Biophys Rep 2025, 11(X):1-12

https://doi.org/10.52601/bpr.2025.250028 https://cstr.cn/32402.14.bpr.2024.2025028

Biophysics Reports

REVIEW

Molecular mechanisms of CBASS-mediated bacteriophage defense

Yao Ge!, AngGao!, YalanZhu!™

L School of Life Science, Beijing Institute of Technology, Beijing 100086, China

Received: 13 May 2025 / Accepted: 3 June 2025

Abstract

The cyclic oligonucleotide-based anti-phage signaling system (CBASS) is an innate immune mechanism
in bacteria that mediates phage defense through programmed cell death. The CBASS system utilizes
cyclic oligonucleotides (cOs) synthesized by cGAS/DncV-like nucleotidyltransferases (CD-NTase) to ac-
tivate CD-NTase-associated proteins (Caps). This process elicits three cytocidal effects: DNA degrada-
tion, membrane disruption and NAD* depletion. These effects collectively block phage replication and
dissemination by causing infected cells to self-destruct. To achieve immune evasion from CBASS,
phages have evolved anti-CBASS proteins that disrupt the binding of cOs to Caps effectors. This enables
intracellular phage replication, assembly and propagation. This review systematically elucidates the
multidimensional defense strategies of CBASS, with a focus on the molecular mechanisms underlying
its anti-phage defensive functions. It provides novel insights into understanding the evolutionary dy-

namics of phage-host interactions.
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INTRODUCTION

The cyclic oligonucleotide-based anti-phage signaling
system (CBASS) is a widespread bacterial immune
system found in around 14.4% of sequenced bacterial
and archaeal species (Millman et al 2020). CBASS
exhibits striking evolutionary homology with the cyclic
GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) pathway (Cohen et al. 2019; Millman et
al. 2020; Morehouse et al. 2020; Slavik and Kranzusch
2023). The cGAS-STING pathway is the primary im-
mune mechanism in eukaryotes (Ishikawa and Barber
2008; Sun et al. 2013; Zhong et al. 2008). Upon binding
to dsDNA, cGAS enzyme produces the second messen-
ger 2'3'-cGAMP, which activates STING (Ablasser et al.
2013; Civril et al. 2013; Diner et al. 2013; Gao et al
2013; Zhang et al. 2013). STING recognition of 2'3'-
cGAMP initiates recruitment of the kinase TANK-
binding kinase 1 (TBK1) and the transcription factors
interferon regulatory factor 3 (IRF3) and non-canonical
nuclear factor kappa-B (NF-«kB), culminating in
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initiating type I interferon signaling cascades (Ouyang
et al 2012; Tanaka and Chen 2012). The core
components of the CBASS system comprise CD-NTase
(cGAS/DncV-like nucleotidyltransferases), Caps (CD-
NTase-associated proteins), and associated auxiliary
proteins, with CD-NTase activating Caps effectors
through the synthesis of cyclic oligonucleotides (cOs)
during phage infection (Cohen et al. 2019; Millman et al.
2020; Whiteley et al. 2019). CD-NTase and Caps mirror
the functions of cGAS and STING, respectively, revealing
a profound evolutionary connection between the
immune systems of prokaryotes and eukaryotes (Cohen
et al. 2019; Millman et al. 2020; Morehouse et al. 2020;
Slavik and Kranzusch 2023). The cytocidal domains
within Caps effectors execute three key functions: DNA
degradation, membrane disruption and nicotinamide
adenine dinucleotide (NAD*) depletion - thereby initi-
ating programmed cell death prior to the completion of
phage replication (Cohen et al 2019; Millman et al
2020).

Previous articles have summarized the functions of
CBASS effector proteins and phage proteins (Wang and
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Zhang 2023). This review supplements the newly
identified CBASS effectors and phage proteins and
provides an integrated analysis of their interactions.
This review details the three phage defense strategies
of CBASS, highlighting the molecular mechanisms of
effector proteins involved in DNA degradation,
membrane damage, and NAD* depletion. Moreover, we
integrate the corresponding phage-encoded anti-CBASS
proteins and their mechanisms, providing novel
insights into the evolutionary arms race between
phages and host cells.

REGULATION OF CD-NTASE ACTIVITY

In the CBASS system, CD-NTase acts as a second
messenger generator, initiating downstream immune
responses by synthesizing cOs (Whiteley et al. 2019).
CD-NTase plays a central role in CBASS systems (Cohen
et al. 2019; Whiteley et al 2019), and its activity is
regulated by accessory proteins.

Research demonstrates that Cap2 activates CD-
NTase activity through a ubiquitin transferase-like
mechanism (Jenson et al. 2023). Cap2 conjugates the C-
terminus of CD-NTase to a target molecule, priming CD-
NTase and boosting the production of signaling
molecules (Ledvina et al. 2023). Recent research has
revealed that Cap2-mediated conjugation of CD-NTase
to PspA and Cap3-mediated deconjugation maintain
a dynamic equilibrium, preventing spontaneous
activation of CD-NTase (Kriiger et al. 2024). Under non-
infectious conditions, Cap2 specifically tethers CD-
NTase to phage shock protein A (PspA), thereby
keeping the system quiescent (Kriiger et al. 2024).
Following phage infection, the dissociation factor Cap3
disrupts the binding of CD-NTase-PspA, releasing CD-
NTase into an active state and initiating cOs synthesis
(Krtger et al. 2024).

Furthermore, CD-NTase activity is regulated by
HORMA domain proteins and Trip13-like ATPases (Ye
et al. 2020). These domains undergo conformational
switching between open and closed states; the closed
conformation binds to CD-NTase, activating its cAAA
synthesis function (Ye et al. 2020). Conversely, ATPase
Pch2/Trip13 mediates the disassembly of the HORMA-
CD-NTase complex.

Studies have shown that a single E2 enzyme
(ubiquitin-conjugating enzyme homolog) in prokary-
otes can mimic the eukaryotic ubiquitination cascade,
independently executing functions that require coor-
dinated action of E1, E2, E3 ligases, proteases, and
receptor proteins in eukaryotic systems (Yan et al
2024). This E2 enzyme processes the C-terminus of
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cGAS, conjugating it to cysteine or lysine residues to
form poly-cGASylation modifications (Yan et al. 2024).
This modification ultimately activates cGAS to synthe-
size the immune signaling molecule cGAMP, triggering
programmed cell death to defend against phage
infection. This research demonstrates that prokaryotes
may achieve immune regulation through a simplified
ubiquitination-like mechanism, suggesting that the
eukaryotic ubiquitin system may have originated from
more ancient bacterial defense mechanisms (Yan et al
2024).

The latest research has revealed that the activity
regulation mechanism of CD-NTase in the type IV
CBASS system involves two key auxiliary proteins:
Cap9 and Capl10. Cap9 generates 7-amido-7-
deazaguanine (NDG) and attaches it to the N-terminus
of CD-NTase (e.g., CdnD). Cap10 then stabilizes the
covalent conjugation of NDG to CD-NTase (Wassarman
et al. 2025). This activates the enzymatic activity of CD-
NTase and drives its synthesis of cyclic nucleotide
signaling molecules, which trigger programmed cell
death (Wassarman et al. 2025). When Cap10 binds to
the N-terminus of CD-NTase, the latter is rendered
inactive, which effectively inhibits premature activation
and prevents abnormal signal transduction
(Wassarman et al. 2025). This regulatory mechanism
reveals the molecular switch principle by which the
type IV CBASS system dynamically balances CD-NTase
activity through auxiliary proteins. This provides new
insights into the precise control of bacterial immune
defense systems.

Furthermore, the transcription of the CBASS operon
and the expression of CD-NTase are indirectly
regulated by the transcription factor CapW. CapW
maintains low levels of CD-NTase expression in
uninfected cells to prevent cytotoxicity (Blankenchip et
al. 2022).

TRIPARTITE ANTI-PHAGE MECHANISMS OF THE
CBASS SYSTEM

The development of CBASS began in 2012, when Davies
et al. first identified the cGAS homolog gene DncV in
Vibrio cholerae, demonstrating its role in synthesizing
cyclic dinucleotides (e.g., c-di-GMP) to regulate bacteri-
al virulence, laying the foundation for subsequent
research (Davies et al. 2012). In 2015, the Burroughs’
team proposed through comparative genomics that the
CD-NTase family might play a central role in microbial
antiviral defense by linking cyclase activity to immune
functions (Burroughs et al 2015). In 2017,
Kazlauskiene et al. discovered a cyclic oligoadenylate
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signaling pathway in type III CRISPR-Cas systems,
revealing the universality of cyclic nucleotide signaling
in antiphage defense and providing clues for studying
the interplay between CBASS and other defense
systems (Kazlauskiene et al. 2017). In 2018, Severin’s
team experimentally confirmed that cGAMP directly
activates the phospholipase effector CapV in Vibrio
cholerae, leading to membrane degradation and high-
lighting the critical role of cyclic nucleotide signaling in
bacterial immunity (Severin et al. 2018).

2019 marked a milestone in CBASS research: Cohen
et al. formally named the CBASS system, elucidating its
antiphage mechanism - where cGAS generates cGAMP
to activate phospholipase-induced cell death - and
validating its widespread distribution across microbes
through genomic analysis (Cohen et al 2019). That
same year, Whiteley et al. revealed the diversity of
CBASS signaling molecules by demonstrating that CD-
NTase synthesize various cyclic nucleotides (e.g., cUA,
cAAA) (Whiteley et al. 2019). In 2020, Millman et al.
conducted a comprehensive taxonomic analysis of
CBASS systems, proposing a classification framework
based on effector types (Types I-1V) and highlighting
differences in signal perception and effector mech-
anisms across categories (Millman et al 2020).
Subsequent studies further resolved the substrate
cleavage mechanisms of nuclease effectors (e.g., Cap5,
CAP4, NucC, Capl8), the membrane-disrupting
mechanisms of membrane-damaging effectors (e.g.,
CapE, CapV, Cap15), and the metabolic interference
mechanisms of NAD* depletion (e.g., TIR-STING, TIR-
SAVED).

Nuclease effectors

CBASS nuclease effectors, including Cap5, Cap4, NucC
and Cap18, induce programmed cell death by cleaving
both the host and phage genomes non-specifically. This
ultimately blocks phage replication (Chang et al. 2023;
Fatma et al. 2021; Lau et al. 2020; Liang et al. 2022).
The Cap5 monomer consists of an N-terminal HNH
(histidine-asparagine-histidine) nuclease domain and a
C-terminal SAVED (SMODS-associated and fused to
various effector domains) signal-sensing domain
(Fatma et al. 2021; Millman et al. 2020). The signaling
molecule 3',2'-cGAMP activates Cap5 for in vivo DNA
degradation. In its inactive state, Cap5 exists as a
homodimer formed by two HNH domains stacked side-
by-side (Fatma et al 2021). Recent studies have
revealed that binding of the second messenger to the
PsCap5 dimer triggers a transition from an open to a
closed state of the SAVED domains within each dimer
(Rechkoblit et al. 2024). This provides an interface for
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assembly of a PsCap5 tetramer (two dimers joined
together). This conformational change in the SAVED
domains is then propagated to the HNH nuclease
domains, converting two of them to a catalytically
competent state and positioning them in close prox-
imity to each other for coordinated DNA degradation
(Rechkoblit et al. 2024) (Fig. 1). Cap5 degrades DNA in
a non-sequence-specific and complete manner, result-
ing in degradation products that are small fragments
(less than 100 bp) or mononucleotides that are
undetectable by gel electrophoresis (Fatma et al. 2021;
Rechkoblit et al. 2024).

The Cap4 protein contains an N-terminal nuclease
domain and a C-terminal SAVED domain that recog-
nizes nucleotide second messengers (Chang et al. 2023;
Lowey et al 2020). The SAVED domain of Cap4
comprises two CRISPR-associated Rossmann fold
(CARF) subunits that specifically recognize both 3'-5'
and 2'-5' phosphodiester linkages (such as 3'3'3'-cAAG
and 2'3'3'-cAAA) (Chang et al. 2023; Lowey et al. 2020).
In the absence of signal molecules, Cap4 remains in an
inactive monomeric state. Upon activation, Cap4
oligomerizes into a higher-order complex where the
catalytic sites of its endonuclease domains are juxta-
posed, significantly expanding its cleavage capacity
toward both host and phage genomic DNA (Chang et al.
2023) (Fig. 1). In its activated state, Cap4 can degrade
various DNA substrates and exhibits no apparent
sequence preference. When EcCap4 degrades genomic
or plasmid DNA, the resulting fragment sizes tend to
cluster around 17 bp (Chang et al. 2023; Lowey et al.
2020).

The NucC monomer adopts a restriction
endonuclease-like fold (Lau et al. 2020; Millman et al.
2020). NucC activation depends on the upstream signal
3',3"3'-cAAA. In its inactive state, NucC forms a
homotrimer with three monomers arranged in a
triangular configuration (Lau et al. 2020). When 3',3",3'-
cAAA binds to the trimer, it interacts with the allosteric
site via hydrogen bonds and m-stacking interactions.
This induces a conformational rearrangement of the
NucC trimer. This process drives oligomerization into a
functional hexamer (Lau et al 2020) (Fig.1). The
activated NucC hexamer increases the efficiency of DNA
cleavage per monomer, enabling effective DNA
degradation and suppressing phage replication (Lau et
al. 2020). NucC does not have strict sequence specificity
for DNA. High-throughput sequencing analysis revealed
a weak sequence preference at cleavage sites. NucC
cleaves DNA nonspecifically, generating ~44 bp frag-
ments that trigger chromosomal degradation and cell
death in bacterial immunity (Lau et al. 2020).

Unlike the endonucleases described above, Cap18
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Fig. 1 Schematic of the nuclease effector mechanism. The Cap5 homodimer binds 3',2'-cGAMP, triggering a structural rearrangement of
the HNH domain to activate its nuclease function. Cap4 oligomerizes into an active high-order complex after binding upstream signaling
molecules, enabling DNA degradation. Upon binding to the upstream signal cAAA, the NucC trimer undergoes oligomerization to form a

functional hexamer, which exhibits DNA cleavage activity

forms an exonuclease-like homodimer. It directly
degrades single-stranded DNA (ssDNA) and RNA
(ssRNA) through its non-specific 3'-5' exonuclease
activity without requiring activation by signal mole-
cules (Liang et al. 2022; Millman et al. 2020). Cap18
exhibits a strong preference for ssDNA, while showing
minimal activity toward ssRNA (Liang et al. 2022).
Cap18 functions as a regulatory component of CBASS.
The Cap18 homodimer coexists with CBASS tran-
scription factors (CapW or the CapH-CapP complex),
maintaining CBASS homeostasis by degrading tran-
scription factor-associated ssDNA (Liang et al. 2022).
Notably, Cap5, Cap4 and NucC all rely on second
messenger-regulated oligomerization to control enzy-
matic domain activation, a mechanism that underscores
the evolutionary conservation of CBASS while high-
lighting its functional efficiency and specificity in
bacterial immunity (Chang et al 2023; Fatma et al.
2021; Lau et al. 2020). Cap5, Cap4, and NucC directly
degrade host and phage genomic DNA, whereas Cap18
clears ssDNA via its exonuclease activity. None of these
nucleases (Cap5, Cap4, NucC, or Capl8) exhibits
discernible sequence preference in their DNA
degradation functions (Chang et al. 2023; Fatma et al.
2021; Lau et al. 2020; Liang et al. 2022). Future studies
could further investigate the DNA cleavage sequences
of these enzymes. Notably, Cap4 typically generates
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DNA cleavage products of ~17 bp, while NucC produces
fragments of ~44 bp (Chang et al. 2023; Lau et al. 2020;
Lowey et al. 2020).

Acb4 and Acb2 subvert nuclease effectors

Acb4 is a phage-encoded protein that suppresses
CBASS immunity by binding to nucleotide immune
signals and blocking activation of downstream Cap
effector proteins (Table 1). The crystal structure of the
Acb4-3'3'-cGAMP complex reveals that Acb4 assembles
into a “windmill-shaped” tetramer to form a 4:4 Acb4-
3'3'-cGAMP assembly. Acb4 exhibits broad-spectrum
binding to cOs such as 3'3'-cGAMP, 2'3'-cGAMP, 3'2'-
cGAMP, 3'3'-cUA, and 2'3'-cUA. This blocks Caps
effector activation and facilitates phage immune
evasion (Chang et al 2023) (Fig.2). For instance,
experiments have confirmed that Acb4 inhibits Cap5
nuclease activity activated by 3'3'-cGAMP in a dose-
dependent manner in vitro (Chang et al. 2023). This
indicates that Acb4 suppresses the CBASS system by
inhibiting Cap5 activity.

Acb2 inhibits the CBASS pathway primarily by
sequestering signaling molecules, thereby preventing
their interaction with effector proteins (Table 1).
Crystallographic analysis reveals that the Acb2
monomer consists of an N-terminal short helix and
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Table 1 Mechanism of bacteriophage proteins against the CBASS system

Blockade level Protein Inhibition mechanism References
name
Second messenger Acb4 Binds cOs to prevent activation of Cap effectors Chang et al. 2023
sequestration Acb2 High-affinity binding depletes cOs Cao et al. 2024; Huiting et al.
2023
Acbl Metal-independent hydrolysis of cOs Hobbs et al. 2022
TIR-STING pathway NTase Synthesizes decoy ligands (e.g., 3'3’-cGAMP) Hoetal. 2023
subversion Tad1/Tad2 Simultaneously binds CTNs/CDNs Lietal 2024
Direct enzyme inhibition Acb3 Blocks catalytic site and ligand-binding pocket of CD-  Yirmiya et al. 2025
NTase

Tadl

<L | <\

K Tad2
Fig.2 Molecular strategies of bacteriophage antagonism against CBASS immunity. The anti-CBASS proteins Acb4, Acb2 and Acbl
degrade or sequester cOs signaling molecules directly, thereby suppressing the activation of Caps effectors. Phage-encoded NTase sub-

verts the TIR-STING pathway to block the initiation of host immune defenses. Phage Tad1l and Tad2 neutralize CBASS immunity by se-
questering signaling molecules with high affinity, thereby blocking their activation of downstream effectors
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antiparallel helices (Huiting et al 2023). Adjacent
monomers assemble into a homotypic hexamer
through tight interfacial contacts. Each Acb2 hexamer
binds three 3'3'-cGAMP molecules at conserved pockets
located between two head-to-head oriented monomers
(Huiting et al. 2023) (Fig. 2). Experiments demonstrate
that Acb2 exhibits broad-spectrum binding to cOs such
as 2'3'-cGAMP, cAA, 3'3'-cGAMP, cUU and cUA. For
example, the Acb2 protein can inhibit the effector
activity of NucC in the CBASS system. In vitro
experiments showed that Acb2 significantly suppresses
the DNA cleavage activity of NucC activated by cAAA,
whereas mutation of its CTN-binding site (R67A/T74A)
abolished this inhibitory capacity (Cao et al. 2024).

Membrane-damaging effectors

CBASS membrane-damaging effectors, including CapE,
CapV, and Cap15, disrupt inner membrane integrity to
mediate collapse of the proton gradient and cause
osmotic imbalance, ultimately triggering programmed
cell death and blocking phage replication (Cohen et al

CD-NTase

2019; Millman et al. 2020).

Recent studies have revealed that in its inactive state,
CapE derived from Escherichia coli exists as a dimer
with a closed substrate channel. Activation of CapE
depends on the second messenger cUA. Upon cUA
binding, the CapE dimers undergo head-to-tail linear
stacking to form a filamentous supramolecular complex
(Wang et al. 2025) (Fig. 3). Cryo-electron microscopy
(cryo-EM) analysis demonstrated that this self-
assembly opens the substrate channel and exposes the
catalytic sites, thereby activating phospholipase activity
to efficiently lyse the bacterial inner membrane (Wang
et al. 2025). cUA-induced filamentous assembly sig-
nificantly increases the binding of CapE to liposomes.
The filamentous structure has cUA-binding sites on one
side and exposes the hydrophobic substrate channel on
the other (Wang et al. 2025). This configuration allows
for the targeted binding and hydrolysis of membrane
phospholipids, which results in liposome dissolution,
increased membrane permeability, and ultimately, cell
lysis, thereby preventing phage propagation (Wang et
al. 2025).

v

Fig. 3 Schematic of the membrane damage effector mechanism. Upon cUA binding, CapE dimers undergo head-to-tail linear stacking to
form a filamentous supramolecular complex that efficiently lyses the bacterial inner membrane. Activated by binding to 3',3'-cGAMP,
CapV mediates phospholipid degradation in the cell membrane. Cap15 effector oligomerizes to form pore structures that directly dis-
rupt the integrity of the inner membrane

In Vibrio cholerae, CapV is a phospholipase effector
activated by the signal molecule 3',3'-cyclic GMP-AMP
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(Severin et al 2018). After binding to 3'3'-cGAMP,
CapV's phospholipase activity is activated, which
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degrades the inner membrane during phage infection
(Cohen et al. 2019; Severin et al. 2018) (Fig. 3). The
activated enzyme selectively hydrolyzes inner mem-
brane phospholipids phosphatidylethanolamine (PE)
and phosphatidylglycerol (PG), thereby inducing cell
death and effectively blocking phage propagation
(Cohen et al 2019).

Sequencing of the CBASS genome reveals that more
than 40% of CBASS operons encode transmembrane
(TM) effectors (Burroughs et al. 2015; Millman et al
2020). Cap15 is composed of an N-terminal TM domain
and a C-terminal f-barrel domain containing a
nucleotide-binding pocket (Duncan-Lowey et al. 2021).
Cap15 is activated by uracil-containing cyclic dinucleo-
tide signals (e.g., 3'3'-c-di-UMP, 3'3'-cUMP-AMP). Upon
binding of these signaling molecules to its B-barrel
domain, Capl5 wundergoes further oligomerization,
forming high-order complexes that disrupt inner
membrane integrity (Duncan-Lowey et al. 2021) (Fig. 3).
The activation of Capl5 specifically triggers the
collapse of the bacterial inner membrane, which leads
to cytoplasmic condensation. Disruption of the inner
membrane causes it to shrink away from the outer
membrane and cell wall. This ultimately results in
complete membrane rupture and cell death (Duncan-
Lowey et al. 2021). The CBASS system also encodes
other TM effectors, including Cap13, Cap14, and Cap16
(Duncan-Lowey et al. 2021).

CapE, CapV, and Capl5 depend on nucleotide
signaling to activate and disrupt the integrity of the
bacterial inner membrane. This disruption collapses
the osmotic balance, ultimately triggering programmed
cell death and aborting phage propagation. CapE and
CapV degrade phospholipids through enzymatic
catalysis at their active sites (Cohen et al. 2019; Wang
et al. 2025), while Cap15 damages membrane structure
mechanically via ligand-induced oligomerization
(Duncan-Lowey et al. 2021). Together, these effectors
form a multi-layered defense strategy that targets the
inner membrane. Notably, TM effectors are present in
over 40% of CBASS operons, demonstrating their broad
applicability across bacterial hosts.

Acb1 disables membrane effector signaling

The Acb1 protein evades CBASS immunity by degrading
signaling molecules, such as 3'3'-cGAMP, thereby
preventing the activation of downstream effector
proteins (Hobbs et al. 2022) (Table 1). Acb1 adopts a
2H phosphodiesterase fold, forming a U-shaped ligand-
binding pocket. Through a metal-ion independent
catalytic reaction, Acbl degrades cyclic signaling
molecules into linear products (Hobbs et al 2022)
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(Fig. 2). Acbl can degrade various cyclic nucleotide
signaling molecules, primarily including 3'3'-cGAMP,
cUA, cAAA, and cAAG (Hobbs et al. 2022). Experiments
confirmed that CapV, when activated by 3'3'-cGAMP,
degraded the fluorescently labeled phospholipid
substrate and enhanced the fluorescent signal
However, when the signal was pretreated with Acbl,
the fluorescent signal remained unchanged, indicating
that Acb1l completely blocked CapV activity (Hobbs et
al. 2022).

NAD* depletion

The CBASS NAD*-degrading effectors TIR-STING and
TIR-SAVED disrupt redox homeostasis and central
metabolic pathways by degrading the cellular metab-
olite NAD", ultimately inducing programmed cell death
(Cohen et al. 2019; Doron et al. 2018; Essuman et al.
2018; Morehouse et al. 2020). The TIR domain is an
enzyme capable of degrading NAD* (Horsefield et al.
2019; Wan et al. 2019).

TIR-STING is a fusion protein consisting of an N-
terminal TIR domain and a C-terminal STING domain.
The upstream signaling molecule c-di-GMP activates
the NAD* hydrolase activity of TIR-STING. In its inactive
state, TIR-STING exists as a non-oligomerized dimer
(Morehouse et al. 2022). When c-di-GMP binds to the
central cavity formed at the dimer interface of STING
domains, it triggers parallel stacking of STING domains,
driving further assembly into a filamentous archi-
tecture (Morehouse et al. 2022). This filamentous
structure forces the TIR domains into proximity, there-
by activating their NAD* hydrolase activity (Fig. 4). The
TIR domains cleave NAD" into nicotinamide (NAM) and
ADP-ribose (ADPR) (Morehouse et al. 2022). TIR-STING
achieves phage defense by depleting cellular NAD*,
thereby triggering cell growth arrest to block viral
propagation.

TIR-SAVED consists of the SAVED domain, a
nucleotide sensor, and the TIR domain (Hogrel et al.
2022). Binding of the signaling molecule 3',3',3'-cAAA
to the SAVED domain triggers the assembly of the
protein into a superhelical filamentous polymer via
head-to-tail stacking (Hogrel et al 2022) (Fig.4).
Structural analyses using cryo-EM reveal that the
complex adopts a right-handed superhelical archi-
tecture, with each helical turn comprising 17 TIR-
SAVED monomers (Hogrel et al. 2022). The helical
assembly forces the BB and DE loops of adjacent TIR
domains to interact (Hogrel et al. 2022). This exposes
the substrate-binding pocket and enables NAD*
hydrolysis. Furthermore, the oligomerization of TIR-
SAVED domains is essential for establishing the
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Fig. 4 Schematic of the NAD* depletion effector mechanism. TIR-STING interacts with c-di-GMP through parallel stacking, assembling
into analogous fibrous structures to execute NAD* hydrolysis. Upon binding to 3'3'3'-cAAA, the TIR-SAVED complex oligomerizes into

filamentous assemblies that mediate NAD* hydrolase activity

structural framework necessary for NAD* hydrolase
activity (Hogrel et al. 2022).

Both TIR-STING and TIR-SAVED contain a TIR
domain and are activated by ligand-induced
oligomerization, which triggers cell death via NAD*
hydrolysis. TIR-STING forms a linear, double-stranded
filament structure through parallel stacking of STING
domains. In contrast, TIR-SAVED mediates NAD*
hydrolysis activity through head-to-tail stacking of
SAVED domains into a right-handed superhelical
solenoid (Hogrel et al. 2022; Morehouse et al. 2022).
These mechanisms elucidate not only the NAD®-
degrading function of CBASS systems, but also provide
evolutionary and functional insights into eukaryotic
TIR pathways.

NTase, Tad1 and Tad2 sequester NADase effector
activation

The study revealed that bacteriophage nucleotidyl-
transferase (NTase) synthesizes competitive cyclic
nucleotide ligands (e.g., 3'3'-cGAMP), which bind to the
host STING domain and competitively block its natural
activating ligand cGG, thereby inhibiting the activation
of the TIR-STING effector protein (Ho et al. 2023)
(Fig. 2) (Table 1). In vitro enzymatic activity assays
confirmed that incubating the TIR-STING protein with
the fluorescent substrate e-NAD, adding activating
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ligands and the phage NTase, and real-time monitoring
of the e-NAD cleavage rate revealed that the NTase
concentration-dependently inhibited the initial NADase
rate (Ho et al. 2023). This demonstrates that the phage
NTase effectively inhibits TIR-STING.

Research demonstrates that bacteriophage anti-
Thoeris proteins Tadl and Tad2 suppress the CBASS
system by sequestering broad-spectrum CDNs and
CTNs (Leavitt et al. 2022; Li et al. 2024; Yirmiya et al.
2024). Tadl assembles into a hexamer with two
independent CTN-binding pockets. By binding to CBASS
signaling molecules, Tadl prevents the activation of
effector proteins (Li et al 2024) (Tablel, Fig. 2).
Beyond its two dedicated CTN-binding pockets, Tadl
additionally contains CDN-binding sites that are struc-
turally identical to and co-shared with gcADPR-binding
pockets. Tadl can sequester multiple CBASS signaling
molecules, including CTNs (such as cAAA, cAAG) and
CDNs (such as 2'3'-cGAMP, 3',2'-cGAMP) (Li et al
2024). In contrast, Tad2 forms a tetramer with two
distinct CTN-binding pockets that block the CBASS
pathway by sequestering signaling molecules (Li et al
2024) (Fig.2, Table 1). Tad2 can sequester multiple
signal molecules of the CBASS system (such as cGG,
3',3'-cGAMP, cUG, 3',2'-cGAMP). In vitro assays confirm-
ed that while the NADase activity of TIR-STING from
Sphingobacterium faecium DSM 11690 is activated
by cGG, this activity is abolished when Tad2 is
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pre-incubated with cGG, demonstrating that the phage
Tad2 protein effectively suppresses TIR-STING function
(Lietal 2024).

Recent research utilizing a structure-guided screen-
ing approach identified Acb3, a phage-encoded protein
that antagonizes the CBASS system (Yirmiya et al. 2025).
Structural analysis of the predicted complex reveals
that Acb3 inhibits CBASS by wrapping around its CD-
NTase enzyme and forming extensive interactions,
including hydrogen and ionic bonds, with the catalytic
active site and ligand-binding pocket (Yirmiya et al.
2025) (Table 1). This mechanism directly blocks the
enzymatic function of CD-NTase, preventing activation
of the CBASS immune defense pathway.

DISCUSSION

As a highly efficient anti-phage immune system, CBASS
activates downstream effectors via c¢Os signals
synthesized by CD-NTase to initiate programmed cell
death and block phage dissemination (Cohen et al
2019; Millman et al 2020). CBASS employs three
cytocidal effectors - nuclease activity, membrane
damage and NAD* depletion - that work together to
execute cell death programs (Cohen et al 2019;
Millman et al. 2020). The CBASS system not only retains
broad-spectrum Kkilling capability (such as the direct
destructive effects of NucC and CapV), but also achieves
precise regulation through specific signal recognition
(including Cap4 subtype identification and TIR-SAVED
ligand binding). In contrast, CRISPR-Cas and Thoeris
systems rely on singular effector mechanisms: CRISPR-
Cas utilizes nucleases, while Thoeris depletes NAD*
(Garneau et al. 2010; Ka et al. 2020; Patel et al. 2022).
By integrating diverse effectors (nuclease, membrane
damage and NAD* depletion), cOs signals (e.g., cGAMP
and cAAA), and auxiliary proteins, CBASS establishes
multilayered defence hierarchies, making it nearly im-
possible for phages to evade by using a single coun-
termeasure. Consequently, CBASS exhibits a marked
evolutionary advantage over functionally restricted
systems like CRISPR-Cas and Thoeris (Wang and Zhang
2023). The CBASS system has broad application
potential. First, it is feasible to design CBASS-targeted
antimicrobial agents. Since CBASS effector proteins,
such as CapV, require cOs for activation (Severin et al
2018), stable cOs analogs could be engineered to en-
hance endogenous CBASS activity. This offers a promis-
ing strategy for treating antibiotic-resistant bacterial
infections. Second, novel diagnostic tools could be
developed. The cOs released upon CBASS activation can
serve as biomarkers of bacterial infection. A rapid
diagnostic kit based on cOs detection could enable the
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specific identification of drug-resistant pathogens.
Third, phage-encoded anti-CBASS proteins (e.g., Acbl,
Acb2) evade immunity by degrading or sequestering
cOs (Hobbs et al. 2022; Huiting et al. 2023). Developing
small-molecule inhibitors that target their active sites
could mitigate their interference with CBASS-mediated
killing. Combining these inhibitors with antibiotics
could enhance bactericidal efficacy and delay the evo-
lution of resistance, providing a theoretical framework
for combinatorial therapies.

CD-NTase initiates downstream immune cascades by
synthesizing cOs, with its activity regulation mecha-
nisms reflecting the sophistication and diversity of
bacterial defense systems. Current studies reveal that
CD-NTase function is dynamically regulated at multiple
levels: (1) Ubiquitination-like modification: Type II
CBASS activates CD-NTase through E2 enzyme-
mediated polycGASylation (Yan et al. 2024), demon-
strating that prokaryotes may achieve precise immune
regulation via simplified ubiquitin-like mechanisms.
This suggests the eukaryotic ubiquitin system might
originate from bacterial defense components. (2) Pro-
tein interaction networks: The Cap2-Cap3-PspA com-
plex (Kriiger et al. 2024) and HORMA-ATPase system
(Ye et al. 2020) dynamically balance CD-NTase activity,
ensuring rapid phage invasion response while pre-
venting abnormal cell death caused by basal activity.
(3) Cap9-Capl0 synergistic regulation: In Type IV
CBASS, Cap9 generates NDG, which covalently modifies
CD-NTase. Cap10 binds to CD-NTase, collectively fine-
tuning its enzymatic activation and immune signaling
output (Wassarman et al. 2025). (4) Transcriptional
regulation: The WYL-domain transcription factor CapW
(Blankenchip et al. 2022) coordinates CBASS operon
expression to maintain homeostasis and temporal syn-
chronization of immune responses. These regulatory
mechanisms, combined with CBASS's tripartite effec-
tors, constitute a complete "sensing-signal amplification-
effector execution" defense pathway.

Bacteriophages counteract the CBASS immune
system through multi-layered molecular strategies,
revealing the highly dynamic and complex nature of
host-phage arms races: (1) Second Messenger
Sequestration: Phage-encoded Acb4, Acb2, and Acbl
block effector activation by degrading or chelating
CBASS signaling molecules. Their structural diversity
and widespread conservation indicate this is a key
strategy against cGAS-like immunity. (2) TIR-STING
Pathway Subversion: Phages disrupt this pathway
through two mechanisms: Synthesizing competitive cOs
to occupy TIR-STING binding sites. Utilizing "molecular
sponges"” like Tad1/Tad2 (Li et al. 2024) to sequester
gcADPR and cGAMP, thereby inhibiting NAD* depletion-
mediated host suicide. Structural analysis of the

9 | September 2025 | Volume 11 | Issue X



REVIEW

Y. Geetal.

predicted complex reveals that Acb3 blocks the
enzymatic activity of CD-NTase by encapsulating its
catalytic active site, thereby preventing activation of
the CBASS immune defense pathway (Yirmiya et al
2025). The synergistic effects of these strategies high-
light phages' evolutionary optimization for maximal
escape probability. Their precision in targeting CBASS
pathways (e.g., Acb1's specific cleavage of 3'3'-cGAMP
(Hobbs et al. 2022) and broad-spectrum suppression
(e.g., Tad1l/Tad2 cross-kingdom inhibition of Thoeris
and CBASS (Li et al 2024) reflect continuous
innovation of "anti-bacterial immune tools" under
evolutionary pressure.

A central challenge in the field of CBASS lies in
deciphering the pattern recognition mechanism of CD-
NTase, and establishing whether they detect phage
DNA signatures, specific proteins or metabolic products.
In mammals, the cGAS-STING pathway is activated by
cytosolic DNA (Stetson and Medzhitov 2006). When
cGAS detects an increase in intracellular DNA levels, it
binds to DNA and undergoes a conformational change
to its active state, synthesizing the second messenger
cGAMP to activate the cGAS-STING pathway (Wu et al
2013). In Drosophila melanogaster, cGAS-like receptors
(cGLRs) are activated by dsRNA. Activated cGLRs
synthesize 3'2'-cGAMP and 2'3'-cGAMP to trigger the
STING-dependent immune pathway (Holleufer et al
2021; Slavik et al 2021). Due to the structural and
functional evolutionary homology between CD-NTase
and cGAS, it is possible that phages employ strategies to
counteract CD-NTase during infection that are similar
to those observed in eukaryotic systems (Kranzusch
2019). Recent studies have revealed that Staphy-
lococcus phages transcribe a bacteriophage RNA
(cabRNA) that activates CBASS during infection (Banh
et al. 2023). This cabRNA specifically binds to and
activates oligonucleotide cyclases, triggering CBASS
immunity, suggesting RNA sensing as a potential
mechanism for CBASS activation (Banh et al. 2023).
These findings expand the diversity of potential CBASS
activation mechanisms. While mammalian cGAS relies
on DNA sensing and Drosophila cGLR is activated by RNA,
this suggests that CD-NTase may employ dual DNA/
RNA sensing modes to detect phage infection. Further-
more, CD-NTase likely enhances antiphage efficiency
through multi-target sensing capabilities (e.g., DNA,
RNA, or metabolites), enabling broad-spectrum defense
against diverse phage strategies.

Future research could employ comparative genomics
to identify homologous systems of CD-NTase regulatory
elements (e.g., WYL and HORMA domains) in archaea
and eukaryotes, thereby reconstructing the evolu-
tionary pathway from bacterial immunity to eukaryotic
innate immunity. By determining whether phages share
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anti-CBASS and anti-CRISPR regulatory modules to
evade coordinated elimination by host multi-layered
immune systems. By elucidating phage anti-CBASS
strategies, this approach would not only advance the
theoretical framework of host-pathogen interactions
but also provide: Molecular targets for novel anti-
microbial development (e.g., designing cOs analogs to
disrupt phage escape mechanisms). Strategic insights
for optimizing phage therapy (e.g., screening phages
harboring specific resistance genes).
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