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A DNA-gated molecular guard controls
bacterial Hailong anti-phage defence
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Animal and bacterial cells use nucleotidyltransferase (NTase) enzymes to respond to
viralinfection and control major forms of immune signalling including cGAS-STING
innate immunity and CBASS anti-phage defence' ™. Here we discover a family of

bacterial defence systems, which we name Hailong, that use NTase enzymes to
constitutively synthesize DNA signals and guard against phage infection. Hailong
protein B (HalB) is an NTase that converts deoxy-ATP into single-stranded DNA
oligomers. A series of X-ray crystal structures define a stepwise mechanism of HalB
DNA synthesisinitiated by a C-terminal tyrosine residue that enables de novo
enzymatic priming. We show that HalB DNA signals bind to and repress activation
of a partnering Hailong protein A (HalA) effector complex. A 2.0-A cryo-electron
microscopy structure of the HalA-DNA complex reveals amembrane protein with a
conserved ion channel domain and a unique crown domain that binds the DNA signal
and gates activation. Analysing Hailong defence in vivo, we demonstrate that viral
DNA exonucleases required for phage replication trigger release of the primed
HalA complex and induce protective host cell growth arrest. Our results explain
how inhibitory nucleotide immune signals can serve as molecular guards against
phage infection and expand the mechanisms NTase enzymes use to control antiviral

immunity.

We analysed protein-coding genes occurring in bacterial defence
islands and phage competition loci—regions in bacterial and prophage
genomes known to encode defence systems®>—for putative nucleoti-
dyltransferase (NTase) proteins and identified a cluster of conserved
proteins predicted to contain anapproximately 25-kDa pol-f superfam-
ily NTase enzymatic domain. The NTase protein is encoded as part of
awidespread system that we named ‘Hailong’ after a Chinese ocean
dragon of protection (Fig. la-c and Supplementary Table 1). Hailong
is a two-gene operon that encodes Hailong protein A (HalA), a trans-
membrane protein of unknown function, and Hailong protein B (HalB),
the predicted NTase enzyme (Fig.1b). Other example Hailong operons
includea WYL domain-containing protein designated Hailong protein
Cthat may regulate transcription®, and operons with further ancillary
genes of unknown function designated Hailong protein D and Hailong
protein E (Fig. 1a). Hailong operons are widely conserved in defence
islands across more than 70 genera of gram-positive and gram-negative
bacteria, and are also present in diverse prophage competition ele-
ments, suggesting a role in protecting cells against phage infection
(Fig.1d and Supplementary Table 2). To test this hypothesis, we cloned
four divergent Hailong operons and assessed the ability of these sys-
tems to defend Escherichia coli against phage infection. Each Hailong
system broadly defended against phage infection, with Hailong from
the bacterium E. coli STEC 1178 providing greater than 10,000-fold
protection against double-stranded DNA (dsDNA) phages SEC@4 and

SEC@6, and Hailong from Rhodobacteraceae bacterium QY30 providing
greater than1,000-fold protection against phages T4 and T6 (Fig. 1e,f).
These results define Hailong as awidespread defence systemin bacteria
that protects cells from phage infection.

HalB synthesizes oligodeoxyadenylate

We observed Hailong encoded next to anti-phage defence systems
that synthesize nucleotide immune signals including CBASS and
Pycsar***V (Fig.1a). We hypothesized that similar to CBASS and Pycsar,
HalB NTase function in Hailong defence may be required to initiate
nucleotide immune signalling as part of the response to phage infec-
tion. We introduced mutations to the NTase active site of HalB and sur-
prisingly observed that expression of mutant Hailong operonsinduced
potent cellular toxicity in E. coli, resulting in near complete inhibition
of bacterial growth (Fig. 2a). Cellular toxicity was also observed when
HalA was expressed alone in the absence of HalB, suggesting that HalB
NTase functionis required to negatively regulate HalA activity before
phage infection (Fig. 2a).

To define the function of HalB NTase activity, we next determined
a1.9-A crystal structure of HalB from the R. bacterium QY30 Hailong
defence system (Supplementary Table 3). The structure of HalB reveals
an N-terminal Rossmann-like fold with five 3-strands that form a
mixed parallel, anti-parallel B-sheet as the minimal NTase core,and a
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Fig.1|Diverse Hailong systems protect bacteriafrom phage infection.
a,Representative Hailong operons and gene neighbourhoods from Sphingomonas
pruniNBRC 15498, E. coli300073, Pseudaminobacter manganicusJH-7 and
Ensiferyinggardensis WSM1721. Defence systems were annotated using
Defence Finder'®. b, Schematic of HalA and HalB proteins. ¢, Frequency of HalA
and HalB found in allHailong systems. d, Genera of bacteria encoding Hailong.
e, Representative plaque assays of E. coli expressing empty vector (control)

or Hailong from £. coli STEC1178 and challenged with phage SECé6. Serial
dilution factors represent phage dilution to visualize plaque forming units
(PFUs). f, Heatmapiillustrating fold defence of E. coli expressing Hailong from
gammaproteobacteria (£. coli, Klebsiella, Yersinia) or alphaproteobacteria
(Rhodobacteraceae) species and challenged withindicated phages. Datashown
arerepresentative of three independent experiments. TM, transmembrane.

C-terminal helix bundle connected by a shortlinker region (Fig.2band
Extended Data Fig. 1a,d-f). Structural homology analysis confirmed
HalB as a pol- superfamily NTase with related structures including
kanamycin resistance and HEPN-MNT antitoxin enzymes that use ATP
as a substrate to modify and inactivate small molecule and protein
toxin targets>'®" (Extended Data Fig. 1b,c). The HalB structure reveals
atightly packed homotetrameric assembly. Extensive hydrophobic
interactions along the back of the HalB protein and between the short
linker regions that brace the NTase enzymatic coreresultin more than
1,690 A?of buried surface area (Extended Data Fig. 1f,h). We confirmed
using size exclusion chromatography with multi-angle static light scat-
tering (SEC-MALS) that HalB is atetramer in solution and observed that
mutationsto the tetramerizationinterfaceresultinloss of functionand
Hailong operon toxicity in vivo (Extended Data Fig. 1f-k).
Surprisingly, we observed exceptionally strong electron density
extending from each active site of the HalB tetrameric complex
(Fig. 2b,c). Analysis of a Polder omit map allowed unambiguous
assignment of this electron density as single-stranded nucleic acid
chains formed by deoxyadenosine residues (Fig. 2c). We analysed
the protein by denaturing SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and observed that purified HalB migrates as a ladder of
high-order species, suggesting that the nucleic acid molecules are
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Fig.2|HalBsynthesizes ODA. a, Bacterial growth assay of a tenfold dilution
series of £. coli containing arabinose-inducible plasmids expressing HalA
alone, HalA with HalB, or HalA with a HalB catalytically inactive mutant (DDAA,
D21A/D23A).b, Crystal structure of HalB in complex with the nucleotide
product ODA. Inset depicts cartoon representation of tetrameric structure.

¢, Polder omit map contoured at 3.4 o of the first two deoxyadenosine molecules
of ODA.d, Coomassie-stained SDS-PAGE analysis of purified HalB with and
without nuclease P1treatment. e, Urea-PAGE analysis of HalB ODA synthesis
reactionslabelled with a®2P-dATP and treated with and without proteinase K.

f, Urea-PAGE analysis of HalB substrate specificity using dANTPs and «**P-labelled
dNTPsasindicated. g, Urea-PAGE analysis of ODA cleavage from the HalB-ODA
complex using a*P-labelled dATP treated with and without proteinase K or
E.colisolublelysate fraction. For further controls, see Extended Data Fig. 2d.
Expression of HalB used in this figure was from R. bacterium QY30. Datashown
arerepresentative of atleast threeindependent experiments. For gel source
data, see Supplementary Fig. 1. Prot. K, proteinase K; WT, wild type.

covalently attached to the HalB protein (Fig. 2d). We treated HalB with
nuclease P1and confirmed that the laddered species collapsed to a
single band correspondingto the molecular weight of the unmodified
enzyme (Fig. 2d). The unexpected presence of nucleic acid attached
to HalB suggested that the function of HalB NTase activity is to con-
stitutively synthesize the product oligodeoxyadenylate (ODA). To
test this hypothesis, we incubated HalB with «**P-radiolabelled dNTP
or NTP substrate nucleotides and analysed the reaction products by
denaturing urea-polyacrylamide gel electrophoresis (urea-PAGE).
HalB incorporates a*?P-dATP as part of a covalently attached product
resulting in migration of a HalB-ODA complex at the top of the gel
(Fig.2e).Following ODA synthesis, degradation of HalB with proteinase
Kreleased the ODA product as asingle-stranded DNA (ssDNA) species
that migratedinto the gel (Fig. 2e). HalB activity is metal-dependent and
specifically requires dATP, with only weak residual activity observed
using alternative nucleotide substrates (Fig. 2f and Extended Data
Figs. 11-n and 2a). We digested ODA with nuclease P1and used liquid



chromatography-mass spectrometry (LC-MS) to confirm that ODA
iscomposed specifically of deoxyadenosine residues (Extended Data
Fig.2b,c). Together, these structural and biochemical results demon-
strate that HalB functions as a constitutively active NTase that converts
dATP into ODA nucleic acid polymers.

HalB is a processive enzyme capable of synthesizing long uninter-
rupted chains of ODA in vitro (Extended Data Fig. 1m,n). We observed
that treatment of the HalB-ODA complex with E. coli cell lysate resulted
inrelease of ODA fragments (Fig. 2g and Extended Data Fig. 2d), sug-
gesting that extensive polymers of ODA are unlikely to existin vivo and
that the HalB-ODA complex is probably processed by cellular house-
keeping enzymes into shorter ODA species. To begin to define host
factors involved in this process, we used the release of radiolabelled
ODA as an assay to enable activity-guided fractionation (Extended
Data Fig. 2e,f). Enrichment and mass spectrometry analysis of E. coli
lysates identified two protein candidates, H-NS and StpA, known to
interact with DNA, and we observed that purified H-NS and StpA each
enhance reconstitution of ODA release from HalB in vitro (Extended
DataFig. 2g-j). These results support a potential role for host factors
in HalB-ODA processing during ODA synthesis in vivo, although the
mechanism of ODA release and specific length of ODA products remain
important questions for future studies.

Mechanism of HalB ODA synthesis

Our results suggest that HalB catalyses de novo synthesis of ODA in
the absence of a template or initiating nucleic acid primer. To define
the mechanism of HalB ODA synthesis, we disrupted HalB constitu-
tive NTase activity with mutations to the metal-coordinating residues
D21and D23 and determined a 2.0-A crystal structure of the mutant
enzyme (Supplementary Table 3). As expected, no ODA products are
observedinthe HalB D21A/D23A mutant enzyme structure (Fig. 3aand
Extended DataFig. 2k-n).Inthe mutant enzyme structure, weinstead
observed that residues 218-227 from the HalB C-terminal tail reach
into the NTase core and position residue Y227 within the active site in
a conformation poised to serve as an initiating priming hydroxyl for
ODA synthesis (Fig. 3a-c). Sequence analysis of diverse HalB proteinsin
Hailong defence systems confirmed strict conservation of aC-terminal
tyrosine, further supporting a direct role for this residue in priming
nucleotide incorporation (Extended Data Fig. 1a). Comparison of the
HalB wild-type and D21A/D23A structures reveals an overlapping net-
work of residues including R13, R122 and R128 that explain how the HalB
NTase domain coordinates both initial placement of the C-terminal
protein primer and subsequent stabilization of the elongating ODA
product (Fig. 3a-d).

We next used structural analysis of HalB active site mutant R164A
(2.4 A) combined with adAp(c)pp (non-hydrolysable dATP) substrate
analogue to define the stepwise mechanism of ODA synthesis (Extended
Data Fig. 20,p and Supplementary Table 3). HalB ODA synthesis initi-
ates with positioning of the C-terminal protein primer in the NTase
active site (Fig. 3e). Coordination between conserved residues R13/
R128 of the NTase core and residues E224/Y227 carboxy-terminus posi-
tions Y227 for nucleophilic attack (Fig. 3c-e). The tyrosine side-chain
hydroxyl attacks the a-phosphate of the first incoming molecule of
dATP, with conserved residues H64 and R164 from the NTase core
providing extra stabilizing stacking and hydrogen-bond interactions
with the ribose and nucleotide phosphates, respectively, along with
a sequence-specific contact between residue T129 and the adenine
nucleobase (Fig. 3e and Extended Data Fig. 2q,r). The reaction results
in transfer of deoxyadenosine monophosphate and formation of a
covalent HalB-dAMP attachment. The HalB Y227-dAMP complex is
then coordinated with new stacking and hydrogen-bond interactions
between conserved residues F61 and R128 with the nucleobase and
nucleotide phosphates, respectively (Fig. 3e and Extended Data Fig. 2r),
and the dAMP 3’ hydroxyl repositions to attack the next incoming

molecule of dATP. Subsequent repeated steps of elongation displace
the C-terminal priming peptide out of the active site pocket and allow
continued synthesis of the growing ODA chain (Fig. 3e). Deletion of
the HalB C-terminal protein primer or mutation of the initiating Y227
residue prevents formation of the covalent HalB-ODA complex and
eliminates ODA synthesis activity (Fig. 3f,g). The key HalB coordinating
residues R13, R128 and R164 are each also required for efficient ODA
synthesis. (Fig. 3f,g). We confirmed that HalB mutations that disrupt
ODA synthesisinvitro cause loss of function and induce Hailong operon
toxicity invivo (Fig. 3hand Extended Data Fig. 1k). These findings define
how HalB uses a unique mechanism of protein-based priming to cata-
lyse ODA synthesis.

HalAis aDNA-gatedion channel

We next sought to define the function of the Hailong membrane protein
HalA and understand how HalB ODA signalling regulates anti-phage
defence. HalA induces potent cellular toxicity in the absence of active
HalB (Fig. 2a). We did not observe protein-proteininteractions between
HalB and HalA during purification of HalA (Extended Data Fig. 3a,b),
and we therefore hypothesized that the HalB nucleotide product ODA
directly binds HalA to regulate protein function. We co-expressed
R. bacterium HalA in the presence of HalB, and purified HalA as a
detergent-solubilized complex. Using this purified HalA species, we
confirmed direct high-affinity recognition of ODA (K, - 65 nM) (Fig.4a
and Extended DataFig. 3a,b), although we note that this measurement
probably underestimates the HalA-ODA complex dissociation constant
owing to potential competition with ODA molecules already bound to
HalA during expression in the presence of HalB. HalA-ODA complex
formationislength- and nucleobase-specific, with shorter 5-mer ODA
molecules exhibiting a more than tenfold higher affinity than longer
ODA chains (Fig.4a,b and Extended Data Fig. 3c), whereas nointeraction
was observed between HalA and other ssDNA or single-stranded RNA
ligands (Fig. 4c). Together, these results highlight the strict specificity
of HalA for recognition of the HalB ODA product.

We used cryo-electron microscopy (cryo-EM) to determine a 2.0-A
structure of the HalA-ODA complex (Fig. 4d, Extended Data Fig. 4
and Supplementary Table 3). The structure reveals ahomotetrameric
assembly with a C-terminal transmembrane domain and long central
channelbraced by acytosolicdomain resembling a crown (Fig. 4d and
Extended DataFig. 5a). The HalA crown domainis formed by N-terminal
pentapeptide repeats fromresidues 68-153 that fold into afour-sided,
right-handed B-helix (Fig.4d and Extended Data Figs. 5a and 6a). HalA
central a-helices a4 and a5 connect the crown to transmembrane
domain helices a6-10in the C-terminal domain (Fig. 4d and Extended
DataFig.5a). HalA tetramerizationis stabilized by conserved hydropho-
bicresidues within the oligomerization interface along neighbouring
helices a8 and a10 (Fig. 4d and Extended Data Fig. 5f). We observed an
ODA molecule bound at each inter-subunit interface within the HalA
crown domainresultingin a 4:4 HalA-ODA complex (Fig. 4d,e). In the
HalA ODA binding pocket, highly conserved residues form extensive
interactions witheach ODA nucleobase and the DNA phosphate back-
bone (Fig.4e,f). HalAresidues Q178 (deoxyadenosine 1, dA1), W27 (dA2),
E28/S141/N143 (dA3), E144 (dA4) and T83/T104/T124 (dAS) coordinate
anetwork of adenine-specificinteractions, and residues K24, K91, K109,
R131and R181 form hydrogen-bond interactions with the ODA phos-
phatebackbone (Fig. 4e,fand Extended Data Fig. 5h). Predicted steric
clashes between ODA and HalA side-chains, and the 2’ OH position of
RNAnucleotides, further explain selectivity of HalA for the DNA signal
ODA (Fig. 4e and Extended Data Fig. 5h).

Structural analyses suggest that the HalA C-terminal domain is
homologousto conservedionchannel proteins. Notably, HalA shares all
major structural features of related well-characterized ion channel pro-
teins, including the sodium channel Nav1.8, potassium channel Kir4.1
and non-selective cation channel Nak?*?? (Extended Data Fig. 5b-e).

Nature | www.nature.com | 3



R13 (O)~~ '
C-terminal tail Y227 S0
R164 ] poos
\/\ R128 )
" R128 (OE1),  )-5225-K37 (0G)
K121 (OE2).,
R13 E234
¢ 40 R122 (OE2)” K121 (OE2)
& E223%
i\ Q211 (OE1)., R122 (OE2)
D23A .
HalB D21A/D23A 3 N222
Y227
HalB
R32 (OP1)-Q
dA5-F34
Q211 (OP2); dA4--E50 (N6)
R122 (OP2).;
K37 (OP1)* dA3
R122 (OP1)-
R164 (OP2)., dA2-F61
R128 (OP1)-
¢ HB‘I dA1--T129 (N6)
HalB WT R13 (03)
dAp(c)pp

(non-hydrolysable)

D23

D21 }}

D23A /
D21A . E42
2

HalB D21A/D23A

HalB R164A (state 1)

HalB R164A (state 2)

f - . 9 HalB HalB HalB HaB HaB HalB h
Ko (@ F P WT DDAA AC Y227A R128A R164A HalA  HalB
Halb: @ © > e MRS Prot Ki -— + - 4+ - + - + - + - + WT >
Well | «= -
. [ v @ ©
- oo [ wr > poaa
! — +ODA W >
s B - - = .6 (W
wt D ac
s & M i
Y227A L

Fig.3|Mechanism of HalB ODA synthesis. a, Crystal structure of catalytically
inactive HalB from R. bacterium QY30 revealing re-positioning of the flexible
C-terminal tail within the NTase active site. b, Structure of HalB as in Fig. 2b with
adashedlineindicating the projected position of the covalent attachment of
ODA to the protein flexible C-terminal tail. ¢, Top, overview of HalB D21A/D23A
activesite and the C-terminal tail. Bottom, overview of WT HalB active siteand a
detailed view of residues interacting with ODA. d, Top, schematic of protein-
protein contacts with HalB and its C-terminal tail. Bottom, schematic of protein-
DNA contactsinthe HalB-ODA complex. HalB residues are highlighted in blue.
e, Schematic of the step-by-step mechanism of ODA synthesis: Step1,atyrosine
inthe C-terminal tail acts as a protein primer within the active site. Step 2, dATP
bindingis coordinated by metalions and the tyrosine repositions to attack the

Inthe HalA-ODA cryo-EM structure, ODA binding bridges inter-subunit
interactions in the crown domain and compresses the channel into
a state matching the closed conformation of the potassium channel
MthK?. AlphaFold modelling of HalA in the absence of ODA reveals a
more open conformation of the ion conduction pathway, suggesting
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o-phosphate. Step 3, tyrosine forms a covalent bond with dAMP and the
protein-DNA complex repositions for the next attack on dATP. Step 4, fully
synthesized ODA.f, Coomassie-stained SDS-PAGE analysis of purified HalB
mutants demonstrating the NTase active site, C-terminal tail and tyrosine
priming residue arerequired for ODA synthesis and covalent attachment.

g, Urea-PAGE analysis of mutant HalB ODA synthesis reactions labelled with
a*?P-dATP and treated with and without proteinase K. h, Bacterial growth
assay of E. coli expressing either HalA alone, or HalA with HalB mutants.
Expression of HalB used in this figure was from R. bacterium QY30. Datashown
arerepresentative of atleast threeindependent experiments. Manganese ions
aredepicted as purple spheres. For gel source data, see Supplementary Fig. 1.

that release of inter-subunit interactions in the crown domain allows
channel opening (Fig. 4g, Extended Data Fig. 5g and Supplementary
Video1). Theseresults support that ODA binding negatively regulates
HalA channel function. Consistent with this model, we observed that
mutations toresidues K91E and K1I09E inthe HalA ODA binding interface
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HalA-ODA complex. g, Structural model of HalA activation. Cryo-EM structure
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more open conformation. h, Bacterial growth assay of E. coli expressing HalA
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challenge assay are equivalent to R. bacterium QY30 K211E mutant and truncation
of residues 352-359, respectively. j, Kernel density estimates of fluorescence
distributions measured by flow cytometry (left) and quantification of membrane
depolarization (right) of £. coli cells containing arabinose-inducible plasmids
expressing HalA alone or HalAB, treated with glucose or arabinose for 8 hand
incubated with the voltage-sensitive dye DiBAC4. Bar graph dataare presented
asmeans from fourindependent experiments. Polymyxin Bwas used asapositive
control for membrane depolarization. k, Fluorescence microscopy analysis of
ion flow using cell permeant fluorescent Na*indicator Sodium Green Tetraacetate
inE. colicontaining arabinose-inducible plasmids expressing HalA alone or
HalAB.Scalebar, 5 um. 1, Live cellimaging analysis of membrane depolarization
using DiBAC4 in E. coli containing plasmids expressing Hailong defence system
andinfected with WT orescape mutant phage SEC4. Scale bar,1 um. Hailong
systems used in this figure were fromR. bacterium QY30 (a-h, j, k) or E. coli
STEC1178 (i,1). Datashown are representative of at least three independent
experiments. HalAB, HalA expressed with HalB.

inhibit channel assembly disrupt Hailong anti-phage defence (Fig. 4i
and Extended DataFigs. 5fand 6a,b). Together, these datademonstrate
that HalA probably functions as a DNA-gated ion channel that uses
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release of ODA binding as a regulatory switch to control anti-phage
defence.

To confirmthe role of HalA as an effector protein that functions as an
ion channel, we first analysed HalA activity in vivo using flow cytometry
and DiBAC4, a voltage-sensitive dye that fluoresces upon entering
bacterial cells that have lost membrane potential®*. HalA expression
inE. coliresultsinastrongincrease in DiIBAC4 fluorescence consistent
with membrane depolarization, whereas HalA co-expressed with HalB
had no effect (Fig. 4j and Extended Data Fig. 7a,c). Cells expressing
active HalA do not take up the membrane-impermeable dye propidium
iodide, confirming that HalA induces membrane depolarization and not
large-scale loss of membrane integrity or cell death® (Extended Data
Fig.7b,c). Using a cell permeant fluorescent Na* indicator, we further
observed that expression of HalA alone, but not HalA in the presence
of HalB, induces increased fluorescence and cell swelling, supporting
that HalA may mediate influx of sodiumions (Fig. 4k), although defini-
tive confirmation of HalA function and identification of ion channel
specificity will require future electrophysiology analysis. Finally, we
monitored thein vivoimpact of HalA activation on membrane depolari-
zation inreal time using live cellimaging of E. coli expressing Hailong
anti-phage defence and infected with phage SEC@4. Upon phage infec-
tion, activation of Hailong induces initialmembrane shrinkage followed
by membrane swelling, increasein DiBAC4 fluorescence and cell growth
arrest, consistent with depolarization of the cellular membrane?*%
(Fig. 41 and Extended Data Fig. 7d-f). Together, these results support
that HalA activation causes membrane depolarization and influx of
ions without disrupting overall membrane integrity, consistent with
arole of HalA as anion channel effector.

Phage DNA exonuclease activates Hailong

Wereasoned that phage infection activates Hailong anti-phage defence
by specifically disrupting ODA signalling. To determine the molecu-
lar cue responsible for defence activation in vivo, we infected cells
encoding the E. coli STEC 1178 Hailong operon with phage SEC@p4 and
isolated escape mutants. In the presence of Hailong anti-phage defence,
phage SECp4 escape mutants no longer induce the membrane depo-
larization event observed with wild-type phage (Fig. 4] and Extended
DataFig. 7d,e). Instead, phage SEC@p4 escape mutants cause cell lysis
and replicate to high titres exhibiting more than 1,000-fold recov-
ery and clear resistance to host defence (Figs. 4l and 5a and Extended
Data Fig. 8a). Whole-genome sequencing of six independent SECp4
escape phages revealed that all resistant phages contained missense
mutations inasingle uncharacterized phage gene, gp43, predicted to
encode an exonuclease (InterPro IPR024432) (Fig. 5b and Extended
DataFig. 8a,b). AlphaFold modelling of SEC@4 gp43 supports homol-
ogy to many known ssDNA exonuclease proteins, including human
EXOS5 (ref. 28), and allowed identification of a conserved gp43 E132,
D159,K179 active site motif typical of PD(D/E)XK-like exonucleases that
catalyse DNA degradation (Extended Data Fig. 8c,d). Gp43 is highly
conserved in diverse phages and is frequently encoded adjacent to
coreviral DNA replication machinery, including phage DNA polymer-
ase, primase, resolvase and ssDNA binding proteins (Fig. 5b, Extended
Data Fig. 9a,b and Supplementary Table 4). No SEC@4 escape phages
encoded nonsense or frameshift mutations in gp43, supporting that
this exonuclease is probably required for efficient phage replication.

We hypothesized that SEC@p4 gp43 exonuclease activity may degrade
ODA and directly trigger Hailong anti-phage defence. We purified
SEC@4 gp43 and confirmed that the proteinis a promiscuous 5'>3’ DNA
exonuclease capable of degrading the HalB signal ODA as well as other
ssDNA and dsDNA substrates (Fig. 5c and Extended Data Fig. 9c-e).
Analysis of the AlphaFold model of SEC(4 gp43 reveals that the escape
mutations localize within predicted scaffolding regions of the core
exonuclease domain, suggesting an indirect attenuation of enzyme
efficiency or processivity (Extended Data Fig. 9f). We purified SECp4
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Fig.5|Phage DNA exonuclease activates Hailong. a, Representative plaque
assays of E. coli containing empty vector (control) or Hailong from E. coli STEC
1178 plasmids and challenged with WT SEC@4 phage and SEC@4 escape mutant
phage intenfold serial dilution. b, Schematic depicting the genomiclociofthe
SEC@4 exonuclease gp43 (Exo) and annotation of gp43 escape mutations
conferring resistance to Hailong anti-phage defence. ¢, DNA cleavage assay of
ODAwith purified WT and mutant Exo from phage SEC@4.d, Bacterial growth
assay of E. colitransformed with two separate plasmids expressing Hailong from
R.bacterium QY30 and SECp4 WT or mutant Exo. e, Model of Hailong anti-phage
defence systemsignalling and phage restriction. Alldatashown are representative
ofatleastthreeindependent experiments. SSB, ssDNA binding protein.

gp43 variants with each Hailong escape mutation and observed that
these mutant proteins lost the ability to degrade the HalB signal ODA
invitro (Fig. 5¢). Similarly, expression of the SEC@p4 gp43 wild-type
protein, but not the escape mutant variants, was sufficient to induce
Hailong toxicity in vivo in the absence of phage infection (Fig. 5d).
Together, these results demonstrate that viral DNA exonuclease activity
isamolecular cue that disrupts ODA signalling and activates Hailong
anti-phage defence.

Our study defines Hailong as an anti-phage defence system that
creates a DNA signal as a molecular guard to control antiviral immu-
nity. In Hailong defence, the NTase enzyme HalB uses a self-priming
mechanism to synthesize the ssDNA signal ODA which then functions
asbothasensor for phage infection and aregulator for the cellgrowth
arrest effector HalA (Fig. 5e). Hailong joins a prevalent set of antiviral
defence systems in bacteria and animal cells that rely on specialized
enzymes that synthesize nucleotide signals to controlimmune signal-
ling!" #1773 However, Hailong marks a departure from the canonical
role of nucleotide signalling enzymes in bacterial and animal immunity


https://www.ebi.ac.uk/interpro/entry/InterPro/IPR024432/

that are dormant in healthy cells and begin signal synthesis only fol-
lowing onset of viral infection. Rather than generating a nucleotide
second messenger as amechanism for signal amplification following
infection, the Hailong enzyme HalB pre-emptively synthesizes ODA
to function as a DNA molecular tripwire that guards the cell against
phage replication. Likewise, the Hailong membrane effector protein
HalA is distinct from conventional ligand-gated membrane channels
that respond to activation by agonists such as cyclic nucleotides and
neurotransmitters**°, and instead recognizes the ODA nucleotide
signal as areverse agonist that locks HalA in a primed, closed-channel
state. Inthe absence of phage infection, HalB constitutively synthesizes
ODA whichis further processed by host factors such as H-NS and StpA
to createaninhibitory nucleotideimmune signal thatis free to bind to
HalA andinactivate effector function. Formation of a primed HalA-ODA
complex before phage infection allows the host cell to rapidly respond
toviral DNAreplication enzymes that degrade ODA and trigger release
of HalA ion channel effector function (Fig. 5e). We show that Hailong
defence can specifically respond to viral DNA exonuclease activity to
detect phageinfection, but future studies will be required to explaina
complete mechanism of ODA transfer from HalB to the effector protein
HalA and how phage nucleases disrupt this process. Nucleotide signals
such as ODA that function as guard molecules in host cells may also
be capable of sensing cellular changes associated with phage infec-
tion, including expression of foreign nucleic acid binding proteins or
enzymes that alter the nucleotide pool***2. Overall, our results define
the mechanism of Hailong anti-phage defence and explain how host
cells can use inhibitory nucleotide immune signals to guard against
viral infection.
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Methods

Bacterial strains and phages

E. coli Top10 (Thermo Fisher), BL21 (DE3) RIL (Agilent), BL21LOBSTR
(Kerafast) and MG1655 (ATCC 47076) strains were used in this study.
Whenever applicable, media were supplemented with ampicillin
(100 pg mlI™) and/or chloramphenicol (34 pg ml™) to ensure the mainte-
nance of plasmids. Phage strains were isolated as previously described®.

Protein expression and purification

HalA, HalB, HalB mutants, and SECp4 gp43 DNA exonuclease (Exo) wild
type and mutants were purified from E. coli using standard protocols as
previously described***. HalB genes were cloned from synthetic DNA
fragments (Integrated DNA Technologies) into custom pET expression
vectors containing amino-terminal 6 x His-SUMO2 (pETS2) tags by
Gibson assembly using HiFi DNA Assembly Master Mix (NEB). HalB
plasmids were subsequently subcloned into a pETS2 vector contain-
ing 5% or 1x glycine-serine linkers using site-directed mutagenesis to
ensure efficient cleavage of the SUMO2 tag. A pET expression vector
containing an N-terminal 6 x His tag encoding HalA co-expressed with
untagged HalB was obtained from Twist Bioscience. A pETS2 expressing
SEC@4 Exo was also obtained from Twist Bioscience.

For HalB, HalB mutant, and SEC@p4 Exo wild-type and mutant protein
purifications, expression plasmids were transformed into BL21(DE3)
RIL cells and plated onto MDG media (1.5% Bacto agar, 0.5% glucose,
25 mM Na,HPO,, 25 mM KH,PO,, 50 mM NH,CI, 5 mM Na,S0,, 0.25%
asparticacid, 2-50 pM trace metals, 100 pg ml™ ampicillin, 34 pg ml™*
chloramphenicol). After overnightincubationat37 °C, three colonies
were used to inoculate a 30-ml MDG starter culture for 16 h (37 °C,
230 rpm).M9ZB expression cultures of 11involume (47.8 mM Na,HPO,,
22 mMKH,PO,,18.7 mMNH,CI, 85.6 mM NaCl, 1% casamino acids, 0.5%
glycerol, 2 mM MgS0,, 2-50 puM trace metals, 100 pg ml™ ampicillin,
34 pg ml™ chloramphenicol) were then inoculated with 15 ml of MDG
starter culture and grown (37 °C, 230 rpm) to an optical density (OD)4,
of 2.5 before induction with 0.5 mM isopropyl-B-D-thiogalactoside
(IPTG)for16 h (16 °C, 230 rpm). After overnight expression, cell pellets
were collected by centrifugation and then resuspended and lysed by
sonicationin 60 ml of lysis buffer 20 mM HEPES-KOH pH 7.5,400 mM
NacCl, 10% glycerol, 30 mM imidazole, 1 mM DTT). Lysate was clari-
fied by centrifugation at 50,000g for 30 min, supernatant was poured
over 8 mlof Ni-NTA resin (Qiagen), resin was washed with 35 ml of lysis
buffer supplemented with 1M NaCland protein was eluted with 20 ml of
lysis buffer supplemented with 300 mMimidazole. Samples were then
dialysed overnight in dialysis tubing with a 14-kDa molecular weight
cut-off (Ward’s Science), and SUMO2 tag cleavage was carried out with
recombinanthuman SENP2 protease as previously described*’. Proteins
were dialysed overnight at 4 °C in dialysis buffer (20 mM HEPES-KOH
pH7.5,250 mMKCI, 1 mMDTT), and then purified further by size exclu-
sionchromatography using a16/600 Superdex 75 or 16/600 Superdex
200 column (Cytiva) in gel filtration buffer (20 mM HEPES-KOH pH
7.5,250 mM KCl, 1 mM TCEP). Purified proteins were concentrated to
greater than15 mg ml” using 30-kDa molecular weight cutoff (MWCO)
centrifugal filter units (Millipore Sigma), aliquoted, flash-frozen in
liquid nitrogen and stored at -80 °C. HalB wild-type and mutant pro-
teins were subsequently treated with or without P1 nuclease (Sigma
catalogue no. N8630) and analysed using a 15% Coomassie-stained
SDS-PAGE gel. See Supplementary Fig. 1for uncropped SDS-PAGE gels.

For HalA protein purification, co-expression with HalB was required
toneutralize HalA cellular toxicity. Expression plasmid was transformed
into BL21(DE3) LOBSTR cells to reduce co-purification of ArnA* and
plated onto MDG media. After overnightincubation at 37 °C, six colo-
nieswere used toinoculate a30-mIMDG starter culture supplemented
with 1% glucose for16 h (37 °C, 230 rpm). M9ZB supplemented with 1%
glucose expression cultures of 11in volume were then inoculated with
15 ml of MDG starter culture and grown (37 °C, 230 rpm) to an OD,

of 3.5 before induction with 0.5 mM IPTG for 16 h (16 °C, 230 rpm).
After overnight expression, cell pellets were collected by centrifuga-
tion and then resuspended and lysed by sonication in 60 ml of lysis
buffer. Lysate was clarified by centrifugation at 50,000g for 60 min,
and the pellet containing the membrane fraction was homogenizedin
lysis buffer supplemented with 1% solgrade DDM detergent (Anatrace)
using a T25 homogenizer (IKA) for 3 minat 10,000 rpm and incubated
with stirring at 4 °C for 2 h. The mixture was centrifuged at 50,000g
for 45 min and the supernatant was poured over 4 ml of Ni-NTA resin.
Resin was washed with 35 ml of lysis buffer supplemented with1M
NaCl, and protein was eluted with 20 ml of lysis buffer supplemented
with 300 mM imidazole. Buffers used for washing and elution were
supplemented with 0.01% anagrade DDM (Anatrace) and 0.04% GDN
detergent (Anatrace), respectively. Proteins were dialysed overnight at
4 °Cindialysis buffer supplemented with 0.01% DDM, and then purified
further by size exclusion chromatography using a16/600 Superdex 200
column in gel filtration buffer supplemented with 0.02% GDN. Puri-
fied protein used for biochemical assays was concentrated to greater
than 5 mg ml™ using100-kDa MWCO centrifugal filter units, aliquoted,
flash-frozen in liquid nitrogen and stored at =80 °C. For cryo-EM, a
single 1-mlfraction collected from the peak A280 absorbance was con-
centrated to 8.4 mg ml” using100-kDa MWCO centrifugal filter units.
Endogenously synthesized ODA made by HalBisbound to purified HalA
proteinto formaHalA-ODA complex thatis used for both biochemical
assays and structure determination.

Bioinformatic analysis of Hailong and SEC@4 Exo

The genomic sequences of HalA and HalB and closely related family
members were aligned using MAFFT as previously described>*. Briefly,
sequences wereidentified usingIMG BLAST searches* performed with
anE value cut-off of 0.005 and HalA and HalB from R. bacterium QY30 as
query proteins. Hailong genetic neighbourhood was manually curated
from IMG and annotated using Defence Finder™®. Phylogenetic analysis
of SEC@4 Exo was performed as previously described® Sequences were
identified from PSI-BLAST and MMSeqs2 was used to remove protein
redundancies (minimum sequence identity = 0.95, minimum align-
ment coverage = 1) and the final aligned 1,713 sequences were used to
construct a phylogenetic tree in Geneious Prime (v.2024.0.5) using
FastTree with no outgroup, and iTOL was used for tree visualization
and annotation*®, AlphaFold modelling of apo HalA and SEC@4 Exo
was performed using the AlphaFold 3 server®. Structural comparisons
between HalA and ion channels and between SEC@4 Exo and human
EXOS5 were performed using DALl and the FoldSeek server™*',

Phage challenge plaque assay

Tomeasure defence, plaque assays were performed on bacterial strains
expressing the defence system from gammaproteobacteria (E. coli,
Klebsiella, Yersinia) or alphaproteobacteria (Rhodobacteraceae) spe-
cies and a negative control strain lacking the system as previously
described*. Briefly, 300 pl of an overnight culture of E. coli MG1655
was mixed with 30 ml of pre-melted MMB lysogeny broth (LB) agar with
0.1 mMMnCl,, 5 mM MgCl,, 5 mM CaCl,and 0.5% agar) with the addition
of 0.1 mM IPTG. The plates were left to solidify at room temperature
for1hand then 10-pl drops from tenfold serial dilutions of the phage
lysate in MMB were pipetted on top of the solidified layer containing
thebacteria. After the dropsdried, plates were incubated overnight at
25 °C and the PFUs per ml were counted. Fold defence was calculated
as the ratio between the PFU per ml values retrieved using the same
phagelysate on control bacteria and bacteria containing the candidate
defence system. Whenindividual plaques could not be differentiated,
afaint lysis zone across the drop area was counted as ten plaques.

Bacterial growth assay
HalA effector function was measured in E. coli using conditions
that result in activation of the Hailong defence system. E. coli Top10



competent cells were transformed with HalA wild type or mutants
alone (pBADO3), HalA wild type or mutants expressed with HalB wild
type or mutants (pBADO3), or HalA and HalB (pBADO3) co-expressed
with SEC@4 Exo wild type or mutants (pCA24N). Transformations
were plated onto LB plates supplemented with 1% glucose, and three
colonies were picked and grown for 16 h (37 °C, 230 rpm) in 5-ml LB
starter cultures. Cells were pelleted and then resuspended in PBS, and
200 plwas added to wells of a96-well plate. Serial dilutions were spot-
ted (5 ul) on LB plates supplemented with 100 pug ml™ ampicillin and
0.2% L-arabinose for pBADO3-carrying plasmids, and/or 34 pg ml™
chloramphenicoland 5 uMIPTG for pCA24N-carrying plasmids. Plates
were allowed to dry for 1 h and incubated overnight at 37 °C. A reduc-
tion in colony forming units indicated HalA activation resulting from
cell growth arrest.

Crystallization and structure determination

Crystals were grownin hanging-drop format using EasyXtal15-well trays
(NeXtal). Crystals of HalB wild type and mutants were grown at 18 °Cin
2-pldrops mixed 1:1with purified protein (4 mg ml™, 20 mM HEPES-KOH
pH?7.5,80 mMKCI,1 mMTCEP) and reservoir solution (0.01 MKCI, 0.1 M
HEPES pH7.0,10-15% PEG-4000). Crystals were grown for 1-3 d before
being cryo-protected with reservoir solution supplemented with 30%
ethyleneglycoland collected by freezingin liquid nitrogen. Crystals of
HalB R164A mutant were additionally grown in the presence of 5 mM
MgCl,,1mM MgCl,and 50 pM non-hydrolysable dATP (dAp(c)pp,Jena
Bioscience). HalB R164A mutant ODA synthesis is severely attenuated
rather than completely inhibited. Purified HalB R164A protein used for
crystallography is capable of efficiently attaching only one molecule of
dAMP onto Y227, and individual protomers in the crystal asymmetric
unitoccur as unmodified Y227 with no dAMP attached, or Y227 witha
covalent bond to a single molecule of dAMP that co-purified with the
protein. X-ray diffraction data were collected at NSLS2 (beamlines
AMX and FMX) and Diamond Light Source (beamline 103), and data
were processed manually using the SSRL autoxds script (A. Gonzalez,
Stanford SSRL) and automatically using xia2.multiplex (ref. 52), respec-
tively. Model building was performed using Coot, and then refined in
Phenix. Statistics were analysed as described in Supplementary Table 3.
See Supplementary Table 3 and the Data availability statement for
the deposited PDB codes. All structure figures were generated with
PyMOL 2.5.5.

Nucleotide synthesis assay

To measure nucleotide synthesis, 50 uM of purified HalB wild-type
and mutant proteins were incubated with 50 pM each of unlabelled
ATP, CTP, GTP, UTP (New England Biolabs), dATP, dCTP, dGTP, dTTP
(ThermoFisher), or 500 uM each of ddATP, ddCTP,ddGTP,ddTTP (Jena
Bioscience), and 0.5 pl of a®?P-labelled NTPs or dNTPs (Perkin Elmer/
Revvity, approximately 0.5 pCieach of NTP or dNTP) inreaction buffer
(50 mM Tris-HCIpH 9.4,100 mM KCI, 10 mM MgCl,,1 mM MnCl,,1 mM
TCEP) at 37 °C for 4 h. «*?P-labelled dAMP was generated by treating
o*?’P-labelled dATP with apyrase (New England Biolabs) at 37 °C for
30 min. «**P-labelled dGTPis supplied as a solution premixed with a pro-
prietary EasyTide loading dye (Perkin ElImer/Revvity) and this loading
dyewasthereforeincluded within these individual reactions. Synthesis
reactions usingincreasing nucleotide concentration were performed
using 0.5, 5,10, 50,100,500,1,000 and 2,000 tM dNTP concentrations
and incubated for 24 hto allow dNTP incorporation to reach comple-
tion. Reactions were terminated with addition of 0.5 pl of Quick CIP
phosphatase (New England Biolabs) to remove terminal phosphate
groups from unreacted nucleotides. Reactions were further treated
with proteinase K (GoldBio) to release ODA product from the protein.
Each reaction was analysed on a 20% urea-PAGE gel and exposedto a
phosphor-screen before imaging with a Typhoon Trio Variable Mode
Imager (GE Healthcare). Images were exported to Adobe Photoshop,
and brightness, gamma and contrast adjustments were applied to the

entire image. Reactions that were used for ODA composition analysis
were separated from unreacted nucleotides by centrifugation through
a3-kDaMWCO filter unitand further treated with nuclease P1and Quick
CIP phosphatase at 37 °C for 30 min before LC-MS analysis. Samples
were analysed on an Agilent 1260 HPLC equipped with a diode array
detectorand an Agilent 6125 single quadrupole mass spectrometerin
negative ion mode using areverse-phase Agilent InfinitiLab Poroshell
SB-Aq column (2.7-um particle size, 2.1-mm inner diameter, 150-mm
length) at a flow rate of 0.45 ml min™ with a gradient from 100% sol-
vent A (0.1% ammonium formate) to 100% solvent B (methanol). For-
mate (45 amu from ammonium formate LC-MS buffer) and chloride
(35 amu from KCl in reaction buffer) ions formed the major adducts
[dA+formate]” and [dA+CI], respectively, observed with deoxyadeno-
sine.See Supplementary Fig. 1for uncropped urea-PAGE gels.

ODA cleavage activity-guided fractionation and mass
spectrometry

E. coli BL21 cells were grown and lysed as described above. Lysate
fractionation was performed using a general workflow as previ-
ously described®**. Briefly, soluble cell lysates were subjected to
50% (NH,),SO, cut at 4 °C for 1 h with continuous stirring, then cen-
trifuged at 50,000g for 30 min to remove precipitated proteins. The
resulting clarified supernatant was passed through a 0.22-um filter
and fractionated by hydrophobic interaction chromatography using
a5-ml HiTrap Phenyl column (Cytiva) then eluted with a gradient of
2.00 Mto 0.00 M (NH,),S0O,. Alternatively, soluble cell lysates were
fractionated by ion exchange using a 5-ml HiTrap Heparin HP column
(Cytiva) then eluted with a gradient of 0.15Mto 2.00 M NaCl. Active
hydrophobic interaction chromatography or ion exchange fractions
were pooled, concentrated and further fractionated by size exclusion
chromatography with a Superdex 200 Increase 10/300 GL column
(Cytiva). After each purification step, 1 pul of each fraction was tested
for ODA cleavage activity by incubating with HalB-ODA labelled with
a*?P-dATP as described above at 30 °C for 90 min. Active fractions from
both HIC and IEX samples were selected for analysis by label-free mass
spectrometry to identify host factor candidates. See Supplementary
Fig.1for uncropped urea-PAGE gels.

Electrophoretic mobility shift assay

HalA interaction with nucleotide ligands (Integrated DNA Technolo-
gies) was monitored by electrophoretic mobility shift assay as previ-
ously described®®. Briefly, 20 nM of fluorescein-labelled (6-FAM) ODA
nucleotide of varyinglengths (5, 6,7, 8, 9,10, 15 nucleotides) was incu-
bated with increasing concentrations of purified HalA-ODA complex
(0.005-50 pM, protein concentration calculated as HalA-ODA tetramer
with an extinction coefficient of 45,380 M cm™) for 15 min at room
temperature to measure binding of unoccupied sites inthe HalA-ODA
complex. Binding to alternative nucleotide ligands (20 nM of dC, dT,
dN, rA or dsDNA) was performed with 10 pM HalA-ODA complex. Reac-
tions were analysed using a 5% non-denaturing PAGE gel and imaged
onaChemiDoc imaging system (BioRad).

DNA cleavage assay

To measure nuclease activity, 40 pM of purified SEC@4 Exo wild-type
and mutant proteins were incubated with 50 nM of nucleotide sub-
strates (Integrated DNA Technologies) in reaction buffer (50 mM
Tris-HCI pH 7.0, 10 mM KCI, 5 mM MgCl,, 1 mM MnCl,) at room tem-
perature for 90 min. After incubation, reactions were stopped with
DNA loading buffer containing 95% deionized formamide and 20 mM
EDTA, and analysed ona20% denaturing urea-PAGE gelandimaged ona
ChemiDocimaging system. To measure cleavage of ODA from the HalB-
ODA complex, soluble lysate fraction was obtained from E. coli BL21
(DE3) cellslysed by sonicationinlysis buffer 20 mMHEPES-KOHpH?7.5,
400 mMNacCl,10%glycerol,1 mM DTT) and clarified by centrifugation
at50,000¢g for 30 min. Lysates were thenincubated with CIP-treated and
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o*?P-labelled HalB-ODA at 37 °C for 90 min. Reactions were analysed
on a20% urea-PAGE gel and exposed to a phosphor-screen before
imaging with a Typhoon Trio Variable Mode Imager (GE Healthcare).
See Supplementary Fig.1for uncropped urea-PAGE gels.

Cryo-EM sample preparation and data collection

Grids (Quantifoil R1.2/1.3 400 Mesh, Cu, Electron Microscopy Sci-
ences) were glow-discharged in air using an easiGlow (Pelco) (negative,
0.38 mBar, 15 mA, 30-sglow, 10-s hold).Ina Vitrobot Mark IV (Thermo
Fisher) held at 8 °C and 100% humidity, 4 pl of GDN-solubilized HalA
(8.4 mg ml™) was applied to a grid, which was then blotted (6 s, force
15), plunged into liquid ethane and stored in liquid nitrogen. We col-
lected 10,951 videos ona Titan Krios G3i microscope operated at 300 kV
with a Selectris energy filter (10-eV slit width) and a Falcon 4i direct
electron detector (Thermo Fisher) operated in counting mode (55
frames, 4,096 pixels, 165,000 magnification, pixel size 0.736 A, total
dose 53.8 electrons per A%). Datawere collected using EPUV.3.6. Three
shots per hole were recorded, witha defocus range of -0.6 to -2.0 pm.

Cryo-EM data processing

Alldata processing software was compiled and configured by SBGrid™.
CryoSPARCVv.4.4.1t0v.4.6.0 (ref. 56) was used to performall data pro-
cessing unless indicated otherwise. Videos underwent patch-based
motion correction with dose weighting and patch-based CTF estima-
tion, followed by manual curation to exclude micrographs with CTF
fit resolution greater than 5 A and outliers in intensity, ice thickness,
motionand defocus. Particles were picked using Topaz v.0.2.5 (ref. 57),
implemented with amodel that was trained on the particles yielded by
apreliminary round of processing and volume reconstruction (which
applied a strategy analogous to the one described here to 100 vid-
eos, except particle picking was done with Blob Picker onimages pro-
cessed by Micrograph Denoiser, and particles on carbon were manually
excluded). Particlesunderwent extraction with a 384-pixel box size and
two rounds of two-dimensional classification to exclude junk picks.
Abinitioreconstruction and heterogeneous refinement (five classes)
yielded two classes with high-resolution volume reconstructions. These
particles underwent a second round of ab initio reconstruction and
heterogeneous refinement (five classes).

Three classes produced high-resolution volume reconstructions.
One class was amonomer of the tetrameric HalA complex. The other
two classes were dimers of the tetramer. (For this methods section, we
define the terms ‘monomer’ and ‘dimer’ considering the tetrameric
complex withinasingle micelle to constitute anindividual protomer).
Both dimers were C,-symmetric, although reconstructed in C, at this
stage, with the protomer closer to the centre of the box showing
stronger density. However, the dimerization mode was distinct in
each class, occurring through different protein surfaces. At the site
of eachdimerizationinteraction, afew side-chains were shifted to form
protomer-protomer contacts, breaking symmetry with the C,-related
surfaces uninvolved in dimerization, but in such a minor way that the
dimer particle stacks remained useful inimproving global resolution
through C, reconstruction later in processing. These dimerization
modes are unlikely to be biologically relevant, as they could not occur
innear-planar biological membranes owing to the sharp angle between
the two protomers’ C, axes (33° and 57°). In many cases, only one of the
two protomers of each dimer was represented in the particle stack at
this stage (some particles were eliminated by the proximity criterion
during two-dimensional classification, and some were never picked
by Topazin the first place). To capture all protomers, dimeric particles
were duplicated, and each duplicate particle’s pose was transformed
across the C, axis using Align 3D Volumes. Particles from all three
classes—monomers, 33° dimers and 57° dimers—were re-extracted
with new centres (corresponding to the centre of an autogenerated
mask from a C, refinement of the monomer class) and the poses
assigned to them by refinement or by the C, transformation, where

applicable. Within each of the three classes, the particle stacks were
then de-duplicated with a20-A separation criterion.

From this point on, all refinements were restricted with Gaussian
priors on shift (standard deviation 5 A) and rotation (standard devia-
tion10°) to prevent poses from wandering to symmetry-related posi-
tions (within the same protomer or in neighbouring protomersin the
same particle micrograph) besides the oneidentified inthe first refine-
ment. In their three separate classes, particles underwent cycles of
non-uniform refinement (C, for monomers, C, for dimers)*, local CTF
refinementand global CTF refinement until convergence. Particles then
underwent reference-based motion correction, followed by similar
rounds of refinement.

Particles from the three classes were then combined, de-duplicated
andrefined together (C,, gold-standard Fourier shell correlation (FSC)
2.07 A). Performing this refinement with versions of the dimer particle
micrographs in which the off-centre protomer had been subtracted
yielded a reconstruction with equivalent resolution, so the original
non-subtracted images were used. The per-particle scale factors,
minimized during this refinement, exhibited a bimodal distribution
(asimilar result occurred for the monomer stack alone), and manual
micrograph inspection revealed that the stack contained on-carbon
particles, suggesting that low-quality particles were contributing to
the reconstruction. Ten iterations of CryoSieve v.1.2.5 (ref. 59) were
run on this particle stack, with a per-round retention ratio of 0.8 and
a high-pass cut-off incrementing linearly (in frequency space) from
40 At02.07 A. Although the map did not change significantly across
iterations, as observed previously, the optimal FSC, as determined by
RELION v.4.0.1 (ref. 60) within the CryoSieve cycles, was achieved at
iteration 4, at which point on-carbon particles had disappeared from
the stack and scale factor minimization yielded a monomodal distri-
bution. This particle stack (231,898 particles) was subjected to cycles
of non-uniformrefinement (C,), local CTF refinement and global CTF
refinement (fit for beam tilt, beam trefoil, spherical aberration and
beam tetrafoil) until convergence, yielding agold-standard FSC resolu-
tion of 1.98 A after mask auto-tightening.

The resulting half-maps were then subjected to a single cycle of
model-blind density modification and sharpening using resolve_cryo_
emv.2.15(ref. 61) asimplemented in Phenix v.1.21.1-5286 (ref. 62). Dur-
ing subsequent model refinement, the same starting model achieved
a superior desc moqel(0.5) when refined into the density-modified
map (1.9 A) as compared with the unmodified map (2.1A), so the
density-modified map was selected for final model refinement.

Cryo-EM model building

The starting model, an AlphaFold2-predicted structure of the HalA
tetramer, was docked into the electron microscopy density in Coot. DNA
was built manually in Coot. Waters were built using phenix.douse, fol-
lowed by manual curation. Densities foramino acid residues 1-13, 232~
241and 357-359 were weak, and these residues were left unmodelled.
Unidentified density penetrating from the micelle into the channel
lumen, potentially contributed by lipids, was left unmodelled. Unidenti-
fied adducts on the thiols of Cys54 and Cys163 were left unmodelled.
The modelwasiteratively refined in Phenix (with non-crystallographic
symmetry constraints applied to protein and DNA chains) and manu-
ally adjusted in Coot. To generate the final model, chains A, Eand W
were cloned with perfect C, symmetry. Structure stereochemistry
statisticsarereportedin Supplementary Table 3. Figures were prepared
inPyMOL 2.5.5.

Flow cytometry assay

To measure membrane depolarization, E. coli Top10 cells containing
arabinose-inducible plasmids expressing HalA or HalA and HalB were
grown in LB culture at 37 °C for 16 h. Overnight starter culture was
diluted1:10in LB cultures supplemented with 1% glucose or 0.5% arab-
inose and incubated for1,2,3, 6 or 8 hat37 °C. Polymyxin B (10 pg ml™,



Sigma catalogue no. P1004) treatment at 37 °C for 30 min was used as
a positive control. Following incubation, bacterial suspensions were
treated with DiBAC4 (5 uM, Thermo Fisher catalogue no. B438) and
propidiumiodide (1 pg ml™Sigma) in PBS for 5 min. Cells were analysed
using a BD FACSymphony Al Cell Analyzer by measurement of 100,000
events (cells) per sample. Cells treated with polymyxin Bwere used as
apositive control for gating of DiBAC4- and propidiumiodide-positive
cells, and cells treated with glucose and cells expressing both HalA
and HalB were used as negative controls for gating of DiBAC4- and
propidiumiodide-negative cells. An example of the flow cytometry
gating strategy isincluded in Extended Data Fig. 7c. Data were analysed
using FlowJo v.10 software.

Fluorescence microscopy

To measure membrane depolarization during phage infection, E. coli
MG1655 cells containing plasmids expressing Hailong anti-phage
defence wereincubated at 37 °C overnight in LB culture supplemented
with 0.2 mMIPTG to induce protein expression. Where indicated, the
bacteria were additionally transformed with a plasmid expressing
EGFP-HalA and periplasmic mCherry as previously described®?, and
subjected to further selection with 50 ug ml™ spectinomycin. Overnight
culture was diluted in MMB culture supplemented with 5 uM DiBAC4
to an OD of 0.2 and infected with wild-type or D113V escape mutant
phage SEC@4 at multiplicity of infection 10 or 40. Bacteria were then
plated on agarose pads (LB supplemented with 2% agarose, 0.2 mM
IPTG and 5 uM DiBAC4) and immediately covered with a coverslip and
sealed with VALAP wax as previously described®*. Slides were imaged
every 30 minfor 6 h afterinitial infection; during time-lapse imaging,
slides were maintained at 25 °C.

To measure ion permeability, £. coli ToplO cells containing
arabinose-inducible plasmids expressing HalA or HalAB were grown
in LB culture supplemented with 0.5% arabinose at 37 °C for 6 h. Cells
were pelleted, washed with PBS and resuspended with PBS supple-
mented with 10 mM EDTA at room temperature for 10 min to facilitate
the removal of LPS in outer membrane. Cells were then washed twice
with PBS supplemented with 0.1 mM EDTA and dilutedtoan OD of 0.2in
PBS supplemented with 0.1 MM EDTA and 40 M Sodium Green Tetraac-
etate (Thermo Fisher catalogue no.S6900) diluted 1:1in Pluronic F127
(Thermo Fisher) at room temperature for 30 min. Cells were washed
three times with PBS supplemented with 0.1 mM EDTA and plated on
agarose pads (LB supplemented with 2% agarose) and immediately
covered with acoverslip and sealed with VALAP wax. Snapshot images
were captured for 10 min.

Allimages were acquired using a Nikon Ti microscope equipped
with Plan Apo x100/1.40 Oil Ph3 DM objective and Andor Zyla 4.2 Plus
sCMOS camera and Nikon Elements v.5.22 acquisition software. Images
were analysed using Fiji v.2.9.0 and Adobe Photoshop was used for
brightness and contrast adjustments.

Escape phage isolation

To isolate mutant phages that overcome defence, a drop assay was
performed as described above with Hailong using the bacterium
E.coliSTEC1178 or anegative control strainlacking the defence system.
Tenfold serial dilutionsin MMB were made for the ancestor phage lysate
and then 10-pl drops from the dilution series were dropped on top of
thesolidified layer containing the bacteria. After the drops dried, plates
wereincubated overnight at 25 °C. Single plaques were isolated on the
defence-containing strain into 100 pl of phage buffer (50 mM Tris pH
74,100 mM MgCl,,10 mM NaCl) and another drop assay was performed
with the new phages and the ancestral phages as a comparison. PFUs
observed after overnight incubation were counted and used to cal-
culate the fold defence using the ratio between phage PFUs obtained
on negative control cells and PFUs obtained on defence-containing
cells. In cases for which the escape phage titre was low, the phages
were propagated on the defence system. DNA was extracted using the

QIAGEN DNeasy Blood and Tissue kitand DNA libraries were prepared
using amodified Nextera protocol® for lllumina sequencing.

Statistics and reproducibility
Experimental details regarding replicates and sample size are described
inthe figure legends.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Coordinates and structure factors of the Hailong HalB-ODA complex
and HalB mutantenzymes have been deposited in PDB under the acces-
sioncodes 9DBH, 9DBland 9DBJ. Coordinates and density maps of the
HalA-ODA complex have been deposited in PDB and EMDB under the
accession codes 9NYI and EMD-49920. Source data for Fig. 4b,j and
Extended DataFigs.2hand 7a,b are provided with this paper. All other
dataareavailable in the manuscript or the Supplementary Information.
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Extended DataFig.1|Structural and biochemical analysis of HalB.

a, Structure guided multiple sequence alignment of HalB protein homologues
fromindicated bacterial species. Shading indicates degree of residue
conservation. b,c, Protein structuralhomology of HalB WT N-terminal lobe (b)
and HalB catalytically inactive mutant (DDAA) C-terminal lobe (c) against all
entriesin PDB showingthe DALIZ score of the top 30 and 150 hits respectively.
HalB DDAA was used in (c) as the structure of the mutant protein resolves
additional residues in the C-terminal tail that are not visible in the wildtype
structure.d, R. bacterium QY30 HalB was expressed as an N-terminal 6xHis-
SUMO2 fusion and purified by Ni-NTA and separated from His-SUMO2 by size
exclusion chromatography. e, Coomassie-stained SDS-PAGE analysis of fully
purified HalB from R. bacterium QY30.f, Overview of tetrameric HalB crystal
structure withone protomerin blue and three protomersin different shades of

grey. Numbered boxes highlight dimerizationinterface described indetail in (h).

g, Size exclusion chromatography with multi-angle static light scattering

(SEC-MALS) analysis of purified HalB confirms HalB tetramerization. h, Detailed
view of interacting residues asin (f) showing dimerizationinterface between
HalB protomers.1i, Urea-PAGE analysis of HalB WT and LEFE mutant ODA synthesis.
Jj, Size exclusion chromatography overlay of HalB WT and LEFE mutant showing
arightward shiftindicating aloss of tetrameric complex formation. k, Bacterial
growth assay of £. coli expressing HalA with HalB active site and dimerization
mutants. LEFE, L24E and F67E double mutant. I, Urea-PAGE analysis of HalB
substrate and metal specificity using NTPs and a**P-labeled dATP and NTPs
asindicated. m, Coomassie-stained SDS-PAGE analysis of ODA synthesis with
purified HalBWT and catalytically inactive mutant (DDAA) given indicated pM
concentrations of ANTP. n, Urea-PAGE analysis of ODA synthesis overa24 h
period with purified HalB given a®?P-dNTP, the indicated pM concentrations
of dNTP, and treated with proteinase K. Expression of HalB used in this figure
was from R. bacterium QY30.Datashown are representative of at least three
independent experiments.
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Extended DataFig.2|Mechanism of ODA synthesis. a, Urea-PAGE analysis of
ODA synthesis with purified HalB and a*’P-dATP supplemented with different
ddNTPsubstrates toinduce chain termination and determine specificity to
adenine.b, Schematic of LC-MS workflow to determine the chemical composition
of ODA. ¢, Left, LC-MS analysis of purified HalBWT or DDAA mutantincubated
with dNTP. Right, Characterization of the extracted signal molecule by LC-MS
innegative mode. Formate and chloride ions formed the major adducts
[dA+formate]” and [dA+CI] respectively observed with deoxyadenosine.

d, Uncropped Urea-PAGE analysis of ODA cleavage from the HalB-ODA complex
using a*’P-labeled dATP treated with proteinase Kand E. coli soluble lysate
fractionasinFig.2. a**P-labeled dAMP made with apyrase-treated dATP and
nuclease P1were used as controls to visualize single nucleotide product.

e, Schematic depicting process of biochemical fraction of E. coli BL21 cell lysate
to enrich for HalB-ODA cleavage activity using heparin IEX orammonium
sulfate precipitation followed by phenyl hydrophobicinteraction. f, Urea-PAGE
analysis of ODA cleavage from the HalB-ODA complex using fractions obtained
after S200 size-exclusion chromatography. Active fractions used for mass
spectrometry analysis are highlightedinbold. g, Summary of mass spectrometry
results from both fractionation methods. HIC, hydrophobic-interaction
chromatography; IEX, ion exchange. h, List of enriched candidates shared
betweenboth purification schemes. Data shown as mean for twoindependent
experiments. i, Urea-PAGE analysis of ODA cleavage from the HalB-ODA complex
using a*’P-labeled dATP treated with purified reconstitution of candidate
proteins. Two common contaminating ribosomal proteins (RpIP and RplE)

and one catalytically inactive protein due to a frameshift mutation (Rph) were
excluded from further analysis.j, Urea-PAGE analysis of ODA cleavage from the
HalB-ODA complex using «**P-labeled dATP treated with purified H-NS and
StpA.k, Overview of tetrameric HalB catalytically inactive mutant crystal
structure with one protomer inlight blue and three protomersin different
shadesofgrey.l, R. bacterium QY30 HalB catalytically inactive mutant was
expressed as an N-terminal 6xHis-SUMO2 fusion and purified by Ni-NTA and
separated from 6xHis-SUMO2 by size exclusion chromatography. m, Coomassie-
stained SDS-PAGE analysis of fully purified HalB catalytically inactive mutant.
n, Size exclusion chromatography with multi-angle static light scattering analysis
of purified HalB catalytically inactive mutant. o, Overview of tetrameric HalB
R164A crystal structure with one monomerindark blue and three monomers
indifferent shades of grey. p, Coomassie-stained SDS-PAGE analysis of fully
purified HalBR164A. q, Overview of HalB and residue R164 inan open
conformation prior to ODA synthesis and an active confirmation during ODA
synthesis. r, Detailed view of 1) HalB residues stabilizing incoming dATP substrate
and 2) polder omit map contoured at 5.5 0 of Y227 and non-hydrolyzable dATP.
HalB adenine discrimination occurs through residues T129 that coordinate
sequence-specific contacts with the adenine nucleobase Watson-Crick edge,
andL60 and R128 that restrict guanine and pyrimidine base recognition.
Detailed view of 3) newly synthesized ODA bound to HalB C-terminal tyrosine
residue and 4) polder omit map contoured at3.5 o of dAMP bound to Y227.
Expression of HalB used in this figure was from R. bacterium QY30. Datashown
arerepresentative of atleast threeindependent experiments.
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Extended DataFig.4|Cryo-EM data processing for the HalA-ODA complex.
a, Cryo-EM data processing scheme. To facilitate visual comparison, each
volume’s hand was flipped wherever necessary to match the hand of the final
reconstruction. b, Left, example motion-corrected micrograph, subjectedtoa
5-Along-passfilter. Right, the same image subjected to CryoSPARC’s Micrograph
Denoiser. Particles presentinthe final stack arecircledin green. ¢, Example 2D

class averages from the particle curation stage. d, Gold-standard Fourier shell
correlation (GSFSC) curves after FSC-mask auto-tightening, as produced by
CryoSPARC. The horizontal black linerepresents the FSC = 0.143 threshold.
e, Local resolution of the final map (unsharpened and without density
modification).
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Extended DataFig. 5|Structural analysis of HalA. a, Isolated HalA protomer
showingregionsinvolved in membraneinteraction and formationof theion
channel (transmembrane domain a6-a10) and regions involved in ODA binding
(pentapeptide repeat domain). b, Isolated HalA tetramericion channel region
used for structuralhomolog comparison. c,d, Protein structural homology of
HalA transmembrane domain againstall entriesin PDB showing the DALIZ
score and FoldSeek E value of the top 130 and 1200 hits respectively. Entries
withannotatedion channel activity are highlighted. e, HalA comparison
tostructurally related and well-characterized ion channel proteins, and
corresponding PDB entryIDs arein parentheses.2TM domain of HalA and ion
channel proteins were used to highlight their structural similarities within the
ionselectivity filter and transmembrane regions. Highlighted 2TM domains

areshown asindividual proteins next to the full structure, or overlayed
altogether with HalA. f, Detailed view of HalA interacting residues required
foroligomerization. g, Detailed view of the ion channel comparing the closed
state (cryo-EMstructure) and AlphaFold model of HalA. The AlphaFold model
shows awider conformation of theion conduction pathway, suggestive of
conformational rearrangements that would lead to an open statein the absence
of ODA. h, Detailed view of HalAresidues involved in recognition of ODA binding
specificity. Sequence-specificinteractions occur between HalA residues T83,
T104, and T124 with base dA5; S141and N143 with base dA3; and side-chains
W26, K109, and F139 facilitate additional interactions that control selective
ODArecognitionand restrict guanine and pyrimidine base recognition.
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Extended DataFig. 6 | HalA sequence analysis and growth assay. a, Structure ~ with and without HalB. Expression of HalA used in this figure was from

guided multiple sequence alignment of HalA protein homologs fromindicated  R.bacterium QY30.Datashownare representative of atleast three independent
bacterial species. Shadingindicates degree of residue conservation.b, Bacterial ~ experiments.

growth assay of £. coli expressing HalA mutants required for channel assembly
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|Flow cytometry and live cellimaging analysis of HalA
activation. a,b, Flow cytometry quantification of DiBAC4-positive cells (a) and
Pl-positive cells (b) from E. coli expressing HalA or HalAB treated with glucose,
polymyxin B, orinduced with arabinose for theindicated times. c, Left, gating
strategy: bacterial cells were selected using side scatter height versus forward
scatter height (SSC-H vs. FSC-H) and side scatter height versus width (SSC-H vs.
SSC-W). Right, representative plots from cells treated with polymyxin B, or
cellsexpressing arabinose-inducible plasmids containing HalA or HalAB. Flow
cytometry datashownare collected from100,000 events and are representative

ofatleasttwoindependent experiments.d,e, Live cellimaging analysis of
membrane depolarization using DiBAC4 in E. coli containing plasmids expressing
Hailong defence systemand infected with (d) WT or escape mutant phage SECp4
atacalculated multiplicity of infection of 10 or 40, or (e) no phage infection.
Scalebars, 5 um.f, Cellular localization of HalA visualized in E. coli expressing
EGFP-HalA and periplasimic-mCherry. Scale bars, 1 um. Expression of HalA and
HalAB used in this figure was fromR. bacterium QY30. Live cellimaging data
shownare representative of at least three independent experiments.
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Extended DataFig. 8|Identification and structural characterization of
Hailong phage escape mutants. a, Full analysis of isolated phage escape
mutants. Left, sequenced genes containing the indicated point mutations are
highlightedinlight green within the SEC@4 genome. Right, representative
plaque assays and heatmapillustrating fold defence of E. coli expressing
Hailong from £. coli STEC1178 and challenged with WT SEC@4 phage and SECp4

escape mutant phages. b, Multiple sequence alignment of SEC@4 escape
mutant gp43 proteins fromindicated phage and bacterial homologs. Shading
indicates degree of residue conservation. ¢, AlphaFold modeled structure of
SEC@4 Exo (left) and comparison with human EXOS (right) with (PDBID: 7LW9)
and without DNA (PDBID: 7LW7). Boxes highlight nuclease active site.d, Detailed
view of nuclease active residues in SEC@4 Exo (left) and human EXOS5 (right).


https://doi.org/10.2210/pdb7LW9/pdb
https://doi.org/10.2210/pdb7LW7/pdb

Article

a Tree scale b
0 0.5 1 0%
D Bacteroidata l:l Caudoviricetes sp.
Pseudomonadota
D l:l Salmonella phage
[ ] Actinomyecetota
D Uroviricota |:| Bacteriophage sp.
25%
D Bacillota
l:l Escherichia phage
D Others/Unknown
l:l Streptococcus phage
|:| Siphoviridae sp.
50% |
l:l Bacteroides phage
|:| Klebsiella phage
75% —1 - Pseudomonas phage
l:l Unknown
D Others
SEC¢4 Exo
100%
c d SECe4 e F-dA dA-F dC-F rA-F dA-dT-F  f
Exo :
120+ SEC@4 Exo 130 kDa[ | Exo: - + - + - + - + - + ” s
— A 95 V36"
100 280 72 . v | P3¢ 198
Agss 55| (.52 kDa ¢ D1365
80 43| . .
2 0 34
£ 26
— —
07 - - -
20+ 17
P IR AN O M , {
1 - D113
30 60 Volume (ml)go 120
Extended DataFig. 9| Phylogenetic and biochemical analysis of SEC@4 Sntsingle-stranded RNA (rA-F), or 20 bp thymidine-labeled double-stranded

Exo. a, Phylogenetic analysis of -1,700 SEC@4 Exo sequence homologs obtained = DNA (dA-dT-F). Direction of fluorescein (labeled as green F) tagged to the
using NCBIBLAST. b, Genera of phages encoding SEC@4 Exo.c, SEC@4 gp43 oligonucleotide indicates either a5-tagged DNA (indicating afree3’end) ora
DNA exonuclease (Exo) was expressed as an N-terminal 6xHis-SUMO2 fusion 3-tagged DNA (indicating afree 5’ end). Datashown arerepresentative of at
and purified by Ni-NTA and separated by size exclusion chromatography. least threeindependent experiments. f, AlphaFold modeled structure of SEC@4
d, Coomassie-stained SDS-PAGE analysis of fully purified SEC@4 Exo. e, Analysis  Exowith escape mutant residues withinscaffolding regions.

of 5ntfluorescein-labeled deoxynucleotide substrates (F-dA, dA-F, dC-F),
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Flow Cytometry

Plots

Confirm that:
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|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

E. coli Top10 cells containing arabinose-inducible plasmids expressing HalA or HalA and HalB were grown in LB culture at 37 °
C for 16 h. Overnight starter culture was diluted 1:10 in LB cultures supplemented with 1% glucose or 0.5% arabinose and
incubated for 1, 2, 3, 6, or 8 h at 37 °C. Polymyxin B treatment at 37 °C for 30 min was used as a positive control. Following
incubation, bacterial suspensions were treated with DiBAC4 and propidium iodide in PBS for 5 min, and immediately run on
the flow cytometer without further processing.

Cells were analyzed using a BD FACSymphony A1 Cell Analyzer.

FACSDiva v8.0 software was used for data acquisition, and data were analyzed using FlowJo v10 software.

Samples were analyzed by flow cytometry but no cell sorting was performed.

Preliminary FSC/SSC gates were applied followed by removal of doublets (FSC-H vs SSC-H and also SSC-W vs SSC-H). Cells
treated with polymyxin B were used as a positive control for gating of DiBAC4- and propidium iodide-positive cells, and cells

treated with glucose and cells expressing both HalA and HalB were used as negative controls for gating of DiBAC4- and
propidium iodide-negative cells.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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