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Zoryaisarecently identified and widely distributed bacterialimmune system that
protects bacteria from viral (phage) infections. Three Zorya subtypes have been
identified, each containing predicted membrane-embedded ZorA-ZorB (ZorAB)
complexes paired with soluble subunits that differ among Zorya subtypes, notably
ZorCand ZorDintypelZorya systems'?. Here we investigate the molecular basis of
Zorya defence using cryo-electron microscopy, mutagenesis, fluorescence microscopy,
proteomics and functional studies. We present cryo-electron microscopy structures
of ZorAB and show that it shares stoichiometry and features of other 5:2 inner
membrane ion-driven rotary motors. The ZorA;B, complex contains a dimeric ZorB
peptidoglycan-binding domain and a pentameric o-helical coiled-coil tail made of
ZorAthat projects approximately 70 nminto the cytoplasm. We also characterize the
structure and function of the soluble Zorya components ZorC and ZorD, finding that
they have DNA-binding and nuclease activity, respectively. Comprehensive functional

and mutational analyses demonstrate that all Zorya components work in concert

to protect bacterial cells against invading phages. We provide evidence that ZorAB
operates as a proton-driven motor that becomes activated after sensing of phage
invasion. Subsequently, ZorAB transfers the phage invasion signal through the ZorA
cytoplasmic tail to recruit and activate the soluble ZorC and ZorD effectors, which
facilitate the degradation of the phage DNA. In summary, our study elucidates the
foundational mechanisms of Zorya function as an anti-phage defence system.

Bacteriaface frequent bacteriophage (phage) attacks and have evolved
diverse defence strategies, including the restriction-modification and
CRISPR-Cas systems> . Anti-phage defence systems have key rolesin
modulating phage-bacteria population dynamics and have biotechno-
logical potential®. Recent studies have identified many new anti-phage
defence systems, with further work revealing how some systems are
activated by directly sensing phage-encoded proteins, or through
indirect mechanisms'?7°, As phage invasion initiates with cell enve-
lope interactions, some defence systems might detect changesin the
envelope as early infection signals. However, such defence mechanisms
have not yet beenidentified.

Among newly discovered anti-phage defence systems, Zorya systems
are widespread'? There are three known Zorya types, each encod-
ing ZorA and ZorB, which are thought to form membrane-embedded
complexes related to the proton-driven flagellar stator unit Mot-
AB™ ™, Moreover, each type encodes one or more cytosolic proteins
of unknown function, namely ZorC and ZorD for type | Zorya systems.

Most anti-phage defence systems encoding membrane-associated
proteins are thought to function by disrupting or depolarizing the
host membrane, leading to cell death or dormancy before phage rep-
lication completes, amechanism called abortive infection™. Asimilar
membrane-depolarization mechanism for ZorAB has been proposed’,
butithasnotbeenruled outthat ZorAB could instead act as the sensor
of infection.

Using single-particle cryo-electron microscopy (cryo-EM), mutagen-
esis, functional assays, proteomics and total internal reflection fluo-
rescence (TIRF) microscopy, we decipher several key aspects of the
Zorya defence mechanism. We identified that ZorA and ZorB form
aunique 5:2 proton motive force (PMF)-driven motor complex with
along intracellular tail and propose that it acts as a phage infection
sensor and signal transduction complex. After phage perturbation of
the cellenvelope, the peptidoglycan-binding domain (PGBD) of ZorB
anchors the complex to the cell wall, and proton flow drives ZorA and
itstail to rotate around ZorB. Thisrotationinduces recruitment of the
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Fig.1|Zoryahasbroad activity against phages through a directimmunity
mechanism. a, Schematic of the EcZorl operon. b, EcZorl defence against
diverse E. coliphages, determined using efficiency of plaquing (EOP) assays.
AAI, the average aminoacid identity between proteins encoded by each phage
(providing an estimate of the relatedness between phages). ¢, Adsorption of
phage Bas24 onto £. coli cells possessing or lacking EcZorl.d, One-step phage
growth curve for phage Bas24 infection of E. coli, with or without EcZorl,
normalized to the plaque-forming units (PFU) per ml at the initial timepoint.
e, Infection time courses for liquid cultures of £. coli, with and without EcZorl,
infected at different MOls of phage Bas24. ¢, phage. f, Phage titres at the end
timepoint for each sample from the infection time coursesin e, measured as

soluble effectors ZorC and ZorD, which have DNA-binding and nuclease
activities, leading to the local degradation of invading phage DNA to
facilitate direct (non-abortive) defence.

Zoryaprotects throughadirect mechanism

TypelZoryasystems are widely distributed across Gram-negative phyla
(Extended DataFig.1a-c). We therefore cloned the complete Escherichia
coliNCTC 9026 type | Zorya system (EcZorl), including its native pro-
moter, into alow-copy plasmid and used a heterologous E. coli strain®
toexamine anti-phage defence. The EcZorl system provided anti-phage
activity against a diverse range of phages, but some phage families
tested were unaffected (Fig.1a,b). EcZorl did notimpair the adsorption
of phages tohost cells (Fig.1c) butacted subsequently to prevent phage
replication and burst (Fig. 1d). However, EcZorl did not defend against
plasmids introduced by conjugation or transformation (Extended Data
Fig.1d,e), suggesting that some aspect of phage infection, other thanthe
mereintroduction of foreign DNA into the cell, triggers Zorya activity.

For population-level defence by EcZorlinliquid culturesinfected at
different multiplicities of infection (MOIs), each phage tested affected
the control populations to differing extents; however, population
growthinthe EcZorl samples was generally unaffected at low (<0.1) MOls
and, in some cases, also at high (>1) MOls (Fig. 1e and Extended Data
Fig.1f,g). Importantly, the growth kinetics at early timepoints did not
reveal any premature host population collapse or delayed growth for
cells expressing EcZorl compared with the negative controls (Extended
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PFUpermlonindicator lawns of E. coli either without (control) or with EcZor]l.
Thelimit of detection (LOD) isshownby dotted lines. g, The survival of E. coli
cells, lacking or possessing EcZorl, that were infected atan MOl of 5 with Bas24.
h, Time-lapse, phase-contrast microscopy of £. coli cells with and without
EcZorlinfected with Bas24 atan MOl of 5.1, Quantification of the time-lapse
microscopyinh, displaying the measured cell arearelative to theinitial
timepoint. For b-g, dataare the mean of at least three biological replicates
(datapointsindicatereplicates) and error bars (cand d) or shaded regions (e)
represent the standards.e.m.Fori, dataare mean +s.d., derived from
independentbiological triplicates.

DataFig.1f). EcZorl alsoreduced the levels of phages detectable at the
end timepoints in most infected cultures (Fig. 1f and Extended Data
Fig.1h).Forasingle synchronized round of Bas24 infection (at MOI 5),
EcZorlincreased the survival rate of infected cells compared with the
control populations (Fig. 1g). Together, these results indicate that
EcZorlactsthroughadirect rather thanabortive infection mechanism.
This finding was confirmed using single-cell time-lapse microscopy,
where cells expressing EcZorl continued to replicate after exposure to
Bas24, whereas cells lacking EcZorl lysed within 60 min (Fig. 1h,iand
Supplementary Videos 1and 2).

Zorya contains aZorA;B, complex

Toinvestigate how ZorA and ZorB support direct defence by Zorya, we
purified recombinantly expressed £EcZorAB complex from cell mem-
branes using lauryl maltose neopentyl glycol (LMNG) detergent (Fig. 2a
and Extended Data Fig. 2a). Visualized by negative-stain EM, EcZorAB
contains a head domain attached to a long tail, measuring approxi-
mately 700 A (Fig. 2b). We then resolved the EcZorAB cryo-EM structure
to an overall resolution of 2.7 A, revealing an oligomeric assembly of
five ZorA and two ZorB subunits (Fig. 2c-f, Extended Data Fig. 2b-fand
Extended Data Table1). The 5:2 stoichiometry is supported by quantita-
tive mass spectrometry (MS) analyses of EcZorl-expressing cells and
conserved with the flagellar stator unit MotAB complex (MotA;B,)
and similar rotary motors'®" (Extended Data Fig. 2g,h and Supple-
mentary Table1). Overall, EcZorAB comprises four structural layers: a
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Fig.2|Cryo-EM analysis of EcZorAB and its architecture. a, Schematic of
EcZorAand EcZorB. b, Negative-stain EMimage of purified EcZorAB particles.
Scalebar,1,000A.c, Representative high-resolution two-dimensional classes
of EcZorABimages from cryo-EM. Domain architectures of the EcZorAB
complex are shown. Scalebar,100 A.d, Cryo-EM map of EcZorAB. Five ZorA
subunits (purple, salmon, light green, tan and coral) surround two ZorB
subunits (white and dark grey) viewed from the plane of the membrane.
Membrane-bound lipids areshowninyellow. The detergent micelleis shown as

predicted PGBD (ZorB Thr47-Leu246), transmembrane domain (TMD),
membrane-proximal cytoplasmic domain (MPCD; spanning ZorA resi-
dues Gly48-Leul27 and Lys207-Ser222) and a tail-like structure formed
by the ZorA C-terminal region (ZorA Gly223-Thr729) extending into
the cytoplasm (Fig. 2a,c,e).

The periplasmic domain exhibited flexibility relative to the TMD;
accordingly local refinement was used to improve the resolution to
3.5 A, resolving a dimerized ZorB PGBD (Extended Data Fig. 2i-k). The
flexibility of the ZorA tail prevented its complete three-dimensional
reconstruction, with our cryo-EM map providing density for only the
first 56 tail residues, despite the negative-stain EM and MS analyses
confirming that the purified complex contained intact full-length ZorA
(Fig.2b-f).Secondary-structure prediction revealed a preference for
thetailtoadopt a-helical structures (Extended Data Fig. 3a), suggesting
that the remaining ZorA tail probably continues the experimentally
observed coiled-coil with aright-handed super-helical twist. On the
basis of these observations, we constructed an idealized full-length
ZorAB modelin which the ZorA tail forms a helical bundle projecting
70 nminto the cytoplasm, with a helical pitch of 328 A and a radius of
9.0 A (Fig. 2g and Extended Data Fig. 3c-e).

ZorA,B,is aPG-binding H'-driven motor
On the periplasmic side, the C-terminal PGBDs of the ZorB subunits
form a homodimer, with the dimerization interface composed of a3

|Jepow paoipaid

Radius 9.0 A

atranslucent surfacerepresentationin cyan. The dashed lines showinner
membrane boundaries. Two cross-section views of the EcZorAB TMD and tail
areshown. e, Cross-section view of the EM density map from the plane of the
membrane. f,Ribbon model representation of EcZorAB, with two cross-section
views of the model shown. g, Composite model of the EcZorAB whole complex,
represented asasurface model. Theradius of the ZorA tail is indicated. CP,
cytoplasm; H, helix; IM, inner membrane; PP, periplasm.Imagesinbare
representative of atleast threereplicates.

and B5 from each monomer, driven mainly by van der Waals forces
and electrostaticinteractions. Furthermore, a C-terminal loop of ZorB
capstheside of the dimerization interface (Fig.3a,b and Extended Data
Fig. 4a,b). Each monomer contains two disulfide bridges, potentially
contributing to the stability and rigidity of this domain: bridges con-
nect alto the f1-2 loop and a3 to the C-terminal loop (Extended
DataFig.4b,c). The overall ZorB dimer structure resembles that of the
periplasmic domain of MotB of the flagellar stator unit and of other
peptidoglycan (PG)-binding proteins®?° (Extended Data Fig. 4b,d).
MotAB is kept in an inactive state by the MotB ‘plug’ regions, which
are connected through a long linker to the PGBD and inhibit ion flux
and rotation of MotA around MotB (Extended Data Fig. 4e,i-m). Only
afterincorporation of MotAB into the flagellar motor, the MotB plug is
released and the PGBDs dimerize to enable PG binding®. By contrast,
the ZorB PGBDs are already dimerized, and the PGBDs are fused without
alinker to the ZorB transmembrane (TM) helices through a1 (Fig. 3a).
Mutations of key residues predicted to be involved in the ZorB PGBD
dimer interface, PG binding (Tyr151, Asn152, Leul55 and Argl59) and
the disulfide bridges abolished Zorya-mediated phage defence, as did
truncations of the C-terminal loop region (Fig. 3h and Extended Data
Figs. 2k and 6a). In vitro pull-down assays demonstrated that purified
ZorAB and purified ZorB PGBD bind to PG, whereas corresponding
PG-binding-site mutants displayed reduced binding (Extended Data
Fig. 4f-h,q). The ZorB TM helices are asymmetrically surrounded by
five ZorA subunits, each containing three TM helices (TM1-TM3).
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Fig.3|ZorABisaPG-binding, proton-driven motor. a, EcZorAB viewed from
the plane of the membrane, with ZorB shown as ribbons (black and white) and
ZorAshownasatranslucentsurface. The distance between the inner membrane
and PG layer in E. coliis approximately 90 A (ref. 32). The cysteine residues from
the two disulfide bridgesinthe ZorB PGBD are indicated and shown as spheres.
The Asp26 residues fromboth ZorB TM helices are indicated and shown. b, Top
view of the ZorB PGBD. ¢, Cross-section view of the ZorAB TMD, showing ZorB
Asp26 and the surrounding residues. d, Magnified view of the interactions
between ZorB and ZorA at the domain assembly interface in the periplasmic
space. e, The Ca®*-binding site. EM densities are only overlapped on Ca* ion
and the two water molecules. f, Magnified view of the interactions between the
ZorBNterminusand the ZorAtail. g, lon-translocation pathway (semitransparent
surfacerepresentationinlightblue) inZorAB. Residues along theion-permeation

ZorATM2and TM3 arelined directly against the ZorB TM helices, while
TMLlis peripheral and faces thelipid bilayer. Lipid densities are observed
around the ZorAB TMD that probably stabilize the TMD (Fig. 2d and
Extended Data Fig. 2I). The ZorAB TMD is structurally related to that
of 5:2ion-driven prokaryotic rotary motors, including possessing the
universally conserved and mechanistically essential aspartate residue,
Asp26inZorB.One ZorB Asp26 is engaged with ZorA chain 3 (ZorA(3))
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pathway and from the ion-selectivity filter are shown. Each asterisk indicates
residues or structural elements from the neighbouring ZorA subunit. h, The
effects of ZorA and ZorB mutations on EcZorl-mediated anti-phage defence
against Bas24, as measured using EOP assays. Dataare the mean of at least three
replicates (datapointsindicate replicates) and are normalized to the control
sampleslacking EcZorl. ZorB(46-52>GGGSGGS), replacement of ZorB residues
46-52with a GGGSGGS linker. Data for additional phages are provided in
Extended DataFig. 6a. i, Time-lapse phase-contrast microscopy analysis of
E.colicells expressing empty vector control or EcZorl with or without exposed
toBas24 atanMOI of 5in the presence or absence of 30 uM CCCP. j, Quantification
ofthe time-lapse microscopyimagesini, displaying the measured cell area
relative to theinitial timepointimages. Forj, dataaremean t s.d., derived from
independentbiological triplicates.

through contact with TM2 Thr147 and TM3 Ser184 and the other Asp26
isunengaged and points towards alumen enclosed by the ZorAMPCD
(Fig. 3a,c). The interaction modes of these two Asp26 are the same as
those in the inactive state of MotAB", suggesting a similar conforma-
tional state and rotary mechanism (Extended Data Fig. 4i-m). Despite
the lack of a MotB-like ‘plug’in ZorB, there are several features poten-
tially blocking the rotation of ZorA around ZorB in this state: ZorA(2)



Prol63induces a kink in ZorB(1) a1 near residue Val46, and two salt
bridges, ZorA(2) Glul64-ZorB(1) Arg49 and ZorA(5) Glul64-ZorB(2)
Arg52, and several polar interactions are located at the ZorAB peri-
plasmicassembly interface (Fig.3a,d). Replacing ZorBresidues 46-52
with a GGGSGGS linker (to abolish the predicted rotational blockages)
and then generating a cryo-EM reconstruction revealed that, for this
mutant, the densities for the ZorB TM helices could not be resolved and
the ZorB PGBD density is poor, suggesting that ZorA is free to rotate
around ZorB (through Brownian motion) in the mutant (Extended
DataFig.4n-p,r,s).

Onthe cytoplasmicside, the ZorA TMD and MPCD are connected by
TM1and TM3, the intracellular segments of which are joined by three
vertical helices (H1-H3) and a -hairpin motif. H3is less ordered owing
tothe presence of two proline residues, Pro126 and Pro136 (Extended
Data Fig. 5a,b). We found five strong spherical densities in the ZorA
MPCD, each coordinated by the mainchain carboxylate groups of
Asp217 and Tyr220 from the end of TM3, and the side chains of Glu86
and Glu89 fromthe adjacent subunit, as well as two well-resolved water
molecules. Onthe basis of the strongly negative electrostatic environ-
ment and the surrounding coordinating residues, we assigned these
densities to Ca*, bridging the MPCD of two adjacent ZorA subunits
and linking ZorA TM3 toits intracellular helix (Fig. 3a,e and Extended
DataFig.5c). We also observed a water-filled ion-permeation pathway
connecting the periplasmic space through the unengaged ZorB Asp26
tothecytosol (Fig.3g). Onthe periplasmicside, a cavity lined by several
negatively charged residues probably attracts incoming ions. Mov-
ing towards the cytoplasmic side, ZorA residues Thr147 and Ser184
resemble an ion-selectivity filter” that controls ion access from the
periplasmto ZorB Asp26 (Fig.3c,g). The absence of the additional polar
residuesin the ion-selectivity filter thatis strictly required for sodium
coordination®indicates that ZorAB is probably a proton-driven motor
(Extended Data Fig. 4i,k,m). The pathway extends from ZorB Asp26
in the direction of the cytoplasm to the inner lumen encircled by the
ZorAMPCD, where we found a highly hydrated lateral portal that could
facilitate ion exit (Fig. 3g).

We next mutated residues along the ion-permeation pathway to
probetheirrolein Zoryadefence. ZorB Asp26is essential for all models
ofiontranslocationand motor rotation and its mutation to asparagine
abolishes Zoryadefence. In the ion-selectivity filter, mutation of ZorA
Thr147 or Ser184 to alanine did notimpair Zoryaactivity against Bas24
butdid against other phages, whereas the double-mutant ZorA(T147A/
S184A) is non-functional against all of the phages tested. Alanine sub-
stitution of ZorA Prol36, which creates a kink in the ZorA MPCD H3
helix, resulted in increased defence activity against some phages.
Furthermore, increasing the side-chain size and rigidity of lle144,
near ZorB Asp26, which would sterically hinder ZorA from rotating
around ZorB, leads to non-functional Zorya (Fig. 3¢,h and Extended
DataFig. 6a,c-e). We further confirmed the necessity of the PMF-driven
ZorAB motor function for Zorya-mediated phage protection by per-
forming single-cell time-lapse microscopy in the presence or absence of
the PMF-dissipating protonophore carbonyl cyanide m-chlorophenyl
hydrazone (CCCP). The addition of CCCP did not prevent the growth of
cellsexpressingeither EcZorlor theempty vector controlinthe absence
of phage but did impair EcZorl-mediated protection against Bas24
(Fig.3i,jand Supplementary Videos 3-6). These observations support
theideathat PMF-driven rotation of ZorA around ZorB is essential for
Zoryaanti-phage defence.

ZorAB tail controls anti-phage defence

One of the most notable features of the ZorAB complexis its long tail-
like structure (Fig. 2b,g). Within the ZorA MPCD, ZorB N-terminal resi-
dues Metland Phe2intertwine and hydrophobically block the entrance
of the tail (Fig. 3a,f). On the outside of the tail, residue Arg108 from
the B-hairpin motif forms a salt bridge with Glu227, and His92 makes

electrostatic contact with the hydroxyl group of Tyr228 (Extended Data
Fig. 5c). Disrupting these interactions leads to loss of defence against
Bas24 (Fig. 3h). Inside the tail, Leu250, Leu254, Leu258 and Leu261
from each ZorA subunit make up continuous hydrophobic pentameric
rings. Moreover, we observed an extra density along the tail central
axis in this region, which is best modelled as a fatty acid, consistent
witha predicted lipid-binding site?? (Extended Data Fig. 5d,f). Mutants
targeting this hydrophobic motif abolished Zorya defence (Fig. 3h)
and we observed that, although the tail bundle appeared assembled
inpurified ZorA(L250G/L254G/L258G/L261G)-ZorB and ZorA(L250N/
L254N/L258N/L261N)-ZorB mutants, the TMD domain was perturbed
(Extended DataFig. 5g,h), suggesting that the ZorA tail influences cor-
rect ZorAB TMD assembly. To further test this, we deleted the entire
tail (ZorA(A223-729)) and this mutant also abolished ZorAB TMD
motor formation (Extended Data Fig. 5i). Given that the tail structure
protrudesinto the cytoplasmandis surrounded by aqueous solution,
hydrophobic interactions inside the tail seem to be the primary driv-
ing force for tail assembly, and it is unlikely that the tail conductsions
or other small soluble molecules (Extended Data Fig. 3d,e). Notably,
part of the ZorA tail (residues 540-729) shows homology with the
core signalling unit of the bacterial chemosensory array (Extended
DataFig.3b), which contains alongintracellular helical bundle that is
responsible for transferring signal from the extracellular environment
into the cell and regulates the activities of the subsequent effectors®.
Sequence analyses further revealed that long ZorA tails are present
in all Zorya subtypes, suggesting that the tail length is functionally
important (Extended DataFig. 6b).

Deletion of any of the Zorya genes results in the loss of anti-phage
defence, emphasizing that the complete function of the Zorya system
requires communication between the membrane-anchored ZorAB
complex and cytosolic soluble proteins (Figs. 3h and 4c,i). Consider-
ing the motor-like structural features of the ZorAB TMD and its long
cytoplasmic tail, we speculated that the ZorA tail is responsible for
transmitting a signal derived from the activated ZorAB motor to the
cytosolic proteins ZorC and ZorD. To test whether the length of the ZorA
tailisimportant for Zoryafunction, we made four ZorA tail truncations:
deleting the beginning (ZorA(A223-482)), middle (ZorA(A359-592))
andtip (ZorA(A483-729)) of the tail as well as acombination of deleting
the beginning and tip (ZorA(A223-343/A449-729)) (Extended Data
Fig. 5a). Purification and cryo-EM analyses of ZorA(A359-592) ZorB
and ZorA(A435-729) ZorB confirmed that the deletions resulted in
shorter tails but did notimpair ZorAB TMD motor assembly (Extended
DataFig. 5j—-m and Extended Data Table 1). However, all tail trunca-
tions abolished Zorya defence (Fig. 3h and Extended Data Fig. 6a,c,d).
Mutating the Ca**-binding site (E86A and E89A) also resulted in the
loss of Zorya function (Fig. 3h and Extended Data Fig. 6a) and caused
conformational changes in the ZorA MPCD, including to the linker
between TM3 and the ZorA tail helix (Extended Data Fig. 5e,n). Thus,
inactivation of the Ca**-binding ites probably disrupts the connection
between the ZorAB TMD motor and the tail. These data indicate that
ZorAB tail integrity and its motor connection are essential for Zorya
anti-phage activity, supporting therole of the ZorA tailin communicat-
ing with the cytosolic effector proteins.

ZorC and ZorD DNA interactions enable defence

Tobetter understand theroles of ZorCand ZorD in anti-phage defence,
we next obtained their structures and investigated their biological
roles. ZorC possesses a domain containing an EH signature motif
(Glu400, His443) with unknown function. We determined the cryo-EM
structure of EcZorC to an anisotropic resolution of 3.7 A, with suf-
ficient density to model residues Arg58-Pro478 (Fig. 4a, Extended
DataFig. 7a-e and Extended Data Table 1). EcZorC consists of a core
domain that connects through along linker to a C-terminal globular
domain, the density of which is blurred, and de novo model building
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¢, The effects of ZorC mutations on EcZorl-mediated anti-phage defence, as
measured using EOP assays. d, Invitro interaction of EcZorC with200 nM
dsDNA (18 bp, 50% GC content, 5 FAM-labelled dsDNA; the sequence is shown
inExtended DataFig. 7h), ZorC concentrations were as follows for lanes 1, 3, 4,
5,6and 7, respectively:2,500,100,250,500,1,000 and 2,500 nM. e, The effects
of ZorC mutations on dsDNA-binding activity. All reactions were made to afinal
concentration of 100 nM of dsDNA and 2,000 nM of protein. f, Representatives
of high-resolution two-dimensional classes of apo EcZorC and EcZorC-dsDNA
compleximages from cryo-EM. Scale bars,100 A.g, Ribbon model representation
of EcZorD inacomplex with ATP-y-S, with the bound ATP-y-Sshown as asphere
representation. h, Details of ATP-y-S-binding sites. The backbone of the
DEAQbox motif (ZorD residues 730-733) is coloured in magenta. Conserved
negatively charged residues surrounding the DEAQ box motif are shown.

i, The effects of ZorD mutations on EcZorl-mediated anti-phage defence,

was not possible (Extended Data Fig. 7b). In the core domain, the EH
signature motif Glu400 and His443, together with Asp332, Arg335,
Trp339 and Trp458, form an electrostatic network (Fig. 4b). Moreover,
in an AlphaFold3-predicted® full-length ZorC model, the N-terminal
region (residues Met1-Glu48) was modelled with low confidence as
two hydrophilic helices that extend from the core domainbeyond the
density observed in the cryo-EM map (Extended Data Fig. 7b,f). Dele-
tion of the N-terminal helices or the C-terminal globular domain results
inloss of Zorya function (Fig. 4c). The ZorC surface contains several
patches of net positive charge, including the region containing the
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EH signature motif (Extended Data Fig. 7g), suggesting that ZorC might
interact with nucleic acids. Using electrophoretic mobility shift assays
(EMSAs), we observed that ZorC can bind to double-stranded DNA
(dsDNA) in a sequence-independent manner (Fig. 4d and Extended
Data Fig. 7h). Both the EH signature motif and C-terminal globular
domain are required for ZorC DNA-binding activity (Fig. 4e). We
further confirmed the ZorC-DNA binding by obtaining a cryo-EM
dataset of ZorC in complex with dsDNA. Although we did not obtaina
high-resolution reconstruction, the 2D classes clearly indicate that the
EH-motif-containing domain interacts with DNA (Fig. 4f and Extended



DataFig. 7i). Furthermore, ZorC E400A or H443A mutations abolished
Zoryafunction, indicating that ZorC DNA binding is indispensable for
Zoryadefence (Fig. 4c and Extended Data Fig. 6a).

EcZorD contains a predicted Snf2-related domain at its C termi-
nus and such domains are known to use ATP hydrolysis to bind to or
remodel DNA®. We therefore determined the structure of EcZorDin the
absence and presence of aslowly hydrolysable ATP analogue, ATP-y-S
(Fig. 4g, Extended Data Fig. 8a-d and Extended Data Table 1). The
EcZorD N-terminal domain (residues Metl-Asn502) interacts directly
with its C-terminal domain (residues Asp503-Alal080), forming a
toroid-shaped molecule. ATP-y-S is bound within a cleft near the hall-
mark DEAQ box motif (ZorD residues Asp730-GIn733), surrounded by
many conserved negatively charged residues (Fig. 4h). Mutations in
both the ATP-binding site (D730A/E731A) and those conserved nega-
tively charged residues resulted in loss of Zorya function (Fig. 4i). We
next assessed ZorD DNA-targeting activity by incubating purified ZorD
with plasmid DNAinvitro. Full-length ZorD was unable to degrade DNA;
however, the ZorD C-terminal domain exhibited nuclease activity and
rapidly degraded both plasmid DNA and phage genomic DNA (Fig. 4j,k
and Extended Data Fig. 8e). Mutating the DEAQ box motif (D730A,
E731A) or a glutamate (Glu651) recognizing the ATP ribose group
completely abolished the nuclease activity of the ZorD C-terminal
domain (Fig. 4j). Moreover, the presence of ZorC did not activate the
autoinhibited ZorD nuclease activity or inhibit the activity of the ZorD
C-terminal nuclease domain (Extended Data Fig. 8f,g). This aligns with
the finding that ZorC and/or ZorD alone cannot protect against phage
infection without ZorAB. Our results suggest that ZorD has nuclease
activity and thatits full-length formis autoinhibited, probably becom-
ing active once defence is triggered, presumably through a confor-
mational change consistent with AlphaFold3 predictions (Extended
DataFig.8h-m).

Todirectly measure ZorD nuclease activity in vivo, we attempted to
use the parS-ParB system to track phage DNA within infected cells?.
While the system was not functional with Bas24, we were able to estab-
lish activity with Bas54, against which Zorya also confers protection
(Fig.1b). Using time-lapse microscopy to track the presence of phage
DNA during Bas54::parS infection, we observed Bas54::parS DNA
withininfected cells (detected as fluorescent spots of ParB-mScarlet
boundtoparSloci)inthe absencebut not presence of Zorya (Extended
DataFig. 7j and Supplementary Video 7). This supports our model for
Zorya-mediated phage DNA degradation, but could also be explained
if Zorya blocked injection of phage DNA. To exclude this possibility,
we labelled Bas24 phage DNA with a fluorescent dye (SYTOX Orange)
and used time-lapse imaging to track phage adsorption, DNA injec-
tion and subsequent fate of the injected DNA and infected cells. Inthe
absence of Zorya, we observed individual phage particles adsorbing
andinjectingtheir DNA, apparent as transfer of fluorescence from the
phage capsid to an accumulation of intracellular fluorescence. In the
presence of Zorya, DNAinjection still occurred (the fluorescence from
the adsorbed phage particles decreased over time, consistent with
therate of DNAinjectioninthe absence of Zorya), but we detected no
intracellular fluorescence accumulation, suggesting that the injected
phage DNA was rapidly degraded and that the cells were protected
from lysis (Fig. 4l-nand Supplementary Video 8). These experiments
provide further evidence supporting phage DNA degradation by the
EcZorlsystem.

ZorABrecruits ZorC/D during phage invasion

We next examined how ZorAB, ZorC and ZorD coordinate during phage
infection. We examined whether zorC and zorD from a Pseudomonas
aeruginosa type l Zorya system could complement corresponding
deletions of EcZorl genes, but this was not the case, suggesting that
direct interactions occur between ZorAB and either or both ZorC or
ZorD (Extended DataFig. 9a,b). Moreover, quantitative MS analysis of

EcZorl-expressing cellsimplied an approximate1:1:1ZorA;B,:ZorC:ZorD
stoichiometry (Extended DataFig.2g,h). We next used TIRF microscopy
to examine the subcellular distributions of functional mNeonGreen
(mNG) or HaloTag (HT) fusions to ZorB, ZorC and ZorD (Extended
DataFig.9c,d).Inthe presence and absence of phage, ZorB-mNG and
ZorB-HT formed distinct membrane-associated foci, while expression
of mNG alone from the EcZorl promoter resulted in uniform, cytoplas-
mic fluorescence independent of phage (Fig. 5a,c and Extended Data
Fig. 9¢,f). We observed a slight but significant increase in ZorB-mNG
fociin phage-infected bacteria, whichwasindependent of ZorAB motor
function, as the non-rotating ZorB(D26N) mutant showed a similar
increase (Fig.5a,b). Forboth mNG-ZorC and ZorD-mNG, we observed
asignificant increase in membrane-associated focus formation after
phage infection compared with the non-phage control, suggesting
that the cytosolic effector proteins ZorC and ZorD are recruited to
an activated EcZorl system (Fig. 5c,d). This result is reinforced by a
positive correlation between the number of ZorD foci and the phage
MOI (Extended Data Fig. 9h,i). We next used dual-tagged constructs to
investigate co-localization of ZorB-HT with either mNG-tagged ZorC
or ZorD (Extended Data Fig. 9¢). In the absence of phage, ZorB and
ZorC or ZorDfocirarely co-localized. However, after Bas24 infection,
co-localization of ZorC-mNG or ZorD-mNG with ZorB-HT occurred
in approximately 20% or 30% of cells, respectively (Fig. 5e-h). As
TIRF microscopy visualizes only about a quarter of the cell depth?,
the observed co-localization is probably an under-representation
of the ZorC/D recruitment frequency. No ZorD co-localization was
detected in the non-functional motor ZorB(D26N) mutant or in a
ZorA tail-tip-deletion mutant (Fig. 5h). Overall, these data suggest
that the cytosolic effector proteins ZorC and ZorD are recruited to
phage-activated ZorAB complexes, and that both the rotary function
of ZorAB and the cytoplasmic tail of ZorA are required to transmit the
phage infection signal and recruit the cytosolic nuclease to activated
ZorAB.

Discussion

Here we showthatanE. colitypelZoryasystemexhibits defence activ-
ity against phylogenetically diverse phages through a direct immu-
nity mechanism but not against bacterial conjugation or plasmid
transformation. ZorA and ZorB form an inner-membrane-integrated
ZorA B, proton-drivenrotary motor complex with along, intracellular
tail structure. We propose that the ZorAB complex acts as a sensor
to detect phage infection and transmits the invasion signal through
rotation of the ZorA tail torecruit and activate the effectors ZorC and
ZorD, which bind to and degrade invading phage DNA (Fig. 5i-k). Our
model and data refute a previous hypothesis that ZorC and ZorD are
involvedinsensing and inactivation of phage DNA, with ZorAB acting
asaproton channel to depolarize the membrane potential and induce
celldeathiftheinitial ZorC/D protection failed". Instead, we found that
the defenceisdirect, does notinduce cell dormancy or death, and that
ZorCand ZorD alone (without ZorAB) do not provide protection from
phage infection.

We propose that ZorAB senses phage-induced perturbations that
reduce the distance between theinner membrane and the PG layer, ena-
bling ZorB to anchor to PG. PG binding and ion flow through the TMD
are essential for ZorAB and the flagellar stator unit MotAB to function
asrotary motors. However, the short distance of the ZorB PGBD to the
membrane motor unit (due to the absence of a flexible linker typical for
MotB) means that, normally, the PG layer is too distant for ZorB toreach
(Fig. 3a and Extended Data Fig. 4¢e). We therefore propose that ZorAB
complexes are usually inactive and free to diffuse laterally, as observed
for MotAB complexes before flagellar incorporation>?, Perturbation
of the PG layer or an increase in the local curvature of the inner mem-
brane (which is known to occur during breaching of the cell envelope
by some phages)?, or other phage-induced cell envelope changes that
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focibetweenthe untreated or Bas24-exposed (MOI, 5;30 min) conditions. n>250
cells,3replicates. P=0.022 (WT) and P=0.027 (D26N). ¢, Exemplary denoised
TIRFimages of the subcellular distributions of mNG-tagged ZorC and ZorD,
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exposed (MOI 5,30 min) conditions. n>250 cells. P=0.004 and P= 0.04.

e, Exemplary denoised TIRF images of co-localization of mMNG-ZorC with
ZorB(WT)-HT withor without Bas24.Scalebars,1 um. The white arrows highlight
co-localization. f, Co-localization analysis of ZorB(WT)-HT or ZorB(D26N)-HT
with ZorC-mNG with or without Bas24 (MOI, 5;30 min). P=0.0002 (left),
P=0.0042 (right). g, Exemplary denoised TIRF images of co-localization of

reduce the inner-membrane-PG-layer distance (such as localized PG
degradation generating ‘frayed’ edges)*’, would enable the ZorB PGBD
to contact the PG layer, allowing binding and subsequent activation
of ZorAB and recruitment and/or activation of effectors (ZorC and
ZorD) to clear the phage infection (Fig. 5i-k). Notably, although fla-
gellar stator units are widely distributed among both Gram-positive
and Gram-negative bacteria®, Zorya is under-represented in bac-
teria with single-membrane cell envelopes, suggesting that differ-
ences in cell wall architecture or phage infection mechanisms might
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ZorD-mNG with ZorB-HT, with or without Bas24. Scale bars, 1 pm.

h, Co-localization analysis of ZorB(WT)-HT or mutants (ZorB(D26N)-HT and
ZorA(A483-739) (tail-tip deletion)) with ZorD-mNG, with or without Bas24
(MOI, 5;30 min).****P<0.0001.i-k, The proposed Zorya defence model. OM,
outer membrane.i, Inactive ZorAB diffuses laterally within theinner membrane.
j,Inactive ZorAB detects cell envelope perturbation during phage infection
and ZorBPGBDs anchorto PG.lon translocation through ZorAB triggers ZorA
and its tail torotate around ZorB. k, The ZorAB motor signal is transferred
through the ZorA tail, which recruits and/or activates ZorC and ZorD. ZorC and
ZorDbind to and degrade phage DNA, preventing phage replication. Datapoints
represent the mean focus counts foreach of three replicates and the shaded
barsrepresent the meanbetweenreplicates. Forbandd, dataare mean values,
with the whiskers representing the minimum to maximum values. Statistical
analysis was performed using unpaired t-tests (b,d,f) or two-way ANOVA (h)*.
ZorB(WT)-HT and ZorB(D26N)-HT expression data are provided in Extended
DataFig. 6e.

prevent effective phage-induced activation of Zorya (Extended
DataFig.1a-c).

Sensing perturbation of the cell envelope provides an elegant mecha-
nismthatexploits the critical early stages of infection to trigger adirect
anti-viral defence. While the exact mechanism of phage-induced ZorAB
anchoring and activation remains unclear, the need of a rotary motor
and the long ZorA tail to recruit and activate effectors suggests an
intriguing hypothesis in which the effectors (ZorC/ZorD) are specifi-
cally activated in close proximity to the cellmembrane. This localized



effector function would protect host DNA from effector activity with-
outrelying on epigenetic-based self versus non-self discrimination
mechanisms® (Supplementary Discussion).

Overall, we provide structural and functional insightsinto the Zorya
defence system and propose that Zoryaacts early ininfection by sens-
ing perturbation of the cell envelope toinitiate alocalized anti-phage
response near the cell membrane. Our work paves the way for further
research to understand the detailed mechanisms of this unique activa-
tion signal for anti-phage defence.
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Methods

Phylogenetic analysis of Zorya systems

To create the phylogenetic tree shown in Extended Data Fig.1b, Zorya
systems were identified by running PADLOC?**v.1.1.0 with PADLOC-DB
v.1.4.0 across RefSeq v209 bacterial genomes®. For a representative
sample of high-quality Zorya systems, the results were filtered for sys-
tems with canonical gene order (zorABCD, zorABE or zorFABG for types
I, Ilandlll, respectively) that were not at the edge of a contigand where
the ZorA protein had minimum PADLOC-DB target and hmm alignment
coverages of 80%. The respective ZorA sequences were trimmed to
250 amino acids to roughlyisolate the head domain (representing the
TMD motor unit). The ZorA head sequences were then clustered using
MMseqs23¢v.15.6f452 with the options --min-seq-id 0.8 --coverage 0.8,
and therepresentative sequences for each resulting cluster were used
for subsequent analyses. For the representative ZorA sequences, a
diversified ensemble of 100 replicate alignments was built using the
Super5algorithm of muscle (v.5.1)*’ by perturbing each guide tree with
25 different seeds. E. coli MotA (WP_000906340.1) was included in
the alignments as an outgroup. The alignment with the greatest col-
umn confidence was used to build a phylogenetic tree with FastTree
v.2.1.11 with the option -Ig (ref. 38). Bacteria encoding each protein
were assigned taxonomy based on GTDB v214.1%, grouping phylawith
alphabetic suffixes into their base phylum. To create the phylogenetic
treeshownin Extended Data Fig. 1c, the GTDB v214.1 bacterial reference
tree was filtered for genomes present in RefSeq v209 and collapsed to
the phylum level.

Cloning of the Zorya defence system and mutagenesis

The EcZorl operon withits native promoter region was amplified by PCR
fromtheE. colistrain NCTC9026 genome (purchased from the National
Collection of Type Cultures (NCTC)) and subcloned into a modified
pACYC vector using the In-Fusion cloning strategy (In-Fusion Snap
Assembly Master Mix; TaKaRa, 638947). The PaZorl operon was ampli-
fied fromthe P. aeruginosa strain DSM24068 genome (DSMZ-German
Collection of Microorganisms and Cell Cultures; Leibniz Institute) and
was subcloned into a modified pACYC vector under the E. coli Zorl
native promotor using the In-Fusion cloning strategy. For generat-
ing mutations (point mutations, deletions, mNeonGreen or Halo tag
insertions, where EcZorl zorC or zorCD genes were replaced by PaZorl
zorCor zorCD), plasmids were constructed based on standard cloning
techniques (In-fusion snap assembly). All plasmids were verified by
either Sanger or Nanopore sequencing.

Phage infectivity assays

Thehost E. coli ARM (hereafter ARM, a derivative of E. coliMG1655 engi-
neered toremove multiple restriction modification systems, which was
used isolate the BASEL phage collection)®, possessing either pControl
(pACYC) or pEcZorl (or mutants thereof) were grown overnightin LB +
chloramphenicol (25 pg ml™). EOP assays were performed using bac-
terial lawns of the host strainin 0.35% LB agar + 10 mM MgSO, + 2 mM
CaCl, overlaid onto 1.5% LB agar + chloramphenicol. Tenfold dilution
series of phages were spotted onto the overlays, air-dried, then the
plateswereincubated overnight at 30 °C. Liquid culture infection time
courses were performed in 96-well plates inanincubated shaking plate
reader at 30 °C. The time courses were begun with cells at an optical
density at 600 nm (ODg,,) of 0.05 and phages were added at the indi-
cated MOI, assuming an ODy, to cell ratio of 3 x 10® cells per ODyy,
unit. The average amino acid identity between phages (indicative of
relatedness) and hierarchical clustering of phage genomes was calcu-
lated using EZAAI*°, separating clusters with proteome coverage <40%.

Phage adsorption and one-step growth curve assays
Overnight cultures of ARM possessing either pControl or pEcZorl
were used toinoculate fresh LB + chloramphenicol culturesata1:100

dilution. The inoculated cultures were grown at 30 °C with shaking
until reaching an OD,, of 0.4-0.6, then collected by centrifugation,
washed with LB + chloramphenicol and resuspended at an OD, of
1.0inLB +10 mM MgSO, + 2 mM CaCl,. For phage adsorption assays,
10 ml samples of resuspended cells were infected with phage Bas24
at an MOl of 107, then the samples were mixed and incubated at
30 °C without shaking. For the O min timepoint (total input phages),
100 plsamples were removed and added to 0.35% LB agar seeded with
ARM +pControl (as an indicator lawn), then poured on top of 1.5% LB
agar +chloramphenicol. For each subsequent timepoint,1 ml samples
weretaken, centrifuged to pellet cells and the supernatant (containing
unabsorbed phages) was then filtered through a 0.2 um PES syringe
filter. Samples (100 pl) of thefiltered supernatant were added to indica-
tor overlays (as above) poured onto 1.5% LB agar + chloramphenicol.
All overlay plates were incubated overnight at 30 °C before counting
plaques. For each timepoint, the percentage of unabsorbed phages was
calculated as the timepoint plaque count/plaque count for the time
0 min pControl sample. For the one-step phage growth curves (burst
time and size), 2 ml samples of the cells resuspended at and OD, of
1.0in LB +10 mM MgSO, + 2 mM CacCl, (as above) were infected with
phage Bas24 at an MOl of 107, then the samples were mixed and two
tenfold diluted samples were prepared, and the dilution series for each
sample was thenincubated at 30 °C without shaking. At the indicated
timepoints, 100 pl samples of each dilution were removed and added
to 0.35% LB agar seeded with ARM + pControl (as an indicator lawn),
then poured on top of 1.5% LB agar + chloramphenicol. All overlay
plates were incubated overnight at 30 °C before counting plaques.
For each timepoint, the PFU was normalized to the PFU of the O min
pControl samples.

Conjugation assays

Plasmids encoding kanamycin resistance and each possessing dif-
ferent origins of replications (ColE1, pMAT16; RSF1010, pPF1825%;
pBBR1, pSEVA237R*; or RK2, pPF1619) were conjugated from the
E. coli donor ST18*** (an auxotroph requiring supplementation with
5-aminolevulinic acid; ALA) into the E. colirecipient ARM possessing
either pControl or pEcZorl. Matings were performed at the indicated
donor to recipient ratios (D:R) and incubated overnight on LB agar +
chloramphenicol + ALA at 30 °C. The conjugation efficiency was
determined by plating dilution series of the matings onto LB agar +
chloramphenicol + kanamycin (transconjugants) and LB agar + chlo-
ramphenicol (total recipients). The transconjugant frequency was
defined as the transconjugant CFU/recipient CFU.

Transformation assays

Chemically competent cells of ARM possessing either pControl or
pEcZorl were prepared according to the Inoue method*, with HEPES-
KOH pH 6.8 used for the transformation buffer. Cells were stored in
200 plaliquots at =80 °C before use. For each transformation assay,
5ngofplasmid (quantified using a Qubit BR kit) was used. Plasmids used
were as described above for the conjugation assays (ColE1l, pMAT16;
or pBBR1, pSEVA237R).

Cellsurvival assays

Overnight cultures of ARM possessing either pControl or pEcZorl were
used toinoculate fresh LB + chloramphenicol cultures at a1:100 dilu-
tion. The inoculated cultures were grown at 30 °C with shaking until
reaching an OD,,,0f 0.4-0.6, then collected by centrifugation, washed
with LB +chloramphenicol, and resuspended at an OD,,, of 0.2. Phage
Bas24 was then added at an MOl of 5 to each sample; control samples
without phage addition were also included. After 20 min adsorption,
tenfold serial dilutions of each sample were plated (100 pl each) onto
LB + chloramphenicol, then incubated overnight at 30 °C. The cell
survival rate was calculated as [CFU obtained + Bas24]/[CFU obtained
without phage addition].


https://www.ncbi.nlm.nih.gov/protein/WP_000906340.1

Phages and phage genome purification
Phage primary stocks were prepared using the double-agar method,
with near-confluent plaque overlays. The phages were collected by
adding SM buffer (100 mM NacCl, 8 mM MgSO,, 50 mM Tris-HCIpH 7.5,
5mM CacCl,) ontop of the overlay agar and mixed for 4 hat4 °C. The sus-
pensionwas collected and centrifuged for 15 minat 4,000g. High-titre
phage samples were obtained by inoculating1-3 [ of LB with a10* dilu-
tion of an overnight culture of ARM and grown at 37 °C to an OD, of
0.3. The bacterial culture was inoculated with the primary stock to
an MOI of 0.025 and infection was carried out at 37 °C at 90 rpm until
aclear lysate was obtained. The lysate was collected at 4,000g, for
15 min at 4 °C. After decanting the supernatant, 1 pg ml™ of DNase |
and 1 pg ml™ of boiled RNase A were added to the cleared lysate. The
lysate was gently stirred at 90 rpm for 30 min at room temperature.
Phages were concentrated by polyethylene glycol (PEG) precipi-
tation. NaCl was gradually added to a final concentration of 1M, fol-
lowed by gradual addition of 10% PEG 8,000 with continuous stirring
atroom temperature until dissolved. After obtaining a clear solution,
thelysatewas stirred (100 rpm, 30 min; 4 °C) and left overnightat4 °C.
Thelysate was centrifuged (15,000g,1h, 4 °C) and the clear supernatant
wasremoved. The precipitate was resuspended in the minimal amount
(up to2 ml) of SM buffer that allowed solubilization. Insoluble materi-
als were removed by adding 20% (v/v) of chloroform and centrifuged
(8,000g,10 min). The supernatant was stored at4 °C tobe used as phage
sample for the next step. The phage was then purified by rate zonal
separationusing OptiPrep Density Gradient Medium (Sigma-Aldrich) in
adensity gradient ranging from 50 to 10%, diluted in SM medium. The
phage sample was applied on the top of the gradient and centrifuged
(150,000g, 18 h, 4 °C). The phage was extracted, dialysed against SM
buffer and the samples were stored at 4 °C. The phage genomes were
extracted using the Phage DNA isolation kit from Norgen Biotek, ali-
quoted and stored at 20 °C.

Phage genome labelling

Stocks of Bas24 were treated with Pierce Universal Nuclease accord-
ing to the manufacturer’s protocol for 1 h at 37 °C. To stain the phage
genomic DNA, SYTOX Orange (Invitrogen) stock solution wasadded to
10 ml of the phage lysate at a concentration of 1:2,000 and incubated
overnightat4 °Cinthe dark. Stained phage particles were subsequently
purified by PEG precipitation. PEG 6,000 was added to the lysateto a
final concentration of 10% (w/v) and incubated overnight at 4 °C to allow
for phage aggregation and precipitation. The lysate was centrifuged
at4,000g for 30 min at 4 °C to pellet the phages and the supernatant
was carefully discarded without disturbing the phage pellet. The phage
pellet was then washed by gently adding a1 ml SM buffer, centrifuged
at 6,000g for 2 min and used for subsequent time-lapse microscopy
experiments.

Protein expression and purification

ZorAB. The full-length genes of E. coli ZorA and ZorB code for 729 and
246 residues, respectively. The tandem gene was PCR amplified from
the E. coli strain NCTC9026 genome and subcloned into a modified
pET vector containing a C-terminal human rhinovirus (HRV) 3C pro-
tease cleavage site and a twin-Strep-tag Il (resulting in pET11a-ZorA-
ZorB-3C-TSII). The plasmids containing the recombinant genes were
transfectedinto E. coli C43(DE3) competent cells and the proteins were
expressedin LB medium. When the culture OD¢,,reached 0.6-0.8, the
temperature was decreased from 37 °C to 24 °C, then grown until the
0D, reached approximately 0.8-1.0, before 0.5 mMisopropyl 3-D-1-
thiogalactopyranoside (IPTG) was added for overnight proteininduc-
tion. The culture was collected, and the cell pellet was resuspended in
buffer A containing 20 mM HEPES-NaOH pH 7.5, 300 mM NacCl sup-
plemented with EDTA-free protease inhibitor (Thermo Fisher Scien-
tific) and lysozyme from chicken white egg (Sigma-Aldrich) to a final

concentration of 50 pug ml™ and deoxyribonuclease | from bovine
(Sigma-Aldrich) to afinal concentration of 30 pg ml™. The mixture was
disrupted by high-pressure homogenizer and centrifuged at 185,000
for1h.The pellet containing the membrane was collected and solubi-
lized using buffer B containing 30 mM HEPES-NaOH pH 7.5,300 mM
NaCl,10%glycerol, 2% LMNG (Anatrace), supplemented with EDTA-free
protease inhibitor at 4 °C for 2 h. The solubilized membrane was then
centrifuged at 90,000g for 40 min and the supernatant was loaded onto
a gravity flow column containing 2 ml (resin volume) of Strep-Tactin
Superflow high-capacity resin (IBA), pre-equilibrated with wash buffer
containing20 mMHEPES-NaOH pH 7.5,300 mM NacCl, 10% glycerol and
0.005%LMNG. Theresins were washed five times with 2-3 resin volumes
ofthe wash buffer and elution was carried out five times with 0.5 resin
volume (1 ml) of elution buffer containing20 mM HEPES-NaOH pH 7.5,
300 mMNacCl,10% glycerol, 0.005% LMNG and 10 mM desthiobiotin).
The recombinant protein was then concentrated and loaded onto a
pre-equilibrated (20 mM HEPES-NaOH pH 7.5, 150 mM NacCl, 0.002%
LMNG) Superose 6 Increase 10/300 GL size-exclusion chromatography
column. The fractions from the elution peak corresponding to the
molecular mass of the ZorAB complex were pooled, and the protein was
concentrated for cryo-EM grid preparation and functional experiments.
The procedures for expression and purification of ZorAB mutants were
similar to those for the ZorAB wild type.

ZorB and MotB soluble PGBDs. The PGBDs of each ZorB and ZorB
(Y151A/N152A/L155A/R159A) (from Arg52 to C terminus) and E. coli
MotB (from Glu96 to C terminus) were cloned from the existing
full-length expression constructs" into pET11a by PCR amplification-
based deletion mutagenesis (TakaraBio). The ZorB and MotB PGBDs
were purified similarly to ZorC and ZorD with afew modifications. The
ZorB and the ZorB(Y151A/N152A/L155A/R159A) PGBD vectors were
transformed into Rosetta-gami-2(DE3) competent E. coli (Novagen).
Cellswere grown in LB medium supplemented with 100 pg ml™ ampi-
cillin, 34 pg ml™ chloramphenicol and 10 pg ml™ tetracycline at 37 °C
to an OD,,, of 0.7. The cells were then induced with 0.5 mM IPTG and
allowed to grow for 16 h at 18 °C. The cultures were collected and the
cell pellets resuspended in lysis/wash buffer (50 mM Tris-HCI pH 8.0,
150 mM NaCl supplemented with EDTA-free protease inhibitor cocktail
(Roche)). Moreover, 1 mg of DNase I and 0.5 mM MgCl, was added to
the resuspended cells. The cells were lysed using the Avestin Emulsi-
flex C3 homogenizer, cooled to 4 °C and soluble lysates were cleared
by centrifugation at 30,000g at 4 °C for 30 min. The supernatant was
thenrun over a gravity-flow column containing 2 ml (resin volume) of
Strep-Tactin4Flow high-capacity resin (IBA), pre-equilibrated with wash
buffer (50 mM Tris-HCI pH 8.0,150 mM NaCl). The resin was washed
with 20 ml lysis/wash buffer and protein was eluted in 12 ml elution
buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 10 mM desthiobiotin).
Theelutionwas then concentrated and run over a Superose 6 Increase
10/300 GL size-exclusion chromatography column into gel-filtration
buffer (20 mM Tris-HCI pH 8.0,150 mM NaCl). The MotB PGBD was
expressed and purified identically to the ZorB PGBDs, with the excep-
tion that it was expressed in BL21(DE3) gold E. coliin LB medium sup-
plemented with 100 pg mI™ ampicillin.

ZorC.The predicted zorCgene encodes 560 residues. The zorCgene to-
getherwithashortregionupstreamofthe zorCNterminus thatencodes
7 residues (LPVGYAT) was PCR amplified from the DNA genome of E. coli
strainNCTC9026 and subcloned into the modified pET vector (resulting
inpET11a-ZorC-3C-TSII). £. coli BL21 (DE3) gold chemically competent
cellswere transformed with the plasmids and the protein was expressed
in LB medium with the presence of 100 pg ml™ of ampicillin. In brief,
when the OD,, reached 1.0-1.2, the temperature was decreased to
16 °Cand 0.5 mM IPTG was added for overnight protein induction.
The culture was collected, and the cell pellet was resuspended using
buffer containing 20 mM Tris-HCIpH 7.5,10% glycerol and 500 mM NaCl
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supplemented with EDTA-free protease inhibitor (Thermo Fisher Scien-
tific). The cells were lysed using an Avestin Emulsiflex C3 homogenizer,
cooledto4 °Cand centrifuged at18,000g for 40 min. The supernatant
was thenadded to agravity-flow column containing 3 ml (resin volume)
of Strep-Tactin Superflow high-capacity resins (IBA), pre-equilibrated
with wash buffer (20 mM Tris-HCI pH 7.5, 10% glycerol and 500 mM
NacCl). Resins were washed five times with 2-3 resin volumes of wash
buffer and elution was performed with 4 CV of elution buffer 20 mM
Tris-HCI pH 7.5, 500 mM NaCl and 10 mM desthiobiotin). The recom-
binant protein was pooled and concentrated and was loaded onto a
pre-equilibrated (20 mM Tris-HCI pH 7.5, 500 mM NacCl) Superose 6
Increase 10/300 GL size-exclusion chromatography column. Peak frac-
tionswere pooled, and another round of size-exclusion chromatogra-
phywas carried out with buffer 20 mM HEPES-NaOH pH 7.5,and 150 mM
NaClto decrease the NaCl concentration. The fractions from the elution
peak corresponding to the molecular mass of ZorC were pooled and
the protein was concentrated to approximately 1 mg ml™ for cryo-EM
grid preparation and functional experiments. ZorC proteins used for
EMSAs were exchanged into buffer containing 20 mM Tris-HCIpH 7.5,
300 mM NacCl, 10% glycerol and 1 mM TCEP after elution. Pure frac-
tions were concentrated and flash-frozen in small aliquots and stored
at —80 °C until use. The sample purity was assessed using SDS-PAGE.
The procedures of expression and purification of ZorC mutants were
similar to those for the ZorC wild type.

ZorD. The predicted zorD gene encoding 1,086 residues was PCR ampli-
fied from the DNA genome of E. coli strain NCTC9026 and was sub-
clonedinto the modified pET vector, resultingin pET11a-ZorC-3C-TSII.
The expression and purification of ZorD protein were similar to those
for the ZorC protein, except for the purification buffer. In brief, the sus-
pension buffer contained 150 mM NaCl,20 mM HEPES-NaOH pH 7.5and
10%glycerol; the wash buffer was the same as the suspension buffer and
the elution buffer contained 150 mM NaCl,20 mMHEPES-NaOH pH 7.5,
10% glycerol and 10 mM desthiobiotin; and the size-exclusion chro-
matography buffer contained 150 mM NaCland 20 mM HEPES-NaOH
pH 7.5. Purified ZorD was concentrated to 0.4-0.6 mg ml™ for func-
tional experiments and cryo-EM grid preparation. For the nuclease
experiment, ZorD protein was keptin the elution buffer and flash-frozen
insmallaliquots and stored at —80 °C until use.

Cryo-EM grid preparation, data collection, model building and
refinement

ZorAB. Freshly purified ZorAB sample was concentrated to 2-3 mg ml™
and 2.7 pl proteinwas applied onto glow-discharged (30 s, 5 mA) grids
(Quantifoil R0.6/1300 mesh Au) and plunge-frozeninto liquid ethane
using the Vitrobot Mark IV (FEI, Thermo Fisher Scientific) with the fol-
lowing settings:100% humidity, 4°C, blotting force 25,4-6 sblot time
and 7 s wait time. Videos were collected using the semi-automated
acquisition program EPU (FEI, Thermo Fisher Scientific) on the Titan
Krios G2 microscope operated at 300 keV paired with a Falcon 3EC
direct electron detector (FEI, Thermo Fisher Scientific). Images were
recorded in electron-counting mode, at x96,000 magnification with
acalibrated pixel size of 0.832 A and an underfocus range of 0.7 to 2.5
pm. The number of micrographs and the total exposure values for
the different datasets are summarized in Supplementary Table 1. Grid
preparation and data collection strategies for the ZorAB mutants were
similar to those for the ZorAB wild type.

ZorC. Purified ZorC (3 pl at around 1 mg ml™) was applied onto
glow-discharged (30 s,5 mA) grids (UltrAuFoil R 0.6/1,300 mesh, Gold)
and plunge-frozen into liquid ethane using the Vitrobot Mark IV (FEI,
Thermo Fisher Scientific), with the following settings:100% humidity,
4°C, blotting force 20, 4 s blot time and 10 s wait time. Videos were
collected using the semi-automated acquisition program EPU (FEI,
Thermo Fisher Scientific) onthe Titan Krios G2 microscope operated at

300 keV paired withaFalcon 3EC direct electron detector (FEI, Thermo
Fisher Scientific). Images were recorded in electron-counting mode,
at x96,000 maghnification with a calibrated pixel size of 0.832 A and
an underfocus range of 1to 2.5 um. The number of micrographs and
total exposure values for the datasets are summarized in Extended
Data Table 1. For the ZorC + DNA sample, ZorC (final concentration
0.6 mg ml™) was mixed with commercial pUC19 plasmid (NEB) (final
concentrationof 0.5 ug pl™). The samples were incubated at room tem-
perature for 30 min, followed by 30 min at 4 °Cbefore grid preparation.
The samples (3 pl) were applied to UltraAuFoil R 2/2, 200 mesh Gold
grids (glow discharged 60 s at 10 mA) and plunge-frozen as described
above, but with the following settings: blotting force 15,3 s blot time.

ZorD. ZorD showed preferred orientation of particles on ice. Zwitte-
rionic detergent (0.5% CHAPSO; Anatrace) was added to the purified
sampletoafinal concentration of 0.0125% before cryo-EM grid prepa-
ration. For the apo form, the preparation of grids was similar to ZorC.
For ZorD in complex with ATP-y-S, 4 pl of 0.1 mM ATP-y-S was added
to400 plof purified ZorD at 0.0375 mg ml ™. The mixture was concen-
trated to15 pltoreach aZorD concentration of around 0.6 mg ml™. The
grid preparation was similar to for ZorC. The number of micrographs
and total exposure values for the different datasets are summarized
in Extended Data Table 1.

Cryo-EM data processing

All datasets were processed using cryoSPARC* v.4.2.1, unless other-
wise stated. We started by using Patch motion correction to estimate
and correct for full-frame motion and sample deformation (local
motion). Patch contrast function (CTF) estimation was used to fitlocal
CTF to micrographs. Micrographs were manually curated to remove
low-quality data (relative ice thickness value greater than 1.1and CTF
value worse than 3.5 A). We performed particle picking by template
picking or using topaz particle picking®. Particles were extracted with a
box size of 500 pixels for ZorAB datasets, 256 pixels for the ZorC dataset
and 400 pixels for the ZorD dataset. One round of 2D classification
was performed followed by ab initio reconstruction. Heterogeneous
refinement was used to exclude broken particles. Non-uniform refine-
ment was applied with a dynamic mask to obtain a high-resolution
map. Local refinement was additionally performed with a soft mask
to achieve a higher-resolution map of some flexible regions. For all
datasets, the number of videos, the number of particles used for the
final refinement, map resolution and other values during data process-
ing are summarized in the Extended Data Table 1.

Model building and validation

We used AlphaFold2 or AlphaFold3* to predict all of the initial models.
The predicted models were manually fit into the cryo-EM density by
using UCSF ChimeraX*®. The model was refined in Coot*, or using
StarMap*in the case of ZorC, for which the map is anisotropic and the
resolutionis modest. The model was thenrefined against the map using
PHENIX real space refinement®. The ZorAB composite model was con-
structed by extending the pentameric tail as anidealized right-handed
super-helical coiled-coil. Local conformations were manually adjusted
in PyMol* (v.2.5) and optimized through energy minimization using
GROMACS (v.2022.5)** with CHARMM_27 force field. However, itis worth
noting anirregularity in the AF2 model, specifically in residues 312
to 322, which introduces a substantial twist in the ZorA tail, raising
possibilities of other pentameric forms of the ZorA tail and further
reflecting its conformational dynamics.

PG purification and pull-down experiments

PG was purified from E. coli ARM with the protocol adapted from a
previous study* In brief, ARM cells were incubated in 11 LB medium
until the OD,,, reached 0.8. Cells were collected and resuspended in
12 ml PBS buffer and split into two 50 ml Falcon tubes, then 10% (w/v)



SDS solution (in PBS) was added to a final concentration of 6% (w/v).
TheFalcontubeswere boiled for1 hwith stirringat 500 rpm. The heat
was turned off and the tube was allowed to cool to ambient temperature
overnight. The next day, the solutions from both Falcon tubes were
pooledinto one 50 ml Falcon tube, and centrifuged at room tempera-
ture for 45 min at108,000g. The pellet was washed five times with 5 ml
Milli-Q water. The PG was resuspended in 20 ml of buffer containing
50 mM Tris-HCIpH 7.0, and a-amylase was added (Sigma-Aldrich) toa
final concentration of 100 pg ml™and incubated for 2 hat 37 °C. Next,
50 pg mI™RNase A (Roche) and 10 pg mI™ DNase (Sigma-Aldrich) were
added andincubated foran additional 2 hat 37 °C. The mixture was then
supplemented with 20 mM MgSO,, 10 mM CaCl,and 100 pg ml™trypsin
(Sigma-Aldrich), and incubated at 37 °C overnight. The next day, EDTA
atpH 8 wasadded toafinal concentration of 10 mM and 10% (w/v) SDS
solution to afinal concentration of 1% (w/v). The mixture was boiled for
20 mininawater bath and allowed to cool to ambient temperature. The
tube was centrifuged at 108,000g for 45 min. The resulting pellet was
washed five times with Milli-Q water to remove residual SDS. Finally, the
pellet was resuspended in 300 pl of Milli-Q water, aliquoted into 35 pl
portions and stored at —20 °C. For PG pull-down assays, the purified
PG was washed with 1 ml PBS + 0.002% LMNG buffer and centrifuged
at20,000gfor 30 min. Purified ZorAB and ZorAB ZorB(Y151A/N152A/
L155A/R159A) mutant (10 pl, at a concentration of 2 mg ml™; ZorAB
ZorB(Y151A/N152A/L155A/R159A) mutant is less stable, requiring the
use of freshly purified protein) was incubated with the PG at room tem-
perature for1h, then centrifuged at20,000g for 30 min. The pellet was
washed three times with 700 pl of the pull-down buffer by mixing and
centrifugation (10 min,12 °C,20,000g). The supernatant was retained
for SDS gel analysis. The pellet was resuspended with 20 pl of buffer
and 5 pl of loading dye was added for SDS gel analysis.

For the pull-downs of ZorB PGBD, mutant ZorB PGBD (ZorB(Y151A/
N152A/L155A/R159A) PGBD), MotB PGBD (positive control) and ZorE
(negative control), the protocol was similar to as above. In brief, PG
(PGN-ECndi ultrapure peptidoglycan (InvivoGen); due to the lowyield
of the laboratory-purified PG) was washed and resuspended in resus-
pension buffer (20 mM potassium phosphate, pH 7,150 mM Nacl).
Each pull-down reaction contained 10 pl of washed 25 mg ml™ PG, 4 pl
of the indicated protein (each added from a 5 mg ml™ stock) and the
pull-down buffer (20 mM potassium phosphate pH 6,150 mM NacCl,
2 mM MgCl,, 2 mM CaCl,) to final volume of 100 pl. The samples were
incubated for 30 min at 20 °C with gentle mixing. The insoluble PG
was pelleted by centrifugation at 20,000g at 12 °C for 10 min, and the
soluble supernatant wasretained for SDS-PAGE analysis. The pellet was
washed three times with 700 pl of the pull-down buffer by mixing and
centrifugation (10 min, 12 °C, 20,000g). Finally, the pellet was resus-
pendedin100 pl of pull-down buffer and 15 pl of each sample (soluble
supernatant and resuspended pellet) was mixed with 3 pl loading dye
for SDS-PAGE analysis.

DNA-binding experiments

Frozen aliquots of ZorC and ZorC mutants in ZorC buffer (20 mM
Tris-HCL pH 7.5,300 mM NaCl, 10% glycerol,1 mM TCEP) were thawed
and centrifuged to remove possible aggregates. ZorC was diluted to 10x
stocks for each concentration used, in the same ZorC buffer. The final
EMSA reaction buffer contained phosphate-buffered saline (15.2 mM
NaHPO,, 0.90 mM CaCl,, 2.7 mMKCl, 1.47 mMKH,PO,, 8.1 mMNa,HPO,,
0.49 mM MgCl,, 137.9 mM NaCl) at pH 7.4 and 10% glycerol. ZorC or
ZorC buffer was then added, followed by DNA substrate (10x stock in
H,0) or H,0. DNA oligos with 5-FAM modifications were synthesized
by TAG Copenhagen and double-stranded constructs were obtained by
annealing the unlabelled complement sequence (the dSDNA sequences
usedinthis study are shownin Extended Data Fig. 7h). Allcomponents
wereincubated at4 °Cfor 30 minandloaded ontoal.5% (w/v) agarose
gelmade with20 mM sodium phosphate buffer (pH 7.2). The samples
wererunfor30 minat100 Vand 4 °C using 20 mM sodium phosphate

(pH 7.2) as the running buffer. The gels were visualized using the Odys-
sey XF Imaging System at 600 nm.

Nuclease assays

ZorD was incubated with 200 ng pUC19 (linearized by Kpnl) in the
reaction buffer containing 1x Cutsmart buffer (NEB) and 2 mM ATP
(NEB) in atotal volume of 25 pl. The reactions were incubated at 37 °C
for 1 h with shaking at 600 rpm using the Eppendorf ThermoMixer.
DNA product was purified using the NucleoSpin Gel and PCR Clean-up
kit (Machery Nagel) using the standard protocol and was analysed
with 1% E-Gel EX. For the reaction with the phage genomes, 200 nM
proteins were incubated with around 100 ng purified phage genomic
DNA in the same reaction buffer indicated above. The reactions were
terminated by adding 1x E-gel loading buffer and product was analysed
with 1% E-Gel EX.

MS sample preparation

Overnight cultures of E. coli ARM transformed with pEcZorI (or pCon-
trol), were used to inoculate (at a 1:1,000 dilution) 3 ml LB medium
withantibiotics, thengrown to an OD,,, of approximately 0.4. The cell
pellet was collected, resuspended in 500 pl of 0.2 M Tris-HCI pH 8.0,
andincubated for 20 min. Next, 250 pl of buffer (0.2 M Tris-HCI pH 8.0,
1M sucrose and 1 mM EDTA) was added, along with 3 pl of 10 mg mi™
lysozyme. The mixture was incubated for 30 min, and 250 pl of 6% (w/v)
SDS was added to a final concentration of 1%, after which the sample
was heated at 99 °C for 10 min. The mixture was sonicated (Misonix
Ultrasonic Liquid Processor with microtip Probe) to fragment DNA
and RNA with the following settings: amplitude 10, time 5 s sonication
and 5 s pause, 5cycles.

For MS analysis, we performed protein aggregate capture digestion
of proteins®. To this end, 250 pl of bacterial lysate was taken from the
total sample, and 750 pl of acetonitrile was added into the mixture,
along with 50 pl magnetic microspheres that had been prewashed
with PBS buffer. The mixture was allowed to settle for 10 min, before
retention of the magnetic microspheres by a magnetic plate. Beads
were washed once with1 mlacetonitrile and once with1 mlof 70% etha-
nol, after which all ethanol was removed and the beads were stored
at —20 °C until further processing. The frozen beads were thawed on
ice, supplemented with 100 pl ice-cold 50 mM Tris-HCI pH 8.5 buffer
supplemented with 2.5 ng pl™ Lys-C and gently mixed (on ice) every
5minfor30 min. Digestion was performed for 3 h using the Eppendorf
ThermoMixer with shakingat1,250 rpmand 37 °C. Next, the beads were
chilled onice and 250 ng of sequencing-grade trypsin was added, after
which samples were gently mixed (onice) every 5 min for 30 min. Final
digestionwas performed overnight using the Eppendorf ThermoMixer
with shaking at 1,250 rpm and 37 °C. Peptides were separated from
magnetic microspheres using 0.45 um filter spin columns, and peptides
were reduced and alkylated by adding TCEP and chloroacetamide to
5 mM for 30 min before peptide clean-up using the low-pH C18 StageTip
procedure. C18 StageTips were prepared in-house by layering four
plugs of C18 material (Sigma-Aldrich, Empore SPE Disks, C18, 47 mm)
per StageTip. Activation of StageTips was performed with 100 pl100%
methanol, followed by equilibration using 100 pl 80% acetonitrile in
0.1% formicacid, and two washes with100 pl 0.1% formic acid. Samples
were acidified to pH < 3 by addition of trifluoroaceticacid toa concen-
tration of 1%, after which they were loaded on StageTips. Subsequently,
StageTips were washed twice using 100 pl 0.1% formicacid, after which
peptides were eluted using 80 pl 30% acetonitrile in 0.1% formic acid.
Allfractions were dried to completion using a SpeedVac at 60 °C. Dried
peptides were dissolved in 25 pl 0.1% formic acid and stored at 20 °C
until MS analysis.

Approximately 1 pg of peptide was analysed per injection. All sam-
ples were analysed on the EASY-nLC 1200 system (Thermo Fisher Sci-
entific) coupled to the Orbitrap Astral mass spectrometer (Thermo
Fisher Scientific). The samples were analysed on 20-cm-long analytical
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columns, withaninternal diameter of 75 pm, and packed in-house using
ReproSil-Pur120 C18-AQ 1.9 umbeads (Dr Maisch). The analytical col-
umnwas heatedto 40 °C, and elution of peptides from the column was
achieved by application of gradients with stationary phase buffer A
(0.1% formic acid) and increasing amounts of mobile phase buffer B
(80% acetonitrilein 0.1% formicacid). The primary analytical gradient
ranged from10% B to 38% B over 57.5 min, followed by a further increase
to 48% B over 5 minto elute any remaining peptides, and by awashing
block of 15 min. lonization was achieved using a NanoSpray Flex NG
ionsource (Thermo Fisher Scientific), with aspray voltage of 2 kV, ion
transfer tube temperature of 275 °C and RF funnel level of 50%. All full
precursor (MS1) scans were acquired using the Orbitrap mass analyser,
while alltandem fragment (MS2) scans were acquired in parallel using
the Astral mass analyser. Full scan range was set to 300-1,300 m/z, MS1
resolution to 120,000, MS1 AGC target to 250 (2,500,000 charges)
and MS1 maximum injection time to 150. Precursors were analysed
in data-dependent acquisition mode, with charges 2-6 selected for
fragmentation using an isolation width of 1.3 m/z and fragmented
using higher-energy collision disassociation with normalized colli-
sion energy of 25. Monoisotopic precursor selection was enabled in
peptide mode. Repeated sequencing of precursors was minimized by
setting expected peak width to 20 s, and dynamic exclusion duration
to 20 s, with an exclusion mass tolerance of 10 ppm and exclusion of
isotopes. MS2 scans were acquired using the Astral mass analyser. MS2
fragment scan range was set to 100-1,500 m/z, MS2 AGC target to 50
(5,000 charges), MS2 intensity threshold to 50,000 charges per sec-
ond and MS2 maximum injection time to 5 ms, therefore requiring a
minimum of 250 charges for attempted isolation and identification of
each precursor. Duty cycle was fixed at 0.3 s, acquiring full MS scans at
~3.3 Hzand with auto-fitting of Astral scans resulting in MS2 acquisition
atarate of -100-200 Hz.

MS data analysis

All RAW files were analysed using MaxQuant software (v.2.4.3.0)%,
the earliest release version to support Astral RAW files. The default
MaxQuant settings were used, with exceptions outlined below. For
generation of the in silico spectral library, the four full-length Zorya
protein sequences were entered into a FASTA database, along with all
(23,259) Swiss-Prot-reviewed E. coli sequences (taxonomy identifier
562) downloaded from UniProt” on 7 September 2023. The datawere
first searched using pFind (v.3.2.0)%, using the Open Search feature
to determine the overall peptide properties and commonly occurring
(affecting >1% of PSMs) peptide modification in an unbiased manner.
For searching Astral.RAW files using pFind, .RAW files were first con-
verted to .mzML using OpenMS (v.3.0.0)*. For the main data search
using MaxQuant, digestion was performed using ‘Trypsin/P’ with up
to 2 missed cleavages (default), with a minimum peptide length of 6
and amaximum peptide mass of 5,000 Da. No variable modifications
were considered for the first MS/MS search, which is only used for
precursor mass recalibration. For the MS/MS main search amaximum
allowance of three variable modifications per peptide was set, includ-
ing protein N-terminal acetylation (default), oxidation of methionine
(default), deamidation of asparagine, peptide N-terminal glutamine
to pyroglutamate and replacement of three protons by iron (cation
Fe[111]) on aspartate and glutamate. Unmodified and modified peptides
were stringently filtered by settingaminimumscore of 10 and 20,and a
minimum deltascore of20 and 40, respectively. First-search mass toler-
ance was set to 10 ppm, and the maximum charge state of considered
precursors was set to 6. Label-free quantification (LFQ) was enabled,
Fast LFQwas disabled.iBAQ was enabled. Matching between runs was
enabled with a match time window of 1 min and an alignment time
window of 20 min. Matching was allowed only between same-condition
replicates. Data were filtered by posterior error probability to achieve
afalse-discovery rate of <1% (default), at the peptide-spectrum match,
protein assignment and site-decoy levels.

MS datastatistics

Allstatistical datahandling was performed using the Perseus software®®,
including data filtering, log,-transformation, imputation of missing
values (down shift 1.8 and width 0.15) and two-tailed two-sample Stu-
dent’s t-testing with permutation-based false-discovery rate control.
To determine the relative concentration of all proteins in the sam-
ples, LFQ-normalized intensity values for each protein were adjusted
by molecular mass. To approximate the absolute copy numbers, we
extracted known protein copy numbers based on the ‘LB’ condition as
reported previously®, log,-transformed them and aligned them to the
molecular-mass-adjusted LFQ intensity values from our own data, result-
ingin 1,901 out of 2,418 quantified protein groups receiving a known
copy-number value (R?= 0.6129). We next subtracted the overall median
fromalllog, values and determined the absolute deltabetween the values
of each pair. Out of all pairs, 459 had alog, delta of <0.5, which we consid-
ered to be a ‘proteomic ruler’. Linear regression was performed on the
remaining pairs (R* = 0.9868) to determine a conversion factor between
molecular-mass-adjusted LFQ intensity and absolute copy number.

TIRF microscopy cultivation conditions

Overnight cultures of E. coli strains expressing ZorB-HaloTag and
ZorCor ZorD translational fusions to mNG were incubated shaking at
180 rpmin LB Lennox containing 20 mM MgSO,, 5 mM CaCl, and sup-
plemented with 12.5 pg ml™ chloramphenicol at 30 °C. The next day,
asubculture was inoculated 1:100 and grown at 30 °C until an ODy,
between 0.3-0.5 was reached. Subsequently, cells were diluted to an
0Dy, 0f 0.2. For HaloTag fusions, cells were washed once in PBS sup-
plemented with a final concentration of 0.2% glucose and stained with
1uM TMR ligand for 30 min. To remove excess of TMR after staining,
cells were washed twice with PBS supplemented with 0.2% glucose.
Cells were then exposed to phages at indicated MOIs or incubated
untreated for 30 minina2 ml Eppendorftube under shaking conditions
(<650 rpmin an Eppendorf ThermoMixer) at 30 °C. For TIRF micros-
copy, 1 plof cellsand phage mix was spotted onto an agarose pad (1.2%
inMilli-Q water of UltraPure agarose, Invitrogen) and directly imaged.

TIRF microscopy acquisition and data evaluation

TIRF microscopy was performed using the Nikon Eclipse Ti2 inverted
microscope equipped with the ILAS 2 TIRF module (Gataca Systems)
andaTIRF x100/1.49 NA oil objective. The samples were excited at 50 ms
exposure for 14 frames using a 488 nm laser (power of 550 pW with a
sensor area of 283.5 mm?) at 80% and emission was recovered through
aquad TIRF filter cube (emission: 502-549 nm). For the HaloTag con-
structs, five frames were acquired using a 561 nmlaser (power of 930 pW
withasensorareaof283.5 mm?) at 80% with an exposure time of 50 ms.
Emission was recovered through a quad TIRF filter cube (emission:
581-625 nm, followed by an emission wheel filter: 580-611 nm). The
second frame (for HaloTag constructs, the third frame) in the fluores-
cent channel of the acquired TIRF microscopy images was denoised
using the Nikon software package Denoise.ai. Subsequently, fluores-
centmaxima of ZorB, ZorC or ZorD translational fusions to mNG were
detected using MicrobeJ®* runinFiji®®. For the co-localization analysis
of ZorB-HT with either ZorC-mNG or ZorD-mNG, ZorB focus detec-
tion was performed using ilastik®. Subsequently, the obtained ZorB
binary masks were overlayed in MicrobeJ onto the original image and
cells were manually detected in MicrobeJ. From this, parameters such
as ZorB focus count, intensity in both HaloTag and mNG channel per
celland mNGsignal of the entire cell body were extracted. We defined
co-localization of ZorB with a cytoplasmic Zorya component (ZorC or
ZorD) if mNG signal within the detected ZorB complex areawas1.5-fold
greater than the average cytoplasmic mNG fluorescence of the com-
plete cell. Finally, cells containing at least one ZorB with either ZorD or
ZorCwere considered to be co-localized. Statistics were calculated in
Prism GraphPad 9 using thein-built unpaired t-tests or one-way ANOVA.



Time-lapse microscopy and data evaluation

Cells were prepared as stated above for TIRF microscopy. In the
case of the Bas54-parS phage infection experiments, the E. coli cells
expressed an IPTG-inducible ParB”-mScarlet fusion protein from
PALA2703-mScarlet-ParB™ in addition to EcZorl or the empty vector
control®, After diluting the subculture to an OD,, 0f 0.2, cells were
exposed to phages atan MOl of 5 (or unknownif labelled) for 5 min (or
none) under shaking conditions and, subsequently, 1 pl was spotted
onto al.2% (w/v) agarose pad (dissolved in LB:MQ with aratio of 1:5).
Expression of ParB”-mScarlet was induced by addition of 500 uM
IPTGinthesubculture. For the time-lapse experimentsinvolving CCCP,
cells were exposed to 30 pM CCCP and Bas24 (MOI of 5) for 30 min
(or CCCP only) under shaking conditions and followed by spotting
1plonto an agarose pad (composition as above, supplemented with
30 uM CCCP). Microscopy slides were then mounted into anincubation
chamber (preheated to 37 °C) surrounding the microscope. Acquisi-
tion was performed using the Nikon Eclipse Ti2 inverted microscope
equipped with a CFI Plan Apochromat DM x60 Lambda oil Ph3/1.40
objective and phase-contrast images were obtained every 2 min for
theindicated time span. Obtained time-lapse images were segmented
using ilastik to detect the cell areas®. Time-lapse microscopy videos
of DNA-labelled Bas24 and Bas54-parS phage infection experiments
werex,ydrift-corrected using the Fiji Fast4DReg plugin®**’. The inten-
sity decay due to photobleaching of the SYTOX Orange fluorescent
channel was subsequently corrected using the Bleach Corrector Fiji
plugin®®. The final graphs and videos were prepared using a custom
Python script.

Construction of the phage Bas54-parS

AparSsitewasintroduced between gp69 and gp70 of phage MaxBurger
(Bas54)" by homologous recombination with a synthetic template fol-
lowed by CRISPR-Casl3aselection against the parental wild type using a
setup similar to the procedure described elsewhere®. Inafirst step, the
parSsequence (TCGCCATTCAAATTTCACTATTAACTGACTGTTTTTAA
AGTAAATTACTCTAAAATTTCAAGGTGAAATCGCCACGATTTCAC) was
inserted between plasmid-encoded homology arms of 100-200 bp
length by PCR”, creating pAH210_Bas54_parS_H1. Subsequently, an
E. coli K-12 host was transformed with this plasmid and then infected
with phage Bas54 to enable homologous recombination. The lysate
from this infection—containing wild-type and recombinant phages—
was then subjected to CRISPR-Casl13a selection against the parental
wild type usingacrRNA targeting CTCTGAAGACCTCCAGTAGTAAGAT
GTAAGT (5’-3"), whichincludes the 3’ end of gp69 and the downstream
region, whichis disrupted by insertion of the parsS site. CRISPR-Cas13a
selection was performed using a two-plasmid setup of pAH221 (express-
ing LbuCas13a) and pAH218_LbuCasl3a_parS_H1 (expressing the
crRNA). Plaques growing after CRISPR-Casl3aselection were screened
for successfulinsertion of the parS site by PCR and the sequence of the
recombinant was confirmed by Sanger sequencing.

Bioinformatic analyses of ZorA motor and tail lengths

PADLOC (v.1.1.0)** with PADLOC-DB (v.1.4.0) was used to identify
Zorya systems in RefSeq v209* bacterial and archaeal genomes.
Of the systems identified, we excluded those containing pseudo-
genes or more than one copy of each Zorya gene, or systems with
non-canonical gene arrangements (Zorya genes are typically on the
same strand, in type-specific conserved gene orders, for example,
20rABCD, zorABE or zorGABF for types I-111, respectively). To reduce
redundancy due to highly related genome sequences in the RefSeq
database, we next selected representative Zorya systems by first
clustering the sequences (using MMseqs2 (v.14.7e284)*¢ with the
options --min-seq-id 0.3 --coverage 0.8) of the proteins encoded by
the three adjacent open reading frames on either side of each Zorya
system, then randomly selecting one representative system for each

unique genetic context observed. The ZorA and ZorB sequences
from the representative Zorya systems were then clustered using
MMseqs2 with the options --min-seq-id 0.3 --coverage 0.95. The
structures were predicted for each MMseqs2 cluster representa-
tive of each ZorA and ZorB family using ColabFold (v.1.5.2)" with the
options --num-recycle 3 --num-models 1--model-type auto --amber
--use-gpu-relax. Structure predictions were run as ZorA;ZorB, multim-
ers. Theresulting structures were inspected manually (using PyMOL,
v.2.5.4)%toidentify the start of the ZorA tail. The rest of the sequences
in each cluster were aligned to the representative sequence using
MUSCLE (v.5.1)* using the Parallel Perturbed ProbCons algorithm
(default) or the Super5 algorithm if the cluster contained more than
100 sequences. The start of the tail for the representative was used
to infer the start of the tail for each other protein in the respective
alignment.

Figure preparation

Structural figures were prepared using ChimeraX v.1.8*%, PyMOL v.2.5.4
andv.3.0.2%, GraphPad Prism 9 or GraphPad Prism 10 (one-way ANOVA
followed by Dunnett’s multiple-comparisons test)* and Adobe lllus-
trator’?. The ion-permeation pathway shown in ZorAB was analysed
using MOLEonline”. The hydrophobicity and polarity of the ZorAB
tail was calculated using MOLEonline”. The electrostatic potential
maps were calculated using the APBS™ electrostatic Plugin integrated
inside PyMOL. Full gel/blotimages for all relevant figures are provided
in Supplementary Fig. 1.

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

Data availability

Atomiccoordinatesfor ZorABWT,ZorA(ES86A/E89A)-ZorB, ZorA(A359-
592)-ZorB and ZorA(A435-729)-ZorB were deposited at the Pro-
tein Data Bank (PDB) under accession codes 8QYD, 8QYH, 8QYK and
8QYY, respectively. The corresponding electrostatic potential maps
were deposited at the Electron Microscopy Data Bank (EMDB) under
accession codes EMD-18751, EMD-18754, EMD-18756 and EMD-18766,
respectively. The local refinement map of ZorBPGBD in ZorABWT was
deposited at the EMDB under accession code EMD-18752. Atomic coor-
dinates for ZorC were deposited at the PDB under accession code 8R68.
The corresponding electrostatic potential maps were deposited at the
EMDB under accession code EMD-18848. Atomic coordinates for ZorD
apoformand its complex with ATP-y-S were deposited at the PDB under
accession codes 8QY7 and 8QYC, respectively. The corresponding
electrostatic potential maps were deposited at the EMDB under acces-
sion codes EMD-18747 and EMD-18750. The MS proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE™
partner repository with the dataset identifier PXD047450. Source data
are provided with this paper.
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Extended DataFig.1|E.coliZoryatypelprotects against phageinvasion
butnotbacterial conjugation or plasmid transformation. a, Zoryasystem
genearrangements foreach Zoryatype (I-11l), with typical gene annotations
shown. b, Phylogeny of the ZorA motor sequence (excluding the ZorA tail)
rooted with the £. coliMotA (EcMotA) sequence. ¢, Taxonomic analyses of
Zoryahosts, using the GTDB phyla-level taxa. Each phylum was assigned as
either possessingasingle membrane cell envelope (Monoderm) or double
membrane envelope (Diderm). In some cases, there are both monodermand
didermspecies within phyla, which are labelled as ‘Both’. The number of
genomes analysed for each phyla (n genomes) is based on the genomes present
inthe GTDBv214.1and RefSeqv209.d, Theimpact of EcZorl on the uptake

of plasmid DNA via conjugation from an E. coli donor strain, measured as the
transconjugant frequency (number of transconjugants/total recipients).
Four plasmids with different origins of replication (OriV) were tested (ColE1,
RSF1010, pBBR1and RK2), at the indicated donorto recipient cell ratios (D:R)

for the matings. Datarepresent the mean of three replicates. e, Theimpact of
EcZorlonthe uptake of plasmid DNA via transformation. Chemically competent
E. coliwithout (control; empty vector) or with EcZorl were transformed with
plasmids possessing either ColE1 or pBBR1origins of replication. Datarepresent
the mean ofthreereplicates, with each replicate being a different batch of
competentcells. f, Infection time courses for liquid cultures of E. coli, with and
without EcZorl, infected at different multiplicities of infection (MOI) of phage
Bas24 (early timepoints for MOI1and 10, from Fig. 1e). g, Infection time courses
for liquid cultures of E. coli, with and without EcZorl, infected at different
multiplicities of infection (MOI) of phage Bas02 and BasO8. h, Phage titres at
the end timepoint for each sample from the infection time courses (g), measured
asEOPonindicator lawns of E. coli either without (control) or with EcZorl. LOD:
Limit of detection. Datainf-hrepresent the meansof 3replicates and the shaded
regionsrepresentthe SEM.
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Extended DataFig.2|Cryo-EM dataset processingresults and resolution
of EcZorAB. a, Arepresentative SDS gel of the purified EcZorAB complex.

b, AnEMimage of the EcZorAB sample under cryogenic condition. ¢, Cryo-EM
density map of FcZorAB coloured by local resolution (in A) estimated in
cryoSPARC. d, Gold standard (0.143) Fourier Shell Correlation (GSFSC) curves
of refined EcZorAB complex. e, Cryo-EM map of EcZorAB. f, Representative
modelsegment of ZorA fitinto EM density, focusing on TM1of one of the ZorA
subunits. g, Volcano plot analysis, visualizing ratio and significance of change
betweenall proteins quantified by mass spectrometry in E. coli total lysates
either transformed with pEcZorl plasmids or not (Supplementary Table1).
Significance was tested via two-tailed two-sample Student’s t-testing with
permutation-based FDR control, ensuring a corrected p-value of<0.01.n=4
technical replicates derived from n =3 culture replicates. h, Absolute copy

Y151 ZorB(1)-a3
A

number analysis of Zorya proteins expressed in E. coli. Determined via
comparison of molecular weight-adjusted label-free quantified protein
abundance values from this study, to known copy numbers reported by
Schmidtetal.*” and establishing a “proteomic ruler” for conversion of
measured abundance values to approximate copy numbers (Supplementary
Table1).n=4technical replicates derived fromn =3 culture replicates. i, Soft
mask used for local refinement of the ZorB PGBDs. j, Local refinement map
ofthe ZorB PGBDs (made with the soft mask shown ini), coloured by local
resolution. k, Arepresentative of amodel segment of the ZorB PGBDs fitted
intoof the local refinement EM density map showninj, focusing on the PGBD
dimerizedinterface.l, Fit of lipids found in the TMD of ZorAin the EcZorAB
cryo-EMmap.Imagesinaandbare representatives of atleast 3 replicates.
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Extended DataFig. 3 | EcZorA tail secondary structural predictionand
acomplete composite model of EcZorAB complex.a, Amino acidsand
secondary structural predictions (Psipred) of the EcZorA. The peptides found
by mass spectrometry that covered ZorA protein are indicated as green lines
above the aminoacids. b, Top hits froman HHpred sequence homology search

ofthe ZorA tail are shown. ¢, Acomposite model of EcZorAB with the ZorA tail
foldinginto a pentameric super coiled-coil, with the helical pitch of the tail
o-helix shown.d, Hydrophobicity of the tail tube exterior surface calculated
by ChimeraX. e, Hydrophobicity and polarity of the tail tube interior surface
calculated by MOLEonline.
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Extended DataFig. 4 |Structure of EcZorAB andits functionasa

peptidoglycanbinding rotary motor. a, Cartoon representation of the EcZorAB

complexinaninactive state, with the ZorB dimer interfaced highlighted.

b, Topology diagrams of ZorB PGBDs and isolated crystal structures of the
flagellar stator unit MotB and PomB PGBDs, indicating a conserved folding
architecture. ¢, The two disulfide bonds identified from ZorB PGBDs, with

the EMmap overlapped.d, Structural comparison of PGBD of EcZorB with that
of ProE thatin complex with PG fragment, with the zoomin view highlighting
the conservedresidues from EcZorB that are likely involved in PG binding.

e, Structural comparison of EcZorB PGBD and AlphaFold3 predicted EcMotB
PGBD, highlighting EcZorB PGBD is fused without a linker to the ZorB TM.

f, Invitro pull-down assay of isolated EcZorAB complex with purified £. coli PG.
g, Invitro pull-down assay of isolated EcZorAB complex and EcZorAB complex
withmutationsinthe ZorB PGBD (ZorABY'SIA/NIS2AMLISSARRISOA) with purified E. coli
PG.h, Invitro pull-down assay of isolated ZorB PGBD, mutant ZorB PGBD

(ZorBYISIWNISIVLISSA/RISOA pGB D), MotB PGBD (positive control) and ZorE (negative

control) with purified E. coli PG. i, Cross-section view of the EcZorAB TMD,
showing the surrounding residues of the two Asp26 from ZorB. j, Cartoon
representation of the cryo-EM structure of the proton-driven flagellar stator

unit MotAB from Campylobacter jejuni (C/MotAB) inits inactive state, with
the MotB plug motif highlighted. k, Cross-section view of the GiMotAB TMD,
showing the surrounding residues of the two Asp22 from MotB. I, Cartoon
representation of the cryo-EM structure of the sodium-driven flagellar stator
unit PomAB from Vibrio alginolyticus (VaPomAB) initsinactive state.m, Cross-
section view of VaPomAB TMD, showing the surrounding residues of the two
Asp24 from PomB. The absence of the strictly conserved threonine residue
on ZorATM3 (k) required for sodiumion binding, indicates that EcZorAB s
aproton-driven stator unit. n, Arepresentative of an SDS gel of the purified
EcZorAB ‘linker mutant’ complex (with ZorB residues 46-52replaced by a
GGGSGGS linker). 0, Arepresentative cryo-EM image of EcZorAB ‘linker
mutant’sample. p, Representative 2D classes of the EcZorAB ‘linker mutant’
incomparisonwith that of the EcZorAB wild type, highlighting the flexibility
ofthe ZorB PGBDs in the mutant. q, A representative negative stain EM image
of EcZorAB ‘PG-binding mutant’ sample.r, Low pass filter of the cryo-EM
density map of the EcZorAB linker mutant after non-uniformrefinement.

s, Transmembrane helix density of the EcZorAB ‘linker mutant’ and that in
thewild type EcZorAB.Imagesinf,g,h,n,0,qarerepresentatives of atleast3
replicates with similar results.
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Extended DataFig. 5| EcZorAB Ca* bindingsite and tail influence ZorAB
motor assembly and function. a, ZorA tail truncationsindicated in the
composite model of EcZorAB complex. b, Cartoonrepresentation of the
EcZorAB ZorAsingle subunit. ¢, Interaction between the beginning of the ZorA
tail and the B-hairpin motif. d, Extra density found inside the tail from cryo-EM
map, which was modeled as a palmitic acid molecule, with the amino acids
involvedintheinteractionsindicated. e, Structural comparison of the ZorA wild
type (cyan) and ZorA Ca? binding site mutation (ZorA®¢/5%A grey), the arrows
highlight the changes from wild type to the mutant. f, Predicted ZorAlipid binding
sitesusing PeSTo. g, An EM image of the EcZorA250¢/12546/L2586/L261G7 o r B mutant
under cryogenic condition and representative 2D classes. h, An EM image of

the EcZorAM250N1254NIL258N/L26IN7 o - B mutant under cryogenic condition and
representative 2D classes. i, An EM image of the ZorA***7?ZorB mutantunder
cryogenic condition and representative 2D classes. j, Negative stainingimages
of the EcZorAB wild type, ZorA tail middle deletion (ZorA*3*-%?), ZorA tail tip
deletion (ZorA**57%) Kk, Thetail lengths of the EcZorAB wild type, ZorA tail
middle deletion (ZorA**°7%?), ZorA tail tip deletion (ZorA**°>°?) as measured
in(g). Datarepresent the mean of at least eight measurements (data points
indicate measurements), and error bars represent the standard error of the
mean (SEM). I-n, Cryo-EM maps and resolutions of ZorA mutants with gold
standard (0.143) Fourier Shell Correlation (GSFSC) curves.



Article

2 min

30 min

60 min

ZorA mutants

Tail

ZorB mutants

ZorC
mutants

ZorD
mutants

Type |

Type Il

Type lll

Control
EcZorl
AzorA
EBBA/E89A
HI2A/Y228A
R108A/E227A
P136A
1144A

1144F

1144L

T147A

T147A/S184A
L250/L.254/L.258/L261>A
L250/L254/L.258/L261>G
L250/L254/L258/L261>N

£A223-482

A359-592

£0483-739
A223-343/0449-739
AzorB

D26N
46-52>GGGSGGS
C68A

R159A
L150A/L153A/L157A
H154A/E161A
A233-245

ACTD
D730:E731A

Bas02 EOP
0;1

1073 19-2

Bas08 EOP

1073 19-2

0,'1

Bas19 EOP

10 19419-319-2 01 1

Bas25 EOP
104 19-3 1p—2 01 1

Bas58 EOP

10619-519419-%9-2 011

ZorA motor unit

N
@
o
=]

N
=3
S

Unique Zorya systems
8
o

Is
o

( 300+

2001

100

Unique Zorya systems

“ 0-

( 15004

10004

500

Unique Zorya systems

© 9 o 9
-

Length (aa)

o

N
Length (aa)

o 9 9 o
o

o
S v S
s < &

Length (aa)

Bas24

BOOJ |
o 9 9 9 9 9 9o
L oW o B’ o
- - Q6

o
rel
39

o
rel

300

300

Unique Zorya systems Unique Zorya systems

Unique Zorya systems

Control

EcZorl

4001

3004

2001

100 -

1501

1004

501

ZorA tail

e

-

0

250
200
150
100

0

100
150
200
250

o 9 9
L O 0
¥ © ©

Length (aa)

300
350
400

600

650 1

7004

750
800

850
900
950 1
1000 -

T
o o

v o
< 0
Length (aa)

550 1

EcZorl_ZorBP26N  EcZorl_zZorA2483-729

Extended DataFig. 6 |See next page for caption.

Relative cell area (to T,)

EcZorl_ZorBD26N + Bas24 == == =
EcZorl_ZorAA483-729 + Bas24 wm == =

Length (aa)

Control + Bas24
EcZorl + Bas24

20
Time (min)

T
o
=3
©

650 -

7004

750
800

850
900
950 1
1000

WT + mNG-ZorC
WT + ZorD-mNG

D26N + mNG-ZorC

D26N + ZorD-mNG

Total protein

ZorB

1.00

16

1.15

1.14

1.
+0.16 £0.17 £0.11 £0.29



Extended DataFig. 6 | The effects of EcZoryamutations on EcZorIl-mediated
anti-phage defence and long ZorA tails are conserved amongst Zoryasystem
typesindiversespecies. a, Effects of ZorA, ZorB, ZorC and ZorD mutations

on EcZorl-mediated anti-phage defence, as measured using EOP assays with
phages Bas02, Bas19 and Bas25. Datarepresent the mean of atleast 3replicates
(datapointsindicatereplicates) and are normalized to the control samples
lacking EcZorl. b, The ZorAtail lengths found in different Zorya systemtypes.
Motor and tail lengths were determined by inspecting the predicted structures
of several representative ZorA sequences, theninferring these lengths for the
restofthe ZorA sequences through sequence alignment (methods). The reduce
sequencingbias, unique Zorya systems encoded in RefSeq (v209) bacteriaand

archaeagenomeswereselected based on their distinct genomic context
(methods). ¢, Time-lapse, phase contrast microscopy of E. coli cells expressing
empty vector control, EcZorl wt, EcZorl ZorB"**™ and EcZorl ZorA*#*7?° exposed
toBas24 atan MOl of 5.d, Quantitation of the time-lapse microscopy in

(c), displaying the measured cell arearelative to the first timepoint of the time-
lapse.Datarepresent the means of three biological replicates and the shaded
regionindicate standard deviation. e, Quantitative Westernblot of selected
EcZorl-HaloTag translational fusions. Top: total protein stain of whole cell
lysate. Bottom: Anti-HaloTag (mouse, Promega) Western blot against ZorB-
HaloTag protein fusions. Mean * standard deviation from four biological
replicates.
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Extended DataFig.7|Structural and functional investigation of EcZorC
andinvivo DNA degradation. a, SDS gel of purified ZorC wild type, ZorCH%%,
ZorC"*3* ZorC™ (deletion residues 487-560). Gel is representative of at least
3replicates. b, Unsharpened Cryo-EM map of EcZorC. ¢, Local refinement of the
EcZorC core domain with a soft mask, with the local resolution (in A) estimated in
cryoSPARC. d, Gold standard (0.143) Fourier Shell Correlation (GSFSC) curves
ofthelocalrefined of the EcZorC core domain. e, Representative of amodel

and segments of the ZorC fitted into EM density map. The right panel is the
finalmodel of EcZorC built from a cryo-EM map. f, AlphaFold3-predicted
ZorCmodel. g, Electrostatic distribution of EcZorC calculated from

AlphaFold3-predicted model. h, Invitrointeraction of EcZorC with 55 bp dsDNA
(36.36% GC),18 bp dsDNA (50.00% GC), 18 bp dsDNA (22.22% GC), 18 bp dsDNA
(72.22% GC).Imageis representative of atleast 3 replicates. DNA sequences are
shownbelow. i, AlphaFold3-predicted model of ZorCin complex with 18 bp
dsDNA. The colour code (per-atom confidence estimateona 0-100scale) inf
andiaresame.j, Representative time-lapseimages of E. coli cells expressing
ParB-mScinthe presence or absence of EcZorl, exposed to Bas54-parS phage.
In EcZorl-null cells, ParB foci are observed prior to cell lysis, whereas EcZorl-
expressing cells lack ParB focus formation and survive phage infection. Scale
barissetto2 pm.
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Extended DataFig. 8| EcZorD is autoinhibited nuclease. a, Representative of
the SDS gel of the purified ZorD wild type, ZorD¢p, (residues 503-1080), ZorDyqp
(residues1-502), ZorD¢;," 2V 3" and ZorD ¢, ™™, Gel is representative of
atleast3replicates.b, Cryo-EM map of the EcZorD apo form. ¢, Cryo-EM map
andstructure of EcZorD in complex with ATP-y-S. Azoomed-in view of the ATP-
y-Sbinding siteis depicted, with the cryo-EM map overlayed on the ATP-y-S
molecule.d, Structural comparison of the EcZorD apo from (grey) and EcZorD
incomplex with ATP-y-S (light purple); the arrows highlight the changes from
apoformtotheligand-bound form.e, ZorD.;, degrades phage BasO8 and
Bas58 genomic DNA (gDNA). Gelis representative of 3replicates. f, EcZorD

WT anditsisolated C-terminal domain nuclease activity in the absence and
presenceof EcZorC.g, EcZorC dsDNAbindingactivity in the absence and

presence of EcZorD. h, AlphaFold3 predicted model of EcZorD in complex with
18 bp dsDNA and ATP, showing an alternative, open conformation of ZorD.

i, ZorD-DNAinteractioninthe AlphaFold3 predicted model; key residues are
highlighted.j, Structural superimposition of the cryo-EM structure of EcZorD
with the AlphaFold3 predicted EcZorD in complex with dsDNA model. The
arrow indicates the possible conformational transition of the EcZorD NTD.
k,Zoominfromjhighlighting thatthe NTD of EcZorD inthe DNA free state
clashes with DNA in the ZorD-DNA complex model. I, Superimposition of the
AlphaFold3 predicted model ZorD-DNA complex with the top hit (PDB 7X3T7)
from Dali (Z-score =26.6). m, AlphaFold3 predicted ZorD-ZorC-dsDNA-ATP-
Mg?* complex, witha confidence-coloured (per-atom confidence estimate on
a0-100scale) model shownintheright panel.
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Extended DataFig. 9|See next page for caption.



Extended DataFig.9|ZorABrecruit ZorCand ZorD during phage invasion.
a, Complementation experimentbetween £. coliand P. aeruginosa (Pa) Zoryal.

Schematicrepresentation of EcZorl, PaZorl and the constructs for PaZorCD
or PaZorD complementation of EcZorl gene deletions. b, Anti-phage defence
provided by the constructsin (a), as measured using EOP assays for phages
Bas49,Bas52 and Bas57. Datarepresent the mean of atleast 3 replicates (data
pointsindicate replicates) and are normalized to the control sampleslacking
Zorya.c, Strategy of fusing mNeonGreen (mNG) or HaloTag (HT) or both into
EcZorloperon.d, The effects of the mNeongreen (mNG) fusions to EcZorl
components onanti-phage defence, as measured using EOP assays for phage
Bas24.Datarepresent the mean of atleast 3replicates (data pointsindicate
replicates) and are normalized to the control sampleslacking EcZorl. The
boxed constructs (ZorB C-terminal mNG fusion: ZorB-mNG; ZorB C-terminal
HT fusion: ZorB-HT; ZorC N-terminal mNG fusion: mMNG-ZorC; ZorD C-terminal
mNG fusion: ZorD-mNG; Dual-tagged constructs, ZorB C-terminal HT fusion
and ZorCN-terminal mNG fusion: ZorB-HT + mNG-ZorC; ZorB C-terminal HT

fusionand ZorD C-terminal mNG fusion: ZorB-HT + ZorD- mNG) were used

for subsequent microscopy experiments. e, Exemplary denoised TIRF and
brightfield microscopy pictures of mNG expression driven by the EcZorl native
promoter (p-mNG) either untreated or exposed to Bas24 atan MOl of 5 for

30 min.Scalebar 2 um.f, Exemplary denoised TIRF microscopy pictures of
ZorB C-terminal mNG fusion either untreated or exposed to Bas24 at an MOI
of 5for30 min.Scale bar 2 pm. g, Comparison of detected maxima of the ZorAB
complex focibetween untreated or exposed to Bas24 at an MOl of 5 for 30 min
(ncells>250 fromn =3replicates), p-value: 0.030. Means are derived from
threeindependentbiological replicates. h, Exemplary denoised TIRF microscopy
pictures of ZorD-mNG either untreated or exposed to increasing Bas24 at MOls
of1,5,or 50 for 30 min.i, Statistical comparison of ZorD-mNG maximabetween
untreated and conditions stated inh, p-values: 0.9978.,0.0009, 0.0258 and
<0.0001. Means and exemplarily imagesin eand h derive from atleast three
independentbiological replicates. For gandidataare presented as mean
values and Tukey whiskers. Scale bar 2 um.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

EcZorABWT EcZorAPSNESAZ 0B EcZorAM®5ZorB EcZOrAMs-”wZOrB EcZorD apo form EcZorD + ATP-y-S EcZorC Apo from
(EMDB-18751) (EMD-18754) (EMD-18756) (EMD-18766) (EMD-18747) (EMD-18750) (EMD-18948)
(PDB 8QYD) (PDB 8QYH) (PDB 8QYK) (PDB 8QYY) (PDB 8QY7) (PDB 8QYC) (PDB 8R68)
Data collection and processing
Microscope Titan Krios G2
Magnification (nominal) 96,000x
Voltage (kV) 300
Total exposure (¢/A%) 40.01 38.00 41.00 41.00 40.00 38.00 39.50
Exposure fractions (no.) 40
Pixel size (A) 0.832 0.832 0.832 0.832 0.832 0.832 0.832
Symmetry imposed Cl1
Movies used (no.) 7,700 3,203 3,181 1008 1,750 1,213 5,209
Final particles (no.) 227,728 97,005 278,186 62,926 332,426 211,477 168,569
Box size (pixels) 500 500 500 500 400 400 256
Map resolution (A) (FSC
0.143) 2.67 2.40 2.07 2.56 2.66 2.75 3.55
Refinement
Refinement resolution
(FSC map vs. model 2.60 2.40 2.10 2.50 2.60 2.70 3.50
(masked)=0.143) (A)
Model composition
Non-hydrogen atoms 16,154 15,925 16,182 14,829 7,168 7,199 3,240
Protein residues 1,892 1,837 1,817 1,717 893 893 391
Water molecules 313 484 866 313 n/a n/a n/a
B-factors (mean; A%)
Protein 89.70 90.46 64.60 84.84 27.26 56.79 64.60
Solvent 88.61 50.89 34.01 44.93 n/a n/a n/a
R.m.s. deviations
Bond lengths (A) 0.006 0.008 0.008 0.009 0.018 0.002 0.003
Bond angles (*) 0.874 1.025 1373 1339 1.706 0.441 0.648
CC (mask) 0.86 0.85 0.85 0.84 0.85 0.83 0.52
Validation
MolProbity score 1.46 1.46 1.42 1.45 1.90 1.47 2.11
Poor rotamers (%) 0.12 0.12 0.19 0.00 0.00 1.29 0.30
Ramachandran plot
Favored (%) 98.30 98.63 98.56 98.12 96.72 97.40 94.43
Allowed (%) 1.7 1.37 1.44 1.88 328 2.60 5.57
Disallowed (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For cryo-EM: EPU; for TIRF microscopy: NIS-Elements 5.42.04

Data analysis For cryo-EM: CryoSPARC 4.x,
Other: Coot 0.9-pre, Phenix 1.13, Chimera X 1.8, Pymol 2.5.4 and 3.0.2, Bioinformatics Toolkit server (MUSCLE alignment), , MMseqs2, Python
3, ImageJ 1.53t, Microbel 5.13j, GraphPad Prism 9.4.1 and GraphPad Prisim 10. Python code used to generate Extended Data Videos 1 - 6 and
plot graphs is available at: https://github.com/SalmoLab/Zorya_Nature2024

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Atomic coordinates for ZorAB WT, ZorA_E86A/E89A_ZorB, ZorA_delta_359-592_ZorB and ZorA_delta_435-729 ZorB were deposited in the Protein Data Bank (PDB)
under accession codes 8QYD, 8QYH, 8QYK, 8QYY, respectively. The corresponding electrostatic potential maps were deposited in the Electron Microscopy Data Bank
(EMDB) under accession codes EMD-18751, EMD-18754, EMD-18756, EMD-18766, respectively. The local refinement map of ZorB PGBD in ZorAB WT were
deposited in the EMDB under accession codes EMD-18752. Atomic coordinates for ZorC were deposited in the PDB under accession codes PDB: 8R68. The
corresponding electrostatic potential maps was deposited in the EMDB under accession codes EMDB: EMD-18848. Atomic coordinates for ZorD apo form and its
complex with ATP-Z-S were deposited in the PDB under accession codes PDB: 8QY7 and 8QYC, respectively. The corresponding electrostatic potential maps were
deposited in the EMDB under accession codes EMD-18747 and EMD-18750. Official validation reports from wwPDB for all macromolecular structures studied in the
paper have been provided. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE67 partner repository
with the dataset identifier PXD047450.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For cryo-EM: No sample size was calculated. Sample size was based on experience to have a number of micrographs/particles that, if possible,
would result in a cryo-EM reconstruction that would allow atomic model construction. For microscopy experiments, no a priori sample sizes
were calculated. Sample size were chosen according to our experience concerning quantitative single cell microscopy (e.g. 10.1038/
$41467-024-50278-0;10.1073/pnas.2310842120). Exact sample size are provided in the figure legends.

Data exclusions  Junk particles were removed during cryo-EM data processing in CryoSPARC. No microscopy data was excluded from the analysis.

Replication TIRF: Data derived from at least three independent clones of bacteria and two sets of phage isolations. All attempts at replication were
successful. Allocating experimental groups was not relevant for this study, as all bacterial cells of a particular strain are genetic clones. We
performed 3 replicates under similar conditions for both the ZorAB full length and ZorB PGBD fragment PG pull-down experiments. The
experimental results were consistent. For ZorB PGBD fragment experiments, we selected the experiment with the lowest non-specific binding
(as indicated by amount of ZorE pulled down

Randomization  No experimental groups were formed/compared. Data was collected randomly in each set of experiments.

Blinding Image and data analysis was automated whenever possible. Blinding was neither possible nor necessary for this study, as all bacterial cells of a
particular strain are genetic clones and analyses were not sufficiently subjective to require researcher blinding.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study

Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms

Clinical data
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Plants

Antibodies
Antibodies used Promega Anti-Halo Tag Monoclonal Antibody #G921A 1:1,000
Validation Mouse monoclonal antibody was raised against the Halo Tag protein and validated using E.coli cell lysates expressing Halo Tag as
positive control and E.coli lysate not expressing any HaloTag protein as negative control.
Plants
Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A
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