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Extended Data Figure 5: Histogram of plaque assays in E. coli DH10B with ENDP*4, END®! and
ENDPa4-Ect-fusion ' pane| of E. coli phages were tested against different END nuclease constructs. T5 is
included as a negative control. HMC = hydroxymethylcytosine, C= unmodified cytosine. sp stands for small

plaques (see Figure 4e).
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a
" Sensor 230 Nuclease 2
¥
END™?¢
i R SGRER 2

Allgnment B VL0 o 4

b 3FHG_AN lyase; ogg, helix-hairpin-helix, . & 8-0x0G, SSOGG, DNA damage, DNA repair, Glycosidase,
y , Lyase, enzyme, ; HET: S04, GOL; 1.9A {Sulfolobus solfataricus}

Probability: 96.86%, E-value:0.14, Score:44.07, Aligned cols: 152, Identities: 13%, Similarity: 0.095, Template Neff: 10.9

Q ss_pred HHHHhhCC ccee— C-~CCHHHH

Q Q_1190304 26  DQRKSDHFLWDQW/NQETVQKL SDEELKQRF | EYFHAGAGRH-~FFNHIVRDRI IRDPKKFRDT.TFL DET--ISLKER 101 (362)

QcC 26 Lo 1t STt 101 (362)
......... oot R N

TC a9 1 1 ka~~i 1 115 (207)

T 3FHG_A a9 SAVQALNCLGQKI ----~ ANEEETRNTLKS-------~ KYRFYNLKAKYITMAREKVYGRLKEETKPLADEDQQLA 115 (207)

T ss_dssp TCC TTCTT TTT HHHH

T ss_pred hecc ccc CCHHHH

Q ss_pred CeeeClCC CCCCCccCCCc ccece

Q Q_1190304 102  INEV.NKNGKHHIEGL.GRG.TTSLLMDLN"QQYVTWNNKTDKG ET.GCQPSFERGDDWGTKYEKILEATREIQSIN"QS ~ 181 (362)

Q Consensu 102 i i~G~g L y~i 1--1g 181 (362)
r | e R e [

T Consensus 116  ~~~1 ig 1 P g 188 (207)

T 3FHG_A 116 RER NTKGIGVMQEASHF LRNVGY FDLATIDRHI IDFMRRIGATGETNVKQLSKSLYISFENTLKSTAS-NLNI 188 (207)

T ss_dssp TTCCSSCCCC TTSSCCCCCSCCC HHHHHHHHHHH-HTTS

T ss_pred C cceeecceccc HHHHHHHHHHH-HCCC

Q ss_pred

Q Q_1190304 182 197 (362)

Q Consensus 182 197 (362)

T Consensus 189 ~~ 204 (207)

T 3FHG_A 189 SVGILD KETNT 204 (207)

T ss_dssp CHHHHHHHHHHHHHSS

T ss_pred CHHHHHHHHHHhhcCC

3FHF AN lyase; ogg, helix-hairpin-helix, 8. 8-0x0G, MjOgg, DNA damage, DNA repair, Glycosidase,

, Lyase, i enzyme, ; HET: MSE; 1.995A {Methanocaldococcus jannaschii}

Probability: 95.87%, E-value: 1, Score:39.22, Aligned cols: 148, Identities: 14%, Similarity: 0.151, Template Neff: 10.2

Q ss_pred HHHHHHHHHHHHHhCCHHHHhhCC CCee--C CCCHHHHH

Q Q_1190304 25  RDQRKSDHFLWDQW/NQETVQKL SDEELKQRF | EYFHAGAGRH-~FNHIVRDRIIRDPKK-RDT.TFL L DETISLKERT 102 (362)

Qc 25 1t 1 i 102 (362)
.......... +ooot B TS e e R e

e 59 1 qEN g 1 123 (214)

T 3FHF_A 59 AEGGIRIQKEIGDGF----- TLPREELEEKLKN-------- GHRFYRKRAEYTVLARR-FK-NIKDIVESFENEKVAR 123 (214)

T ss_dssp HHHHHHHHHHHTT] = TTCTT ~C

T ss_pred HHHHHHHHHHHHCCh - - heccl —--ccce h CCHHHHH

Q ss_pred HHHHcceCCec-cCCCCl IHHHHhHCH-| CCCCcccccc cce

Q Q1190304 103  NEVLNKNGKHH-IEGL.GRGLTTSLL/DLN"~QQYVTWNNKTDKG.ET.GCQ"SF ERGDDWGTKYEKILEATREIQSLNPQ 180 (362)

Q C 103 i~G~g: L y~i 1~~1g 180 (362)
N B R PR | PR T R e N e L E

T C 124 ~1 i 1 g 194 (214)

T 3FHF_A 124  EFLV--———| RNTKGIGYKEASHF L -RNVGYDDVAT IDRHILREL YENNYIDETPKTLS-RRKYLETENTLRDIGE-EVN 194 (214)

T ss_dssp ~HHSTTCCHHHHHHHH-HHTTCCSCCCCC TT ccssce iy

T ss_pred hceecc heC: cceeeeeeece

Q ss_pred CCHHHHHHHHHHHhCC

Q Q_1190304 181 196 (362)

Q Consensus 181  ~emmmmdnflammmns 196 (362)

T Consensus 195  ~~ 210 (214)

T 3FHF_A 195 KLSELD RTG 210 (214)

T ss_dssp CCHHHHHHHHHHHHHS

T ss_pred CCHHHHhHHHHHHhCC

3NOU_C Probable N-glycosylase/DNA lyase; structural genomics, ISFI, DNA REPAIR, 8-OXOGUANINE, base excision repair, PSI-2, Protein Structure
Initiative, Integrated Center for; 1.5A {Thermotoga maritima}
Probability: 95.24%, E-value: 2.4, Score:37.07, Aligned cols: 151,

Identities: 12%, Similarity: 0.108, Template Neff: 10

Q ss_pred HHHHhhCC! ccec--¢ CCCHHHHHH
Q Q_1190304 26  DQRKSDHFLWDQW/NQETVQK.SDEELKQRF | EYFHAGAGRH-~FNHIYRDRT IRDKK-RDT.TFL L DETISLKERIN 103 (362)
Qc 26 r i~ 103 (362)
B R I LR L T N L P
T C 66 ka~~1 129 (219)
T 3Neu_C 66 GHRYPQKRAEF TVENRKL L G-KLKNLVKG--DPFQSRE 129 (219)
T ss_dssp TTC TT-T) HHHHHH
T ss_pred cccceh C-~CHHHHHH
Q ss_pred HHHcccCCec-cCCCCHHHHHHHHH cccceccecdl ccece
Q Q_1190304 104  EVLNKNGKHH-IEGLGRGLTTSLLMDLNPQQYVTWNNKTDKGL ETLGCQPSFERGDDWGTKYEKILEATREIQSLNPQSN 182 (362)
Qc 104 i~G~g L ] 1-~1g Temmnlone 182 (362)
e B L S D R 0 PR SR Y RN £ Sanao0n [T
T Consensus 130 ~L 1~Gi 1 ~1 201 (219)
T 3NeU_C 130 FLV-====- RNAKGI GWKEASH | RNTGVEDLATLDKHVLRLMKRHGL IQETP~KGHSKKRYLYVEETLRKVAE-AFGES 201 (219)
T ss_dssp TTCC TTTCCSCCCCC! TTSCSSCC-SSCC Tce
T ss_pred hceecct C CCeeeee-cece cc
Q ss_pred HHHHHHHHHHHhCCCCCe
Q Q_1190304 183 EIDHFLHIVAVEPEGQ 200 (362)
Q Consensus 183  ~~mndeflemmmmmmnnn 200 (362)
] +
T 202 219 (219)
T 3N6U_C 202 PGKID KGKVDK 219 (219)
T ss_dssp HHHHHHHHHHHHHSCCCC
T ss_pred HHHHHHHHHHHHhCCCCC

Extended Data Figure 6: HHpred domain analysis of END"29, a, Alignment output from HHpred. Only the top
3 alignment of each domain is shown. b, Details of alignment of END"® sensor domains with characterized
proteins. First alignment is for ENDM28 with Sulfolobus solfataricus Ogg1 (PDB: 3FHG). Second alignment is for
ENDM38 with Methanocaldococcus jannashii Ogg1 (PDB: 3FH3). Third alignment is for ENDM38 with Thermotoga
maritima Ogg1
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Extended Data Figure 7: ENDP?, a distant homolog of ENDP2°F' also binds to anti-END inhibitors.
a, Pulldown of inhibitors in the presence of defense system. Only END#* is His-tagged; controls are
shown in Figure 5. b, Plaque assay of different hypermodified phages in E. coli, in the presence of END”#4

with/without anti-END inhibitors.
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Notation Coordinates strand DefenseFinder HHpred

gene 1 6354280..6356735 - Type IV RM (note no nuclease)
gene 2 6356736..6358225 - Mokosh
gene 3 6358210..6361595 - Mokosh (note no nuclease)
gene 4 6361602..6363005 - S/T kinase
gene 5 6363011..6363703 - Protein serine/threonine phosphatase
gene 6 6363703..6364374 - Von Willebrand factor type A (VWA) domain
gene 7 6365945..6367771 - OLD/Gabija
RtcR, Regulator of RNA terminal phosphate
gene 8 6376092..6377573 - cyclase
RtcR, Regulator of RNA terminal phosphate
gene 9 6376092..6377573 - cyclase
gene 10 6379523..6380257 - N-terminal glycosyltransferase
gene 11 6380320..6381444 - ComF-like phosphoribosyltransferase
gene 12 6381447..6382313 - Histidinol phosphatase (PHP family)

Extended Data Table 1: Putative roles of defene-associated genes and other genes indicated in Figure 1b.
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Protein Accession

Country Collection

Notation (if applicable) Species Strain Source source date
ENDPAK P. aeruginosa PAK Lab isolate

ENDPa3 ELJ2661932.1 P. aeruginosa 2020QG-00001 Human, wound USA 2020
ENDPa4 MBX6756561.1 P. aeruginosa HBRM35 Human, sputum China 2017
ENDE¢? HCP8353069.1 E. coli 07-06701 Human, stool Germany 2007
ENDEe2 EFH3554530 E. coli PSU-2108 Pig USA 2000
ENDSe EHN1424678.1 S. enterica FDA1160512-C001-001  Cheese USA 2021
ENDVe WP_267838393.1 V. cholerae N/A N/A N/A N/A

Marine sediment Atlantic
ENDMag MDV2503288.1 metagenome N/A Pelagic sediments Ocean 2014

Extended Data Table 2: END nucleases tested experimentally in the paper.


https://doi.org/10.1101/2025.03.31.646159
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646159; this version posted March 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

Restriction enzyme

made available under aCC-BY-NC 4.0 International license.

Recognition sequence

Bsgl
EcoRl
Fspl
Hindlll
Bmrl
Apall
Ndel
Xbal
Dral

Bsal

GTGCAG(16/14)
G/AATTC
TGCIGCA
A/AGCTT
ACTGGG(5/4)
G/TGCAC
CA/TATG
T/CTAGA
CACNNN/GTG
GGTCTC(1/5)

Extended Data Table 3: List of restriction enzymes and the corresponding
recognition sequence as indicated on NEB website.
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Primers Sequence

WX_16 aagcttggcactggcc

WX_17 ggtatgtatatctccttcttaaagttaaac

WX_128 cgttgtaaaacgacggccagtgccaagctttcatttgacgtacttcccgaagtagce
WX_129 gctcgaattctgtttcctgtgtgaa

WX_130 tgcaggaattcctcgagaagcttgg

WX_133 gtttaactttaagaaggagatatacataccatgactagctccaaatggaccatcg
WX_167 acaatttcacacaggaaacagaattcgagcggttgcctgaaacggggce
WX_168 aggtaccaagcttctcgaggaattcctgcatcagtagaccttcacatcgaacccce
WX_216 aacagaaagtaatcgtattgtacacg

WX_217 ctaggttaattaagctgcgctag

WX_257 ttttgtttaactttaagaaggagatatacc

WX_258 tctgttcgacttaagcattatgc

WX_Q4F gccaatagcgttcctgtgag

WX_Q4R ggaagttatcgaggcgaaagc

WX rpoD_F gggcgaagaaggaaatggtc
WX rpoD_ R caggtggcgtaggtggagaa

Supplementary Data Table 1: List of primers used.
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Primers Sequence

WX_16 aagcttggcactggcc

WX_17 ggtatgtatatctccttcttaaagttaaac

WX_128 cgttgtaaaacgacggccagtgccaagctttcatttgacgtacttcccgaagtagce
WX_129 gctcgaattctgtttcctgtgtgaa

WX_130 tgcaggaattcctcgagaagcttgg

WX_133 gtttaactttaagaaggagatatacataccatgactagctccaaatggaccatcg
WX_167 acaatttcacacaggaaacagaattcgagcggttgcctgaaacggggce
WX_168 aggtaccaagcttctcgaggaattcctgcatcagtagaccttcacatcgaacccce
WX_216 aacagaaagtaatcgtattgtacacg

WX_217 ctaggttaattaagctgcgctag

WX_257 ttttgtttaactttaagaaggagatatacc

WX_258 tctgttcgacttaagcattatgc

WX_Q4F gccaatagcgttcctgtgag

WX_Q4R ggaagttatcgaggcgaaagc

WX rpoD_F gggcgaagaaggaaatggtc
WX rpoD_ R caggtggcgtaggtggagaa

Supplementary Data Table 1: List of primers used.
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