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Structure and mechanism of antiphage 
retron Eco2
 

M. Jasnauskaitė    1, J. Juozapaitis2, T. Liegutė    2, R. Grigaitis    1, 
A. Skorupskaitė    1, W. Steinchen3, A. Mikšys    1,8, L. Truncaitė    4, 
K. Kazlauskaitė    1, M. F. Torres Jiménez    5, S. Khochare1, G. Dudas2, 
G. Bange    3,6, L. Malinauskaitė1,9, I. Songailienė    2,7 & P. Pausch    1 

Retrons are prokaryotic reverse transcriptase systems that produce 
multicopy single-stranded DNA (msDNA), yet the principles by which they 
mediate antiviral defense remain largely unresolved. Here we investigate 
the mechanism of Escherichia coli Eco2, a minimal retron composed of a 
single reverse transcriptase–nuclease fusion protein. Cryogenic electron 
microscopy and hydrogen/deuterium exchange mass spectrometry 
reveal the structures and dynamics of a trimeric nucleoprotein complex 
assembled within a branched msDNA scaffold, which cages the TOPRIM 
nucleases. We show that the phage-encoded endonuclease DenB initiates 
msDNA degradation, thereby unblocking the nuclease active sites. 
Activated Eco2 cuts transfer RNAs, resulting in translational shutdown for 
antiphage defense. We further identify ribosomal protein S1 as a putative 
RNA chaperone that associates with the msDNA precursor. These findings 
provide insights into the molecular mechanisms of minimal retrons and 
establish a structural basis for engineering of Eco2.

Reverse transcriptases (RTs), which synthesize DNA from RNA tem-
plates, are found across all domains of life. In prokaryotes, RTs are 
typically associated with mobile genetic elements, either promot-
ing or interfering with their propagation1. The ongoing conflict 
between viruses and their hosts has driven the evolution of diverse 
reverse-transcriptase-based immune systems, including retrons, 
abortive phage infection systems, CRISPR–Cas RTs and unknown  
group systems2–4.

Although retrons were first described in the 1980s5–7, their role in 
antiphage defense was only recently established8–10. Retrons produce 
multicopy single-stranded DNA (msDNA), an activity discovered in 
Myxococcus xanthus, in which msDNA molecules were found at levels 
up to ~700 copies per cell6. Later studies revealed that the msDNA 

was covalently linked to a noncoding RNA (ncRNA) via a unique 2′–5′ 
phosphodiester bond11,12. In addition to the rt and ncRNA genes, ret-
ron loci encode various accessory genes, which initially remained 
uncharacterized5,13. These accessory genes were later shown to encode 
diverse effector proteins that mediate antiphage immunity8–10, likely 
activated in response to phage-encoded DNA-interacting factors 
such as nucleases, methyltransferases and single-stranded DNA 
binding proteins10,14,15.

Retron systems are highly diverse and have been classified into 
types I–XIII and several subtypes based on reverse transcriptase 
phylogeny and associated effector identities16. Structural data are 
available for retron Eco1 (type II-A) from Escherichia coli, which 
forms a filamentous complex composed of multiple RT, msDNA 
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that the msdRNA template is hydrolyzed by the RNase-H-like TOPRIM 
during maturation of the msDNA30. Purification of Eco2 revealed large 
nucleoprotein complexes composed of the RT–TOPRIM protein bound 
to msDNA30, and a recent study reported a 3:3 (RT–TOPRIM/msDNA) 
oligomeric structure and RNase activity of Eco231. Isolation of phage 
escapers led to identification of mutations in nuclease-encoding genes, 
implicating phage nucleases A1 and DenB as triggers of Eco214,15,31. 
However, the activity of Eco2 that leads to defense and the molecu-
lar details and regulation of this single protein retron system have 
remained unknown.

In this study, we explored the molecular mechanism of Eco2. 
Screening against a library of diverse phages showed that Eco2 pro-
tects across multiple phage families. We identified T2 phage-encoded 
nuclease DenB as an activator of Eco2. Cryo-electron microscopy 
(cryo-EM) revealed an intricate trimeric nucleoprotein structure and 
regulation of Eco2, and trapping of assembly intermediates resulted in 
identification of ribosomal protein S1 as a putative ncRNA chaperone. 
Hydrogen/deuterium exchange mass spectrometry (HDX-MS) high-
lighted pronounced msDNA-dependent structural dynamics of Eco2. 
Finally, we showed that DenB-mediated msDNA decay activates tRNA 
cleavage by Eco2, effectively halting protein synthesis for antiphage 
defense. Collectively, these findings provide mechanistic insights into 
the biogenesis, enzymatic regulation and antiphage defense of the 
single protein retron system Eco2.

Eco2 provides broad defense against phages
Immune systems of bacteria defend against phages either by clearing 
the cell of the virus or by inducing cell death upon infection, thereby 
limiting viral spread32,33. At the molecular level, these systems first 
detect phage-specific proteins or nucleic acids, before triggering an 

and N-glycosidase effector subunits17–19. Upon msDNA methylation 
by phage-encoded DNA cytosine methyltransferase, the effector is 
activated for NAD(P)+ hydrolysis19. Recent studies of retron type I-A 
have described a high-molecular-weight defense complex consist-
ing of the RT, msDNA, two ATPase dimers and an HNH nuclease20–23. 
To defend against phages, the subunits may sense phage-encoded 
exonucleases to release the HNH effector, leading either to transfer 
RNA (tRNA) degradation22, single-stranded DNA cleavage23 or both21. 
Consistent with msDNA-dependent regulation of retrons, Eco8 (type 
I-B2) was shown to form a 4:4:4 (RT/msDNA/overcoming lysogeniza-
tion defect (OLD)) complex, which activates the OLD DNA nuclease 
upon msDNA displacement by phage-encoded single-stranded DNA 
binding proteins24–26.

Type I-C retrons are common, with ~11% of retrons belonging to 
this type8, and are often encoded on prophages5. Unlike most other 
types, type I-C loci consist of a single protein-coding gene down-
stream of the ncRNA gene16 (Fig. 1a). This single protein couples an 
amino-terminal RT domain fused to a carboxy-terminal RNase-H-like 
topoisomerase-primase (TOPRIM) domain, an architecture reminiscent 
of retroviral RT–RNase H fusions, such as those found in MMLV and 
HIV-1 RTs27,28. Type I-C retrons are further subclassified into I-C1 to I-C3 
variants according to their phylogeny16.

As demonstrated for the type I-C1 retron Eco2 from E. coli (alias 
Ec67)29, both the RT and TOPRIM active sites are essential for the 
defense activity of Eco2 in response to phage infection8,9. The ncRNA of 
Eco2 comprises multicopy single-stranded RNA (msRNA) and msDNA 
RNA (msdRNA) segments, flanked by complementary sequences a1 and 
a2, with the msdRNA serving as the template for msDNA synthesis29,30 
(Fig. 1a). msDNA synthesis by the RT is primed at the 2′-OH of branch-
ing nucleotide G15 and terminates at A6729. It has been speculated 
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Fig. 1 | Eco2 provides immunity against diverse phages. a, Scheme illustrating 
the eco2 locus and antiphage defense function. b, Phylogenetic tree showing  
RT relationships among types I-C, XI and XII retrons. Subs., substitutions.  

c, Effectiveness of Eco2 against BASEL phage collection, measured as efficiency 
of plating (EOP). n = 3 technical replicates; mean. Phages encoding A1 and DenB 
homologs are indicated by yellow and blue bars, respectively.
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effector-mediated immune response. Notably, phylogenetic analy-
sis of type I-C retrons showed that the current classification may not 
accurately reflect the biological complexity of their relationship and 
suggested that some type I-C sequences are mislabeled as type XII16 
(Fig. 1b and Supplementary Fig. 1). We therefore focused our inves-
tigation on the distinct type I-C1 retron Eco2 from E. coli NCTC8623 
(National Collection of Type Cultures 8623)9.

Eco2 has previously been shown to protect E. coli against phages 
T2, T4, T5 and SP158,9,14,34. In support of the defense activity described 
for E. coli during T5 infection8, we observed that Eco2-expressing cul-
tures continued growth at an estimated multiplicity of infection (MOI) 
of 0.1 and 1, or entered stasis at an MOI of 10, following infection with 
phages T2 and T5 (Supplementary Fig. 2). Notably, Eco2-expressing 
cultures grew more slowly even in the absence of infection compared 
to an empty vector control, suggesting that Eco2 expression may be 
toxic to the cells (Supplementary Fig. 2).

To systematically explore the defense specificity of Eco2, we chal-
lenged Eco2-expressing E. coli with a panel of diverse phages from 
the BASEL collection35. This screen revealed broad defense against 
phages from the families Demerecviridae, Straboviridae, Queuoviri-
nae, Vequintavirinae, Stephanstirmvirinae and Schitoviridae but 
not against representatives of Drexlerviridae or Autographiviridae, 
as well as most Dhillonvirus and Felixounavirus species (Fig. 1c and 
Supplementary Fig. 3).

Phage T2 escaped Eco2-mediated defense via mutations in 
the denB gene, which encodes a dC-specific DNA endonuclease36,37 
(Extended Data Fig. 1). All three escape mutations occurred in con-
served residues near the active site (G71R) or the DNA binding inter-
face (G180E and W181*) (Extended Data Fig. 1b–d), suggesting that T2 
evades Eco2 through inactivation of DenB. This observation aligns with 
recent reports, which additionally identified escaper mutants within 
the A1-encoding gene (an early essential gene involved in second-step 
DNA transfer38) from phages T5 and ΦSP15m14,15. Both DenB and A1 
have been implicated in host genome degradation during phage 
replication15,39–41 and are conserved across Straboviridae and Demerec-
viridae, respectively (Fig. 1c). Although structurally unrelated to DenB, 
escaper mutants in A1 were found to occur in the predicted C-terminal 
endonuclease domain or to be enriched in the N-terminal DNA binding 
domain, suggesting that evasion also depends on inactivation14.

We could not identify homologs of DenB and A1 in Queuovirinae, 
Stephanstirmvirinae, Schitoviridae or most Vequintavirinae (Fig. 1c), 
suggesting that Eco2 responds to other factors encoded by these 
phages. Moreover, despite carrying denB or a1 genes, phages Bas31, 
Bas46 and Bas47 were not susceptible to Eco2-mediated defense 
(Fig. 1c). This could indicate that these DenB or A1 homologs do not 
activate Eco2, or it could point to the presence of phage-encoded 
anti-Eco2 factors that inhibit the immune response.

Collectively, these findings demonstrate that Eco2 enables a broad 
and robust defense against a variety of phages across different families 
and provide support for the idea that Eco2 is triggered by DNA endo-
nucleases that are central to phage replication.

Eco2 forms a unique trimeric nucleoprotein 
complex
To elucidate the mechanism of Eco2, we purified the msDNA-bound 
nucleoprotein complex and determined cryo-EM structures in the 
absence and presence of the catalytic Mg2+ cofactor, at average reso-
lutions of ~2.7 Å and ~3.1 Å, respectively (Fig. 2a, Table 1 and Extended 
Data Figs. 2–4). This revealed a unique, shuriken-like C3-symmetric 
nucleoprotein complex composed of three RT–TOPRIM subunits inter-
connected by their msDNA products (Fig. 2a), which compared well 
in the presence and absence of Mg2+ (Extended Data Fig. 2). We locally 
refined a single subunit of Eco2 in the presence of Mg2+, which resulted 
in an improved map for one of the TOPRIM domains (chain A) but a 
degraded map for the other two (Extended Data Fig. 4). Overall, our 

structures resembled a recently reported trimeric structure of Eco231 
(Supplementary Fig. 4a,b), with a few discrepancies in the msDNA and 
TOPRIM active sites, as detailed below.

Importantly, the architecture of Eco2 was markedly different 
from those of retron types II-A, I-A and I-B2, with structural similarity 
limited to the conserved RT17–19,21–26 (Supplementary Fig. 5). Each Eco2 
RT–TOPRIM subunit adopted a claw-like fold, in which the RT thumb 
subdomain bridged the juxtaposed RT and TOPRIM domains (Fig. 2b). 
Between the domains, the msDNA–msRNA hybrid was tightly aligned 
to the RT thumb (Fig. 2b).

Inspection of the palm subdomain RT active site YADD motif (resi-
dues 199–202) revealed the bound magnesium ion cofactor unambigu-
ously (Fig. 2c and Extended Data Fig. 2d). It also showed that msDNA 
product termination occurs at base pair G52:dC67, through flipping of 
the adjacent msRNA base U51, likely mediated by the finger subdomain 
β-hairpin and upstream msRNA (Fig. 2c).

We next examined the trimer contacts within the complex. 
This showed that the RT–TOPRIM monomers were linked in trans 
via msDNA-mediated interactions: the msRNA hairpin connects the 
palms of adjacent RT domains, whereas the msDNA loops around the 
fingers and extends across the TOPRIM domains toward the adjacent 
RT (Fig. 3a). Contrary to the proposed stem–loop secondary struc-
ture of the msDNA29, the individual strands (nucleotides 29–50) did 
not form hairpins. Instead, they appeared to hybridize at the center 
of the TOPRIM domain triangle, forming a DNA three-way junction 
(3WJ) (Fig. 3b). These observations are in contrast to the previously 
determined Eco2–msDNA structure31, in which no 3WJ was observed 
and the ncRNA was proposed to traverse the RT fingers in place of the 
msDNA (Supplementary Fig. 4c).

The only protein–protein interface within the complex was located 
adjacent to the 3WJ, where RT residues 325–347 of each monomer 
interconnected the three subunits (Fig. 3c). In proximity, a short 
single-stranded segment of the msDNA (nucleotides 25–27) inter-
acted with α-helices 14 and 16 through stacking and polar interac-
tions (Fig. 3d). The low local resolution around the 3WJ and adjacent 
msDNA suggested conformational flexibility, complicating unam-
biguous assignment of nucleotide identities and strand conformations 
(Extended Data Figs. 4 and 5).

Finally, comparison of the Mg2+-bound TOPRIM active site in our 
experimental structure with a predicted cofactor-bound model of 
the RT–TOPRIM revealed that active site residue D462 adopted a con-
formation incompatible with binding of the catalytic Mg2+

A cofactor 
(Fig. 3e,f and Supplementary Fig. 6). The conformation of D462 differed 
considerably from that in the previously reported Eco2 structure31 
(Supplementary Fig. 4d).

Together, these findings suggest that the TOPRIM resides in an 
inactive state. Thus, the msDNA not only mediates complex interac-
tions but appears to also cage the TOPRIM domain, possibly function-
ing as a regulator to the effector for control over the activity of Eco2.

msDNA production and binding is a prerequisite 
for trimerization
Deactivation of either the RT or TOPRIM active site (dRT or dTOPRIM) 
rendered Eco2 incapable of defense against phages9 (Fig. 4a). To explore 
the role of both active sites in the biogenesis of Eco2, we purified dRT 
(D201A/D202A) and dTOPRIM (E374A/D378A/D460A/D462A) variants 
(Fig. 4b,c and Supplementary Fig. 7). Notably, the msDNA product and 
trimeric state of the dTOPRIM variant were comparable to those of 
the wild type (WT) (Fig. 4b), suggesting that the RNase-H-like TOPRIM 
domain is not involved in msDNA maturation by template hydrolysis, 
as previously speculated30.

By contrast, purification of the dRT variant primarily yielded 
ncRNA–dRT monomers (Fig. 4c,d), indicating that msDNA formation 
is a prerequisite for trimerization. To investigate the conformational 
changes of the RT–TOPRIM upon msDNA formation, we compared the 
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nucleic-acid-free apo and msDNA-bound states using HDX-MS (Fig. 4e 
and Extended Data Fig. 6). This revealed a pronounced reduction in 
HDX across the RT, including palm, finger and thumb subdomains, in 
addition to the subunit-interconnecting trimerization loop (residues 
325–347), when msDNA was present (Fig. 4e and Extended Data Fig. 6). 
Unlike the RT, the TOPRIM domain showed only minor HDX changes 
(Fig. 4e and Extended Data Fig. 6). This showed that primarily the RT, 
not the TOPRIM, becomes stabilized upon msDNA binding.

To understand the roles of the features of the RT that medi-
ate trimer contacts and msDNA binding for the defense activity 
of Eco2, we introduced alanine substitutions in residues from the 
subunit-interconnecting loop and adjacent helices. Alanine substi-
tution of K318 and K325/K328 in α-helix 14, and Y421 in α-helix 12, 
impaired Eco2-mediated defense against phage T2 in vivo, whereas 
substitutions of loop residues Y333 and V334 had no effect (Figs. 3c,d 
and 4f). In small-scale purification of these variants, no K318A, K325A/
K328A or Y421A variants were recovered after elution, suggesting poor 
expression or low solubility, possibly due to toxicity or instability 
(Supplementary Fig. 8).

Collectively, these findings show that the RT becomes stabilized 
upon msDNA binding, which may facilitate complex formation and 
regulation of the activity of Eco2.

Ribosomal protein S1 associates with the msdRNA
The ncRNA–dRT was also copurified as a heterodimer with a protein 
of ~70 kDa (Fig. 4c and Supplementary Fig. 7). Mass spectrometry 

identified this protein as ribosomal protein S1 (Supplementary Fig. 9), 
a multifunctional protein involved in translation initiation and mRNA 
chaperoning42–45.

Urea–PAGE analysis and sequencing of the ncRNA bound to the 
dRT monomer and dRT–S1 heterodimer suggested that S1 bound to 
the msdRNA part of the ncRNA, with this region exhibiting higher 
sequence coverage relative to the msRNA segment in the dRT–S1 frac-
tion (Fig. 4c,g). Attempts to determine the cryo-EM structure of the 
dRT–S1 complex were hindered by its structural flexibility, prompt-
ing us to probe the interaction in vivo. Bacterial two-hybrid analy-
sis showed no interaction between WT, apo or dRT variants of Eco2 
and either full length S1 or its truncation constructs (Supplementary  
Fig. 10). In vitro reconstitution of the RT–TOPRIM–ncRNA–S1 complex 
revealed that S1 bound only in the presence of the ncRNA (Extended  
Data Fig. 7).

These findings demonstrate that S1 indirectly interacts with the 
RT–TOPRIM protein via the msdRNA, potentially acting as an RNA 
chaperone that stabilizes the msDNA template before reverse tran-
scription in vivo.

DenB initiates msDNA decay to activate Eco2 
TOPRIM
Our structures and HDX-MS analysis lent support to the idea that 
Eco2 is regulated by the msDNA. Although the substrate identity of 
Eco2 was unknown, the RNase-H-like TOPRIM domain suggested a 
metal-ion-dependent nuclease activity46,47. In support of this, a ΔRT 
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truncation of the RT–TOPRIM was recently found to cleave RNA indis-
criminately31. Efforts to clone and express the putative activator denB 
from phage T2 in E. coli were hindered by its toxicity, consistent with 
previous reports for denB from phage T437.

We treated Eco2 with DNase I as a functional proxy for DenB, which 
resulted in cleavage of both the msDNA and a fluorophore-quencher 
reporter RNA (Fig. 5a and Supplementary Fig. 11a). Alanine substi-
tutions of the TOPRIM catalytic residues (dTOPRIM, E374A/D378A/

D460A/D462A) prevented reporter turnover (Fig. 5a), indicating that 
msDNA degradation activates the TOPRIM domain for RNA cleavage.

We next incubated purified Eco2 in E. coli cell-free extracts 
(CFEs) expressing denB. Purification and urea–PAGE analysis of 
DenB-activated Eco2 revealed near complete msDNA degradation 
(Fig. 5b and Supplementary Fig. 11b). To map the DenB cleavage pattern, 
we incubated purified, nonactivated Eco2 with either purified WT DenB 
or the G71R DenB escaper variant (Fig. 5c and Supplementary Fig. 11c,d). 

Table 1 | Cryo-EM data collection, refinement and validation statistics

Eco2 in absence of magnesium 
(EMD-52583; PDB 9I2F)

Eco2 in presence of magnesium 
(EMD-52584; PDB 9I2G)

Activated Eco2 in presence of magnesium  
(EMD-54448; PDB 9S1F)

Data collection and processing

Magnification ×92,000 ×92,000 ×92,000

Voltage (kV) 200 200 200

Electron exposure (e−/Å2) 30 30 30

Defocus range (μm) −2.0 to −1.0 −2.0 to −1.0 −2.0 to −1.0

Pixel size (Å) 1.1 1.1 1.1

Symmetry imposed C1 C1 C1

Initial particle images (no.) 2,914,940 1,037,763 2,271,864

Final particle images (no.) 504,525 1,017,678 617,364

Map resolution (Å) 2.76 3.04 2.90

  FSC threshold 0.143 0.143 0.143

Map resolution range (Å) 2.5 to 7.0 2.5 to 6.5 2.5 to 6.5

Refinement

Initial model used (PDB code) AlphaFold2 9I2F 9I2G

Model resolution (Å) 3.2 3.3 3.2

  FSC threshold 2.7 3.1 2.9

Map sharpening B factor (Å2) 121.6 119.2 130.3

Model composition

  Nonhydrogen atoms 19,765 19,650 18,414

  Protein residues 1,738 1,734 1,710

  Nucleic acids 273 268 217

  Ligands 0 MG: 21 MG: 7

B factors (Å2)

  Protein 146.65 126.81 136.98

  Nucleic acids 162.64 140.78 125.40

  Ligand 86.91 102.11

Root mean square deviations

  Bond lengths (Å) 0.003 (0) 0.003 (0) 0.003 (0)

  Bond angles (°) 0.545 (0) 0.519 (1) 0.547 (0)

Validation

  MolProbity score 1.15 1.14 1.22

  Clashscore 3.55 3.49 4.43

  Poor rotamers (%) 0.00 0.00 0.00

Ramachandran plot

  Favored (%) 99.36 99.13 99.35

  Allowed (%) 0.52 0.87 0.47

  Disallowed (%) 0.12 0.00 0.18

Rama-Z score, whole (root mean square Rama-Z) −1.37 (0.20) −0.08 (0.20) −1.91 (0.20)

CC (mask) 0.80 0.77 0.73

CC (box) 0.82 0.77 0.75

CC, correlation coefficient; FSC, Fourier shell correlation.
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Urea–PAGE analysis revealed endonucleolytic cleavage events 
upstream of dC nucleotides in positions 15, 17, 31 and 37 of the msDNA, 
in the presence of WT DenB but not the inactive G71R variant (Fig. 5c). 
These sites were within msDNA segments that loop around the fingers 
(positions 15, 17), lie adjacent to the trimer contact loop (position 31) 
or participate in formation of the 3WJ (position 37) (Fig. 5c). These 
results suggest that DenB cleaves the msDNA endonucleolytically, 
initiating msDNA decay that is likely completed by additional factors 
present in the CFEs.

To investigate the structural consequences of msDNA decay, we 
determined the cryo-EM structure of Eco2 in its active state at ~2.9 Å, 
including a local refinement of one subunit (chain A) to improve its 
map quality (Fig. 5d, Table 1 and Extended Data Fig. 8). The structure 
showed that removal of the msDNA exposes the TOPRIM domains, 
granting substrate access to the solvent-exposed active site (Fig. 5e).

Elimination of the msDNA cage did not result in large-scale 
structural rearrangements of the TOPRIM domain, as evidenced by 

superimposition with the msDNA-bound inhibited state (Fig. 5f). How-
ever, close inspection of the TOPRIM active site revealed a distinct 
reconfiguration of the catalytic pocket (Fig. 5g). Specifically, rearrange-
ment of the loop connecting α-helix 18 and the active site placed residue 
D462 in a position more compatible with magnesium cofactor binding, 
compared to the inactive state structure (Fig. 5h). This conformation 
was reminiscent of the AlphaFold-predicted configuration (Fig. 3f and 
Supplementary Fig. 6). Concomitantly, the D460-coordinated Mg2+

B 
cofactor was repositioned by ~1.5 Å, compared to the msDNA-inhibited 
inactive state (Fig. 5h). It is plausible that the proximity of the msDNA 
3WJ to α-helices 17 and 18 facilitates this regulation allosterically 
(Extended Data Fig. 9).

Notably, the structure also revealed that only a single magnesium 
(D460-coordinated Mg2+

B) was bound in the TOPRIM active site (Fig. 5g), 
suggesting that the second magnesium cofactor (D462-coordinated 
Mg2+

A) may be recruited only upon substrate binding. This is consistent 
with previous observations for homologs of RNase H48.
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Together, these data demonstrate that DenB-initiated msDNA 
degradation unblocks access to the active site and may allow sta-
bilization of the catalytic pocket in an RNA-hydrolysis-competent  
conformation.

tRNA depletion interferes with protein 
production and phage propagation
The RNase activity of Eco2 suggested that the TOPRIM might cut cel-
lular RNAs to prevent protein production for antiphage defense. To 
test this hypothesis, we employed a transcription–translation inter-
ference assay to measure GFP production in the presence of DenB and 
Eco2. The assay showed significant interference with GFP production 

in the presence of WT DenB and WT Eco2 but not their inactive variants 
G71R DenB (escaper variant) or dTOPRIM Eco2 (Fig. 6a). Nucleic acid 
urea–PAGE analysis of the CFEs revealed both msDNA degradation 
and tRNA cleavage in the presence of WT DenB and WT Eco2 (Fig. 6b). 
Incubation of isolated tRNAs with DenB-activated and subsequently 
purified WT Eco2, but not with the dTOPRIM variant, resulted in cut-
ting of tRNAs (Fig. 6c).

We next analyzed the RNA cleavage preferences of Eco2 by 
sequencing RNA from the CFE reactions. Nanopore sequencing iden-
tified primarily tRNAs as substrates (tRNA-Gln, tRNA-Val, tRNA-Gly, 
tRNA-Asp, tRNA-Trp and tRNA-His) and revealed nicks in double- 
stranded tRNA acceptor stems, predominantly in C-rich sequences 
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located 6–7 nucleotides upstream of the CCA 3′ terminus (Fig. 6d and 
Supplementary Fig. 12).

To assess RNA turnover during phage infection, we infected E. coli 
strains expressing either WT Eco2 or the dTOPRIM variant with phages 
T2 or T5 at an estimated MOI of 10. RNA sequencing confirmed active 
infection by both T2 and T5 (Supplementary Fig. 13a). Notably, RNA 
reads mapping to T5 were more abundant than those mapping to T2, 
relative to reads from the E. coli host (Supplementary Fig. 13a). We next 
identified RNA species cut in the presence of the WT Eco2 but not the 
dTOPRIM variant. This revealed that Eco2 cuts host tRNAs (tRNA-Gly, 
tRNA-Arg, tRNA-Gln, tRNA-Val, tRNA-Met and tRNA-Pro) and phage 
tRNAs (tRNA-Asp, tRNA-His and tRNA-Gln) during the late stage of 
T5 infection (Fig. 6e). In addition, both phage and host transcripts 

were targeted by Eco2 (Fig. 6e and Supplementary Fig. 13b,d). 
Whereas the sequence specificity for tRNA aligned well with the 
in vitro preferences (Fig. 6d,f), Eco2 appeared to cut other RNAs  
promiscuously in vivo (Supplementary Fig. 13c). This observa
tion was consistent with the results of our fluorophore-quencher- 
reporter assay, which showed nonspecific RNA turnover of the  
reporter (Fig. 5a).

These findings collectively show that Eco2 cuts various tRNAs 
and other RNAs in response to DenB, demonstrating that Eco2 is a 
broadly active RNase with a preference for selected tRNA species. 
In consequence, RNA degradation and tRNA depletion might lead 
to shutdown of translation for defense against phages, possibly by 
abortive infection.
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Discussion
Our study revealed the unique trimeric nucleoprotein structure of 
Eco2, its msDNA-dependent dynamics and regulation of the RT–
TOPRIM fusion protein, and its RNA cutting activity with preference for 
tRNAs, which together enable the immune response to phage-encoded 
nucleases (Fig. 6g). Although there are currently no other documented 
examples of RT–effector fusion protein structures and molecular 
mechanisms beyond type I-C Eco2, it is plausible that other fusion 
protein retrons (that is, types VII-A1, XI and XII16) also utilize msDNA 
binding and dynamic rearrangements of the effector domain for 
activity regulation.

Recent studies on type II-A, type I-A and type I-B2 retrons have 
shown that the msDNAs produced by these multicomponent sys-
tems act as regulators of the separate effectors17–19,21–26. Together 
with our findings, these studies underscore the role of msDNA as 
a versatile sensor for DNA modifying and degrading activities that 
are central to phage biology. Our data suggest that in the case of 
Eco2, the msDNA might be further processed by host nucleases 
after initial endonucleolytic cleavage by DenB. It is plausible that 
phage-encoded DNA ligases could allow msDNA repair and thus Eco2 

inactivation. Full msDNA degradation by the host may preclude such 
an escape mechanism and effectively set Eco2 to a state of no return 
for lasting protection.

We demonstrated that DenB-mediated msDNA degradation 
activates the TOPRIM domain of Eco2 for endonucleolytic nicking 
of double-stranded tRNA acceptor stems, resulting in a subsequent 
shutdown of protein production. This unique mechanism adds to the 
repertoire of immune systems that induce translational arrest by cleav-
ing tRNAs. Unlike the acceptor stem cleavage of tRNAs by Eco2, other 
bona fide immune systems such as CRISPR–Cas1349 and PARIS50 target 
tRNA anticodon loops or stems, respectively. Structurally and mecha-
nistically dissimilar type I-A retrons have been suggested to cut D-loops 
of tRNAs22,34. The mechanism of Eco2 appears to be akin to that of the 
HEPN–MNT toxin–antitoxin system, which clips off single-stranded 
tRNA CCA tails to interfere with translation51, further illustrating the 
mechanistic parallels between tRNA-targeting toxin–antitoxin and 
immune systems52–57. How these different active sites bind to and hydro-
lyze their tRNA substrates is not well understood. Future studies will 
need to determine effector structures with trapped substrates in the 
active sites for a complete mechanistic understanding.
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DenB and A1 are widely conserved among phages that are sus-
ceptible to Eco2. However, DenB- or A1-encoding phages Bas31, 
Bas46 and Bas47 evaded Eco2-mediated defense. This observation 
suggests that some phages employ strategies to overcome immu-
nity, potentially through inhibitory factors58 or by expression of 
degradation-resistant tRNAs22,34,50,59.

Our Eco2 structures show that the msDNA forms a 3WJ. Formation 
of this structure necessitates template removal before DNA strand 
hybridization. Likewise, template degradation must occur before the 
msDNA can be recruited to RT DNA binding sites in trans. We demon-
strated that the RNase-H-like TOPRIM of Eco2 does not participate in 
biogenesis. Given the independence of Eco2 from RNase H I60, it will 
be interesting to see whether RNase H II47,61 or another ribonuclease 
matures its msDNA.

We observed copurification of ribosomal protein S1 with the 
dRT–TOPRIM-bound ncRNA, indicating that S1 acts as a chaperone to 
stabilize the msDNA template. In addition to its function in translation 
initiation and mRNA chaperoning, S1 coordinates transcription and 
translation through RNAP-mediated delivery of mRNAs to ribosomes42. 
Thus, as well as chaperoning the msDNA template, S1 may facilitate 
coordination of transcription, translation and ncRNA recruitment 
for the nascent RT–TOPRIM protein. The orchestration of biogenesis, 
which must involve stringent regulation of effector components dur-
ing complex assembly, remains poorly understood for many other 
microbial immune systems.

Retron-derived RTs have been widely used as genome editing tools, 
both independently and in combination with Cas nickases as prime 
editors62–68. Our study revealed the formation of an intricate trimeric 
nucleoprotein complex, which may have hindered applications of 
Eco2 for prime editing65. Our findings could inform structure-based 
engineering of Eco2-based editing tools to enable functional designs.
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Methods
Phylogenetic analysis of Eco2
We retrieved the RT–TOPRIM sequences listed in Table S1 of ref. 16, as 
subtypes I-C1, I-C2, I-C3, XI and XII, directly from NCBI, UniParc and PAT-
RIC. We increased sequence diversity by retrieving protein sequences 
predicted by Millman et al.8 as ‘RT/Predicted OLD family endonuclease 
(TOPRIM) fusion’ from the Integrated Microbial Genomes system69. In 
addition, we ran a BLASTp search querying the RT–TOPRIM sequence 
obtained in that study, excluding E. coli from the subject database, and 
requesting 1,000 maximum target sequences. We retrieved a total of 
1,003 sequences from the databases, accessed between November 
2024 and January 2025.

To reduce redundancy of sequence diversity, we clustered all 
sequences into 412 clusters using CD-HIT v.4.8.170 and a 70% sequence 
identity threshold. We then aligned the representative sequences from 
each cluster using the MAFFT v.7.525 G-INS-I algorithm71. We evaluated 
alignments by eye using JalView v.2.11.472 and Geneious v.R11 (https://
www.geneious.com). We used IQtree v.2.3.673 to infer the maximum 
likelihood phylogenies of concatenated RT–TOPRIM and separated 
RT from TOPRIM alignments (for the tanglegram), using Blosum62 
for the amino acid substitution model. We visualized the phylogenies 
using Python library baltic v.0.3.0 (https://github.com/evogytis/baltic).

We used HMMER profiles to predict and confirm the presence 
of RT-like and TOPRIM-like domains in sequences of the I-C, XI and 
XII types. We downloaded the alignments for the RT–TOPRIM fused 
domain and RT-like, TOPRIM-like, TIR-like and protease-like domains 
from the National Institutes of Health Conserved Domains Database 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml; last used 
on January 2025). We used the commands hmmbuild and hmmsearch 
from HMMER v.3.4 (http://hmmer.org/) to build profiles and query the 
412 sequences used in this study, respectively.

BASEL phage plaque assay screen
E. coli MG1655ΔRM35 were transformed either with empty control vector 
pACYC184 (NEB) or Eco2-carrying plasmid pLG0069 (Addgene 157884) 
and plated on LB-agar-chloramphenicol (Cm, 30 µg ml−1), followed by 
incubation overnight at 37 °C. Subsequently, 4-ml LB-Cm cultures were 
inoculated and incubated for 16 h at 37 °C to prepare overnight cultures 
for double-layer agar plaque assays. Double-layer agar plates were 
prepared using 1.5% agar LB-Cm (30 µg ml−1 Cm) for the bottom layer 
and LB-Cm (30 µg ml−1 Cm) 0.75% agar mixed with 200 μl of overnight 
E. coli culture for the top layer. For effective infection, 20 mM MgCl2 and 
5 mM CaCl2 were supplemented into the LB-agar. Ten-fold serial phage 
dilutions were spot-plated in 3.5-µl volumes onto the double-layer 
plates, before incubation at 37 °C for 16 h.

Isolation of T2 phage mutants
To generate Eco2-escaper phages, E. coli DH5α (Thermo Scientific) 
were transformed with plasmid pLG0069 (Addgene 157884), plated 
on LB-agar (5 g l−1 yeast extract, 10 g l−1 tryptone, agar 15 g l−1, 10 g l−1 
NaCl) plates containing Cm (30 µg ml−1) and incubated for 16 h at 37 °C. 
Subsequently, 4-ml LB-Cm cultures were inoculated and incubated for 
16 h at 37 °C to prepare overnight cultures for double-layer agar plaque 
assays. Double-layer agar plates were prepared by layering 30 ml 1.5% 
LB-agar-Cm for the bottom layer and 5 ml 0.75% LB-agar-Cm mixed with 
500 µl overnight culture for the top layer. Ten-fold dilutions series of 
T2 were then spot-plated in 3.5-µl volumes onto the top layer, before 
incubation for 16 h at 37 °C. Emerging escaper phage candidates that 
appeared to propagate well in the presence of Eco2, as indicated by 
large plaques at high dilution, were subsequently isolated by scraping 
spots for transfer into 1 ml phage buffer (50 mM Tris pH 7.4, 10 mM 
NaCl, 100 mM MgCl2). Phages were incubated for 1 h at room tempera-
ture, followed by repeated vortexing for phage release. The agar was 
then removed by centrifugation at 3,200g for 10 min, and the phage 
supernatant was transferred to a new tube. Enriched escaper phages 

were then replated as serial dilutions on fresh Eco2-expressing E. coli 
DH5α double-layer plates (LB-agar-Cm) and incubated for 16 h at 37 °C. 
Enriched escaper phage spots were subsequently used for iterative 
phage isolation until the escaper phages had been purified. The final 
purification step was performed by scraping individual plaques for 
transfer in 4 ml LB-Cm containing E. coli DH5α at an optical density at 
600 nm (OD600) ≈ 0.5. Phages were subsequently incubated at 37 °C 
with shaking at 250 rpm for ~20 h. To separate phages from bacteria, 
cells were sedimented by centrifugation at 3,220g for 5 min. The phage 
supernatant was then filtered using a 0.22-μm filter and stored at 4 °C.

Phage DNA extraction
Prepared phage escaper solutions were propagated on a 10-ml E. coli 
DH5α culture in LB-Cm (Cm, 30 µg ml−1) at 37 °C overnight. The next 
day, cultures were centrifuged for 2 min at 6,000g, and the supernatant 
was filtered through a 0.22-μm pore filter to remove cell debris and 
intact cells. Filtered supernatants were centrifuged at 12,000g for 
1 h, the supernatant was discarded, and phages were resuspended in 
400 μl of 30 mM Tris-HCl pH 7.5, 50 mM MgCl2 and 0.5 mM CaCl2 before 
incubation overnight at 4 °C. The next day, 1 μl of RNase A (10 mg ml−1) 
and 5 μl of DNase I (1 U μl−1) were added, and samples were incubated 
at 37 °C for 2 h. Subsequently, 15 μl of proteinase K (0.65 mg ml−1) and 
EDTA (final concentration of 62.5 mM) were added to the mix, followed 
by incubation at 56 °C for 2 h. Phage genomic DNA was then purified 
using a GeneJET Genomic DNA Purification Kit (Thermo Fisher Scien-
tific), according to the manufacturer’s protocol.

Phage genome sequencing and escaper analysis
DNA libraries were prepared using a Colibri ES PCR Library Prep Kit (Inv-
itrogen) according to the manufacturer’s protocol and sequenced in 
150 paired-end mode on a MiniSeq (Illumina). Adapters were trimmed 
with Bbduk from the BBmap package (v.38.18; https://sourceforge.
net/projects/bbmap; ktrim = r, k = 15, mink = 11, hdist = 1, tpe, tbo). 
Reads were subsampled to 40,000 per dataset using seqtk –s 123, as 
breseq requires coverage of ~100. The initial WT T2 analysis was per-
formed using breseq v.0.37.1 with default parameters on our laboratory 
strain T2 sequence data and reference genome (GenBank accession: 
LC348380.1). The reference genome of bacteriophage T2 was refined 
using the gdtools APPLY command to reflect the genetic composition 
of our laboratory T2 strain. This revised genome sequence served as the 
reference for subsequent breseq analyses using default parameters.

To identify DenB (T2, YP_010073922.1) and A1 (T5, AAU05157.1) 
homologs across BASEL phage genomes, 3 iterations of psi-blast 
against the NCBI clusteredNR database (2025-07-21 version) were 
performed, selecting sequences with 30–90% homology and >70% 
query coverage (expected threshold: 0.05, BLOSSUM62 substitution 
matrix). The sequences were clustered to 80% sequence identity for 
DenB and 70% sequence identity for A1, with 80% alignment coverage 
using the mmseqs2 algorithm (MPI Bioinformatics Toolkit v.c552cce
6c3194c06bc0bba84f04c4ef13d62f0a5; https://toolkit.tuebingen.
mpg.de/tools/mmseqs2). Sequences were aligned using UGENE v.51.0 
with the default MAFFT algorithm (v.7.520) (gap opening penalty: 1.53). 
The alignment was visually inspected to remove sequences with long 
insertion and deletions, and realigned to remove unaligned N- and 
C-terminal stretches. The HMM profiles were built using the hmmbuild 
command from HMMER v.3.4 (http://hmmer.org/). The resulting HMM 
profiles were used to search the proteomes with the hmmsearch com-
mand (http://hmmer.org/E-value: 0.001).

E. coli growth assay
E. coli MG1655 were transformed with either empty control vector 
pACYC184 (NEB) or Eco2 plasmid pMJ001 and plated on LB-agar-Cm 
(25 µg ml−1 Cm), before incubation overnight at 37 °C. They were then 
inoculated with 4 ml LB-Cm (25 µg ml−1 Cm) medium, followed by incu-
bation at 37 °C, 200 rpm, until the OD600 reached ~0.7. Subsequently, 
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cultures were diluted in 90 µl LB-Cm (25 µg ml−1) and transferred 
into clear 96-well PS F-bottomed plates (Greiner), before addition of 
phages or medium to a total volume of 100 µl and final OD600 of 0.1. 
Phage titers were estimated by spot-plating before the experiment. 
Growth was monitored every 5 min for 16 h by OD measurement on 
a CLARIOstar Plus plate reader (BMG Labtech, software v.5.70 R2) 
at 37 °C, 200 rpm. Data were analyzed and plotted in Prism (v.10.5.0 
(673), GraphPad).

Plasmid construction
Constructs for expression and affinity purification were cloned by 
fusing a sequence encoding a Strep-tag II downstream of the rt–toprim 
gene encoded on pLG006 (Addgene plasmid number: 157884), using 
Golden Gate assembly. Mutations encoding amino acid substitu-
tions were subsequently introduced by Golden Gate mutagenesis. 
For expression of the N-terminally Strep-tag II-tagged apo rt–toprim, 
the gene was cloned into pRSFDuet-1 for Bacterial Adenylate Cyclase 
Two-Hybrid (BACTH) system experiments, and genes were cloned by 
Golden Gate assembly upstream of t18 into pUT18. Plasmids listed in 
Supplementary Table 1 are available for reuse from the corresponding 
author (P.P., Vilnius University) upon request.

Protein production and purification from E. coli cultures
All proteins were purified at a constant temperature of 4 °C and  
kept on ice.

For small-scale purification of Eco2 and its variants, Eco2 
(ncRNA-encoding and RT–TOPRIM-Strep-tag-encoding) plasmids 
were transformed in E. coli DH5α (Thermo Scientific), plated on LB-agar 
plates containing Cm (25 μg ml−1) and incubated at 37 °C overnight. For 
expression of Eco2 or variants thereof, 30 ml TB-Cm (12 g l−1 tryptone, 
24 g l−1 yeast extract, 4 ml l−1 glycerol, 17 mM KH2PO4, 72 mM K2HPO4, 
25 μg ml−1 Cm) was directly inoculated with cells from transformation 
plates with multiple colonies, followed by incubation at 37 °C with 
shaking at 200 rpm for 16 h. Cells were subsequently harvested and 
resuspended in 30 ml lysis buffer (100 mM Tris-HCl (pH 8.0), 150 mM 
NaCl, 1 mM EDTA), followed by cell disruption at 10,000 PSI using an 
LM10 Microfluidizer (Microfluidics) equipped with an H10Z interac-
tion chamber. Lysates were clarified by centrifugation at 20,000g for 
20 min at 4 °C. Supernatants were loaded onto 100 μl Strep-Tactin XT 
resin (Cytiva) and incubated for 10 min on ice with shaking. Subse-
quently, the resin was centrifuged at 4,000g for 5 min at 4 °C, and the 
supernatant was discarded. The resin was then resuspended in 700 µl 
lysis buffer and transferred to a Zymo-Spin P1 column (Zymo Research). 
To remove nonspecific contaminants, the resin was washed 3 times 
with 700 μl lysis buffer before incubation with 100 μl elution buffer 
(100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 50 mM biotin) 
for 5 min on ice. Proteins were eluted by centrifugation 4,000g for 
1 min at 4 °C. Concentrations were subsequently estimated based on 
the absorbance at 280 nm using a NanoDrop Eight spectrophotometer 
(Thermo Scientific). Protein samples were analyzed by SDS–PAGE and 
SYPRO Ruby (Thermo Scientific) staining.

For preparative purifications, Eco2-encoding (ncRNA-encoding 
and RT–TOPRIM-Strep-tag-encoding) plasmids were transformed in  
E. coli DH5α (Thermo Scientific) plated on LB-agar plates containing 
Cm (25 μg ml−1) and incubated at 37 °C overnight. For expression of 
Eco2 or variants thereof, 2 l TB-Cm (25 μg ml−1 Cm) was directly inocu-
lated with cells from transformation plates with multiple colonies, 
followed by incubation at 37 °C with shaking at 200 rpm for 16 h. Cells 
were subsequently harvested and resuspended in 40 ml lysis buffer 
(c) before cell disruption using an LM10 Microfluidizer (Microfluid-
ics). Lysates were clarified by centrifugation at 20,000g for 40 min at 
4 °C. The supernatants were subsequently loaded onto 1-ml StrepTrap 
XP columns (Cytiva) pre-equilibrated in lysis buffer and washed with 
20 column volumes (CV) of 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
1 mM EDTA buffer before elution with 6 CV elution buffer (100 mM 

Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 50 mM biotin). Samples 
were further purified by size-exclusion chromatography (SEC) using 
Superose 6 10/300 (Cytiva) columns for Eco2 and variants thereof, 
and a Superdex 200 10/300 (Cytiva) column for the Eco2 dRT variant, 
pre-equilibrated in SEC buffer (100 mM Tris-HCl (pH 8.0), 150 mM 
NaCl). Peak fractions were concentrated to approximately 50 µl, and 
concentrations were estimated based on the absorbance at 280 nm 
using a NanoDrop Eight spectrophotometer (Thermo Scientific). 
Samples were split in aliquots, snap-frozen in liquid nitrogen and 
stored at −70 °C before use in assays.

For production of Strep-tagged apo RT–TOPRIM, pRSFDuet- 
derived plasmids encoding the strep–rt–toprim gene were transformed 
in E. coli BL21 Star (DE3) (Invitrogen) and plated on LB-agar plates con-
taining kanamycin (Kan, 50 µg ml−1). To express the strep–rt–toprim 
gene, 10-ml LB-Kan overnight cultures (50 µg ml−1 Kan), grown with 
shaking at 37 °C, were used to inoculate 2 l TB-Kan (50 µg ml−1 Kan) and 
incubated with shaking at 200 rpm and 37 °C until the OD600 reached 
~0.6. Gene expression was induced with 0.5 mM IPTG, followed by incu-
bation for 16 h at 16 °C. Cells were subsequently collected by 3,600g 
centrifugation and resuspended in lysis buffer (100 mM Tris-HCl (pH 
8.0), 150 mM NaCl, 1 mM EDTA) before cell disruption using a micro-
fluidizer. The lysate was clarified by centrifugation at 20,000g for 
40 min at 4 °C. The supernatant was then loaded on a 5-ml StrepTrap 
XP column (Cytiva) pre-equilibrated in lysis buffer, washed with 5 CV 
lysis buffer and eluted with 2 CV elution buffer (100 mM Tris-HCl (pH 
8.0), 150 mM NaCl, 1 mM EDTA and 50 mM biotin). The elution was 
then applied to a 5-ml HiTrap Q HP column (Cytiva), pre-equilibrated 
in a buffer containing 20 mM NaCl and 100 mM Tris-HCl (pH 8.0). After 
a 4-CV column wash with 20 mM NaCl and 100 mM Tris-HCl (pH 8.0) 
buffer, a 15 CV gradient from 20 mM to 2 M NaCl in 100 mM Tris-HCl 
(pH 8.0) was applied for elution. The peak fraction was concentrated 
and further purified by SEC using a Superose 6 10/300 (Cytiva) column 
pre-equilibrated in SEC buffer. The protein was then concentrated to 
approximately 50 µl, and the concentration was estimated based on 
the absorbance at 280 nm using a NanoDrop Eight spectrophotometer 
(Thermo Scientific). The sample was split in aliquots, snap-frozen in 
liquid nitrogen and stored at −70 °C.

For production of His-tagged S1 protein, pRSFDuet-derived plas-
mids encoding the rpsA-his6 gene were transformed in E. coli BL21 (DE3) 
(Invitrogen) and plated on LB-agar plates containing Kan (50 µg ml−1). 
For expression of the rpsA-his6 gene, 10-ml LB-Kan overnight cultures 
(50 µg ml−1 Kan), grown with shaking (200 rpm at 37 °C), were used 
to inoculate 2 l TB-Kan (50 µg ml−1 Kan), followed by incubation with 
shaking at 200 rpm and 37 °C until the OD600 reached ~0.6. Gene expres-
sion was induced with 0.5 mM IPTG, before incubation for 16 h at 16 °C. 
Cells were subsequently collected by centrifugation (3,600g) and 
resuspended in lysis buffer (100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
5 mM MgCl2, 40 mM imidazole) before cell disruption by sonication 
using a Vibra-Cell ultrasonic processor at 40% amplitude for 5 min with 
pulses of 3 s at 6-s intervals. The lysate was clarified by centrifugation 
at 20,000g for 60 min at 4 °C. The supernatant was then loaded on a 
5-ml HisTrap column (Cytiva) pre-equilibrated in lysis buffer, washed 
with 3 CV lysis buffer and eluted with 15 CV elution buffer (100 mM 
Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM MgCl2, 500 mM imidazole). 
Peak elution fractions were collected and applied to a 5-ml HiTrap Q HP 
column (Cytiva), pre-equilibrated in a buffer containing 20 mM NaCl, 
20 mM Tris-HCl (pH 8.0) and 5 mM MgCl2. After a 4-CV column wash 
with 20 mM NaCl, 20 mM Tris-HCl (pH 8.0) and 5 mM MgCl2 buffer, a 
15 CV gradient from 20 mM to 2 M NaCl in 100 mM Tris-HCl (pH 8.0) 
and 5 mM MgCl2 was applied for elution. The peak fraction was con-
centrated and further purified by SEC using a Superdex 200 10/300 
(Cytiva) column pre-equilibrated in SEC buffer (150 mM NaCl, 100 mM 
Tris-HCl (pH 8.0) and 5 mM MgCl2). The protein was then concentrated 
to approximately 200 µl, and the concentration was estimated based on 
the absorbance at 280 nm using a NanoDrop Eight spectrophotometer 
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(Thermo Scientific). The sample was split in aliquots, snap-frozen in 
liquid nitrogen and stored at −70 °C.

Complex reconstitution
S1 and apo RT–TOPRIM were produced as described above. The ncRNA 
was produced using a MEGAscript T7 Transcription Kit (Thermo Fisher 
Scientific) according to the manufacturer’s manual and purified with 
TRIzol (Thermo Fisher Scientific). Concentrations were estimated 
based on the absorbance at 260 nm using a NanoDrop Eight spec-
trophotometer (Thermo Scientific). The ncRNA was split in aliquots, 
snap-frozen in liquid nitrogen and stored at −70 °C.

Before complex assembly, the ncRNA was heated to 65 °C for 1 min 
and cooled to 20 °C to facilitate secondary structure formation. S1, 
apo RT–TOPRIM and ncRNA were combined in a 1:1:1.2 ratio (2.75 µM 
S1, 2.75 µM apo RT–TOPRIM, 3.29 µM ncRNA) and incubated at 20 °C 
for 10 min in reconstitution buffer (100 mM Tris-HCl (pH 8.0), 250 mM 
NaCl, 10% glycerol). S1 and apo RT–TOPRIM were combined in a 1:1 
ratio (2.75 µM S1, 2.75 µM apo RT–TOPRIM) and incubated at 20 °C for 
10 min in reconstitution buffer. Subsequently, assembly reactions or 
separate components (S1, apo RT–TOPRIM or ncRNA) were injected into 
a Superdex 200 3.2/300 column (Cytiva) pre-equilibrated in reconsti-
tution buffer at 4 °C.

Urea–PAGE analysis of nucleic acids
Protein–nucleic acid complex samples (10 µl, 0.5–7.0 µM) were com-
bined with 1 μl proteinase K (~20 mg ml−1, Thermo Fisher Scientific) 
and optionally 1 μl DNase I (1 U μl−1, Thermo Fisher Scientific) and/or 
1 μl RNase A (10 mg ml−1, Thermo Fisher Scientific) for 30 min at 37 °C 
in DNAse I reaction buffer (Thermo Fisher Scientific). Subsequently, 
samples were mixed with one volume of 2X RNA Loading Dye (Thermo 
Fisher Scientific), incubated at 70 °C for 10 min, and cooled on ice 
before separation by 12.5% Urea–PAGE. Gels were stained with SYBR 
Gold (Thermo Fisher Scientific) and visualized using a GelDoc Go 
imaging system (Bio-Rad, software v.3.0.0.07).

For Urea–PAGE analysis of DenB cleavage products, the nucleic 
acids underwent a two-step treatment process. First, nucleic acids 
were treated with alkaline phosphatase (FastAP, Thermo Scientific) 
in a 10-µl reaction containing 0.5× PNK A buffer (50 mM Tris-HCl (pH 
7.6), 10 mM MgCl2, 5 mM dithiothreitol (DTT), 0.1 mM spermidine), 
500 nM DNA and 1.5 µl FastAP enzyme (1 U μl−1). To stop this reaction, 
5 µl of 15 mM EDTA was added (final concentration: 5 mM), followed by 
heating at 65 °C for 15 min. The samples were then supplemented with 
2 µl of 10× PNK A buffer, 2 µl of 3.3 µM γ-[32P]-ATP (6,000 Ci mmol−1) 
and 1 µl of T4-PNK enzyme (10 U μl−1, Thermo Scientific). This mix-
ture was incubated at 37 °C for 30 min. The reaction was stopped 
by addition of 5 µl of 50 mM EDTA and heating at 75 °C for 10 min 
(25 µl final volume). Parallel reactions were prepared following the 
same protocol, with the addition of RNase A (Thermo Scientific) 
to a final concentration of 0.4 mg ml−1 during the phosphorylation 
step. Urea–PAGE was used to analyze 5 µl of the reaction mixtures. 
Samples were separated on a 15% (29:1 acrylamide/bis-acrylamide) 
sequencing gel with 7 M of urea in 1× TBE buffer (89 mM Tris, 89 mM 
boric acid, 2 mM EDTA). Gels were run for 2 h at 60 °C and visualized by 
phosphor imaging on a Amersham Typhoon scanner (GE Healthcare, 
software v.2.0.0.6).

Cryo-EM grid preparation and data acquisition
Eco2 complexes were purified as described above either with or without 
10 mM MgCl2 supplementation in the SEC buffer. The activated Eco2 
sample was purified as described in the ‘Protein purification from CFEs’ 
section. MgCl2 was added to the thawed sample to a final concentra-
tion of 10 mM. Cryo-EM grids were prepared by applying 3 µl of Eco2 
sample (7 µM) to Quantifoil R 1.2/1.3 300 copper mesh grids with a 2-nm 
continuous carbon support layer; these were glow-discharged at 20 mA 
for 7 s (GLOQUBE PLUS, Quorum) or at 12 W for 5 s (Zepto-W6, Diener) 

before sample application. The grids were flash-frozen in liquid ethane 
using Vitrobot Mark IV (Thermo Scientific) with 100% relative humidity 
at 4 °C, with no preincubation and a blotting time of 5 s.

Datasets were collected on a Glacios Cryo-TEM (Thermo Scientific) 
operated at 200 kV and equipped with a Falcon III directed electron 
detector (Thermo Scientific) at ×92,000 magnification, with a pixel 
size of 1.1 Å, 30 frames with a total dose of 30 e−/Å2, and defocus range 
of −2.2 µm to −1.0 µm. Data collection was performed using EPU v.3.2 
and v3.10 software (Thermo Fisher Scientific).

Cryo-EM data processing
Data for Eco2 without MgCl2 were processed using CryoSPARC (v.4.3)74. 
A dataset of 3,826 micrographs was collected, and patch motion cor-
rection and contrast transfer function (CTF) estimation were done 
using on-the-fly processing in CryoSPARC Live. Blob autopicking (box 
size: 360 pixels) resulted in 2,914,940 particles, which were sorted by 
two-dimensional (2D) classification. An initial model was generated 
from the best 2D classes with 583,457 particles. The particles were 
further classified using heterogeneous refinement. The best class, 
with 508,057 particles, was refined using homogeneous refinement, 
and the data were further polished by global and local CTF refinement 
and reference-based motion correction. The final reconstruction on 
polished particles contained 504,525 particles and had a global resolu-
tion of 2.76 Å.

For the Eco2 sample in the presence of MgCl2, a dataset of 
2,309 movies was collected. Data processing was performed using  
CryoSPARC (v.4.6)74. Blob autopicking resulted in 1,037,763 particles 
extracted with a box size of 360 pixels, and these were sorted by 2D 
classification. The best class, containing 339,226 particles, was selected 
following several rounds of 2D classification and heterogenous refine-
ment. The dataset was further polished using per-particle CTF and 
reference-based motion correction. A symmetry expansion job was 
run for C3 symmetry, and local refinement was performed using a mask 
covering a single Eco2 monomer. After refinement, a final reconstruc-
tion with global resolution of 3.04 Å was obtained containing 1,017,678 
C3 symmetry expanded particles. The final map was sharpened using 
tools in CryoSPARC (v.4.6).

A dataset of 2,968 micrographs was collected for DenB-activated 
Eco2. Patch motion correction and CTF estimation were done using 
on-the-fly processing in CryoSPARC Live, and data processing was 
performed using CryoSPARC (v.4.7)74. Template picking was performed 
using a template generated from the map of Eco2 in the absence of 
MgCl2, resulting in 1,430,679 particles, which were sorted by 2D clas-
sification. An initial model was generated from the best 2D classes and 
further classified using heterogeneous refinement. Global and local 
CTF refinement, reference-based motion correction and rebalance 
orientations jobs were performed, followed by nonuniform refinement. 
A symmetry expansion job was run for C3 symmetry, and local refine-
ment was performed using a mask covering a single Eco2 monomer. 
A final reconstruction with global resolution of 2.90 Å was obtained 
containing 617,364 C3 symmetry expanded particles. The final map 
was sharpened using tools in CryoSPARC (v.4.6).

Model building, refinement and figure preparation
The initial RT–TOPRIM model was generated using AlphaFold275 under 
the ColabFold76 framework with default parameters and fitted into 
the cryo-EM map in UCSF ChimeraX (v.1.6.1)77. The model was manu-
ally modified using Coot (v.0.9.8.7)78 to fit the map. RNA and DNA 
nucleotides observed in the map were built manually in Coot. Further 
model refinement and evaluation were performed using Phenix real 
space refine (v.1.20.1–4487)79 against sharpened maps. Secondary 
structure restraints were generated for nucleic acid base pairs. Global 
minimization and local grid search strategies were used. The resulting 
model was then used as a starting model for Eco2 in the presence of 
MgCl2 and activated Eco2 and was fitted into the experimental maps in 
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UCSF ChimeraX (v.1.8). The model was manually modified using Coot 
(v.0.9.8.95) and refined using Phenix (v.1.21.2-5419) as described above. 
Figures were prepared in UCSF ChimeraX.

AlphaFold structure prediction
DenB and RT–TOPRIM structures in the presence of ligands were pre-
dicted using AlphaFold380 (default settings) via the AlphaFold Server 
(https://deepmind.google/technologies/alphafold/alphafold-server/). 
Predicted local distance difference test values were mapped on struc-
tures using UCSF ChimeraX.

Sample preparation for proteomic analysis
Protein bands of interest were excised from SDS–PAGE gels, stained 
with colloidal Coomassie (0.08% (w/v) Coomassie Brilliant Blue G250, 
10% (w/v) citric acid, 8% (w/v) ammonium sulfate, 20% (v/v) methanol) 
overnight. For all following steps, buffers were exchanged by two 
consecutive 15-min incubation steps of the gel pieces with 200 µl of 
acetonitrile (ACN), with ACN removed after each step. Proteins were 
reduced by addition of 200 µl of a 10 mM DTT solution in 100 mM 
ammonium bicarbonate (AmBiC, Sigma Aldrich, A6141), samples were 
incubated at 56 °C for 20 min, 180 µl ACN was added, and samples were 
incubated for a further 15 min at room temperature. Proteins were 
alkylated for 20 min by addition of 200 µl of a 55 mM chloroacetamide 
solution in 100 mM AmBiC. Gel pieces were incubated twice with 200 µl 
ACN for 15 min at room temperature.

In-gel enzymatic digest
A 0.2 µg µl−1 stock solution of trypsin (Promega, V511A) in resuspension 
buffer (Promega, V542A) was diluted with ice-cold freshly prepared 
50 mM AmBiC buffer to achieve a final concentration of 2 ng µl−1. Then, 
50 µl of this solution was added to gel pieces, followed by incubation for 
30 min on ice and thereafter overnight at 37 °C. Gel pieces were soni-
cated for 15 min and spun down, and the supernatant was transferred 
into a glass vial (VDS optilab, 93908556). The remaining gel pieces were 
washed with 50 µl of an aqueous solution of 50% (v/v) ACN and 1% (v/v) 
formic acid and sonicated for 15 min. The combined supernatants were 
dried in a SpeedVac and reconstituted in 10 µl of an aqueous solution 
of 0.1% (v/v) formic acid.

LC–MS/MS analysis of peptides
Peptides were analyzed by liquid chromatography coupled with tan-
dem mass spectrometry (LC–MS/MS) on an Orbitrap Fusion Lumos 
mass spectrometer (Thermo Scientific) as previously described81. To 
this end, peptides were separated using an Ultimate 3000 RSLCnano 
system (Dionex) equipped with a trapping cartridge (precolumn C18 
PepMap100, 5 mm, 300 μm i.d., 5 μm, 100 Å) and an analytical col-
umn (Acclaim PepMap 100. 75 × 50 cm C18, 3 mm, 100 Å) connected 
to a Nanospray Flex ion source. The peptides were loaded onto the 
trap column at 30 µl per min using solvent A (0.1% (v/v) formic acid 
in water), and peptides were eluted using a gradient from 2% to 85% 
solvent B (0.1% (v/v) formic acid in ACN) over 30 min at 0.3 µl per min 
(all solvents were of LC–MS grade). The Orbitrap Fusion Lumos was 
operated in positive ion mode with a spray voltage of 2.2 kV and capil-
lary temperature of 275 °C. Full-scan MS spectra with a mass range 
of 375–1200 m/z were acquired in profile mode using a resolution of 
120,000 (maximum injection time of 50 ms); the AGC target was set to 
400% and a maximum injection time of 86 ms. Precursors were isolated 
using the quadrupole with a window of 1.2 m/z, and fragmentation was 
triggered by high-energy collision dissociation in fixed collision energy 
mode with fixed collision energy of 34%. MS2 spectra were acquired 
with the Orbitrap with a resolution of 30,000 and a max injection time 
of 86 ms.

The Orbitrap Fusion Lumos was operated in positive ion mode 
with a spray voltage of 2.2 kV and capillary temperature of 275 °C. 
Full-scan MS spectra with a mass range of 350–1500 m/z were acquired 

in profile mode using a resolution of 120,000 (maximum injection time 
of 100 ms); the AGC target was set to standard, and a RF lens setting of 
30% was used. Precursors were isolated using the quadrupole with a 
window of 1.2 m/z, and fragmentation was triggered by high-energy 
collision dissociation in fixed collision energy mode with a fixed col-
lision energy of 30%. MS2 spectra were acquired in ion trap normal 
mode. The dynamic exclusion was set to 5 s.

Acquired data were analyzed using FragPipe82 and an E. coli Uni-
Prot FASTA database (UP000000625, ID83333, 4.402 entries, date: 
27.10.2022, downloaded: 11.01.2023) including common contaminants 
as well as the protein sequence of our protein of interest. The mass 
error tolerance was set to 10 ppm for full-scan MS spectra and 0.02 Da 
for MS/MS spectra. A maximum of two missed cleavages was allowed. 
A minimum of 2 unique peptides with a peptide length of at least 7 
amino acids and a false discovery rate less than 0.01 were required on 
the peptide and protein level83.

Bacterial two-hybrid assay
Protein–protein interactions were assayed using a BACTH system kit 
(Euromedex). In brief, the rpsA (s1) gene and its truncated variants 
were fused with the T25 adenylate cyclase fragment in plasmid vector 
pKNT25. WT Eco2, dRT Eco2 and apo RT–TOPRIM loci were fused down-
stream of the rt–toprim gene with the T18 adenylate cyclase fragment 
in pUT18. The BTH101 cells were cotransformed with plasmid pairs and 
grown overnight at 30 °C in LB medium containing 100 μg ml−1 ampi-
cillin and 50 μg ml−1 Kan. Then, 2 ml LB-ampicillin-Kan was inoculated 
with 40 μl of overnight culture and grown to OD600 ≈ 0.8. For spot tests, 
7 μl of fresh cultures were spotted on M9 minimal medium (47.7 mM 
Na2HPO4 × 7H2O, 22 mM KH2PO4, 8.5 mM NaCl, 18.7 mM NH4Cl, 0.2% 
(w/v) glucose, 2 mM MgSO4, 0.1 mM CaCl2, 0.5 mM IPTG, 60 μg ml−1 
X-Gal, 100 μg ml−1 ampicillin and 50 μg ml−1 Kan) agar plates, before 
incubation at 30 °C for 20 h. Spots were then assessed for blue color, 
indicative of protein–protein interactions.

Hydrogen/deuterium exchange mass spectrometry
HDX-MS experiments to investigate the impact of msDNA on Eco2 
conformation and topology were conducted essentially as described 
previously84. The msDNA-bound Eco2 and apo RT–TOPRIM were puri-
fied as described above. HDX reactions were automatically set up with 
a two-arm robotic autosampler (LEAP Technologies) by dispension of 
6.5 μl of Eco2 sample (40 µM) in a 96-well plate, followed by addition 
of 58.5 μl HDX buffer (20 mM Tris-Cl (pH 8.0), 5 mM MgCl2, 150 mM 
NaCl) prepared with 99.9% D2O. After incubation at 25 °C for various 
durations (10 s, 100 s, 1,000 s or 10,000 s), 55 µl of the HDX reaction 
was withdrawn and added to 55 µl of predispensed quench buffer 
(400 mM KH2PO4/H3PO4 (pH 2.2), 2 M guanidine-HCl) temperated at 
1 °C, and 95 µl of the resulting mixture was injected into an ACQUITY 
UPLC M-Class System with HDX Technology (Waters)85. Nondeuter-
ated samples were prepared similarly (incubation for approximately 
10 s at 25 °C) by 10-fold dilution of samples with HDX buffer prepared 
with H2O. The injected samples were delivered with H2O + 0.1% (v/v) 
formic acid (100 µl per min) to a column (2 mm × 2 cm, 12 °C) contain-
ing porcine pepsin immobilized to beads, and the resulting peptic 
peptides were trapped on an ACQUITY UPLC BEH C18 1.7-µm 2.1 ×5 mm 
VanGuard Pre-column (Waters) kept at 0.5 °C. After 3 min of digestion 
and trapping, the trap column was placed in line with an ACQUITY UPLC 
BEH C18 1.7-μm 1.0 ×100 mm column (Waters), and the peptides were 
eluted at 0.5 °C with a gradient of H2O + 0.1% (v/v) formic acid (eluent A) 
and ACN + 0.1% (v/v) formic acid (eluent B) at 30 μl per min as follows: 
0–7 min: 95–65% A; 7–8 min: 65–15% A; 8–10 min: 15% A; 10–11 min: 5% 
A; 11–16 min: 95% A. The peptides were guided to a G2-Si high-definition 
MS (HDMS) mass spectrometer with ion mobility separation (Waters) 
and ionized with an electrospray ionization source (250 °C capillary 
temperature, 3.0 kV spray voltage), and mass spectra were acquired 
in positive ion mode over a range of 50–2,000 m/z in enhanced HDMS 
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(HDMSE) or HDMS mode for nondeuterated and deuterated samples, 
respectively86. Lock-mass correction was implemented with a [Glu1] 
Fibrinopeptide B-Standard (Waters). During separation of the peptide 
mixtures on the C18 column, the protease column was washed three 
times with 80 µl of wash solution (0.5 M guanidine hydrochloride in 
4% (v/v) ACN), and blank injections were performed between each 
sample to reduce peptide carry-over. Measurements were conducted 
in technical triplicates (individual HDX reactions).

ProteinLynx Global SERVER (v.3.0.1, Waters) and DynamX (v.3.0, 
Waters) facilitated peptide identification and analysis of deuterium 
incorporation essentially as described previously84. In brief, peptides 
were identified with ProteinLynx Global SERVER from the nondeuter-
ated samples acquired with HDMSE by employing low energy, elevated 
energy and intensity thresholds of 300, 100 and 1,000 counts, respec-
tively. Identified ions were matched to peptides with a database con-
taining the amino acid sequences of Eco2 and porcine pepsin and their 
reversed sequences with the following search parameters: peptide tol-
erance = automatic; fragment tolerance = automatic; min fragment ion 
matches per peptide = 1; min fragment ion matches per protein = 7; min 
peptide matches per protein = 3; maximum hits to return = 20; maxi-
mum protein mass = 250,000; primary digest reagent = non-specific; 
missed cleavages = 0; false discovery rate = 100. Only peptides identi-
fied in at least three nondeuterated samples with a minimum intensity 
of 10,000 counts, a peptide length of 5–40 residues, a minimum num-
ber of 2 products, a maximum mass error of 25 ppm, and a retention 
time tolerance of 0.5 min were considered for further analysis. All 
spectra were manually inspected with DynamX 3.0, and, if necessary, 
peptides were omitted (for example, in cases of low signal-to-noise 
ratio or presence of overlapping peptides). Residue-specific HDX 
was calculated from overlapping peptides with DynamX 3.0 using the 
shortest peptide covering a residue. Where multiple peptides were 
of the shortest length, the peptide with the residue closest to the C 
terminus was used. Numerical peptide and residue-specific HDX data 
are contained in the source data.

RNase activity assay
Reactions were assembled by combining 1 µM protein and 200 nM 
RNase Alert (IDT) FQ probe in reaction buffer (10 mM HEPES (pH 7.5), 
250 mM KCl, 5 mM MgCl2, 5% (v/v) glycerol) in a total volume of 30 µl 
in 384-well flat-bottomed black polystyrene assay plates (Thermo 
Fisher Scientific). Reactions to assess the effects of DNA degradation 
also contained 16.7 mU µl−1 DNase I (Thermo Fisher Scientific). The 
reactions were monitored by fluorescence measurements (λex: 489 nm; 
λem: 522 nm) in a CLARIOstar Plus plate reader (BMG Labtech, software 
v.5.70 R2) at 37 °C every 30 s. Data were analyzed and plotted in Prism 
(v.10.4.0 (527), GraphPad).

CFE preparation
CFEs were prepared following a protocol adapted from ref. 87. Briefly, 
a saturated overnight culture of E. coli BL21 Star (DE3) (Invitrogen) was 
inoculated into sterile 2-l baffled flasks, containing 400 ml of 2× YTPG 
media (16 g l−1 tryptone, 10 g l−1 yeast extract, 5 g l−1 NaCl, 22 mM KH2PO4, 
40 mM K2HPO4, 100 mM D-(+)-glucose, pH 7.2). The initial inoculation 
density was adjusted to an OD600 of 0.05, and cultures were incubated 
at 37 °C, 200 rpm. To induce T7 RNA polymerase expression, IPTG was 
added to a final concentration of 1 mM once the cultures reached an 
OD600 of ~0.5. Cells were harvested during the mid-exponential phase 
(OD600: 2.5–3.0) via centrifugation and washed three times with ice-cold 
filtered S30A buffer (50 mM Tris-acetate (pH 7.8), 14 mM magnesium 
L-glutamate, 60 mM potassium L-glutamate, 2 mM DTT). The resulting 
biomass pellets were collected by centrifugation, decanted, weighed, 
flash-frozen in liquid nitrogen and stored at −80 °C. Next, the biomass 
pellet was thawed on ice and resuspended in ice-cold filtered S30A 
buffer (1 ml of buffer per 1 g of biomass). Cells were then lysed using 
a Sonics Vibra-Cell ultrasonic liquid processor (Sonics & Materials) 

equipped with a 13-mm probe. Lysis was performed in an ice bath at 
50% amplitude, with a total lysis time of 30 s per 1 g of biomass, using 
a pulsing cycle of 3 s on and 6 s off. The resulting lysate was cleared by 
centrifugation at 48,384g for 30 min at 4 °C, followed by incubation for 
1 h at 37 °C and shaking at 200 rpm for 1 h. To remove any remaining 
debris, the subsequent centrifugation step was performed for 10 min 
at 3,113 rcf, 4 °C. The total protein concentration of the lysate was deter-
mined using a Pierce Bradford Plus Protein Assay Kit (Thermo Fisher 
Scientific). The lysate was aliquoted, flash-frozen in liquid nitrogen 
and stored at −80 °C.

Preparation of templates for expression in CFEs
Linear DNA templates for denB WT, the denB-G71R escaper mutant 
and mCherry expression in CFEs were generated by two-step fusion 
PCR88. In the first step, the target genes were amplified by PCR, attach-
ing a GC-rich fusion sequence at the 5′ ends. In the second step, the 
amplified genes were combined with a short DNA cassette, similar 
to those described by Garamella et al.89, containing the native E. coli 
RNA polymerase P70a or T7 RNA polymerase PT714 promoters, a 
ribosome-binding site, a Strep II-tag, and the GC-rich fusion sequence at 
the 3′ end. These components were fused via PCR using flanking ORG13 
and ORG113 oligonucleotides. PCR products were analyzed by agarose 
gel electrophoresis, and the resulting fusion products were purified 
using a GeneJET PCR Purification Kit (Thermo Fisher Scientific).

The pCI-T7Max-UTR1-deGFP-8xHis-T500 reporter plasmid was 
a gift from K. Adamala (Addgene plasmid 178422)90. The plasmid was 
propagated in E. coli DH5α (Thermo Scientific) and purified using a 
ZymoPURE II Plasmid Maxiprep Kit (Zymo Research).

Transcription–translation interference assay in CFEs
Transcription–translation interference experiments were performed 
following guidelines from Garenne et al. and Marshall et al.91,92. Tran-
scription–translation interference reactions were assembled on ice and 
aliquoted in 9-μl volumes into a Nunc 384 Well ShallowWell Standard 
Height Black microplate (Thermo Fisher, 264705). Each reaction con-
tained 10 mg ml−1 E. coli BL21 Star (DE3) CFE, 57 mM HEPES-K (pH 8.0), 
0.2 mg ml−1 tRNA mix from E. coli MRE600 (Sigma Aldrich), 1.5 mM 
ATP, 1.5 mM GTP, 0.9 mM CTP, 0.9 mM UTP, 0.75 mM cAMP, 30 mM 
3-PGA, 0.33 mM NAD, 0.26 mM coenzyme A, 68 μM folinic acid, 1 mM 
spermidine, 30 mM D-ribose, 60 mM maltodextrin, 2 mM of each of 
the 20 L-amino acids, 7 mM magnesium L-glutamate, 50 mM potassium 
L-glutamate, 1 mM DTT, 20 g l−1 PEG 8000, 2.5 μM GamS inhibitor, 5 nM 
pCI-T7Max-UTR1-deGFP-8xHis-T500 reporter plasmid, 20 nM linear 
P70a DNA expression templates encoding either mCherry, DenB or 
dDenB (G71R), and 1 μM purified Eco2 or dTOPRIM. The plate was 
centrifuged for 1 min at 200g and 4 °C, equilibrated at room tempera-
ture for 10 min, sealed with MicroAmp Optical Adhesive Film (Thermo 
Fisher Scientific) and transferred to a CLARIOstar Plus microplate 
reader (BMG Labtech, software v.5.70 R2) for measurements. The fluo-
rescence intensities of GFP (λex: 470 nM ± 15 nM, λem: 515 nM ± 20 nM) 
and mCherry (λex: 570 nM ± 15 nM, λem: 620 nM ± 20 nM bandpass win-
dow) were measured every 5 min for 16 h at 30 °C with double orbital 
shaking at 200 rpm for 30 s before each measurement.

As fluorescence signals plateaued after 4 h, data from this time 
point were used for further analysis. The GFP fluorescence in each 
reaction was first normalized to background noise by subtraction of the 
fluorescence of corresponding negative control reactions lacking the 
reporter plasmid. To obtain relative values, each normalized GFP value 
was divided by the fluorescence of a corresponding positive control 
reaction containing no linear DNA templates. Data were analyzed and 
plotted in Prism (v.10.4.0 (527), GraphPad).

RNA isolation from CFEs and Urea–PAGE analysis
CFE reactions were performed as described above. Reactions were 
mixed with 50 μl of TRIzol reagent (Thermo Fisher Scientific), and 
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total RNA was extracted according to the manufacturer’s recommen-
dations. The single-stranded RNA concentration in each sample was 
determined using a NanoDrop spectrophotometer (Thermo Fisher 
Scientific). Then, 5 μl 100 ng μl−1 single-stranded RNA from each sample 
was mixed with 5 μl of 2× RNA loading dye (NEB), denatured for 10 min 
at 75 °C and separated on a denaturing urea polyacrylamide gel (8 M 
urea, 12% polyacrylamide (29:1 acrylamide/bis-acrylamide ratio) in 
1× TBE (89 mM Tris-borate (pH 8.4), 2 mM EDTA)), prerun for 30 min 
at 35 mA. The electrophoresis was performed for ~2.5 h at 35 mA. The 
gel was subsequently stained in 1× TBE (89 mM Tris-borate (pH 8.4), 
2 mM EDTA) supplemented with 1× SYBR Gold dye (Thermo Fisher 
Scientific) on an orbital shaker for 10 min at room temperature and 
imaged with a Amersham Typhoon scanner (GE Healthcare, control 
software v.2.0.0.6) using the SYBR Gold channel, with analysis using 
with Fiji (v.2.14.0/1.54f).

Protein purification from CFEs
DenB was synthesized using NEBExpress (NEB) cell-free expression sys-
tems following the manufacturer’s recommendations. A total of 250 μl 
of reaction mixture, containing 50 nM of linear PT714-Strep-DenB 
expression template and 2.5 μM homemade GamS was prepared. The 
RecBCD inhibitor GamS was purified from E. coli for CFE supplemen-
tation as described before93. The reaction mix was divided into 50-μl 
reactions in 1.5-ml tubes and incubated in a thermomixer (Eppendorf) 
for 18 h at 37 °C, 800 rpm. Lysates were cleared by centrifugation for 
5 min at 17,000g, 4 °C. The reactions were pooled, combined with 
250 μl of 2× binding buffer (200 mM Tris-HCl (pH 8.0), 300 mM NaCl, 
2 mM EDTA, 10 mM 2-mercaptoethanol) and loaded onto Zymo-spin 
P1 columns (Zymo Research, P2003-1) preloaded with dry Strep-Tactin 
XT Sepharose chromatography resin (Cytiva, 29401324). Before use, 
100 μl of the resin solution was loaded into the column, washed  
3 times with 1× binding buffer (100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
1 mM EDTA, 5 mM 2-mercaptoethanol) and decanted by centrifugation 
(1–2 min at 1,000g, 4 °C). The bottom of the column was covered with 
parafilm, and it was incubated for 30 min at room temperature, with 
vigorous shaking on a 3D shaker (Biosan). Subsequently, the flow-
through was collected by centrifugation, and the beads were washed 
3 times with wash buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM 
2-mercaptoethanol) and decanted by centrifugation. Subsequently 
100 μl of elution buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM 
2-mercaptoethanol, 50 mM D-biotin) was added to dry aspirated beads, 
the bottom of the column was covered with parafilm, and the mix was 
incubated for 15 min at room temperature, with vigorous shaking on a 
Multi Bio 3D shaker (Biosan). The elution was collected by centrifuga-
tion. DenB synthesis and purification was assessed by SDS–PAGE and 
western blotting. The concentration of the purified WT DenB protein 
was determined using a NanoDrop spectrophotometer (Thermo Fisher 
Scientific). The protein was aliquoted, flash-frozen in liquid nitrogen 
and stored at −80 °C.

For the Eco2 activation and tRNA cutting assay, WT DenB was 
synthesized using NEBExpress (NEB) cell-free expression systems 
following the manufacturer’s recommendations. A reaction mixture 
containing 100 nM linear PT714-His6-DenB-WT expression template, 
2.5 μM homemade GamS and the NEBExpress cell-free expression 
system mix was prepared to a total volume of 500 μl. The reaction was 
divided into 50-μl aliquots in 1.5-ml tubes and incubated at 37 °C for 
18 h, with shaking at 800 rpm, in a thermomixer (Eppendorf). Lysates 
were clarified by centrifugation at 17,000g for 10 min at 4 °C. Pooled 
lysates were split into two aliquots. Each aliquot was mixed with 25 μl 
of 15.76 μM purified Eco2 or dTOPRIM, respectively, and incubated at 
37 °C for 1 h in a thermomixer (Eppendorf) at 800 rpm. Subsequently, 
238 μl of each reaction was mixed with an equal volume of 2× binding 
buffer (200 mM Tris-HCl (pH 8.0), 300 mM NaCl, 2 mM EDTA, 10 mM 
2-mercaptoethanol) and loaded onto Zymo-spin P1 columns (Zymo 
Research, P2003-1) preloaded with dry Strep-Tactin XT Sepharose 

chromatography resin (Cytiva, 29401324). Before loading, 100 μl of 
the resin solution was loaded into the column, washed three times 
with 1× binding buffer (100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM 
EDTA, 5 mM 2-mercaptoethanol), followed by centrifugation (1–2 min 
at 500–1,000g, 4 °C). After addition of the lysate–resin mixture, the 
bottom of each microcolumn was sealed with parafilm, and the mix-
ture was incubated for 1 h at room temperature with vigorous shaking 
on a 3D orbital shaker (Biosan). The flowthrough was collected by 
centrifugation. The beads were washed three times with wash buffer 
(50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM 2-mercaptoethanol), 
with removal of the supernatant after each wash via centrifugation. 
For elution, 50 μl of elution buffer (50 mM Tris-HCl (pH 8.0), 150 mM 
NaCl, 5 mM 2-mercaptoethanol, 50 mM D-biotin) was added to the 
aspirated beads. The microcolumns were sealed with parafilm and 
incubated for 30 min at room temperature with vigorous shaking 
on a 3D orbital shaker (Biosan). The eluates were collected by cen-
trifugation and analyzed by SDS–PAGE and western blotting. Protein 
concentrations of the DenB-activated and purified Eco2 variants were 
determined using a Qubit Protein Assay (Thermo Fisher). Proteins 
were aliquoted, flash-frozen in liquid nitrogen and stored at −80 °C. 
The thawed samples were analyzed by SEC on a Superdex 200 3.2/300 
column pre-equilibrated with a buffer containing 100 mM Tris-HCl  
(pH 8.0), 150 mM NaCl and 10 mM MgCl2.

tRNA cleavage assay
The tRNA mix from E. coli MRE 600 (Sigma Aldrich) was dephosphoryl-
ated in a 10-μl reaction containing 0.5× PNK Buffer A (Thermo Fisher), 
250 nM tRNA mix and 0.15 U μl−1 FastAP Thermosensitive Alkaline Phos-
phatase (Thermo Fisher). The reaction was incubated at 37 °C for 10 min, 
and subsequent enzyme inactivation was achieved by addition of 5 μl 
of 15 mM EDTA, followed by heating of the reaction mixture at 75 °C for 
10 min. Dephosphorylated tRNA was subsequently 5′-radiolabeled in a 
20-μl reaction. The radiolabeling reaction mixture contained 1.25× PNK 
Buffer A (Thermo Fisher), 125 nM tRNA mix, 5 U μl−1 T4 Polynucleotide 
Kinase (Thermo Fisher), 125 nM γ-[32P]-ATP (6000 Ci mmol−1), 3.75 mM 
EDTA and 0.075 U μl−1 heat-inactivated FastAP Thermosensitive Alkaline 
Phosphatase. The reaction was incubated at 37 °C for 30 min, after 
which 5 μl of 50 mM EDTA was added, and the reaction mixture was 
heated at 75 °C for 10 min to stop the reaction. Following heating, the 
thermoblock containing the reaction mixture was allowed to cool to 
room temperature to facilitate proper folding of tRNA molecules. The 
labeled tRNA was aliquoted and stored at −20 °C.

DenB-activated Eco2 and dTOPRIM were produced as described 
above. Activated Eco2 was combined with radiolabeled tRNA mix in a 
30-μl reaction (final composition: 25 mM Tris-HCl (pH 8.0), 250 mM 
NaCl, 5 mM MgCl2, 5% (v/v) glycerol, 0.05 nM 32P-tRNA mix, 877 nM 
DenB-activated and purified Eco2/dTOPRIM) and subsequently incu-
bated at 37 °C. At 1 h, 2 h and 17 h, 10 μl of each reaction was extracted 
and mixed with 10 μl of phenol/chloroform/isoamyl alcohol solution 
(ROTH). The mixtures were centrifuged for 5 min at 17,000g, and the 
water fraction was mixed with 10 μl of 2× RNA loading dye (Thermo 
Fisher Scientific), followed by heating for 10 min at 75 °C. The dena-
tured samples were analyzed by 12 % Urea–PAGE. The gel was dried, 
exposed to a phosphor screen overnight and read using an Amersham 
Typhoon scanner (GE Healthcare, software v.2.0.0.6) via the phosphor 
channel and analyzed with Fiji (v.2.14.0/1.54f).

Protein analysis by SDS–PAGE and western blotting
Samples (12 μl) were mixed with 4 μl of 4× SDS dye (10% glycerol (v/v), 
2% SDS (w/v), 63 mM Tris-HCl (pH 6.8), 0.1% 2-mercaptoethanol (v/v), 
0.01% bromophenol blue (w/v)) and denatured for 5 min at 95 °C. 
Samples were then separated on homemade 12% or 15% Tris-glycine 
SDS polyacrylamide gels and stained with Coomassie solution (0.1% 
Coomassie R-250, 40% (v/v) EtOH, 10% (v/v) acetic acid) or used for 
western blotting.
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For western blot analysis, samples were separated on 12% or 15% 
Tris-glycine SDS polyacrylamide gels and transferred onto 0.22-μm or 
0.45-μm polyvinylidene fluoride membranes (Thermo Fisher Scientific) 
in a semi-dry transfer with a Pierce Power Station blotter (Thermo 
Fisher Scientific). The membranes were blocked (5% (w/w) bovine 
serum albumin, 1× phosphate-buffered saline, 0.2% (v/v) Tween-20) 
for 30 min to 1 h with shaking at room temperature. The membranes 
were incubated with a 1:4,000 dilution of Strep·Tag II Antibody HRP 
Conjugate (Merck, 71591) in blocking buffer overnight with shaking 
at 4 °C, and subsequently washed 3–5 times (1× phosphate-buffered 
saline, 0.2% (v/v) Tween-20) and developed using SuperSignal West 
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) 
for visualization on a Chemidoc system (Bio-Rad). The images were 
analyzed with Fiji (v.2.14.0/1.54f).

RNA sequencing and analysis of CFEs
Ten-microliter CFEs were transferred into TRIzol for RNA extraction 
according to the manufacturer’s protocol (Thermo Fisher Scientific). 
Complementary DNA libraries were prepared using a Small RNA-Seq 
Library Prep Kit (Lexogen) with 500 ng RNA input material, according 
to the manufacturer’s protocol. Libraries were subsequently pooled 
and prepared for nanopore sequencing using an Oxford Nanopore 
Ligation Sequencing Kit V14 (SQK-LSK114). The resulting libraries were 
sequenced on the Oxford Nanopore platform (R10.4.1 flow cell), and 
base calling was performed using dorado v.0.8.0, sup v.5.0.0 (Oxford 
Nanopore Technologies; https://github.com/nanoporetech/dorad). 
Datasets were demultiplexed and adapters trimmed using dorado 
v.0.8.0 with Illumina barcodes as custom input. For identification 
of RNA cleavage positions, reads were mapped to the E. coli MG1655 
genome (GenBank: U00096.3) using minimap2 v.2.1794 (-ax map-ont), 
and samtools v.1.1395 was used to remove ambiguously mapped reads 
(-F 256 -F 2048). Data were analyzed using custom Python scripts. Read 
end positions were identified using python pysam package v.0.22.1 
(https://github.com/pysam-developers/pysam), and counts were nor-
malized according to the sample with fewer reads. Positions without 
coverage were assigned a pseudocount of 1. The read end ratio was 
calculated at each position to identify read ends enriched in the WT 
Eco2 sample (cutoff: 20). Hits present in genomic regions without gene 
annotations were not further analyzed.

Sequencing and analysis of protein-bound ncRNA
Protein–nucleic acid complexes were purified in the preparative scale 
as described above. Samples (100 µl, 14–17 µM) were transferred into 
TRIzol for RNA extraction according to the manufacturer’s protocol 
(Thermo Fisher Scientific). Complementary DNA libraries were pre-
pared using a Small RNA-Seq Library Prep Kit (Lexogen) with 300 ng 
RNA input material, according to the manufacturer’s protocol. Libraries 
were subsequently barcoded using an Oxford Nanopore Native Barcod-
ing Kit V14 (SQK-NBD114.96) and sequenced on the Oxford Nanopore 
platform (R10.4.1 flow cell), and base calling was performed using 
dorado v.0.7.3, sup v.4.3.0 (Oxford Nanopore Technologies; https://
github.com/nanoporetech/dorado). Reads were aligned to the E. coli 
DH5ɑ genome (GenBank: CP026085.1) and to the retron operon with 
minimap2 v.2.2494 using default parameters. The dataset was filtered 
to exclude ambiguously mapped reads using samtools v.1.1395 (-F 256 -F 
2048). Reads were visualized using the Integrative Genomics Viewer96 
and custom Python scripts. The bed file with genome features was 
prepared from the gff3 file using awk, and E. coli gene coverage was 
evaluated using bedtools v.2.29.297 with default parameters.

Deep RNA sequencing and analysis of infected E. coli
E. coli MG1655 were transformed with pMJ001 or pMJ003 plasmids 
and plated on LB-agar-Cm (25 µg ml−1 Cm), before incubation over-
night at 37 °C. 4 ml LB-Cm (25 µg ml−1 Cm) medium was subsequently 
inoculated with 6–7 colonies, followed by incubation at 37 °C, 200 

rpm, until the OD600 reached ~0.7. Bacterial cultures were transferred 
into sterile 1.5-ml Eppendorf tubes, normalized by dilution in LB-Cm 
to an OD600 of 0.7, and infected with T2 or T5 at an estimated MOI 
of ~10 in a final volume of 660 µl. Cultures were incubated at 37 °C,  
200 rpm. Samples (150 µl) were taken 10 min, 30 min, 1 h and 3 h after 
infection and immediately centrifuged for 30 s at 20,000g. The super-
natant was rapidly decanted, and cell pellets were flash-frozen in liquid 
nitrogen. For RNA extraction, the pellets were resuspended in 400 µl 
TRIzol, and RNA was extracted according to the manufacturer’s manual 
(Thermo Fisher Scientific). Concentrations were estimated based on 
the absorbance at 260 nm using a NanoDrop Eight spectrophotometer 
(Thermo Scientific).

Small RNA fractions were enriched from purified RNA (0.5–1.0 µg) 
using a SPLIT RNA extraction kit (Lexogen) according to the manu-
facturer’s manual. Concentrations were estimated based on the 
absorbance at 260 nm using a NanoDrop Eight spectrophotometer 
(Thermo Scientific).

To identify cleaved RNA positions, an adapter ligation-based RNA 
library preparation method was used. Sequencing libraries were pre-
pared using a Small RNA-Seq Library Prep Kit for Illumina (Lexogen) 
according to the manufacturer’s manual, using 200–500 ng of RNA as 
input. Library quality was evaluated with Bioanalyzer using a DNA high 
sensitivity kit (Agilent) and Qubit 4 fluorimeter (Thermo Fisher Scien-
tific). The library was sequenced using an Illumina NextSeq P3 flow cell 
in 100 PE mode (EMBL Genomics Core facility, Heidelberg, Germany). 
Data quality was evaluated using fastqc v.0.12.1 (https://www.bioinfor-
matics.babraham.ac.uk/projects/fastqc/) and trimmed using Bbduk 
v.38.18 (https://sourceforge.net/projects/bbmap/; ktrim = r, k = 20, 
mink = 10, hdist = 1, tpe, tbo, minlen = 17, minavgquality = 30). The  
E. coli MG1655 genome (GenBank ID: NZ_LR881938.1) was joined with 
phage T5 (GenBank ID: NC_005859.1) and T2 (GenBank ID: NC_054931.1) 
genomes using the Bash cat command. Annotation files.gff and. gbff 
were created in the same way. The corresponding reads were aligned to 
the joined genome files using bwa-mem2 v.2.2.198 with default param-
eters and filtered using samtools v.1.13 (-F 260 -f 2). For indexing and 
sorting, samtools was used. The data were further analyzed using 
custom Python scripts. In brief, read end positions were identified with 
pysam v.0.23.3 (read.reference_end and read.reference_start methods), 
genomic positions without read ends were assigned a pseudo count 
of 1. Read end ratios (WT Eco2/dTOPRIM) at each genomic position 
were calculated, and enriched positions were selected by setting the 
filtering cutoff to 100. Finally, only enriched positions present in both 
biological replicates were further analyzed. Corresponding transcripts 
and sequences were extracted from the annotation files, and the most 
prominent putative cleavage positions were verified manually using 
the Integrative Genomics Viewer96.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Cryo-EM maps and model coordinates were deposited to the Electron 
Microscopy Data Bank EMD-(52583, EMD-52584, EMD-54448) and 
Protein Data Bank (PDB) (9I2F, 9I2G, 9S1F). Cryo-EM maps, half-maps, 
models and PDB validation reports are available via figshare at https://
doi.org/10.6084/m9.figshare.29930282 (ref. 99). MS data have been 
deposited to the ProteomeXchange Consortium via the PRIDE part-
ner repository with dataset identifiers PXD060313 and PXD067212. 
Data related to sequencing experiments and RT–TOPRIM phylogeny 
are available via Mendeley Data, V1, at https://data.mendeley.com/
datasets/v9b289v6ct/1. Raw sequencing reads generated from in vivo 
experiments were deposited in the NCBI Sequence Read Archive under 
BioProject accession PRJNA1358792. Source data are provided with 
this paper.
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Code availability
Code related to sequencing experiments and RT–TOPRIM phylog-
eny is available via Mendeley Data, V1, at https://data.mendeley.com/
datasets/v9b289v6ct/1.
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Extended Data Fig. 1 | T2 escapes by mutation of denB. a, Representative spot 
plating for T2 on E. coli, either in presence of an empty vector control (pACYC184) 
or a vector expressing Eco2 (pLG006). Escaper plaques are marked with lines. 
Representative data; n ≥ 2 technical replicates. b, DenB protein sequence 
highlighting escaper mutations in bold red. Corresponding DNA mutations are 
shown. c, Left: AlphaFold3-predicted structure of T2-DenB (grey) with catalytic 

magnesium ions (purple spheres) and poly-C DNA (blue band). The amino acids 
mutated in the escaper variant are highlighted in orange and labeled in red. 
Right: pLDDT values mapped on the structure (color code), indicating prediction 
confidence (>90 highly confident). d, Multiple Sequence Alignment of T2 and 
BASEL phage collection-encoded DenB homologs, colored in blue according to 
identity. G71, G180 and W181 (red labels) are indicated by arrows.
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Extended Data Fig. 2 | Purification of Eco2 and cryo-EM structure in absence 
of magnesium. a, StrepTrap-affinity and SEC chromatograms (traces) with 
corresponding analytical SDS- and Urea-PAGEs. Representative data; n ≥ 2 
biological replicates. b, Cryo-EM maps (above) and corresponding model 
(below) of Eco2 trimers in absence of magnesium, shown in three 90°-rotations. 
Maps and models are color-coded according to Fig. 1, with unfiltered maps 

shown as translucent surfaces. c, Superimposition of Eco2 structures 
determined in absence (orange) and presence (blue) of magnesium, shown in 
three 90°-rotations. d and e, Close-up side-by-side comparison of the RT (d) 
and TOPRIM (e) active sites in absence (left) and presence (right) of magnesium 
(purple). The sharpened cryo-EM maps are shown.
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Extended Data Fig. 3 | Cryo-EM data processing for Eco2 in absence of magnesium. a, Processing workflow as performed in CryoSPARC. b, Local resolution map. c, 
FSC curves and angular distribution plots calculated in CryoSPARC.
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Extended Data Fig. 4 | Cryo-EM data processing for Eco2 in presence of magnesium. a, Processing workflow as performed in CryoSPARC. b, Local resolution map. 
Dashed outlines indicate the locally refined subunit. c, FSC curves and angular distribution plots calculated in CryoSPARC.
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Extended Data Fig. 5 | Conformational flexibility of the msDNA. a, Cryo-EM 
maps of magnesium-bound Eco2 in two 90°-rotated orientations. The sharpened 
map is colored in gray and blue (msDNA). The unfiltered map is shown as a 

translucent surface. b, Close-up on the msDNA segments that lie adjacent to the 
trimerization interface. Blue arrows indicate msDNA-paths and polarity. The 
dotted outline highlights local low-resolution areas.
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Extended Data Fig. 6 | HDX-MS of Eco2. a, StrepTrap affinity, ion-exchange 
(IEX) and SEC chromatograms (traces), as well as the corresponding analytical 
SDS-PAGEs of the apo RT-TOPRIM protein purification. Representative data; n ≥ 2 
biological replicates. b, HDX-MS peptide coverage of the RT-TOPRIM protein. 
Each black bar denotes a peptide identified in the HDX-MS experiments. Blue 
and yellow highlighted sequences correspond to the RT and TOPRIM domains, 

respectively. c, Residue-specific HDX of the apo state or when bound to msDNA, 
derived from HDX analysis of peptides from b. d, Difference in residue-specific 
HDX of the RT-TOPRIM between the msDNA-bound and apo states. Blue color 
denotes reduced HDX in presence of msDNA. e, Progression of HDX of selected 
representative peptides. Data represent the mean ± s.d. of n = 3 replicates.
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Extended Data Fig. 7 | In vitro reconstitution of the RT-TOPRIM:ncRNA:S1 
complex. a, HisTrap affinity, ion-exchange (IEX), and size-exclusion 
chromatography (SEC) chromatograms, along with the corresponding 
analytical SDS-PAGEs, showing expression and purification of the apo S1 protein. 
Representative data; n ≥ 2 biological replicates. b, Analytical SEC (S200, 3.2/300 
column) traces of apo RT-TOPRIM (green trace), S1 (magenta trace), and the 

ncRNA (yellow trace; nts 1-118; a2-msr-msd). Representative data; n ≥ 2 technical 
replicates. c, Analytical SEC of RT-TOPRIM and S1 proteins in absence (cyan trace) 
or presence (black trace) of the ncRNA. Right: analytical SDS- and urea-PAGEs; 
below: superimposition of both traces. Representative data; n ≥ 2 technical 
replicates.
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Extended Data Fig. 8 | Cryo-EM data processing for activated Eco2. a, Processing workflow as performed in CryoSPARC. b, Local resolution map. Dashed outlines 
indicate the locally refined subunit. c, FSC curves and angular distribution plots calculated in CryoSPARC.
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Extended Data Fig. 9 | The msDNA 3WJ lies in proximity to TOPRIM α-helices 
17 and 18. a, Left: Sharpened (colored) and unfiltered (translucent surface) 
cryo-EM maps of Mg2+-bound Eco2 in the inactive, msDNA-bound state. The 
bold line highlights the msDNA:TOPRIM interface near TOPRIM α-helices 17 and 
18. The dashed circle marks the TOPRIM active site. Right: Model (colored) and 

unfiltered (translucent surface) cryo-EM map of Mg2+-bound Eco2 in the inactive, 
msDNA-bound, state. b, Sharpened cryo-EM maps (translucent surfaces) and 
TOPRIM models (cartoon) of the inactive- (above) and active- (below) state 
structures. c, Close-up views of the TOPRIM active site in its inactive (above) and 
active state (below).
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Miniseq Control Software v2.2.1.9. Protein sequences were collected by querying blastp PSI_BLAST on the NCBI clusteredNR database 
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experiments.  
For ncRNA analysis, the following software was used: conda v23.7.4; pip v25.0; jupyterlab v3.6.6; dorado v1.0.0; samtools v1.21; minimap2 
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For the escaper phage genome analysis, the following software was used: mamba v1.5.15; jupyterlab v4.4.5; python v3.12.3; bbmap v38.18; 
fastqc v0.12.2; multiqc v1.30; seqtk v1.4; breseq v0.37.1.  
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Real data and code related to sequencing experiments and RT-TOPRIM phylogeny are available at: Juozapaitis, Jonas (2025), “Structure and 
mechanism of anti-phage retron Eco2, Jasnauskaite et al.”, Mendeley Data, V1, https://data.mendeley.com/preview/v9b289v6ct. 
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Jasnauskaite et al.”, Mendeley Data, V1, https://data.mendeley.com/preview/v9b289v6ct. Raw sequencing reads generated from in vivo experiments were 
deposited in the NCBI Sequence Read Archive under BioProject accession number PRJNA1358792. 
Protein sequences were accessed by querying blastp PSI_BLAST on the NCBI clusteredNR database (2025-07-21), hosted at https://blast.ncbi.nlm.nih.gov/Blast.cgi. 
Protein sequences with accession numbers listed in Rodriguez-Mestre et al., (2020) or Millman et al., (2020) were downloaded by querying NCBI, EBI, and PATRIC 
databases (2024-11-28). 
Source data underlying figures is available alongside the manuscript.

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

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.  
Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has 
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this 
information has not been collected.  
Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why 
they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables 
(for example, race or ethnicity should not be used as a proxy for socioeconomic status).  
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the 
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or 
administrative data, social media data, etc.) 
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

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

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf



3

nature portfolio  |  reporting sum
m

ary
April 2023

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed for all experiments. Experiments were performed in three independent replicates when data was 
quantified (generally accepted standard in the field).

Data exclusions No data was excluded

Replication Whenever data was quantified, experiments were repeated three times under identical conditions, either in parallel, or subsequently. All 
replication attempts were successful. 

Randomization Allocation was not random. Controls were included in all experiments and showed consistent results across different experiments, 
demonstrating that the results can be compared across sets of replicates.

Blinding Investigators were not blinded. Controls were included in all experiments and showed consistent results across different experiments, 
demonstrating that the results can be compared across sets of replicates.

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

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants


	Structure and mechanism of antiphage retron Eco2

	Eco2 provides broad defense against phages

	Eco2 forms a unique trimeric nucleoprotein complex

	msDNA production and binding is a prerequisite for trimerization

	Ribosomal protein S1 associates with the msdRNA

	DenB initiates msDNA decay to activate Eco2 TOPRIM

	tRNA depletion interferes with protein production and phage propagation

	Discussion

	Online content

	Fig. 1 Eco2 provides immunity against diverse phages.
	Fig. 2 Eco2 forms a trimer.
	Fig. 3 msDNA mediates complex interaction and cages TOPRIM.
	Fig. 4 Biogenesis and structural dynamics of Eco2.
	Fig. 5 msDNA decay primes the TOPRIM for RNA cutting.
	Fig. 6 Eco2 cuts RNAs for antiphage defense.
	Extended Data Fig. 1 T2 escapes by mutation of denB.
	Extended Data Fig. 2 Purification of Eco2 and cryo-EM structure in absence of magnesium.
	Extended Data Fig. 3 Cryo-EM data processing for Eco2 in absence of magnesium.
	Extended Data Fig. 4 Cryo-EM data processing for Eco2 in presence of magnesium.
	Extended Data Fig. 5 Conformational flexibility of the msDNA.
	Extended Data Fig. 6 HDX-MS of Eco2.
	Extended Data Fig. 7 In vitro reconstitution of the RT-TOPRIM:ncRNA:S1 complex.
	Extended Data Fig. 8 Cryo-EM data processing for activated Eco2.
	Extended Data Fig. 9 The msDNA 3WJ lies in proximity to TOPRIM α-helices 17 and 18.
	Table 1 Cryo-EM data collection, refinement and validation statistics.




