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Nicking mechanism underlying the DNA
phosphorothioate-sensing antiphage
defense by SspE

Haiyan Gao 1,2,6, Xinqi Gong 3,6, Jinchuan Zhou1, Yubing Zhang1,2,
Jinsong Duan4, Yue Wei1,5, Liuqing Chen2, Zixin Deng 1, Jiawei Wang 4,
Shi Chen 1,5 , Geng Wu 2 & Lianrong Wang 1

DNA phosphorothioate (PT) modification, with a nonbridging phosphate
oxygen substituted by sulfur, represents a widespread epigenetic marker in
prokaryotes andprovides protection against genetic parasites. In the PT-based
defense system Ssp, SspABCD confers a single-stranded PT modification of
host DNA in the 5′-CPSCA-3′motif and SspE impedes phage propagation. SspE
relies on PT modification in host DNA to exert antiphage activity. Here,
structural and biochemical analyses reveal that SspE is preferentially recruited
to PT sites mediated by the joint action of its N-terminal domain (NTD)
hydrophobic cavity and C-terminal domain (CTD) DNA binding region. PT
recognition enlarges the GTP-binding pocket, thereby increasing GTP hydro-
lysis activity, which subsequently triggers a conformational switch of SspE
from a closed to an open state. The closed-to-open transition promotes the
dissociation of SspE from self PT-DNA and turns on the DNA nicking nuclease
activity of CTD, enabling SspE to accomplish self-nonself discrimination and
limit phage predation, even when only a small fraction of modifiable con-
sensus sequences is PT-protected in a bacterial genome.

The unceasing arms race between parasitic viruses and their hosts has
driven the emergence of a wide range of antiviral defensemachineries
and strategies. As a new member of the prokaryotic innate immunity
system, the DNA phosphorothioate (PT) modification-based Dnd sys-
tem is believed to provide protection against foreignDNA invasion in a
manner analogous to that of methylation-based restriction-modifica-
tion barriers1–3. DndABCDE acts as the modification component to
catalyze the sequence-specific oxygen-sulfur swap in the DNA sugar-
phosphate backbone to generate double-stranded PTmodifications4,5.

PT is employed as the recognition tag by the restriction cognate
DndFGH or PbeABCD to discriminate and destroy non-PT-modified
invasive foreignDNA2,6. In response to the loss ofDNAPTmodification,
dndBCDE-deficient Salmonella enterica mutant cells undergo self-
restriction by unrestrained DndFGH, and the resultant DNA damage
triggers the cellular SOS response3,7.

Knowledge about PT diversity was recently expanded by our
identification of Ssp systems, which display genetic organization,
enzymatic activities and phenotypic behaviors that are different from
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those of Dnd systems8,9. In contrast to the double-stranded PT mod-
ifications governed by DndABCDE, i.e., 4-bp 5′-GPSAAC-3′/5′-GPSTTC-3′
(PS, phosphorus-sulfur linkage) consensus sequences in S. enterica
serovar Cerro 87 and Escherichia coli B7A and 5′-GPSATC-3′/5′-GPSATC-
3′ in Hahella chejuensis KCTC2396, PT modification in SspABCD-
expressing Vibrio cyclitrophicus FF75 occurs as a single-stranded
modification at the 3-bp 5′-CPSCA-3′ motif; no PT modification was
detected in the complementary 5′-TGG-3′10,11. This single-stranded
sulfur incorporation ispredicted tobe attributed to thenicking activity
of SspB, which has not yet been detected for any one of the Dnd
proteins8. Notably, SspABCD coupledwith SspE confers resistance to a
wide array of phages through unusual mechanisms: (1) SspE is a dual-
function protein that exerts both N-terminal NTPase and C-terminal
DNA nicking nuclease activities to defend against phage infection, and
(2) NTPase activity, including GTPase, CTPase, and UTPase activity, is
stimulated exclusively by 5′-CPSCA-3′-containing DNA in vitro8. These
features render SspABCD-SspE an unusual PT-DNA-sensing antiphage
mechanism, differing from PT-based Dnd or methylation-based

restriction-modification (R-M) defense. Moreover, genomic PT map-
ping revealed that only 14% of the 160,541 5′-CCA-3′ sites across the V.
cyclitrophicus FF75 genome are PT-modified and that PT distribution is
heterologous in a population of DNA molecules10,12. These unusual
features raise thequestionof the fundamental importance of howSspE
utilizes epigenetic PT modification to accomplish self-nonself dis-
crimination and to coordinate its NTPase and DNA nicking activities to
fight against phages.

In this work, we locate a hydrophobic patch on the surface of the
N-terminal domain (NTD) of SspE that is responsible for the specific
recognition of the 5′-CPSCA-3′ PT modification. Strikingly, through the
joint action of this PT-sensing patch and a DNA-binding domain in the
CTD, SspE exhibits a PT-binding preference, which prevents the non-
PT-protected regions from being targeted by SspE. Upon PT recogni-
tion, the NTP binding pocket adjacent to the PT-sensing patch
becomes enlarged, which expedites NTP access and thereby enhances
NTP hydrolysis activity. By combining normal mode analysis and
fluorescence resonance energy transfer (FRET)measurements in vitro,
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Fig. 1 | Crystal structure of the full-length SspE from S. yokosukanensis DSM
40224. a Ribbon diagram of full-length SspEwith the NTD and CTD shown in cyan
and the 7-aa linker shown inmagenta. Yellow and red indicate theD96GQQR100motif
in the NTD and HNH motif in the CTD, respectively. The lowest-energy docking
structure of the NTD with GTP is shown as a black box. Hydrogen bonding inter-
actions (distance cutoff: 3.6 Å) are displayed as yellow dots. b Superposition of the
HNH motifs from SspE (PDB: 7DRS, slate), Cas9 (PDB: 6O56, gray), GVE2 (PDB:
5H0O, salmon), ScoMcrA (PDB: 5ZMM, yellow), ColE7 (PDB: 1M08, magenta) and
BrxU (PDB: 7P9K). Catalytic residues are positioned as indicated. c Effect of
mutations of the indicated residues on the in vitro DNA nicking activity of SspE.
Supercoiled pUC19 was used as a substrate in DNA nicking assays. The impaired

nicking activity of SspER100A was used as a control. The nicked DNA products were
analyzed on two 1% agarose gels. Two gels run under identical conditions were
cropped and fused together. EcoRI-linearized pUC19 and Nt. BspQI-nicked pUC19
was used as a reference. CCC, covalently closed circular DNA; OC, open circular
DNA; L, linear DNA. All results are representative of three independent experi-
ments. d Tests of the divalent cation requirements for the nicking activity of SspE
toward pUC19. Data are representative of two independent experiments. e Plaque
assays of S. lividansHXY6 expressing SspABCD-SspE and SspABCD-SspEN676A using
2μL of each serial tenfold dilution (10−1–10−6) of phage JXY1 at 28 °C. Source data
are provided as a Source Data file.
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we demonstrate that SspE undergoes a conformational switch
between a ‘closed’ and an ‘open’ state induced by PT-stimulated GTP
hydrolysis. The closed-to-open transition simultaneously promotes
the dissociation of SspE from PT-DNA and turns on the nickase activity
of CTD. In summary, this study reveals an exquisitemolecularmode of
action of SspE as an epigenetic PT-sensing defensemechanism against
phage infection.

Results
Determination of the structure of full-length SspE
In our previous work, we identified that SspE relies on a 5′-CPSCA-3′
PTmodification in host DNA to defend itself against phage infection,
and we determined the crystal structure of full-length SspE from
Streptomyces yokosukanensis DSM 402248. However, the side chains

of the C-terminal half, including residues 327-771, could not be
resolved due to the mediocre resolution of the X-ray diffraction8. To
explore the molecular mechanism of the unusual PT-sensing phage
resistance of SspE, we successfully determined the crystal structure
of the CTD of SspE (hereafter referred to as SspECTD) from Strepto-
myces scabiei DSM 41658 to 2.7 Å resolution (PDB accession number
7DRI) through the single-wavelength anomalous dispersion (SAD)
method by using a selenomethionine (SeMet) derivative (Supple-
mentary Table 1). The crystal structure had four molecules in the a-
symmetric unit of SspECTD (Supplementary Fig. 1a). Each molecule
exhibited an α-helical fold with only a handful of β-sheets (Supple-
mentary Fig. 1b).

This SspECTD structure was subsequently used as a molecular
replacement search model to determine the positions of the side

Fig. 2 | Structural, biochemical, and antiviral analyses of SspE and its variants.
a The distribution of the PT-sensing cavity andD96GQQR100-containingNTP binding
pocket are shown as black and yellow boxes, respectively, in the NTD of SspE. Key
residues are represented as sticks. Themagenta dotted line represents the distance
of side chains between residues K40 and R100 in the absence of PT-DNA.
b Assessment of the GTPase activity of SspE and its mutants in the presence of 40-
bp 5′-CCA-3′- or 5′-CPSCA-3′-containing DNA fragments. The responsiveness of SspE
GTPase activity to 5′-CCA-3′-containing single-stranded DNA or RNA was also
measured. The mean ± SEM values of three independent experiments are shown.
Statistical significance was calculated by unpaired two-sided Student t tests.
**P < 0.01. *P < 0.05. NS, not significant. c Plaque assays were carried out to com-
pare the antiphage activities of SspE and variants in S. lividans HXY6 using 2μL of
each serial tenfold dilution (10−1–10−6) of phage JXY1 at 28 °C. The data shown here
are representative images of three independent experiments. dDocking of double-
stranded DNA (5′-GCGTCCA-3′/5′-TGGACGC-3′ derived from PDB entry 2XHI) into

the hydrophobic patch on the SspENTD surface. The surface of SspENTD is colored
according to the electrostaticpotential. Red andblue indicate negative andpositive
potentials, respectively. The sulfur atom on the DNA skeleton is colored green. The
magenta dotted line represents the distance of side chains between residues K40
and R100 in the docking structure of SspENTD with 5′-CPSCA-3′-containing DNA.
e Growth curve analysis of S. lividans HXY6 cells expressing wild-type SspE or its
mutants grown in TSBY medium (3% tryptone soy broth medium, 0.5% yeast
extract, and 10.3% sucrose) at 28 °C for 72 h (upper panel). A 1-mL aliquot was
collected at the indicated time points and centrifuged for 30min at 16,000 × g. The
supernatant was discarded, and the pellet was dried at 70 °C for 48h and weighed.
SspEK40A alone attenuated the growth of PT-lacking S. lividans HXY6. Effects of
SspE and its mutants on cell growth in the presence of SspABCD (lower panel).
Values represent the mean of triplicate experiments for each time point tested.
Error bars represent the SD from n = 3 replicates. Source data are provided as a
Source Data file.
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chains of the CTD residues of full-length SspE from S. yokosukanensis
DSM 40224. The structure was refined to an Rwork/Rfree value of 20.1%/
27.6% at 3.4 Å resolutionusing the REFMACprogram13 (Supplementary
Table 2). The full-length SspE structure revealed a smaller NTD (resi-
dues 1 to 324) and a larger CTD (residues 332 to 771), which were
connected by a short linker of only seven residues T325TGQPLT331

(Fig. 1a). The NTD of SspE exhibited a DUF262-fold with the strongly
conserved D96GQQR100 signature motif, which was essential for GTP
hydrolysis and was positioned at the junction of the α3 helix and the
β4 strand (Fig. 1a). Fig. 1a displays the lowest-energy (−7.003 Kcal/Mol)
docking structure of the GTP-SspENTD complex, in which GTP is cap-
able of forming hydrogen bonds to the side chains of D96 and R100
within the D96GQQR100 motif as well as K40. This structure provides an
explanation for our previous observation that the single replacement
of R100 with an alanine abolishes the GTP hydrolysis activity of
SspER100A

8.
The CTD of SspE contains a DUF1524 domain that belongs to the

His-Asn-His (HNH, the last histidine of which can be replaced by an

asparagine, as observed in SspE) nuclease superfamily and indeed
exerts DNA nickase activity in vitro8. In contrast to the typical HNH
motif in Cas914, GVE215, ScoMcrA16, ColE717, or BrxU18 that consists of
two antiparallel β-sheets and an α-helix, the HNHmotif in the CTD of
SspE from S. yokosukanensis DSM 40224 was composed of two
antiparallel β-sheets and a loop, suggesting comparatively higher
flexibility (Fig. 1b). However, the active sites of the HNHmotif in SspE
still adopt a characteristic ββα-metal topology, in which the first
histidine typically acts as the general base in the DNA cleavage
reaction, asparagine is involved in structural stabilization and the
third residue, which can be either histidine or asparagine, is
responsible formetal binding19,20. Indeed, single-point substitution of
N676 in the HNH motif by an alanine or the elimination of divalent
metal cations, i.e., Mg2+, markedly impaired the DNA nicking activity
of SspE in vitro (Fig. 1c and d). This finding was in line with the results
showing that SspABCD-SspEN676A lost resistance against phage JXY1
infection in Streptomyces lividans HXY6, which lacked endogenous
PT modification genes (Fig. 1e).
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Fig. 3 | Structural basis for the DNA binding of SspECTD. a DNA binding assess-
ment by EMSA. Different concentrations of SspE and its mutants were incubated
with 200ng of linearized pUC19 DNA in 20mM Tris-HCl (pH 8.0), 100mM NaCl,
and 5% glycerol for 15min at 30 °C before loading onto a 1% agarose gel. The
intensity of the shifted DNA band is expressed as the percentage bound. A non-
linear regression analysis was applied to the datasets using GraphPad Prism soft-
ware (version 6) to obtain the best-fit curve. Values represent the mean of three
biological replicates, and error bars represent standard deviations. b Surface
representation of the CTD of SspE colored according to sequence conservation.
c Electrostatic surface representation of the CTD of SspE with negative potential
shown in red andpositive potential shown inblue.d EMSAanalysis of the bindingof

SspECTD and its mutants, shown schematically, with increasing concentrations of
EcoRI-linearized pUC19 DNA. All results are representative of three independent
experiments. e Model for the binding of SspECTD to a 10-bp DNA fragment (PDB:
5J3G). The conserved positively charged residues, R404 and R408, mutated in this
study are represented as sticks. The HNHmotif is shown in red. f Plaque assays of S.
lividans HXY6 expressing SspABCD-SspE and SspABCD-SspER404S/R408S using 2μL
of each serial tenfold dilution (10-1–10-6) of phage JXY1 at 28 °C.g EMSAs of SspE and
SspER100A binding to PT-modified or unmodified pUC19 DNA substrates in the
presence of GTP/GMPPCP. The results are representative of two independent
experiments. Source data are provided as a Source Data file.
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SspE functions as a PT reader, rendering SspABCD-SspE a PT-
sensing defense machinery
It is striking that the NTPase activity, as exemplified by its GTPase
activity, of SspE is stimulated specifically by 5′-CPSCA-3′-containing
DNA8, which prompted us to determine the PT-sensing molecular
mechanism. Inspired by the knowledge that the sulfur atom in the PT
linkage is negatively charged and more hydrophobic than the
equivalent oxygen present in native phosphodiester16,21, we focused on
hydrophobic regions likely involved in the association with DNA PT
modification. As shown in Fig. 2a, one unique hydrophobic patch that
was also lined with positively charged residues, e.g., R32, was located

on the surface of the N-terminal region of the SspE structure. Muta-
tions of residues located in this hydrophobic cavity revealed that the
single-point mutations Y30A and Q31A completely abolished the
responsiveness of SspE to the PT modification, as manifested by
the lack of response of the GTPase activities of SspEY30A and SspEQ31A
to the 5′-CPSCA-3′-containing DNA fragment8 in vitro compared to the
PT-stimulated GTPase activity of wild-type SspE (Fig. 2b). While
SspEY30A and SspEQ31A still sustained GTP hydrolysis activities com-
parable to that of nonstimulated wild-type SspE, SspABCD-SspEY30A
and SspABCD-SspEQ31A of S. yokosukanensis DSM 40224 on plasmids
pPT586 and pPT585, respectively, no longer provided S. lividansHXY6
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Fig. 4 | The structure of SspER100A and conformational changes in SspE. a The
structure of SspER100A was determined, and one of the four monomers in one
asymmetric unit is displayed. b Structural superimposition of the wild-type SspE
structure (slate) with SspER100A (cyan) to show that CTDexhibits en blocmovement
toward the NTD. The DNA binding region of SspER100A is highlighted in red. The
distance between the R404- and R408-containing helix and the NTD in SspER100A is
greater than that in SspE. c The “open” and “closed” conformational states of SspE
by normal mode analysis. The DNA binding region of SspE in the closed con-
formational state is highlighted in red.dA schematic representation describing the
FRET changes of YFP-SspE-CFP in the closed-to-open transition. In the closed state,
FREToccurs from excited CFP to YFP, leading to light emission fromYFP at 530 nm.
GTP hydrolysis causes a conformational change in SspE, leading to reduced

emission from YFP and increased emission from CFP at 480nm. e Spectra of FRET
monitoring of YFP-SspE-CFP in vitro in the absence or presence of PT-DNA and/or
GTP (left panel). FRET was expressed as the emission ratio of CFP to YFP signals
(right panel). Data and error bars represent themean ± SD from three independent
experiments. Statistical significancewas calculatedbyunpaired two-sidedStudent t
tests; **P <0.01, ***P <0.001, and NS, not significant. f FRET analysis of YFP-
SspEK40A-CFP in vitro. FRET was reported as the emission ratio of CFP to YFP
signals. Data and error bars represent the means ± SD from three independent
experiments. Statistical significancewas calculatedbyunpaired two-sidedStudent t
tests; *P < 0.05, **P < 0.01, and NS, not significant. Source data are provided as a
Source Data file.
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with resistance to phage JXY1 (Fig. 2c). The results demonstrated that
(1) the Y30- andQ31-containing hydrophobic patch played an essential
role inmediating the PT-sensing activity of SspE, and (2) PT-stimulated
GTP hydrolysis activity, albeit only at a level approximately 2.3-fold
higher than the intrinsic GTPase activity, is critical to induce the anti-
phage defense of SspE.

When 5′-CPSCA-3′ was replaced by a motif such as 5′-GPSAAC-3′ or
5′-GPSGCC-3′

8 or occurs in a single-stranded DNA or RNA molecule, no
stimulatory effects on GTPase activity were detected (Fig. 2b), high-
lighting the complicated interactions between 5′-CPSCA-3′-containing
DNA and SspE for sequence-specific PT reading. However, an electro-
phoretic mobility shift assay (EMSA) showed that the NTD of SspE
(SspENTD) did not display considerable binding affinity for the 5′-CPSCA-
3′-containing DNA (Supplementary Fig. 2), suggesting either a transient
interactionorweakbinding affinity. Therefore,weperformedmolecular
dockingof PT-DNA into thehydrophobic cavity of the SspENTD structure
using the holistic docking pipeline HoDock22. Interestingly, the docking
simulation results showed that upon complex formation with 5′-CPSCA-
3′-containing DNA, the entrance to the NTP-binding pocket adjacent to
the PT-sensing cavity widened significantly, as manifested by an
increased distance between residues K40 and R100 (Fig. 2a and d). This
conformational change in SspENTD was predicted to result from the
electrostatic interaction between the negatively charged backbone
phosphate of PT-DNA and the positively charged residues in the NTP
binding pocket. To test this hypothesis, we substituted the positively
chargedK40, located near the entrance of theNTPbinding pocket, with
an alanine and performed GTPase activity assays (Fig. 2b). Indeed, the
SspEK40A mutant was no longer responsive to PT-DNA but exhibited
GTPase activity (5.7 ±0.6U/L) comparable to the PT-stimulated GTPase
activity of wild-type SspE (7.2 ± 0.7U/L), suggesting that the side chain
of K40 sterically hindered GTP entry (Fig. 2b). Collectively, these results
unraveled the molecular recognition mechanism by which SspE func-
tioned as a PT-stimulated NTPase, in which its hydrophobic and elec-
trostatic interactions with 5′-CPSCA-3′-containing DNA stimulated NTP
access into the catalytic pocket. Upon interacting with PT-DNA, the
entrance of the NTP binding pocket widened, allowing easier access for
substrates, i.e., GTP, and consequently led to an increase in NTP
hydrolysis activity. SspEK40A, exhibiting constitutively enhancedGTPase
activity, could therefore be regarded as a mimic of wild-type SspE that
had been stimulated by PT-DNA. The constitutive GTPase stimulation of
the NTD yielded a PT-independent, constitutively active nicking nucle-
ase in the CTD, as reflected by the observations that SspEK40A exhibited
much higher DNA nicking activity than wild-type SspE in vitro (Fig. 1c).
Consequently, thismutant exerted adetrimental effect ongrowthof the
S. lividansHXY6 host, even in the absence of the SspABCD-mediated 5′-
CPSCA-3′ PT modification (Fig. 2e). This phenomenon is in sharp con-
trast to the SspER100A mutant, which simultaneously lost the GTPase
activity of NTD, the DNA nickase activity of CTD, and the resistance
against phage infection8.

GTP hydrolysis modulates the affinity of SspE for DNA
Although the EMSA results established that SspENTD had no DNA
binding affinity, the full-length SspE displayed an obvious affinity for
the EcoRI-linearized pUC19 DNA substrate with a binding dissociation
constant (Kd) of 17.8μM, indicating the involvement of theCTD inDNA
binding (Fig. 3a and Supplementary Fig. 2). Since DNA generally binds
to a positively charged surface on its target protein, we first analyzed
the surface conservation of the SspECTD structure and simultaneously
searched for positively charged residues in the highly conserved
regions (Fig. 3b, c). Then, the conserved positively charged amino acid
residues of S. yokosukanensis DSM 40224 SspE were selected for
mutation or truncation (Fig. 3d). The resultant SspECTD variants were
next incubated with linearized pUC19 DNA for EMSA analysis, which
revealed that the N-terminal end of the CTD was responsible for DNA
binding (Fig. 3d). Based onmolecular docking analysis, we established

a structural model of SspECTD in complex with DNA, which showed
that the N-terminal region of the CTD bound to DNA through the
R404- and R408-containing α4 helix and a loop (Fig. 3e). Indeed, the
SspER404S/R408S mutant lost DNA binding activity in vitro, and
the SspABCD-SspER404S/R408S module in S. lividans HXY6 no longer
provided resistance to phage JXY1 infection, which demonstrated the
necessity of the DNA binding activity for the defensive function of
SspE (Fig. 3f).

Notably, the quantitative EMSA results showed that SspECTD
bound more tightly to the DNA substrate (Kd = 3.0μM) than the full-
length SspE (Kd = 17.8μM), indicating that the NTD might negatively
regulate the DNA binding activity of the CTD (Fig. 3a). To test this
hypothesis, we compared the DNA binding affinities of SspEK40A and
SspER100A. Remarkably, the GTPase-defective SspER100A mutant bound
to pUC19DNAas strongly as SspECTD,whereas SspEK40Awith enhanced
GTPase activity bound to the DNA substrate with a Kd (22.2μM)
comparable to that of full-length SspE (Fig. 3a). Therefore, a tempting
speculationwas that upon sensing PTs in hostDNA, theGTPase activity
of NTD was stimulated, subsequently promoting the dissociation of
the CTD from PT-modified self-DNA. This speculation was supported
by three in vitro observations: (1) as the concentration of GTP
increased, SspE was released from the SspE-DNA complex, (2) PT-
stimulated GTP hydrolysis led to a faster release of SspE from PT-DNA,
and (3) GTPase-inactive SspER100A remained tightly bound to DNA
when exposed to the same GTP conditions (Fig. 3g). In addition, the
DNA-binding activity of SspE was not susceptible to β,γ-methylene-
guanosine 5′-triphosphate (GMPPCP), a nonhydrolyzable GTP analog,
indicating that the affinity of SspE for DNA was modulated in a GTP
hydrolysis-dependent manner (Fig. 3g).

GTP hydrolysis triggers a conformational switch
Considering that the NTD of SspE inhibited the enzymatic activities,
i.e., DNA binding and nicking nuclease activities, of the CTD, it raised a
possibility of intramolecular interactions between the NTD and CTD.
To test this hypothesis, we first deleted G327QP329 from the 7-aa linker
region between the NTD and CTD. Indeed, the resulting SspEΔlinker
maintained responsiveness to the PT modification in a manner similar
to wild-type SspE, but the C-terminal nickase activity and protection
against phage infection were obviously reduced (Fig. 1c, Fig. 2b, c). We
then determined the crystal structure of SspER100A, amutant with both
N-terminal GTPase activity and C-terminal nickase activity deficiency,
to a resolution of 3.48 Å (Fig. 4a and Supplementary Table4).When the
structures of the NTDs of SspER100A and wild-type SspE were super-
imposed, the CTD of SspER100A was observed to have an en bloc
movement of 2.6-3.9 Å toward the NTD domain (Fig. 4b). As a result of
this conformational change, the R404- and R408-containing helix
moved away from the NTD, yielding a larger space for DNA (Fig. 4b).
This result was consistent with the observation that SspER100A exhib-
ited a DNA binding affinity similar to that of SspECTD and stronger than
that of wild-type SspE (Fig. 3a).

Given the conformational difference between SspER100A and wild-
type SspE, we next wondered whether wild-type SspE underwent a
conformational change while functioning. SspE displayed an extended
dumbbell-like shape, with a short loop linking its two globular NTD and
CTD domains. The NTD and CTD packed loosely against each other,
with few contacts between them. When the flexibility of SspE was ana-
lyzed by normal mode analysis, a computational approach for the
analysis of collective motions in biomolecules, an intrinsic vibrating
motion between the two domains of SspE was found, resulting in
its conformation alternating between an “open” and a “closed”
state (Fig. 4c). Strikingly, the structure of SspER100A resembled that of
the predicted “closed” form of wild-type SspE with a root mean square
deviation (RMSD) value of 1.724Å for 622 aligned Cα atoms. An inter-
esting possibility is that SspE may exert PT-sensing defense against
phage infectionbyalternatingbetween the “open” statewhenPT-DNA is
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present and the “closed” state when PT-DNA is absent. This hypothesis
is verified by two observations: (1) SspE alone results in no deleterious
autoimmunity effects on PT-lacking cells in vivo, indicating the “closed”
conformation of SspE, but (2) nickase activity is turned on once GTPase
activity is stimulated, as manifested by the toxicity of SspEK40A toward
cell growth (Fig. 2e). We therefore attempted to optically detect the
conformational change by flanking the entire SspE protein with
N-terminal YFP and C-terminal CFP and monitoring fluorescence reso-
nance energy transfer (FRET) between the two fluorophores (Fig. 4d).
Upon GTP hydrolysis, the YFP-SspE-CFP construct exhibited an appar-
ent FRET change, as manifested by the increased ratio of emissions at
480nm (CFP) to 530nm (YFP). The increase in the CFP/YFP ratio was
greater upon further addition of PT-modified pUC19 DNA (Fig. 4e). In
terms of SspEK40A that exhibited enhanced GTPase activity in a PT-
independent manner, we observed that the addition of GTP increased
the FRET ratio to the same extent as GTP plus PT-DNA (Fig. 4f). This
finding confirmed that GTP hydrolysis led to a longer distance between
the NTD and CTD, in agreement with the conformational transition
from the ‘closed’ to the ‘open’ form (Fig. 4e).

SspE exhibits a PT-binding preference
After determining how PTs turned on the nickase activity of SspE, an
unanswered question remained about how the bacterial DNA regions
possessing non-PT-modified 5′-CCA-3′motifs are protected from SspE
because only ~14% of genome-wide 5′-CCA-3′ sites were PT modified
and PT patterns were heterologous among a population of DNA
molecules12,23. To address this question, we compared the interactions
of SspE with PT-DNA and non-PT DNA. First, we generated a 2-kb DNA
fragment harboring two 5′-CPSCA-3′ sites on the 5′ and 3′ termini

through PCR amplification (Fig. 5a). Using microscale thermophoresis
(MST), a highly sensitive technique to quantify biomolecular interac-
tions, a Kd of 18.4μM was observed for the interaction of wild-type
SspE with the non-PT DNA substrate (Fig. 5b). The MST results were in
good agreement with the aforementioned quantitative EMSA data,
which revealed a dissociation constant of 17.8μM for the binding of
SspE with unmodified pUC19 DNA. Interestingly, SspE bound to the 5′-
CPSCA-3′-containing DNA substrate with a Kd = 8.5μM, representing a
2.2-fold stronger SspE-binding affinity than that of its non-PT coun-
terpart (Fig. 5b). However, this preferential affinity to PT-DNA was not
detected for the SspEY30A and SspEQ31A mutants, which showed abro-
gated PT responsiveness (Fig. 5b). Moreover, without the R404- and
R408-containing DNA binding region, SspER404S/R408S produced no
obvious binding curvewith DNA substrates even in the presence of the
PT-reading hydrophobic patch (Fig. 5b). Thus, we identified that the
PT-binding preference was attributed to the sum of PT responsiveness
of NTD and the DNA binding affinity of CTD, and the former was
responsible for directing SspE toward the 5′-CPSCA-3′-containing
region. This result supports the model that the PT-binding preference
prevents non-PT-modified 5′-CCA-3′ sites in self-DNA from being tar-
geted by SspE to avoid autoimmunity.

We assessed the toxicity of SspECTD and SspEK40A, both of which
have constitutively active nuclease activities, to further examine this
model. Upon the loss of PT responsiveness in NTD, SspECTD was
incapable of accomplishing self-recognition and exerted a detrimental
effect on bacterial growth, even in the presence of the 5′-CPSCA-3′
modification in host DNA (Fig. 5c). In sharp contrast, although
SspEK40A also impaired the growth of PT-lacking HXY6 like SspECTD, it
no longer led to deleterious autoimmune effects on HXY6 cells when

Kd = n.a.
Kd = n.a.

a

CPSCA
ACPSC

5’ - Alexa488 3’ 

b

PT-DNA substrate

5’ 

non-PT DNA substrate

3’ 
CCA

ACC
3’ 
5’ 3’ 

Kd = 18.4 ± 0.7 μM
Kd = 8.5 ± 0.1   μM

 Kd = 12.6 ± 0.3  μM
 Kd = 12.2 ± 0.2  μM

Kd = 12.4 ± 0.8  μM
Kd  =12.6 ± 0.4  μM

Kd = n.a.
Kd = n.a.

c

5’ - Alexa488

PT-DNA 
non-PT DNA 

PT-DNA 
non-PT DNA 

PT-DNA 
non-PT DNA 

PT-DNA 
non-PT DNA 

PT-DNA 
non-PT DNA 

10-10 10-9 10-8 10-7 10-6 10-5 10-4

SspENTD [M]

Δ 
Fn

or
m

 [‰
]

0.0

0.2

0.4

-0.2

-0.4

-0.6

10-10 10-9 10-8 10-7 10-6 10-5 10-4

SspE [M]

0

4

2

6

Δ 
Fn

or
m

 [‰
]

10-10 10-9 10-8 10-7 10-6 10-5 10-4

SspEY30A [M]

0

2

1

3

Δ 
Fn

or
m

 [‰
]

10-10 10-9 10-8 10-7 10-6 10-5 10-4

SspEQ31A [M]

0

2

1

3

Δ 
Fn

or
m

 [‰
]

10-10 10-9 10-8 10-7 10-6 10-5 10-4

SspER404S/R408S [M]

Δ 
Fn

or
m

 [‰
]

0.0

0.5

-0.5

D
ry

 w
ei

gh
t (

m
g/

m
l)

0

10

20

20 40 60 80
Time (h)

SspABCD-SspE

SspABCD-SspECTD

SspABCD-SspECTD-R404S/R408S

0

5

15

25
SspE

SspECTD

SspECTD-R404S/R408S

Fig. 5 | PT modulates the self-nonself discrimination of SspE. a The 5′-CPSCA-3′
and 5′-CCA-3′ containing DNA substrates are shown schematically. b MST assay
measuring the effect of PT modification at 5′-CPSCA-3′ on binding interactions
between SspE and variants with DNA. SspE and variants were titrated in a fixed
concentration (12.5 nM) of DNA substrates. SspENTD and SspER404S/R408S did not
produce binding curves regardless of the presence of PT-modified or unmodified
DNA substrates. The change in normalized fluorescence (ΔFnorm in ‰) is plotted
against the concentrationofSspEor its variants. Data are shownas themean ± SDof

three independent experiments. c Without the self-recognition mediated by the
joint action of the PT-reading hydrophobic cavity and R404- and R408-containing
DNA binding affinity, the nickase-active SspECTD and SspECTD-R404S/R408S were det-
rimental to the growth of S. lividans even in the presence of SspABCD. SspABCD-
SspE or full-length SspE alone exhibited no toxicity to cell growth. Experiments
were repeated three times, and each point represents the mean± SD. Source data
are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-022-34505-0

Nature Communications |         (2022) 13:6773 7



co-expressed with SspABCD. Moreover, the SspABCD-SspEK40A mod-
ule still provided protection against phage infection at the same level
as wild-type SspABCD-SspE (Fig. 2c), highlighting the essential role of
the hydrophobic patch-mediated PT sensing in preventing auto-
immunity. The phenomenon is reminiscent of our recent observations
that despitemolecule-to-molecule heterogeneity, PTmodifications are
maintained at a constant density in a genome with spacing distances
between twoneighboring 5′-CPSCA-3′ sites predominantly occurring in
a range of less than 10 kb12,23. This result supports the key role of PT
density in a range of DNA to recruit and restrain SspE such that the
non-PT-modified regions in self-DNA are protected from SspE attack.

As PT internucleotide linkage displays enhanced nuclease
resistance24, SspE is generally presumed to recognize the same con-
sensus sequences, i.e., 5′-CCA-3′, with the modification component
SspABCD, but it is incapable of nicking 5′-CCA-3′once it is PT-protected,
similar to REases in methylation-based R-M systems. Surprisingly, PT-
modified plasmid DNA isolated from SspABCD-expressing cells were
still susceptible to the nuclease activities of SspE and SspEK40A in vitro
even in the absence of GTP (Supplementary Fig. 3). The discrepancy
from the in vivo observations implied that multiple elements are
involved in resisting the toxicity of SspE, such as nuclease-resistant PT
bonds, DNA recognition sequences longer than 5′-CCA-3′ and DNA
secondary structures. Collectively, we have described an unusual epi-
genetic PTmodification-modulated antiphagemodel inwhichnuclease-
inactive SspE is directed to PT modification sites to stimulate the
GTPase activity of the NTD, the closed-to-open conformational transi-
tion, dissociation from self-DNA and activation of nickase activity of the
CTD, enabling the resulting nuclease-active SspE to destroy invading
phage DNA while avoiding self-targeting (Fig. 6).

Discussion
TheDNAPTmodificationhas evolved versatile functions in cell defense,
epigenetic regulation, and the maintenance of cellular redox
homeostasis1,11,25. The present study provides structural and biochem-
ical evidence that the increased hydrophobic feature enables DNA PT
modification to act as a switch tomodulate the SspE defensive function,
which extends our understanding of the role of this epigenetic DNA
modification. It should be mentioned that in our study, we observed
that the SspABCD-SspE module provided negligible protection against

plasmid transformation in E. coli, suggesting that SspABCD-SspE might
be a defense system specifically targeting invading phages (Supple-
mentary Fig. 4).

In the present study, we first elucidated the molecular mode of
action of SspE as a PT “reader” to specifically sense epigenetic 5′-CPSCA-
3′ modification and trigger sequential enzymatic activities. In compar-
ison to the phosphodiester counterpart, the PT diester has a greater
hydrophobic character,which renders it specifically recognizableby the
surface cavity on SspE. Based on the assessment of GTPase activity and
the antiphage defensive function of SspE and its variants, we first con-
firmed that SspE is capable of sensing 5′-CPSCA-3′ through the Y30- and
Q31-containing hydrophobic patch in the NTD. This phenomenon is
reminiscent of the complex interactions between 5′-GPSGCC-3′-con-
taining DNA and ScoMcrA, an endonuclease capable of binding and
cleaving DNA ~23bp away from the PT linkage within 5′-GPSGCC-3′

16,26.
Upon recognition of 5′-GPSGCC-3′ via a sulfur-binding domain (SBD),
ScoMcrA undergoes a substantial conformational change to be better
accommodated into the major groove of DNA. Moreover, an 80° out-
ward rotation of the sulfur atom occurs so that the 5′-GPSGCC-3′ con-
sensus fits into the SBD cavity of ScoMcrA16,26. It is thus conceivable that
more protein–DNA interactions should be expected to ensure that SspE
“reads” PT modification in a 5′-CPSCA-3′-specific manner. Second, SspE
functions as a PT-dependent regulator to control its own enzymatic
activities by inducing conformational changes. Upon recognition of the
5′-CPSCA-3′-containing DNA, the GTP binding pocket that resides adja-
cent to the PT-sensing cavity becomes enlarged, leading to enhanced
GTP hydrolysis activity. The PT-stimulated GTPase activity triggers a
closed-to-open structural change in SspE, leading to the dissociation of
SspE from self-DNA and activation of the C-terminal nuclease activity.
Notably, the 5′-CPSCA-3′modification induces only a moderate increase
in GTPase activity, which probably contributes to a rapid ON/OFF
switching of the SspE defense to address the constant threat of phage
predation under physiological conditions. While biochemically inter-
esting, these results left unanswered the question of whether SspE
undergoes an opposite open-to-closed conformational change once its
GTPase activity is no longer sufficient to maintain the open state of
SspE. Afterall, the constitutively active nickase activity of SspE in bac-
terial cellswill increase the risk of autoimmunity. However, basedon the
observation that SspEpurified fromthe SspABCD-expressing E. coli cells
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stays nuclease-active in in vitro conditions even in the absence of GTP,
the possibility cannot be excluded that the open-to-closed transition
does not occurs and therefore a single GTP hydrolysis enhancement is
sufficient to activate SspE indefinitely.

In R-M defense systems, REases use sequence-specific nucleobase
methylation to distinguish between host and invading foreign DNA
and cleave unmodified invaders. Methyl groups are proposed to pro-
tect self-DNA from REases by preventing them from binding sites
through steric hindrance27. This process is in line with the observation
that the recognition sites in host DNA are nearly completely protected
by methylation to avoid self-restriction. In contrast, only 21,788 out of
160,541 5′-CCA-3′ consensus sequences are PT modified in the V.
cyclitrophicus FF75 genome, and PT distribution displays significant
molecule-to-molecule heterogeneity even in the presence of active
SspE10,12. Thus, two fundamental questions are raised concerning how
SspE accomplishes self-nonself discrimination in the face of such a
state of less-than-saturating PT modification and how the non-PT-
protected regions in host DNA avoid self-restriction by SspE. Here, our
data support the model that SspE is preferentially directed to PT sites,
preventing the non-PT-modified regions in self-DNA from being tar-
geted by SspE and subsequent autoimmunity. Importantly, SspE
exhibits a slight difference in affinity for 5′-CPSCA-3′-containing-DNA
and unmodified DNA (Kd values of 8.5μM and 18.4μM, respectively).
Given the low frequency of PTs in bacterial genomes, themoderate PT
affinity may be merely sufficient to prevent SspE from targeting 5′-
CCA-3′ that are nearby PT sites in self-DNA rather than shifting SspE
from foreign DNA. One can envisage a scenario where the majority of
SspE is recruited to PT sites with strong binding affinity, preventing it
from interacting with and attacking unmodified invasive DNA. Appar-
ently, this possibility is inconsistentwith the antiphage activity of SspE.

Notably, the constitutively active nuclease activity of SspEK40A
may still be restrained by the PT modification. Due to the enhanced
nuclease tolerance28, the PT modification in self-DNA is assumed to
tolerate the nuclease activity of SspE. However, PT-modified plasmid
DNA isolated fromSspABCD-expressing cells is still susceptible to SspE
and its derivatives in vitro, similar to the unmodified counterparts. This
discrepancybetween the in vivo and in vitroobservations suggests that
additional elements in self-DNA are involved in preventing auto-
immunity mediated by SspE, such as nuclease-resistant PT bonds,
longer DNA recognition sequences and DNA secondary structures.

Collectively, SspE functions as a specific PT reader to sequentially
modulate itsGTPase activity, DNAbinding affinity, andnickase activity,
providing protection against phages and preventing autoimmunity,
which highlights a coupled recognition-activating-nicking defense
mechanism that differs from that of PT-based Dnd, methylation-based
R-M, or other known defense mechanisms. SspABCD-SspE therefore
represents a unique paradigm in bacterial antiphage defense
mechanism that target nucleic acids.

Methods
Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are listed in
Supplementary Table 3.

Protein expression and purification
The plasmids expressing SspE and its variants were transformed into
chemically competent E. coli BL21(DE3) cells. Transformants were
inoculated into 50mL of Luria-Bertani (LB) broth and cultured at 37 °C
overnight. The overnight culture was diluted 1:100 (v/v) into LB broth
and grown to an OD600 of 0.8 followed by protein induction using
0.2mM isopropylβ-d-1-thiogalactopyranoside (IPTG) for 16~24 h. After
cell collection by centrifugation, the cell pellet was resuspended in
binding buffer (25mM Tris-HCl, 300mM NaCl, and 20mM imidazole,
pH 8.0) and disrupted using a cell homogenizer (JNBIO, Guangzhou,
China). Cell debris was removed by centrifugation at 14,000 g for

45min at 4 °C, and the supernatant was then purified by Ni2+-NTA
affinity chromatography (GE Healthcare) and Superdex 200 gel filtra-
tion chromatography (GE Healthcare). Peak fractions were combined
and concentrated to 10mg/mL for crystallization.

Crystallization and structure determination
S. scabiei DSM 41658 SspECTD crystals were grown by the hanging-drop
vapor-diffusion method with buffer containing 14% PEG 4000, 0.1M
imidazole, and 0.2M magnesium phosphate, pH 7.0 (Hampton
Research, USA) at 14 °C. The crystals were stored in liquid nitrogenwith
cryoprotectant buffer containing 25% glycerol. Crystal diffraction data
at a resolution of 2.7 Å were collected on the BL19U1 beamline at the
NationalCenter forProtein Sciences Shanghai (NCPSS, Shanghai, China)
at 100K and processed using HKL2000 software29. The PHASER30,31

program was used to determine the SspECTD crystal structure with the
SAD method. Model building and refinement were performed using
COOT32 and REFMAC13,30,33. The crystals belonged to the C2221 space
group, and there were four molecules of SspECTD in each asymmetric
unit. The final refined model had an Rwork/Rfree of 21.22%/26.50%.

Crystals of the full-length SspE from S. yokosukanensisDSM40224
were obtained as previously described8. The structure was solved by
the molecular replacement method using the structures of SspE1-601aa
(PDB code: 6JIV [https://doi.org/10.2210/pdb6jiv/pdb]) from S. yoko-
sukanensis DSM 40224 and SspECTD from S. scabiei DSM 41658 as the
search models. After refinement by the CCP4 program REFMAC13,30,33,
the final refinedmodel of full-length SspE from S. yokosukanensisDSM
40224 had an Rwork/Rfree of 20.1%/27.6%.

Crystals of SspER100A from S. yokosukanensis DSM 40224 were
grown in buffer containing 10% PEG 3350 and 4% Tacsimate, pH 7.0
(Hampton Research, USA) at 14 °C. Crystal diffraction data at a reso-
lution of 3.48 Å were collected on the BL19U1 beamline at NCPSS
(Shanghai, China) at 100K and processed using HKL2000 software29.
Through molecular replacement, the structure of SspER100A was
determined. The crystals belonged to the P212121 space group, and
there were four molecules of SspER100A in each asymmetric unit. The
final refinedmodel had anRwork/Rfree of 25.7%/30.8%. The quality of the
structure models was evaluated using the PROCHECK program30, and
the results indicated that the model exhibited good stereochemistry
based on a Ramachandran plot.

GTPase activity assay
The GTP hydrolysis activity of SspE and its mutants was assayed using
the QuantiChrom ATPase/GTPase assay kit (BioAssay Systems) to
measure the inorganic phosphate released through a chromogenic
reactionwithmalachite green. In this assay, 1μMprotein, either aloneor
mixed with 1 µM 40-bp DNA fragment bearing PT-modified 5′-CPSCA-3′
or nonmodified 5′-CCA-3′ motif, was incubated with 100 µM GTP in
CutSmartBuffer (50mMpotassiumacetate, 10mMmagnesiumacetate,
100μg/ml BSA, 20mMTris-acetate, pH 7.9, New England Biolabs, USA)
at 28 °C for 30min. Then, 200μL of assay kit reagent was added, and
the reactionwas incubated for 30min followed by amicroplate reading
atOD620nm.GTPhydrolysis in the absence of SspEwas determined as
background absorbance, and sample values were normalized by sub-
traction of the background.

DNA nicking assay
The DNA nicking assay was performed as previously described by
Xiong et al8. Briefly, 300ng of pUC19 DNA was incubated with 2μM
SspE or its variants in CutSmart Buffer (New England Biolabs, USA) in a
total volume of 10μL at 28 °C for a time course or as indicated. Pro-
ducts were analyzed by electrophoresis on a 0.8% agarose gel.

EMSA
Different concentrations of SspE and its mutants were incubated with
200ng of linearized pUC19 in 15μL of binding buffer (10mM Tris-HCl,
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100mM NaCl, 0.01mM EDTA, pH 8.0 and 5% glycerol) for 15min at
30 °C. The reaction mixtures were electrophoresed on a 0.8% agarose
gel at 80V for 80min. Data were quantified using Quantity One and
plotted using GraphPad Prism software (version 6) as a best-fit curve
through a nonlinear regression model using the following equation:
Y = Bmax × [C]/(Kd + [C]), where Bmax is the maximum specific bind-
ing, [C] is the protein concentration, and Y is the ratio of specific
binding.

Complex structure prediction and interface contact residue
computation
The complex formed by the interaction between DNA and protein was
predicted by the dockingmethodHoDock22, which incorporates initial
rigid docking and refined semiflexible docking. In total, 200,000
complex structures were generated and scored to obtain the final
correct complex structure model. The docked model of the complex
was also minimized using the molecular dynamics simulation package
Gromacs 4.534. The interface contact residues were calculated by the
Cartesian coordinates of nonhydrogen heavy atoms C, N, and O.
Residues with at least one pair of heavy atomswithin 4Åwere denoted
interface contact residues.

NM analysis
The structural coordinates of SspE were submitted for the NM analysis
using the Elastic Network Model server (http://www.sciences.univ-
nantes.fr/elnemo/index.html)35, a fast and simple tool to compute the
low-frequency normal modes of a protein. The following parameters
were used for the calculation: NMODES = 5, DQMIN= − 100,
DQMAX= 100 and DQSTEP = 20. The major vibrational modes gener-
ated by the server were used for further analysis.

In the output of the normal mode analysis server, the calculated
normal modes are listed according to their importance (the mode
slower in vibrational frequency is consideredmore important). The 7th
normal mode in this list, which is the 1st vibrational mode (the first six
normal modes are translational and rotational modes of the system as
a whole), is the one with the slowest vibrational frequency and thus is
regarded as the most important vibrational mode. As the total num-
bers of vibrational modes of our systems were too high, we selected
only the major mode (the 7th normal mode of SspE) for further
analysis.

FRET analysis
A 717-bp fragment encoding cyan fluorescent protein (CFP) was
amplified from pET28a-CFP plasmid DNA using primer #1 (CTGAGA
ATTCCATCACCATGTGAGCAAGGGCGAG) and primer #2 (AATGCGG
CCGCTTACTTGTACAGCTCGTC). The fragment was digested with
EcoRI and NotI and inserted into pET28a, which had been digested by
the same enzymes to generate pPT562. The fragment encodingYFPwas
amplified from pET28a-YFP plasmid DNA using primer #3 (CGCCATA
TGGTGAGCAAGGGCGAGGAG) and primer #4 (GTGATGGTGGTGATGA
TGCTTGTACAGCTCGTCCAT). A 2,313-bp sequence encoding SspE was
amplified from thegenomicDNAof S. yokosukanensisDSM40224using
primer #5 (CATCATCACCACCATCACATGGAGACTAAAGAGATC) and
primer #6 (AGAATGAATTCCGGCTCGAATCCCAGCC). The two PCR
products harboring the yfp and sspE genes were fused using primer #3
and primer #6 using overlap extension PCR. The resulting YFP-sspE
fragment was digested with NdeI and EcoRI and ligated into pPT562,
which had been digested by the same enzymes, generating pPT563. A
constructof pPT564expressingbothYFPandCFPwas alsogeneratedas
a control. All the final constructs were confirmed by sequencing and
expression in E. coli BL21(DE3).

FRET measurements were performed using a CytationTM3 spec-
trofluorometer that allowed simultaneous monitoring of CFP and YFP
fluorescence emissions. The spectrofluorometer was equipped with a
fluorescence monochromator offering a variable bandwidth from

250nm to 700 nm and a filter with a variable bandwidth from 200nm
to 700nm to separate the CFP from the YFP signal. LEDs were used as
light sources, and a Sony CCD camera (1.1 million pixels) was used as
the detector in the imaging system. Purified fluorescent proteins were
assayed at a final concentration of 0.2 µM in buffer (10mM Tris-HCl,
100mM NaCl, 1mM Mg2+, pH 8.0). The emission spectra of CFP and
YFP were obtained by excitation at 430 nm and detected simulta-
neously through a 450 to 600-nm bandpass filter. Moreover, the
emission fluorescence of YFP-SspE at 530 nm after excitation at
430 nm was determined and subtracted from the fluorescent signals
measured from the YFP-SspE-CFP construct. FRET was expressed as
the ratio of the maximum fluorescence intensity of the spectral peaks
corresponding to YFP and CFP36.

Microscale thermophoresis (MST)
A monolith instrument (NT.115) (NanoTemper)37 was used to measure
the interaction between the protein and DNA fragments labeled with
Alexa488. The 5′-CPSCA-3′-containing DNA fragment was PCR-amplified
from pUC19 using primer #7 (Alexa488-CTGAGAGTGCACPSCATATGC
G) and primer #8 (TCCTGTTTTTGCTCACCPSCAG). Primers #9 (Alexa
488-CTGAGAGTGCACCATATGCG) and #10 (TCCTGTTTTTGCTCACC
CAG) were used to produce 5′-CCA-3′-containing DNA. The concentra-
tion of Alexa Fluor 488-labeled DNA was kept constant (12.5 nM), while
the concentration of SspE and its variants were varied. The samples
were incubated at room temperature for 15min in MST buffer (10mM
Tris-HCl, 100mM NaCl, pH 8.0). Next, the samples were loaded into
MST capillaries, and analyses were performed.

Molecular graphics
All protein structurefigures were generated using the PyMOLprogram
(http://www.pymol.org). Sequence conservation of CTDmapped onto
the surface of its crystal structurewas generated by theConSurf server
(http://consurf.tau.ac.il)38.

Reporting summary
Further information on research design is available in the Nature
Portfolio 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 coordinates and structure fac-
tors of SspECTD from S. scabiei DSM 41658 and full-length SspE and
SspER100A from S. yokosukanensis DSM 40224 generated in this study
have been deposited in the Protein Data Bank under accession num-
bers 7DRI [https://doi.org/10.2210/pdb7dri/pdb], 7DRS [https://doi.
org/10.2210/pdb7drs/pdb], and 7DRR [https://doi.org/10.2210/
pdb7drr/pdb], respectively. The source data for Figs. 1 to 5, Supple-
mentary Figs 1 to 4 are provided as a Source Data file. Source data are
provided with this paper.

References
1. Wang, L., Jiang, S., Deng, Z., Dedon, P. C. & Chen, S. DNA phos-

phorothioate modification-a new multi-functional epigenetic sys-
tem in bacteria. FEMS Microbiol. Rev. 43, 109–122 (2019).

2. Xu, T., Yao, F., Zhou, X., Deng, Z. & You, D. A novel host-specific
restriction system associatedwith DNA backbone S-modification in
Salmonella. Nucleic Acids Res. 38, 7133–7141 (2010).

3. Gan, R. et al. DNA phosphorothioate modifications influence the
global transcriptional response and protect DNA from double-
stranded breaks. Sci. Rep. 4, 6642 (2014).

4. Wang, L. et al. Phosphorothioation of DNA in bacteria bydnd genes.
Nat. Chem. Biol. 3, 709–710 (2007).

5. Wang, L. et al. DNA phosphorothioation is widespread and quan-
tized in bacterial genomes. Proc. Natl. Acad. Sci. USA. 108,
2963–2968 (2011).

Article https://doi.org/10.1038/s41467-022-34505-0

Nature Communications |         (2022) 13:6773 10

http://www.sciences.univ-nantes.fr/elnemo/index.html
http://www.sciences.univ-nantes.fr/elnemo/index.html
http://www.pymol.org
http://consurf.tau.ac.il
https://doi.org/10.2210/pdb7dri/pdb
https://doi.org/10.2210/pdb7drs/pdb
https://doi.org/10.2210/pdb7drs/pdb
https://doi.org/10.2210/pdb7drr/pdb
https://doi.org/10.2210/pdb7drr/pdb


6. Xiong, L. et al. A new type of DNA phosphorothioation-based anti-
viral system in archaea. Nat. Commun. 10, 1688 (2019).

7. Cao, B. et al. Pathological phenotypes and in vivo DNA cleavage by
unrestrained activity of a phosphorothioate-based restriction sys-
tem in Salmonella. Mol. Microbiol. 93, 776–785 (2014).

8. Xiong, X. et al. SspABCD–SspE is a phosphorothioation-sensing
bacterial defence system with broad anti-phage activities. Nat.
Microbiol. 5, 917–928 (2020).

9. Zou, X. et al. Systematic strategies for developing phage resistant
Escherichia coli strains. Nat. Commun. 13, 4491 (2022).

10. Cao, B. et al. Genomic mapping of phosphorothioates reveals par-
tial modification of short consensus sequences. Nat. Commun. 5,
3951 (2014).

11. Chen, C. et al. Convergence of DNA methylation and phosphor-
othioation epigenetics in bacterial genomes. Proc. Natl. Acad. Sci.
USA. 114, 4501–4506 (2017).

12. Wei, Y. et al. Single-molecule optical mapping of the distribution of
DNA phosphorothioate epigenetics. Nucleic Acids Res. 49,
3672–3680 (2021).

13. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of mac-
romolecular structures by the maximum-likelihood method. Acta
Cryst. 53, 240–255 (1997).

14. Nishimasu, H. et al. Crystal structure of Cas9 in complex with guide
RNA and target DNA. Cell 156, 935–949 (2014).

15. Zhang, L. et al. Structural and functional characterization of the
deep-sea thermophilic bacteriophage GVE2 tailspike protein. Int. J.
Biol. Macromol. 164, 4415–4422 (2020).

16. Liu, G. et al. Structural basis for the recognition of sulfur in phos-
phorothioated DNA. Nat. Commun. 9, 4689 (2018).

17. Hsia, K.-C. et al. DNA binding and degradation by the HNH protein
ColE7. Structure 12, 205–214 (2004).

18. Picton, D.M. et al. Thephagedefence islandof amultidrug resistant
plasmid uses both BREX and type IV restriction for complementary
protection from viruses. Nucleic Acids Res. 49, 11257–11273 (2021).

19. Doudeva, L. G. et al. Crystal structural analysis and metal-
dependent stability and activity studies of the ColE7 endonuclease
domain in complex with DNA/Zn2+ or inhibitor/Ni2+. Protein Sci. 15,
269–280 (2006).

20. Eastberg, J. H., Eklund, J., Monnat, R. & Stoddard, B. L. Mutability of
an HNH nuclease imidazole general base and exchange of a
deprotonation mechanism. Biochemistry 46, 7215–7225 (2007).

21. Pallan, P. S. et al. Crystal structure, stability and Ago2 affinity of
phosphorodithioate-modified RNAs. RSC Adv. 4,
64901–64904 (2014).

22. Gong, X. et al. Protein-protein docking with binding site patch
prediction and network-based terms enhanced combinatorial
scoring. Proteins 78, 3150–3155 (2010).

23. Wu, X. et al. Epigenetic competition reveals density-dependent
regulation and target site plasticity of phosphorothioate epige-
netics in bacteria. Proc. Natl Acad. Sci. USA. 117,
14322–14330 (2020).

24. Stein, C. A. Exploiting the potential of antisense: beyond phos-
phorothioate oligodeoxynucleotides.Chem.Biol.3, 319–323 (1996).

25. Tong, T. et al. Occurrence, evolution, and functions of DNA phos-
phorothioate epigenetics in bacteria. Proc. Natl. Acad. Sci. USA. 115,
E2988–E2996 (2018).

26. Liu, G. et al. Cleavage of phosphorothioated DNA and methylated
DNA by the type IV restriction endonuclease ScoMcrA. PLoS Genet.
6, e1001253 (2010).

27. Mierzejewska, K., Bochtler, M. & Czapinska, H. On the role of steric
clashes in methylation control of restriction endonuclease activity.
Nucleic Acids Res. 44, 485–495 (2016).

28. Eckstein, F. Phosphorothioates, essential components of ther-
apeutic oligonucleotides. Nucleic Acid Ther. 24, 374–387 (2014).

29. Otwinowski, Z. & Minor, W. [20] Processing of X-ray diffraction data
collected in oscillation mode. Methods Enzymol. 276,
307–326 (1997).

30. The CCP4 suite: programs for protein crystallography. Acta Cryst.
50, 760–763 (1994).

31. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crys-
tallogr. 40, 658–674 (2007).

32. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Cryst. 60, 2126–2132 (2004).

33. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Cryst. 66, 486–501 (2010).

34. Pronk, S. et al. GROMACS4.5: a high-throughput andhighly parallel
open source molecular simulation toolkit. Bioinformatics 29,
845–854 (2013).

35. Suhre, K. & Sanejouand, Y. H. ElNemo: a normal mode web server
for protein movement analysis and the generation of templates for
molecular replacement.Nucleic Acids Res.32, W610–W614 (2004).

36. Ottolia, M., Philipson, K. D. & John, S. Conformational changes of
theCa2+ regulatory site of theNa+-Ca2+ exchanger detectedby FRET.
Biophys. J. 87, 899–906 (2004).

37. Jerabek-Willemsen, M., Wienken, C. J., Braun, D., Baaske, P. & Duhr,
S. Molecular interaction studies using microscale thermophoresis.
Assay Drug Dev. Technol. 9, 342–353 (2011).

38. Landau, M. et al. ConSurf 2005: the projection of evolutionary
conservation scores of residues onprotein structures.NucleicAcids
Res. 33, W299–W302 (2005).

Acknowledgements
We thank the staff from the BL19U1 beamline of the National Facility for
Protein Science in Shanghai (NFPS) at Shanghai Synchrotron Radiation
Facility for assistance during the data collection. This work was sup-
ported by grants from the National Key Research and Development
Program of China (2022YFA0912500 to S.C., 2022YFA0912200 to L.W.,
and 2020YFA0907300 to G.W.), the National Natural Science Founda-
tion ofChina (31925002 toS.C., 32125001 and31720103906 to L.W., and
31872627 to G.W.), and Shanghai Jiao Tong University Scientific and
Technological Innovation Fund (to G.W.).

Author contributions
G.W., S.C. and L.W. conceived the study and supervised the project.
H.G., X.G., J.Z., Y.Z., and Y.W. performed the experiments. H.G., X.G.,
J.Z., Y.Z., J.D., Y.W., L.C., Z.D., J.W., S.C., G.W., and L.W. analyzed the
data. H.G., S.C., G.W., and L.W. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34505-0.

Correspondence and requests formaterials should be addressed to Shi
Chen, Geng Wu or Lianrong Wang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

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

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

Article https://doi.org/10.1038/s41467-022-34505-0

Nature Communications |         (2022) 13:6773 11

https://doi.org/10.1038/s41467-022-34505-0
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34505-0

Nature Communications |         (2022) 13:6773 12

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nicking mechanism underlying the DNA phosphorothioate-sensing antiphage defense by SspE
	Results
	Determination of the structure of full-length SspE
	SspE functions as a PT reader, rendering SspABCD-SspE a PT-sensing defense machinery
	GTP hydrolysis modulates the affinity of SspE for DNA
	GTP hydrolysis triggers a conformational switch
	SspE exhibits a PT-binding preference

	Discussion
	Methods
	Bacterial strains and plasmids
	Protein expression and purification
	Crystallization and structure determination
	GTPase activity assay
	DNA nicking assay
	EMSA
	Complex structure prediction and interface contact residue computation
	NM analysis
	FRET analysis
	Microscale thermophoresis (MST)
	Molecular graphics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




