryotic antiviral defence systems are frequently toxic for host 
cells and stringent regulation is required to ensure survival and fitness. 
These systems must be readily available in case of infection but tightly 
controlled to prevent activation of an unnecessary cellular response. Here 
we investigate how the bacterial cyclic oligonucleotide-based antiphage 
signalling system (CBASS) uses its intrinsic protein modification system 
to regulate the nucleotide cyclase. By integrating a type II CBASS system 
from Bacillus cereus into the model organism Bacillus subtilis, we show 
that the protein-conjugating Cap2 (CBASS associated protein 2) enzyme 
links the cyclase exclusively to the conserved phage shock protein A (PspA) 
in the absence of phage. The cyclase–PspA conjugation is reversed by the 
deconjugating isopeptidase Cap3 (CBASS associated protein 3). We propose 
a model in which the cyclase is held in an inactive state by conjugation to 
PspA in the absence of phage, with conjugation released upon infection, 
priming the cyclase for activation.

The evolution of bacteria and their viruses (phages) has been driven 
by the constant arms race between them. While bacteria developed 
more potent defence systems, phages evolved to overcome these 
systems. Many eukaryotic defence systems have their ancestral 
roots in the prokaryotic world. Thus, the eukaryotic cGAS enzyme 
of the cGAS-STING pathway is a homologue of the bacterial cyclic 
nucleotidyl-transferase (CD-NTase; hereafter, ‘cyclase’), which is 
part of the cyclic-oligonucleotide-based antiphage signalling sys-
tem (CBASS)1,2. Both pathways function via the detection of viral 
infection and activation of a nucleotide cyclase which generates a 
cyclic nucleotide second messenger that in turn activates an antivi-
ral downstream response. cGAMP is used as the second messenger 
by the eukaryotic and some bacterial defence systems, but recent 
studies have revealed a large diversity of bacterial cyclase enzymes 
that are all related to cGAS and synthesize a diverse array of cyclic 
nucleotides in response to phage infection1–4. These signals in turn 
activate a wide range of downstream effectors including nucleases, 

hydrolases and membrane disruption proteins that modulate the 
bacterial immune response5–8.

Key details of CBASS immunity remain unexplored; in particu-
lar, the signal that activates cyclases is in many cases still unknown. 
The eukaryotic homologue cGAS is stimulated by binding to 
double-stranded DNA or RNA in the cytosol, indicative of viral infec-
tion9–11. Similarly, it has recently been observed that cyclases from type I 
CBASS systems in Staphylococcus schleiferi bind viral RNA, thereby trig-
gering cyclic dinucleotide synthesis12. Phage capsid proteins have been 
implicated in triggering type II CBASS defence in Pseudomonas aerugi-
nosa13, while the cyclase DncV from Vibrio cholerae binds folate-like 
molecules and alterations in their levels during phage replication 
activates the enzyme14–16. In type III CBASS systems, binding of certain 
phage peptides by HORMA-domain containing proteins changes their 
state and allows them to bind and activate the cyclase17.

Type II CBASS operons contain genes encoding homologues of 
the ubiquitin ligation machinery4. Two studies have reported that the 
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(SPβ and PBSX), the three prophage-like elements (prophage 1, 
prophage 3 and skin) and the polyketide synthase operon23. The pro-
tective effect of CBASS against phage infection was tested by infecting 
the B. subtilis Δ6 parental strain (hereafter referred to as ‘no CBASS’) 
and strains containing full or partial CBASS operons with four novel 
B. subtilis phages. We compared the genomes of the four phages to 
known B. subtilis phages and classified them accordingly (Extended 
Data Fig. 1 and Supplementary Table 1). The phages Goe16 and Goe26 
belong to two different genera within the Herelleviridae family and 
the Spounavirinae subfamily. Goe21 is a jumbo virus and belongs to 
the Takahashivirus genus. Goe23 is related to phage phi29 and is a 
Salasvirus within the Herelleviridae family. Morphologically, Goe16, 
Goe21 and Goe26 are myoviruses and Goe23 is a podovirus (Supple-
mentary Table 1).

The type II CBASS system protected bacteria from infection with 
all four phages (Fig. 1b,c and Extended Data Fig. 1e–g). CBASS conferred 
104-fold defence compared with the parental strain for phages Goe16, 
Goe21 and Goe26. There was no reduction in plaque-forming units 
(p.f.u.) count for Goe23 (Fig. 1b,c); however, the morphology of the 
plaques changed from a clear to a much more turbid plaque (Fig. 1b) 

carboxy terminus of the cyclase is activated by ADP ribosylation and 
transiently linked to Cap2 before conjugation to its target protein18,19. 
The nature of the cellular target, the role of the regulation by conjuga-
tion of cyclase for immunity, as well as its link to phage infection remain 
largely unexplored.

Here we studied the type II CBASS system from Bacillus cereus 
strain WPySW2. The operon consists of four genes encoding a cyclase, 
Cap2, Cap3 and a Nuc-SAVED effector (Fig. 1a). We transferred the 
system from B. cereus into the cognate host Bacillus subtilis to study 
this CBASS system in vivo. Using an unbiased cell separation approach, 
we observe that the cyclase is in part membrane associated and, in the 
presence of the Cap2 enzyme, conjugated to phage shock protein A 
(PspA), the main effector of the phage shock protein (Psp) response, a 
universally conserved bacterial response to envelope stress20.

Results
The B. cereus CBASS system is functional in B. subtilis
The B. cereus CBASS operon (Fig. 1a) was introduced into the genome 
of B. subtilis Δ6 and expressed under a strong, constitutive promoter 
(PdegQ-H)21,22. B. subtilis Δ6 was used as it is deficient of the two prophages 
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Fig. 1 | CBASS protects against phage infection. a, CBASS operon organization 
in B. cereus WPySW2 with GenBank accession numbers. b, Variants of the CBASS 
operon were integrated into the genome of B. subtilis Δ6. Strains used: LK06 
(CBASS), LK10 (CBASSΔcap2Δcap3), LK18 (no CBASS), LK20 (CBASSΔcap3), LK64 
(CBASScap2-C91R), LK65 (CBASScap2-C403R), LK66 (CBASScyclase-A331E). Exponentially 
growing cells were infected with dilutions of the respective phage. 
Representative plates of 3 biological replicates are shown. The morphotype and 

the genome size of each phage are indicated. c, Plaque-forming units (p.f.u. ml−1) 
of infection drop assays in b. Data are presented as mean ± s.d. Statistical 
analysis was performed using one-way analysis of variance (ANOVA), followed 
by Dunnett’s multiple comparisons test (P values listed from left to right on the 
graph: Goe16 *P = 0.0153, *P = 0.0155; Goe21 **P = 0.0027, **P = 0.0028; Goe23 
*P = 0.03; Goe26 ****P < 0.0001, ****P < 0.0001). Detailed information on the 
genotypes can be found in Supplementary Table 2.
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and we could observe protection in liquid medium (Extended Data 
Fig. 1e). Thus, the CBASSBce system confers immunity against four dif-
ferent classes of phages (Fig. 1b).

To assess the essential components of CBASS, we deleted parts 
of the operon, or introduced point mutations in relevant residues 
to generate protein variants. The double deletion of the cap2 and 
cap3 genes led to a complete loss of immunity, as did deletion of 
the cyclase gene. In contrast, deletion of cap3 reduced but did not 
abolish immunity (Fig. 1b,c). However, mutation of the catalytic 
residues of either the E2 (C91R) or E1 (C403R) domain of Cap2 led to 
loss of immunity (Fig. 1b,c). The C-terminal tails of cyclases are highly 
conserved even among distantly related type II CBASS systems and 
the last amino acid is typically an Ala or Gly residue that is conjugated 
to a lysine on cellular targets18. To investigate the importance of 
the C-terminal Ala, we mutated Ala331 (A331E) and observed loss of 
immunity (Fig. 1b,c).

Bce cyclase is conjugated to PspA
Eukaryotic cGAS is regulated partly by association with the plasma 
membrane24. The subcellular localization of the bacterial cyclases could 
thus be an important aspect of their regulation. We addressed this by 
separating the cytosolic and membrane fractions of a CBASS expression 
strain and purified the cyclase by immuno-affinity chromatography. 
While most of the overexpressed cyclase was cytosolic, there was a 
substantial amount of the protein in the membrane fractions, irre-
spective of the presence or absence of the C-terminal tail (Fig. 2a and 
Extended Data Fig. 3a).

The membrane fractions contained additional bands (at 28, 65 and 
>200 kDa) associated with the full-length cyclase (Fig. 2a and Extended 
Data Fig. 2a). The 65 kDa band (magenta arrowhead) contained equiva-
lent amounts of the cyclase and PspA, suggestive of a 1:1 conjugated 
species (Extended Data Fig. 2a). In B. subtilis, the pspA-ydjG-ydjH-ydjI 

operon is activated by alkali stress and infection with phage SPP1  
(ref. 25). YdjI, which was identified in the 200 kDa band (Fig. 2a and 
Extended Data Fig. 2b), is essential for membrane localization of PspA 
in B. subtilis26,27. The prominent band at 27 kDa was confirmed as PspA. 
Comparing the intensity of the band in the SDS gel of both the PspA 
monomer and the cyclase suggested that PspA was present in high 
molar excess (Fig. 2a and Extended Data Fig. 2b). PspA proteins assem-
ble in helical rods with an ESCRT-III-like fold28,29. Thus, we hypothesize 
that the cyclase associates with and is conjugated to PspA rods in vivo.

To confirm that the cyclase and PspA proteins were indeed con-
jugated by an isopeptide bond and identify the sites on each protein, 
we searched the mass spectrometry (MS) data for PspA peptides car-
rying the last tryptic peptide of the cyclase, KPGGFA, which results 
in a predicted mass increase of 557.3 Da. We observed this mass shift 
on two residues, K147 and K220, of PspA (Fig. 2b and Extended Data 
Fig. 2b). This indicates that the C-terminal carboxyl group of the cyclase 
forms an isopeptide bond with the ε-amino group of a lysine residue 
in PspA (Fig. 2c).

To investigate which components of CBASS were required for 
cyclase conjugation under more realistic conditions in vivo, we puri-
fied cyclase from B. subtilis expressing genomically integrated CBASS 
and performed western blot analysis to determine the level of con-
jugation in the different strains. The cyclase–PspA conjugate only 
formed in the presence of cyclase, Cap2 and PspA, indicating that 
Cap2 is indeed the enzyme responsible for cyclase ligation to PspA 
(Fig. 2d). In the absence of PspA, we did not observe conjugation 
to an alternative target (Fig. 2d). The observation that Cap3 pre-
vented formation of the cyclase–PspA conjugate strongly indicates 
that Cap3 cleaves the cyclase–PspA conjugate in vivo, as previously 
observed18,30. We then separated the cell extract of the same strains 
into membrane and cytosolic fractions, and purified the cyclase from 
the cytosolic fraction to concentrate the sample to the same volume 
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Fig. 2 | The cyclase partitions between the cytoplasm and membranes, and is 
conjugated to PspA in vivo. a, The full-length or truncated (1–300) cyclase was 
overexpressed from a plasmid in B. subtilis in the absence of Cap3 (strain LK40). 
Cultures were collected at exponential growth phase and cell lysates separated 
into cytosolic and membrane fractions. The cyclase was purified from both 
fractions using protein A-coupled beads and a cyclase-specific antibody, and 
analysed by SDS–PAGE. In the membrane fraction, additional higher-molecular-
weight bands were detected for the full-length cyclase, with a prominent band 
below the 70 kDa band (magenta arrowhead). HC, heavy chain; LC, light chain; 
ΔC, deletion of C terminus of cyclase (aa 301–331). b, Amino acid sequence of 

PspA from B. subtilis with the modified lysine residues highlighted (magenta) and 
the respective tryptic peptides identifed by MS underlined. c, Depiction of the 
conjugation site between PspA(K147/K220) and the cyclase (A331). d, The cyclase 
was purified from B. subtilis cell extracts expressing genomically integrated 
versions of CBASS (strains LK18 (control), LK06 (CBASS), LK20 (CBASSΔcap3), LK10 
(CBASSΔcap2Δcap3), LK51 (CBASS ΔpspA)), separated by SDS–PAGE and analysed 
by western blot with specific antibodies (α-cyclase, α-PspABsu). All experiments 
were conducted with at least 2 biological replicates. Detailed information on the 
genotypes of all strains can be found in Supplementary Table 2.
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as the membrane fraction. Western blot analysis showed that the 
cyclase partitions between both fractions (Extended Data Fig. 3). 
The association with the membrane fractions was independent of 
Cap2, Cap3 and PspA, providing evidence that the cyclase itself could 
interact with membranes (Extended Data Fig. 3).

Conjugation in vitro
To reconstitute conjugation in vitro, we incubated the purified 
proteins in a conjugation assay and analysed the reaction mixtures 
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis  
(SDS–PAGE) and western blot using antibodies raised against the 
cyclase and PspABsu. We observed conjugation of the cyclase to PspABsu in 
the presence of Cap2 and ATP (Fig. 3a). In addition, the cyclase formed 
higher-molecular-weight (MW) species in the presence of Cap2 and ATP, 
indicative of Cap2–cyclase thioester intermediates, as observed previ-
ously18,19. MS confirmed the presence of cyclase and Cap2 peptides in 
these bands (Extended Data Fig. 4a and Supplementary Information). 
The physiological relevance of these species is unclear, as they were 
not observed in B. subtilis (Fig. 2d).

To further investigate PspA conjugation to the cyclase, we created 
variant PspABsu proteins K147R and K220R to block conjugation at these 
positions. The K147R variant showed a 35% reduction in conjugation, 
while the K220R variant was still efficiently targeted for conjugation 
(Fig. 3b,c and Extended Data Fig. 4b), suggesting that K147 is a preferred 

residue for conjugation but that additional unidentified lysine residues 
on PspABsu can also be targeted. PspA proteins show considerable 
sequence variability: the proteins from B. subtilis and B. cereus share 
only 31% sequence identity (Extended Data Fig. 4c). To confirm that 
Cap2 can also use PspA from B. cereus (PspABce) as a substrate for cyclase 
conjugation, we purified the PspABce homologue and repeated the 
conjugation assays, observing conjugation of the cyclase to PspABce on 
five C-terminal lysine residues (Extended Data Fig. 4d). We hypothesize 
that interaction between Cap2 and PspA initiates conjugation of the C 
terminus of the cyclase to an exposed lysine residue on the C terminus 
of PspA, which is outward facing in PspA filaments29.

Influence of PspA–cyclase conjugation on CBASS activation
To understand the relevance of conjugation during phage infection, 
we infected cells expressing either the full CBASS system or CBASSΔcap3 
with the phi29-like phage Goe23. Cells were collected before and 5, 15 
and 30 min post infection, and the membranes purified. In the western 
blots, we observed that infection did not increase formation of the 
conjugate at any timepoint. In contrast, we observed a Cap3-dependent 
deconjugation of cyclase–PspA 30 min after infection (Fig. 4a,b and 
Extended Data Fig. 5a). We next deleted pspA and infected the bacteria 
with each of the four phages. Deletion of pspA had no negative effect 
on immunity, suggesting that conjugation to PspA is not essential for 
the eventual activation of the cyclase (Extended Data Fig. 5b). As the 
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Fig. 3 | Cap2 conjugates the cyclase to PspA. a, In vitro conjugation of the 
cyclase to PspA. Reaction mixture contained 5 µM Strep-Cap2, 5 µM cyclase  
and 10 µM PspA, 10 mM MgCl2, 1 mM ATP, 100 mM Tris-HCl pH 8 and 150 mM 
NaCl. Samples were incubated for 30 min at 25 °C, separated by SDS–PAGE  
and analysed by western blot with specific antibodies (α-cyclase, α-PspA).  
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b, In vitro conjugation with PspA lysine mutants (reaction mix as in a).  
c, Quantification of b. Data are presented as mean ± s.d. WT, wild type. 
Statistical analysis was performed using one-way ANOVA, followed by  
Dunnett’s multiple comparisons test (**P = 0.0037; *P = 0.0151; NS, not 
significant). All experiments were conducted with 3 biological replicates and 
representative gels/blots are shown.
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CBASS system was overexpressed in our standard strains, we mutated 
the hyperactive PdegQ-H promoter controlling CBASS expression back to 
the PdegQ wild-type version to reduce gene expression levels22. The lower 
expression of CBASS prevented effective immunity in a plaque assay, 
regardless of the presence of PspA (Extended Data Fig. 5c). However, 
when we compared the initial response of these strains to phage infec-
tion in liquid medium, we found that the absence of PspA provided a 
subtle enhancement of protection against phage Goe21 and Goe26, but 
not Goe23 (Fig. 4c). This hints that conjugation of the cyclase to PspA 
becomes relevant under low CBASS expression, perhaps by slowing 
down activation of CBASS.

To explore this further, we grew B. subtilis cultures overexpressing 
CBASS and infected the cultures with phage Goe23 (MOI = 2). These 
cultures were collected at 0 and 30 min after infection, and intracel-
lular nucleotides were extracted and used to activate the cognate 
CBASS Nuc-SAVED effector in a plasmid cleavage assay. We observed 
plasmid degradation only after infection and in cells with an active 
CBASS system (Extended Data Fig. 6). As expected, deletion of cap3 
resulted in a subtle phenotype, and deletion or mutation of cap2 abol-
ished immunity. To probe this further, we investigated a time course 
of plasmid digestion using nucleotides extracted at 30 min post infec-
tion for cells ±PspA (Fig. 4d and Extended Data Fig. 7). This revealed 
earlier activation of Nuc-SAVED (and thus increased cyclase activa-
tion) in the absence of PspA. We extended this approach to examine 
the kinetics of cyclase activation post infection over a range of time 
for three phages (Goe23, Goe21 and Goe26) with differing replica-
tion times. For Goe23, we observed a significant increase in plasmid 
cleavage activity with nucleotides extracted at 25 min post infection 
in the pspA deletion strain compared with the CBASS wild type (Fig. 4e 
and Extended Data Fig. 8), consistent with previous results. Nuclease 
activity was observed only after 35 min for Goe26 and after 45 min for 
Goe21, suggesting that activation of the CBASS cyclase occurs only 
late in infection3, and we observed no signficant effect arising from 
pspA deletion for the slower-replicating phage in this assay (Fig. 4f,g 
and Extended Data Fig. 8).

Conjugation in the heterologous Escherichia coli host
To investigate the function of the Bce system further, we co-expressed 
His-tagged cyclase and Cap2 in E. coli and purified the cyclase. In con-
trast to previously reported observations18,30, few higher-MW spe-
cies were observed, suggesting that the final target for conjugation 
was missing in our heterologous system (Fig. 5a, lane 5). Thus, we 
co-expressed His-tagged cyclase and Cap2 together with B. subtilis 
PspA in E. coli and observed the formation of cyclase–PspA conjugates 
(Fig. 5a, lane 1, and Extended Data Fig. 10a). We identified K147 as the 
major target for modification by the C terminus of the cyclase, confirm-
ing our initial results (Extended Data Fig. 9a and Fig. 2b). As expected, 
the cyclase–PspA conjugate was not formed with the truncated cyclase 
(Fig. 5a, lane 4) or when the cyclase and PspA were co-expressed with 

a catalytic dead mutant of Cap2 (Fig. 5a, lane 2/3). These data provide 
strong support for the hypothesis that PspA is the relevant acceptor 
protein for conjugation with the cyclase.

As expected from previous experiments, co-expression with 
Cap3 drastically reduced the formation of the cyclase–PspA conjugate 
(Fig. 5a, lane 6). We were unable to express the Bce Cap3 protein and 
substituted a Cap3 orthologue from Cytobacillus oceanisediminis (61% 
sequence identity to Cap3Bce) to confirm the activity of Cap3 in vitro. To 
obtain the substrate, we purified the cyclase from the co-expression 
and separated monomeric cyclase from the cyclase–PspA conjugate by 
size exclusion chromatography (SEC) (Extended Data Fig. 9b). Incuba-
tion of the purified cyclase–PspA conjugate with Cap3Coc reversed con-
jugation, as expected (Fig. 5b and Extended Data Fig. 9c). We compared 
the mass of non-conjugated cyclase to that of deconjugated cyclase by 
intact MS and determined that they had the same mass (Extended Data 
Fig. 9e). In addition, we treated the two proteins with the peptidase 
AspN and analysed the peptides by MS, identifying the C-terminal 
peptide of the cyclase in both versions, which indicates that deconju-
gation by Cap3 is scarless (Extended Data Fig. 9d,e,f). In other words, 
Cap2-dependent conjugation and Cap3-dependent deconjugation can 
exist in equilibrium, with the cyclase shuttling between different forms.

Activity of the B. cereus cyclase in vitro
We observed earlier that the Bce Nuc-SAVED effector (Cap4) was acti-
vated by synthetic (3′, 3′, 3′) cyclic triadenosine monophosphate (cA3) 
(Extended Data Fig. 6), but note that CBASS cyclases are capable of 
making a variety of cyclic nucleotides with both 3′-5′ and 2′-5′ link-
ages5. We incubated the purified cyclase with two different ATP con-
centrations and analysed the products by high-performance liquid 
chromatography (HPLC) (Fig. 5c and Extended Data Fig. 10a,b). While 
the cyclase formed mainly cA3 at low ATP concentration (0.2 mM), no 
cA3 peak appeared when the cyclase was incubated with higher ATP 
concentration (5 mM). However, a minor peak observed in low ATP 
conditions became more prominent. To investigate which of these prod-
ucts activated the CBASS effector Nuc-SAVED, we performed a plasmid 
cleavage assay with the respective samples (Fig. 5d and Extended Data 
Fig. 10c). Only the sample containing mainly cA3 induced plasmid cleav-
age through activation of Nuc-SAVED. Nuc-SAVED was not activated by 
the other products from the 5 mM ATP reaction, showing that cA3 is 
the activator of the Bce CBASS effector. Since the 2′-5′ and 3′-5′ linked 
forms often co-elute on HPLC5, we could not discriminate between the 
two isomeric forms of cA3.

We quantified the levels of production of cA3 in the low-ATP 
reaction samples using a standard curve generated with synthetic 
cA3 (Extended Data Fig. 10d). The wild-type cyclase generated cyclic 
nucleotide at a very low level, with less than a single turnover per hour 
(0.33 and 0.24 cA3 h−1 calculated from two timepoints) (Fig. 5e). These 
data suggest that the cyclase is inactive in vitro. To investigate this 
further, we created a variant of the cyclase lacking residues 302–331 

Fig. 4 | Cyclase conjugation to PspA responds to phage infection. a, Strains 
harbouring genomic integration of the CBASS operon (strains LK06 (CBASS), 
LK20 (CBASSΔcap3)) were grown and infected with phage Goe23 to an MOI of 
2. Cultures were grown for an additional 5, 15 or 30 min before collection. 
Membrane fractions were analysed by SDS–PAGE and western blot with a 
cyclase-specific antibody. Antibody α-Rny (against RNase Y) served as a loading 
control. mpi, minutes post infection. b, Quantification of reduction of cyclase–
PspA conjugate upon infection. Data are shown relative to wild-type CBASS 
at timepoint 0 min. The experiment was conducted with n = 3 for CBASSΔcap3 
and n = 4 for CBASS biologically independent samples. Data are presented as 
mean ± s.d. Statistical analysis was performed using one-way ANOVA, followed 
by Tukey’s multiple comparisons test (*P = 0.0129). c, Infection assay in liquid 
medium of strains containing CBASS components as indicated. Cultures were 
infected at mid-exponential growth with phage Goe23, Goe21 or Goe26 (MOI of 
2). The experiment was conducted with 2 biologically independent replicates and 

data are presented as mean ± s.d. d, Nucleotides were extracted from B. subtilis 
strains LK06 (CBASS) and LK51 (CBASS ΔpspA) 30 min after infection with Goe23 
and used to activate the CBASS effector Nuc-SAVED using a plasmid cleavage 
assay. The experiment was conducted with 3 biological replicates, each with 3 
technical replicates (all gels shown in Extended Data Fig. 7). Data are presented as 
mean ± s.d. e,f,g, CBASS (strain LK06) and CBASS ΔpspA (strain LK51) cells were 
infected with phage Goe23 (e), Goe21 (f) or Goe26 (g). Activation of Nuc-SAVED 
by the extracted nucleotides was assayed and quantified (exemplary agarose 
gel at the bottom; all replicates in Extended Data Fig. 8). All experiments were 
conducted with 3 biological replicates, each with 3 technical replicates. Data 
are presented as mean ± s.d. Statistical analysis was performed using one-way 
ANOVA, followed by Tukey’s multiple comparisons test (P values listed from 
left to right on the graph; Goe23 NS > 0.9999, *P = 0.0454, NS > 0.9999; Goe21 
NS = 0.1821, NS = 0.9996; Goe26 NS > 0.9999, NS > 0.9999).
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that comprise the flexible tail, which cannot be conjugated, and 
compared the activity of the truncated protein with the wild-type 
cyclase and with the cyclase conjugated to the PspA protein, purified 
from E. coli (Extended Data Fig. 9b). Cyclase activity was measured 
by assaying the activity of the Nuc-SAVED effector in a fluorescent 
assay (analogous to that in ref. 31) where the release of a fluores-
cent signal, generated by cleavage of a 30-bp-long double-stranded 
DNA molecule containing a fluorescent probe and a quencher, was 
followed. Using this highly sensitive assay, we observed that all 
three cyclase species: conjugated, unconjugated and truncated, 
activated the Nuc-SAVED effector to the same extent, within error 
(Fig. 5f). Thus, our data indicate that the unconjugated, truncated 
and PspA-conjugated cyclase species are all inactive forms, suggest-
ing that priming requires deconjugation from PspA by Cap3 and 
subsequent, as yet undetermined, steps to activate the cyclase and 
initiate the CBASS response.

Discussion
Recent studies of type II CBASS systems have uncovered the important 
roles for Cap2-mediated conjugation and Cap3-mediated deconju-
gation of the cyclase, but left several mechanistic questions unan-
swered18,19,30. Our investigation of the system from B. cereus shows that 
Cap2 conjugates the cyclase to a specific acceptor protein: the major 
effector of the Psp response, PspA. This posttranslational modification 
is fully reversible by Cap3, raising the prospect of an equilibrium of 
conjugated and deconjugated cyclase that could represent a means to 
control the activation of the CBASS response. The activation of type 
II CBASS cyclases, which clearly requires a conjugation step, has been 
subjected to much speculation. In eukaryotes, cGAS is activated by 
DNA-induced oligomerization32–34 and cyclase–cyclase conjugation 
has been proposed as the activation mechanism for a CBASS type 
II short system with only an E2 enzyme19. Previous studies of type II 
CBASS have revealed conjugation to a wide range of housekeeping 
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Fig. 5 | Conjugation in the heterologous E. coli host. a, Co-expression of the 
respective CBASS components from Bacillus cereus and PspA from Bacillus 
subtilis (Bsu) in E. coli and purification via His-tagged cyclase. Separation by 
SDS–PAGE and detection of the cyclase by western blot with a cyclase-specific 
antibody. The presence of PspA peptides in the conjugate band was confirmed 
by MS. ΔC, deletion of C terminus (aa 302–331). The experiment was conducted 
with 3 biological replicates and representative images from 1 replicate are 
shown. b, The cyclase–PspA conjugate was incubated together with the Cap3 
orthologue from Cytobacillus oceanisediminis and the cleavage was followed by 
western blot with a PspA-specific antibody (see also Extended Data Fig. 9c). n = 3, 
a representative blot is shown. c, The reaction products from a cyclase reaction 
(50 µM cyclase, 0.2/5 mM ATP, 45 min incubation at 37 °C) were analysed by 
HPLC. The y axis is rescaled for presentation. The experiment was conducted with 
3 replicates and a representative trace is shown. See Extended Data Fig. 10 for 

replicates. d, The reaction products from c were tested for their ability to activate 
the CBASS effector Nuc-SAVED in a plasmid cleavage assay. n = 3, a representative 
gel is shown. See Extended Data Fig. 10 for replicates. e, The turnover number 
of the cyclase with respect to cA3 production with 0.2 mM ATP as substrate was 
calculated from the HPLC data by measuring the area under the peak and fitting 
the data to a cA3 standard curve (see Extended Data Fig. 10 for HPLC traces of 
replicates and linear regression of cA3 standard). n = 3, data are presented as 
mean ± s.d. f, The activities of the wild-type cyclase, the truncated cyclase (1–301) 
and the cyclase–PspA conjugate were measured in a fluorescent DNA cleavage 
assay with the effector protein Nuc-SAVED. The initial rate of Nuc-SAVED was 
calculated and normalized to the protein amount, and set relative to the wild-
type protein. n = 3, data are presented as mean ± s.d. Statistical analysis was 
performed using one-way ANOVA, followed by Dunnett’s multiple comparisons 
test (NS = 0.1679).

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-024-01670-5

proteins, reminiscent of the background conjugation that might be 
observed when a protein partner is absent30. In contrast, by isolating the 
membrane-associated fraction of cyclase, our study has revealed spe-
cific conjugation to a single target protein, PspA. We hypothesize that 
by ligating the cyclase to a highly abundant protein such as PspA, the 
cyclase is distributed in the cell, preventing clustering and activation in 
the absence of infection. The ability of Psp systems to respond to phage 
infection by sensing cell envelope damage could add another level of 
regulation to CBASS systems, potentially regulating Cap3-mediated 
deconjugation and, thus, activation of CBASS defence.

The role of the Cap3 enzyme, which deconjugates cyclases from a 
range of partner proteins in vitro, has been a point of speculation18,30. In 
this study, the Cap3Bce enzyme increased immunity provided by the Bce 
CBASS system (Fig. 1b,c). In a study of an E. coli CBASS system, Cap3 was 
essential for immunity against phages T4 and T6 but not required for 
phages lambda and T2 (ref. 30). In contrast, when a V. cholerae CBASS 
system was tested in a heterologous E. coli host, Cap3 was not required 
for immunity against T2, T4, T5 or T6 phages18. In fact, deletion of Cap3 
was associated with increased levels of cGAMP production by the  
V. cholerae cyclase immunoprecipitated from E. coli cells, leading the 
authors to propose a model whereby Cap3 is an antagonist of Cap2 that 
limits cyclase priming18. Finally, Cap3 was not required for antiphage 
immunity in a P. aeruginosa system13.

The observed inhibition of the Bce cyclase at ATP levels typical 
for normally growing bacterial cells could have a regulatory function 
in vivo. Phage infection can alter intracellular nucleotide levels35, a dis-
turbance possibly affecting the activity of the cyclase and/or the Cap2 
protein. It has been observed before that CBASS, in contrast to other 
defence systems, responds rather late during the infection cycle of the 
phage3 and our observations support this idea (Fig. 4e,f,g). After 30 min 
post infection with phage Goe23, we detected a decrease in the amount 
of the cyclase–PspA conjugate in infected cells (Fig. 4a,b). On the basis 
of this and our observation of earlier accumulation of the second mes-
senger in cells lacking PspA after infection with phage Goe23 (Fig. 4e 
and Extended Data Fig. 8), we suppose that deconjugation of the cyclase 

is necessary for activation. This idea is supported by the observation 
that CBASS, under low expression, is impaired in the presence of PspA, 
but can provide some immunity against phage Goe21 and Goe26 in its 
absence (Fig. 4c). While we observed a direct effect on conjugation 
and cyclase activation with phage Goe23 in our overexpressed system, 
we had to downregulate CBASS expression massively to observe a 
PspA-dependent impairment of CBASS immunity with phage Goe21 
and Goe26. This underlines the importance of cyclase conjugation to 
PspA in the natural host, where PspA concentration probably vastly 
outnumbers that of the CBASS cyclase. The rather subtle effects of 
PspA deletion observed in our study may be due in part to the use of 
artificial promoter systems for gene expression. Recent studies have 
revealed a role for the CapP-CapH signalling pathway, which provides 
a means to regulate CBASS expression in response to signals of phage 
infection such as DNA damage36. These genes are present upstream of 
the B. cereus CBASS operon studied here and are an important focus 
for future work.

A working model for the regulation of the B. cereus type II CBASS 
is presented in Fig. 6. In uninfected cells, newly synthesized cyclase is 
conjugated by Cap2 to the abundant cellular protein PspA. An equi-
librium between Cap2-mediated conjugation and Cap3-mediated 
deconjugation may be established, which could be an effective means 
to prevent cyclase activation by oligomerization—a mechanism that 
appears conserved in both eukaryal and bacterial systems19,32–34. At 
later timepoints following phage infection, Cap3-mediated decon-
jugation of cyclase from PspA is observed, implying a role for Cap3 in 
sensing infection. It is possible that this relates to the changes in PspA 
organization upon phage infection20,25, making deconjugation more 
favourable. The release of cyclase from its conjugation partner could 
then allow Cap2-mediated activation of the cyclase, possbily due to 
oligomerization of multiple cyclase molecules and concomitant activa-
tion, as observed for the type I CBASS system19. PspA is near-universal 
in bacteria37, but was not observed as a conjugation partner in studies 
conducted in E. coli18,30. In E. coli, PspF forms an inhibitory complex with 
PspA in uninducing conditions, which may prevent interaction with 
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Fig. 6 | Model of type II CBASS regulation through cyclase conjugation.  
In the absence of phage infection, Cap2 ligates the cyclase to PspA to prevent 
activation and induction of CBASS. The cyclase–PspA conjugate is cleaved by 
the isopeptidase Cap3. This equilibrium of unconjugated/conjugated cyclase is 

shifted towards unconjugated cyclase upon phage infection. Activation of the 
cyclase is Cap2-dependent and leads to degradation of double-stranded DNA 
through activation of the CBASS effector Nuc-SAVED, but the specific mechanism 
of activation remains unknown. Created with BioRender.com.
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Cap2 (refs. 38,39). Moreover, the use of overexpression platforms and 
heterologous hosts, while essential for initial biochemical studies, can 
mask important aspects of these defence systems. Equally, alternative 
conjugation partners may be utilized in preference over PspA in other 
bacterial lineages. Finally, we have not directly observed the activated 
cyclase in the B. cereus system, so this remains a key point for future 
study. Ultimately, cyclases may be activated by conjugation to each 
other, forming covalently linked chains, as suggested for the type II 
short system19.

Methods
Strains, media and growth conditions
E. coli DH5α and BL21 (DE3) or C43 (ref. 40) were used for cloning and 
for the expression of recombinant proteins, respectively. All B. subtilis 
strains used in this study are derivatives of the laboratory strain 168.  
B. subtilis and E. coli were grown in Lysogeny Broth (LB) or in sporulation 
(SP) medium40,41. For growth assays and the in vivo interaction experi-
ments, B. subtilis was cultivated in LB. The media were supplemented 
with ampicillin (100 µg ml−1 for E. coli), kanamycin (50 µg ml−1 for  
E. coli, 10 µg ml−1 for B. subtilis), chloramphenicol (35 µg ml−1 for  
E. coli, 5 µg ml−1 for B. subtilis), erythromycin and lincomycin  
(2 and 25 µg ml−1, respectively), or Zeocin (35 µg ml−1) if required.

Isolation of novel B. subtilis phages
The laboratory strain B. subtilis Δ6 (ref. 23), a derivate of B. subtilis 
168, was used as host for the isolation of novel phages as described 
previously42. Briefly, raw sewage from a municipal sewage treatment 
plant in Göttingen, Germany served as environmental phage source 
and was cleared by centrifugation at 5,000 g for 10 min, following 
filtration through a sterile filter (0.45 µm, Sarstedt). The host was 
infected by mixing 100 µl of an overnight culture with 2 ml of processed 
sewage water, followed by 5 min incubation at room temperature (r.t.) 
to allow adsorption. This bacterial suspension was then mixed with 
2.5 ml of 0.4% agarose (50 °C) (Fisher BioReagents) dissolved in LB 
medium, spread on a LB plate and incubated overnight at 28 °C. Indi-
vidual plaques were picked, serially diluted and higher dilutions were 
used for re-infection of the host. Cells were grown until complete lysis 
and the supernatant processed as described above. This re-infection 
was repeated to scale up the phage lysate. For genome sequencing of 
the novel isolates, phage DNA was isolated as previously described43. 
Sequencing was performed using an Illumina MiSeq sequencer (Illu-
mina). Phages were classified according to nucleotide sequence homol-
ogy to the closest relative as revealed by Megablast in the Geneious 
Prime 2022.2.1 software. The genomic sequences of the new phages 
and their closest relative (downloaded from NCBI on 10 March 2023) 
were aligned using MMseqs in the pyGenomeViz package (https://
github.com/moshi4/pyGenomeViz, accessed on 10 April 2023; input: 
gbk files; mode: pgv-mmseqs). A list of all phages isolated in this study 
can be found in Supplementary Table 1.

Phage amplification and storage
Phage lysates were generated from B. subtilis Δ6 using the modified 
double agar overlay plate technique. For this, a culture of B. subtilis 
Δ6 was precultured to late exponential growth phase in LB medium. 
Bacterial cells (100 µl) were mixed with 100 µl phage dilution, incu-
bated for 5 min at r.t. to allow adsorption of the phage, mixed with 
2.5 ml LB supplemented with 0.4% agarose (50 °C) and poured over 
a prewarmed (37 °C) LB plate. Plates were incubated overnight at 
37 °C. Phages were collected the following day by adding 5 ml of LB 
medium directly onto the plate, incubating for at least 30 min at r.t., 
and collecting and filtering the resulting liquid through a 0.2 µm 
Nanosep filter. Lysate titres were determined by infection of B. sub-
tilis Δ6 using the modified double agar overlay plate technique as 
described above and the resulting p.f.u. ml−1 was calculated. Phage 
lysates were stored at 4 °C.

Phage infection assays
Phage infection assays were performed on plates and in liquid culture. 
The desired B. subtilis strains were precultured overnight at 28 °C and 
used to inoculate fresh LB medium. This culture was grown until late 
exponential growth phase. For infection on plates, 100 µl were mixed 
with 2.5 ml LB supplemented with 0.4% agarose (50 °C) and poured 
over a prewarmed LB plate. Serial dilutions of the phage lysate were 
spotted onto this plate. Plates were incubated overnight at 37 °C and 
pictures were taken the following day. For quantification, p.f.u. ml−1 was 
calculated from at least three biological replicates. Fold defence was 
calculated as the ratio between the p.f.u. ml−1 obtained from wild type 
(no CBASS) and strains containing the defence system. For infection 
in liquid medium, the optical density of the culture at 600 nm (OD600) 
was adjusted to 1.0. This culture was then used to inoculate fresh LB 
medium in a 96-well plate (Microtest Plate 96-well, Sarstedt) to OD600 
of 0.1 (1:10 dilution). Growth was tracked in an Epoch 2 microplate 
spectrophotometer (BioTek Instruments) at 37 °C with linear shaking 
at 237 cpm (4 mm) for 20 h, and OD600 was measured at 2 min intervals.

DNA manipulation
Transformation of E. coli and plasmid DNA extraction were performed 
using standard procedures40. All commercially available plasmids, 
restriction enzymes, T4 DNA ligase and DNA polymerases were used as 
recommended by the manufacturers. Chromosomal DNA of B. subtilis 
was isolated as previously described36. B. subtilis was transformed 
with plasmid and genomic DNA according to the two-step protocol36.

Construction of mutant strains by allelic replacement
Deletion of the pspA gene was achieved by transformation of B. subtilis 
Δ6 with a PCR product constructed using oligonucleotides to amplify 
DNA fragments flanking the target genes and an appropriate interven-
ing resistance cassette as previously described44. The integrity of the 
regions flanking the integrated resistance cassette was verified by 
sequencing PCR products of ~1,100 bp amplified from chromosomal 
DNA of the resulting mutant strains. A list of all strains constructed in 
this study can be found in Supplementary Table 2.

Plasmid construction and mutagenesis
The wild-type CBASS operon from B. cereus WPysSW2 was ordered 
as genomic DNA from Integrated DNA Technologies (IDT) and the 
desired genes were amplified using appropriate oligonucleotides that 
attached specific restriction sites to the fragment. Plasmids derived 
from pGP1460 (integration into lacA)45 were linearized with ScaI for 
genomic integration. The integrity of the integration was confirmed 
by PCR and subsequent sequencing of the region.

For protein expression in E. coli, the genes encoding CD-NTase, 
Cap2, Cap3, Nuc-SAVED and PspABce were codon optimized and 
obtained from IDT. Each gene was subcloned into the vector pEhis-
V5TEV46, allowing expression with a cleavable N-terminal polyhistidine 
tag, or into pGP172 for expression with an N-terminal Strep-tag. The 
pspABsu gene was amplified from B. subtilis 168 chromosomal DNA 
using oligonucleotides that attached specific restriction sites to the 
fragment and cloned into the vector pEhisV5TEV. The PspA variants 
K147 and K220 were generated by site-directed mutagenesis of the 
pspA-pEhisV5TEV vector. For co-expressions in E. coli, the cyclase gene 
remained within the pEhisV5TEV vector to retain cleavable polyhisti-
dine tag, while other proteins (Cap2, Cap3 and PspABsu) were expressed 
on pCDFduet and pACYCduet. All synthetic genes, plasmids and prim-
ers are listed in Supplementary Tables 3–5.

Protein expression and purification
E. coli C43 (DE3) was transformed with the plasmid pEhisV5TEV encod-
ing the wild-type Bce cyclase or a variant truncated after amino acid 
301, Nuc-SAVED, Cap2, Cap3, wild-type PspA, or the variants, or pGP172 
encoding Strep-Cap2. Expression of the recombinant proteins was 

http://www.nature.com/naturemicrobiology
https://github.com/moshi4/pyGenomeViz
https://github.com/moshi4/pyGenomeViz


Nature Microbiology

Article https://doi.org/10.1038/s41564-024-01670-5

induced by the addition of isopropyl 1-thio-β-d-galactopyranoside 
(final concentration, 0.4 mM for pEhisV5TEV or 1 mM for pGP172) 
to exponentially growing cultures (OD600 of 0.8) of E. coli carrying 
the relevant plasmid. The Bce cyclase and Cap3 were induced over-
night at 25 °C. The truncated cyclase was induced for 4 h at 25 °C. 
The Nuc-SAVED protein and Strep-Cap2 were induced overnight at 
16 °C. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, 
250 mM NaCl, 10 mM imidazole, 10% glycerol, pH 7.5) supplemented 
with 1 mg ml−1 lysozyme and protease inhibitor (Roche). The cells were 
lysed by sonication on ice six times for 1 min at an amplitude of 12, 
with 1 min pause on ice in between (MSE Soniprep 150). After lysis, the 
crude extract was centrifuged at 117,734 × g for 30 min and then passed 
over a Ni2+nitrilotriacetic acid column (His-trap FF crude, Cytiva). 
Ni2+nitrilotriacetic acid columns were washed with wash buffer (50 mM 
Tris-HCl, 250 mM NaCl, 30 mM imidazole, 10% glycerol, pH 7.5) to 
clear unbound protein. Target protein was eluted with an imidazole 
gradient or biotin (5 mM). After elution, the fractions were tested for 
the desired protein using SDS–PAGE. To remove the 8x-His-TEV tag 
from the proteins, the relevant fractions were combined and the tag 
was removed with the TEV protease (ratio 10:1 w/w) during overnight 
dialysis (Biodesign Cellulose Dialysis Tubing Roll, 10 kDa) against wash 
buffer. The cleaved TEV moiety and the protease were removed using 
a fresh Ni2+nitrilotriacetic acid column. The purified protein was con-
centrated in a Merck Amicon Ultra-15 Centrifugal Filter device (cut-off 
10 kDa). The protein was loaded on a HiLoad 16/600 Superdex 200 pg 
column pre-equilibrated with gel filtration buffer (20 mM Tris-HCl, 
250 mM NaCl, 10% glycerol, pH 7.5) and the fractions containing pure 
protein were collected and concentrated again. The protein samples 
were stored at −70 °C until further use.

Expression of wild-type PspABsu or the protein variants and PspABce 
was induced with 0.4 mM isopropyl-β-d-1-thiogalactoside (IPTG) and 
cells grown for 4 h at 25 °C. PspA was purified as described above, 
except that the Ni2+nitrilotriacetic acid column was washed with 20 
column volumes (CV) of wash buffer (containing 50 mM Tris-HCl pH 7.5, 
500 mM NaCl, 30 mM imidazole and 10% glycerol), then 4 CV of 50 mM 
Tris-HCl pH 7.5, 500 mM NaCl, 50 mM imidazole and 10% glycerol, and 
then eluted directly with 6 CV of elution buffer (containing 50 mM 
Tris-HCl pH 7.5, 500 mM NaCl, 500 mM imidazole and 10% glycerol). 
The eluted peak was pooled and concentrated using an Amicon Ultra-15 
(Millipore) centrifugal filter (MW cut-off 10 kDa) before loading onto 
an equilibrated HiTrap desalting column (Cytiva), then washed with 
50 mM Tris-HCl pH 7.5, 500 mM NaCl, 30 mM imidazole and 10% glyc-
erol. The desalted protein was collected and treated with TEV protease 
for 2 h at r.t. with gentle agitation. The protein was isolated from TEV 
protease by passing through another His-Trap FF crude column, and 
the unbound fraction collected and concentrated. PspA was further 
purified by SEC (S200 16/60, Cytiva) in buffer containing 20 mM Tris pH 
7.5, 500 mM NaCl and 10% glycerol. Chosen fractions were concentrated 
and aliquoted, then frozen at −70 °C.

Strep-tagged proteins were expressed, lysed and ultracentri-
fuged as described for His-tagged proteins above in buffer W (100 mM 
Tris-HCl, 150 mM NaCl, pH 8.0), unless stated otherwise. The crude 
extract was then applied to a StrepTactin column (IBA Lifesciences) 
and the column washed with 100 mM Tris-HCl and 150 mM NaCl pH 8.0. 
The protein was eluted with a biotin gradient (5 mM). Relevant fractions 
were identified by SDS–PAGE and concentrated using Vivaspin turbo 
15 (Sartorius) before storage as described above.

Co-expression and purification of the cyclaseBce–PspABsu 
conjugate
Co-expression strains (His-tagged cyclaseBce, untagged PspABsu and 
Cap2Bce) were generated by transformation of E. coli C43 (DE3) with 
pV5SpHISTEV containing wild-type cyclaseBce or the truncated vari-
ant (1–301), in addition to the dual-expression vector pCDFduet that 
contained PspABsu and Cap2Bce. Cultures were induced for protein 

expression with 0.4 mM IPTG for 4 h at 25 °C, conditions previously 
identified as optimum for cyclase–PspA conjugate formation46. 
Cyclase–PspA conjugates were purified following the His-tagged 
protein method detailed above. As the only protein with His-tag pre-
sent was the cyclase, minimal Cap2/PspA were expected unless conju-
gated to/interacting with cyclase. Multiple cyclase–PspA conjugation 
products were separated through SEC on a HiLoad 26/600 Superdex 
200 pg column, at a flow rate of 1.5 ml min−1 for increased separation of 
varying-MW species. Fractions containing individual conjugation spe-
cies were then identified via SDS–PAGE and pooled separately before 
concentrating and storing at −70 °C as above.

Pulldown of cyclaseBce in E. coli
Co-expression strains of the His-cyclase and PspA with or without addi-
tional expression of Cap2 or Cap3 were grown in 10 ml LB and induced 
during exponential growth phase with 0.4 mM IPTG. Expression strains 
were then incubated for 4 h at 25 °C and cells collected by centrifuga-
tion. His-tagged cyclase was purified and visualized on SDS–PAGE as 
previously described46. Briefly, cell pellets were resuspended in lysis 
buffer (50 mM Tris-HCl, 250 mM NaCl, 10 mM imidazole, 10% glycerol, 
pH 7.5) before being lysed by sonication on ice. The cell lysate was then 
centrifuged at 10,000 × g for 10 min before supernatant was added to 
Biosprint plasticware. His-tagged proteins were isolated using Nickel 
beads (His Mag Sepharose Ni, GE Healthcare) in the QIAGEN BioSprint 
machine, with wash and elution buffers containing 50 mM Tris-HCl, 
500 mM NaCl, 10% glycerol (pH 7.5) and 30/500 mM imidazole, respec-
tively. Eluted His-tagged protein and total protein-containing fractions 
were analysed by SDS–PAGE and western blot.

Purification of cyclaseBce from B. subtilis and separation of  
cell extract
For overexpression of the cyclase in B. subtilis, strain LK40 was trans-
formed with either pLK20 (Strep-cyclase), pLK21 (Strep-cyclaseΔC) or 
the empty vector control (pGP380). For comparison of the levels of 
cyclase conjugate, the B. subtilis strains LK06, LK10, LK18, LK20 and 
LK51 containing single genomic integrations of the CBASS operon 
were used. The respective strains were cultivated in LB medium until 
exponential growth phase was reached (OD600~0.5). If desired, cells 
were infected with the phage Goe23 and incubated for another 5, 15 
or 30 min. The cells were collected by centrifugation at 3,220 g and 
4 °C, and the pellets stored at −20 °C. For separation of cytosolic and 
membrane fractions of the crude extract, the pellets were resuspended 
in buffer M (50 mM NaH2PO4, 50 mM Na2HPO4, pH 6.8) supplemented 
with 1 mg ml−1 lysozyme and protease inhibitor (Roche), and opened 
by sonication. To remove cell debris and unbroken cells, the lysate 
was centrifuged at 3,220 g for 20 min at 4 °C. The supernatant was 
subjected to ultracentrifugation at 21,000 g for 90 min at 4 °C to pellet 
the membranes. The supernatant containing cytosolic proteins was 
removed, the pellet washed with buffer M and the membranes pelleted 
again in an additional centrifugation step (21,000 g, 60 min, 4 °C). The 
supernatant was discarded and the wash step repeated one more time. 
The resulting pellet containing the membranes was resuspended in 
buffer M. To achieve solubilization of the membranes, the fraction was 
1:1 diluted with buffer M containing 0.5% n-Dodecyl-β-D-maltoside ()
(final concentration of 0.25%) and incubated overnight with rotation at 
4 °C. The protein concentration of cytosolic and membrane fractions 
was determined, and equal amounts of the fractions were separated 
on an SDS gel and analysed by staining with Coomassie blue and west-
ern blot analysis. To confirm the proper separation of cytosolic and 
membrane fractions, membranes were also developed with α-HPr and 
α-Rny primary antibodies as cytosolic and membrane protein controls, 
respectively. The cyclase was further purified from both cytosolic and 
membrane fractions or the entire cell lysate using Protein A-coupled 
Dynabeads (Invitrogen) that were saturated with α-cyclase antibody 
for immunoprecipitation. The eluates were separated by SDS–PAGE 
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and analysed by western blot. Bands of interest were subjected to 
further analysis by MS. For purification of the cyclase from cell lysates 
without separation into cytosolic and membrane fractions, the pellets 
were resuspended in buffer W (100 mM Tris-HCl, 150 mM NaCl, pH 
8.0) supplemented with 1 mg ml−1 lysozyme and protease inhibitor 
(Roche), and opened by sonication. To remove cell debris and unbroken 
cells, the lysate was centrifuged at 20,000 g for 10 min at 4 °C. Protein 
concentration of the lysates was determined and adjusted with buffer 
W. The cyclase was purified from the lysates using Protein A-coupled 
Dynabeads (Invitrogen) saturated with α-cyclase antibody. The eluates 
were separated by SDS–PAGE and analysed by western blot.

Western blot analysis
Polyclonal antibodies against the B. cereus cyclase or the PspA pro-
tein from B. subtilis were produced in rabbits (by Kaneka Eurogen-
tec), and the anti-cyclase antibody was purified with Cyanogen 
bromide-activated Sepharose (Merck) by immobilizing purified 
cyclase. The purified α-cyclase antibody was used at 1:10,000 dilu-
tion for detection and the α-PspABsu serum at 1:5,000 dilution. The 
α-HPr antibody was used at 1:10,000 dilution and the α-Rny antibody 
at 1:100,000 dilution. Western blot analysis was performed on cell 
extracts and purified protein to follow the modification of the cyclase 
protein. Samples were resolved using SDS–PAGE and transferred to 
PVDF membranes. Membranes were blocked for at least 1 h at r.t. in 
blocking buffer (1× PBS, 5% w/v milk powder, 0.025% Tween20). Incu-
bation with the respective antibodies (α-cyclase, α-HPr, α-Rny) was 
carried out overnight at 4 °C. Blots were extensively washed and incu-
bated with the α-rabbit secondary antibodies (IRDye 800CW donkey 
anti-rabbit IgG secondary antibody; LI-COR) at 1:20,000 dilution in 
blocking buffer. The specific protein bands were visualized using the 
LI-COR Odyssey CLx and images adjusted using the ImageJ software 
(http://rsb.info.nih.gov/ij/index.html). Bands were analysed and quan-
tified with ImageJ by comparing the intensity of selected bands to a 
standard band on the same blot. Data were analysed and visualized 
using GraphPad Prism 9.5.1 (Dotmatics).

Conjugation assay
For reconstruction of the conjugation in vitro, the cyclase (5 µM) was 
incubated together with Cap2 (5 µM), PspA (5/10 µM), 10 mM MgCl2 
and 1 mM ATP in 100 mM Tris-HCl and 150 mM NaCl (pH 8.0) for 30 min 
at 25 °C. The samples were separated by SDS–PAGE and analysed by 
Coomassie staining or western blot with an antibody raised against 
the cyclase.

Mass spectrometry analysis
Protein bands were excised from the gel and prepared for MS analy-
sis using established protocols47. Briefly, this included destaining 
with ethanol:water, reduction with dithiorethritol and alkylation with 
iodoacetamide. Samples were digested with either trypsin, AspN or 
a combination of trypsin and GluC. The peptides from the gel pieces 
were soaked and the eluent concentrated to 20 µl. The samples were 
analysed by nanoLC–MS/MS on a ThermoScientific Fusion Lumos 
Orbitrap mass spectrometer coupled to a ThermoScientific u3000 
nanoLC. An LC was configured in trap elute format, with the Acclaim 
Pepmap 100 (100 µm × 2 cm) nanoViper trap and the Pepmap RSLC C18 
3 µm 100A (75 µm × 15 cm) Easyspray column (both ThermoScientific). 
Of the sample, 5–10 µl was injected onto the trap at 15 µl min−1 of loading 
buffer (0.05% trifluoroacetic acid in water) and run for three min. The 
trap was switched in line with the analytical column and the sample 
eluted at a gradient over 65 min (A = 100% water with 0.1% formic acid, 
B = 20% water 80% acetonitrile, 0.1% formic acid, 2% A to 3 min, linear 
to 40% A over 42 min, linear to 95% A over 4 min, hold for 5 min, linear 
back to 2% A and re-equilibrate for 10 min). The flow from the column 
was sprayed directly into the Easyspray orifice at a voltage of 1,700 V 
positive ionization. MS data were collected from 350 to 2,000 on the 

orbitrap at a resolution of 120,000 for the survey scan and a cycle time 
of 2 s for data-dependant acquisition conditions for MSMS on the orbit-
rap trap at a resolution of 30,000. Both electron transfer dissociation 
(ETD) and higher energy collison dissociation (HCD) fragmentation 
techniques were used. Raw data were exported and extracted using 
ms convert (ProteoWizard). The data were searched using the Mascot 
search engine (MatrixScience) against an internally generated database 
of 6,700 protein sequences containing the sequences of our recom-
binant proteins or the B. subtilis specific protein database (UniProt 
Proteome ID UP000001570). Settings were 20 ppm on the MS and 
0.1 Da on the MSMS data, with a fixed modification of carbamidomethyl 
on cysteine and variable oxidation of methionine. For the identifica-
tion of the conjugation site on PspA, the mass of the last C-terminal 
tryptic peptide of the cyclase (KPGGFA) minus one water molecule 
(C(27) H(39) N(7) O(6) 557.296182) was set as a variable modification 
on lysine residues. Peptides identified as modified are shown in Sup-
plementary Table 6.

Intact mass measurement was carried out on a Waters Xevo G2S 
TOF mass spectrometer with Waters Acquity LC. A volume of 10 µl of 
1 µM sample was desalted online through a Waters MassPrep On-Line 
Desalting Cartridge (2.1 × 10 mm), eluting at 200 µl min−1 with an 
increasing acetonitrile concentration (2% acetonitrile, 98% aqueous 
1% formic acid to 98% acetonitrile, 2% aqueous 1% formic acid) and 
eluted directly into the MS with a lock mass of LeuEnk to ensure stable 
calibration. The spectra across the elution peak were combined and 
the charged ion envelope deconvoluted with MaxEnt algorithm using 
the peak width at half height of the most intense peak, to a resolution 
of 0.1 Da.

Cyclase product quantification by HPLC
To obtain cyclase products, the reaction was set up as follows: 50 µM 
cyclase, 0.2 mM/5 mM ATP in cyclase buffer (50 mM HEPES, 150 mM 
KCl, 10 mM MgCl2, 10% glycerol, pH 7.5) for 20 min/45 min. Reaction 
samples were filtered through a Pall Nanosep spin filter (3 kDa cut-off) 
by centrifugation at 10,000 g for 10 min to remove protein. A volume 
of 5 µl of product or synthetic standard was injected onto a C18 col-
umn (Kinetex EVO P 2.1 ×50 mm, particle size of 2.6 µm) attached to 
a Thermo UltiMate 3000 chromatography system. Absorbance was 
monitored at 260 nm and 40 °C. Gradient elution was performed with 
solvent A (100 mM ammonium acetate) and solvent B (100% methanol 
plus 0.1% trifluoroacetic acid) with a flow rate of 0.3 ml min−1 as follows: 
0–0.5 min, 0% B; 0.5–3.5 min, 20% B; 3.5–5 min, 50% B; 5–10 min, 100% 
B. The area under the peak (mAU (milli-absorbance units) × min) was 
determined with the Chromeleon 6.80 software (Dionex). The activity 
of the cyclase was calculated by fitting the area under the peak values to 
those of a cA3 standard curve. Data were analysed and visualized using 
GraphPad Prism 9.5.1 (Dotmatics).

Cyclase product quantification by fluorescent  
Nuc-SAVED assay
Wild-type cyclaseBce, the truncated variant (1–301) or the cyclaseBce–
PspABsu conjugate were incubated with ATP under standardized con-
ditions for comparison of product formation. Cyclase (20 µM) was 
incubated with 250 µM ATP in cyclase buffer (50 mM HEPES, 150 mM 
KCl, 10 mM MgCl2, 10% glycerol, pH 7.5) for 1 h, unless stated otherwise. 
Reactions were quenched with 10 mM EDTA and cyclase denatured at 
95 °C for 5 min. For rapid quantification of the relative cA3 produced 
by the cyclase variants, a dilution of the cyclase reaction was incu-
bated with the CBASS effector Nuc-SAVED. Method and conditions 
were adapted from an analogous previously described NucC assay31. 
The assay contained 50 mM Tris-HCl (pH 7.5), 20 mM NaCl, 10 mM 
MgCl2, 10% (v/v) glycerol, 100 nM FAM:Iowa Black double-stranded 
DNA substrate, 100 nM Nuc-SAVED and 500× dilution of denatured 
cyclase reaction or 25 nM synthetic cA3, unless otherwise stated. 
The absorbance was measured with a FluoStar Omega plate reader  
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(BMG Labtech) using fluorescence detection (ex/em 485/520 nm) in 
black non-binding half-area 96-well plates (Corning). Fluorescence was 
measured at 30 s intervals at 37 °C. The reaction was initially incubated 
in the absence of cA3/cyclase product for 10 min to measure a baseline. 
The measurement was stopped, synthetic cA3/cyclase product added 
and the measurement continued for 50 min. A standard curve was 
generated for Nuc-SAVED with varying synthetic 3′5′ cA3 concentra-
tions (0.1 nM–1 µM) and the initial rate of reaction used to generate 
a standard curve of rate vs [cA3]. For the comparison of the different 
cyclase variants, the cyclase reaction sample was analysed by SDS–PAGE 
additionally to normalize the protein amount to the initial rate, as the 
conjugate sample was less pure than the wild type and the truncated 
cyclase. Bands were analysed and quantified with ImageJ by comparing 
the intensities of selected bands on the same gel. Data were analysed 
and visualized using GraphPad Prism 9.5.1 (Dotmatics).

Extraction of nucleotides
For the extraction of nucleotides, B. subtilis cultures carrying genomic 
integrations of the respective CBASS version were grown until expo-
nential growth phase at 37 °C. If indicated, the cultures were infected 
with phage Goe21, Goe23 or Goe26 to a multiplicity of infection (MOI) 
of 2 and grown for additional time as indicated. A volume of 50 ml of 
the cultures was collected immediately and the pellets resuspended in 
extraction solution (methanol:water:acetonitrile, 2:2:1). The cells were 
lysed and the proteins denatured by vortexing for 20 s and incubation 
at 95 °C for 10 min. The samples were stored at −70 °C overnight. After 
thawing, the denatured proteins were separated by centrifugation at 
21,000 g and the protein pellet used to determine the protein amount 
in each sample. The supernatants containing the cell-free extracts were 
dried at 40 °C in a Speed-Vac. The dried pellets were resuspended in 
60 µl of water and filtered through a Pall Nanosep spin filter (3 kDa 
cut-off) by centrifugation at 10,000 g for 10 min. The filtrate was tested 
for the CBASS-specific nucleotide in a plasmid cleavage assay.

Plasmid cleavage assay
The assay contained 20 mM HEPES (pH 7.5), 10 mM NaCl, 10 mM MgCl2, 
10% (v/v) glycerol, 75 nM plasmid DNA, 1 µM CBASS effector protein 
Nuc-SAVED and 1.5 µl of the extracted nucleotides or the diluted cyclase 
reaction product (1:1,000/1:10,000) per 15 µl reaction sample or syn-
thetic cA3, unless stated otherwise. The reaction was started by the 
addition of the nucleotide extracts or the synthetic standard, and 
the samples incubated at 37 °C for 30 min, or 10 min in the case of the 
cyclase reaction products or, in the case of the time course experiment, 
for the stated amount of time. The samples were mixed with DNA load-
ing dye (TriTrack, ThermoScientific) and separated on a 1% agarose gel 
(run in 1× TBE buffer). The DNA was stained with SYBR-Green (1:50,000, 
in 1× TBE) and the gels imaged on a Typhoon FLA 7000 fluorescence 
imaging system (Cytiva). The band of the undigested supercoiled plas-
mid was quantified with ImageJ by comparing the intensity of selected 
bands to a standard band on the same gel. If indicated, relative values 
were normalized to the amount of protein extracted in parallel to the 
nucleotides from the same cultures. Data were analysed and visualized 
using GraphPad Prism 9.5.1 (Dotmatics).

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

Data availability
Supplementary Information is available for this paper. Raw data are 
provided in Supplementary Tables 1–6. Mass spectrometry data are 
available via figshare at https://doi.org/10.6084/m9.figshare.25341769 
(ref. 48). The Bacillus subtilis complete proteome dataset (UniProt 
Proteome ID UP000001570) is available at https://www.uniprot.org/. 
Source data are provided with this paper.

References
1. Whiteley, A. T. et al. Bacterial cGAS-like enzymes synthesize 

diverse nucleotide signals. Nature 567, 194–199 (2019).
2. Davies, B. W., Bogard, R. W., Young, T. S. & Mekalanos, J. 

J. Coordinated regulation of accessory genetic elements 
produces cyclic di-nucleotides for V. cholerae virulence.  
Cell 149, 358–370 (2012).

3. Cohen, D. et al. Cyclic GMP–AMP signalling protects bacteria 
against viral infection. Nature 574, 691–695 (2019).

4. Millman, A., Melamed, S., Amitai, G. & Sorek, R. Diversity and 
classification of cyclic-oligonucleotide-based anti-phage 
signalling systems. Nat. Microbiol. 5, 1608–1615 (2020).

5. Lowey, B. et al. CBASS immunity uses CARF-related effectors 
to sense 3′–5′- and 2′–5′-linked cyclic oligonucleotide signals 
and protect bacteria from phage infection. Cell 182, 38–49.e17 
(2020).

6. Morehouse, B. R. et al. STING cyclic dinucleotide sensing 
originated in bacteria. Nature 586, 429–433 (2020).

7. Duncan-Lowey, B., McNamara-Bordewick, N. K., Tal, N., Sorek, R. & 
Kranzusch, P. J. Effector-mediated membrane disruption controls 
cell death in CBASS antiphage defense. Mol. Cell 81, 5039–5051.
e5 (2021).

8. Severin, G. B. et al. Direct activation of a phospholipase by cyclic 
GMP-AMP in El Tor Vibrio cholerae. Proc. Natl Acad. Sci. USA 115, 
E6048–E6055 (2018).

9. Zhang, X. et al. Cyclic GMP-AMP containing mixed 
phosphodiester linkages is an endogenous high-affinity ligand for 
STING. Mol. Cell 51, 226–235 (2013).

10. Wu, J. & Chen, Z. J. Innate immune sensing and signaling of 
cytosolic nucleic acids. Annu. Rev. Immunol. 32, 461–488 (2014).

11. Schwartz, S. L. et al. Human OAS1 activation is highly dependent 
on both RNA sequence and context of activating RNA motifs. 
Nucleic Acids Res. 48, 7520–7531 (2020).

12. Banh, D. V. et al. Bacterial cGAS senses a viral RNA to initiate 
immunity. Nature 623, 1001–1008 (2023).

13. Huiting, E. et al. Bacteriophages inhibit and evade cGAS-like 
immune function in bacteria. Cell 186, 864–876.e21 (2023).

14. Zhu, D. et al. Structural biochemistry of a Vibrio cholerae 
dinucleotide cyclase reveals cyclase activity regulation by 
folates. Mol. Cell 55, 931–937 (2014).

15. Brenzinger, S. et al. The Vibrio cholerae CBASS phage defence 
system modulates resistance and killing by antifolate antibiotics. 
Nat. Microbiol. 9, 251–262 (2024).

16. Severin, G. B. et al. Activation of a Vibrio cholerae CBASS 
anti-phage system by quorum sensing and folate depletion. mBio 
14, 2150–7511 (2023).

17. Ye, Q. et al. HORMA domain proteins and a Trip13-like ATPase 
regulate bacterial cGAS-like enzymes to mediate bacteriophage 
immunity. Mol. Cell 77, 709–722.e7 (2020).

18. Ledvina, H. E. et al. An E1–E2 fusion protein primes antiviral 
immune signalling in bacteria. Nature 616, 319–325 (2023).

19. Yan, Y. et al. Ubiquitin-like cGAS chain formation by a super 
enzyme activates anti-phage response. Preprint at bioRxiv  
https://doi.org/10.1101/2022.05.25.493364 (2023).

20. Flores-Kim, J. & Darwin, A. J. The phage shock protein response. 
Annu. Rev. Microbiol. 70, 83–101 (2016).

21. Yang, M., Ferrari, E., Chen, E. & Henner, D. J. Identification of  
the pleiotropic sacQ gene of Bacillus subtilis. J. Bacteriol. 166, 
113–119 (1986).

22. Stanley, N. R. & Lazazzera, B. A. Defining the genetic differences 
between wild and domestic strains of Bacillus subtilis that affect 
poly-γ-dl-glutamic acid production and biofilm formation. Mol. 
Microbiol. 57, 1143–1158 (2005).

23. Westers, H. et al. Genome engineering reveals large dispensable 
regions in Bacillus subtilis. Mol. Biol. Evol. 20, 2076–2090 (2003).

http://www.nature.com/naturemicrobiology
https://doi.org/10.6084/m9.figshare.25341769
https://www.uniprot.org/
https://doi.org/10.1101/2022.05.25.493364
https://doi.org/10.1101/2022.05.25.493364


Nature Microbiology

Article https://doi.org/10.1038/s41564-024-01670-5

24. Barnett, K. C. et al. Phosphoinositide interactions position cGAS 
at the plasma membrane to ensure efficient distinction between 
self- and viral DNA. Cell 176, 1432–1446.e11 (2019).

25. Wiegert, T., Homuth, G., Versteeg, S. & Schumann, W. Alkaline 
shock induces the Bacillus subtilis σw regulon. Mol. Microbiol. 41, 
59–71 (2001).

26. Scholz, A. S., Baur, S. S. M., Wolf, D. & Bramkamp, M. An 
Stomatin, Prohibitin, Flotillin, and HflK/C-domain protein 
required to link the phage-shock protein to the membrane 
in Bacillus subtilis. Front. Microbiol. https://doi.org/10.3389/
fmicb.2021.754924 (2021).

27. Hahne, H., Wolff, S., Hecker, M. & Becher, D. From 
complementarity to comprehensiveness – targeting the 
membrane proteome of growing Bacillus subtilis by divergent 
approaches. Proteomics 8, 4123–4136 (2008).

28. McCullough, J. et al. Structure and membrane remodeling 
activity of ESCRT-III helical polymers. Science 350,  
1548–1551 (2015).

29. Junglas, B. et al. PspA adopts an ESCRT-III-like fold and remodels 
bacterial membranes. Cell 184, 3674–3688.e18 (2021).

30. Jenson, J. M., Li, T., Du, F., Ea, C.-K. & Chen, Z. J. Ubiquitin-like 
conjugation by bacterial cGAS enhances anti-phage defence. 
Nature 616, 326–331 (2023).

31. Grüschow, S., Adamson, C. S. & White, M. F. Specificity and 
sensitivity of an RNA targeting type III CRISPR complex coupled 
with a NucC endonuclease effector. Nucleic Acids Res. 49, 
13122–13134 (2021).

32. Li, X. et al. Cyclic GMP-AMP synthase is activated by 
double-stranded DNA-induced oligomerization. Immunity 39, 
1019–1031 (2013).

33. Yu, L. & Liu, P. Cytosolic DNA sensing by cGAS: regulation, 
function, and human diseases. Sig. Transduct. Target. Ther. 6,  
170 (2021).

34. Lian, H. et al. ZCCHC3 is a co-sensor of cGAS for dsDNA 
recognition in innate immune response. Nat. Commun. 9,  
3349 (2018).

35. Jacobson, T. B., Callaghan, M. M. & Amador-Noguez, D. Hostile 
takeover: how viruses reprogram prokaryotic metabolism.  
Annu. Rev. Microbiol. 75, 515–539 (2021).

36. Lau, R. K., Enustun, E., Gu, Y., Nguyen, J. V. & Corbett, K. D.  
A conserved signaling pathway activates bacterial CBASS 
immune signaling in response to DNA damage. EMBO J. 41, 
e111540 (2022).

37. Popp, P. F. et al. Phyletic distribution and diversification of the 
phage shock protein stress response system in bacteria and 
archaea. mSystems 7, e0134821 (2022).

38. Elderkin, S., Bordes, P., Jones, S., Rappas, M. & Buck, M. Molecular 
determinants for PspA-mediated repression of the AAA 
transcriptional activator PspF. J. Bacteriol. 187, 3238–3248 (2005).

39. Joly, N., Burrows, P. C., Engl, C., Jovanovic, G. & Buck, M. A 
lower-order oligomer form of phage shock protein A (PspA)  
stably associates with the hexameric AAA+ transcription  
activator protein PspF for negative regulation. J. Mol. Biol. 394, 
764–775 (2009).

40. Sambrook, J., Fritsch, E. F. & Maniatis, T. Molecular Cloning: A 
Laboratory Manual (Cold Spring Harbor Laboratory Press, 1989).

41. Kunst, F. & Rapoport, G. Salt stress is an environmental signal 
affecting degradative enzyme synthesis in Bacillus subtilis.  
J. Bacteriol. 177, 2403–2407 (1995).

42. Willms, I. M. & Hertel, R. Phage vB_BsuP-Goe1: the smallest 
identified lytic phage of Bacillus subtilis. FEMS Microbiol. Lett. 
363, fnw208 (2016).

43. Hertel, R. et al. Genome-based identification of active prophage 
regions by next generation sequencing in Bacillus licheniformis 
DSM13. PLoS ONE 10, e0120759 (2015).

44. Lehnik-Habrink, M. et al. RNase Y in Bacillus subtilis: a natively 
disordered protein that is the functional equivalent of RNase E 
from Escherichia coli. J. Bacteriol. 193, 5431–5441 (2011).

45. Mehne, F. M. P. et al. Cyclic di-AMP homeostasis in Bacillus subtilis. 
J. Biol. Chem. 288, 2004–2017 (2013).

46. Rouillon, C., Athukoralage, J. S., Graham, S., Grüschow, S. & 
White, M. F. Control of cyclic oligoadenylate synthesis in a type III 
CRISPR system. Elife 7, e36734 (2018).

47. Shevchenko, A., Tomas, H., Havli, J., Olsen, J. V. & Mann, M. In-gel 
digestion for mass spectrometric characterization of proteins and 
proteomes. Nat. Protoc. 1, 2856–2860 (2006).

48. Shirran, S. Mass spectrometry data on cyclase conjugation in 
CBASS. figshare https://doi.org/10.6084/m9.figshare.25341769.v1 
(2024).

Acknowledgements
This work was funded by a European Research Council Advanced 
Grant (grant number 101018608) to M.F.W. L.K. was funded by an 
EMBO postdoctoral fellowship (grant number ALTF 234-2022). L.G.-M. 
was funded by the UKRI Biotechnology and Biological Sciences 
Research Council (BBSRC) (grant number BB/T00875x/1). We thank 
J. Stülke (University of Göttingen) for generously providing Bacillus 
subtilis strains, plasmids and antibodies α-HPr and α-Rny; S. Synowsky 
and S. McMahon for the MS analysis; K. Kohm and V. Lutz for the initial 
isolation of the new phage isolates; and F. Commichau for providing 
training in phage biology. For the purpose of open access, the author 
has applied a CC BY public copyright licence to any accepted author 
manuscript version arising from this submission.

Author contributions
L.K. and M.F.W. conceived and designed the study. L.K., L.G.-M. and 
S.G. performed the experiments. L.K., L.G.-M. and M.F.W. analysed the 
data. S.S. performed the MS analysis. R.H. isolated the phages. M.F.W. 
acquired funding. L.K. wrote the original draft of the manuscript. All 
authors reviewed and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41564-024-01670-5.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41564-024-01670-5.

Correspondence and requests for materials should be addressed to 
Larissa Krüger or Malcolm F. White.

Peer review information Nature Microbiology thanks Jeffrey Cornuault 
and the other, anonymous, reviewer(s) for their contribution to the 
peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 

http://www.nature.com/naturemicrobiology
https://doi.org/10.3389/fmicb.2021.754924
https://doi.org/10.3389/fmicb.2021.754924
https://doi.org/10.6084/m9.figshare.25341769.v1
https://doi.org/10.1038/s41564-024-01670-5
https://doi.org/10.1038/s41564-024-01670-5
https://doi.org/10.1038/s41564-024-01670-5
https://doi.org/10.1038/s41564-024-01670-5
http://www.nature.com/reprints


Nature Microbiology

Article https://doi.org/10.1038/s41564-024-01670-5

if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 

use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

http://www.nature.com/naturemicrobiology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Microbiology

Article https://doi.org/10.1038/s41564-024-01670-5

Extended Data Fig. 1 | Genome alignments of four new Bacillus subtilis phages 
with their closest relative and infection assay in liquid medium. The genomic 
sequences of the novel Bacillus subtilis phages Goe16 (a), Goe21 (b), Goe23 (c) 
and Goe26 (d) were compared to the genome sequence of their closest relative 
as revealed by Megablast. Genome sequences were aligned with MMseqs within 
the pyGenomeViz package. blue: CDS; grey: normal link; magenta: inverted 
link. Colour shades represent sequence identities (%). e-f, The CBASS operon of 

Bacillus cereus WPySW2 was integrated into Bacillus subtilis Δ6. The growth of 
wildtype (no CBASS, strain LK18) and cells expressing CBASS (strain LK06) was 
monitored until cultures reached mid-exponential growth phase. Cells were 
then infected with phage Goe23 (e), Goe21 (f), or Goe26 (g) to an MOI of 2. The 
experiment was conducted with two biologically independent replicates with 
two technical replicates each and data are presented as mean values ± SD.
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Extended Data Fig. 2 | The cyclase is conjugated to the phage shock protein  
A in vivo. a, Purification of the overexpressed cyclase (Bce) from B. subtilis 
cytosolic and membrane fractions using Protein A coupled Dynabeads and a 
cyclase specific antibody. Abbreviations: EV: empty vector; FT: flow-through;  
W: wash fraction; E: elution fraction; HC: heavy chain; LC: light chain. Band 1  
was excised from the SDS gel, digested with trypsin and analyzed by MS.  

The mass of the last C-terminal tryptic peptide of the cyclase (KPGGFA) was set 
as a variable modification in the peptide search. b, Replicate of a. Bands were 
analysed as before. Abbreviations: PSMs: peptide sequence matches. Excised 
gel bands numbered 1–4, results of MS analysis can be found in Supplementary 
Information.
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Extended Data Fig. 3 | Cyclase conjugation is Cap2 dependent, reversible by 
Cap3, and PspA is the sole target. B. subtilis wild type (no CBASS) and strains 
expressing genomic integrations of the B. cereus CBASS operon were grown and 
harvested at early exponential growth phase. Cell lysates were separated into 
cytosol and membranes. Cytosolic fractions were concentrated by purifying 
the cyclase using Protein A coupled beads and a cyclase specific antibody. 
Membrane fractions, the flow through fractions of the cytosol concentration 

(loading controls for purification), and the elution fractions were separated 
by SDS-PAGE and analysed by Western blot with a cyclase- or PspA-specific 
antibody. Antibodies raised against the RNase Y protein and the phospho-carrier 
protein HPr served as a loading control for the membrane fraction and cytosol 
purification, respectively. Abbreviations: HC: heavy chain. The experiment was 
conducted with two biological replicates and representative images from one 
replicate are shown.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Cap2 conjugates the cyclase to PspA. a, In vitro 
conjugation of the cyclase to PspA. Reaction mixture contained 5 µM Strep-
Cap2, 5 µM cyclase and 10 µM wild type PspABsu (Bacillus subtilis), 10 mM MgCl2, 
1 mM ATP, 100 mM Tris-HCl pH 8, 150 mM NaCl. Samples were incubated for 
30 min at 25 °C, separated by SDS-PAGE. Bands (1-4) were excised from the SDS 
gel, digested with trypsin and analyzed by MS. Results of the MS analyis can be 
found in Supplementary Information. The experiment was conducted with three 
replicates and a representative gel is shown. b, In vitro conjugation of the cyclase 
to PspABsu wild type and variant proteins. Reaction mixture contained 5 µM Strep-
Cap2, 5 µM cyclase and 10 µM wild type PspABsu or variants as indicated, 10 mM 
MgCl2, 1 mM ATP, 100 mM Tris-HCl pH 8, 150 mM NaCl. Samples were incubated 
for 30 min at 25 °C, separated by SDS-PAGE (top) and analysed by Western blot 
(bottom) with a cyclase-specific antibody. Western blot shows the full blot image 

of the same blot from Fig. 3b. Strep-Cap2: 67.8 kDa; cyclase: 37.8 kDa; PspA: 
25.1 kDa. c, In vitro conjugation assay of the cyclase as described for a with the 
two PspA homologs from B. subtilis (Bsu) and B. cereus (Bce). Reaction mixture 
contained 5 µM Strep-Cap2, 5 µM cyclase and 5 µM or 10 µM of the respective 
PspA homolog. Samples were analysed by SDS-PAGE and Western blot with a 
cyclase-specific antibody. The cyclase-PspABce conjugate band (2x) was excised 
from the SDS gel, digested with trypsin and analyzed by MS. The experiment was 
conducted with three replicates and a representative gel is shown. d, Sequence 
alignment of PspA homologs from B. subtilis 168, Bacillus cereus WPySW2, and 
Escherichia coli K12 was created with Geneious 2022.2.1 and visualized with 
Jalview 2.11.2.5. Lysine residues are highlighted in blue. The conjugation target 
residues of B. subtilis PspA and B. cereus PspA are marked with magenta circles.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Effect of conjugation and pspA deletion on phage 
immunity. a, Strains harbouring genomic integration of the CBASS operon 
(strains LK06 (CBASS), LK20 (CBASSΔcap3)) were grown until exponential growth 
phase and, if indicated, infected with phage Goe23 to an MOI of 2. Cultures were 
grown for an additional 5, 15, or 30 min before harvesting. Cell lysates were 
separated into cytosolic and membrane fractions. Fractions were adjusted in 
protein content, cytosolic fraction purified using Protein A-coupled beads and 
a cyclase specific antibody, and separated by SDS-PAGE, and the conjugate and 
monomeric cyclase and PspABsu were detected by Western blot with a cyclase-/
PspABsu-specific antibody. A specific antibody raised against the RNase Y protein/ 
PspA served as a loading control. Abbreviations: mpi: minutes post infection. The 
blot of the membrane fraction is the uncut blot shown in Fig. 4a. b, Infection assay 
of B. subtilis strains containing CBASS components as indicated. Plaque forming 
units (PFU/ml) of plaque assays were calculated from three biological replicates. 
Strains used: LK06 (CBASS), LK18 (no CBASS), and LK51 (CBASS ΔpspA). No 
CBASS and CBASS data has been replotted from Fig. 1c. The plaque assays were 

performed with three biological replicates and data are presented as mean values 
± SD. Statistical analysis was performed using a one-way ANOVA, followed by 
Tukey’s multiple comparisons test (P values listed as appearing on the graph 
left to right, Goe16: *P = 0.0446, ns > 0.9999; Goe21: **P = 0.0037, ns > 0.9999; 
Goe23: *P = 0.03, *P = 0.0129, ns > 0.7481; Goe26: ****P < 0.0001, ns > 0.9999). 
c, Strains used: LK18 (no CBASS), LK63 (Pdown-CBASS). And LK77 (Pdown-CBASS 
ΔpspA). Abbreviations: Pdown: Promoter with mutation in −10 region leading to 
lower expression of downstream gene (Stanley et al.22). The plaque assays were 
performed with three biological replicates and data are presented as mean values 
± SD. Statistical analysis was performed using a one-way ANOVA, followed by 
Tukey’s multiple comparisons test (P values listed as appearing on the graph left 
to right, Goe16: ns = 0.82, ns = 0.117, ns = 0.0518; Goe21: ***P = 0.0008, ns = 0.1193, 
***P = 0.002; Goe23: **P = 0.005, **P = 0.004, ns = 0.967; Goe26: ns = 0.0837, *P = 
0.0394, ns = 0.8222). Detailed information on the genotypes of all strains can be 
found in Supplementary Table 2.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Production of CBASS cyclic nucleotides infected cells. 
a, B. subtilis wild type (no CBASS) and cells carrying CBASS versions as indicated 
were grown up to early exponential growth phase. Cultures were then either 
infected with the phage Goe23 (+) to an MOI of 2 or not infected (−) and incubated 
for 30 min and harvested. Nucleotides were extracted and tested for their ability 
to activate the CBASS effector Nuc-SAVED in a plasmid cleavage assay. Synthetic 
cA3 served as a control. Plasmid cleavage was assessed using a 1 % agarose gel. 

Strains used: LK06 (CBASS), LK10 (CBASSΔcap2Δcap3), LK18 (no CBASS), LK20 
(CBASSΔcap3), LK51 (CBASS ΔpspA), LK64 (CBASScap2-C91R), LK65 (CBASScap2-C403R). 
All experiments were conducted with three biological replicates with three 
technical replicates each. Data are presented as mean values ± SD. Statistical 
analysis was performed using a one-way ANOVA, followed by Tukey’s multiple 
comparisons test (****P < 0.0001, *P = 0.0477, ns = 0.9972). b, Whole agarose gels 
from quantification shown in a.
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Extended Data Fig. 7 | Increased second messenger production in the 
absence of PspA. Nucleotides were extracted from B. subtilis cells carrying 
CBASS versions as indicated 30 min after infection with phage Goe23 (MOI = 
2). Nucleotides were tested for their ability to activate the CBASS effector Nuc-
SAVED in a time course experiment (1, 2, 5, 15, 30 min) using a plasmid cleavage 
assay. The cleavage activity of Nuc-SAVED after incubation with the nucleotide 

extracts was assessed using a 1 % agarose gel. The experiment was conducted 
with three biological replicates with three technical replicates each. Strains used: 
LK06 (CBASS) and LK51 (CBASS ΔpspA). Whole agarose gels of quantification 
shown in Fig. 4d. Detailed information on the genotypes of all strains can be 
found in Supplementary Table 2. Abbreviation: mpi: minutes post infection.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Cyclase activation after infection with phage Goe21, 
Goe23, or Goe26. Nucleotides were extracted from B. subtilis strains LK06 
(CBASS) and LK51 (CBASS ΔpspA) infected with phage Goe21, Goe23, or 
Goe26 (MOI = 2) after the indicated time points (mpi: minutes post infection). 
Nucleotides were tested for their ability to activate the CBASS effector Nuc-

SAVED using a plasmid cleavage assay. The cleavage activity of Nuc-SAVED after 
incubation with the nucleotide extracts was assessed using a 1% agarose gel. The 
experiment was conducted with three biological replicates with three technical 
replicates each. Whole agarose gels from quantification shown in Fig. 4e, f, g.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-024-01670-5

Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Conjugation in the heterologous E. coli host and 
cleavage of the conjugate by Cap3. a, The presence of cyclase and PspA 
peptides in the three conjugate bands was confirmed by MS and the tryptic 
peptide (WAVAKTQER/AKWAVAKTQER) containing the modified lysine residues 
(highlighted in magenta) is underlined. The experiment was conducted 
three times and a representative gel image is shown. b, Co-expression of the 
CBASS cyclase (Bce), Cap2 (Bce) and PspA (Bsu) in E. coli and purification of the 
cyclase-PspA conjugate by size exclusion chromatography. The experiment was 
conducted three times and a representative gel image is shown. c, the cyclase-
PspA conjugate was incubated together with the Cap3 ortholog from Cytobacillus 

oceanisediminis and the cleavage was followed by SDS-PAGE (see also Fig. 5b). 
d, the band of the deconjugated cyclase was excised from the SDS gel (magenta 
box in c), digested with the peptidase AspN and the peptides were analysed by 
MS. Peptides identified in the peptide search are shown in bold red. The overall 
protein sequence coverage was 61%. The presence of the C-terminal peptide 
including the C-terminal Ala residue involved in conjugation indicates that the 
cleavage of the cyclase-PspA conjugate by Cap3 leaves no scar on the cyclase. e, 
analysis of the size of the cyclase after cleavage. For this, the last sample (60 min) 
of the conjugate cleavage assay from c was analysed by intact MS. f, cleavage of 
the cyclase-PspA conjugate by Cap3 leads to unaltered cyclase monomers.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Analysis of cyclase products. a, reaction products from 
a cyclase reaction (50 µM cyclase, 0.2 mM ATP, 20 min/45 min incubation at 37 °C) 
were analysed by HPLC. The traces of all three replicates are shown. Synthetic ATP 
and cA3 (cyclic triadenosine monophosphate) served as standard. b, same as a 
with the difference that the reaction mixture contained 5 mM ATP. c, The reaction 
samples from a and b (45 min) were tested for their ability to activate the CBASS 
effector Nuc-SAVED in a plasmid cleavage assay and plasmid cleavage assessed 

using a 1% agarose gel. The experiment was conducted with three biological 
replicates with two technical replicates each d, a dilution series of synthetic cA3 
was analysed by HPLC and the peak area of the cA3 peak used to create a standard 
curve. The amounts of cA3 in the reaction products from a were calculated 
by fitting to the standard curve. The experiment was performed with three 
replicates and data are presented as mean values ± SD. Abbreviations: Replicate 1 
(R1), 2 (R2), and 3 (R3).
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