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Abstract 15 

Druantia antiphage defence systems are widespread in bacteria, yet the type II system 16 

has remained functionally uncharacterized. Here we show that DruE, the helicase effector 17 

of a type II Druantia system from Pseudomonas protegens Pf-5, is a 3′-to-5′ helicase that 18 

preferentially unwinds substrates bearing a 3′ single-stranded overhang at a duplex 19 

junction. Seven cryo-EM structures across the ATPase cycle reveal that DruE forms a 20 

constitutive asymmetric homodimer in which two sequence-identical protomers adopt 21 

distinct roles. One protomer acts as the translocating motor, threading the 3′ tracking 22 

strand through a central channel and coupling nucleotide-dependent conformational 23 
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changes to directional movement. The other protomer acts as a clamp, capturing the 24 

displaced 5′ strand and gripping the adjacent duplex to potentially prevent strand 25 

reannealing. A structural element in the clamp protomer also serves as a strand-26 

separation wedge, a function analogous to the separation pins of canonical helicases but 27 

uniquely provided by the non-translocating subunit. These results establish a 28 

mechanochemical framework for type II Druantia-mediated immunity and suggest that 29 

DruE targets 3′-ended or fork-like phage replication intermediates to suppress infection.  30 

Introduction 31 

Bacteriophages are ubiquitous and continually impose selective pressure on bacteria and 32 

archaea, fueling a sustained co-evolutionary arms race1. To counter phage predation, 33 

prokaryotes deploy a diverse repertoire of antiviral defences. Alongside classic restriction-34 

modification2 and CRISPR-Cas systems3, comparative genomic mining has recently 35 

revealed a rapidly expanding arsenal of innate mechanisms4. These include cyclic-36 

oligonucleotide-based signalling pathways (CBASS)5, retron-based abortive infection 37 

modules6,7, Gabija8, and RADAR9,10, among many others. These systems participate in a 38 

wide array of antiphage processes, spanning nucleic-acid surveillance, second-39 

messenger signalling, and programmed cell death (abortive infection)11, underscoring the 40 

extraordinary breadth and dynamics of host–phage interactions. 41 

Helicase-containing antiphage defence systems have emerged as a particularly 42 

prominent and mechanistically intriguing class. Superfamily 1 (SF1) and superfamily 2 43 

(SF2) represent the largest groups of helicases, characterized by a conserved ATP-44 

dependent core of RecA-like domains that unwind nucleic acids with strict polarity, while 45 

accessory domains diversify substrate recognition and regulation12. Recent surveys 46 
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indicate that ~20% of non–restriction-modification defence loci encode an SF1/SF2 47 

helicase13,14 highlighting their frequent repurposing as molecular hubs for sensing and 48 

executing antiviral responses. For instance, in the Hachiman system, the Ski2-like DNA 49 

helicase HamB continuously surveys intracellular DNA; recognition of exposed 3′ 50 

overhangs, which can arise from host-genome damage or phage DNA replication, triggers 51 

mechanochemical ratcheting that allosterically activates the HamA nuclease, culminating 52 

in indiscriminate DNA degradation and abortive infection14. In DISARM, the DrmAB 53 

complex is autoinhibited by a trigger loop that is dislodged upon binding to the DNA 54 

substrates with a 5′ overhang, initiating long-range activating rearrangements15,16. 55 

Despite these advances, the mechanistic diversity among immune helicases remains 56 

largely underexplored.  57 

Among these defence systems, Druantia is a widespread multi-gene operon recently 58 

identified through large-scale genomic mining9. Druantia systems encode a large, 59 

conserved SF2 helicase, DruE (1800–2100 aa), alongside highly variable, subtype-60 

specific accessory genes. Four major subtypes (I–IV) have been described: type I 61 

systems encode four accessory genes (DruA–D), type II encode three (DruM/F/G), type 62 

III encode a single accessory gene (DruH), and type IV encode three (DruF/L/K)17 (Fig. 63 

1a). DruE belongs to the widespread YprA helicase family, characterized by an N-terminal 64 

helicase core followed by an oligonucleotide/oligosaccharide-binding (OB) domain, a 65 

connector (CON) domain, and a zinc-coordinating DUF1998 domain. Recent 66 

comprehensive phylogenomic analyses have identified YprA-family helicases as the 67 

central evolutionary "missing link" connecting diverse defence systems, including 68 

DISARM and Druantia18. However, despite this recognized centrality, how Druantia DruE 69 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.06.18.000273. This version posted July 8, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0

https://paperpile.com/c/wsd7bG/u7o6+s6fGx
https://paperpile.com/c/wsd7bG/s6fGx
https://paperpile.com/c/wsd7bG/N4lsK+AHgU1
https://paperpile.com/c/wsd7bG/87J6P
https://paperpile.com/c/wsd7bG/M0XkN
https://paperpile.com/c/wsd7bG/t1e8G


helicase engages its DNA substrate and converts ATP hydrolysis into directional 70 

unwinding has not been structurally characterized. 71 

Here, we present the biochemical and structural characterization of DruE from the type II 72 

Druantia system of Pseudomonas protegens Pf-5. We show that DruE is a DNA-73 

stimulated ATPase and 3′-to-5′ helicase that preferentially engages substrates bearing 74 

an exposed 3′ single-stranded end at a duplex junction. Seven cryo-EM structures, 75 

including one substrate-free state and six DNA-bound states sampling different nucleotide 76 

occupancies, reveal that DruE assembles as a constitutive asymmetric homodimer in 77 

which the two protomers adopt distinct functional roles: one acts as the translocating 78 

motor along the 3′ tracking strand, while the other captures the 5′ displaced strand and 79 

grips the adjacent duplex as a clamp. Structure-guided mutagenesis identifies an 80 

Arg1422-associated conformational switch within the motor protomer that couples ATP 81 

turnover to directional translocation, and a fork-junction wedge in the clamp protomer that 82 

converts translocation into strand separation. Genetic analyses under DNA-damage 83 

conditions suggest that the accessory components DruM, DruF, and DruG may restrain 84 

DruE activity to limit self-toxicity. Together, these results reveal how two sequence-85 

identical subunits break symmetry to achieve DNA unwinding and offer structural insight 86 

into how YprA-family immune helicases may target fork-like replication intermediates 87 

during antiphage defence.  88 

Results 89 

DruE, a 3′-to-5′ helicase, is the functional core of the type II Druantia system 90 

While the antiphage activities of Druantia types I and III have been experimentally 91 

established9,19, the type II system (DruMFGE) has remained functionally uncharacterized. 92 
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To address this gap, we identified a type II Druantia locus in Pseudomonas protegens Pf-93 

5 (Fig. 1a) and heterologously expressed the druMFGE operon in Escherichia coli.  While 94 

DruM and DruE were expressed as soluble proteins, DruF and DruG accumulated in the 95 

insoluble fraction, hindering reconstitution of the complete type II Druantia system in E. 96 

coli (Fig. S1). We therefore tested whether the helicase effector DruE alone can mediate 97 

phage defence. When challenged with a panel of five bacteriophages (T1, T4, T5, T7, 98 

and λ), heterologous expression of DruE produced a detectable but limited protection 99 

profile, with the clearest effect against T7 and a weaker effect against T1 (Fig. 1b, Fig. 100 

S2). This defence phenotype was strongly reduced by an alanine substitution of Arg1241 101 

within the highly conserved motif VI of the RecA2 domain, a putative "arginine finger" 102 

essential for coupling ATP hydrolysis to mechanical transduction. These data indicate 103 

that DruE can contribute to antiphage activity in a manner dependent on its catalytic 104 

activity (Fig. 1c). 105 

To characterize the enzymatic activity and substrate specificity of DruE, we purified 106 

recombinant protein and performed biochemical assays. ATPase assays revealed that 107 

DruE possesses DNA-dependent ATPase activity (Fig. 1d). This activity was 108 

preferentially stimulated by double-stranded DNA (dsDNA) or structured fork 109 

intermediates, whereas single-stranded DNA (ssDNA) or the absence of DNA elicited 110 

negligible stimulation, indicating that the ATPase activity of DruE requires duplex or 111 

junction-containing DNA. We next performed gel-based helicase assays using DNA 112 

substrates with distinct junction topologies (Fig. 1e–h). DruE efficiently unwound 113 

substrates harboring a 3′ single-stranded overhang or a Y-fork junction in an ATP-114 

dependent manner (Fig. 1e, f), but was inactive against substrates with 5′ overhangs or 115 
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blunt-ended duplexes (Fig. 1g, h). These results establish DruE as a 3′-to-5′ helicase that 116 

requires a free 3′ single-stranded tail to initiate duplex unwinding. 117 

To dissect the functional contribution of individual genes within the druMFGE locus in the 118 

native host, we generated single, in-frame deletion mutants of each gene (ΔdruM, ΔdruF, 119 

ΔdruG, and ΔdruE) in P. protegens Pf-5. Under standard growth conditions, all mutant 120 

strains exhibited growth kinetics comparable to the wild-type strain (Fig. S3). Intriguingly, 121 

upon exposure to MMC, a DNA crosslinking agent that can impede replication fork 122 

progression20,21, deletion of druE markedly alleviated MMC-induced toxicity. In contrast, 123 

deletion of druM, druF, or druG hypersensitized Pf-5 to MMC (Fig. 1i). Collectively, these 124 

findings indicate that DruE contributes to MMC-associated growth inhibition in the native 125 

host, whereas DruM, DruF, and DruG are required to maintain fitness under DNA-126 

damaging conditions. This genetic pattern supports a role for the accessory components 127 

in limiting DruE-associated toxicity, although the underlying mechanism remains to be 128 

defined. 129 

Overall structure of DruE 130 

To elucidate the structural basis of DruE-mediated DNA unwinding, we determined cryo-131 

EM structures of DruE bound to a forked (Y-shaped) DNA substrate, consisting of a 19-132 

bp duplex stem flanked by a 21-nt 3′ and a 6-nt 5′ single-stranded arm, in the presence 133 

of Mg²⁺ and either ADP or the non-hydrolyzable analog AMPPNP. Single-particle analysis 134 

of the ADP sample resolved a DNA-free apo dimer (3.64 Å) and two substrate-bound 135 

DruE–DNA–ADP dimers (3.29 and 3.45 Å), whereas the AMPPNP dataset yielded four 136 

substrate-bound dimers in distinct conformations (3.28–3.58 Å) (Figs. S4 and S5; Tables 137 

S1 and S2). Local-resolution analyses and representative model-to-map fits for the 138 
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AMPPNP and ADP reconstructions are provided in Fig. S6 and Fig. S7, respectively. 139 

Collectively, these reconstructions capture DruE in an apo (DNA-free, nucleotide-free) 140 

resting state (State I) and six DNA-bound states (States II–VII; Fig. 2a).   141 

Unless otherwise noted, the following architectural description is based on the State VII 142 

reconstruction (DruE–DNA–ADP, 3.29 Å resolution), which resolves the most complete 143 

set of structural features. In this reconstruction, each DruE protomer comprises a catalytic 144 

core of two RecA-like domains, RecA1 and RecA2, which form the ATPase motor. In 145 

contrast to canonical SF2 helicases, in which each RecA domain forms a contiguous 146 

module, both RecA1 and RecA2 domains of DruE are interrupted by large insertions: 147 

RecA1 is split by an anchoring loop (Anc-L), which contacts the DNA duplex and an α-148 

helical insertion (α-Ins), whereas RecA2 is interleaved with a first zinc-binding module 149 

(ZBM1), a MarR-like domain, and a second zinc-binding module (ZBM2) (Fig. 2b). 150 

Despite this discontinuous primary sequence, the interleaved RecA domains still fold into 151 

a single, intact helicase core. C-terminal to the helicase core, DruE comprises a third zinc-152 

binding module (ZBM3), an α-helical domain, an OB-fold tethered to the core through an 153 

extended 'Rope' linker, a connector (CON) domain, a DUF1998 domain that also 154 

functions as a zinc-binding module (ZBM4), and a terminal iVsr domain18,22. Notably, the 155 

α-Ins and the α-helical domain are tightly packed around RecA1. In contrast, the MarR-156 

like domain, the zinc-binding insertions, the OB-fold, the CON domain, the DUF1998 157 

module, and the iVsr module are arranged primarily around RecA2, collectively expanding 158 

the helicase core (Fig. 2c, d).  159 

In the DruE dimer, the two protomers are related by an approximate two-fold axis, with 160 

their MarR-like domains contributing to the primary dimeric interface (Fig. 2d). In the DNA-161 
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bound reconstructions, DruE forms an asymmetric homodimer in which the two protomers 162 

differ in both the DNA strand they engage and their nucleotide occupancy, and each 163 

protomer forms a central channel that accommodates single-stranded DNA. Notably, the 164 

3′ tracking strand and the 5′ displaced strand enter these two channels through distinct 165 

openings on opposite sides of the dimer (Fig. 2e). At the duplex region, only the protomer 166 

engaging the 5′ displaced strand contacts the DNA duplex stem through its anchoring 167 

loop. Given that DruE is a 3′-to-5′ helicase, the protomer engaging the 3′ tracking strand 168 

is likely the translocating motor that drives strand separation, and is therefore referred to 169 

as the motor protomer. In contrast, the protomer engaging the 5′ displaced strand and 170 

anchoring onto the duplex may serve as a clamp that captures the displaced 5′ strand, 171 

and is hereafter referred to as the clamp protomer (Fig. 2c). By sequestering the displaced 172 

strand within its own channel and anchoring onto the duplex via its anchoring loop, the 173 

clamp protomer may physically prevent reannealing of the separated strands behind the 174 

advancing motor protomer, thereby enhancing the processivity of unwinding.  175 

A fork-junction anchor from the clamp protomer couples ATP-driven translocation 176 

to strand separation 177 

To understand how DruE couples ATP hydrolysis to DNA unwinding, we examined the 178 

nucleotide-binding site and DNA contacts at the fork junction. The nucleotide-binding site 179 

of the motor protomer lies in the cleft between RecA1 and RecA2 (Fig. 3a, b). The 180 

nucleotide and catalytic Mg²⁺ are coordinated by conserved motifs from both lobes. In 181 

RecA1, the Walker A motif (Motif I; Lys140) coordinates the phosphates, while the Q motif 182 

recognizes the adenine base through Gln116 hydrogen bonding and Tyr110/Tyr113 183 

stacking. The arginine finger of Motif VI (Arg1241) reaches across the cleft from RecA2 184 
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(Fig. 3c). Alanine substitutions of Gln116, Lys140, or Arg1241 abolished both ATP 185 

hydrolysis and DNA unwinding, whereas the stacking tyrosines were largely dispensable 186 

(Fig. 3f, g), confirming the catalytic essentiality of the conserved SF2 motifs.  187 

Beyond the nucleotide-binding site, the structure reveals protein–DNA contacts at the fork 188 

junction, mediated by two structural elements inserted within RecA1 of the clamp 189 

protomer (Fig. 3a). The anchoring loop (Anc-L) contacts the duplex arm through Lys176 190 

and Arg178 (Fig. 3d); alanine substitutions of these residues caused only modest 191 

reductions in unwinding (Fig. 3h), suggesting that duplex contacts contribute to, but are 192 

not essential for, strand separation. Adjacent to Anc-L, the α-helical insertion (α-Ins) is 193 

positioned directly at the fork junction, where it contacts the branch point through Lys261 194 

and the displaced strand through Arg269 (Fig. 3e). From the opposite face, residues 195 

Arg1949 and Arg1988 from ZBM3 provide additional contacts to the DNA at the junction. 196 

Together, α-Ins and ZBM3 form a composite structural element that straddles the fork 197 

junction. R269A, R1949A, and R1988A each produced only minor defects in unwinding, 198 

whereas K261A completely abolished strand separation while retaining wild-type ATPase 199 

activity (Fig. 3h, i). This uncoupling demonstrates that Lys261 is the critical functional 200 

residue within the α-Ins element, suggesting that α-Ins of the clamp protomer functions 201 

as a fork-junction wedge, analogous to the separation pins of SF1/SF2 helicases, 202 

converting motor-driven translocation into the force required to separate the duplex. 203 

Notably, whereas the separation pins of canonical SF1/SF2 helicases reside within the 204 

translocating subunit itself23, the fork-junction wedge of DruE is contributed by the clamp 205 

protomer, suggesting that productive strand separation requires cooperation between the 206 

two protomers. 207 
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Two dimer interfaces with distinct functional contributions 208 

The preceding analysis revealed that strand separation requires functional elements 209 

distributed across both protomers, translocation by the motor protomer and a fork-junction 210 

wedge from the clamp protomer. This interdependence suggests that the dimer interface 211 

is critical for DruE activity. To test this, we investigated how the dimer interface contributes 212 

to DruE activity. The DruE dimer interface is formed by the MarR-like domains of the two 213 

protomers, which contact each other through two distinct regions: a peripheral Interface I 214 

and a more deeply buried, central Interface II (Fig. 4a, b). Interface I consists of a 215 

hydrogen-bond network between antiparallel α-helices, one from each MarR-like domain, 216 

involving Glu880 and Lys885 (Fig. 4c). Interface II forms the central contact between the 217 

two MarR-like domains, involving His966 and Lys1033 (Fig. 4d). 218 

Mutational analysis revealed distinct functions for the two interfaces. Disruption of 219 

Interface I (E880A, K885A) left DNA unwinding largely intact but increased ATPase 220 

activity above the wild-type level (Fig. 4e, f), suggesting that Interface I contributes to 221 

regulating the ATPase activity of the DruE dimer. In contrast, the Interface II substitution 222 

K1033A abolished unwinding while leaving ATPase activity largely unaffected (Fig. 4e, f). 223 

This uncoupling phenotype resembles that of the fork-junction mutant K261A, but the 224 

underlying mechanism is distinct: whereas K261A removes a direct protein–DNA contact 225 

at the fork, K1033A disrupts inter-protomer communication without affecting the catalytic 226 

site or DNA-binding interface. The loss of unwinding therefore indicates that coordination 227 

between the two protomers, mediated through the MarR-like domains, is essential for 228 

productive strand separation. Together, these data reveal that the two interfaces serve 229 

different roles: Interface I modulates ATPase activity, whereas Interface II mediates the 230 
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inter-protomer coupling required to coordinate the motor and clamp protomers during 231 

strand separation. 232 

Conformational states of the DruE dimer define an asymmetric translocation cycle 233 

Having established that the two protomers play distinct roles and that their coordination 234 

through the dimer interface is essential for unwinding, we next asked how the motor and 235 

clamp protomers cycle through conformational states during translocation. The seven 236 

cryo-EM reconstructions capture DruE in an apo (DNA-free, nucleotide-free) reference 237 

state (State I) and six DNA-bound states (States II–VII, Fig. 2a; Fig. S8a–g; 238 

Supplementary Movie 1), sampling different combinations of nucleotide occupancy and 239 

DNA engagement in the motor and clamp protomers. Because these are static snapshots 240 

rather than time-resolved observations, the conformational trajectory described below is 241 

inferred from structural comparison rather than directly observed. 242 

In States I–IV, the clamp protomer remains nucleotide-free and conformationally 243 

unchanged, allowing us to track the conformational cycle of the motor protomer alone 244 

(Fig. 5a–d; Fig. S8a–d; Supplementary Movie 2). In the apo state (State I), a C-terminal 245 

module spanning the OB, ZBM3, CON, and DUF1998/ZBM4 domains (residues 1416–246 

1721) is ordered and closes over the central channel (Fig. 5a). Upon ssDNA binding to 247 

the motor protomer (State II), this module becomes disordered, opening the channel to 248 

accommodate the tracking strand (Fig. 5b). Despite this disorder, the tracking strand is 249 

held in register by Arg785 within a basic-residue-rich loop of ZBM1, which contacts the 250 

substrate through electrostatic interactions and hydrogen bonds (Fig. 5e). This anchoring 251 

interaction appears critical for maintaining the motor protomer's grip on the tracking strand 252 

when the channel is open. Consistent with this role, an R785A substitution abolished 253 
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unwinding without reducing ATPase activity (Fig. 5h, i), indicating that loss of this contact 254 

uncouples translocation from strand separation. In State III (AMPPNP-bound), the module 255 

becomes stably ordered once more and recloses over the tracking strand, enclosing the 256 

ssDNA within the central channel. We therefore term this module the lid (Fig. 5c). 257 

Concurrently, RecA1 shifts toward the DNA-exit side of the channel (Fig. 5f), a 258 

conformational change consistent with the power stroke described for canonical SF2 259 

helicases24. State IV (ADP-bound) is nearly identical to State III (overall Cα RMSD of 260 

0.508 Å; Fig. S8h), with one notable exception: a loop at the N-terminal edge of the lid 261 

(residues 1419–1422) undergoes a conformational switch. In the AMPPNP state, 262 

Arg1422 hydrogen-bonds to Glu1501 in ZBM3. In the ADP state, the loop swings so that 263 

Arg1422 instead contacts Gln1666 in DUF1998/ZBM4 (Fig. 5g). Because this switch 264 

correlates with the transition from the AMPPNP to the ADP state, we propose that ATP 265 

hydrolysis triggers a ratchet-like conformational change that locks the forward progress 266 

achieved during the preceding power stroke, thereby ensuring unidirectional translocation. 267 

Consistent with a functional role for this loop, R1422A and P1420A abolished unwinding, 268 

whereas M1419A had little effect (Fig. 5h, i). 269 

States V–VII capture conformations in which the clamp protomer has engaged the 5′ 270 

displaced strand and bound nucleotide (AMPPNP in States V and VI, ADP in State VII). 271 

In States I–IV, the clamp protomer is nucleotide-free and its central channel is 272 

occluded(Fig. S8a–d, i). By contrast, in States V–VII, nucleotide binding and displaced-273 

strand engagement widen the channel, and a greater length of the duplex arm is resolved 274 

(Fig. S8e–g, j). The anchoring loop of the clamp protomer now contacts the duplex stem, 275 

an interaction absent from States II–IV (Fig. S8, b–d). Nucleotide also reshapes its 276 
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binding pocket (Fig. S8k), suggesting that nucleotide stabilizes the displaced-strand-277 

bound conformation and strengthens the grip on the substrate. Importantly, across States 278 

V–VII the motor protomer reproduces the same lid cycle observed in States II–IV, with 279 

the lid open when nucleotide-free (State V) and closed when AMPPNP- (State VI) or ADP-280 

bound (State VII), independently of the nucleotide state of the clamp protomer (Fig. S8b–281 

g). The two protomers are therefore gated independently rather than operating in 282 

synchrony. 283 

Together, these observations suggest the following translocation cycle for the motor 284 

protomer. In the resting state, the lid is closed over an empty channel. ssDNA binding 285 

opens the lid, allowing the tracking strand to enter. ATP binding recloses the lid and drives 286 

a conformational change in the RecA domains consistent with a power stroke. ATP 287 

hydrolysis triggers the Arg1422 ratchet, locking the forward progress. ADP release then 288 

reopens the lid, resetting the motor for the next cycle. Throughout this process, the clamp 289 

protomer maintains its grip on the displaced strand and the adjacent duplex, physically 290 

preventing reannealing behind the advancing motor and thereby enhancing processivity. 291 

The DruE dimer thus operates as an asymmetric machine in which the motor and clamp 292 

protomers cooperate to achieve processive duplex unwinding. 293 

Discussion 294 

The Druantia antiphage defence systems are widespread in bacteria, yet the type II 295 

system has remained functionally and structurally uncharacterized. Here, we 296 

demonstrate that the type II effector DruE is a 3′-to-5′ helicase that assembles as a 297 

constitutive asymmetric homodimer, in which a motor protomer and a clamp protomer 298 

perform complementary roles during DNA unwinding. Seven cryo-EM structures 299 
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spanning substrate-free through nucleotide-bound states, combined with biochemical 300 

analyses, enable us to propose a mechanochemical model for directional unwinding by 301 

this immune helicase.  302 

A mechanochemical model for DruE-mediated DNA unwinding. Our structural and 303 

biochemical analyses reveal that the type II Druantia effector DruE operates as an 304 

asymmetric homodimer in which two sequence-identical protomers adopt distinct 305 

functional roles during DNA unwinding. The seven cryo-EM structures, spanning the 306 

substrate-free state through DNA loading to nucleotide-dependent conformational cycling, 307 

allow us to propose a mechanochemical model for directional DNA unwinding by an 308 

immune helicase (Fig. 6a). The motor protomer serves as the translocating engine. In the 309 

absence of nucleotide, the 3′ tracking strand threads into the central channel and triggers 310 

a large conformational rearrangement in ZBM1, while the C-terminal lid module remains 311 

disordered (State II). Nucleotide binding closes the lid over the tracking strand and 312 

induces a forward displacement of the RecA1 domain that is consistent with a power 313 

stroke that may advance the substrate along the unwinding path (State III). The transition 314 

from the AMPPNP-bound to the ADP-bound state is accompanied by a conformational 315 

switch in the Arg1422-containing loop at the lid margin (States III to IV), which we propose 316 

biases translocation directionality by acting as a ratchet. The clamp protomer performs a 317 

distinct function. Upon capturing the 5′ displaced strand (States V–VII), its C-terminal 318 

region undergoes a large conformational change that widens the DNA-binding channel 319 

and forms a clamp-like grip on the displaced strand and adjacent duplex. Nucleotide 320 

binding to the clamp protomer stabilizes this conformation, suggesting that it enhances 321 

the processivity of the complex by preventing substrate dissociation and strand 322 
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reannealing. Importantly, the lid of the motor protomer cycles between open and closed 323 

states independently of the nucleotide occupancy of the clamp protomer, indicating that 324 

the two protomers are gated independently. Two additional structural elements contribute 325 

to the coupling of ATP hydrolysis to productive unwinding. The α-Ins element, positioned 326 

at the fork junction in the clamp protomer, functions as a wedge that is essential for strand 327 

separation but dispensable for ATPase activity. Notably, whereas the separation pins of 328 

canonical SF1 and SF2 helicases reside within the translocating subunit itself23,25,26, the 329 

fork-junction wedge of DruE is contributed by the clamp protomer, indicating that 330 

productive strand separation in DruE requires inter-protomer cooperation between the 331 

translocation force generated by the motor and the physical wedge provided by the clamp. 332 

Consistent with this, the central dimer Interface II, mediated by the MarR-like domains, is 333 

similarly required for unwinding but not for ATP hydrolysis, confirming that inter-protomer 334 

communication through this contact is essential for productive strand separation. 335 

Comparison with other immune helicase systems. The rapidly expanding inventory of 336 

helicase-centred defence systems now includes Hachiman, DISARM, and Druantia, 337 

among others, each built around an SF1 or SF2 helicase but employing distinct 338 

architectures and substrate specificities14–18. The Hachiman helicase HamB, a Ski2-like 339 

enzyme, also recognizes 3′ single-stranded overhangs. However, HamB operates as a 340 

monomer whose mechanochemical ratcheting allosterically activates a separate 341 

nuclease, HamA, leading to indiscriminate DNA degradation and abortive infection14. By 342 

contrast, DruE functions as a stable dimer and lacks an associated nuclease, suggesting 343 

a fundamentally different downstream mechanism. The DISARM helicase DrmAB 344 

recognizes 5′ overhangs rather than 3′ overhangs and is held in an autoinhibited state by 345 
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a trigger loop that must be displaced for activation16. DruE does not exhibit a comparable 346 

autoinhibited conformation in any of the seven structures reported here. Although the lid 347 

is closed in the apo state, this closure reflects a default resting conformation that is 348 

remodelled upon substrate binding, rather than an inhibitory mechanism requiring a 349 

specific activation signal. Whether regulation of type II Druantia is imposed by the 350 

accessory components, by substrate availability, or by additional cellular factors remains 351 

to be tested. 352 

A particularly informative comparison involves the type III Druantia system, for which 353 

multiple recent studies have provided structural and functional insights19,27,28. Several 354 

groups have independently determined cryo-EM structures of type III DruE and report 355 

that it also assembles as an asymmetric dimer with 3′-to-5′ unwinding polarity, suggesting 356 

that asymmetric dimerization is a conserved feature of YprA-family immune helicases 357 

rather than a property unique to the type II system27,28. However, the two subtypes differ 358 

in important respects. Type III DruE contains C-terminal PLD-like nuclease domains that 359 

are absent from type II DruE, making type III DruE a bifunctional helicase-nuclease 360 

effector capable of directly degrading DNA substrates27,28. In the type II system, DruE 361 

lacks intrinsic nuclease activity, and how its unwinding activity is converted into phage 362 

restriction remains an open question. The accessory components also diverge: type III 363 

systems encode a single partner, DruH, which has been characterized as an ssDNA-364 

binding protein, a 3′ DNA end-processing exonuclease, or a metabolic sensor depending 365 

on the system and study19,27,28, whereas type II systems encode three distinct accessory 366 

proteins (DruM, DruF, and DruG) whose functions remain to be defined. Furthermore, 367 

whereas some type III studies report that the DruE dimer undergoes activation-coupled 368 
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remodeling or transitions between monomeric and dimeric states27,28, the type II DruE 369 

dimer described here is constitutive and present in all seven reconstructions, including 370 

the substrate-free apo state. In addition, recent work has shown that type III Druantia 371 

systems can synergize with co-localized defence systems such as Zorya II through 372 

shared DNA-processing intermediates dependent on the RecBCD complex29,30, raising 373 

the possibility that type II Druantia may similarly cooperate with neighbouring defence loci, 374 

although this has not yet been tested. Together, these comparisons suggest that while 375 

the YprA-family helicase core and its asymmetric dimeric architecture are broadly 376 

conserved, the Druantia subtypes have diverged substantially in their effector 377 

mechanisms, regulatory strategies, and modes of oligomeric control. 378 

Biological implications and accessory protein function. The biochemical preference 379 

of DruE for 3′-ended and fork-like DNA substrates is consistent with the recognition of 380 

structures that arise during phage genome replication, including cohesive-end processing, 381 

rolling-circle intermediates, and stalled or branched replication forks31,32. We therefore 382 

propose that DruE targets vulnerable stages of the phage replication cycle through ATP-383 

dependent unwinding (Fig. 6b). However, such fork-like structures can also arise during 384 

normal host DNA metabolism, raising the question of how the system avoids self-toxicity. 385 

Our genetic analyses provide an initial clue. Deletion of druE alleviates MMC-induced 386 

toxicity in P. protegens Pf-5, whereas deletion of druM, druF, or druG exacerbates growth 387 

defects under MMC treatment. These observations suggest that DruM, DruF, and DruG 388 

are required to maintain host fitness under DNA-damaging conditions and may help tune 389 

or constrain DruE-associated activity. The precise molecular functions of these accessory 390 

components remain to be established through biochemical reconstitution of the full type 391 
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II complex. 392 

Limitations. Several caveats should be noted. All structures were determined with 393 

nucleotide analogs (AMPPNP) or hydrolysis products (ADP), and the conformational 394 

trajectory is inferred from comparison of static snapshots rather than from time-resolved 395 

observation. DruE alone confers limited protection against a subset of coliphages in 396 

heterologous expression, and the full type II system could not be reconstituted because 397 

DruF and DruG accumulated in the insoluble fraction. Furthermore, no cognate phages 398 

have been identified for P. protegens Pf-5, precluding direct assessment of type II 399 

Druantia-mediated defence in the native host. Finally, how the DNA unwinding activity of 400 

DruE is converted into phage restriction remains unclear. 401 

Materials and Methods 402 

Experimental models and bacterial strains 403 

For standard cultivation, all Escherichia coli strains were grown in Luria-Bertani (LB) 404 

medium at 37°C with shaking at 220 r.p.m. Antibiotics were supplemented as required for 405 

plasmid maintenance (e.g., ampicillin at 100 μg/mL). Bacterial strains were stored at -406 

80°C as 25% (v/v) glycerol stocks. E. coli DH5α was used for plasmid cloning and 407 

amplification, whereas E. coli BL21 (DE3) and E. coli BL21 were employed for protein 408 

expression and phage infection assays, respectively. Phages T1, T4, T5, T7, and λ were 409 

used in this study. Phage propagation followed standard protocols, typically infecting 410 

logarithmically growing host cells in LB medium at 37°C with an initial multiplicity of 411 

infection (MOI) of 0.1. Phage titers were determined using the double-layer agar plate 412 

method. All strains, plasmids, and phages used in this study are detailed in 413 

Supplementary Table S6. 414 
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Construction of mutant strains  415 

The in-frame deletion mutants were generated using a two-step homologous 416 

recombination approach as previously described33. Briefly, ~1 kb flanking regions 417 

upstream and downstream of the target gene were amplified by PCR using high-fidelity 418 

DNA polymerase. These two fragments were fused by overlap extension PCR and then 419 

cloned into the suicide vector pK18mobsacB. The resulting recombinant plasmid was 420 

transformed into E. coli WM3064 and subsequently transferred into the recipient strain 421 

via conjugation on LB agar supplemented with 0.3 mM DAP. The single-crossover 422 

transconjugants were first selected on LB agar containing kanamycin and then cultured 423 

in LB broth without antibiotics to allow for the second crossover. Subsequently, the 424 

cultures were spread onto LB agar supplemented with 10% sucrose to counter-select 425 

against vector retention via the sacB gene; sucrose-resistant colonies were screened and 426 

successful deletion mutants were validated by PCR using target gene primers. 427 

Identification and visualization of Druantia loci 428 

Based on DefenseFinder34 annotations, Druantia loci and their neighbouring defence 429 

systems were identified in the genomes of Serratia fonticola (GCF_005489985.1), 430 

Pseudomonas protegens Pf-5 (GCF_000012265.1), Klebsiella michiganensis 431 

(GCF_002025225.1), and Metabacillus litoralis SW-211 (GCF_007994985.1). Genomic 432 

operons were visualized using the Python library dna_features_viewer35, coupled with 433 

pandas for data processing and matplotlib for auxiliary plotting. 434 

Plasmid construction and protein purification 435 

All plasmids generated in this study were constructed using PCR, gel extraction (Omega 436 

Bio-tek, D2500-02), and either Gibson assembly36 or Golden Gate assembly37. Genomic 437 
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DNA from P. protegens Pf-5, extracted using the TIANGEN Bacterial Genomic DNA 438 

Extraction Kit, served as the template for amplifying wild-type Druantia genes. Wild-type 439 

druE and the indicated druE point mutants were cloned into the respective expression 440 

vectors; all primers and constructs are listed in Supplementary Tables S4 and S6. 441 

For protein expression, E. coli BL21 (DE3) cells harboring the pETDuet-1-druE plasmid 442 

were inoculated into 1 L of LB medium and cultured at 37°C until the OD₆₀₀ reached 0.6–443 

0.8. Protein expression was induced with 0.5 mM IPTG at 16°C overnight (16 hours). 444 

Cells were harvested, resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl), 445 

and lysed via sonication (70% amplitude, 1 s on, 2 s off, 20 min total). Following high-446 

speed centrifugation (12,000 × g, 45 min), the supernatant was collected and applied to 447 

Strep-Tactin 4FF affinity resin (Smart Lifesciences, Changzhou, China). After washing 448 

out non-specifically bound proteins, the target protein was eluted using a buffer 449 

supplemented with 2.5 mM desthiobiotin. The eluate was then concentrated and injected 450 

onto a pre-equilibrated Superdex 200 10/300 GL size-exclusion chromatography column 451 

(Cytiva) for polishing, using chromatography buffer (20 mM Tris-HCl pH 8.0, 150 mM 452 

NaCl). The oligomeric state was evaluated based on the elution volume (indicating a 453 

homodimer of approximately 400 kDa). The peak fractions were pooled, flash-frozen in 454 

liquid nitrogen, and stored at -80°C. Mutant proteins were purified following the identical 455 

protocol as the wild type. 456 

Efficiency of plating determination 457 

To determine the efficiency of plating (EOP), phages were plated on induced strains 458 

expressing DruE and compared with plaques formed on the empty-vector BL21 control. 459 

Briefly, 200 μL of bacterial culture was mixed with 50–150 PFU and 4.5 mL of 0.6% LBA 460 
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prewarmed to 45°C. The mixture was poured onto an LBA plate to form a bacterial lawn. 461 

After overnight incubation at 37°C, EOP was calculated by dividing the number of plaques 462 

on each test strain by the number of plaques on the control strain. 463 

DNA substrate preparation 464 

All single-stranded oligonucleotides, including those with 5′-FAM fluorescent 465 

modifications, were synthesized by GENEWIZ (Tianjin, China). To prepare various 466 

double-stranded DNA (dsDNA) substrates (e.g., blunt-ended, 3′-overhang, 5′-overhang, 467 

and Y-fork), single-stranded oligonucleotides were mixed with equimolar or a 1.5-fold 468 

excess of their complementary strands in annealing buffer (20 mM Tris-HCl pH 7.5, 50 469 

mM NaCl, 5 mM MgCl2). Annealing was facilitated by heating the mixture to 95°C for 5 470 

min, followed by a gradual cooling to 25°C over 110 min. The purity of the annealed 471 

products was verified by 8% native polyacrylamide gel electrophoresis (PAGE)14. 472 

Sequences of all substrates are detailed in Supplementary Table S5. 473 

Cryo-EM sample preparation and data collection 474 

To capture the DruE complex during DNA unwinding, a Y-fork DNA construct was 475 

designed, comprising a 19-bp stem region, a 6-nt 5′-overhang, and a 21-nt 3′-overhang 476 

34,35 (Table S5, Fig. S4a). This specific substrate was selected as it has been widely 477 

utilized to trap unwinding intermediates of bacterial SF2 helicase complexes. Purified 478 

DruE (5 μM) was incubated with a 10-fold molar excess of DNA substrate (50 μM) and 479 

either ADP or AMPPNP at a final concentration of 0.5 mM (100-fold molar excess; Macklin 480 

Biochemical, Shanghai, China). Following a 30-minute incubation at room temperature 481 

(~25°C), 4 μL of the DruE–DNA–ADP mixture was applied to glow-discharged holey 482 

carbon grids (Copper, 300 mesh, R1.2/1.3, Quantifoil). The grids were blotted for 4 s at 483 
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4°C under 100% humidity using a Vitrobot Mark IV (FEI Company) and rapidly plunge-484 

frozen in liquid ethane. 485 

Cryo-EM data were acquired on a Krios G4 transmission electron microscope operating 486 

at 300 kV, equipped with a Falcon4i direct electron detector and a Selectris X energy filter 487 

(slit width: 10 eV). Movie stacks were collected in electron event representation (EER) 488 

mode using EPU software (Thermo Fisher Scientific), with a total electron dose of 50 489 

e⁻/Å² and a defocus range of -0.8 µm to -1.6 µm. Sample preparation and data collection 490 

for the DruE–DNA–AMPPNP complex were performed identically to those for the ADP 491 

state. 492 

Cryo-EM image processing 493 

All cryo-EM data processing was performed in cryoSPARC38. Preprocessing and particle 494 

picking: All datasets were collected with a pixel size of 0.96 Å/pixel. Beam-induced motion 495 

correction of movie stacks was performed using the Patch Motion Correction module, and 496 

contrast transfer function (CTF) parameters were estimated via Patch CTF Estimation. 497 

Initial particle picking was conducted using Blob Picker with an un-binned box size of 400 498 

pixels, followed by 2D classification of 2× and 4× down-sampled particles to generate 499 

reference templates. Subsequently, template-based picking was executed on the motion-500 

corrected and CTF-estimated micrographs utilizing Template Picker. 501 

Processing of the DruE–DNA–ADP complex: For this dataset (Fig. S4), a total of 4,571 502 

movie stacks were collected. Template Picker yielded an initial set of 2,542,668 particles. 503 

These particles were subjected to ab initio reconstruction (C1 symmetry), generating 5 504 

classes. To eliminate "junk" classes, three rounds of heterogeneous refinement (box size 505 

128 pixels, forced hard classification) were performed. This process isolated 417,803 506 
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high-quality 'passthrough' particles, yielding a consensus reconstruction with a gold-507 

standard Fourier shell correlation (GSFSC) overall resolution of 3.31 Å. The consensus 508 

particle set was further subjected to non-uniform refinement, incorporating per-particle 509 

defocus optimization, global CTF refinement (tilt, trefoil, and spherical aberration), noise 510 

model initialization from images, and local motion correction. A subsequent round of 511 

heterogeneous refinement (box size 128 pixels, initial resolution 6 Å) successfully 512 

classified the particles into three distinct conformational states: State I (27,065 particles, 513 

3.64 Å), State IV (73,269 particles, 3.45 Å), and State VII (210,656 particles, 3.29 Å). 514 

Processing of the DruE–DNA–AMPPNP complex: For this dataset (Fig. S5), 6,752 movie 515 

stacks were collected. Following a parallel processing pipeline, 1,928,979 particles were 516 

initially picked. After ab initio reconstruction (5 classes) and three rounds of 517 

heterogeneous refinement to filter out "junk" particles, 616,796 high-quality particles were 518 

retained, yielding a consensus reconstruction at 3.26 Å resolution. Following an identical 519 

non-uniform refinement strategy, heterogeneous refinement classified the dataset into 520 

four distinct states: State II (233,472 particles, 3.28 Å), State III (136,706 particles, 3.36 521 

Å), State V (138,033 particles, 3.45 Å), and State VI (50,310 particles, 3.58 Å). 522 

Local refinement and post-processing: To enhance the local density quality surrounding 523 

the ATP-binding site, local refinement was performed using a mask focused on this region. 524 

The resulting refined 3D volumes were subsequently post-processed using EMReady239 525 

to facilitate model building. 526 

Model building and refinement 527 

The initial model of DruE was generated using AlphaFold240. For model building, the 528 

predicted model was rigid-body fitted into the experimental cryo-EM density maps using 529 
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the fitmap tool in UCSF ChimeraX v1.10.141. Given the significant conformational 530 

disparities between the prediction and the experimental structure, multiple rounds of 531 

manual, iterative building were performed utilizing Coot42, the ISOLDE plugin43, and 532 

Phenix44. This initially refined DruE structure subsequently served as the baseline model 533 

for all other conformational states. The DNA substrate, zinc ion (Zn²⁺), and nucleotide 534 

ligands (ADP or AMPPNP) were built de novo in Coot based on the experimental density. 535 

Finally, all atomic models underwent real-space refinement using 536 

phenix.real_space_refine, and the overall geometric quality was evaluated using 537 

MolProbity45. 538 

NTPase activity assays 539 

The ATPase activity of DruE was evaluated by quantifying the release of inorganic 540 

phosphate using a Malachite Green Phosphate Assay Kit (Beyotime) according to the 541 

manufacturer's instructions46. Reactions were carried out in a buffer containing 20 mM 542 

Tris-HCl pH 7.5, 50 mM KCl, 2 mM MgCl2, and 1 mM DTT. Assays were performed in 543 

transparent-bottom, black 96-well plates. DruE was diluted to a final concentration of 40 544 

nM, and the nucleic acid substrate (Table S5) was diluted to 100 nM (or plasmid DNA to 545 

a final concentration of 4 ng/μL), in a total reaction volume of 10 μL. The reaction mixture 546 

was pre-incubated at room temperature for 5 min. ATP (Macklin Biochemical, Shanghai, 547 

China) was then added to a final concentration of 1 mM to initiate the reaction, followed 548 

by incubation at 37°C for 30 min. The reaction was quenched by the addition of the 549 

activated Malachite Green reagent. After a 30-minute colorimetric development in the 550 

dark at room temperature, the absorbance at 620 nm was measured using a BioTek 551 

microplate reader. Phosphate release was quantified by interpolation from a standard 552 
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curve of free phosphate. Oligonucleotide substrates are modified from Domgaard et al47. 553 

Gel-shift helicase unwinding assays 554 

Helicase unwinding reactions were performed in Isothermal Amplification Buffer (IAB; 20 555 

mM Tris-HCl, 10 mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4, and 0.1% Tween® 20; pH 556 

8.8 at 25°C) at 30°C. DruE (100 nM) was pre-incubated with 20 nM of fluorescently 557 

labeled DNA substrate (Supplementary Table S5) for 5 min. The reaction was initiated by 558 

the addition of 1 mM ATP or AMPPNP (Macklin Biochemical). At 20 min, aliquots were 559 

transferred to ice and quenched with a STOP buffer (containing 0.4 U Proteinase K, 18 560 

mM EDTA, 0.36% SDS, and 9% glycerol). To prevent re-annealing of the unwound DNA 561 

strands, a 2-fold molar excess of unlabeled trap oligonucleotide (identical in sequence to 562 

the fluorescently labeled single strand) was added during the quenching step. For the 563 

fully unwound control (Boiled control), the substrate was boiled at 95°C for 5 min and 564 

loaded immediately. All samples were resolved on a 12% TBE polyacrylamide gel at 4°C 565 

until the bands were adequately separated. The gel was then scanned using a 566 

multifunctional laser imaging and automated gel excision system (Bio-Rad/BIO-LAB 567 

PharosFX), and images were exported with Image Lab software. 568 

Construction of single-gene knockout mutants and phenotypic assays 569 

To investigate the in vivo function of the Druantia system in its native host, Pseudomonas 570 

protegens Pf-5, in-frame deletion mutants of the four core genes (druM, druF, druG, and 571 

druE) were independently constructed using a two-step homologous recombination 572 

approach. Briefly, approximately 1-kb regions upstream and downstream of each target 573 

gene were amplified using a high-fidelity DNA polymerase, fused by overlap-extension 574 

PCR, and cloned into the suicide vector pK18mobsacB. The resulting recombinant 575 
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plasmids were introduced into Escherichia coli WM3064 and subsequently transferred 576 

into Pf-5 by conjugation on LB agar supplemented with 0.3 mM diaminopimelic acid (DAP). 577 

Single-crossover transconjugants were selected on LB agar containing kanamycin and 578 

cultured in antibiotic-free LB broth to facilitate the second crossover. Cultures were then 579 

plated on LB agar containing 10% sucrose to counter-select cells retaining the sacB-580 

containing vector. Sucrose-resistant colonies were screened by PCR to confirm the 581 

successful generation of the ΔdruM, ΔdruF, ΔdruG, and ΔdruE mutants. 582 

For phenotypic assays, the wild-type (WT) Pf-5 strain and the four knockout mutants were 583 

cultured overnight and subcultured 1:100 into fresh liquid medium. When the cultures 584 

reached an OD₆₀₀ of 0.2, mitomycin C (MMC; Aladdin Biochemical Technology, Shanghai, 585 

China) was added to the treatment groups at a final concentration of 2 μg/mL, while the 586 

control groups received an equivalent volume of vehicle. The cultures were transferred to 587 

96-well plates, and growth kinetics were continuously monitored by measuring OD₆₀₀ with 588 

a BioTek microplate reader. All experiments were conducted using three independent 589 

biological replicates, and statistical analyses were performed using GraphPad Prism 9. 590 

Growth curves were analyzed by two-way repeated-measures ANOVA, followed by 591 

Dunnett’s multiple-comparisons test to compare each single-gene deletion strain (ΔdruM, 592 

ΔdruF, ΔdruG, and ΔdruE) with the WT strain at each time point following MMC treatment.  593 

Data Availability 594 

All data supporting the findings of this study are available within the paper and its 595 

Supplementary Information. For the DruE–DNA–ADP complex, the cryo-EM density 596 

maps for the three conformational states (State I, State IV, and State VII) have been 597 

deposited in the Electron Microscopy Data Bank (EMDB) under accession codes EMD-598 
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65815 (State I), EMD-65907 (State IV), and EMD-65816 (State VII); the corresponding 599 

atomic models have been deposited in the Protein Data Bank (PDB) under accession 600 

codes 9WAE (State I), 9WDV (State IV), and 9WAF (State VII). The consensus 601 

reconstruction density map is available under EMD-65895, and the locally refined maps 602 

for State I under EMD-65813 and EMD-65814. 603 

For the DruE–DNA–AMPPNP complex, the density maps for the four states (State II, 604 

State III, State V, and State VI) are deposited under EMDB accession codes EMD-65906 605 

(State II), EMD-65908 (State III), EMD-65901 (State V), and EMD-65910 (State VI); the 606 

corresponding PDB models are deposited under 9WDU (State II), 9WDW (State III), 607 

9WDS (State V), and 9WDY (State VI). The consensus and locally refined maps for the 608 

State II state are deposited under EMD-65902, EMD-65903, and EMD-65904; and those 609 

for the State V state under EMD-65897, EMD-65898, and EMD-65899. 610 
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Supplementary Movie Legends 628 

Supplementary Movie 1. Seven conformational states of the DruE dimer. Animation 629 

comparing the cryo-EM reconstructions and fitted models for States I–VII, highlighting 630 

nucleotide- and DNA-dependent changes in the motor and clamp protomers. 631 

Supplementary Movie 2. Motor-protomer conformational cycle of DruE. Animation 632 

illustrating the transition from State I to State IV in the motor protomer, including ssDNA 633 

binding, ATP-associated lid closure and power-stroke-like movement, and the ADP-634 

associated R1422 ratchet switch. 635 

 636 

Figure Legends 637 
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Figure 1. Genomic organization, antiphage activity and biochemical characterization of 639 

type II Druantia DruE. (a) Schematic representation of representative genomic loci for the 640 

four major Druantia subtypes (Types I–IV). Genes are coloured by functional category: 641 

purple, core Druantia genes including the conserved SF2 helicase DruE; blue, integrases; 642 

yellow, known defence systems; white, other neighbouring genes. Bacterial strains and 643 

NCBI assembly accessions are indicated below each locus. (b) Phage protection profile 644 

of Pseudomonas protegens Pf-5 DruE expressed in Escherichia coli against five 645 

bacteriophages (T1, T4, T5, T7 and λ). The heat map indicates log10 protection fold. (c) 646 

Efficiency of plating (EOP) of phage T7 on E. coli expressing empty vector (EV), wild-type 647 

DruE or the catalytic-site mutant DruE R1241A. Data are from three independent 648 

biological replicates; statistical significance was assessed using a two-tailed unpaired 649 

Student’s t-test. (d) ATPase activity of purified DruE in the absence or presence of the 650 

indicated DNA substrates, quantified by measuring released inorganic phosphate (Pi). 651 

Bars represent the mean ± s.d. from three independent experiments. (e–h) Native PAGE-652 

based helicase assays using a 3′ overhang substrate (e), a Y'overhang substrate (f), a 5′ 653 

overhang substrate (g) or a blunt-ended duplex substrate (h). Reactions contained DNA 654 

alone, boiled substrate, DruE without nucleotide, DruE with ATP, or DruE with the non-655 

hydrolysable ATP analogue AMPPNP, as indicated. (i) Growth curves of P. protegens Pf-656 

5 wild type (WT) and single-gene deletion strains (ΔdruM, ΔdruF, ΔdruG and ΔdruE) 657 

following mitomycin C (MMC) treatment. OD₆₀₀ was monitored over 5 h. Statistical 658 

significance is indicated where shown: *P < 0.05, **P < 0.01 and ***P < 0.001.  659 
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Figure 2. Domain architecture and asymmetric dimeric structure of DruE bound to forked 662 

DNA. (a) Summary of the seven conformational states captured in this study, defined by 663 

the DNA- and nucleotide-binding status of the motor and clamp protomers. (b) Linear 664 

domain organization of DruE. The catalytic core comprises two discontinuous RecA-like 665 

domains, RecA1 and RecA2, interrupted by large insertions including the anchoring loop 666 

(Anc-L), α-helical insertion (α-Ins), BrxA-like domain, zinc-binding modules (ZBM1 and 667 

ZBM2) and a MarR-like domain. The C-terminal region contains an α-helical domain, OB 668 

fold, ZBM3, connector (CON) domain, DUF1998/ZBM4 and iVsr domain. (c) Surface 669 

representation of the asymmetric DruE homodimer bound to forked DNA, highlighting the 670 

clamp protomer and motor protomer. (d) Ribbon representation of the DNA-bound dimer, 671 

showing the arrangement of the helicase core, accessory domains and forked DNA. (e) 672 

Surface view showing that the 5′ displaced strand and 3′ tracking strand enter distinct 673 

channels on opposite sides of the DruE dimer. See Supplementary Movie 1 for a visual 674 

comparison of the seven conformational states. 675 
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Figure 3. Nucleotide recognition and DNA contacts at the fork junction. (a,b) Overall 677 

views of the DNA-bound DruE dimer, shown in two orientations related by a 180° rotation. 678 

The motor and clamp protomers are indicated, and boxed regions mark the nucleotide-679 

binding pocket and fork-junction contacts. (c) Close-up view of the ADP-binding pocket in 680 

the motor protomer, with the cryo-EM density for ADP and Mg²⁺ shown as a blue mesh. 681 

Y110, Y113, Q116, K140 and R1241 are shown as sticks. (d) Close-up view of the 682 

anchoring loop (Anc-L) contacting the duplex arm through K176 and R178. (e) Close-up 683 

view of the fork-junction interface, where K261 and R269 from -Ins and R1949 and 684 

R1988 from ZBM3 contact the forked DNA. (f) DNA-stimulated ATPase activities of WT 685 

DruE and nucleotide-binding-site mutants. (g,h) Native PAGE-based helicase assays 686 

comparing WT DruE with alanine-substitution mutants in the nucleotide-binding pocket 687 

(g) or DNA-binding interface (h) DNA alone serves as the negative control. (i) DNA-688 

stimulated ATPase activities of WT DruE and DNA-interface mutants. Data in f and i are 689 

from three independent experiments; statistical significance relative to WT was assessed 690 

using two-tailed unpaired Student’s t-tests. Statistical significance is indicated as **P < 691 

0.01 and ***P < 0.001.  692 
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 693 

Figure 4. Structural and functional characterization of the DruE dimer interfaces. (a) Cryo-694 

EM density map of the DNA-bound DruE dimer, showing the motor protomer, clamp 695 

protomer and forked DNA. (b) Cartoon representation of the MarR-like dimer interface, 696 

highlighting two inter-protomer contact regions, peripheral Interface I and central Interface 697 

II. (c) Close-up view of Interface I, showing interactions involving S869, K870, E880, K885 698 

and D1013. Hydrogen bonds and electrostatic interactions are indicated by dashed lines. 699 

(d) Close-up view of Interface II, showing contacts involving H966, K1033 and R1087. (e) 700 

Native PAGE-based helicase assays comparing the 3′-to-5′ DNA-unwinding activities of 701 

WT DruE and the indicated dimer-interface mutants. DNA alone serves as the negative 702 

control. (f) DNA-stimulated ATPase activities of WT DruE and interface mutants. Data in 703 

f are from three independent experiments; statistical significance relative to WT was 704 

assessed using two-tailed unpaired Student’s t-tests. Statistical significance is indicated 705 

as **P < 0.01 and ***P < 0.001.  706 
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Figure 5. Conformational transitions and biochemical validation of DruE-mediated DNA 708 

translocation. (a–d) Structural snapshots of the motor-protomer cycle. State I represents 709 

the apo resting state with the lid module ordered over the central channel (a). Upon 710 

ssDNA binding, the lid opens and the tracking strand is accommodated in the motor 711 

channel in State II (b). AMPPNP binding closes the lid and is associated with a power-712 

stroke-like displacement in State III (c). ATP hydrolysis to the ADP-bound state is 713 

accompanied by an R1422-associated ratchet switch in State IV (d). The lid module, 714 

comprising the OB, CON, ZBM3 and DUF1998/ZBM4 regions, is outlined in magenta. (e) 715 

Enlarged view of the orange boxed region in panel b, shown in the same colour scheme, 716 

highlighting R785 in ZBM1 contacting the 3′ tracking strand. (f) Local structural 717 

comparison of States II and III, showing movement of the RecA1/RecA2 motor domains 718 

and displacement of the DNA. (g) Enlarged comparison of the yellow boxed regions in 719 

panels c and d, shown in the same colour scheme, showing nucleotide-state-dependent 720 

remodelling of the R1422-containing loop between States III and IV. (h) Native PAGE-721 

based helicase assays comparing WT DruE with alanine-substitution mutants in residues 722 

implicated in substrate gating and translocation. (i) DNA-stimulated ATPase activities of 723 

WT DruE and the indicated mutants. Data in i are from three independent experiments; 724 

statistical significance relative to WT was assessed using two-tailed unpaired Student’s 725 

t-tests. Statistical significance is indicated as **P < 0.01. See Supplementary Movie 2 for 726 

an animation of the motor-protomer cycle. 727 

 728 

 729 

 730 

 731 

 732 

 733 
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Figure 6. Mechanism of DruE-mediated DNA unwinding and working model for type II 735 

Druantia defence. (a) Proposed mechanochemical cycle of the asymmetric DruE 736 

homodimer. Protomer B functions as the motor protomer, whereas protomer A functions 737 

as the clamp protomer. In States I–IV, DruE undergoes a motor-protomer cycle in which 738 

the 3′ tracking strand is loaded into protomer B and nucleotide-dependent lid opening and 739 

closure drive directional translocation. In State I, DruE adopts an apo resting state with 740 

the lid module ordered over the central channel. ssDNA loading opens the lid and 741 

positions the 3′ tracking strand in the motor channel (State II). AMPPNP binding closes 742 

the lid and is associated with a power-stroke-like movement along the tracking strand 743 

(State III). ATP hydrolysis to the ADP-bound state triggers an R1422-associated ratchet 744 

switch that may bias forward translocation (State IV). In States V–VII, protomer A 745 

captures the 5′ displaced strand, stabilizes the adjacent duplex arm and acts as a 746 

processivity clamp while protomer B continues its nucleotide-dependent motor cycle. Red 747 

and black circles indicate AMPPNP- and ADP-bound states, respectively; the magenta 748 

module represents the lid. (b) Working model for type II Druantia-mediated antiphage 749 

defence and host-associated regulation. During phage genome replication, 3′-ended or 750 

fork-like replication intermediates can be generated and recognized by DruE. DruE-751 

mediated ATP-dependent unwinding of these substrates is proposed to interfere with 752 

phage DNA replication, producing unwound DNA products and suppressing infection. 753 

Similar 3′-ended or fork-like intermediates may also arise during bacterial DNA replication, 754 

highlighting the need to constrain DruE activity to avoid host self-damage. Genetic 755 

analyses under MMC-induced DNA damage suggest that DruM, DruF and DruG help 756 

maintain host fitness and may regulate DruE-associated activity, although direct 757 
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regulation has not been experimentally established and is therefore indicated by a dashed 758 

arrow. The possibility that DruE-generated unwound DNA engages other phage defence 759 

systems is also hypothetical and is shown with a dashed arrow. Solid arrows indicate 760 

steps supported by the biochemical and structural data presented here. 761 
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