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TnpB homologues exapted from transposons 
are RNA-guided transcription factors

Tanner Wiegand1, Florian T. Hoffmann1, Matt W. G. Walker2, Stephen Tang1, Egill Richard1, 
Hoang C. Le1, Chance Meers1 & Samuel H. Sternberg1 ✉

Transposon-encoded tnpB and iscB genes encode RNA-guided DNA nucleases that 
promote their own selfish spread through targeted DNA cleavage and homologous 
recombination1–4. These widespread gene families were repeatedly domesticated 
over evolutionary timescales, leading to the emergence of diverse CRISPR-associated 
nucleases including Cas9 and Cas12 (refs. 5,6). We set out to test the hypothesis that 
TnpB nucleases may have also been repurposed for novel, unexpected functions 
other than CRISPR–Cas adaptive immunity. Here, using phylogenetics, structural 
predictions, comparative genomics and functional assays, we uncover multiple 
independent genesis events of programmable transcription factors, which we name 
TnpB-like nuclease-dead repressors (TldRs). These proteins use naturally occurring 
guide RNAs to specifically target conserved promoter regions of the genome, leading 
to potent gene repression in a mechanism akin to CRISPR interference technologies 
invented by humans7. Focusing on a TldR clade found broadly in Enterobacteriaceae, 
we discover that bacteriophages exploit the combined action of TldR and an 
adjacently encoded phage gene to alter the expression and composition of the host 
flagellar assembly, a transformation with the potential to impact motility8, phage 
susceptibility9, and host immunity10. Collectively, this work showcases the diverse 
molecular innovations that were enabled through repeated exaptation of 
transposon-encoded genes, and reveals the evolutionary trajectory of diverse 
RNA-guided transcription factors.

Transposons play a central role in driving genome evolution and 
genome expansion, due to their proliferative nature and capacity for 
horizontal gene transfer, and the genes responsible for their mobil-
ity are among the most abundant genes in all of nature11. Although 
unchecked transposition poses a perennial threat that has spurred the 
evolution of cellular defence mechanisms, transposons also encode a 
vast repertoire of diverse enzymes that have been repeatedly repur-
posed by hosts, leading to the emergence of biological pathways as 
varied as intron splicing, immunoglobulin gene diversification, genome 
rearrangement, and genome defence12,13. Indeed, some of the most 
intricate cellular reactions involving nucleic acids have arisen in the 
genetic conflict, cooperation, and cooption between cells and trans-
posable elements.

The origins of bacterial adaptive immune systems known as CRISPR–
Cas can be traced directly to such host–transposon interactions, in 
which enzymes originally adapted for transposition were exapted14 
for novel roles in viral DNA acquisition and targeting15,16. The ‘universal’ 
cas1 gene encodes an integrase responsible for preserving memories of 
past infections by splicing viral DNA fragments into the CRISPR array, 
in a biochemical reaction reminiscent of transposon integration17,18, 
and ancestral CRISPR-less Cas1 homologues perform similar reactions 
within the context of transposable elements known as casposons19,20. 
Analogously, recent studies have demonstrated that the biochemical 

activities of Cas9 and Cas12, which perform RNA-guided DNA bind-
ing and cleavage during an immune response, can be traced back to 
ancestral transposon-encoded nucleases known as IscB and TnpB, 
respectively1,2, which perform similar reactions to promote transposon 
maintenance and spread3,4. In turn, nuclease-deficient CRISPR–Cas 
systems have been repurposed by transposons on at least four inde-
pendent occasions, to facilitate a novel RNA-guided DNA integration 
pathway mediated by CRISPR-associated transposases21–23. Similar 
cooption events have also frequently occurred between bacteria and 
bacteriophages24,25, highlighting the extensive flux of genetic informa-
tion between hosts and diverse types of mobile genetic elements26.

Transposon-encoded TnpB proteins represent a vast reservoir 
of RNA-guided nucleases that are found in association with diverse 
transposons/transposases across all three domains of life27–29. In bac-
teria, tnpB genes are encoded within IS200/IS605 and IS607 family 
transposons, which are minimal selfish genetic elements that are 
mobilized by tyrosine-family and serine-family transposases (both 
named TnpA), respectively, but often exist in a non-autonomous 
form30. These transposons have conserved left end (LE) and right end 
(RE) sequences that define the boundaries of the mobile DNA, and in 
addition to protein-coding genes, they also encode non-coding RNAs, 
referred to as ωRNA (or reRNA), that feature a scaffold region spanning 
the transposon RE and an approximately 16-nt guide derived from the 
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transposon-flanking sequence1,2 (Fig. 1a). This guide sequence directs 
TnpB cleavage activity to complementary DNA sequences that are 
flanked by a cognate transposon/target-adjacent motif (TAM)2–4.

TnpB nucleases have been independently domesticated numer-
ous times over evolutionary timescales, leading to the emergence of 
dozens of unique CRISPR–Cas12 subtypes that feature diverse guide 
RNA (gRNA) requirements and PAM specificities31,32. In nearly all cases, 
Cas12 homologues rely on the same RuvC nuclease domain as TnpB 
for target cleavage. However, recent studies uncovered atypical Cas12 
homologues — Cas12c and Cas12m — that have lost the ability to cleave 
target DNA but instead bind to and repress gene transcription as an 
alternative mechanism preventing mobile genetic element prolif-
eration33,34. Type V-K CRISPR-associated transposases similarly rely 

on nuclease-inactivated Cas12k homologues that are still active for 
RNA-guided DNA binding, leading to programmable transposition22,23,35 
(Fig. 1a). Given the sheer abundance of tnpB genes and the profound 
utility of RNA-guided DNA binding — as exemplified in both biology 
and biotechnology36 — we hypothesized that TnpB-like proteins may 
have been domesticated for novel functions, and we set out to test this 
hypothesis by specifically mining for nuclease-inactivated variants 
located in diverse genetic neighbourhoods.

Here we report the discovery of a novel family of TnpB-like nuclease- 
dead repressors (TldRs) that function not for transposition, but for 
RNA-guided transcriptional control, thus rendering the name ‘TnpB 
(transposon/transposase B)’ inapposite. Using a custom bioinfor-
matics pipeline, we identified multiple independent TldR clades that 
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Fig. 1 | Bioinformatic identification of naturally occurring, nuclease- 
deficient TnpB homologues. a, TnpB proteins are RNA-guided nucleases that 
preserve bacterial transposons known as IS elements at sites of excision during 
transposition (left). Domestication of tnpB genes led to the evolution of diverse 
CRISPR-associated cas12 derivatives, with diverse functions and mechanisms 
(right). CDS, coding sequence; LE, left end; RE, right end; crRNA, CRISPR RNA; 
tracrRNA, trans-activating crRNA. b, Phylogenetic tree of TnpB proteins,  
with previously studied homologues (blue) and newly identified TldR (green) 
proteins highlighted. The rings indicate RuvC DED active site intactness 

(inner), tyrosine-family or serine-family TnpA transposase association 
(middle), and protein size (outer). c, Multiple sequence alignment of 
representative TnpB and TldR homologues, highlighting deterioration of RuvC 
active site motifs and loss of the C-terminal zinc-finger (ZnF)/RuvC domain. 
Intact active site residues are highlighted in red, and highly conserved residues 
are shown in grey. d, Empirical (DraTnpB) and predicted AlphaFold structures 
of TnpB and TldR homologues marked with an asterisk in c, showing 
progressive loss of the active site catalytic triad.
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evolved from transposon-encoded TnpB nucleases via RuvC active 
site deterioration, coincident with newly acquired, non-transposase 
gene associations. TldRs function with adjacently encoded non-coding 
gRNAs to target complementary DNA sequences flanked by a TAM 
within promoter regions, and target binding downregulates gene 
expression through competitive exclusion of RNA polymerase. Flagel-
lin (FliC)-associated TldR homologues are exploited by prophages to 
specifically remodel the host flagellar apparatus, which we discovered 
using in vivo genetic perturbation experiments in a clinical Enterobac-
ter isolate. Collectively, this work reveals a novel evolutionary trajec-
tory of transposon-derived, RNA-guided nucleases, and highlights 
the molecular opportunities afforded by transposon gene exaptation.

Detection of nuclease-dead TnpB proteins
We developed a bioinformatics pipeline to identify TnpB proteins with 
inactivating mutations in the RuvC domain, motivated by the hypoth-
esis that these would represent likely gene exaptations for functions 
beyond transposon proliferation. We clustered a multiple alignment 
of 95,731 unique TnpB-like sequences, retrieved using a hidden Markov 
model (HMM) search at 50% sequence identity, and then performed an 
automatic assessment of the conservation of RuvC active site residues. 
TnpB nucleases, like Cas12 nucleases, exhibit a catalytic motif consist-
ing of three acidic residues (DED), and mutating any residue in this motif 
abolishes nuclease activity2,3,37. However, recent analyses of TnpBs and 
eukaryotic TnpB-like proteins (that is, Fanzors) have indicated that one 
of the catalytic residues can occur at an alternate position in the RuvC 
domain28. Thus, we restricted our initial analysis to TnpB-like proteins 
with two or more mutations in the RuvC DED motif.

This search, supplemented with additional homologues that 
were identified in more focused analyses of three specific clades 
described below, identified 506 unique TnpB-like proteins with con-
served mutations that are predicted to inactivate the RuvC nuclease 
domain (Fig. 1b and Supplementary Table 1). The polyphyletic dis-
tribution of these putatively inactivated nucleases suggest that they 
emerged on multiple occasions independently (Fig. 1b), and on the 
basis of their predicted roles in transcriptional repression (see below), 
we refer to them as TldRs. TldRs exhibit a range of deteriorated active 
sites, with one, two, or all three acidic residues mutated, and many 
homologues also feature C-terminal domain truncations that ablate 
RuvC and zinc-finger domains (Fig. 1c and Extended Data Fig. 1). 
AlphaFold predictions provided further structural support for the 
sequential deterioration of the RuvC active site, without more exten-
sive degradation in the remainder of the overall TnpB/TldR fold or the 
RNA-binding interface (Fig. 1d), suggesting the intriguing possibility 
that RNA-guided DNA targeting functions could be preserved for these 
inactivated nucleases.

Viral tldRs associate with novel genes
Canonical tnpB genes in bacteria, alongside their ωRNA guides, are 
encoded within IS200/IS605 family or IS607 family transposons that 
can be straightforwardly identified using both comparative genomics 
and by defining the transposon ends1–4; in addition, a hallmark feature 
is their frequent association with tnpA transposase genes30,38 (Fig. 2a, 
top). The genomic context surrounding tldR genes consistently lacked 
tnpA and identifiable LE/RE sequences, and instead, we observed strong 
genetic associations with novel, non-transposon genes that were often 
clade-specific (Figs. 1b and 2a). One TldR group is consistently associ-
ated with five to six genes encoding components of ABC transporter 
systems39,40, the last of which is oppF, and is mainly present in ente-
rococcal genomes (Supplementary Table 2). A second TldR group is 
tightly associated with fliC, a gene encoding the flagellin subunit of 
flagellar assemblies that propel bacteria in aqueous environments10, 
and is found in diverse Enterobacteriaceae (Supplementary Table 3). 

A third TldR group from clostridial genomes is similarly associated 
with flagellin genes, in addition to a carbon storage regulator gene 
(csrA) that is involved in flagellar subunit regulation41 (Supplementary 
Table 1). In all three cases, we observed loci encoding TldRs and their 
associated genes in varied genetic contexts, suggesting that they have 
maintained their associations over long timescales and/or that they 
have been mobilized in tandem. Strong genetic associations are also 
often indicative of functional coupling42, indicating that TldR proteins 
may be involved in flagellar and ABC transporter expression and/or 
assembly pathways.

A closer inspection of genomic loci encoding fliC–tldR revealed the 
striking presence of numerous upstream genes with bacteriophage 
(phage) annotations, suggesting the potential presence of an inte-
grated prophage (Fig. 2a and Supplementary Data Fig. 1a). When we 
used BLAST to search the NCBI non-redundant and whole-genome 
shotgun databases, we identified genomes that were highly similar 
to those encoding fliC–tldR but lacked phage genes, enabling us to 
confidently annotate boundaries of diverse prophages and their 
attL/attR recombination sequences that enclose fliC–tldR loci (Fig. 2b 
and Extended Data Fig. 2). Additional BLAST searches revealed two 
metagenome-assembled phage genomes in the taxon Caudovirales 
that contain tldR and its accompanying fliC gene (hereafter fliCp, for 
phage-encoded) (Supplementary Data Fig. 1b). Collectively, these data 
demonstrate that at least one TnpB domestication event involved the 
loss of nuclease activity, the loss of flanking transposon end sequences, 
and the gain of an accessory gene possibly linked to a novel function in 
phage biology (Fig. 2c). Of note, no similar bacteriophage associations 
were detected for oppF-associated or csrA-associated TldRs.

RIP-seq reveals mature TldR gRNAs
Transposon-encoded TnpB proteins function together with gRNAs 
transcribed from within or near the 3′ end of the tnpB-coding sequence 
to perform RNA-guided DNA cleavage1,2. Like crRNAs, these gRNAs com-
prise both an invariant ‘scaffold’ sequence that is a binding site for TnpB, 
as well as the ‘guide’ sequence that extends beyond the transposon RE 
and specifies target sites through complementary RNA–DNA base 
pairing. Numerous in silico strategies can be applied for gRNA iden-
tification, including comparative genomics, the ISfinder database43, 
covariance models of the gRNA structure, and sequence alignments 
(Fig. 3a). Using these strategies, we identified the LE/RE boundaries 
and gRNAs associated with nuclease-active TnpB homologues that are 
closely related to fliCP-associated and oppF-associated TldRs (Fig. 3b). 
Similar analyses also revealed the predicted 3–5-bp TAM sequences 
recognized by these TnpB homologues during DNA binding and cleav-
age1–3 (Fig. 3b), akin to the role of PAM in DNA binding and cleavage by 
CRISPR–Cas9 and CRISPR–Cas12 (ref. 44).

The absence of identifiable transposon ends flanking tldR rendered 
similar annotations of its gRNA unfeasible, so we used covariance 
models built from gRNA sequences of related TnpB homologues. We 
hypothesized that TldR-associated gRNAs would be encoded near the 
gene, and after scanning a 500-bp window flanking each tldR gene with 
the gRNA covariance models, we identified high-confidence gRNA-like 
sequences for both fliCP-associated and oppF-associated tldR loci (Sup-
plementary Data Fig. 2). When we analysed published RNA sequencing 
(RNA-seq) datasets45 from organisms with fliCP–tldR or oppF–tldR, we 
observed read coverage over the regions identified by our covariance 
model search, as well as over the TldR open reading frame (Fig. 3c), 
providing evidence of native gRNA expression from regions flanking 
tldR loci.

To determine whether TldR proteins bind to their associated gRNAs, 
we cloned a representative FLAG-tagged fliCP-associated TldR (EhoTldR) 
and oppF-associated TldR (Efa1TldR) into expression plasmids, along-
side 240 bp encompassing the putative gRNA scaffold and a 20-bp guide 
sequence. After performing RNA immunoprecipitation sequencing 
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(RIP-seq) experiments and mapping reads to the Escherichia coli 
genome and expression plasmid (Fig. 3d), we identified a mature, 
approximately 113-nt gRNA for EhoTldR that encompassed a 97-nt 
scaffold upstream of a 16-nt guide, indicating processing from the 
initial transcript down to a final mature form (Fig. 3e). Previous work 
has shown that TnpB proteins catalyse processing of their own guides 
through a RuvC-dependent mechanism4,46; however, the absence of an 
intact catalytic triad in TldR proteins suggests that the mature gRNA 
may instead represent the sequence protected from cleavage by cel-
lular ribonucleases.

Unexpectedly, RIP-seq revealed that the oppF-associated Efa1TldR 
bound an even shorter gRNA, comprising a 100-nt scaffold and an 
approximately 9-nt guide (Extended Data Fig. 3a), and a similarly trun-
cated guide (11 nt) was also observed for another homologue from pub-
licly available RNA-seq data45 (Extended Data Fig. 3b). RIP-seq data from 
replicates and five additional homologues corroborated the short guide 
for Efa1TldR (Extended Data Fig. 3c) while revealing more heterogene-
ous processing for diverse homologues (Supplementary Data Fig. 3).

TldR gRNAs target conserved promoters
We reasoned that identifying the putative gRNA substrates of TldRs 
would provide a major clue to their biological function, and thus made 
this our next objective. We extracted guide sequences based on our 
bioinformatics (Fig. 3f) and RIP-seq results, and then used these as 
queries in BLAST searches to identify potential genomic targets of 
fliCP-associated TldR. The strongest match was in a genomic region that 
encodes other flagellar components and, strikingly, was specifically 

located in the intergenic region between fliD and a second (host) fliC 
gene distinct from the prophage-encoded fliCP orthologue (Fig. 3g). In 
E. coli, fliC expression is regulated by an alternative sigma factor (σ28) 
also known as FliA47,48. The putative targets of multiple homologous 
TldR-associated gRNAs directly overlapped the fliA –10 promoter ele-
ment, and were flanked by a conserved GTTAT motif that is highly simi-
lar to the TAM recognized by TnpB nucleases similar to TldR (Fig. 3h). 
The identity of these targets immediately suggested a model for fliCP–
tldR function, in which phage-encoded TldR–gRNA complexes could 
repress expression of the host FliC protein while producing their own 
FliCP homologue.

We performed a separate search for native targets of oppF-associated 
TldRs using the shortened 9-nt guide, combined with the predicted TAM 
recognized by related TnpB nucleases (TTTAA or TTTAT) (Extended 
Data Fig. 4a). This analysis led to the identification of a conserved target 
upstream of the start codon of one of the ABC transporter genes (oppA) 
encoded proximally to tldR (Extended Data Fig. 4b,c). tldR-associated 
OppA homologues are most similar to substrate-binding proteins that 
recognize short polypeptides in ABC transport systems40,49, and the 
putative TldR targets overlap the predicted promoter45,50 of oppA, sug-
gesting that TldR would repress oppA transcription (Extended Data 
Fig. 4d,e). We also identified other potential gRNA targets in genomes 
encoding oppA–tldR loci, raising the possibility that these TldR proteins 
contribute towards a more complex transcriptional regulatory network 
than fliCP-associated TldR proteins (Extended Data Fig. 5).

Together, these data strongly support the hypothesis that TldR pro-
teins across multiple independent lineages function as RNA-guided 
transcription factors to regulate gene expression, and that their 
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biological targets relate to the accessory genes with which they sta-
bly associate.

TldRs are RNA-guided transcription factors
We selected seven fliCP-associated (Fig. 2c) and eight oppF-associated 
(Extended Data Fig. 1a) TldR homologues for functional assays, which 
were chosen to sample the diversity within each clade (Supplemen-
tary Data Fig. 4), cloned them into expression vectors alongside their 
putative gRNAs, and expressed them in an E. coli K12 strain contain-
ing a genomically integrated target site (see Methods). We profiled 
genome-wide binding specificity using chromatin immunoprecipita-
tion followed by sequencing (ChIP–seq), and the resulting data revealed 

strongly enriched peaks corresponding to the expected target site for 
nearly all homologues tested (Fig. 4a and Supplementary Data Fig. 5). 
These data demonstrate that TldR proteins retain the ability to perform 
highly specific, RNA-guided DNA target binding in cells, despite pos-
sessing RuvC mutations and C-terminal truncations.

We next analysed prominent off-target peaks in the ChIP–seq dataset 
(Extended Data Fig. 6). One of these off-target peaks for fliCP-associated 
TldRs corresponded to the intergenic region between E. coli fliC and 
fliD (Fig. 4a,b). The guide sequence used in these experiments is com-
plementary to the native fliC target from Enterobacter cloacae sp. 
AR_154 but mutated relative to the E. coli K12 sequence at five positions 
(Fig. 4b), suggesting a high tolerance for TldR binding to mismatched 
targets (Extended Data Fig. 6). These data support the definition of an 
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approximately 6-nt TldR seed sequence, consistent with the previously 
reported 6-nt seed for some Cas12a homologues51.

ChIP–seq also captures transient interactions due to the crosslinking 
step, and we reasoned that systematic analysis of all peaks could report 
on the underlying TAM specificity of select TldR homologues, as we 
previously showed for TnpB3. Using MEME to detect enriched motifs, we 
found that fliCP-associated TldRs were enriched at 5′-GTTAT-3′ motifs, 
the same pentanucleotide TAM that flanks putative TldR–gRNA targets 
within fliC promoters (Fig. 4c and Supplementary Data Fig. 5). Similarly, 
oppF-associated TldR homologues bound DNA sequences enriched in 
5′-TTTAA-3′ motifs, consistent with the bioinformatically predicted 
TAM specificities for their closely related TnpB relatives (TTTAA and 
TTTAT) (Supplementary Data Fig. 6). Taken together, these results 

indicate that TAM sequences for TldR proteins can be accurately pre-
dicted via ChIP–seq and in silico motif detection, even without the 
transposon context clues used for TnpB nucleases2,3.

To verify that the naturally occurring RuvC mutations in TldR pro-
teins actually abolish nuclease activity, we tested TldR homologues 
or their related TnpB counterparts in plasmid interference assays. 
Effector expression plasmids (pEffector) encoding TldR or TnpB and 
their associated gRNA were used to transform E. coli cells, along with a 
target plasmid (pTarget) bearing a kanamycin resistance cassette and 
a TAM-flanked target sequence (Fig. 4d). Nuclease activity is expected 
to eliminate pTarget, resulting in fewer surviving colonies when cells 
are plated on selective media. A previously studied TnpB homologue3 
(that is, GstTnpB3) and nuclease-active TnpB homologues similar to 
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TldRs (that is, Eco2TnpB and EceTnpB) reduced colony-forming units in 
a gRNA-specific manner, whereas TldR homologues produced colony 
counts comparable with empty vector controls (Fig. 4d and Extended 
Data Fig. 7), confirming that TldR proteins function as RNA-guided 
DNA binding proteins that lack the ability to cleave DNA.

Finally, we set out to investigate whether target DNA binding by 
TldR could modulate gene expression, akin to the engineered use of 
nuclease-dead Cas9 and Cas12 variants in CRISPR interference (CRIS-
PRi) applications52,53. To test this, we developed an RFP/GFP reporter 
assay in which target DNA binding represses rfp gene expression  
relative to a control gfp locus52, and designed gRNAs to either occlude 
transcription initiation by targeting promoter sequences (Fig. 4e,f), 
or to block transcription elongation by targeting the 5′ untranslated 
regions. With promoter-targeting gRNAs, we found that representative 
fliCP-associated (Eho) and oppF-associated (Efa1) TldR homologues 
robustly repressed RFP fluorescence when targeting the top (that is, 
sense) strand (Fig. 4f), in agreement with polarity effects previously 
observed for synthetic nuclease-dead Cas12a variants53,54. gRNAs with 
shorter stretches of RNA–DNA complementarity (down to just 6 nt) pro-
duced comparable levels of gene repression as 20-nt guides, regardless 
of whether naturally occurring guide–target mismatches were present 
(Fig. 4g and Extended Data Fig. 8a). When we instead targeted the 5′ 
untranslated region (Extended Data Fig. 8b), select TldRs from both 
clades only efficiently repressed RFP when targeting the bottom strand, 
in which the TAM-proximal end was oriented towards the promoter 
and elongating RNA polymerase (RNAP), at efficiencies slightly below 
dCas9 and dCas12 (Extended Data Fig. 8c).

Collectively, our results demonstrate that TldRs lack any detectable 
cellular nuclease activity and instead function as RNA-guided DNA bind-
ing proteins, with the potential to potently repress gene expression in 
a mechanism reminiscent of engineered, nuclease-dead CRISPR–Cas 
effectors.

Viral TldRs natively repress host fliC
Having analysed TldRs in heterologous contexts, we next investigated 
their native function, focusing specifically on fliCP–tldR loci. FliC is 
the major extracellular subunit that polymerizes in tens of thousands 
of copies to form mature flagellar filaments, enabling bacterial loco-
motion8 (Fig. 5a). When we compared host FliC and prophage FliCP 
sequences, we found that solvent-exposed regions (domains D2–3)55,56 
were highly variable, whereas inter-protomer contacting regions 
(domains D0–1)55,56 were highly conserved (Fig. 5b,c). This suggests 
that prophage flagellin would probably retain the ability to form flagella 
together with host components, while nevertheless diversifying the 
chemical composition of exposed filament surfaces57,58.

To test the hypothesis that TldRs repress host fliC expression to 
remodel flagella, we obtained and cultured three Enterobacter strains 
that each had a prophage-encoded fliCP–tldR locus, alongside a closely 
related control strain that lacked it, and performed total RNA-seq. 
Each strain with tldR exhibited robust gRNA expression, with 5′ and 3′ 
boundaries that were in excellent agreement with our heterologous 
RIP-seq data (Extended Data Fig. 9). When we analysed flagellin gene 
expression relative to the flagellar hook (fliD), we found that host fliC 
was nearly undetectable in all three strains that encoded tldR, whereas 
fliCP was strongly expressed (Fig. 5d), consistent with our hypothesis 
on TldR–gRNA function. By contrast, fliC was highly expressed in the 
control strain that lacked TldR and the prophage (Fig. 5d).

Next, to prove that fliC downregulation was a direct consequence 
of TldR-mediated repression, rather than an indirect effect relating 
to the complex regulatory network controlling flagellar assembly59, 
we generated precise genetic perturbations to the fliCP–tldR locus in 
Enterobacter sp. BIDMC93 and measured the corresponding effects 
on host fliC expression by quantitative PCR with reverse transcription  
(RT–qPCR). Deletion of tldR, tldR–gRNA, the entire fliCP–tldR–gRNA 

locus, or the entire prophage all led to an approximately 100-fold 
increase in host fliC expression, and crucially, the same increase 
was observed after substituting the guide portion of the gRNA with 
a non-targeting control sequence (Fig. 5e). Repression of fliC was 
rescued by complementing the tldR–gRNA deletion mutant with a 
plasmid-encoded tldR–gRNA cassette (Fig. 5e). RNA-seq of three bio-
logical replicates revealed clear evidence of host fliC de-repression 
when the genomically encoded guide sequence was mutated (Fig. 5f), 
as well as strong expression of fliCP, tldR, and gRNA at similar levels 
as genes involved in lysogeny maintenance (Extended Data Fig. 10a). 
Differential gene expression analyses further revealed that fliC was the 
most strongly upregulated (that is, de-repressed) gene transcriptome 
wide (Fig. 5g), with the only other significant changes arising in genes 
whose expression has been linked to flagellar gene transcription60,61.

Enterobacter mutants with deletions of fliCP or the entire prophage 
remained motile in swimming assays, at levels comparable to or slightly 
greater than wild type (Extended Data Fig. 10b). Liquid chromatography 
with tandem mass spectrometry analyses of flagellar samples isolated 
from these strains further revealed that FliCP is both expressed and 
partitions in the flagellar fraction, consistent with transcriptomic 
data, and that deletion of the prophage (including tldR and the gRNA) 
de-repressed host FliC expression at the protein level (Extended Data 
Fig. 10c–e). In summary, these data indicate that host flagella are remod-
elled via the coordinated repression of host fliC and coincident incor-
poration of fliCP gene products into chimeric assemblies with other 
host flagellar subunits.

Closer inspection of the RNA-seq data lent further support to our con-
clusion that TldR represses gene expression through competitive bind-
ing to promoter elements, as the fliC transcription start site agreed with 
the −35 and −10 promoter annotations informed from FliA/σ28 data in  
E. coli K12 (Fig. 5h and Extended Data Fig. 10g,h). This interpretation was 
also corroborated by comparisons of predicted TldR–gRNA–DNA struc-
tures with an experimentally determined RNAP–FliA–DNA holoenzyme 
structure, which demonstrate that TldR target binding would sterically 
block FliA access to DNA (Fig. 5i). To determine how prophage-encoded 
fliCP genes would escape TldR-mediated repression, we applied MEME 
and Tomtom to identify conserved motifs in the region upstream of 
the experimentally determined fliCP transcription start site (Extended 
Data Fig. 10i,j). These analyses revealed that prophages probably recruit 
the very same host FliA/σ28 transcriptional program to produce FliCP, 
but with highly conserved mutations in both the TAM and the seed 
sequence that preclude TldR–gRNA recognition (Fig. 5j). Collectively, 
the fliCP–tldR locus is therefore elegantly adapted to remodel compo-
sition of the flagellar apparatus upon establishment of a lysogen, by 
selectively repressing host flagellin through RNA-guided DNA target-
ing while hijacking cellular machinery to express its own homologue 
substitute (Fig. 5k).

Discussion
Bacterial flagella represent a critical nexus at the host–pathogen inter-
face, and the attendant selective pressures probably contributed to the 
domestication and emergence of fliC-associated tldR genes on at least 
two independent occasions, to sensitively regulate flagellar expres-
sion and composition (Fig. 2a). Several bacteriophages, including the 
well-studied Salmonella Chi phage, recognize the flagellar filament as 
a receptor during cell absorption9,58,62, and phage-mediated substitu-
tion of host flagellin may thus prevent superinfection and/or render 
the cell invisible to competing flagellotropic phages in the environ-
ment (Fig. 5k). FliC, also known as the H antigen in bacterial pathogen 
serotyping, also functions as a primary antigen that is recognized by 
both receptors and antibodies in the mammalian innate and adaptive 
immune systems63–66, and the pervasive presence of prophage-encoded 
fliCP–tldR loci in clinical isolates from humans (Supplementary Table 3) 
could represent a novel example of lysogenic conversion67, in which 
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phages enable their bacterial hosts to evade an immune response. 
Finally, flagellar remodelling could modulate motility of bacterial host 
cells, and thus impact their capabilities for chemotaxis and nutrient 
acquisition. Resolving how RNA-guided repression of host flagellin 
gene expression impacts one or more facets of bacterial physiology, 

and whether flagellar composition is dynamically altered over time in 
these lysogenic strains, will be a major goal of future research efforts.

The biological purpose of oppF-associated TldR homologues 
that are encoded next to ABC transporter operons (Fig. 2a) is less 
clear, although our gRNA discovery approach — blending both 
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bioinformatics predictions and experimental validation via RIP-seq 
— revealed a likely function in controlling expression of the key 
periplasmic-binding protein OppA (Extended Data Fig. 4). ABC trans-
porters are ubiquitous membrane-bound protein complexes that 
move substrates in and out of cells, and are responsible for nutrient 
uptake, drug resistance, toxin efflux, and virulence factor secretion, 
among many other roles40,68. TldR proteins may provide a mechanism 
to regulate oppA expression in response to external biological cues, 
although more experiments will be needed to better understand their 
activities and specificities in vivo, especially given the truncated guide 
sequences they use.

By integrating knowledge about the biochemical properties of 
closely related TnpB nucleases, including their TAM and ωRNA require-
ments, together with systematic biochemical profiling using ChIP–seq 
and reporter assays, we were able to straightforwardly identify the 
gRNAs and targets recognized by TldR proteins, providing an impor-
tant advance beyond descriptive bioinformatic observations of similar 
loci31. It appears certain that additional examples of TnpB domestica-
tion will be uncovered with further bioinformatic and experimental 
mining, for both bacterial and eukaryotic Fanzor homologues28,29, 
and future efforts should be broadened to include nuclease-dead and 
nuclease-active variants that exist in non-transposon and non-mobile 
genetic element contexts.

It is noteworthy that evolution has repeatedly sampled some of the 
very same molecular innovations invented by humans during the devel-
opment of CRISPR-based genome-engineering technologies. A decade 
ago, to our knowledge, Qi and colleagues developed the first appli-
cations of synthetic, nuclease-dead variants of Cas9 (that is, dCas9) 
for transcriptional modulation52, and intense efforts ever since have 
resulted in a multitude of highly effective tools for epigenome editing, 
typically via engineered fusions of dCas9 to diverse effector domains69. 
The miniature size of TldR proteins (mean of 327 amino acids) ren-
ders them appealing platforms for similar engineering applications; 
however, further experiments are needed to determine the flexibility 
of TAM recognition and DNA targeting specificity in organisms with 
larger genomes. Indeed, the strong gene repression that we observed 
with a 6-bp guide–target duplex and 5-bp TAM suggests that TldR pro-
teins may exhibit increased off-target binding compared with dCas9 
proteins, which typically require at least 9 bp of target–guide comple-
mentarity and a 2-bp PAM70–72.

Cas9 already exploits a mechanism of autoregulatory gene expres-
sion control using natural long-form tracrRNAs with truncated guides 
to bind, but not cleave, its own cas9 promoter sequence in the native 
bacterial context73. Other non-canonical gRNAs similarly program Cas9 
for natural gene repression functions as a means of promoting viru-
lence74, and some CRISPR–Cas subtypes leverage nuclease-dead Cas12 
variants for adaptive immune protection, in a mechanism that relies on 
high-affinity RNA-guided DNA binding without cleavage33,34. Whereas 
these effectors presumably emerged via RuvC inactivation subsequent 
to the initial cooption of a TnpB family nuclease by CRISPR–Cas sys-
tems, our study indicates that TldRs evolved independently without 
ever passing through a CRISPR-associated intermediate. The recent 
observation of cas12f/tnpB-like genes adjacent to sigma factor genes31 
has further suggested the exciting possibility that nuclease-dead, 
RNA-guided DNA targeting proteins have also been exapted for gene 
activation. Together with our discoveries of TldR function, these exam-
ples reveal that transcriptional downregulation and upregulation via 
programmable CRISPR interference-like and CRISPR activation-like 
pathways, respectively, emerged in nature long before humans deci-
phered the molecular mechanisms of CRISPR–Cas.
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Methods

Bioinformatic identification of natural TldRs
An initial search of the NCBI non-redundant protein database — queried 
with TnpB sequences from Helicobacter pylori and Geobacillus stearo-
thermophilus (WP_078217163.1 and WP_047817673.1, respectively) in 
Jackhmmer75 (as described in Meers et al.3) — resulted in the identifica-
tion of 95,731 unique TnpB-like proteins, which were further clustered 
at 50% amino acid identity (across 50% sequence coverage) via CD-HIT76 
to produce a set of 2,646 representative TnpB sequences. A multiple 
sequence alignment (MSA) was then constructed with MAFFT77 (EINSI; 
four rounds), which was trimmed manually with trimAl78 (90% gap 
threshold; v1.4.rev15). The resulting alignment of TnpB/TldR homo-
logues was used to construct a phylogenetic tree in IQTree79 (WAG 
model, 1,000 replicates for SH-aLRT, aBayes and ultrafast bootstrap)3, 
which was annotated and visualized in ITOL80.

To assess the conservation of RuvC catalytic residues in each TnpB 
protein sequence, we compared each sequence in the MSA to struc-
turally characterized orthologues (that is, DraTnpB from ISDra2 and 
Cas12f; PDB ID 8H1J and 7L48, respectively). This comparison was per-
formed by aligning each candidate, as well as the homologues repre-
sented in the closest five tree branches on either side of it, to DraTnpB 
and UnCas12f using the AlignSeqs function of the DECIPHER package81 
in R. TnpB-like protein sequences with less than two conserved residues 
of the RuvC DED catalytic motif were extracted using the Biostrings 
package82 in R. For each sequence with less than two active site residues 
identified (defined as TldR), related homologues were retrieved from 
initial sequence clusters, and additional related homologues were 
identified via BLASTP searches of the non-redundant protein database 
(e < 1 × 10−50, query coverage > 80%, maximum target sequences = 50)83. 
Each representative sequence and all of their cluster members were 
used as queries in these BLASTP searches, and the active sites from 
BLAST hits were checked by aligning proteins to structurally deter-
mined representatives, as described above. This approach resulted in 
the identification of 494 unique TldR homologues. Genomes encod-
ing each TldR were retrieved from the NCBI using the batch-entrez 
tool. TldR-encoding loci (that is, tldR ± 20 kb) were extracted using 
the Biostrings package82 in R, and each tldR locus was annotated with 
Eggnog (-m diamond --evalue 0.001 --score 60 --pident 40 --query_cover 
20 --subject_cover 20 --genepred prodigal --go_evidence non-electronic 
--pfam_realign none)84. Annotated tldR loci were manually inspected 
in Geneious.

To assess transposase associations, TnpA was detected using the 
Pfam entries for Y1_Tnp (PF01797) and serine resolvase (PF00239) via 
an hmmsearch from the HMMR suite (v3.3.2), with an e value threshold 
of 10−4, as previously described3. This search was performed indepen-
dently on both the curated coding sequences of each TnpB-encoding 
contig from NCBI and the open reading frames (ORFs) predicted by 
Prodigal85 with default settings. The union of these searches was used as 
the final set of detected TnpA proteins. IS elements that encoded TnpB 
homologues within 10,000 bp of a detected TnpA are plotted in Fig. 1b.

Bioinformatic analyses of TldR homologues associated with 
fliCP, oppF and csrA
To further investigate fliC-associated TldR homologues, we extracted 
cluster members for three representative branches in the tree shown in 
Fig. 1b (WP_193971683.1, WP_064735610.1 and WP_048785942.1). The 
protein file representing these combined clusters was supplemented 
with additional homologues identified via BLASTP searches of the 
non-redundant database83. The resulting concatenated protein file 
included both TldR and related TnpB sequences. To increase the diver-
sity of TnpB proteins represented in this dataset, three additional TnpB 
homologues (WP_269608765.1, WP_024186316.1 and WP_059759460.1) 
were identified and manually added to this protein file via web-based 
BLASTP searches queried with the TnpB protein sequences already 

present in the dataset (e < 0.05). An MSA was constructed from these 
sequences and DraTnpB using the AlignSeqs function of the DECIPHER 
package81 in R to verify the active site composition of each orthologue. 
To determine which tldR/tnpB genes were associated with fliC, we ana-
lysed Eggnog annotation information for each locus (described above) 
and extracted TldR/TnpB sequences that were encoded within three 
ORFs of fliC.

A locus was defined as phage associated if it contained four or more 
gene annotations that contained the word ‘Phage’, ‘phage’, ‘Viridae’ 
or ‘viridae’. TldR/TnpB protein sequences were then de-duplicated 
via CD-HIT76 (-c 1.0), and an MSA was built in MAFFT77 (LINSI) from 
the resulting set of 160 unique proteins. Protein domain coordinates 
displayed around the tree in Fig. 2c were inferred by cross-referencing 
the MSA and predicted structures. The phylogenetic tree shown in 
Fig. 2c was built from the TldR/TnpB MSA in FastTree86 (-wag -gamma) 
and was annotated and visualized in ITOL80. Structural models of 
each candidate shown in Fig. 1d were predicted with AlphaFold87 
(v2.3) and displayed with ChimeraX88 (v1.6); MSAs were visualized  
in Jalview89.

To interrogate oppF-associated TldR sequences, we extracted cluster 
members and additional homologues identified via BLASTP83 searches 
of the non-redundant database (e < 1 × 10−50, query coverage > 80%, 
maximum target sequences = 50) for six branches representing 
TldR proteins in the tree in Fig. 1b (RBR34854.1, WP_016173224.1, 
WP_156233666.1, NTQ19983.1, OTP13636.1 and OSH30650.1). We 
concatenated these sequences with cluster members and additional 
homologues identified through an identical BLASTP search of one 
representative TnpB branch (EOH94253.1) that corresponded to the 
closest branch to the six TldR branches in the tree. To increase the 
diversity of related TnpB proteins represented in this dataset, three 
additional TnpB homologues (WP_242450195.1, WP_028983493.1 and 
WP_277281207.1) were identified and manually added to this protein 
file via web-based BLASTP searches queried with the TnpB protein 
sequences already present in the dataset (e < 0.05). Genomes encod-
ing TldR/TnpB proteins were downloaded from the NCBI using the 
Batch-entrez tool, relevant loci (tldR/tnpB ± 20 kb) were extracted 
using the Biostrings package82 in R, and each locus was annotated 
with Eggnog (see above)84. Each TldR/TnpB protein was individually 
aligned to DraTnpB using the AlignSeqs function of the DECIPHER 
package81 in R to verify its RuvC active site composition. TldR/TnpB 
sequences were then deduplicated via CD-HIT76 (-c 1.0), and an MSA 
was built in MAFFT77 (LINSI) from the resulting set of 204 unique 
proteins. An initial phylogenetic tree was constructed in FastTree86 
(-wag -gamma), and this tree was used to guide the selection of eight 
representative TldRs and four representative TnpBs (shown in Sup-
plementary Fig. 4) that were structurally predicted with ColabFold90 
(v1.5). These 12 predicted structures were used to guide an alignment 
of TldR/TnpB protein sequences in Promals3D91, and the resulting 
MSA was used to build the tree in Extended Data Fig. 1 in FastTree 
(-wag -gamma). Protein domain coordinates displayed around the 
tree in Extended Data Fig. 1 were inferred by cross-referencing the 
MSA and predicted structures. The phylogenetic tree was annotated 
and visualized in ITOL80.

To probe oppF-associated TldR loci, we extracted cluster mem-
bers and additional homologues identified via BLASTP83 searches 
of the non-redundant database (e < 1 × 10−50, query coverage > 80%, 
maximum target sequences = 500) for one TldR protein in the tree 
in Fig. 1b (WP_204886977.1). Genomes encoding TldR/TnpB proteins 
were downloaded from NCBI using the Batch-entrez tool, relevant 
loci (tldR/tnpB ± 20 kb) were extracted using the Biostrings package82 
in R, and each locus was annotated with Eggnog (see above)84. Each 
TldR/TnpB protein was individually aligned to DraTnpB using the 
AlignSeqs function of the DECIPHER package81 in R to verify its RuvC 
active site composition. TldR/TnpB sequences were then deduplicated 
via CD-HIT76 (-c 1.0), resulting in 36 additional unique TldR proteins.
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Bioinformatic identification of TldR-associated gRNA 
sequences
To define the boundaries of gRNA scaffolds in fliCP–tldR loci, we used 
a general gRNA covariance model described in previous work3. The 
CMsearch function of Infernal (Inference of RNA alignments; v1.1.2)92 
was used to scan nucleotide sequences of tldR and 500-bp flanking 
windows, resulting in the identification of putative gRNA scaffold 
sequences. These TldR-associated gRNA scaffold boundaries were 
confirmed by comparing fliCP–tldR loci to ωRNAs from confidently 
predicted annotations of catalytically active TnpB loci. Putative TldR 
guide sequences could then be retrieved from the 3′ boundary of puta-
tive gRNA scaffolds, enabling prediction of native fliCP-associated TldR 
targets. Putative guides are listed in Supplementary Table 3.

An analogous search of oppF-associated tldR loci with a general gRNA 
covariance model failed to identify putative gRNA sequences. For this 
group of tldR loci, we instead built a new covariance model from ωRNA 
sequences associated more closely related TnpB loci. Using the com-
parative genomics strategy outlined in Fig. 3a, we manually identi-
fied the putative transposon RE for one TnpB-encoding IS element 
(WP_113785139.1 in KZ845747). We then aligned nucleotide sequences 
for all the related tnpB genes and 500 bp of sequence downstream of 
tldR with MAFFT77 (LINSI). The resulting alignment was trimmed at the 
3′ end to the position of the ωRNA scaffold–guide boundary identified 
for the WP_113785139.1 locus. This putative set of TnpB ωRNA sequences 
was realigned with LocaRNA93 (--max-diff-at-am=25 --max-diff=60 
--min-prob=0.01 --indel = -50 --indel-opening = -750 --plfold-span=100 
--alifold-consensus-dp; v2.0.0), and a covariance model (ABC_gRNA_
v1) was built and calibrated with Infernal. The CMsearch function of 
Infernal was then used to search sequences composed of tldR/tnpB 
and 500 bp of downstream sequence with the ABC_gRNA_v1 covari-
ance model. This search resulted in gRNA identification for some, 
but not all, tldR loci. Thus, a second gRNA covariance model was built 
by extracting the newly identified TldR/TnpB gRNA sequences from 
their respective genomes, merging them with the sequences used to 
construct ABC_gRNA_v1, aligning the prospective gRNA dataset in 
LocaRNA, and building and calibrating a new covariance model with 
Infernal (ABC_gRNA_v2). When sequences comprising tldR/tnpB and 
500 bp downstream were scanned with the ABC_gRNA_v2 covariance 
model, via CMsearch, putative gRNA sequences were identified for the 
remaining tldR loci (listed in Supplementary Table 2).

Visualization of RNA-seq data from the NCBI Sequence Read 
Archive and the Gene Expression Omnibus
To assess gRNA expression from a representative fliCP–tldR locus, 
an RNA-seq dataset was downloaded from the NCBI Sequence Read 
Archive (SRA; accession ERR6044061). Reads were aligned to the  
E. cloacae AR_154 genome (CP029716.1) with bwa-mem2 (v2.2.1)94 in 
paired-end mode with default parameters, and alignments were con-
verted to BAM files with SAMtools95. Bigwig files were generated with 
the bamCoverage utility in deepTools96, and unique reads mapping 
to the forward strand were visualized with the Integrated Genome 
Viewer (IGV)97. Expression of gRNA and oppA from an oppF–tldR locus 
was assessed by downloading an RNA-seq analysis from the NCBI Gene 
Expression Omnibus (GEO; accession GSE115009). Normalized cover-
age files (ID-005241, ID-005244, ID-005245 and ID-005246) for the 
forward strand were visualized in IGV97.

Plasmid and E. coli strain construction
All strains and plasmids used in this study are described in Supplemen-
tary Tables 4 and 5, respectively, and a subset is available from Addgene. 
In brief, genes encoding candidate TldR and TnpB homologues (Sup-
plementary Table 6), alongside their putative gRNAs, were synthesized 
by GenScript and subcloned into the PfoI and Bsu36i restriction sites 
of pCDFDuet-1, to generate pEffector, similar to our previous work3. 

Expression vectors contained constitutive J23105 and J23119 promot-
ers driving expression of tldR/tnpB and the gRNA, respectively, and 
tldR/tnpB genes encoded an appended 3×FLAG-tag at the N terminus. 
gRNAs for fliCP-associated TldRs were designed to target the host fliC 
5′ untranslated site (UTR) site, whereas gRNAs of oppF-associated 
TldRs were engineered to target the genomic site natively targeted 
by a GstTnpB3 homologue. Derivatives of these pEffector plasmids, 
or their associated pTarget plasmids (for plasmid interference assays), 
were cloned using a combination of methods, including Gibson assem-
bly, restriction digestion–ligation, ligation of hybridized oligonucleo-
tides, and around-the-horn PCR. Plasmids were cloned, propagated in 
NEB Turbo cells, purified using Miniprep kits (Qiagen), and verified by 
Sanger sequencing (Genewiz).

A custom E. coli K12 MG1655 strain that contained genomically 
encoded sfGFP and mRFP genes was constructed by adding three target 
sites adjacent to bioinformatically predicted TAM sequences upstream 
of the mRFP ORF, in between the constitutive promoter driving RFP 
expression and the corresponding ribosome-binding site (sSL3580; 
derivative of GenBank NC_000913.3)52 (Supplementary Table 4). The 
original strain (with genomic sfGFP and mRFP) was a gift from L. S. Qi. 
The inserted target sites represent 25-bp sequences derived from the 
5′ UTR of host fliC (E. cloacae complex sp. strain AR_0154; GenBank 
CP029716.1), an ABC transporter gene (Enterococcus faecium strain 
BP657; GenBank CP059816.1), and a GstTnpB3 native target previously 
used3.

ChIP–seq and motif analyses of genomic sites bound by TldR
ChIP–seq experiments and data analyses were generally performed as 
previously described3,98, except for the use of sSL3580. In brief, E. coli 
MG1655 cells were transformed with pEffector and incubated for 16 h 
at 37 °C on LB agar plates with antibiotic (200 µg ml−1 spectinomycin). 
pEffector plasmids encoded tldR/tnpB under a constitutive promoter 
(Supplementary Table 5), together with a gRNA sequence comple-
mentary to either the E. coli lacZ gene (for dGstTnpB), a genomically 
integrated native TldR target sequence (for fliCP-associated TldRs), 
or a genomically integrated synthetic sequence (for oppF-associated 
TldRs). The latter two targets were integrated at a synthetic locus 
between mRFP and sfGFP that disrupts the E. coli nsfA gene (coordinates 
891,184–891,906 in NC_000913.3). Cells were scraped and resuspended 
in LB medium. The optical density at 600 nm (OD600) was measured, 
and approximately 4.0 × 108 cells (equivalent to 1 ml with an OD600 
of 0.25) were spread onto two LB agar plates containing antibiotic 
(200 µg ml−1 spectinomycin). Plates were incubated at 37 °C for 24 h. 
All cell material from both plates was then scraped and transferred 
to a 50-ml conical tube. Crosslinking was performed in LB medium 
using formaldehyde (37% solution; Thermo Fisher Scientific) and was 
quenched using glycine, followed by two washes in TBS buffer (20 mM 
Tris-HCl (pH 7.5) and 0.15 M NaCl). Cells were pelleted and flash-frozen 
using liquid nitrogen and stored at −80 °C.

ChIP of FLAG-tagged TnpB and TldR proteins was performed using 
Dynabeads Protein G (Thermo Fisher Scientific) slurry (hereafter, 
beads or magnetic beads) conjugated to anti-FLAG M2 antibodies 
(4 µl of 1 mg ml−1) produced in mouse (Sigma-Aldrich). Samples were 
sonicated on a M220 Focused-Ultrasonicator (Covaris) with the fol-
lowing SonoLab 7.2 settings: minimum temperature of 4 °C; set point 
of 6 °C; maximum temperature of 8 °C; peak power of 75.0; duty fac-
tor of 10; cycles/bursts of 200; and 17.5 min of sonication time. After 
sonication, a non-immunoprecipitated input control sample was fro-
zen. The remainder of the cleared sonication lysate was incubated 
overnight with anti-FLAG-conjugated magnetic beads. The next day, 
beads were washed and protein–DNA complexes were eluted. The 
non-immunoprecipitated input samples were thawed, and both immu-
noprecipitated and non-immunoprecipitated controls were incubated 
at 65 °C overnight to reverse-crosslink proteins and DNA. The next day, 
samples were treated with RNase A (Thermo Fisher Scientific) followed 
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by Proteinase K (Thermo Fisher Scientific) and purified using QIAquick 
spin columns (Qiagen).

ChIP–seq Illumina libraries were prepared for immunoprecipitated 
and input samples using the NEBNext Ultra II DNA Library Prep Kit for 
Illumina (NEB). Following adapter ligation, Illumina barcodes were 
added by PCR amplification (12 cycles). Approximately 450-bp DNA 
fragments were selected using two-sided AMPure XP bead (Beckman 
Coulter) size selection. DNA concentrations were determined using 
the DeNovix dsDNA Ultra High Sensitivity Kit and dsDNA High Sen-
sitivity Kit. Illumina libraries were sequenced in paired-end mode on 
the Illumina NextSeq platform, with automated demultiplexing and 
adapter trimming (Illumina). More than 2,000,000 raw reads, includ-
ing genomic-mapping and plasmid-mapping reads, were obtained for 
each ChIP–seq sample.

Following sequencing, paired-end reads were trimmed and mapped 
to a custom E. coli K12 MG1655 reference genome (derivative of Gen-
Bank NC_000913.3). Genomic lacZ and lacI regions partially identical 
to plasmid-encoded genes were masked in all alignments (genomic 
coordinates 366,386–367,588). Mapped reads were sorted and indexed, 
and multi-mapping reads were excluded. Alignments were normal-
ized by counts per million (CPM) and converted to 1-bp bin bigwig 
files using the deepTools2 (ref. 96) command bamCoverage, with the 
following parameters: --normalizeUsing CPM -bs 1. CPM-normalized 
reads were visualized in IGV97. Genome-wide views were generated 
using plots of maximum read coverage values in 1-kb bins. Peak 
calling was performed using MACS3 (version 3.0.0a7)99 using the 
non-immunoprecipitated control sample of EcoTldR as reference. 
For each peak, 200-bp sequences were extracted from the E. coli refer-
ence genome using BEDTools100 (v2.30.0) and sequence motifs were 
identified using MEME-ChIP101 (5.4.1). Primers used for Illumina library 
preparation are listed in Supplementary Table 7, and ChIP–seq read and 
meta information is listed in Supplementary Table 8.

RIP-seq of RNA bound by TldR
Cells harvested for RIP-seq were cultured as described for ChIP–seq 
using an E. coli K12 MG1655 strain expressing sfGFP and mRFP (sSL3580). 
Colonies from a single plate were scraped and resuspended in 1 ml 
of TBS buffer (20 mM Tris-HCl (pH 7.5) and 0.15 M NaCl). Next, the 
OD600 was measured for a 1:20 mixture of the cell suspension and TBS 
buffer, and a standardized amount of cell material equivalent to 20 ml 
of OD600 = 0.5 was aliquoted. Cells were pelleted by centrifugation at 
4,000g and 4 °C for 5 min. The supernatant was discarded and pellets 
were stored at −80 °C.

Antibodies for immunoprecipitation were conjugated to magnetic 
beads as follows: for each sample, 60 μl Dynabeads Protein G (Thermo 
Fisher Scientific) were washed three times in 1 ml RIP lysis buffer (20 mM 
Tris-HCl (pH 7.5), 150 mM KCl, 1 mM MgCl2 and 0.2% Triton X-100), 
resuspended in 1 ml RIP lysis buffer, combined with 20 μl of 1 mg ml−1 
anti-FLAG M2 antibody (Sigma-Aldrich), and rotated for more than 3 h 
at 4 °C. Antibody–bead complexes were washed three times to remove 
unconjugated antibodies and resuspended in 60 μl RIP lysis buffer 
per sample.

Flash-frozen cell pellets were resuspended in 1.2 ml RIP lysis buffer 
supplemented with cOmplete Protease Inhibitor Cocktail (Roche) and 
SUPERase•In RNase Inhibitor (Thermo Fisher Scientific). Cells were then 
sonicated for 1.5 min total (2 s on, 5 s off) at 20% amplitude. Lysates 
were centrifuged for 15 min at 4 °C at 21,000g to pellet cell debris and 
insoluble material, and the supernatant was transferred to a new tube. 
At this point, a small volume of each sample (24 μl or 2%) was set aside 
as the ‘input’ starting material and stored at −80 °C.

For immunoprecipitation, each sample was combined with 60 μl 
antibody–bead complex and rotated overnight at 4 °C. Next, each 
sample was washed three times with ice-cold RIP wash buffer (20 mM 
Tris-HCl, 150 mM KCl and 1 mM MgCl2). After the last wash, beads were 
resuspended in 1 ml TRIzol (Thermo Fisher Scientific) and RNA was 

eluted from the beads by incubating at room temperature for 5 min. A 
magnetic rack was used to separate beads from the supernatant, which 
was transferred to a new tube and combined with 200 μl chloroform. 
Each sample was mixed vigorously by inversion, incubated at room 
temperature for 3 min, and centrifuged for 15 min at 4 °C at 12,000g. 
RNA was isolated from the upper aqueous phase using the RNA Clean 
& Concentrator-5 kit (Zymo Research). RNA from input samples was 
isolated in the same manner using TRIzol and column purification. 
High-throughput sequencing library preparation was performed as 
described below for total RNA-seq of Enterobacter strains. Libraries 
were sequenced on an Illumina NextSeq 550 in paired-end mode with 
75 cycles per end.

Adapter trimming, quality trimming and read length filtering of 
RIP-seq reads was performed as described below for total RNA-seq 
experiments. Trimmed and filtered reads were mapped to a reference 
containing both the MG1655 genome (NC_000913.3) and the plasmid 
sequences using bwa-mem2 v2.2.1, with default parameters. Mapped 
reads were sorted, indexed, and converted into coverage tracks as 
described below for total RNA-seq experiments.

Plasmid cleavage assays
Plasmid interference assays were generally performed as previously 
described3. E. coli K12 MG1655 (sSL0810) cells were transformed with 
pTarget plasmids (vector sequences are listed in Supplementary 
Table 5), and single-colony isolates were selected to prepare chemi-
cally competent cells. Next, cells were transformed with 400 ng of 
pEffector plasmid or empty vector. After 3 h of recovery at 37 °C, cells 
were pelleted by centrifugation at 4,000g for 5 min and resuspended 
in 100 µl of H2O. Cells were then serially diluted (10×), plated as 8-µl 
spots onto LB agar supplemented with spectinomycin (200 µg ml−1) 
and kanamycin (50 µg ml−1), and grown for 16 h at 37 °C. Plate images 
were taken using a Bio-Rad Gel Doc XR+ imager.

Plasmid interference assays were quantified by determining the 
number of CFU following transformation. Experiments were performed 
as described above; however, for each experiment, 30 µl of a tenfold 
dilution was plated onto a full LB agar plate containing spectinomycin 
(200 µg ml−1) and kanamycin (50 µg ml−1). CFUs were counted follow-
ing 16 h of growth at 37 °C and reported as CFUs per microgram of 
transformed pEffector plasmid.

RFP repression assays
The RFP repression assay protocol was adapted from our previ-
ous study3,98. An E. coli strain expressing a genomically integrated 
sfGFP (sSL3761), derived from a strain provided by L. S. Qi52, was 
co-transformed with 200 ng of pEffector and pTarget (vector sequences 
listed in Supplementary Table 5). Protein components and guide RNAs 
(gRNA, sgRNA or crRNA) were constitutively expressed from pEffector. 
pTargets were cloned to encode an mRFP gene under the control of a 
constitutive promoter. For RFP repression assays shown in Fig. 4f,g and 
Extended Data Fig. 8c, gRNAs were designed to target the constitutive 
RFP promoter on either strand (Fig. 4f) or the top strand only (Fig. 4g 
and Extended Data Fig. 8c), and 5-bp TAM sequences were inserted 5′ 
of each target site. For RFP repression assays shown in Extended Data 
Fig. 8b, 25-bp sequences containing the TAM/PAM and target site in 
either orientation were inserted in between the mRFP promoter and 
ribosome-binding site.

Transformed cells were plated on LB agar with antibiotic selection, 
and at least three of the resulting colonies on each plate were used to 
inoculate overnight liquid cultures. For each sample, 1 µl of the over-
night culture was used to inoculate 200 µl of LB medium on a 96-well 
optical-bottom plate. The fluorescence signals for sfGFP and mRFP 
were measured alongside the OD600 using a Synergy Neo2 microplate 
reader (Biotek), while shaking at 37 °C for 16 h. For all samples, the 
fluorescence intensities at OD600 = 1.0 were used to determine the fold 
repression for each TldR or Cas-targeting complex, and the data were 
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normalized to the non-repressed signal for sSL3761. Background GFP 
and RFP fluorescence intensities at OD600 = 1.0 were determined using 
an E. coli K12 MG1655 strain (sSL0810) lacking sfGFP and mRFP genes, 
and were subtracted from all RFP and GFP fluorescence measurements. 
Repression activity for dCas9 exhibited less strand orientation bias than 
previously described52 (Extended Data Fig. 8b), which may be explained 
by the fact that gRNA targets tested in this study were located in the 5′ 
UTR and thus much closer to the transcription start site than to gRNA 
targets previously tested directly within the RFP ORF52.

Total RNA-seq of Enterobacter strains
E. cloacae strains (sSL3710, sSL3711, and sSL3712) were obtained from 
a CDC isolate panel (Enterobacterales Carbapenemase Diversity; CRE 
in ARIsolateBank), and an Enterobacter sp. BIDMC93 (sSL3690) was 
provided by A. M. Earl at the Broad Institute; strain information is 
listed in Supplementary Table 4. Biological replicates were obtained 
by isolating three individual clones of each Enterobacter strain on LB 
agar plates and using these to inoculate overnight cultures in liquid 
LB medium. All strains were grown at 37 °C without antibiotics and 
with agitation when in liquid medium (240 rpm) in a BSL-2 environ-
ment. For total RNA-seq library preparation, RNA was purified from 
2 ml of exponentially growing cultures of sSL3690, sSL3710, sSL3711, 
and sSL3712, as RT–qPCR analyses of fliC expression showed that the 
TldR-mediated repression was more robust in the exponential than 
in the stationary phase. RNA was extracted using TRIzol and column 
purification (NEB Monarch RNA cleanup kit), and samples were then 
individually diluted in NEBuffer 2 (NEB) and fragmented by incubating 
at 92 °C for 1.5 min. The fragmented RNA was simultaneously treated 
with RppH (NEB) and TURBO DNase (Thermo Fisher Scientific) in the 
presence of SUPERase•In RNase Inhibitor (Thermo Fisher Scientific), 
to remove DNA and 5′ pyrophosphate. For further end repair to enable 
downstream adapter ligation, the RNA was treated with T4 PNK (NEB) in 
1× T4 DNA ligase buffer (NEB). Samples were column purified using RNA 
Clean & Concentrator-5 (Zymo Research), and the concentration was 
determined using the DeNovix RNA Assay (DeNovix). Illumina adapter 
ligation and cDNA synthesis were performed using the NEBNext Small 
RNA Library Prep kit, using 100 ng RNA per sample. High-throughput 
sequencing was performed on an Illumina NextSeq 550 in paired-end 
mode with 75 cycles per end.

RNA-seq reads were processed using cutadapt102 (v4.2) to remove 
adapter sequences, trim low-quality ends from reads, and exclude reads 
shorter than 15 bp. Trimmed and filtered reads were aligned to reference 
genomes (accessions listed in Supplementary Table 4) using bwa-mem2 
(v2.2.1)94 in paired-end mode with default parameters. SAMtools95 (v1.17) 
was used to filter for uniquely mapping reads using a MAPQ (mapping 
quality) score threshold of 1, and to sort and index the unique reads. 
Coverage tracks were generated using bamCoverage96 (v3.5.1) with a 
bin size of 1, read extension to fragment size and normalization by CPM 
with exact scaling. Coverage tracks were visualized using IGV97. For 
transcript-level quantification, the number of read pairs mapping to 
annotated transcripts was determined using featureCounts103 (v2.0.2). 
The resulting count values were converted to TPM by normalizing for 
transcript length and sequencing depth. For differential expression 
analysis between genetically engineered Enterobacter strains, the count 
matrix was first filtered to remove rows with fewer than 10 reads for 
at least 3 samples. The filtered matrix was then processed by DESeq2 
(v1.40.2)104 to determine the log2(fold change) for each transcript 
between the experimental conditions, as well as the Wald test P value 
adjusted for multiple comparisons using the Benjamini–Hochberg 
approach. Significantly differentially expressed genes were determined 
by applying thresholds of |log2(fold change)| > 1 and adjusted P < 0.05.

Construction of Enterobacter sp. BIDMC93 mutants
E. cloacae strains AR_154 and AR_163 (sSL3711 and sSL3712; respec-
tively) are both resistant to the antibiotics commonly used for colony 

selection following plasmid transformation, so we proceeded with 
recombineering in Enterobacter sp. BIDMC93. Genomic mutants 
(listed in Supplementary Table 4) were generated using Lambda Red 
recombineering as previously described105. Mutants were designed 
to introduce a chloramphenicol resistance cassette at each disrupted 
locus. The chloramphenicol resistance cassette was amplified by 
PCR with Q5 High Fidelity DNA Polymerase (NEB), using primers that 
contained at least 50-bp of homology to the disrupted locus. Ampli-
fied products were resolved on a 1% agarose gel and purified by gel 
extraction (Qiagen). Electrocompetent Enterobacter sp. BIDMC93 
cells were prepared containing a temperature-sensitive plasmid 
encoding Lambda Red components under a temperature-sensitive 
promoter (pSIM6). Immediately before preparing electrocompetent 
cells, Lambda Red protein expression was induced by incubating cells 
at 42 °C for 25 min. Of each insert, 200–500 ng was used to transform 
cells via electroporation (2 kV, 200 Ω and 25 µF). Cells were recovered 
by shaking in 1 ml of LB medium at 37 °C overnight. After recovery, 
cells were spread on 100-mm plates with 25 µg ml−1 chloramphenicol 
and grown at 37 °C. Chloramphenicol-resistant colonies were geno-
typed by Sanger sequencing (Genewiz) to confirm the desired genomic  
mutation.

RT–qPCR to assess host fliC transcription in Enterobacter sp. 
BIDMC93
Of the purified total RNA, 200 ng was used as an input for the reverse 
transcription reaction. First, total RNA was treated with 1 µl dsDNase 
(Thermo Fisher Scientific) in 1X dsDNase reaction buffer in a final vol-
ume of 10 µl and incubated at 37 °C for 20 min. Then, 1 µl of 10 mM 
dNTP, 1 µl of 2 µM oSL14254, and 1 µl of 2 µM oSL14280 were added 
for gene-specific priming (rrsA and fliC, respectively) and reactions 
were heated at 65 °C for 5 min; oligonucleotide sequences are listed 
in Supplementary Table 7. Reactions were then placed directly on ice, 
followed by addition of 4 µl of SSIV buffer, 1 µl 100 mM dithiothreitol, 
1 µl SUPERase•In (Thermo Fisher Scientific), and 1 µl of SuperScript 
IV Reverse Transcriptase (200 U µl−1; Thermo Fisher Scientific), fol-
lowed by incubation at 53 °C for 10 min and then incubation at 80 °C 
for 10 min. qPCR was performed in 10 µl reaction containing 5 µl SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad), 1 µl H20, 2 µl of 
primer pair at 2.5 µM concentration and 2 µl of 100-fold diluted room 
temperature product. Two primer pairs were used: oSL14254–oSL14255 
was used to amplify rrsA cDNA and oSL14279–oSL14280 was used to 
amplify host fliC cDNA. Reactions were prepared in 384-well clear/white 
PCR plates (Bio-Rad) and measurements were performed on a CFX384 
RealTime PCR Detection System (Bio-Rad) using the following thermal 
cycling parameters: polymerase activation and DNA denaturation 
(98 °C for 2.5 min), 35 cycles of amplification (98 °C for 10 s and 62 °C 
for 20 s). For each sample, Cq values were normalized to that of rrsA 
(reference housekeeping gene). Then, the normalized Cq values were 
compared with the normalized Cq value of fliC in the control strain 
(sSL3868, knock-in of cmR downstream of tldR in strain BIDMC93) to 
obtain relative expression levels, such that a value of 1 is equal to that 
of the control and higher values indicate higher expression levels. Data 
were plotted in Prism (v10.1.1).

Bacterial motility assays
Motility assays were performed by the soft agar method, essentially 
as previously described106, with minor variations. Overnight cultures 
were diluted 1:100 in LB medium supplemented with the appropri-
ate antibiotic, then grown to OD600 = 0.6 at 30 °C. Of culture, 2 µl at 
OD600 = 0.6 was pipetted on the centre of semisolid agar plates (2.5% 
Miller’s LB broth and 0.25% Bacto agar) and then incubated at 30 °C 
for 14 h before imaging. Images were captured in a Bio-Rad Gel Doc XR 
Imaging System, using epi-illumination and automatic exposure set-
tings. Colony diameter was measured in ImageJ by taking the average of 
the vertical and horizontal diameter measurements for three replicates.



Flagellar filament isolation
Flagellar filaments were isolated by mechanical shearing and centrifu-
gation, essentially as previously described107, with minor modifications. 
Overnight cultures of each strain were diluted 1:100 in LB medium 
with 25 µg ml−1 chloramphenicol, then incubated at 37 °C until mid-log 
phase (OD600 = 0.4). Cells were centrifuged at 4,000g for 5 min, and the 
pellet was resuspended in deflagellation buffer (1 M Tris-Cl (pH 6.5) 
and 100 mM NaCl). Flagellar filaments were sheared off cell bodies by 
passing cells through a 27-gauge needle 15–20 times, and filaments 
were then separated from cell bodies by centrifuging at 10,000g for 
15 min. The supernatant containing flagellar filaments was removed 
and concentrated by acetone precipitation; 5 volumes of cold acetone 
was added to each filament sample, mixed by vortexing, incubated at 
–20 °C for 1 h, and then centrifuged at 14,000g for 10 min at 4 °C to pel-
let the concentrated filaments. After decanting acetone with a pipet, 
the pellet was air-dried for 15 min and resuspended in 2X SDS loading 
dye (100 mM Tris-HCl (pH 6.8), 4% (s/v) SDS, 0.07% (w/v) bromophenol 
blue and 30% (v/v) glycerol) with 10 mM dithiothreitol.

Flagellar in-gel digestion for mass spectrometry
Samples were boiled at 95 °C for 10 min, and 8 µl of each sample under-
went separation on a 4–12% gradient SDS–PAGE gel (Mini-PROTEAN 
TGX, Bio-Rad) which was stained with SimplyBlue (Thermo Fisher Scien-
tific). The gel area encompassing the FliC, FliCP, and FliC2 (a second host 
flagellin gene copy encoded at an alternate flagellar assembly locus in 
Enterobacter sp. BIDMC93 that is not targeted by TldR and commonly 
absent in other Enterobacter strains) bands in each lane was excised 
and in-gel digestion was performed following a previously described 
protocol108, with minor modifications. Gel slices were washed with a 
solution of 1:1 acetonitrile and 100 mM ammonium bicarbonate for 
30 min, followed by dehydration with 100% acetonitrile for 10 min until 
shrinkage. Excess acetonitrile was removed and the slices were dried 
in a speed vacuum at room temperature for 10 min.

The gel slices were reduced with 5 mM dithiothreitol for 30 min at 
56 °C, cooled to room temperature, and then alkylated with 11 mM 
iodoacetamide for 30 min in the dark. The slices were subsequently 
washed with 100 mM ammonium bicarbonate and 100% acetonitrile 
for 10 min each. After removal of excess acetonitrile, the slices were 
dried in a speed vacuum for 10 min at room temperature. Gel slices 
were rehydrated in a solution of 25 ng μl−1 trypsin in 50 mM ammonium 
bicarbonate for 30 min on ice and then digested overnight at 37 °C. 
Digested peptides were collected and extracted from the gel slices in an 
extraction buffer (1:2 ratio by volume of 5% formic acid:acetonitrile) at 
high speed, shaking in an air thermostat. The supernatants from both 
extractions were combined and dried in a speed vacuum. Peptides were 
dissolved in 1% trifluoroacetic acid, vortexed and subjected to StageTip 
clean-up via SDB-RPS109, followed by drying in a speed vacuum. Finally, 
peptides were resuspended in 10 μl LC buffer (3% acetonitrile/0.1% 
formic acid). Peptide concentrations were determined using Nan-
oDrop, and 200 ng of each sample was utilized for PASEF analysis on 
timsTOFPro2.

Liquid chromatography with tandem mass spectrometry
Peptides were separated within 65 min at a flow rate of 400 nl min−1 on 
a reversed-phase C18 column with an integrated CaptiveSpray Emit-
ter (25 cm × 75 µm, 1.6 µm, IonOpticks). Mobile phases A and B were 
with 0.1% formic acid in water and 0.1% formic acid in acetonitrile. 
The fraction of B was linearly increased from 2% to 25% within 35 min, 
followed by an increase to 40% within 10 min, and a further increase to 
95% before re-equilibration. The timsTOF Pro2 was operated in PASEF 
mode110 with the following settings: mass range of 100–1,700 m/z, 1/
K0 start of 0.6 Vs cm−2, end of 1.4 Vs cm−2, ramp time of 100 ms, lock 
duty cycle to 100%, capillary voltage of 1.600 V, dry gas of 3 l min−1, and 
dry temperature of 200 °C; with PASEF (parallel accumulation serial 

fragmentation) settings: 10 MS/MS frames (1.17 s duty cycle), charge 
range of 0–5, an active exclusion for 0.4 min, target intensity of 20,000, 
intensity threshold of 2,500, and CID (collision-induced dissociation) 
collision energy of 59 eV. A polygon filter was applied to the m/z and 
ion mobility plane to select features most likely representing peptide 
precursors rather than singly charged background ions.

Liquid chromatography with tandem mass spectrometry data 
analysis. Acquired PASEF raw files were analysed using the MaxQuant 
environment v2.4.13.0 and Andromeda111 for database searches at de-
fault settings with a few modifications. The default is used for the first 
search tolerance and main search tolerance (20 ppm and 4.5 ppm, 
respectively). MaxQuant was set up to search with the reference  
Enterobacter sp. BIDMC93 proteome database downloaded from Uni-
Prot (proteome accession UP000036586). The protein sequences 
for FliC, FliCP or FliC2 were modified to only include their variable 
D2–3 regions. MaxQuant performed the search trypsin digestion 
with up to two missed cleavages. Peptide, site, and protein false dis-
covery rates were all set to 1% with a minimum of one peptide need-
ed for identification; label-free quantitation was performed with a 
minimum ratio count of 1. The following modifications were used for 
protein identification and quantification: carbamidomethylation of 
cysteine residues (+57.021 Da) was set as static modifications, whereas 
the oxidation of methionine residues (+15.995 Da) and deamidation 
(+0.984) on asparagine were set as a variable modification. For results 
obtained from MaxQuant, protein groups tables were further used for  
data analysis.

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

Data availability
Next-generation sequencing data generated in this study were depos-
ited in the NCBI SRA (BioProject accession PRJNA1029663) and GEO 
(GSE245749). The published genome used for ChIP–seq analyses 
was obtained from NCBI (GenBank NC_000913.3). Publicly available 
RNA-seq data analysed for TldR–gRNA expression are in the NCBI 
SRA (ERR6044061) and GEO (GSE115009) databases. The published 
genomes used for bioinformatics analyses were obtained from NCBI 
(Supplementary Table 4). The ISfinder database can be accessed at 
https://www-is.biotoul.fr/index.php.
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Extended Data Fig. 1 | Phylogeny and RuvC nuclease domain analysis of 
oppF-associated TldRs. a, Phylogenetic tree of oppF-associated TldR proteins 
from Fig. 2a, together with closely related TnpB proteins that contain intact 
RuvC active sites. The rings indicate RuvC DED active site intactness (inner) 
and TldR/TnpB domain composition (outer). Homologs marked with an orange 
square (TnpB) or green circle (TldR) were tested in heterologous experiments. 

b, Multiple sequence alignment of representative TnpB and TldR sequences 
from a, highlighting deterioration of RuvC active site motifs (shaded in red) 
and loss of the C-terminal zinc-finger (ZnF)/RuvC domain. Highly conserved 
residues are shaded in grey. c, Empirical (DraTnpB) and predicted AlphaFold 
structures of TnpB and TldR homologs marked with an asterisk in b, showing 
progressive loss of the active site catalytic triad.
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Extended Data Fig. 2 | Diverse prophages encode fliCP-associated tldR 
genes. a, Genomic architecture of representative prophage elements whose 
boundaries could be identified by comparison to closely related isogenic 
strains. In each example, the prophage-containing strain is shown above the 
prophage-lacking strain, with species/strain names and NCBI genomic 
accession IDs indicated. Sequences flanking the left (5′) and right (3′) ends are 
highlighted in purple and yellow, respectively, together with their percentage 
sequence identities calculated using BLASTn. b, Alignment of distinct 

prophage elements, constructed using Mauve. Empty boxes represent open 
reading frames, and windows show sequence conservation for regions 
compared between prophage genomes with lines. Putative gene functions are 
shown below sequence conservation windows for the fliCP -tldR-encoding 
prophage from Enterobacter AR_163 (bottom). c, DNA sequence identities 
between the prophages in a, calculated with BLASTn. Identities were calculated 
as total matching nucleotides across the two genomes being compared, 
divided by the length of the query prophage genome.



Extended Data Fig. 3 | RIP-seq reveals that some oppF-associated TldR 
proteins use short, 9–11-nt guides. a, RNA immunoprecipitation sequencing 
(RIP-seq) data for an oppF-associated TldR homolog from Enterococcus faecalis 
(Efa1TldR) reveals the boundaries of a mature gRNA containing a 9-nt guide 
sequence. Reads were mapped to the TldR-gRNA expression plasmid; an input 

control is shown. b, Published RNA-seq data for Enterococcus faecalis V583 
reveals similar gRNA boundaries, including an approximately 11-nt guide.  
c, RIP-seq data as in a for a second biological replicate of Efa1TldR, further 
corroborating the observed 9–11-nt guide length.
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Extended Data Fig. 4 | oppF-associated TldRs target conserved genomic 
sequences that overlap with promoter elements driving oppA expression. 
a, Schematic of original (left) and improved (right) search strategy to identify 
putative targets of gRNAs used by oppF-associated TldRs. Key insights resulted 
from the use of TAM and a shorter, 9-nt guide. b, Analysis of the guide sequence 
from the Efa1TldR-associated gRNA in Extended Data Fig. 3 revealed a putative 
genomic target near the predicted promoter of oppA encoded within the same 
ABC transporter operon immediately adjacent to the tldR gene. The magnified 
schematics at the bottom show the predicted TAM and gRNA-target DNA 
base-pairing interactions for two representatives (Efa1TldR and EceTldR), in 
which the gRNAs target opposite strands. Promoter elements predicted with 

BPROM are shown as brown squares. c, WebLogos of predicted guides and 
genomic targets associated with diverse oppF-associated TldRs highlighted in 
Extended Data Fig. 1. d, Schematic of the oppF-tldR genomic locus (left) 
alongside the predicted function of OppA as a solute binding protein that 
facilitates transport of polypeptide substrates from the periplasm to the 
cytoplasm, in complex with the remainder of the ABC transporter apparatus.  
e, Published RNA-seq data for Enterococcus faecium AUS000445, highlighting 
the oppA transcription start site (TSS). The predicted gRNA guide sequence 
(grey) is shown beneath the putative TAM (yellow) and target (purple) 
sequences, with guide-target complementarity represented by grey circles.



Extended Data Fig. 5 | oppF-associated TldR homologs may target additional 
sites across the genome. Schematic of Enterococcus cecorum genome and inset 
showing the oppF-tldR locus (top), with additional putative targets of the gRNA, 
other than the oppA promoter, numbered and highlighted in yellow along the 

genomic coordinate. A magnified view for each numbered target is shown 
below, with TAMs in yellow, prospective targets in purple, and TldR gRNA guide 
sequences in grey. Grey circles (right) represent positions of expected 
guide-target complementarity.
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Extended Data Fig. 6 | Genome-wide binding data from ChIP-seq 
experiments suggest a high mismatch tolerance for some TldR homologs. 
a, Genome-wide ChIP–seq profiles for the indicated fliCP -associated TldR 
homologs, normalized to the highest peak within each dataset. The magnified 
insets at the bottom show the off-target sequences (grey) compared to the 
intended (engineered) on-target sequence (purple), with TAMs in yellow. 

Off-target #3 has no clear TAM-flanked off-target sequence but is intriguingly 
located at a tRNA locus, and binding was observed for diverse fliCP - and 
oppF-associated TldRs that recognized distinct TAMs. The phylogenetic tree  
at right indicates the relatedness of the tested and labeled homologs. b, Results 
for the indicated oppF-associated TldR homologs, shown as in a.



Extended Data Fig. 7 | Plasmid interference assays confirm that TldR 
homologs lack detectable nuclease activity. a, Schematic of E. coli-based 
plasmid interference assay using pEffector and pTarget. b, Representative 
dilution spot assays for GstTnpB3 and synthetically inactivated RuvC mutant 
(D196A), showing the entire plate (left) and the magnified area of plating. 
Transformants were serially diluted, plated on selective media, and cultured at 

37 °C for 16 h. Colony visibility was enhanced by inverting the colors and 
increasing contrast/brightness. c, Dilution spot assays for the indicated 
fliC-associated TldR homologs (left) and closely related TnpB homologs 
(right). Non-targeting (NT) gRNA controls are shown at the bottom, and the 
phylogenetic tree indicates the relatedness of the tested proteins. d, Results 
for the indicated oppF-associated TldR and TnpB homologs, shown as in c.
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Extended Data Fig. 8 | RFP repression assays reveal variable abilities of 
TldR homologs to block transcription elongation. a, RFP repression activity 
was measured (right) as in Fig. 4f,g using modified gRNAs exhibiting variable 
complementarity to the target site, as schematized in the grid (left). A gRNA 
was also tested that lacked the extra 5′ sequence which was absent in RIP-seq 
reads of mature gRNAs (20 nt no 5′ seq). Bars indicate mean ± s.d. (n = 3 
biological replicates). b, Schematic of RFP repression assay in which gRNAs 

were designed to target either the top or bottom strand within the 5′ UTR of 
RFP, downstream of the promoter. The phylogenetic trees (right) indicate  
the relatedness of the tested and labeled homologs. c, Bar graphs plotting 
normalized RFP fluorescence for the indicated conditions and TldR homologs. 
EV, empty vector; NT, non-targeting guide. Results with nuclease-dead dCas12 
and dCas9 are shown for comparison. Bars indicate mean ± s.d. (n = 3 biological 
replicates for TldR; n = 6 biological replicates for dCas12/dCas9).



Extended Data Fig. 9 | Enterobacter RNA-seq data confirm the native 
expression of gRNAs from fliCP-tldR loci. a, RNA-seq read coverage from three 
Enterobacter strains that natively encode fliCP -tldR loci, revealing clear peaks 
associated with mature gRNAs containing ~95–97-nt scaffolds and 16-nt guides. 
Data from three biological replicates are overlaid. b, Predicted secondary 

structure and sequence of the gRNA associated with EhoTldR. c, Multiple 
sequence alignment of the DNA encoding gRNA scaffold sequences for 
representative fliCP -associated TldRs, with conserved positions colored in 
darker blue.
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Extended Data Fig. 10 | FliCP is expressed and incorporated into Enterobacter 
flagella, concomitantly with host FliC repression. a, RNA-seq read coverage 
across the tldR-encoding prophage of Enterobacter sp. BIDMC93, demonstrating 
strong expression of fliCP, tldR, and the gRNA, alongside other genes involved 
in lysogeny maintenance (e.g. CI). b, Motility assays (left) with wild-type (WT) 
and Enterobacter deletion strains reveal similar motility phenotypes, as 
visualized with LB-agar plate images (middle) and a bar graph quantifying 
motility via halo size (right). Plate images and bar graphs represent three 
biological replicates; bars indicate mean ± s.d. c, Schematic representation of 
FliC/FliCP homologs encoded by Enterobacter sp. BIDMC93, with relative 
genomic positions indicated. FliC2 is a second host flagellin gene copy encoded 
at an alternate flagellar assembly locus within this strain, which is not targeted 
by TldR and not commonly present in other Enterobacter strains. d, Results 
from liquid chromatography with tandem mass spectrometry (LC–MS/MS) 
analyses performed on digested peptides from purified flagellar filaments, 
isolated from the three indicated Enterobacter sp. BIDMC93 strains. The WT 
( + CmR) strain encodes the cmR gene downstream of the tldR-gRNA locus (as in 
Fig. 5e). Data represent the label free quantification (LFQ) intensities reflecting 
the variable D2-3 regions of FliC, FliCP, or FliC2. Although the FliC2 appears to  
be the most dominant flagellin component, the relevant amounts of host FliC 
and FliCP demonstrate that prophage-encoded FliCP readily assembles into 

extracellular flagellar filaments, and that host FliC production is de-repressed 
upon prophage deletion. e, Quantification of changes in the expression 
profiles of Enterobacter FliC homologs, measured from RNA-seq data of three 
biological replicates depicted in Fig. 5f,g. TPM, transcripts per million.  
f, Alignment of fliC/fliCP/fliC2 promoters indicates that guide RNA-target  
DNA mismatches prevent TldR-targeting of fliC2 and fliCP in Enterobacter sp. 
BIDMC93. g, RNA-seq read coverage in the host fliC promoter/5′-UTR region 
overlayed for three biological replicates of four Enterobacter strains, with 
labeled TAM and target sequences highlighted upstream of the TSS. Strain 
AR136 (top) does not encode a fliCP -tldR locus; note the distinct expression 
levels, measured via relative counts per million (CPM). h, Alignment of host fliC 
promoter regions for the strains shown in g compared to E. coli K12, with 
percent sequence identities indicated on the right. Reported FliA/σ28 promoter 
elements from E. coli K12 are shown below the alignment. i, RNA-seq read 
coverage in the prophage-encoded fliCP promoter/5′-UTR region overlayed  
for three biological replicates of two representative Enterobacter strains, 
confirming the predicted TSS. j, Schematic of multiple sequence alignment  
of the promoter region driving fliCP gene expression, across six verified 
prophages described in Extended Data Fig. 2, highlighting the region that was 
queried for MEME motif detection.
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