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Figure S1. Expression and purification analysis of the DruMFGE complex and individual proteins by SDS-PAGE. (a) Co-expression of the DruMFGE complex. (b) Expression of DruM (43.85 kDa; red box highlights the target protein). (c) Expression of DruF (95.54 kDa; red box highlights the target protein). (d) Expression of DruG (78.96 kDa; red box highlights the target protein). (e) Expression of DruE (218.46 kDa; red box highlights the target protein). Protein samples were analyzed by SDS-PAGE followed by Coomassie blue staining. DruM and DruE were detected in the soluble fraction, whereas DruF and DruG were enriched in the pellet. Lane "Marker" indicates the protein molecular weight ladder (kDa). Other lanes represent the indicated fractions collected during purification, including supernatant, pellet, flow-through, and imidazole elution fractions at 20, 50, 100, and 250 mM.
[image: Plaque assays evaluating Pf-5 DruE antiphage activity against diverse phages.]

Figure S2. Representative plaque assays evaluating the defence activity of Pf-5 DruE against diverse phages. Phage spot assays were performed to evaluate the in vivo defence activity of Pf-5 DruE in Escherichia coli. Ten-fold serial dilutions of diverse phage lysates (T1, T4, T5, T7, and λ), indicated by the graded wedges, were spotted onto bacterial lawns harboring either a negative control vector (NegCon) or expressing Pf-5 DruE alone. Compared to the robust infection observed in the NegCon group, cells expressing solely Pf-5 DruE exhibited a weak but distinct reduction in susceptibility to T1 and T7 phages, specifically resulting in an approximate 10-fold decrease in the efficiency of plating (EOP) of T7. In contrast, no observable protective effect was detected against T4, T5, or λ phages, which maintained plaque formation dynamics identical to those of the control. These results indicate that under basal conditions, the antiphage activity mediated by standalone Pf-5 DruE is highly specific rather than broad-spectrum, conferring only a modest degree of protection.
[image: Growth curves of Pseudomonas protegens Pf-5 wild-type and Druantia knockout strains.]
[bookmark: 6ipd5ria0vxl][bookmark: qncix49gkhqd]Figure S3. Bacterial growth curves of Pseudomonas protegens Pf-5 under control conditions. In the absence of mitomycin C (MMC), the wild-type (WT) and single-gene deletion strains (ΔdruM, ΔdruF, ΔdruG, and ΔdruE) showed comparable growth curves, indicating that these deletions did not detectably affect growth under standard conditions.
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Figure S4. Cryo-EM of the DruE–DNA–ADP complex. (a) DNA substrate used for structure determination. (b) Size exclusion chromatography profile of DruE. The insets show SDS-PAGE profiles of the peak of DruE. (c) Workflow schematics for cryo-EM data collection and processing. Flows continue from left-hand side of the following row unless otherwise indicated.
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Figure S5. Cryo-EM of the DruE–DNA–AMPPNP complex. Workflow schematics for cryo-EM data collection and processing. Flows continue from left-hand side of the following row unless otherwise indicated.
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Figure S6. Local-resolution analysis and focused refinements of the DruE–DNA–AMPPNP reconstructions. (a) Local-resolution map of the State II consensus reconstruction shown in four orientations, with successive views related by 180° rotations. The map is colored according to the local-resolution scale shown in panel B. (b) Gold-standard Fourier shell correlation (GSFSC) curves for protomer A-focused and protomer B-focused local refinements of State II. The corresponding refinement masks and locally refined maps are shown above the plots. The horizontal line indicates the FSC = 0.143 criterion used for resolution estimation. The protomer A- and protomer B-focused reconstructions reached overall resolutions of 3.19 Å and 3.30 Å, respectively. (c) Local-resolution map of the State III consensus reconstruction shown in four orientations related by successive 180° rotations. (d) Local-resolution map of the State V consensus reconstruction shown in four orientations related by successive 180° rotations. The masks and locally refined maps for protomers A and B are shown below the local-resolution maps. (e) GSFSC curves for protomer A-focused and protomer B-focused local refinements of State V. The protomer A- and protomer B-focused reconstructions reached overall resolutions of 3.36 Å and 3.44 Å, respectively. The horizontal line indicates the FSC = 0.143 resolution criterion. (f) Local-resolution map of the State VI consensus reconstruction shown in four orientations related by successive 180° rotations. All local-resolution maps are colored according to the scale shown in panel B, ranging from approximately 2.5 to 6.0 Å.
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Figure S7. Local-resolution analysis of the DruE–DNA–ADP reconstructions and representative model-to-map fits for the seven DruE states. (a) Local-resolution map of the consensus reconstruction of State I shown in four orientations, with successive views related by 180° rotations. The map is colored according to the local-resolution scale shown in panel B. (b) Gold-standard Fourier shell correlation (GSFSC) curves for protomer A-focused and protomer B-focused local refinements of State I. The corresponding local-refinement masks and refined maps are shown above each plot. The horizontal line indicates the FSC = 0.143 criterion used for resolution estimation. The protomer A- and protomer B-focused reconstructions reached overall resolutions of 3.49 Å and 3.68 Å, respectively. (c, d) Local-resolution maps of States IV and VII, respectively, each shown in four orientations related by successive 180° rotations. Maps are colored according to the local-resolution scale in panel B. (e) Representative model-to-map fits of α-helical regions from States I–VII. Atomic models are shown as ribbons within the corresponding cryo-EM density, illustrating the quality of the local density and model assignment across the seven reconstructed states.


[image: ]Figure S8. Capture of the 5′ displaced strand stabilizes the duplex arm and remodels the clamp protomer. (a–d) Surface representations of States I–IV. In States II–IV, the 3′ tracking strand is threaded through the motor protomer, whereas the clamp protomer remains largely apo-like and only a limited portion of the not-yet-unwound duplex arm is resolved. Dashed boxes mark the DNA-binding region between the two protomers. (e–g) Surface representations of States V–VII, shown in the same orientation as panels b–d. Compared with States II–IV, the clamp protomer captures the 5′ displaced strand in States V–VII, and a longer, more stable segment of the adjacent duplex arm becomes resolved, indicating stabilization of the fork junction and duplex DNA. (h) Global structural superposition of States III and IV, showing that the two states are highly similar overall. (i, j) Close-up views of the DNA-binding channel in the clamp protomer before and after displaced-strand engagement. DNA insertion widens the channel opening from approximately 12 Å in State I (i) to approximately 29 Å in State V (j). (k) Close-up comparison of the nucleotide-binding pocket, showing that nucleotide entry remodels the ATP-binding pocket in the clamp protomer.






Supplementary Tables
Table S1. Cryo-EM data collection, refinement and validation statistics for DruE–DNA–ADP complex. 
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Table S2. Cryo-EM data collection, refinement and validation statistics for DruE–DNA–AMPPNP complex.
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Table S3. Nucleotide sequences of the druMFGE genes in P. protegens Pf-5.
	druM

	ATGAGTGAAGACCTTAGGTTTTTCGAATTCTTCGCGGGCGGGGGGATGGCCCGAGCTGGACTAGGCAATCAATGGCAATGTTTGTTCGCCAATGACATGGATCGCATTAAAGCCTCAACGTATATTCAGAACTGGGGTAAGGATCATTTTGATAGTCGTGACATTCGAGAAGTAAATTCAGAAGACCTTGAGCGCAATGGTGATTTAGCGTGGGCTTCGTTTCCATGCCAAGACTTGTCTGTGGCCGGGAATGGTTTAGGAATAGGTAGCTCCAGCGCTAAGGACTTTACAAGGTCAGGAGCGCTTTGGCCTTTTCTTGATCTAATAGACACGTTGCGCCAAGAGGAGCGGCAACCACCGCTGTTAGTTCTGGAAAATGTGGTCGGACTGCTCACTCTAGAGGGCGGCCGTGATTTTGCTGCGATTTGCGAGAGACTCGGTGAAATTGGGTATCGTTATGGGGCAGTCATTATAGACGCCAAACACTTCCTTCCCCAGTCCCGGCCGCGTGTATTCATCATAGCGGTTCAACGCAATATCGATATCCCATGCAAGTTATCCCGCGGCATGGCGACAGCTAATTGGCACACTCCAACTTTGCTGCGTGCGTACAAATCACTTACCCCGATTTTACATGCGGATTGGGTTTGGTGGGAACTAGGGGATGCTCCGATATTACAAGAGAATGCCCTTGAAAGCTTTATTCAGCGCGAAGGGGTACTCTGGAATACGCCTGAAGAAACCAAACGAATTATCAGTATGATGGCTCCTGCCCATCTCGCTCGACTTGAGAATGCCAAGTGCGCAGGGGGGGTCGCCGTTGGCAGCCTTTATCTGCGCATGCGTCGAGAGGGAGGCATCAACAAGCAACGTGCAGAGATAACTTTTTCGCCTCTCTTAGGCTGTCTAAGAACGCCGCGTGGGGGCGCATCCCGCCCTAGAATCATTGTCGTAGAGAGCGGCCACGTCAGAACTCGCTTGCTTACAATATGTGAAGCCGCGAGATTAATGGGTCTAGCAAACACTTACATCCTACCTGAAATCTATCATCATGCGTTTAAGGTAATAGGGGATGGTGTTGCGGTTCCCGCCGTGCGTTTCCTTGCTGAGCGTCTACTCGAGCCACTTGCAATCGCTGCTCGGGGACAAATTGCTATTCCCCATGAAAAGGCGTTCATGGCATGA

	druF

	ATGACCTGGAGTCCGCCAAGAACTTTTGAAGAATGGGAACAAAGGCTAGTTCAGCATTTTCTGACTGTAGGTCAGGATGGTGACGCCAGCGATATACGCTCGTTTGAGGTGACAGCGACTACGCTTGCCCAAGCATGCGGGGCAGAAAGTGATCAAGAGTCAATAGTCGAGGGTACCTTCCGAGACATTATGAGTCGGATACCAAACCTGCCACATCGCCTGAATATTGGCATGCAAAGATCGTCGACCCGCGAATGGCCAAATTTTTTCATTTACTTGGTCATGACCCTGCTTATCGACAGCCAGCTGGAGGGGCATGAAGACGGTAATGAATTTCGCAGCAAGCTGCGCAAATGGCTTAACACAGGCCATAGCCTCCAGCAGTTACCTGGTATCAATCTGATGTGGGAGGAACTGGCGCACTGGCTTGAACGGCGTATCAATGAAGGCCGTCCATTTCGACGACTGATCCTGCCGACAATCCCTAAAAACTGGCGTCATATCGGCTATACCCGGCGCTTAACCTTTCCGAATAAAACTGACCTGCGCTTGATGGAAGGCTTTCTCGCCGACTGCCCCCAGGCCCAAACTGATCCGAATCTTGTGGTCAGGAAATTCCCGGTCGTGTTGCTCAATGAGCGAGCCTCCGATGCACTTAAATTGGCGTTCAGAGAGTTCCGCGAAGCCTACCTGCTGGGTCGACGTACCCTGGCCGATCTGCCTTTCTGGCGCCTGCTCCGCCGCGCCCTCGCCCACTCGGGGAAGTCTGCACGGCGTAGTGTAGTGGTAGACATGATGTTCGACGCTGACGGCAGCCGCAGCTATTTTTCCTGCCCAGAGCAGGCACTCCAGGCTGAATTTCACCCTACCCTCTTCATGGCACTGAGCGGCGTTTCAGCGCAAGTAAGCCTGAATTTGGGGGTCGCGATCCAATCCGGCTTCTTGTTCTTTCGGCAAGTCGGTGTGGGTCGCTGGCGCGCGGAAGCCCGACCTTGCAATGCGCCACAAGGCCTGCATGTTGCGCTCGCGCGACGGCATGCACAGCGCCTAGGCAATCGACTGGGCAGTTTGGTGAGCGAAAGCGAATGGCTTCTAACGAGTGCTGCACACAGCTACCACGCCGTTTACGAAACCCTTGGGCCCATGGGATTGATTTCTCAACCCTCCGAGCAGATTGTACGGCCACTCCTGTCGAGCGGTGTGCGTGTGCCTCACGGATGGCTAGGGCGACCAGGCTTTTTGCCGTTTATCGAATCGGATGCGGTCGACTACCTCATTAGACCAGCCGACGCCAGCGAGGAGGAAGCGCCCATCACGATGGAAGGTGGACAGTTGGTGGCTCTCTCCCCGGTCGAGGGCTCCTTTGTTATAGAACCGGTGCGAGAACTCGGAGAAAAATCCGCGCCCTGGAGGCTTCGGGTGCAGCTCTTTCAGGACGCGCTGCCCCACCCGGACCTGGGCTCGAGTGCACGATATCGACTTGAGCGGCTTTCTGATTGGTCGCGTGTGTCTCCTGCCCTGGTAATTTTCGACGAGCAAGACGTTTTGGAATGGGAAACAGGTCCCGTCGATTGCGAGCATCTGCTCGAAGTGATCTACGCCAGCGGGGTAAGCGGATGGGAGGAAGCGGAACTTGTCACGCTTCTACATCGCCTCAATGCTAGTTCATGGACCCTGCTTCGCTGCTTCCAGGACGCCGGCATCATCGAGCCGCGCCAGCGCAGCGGCTGGAAAGGACGCGCCTGGACGCTGGCTGAACCCCGGTTAGTCCGCATCGCCCGGCCAGGACATGAGGATCTTGTCGTGATCGAAGGGGCGGTGTGTGCCCGACTTGTTGAGGACTTTCAGACGGCGGTCATAGGGCTAGGTGGCAAGTGTTTCAGGCGACTCGGCGTGAGCCCCTGGTCTCCTCCTGTGATTGGGGCGAGCGTTGCATCGCTCGAGGCTCTGGCAAAAATAATGGATTGGCCGCTCGTACTTAACCCGCTGATGCCTGACGCGGTGCCATTGGCATTTGCCGGGACCGAGCGTATGCCTGACCTGCACGAAGTCGCTTCGACGTGGGACTGGAGCACCGGATGTTTCAAGGATATTGCGACTCGCGAGGAAACAGTCACGTTGACACGTCGCGTTCACCCCGGAGGGCGTGACCATGACCTGTATTGTCTGACCAGTCGCAGGGGCACAACGAATTGGTTGTCACGCACTGCGGCTATTACCGCTGCGCACGCCCTGACGCGCACCTCTCTGTTCGAGCAACGTGACGGCCAGCTGCTGGTGCGCCTCGCTCGCGACGGAGGCCTTCCCGACGCACTGGCCGCCGGGCTCAGACGTCGACTGCTCCGAACAGGCGGGCCTATGGGGGCTGAATACGTCTATCCGGTCACCCCGGATATCCTAAAGTGGTTGGGTTCACTGCTACCTGGATGCCTGGCCGAGCTGGCCTTGCCTGACGAACAATCCCCTGGCCGTCTCGTCGCTGAGGCGCGCAGATCTAGGGGGCAACAACGATTGCATTGGTGCAATGGGCAACTGACTCTACCGCGTCACACCTAA

	druG

	ATGGCAGCAATCACCCCTTGGTACGCCGGAACGTGCGAGAGACGGAACGATATGATCGTCCACCTCAAGGTAGTGACGGTCAAGACAGAGTCGGGCTGGACCCTGGTGGATAATCCGCACAAGTTGTTCCGCAAATCGGGCGAAGTCGAGATGCGCGGCGTGGATGCCGCATCGCTTCGATTTGGGGAATGGGTCAAGTTTCAGGTGGGGCCTAGCGAACGCAAGGATCAATGGAGGGCCACGCGACATCATCGCCTATACGCGTATTACGACCTGTCTCAAGCTAAGTCCATTGAGGAAGCGCGGCGCATTCTGACTCTCGAGGGATTAGCCGCACACAGGCCGGCAGGTACTTGGATGGTTCGTATCCATGACGCCCAGGTCATCCAAGTCGAACTTGCCCGCTCTGGCGATGACACCCTACTAGGCGCCCACATCACTACACTGCCAGCGTACGACTATGATCCGGACTCGGTTTTATCAATGCCGACGGGAGCATCCGATCATGTGTTTTATGACCTGAGCGCCGATGTTAAGCCTTGCCACATCTATGACTGGACACCTGAGAAGGGCTACATCGAGCGTGTCGTCCGCCGTCTCATCGGTGCGCAAGCGCCGCAAATGACGCAGATTGTTTCCTGGCTTCAGCAGCATACCGATGAGCACACAGGCCGCGTTACGGCCAACCCTGGCGACGCACTGGCCGCCCACGAGGCTCTGCGCTCTGGCGAGTTGGCCAGACGCCTCGCTGCCGAGCAGACGCTGCTTCGCGCCTTCGCGGACGGGCTGGTAAGCGATGCCCGAATAGCAAACCTCCTCGAGCGCGAGCGCAAAGCGCTCATTGAGGAAGAGCGCGGCACCATCCGCCAGCAGATCCAGACACAATTGGCCCAGGAAACGGAGCTGCAGCGCAGACTTCGCGCTTCAGAACTCGACGCGAAGCTAAAGGAGTATGAAGCCAGCCACCGTGCCGAGCTGATGAAGCACTTGGAGCACGAGCGACAGGAAACGGAAAATGCTCTGATTACGTACCAGGCAGCACAGAAAGCCGAGATCGACAAAGTCCTCGGTGCGCAACGGGCTGTGGTGGAGCAAGAAAAGGCAGAGCTTGAGGAGGTCTGTGCCGATCTATCGCAGCATCGAGACGGCCTTGTCTCAGCACTGCAGACACTGGAGGCGCAAGCCCAGAACCTAAATGCATCGGTCGCAGACTTGAAAGCTGATGTTGCGATCTTGGAGGAGCGAAAAGAGCAGGAGACAGCTGAGCTAGAACGCCTGAAGGCAACTACGACAGTGGTTTTTGACAAGCGATCGCCCGCGTCGACGGCCGTCATACCTTTTCACCGCCCGAACACTGCCCAGGTATGGTTTTGCTCTGAAGCTGGCCAGATCATTAAGGATTGTGCGTTGCTTACCGGCGCGGGCAAAAAGCTGATGGAGCAGTTTATGGCGCTAGTTTTAGCAGGCGAGACGCCATTGCTTGTCGGTTCCGATGTAGAAGATTTTTTGTTGATCGCAGAGTCCCTAATGGCGTCTGGGCGGTCAGCTCGGTTGGAGGCGGACCCGACGATCCTGACCTTTGAGGACTTGTGGGTTCGAGCGGGAACGGGGCTACCTACTCCGCTCGCCCAAGGGTTAGCACTGGCGAGCAGCGAGAATCCCTGCTCCGTTCTGGCAATCATTGAGCGAGTTGAACGGTCTGGAGCGCGATTCTGGCTGCCAGCGCTGACGGATCGGGCCCGTCGTGGTGACCTGCCCCGGCGTTTTTTGCTTTGTGCGACCGTTGACGACGCTGACTGTGAAGAAGCAGAGGCGCTGCGGGTACGGCAGATTTGGCTGCAAGTCGACGGGGCCGTAGCCAGAGATACCGCAACAGTTGCCCCGCTGTGGTTATCCTCTGGCTACCGCCGTGAACTGGACCCGGGCGATCACCCGCCTGAGGACATCGAGAGTGGACTGGGCGTCGCCCACAAATTGGCCAATCGCCTAGGGCTAGTCAATACCCTGCGGGCAGTGCGAGCGGCGGCGGAAGTAGCGGCCTTCCATAGGGGCAAGGACGCCATAGATGCCATGGTGCGAATGAATACACTGTTTCTTAATTCCGTAGGCTCGGAACTACCTGCGGTGGCGTCTGACTAA

	druE

	ATGGTGCTGGATCCTATCGGTGGCTTTCACCGCATTCAAGATTTCTTCATCTCGTACGTCGAGACTAGCTTTCGTATCTCCAACCCCACCGCTGCCGAGGCGCGGCGAGCTCTGCTGAAGACCTGCGGCATCCTGGCTACGGAACCCTTTATCGAGCCCGTGCTGCGCTACGAATCTTCGGATAAAAACCTTGAGGATCTTATCGAGGAGGAGGACGGTACGCTCCAGCCTCTTTCGCTCGAGGGCCGAAAGGCGTTCGTTGAACTGGCCCTGTCCGGTCTGTTCGATGGCGAGCCGAGCAAGGGGCTTTTGCGCCGAAAATCTGCCTATGCACCCTACCGTCACCAGATATCGATGCTGGAGCGGGGTGTGCGCGCTGGCTGTCCCGGCATCGTCACCTCAGGTACTGGTTCCGGCAAAACCGAGAGTTTCATGCTGCCGGTGCTTGCCGCCCTTGCGAACGAAGCTGTCGACTGGCCAAAGCCGGGCGTCAACTACTTGCAGGAGCACTGGTGGCAGACGCCCAAGTCTAGGTGGTCTCCTCGCCGAGCTGGAGAAAAACGGCCGGCTGCTGTTAGAGCTCTAGTGCTCTACCCTATGAACGCACTGGTTGAGGATCAGATGGTGCGCTTGCGCAAGACCCTCGACGCGGAGGAAGCGCACGCAGTAATGGATGAGCGCTTCACCGGAAACCGTCTCTTCTTCGGCCAGTATACGAGCGCGACACCTGTAACCGGTTACGAACAGCATCCGCGCCTCGCAGGTGACAAGCAGGAAGTAAAACGCCGCGCTCGCCGTATTGCCCGACTGCGTAAAGCGATGCAGAATTTCCAGCGTGACCAGGATGCAGCGCGTAGGTTCGATGCTGACGTGCAGTCAGATGGCAAAGCCAGCGTCGAAAAGACACGCTACATATTCCCGTCGGTCGACGGAGGCGAAATGGTATCGCGATGGGACATGCATGCCGCACCGCCGGATATCCTGGTTACCAACGCCTCTATGCTAGGCGCCATGTTGTCGCGCGAGATCGAAGATGCGATTTTCGAGAAGACGCGTGAGTGGCTGATGTCGGATGAAGATGCGTACTTCTATCTCATCTTCGACGAGCTTCACTTAATCCGCGGCTCGGCAGGTACCGAGATCGCATTGCTAATTAAATCGCTGATCCAACGCCTCGGGCTGGACCAGCCCGAACACTGCTACAAGCTGCGTCTGCTTGCATCCTCCGCATCCCTGCCCATGGAAGGAGTCGAAGGAGTGCAGTCACGGACTTATCTGCGTGACCTCTTTGCTCCGTTCGGCACAAGCAGCAGGCCGAACGACTTGGGCTCTATTGACCCAAGCTTCTGGAGCAAATGCATAATCCAGGGCGTTGTACATATCCCGCCCGTGCAACAGTGCGGTATCCCCGCCGAGCCTTTCGTTCAACTGATGAAGGCGGCACTTGAGGGGAAAGACAATTTTGTCGGTCAACTCGACAGGACTCCTGCGCTGGACGCTGCGATTGTCCAAGCAGCTAAGGTATTAGGCATAACAGAGACGGAACAAACCACACTGGTGAAGCAGCTCGCCGAAACGGCAGCCAGTCTGCTGACGCACGCCTGCAAAAACGACGGGACCATCCGAGCCACTACGCCCAGGTCGATCGCCGCCCGGATCTTTGCACCAGCGACCGGCGACACTGAGCTAGCTCTTCGTGGGCTGCTGCTGGCTCGATCGCTTCCGGAGTCCAACCAGTCAGCGGTGAAAGTAGCCGTCGCAACGCCCGCTTTTCGAGTGCACACGTTCATCCGAAACATTGAAGGCCTGTTCGCCTCCGTCGCCCCAGGAGAGCCAGATGTGGCTTTCGACAACTTCTCAGTGGAGCGCGGCACCTCCCACTCCGCCCCCGTGGAAGGACAAAGGCGTGGCCACCGGCTCTTCGAGCTTCTGTACTGTGAGGCATGCGGTGATCTTTTCGTTGGTGGCCAGCGAGGTCAAAGCAGCGGCTCGATGAATGCAACAGAATTGCTCCCATCCGCAGCGAATCTAGAGCATCTACCGGAACGTCCCGGAGCTGAATATTACGATGACATGACGTTGGACGAGTTCGCGGTTTTCTGGCCGCGGCGCGGTGATTGGATCGGGTCGGATAAGGGATACGATCAATGGGAACCGGCGCATCTGAATCCCGATACGGGTATCGTAGAGATCGGCGAGATCGCGAAGGAAGGCAATATCGCGGGGTATCTCTACTACCAGACAAAGGCGGCCGTTAGTAAAGATAAAGAGAGGTCCACTCAGCAGCCCTCTGCGCAGCCTTTCTGCTGTCCTAAGTGCGGCACCGATTACTCAAACCGACCGGACACTAATCGTTCACGCTCGCCGATCCGCGCATTTCGCACCGGCGTGACGAAGTCTTCGCAATTGGTGGCGACAGAACTCTTCGAACTGCTGCACGCTATCGGTGCTGAACCTAAGGGCATCGTCTTCTCGGACAGTCGCCAGGATGCGGCCGCGCAGGCCATGGAGATCGAACGGTTACATCTGCGTGATCTACGTCGCGAAGTGCTCGTTACGGCAGCACGTTCCTATGTGAAGGATGCTTCGATAGAAGTCCTGACGTCAAAAGAGATTATTGAGCGGTTAATAAAAGCCGAGACCGCAGGAGATAAAGACGAAGTCATTAGACTATCTGAGCTCCTAAAGAAACAAACGGTTGCTTGTGGGCCTAAAACTCGTAAGGTCAAGCTCGATAAACTCCTGGAGTTCGGCAATGATGGCTCCATCGGTCGAATAACGGCGGAGTTGGTGCGCCTAGGTATTTCCCCTTACAAACATTCCTCCTCCAATGATGCCAAGGAGCTGCCCTGGTATAGGGAGTTCGAGAAAAATGGCGACCTCATTGCCTATGACCATACGCTGTCGTATACACAAACAGTCGGACTCAACAAGGATATTGTCGAAGGCCAATACGAACTGATTGATGACGTCATTTTCGCCAACACCTTTTTTGCCTTAGAAGAAACCGGTCTCGCCTACCCTTGCTTGCCGATGGATGAGGATGACCAAGCTCTGGATGCTTGGCTGCGTGTTTTTGCAAGCGCCTATAGGGTGAAGGACAACAGATACTTCGACAAGAACAAGGTCAAACTATGGCAGAAGGGGCCTGACGTTACCAACGGACGAATCAAGAAAGTTGCCCGAGCACTGTATGGGGAAACCCGGTACGGCGATGAGTTGACCAGAGTTTTAGGAGAATTCGAGCGTTTGGGGCATCGAGGTGGTCTGTTCAACATTGGCAAACTTGCCCTCAAAGTTACCGAGCCGGGTGATGATTTCTGGCGCTGCAGTAACTGCGAACGCGTCCATCTGCATCGGGGACTTGGGGTCTGTACTCGCTGCGTAGCCCCATTACATGAACCCAGCGGCAAAGTTGAGGCACTCTGGGAGACCAACTTCCTCGGCAGACGCATTGTCCGTGGCGAGCGAGATGGTGTTGGACGCTTCCGCTTGCGTGTGGAGGAATTGACAGGTCAGACGGATGACTTCTCCGACCGACTGCGCAAGTTCAAGGGCATATTTGTCGATGACGTGAGTGAACTAGAGAAGCTTGCGTCAGAGATCGACATGCTGTCTGTGACGACAACCATGGAGGTAGGCATCGATATCGGTGCACTGCAGACCGTCTACCAAGCGAACATGCCGCCACAGCGTTTCAATTATCAACAGCGTGTGGGCCGCGCGGGTCGCCGTGGGCAAGCATTTTCCTTCGTCGTAACTTTCTGCCGCGGCCGTAGCCACGACGCATACTACTTTGCACATCCGCAAGCCATTACCGGCGACCCTCCTCCACCGCCTTTCCTTGCGACCGGGCACGACGCCATTCCCATGCGCCTACTTCGCAAGACTTGGCTGCGGGCTGCCTTCAAGCAGCTTCGCGAACAGTGCGCCAAATTGGGTGAATCATTCCCCGGCGATCTGCTCATTCCACCGGACGTGCATGGTGAGTACGTCACAACAAAGGACTATTACCATAGTCAAGAGATCGACTGGCCAATCCGTTTAAGTGAAGCACTGAAGCAGACGCAATCAGTGCGTGACCGCTTCATCGAAACAGCAACATTCGACCAAGAGCAGCGTCAACGTTTATACGCTAAGTCGAGCATTGATCTATTGTTGAAGGAAATCAACGATCAGCGTCCCCATGCACCTGACGACGAAGTAGGGCTCGCGCGGTTCCTCGCTGAACGGGGGCTGCTCCCGATGTACGGTATGCCCACACGTGTTCGTAATCTCTATGTGGGGCTTCGTGAAAGCAAAACGCAAAGCGATCACTCCGAATACGAATGGTCGATGATGGACCGCGACCTTGACCTAGCAGTGTTTGAGTACGCACCTGGTGCAGTCCTGGTCAAGGATAAGAAGAAACATCGGGTAATTGGCTTCACTGGGAATCTTACTGATCCGCAAGCACAGGGACGGAGTATTGAAGGAATACGCTCGGTCACCGACTGGTCTGAATCGCAAACCTATGTAGCAATTTGTCCAGCGTGTGGGTCGGCCAGTCAAAGTAAGCAAGCTCCTGAAGGGCCTTTAGCCTGCAACGACTGCCAAGCGCCGATTCCGAAGGAATCCTTCCTTCACTACGTAACACCCGCTGCCTTTCGCACCGACTTCTTGCCAAAGGATGAACTCGACGAGTTTGAACGGATGTCCTTACGCACAGTGGCGACGGTGTTGCGTGAGGGTGATTGTTTTAACTATAGGGCACTGACAGTCCGCAGCGGCGCCGGCGTGACCATCCTACAACTCAACGACGGCCCGACCGATGGCAAGAATGATGGGCAGCGATTCACTGTTGATCTTGTGCAGGATCAGAGGGTGCCAGTGCCTTTCTCGACTCAGAGGCCGGCGATTGATGGCATTCAGGCCATCGAGTCAAGTTGGCGGCGATCGCATATCAGCCCGCGCTGGAGCCAGCCACTGAGTGAACAACGGTTTGGATTGATCTCACAAAAAGAAACTGACTCTATTCATCTGGAACTAACACGCTTCGATAAACGCCTCACCCTCGACATGGTGTCCCGAAAAGGAGACTTCATGCATTTGCCGACGCGCGCAGCAGCCATCAGCGCCACTCAGATTCTGGTAAACAAAGCTGCACTAGCGCTGGACGTCTCCCCCGATGAGTTTGAAGCGCTGGAGCCACGTCTCCGTTCGGGACACCCGATGCTGCAAATAGCTGATGCGCTCATCAACGGCTCGGGTCTTTCCCGACGACTGGGCGAGCCGGCCTCCGATGGGCCCACGCCGCTGCTCGTTGATTTGCTGCATGAGATTCTGGAGAAACCAAATGTTTGGCCGCTCCAAGACTTTCTCAGAACCGGTGCTGAAGGCCCACACGCGGCTCAGTGCCAGACTTCCTGCTATCGTTGCATTCAGCGCTATGGCAATCGGAGATATCACGGTCTGCTGGACTGGCGACTTGGGTTGGCCTACCTACGCACCCTAGTCACGCCAGCGTATGCCTGTGGGCTCACGCCTGGCGATGATAAATATCCGGAGATTCAGGGATGGAGGGAACGGGCCAGCCAGCTGGCGGATGATGTTGAGGCTATGCGTAAAGGTACAATTCGCACCGAGCGCTTACCGCATTCTGACCTGCCCTGCCTCATTGAGCAGAAGGATGGTGTCGAGCTATGGCGCGCCGTTGTCATTCACCCCTTGTGGCGACATTCTGAGCCCGGCGTAATGCGTGACCTCCTGGGAGCGGACTGGTCACCTTCTTTACGCTACCTAGATACGTTCGAACTGGAGCGACGCCCGTTGCGACGCTTAGCAGCTCTCAAGCAAGAGGGTTCATAA




Table S4. All primers used in this study, with restriction sites underlined and mutation sites highlighted in red.
	Primer name
	Sequence (5’ →3’)

	PetDuet_druE_fw
	ATCATCACCACAGCCCGGATCCGATGGTGCTGGATCCTATCGGTGGCTTTC

	PetDuet_druE_Strep_rv
	ATTATGCGGCCGCAAGCTTGTTATTTTTCGAACTGCGGGTGGCTCCATGAACCCTCTTGCTTGAGAGCTGCTAAGCG

	PetDuet_druM_fw
	CATCATCACCACAGCCAGGATCCTATGAGTGAAGACCTTAGGTTTTTCGAATTCT

	PetDuet_druM_rv
	TAAGCATTATGCGGCCGCAAGCTTTCATGCCATGAACGCCTTTTCA

	PetDuet_druF_fw
	GTTAAGTATAAGAAGGAGATATACATATGCATCACCATCATCACCACATGACCTGGAGTCCGCCA

	PetDuet_druF_rv
	GCGGTTTCTTTACCAGACTCGAGTTAGGTGTGACGCGGTAGAGTCAG

	pET-28a_druM_fw
	CACCATCACCATCACCATATGATGAGTGAAGACCTTAGGTTTTTCGAATTCTTCGCGGG

	pET-28a_druM_rv
	GGTGGTGGTGGTGGTGCTCGAGTCATGCCATGAACGCCTTTTCATGGGGAATAGC

	pET-28a-druF_fw
	CACCATCACCATCACCATATGATGACCTGGAGTCCGCCAAGAACTTTTGAAGAATGG

	pET-28a-druF_rv
	GGTGGTGGTGGTGGTGCTCGAGTTAGGTGTGACGCGGTAGAGTCAGTTGCCCATTGCAC

	pET-28a-druG_fw
	CACCATCACCATCACCATATGATGGCAGCAATCACCCCTTGGTACG

	pET-28a-druG_rv
	GGTGGTGGTGGTGGTGCTCGAGTTAGTCAGACGCCACCGCAGGTAGTTCCG

	druE_Y110A_fw
	AAAATCTGCCGCTGCACCCTACCGTCACCAGATAT

	druE_Y110A_rv
	GTGCAGCGGCAGATTTTCGGCGCAAAAGCCCC

	druE_Y113A_fw
	CGCCCGTCACCAGATATCGATGCTGGAGCGGG

	druE_Y113A_rv
	ATATCTGGTGACGGGCGGGTGCATAGGCAGATTTTCG

	druE_Q116A_fw
	CGTCACGCGATATCGATGCTGGAGCGGGGTGT

	druE_Q116A_rv
	ATCGATATCGCGTGACGGTAGGGTGCATAGGC

	druE_K140A_fw
	CGCAACCGAGAGTTTCATGCTGCCGGTGCTTG

	druE_K140A_rv
	TGAAACTCTCGGTTGCGCCGGAACCAGTACCTGAGG

	druE_K176A_fw
	CCGCGTCTAGGTGGTCTCCTCGCCGAGCTGGA

	druE_K176A_rv
	AGACCACCTAGACGCGGGCGTCTGCCACCAGTG

	druE_R178A_fw
	CAAGTCTGCGTGGTCTCCTCGCCGAGCTGGAG

	druE_R178A_rv
	GAGACCACGCAGACTTGGGCGTCTGCCACCAG

	druE_K261A_fw
	AAGCAGGAAGTAGCACGCCGCGCTCGCCGTATT

	druE_K261A_rv
	CGTGCTACTTCCTGCTTGTCACCTGCGAGGCG

	druE_R269A_fw
	TATTGCCGCACTGCGTAAAGCGATGCAGAATT

	druE_R269A_rv
	TACGCAGTGCGGCAATACGGCGAGCGCGGCGT

	druE_R785A_fw
	CACTAATGCTTCACGCTCGCCGATCCGCGCAT

	druE_R785A_rv
	AGCGTGAAGCATTAGTGTCCGGTCGGTTTGAG

	druE_E880A_fw
	AATAAAAGCCGCGACCGCAGGAGATAAAGACGAAG

	druE_E880A_rv
	CGGTCGCGGCTTTTATTAACCGCTCAATAATC

	druE_K885A_fw
	AGGAGATGCAGACGAAGTCATTAGACTATCTGAGCTCC

	druE_K885A_rv
	CTTCGTCTGCATCTCCTGCGGTCTCGGCTTTT

	druE_H966A_fw
	CTATGACGCTACGCTGTCGTATACACAAACAGTCG

	druE_H966A_rv
	ACAGCGTAGCGTCATAGGCAATGAGGTCGCCA

	druE_K1033A_fw
	TATAGGGTGGCGGACAACAGATACTTCGACAAGAACAA

	druE_K1033A_rv
	TTGTCCGCCACCCTATAGGCGCTTGCAAAAAC

	druE_R1241A_fw
	AACAGCGTGTGGGCGCCGCGGGTCGCCGTGGGCAA

	druE_R1241A_rv
	GGCGCCCACACGCTGTTGATAATTGAAACGCT

	druE_M1419A_fw
	TGTACGGTGCGCCCACACGTGTTCGTAATCTCTAT

	druE_M1419A_rv
	TGTGGGCGCACCGTACATCGGGAGCAGCCCCC

	druE_P1420A_fw
	GTATGGCCACACGTGTTCGTAATCTCTATGTGG

	druE_P1420A_rv
	AACACGTGTGGCCATACCGTACATCGGGAGCAG

	druE_R1422A_fw
	CCCACAGCTGTTCGTAATCTCTATGTGGGGCTT

	druE_R1422A_rv
	TTACGAACAGCTGTGGGCATACCGTACATCGG

	druE_R1488A_fw
	ACAGGGAGCGAGTATTGAAGGAATACGCTCGGTC

	druE_R1488A_rv
	CAATACTCGCTCCCTGTGCTTGCGGATCAGTA

	druE_R1494A_fw
	AGGAATAGCCTCGGTCACCGACTGGTCTGAAT

	druE_R1494A_rv
	TGACCGAGGCTATTCCTTCAATACTCCGTCCCTG

	druE_D1560A_fw
	TGAACTCGCCGAGTTTGAACGGATGTCCTTACG

	druE_D1560A_rv
	CAAACTCGGCGAGTTCATCCTTTGGCAAGAAGTC

	druE_F1562A_fw
	AACTCGACGAGGCTGAACGGATGTCCTTACGCACA

	druE_F1562A_rv
	TTCAGCCTCGTCGAGTTCATCCTTTGGCAAGA

	pk18_druM_up_fw
	AGCTATGACCATGATTACGAATTCGCGGATCTGTCGCAACCAATCAGTC

	pk18_druM_up_rv
	GCACGGCGGGCATGTCATTGG

	pk18_druM_down_fw
	ATGACATGCCCGCCGTGCGTT

	pk18_druM_down_rv
	TAAAACGACGGCCAGTGCCAAGCTTGGCGCATTGCAAGGTCGGGCTT

	pk18_druF_up_fw
	AGCTATGACCATGATTACGAATTCAAGACCTTGAGCGCAATGGTGATTTAGC

	pk18_druF_up_rv
	GCCAGGGGATTGGCGTATATCGCTGGC

	pk18_druF_down_fw
	AGCGATATACGCCAATCCCCTGGCCGT

	pk18_druF_down_rv
	TAAAACGACGGCCAGTGCCAAGCTTTGCTTCATCAGCTCGGCACGGT

	pk18_druG_up_fw
	AGCTATGACCATGATTACGAATTCATTGCGAGCATCTGCTCGAAGTGA

	pk18_druG_up_rv
	CCCCTATGGAACCAGCCCGACTCTGT

	pk18_druG_down_fw
	AGTCGGGCTGGTTCCATAGGGGCAA

	pk18_druG_down_rv
	TAAAACGACGGCCAGTGCCAAGCTTTTGGTAACCAGGATATCCGGCGGTG

	pk18_druE_up_fw
	AGCTATGACCATGATTACGAATTCGCCTTGTCTCAGCACTGCAGACAC

	pk18_druE_up_rv
	GTCCGCTCCCTCGGCAGCGGT

	pk18_druE_down_fw
	GCTGCCGAGGGAGCGGACTGG

	pk18_druE_down_rv
	TAAAACGACGGCCAGTGCCAAGCTTTCCGTTTTGGCTCAACATGAGCATCG


Table S5. DNA helicase substrates in this study.
	Primer name
	Sequence (5’ →3’)

	F
	(FAM)ATATCGTAGGTATGGTGGAGGCCGGTAGGT

	Y-fork
	ACCTACCGGCCTCCATTGCGTTCGTAGCGC

	blunt dsDNA
	ACCTACCGGCCTCCACCATACCTACGATAT

	5’-overhang
	TTTTTTTTTTTTTTTACCTACCGGCCTCCACCATACCTACGATAT

	3’-overhang
	ACCTACCGGCCTCCACCATACCTACGATATTTTTTTTTTTTTTTT

	DNA stem loop
	TTTTTTTCATCGATGAGCACTGCTATTCCCTAGCAGTGCTCATCGATGATTTTCATCGATGAGCGGTTTT



Table S6. Bacterial strains and plasmids constructed in this study.
	Name
	Description

	Bacterial and viral strains

	Phage T1
	

	Phage T4
	

	Phage T5
	

	Phage T7
	

	Phage λ
	

	E. coli DH5α
	Used for constructing and amplifying plasmids

	E. coli BL21(DE3)
	Protein expression strain

	E. coli WM3064
	Conjugation donor strain for introducing plasmids into P. protegens Pf-5

	P. protegens Pf-5
	Pf-5 wild-type strain

	P. protegens Pf-5 ΔdruM
	Mutant strain with druM knocked out in the coding frame

	P. protegens Pf-5 ΔdruF
	Mutant strain with druF knocked out in the coding frame

	P. protegens Pf-5 ΔdruG
	Mutant strain with druG knocked out in the coding frame

	P. protegens Pf-5 ΔdruE
	Mutant strain with druE knocked out in the coding frame

	Plasmids

	pET-28a-druM-His
	The C-terminus of the druM gene carries a 6×His tag

	pRSFDuet-1-sumo-druM-Strep
	The N-terminus of the druM gene carries a sumo tag and the C-terminus carries a strep-tag Ⅱ

	pET-28a-druF-His
	The C-terminus of the druF gene carries a 6×His tag

	pET-28a-druG-His
	The C-terminus of the druG gene carries a 6×His tag

	pETDuet-1-druM-druG
	druM and druG were cloned into MCS1 and MCS2 of pETDuet-1, respectively; neither gene carries a tag

	pACYC-Duet-1-druE-strep
	druE was cloned into MCS1 of pACYCDuet-1 and carries a C-terminal Strep-tag II

	pETDuet-1-druE-strep
	druE was cloned into MCS1 of pETDuet-1 and carries a C-terminal Strep-tag II

	pETDuet-1-druE-Y110A-strep
	Encodes the DruE Y110A mutant

	pETDuet-1-druE-Y113A-strep
	Encodes the DruE Y113A mutant

	pETDuet-1-druE-Q116A-strep
	Encodes the DruE Q116A mutant

	pETDuet-1-druE-K140A-strep
	Encodes the DruE K140A mutant

	pETDuet-1-druE-K176A-strep
	Encodes the DruE K176A mutant

	pETDuet-1-druE-R178A-strep
	Encodes the DruE R178A mutant

	pETDuet-1-druE-K261A-strep
	Encodes the DruE K261A mutant

	pETDuet-1-druE-R269A-strep
	Encodes the DruE R269A mutant

	pETDuet-1-druE-R785A-strep
	Encodes the DruE R785A mutant

	pETDuet-1-druE-E880A-strep
	Encodes the DruE E880A mutant

	pETDuet-1-druE-K885A-strep
	Encodes the DruE K885A mutant

	pETDuet-1-druE-H966A-strep
	Encodes the DruE H966A mutant

	pETDuet-1-druE-K1033A-strep
	Encodes the DruE K1033A mutant

	pETDuet-1-druE-R1241A-strep
	Encodes the DruE R1241A mutant

	pETDuet-1-druE-M1419A-strep
	Encodes the DruE M1419A mutant

	pETDuet-1-druE-P1420A-strep
	Encodes the DruE P1420A mutant

	pETDuet-1-druE-R1422A-strep
	Encodes the DruE R1422A mutant

	pETDuet-1-druE-R1488A-strep
	Encodes the DruE R1488A mutant

	pETDuet-1-druE-R1494A-strep
	Encodes the DruE R1494A mutant

	pETDuet-1-druE-D1560A-strep
	Encodes the DruE D1560A mutant

	pETDuet-1-druE-F1562A-strep
	Encodes the DruE F1562A mutant

	pK-18-druM
	druM gene knockout vector

	pK-18-druF
	druF gene knockout vector

	pK-18-druG
	druG gene knockout vector

	pK18-druE
	druE gene knockout vector
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