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As a result of intense competition for environmental resources 
and coevolution of bacteriophages and their hosts, pro-
karyotes have developed a spectrum of diverse defensive 

systems. These include restriction-modification (R-M), toxin–anti-
toxin, abortive infection, prokaryotic Argonaute and the clustered 
regularly interspaced short palindromic repeats (CRISPR) and 
CRISPR-associated gene systems1–5. The relatively recent discovery 
of defence systems such as BREX6, DISARM7 and Zorya8 highlights 
the fact that our knowledge of the arsenal of anti-phage measures 
residing in prokaryotic genomes is incomplete and that many cur-
rently unknown defence mechanisms probably await discovery.  
As a form of prokaryotic epigenetics, R-M systems involve sequence-
specific DNA modification, traditionally a nucleobase methylation, 
and a restriction endonuclease to discriminate and destroy unla-
belled invading DNA9,10. Despite the diversity of the four major 
types of R-M systems, all associated DNA modifications—such as 
N6-methyl-adenine, N4-methyl-cytosine, C5-methyl-cytosine and 
7-deazaguanine derivatives—were believed to occur exclusively on 
nucleobase moieties until our discovery of phosphorothioate (PT) 
modifications of the DNA sugar-phosphate backbone, in which the 
non-bridging oxygen is replaced by sulfur11–13.

DndABCDE proteins catalyse the sulfur substitution to form 
PTs in a sequence-selective and RP stereospecific manner in diverse 
bacteria, whereas DndFGH proteins, located in the vicinity of dnd-
ABCDE, utilize PT to discriminate and restrict foreign DNA11,12,14. 

This function is attributable to a unique feature of PT modification 
in which the replacement of an oxygen atom by sulfur endows the 
PT-modified DNA backbone with resistance to nucleases15. With a 
loss of the dnd modification genes, which leads to PT deficiency, 
the unrestrained activity of DndFGH causes toxic double-stranded 
breaks of the DNA16,17. The dndABCDE–dndFGH system is thus 
regarded as a prokaryotic innate defence system with functional 
similarity to methylation-based R-M systems—that is, it restricts 
invading DNA lacking PT modifications18,19.

Methylation-based R-M systems have consensus sequences that 
are typically fully modified to avoid the attack of resident DNA by 
cognate restriction endonucleases. However, only 12% of the 40,701 
5′-GAAC-3′/5′-GTTC-3′ consensus sequences in the Escherichia 
coli B7A genome are protected with PTs despite the presence of active 
restriction by DndFGH. In contrast to the double-stranded DNA 
(dsDNA) PT in B7A, PT modification in Vibrio cyclitrophicus FF75 
occur on only one strand at 5′-CPSCA-3′ (PS, phosphate–sulfur link-
age) motifs and only 14% of the 160,541 genome-wide 5′-CCA-3′  
sites are PT modified20. Moreover, PTs do not occur consistently at 
a given site in a population of bacterial genomes of both B7A and 
FF75, reflecting PT heterogeneity and implying that unusual DNA-
target-selection mechanisms are used by the Dnd modifying and 
restricting components20,21. In addition to being a single-stranded 
DNA (ssDNA) PT modification, the PT levels in FF75 are three- to 
tenfold higher than those in B7A, Salmonella enterica serovar Cerro 
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87, Hahella chejuensis KCTC2396 and Pseudomonas fluorescens 
pf0-1 (refs. 20,22,23).

Based on an exploration of the unusual PT behaviour in FF75, 
we started with a comparative genomic analysis and characterized 
a ssDNA PT modification system—which we termed ssp—with 
genetic organization, biochemical functions and phenotypic behav-
iour distinct from the dnd system. SspABCD and SspE constitute 
a defensive barrier against a diverse array of phages via anti-phage 
activity, which depends on the sensing of sequence-specific PT 
motifs and the introduction of nicking damage to phage DNA, 
highlighting an unusual mechanism of defence.

Results
Discovery of the Ssp PT modification system. Despite mass-
spectrometric evidence for PTs in V. cyclitrophicus FF75 (PT-linked 
d(CPSC) dinucleotides, 2.6 per 1 × 103 nucleotides), a BLAST search 
of the FF75 genome for dnd gene homologues proved negative. We 
extended this analysis to several related Vibrio species for which we 
had PT-level data22. Two other Vibrio species with PT levels similar 
to those of FF75 were also found to lack dnd genes: Vibrio breoganii 
1C10, with 3.1 PT per 1 × 103 nucleotides, and V. breoganii ZF-29, 
with 2.2 PT per 1 × 103 nucleotides. In contrast, Vibrio tasmaniensis 
1F-267 possessed a dndBCDE gene cluster and a previous analysis 
revealed fivefold fewer PTs in d(GPSA)/d(GPST) motifs in this organ-
ism than in FF75 (0.6 PT per 1 × 103 nucleotides)22. These differ-
ences between 1F-267 and the other three strains led us to perform 
a comparative analysis of their genomes on the RAST server24. This 
analysis yielded homologues of three clustered genes—M565_
ctg1P1907 to M565_ctg1P1909—in FF75, 1C10 and ZF-29 but not 
in 1F-267 (Fig. 1a,b). The three genes, which bore no sequence 
similarity to DndB, DndD or DndE, were co-transcribed as a single 
operon in FF75, implying functional linkage (Supplementary Fig. 1).  
The M565_ctg1P1907 gene encoded a protein with unknown func-
tion, whereas remote homology analysis with HHpred showed that 
M565_ctg1P1908 had similarity to a domain denoted DUF499,  
a distant version of the AAA + ATPase domain25,26. Although  
M565_ctg1P1909 possessed a domain homologous to phospho-
adenosine phosphosulfate reductase, it shared no significant 
sequence similarity to DndC in 1F-267 (Fig. 1b).

We performed an in-frame deletion of M565_ctg1P1907 to 
M565_ctg1P1909 and the flanking DNA fragments to confirm the 
involvement of M565_ctg1P1907 to M565_ctg1P1909 in d(CPSC) 
modification in FF75 (Fig. 1c). Subsequent analysis using liquid 
chromatography-tandem quadrupole mass spectrometry (LC–MS/
MS) of DNA from the mutant strains confirmed that the individual 
deletion of M565_ctg1P1907 to M565_ctg1P1909 completely abol-
ished d(CPSC) modification, as did the deletion of an upstream 
gene, M565_ctg1P1902, which encodes a cysteine desulfurase  
(Fig. 1b,c). The heterologous expression of M565_ctg1P1902 and 
M565_ctg1P1907 to M565_ctg1P1909 in E. coli resulted in the for-
mation of d(CPSC) (Supplementary Fig. 2). Given the distinctive 
genetic organizations between the dnd systems and the M565_
ctg1P1902 and M565_ctg1P1907 to M565_ctg1P1909 genes, we con-
cluded that the latter group constitute an unusual PT modification 
system, which we termed ssp. Analogous to the dnd nomenclature, 
the ssp genes were designated sspA (M565_ctg1P1902) and sspBCD 
(M565_ctg1P1907 to M565_ctg1P1909; Fig. 1c).

The nicking activity of SspB is essential to ssDNA PT modifi-
cation. Predicted to catalyse the initial step in PT modification, 
DndA possesses cysteine desulfurase activity, which transfers sulfur 
from l-cysteine into the Fe–S cluster of DndC, an ATP pyrophos-
phatase27. This relationship parallels the requirement for SspA and 
SspD, which exhibited obvious cysteine desulfurase and ATP pyro-
phosphatase activities, respectively (Supplementary Fig. 3). This 
finding suggested that the ssp and dnd systems share the same initial 

sulfur mobilization pathway. Moreover, SspC possessed an ATPase 
activity of 8.58 ± 3.12 U per mg of protein and feasibly drove PT 
modification by providing energy in a manner similar to that pre-
dicted for DndD28 (Supplementary Fig. 3).

The gene sspB poses a different problem. It is predicted to encode 
a 321-amino-acid protein of unknown function (DUF4007), which 
exhibits no sequence similarity to any Dnd proteins, suggesting its 
critical role in the ssDNA PT formation. However, the insolubil-
ity of SspB from FF75 impeded the exploration of its function. 
Instead, we determined the crystal structure of full-length SspB from 
Streptomyces clavuligerus ATCC 27064 to a resolution of 1.75 Å using 
the single-wavelength anomalous dispersion (SAD) method and a 
selenomethionine (SeMet) derivative (Supplementary Table 1). The 
sspABCD homologues in ATCC 27064 are closely clustered and con-
fer PT-modified d(CPSC) in a Streptomyces lividans HXY6 strain lack-
ing endogenous ssp genes (Fig. 1b and Supplementary Fig. 4). The 
SspB structure contained an unprecedented fold, with the main body 
largely consisting of an α-helical structure and three β-sheets on the 
periphery (Supplementary Results and Extended Data Fig. 1).

A DALI search indicated that SspB exhibited similarities to 
the endonucleases FokI (Z-score = 6.8; matched residues, 8%) and 
R.BSPD6I (Z-score = 5.5; matched residues, 9%), inspiring the per-
formance of a nuclease assay. A time-course experiment established 
that SspB rapidly converted covalently closed circular DNA to an 
open circular form, which was followed by a slower conversion to 
linear DNA in the presence of Mg2+ or Mn2+ (Fig. 2a). Mg2+ ions 
were indeed found bound directly to E18, and the E18R single-point 
mutation remarkably impaired the nicking activity of SspB (Fig. 2b 
and Extended Data Fig. 2). These findings implied that SspB acted 
as a nickase capable of introducing two or more nicks into pUC19 
because dsDNA breaks only when two nicking sites on opposite 
strands are close to each other. However, regular agarose gels cannot 
differentiate open circular plasmid DNA with one nick from that 
with multiple nicks. Alkaline denaturing agarose gel electrophore-
sis was thus exploited to determine the nicking pattern on single 
strands. Although SspB-treated pUC19 was predominantly open 
circular and linear DNA on a native gel, electrophoresis of DNA 
under denaturing conditions revealed fragments of varying lengths 
(Fig. 2a). An identical DNA smear still occurred when the DNA 
substrates were devoid of 5′-CCA-3′ and 5′-CC-3′ motifs or con-
tained PT modifications, suggesting that SspB introduced massive 
nicks onto both DNA strands in a non-sequence-specific manner 
(Supplementary Fig. 5). Mutations of the dimer-interface residues—
including R23A, E204R, Y103A/E204R and F24R/Y103A—resulted 
in a simultaneous deficiency of the nicking activity of SspB in vitro 
and the d(CPSC) modification in vivo, indicating an essential role of 
SspB-mediated DNA nicking before sulfur incorporation to yield 
sequence-specific single-stranded PT modifications (Fig. 2c–f and 
Supplementary Results).

SspABCD and SspE constitute a defence barrier with broad 
anti-phage activities. Located immediately downstream of 
sspBCD, the M565_ctg1P1910 gene—encoding the DUF262 and 
DUF1524 domains—was found to be involved in growth defects 
of PT-deficient Vibrio mutants at low temperatures by quanti-
tative proteomic analysis and was designated sspE (Fig. 1 and 
Supplementary Results). The DUF262 domain is a member of the 
ParB-like superfamily; members of this superfamily (for example, 
ParB, Osa, sulfiredoxin and DndB) have been identified in biologi-
cally diverse contexts29–32. The DUF1524 domain possesses a con-
served EHxxP motif, which is seen in protein groups in the His-Me 
finger endonuclease superfamily33,34. Given the growth defects 
correlated with SspE and the positioning of sspE relative to ssp-
ABCD, we speculated that SspABCD–SspE might constitute a sin-
gle-stranded PT-based defence system. To test this, we challenged  
E. coli DH10B cells that harboured plasmids pWHU732 and 
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pWHU733 (which express SspABCD and SspE of V. cyclitrophicus 
FF75, respectively) with seven coliphages spanning all three mor-
phological families of the Caudovirales—that is, the siphophages 
T1, JMPW1, JMPW2, T5 and EEP; the myophage T4; and the 
podophage T7—at 28 °C (Supplementary Table 2). Following phage 
infection, DH10B(sspABCD, sspE) exhibited resistance against 
six of the seven phages to varying degrees. Plaque assays showed 
that SspABCD–SspE conferred approximately 1,000-fold protec-
tion against infection by T4 phage and 10- to 100-fold protection 
against T1, JMPW1, JMPW2, EEP and T7 but no resistance to T5 

phage (Fig. 3a). Although the cold induction of SspE caused a 10- to 
100-fold stronger protection against T4 and T7 phages at 15 °C than 
that observed at 28 °C (Supplementary Fig. 6), the overall moderate 
levels of phage resistance were presumably attributed to relatively 
poor expression of Vibrio ssp genes in the heterologous E. coli host 
DH10B. E. coli DH10B cells harbouring the homologous sspBCDE 
cassette from E. coli 3234/A conferred 10- to 100-fold increased 
resistance against all phages tested (except for T5) at 28 °C and even 
provided approximately 100-fold protection against the infection by 
single-stranded bacteriophage ϕX174 (Fig. 3b).
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Isolated phages showed increased tolerance to the SspABCD–
SspE defence when they had been passaged through E. coli DH10B 
cells expressing SspABCD and SspE of FF75; this resistance was 
subsequently abolished after the propagation of such phages on 
DH10B devoid of the ssp system, consistent with the classical R-M 
phenotype (Supplementary Fig. 7). To gain further insight into the 

mode of action of the Ssp system, we conducted Southern hybrid-
ization analyses on total DNA extracted from T4 phage-infected 
DH10B cells at various time points following infection at 28 °C. In 
contrast to the extensive replication of T4 phage DNA in DH10B 
cells lacking sspBCD–sspE, its DNA replication was remarkably 
inhibited in DH10B(sspABCD, sspE; Fig. 3c). Surprisingly, T4 DNA 
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seemed to not be cleaved or degraded with increasing infection time,  
even in the presence of SspABCD–SspE (Fig. 3c). These results  
indicate that SspABCD–SspE prevents phage propagation in a 
manner other than direct DNA cutting or degradation, point-
ing to a mechanism of defence unlike those observed in typical  
methylation-based R-M systems or DndFGH-mediated Dnd sys-
tems. Moreover, the existence of Ssp systems in phylogenetically 
diverse bacteria highlights a diversity of previously unappreciated 
PT systems and expands our knowledge of the arsenal of anti- 
phage defensive measures (Supplementary Results and Extended 
Data Fig. 3).

PT-sensing anti-phage defence mechanism of the SspABCD–SspE 
system. DH10B cells harbouring a single sspE were still sensitive to 
all phages tested, implying the dependence of SspE on SspABCD 
proteins or PT modification (Fig. 3a). To address this possibility, 
we constructed a plasmid (pWHU3481) to express SspAC314SBCD 
with a single cysteine (C314) replaced by a serine in SspA. The C314 
in SspA is equivalent to C327 in DndA from S. lividans, which is 
essential to nucleophilic attack on the l-cysteine substrate to initiate 
PT modification35. Although the single-point mutation C314S abol-
ished PT modification in DH10B(sspAC314SBCD, sspE), the struc-
tural integrity of SspABCD proteins was retained (Supplementary 

a

b
DH10B

(empty vectors)

DH10B
(SspE)

DH10B
(SspABCD, SspE)

T4

T4gt

T1

JMPW1

JMPW2

T5

T7

EEP

c

0 5 10 20 30 60

SspABCDE(FF75)– SspABCDE(FF75)+

Time
(min)

DH10B
(SspAC314SBCD, SspE)

Phage
T4

T4

T4gt

T1

JMPW1

JMPW2

T5

T7

EEP

0 5 1520 30 60UU

Ssp system of V. cyclitrophicus FF75

Ssp system of E. coli 3234/A

DH10B
(empty vectors)

DH10B
(SspABCD, SspE)

DSM 13127
(empty vectors)

DSM 13127
(SspBCD, SspE)

SspBCDE(3234/A)– SspBCDE(3234/A)+

U 5 30 6015U 5 30 6010T4
 D

N
A

φX
17

4 
ss

D
N

A
R

FI
 d

sD
N

A
 

R
FI

I d
sD

N
A

Time
(min)

d

DSM 13127
(empty vectors)

DSM 13127
(SspABCD, SspE)

φX174

φX174

ssDNA
Supercoiled

dsDNA

Nicked
dsDNA

10–1–10–6 10–1–10–6

10–1–10–6 10–1–10–6

10–1–10–6 10–1–10–6 10–1–10–6 10–1–10–6

Fig. 3 | The Ssp system provides protection against phages in a PT-dependent manner. a, Phage plaque assays on E. coli strains harbouring empty vectors, 
SspABCD or SspABCD–SspE from V. cyclitrophicus FF75 using 2 μl of each serial tenfold dilution (10−1–10−6) of the phage indicated on the left (top). No 
phage resistance was observed when an individual SspE was expressed in E. coli DH10B. A C314S point mutation on SspA not only abolished d(CPSC) 
PT modification but also impaired the anti-phage activity of the Ssp defence system. Phage ϕX174 was propagated in the specific host E. coli DSM 13127 
(bottom). b, E. coli DH10B harbouring the Ssp system from E. coli 3234/A showed a higher level of resistance to phages than that of V. cyclitrophicus FF75. 
a,b, The plaque assays were carried out at 28 °C to compare the anti-phage activities of the Ssp systems from FF75 and 3234/A. c,d, Southern blot analyses 
of phages T4 and ϕX174 DNA during the infection of Ssp-containing and Ssp-lacking E. coli cells. Probes were designed to match positions 148,913–149,433 
and 573–1,167, respectively, in the T4 and ϕX174 genomes. Each lane contains either 1.5 μg total DNA digested with PacI (c) or 1 μg undigested total DNA 
(d). U, uninfected. All images are representative of at least three independent experiments.

NATuRE MiCRoBioLoGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


Articles NATurE MICroBIoloGy

Fig. 2). Consequently, SspAC341SBCD–SspE failed to provide protec-
tion against all phages tested, implicating unusual PT-dependent 
anti-phage activity (Fig. 3a).

We further noticed that SspE contained a DGQQR motif in the 
DUF262 domain. This motif was predicted to be an equivalent of 
the sulfiredoxin signature sequence F(G/S)GCHR36, a part of a 
nucleotide-binding pocket, which prompted us to determine the 
NTPase activity. Due to the instability of SspE from FF75, we instead 
expressed and purified SspE (locus_tag AQI95_RS39285) from  
S. yokosukanensis DSM 40224 to homogeneity, thereby enabling us to 
dissect its function. The sspABCD–sspE orthologues of DSM 40224 
on pWHU3658 conferred S. lividans HXY6 defence against JXY1, a 
bacteriophage of the Podoviridae family (Fig. 4a and Supplementary 
Fig. 8). In addition, the sspE of DSM 40224 on pWHU735 provided 
E. coli DH10B with resistance to T4 phage when coupled with the 
sspABCD of FF75 on pWHU732 (Fig. 4a). A colorimetric inorganic 
phosphate (Pi) release assay revealed that SspE acted as an NTPase 
capable of hydrolyzing GTP, CTP, UTP and ATP, with enzymatic 
activities ranging from 7.45 ± 1.00 to 24.95 ± 2.00 nmol Pi min−1 mg−1 
(Fig. 4b). Interestingly, the hydrolysis activities towards GTP, CTP 
and UTP were remarkably stimulated following the addition of a 
40-bp DNA fragment that harboured the PT-modified 5′-CPSCA-3′ 
consensus20 (Fig. 4b and Supplementary Table 3). Conversely, DNA 
with 5′-GPSAAC-3′, 5′-GPSTTC-3′ and 5′-GPSGCC-3′—the most 
common PT motifs conferred by Dnd systems—exerted no such 
stimulatory effect, as exemplified by GTPase activity, suggesting the 
necessity of both PT structure and its sequence contexts (Fig. 4c  
and Supplementary Table 3). A single-point mutation at G97 in the 
DGQQR motif resulted in completely impaired GTPase activity in 
SspEG97A, even in the presence of CPSCA-containing DNA; mean-
while, the mutation of the G97 residue on plasmids pWHU735 and 
pWHU3658 abolished protection from infection by phages T4 and 
JXY1, respectively (Fig. 4a). These data highlight the critical role of 
PT-sensing NTPase activity in the Ssp phage-defence mechanism.

Nicking endonuclease activity of SspE. The possession of  
DUF1524 prompted us to assess the nuclease activity of SspE. In 
parallel with the ssDNA PT modification, SspE was identified as 
a nicking endonuclease based on two lines of evidence: (1) when 
incubated with supercoiled pUC19, a time-course assay showed that 
the first and predominant products were open circular plasmids 
and no specific nicking site was determined by run-off sequenc-
ing, as observed with the sequence-specific nicking endonuclease 
Nt.BspQI; and (2) the SspEH639A variant, harbouring a single-point 
mutation of H639 in the EHxxP endonuclease catalytic site, dis-
played strongly impaired nicking activity on pUC19 (Extended 
Data Fig. 4). In support of this observation, the replacement of 
H639 with an alanine on pWHU735 and pWHU3658 resulted in 
SspABCD–SspEH639A providing no phage protection (Fig. 4a), which 
implies that the interference of phage-DNA replication by the Ssp 
system was attributable to nicking damage to the phage DNA.

We thus assessed the integrity of the T4 DNA on an alkaline 
denaturing agarose gel. SspE caused negligible damage to phage 
DNA on a native agarose gel, agreeing well with the observation that 
the phage DNA appeared intact in the presence of SspABCD–SspE 
in Southern blot analyses, whereas the T4 DNA degraded severely 
under denaturing conditions, suggesting that massive nicks were 
introduced in the phage genome by SspE (Fig. 4d). In an attempt 
to capture the possible SspE-induced nicks in vivo, we analysed the 
ssDNA, and replicative form I (RFI; double-stranded, supercoiled) 
and II (RFII; double-stranded, nicked) DNA of ϕX174 by Southern 
hybridization. Similar to T4 phage, the replication of ϕX174 was 
sensitive to the inhibitory action of the Ssp system, whereas no 
signs of DNA degradation were observed (Fig. 3d). However, we 
did not detect a reduction in supercoiled RFI DNA or a simultane-
ous increase in nicked RFII DNA at any time point of infection in 

Ssp-containing cells. In combination with the delayed generation of 
both RFI and RFII DNA in the presence of the Ssp system, it is plau-
sible that SspE exerted anti-phage activity in the early stage of infec-
tion—for example, during complementary strand DNA synthesis.

Structural characteristics of SspE. To provide insights into the 
molecular mechanism of defence by SspE, we endeavoured to 
determine the crystal structure of SspE (Supplementary Results). 
Among the available SspE proteins we screened, the crystal struc-
ture of SspE from S. yokosukanensis DSM 40224 was determined. 
The DUF262 domain in SspE exhibited an unprecedented globu-
lar shape, with nine α-helices as the main body and a sheet of five 
β-strands at the side, whereas the DUF1524 domain was bi-lobed 
and consisted completely of α-helices (Fig. 5a). The linker between 
the DUF262 and DUF1524 domains was expected to be flexible, and 
there was no extensive packing between the two domains (Fig. 5a). 
The DGQQR motif lay exactly at the junction of the third β-sheet 
and the third α-helix (Fig. 5b).

Replacement of the glycine in the DGQQR motif with alanine 
unexpectedly abolished the PT-sensing GTPase function in SspEG97A 
but enhanced its nicking activity (Fig. 4c,d). However, the overall 
shape of the circular-dichroism spectrum of SspEG97A was essentially 
identical to that of wild-type SspE (Supplementary Fig. 9), implying 
that the altered nicking activity was not the result of a significant 
structural perturbation of SspEG97A and prompting us to analyse  
the enzymatic activities of separately expressed DUF262 and 
DUF1524 domains. Interestingly, although the individual DUF262 
domain completely lacked GTPase activity, the individual DUF1524 
domain still retained nicking activity at an enhanced level similar  
to that of SspEG97A on T4 DNA (Fig. 4c,d). Considering the neces-
sity of both NTPase and nicking endonuclease for SspE-mediated  
anti-phage activity, it is thus conceivable that the two domains  
coordinate to ensure the overall structure, enzymatic activi-
ties and phage resistance of full-length SspE. This was reinforced  
by the observation that the single-point mutation of R100A  
in the DGQQR motif resulted in an altered circular-dichroism 
spectrum of SspER100A and the deficiencies in PT-sensing GTPase, 
nicking nuclease activities and phage resistance (Fig. 4, Extended 
Data Fig. 4 and Supplementary Fig. 9). In terms of the involvement 
of NTPase activity, we speculated that PT-enhanced NTP hydroly-
sis may help with SspE translocation, conformational changes or 
movement along the DNA substrate to ensure the efficiency of anti-
phage activity.

Collectively, our results established the nature of the defensive 
action of the Ssp system, in which SspABCD accomplishes ssDNA 
PT modification by virtue of the nicking activity of SspB, and SspE 
is a dual-function protein exerting both PT-sensing NTPase and 
DNA-nicking endonuclease activities to damage invasive phage 
DNA and eventually disturb phage propagation early in infection 
(Extended Data Fig. 5).

Discussion
Here, we have mapped out the similarities and differences of the 
two PT-based ssp and dnd systems, with the discovery of a role 
for ssp genes in ssDNA PT modification and PT-sensing defence 
against phages. The genes and proteins involved in the dnd and ssp 
modification systems are different, which points to an evolution-
ary divergence of previously unappreciated PT-based systems and 
opens the door to the discovery of other PT-based epigenetic sys-
tems. Moreover, the divergence between dnd and ssp genes increases 
when the other systems partnering with the modification proteins 
are considered. SspE is capable of sensing sequence-specific PTs to 
provide protection against phage infection, expanding our knowl-
edge of the arsenal of anti-phage defensive mechanisms.

At the biochemical level, the functional similarity between DndA 
and SspA and that between DndC and SspD indicate that the dnd 
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and ssp PT systems probably share the initial sulfur mobilization 
step but follow that with divergent steps for DNA-target selection 
and sulfur incorporation. This divergence is probably attributable 
to SspB, a DNA nickase, whose nicking activity has not yet been 
observed for Dnd proteins but has been proposed to be a criti-
cal step in PT formation12. Although SspB exhibited no sequence 
preference for 5′-CCA-3′ in vitro, defects in SspB nicking activity 
resulted in the simultaneous reduction or abolishment of PT modi-
fication, which raises two possibilities: (1) the introduction of nicks 
is a requisite for ssDNA PT, possibly followed by activation of DNA 
chemical groups at the nicking sites to facilitate sulfur incorpora-
tion; or (2) other elements—such as Ssp proteins, preferential rec-
ognition sequences or DNA secondary structures—are essential to 
anchor SspB at target DNA sites to avoid unwanted DNA nicking 
and degradation. It is currently unclear which Dnd protein parallels 
SspB in function but it is reasonable to deduce that an analogous 
step introduces breaks on both strands of consensus motifs to yield 
dsDNA PT modifications. Although further work is needed, the 
observations made here with SspB represent a major step forward 
in defining the biochemical pathways involved in PT modification 
by the ssp and dnd systems.

Another striking observation in this study is that the Ssp mech-
anism of action is not consistent with simple R-M activity. Two 
features of anti-phage activity are unusual: SspE represses phage 
replication by introducing nicks into phage DNA rather than per-
forming typical dsDNA degradation or cutting and the defensive 
activity against phages depends on the stimulation by sequence-
specific PTs. An expanded discussion of SspE-mediated defence is 
provided in the Supplementary Discussion.

In conclusion, we have described an unusual type of PT-based 
defence system, in which SspABCD confers ssDNA PT modifica-
tion and SspE functions as a nicking endonuclease to impair phage 
replication in a PT-sensing manner. Considering the occurrence of 
the Ssp system in phylogenetically diverse bacteria, PT-mediated 
Ssp defences may be widely adopted in bacteria, highlighting the 
diversity of PT systems and expanding the known arsenal of defence 
mechanisms employed by prokaryotes for protection against phage 
infections.

Methods
Bacterial strains, plasmids, phages and media. All of the strains, plasmids 
and phages used in this study are listed in Supplementary Table 2. Typically, the 
Vibrio strains were grown at 28 °C in tryptic soy broth (TSB) or on agar plates 
supplemented with 2% NaCl, whereas the E. coli strains were grown in Luria–
Bertani (LB) broth or on agar plates at 37 °C unless otherwise indicated.

Construction of V. cyclitrophicus mutants. In-frame deletion of V. cyclitrophicus 
FF75 genes was carried out using the pJC4 suicide plasmid and a two-step 
homologous recombination procedure. First, fragments up- and downstream 
of a target gene were generated via PCR using two pairs of primers (listed in 
Supplementary Table 3). Second, the recombinant fragment was amplified 
using a mixture of the up- and downstream PCR products (with an overlap of 
approximately 40 bp) as templates and then inserted into pJC4. In this manner, we 
generated the plasmids pWHU722–9 for the construction of ssp mutants. After 
sequencing, the resultant plasmids were transformed into the diaminopimelic  
acid auxotroph E. coli WM3064 as a donor, which was then conjugated to  
V. cyclitrophicus FF75 as the recipient. Transconjugants were picked from TSB  
(with 2% NaCl) plates containing 2.5 μg ml−1 chloramphenicol without 
diaminopimelic acid and purified by serial streaking. The purified transconjugants 
were used for double crossovers on an LB agar plate containing 5% sucrose at 
28 °C. In this way, we obtained in-frame deletion mutants of XXL-6, ΔsspA, ΔsspB, 
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ΔsspC, ΔsspD, ΔsspE and ΔsspBCDE. The deletion of these genes was verified by 
PCR and sequencing.

Construction of ΔsspA. First, 706-bp (left arm) and 733-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1902L1/1902L2 and 
1902R1/1902R2, respectively (Supplementary Table 3). The two fragments were 
then combined into a single 1.4-kb fragment using 1902L1 and 1902R2. This 
fragment was sequenced and inserted into a SpeI- and SacI-digested pJC4 plasmid, 
generating pWHU727. The pWHU727 plasmid was then transformed into  
E. coli WM3064 and conjugated into FF75 to generate a two-step double- 
crossover mutation.

Construction of ΔsspB. First, 729-bp (left arm) and 755-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1907L1/1907L2 and 
1907R1/1907R2, respectively (Supplementary Table 4). The two fragments were 
then combined into a single 1.4-kb fragment using 1907L1 and 1907R2. This 
fragment was sequenced and inserted into SpeI- and SacI-digested pJC4 plasmid, 
generating pWHU724. The pWHU724 plasmid was then transformed into  
E. coli WM3064 and conjugated into FF75 to generate a two-step double- 
crossover mutation.

Construction of ΔsspC. First, 728-bp (left arm) and 764-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1908L1/1908L2 and 
1908R1/1908R2, respectively (Supplementary Table 3). The two fragments were 
then combined into a single 1.4-kb fragment using 1908L1 and 1908R2. This 
fragment was sequenced and inserted into SpeI- and SacI-digested pJC4, generating 
pWHU722. The pWHU722 plasmid was then transformed into E. coli WM3064 
and conjugated into FF75 to generate a two-step double-crossover mutation.

Construction of ΔsspD. First, 748-bp (left arm) and 765-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1909L1/1909L2 and 
1909R1/1909R2, respectively (Supplementary Table 3). The two fragments were 
then combined into a single 1.5-kb fragment using 1909L1 and 1909R2. This 
fragment was sequenced and inserted into a SpeI- and SacI-digested pJC4 plasmid, 
generating pWHU725. The pWHU725 plasmid was then transformed into E. coli 
WM3064 and conjugated into FF75 for mutation.

Construction of ΔsspE. First, 763-bp (left arm) and 764-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1910L1/1910L2 and 
1910R1/1910R2, respectively (Supplementary Table 3). The two fragments were 
then combined into a single 1.5-kb fragment using 1910L1 and 1910R2. This 
fragment was sequenced and inserted into a SpeI- and SacI-digested pJC4 plasmid, 
generating pWHU723. The pWHU723 plasmid was then transformed into E. coli 
WM3064 and conjugated into FF75 for mutation.

Construction of ΔsspBCD. First, 700-bp (left arm) and 728-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1907-1909L1/1907-
1909L2 and 1907-1909R1/1907-1909R2, respectively (Supplementary Table 3). 
The two fragments were then combined into a single 1.4-kb fragment using 1907-
1909L1 and 1907-1909R2. This fragment was sequenced and inserted into a SacI-
digested pJC4 plasmid, generating pWHU3490. The pWHU3490 plasmid was then 
transformed into E. coli WM3064 and conjugated into FF75 to generate a two-step 
double-crossover mutation.

Construction of ΔsspBCDE. The 701-bp (left arm) and 718-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1910-BCD-L1/1910-
BCD-L2 and 1910-BCD-R1/1910-BCD-R2, respectively (Supplementary Table 3). 
The two fragments were then combined into a single 1.4-kb fragment using 1910-
BCD-L1 and 1910-BCD-R2. This fragment was sequenced and inserted into a 
SacI-digested pJC4 plasmid, generating pWHU3491. The pWHU3491 plasmid was 
then transformed into E. coli WM3064 and conjugated into ΔsspBCD to generate 
ΔsspBCDE.

Construction of XXL-6. First, 742-bp (left arm) and 762-bp (right arm) 
chromosomal regions were amplified using the primer pairs 1906-1903L1/1906-
1903L2 and 1906-1903R1/1906-1903R2, respectively (Supplementary Table 3).  
The two fragments were then combined into a single 1.5-kb fragment by a further 
round of PCR using 1906-1903L1 and 1906-1903R2. This fragment was sequenced 
and inserted into a SpeI- and SacI-digested pJC4 plasmid, generating pWHU726. 
The pWHU726 plasmid was then transformed into E. coli WM3064 and 
conjugated into FF75 to generate a two-step double-crossover mutation.

Construction of pWHU732. First, 5,828-bp (sspBCD) and 1,867-bp (sspA) 
fragments were amplified from the genomic DNA of FF75 using the primer pairs 
sspBCD1/sspBCD-2 and sspA-1/sspA-2 (Supplementary Table 3), respectively. 
The 5,828-bp fragment was digested with KpnI and BamHI, and ligated with 
pBluescript II SK(+), which had been digested using the same enzymes. The 
resultant plasmid was then digested with XbaI and SacII, and ligated with the 
1,867-bp (sspA) fragment after its digestion with the same enzymes.

Construction of pWHU733. A 3.4-kb fragment including sspE and its promoter 
was amplified from the genomic DNA of FF75 using the primer pair 184sspE-
1/184sspE-2 (Supplementary Table 3). The fragment was then digested with  
XbaI and SphI, and ligated with pACYC184, which had been digested using the 
same enzymes.

Construction of pWHU734. A 3.1-kb fragment, including sspE and its promoter, 
was amplified from the genomic DNA of FF75 using the primer pair 184sspE-1/
sspE-2-his (Supplementary Table 3). The fragment was subsequently cloned into 
pEASY-blunt zero.

Construction of pWHU735. The ORF region of the sspE gene (2.3-kb) was 
amplified from the genomic DNA of DSM 40224 using the primer pair 40224e-F-
pql25/40224e-R-pql25 (Supplementary Table 3), whereas the synthetic promoter 
PQL25 (ref. 37) was PCR amplified using the primer pair pql25-F-40224e/pql25-
R-40224e (Supplementary Table 3). The two PCR products of PQL25 and sspE 
were combined using pql25-F-sspe40224 and 40224e-R-pql25. The resulting 
PQL25-sspE fragment was used to replace the original sspE gene of FF75 on the 
plasmid pWHU733 via an in vitro recombination method using the Basic seamless 
cloning and assembly kit (TransGen Biotech). For recombination, the plasmid 
pWHU733 was linearized via PCR using the primers 733-F-pql2540224e and 
733-R-40224epql25 (Supplementary Table 3).

Construction of pWHU1811. A 7.1-kb fragment containing sspABCD was amplified 
from the genomic DNA of S. clavuligerus ATCC 27064 using the primer pair cc-1/
cc-2. The 7.1-kb fragment was digested by XbaI and StuI and ligated into pSET152, 
which had been treated with the same enzymes.

Construction of pWHU3481. A 1,867-bp fragment (sspA) with the C314S single-
point mutation was amplified from the genomic DNA of FF75 using the primer 
pairs sspA-L1/sspA-L2 and sspA-R1/sspA-R2 (Supplementary Table 3). The two 
fragments were then combined into a single 1.8-kb fragment using sspA-L1 and 
sspA-R2. This fragment was digested with XbaI and SacII and replaced the original 
sspA in pWHU732, generating pWHU3481.

DNA-nicking assays. DNA-nicking activity was assessed with 1.5 μg pUC19 or 
phage DNA in 50 mM potassium acetate, 20 mM Tris–acetate (pH 7.9), 10 mM 
magnesium acetate or other metal ions (MnAc2, CuSO4, ZnCl2, CaCl2 and NiSO4), 
0.1 mg ml−1 BSA and 2 μM SspB, SspE or derivatives in a total volume of 50 μl. 
The reactions were carried out at 28 °C for a time course or as indicated. A 10-μl 
reaction aliquot was subsequently quenched by adding 6×gel loading dye (purple; 
New England Biolabs), followed by 1% native agarose gel electrophoresis. The 
DNA in the remaining 40-μl aliquot of the reaction was precipitated overnight at 
−80 °C by adding 4 μl of 3 M acetic acid (pH 5.2) and 88 μl ethanol before alkaline 
denaturing gel electrophoresis.

Alkaline denaturing gel electrophoresis. Alkaline denaturing gel electrophoresis 
was performed following the protocol by Colombo and colleagues38. Enzyme-
treated DNA was precipitated with ethanol, washed once with 70% ethanol and 
then resuspended in 1×alkaline loading buffer (50 mM NaOH, 1 mM EDTA, 2.5% 
Ficoll (type 400) and 0.025% bromophenol blue) for 2 h. Meanwhile, the agarose 
gel (made in ddH2O) was equilibrated in 1×alkaline electrophoresis buffer (50 mM 
NaOH and 1 mM EDTA) for at least 30 min. Electrophoresis was carried out at 
2 V cm−1.

Proteomics analysis. Overnight cultures of Vibrio strains were diluted 100-fold in 
20 ml fresh TSA (with 2% NaCl) medium and then cultured at 28 °C or 22 °C. The 
cells (5 ml) were washed and collected when the cultures reached an optical density 
at 600 nm (OD600) of 0.8. Protein extraction, digestion, isobaric tags for relative 
and absolute quantitation (iTRAQ) labelling and nano-LC–MS/MS analysis were 
performed according to a protocol described by Shi and colleagues39. Trypsin/P 
was specified as a cleavage enzyme allowing up to two missing cleavages. The 
length of most peptides ranged from 7 to 16 amino acids, which is consistent with 
the properties of tryptic peptides. The mass error was set to 10 ppm for precursor 
ions and 0.02 Da for fragment ions. Carbamidomethyl on cysteine, TMT-6plex 
(N-term) and TMT-6plex (K) were specified as fixed modifications. Oxidation of 
Met was specified as a variable modification. The false discovery rate was adjusted 
to <1%, and the peptide ion score was set to ≥20. A total of 2,012 proteins were 
identified, of which 1,677 were quantified. Proteins with an average fold change 
>1.30 or <0.77 were considered up- or downregulated, respectively (P < 0.05)40.  
A Gene Ontology-annotated proteome was derived from the UniProt-GOA 
database (http://www.ebi.ac.uk/GOA/), and the proteins were classified by 
Gene-Ontology annotation based on three categories: biological process, cellular 
component and molecular function.

Protein expression and purification. The gene encoding the full-length SspB 
protein from S. clavuligerus ATCC 27064 was subcloned into the pET28a vector 
along with an N-terminal 6×His tag. The resulting plasmid was transformed into 
E. coli BL21(DE3) competent cells. The transformed cells were cultured at 28 °C 
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until the OD600 reached 0.8, and protein expression was induced with 0.2 mM 
isopropyl β-d-1-thiogalactopyranoside for 14–18 h at 16 °C. After harvesting and 
resuspension, the cells were lysed using a cell homogenizer (JNBIO). The lysate was 
cleared by centrifugation at 24,000g for 30 min, and the supernatant was subjected 
to Ni2+-NTA-affinity chromatography (GE Healthcare). The eluted protein was 
loaded onto a Superdex 200 gel filtration column (GE Healthcare) in a solution 
containing 10 mM Tris–HCl, pH 8.0, 100 mM NaCl and 2 mM dithiothreitol. The 
peak fractions were combined and concentrated to 10 mg ml−1 for crystallization.

The gene encoding SspE from S. yokosukanensis DSM 40224 
was amplified by high-fidelity PCR using the following primers: 
5′-GGGAATTCCATATGATGGAGACTAAAGAGATCTTCG-3′ 
(forward; NdeI restriction site indicated in bold font) and 
5′-ATAAGAATGCGGCCGCTTACGGCTCGAATCCCAG-3′ (reverse; NotI 
restriction site indicated in bold font). The full-length sspE was inserted into the 
expression vector pET28a (Novagen) through the NdeI and NotI sites, yielding 
pWHU3641. Successfully cloned plasmids were verified by sequencing. The 
plasmids pWHU3641 and pWHU732 (carrying sspABCD from V. cyclitrophicus 
FF75) were co-transformed into the E. coli strain BL21 (DE3). The SspE protein 
constructs were expressed with a His tag on the N terminus. When the OD600 
reached 0.6–0.8, the bacterial cultures were induced with 0.5 mM isopropyl β-d-
1-thiogalactopyranoside and cultured overnight at 15 °C. The bacterial cells were 
then collected by centrifugation at 3,000g for 20 min at 4 °C. The cell pellets were 
homogenized in buffer containing 25 mM Tris–HCl pH 8.0, 300 mM NaCl, 20 mM 
imidazole and 0.05 mM phenylmethylsulfonyl fluoride, and lysed by sonication. 
The cell debris was removed by centrifugation at 24,000g for 50 min at 4 °C. The 
supernatant was applied twice to a Ni2+-NTA-affinity chromatography column 
and then 5-ml volumes of the sample were eluted with 40 mM, 80 mM, 110 mM, 
300 mM and 500 mM imidazole. The target protein products were digested 
overnight by thrombin at 4 °C and further purified by Source 15Q ion-exchange 
and gel-filtration chromatography using a Superdex 200 column (GE Healthcare). 
The Superdex 200 buffer used was 10 mM Tris–HCl pH 8.0, 100 mM NaCl and 
2 mM dithiothreitol. The purity of the protein was verified by SDS–PAGE and 
Coomassie-blue staining. The purified protein from Superdex 200 gel-filtration 
chromatography was concentrated to 10 mg ml−1, flash-frozen in liquid nitrogen 
and stored at −80 °C until use.

Southern blot assays. An overnight culture of bacterial cells was diluted 1:100 
in 100 ml LB medium and cultured at 37 °C to an OD600 of approximately 0.5, 
followed by infection with either phage T4 or ϕX174 at an multiplicity of infection 
of 6 or 10, respectively. Total DNA was extracted from the cells and collected 
throughout the phage infection time course using the chloroform–phenol method. 
A total of 1.5 μg T4 DNA was digested by PacI for 6 h before electrophoresis on 
a 1% agarose gel. For phage ϕX174, 1 μg undigested total DNA was subjected to 
hybridization. Electrophoresis was performed in 1×TAE buffer at 4 V cm−1. The gel 
was transferred to an Amersham Hybond-N+ nylon membrane (GE Healthcare) in 
20×SSC buffer (0.3 M trisodium citrate and 3 M NaCl, pH 7.0), and the subsequent 
blotting, washing and signal-detection steps were carried out using the DIG-
high prime DNA labeling and detection starter kit II (Roche) according to the 
manufacturer’s protocol.

Western blot analysis. A Trans1-T1 E. coli strain harbouring pWHU734 was 
cultured at 28 °C to the mid-log phase, which was followed by a temperature 
reduction from 28 °C to 15 °C. Cells were collected before and after cold treatment 
(15 °C, 1.5 h) for western blot analysis. The proteins were separated by SDS–PAGE 
and wet-transferred onto polyvinylidene fluoride membranes. The membranes 
were incubated in 5% (wt/vol) non-fat milk in Tris-buffered saline containing 
0.1% Tween and then incubated with either a primary mouse anti-6×His antibody 
(Proteintech) followed by a secondary goat anti-mouse horseradish peroxidase-
tagged antibody or a primary rabbit anti-RpoB antibody (Abcam) followed by a 
secondary goat anti-rabbit horseradish peroxidase-tagged antibody. Finally, the 
membranes were imaged using a ChemiDoc XRS+ system (Bio-Rad), and images 
were analysed using the Image Lab 3.0 software (Bio-Rad).

Crystallization, data collection and structure determination. Crystals of native 
and SeMet-substituted SspB protein from S. clavuligerus ATCC 27064 were grown 
at 14 °C using the hanging-drop vapour-diffusion method, with 1 μl protein mixed 
with an equal volume of reservoir solution containing 25% polyethylene glycol 
(PEG) 3350 and 0.2 M magnesium chloride (Hampton Research). The crystals 
were cryoprotected in crystallization buffer supplemented with 25% ethylene 
glycol. One set of SAD data for SeMet–SspB at a resolution of 1.95 Å and one set 
of data for native SspB at a resolution of 1.75 Å resolution were collected using 
the BL17U1 beamline at the Shanghai Synchrotron Radiation Facility (SSRF) at 
100 K. Data reduction was performed using the HKL2000 software41. The phases 
for SeMet–SspB were determined by the SAD method using the Autosol module 
of PHENIX42, and the phases for native SspB were determined by the molecular 
replacement method using the Phaser program43 in the CCP4 package44 with the 
structure of SeMet–SspB as the search model. After automatic model building 
using the AutoBuild module of PHENIX42 and manual model building in COOT45, 
refinement was performed using the REFMAC5 program46 in the CCP4 package44. 

The crystals belonged to the P212121 space group and contained two molecules of 
SspB in one asymmetric unit. The final refined model had Rwork and Rfree values of 
17.48 and 22.45%, respectively. The quality of the structural model was checked 
with the CCP4 program PROCHECK44, which showed good stereochemistry 
according to a Ramachandran plot.

Crystallization trials for wild-type SspE were initially screened by Index, 
Crystal screen 1, Crystal screen 2, Salt RX 1, Salt RX 2, PEG/Ion 1 and PEG/Ion 
2 kits from Hampton Research and Wizard I, II, III and IV kits from Rigaku. The 
hanging-drop method by vapour-diffusion crystallization in 24-well plates was 
carried out at a temperature of 14 °C. Typically, 1 μl reservoir solution was mixed 
with 1 μl protein solution and equilibrated against 200 ml reservoir solution. After 
the initial screening, small SspE crystals were obtained from condition no. 63 of 
the Index kit, which consisted of 10% polyethylene glycol monomethyl ether 5000, 
5% Tacsimate pH 7.0 and 0.1 M HEPES pH 7.0. We finely tuned the precipitant 
concentration by fine-tuning, concentration range of 4–12%, to optimize the 
crystallization conditions. The concentration and pH of the salt Tacsimate and 
HEPES buffer were then both adjusted. Finally, a well-formed single crystal was 
grown in a solution containing 6% (wt/vol) polyethylene glycol monomethyl ether 
5000, 5% (vol/vol) Tacsimate pH 7.0 and 0.09 M HEPES pH 7.0 using the hanging-
drop vapour-diffusion method in 24-well plates at 14 °C.

Se-SAD X-ray data of SspE at a resolution of 3.31 Å were collected on the  
SSRF beamline BL19U1. The data were integrated and scaled using HKL2000  
(ref. 47). Further processing was carried out using programs from the CCP4 suite48. 
Phaser-EP43,49 was used for SAD experimental phasing, and RESOLVE from the 
PHENIX50 tools suite was used for model building. One distinct solution was 
identified. The resulting electron density was of sufficiently good quality and  
most of the side chains were clearly shown. Additional missing residues were 
manually added in COOT51. The structure was refined using PHENIX50. Model 
validation was performed using PROCHECK52 and the WHATCHECK routine  
of WHAT IF53.

Phage isolation. Soil samples (10–20 g) were mixed with 1 ml of a spore suspension 
of S. lividans HXY6 and incubated in 50 ml TSBY broth (30 g l−1 TSB, 340 g l−1 
sucrose, 5 g l−1 yeast extraction) supplemented with 1 mM CaCl2 overnight at 28 °C. 
The supernatant was collected by centrifugation at 3,000g for 10 min at 4 °C and 
filtered through a 0.22-μm membrane (Millipore). Serially diluted filtrates were 
plated onto a double-layer MS plate (20 g l−1 soybean powder, 20 g l−1 d-mannitol, 
2% bottom agar and 0.8% top agar that mixed with 50 μl of a spore suspension of  
S. lividans HXY6). After 36 h of incubation at 28 °C, single plaques were picked into 
1 ml TSBY broth and incubated at 4 °C for 24 h. Three single-plaque isolation cycles 
were conducted to obtain pure phage stocks. The phage produced on S. lividans 
HXY6 was designated JXY1. The morphology of phage JXY1 was observed using 
an electron microscope (1200EX JEOL) at 60 kV. The genomic DNA of JXY1 was 
extracted and sequenced by the Nanopore PromethION platform by NextOmics. 
The sequence reads were assembled into a 45,385-bp circular DNA using the Canu, 
Pilon and Circlator54–56 programs with an average coverage of 11,742×. The FASTA-
formatted complete sequence was annotated using the RASTtk pipeline.

Phage plaque assays. E. coli cells were cultured overnight with shaking, diluted 
1:100 in LB medium and cultured to an OD600 of 0.8. An aliquot of the cell culture 
(500 µl) was added to 10 ml LB broth with melted 0.75% agar, and then overlaid on 
a pre-poured 1.5% LB agar plate. Phage stocks were serially diluted in SM buffer 
(100 mM NaCl, 8 mM MgSO4 and 50 mM Tris–HCl pH 7.5). After the top agar 
solidified, 2 μl of the diluted phages were spotted onto the E. coli lawns. Plaques 
were imaged after overnight growth at the indicated temperatures.

Circular-dichroism spectroscopy. The circular-dichroism spectra of the 
indicated proteins (0.2 mg ml−1) were collected on a Chirascan circular-dichroism 
spectroscopy instrument (Applied Photophysics) at 25 °C in a low-salt buffer 
(10 mM NaCl and 1 mM Tris–HCl pH 8.0). Circular-dichroism spectra covering 
190–280 nm were acquired with a bandwidth of 5 nm, response time of 2 s, 
scanning speed of 200 nm min−1 and step size of 1 nm. The results were corrected 
by subtracting the buffer baseline to avoid a signal contribution from the buffer. 
Each spectrum was calculated and plotted as the average of three runs.

Molecular graphics. All protein structure figures were generated using the PyMOL 
program57. The sequence conservation of SspB was mapped onto the surface of its 
crystal structure was generated using the ConSurf server (http://consurf.tau.ac.il)58.

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

Data availability
The data supporting the findings of this study are available from the corresponding 
author on request. The atomic coordinates and structure factors of SspB and the 
magnesium ion-bound SspB from S. clavuligerus ATCC 27064 have been deposited 
in the Protein Data Bank with the accession numbers 6JUF and 6LB9, respectively, 
and those of SspE from S. yokosukanensis DSM 40224 have the accession number 
6JIV. The genome sequence of phage JXY1 has been deposited in GenBank under 
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accession number MN994275. Source data for Figs. 1b, 2a,b,e,f, 3a–d and 4a–d 
and Extended Data Figs. 2c, 3, 4a, 6a,b and 7a–e are included in this article and its 
Supplementary information.

Code availability
Custom codes or software used in this study are available from the authors on 
request.
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Extended Data Fig. 1 | Structural characterization of SspB (locus_tag SSCG_01550). a, Sequence alignment of SspB with residue numbers and secondary 
structure elements indicated. Several putative dimerization-mediating residues in SspB, for example, H28, Y103, and E105, are replaced by similar amino 
acid residues in SspB homologues from other species; therefore, they are considered conserved. The imidazole ring of H28 resembles the benzene ring of 
F/Y in the SspB homologues of other species, which could also be involved in the hydrophobic interactions and thus serve a similar function. At the Y103 
position of SspB homologues, there exists either a Y or an F residue, both of which possess benzene rings and can form hydrophobic interactions. The 
homologues of SspB have either E or D at E105. Both E and D have negatively charged carboxyl groups in their side chains and would play similar roles 
in the formation of salt bridges at the dimeric interface. b, Overall structure of SspB from S. clavuligerus ATCC 27064. α-helices, β-sheets, and loops are 
coloured red, yellow, and green, respectively. c, Conserved motifs 1, 2 and 3 are coloured magenta, green, and blue, respectively. d, The surface of the SspB 
structure is coloured according to the conservation score calculated by the ConSurf server. The “front” side of the SspB surface is highly conserved, while 
the “back” side is much less conserved. Motifs 1, 2, and 3 are mapped to the most conserved surface on the SspB structure.
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Extended Data Fig. 2 | interaction of magnesium ions with SspB. a, Ribbon diagram of magnesium ion-bound SspB from S. clavuligerus ATCC 27064. 
Magnesium ions are shown as small blue spheres. b, A magnesium ion is bound to E18 in each monomer. The SspB-Mg2+ complex was prepared by 
soaking the apo SspB crystals in reservoir solution containing 25% polyethylene glycol (PEG) 3350 and 1.0 M magnesium chloride for 6 h. c, The single-
point mutation E18R remarkably impaired the DNA nicking activity of SspB. Data shown are representative images of two independent experiments.

NATuRE MiCRoBioLoGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


ArticlesNATurE MICroBIoloGy ArticlesNATurE MICroBIoloGy

Extended Data Fig. 3 | Phylogenetic distribution of 234 homologues of the V. cyclitrophicus FF75 SspBCD–SspE in bacteria. Phylogenetic groups are  
coloured by group (see the legend). Representative strains are labelled. For clarity, other strain names are not shown but are provided in Supplementary Data 2.
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Extended Data Fig. 4 | Sequence non-specific nicking activity of SspE. a, Time-course treatment of pUC19 DNA by SspE. In this assay, 0.3 µg of pUC19 
DNA was untreated or treated with 2 µM SspE at 28 °C in CutSmart (New England Biolabs, 50 mM potassium acetate, 20 mM Tris-acetate, pH 7.9, 10 mM 
magnesium acetate, 1.5 μM BSA). At the indicated time points, aliquots of the reaction mixture were withdrawn and analysed on a 1% agarose gel. L, 
linear pUC19 DNA. Nt.BspQI-nicked pUC19 was used as a control. Data shown are representative images of three independent experiments. b, Run-off 
sequencing of gel-purified SspE- or Nt.BspQI-nicked pUC19 DNA. The peaks in the sequencing chromatogram diminish sharply at the sequence-specific 
nicking site of Nt.BspQI. The extra adenine (A) base at the end of the run-off sequence was incorporated by the Taq DNA polymerase. In contrast, no such 
sequencing peak drops were observed when SspE-nicked pUC19 DNA was used as template despite the presence of the 5′-CCA-3′ motif.
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Extended Data Fig. 5 | A schematic model of the Ssp system and defence against phage infection.
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Extended Data Fig. 6 | interaction of SspB and SspC. a, Pulldown of SspC with purified glutathione S-transferase (GST)-tagged SspB. BL21(DE3) cell 
lysate overexpressing 6xHis-SspC protein of S. clavuligerus ATCC 27064 was used as an input. A pulldown assay was performed by incubating the 
input with 56 pmol of purified GST-SspB of ATCC 27064 or GST, which was immobilized on glutathione (GSH) magnetic beads in PBS buffer at 4 °C 
overnight. Input and pulldown samples were examined via immunoblotting analysis. *, nonspecific bands. Data shown are representative images of three 
independent experiments. b, Nicking activity assays of SspB in the presence of SspC. Supercoiled pUC19 (0.3 µg) was incubated with 2 µM SspB, 2 µM 
SspB and 2 µM SspC or 2 µM SspBE204R and 2 µM SspC at 28 °C in CutSmart buffer. At the indicated time points, aliquots of the reaction mixture were 
withdrawn and analysed on a 1% agarose gel. Data shown are representative images of three independent experiments. c, Run-off sequencing results of 
gel-purified nicked pUC19 DNA. Nicked pUC19 DNA resulting from the treatment with SspB-SspC was gel-purified and subjected to run-off sequencing. 
The peaks in the sequencing chromatogram diminish sharply at the sequence-specific nicking site of Nt.BspQI. In contrast, no such sequencing peak drops 
were observed when SspB-SspC-nicked pUC19 DNA was used as template despite the presence of the 5′-CCA-3′ motif.
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Extended Data Fig. 7 | Effect of temperature on growth and ssp gene expression in Vibrio strains. a, Growth of the wild-type and ssp mutants was 
assessed at 28 °C, 15 °C and 4 °C, respectively, on TSB agar plates supplemented with 2% NaCl. M565_ctg1P1910 = SspE. Results are representative 
of two independent experiments. b, The transcription of sspBCD and sspE at 15 °C and 28 °C was compared by quantitative real-time PCR with the 
housekeeping gene gapA, encoding glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as a reference. Data are shown as the mean ± s.d. and based 
on three independent experiments (n = 3). Error bars are s.d. of the means. Two-sided Student t test was used for statistical analysis. **, p < 0.01. ns, not 
significant. In contrast to the enhanced transcription of sspE at 15 °C, sspBCD is constitutively expressed at all tested temperatures. c, E. coli Trans1-T1 
(pWHU734) cells expressing His-tagged SspE under its native promoter were grown at 28 °C to an OD600 of 0.5 and were subsequently shifted to 15 °C 
for 1.5 h. The expression level of SspE was determined by Western blot. RpoB (RNA polymerase beta subunit) was used as an internal control. Results 
are representative of two independent experiments. d, Cell survival following a temperature downshift from 28 °C to 15 °C was assessed by determining 
the number of cells (colony-forming units, cfu) in the cultures at different time points. CFU numbers represent the mean values of three independent 
experiments (n = 3). Error bars are s.d. of the means. e, Cell survival after 6 h of antibiotic treatment (as a percentage on a log scale). Exponentially 
growing Vibrio cells were pretreated at 15 °C for 1.5 h, followed by exposure to 100 μg ml-1 ampicillin or 200 μg ml-1 streptomycin for 6 h. The concentrations 
of antibiotics used here are more than five times the minimum inhibitory concentration for V. cyclitrophicus FF75. Data are shown as mean ± s.d. and are 
representative of three independent experiments. Two-sided Student t test was used to measure significance. *, p < 0.05, ***, p < 0.001.
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Data collection Both online and local NCBI BLAST (v2.2.30+) were used to search the NCBI database. The license of NCBI BLAST: Public domain 
For the assembly of phage genome sequencing, programs canu v1.7.11, pilon v1.22 and circlator v1.5.5 were used. The license of canu/
pilon/circlator: Public domain

Data analysis Multiple alignments and phylogenetic tree constructions were performed using MEGA (v5.22). ImageLab 3.0 software was used for 
imaging analysis. 
 
The licenses for the above software were described as follow: 
MEGA: protected under the copyright law, but FREE for use in research and education. It is not allowed to redistribute the MEGA 
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 The atomic coordinates and structure factors of SspB and the magnesium ion-bound SspB from S. clavuligerus ATCC 27064 have been deposited in the Protein Data 
Bank with the accession numbers 6JUF and 6LB9, respectively.  The atomic coordinates and structure factors of SspE from S. yokosukanensis DSM 40224 has the 
accession number as 6JIV. 
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Sample size No sample-size calculation was performed. For gel imaging studies we perform at least 2 independent experiments and for assays with 
statistical analysis, at least three independent experiments were performed in order to get enough data for P value calculation.

Data exclusions No data exclusions.

Replication Values represent the mean ± SD of at least three analyses.
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Methods
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Antibodies
Antibodies used Anti-RNA polymerase beta antibody (ab191598) (Catalog number:ab191598, CloneNo: EPR18704, Lot:  GR224168-11, dilution: 

1/2000, Abcam, Cambridge, UK) 
6*His, His-Tag Antibody (Catalog number: 66005-1-Ig, CloneNo.: 1B7G5, Lot: 10004365, dilution: 1/10000, Proteintech, Wuhan, 
China) 
GST Monoclonal Antibody (Mix) (Catalog number: YM3144, Lot: 411005100205, dilution: 1/5000, Immunoway, Plano, USA)

Validation Anti-RNA polymerase beta antibody has been validated by abcam as it is capable of detecting a approximately 150 kDa band in 
western-blot of E. coli RNA polymerase beta subunit with 10 μg E. coli whole cell lysate.  
6*His, His-Tag Antibody is species-independent and has been validated by Proteintech in western-blot to detect a 50 kDa 6xHis-
tagged fusion protein (20 μg/lane) at dilution folds from 1/5000 to 1/160000. 
GST Monoclonal Antibody (Mix) is species-independent and has been validated in western blot to detect GST fusion protein, 
diluted at 1/10000.
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