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A toxin-antitoxin system provides phage
defense via DNA damage and repair

Huan Pu1, Yuxin Chen1, Xinjun Zhao2, Lunzhi Dai 2, Aiping Tong 1,
Dongmei Tang3 , Qiang Chen 1 & Yamei Yu 1

Widespread in bacteria and archaea, toxin-antitoxin (TA) systems have been
recently demonstrated to function in phage defense. Here we characterize the
anti-phage function of a type IV TA system, ShosTA. Using structural and
biochemical approaches, we show that ShosT couples phosphoribosyl-
transferase and pyrophosphatase activities to disrupt purine metabolism,
resulting in DNA duplication, cell filamentation and ultimate cell death. ShosA
binds DNA and likely recruits other proteins to facilitate DNA homologous
recombination to antagonize ShosT’s toxicity. We identify Gp0.7 of T7 phage
as a trigger for ShosTA system via shutting off the protein synthesis, and the C-
terminus-mediated intrinsic instability of ShosA releases the toxicity of the
existing ShosT proteins. Collectively, our results provide a novel toxin-
antitoxinmechanism for anti-phage immunity and shed light on the triggering
of this TA system.

Toxin-antitoxin (TA) systems are broadly distributed throughout
bacteria and archaea, which usually contain a toxin and a cognate
antitoxin1. The known TA systems could be classified into eight major
types, according to the nature and mode of action of antitoxins2.
Despite the seemingly high cost for the host cell to maintain the TA
systems in an ‘off’ state, the prevalence of TA systems implies that they
play an essential role for bacterial survival. Although the plasmid-
encoded TA systems serve to maintain plasmids in bacterial popula-
tions, known as “plasmid addiction”3, the biological functions of
chromosomally-encoded TA systems have remained elusive and
controversial4–6. Recently, accumulated evidence suggested that TA
systems are involved in phage defense, and the mechanisms of these
anti-phage TA systems have become a particularly active research
topic7,8.

Due to the inherent toxicity, TA systems are thought to mediate
abortive infection (Abi), wherein the infected host cell commits
altruistic suicide before the phage completes its replication cycle and
prevents the phage epidemic. Some anti-phage TA systems have been
characterized, revealing diverse mechanisms that toxins use against
phage infection. The type II systemRnlAB and type III systemToxINare

both featured by an RNase toxin activated by T4-induced shutoff of
host transcription9. The Type II TA systemCapRel is activated by newly
synthesized phage major capsid protein, releasing tRNA-targeted
toxicity10. DarTG provides defense against phage through DNA ADP-
ribosyltransferase activity11. Retron-Sen2 and CmdTAC are both tri-
partite TA systems, with toxic N-glycosidase and ADP-
ribosyltransferase effector proteins, respectively12,13.

Here, we structurally and biochemically characterize a recently
identified anti-phage TA system, ShosTA14–16. This defense system
comprises twocomponents, the toxinShosT and the cognate antitoxin
ShosA. We reveal that ShosT couples phosphoribosyltransferase
(PRTase) and pyrophosphatase (PPase) activities to disrupt purine
metabolism, resulting in DNA duplication, cell filamentation and ulti-
mate cell death. ShosA binds DNA and likely recruits other proteins to
facilitate DNA repair to antagonize ShosT’s toxicity. We demonstrate
that Gp0.7 of T7 phage inhibits host transcription and shuts off the
synthesis of ShosT and ShosA, and the intrinsic instability of ShosA
breaks the toxin-antitoxin balance. The existing pool of ShosT then
results in cell death which provides phage resistance via Abi mechan-
ism. Our study represents a new toxin-antitoxin mechanism of action
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for anti-phage defense and provides insights into the intrinsic
instability of the antitoxin and the triggering of the toxin.

Results
ShosTA system provided defense against phages
The ShosTA system has been previously shown to function in phage
defence15,16. To further evaluate the phage defense provided by
ShosTA, we synthesized the shosA and shosT genes of E. coli APEC O1
(Fig. 1a), under the control of its native promoter, into E. coliBL21(DE3)
which naturally lacks these genes. We challenged the ShosTA-
containing strain with a set of phages, including all three morpholo-
gical families of the Caudovirales (P1, T2 and T4 from the Myoviridae,
T5 from the Siphoviridae, and T7 from the Podoviridae) (Fig. 1b). We
found that this ShosTA system protected E. coli against T7, reducing
plating efficiency by 6 orders of magnitude (Fig. 1b).

TA systems usually mediate bacterial immunity via abortive
infection (Abi) due to the inherent toxicity of the toxin. To testwhether
the ShosTA system triggers Abi, we infected cells harboring either the
empty vector or the native ShosTA system with T7 phage at varying
MOIs (multiplicity of infection). While the cultured ShosTA-containing
bacteria continued to grow at lowMOIs, a high MOI of 2 abolished the
growth of the bacterial population, representing a key characteristic of
Abi mechanisms (Fig. 1c). Since the infected cell needs to commit
suicide before the completion of the phage replication cycle to protect
the bacterial colony, the typical Abi usually shows an earlier culture
collapse for the system-containing cells compared to those lacking the
system. However, we have not observed the earlier culture collapse at
the high MOI (Fig. 1c).

To confirm that ShosTA is a functional toxin-antitoxin system, we
expressed ShosT alone or co-expressed ShosT with ShosA in E. coli
BL21-AI and examined the colony forming units (CFU).With increasing
arabinose inducing concentration, a marked decrease of CFU was

observed for ShosT alone, while the co-expression of ShosT and ShosA
showed no significant difference compared to the noninduced sample
(Fig. 1d). The colony forming assay confirmed that ShosT and ShosA
are toxin and antitoxin, respectively.

Crystal structure and enzymatic activities of ShosT
Due to its toxicity, ShosT is hard to express alone in E. coli. We co-
expressed ShosT with ShosA and purified it to homogeneity. ShosT
was expressed with an N-terminal His6 tag while ShosA was expres-
sed in its native form. Only ShosT was purified from Ni2+ affinity
column, implying there was no direct interaction between ShosT
and ShosA.

To further understand the molecular basis of the toxin ShosT, we
determined the crystal structure of ShosT at 1.7-Å resolution. ShosT
adopted a two-domain architecture consisting of an N-terminal
hydrolase domain (residues 1–164) and a C-terminal phosphoribosyl-
transferase (PRTase) domain (residues 165–424) (Fig. 2a).

The N-terminal hydrolase domain of ShosT represented a
Rossmann-fold core, in which a central five-stranded parallel β-sheet
(β5-β2-β1-β6-β7) was packed with five surrounding α helixes and an
additional two-stranded antiparallel β-sheet (β3-β4) (Fig. 2b). Struc-
tural comparison showed that ShosT’s N-terminal hydrolase domain
shared a clear homology with the type III soluble inorganic pyropho-
sphatases (PPase)17 (Fig. 2c). Since the structural analysis indicated an
inorganic pyrophosphatase activity for the N-terminal hydrolase
domain of ShosT, we evaluated the hydrolysis of inorganic pyropho-
sphate (PPi) of ShosT by monitoring the PPi consumption. ShosT
showed a clear pyrophosphatase activity in vitro in a Mg2+-indepen-
dent manner (Fig. 2d).

Then we attempted to co-crystallize ShosT with PPi. However, in
the crystal structure, we only found the hydrolysis product, ortho-
phosphate, in the active site of ShosT’s hydrolase domain (Fig. 2e).
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Fig. 1 | ShosTA system provides anti-phage defense via toxin-antitoxin
mechanism. a Schematic diagram of ShosTA system. The boundaries for each
domain are labeled. b Plating efficiency of various phages infecting the E. coli
BL21(DE3) strain containing empty vector or ShosTA system. Data represent
plaque-forming units (PFUs) permilliliter of each phage infection. Bar graphs show
the average of three replicates with individual data points overlaid. c Phage infec-
tion in liquid cultures of the E. coli BL21(DE3) strain containing ShosTA system. The

strain containing empty vector is used as the control. Cells are infected at various
MOI values. For each MOI, results of three experiments are presented as the
average of three replicates with shaded areas indicating SD. Source data are pro-
vided as a Source Data file. d Representative plating assay showing ShosA rescue of
ShosT toxicity. Plasmids harboring ShosT or ShosTA under arabinose-inducible
promoters, respectively, are transformed into E. coli BL21-AI. The arabinose con-
centrations used for inducing are indicated.
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Since no external phosphate molecules were introduced during pro-
tein purification and crystallization, this hydrolysis product of PPi
confirmed again the pyrophosphatase activity of ShosT. In the ShosT-
PO4

3- structure, the phosphate anion formed hydrogen bonds with the
side-chain of R56 and the main-chains of N53 and K54, and interacted
with K92 via water molecules (Fig. 2e).

The C-terminal PRTase domain of ShosT also adopted a typical
Rossmann fold composed of a central five-stranded β-sheet (β1-β2-β8-
β7-β4) sandwiched by two layers of α helixes (Fig. 2f). Structural ana-
lysis indicated a high similarity to adenine phosphoribosyltransferase
(APRTase) (Fig. 2g), which is essential for purine homeostasis in

prokaryotes and eukaryotes18. Phosphoribosyltransferase proteins are
known to catalyze the transfer of a phosphoribosyl group from 5-
phosphoribosyl-1-pyrophosphate (PRPP) to a base, leading to the for-
mation of a nucleoside monophosphate19. The C-terminal PRTase
domain of ShosT contained the three typical PRPP-binding loops: the
‘PPi loop’ between β4 and α3, the ‘flexible loop’ between β8 and α4,
and the ‘PRPP loop’ between β6 and α518,20 (Fig. 2g). Compared to
APRTase, ShosT’s PRTase domain had a much longer flexible
loop (Fig. 2g).

To evaluate the PRTase activity of ShosT, we checked the inter-
actionbetweenShosTanda variety of purines and the shared substrate
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domains are colored orange. b Structure of ShosT hydrolase domain. The sec-
ondary structures are labeled. c Superimposition of ShosT hydrolase domain and
Bacteroides thetaiotaomicron PPase. d PPase activity of purified ShosT by measur-
ing the absorbance of PPi. Bar graphs represent the mean of four replicates with
individual data points overlaid. **P =0.0045, *P =0.0286, calculated by two-tailed
Student’s t test. Source data are provided as a Source Data file. e Structure of ShosT
hydrolase domain complexed with phosphate. The details of the phosphate bind-
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omit map, contoured at 3 σ) is shown. f Structure of ShosT PRTase domain. The
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PPase. j Representative plating assay showing the cell toxicity of the indicated
ShosT mutants. The arabinose concentrations used for inducing are indicated.
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PRPP, using differential scanning fluorimetry (DSF). The results
showed that ShosT bound to PRPP but exhibited no binding activity
towards any tested purines (Supplementary Table 1). We then deter-
mined the crystal structure of ShosT-PRPP complex. Compared to the
disordered conformation in the apo structure, the flexible loop of
ShosT’s PRTase domain formed a short alpha helix in the presence of
PRPP (Fig. 2h), implying the PRPP binding stabilized the conformation
of the flexible loop. All the three PRPP-binding loops were involved in
the interaction of PRPP (Fig. 2h). Especially, the flexible loop formed
hydrogen bonds with all the three moieties of PRPP (5’-phosphate,
ribosyl group and PPi group) (Fig. 2h).

The fusion of the PPase and PRTase domains in ShosT implied a
close functional association of these two domains. The PRTase cata-
lyzes the transference of the ribose-5’-phosphate group from the
substrate PRPP to a specific ligand, while the generated product PPi is
subsequently hydrolyzed by the PPase, driving this reaction forward
(Fig. 2i). To confirm the cooperation of these two domains, we intro-
duced specific pointmutations to disrupt the active site of the PPaseor
the PRTase. The PRTase mutant (D331A/D332A) completely abolished
the cell toxicity, while the PPase mutant (R56A) only marginally
reduced the cell toxicity (Fig. 2j), indicating that the PRTase played a
dominant role tomediate cell death, and the PPasepositively regulated
the PRTase-mediated cell death.

Crystal structure and DNA-binding of ShosA
To provide insights of ShosA’s function in neutralizing toxicity, we
determined the crystal structure of a ShosA truncation (residues 1–313,
excluding the C-terminal disordered loop) at 2.0-Å resolution (Fig. 3a).
The purified full-length ShosAwasunstable and inclined to precipitate,
while the C-terminal truncation of ShosA was stable (Supplemen-
tary Fig. 1).

Structural comparison showed that ShosA had a clear homology
with DNA processing protein A (DprA), a widespread bacterial protein
that binds single-stranded DNA (ssDNA) and assists RecA loading for
homology-directed natural chromosomal transformation21 (Fig. 3b).

ShosA adopted a two-domain architecture: an N-terminal sterile
alpha motif (SAM) domain (residues 1-94) and a C-terminal Rossmann-
fold domain (residues 95-313) (Fig. 3a). The SAM domain is composed
of fiveα-helices (Fig. 3c), and the Rossmann-fold domain consisted of a
central extended nine-stranded β-sheet and nine flanking α-helices
(Fig. 3d). An extensive positive-charged region was observed on Sho-
sA’s surface (Fig. 3e), implying a DNA-binding function. The DprA
family is knownasDNA-binding proteinswith a preference for ssDNA21.
We thus evaluated the DNA-binding ability of the ShosA and its
mutants (C-terminal truncation or charge reversal mutations) by
electromobility shift assay (EMSA). Both wild-type ShosA and its
C-terminal truncated mutant showed ssDNA-binding ability, while the
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charge reversalmutant failed tobind ssDNA (Fig. 3f). ShosA also bound
to dsDNA, albeit with a lower binding capability than that to ssDNA
(Supplementary Fig. 2).

Then we validated the toxin-neutralizing ability of ShosAmutants
by colony forming assay. The C-terminal truncation of ShosA showed
no effect on its toxin-neutralizing ability, whereas the charge reversal
mutant significantly increased the cell toxicity (Fig. 3g). These results
indicated that the DNA-binding capability of ShosA played an essential
role in neutralizing the cell-toxicity of ShosT.

ShosT interferes purine metabolism to impair genome
replication
To elucidate the mechanism of the cell toxicity of ShosT, we per-
formed untargeted metabolomics to identify the host metabolic

pathways affected by ShosT. To ensure that the changes of meta-
bolome are solely from the toxin ShosT instead of subsequent cell
death, we harvested the cells 10min before the drop of cell growth
mediated by the toxicity of ShosT (Fig. 4a). The differential meta-
bolites in the control and the ShosT-expressing samples were map-
ped to the KEGG database, and the classification analysis showed that
the major differential metabolites were nucleic acid (14.46%) and
alkaloids (13.25%), the potential products and substrates of ShosT
PRTase, respectively (Fig. 4b). Further analysis of the metabolic
pathways of the differential metabolites by KEGG pathway enrich-
ment revealed that the predominant effect of ShosT is exerted on
purine metabolism (Fig. 4c), indicating the cell toxicity of ShosT was
mediated by interfering the purine metabolism. Although xanthine is
among the top 30 differential metabolites (Supplementary Fig. 3), no
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interaction between ShosT and xanthine was detected (Supplemen-
tary Table 1).

Purine metabolism plays an important role in nucleic acid synth-
esis, and the disruption of cellular nucleotide pools will result in DNA
damage and cell filamentation in bacteria22,23. We then evaluated
whether ShosT induced cell filamentation andDNAdamage. Visualized
by fluorescencemicroscopy, the ShosT-expressing E. coli cells showed
a progressively filamentous morphology while the ShosT PRTase
inactive mutant (D331A/D332A) did not induce cell filamentation
(Fig. 4d). Genome sequencing data showed that the ShosT-expressing
cells accumulated significant DNA duplications (Supplementary Fig. 4
and Supplementary Table 2).

In summary, these results indicated that ShosT disrupted purine
metabolism to impact the nucleotide pool, subsequently destabilized
the genome via creating DNA duplications, and ultimately resulted in
cell death.

ShosA helps eliminate the genome duplications
ShosA contains a SAM domain which usually participates in protein-
protein interaction21. Toprobe thepossible ShosA interactingproteins,
we expressed C-terminally FLAG-tagged ShosA in the context of the
full ShosTA system or FLAG-tag alone and performed immunopreci-
pitation followed by tandem mass spectrometry (IP-MS/MS). Five
recombination-associated proteins, including RdgC24, RecJ25, RarA26,
XerD27 andRecN28, are among the significantly enriched proteins in the
ShosA pulldown sample (Fig. 4e). Notably, these five recombination-
associated proteins are not detected in the control samples.

Homologous recombination is a type of genetic recombination in
which nucleotide sequences are exchanged between two similar or

identical molecules of DNA. The interactions between ShosA and
recombination-associated proteins implied a close functional asso-
ciation between ShosA and DNA recombination. We thus proposed
that ShosA might eliminate the ShosT-induced genome duplications
by homologous recombination to neutralize ShosT’s toxicity.

To evaluate this hypothesis, we designed a construct containing a
toxin gene ccdB placed in between two repeat sequences (Fig. 4f).
Here, ccdB is used as a death reporter. This construct was replicated in
the E. coli strain DB3.1 that tolerates the expression of the toxin gene.
However, normal E. coli strains, such as BL21(DE3), will not survive
unless the toxin gene ccdB is removed. We found that ShosA could
rescue some BL21(DE3) cells from the toxicity of ccdB (Fig. 4f), indi-
cating that ShosAmay promote the deletion of the toxin gene ccdB via
homologous recombination. The reason why only some BL21(DE3)
cells were rescued is probably that the survival of a BL21(DE3) cell
needs the eliminationof all the copies of ccdB genewhile the efficiency
of ShosA is not high enough.

Identification of the phage triggers for ShosTA defense system
A previous study has identified three mutated genes (gene2.5, gene0.7
and gene4) from escaper T7 phage for ShosTA defense system,
encoding ssDNA-binding protein (SSB), inhibitor of host RNA poly-
merase (Gp0.7) and primase-helicase, respectively29. However, these
potential phage triggers have not been verified yet. Among the escape
T7 mutants, SSB and Gp0.7 are most frequently mutated29. To explore
whether SSB or Gp0.7 activates ShosTA system, we co-expressed
ShosTA and SSB or Gp0.7 in E. coli and monitored the cell growth
(Fig. 5a–c and Supplementary Fig. 5). Co-expression of T7 SSB and
ShosTA did not show significant cell toxicity (Supplementary Fig. 5),
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while co-expression of T7 Gp0.7 and ShosTA resulted in a complete
cell death (Fig. 5b). The results of plating assay also confirmed that T7
Gp0.7 induce acute cell toxicity for the ShosTA-containing cells
(Fig. 5c). These results indicated that Gp0.7 triggered the abortive
infection function of ShosTA defense system.

In the co-expression assay (Fig. 5a), we observed an interesting
phenomenonwemade.Weused E. coli strainDH5α todo cloningof the
co-expression construct of Gp0.7 and ShosTA. We found that some
colonies were obviously larger than others. Sequencing of the plas-
mids extracted from these larger colonies exhibited deletion muta-
tions within gene0.7, without exception. Analysis of these deletion
mutations showed that the deletions occurred between some repeat
segments within gene0.7 (Supplementary Fig. 6), suggesting that
ShosA removed these repeats by homologous recombination. This is
in line with our finding that ShosA promoted homologous recombi-
nation (Fig. 4f). Notably, 6-8 bp repeats were sufficient for the occur-
rence of the ShosA-mediated homologous recombination
(Supplementary Fig. 6).

A typical TA system contains a stable toxin and a cognate unstable
antitoxin2. ShosA, the antitoxin of ShosTA system, also had intrinsic
instability endowed by its C-terminus (Supplementary Fig. 1). Previous
studies have discovered that Gp0.7 of T7 is involved in accomplishing
shutoff of the host E. coli RNA polymerase activity by phosphorylating
the host RNA polymerase (RNAP) during the early stages of
infection30,31. Thus, Gp0.7 might induce the transcription shutoff to
hinder the continuous synthesis of the antitoxin ShosA and subse-
quently release the toxicity of ShosT. The quantitative PCR (qPCR)
results confirmed that phage infection or expression of Gp0.7 sup-
pressed the transcriptionof ShosTA system (SupplementaryFig. 7).We
then checked the protein levels of ShosT and ShosA during phage
infection. Western blotting results showed that ShosT protein
remainedgenerally constant before andafter phage infectionwhile the
protein level of ShosA significantly decreased after phage infection
(Fig. 5d). To confirm that the modulation of host translation plays a
role in the activation of ShosTA defense system, we used an antibiotic,
chloramphenicol, to transiently inhibit host protein synthesis. The
transient treatment of chloramphenicol exhibited dramatic cell toxi-
city for the cells harboring ShosTA system compared to the ShosTA-
deficient cells (Fig. 5e). Treatment with rifampicin, an inhibitor of the
microbial RNAP, to transiently inhibit host transcription resulted in
significantly longer times for the ShosTA-containing cells to recover
(Supplementary Fig. 8). These results support a model in which phage
Gp0.7 triggers the toxicity of the ShosTA system by transcription
shutoff coupled to intrinsically fast antitoxin turnover.

Together, our results suggest ShosTA is a type IV TA system
consisting of an antitoxin protein that indirectly antagonizes the
enzymatic activity of its cognate toxin. We propose a model for the
mechanism action of ShosTA anti-phage system (Fig. 5f). ShosT
represents a toxin which interferes with purine metabolism to induce
DNA duplication, cell filamentation and cell death. ShosA facilitates
DNA damage repair to antagonize ShosT. Upon infection, phage-
mediated inhibition of host transcription induces the shutoff of the
synthesis of ShosT and ShosA. The instability of ShosA then results in
down-regulation of the antitoxin’s protein level and releasing the cell
toxicity of the existing toxin ShosT.

Discussion
The notion that TA systems may function in anti-phage defense pro-
vides an explanation for their widespreaddistribution in bacteria. Here
we explore an anti-phage TA system ShosTA, elucidate the structures
and enzymatic activities of ShosT and ShosA, and propose a mechan-
ism how this defense system detects phage infection and provide
defense against phages.

Since expression of ShosT resulted in acute cell toxicity (Fig. 1d),
we obtained ShosT protein by co-expression with ShosA. However, no

strong interaction between ShosT and ShosA has been detected. Thus,
the ShosTA system represented a type IV TA system in which the toxin
and antitoxin are proteins and the antitoxin counteracts the toxin
without direct interaction6.

It has been proposed that disruption of nucleotide pools is a
successful antiviral defense strategy shared by eukaryotes and
prokaryotes32. Here we showed that ShosT, the PRTase-containing
toxin, impacted on purine metabolism and induced DNA duplication,
cell filamentation and cell death (Fig. 4). Thus, ShosT would likely
disrupt theDNA replication for both bacterial cell and phage. Since the
phage replication cycle would be halted, it is not necessary for the
infected bacterial cell to commit suicide so quickly. This provides an
explanation for the lack of the earlier culture collapse for ShosTA-
containing cells at the high-MOI infection (Fig. 1c).

The PRTase domain has been proposed as a toxin in RqlHI TA
system, resulting in cell filamentation33. Besides ShosTA and RqlHI, the
cellularmorphological change into afilamentous form is alsoobserved
in other TA systems, such as ParDE34, AvcID35,36 and ccdAB37. One
shared feature among these TA systems is that their toxins cause DNA
damage through various mechanisms.

Although no PRTase activity has been observed for ShosT against
four common purines, we have showed that ShosT binds the common
substrate PRPP (Fig. 2h & Supplementary Table 1). Given that PRTases
contribute to different metabolic pathways including purine and pyr-
imidine nucleotide biosynthesis, NAD(P)+ biosynthesis, and trypto-
phan biosynthesis, which crosstalk with each other by sharing PRPP as
the sugar donor38, the physiological substrates of ShosTmay be other
types of purine or pyrimidine, their derivatives, or intermediates.

However, several questions remain open. Further studies are
needed to discover the detailed mechanisms of ShosT-mediated cell
toxicity and ShosA-mediated homologous recombination, such as
what are the physiological substrates of ShosT, what effector proteins
ShosA recruits and how they co-operate to eliminate the DNA dupli-
cations. Notably, we could not exclude the possibility that ShosA
somehow prevents the occurrence of the DNA duplications.

Collectively, our study reveals a distinctmechanism of action of a
novel TA system ShosTA, and demonstrates that T7 phage Gp0.7
triggers the activation of ShosTA defense system. Furthermore,
understanding the mechanisms that ShosTA system employs, such as
the ShosT-induced genome duplication and the ShosA-mediated
homologous recombination, may unveil molecular tools for DNA and
genome manipulation.

Methods
Ethics statement
The 6–8 weeks old female BALB/c mice were supplied by Jiangsu
Jicuiyaokang Animal Cultivation Farm (Nanjing, China). Animal
experiments were performed following the protocol approved by the
Biomedical Ethics Committee of the West China Hospital, Sichuan
University. Ethical approval was given by the West China Hospital of
Sichuan University Laboratory Animal Ethics Committee (approval
number 20240301035).

Bacterial strains and growth conditions
Escherichia coli strainswere routinely grownat37 °C in Luriabroth (LB)
with shaking. Whenever applicable, media were supplemented with
ampicillin (100μgmL−1), kanamycin (50μgmL−1), or streptomycin
(50μg mL−1) to ensure the maintenance of plasmids.

Phage cultivation and plaque assays
Phages were purchased from Deutsche Sammlung von Mikroorganis-
men und Zellkulturen (DSMZ): T2 (DSM 16352), T4 (DSM 4505), T5
(DSM 16353), T7 (DSM 4623) and P1 (DSM 5757). Phages were propa-
gated by picking a single phage plaque into a liquid culture of E. coli
BL21(DE3) at an OD600 of 0.2–0.4 until culture collapse. Propagated
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phage lysates were centrifuged for 10min at 4000 rpm to pellet bac-
terial cells and the supernatant was filtered through a 0.2-μm filter.
Phage titer was determined by small drop plaque assay.

The ShosTA system or its mutant was cloned into pJET1.2 vector
(Thermo Fisher) under its native promoter. E. coli BL21(DE3) cells
containing pJET1.2-ShosTA or empty pJET1.2 vector were grown in LB
for 6 h at 37 °C. Cultures were diluted 1:50 into fresh LB medium and
grown until mid-logarithmic phase. Then 2mL of the bacterial culture
was mixed with 25mL melted LB agar (LB +0.6% agar) and left to dry
for 1 h at room temperature. Tenfold serial dilutions in LB were per-
formed for each of the tested phages and 3-μL drops were spotted on
the solidified agar. After the drops dried up, the plates were inverted
and incubated at 37 °C for 4 h (T7) or overnight (T2, T4, T5 and P1).
Plaque forming units (PFUs) were determined by counting the derived
plaques after incubation. Efficiency of plating (EOP) was calculated by
comparing the ability of the phage to formplaques on an experimental
strain relative to the control strain.

Phage-infection dynamics in liquid medium
Single colonies of E. coli BL21(DE3) with pJET1.2-ShosTA or pJET1.2
were grown in LB for 6 h at 37 °C. Cultures were diluted 50 times in
fresh LBmedium supplementedwith ampicillin and incubated at 37 °C
with shaking until early log phase. 180μL of the early-log culture was
transferred intowells in a 96-well plate containing 20μL of either LB or
phage T7 lysate for a final MOI of 2, 0.2 or 0.02. Infections were per-
formed in duplicate from overnight cultures prepared from three
separate colonies. Plates were immediately transferred to a plate
reader Tecan Infinite 200 set to 37 °C with 4.5-mm orbital shaking and
OD600 values were monitored every 5min.

Toxicity assays on solid media
The arabinose-inducible vector pBAD (Thermo Fisher) and E. coli BL21-
AI were used for toxicity assays. Single colonies containing pBAD-
ShosTA or variants were cultured for 6 h at 37 °C in LB medium. After
diluted 50 times with fresh LB medium and further 45-min growth,
each culture was divided into four equal volumes and induced by
0.02%, 0.05%, 0.1% and 0.2% arabinose for 30min. Cultures were then
serially diluted tenfold with LB and spotted on LB +0.6% agar plates
supplemented with 0.02%, 0.05%, 0.1% and 0.2% arabinose, respec-
tively. Plates were incubated at 37 °C overnight before imaging.

Protein expression and purification
The shosA gene (Escherichia coli APEC O1, GenBank: ABJ01487.1) was
synthesized and cloned into a vector derived from pET-28a (+)
(Novagen), which contains an N-terminal 6His-tag followed by a
tobacco etch virus (TEV) protease recognition site and a linker
(ASGSGTGSGS). The shosT gene (Escherichia coli APEC O1, GenBank:
ABJ01488.1) was synthesized and cloned with a C-terminal 6His-tag
following shosA and a ribosome binding site for co-expression. E. coli
BL21 (DE3) was used for protein expression. Single colony of trans-
formant was cultured overnight in 20mL LB medium supplemented
with kanamycin at 37 °C with shaking and diluted into 1 L LB medium.
Protein expression was induced by 0.2mM IPTG at 18 ˚C for 16 h. The
cells were harvested by centrifugation and the cell pellets were
resuspended in binding buffer (20mMTris–HCl pH8.0, 500mMNaCl,
10% glycerol). After lysis by an ultrahigh-pressure homogenizer, the
supernatant was separated from the pellet by centrifugation and fil-
tered through 0.45-μm filters. The resultant supernatant was collected
and passed over a Ni2+ affinity column pre-equilibrated with binding
buffer. Nonspecifically bound proteins were removed stepwise by
binding buffer supplemented with 5mM, 10mM and 20mM imida-
zole, and the target proteinwas eluted inbinding buffer supplemented
with 250mM imidazole. The eluted proteins were buffer-exchanged to
binding buffer and incubated with TEV protease to remove the
N-terminal 6His-tag and then passed through a Ni2+ affinity column to

remove free His tag, un-cleaved protein and TEV protease. The target
proteins were further purified via a gel-filtration column (Superdex®
200 10/300 GL, GE Healthcare) previously equilibrated in a buffer
consisting of 20mM HEPES pH 7.4, 300mM NaCl, 1mM DTT. All the
purified proteins were concentrated to ~15mgmL−1 and stored at
−80 °C until use.

Crystallization and X-ray structure determination
ShosA and ShosTwere concentrated to ~15mgmL–1 and crystallized by
hanging-drop vapor diffusion method at 18 °C. The crystals of ShosA
were grown in a buffer consisting of 18% PEG2000, 0.1M imidazole pH
7.0, 0.2M ammonia citrate pH7.0. The crystals of ShosTwere grown in
a buffer consisting of 20% PEG 6000, 0.1M MES pH 6.2. To obtain
complex crystals, ShosT was incubated with PPi (10mM) or PRPP
(10mM) for 1 h at 4 °C prior to crystallization, and crystals appeared in
a buffer consisting 18–20% PEG 6000 and 0.1M MES pH 6.0-6.5.

Crystals were immersed briefly in precipitant solution supple-
mented with 20% glycerol as cryoprotectant, and flash frozen in liquid
nitrogen. Diffraction data were collected on beamline BL19U1 of
National Facility for Protein Science Shanghai (NFPS) at Shanghai
Synchrotron Radiation Facility. The data collected were processed by
the HKL-300039. Structures were determined by molecular replace-
ment. Structure refinement and model building were performed with
PHENIX40 and Coot41 iteratively. All models were validated with
MolProbity42. Details of the data processing and refinement statistics
were summarized in Supplementary Table 3. Images of representative
electron density for each structure are provided in Supplemen-
tary Fig. 9.

Vaccination
Mouse polyclonal antibodies for ShosT and ShosA were generated by
immunizing 8- to 10-week-old healthy female BALB/c mice with pur-
ified wild type ShosA or ShosT proteins. All mice were housed in SPF-
grade facilities, cages with standard conditions (50% relative humidity
and 12/12 h light-dark cycle) at 25 °C. Proteins were fully emulsified
with an equal volume of Freund’s Complete Adjuvant (Sigma) and
injected intomouse hind limbmuscles. Twoweeks later, proteins were
emulsified with an equal volume of Freunds Incomplete
Adjuvant (Sigma) and injected into mouse hind limb muscles, then
repeat in a fortnight. One week later, antiserum titer was measured by
western blot using tail vein blood. The blood ofmicewas collected and
centrifuged, then the serum containing polyclonal antibody was
prepared.

Western blot
Overnight cultures of E. coli BL21(DE3) were diluted 100 times into a
volume of 20mL LB and grown for ~1 h to an OD600 of 0.3–0.5 before
infection with T7 atMOI of 2. And the cells were harvested 15min post
infection by centrifugation for 20min at 4000 rpm and resuspended
in 500μL 1×PBS. Samples were ultrasonic crushed for 10min on ice
and followed by 5min centrifugation at 13,000 rpm to remove debris.
Then samples were separated by 10% SDS-PAGE and transferred to
PVDFmembranes, whichwere blocked for 1 h in TBST (100mMTris pH
7.5, 150mM NaCl, 0.1% Tween-20) with 5% milk at room temperature
with shaking. Membranes were incubated with primary antibodies
diluted in TBST buffer containing 5% BSA overnight at 4 °C. Antibody
against E. coli RNA polymerase (Rabbit, 1:5000; Abcam) was used as
loading control. Membranes were washed 3 times with 10mL TBST
then incubated with the appropriate combination of anti-rabbit HRP
Conjugated Goat anti-Rabbit IgG (H + L) (1:50,000; HUABIO) or anti-
mouse HRP Conjugated Goat anti-Mouse IgG (H + L) (1:20,000; HUA-
BIO) secondary antibodies at 1:10,000 dilution in TBST for 1 h at 25 °C
with shaking. Membranes were again washed 3 times with 10mL TBS,
then incubated with ClarityTM Western ECL Substrate (Bio-Rad) for
2min and imaged on Chemical Imaging System (Bio-Rad).
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Antibiotic assay
Overnight cultures of E. coli harboring the ShosTA system or empty
vectors were diluted 50 times in LB medium with 0.2% arabinose and
cultured at 37 °C until OD600 ~ 0.3. Then the cultures were divided into
equal volumes and supplemented with Chloramphenicol to a final
concentration of 68 µgmL−1. Samples were incubated at 37 °C for
35min, then centrifuged for 5min at 4000 rpm and resuspended in
2mL LB. 200 µL of the samples were transferred into wells in a 96-well
plate, which were immediately transferred to a plate reader Tecan
Infinite 200 set to 37 °C with 4.5-mm orbital shaking and OD600 values
were monitored every 5min.

Electrophoretic mobility shift assays
The 1 µMssDNA (54-nt with 5’Cy3) were incubatedwith purified ShosT,
ShosA and ShosAR134E/R243E in CutSmart buffer (NEB) at 25˚C for 30min.
The final concentration of ssDNA and protein in a 10 µL mixture were
100nM and 0–800 nM, respectively. Samples were analyzed by native
polyacrylamide gels (6%) and visualizedwithChemical Imaging System
(Bio-Rad).

Fluorescence microscopy
Overnight cultures were diluted 50 times into LB supplemented with
ampicillin. Cultures were grown to OD600 ~ 0.3 and sampled at 0, 50,
100, 150min after L-ara inducation. Samples were added 120 µL glu-
taraldehyde, allowed to fix for 5min and centrifuged at 13,300 rpm for
3min. Harvested samples were resuspended in 1mL LB with 2 µgmL–1

DAPI (Sigma-Aldrich) and 1 µgmL–1 FM4–64 (Thermo Fisher Scientific)
and stained for 20min. Samples were washed with 1mL LB and
resuspended in 50 µL LB. Finally, 2 µL samples were spotted onto
microscope slides. The signals ofDAPI and FM4-64were visualized and
photographed using CF405 and CF561 (Olympus SpinSR10, a Leica
DM5000b epifluorescence microscope).

Pyrophosphate hydrolysis assay
Pyrophosphate hydrolysis activity of ShosT was detected by measur-
ing the decreasing of PPi thought PhosphoWorksTM Fluorimetric Pyr-
ophosphate Assay Kit (AAA bioquest). The reactions were performed
using 1 µM ShosT and 100 µM standard PPi in a buffer containing
20mM HEPES pH 7.4, 300mM NaCl, 1mM MgCl2, 0.5mM DTT. The
reactions were incubated at room temperature for 30min and then
incubated with a fluorogenic PPi sensor for another 30min. The
fluorescence intensity wasmeasured (λex = 316 nm and λem=456nm)
using a plate reader Tecan Infinite 200. A T test with a two-tailed
distribution was applied to evaluate the significance of changed
pyrophosphate.

Differential scanning fluorimetry (DSF) assays
The thermal stability of wild type ShosT protein was analyzed using
Bio-Rad CFX ConnectTM Real-Time System to image 96-wells simulta-
neously. The protein was diluted to 0.2mgmL-1 in 20mM HEPES pH
7.4, 300mM NaCl and 1mM DTT supplemented with 500 µM PRPP,
purines, or pyrimidines and incubated at room temperature for
30min. A volume of 200 µL per well was used in plates and the protein
solution was gradually increased from 30 to 95 °C at 0.01 °C per sec
with 16 acquisitions per degree. The protein stability was assessed by
measuring the fluorescence of a reporter dye, SYPRO orange (Thermo
Fisher Scientific), diluted 1,000-fold. Each experiment was performed
in triplicate in order to compute themean value of the thermalmelting
(Tm) profile and its standard deviation.

Untargeted metabolomics
Early-log cultures of BL21(DE3) harboringpBAD-ShosTor empty vector
were induced by 0.2% L-ara and cultured at 37 °C with shaking. Sam-
ples were collected 10min before cell growth arrest (about 80min
after inducing). The metabolites were extracted from cells with 1mL

precooledmethanol/acetonitrile/water (v/v, 2:2:1) under sonication for
1 h in ice baths, incubated at –20 °C for 1 h followed by centrifugation
at 14,000 × g, 4 °C for 20min. The supernatants were recovered and
concentrated to dryness in vacuum. Five biological replicates were
made for each sample.

Metabolomics profiling was analyzed by UPLC-ESI-Q-Orbitrap-
MS system (UHPLC, Shimadzu Nexera X2 LC-30AD, Japan) coupled
with Q-Exactive Plus (Thermo Fisher Scientific, USA). For liquid
chromatography (LC) separation, samples were analyzed using a
ACQUITY UPLC® HSS T3 column (2.1 × 100mm, 1.8 μm) (Waters,
USA) at 40 °C. The mobile phase A: 0.1% formic acid aqueous solu-
tion, B: acetonitrile. The gradient elution program was as follows:
0–2min, 0% buffer B; 2-6min, 0% to 48% buffer B; 6–10min,
48–100% buffer B; 10–12min, 100% buffer B; 12–12.1min, 100–0%
buffer B; 12.1–15min, 0% buffer B. The flow rate was set to 0.3mL/min
and the sample injection volume was 4 μL. Both electrospray ioni-
zation (ESI) positive-mode and negative mode were applied for MS
data acquisition. The ESI source conditions were set as follows: Spray
Voltage: 3.8kv (+) and 3.2kv (–); Capillary Temperature: 320 (±);
Sheath Gas: 30 (±); Aux Gas: 5 (±); Probe Heater Temp: 350 ( ± );
S-Lens RF Level: 50. MS acquisition time: 15min. In MS acquisition,
the instrument was set as follow: ion scan range: 70–1050m/z; MS
resolution: 70,000 @ m/z 200; AGC target: 3e6; Maximum IT:
100ms. The MS/MS acquisition was performed as follows: each full
scan was triggered to acquire MS/MS spectra of the 10 highest
intensity MS ions, MS/MS resolution: 17,500@m/z 200; AGC target:
1e5; Maximum IT: 50ms; Activation Type: HCD, Isolation window:
2m/z, Stepped normalized collision energy: 20, 30, 40.

The raw MS data were processed using MS-DIAL for peak align-
ment, retention time correction and peak area extraction. In the
extracted-ion features, only the variables havingmore than 50% of the
nonzero measurement values in at least one group were kept. Data
were mean-centered using Pareto scaling. Models were built on prin-
cipal component analysis (PCA), orthogonal partial least-square dis-
criminant analysis (PLS-DA) and partial least-square discriminant
analysis (OPLS-DA). The discriminating metabolites were obtained
using a statistically significant threshold of variable influence on pro-
jection (VIP) values obtained from the OPLS-DA model and two-tailed
Student’s t test (p value) on the normalized raw data at univariate
analysis level. The p value was calculated by one-way analysis of var-
iance (ANOVA) for multiple groups analysis. Metabolites with VIP
values greater than 1.0 and p value less than 0.05 were statistically
significantmetabolites. Fold changewas calculated as the logarithmof
the average mass response (area) ratio between two arbitrary classes.

To identify the perturbed biological pathways, the differential
metabolite data were performed KEGG pathway analysis using KEGG
database (http://www.kegg.jp). KEGG enrichment analyses were car-
ried out with the Fisher’s exact test, and false discovery rate (FDR)
correction for multiple testing was performed.

Genome sequencing and analysis
The genomic DNA of E. coli BL21(DE3) containing ShosT or empty
vector was extracted by cetyl-trimethyl-ammonium-bromide (CTAB)
based method. The DNA quality and quantify were determined by
Qubit Flurometer (Invitrogen) and NanoDrop Spectrophotometer
(Thermo Fisher Scientific), respectively. DNA-seq library was prepared
by TruSeq Nano DNA Library Prep Kit (Illumina) using 1μg of DNA.
After trimming, readsweremapped to the reference genome sequence
using BWA MEM software43 under default mapping parameters. Copy
number variations (CNVs) in the whole genome were analyzed by
CNVnator (version 0.2.7)44.

Immunoprecipitation and LC-MS/MS
Overnight cultures of ShosA-FLAG and FLAG alone cells were back-
diluted in 50mL LB and grown at 37 °C to an OD600 of 0.3 and then
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induced with 0.2mM IPTG. At 80min post-induction 50mL of sample
was pelleted by centrifugation at 4000× g for 5min. Pellets were
decanted and resuspended in 1mL of lysis buffer (20mM Tris-HCl,
150mM NaCl, 5% glycerol, 1mM PMSF). Additional lysis buffer was
added to samples to normalize sample concentrations by OD600.
Samples were ultrasonic crushed for 10min in ice water and spun at
12,000 × g for 10min at 4 °C to pellet any debris. For each sample,
50μL of Anti-FLAG magnetic beads (Smart-Lifescience) was mixed
with 200μL of lysis buffer and then collected to the side of the tube
using a magnetic rack. Beads were then washed twice with 500μL of
lysis buffer. After the finalwash, beadsweremixedwith 1mLof sample
and incubated for 20min at 4 °C on an end-to-end rotor, and then
washed in wash buffer (20mMTris-HCl, 150mMNaCl, 1mMPMSF) for
three times. Beads were boiled to denature protein and run on
SDS–PAGE. Each lane from the gel was excised. Proteins were reduced
with 10mM dithiothreitol (Sigma) for 1 h at 55 °C and then alkylated
with 55mM iodoacetamide (Sigma) for 1 h at 25 °C in the dark. Proteins
were then digestedwith 10 ngμL−1 modified trypsin (Promega) at 37 °C
overnight. Peptides were extracted by 50% acetonitrile/5% tri-
fluoroacetic acid, followed by 75% acetonitrile/0.1% trifluoroacetic
acid, and then incubated with 100% acetonitrile. Peptides were desal-
ted using C18 Columns (Milipore) and then lyophilized. Three biolo-
gical replicates were made for each sample.

The desalted peptides were resuspended in 0.1% formic acid.
Peptides were separated on a C18 column (Dr. Maisch, Ammerbuch)
andmeasured via LC-MS/MS using EASY-nLC 1200 system coupled to
an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scien-
tific). Mass spectra were recorded with a mass range of 350 to 1800
m/z, a resolution of 60,000 with the automatic gain control (AGC)
target of 300%. The MS raw data was analyzed with the software
Maxquant version 1.645. The protein label-free quantification (LFQ)
reports of Maxquant were further processed in Perseus version
1.6.1446. The parameter settings were as follows: parent ion mass
deviation set to less than 10 ppm, fragment ion mass deviation set to
less than 0.02 Da, the database used is the E. coli protein sequence
database, the minimum peptide length was set to 6 amino acids, the
maximum peptide mass was set to 12,000Da, Carbamidomethyla-
tion of cysteine was assigned as a fixed modification. Oxidation of
methionine and protein N-terminal acetylation were assigned as
variable modifications. Two missed trypsin cleavages were allowed.
The false discovery rate (FDR) for both peptides and proteins was set
to less than 1%, and the quantification method was label-free. Match
between runs was enabled. The protein LFQ intensities were log2
transformed as relative quantity. A T-test with a two-tailed distribu-
tion was applied to evaluate the significance of proteins with chan-
ged abundance.

Bacterial growth upon induction of phage genes
The pCDF-Dute plasmid contains the phage gene under an inducible
T7 promoter and ShosTA under native promoter. The phage gene or
ShosTA alone as negative control. The plasmids were transformed into
BL21(DE3). The toxicity of the phage genes was measured quantita-
tively by counting thenumber of bacterial colony-forming units (CFUs)
per mL formed and growth curves after inducing expression of the
phage gene overnight.

Single colony of transformant was cultured overnight at 37 °C
with shaking. For CFUs, 3- µL drops of ten-fold serial dilutions of the
overnight culture were spotted on LB agar plates with or without
inducer (0.5mM IPTG). Plates were incubated overnight at 37 °C and
bacterial colonies imaged and counted. For growth curves, 180 µL of
early-log culturewas transferred intowells in a 96-well plate containing
20 µL of 0.5mM IPTG, which were immediately transferred to a plate
reader Tecan Infinite 200 set to 37 °C with 4.5-mm orbital shaking and
OD600 values were monitored every 5min.

Quantitative PCR
Bacterial cells containing the ShosTA system were infected by T7
phages with an MOI of 5 for 10min. Gp0.7 were induced by IPTG for
30min. The total RNA was extracted by Vazyme Bacteria RNA Extrac-
tion Kit (Vazyme). The reverse transcription was performed by Pri-
meScript RT Reagent Kit (TaKaRa), using 500ng RNA as templates.
Each PCR reaction included 1 µL cDNA, 2 µM ShosTA primers or 16 s
RNA primers, and 1× AceQ Universal SYBR qPCRMasterMix (Vazyme).
A CFX Connect Real-Time System (Bio-Rad) was used to amplify the
cDNA templates. Melt curves were generated to confirm homogenous
products by exposing samples to a final temperature gradient of
65–95 ˚C. The host-specific gene 16S RNA was used to normalize the
quantity of the ShosTA gene. All the experiments have three replicates.

Statistics & reproducibility
Statistical analysis was performed using the GraphPad Prism 8 Soft-
ware. Two-tailed Student’s t test was used to compare differences.
Significance level was set at P >0.05. All values were reported as
means ± s.d. The exact number of replicates and statistical tests are
indicated in the figure legends.

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

Data availability
Atomic coordinates and structure factors generated in this study have
been deposited in the Protein Data Bank (PDB) under accession codes
8ZVA (ShosA), 8ZVB (ShosT), 8ZVD (ShosT-PO4

3-), and 8ZVC (ShosT-
PRPP-Mg2+). The sequencing raw data generated in this study have
been deposited to Genome Sequence Archive (GSA) under accession
code CRA019192. The protein mass spectrometry raw data generated
in this study have been deposited to ProteomeXchange under acces-
sion code IPX0009810000. Themetabolomicsmass spectrometry raw
data generated in this study have been deposited to MetaboLights
under accession code MTBLS11212. Source data are provided with
this paper.
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